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Abstract 
 

DNA is copied by the replisome, a multi-protein assembly that couples polymerase and 

helicase activities. In eukaryotes, there are three main replicative polymerases (α, ε, δ) 

and the CMG (Cdc45-MCM-GINS) helicase is a three-member complex, where MCM 

constitutes the motor while Cdc45 (cell division cycle 45) and GINS (go-ichi-ni-san) are 

essential cofactors. Accumulating evidence suggested that Pol ε is unique in that it has 

a dual role: in DNA synthesis and in helicase assembly as part of the pre-LC (pre-

loading complex). 

 

To understand the underlying mechanism the interaction network of Pol ε was 

examined biochemically and its structure was determined by electron microscopy both 

in isolation and in complex with CMG using Saccharomyces cerevisiae as model 

system. The structural part of this work was performed together with Alessandro 

Costa’s Macromolecular Machines Laboratory and all microscopy work, as well as data 

analysis, was performed by the collaborators.  

 

The interaction studies support the notion that the essential role of Pol ε in CMG 

assembly is to recruit GINS to MCM. Although the pre-LC was reconstituted in vitro 

and independently of origins, it is still not clear whether its formation is strictly required.  

 

Pol ε was found to consist of two lobes connected by a thin linker. The inactive lobe 

appears anchored at the front of the CMG while the catalytic lobe extends towards its 

side and adapts two conformations. This polymerase location was unexpected and 

raised questions about the path of DNA through the replisome. The role of the 

conformational switch is not known, but it may be important for substrate engagement 

by Pol ε. 
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Chapter 1. Introduction 

1.1 The replisome – a molecular machine that synthesises 
DNA  

During the process of replication, double stranded DNA is copied by the replisome, 

a complex assembly of proteins that couple helicase and polymerase activities. 

The helicase unwinds the double helix, thus enabling the access of polymerases 

to individual strands. Polymerases can extend DNA only in the 5’-3’ direction, and 

in result, one strand – referred to as the leading strand – can be synthesised 

continuously. The other one – referred to as the lagging strand – is synthesised as 

short Okazaki fragments, extended from an RNA primer deposited by an RNA 

primase. Following the removal of those RNA primers, the Okazaki fragments are 

processed into a single molecule by the action of DNA ligase. In addition, this 

process requires sliding clamps that tether polymerases and enhance their 

processivity, clamp loaders that load the clamps and SSBs (single-strand binding 

proteins) that protect the unwound DNA (O'Donnell et al., 2013).  

 

1.2 The surprising role of Pol ε in DNA replication 

There are three main replicative polymerases found in eukaryotes, DNA 

Polymerase alpha, delta and epsilon, which together perform the bulk of DNA 

synthesis during unperturbed replication. Pol ε is believed to synthesise the leading 

strand while DNA Pol α-primase complex together with Pol δ synthesise the lagging 

strand (Pursell et al., 2007, Clausen et al., 2015, Burgers et al., 2016, Kunkel and 

Burgers, 2008, Miyabe et al., 2011, Nick McElhinny et al., 2008). (Further details of 

the division of labour among replicative polymerases will be discussed later in the 

text – section 1.5.1.9.2).  

 

Pol ε is essential for viability; however, Saccharomyces cerevisiae cells in which 

the catalytic domain of the enzyme is deleted are sick yet viable (Dua et al., 1999, 

Kesti et al., 1999). A similar phenomenon was observed not only in the related 

Saccharomyces pombe (Handa et al., 2012, Feng and D'Urso, 2001) but also in 
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Drosophila melanogaster (Suyari et al., 2012). This suggested that, apart from 

synthesising DNA, Pol ε has a unique essential function that is conserved in 

evolution. This non-catalytic role of Pol ε has become a long-standing question in 

the field of DNA replication. When this PhD project was in its early stage, some 

evidence suggested that presumably Pol ε is involved in the initiation stage of DNA 

replication (Muramatsu et al., 2010, Feng and D'Urso, 2001, D'Urso and Nurse, 

1997). 
 

1.3 An overview of the two-stage initiation of DNA replication 
in eukaryotes 

DNA replication starts at specific locations along the genome, which are known as 

origins of replication. For this process to occur, the double helix has to be 

separated by the helicase so that both strands can serve as templates for 

polymerases. Bacteria possess one origin of replication, and the helicase is loaded 

onto DNA in its active form, fully competent for unwinding. However, the larger size 

of eukaryotic genomes requires multiple origins for DNA replication to be 

completed in a timely manner (O'Donnell et al., 2013). 

 

To ensure faithful transmission of the genetic material and preservation of genome 

stability, it is critical that origins fire once and only once during each cell cycle. In 

eukaryotes, this is achieved by a mechanism of replication initiation, where 

helicase loading and activation are two separate steps, taking place at different 

times during the cell cycle (Remus and Diffley, 2009).  

 

The cell cycle in eukaryotes can be divided into four phases: S phase (DNA 

synthesis), M phase (sister chromatic segregation), and G1 and G2 (two gap 

phases) determined by oscillating levels of the DDK and CDK kinases (Siddiqui et 

al., 2013) [Fig. 1.1].  
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Figure 1-1 Regulating the initiation of DNA replication throughout the cell cycle 

by oscillating levels of DDK and CDK kinases 
Initially, the replicative helicase is loaded onto DNA in its inactive form in the G1 phase 
of the cell cycle. At the G1/S transition, the levels of DDK and CDK rise, promoting 
helicase activation and origin firing. This ensures that helicase assembly and activation 
are temporally separated and prevents re-replication of parts of the genome. Further 
details of DDK and CDK function are discussed in sections 1.5.1.3 and 1.5.1.4. 
 

In budding yeast, loading of the MCM helicase onto DNA takes place during late M 

to G1 phase of the cell cycle, and it is accomplished by three factors: the origin 

recognition complex (ORC), Cdc6 and Cdt1. Collectively, those proteins form an 

assembly referred to as the pre-replication complex (pre-RC), in which the MCM is 

inactive (helicase loading is referred to as origin licensing) [Fig. 1.1 and 1.2A] 

(Boos et al., 2012). Importantly, helicase loading can only take place during this 

stage of the cell cycle when the CDK activity is low and when the anaphase-

promoting complex (APC) activity is high (Siddiqui et al., 2013).  

 

As the cells progress from G1 into S phase, the APC becomes inactivated (Siddiqui 

et al., 2013) and the MCM will be converted into the active form of the eukaryotic 

replicative helicase known as the CMG complex (comprised of the Cdc45, Mcm2-7 

and GINS proteins), following the association with two cofactors: GINS and Cdc45 

(Costa et al., 2011, Gambus et al., 2006, Ilves et al., 2010, Moyer et al., 2006, 

Pacek et al., 2006) (helicase activation is referred to as origin firing). Additionally, 

the process requires the sequential action of two kinases: Dbf4-dependent kinase 

(DDK) and cyclin-dependent kinase (CDK) [Fig. 1.1] (Heller et al., 2011). 
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Phosphorylation of MCM by DDK enables the recruitment of Cdc45 and the Sld3/7 

heterodimer [Fig. 1.2B] (Yeeles et al., 2015, Deegan et al., 2016). Subsequently, 

CDK phosphorylates Sld2 and Sld3 to promote their interaction with Dpb11, known 

to be essential for DNA replication (Tanaka et al., 2007, Zegerman and Diffley, 

2007). However, since Sld2, Sld3 and Dpb11 do not travel with the replisome, 

initially it was unclear why the formation of the SDS (Sld2-Dpb11-Sld3) complex 

was required.  

 

 
 

Figure 1-2 Simplified model of the chromosome replication cycle in budding 

yeast and the key factors involved  

A) Pre-‐RC formation B) DDK-‐dependent step C) CDK-dependent step. The CDK-
‐dependent step, constituting the focus of this thesis, is shown in full colour. 
 

The CMG helicase activation must, however, be completed by the recruitment of its 

second cofactor GINS during the CDK-dependent step of origin firing. Importantly, 

Pol ε was found to associate with Dpb11, Sld2 and GINS as part of the pre-loading 

complex (pre-LC), proposed to serve as platform for GINS recruitment [Fig. 1.2C] 

(Muramatsu et al., 2010). Therefore, the formation of this complex not only placed 

Pol ε at the center stage of origin firing but also provided a potential rationale for 

the necessary formation of the SDS complex.  
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This introduction starts with a brief overview of the first stage of initiation, which is 

the loading of the inactive replicative helicase onto DNA. This is followed by a 

detailed description of helicase activation, a process in which Pol ε plays a key 

role. The last part contains a review of the current understanding of the eukaryotic 

replisome architecture and function with a focus on some most recent and 

promising structural studies.      

 

1.4 Origin licensing 

The first notion that initiation of DNA replication is a two-stage process was based 

on seminal experiments, in which the consequences of fusing mammalian HeLa 

cells synchronized in different phases of the cell cycle were examined (Rao and 

Johnson, 1970). It was found that cells in G1 but not G2 phase replicated DNA 

when fused with S-phase cells. Based on this, it was concluded that the S-phase 

cells contain some factor that promotes replication and that G1 cells respond to it 

whereas G2 cells have lost this ability. Those results also suggested that the 

passage through mitosis is required to enable re-replication since G2 cells are 

converted into G1 cells following mitotic division (Rao and Johnson, 1970).  

 

Further studies demonstrated that the need for the cells to go through mitosis could 

be bypassed by artificial means, which mimicked the disruption of the nuclear 

envelope occurring naturally at this stage of the cell cycle. Specifically, when G2 

nuclei were permeabilised by either chemical or mechanical methods and mixed 

with G1 cell extract, an additional round of replication took place (Blow and Laskey, 

1988). Those observations resulted in the development of the ‘licensing’ model, 

which postulates that there is a ‘licensing factor’ that promotes replication only once 

during each cell cycle and can gain access to DNA only when the nuclear envelope 

breaks down.  

 

The subsequent in vivo footprinting experiments from S. cerevisiae, which showed 

that origins of replication exist in two states, formed the basis for elucidating the 

mechanism of this two-stage process. Origins were found to exist either in a ‘post-

replicative’ (in S, G2 and M phase) or ‘pre-replicative’ state (in G1 phase), the latter 
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being distinguished by extensive protection from DNase I digestion (Diffley et al., 

1994). Later, it was demonstrated that binding of a pre-RC to origins confers the 

resistance to DNase I treatment, but at that time its identity was not clear (Diffley et 

al., 1995). 

 

Before it was realised that the MCM helicase and the factors required to load it onto 

DNA constitute the pre-RC (Aparicio et al., 1997, Labib et al., 2001, Santocanale 

and Diffley, 1996, Cocker et al., 1996), those proteins had been identified in a 

number of studies of the cell cycle and origin activation conducted in yeast, and 

they were subsequently found to be conserved during the course of evolution. ORC, 

originally identified in S. cerevisiae as a protein that interacts with the ARS 

(autonomously replicating sequence) element (Bell and Stillman, 1992), is also 

present in higher eukaryotes and is critical for duplicating their genomes (Muzi-

Falconi and Kelly, 1995, Gossen et al., 1995, Carpenter et al., 1996). Cdc6, in turn, 

was originally discovered in a screen for cell cycle progression mutants (Hartwell et 

al., 1973), and subsequently its counterparts were recognized in X. laevis and 

human based on sequence similarity (Coleman et al., 1996, Williams et al., 1997). 

Cdt1 was first implicated to be important for DNA replication in S. pombe (Hofmann 

and Beach, 1994) and later in S. cerevisiae (Devault et al., 2002) and metazoans 

(Whittaker et al., 2000, Maiorano et al., 2000, Nishitani et al., 2001). The MCM 

proteins were identified in a screen performed in S. cerevisiae that looked for 

mutants defective in maintenance of minichromosomes (Maine et al., 1984), hence 

their name, and their conservation was first demonstrated in X. laevis (Kubota et al., 

1995).  

 

Subsequently, the reconstitution of pre-RC formation in vitro with the use of 

proteins purified from S. cerevisiae (Evrin et al., 2009, Remus et al., 2009) 

enabled dissecting the process in molecular detail. Therefore, the following 

description of origin licensing is based predominantly on findings from this model 

organism.  

 

A striking feature of origin licensing examined under in vitro conditions is the fine 

regulation of the reaction by ATP binding and hydrolysis. Pre-RC assembly results 

in loading of a double MCM hexamer onto dsDNA and can be described as three 
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key events, all of which require the nucleotide ATP. First, ORC associates with 

DNA in an ATP-dependent manner (Seki and Diffley, 2000, Bell and Stillman, 

1992) at a specific location, known as the origin of replication and, in S. cerevisiae, 

defined by the DNA sequence (Brewer and Fangman, 1987, Huberman et al., 

1987). This is followed by Cdc6-ATP binding to ORC, which results in remodeling 

of the latter so that it binds more stably to DNA (Speck et al., 2005). Finally, MCM 

associated with Cdt1 joins the ORC-Cdc6 assembly, which occurs via the C-

terminal part of the Mcm3 subunit. Importantly, this MCM-Cdt1 recruitment does 

not require ATP hydrolysis (Frigola et al., 2013). However, the MCM has to be 

bound to ATP and Cdt1 or the complex becomes labile (Frigola et al., 2013).  

 

Structural studies provide information about the stoichiometry of the early stages 

of this reaction. It has been shown that the association of MCM with origins 

requires one molecule of ORC, Cdc6 and Cdt1. Indeed, it is possible to trap this 

transient intermediate in pre-RC formation, termed OCCM (ORC-Cdc6-Cdt1-

MCM) and visualize it by cryo-electron microscopy (cryo-EM). Shortly after OCCM 

formation, Cdt1 is released and another intermediate termed the OCM (ORC-

Cdc6-MCM) is formed. This release is dependent on the ATP hydrolysis action of 

the MCM complex (Sun et al., 2013, Fernandez-Cid et al., 2013). 

 

It is still not entirely clear how the second MCM hexamer is brought to this OCM 

assembly and whether it involves one or two ORC molecules. Early structural 

characterisation of pre-RCs on DNA by EM revealed that MCMs are present 

exclusively as double hexamers (Evrin et al., 2009, Remus et al., 2009). Therefore, 

it was proposed that MCM double hexamer loading is a concerted process (Evrin 

et al., 2009, Remus et al., 2009). However, a recent single-molecule study 

provides strong arguments against the concerted model of MCM loading and 

demonstrates a sequential assembly of the double hexamer (Ticau et al., 2015). 

Furthermore, the stoichiometry of this reaction is still an area of intense research. 

Since the binding of the C-terminus of the Mcm3 subunit of MCM to ORC was 

shown to be required for the loading of both MCM hexamers (Frigola et al., 2013), 

two assumptions can be made. Either two ORC-Cdc6 complexes load the double 

hexamer or the ORC-Cdc6 complex must possess the capacity to bind two MCM 

hexamers on its own (via two Mcm3 binding sites). Currently, there is some 
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evidence supporting the ‘one ORC’ model, and some authors also argue that the 

two hexamers are loaded via different mechanism. Whereas ORC, Cdc6 and Cdt1 

load the first one, the recruitment of the second hexamer relies on separate Cdc6 

and Cdt1 molecules as well as MCM-MCM interactions (Ticau et al., 2015).  

 

Detailed mechanistic studies of loading reveal a proofreading mechanism, which 

ensures that incorrectly assembled pre-RC complexes are removed from DNA 

(Frigola et al., 2013). When MCM binds to the ORC-Cdc6, the latter complex 

becomes active as an ATPase. Provided that all pre-RC components are located 

at origin, MCM loading takes place. However, at this stage, ATP hydrolysis by 

Cdc6 can also remove defective intermediates from DNA (Frigola et al., 2013, 

Coster et al., 2014, Kang et al., 2014). Thus, the notion that pre-RC assembly 

requires two Cdc6 molecules is noteworthy in that it would potentially allow 

assessing the state of each MCM hexamer separately (Ticau et al., 2015).  

 

The basic principle of the two-stage mechanism of origin licensing in yeast, which 

is the ATP-dependent loading of MCM onto dsDNA that involves the formation of a 

pre-RC, is conserved in higher eukaryotes (DePamphilis et al., 2006). However, 

there are some notable differences. Firstly, ORC binding to DNA does not appear 

to be sequence specific (Vashee et al., 2003), which reflects the fact that 

metazoan origins of replication do not have a consensus DNA sequence, as 

observed in yeast, but are defined by different means, including DNA topology and 

epigenetic status (Leonard and Mechali, 2013). Secondly, the regulation of 

licensing that ensures that it does not happen outside of S-phase differs. In S. 

cerevisiae, this is achieved by phosphorylation of all of the pre-RC components by 

CDK, which prevents its re-assembly (Blow and Dutta, 2005, Siddiqui et al., 2013). 

In metazoans, however, the primary regulatory mechanism is the control of Cdt1 

activity by targeting it for degradation or varying the level of its inhibitor geminin 

(Blow and Dutta, 2005, Siddiqui et al., 2013). The notion that Cdt1 is the focal 

point of licensing regulation in metazoans is supported by the fact that its 

overexpression alone is sufficient to cause re-replication (Fujita, 2006). 
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1.5 Origin firing 

The process of origin firing is more complex than licensing and involves a number 

of proteins that are collectively referred to as ‘firing factors’. In the budding yeast 

(S. cerevisiae) they include: Sld3/7, Cdc45, Dpb11, Sld2, GINS, Pol ε, Mcm10 as 

well as DDK and CDK kinases (Boos et al., 2012). Since it was shown that neither 

ORC nor Cdc6 are required after origin licensing (Rowles et al., 1999), it is 

believed that the activation of the CMG helicase is achieved by the firing factors 

alone. An in vitro system recapitulating origin firing was developed relatively late 

(Yeeles et al., 2015), which hindered the progress in elucidating the mechanism of 

this reaction as compared to origin licensing. Nevertheless, studies conducted in 

recent years reveal that MCM dramatically changes its properties upon 

incorporation into the CMG holocomplex. For the sake of clarity, the discussion of 

the mechanism of origin firing will be preceded by a brief description of its key 

players.  

 

1.5.1 The firing factors 

Some firing factors are involved solely in the activation of the helicase (Sld3/7, 

Dpb11, Sld2) while others (Cdc45, GINS, Mcm10) travel with the replisome, thus 

implying that they have a role in its function during DNA synthesis. This was 

demonstrated in a study where CMG was isolated from cell extract and analysed 

by mass spectrometry to identify the associated factors (Gambus et al., 2006). 

This larger assembly, containing the CMG, was termed the replisome progression 

complex (RPC), and it was found to contain the lagging strand polymerase Pol α 
and several other proteins, including: Ctf4, Tof1, Mrc1, Csm3, TopoI, Mcm10 and 

FACT (Gambus et al., 2006). Although Pol ε was not isolated as part of the RPC, 

this can be attributed to experimental conditions since a later study demonstrated 

that Pol ε forms a stable holocomplex with the CMG referred to as the CMGE 

(Langston et al., 2014).   
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1.5.1.1  Sld3/7 – the reader of DDK phosphorylation and essential target of 

CDK 

In S. cerevisiae, Sld3 exists as a stable complex with Sld7 during the cell cycle 

and, therefore, both proteins function together (Tanaka et al., 2011b). While only 

Sld3 is essential for viability, the absence of Sld7 leads to cell cycle defects. 

Specifically, the ΔSLD7 mutant cells exhibit slow S-phase progression, which 

would be expected for a protein involved in origin firing (Tanaka et al., 2011b). 

Sld3 was shown to be required for the binding of Cdc45 to chromatin (Kamimura 

et al., 2001, Kanemaki and Labib, 2006), and it is also one of the essential targets 

of CDK in S. cerevisiae. The phosphorylation at two conserved sites in the C-

terminal part of the protein enables its binding to Dpb11 (Zegerman and Diffley, 

2007, Tanaka et al., 2007), which will be described in more detail below. 

Furthermore, the regions in Sld3 were characterised that are involved in the 

binding of Sld7, Cdc45 and MCM (Deegan et al., 2016, Tanaka et al., 2011b). 

There is also evidence that the protein has the ability to form dimers (Deegan, 

2014). Remarkably, the four interaction sites do not overlap and are situated in 

different parts of the protein [Fig. 3]. Thus, Sld3 appears to act as an important 

scaffold during origin firing.  

 

 
Figure 1-3 Schematic representation of Sld3 structure and binding regions  
The regions involved in the binding of Sld7, Cdc45 and MCM as well as the two 
residues responsible for the phoshodependent interaction with Dpb11 are shown. The 
region involved in multimerisation of Sld3 is also indicated.  
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The binding of Sld3 to origins of replication requires the action of DDK (Heller et 

al., 2011, Yabuuchi et al., 2006, Yeeles et al., 2015, Tanaka et al., 2011a), and 

this factor was proposed to act as a ‘reader’ of the phosphorylation state of MCM 

(Deegan et al., 2016). DDK itself phosphorylates only double MCM hexamers, 

which is believed to ensure that only MCM correctly assembled on origins will be 

activated (Randell et al., 2010, Sheu and Stillman, 2006, Francis et al., 2009). 

Therefore, the DDK-dependence of Sld3 binding to the MCM would provide a 

means of ensuring that also the factors involved in the CDK-dependent step of 

origin firing assemble only on MCM double hexamers bound to DNA (since Sld3 is 

required to ‘dock’ pre-LC onto MCM). It also follows that by ‘reading’ the DDK 

phosphorylation mark and at the same time being phosphorylated by CDK, Sld3 

acts as a point of convergence of the DDK and CDK-dependent steps of origin 

firing (Deegan, 2014).  

 

The Sld3 homologue Treslin/TICRR, identified in metazoans (Sanchez-Pulido et 

al., 2010, Kumagai et al., 2010, Sansam et al., 2010), is phosphorylated by CDK 

(Kumagai et al., 2010, Boos et al., 2011). Similarly to Sld3 binding Dpb11, Treslin 

associates with a protein called TopBP1 in a CDK-dependent manner (Boos et al., 

2011, Kumagai et al., 2011, Kumagai et al., 2010). Since Treslin was also 

demonstrated to enable the binding of Cdc45 to the origins of replication (Kumagai 

et al., 2010), the function of Sld3 in initiation appears conserved. Thus far, a 

homologue of Sld7 has not been identified. However, Treslin stably interacts with 

another protein MTBP, which suggests that it might perform a function analogous 

to Sld7 (Boos et al., 2013).  

 

1.5.1.2  Cdc45 – the essential helicase cofactor 

Cdc45 is an essential cofactor of the CMG helicase, which explains two early 

observations suggesting that Cdc45 is a part of the replisome. Firstly, it was 

reported that in S-phase, Cdc45 moves together with MCM away from origins of 

replication (Aparicio et al., 1997). Secondly, Cdc45 was found to be required not 

only for the establishment (Mimura et al., 2000) but also for the progression of 

replication forks, thus proving the role of Cdc45 in the elongation phase of DNA 
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replication (Tercero et al., 2000, Pacek and Walter, 2004). 

 

Although Cdc45 does not possess enzymatic activity, it was demonstrated to bear 

some homology to an archaeal exonuclease RecJ and to be an orthologue of 

bacterial RecJ nucleases (Krastanova et al., 2012, Sanchez-Pulido and Ponting, 

2011, Szambowska et al., 2014). The residues required for catalysis appear to 

have been lost during the course of evolution (Krastanova et al., 2012). 

Nevertheless, Cdc45 still exhibits the ability to bind ssDNA (Bruck and Kaplan, 

2013, Szambowska et al., 2014, Krastanova et al., 2012).  

 

 
Figure 1-4 Comparison of human Cdc45 and RecJ. 
A) Crystal structures of human Cdc45 (left, PDB ID 5DGO) and bacterial Thermus 
Thermophilus RecJ (right, PDB ID 2ZXO). RecJ homology region is coloured yellow 
(Cdc45) and orange (RecJ). B) Both Structures superimposed. Figure reproduced 
from (Simon et al., 2016). 
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Recently, a high-resolution crystal structure has been reported that provides 

important insights into the function of Cdc45 in replication (Simon et al., 2016). 

Since the protein bears similarity to the RecJ proteins (Sanchez-Pulido and 

Ponting, 2011, Krastanova et al., 2012, Szambowska et al., 2014), it was 

anticipated that it might engage DNA in a similar mode by passing it through two 

domains (DHH and DHHA1) [Fig. 1.4]. However, the crystal structure revealed that 

this path is blocked due to the conformation of the protein. Thus, it would appear 

that either the protein must undergo a conformational change to open this DNA 

binding cleft or that other DNA interaction surfaces are present (Simon et al., 

2016).  

 

Furthermore, the crystal structure provided the basis to design mutants that 

disrupted the interaction with either MCM or GINS and their ability to bind 

chromatin was tested. The fact that the disruption of the interaction with GINS did 

not prevent the association of Cdc45 with chromatin would be in agreement with 

the current model of stepwise CMG assembly, where Cdc45 is recruited before 

GINS (Simon et al., 2016).  

 

Finally, the docking of the crystal structure of Cdc45 into the electron density map 

of CMG showed that a large proportion of Cdc45 is exposed to the solvent and 

makes limited contacts with the CMG. Thus, the authors propose that this could 

explain the requirement for a protein to recruit Cdc45 to the MCM (which is 

performed by Sld3) and stabilise this intermediate complex before the binding of 

GINS in the second step of the CMG assembly (Simon et al., 2016).   

 

The role of Cdc45 as part of the helicase will be further discussed in section 1.6.2 

describing the structure of CMG. 

 

1.5.1.3  DDK (Dbf4-dependent kinase) 

DDK is a key regulator of the initiation of DNA replication, and in S. cerevisiae it 

exists as a heterodimer composed of Cdc7 kinase and its regulatory subunit Dbf4 

(Jackson et al., 1993). The function of DDK in replication is conserved in 
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eukaryotes, and homologues of Cdc7 were found in S. pombe, X. laevis, mouse 

and human (Masai et al., 1995, Sato et al., 1997, Faul et al., 1999). Furthermore, 

the requirement of a regulatory subunit for Cdc7 function was also conserved 

during the course of evolution. Proteins performing functions equivalent to those of 

Dbf4 were identified in S. pombe, X. laevis, mouse and human (Brown and Kelly, 

1998, Jares et al., 2004, Lepke et al., 1999). However, in vertebrates, the 

regulation of DDK appears to have diverged to some extent and it is not limited to 

one regulatory subunit. Both in human and X. laevis DDK is regulated not only by 

Dbf4 but also by a second protein Drf1 (Montagnoli et al., 2002, Takahashi and 

Walter, 2005). The exact function of this additional regulator is currently not clear 

and remains to be established.  

 

The regulation of DDK during the cell cycle is based on the fluctuations of the Dbf4 

levels in the cell. Whereas the Cdc7 level is stable, the Dbf4 subunit’s level is 

regulated by the APC (Weinreich and Stillman, 1999). The APC promotes rapid 

degradation of Dbf4 during the G1 phase, at this point maintaining the levels of 

DDK activity low since Dbf4 controls the kinase activity of Cdc7 (Ferreira et al., 

2000, Oshiro et al., 1999). This basic premise that the oscillating levels of Dbf4 

regulate Cdc7 catalytic activity also applies to higher eukaryotes, as demonstrated 

in X. laevis and human (Jiang and Hunter, 1997, Jares et al., 2004, Furukohri et 

al., 2003).  

 

DDK is required during initiation to act directly on the MCM and promote a 

conformational change in the complex. A first piece of evidence that suggested 

this was the isolation of a mutant in the Mcm5 subunit of the MCM that bypasses 

the requirement for DDK and is known as the mcm5-bob1 mutant (Hardy et al., 

1997). It was later realized that Mcm5 has an inhibitory role that is alleviated by a 

conformational change resulting from DDK phosphorylation, presumably also 

taking place in the bob1 mutant (Hoang et al., 2007). 

 

DDK acts preferentially on double MCM hexamers loaded onto DNA but not on 

single hexamers (Sheu and Stillman, 2006, Randell et al., 2010, Francis et al., 

2009). However, it was not clear how such substrate specificity is achieved. This 

can be now rationalized by a structural study, which identifies a potential docking 
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site for DDK on the MCM double hexamer (Sun et al., 2014). It was shown 

previously that DDK phosphorylation does not elicit major structural changes in the 

MCM double hexamer i.e. its separation into single hexamers (On et al., 2014). 

Therefore, it appears that the key function of DDK phosphorylation is to promote 

the binding of other factors, which might be aided by subtle structural changes in 

the MCM.     

 

1.5.1.4  CDK (Cyclin dependent kinase) – the master regulator of replication 

To ensure that the complete genome is replicated only once during the cell cycle, 

mechanisms exist that prevent re-firing of origins and consequently re-replication 

of parts of the genome. This requires origin activation to be temporally separated 

from origin firing, which is achieved by CDK. When CDK activity is low during the 

G1 phase of the cell cycle, pre-RCs can assemble, but origins do not fire. When 

CDK levels rise at the G1/S transition, components of the ORC, MCM, Cdt1 and 

Cdc6 get phosphorylated, which hinders their ability to assemble pre-RCs. The 

levels of CDK then remain high enough to prevent further pre-RC formation 

throughout M phase so that origins can get activated again only in the new cell 

cycle (Siddiqui et al., 2013).  

 

In vertebrates, additional factors are involved in preventing pre-RC re-assembly, 

that are themselves regulated by CDKs (geminin, PCNA). Therefore, in those 

organisms, CDK regulates pre-RC both directly, as in S. cerevisiae, and indirectly 

(Siddiqui et al., 2013).  

 

Whereas DDK contributes to helicase activation by acting directly on the MCM 

double hexamer, which will become part of the replisome, CDK phosphorylates 

two firing factors Sld2 and Sld3. Their phosphorylation is both necessary and 

sufficient to initiate replication in S. cerevisiae, and both proteins then bind to 

Dpb11 via its BRCT repeats to form a trimeric SDS complex (Tanaka et al., 2007, 

Zegerman and Diffley, 2007). This will be further discussed in section 1.5.2. 
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1.5.1.5  Sld2 – an essential target of CDK 

Sld2 is one of the two essential targets of CDK in S. cerevisiae, and its 

phosphorylation is required for the binding to Dpb11 (Zegerman and Diffley, 2007, 

Tanaka et al., 2007). Sld2 has 11 phosphorylation sites potentially modified by 

CDK, which results in hyper phosphorylation of the protein. The key 

phosphorylation site on Sld2 important for Dpb11 binding is T84. However, it is 

believed that the kinase cannot initially access it. Therefore, other sites must be 

phosphorylated first, which was proposed to elicit a conformational change in Sld2 

that subsequently enables phosphorylation of T84 (Masumoto et al., 2002, Tak et 

al., 2006).  

 

Vertebrates possess a homologue of Sld2, known as RecQL4, which is 

indispensable for replication, as shown in X. laevis and human cells (Matsuno et 

al., 2006, Sangrithi et al., 2005). However, the mechanism by which RecQL4 acts 

in initiation has diverged and will be discussed in section 1.5.1.6 that describes the 

Dpb11 firing factor.  

 

RecQL4 belongs to the family of RecQ helicases and bears little similarity to Sld2. 

The homology is limited to the first ~400 amino acids (aa) and strong similarity is 

observed for the first N-terminal 54 aa. While the function of the Sld2-like N-

terminal domain appears to parallel that of yeast Sld2 (Ohlenschlager et al., 2012, 

Gaggioli et al., 2014), the C-terminus of RecQL4 was not characterised as 

extensively. It was demonstrated that this part of the protein contains a helicase 

domain and that indeed RecQL4 is still capable of unwinding DNA. However, the 

exact function of this activity remains unclear (Suzuki et al., 2009, Sangrithi et al., 

2005). Nevertheless, it appears to play an important role in genome maintenance 

and perturbing the helicase domain is associated with three severe developmental 

disorders in humans: Rothmund–Thomson, Baller–Gerold and RAPADILINO 

(Kitao et al., 1999, Siitonen et al., 2003, Van Maldergem et al., 2006). 

 

Some evidence suggests that in human cells the C-terminal part of RecQL4 is not 

required during a normal replication cycle but only in cells challenged with DNA 

damage (Kohzaki et al., 2012). Although evidence from other species is conflicting, 
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the authors argue that this might be due to the fact that the mutations introduced 

in other studies affected the Sld2 homology domain, not only the C-terminal part of 

RecQL4 (Kohzaki et al., 2012). Therefore, further studies will be required to 

resolve this. 

 

1.5.1.6  Dpb11 – the bridge between Sld2 and Sld3 

Dpb11 acts as a bridge connecting Sld2 and Sld3 via the CDK-dependent 

interactions with its BRCT repeats. In S. cerevisiae, Dpb11 possesses two pairs of 

BRCT repeats, where the first pair interacts with Sld3 and the second pair with 

Sld2 [Fig. 1.5] (Zegerman and Diffley, 2007, Tanaka et al., 2007, Tak et al., 2006). 

The structure of Dpb11 (Cut5) in S. pombe is conserved [Fig. 1.5] with the same 

arrangement of BRCT repeats, and a ‘SDS-like’ complex is formed with Sld3 and 

Sld2 (Drc1). Surprisingly, the interaction between Cut5 and Sld3 does not appear 

to require CDK, even though the phosphorylation sites are conserved. The 

phosphorylation also appears not to be required for replication (Noguchi et al., 

2002, Yabuuchi et al., 2006, Fukuura et al., 2011). The vertebrate orthologue of 

Dpb11, termed TopBP1, has a different structure with additional BRCT repeats 

[Fig. 1.5]. BRCT1 and 2 are analogous to their yeast counterparts and bind Sld3 

(Treslin) in a CDK-dependent way. The BRCT3 and 4 in yeast are, in turn, most 

related to BRCT4 and 5 in vertebrate. They do not, however, bind Sld2 (RecQL4), 

which instead interacts with the non-essential BRCT7 and 8 without the 

requirement for CDK (Ohlenschlager et al., 2012, Matsuno et al., 2006, Tanaka et 

al., 2013, Kumagai et al., 2010). Therefore, a ‘SDS-like’ complex is formed from 

TopBP1, Treslin and RecQL4. However, only the interaction with Treslin is 

important for DNA replication since the region of TopBP1 required for binding of 

RecQL4 can be removed without loss of viability (Kumagai et al., 2010, Tanaka et 

al., 2013), and the region of Sld2 that becomes phosphorylated in yeast is not 

conserved in RecQL4 (Ohlenschlager et al., 2012, Kumagai et al., 2010). 
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Figure 1-5 Structure of eukaryotic orthologues of Dpb11 (Cut5/TopBP1) and their 

interaction with Sld3 (Treslin) and Sld2 (RecQL4) 
Corresponding BRCT repeats have the same colour coding. The yeast BRCT3 and 
BRCT4 are most similar to X. laevis and human BRCT4 and BRCT5. The BRCT 
repeats specific to higher eukaryotes and not present in yeast are shown in green. In 
X. laevis and H. sapiens, the region of Dpb11 (TopBP1) past BRCT5 is not required for 
replication. Since this region binds to Sld2 (RecQL4), this interaction appears not 
required for replication.   
 

1.5.1.7  GINS – the essential helicase cofactor 

GINS is a tetrameric complex composed of Sld5, Psf1, Psf2 and Psf3, identified in 

the same year by three independent research groups. The experiments presented 

in their studies demonstrated that GINS is required for the establishment of 

replication as well as during the elongation phase (Kanemaki et al., 2003, Kubota 

et al., 2003, Takayama et al., 2003). Later, it was realised that this is because 

GINS is an essential component of the replicative helicase (Costa et al., 2011, 

Gambus et al., 2006, Ilves et al., 2010, Moyer et al., 2006, Pacek et al., 2006). 

 

The GINS complex was characterised extensively and three high-resolution crystal 

structures of the human complex are available (Chang et al., 2007, Choi et al., 

2007, Kamada et al., 2007) as well as the structure of archaeal GINS (Oyama et 

al., 2011). Since the subunits are related to one another and most likely emerged 
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from a common ancestor (Makarova et al., 2005), they show structural similarity. A 

characteristic feature of the complex is that the four subunits are arranged in two 

layers: one layer formed by Sld5 and Psf1 and the other one by Psf2 and Psf3 

(Chang et al., 2007, Choi et al., 2007, Kamada et al., 2007).   

 

Apart from its role as a helicase cofactor, GINS has an important role in tethering 

two replicative polymerases to the CMG discussed further in section 1.6.4.  

 

1.5.1.8  Mcm10 – the factor with an elusive function 

Although Mcm10 was identified in the same screen as the components of the 

MCM complex, which accounts for its name, the proteins are not related 

(Merchant et al., 1997, Maine et al., 1984). The function of Mcm10 during 

replication proved difficult to elucidate. Initially, it was realised that the protein was 

required to activate origins in S. pombe, S. cerevisiae, X. laevis and mouse 

(Wohlschlegel et al., 2002, Nasmyth and Nurse, 1981, Lim et al., 2011, Merchant 

et al., 1997). It also appeared to be important during elongation phase since it was 

shown to travel with the replisome (Ricke and Bielinsky, 2004, Pacek et al., 2006, 

Gambus et al., 2006). 

 

After many years of investigation the exact role of Mcm10 still remains elusive, 

and there are a number of conflicting studies, which assign it different functions, 

including: helicase activation, stabilisation of Pol α and helicase assembly (Zhu et 

al., 2007, Im et al., 2009, Wohlschlegel et al., 2002, Ricke and Bielinsky, 2004, 

Ricke and Bielinsky, 2006). Recent accumulating evidence suggests that Mcm10 

is required for the unwinding of origin DNA by the CMG helicase but not for the 

CMG assembly or Pol α stability, contrary to previous reports (Kanke et al., 2012, 

Heller et al., 2011, van Deursen et al., 2012, Watase et al., 2012). The fact that 

Mcm10 acts downstream of CMG assembly was also demonstrated in the in vitro 

reconstituted system recapitulating origin firing since it was possible to assemble 

CMG without Mcm10, but it was the replication of DNA that required its presence 

(Yeeles et al., 2015).  
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Recently, a study in Xenopus egg extract has caused controversy and again 

raised questions about the function of Mcm10 (Chadha et al., 2016). Since Mcm10 

was demonstrated not to be required for bulk DNA synthesis, this provides an 

argument against it being required for DNA unwinding. Somewhat surprisingly, the 

study provided evidence for yet another role of Mcm10 related to replication fork 

stability (Chadha et al., 2016).   

 

Currently, it is not possible to reconcile all those studies and propose a coherent 

model explaining the role of Mcm10 and further studies will be required to resolve 

this.  

 

1.5.1.9  Pol ε – the leading strand polymerase  

DNA Pol ε is a large ~379kDa complex composed of four subunits: the 

accessory subunits, Dpb2, Dpb3, Dpb4 and the catalytic Pol2 (Chilkova et al., 

2003) [Fig.1.6]. In budding yeast, only the C-terminal part of Pol2 and Dpb2 

subunits are essential for viability, and both the polymerase and exonuclease 

activities reside in the N-terminal domain of Pol2 (Araki et al., 1991a, Araki et al., 

1991b, Ohya et al., 2000). Dpb2 appears to have a structural role (Isoz et al., 

2012) and is required to integrate Pol ε into the replisome (Sengupta et al., 

2013). Dpb2 is also phosphorylated by CDK, but any functional significance of 

this post-translational mark has not been elucidated (Kesti et al., 2004). The 

accessory subunits do not influence the catalytic rates of Pol ε (Ganai et al., 

2015, Aksenova et al., 2010) and were proposed to contribute to the enzyme’s 

processivity based on their ability to bind dsDNA (Tsubota et al., 2003). 

Although Dpb3 and Dpb4 are not required for viability, their absence has 

consequences for DNA replication. Deletion of Dpb3 appears to increase the 

mutation rate (Araki et al., 1991b) while deletion of Dpb4 leads to slower 

progression through S-phase (Ohya et al., 2000, Aksenova et al., 2010). 
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Figure 1-6 Schematic representation of Pol ε structure  
The Pol2 subunit contains both the polymerase and exonuclease catalytic sites. In S. 
cerevisiae only the Dpb2 subunit and the C-terminal part of the Pol2 subunit are 
essential for viability.  
 

1.5.1.9.1 Structure of Pol ε 

The Pol ε holocomplex has thus far been characterised using EM (Asturias et al., 

2006). In addition, the crystal structure of the catalytic domain of the Pol2 subunit 

is available (Jain et al., 2014a, Hogg et al., 2014) as well as that of the Dpb4 

subunit (Hartlepp et al., 2005) while the N-terminus of Dpb2 has been 

characterised by NMR spectroscopy (Nuutinen et al., 2008). The shape of the 

catalytic core of Pol ε Pol2 subunit, similarly to other polymerases, resembles a 

right hand. However, it was shown to possess a unique domain, termed the P-

domain, which contributes to the enzyme’s processivity (Hogg et al., 2014, Jain et 

al., 2014a). Biochemical studies identified iron-sulphur clusters in both the N- and 

C-terminal parts of Pol2 (Jain et al., 2014b, Netz et al., 2012); however, they were 

not present in either of the crystal structures, possibly due to the sensitivity of the 

clusters to oxidation (Jain et al., 2014a, Hogg et al., 2014).       

1.5.1.9.2 Role of Pol ε in leading strand synthesis 

Pol ε exhibits exceptional accuracy (Shcherbakova et al., 2003), which together 
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with its inherent processivity (Hogg et al., 2014, Hamatake et al., 1990) makes it 

well suited for performing the bulk of the leading strand synthesis, a role attributed 

to it based on three lines of evidence.  

 

The initial assignment of Pol ε to the leading strand and Pol δ to the lagging strand 

was based on studies of mutation spectra (Nick McElhinny et al., 2008, Pursell et 

al., 2007). In those experiments, mutant forms of both polymerases were used that 

retain catalytic activity but have a higher propensity to introduce certain mutations. 

For example, the mutation ATà GC can result from two different mismatches, but 

Pol δ L612M will introduce G opposite T more often than C opposite A (Nick 

McElhinny et al., 2008). Therefore, by using a reporter gene placed in opposite 

orientations relative to an origin of replication, it was possible to assign Pol ε to the 

leading strand (Pursell et al., 2007) and Pol δ to the lagging strand (Nick 

McElhinny et al., 2008).  

 

This assignment was more recently supported by studies in which next-generation 

sequencing was employed to examine the mutation spectra of Pol ε and Pol δ 

variants that exhibit increased likelihood of mistakenly incorporating 

ribonucleotides into DNA (Daigaku et al., 2015, Clausen et al., 2015, Koh et al., 

2015, Reijns et al., 2015).  

 

Furthermore, it was shown that only Pol δ but not Pol ε is able to idle at nicks 

formed on the lagging strand, which is required for Okazaki strand maturation. 

This would, therefore, support the model where Pol ε acts only on the leading 

strand (Garg et al., 2004).  

 

Finally, the studies in which the leading and lagging strands synthesis was 

reconstituted in vitro also assigned Pol ε to the leading strand and Pol δ to the 

lagging one. They not only provided strong support for the widely accepted model 

but also gave mechanistic insight into the strand selectivity (Georgescu et al., 

2015, Georgescu et al., 2014a). It was demonstrated that CMG plays a role in 

stabilising Pol ε on the leading strand while PCNA stabilises Pol δ on the lagging 

strand (Georgescu et al., 2014a). Furthermore, it was shown that the distribution 

of polymerases is not a passive process but that mechanisms exist that target 
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polymerases to the appropriate strands (Georgescu et al., 2015).    

 

Recently, this assignment of polymerases to the leading and lagging strand has 

been challenged. It was proposed that Pol δ is responsible for the bulk of DNA 

synthesis on both the leading and lagging strands while Pol ε has only a 

proofreading function on the leading strand (Johnson et al., 2015). This raised a 

lot of controversy in the field and the study was subsequently criticised due to the 

possibility that the yeast strains used could have acquired suppressor mutations 

affecting the outcome of the experiments (Burgers et al., 2016).  

 

1.5.2 The mechanism of origin firing and the role of Pol ε as helicase 

activator 

Origin firing is orchestrated by the action of two kinases: DDK and CDK. The 

prevalent view is that DDK acts first to phosphorylate MCM, which is required to 

recruit Sld3 and Cdc45 (Deegan and Diffley, 2016). This is supported by the early 

in vivo studies that examined the association of replication factors with origins in S. 

cerevisiae and in vitro experiments using Xenopus egg extract showing that Sld3/7 

and Cdc45 associate in a DDK-dependent way with MCM in the absence of prior 

CDK action (Jares and Blow, 2000, Walter, 2000, Yabuuchi et al., 2006, Tanaka et 

al., 2011a). This is also consistent with more recent results obtained from an in 

vitro extract based system from S. cerevisiae. The authors were able to 

demonstrate that DDK is sufficient to elicit Cdc45 association with origins and a 

clear requirement for the sequential action of DDK followed by CDK (Heller et al., 

2011). Furthermore, it was possible to reconstitute the recruitment of Sld3/7 and 

Cdc45 do the MCM double hexamer in the absence of CDK in vitro with proteins 

purified from S. cerevisiae (Yeeles et al., 2015, Deegan et al., 2016).  

 

The CDK kinase subsequently phosphorylates Sld2 and Sld3, which enables their 

binding to Dpb11 and is sufficient to activate origins. Sld2 and Sld3 were found to 

be the only essential targets of CDK in S. cerevisiae, which is supported by two 

lines of evidence. Firstly, it was possible to bypass the requirement for CDK in vivo 

by using a phosphomimetic of Sld2 and either a Sld3-Dpb11 fusion, Cdc45 (JET1-
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1) mutant or high levels of Dpb11. Both the Cdc45 mutant and an increased level 

of Dpb11 are thought to compensate for Sld3 phosphorylation by strengthening 

some protein-protein interactions that Sld3 is involved in (Tanaka et al., 2007, 

Zegerman and Diffley, 2007). Secondly, the pre-phosphorylation of Sld2 and Sld3 

was sufficient to enable the observation of replication products in an in vitro assay 

recapitulating origin firing, where CDK was inactivated in the reaction (Yeeles et 

al., 2015).  

 

It was not clear why the phosphorylation of Sld2 and Sld3 is critical for MCM 

activation. The reason for this is that Sld2 and Sld3 are not required downstream 

of helicase activation, which notion was supported by the fact that they were not 

isolated as part of the RPC (Gambus et al., 2006). However, a later study 

suggested that the action of CDK promotes the formation of a complex termed the 

pre-LC that is composed of: GINS, Dpb11, Pol ε and Sld2. The complex was 

isolated from S. cerevisiae cell extract with the use of a crosslinking, which was 

possibly required because of its fragile nature (Muramatsu et al., 2010). Based on 

this, a simple model was proposed, where the CDK kinase activity brings the pre-

LC to the MCM by connecting Sld2 and Sld3 via Dpb11 that acts as a bridge in the 

SDS complex formation. Since the pre-LC complex contains the helicase cofactor 

GINS, its formation provided a rationale for the essential role of the SDS complex 

in the initiation of DNA replication and implicated Pol ε in activating the helicase.  

 
The pre-LC is a replication intermediate worth further study for two other reasons. 

Firstly, the fact that the leading strand polymerase and an essential helicase 

cofactor are contained in the same complex would imply an inherent coupling of 

the helicase-polymerase activity in the eukaryotic system. It could be hypothesised 

that such a mechanism could prevent the unwinding of DNA at origins without a 

polymerase present and consequently prevent the formation of excessive ssDNA, 

which is prone to damage and can pose a threat to genome stability. Secondly, 

the association of Pol ε with GINS would provide a means of tethering the 

polymerase to the helicase and pre-determining its spatial orientation. Therefore, it 

is also important to characterize the pre-LC formation in order to understand the 

division of labor among the three main replicative polymerases and the specificity 
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of Pol ε for the leading strand. It should be noted, however, that the pre-LC was 

shown to form only in budding yeast and it is not clear whether an equivalent 

complex is formed in other organisms.  

 

1.6 The eukaryotic replisome 

1.6.1 Transition from pre-RC to CMG changes the properties of the MCM 

Although details of the pathway leading to the CMG formation remain unclear, 

several lines of evidence demonstrated that the MCM double hexamer bound 

around dsDNA splits following origin firing and changes its binding mode to ssDNA. 

Firstly, based on experiments performed in Xenopus egg extract, the CMG was 

found to be a 3’-5’ translocase (Fu et al., 2011). When the CMG was challenged 

with a biotin-streptavidin roadblock positioned either on the leading or lagging 

strand, the movement was hindered only when the block was placed on the 

leading strand. This indicated that the CMG must encircle ssDNA since the 

movement along dsDNA should be prevented by a block on both the leading and 

the lagging strand (Fu et al., 2011). Secondly, single-molecule studies showed 

that CMGs uncouple and move away from each other following origin firing 

(Yardimci et al., 2010). The authors tested this by allowing the CMG to act on DNA 

that was tethered either at one or both ends to a glass slide. They observed that 

the different tethering had no major effect on replication efficiency. Should the 

CMGs remain attached to each other, it would have been predicted that double 

tethering should have an inhibitory effect on the reaction (Yardimci et al., 2010). 

However, since this was not the case, the results suggested that at least in the 

Xenopus egg extract in vitro system, the CMGs uncouple and so the MCM double 

hexamer must separate. Finally, also in vivo data support the uncoupling of the 

MCM since the replisome progression complex (RPC) isolated from S. cerevisiae 

cells contained a single copy of the Mcm4 subunit and consequently a single MCM 

hexamer (Gambus et al., 2006).  

 

Therefore, the process of helicase activation and CMG assembly does not merely 

involve the association of Cdc45 and GINS with MCM but must also result in 

dramatic double hexamer remodeling. In order to form two CMGs moving in the 
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opposite directions on ssDNA, the contacts between the MCM must be broken 

and ssDNA strand must be extruded. Furthermore, in comparison to the MCM 

complex alone, the CMG is a much better helicase with increased ATPase activity 

(Ilves et al., 2010). Although Cdc45 and GINS are clearly required for the full 

functionality of the MCM as part of the CMG helicase, it is still not entirely clear 

how those two cofactors achieve this.  

 

1.6.2 CMG structure 

In 2006, the CMG (Cdc45-MCM-GINS) complex was identified as the eukaryotic 

replicative helicase (Gambus et al., 2006, Moyer et al., 2006, Pacek et al., 2006) 

and since then enormous progress has been made in understanding its function. 

First, its structure was determined by EM in Drosophila melanogaster at low 

resolution (Costa et al., 2011). Among the key findings of this study was the 

rationalisation of the role of the two cofactors, Cdc45 and GINS, in activating the 

MCM motor core of the helicase. It was shown that they are located in the vicinity 

of Mcm2 and Mcm5 subunits. The MCM ring has a natural ability to open up at the 

2/5 interface often referred to as the Mcm2/5 gate, which allows it to be loaded 

onto DNA during initiation (Samel et al., 2014). In the CMG, Cdc45 is in contact 

with Mcm2 whereas GINS is in contact with Mcm5, thus closing this gate and 

stabilising the MCM ring (Costa et al., 2011).     

 

This initial characterisation was followed by a number of studies that contributed to 

further progress in the understanding of the CMG structure and function (Costa et 

al., 2014, Abid Ali et al., 2016, Sun et al., 2015). The key advances that followed 

explain the way the CMG engages the DNA substrate and translocates along DNA.  

In the analysis of CMG bound to a duplex DNA substrate with a 3’ overhang in the 

presence of ATPγS (non-hydrolysable ATP analogue) it was found that the 

helicase maps to the ssDNA portion, demonstrating that this is its preferred 

substrate. It was also possible to establish the directionality of DNA and show that 

CMG travels on ssDNA towards dsDNA and the C-terminal ATPase domains of 

the MCM ring are located at the leading edge. The binding of the nucleotide and 

DNA altered the conformation of the CMG so that it adapted a right-handed spiral 
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conformation (Costa et al., 2014). Therefore, the MCM ring passes through three 

states during its activation: from a left-handed spiral adopted by the MCM (Costa 

et al., 2014), through a flat ring in the double hexamer (Remus et al., 2009, Evrin 

et al., 2009) to a right-handed spiral (Costa et al., 2014). While those observations 

demonstrate an incredible plasticity of the MCM ring, its functional significance is 

still not entirely clear.  

 

Neither Cdc45 nor GINS exhibit any enzymatic activities. Cdc45 is a distant 

homologue of the RecJ family of nucleases (Aravind and Koonin, 1998, Sanchez-

Pulido and Ponting, 2011). However, during the course of evolution this nuclease 

activity was lost and Cdc45 has maintained only the ability to bind ssDNA. 

Therefore, it was proposed to aid the separation of DNA strands during the 

unwinding (Krastanova et al., 2012, Szambowska et al., 2014, Bruck and Kaplan, 

2013). However, a recent study has assigned it a different role by demonstrating 

that the MCM 2/5 gate can sometimes provide a means for the leading strand to 

escape from the main CMG channel into the side channel and that Cdc45 is 

important to prevent this (Petojevic et al., 2015). GINS, in turn, stabilises the 

association of Cdc45 and MCM (Aparicio et al., 2009).  

 

The timing of the MCM double hexamer separation is a long-standing question in 

the field that has now been partially addressed. Interestingly, a subpopulation of 

CMG particles was found to form dimers, where the MCM rings are offset with 

respect to one another (Costa et al., 2014). Furthermore, a recently determined 

atomic structure of the double MCM hexamer shows that GINS cannot bind to this 

assembly, considering the location of GINS in the CMG (Li et al., 2015). This 

rationalises the requirement for the observed reconfiguration of the rings in the 

double CMG structure (Costa et al., 2011, Costa et al., 2014, Abid Ali et al., 2016). 

Overall, those observations would suggest that CMGs are assembled prior to the 

MCM double hexamer separation (Costa et al., 2014) and they are in agreement 

with previous reports showing that the DDK-dependent step does not break the 

double hexamer (On et al., 2014). 
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1.6.3 Mechanism of replication fork progression 

Based on the assumption that MCM is initially loaded onto dsDNA, two 

contradictory models were developed to explain how the CMG helicase engages 

the DNA substrate during unwinding. Those models referred to as ‘strand 

extrusion’ or ‘strand exclusion’ were long debated but recent structural data 

strongly favours the latter.  

 

In the steric ‘extrusion model’, the CMG would move on dsDNA and the unwound 

strand would be extruded through a side channel. This hypothesis is based on 

three lines of evidence. Firstly, the CMG has the ability to translocate on dsDNA 

(Dewar et al., 2015). Secondly, the MCM within the context of CMG possesses a 

central channel with dimensions that could accommodate dsDNA (Costa et al., 

2011, Costa et al., 2014, Sun et al., 2015). Finally, the recent high-resolution 

structure of the MCM double hexamer describes a channel that could potentially 

allow strand extrusion (Li et al., 2015).    

 

In the steric ‘exclusion model’, the CMG would move on ssDNA and the unwound 

strand would be sterically excluded. The possibility that CMG is a ssDNA 

translocase was suggested by roadblock studies described above (Fu et al., 2011). 

Recently, this view has gained further support after the determination of the 

structure of CMG bound to a translocation substrate, which shows it is a ssDNA 

translocase as proposed by this model (Abid Ali et al., 2016).    

 

After the isolation of two conformations of CMG, a model for its translocation on 

DNA was proposed. Each MCM subunit can be divided into an N-terminal domain 

(NTD) containing the ATPase activity and a C-terminal domain (CTD). It follows 

that the hexameric ring is composed of two tiers, where NTDs are stacked on 

CTDs. The key difference between the two observed conformations of the CMG 

was the spatial relationship between those two tiers of the MCM ring, which 

moved either away or towards each in what is referred to as a pump jack motion. 

The authors note that such motions would be compatible with a simple inchworm 

mode of translocation along the DNA (Yuan et al., 2016). This, however, is yet to 

be tested.   
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1.6.4 Polymerase-helicase coupling in the eukaryotic replisome 

The eukaryotic helicase engages with three replicative polymerases, which are 

coupled via different mechanisms. The Pol α-primase complex is coupled 

indirectly while Pol ε binds to one of the helicase components (Tanaka et al., 2009, 

Sengupta et al., 2013, Gambus et al., 2009). Whether Pol  δ associates with the 

CMG is not clear.  

 

A notion that the Pol α-primase complex requires a mediator protein Ctf4 that 

binds to the GINS cofactor of CMG is supported by several lines of evidence 

(Gambus et al., 2009, Tanaka et al., 2009). Firstly, Pol α and Cdc45 interact in 

wild type but not in ΔCtf4 cells (Tanaka et al., 2009). Secondly, in vitro studies 

showed that GINS has the ability to bind Pol α only in the presence of Ctf4 

(Tanaka et al., 2009, Gambus et al., 2009). Finally, the requirement for Ctf4 was 

also demonstrated in a study that isolated a subcomponent of the replisome 

known as the RPC. This complex is composed of the replicative helicase CMG 

and several other factors, including Pol α. Importantly, Pol α co-purified with the 

RPC only in the presence of Ctf4 but was absent when the complex was isolated 

from ΔCtf4 cells (Gambus et al., 2009). Some studies also suggest the 

involvement of Mcm10 in linking Pol α to the CMG (Ricke and Bielinsky, 2004, Lee 

et al., 2010). However, others argue against this (van Deursen et al., 2012). 

Therefore, the role of Mcm10 remains to be clarified.   

 

Ctf4 is not required for viability in S. cerevisiae but ΔCtf4 cells are sick and exhibit 

genome instability (Kouprina et al., 1992, Miles and Formosa, 1992). In line with 

this, DNA can be synthesised in vitro by Pol α in the absence of Ctf4 (Yeeles et al., 

2015, Georgescu et al., 2015). It should be noted, however, that the rates of DNA 

synthesis in the in vitro system are significantly lower than in vivo rates, and that 

the reaction is performed on non-chromatinised template (Yeeles et al., 2015, 

Georgescu et al., 2015). Therefore, Ctf4 is likely important to enhance the 

efficiency of DNA synthesis as required in vivo. This is also supported by the fact 

that it forms a trimer that is able to bind two molecules of Pol α simultaneously 
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(Simon et al., 2014), which could aid rapid lagging strand synthesis similarly to 

what was observed in the bacterial ‘three polymerase’ replisome (McInerney et al., 

2007, Georgescu et al., 2012).  

 

Since Pol ε is recruited to the replisome as part of the pre-LC (Muramatsu et al., 

2010), and Dpb2 interacts with GINS, as was revealed in in yeast-two-hybrid 

studies (Takayama et al., 2003), it seemed likely that Pol ε and CMG might be 

directly coupled via GINS-Dpb2 interaction. Initially, it was proposed that a protein 

called Mrc1 might perform a function analogous to that of Ctf4 in linking Pol ε to 

the CMG. However, since Pol ε was still present in the replisome material obtained 

from cells with deleted Mrc1, this hypothesis was weakened (Sengupta et al., 

2013). Instead, it was demonstrated that it is the Dpb2 subunit of Pol ε (specifically 

its C-terminal part) that is responsible for integrating Pol ε into the replisome by 

binding to GINS (Sengupta et al., 2013).     

 

Recently, the initiation of DNA replication as well as the leading and lagging strand 

synthesis has been reconstituted in vitro (Yeeles et al., 2015, Georgescu et al., 

2014a, Langston et al., 2014, Sun et al., 2015, Georgescu et al., 2015). Thus, the 

insight from the determination of the CMG structure (Costa et al., 2011, Costa et al., 

2014, Yuan et al., 2016, Abid Ali et al., 2016) paved way for the visualisation of the 

CMG in complex with the leading and lagging strand polymerases (Sun et al., 

2015). 

 

The key finding of this study was an unexpected arrangement of the polymerases 

(Sun et al., 2015). In the classical model of the replisome, the helicase leads the 

replisome while polymerases trail behind and synthesise the unwound DNA 

(O'Donnell et al., 2013). The structure of the eukaryotic replisome revealed, 

however, that the polymerases are located on the opposite sites of the CMG. The 

authors note that the location of the catalytic domain of Pol ε might have been 

determined incompletely, possibly because of its flexibility. Nevertheless, the 

eukaryotic replisome is to some extent a deviation from the classical model derived 

on the basis of the studies in bacteria (Sun et al., 2015). It follows that one of the 

polymerases would be placed ahead of the point of DNA unwinding. The recent 

studies, which examine the polarity of the DNA substrate and show that it enters 
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the CMG from the C terminal tier of the MCM (Costa et al., 2014, Abid Ali et al., 

2016), would argue that Pol ε rides in front of the replisome and ahead of the 

forked junction. This raises questions about the path of DNA in the CMG. To reach 

Pol ε, the DNA unwound at the back of the CMG would be required to make a U-

turn to reach its catalytic domain (Sun et al., 2015). Currently, it is yet to be 

determined whether DNA would be channelled on the surface of the CMG or 

through some internal channel to access Pol ε, and to this end it is important that 

the catalytic domain of the leading strand polymerase be precisely located.  

 

1.7 Thesis outline 

This thesis addresses the role of Pol ε in DNA replication by both biochemical and 

structural approaches.  

 

In the first chapter, the necessary groundwork is presented, which includes 

obtaining pure Pol ε as well as a number of other proteins required for studying 

origin activation in vitro. In addition, a brief characterisation of the properties of the 

Pol ε complex is presented along with its 3-D structure reconstruction from 

negative stain EM data. 

 

The second chapter builds on those initial EM experiments and contains a more 

detailed analysis of Pol ε architecture. From those results follows an exploration of 

its spatial relationship with the CMG helicase.  

 

The final chapter investigates the role of Pol ε in the CDK-dependent step of the 

initiation of DNA replication, and it characterises its interactions with other 

replication factors.  

 

The last part is devoted to the discussion of how those findings fit within the 

context of existing literature. Additionally, it presents their implications for the 

mechanism of origin firing as well as polymerase-helicase coupling.  
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Chapter 2. Materials and Methods 

2.1 Reagents 

The Francis Crick Institute (former Clare Hall Laboratories) Cell Services prepared 

all media unless otherwise stated. Ultrapure water was used for all experiments 

and media preparation.  

 

2.1.1 Antibodies 

Table 1 Primary antibodies used in this study 

Antibody Name Source Dilution Secondary 

antibody 

Mcm7 yN-19 sc-

6688 

Santa Cruz 

Biotechnology  

1:1000 goat 

Pol ε Dpb2 Generated in the 

laboratory 

1:250 rabbit 

GINS Psf1 A gift from Dr Karim 

Labib 

1:3000 sheep 

Sld2 Bpf4 Generated in the 

laboratory 

1:2000 rabbit 

Dpb11 Bpf20 Generated in the 

laboratory 

1:2000 rabbit 

Cdc45 JD46 Generated in the 

laboratory 

1:1000 rabbit 

Sld3 Bpf9 Generated in the 

laboratory 

1:2500 rabbit 

Sld7 anti-Sld7 Generated in the 

laboratory 

1:2000 rabbit 

Orc6 SB49 CRUK 1:2000 mouse 

Cdc6 98H/15 CRUK 1:2000 mouse 

anti-FLAG anti-FLAG 

M2 

Sigma-Aldrich 1:20 000 N/A 
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anti-MYC 9E10 CRUK 1:2000 mouse 

anti-

ubiquitin 

P4D1 Enzo Life Sciences 1:500 mouse 

anti-GST anti-GST NEB 1:1000 rabbit 

 

Table 2 Secondary antibodies used in this study 

Antibody Source Dilution  

anti-goat-HRP Stratech Scientific  1:5000 

anti-sheep-HRP Santa Cruz 

Biotechnology 

1:5000 

anti-mouse-HRP Dako 1:5000 

anti-rabbit-HRP Jackson 

ImmunoResearch 

1:5000 

 

2.1.2 Enzymes 

Table 3 Enzymes used in this study for general molecular cloning 

applications 

Enzyme Source 

Restriction enzymes New England Biolabs (NEB) 

Benzonase ribonuclease A Sigma-Aldrich 

Phusion DNA polymerase New England Biolabs (NEB) 

Ex Taq DNA polymerase TaKaRa 

T4 DNA ligase Roche Rapid Ligation Kit 

 

2.1.3 Buffers and solutions  

2.1.3.1  DNA manipulation  

50x TAE buffer: 2M Tris base, 2M glacial acetic acid, 50 mM EDTA 

6x DNA loading dye: 0.15% orange G, 60% glycerol, 1xTAE 
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2.1.3.2  Protein manipulation 

5x Laemmli buffer: 300mM Tris-HCl pH 6.9, 4% (w/v) SDS, 20% (v/v) glyecerol, 

200 mM 2-mercaptoethanol, 0.1% (w/v) bromophenol blue 

TBS: 20mM Tris-HCl pH 7.5, 150 mM NaCl 

TBST: 20mM Tris-HCl pH 7.5, 150 mM NaCl, 1mM Tween 20 

PBS: 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4 

Transfer buffer for Western blotting: 48 mM Trizma base, 39 mM glycine, 

0.0375 % (w/v) SDS, 20% methanol 

Blocking buffer for Western blotting: 5% (w/v) Marvel milk powder dissolved in 

TBST 

 

2.2 Media 

2.2.1 Media for E. coli cells 

Liquid Luria Broth (LB) medium: 0.5% bacto-tryptone, 0.25% bacto-yeast 

extract, 170 mM NaCl, pH 7.0 

Solid Luria Broth (LB) medium: 0.5% bacto-tryptone, 0.25% bacto-yeast extract, 

170 mM NaCl, pH 7.0, 2% agar 

SOC medium: 0.5% bacto yeast extract, 2% bacto-tryptone, 10 mM NaCl, 2.5 mM 

KCl, 10 mM MgCl2, 10 mM MgSO4, 20 mM glucose 

 

For selective growth, media was supplemented with antibiotics as required at the 

following concentrations: ampicillin (100 µg/ml), chloramphenicol  (35 µg/ml), 

kanamycin (50 µg/ml). 

 

2.2.2 Media for S. cerevisiae cells 

Yeast Peptone (YP) medium (1% yeast extract, 2% peptone) supplemented with 

2% glucose (YPD), galactose or raffinose as required. For growth on solid media, 

YPD was supplemented with 2% agar.  

For selective growth on solid media, minimal drop-in media (2% agar, 2% glucose, 

1x yeast nitrogen base) were supplemented with amino acids at the following 
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concentrations as required: Histidine (10 mg/ml), Tryptophan (2 mg/ml), Leucine 

(10 mg/ml), Adenine (5 mg/ml), Uracil (2 mg/ml).  

For selective growth using the NatNT2 selection marker, solid YPD media was 

supplemented with 100 µg/ml Nouseothricin (LEXSY NTC, Jena Biosience) 

 

2.3 General DNA manipulation 

2.3.1 DNA standards 

For all DNA gels the Hyperladder I (Bioline) was used.  

 

2.3.2 Measurement of DNA concentration 

DNA concentration was measured using the Nanodrop ND-1000 

spectrophotometer (Thermo Scientific) by determining the absorbance at 260nm. 

To calculate the concentration it was assumed that a 50 µg/ml solution of dsDNA 

gives a reading of 1 at 260 nm.  

 

2.3.3 Agarose gel electrophoresis 

For general molecular biology purposes, 1% agarose gels prepared using TAE 

buffer were used. For loading of the samples, 1/6 of sample volume of 6x DNA 

loading dye was added. Mini gels (8x 10cm) were run for 1 hour at 80 V in TAE 

buffer (8 V/cm) using the Bio-Rad electrophoresis apparatus.  

 

For analysis of in vitro replication assays, samples were run on a 0.7% alkaline 

agarose gel. The running buffer was: 30 mM NaOH, 2 mM EDTA. The separation 

was performed for 16 hours at 25 V. Following the electrophoresis, the gels were 

fixed using cold 5% trichloroacetic acid for at least 30 minutes with gentle agitation 

at 4°C. The gels were then thoroughly dried using a gel drier.  
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2.3.4 Visualisation of DNA 

Ethidium Bromide was used to visualize DNA (Thermo Scientific) and added to 

agarose gels before solidifying. The gels were then scanned using the Gel Doc XR 

(Bio-Rad). 

 

2.4 Molecular biology methods for E. coli 

2.4.1 Transformation of E. coli cells by heat shocking 

DH5α cells (NEB) were thawed on ice. The plasmid DNA or ligation reaction to be 

transformed was mixed with the cells (typically 25 µl of cells/ transformation) and 

left on ice for 30 minutes. For ligation reactions, 2 µl of the reaction volume was 

used for one transformation. For plasmid DNA, typically 50 ng of plasmid DNA was 

used. The cells were then heat-shocked at 42°C for 30s and placed back on ice for 

5 minutes. Afterwards, 500 µl of SOC media was added and the cells were 

incubated for 1 hour at 37°C with shaking at 1000 rpm. For ligation transformations, 

the entire transformation mixture was plated on selective LB plates. For plasmid 

transformation, 5% of reaction was plated on selective LB plates.  

 

2.4.2 Isolation of plasmid DNA 

Single E. coli colonies were inoculated into 5 ml of LB media supplemented with 

antibiotics as required. The cultures were grown at 37°C overnight with shaking at 

250 rpm. Plasmid DNA was isolated using the QIAprep Spin Miniprep kit (QIAGEN) 

according to the manufacturer’s protocol.  

 

2.5 Molecular biology methods for S. cerevisiae 

2.5.1 Transformation of S. cerevisiae cells 

Cells were transformed based on an established protocol (Gietz et al., 1992). 

Briefly, 10 ml cultures were grown in YPD at 30°C overnight with shaking at 180 

rpm. The following morning, the cells were diluted to a density of 2x107 cells/ ml in 
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fresh medium and regrown for 4-5 hours. The cells were pelleted by centrifugation 

at room temperature at 3500 rpm for 5 minutes in an A-4-81 rotor (Eppendorf). The 

supernatant was aspirated and the cells were re-suspended in 1 ml of sterile 

distilled water. The cells were spun for 5s at maximum speed in an FA-45-24-11 

rotor (Eppendorf). The pellet was re-suspended in 1 ml of 0.1M lithium acetate/ TE 

buffer pH 7.5 and spun down at maximum speed as described above. The resulting 

pellet was re-suspended in 30 µl 0.1M lithium acetate/ TE buffer pH 7.5 and mixed 

with 5 µl of salmon sperm DNA (10 mg/ml, Invitrogen) and 1-2 µg of linearized 

plasmid DNA. To this mix, 300 µl of lithium acetate/ PEG buffer pH 7.5 was added 

and the transformation was incubated at 30°C with gentle shaking at 800 rpm for 

30 minutes. Then, 45 µl of DMSO was added to a final concentration of 

approximately 10% and the cells were heat shocked for 15 minutes at 42°C in a 

water bath. The cells were pelleted for 5s at maximum speed as described above 

and re-suspended in 200 µl of 1x TE buffer and plated on appropriate selective 

media.  

 

For selection using the NatNT2 resistance marker, following the heat shock, cells 

were re-suspended in 1 ml of YPD medium and incubated overnight at 30°C with 

gentle shaking at 800 rpm. The following day, the cells were pelleted for 5s at 

maximum speed, re-suspended in 200 µl of 1x TE buffer and plated on selective 

media. 

 

2.5.2 Isolation of genomic DNA 

Single colonies were inoculated into 4 ml of YPD medium and grown overnight at 

30°C with shaking at 200 rpm. The cells were harvested by centrifugation at 3500 

rpm for 2 minutes in an A-4-81 rotor (Eppendorf). The cell pellets were then 

processed using reagents from the QIAprep Spin Miniprep kit (QIAGEN). Briefly, 

250 µl of buffer P1 was used to re-suspend each pellet and 250 µl of fine glass 

beads were added. Cells were disrupted by bead beating using the FastPrep-24 

cell disruptor (Zymo Research) for 1 minute at 5.5 power setting. Then, 250 µl of 

buffer P2 was added to each sample and the mix was incubated at 60°C for 5 

minutes. Finally, 350 µl of buffer N3 was added and the samples were spun down 
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for 10 minutes in an FA-45-24-11 rotor (Eppendorf) at maximum speed. The 

supernatant was collected, applied to a micro spin column and washed as 

described in the manufacturer’s instructions for the QIAprep Spin Miniprep kit 

(QIAGEN). The DNA was eluted with 50 µl of elution buffer (QIAGEN).  

 

2.6 Molecular cloning 

2.6.1 Restriction digests 

Routinely, 1 µg of DNA was digested for 1 hour at 37°C using 10 U of enzyme in a 

volume of 50 µl. The buffer was selected according to NEB guidelines.   

2.6.2 PCR 

For PCR purposes, where the product was analysed only by agarose gel 

electrophoresis (for example to confirm the integration of vectors while preparing 

yeast strains), ExTaq DNA polymerase was used. For preparative PCR, Phusion 

DNA polymerase was used. PCR cycling conditions were adjusted accordingly (i.e. 

the annealing temperature took into account the melting temperature of primers, 

the elongation lasted for 2 min/ kb of template to be amplified).  

2.6.3 Purification of DNA 

DNA was purified using the High Pure PCR Purification Kit as described in the 

user’s manual (Roche).  

 

2.6.4 Gel extraction of DNA 

DNA was extracted from agarose gels using the Agarose Gel DNA Extraction Kit as 

described in the user’s manual (Roche).  

 

2.6.5 Ligation  

Ligations were performed using the Rapid DNA Ligation kit as described in the 

user’s manual (Roche).  
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2.6.6 Sequencing 

Sequencing was performed by the Francis Crick Institute Genomics/ Equipment 

Park.  

 

2.7 Construction of yeast strains 

The background strain used for the construction of all strains generated in this 

study was yJF1 (W303-1a pep4::KanMx4 bar1::Hph-NT1) (Frigola et al., 2013). 

 

Linearized vectors were transformed into yJF1 to generate strains as indicated 

[Table 9,10].  

 

N-terminal MBP fusions were generated by cloning the MBP tag into the integrative 

vectors.  

 

C-terminal fusions (MBP, 9-MYC, FLAG) were generated using the method 

described previously (Janke et al., 2004). Briefly, tagging cassettes were PCR-

amplified using vectors pBP83, pYM21 or pAJ5 [Table 6] and universal primers 

[Table 7]. In the AJ12 background strain used to prepare the MBP and 9-MYC 

fusions, both overexpression vectors (pAJ6 and pAJ7) were integrated only once 

(confirmed by PCR). This was to ensure that all purified molecules of Pol ε would 
contain the tagged subunit. Since in the FLAG fusions this tag was used also for 

purification, the confirmation of single integration of the overexpression vector was 

not necessary.  

 

2.8 General protein manipulation 

2.8.1 Molecular weight standards 

Benchmark Protein Ladder (Invitrogen) was used for silver staining and Coomassie 

staining. PageRuler Plus Prestained Protein Ladder (Thermo Scientific) was used 

for immunoblotting.  
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For analytical gel filtration experiments, commercially available protein standards of 

known molecular weight were used (Bio-Rad). They were then used to prepare a 

standard curve and calibrate the gel filtration column.  

 

2.8.2 SDS-PAGE 

Routinely, 4-12% Criterion XT Bis-Tris (Bio-Rad) gels were used. Protein samples 

were mixed with 2x or 5x Laemmli loading buffer and incubated at 95°C for 5 

minutes prior to loading on the gel. Electrophoresis was performed in MOPS buffer 

(Bio-Rad) at a constant voltage of 200V for 1 hour.  

 

2.8.3 Measurement of protein concentration 

Protein concentration was determined by the method of Bradford (Bradford, 1976) 

using the Bradford Protein Reagent (Bio-Rad).  

 

2.8.4 Determination of the presence of contaminants in protein preparations 

The purity of the protein was monitored at each purification step by running a 

sample on an SDS-PAGE gel and visually inspecting the presence of additional 

bands. To exclude the possibility that the protein preparations contain nucleic acids 

contamination, the UV absorbance was monitored during purification using the 

inbuilt UV detector in the AKTA FPLC system.  
 

2.8.5 Silver staining 

Silver Quest (Invitrogen) silver staining kit was used according to manufacturer’s 

instructions.  

 

2.8.6 Coomassie staining 

Instant Blue (Expedeon) was used according to manufacturer’s instructions.  
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2.8.7 Western blotting 

SDS-PAGE was performed as described above in 2.8.2. Proteins were transferred 

to Hybond ECL nitrocellulose membranes (GE Healthcare) by wet transfer for 1 

hour at 400 mA at 4°C. Membranes were blocked with 5% milk TBST for 30 

minutes at room temperature. Incubation with primary antibodies was performed at 

4°C overnight or for 1 hour at room temperature (depending on the antibody) with 

gentle agitation in 5% milk TBST. Following the incubation, the membrane was 

washed 3x 5 min in TBST and incubated with the appropriate secondary antibody 

in 5% milk TBST for 1 hour at room temperature. Then the membrane was washed 

3x 5 min with TBST. Finally, the membrane was incubated with Luminata HRP 

Substrate (EMD Millipore) for 3 minutes, exposed to Amersham hyperfilm ECL (GE 

Healthcare) and developed using an X-ray film processor (JP-33 model, Jungwon 

precision industry).  

 

2.9 Protein purification from S. cerevisiae and E. coli  

2.9.1 Reagents and protein handling 

2.9.1.1  Protease inhibitors 

Table 4 Protease inhibitor cocktail composition 

Name Concentration in buffer 

Apoprotinin A (Sigma-Aldrich) 2 µg/ml 

PepA (Sigma-Aldrich) 10 µg/ml 

AEBSF (Sigma-Aldrich) 1 mM 

Leupeptin (Sigma-Aldrich) 10 µg/ml 

PMSF (Sigma-Aldrich) 0.33 mM 

Benzamidine (Sigma-Aldrich) 7.5 mM 

 

One Complete EDTA-free protease inhibitor tablet (Roche) was used for 25 ml of 

lysis buffer unless otherwise stated 
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2.9.1.2  Resins used for protein purification 

CBP (Calmodulin Binding Peptide Affinity Resin, Agilent) 

TALON (Clontech) 

Magnetic TALON (Clontech) 

Nickel NTA-Agarose (QIAGEN) 

Anti-FLAG M2 affinity gel (Sigma Aldrich) 

Anti-FLAG M2 magnetic beads (Sigma Aldrich) 

GST (Glutathione S-Sepharose, GE Healthcare) 

IgG Sepharose Fast Flow (GE Healthcare) 

STREP-tactin Sepharose (IBA) 

 

2.9.1.3  Protein purification using AKTA HPLC 

Chromatographic separations of proteins for preparative purposes were performed 

using the AKTA HPLC system (GE Healthcare) or the AKTA Micro (GE Healthcare) 

for analytical purposes (i.e. analytical gel filtration).  

 

2.9.1.4  Concentrating proteins 

Following the final purification step, proteins were concentrated using Amicon Ultra 

Centrifugal filter units (EMD Millipore) with the cut-off size dependant on the MW of 

the protein.  

 

2.9.1.5  Storage of proteins 

For storage purposes, protein aliquots were snap frozen in liquid nitrogen and 

stored at -80 °C until use to avoid multiple freeze/ thaw cycles.  

 

2.9.2 Purification of proteins from S. cerevisiae 

All ultracentrifugation steps in the purifications described below were performed 

using Beckman Coulter Optima L-90K Ultracentrifuge and either a 70 Ti or 45 Ti 
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rotor depending on the sample volume. FLAG peptide was obtained from the 

Francis Crick Institute Peptide Synthesis facility. Nonidet P40 substitute (NP-40) 

was purchased from Roche.  

 

2.9.2.1  Growth of S. cerevisiae overexpression cultures 

Proteins were overexpressed in S. cerevisiae from a bidirectional Gal1-10 

promoter. Cells were grown at 30°C to mid-log phase ~ 2x107 cells/ml in YP+ 2% 

raffinose and arrested in G1 phase with 100 ng/ml of yeast mating pheromone 

alpha factor (CRUK). Expression was induced by addition of 2% galactose to the 

growth medium. Expression was continued for 3 hours and the cells were 

harvested by centrifugation at 4500 rpm for 30 minutes (Sorvall RC 12BP, Thermo 

Scientific). Cell pellets were washed once in 25 mM Hepes-KOH pH 7.6/1M sorbitol 

buffer followed by one wash in the appropriate lysis buffer (as specified for each 

protein below). Cells were then re-suspended in 1:1 v/v lysis buffer supplemented 

with 2 mM BME and EDTA-free protease inhibitor tablets (Roche) or a homemade 

protease inhibitor cocktail as specified [Table 4] and frozen drop-wise in liquid 

nitrogen to prepare ‘popcorn’. Frozen cells were crushed by freezer milling (SPEX 

CentriPrep 6850 Freezer Mill) using 6 cycles of 2 min at a crushing rate of 15 with 1 

min cooling intervals.  

 

2.9.2.2  Purification of Mcm2-7/Cdt1 (yAM33 strain) 

20 g of cell powder was re-suspended in 1:1 v/v of buffer 1 supplemented with 

Complete EDTA-free protease inhibitor tablets (Roche) and spun down at 50 000 

rpm for 1 hour at 4°C. The clear phase was recovered and the salt concentration 

was adjusted to 0.5M KOAc. Then, the lysate was dialyzed against buffer 1 for 3 

hours (1.5 hours x 1 L of buffer) to lower the salt concentration. CaCl2 was added to 

a final concentration of 2 mM and the lysate was incubated with 11.5 ml of CBP 

resin (Agilent) for 3 hours at 4°C with gentle rotation. The resin was then washed 

with 20 CV buffer 1 supplemented with 2 mM CaCl2. The protein was eluted with 10 

CV buffer 1 + 2mM EDTA + 2mM EGTA. Peak fractions were pooled, concentrated 
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and applied to a Superdex 200 16/60 gel filtration column pre-equilibrated in buffer 

1.  

Buffer 1: 45 mM Hepes-KOH pH 7.6, 0.1M KOAc, 5 mM Mg(OAc) 2, 0.02% NP-40, 

10% glycerol, 2 mM BME 

 

2.9.2.3  Purification of ORC (ySDORC strain) 

20 g of cell powder was re-suspended in 1:1 v/v of buffer 1 supplemented with 

Complete EDTA-free protease inhibitor tablets and spun down at 45 000 rpm for 1 

hour at 4°C. The clear phase was recovered and CaCl2 was added to a final 

concentration of 2 mM. The lysate was then incubated with 2 ml of CBP resin 

(Agilent) pre-equilibrated in buffer 1 for 1 hour at 4°C with gentle rotation. The resin 

was then washed with 50 CV of buffer 1 supplemented with 2 mM of CaCl2. The 

protein was eluted with 10 CV of buffer 2 + 2mM EDTA + 2mM EGTA. Peak 

fractions were pooled, concentrated and applied to a Superdex 200 10/300 GL 

column (GE Healthcare) pre-equilibrated in buffer 2. Peak fractions were pooled 

and dialysed against buffer 3 for 2 hours (1 hour x 1 L of buffer).  

 

Buffer 1: 25 mM Hepes-KOH pH 7.6, 0.5 M KCl, 0.05% NP-40, 10% glycerol, 2 

mM BME 

Buffer 2: 25 mM Hepes-KOH pH 7.6, 0.3 M KCl, 0.05% NP-40, 10% glycerol, 2 

mM BME 

Buffer 3: 25 mM Hepes-KOH pH 7.6, 0.3 M KOAc, 0.05% NP-40, 10% glycerol, 2 

mM BME 

 

2.9.2.4  Purification of Sld3/7 (yTD6 strain) 

50 g of cell powder was re-suspended in 1:1 v/v of buffer 1 + homemade protease 

inhibitor cocktail [Table 4] and spun down at 45 000 rpm for 1 hour at 4°C. The 

clear phase was recovered and split in two 50 ml fractions. Each fraction was 

incubated with 5 ml packed resin of IgG Sepharose 6 Fast Flow (GE Healthcare) 

pre-equilibrated with buffer 1 for 45 minutes at 4°C with gentle rotation. The resin 

was collected in two gravity flow columns (Bio-Rad) and washed with 5 CV of buffer 
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1 + homemade protease inhibitor cocktail [Table 4] followed by 5 CV of buffer 1. 

The protein was then cleaved off the column overnight at at 4°C by re-suspending 

the resin in an equal volume of buffer 1 and adding 300 µl of TEV protease (1 

mg/ml). The flow through was collected and 1 more CV of buffer 1 was passed 

through the column. All elution fractions were pooled, concentrated and applied to 

a Superdex 200 10/300 GL column (GE Healthcare) pre-equilibrated in buffer 1.  

 

Buffer 1: 25 mM Hepes-KOH pH 7.6, 500 mM KCl, 0.05% NP-40, 10% glycerol, 1 

mM DTT  

 

2.9.2.5  Purification of Cdc45 (yJY13 strain) 

80 g of cell powder was re-suspended in 1:1 v/v of buffer 1 supplemented with 

homemade protease inhibitor cocktail [Table 4]. The lysate was spun down at 45 

000 rpm for 1 hour at 4°C to clear the insoluble material. Clear phase was collected 

and incubated with 4 ml of anti-Flag M2 affinity resin (Sigma) pre-equilibrated in 

buffer 1 for 1 hour at 4°C with gentle rotation. The resin was collected in a gravity 

flow column (Bio-Rad) and washed with 10 CV of buffer 1. The protein was eluted 

with 2 CV of buffer 2 supplemented with 0.5 mg/ml FLAG peptide. The elution 

fractions were pooled and dialysed against buffer 3 for 2 hours (1 hour x 2 L of 

buffer) at 4°C. The protein was then applied to a 1.5 ml hydrohyapatite column 

(Bio-Rad) pre-equilibrated in buffer 3. The column was washed with 5 ml of buffer 3 

followed by 15 ml of buffer 4 and eluted with 8 CV of buffer 5. Before storage the 

protein was dialysed as described above against buffer 2. 

 

Buffer 1: 25 mM Hepes KOH pH 7.6, 500 mM KOAc, 10% glycerol, 1 mM EDTA, 1 

mM DTT 

Buffer 2: 25 mM Hepes-KOH pH 7.6, 300 mM KOAc, 10% glycerol, 1 mM DTT 

Buffer 3: 20 mM K-phosphate pH 7.4, 150 mM KOAc, 10% glycerol, 0.5 mM DTT 

Buffer 4: 80 mM K-phosphate pH 7.4, 150 mM KOAc, 10% glycerol, 0.5 mM DTT 

Buffer 5: 250 mM K-phosphate pH 7.4, 150 mM KOAc, 10% glycerol, 0.5 mM DTT 
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2.9.2.6  Purification of DDK (ySDK8 strain) 

40 g of cell powder was re-suspended in 1:1 v/v of buffer 1 supplemented with 

Complete EDTA-free protease inhibitor tablets (Roche). The lysate was spun down 

for 1 hour at 45 000 rpm. To the recovered clear phase, CaCl2 was added to a final 

concentration of 2 mM. The clear phase was then incubated with 1 ml of CBP 

(Agilent) pre-equilibrated in buffer 1. The resin was collected in a gravity flow 

column (Bio-Rad) and washed with 30 CV of buffer 2. Then 2 ml of buffer 1 +1 mM 

of MnCl2  + 100 µl of lambda-phosphatase (2 mg/ml) was added and the resin was 

incubated for 1 hour at 4°C with gentle rotation. The protein was then eluted with 8 

CV of buffer 2 + 2mM EDTA + 2mM EGTA. Peak fractions were pooled, 

concentrated and applied to a Superdex 200 10/300 GL column (GE Healthcare) 

pre-equilibrated in buffer 3.  

 

Buffer 1: 25 mM Hepes-KOH pH 7.6, 0.4M NaCl, 0.05% NP-40, 10% glycerol, 2 

mM BME 

Buffer 2: 25 mM Hepes-KOH pH 7.6, 0.4M NaCl, 0.02% NP-40, 10% glycerol, 2 

mM BME, 2 mM CaCl2 

Buffer 3: 25 mM Hepes-KOH pH 7.6, 0.2M K-glutamate, 0.02% NP-40, 10% 

glycerol, 2 mM BME, 2 mM EDTA, 2 mM EGTA 

 

2.9.2.7  Purification of Dpb11 (yTD2 strain) 

120 g of cell powder was re-suspended in 1:1 v/v of buffer 1 supplemented with 

Complete EDTA-free protease inhibitor tablets (Roche). The lysate was spun down 

for 1 hour at 45 000 rpm. The clear phase was recovered and incubated with 6 ml 

packed resin of IgG Sepharose 6 Fast Flow (GE Healthcare) pre-equilibrated with 

buffer 1 for 1.5 hours at at 4°C with gentle rotation. The resin was collected in a 

gravity flow column (Bio-Rad) and washed with 10 CV of buffer 1. Then, the resin 

was re-suspended in 10 ml of buffer 1 and rotated for 20 minutes at 4°C. The flow 

through was discarded and 6 ml of fresh buffer 1 was added. Then 300 µl of TEV 

protease (1 mg/ml) was added and the resin was incubated overnight at at 4°C. 

The eluate was collected and 1 more CV of buffer 1 was passed through the 
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column. Both fractions were pooled, concentrated and applied to a Superdex 200 

10/300 GL column (GE Healthcare) pre-equillibrated in buffer 2.  

 

Buffer 1: 25 mM Hepes-KOH pH 7.6, 500 mM KCl, 0.05% NP-40, 10% glycerol, 2 

mM BME 

Buffer 2: 50 mM Hepes-KOH pH 7.6, 300 mM K-Glutamate, 0.02% NP-40, 1 mM 

EDTA, 10% glycerol, 2 mM DTT 

 

2.9.2.8  Purification of Sld2 (yTD8 strain) 

100 g of cell powder was re-suspended in 1:3 v/v of lysis buffer 1. The lysate was 

spun down at 45000 rpm for 1 hour at 4°C to clear the insoluble material. Solid 

ammonium sulphate was added to a concentration of 32% with stirring at 4°C. 

Insoluble material was removed by centrifugation at 15 000 rpm for 20 minutes. 

Then, more solid ammonium sulphate was added to achieve a concentration of 

48% with stirring at 4°C. Precipitated protein was collected by centrifugation at 15 

000 rpm for 20 minutes and the supernatant was removed. Pellets were kept at 4°C 

overnight until further processing the next day. The pellets were re-suspended in 

1/3 volume of the original volume of buffer 1 supplemented with a homemade 

protein inhibitor cocktail [Table 4]. The lysate was incubated with 4 ml of anti-Flag 

M2 affinity resin (Sigma) for 40 minutes at 4°C with gentle rotation in batch. The 

resin was then collected in gravity flow columns (Bio-Rad) and washed with 15 CV 

of buffer 1 supplemented with protease inhibitor cocktail [Table 4]. The resin was 

re-suspended in 10 CV of buffer 1 without EDTA and EGTA supplemented with 1 

mM ATP and 10 mM Mg(OAc)2 and incubated at 4°C with gentle rotation for 15 

minutes. Following this ATP wash, the resin was washed with a further 15 CV of 

buffer 1. Sld2 was eluted with 1 CV of buffer 1 supplemented with 0.5 mg/ml of 

FLAG peptide by re-suspending the resin and incubating it on ice for 30 minutes. 

Then a further 2 CV of elution buffer supplemented with 0.5 mg/ml FLAG peptide 

were passed through the column.  

 

The elution fractions were pooled split into three dialysis cassettes and dialysed 

against buffer 2 for 2 hours (1 hour x 1L of buffer) at 4°C. Following dialysis the 
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protein was applied to a 1 ml Hi-Trap SP FF Column (GE Healthcare) pre-

equilibrated in buffer 3 and eluted with a 18 CV salt gradient from 250 mM -1M KCl. 

Peak fractions were collected and dialysed against buffer 4 with 350 mM KCl and 

40% v/v glycerol to reduce the volume and concentrate the protein.  

 

Buffer 1: 25 mM Hepes-KOH pH 7.6, 500 mM KCl, 1 mM EDTA, 1mM EGTA, 

0.02% v/v NP-40, 10% glycerol, 1 mM DTT, homemade protease inhibitor cocktail 

Buffer 2: 25 mM Hepes-KOH pH 7.6, 280 mM KCl, 1 mM EDTA, 1mM EGTA, 

0.02% v/v NP-40, 10% glycerol, 1 mM DTT, homemade protease inhibitor cocktail 

Buffer 3: 25 mM Hepes-KOH pH 7.6, 250 mM KCl, 1 mM EDTA, 1mM EGTA, 

0.02% v/v NP-40, 10% glycerol, 1 mM DTT 

Buffer 4: 25 mM Hepes-KOH pH 7.6, 350 mM KCl, 1 mM EDTA, 1mM EGTA, 

0.02% v/v NP-40, 40% glycerol, 1 mM DTT 

 

2.9.2.9  Purification of Sld2 breakdown products 

To isolate Sld2 breakdown products, only the first step of the protocol described 

above (i.e. anti-FLAG affinity purification) was performed with the omission of 

protease inhibitors in the buffer.  

 

2.9.2.10  Purification of Pol α (yJY23) 

30 g of cell powder was re-suspended 1:1 v/v in buffer 1 supplemented with 

Complete EDTA-free protease inhibitor tablets (Roche). The lysate was spun down 

for 1 hour at 45 000 rpm. The clear phase was recovered and CaCl2 was added to 

a final concentration of 2 mM. The clear phase was then incubated with 1 ml of 

CBP resin (Agilent) pre-equilibrated in buffer 1 for 2 hours at 4°C. The resin was 

then washed with 100 CV of buffer 2. The protein was eluted with 9 CV of buffer 3. 

Peak fractions were pooled, concentrated and applied to a Superdex 200 10/300 

GL column (GE Healthcare) pre-equilibrated in buffer 4.  

 

Buffer 1: 25 mM Tris-HCl pH 7.6, 400 mM NaCl, 0.02% NP-40, 10% glycerol, 1 

mM DTT 
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Buffer 2: 25 mM Tris-HCl pH 7.6, 300 mM NaCl, 0.02% NP-40, 10% glycerol, 1 

mM DTT, 2 mM CaCl2 

Buffer 3: 25 mM Tris-HCl pH 7.6, 300 mM NaCl, 0.02% NP-40, 10% glycerol, 1 

mM DTT, 2 mM EDTA, 2 mM EGTA 

Buffer 4: 25 mM Tris-HCl pH 7.6, 150 mM NaCl, 0.02% NP-40, 10% glycerol, 1 

mM DTT 

 

2.9.2.11 Purification of Pol ε (yAJ2 strain) 

20 g of cell powder was re-suspended 1:1 v/v in buffer 1 supplemented with 

protease inhibitor tablets 1/25 ml of buffer (Roche). The lysate was spun down for 1 

hour at 45 000 rpm. The clear phase was recovered and CaCl2 was added to a final 

concentration of 2 mM. The clear phase was then incubated with 2 ml of CBP resin 

(Agilent) pre-equilibrated in buffer 1 for 1 hour at 4°C. The resin was washed with 

50 CV of buffer 1 + 2 mM CaCl2. The protein was eluted with 10 CV of buffer 2 

supplemented with 2 mM EDTA and 2 mM EGTA. Peak fractions were pooled and 

applied to a 1 ml HiTrap Heparin column (GE Healthcare) equilibrated in buffer 2. 

The protein was then separated over a salt gradient spanning 10 CV from 0.4M 

KOAC à 1.5M KOAc. Peak fractions were pooled, concentrated and applied to a 

Superdex 200 10/300 GL column (GE Healthcare) pre-equilibrated in buffer 2.  

 

Buffer 1: 25 mM Hepes- KOH pH 7.6, 0.5M KOAc, 10% glycerol, 2 mM BME 

Buffer 2: 25 mM Hepes- KOH pH 7.6, 0.4M KOAc, 10% glycerol, 2 mM BME 

  

2.9.2.12  Purification of Pol ε MBP fusions 

All Pol ε MBP fusions were purified as described for wild type Pol ε. 

 

2.9.2.13  Purification of Pol ε 9-MYC fusions 

All Pol ε 9-MYC fusions were purified as described for wild type Pol ε.  
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2.9.2.14  Purification of Pol ε ΔDpb2 mutant 

The mutant was purified as described for wild type Pol ε.  

 

2.9.2.15  Purification of Pol ε Pol2 3xFLAG fusion 

20 g of cells were re-suspended in 1:1 v/v of buffer 1 supplemented with Complete 

EDTA-free protease inhibitor tablets (Roche) using 2 tablets /45 ml of buffer. The 

lysate was spun down at 45 000 rpm for 1 hour at 4°C and the clear phase was 

recovered. The clear phase was incubated with 2 ml of anti-Flag M2 affinity resin 

(Sigma) equilibrated with buffer 1 for 2 hours at 4°C with gentle rotation. The resin 

wash washed with 10 CV of buffer 1 in a gravity flow column (Bio-Rad). The protein 

was eluted with 7x 1xCV of buffer 2 supplemented with 0.2 mg/ml FLAG peptide. 

Peak fractions were pooled, concentrated and applied to a Superdex 200 10/300 

GL column (GE Healthcare) pre-equillibrated in buffer 2. 

 

Buffer 1: 25 mM Hepes KOH pH 7.6, 0.5M KOAc, 10% glycerol 2 mM BME 

Buffer 2: 25 mM Hepes- KOH pH 7.6, 0.4M KOAc, 10% glycerol, 2 mM BME 

 

2.9.2.16  Purification of Pol ε Δcat mutant 

The protocol was the same as for the WT Pol ε with the exception of the heparin 

purification step. This was replaced by a MonoQ purification step. Protein was 

loaded in 0.3M KOAc and a salt gradient was run from 0.3Mà 1.5M KOAc over 20 

CV.  

2.9.3 Purification of the Pol ε/GINS complex from mixed extract 

A pellet of cells overexpressing GINS was obtained as described below in the 

GINS purification section 2.9.4.4. Then, the cells were lysed by re-suspending the 

pellet in buffer 1 (10 ml of buffer/ 5g of cells) supplemented with 1x Bug Buster 

Protein Extraction Reagent (EMD Millipore) and incubating for 20 minutes at room 

temperature with gentle rotation. Then, 200U of benzonase nuclease (Sigma) was 

added/ 1 g of cell pellet used to prepare extract and incubation was continued for 
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35 minutes at room temperature with gentle rotation. Afterwards, 20 g of cell 

powder from S. cerevisiae cells overexpressing Pol ε was added to the E. coli 

extract and mixed thoroughly using a glass rod. The mixed extract was spun down 

at 45000 rpm for 1 hour at 4°C and the clear phase was recovered. Then CaCl2 

was added to the clear phase to a final concentration of 2 mM. The clear phase 

was incubated with 1 ml of CBP resin (Agilent) packed in a gravity flow column 

(Bio-Rad) for 2 hours at 4°C with gentle rotation. The resin was washed with 150 

CV of buffer 1 supplemented with 2 mM CaCl2. The protein was then eluted with 10 

x ½ CV of buffer 1 without BME supplemented with 2 mM EDTA and 2 mM EGTA.  

 

Peak fractions were pooled and 10 mM CaCl2 was added to chelate the EDTA and 

EGTA from the previous step. Then the pooled fractions were passed through 0.5 

ml of TALON resin packed in a gravity flow column pre-equilibrated in buffer 1 

without BME. The resin was washed with 30 CV of buffer 1 without BME. Finally, 

the protein was eluted with 8 CV of buffer 1 supplemented with 200 mM imidazole.  

 

Buffer 1: 50 mM Tris-HCl pH 8.0, 100 mM NaCl, 0.1% NP-40, 10 mM MgCl2, 10 % 

glycerol, 5mM BME 

 

2.9.4 Purification of proteins from E. coli 

2.9.4.1  Purification of Cdc6 

The plasmid pGEX-6p-1 (pAM3) was transformed into BL21 Codon Plus RIL cells 

(Stratagene) using the manufacturer’s heat-shock transformation protocol. A 5 ml 

starter culture was grown overnight at 37°C with shaking at 200 rpm in LB medium 

supplemented with ampicillin and chloramphenicol. The following morning, the 

culture was diluted 1: 1000 into 1 L of fresh medium and grown until OD600= 0.6. At 

that point the culture was placed on ice for 10 minutes. The culture was then 

induced with 1 mM IPTG and expression was continued for 5 hours at 18°C with 

shaking at 200 rpm. Cells were harvested by centrifugation at 6000 rpm for 15 

minutes. The pellet was re-suspended in buffer 1 and lysozyme was added to a 

concentration of 100 µg/ml. The suspension was incubated on ice for 30 minutes 

and sonicated for 3 minutes (30 s on / 30 s off) at 15 microns power setting. 
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Insoluble material was removed by centrifugation at 15 000 rpm for 15 minutes in a 

SS34 rotor (Sorvall). The lysate was mixed with 2 ml of GST resin (GE Healthcare) 

pre-equilibrated in buffer 1. The lysate was incubated with the resin for 2 hours at 

4°C with gentle rotation. The resin was then collected in a gravity flow column (Bio-

Rad) and washed with 20 CV of buffer 1. The resin was re-suspended in 2 ml of 

buffer 1 and 50 µg of preScission protease (GE Healthcare) was added. The resin 

was incubated with the protease for 2 hours at 4°C with gentle rotation. The flow 

through was collected and one more CV was passed through the column. The salt 

concentration was adjusted to 75 mM and the eluate was incubated with 2 ml of 

hydroxyapatite resin pre-equillibrated in buffer 2 for 15 minutes at 4°C. The resin 

was then washed with 5 CV of buffer 2 followed by 5 CV of buffer 3. The protein 

was then eluted with 10 CV of buffer 4.  

 

Buffer 1: 50 mM KXPO4 pH 7.6, 150 mM KOAc, 5 mM MgCl2, 2 mM ATP, 1% 

Triton X-100, 1 mM DTT, Complete EDTA-free protease inhibitor tablets (Roche).  

Buffer 2: 50 mM KXPO4 pH 7.6, 75 mM KOAc, 5 mM MgCl2, 2 mM ATP, 0.1% 

Triton X-100, 1 mM DTT  

Buffer 3: 50 mM KXPO4 pH 7.6, 150 mM KOAc, 5 mM MgCl2, 2 mM ATP, 0.1% 

Triton X-100, 1 mM DTT, 15% glycerol  

Buffer 4: 50 mM KXPO4 pH 7.6, 400 mM KOAc, 5 mM MgCl2, 2 mM ATP, 0.1% 

Triton X-100, 1 mM DTT, 15% glycerol 

 

2.9.4.2  Purification of Dpb2N fragment of Dpb2 

Rosetta (DE3) pLysS cells were transformed with plasmid pFJD47 (kind gift from 

Dr Karim Labib). The cells were grown at 37°C in LB with kanamycin and 

chloramphenicol. When the cells reached OD600= 0.6, expression was induced with 

1 mM IPTG and continued for 2 hours at 37°C. The cells were harvested by 

centrifugation. The pellet was washed once in buffer 1 and re-suspended in buffer 

1 supplemented with Complete EDTA-free protease inhibitor tablets (Roche). The 

cells were lysed by sonication 4 x 30s at 15 microns power setting with 1 minute 

cooling intervals. The extract was then spun down at 70 000 rpm for 30 minutes. 

The extract was passed through 1 ml of STREP-tactin Sepharose (IBA) resin 
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equilibrated in buffer 1 and packed into a gravity flow column (Bio-Rad). The resin 

wash washed with 50 CV of buffer 1. The protein was eluted with buffer 1 

supplemented with 2.5 mM desthiobiotin.  Peak fractions were pooled, 

concentrated and applied to a Superdex 200 10/300 GL column (GE Healthcare) 

pre-equillibrated in buffer 1.  

 

Buffer 1: 50 mM Tris-HCl pH 8.0, 100 mM NaCl, 0.1% NP-40, 10 mM MgCl2, 10 % 

glycerol 

 

2.9.4.3  Purification of Mcm10 

BL21 (DE3) cells were transformed with PET28a-Mcm10 plasmid. Cells were 

grown at 37°C in LB supplemented with chloramphenicol and kanamycin. When the 

cells reached OD600= 0.6 the temperature was lowered to 25°C and protein 

expression was induced by adding 1 mM IPTG. The protein was expressed for 3 

hours. The cells were harvested by centrifugation. The pellet was washed once in 

buffer 1 and re-suspended in buffer 1 (5 ml/ g of cells). The cells were then lysed 

by sonication 6 x 30s at 15 microns power setting with 1 minute cooling intervals 

and spun down for 30 min at 30 000 rpm at 4°C to remove cell debris. The cleared 

phase was applied to a 1 ml Ni-NTA Agarose column (QIAGEN). The column was 

washed with 20 x CV of buffer 1 followed by 20 x CV of buffer 1 supplemented with 

15 mM imidazole and eluted with 10 x CV of buffer 1 supplemented with 200 mM 

imidazole. The peak fractions were pooled and applied to a MonoS column (GE 

Healthcare) pre-equilibrated in buffer 2. The protein was eluted with a salt gradient 

from 200 mM- 1 M NaCl in buffer 2. The peak fractions were pooled, concentrated 

and applied to a Superdex 10/200 gel filtration column pre-equilibrated in buffer 2.  

 

Buffer 1: 25 mM Hepes-KON pH 7.6, 500 mM NaCl, 0.05% NP-40, 10% glycerol, 

0.2 mM PMSF, BME, Leupeptin (1:1000), Pepstatin (1:1000) 

Buffer 2: 25 mM Hepes-KON pH 7.6, 200 mM NaCl, 0.05% NP-40, 10% glycerol, 1 

mM DTT 
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2.9.4.4  Purification of GINS 

Plasmid pFJD5 (a gift from Dr. Karim Labib) was transformed into Rosetta (DE3) 

pLysS cells. Cells were grown at 37°C in LB with appropriate antibiotic selection 

(chloraphnenicol +kanamycin) to a density of OD600= 0.5. Protein expression was 

induced by addition of 1 mM of IPTG and continued for 2 hours at 25°C. The cells 

were harvested by centrifugation and the pellets were washed once in buffer 1. The 

pellets were then re-suspended in buffer 1 supplemented with Complete EDTA-free 

protease inhibitor tablets (Roche) and lysed by sonication 6 x 30s at 15 microns 

power setting with 1 minute cooling intervals. The insoluble debris was removed by 

centrifugation and the lysate was incubated with 2.5 ml of Ni-NTA Agarose resin 

(QIAGEN) pre-equilibrated in buffer 1 for 2 hours at 4°C. The resin was then 

collected in a gravity flow column (Bio-Rad) and washed with 10 CV of buffer 1 

supplemented with 50 mM imidazole. The protein was then eluted with 10 CV of 

buffer 1 supplemented with 200 mM imidazole. The peak fractions were pooled and 

dialyzed for 3 hours (1.5 hours x 2 L of buffer) against buffer 2. The protein was 

recovered, applied to a MonoQ 5/50 GL column pre-equilibrated in buffer 2 and 

separated over a 20 CV gradient from 50 mM KCl-500 mM KCl. Peak fractions 

were pooled, concentrated and applied to a Superdex 200 10/300 GL column (GE 

Healthcare) pre-equillibrated in buffer 3. 

 

Buffer 1: 50 mM Hepes-KOH pH 7.6, 0.3M KOAc, 10 mM MgCl2, 0.05% NP-40, 

10% glyecerol, 2mM BME 

Buffer 2: 50 mM Hepes-KOH pH 7.6, 50 mM KCl, 1 mM EDTA, 1mM EGTA, 10 

mM MgCl2, 0.05% NP-40, 10% glyecerol 

Buffer 3: 25 mM Hepes-KOH pH 7.6, 200 mM KOAc, 1 mM EDTA, 1mM EGTA, 10 

mM MgCl2, 0.02% NP-40, 10% glyecerol 

 

2.9.4.5  Purification of Sld2 fragments F1-F8  

Plasmids pAJ15-pAJ22 were transformed into BL21 (DE3) cells. Cells were grown 

at 37°C in LB with ampicillin and chloramphenicol to a density of OD600= 0.5. 

Protein expression was induced by addition of 0.1 mM of IPTG and continued for 
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2.5 hours at 37°C (or 25°C for 3 hours or 21°C overnight for small- scale test 

expressions).  

 

Cells were harvested by centrifugation and washed 1x in buffer 1. Then pellets 

were re-suspended in buffer 1 supplemented with 1 mM EDTA, 1mM EGTA, 

homemade protease inhibitor cocktail [Table 4], 1x Bug Buster Protein Extraction 

Reagent (EMD Millipore) and incubated for 20 minutes at room temperature with 

gentle rotation. 10 ml of buffer/ g of cells mass was used. The extract was spun 

down at 45K for 30 minutes and the clear phase was recovered. The clear phase 

was then incubated with 1 ml of packed GST resin (GE Healthcare) pre-

equilibrated in buffer 1 for 1 hour at 4°C with gentle rotation. The resin was then 

washed with 50 CV of buffer 1. The protein was eluted with 8x 1 CV of buffer 1 

supplemented with 10 mM reduced glutathione.   

 

Buffer 1: 50 mM Hepes- KOH pH 7.6, 250 mM KCl, 0.2% NP-40, 10% glycerol, 

2mM BME 

 

2.9.4.6  Purification of Sld2 F8 mutants M1-M14  

Purification was performed as described above for Sld2 fragments F1-F8.   

 

2.9.4.7  Purification of Sld2 F8 11aa MUT 3xFLAG and F8 WT 3xFLAG 

Plasmids pAJ37 and pAJ38 were transformed into BL21 (DE3) cells. Expression 

and purification were performed as described above for Sld2 fragments F1-F8 with 

the following changes: instead of incubating with GST resin (GE Healthcare), the 

extract was incubated with 1 ml of packed anti-FLAG M2 affinity resin (Sigma). The 

protein was eluted with 0.5mg/ ml of FLAG peptide.  

 

2.10  Iron quantification assay 

To quantify the number of irons bound to Pol ε, protein at a concentration of 28 µM 

in buffer 1 was mixed with concentrated HCl and heated for 15 minutes at 96°C to 
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denature the protein and release iron. For the control reaction, buffer 1 was used. 

The sample was then spun down for 2 minutes at maximum speed in an FA-45-24-

11 rotor (Eppendorf). The soluble fraction was transferred to a fresh tube and 

neutralized with Tris-HCl Ph 8.5, which was confirmed using a pH test paper. Iron 

was reduced to its ferrous state by adding ascorbic acid (Sigma) to a final 

concentration of 0.26% in the reaction. Then, iron was chelated by adding 4,7-

Diphenyl-1,10-phenanthroline disulfonic acid disodium salt (Sigma). Samples were 

mixed and incubated for 1 hour at room temperature. Then, the absorbance of the 

reaction was measured at 535 nm. The iron content was calculated using the molar 

extinction coefficient of 22369 mol-1 cm-1 as described previously (Rudolf et al., 

2006, Pieroni et al., 2001). 

 

Buffer 1: 25 mM Hepes-KOH pH 7.6, 750 mM KOAc, 10 % glycerol, 2 mM BME 

 

2.11 Crosslinking assay 

2.11.1 Crosslinking assay under non-denaturing conditions 

Pol ε or Δcat (15 nM final concentration, LOW CONCENTRATION or 30 nM final 

concentration, HIGH CONCENTRATION) were mixed on ice with Sld2 (62 nM final 

concentration) in KCl buffer in a final volume of 49 µl. The reactions were mixed 

briefly by vortexing, spun down and incubated for 5 minutes on ice. Then 1 µl of the 

crosslinking reagent BS3 (Pierce) was added to the reaction to reach a final volume 

of 50 µl and 4 µM of cross linker in the reaction. The reactions were then incubated 

for 30 minutes at 24°C. Following this incubation, the reactions were quenched by 

adding 2.5 µl of 1M Tris-HCl pH 7.5 to a final concentration of 50 mM and 

incubating for 15 minutes at 24°C. 50% of the reaction volume was analysed by 

SDS-PAGE followed by Western Blotting as described in section 2.8.7 to detect 

Sld2 x3 FLAG (anti-FLAG antibody).  

 

KCl buffer: 25 mM Hepes-KOH pH 7.6, 250 mM KCl, 5 mM Mg(OAc)2, 10% 

glycerol 
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2.11.2 Crosslinking assay under denaturing conditions coupled with 

immunoaffinity purification 

Crosslinking reactions were assembled by mixing Pol ε-9MYC fusions (30 nM final 

concentration for each fusion) with Dpb11 (40 nM final concentration) or Sld2 (62 

nM final concentration) or Sld3 (26 nM final concentration). The reactions were set-

up in KOAc buffer on ice in a volume of 49 µl. The reactions were mixed briefly by 

vortexing, spun down and incubated for 5 minutes at RT. Then, 1 µl of the 

crosslinking reagent BS3 (Pierce) was added to the reaction to reach a final volume 

of 50 µl and 2 µM of cross linker in the reaction. The reactions were then incubated 

for 30 minutes at 24°C. The reactions were quenched by adding 2.5 µl of 1M Tris-

HCl pH 7.5 to a final concentration of 50 mM and incubating for 15 minutes at 

24°C. The samples were denatured by adding 2.76 µl of 20% SDS to achieve a 

concentration of 1% SDS in the reaction and boiling at 95°C for 5 minutes. The 

reactions were then diluted with 500 µl RIPA buffer without SDS to lower the 

concentration of SDS in the reaction below 0.1%. To bind proteins to the M2 anti-

FLAG magnetic affinity resin (Sigma), 10 µl of the bead slurry was equilibrated 

once with 150 µl of RIPA buffer without SDS and incubated with the diluted 

reactions. The incubation was done for 1 hour at 24°C with shaking at 1000 rpm, 

after which supernatants were removed. The resin was collected and washed twice 

in 150 µl RIPA buffer without SDS and once in 150 µl of KCl buffer. Then, 25 µl of 

elution buffer was added containing FLAG peptide at a final concentration of 0.5 

mg/ml and the reactions were incubated for 30 minutes at 24°C with shaking at 

1000 rpm. The entire supernatant was collected, mixed with 6 µl of 5x Laemmli 

loading buffer, boiled for 5 minutes at 95°C and analysed by SDS-PAGE followed 

by Western blotting as described in section 2.8.7.  

 

KOAC buffer: 25 mM Hepes-KOH pH 7.6, 150 mM KOAc, 5 mM Mg(OAc)2, 0.02% 

NP-40 

KCl buffer: 25 mM Hepes-KOH pH 7.6, 250 mM KCl, 5 mM Mg(OAc)2, 10% 

glycerol 

RIPA buffer: 50 mM Tris-HCl pH 8.0, 300 mM NaCl, 1% NP-40, 0.5% 

deoxycholate 
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2.12  Far-Western blot assay 

The protocol is based on a method described previously (Wu et al., 2007). 

Amounts of prey proteins loaded on membrane ranged from ~1-10 µg. Similarly, 

the concentrations of bait protein ranged from ~1-10 µg/ ml of binding buffer.  

For experiment in Fig. 5.1 and 5.19 Pol ε Pol2-9MYC was used. 

For experiment in Fig. 5.10 Pol ε Dpb2-9MYC was used. 

 

A far-Western blot in many ways resembles a standard Western blot [Fig. 2.1]. 

Briefly, one protein (prey) is resolved on an SDS-PAGE gel and transferred to a 

membrane. After confirming efficient transfer by Ponceau S staining, the 

membrane is blocked to prevent non-specific interactions. Then, instead of 

incubating the membrane with an antibody, the potential interactor (bait) is added in 

an appropriate buffer. Finally, the membrane is probed with an antibody specific for 

the bait protein. If binding took place, a band in the Western blot should be 

observed corresponding to the size of the prey protein on the SDS-PAGE gel.  

 

As in the case of a Western blot, variables such as protein concentration, antibody 

concentration and binding conditions (i.e. time, buffer) can affect the outcome of a 

far-Western blot. Therefore, they have to be determined empirically to achieve the 

desired sensitivity and specificity. In the experiments presented here, the buffer 

used was the same as in the in vitro replication assay (supplemented with 2% milk) 

since all relevant interactions take place under those conditions. Furthermore, Pol ε 

was used as both prey and bait to maximise the likelihood of identifying all 

interactions. 

 

To perform the far-Western experiment, Pol ε was tagged with a highly 

immunogenic epitope since antibodies against the endogenous protein were not 

available. Thus, the following experiments were performed using Pol ε tagged with 

a 9MYC tag at the C-terminus of the Pol2 subunit. 
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Figure 2-1 Schematic representation of a far-Western blot experiment performed 

to screen for interactors of Pol ε among pre-RC components and firing factors 

 

Briefly, purified prey proteins were run on a gel and transferred to a nitrocellulose 

membrane. The membrane was then blocked in 5% milk TBST for 30 minutes at 

room temperature with gentle agitation. Then, the blocking buffer was decanted 

and protein-binding buffer was added. Bait proteins were added directly to the 

binding buffer an incubated overnight at 4°C with gentle agitation. The following 

morning, the membrane was washed 3 x 10 minutes in TBST and incubated with 

an appropriate primary antibody for 1 hour at room temperature. Then, the 

membrane was washed 3 x 5 min in TBST, incubated with an appropriate 

secondary antibody for 1 hour at room temperature and washed 3 x 5 min in TBST. 

Finally, the membranes were analysed by Western blot as described in section 

2.8.7. 
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For denaturation/renaturation of prey protein on the membrane, protein-binding 

buffer was supplemented with varying concentrations of guanidine chloride (Sigma) 

and used to wash the membrane as specified in the table below. Then, the 

membrane was incubated with bait protein as described above.  

 

Concentration of guanidine 

chloride in buffer (M) 

6 3 1 0.1 0 

Incubation conditions 30 min 

RT 

30 min 

RT 

30 min 

RT 

1 hour 

4°C 

1 hour 

4°C 

 

Protein-binding buffer: 25 mM Hepes-KOH pH 7.6, 150 mM KOAc, 10 mM 

Mg(OAc)2, 0.1% Np-40, 1 mM DTT, 2% (w/v) Marvel milk powder 

2.13  Peptide arrays 

The Peptide Synthesis Laboratory at the Francis Crick Institute synthesised all 

peptide arrays. The arrays were solubilized by incubating in 50% MeOH for 1 hour 

at room temperature, washed with TBST and stained with Ponceau S prior to 

performing the experiment. The protein-binding buffer used for all arrays was the 

same as the buffer used for the far-Western blot assay described in 2.12. 

 

2.13.1 Sld2 array 

The array membrane was blocked in 5% milk TBST for 1 hour at room temperature 

and the antibody control experiment was performed as follows. The membrane was 

incubated with the primary anti-MYC antibody (CRUK) in 5% milk TBST for 1 hour 

at room temperature. The membrane was then washed 3 x 5 minutes with TBST 

and incubated for 1 hour at room temperature with the secondary antibody in 5% 

milk TBST. The membrane was then washed 3 x 5 minutes in TBST. Finally, the 

membrane was analysed by Western blotting as described in section 2.8.7.  

 

The Pol ε binding experiment was performed using the same membrane as the 

control experiment. The membrane was rinsed in TBST and then incubated with 25 

ml of binding buffer containing Pol ε Pol2-9MYC at a concentration of 0.1µg/ml of 
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binding buffer (LOW Pol ε concentration) overnight at 4°C with gentle agitation. The 

following day, the array was washed 3 x 5 minutes in TBST and probed with the 

primary anti-MYC antibody (CRUK) and processed as described in section 2.8.6. 

The same membrane was then washed in TBST and the procedure was repeated 

using higher Pol ε concentration in the binding buffer i.e. 0.4 µg/ml of buffer (HIGH 

Pol ε concentration).      

 

2.13.2 Sld2 mutagenesis array  

The experiment was performed as described above for the Sld2 array in section 

2.13.1 using 0.4 µg/ml Pol ε Pol2-9MYC in the binding buffer.  

 

2.13.3 Sld3 array 

The experiment was performed as described above for the Sld2 array in section 

2.13.1 with the following changes: instead of Pol ε Pol2-9MYC, Pol ε Dpb4-9MYC 

was used at a concentration of 0.1µg/ ml of binding buffer. 

 

2.14  In vitro pre-RC assembly and replication assays 

2.14.1 DNA substrates  

1kb linear DNA coupled to beads with ARS1 origin of replication 

First, a 1048 bp linear DNA fragment was PCR amplified using primers ARS305-f-

Eco-Bio and ARS-305-r (Remus et al., 2009) [Table t] and p305BP (Huang and 

Kowalski, 1996) as template [Table 5]. The forward primer contained a biotin group 

at its 5’ used for subsequent coupling to beads. Typically, 8 x 50 µl reactions were 

set up. The PCR products were then pooled and purified using High Pure PCR 

Purification Kit (Roche).  

 

To couple DNA, 200 µl of streptavidin coated M-280 Dynabeads (Invitrogen) were 

used each time and the coupling was performed in non-stick tubes (Eppendorf). 

First, they were washed with 500 µl of buffer 1 using a magnetic rack and re-
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suspended in 200 µl of buffer 1. Then, the purified PCR reactions were added to 

the beads and incubated overnight with gentle shaking at 4°C. The following day, 

the beads were washed 2 x with 500 µl of buffer 2, 2 x with 500 µl of buffer 3 and 

re-suspended in 200 µl of buffer 3. The beads were stored at 4°C until use for up to 

2 weeks.  

 

3.2 kb plasmid coupled to beads with ARS1 origin of replication 

This template was prepared as described previously (On et al., 2014). To randomly 

biotinylate the plasmid, 2 x 50 µl reactions were set up using plasmid DNA and 2.5 

µl of 1:200 dilution of the long arm photoprobe biotinylation reagent. Then, the 

reactions were irradiated using a UV lamp set to long wave for 30 minutes on ice. 

Finally, the DNA was purified over a G-50 column (GE Healthcare) according to 

manufacturer’s instructions and the concentration was measured as described in 

section 2.3.2.  

 

To couple the DNA to beads, 80 µl of streptavidin coated M-280 Dynabeads 

(Invitrogen) were used. First, they were pre-equillibrated by washing 3 x 150 µl of 

buffer 1. Then, the beads were incubated DNA at a ratio of 1 µg of DNA/ 5 µl of 

bead slurry for 30 minutes at 25°C with gentle shaking. Finally, the beads were 

washed 2 x with 500 µl of buffer 2, 2 x with 500 µl of buffer 3 and re-suspended in 

40 µl of buffer 3. The beads were stored at 4°C until use for up to 2 weeks.  

 

Buffer 1: 10 mM Tris-HCl pH 7.5, 1 mM EDTA, 2M NaCl 

Buffer 2: 10 mM Hepes- KOH pH 7.6, 1 mM EDTA, 1M KOAc 

Buffer 3: 10 mM Hepes- KOH pH 7.6, 1 mM EDTA 

 

2.14.2 In vitro reconstitution of pre-RC assembly 

To set up the reactions, 5 µl of DNA beads coupled to linear DNA prepared as 

described in section 2.14.1 were placed in a non-stick Eppendorf tube and 

prewashed in 150 µl of 1 x binding buffer. Then, the reactions were assembled as 

indicated in the table below: 
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The reactions were incubated for 20 minutes at 25°C with shaking at 1000 rpm. 

After incubation, the supernatant was removed using a magnetic rack to collect the 

beads. Then, the reactions were washed once with 150 µl of low salt wash (LSW) 

by re-suspending the beads by brief vortexing and spinning down at low speed. 

Then, a second wash was performed with either 150 µl of LSW or 150 µl of high 

salt wash (HSW).  

 

To analyse MCM loading, the DNA beads were re-suspended in 1 x Leammli 

buffer, boiled for 5 minutes at 95°C and the entire supernatant was loaded on an 

SDS-PAGE gel. The results of the experiment were analysed by silver staining.  

 

5x Binding buffer: 125 mM Hepes KOH pH 7.6, 50 mM Mg(OAc)2, 0.1% NP-40, 

350 mM K-Glut, 25% glycerol 

LSW: 45 mM Hepes KOH pH 7.6, 5 mM Mg(OAc)2, 0.02% NP-40, 300 mM K-Glut, 

1mM EDTA, 1mM EGTA, 10% glycerol 

HSW: 45 mM Hepes KOH pH 7.6, 5 mM Mg(OAc)2, 0.02% NP-40, 500 mM NaCl, 

1mM EDTA, 1mM EGTA, 10% glycerol 

2.14.3  In vitro replication assay 

The experiment was performed according to (Yeeles et al., 2015), with minor 

changes. Replication reactions were performed on a circular template prepared as 

described in 2.14.1 above. Pre-RC assembly reaction was set-up a described in 

2.14.2 above.  

 

Loading mix For one 10 µl reaction 

5x binding buffer 2 µl 

5 mM ATP/ ATPγS (100 mM) 0.5 µl 

water 4.8 µl 

2 mM DTT (0.1M) 0.2 µl 

ORC (added first) 12.5 nM 

Cdc6 (added second) 12.5 nM 

Mcm2-7/Cdt1 (added last) 25 nM 
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Typically, one large-scale pre-RC assembly reaction was set-up to ensure 

consistency. Then, following this reaction, 10 µl of the mix was taken out as the “-

DDK” control. To the remaining mix, DDK was added to a final concentration of 

~130 nM and the incubation was continued for 30 minutes at 25°C with shaking at 

1000 rpm. Then, the supernatant was taken off, the ‘DDK mix was added’ and the 

incubation was continued for 5 minutes at 25°C with shaking at 1000 rpm.  

 

DDK mix For one 20 µl reaction 

1 x DDK buffer Up to 20 µl 

Sld3/7 26 nM 

Cdc45 50 nM 

ATP (100 mM) 5 mM 

 

 

DDK buffer: 40 mM Hepes-KOH pH 7.6, 10 mM Mg(OAc)2, 0.02% NP-40, 300 mM 

K-OAc, 400 µg/ml BSA, 2mM DTT, 8% glycerol 

 

Then, the supernatant was taken off, ‘CDK mix’ was added and the incubation was 

continued for 10 minutes at 25°C with shaking at 1000 rpm.  

 

CDK mix For one 20 µl reaction 

1 x CDK buffer Up to 20 µl 

Dpb11 40 nM 

Sld2 62 nM 

GINS 200 nM 

Pol ε 30 nM 

A-Cdk2 50 nM 

ATP (100 mM) 5 mM 

 

CDK buffer: 40 mM Hepes-KOH pH 7.6, 10 mM Mg(OAc)2, 0.02% NP-40, 250 mM 

KOAc, 400 µg/ml BSA, 2mM DTT, 8% glycerol 

 

After the CDK step, the supernatant was taken off and ‘replication mix’ was added. 
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Replication mix For one 20 µl reaction 

2 x replication buffer 10 µl 

BSA 100 µg/ml 

dNTPs (dATP, dTTP, dCTP, dGTP) 40 µM 

NTPs (CTP, GTP, UTP) 200 µM 

Alpha-32PdCTP (Perkin Elmer) 40 nM 

Pol α 25 nM 

Topo I 10 nM 

RPA 50 nM 

Mcm10 5 nM 

ATP (100 mM) 2 mM 

water Up to 20 µl 

 

Replication buffer: 25 mM Hepes-KOH pH 7.6, 10 mM Mg(OAc)2, 0.02% NP-40, 

150 mM KOAc, 2mM DTT 

 

The replication reaction was incubated for 30 minutes at 30°C with shaking at 1000 

rpm. Then, the supernatant was taken off and the reactions were washed 3 x 150 

µl of wash buffer.  

 

Wash buffer: 25 mM Hepes-KOH pH 7.6, 600 mM KCl, 5% glycerol, 0.02% NP-40, 

5 mM EDTA 

 

After washing, 10 µl of 5 mM EDTA solution were added and the reactions were 

incubated for 30 minutes at room temperature. Then, loading dye was added and 

the reactions were analysed by alkaline gel electrophoresis as described in section 

2.3.3. The gels were then exposed to a storage phosphor screen (GE Healthcare) 

for either 3 hours or overnight and scanned using a Typhoon phosphoimager (GE 

Healthcare).  
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2.15  Protein-protein interactions 

2.15.1 Interaction of Sld2 with Pol ε/Δcat/Dpb11  

Experiment shown in Figure 5.25 

Sld2 (62 nM final concentration) was phosphorylated for 30 minutes at 30°C with A-

Cdk2 (50 nM final concentration) in a 100 µl reaction set up in buffer 1. Then, the 

protein was coupled to 5 µl of magnetic anti-FLAG affinity resin (Sigma) pre-

equilibrated 2 x 150 µl in buffer 1. The coupling was performed for 1 hour at 4°C 

with shaking at 1000 rpm. The resin was collected using a magnetic rack and 

washed 4 x 150 µl of buffer 2. Then, lambda-phosphatase was added (2 µg/ml final 

concentration, kind gift from Dr Jun He) together with 1 mM MnCl2 in a final volume 

of 100 µl of buffer 2. The reaction was incubated for 15 minutes at 30°C with 

shaking at 1000 rpm. The resin was then collected using a magnetic rack and 

washed 1 x 150 µl of buffer 3. Then, the binding partners were added in a final 

volume of 100 µl of buffer 3 using the following concentrations: Dpb11 (45 nM final 

concentration), Pol ε (45 nM final concentration). The reactions were incubated for 

30 minutes at 30°C with shaking at 1000 rpm. Following this stage, the reactions 

were washed 3 x 150 µl of buffer 3. The protein was eluted with 25 µl of buffer 3 

supplemented with 0.2 mg/ml FLAG peptide, 1 mM MnCl2 and lambda-

phosphatase (2 µg/ml final concentration) for 30 minutes at 30°C with shaking at 

1000 rpm.  

 

Buffer 1: 25 mM Hepes-KOH pH 7.6, 250 mM KCl, 5 mM Mg(OAc)2, 0.02% NP-40, 

2 mM ATP 

Buffer 2: 25 mM Hepes-KOH pH 7.6, 250 mM KCl, 5 mM Mg(OAc)2, 10% glycerol 

Buffer 3: 25 mM Hepes-KOH pH 7.6, 150 mM KOAc, 5 mM Mg(OAc)2, 0.02% NP-

40 

 

Experiment shown in Fig. 5.24 

Performed as described above with the omission of lambda-phosphatase 

treatments.  
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Experiment shown in Fig. 5.22 

Performed as described above with the omission of CDK phosphorylation and 

lambda-phosphatase treatment. Δcat was used at the same concentration as WT 

Pol ε (i.e. 45 nM final concentration) 

 

2.15.2 Interaction of Sld2 F8 WT/11aa MUT with Pol ε/Δcat 

10 µl of magnetic anti-FLAG affinity resin was pre-equilibrated with 3 x 150 µl of 

buffer 1. WT Sld2 fragment F8 or the 11aa MUT purified as described in section 

2.9.4.7 was added in excess to saturate the resin binding capacity (determined 

prior to this experiment). The coupling was performed for 1 hour at 4°C with 

shaking at 1000 rpm. The supernatant was taken off, the resin was collected using 

a magnetic rack and washed 3 x 150 µl of buffer 1. Then, Pol ε or the Δcat mutant 

were mixed with buffer 1 to a final volume of 100 µl and added to the resin. The 

proteins were incubated with the resin for 30 minutes at 30°C with shaking at 1000 

rpm. The resin was collected using a magnetic rack, washed 3 x 150 µl with buffer 

1 and the protein was eluted with 25 µl of buffer 1 supplemented with 0.2 mg/ ml 

FLAG peptide. 100% of the eluate was used for subsequent analysis by SDS-

PAGE followed by Coomassie staining as described in 2.8.2.  

 

Buffer 1: 25 mM Hepes-KOH pH 7.6, 150 mM KOAc, 5 mM Mg(OAc)2, 0.02% NP-

40 

 

For experiment in Fig. 5.21, Pol ε was used at either 30 nM (LOWER 

CONCENTRATION) or 75 nM (HIGHER CONCENTRATION) 

For experiment in, both Pol ε and Δcat were used at 30 nM. The reactions were 

performed in either buffer 1 or buffer 1 with altered salt concentration: buffer 1 + 

300 mM KOAc or buffer 1+ 150 mM KCl as indicated in the figure legend. 

 

2.15.3 Interaction of Pol ε with Sld2 degradation products 

250 µl of CBP resin (Agilent) was equilibrated in a mini gravity flow column (Bio-

Rad) by passing 3 ml of buffer 1 through it. Then, 15 µg of Pol ε-CBP stock was 



Chapter 2 Materials and Methods 

 

84 

 

mixed with an aliquot* of Sld2 degradation products and added to buffer 1 to a final 

volume of 100 µl. This mix was then applied to the resin to couple Pol ε. The resin 

was washed with 10 CV of buffer 1 and the protein was eluted with 5 CV of buffer 2. 

20% of each elution fraction was used for analysis by SDS-PAGE followed by 

Western Blotting to detect Sld2-x3FLAG (anti-FLAG antibody) as described in 

section 2.8.7. 

 

Buffer 1: 50 mM Hepes-KOH pH 7.6, 250 mM KCl, 0.2% NP-40, 10 % glycerol, 2 

mM CaCl2 

Buffer 2: 50 mM Hepes-KOH pH 7.6, 250 mM KCl, 0.2% NP-40, 10 % glycerol, 2 

mM EDTA, 2 mM EGTA 

 

*Since the aliquot contained a mixed population of FL Sld2 and three degradation 

products, the amount to be used in this experiment was determined as follows. A 

sample of the Sld2 degradation mixture was run on an SDS-PAGE gel next to Pol ε 

and Coomassie stained. Then, an amount was determined in which the intensity of 

FL Sld2 was equal to the intensity of Dpb2 subunit of Pol ε (i.e. approximately 

equimolar ratio of both proteins).  

 

2.15.4 Interaction of Pol ε with Sld2 fragment F8 

The experiment was performed as described for Sld2 degradation products in 

2.15.3 above with the following changes. The detection was performed using an 

anti-GST antibody. Sld2 fragment F8 was used at a final concentration of 58 µg/ ml 

in the reaction.  

2.16  In vitro pre-LC assembly 

First, the Pol ε/GINS complex was isolated as described in 2.9.3. Then, 100 µl of 

magnetic TALON resin (Clontech) was equilibrated 4 x 200 µl with buffer 1. 45 µl of 

the Pol ε/GINS complex was coupled to the beads since this amount was found to 

saturate the resin prior to this experiment. The coupling was performed in a final 

volume of 200 µl of buffer 1 supplemented with 10 mM CaCl2 for 1 hour at 4°C with 
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shaking at 1000 rpm. The resin was collected using a magnetic rack and the 

supernatant was then taken off. Two reactions were set up as indicated:  

 

Component Pre-LC assembly reaction  Control reaction 

Pol ε/ GINS + -  

Sld2 62 nM final concentration 62 nM final concentration 

Dpb11 45 nM final concentration 45 nM final concentration 

2x buffer 2 50 µl 50 µl 

Water  up to 100 µl up to 100 µl 

ATP  2 mM final concentration 2 mM final concentration 

 

The reactions were incubated on ice for 10 minutes and A-Cdk2 was added to a 

final concentration of 50 nM in the reaction. At that point, the temperature was 

shifted to 30°C and the reactions were incubated for an hour. Following this 

incubation, the resin was collected using a magnetic rack and washed 2 x 200 µl 

with buffer 2. The protein was eluted from the resin by adding 50 µl of buffer 2 

supplemented with 150 mM imidazole for 30 minutes at 4°C. The eluate was 

analysed by SDS-PAGE followed by silver staining as described in 2.8.2 and 2.8.6.  

 

Buffer 1: 50 mM Tris-HCl pH 8.0, 100 mM NaCl, 0.1% NP-40, 10 mM MgCl2, 10 % 

glycerol 

Buffer 2: 50 mM Hepes-KOH pH 7.6, 250 mM KCl, 5 mM Mg(OAc)2, 0.2% NP-40 

 

2.17  Determination of native molecular weight (MW) by SEC-
MALLS  

The experiment was performed in collaboration with Dr Svend Kjaer from the 

Francis Crick Institute Structural Biology Science Technology Platform. 

 

The MW of Pol ε was determined using the following SEC-MALLS (size-exclusion 

coupled multi-angle laser light scattering) experimental set-up. A Superose 6 

Increase 10/300 column was attached to an AKTAmicro system (GE Healthcare) 

followed by a DAWN8+ Light scattering detector (Wyatt Technologies). The 
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Refractive index data were obtained using an Optilab T-Rex instrument (Wyatt 

Technologies). The running buffer was the same as the one used for the final gel 

filtration step of Pol ε purification as described in section 2.9.2.11. The flow-rate 

was 0.5 ml/min. Data were collected for 60 min and analysed using the Astra VI 

software (Wyatt Technologies). 

 

2.18  Electron microscopy methods  

Experiments were performed in collaboration with Dr Alessandro Costa’s 

Macromolecular Machines laboratory at the Francis Crick Institute. My 

collaborators performed CMGE reconstitution, grid preparation, data collection and 

data analysis. Therefore, Drs Jin Chuan Zhou, Panchali Goswami and Alessandro 

Costa provided information about the methods described below.   

2.18.1 Purification of CMG from S. cerevisiae  

CMG strains [Table 9] were induced with 2% galactose for 3 hours at 30°C, frozen 

drop-wise in liquid nitrogen and ground into powder in a cryogenic grinding mill 

(SPEX SamplePrep 6870). For CMG expressed from strain yJCZ2, cell powder 

was re-suspended in buffer 1 supplemented with Complete EDTA-free protease 

inhibitors tablets (Roche). Cell debris was removed by centrifugation and the 

cleared lysate was incubated with anti-Flag M2 affinity resin (Sigma) at 4°C, 

washed with buffer 2 and eluted with buffer 2 supplemented with 1 mg/ml Flag 

peptide. Peak fractions were pooled and loaded onto Mono Q 1.6/5 PC column (GE 

Healthcare). The column was washed with buffer 2 and eluted was eluted with a 

salt gradient from 0.1-1 M KCl in the same buffer.  

 

CMG expressed from strain yJCZ3 was purified as previously described (Abid Ali et 

al., 2016). Briefly, cell powder was re-suspended in buffer 3 supplemented with 15 

mM KCl, 2 mM MgCl2, 2 mM BME and Complete EDTA-free protease inhibitors 

tablets (Roche). KCl was then added to 100 mM and the dell debris was removed 

by centrifugation. The clear lysate was incubated with anti-Flag M2 affinity resin 

(Sigma) at 4°C, washed with buffer 3 supplemented with 100 mM KCl and 1 mM 

DTT and eluted with the same buffer supplemented with 0.5 mg/ml FLAG peptide 
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and Complete EDTA-free protease inhibitors tablets (Roche). Peak fractions were 

pooled and loaded onto a Mono S HiTrap SP FF (GE Healthcare). The flow-

through was collected and loaded onto a Mono Q 5/50 GL (GE Healthcare), 

washed with buffer 3 supplemented with 100 mM KCl and 1 mM DTT and eluted 

with a salt gradient from 100 mM- 550 mM KCl the same buffer. Peak fractions 

were pooled, diluted to 150 mM KCl in buffer 3, loaded onto Mono Q 1.6/5 PC in 

buffer 4 supplemented with 150 mM KCl and eluted with a salt gradient from150 

mM- 550 mM KCl the same buffer. 

 

buffer 1: 20 mM Hepes-KOH pH 7.6, 10% glycerol, 1 mM EDTA, 4 mM MgCl2, 0.1 

M KCl, 1 mM ATP, 2 mM DTT 

buffer 2: 25 mM Tris pH 8.0, 10% glycerol, 1 mM MgCl2, 20 mM KOAc, 0.1 mM 

KCl, 1 mM ATP, 1 mM DTT 

buffer 3: 25 mM Hepes-KOH pH 7.6, 0.02% Tween-20, 10% glycerol, 1 mM EDTA, 

1 mM EGTA 

buffer 4: 25 mM Hepes-KOH pH 7.6, 1 mM EDTA, 1 mM EGTA, 1 mM DTT 

 

2.18.2 CMGE reconstitution  

Purified CMG was dialyzed for 1 hour with molar excess amounts of either WT Pol 

ε or Δcat (eluted from CBP affinity resin) in 25 mM Hepes-KOH pH 7.6, 10% 

glycerol, 0.15 M KOAc, 1 mM DTT, 1 mM ATP, 10 mM MgOAc at 4°C. The protein 

was recovered and cross-linked with glutaraldehyde (Sigma) at a final 

concentration of 0.05% for 30 minutes on ice. The crosslinking reaction was then 

stopped by adding glycine (Sigma) to 80 mM final concentration. The reconstituted 

products were separated over 5 ml 15-45% (v/v) glycerol gradient in the same 

buffer at 50,000 rpm at 4°C for 16 hours in a Beckman ultracentrifuge using a SW 

55Ti rotor. Fractions (310 µl each) were collected from the top of the gradient. 

 

2.18.3 Negative stain grid preparation 

Carbon was evaporated onto freshly cleaved mica using a Q150TE carbon coater 

(Quorum Technologies) and baked overnight at 50°C, before floating onto 400-
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mesh copper grids (Agar Scientific). Oven-dried carbon grids were glow-discharged 

for 30 seconds at 45 mA, with a 100 x glow discharger (Electron Microscopy 

Sciences). For all permutations of the isolated Pol ε complex and for the CMG, a 4 

µl drop of purified protein assembly was applied onto the grid for 2 minutes prior to 

staining. For the CMG-Pol ε and the CMG-Δcat assemblies, freshly glow-

discharged grids were laid on top of a 50 µl drop from fraction 15 of the glycerol 

gradient and incubated overnight at 4°C in a custom-made humidity chamber. 

Grids were subsequently stained directly (isolated Pol ε and the CMG) or quickly 

rinsed with two 75 µl drops of deionized water prior to staining (CMG-Pol ε and 

CMG-Δcat), with four subsequent 75 µl drops of a fresh 2% uranyl formate solution. 

The staining solution was then blotted dry, and the grids were stored at room 

temperature before imaging. 

 

2.18.4 Negative stain EM data collection 

All isolated Pol ε preparations and the CMG-Δcat assembly were imaged on a 

Tecnai G2 Spirit transmission electron microscope (FEI) operated at 120 keV 

(Electron Microscopy Science Technology Platform, the Francis Crick Institute). 

Images were recorded manually using a 2k × 2k GATAN Ultrascan 100 camera at 

a nominal magnification of 30,000X (3.45 Å/pixel at the specimen level) at around 

35 electrons per Å2. One exception was ΔDpb2, for which a 42,000X nominal 

magnification was used (2.46 Å/pixel at the specimen level). Between 100 and 250 

micrographs were collected for each data set. The isolated CMG preparation was 

imaged using a JEM-2100 LaB6 electron microscope (JEOL, Japan) operated at 

120 kV. 

Images (148) were recorded manually at a nominal magnification of 40,000X on a 

Ultrascan 4k × 4k CCD camera (Gatan, Pleasanton, CA), resulting in a 2.73 Å pixel 

size at the specimen level. The CMG-Pol ε assembly was imaged at a nominal 

magnification of 30,000X, resulting in a 3.65 Å pixel size. For CMG-Pol ε, 

micrographs (3,490) were recorded using the JEOL Automated Data Acquisition 

System (JADAS) (Zhang et al., 2009), to automatically collect low-dose images at 

around 35 electrons per Å2. All images were acquired using a 0.5 to 2.0 µm 

defocus range. 
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2.18.5 Cryo-grid preparation, data collection and movie alignment for Δcat 

Four microliters of reconstituted Δcat at a concentration of 200 nM were applied 

onto a freshly glow-discharged C-flat 1/1 grid. After a 30s incubation in 80% 

humidity, the grid was double-side blotted for 2.5s using a Vitrobot (FEI) and 

plunged into liquid ethane. Data were collected on a Tecnai F30 Polara electron 

microscope operated at 300 kV and equipped with a K2 Summit direct electron 

detector (Gatan, Inc.) and an energy filter in zero-loss mode (GIF Quantum, Gatan, 

Inc.). Twenty-five-frame movies (1,772) were manually collected, with a single 

frame duration of 0.4ms. Movies were acquired using SerialEM, in single-electron 

counting mode with a total dose of 48 e− Å−2 and a −4.5 to 2.5 defocus range, at a 

constant nominal magnification of × 37,037, yielding a 1.35-Å pixel size. To correct 

for beam-induced drift, whole frame alignment and averaging was performed using 

MotionCorr (http://cryoem.ucsf.edu/software/driftcorr.html) (Li et al., 2013). 

	

2.18.6 Single particle image processing 

Particles were picked semi-automatically in EMAN2 (Tang et al., 2007). Initial 

particle count was as follows: WT Pol ε =22,021, ΔDpb2 Pol ε =11,773, isolated 

Pol2=15,534, Δcat negative stain=54,201, Δcat cryo=217,600, MBP-Dpb3 Pol ε 

=11,936, MBP-Pol2 Pol ε =17,617, isolated CMG=18,204, CMG-Pol ε =246,973, 

CMG-Δcat =59,248. Contrast transfer function parameters were estimated using 

CTFFIND4 (Rohou and Grigorieff, 2015). All further processing was performed in 

RELION 1.4 (Scheres, 2012). Image analysis was limited to two-dimensional 

classification for all isolated Pol ε complexes and for the CMG-Δcat. The three-

dimensional structures of the CMG and CMG-Pol ε assemblies were determined 

using routine combinations of three-dimensional classification and refinement. 

Eman2 (Tang et al., 2007) and Imagic (van Heel et al., 1996) were used for further 

handling of 2-D class averages. 
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2.19  Plasmids 

Table 5 Plasmids used in this study 

Plasmid Cloning 

vector 

Insert Use Reference 

p305BP pBR322 ARS305 PCR template to 

generate linear DNA 

template for the in 

vitro pre-RC 

assembly assay 

(Huang and 

Kowalski, 

1996) 

pBluescript/ 

ARS1 WTA 

N/A N/A Circular template for 

the in vitro 

replication assay 

(On et al., 

2014) 

pAM3 pGEX-6P-1 CDC6 Expression of Cdc6 (Frigola et 

al., 2013) 

pFJD5  pFJD12 6HIS-

GINS 

Expression of GINS (Gambus et 

al., 2009) 

pFJD47 pET21a Dpb2 1-

103 

Expression of 

Dpb2N fragment of 

Dpb2 

(Sengupta et 

al., 2013) 

pET28a-

Mcm10 

pET28a Mcm10 Expression of 

Mcm10 

(Yeeles et 

al., 2015) 

pGEX-6p-

1/SLD3 N4 

pGEX-6P-1 FLAG-

Sld3 1-

435 

Expression of Sld3 

1-435 aa 

(Deegan, 

2014) 

pGEX-6p-

1/SLD3 N5 

pGEX-6P-1 FLAG-

Sld3 1-

585 

Expression of Sld3 

1-585 aa 

pGEX-6p-

1/SLD3 C0 

pGEX-6P-1 Sld3-

FLAG 

Expression of Sld3  

pGEX-6p-

1/SLD3 C1 

pGEX-6P-1 Sld3-

586-668-

FLAG 

Expression of Sld3 

586-668 
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pGEX-6p-

1/SLD3 C2 

pGEX-6P-1 Sld3-

436-668-

FLAG 

Expression of Sld3 

436-668 

pGEX-6p-

1/SLD3 C3 

pGEX-6P-1 Sld3-

326-668-

FLAG 

Expression of Sld3 

326-668 

pGEX-6p-

1/SLD3 C4 

pGEX-6P-1 Sld3-

251-668-

FLAG 

Expression of Sld3 

251-668 

pGEX-6p-

1/SLD3 C5 

pGEX-6P-1 Sld3-

133-668-

FLAG 

Expression of Sld3 

133-668 

pYM21 pYM6 9xMYC PCR template for 

generating MYC 

tagging cassettes 

(Janke et al., 

2004) 

pBP83  pYM21 3xFLAG PCR template for 

generating FLAG 

tagging cassettes 

(Pfander and 

Diffley, 

2011) 

pFJ18 pRS304 ORC5-

GAL1-

10-

ORC4 

Galactose-inducible 

protein expression 

in yeast 

(Frigola et 

al., 2013) 

pFJ19 pRS306 CBP-

TEV-

ORC1-

GAL1-

10-

ORC6 

Galactose-inducible 

protein expression 

in yeast 
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Table 6 Plasmids generated in this study 

Plasmid Cloning 

vector 

Insert Use 

pAJ1 pAJ6 Pol2 + MBP-Dpb4-

TEV-CBP 

Construction of Pol ε MBP-Dpb4 

fusion overexpression strain 

pAJ2 pAJ6 MBP-Pol2 + Dpb4-

TEV-CBP 

Construction of Pol ε MBP-Pol2 

fusion overexpression strain 

pAJ3 pAJ7 MBP-Dpb2 + Dpb3 Construction of Pol ε MBP-Dpb2 

fusion overexpression strain 

pAJ4 pAJ7 Dpb2 + MBP-Dpb3 Construction of Pol ε MBP-Dpb3 

fusion overexpression strain 

pAJ5 

2090  

pYM21 MBP (sequence is 

codon optimised) 

PCR template for generating MBP 

tagging cassettes  

pAJ6  pFJ18 Pol2 + Dpb4-TEV-

CBP 

Construction of Pol ε 

overexpression strain 

pAJ7  pFJ19 Dpb2 + Dpb3 Construction of wild-type Pol ε 

overexpression strain 

pAJ8  pAJ6 Δ1262 + Dpb4-

CBP 

Construction of Δcat mutant 

overexpression strain 

pAJ9 pGC001 Pol2 Construction of Pol2 

overexpression strain 

pAJ10  pAJ7 Dpb3 Construction of ΔDpb2 

overexpression strain 

pAJ11  Geneart synthetic 

Pol2 insert 

Construction of vector pAJ6 

pAJ12  Geneart synthetic 

Dpb2 insert 

Construction of vector pAJ7 

pAJ13  Geneart synthetic 

Dpb3 insert 

Construction of vector pAJ7 

pAJ14  Geneart synthetic 

Dpb4 insert 

Construction of vector pAJ6 

pAJ15 pGEX-6P-1 Sld2 F1 Overexpression of Sld2 F1 

pAJ16 pGEX-6P-1 Sld2 F2 Overexpression of Sld2 F2 
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pAJ17 pGEX-6P-1 Sld2 F3 Overexpression of Sld2 F3 

pAJ18 pGEX-6P-1 Sld2 F4 Overexpression of Sld2 F4 

pAJ19 pGEX-6P-1 Sld2 F5 Overexpression of Sld2 F5 

pAJ20 pGEX-6P-1 Sld2 F6 Overexpression of Sld2 F6 

pAJ21 pGEX-6P-1 Sld2 F7 Overexpression of Sld2 F7 

pAJ22 pGEX-6P-1 Sld2 F8 Overexpression of Sld2 F8 

pAJ23 pGEX-6P-1 M1 Overexpression of M1 

pAJ24 pGEX-6P-1 M2 Overexpression of M2 

pAJ25 pGEX-6P-1 M3 Overexpression of M3 

pAJ26 pGEX-6P-1 M4 Overexpression of M4 

pAJ27 pGEX-6P-1 M5 Overexpression of M5 

pAJ28 pGEX-6P-1 M6 Overexpression of M6 

pAJ29 pGEX-6P-1 M7 Overexpression of M7 

pAJ30 pGEX-6P-1 M8 Overexpression of M8 

pAJ31 pGEX-6P-1 M9 Overexpression of M9 

pAJ32 pGEX-6P-1 M10 Overexpression of M10 

pAJ33 pGEX-6P-1 M11 Overexpression of M11 

pAJ34 pGEX-6P-1 M12 Overexpression of M12 

pAJ35 pGEX-6P-1 M13 Overexpression of M13 

pAJ36 pGEX-6P-1 M14 Overexpression of M14 

pAJ37 pGEX-6P-1 F8 WT 3xFLAG Overexpression of F8 WT 

3xFLAG 

pAJ38 pGEX-6P-1 F8 11aa MUT 

3xFLAG 

Overexpression of F8 11aa MUT 

3xFLAG 
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2.20  DNA Oligonucleotides 

Table 7 Oligonucleotides used in this study  

Name Sequence Use Purpose 

AJ22  AGTACTACGGTTTCGACATTTTGTTG

TCTTGTATTGCTGACTTGACTATTCGT

ACGCTGCAGGTCGAC 

Forward 

primer 

Genomic 

tagging of 

Pol2 

AJ23  AAAGAGAAAAGAAAAAAATTGATCTA

TCGATTTCAATTCAATTCAATTTAATC

GATGAATTCGAGCTCG 

Reverse 

primer 

Genomic 

tagging of 

Pol2 

AJ24  ATACATGGAATACGTTCCATCTTCTA

AGAAGACTATTCAAGAAGAAATTTAC

ATTCGTACGCTGCAGGTCGAC 

Forward 

primer 

Genomic 

tagging of 

Dpb2 

AJ25  AAGGATGGGGAAAGAGAAAAGAAAA

AAATTGATCTATCGATTTCAATTCAAT

TCAATTTAATCGATGAATTCGAGCTC

G 

Reverse 

primer 

Genomic 

tagging of 

Dpb2 

AJ26  ACTCTGACTCTTCTGACATTGAAGTT

GACCACACTAAGTCTACTGACCCACG

TACGCTGCAGGTCGAC 

Forward 

primer 

Genomic 

tagging of 

Dpb3 

AJ27  GCGTAAAGGATGGGGAAAGAGAAAA

GAAAAAAATTGATCTATCGATTTCAAT

TCAATTCAATTTAATCGATGAATTCGA

GCTCG 

Reverse 

primer 

Genomic 

tagging of 

Dpb3 

AJ28  CATTGCTGTCTCCGCTGCTAACAGAT

TCAAGAAGATTTCCTCTTCCGGTGCT

TTGCGTACGCTGCAGGTCGAC 

Forward 

primer 

Genomic 

tagging of 

Dpb4 

Aj29  TGGGGAAAGAGAAAAGAAAAAAATTG

ATCTATCGATTTCAATTCAATTCAATT

TAATCGATGAATTCGAGCTCG 

Reverse 

primer 

Genomic 

tagging of 

Dpb4 

AJ63 ATTATACTCGAGGCATAAAGGCATTA

AAAGAG 
Reverse 

primer 

Construction 

of Δcat mutant 

AJ65 ATAAATGGCGCGCCATGCCATCTATG

GACGAAGACTA 
Forward 

primer 

Construction 

of Δcat mutant 

AJ71 ATAAATGAATTCATGTACTCATTTGAA

CTGGACAA 
Forward Construction 
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primer of Sld2 F1, F2 

AJ59 ATTATACTCGAGTCAGTCTCGTAATC

TTCTGATAAC 
Reverse 

primer 

Construction 

of Sld2 F1 

AJ60 ATTATACTCGAGTCAATCATGTTCAAA

TTCAGTATCA 
Reverse 

primer 

Construction 

of Sld2 F2 

AJ72 ATAAATGAATTCATGCCACTAGAATC

TGGCAAACC 
Forward 

primer 

Construction 

of Sld2 F3 

AJ61 ATTATACTCGAGTCACCTTCTTCCCC

ATCGTC 
Reverse 

primer 

Construction 

of Sld2 F3-F8 

AJ73 ATAAATGAATTCATGCCGTCTCCACT

CATTAGAAGACC 
Forward 

primer 

Construction 

of Sld2 F4 

AJ74 ATAAATGAATTCATGGGGCTAGAAGA

TGAACTAAT 
Forward 

primer 

Construction 

of Sld2 F5 

AJ75 ATAAATGAATTCATGATTAGAAGACC

ACTGACGAAATC 
Forward 

primer 

Construction 

of Sld2 F6 

AJ76 ATAAATGAATTCATGTTTGGGCTAGA

AGATGAACT 
Forward 

primer 

Construction 

of Sld2 F7 

AJ77 ATAAATGAATTCATGGAAGACGACTT

TGGGCTAGAAG 
Forward 

primer 

Construction 

of Sld2 F8 

ARS305-f-PC-bio-

Eco 

GGTGTATGCATGCTACTGTTTGAATT

CCCATTATCGAAGGCAC 
Forward 

primer 

PCR 

amplification 

of linear DNA 

template for 

the in vitro 

pre-RC 

assembly 

assay 

ARS305-r CTCTAGCAAAAAGTCTAC Reverse 

primer 

PCR 

amplification 

of linear DNA 

template for 

the in vitro 

pre-RC 
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assembly 

assay 

pAM133 CTCAACCCTATCTCGGTCTATTCT 

 
Forward 

primer 

Confirming 

integration of 

pRS304 at 5’ 

pRS306 at 5’ 

pGC083  GAGCTGACAGGGAAATGGT 

 
Reverse 

primer 

Confirming 

integration of 

pRS304 at 5’ 

pAM134  GTGCTGCAATGATACCGCGAG 

 
Forward 

primer 

Confirming 

integration of 

pRS304 at 3’ 

pRS306 at 3’ 

pAM139 ACAAGTTTGATTCCATTGCGGTG 

 
Reverse 

primer 

Confirming 

integration of 

pRS304 at 3’ 

pAM132  GAGGCTACTGCGCCAATT 

 
Reverse 

primer 

Confirming 

integration of 

pRS306 at 5’ 

pAM135 GTTACTTGGTTCTGGCGAGG 

 
Reverse 

primer 

Confirming 

integration of 

pRS306 at 3’ 
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2.21 Strains 

2.21.1  E. coli strains 

Table 8 E. coli strains used in this study 

Name Source  Use Genotype 

NEB 5-alpha  NEB Cloning fhuA2 Δ(argF-lacZ)U169 phoA 

glnV44 Φ80 Δ(lacZ)M15 

gyrA96 recA1 relA1 endA1 thi-

1 hsdR17 

BL21-CodonPlus 

(DE3)-RIL 

Stratagene Protein 

expression 

B F–ompT hsdS 

(rB–mB–) dcm+Tetr 

gal endA Hte [ argU ileY leuW 

Camr] 

 

Rosetta(DE3)pLysS Merck Protein 

expression 

F- ompT hsdSB(rB- mB-) gal 

dcm (DE3) pLysSRARE 

(CamR). 

 

2.21.2  S. cerevisiae strains 

Table 9 S. cerevisiae strains used in this study  

Name Genotype Reference 

yJF1 W303-1a  

pep4::KanMx4  

bar1::Hph-NT1 

(Frigola et al., 

2013) 

ySDORC MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-

3,112 can1-100,  

bar1::Hyg  

pep4::KanMX, 

his3::HIS3pRS303/ ORC3, ORC4 

trp1::TRP1pRS304/ ORC5, ORC6 

ura3::URA3pRS306/ CBP-ORC1, ORC2 
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yAM33 

(MCM) 

MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-

3,112 can1-100,  

bar1::Hyg  

pep4::KanMX, 

trp1::TRP1pRS304/ MCM4, MCM5 

leu2::LEU2pRS305/ MCM6, MCM7 

ura3::URA3pRS306/MCM2, CBP-MCM3 

yTD2 

(Dpb11) 

MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-

3,112 can1-100,  

bar1::Hyg  

pep4::KanMX, 

his3::HIS3pRS303/ Dpb11-TCP, GAL4 

(Deegan, 

2014) 

yTD6 

(Sld3/7) 

MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-

3,112 can1-100,  

bar1::Hyg  

pep4::KanMX, 

his3::HIS3pRS303/SLD3-TCP, GAL4, 

leu2::LEU2pRS305/SLD7 

(Yeeles et al., 

2015) 

yTD8 

(Sld2) 

MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-

3,112 can1-100  

bar1::Hyg 

pep4::KanMX 

his3::HIS3pRS303/Sld2-3xflag (Nat-NT2), 

GAL4 

yJY13 

(Cdc45) 

MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-

3,112 can1-100 

bar1::Hyg 

pep4::KanMX 

his3::HIS3pRS303/Cdc45iflag2, GAL4 

yJY23 

(Pol 

alpha?) 

MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-

3,112 can1-100  

bar1::Hyg 

pep4::KanMX 
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trp1::TRP1pRS304/Pol1/Pol12 

ura3::URA3pRS306/CBP-Tev-Pri1/Pri2 

yJY26 

(Dpb11 

flag) 

MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-

3,112 can1-100  

bar1::Hyg 

pep4::KanMX 

his3::HIS3pRS303/Dpb11-3xflag (Nat-NT2), 

GAL4 

yAE31 

(RPA) 

MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-

3,112 can1-100  

bar1::Hyg 

pep4::KanMX 

his3::HIS3pRS303/CBP-Tev-RFA1, GAL4  

ura3::URA3pRS306/RFA2, RFA3 

ySDK8 

(DDK) 

MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-

3,112 can1-100  

pep4::KanMX 

trp1::TRP1pRS304/ CDC7, CBP-DBF4 

(On et al., 

2014) 

yJCZ2 

 

This is a diploid strain, a product of mating two 

intermediate strains: 

 

yJF39 (Frigola et al., 2013): MATa 

pep4::KanMX  

bar1::Hph-NT1  

trp1::TRP1pJF3 (MCM5-GAL1-10-MCM4) 

leu2::LEU2 pJF4 (MCM7-GAL1-10-MCM6)  

ura3::URA3 pJF6 (MCM2-GAL1-10-3xFLAG-

MCM3) CDT1::CDT1-TAPTCP(HIS3)  

 

yJCZ1: MATα 

pep4::KanMx4 bar1::Hph-NT1 

his3::HIS3pJY13 (CDC45iFLAG2-GAL1-10- 

GAL4) (Yeeles et al., 2015) 

Dr Jin Chuan 

Zhou 
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trp1::TRP1pJCZ1 (PSF1-GAL1-10-SLD5)  

leu2::LEU2pJCZ2 (PSF2-GAL1-10-PSF3)  

ade2::pJCZ3 (ADE2). 

yJCZ3 This is a diploid strain, a product of mating two 

intermediate strains: 

 

yAM22: MATa  

pep4::KanMX  

bar1::Hph- 

NT1 trp1::TRP1pJF3 (MCM5-GAL1-10-

MCM4)  

leu2::LEU2pJF4 (MCM7- 

GAL1-10-MCM6)  

ura3-1::URA3pRS306/MCM2-GAL1-10-CBP-

TEV-MCM3 / 

 

yJCZ1: MATα  

pep4::KanMX  

bar1::Hph-NT1  

his3::HIS3pJY13(CDC45iFLAG2-GAL1-10-

GAL4) (Yeeles et al., 2015) 

trp1::TRP1pJCZ1 (PSF1-GAL1-10-SLD5)  

leu2::LEU2pJCZ2 (PSF2-GAL1-10-PSF3)  

ade2::pJCZ3 (ADE2). 

Dr Jin Chuan 

Zhou 
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Table 10 S. cerevisiae strains generated in this study 

Name Genotype Use 

yAJ2 

(Yeeles et al., 

2015) 

MATa ade2-1 ura3-1 his3-11,15 

trp1-1 leu2-3,112 can1-100  

bar1::Hyg 

pep4::KanMX 

ura3::URA3pRS306/Dpb2, Dpb3 

trp1::TRP1pRS304/Pol2, Dpb4-

Tev-CBP 

Overexpression of WT Pol ε 

AJ12 

Single 

integration of 

both vectors 

MATa ade2-1 ura3-1 his3-11,15 

trp1-1 leu2-3,112 can1-100  

bar1::Hyg 

pep4::KanMX 

ura3::URA3pRS306/Dpb2, Dpb3 

trp1::TRP1pRS304/Pol2, Dpb4-

Tev-CBP 

Genomic tagging of Pol ε 

AJ17 MATa ade2-1 ura3-1 his3-11,15 

trp1-1 leu2-3,112 can1-100  

bar1::Hyg 

pep4::KanMX 

ura3::URA3pRS306/Dpb2, Dpb3 

trp1::TRP1pRS304/Pol2-MBP, 

Dpb4-Tev-CBP 

Overexpression of Pol ε 

Pol2-MBP fusion 

AJ18 MATa ade2-1 ura3-1 his3-11,15 

trp1-1 leu2-3,112 can1-100  

bar1::Hyg 

pep4::KanMX 

ura3::URA3pRS306/Dpb2-MBP, 

Dpb3 

trp1::TRP1pRS304/Pol2, Dpb4-

Tev-CBP 

Overexpression of Pol ε 

Dpb2-MBP fusion 

AJ19 MATa ade2-1 ura3-1 his3-11,15 

trp1-1 leu2-3,112 can1-100  

Overexpression of Pol ε 

Dpb3-MBP fusion 
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bar1::Hyg 

pep4::KanMX 

ura3::URA3pRS306/Dpb2, Dpb3-

MBP 

trp1::TRP1pRS304/Pol2, Dpb4-

Tev-CBP 

AJ20 MATa ade2-1 ura3-1 his3-11,15 

trp1-1 leu2-3,112 can1-100  

bar1::Hyg 

pep4::KanMX 

ura3::URA3pRS306/Dpb2, Dpb3 

trp1::TRP1pRS304/Pol2, Dpb4-

MBP-Tev-CBP 

Overexpression of Pol ε 

Dpb4-MBP fusion 

AJ23  MATa ade2-1 ura3-1 his3-11,15 

trp1-1 leu2-3,112 can1-100  

bar1::Hyg 

pep4::KanMX 

ura3::URA3pRS306/Dpb2, Dpb3 

Intermediate strain 

AJ25  MATa ade2-1 ura3-1 his3-11,15 

trp1-1 leu2-3,112 can1-100  

bar1::Hyg 

pep4::KanMX 

ura3::URA3pRS306/Dpb2, Dpb3 

trp1::TRP1pRS304/Δ1262 Pol2, 

Dpb4-Tev-CBP 

Overexpression of Δcat 

mutant 

AJ32 MATa ade2-1 ura3-1 his3-11,15 

trp1-1 leu2-3,112 can1-100  

bar1::Hyg 

pep4::KanMX 

trp1::TRP1pRS304/Pol2- 

3XFLAG 

Overexpression of isolated 

Pol2 subunit 

AJ34 MATa ade2-1 ura3-1 his3-11,15 

trp1-1 leu2-3,112 can1-100  

Overexpression of Δcat 

mutant tagged with 9MYC at 
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bar1::Hyg 

pep4::KanMX 

ura3::URA3pRS306/Dpb2, Dpb3 

trp1::TRP1pRS304/Δ1262 Pol2-

9MYC, Dpb4-Tev-CBP 

the C-terminus of Pol2 

AJ35 MATa ade2-1 ura3-1 his3-11,15 

trp1-1 leu2-3,112 can1-100  

bar1::Hyg 

pep4::KanMX 

ura3::URA3pRS306/Dpb2, Dpb3 

trp1::TRP1pRS304/Pol2-9MYC, 

Dpb4-Tev-CBP 

Overexpression of Pol ε 

tagged with 9MYC at the C-

terminus of Pol2 

AJ36 MATa ade2-1 ura3-1 his3-11,15 

trp1-1 leu2-3,112 can1-100  

bar1::Hyg 

pep4::KanMX 

ura3::URA3pRS306/Dpb2-9MYC, 

Dpb3 

trp1::TRP1pRS304/Pol2, Dpb4-

Tev-CBP 

Overexpression of Pol ε 

tagged with 9MYC at the C-

terminus of Dpb2 

AJ37 MATa ade2-1 ura3-1 his3-11,15 

trp1-1 leu2-3,112 can1-100  

bar1::Hyg 

pep4::KanMX 

ura3::URA3pRS306/Dpb2, Dpb3-

9MYC 

trp1::TRP1pRS304/Pol2, Dpb4-

Tev-CBP 

Overexpression of Pol ε 

tagged with 9MYC at the C-

terminus of Dpb3 

AJ38 MATa ade2-1 ura3-1 his3-11,15 

trp1-1 leu2-3,112 can1-100  

bar1::Hyg 

pep4::KanMX 

ura3::URA3pRS306/Dpb2, Dpb3 

Overexpression of Pol ε 

tagged with 9MYC at the C-

terminus of Dpb4 
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trp1::TRP1pRS304/Pol2, Dpb4-

9MYC-Tev-CBP 

AJ43 

 

MATa ade2-1 ura3-1 his3-11,15 

trp1-1 leu2-3,112 can1-100  

bar1::Hyg 

pep4::KanMX 

ura3::URA3pRS306/ Dpb3 

trp1::TRP1pRS304/Pol2, Dpb4-

Tev-CBP 

Overexpression of ΔDpb2 

mutant 
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Chapter 3. Purification and initial characterisation of 

Pol ε by biochemical and structural approaches 

 

3.1 Introduction 

Due to the lack of a reconstituted DNA replication system from a eukaryote, the 

detailed mechanism of origin firing remained elusive and difficult to study. 

Therefore, our laboratory set out on the ambitious task of developing such a tool, 

building on previous work. The first step of origin activation, the loading of the MCM 

helicase, was successfully reconstituted in vitro with purified proteins (Remus et al., 

2009, Evrin et al., 2009) and became a well-established assay in the laboratory, 

leading to key advances in our understanding of this process. Subsequently, it was 

shown that the MCM complexes loaded onto DNA in this manner are competent for 

replication when supplemented with an S-phase extract (On et al., 2014, Gros et al., 

2014). At that point, it seemed we knew the complete set of proteins required for 

origin firing since a mass spectrometry analysis of the interactors of MCM 

incubated with the S-phase extract did not identify any novel factors (On et al., 

2014).  

 

A key prerequisite for reconstituting origin firing in vitro was the isolation of all the 

proteins required in their functional form and sufficient quantities. Dpb11, GINS, 

Sld2, Sld3/7, Cdc45, DDK, RPA, Mcm10, Pol α and Cyclin A-Cdk2 (human) as well 

as the pre-RC components (MCM/Cdt1, Cdc6, ORC) were either purified before in 

the laboratory or the protocols were being established at the start time of this 

project (On et al., 2014, Mehanna and Diffley, 2012, Deegan et al., 2016, Frigola et 

al., 2013, Yeeles et al., 2015). Therefore, in order to study the role of Pol ε in 

initiation and to contribute to the development of the in vitro system recapitulating 

origin firing, it was necessary to establish a protocol for its purification. To improve 

published Pol ε purification protocols (Chilkova et al., 2003, Dua et al., 2002) codon 

usage of the genes encoding Pol ε was optimized. This approach has proved to be 

very effective for a number of other proteins in our laboratory.  
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This chapter is devoted mainly to the presentation of the purifications, 

predominantly based on established protocols, of all the components required to 

reconstitute origin firing in vitro as well as the novel purification of Pol ε. In addition, 

some biochemical characterisation of the complex’s properties and an initial 

structure reconstruction from negative stain EM data will be discussed here.  

 

3.2 Results 

3.2.1 Purification of the components for in vitro reconstitution of origin 

firing 

All proteins required to reconstitute origin firing in vitro were purified to 

homogeneity from either Escherichia coli (Cdc6, GINS, Mcm10) or Saccharomyces 

cerevisiae (ORC, MCM/Cdt1, Sld3/7, DDK, Cdc45, Dpb11, Sld2, Pol ε, Pol α, RPA) 

cells, with the exception of A-Cdk2 isolated from human cells (a kind gift from Dr 

Dominik Boos) and Topo I from Vaccinia virus acquired commercially. Selected key 

features of the purification strategies and their rationale will be briefly described 

below. Further details can be found in Chapter 2 Materials and Methods.  

 

For all proteins purified from S. cerevisiae, both the expression strain construction 

and cell growth shared common features. Codon usage was optimised to improve 

expression levels. There are 20 amino acids but 64 codons (61 amino acid coding 

codons plus 3 stop codons) so that the genetic code is said to be degenerate. 

Therefore, each amino acid can be encoded by a variety of codons and a bias 

exists in their occurrence in the DNA sequence. It was found that highly expressed 

proteins are encoded by so called ‘major codons’ while poorly expressed proteins 

are encoded by ‘rare codons’. For this reason changing the DNA sequence so that 

the protein of interest is encoded by the most frequently occurring codons in a 

given expression host often improves its expression levels. The coding sequences 

were then cloned into integrative vectors based on the pRS series (Sikorski and 

Hieter, 1989, Christianson et al., 1992) that were modified to contain the 

bidirectional GAL1-10 promoter (Frigola et al., 2013), which enables the control of 
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protein expression by the addition of galactose. Those vectors were routinely 

integrated in the YJF1 strain (W303-1a pep4::KanMx4 bar1::Hph-NT1) (Frigola et 

al., 2013). This strain is hypersensitive to alpha-factor due to the bar1 mutation and 

it can be arrested in G1 phase of the cell cycle. It also exhibits reduced proteolytic 

degradation due to the pep4 protease deletion. Cells were grown at 30 °C until mid-

log phase to ensure that the cultures were healthy and not under metabolic stress 

due to lack of nutrients in the growth medium and arrested with alpha-factor. The 

arrest was routinely performed to ensure that the protein preparations are 

homogenous and devoid of any S-phase post-translational modifications. Protein 

expression was induced with galactose for 3 hours, which was found to be a 

sufficient expression time for all proteins.  

 

All protein purification strategies followed the same 3-step process: extract 

preparation, affinity capture and further chromatography steps as required [Fig.3.1]. 

 

Figure 3-1 A schematic representation of the strategy employed for the 

purification of proteins used in this study  
Brief summary the purpose of each step. The purity of the protein increases with each 
step.  

 

To prepare extracts, the cells were first lysed using a SPEX CentriPrep 6850 

Freezer Mill. This maintained the cells in a frozen state during lysis, thus minimising 

protein degradation due to overheating or protease activity. The appropriate buffer 

conditions (pH, salt concentration, detergent) were determined empirically to 
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ensure that the proteins were soluble in the extract. Extracts were supplemented 

with either 2-Mercapthoethanol (BME) or 1,4-Dithiothreitol (DTT) reducing agents, 

to prevent protein oxidation, as well as protease inhibitors.  

 

Proteins were then purified as described in Chapter 2. Materials and Methods. 

Using the above 3-step strategy, good quantities of pure protein were obtained 

from as little as 2-10 litres of yeast cells or 1-2 litres of bacterial cells [Fig. 3.2].  

 

 

Figure 3-2 Purified components of the minimal replication system analysed by 

SDS-PAGE and Coomassie staining  
The gel shows samples of protein stocks frozen after the final purification steps. The 
black dots on the gel mark the relevant bands on the gel and were used to discriminate 
them from protein contaminants. For multi-subunit complexes Table 11 below assigns 
the individual subunits ordered from highest MW to lowest MW.  
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Table 11 Description of multi-subunit complexes.  

ORC MCM/ Cdt1 DDK Sld3/7 GINS Polα RPA 

Orc1 Mcm6 Dbf4 Sld3 Sld5 Pol1 Rpa1 

Orc2 Mcm3 Cdc7 Sld7 Psf1 Pol12 Rpa2 

Orc3 Mcm2/4   Psf2 Pri2 Rpa3 

Orc4 Mcm7   Psf3 Pri1  

Orc5 Mcm5      

Orc6 Cdt1      

 

3.2.2 Confirmation of the activity of pre-RC components 

Following the purification of the pre-RC components, MCM/Cdt1, Cdc6 and ORC, it 

was important to test their functional activity as described previously (Remus et al., 

2009, Evrin et al., 2009), before using them in downstream applications. In order to 

do this, pre-RC assembly reactions were performed using an established ‘loading 

assay’ protocol (Remus et al., 2009). This assay is based on the requirement of 

ATP hydrolysis for MCM loading onto DNA so that only reactions performed in its 

presence can lead to the formation of a double MCM hexamer. Furthermore, MCM 

loading is dependent on ORC, Cdc6 and Cdt1. Since the double hexamer encircles 

DNA, it is resistant to treatment with a high salt wash (HSW) while ORC and Cdc6 

are removed. In contrast, when the reactions are performed in the presence of 

ATP’s poorly hydrolysable analogue, ATPγS, ORC, Cdc6 and MCM only bind 

dsDNA (referred to as recruitment) and can withstand treatment with a low salt 

wash (LSW) but not HSW. It follows that by performing the reaction in the presence 

of ATP or its ATPγS, the ability of pre-RC factors to support MCM loading onto 

DNA can be tested.  

 

In this experiment, MCM/Cdt1, Cdc6 and ORC were incubated with a 1kb linear 

DNA fragment, pre-coupled to magnetic beads that contained an ARS1 origin of 

replication in its sequence [Fig. 3.3A]. When the proteins were incubated with DNA 

in the presence of ATP or ATPγS and subsequently washed with LSW, ORC and 

Cdc6 were recruited to DNA and so was MCM [Fig. 3.3B]. However, in the reaction 
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containing ATP, MCM was resistant to a HSW [Fig. 3.3B]. Based on this, it could 

be concluded that the preparations of pre-RC factors were active.  

 

 

Figure 3-3 Confirming the activity of pre-RC components in vitro  
A) Schematic representation of the in vitro loading assay and the outcomes of the 
reactions after treatment with either LSW or HSW. Whether the reaction requires one 
(as shown for simplicity) or two ORC molecules is an area of active investigation. B) In 
vitro loading assay performed to test the functionality of the proteins. Proteins bound to 
DNA were analysed by SDS-PAGE followed by silver staining. Reactions were 
performed either in the presence of ATP or ATPγS and washed with either LSW or 
HSW as indicated.  
 

3.2.3 Construction of Pol ε overexpression strain 

The DNA sequences encoding the four Pol ε genes were synthesised chemically 

(Geneart) in order to optimise their codon usage. Subsequently, the sequences 

were cloned into integrative vectors. Since in those modified vectors (Frigola et al., 

2013) the genes are placed under the control of a bidirectional GAL1, 10-galactose 

inducible promoter, two genes were cloned into each vector [Fig.3.4].   
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Figure 3-4 Schematic representation of the two vectors constructed to prepare 

the Pol ε overexpression strain  
The scheme shows the auxotrophic markers used as well as the cloning sites. A) 
vector for overexpression of Dpb2 and Dpb3 B) vector for overexpression of Pol2 and 
Dpb4-TEV-CBP. 
 
Those vectors were then linearized by cutting them at a unique restriction site 

located within the auxotrophic marker (ura or trp in this case) and integrated into 

the yeast genome. Their correct location in the chromosome was confirmed by 
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PCR (data not shown). For purification purposes, a small calmodulin binding 

peptide (CBP) tag was placed at the non-conserved C-terminus of the non-

essential Dpb4 subunit to minimize the chances of the tag having any disruptive 

effect on the complex. In addition, a tobacco etch virus (TEV) cleavage site was 

introduced between the tag and the protein to allow its removal, should this prove 

required for future experiments.  

3.2.4 Purification of Pol ε 

Following small-scale expression tests, buffer conditions were established under 

which the protein was in the soluble phase of the lysate. A first attempt to purify the 

protein using CBP affinity chromatography showed that the protein was 

overexpressed to a high level and relatively pure [Fig. 3.5B]. Since ion-exchange 

chromatography was ineffective in removing contaminants (data not shown), 

heparin resin was used for further purification. Like DNA, heparin resin is a 

polyanion, and it can mimic the interaction with the sugar-phosphate backbone of 

the double helix (Bromfield and Smith, 2015). For this reason, it is often used to 

purify DNA binding proteins, such as polymerases. Indeed, this resin removed most 

of the contaminants and at the same time concentrated the protein for the final 

purification step [Fig. 3.5C]. Pol ε was subsequently passed through a gel filtration 

column to ensure that the preparation was homogenous with no aggregates and 

also removed a small amount of the Dpb3/4 dimer present in excess. At the same 

time, this step was used to exchange the buffer for the one suitable for downstream 

applications, which had a lower salt concentration [Fig. 3.5D]. Owing to this 

purification strategy [Fig. 3.5A], it was possible to obtain ~0.5 mg of pure protein 

from as little as 2 litres of yeast cells.    
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Figure 3-5 Purification of Pol ε 
A) Schematic representation of the three steps of Pol ε purification. Pol ε following the 
CBP affinity purification step - elution fractions 1-10 B) the heparin purification step – 
elution fractions 7-21 C) the gel filtration purification step – elution fractions 16-23 D) 
analysed by SDS-PAGE and Coomassie staining. MW markers are shown in C)  
 

3.2.5 Presence of an iron-sulphur cluster in Pol ε 

Typically, protein preparations appear colourless and do not absorb light in the 

visible spectrum. However, after purification, Pol ε appeared to have a faint yellow 

colour, characteristic of iron-sulphur cluster containing proteins [Fig. 3.6 A], and this 

colouration was concentration dependent as noted by others (Jain et al., 2014b, 

Netz et al., 2012). 

 

To test directly for the presence of iron, a colourimetric assay based on measuring 

UV absorbance of iron bound by 4,7-Diphenyl-1, 10-phenanthroline (, 

bathophenanthroline - BPhen) (Pieroni et al., 2001, Rudolf et al., 2006) was used 

[Fig. 3.6B]. BPhen is a chemical compound that chelates Fe2+ ions, forming a 

complex that absorbs light at 535 nm and, thus, exhibits a pink colour [Fig. 3.6C].  

 

The colour change to pink is observed because Fe possesses empty d orbitals in 

its electron shell. Therefore, upon binding of the BPhen ligands the repulsion 
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between electrons of BPhen and Fe raises the energy of Fe d orbitals. However, 

since d orbitals have different spatial arrangement, the increase in energy is 

different so that new orbitals with lower and higher energy are formed. The energy 

difference between orbitals (referred to as the energy gap) is affected by the 

identity of the metal, its oxidation state, as well as the identity of the ligand. When 

metal-ligand complexes are exposed to light, some energy from the visible 

spectrum can be absorbed to promote electrons to the higher energy level orbitals. 

Each wavelength of light is associated with a particular energy and so only some 

wavelengths can be absorbed. The colour of the complex observed by the eye is 

the mixture of colours of the UV spectrum associated with wavelengths that are not 

absorbed by the complex (Housecroft and Sharpe, 2012).   

 

The specificity of BPhen for Fe2+ is also a consequence of its electron configuration, 

which favours the formation of complexes with an octahedral geometry. For this 

reason, ligands that are compatible with this geometry, such as BPhen, can be 

used to preferentially bind Fe2+ over other biologically available divalent ions 

including Cu2+ and Zn2+. (Haas and Franz, 2009).  

 

Since BPhen binds exclusively to iron in its Fe2+ oxidation state, following the 

release of iron from the protein, achieved by boiling with HCl to promote 

denaturation, the ions are reduced with ascorbic acid [Fig. 3.6B] before BPhen is 

added. In this experiment, when BPhen was incubated with Pol ε subjected to this 

treatment, the solution turned pink, indicating the presence of iron. The estimated 

iron content was ~2.5:1 iron: protein. Since iron-sulphur clusters can differ in the 

number of iron atoms they contain, this ratio of iron: protein would be most 

consistent either with a [3Fe-4S] cluster or potentially the presence of multiple 

clusters. However, it should be noted that this assay couldn’t provide any insight 

into which class this iron-sulphur cluster belongs to (i.e. rhomboid, cubic etc.). This 

would require utilising another method, for example EPR (electron paramagnetic 

resonance).  
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Figure 3-6 Pol ε contains an iron-sulphur cluster 
A) Photograph showing the faint yellow colouration of Pol ε concentrated to ~5 mg/ml 
next to an Eppendorf tube containing purification buffer only. B) Schematic 
representation of the BPhen colourimetric assay C) Iron chelated by three molecules of 
BPhen. The complex shows peak light absorbance at 535 nm D) Results of the BPhen 
assay: absorbance of samples measured at 535 nm by UV-VIS spectrophotometry.  
 

3.2.6 Presence of modifications on the Pol2 subunit of Pol ε 

Following analysis of purified Pol ε on an SDS-PAGE gel, the presence of bands 

running above the Pol2 subunit was observed. Therefore, it seemed plausible that 

the higher migrating bands were a modified form of the Pol2 subunit, bearing a 

covalent attachment of a small protein modifier, like ubiquitin or SUMO. Since mass 

spectrometry identified the higher-running bands as Pol2 but did not identify the 

nature of this modification, a Western blot experiment was performed instead. An 

antibody specific for monoubiquitin reacted with a band just above the Pol2 subunit 

demonstrating that Pol ε was ubiquitinated [Fig. 3.7].  
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Figure 3-7 The Pol2 subunit is ubiquitinated 
Three different amounts of Pol ε were used in the experiment and probed with an anti-
monoubiquitin antibody (P4D1) by Western blot. The antibody detected a band running 
above the Pol2 subunit on an SDS-PAGE gel. The modified band is not present in 
sufficient quantities to be visible using the Ponceau S stain.  
 

3.2.7 Recombinant Pol ε supports initiation and is active as a polymerase in 

the in vitro replication assay 

Since the focus of this study was the non-polymerisation function of Pol ε, it was 

important to confirm that the overexpressed protein is able to support CMG 

formation and perform all its functions during initiation. After I joined the laboratory, 

a postdoctoral researcher, Dr Joseph Yeeles, reconstituted the initiation of DNA 

replication in vitro using purified proteins. This assay enabled me to demonstrate 

clearly that the Pol ε purified by me was active and able to support initiation.  

 

The experiment was performed as outlined [Fig. 3.8A] and will be briefly described 

below. First, MCM was loaded onto a 3.2 kb plasmid with an ARS1 origin of 

replication coupled to magnetic beads as shown before (Remus et al., 2009, Evrin 

et al., 2009). Then, DDK was added directly to the reaction to phosphorylate the 

double hexamer and promote the binding of Sld3/7 and Cdc45. Following this step, 

the buffer was exchanged and factors required for the CDK step were added (Pol ε, 

GINS, Sld2, Dpb11 and CDK). Finally, the buffer was exchanged again to both 

lower the salt concentration (which was found inhibitory for replication) as well as 

introduce radioactively labeled nucleotide (CTP) required to monitor DNA synthesis. 

At this stage, also four other factors were added: Pol α (the primase), RPA 
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(required to bind ssDNA extruded during DNA unwinding by CMG), Mcm10 

(required for helicase activity), and Topo I from Vaccinia virus (required to relax the 

plasmid and prevent inhibiting the replication reaction by accumulating 

supercoiling). In addition, during the replication step the temperature was shifted to 

30 °C to best mimic the in vivo conditions. The appearance of replication products 

was analysed by separating them by alkaline gel electrophoresis (Materials and 

Methods) and then visualising them using a Typhoon phosphoimager (GE 

Healthcare) after thoroughly drying the gel.  

 

When the reaction was performed in this manner, the appearance of two discrete 

populations of products was observed. One product was observed at ~150 bp, and 

the other formed a large smear centred at 1.6 kb, the latter being half the length of 

the plasmid [Fig. 3.8B]. Although this experiment cannot attest this, the small 

products are likely formed on the lagging strands since there is no ligase present in 

the system that would join the Okazaki fragments into longer stretches of DNA. The 

plasmid used in this experiment was coupled to the magnetic beads via a 

streptavidin-biotin linkage after biotinylation (Chapter 2 Materials and Methods). 

Since biotinylation by this method is random, the location of the biotin varied with 

respect to the ARS1 origin of replication present on the plasmid. It was observed 

before that biotin interferes with the moving replisome (Pacek et al., 2006, On et al., 

2014), thus, potentially hindering the completion of replication. Therefore, it would 

be expected to observe a range of product sizes varying from small ones to almost 

full-length plasmid, as shown [Fig 3.8B]. A substantial pool of lagging strand 

products was not seen in this experiment, which was probably due to limiting 

amounts of Pol α present. Since no product was formed in the absence of DDK 

phosphorylation, the radioactive signal was specific to initiation. Furthermore, no 

product formation was observed in the absence of Pol ε indicating that it is strictly 

required for initiation.  

 

From this experiment it was concluded that Pol ε is competent for initiation and also 

active as a polymerase since Pol α cannot synthesise long stretches of DNA 

(Pellegrini, 2012). In addition, this result also showed that all my protein 

preparations were functional and could be used in subsequent experiments. 
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Figure 3-8 Confirming that recombinant Pol ε is functional using the in vitro 

replication assay  
A) Schematic replication of the in vitro reconstitution of origin firing B) An alkaline 
agarose gel showing the products of a reaction performed as shown in A) using a 
randomly biotinylated 3.2 kb plasmid template coupled to magnetic beads. The signal 
was completely dependent on DDK phosphorylation, which demonstrates the 
specificity of the reaction.  
 

3.2.8 Pol ε analysed by electron microscopy (EM) reveals a bilobal 

architecture of the complex 

One of the aims of this study was to gain structural insight into the interaction of Pol 

ε with the CMG. The first step towards this aim was to obtain a structure of the FL 

Pol ε, and when I joined the laboratory its low-resolution EM structure was available 

(Asturias et al., 2006). Although I attempted a crystallisation trial, no hits were 

identified in a comprehensive screen of over 1000 conditions (The screen was 

conducted in collaboration with Dr Peter Cherepanov’s Chromatin structure and 

mobile DNA Laboratory at the Francis Crick Institute).  

 

Due to its large size, the Pol ε complex appeared well suited for EM studies. 

Therefore, a collaboration was established with Dr Alessandro Costa’s 
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Macromolecular Machines Laboratory at the Francis Crick Institute, which has 

extensive experience with this technique. At this point, it needs be noted that my 

collaborators performed grid preparation, data acquisition and data analysis.  

 

Pol ε from the final gel filtration step of the purification described above [Fig. 3.9A] 

was applied to carbon grids for negative staining. The raw images of the grids 

revealed two globular domains that appeared to be connected by a thin linker [Fig. 

3.9B], which is better visible in the 2-D classification of particles [Fig. 3.9C]. This 

observation was unexpected, considering that the existing cryo-EM structure is 

quite different and does not show such bilobal architecture. However, it should be 

noted that the particles analysed by negative stain largely resemble our results 

(Asturias et al., 2006). Although the particles could potentially be Pol ε dimers, this 

appeared unlikely due to their size. Furthermore, most recent data (Chilkova et al., 

2003) demonstrated that Pol ε exists as a monomer in contradiction to some 

previous reports (Dua et al., 2000). Nevertheless, it was important to formally 

exclude the possibility that under the purification conditions of this experiment, Pol 

ε forms a dimer. To this end, the molecular weight (MW) of the complex was 

determined. 

 

 

Figure 3-9 WT Pol ε analysed by negative stain EM 
A) Purified Pol ε used to prepare the grids for EM analysis B) Representative negative 
stain electron micrograph of WT Pol ε used to collect data from. C) 2-D class averages 
of WT Pol ε.  
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3.2.9 Oligomeric state of Pol ε 

3.2.9.1  Molecular weight (MW) of Pol ε estimated by analytical gel filtration 

The oligomeric state of a protein can be established by determining its MW and 

comparing it to the theoretical value, calculated using the polypeptide sequence. 

There are different methods of estimating MW and two commonly used ones are 

based on comparing the behaviour of the protein of interest with a set of protein 

standards with known MW. In the first method, the proteins are compared based on 

gel filtration data alone (Whitaker, 1963). In the second method, gel filtration data is 

combined with velocity sedimentation (Siegel and Monty, 1966). However, in both 

cases, the assumption is made that the protein of interest behaves in the same 

manner as the standards when travelling through the gel filtration matrix and during 

the ultracentrifugation experiment. This, however, is not always true as a protein’s 

shape, conformation and post-translational modifications can affect this behaviour, 

leading to inaccuracies in the MW determination.  

 

Due to the high MW of Pol ε, the monomeric form can be easily distinguished from 

a dimer since it would differ by ~383 (MW of Pol ε tagged with CBP) kDa. Therefore, 

while the gel filtration methods described above should be treated only as an 

estimate of MW, they can be, however, informative for the assessment of the 

oligomeric state. In the experiment described below the method of Whitaker was 

used.    

 

The experiment was performed using a Superose 6 PC 3.2/30 column (GE 

Healtcare), which has the appropriate broad separation range from 5000-5000 000 

Da, making it best suited for large complexes such as Pol ε. The separation was 

performed in the same buffer as the one used for the final gel filtration step, from 

which Pol ε was applied onto the carbon grids. The protein eluted at 1.478 ml as a 

single peak. Although some asymmetry was present in the elution profile, it was 

possible to determine the elution volume of the center of the peak from the SDS-

PAGE gel [Fig.3.10A]. To estimate the MW, the column was first calibrated using 5 

standard proteins of known MW [Fig 3.10B]. Based on this, a value of 344 kDa was 

obtained, which deviated significantly from the predicted MW of 383 kDa for Pol ε-
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CBP. Nevertheless, this MW estimate would be consistent with Pol ε being a 

monomer and not a dimer. However, it should be also noted that the MW obtained 

in this experiment was smaller than reported in literature (Chilkova et al., 2003). 

This can be rationalized by the use of different MW markers used in the experiment 

and hence a different standard curve.  

 

 

Figure 3-10 Pol ε analysed by analytical gel filtration  
A) Elution profile of purified WT Pol ε concentrated to ~ 1.3 mg/ ml from a Superose 6 
PC 3.2/ 30 gel filtration column analysed by SDS-PAGE followed by Coomassie 
staining. Some tailing of the elution profile was observed, most likely due to the 
conformational flexibility of the protein (see text) but the centre of the peak, where most 
of the protein eluted, was determined to be 1.478 ml B) Standard curve used to 
determine the MW of WT Pol ε prepared by determining the elution volume of 5 MW 
standards: thyroglobulin, gamma-globulin, ovalbumin, myoglobin, vitamin B12. The 
elution volume of Pol ε is indicated by a red square whereas the elution volumes of 
standards are indicated by blue squares. Black line represents a best-fit straight line to 
the standards’ data points, which was used to calculate the MW of Pol ε.  
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3.2.9.2  Native MW of Pol ε determined by (Size-Exclusion Chromatography 

coupled with Multi-Angle Laser Light Scattering (SEC-MALLS) 

As discussed above, gel filtration experiments are prone to error, especially for 

non-globular proteins that can adapt different conformations. Since based on the 

initial characterisation of Pol ε by EM this appeared to be the case, MW of the 

complex was determined by SEC-MALLS. In a SEC-MALLS experiment, the 

protein is passed through a gel filtration column and light scattering of the eluting 

sample is measured. The method is based on the Rayleigh-Gans-Debye (RGD) 

theory of light scattering, from which it follows that the intensity of light scattered by 

a protein is directly proportional to its molar mass (further discussion of the 

theoretical basis of this method can be found in (Wyatt, 1993). Importantly, in a 

SEC-MALLS experiment, the MW is calculated from first principles. Therefore, the 

shape of the protein or different conformational states does not affect it.  

 

 

Figure 3-11 MW of Pol ε determined by SEC-MALLS 
Results of a SEC-MALLS experiment performed to determine the MW of WT Pol ε. Plot 
of elution volume against molar mass (g/mol), which is numerically equivalent to kDa. 
The MW was determined to be 381.5 kDa with a small error of +/- 0.5%.  
 

The experiment was performed in collaboration with Dr Svend Kjaer from the 

Structural Biology Science Technology Platform at the Francis Crick Institute. The 



Chapter 3 Results 

 

123 

 

gel filtration was performed again on a Superose 6 column in the same buffer that 

was used for purification of Pol ε for the EM experiments. The MW was determined 

to be 381.5 +/-0.5% kDa, which is in good agreement with the MW of 383 kDa 

predicted for a Pol ε monomer, including the 4 kDa CBP tag [Fig. 3.11]. Therefore, 

it was concluded that the particles observed by EM were not dimers. 

 

Subsequently, the 3-D structure reconstruction of the complex clearly showed the 

two lobes connected by a flexible hinge [Fig. 3.12A]. It was also observed that the 

complex exhibited considerable flexibility and existed in two conformations where 

the two lobes move towards or away from each other. This is referred to as relaxed 

and compact conformations, respectively [Fig. 3.12B,C].   

 

B

relaxed form 

compact form 

C

A

 
Figure 3-12 WT Pol ε structure reconstruction from negative stain EM data  
A) 3-D structure reconstruction of WT Pol ε from negative stain EM data. The complex 
shows two lobes connected by a thin linker. B) Different views of the relaxed form of 
the complex C) Different views of the compact form of the complex, where the two 
lobes move towards each other.  
 

Since bioinformatics studies uncovered that the Pol ε Pol2 subunit is composed of 

an active and inactive polymerase-exonuclease domain (Tahirov et al., 2009), it 

seemed plausible that the two domains might be still structurally similar. 

Considering the relative sizes of the four subunits, Dpb2, 3 and 4 are together too 

small to have accounted for the density of either of the lobes. Taken together, this 

led to the hypothesis that Pol2, being the largest subunit, spans the two lobes.  
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3.3 Discussion 

3.3.1 Developing an in vitro system recapitulating origin firing 

In order to study the mechanism of origin firing, our laboratory set out to establish 

an in vitro system recapitulating this process. This chapter contains a description of 

the establishment of a purification protocol for Pol ε, which is a key component of 

this system. Owing to the strategy adopted, it was possible to obtain a high yield of 

pure protein for both biochemical and structural studies. The efforts to reconstitute 

origin firing proved successful and led to the establishment of the ‘in vitro 

replication assay’ (Yeeles et al., 2015). The testing of Pol ε in this assay 

demonstrated that the protein is functional and active not only as a DNA 

polymerase, but it is also able to support CMG assembly. 

 

In order to dissect the role of Pol ε in the initiation of DNA replication, an attempt 

was made to characterise its interactions with other factors required for MCM 

activation. To this end, first, the pre-RC factors were purified and their ability to load 

MCM onto double stranded DNA was confirmed. In addition, all the proteins 

required for reconstituting DNA replication in vitro were purified and their 

functionality was confirmed, which laid the groundwork for future experiments.  

 

3.3.2 Biochemical characterisation of the Pol ε complex 

Obtaining pure Pol ε enabled an initial characterisation of the complex. The Pol2 

subunit was found to bear a ubiquitin mark, which is often used by the cellular 

machinery to target proteins for degradation by the proteasome. Indeed, it was 

reported that ubiquitination of Pol2 promotes degradation of Pol ε in S. pombe in 

ΔSWI1 cells (Roseaulin et al., 2013). This is believed to happen in response to 

replication stress since deletion of SWI1 is known to be able to destabilise 

replication forks. It was also noted that Pol2 is somewhat unstable in WT cells, and 

the authors propose this as a mechanism for the replacement of defective Pol ε 

molecules (Roseaulin et al., 2013). However, the modified form was not present in 

significant quantities in Pol ε obtained in this study and appeared to have no 

detrimental effect on any experiments.  
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Pol ε was also found to contain iron in the BPhen colourimetric assay, suggesting 

the presence of an iron-sulphur cluster. Iron-sulphur clusters are commonly, but not 

exclusively, found in proteins required for electron transfer, such as those involved 

in photosynthesis or the mitochondrial electron transport chain. This is because 

iron-sulphur clusters can alter their oxidation state and, thus, act as acceptors or 

donors of electrons (Johnson et al., 2005). More recently, said metal centers have 

been also identified in a number of nucleic acid processing enzymes, including 

RNA polymerases, helicases and glycosylases (White and Dillingham, 2012).  

 

Iron-sulphur clusters differ in their complexity and geometric arrangement, 

depending on the number of iron and sulfur atoms involved in the formation of the 

cluster. Some of the common types include: [Fe-S], [2Fe-2S], [3Fe-4S] and [4Fe-

4S] (Johnson et al., 2005). The sulphur atoms coordinating the iron atoms are most 

commonly thiol groups of cysteine owing to their high affinity for iron. Indeed, the 

presence of an iron-sulphur cluster of the [4Fe-4S] type in the C-terminal domain of 

the catalytic subunit was demonstrated for the three eukaryotic replicative 

polymerases (α, ε, δ), and the cluster was proposed to perform a predominantly 

structural role in the complexes (Netz et al., 2012). Pol ε, however, appears to 

possess a second iron-sulphur cluster in the N-terminal portion of the Pol2 subunit 

(Jain et al., 2014b) that also likely belongs to the [4Fe-4S] type. Although this 

cluster appears to be important for the polymerisation activity, it is most likely in 

result of its proximity to the catalytic domain and detrimental effect of its absence 

for the architecture of the catalytic site (Jain et al., 2014b). It was possible to 

determine which cysteines (Cys665, Cys668, Cys763) are involved in coordinating 

iron since their substitution resulted in loss of the cluster. Although the N-terminal 

part of the Pol2 subunit has been crystallized recently, those cysteines (together 

with Cys 677) were found to coordinate a Zinc ion instead of Iron (Jain et al., 2014a, 

Hogg et al., 2014). This, however, is not without a precedent as miss-incorporation 

of ions into metal centers can happen, especially for recombinant proteins 

overexpressed to high levels in a different host organism (Urzica et al., 2009).  

 

If the above-mentioned studies (Jain et al., 2014b, Netz et al., 2012) correctly 

assigned the iron-sulphur cluster type, it would follow that each Pol ε complex 
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should contain eight iron molecules. In this case, the ratio of ~2.5:1 iron: protein 

measured in this study would suggest that some of the clusters are destroyed, 

most likely due to oxidation during purification. Since the BPhen assay measures 

the average iron content in bulk, it cannot be determined whether the Pol ε 

preparation contains a mixed population of molecules (i.e. where some have all 

intact clusters while some lack iron completely) or a homogenous one (i.e. where 

all clusters are partially occupied). Nevertheless, Pol ε purified in this study is 

functional and can support replication, as shown in this chapter. Importantly, it has 

been shown recently to synthesise DNA at in vivo rates in a more complete in vitro 

system supplemented with Mrc1 and Csm3/Tof1 replisome-associated factors 

(Yeeles et al., 2016).  

 

The presence of iron sulphur clusters in replicative polymerases, including Pol ε, 

provides an interesting link between mitochondrial function and DNA synthesis. 

The biogenesis of those metal centers takes place in the mitochondria since they 

require a specific set of proteins for their formation (Lill, 2009). Therefore, defective 

function of this mitochondrial pathway can indirectly affect DNA synthesis and, 

consequently, genome stability.  

  

3.3.3 Structural characterisation of the Pol ε complex 

A thorough investigation of the role of Pol ε in the initiation of DNA replication 

required that biochemical approaches were complemented with structural studies. 

In particular, in the later stages of the project it was planned to characterise 

structures of Pol ε with some or all of the pre-LC components (GINS, Dpb11, Sld2) 

as well as its interaction with the CMG. In order to achieve this, structure of the WT 

Pol ε was required. Since crystallisation trials proved unsuccessful, EM was used, 

which is a method well suited for large complexes such as Pol ε. Thanks to 

collaboration with the Macromolecular Machines Laboratory of Dr Alessandro 

Costa, it was possible to obtain a low-resolution EM structure from negative stain 

data. An initial inspection of 2-D class averages revealed unexpected bilobal 

architecture. After excluding the possibility that the protein forms a dimer by 
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determining its MW in a SEC-MALLS experiment, the 3-D structure was 

reconstructed.  

 

The 3-D structure clearly showed an elongated molecule with two lobes connected 

by a thin linker, which suggested that the complex likely exhibits a large degree of 

flexibility with rotation around the linker. This would not only rationalise the 

problems with crystallising the complex but also account for the behavior of Pol ε 

on a gel filtration column. Since non-globular molecules migrate differently in the 

column matrix as compared to globular MW standards, this could lead to errors in 

MW estimation using analytical gel filtration. Finally, Pol ε was found to exist as a 

mixed population of ‘compact’ and ‘extended’ molecules. Although an EM structure 

of Pol ε was reported before (Asturias et al., 2006), it was found in this study that 

the structure obtained was somewhat different from published data, possibly in 

terms of subunit assignment since the Pol2 appeared likely to span the two lobes of 

the structure (and not form one of the lobes). This observation was a prompt to 

characterise the Pol ε complex structure in more detail, which will be described in 

the following chapter. Since it was not possible to obtain a high-resolution structure 

of the full Pol ε complex by cryo-EM, we decided to use alternative approaches to 

explore the topology of the complex.  
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Chapter 4. Characterisation of Pol ε and the Pol ε-

CMG (CMGE) complex by electron microscopy  

 

4.1 Introduction 

4.1.1 Determination of the structure of WT Pol ε 

The determination of the architecture of a complex is often a prerequisite for 

understanding its biological function. Recent advances in the field of EM enabled 

the study of large complexes, which are not feasible targets for crystallography. 

However, not all complexes are suitable for high-resolution cryo-EM studies, either 

because of their flexibility or labile nature causing heterogeneity of the sample. 

Nevertheless, even low- to medium- resolution structures, such as those obtained 

by negative stain EM, can provide important insights. It should be noted, however, 

that without high-resolution data it is difficult to assign the subunit location in 

multicomponent complexes. This is especially true for symmetrical complexes 

without distinctively shaped elements, which appeared to be the case for Pol ε 

complex, considering its initial structure reconstruction from negative stain EM data. 

 

Two different approaches were taken here in order to obtain more detailed 

information about the architecture of Pol ε. First, deletion mutants of Pol ε were 

prepared in order to assign the subunit location based on difference maps, in which 

the map of the mutant complex is compared to the WT protein so that the additional 

density can be assigned to the deleted subunit. Then, the individual subunits of Pol 

ε were marked with a label to facilitate their identification under the microscope. A 

variety of techniques can be utilised to label complexes for EM studies. Some of 

the most common ones include labeling with an antibody, gold particles or 

streptavidin (Oda and Kikkawa, 2013). All of those methods, however, have 

disadvantages, including poor labeling efficiency and specificity as well as technical 

difficulties in complex preparation. For this reason, another common strategy was 

employed. It entails fusing a protein label to the subunit of interest at either the N- 

or C-terminus. A common one is the ~40 kDa maltose binding peptide (MBP) tag, 
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which has been successfully used in many studies to date, including the 

characterisation of the ORC complex’s architecture (Chen et al., 2008).  

 

Fusing a relatively large tag can have a detrimental effect on a multi-subunit 

complex, such as Pol ε, and it can affect its stoichiometry. Therefore, an attempt 

was made to tag each of its four subunits individually at both the N- and the C-

termini to increase the likelihood that at least some of the fusion complexes would 

be unaffected and suitable for EM studies.    

 

The initial structure of Pol ε suggested that it should be possible to design a 

truncated version of the complex suitable for high-resolution cryo-EM studies. Due 

to the fact that Pol ε exhibits bilobal architecture and the two parts of the protein are 

connected by a thin hinge, it is likely that the complex exhibits a large degree of 

flexibility. As discussed in the first results chapter, one of the lobes is likely 

comprised of the catalytic N-terminal portion of Pol2. Therefore, it would be 

predicted that deleting it would give rise to a more compact particle and remove the 

heterogeneity of the sample attributed to the existence of the compact and relaxed 

conformations as well as the rotation of the lobes with respect to each other around 

the linker. 

 

4.1.2 Determination of the spatial relationship between CMG and Pol ε 

Until recently, information about the CMG architecture had been limited to its 

subcomponents since only the crystal structures of the MCM (archaeal) and GINS 

(archaeal and human) complexes were determined (Boskovic et al., 2007, Chang 

et al., 2007, Choi et al., 2007, Slaymaker and Chen, 2012). The past five years 

brought major breakthroughs in understanding the replication machinery that will be 

discussed in more depth in Chapter 6. Discussion. However, many questions 

remain unanswered, including the spatial relationship between Pol ε and the CMG, 

which likely has important implications for the establishment of leading strand 

synthesis. Direct binding of Pol ε to the CMG complex was proposed because of its 

interaction with GINS (Sengupta et al., 2013), which was demonstrated more 

recently by isolating a stable CMGE complex (Langston et al., 2014). Therefore, it 
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was assumed that it should be possible to reconstitute a complex between Pol ε 

and CMG (CMGE) using purified proteins that would be suitable for EM studies. 

 

This chapter first presents an analysis of the Pol ε complex structure using a series 

of subunit dropouts, domain deletion mutants and MBP fusions. This is followed by 

an investigation of the CMG-Pol ε structure.  

 

4.2 Results 

4.2.1 Architecture of the Pol ε complex 

4.2.1.1  Confirming the bilobal architecture of Pol ε using subunit dropout 

mutants 

In order to understand the architecture of Pol ε in more detail and assign the 

identity of the lobes, the negative stain EM analysis was performed on two subunit 

dropout complexes, a mutant lacking the second largest subunit Dpb2 and the 

isolated Pol2 subunit.  

 

Previously, when constructing a mutant of Pol ε lacking the first 103 amino acids of 

the Dpb2, a severely substoichiometric complex was obtained that lacked Dpb2 

almost completely (not shown). This suggested that ΔDpb2 mutant should be a 

stable complex. In order to prepare this subunit dropout, one of the vectors used to 

construct the original Pol ε overexpression strain was modified so that the Dpb2 

gene was removed with the destruction of restriction sites. The ΔDpb2 complex 

was purified using the same protocol as for WT Pol ε and good yield of 

homogenous protein was obtained [Fig. 4.1A].  
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Figure 4-1 The ΔDpb2 mutant analysed by negative stain EM 
A) Purified ΔDpb2 mutant analysed by SDS-PAGE followed by Coomassie staining. B) 
A micrograph with marked representative particles used for analysis C) 2-D class 
averages of the ΔDpb2 mutant showing that the complex still exhibits bilobal 
architecture observed for WT Pol ε.  
 

In order to purify the isolated Pol2 subunit, the protein was tagged with a small 

3xFLAG at its C-terminus. To perform the tagging, the codon-optimized Pol2 gene 

was first integrated into the yeast genome using one of the modified pRS series 

vectors (Chapter 2 Materials and Methods). This was followed by genomic tagging 

using a PCR-based method as described previously (Janke et al., 2004). Following 

the initial affinity purification using the FLAG resin, the protein appeared clean, with 

few contaminants.  Therefore, it was not necessary to include additional purification 

steps, apart from the final separation over a gel filtration column. Using this 

approach, a good yield of homogenous Pol2 x3FLAG protein was obtained [Fig. 

4.2A].  
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Figure. 4-2 The Pol2 3xFLAG mutant analysed by negative stain EM.  

A) Purified Pol2 x3FLAG analysed by SDS-PAGE followed by Coomassie staining B) A 
micrograph with marked representative particles used for analysis C) 2-D class 
averages showing that the isolated Pol2 subunit still exhibits the bilobal architecture 
observed for WT Pol ε.  
 

Both subunit dropout mutants of Pol ε were handed over to Dr Alessandro Costa’s 

Macromolecular Machines Laboratory for negative stain EM analysis. There, it was 

observed that the ΔDpb2 complex was still a bilobed entity [Fig. 4.1C], which 

suggests that Pol2 spans the two lobes, considering that Dpb3 and Dpb4 are too 

small to contribute sufficient density and form one of the lobes. It was also found 

that the isolated Pol2 subunit alone accounted for the bilobed entity [Fig. 4.2C], 

which was unexpected, considering a previous study had not reported such 

architecture for the isolated Pol2 subunit. Furthermore, we did not identify any 

obvious differences in the experiments that could account for this discrepancy 

(Asturias et al., 2006).  

 

Overall, those results strongly support the idea that the Pol2 subunit spans the two 

lobes observed in the WT Pol ε complex. Nevertheless, for further validation of 

those results and the assignment of the identity of the lobes to the N- and C-termini 
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of Pol2, a deletion mutant of Pol ε lacking the N-terminus of Pol2, referred to as the 

Δcat mutant, was subsequently analysed.  

4.2.1.2  Confirming the bilobed architecture of Pol ε using a domain deletion 

Δcat mutant 

The basis of the design of the Δcat mutant was the genetic study, which 

demonstrated that the N-terminus of Pol ε is dispensable for viability (Dua et al., 

2002). Since the literature mentions two deletion mutants in the Pol2 subunit of 

either the first 1135 or 1262 amino acids, an attempt was made to construct both of 

them. This was because Δ1135 was viable whereas Δ1262 was found to be lethal 

(Dua et al., 2002), which indicated that the region from 1135-1262 could be 

important for binding of some Pol ε interactors [Fig. 4.3A].  

 

In order to construct those mutants, the appropriate portion of the codon optimised 

Pol2 gene was PCR amplified and used to substitute the FL Pol2 gene in the 

original vector used to construct the Pol ε overexpression strain. Surprisingly, it was 

possible to purify only Δ1262, referred to as the Δcat mutant [Fig. 4.4A]. The Δ1135 

complex was most likely insoluble since the correct integration of both vectors in 

the Δ1135 strain was verified by PCR and the expression of the CBP-tagged Dpb4 

subunit upon galactose induction was confirmed by Western blot (not shown). 

However, it was not possible to directly test the expression of the Δ1135 truncated 

Pol2 due to the lack of a suitable antibody so it is still possible that there were 

problems with its expression. However, it should be noted that the yield of the Δcat 

mutant was poor and the strain exhibited slower growth, most likely due to leaky 

expression and a toxic effect of the truncated protein. This dominant negative effect 

could be rationalised by the fact that Δcat can still bind some of Pol ε interactors 

and, thus, prevent them from binding to WT Pol ε and performing their function.  

 

Since the Δcat mutant was lethal in vivo, it was important to determine whether the 

protein was functional in the in vitro replication assay. This was to test whether the 

mutant was able to support the initiation of DNA replication and, thus whether it 

could be useful for subsequent studies. In order to do this, a replication assay was 

performed as described in the third chapter of this thesis. It was observed that 
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replication products were formed in the complete reaction, but not in the ‘–DDK’ 

control, which confirmed that the signal observed was specific and that the Δcat 

mutant was capable of supporting initiation and helicase activation. The small 

products observed can be attributed to the activity of Pol α [Fig. 4.3B].    

 

 
Figure. 4-3 Activity of the Δcat mutant tested in the in vitro replication assay  
A) Stick diagram representing the Pol2 subunit. Marked are the locations of the 
exonuclease and polymerase domains as well as the PCNA binding region shown in 
red. In addition, the design of the Δcat mutant is shown that has deleted 1262 amino 
acids from the N-terminus. B) Δcat mutant supports CMG assembly and activation. 
Results of an in vitro replication assay analysed by alkaline gel electrophoresis 
followed by phosphoimaging. A reaction with the WT protein was included for 
comparison purposes. It should be noted that due to the lack of the Pol ε catalytic 
activity, the product distribution is different in the reaction with the Δcat mutant. The 
smaller products can be attributed to the activity of Pol α.  
 
The purified Δcat mutant was handed over to Dr Alessandro Costa’s 

Macromolecular Machines Laboratory for negative stain EM analysis. There, it was 

observed that this complex was a one-lobe entity with a more compact structure 

[Fig. 4.4C] as compared to the WT protein. This result confirms that one of the 

lobes observed in the structure of WT Pol ε can be assigned to the N-terminus of 

the Pol2 subunit.  
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Although it was attempted to image the WT Pol ε complex using cryo-EM, 

difficulties were encountered, likely due to the inherent flexibility of the complex. 

Therefore, the Δcat mutant seemed to be a more suitable target for cryo-EM 

characterisation. Although it was not possible to obtain a high-resolution structure 

of the Δcat complex, the 2-D classification demonstrated that the mutant was a 

well-defined entity [Fig. 4.5].    

 

 
Figure. 4-4 The Δcat mutant analysed by negative stain EM. 
A) Purified Δcat mutant analysed by SDS-PAGE followed by Coomassie staining. B) A 
micrograph with marked representative particles used for analysis. C) 2-D class 
averages showing that the complex is lacking one of the lobes and is a compact 
particle.  
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Figure 4-5 The Δcat mutant analysed by cryo-EM  
A) Representative sum of the aligned movie frames. B) 2-D class averages. C) Notable 
anchor-shaped class averages visualized after imposing a 30-5 Å band-pass filter. 
 

4.2.1.3  Exploration of the conformational flexibility of Pol ε using Pol ε-MBP 

fusions 

Pol ε appeared to exist in different conformational states, based on the analysis of 

2-D image classes. However, it could not be excluded that what was observed 

were different 2-D views of the same 3-D particle. Therefore, to test this possibility 

negative stain EM analysis of Pol ε complexes was performed, where individual 
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subunits were fused to a MBP tag used as a marker aiding the identification of 

structural features under the microscope.  

 

Each of the four Pol ε subunits was tagged at both N- and C-terminus to prepare a 

total of eight MBP fusions. It was found that tagging the subunits at the N-terminus 

had a detrimental effect in all cases [Fig. 4.6] whereas tagging at the C-terminus 

gave variable results [Fig. 4.7]. Two of the C-terminally tagged complexes, Pol2-

MBP and Dpb3-MBP, appeared stoichiometric and unaffected by the presence of 

the tag. Therefore, they were selected for further purification and subsequent EM 

characterisation [Fig. 4.8A, Fig. 4.9A]. 

 

 
Figure 4-6 N-terminal MBP fusions of Pol ε after CBP affinity purification 

analysed by SDS-PAGE followed by Coomassie staining.   
All complexes were negatively affected by the presence of the tag, which can be 
observed by stoichiometry of the subunits deviating from 1:1:1:1. The effect was 
particularly severe for the Pol2-MBP fusion (top left panel). 
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Figure 4-7 C-terminal MBP fusions of Pol ε after CBP affinity purification 

analysed by SDS-PAGE followed by Coomassie staining.  
Pol2-MBP and Dpb3-MBP appeared unaffected by the presence of the tag. Therefore, 
they were selected for further purification and EM studies.  
 

Based on 2-D classification, it became apparent that the MBP tag in the Pol ε 

Dpb3-MBP fusion occupied two locations. MBP was found either between the two 

lobes and close to the flexible hinge (referred to as the equator location) or at the 

tip of one of the lobes (referred to as the pole location). This result is in agreement 

with a rotational movement of the non-catalytic part of the protein contained in one 

of the lobes (the C-terminus of Pol2, Dpb2, Dpb3-MBP and Dpb4) with respect to 

the other lobe containing the N-terminus of Pol2. However, it could not be formally 

excluded that the Dpb3 subunit had two potential binding sites, which could also 

lead to observing the MBP tag in two locations [Fig. 4.8C, Fig. 4.10A].  
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Figure 4-8 Dpb3-MBP fusion analysed by negative stain EM. 

A) Purified Dpb3-MBP fusion of Pol ε analysed by SDS-PAGE followed by Coomassie 
staining. B) A micrograph with marked representative particles used for analysis. C) 2-
D class averages showing the location of the MBP tag at either the tip of one of the 
lobes (pole) or between the two lobes (equator).  
 

For this reason, a similar analysis was performed using the Pol ε fusion with the 

MBP tag on the C-terminus of Pol2 since this is the only subunit spanning the two 

lobes of the complex. Based on 2-D classification, it was demonstrated that the 

MBP tag in the Pol ε Pol2-MBP fusion occupied two locations. Similarly to the 

Dpb3-MBP fusion, the tag could be found either at the equator or the pole of the 

complex [Fig. 4.9C, Fig. 4.10B]. Therefore, it was concluded that the Pol ε complex 

can undergo a large-scale conformational change where the two lobes can move 

away or towards each other and rotate (compressed and extended conformations) 

[Fig. 4.10].  
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Figure. 4-9 Pol2-MBP fusion analysed by negative stain EM.  

A) Purified Pol2-MBP fusion of Pol ε analysed by SDS-PAGE followed by Coomassie 
staining. B) A micrograph with marked representative particles used for analysis. C) 2-
D class averages showing the location of the MBP tag at either the tip of one of the 
lobes (pole) or between the two lobes (equator).  
 

 
Figure. 4-10 Locations of the MBP tag in the Dpb3-MBP and Pol2-MBP fusions.  
The tag was found to occupy two locations: either between the two lobes (equator) or 
on the tip of one of the lobes (pole).   
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4.2.2 Exploring the spatial relationship between Pol ε and the CMG 

Exploring the spatial relationship between Pol ε and the CMG is an important 

insight not only for understanding the replisome architecture but also for the 

establishment of leading/ lagging strand synthesis. In order to study the helicase-

polymerase holocomplex, Dr Jin Zhou devised a strategy to produce recombinant 

yeast CMG and reconstitute the CMG-Pol ε (CMGE) and CMG- Δcat (‘CMGE’) 

complexes in vitro with the use of mild crosslinking [Fig. 4.11A, 4.12A]. 

 

When CMGE was analysed by negative staining EM in his experiment, the two 

characteristic lobes assigned to Pol ε were observed attached to the CMG complex. 

Following 2-D classification of the particles, it was found that one of the lobes was 

located in the proximity of the ATPase side of the MCM motor core of the CMG 

while the second lobe was located on the side of the CMG complex [Fig. 4.11C]. 

Furthermore, since each CMG was bound to one two-lobed entity, it was concluded 

that the stoichiometry of the Pol ε: CMG in the CMGE complex is 1:1.  

 

Subsequently, this analysis was extended to locate the catalytic domain of Pol ε 

within the CMGE complex. In order to achieve this, Dr Zhou reconstituted the 

‘CMGE’ complex utilising the Δcat mutant instead of the WT Pol ε protein. As 

expected, in this reconstituted complex, CMG is bound to a one-lobed entity as 

shown in the 2-D classification [Fig. 4.12C]. Furthermore, this analysis 

demonstrated that the non-catalytic portion of the protein constituting one of the 

lobes is located on the ATPase tier of the MCM. Therefore, the catalytic part of 

Pol2 can be assigned to the lobe extending towards the side of the CMG [Fig. 

4.12C]. This is best visualised in a side-by-side comparison of the structures of WT 

Pol ε, CMGE, Δcat, ‘CMGE’ and isolated CMG [Fig. 4.13]. Based on this data, it 

was also possible to reconstruct the 3-D structure of CMGE, dock the atomic 

coordinates of CMG (PDB 3JC5) and assign the catalytic and non-catalytic portions 

of Pol2 in the model [Fig. 4.14].   
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Figure. 4-11 CMGE analysed by negative stain EM.  
A) CMGE fixed with limiting amounts of crosslinker and applied to a 12-45% glycerol 
gradient analysed by SDS-PAGE followed by silver staining. The fraction used for EM 
grid preparation is indicated with a triangle. B) A micrograph showing particle 
distribution and representative particles (left). Magnification of the same micrograph 
(right) C) The CMGE 2-D class averages. Two top rows represent a top-bottom view of 
the CMG complex. The bottom row shows a side view of the complex. 
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Figure 4-12 ‘CMGE’ reconstituted with the Δcat mutant and analysed by negative 

stain EM.  
A) ‘CMGE’ fixed with limiting amounts of crosslinker and applied to a 12-45% glycerol 
gradient analysed by SDS-PAGE followed by silver staining. The fraction used for grid 
preparation is indicated with a triangle. B) A micrograph showing representative 
particles. C) The ‘CMGE’ 2-D class averages. Side view of the complex.  



Chapter 4 Results 

 

144 

 

 

 
Figure 4-13 CMGE reconstitution 
A) WT Pol ε has a bilobed structure. B) In complex with Pol ε, the CMG exhibits an 
additional bilobed feature. Side view of the CMGE complex C) The isolated Δcat Pol ε 
is a single-lobed entity. D) In complex with Δcat Pol ε, the CMG exhibits an additional 
single-lobed feature. Sice view of the CMGE complex. E) Side view of the CMG. 
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Figure 4-14 CMG and CMGE 3D reconstruction 
A) CMG reconstruction with docked atomic coordinates of CMG (PDB 3JC5). B) 3-D 
structure of the CMGE C) 3-D structure of CMGE with docked atomic coordinates of 
the CMG and marked catalytic and non-catalytic domains of Pol ε Pol2 subunit. The 
catalytic domain extends radially from the core particle. Top row of the figure shows a 
bottom view of the CMG. Middle row shows a side view of the CMG. Bottom row shows 
a top view of the CMG.  
 

4.2.2.1  Exploring the dynamic behavior of Pol ε in complex with CMG 

Taking into account the observation that Pol ε exists in two conformational states, it 

was worth determining whether this behaviour is also observed when Pol ε is 

bound to CMG. Indeed, similarly to isolated Pol ε, the polymerase in complex with 
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CMG also adapts two conformations. In one of the conformations, the catalytic 

domain extends away from the helicase while in the second it appears to move 

closer to the MCM ring in CMG [Fig. 4.15]. 

 

 
Figure 4-15 Conformational switch of Pol ε in the CMGE complex. 

A) Comparison CMGE views, where the catalytic domain of Pol ε is found in two 
extreme locations. In the 2-D classification also intermediate states were observed. 
B) Cartoon representation of the conformational switch. Pol ε is shown in purple 
with the catalytic domain coloured with a lighter shade. Other colours represent 
CMG components.  
 

4.3 Discussion 

4.3.1 Pol ε exhibits a bilobal architecture and a spatial separation of the 

catalytic and non-catalytic parts of the protein 

An initial Pol ε structure obtained in this study exhibited an architecture that differed 

from previous findings (Asturias et al., 2006) and, therefore, careful validation of 

this observation was required. In order to achieve this, both subunit dropout 

(ΔDpb2, isolated Pol2 subunit) and domain deletion mutants (Δcat) were studied. It 

was possible to confirm that the Pol2 subunit spans the two lobes observed in the 
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WT protein and to assign the catalytic part of the Pol2 subunit to one of the lobes. 

This is a noteworthy conclusion since it implies that the functionally distinct catalytic 

and non-catalytic parts of the protein are also spatially separated. 

 

Although the Δcat mutant was reported to be lethal in vivo (Dua et al., 2002), it 

appears that this phenotype is not related to a defect in the initiation of DNA 

replication. There are many reasons why the lack of the short amino acids 

sequence from 1135-1262 amino acids results in lethality. For example, it can be 

involved in critical cellular processes other than replication and be involved in some 

important protein-protein interactions. However, since the mutant is functional for 

helicase activation when tested in the in vitro replication assay, it was considered 

suitable for this study.   

 

4.3.2 Isolated Pol ε and Pol ε in complex with CMG undergoes a large-scale 

conformational change 

It was observed that WT Pol ε can undergo a large-scale conformational change 

with the two lobes of the protein moving either towards or away from each other. In 

addition, the analysis of MBP fusions of Pol ε enabled the demonstration of the 

rotational movement of the two lobes.  

 

In a classical model of the replisome, the polymerases are trailing on the opposite 

side of the leading edge of the advancing helicase so that they have access to the 

separated ssDNA strands (O'Donnell et al., 2013). However, a recent study of the 

eukaryotic CMGE complex proposed a different architecture (Sun et al., 2015). This 

new model was based on the mapping of Pol ε to the ATPase side of the MCM 

motor. In conjunction with studies that demonstrate that DNA enters from the C-

terminal tier of the MCM ring (Abid Ali et al., 2016, Costa et al., 2014), Pol ε would 

be positioned ahead of the advancing helicase. This, in turn, would imply that the 

leading and lagging strand polymerases are situated on the opposite sides of the 

CMG, an arrangement requiring significant looping of the DNA.  
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The results presented in this chapter provide the basis of a revised model. While 

the anchor point of Pol ε is indeed located on the ATPase side of the helicase 

motor, the conformational flexibility of Pol ε enables the DNA synthesis domain to 

extend away from the MCM ring and to the side of the CMG. Further implications of 

this finding will be presented in Chapter 6 Discussion of this thesis. 
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Chapter 5. Role of Pol ε in the CDK-dependent step 

of the initiation of DNA replication 

 

5.1 Introduction 

The current model of origin firing proposes a two-step linear pathway, where the 

sequential action of DDK and CDK kinases converts the inactive MCM into the 

CMG helicase holocomplex (Boos et al., 2012). A key event during origin firing is 

the CDK-dependent formation of the SDS (Zegerman and Diffley, 2007, Tanaka et 

al., 2007). However, since it does not constitute a part of the replisome, the 

requirement for its formation was not clear. The identification of the pre-LC 

(composed of Pol ε, Sld2, Dpb11 and GINS) provided a rationale for this by linking 

GINS recruitment to the MCM and hence helicase assembly with SDS complex 

formation (Muramatsu et al., 2010). Based on those findings, a simple model 

emerged, where the SDS complex is required to dock the pre-LC onto the MCM.  

 

The formation of an SDS-like complex appears to be conserved in higher 

eukaryotes, although there are differences in the mechanism of its assembly and 

the requirement for CDK (Zegerman, 2015). This led to the hypothesis that origin 

firing might involve a more complex mechanism than that proposed in the above-

mentioned model and require as yet unidentified interactions between firing factors 

and Pol ε. Multiple interactions, in turn, could provide some redundancy and enable 

the evolutionary divergence observed.  

 

It seemed an attractive hypothesis that Pol ε plays a central role in pre-LC 

assembly and acts as a scaffold. Firstly, being a large multi-subunit complex, the 

protein could easily accommodate multiple binding sites. Secondly, owing to its role 

in leading strand replication, formation of the pre-LC would provide a means to 

couple helicase activation with the onset of DNA synthesis. Finally, such a 

structural role of Pol ε could explain why the non-catalytic C-terminus of the Pol2 is 

required during initiation.  
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This chapter will present the identification of four direct interactors of Pol ε: Sld2, 

GINS, Sld3 and Dpb11. This will be followed by a discussion of the initial mapping 

of the binding regions involved with a focus on characterising potential interactions 

of the essential C-terminus of the Pol2 subunit. The chapter will end with the 

description of the reconstitution of the pre-LC in vitro.  

 

5.2 Results 

5.2.1 Screening for new interactions of Pol ε with pre-RC components and 

origin firing factors 

The first step towards investigating the role of Pol ε in initiation was the 

identification of all its interactors among both pre-RC components and firing factors. 

In order to achieve this, a far-Western blot assay was employed since this method 

tests whether the proteins interact directly with each other.  

 

First, pre-RC components and firing factors were used as prey and incubated with 

the Pol ε 9MYC fusion (bait). After probing the membrane with an anti-MYC 

antibody, it was possible to observe the binding of Pol ε to Sld3, weak binding to 

Sld2 and, somewhat surprisingly, Orc1 [Fig. 5.1A, top panel]. The signal was 

dependent on the presence of Pol ε as demonstrated by the ‘– Pol ε’ control 

experiment, which confirmed that it is not due to the non-specific binding of the 

anti-MYC antibody [Fig. 5.1A, bottom panel]. The Ponceau S stain of the 

membrane [Fig. 5.1B] shows that equal amount of each of the proteins was 

transferred to the membrane in both the experiment and the control reaction.  
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Figure 5-1 Pol ε interacts with Sld2, Orc1 and Sld3  
A) Results of a far-Western blot performed to identify interactions between Pol ε and 
replication factors, where Pol ε was used as bait. The signal observed for Sld2 was 
very weak and therefore is marked with a star in the figure B) Ponceau S stain of the 
membrane shown in A)  
 
Subsequently, Pol ε was used as prey and incubated with nine replication factors 

(MCM/Cdt1, ORC, Cdc6, Sld3/7, Cdc45, Dpb11, Sld2 and GINS). The membrane 

was probed with antibodies against those factors, which enabled the identification 

of an interaction between Pol ε and GINS [Fig. 5.2A]. It was also confirmed that the 

observed signal was Pol ε-dependent to exclude the possibility that the anti-GINS 

antibody interacts nonspecifically [Fig. 5.2A, GINS, ‘- Pol ε’ panel]. Since the Pol ε 

complex is separated into individual subunits on an SDS-PAGE gel, it was also 

possible to determine that GINS binds Pol ε via the Dpb2 subunit. The Ponceau S 

stain of the membrane shows that equal amounts of Pol ε were transferred in the 

experiments and the controls [Fig. 5.2B].  
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Since protein-protein interactions often require a 3-D conformation, an additional 

denaturation-renaturation step is sometimes included in the far-Western blot 

procedure. In theory, by completely denaturing the proteins on the membrane with 

guanidine and allowing them to refold by gradually reducing its concentration, the 

protein conformation should be restored. However, since during folding a protein 

has to pass through a series of energy minima this process can be often disrupted 

by attaching it to a membrane and, thus, preventing it from adapting the required 

conformations. Furthermore, in order to allow sufficient time for proteins to fold, 

their speed of translation is often modulated (for example by introducing rare 

codons into the protein sequence). This, however, is not the case during a 

renaturation step. Finally, there are no chaperones present in the experiment, 

which often aid in protein folding.   

 

Performing the denaturation-renaturation step had no effect on the outcome of the 

experiments described hereinabove. This can be due to the fact that the 

interactions identified do not require higher order protein structures but only short 

motifs. Alternatively, it is possible that some renaturation of the proteins on the 

membrane happened during the overnight binding step since SDS is washed away 

at that stage with the binding buffer.  

 

The next step in characterising the role of Pol ε in initiation was to determine 

whether any of the identified interactors binds to the essential C-terminus of Pol2. 

In order to achieve this, a crosslinking assay was established. Since the focus of 

this study was on the interactions important for the CDK-dependent step of firing, 

ORC was excluded from the analysis. Furthermore, performing crosslinking assays 

with two multi-subunit complexes would likely make the interpretation of the results 

difficult. GINS was also excluded from the analysis because of the fact that the 

interaction appeared to require the Dpb2 subunit and not Pol2 [Fig. 5.2]. This was 

also demonstrated by another study and the binding region was mapped to a short 

~100 amino acid N-terminal region of the Dpb2 subunit (Sengupta et al., 2013).  
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Figure 5-2 Pol ε Dpb2 subunit interacts with GINS  
A) Results of a far-Western blot performed to identify interactions between Pol ε and 
replication factors, where Pol ε was used as prey. B) Ponceau S staining of the 
membrane shown in A) 
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5.2.2 Determination of the region of Pol ε that interacts with Sld2/Dpb11/Sld3  

5.2.2.1  Determination of the region of Pol ε that interacts with Sld2 by 

crosslinking  

To determine whether Sld2, Sld3 or Dpb11 bind to the C-terminus of Pol2, Pol ε 

containing either a FL or a truncated Pol2 subunit was used in a crosslinking 

experiment [Fig. 5.3A]. In this truncation mutant, referred to as ∆cat and discussed 

in more detail in fourth results of this thesis, 1262 amino acids from the N-terminus 

were deleted with the removal of the catalytic domain. If a protein bound the C-

terminus of Pol2, the prediction is that a Sld2-dependent band should be observed 

in the reaction with FL Pol ε and the Δcat mutant, the latter migrating lower on an 

SDS-PAGE gel. To test this experimental approach, the assay was first performed 

with Sld2.  

 

Indeed, a faint band was observed in the reaction using FL Pol ε, suggesting that 

Sld2 binds to the Pol2 subunit. However, the excessive crosslinking of Sld2 to itself 

made the experiment hard to interpret and it could not be determined whether a 

lower migrating band was present in the reaction with the Δcat mutant [Fig. 5.3B]. 

Furthermore, this approach did not enable the testing of the interactions with other 

Pol ε subunits.  
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Figure 5-3 Pol ε interaction with Sld2 analysed by crosslinking 
A) Scheme of the crosslinling experiment performed. B) Results of the experiment 
showing the appearance of a faint high migrating band (marked with a star) in the 
presence of Pol ε but not Δcat. The band becomes stronger at higher concentration of 
Pol ε used in the experiment.  
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5.2.2.2  Establishment of a new crosslinking assay coupled with 

immunoaffinity purification under denaturing conditions 

To overcome the shortcomings of the previous crosslinking experiment, an assay 

was established where immunoaffinity purification was combined with crosslinking 

[Fig. 5.4]. In this approach, the two interactors were tagged with different 

immunoaffinity tags and mixed together in an appropriate buffer. Then, a 

crosslinking reagent, bis(sulfosuccinimidyl)suberate (BS3), was added in limiting 

amounts. BS3 is a homobifunctional amine-amine crosslinker, which crosslinks 

lysine residues provided they are located within the correct distance range. Boiling 

with SDS, which preserves only the crosslinked interactions, denatured the proteins. 

The SDS was diluted to prevent the damaging of the antibody affinity resin and one 

interactor was bound to the resin. Following this step, the resin was washed to 

remove nonspecific binders and proteins were eluted. The results were analysed 

by Western blotting. The eluate was always divided into two fractions and loaded 

on two membranes to blot for both FLAG and MYC epitopes [Fig. 5.4].  

 

 
 

Figure 5-4 Schematic representation of the strategy used to examine the 

interactions of Pol ε with Sld2, Sld3 and Dpb11  
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To perform this experiment MYC, and FLAG peptide tagging was employed since 

no suitable antibodies against the Pol ε subunits were available. Peptide tagging is 

a method where a short highly immunoreactive epitope, against which antibodies 

are already available, is fused to the gene sequence of a protein of interest (Munro 

and Pelham, 1984). The most commonly used peptides are variations of FLAG and 

MYC, which differ in the number of their copies present in tandem (for example 

1xFLAG, 3XFLAG, 9xMYC, 13xMYC). This enables not only an easy detection and 

immunoaffinity purification but also the direct quantitative comparison of the level of 

binding between interactors. Furthermore, FLAG and MYC tags maintain their 

ability to bind to an affinity resin after denaturation, which was required for this 

experiment.   

 

Since constructs for expression of Sld2-3xFLAG, Sld3-3xFLAG and Dpb11-

3xFLAG were already available in the laboratory, the key task was to obtain Pol ε 

complexes in which each subunit would be tagged with MYC. Based on the 

outcome of tagging Pol ε on both N- and C-termini with an MBP tag (discussed in 

the fourth chapter of this thesis), the subunits were tagged at the C-terminus, which 

had previously proven less disruptive for the complex.  

 

It was possible to obtain Pol ε complexes where individual subunits were tagged 

with 9MYC as well as the Δcat mutant tagged with 9MYC at the C-terminus of Pol2 

subunit. The complexes purified well using the same protocol as for WT Pol ε and 

were stoichiometric with no detrimental effect of the tag [Fig. 5.5A].  



Chapter 5. Results 

 

158 

 

 
Figure 5-5 Pol ε-9MYC fusions 

A) 9MYC fusions of Pol ε analysed by SDS-PAGE followed by Coomassie staining. 
The 9MYC tagged subunits are marker with a black dot in each lane. B) WT proteins 
are shown for comparison and to indicate where the untagged subunits run on an SDS-
PAGE gel. The amounts of MYC fusions shown on the gel represents 400% of input 
used in the crosslinking experiments described in the following sections.  

 

5.2.2.3  Dpb11 and Sld2 interact with the essential C-terminus of Pol2 subunit 

whilst Sld3 interacts with its N-terminus  

The next step after the purification of all necessary proteins was the determination 

which subunits of Pol ε are involved in binding of Dpb11, Sld2 or Sld3 as outlined 

[Fig. 5.4]. 

 

When Sld2 was crosslinked to Pol ε-9MYC fusions, signals of very similar intensity 

were observed in the reactions with Pol ε Pol2-9MYC as well as Pol2 Δcat-9MYC 

when the membrane was probed with an anti-MYC antibody. A weaker signal was 

observed in the reaction with Pol ε Dpb4-9MYC [Fig. 5.6A]. To exclude the 

possibility that the Pol ε fusions bind non-specifically to the FLAG resin,  ‘–Sld2’ 
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controls were performed for all reactions. This confirmed that the signals depend 

on the presence of Sld2 [Fig. 5.6A]. The anti-FLAG blot showed that the amounts 

of Sld2 used in each reaction were the same [Fig. 5.6B]. The bands migrating 

above Sld2 on the membrane are due to extensive crosslinking of Sld2 to itself, 

which might be indicative of the protein forming dimers [Fig. 5.6C].   

 
Figure 5-6 Sld2 binds to the C-terminus of Pol2  
A) Results of a crosslinking experiment performed as shown in Fig. 5.5 where Sld2-
3XFLAG was mixed with equal amounts of five Pol ε-9MYC fusions (inputs shown in 
Fig. 5.6). B) Anti-FLAG blot against Sld2 3XFLAG showing the amounts of Sld2 used 
in each reaction. C) Western blot showing the extent of Sld2 crosslinking to itself.  

 

When Dpb11 was crosslinked to Pol ε-9MYC fusions and the membrane was 

probed with an anti-MYC antibody, signals of equal intensity were observed in the 

reactions with Pol ε Pol2-9MYC as well as Δcat-9MYC and a weaker signal in the 

reaction with Pol ε Dpb2-9MYC [Fig. 5.7A]. The signal was dependent on the 

presence of Dpb11 [Fig. 5.7A] and the amounts of Dpb11 used in the experiment 

were equal [Fig. 5.7B]. Crosslinking of Dpb11 to itself also took place but to a much 

lesser extent than for Sld2 [Fig. 5.7C].   
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Figure 5-7 Dpb11 binds to the C-terminus of Pol2  
A) Results of a crosslinking experiment performed as shown in Fig. 5.5 where Dpb11 
3XFLAG was mixed with equal amounts of five Pol ε-9MYC fusions (inputs shown in 
Fig. 5.6). B) Anti-FLAG blot against Dpb11 3XFLAG showing the amounts of Dpb11 
used in each reaction. C) Western blot showing the extent of Dpb11 crosslinking to 
itself. 
 

When Sld3 was crosslinked to Pol ε fusions and the membrane was probed with an 

anti-MYC antibody, a strong signal was observed for the reaction where Pol ε Pol2-

9MYC was used and a very faint signal in the reaction with Δcat-9MYC [Fig. 5.8A]. 

However, since in this reaction the input of Sld3 was slightly higher than in the 

reaction with Pol2-9MYC fusion [Fig. 5.8B], it was concluded that Sld3 interacts 

mainly with the N-terminus of Pol2. Furthermore, extensive crosslinking of Sld3 to 

itself was observed [Fig. 5.8C], which is not surprising, considering that Sld3 is 

known to multimerise (Deegan, 2014).   
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Figure 5-8 Sld3 binds to the N-terminus of Pol2  
A) Results of a crosslinking experiment performed as shown in Fig. 5.5 where Sld3 
3XFLAG was mixed with equal amounts of five Pol ε-9MYC fusions (inputs shown in 
Fig. 5.6). B) Anti-FLAG blot against Sld3 3XFLAG showing the amounts of Sld3 used 
in each reaction. C) Western blot showing the extent of Sld3 crosslinking to itself. 
 

 

Based on these experiments, it was concluded that Sld2 and Dpb11 interact with 

the C-terminus of the Pol2 subunit of Pol ε while Sld3 interacts with its N-terminus. 

Furthermore, weaker interactions with Dpb4 and Dpb2 were observed in the case 

of Sld2 and Dpb11 respectively. There was some variability in the appearance of 

those weaker interactions between experiment replicates, which was likely due to a 

large degree of Pol ε flexibility, as demonstrated by the 3-D structure reconstruction 

of the FL protein discussed previously. Therefore, the appearance of those weaker 
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interactions would be dependent on the conformational state of Pol ε at the time 

when the crosslinker fixed the interaction with Dpb11 and Sld2 introducing the 

observed variability.    

5.2.3 Mapping of the region of Sld3/Dpb11/Sld2 that interacts with Pol ε 

5.2.3.1  The middle part of Sld3 is required for Pol ε binding 

Sld3 acts as a scaffold and its different parts bind to: Sld7 (N-terminus 91-121aa), 

Cdc45 (296-321), MCM (510-545) and Dpb11 (T600, T622) [Fig. 5.9A]. Although 

Sld3 was found to interact with the non-essential N-terminus of Pol2, it was worth 

determining whether there is any overlap between the Pol ε binding site on Sld3 

and any of the above-mentioned regions. 

 

In order to do this, a far-Western blot was performed using deletion mutants of Sld3 

(kind gift from Dr Tom Deegan). Those mutants were either N-terminal deletions 

(C1-C5) or C-terminal deletions (N4, N5) and all possessed a 3XFLAG tag [Fig. 

5.9B].  
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Figure 5-9 Sld3 deletion mutants 

A) Schematic representation of Sld3 protein and the regions and residues important for 
interactions with Sld7, Cdc45 and Dpb11 as described in text. B) Schematic 
representation of Sld3 deletion mutants used in a far-Western blot to determine the 
region interacting with Pol ε. Fragments shown in blue were found to bind Pol ε to 
some extent (C3 showed only weak binding) while the fragments indicated in red did 
not bind Pol ε. Residues 552-571 shown in pink indicate the interacting region 
identified in the peptide array.  

 



Chapter 5. Results 

 

164 

 

When the Sld3 fragments were probed with Pol ε Pol2-9MYC, fragments C4 and 

C5 were found to interact equally well as the WT Sld3 whereas C3 bound very 

weakly [Fig. 5.10A]. However, far-Western blots are very sensitive to protein 

amounts used in the experiment and so to ensure that the fragments C1 and C2 

did not bind Pol ε, both of those fragments were also loaded in higher amounts 

than the remaining ones used in the experiment (lane C1x2 and C2x2 where a 2-

fold excess of C1 and C2 was used). However, even under those conditions no 

binding was detected.  

 

A similar approach was taken with the C-terminal deletions and only fragment N5 

was found to bind Pol ε [Fig. 5.10A]. Although the amount of N5 used in the 

experiment appeared to be comparable to the other fragments based on the 

Ponceau S stain of the membrane [Fig. 5.10B], this fragment bound Pol ε more 

weakly than WT Sld3. This can be rationalised by the fact that N5 is prone to 

degradation and co-purifies with more contaminants than the other fragments. This, 

in turn, contributes to the intensity of the band considered to be full length N5 and 

overestimation of its amount on the membrane.  

 

Based on this experiment, it was concluded that residues 251-586 are likely to be 

important for binding of Sld3 to Pol ε. The relatively large size of this region might 

be indicative of the interaction requiring some higher order protein structure.  
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Figure 5-10 Binding of Sld3 deletion mutants to Pol ε Dpb2-9MYC  

A) Results of a far-Western blot showing that fragments C4 and C5 bind Pol ε equally 
well as FL Sld3 whereas fragments C3 and N5 bind to a lesser extent B) Ponceau S 
stain of the membrane shown in A)  

 

In parallel to the far-Western blot approach, the interaction between Pol ε and Sld3 

was analysed using a peptide array of Sld3 (prepared by the Peptide Synthesis 

Laboratory at the Francis Crick Institute). In this array, the entire sequence of Sld3 

was divided into 20-mers synthesised chemically with a 1 amino acid shift and 
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spotted on the membrane so that each spot contained one peptide. The membrane 

was then probed with Pol ε Pol2-9MYC under the same conditions as the far-

Western blot experiment described above. Based on the results of the peptide 

array experiment [Fig. 5.11], peptides covering residues 552-571 appeared to bind 

Pol ε under those experimental conditions. The amino acids covered by those 

peptides were located within the region that bound Pol ε in the far-Western blot 

using the deletion mutants of Sld3 [Fig. 5.10]. However, since fragments C2 (no 

binding) and C3 (weak) had impaired binding while having residues 552-571 intact, 

this region is possibly not the only one required for the interaction. Alternatively, 

some sequence in the peptide array might have been exposed that is normally not 

present on the interaction surface of the protein. Therefore, this could have given 

rise to false positive results, which are commonly observed in this type of 

experiment (Blikstad and Ivarsson, 2015).  
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Figure 5-11 Sld3 peptide array probed with Pol ε Pol2-9MYC  
A) Control experiment where the membrane was probed with anti-MYC antibody alone 
and results of the experiment showing the peptides bound by Pol ε B) Ponceau S stain 
of the peptide array. 
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5.2.3.2  The C-terminus of Sld2 is sufficient for binding to Pol ε and there is a 

possibility of two Pol ε interaction sites in Sld2 

In order to narrow down the region required for the binding of Sld2 to Pol ε, first an 

immunoprecipitation experiment was performed using degradation products of Sld2. 

Since Sld2 is very sensitive to proteolysis during purification, the omission of 

protease inhibitors results in the formation of three main breakdown products that 

still bear the 3xFLAG tag at the C-terminus [Fig. 5.12].  

 
Figure 5-12 Sld2 breakdown products observed during purification analysed by 

SDS-PAGE followed by Coomassie staining  

 

When Pol ε was incubated with a mixture of Sld2 and its three degradation 

products followed by immunoprecipitation using the CBP resin, all fragments 

appeared to bind Pol ε [Fig. 5.13]. Although a very weak signal was observed for 

fragment 3, this was likely due to the fact that it was present in lesser quantities 

than FL Sld2 and fragments 1 & 2 as seen in the input lane [Fig. 5.13]. Based on 

the size of fragment 3, it was estimated that it corresponded to approximately 150 

C-terminal amino acids of Sld2. Therefore, this experiment suggested that this 

region of Sld2 is sufficient for binding to Pol ε.  
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Figure 5-13 Immunoprecipitation experiment testing the binding of FL Sld2 and 

its three degradation products to Pol ε  
A) Scheme of the experimental approach. B) Elution fractions from CBP resin analysed 
by Western blotting showing that Pol ε binds FL Sld2 as well as the three degradation 
products. 
 

In parallel, an analysis of Sld2 binding to Pol ε was performed using eight deletion 

mutants expressed in bacterial cells [Fig. 5.14]. When designing the mutants, no 

structural information about Sld2 was available. Furthermore, based on a prediction 

using the Phyre2 (Protein Homology/ Analogy Recognition Engine) software (Kelley 

et al., 2015), the protein is largely disordered (89% of sequence). Phyre2 structure 

prediction is based on homology modeling. The structure of proteins is often more 
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highly conserved in evolution than the DNA sequence. Therefore, a powerful 

approach to 3-D structure prediction is to use a related homologous protein (even 

distantly related on the DNA sequence level) for which a structure was determined 

as a model. Taking the Phyre2 prediction into account, the mutants were designed 

in a way that prevented the disruption of any small regions of the protein predicted 

to have any defined motifs of secondary structure. The GST tag was used for 

purification purposes since it is known to help with the solubility of problematic 

proteins (Esposito and Chatterjee, 2006). 

 
Figure 5-14 Design of Sld2 fragments for bacterial expression  

 

Initial small-scale expression tests at 37° C showed that, although all the fragments 

were expressed, the expression levels were poor. Therefore, a comparison of 

expression levels was performed, including two lower temperatures [Fig. 5.15A]. 

Altering the temperature did not significantly improve expression levels but the best 

expression was observed at the lowest temperature tested (the experiments were 

performed twice and the inputs were normalized to the optical density of the 

bacterial culture used to prepare the lysate). The fragments’ solubility was then 

examined by performing small-scale GST affinity purifications [Fig. 5.15B], which 

showed that all of them were heavily degraded and poorly soluble.   
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Figure 5-15 Temperature optimisation for bacterial expression of Sld2 fragments 
A) Small-scale expression tests were performed at three different temperatures, as 
indicated, and expression was analysed in whole cell extract. Bands corresponding to 
the overexpressed fragments are framed in black boxes. B) Solubility tests of Sld2 
fragments expressed in bacteria. Small-scale expression was performed at different 
temperatures followed by GST affinity purification.  

 

An attempt was then made to optimise the expression and purification conditions in 

order to obtain soluble fragments. By altering the lysis conditions and buffer 

composition, it was possible to obtain good yields of F4 and F8 [Fig. 5.16] Briefly, 

the biggest improvement in degradation and poor solubility was achieved when 5x 

more lysis buffer was used as compared to previous trials. Nevertheless, the 

remaining fragments were still insoluble and heavily degraded even under those 

conditions.  
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Figure 5-16 Elution fractions following GST affinity purification of Sld2 F8 and F4 

under new purification conditions 

 

Subsequently, the binding of F8 (being smaller than F4) to Pol ε was tested [Fig. 

5.17], and the experiment was performed as outlined [Fig. 5.17A]. Although some 

background interaction of F8 with the CBP resin was observed, the binding was 

clearly enhanced in the presence of Pol ε [Fig. 5.17B]. Therefore, it appeared that 

F8 bound Pol ε. It should be noted, however, that at this stage the level of binding 

was not compared with the FL Sld2 protein under identical conditions.   
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Figure 5-17 Binding of Sld2 fragment F8 to CBP-Pol ε  
A) Schematic representation of the experimental approach B) Elution fractions from 
CBP resin analysed by Western blotting showing that F8 binds Pol ε. 
 

Considering the problems encountered with obtaining soluble fragments of Sld2, 

the Pol ε/ Sld2 interaction was also analysed using an Sld2 peptide array (prepared 

by the Peptide Synthesis Laboratory at the Francis Crick Institute) as an alternative 

approach. The array covered the entire sequence of Sld2, which was divided into 
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20 amino acid peptides with one amino acid shift. The peptides were synthesised 

chemically and spotted on a membrane so that each spot contained one peptide. 

When the array was incubated with Pol ε Pol2-9MYC and then probed with an anti-

MYC antibody, the binding of one peptide was observed [Fig. 5.18A, lower 

concentration]. There was no signal in the absence of Pol ε, apart from one spot 

located outside of the binding peptide, which confirmed that the binding observed 

was not due to the non-specific interaction of the antibody [Fig. 18A, control 

experiment]. At higher concentrations of Pol ε, additional binding to a nearby region 

of the array was detected, which would be consistent with this region being a 

binding site for Pol ε [Fig. 5.18A, higher concentration].  

 

The strongest binding site for Pol ε based on the array corresponds to residues 

347-367 in the protein sequence of Sld2, which are located within the F8 fragment. 

This, in turn, would be in agreement with the earlier conclusion that a binding site 

for Pol ε resides within the last 148 aa of Sld2.  

 

With the above information in mind, an attempt was made to obtain a point 

mutation in Sld2 that would disrupt the binding with Pol ε in order to study its 

consequences for initiation. Therefore, a series of points mutants in fragment F8 

was designed, focusing on the region identified to be important for binding by the 

peptide array. However, since peptide arrays can give rise to false positive results 

(Blikstad and Ivarsson, 2015), ten additional mutants were designed to thoroughly 

test which residues within F8 are important for binding to Pol ε. Those additional 

mutations were based on sequence alignment of Sld2 from S. cerevisiae with other 

fungi and amino acids with a high degree of conservation were substituted.  

 

The mutations were introduced in F8 rather than full-length Sld2 in order to 

facilitate purification and easily test more mutants than when isolating Sld2 from 

yeast, which requires large volumes of cell culture. The mutations were 3-5 alanine 

substitutions as shown [Fig. 5.19A].  
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Figure 5-18 Sld2 peptide array probed with Pol ε Pol2-9MYC  
A) Control experiment where the membrane was probed with anti-MYC antibody only 
and results of the experiment showing the peptides bound by Pol ε using two Pol ε 
concentrations to probe the array B) Ponceau S stain of the peptide array 
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Figure 5-19 Mutants of Sld2 fragment F8 
A) Scheme showing the location of point mutations introduced into Sld2 F8 B) Sld2 
point mutants of F8 following GST affinity purification C) A representative far-Western 
blot experiment showing that the introduced point mutations had no disruptive effect on 
the interaction with Pol ε. 
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All the F8 mutants purified equally well as the wild type fragment [Fig. 5.19B]. 

However, none of the introduced mutations appeared to disrupt or decrease the 

binding when tested in a far-Western blot, as shown in a representative experiment 

using M2, 3, 4, 5, 6,13,14 [Fig. 5.19C]. Therefore, it appeared that perhaps the 

introduced mutations were not sufficient to disrupt the binding.  

 

For this reason, a new peptide array was designed in order to investigate which 

residues are key to mutate to abolish binding. After the inspection of the sequence 

of the region identified by the peptide array, it became apparent that many of the 

conserved residues were positively charged. Therefore, it was tested whether 

reversing the amino acids’ charge (rather than substituting them for alanine) would 

more effectively disrupt the interaction with Pol ε. Furthermore, the effect of 

combining different mutations was examined.  

 

The probing of the mutagenesis array under the same conditions as the Sld2 array 

showed that, at least in the context of the peptide, the mutations tested previously 

were already sufficient to disrupt the binding [Fig. 5.20B, C]. This was unexpected 

as no effect on the binding was observed when those mutations were present in 

the F8 fragment [Fig. 5.19C]. Subsequently, all the mutations identified as sufficient 

to disrupt the binding in the peptide array were combined and introduced into the 

F8 fragment to construct a severe 11 amino acid mutant, referred to as F8 11aa 

MUT. 
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Figure 5-20 Design of the Sld2 peptide mutagenesis aray 
A) Peptides J14 and J16 identified as important for binding in the Sld2 array were used 
as the basis for designing the mutagenesis array. The conserved residues in the 
peptides were mutated to alanine (or the charge was reversed) either in isloation or in 
different permutations. In addition, the peptides were divided into blocks, irrespectively 
of amino acid conservation, and mutated either in isolation or in different combinations. 
Full details of the peptide array can be found in supplementary material. B) Results of 
the expriment with peptide J14. C) Results of the experiment with peptide J16. In the 
context of the peptide the individual mutations tested previously are sufficient to abolish 
the binding of Pol ε.   
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Previously, after preparing the GST tagged mutants of F8 (M1-M14) their binding to 

Pol ε was tested by far-Western blot. However, when preparing the F8 11aa MUT 

mutant, an additional FLAG tag was introduced and the equivalent WT F8 fragment 

was re-made. This was to test the mutant in an immunoprecipitation experiment 

under the same conditions as FL Sld2 and to exclude the possibility that the 

fragment miss-folds on the membrane, potentially leading to non-specific binding of 

Pol ε in a far-Western experiment.  

 

First, the binding of the 11aa-F8 MUTx3FLAG to Pol ε was tested using 

immunoaffinity purification via its FLAG-tag [Fig. 5.21A]. It was found that Pol ε 

bound both the WT F8 fragment and the mutant to a comparable level with no 

apparent effect of the eleven mutations [Fig. 5.21B].  

 

Based on this experiment, it was concluded that the peptide arrays did not identify 

the residues in the F8 fragment that are important for binding. This might be 

because in a peptide array some residues normally not located on the protein’s 

surface can be exposed. This, in turn, may lead to false positive results.  

 

At that time, an observation was made that suggested that there might be two Pol ε 

interaction sites in Sld2. From the crosslinking experiment described earlier, it 

could be concluded that Sld2 interacts with the C-terminus of Pol2 subunit of Pol ε. 

However, when the binding of the Δcat mutant to Sld2 was tested as outlined [Fig. 

5.22A], the interaction was greatly reduced [Fig. 5.22B]. This suggests that the N-

terminus of Pol2 is also important for binding to Sld2.  
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Figure 5-21 Binding of Pol ε to F8 WT Sld2 fragment and the F8 11aa MUT 
A) Scheme of the experiment performed B) Binding of Pol ε to WT F8 Sld2 fragment 
and the F8 11aa MUT using two Pol ε concentrations. Introducing 11 mutations in the 
F8 fragment identified as important for binding based on the peptide array had no 
effect on binding of Pol ε. 
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Figure 5-22 Binding of WT Pol ε and Δcat mutant to Sld2 
A) Scheme of the experiment performed. B) The Δcat mutant shows greatly reduced 
binding to Sld2.  
 

Then, it seemed appropriate to test whether the F8 fragment interacts with the N- 

or C-terminus of Pol2. In order to do this, an experiment was performed as outlined 

[Fig. 5.21A] using three different buffer conditions in case the interaction was 

weakened but not disrupted completely, which could result in salt sensitivity.  

 

There was no difference in the binding to Pol ε of the F8 11aa MUT as compared to 

WT F8 under all conditions tested [Fig. 5.23]. Furthermore, the Sld2 F8 fragment 
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bound only to WT Pol ε but not to the Δcat mutant. Based on this, it was concluded 

that the F8 fragment of Sld2 interacted with the N-terminus of the Pol2 subunit of 

Pol ε.  

 
Figure 5-23 Binding of WT Pol ε and Δcat mutant to WT F8 Sld2 fragment and the 

11aa-F8 MUT 
The F8 fragment and the 11aa-F8 MUT bind only to WT Pol ε but not to the Δcat 
mutant. There was no difference in binding of both WT F8 Sld2 fragment and the F8 
11aa MUT to WT Pol ε under all conditions tested.  
 

5.2.4 Towards reconstitution of the pre-LC in vitro 

5.2.4.1 Pol ε forms a complex with Sld2 in the absence of CDK 

In order to reconstitute the pre-LC in vitro, first an attempt was made to reconstitute 

some potentially relevant subcomplexes. Initially, the formation of the Sld2/Pol ε 

complex was examined in both the presence and absence of CDK. To this end, 

3xFLAG-Sld2 was phosphorylated (or mock treated) with CDK and coupled to anti-

FLAG affinity resin. Then, it was incubated with Pol ε and, after washing the resin, 

the protein was eluted with FLAG peptide [Fig. 5.24A]. It was found that Pol ε 

bound to both phosphorylated and unphosphorylated Sld2 and that the level of 

binding was comparable, considering that there was slightly less of 

unphosphorylated Sld2 coupled to anti-FLAG resin (as compared to the 

phosphorylated form) [Fig. 5.24B].  
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Figure 5-24 Pol ε forms a complex with Sld2 independently of CDK 

phosphorylation  
A) Schematic representation of reconstituting the Sld2/Pol ε complex in vitro. B) 
Results of the experiment outlined in A) analysed by SDS-PAGE and silver staining.  
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5.2.4.2  Pol ε forms a trimeric complex with Sld2 and Dpb11 

Following the observation that Pol ε forms a complex with Sld2 in vitro, the third 

interactor Dpb11 was added in order to test whether its presence has any effect on 

Pol ε/Sld2 binding. To this end, the protocol from the previous experiment was 

adapted to account for the fact that unphosphorylated Sld2 3XFLAG bound less 

efficiently to the anti-FLAG resin, possibly due to precipitation or aggregation [Fig. 

5.25A]. First, Sld2 was phosphorylated and coupled to the resin. This was then 

followed by dephosphorylation with lambda-phosphatase of the “-CDK” samples. 

After this step, the experiment was performed as before. In addition, before loading 

on an SDS-PAGE gel, all samples were again treated with lambda phosphatase. 

This was to ensure that in all reactions Sld2 migrates at the same position on an 

SDS-PAGE gel (without the phosphorylation shift), enabling direct comparison of its 

amount present.    

 

It proved possible to form a trimeric complex composed of Pol ε/Sld2/Dpb11. 

However, the presence of Dpb11 had no apparent effect on Pol ε/Sld2 binding. 

This suggests, that Dpb11 does not compete with Sld2 for binding to Pol ε but 

neither does it have any clear stabilising effects on the complex [Fig. 5.25B]. 
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Figure 5-25 Pol ε forms a trimeric complex with Sld2 and Dpb11  
A) Schematic representation of reconstituting the Sld2/Pol ε/Dpb11 complex in vitro. B) 
Results of the experiment outlined in A) analysed by SDS-PAGE and silver staining. 
Dpb11 has no effect on Pol ε/Sld2 binding. 
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5.2.4.3  Pol ε forms a complex with GINS at high concentrations 

When trying to reconstitute the pre-LC in vitro, initially it was not possible to find 

conditions under which GINS bound to Sld2/Pol ε/Dpb11. However, at that time, a 

study (Sengupta et al., 2013) demonstrated that a small fragment of the Dpb2 

subunit of Pol ε (Dpb2N) forms a complex with GINS that is sufficiently stable to 

withstand two affinity purification steps and separating it over a gel filtration column. 

This suggested that it should be possible to reconstitute also the complex made of 

FL Pol ε and GINS.  

 

In order to do this, it was important to understand the conditions under which the 

Dpb2N/GINS complex is formed. Therefore, Dpb2N and GINS were purified from E. 

coli cells, mixed and applied to a gel filtration column to analyse complex formation 

by SEC (size exclusion chromatography). It should be noted that SEC is a non-

equilibrium method since the proteins get diluted in the running buffer during the 

experiment. Therefore, SEC favors complex dissociation and only complexes with 

a sufficiently slow of-rate can be analysed. Provided that two proteins are 

sufficiently different in size, the peaks of their elution profiles do not overlap. 

Therefore, it is possible to examine complex formation by comparing the elution 

profiles of the individual components of the complex applied separately onto the 

column versus the proteins mixed together and applied onto the column. If the 

proteins form a complex their elution profiles will change and both proteins will 

elute together in earlier elution fractions as compared to the individual proteins 

(since the complex has a larger MW that its individual components). Initially, the 

formation of the Dpb2N/GINS complex was not observed [Fig. 5.26C top panel]. 

However, it was possible to isolate the complex from a mixed extract of cells 

overexpressing Dpb2N and GINS as described previously (Sengupta et al., 2013) 

[Fig. 5.26A, B]. Since both Dpb2N and GINS were overexpressed to a very high 

level, it was reasoned that the complex likely forms only under high protein 

concentrations. Indeed, when the protein concentration in the gel filtration 

experiment was increased ~10 fold, it was observed that the Dpb2N peak was 

mostly absent and that it now co-eluted with GINS [Fig 5.26C bottom panel, D]. At 

that point, however, it became apparent that would not be possible to obtain FL Pol 
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ε at molar concentrations comparable to the Dpb2N fragments because of the 

larger size of the complex and associated solubility problems.  

 
Figure 5-26 Formation of the Dpb2N/GINS complex is concentration dependent  
A) Strategy to isolate the Dpb2N/GINS complex from mixed bacterial extracts 
overexpressing Dpb2N and GINS. B) Dpb2N/GINS complex isolated from extract using 
the STREP tag on Dpb2N analysed by SDS-PAGE followed by Coomassie staining C) 
Results of a gel filtration experiment where Dpb2N and GINS were mixed at two 
concentrations: LOW (top panel) and HIGH (bottom panel). The complex was only 
formed at the high concentration whereas at the low concetration the proteins eluted 
separately D) Dpb2N/GINS complex analysed by SDS-PAGE followed by Coomassie 
staining.  

 

In order to overcome the problems of Pol ε solubility, it was tested whether the Pol 

ε/ GINS complex could be purified from a mixed extract prepared from yeast cells 
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overexpressing Pol ε and bacterial cells overexpressing GINS. This was based on 

the idea that the extract might increase the local concentrations of Pol ε and GINS 

due to the presence of other cellular proteins and crowding effects.  

 

When an attempt was made to isolate the Pol ε/GINS complex from the mixed 

extract as outlined [Fig. 5.27A], it was observed that GINS is eluted from the CBP 

resin only in the presence of Pol ε but not in the control reaction. However, the 

complex was very substoichiometric with an excess of Pol ε [Fig. 5.27B].  

 

Therefore, the complex was subjected to a second affinity purification step, this 

time using the HIS tag present on GINS as outlined [Fig. 5.27C]. Following this step, 

the stoichiometry of the complex was greatly improved and the complex appeared 

to exhibit a nearly 1:1 Pol ε: GINS ratio [Fig. 5.27D]. 

 

At that point, this complex seemed to be a suitable target for EM characterisation. 

However, all attempts to acquire structural data proved to be unsuccessful because 

of the poor homogeneity of the sample. The complex was found to dissociate upon 

application to a gel filtration column and so it was not possible to reduce the 

heterogeneity of the sample using this method. Also purifying the complex using 

other chromatographic approaches ( i.e. ion exchange) did not allow to obtain a 

stoichiometric homogenous complex. Although several buffer conditions were 

tested, the handling time was minimized and an attempt was made to stabilise the 

complex with the use of a crosslinker, it was not possible to obtain meaningful data 

and this project was not further pursued.   
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Figure 5-27 Isolation of the Pol ε/GINS complex  
A) Strategy employed to isolate the Pol ε/GINS complex from mixed extracts prepared 
from cells overexpressing GINS and Pol ε B) Pol ε/GINS complex isolated from extract 
analysed by SDS-PAGE followed by Coomassie staining C) strategy used to improve 
the stoichiometry of the Pol ε/GINS complex by performing a second affinity purification 
step D) Pol ε/GINS complex after the second affinity purification step analysed by SDS-
PAGE followed by Coomassie staining 
 

5.2.4.4  Reconstitution of the pre-LC in vitro 

After the isolation of the Pol ε/ GINS complex, it seemed that this should enable the 

reconstitution of the pre-LC in vitro. To this end, an aliquot of the complex isolated 

from extract after the first affinity purification step was taken and coupled to 

magnetic TALON resin via the HIS tag on GINS. Subsequently, Sld2, Dpb11 and 

CDK were added since the binding of Dpb11 to Sld2 is phospho-dependent 
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(Zegerman and Diffley, 2007, Tanaka et al., 2007) [Fig. 5.28A]. After washing the 

resin, bound proteins were eluted with imidazole and analysed by SDS-PAGE 

followed by silver staining [Fig. 5.28B].  

 

 
 

Figure 5-28 Reconstitution of the pre-LC in vitro 
A) Scheme of the strategy employed to reconstitute the pre-LC in vitro B) pre-LC 
reconstituted in vitro analysed by SDS-PAGE followed by silver staining.   
 

 

The eluate contained what appeared to be a pre-LC with all of the four interactors 

present. Although background binding of CDK to the TALON resin was observed, 

reducing its amount used in the experiment could possibly minimise this. At that 

point, it was tested whether the presence of Dpb11 and Sld2 stabilised the Pol ε/ 

GINS complex, thus making the pre-LC a better target for EM studies than the Pol 

ε/ GINS complex. However, the pre-LC analysed by negative staining did not 

appear homogenous, similarly to Pol ε/GINS (not shown). Based on this 

observation, it appears that the pre-LC is a short lived intermediate that can be 

assembled in vitro possibly due to the stabilising effect of the affinity resin and/ or 

increased local protein concentration. Since the affinity resin can act as a crowding 

agent, it can increase the local concentrations of proteins and affect diffusion rates. 
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Therefore, it can in some instances favor complex formation or prevent its 

dissociation (Kuznetsova et al., 2014). However, upon elution from the resin the 

complex likely dissociates, which is evident only after looking at the particles under 

the microscope.  

 

5.3 Discussion 

It was speculated in this study that Pol ε is likely to form important interactions with 

other firing factors. Therefore, to gain insight into the role of Pol ε in origin firing, 

first an attempt was made to identify any additional interactions with proteins 

involved in the initiation of DNA replication. The first part of this chapter described 

the identification of four direct interactions of Pol ε with GINS, Dpb11, Sld2 and 

Sld3. Some evidence for the binding of Pol ε to Dpb11, GINS and Sld2 was 

available but those interactions were not characterised in any detail (Muramatsu et 

al., 2010, Araki et al., 1995, Kamimura et al., 1998). Furthermore, the interaction 

with Sld3 has not been identified in any study thus far.  

 

Since the interactions important for initiation would involve the essential subunits of 

Pol ε (C-terminus of Pol2 or Dpb2), an attempt was made to determine whether any 

of the interactors bound to this part of the protein. It was found that GINS interacts 

with Pol ε via its Dpb2 subunit, which is consistent with another study (Sengupta et 

al., 2013). Furthermore, it was possible to show that the C-terminus of Pol2 binds 

to both Dpb11 and Sld2 while Sld3 binds via the N-terminus of Pol2. These results 

suggest that the essential role of the C-terminus is presumably linked to its 

interactions with Dpb11 and/or Sld2. 

 

Since Pol ε is involved in many interactions, there is likely to be redundancy among 

them. Therefore, to test the significance of the individual interactions it would be 

required to obtain mutants disrupting them to then analyse the phenotype. The 

interaction with GINS had been characterised (Sengupta et al., 2013) and, 

therefore, the focus was on the Sld2/Pol ε interaction. There were two reasons for 

this. Firstly, because it was one of the two proteins found to interact with the 

essential C-terminus of Pol2. Secondly, it was possible to narrow down the 
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interacting region of Sld2 to the C-terminal part of the protein by testing the binding 

of its natural degradation products to Pol ε.  

 

Disrupting the Pol ε/Sld2 binding proved challenging and it was not possible to 

obtain a mutant that would abolish the interaction. However, the experiments 

performed to map the interaction suggested that presumably there were two points 

of contact between Sld2 and Pol ε: the one involving the N-terminus of Pol2 and 

the other one involving the C-terminus.  

 

The results presented in the latter part of this chapter show that, in agreement with 

previous reports (Muramatsu et al., 2010), the pre-LC can be formed independently 

of origins. This is supported by the fact that it was possible to reconstitute the 

complex in vitro in the absence of the pre-RC factors. However, the potential effect 

of adding DNA to the reaction was not tested. Under those experimental conditions, 

the pre-LC appeared short lived and most likely dissociated quickly after being 

eluted from the affinity resin. While it can be assumed that the recruitment of Pol ε, 

Dpb11, GINS and Sld2 happens with a transient pre-LC intermediate, an 

unanswered question remains whether its formation is strictly required for initiation.
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Chapter 6. Discussion 

Since DNA replication is such a fundamental cellular process, its disruption often 

results in lethality, posing limitations on in vivo studies. Although Pol ε was 

characterised in terms of its enzymatic properties as a polymerase, little was known 

about the essential function in initiation of DNA replication performed by the non-

catalytic part of the protein. The extent of mechanistic studies was limited since the 

in vitro system recapitulating origin activation has been developed only recently 

(Yeeles et al., 2015). Furthermore, the structure of Pol ε itself was not 

characterised extensively and an understanding of the spatial relationship between 

Pol ε and the CMG was lacking.  

 

6.1 Role of Pol ε during initiation of DNA replication 

6.1.1 The interactions of Pol ε with firing factors 

Although the initiation of DNA replication was commonly represented as a linear 

sequence of events, it was speculated in this study that additional interactions 

might be important for this process. Therefore, interactions of Pol ε with both pre-

RC and firing factors were examined, taking advantage of the fact that all of the 

required proteins were available in pure form, thus permitting to test for direct 

interactions among them. Importantly, the recombinant proteins supported 

replication in the in vitro assay, which demonstrated that they are functional and 

form all relevant interactions.  

 

As described in the fifth chapter, interactions of Pol ε with GINS, Dpb11, Sld2, Sld3 

and Orc1 were identified, and subsequent experiments focused on the first four 

interactions. Their aim was to address, which of those proteins (if any) interact with 

the essential C-terminus of Pol ε Pol2 subunit.  

 

It was possible to determine that the interaction with GINS happens via the Dpb2 

subunit of Pol ε. This was also shown by others (Sengupta et al., 2013) who 

mapped the interaction to the first ~100 amino acids of the N-terminus of Dpb2 and 

the B-domain of the Psf1 subunit of GINS. They were also able to demonstrate that 
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Dpb2 has a dual role in both recruiting GINS to the CMG as well as in tethering Pol 

ε to the replisome. They showed that overexpressing the N-terminal portion of 

Dpb2 was sufficient to form the CMG and rescue replication. This could suggest 

that only this part of Pol ε is important for replication. However, it should be 

emphasised that since this experiment was performed in Dpb2 depleted cells, all 

the other subunits of Pol ε were still present in the cell and the role of the essential 

C-terminus of the Pol2 subunit was not addressed.  

 

In order to map the region of Pol ε that interacts with Dpb11, Sld2 and Sld3, a 

crosslinking-coupled immunoprecipitation assay was established. Since it was 

likely that the interactors would make multiple contacts with Pol ε, the assay was 

designed to compare their level of binding to the individual Po ε subunits in order to 

determine the main interacting region. Those experiments showed that Sld2 and 

Dpb11 interact predominantly with the C-terminus of the Pol2 subunit of Pol ε, 

whereas Sld3 interacts with the N-terminus. Furthermore, weaker interactions were 

present with the other subunits of Pol ε.  

 

Subsequently, the Pol ε/Sld2 interaction was further examined, however, several 

technical difficulties made it impossible to obtain a point mutant disrupting the 

binding. Nevertheless, the efforts to map the Pol ε/Sld2 interaction led to an 

interesting observation suggesting that there might be two regions of Pol ε involved 

in Sld2 binding, one located on the N-terminus and the other on the C-terminus of 

Pol2. If Sld2 indeed interacts with both termini of Pol2, it would be likely located 

near the thin linker connecting the two lobes of Pol2 as shown in the structure 

obtained from EM data. This, in turn, might have implications for the role of Sld2 

binding to Pol ε and will be discussed in the following sections.  

 

Overall, the results presented in this thesis demonstrate that Pol ε performs an 

important structural role, mediating many interactions, and for this reason it is a key 

component of an interaction network involving also Dpb11, Sld2, GINS and Sld3. 

The Pol2 subunit of Pol ε plays an important role as a scaffold and possibly brings 

together many proteins during the CMG assembly pathway. Furthermore, this 

suggests that the essential role of the C-terminus of Pol2 might be due to its 

interactions with Sld2 and or Dpb11. It is also possible that the essential role of the 



Chapter 6. Discussion 

 

195 

 

C-terminus of Pol2 is to interact with Dpb2 (which itself binds GINS) and perhaps 

stabilize it or in some other way support the Dpb2/ GINS interaction.  

 

The existence of multiple contacts among those proteins challenges the very linear 

view of the CDK-step of origin firing, where the pre-LC is recruited to the origin 

upon SDS formation. The exact sequence of events during the CDK-dependent 

step is not clear. It is possible that the SDS complex formation does not have to 

happen first. Equally, it is possible that the proteins are present at the origin earlier, 

recruited via the interaction of Pol ε with Dpb11 or Sld3 and GINS with Dpb11, 

while the phosphorylation event somehow completes the recruitment stage. This 

could involve, for example, changes of the conformational state of some of the 

proteins, in particular Sld2, for which a CDK-dependent conformational switch was 

proposed (Tak et al., 2006). 

 

6.1.2 Investigating the assembly of the pre-LC 

The pre-LC is a term coined for a fragile complex composed of Pol ε, GINS, Sld2 

and Dpb11 that was isolated from S. cerevisiae. This complex was proposed to be 

an important intermediate in CMG assembly that acts to simultaneously recruit 

GINS and the leading strand polymerase to the MCM double hexamer (Muramatsu 

et al., 2010).  

 

In order to better understand the requirements for its formation, an attempt was 

made to reconstitute the pre-LC in vitro using purified proteins. To achieve this, 

three subcomplexes were assembled. First, the Pol ε/Sld2 complex was 

reconstituted, which was found to form both in presence and absence of CDK with 

the same efficiency. Subsequently, a trimeric complex composed of Pol ε/Sld2/ 

Dpb11 was reconstituted and it was found that adding Dpb11 to the Pol ε/Sld2 

complex has no apparent effect on stabilising this assembly. Finally, the Pol ε/GINS 

complex was isolated following the realisation that this interaction requires high 

concentrations of both proteins. Although the complex seemed almost 

stoichiometric after the final purification step, it appeared to quickly dissociate 

following elution from the affinity resin used to isolate it. Finally, the full pre-LC was 
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assembled in vitro. However, similarly to the Pol ε/GINS complex, the pre-LC 

appeared unstable.  

 

It is still not clear whether pre-LC formation is strictly required during initiation. The 

fact that it was possible to isolate the subcomplexes described above shows that 

the formation of the pre-LC does not appear critical in promoting the interactions 

among its components. The fact that it was possible to reconstitute the pre-LC in 

vitro supports the previous finding that this complex can be formed completely 

independently of origins (Muramatsu et al., 2010). However, it cannot be excluded 

that a stepwise assembly of its components on the origin might be possible. 

Presumably, firing can occur both via a pre-LC intermediate and a stepwise 

assembly. Finally, the pre-LC has thus far been identified only in S. cerevisiae, 

which opens up questions about the CMG assembly in higher eukaryotes implying 

that the requirements for its formation might be different among organisms.  

 

6.1.3 The interaction network of Pol ε and its implications for the 

mechanism of the CDK-dependent step and its evolutionary 

divergence 

The role of CDK in origin firing is to ensure that replication takes place once and 

only once during each cell cycle, which is achieved by temporal separation of 

licensing from firing, which in S. cerevisiae, this involves regulating the formation of 

the SDS complex (Siddiqui et al., 2013). Thus, considering such fundamental role, 

it would be expected that the control of SDS complex formation by CDK should be 

highly conserved. The mechanism of the CDK-dependent step of origin firing, 

however, appears to have diverged during the course of evolution. The two 

essential CDK targets in S. cerevisiae, Sld2 and Sld3, were not easily found 

beyond fungi in consequence of poor sequence similarity. As discussed in more 

detail in the introduction of this thesis, orthologues of Sld2, Sld3 and Dpb11 were 

eventually discovered in several higher eukaryotes, including C. elegans, X. laevis 

and H. sapiens, and there is evidence that they also form a trimeric ‘SDS-like’ 

complex similarly to yeast (Zegerman, 2015). However, the interactions between 

those proteins and the requirement for CDK phosphorylation are different. In short, 
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in organisms other than S. cerevisiae studied to date only one phosphorylation 

dependent interaction appears to be strictly required for ‘SDS-like’ complex 

formation and initiation (Zegerman, 2015).       

 

Therefore, the fact that the CDK-step of origin firing involves a whole protein-

protein binding network might help explain how some interactions of a critical 

regulatory mechanism could have been lost during the course of evolution. The 

multiple interactions among firing factors described in this thesis [Fig.6.1] could 

enable maintaining the overall architecture and spatial arrangement of 

intermediates along the pathway leading to CMG assembly, even if some of them 

were disrupted. Importantly, Pol ε is a focal point of this network since it makes 

direct contacts with all the factors. In fact, it is easy to envision a similar model to 

the one presented here [Fig. 6.1] but involving different protein-protein interactions. 

For example, should all the contact points with Pol ε be maintained in higher 

eukaryotes, the CDK-dependent interactions would not be necessary to assemble 

the proteins in the same fashion.  

 

It becomes an interesting question why in more complex eukaryotes one CDK 

phosphorylation site suffices to control replication, while simpler S. cerevisiae 

require two of them. Since a bypass of CDK phosphorylation was not demonstrated 

in eukaryotes other than yeast, it is possible that different but yet unidentified CDK 

substrates exist. This could suggest that additional mechanisms evolved to support 

the temporal separation of licensing and firing. Hypothetically, an alternative to 

delaying origin firing could be earlier inhibition of licensing. Therefore, it will be 

important to study origin activation in different organisms in order to understand its 

unifying principles.  
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Figure 6-1 Evolutionary conservation of the SDS complex 
Top part of the figure shows interactions of Pol ε with members of the SDS complex. 
Dpb3/4 subunits of Pol ε were omitted for simplicity. Below the interactions among 
Sld2/Dpb11/Sld3 orthologues are presented. Red lines indicate a phosphorylation 
dependent interaction. The dashed line indicates an interaction that is strengthened by 
phosphorylation but does not strictly require it.  
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6.2 Structural characterisation of Pol ε as part of the 
eukaryotic replisome  

 

Despite advances in understanding the biochemistry of helicase-polymerase 

coupling in eukaryotes, structural understanding of this system was lacking until 

progress in studying large macromolecular assemblies was enabled by the 

refinement of EM techniques. Since the structure of the CMG was characterised 

extensively (Abid Ali et al., 2016, Yuan et al., 2016, Costa et al., 2014), the next 

step was to understand how Pol ε is spatially related to the CMG helicase.  

 

To this end, Pol ε was analysed by EM both in isolation and in complex with the 

CMG, which led to a revision of the eukaryotic replication fork model proposed 

recently (Sun et al., 2015).  

 

6.2.1.1  Structure of Pol ε determined by EM 

Pol ε is a large ~379 kDa complex and its structure was previously determined by 

cryo-EM (Asturias et al., 2006). In this study, its structure was revisited in result of 

an initial observation of an architecture that differed from that reported earlier. 

Previously, Pol ε was described as a globular entity with an extended tail where the 

catalytic Pol2 subunit constitutes the main part of the protein while the accessory 

subunits are located in the tail (Asturias et al., 2006). This study, however, shows 

that the complex exhibits a clear bilobal architecture resembling a bean shape with 

a thin linker connecting the two parts of the protein where the catalytic Pol2 subunit 

spans the two lobes.  

 

Bioinformatics studies on the evolution of B-class type polymerases across the 

domains of life uncovered that the catalytic subunit of Pol ε shows somewhat 

unexpected features. The authors show that it contains two exonuclease- 

polymerase (exo-pol) domains repeated in tandem, only one of which retained the 

catalytic activity (Tahirov et al., 2009). Considering this information, it seemed likely 

that the Pol2 subunit is composed of two parts not only on a sequence level but 
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also that the architecture of the inactive exo-pol domain might be conserved (since 

polymerases generally share a similar architecture). Therefore, it seemed plausible 

that the Pol2 subunit could show a large degree of symmetry and span the two 

lobes observed in our structure.  

 

To validate this initial observation, a series of Pol ε constructs was analysed, which 

included domain deletions and subunit dropouts. By deleting the second largest 

subunit Dpb2, the N-terminal exo-pol module in the Pol2 subunit, as well as 

analysing the isolated FL Pol2 subunit, it was possible to demonstrate that the Pol2 

subunit spans the two lobes. In addition, two conformations of the complex became 

apparent (referred to as compact and extended) [Fig. 6.2A], which was not 

surprising, considering the presence of the thin linker. To investigate this flexibility 

further, the subunits of Pol ε were tagged with an MBP tag. Using this approach, it 

was possible to track the rotation of the two lobes with respect to each other. This 

inherent flexibility of Pol ε also helped to explain why the full complex proved to be 

such a challenging target for our crystallography trials.  

 

 
Figure 6-2 Conformational switch of Pol ε  
A) Representation of the conformational switch observed for WT Pol ε in isolation. B) 
Representation of the conformational switch of Pol ε in complex with CMG. The 
catalytic domain can be found in two locations and it extends towards the side of the 
helicase.  
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It is somewhat puzzling why Pol ε acquired a second exonuclease polymerase 

module during the course of evolution. It is not clear whether it is an evolutionary 

relict or whether this domain still has some functional role. Currently, it is difficult to 

comment on the structural conservation of the inactivated polymerase domain 

because of a lack of a high-resolution structure. The microscopy studies on the 

Δcat mutant presented in this thesis show, however, that the C-terminus of Pol2 is 

well structured. It is possible to speculate that despite losing the catalytic activity, 

the domain is still able to bind DNA, similarly to, for example, Cdc45 (Krastanova et 

al., 2012, Szambowska et al., 2014, Simon et al., 2016). The DNA binding 

properties of the C-terminal part of the Pol2 subunit were not studied extensively 

and it is, thus, not clear whether it possesses this ability (Tsubota et al., 2003). 

Determining this will be important to establish whether the C-terminus is essential 

only due to its interactions with firing factors discussed in the previous sections or 

whether it is also has additional roles in guiding the DNA passing through the 

replisome.              

 

6.2.1.2  Structure of Pol ε in complex with CMG determined by EM 

The structure of CMG in complex with Pol ε showed that the polymerase is 

anchored onto the helicase on the ATPase side with one of the lobes, while the 

other lobe extends to the side of the CMG. The structure of CMG with the Δcat 

mutant demonstrated that the C-terminal part of the Pol2 subunit constitutes this 

anchor. This could be concluded since CMG in complex with the Δcat mutant was 

clearly lacking one of the lobes. It also became apparent that Pol ε exhibits 

conformational flexibility in complex with CMG, similarly to what was observed 

when analysing the isolated Pol ε complex [Fig. 6.2B].   

 

6.2.1.3  Implications of CMG-Pol ε structure for replisome function and 

coordination of leading/ lagging strand synthesis   

According to the classical model, the helicase is situated at the front of the moving 

replisome while the polymerases trail behind [Fig. 6.3, left] (O'Donnell et al., 2013). 
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The separation of the leading and lagging strand synthesis is achieved by spatially 

separating the leading and lagging strand polymerases, which in the bacterial 

system is achieved by the clamp loader (O'Donnell et al., 2013). In eukaryotes, 

there is no evidence for the strict requirement of a clamp loader in orchestrating the 

leading/ lagging strand synthesis. However, the overall arrangement of 

polymerases was thought to be similar in different domains of life until a recent 

study challenged this notion (Sun et al., 2015). 

 

The authors analysed CMG in complex with Pol ε and concluded that the leading 

strand polymerase is located at the front of the helicase (Sun et al., 2015), which 

would deviate from the commonly accepted view of the architecture of the 

replisome. Therefore, according to this new model, the leading and lagging strand 

polymerases would be situated on the opposite sides of the helicase, which raises 

the question about the path of DNA in this assembly. The authors speculate about 

the possible ways in which the separated DNA strands would loop in order to reach 

both polymerases [Fig. 6.3, right].  

 

 
Figure 6-3 Different arrangements of the polymerases with respect to the 

helicase and their consequences for the path of DNA  
Classical model of the replisome (left). Both polymerases are located behind the 
helicase and are separated by a clamp loader. A recent model of the replisome (right), 
which proposed the leading and lagging strand polymerases to be located on the 
opposite side of the helicase (Sun et al., 2015).  
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The results presented in this thesis provide the basis of a revised model of the 

eukaryotic replisome. The data agrees with the unexpected positioning of Pol ε on 

the ATPase side of the MCM ring (Sun et al., 2015). In addition, it shows that the 

C-terminus of Pol2 acting as an anchor point of Pol ε on the CMG is spatially 

separated from the DNA synthesis N-terminal domain, which extends to the side of 

the CMG. Therefore, in this model, the DNA unwound by the CMG would exit the 

MCM ring at the back and loop by approximately 90 degrees to reach the 

polymerase domain of Pol ε [Fig. 6.4]. In this model, there is a great degree of 

probability that Cdc45 might be involved in DNA binding that is important to guide 

the leading strand DNA from the helicase to Pol ε. This would be supported by the 

fact that Cdc45 was shown to have DNA binding activity (Petojevic et al., 2015). 

Furthermore, it would be in agreement with crosslinking studies that examined 

protein- DNA contacts within the context of the CMG since Cdc45 was found to 

interact with the leading strand but not the lagging one (Petojevic et al., 2015).   

 

 
Figure 6-4 Comparison of the classical model of the replisome with the model 

proposed by Sun et al., 2015 and our revised model 
In the model proposed recently (Sun et al., 2015) Pol ε would be located at the front of 
the helicase (middle figure). This would be significantly different from the classical 
model (left figure), where the polymerases are located behind the helicase. Our revised 
model (right figure) shows that while Pol ε is anchored at the front of the helicase, the 
polymerase domain extends to the side of the CMG. Therefore, this resembles the 
classical model based on the bacterial replisome. 
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6.2.2 Possible functional significance of Pol ε conformational switch in 

complex with CMG  

Recently, it has been demonstrated that the synthesis of the leading strand 

involves a polymerase switch, where initially Pol δ engages the DNA substrate and 

only later does it hand the DNA substrate off to Pol ε (Yeeles et al., 2016). 

Therefore, it is possible to speculate that the flexibility of Pol ε might be required for 

this [Fig. 6.5]. It could be envisioned that Pol ε engages the substrate only in one 

conformation and the switch enables Pol δ to bind DNA.  

 

Furthermore, Pol ε was shown to require PCNA to achieve its maximum synthesis 

rates observed in vivo (Yeeles et al., 2016). However, the molecular basis of this is 

not entirely clear. Although the non-catalytic part of the protein is attached to the 

CMG, it seems plausible that the catalytic domain of Pol ε has some propensity to 

disengage from the DNA substrate owing to the discussed domain flexibility. 

Therefore, PCNA might be required to lock the DNA synthesis module of Pol ε onto 

DNA, increasing its occupancy on the double helix and consequently enhancing 

synthesis rates.   

 

 
Figure 6-5 A speculative model for substrate hand-off from Pol δ to Pol ε 

involving a conformational switch in Pol ε  

 

Moreover, it is worth speculating on the possible roles of Sld2 and Sld3 in both 

recruiting Pol ε to the MCM double hexamer and positioning it for DNA synthesis. 

This study shows that the N-terminus of Pol2 containing the DNA synthesis activity 
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interacts with Sld3 (crosslinking data) as well as Cdc45 (microscopy data). 

Furthermore, the data shows that Sld2 is likely to have two interaction sites on the 

N- and C-terminus of the Pol2 subunit of Pol ε.  

 

If Sld2 indeed interacts with both termini of Pol2, it can be predicted that Sld2 

would be located near the flexible hinge between the two lobes of Pol2.Taking into 

consideration the conformational flexibility of Pol ε and the fact that its catalytic 

domain can adapt different locations with respect to CMG, it is plausible to suggest 

that Sld2 and Sld3 might be important to correctly position the synthesis domain 

with respect to the helicase.  

 

Since neither Sld2 nor Sld3 travel with the replisome, both proteins would be 

important during Pol ε recruitment and prior to the polymerase engaging the DNA 

substrate during elongation. At that stage, other proteins such as PCNA could be 

important for keeping the catalytic domain in the correct conformation. Considering 

that two Sld3 molecules bridged by Sld7 are recruited to each double hexamer 

(Deegan et al., 2016, Deegan, 2014), Pol ε could potentially make two contacts, 

both in cis (Sld3 on the MCM hexamer that Pol ε is docked onto) and trans (Sld3 on 

the opposite hexamer) [Fig. 6.6]. It is also possible that Sld2 and/ or Sld3 are in 

some way important in initially directing Pol ε away from the DNA and enabling its 

binding by Pol δ since it is currently not known when exactly they are released from 

the replisome.        

 

 
Figure 6-6 Speculative model showing the role of Sld2 and Sld3 in orienting the 

catalytic part of Pol2 subunit of Pol ε 
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6.3 Functional cooperation between polymerases and 
helicases underscores the importance of characterising 
whole macromolecular complexes 

The replisome is a multicomponent molecular machine that accomplishes genome 

duplication with astonishing speed and accuracy. During coordinated DNA 

replication, the rates of leading and lagging strand synthesis match, although the 

synthesis of the lagging strand is inherently slower owing to the time required for 

RNA primer deposition, Okazaki fragment maturation and recycling of the 

polymerase (Georgescu et al., 2014b). Furthermore, the polymerase-helicase 

coupling is required to prevent excessive ssDNA extrusion, a threat to genome 

stability (Aguilera and Gomez-Gonzalez, 2008) believed to result from uncoupling 

of unwinding and polymerisation activities (Sogo et al., 2002).  

 

Interactions within the replisome alter the properties of its individual components. 

One fascinating aspect of this is the interplay between the DNA synthesis and 

unwinding. Single-molecule studies demonstrated that the rates of translocation, 

DNA unwinding and synthesis can be greatly enhanced owing to linking 

polymerases with the helicase (Patel et al., 2011). Interestingly, the lagging strand 

polymerase can become faster than the identical leading strand one when 

incorporated into the T7 replisome, which ensures that the synthesis rates of both 

strands match (Patel et al., 2011). Under some circumstances, specialised 

polymerases can also slow down the replisome as found in E. coli during 

translesion synthesis (Patel et al., 2011).  
 

Considering what is now known about CMG assembly, the leading strand 

polymerase and helicase activity in eukaryotes are intrinsically tightly coupled. This 

is because both Pol ε and GINS appear to be recruited together to the MCM double 

hexamer as part of the pre-LC complex (Muramatsu et al., 2010). Indeed, Pol ε 

appears to stimulate the unwinding activity of the CMG helicase (Kang et al., 2012). 

The CMG, in turn, was found to enhance the activity of Pol ε (Bermudez et al., 

2011, Langston et al., 2014), and its GINS cofactor was reported to stimulate the 
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polymerase activity of Pol α  (De Falco et al., 2007), indicating some reciprocal 

effects of the eukaryotic helicase on polymerase function. 

 

Taking all this into account, it becomes apparent that is it critical to study not only 

the individual components but also whole macromolecular complexes to fully 

understand their function. The work presented in this thesis contributed to 

determining the structure of the replicative helicase in complex with the leading 

strand polymerase. Therefore, it helped to lay the groundwork for future studies of 

the polymerase-helicase complex with additional factors associated with the 

replisome in vivo. 

6.4 Future directions 

The MCM is loaded onto DNA as a head-to-head double hexamer (Remus et al., 

2009, Evrin et al., 2009) and each hexamer is later converted into CMG to 

ultimately form two replisomes that will move away from the origin in opposite 

directions (Yardimci et al., 2010). However, it is not clear how the activation of the 

two MCM rings is synchronised. During the DDK-dependent step, the first helicase 

co-factor Cdc45 is recruited to the MCM by Sld3/7 (Deegan et al., 2016). It was 

proposed that a cross activation mechanism helps to ensure that Cdc45 is only 

binding to a correctly loaded double hexamer. In this mechanism, Sld3 located on 

one hexamer, recruits Cdc45 to the second hexamer (Deegan et al., 2016). It is 

possible that a similar mechanism operates at the CDK-dependent step but 

providing evidence for this will require structural studies. Combining in vitro 

reconstitution with EM has already proven a powerful approach in understanding 

origin licencing intermediates such as the OOCM complex (ORC, Cdc6, Cdt1, 

MCM) (Sun et al., 2013). Therefore, it will be informative to trap intermediates 

along the CMG assembly pathway and determine their spatial arrangement.  

 

The results presented in this thesis show the conformational flexibility of Pol ε in 

complex with CMG, but the functional significance of this is yet to be established. It 

is likely that this flexibility plays a role in substrate engagement and hand-off, where 

the two conformations represent the DNA bound and unbound states. Therefore, it 

will be important to determine the structure of CMG-Pol ε in complex with DNA to 
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test this. Alternatively, it might explain the requirement for PCNA in achieving the 

high processivity of Pol ε (Yeeles et al., 2016). Having now a method for 

reconstituting CMG-Pol ε, it should be possible to address this by reconstituting this 

complex in the presence of the DNA substrate and PCNA. 

 

Finally, there is still no detailed structural information available about the non-

catalytic part of the Pol ε holocomplex. It still remains to be seen whether the non-

catalytic part of the Pol2 subunit maintained the polymerase domain architecture 

and whether it still has the ability to bind DNA. In order to resolve this, a high-

resolution cryo-EM or crystal structure of the Δcat or a similar construct will be 

required. Even though it was not possible to obtain such a structure in this study, it 

remains an important target for the future.  
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Chapter 7. Appendix 

7.1 Sld2 peptide array sequences 

 
Nr. Pos. Mol.Weight Sequence   
 
1 A 1 2573.2 M-Y-S-F-E-L-D-K-L-K-I-E-L-K-T-W-E-H-D-F  
2 A 2 2555.2 Y-S-F-E-L-D-K-L-K-I-E-L-K-T-W-E-H-D-F-I  
3 A 3 2507.1 S-F-E-L-D-K-L-K-I-E-L-K-T-W-E-H-D-F-I-D  
4 A 4 2548.2 F-E-L-D-K-L-K-I-E-L-K-T-W-E-H-D-F-I-D-K  
5 A 5 2515.1 E-L-D-K-L-K-I-E-L-K-T-W-E-H-D-F-I-D-K-N  
6 A 6 2514.2 L-D-K-L-K-I-E-L-K-T-W-E-H-D-F-I-D-K-N-K  
7 A 7 2557.2 D-K-L-K-I-E-L-K-T-W-E-H-D-F-I-D-K-N-K-R  
8 A 8 2571.2 K-L-K-I-E-L-K-T-W-E-H-D-F-I-D-K-N-K-R-E  
9 A 9 2540.1 L-K-I-E-L-K-T-W-E-H-D-F-I-D-K-N-K-R-E-P  
10 A10 2528  K-I-E-L-K-T-W-E-H-D-F-I-D-K-N-K-R-E-P-T  
11 A11 2556  I-E-L-K-T-W-E-H-D-F-I-D-K-N-K-R-E-P-T-R  
12 A12 2557.9 E-L-K-T-W-E-H-D-F-I-D-K-N-K-R-E-P-T-R-D  
13 A13 2543.9 L-K-T-W-E-H-D-F-I-D-K-N-K-R-E-P-T-R-D-D  
14 A14 2543.9 K-T-W-E-H-D-F-I-D-K-N-K-R-E-P-T-R-D-D-I  
15 A15 2543.9 T-W-E-H-D-F-I-D-K-N-K-R-E-P-T-R-D-D-I-K  
16 A16 2529.9 W-E-H-D-F-I-D-K-N-K-R-E-P-T-R-D-D-I-K-S  
17 A17 2456.9 E-H-D-F-I-D-K-N-K-R-E-P-T-R-D-D-I-K-S-L  
18 A18 2484  H-D-F-I-D-K-N-K-R-E-P-T-R-D-D-I-K-S-L-R  
19 A19 2448  D-F-I-D-K-N-K-R-E-P-T-R-D-D-I-K-S-L-R-T  
20 A20 2432  F-I-D-K-N-K-R-E-P-T-R-D-D-I-K-S-L-R-T-V  
21 A21 2441  I-D-K-N-K-R-E-P-T-R-D-D-I-K-S-L-R-T-V-R  
22 A22 2455.9 D-K-N-K-R-E-P-T-R-D-D-I-K-S-L-R-T-V-R-Q  
23 A23 2472  K-N-K-R-E-P-T-R-D-D-I-K-S-L-R-T-V-R-Q-M  
24 A24 2507  N-K-R-E-P-T-R-D-D-I-K-S-L-R-T-V-R-Q-M-Y  
25 A25 2521.1 K-R-E-P-T-R-D-D-I-K-S-L-R-T-V-R-Q-M-Y-K  
26 A26 2521  R-E-P-T-R-D-D-I-K-S-L-R-T-V-R-Q-M-Y-K-Q  
27 A27 2528  E-P-T-R-D-D-I-K-S-L-R-T-V-R-Q-M-Y-K-Q-Y  
28 A28 2486  P-T-R-D-D-I-K-S-L-R-T-V-R-Q-M-Y-K-Q-Y-S  
29 A29 2490  T-R-D-D-I-K-S-L-R-T-V-R-Q-M-Y-K-Q-Y-S-T  
30 A30 2502.1 R-D-D-I-K-S-L-R-T-V-R-Q-M-Y-K-Q-Y-S-T-L  
31 A31 2474.1 D-D-I-K-S-L-R-T-V-R-Q-M-Y-K-Q-Y-S-T-L-K  
32 A32 2487.2 D-I-K-S-L-R-T-V-R-Q-M-Y-K-Q-Y-S-T-L-K-K  
33 A33 2500.3 I-K-S-L-R-T-V-R-Q-M-Y-K-Q-Y-S-T-L-K-K-K  
34 A34 2515.2 K-S-L-R-T-V-R-Q-M-Y-K-Q-Y-S-T-L-K-K-K-Q  
35 A35 2474.1 S-L-R-T-V-R-Q-M-Y-K-Q-Y-S-T-L-K-K-K-Q-S  
36 A36 2500.2 L-R-T-V-R-Q-M-Y-K-Q-Y-S-T-L-K-K-K-Q-S-L  
37 A37 2515.1 R-T-V-R-Q-M-Y-K-Q-Y-S-T-L-K-K-K-Q-S-L-Q  
38 B 1 2515.1 T-V-R-Q-M-Y-K-Q-Y-S-T-L-K-K-K-Q-S-L-Q-R  
39 B 2 2542.1 V-R-Q-M-Y-K-Q-Y-S-T-L-K-K-K-Q-S-L-Q-R-Q  
40 B 3 2571.2 R-Q-M-Y-K-Q-Y-S-T-L-K-K-K-Q-S-L-Q-R-Q-K  
41 B 4 2514.1 Q-M-Y-K-Q-Y-S-T-L-K-K-K-Q-S-L-Q-R-Q-K-V  
42 B 5 2501.1 M-Y-K-Q-Y-S-T-L-K-K-K-Q-S-L-Q-R-Q-K-V-D  
43 B 6 2471  Y-K-Q-Y-S-T-L-K-K-K-Q-S-L-Q-R-Q-K-V-D-T  
44 B 7 2435.9 K-Q-Y-S-T-L-K-K-K-Q-S-L-Q-R-Q-K-V-D-T-Q  
45 B 8 2436.8 Q-Y-S-T-L-K-K-K-Q-S-L-Q-R-Q-K-V-D-T-Q-E  
46 B 9 2395.8 Y-S-T-L-K-K-K-Q-S-L-Q-R-Q-K-V-D-T-Q-E-S  
47 B10 2331.7 S-T-L-K-K-K-Q-S-L-Q-R-Q-K-V-D-T-Q-E-S-V  
48 B11 2373.7 T-L-K-K-K-Q-S-L-Q-R-Q-K-V-D-T-Q-E-S-V-E  
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49 B12 2385.8 L-K-K-K-Q-S-L-Q-R-Q-K-V-D-T-Q-E-S-V-E-L  
50 B13 2369.7 K-K-K-Q-S-L-Q-R-Q-K-V-D-T-Q-E-S-V-E-L-P  
51 B14 2312.6 K-K-Q-S-L-Q-R-Q-K-V-D-T-Q-E-S-V-E-L-P-A  
52 B15 2321.5 K-Q-S-L-Q-R-Q-K-V-D-T-Q-E-S-V-E-L-P-A-H  
53 B16 2321.5 Q-S-L-Q-R-Q-K-V-D-T-Q-E-S-V-E-L-P-A-H-K  
54 B17 2321.6 S-L-Q-R-Q-K-V-D-T-Q-E-S-V-E-L-P-A-H-K-K  
55 B18 2349.6 L-Q-R-Q-K-V-D-T-Q-E-S-V-E-L-P-A-H-K-K-D  
56 B19 2373.5 Q-R-Q-K-V-D-T-Q-E-S-V-E-L-P-A-H-K-K-D-H  
57 B20 2360.5 R-Q-K-V-D-T-Q-E-S-V-E-L-P-A-H-K-K-D-H-D  
58 B21 2333.4 Q-K-V-D-T-Q-E-S-V-E-L-P-A-H-K-K-D-H-D-E  
59 B22 2304.4 K-V-D-T-Q-E-S-V-E-L-P-A-H-K-K-D-H-D-E-V  
60 B23 2275.3 V-D-T-Q-E-S-V-E-L-P-A-H-K-K-D-H-D-E-V-V  
61 B24 2305.3 D-T-Q-E-S-V-E-L-P-A-H-K-K-D-H-D-E-V-V-E  
62 B25 2303.4 T-Q-E-S-V-E-L-P-A-H-K-K-D-H-D-E-V-V-E-I  
63 B26 2259.4 Q-E-S-V-E-L-P-A-H-K-K-D-H-D-E-V-V-E-I-G  
64 B27 2228.4 E-S-V-E-L-P-A-H-K-K-D-H-D-E-V-V-E-I-G-P  
65 B28 2200.4 S-V-E-L-P-A-H-K-K-D-H-D-E-V-V-E-I-G-P-T  
66 B29 2210.4 V-E-L-P-A-H-K-K-D-H-D-E-V-V-E-I-G-P-T-P  
67 B30 2239.4 E-L-P-A-H-K-K-D-H-D-E-V-V-E-I-G-P-T-P-Q  
68 B31 2209.4 L-P-A-H-K-K-D-H-D-E-V-V-E-I-G-P-T-P-Q-V  
69 B32 2259.4 P-A-H-K-K-D-H-D-E-V-V-E-I-G-P-T-P-Q-V-Y  
70 B33 2219.4 A-H-K-K-D-H-D-E-V-V-E-I-G-P-T-P-Q-V-Y-G  
71 B34 2276.5 H-K-K-D-H-D-E-V-V-E-I-G-P-T-P-Q-V-Y-G-K  
72 B35 2210.5 K-K-D-H-D-E-V-V-E-I-G-P-T-P-Q-V-Y-G-K-A  
73 B36 2195.5 K-D-H-D-E-V-V-E-I-G-P-T-P-Q-V-Y-G-K-A-I  
74 B37 2154.4 D-H-D-E-V-V-E-I-G-P-T-P-Q-V-Y-G-K-A-I-S  
75 C 1 2152.5 H-D-E-V-V-E-I-G-P-T-P-Q-V-Y-G-K-A-I-S-I  
76 C 2 2162.6 D-E-V-V-E-I-G-P-T-P-Q-V-Y-G-K-A-I-S-I-F  
77 C 3 2162.6 E-V-V-E-I-G-P-T-P-Q-V-Y-G-K-A-I-S-I-F-D  
78 C 4 2164.7 V-V-E-I-G-P-T-P-Q-V-Y-G-K-A-I-S-I-F-D-M  
79 C 5 2179.7 V-E-I-G-P-T-P-Q-V-Y-G-K-A-I-S-I-F-D-M-N  
80 C 6 2193.8 E-I-G-P-T-P-Q-V-Y-G-K-A-I-S-I-F-D-M-N-L  
81 C 7 2151.8 I-G-P-T-P-Q-V-Y-G-K-A-I-S-I-F-D-M-N-L-S  
82 C 8 2135.7 G-P-T-P-Q-V-Y-G-K-A-I-S-I-F-D-M-N-L-S-P  
83 C 9 2191.8 P-T-P-Q-V-Y-G-K-A-I-S-I-F-D-M-N-L-S-P-I  
84 C10 2222.9 T-P-Q-V-Y-G-K-A-I-S-I-F-D-M-N-L-S-P-I-K  
85 C11 2218.9 P-Q-V-Y-G-K-A-I-S-I-F-D-M-N-L-S-P-I-K-P  
86 C12 2235  Q-V-Y-G-K-A-I-S-I-F-D-M-N-L-S-P-I-K-P-I  
87 C13 2270.1 V-Y-G-K-A-I-S-I-F-D-M-N-L-S-P-I-K-P-I-Y  
88 C14 2302.2 Y-G-K-A-I-S-I-F-D-M-N-L-S-P-I-K-P-I-Y-M  
89 C15 2240.1 G-K-A-I-S-I-F-D-M-N-L-S-P-I-K-P-I-Y-M-T  
90 C16 2330.2 K-A-I-S-I-F-D-M-N-L-S-P-I-K-P-I-Y-M-T-F  
91 C17 2303.1 A-I-S-I-F-D-M-N-L-S-P-I-K-P-I-Y-M-T-F-T  
92 C18 2346.1 I-S-I-F-D-M-N-L-S-P-I-K-P-I-Y-M-T-F-T-N  
93 C19 2347  S-I-F-D-M-N-L-S-P-I-K-P-I-Y-M-T-F-T-N-N  
94 C20 2373.1 I-F-D-M-N-L-S-P-I-K-P-I-Y-M-T-F-T-N-N-I  
95 C21 2375  F-D-M-N-L-S-P-I-K-P-I-Y-M-T-F-T-N-N-I-D  
96 C22 2326.9 D-M-N-L-S-P-I-K-P-I-Y-M-T-F-T-N-N-I-D-V  
97 C23 2325.9 M-N-L-S-P-I-K-P-I-Y-M-T-F-T-N-N-I-D-V-N  
98 C24 2308.8 N-L-S-P-I-K-P-I-Y-M-T-F-T-N-N-I-D-V-N-N  
99 C25 2309.8 L-S-P-I-K-P-I-Y-M-T-F-T-N-N-I-D-V-N-N-D  
100 C26 2310.7 S-P-I-K-P-I-Y-M-T-F-T-N-N-I-D-V-N-N-D-N  
101 C27 2310.7 P-I-K-P-I-Y-M-T-F-T-N-N-I-D-V-N-N-D-N-S  
102 C28 2341.8 I-K-P-I-Y-M-T-F-T-N-N-I-D-V-N-N-D-N-S-K  
103 C29 2329.7 K-P-I-Y-M-T-F-T-N-N-I-D-V-N-N-D-N-S-K-T  
104 C30 2314.7 P-I-Y-M-T-F-T-N-N-I-D-V-N-N-D-N-S-K-T-I  
105 C31 2304.7 I-Y-M-T-F-T-N-N-I-D-V-N-N-D-N-S-K-T-I-S  
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106 C32 2305.6 Y-M-T-F-T-N-N-I-D-V-N-N-D-N-S-K-T-I-S-N  
107 C33 2271.5 M-T-F-T-N-N-I-D-V-N-N-D-N-S-K-T-I-S-N-E  
108 C34 2227.4 T-F-T-N-N-I-D-V-N-N-D-N-S-K-T-I-S-N-E-S  
109 C35 2213.4 F-T-N-N-I-D-V-N-N-D-N-S-K-T-I-S-N-E-S-S  
110 C36 2163.3 T-N-N-I-D-V-N-N-D-N-S-K-T-I-S-N-E-S-S-P  
111 C37 2218.4 N-N-I-D-V-N-N-D-N-S-K-T-I-S-N-E-S-S-P-R  
112 D 1 2232.5 N-I-D-V-N-N-D-N-S-K-T-I-S-N-E-S-S-P-R-K  
113 D 2 2219.5 I-D-V-N-N-D-N-S-K-T-I-S-N-E-S-S-P-R-K-T  
114 D 3 2219.5 D-V-N-N-D-N-S-K-T-I-S-N-E-S-S-P-R-K-T-I  
115 D 4 2217.6 V-N-N-D-N-S-K-T-I-S-N-E-S-S-P-R-K-T-I-L  
116 D 5 2231.7 N-N-D-N-S-K-T-I-S-N-E-S-S-P-R-K-T-I-L-L  
117 D 6 2245.8 N-D-N-S-K-T-I-S-N-E-S-S-P-R-K-T-I-L-L-K  
118 D 7 2218.8 D-N-S-K-T-I-S-N-E-S-S-P-R-K-T-I-L-L-K-S  
119 D 8 2190.8 N-S-K-T-I-S-N-E-S-S-P-R-K-T-I-L-L-K-S-S  
120 D 9 2173.8 S-K-T-I-S-N-E-S-S-P-R-K-T-I-L-L-K-S-S-P  
121 D10 2157.8 K-T-I-S-N-E-S-S-P-R-K-T-I-L-L-K-S-S-P-A  
122 D11 2144.7 T-I-S-N-E-S-S-P-R-K-T-I-L-L-K-S-S-P-A-D  
123 D12 2199.8 I-S-N-E-S-S-P-R-K-T-I-L-L-K-S-S-P-A-D-R  
124 D13 2187.7 S-N-E-S-S-P-R-K-T-I-L-L-K-S-S-P-A-D-R-T  
125 D14 2213.8 N-E-S-S-P-R-K-T-I-L-L-K-S-S-P-A-D-R-T-L  
126 D15 2198.8 E-S-S-P-R-K-T-I-L-L-K-S-S-P-A-D-R-T-L-V  
127 D16 2140.8 S-S-P-R-K-T-I-L-L-K-S-S-P-A-D-R-T-L-V-A  
128 D17 2182.8 S-P-R-K-T-I-L-L-K-S-S-P-A-D-R-T-L-V-A-E  
129 D18 2192.8 P-R-K-T-I-L-L-K-S-S-P-A-D-R-T-L-V-A-E-P  
130 D19 2208.9 R-K-T-I-L-L-K-S-S-P-A-D-R-T-L-V-A-E-P-I  
131 D20 2139.8 K-T-I-L-L-K-S-S-P-A-D-R-T-L-V-A-E-P-I-S  
132 D21 2098.7 T-I-L-L-K-S-S-P-A-D-R-T-L-V-A-E-P-I-S-S  
133 D22 2096.7 I-L-L-K-S-S-P-A-D-R-T-L-V-A-E-P-I-S-S-V  
134 D23 2111.7 L-L-K-S-S-P-A-D-R-T-L-V-A-E-P-I-S-S-V-K  
135 D24 2154.7 L-K-S-S-P-A-D-R-T-L-V-A-E-P-I-S-S-V-K-R  
136 D25 2169.6 K-S-S-P-A-D-R-T-L-V-A-E-P-I-S-S-V-K-R-Q  
137 D26 2154.6 S-S-P-A-D-R-T-L-V-A-E-P-I-S-S-V-K-R-Q-L  
138 D27 2181.6 S-P-A-D-R-T-L-V-A-E-P-I-S-S-V-K-R-Q-L-N  
139 D28 2241.7 P-A-D-R-T-L-V-A-E-P-I-S-S-V-K-R-Q-L-N-F  
140 D29 2272.7 A-D-R-T-L-V-A-E-P-I-S-S-V-K-R-Q-L-N-F-Q  
141 D30 2332.8 D-R-T-L-V-A-E-P-I-S-S-V-K-R-Q-L-N-F-Q-M  
142 D31 2330.9 R-T-L-V-A-E-P-I-S-S-V-K-R-Q-L-N-F-Q-M-L  
143 D32 2288.8 T-L-V-A-E-P-I-S-S-V-K-R-Q-L-N-F-Q-M-L-N  
144 D33 2258.8 L-V-A-E-P-I-S-S-V-K-R-Q-L-N-F-Q-M-L-N-A  
145 D34 2232.7 V-A-E-P-I-S-S-V-K-R-Q-L-N-F-Q-M-L-N-A-S  
146 D35 2220.7 A-E-P-I-S-S-V-K-R-Q-L-N-F-Q-M-L-N-A-S-S  
147 D36 2250.7 E-P-I-S-S-V-K-R-Q-L-N-F-Q-M-L-N-A-S-S-T  
148 D37 2277.8 P-I-S-S-V-K-R-Q-L-N-F-Q-M-L-N-A-S-S-T-R  
149 E 1 2281.8 I-S-S-V-K-R-Q-L-N-F-Q-M-L-N-A-S-S-T-R-T  
150 E 2 2265.7 S-S-V-K-R-Q-L-N-F-Q-M-L-N-A-S-S-T-R-T-P  
151 E 3 2279.7 S-V-K-R-Q-L-N-F-Q-M-L-N-A-S-S-T-R-T-P-T  
152 E 4 2279.7 V-K-R-Q-L-N-F-Q-M-L-N-A-S-S-T-R-T-P-T-S  
153 E 5 2267.7 K-R-Q-L-N-F-Q-M-L-N-A-S-S-T-R-T-P-T-S-S  
154 E 6 2236.6 R-Q-L-N-F-Q-M-L-N-A-S-S-T-R-T-P-T-S-S-P  
155 E 7 2183.5 Q-L-N-F-Q-M-L-N-A-S-S-T-R-T-P-T-S-S-P-C  
156 E 8 2183.6 L-N-F-Q-M-L-N-A-S-S-T-R-T-P-T-S-S-P-C-K  
157 E 9 2184.5 N-F-Q-M-L-N-A-S-S-T-R-T-P-T-S-S-P-C-K-N  
158 E10 2226.6 F-Q-M-L-N-A-S-S-T-R-T-P-T-S-S-P-C-K-N-R  
159 E11 2193.5 Q-M-L-N-A-S-S-T-R-T-P-T-S-S-P-C-K-N-R-N  
160 E12 2122.5 M-L-N-A-S-S-T-R-T-P-T-S-S-P-C-K-N-R-N-G  
161 E13 2119.5 L-N-A-S-S-T-R-T-P-T-S-S-P-C-K-N-R-N-G-K  
162 E14 2119.5 N-A-S-S-T-R-T-P-T-S-S-P-C-K-N-R-N-G-K-L  
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163 E15 2104.5 A-S-S-T-R-T-P-T-S-S-P-C-K-N-R-N-G-K-L-V  
164 E16 2162.5 S-S-T-R-T-P-T-S-S-P-C-K-N-R-N-G-K-L-V-E  
165 E17 2188.6 S-T-R-T-P-T-S-S-P-C-K-N-R-N-G-K-L-V-E-I  
166 E18 2229.7 T-R-T-P-T-S-S-P-C-K-N-R-N-G-K-L-V-E-I-K  
167 E19 2256.8 R-T-P-T-S-S-P-C-K-N-R-N-G-K-L-V-E-I-K-K  
168 E20 2203.7 T-P-T-S-S-P-C-K-N-R-N-G-K-L-V-E-I-K-K-C  
169 E21 2189.7 P-T-S-S-P-C-K-N-R-N-G-K-L-V-E-I-K-K-C-S  
170 E22 2189.7 T-S-S-P-C-K-N-R-N-G-K-L-V-E-I-K-K-C-S-P  
171 E23 2189.7 S-S-P-C-K-N-R-N-G-K-L-V-E-I-K-K-C-S-P-T  
172 E24 2215.8 S-P-C-K-N-R-N-G-K-L-V-E-I-K-K-C-S-P-T-I  
173 E25 2242.8 P-C-K-N-R-N-G-K-L-V-E-I-K-K-C-S-P-T-I-N  
174 E26 2242.8 C-K-N-R-N-G-K-L-V-E-I-K-K-C-S-P-T-I-N-P  
175 E27 2236.8 K-N-R-N-G-K-L-V-E-I-K-K-C-S-P-T-I-N-P-P  
176 E28 2221.8 N-R-N-G-K-L-V-E-I-K-K-C-S-P-T-I-N-P-P-L  
177 E29 2236.8 R-N-G-K-L-V-E-I-K-K-C-S-P-T-I-N-P-P-L-E  
178 E30 2167.7 N-G-K-L-V-E-I-K-K-C-S-P-T-I-N-P-P-L-E-S  
179 E31 2110.7 G-K-L-V-E-I-K-K-C-S-P-T-I-N-P-P-L-E-S-G  
180 E32 2181.8 K-L-V-E-I-K-K-C-S-P-T-I-N-P-P-L-E-S-G-K  
181 E33 2150.7 L-V-E-I-K-K-C-S-P-T-I-N-P-P-L-E-S-G-K-P  
182 E34 2124.6 V-E-I-K-K-C-S-P-T-I-N-P-P-L-E-S-G-K-P-S  
183 E35 2082.6 E-I-K-K-C-S-P-T-I-N-P-P-L-E-S-G-K-P-S-G  
184 E36 2116.7 I-K-K-C-S-P-T-I-N-P-P-L-E-S-G-K-P-S-G-Y  
185 E37 2166.7 K-K-C-S-P-T-I-N-P-P-L-E-S-G-K-P-S-G-Y-Y  
186 F 1 2095.6 K-C-S-P-T-I-N-P-P-L-E-S-G-K-P-S-G-Y-Y-G  
187 F 2 2064.5 C-S-P-T-I-N-P-P-L-E-S-G-K-P-S-G-Y-Y-G-P  
188 F 3 2075.5 S-P-T-I-N-P-P-L-E-S-G-K-P-S-G-Y-Y-G-P-N  
189 F 4 2075.5 P-T-I-N-P-P-L-E-S-G-K-P-S-G-Y-Y-G-P-N-S  
190 F 5 2075.5 T-I-N-P-P-L-E-S-G-K-P-S-G-Y-Y-G-P-N-S-P  
191 F 6 2087.6 I-N-P-P-L-E-S-G-K-P-S-G-Y-Y-G-P-N-S-P-L  
192 F 7 2102.6 N-P-P-L-E-S-G-K-P-S-G-Y-Y-G-P-N-S-P-L-K  
193 F 8 2101.7 P-P-L-E-S-G-K-P-S-G-Y-Y-G-P-N-S-P-L-K-L  
194 F 9 2119.7 P-L-E-S-G-K-P-S-G-Y-Y-G-P-N-S-P-L-K-L-D  
195 F10 2151.7 L-E-S-G-K-P-S-G-Y-Y-G-P-N-S-P-L-K-L-D-E  
196 F11 2167.6 E-S-G-K-P-S-G-Y-Y-G-P-N-S-P-L-K-L-D-E-E  
197 F12 2152.6 S-G-K-P-S-G-Y-Y-G-P-N-S-P-L-K-L-D-E-E-N  
198 F13 2178.7 G-K-P-S-G-Y-Y-G-P-N-S-P-L-K-L-D-E-E-N-I  
199 F14 2258.7 K-P-S-G-Y-Y-G-P-N-S-P-L-K-L-D-E-E-N-I-H  
200 F15 2243.7 P-S-G-Y-Y-G-P-N-S-P-L-K-L-D-E-E-N-I-H-L  
201 F16 2260.7 S-G-Y-Y-G-P-N-S-P-L-K-L-D-E-E-N-I-H-L-N  
202 F17 2286.8 G-Y-Y-G-P-N-S-P-L-K-L-D-E-E-N-I-H-L-N-I  
203 F18 2316.8 Y-Y-G-P-N-S-P-L-K-L-D-E-E-N-I-H-L-N-I-S  
204 F19 2266.8 Y-G-P-N-S-P-L-K-L-D-E-E-N-I-H-L-N-I-S-L  
205 F20 2217.7 G-P-N-S-P-L-K-L-D-E-E-N-I-H-L-N-I-S-L-N  
206 F21 2247.7 P-N-S-P-L-K-L-D-E-E-N-I-H-L-N-I-S-L-N-S  
207 F22 2237.7 N-S-P-L-K-L-D-E-E-N-I-H-L-N-I-S-L-N-S-S  
208 F23 2224.7 S-P-L-K-L-D-E-E-N-I-H-L-N-I-S-L-N-S-S-T  
209 F24 2265.8 P-L-K-L-D-E-E-N-I-H-L-N-I-S-L-N-S-S-T-K  
210 F25 2324.9 L-K-L-D-E-E-N-I-H-L-N-I-S-L-N-S-S-T-K-R  
211 F26 2367.9 K-L-D-E-E-N-I-H-L-N-I-S-L-N-S-S-T-K-R-R  
212 F27 2352.9 L-D-E-E-N-I-H-L-N-I-S-L-N-S-S-T-K-R-R-L  
213 F28 2367.8 D-E-E-N-I-H-L-N-I-S-L-N-S-S-T-K-R-R-L-Q  
214 F29 2365.9 E-E-N-I-H-L-N-I-S-L-N-S-S-T-K-R-R-L-Q-I  
215 F30 2307.9 E-N-I-H-L-N-I-S-L-N-S-S-T-K-R-R-L-Q-I-A  
216 F31 2342  N-I-H-L-N-I-S-L-N-S-S-T-K-R-R-L-Q-I-A-Y  
217 F32 2325  I-H-L-N-I-S-L-N-S-S-T-K-R-R-L-Q-I-A-Y-P  
218 F33 2298.9 H-L-N-I-S-L-N-S-S-T-K-R-R-L-Q-I-A-Y-P-S  
219 F34 2275  L-N-I-S-L-N-S-S-T-K-R-R-L-Q-I-A-Y-P-S-L  
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220 F35 2289.9 N-I-S-L-N-S-S-T-K-R-R-L-Q-I-A-Y-P-S-L-Q  
221 F36 2304  I-S-L-N-S-S-T-K-R-R-L-Q-I-A-Y-P-S-L-Q-K  
222 F37 2291.9 S-L-N-S-S-T-K-R-R-L-Q-I-A-Y-P-S-L-Q-K-T  
223 G 1 2301.9 L-N-S-S-T-K-R-R-L-Q-I-A-Y-P-S-L-Q-K-T-P  
224 G 2 2275.8 N-S-S-T-K-R-R-L-Q-I-A-Y-P-S-L-Q-K-T-P-S  
225 G 3 2289.9 S-S-T-K-R-R-L-Q-I-A-Y-P-S-L-Q-K-T-P-S-K  
226 G 4 2317.9 S-T-K-R-R-L-Q-I-A-Y-P-S-L-Q-K-T-P-S-K-D  
227 G 5 2358.9 T-K-R-R-L-Q-I-A-Y-P-S-L-Q-K-T-P-S-K-D-Q  
228 G 6 2328.9 K-R-R-L-Q-I-A-Y-P-S-L-Q-K-T-P-S-K-D-Q-A  
229 G 7 2315.8 R-R-L-Q-I-A-Y-P-S-L-Q-K-T-P-S-K-D-Q-A-D  
230 G 8 2272.8 R-L-Q-I-A-Y-P-S-L-Q-K-T-P-S-K-D-Q-A-D-I  
231 G 9 2203.7 L-Q-I-A-Y-P-S-L-Q-K-T-P-S-K-D-Q-A-D-I-S  
232 G10 2191.6 Q-I-A-Y-P-S-L-Q-K-T-P-S-K-D-Q-A-D-I-S-T  
233 G11 2150.6 I-A-Y-P-S-L-Q-K-T-P-S-K-D-Q-A-D-I-S-T-S  
234 G12 2184.6 A-Y-P-S-L-Q-K-T-P-S-K-D-Q-A-D-I-S-T-S-F  
235 G13 2200.6 Y-P-S-L-Q-K-T-P-S-K-D-Q-A-D-I-S-T-S-F-S  
236 G14 2134.5 P-S-L-Q-K-T-P-S-K-D-Q-A-D-I-S-T-S-F-S-P  
237 G15 2124.5 S-L-Q-K-T-P-S-K-D-Q-A-D-I-S-T-S-F-S-P-S  
238 G16 2134.5 L-Q-K-T-P-S-K-D-Q-A-D-I-S-T-S-F-S-P-S-P  
239 G17 2134.5 Q-K-T-P-S-K-D-Q-A-D-I-S-T-S-F-S-P-S-P-L  
240 G18 2119.6 K-T-P-S-K-D-Q-A-D-I-S-T-S-F-S-P-S-P-L-I  
241 G19 2147.6 T-P-S-K-D-Q-A-D-I-S-T-S-F-S-P-S-P-L-I-R  
242 G20 2202.7 P-S-K-D-Q-A-D-I-S-T-S-F-S-P-S-P-L-I-R-R  
243 G21 2202.7 S-K-D-Q-A-D-I-S-T-S-F-S-P-S-P-L-I-R-R-P  
244 G22 2228.8 K-D-Q-A-D-I-S-T-S-F-S-P-S-P-L-I-R-R-P-L  
245 G23 2201.7 D-Q-A-D-I-S-T-S-F-S-P-S-P-L-I-R-R-P-L-T  
246 G24 2214.8 Q-A-D-I-S-T-S-F-S-P-S-P-L-I-R-R-P-L-T-K  
247 G25 2173.8 A-D-I-S-T-S-F-S-P-S-P-L-I-R-R-P-L-T-K-S  
248 G26 2215.9 D-I-S-T-S-F-S-P-S-P-L-I-R-R-P-L-T-K-S-L  
249 G27 2214  I-S-T-S-F-S-P-S-P-L-I-R-R-P-L-T-K-S-L-I  
250 G28 2229.9 S-T-S-F-S-P-S-P-L-I-R-R-P-L-T-K-S-L-I-E  
251 G29 2256  T-S-F-S-P-S-P-L-I-R-R-P-L-T-K-S-L-I-E-L  
252 G30 2226  S-F-S-P-S-P-L-I-R-R-P-L-T-K-S-L-I-E-L-A  
253 G31 2295.1 F-S-P-S-P-L-I-R-R-P-L-T-K-S-L-I-E-L-A-R  
254 G32 2277  S-P-S-P-L-I-R-R-P-L-T-K-S-L-I-E-L-A-R-E  
255 G33 2327  P-S-P-L-I-R-R-P-L-T-K-S-L-I-E-L-A-R-E-H  
256 G34 2331  S-P-L-I-R-R-P-L-T-K-S-L-I-E-L-A-R-E-H-T  
257 G35 2373  P-L-I-R-R-P-L-T-K-S-L-I-E-L-A-R-E-H-T-E  
258 G36 2389.1 L-I-R-R-P-L-T-K-S-L-I-E-L-A-R-E-H-T-E-I  
259 G37 2375  I-R-R-P-L-T-K-S-L-I-E-L-A-R-E-H-T-E-I-V  
260 H 1 2390  R-R-P-L-T-K-S-L-I-E-L-A-R-E-H-T-E-I-V-K  
261 H 2 2362.9 R-P-L-T-K-S-L-I-E-L-A-R-E-H-T-E-I-V-K-E  
262 H 3 2353.9 P-L-T-K-S-L-I-E-L-A-R-E-H-T-E-I-V-K-E-F  
263 H 4 2313.9 L-T-K-S-L-I-E-L-A-R-E-H-T-E-I-V-K-E-F-G  
264 H 5 2299.8 T-K-S-L-I-E-L-A-R-E-H-T-E-I-V-K-E-F-G-V  
265 H 6 2311.9 K-S-L-I-E-L-A-R-E-H-T-E-I-V-K-E-F-G-V-L  
266 H 7 2311.8 S-L-I-E-L-A-R-E-H-T-E-I-V-K-E-F-G-V-L-Q  
267 H 8 2353.8 L-I-E-L-A-R-E-H-T-E-I-V-K-E-F-G-V-L-Q-E  
268 H 9 2369.7 I-E-L-A-R-E-H-T-E-I-V-K-E-F-G-V-L-Q-E-E  
269 H10 2371.6 E-L-A-R-E-H-T-E-I-V-K-E-F-G-V-L-Q-E-E-D  
270 H11 2355.7 L-A-R-E-H-T-E-I-V-K-E-F-G-V-L-Q-E-E-D-I  
271 H12 2371.6 A-R-E-H-T-E-I-V-K-E-F-G-V-L-Q-E-E-D-I-E  
272 H13 2429.6 R-E-H-T-E-I-V-K-E-F-G-V-L-Q-E-E-D-I-E-E  
273 H14 2402.5 E-H-T-E-I-V-K-E-F-G-V-L-Q-E-E-D-I-E-E-E  
274 H15 2402.5 H-T-E-I-V-K-E-F-G-V-L-Q-E-E-D-I-E-E-E-E  
275 H16 2394.5 T-E-I-V-K-E-F-G-V-L-Q-E-E-D-I-E-E-E-E-E  
276 H17 2350.5 E-I-V-K-E-F-G-V-L-Q-E-E-D-I-E-E-E-E-E-G  
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277 H18 2350.5 I-V-K-E-F-G-V-L-Q-E-E-D-I-E-E-E-E-E-G-E  
278 H19 2366.4 V-K-E-F-G-V-L-Q-E-E-D-I-E-E-E-E-E-G-E-E  
279 H20 2324.4 K-E-F-G-V-L-Q-E-E-D-I-E-E-E-E-E-G-E-E-G  
280 H21 2325.3 E-F-G-V-L-Q-E-E-D-I-E-E-E-E-E-G-E-E-G-E  
281 H22 2310.3 F-G-V-L-Q-E-E-D-I-E-E-E-E-E-G-E-E-G-E-N  
282 H23 2220.2 G-V-L-Q-E-E-D-I-E-E-E-E-E-G-E-E-G-E-N-G  
283 H24 2326.3 V-L-Q-E-E-D-I-E-E-E-E-E-G-E-E-G-E-N-G-Y  
284 H25 2342.3 L-Q-E-E-D-I-E-E-E-E-E-G-E-E-G-E-N-G-Y-D  
285 H26 2358.2 Q-E-E-D-I-E-E-E-E-E-G-E-E-G-E-N-G-Y-D-E  
286 H27 2358.3 E-E-D-I-E-E-E-E-E-G-E-E-G-E-N-G-Y-D-E-K  
287 H28 2343.3 E-D-I-E-E-E-E-E-G-E-E-G-E-N-G-Y-D-E-K-N  
288 H29 2351.3 D-I-E-E-E-E-E-G-E-E-G-E-N-G-Y-D-E-K-N-H  
289 H30 2365.3 I-E-E-E-E-E-G-E-E-G-E-N-G-Y-D-E-K-N-H-E  
290 H31 2367.2 E-E-E-E-E-G-E-E-G-E-N-G-Y-D-E-K-N-H-E-D  
291 H32 2353.2 E-E-E-E-G-E-E-G-E-N-G-Y-D-E-K-N-H-E-D-D  
292 H33 2371.3 E-E-E-G-E-E-G-E-N-G-Y-D-E-K-N-H-E-D-D-F  
293 H34 2299.3 E-E-G-E-E-G-E-N-G-Y-D-E-K-N-H-E-D-D-F-G  
294 H35 2283.4 E-G-E-E-G-E-N-G-Y-D-E-K-N-H-E-D-D-F-G-L  
295 H36 2283.4 G-E-E-G-E-N-G-Y-D-E-K-N-H-E-D-D-F-G-L-E  
296 H37 2341.4 E-E-G-E-N-G-Y-D-E-K-N-H-E-D-D-F-G-L-E-D  
297 I 1 2341.4 E-G-E-N-G-Y-D-E-K-N-H-E-D-D-F-G-L-E-D-E  
298 I 2 2325.5 G-E-N-G-Y-D-E-K-N-H-E-D-D-F-G-L-E-D-E-L  
299 I 3 2381.6 E-N-G-Y-D-E-K-N-H-E-D-D-F-G-L-E-D-E-L-I  
300 I 4 2408.7 N-G-Y-D-E-K-N-H-E-D-D-F-G-L-E-D-E-L-I-R  
301 I 5 2391.7 G-Y-D-E-K-N-H-E-D-D-F-G-L-E-D-E-L-I-R-P  
302 I 6 2462.8 Y-D-E-K-N-H-E-D-D-F-G-L-E-D-E-L-I-R-P-K  
303 I 7 2398.7 D-E-K-N-H-E-D-D-F-G-L-E-D-E-L-I-R-P-K-V  
304 I 8 2382.7 E-K-N-H-E-D-D-F-G-L-E-D-E-L-I-R-P-K-V-V  
305 I 9 2381.8 K-N-H-E-D-D-F-G-L-E-D-E-L-I-R-P-K-V-V-K  
306 I10 2368.7 N-H-E-D-D-F-G-L-E-D-E-L-I-R-P-K-V-V-K-D  
307 I11 2367.8 H-E-D-D-F-G-L-E-D-E-L-I-R-P-K-V-V-K-D-I  
308 I12 2377.9 E-D-D-F-G-L-E-D-E-L-I-R-P-K-V-V-K-D-I-F  
309 I13 2376.9 D-D-F-G-L-E-D-E-L-I-R-P-K-V-V-K-D-I-F-Q  
310 I14 2390.9 D-F-G-L-E-D-E-L-I-R-P-K-V-V-K-D-I-F-Q-E  
311 I15 2390.9 F-G-L-E-D-E-L-I-R-P-K-V-V-K-D-I-F-Q-E-D  
312 I16 2358.8 G-L-E-D-E-L-I-R-P-K-V-V-K-D-I-F-Q-E-D-D  
313 I17 2416.8 L-E-D-E-L-I-R-P-K-V-V-K-D-I-F-Q-E-D-D-D  
314 I18 2417.7 E-D-E-L-I-R-P-K-V-V-K-D-I-F-Q-E-D-D-D-N  
315 I19 2403.7 D-E-L-I-R-P-K-V-V-K-D-I-F-Q-E-D-D-D-N-D  
316 I20 2403.7 E-L-I-R-P-K-V-V-K-D-I-F-Q-E-D-D-D-N-D-D  
317 I21 2361.7 L-I-R-P-K-V-V-K-D-I-F-Q-E-D-D-D-N-D-D-S  
318 I22 2376.6 I-R-P-K-V-V-K-D-I-F-Q-E-D-D-D-N-D-D-S-Q  
319 I23 2334.5 R-P-K-V-V-K-D-I-F-Q-E-D-D-D-N-D-D-S-Q-A  
320 I24 2334.5 P-K-V-V-K-D-I-F-Q-E-D-D-D-N-D-D-S-Q-A-R  
321 I25 2366.5 K-V-V-K-D-I-F-Q-E-D-D-D-N-D-D-S-Q-A-R-E  
322 I26 2353.4 V-V-K-D-I-F-Q-E-D-D-D-N-D-D-S-Q-A-R-E-D  
323 I27 2355.4 V-K-D-I-F-Q-E-D-D-D-N-D-D-S-Q-A-R-E-D-T  
324 I28 2403.5 K-D-I-F-Q-E-D-D-D-N-D-D-S-Q-A-R-E-D-T-F  
325 I29 2388.5 D-I-F-Q-E-D-D-D-N-D-D-S-Q-A-R-E-D-T-F-I  
326 I30 2429.6 I-F-Q-E-D-D-D-N-D-D-S-Q-A-R-E-D-T-F-I-R  
327 I31 2444.6 F-Q-E-D-D-D-N-D-D-S-Q-A-R-E-D-T-F-I-R-K  
328 I32 2453.6 Q-E-D-D-D-N-D-D-S-Q-A-R-E-D-T-F-I-R-K-R  
329 I33 2422.6 E-D-D-D-N-D-D-S-Q-A-R-E-D-T-F-I-R-K-R-P  
330 I34 2421.7 D-D-D-N-D-D-S-Q-A-R-E-D-T-F-I-R-K-R-P-K  
331 I35 2462.8 D-D-N-D-D-S-Q-A-R-E-D-T-F-I-R-K-R-P-K-R  
332 I36 2503.9 D-N-D-D-S-Q-A-R-E-D-T-F-I-R-K-R-P-K-R-R  
333 I37 2517  N-D-D-S-Q-A-R-E-D-T-F-I-R-K-R-P-K-R-R-K  
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334 J 1 2502  D-D-S-Q-A-R-E-D-T-F-I-R-K-R-P-K-R-R-K-V  
335 J 2 2500.1 D-S-Q-A-R-E-D-T-F-I-R-K-R-P-K-R-R-K-V-I  
336 J 3 2541.2 S-Q-A-R-E-D-T-F-I-R-K-R-P-K-R-R-K-V-I-R  
337 J 4 2610.3 Q-A-R-E-D-T-F-I-R-K-R-P-K-R-R-K-V-I-R-R  
338 J 5 2595.4 A-R-E-D-T-F-I-R-K-R-P-K-R-R-K-V-I-R-R-L  
339 J 6 2680.5 R-E-D-T-F-I-R-K-R-P-K-R-R-K-V-I-R-R-L-R  
340 J 7 2639.4 E-D-T-F-I-R-K-R-P-K-R-R-K-V-I-R-R-L-R-D  
341 J 8 2624.4 D-T-F-I-R-K-R-P-K-R-R-K-V-I-R-R-L-R-D-N  
342 J 9 2624.4 T-F-I-R-K-R-P-K-R-R-K-V-I-R-R-L-R-D-N-D  
343 J10 2620.4 F-I-R-K-R-P-K-R-R-K-V-I-R-R-L-R-D-N-D-P  
344 J11 2602.3 I-R-K-R-P-K-R-R-K-V-I-R-R-L-R-D-N-D-P-E  
345 J12 2590.2 R-K-R-P-K-R-R-K-V-I-R-R-L-R-D-N-D-P-E-T  
346 J13 2563.1 K-R-P-K-R-R-K-V-I-R-R-L-R-D-N-D-P-E-T-E  
347 J14 2536  R-P-K-R-R-K-V-I-R-R-L-R-D-N-D-P-E-T-E-T  
348 J15 2450.9 P-K-R-R-K-V-I-R-R-L-R-D-N-D-P-E-T-E-T-A  
349 J16 2410.9 K-R-R-K-V-I-R-R-L-R-D-N-D-P-E-T-E-T-A-G  
350 J17 2429.9 R-R-K-V-I-R-R-L-R-D-N-D-P-E-T-E-T-A-G-F  
351 J18 2402.8 R-K-V-I-R-R-L-R-D-N-D-P-E-T-E-T-A-G-F-E  
352 J19 2402.8 K-V-I-R-R-L-R-D-N-D-P-E-T-E-T-A-G-F-E-R  
353 J20 2389.7 V-I-R-R-L-R-D-N-D-P-E-T-E-T-A-G-F-E-R-D  
354 J21 2389.7 I-R-R-L-R-D-N-D-P-E-T-E-T-A-G-F-E-R-D-V  
355 J22 2413.6 R-R-L-R-D-N-D-P-E-T-E-T-A-G-F-E-R-D-V-H  
356 J23 2385.6 R-L-R-D-N-D-P-E-T-E-T-A-G-F-E-R-D-V-H-K  
357 J24 2358.5 L-R-D-N-D-P-E-T-E-T-A-G-F-E-R-D-V-H-K-E  
358 J25 2358.5 R-D-N-D-P-E-T-E-T-A-G-F-E-R-D-V-H-K-E-L  
359 J26 2301.4 D-N-D-P-E-T-E-T-A-G-F-E-R-D-V-H-K-E-L-V  
360 J27 2314.5 N-D-P-E-T-E-T-A-G-F-E-R-D-V-H-K-E-L-V-K  
361 J28 2313.6 D-P-E-T-E-T-A-G-F-E-R-D-V-H-K-E-L-V-K-L  
362 J29 2326.7 P-E-T-E-T-A-G-F-E-R-D-V-H-K-E-L-V-K-L-K  
363 J30 2385.8 E-T-E-T-A-G-F-E-R-D-V-H-K-E-L-V-K-L-K-R  
364 J31 2412.9 T-E-T-A-G-F-E-R-D-V-H-K-E-L-V-K-L-K-R-R  
365 J32 2440  E-T-A-G-F-E-R-D-V-H-K-E-L-V-K-L-K-R-R-K  
366 J33 2410  T-A-G-F-E-R-D-V-H-K-E-L-V-K-L-K-R-R-K-V  
367 J34 2380  A-G-F-E-R-D-V-H-K-E-L-V-K-L-K-R-R-K-V-A  
368 J35 2438  G-F-E-R-D-V-H-K-E-L-V-K-L-K-R-R-K-V-A-E  
369 J36 2528.1 F-E-R-D-V-H-K-E-L-V-K-L-K-R-R-K-V-A-E-F  
370 J37 2494.1 E-R-D-V-H-K-E-L-V-K-L-K-R-R-K-V-A-E-F-L  
371 K 1 2422.1 R-D-V-H-K-E-L-V-K-L-K-R-R-K-V-A-E-F-L-G  
372 K 2 2353  D-V-H-K-E-L-V-K-L-K-R-R-K-V-A-E-F-L-G-S  
373 K 3 2339  V-H-K-E-L-V-K-L-K-R-R-K-V-A-E-F-L-G-S-T  
374 K 4 2327  H-K-E-L-V-K-L-K-R-R-K-V-A-E-F-L-G-S-T-S  
375 K 5 2318  K-E-L-V-K-L-K-R-R-K-V-A-E-F-L-G-S-T-S-Q  
376 K 6 2303  E-L-V-K-L-K-R-R-K-V-A-E-F-L-G-S-T-S-Q-I  
377 K 7 2261  L-V-K-L-K-R-R-K-V-A-E-F-L-G-S-T-S-Q-I-S  
378 K 8 2262.9 V-K-L-K-R-R-K-V-A-E-F-L-G-S-T-S-Q-I-S-D  
379 K 9 2264.9 K-L-K-R-R-K-V-A-E-F-L-G-S-T-S-Q-I-S-D-T  
380 K10 2265.8 L-K-R-R-K-V-A-E-F-L-G-S-T-S-Q-I-S-D-T-E  
381 K11 2299.8 K-R-R-K-V-A-E-F-L-G-S-T-S-Q-I-S-D-T-E-F  
382 K12 2300.7 R-R-K-V-A-E-F-L-G-S-T-S-Q-I-S-D-T-E-F-E  
383 K13 2281.6 R-K-V-A-E-F-L-G-S-T-S-Q-I-S-D-T-E-F-E-H  
384 K14 2240.5 K-V-A-E-F-L-G-S-T-S-Q-I-S-D-T-E-F-E-H-D  
385 K15 2209.4 V-A-E-F-L-G-S-T-S-Q-I-S-D-T-E-F-E-H-D-P  
386 K16 2239.4 A-E-F-L-G-S-T-S-Q-I-S-D-T-E-F-E-H-D-P-E  
387 K17 2239.4 E-F-L-G-S-T-S-Q-I-S-D-T-E-F-E-H-D-P-E-A  
388 K18 2197.4 F-L-G-S-T-S-Q-I-S-D-T-E-F-E-H-D-P-E-A-S  
389 K19 2137.3 L-G-S-T-S-Q-I-S-D-T-E-F-E-H-D-P-E-A-S-S  
390 K20 2081.2 G-S-T-S-Q-I-S-D-T-E-F-E-H-D-P-E-A-S-S-G  
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391 K21 2123.2 S-T-S-Q-I-S-D-T-E-F-E-H-D-P-E-A-S-S-G-V  
392 K22 2135.2 T-S-Q-I-S-D-T-E-F-E-H-D-P-E-A-S-S-G-V-V  
393 K23 2121.2 S-Q-I-S-D-T-E-F-E-H-D-P-E-A-S-S-G-V-V-S  
394 K24 2121.2 Q-I-S-D-T-E-F-E-H-D-P-E-A-S-S-G-V-V-S-S  
395 K25 2122.2 I-S-D-T-E-F-E-H-D-P-E-A-S-S-G-V-V-S-S-E  
396 K26 2137.1 S-D-T-E-F-E-H-D-P-E-A-S-S-G-V-V-S-S-E-Q  
397 K27 2178.2 D-T-E-F-E-H-D-P-E-A-S-S-G-V-V-S-S-E-Q-K  
398 K28 2160.2 T-E-F-E-H-D-P-E-A-S-S-G-V-V-S-S-E-Q-K-P  
399 K29 2160.2 E-F-E-H-D-P-E-A-S-S-G-V-V-S-S-E-Q-K-P-T  
400 K30 2102.2 F-E-H-D-P-E-A-S-S-G-V-V-S-S-E-Q-K-P-T-A  
401 K31 2083.2 E-H-D-P-E-A-S-S-G-V-V-S-S-E-Q-K-P-T-A-K  
402 K32 2110.3 H-D-P-E-A-S-S-G-V-V-S-S-E-Q-K-P-T-A-K-R  
403 K33 2101.4 D-P-E-A-S-S-G-V-V-S-S-E-Q-K-P-T-A-K-R-K  
404 K34 2043.4 P-E-A-S-S-G-V-V-S-S-E-Q-K-P-T-A-K-R-K-G  
405 K35 2102.5 E-A-S-S-G-V-V-S-S-E-Q-K-P-T-A-K-R-K-G-R  
406 K36 2101.6 A-S-S-G-V-V-S-S-E-Q-K-P-T-A-K-R-K-G-R-K  
407 K37 2158.7 S-S-G-V-V-S-S-E-Q-K-P-T-A-K-R-K-G-R-K-K  
408 L 1 2234.8 S-G-V-V-S-S-E-Q-K-P-T-A-K-R-K-G-R-K-K-Y  
409 L 2 2261.8 G-V-V-S-S-E-Q-K-P-T-A-K-R-K-G-R-K-K-Y-N  
410 L 3 2317.9 V-V-S-S-E-Q-K-P-T-A-K-R-K-G-R-K-K-Y-N-L  
411 L 4 2317.9 V-S-S-E-Q-K-P-T-A-K-R-K-G-R-K-K-Y-N-L-V  
412 L 5 2305.9 S-S-E-Q-K-P-T-A-K-R-K-G-R-K-K-Y-N-L-V-S  
413 L 6 2332.9 S-E-Q-K-P-T-A-K-R-K-G-R-K-K-Y-N-L-V-S-N  
414 L 7 2359.9 E-Q-K-P-T-A-K-R-K-G-R-K-K-Y-N-L-V-S-N-N  
415 L 8 2378  Q-K-P-T-A-K-R-K-G-R-K-K-Y-N-L-V-S-N-N-F  
416 L 9 2406.1 K-P-T-A-K-R-K-G-R-K-K-Y-N-L-V-S-N-N-F-R  
417 L10 2434.1 P-T-A-K-R-K-G-R-K-K-Y-N-L-V-S-N-N-F-R-R  
418 L11 2450.2 T-A-K-R-K-G-R-K-K-Y-N-L-V-S-N-N-F-R-R-L  
419 L12 2477.3 A-K-R-K-G-R-K-K-Y-N-L-V-S-N-N-F-R-R-L-K  
420 L13 2519.4 K-R-K-G-R-K-K-Y-N-L-V-S-N-N-F-R-R-L-K-L  
421 L14 2488.3 R-K-G-R-K-K-Y-N-L-V-S-N-N-F-R-R-L-K-L-P  
422 L15 2460.3 K-G-R-K-K-Y-N-L-V-S-N-N-F-R-R-L-K-L-P-K  
423 L16 2460.3 G-R-K-K-Y-N-L-V-S-N-N-F-R-R-L-K-L-P-K-K  
424 L17 2517.3 R-K-K-Y-N-L-V-S-N-N-F-R-R-L-K-L-P-K-K-N  
425 L18 2517.3 K-K-Y-N-L-V-S-N-N-F-R-R-L-K-L-P-K-K-N-R  
426 L19 2536.3 K-Y-N-L-V-S-N-N-F-R-R-L-K-L-P-K-K-N-R-F  
427 L20 2495.2 Y-N-L-V-S-N-N-F-R-R-L-K-L-P-K-K-N-R-F-S  
428 L21 2446.1 N-L-V-S-N-N-F-R-R-L-K-L-P-K-K-N-R-F-S-N  
429 L22 2389.1 L-V-S-N-N-F-R-R-L-K-L-P-K-K-N-R-F-S-N-G  
430 L23 2432.1 V-S-N-N-F-R-R-L-K-L-P-K-K-N-R-F-S-N-G-R  
431 L24 2519.2 S-N-N-F-R-R-L-K-L-P-K-K-N-R-F-S-N-G-R-W  
432 L25 2489.2 N-N-F-R-R-L-K-L-P-K-K-N-R-F-S-N-G-R-W-G  
433 L26 2531.3 N-F-R-R-L-K-L-P-K-K-N-R-F-S-N-G-R-W-G-R  
434 L27 2573.4 F-R-R-L-K-L-P-K-K-N-R-F-S-N-G-R-W-G-R-R  
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7.2 Sld3 peptide array sequences 

 
Nr. Pos. Mol.Weight Sequence   
 
1 A 1 2207.7 M-E-T-W-E-V-I-A-S-V-K-E-A-T-K-G-L-D-L-S  
2 A 2 2189.7 E-T-W-E-V-I-A-S-V-K-E-A-T-K-G-L-D-L-S-L  
3 A 3 2175.7 T-W-E-V-I-A-S-V-K-E-A-T-K-G-L-D-L-S-L-D  
4 A 4 2211.7 W-E-V-I-A-S-V-K-E-A-T-K-G-L-D-L-S-L-D-H  
5 A 5 2122.6 E-V-I-A-S-V-K-E-A-T-K-G-L-D-L-S-L-D-H-P  
6 A 6 2106.7 V-I-A-S-V-K-E-A-T-K-G-L-D-L-S-L-D-H-P-L  
7 A 7 2120.8 I-A-S-V-K-E-A-T-K-G-L-D-L-S-L-D-H-P-L-I  
8 A 8 2120.8 A-S-V-K-E-A-T-K-G-L-D-L-S-L-D-H-P-L-I-I  
9 A 9 2177.9 S-V-K-E-A-T-K-G-L-D-L-S-L-D-H-P-L-I-I-K  
10 A10 2177.9 V-K-E-A-T-K-G-L-D-L-S-L-D-H-P-L-I-I-K-S  
11 A11 2207.9 K-E-A-T-K-G-L-D-L-S-L-D-H-P-L-I-I-K-S-E  
12 A12 2194.8 E-A-T-K-G-L-D-L-S-L-D-H-P-L-I-I-K-S-E-D  
13 A13 2164.8 A-T-K-G-L-D-L-S-L-D-H-P-L-I-I-K-S-E-D-V  
14 A14 2190.8 T-K-G-L-D-L-S-L-D-H-P-L-I-I-K-S-E-D-V-P  
15 A15 2176.8 K-G-L-D-L-S-L-D-H-P-L-I-I-K-S-E-D-V-P-S  
16 A16 2162.7 G-L-D-L-S-L-D-H-P-L-I-I-K-S-E-D-V-P-S-N  
17 A17 2218.8 L-D-L-S-L-D-H-P-L-I-I-K-S-E-D-V-P-S-N-I  
18 A18 2218.8 D-L-S-L-D-H-P-L-I-I-K-S-E-D-V-P-S-N-I-L  
19 A19 2231.8 L-S-L-D-H-P-L-I-I-K-S-E-D-V-P-S-N-I-L-Q  
20 A20 2231.8 S-L-D-H-P-L-I-I-K-S-E-D-V-P-S-N-I-L-Q-L  
21 A21 2257.9 L-D-H-P-L-I-I-K-S-E-D-V-P-S-N-I-L-Q-L-L  
22 A22 2272.8 D-H-P-L-I-I-K-S-E-D-V-P-S-N-I-L-Q-L-L-Q  
23 A23 2285.8 H-P-L-I-I-K-S-E-D-V-P-S-N-I-L-Q-L-L-Q-Q  
24 A24 2276.9 P-L-I-I-K-S-E-D-V-P-S-N-I-L-Q-L-L-Q-Q-K  
25 A25 2293.9 L-I-I-K-S-E-D-V-P-S-N-I-L-Q-L-L-Q-Q-K-N  
26 A26 2336.9 I-I-K-S-E-D-V-P-S-N-I-L-Q-L-L-Q-Q-K-N-R  
27 A27 2379.9 I-K-S-E-D-V-P-S-N-I-L-Q-L-L-Q-Q-K-N-R-R  
28 A28 2394.8 K-S-E-D-V-P-S-N-I-L-Q-L-L-Q-Q-K-N-R-R-Q  
29 A29 2379.8 S-E-D-V-P-S-N-I-L-Q-L-L-Q-Q-K-N-R-R-Q-L  
30 A30 2420.9 E-D-V-P-S-N-I-L-Q-L-L-Q-Q-K-N-R-R-Q-L-K  
31 A31 2428.9 D-V-P-S-N-I-L-Q-L-L-Q-Q-K-N-R-R-Q-L-K-H  
32 A32 2427  V-P-S-N-I-L-Q-L-L-Q-Q-K-N-R-R-Q-L-K-H-I  
33 A33 2431  P-S-N-I-L-Q-L-L-Q-Q-K-N-R-R-Q-L-K-H-I-C  
34 A34 2465.1 S-N-I-L-Q-L-L-Q-Q-K-N-R-R-Q-L-K-H-I-C-M  
35 A35 2506.2 N-I-L-Q-L-L-Q-Q-K-N-R-R-Q-L-K-H-I-C-M-K  
36 A36 2479.2 I-L-Q-L-L-Q-Q-K-N-R-R-Q-L-K-H-I-C-M-K-S  
37 A37 2522.2 L-Q-L-L-Q-Q-K-N-R-R-Q-L-K-H-I-C-M-K-S-R  
38 B 1 2537.2 Q-L-L-Q-Q-K-N-R-R-Q-L-K-H-I-C-M-K-S-R-K  
39 B 2 2538.2 L-L-Q-Q-K-N-R-R-Q-L-K-H-I-C-M-K-S-R-K-E  
40 B 3 2588.2 L-Q-Q-K-N-R-R-Q-L-K-H-I-C-M-K-S-R-K-E-Y  
41 B 4 2622.2 Q-Q-K-N-R-R-Q-L-K-H-I-C-M-K-S-R-K-E-Y-F  
42 B 5 2607.3 Q-K-N-R-R-Q-L-K-H-I-C-M-K-S-R-K-E-Y-F-L  
43 B 6 2592.4 K-N-R-R-Q-L-K-H-I-C-M-K-S-R-K-E-Y-F-L-L  
44 B 7 2593.3 N-R-R-Q-L-K-H-I-C-M-K-S-R-K-E-Y-F-L-L-E  
45 B 8 2608.3 R-R-Q-L-K-H-I-C-M-K-S-R-K-E-Y-F-L-L-E-E  
46 B 9 2615.3 R-Q-L-K-H-I-C-M-K-S-R-K-E-Y-F-L-L-E-E-Y  
47 B10 2516.2 Q-L-K-H-I-C-M-K-S-R-K-E-Y-F-L-L-E-E-Y-G  
48 B11 2485.2 L-K-H-I-C-M-K-S-R-K-E-Y-F-L-L-E-E-Y-G-P  
49 B12 2429.1 K-H-I-C-M-K-S-R-K-E-Y-F-L-L-E-E-Y-G-P-G  
50 B13 2448.1 H-I-C-M-K-S-R-K-E-Y-F-L-L-E-E-Y-G-P-G-F  
51 B14 2497.2 I-C-M-K-S-R-K-E-Y-F-L-L-E-E-Y-G-P-G-F-W  
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52 B15 2483.1 C-M-K-S-R-K-E-Y-F-L-L-E-E-Y-G-P-G-F-W-V  
53 B16 2508.2 M-K-S-R-K-E-Y-F-L-L-E-E-Y-G-P-G-F-W-V-K  
54 B17 2563.2 K-S-R-K-E-Y-F-L-L-E-E-Y-G-P-G-F-W-V-K-W  
55 B18 2532.1 S-R-K-E-Y-F-L-L-E-E-Y-G-P-G-F-W-V-K-W-P  
56 B19 2608.2 R-K-E-Y-F-L-L-E-E-Y-G-P-G-F-W-V-K-W-P-Y  
57 B20 2566.1 K-E-Y-F-L-L-E-E-Y-G-P-G-F-W-V-K-W-P-Y-N  
58 B21 2601.1 E-Y-F-L-L-E-E-Y-G-P-G-F-W-V-K-W-P-Y-N-Y  
59 B22 2619.2 Y-F-L-L-E-E-Y-G-P-G-F-W-V-K-W-P-Y-N-Y-F  
60 B23 2570.1 F-L-L-E-E-Y-G-P-G-F-W-V-K-W-P-Y-N-Y-F-N  
61 B24 2480  L-L-E-E-Y-G-P-G-F-W-V-K-W-P-Y-N-Y-F-N-G  
62 B25 2530  L-E-E-Y-G-P-G-F-W-V-K-W-P-Y-N-Y-F-N-G-Y  
63 B26 2503.9 E-E-Y-G-P-G-F-W-V-K-W-P-Y-N-Y-F-N-G-Y-S  
64 B27 2488  E-Y-G-P-G-F-W-V-K-W-P-Y-N-Y-F-N-G-Y-S-L  
65 B28 2456  Y-G-P-G-F-W-V-K-W-P-Y-N-Y-F-N-G-Y-S-L-P  
66 B29 2421.9 G-P-G-F-W-V-K-W-P-Y-N-Y-F-N-G-Y-S-L-P-E  
67 B30 2521  P-G-F-W-V-K-W-P-Y-N-Y-F-N-G-Y-S-L-P-E-R  
68 B31 2580.1 G-F-W-V-K-W-P-Y-N-Y-F-N-G-Y-S-L-P-E-R-R  
69 B32 2624.1 F-W-V-K-W-P-Y-N-Y-F-N-G-Y-S-L-P-E-R-R-T  
70 B33 2606  W-V-K-W-P-Y-N-Y-F-N-G-Y-S-L-P-E-R-R-T-E  
71 B34 2518.9 V-K-W-P-Y-N-Y-F-N-G-Y-S-L-P-E-R-R-T-E-V  
72 B35 2518.9 K-W-P-Y-N-Y-F-N-G-Y-S-L-P-E-R-R-T-E-V-V  
73 B36 2491.8 W-P-Y-N-Y-F-N-G-Y-S-L-P-E-R-R-T-E-V-V-T  
74 B37 2406.7 P-Y-N-Y-F-N-G-Y-S-L-P-E-R-R-T-E-V-V-T-T  
75 C 1 2408.7 Y-N-Y-F-N-G-Y-S-L-P-E-R-R-T-E-V-V-T-T-V  
76 C 2 2374.6 N-Y-F-N-G-Y-S-L-P-E-R-R-T-E-V-V-T-T-V-E  
77 C 3 2416.7 Y-F-N-G-Y-S-L-P-E-R-R-T-E-V-V-T-T-V-E-R  
78 C 4 2382.6 F-N-G-Y-S-L-P-E-R-R-T-E-V-V-T-T-V-E-R-E  
79 C 5 2391.6 N-G-Y-S-L-P-E-R-R-T-E-V-V-T-T-V-E-R-E-R  
80 C 6 2348.6 G-Y-S-L-P-E-R-R-T-E-V-V-T-T-V-E-R-E-R-A  
81 C 7 2419.7 Y-S-L-P-E-R-R-T-E-V-V-T-T-V-E-R-E-R-A-K  
82 C 8 2412.7 S-L-P-E-R-R-T-E-V-V-T-T-V-E-R-E-R-A-K-R  
83 C 9 2454.7 L-P-E-R-R-T-E-V-V-T-T-V-E-R-E-R-A-K-R-E  
84 C10 2442.6 P-E-R-R-T-E-V-V-T-T-V-E-R-E-R-A-K-R-E-T  
85 C11 2458.7 E-R-R-T-E-V-V-T-T-V-E-R-E-R-A-K-R-E-T-L  
86 C12 2457.8 R-R-T-E-V-V-T-T-V-E-R-E-R-A-K-R-E-T-L-K  
87 C13 2402.7 R-T-E-V-V-T-T-V-E-R-E-R-A-K-R-E-T-L-K-T  
88 C14 2432.7 T-E-V-V-T-T-V-E-R-E-R-A-K-R-E-T-L-K-T-W  
89 C15 2446.7 E-V-V-T-T-V-E-R-E-R-A-K-R-E-T-L-K-T-W-D  
90 C16 2446.7 V-V-T-T-V-E-R-E-R-A-K-R-E-T-L-K-T-W-D-E  
91 C17 2460.8 V-T-T-V-E-R-E-R-A-K-R-E-T-L-K-T-W-D-E-L  
92 C18 2489.9 T-T-V-E-R-E-R-A-K-R-E-T-L-K-T-W-D-E-L-K  
93 C19 2536  T-V-E-R-E-R-A-K-R-E-T-L-K-T-W-D-E-L-K-F  
94 C20 2563.1 V-E-R-E-R-A-K-R-E-T-L-K-T-W-D-E-L-K-F-K  
95 C21 2593.1 E-R-E-R-A-K-R-E-T-L-K-T-W-D-E-L-K-F-K-E  
96 C22 2577.2 R-E-R-A-K-R-E-T-L-K-T-W-D-E-L-K-F-K-E-L  
97 C23 2534.2 E-R-A-K-R-E-T-L-K-T-W-D-E-L-K-F-K-E-L-L  
98 C24 2542.2 R-A-K-R-E-T-L-K-T-W-D-E-L-K-F-K-E-L-L-H  
99 C25 2499.2 A-K-R-E-T-L-K-T-W-D-E-L-K-F-K-E-L-L-H-L  
100 C26 2614.3 K-R-E-T-L-K-T-W-D-E-L-K-F-K-E-L-L-H-L-W  
101 C27 2573.2 R-E-T-L-K-T-W-D-E-L-K-F-K-E-L-L-H-L-W-S  
102 C28 2546.1 E-T-L-K-T-W-D-E-L-K-F-K-E-L-L-H-L-W-S-E  
103 C29 2546.1 T-L-K-T-W-D-E-L-K-F-K-E-L-L-H-L-W-S-E-E  
104 C30 2542.1 L-K-T-W-D-E-L-K-F-K-E-L-L-H-L-W-S-E-E-P  
105 C31 2557.1 K-T-W-D-E-L-K-F-K-E-L-L-H-L-W-S-E-E-P-K  
106 C32 2486  T-W-D-E-L-K-F-K-E-L-L-H-L-W-S-E-E-P-K-G  
107 C33 2472  W-D-E-L-K-F-K-E-L-L-H-L-W-S-E-E-P-K-G-S  
108 C34 2388.9 D-E-L-K-F-K-E-L-L-H-L-W-S-E-E-P-K-G-S-C  
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109 C35 2402  E-L-K-F-K-E-L-L-H-L-W-S-E-E-P-K-G-S-C-K  
110 C36 2386.1 L-K-F-K-E-L-L-H-L-W-S-E-E-P-K-G-S-C-K-L  
111 C37 2402  K-F-K-E-L-L-H-L-W-S-E-E-P-K-G-S-C-K-L-E  
112 D 1 2402  F-K-E-L-L-H-L-W-S-E-E-P-K-G-S-C-K-L-E-K  
113 D 2 2369.9 K-E-L-L-H-L-W-S-E-E-P-K-G-S-C-K-L-E-K-D  
114 D 3 2369.9 E-L-L-H-L-W-S-E-E-P-K-G-S-C-K-L-E-K-D-K  
115 D 4 2355.9 L-L-H-L-W-S-E-E-P-K-G-S-C-K-L-E-K-D-K-D  
116 D 5 2355.9 L-H-L-W-S-E-E-P-K-G-S-C-K-L-E-K-D-K-D-L  
117 D 6 2370.9 H-L-W-S-E-E-P-K-G-S-C-K-L-E-K-D-K-D-L-K  
118 D 7 2347  L-W-S-E-E-P-K-G-S-C-K-L-E-K-D-K-D-L-K-L  
119 D 8 2348.9 W-S-E-E-P-K-G-S-C-K-L-E-K-D-K-D-L-K-L-D  
120 D 9 2293.9 S-E-E-P-K-G-S-C-K-L-E-K-D-K-D-L-K-L-D-M  
121 D10 2320.9 E-E-P-K-G-S-C-K-L-E-K-D-K-D-L-K-L-D-M-N  
122 D11 2288.9 E-P-K-G-S-C-K-L-E-K-D-K-D-L-K-L-D-M-N-P  
123 D12 2256.9 P-K-G-S-C-K-L-E-K-D-K-D-L-K-L-D-M-N-P-P  
124 D13 2274.9 K-G-S-C-K-L-E-K-D-K-D-L-K-L-D-M-N-P-P-D  
125 D14 2277.9 G-S-C-K-L-E-K-D-K-D-L-K-L-D-M-N-P-P-D-M  
126 D15 2349  S-C-K-L-E-K-D-K-D-L-K-L-D-M-N-P-P-D-M-K  
127 D16 2319  C-K-L-E-K-D-K-D-L-K-L-D-M-N-P-P-D-M-K-G  
128 D17 2345  K-L-E-K-D-K-D-L-K-L-D-M-N-P-P-D-M-K-G-E  
129 D18 2303.9 L-E-K-D-K-D-L-K-L-D-M-N-P-P-D-M-K-G-E-S  
130 D19 2318.9 E-K-D-K-D-L-K-L-D-M-N-P-P-D-M-K-G-E-S-K  
131 D20 2303  K-D-K-D-L-K-L-D-M-N-P-P-D-M-K-G-E-S-K-I  
132 D21 2288.9 D-K-D-L-K-L-D-M-N-P-P-D-M-K-G-E-S-K-I-N  
133 D22 2288.9 K-D-L-K-L-D-M-N-P-P-D-M-K-G-E-S-K-I-N-D  
134 D23 2323.9 D-L-K-L-D-M-N-P-P-D-M-K-G-E-S-K-I-N-D-Y  
135 D24 2372  L-K-L-D-M-N-P-P-D-M-K-G-E-S-K-I-N-D-Y-Y  
136 D25 2345.9 K-L-D-M-N-P-P-D-M-K-G-E-S-K-I-N-D-Y-Y-S  
137 D26 2332.8 L-D-M-N-P-P-D-M-K-G-E-S-K-I-N-D-Y-Y-S-D  
138 D27 2316.7 D-M-N-P-P-D-M-K-G-E-S-K-I-N-D-Y-Y-S-D-P  
139 D28 2329.8 M-N-P-P-D-M-K-G-E-S-K-I-N-D-Y-Y-S-D-P-K  
140 D29 2327.7 N-P-P-D-M-K-G-E-S-K-I-N-D-Y-Y-S-D-P-K-E  
141 D30 2376.8 P-P-D-M-K-G-E-S-K-I-N-D-Y-Y-S-D-P-K-E-Y  
142 D31 2392.9 P-D-M-K-G-E-S-K-I-N-D-Y-Y-S-D-P-K-E-Y-I  
143 D32 2424.9 D-M-K-G-E-S-K-I-N-D-Y-Y-S-D-P-K-E-Y-I-E  
144 D33 2396.9 M-K-G-E-S-K-I-N-D-Y-Y-S-D-P-K-E-Y-I-E-S  
145 D34 2393.9 K-G-E-S-K-I-N-D-Y-Y-S-D-P-K-E-Y-I-E-S-K  
146 D35 2428.9 G-E-S-K-I-N-D-Y-Y-S-D-P-K-E-Y-I-E-S-K-Y  
147 D36 2535  E-S-K-I-N-D-Y-Y-S-D-P-K-E-Y-I-E-S-K-Y-Y  
148 D37 2521  S-K-I-N-D-Y-Y-S-D-P-K-E-Y-I-E-S-K-Y-Y-D  
149 E 1 2505  K-I-N-D-Y-Y-S-D-P-K-E-Y-I-E-S-K-Y-Y-D-A  
150 E 2 2490  I-N-D-Y-Y-S-D-P-K-E-Y-I-E-S-K-Y-Y-D-A-L  
151 E 3 2524  N-D-Y-Y-S-D-P-K-E-Y-I-E-S-K-Y-Y-D-A-L-F  
152 E 4 2497  D-Y-Y-S-D-P-K-E-Y-I-E-S-K-Y-Y-D-A-L-F-S  
153 E 5 2495.1 Y-Y-S-D-P-K-E-Y-I-E-S-K-Y-Y-D-A-L-F-S-I  
154 E 6 2469  Y-S-D-P-K-E-Y-I-E-S-K-Y-Y-D-A-L-F-S-I-H  
155 E 7 2406.9 S-D-P-K-E-Y-I-E-S-K-Y-Y-D-A-L-F-S-I-H-T  
156 E 8 2416.9 D-P-K-E-Y-I-E-S-K-Y-Y-D-A-L-F-S-I-H-T-P  
157 E 9 2415  P-K-E-Y-I-E-S-K-Y-Y-D-A-L-F-S-I-H-T-P-L  
158 E10 2389  K-E-Y-I-E-S-K-Y-Y-D-A-L-F-S-I-H-T-P-L-A  
159 E11 2424  E-Y-I-E-S-K-Y-Y-D-A-L-F-S-I-H-T-P-L-A-Y  
160 E12 2442.1 Y-I-E-S-K-Y-Y-D-A-L-F-S-I-H-T-P-L-A-Y-F  
161 E13 2378  I-E-S-K-Y-Y-D-A-L-F-S-I-H-T-P-L-A-Y-F-V  
162 E14 2393  E-S-K-Y-Y-D-A-L-F-S-I-H-T-P-L-A-Y-F-V-K  
163 E15 2351  S-K-Y-Y-D-A-L-F-S-I-H-T-P-L-A-Y-F-V-K-S  
164 E16 2378  K-Y-Y-D-A-L-F-S-I-H-T-P-L-A-Y-F-V-K-S-N  
165 E17 2363  Y-Y-D-A-L-F-S-I-H-T-P-L-A-Y-F-V-K-S-N-L  
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166 E18 2298.9 Y-D-A-L-F-S-I-H-T-P-L-A-Y-F-V-K-S-N-L-V  
167 E19 2291.9 D-A-L-F-S-I-H-T-P-L-A-Y-F-V-K-S-N-L-V-R  
168 E20 2290  A-L-F-S-I-H-T-P-L-A-Y-F-V-K-S-N-L-V-R-L  
169 E21 2347.1 L-F-S-I-H-T-P-L-A-Y-F-V-K-S-N-L-V-R-L-K  
170 E22 2348  F-S-I-H-T-P-L-A-Y-F-V-K-S-N-L-V-R-L-K-N  
171 E23 2301.9 S-I-H-T-P-L-A-Y-F-V-K-S-N-L-V-R-L-K-N-T  
172 E24 2317.9 I-H-T-P-L-A-Y-F-V-K-S-N-L-V-R-L-K-N-T-C  
173 E25 2360.9 H-T-P-L-A-Y-F-V-K-S-N-L-V-R-L-K-N-T-C-R  
174 E26 2324.9 T-P-L-A-Y-F-V-K-S-N-L-V-R-L-K-N-T-C-R-T  
175 E27 2352  P-L-A-Y-F-V-K-S-N-L-V-R-L-K-N-T-C-R-T-K  
176 E28 2418.1 L-A-Y-F-V-K-S-N-L-V-R-L-K-N-T-C-R-T-K-Y  
177 E29 2362  A-Y-F-V-K-S-N-L-V-R-L-K-N-T-C-R-T-K-Y-G  
178 E30 2378  Y-F-V-K-S-N-L-V-R-L-K-N-T-C-R-T-K-Y-G-S  
179 E31 2329.9 F-V-K-S-N-L-V-R-L-K-N-T-C-R-T-K-Y-G-S-D  
180 E32 2269.8 V-K-S-N-L-V-R-L-K-N-T-C-R-T-K-Y-G-S-D-S  
181 E33 2333.9 K-S-N-L-V-R-L-K-N-T-C-R-T-K-Y-G-S-D-S-Y  
182 E34 2333.9 S-N-L-V-R-L-K-N-T-C-R-T-K-Y-G-S-D-S-Y-K  
183 E35 2360  N-L-V-R-L-K-N-T-C-R-T-K-Y-G-S-D-S-Y-K-I  
184 E36 2317  L-V-R-L-K-N-T-C-R-T-K-Y-G-S-D-S-Y-K-I-A  
185 E37 2367  V-R-L-K-N-T-C-R-T-K-Y-G-S-D-S-Y-K-I-A-Y  
186 F 1 2396  R-L-K-N-T-C-R-T-K-Y-G-S-D-S-Y-K-I-A-Y-Q  
187 F 2 2310.9 L-K-N-T-C-R-T-K-Y-G-S-D-S-Y-K-I-A-Y-Q-A  
188 F 3 2328.9 K-N-T-C-R-T-K-Y-G-S-D-S-Y-K-I-A-Y-Q-A-M  
189 F 4 2313.9 N-T-C-R-T-K-Y-G-S-D-S-Y-K-I-A-Y-Q-A-M-L  
190 F 5 2327.9 T-C-R-T-K-Y-G-S-D-S-Y-K-I-A-Y-Q-A-M-L-Q  
191 F 6 2355  C-R-T-K-Y-G-S-D-S-Y-K-I-A-Y-Q-A-M-L-Q-K  
192 F 7 2399.1 R-T-K-Y-G-S-D-S-Y-K-I-A-Y-Q-A-M-L-Q-K-F  
193 F 8 2356.1 T-K-Y-G-S-D-S-Y-K-I-A-Y-Q-A-M-L-Q-K-F-L  
194 F 9 2368.2 K-Y-G-S-D-S-Y-K-I-A-Y-Q-A-M-L-Q-K-F-L-L  
195 F10 2327.1 Y-G-S-D-S-Y-K-I-A-Y-Q-A-M-L-Q-K-F-L-L-S  
196 F11 2277.1 G-S-D-S-Y-K-I-A-Y-Q-A-M-L-Q-K-F-L-L-S-I  
197 F12 2319.1 S-D-S-Y-K-I-A-Y-Q-A-M-L-Q-K-F-L-L-S-I-V  
198 F13 2360.1 D-S-Y-K-I-A-Y-Q-A-M-L-Q-K-F-L-L-S-I-V-Q  
199 F14 2392.2 S-Y-K-I-A-Y-Q-A-M-L-Q-K-F-L-L-S-I-V-Q-F  
200 F15 2433.3 Y-K-I-A-Y-Q-A-M-L-Q-K-F-L-L-S-I-V-Q-F-K  
201 F16 2385.2 K-I-A-Y-Q-A-M-L-Q-K-F-L-L-S-I-V-Q-F-K-D  
202 F17 2413.2 I-A-Y-Q-A-M-L-Q-K-F-L-L-S-I-V-Q-F-K-D-R  
203 F18 2437.1 A-Y-Q-A-M-L-Q-K-F-L-L-S-I-V-Q-F-K-D-R-H  
204 F19 2481.1 Y-Q-A-M-L-Q-K-F-L-L-S-I-V-Q-F-K-D-R-H-D  
205 F20 2432  Q-A-M-L-Q-K-F-L-L-S-I-V-Q-F-K-D-R-H-D-N  
206 F21 2460.1 A-M-L-Q-K-F-L-L-S-I-V-Q-F-K-D-R-H-D-N-R  
207 F22 2502.2 M-L-Q-K-F-L-L-S-I-V-Q-F-K-D-R-H-D-N-R-L  
208 F23 2484.2 L-Q-K-F-L-L-S-I-V-Q-F-K-D-R-H-D-N-R-L-L  
209 F24 2484.2 Q-K-F-L-L-S-I-V-Q-F-K-D-R-H-D-N-R-L-L-L  
210 F25 2485.2 K-F-L-L-S-I-V-Q-F-K-D-R-H-D-N-R-L-L-L-E  
211 F26 2454.1 F-L-L-S-I-V-Q-F-K-D-R-H-D-N-R-L-L-L-E-P  
212 F27 2454.1 L-L-S-I-V-Q-F-K-D-R-H-D-N-R-L-L-L-E-P-F  
213 F28 2428  L-S-I-V-Q-F-K-D-R-H-D-N-R-L-L-L-E-P-F-S  
214 F29 2401.9 S-I-V-Q-F-K-D-R-H-D-N-R-L-L-L-E-P-F-S-S  
215 F30 2411.9 I-V-Q-F-K-D-R-H-D-N-R-L-L-L-E-P-F-S-S-P  
216 F31 2411.9 V-Q-F-K-D-R-H-D-N-R-L-L-L-E-P-F-S-S-P-I  
217 F32 2383.9 Q-F-K-D-R-H-D-N-R-L-L-L-E-P-F-S-S-P-I-A  
218 F33 2370.9 F-K-D-R-H-D-N-R-L-L-L-E-P-F-S-S-P-I-A-D  
219 F34 2352.8 K-D-R-H-D-N-R-L-L-L-E-P-F-S-S-P-I-A-D-E  
220 F35 2352.8 D-R-H-D-N-R-L-L-L-E-P-F-S-S-P-I-A-D-E-K  
221 F36 2393.9 R-H-D-N-R-L-L-L-E-P-F-S-S-P-I-A-D-E-K-R  
222 F37 2365.9 H-D-N-R-L-L-L-E-P-F-S-S-P-I-A-D-E-K-R-K  
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223 G 1 2342.9 D-N-R-L-L-L-E-P-F-S-S-P-I-A-D-E-K-R-K-N  
224 G 2 2330.9 N-R-L-L-L-E-P-F-S-S-P-I-A-D-E-K-R-K-N-C  
225 G 3 2330  R-L-L-L-E-P-F-S-S-P-I-A-D-E-K-R-K-N-C-L  
226 G 4 2274.9 L-L-L-E-P-F-S-S-P-I-A-D-E-K-R-K-N-C-L-T  
227 G 5 2289.9 L-L-E-P-F-S-S-P-I-A-D-E-K-R-K-N-C-L-T-K  
228 G 6 2323.9 L-E-P-F-S-S-P-I-A-D-E-K-R-K-N-C-L-T-K-F  
229 G 7 2309.8 E-P-F-S-S-P-I-A-D-E-K-R-K-N-C-L-T-K-F-V  
230 G 8 2293.9 P-F-S-S-P-I-A-D-E-K-R-K-N-C-L-T-K-F-V-I  
231 G 9 2324.9 F-S-S-P-I-A-D-E-K-R-K-N-C-L-T-K-F-V-I-Q  
232 G10 2292.8 S-S-P-I-A-D-E-K-R-K-N-C-L-T-K-F-V-I-Q-D  
233 G11 2334.8 S-P-I-A-D-E-K-R-K-N-C-L-T-K-F-V-I-Q-D-E  
234 G12 2361.8 P-I-A-D-E-K-R-K-N-C-L-T-K-F-V-I-Q-D-E-N  
235 G13 2392.9 I-A-D-E-K-R-K-N-C-L-T-K-F-V-I-Q-D-E-N-K  
236 G14 2393.8 A-D-E-K-R-K-N-C-L-T-K-F-V-I-Q-D-E-N-K-N  
237 G15 2409.8 D-E-K-R-K-N-C-L-T-K-F-V-I-Q-D-E-N-K-N-S  
238 G16 2381.8 E-K-R-K-N-C-L-T-K-F-V-I-Q-D-E-N-K-N-S-S  
239 G17 2353.8 K-R-K-N-C-L-T-K-F-V-I-Q-D-E-N-K-N-S-S-T  
240 G18 2338.8 R-K-N-C-L-T-K-F-V-I-Q-D-E-N-K-N-S-S-T-I  
241 G19 2253.7 K-N-C-L-T-K-F-V-I-Q-D-E-N-K-N-S-S-T-I-A  
242 G20 2240.6 N-C-L-T-K-F-V-I-Q-D-E-N-K-N-S-S-T-I-A-D  
243 G21 2239.7 C-L-T-K-F-V-I-Q-D-E-N-K-N-S-S-T-I-A-D-L  
244 G22 2239.7 L-T-K-F-V-I-Q-D-E-N-K-N-S-S-T-I-A-D-L-C  
245 G23 2225.6 T-K-F-V-I-Q-D-E-N-K-N-S-S-T-I-A-D-L-C-V  
246 G24 2223.6 K-F-V-I-Q-D-E-N-K-N-S-S-T-I-A-D-L-C-V-V  
247 G25 2208.6 F-V-I-Q-D-E-N-K-N-S-S-T-I-A-D-L-C-V-V-L  
248 G26 2189.6 V-I-Q-D-E-N-K-N-S-S-T-I-A-D-L-C-V-V-L-K  
249 G27 2177.6 I-Q-D-E-N-K-N-S-S-T-I-A-D-L-C-V-V-L-K-S  
250 G28 2220.6 Q-D-E-N-K-N-S-S-T-I-A-D-L-C-V-V-L-K-S-R  
251 G29 2221.6 D-E-N-K-N-S-S-T-I-A-D-L-C-V-V-L-K-S-R-E  
252 G30 2219.7 E-N-K-N-S-S-T-I-A-D-L-C-V-V-L-K-S-R-E-I  
253 G31 2218.8 N-K-N-S-S-T-I-A-D-L-C-V-V-L-K-S-R-E-I-K  
254 G32 2217.9 K-N-S-S-T-I-A-D-L-C-V-V-L-K-S-R-E-I-K-L  
255 G33 2217.8 N-S-S-T-I-A-D-L-C-V-V-L-K-S-R-E-I-K-L-Q  
256 G34 2216.9 S-S-T-I-A-D-L-C-V-V-L-K-S-R-E-I-K-L-Q-I  
257 G35 2243  S-T-I-A-D-L-C-V-V-L-K-S-R-E-I-K-L-Q-I-L  
258 G36 2269.1 T-I-A-D-L-C-V-V-L-K-S-R-E-I-K-L-Q-I-L-L  
259 G37 2281.2 I-A-D-L-C-V-V-L-K-S-R-E-I-K-L-Q-I-L-L-L  
260 H 1 2281.2 A-D-L-C-V-V-L-K-S-R-E-I-K-L-Q-I-L-L-L-L  
261 H 2 2339.2 D-L-C-V-V-L-K-S-R-E-I-K-L-Q-I-L-L-L-L-E  
262 H 3 2337.3 L-C-V-V-L-K-S-R-E-I-K-L-Q-I-L-L-L-L-E-I  
263 H 4 2337.3 C-V-V-L-K-S-R-E-I-K-L-Q-I-L-L-L-L-E-I-I  
264 H 5 2291.3 V-V-L-K-S-R-E-I-K-L-Q-I-L-L-L-L-E-I-I-G  
265 H 6 2305.4 V-L-K-S-R-E-I-K-L-Q-I-L-L-L-L-E-I-I-G-L  
266 H 7 2320.4 L-K-S-R-E-I-K-L-Q-I-L-L-L-L-E-I-I-G-L-N  
267 H 8 2322.3 K-S-R-E-I-K-L-Q-I-L-L-L-L-E-I-I-G-L-N-D  
268 H 9 2307.3 S-R-E-I-K-L-Q-I-L-L-L-L-E-I-I-G-L-N-D-L  
269 H10 2335.3 R-E-I-K-L-Q-I-L-L-L-L-E-I-I-G-L-N-D-L-D  
270 H11 2365.3 E-I-K-L-Q-I-L-L-L-L-E-I-I-G-L-N-D-L-D-W  
271 H12 2350.3 I-K-L-Q-I-L-L-L-L-E-I-I-G-L-N-D-L-D-W-N  
272 H13 2384.3 K-L-Q-I-L-L-L-L-E-I-I-G-L-N-D-L-D-W-N-F  
273 H14 2412.3 L-Q-I-L-L-L-L-E-I-I-G-L-N-D-L-D-W-N-F-R  
274 H15 2414.2 Q-I-L-L-L-L-E-I-I-G-L-N-D-L-D-W-N-F-R-D  
275 H16 2433.3 I-L-L-L-L-E-I-I-G-L-N-D-L-D-W-N-F-R-D-F  
276 H17 2449.2 L-L-L-L-E-I-I-G-L-N-D-L-D-W-N-F-R-D-F-E  
277 H18 2464.2 L-L-L-E-I-I-G-L-N-D-L-D-W-N-F-R-D-F-E-K  
278 H19 2479.2 L-L-E-I-I-G-L-N-D-L-D-W-N-F-R-D-F-E-K-K  
279 H20 2529.2 L-E-I-I-G-L-N-D-L-D-W-N-F-R-D-F-E-K-K-Y  
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280 H21 2544.2 E-I-I-G-L-N-D-L-D-W-N-F-R-D-F-E-K-K-Y-K  
281 H22 2528.3 I-I-G-L-N-D-L-D-W-N-F-R-D-F-E-K-K-Y-K-L  
282 H23 2543.3 I-G-L-N-D-L-D-W-N-F-R-D-F-E-K-K-Y-K-L-K  
283 H24 2543.3 G-L-N-D-L-D-W-N-F-R-D-F-E-K-K-Y-K-L-K-L  
284 H25 2614.4 L-N-D-L-D-W-N-F-R-D-F-E-K-K-Y-K-L-K-L-K  
285 H26 2629.4 N-D-L-D-W-N-F-R-D-F-E-K-K-Y-K-L-K-L-K-K  
286 H27 2671.5 D-L-D-W-N-F-R-D-F-E-K-K-Y-K-L-K-L-K-K-R  
287 H28 2643.5 L-D-W-N-F-R-D-F-E-K-K-Y-K-L-K-L-K-K-R-S  
288 H29 2643.5 D-W-N-F-R-D-F-E-K-K-Y-K-L-K-L-K-K-R-S-L  
289 H30 2642.5 W-N-F-R-D-F-E-K-K-Y-K-L-K-L-K-K-R-S-L-N  
290 H31 2569.5 N-F-R-D-F-E-K-K-Y-K-L-K-L-K-K-R-S-L-N-L  
291 H32 2556.5 F-R-D-F-E-K-K-Y-K-L-K-L-K-K-R-S-L-N-L-T  
292 H33 2537.5 R-D-F-E-K-K-Y-K-L-K-L-K-K-R-S-L-N-L-T-K  
293 H34 2509.5 D-F-E-K-K-Y-K-L-K-L-K-K-R-S-L-N-L-T-K-K  
294 H35 2451.5 F-E-K-K-Y-K-L-K-L-K-K-R-S-L-N-L-T-K-K-G  
295 H36 2417.5 E-K-K-Y-K-L-K-L-K-K-R-S-L-N-L-T-K-K-G-L  
296 H37 2387.5 K-K-Y-K-L-K-L-K-K-R-S-L-N-L-T-K-K-G-L-V  
297 I 1 2415.5 K-Y-K-L-K-L-K-K-R-S-L-N-L-T-K-K-G-L-V-R  
298 I 2 2443.5 Y-K-L-K-L-K-K-R-S-L-N-L-T-K-K-G-L-V-R-R  
299 I 3 2436.5 K-L-K-L-K-K-R-S-L-N-L-T-K-K-G-L-V-R-R-R  
300 I 4 2395.4 L-K-L-K-K-R-S-L-N-L-T-K-K-G-L-V-R-R-R-S  
301 I 5 2410.4 K-L-K-K-R-S-L-N-L-T-K-K-G-L-V-R-R-R-S-K  
302 I 6 2410.4 L-K-K-R-S-L-N-L-T-K-K-G-L-V-R-R-R-S-K-K  
303 I 7 2425.4 K-K-R-S-L-N-L-T-K-K-G-L-V-R-R-R-S-K-K-K  
304 I 8 2398.3 K-R-S-L-N-L-T-K-K-G-L-V-R-R-R-S-K-K-K-T  
305 I 9 2357.2 R-S-L-N-L-T-K-K-G-L-V-R-R-R-S-K-K-K-T-S  
306 I10 2330.1 S-L-N-L-T-K-K-G-L-V-R-R-R-S-K-K-K-T-S-E  
307 I11 2371.2 L-N-L-T-K-K-G-L-V-R-R-R-S-K-K-K-T-S-E-K  
308 I12 2373.1 N-L-T-K-K-G-L-V-R-R-R-S-K-K-K-T-S-E-K-D  
309 I13 2387.2 L-T-K-K-G-L-V-R-R-R-S-K-K-K-T-S-E-K-D-K  
310 I14 2331.1 T-K-K-G-L-V-R-R-R-S-K-K-K-T-S-E-K-D-K-G  
311 I15 2343.2 K-K-G-L-V-R-R-R-S-K-K-K-T-S-E-K-D-K-G-I  
312 I16 2344.1 K-G-L-V-R-R-R-S-K-K-K-T-S-E-K-D-K-G-I-E  
313 I17 2372.1 G-L-V-R-R-R-S-K-K-K-T-S-E-K-D-K-G-I-E-R  
314 I18 2428.2 L-V-R-R-R-S-K-K-K-T-S-E-K-D-K-G-I-E-R-I  
315 I19 2416.1 V-R-R-R-S-K-K-K-T-S-E-K-D-K-G-I-E-R-I-T  
316 I20 2418.1 R-R-R-S-K-K-K-T-S-E-K-D-K-G-I-E-R-I-T-T  
317 I21 2349  R-R-S-K-K-K-T-S-E-K-D-K-G-I-E-R-I-T-T-S  
318 I22 2306  R-S-K-K-K-T-S-E-K-D-K-G-I-E-R-I-T-T-S-L  
319 I23 2264.9 S-K-K-K-T-S-E-K-D-K-G-I-E-R-I-T-T-S-L-D  
320 I24 2341  K-K-K-T-S-E-K-D-K-G-I-E-R-I-T-T-S-L-D-Y  
321 I25 2315.9 K-K-T-S-E-K-D-K-G-I-E-R-I-T-T-S-L-D-Y-C  
322 I26 2316.8 K-T-S-E-K-D-K-G-I-E-R-I-T-T-S-L-D-Y-C-E  
323 I27 2316.7 T-S-E-K-D-K-G-I-E-R-I-T-T-S-L-D-Y-C-E-Q  
324 I28 2328.8 S-E-K-D-K-G-I-E-R-I-T-T-S-L-D-Y-C-E-Q-L  
325 I29 2356.8 E-K-D-K-G-I-E-R-I-T-T-S-L-D-Y-C-E-Q-L-D  
326 I30 2340.9 K-D-K-G-I-E-R-I-T-T-S-L-D-Y-C-E-Q-L-D-L  
327 I31 2375.9 D-K-G-I-E-R-I-T-T-S-L-D-Y-C-E-Q-L-D-L-Y  
328 I32 2374  K-G-I-E-R-I-T-T-S-L-D-Y-C-E-Q-L-D-L-Y-L  
329 I33 2360.9 G-I-E-R-I-T-T-S-L-D-Y-C-E-Q-L-D-L-Y-L-D  
330 I34 2460  I-E-R-I-T-T-S-L-D-Y-C-E-Q-L-D-L-Y-L-D-R  
331 I35 2417.9 E-R-I-T-T-S-L-D-Y-C-E-Q-L-D-L-Y-L-D-R-A  
332 I36 2391.9 R-I-T-T-S-L-D-Y-C-E-Q-L-D-L-Y-L-D-R-A-C  
333 I37 2348.9 I-T-T-S-L-D-Y-C-E-Q-L-D-L-Y-L-D-R-A-C-I  
334 J 1 2348.9 T-T-S-L-D-Y-C-E-Q-L-D-L-Y-L-D-R-A-C-I-L  
335 J 2 2362.9 T-S-L-D-Y-C-E-Q-L-D-L-Y-L-D-R-A-C-I-L-D  
336 J 3 2375  S-L-D-Y-C-E-Q-L-D-L-Y-L-D-R-A-C-I-L-D-I  
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337 J 4 2401.1 L-D-Y-C-E-Q-L-D-L-Y-L-D-R-A-C-I-L-D-I-L  
338 J 5 2401.1 D-Y-C-E-Q-L-D-L-Y-L-D-R-A-C-I-L-D-I-L-L  
339 J 6 2373.1 Y-C-E-Q-L-D-L-Y-L-D-R-A-C-I-L-D-I-L-L-S  
340 J 7 2297  C-E-Q-L-D-L-Y-L-D-R-A-C-I-L-D-I-L-L-S-S  
341 J 8 2323  E-Q-L-D-L-Y-L-D-R-A-C-I-L-D-I-L-L-S-S-E  
342 J 9 2295  Q-L-D-L-Y-L-D-R-A-C-I-L-D-I-L-L-S-S-E-T  
343 J10 2264  L-D-L-Y-L-D-R-A-C-I-L-D-I-L-L-S-S-E-T-P  
344 J11 2264.9 D-L-Y-L-D-R-A-C-I-L-D-I-L-L-S-S-E-T-P-N  
345 J12 2246.9 L-Y-L-D-R-A-C-I-L-D-I-L-L-S-S-E-T-P-N-P  
346 J13 2248.8 Y-L-D-R-A-C-I-L-D-I-L-L-S-S-E-T-P-N-P-D  
347 J14 2156.7 L-D-R-A-C-I-L-D-I-L-L-S-S-E-T-P-N-P-D-A  
348 J15 2156.7 D-R-A-C-I-L-D-I-L-L-S-S-E-T-P-N-P-D-A-I  
349 J16 2170.7 R-A-C-I-L-D-I-L-L-S-S-E-T-P-N-P-D-A-I-E  
350 J17 2085.6 A-C-I-L-D-I-L-L-S-S-E-T-P-N-P-D-A-I-E-A  
351 J18 2101.6 C-I-L-D-I-L-L-S-S-E-T-P-N-P-D-A-I-E-A-S  
352 J19 2112.6 I-L-D-I-L-L-S-S-E-T-P-N-P-D-A-I-E-A-S-N  
353 J20 2056.5 L-D-I-L-L-S-S-E-T-P-N-P-D-A-I-E-A-S-N-G  
354 J21 2044.4 D-I-L-L-S-S-E-T-P-N-P-D-A-I-E-A-S-N-G-T  
355 J22 2042.5 I-L-L-S-S-E-T-P-N-P-D-A-I-E-A-S-N-G-T-I  
356 J23 2057.4 L-L-S-S-E-T-P-N-P-D-A-I-E-A-S-N-G-T-I-Q  
357 J24 2073.3 L-S-S-E-T-P-N-P-D-A-I-E-A-S-N-G-T-I-Q-E  
358 J25 2097.2 S-S-E-T-P-N-P-D-A-I-E-A-S-N-G-T-I-Q-E-H  
359 J26 2138.3 S-E-T-P-N-P-D-A-I-E-A-S-N-G-T-I-Q-E-H-K  
360 J27 2179.4 E-T-P-N-P-D-A-I-E-A-S-N-G-T-I-Q-E-H-K-K  
361 J28 2164.4 T-P-N-P-D-A-I-E-A-S-N-G-T-I-Q-E-H-K-K-N  
362 J29 2176.5 P-N-P-D-A-I-E-A-S-N-G-T-I-Q-E-H-K-K-N-I  
363 J30 2192.6 N-P-D-A-I-E-A-S-N-G-T-I-Q-E-H-K-K-N-I-L  
364 J31 2193.6 P-D-A-I-E-A-S-N-G-T-I-Q-E-H-K-K-N-I-L-D  
365 J32 2224.7 D-A-I-E-A-S-N-G-T-I-Q-E-H-K-K-N-I-L-D-K  
366 J33 2196.7 A-I-E-A-S-N-G-T-I-Q-E-H-K-K-N-I-L-D-K-S  
367 J34 2253.8 I-E-A-S-N-G-T-I-Q-E-H-K-K-N-I-L-D-K-S-K  
368 J35 2269.7 E-A-S-N-G-T-I-Q-E-H-K-K-N-I-L-D-K-S-K-E  
369 J36 2211.7 A-S-N-G-T-I-Q-E-H-K-K-N-I-L-D-K-S-K-E-A  
370 J37 2227.7 S-N-G-T-I-Q-E-H-K-K-N-I-L-D-K-S-K-E-A-S  
371 K 1 2253.8 N-G-T-I-Q-E-H-K-K-N-I-L-D-K-S-K-E-A-S-L  
372 K 2 2238.8 G-T-I-Q-E-H-K-K-N-I-L-D-K-S-K-E-A-S-L-V  
373 K 3 2238.8 T-I-Q-E-H-K-K-N-I-L-D-K-S-K-E-A-S-L-V-G  
374 K 4 2284.9 I-Q-E-H-K-K-N-I-L-D-K-S-K-E-A-S-L-V-G-F  
375 K 5 2284.9 Q-E-H-K-K-N-I-L-D-K-S-K-E-A-S-L-V-G-F-I  
376 K 6 2270.9 E-H-K-K-N-I-L-D-K-S-K-E-A-S-L-V-G-F-I-N  
377 K 7 2305  H-K-K-N-I-L-D-K-S-K-E-A-S-L-V-G-F-I-N-Y  
378 K 8 2267  K-K-N-I-L-D-K-S-K-E-A-S-L-V-G-F-I-N-Y-V  
379 K 9 2252  K-N-I-L-D-K-S-K-E-A-S-L-V-G-F-I-N-Y-V-L  
380 K10 2237  N-I-L-D-K-S-K-E-A-S-L-V-G-F-I-N-Y-V-L-I  
381 K11 2220  I-L-D-K-S-K-E-A-S-L-V-G-F-I-N-Y-V-L-I-P  
382 K12 2270  L-D-K-S-K-E-A-S-L-V-G-F-I-N-Y-V-L-I-P-Y  
383 K13 2304  D-K-S-K-E-A-S-L-V-G-F-I-N-Y-V-L-I-P-Y-F  
384 K14 2303  K-S-K-E-A-S-L-V-G-F-I-N-Y-V-L-I-P-Y-F-N  
385 K15 2303  S-K-E-A-S-L-V-G-F-I-N-Y-V-L-I-P-Y-F-N-K  
386 K16 2344.1 K-E-A-S-L-V-G-F-I-N-Y-V-L-I-P-Y-F-N-K-K  
387 K17 2315  E-A-S-L-V-G-F-I-N-Y-V-L-I-P-Y-F-N-K-K-V  
388 K18 2283  A-S-L-V-G-F-I-N-Y-V-L-I-P-Y-F-N-K-K-V-P  
389 K19 2349  S-L-V-G-F-I-N-Y-V-L-I-P-Y-F-N-K-K-V-P-H  
390 K20 2333  L-V-G-F-I-N-Y-V-L-I-P-Y-F-N-K-K-V-P-H-A  
391 K21 2318.9 V-G-F-I-N-Y-V-L-I-P-Y-F-N-K-K-V-P-H-A-V  
392 K22 2348.9 G-F-I-N-Y-V-L-I-P-Y-F-N-K-K-V-P-H-A-V-E  
393 K23 2439  F-I-N-Y-V-L-I-P-Y-F-N-K-K-V-P-H-A-V-E-F  
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394 K24 2405  I-N-Y-V-L-I-P-Y-F-N-K-K-V-P-H-A-V-E-F-I  
395 K25 2405  N-Y-V-L-I-P-Y-F-N-K-K-V-P-H-A-V-E-F-I-I  
396 K26 2419  Y-V-L-I-P-Y-F-N-K-K-V-P-H-A-V-E-F-I-I-Q  
397 K27 2384  V-L-I-P-Y-F-N-K-K-V-P-H-A-V-E-F-I-I-Q-K  
398 K28 2398.1 L-I-P-Y-F-N-K-K-V-P-H-A-V-E-F-I-I-Q-K-L  
399 K29 2413.1 I-P-Y-F-N-K-K-V-P-H-A-V-E-F-I-I-Q-K-L-K  
400 K30 2357  P-Y-F-N-K-K-V-P-H-A-V-E-F-I-I-Q-K-L-K-G  
401 K31 2357  Y-F-N-K-K-V-P-H-A-V-E-F-I-I-Q-K-L-K-G-P  
402 K32 2280.9 F-N-K-K-V-P-H-A-V-E-F-I-I-Q-K-L-K-G-P-S  
403 K33 2264.9 N-K-K-V-P-H-A-V-E-F-I-I-Q-K-L-K-G-P-S-M  
404 K34 2307  K-K-V-P-H-A-V-E-F-I-I-Q-K-L-K-G-P-S-M-R  
405 K35 2275.9 K-V-P-H-A-V-E-F-I-I-Q-K-L-K-G-P-S-M-R-P  
406 K36 2275.9 V-P-H-A-V-E-F-I-I-Q-K-L-K-G-P-S-M-R-P-K  
407 K37 2333  P-H-A-V-E-F-I-I-Q-K-L-K-G-P-S-M-R-P-K-R  
408 L 1 2307  H-A-V-E-F-I-I-Q-K-L-K-G-P-S-M-R-P-K-R-A  
409 L 2 2283.1 A-V-E-F-I-I-Q-K-L-K-G-P-S-M-R-P-K-R-A-L  
410 L 3 2340.2 V-E-F-I-I-Q-K-L-K-G-P-S-M-R-P-K-R-A-L-K  
411 L 4 2369.3 E-F-I-I-Q-K-L-K-G-P-S-M-R-P-K-R-A-L-K-K  
412 L 5 2339.3 F-I-I-Q-K-L-K-G-P-S-M-R-P-K-R-A-L-K-K-V  
413 L 6 2306.2 I-I-Q-K-L-K-G-P-S-M-R-P-K-R-A-L-K-K-V-N  
414 L 7 2308.1 I-Q-K-L-K-G-P-S-M-R-P-K-R-A-L-K-K-V-N-D  
415 L 8 2282  Q-K-L-K-G-P-S-M-R-P-K-R-A-L-K-K-V-N-D-S  
416 L 9 2255  K-L-K-G-P-S-M-R-P-K-R-A-L-K-K-V-N-D-S-T  
417 L10 2240.9 L-K-G-P-S-M-R-P-K-R-A-L-K-K-V-N-D-S-T-N  
418 L11 2226.8 K-G-P-S-M-R-P-K-R-A-L-K-K-V-N-D-S-T-N-V  
419 L12 2185.7 G-P-S-M-R-P-K-R-A-L-K-K-V-N-D-S-T-N-V-S  
420 L13 2215.7 P-S-M-R-P-K-R-A-L-K-K-V-N-D-S-T-N-V-S-S  
421 L14 2215.7 S-M-R-P-K-R-A-L-K-K-V-N-D-S-T-N-V-S-S-P  
422 L15 2242.7 M-R-P-K-R-A-L-K-K-V-N-D-S-T-N-V-S-S-P-N  
423 L16 2212.6 R-P-K-R-A-L-K-K-V-N-D-S-T-N-V-S-S-P-N-T  
424 L17 2155.5 P-K-R-A-L-K-K-V-N-D-S-T-N-V-S-S-P-N-T-V  
425 L18 2187.5 K-R-A-L-K-K-V-N-D-S-T-N-V-S-S-P-N-T-V-E  
426 L19 2160.4 R-A-L-K-K-V-N-D-S-T-N-V-S-S-P-N-T-V-E-T  
427 L20 2167.4 A-L-K-K-V-N-D-S-T-N-V-S-S-P-N-T-V-E-T-Y  
428 L21 2210.4 L-K-K-V-N-D-S-T-N-V-S-S-P-N-T-V-E-T-Y-N  
429 L22 2253.4 K-K-V-N-D-S-T-N-V-S-S-P-N-T-V-E-T-Y-N-R  
430 L23 2238.4 K-V-N-D-S-T-N-V-S-S-P-N-T-V-E-T-Y-N-R-L  
431 L24 2197.3 V-N-D-S-T-N-V-S-S-P-N-T-V-E-T-Y-N-R-L-S  
432 L25 2199.3 N-D-S-T-N-V-S-S-P-N-T-V-E-T-Y-N-R-L-S-T  
433 L26 2172.3 D-S-T-N-V-S-S-P-N-T-V-E-T-Y-N-R-L-S-T-S  
434 L27 2185.3 S-T-N-V-S-S-P-N-T-V-E-T-Y-N-R-L-S-T-S-Q  
435 L28 2254.4 T-N-V-S-S-P-N-T-V-E-T-Y-N-R-L-S-T-S-Q-R  
436 L29 2224.4 N-V-S-S-P-N-T-V-E-T-Y-N-R-L-S-T-S-Q-R-A  
437 L30 2197.4 V-S-S-P-N-T-V-E-T-Y-N-R-L-S-T-S-Q-R-A-S  
438 L31 2254.5 S-S-P-N-T-V-E-T-Y-N-R-L-S-T-S-Q-R-A-S-R  
439 L32 2254.5 S-P-N-T-V-E-T-Y-N-R-L-S-T-S-Q-R-A-S-R-S  
440 L33 2254.5 P-N-T-V-E-T-Y-N-R-L-S-T-S-Q-R-A-S-R-S-S  
441 L34 2270.6 N-T-V-E-T-Y-N-R-L-S-T-S-Q-R-A-S-R-S-S-I  
442 L35 2269.7 T-V-E-T-Y-N-R-L-S-T-S-Q-R-A-S-R-S-S-I-I  
443 L36 2282.7 V-E-T-Y-N-R-L-S-T-S-Q-R-A-S-R-S-S-I-I-N  
444 L37 2270.7 E-T-Y-N-R-L-S-T-S-Q-R-A-S-R-S-S-I-I-N-S  
445 M 1 2240.7 T-Y-N-R-L-S-T-S-Q-R-A-S-R-S-S-I-I-N-S-V  
446 M 2 2236.7 Y-N-R-L-S-T-S-Q-R-A-S-R-S-S-I-I-N-S-V-P  
447 M 3 2160.6 N-R-L-S-T-S-Q-R-A-S-R-S-S-I-I-N-S-V-P-S  
448 M 4 2133.6 R-L-S-T-S-Q-R-A-S-R-S-S-I-I-N-S-V-P-S-S  
449 M 5 2074.5 L-S-T-S-Q-R-A-S-R-S-S-I-I-N-S-V-P-S-S-P  
450 M 6 2032.4 S-T-S-Q-R-A-S-R-S-S-I-I-N-S-V-P-S-S-P-A  
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451 M 7 2058.5 T-S-Q-R-A-S-R-S-S-I-I-N-S-V-P-S-S-P-A-L  
452 M 8 2113.6 S-Q-R-A-S-R-S-S-I-I-N-S-V-P-S-S-P-A-L-R  
453 M 9 2182.7 Q-R-A-S-R-S-S-I-I-N-S-V-P-S-S-P-A-L-R-R  
454 M10 2153.7 R-A-S-R-S-S-I-I-N-S-V-P-S-S-P-A-L-R-R-V  
455 M11 2112.6 A-S-R-S-S-I-I-N-S-V-P-S-S-P-A-L-R-R-V-D  
456 M12 2112.6 S-R-S-S-I-I-N-S-V-P-S-S-P-A-L-R-R-V-D-A  
457 M13 2139.6 R-S-S-I-I-N-S-V-P-S-S-P-A-L-R-R-V-D-A-N  
458 M14 2096.6 S-S-I-I-N-S-V-P-S-S-P-A-L-R-R-V-D-A-N-L  
459 M15 2156.7 S-I-I-N-S-V-P-S-S-P-A-L-R-R-V-D-A-N-L-F  
460 M16 2156.7 I-I-N-S-V-P-S-S-P-A-L-R-R-V-D-A-N-L-F-S  
461 M17 2199.7 I-N-S-V-P-S-S-P-A-L-R-R-V-D-A-N-L-F-S-R  
462 M18 2214.7 N-S-V-P-S-S-P-A-L-R-R-V-D-A-N-L-F-S-R-K  
463 M19 2187.7 S-V-P-S-S-P-A-L-R-R-V-D-A-N-L-F-S-R-K-S  
464 M20 2213.8 V-P-S-S-P-A-L-R-R-V-D-A-N-L-F-S-R-K-S-I  
465 M21 2185.8 P-S-S-P-A-L-R-R-V-D-A-N-L-F-S-R-K-S-I-A  
466 M22 2175.8 S-S-P-A-L-R-R-V-D-A-N-L-F-S-R-K-S-I-A-S  
467 M23 2185.8 S-P-A-L-R-R-V-D-A-N-L-F-S-R-K-S-I-A-S-P  
468 M24 2199.8 P-A-L-R-R-V-D-A-N-L-F-S-R-K-S-I-A-S-P-T  
469 M25 2199.8 A-L-R-R-V-D-A-N-L-F-S-R-K-S-I-A-S-P-T-P  
470 M26 2257.8 L-R-R-V-D-A-N-L-F-S-R-K-S-I-A-S-P-T-P-E  
471 M27 2257.8 R-R-V-D-A-N-L-F-S-R-K-S-I-A-S-P-T-P-E-L  
472 M28 2214.8 R-V-D-A-N-L-F-S-R-K-S-I-A-S-P-T-P-E-L-L  
473 M29 2172.7 V-D-A-N-L-F-S-R-K-S-I-A-S-P-T-P-E-L-L-N  
474 M30 2160.7 D-A-N-L-F-S-R-K-S-I-A-S-P-T-P-E-L-L-N-S  
475 M31 2201.8 A-N-L-F-S-R-K-S-I-A-S-P-T-P-E-L-L-N-S-R  
476 M32 2231.8 N-L-F-S-R-K-S-I-A-S-P-T-P-E-L-L-N-S-R-T  
477 M33 2231.8 L-F-S-R-K-S-I-A-S-P-T-P-E-L-L-N-S-R-T-N  
478 M34 2205.7 F-S-R-K-S-I-A-S-P-T-P-E-L-L-N-S-R-T-N-S  
479 M35 2172.6 S-R-K-S-I-A-S-P-T-P-E-L-L-N-S-R-T-N-S-N  
480 M36 2198.7 R-K-S-I-A-S-P-T-P-E-L-L-N-S-R-T-N-S-N-L  
481 M37 2156.6 K-S-I-A-S-P-T-P-E-L-L-N-S-R-T-N-S-N-L-N  
482 N 1 2157.5 S-I-A-S-P-T-P-E-L-L-N-S-R-T-N-S-N-L-N-E  
483 N 2 2217.6 I-A-S-P-T-P-E-L-L-N-S-R-T-N-S-N-L-N-E-F  
484 N 3 2217.6 A-S-P-T-P-E-L-L-N-S-R-T-N-S-N-L-N-E-F-L  
485 N 4 2275.6 S-P-T-P-E-L-L-N-S-R-T-N-S-N-L-N-E-F-L-E  
486 N 5 2275.6 P-T-P-E-L-L-N-S-R-T-N-S-N-L-N-E-F-L-E-S  
487 N 6 2307.6 T-P-E-L-L-N-S-R-T-N-S-N-L-N-E-F-L-E-S-E  
488 N 7 2307.6 P-E-L-L-N-S-R-T-N-S-N-L-N-E-F-L-E-S-E-T  
489 N 8 2366.7 E-L-L-N-S-R-T-N-S-N-L-N-E-F-L-E-S-E-T-R  
490 N 9 2324.7 L-L-N-S-R-T-N-S-N-L-N-E-F-L-E-S-E-T-R-S  
491 N10 2324.7 L-N-S-R-T-N-S-N-L-N-E-F-L-E-S-E-T-R-S-L  
492 N11 2339.7 N-S-R-T-N-S-N-L-N-E-F-L-E-S-E-T-R-S-L-K  
493 N12 2381.8 S-R-T-N-S-N-L-N-E-F-L-E-S-E-T-R-S-L-K-R  
494 N13 2391.8 R-T-N-S-N-L-N-E-F-L-E-S-E-T-R-S-L-K-R-P  
495 N14 2322.7 T-N-S-N-L-N-E-F-L-E-S-E-T-R-S-L-K-R-P-S  
496 N15 2349.7 N-S-N-L-N-E-F-L-E-S-E-T-R-S-L-K-R-P-S-Q  
497 N16 2348.8 S-N-L-N-E-F-L-E-S-E-T-R-S-L-K-R-P-S-Q-L  
498 N17 2318.8 N-L-N-E-F-L-E-S-E-T-R-S-L-K-R-P-S-Q-L-G  
499 N18 2360.9 L-N-E-F-L-E-S-E-T-R-S-L-K-R-P-S-Q-L-G-R  
500 N19 2348.8 N-E-F-L-E-S-E-T-R-S-L-K-R-P-S-Q-L-G-R-T  
501 N20 2362.9 E-F-L-E-S-E-T-R-S-L-K-R-P-S-Q-L-G-R-T-K  
502 N21 2320.9 F-L-E-S-E-T-R-S-L-K-R-P-S-Q-L-G-R-T-K-S  
503 N22 2288.8 L-E-S-E-T-R-S-L-K-R-P-S-Q-L-G-R-T-K-S-D  
504 N23 2288.8 E-S-E-T-R-S-L-K-R-P-S-Q-L-G-R-T-K-S-D-L  
505 N24 2260.8 S-E-T-R-S-L-K-R-P-S-Q-L-G-R-T-K-S-D-L-T  
506 N25 2304.9 E-T-R-S-L-K-R-P-S-Q-L-G-R-T-K-S-D-L-T-M  
507 N26 2289.9 T-R-S-L-K-R-P-S-Q-L-G-R-T-K-S-D-L-T-M-N  
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508 N27 2325.9 R-S-L-K-R-P-S-Q-L-G-R-T-K-S-D-L-T-M-N-H  
509 N28 2282.9 S-L-K-R-P-S-Q-L-G-R-T-K-S-D-L-T-M-N-H-L  
510 N29 2323.9 L-K-R-P-S-Q-L-G-R-T-K-S-D-L-T-M-N-H-L-Q  
511 N30 2338.9 K-R-P-S-Q-L-G-R-T-K-S-D-L-T-M-N-H-L-Q-K  
512 N31 2366.9 R-P-S-Q-L-G-R-T-K-S-D-L-T-M-N-H-L-Q-K-R  
513 N32 2338.8 P-S-Q-L-G-R-T-K-S-D-L-T-M-N-H-L-Q-K-R-Q  
514 N33 2388.9 S-Q-L-G-R-T-K-S-D-L-T-M-N-H-L-Q-K-R-Q-F  
515 N34 2388.9 Q-L-G-R-T-K-S-D-L-T-M-N-H-L-Q-K-R-Q-F-S  
516 N35 2359.9 L-G-R-T-K-S-D-L-T-M-N-H-L-Q-K-R-Q-F-S-V  
517 N36 2333.8 G-R-T-K-S-D-L-T-M-N-H-L-Q-K-R-Q-F-S-V-S  
518 N37 2391.8 R-T-K-S-D-L-T-M-N-H-L-Q-K-R-Q-F-S-V-S-D  
519 O 1 2348.8 T-K-S-D-L-T-M-N-H-L-Q-K-R-Q-F-S-V-S-D-L  
520 O 2 2334.8 K-S-D-L-T-M-N-H-L-Q-K-R-Q-F-S-V-S-D-L-S  
521 O 3 2307.7 S-D-L-T-M-N-H-L-Q-K-R-Q-F-S-V-S-D-L-S-T  
522 O 4 2321.7 D-L-T-M-N-H-L-Q-K-R-Q-F-S-V-S-D-L-S-T-T  
523 O 5 2362.8 L-T-M-N-H-L-Q-K-R-Q-F-S-V-S-D-L-S-T-T-R  
524 O 6 2348.7 T-M-N-H-L-Q-K-R-Q-F-S-V-S-D-L-S-T-T-R-V  
525 O 7 2344.7 M-N-H-L-Q-K-R-Q-F-S-V-S-D-L-S-T-T-R-V-P  
526 O 8 2327.6 N-H-L-Q-K-R-Q-F-S-V-S-D-L-S-T-T-R-V-P-N  
527 O 9 2300.6 H-L-Q-K-R-Q-F-S-V-S-D-L-S-T-T-R-V-P-N-S  
528 O10 2250.6 L-Q-K-R-Q-F-S-V-S-D-L-S-T-T-R-V-P-N-S-S  
529 O11 2238.5 Q-K-R-Q-F-S-V-S-D-L-S-T-T-R-V-P-N-S-S-T  
530 O12 2223.6 K-R-Q-F-S-V-S-D-L-S-T-T-R-V-P-N-S-S-T-I  
531 O13 2196.5 R-Q-F-S-V-S-D-L-S-T-T-R-V-P-N-S-S-T-I-T  
532 O14 2153.5 Q-F-S-V-S-D-L-S-T-T-R-V-P-N-S-S-T-I-T-L  
533 O15 2153.6 F-S-V-S-D-L-S-T-T-R-V-P-N-S-S-T-I-T-L-K  
534 O16 2107.5 S-V-S-D-L-S-T-T-R-V-P-N-S-S-T-I-T-L-K-T  
535 O17 2117.5 V-S-D-L-S-T-T-R-V-P-N-S-S-T-I-T-L-K-T-P  
536 O18 2165.6 S-D-L-S-T-T-R-V-P-N-S-S-T-I-T-L-K-T-P-F  
537 O19 2165.6 D-L-S-T-T-R-V-P-N-S-S-T-I-T-L-K-T-P-F-S  
538 O20 2187.6 L-S-T-T-R-V-P-N-S-S-T-I-T-L-K-T-P-F-S-H  
539 O21 2161.5 S-T-T-R-V-P-N-S-S-T-I-T-L-K-T-P-F-S-H-S  
540 O22 2175.5 T-T-R-V-P-N-S-S-T-I-T-L-K-T-P-F-S-H-S-T  
541 O23 2187.6 T-R-V-P-N-S-S-T-I-T-L-K-T-P-F-S-H-S-T-I  
542 O24 2200.6 R-V-P-N-S-S-T-I-T-L-K-T-P-F-S-H-S-T-I-N  
543 O25 2115.5 V-P-N-S-S-T-I-T-L-K-T-P-F-S-H-S-T-I-N-A  
544 O26 2179.6 P-N-S-S-T-I-T-L-K-T-P-F-S-H-S-T-I-N-A-Y  
545 O27 2210.7 N-S-S-T-I-T-L-K-T-P-F-S-H-S-T-I-N-A-Y-K  
546 O28 2197.7 S-S-T-I-T-L-K-T-P-F-S-H-S-T-I-N-A-Y-K-T  
547 O29 2241.8 S-T-I-T-L-K-T-P-F-S-H-S-T-I-N-A-Y-K-T-M  
548 O30 2268.8 T-I-T-L-K-T-P-F-S-H-S-T-I-N-A-Y-K-T-M-N  
549 O31 2281.8 I-T-L-K-T-P-F-S-H-S-T-I-N-A-Y-K-T-M-N-N  
550 O32 2255.7 T-L-K-T-P-F-S-H-S-T-I-N-A-Y-K-T-M-N-N-S  
551 O33 2301.8 L-K-T-P-F-S-H-S-T-I-N-A-Y-K-T-M-N-N-S-F  
552 O34 2344.8 K-T-P-F-S-H-S-T-I-N-A-Y-K-T-M-N-N-S-F-R  
553 O35 2372.8 T-P-F-S-H-S-T-I-N-A-Y-K-T-M-N-N-S-F-R-R  
554 O36 2370.8 P-F-S-H-S-T-I-N-A-Y-K-T-M-N-N-S-F-R-R-V  
555 O37 2330.8 F-S-H-S-T-I-N-A-Y-K-T-M-N-N-S-F-R-R-V-G  
556 P 1 2311.8 S-H-S-T-I-N-A-Y-K-T-M-N-N-S-F-R-R-V-G-K  
557 P 2 2380.9 H-S-T-I-N-A-Y-K-T-M-N-N-S-F-R-R-V-G-K-R  
558 P 3 2372  S-T-I-N-A-Y-K-T-M-N-N-S-F-R-R-V-G-K-R-K  
559 P 4 2400  T-I-N-A-Y-K-T-M-N-N-S-F-R-R-V-G-K-R-K-D  
560 P 5 2412.1 I-N-A-Y-K-T-M-N-N-S-F-R-R-V-G-K-R-K-D-I  
561 P 6 2413  N-A-Y-K-T-M-N-N-S-F-R-R-V-G-K-R-K-D-I-N  
562 P 7 2428  A-Y-K-T-M-N-N-S-F-R-R-V-G-K-R-K-D-I-N-E  
563 P 8 2458  Y-K-T-M-N-N-S-F-R-R-V-G-K-R-K-D-I-N-E-T  
564 P 9 2408  K-T-M-N-N-S-F-R-R-V-G-K-R-K-D-I-N-E-T-I  
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565 P10 2436  T-M-N-N-S-F-R-R-V-G-K-R-K-D-I-N-E-T-I-R  
566 P11 2448.1 M-N-N-S-F-R-R-V-G-K-R-K-D-I-N-E-T-I-R-L  
567 P12 2454  N-N-S-F-R-R-V-G-K-R-K-D-I-N-E-T-I-R-L-H  
568 P13 2469  N-S-F-R-R-V-G-K-R-K-D-I-N-E-T-I-R-L-H-E  
569 P14 2511.1 S-F-R-R-V-G-K-R-K-D-I-N-E-T-I-R-L-H-E-R  
570 P15 2523.1 F-R-R-V-G-K-R-K-D-I-N-E-T-I-R-L-H-E-R-V  
571 P16 2491  R-R-V-G-K-R-K-D-I-N-E-T-I-R-L-H-E-R-V-D  
572 P17 2421.9 R-V-G-K-R-K-D-I-N-E-T-I-R-L-H-E-R-V-D-S  
573 P18 2394.8 V-G-K-R-K-D-I-N-E-T-I-R-L-H-E-R-V-D-S-E  
574 P19 2424.8 G-K-R-K-D-I-N-E-T-I-R-L-H-E-R-V-D-S-E-E  
575 P20 2481.8 K-R-K-D-I-N-E-T-I-R-L-H-E-R-V-D-S-E-E-N  
576 P21 2452.7 R-K-D-I-N-E-T-I-R-L-H-E-R-V-D-S-E-E-N-V  
577 P22 2424.6 K-D-I-N-E-T-I-R-L-H-E-R-V-D-S-E-E-N-V-Q  
578 P23 2395.5 D-I-N-E-T-I-R-L-H-E-R-V-D-S-E-E-N-V-Q-V  
579 P24 2408.5 I-N-E-T-I-R-L-H-E-R-V-D-S-E-E-N-V-Q-V-Q  
580 P25 2366.4 N-E-T-I-R-L-H-E-R-V-D-S-E-E-N-V-Q-V-Q-A  
581 P26 2353.4 E-T-I-R-L-H-E-R-V-D-S-E-E-N-V-Q-V-Q-A-T  
582 P27 2321.4 T-I-R-L-H-E-R-V-D-S-E-E-N-V-Q-V-Q-A-T-P  
583 P28 2291.4 I-R-L-H-E-R-V-D-S-E-E-N-V-Q-V-Q-A-T-P-A  
584 P29 2277.3 R-L-H-E-R-V-D-S-E-E-N-V-Q-V-Q-A-T-P-A-V  
585 P30 2249.3 L-H-E-R-V-D-S-E-E-N-V-Q-V-Q-A-T-P-A-V-K  
586 P31 2264.3 H-E-R-V-D-S-E-E-N-V-Q-V-Q-A-T-P-A-V-K-K  
587 P32 2283.4 E-R-V-D-S-E-E-N-V-Q-V-Q-A-T-P-A-V-K-K-R  
588 P33 2255.4 R-V-D-S-E-E-N-V-Q-V-Q-A-T-P-A-V-K-K-R-T  
589 P34 2198.3 V-D-S-E-E-N-V-Q-V-Q-A-T-P-A-V-K-K-R-T-V  
590 P35 2200.3 D-S-E-E-N-V-Q-V-Q-A-T-P-A-V-K-K-R-T-V-T  
591 P36 2182.3 S-E-E-N-V-Q-V-Q-A-T-P-A-V-K-K-R-T-V-T-P  
592 P37 2209.3 E-E-N-V-Q-V-Q-A-T-P-A-V-K-K-R-T-V-T-P-N  
593 Q 1 2208.4 E-N-V-Q-V-Q-A-T-P-A-V-K-K-R-T-V-T-P-N-K  
594 Q 2 2207.5 N-V-Q-V-Q-A-T-P-A-V-K-K-R-T-V-T-P-N-K-K  
595 Q 3 2164.5 V-Q-V-Q-A-T-P-A-V-K-K-R-T-V-T-P-N-K-K-A  
596 Q 4 2193.5 Q-V-Q-A-T-P-A-V-K-K-R-T-V-T-P-N-K-K-A-Q  
597 Q 5 2178.6 V-Q-A-T-P-A-V-K-K-R-T-V-T-P-N-K-K-A-Q-L  
598 Q 6 2207.6 Q-A-T-P-A-V-K-K-R-T-V-T-P-N-K-K-A-Q-L-Q  
599 Q 7 2166.6 A-T-P-A-V-K-K-R-T-V-T-P-N-K-K-A-Q-L-Q-S  
600 Q 8 2208.7 T-P-A-V-K-K-R-T-V-T-P-N-K-K-A-Q-L-Q-S-I  
601 Q 9 2220.8 P-A-V-K-K-R-T-V-T-P-N-K-K-A-Q-L-Q-S-I-I  
602 Q10 2252.8 A-V-K-K-R-T-V-T-P-N-K-K-A-Q-L-Q-S-I-I-E  
603 Q11 2268.8 V-K-K-R-T-V-T-P-N-K-K-A-Q-L-Q-S-I-I-E-S  
604 Q12 2266.8 K-K-R-T-V-T-P-N-K-K-A-Q-L-Q-S-I-I-E-S-P  
605 Q13 2251.8 K-R-T-V-T-P-N-K-K-A-Q-L-Q-S-I-I-E-S-P-L  
606 Q14 2237.7 R-T-V-T-P-N-K-K-A-Q-L-Q-S-I-I-E-S-P-L-N  
607 Q15 2228.7 T-V-T-P-N-K-K-A-Q-L-Q-S-I-I-E-S-P-L-N-F  
608 Q16 2255.8 V-T-P-N-K-K-A-Q-L-Q-S-I-I-E-S-P-L-N-F-K  
609 Q17 2271.8 T-P-N-K-K-A-Q-L-Q-S-I-I-E-S-P-L-N-F-K-D  
610 Q18 2285.8 P-N-K-K-A-Q-L-Q-S-I-I-E-S-P-L-N-F-K-D-D  
611 Q19 2303.8 N-K-K-A-Q-L-Q-S-I-I-E-S-P-L-N-F-K-D-D-D  
612 Q20 2290.8 K-K-A-Q-L-Q-S-I-I-E-S-P-L-N-F-K-D-D-D-T  
613 Q21 2299.7 K-A-Q-L-Q-S-I-I-E-S-P-L-N-F-K-D-D-D-T-H  
614 Q22 2300.6 A-Q-L-Q-S-I-I-E-S-P-L-N-F-K-D-D-D-T-H-E  
615 Q23 2286.6 Q-L-Q-S-I-I-E-S-P-L-N-F-K-D-D-D-T-H-E-G  
616 Q24 2314.7 L-Q-S-I-I-E-S-P-L-N-F-K-D-D-D-T-H-E-G-R  
617 Q25 2329.7 Q-S-I-I-E-S-P-L-N-F-K-D-D-D-T-H-E-G-R-K  
618 Q26 2315.7 S-I-I-E-S-P-L-N-F-K-D-D-D-T-H-E-G-R-K-N  
619 Q27 2329.7 I-I-E-S-P-L-N-F-K-D-D-D-T-H-E-G-R-K-N-T  
620 Q28 2303.6 I-E-S-P-L-N-F-K-D-D-D-T-H-E-G-R-K-N-T-S  
621 Q29 2304.5 E-S-P-L-N-F-K-D-D-D-T-H-E-G-R-K-N-T-S-N  
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622 Q30 2288.6 S-P-L-N-F-K-D-D-D-T-H-E-G-R-K-N-T-S-N-I  
623 Q31 2302.6 P-L-N-F-K-D-D-D-T-H-E-G-R-K-N-T-S-N-I-T  
624 Q32 2292.6 L-N-F-K-D-D-D-T-H-E-G-R-K-N-T-S-N-I-T-S  
625 Q33 2280.5 N-F-K-D-D-D-T-H-E-G-R-K-N-T-S-N-I-T-S-T  
626 Q34 2263.5 F-K-D-D-D-T-H-E-G-R-K-N-T-S-N-I-T-S-T-P  
627 Q35 2217.4 K-D-D-D-T-H-E-G-R-K-N-T-S-N-I-T-S-T-P-T  
628 Q36 2203.3 D-D-D-T-H-E-G-R-K-N-T-S-N-I-T-S-T-P-T-N  
629 Q37 2216.4 D-D-T-H-E-G-R-K-N-T-S-N-I-T-S-T-P-T-N-K  
630 R 1 2198.4 D-T-H-E-G-R-K-N-T-S-N-I-T-S-T-P-T-N-K-P  
631 R 2 2180.4 T-H-E-G-R-K-N-T-S-N-I-T-S-T-P-T-N-K-P-P  
632 R 3 2208.4 H-E-G-R-K-N-T-S-N-I-T-S-T-P-T-N-K-P-P-E  
633 R 4 2185.4 E-G-R-K-N-T-S-N-I-T-S-T-P-T-N-K-P-P-E-N  
634 R 5 2143.4 G-R-K-N-T-S-N-I-T-S-T-P-T-N-K-P-P-E-N-S  
635 R 6 2173.4 R-K-N-T-S-N-I-T-S-T-P-T-N-K-P-P-E-N-S-S  
636 R 7 2145.4 K-N-T-S-N-I-T-S-T-P-T-N-K-P-P-E-N-S-S-K  
637 R 8 2173.4 N-T-S-N-I-T-S-T-P-T-N-K-P-P-E-N-S-S-K-R  
638 R 9 2215.5 T-S-N-I-T-S-T-P-T-N-K-P-P-E-N-S-S-K-R-R  
639 R10 2213.5 S-N-I-T-S-T-P-T-N-K-P-P-E-N-S-S-K-R-R-V  
640 R11 2282.6 N-I-T-S-T-P-T-N-K-P-P-E-N-S-S-K-R-R-V-R  
641 R12 2324.7 I-T-S-T-P-T-N-K-P-P-E-N-S-S-K-R-R-V-R-R  
642 R13 2367.7 T-S-T-P-T-N-K-P-P-E-N-S-S-K-R-R-V-R-R-R  
643 R14 2379.8 S-T-P-T-N-K-P-P-E-N-S-S-K-R-R-V-R-R-R-L  
644 R15 2439.9 T-P-T-N-K-P-P-E-N-S-S-K-R-R-V-R-R-R-L-F  
645 R16 2409.9 P-T-N-K-P-P-E-N-S-S-K-R-R-V-R-R-R-L-F-A  
646 R17 2409.9 T-N-K-P-P-E-N-S-S-K-R-R-V-R-R-R-L-F-A-P  
647 R18 2437.9 N-K-P-P-E-N-S-S-K-R-R-V-R-R-R-L-F-A-P-E  
648 R19 2410.9 K-P-P-E-N-S-S-K-R-R-V-R-R-R-L-F-A-P-E-S  
649 R20 2383.8 P-P-E-N-S-S-K-R-R-V-R-R-R-L-F-A-P-E-S-T  
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7.3 Sld2 mutagenesis array sequences 

 
Peptide J14 mutagenesis 
 
    
Nr. Mol.Weight Sequence 
1 2536 R-P-K-R-R-K-V-I-R-R-L-R-D-N-D-P-E-T-E-T 
2 2450.9 A-P-K-R-R-K-V-I-R-R-L-R-D-N-D-P-E-T-E-T 
3 2225.6 R-A-A-A-A-A-V-I-R-R-L-R-D-N-D-P-E-T-E-T 
4 2380.8 R-P-K-R-R-K-A-A-A-R-L-R-D-N-D-P-E-T-E-T 
5 2450.9 R-P-K-R-R-K-V-I-R-R-L-A-D-N-D-P-E-T-E-T 
6 2420 R-P-K-R-R-K-V-I-R-R-L-R-D-N-D-P-A-T-A-T 
7 2508.9 E-P-K-R-R-K-V-I-R-R-L-R-D-N-D-P-E-T-E-T 
8 2515.6 R-E-E-E-E-E-V-I-R-R-L-R-D-N-D-P-E-T-E-T 
9 2554.8 R-P-K-R-R-K-E-E-E-R-L-R-D-N-D-P-E-T-E-T 
10 2508.9 R-P-K-R-R-K-V-I-R-R-L-E-D-N-D-P-E-T-E-T 
11 2590.2 R-P-K-R-R-K-V-I-R-R-L-R-D-N-D-P-R-T-R-T 
12 2488.5 E-E-E-E-E-E-V-I-R-R-L-R-D-N-D-P-E-T-E-T 
13 2527.7 E-P-K-R-R-K-E-E-E-R-L-R-D-N-D-P-E-T-E-T 
14 2481.8 E-P-K-R-R-K-V-I-R-R-L-E-D-N-D-P-E-T-E-T 
15 2563.1 E-P-K-R-R-K-V-I-R-R-L-R-D-N-D-P-R-T-R-T 
16 2534.4 R-E-E-E-E-E-E-E-E-R-L-R-D-N-D-P-E-T-E-T 
17 2488.5 R-E-E-E-E-E-V-I-R-R-L-E-D-N-D-P-E-T-E-T 
18 2569.8 R-E-E-E-E-E-V-I-R-R-L-R-D-N-D-P-R-T-R-T 
19 2527.7 R-P-K-R-R-K-E-E-E-R-L-E-D-N-D-P-E-T-E-T 
20 2609 R-P-K-R-R-K-E-E-E-R-L-R-D-N-D-P-R-T-R-T 
21 2563.1 R-P-K-R-R-K-V-I-R-R-L-E-D-N-D-P-R-T-R-T 
22 1985.3 A-A-A-A-A-A-A-A-A-R-L-R-D-N-D-P-E-T-E-T 
23 2055.4 A-A-A-A-A-A-V-I-R-R-L-A-D-N-D-P-E-T-E-T 
24 2024.5 A-A-A-A-A-A-V-I-R-R-L-R-D-N-D-P-A-T-A-T 
25 2210.6 A-P-K-R-R-K-A-A-A-R-L-A-D-N-D-P-E-T-E-T 
26 2179.7 A-P-K-R-R-K-A-A-A-R-L-R-D-N-D-P-A-T-A-T 
27 2334.9 A-P-K-R-R-K-V-I-R-R-L-R-D-N-D-P-A-T-A-T 
28 1985.3 R-A-A-A-A-A-A-A-A-R-L-A-D-N-D-P-E-T-E-T 
29 1954.4 R-A-A-A-A-A-A-A-A-R-L-R-D-N-D-P-A-T-A-T 
30 2024.5 R-A-A-A-A-A-V-I-R-R-L-A-D-N-D-P-A-T-A-T 
31 2179.7 R-P-K-R-R-K-A-A-A-R-L-A-D-N-D-P-A-T-A-T 
32 1784.2 A-A-A-A-A-A-A-A-A-R-L-A-D-N-D-P-A-T-A-T 
33 2534.4 E-E-E-E-E-E-E-E-E-R-L-E-D-N-D-P-R-T-R-T 
34 2367.8 A-A-A-R-R-K-V-I-R-R-L-R-D-N-D-P-E-T-E-T 
35 2308.7 R-P-K-A-A-A-V-I-R-R-L-R-D-N-D-P-E-T-E-T 
36 2380.8 R-P-K-R-R-K-A-A-A-R-L-R-D-N-D-P-E-T-E-T 
37 2323.7 R-P-K-R-R-K-V-I-R-A-A-A-D-N-D-P-E-T-E-T 
38 2379 R-P-K-R-R-K-V-I-R-R-L-R-A-A-A-A-E-T-E-T 
39 2360 R-P-K-R-R-K-V-I-R-R-L-R-D-N-D-P-A-A-A-A 
40 2140.5 A-A-A-A-A-A-V-I-R-R-L-R-D-N-D-P-E-T-E-T 
41 2212.6 A-A-A-R-R-K-A-A-A-R-L-R-D-N-D-P-E-T-E-T 
42 2155.5 A-A-A-R-R-K-V-I-R-A-A-A-D-N-D-P-E-T-E-T 
43 2210.8 A-A-A-R-R-K-V-I-R-R-L-R-A-A-A-A-E-T-E-T 
44 2191.8 A-A-A-R-R-K-V-I-R-R-L-R-D-N-D-P-A-A-A-A 
45 2153.5 R-P-K-A-A-A-A-A-A-R-L-R-D-N-D-P-E-T-E-T 
46 2096.4 R-P-K-A-A-A-V-I-R-A-A-A-D-N-D-P-E-T-E-T 
47 2151.7 R-P-K-A-A-A-V-I-R-R-L-R-A-A-A-A-E-T-E-T 
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48 2132.7 R-P-K-A-A-A-V-I-R-R-L-R-D-N-D-P-A-A-A-A 
49 2168.5 R-P-K-R-R-K-A-A-A-A-A-A-D-N-D-P-E-T-E-T 
50 2223.8 R-P-K-R-R-K-A-A-A-R-L-R-A-A-A-A-E-T-E-T 
51 2204.8 R-P-K-R-R-K-A-A-A-R-L-R-D-N-D-P-A-A-A-A 
52 2166.7 R-P-K-R-R-K-V-I-R-A-A-A-A-A-A-A-E-T-E-T 
53 2147.7 R-P-K-R-R-K-V-I-R-A-A-A-D-N-D-P-A-A-A-A 
54 2203 R-P-K-R-R-K-V-I-R-R-L-R-A-A-A-A-A-A-A-A 
55 1985.3 A-A-A-A-A-A-A-A-A-R-L-R-D-N-D-P-E-T-E-T 
56 1928.2 A-A-A-A-A-A-V-I-R-A-A-A-D-N-D-P-E-T-E-T 
57 1983.5 A-A-A-A-A-A-V-I-R-R-L-R-A-A-A-A-E-T-E-T 
58 1964.5 A-A-A-A-A-A-V-I-R-R-L-R-D-N-D-P-A-A-A-A 
59 2000.3 A-A-A-R-R-K-A-A-A-A-A-A-D-N-D-P-E-T-E-T 
60 2055.6 A-A-A-R-R-K-A-A-A-R-L-R-A-A-A-A-E-T-E-T 
61 2036.6 A-A-A-R-R-K-A-A-A-R-L-R-D-N-D-P-A-A-A-A 
62 1998.5 A-A-A-R-R-K-V-I-R-A-A-A-A-A-A-A-E-T-E-T 
63 1979.5 A-A-A-R-R-K-V-I-R-A-A-A-D-N-D-P-A-A-A-A 
64 2034.8 A-A-A-R-R-K-V-I-R-R-L-R-A-A-A-A-A-A-A-A 
65 1941.2 R-P-K-A-A-A-A-A-A-A-A-A-D-N-D-P-E-T-E-T 
66 1996.5 R-P-K-A-A-A-A-A-A-R-L-R-A-A-A-A-E-T-E-T 
67 1977.5 R-P-K-A-A-A-A-A-A-R-L-R-D-N-D-P-A-A-A-A 
68 1939.4 R-P-K-A-A-A-V-I-R-A-A-A-A-A-A-A-E-T-E-T 
69 1920.4 R-P-K-A-A-A-V-I-R-A-A-A-D-N-D-P-A-A-A-A 
70 1975.7 R-P-K-A-A-A-V-I-R-R-L-R-A-A-A-A-A-A-A-A 
71 2011.5 R-P-K-R-R-K-A-A-A-A-A-A-A-A-A-A-E-T-E-T 
72 1992.5 R-P-K-R-R-K-A-A-A-A-A-A-D-N-D-P-A-A-A-A 
73 2047.8 R-P-K-R-R-K-A-A-A-R-L-R-A-A-A-A-A-A-A-A 
74 1990.7 R-P-K-R-R-K-V-I-R-A-A-A-A-A-A-A-A-A-A-A 
75 1616 A-A-A-A-A-A-A-A-A-A-A-A-A-A-A-A-E-T-E-T 
76 1828.3 A-A-A-A-A-A-A-A-A-R-L-R-A-A-A-A-E-T-E-T 
77 1809.3 A-A-A-A-A-A-A-A-A-R-L-R-D-N-D-P-A-A-A-A 
78 1771.2 A-A-A-A-A-A-V-I-R-A-A-A-A-A-A-A-E-T-E-T 
79 1752.2 A-A-A-A-A-A-V-I-R-A-A-A-D-N-D-P-A-A-A-A 
80 1807.5 A-A-A-A-A-A-V-I-R-R-L-R-A-A-A-A-A-A-A-A 
81 1843.3 A-A-A-R-R-K-A-A-A-A-A-A-A-A-A-A-E-T-E-T 
82 1824.3 A-A-A-R-R-K-A-A-A-A-A-A-D-N-D-P-A-A-A-A 
83 1879.6 A-A-A-R-R-K-A-A-A-R-L-R-A-A-A-A-A-A-A-A 
84 1822.5 A-A-A-R-R-K-V-I-R-A-A-A-A-A-A-A-A-A-A-A 
85 1784.2 R-P-K-A-A-A-A-A-A-A-A-A-A-A-A-A-E-T-E-T 
86 1765.2 R-P-K-A-A-A-A-A-A-A-A-A-D-N-D-P-A-A-A-A 
87 1820.5 R-P-K-A-A-A-A-A-A-R-L-R-A-A-A-A-A-A-A-A 
88 1763.4 R-P-K-A-A-A-V-I-R-A-A-A-A-A-A-A-A-A-A-A 
89 1835.5 R-P-K-R-R-K-A-A-A-A-A-A-A-A-A-A-A-A-A-A 
 
 
Peptide J 16 mutagenesis 
 
1 2410.9 K-R-R-K-V-I-R-R-L-R-D-N-D-P-E-T-E-T-A-G 
2 2126.5 A-A-A-A-V-I-R-R-L-R-D-N-D-P-E-T-E-T-A-G 
3 2255.7 K-R-R-K-A-A-A-R-L-R-D-N-D-P-E-T-E-T-A-G 
4 2325.8 K-R-R-K-V-I-R-R-L-A-D-N-D-P-E-T-E-T-A-G 
5 2294.9 K-R-R-K-V-I-R-R-L-R-D-N-D-P-A-T-A-T-A-G 
6 2358.5 E-E-E-E-V-I-R-R-L-R-D-N-D-P-E-T-E-T-A-G 
7 2429.7 K-R-R-K-E-E-E-R-L-R-D-N-D-P-E-T-E-T-A-G 
8 2383.8 K-R-R-K-V-I-R-R-L-E-D-N-D-P-E-T-E-T-A-G 
9 2465.1 K-R-R-K-V-I-R-R-L-R-D-N-D-P-R-T-R-T-A-G 
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10 2377.3 E-E-E-E-E-E-E-R-L-R-D-N-D-P-E-T-E-T-A-G 
11 2331.4 E-E-E-E-V-I-R-R-L-E-D-N-D-P-E-T-E-T-A-G 
12 2412.7 E-E-E-E-V-I-R-R-L-R-D-N-D-P-R-T-R-T-A-G 
13 2402.6 K-R-R-K-E-E-E-R-L-E-D-N-D-P-E-T-E-T-A-G 
14 2483.9 K-R-R-K-E-E-E-R-L-R-D-N-D-P-R-T-R-T-A-G 
15 2438 K-R-R-K-V-I-R-R-L-E-D-N-D-P-R-T-R-T-A-G 
16 2183.6 A-A-A-K-V-I-R-R-L-R-D-N-D-P-E-T-E-T-A-G 
17 2283.7 K-R-R-A-A-A-R-R-L-R-D-N-D-P-E-T-E-T-A-G 
18 2198.6 K-R-R-K-V-I-A-A-A-R-D-N-D-P-E-T-E-T-A-G 
19 2238.8 K-R-R-K-V-I-R-R-L-A-A-A-D-P-E-T-E-T-A-G 
20 2252.9 K-R-R-K-V-I-R-R-L-R-D-N-A-A-A-A-E-T-A-G 
21 2336.9 K-R-R-K-V-I-R-R-L-R-D-N-D-P-E-T-A-A-A-A 
22 2056.4 A-A-A-A-A-A-R-R-L-R-D-N-D-P-E-T-E-T-A-G 
23 1971.3 A-A-A-K-V-I-A-A-A-R-D-N-D-P-E-T-E-T-A-G 
24 2011.5 A-A-A-K-V-I-R-R-L-A-A-A-D-P-E-T-E-T-A-G 
25 2025.6 A-A-A-K-V-I-R-R-L-R-D-N-A-A-A-A-E-T-A-G 
26 2336.9 K-R-R-K-V-I-R-R-L-R-D-N-D-P-E-T-A-A-A-A 
27 2071.4 K-R-R-A-A-A-A-A-A-R-D-N-D-P-E-T-E-T-A-G 
28 2111.6 K-R-R-A-A-A-R-R-L-A-A-A-D-P-E-T-E-T-A-G 
29 2125.7 K-R-R-A-A-A-R-R-L-R-D-N-A-A-A-A-E-T-A-G 
30 2209.7 K-R-R-A-A-A-R-R-L-R-D-N-D-P-E-T-A-A-A-A 
31 2026.5 K-R-R-K-V-I-A-A-A-A-A-A-D-P-E-T-E-T-A-G 
32 2040.6 K-R-R-K-V-I-A-A-A-R-D-N-A-A-A-A-E-T-A-G 
33 2124.6 K-R-R-K-V-I-A-A-A-R-D-N-D-P-E-T-A-A-A-A 
34 2080.8 K-R-R-K-V-I-R-R-L-A-A-A-A-A-A-A-E-T-A-G 
35 2164.8 K-R-R-K-V-I-R-R-L-A-A-A-D-P-E-T-A-A-A-A 
36 2178.9 K-R-R-K-V-I-R-R-L-R-D-N-A-A-A-A-A-A-A-A 
37 1844.1 A-A-A-A-A-A-A-A-A-R-D-N-D-P-E-T-E-T-A-G 
38 1799.2 A-A-A-K-V-I-A-A-A-A-A-A-D-P-E-T-E-T-A-G 
39 1898.4 A-A-A-A-A-A-R-R-L-R-D-N-A-A-A-A-E-T-A-G 
40 1982.4 A-A-A-A-A-A-R-R-L-R-D-N-D-P-E-T-A-A-A-A 
41 1799.2 A-A-A-K-V-I-A-A-A-A-A-A-D-P-E-T-E-T-A-G 
42 1813.3 A-A-A-K-V-I-A-A-A-R-D-N-A-A-A-A-E-T-A-G 
43 1897.3 A-A-A-K-V-I-A-A-A-R-D-N-D-P-E-T-A-A-A-A 
44 1853.5 A-A-A-K-V-I-R-R-L-A-A-A-A-A-A-A-E-T-A-G 
45 1937.5 A-A-A-K-V-I-R-R-L-A-A-A-D-P-E-T-A-A-A-A 
46 1880.5   A-A-A-K-V-I-R-R-L-R-D-N-A-A-A-A-A-A-A 
47 2238.8 K-R-R-K-V-I-R-R-L-A-A-A-D-P-E-T-E-T-A-G 
48 2252.9 K-R-R-K-V-I-R-R-L-R-D-N-A-A-A-A-E-T-A-G 
49 2336.9 K-R-R-K-V-I-R-R-L-R-D-N-D-P-E-T-A-A-A-A 
50 2080.8 K-R-R-K-V-I-R-R-L-A-A-A-A-A-A-A-E-T-A-G 
51 2164.8 K-R-R-K-V-I-R-R-L-A-A-A-D-P-E-T-A-A-A-A 
52 2178.9 K-R-R-K-V-I-R-R-L-R-D-N-A-A-A-A-A-A-A-A 
53 1868.5 K-R-R-K-V-I-A-A-A-A-A-A-A-A-A-A-E-T-A-G 
54 1952.5 K-R-R-K-V-I-A-A-A-A-A-A-D-P-E-T-A-A-A-A 
55 1966.6 K-R-R-K-V-I-A-A-A-R-D-N-A-A-A-A-A-A-A-A 
56 2006.8 K-R-R-K-V-I-R-R-L-A-A-A-A-A-A-A-A-A-A-A 
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