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Keeping It Together and Taking It Apart: 

Structural Investigations of Replisome Complexes Involved in  

DNA Replication Fork Protection and Termination 

 

By Michael Jenkyn Bedford 

 

DNA replication is an essential cellular process whose dysregulation is implicated in severe 

human disease, including cancer. Broadly, DNA replication involves the unwinding of the DNA 

double-helix, allowing DNA polymerases to use each unwound strand as a template for 

nascent DNA synthesis; the complex molecular machinery responsible for DNA replication is 

known as the replisome. However, during unwinding and DNA synthesis, the replisome may 

encounter various obstacles such as DNA damage and tightly-bound proteins, necessitating 

specific pathways tailored to tolerating and overcoming such hinderances. Upon completion 

of DNA replication, the replisome is disassembled in a regulated manner. 

An understanding of DNA replication requires structural knowledge of how the various 

replisome components assemble to form the replicative machinery. Although significant 

advances have been made in recent years, facilitated by the development of electron cryo-

microscopy (cryo-EM), our understanding of replisome structure remains in its infancy.  

Here I present high-resolution cryo-EM structures of the most complete replisome 

complexes to date, which are involved in multiple aspects of DNA replication and replication-

coupled processes. First, I describe how four replisome components – the fork protection 

complex (Csm3-Tof1-Mrc1) plus Ctf4 – associate with the replicative helicase CMG.  The fork 

protection complex is involved in achieving maximal rates of DNA replication, as well as 

performing roles in protecting replication forks from varied forms of replication stress. Ctf4 

acts as a structural hub recruiting factors required for cohesion establishment and epigenetic 

inheritance. Second, I discuss structural insights into the regulation of replisome disassembly 

as the final stage of DNA replication, presenting the first structure of a replisome complex 

which has translocated onto double-stranded DNA and is bound by the termination-specific 

E3 ubiquitin ligase, SCFDia2. 
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1.1. DNA Replication and The Replisome 

 

 

All living things across the three domains of life encode the blueprints for the machinery 

they require for survival and reproduction within the genetic code of their DNA 

(deoxyribonucleic acid). As such, every time a cell divides, it must strive to produce an exact 

replica of this genetic material which each of two daughter cells may inherit. Therefore, the 

process of DNA replication is central to the process of life in all living organisms. 

The molecular structure of DNA is one of the most widely recognisable biological 

entities. It was first proposed to form a two-stranded double helix by Watson and Crick in 

1953 1. The structure they proposed, with specific nucleobase pairs acting like the rungs of a 

ladder to hold the two strands together, immediately suggested to them a means of 

replicating the information stored within the molecule 2. In short, of the four bases found in 

DNA, thymine must pair with adenine, and guanine with cytosine. Therefore, the sequence of 

bases of either complementary strand informs the sequence of the other. This hypothesis was 

developed when Meselson and Stahl used isotope labelling to show DNA is replicated in a 

semi-conservative manner, whereby each molecule of replicated DNA contains one newly-

synthesised strand and one strand derived from the original (parental) DNA molecule 3. These 

publications propose a model whereby DNA replication involves using each of the two strands 

in the original (parental) molecule as a template for synthesising two new complementary 

strands. For this model to work, cells must be able to separate the two strands of the parental 

DNA duplex before reading and copying the sequence. 

The ability to unwind and copy DNA relies on a complex and dynamic proteinaceous 

machinery known as the replisome. The basic principles of the replisome are shared between 

bacteria, archaea and eukaryotes, although many components do not share a common 

evolutionary lineage 4. In general, a helicase is required to unwind the parental DNA duplex, 

generating a replication fork. The unwound single-stranded DNA (ssDNA) can then act as a 

template for synthesis of nascent DNA by DNA polymerases (Pols), with one strand (the 

leading strand) synthesised continuously in the same direction as helicase translocation, 

whilst the other strand (the lagging strand) is synthesised discontinuously in short 100-200 

bp stretches (Figure 1.1A). In theory, a helicase and polymerase would represent the simplest 
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replisome (Figure 1.1A), although many additional factors are present in cellular replisomes 

fulfilling a variety of roles required for DNA replication and associated cellular processes. 

 

 

 

 

 

Figure 1.1: Eukaryotic DNA replication. A. Cartoon schematic of the simplest hypothetical replisome. The arrows 

indicate the direction of helicase translocation (blue) or DNA synthesis by the polymerases (green/magenta). In 

E. coli the two polymerases are equivalent, whilst eukaryotes utilise distinct polymerases for leading- and lagging-

strand synthesis. In known systems, a distinct primase activity is also required for initiating DNA synthesis (not 

shown). B. Surface representation of S. cerevisiae CMG helicase (PDB: 5U8S 5). The ZnF collar formed from Mcm2-

7 ZnF domains, and the AAA+ ATPase motor domains forming the C-tier, are highlighted. C. Overview of the 

regulated initiation pathway for eukaryotic DNA replication (proteins labelled are from budding yeast). Following 

helicase activation, the direction of translocation is indicated by orange arrows. Additional replisome components 

are expected to associate during activation, but are omitted for clarity. D. Reaction schematic for the in vitro 
biochemical reconstitution of budding yeast DNA replication, as in 6. Linearised templates can be used in place of 

the circular DNA templates shown. 
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1.1.1. Eukaryotic DNA Replication 

 

The eukaryotic replisome has been best characterised in the budding yeast, 

Saccharomyces cerevisiae. Here, CMG – whose name derives from its 11 subunits: Cdc45, 

Mcm2-7 and the GINS heterotetramer 7-9 – acts as the helicase central to the replisome 

(Figure 1.1B). Mcm2-7 form a hexameric ring-shaped complex (referred to as MCM) which 

encircles one strand of DNA 5, whilst Cdc45 and GINS brace one side of this ring (across 

Mcm2/3/5) 10,11. Each Mcm subunit forms distinct N- and C-terminal regions, which assemble 

into two distinct rings stacked atop one-another, referred to as the MCM N- and C-tiers, 

respectively. It is the C-tier that comprises the AAA+ (ATPases associated with various cellular 

activities) ATPase domains that power DNA unwinding 12. Finally, additional flexible N-

terminal extensions and C-terminal winged helix (WH) domains project from several Mcm 

subunits 12.  

The process by which CMG is assembled on DNA is complex and highly regulated (Figure 

1.1C, reviewed in 12). DNA replication can be considered in four stages: licensing, activation, 

elongation and termination. DNA unwinding and copying occurs during elongation, whilst 

replisome assembly occurs during licensing and activation (collectively initiation). Briefly, 

licensing occurs during late M/G1 phases of the cell cycle, and involves the loading of Mcm2-

7 hexamers onto DNA at defined genomic positions – origins of replication – by the action of 

Cdt1, Cdc6 and the origin recognition complex (ORC). During this process, ORC ensures 

Mcm2-7 hexamers are loaded in pairs 13 resulting in two MCM hexamers loaded head-to-head 

and associated by their N-termini, forming the MCM double hexamer (DH) 14-16.  

Subsequently, during S phase of the cell cycle, conversion of a subset of DHs to active 

CMG helicases occurs, reliant on two kinases: Dbf4-dependent kinase (DDK) and S phase 

cyclin-dependent kinase (S-CDK) 12 (Figure 1.1C). Aided by several “firing factors” (proteins 

required for helicase formation and activation (Sld2, Sld3/7, Dpb11, Pol e, Mcm10, S-CDK and 

DDK)), this process results in recruitment of Cdc45 and GINS to each Mcm2-7 hexamer prior 

to separation of the DH and the eventual formation of two replication forks, each associated 

with a single CMG molecule. How MCM extrudes one strand of DNA – to transition from 

dsDNA when a DH, to ssDNA when CMG – is unclear. The temporal separation of licensing 
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and activation during initiation – achieved by the phosphorylation of varied S-CDK targets – 

ensures against over-replication of the genome 12,17,18.  

During activation, several additional factors are required to form functional replisomes 

(Figure 1.1C). These include three DNA polymerases that are required for replicative DNA 

synthesis in eukaryotes [reviewed in 19]. In brief, Pol a is the polymerase-primase which 

initiates DNA synthesis. Subsequently, Pol e (one of the firing factors required for CMG 

activation) takes over to synthesise the leading-strand codirectional with CMG, whilst Pol d is 

responsible for synthesising the lagging-strand. Since lagging-strand synthesis travels in the 

opposite direction to the replication fork, it occurs discontinuously as 100-200 bp Okazaki 

fragments. There is evidence that all three polymerases can associate with the replication 

fork as part of the replisome 20-23. In addition to the DNA polymerases, several replisome 

components were identified by co-immunoprecipitation with CMG from budding yeast S 

phase extracts: Csm3, Tof1, Mrc1, Ctf4, FACT, Top1 and Mcm10 8. These proteins are involved 

in diverse processes intrinsic or coupled to DNA replication and which will be discussed in 

detail later. Other proteins such as Chl1 and Ctf18-RFC may also associate with the replisome 

24,25, and it is likely that additional replisome components will be identified in the future.  

How these myriad components assemble around CMG to form the replisome is an area 

of ongoing investigation: although various structures have been determined for isolated 

components 25-39, especially DNA polymerases 40-49 and CMG 5,10,11,21,50-53, only limited 

knowledge is available for how these components co-assemble. The non-catalytic regions of 

Pol e bind CMG beside the MCM C-tier, beneath Cdc45 and GINS 21,22,54 whilst Ctf4 (and its 

ortholog And-1) associate with Cdc45 and GINS facing the MCM N-tier 21,53,55. Additionally, 

Mcm10 associates with much of the surface of CMG 56 although attempts at determining the 

structure of CMG-Mcm10 did not observe clear density for the latter 57. A full comprehension 

of DNA replication will require building our understanding of how the pieces of the replisome 

fit, and work, together. 

 

1.1.2. Reconstitution of Eukaryotic DNA Replication 

 

Eukaryotic DNA replication has been biochemically reconstituted using purified budding 

yeast proteins. One approach circumvents the complex licensing and helicase activation 
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stages by purifying CMG as a pre-assembled complex to reconstitute the elongation stage of 

DNA replication 58,59. More recently, an alternative approach has reconstituted the full 

process of DNA replication, beginning with MCM loading 60. Subsequently, Yeeles et al. 

developed this system to encompass the DDK- and S-CDK-regulated conversion of DHs to 

actively elongating replication forks 6 (Figure 1.1D). This origin-dependent system is 

considered the gold-standard for in vitro eukaryotic DNA replication, and has since been 

extended to recapitulate in vivo replication rates 61, replication of chromatinised templates 

62, encounter of DNA lesions 63-65 and replication termination 66,67. 
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1.2. Mechanism of DNA Unwinding 

 

Unravelling how CMG unwinds DNA is crucial to understanding DNA replication, 

requiring comprehension of how CMG moves along its substrate, and how this movement 

leads to strand separation. 

 

1.2.1. CMG Helicase Translocates N-tier First 

 

Replicative helicases can be classified based on the evolutionary lineage of their motor 

domains (reviewed in 68,69). On the one hand, bacterial and bacteriophage nucleic acid 

helicases – including the bacterial transcription terminator Rho, and both the bacterial and 

T7 phage replicative helicases (DnaB and gp4 respectively) – are built around RecA-like 

ATPase domains. On the other hand, replicative helicases from eukaryotes and archaea, as 

well as their viruses, contain AAA+ ATPase domains; these include the bovine papillomavirus 

E1 and simian virus 40 large T-antigen, as well as archaeal and eukaryotic CMG helicases. 

Whereas RecA-like helicases translocate 5’-3’ along nucleic acids 70-73, AAA+ helicases 

(including CMG) translocate 3’-5’ 74-76. However, investigations of diverse hexameric helicases 

revealed both RecA-like and viral AAA+ helicases bind nucleic acids with their N-termini facing 

the 5-‘end of their substrate 73,77-80. Taken together, RecA-like and viral AAA+ replicative 

helicases assume opposite orientations when translocating along their substrates: RecA-like 

helicases travel with their C-terminal motor domains leading the way and dragging their N-

terminal domains behind them, whilst viral AAA+ helicases travel N-termini first with their C- 

 

 

 
Figure 1.2: Comparison of AAA+ and RecA-like family replicative helicases. The direction of translocation is 

indicated by the orange arrows. N: N-terminal domains; C: C-terminal domains. In either case, the C-terminal 

domains comprise the AAA+ or RecA-like ATPase motor domains. 
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terminal motor domains pushing from behind (Figure 1.2). The divergent polarity between 

RecA-like and AAA+ helicases appears to derive from a reversal in the order of ATPase site 

firing, resulting in translocation in opposite directions along a nucleic acid polymer 79. Helicase 

orientation has major implications for the organisation of replisome factors which rely on 

interactions with the helicase for correct positioning at the replication fork, including the 

engagement of the unwound DNA templates by DNA polymerases and the encounter of DNA-

bound obstacles during DNA replication. 

Although early work cast doubt on the orientation of CMG during translocation, both in 

archaea 81,82 and eukaryotes 10,51, several studies have now concluded both archaeal and 

eukaryotic CMG translocate N-tier first in line with the precedent set by other hexameric 

helicases. For archaea, it was found that MCM can associate with either ssDNA arm of the 

DNA fork substrates used in previous experiments, in either case positioning the N-tier closest 

to the 5’ DNA end 83, which likely underlay the prior misinterpretation of helicase orientation. 

However, as only binding to the 3’ arm is productive for unwinding, archaeal MCM orients 

with its N-tier facing forwards at a replication fork 83. This is corroborated by a recent high-

resolution crystal structure for ssDNA-bound archaeal MCM 84. 

Similarly, recent evidence has concluded CMG orients with the MCM N-tier facing the 

replication fork in eukaryotes. First, several structures of DNA-bound CMG complexes 

resolved unambiguous double-stranded DNA (dsDNA) density extending from the N-tier face 

of the central MCM channel, in some cases following CMG translocation along DNA 5,22,52,57,85. 

Second, recent use of translocation blocks in the DNA template – either streptavidin (SA) or 

HpaII methyltransferase (MH) – as indicators has provided additional evidence for the N-tier-

first orientation of eukaryotic CMG 5,52,57. Finally, whereas the evidence presented above 

relied upon loading pre-assembled CMG onto DNA substrates, a third piece of evidence 

addresses the situation when CMG is assembled at replication origins, as in vivo. Here, two 

studies utilised in vitro origin-dependent CMG assembly under conditions which permit 

loading of multiple MCM DHs, but conversion of only a subset of these to active CMG 

helicases 22,86. As CMG translocates, it pushes any remaining DHs ahead of it, generating long 

trains of DHs pushed from one end by a single CMG. By visualising these trains using electron 

microscopy it is clear that CMG, assembled at an origin of replication, also translocates N-tier-

first.  
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The orientation of CMG has important implications for DNA replication. First, when 

MCM complexes are loaded as DHs during licensing, their N-termini face inwards 14-16,60. 

Therefore, for two replication forks to diverge from an origin, the two activated CMGs must 

pass one another. This could act as a failsafe mechanism to ensure both forks are correctly 

assembled during initiation. Second, during elongation the N-tier first orientation has clear 

implications for replisome architecture. As Pol e interacts with the C-tier side of CMG, it 

appears positioned ideally to accept the unwound leading-strand template DNA exiting from 

the MCM channel 21,22. Similarly, as Ctf4 binds the N-tier face, it is expected to position its 

binding partners such as Pol a and Chl1 close to either the excluded lagging-strand template 

DNA or the parental DNA duplex, which may be important for their function 21,53,55,85. Finally, 

the orientation of CMG has clear implications for its encounter with DNA lesions and protein 

barriers. Determining the position of additional factors (especially Csm3-Tof1 and Mrc1) in 

the replisome would therefore give crucial insights into how the replisome could respond 

upon encountering blocks to translocation.  

 

1.2.2. The Mechanism of Strand Separation by CMG 

 

Most hexameric replicative helicases operate by a strand exclusion mechanism, 

whereby the helicase encircles and translocates along one strand of ssDNA while excluding 

the second strand, thereby unwinding the two strands before they enter the central helicase 

channel (Figure 1.2) 87. Extensive biochemical and structural work has concluded that CMG 

also operates in this manner. 

The most compelling biochemical evidence derives from CMG’s ability to translocate 

past obstacles on one strand of DNA (the non-tracking strand, or lagging-strand template), 

but not the other (the tracking strand, or leading-strand template). Experiments in Xenopus 

egg extracts found that the replisome is able to progress unhindered past either a SA or MH 

roadblock on the lagging-strand template, but not the leading-strand template 76,88. This is 

supported by low resolution cryo-EM density assigned to the lagging-strand template DNA, 

which is excluded from entry to the central MCM channel of a translocated CMG helicase 52. 

Subsequent investigations using purified CMG have raised questions about the nature 

of strand exclusion by CMG 52,89,90. These studies led to debate as to the exact position at 

which DNA is unwound with respect to the helicase (Figure 1.3). First, early observations that 
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obstacles on the lagging-strand template can hinder translocation of purified CMG 90 was 

taken to support a model whereby the parental dsDNA enters a collar of Mcm zinc-finger 

(ZnF) domains located on the top of the MCM N-tier prior to strand separation, which agrees 

with the presence of dsDNA within the ZnF collar in several cryo-EM structures 5,22,52,57 (Figure 

1.1B). Indeed, cryo-EM investigation has suggested several Mcm N-terminal hairpins (NTH) 

and ZnF domains form a barrier to exclude the lagging-strand template DNA after entry to the 

ZnF collar 57. However, later investigations questioned whether the roadblocks used in the 

earlier biochemistry prevented CMG binding to the DNA substrates at all 89. In contrast, later 

experiments found lagging-strand template obstacles do not impede translocation 52,89, 

leading to the suggestion that the above cryo-EM structures might represent non-

translocation states and that strand separation might occur prior to entry into the ZnF collar 

during productive unwinding. However, it has since been argued that the linker connecting 

the SA roadblocks in these later experiments may allow passage of the SA outside the ZnF 

collar 57. A high-resolution structure of the point of unwinding may resolve this issue. 

In any case, the experiments above agree that CMG operates by some implementation 

of strand exclusion. It is possible that one or more additional factors present in Xenopus egg 

extracts might help to facilitate bypass of obstacles on the lagging-strand template. Addition 

of Mcm10 to purified CMG suggests it is able to fulfil this role, promoting bypass of obstacles 

on the lagging-strand template without the need to displace them 91. The mechanistic basis 

for this, and whether other factors can perform a similar role, are unknown. 

 

Figure 1.3: Steric exclusion of the lagging-strand template DNA by CMG. Schematic representations of two 

alternative models for strand exclusion by eukaryotic CMG. Only the Mcm subunits of CMG are shown for clarity. 

Left: model whereby the parental dsDNA enters the ZnF collar situated at the front of the MCM N-tier prior to 

strand separation; the unwound lagging-strand template DNA (magenta) subsequently exits between the Mcm3 

and Mcm5 ZnF domains, whilst the unwound leading-strand template continues through the central MCM 

channel. Right: alternative model whereby strand separation occurs prior to the parental dsDNA entering the 

MCM ZnF collar. Leading- and lagging-strand templates coloured orange and magenta, respectively. 
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1.2.3. Translocation Mechanism of Homohexameric Replicative Helicases 

 

The least well-understood aspect of CMG action is the mechanism by which it 

translocates along ssDNA. Helicase translocation has been best studied for homohexameric 

helicases where high-resolution DNA-bound structures are available (reviewed in 68,87), 

including the archael MCM complex which is evolutionarily related to the Mcm2-7 

heterohexamer of higher eukaryotes 84. Here, nucleotide binding and hydrolysis occur at sites 

formed at the interface between adjacent protomers (Figure 1.4A) and are coupled to 

translocation through the movement of substrate-binding loops which project into the 

central channel of the helicase ring (Figure 1.4B). For CMG, these substrate-binding loops 

correspond to the presensor-1 (PS1) and helix-2 insertion (H2I) b-hairpins 5. 

Allosteric cross-talk between the substrate-binding status of the channel loops and the 

hydrolysis state of the nucleotide binding pockets is facilitated by a network of salt-bridge 

interactions stretching between these two sites within each protomer 68,73,79. Through this 

network, substrate binding can potentiate the helicase for nucleotide hydrolysis, perhaps 

ensuring the correct ATPase site fires at any given stage in the translocation cycle 68. The 

reverse is also true, with nucleotide hydrolysis state apparently dictating the movements of 

the substrate-binding loops 68,87. Changes in the nucleotide binding pocket during the 

hydrolysis cycle seem to include the movement of a “trigger” (the sensor-2 motif of CMG, 

featuring the sensor-2 arginine R808Mcm2/R700Mcm3/R796Mcm4/R651Mcm5/R798Mcm6/R687Mcm7, 

see Figure 1.4A) to allow ATP binding or ADP release, the movement of a “piston” (the 

arginine finger motif of CMG, featuring the titular arginine 

R676Mcm2/R542Mcm3/R701Mcm4/R549Mcm5/R708Mcm6/R593Mcm7, see Figure 1.4A) to enable 

release of hydrolysed inorganic phosphate (Pi), and the subtle correct positioning of these 

and other residues to catalyse hydrolysis itself 87. These movements are coupled to axial 

movements in the substrate-binding loops as follows: ATP binding promotes movement of 

the channel loops to the up position closer to the front of the helicase, where they engage 

their substrate; subsequent ATP hydrolysis, Pi release and ADP release drives the loops 

downwards, moving the substrate through the helicase channel; finally, following substrate 

release a new ATP molecule can bind the vacant site, allowing the substrate-binding loop to 

return to the start position and re-engage the substrate at a new position further along than  
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Figure 1.4: ATP hydrolysis by oligomeric ATPases. A. Cartoon representation of one ATPase site from the S. 
solfataricus MCM homohexamer bound to the nucleotide analogue ADP×BeF3 (PDB: 6MII 84). Key residues involved 

in coordinating the phosphate moieties. The two MCM subunits forming the composite ATPase site are coloured 

different shades of blue. The positions equivalent to a/b/g phosphates of ATP are labelled. B. ssDNA-binding loops 

(H2I/PS1) from the S. solfataricus MCM homohexamer (PDB: 6MII 84). ADP×BEF3-bound subunits (mimicking ATP-

bound subuits) are coloured red, ADP-bound subunits are coloured blue. DNA is coloured orange. DNA-binding 

loops are observed to form a staircase, following the path of ssDNA; subunits toward the top of the staircase are 

“ATP-bound”, whilst those toward the bottom of the staircase are ADP-bound. C. Schematic representing 

alternative models for the co-ordination of ATP hydrolysis cycles between subunits in oligomeric ATPases. ATP, 

and ATP-bound subunits, are coloured red. ADP, and ADP-bound subunits, are coloured blue. Schematic illustrates 

defining principles of each model; different helicases may bind different numbers of ATP/ADP molecules to what 

is shown. 
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before 87 (Figure 1.4B). The movement of the substrate-binding loops can involve either 

maintenance of a planar ring of ATPase domains whilst the loops move up and down, as seen 

for E1 80, Rho 79 and the homohexameric archeal MCM complex 84, or else movement of entire 

ATPase domains along the translocation axis as for T7gp4 73 and DnaB 77,78, however the end 

result is the same. 

Given homohexamers contains six equivalent sets of substrate-binding loops and 

ATPase sites, the co-ordination of ATP hydrolysis and substrate translocation around the ring 

is also an important consideration. Four co-ordination schemes have been proposed (Figure 

1.4C): the six subunits might act in a concerted manner, with the ring maintaining six-fold 

rotational symmetry as all six subunits synchronously progress through the ATPase cycle 

(concerted model); the six subunits might fire without co-ordination between protomers 

(stochastic model); or the six subunits might fire sequentially, either with diametrically 

opposed subunits remaining in synchrony (symmetric rotary model) or with no rotational 

symmetry present (asymmetric rotary model) 68. The high-resolution structures of various 

substrate- and nucleotide-bound homohexameric helicases have observed asymmetric rings, 

with the progression in ATP hydrolysis state permuting around the ring resulting in a spiral 

arrangement of the substrate-binding loops 73,77-80,84. This strongly supports an asymmetric 

rotary mechanism for translocation by homohexameric replicative helicases. 

 

1.2.4. Translocation Mechanism of Eukaryotic CMG on ssDNA 

 

The applicability of a rotary translocation mechanism to eukaryotic CMG has been 

debated. Unlike the helicases discussed above, CMG from eukaryotes is based around a 

heterohexameric ring of six related Mcm subunits 7. Crucially, the heterohexameric nature 

has allowed targeted mutagenesis of DNA-binding loops and ATPase sites at defined positions 

around the MCM ring. Mutation of Walker A lysines to disrupt nucleotide binding 9 or 

mutation of arginine fingers to prevent ATP hydrolysis 52 has revealed non-equivalent 

requirements of different subunits (Figure 1.5A). Specifically, both ATP binding and hydrolysis 

are dispensable for helicase activity at the Mcm4-Mcm7 and the Mcm6-Mcm4 interfaces. In 

contrast, ATP binding but not hydrolysis is essential at the Mcm5-Mcm2 and Mcm3-Mcm5 

vvvvvvvvvvvv 
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Figure 1.5: Evidence for an asymmetric rotary mechanism of translocation featuring subunit non-equivalence for 

eukaryotic CMG. A. Differing ATP binding and hydrolysis requirements between Mcm subunits for helicase activity 

of Drosophila CMG 9,52. Mcm2-7 subunits are numbered. (x)KA: mutation of the Walker A lysine residue of Mcm(x) 

to alanine to abrogate nucleotide binding at that interface. (y)RA: mutation of the arginine finger residue of 

Mcm(y) to alanine to abrogate ATP hydrolysis at that interface. Approximate helicase activity relative to wild-type: 

+++ (>80%); ++ (60-80%); + (40-60%); – (20-40%); – – (<20%). B. Proposed translocation states observed for 

Drosophila CMG 52. ATP, and ATP-bound Mcm subunits, are coloured red. ADP, and ADP-bound Mcm subunits, 

are coloured blue. Orange represents ssDNA engaged by staircasing PS1/H2I interactions from MCM. Additional 

translocation intermediates may exist beyond those shown. 

 

interfaces, whilst hydrolysis but not binding is essential at the Mcm7-Mcm3 interface. The 

latter may reflect a scenario whereby conformational changes required for translocation are 

incompatible with continuous ATP binding at these interfaces, but are permitted either 

following normal ATP hydrolysis or in mutants lacking the ability to bind ATP, as has been 

previously suggested for MCM loading 92. The remaining mutations all display partial defects. 

Strikingly, non-equivalence has also been observed for the DNA-binding PS1 b-hairpins of 

different MCM subunits 93,94. This asymmetry might be enforced by asymmetric positioning 

of Cdc45-GINS and Pol e on the Mcm2/3/5 side of the MCM ring, with reports of these 

proteins contacting the motor domains of these subunits 22,50. 

With this asymmetry in mind, early models of CMG translocation – based on 

conformational differences observed using cryo-EM – suggested inchworm-based 

mechanisms invoking relative motion of the MCM N- and C-tiers 50,51. However, lack of DNA 

or concerns over its incorrect engagement in these studies, plus questions surrounding 

compatibility with the association of additional replisome factors 22, has led to these 

inchworm models falling out of favour.  
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More recently, a high-resolution crystal structure of the related homohexameric 

Saccharolobus solfataricus MCM (SsoMCM) has identified an asymmetric rotary translocation 

mechanism 84. Specifically, in the archaeal complex all six subunits contact DNA forming a 

staircase with the DNA binding loops, with transition from ADP.BeF3-bound subunits at the 

top of the staircase to ADP-bound subunits at the bottom. The ATPase sites are found to 

become progressively looser in subunits closer to bottom of the staircase (toward the DNA 3’ 

end). Sequence conservation between archaeal and eukaryotic Mcm subunits suggest such a 

mechanism could also exist in eukaryotes 84; whether the residues involved in contacting 

ssDNA are conserved will require higher-resolution structures of eukaryotic CMG. 

For a rotary mechanism to exist in eukaryotes, a prerequisite is the ability to engage 

ssDNA at several positions around the MCM ring. Recently, several cryo-EM structures were 

solved for Drosophila CMG in four conformations ranging from 3.7 – 4.5 Å resolution 52 (Figure 

1.5B). The authors claim these represent structures relevant to the translocation cycle, with 

the sample having been incubated with ATP and making use of the observation that the 

particles imaged under the microscope were not stalled immediately adjacent to a 

methyltransferase roadblock present in the DNA fork subatrate, but remained a short 

distance apart. Three conformations were observed to bind DNA across four subunits 

(Mcm3/7/4/6, Mcm7/4/6/2 or Mcm6/2/5/3) representing substrate engagement at three 

positions around the MCM channel. The fourth conformation bound DNA across only three 

subunits (Mcm2/5/3) and was assumed to be an off-pathway complex, perhaps representing 

a stalled state or one which had become partially disengaged during sample preparation. 

Generally, the three “translocation states” observed by Eickhoff et al. display several 

features expected for an asymmetric rotary translocation mechanism. Firstly, the PS1 and H2I 

loops form a staircase arrangement following the spiral path of ssDNA as it tracks around the 

MCM ring. Secondly, in all three conformations, the subunits which contact ssDNA are found 

to be ATP-bound, except for when the subunit is located at the base of the staircase (nearest 

the 3’ end) where instead ADP is reportedly bound. The “seam subunits” which have 

disengaged from DNA and returned to the top of the staircase ready to restart the 

translocation cycle are generally ADP-bound. This is consistent with a rotary model whereby 

ATP binding is coupled to ssDNA engagement at the top of the staircase, followed by ATP 

hydrolysis near the base of the staircase to drive changes in the DNA-binding loops thereby 

translocating DNA through the MCM channel, before ADP-bound subunits release DNA and 
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return to a pre-power stroke position. A key discrepancy with the classical rotary 

translocation mechanism is that in one conformation, both Mcm3 and Mcm5 are found 

disengaged from ssDNA whilst ATP remains bound at their interface. Eickhoff et al. suggest 

these two subunits might move as a unit, perhaps explaining why ATP binding but not 

hydrolysis is essential at this interface 9,52. Such en bloc movement of multiple MCM subunits 

at once might provide some explanation for how some subunits are more tolerant of ATPase 

site mutation than others. A similar suggestion of en bloc subunit movement has been made 

following calculations of the free energy changes required to disrupt different subunit 

interfaces in human CMG 53. 

The idea that CMG might act by a rotary translocation mechanism without requiring 

ATP hydrolysis to occur in a strictly sequential manner or without equal contribution of all six 

ATPase sites is not without precedent. ClpX – a bacterial homohexameric AAA+ translocase – 

can translocate substrates when ATPase activity is lost from a subset of its subunits 95. 

Differing subunit contributions have also been observed for the ATPase sites (and substrate 

binding loops) of the Rpt1-6 heterohexamer (the translocase associated with the 26S 

proteasome) 96. Indeed, the motor domain of dynein features six tandem AAA+ domains in a 

single polypeptide which assemble into a ring, although only four of these domains are 

capable of binding ATP 97. Finally – and perhaps most relevant – mutant doping experiments, 

titrating inactive subunits against the wild-type complex, demonstrate the archaeal SsoMCM 

homohexamer can tolerate loss of several ATPase sites 98. 

Taken together, eukaryotic CMG is expected to utilise an asymmetric rotary 

translocation mechanism with non-equivalent requirements for the different ATPase centres 

around the MCM ring. It is not certain whether the en bloc movement of multiple subunits 

during a single translocation “step” is responsible for the asymmetry observed; alternative 

explanations have been proposed such as a suggestion that ATP binding at the Mcm2/5/3 

interfaces might instead be required for a loop-to-helix transition in these subunits to convert 

the DH to an active helicase 84. The idea that the functional asymmetry might derive from 

non-equivalent roles of the different subunits during a process distinct from translocation per 

se is supported by evidence that different subunits contribute distinct roles during helicase 

assembly 92,99. A complete understanding of this phenomenon and of how CMG catalyses 

translocation in general will require further investigation, with structural insights considered 

in the context of complementary techniques. For example, how does the translocation 
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mechanism accommodate recent single-molecule biophysical data which suggest CMG might 

transiently pause and backtrack during in vitro translocation 100, and how is helicase activity 

modulated by additional replisome factors 61,91,101? Regardless, high-resolution structural 

insights into how the helicase engages DNA will prove insightful. 
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1.3. The Fork Protection Complex: Csm3-Tof1 and Mrc1 

 

The fork protection complex (FPC) is a heterotrimeric complex of the Csm3-Tof1 dimer 

(Csm3: chromosome segregation in meiosis protein 3; Tof1: topoisomerase I interacting 

factor 1) and Mrc1 (mediator of the replication checkpoint), whose human orthologs are 

Tipin-Timeless and Claspin, respectively (Tipin: Timeless-interacting protein). These proteins 

have been observed to travel with the replication fork 102-104 and co-purify with CMG from 

yeast S phase extracts 8, although the nature of their association with other replisome 

components remains obscure. 

 

 

Figure 1.6: Architecture of human Timeless. The crystal structures previously determined for the Timeless N-

terminus (yellow, PDB: 5MQI 35) and PARP-1-binding (PAB) domain (red, PDB: 4XHT 36) are displayed as cartoons 

beneath a similarly coloured schematic outlining the regions of Timeless encompassed by these structures 

(boundary residues numbered). For the Timeless N-terminus, residues 174-182 and 239-332 are absent from the 

model. A recent NMR solution structure of the tandem C-terminal DNA-binding domain (DBD) is also shown (tan, 

PDB: 6TAZ 105). 

 

1.3.1. Association of the FPC Within the Replisome 

 

How the FPC assembles as part of the replisome is unknown. Limited biochemical 

evidence suggests Mrc1 interacts with both the Mcm6 winged-helix (WH) domain 106 and Pol 

e 107, and the replisome association of Mrc1 further requires Csm3-Tof1 103. Indeed, Csm3-

Tof1 and Mrc1 form a complex in the absence of other replisome components and the cellular 

stability of Csm3 and Tof1 appear co-dependent 103. Although the position of Csm3-Tof1 

within the replisome was unknown, MCM phosphorylation by DDK was suggested to be 
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required for its recruitment 108 and some evidence suggests their human orthologs might 

interact with the replicative DNA polymerases 109,110.  

Importantly, no structural information was available for the FPC in the context of a 

replisome; only the Timeless N-terminus 35 and PARP-1-binding domain 36 had been solved 

prior to our investigations (Figure 1.6). 

 

1.3.2. Mrc1 is Required During Unperturbed DNA Replication 

 

The FPC was originally identified on account of their requirement for fork stabilisation 

and checkpoint activation upon nucleotide depletion 102,111. However, it is now clear that 

these proteins are important for efficient DNA replication under unperturbed conditions 

(Figure 1.7A). 

Experiments performed in vivo have demonstrated both Mrc1 and Tof1 are required for 

optimal rates of replication fork progression in the presence of bromodeoxyuridine (BrdU, 

used to label nascent DNA) in the absence of fork pausing or checkpoint activation 112. Less 

disruptive measures of unperturbed replication rates, using dense-isotope substitution or 2D 

gel-based analysis in place of BrdU incorporation, have since concluded Mrc1 113,114 but not 

Tof1 113 is required for unperturbed rates of fork progression in cells. Subsequently, 

biochemical reconstitution of budding yeast DNA replication from purified components has 

concluded that the enhancement of fork rate by Mrc1 manifests as a direct effect on DNA 

synthesis 61. In these experiments, inclusion of Mrc1 can stimulate the rate of DNA replication 

eight-fold, achieving rates comparable to those measured in vivo. Although Csm3-Tof1 are 

required for maximal fork rates in this system, their omission has only a minor impact 

compared to omission of Mrc1, indicating Mrc1 is the primary FPC component required for 

maximal fork rates; Csm3-Tof1 are likely to facilitate the function of Mrc1, perhaps by 

supporting recruitment of Mrc1 to the replisome 103. 

The mechanism by which Mrc1 stimulates fork progression is unclear. It is conceivable 

Mrc1 has this effect through its interaction with Pol e 107, potentially stimulating leading-

strand synthesis. Indeed, both Mrc1 and leading-strand synthesis catalysed by Pol e (as 

opposed to Pol d) are required for maximal fork rates 61. Furthermore, the Mrc1:Pol e 

interaction is regulated during the S phase checkpoint, which could help to uncouple the 

vvvvvvvv 
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Figure 1.7: Cellular functions of the fork protection complex. In each panel, proteins involved in the relevant 

pathway are coloured; other replisome components are shaded grey. A. Mrc1 is required for maximal fork rates. 

In vitro reconstitution has shown this to be facilitated by Csm3-Tof1 and requiring DNA synthesis by Pol e. B. Mrc1 

is the mediator of the DNA replication checkpoint (DRC). A subset of key factors involved is shown here for clarity. 

Upon fork stalling in the presence of HU or MMS, Mec1 is recruited to 5’-ends of ss/dsDNA junctions (on ether 

the leading- or lagging-strand) by the 9-1-1 complex, Dpb11 and Dna2, allowing Mec1 to phosphorylate Mrc1. 

Phospho-Mrc1 subsequently recruits Rad53, which can itself be phosphorylated by Mec1, triggering the DRC. 

Mrc1 phosphorylation may also disrupt its association with Pol e, which may help to slow fork progression.                    

C. Csm3-Tof1 are required for programmed fork arrest, shown here for arrest at a Fob1-bound replication fork 

barrier (RFB) site. D. Csm3-Tof1 are required for fork stabilisation upon encounter of stably-bound protein 

barriers, shown here for a DNA-protein crosslink lesion such as Top1 covalent complexes trapped on DNA in the 

presence of camptothecin. E. Tof1 recruits Top1 to relieve topological stress formed ahead of the replication fork 

during DNA unwinding. This helps to limit excessive fork rotation. F. Csm3-Tof1 and Mrc1 are involved in 

establishment of sister chromatin cohesion. One pathway – involving Csm3, Ctf4 and Chl1, yellow path – passes 

DNA-associated cohesion from the front to behind the replication fork (cohesin conversion pathway). A second 

pathway – involving Mrc1 and Ctf18-RFC, red path – loads cohesin from solution (de novo loading pathway). 

 

stimulatory effects of Mrc1 toward enhanced fork rates from its role in the checkpoint 

response 107,115. Interestingly, a single-molecule study has suggested Mrc1 stimulates fork 

rates in bursts, with FPC components transiently but repeatedly associating with the 

replication fork 116. 

In vertebrates, the effect of Claspin (the Mrc1 homolog) on replication fork progression 

is less clear: overexpression of Claspin leads to increased proliferation in human cells 117 whilst 

depletion of Claspin reduces fork rates in human cancer cell lines 118. However, depletion of 

Claspin from human fibroblast cell lines and Xenopus egg extracts has a modest to no effect 

on DNA replication 118,119. Curiously, there is some in vitro evidence that vertebrate Timeless-
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Tipin can modulate replication efficiency by stimulating both CMG helicase and DNA 

polymerase activities 109,110 but whether this is true of cells and reflects species differences is 

unclear. Ultimately, biochemical reconstitution of vertebrate DNA replication from purified 

proteins will help to understand the effects of the FPC toward DNA replication in higher 

eukaryotes. 

 

1.3.3. Mrc1 Acts in the DNA Replication Checkpoint 

 

Cells employ checkpoints to arrest the cell cycle if it is not appropriate to progress. This 

provides an opportunity to complete any processes that must precede subsequent events, 

for example DNA replication must complete prior to chromosome segregation. One example 

is the DNA replication checkpoint (DRC) which acts during S phase to ensure completion of 

DNA replication prior to mitosis following replication stress (reviewed in 120). In brief, 

replication stress triggers activation of the sensor kinase Mec1 (ATR in metazoa), ultimately 

leading to activation of the effector kinase Rad53 (an equivalent role is played by CHK1 in 

humans). This triggers cellular responses including repression of late-firing replication origins, 

upregulation of dNTP production and stabilisation of stalled replication forks.  

Mrc1 was first implicated in the DRC as a non-essential gene required for delaying late 

origin firing and supporting cellular viability in the presence of hydroxyurea (HU), and delaying 

DNA replication upon exposure to the alkylating agent methyl methanesulfonate (MMS) 111. 

Unlike Mrc1, Csm3 is not required for the DRC 121 and Tof1 plays only a minor role 112: whilst 

Tof1 appears important for stabilising HU-arrested forks, this function is separate from DRC 

activation and a role for Tof1 in the DRC may be to stabilise Mrc1 121. 

Mrc1 appears to play at least two distinct roles in the DRC (Figure 1.7B). First, it acts as 

the mediator, coupling Mec1 and Rad53 activation: activated Mec1 phosphorylates Mrc1 

104,111,122, promoting its association with Rad53 122,123, thereby allowing Mrc1 to bring Mec1 

and Rad53 together to promote Rad53 activation 122. In vertebrates, Claspin plays an 

equivalent role in checkpoint activation 124,125. Second, Mrc1 appears to perform an additional 

role of allowing fork restart after HU-induced stress 102,112,114,126. Replisome coupling might 

involve an interaction between the Mrc1 and Pol2 N-terminal regions (the Pol2 N-terminus 

contains the Pol e catalytic domain), which is disrupted upon checkpoint-mediated Mrc1 

phosphorylation 107. Indeed, Rad53-mediated Mrc1 phosphorylation slows fork progression 



Chapter 1 – Introduction 

 

 45 

115. Curiously, even in the absence of the DRC, Mrc1 is able to stabilise stalled replication forks 

at fragile CAG repeats 127, indicating Mrc1 function in genome protection is not limited to the 

DRC. 

Interestingly, mutation of Mec1 phosphorylation sites in Mrc1 impairs Rad53 

phosphorylation and checkpoint activation without impairing the ability of Mrc1 to promote 

DNA replication in the absence of replication stress 104. This raises the question as to whether 

distinct regions of Mrc1 are involved in checkpoint activation and unperturbed DNA 

replication. At present, the answer is unclear: although the majority of the 17 putative SQ/TQ 

phosphorylation sites in Mrc1 are found in the N-terminal half of the protein, deletion of short 

conserved regions toward the C-terminus of Mrc1 have been shown to be important for 

Mec1-dependent phosphorylation of Mrc1 and Rad53 activation in a reconstituted system 

lacking replisome components 122. Truncation of the C-terminus of the protein has also been 

observed to impair the ability of Mrc1 to promote replication in the reconstituted replication 

system (personal correspondence with Joseph Yeeles). Although it is uncertain whether 

Claspin plays a crucial role in unperturbed DNA replication in vertebrates 118,119, experiments 

with Xenopus Claspin identified separate replication fork-interacting (RFID, residues 265-605) 

and Chk1-interacting (residues 776-905) domains 125, and a similar approach to identify 

distinct regions of Mrc1 could help understand how it functions in different processes in 

budding yeast. 

 

1.3.4. Csm3-Tof1 Are Required for Programmed Fork Arrest 

 

 

Programmed fork arrest (PFA) refers to the intentional pausing of replication forks at a 

variety of defined sites in eukaryotic genomes (reviewed in 128). A role for Csm3-Tof1 and their 

orthologs (Swi3-Swi1 in fission yeast) have been identified in several examples of PFA (Figure 

1.7C), including at rDNA replication fork barriers (RFB) and budding yeast tRNA genes 

(reviewed in 128,129) as well as during fission yeast mating-type switching 130,131; curiously, 

fission yeast Mrc1 also contributes to fork pausing, requiring a domain absent from the 

budding yeast protein 132. 

Here I shall focus on the involvement of Csm3-Tof1 in PFA within budding yeast rDNA 

loci 128,129. In brief, budding yeast genomes feature ~150 tandemly repeated 35S/5S rRNA 
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gene loci. Within each rDNA repeat unit, the long 35S and short 5S rRNA genes are oriented 

such that they are transcribed toward one another, and between these two genes is located 

a region of DNA known as a replication fork barrier (RFB). The RFB forms a binding platform 

for Fob1, and the Fob1-bound RFB forms a unidirectional barrier to DNA replication. 

Specifically, replication fork progression is impeded in the direction opposite to 35S rDNA 

transcription. This has the effect of ensuring the rDNA locus is replicated whilst minimising 

collisions between replication forks and oncoming transcription bubbles to enhance genome 

integrity, although it should be noted that an additional role has been identified for the 

Fob1:RFB barrier in promoting homologous recombination required for rDNA repeat 

expansion 128.  

In contrast to fork stalling due to HU or MMS – where both Tof1 and Mrc1 are required 

for stalling 102 and restart 112,121 – PFA at RFB sites requires neither Mrc1 nor activation of the 

DRC 112,133,134. In cells, Csm3-Tof1 appear to antagonise the Rrm3 helicase that would 

otherwise promote bypass of Fob1-RFB sites 133, although biochemical reconstitution has 

reported Csm3-Tof1 are required for fork pausing even in the absence of Rrm3 135. 

Tof1 truncations have identified the C-terminus beyond residue 830 as dispensable for 

PFA 121. Work from this Ph.D. has shown such a truncated protein would still be able to 

interact with Csm3 85, however the interaction of Tof1 with the topoisomerase Top1 would 

be disrupted 121. This led the authors to conclude the role of Tof1 in PFA is separable from its 

ability to recruit Top1. Confusingly, another recent publication has suggested Top1 (or to a 

lesser degree Top2) is important for stalling at RFB sites in addition to Fob1 and Csm3-Tof1, 

with loss of Top1 or its ability to interact with Tof1 impairing RFB arrest 136. The reason for 

the discrepancy between these publications is unclear. 

In summary, Csm3-Tof1, but not Mrc1, are required for PFA at RFB sites in budding 

yeast. 

 

1.3.5. Csm3-Tof1 Stabilise Forks Stalled at Unprogrammed Barriers 

 

As the replication fork progresses, it will encounter many barriers formed by non-

nucleosomal proteins bound tightly to DNA 137-141. Whereas PFA is an intentional block 

directed to specific sites in the genome, in most cases these obstacles arise in an unplanned 

fashion and the cell must respond appropriately to avoid genetic dysfunction 138,139,142-145.  
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The FPC has been identified as a key player in the cell’s response to such obstacles, 

facilitating stable replisome stalling at these barriers (Figure 1.7D). As in PFA, when the 

replisome encounters physical barriers, stalling requires Csm3-Tof1 but not Mrc1, as 

demonstrated for encounter of the replication fork with transcribing RNA polymerase III 133 

and proteins bound tightly to tRNA promoters and centromeres 113. When replication forks 

pause during PFA, the full cohort of replisome proteins is maintained at the fork 134. It is quite 

possible Csm3-Tof1 are required to achieve a similar stable association during unplanned 

stalling events. 

The requirement for Csm3-Tof1 in stabilising forks stalled at barriers such as these might 

also explain the hypersensitivity of cells lacking these proteins to the drug camptothecin 

(CPT). CPT acts as a topoisomerase inhibitor, stabilising an intermediate in the Top1 reaction 

where Top1 is covalently bound to DNA 146, generating a lesion referred to as a DNA-protein 

crosslink (DPC). Similar to non-covalent protein barriers, the ability of Csm3-Tof1 to stabilise 

forks at DPCs and confer resistance to CPT is independent of both Mrc1 147 and activation of 

the DRC 148. Taken together, Csm3-Tof1 act independently of Mrc1 and the DRC to maintain 

genome integrity when the replication fork encounters proteins tightly bound to DNA, 

whether during PFA or otherwise. 

 

1.3.6. Tof1 Helps Alleviate Topological Stress at The Replication Fork 

 

 

As the replisome proceeds to unwind DNA, torsional stress builds up ahead of the 

replication fork. This generates supercoiled DNA and can impede further unwinding by CMG 

[reviewed in 149]. The build-up of torsional stress impedes replication of circular templates in 

vitro 6.  

To alleviate torsional stress, cells can employ one of two mechanisms: using 

topoisomerase enzymes to cleave the supercoiled DNA ahead of the fork, thereby allowing 

local relaxation of torsional stress; or allowing fork rotation where the replication fork (and 

nascent DNA behind the fork) can rotate relative to the DNA ahead of the fork. The effect of 

fork rotation is transfer of topological stress from supercoiled DNA ahead of the fork to 

intertwined DNA molecules behind the fork (catenanes) which can later be resolved by type-

II topoisomerases 150.  
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Cells preferentially utilise topoisomerases to relieve torsional stress ahead of the 

replication fork, with fork rotation restricted to regions of the genome where the access of 

topoisomerases to the DNA is impeded, such as at sites where proteins bind tightly to DNA 

and between converging replication forks during termination 149,150. The reason for restricting 

fork rotation is that excessive use of this pathway leads to chromosome damage and mis-

segregation. Csm3-Tof1 are responsible for actively inhibiting fork rotation, with loss of these 

proteins increasing catenane formation and leading to the increased genome instability 

described above 150. The mechanism by which Csm3-Tof1 promote resolution ahead of the 

fork, thereby suppressing fork rotation, appears to be through recruitment of Top1 to the C-

terminus of Tof1 (Figure 1.7E). Truncation of the Tof1 C-terminus to remove the Top1-binding 

site leads to increased fork rotation 121. Therefore, Tof1 plays another crucial role in 

maintaining genome integrity by actively recruiting additional factors to the replication fork 

during unperturbed replication. 

 

1.3.7. The FPC Aids in Cohesion Establishment During Replication 

 

 

The FPC is involved in establishment of sister chromatid cohesion, a process required 

for the correct segregation of replicated DNA 151,152. TIM-1 – the worm ortholog of Tof1– has 

also been shown to act in cohesion establishment 153. In brief, two pathways have been 

identified for cohesion establishment in budding yeast (Figure 1.7F): the first pathway 

involving Csm3-Tof1 results in transfer of cohesin associated with the parental DNA across 

the replication fork; a second pathway involves de novo loading of new cohesin molecules 

and relies on Mrc1 154. The establishment of cohesion involving Csm3-Tof1 and Mrc1 is 

discussed further in Section 1.4.2. Interestingly, the establishment of cohesion by pathways 

involving FPC components may be important not only during unperturbed replication but also 

in repair of DSBs 147. 
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1.4. Ctf4 – An Organiser of Replication-Coupled Processes 

 

The core replisome component Ctf4 8 was initially identified in screens for chromosome 

loss (CHL) 155,156, chromosome transmission fidelity (CTF) 157 and Pol a interacting partners 158. 

Since these initial studies, Ctf4 has been extensively characterised as a 104 kDa protein 

involved in many aspects of DNA metabolism. Unlike budding yeast where cells lacking Ctf4 

are sick but viable 158,159, orthologs of Ctf4 are essential genes in other fungi and vertebrates 

160-167.  

The structure of Ctf4 (Figure 1.8) features an N-terminal WD40 domain forming a seven-

bladed b-propellor (WD40N) 32.  This WD40N domain is connected by a flexible ~100 amino 

acid linker to the C-terminal SepB domain, which itself comprises two closely associated 

……………. 

 

 

Figure 1.8: Architecture of Ctf4 and its human ortholog, And-1. A. Schematic representation of the Ctf4/And-1 

domain architecture. Numbers represent residues at domain boundaries derived from structures. In either case, 

the SepB domain comprises a C-terminal WD40 subdomain (WD40SepB) plus an a-helical bundle (a). B. Crystal 

structure of the homotrimer formed by the C-terminal SepB domain of budding yeast Ctf4, coloured according to 

A (PDB: 4C8H 29). One monomer is coloured, with the remaining subunits shaded grey. C. Crystal structure of the 

N-terminal WD40N domain from human And-1 (PDB: 5GVA 32). No structure is available for the budding yeast 

WD40N domain. D. NMR solution structure of the human And-1 C-terminal HMG-box (PDB: 2D7L). 



Chapter 1 - Introduction 

 

 50 

subdomains: a six-bladed WD40 b-propellor (WD40SepB) and a 5-helix bundle 29. In 

vertebrates, the Ctf4 ortholog, And-1, features an extended C-terminus absent from yeast, 

containing an HMG-box domain 32,39. In both Ctf4 and And-1, the WD40SepB subdomain 

mediates homotrimerisation, whilst the N-terminal WD40 domains radiate outwards from 

the homotrimer 29,32,39. 

 

1.4.1. Ctf4 as a Structural Hub 

 

Ctf4/And-1 has been proposed to act as a structural hub, recruiting various partners to 

the replisome 31. Early work identified short sequence motifs in several replication proteins 

found to interact with Ctf4, named Ctf4-interacting peptides (CIP-boxes). Forming short a-

helices, CIP-boxes can be classified by their interaction site on Ctf4 (Figure 1.8B): First, Type-I 

CIP-boxes bind to the 5-helix bundle within the Ctf4 SepB domain 24,29,31, and are found in the 

Pol a subunit Pol1 29, the GINS subunit Sld5 29, the helicase-nuclease Dna2 31 and the Chl1 

helicase 24. A Type-I CIP-box fused to glutathione S-transferase was used to demonstrate its 

sufficiency in targeting proteins to Ctf4 31. Second, type-II CIP-boxes – which have poor 

sequence conservation compared to their Type-I counterparts – interact with Ctf4 in a distinct 

location situated on the side of the WD40SepB subdomain, and have been identified in Tof2 

and the Pol e subunit Dpb2 31. Both Type-I and Type-II CIP-box-mediated interactions appear 

to be important for rDNA copy-number maintenance indicating they have some functional 

relevance in vivo 31.  

Recently, several structures of CMG-bound Ctf4/And-1 complexes – including work of 

this Ph.D. – have identified a novel interface between CMG:Ctf4 separate from the CIP-box 

interaction 53,55,85. Whether other proteins are recruited through CIP-boxes or alternative 

mechanisms, it is clear Ctf4 plays a central and important role in DNA metabolism. 

 

1.4.2. Establishment of Sister Chromatid Cohesion 

 

Two genes identified in the original CTF screens – CTF4 and CTF18 – were found early 

on to be important for sister chromatid cohesion 168. The involvement of these proteins in 

cohesion establishment is better understood following a recent publication investigating the 

process in budding yeast 154. As in a previous report 169, replisome-associated proteins 
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involved in cohesion establishment were classified into two epistasis groups: one group 

consisted of Mrc1 and Ctf18-RFC (an alternative replisome-associated clamp loader complex 

37,170); the second group comprised Ctf4, Csm3-Tof1 and Chl1. Cohesion can be established 

through two redundant pathways, each involving one of the two epistasis groups 154 (Figure 

1.7F). One pathway – “de novo loading” – involves the Scc2-dependent loading of cohesin 

complexes from solution at the replication fork and requires Mrc1 and Ctf18-RFC.  In contrast 

Ctf4, Csm3-Tof1 and Chl1 are required for a second pathway – “cohesin conversion” – where 

cohesin associated with unreplicated DNA can be transferred behind the replication fork in a 

Scc2-independent manner. This is supported by prior evidence that Ctf4 and Chl1 form a 

complex and co-localise during S phase, and that Chl1 can in turn interact directly with cohesin 

during S phase to promote cohesin acetylation and stable cohesion 24.  

The exact role played by Ctf4 and Chl1 in cohesion establishment is not understood 

however, amongst the replisome-associated factors involved in cohesion establishment 

(including Csm3-Tof1), these two proteins are unique in that removal of Wapl (the protein 

responsible for unloading cohesin which is not acetylated during S phase) does not ameliorate 

the cohesion defects of cells lacking either of these two proteins 171. This suggests Ctf4 and 

Chl1 uniquely or additionally play a role in a pathway distinct from that involving stabilisation 

of cohesin on chromatin by Eco1-dependent acetylation, however the details are not known. 

In vertebrates, the Chl1 ortholog DDX11 is also required for cohesion establishment 172, 

and human And-1 has been reported to interact with components of the cohesin complex 164. 

However, the recruitment of DDX11 to the replisome and its involvement in cohesion 

establishment appears to depend on direct interaction with the Tof1 ortholog Timeless, not 

And-1 173-175. Although the means of recruiting Chl1/DDX11 may differ, this does not 

necessarily preclude the downstream mechanism of cohesion establishment being conserved 

between yeast and vertebrates. 

 

1.4.3. Ctf4 Is Not Required for Initiation of DNA Synthesis 

 

Pol a is best known for its function as the cellular primase-polymerase, responsible for 

initiating synthesis of both nascent strands during initiation and of each lagging-strand 

Okazaki fragment as the replication fork progresses 176,177. There is evidence that Pol a needs 

to be recruited to the replication fork to access ssDNA for efficient priming of Okazaki 
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fragments: priming requires prior template unwinding by CMG 58 whilst subsequent coating 

of the resulting ssDNA by RPA inhibits further priming events 64,178.  

Ctf4 is known to interact with Pol a 55,158,179-181 involving a CIP-box in the Pol1 N-

terminus 29. Furthermore, during chromatin immunoprecipitation and microarray 

hybridisation (ChIP-chip) experiments, Ctf4 is required for correct localisation of Pol a to 

replication forks during S phase 180. Therefore, it was initially hypothesised Pol a recruitment 

by Ctf4 may be important for priming DNA synthesis, either during origin firing or for lagging 

strand replication. However, notwithstanding the dispensability of Ctf4 for cellular viability in 

budding yeast 158,159, the observation that absence of Ctf4 does not affect Okazaki fragment 

length or origin firing either in the origin-dependent reconstituted budding yeast system 6,62 

or in vivo 171,182 argues against a role of Ctf4 in recruiting Pol a for initiating DNA synthesis. 

Although a recent study in vivo found Okazaki fragment length and origin firing are sensitive 

to either loss of Ctf4 or Pol1 CIP-box mutagenesis when cellular concentrations of Pol a are 

severely reduced, it is not clear whether such a situation would arise in cells 182. In contrast, 

experiments in human cells and Xenopus egg extracts have shown And-1 is required for 

efficient DNA replication 164,167; however, whether this is directly related to priming is 

complicated by the observation that And-1 is required for detection of a stable chromatin-

associated CMG complex in human cells 166. 

Therefore, under normal cellular conditions, the budding yeast Ctf4:Pol a interaction is 

not required for DNA synthesis, either during origin firing or elongation; this interaction may 

instead be important in another replication-coupled process, such as in responding to DNA 

damage or in histone transfer, discussed below. 

 

1.4.4. Nucleosome Recycling at the Replication Fork 

 

To duplicate their genomes, eukaryotes must be able to replicate not simply DNA, but 

chromatin. This requires the packaging of replicated DNA around nucleosomes; the histones 

required for nucleosome assembly are derived from a mixture of newly-synthesised 

polypeptides and those associated with the parental DNA. The re-use of parental histones is 

important for the inheritance of epigenetic markers 12. The replisome is a central player in the 

transfer of these parental histones across the replication fork in a replication-coupled 

nucleosome assembly process (reviewed in 183). 
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Several replisome components have been shown to interact with histones, either 

directly or through interaction with histone chaperones such as FACT 183. These include the 

N-terminus of Mcm2 184-189, Dpb3-Dpb4 subunits of Pol e 190,191 and the Pol1 subunit of Pol a 

187,189,192. 

A recent study analysing the distribution of histones between nascent leading and 

lagging strand DNA in budding yeast found Ctf4 forms a histone transfer axis with Mcm2 and 

Pol a which is involved in recycling parental H3-H4 histone tetramers to the nascent lagging-

strand 187. Deletion of Ctf4 or mutations which ablated the Ctf4:Pol a interaction disrupted 

recycling of parental histones to the nascent lagging-strand, similar to mutation of the Mcm2 

histone binding domain. This suggests the Mcm2-Ctf4-Pol a axis helps counterbalance the 

action of Pol e which appears to promote recycling of parental H3-H4 tetramers to the 

leading-strand 191, thereby helping to ensure correct partitioning of epigenetic markers to 

both daughter cells. Equivalent roles have been demonstrated for Mcm2, Pol a and Pol e in 

mouse embryonic stem cells 188,189, however an involvement of And-1 has yet to be explored. 

The importance of the Mcm2-Ctf4-Pol a axis is highlighted by the effects of mutations 

toward heterochromatin formation and transcriptional silencing in budding yeast. Disrupting 

the Ctf4:Pol a interaction by mutating the Pol1 CIP-box leads to loss of heterochromatin-

mediated subtelomeric and mating-type locus silencing, a phenotype also observed for Mcm2 

mutants defective in histone binding 187,189,192. Similar loss of gene silencing has been reported 

in cells lacking Ctf4 193. Given the dispensability of Ctf4-mediated Pol a recruitment for 

initiating DNA synthesis, the above requirement for Ctf4 in ensuring correct inheritance of 

parental histones may represent the main requirement for a Ctf4:Pol a interaction at the 

replication fork. 

 

1.4.5. Maintenance of Genome Integrity 
 

Ctf4 has been proposed to play a role in several aspects of genomic protection. The 

involvement of Ctf4 in these processes likely involves recruitment of several interacting 

partners. For example, disrupting the association of Dna2 or Tof2 with Ctf4 leads to a dramatic 

shortening of chromosome XII consistent with a defect in maintaining the rDNA repeat locus 

31.  

Roles for Ctf4 have also been found in pathways required to deal with damaged DNA 

templates encountered by the replisome. For example, Ctf4 plays a part in error-free DNA 
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damage tolerance (DDT) which acts to bypass lesions which would otherwise stall the 

replisome. The error-free DDT pathway utilises template switching (TS) to allow bypass of the 

damaged region, and is an alternative to the error-prone translesion synthesis (TLS) pathway 

194. Loss of Ctf4 leads to impaired TS, with both loss of TS-related structures and an increase 

in spontaneous mutation rates associated with a greater dependence on TLS 195. In a separate 

investigation, Ctf4 was required for break-induced replication (BIR) of DNA double-strand 

breaks 196. In both TS and BIR, the importance of Ctf4 was speculated to lie in its ability to 

recruit Pol a for priming 195,196.  

An additional example of Ctf4’s involvement in replicating damaged templates involves 

recruitment of the Rtt101Mms22 ubiquitin ligase by the WD40N domain of Ctf4. This interaction 

appears to tether the ubiquitin ligase to replication forks where it can modulate the effects 

of Mrc1 toward DNA replication to reduce cellular sensitivity to genotoxic stress independent 

of Mrc1’s involvement in the DRC 197.  

Finally, Ctf4 and Chl1 were identified as being required for homologous recombination 

(HR)-mediated repair following exposure of budding yeast cells to MMS 198. Indeed, EM 

analysis of DNA structures in ctf4D cells exposed to MMS revealed an accumulation of ssDNA 

regions behind the replication fork and an increased incidence of reversed fork structures 

compared to wild-type cells, highlighting the importance of Ctf4 in normal DNA metabolism 

under stress conditions 195. 

Outside budding yeast, an involvement of And-1 has been reported in intra-S phase 

checkpoint activation and DNA repair in human cells 164. This is in contrast to reports that 

deletion of budding yeast Ctf4 does not impair the checkpoint upon exposure to MMS or HU 

180,198. Small interfering RNA-induced knockdown of And-1 in HeLa cells demonstrated that 

depletion of And-1 results in checkpoint deficiencies similar to depletion of Timeless, Tipin or 

Cdc7 – required for intra-S phase checkpoint activation 199 – following ultraviolet (UV)-

irradiation 164. Importantly, reduced levels of And-1 impaired phosphorylation and activation 

of the intra-S phase checkpoint effector kinase Chk1. In addition to this role in the intra-S 

phase checkpoint, Yoshizawa-Sugata and Masai found And-1 depletion also leads to impaired 

homologous recombination 164. Involvement in DNA repair has also been suggested for the 

fission yeast Ctf4-ortholog Mcl1 200. In summary, Ctf4 and its orthologs display involvement 

in several genome-protection pathways. 
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1.5. Termination of DNA Replication 

 

As discussed in Section 1.1, DNA replication can broadly be divided into four core 

processes: licensing, activation, elongation, and termination. Termination itself involves a 

succession of interrelated steps (Figure 1.9): replication forks travelling in opposing directions 

must converge; synthesis of nascent DNA must be completed; the resulting daughter DNA 

molecules must be disentangled (decatenated); and the replicative machinery must be 

disassembled 201. Termination is critical in maintaining genome integrity; failure to 

successfully terminate DNA replication can preclude complete separation of the sister 

chromatids prior to anaphase, resulting in chromosome breakage and mis-segregation, and 

culminating in severe diseases such as cancer 202-204. Despite its clear importance, termination 

was until recently the least studied aspect of eukaryotic DNA replication. 

 

1.5.1. Termination of DNA replication In Eukaryotes 

 

Termination is most completely understood in those prokaryotes whose genome comprises 

a single circular molecule of DNA. Here, a single origin of replication yields two divergent 

replication forks which reconvene at a defined region of the genome known as the terminus 

205. A key difference in eukaryotes derives from the larger size of their genomes, with the 

human chromosomes measuring 50-250 Mbp 206, dwarfing the 4.6 Mbp genome of 

Escherichia coli 207. This, coupled to the one-to-two orders-of-magnitude slower rate of 

replication fork progression 208-211 requires eukaryotes to initiate replication from multiple 

origins per chromosome to complete replication efficiently 212-216, resulting in multiple 

termination events on each DNA molecule. Unlike prokaryotes, dedicated terminus regions 

have not been identified in eukaryotic genomes; ChIP-chip and deep sequencing-based 

approaches suggest the timing with which neighbouring origins initiate replication 

determines the location of termination events in eukaryotes 217,218, although a subset localise 

to known fork-pausing elements 215. Regardless, it is essential each and every termination 

event occurs in a robust and timely fashion to avoid chromosome breakage and mis-

segregation. 
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Figure 1.9: Schematic of events required for termination of DNA replication. Here, the replisome is represented 

by the MCM helicase (blue) for clarity – other replisome factors are expected to remain present until replisome 

disassembly (step 8). Orange arrows indicate direction of replisome progression.  
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1.5.1.1. Convergence of Replication Forks 

 

The first step in termination is the convergence of two replication forks. Fork 

convergence is required to complete unwinding of the DNA template, a process that must be 

completed before completion of nascent DNA synthesis, daughter molecule decatenation and 

replisome disassembly 201. Strikingly, the ability of converging CMG helicases to travel 

unhindered past one another in Xenopus egg extracts allows replisome disassembly to occur 

sometime after fork convergence 201,219.  

Due to the nature of the DNA substrate, template unwinding generates torsional stress 

and topological intertwines; these must be resolved for termination to complete. The Type II 

topoisomerases – Top2 (yeast) and Topoisomerase II (metazoa) – are able to fulfil this 

requirement 220-222. Although Top3 (a Type IA topoisomerase in budding yeast) has previously 

been implicated, its involvement has since been discounted 150,215. Importantly, cells lacking 

Top2 are able to complete fork convergence by relying on fork rotation to translate torsional 

stress from in front of the replication fork to behind the replication fork, albeit with increased 

accumulation of DNA damage; indeed, fork rotation might be essential in the very final stages 

of replication when topoisomerases could be excluded from the stretch of DNA between 

converging replisomes 150. In this context, Type II topoisomerases might play a more critical 

role at later stages of replication, resolving catenanes generated by fork rotation prior to 

chromosome segregation.  

Finally, a role for Pif1-like helicases has been observed during fork convergence. The 

Pif1-like helicase family in budding yeast encompasses two monomeric 5’-3’ helicases, Pif1 

and Rrm3 223. These enzymes are required for correct fork progression through various hard-

to-replicate regions of the genome including rDNA loci, telomeric and subtelomeric DNA, 

centromeres, inactive origins of replication and yeast mating type loci 138,139,142,224-226. More 

recently, the reconstituted budding yeast DNA replication system has identified Pif1-family 

helicases as important in promoting fork convergence during termination independent of 

template linearisation 66. A similar requirement in fork convergence has been demonstrated 

in vivo for the sole fission yeast Pif1-family helicase, Pfh1 227. 
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1.5.1.2. Translocation of CMG on Double-Stranded DNA 

 

Following passage of replisomes during fork convergence, CMG can translocate onto 

the double-stranded DNA (dsDNA) corresponding to the final Okazaki fragment synthesized 

by the opposing replication fork (Figure 1.9). Single-molecule experiments performed using 

Xenopus egg extracts show this dsDNA translocation continues without a decrease in 

translocation rate, suggesting CMG is able to continue translocation on dsDNA in a similar 

mode to when it tracks on ssDNA at a replication fork 219. The ability of CMG to translocate 

onto dsDNA is supported by helicase assays where purified CMG can displace a lagging-strand 

template containing a 5’ flap annealed immediately downstream of a flush duplex 90,228. 

More recently, the strand-specificity of CMG translocation on dsDNA has been 

investigated by incorporating methylphosphonate (MEP) linkages to neutralise the charge of 

the backbone phosphate moieties in either the leading or lagging-strand template DNA 229,230. 

Translocation was found to be impaired when MEP linkages were incorporated into the 

leading-strand template, but not the lagging-strand template. This provided evidence that 

CMG can translocate over dsDNA by engaging the leading-strand template, similar to when 

driving translocation on ssDNA at the replication fork 5,52,76. The strand specificity observed 

also argues for active translocation, as opposed to passive sliding of CMG on dsDNA.  

The ability of CMG to ride onto a flush duplex would suggest a transition from 

translocating on ssDNA to dsDNA if CMG were to encounter a nick in the lagging-strand 

template. Indeed, a single-molecule study using Xenopus egg extracts and immobilised DNA 

substrates where lagging-strand templates were nicked using Cas9 show CMG transitioning 

to dsDNA when it encounters a nick in the lagging-strand template 231. In contrast to 

experiments investigating converging replication forks in a similar system 219, the authors 

report a pausing at the nick and slower rate of translocation on dsDNA after bypass, however 

in this experiment the Cas9 used to engineer the nick remained associated with the DNA until 

after CMG arrived. As such, the encounter of CMG with this additional protein barrier likely 

stalled the replisome and the need for CMG to displace Cas9 before it could continue 

translocating onto dsDNA may have led to the decreased rate of translocation observed. 

Finally, a recent publication describes how when CMG loaded at a replication fork 

becomes uncoupled from polymerases, Mcm10 can promote its transition from ssDNA 

behind the fork onto dsDNA in front of the fork 232. Here, when on dsDNA, CMG appears 
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diffusive allowing it to return to the replication fork, transition back to ssDNA, and resume 

productive unwinding. To achieve this the authors propose CMG features a gate which can 

be opened by Mcm10 to allow transitions between ssDNA and dsDNA on either side of the 

replication fork, and suggest this is related to CMG’s ability to load onto closed ssDNA circles 

228,232,233. Although the diffusive nature of dsDNA-bound CMG in these experiments may 

reflect a state induced by Mcm10 under specific circumstances, it is at odds with the 

processive behaviour observed following fork convergence during termination 219,231. 

Furthermore, the diffusivity is hard to reconcile with biochemical data showing preferential 

tracking on the leading-strand template by purified CMG 229,230. Therefore, this diffusive state 

of dsDNA-bound CMG is unlikely to reflect a species relevant to termination. 

 

1.5.1.3. Ubiquitylation Is the Signal to Trigger CMG Disassembly 

 

CMG must be able to remain stably associated with DNA for long periods of time to 

robustly replicate the entire genome 234, yet must be reliably disassembled during 

termination suggesting unloading is a regulated and active process. Post-translational 

modifications (PTM) are used to regulate other aspects of replication, for example DDK-

mediated phosphorylation during initiation 6,235,236 and PFA 108. Recently, the role of PTM in 

termination has been elucidated: an E3 ubiquitin ligase – SCFDia2 – polyubiquitylates Mcm7 to 

mark CMG for disassembly 67,219,237-239. The factors involved and the regulation of this process 

are discussed in detail below. Whether a conformational change in any replisome component, 

presumably CMG, contributes to this regulation will ultimately require structural investigation 

of a terminating replisome. 

 

1.5.2. Protein Ubiquitylation By Cullin-RING E3 Ligases 

 

PTM represents a broad variety of protein modifications which influence many aspects 

of biology (reviewed in 240). An important PTM which has gained increasing attention since its 

discovery is the covalent attachment of small protein moieties of the ubiquitin-like family, 

which includes the archetypal protein ubiquitin – a small 8.6 kDa, 76 amino acid globular 

polypeptide – which can be attached to lysine residues in a target protein, including another 

ubiquitin molecule. Monoubiquitylation versus oligo- or polyubiquitylation, the length of 

oligoubiquitin chains, and the ubiquitin lysine residues used to generate chains all influence 
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the outcome of this PTM, although the most common result of polyubiquitylation is 

proteasomal degradation 240.  

Ubiquitylation involves a dedicated set of cellular pathways each of which involves at 

least one of each of three classes of enzyme: a ubiquitin-activating E1; a ubiquitin-conjugating 

E2; and an E3 ubiquitin ligase. Yeast contain a single E1 enzyme called Uba1, whilst 

vertebrates contain an additional, less well-studied enzyme known as UBA6 241. In contrast, 

cells contain several tens of E2 enzymes, and several hundred E3s 240, allowing ubiquitylation 

of diverse substrates.  

To activate ubiquitin for transfer, the E1 first adenylates the ubiquitin C-terminus, 

allowing formation of a thioester bond linking the E1 to ubiquitin. Subsequently, this ubiquitin 

is transferred to an E2, again mediated by a high energy thioester bond (E2~Ub). Finally, the 

ubiquitin is transferred from the E2 to the final substrate in a reaction mediated by an E3 

ubiquitin ligase, forming an isopeptide bond between a target lysine and the ubiquitin C-

terminus 241 (Figure 1.10). Additional ubiquitin-like proteins (UBLs) have been identified, 

primarily members of the NEDD8 (neuronal-precursor-cell-expressed developmentally 

downregulated protein-8) and SUMO (small ubiquitin-related modifier) families, each with 

their own dedicated E1-E2-E3 cascades 241. 

 

 

Figure 1.10: Schematic of the E1-E2-E3 cascade required for ubiquitylation of diverse substrates. In each case, 

the identity of the budding yeast enzymes involved in Mcm7 ubiquitylation during DNA replication termination 

are provided in parentheses. 
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Figure 1.11: Overview of cullin-RING E3 ligase (CRL) enzyme families. A. Schematic overview of CRL complex 

architecture. Each CRL is comprised of four subunits (except the CRL3 family, refer to B). B. Subunit composition 

of different vertebrate CRL families. CRL1 is also known as SCF (Skp1-cullin-F-box). The recruitment domain refers 

to the domain shared between substrate recognition subunits specific to that CRL family, which is required for 

recruitment of the substrate-recognition subunit to the remainder of the CRL complex via interaction primarily 

with the adapter subunit. For the SCF family, where the name of the budding yeast gene differs from that of 

vertebrates, it is provided in parentheses. 

 

1.5.2.1. Cullin-RING E3 Ubiquitin Ligases (CRLs) 

 

E3 ubiquitin ligases are broadly grouped into two overarching classes: HECT- and RING-

domain containing enzymes 242. A defining feature of RING E3 ligases is they catalyse transfer 

of ubiquitin directly from E2~Ub to substrate 242. RING E3 ligases can be further subdivided 

into a variety of subclasses: some RING E3s act as monomers, others as dimers, whilst some 

act as part of multi-subunit complexes 243.  

The cullin-RING E3 ligases (CRLs) represent a group of multi-subunit RING E3 ligases, 

each of which features a large scaffolding cullin subunit. There are three cullin genes present 

in budding yeast (Cul1, Cul3 and Cul8) and seven in humans (CUL1-3, CUL4a, CUL4b, CUL5 and 

CUL7) 244 (Figure 1.11). The different classes of CRLs are named based on the cullin subunit 

they contain. For example, CRL2 complexes contain Cul2, CRL3 contain Cul3 and so on. CRL1, 

the class containing Cul1 (Cdc53 in budding yeast), is also commonly referred to as the Skp1-

Cul1-F-box (SCF) family, reflecting its subunit composition 244. 

All CRLs share a general overall composition. In addition to the cullin, each CRL contains 

a RING-domain protein called Rbx1 (also known as Roc1, or Hrt1 in yeast) which associates 

with the cullin to form the so-called catalytic module responsible for recruiting E2~Ub. The 

same RING domain protein is shared between all CRL families. Each CRL also contains an 

adapter protein specific to that CRL family, which in turn recruits one of a variety of substrate 

recognition proteins containing specific domains required for their association with the CRL 

(Figure 1.11). For example, CRL1 complexes contain the Skp1 adapter which allows 
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recruitment of substrate recognition proteins containing an F-box domain. In contrast, CRL2 

complexes feature an Elongin B/C adapter which recruits substrate recognition proteins 

featuring a VHL-box domain. The exception are CRL3 ligases, whose substrate recognition 

proteins do not require a separate adapter subunit 244. It is the variety of substrate recognition 

proteins which gives CRL complexes such functional diversity.  

 

 

 

Figure 1.12: Architecture of SCF E3 ubiquitin ligase complexes. A. Composite structure of the human SCFSkp2 

complex (PDB: 1LDK 245; PDB: 1FQV 246). The Skp2 F-box and Cul1 cullin repeats are represented as cartoons within 

transparent surfaces. Skp2 is the substrate-recognition subunit in this complex. B. Structure of the ubiquitin 

transfer transition state of the human SCFb-TRCP complex bound to Ube2D~Ub and a peptide of the substrate IkBa, 

featuring neddylation of the Cul1 subunit (PDB: 6TTU 247). b-TRCP is the substrate-recognition subunit in this 

complex. C. Domain architecture of Dia2, the budding yeast SCF substrate-recognition subunit required for DNA 

replication termination. Residue numbering for domain boundaries taken from a combination of prior literature 
248 and the current study. 
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1.5.2.2. The Architecture of CRLs 

 

The architecture of CRLs has been elucidated by several structures representing both 

full-length complexes and sub-assemblies. Two crystal structures revealed the organisation 

of the human SCFSkp2 complex 245,246 (Figure 1.12A). Here, Cul1 forms an extended scaffold, 

with its N-terminal ~700 residues organised into a rigid assembly of three tandem 5-helix 

motifs (named cullin repeats). At one end, the Cul1 C-terminus folds to form a globular 

domain to which Rbx1 binds, forming a platform for recruitment of the E2~Ub. Skp1 binds at 

the opposite end of the rigid cullin scaffold, forming an interface with the Cul1 N-terminus, in 

turn helping to recruit the Skp2 substrate-binding subunit via its F-box domain.  

Separate studies found association of E2~Ub with the E3 promotes a “closed” E2~Ub 

conformation primed for ubiquitin transfer 249-251. However, in the SCFSkp2 assembly the Skp2 

substrate-recognition LRR domain was positioned ~50 Å from the E2~Ub binding site on Rbx1, 

raising the question of how ubiquitin transfer occurs over this distance. The answer likely 

involves covalent attachment of the UBL Nedd8 (Rub1 in yeast) to a specific lysine residue 

toward the cullin C-terminus (K760 in yeast Cdc53 252) (Figure 1.12B) which – with the 

exception of Cul4b 242 – is required for full CRL activity 247,253-256. Indeed, inhibition of Cul2 

neddylation using the small-molecule inhibitor MLN4924 has demonstrated the essential 

requirement of Cul2 neddylation for replication termination in Xenopus egg extracts 

219,231,237,257,258. Cullin neddylation appears to exert pleotropic effects: enhancing E2~Ub 

association with the E3 ligase 259; inducing significant conformational changes which can bring 

E2 and substrate closer together 247,259 and increase the freedom of the E2~Ub-bound Rbx1 

subunit 256,260; stabilising the ubiquitin transfer reaction transition state 259; plus a secondary 

role in regulating CRL inhibition by Cand1 261.  

Interestingly, although cullin neddylation promotes CRL activity in budding yeast, it is 

not essential in cells. Budding yeast lacking either Rub1 or Enr2 – the Rub1-activating enzyme 

– in an otherwise wild-type background display no phenotype, retaining wild-type 

morphology and growth rate. 262. Furthermore, both enr2D and rub1D cells display wild-type 

behaviour when exposed to a variety of stress conditions, such as cadmium, canavanine, UV-

irradiation and acute heat shock 262. Finally, overexpression of SCF substrates known to cause 

deleterious phenotypes in cells which are compromised in their expression of the 

ubiquitylation machinery did not cause any problems in enr2D cells 262. The authors went on 
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to show Cdc53 (the SCF cullin) was not modified with a UBL in rub1D cells, confirming a 

redundant pathway was not compensating for the loss of Rub1 in this study. A separate 

investigation has also reported Rub1 is non-essential for normal cell growth and viability in 

budding yeast 263. Importantly, when assessing ubiquitylation of CMG by a CRL in cells, 

deletion of Rub1 only modestly reduced CMG ubiquitylation 239.  

The reason for this dispensability is unclear. It has been suggested autoubiquitylation 

of the cullin could perform a similar role to neddylation 260,264,265, although the experiments 

by Lammer et al. would suggest this is not always required 262, and several features of the 

recent structure of human SCF b-TrCP bound to E2~Ub and substrate argues against 

autoubiquitylation being able to perform this role, at least during transfer of the first ubiquitin 

to substrate 247. Taken together, for reasons not yet fully understood, neddylation is 

dispensable for SCF function in budding yeast, including CMG ubiquitylation during DNA 

replication termination. 

 

1.5.3. SCFDia2: The Budding Yeast CRL Involved in Termination 

 

The SCF E3 ligase substrate recognition subunit involved in replisome disassembly is 

Dia2. Initially identified as a gene promoting agar invasion 266, Dia2 was subsequently found 

to function in regulating DNA replication and promoting genome stability 267-269, and later to 

interact with the replisome 248,270. Further investigation has narrowed its role to the 

regulation of DNA replication termination 67,238,239,271. 

A role of SCFDia2 in termination was first suspected when cells lacking Dia2 accumulated 

inter-origin replication forks 270. Since then, SCFDia2 and the E2 enzyme Cdc34 have been found 

responsible for ubiquitylating Mcm7, the trigger for disassembly 238. This work provided the 

first extracellular system for analysing Dia2-mediated ubiquitylation by mixing cells 

overexpressing CMG (lacking endogenous Dia2) with cells overexpressing Dia2 to produce a 

manipulable common cell extract 238. Subsequent developments refined the in vitro system, 

first employing co-purified CMG-SCFDia2 to reconstitute CMG disassembly 239 prior to 

reconstitution of the complete minimal system using individually purified components 67. 

These later publications have enabled comprehensive characterisation of the factors 

involved, including the observation that SCFDia2 is capable of both initiating and elongating 
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ubiquitin chains without requiring the aid of additional ubiquitin ligases 67,239. This 

reconstituted system provides a powerful platform for future studies of termination.  

 

1.5.3.1. The Nature of Mcm7 Ubiquitylation by SCFDia2 During Termination 

 

The primary Mcm7 residue targeted for ubiquitylation by SCFDia2 in budding yeast is K29, 

although mutation of this residue shows additional lysines in the Mcm7 N-terminus can also 

be ubiquitylated in vitro and in vivo 67,239,257. Furthermore, the polyubiquitin chain generated 

by SCFDia2 has been shown to comprise K48 linkages 67. A minimum chain length of 5 ubiquitin 

moieties is required for recognition by Cdc48, the enzyme responsible for disassembling the 

ubiquitylated replisome 67. Similar results have been observed in Xenopus egg extracts, where 

K48-linked polyubiquitin chains are generated on Mcm7 K27 and/or K28 219,237, suggesting 

this aspect of replication termination is shared between yeast and metazoa. 

 

1.5.3.2. Domain Architecture of Dia2 

 

Dia2 is a 732 amino acid, 85 kDa protein comprised of three folded domains: an N-

terminal tetratricopeptide repeat (TPR) domain, central F-box, and C-terminal leucine-rich 

repeat (LRR) domain; a 34 residue nuclear localisation signal (NLS, residues 166-199) is 

situated immediately upstream of the F-box 248 (Figure 1.12C). The central F-box – which 

designates Dia2 an F-box protein – is found in several interchangeable substrate recognition 

subunits and recruits the F-box protein to the E3 ligase through interaction with Skp1 

242,272,273.  

The Dia2 LRR domain acts as a substrate recognition domain 248; although the fold of 

the substrate recognition domain differs between E3 substrate recognition subunits, a 

common feature is their position C-terminal to the F-box 242,248. This structure and features of 

LRR domains (reviewed in 274,275) have recently been analysed as part of a prediction 

methodology 276. Typically, LRR domains are comprised of several tandemly repeated b/a 

units, which assemble into a horseshoe-shaped architecture with a highly hydrophobic core, 

a continuous b-sheet on its concave surface and a mostly a-helical convex surface. Both the 

length of the LRR (determined by the number of repeat units) and its curvature vary widely 

between proteins. Each repeat unit is usually 20-30 amino acids long, containing a 
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hydrophobic-rich consensus sequence: xxLxxL0xxLxLxxNx(x)L, where L is Leu/Val/Ile/Phe; N is 

Asn/Thr/Ser/Cys; x is any amino acid; and the minimal motif is underlined 274-276. Typically, 

LRRs are employed in protein:protein interactions mediated by the concave b-sheet, where 

the close-packing of strands protects the polypeptide backbone from solvent whilst the 

exposed side chains provide adaptability for the interaction surface, as seen in the early 

examples of the interactions between the large 15-repeat LRR domain of ribonuclease 

inhibitor with RNase A 277 as well as that of the smaller 5-repeat LRR domain of spliceosomal 

U2A’ with U2B’’ 278. 

The importance of the Dia2 LRR domain is highlighted by cellular phenotypes where 

deletion of this domain recapitulates loss of the whole protein, including sensitivity to DNA 

damaging agents and delayed cell cycle progression 248,270. Furthermore, truncation of the C-

terminal eight amino acids perturbs the recruitment of SCFDia2 to CMG 239. Despite its 

importance, relatively little is known about this domain, and its interaction partner within the 

replisome has yet to be identified although biochemical reconstitution suggests one or more 

subunits of CMG is the most likely candidate 67,239.  

Finally, the Dia2 N-terminal TPR domain is a common protein interaction domain made 

up of a repeated 34 amino acid consensus sequence which folds to produce repeated helix-

turn-helix motifs. These repetitive motifs then assemble into a super-helical structure 

possessing concave and convex surfaces 279. The presence of two substrate-interaction 

domains in addition to the F-box (the TPR and LRR domains) is unusual amongst SCF substrate 

recognition subunits 270. 

 

1.5.3.3. The TPR Domains of Dia2 Tether the E3 Ligase to the Replisome 

 

The TPR domain of Dia2 has been suggested to tether SCFDia2 to the replisome through 

interaction with replisome components other than CMG, although it has not been determined 

whether this tethering enables SCFDia2 to travel at the replication fork 270. Specifically, the TPR 

domain interacts with Mrc1 and Ctf4 independently of the Ctf4 WD40N domains 248 and 

reportedly involves two regions of Mrc1 between residues 380-557 and 701-800 270. A similar 

interaction has been observed in fission yeast between the TPR domain of Pof3 (orthologous 

to Dia2) and Mcl1 lacking its N-terminal WD40 domain (Mcl1 is orthologous to Ctf4) 271,280. 
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In a wild-type background, whereas the LRR domain is essential for Dia2 function in 

cells, the TPR domain is dispensable 270. As such, TPR deletion does not recapitulate the 

phenotypes associated with deletion of Dia2 or the LRR domain, such as delayed cell cycle 

progression, Rad52 foci formation, sensitivity to MMS and synthetic lethality with mutants in 

the DNA damage response pathway 248. However, it has since been found that TPR deletion 

is synthetic lethal with a temperature-sensitive allele of cdc48, a component of the replisome 

disassembly pathway, suggesting tethering of SCFDia2 to replisomes via the TPR domain is 

important for efficient replication termination in budding yeast 271. 

More recently, the importance of the TPR interactions with Mrc1 and Ctf4 has been 

borne out by in vitro reconstitution of budding yeast termination, where association of SCFDia2 

with the replisome was shown to be dependent on its TPR domain 239. Furthermore, in vitro 

ubiquitylation is compromised when reactions lack Mrc1 or Ctf4, the interaction partners of 

the Dia2 TPR domain, with decreased ubiquitylation frequency and chain length 67. 

Ubiquitylation was also slightly reduced in the absence of Pol e which may act to stabilise 

Mrc1 in the replisome 67.  

Taken together, these extensive studies indicate an important role for the Dia2 TPR 

domain in tethering the E3 ligase to the replisome at some stage during termination. 

 

1.5.4. Cdc48-Ufd1-Npl4 Disassembles the Replisome 

 

SCFDia2 targets replisomes for disassembly by polyubiquitylating Mcm7. However, 

polyubiquitylation itself is insufficient to trigger disassembly 67 – disruption of the large multi-

subunit replisome is an active process involving the AAA+ ATPase Cdc48 238. A similar role in 

termination has been proposed for the metazoan ortholog p97 (also known as valosin-

containing protein, VCP) 219,237. 

During termination, Cdc48 acts with its heterodimeric cofactor Ufd1-Npl4, required for 

Cdc48 recruitment to ubiquitylated Mcm7 257. Indeed, biochemical reconstitution confirmed 

the Cdc48-Ufd1-Npl4 (Cdc48-UN) complex is necessary and sufficient for driving ubiquitylated 

CMG disassembly 67,239, and that Cdc48-UN recognises oligoubiquitin chains on Mcm7 five or 

more ubiquitin moieties in length in a manner independent of Mrc1 and Ctf4 67. 

The mechanism of replisome disassembly by Cdc48-UN is now largely understood. 

Cdc48 is a hexameric complex containing two stacked rings of AAA+ domains called D1 and 
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D2; Ufd1-Npl4 form a tower docked onto the D1 ring 281,282. Initial recognition of a 

polyubiquitylated substrate by Ufd1-Npl4 stimulates ATPase activity of the Cdc48 D2 ring 283, 

leading to unfolding and translocation of Mcm7 through the central Cdc48 channel thereby 

disrupting CMG 67,283. Subsequent release of the unfolded substrate requires ATP hydrolysis 

by the Cdc48 D1 ring and cleavage of the ubiquitin chain by a deubiquitinating enzyme 283. 

A recent cryo-EM structure of substrate-bound Cdc48-UN has revealed that during the 

initial stages of substrate unfolding, Ufd1-Npl4 bind at least three folded ubiquitin moieties 

whilst a fourth ubiquitin located closer to the substrate was unfolded and translocated 

through the Cdc48 channel 281. This indicated substrate unfolding is initiated from the 

appended ubiquitin chain and hinted at an explanation as to why a minimum chain length of 

five ubiquitin moieties is required for Cdc48-UN to recognise Mcm7 as a substrate 67.  

 

1.5.5. An Unrelated E3 Ligase and Additional Disassembly Pathway in Metazoa 

 

Yeast and metazoa employ similar pathways during termination of DNA replication 

during S-phase. In both cases, Mcm7 ubiquitylation by an E3 ligase triggers replisome 

disassembly by Cdc48/p97. However, the E3 ligase involved differs between these systems: 

no homolog of Dia2 appears to exist in metazoa; rather, an analogous role is fulfilled by an 

unrelated E3 ubiquitin ligase complex CRL2Lrr1 219,258,284. This complex is built around the cullin 

Cul2, as opposed to the ortholog of yeast Cdc53, Cul1. Elongin B/C then fulfil the role of Skp1 

in linking Cul2 to the substrate recognition protein Lrr1. Strikingly, Lrr1 is another LRR domain-

containing protein similar to budding yeast Dia2, although it possesses a distinct domain 

organisation with its LRR domain N-terminal to its Elongin B/C binding site 285. Interestingly, 

no interaction has been reported between And-1 (the ortholog of Ctf4) and Lrr1, which lacks 

the TPR domain of Dia2, although recruitment of And1 to replisomes does appear to be 

enhanced during termination 284. Instead, Lrr1 appears to interact with Timeless (the ortholog 

of Tof1) in Caenorhabditis elegans, perhaps performing an equivalent role (personal 

communication with Karim Labib). Regardless of its mechanism of recruitment, CRL2Lrr1 only 

associates with the replisome after fork convergence 258,284. 

Finally, it is worth noting that at least one alternative, mitotic pathway for CMG 

disassembly has been identified in metazoa and absent in yeast. In Caenorhabditis elegans, a 

CRL2Lrr1-independent pathway involving UBXN-3 (a CDC-48 cofactor) was identified as a 
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mechanism to remove any replisomes which failed to disassemble prior to the cell entering 

prophase 258. More recently, TRAF-interacting protein (TRAIP) has been identified as a 

metazoan E3 ubiquitin ligase that can associate with replisomes in S phase to facilitate bypass 

of leading-strand DPCs and repair of interstrand crosslinks (ICLs) 286. The repair of ICLs involves 

TRAIP-mediated ubiquitylation of CMG, and the length of the ubiquitin chains determines 

whether the NEIL3 glycosylase is recruited (shorter chains) to repair the lesion without CMG 

disassembly or p97 is recruited (longer chains) to remove CMG from DNA thereby allowing 

components of the Fanconi anaemia (FA) pathway to access the lesion. During S phase, CMG 

ubiquitylation by TRAIP appears not to be able to occur in cis; that is, TRAIP cannot 

ubiquitylate the CMG to which it is bound. Rather, convergence of two CMG helicases at ICLs 

appears to lead to TRAIP acting in trans. This would protect replisomes from premature 

disassembly triggered by TRAIP at a normal replication fork. In contrast, although TRAIP is not 

required for usual CRL2Lrr1-mediated termination 287, it can ubiquitylate any CMG present in 

unterminated replisomes during mitosis, apparently functioning in cis in this context, 

although the mechanism involved is not understood (Figure 1.13). 

 

1.5.6. Regulation of Termination by the Replication Fork 

 

It is clear that replication termination is triggered by SCFDia2-mediated ubiquitylation of 

Mcm7, leading to Mcm7 unfolding and replisome disassembly by Cdc48-UN. However, to 

ensure termination only occurs when appropriate, the recruitment and/or activity of SCFDia2 

at the replisome must itself by regulated. Reconstitution of budding yeast termination  67 and 

single-molecule experiments using Xenopus egg extracts 219,231 have produced several lines of 

evidence pointing to a role of the replication fork structure in preventing premature Mcm7 

ubiquitylation (Figure 1.13).  

Firstly, SCFDia2/CRL2Lrr1 ubiquitylate Mcm7 in the absence of DNA following DNase 

treatment in vitro, suggesting some feature of the DNA replication fork directly or indirectly 

prevents ubiquitylation of Mcm7 67,219. This explains why almost all CMG in nuclease-treated 

S-phase extracts are observed to be ubiquitylated 238. Furthermore, these experiments imply 

that replisomes that have translocated off DNA are subject to ubiquitylation by SCFDia2 – this 

situation is expected to arise when the replisome encounters 
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Figure 1.13: Evidence supporting a role of the excluded lagging-strand template in the regulation of DNA 

replication termination. SCFDia2/CRL2Lrr1-mediated targeting of replisomes for disassembly has been observed 

under conditions which permit translocation onto dsDNA, ssDNA engagement in the absence of an excluded 

lagging-strand template, and absence of DNA in the replisome. In vertebrates, persistent replication forks can be 

disassembled during mitosis by a distinct TRAIP-mediated pathway, independent of CRL2Lrr1. Only CMG plus the 

budding yeast replisome factors known to be required for efficient SCFDia2-mediated ubiquitylation (Ctf4-Mrc1) 

are shown for clarity. 

 

the end of a telomere or any form of DNA breakage involving the leading-strand template 

(tracking strand); indeed, single-molecule experiments have visualised CMG dissociating from 

DNA upon encountering a nick in the leading-strand template 231. This provides a mechanism 

for triggering replisome disassembly under conditions when CMG becomes dissociated from 

DNA. 

To investigate what aspect of the replication fork might be regulating SCFDia2 activity, 

Deegan et al. pre-bound CMG to DNA fork substrates with lagging-strand arms of varying 

length 67. In their reconstituted system, they found Mcm7 ubiquitylation was enhanced when 

the DNA fork substrate lacked a lagging-strand arm. As no additional replisome factors 

(except Ctf4) were present in this experiment, this data suggests it is the lagging-strand arm 

of the replication fork which inhibits SCFDia2 activity. 

 The hypothesis that the lagging-strand itself might prevent premature termination is 

attractive as it is a stable component of the replication fork expected to remain associated 

with CMG for as long as the helicase remains actively engaged at the replication fork. 
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Furthermore, this would immediately suggest a mechanism whereby CMG translocation over 

dsDNA during termination, where a lagging-strand arm is no longer present, would relieve 

inhibition of SCFDia2 activity. Indeed, in plasmid-based replication systems, addition of Pif1 to 

promote replisome convergence and CMG translocation onto dsDNA facilitates Mcm7 

ubiquitylation 67. Similarly, in single-molecule assays in the Xenopus egg extract system, once 

CMGs converge and pass one another 219 or translocate onto dsDNA after encountering a nick 

in the lagging-strand template (non-tracking strand) 231, they are able to be removed from 

DNA in a CRL2Lrr1-dependent fashion. Importantly, when the above assays are performed in 

the presence of aphidicolin and RNase such that no nascent DNA is present, CMG molecules 

are still removed in a CRL2Lrr1-dependent manner and only after convergence 219. Therefore, 

it is not the action of translocating over dsDNA but rather the absence of a lagging-strand arm 

following convergence which is important for facilitating Mcm7 ubiquitylation. 

The hypothesis that the lagging arm of the replication fork is responsible for inhibiting 

premature termination raises important unanswered questions. First, how does the lagging 

arm inhibit Mcm7 ubiquitylation at the replication fork? Second, how is termination 

prevented during DNA replication initiation when CMGs are assembled on dsDNA? To address 

the lack of termination during initiation whilst the Mcm2-7 complex forms a double hexamer 

prior to CMG formation, the lack of Ctf4 and possibly Mrc1 would seem to inhibit recruitment 

of SCFDia2. It is possible the head-to-head orientation of the two Mcm2-7 hexamers could also 

occlude the binding site of the Dia2 LRR domain, however the Dia2LRR:replisome interface has 

yet to be identified. The mechanism for exactly how a double hexamer transitions to two CMG 

helicases is not clear, so it is possible similar steric constraints preclude Ctf4 and/or Mrc1 

recruitment and SCFDia2 binding until after the two initiating CMGs can pass each other and 

form their own replication forks. It is also possible the presence of additional firing factors 

could preclude SCFDia2 engagement during initiation. Further work is required to adequately 

address this problem. 

The mechanism by which the lagging arm of a replication fork inhibits termination is 

equally poorly understood. It is attractive to hypothesise that the lagging arm might sterically 

occlude SCFDia2 engagement or access to the sites of ubiquitin transfer on Mcm7. Indeed, prior 

structures of CMG complexes bound to a DNA fork substrate suggest the lagging arm might 

be sterically excluded from the central channel of CMG and exit between the ZnF domains of 

Mcm3 and Mcm5 52,57,85. Furthermore, a path of basic residues on the surface of the archaeal 
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S. solfataricus MCM helicase has been suggested to guide the excluded lagging-strand over 

the surface of MCM 82,288; a similar situation may be found in eukaryotic CMG as it has been 

noted that a positively charged path runs down the side of Mcm3 50, beside the exit gate for 

the excluded strand. Taken together, this would position the lagging-strand close to the site 

on Mcm7 which is targeted for ubiquitylation by SCFDia2. However, further work is required to 

understand whether the presence of the excluded lagging-strand template can occlude Mcm7 

ubiquitylation sites and/or modulate correct replisome association of SCFDia2. 

1.6. Aims 

 

During the course of this Ph.D., I have investigated the cryo-EM structure of a replisome 

complex featuring the FPC and Ctf4 in collaboration with Domagoj Baretić. Our goals were to 

understand how these proteins assemble within the replisome as well as to better understand 

how these factors fulfil their varied functions. Our lab had an established interest in the 

function of the FPC: previous work by Joseph Yeeles has established these proteins as 

essential for reconstituting in vivo rates of DNA replication 61. This project required significant 

optimisation of the sample preparation procedure which has since facilitated a wealth of 

structural biology within the Yeeles lab. At the outset of this Ph.D., the details of FPC and Ctf4 

association with the replisome were unknown. This structural work eventually contributed to 

a publication providing the most complete picture of replisome architecture to date, as well 

as the first structures of Csm3 and Tof1, their assembly as components of the replisome 

complex, as well as the most complete picture of Mrc1 interaction sites within the replisome. 

Finally, the high resolution provided key insight into the mode of ssDNA engagement at the 

level of individual side chains and engagement of the fork junction at the point of unwinding 

by CMG 85.  

Subsequently, I have tackled the regulation of replication termination. This work was a 

collaboration with Tom Deegan (Postdoctoral Fellow, Medical Research Council Protein 

Phosphorylation and Ubiquitylation Unit) who has established the in vitro reconstituted 

termination system using budding yeast proteins 67. Here, I led the structural investigation of 

a terminating replisome complex, featuring the E3 ubiquitin ligase SCFDia2. This represents the 

first structure of a terminating replisome, assembled on dsDNA, as well as the first insight into 

the structure of the F-box protein Dia2. Importantly, by providing an understanding of how 
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SCFDia2 associates with the replisome, I aim to answer how the recruitment of SCFDia2 is 

regulated prior to termination. 
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2.1. Materials 

 

2.1.1. Media 

 

Medium Composition 

Lysogeny broth (LB) medium 1% (w/v) tryptone 

0.5% (w/v) yeast extract 

1% (w/v) NaCl 

pH to 7.5 

Minimal Pat selection plates 1.7 g/L YNB without amino acids and 

ammonium sulfate 

1 g/L L-glutamic acid mono sodium salt 

2% (w/v) glucose 

55 mg/L adenine 

55 mg/L uracil 

40 mg/L tryptophan 

60 mg/L leucine 

2.5% (w/v) agar 

800 µg/mL glufosinate (add after pouring) 

SOC medium 2% (w/v) tryptone 

0.5% (w/v) yeast extract 

10 mM NaCl 

2.5 mM KCl 

10 mM MgCl2 

10 mM MgSO4 

20 mM glucose 

pH to 7 

TYE agar 1% (w/v) tryptone 

0.5% (w/v) yeast extract 

0.8% (w/v) NaCl 

1.5% (w/v) agar 

pH to 7.0 ± 0.2 

YEP(D) medium 1.1% (w/v) yeast extract 

2.2% (w/v bactopeptone 

55 mg/L adenine 

(2% glucose) 

YEPD agar 1.1% (w/v) yeast extract 

2.2% (w/v) bactopeptone 

55 mg/L adenine sulphate 

2.5 % (w/v) agar 

2% glucose 

 

Table 2.1: Composition of commonly used growth media 
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2.1.2. Consumables 

 

Reagent/Consumable Supplier 

3X FLAG peptide Sigma (Cat#: F4799) 

(a-32P)dCTP Hatmann analytic (Cat#: SRP-205) 

Acetic acid (glacial) AnalaR Normapur (Cat#: 20104.334) 

Acrylamide/Bis acrylamide solution (30%) Severn Biotech (Cat#: 20-2100-10) 

Adenosine 5’-triphosphate (ATP) Sigma (Cat#: A7699) 

Adenosine 5’-(b,g-imido)triphosphate (AMP-PNP) 

lithium salt hydrate 

Sigma (Cat#: A2647) 

Ammonium persulphate (APS) GE Healthcare (Cat#: 17-1311-01) 

Ampicillin (Amp) Sigma (Cat#: A7699) 

Anti-FLAG M2 affinity gel Sigma (Cat#: A2220) 

Bio-Gel HT (hydrated) hydroxyapatite Bio-Rad (Cat#: 130-0150) 

Bio-Rad Protein Assay Dye Reagent Concentrate Bio-Rad (Cat#: 5000006) 

BIS-Tris Santa Cruz Biotechnology  

(Cat#: sc-216088A) 

Caesium chloride  Sigma (Cat#: C4036) 

Calcium chloride  AnalaR (Cat#: 100704Y) 

Calmodulin-Sepharose 4B GE Healthcare (Cat#: 17-0529-01) 

Camptothecin, Camptotheca acuminata (CPT) Merck (Cat#: 208925) 

Chloramphenicol (Chl) BDH (Cat#: 442042Q) 

Chloroform – isoamyl alcohol mixture Fluka Analytical (Cat#: 25666) 

CriterionTM XT Bis-Tris 4-12% 18-well precast gels Bio-Rad (Cat#: 3450124) 

CriterionTM XT Bis-Tris 4-12% 26-well precast gels Bio-Rad (Cat#: 3450125) 

cOmplete, EDTA-free proteinase inhibitor tablets Roche (Cat#: 5056489001) 

Deoxyribonucleic acid, single stranded from 

salmon testes 

Sigma (Cat#: D9156) 

Dimethyl sulfoxide (DMSO) Fisher (Cat#: BP231-100) 

Disuccinimidyl dibutyric urea (DSBU) Thermo Scientific (Cat#: A35459) 

Dithiothreitol (DTT) Melford (Cat#: 3843-12-3) 

dNTPs Invitrogen (Cat#: 10297018) 

Dried skimmed milk Marvel 

Dynabeads M-270 epoxy Life Technologies (Cat#: 14302D) 

Dynabeads M-280 Streptavidin Invitrogen (Cat#: 11205D) 

EDTA Sigma (Cat#: EDS-500G) 

EGTA VWR (Cat#: 0732) 

Ethanol (absolute) Honeywell (Cat#: 603-002-00-5) 

Ethidium bromide (EtBr) Sigma (Cat#: 46067) 

Glufosinate Cayman Chemical (Cat#: 16675) 

Glutaraldehyde Sigma (Cat#: G5882) 

Glutathione Sepharose 4B GE Healthcare (Cat#: 17-0756-01) 

Glycerol VWR (Cat#: 24388.320) 

Glycine Fisher (Cat#: G/0800/60) 

HEPES Sigma (Cat#: H3375) 

HiTrap Blue HP GE Healthcare (Cat#: 17-0412-01) 
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HiTrap DEAE Fast Flow GE Healthcare (Cat#: 17-5055-01) 

HiTrap Heparin HP GE Healthcare (Cat#: 17-0406-01) 

HiTrap SP HP GE Healthcare (Cat#: 29-0513-24) 

Hydrochloric acid Fisher Scientific (Cat#: H/1200/PB08) 

Hydroxyurea (HU) Sigma (Cat#: H8627) 

IgG Sepharose Fast Flow GE Healthcare (Cat#: 17-0969-01) 

InstantBlue Coomassie stain Expedeon (Cat#: ISB1L) 

Isopropanol Honeywell (Cat#: 603-117-00-0) 

Kanamycin (Kan) Formedium (Cat#: KAN0005) 

L-glutamic acid monopotassium salt monohydrate Sigma (Cat: 49601) 

Lithium acetate  Santa Cruz Biotechnology (Cat#: sc-

235503) 

Magnesium acetate  Sigma (Cat#: M5661) 

Magnesium chloride  Fisher (Cat#: BP214) 

Manganese chloride  Acros Organics (Cat#: 7773-01-5) 

Methanol Fisher (Cat#: M/4000/17) 

Methyl methanesulfonate (MMS) Sigma (Cat#: 129925) 

Micro SpinColumn, C18 column Harvard apparatus (Cat#: 74-4607) 

MicrospinTM G-50 columns GE Healthcare (Cat#: GE27-5330-02) 

MonoQ 5/50 GL GE Healthcare (Cat#: 17-5166-01) 

MonoQ PC 1.6/5 GE Healthcare (Cat#: 17-0671-01) 

MonoS 5/50 GL GE Healthcare (Cat#: 17-5168-01) 

Ni-NTA agarose QIAGEN (Cat#: 30210) 

Nonidet P-40 substitute (NP-40-S) Roche (Cat#: 11754599001) 

Nourseothricin (clonNAT) Jena Bioscience (Cat#: AB-102)  

NTPs Invitrogen (Cat#: R0481) 

NuPAGETM LDS Sample Buffer ThermoFisher S. (Cat#: NP0007) 

NuPAGETM MOPS running buffer ThermoFisher S. (Cat#: NP0001) 

NuPAGETM Novex 3-8% Tris-acetate 10-well gels ThermoFisher S. (Cat#: EA0375BOX) 

NuPAGETM Novex 3-8% Tris-acetate 20-well gels ThermoFisher S. (Cat#: WG1602BOX) 

NuPAGETM Novex 4-12% Bis-Tris 10-well gels ThermoFisher S. (Cat#: NP0321) 

NuPAGETM Novex 4-12% Bis-Tris 20-well gels ThermoFisher S. (Cat#: WG1402A) 

NuPAGETM Tris-acetate running buffer ThermoFisher S. (Cat#: LA0041) 

PAGErTM Gold 10% TBE 10-well precast gels Lonza (Cat#: 11577915) 

Phenol:chloroform:isoamyl alcohol Sigma (Cat#: 77617) 

Phosbind acrylamide APExBIO (Cat#: F4002) 

Poly(ethylene glycol) Sigma (Cat#: 88276-1KG-F) 

Potassium acetate Sigma (Cat#: 791733) 

Potassium chloride Fisher (Cat#: P/4280/53) 

Potassium hydroxide Merck (Cat#: 1310-58-3) 

Quantifoil copper R 1.2/1.3 400-Mesh Electron Microscopy Sciences (Cat#: 

Q4100CR1.3) 

Quantifoil copper R 2/2 400-Mesh Electron Microscopy Sciences (Cat#: 

Q4100CR2) 

Quantifoil gold R 1.2/1.3 300-Mesh Electron Microscopy Sciences (Cat#: 

Q3100AR1.3) 
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Quantifoil gold R 1.2/1.3 400-Mesh Electron Microscopy Sciences (Cat#: 

Q4100AR1.3) 

Sarkosyl Fisher (Cat#: BP234) 

SeaKem® LE Agarose Lonza (Cat#: 50004) 

Sephacryl® S400 HR GE Healthcare (Cat#: GE17-0609-01) 

SilverQuestTM staining kit Invitrogen (Cat#: LC6070) 

Sodium acetate Fisher (Cat#: S/2080/53) 

Sodium chloride Fisher (Cat#: S/3120/63) 

Sodium dodecyl sulfate Sigma (Cat: L3771) 

Sodium hydroxide VWR (Cat#: 191373M) 

Suberic acid bis(3-sulfo-N-hydroxysuccinimide 

ester) sodium salt (BS3) 

Sigma (Cat#: S5799) 

Sulfuric acid Honeywell (Cat#: 320501) 

Superdex 200 Increase 10/300 GL GE Healthcare (Cat#: 28-9909-44) 

SuperoseTM 6 Increase 10/300 GL GE Healthcare (Cat#: 29-0915-96) 

SYBR® Safe DNA gel stain Invitrogen (Cat#: S33102) 

TEMED (N,N,N’,N’-tetramethylethylenediamine) PanReac (Cat#: A1148,0100) 

Tris(2-carboxyethyl)phosphine (TCEP) APExBIO (Cat#: B6055) 

Trizma base Sigma (Cat: T1503) 

TWEEN® 20 (for cryo-EM buffer exchange) Sigma (Cat#: P8341) 

XT MOPS running buffer Bio-Rad (Cat#: 1610788) 

Uranyl acetate 2% in aqueous solution Electron Microscopy Sciences (Cat#: 

541-09-3) 

Urea AnalaR Normapur (Cat#: 28877.260) 

Zinc chloride AnalaR (Cat#: 103794P) 

 

Table 2.2: Reagents and materials used 
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2.1.3. Buffers and Solutions 

 

Buffer Composition 

Denaturing DNA agarose gel electrophoresis buffer 30 mM NaOH 

2 mM EDTA 

Native DNA loading dye (5X) 20 mM Tris-HCl pH 8.0 

50 mM EDTA 

10% Ficoll-400 

2% Sarkosyl 

Orange-G 

Native DNA agarose gel electrophoresis buffer 50 mM Tris-HCl pH 7.9 

40 mM NaOAc 

1 mM EDTA pH 8.0 

PBS (1X) 125 mM NaCl 

16.6 mM Na2HPO4 

9.7 mM NaH2PO4 

pH to 7.4 

TAE (1X) 40 mM Tris base 

1 mM EDTA 

20 mM acetic acid 

TBE (1X) 90 mM Tris base 

3 mM EDTA 

90 mM boric acid 

 

Table 2.3: Composition of commonly used buffers. Additional buffers are provided in 

Methods where appropriate. 

 

 

 

2.1.4. Bacterial Strains 

 

Strain Supplier 

5-alpha Competent E. coli (High Efficiency) New England Biolabs (Cat#: C2987H) 

Escherichia coli: Rosetta 2(DE3) strain: F- ompT 
hsdSB(rB

-mB
-)gal dcm(DE3) pRARE2 (CamR) 

Novagen/Merck Millipore (Cat#: 71400) 

 

Table 2.4: Bacterial strains for use in molecular cloning and protein expression 

 

  



Chapter 2 – Materials and Methods 

 82 

2.1.5. Proteins and Enzymes 

 

Protein Supplier 

Alpha-factor mating pheromone, yeast Genway Biotech (Cat#: GWB-E29545) 

Antarctic phosphatase New England Biolabs (Cat#: M0289S) 

Bovine serum albumin Invitrogen (Cat#: AM2616) 

KOD Hot Start DNA polymerase Merck (Cat#: 71086-3) 

Micrococcal nuclease New England Biolabs (Cat#: M0247S) 

Phusion HF DNA polymerase New England Biolabs (Cat#: M0530L) 

Proteinase K New England Biolabs (Cat#: P8107S) 

Restriction endonucleases (various) New England Biolabs 

Streptavidin Thermo Scientific Pierce (Cat#: 21145) 

T4 polynucleotide kinase New England Biolabs (Cat#: M0201S) 

Top1 Sigma (Cat#: T9194) 

 

Table 2.5: Commercial proteins and enzymes 

 

 

 

Protein Source 

Lambda phosphatase He laboratory 

Ubiquitin Axel Knebel, MRC PPU, Dundee, U.K. 

 

Table 2.6: Non-commercial proteins and enzymes 

 

 

 
Protein Expression 

strain  
 
 

Affinity tag Purification steps Reference 

Cdc34 Plasmid pTDK7 
(E. coli 
expression) 

His-tag Ni-NTA Agarose 
Superdex 75 

67 

Cdc45 yJY13 Internal 2xFLAG tag Anti-FLAG M2 Agarose 
Bio-Gel HT Hydroxyapatite  

6 

Cdc6 Plasmid pAM3 (E. 
coli expression) 

N-terminal GST cleavable 
tag 

Glutathione Sepharose 4B 
Bio-Gel HT Hydroxyapatite 

289 

Cdt1·Mcm2-7 
(wild-type / 
Dia2LRR-interface 
mutants) 

yAM33, yMJB14, 
yMJB17-18, 
yMJB24-28 

N-terminal CBP cleavable 
tag on Mcm3 

Calmodulin-Sepharose 4B 
Superdex 200 

99 

CMG 
(wild-type / 
Dia2LRR-interface 
mutant) 

yJY37, yJY230 Internal 2xFLAG tag on 
Cdc45 
N-terminal CBP cleavable 
tag on Mcm3 
N-terminal His tag on Psf3 

Anti-FLAG M2 Agarose 
Calmodulin-Sepharose 4B  
MonoQ 
 

This study 
85 

CMG-Csm3-
Tof1-Mrc1 

yJY76 Internal 2xFLAG tag on 
Cdc45 
N-terminal CBP cleavable 
tag on Mcm3 
N-terminal His tag on Psf3 

Anti-FLAG M2 Agarose 
Calmodulin-Sepharose 4B  
Glycerol gradient 
 

This study 

CMG-Ctf4-
Csm3-Tof1-Mrc1 

yJY74 Internal 2xFLAG tag on 
Cdc45 
N-terminal CBP cleavable 
tag on Mcm3 
N-terminal His tag on Psf3 

Anti-FLAG M2 Agarose 
Calmodulin-Sepharose 4B  
Glycerol gradient 
 

This study 
85 
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Csm3-Tof1 
(wild-type / DBM 
mutants) 

yAE48, yJY110-
112, yJY120-121 

N-terminal CBP cleavable 
tag on Csm3 

Calmodulin-Sepharose 4B 
MonoQ 
Superdex 200 

This study 
85 

Ctf4 yAE40 N-terminal CBP tag Calmodulin-Sepharose 4B  
MonoQ 
Superdex 200 

6 

DDK ySDK8 CBP tag on Dbf4 Calmodulin-Sepharose 4B  
Lambda phosphatase 
dephosphorylation  
Superdex 200 

290 

Dia2 yCPR126 - - This study 

Dia2 / TAP-Sld5 yTDK38 TAP-tag on Sld5 Immunoprecipitation of Sld5 This study 

Dpb11 yJY26 C-terminal 3xFLAG tag  Anti-FLAG M2 Agarose 
MonoS 

6 

Fob1 yJY39 C-terminal TEV 2x FLAG Anti-FLAG M2 Agarose 
MonoQ 

This study 
85 

GINS Plasmid pJFDJ5 
(E. coli 
expression) 

N-terminal His tag on Psf3 Ni-NTA Agarose 
MonoQ 
Superdex 200 

6 

Mcm10 pET28a-Mcm10 
(E. coli 
expression) 

N-terminal His tag Ni-NTA Agarose 
MonoS (twice) 

6 

Mrc1 yJY32 C-terminal 2xFLAG tag Anti-FLAG M2 Agarose 
Superose 6 

This study 
85 

ORC ySD-ORC CBP-cleavable tag on Orc1 Calmodulin-Sepharose 4B  
Superdex 200 

289 

PCNA vJY19 (E. coli 
expression) 

Untagged Nucleic acid precipitation with 
Polymin P 
Ammonium sulfate precipitation 
HiTrap SP HP (flow through) 
HiTrap Heparin HP (flow through) 
HiTrap DEAE Fast Flow 
MonoQ 

61 

Pif1 Plasmid pTDK10 
(E. coli 
expression) 

6HIS Ni-NTA Agarose 
HiTrap SP 
HiTrap Heparin 

66 

Pol α yAE95 N-terminal CBP tag on Pri1 Calmodulin-Sepharose 4B  
MonoQ 
Superdex 200 

6 

Pol δ yAE34 C-terminal CBP tag on 
Pol32 

Calmodulin-Sepharose 4B 
HiTrap Heparin HP 
Superdex 200 

61 

Pol ε yAJ2 C-terminal CBP tag on Dpb4 Calmodulin-Sepharose 4B 
HiTrap Heparin HP 
Superdex 200 

6 

Pol εexo- yJY108 C-terminal CBP tag on Dpb4 Calmodulin-Sepharose 4B 
Anti-FLAG M2 Agarose flow-
through 
HiTrap Heparin HP 
Superdex 200 

This study 

RFC yAE41 N-terminal CBP tag on Rfc3 Calmodulin-Sepharose 4B 
MonoS 
Superdex 200 

61 

RPA yJY106 Untagged Nucleic acid precipitation with 
Polymin P 
Ammonium sulfate precipitation 
HiTrap Blue HP 
ssDNA Cellulose 
MonoQ 

This study 
85 

S-CDK yAE37 CBP-TEV on Clb5 Calmodulin-Sepharose 4B 
Elution by TEV cleavage 
Superdex 200 

6 

SCFDia2  yTDK5, yTDK29-
33 

Protein A-3TEV-Dia2 IgG Sepharose 6 Fast Flow 
Elute with TEV 
Superdex 200 

67 
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(wild-type / 
MCM-interface 
mutants) 
Sld2 yTD8 C-terminal 3x FLAG Ammonium sulfate precipitation 

Anti-FLAG M2 Agarose 
HiTrap SP HP 

6 

Sld3/7 yTD6 C-terminal cleavable TCP 
tag 

IgG Sepharose Fast Flow 
TEV removal with Ni-NTA Agarose 
Superdex 200 

6 

Top1 yTDK6 CBP-TEV Calmodulin-Sepharose 4B 
Superdex 200 

66 

 Uba1  HIS-tag Ni-NTA Agarose 
Superdex 200 

67 

 

Table 2.7: Purification strategies for non-commercial proteins and enzymes 

 

 

 

Antibody Working 

dilution 

Identifiers Source/Supplier 

a-Cdc45 1:2000 29 Labib laboratory 238 

a-Cdc53 1:1000 sc-50444 Santa Cruz Biotechnology  

a-Csm3 1:1000  238 

a-Ctf4 1:10000 30 Labib laboratory 238 

a-FLAG M2-

peroxidase (HRP) 

1:1000 A8592; 

RRID: AB_439702 

Sigma  

a-Hrt1 1:2000 203 Labib laboratory 

a-Mcm5 1:2000 160 Labib laboratory 

a-Mcm6 1:2000 161 Labib laboratory 238 

a-Mcm7 1:2000 19 Labib laboratory 238 

a-Mrc1 1:1000 125 239 

a-RFA 1:20000 AS07 214; 

RRID: AB_1031803 

Agrisera 

a-Psf1 1:1000 58 Labib laboratory 238 

a-Skp1 1:500 sc-5328 Santa Cruz Biotechnology 

a-Sld5 1:1000 32 Labib laboratory 238 

a-sheep HRP 1:10000 A3415 Sigma 

 

Table 2.8: Antibodies 

  



Chapter 2 – Materials and Methods 

 85 

2.1.6. Oligonucleotides 

 

Name Sequence Supplier 

Oligo 1: Fork 

leading strand 

5ʹ-(Cy3)TAGAGTAGGAAGTGA(Biotinylated-dT)GG 

TAAGTGATTAGAGAATTGGAGAGTGTG(T)34T∗T∗T∗	
T∗T∗T 

Integrated DNA 

Technologies 

Oligo 2: Fork 

lagging strand 

5’-GGCAGGCAGGCAGGCACACACTCTCCAATTCTCT 

AATCACTTACCA(Biotinylated-dT)CACTTCCTACTCTA 

Integrated DNA 

Technologies 

Oligo 3: dsDNA 

substrate 

leading strand 

5’-TAGAGTAGGAAmGmTmGmAmTmGmGmTmAm 

AmGmTmGmAmTmTmAmGmAmGAATTGGAGAGT 

GTG(T)34T∗T∗T∗T∗T∗T 

Gene Link 

Oligo 4: dsDNA 

substrate 

lagging strand 

5’-ACACACTCTCCAATTCTCTAATCACTTACCATCACT 

TCCTACTCTA 

Integrated DNA 

Technologies 

 

Table 2.9: Oligonucleotides used for preparation of synthetic DNA substrates used in cryo-

EM sample preparations and biochemical assays. ∗, phosphorothioate linkage; m, 

methylphosphonate linkage. For DNA modifications, refer to Figure 2.1. 

 

 

Figure 2.1: DNA modifications. A. DNA backbone linkages modifications. The phosphodiester linkage found 

naturally in DNA is shown on the left for comparison. Me, methyl (CH3). B. Cy3 fluorophore attached to the 5’ end 

of a DNA oligo. C. Biotinylation of an internal deoxythymidine residue (iBiodT). 
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2.1.7. Vectors 

 
Name Construction details  Application 
pAM21 pRS306-Mcm2,CBP-TEV-Mcm3 Construction of 

Cdt1·Mcm2-7 / CMG 
interface mutant strains 

pJF3 pRS304-Mcm4,Mcm5 Construction of 
Cdt1·Mcm2-7 / CMG 
interface mutant strains 

pJF4 pRS305-Mcm6,Mcm7 Construction of 
Cdt1·Mcm2-7 / CMG 
interface mutant strains 

pMJB10 pRS305-Mcm6-Gal1-10-Mcm7P6A, Q9A 

PCR mutagenesis of pJF4 using oMJB41-AAGTGCCGCACTCATGGCGC and 
oMJB40-GCATCAATTGCGCTTCCTGTCGACTATAATAATC 

Mcm6 / Mcm7-2A. 
Construction of 
Cdt1·Mcm2-7 interface 
mutant strains. 

pMJB11 pRS304-Mcm4-Gal1-10-Mcm5M182A,N185A,R187A,T189A,I244A 

Subclone Mcm5M182A,N185A,R187A,T189A,I244A using restriction sites BstBI/NsiI 
Mcm4 / Mcm5-5A. 
Construction of 
Cdt1·Mcm2-7 / CMG 
interface mutant strains. 

pMJB12 pRS306-CBP-TEV-SgrAI-Mcm3D18A,F21A,K127A,R208A,Y211F-Gal1-10-Mcm2 
Subclone Mcm3D18A,F21A,K127A,R208A,Y211F using restriction sites AscI/AvrII 

Mcm2 / Mcm3-5AF. 
Construction of 
Cdt1·Mcm2-7 interface 
mutant strains. 

pMJB13 pRS306-CBP-TEV-SgrAI-Mcm3P17A,D18A,F21A,K127A,R208A,H210A,Y211A,R224A-Gal1-10-Mcm2 
Subclone Mcm3P17A,D18A,F21A,K127A,R208A,H210A,Y211A,R224A using restriction sites 
AscI/AvrII 

Mcm2 / Mcm3-8A. 
Construction of 
Cdt1·Mcm2-7 / CMG 
interface mutant strains. 

pMJB14 pRS305-Mcm6-Gal-Mcm7L5A,P6A,S7A,I8A,,L10A,P11A,V12A,Y14A 
Subclone Mcm7L5A,P6A,S7A,I8A,,L10A,P11A,V12A,Y14A using restriction sites AscI/BamHI 

Mcm6 / Mcm7-8A. 
Construction of 
Cdt1·Mcm2-7 interface 
mutant strains. 

pMJB15 pRS304-Mcm4-Gal1-10-Mcm5R187A 
PCR mutagenesis of pJF3 using oMJB38-GCACACACAACATCAATAACAAT and 
oMJB39-GCAATTTCTGCACATTATAGAAAGG 

Mcm4 / Mcm5R187A. 
Construction of 
Cdt1·Mcm2-7 interface 
mutant strains. 

pTDK41 pRS306-Skp1-Gal1-10-ProteinA-Dia2I662A,S693A,Q694A 

Gibson assembly using gBlocks (IDT) to introduce mutation into pTDK3 parent 
vector 67 

Dia2-3A 

pTDK42 pRS306-Skp1-Gal1-10-ProteinA-Dia2D632A,S663A,F657A,E658A 

Gibson assembly using gBlocks (IDT) to introduce mutation into pTDK3 parent 
vector 67 

Dia2-4A 

pTDK43 pRS306-Skp1-Gal1-10-ProteinA-Dia2Y665A,H697A,I698A,T699A,M702A,Y716A 

Gibson assembly using gBlocks (IDT) to introduce mutation into pTDK3 parent 
vector 67 

Dia2-6A 

pTDK44 pRS306-Skp1-Gal1-10-ProteinA-Dia2D632A,F657A,I662A,Y665A,Q694A,I698A,T699A,Y716A 

Gibson assembly using gBlocks (IDT) to introduce mutation into pTDK3 parent 
vector 67 

Dia2-8A 

pTDK45 pRS306-Skp1-Gal1-10-ProteinA-
Dia2D632A,S633A,F657A,E658A,I662A,Y665A,S693A,Q694A,H697A,I698A,T699A,M702A,Y716A 
Gibson assembly using gBlocks (IDT) to introduce mutation into pTDK3 parent 
vector 67 

Dia2-13A 

vJY23 pRS304-Psf1-Gal1-10-Sld5 Psf1 / Sld5  
vJY24 pRS306-Psf2-Gal1-10-His-Psf3 Psf2 / His-Psf3  
vJY25 pRS303-Fob1-TEV-2xFLAG- Gal1-10-Gal4 Fob1 
vJY30 A 243 bp fragment containing the yeast RFB from chromosome XII was amplified 

with JY204 – TTCACTGTTCCTGCAGCACTTGTCTCTTACATCTTTCTTGG / 
JY205-TTTTTTTTTTGGATCCGTTGCAAAGATGGGTTGAAAG and cloned into 
ZN564 using BamHI and PstI. RFB sequence: 
GTTGCAAAGATGGGTTGAAAGAGAAGGGCTTTCACAAAGCTTCCCGAGCGTG
AAAGGATTTGCCCGGACAGTTTGCTTCATGGAGCAGTTTTTTCCGCACCATCA
GAGCGGCAAACATGAGTGCTTGTATAAGTTTAGAGAATTGAGAAAAGCTCATT
TCCTATAGTTAACAGGACATGCCTTTGATATGAAAAAAAATACTACGAACTAC
GATTTTACCAAGAAAGATGTAAGAGACAAGTG 

RFB template 

vJY71 pRS303-Cdc45iF2-Gal1-10-Ctf4 Cdc45iF2 / Ctf4  
vJY72 pRS based vector. Tof1-Gal1-10-Csm3 cloned Not1 / Apa1. Auxotrophic marker 

from pRS vector replaced with Nat-NT2 resistance marker amplified from pBP83 6 
with oligos (JY247 – TCTAGTCAATGCGGCCGCCGTACGCTGCAGGTCGAC 
and JY248 – ATCGATGAATTCGAGCTCG) and cloned Zra1/Not1. Lys2 3321-
3799 amplified with primers (JY253 – CCGATTGACAGGGCCCTTCCTCCAC 

Csm3 / Tof1  
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TTCTACTCTTGACAC  and JY254 – CCGATTGACAAAGCGGAAGAGCCGAC 
ATCGTAACCATAATCGTG) and cloned Sap1/Apa1.  

vJY74 pRS based vector. Mrc1-Gal1-10-Gal4 cloned Not1 / Apa1. Auxotrophic marker 
from pRS vector replaced with Nat-NT2 resistance marker amplified from pBP83 6 
with oligos (JY247 and JY248) and cloned Zra1 / Not1. Lys2 3321-3799 amplified 
with primers (JY253 and JY254) and cloned Sap1/Apa1. 

Mrc1  

vJY111 pRS303-Rfa1-Gal1-10-Gal4  RPA 
vJY112 pRS304-CBP-Dpb4/Pol2D290A,E292A 

PCR mutagenesis with 
CTGACCCAGTTGTTATGGCTTTCGCTATTGCTACTACTAAGCCACCATTGAAG
TTC and 
GAACTTCAATGGTGGCTTAGTAGTAGCAATAGCGAAAGCCATAACAACTGGG
TCAG 

Pol eexo- 

vJY113 pRS306 Tof1-gal1-10-CBP-Csm3R49A, K53A 

PCR mutagenesis with JY344 – AGTTGCTTTGACCGCTGAAAAGTTGTTG /  
345 – TGTGGAGCTCTCTTTCTAGCGGTG 

Csm3R49A, K53A/Tof1 

vJY114 pRS306 Tof1K400A, R401A, K404A-gal1-10-CBP-Csm3 
PCR mutagenesis with JY347 – ATTGCTAAGCACCAATCCGTTGCTG / JY348 – 
AATAGCAGCGTTCCACTTCTTAGAATCATCC from pRS306/Tof1- Gal-CBP-
Csm3  

Csm3/ Tof1K400A, R401A, K404A 

vJY115 pRS306 Tof1K400A, R401A, K404A-gal1-10-CBP-Csm3R49A, K53A 
Subclone Csm3R49A, K53A into vJY114 with AscI/XhoI 

Csm3R49A, K53A/Tof1 K400A, 

R401A, K404A 
vJY116 pRS306 Tof1-gal1-10-CBP-Csm3K47A, R48A, R49A, Q51A, K53A 

PCR mutagenesis with JY377 – GCTCCAGCTGTTGCTTTGACCG / JY378 – 
AGCAGCTCTAGCGGTGATAGCAGTTG from pRS306/Tof1- Gal-CBP-Csm3 

Csm3K47A, R48A, R49A, Q51A, 

K53A/Tof1 

vJY117 pRS306 Tof1K400A, R401A, K404A-gal1-10-CBP-Csm3K47A, R48A, R49A, Q51A, K53A 

PCR mutagenesis with JY377/JY378 from vJY114 
Csm3K47A, R48A, R49A, Q51A, 

K53A/ Tof1K400A, R401A, K404A 
vJY136 PCR mutagenesis form vVA32 with JY422 – GATCCTCAAGTAGATTTAACA 

GCCGAAAAAC and JY423 – GTCATCATCAGCTGTAATTGCGGTTGGATC 
Construction of Csm3-5D 
strains 

vJY137 PCR mutagenesis form vVA32 with JY397 – CCTGCTGTAGCATTAACAGCCGA 
AAAACTACTCAG and JY398 – CGCTGCAGCTCTAGCTGTAATTGCGGTTGG 

Construction of Csm3-5A 
strains 

vVA30 The Tof1 open reading frame was amplified from W303 genomic DNA with primers 
VA84- TTCAATATAAGTCGACGCCCTGTATGAATTGCTTCC and vVA85 – 
TTCAATATAAGGCGCGCCATAGTCCTAGTAGCGGATTGC and was cloned into 
pFA6-Ura with AscI / SalI. 

Parent vector for Tof1 
mutagenesis 

vVA31 The Tof1-3A open reading frame was amplified with primers vVA84 and vVA85 
and was cloned into pFA6-Ura with AscI / SalI. 

Construction of Tof1-3A 
strains 

vVA32 The Csm3 open reading frame was amplified from W303 genomic DNA with 
primers VA81 – 
TTCAATATAAGTCGACATGGATCAAGATTTTGACAGTTTATTAC and VA82 – 
TTCAATATAAGGCGCGCCCTAAAAGCCCATTTCCTTCATAGC and was cloned 
into pFA6-Ura with AscI / SalI. 

Parent vector for Csm3 
mutagenesis 

 

Table 2.10: Details of vectors used and their construction 

 

2.1.8. Yeast strains 

 
Strain Genotype  Reference 
W303-1a MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100  

 
Lab strain 
constructed by 
R. Rothstein 

yAM22 MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100  
bar1::Hyg 
pep4::KanMX 
trp1::TRP1pRS304Mcm4, Mcm5 
ura3::URA3pRS306/Mcm2, CBP-TEV Mcm3 
leu2::LEU2pRS305/Mcm6, Mcm7 

54 

yBH77 MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100  
tof1∆::hphNT  
 

113 

yCPR126 MATa  ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100 
dia2-13A (ura3) 

This study 

yJY36 MATα ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100  
bar1::Hyg 
pep4::KanMX 
ura3::URA3pRS306-Psf2/His-Psf3 (vJY24) 
trp1::TRP1pRS304Psf1/Sld5 (vJY23) 
his::HISpRS303Cdc45iFlag2/Gal4 

This study 
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yJY37 MATa / MATα ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100  
bar1::Hyg 
pep4::KanMX 
trp1::TRP1pRS304Mcm4, Mcm5 
trp1::TRP1pRS304Psf1/Sld5 (vJY23) 
ura3::URA3pRS306/Mcm2, CBP-TEV Mcm3 
ura3::URA3pRS306-Psf2/His-Psf3 (vJY24) 
leu2::LEU2pRS305/Mcm6, Mcm7 
his::HISpRS303Cdc45iFlag2/Gal4  

This study 

yJY39 MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100  
bar1::Hyg 
pep4::KanMX 
his3::HIS3pRS303-Fob1-TEV-2xFLAG- Gal1-10-Gal4 (vJY25) 

This study 

yJY69 MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100  
bar1::Hyg 
pep4::KanMX 
trp1::TRP1pRS304Mcm4, Mcm5 
ura3::URA3pRS306/Mcm2, CBP-TEV Mcm3 
leu2::LEU2pRS305/Mcm6, Mcm7 
lys2::NAT- untagged Csm3/Tof1 (vJY72) 
 

This study 

yJY72 MATα ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100  
bar1::Hyg 
pep4::KanMX 
ura3::URA3pRS306-Psf2/His-Psf3 (vJY23) 
trp1::TRP1pRS304Psf1/Sld5 (vJY24) 
his::HISpRS303Cdc45iFlag2/untagged Ctf4 (vJY71) 
lys2::NAT-untagged Mrc1 (vJY74) 
 

This study 

yJY74 MATa /MATα ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100  
bar1::Hyg 
pep4::KanMX 
trp1::TRP1pRS304Mcm4, Mcm5 
trp1::TRP1pRS304Psf1/Sld5 (vJY23) 
ura3::URA3pRS306/Mcm2, CBP-TEV Mcm3 
ura3::URA3pRS306-Psf2/His-Psf3 (vJY24) 
leu2::LEU2pRS305/Mcm6, Mcm7 
his::HISpRS303Cdc45iFlag2/untagged Ctf4 (vJY71) 
lys2::NAT-untagged Csm3/Tof1 (vJY72) 
lys2::NAT-untagged Mrc1 (vJY74) 

This study 

yJY76 MATa/MATα ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100 
bar1::Hyg 
pep4::KanMX 
ura3::URA3pRS306-Psf2/Psf3 
ura3::URA3pRS306-Mcm2/CBP-TEV-Mcm3 
trp1::TRP1pRS304-Psf1/Sld5 
trp1::TRP1pRS304-Mcm4/Mcm5 
leu2::LEU2pRS305-Mcm6/Mcm7 
his::HISpRS303-Cdc45-iFLAG2/Gal4 
lys2::NAT-untagged Csm3/Tof1 (vJY72) 
lys2::NAT-untagged Mrc1 (vJY74) 

This study 

yJY106 MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100  
bar1::Hyg 
pep4::KanMX 
ura3::URA3pRS306/Rfa2,Rfa3 
his::HISpRS303Untagged RPA1 (vJY111) 

This study 

yJY108 MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100  
bar1::Hyg 
pep4::KanMX  
POL2-3XFLAG-NatNT2 
URA Gal1-10 Dpb2+Dpb3 
trp1::TRP1pRS304Dpb4-CBP, Pol2 exo- (vJY112) 

This study 

yJY110 MATα ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100  
bar1::Hyg 
pep4::KanMX  
URA::Ura pRS306 Tof1-gal1-10-CBP-Csm3R49A / K53A (vJY113) 
 

This study 

yJY111 MATα ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100  
bar1::Hyg 
pep4::KanMX  
URA::Ura pRS306 Tof1K400,  R401A,  K404A-gal1-10-CBP-Csm3 (vJY114) 
 

This study 



Chapter 2 – Materials and Methods 

 89 

yJY112 MATα ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100  
bar1::Hyg 
pep4::KanMX  
URA::Ura pRS306 Tof1K400A, R401A, K404A-gal1-10-CBP-Csm3R49A, K53A (vJY115) 
 

This study 

yJY120 MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100  
bar1::Hyg 
pep4::KanMX  
URA::Ura pRS306 Tof1-gal1-10-CBP-Csm3K47A, R48A, R49A, Q51A, K53A (vJY116) 
 

This study 

yJY121 MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100  
bar1::Hyg 
pep4::KanMX  
URA::Ura pRS306 Tof1K400A, R401A, K404A-gal1-10-CBP-Csm3K47A, R48A, R49A, Q51A, K53A (vJY117) 
 

This study 

yJY145 MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100  
Csm3 (Ura3) 

This study 

yJY230 MATa  ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100 
bar1::Hyg 
pep4::KanMX 
his3::HIS3pRS303-Cdc45iflag2 
ade2::GINS-Pat 
ura3::URA3pRS306-Mcm2 / CBP-TEV- Mcm3P17A,F21A,D18A,K127A,R208A,H210A,Y211A,R224A 
trp1::TRP1pRS304-Mcm4 / Mcm5M182A,N185A,R187A,T189A,I244A 
leu2::LEUpRS305-Mcm6 / Mcm7 

This study 

yMJB14 MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100 
bar1::Hyg 
pep4::KanMX 
MCM7-3xC-FLAG-Nat 
his::HISpRS303Cdt1/Gal4  
trp1::TRP1pRS304Mcm4, Mcm5 
ura3::URA3Mcm2/ CBP-TEV Mcm3 
leu2: LEU pRS305 Mcm6, Mcm7P6A,Q9A 

This study 

yMJB17 MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100  
bar1::Hyg 
pep4::KanMX 
his::HISpRS303Cdt1/Gal4 
trp1::TRP1pRS304Mcm4, Mcm5 
Leu2::LEUpRS305CMcm6, Mcm7 
ura3: URA3pRS306, Mcm2, CBP-TEV-Mcm3P17A,F21A,D18A,K127A,R208A,H210A,Y211A,R224A 

This study 

yMJB18 MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100 
bar1::Hyg 
pep4::KanMX 
MCM7-3xC-FLAG-Nat 
his::HISpRS303Cdt1/Gal4 
trp1::TRP1pRS304Mcm4, Mcm5 
Ura3::URA3Mcm2/ CBP-TEV Mcm3 
leu2: LEU2Mcm6, Mcm7F21A,D18A,P17A,K127A,R208A,H210A,Y211A,R224A 

This study 

yMJB24 MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100 
bar1::Hyg 
pep4::KanMX 
MCM7-3xC-FLAG-Nat  
his::HISpRS303Cdt1/Gal4 
ura: URA3 CBP-TEV-SgrAI-Mcm3P17A,D18A,F21A,K127A,R208A,H210A,Y211A,R224A-Gal-Mcm2 
trp1:TRP1 Mcm4-Gal-Mcm5M182A,N185A,R187A,T189A,I244A 
leu2:LEU2 Mcm6-Gal-Mcm7L5A,P6A,S7A,I8A,L10A,P11A,V12A,Y14A 

This study 

yMJB25 MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100  
bar1::Hyg 
pep4::KanMX 
his::HISpRS303Cdt1/Gal4 
ura3::URA3pRS306Mcm2, CBP-TEV Mcm3 
Leu2::LEUpRS305CMcm6, Mcm7 
trp1: Trp1pRS304 Mcm4, Mcm5R187A,N185A,M182A,T189A,I244A 

This study 

yMJB26 MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100 
bar1::Hyg 
pep4::KanMX 
MCM7-3xC-FLAG-Nat  
his::HISpRS303Cdt1/Gal4 
ura3:URA3 CBP-TEV-SgrAI-Mcm3D18A,F21A,K127A,R208A,Y211F-Gal-Mcm2 
trp1: TRP1 Mcm4-Gal-Mcm5R187A 
leu2:LEU2 Mcm6-Gal1-10- Mcm7P6A, Q9A 

This study 
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yMJB27 MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100  
bar1::Hyg 
pep4::KanMX 
his::HISpRS303Cdt1/Gal4 
ura3::URA3pRS306Mcm2, CBP-TEV-Mcm3 
Leu2::LEUpRS305Mcm6, Mcm7 
trp1:TRP1 Mcm4, Mcm5R187A 

This study 

yMJB28 MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100  
bar1::Hyg 
pep4::KanMX 
his::HISpRS303Cdt1/Gal4 
trp1::TRP1pRS304Mcm4, Mcm5 
leu2::LEU2pRS305CMcm6, Mcm7 
ura3:URA3pRS306-Mcm2/CBP-TEV-SgrAI-Mcm3D18A,F21A,K127A,R208A,Y211F 

This study 

yTDK5 MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100 
bar1::HphNT 
pep4::KanMX 
ura3::URA3pRS306-Skp1/ProteinA-3TEV-Dia2 
leu2::LEU2pRS305-Hrt1/Cdc53 

67 

yTDK29 MATa  ade2-1  ura3-1  his3-11,15  trp1-1 leu2-3,112  can1-100 
bar1∆::hphNT 
pep4∆::kanMX 
leu2::pRS305-Hrt1/Cdc53 codon optimised 
ura3::pRS306-Skp1/ProteinA-3Tev-Dia2 3A codon optimised 

This study 

yTDK30 MATa  ade2-1  ura3-1  his3-11,15  trp1-1 leu2-3,112  can1-100 
bar1∆::hphNT 
pep4∆::kanMX 
leu2::pRS305-Hrt1/Cdc53 codon optimised 
ura3::pRS306-Skp1/ProteinA-3Tev-Dia2 4A codon optimised 

This study 

yTDK31 MATa  ade2-1  ura3-1  his3-11,15  trp1-1 leu2-3,112  can1-100 
bar1∆::hphNT 
pep4∆::kanMX 
leu2::pRS305-Hrt1/Cdc53 codon optimised 
ura3::pRS306-Skp1/ProteinA-3Tev-Dia2 6A codon optimised 

This study 

yTDK32 MATa  ade2-1  ura3-1  his3-11,15  trp1-1 leu2-3,112  can1-100 
bar1∆::hphNT 
pep4∆::kanMX 
leu2::pRS305-Hrt1/Cdc53 codon optimised 
ura3::pRS306-Skp1/ProteinA-3Tev-Dia2 8A codon optimised 

This study 

yTDK33 MATa  ade2-1  ura3-1  his3-11,15  trp1-1 leu2-3,112  can1-100 
bar1∆::hphNT 
pep4∆::kanMX 
leu2::pRS305-Hrt1/Cdc53 codon optimised 
ura3::pRS306-Skp1/ProteinA-3Tev-Dia2 13A codon optimised 

This study 

yTDK38 MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100 
dia2-13A (dia2D632A,S633A,F657A,E658A,I662A,Y665A,S693A,Q694A,H697A,I698A,T699A,M702A,Y716A) (ura3) 
NTAP2-SLD5 (kanMX) 
pep4∆::ADE2  

This study 

yVA57 MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100  
Tof1-3A (K400A, R401A, K404A) 
 

This study 

yVA67 MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100  
Csm3-5D (R46D, K47D, R48D, R49D, K53D) (Ura3) 
 

This study 

yVA68 MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100  
Csm3-5A (K47A / R48A / R49A / Q51A / K53A) (Ura3) 
 

This study 

yVA70 MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100  
Tof1-3A 
Csm3-5D (R46D, K47D, R48D, R49D, K53D) (Ura3) 
 

This study 

yVA73 MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100  
Tof1-3A 
Csm3-5A (K47A, R48A, R49A, Q51A, K53A) (Ura3) 
 

This study 

 

Table 2.11: Details of yeast strains 
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2.2. Methods 

 

2.2.1. Standard molecular biology techniques 

 

Plasmid purifications 

 

Plasmid purifications from E. coli Rosetta 2(DE3) strains were performed using Qiagen 

miniprep kits according to the manufacturer’s instructions. 

 

Restriction digests 

 

All restriction digests were performed using endonucleases ordered from New England 

Biolabs and according to the manufacturer’s instructions. 

 

DNA ligations 

 

All DNA ligations were performed using T4 DNA ligase according to the manufacturer’s 

protocol (New England Biolabs), using a 3:1 molar ratio of insert:vector, incubating overnight 

at 16 oC. T4 DNA ligase was heat-inactivated at 65 oC for 10 min prior to transformation. 

 

Plasmid-based mutagenesis 

 

Mutagenesis was achieved using either QuikChange II site-directed mutagenesis kits 

(Agilent) or Phusion site-directed mutagenesis kits (ThermoFisher), according to the 

manufacturers’ instructions. For the mutagenesis required for generating pMJB11-14, altered 

coding regions containing the desired mutations were ordered as synthetic gene constructs 

(IDT) which were subsequently subcloned using the relevant restriction enzymes (refer to 

Table 2.10) to replace the wild-type coding sequence. 

 

Bacterial transformation 

 

All bacterial transformations of 5-alpha Competent E. coli (High Efficiency) cells (New 

England Biolabs) were performed following the manufacturer’s instructions. 
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Yeast transformation 

 

An overnight culture of the recipient yeast strain (grown in YEPD media at 30 oC) was 

diluted 1:20 in YEPD and growth continued for 4 – 6 h at 30 oC, with 10 mL diluted culture 

required for each transformation.  Cells were pelleted and washed with once with 10 mL 

sterile water, once with 1 mL sterile water then once with 1 mL LTE (100 mM LiOAc, 10 mM 

Tris, 1 mM EDTA). Cells were resuspended in 50 µL LTE.  

Vector containing the gene to be integrated was previously linearised using a restriction 

endonuclease with a unique restriction site in the yeast selection marker, yielding at least 2 

µg DNA. 5 µL linearised vector was mixed with the 50 µL cells plus 5 µL salmon testes ssDNA 

(previously denatured by heating to 95 oC for 5 min and cooling on ice before addition to 

transformation mixture) and 300 µL LTE supplemented with 40% PEG-3500. 

The transformation mixture was incubated at 30 oC for 30 min before addition of 40 µL 

DMSO and continued incubation at 42 oC for 15 min. The transformation mixture was 

subsequently cooled on ice and resuspended in 100 µL sterile water for application to 

selective plates. For cells selected using nourseothricin or glufosinate, cells were allowed to 

recover in 1 mL YEPD for 2 – 3 h at 30 oC prior to plating. 

 

2.2.2. Yeast strains 

 

Vectors and strains were constructed using standard molecular biology techniques 

(see Tables 2.10, 2.11 for details). All genes for protein expression were codon optimized as 

described 6. All mutant haploid yeast strains were isolated by tetrad dissection of 

heterozygous diploid strains. Coding sequences for all genes were verified by sequencing, as 

were the coding regions of mutant alleles of Csm3, Tof1, Mcm3, Mcm5, Mcm7 and Dia2 

following PCR amplification from genomic DNA. 

 

2.2.3. Protein purification 

 

Cdt1⋅Mcm2-7, ORC, Cdc6, DDK, Sld3/7, Sld2, Cdc45, S-CDK, Dpb11, GINS, Pol ε, Mcm10, 

RFC, PCNA, Pol α, Pol δ, Ctf4, SCFDia2, Cdc34, Uba1, Pif1 were purified as previously described 

6,61,64,66,67. An overview of the purification strategy for each protein is provided in Table 2.7. 
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RPA 

Untagged S. cerevisiae RPA was purified from a 10 L culture of yJY106. Cells were grown 

at 30°C to 5 x107 cells per ml in YEP (1.1% yeast extract, 2.2% bactopeptone, 55 mg/L adenine 

hemisulphate) + 2% w/v raffinose before induction by addition of galactose to 2% w/v final 

concentration from a 20% w/v stock. Cell growth was continued for 3 hours at 30°C before 

cells were harvested by centrifugation, washed in 100 mL 25 mM Tric-HCL pH 7.2, 10% 

glycerol, 500 mM NaCl, 1 mM Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) (buffer R + 

500 mM NaCl) and resuspended in buffer R. Cell paste was frozen in liquid nitrogen and cells 

were lysed using a pestle and mortar filled with liquid nitrogen. The lysate was cleared by 

centrifugation (235,000 g, 4°C, 1 hour) and nucleic acid precipitated by addition of 

polyethyleneimine to 0.025% from a 1% stock followed by gentle stirring at 4°C for 10 min. 

Precipitate was cleared by centrifugation (18,000 g, 4°C, 15 min) and solid ammonium sulfate 

was added slowly to 40% saturation. Following gentle stirring at 4°C for 10 min, precipitated 

protein was collected by centrifugation (18,000 g, 4°C, 20 min) and the precipitate 

resuspended in buffer R + 500 mM NaCl. The conductivity of the protein sample was adjusted 

to be equivalent to buffer R + 500 mM NaCl by dilution with buffer R before application to a 

HiTrap Blue column equilibrated in buffer R + 500 mM NaCl. All subsequent purification steps 

were performed as described in 291. 

 

Mrc1 

Mrc1 was purified as previously described 61 but with the following modifications. The 

growth temperature during protein expression was reduced from 30°C to 20°C. All 

subsequent steps were performed at 4°C. Lysed cell powder from a 10-15 L culture was 

resuspended in buffer M (50 mM Tris-HCl pH 8, 10% glycerol, 0.005% TWEEN 20, 0.5 mM 

TCEP, 400 mM NaCl) + protease inhibitors (cOmplete, EDTA-free (Roche), one tablet per 

50 mL buffer). Insoluble material was cleared by centrifugation (235,000 g, 4°C, 1 hour) and 

2-4 mL FLAG M2 Affinity gel (Sigma) was added to the supernatant. The sample was incubated 

for 100 min before the resin was collected in 20 mL columns (< 2 mL bed volume per column) 

and was washed with 75 mL buffer M. Columns were washed with 12.5 mL buffer M + 5 mM 

Mg(OAc)2 + 0.5 mM ATP, followed by 25 mL buffer M. Mrc1 was eluted in 1 column volume 

(CV) buffer M + 0.2 mg/ml 3x FLAG peptide and 2 CV buffer M + 0.1 mg/ml 3x FLAG peptide. 

The eluate was concentrated to ∼800 μL in an Amicon Ultra-15 30,000 NMWL concentrator 
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and applied to a Superose 6 10/300 column (GE healthcare) equilibrated in 25 mM Tris-HCl 

pH 7.2, 10% glycerol, 0.005% TWEEN 20, 1 mM EDTA, 0.5 mM TCEP, 150 mM NaCl. Peak 

fractions were pooled, frozen in liquid nitrogen and stored at −80°C. 

Note: for cryo-EM sample preparation of replisome:SCFDia2 complexes assembled on a 

dsDNA substrate, the Mrc1 stock used was purified as above, except substituting 150 mM 

NaOAc for NaCl in the final gel filtration step. 

 

Csm3-Tof1 

Csm3/Tof1 was purified as previously described 61 but with the following modifications. 

After elution from Calmodulin Sepharose 4B (GE healthcare) by TEV cleavage the protein was 

applied to a 1 mL MonoQ column equilibrated in 25 mM Tris-HCl pH 7.2, 1 mM EDTA, 10% 

glycerol, 0.02% NP-40-S, 1 mM DTT, 200 mM NaCl. Protein was eluted with a 30 column 

volume gradient from 200 mM – 1M NaCl. Peak fractions were pooled, concentrated to 

∼500 μL in an Amicon Ultra-15 30,000 NMWL concentrator and applied to a Superdex 200 

Increase 10/300 gel filtration column equilibrated in 25 mM Tris-HCl pH 7.2, 1 mM EDTA, 10% 

glycerol, 0.02% NP-40-S, 1 mM DTT, 150 mM NaCl. Peak fractions were pooled, frozen in 

liquid nitrogen and stored at −80°C. 

 

CMG 

Diploid yeast (yJY37) (15-30 L) were grown at 30°C to 5 x107 cells per ml in YEP + 2% w/v 

raffinose before induction by addition of galactose to 2% w/v final concentration from a 20% 

w/v stock. Cell growth was continued for 3 hours at 30°C before cells were harvested by 

centrifugation, washed in 150 mL buffer C (40 mM HEPES-NaOH pH 7.5, 10% glycerol, 0.005% 

TWEEN 20, 0.5 mM TCEP, 150 mM NaOAc) and resuspended in a minimal volume of buffer 

C + protease inhibitors (cOmplete, EDTA-free (Roche), one tablet per 50 mL buffer). Cell paste 

was frozen in liquid nitrogen and cells were lysed using a pestle and mortar filled with liquid 

nitrogen. Lysed cell powder (typically from a 15 L culture) was resuspended in buffer C + 

protease inhibitors and insoluble material removed by centrifugation (235,000 g, 4°C, 1 hour). 

FLAG M2 Affinity gel (8 ml) was added to the lysate and incubated for 90 min at 4°C. Resin 

was collected in 20 mL columns (< 2 mL bed volume per column) and washed with 80 mL 

buffer C per column. Columns were then washed with 10 mL buffer C + 5 mM Mg(OAc)2 + 
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0.5 mM ATP followed by 25 mL buffer C. Proteins were eluted with 1 CV buffer C + 2mM 

CaCl2 + 0.2 mg/ml 3x FLAG peptide then 2 CV buffer C + 2mM CaCl2 + 0.1 mg/ml 3x FLAG 

peptide. Calmodulin Sepharose 4B (GE healthcare) (1 ml) was immediately added to the 

eluate, which was incubated for 30 min before the resin was collected in a 20 mL column. The 

flow-through was reapplied to the column twice before washing the column with 25 CV buffer 

C + 2mM CaCl2. CMG was eluted in 8 CV of buffer C + 2 mM EDTA + 2 mM EGTA. Eluate was 

applied to a MonoQ PC 1.6/5 (GE healthcare) equilibrated in 25 mM Tris-HCl pH 7.2, 10% 

glycerol, 0.005% TWEEN 20, 0.5 mM TCEP, 150 mM KCl. CMG was eluted with a 20 CV 

gradient from 150-1000 mM KCl and peak fractions were dialysed overnight against 500 mL 

25 mM HEPES-KOH pH 7.6, 40 mM KOAc, 40 mM K-glutamate, 2 mM Mg(OAc)2, 0.25 mM 

EDTA, 0.5 mM TCEP, 20% glycerol. Protein was frozen in liquid nitrogen and stored at −80°C. 

 

Fob1 

yJY39 (10 L) were grown at 30°C to 4.5 x107 cells per ml in YEP + 2% w/v raffinose before 

induction by addition of galactose to 2% w/v final concentration from a 20% w/v stock. Cell 

growth was continued for 3 hours at 30°C before cells were harvested by centrifugation, 

washed in 150 mL buffer F (25 mM Tris-HCl pH 7.2, 1 mM EDTA, 10% glycerol, 0.02% NP-40-

S, 0.5 mM DTT) + 400 mM NaCl and resuspended in a minimal volume of buffer F + 400 mM 

NaCl + protease inhibitors (cOmplete, EDTA-free (Roche), one tablet per 25 mL buffer). Cell 

paste was frozen in liquid nitrogen and cells were lysed using a pestle and mortar filled with 

liquid nitrogen. Lysed cell powder was resuspended in buffer F + 400 mM NaCl + protease 

inhibitors and insoluble material removed by centrifugation (235,000 g, 4°C, 1 hour). FLAG 

M2 Affinity gel (2.5 ml) was added to the lysate and incubated for 3 hours at 4°C. Resin was 

collected in a 20 mL column and washed with 80 mL buffer F + 400 mM NaCl followed by 

20 mL buffer F + 200 mM NaCl. Fob1 was eluted in 8 mL buffer F + 200 mM NaCl + 0.2 mg/ml 

3x FLAG peptide. The eluate was diluted in buffer F to the equivalent of 150 mM NaCl and 

was applied to a 1 mL MonoQ column equilibrated in buffer F + 150 mM NaCl. Protein was 

eluted with a 25 CV gradient from 150-1000 mM NaCl in buffer F. Peak fractions were pooled 

and dialysed against buffer F + 150 mM NaCl for 3 hours prior to freezing in liquid nitrogen 

and storage at −80°C. 
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Pol eexo- 

Pol eexo- was purified as for the wild-type protein 6 except with the following 

modifications: following elution from CBP resin, the eluate was applied to a 0.5 mL bed 

volume of anti-FLAG M2 affinity agarose gel (Sigma) and re-applied twice to deplete 

complexes containing FLAG-tagged endogenous wild-type Pol2, and the resin washed with a 

small volume of buffer. The flow-through and wash was collected and used for subsequent 

purification steps. 

 

2.2.4. Preparation of Cdc34-Ub 

 

To prepare Cdc34-Ub, a 5 ml reaction was assembled containing 7.5 mM Cdc34 

(harbouring the C95K mutation), 1 mM Uba1 and 50 mM HIS6-ubiquitin in 50 mM Tris-Cl pH 

10, 5 mM MgOAc, 2 mM ATP and 1 mM TCEP at 30 °C for 16 h. Subsequently, this sample was 

loaded onto a 120 ml Superdex 200 column in 25 mM Hepes-KOH pH 7.6, 10% glycerol, 0.5 M 

NaCl, 0.5 mM TCEP. Peak fractions containing Cdc34-HIS6-Ub were pooled, imidazole was 

added to 30 mM, and Cdc34-HIS6-Ub was purified by incubation with 0.5 ml Ni-NTA beads for 

30 min at room temperature. Cdc34-HIS6-Ub was eluted in 25 mM Hepes-KOH pH 7.6, 10% 

glycerol, 0.5M NaCl, 0.5 mM TCEP, 0.4M imidazole and then dialysed vs. 25 mM Hepes-KOH 

pH 7.6, 10% glycerol, 0.15M NaCl, 0.5 mM TCEP at 4 °C overnight. The dialysed sample was 

recovered, concentrated to 1.7 mM, aliquoted and snap frozen. 

 

2.2.5. Preparation of DNA substrates 

 

Fork DNA substrates 

Fork DNA was annealed by mixing equal volumes of Oligo 1 and Oligo 2 (refer to Table 

2.9) and allowing to cool gradually from 75°C to room temperature. Oligo stock solutions were 

each prepared at 53 μM in 25 mM HEPES-NaOH, pH 7.5, 150 mM NaOAc, 0.5 mM TCEP, 2 mM 

Mg(OAc)2.  

For cryo-EM samples produced by co-expression: 12.5 μL streptavidin (21.2 μM, Pierce) 

was mixed with 10 μL annealed fork DNA and incubated at room temperature for 40 min prior 

to addition to cryo-EM samples. 
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Double-stranded DNA (dsDNA) substrate for termination complexes 

DNA substrates were annealed as described for fork DNA substrates, except using       

Oligo 3 and Oligo 4 (refer to Table 2.9). Oligo stock solutions were each prepared at 100 µM 

in 10 mM Tris-HCl, pH 8.0, 1 mM EDTA. 

 

2.2.6. Glycerol (10-30%) gradient preparation 

 

For CMG-CTM and CMG-CTM-Ctf4 co-expression experiments, Buffer A (40 mM HEPES-

NaOH, pH 7.5, 150 mM NaOAc, 0.5 mM TCEP, 10% v/v glycerol) was layered on top an equal 

volume of freshly prepared Buffer B (Buffer A, except 30% v/v glycerol + 0.16% 

glutaraldehyde) in a 14 mL SW40-Ti tube (Beckman) and gradients made using a gradient-

making station (Biocomp Instruments, Ltd.) before cooling on ice, unless stated otherwise. 

 

For all in vitro cryo-EM reconstitution experiments, 500 μM AMP-PNP and 3 mM 

Mg(OAc)2 were added to Buffers A and B. Buffer B was further supplemented with a second 

cross-linking agent, 2 mM bis(sulfosuccinimidyl)suberate (BS3). These were layered in equal 

volumes in a 2.2 mL TLS-55 tube (Beranek Laborgerate) and gradients prepared using a 

gradient-making station (Biocomp Instruments, Ltd.) before cooling on ice. 

 

2.2.7. Cryo-EM sample preparation 

Development of sample preparation approach (related to Figure 3.2 – 3.3) 

Early experiments during the development of our GraFix-based approach to sample 

preparation (Figures 3.2-3.3) followed a similar protocol to that described for CMG-CTM 

below, with the following modifications: 

For experiments related to Figure 3.2: complexes were purified from 30 L initial culture 

volume; CBP eluate was concentrated to approx. 360 μL with 50 μL loaded onto a glycerol 

gradient lacking glutaraldehyde, and either 50 μL or 260 μL loaded onto a GraFix gradient; the 

glycerol gradients were prepared as described for CMG-CTM complexes except using the 

smaller 2.2 mL tubes for use with the TLS-55 rotor (Beckman); sample was sedimented by 

centrifugation at 53,400g for 16 h at 4oC. 
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For experiments related to Figure 3.3: during CBP-tag purification, a 0.3 mL bed volume 

was used and the column washed twice with 10 mL buffer; the CBP eluate was divided into 

two 280 μL aliquots – one aliquot was applied directly to a GraFix gradient whilst the second 

aliquot was concentrated approx. three-fold using 0.5 mL 30K MWCO centrifugal filters 

(Amicon) prior to loading onto the gradient. 

 

Co-expression and purification of CMG-CTM complexes (related to Figure 3.4) 

Cultures of yJY76 (Table 2.11) were grown in YEP with 2% w/v raffinose (15 L) at 30°C, 

to a density of ∼6 × 107 cells/mL before inducing overexpression by addition of 2% w/v 

galactose for 3 h under the same conditions. Cells were harvested by centrifugation (3,000g, 

8 min, 4°C), washed and resuspended with Lysis buffer (40 mM HEPES-NaOH, pH 7.5, 150 mM 

NaOAc, 10% glycerol, 0.005% v/v TWEEN 20, 0.5 mM TCEP, protease-inhibitors (cOmplete, 

EDTA-free (Roche), one tablet per 25 mL buffer)), before flash-freezing as pellets in liquid 

nitrogen. 

Cells were lysed using a Freezer/Mill (6870D SPEX Sample Prep, 2 cycles, 1 min pre-cool, 

2 min run-time, 1 min cool-time, rate 10 cps) before thawing in Lysis buffer. All subsequent 

steps were performed at 4°C unless specified otherwise. The lysate was clarified by 

centrifugation (160,000g, 45 min) and the supernatant filtered (0.45 μm PVDF syringe filters, 

Elkay Laboratory Products UK). The supernatant was then incubated with 8 mL anti-FLAG M2 

affinity agarose gel (Sigma), rotating at 7 rpm for 75 min. The next affinity chromatography 

steps were done at room temperature using ice-cold buffers, unless stated otherwise. The 

supernatant was split between gravity flow columns (14 cm Econo-Pac, BioRad) and the flow-

through re-applied once before each column was washed twice with 30 mL buffer W (40 mM 

HEPES-NaOH, pH 7.5, 150 mM NaOAc, 10% v/v glycerol, 0.005% v/v TWEEN 20, 0.5 mM TCEP). 

Each column was then washed once with 12.5 mL buffer W + 500 μM ATP + 5 mM Mg(OAc)2, 

incubating for 5 min partway through, before a final wash with 20 mL of buffer W + 2 mM 

CaCl2. Protein was eluted by successive addition of one CV buffer W + 2 mM CaCl2 + 

0.2 mg/mL 3xFLAG peptide [Sigma], followed by two CV buffer W + 2 mM CaCl2 + 0.1 mg/mL 

3xFLAG peptide, and finally one CV of buffer W + 2 mM CaCl2. 

The FLAG-eluate was pooled and incubated with 0.8 mL Calmodulin Sepharose 4B 

affinity resin (GE Healthcare), rotating at 7 rpm for 75 min at 4°C. The sample was applied to 

a gravity flow column (9 cm Poly-Prep Chromatography Columns, Bio-Rad) and the flow-
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through reapplied twice. The column was washed twice with 20 mL buffer C (25 mM HEPES-

NaOH, pH 7.5, 150 mM NaOAc, 0.5 mM TCEP) + 2 mM CaCl2 before elution using buffer C + 

2 mM EDTA + 2 mM EGTA in 14 x 200 μL fractions. The first fraction was discarded and the 

remaining fractions pooled and concentrated to ~250 μL using 0.5 mL 30K MWCO centrifugal 

filters (Amicon) in a bench-top centrifuge (21,000g, 4°C).  

At this stage we were unsure whether loading larger volumes onto glycerol gradients 

would compromise separation. Therefore, we loaded 50 μL concentrated CBP eluate onto 

one GraFix gradient (prepared as described) and the remaining 200 μL onto a second GraFix 

gradient. Samples were separated by centrifugation in an SW 40 Ti rotor (Beckman) at 

140,000g for 15 h at 4°C and fractionated manually (400 μL fractions). Analysis of 

fractionation by SDS-PAGE revealed comparable migration across both gradients, therefore 

equivalent peak fractions were pooled for each gradient, and the two pools combined (total 

volume ~2.7 mL). Finally, the sample was concentrated to ~100 μL, buffer exchanged in buffer 

C + 0.005% v/v TWEEN 20 over six rounds of centrifugation (21,300g, 1 min/round, 4°C) in 

0.5 mL 30K MWCO centrifugal filters (Amicon) and concentrated further to a final volume of 

∼54 μL. 

 

Co-expression and purification of crosslinked CMG-CTM-Ctf4 complexes 

Protein expression and affinity-based purification followed the protocol described for 

CMG-CTM complexes with the following alterations: Cultures of yJY74 (Table 2.11) were 

grown for protein expression. For FLAG-tag affinity chromatography, filtered cell lysate 

supernatant was incubated with 8-10 mL anti-FLAG M2 affinity agarose gel (Sigma), rotating 

at 7 rpm for 60-90 min. During CBP-tag affinity purification, sample was incubated with up to 

1.2 mL Calmodulin Sepharose 4B affinity resin (GE Healthcare), rotating at 7 rpm for 1 h at 

4°C. Sample was eluted from the Calmodulin Sepharose resin using 3 -5 mL elution buffer and 

concentrated to 300 μL.  

Following elution from the Calmodulin Sepharose resin, the sample was split across two 

glycerol gradients prepared as described, with one gradient containing glutaraldehyde and 

used for subsequent sample preparation steps, while the second gradient lacked cross-linking 

agents to allow assessment of complex migration. The sample was separated by 

centrifugation in an SW 40 Ti rotor (Beckman) at 140,000g for 15 h at 4°C. Samples were 

manually fractionated in 400 μL fractions and analyzed by SDS-PAGE. The relevant fraction 
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was buffer exchanged in (25 mM HEPES-NaOH, pH 7.5, 150 mM NaOAc, 0.5 mM TCEP,  

0.005% v/v TWEEN 20) over six rounds of centrifugation (21,300g, 1 min/round, 4°C) in 0.5 mL 

30K MWCO centrifugal filters (Amicon). The sample was concentrated to a final volume of 

∼35 μL. 

In early cryo-EM datasets we observed higher compositional heterogeneity of the 

complex likely arising from endogenous DNA co-purifying with our sample (refer to Figure 

3.6). In an attempt to overcome this, later sample preparations contained 10 μL streptavidin 

(SA)-blocked fork DNA added to the relevant fraction taken from glycerol gradients and 

incubated on ice for 15 min after gradient fixation and before buffer exchange (refer to Figure 

3.7). The addition of DNA after the final centrifugation step did not alter DNA heterogeneity 

in our cryo-EM reconstructions, and therefore data obtained from samples prepared with and 

without added streptavidin-blocked fork DNA were combined during processing. 

 

Co-expression and purification of non-crosslinked CMG-CTM-Ctf4 complexes 

Sample was prepared as described for the co-expressed CMG-CTM-Ctf4 sample above 

(with SA-blocked fork DNA added) except with cross-linker omitted from the glycerol 

gradient. This was used to assess the impact of cross-linker on the architecture of the complex 

(Figure 3.6K). 

 

Reconstitution of CMG-CTM-Ctf4-fork DNA complexes 

Components were sequentially mixed with CMG while on ice as follows to yield a final 

reaction volume of 65 μL containing 0.5 μM CMG with a 1.5 molar excess of all other 

components, maintaining 500 μM AMP-PNP and 3 mM Mg(OAc)2 throughout. First, the fork 

DNA was added to CMG and incubated for 1 h. Subsequently, Csm3/Tof1 and Ctf4 were pre-

mixed and added to the CMG:DNA reaction mixture. After 10 min incubation, Mrc1 was 

added for a further 45 min. 

Before loading onto the glycerol gradient (prepared as described), the reaction volume 

was diluted 2.5-fold using buffer D (25 mM HEPES-NaOH, pH 7.5, 150 mM NaOAc, 0.5 mM 

TCEP, 500 μM AMP-PNP, 3 mM Mg(OAc)2). The sample was separated by centrifugation 

(Beckman TLS-55 rotor, 260,000g, 4°C, 2 h) and 100 μL fractions manually collected. The 

fraction containing the complex was identified by silver-stained SDS-PAGE. Relevant fractions 
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were pooled (total ∼190 μL) and buffer exchanged with cryo-EM buffer (buffer D except 

100 μM AMP-PNP + 0.005% v/v TWEEN 20) during six rounds of ultrafiltration in 0.5 mL 30K 

MWCO centrifugal filters (Amicon) using a bench-top centrifuge (21,000g, 4°C, 1 min/round). 

Sample was concentrated to ∼25 μL and immediately used for cryo-EM grid preparation. 

 

Reconstitution of replisome:SCFDia2 complexes on the dsDNA substrate 

CMG (1.1 μM) was incubated with 1.5-fold molar excess DNA (dsDNA substrate) in 

reconstitution buffer (25 mM HEPES-NaOH, pH 7.6, 100 mM NaOAc, 0.5 mM TCEP, 7.5 mM 

Mg(OAc)2, 0.5 mM ATP) in a 30 μL reaction volume, and incubated on ice for 30 min. To this 

was added a mixture of Csm3-Tof1, Ctf4, Mrc1, Pol eexo-, Cdc34-O~Ub and SCFDia2 in 

reconstitution buffer*, giving a final reaction volume of 300 μL and resulting in a final 

concentration of 110 nM CMG with all other factors in 1.5-fold molar excess (except Mrc1 in 

2-fold molar excess). The reaction was incubated on ice for a further 40 min before loading 

100 μL onto two GraFix gradients (plus one gradient with crosslinking agents omitted for 

assessing the position of peak fractions, see Figure 5.2A) prepared as described.  

Following centrifugation (Beckman TLS-55 rotor, 260,000g, 4 °C, 2 h), 100 μL fractions 

were collected manually and peak fractions (assessed by analysing 8 μL each fraction on 

silver-stained SDS-PAGE) were pooled across the two GraFix gradients (total volume ~370 μL). 

These samples were buffer exchanged with cryo-EM buffer (25 mM HEPES-NaOH, pH 7.5, 150 

mM NaOAc, 0.5 mM TCEP, 0.005% v/v TWEEN 20, 100 μM AMP-PNP) during six rounds of 

ultrafiltration in 0.5 mL 30K MWCO centrifugal filters (Amicon) using a bench-top centrifuge 

(21,000g, 4°C, 1 min/round). Sample was concentrated to ∼24 μL and immediately used for 

cryo-EM grid preparation. 

*Plus an additional approx. 30 mM NaOAc contributed by Mrc1 storage buffer (58.9 μL) 

and 40 mM KOAc contributed by SCFDia2 storage buffer (31.3 μL). Contribution of other stocks 

negligible owing to their higher concentrations/smaller volumes. 

 

Reconstitution of replisome:SCFDia2 complexes in the absence of DNA 

CMG (final concentration 100 nM) was mixed with 1.5-fold molar excess Csm3-Tof1, 

Ctf4, Pol eexo-, Cdc34-O~Ub and SCFDia2, plus 2-fold molar excess Mrc1, in (25 mM HEPES-

NaOH, pH 7.6, ~40 mM NaCl*, ~50 mM KOAc*, 0.5 mM TCEP, 2.75 mM Mg(OAc)2, 0.5 mM 
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AMP-PNP) with a final reaction volume of 230 μL. The reaction was incubated on ice for 60 

min before loading equally across two GraFix gradients, prepared as described. No gradients 

lacking crosslinking agents were used owing to limiting protein stocks.  

Following centrifugation (Beckman TLS-55 rotor, 260,000g, 4 °C, 2 h), 100 μL fractions 

were collected manually and peak fractions (assessed by analysing 8 μL each fraction on 

silver-stained SDS-PAGE) were pooled across the two GraFix gradients (total volume ~550 μL). 

These samples were buffer exchanged with cryo-EM buffer (25 mM HEPES-NaOH, pH 7.5, 150 

mM NaOAc, 0.5 mM TCEP, 0.005% v/v TWEEN 20, 100 μM AMP-PNP) during six rounds of 

ultrafiltration in 0.5 mL 30K MWCO centrifugal filters (Amicon) using a bench-top centrifuge 

(21,000g, 4°C, 1 min/round). Sample was concentrated to ∼27 μL and immediately used for 

cryo-EM grid preparation. 

*This salt is contributed by storage buffers of protein stocks (30.5 μL SCFDia2, 63 μL 

Mrc1). Contribution of other stocks negligible owing to their higher concentrations/smaller 

volumes.  

 

2.2.8. Negative stain EM grid preparation 

 

CMG-CTM: Quantifoil R1.2/1.3, copper or gold 400-mesh EM grids coated with a layer 

of ~7 nm thick amorphous carbon [made at the LMB by floating carbon produced by 

evaporation (Edwards Auto 306 Turbo)] were glow discharged for 45 s at a plasma current of 

25 mA (PELCO easiGlow). Sample (3 μL) was applied and incubated for 1 min at room 

temperature before blotting, washing twice with ultrapure water (5 s), washing once with 2% 

uranyl acetate solution (5 s), staining with 2% uranyl acetate solution (45 s), blotting and 

leaving to air dry. 

CMG-CTM-Ctf4: Quantifoil R1.2/1.3, gold 300-mesh EM grids coated with a layer of ~7 

nm thick amorphous carbon [made at the LMB by floating carbon produced by evaporation 

(Edwards Auto 306 Turbo)] were glow discharged for 10 s at 0.75 kV, 30 mA (Edwards S150B 

Sputter Coater). Sample was diluted 5-fold before 3 μL was applied to the grid and incubated 

for 1 min at room temperature followed by blotting, washing once with ultrapure water (5 s), 

washing once with 2% uranyl acetate solution (5 s), staining with 2% uranyl acetate solution 

(45 s), blotting and leaving to air dry. 
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2.2.9. Negative stain EM 2D-class analysis (CMG-CTM-Ctf4) 

 

For “pool a” (refer to Figure 3.5C), 85 micrographs (single-frame) were collected on a 

120 keV TecnaiTM Spirit TEM (FEI) equipped with a CCD camera. The data were acquired 

manually at a pixel spacing of 3.5 Å/pixel (nominal magnification of 15,000 X) and an exposure 

time of 0.5 s, yielding a dose rate of 15 e-/Å2/s. 

Data processing was performed using RELION-2.1 292,293: non-bilobal template-based 

auto-picking identified ~11,700 particles, which were extracted in a 350 Å box size. These 

particles were submitted for 2D classification using a 290 Å circular mask. The resulting 2D 

class averages are presented in Figure 3.5C. 

For “pool b” (refer to Figure 3.5D), micrographs were acquired similarly to “pool a” 

above. 

 

2.2.10. Cryo-EM grid preparation 

 

Quantifoil R2/2, copper 400-mesh cryo-EM grids coated with an ultra-thin (2-5 nm) 

layer of amorphous carbon were produced by floating carbon produced by evaporation 

(Edwards Auto 306 Turbo). Grids were glow discharged for 5 s at a plasma current of 15 mA 

(PELCO easiGlow). Sample (3 μL) was applied and incubated for 15-30 s at 4°C before 

manually blotting with filter paper for 10 s and manual plunge-freezing in liquid ethane 

(approx. −180°C). 

 

2.2.11. Cryo-EM data collection 

 

CMG-CTM (co-expressed) 

A total of 2,271 gain-corrected movies were collected on a 300 keV Titan Krios 

microscope (FEI) equipped with a Falcon III direct electron detector (FEI), operated in linear 

(integrating) mode. The data were acquired at a pixel spacing of 1.07 Å/pixel using the EPU 

automated data collection program (ThermoFisher). Data collection used a defocus range of 

-2 to -3.8 μm, and an exposure time of 0.9 s yielding a total dose of 100 e-/Å2 divided equally 

across 40 fractions. 
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CMG-CTM-Ctf4 (co-expressed, crosslinked) 

Six datasets were collected totalling 11,637 raw movies. The 300 keV FEI Titan Krios 

microscopes (LMB Krios1 and Krios2, eBIC Krios M03 and ESRF Krios1) were used with either 

a Falcon III direct electron detector (FEI) (including the individual datasets presented in 

Figures 3.6, 3.7) or a K2 Summit direct electron detector (Gatan), both in electron counting 

mode. The data were acquired at several magnifications ranging from 1.05-1.07 Å/pixel. EPU 

(ThermoFisher) was used for automated data collection with a defocus range set to −1.5 to 

−3 μm. For data acquired with a Falcon III detector the acquisition was dose-fractionated into 

180 fractions with an exposure time of 44 s per micrograph and a dose of 0.82 - 0.84 e-/pixel/s. 

Data collected with a K2 camera were dose-fractionated into 20 fractions with a total 

exposure time of 6-8 s to achieve a dose per micrograph of 37-43 e-/Å2; the slit width of the 

GIF Quantum energy filter was set to 20 eV. 

 

CMG-CTM-Ctf4 (co-expressed, non-crosslinked) 

A single dataset of 2,527 raw micrographs was collected on a 300 keV Titan Krios 

microscope (LMB Krios2) equipped with a Falcon III direct electron detector (FEI) operated in 

electron counting mode and with a pixel size of 1.07 Å/pixel (nominal magnification of 75,000 

X). EPU (ThermoFisher) with on-the-fly motion correction was used for automated data 

acquisition with a defocus range set at −2 to −3 μm, dose-fractionating each micrograph into 

180 fractions. An exposure time of 44 s was used with a dose of 0.82 e-/pixel/s. 

 

CMG-CTM-Ctf4-DNA (reconstituted) 

A total of 6,878 raw micrographs were acquired across two datasets on the same 300 

keV FEI Titan Krios microscope (LMB Krios3) at a calibrated pixel size of 1.049 Å/pixel (nominal 

magnification of 130,000 X). The K2 Summit direct electron detector (Gatan) was used in 

electron counting mode with a GIF Quantum energy filter slit width of 20 eV. EPU 

(ThermoFisher) was used for automated data collection, with a defocus range set at −1.4 to 

−2.6 μm and dose-fractionation into 20 fractions per movie, with a total exposure time of 7-

8 s to achieve a dose of 37-38 e-/Å2 per micrograph. 
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Replisome:SCFDia2 (dsDNA substrate) 

A total of 13,385 raw micrographs were acquired in a single dataset using a 300 keV 

Titan Krios microscope (FEI) equipped with a K3 direct electron detector (Gatan) operated in 

electron counting mode using the EPU automated acquisition software (ThermoFisher) with 

“Faster Acquisition” mode (AFIS) enabled. A slit width of 20 eV was used for the BioQuantum 

energy filter. Data were collected in super-resolution mode with an effective pixel spacing of 

0.53 Å/pixel (nominal magnification of 81,000 X), using a defocus range of -0.4 to -2.2 µm and 

dose-fractionating into 38 fractions per micrograph. An exposure time of 4 s achieved a dose 

of 38.8 e-/Å2 per micrograph. 

 

Replisome:SCFDia2 (off DNA) 

A total of 3,096 raw micrographs were acquired in a single dataset on a 300 keV Titan 

Krios TEM (FEI), equipped with a Falcon III direct electron detector operated in electron 

counting mode, using the EPU automated acquisition software (ThermoFisher) with “Faster 

Acquisition” mode (AFIS) and on-the-fly motion correction enabled. Data were collected at a 

pixel spacing of 0.87 Å/pixel (nominal magnification of 96,000 X), using a defocus range of -

0.5 to -2.5 µm and dose-fractionating into 55 fractions per micrograph. An exposure time of 

25.5 s achieved a dose of 32.5 e-/Å2 per micrograph. 

 

2.2.12. Cryo-EM data processing and 3D-reconstruction 

 

CMG-CTM (co-expressed) 

The 40-fraction movies were dose-weighted and the frames aligned by MotionCor2 294. 

The contrast transfer function (CTF) parameters were calculated using Gctf 295 prior to 

automated particle picking using Gautomatch v0.53 296. Further data processing was 

completed using RELION-2.1/3.0 292,293,297. A total of 258,000 particles were submitted for 2D 

classification, from which the best 237,000 particles were taken for subsequent 3D 

classification. Of five classes, the best two (149,000 particles) featuring novel Csm3-Tof1 

density were selected for 3D refinement, yielding a map at 10 Å resolution. 
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CMG-CTM-Ctf4 (co-expressed, crosslinked) 

For the initial sample, prepared without synthetic fork DNA (Figure 3.6), a total of 665 

raw movies were collected and processed using RELION-2.1 292,293. Movies were aligned and 

dose-weighted using MotionCor2 294 [5x5 patches, 1.8 e-/ Å2/group, 10 frames/group] and 

CTF parameters estimated using Gctf 295. Gautomatch v0.53 296 was used for automated 

particle picking, enabling picking of ~71,600 particles. These particles were extracted in a box 

size of 376 Å, down-sampling the pixel spacing to 2.14 Å/pixel. These particles were submitted 

for 2D classification, from which the best ~52,000 particles were chosen for 3D classification 

(regularisation parameter, T=4). The best particles containing CMG-Csm3-Tof1-Ctf4 (~40,900 

particles) were re-extracted without down-sampling. A further round of 3D classification (T = 

4) did not reveal obviously poor-quality particles, therefore all ~40,900 particles were 

combined and 3D-refined, yielding the 4.37 Å reconstruction presented following map 

sharpening (B-factor of -162 Å2). 

For the second sample, supplemented with synthetic fork DNA (Figure 3.7), a total of 

1,047 raw movies were collected and processed using RELION-2.1 292,293. Movies were aligned 

and dose-weighted using MotionCor2 294 [5x5 patches, 1.8 e-/ Å2/group, 10 frames/group] 

and CTF parameters estimated using Gctf 295. After removing poor-quality micrographs, 

Gautomatch v0.53 296 was used for automated particle picking, enabling picking of ~136,000 

particles from the remaining 1,015 micrographs. These particles were extracted in a box size 

of 376 Å, down-sampling the pixel spacing to 2.14 Å/pixel. These particles were submitted for 

two rounds of 2D classification, from which the best ~70,000 particles were chosen for 3D 

classification (regularisation parameter, T=4). Of five 3D classes, one lacked Csm3-Tof1, one 

lacked Ctf4, and the remaining 3 classes were well-aligned and contained density for CMG, 

Csm3-Tof1 and Ctf4: these 3 classes were combined (~52,100 particles) and re-extracted 

without down-sampling at a pixel spacing of 1.07 Å/pixel. These particles were subsequently 

3D-refined and sharpened (B-factor of -162 Å2), yielding the 4.13 Å reconstruction presented 

in Figure 3.7D,E. To improve the Csm3-Tof1 density, these particles were subjected to signal 

subtraction focusing on density corresponding to Csm3-Tof1, parental dsDNA and Mcm4/6 

N-tier regions. Subtracted particles were submitted for 3D subclassification without 

alignment (T = 10, 200 Å circular mask). Of four 3D classes, two featured emerging secondary 

structure for Csm3-Tof1: these were combined (~28,900 particles), re-extracted without 
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signal subtraction, 3D-refined and sharpened (B-factor of -20 Å2), yielding the 4.27 Å 

reconstruction presented in Figure 3.7F. 

For the combined datasets (Figure 3.9) a total of six datasets totalling 11,647 raw 

movies were collected and processed independently using first RELION-2.1/3.0-alpha 

292,293,297. In general, raw movies were aligned and dose-weighted by MotionCor2 294 and CTF 

parameters were estimated using Gctf 295. Poor micrographs (containing contamination, no 

particles, significant drift or damaged holes) were manually excluded from each dataset. All 

particles were picked using Gautomatch v0.53 296. After one-to-two rounds of 2D-

classification, followed by 3D-classification and 3D-refinement, the sharpened maps for the 

best classes from all six datasets were compared in Chimera in order to calculate scaling 

factors necessary for combining the datasets initially acquired at different microscope 

magnifications. Refined particles from five datasets were rescaled to the relative pixel size of 

the sixth dataset at 1.11 Å/pixel involving re-estimation of the CTF parameters and particle 

re-extraction in a box size of 360 pixels 298. The combined dataset comprised 412,000 

particles, which were submitted for 3D-refinement. The resulting 3.4 Å map was sharpened 

with a B-factor of −20 Å2 and is presented in Figure 4.12A (see also Figure 3.9A,B). To improve 

the resolution of the complex, a three-body multi-body refinement was performed with 

bodies encompassing the MCM C-tier, Csm3-Tof1-dsDNA or the remainder of the complex; 

the sharpened maps are presented in Figure 3.9D. 

 

CMG-CTM-Ctf4 (co-expressed, non-crosslinked) 

Micrographs were processed using RELION-2.1 292,293. Raw movies were aligned and 

dose-weighted by MotionCor2 294 and CTF parameters were estimated using Gctf 295. Poor 

micrographs (containing contamination, no particles, significant drift or damaged holes) were 

manually excluded from each dataset. Particles were picked from the remaining 2387 

micrographs using Gautomatch v0.53 296. A total of 413,000 particles were extracted and 

down-sampled by a factor of two before submission to two rounds of 2D classification. It was 

clear from 2D classification that there was a significant number of particles comprising more 

than one CMG molecule. Classes were stringently selected to contain complexes with a single 

copy of CMG, yielding 70,000 particles. These were subsequently submitted for 3D 

classification across six classes: heterogeneity was observed for Csm3-Tof1 and Ctf4 

occupancy, with one class representing particles containing CMG-Csm3-Tof1-Ctf4-DNA. This 
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class (28,000 particles) was re-extracted without down-sampling, 3D-refined and sharpened 

(B-factor of −50 Å2) to yield a map at 5.1 Å resolution (presented in Figure 3.8C). 

 

CMG-CTM-Ctf4 (reconstituted) 

The gain-corrected 20-fraction movies were aligned and dose-weighted (0.25-0.27            

e-/Å2/frame) by MotionCor2 294. The contrast transfer function (CTF) parameters were 

calculated using Gctf 295. Gautomatch v0.53 296 was used for automated particle picking on 

the remaining 6682 micrographs after manually discarding those containing contamination, 

no particles, significant drift or damaged holes. RELION-3.0-alpha was used for the entire data 

processing 292,293,297,299. 632,000 particles were extracted with down-sampling by a factor of 2 

and submitted for four rounds of 2D classification from which 472,000 selected particles were 

re-extracted without down-sampling in a box size of 360 pixels and submitted for 3D 

classification using a regularization parameter (T) of 4. Four of eight good 3D classes were 

included in further processing (Figure 4.2). 

Two classes containing the best Csm3/Tof1 density (nearly 300,000 particles, 60%) were 

combined and 3D-refined before performing further rounds of CTF refinement, Bayesian 

polishing 300 and 3D-refinement to yield a map at an overall 3.1 Å resolution (all resolutions 

hereafter calculated with Gold standard Fourier shell correlation of 0.143). The precise pixel 

size of 1.049 Å was determined after maximizing the cross-correlation coefficient between 

our 3.1 Å map and the CMG:DNA model [PDB: 5U8S, 5] using Chimera 301. This pixel size was 

then used for postprocessing all maps obtained in this dataset. To further improve the 

Csm3/Tof1 density, multi-body refinement 299 was performed for (i) Tof1 repeats 1-6 

including N-tier regions of Mcm2, 3, 5, and (ii) Tof1 (repeats 7-9)/Csm3 including the N-tier 

regions of Mcm4, 6, 7 and dsDNA (Figure 4.2). Resulting maps were sharpened with B-factor 

−20 Å2 to give final maps of 3.3 and 3.2 Å resolution, respectively. These maps were used for 

building the models of Csm3, Tof1 and dsDNA. 

For the remainder of the complex, the above 3D classification identified two 

conformations differing in the position of the MCM C-tier and bound ssDNA (conformations 

1 and 2). One class represented complexes in conformation 1 and containing Csm3/Tof1 

(124,000 particles; 26%). One class represented complexes in conformation 2 and containing 

Csm3/Tof1 (159,000 particles, 34%). A third class represented a mixed population of particles 

in both conformations, lacking clear density for Csm3/Tof1; this class was separated into 
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conformation 1 (74,000 particles; 16%) and conformation 2 (23,000 particles; 5%) using 3D 

subclassification without alignment. 

For conformation 1 (Figure 4.2, grey maps), all classes in this conformation were 

combined irrespective of Csm3/Tof1 occupancy (198,000 particles; 42%) and 3D-refined, 

before performing CTF refinement, Bayesian polishing, another round of 3D refinement and 

map sharpening to yield a map at 3.2 Å resolution. Multi-body refinement was performed 

masking more rigidly-associated regions of the complex as described in Figure 4.2. After map 

sharpening, the resulting maps were used to build the atomic models of CMG and Ctf4 for 

conformation 1. The above multi-body refinement maps were sharpened with the following 

B-factors: −40 Å2 for the Mcm2356 map, −5 Å2 for the Mcm47 map, −20 Å2 for the remaining 

bodies. 

For conformation 2 (Figure 4.2, yellow maps), a similar approach was taken as for 

conformation 1. After multi-body refinement, fitting of models to the conformation 2 density 

confirmed the only major differences between conformations was the position of the C-tier 

and bound ssDNA. Consequently, the maps for the MCM C-tier, Mcm3467 and Mcm25 were 

sharpened with B-factors −20, −10 and −10 Å2 respectively, and used to build the model of 

the MCM C-tier in conformation 2. An additional map produced after a further round of 3D 

subclassification (see below) was also used to aid model building for conformation 2. 

After initial model building, it was clear there was a mixed population differing in AMP-

PNP occupancy for conformation 2. To resolve these populations, the good particles from the 

original 3D-classification were combined before performing a further round of 3D-

subclassification using a higher value T of 10 and limiting the Fourier components used in 

alignment to 10 Å resolution (refer to Figure 4.2). Of 12 classes, one represented complexes 

in conformation 2 with five AMP-PNP molecules bound to the C-tier (Figure 4.2, magenta 

map), and a second with particles in conformation 2 with three AMP-PNP molecules bound 

and a shorter region of ssDNA resolved (Figure 4.2, cyan map). Models were fitted to these 

and the AMP-PNP occupancy and ssDNA length adjusted accordingly (presented in Figure 

4.13B). The map with five AMP-PNP molecules bound was then submitted for two-body multi-

body refinement with one body covering Mcm25 and Mcm6 CTD; after map sharpening with 

a B-factor of −5 Å2, this map was useful in aiding final model building for the model of 

conformation 2. Finally it is worth noting this further 3D-subclassification additionally yielded 
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a 3.7 Å resolution sharpened map of conformation 1 with more homogeneous resolution 

across all subunits in the complex. 

To produce the cryo-EM density map best illustrating regions of unassigned density 

(Figure 4.12A) the subset of particles in conformation 2, which produced the 3.3 Å map of the 

whole complex (see Figure 4.2, yellow map), was subjected to a further round of 3D sub-

classification without alignment, this time utilizing a higher value T of 100 in addition to 

providing a mask which encompassed Csm3/Tof1, dsDNA and the N-tier regions primarily 

belonging to Mcm4 and 6. Of six classes, four classes (50% of input particles) contained good 

Csm3/Tof1 and dsDNA density; these were recombined, 3D-refined and finally sharpened 

with a B-factor of −5 Å2. 

Local resolution was calculated using RELION and maps were coloured accordingly using 

Chimera 301, presented in Figure 4.3A, 4.4A. 

 

Replisome:SCFDia2 (dsDNA substrate) 

Data processing used RELION-3.0/3.1 297 as outlined in Figure 5.5A. The dataset was 

divided into three roughly equal parts (Parts A-C) which were initially processed 

independently; for additional details regarding particle numbers associated with each of Parts 

A-C, refer to Figure 5.5A. The 38-fraction movies were aligned and dose-weighted (1.02 e-

/Å2/fraction, 5 x 5 patches, 150 Å2 B-factor) using RELION’s implementation of a MotionCor2-

like program 294 during which data were binned 2-fold to give a binned pixel spacing of 1.06 

Å/pixel for use in downstream processing. CTF parameters were estimated using CTFFIND-4.1 

302. After excluding poor quality micrographs, particles were picked from the remaining 

12,730 micrographs using Gautomatch v0.56 296 leading to extraction of ~2,160,000 particles 

using a box size of 399 Å. During extraction, data were down-sampled to a pixel size of 4.24 

Å/pixel prior to three rounds of 2D classification. The best 2D classes (totalling ~1,720,000 

particles) were selected and submitted for 3D classification (regularisation parameter, T = 4). 

At this stage, different combinations of 3D classes were combined for downstream processes 

depending on the specific processing goals, as discussed below. For all instances of signal 

subtraction, particles were reverted to the original (non-subtracted) state following 3D 

subclassification prior to 3D-refinement. 

First, the best aligned 3D classes were combined irrespective of CMG-associated 

factor occupancy for each Part of the dataset, giving a total of ~1,450,000 particles (orange 
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path, Figure 5.5A). The subset of these particles (~470,000) contributed by Part A of the 

dataset yielded the map presented in Figure 5.13C displaying clear additional density beside 

Cdc45. To derive this map, this subset of particles was re-extracted without down-sampling 

and signal subtraction (recentring particles on mask) followed by 3D subclassification 

(without alignment, T=100) performed to focus on the region of the complex where this 

additional density was observed. This approach classified ~53,000 particles used in the final 

reconstruction, which after 3D-refinement and map sharpening (B-factor of -20 Å2) gave a 

resolution of 3.9 Å. 

To isolate complexes which had translocated onto dsDNA, the best aligned 3D classes 

were combined irrespective of CMG-associated factor occupancy for each Part (A-C) of the 

dataset, giving a total of ~1,450,000 particles (orange path, Figure 5.5A). Particles were 

subsequently re-extracted without down-sampling before performing signal subtraction 

focusing on the MCM channel and MCM PS1/H2I DNA-binding loops (recentring on mask) 

followed by 3D-subclassification (without alignment, T=100). In each of Parts A-C, this 

approach identified two classes with clear dsDNA engaged by the MCM C-tier, each 

containing ~230,000 particles, plus several additional classes featuring particles bound to 

ssDNA. The classes bound to ssDNA were excluded and the remaining classes combined 

across Parts A-C prior to iterative CTF refinement (beamtilt and trefoil correction, anisotropic 

magnification correction, and per-particle defocus and astigmatism CTF correction) and 

dataset-trained Bayesian polishing. A further round of signal subtraction focusing on the 

MCM channel (recentring on mask, re-boxing in 159 Å) and 3D-subclassification (without 

alignment, T=100) was able to exclude additional ssDNA-bound particles, again leaving two 

classes bound to dsDNA. The first of these dsDNA-bound classes (~100,000 particles) 

represented conformation I. The second dsDNA-bound class appeared heterogeneous and 

was thus subjected to a final round of signal subtraction (recentring on mask, re-boxing in 159 

Å) and 3D-subclassification (without alignment, T=20) this time focusing on Mcm3/Mcm7, 

allowing isolation of a second MCM C-tier conformation, conformation II (~65,000 particles). 

Having separated conformations I and II, each population was submitted for multi-

body refinement 299, defining the MCM N- and C-tiers as individual bodies. The resulting maps 

were submitted for map sharpening and RELION local resolution estimation 303, yielding 

sharpened maps with resolutions from 3.3 - 3.6 Å (refer to Figure 5.5A,B). The MCM N-tier 
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sharpened maps (from map sharpening) and MCM C-tier filtered maps (from RELION local 

resolution estimation 303) were used for model building of these regions. 

For the remainder of the complex, data processing focused on particles containing 

SCFDia2 from the initial 3D classification (magenta path, Figure 5.5A). Processing Parts A-C 

independently, classes with partial SCFDia2 occupancy were processed using signal subtraction 

(recentring on mask) and 3D subclassification (without alignment, T=4) focusing on SCFDia2-

Mcm3N-tier. At this stage, a subset of ~168,000 particles from Part C with the best SCFDia2 

occupancy were submitted for multi-body refinement defining Cdc53-Hrt1 and Dia2-Skp1 as 

a separate bodies. The resulting map for Cdc53-Hrt1 was sharpened (B-factor of -50 Å2) to 

yield the 8.5 Å reconstruction presented in Figure 5.14B. Repeating this multi-body 

refinement following re-extraction of the input particles without down-sampling yielded the 

4.15 Å sharpened map (B-factor of -50 Å2) for Dia2-Skp1 presented in Figure 5.14C.  

Separately, the classes with the best SCFDia2 occupancy from the subclassification above 

were combined with the classes with good SCFDia2 occupancy from the initial 3D classification 

(totalling ~903,000 particles). After combining Parts A-C, the subclassification described 

above was repeated, leaving ~783,000 particles possessing good SCFDia2 occupancy. At this 

stage, these particles were re-extracted without down-sampling and subjected to iterative 

CTF refinement and Bayesian polishing as described above for MCM-focused processing. 

During Bayesian polishing, particles were rescaled to a 1.33 Å pixel spacing. Using these 

particles as the new input, the aforementioned multi-body refinement (focusing on Dia2-Skp1 

as a single body) was repeated, yielding the 3.56 Å sharpened map (B-factor of -40 Å2) 

presented in Figure 5.14D. Subsequently, these same particles were submitted for a further 

signal subtraction (recentring on mask, re-boxing in 200 Å) and 3D subclassification (without 

alignment, T=100) (Figure 5.14E).  

From this classification, the class with the best Dia2-Skp1 reconstruction (~56,000 

particles) was submitted as the input for a repeat of the above multi-body refinement, 

yielding the 4.03 Å sharpened map (B-factor of -40 Å2), for which the equivalent filtered map 

generated using Relion local resolution estimation is presented in Figure 5.14F-H and was 

used for model building.  

Otherwise, to derive maps with good density for the additional replisome factors, all 

classes featuring good Dia2-Skp1 density from the above Dia2-focused 3D-subclassification 

were combined (~369,000 particles). These particles were used as input for multi-body 



Chapter 2 – Materials and Methods 

 113 

refinement 299 yielding sharpened maps encompassing Cdc45-GINS-Ctf4 (3.2 Å) or Pol eexo- 

(3.5 Å) - B-factor of -50 Å2. The same particles were separately used as input for signal 

subtraction (recentring on mask, re-boxing in 213 Å) and 3D-subclassification (without 

alignment, T=100) focusing on Tof1-Csm3, producing a 3.6 Å sharpened map (B-factor of -35 

Å2) with the best Tof1-Csm3/parental dsDNA density. 

The sharpened maps described above, or the equivalent filtered maps generated 

during local resolution estimation by RELION 303, were used in subsequent model building; 

maps were used either individually or after combination using Phenix 

combine_focused_maps 304 

[https://www.phenix-online.org/documentation/reference/combine_focused_maps.html]. 

 

Replisome:SCFDia2 (off DNA) 

Data processing used RELION-3.0 297. The 55-fraction movies were aligned and dose-

weighted (1.18 e-/Å2/group, 2 fractions per group, 5 x 5 patches, 300 Å2 B-factor) using 

MotionCor2 294 and CTF parameters estimated using Gctf 295. Particles were picked using 

Gautomatch v0.53 296 leading to extraction of ~203,000 particles (397 Å box size) with pixel 

spacing down-sampled by a factor of 4. To achieve good alignment during 2D classification, it 

was necessary to remove black pixels over 2.5-times the image standard deviation, replacing 

them with values from a Gaussian distribution.  

Following 2D classification, the best ~86,000 well-aligned particles were re-extracted 

(here down-sampling by a factor of 2) without removing black pixels and submitted for 3D 

classification (regularisation parameter, T = 4). One well-aligned 3D class was observed 

(~43,000 particles) and subsequently sub-classified without further alignment. Here, three 

classes represented the best-aligned particles: one class featured good occupancy for CMG, 

Ctf4 and SCFDia2 but appeared to lack Csm3-Tof1 and Pol eexo- (~34,000 particles), whereas two 

other classes featured improved density for Pol eexo- and slightly improved density for Csm3-

Tof1 (totalling ~8,300 particles). 

Given all three classes described above featured good SCFDia2 occupancy, these classes 

were combined (~42,000 particles), re-extracted without down-sampling and 3D-refined, 

yielding a final reconstruction at 4.56 Å resolution following map sharpening (B-factor of –

135 Å2), presented in Figure 5.21A,B. 
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Additionally, the two subclasses with better Csm3-Tof1/Pol eexo- density were combined 

and processed separately. Again, these particles were re-extracted without down-sampling 

and 3D-refined, yielding a final reconstruction at 9.7 Å resolution following map sharpening 

(B-factor of –659 Å2), presented in Figure 5.21C. 

 

2.2.13. Model building and refinement 

CMG-CTM-Ctf4-fork DNA (reconstituted) 

Model building was carried out in Coot 305 for the reconstituted sample using maps 

generated by multi-body refinement, as detailed in the data processing sections. An atomic 

model was built for conformation 1 (Table 4.1). As initial template models, CMG:DNA 

[PDB: 5U8S 5] and the crystal structure of the C-terminal regions of Ctf4 [PDB: 4C8H 29] were 

used where individual subunits were fitted as rigid bodies to the relevant multi-body 

refinement maps using Chimera (UCSF) 301, with N- and C-tier regions of MCM subunits fitted 

separately. It was notable that the resolution of MCM C-tier subunits was variable, with 

Mcm2, 3, 5 and 6 (those binding AMP-PNP and ssDNA) better resolved than Mcm4 and 7. 

Subunits were then jiggle-fitted and morphed to the relevant maps in Coot, prior to adjusting 

the models to density manually using local refinement and regularization. 

For Mcm subunits, the regions N-terminal to the helical domain (N-terminal extension, 

NTE) of Mcm2, 4 and 6 were extended, with 28 residues built for the Mcm2 NTE, 12 residues 

built for the Mcm6 NTE, and remodelling of 6 residues of the Mcm4 NTE (Figure S1M). These 

NTE regions contain Tof1 binding sites. 172 residues were not observed for the NTE of Mcm2, 

although unassigned density is present in the vicinity and may account for some of these 

residues. 

The MCM Zinc-finger (ZnF) domains were rebuilt with tetrahedrally-coordinated 

Zn2+ ions placed in the spherical density that was observed at low contour level between four 

cysteine residues in each of the ZnF domains in Mcm2, 4, 5, 6 and 7. The Mcm5 ZnF was based 

on the MCM double hexamer template model [PDB: 5BK4 16]. The N-terminal hairpin (NTH) 

loops of Mcm7 (the separation pin, 362-368) and Mcm2 (436-443) were remodelled as α-

helical, with the Mcm6 NTH also significantly remodelled. The linkers between N- and C-tier 

were built fully as loops for Mcm2 (459-476) and 5 (339-363) and an α-helix (501-508) was 

built for the mostly disordered N/C-tier linker of Mcm6 (463-509). In the C-tier, the ssDNA-

binding regions (helix H2, H2I loops and PS1 loops) showed much improved density, which 
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required significant remodelling in terms of repositioning and extending the Cα-backbone, 

assigning the correct sequence register and rebuilding side-chains. 

Density observed around the C-tier region of Mcm3 where the model is incomplete 

(vicinity of residue 583) remains unassigned. Additional helical density observed in the vicinity 

of Mcm6 could be potentially attributed to residues 202-251 and/or its N/C-tier linker, 

however this region was not included in the final model. The C-terminal winged-helix (WH) 

domain (851-877) was retained for Mcm4 in the lower-resolution density, as seen in prior 

structural work 5. AMP-PNP/Mg2+ was built in well resolved density at the Mcm2/6, 2/5 and 

3/5 interfaces with side chains visible for Walker A, Walker B, Arginine finger and Sensor 2 

motifs. 

For the remainder of CMG, model building was as follows. The N-terminal CIP-box of 

Sld5 taken from the crystal structure of this peptide bound to Ctf4 [PDB: 4C95 29] was rigid-

body fitted and adjusted in clearly visible density. The model for Psf2 was extended for 

additional residues 33-38, which now appear to be ordered, presumably through the 

interaction of this region with the Ctf4 helical bundle. For Ctf4, the side-chains were adjusted, 

particularly at the interface with Cdc45 and Psf2. The N-terminal regions of Ctf4 (1-460), 

known to contain a WD40 domain in human And-1, could not be assigned to specific regions 

of density in our complex. Five residues of the Psf3 N-terminal His-tag were resolved in the 

density and are present in the model (N-Ser-His-Met-Ala-Ser-C). 

For conformation 2, the largest changes compared to conformation 1 were observed in 

the MCM C-tier and the length of bound ssDNA, therefore a model was built for this region 

by adjusting our MCM C-tier models for conformation 1 to density of conformation 2 (Table 

4.1). The resolution of C-tier subunits varied, with those bound to AMP-PNP/Mg2+ and 16-mer 

ssDNA (built as poly-dT) better resolved (the only AMP-PNP-free interface was observed 

between Mcm2 and 5). The major differences compared to conformation 1 were observed in 

the relative positions of individual MCM subunits and the positions of the ssDNA-binding 

loops. For Mcm4, density for the WH was no longer observed, while the linker connecting the 

WH to the AAA+ domain was repositioned away from the MCM central channel. 

Csm3/Tof1 was partially built de novo. The N terminus of Tof1 was identified in our 

density after rigid-body fitting of the fragment of human Timeless [PDB: 5MQI 35], which was 

then used for homology modelling of the Tof1 region comprising helical repeats 1-6 using 

Phyre2 306. The Tof1 homology model was morphed and jiggle-fitted into our multi-body map 
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of Tof1 repeats 1-6 (Figure 4.2), which was then manually adjusted and locally refined before 

building de novo the Ω-loop and the MCM-plugin, which extend between helical repeats 3-4 

and 4-5, respectively. The Mcm6 NTE packs against the Ω-loop and this region was built as a 

composite Mcm6-Tof1 β sheet given good density. The density for the Ω-loop in the region 

facing the major groove of DNA indicates greater flexibility. The density and connectivity for 

the long MCM-plugin was of a good quality, in particular several prominent newly built 

secondary structure elements (Bridge a-helix and the Wedge a-helix/b-hairpin) packing 

against the interface with Mcm6, 4 and 7. The density of the MCM-plugin which protrudes 

into the minor groove of DNA could be well resolved and the side chains built represent those 

of the Tof1 DNA-binding motif (DBM, residues 401-404). Repeats 7-9 of Tof1 were built de 

novo up to residue 781 with certain loops being omitted due to lack of density. Following 

residue 781, the remaining novel density accounting for five helices was observed to have 

opposite polarity to helices in neighbouring Tof1 repeats and the model for this density was 

built de novo with the sequence register assigned to the core of Csm3; in particular, the side 

chains of the helix α2 were well resolved with a prominent tryptophan side chain (W98). 

Additional density extending from a small helix α0 into the minor groove of dsDNA was built 

as the Csm3 DBM (residues 46-53). This region is predicted to be disordered and is likely 

stabilized by interaction with DNA. 

The dsDNA was built in the density of a multi-body refinement map representing 

Tof1Repeats 7-9/Csm3/dsDNA. Sequence register was assigned based on the sequence of our 

fork DNA assuming no unwinding due to the inclusion of AMP-PNP during sample preparation. 

Once rebuilt, subunits were refined in the relevant maps using Refmac 307, Phenix real-

space refinement 308 and ChimeraX/ISOLDE 309,310. 

Model to cryo-EM map validation for conformation 1 and conformation 2: Fourier Shell 

Correlation (FSC) was calculated between the refined models (conformation 1 and MCM C-

tier:ssDNA of conformation 2) and their respective unsharpened sums of the two half maps 

using XMIPP 311. The above models were also refined with restraints against the respective 

half-1 maps and the FSC map-to-model curves were calculated for the half-1 and half-2 maps. 

 

Replisome:SCFDia2 (dsDNA substrate) 

The approach taken toward model building and refinement is described in detail in 

Results. Model building and refinement were performed iteratively using COOT 305, ISOLDE 309 
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and Phenix real-space refinement 308. For Mcm2-7 and the C-tier-bound dsDNA, model 

building utilised maps derived separately for each of conformation I and II. For the remaining 

regions of the complex, no significant local differences were observed between 

conformations I and II enabling higher-resolution maps derived from combining more than 

one conformation to be fitted and used to complete model building. A detailed description of 

map derivation is provided in the data processing section above. 

For CMG, Ctf4, Tof1-Csm3 and the parental dsDNA, our previous model of CMG-CTM-

Ctf4-DNA (PDB: 6SKL 85) was used as a starting model and adjusted to density. For Tof1-Csm3 

specifically, the region of the relevant map was isolated using the “zone” function in Chimera 

301 to enable better fitting to each conformation prior to model building. Ca-backbone density 

was observed for Csm3 residues 42-45, allowing the model to be extended upstream of the 

DNA-binding motif to contact the concave LRR surface and C-terminal tail of Dia2 (see below). 

Furthermore, density was of sufficient resolution to build the Mcm5 winged helix (WH) 

domain using an I-TASSER 312-314 homology model as an initial starting point: the position of 

the Mcm5 WH was comparable to what has previously been reported 22, although our model 

reveals the details of its interaction with the non-catalytic module of Pol e. 

DNA was modelled as idealised B-form dsDNA and adjusted to density. Because the 

exact position of the replisome along the DNA substrate used in sample preparation following 

translocation could not be determined, the sequence was defined as poly(dG):poly(dC) with 

the exception of a short stretch approaching the region of the MCM channel located within 

the MCM N-tier: here, the sequence was modified to poly(dT) to better fit the observed 

density and reduce clashes with neighbouring regions of MCM. 

For Pol2 and Dpb2, the structure of CMG-Pol enonCat-DNA (PDB: 6HV9 22) was used as a 

starting model. This required significant alteration in Coot 305, where in several regions the 

sequence register needed to be corrected within individual strands of b-sheets, as well as in 

loops and a-helices, which was made possible by a combination of clear side chain density 

and continuity in the density from other, well-defined structures in the polypeptide 

(exemplified by regions of Pol2 in the vicinity of residues 1934-1975, Figure 5.12C). Where 

our map density was unable to unambiguously assign sequence register, we opted not to 

attempt rebuilding of the starting model. Notable examples of regions where our density 

allowed the Pol e model to be built or rebuilt included but were not limited to the following 
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examples. Firstly, several regions of Pol2 which form part of the interface with the Mcm2 

AAA+ domain could be modelled, covering residues 1934-2099 (Figure 5.12D). Much of this 

region was missing from the starting model, and the regions which were present were out of 

register with our density and needed to be rebuilt. This region folds into a 4-helix bundle, sat 

above a four-stranded b-sheet formed from preceding regions of Pol2. Several residues found 

in one of these helices (residues 2068-2082), plus the subsequent loop (residues 2083-2093), 

project toward Mcm2, contacting two helices in Mcm2 (residues 781-788 as well as the 

extreme C-terminus, residues 859-868). The interface appears to be formed mostly through 

charged interactions, involving several residues including R2073Pol2, K2077Pol2, R2086Pol2 and 

E2087Pol2 although a number of conspicuous hydrophobic resides also contribute (such as 

I2069Pol2, L2070Pol2 and F2088Pol2). Secondly, we resolve high-resolution density for both the 

Mcm5 WH and the regions of Pol e which interact with it. The Mcm5 WH domain was built, 

aided by use of an I-TASSER homology model as an initial model. Overall, the interface with 

the Mcm5 WH involves a b-hairpin from the Dpb2 OB-fold domain as well as several regions 

of Pol2 including the CysB domain (Figure 5.12E). Of these, the Dpb2 OB-fold and regions of 

Pol2 in the vicinity of residues 1690-1734 and 1777-1783 required remodelling from the 

starting model, including the de novo modelling of an a-helix. Finally, regions of Dpb2 in the 

vicinity of residues 350-397 were modelled, including a b-hairpin which sits beneath Psf1. 

Following model building and adjustment, the model was refined using Phenix real-space 

refine 308 and ISOLDE 309 as for Dia2. 

With regard to SCFDia2, the resolution of our density enabled de novo model building 

of the Dia2 F-box (residues 211-247) and LRR (residues 248-716) domains, as well as the C-

terminal tail (residues 717-732). Model building of the F-box domain was aided by I-TASSER 

homology models 312-314 of the Dia2 F-box and comparison to other F-box proteins (e.g. PDB: 

1LDK 245). To model the Dia2 LRR domain and C-terminal tail, a combination of higher-

resolution density for the C-terminal regions of Dia2, comparison to I-TASSER homology-

based models 312-314 and Jpred secondary-structure 315 predictions, identification of density 

corresponding to specific bulky side-chains, continuity with the upstream F-box domain and 

identification of the characteristic LRR consensus motif 276 enabled model building of the 

complete LRR domain and C-terminal tail, with the exception of two disordered regions 

(residues 380-419 and 675-681). 
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The resolution of the density contributed by Skp1 was insufficient to enable de novo 

model building for the majority of the protein; however, a prior crystal structure of Skp1 from 

budding yeast (PDB: 1NEX 316) could be unambiguously fitted to our density. Furthermore, 

the Skp1 C-terminus (absent from the crystal structure) could be modelled based on our 

density, aided by the prior crystal structure of the human Skp1:Skp2 complex (PDB: 1FQV 246).  

Finally, the resolution of our map was sufficient to resolve a-helices belonging to the 

cullin repeats of Cdc53. This allowed unambiguous rigid-body fitting of a crystal structure 

previously determined for the human CUL1-RBX1 subcomplex (homologous to Cdc53-Hrt1). 

However, as no structures exist for the yeast homologues, these subunits were omitted from 

our final models. 

During model building, a final round of Phenix real-space-refinement using the input 

model as a reference to generate restraints with sigma=0.1 and global minimisation with 

nonbonded_weight=2000 and weight=0.5 was particularly useful for limiting the clash score. 

Both during and following completion of model building/refinement, model validation was 

performed using the MolProbity server 317, Phenix validation 308 and the wwPDB OneDep 

validation server 318. Model-to-map FSCs were plotted using Xmipp 311 having generated a 

model-map using EMAN pdb2mrc 319 and removing solvent density from the relevant full- and 

half-maps using multiplication in RELION relion_image_handler 292. 

 

2.2.14. Crosslinking mass-spectrometry (XL-MS) 

 

The CMG-CTM-Ctf4 complex was purified following co-expression as described for cryo-

EM sample preparation, using roughly 80 L initial culture volume. The eluate from the 

Calmodulin Sepharose 4B column (25 mM HEPES pH 7.5, 150 mM sodium acetate, 0.5 mM 

TCEP, 2 mM EDTA/EGTA) was immediately cross-linked with a 100-fold excess of the N-

hydroxysuccinimide (NHS) ester disuccinimidyl dibutyric urea (DSBU, ThermoScientific, USA), 

with respect to the protein concentration. The cross-linking reactions were incubated for 

60 min at room temperature and then quenched by the addition of NH4HCO3 to a final 

concentration of 20 mM and incubated for further 15 min. The cross-linked proteins were 

then precipitated according to the method of 320 and resuspended in 8 M urea in 50 mM 

NH4HCO3. 
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The cross-linked proteins were reduced with 10 mM DTT and alkylated with 50 mM 

iodoacetamide. Following alkylation, the concentration of urea was reduced to 1 M by the 

addition of 50 mM NH4HCO3 and the proteins digested with trypsin (Promega, UK) at an 

enzyme-to-substrate ratio of 1:100, for 1 h at room temperature and then further digested 

overnight at 37°C following a subsequent addition of trypsin at a ratio of 1:20. 

The peptide digests were then fractionated batch-wise by high pH reverse phase 

chromatography on micro spin C18 columns (Harvard Apparatus, USA), into five fractions 

(10 mM NH4HCO3 /10% v/v acetonitrile pH 8, 10 mM NH4HCO3 /20% v/v acetonitrile pH 8, 

10 mM NH4HCO3 /30% v/v acetonitrile pH 8, 10 mM NH4HCO3 /50% v/v acetonitrile pH 8 and 

10 mM NH4HCO3 /80% v/v acetonitrile pH 8). The 150 μL fractions were evaporated to 

dryness on a CoolSafe lyophilizer (ScanVac, Denmark) prior to analysis by LC-MS/MS. 

Lyophilized peptides for LC-MS/MS were resuspended in 0.1% v/v formic acid and 2% 

v/v acetonitrile and analyzed by nano-scale capillary LC-MS/MS using an Ultimate U3000 

HPLC (ThermoScientific Dionex, USA) to deliver a flow of approximately 300 nl/min. A C18 

Acclaim PepMap100 5 μm, 100 μm × 20 mm nanoViper (ThermoScientific Dionex, USA), 

trapped the peptides before separation on a C18 Acclaim PepMap100 3 μm, 75 μm × 250 mm 

nanoViper (ThermoScientific Dionex, USA). Peptides were eluted with a gradient of 

acetonitrile. The analytical column outlet was directly interfaced via a nano-flow electrospray 

ionisation source, with a quadrupole Orbitrap mass spectrometer (Q-Exactive HFX, 

ThermoScientific, USA). MS data were acquired in data-dependent mode using a top 10 

method, where ions with a precursor charge state of 1+ and 2+ were excluded. High-

resolution full scans (R = 120 000, m/z 300-1800) were recorded in the Orbitrap followed by 

higher energy collision dissociation (HCD) (stepped collision energy 26 and 28% Normalized 

Collision Energy) of the 10 most intense MS peaks. The fragment ion spectra were acquired 

at a resolution of 50,000 and dynamic exclusion window of 20 s was applied. 

For data analysis, Xcalibur raw files were converted into the MGF format using 

MSConvert (Proteowizard) 321 and used directly as input files for MeroX 322. Searches were 

performed against an ad hoc protein database containing the sequences of the proteins in 

the complex and a set of randomized decoy sequences generated by the software. The 

following parameters were set for the searches: maximum number of missed cleavages 3; 

targeted residues K, S, Y and T; minimum peptide length 5 amino acids; variable modifications: 

carbamidomethylation of cysteine (mass shift 57.02146 Da), Methionine oxidation (mass shift 
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15.99491 Da); DSBU modified fragments: 85.05276 Da and 111.03203 Da (precision: 5 ppm 

MS and 10 ppm MS/MS); False Discovery Rate cut-off: 5%. Finally, each fragmentation 

spectrum was manually inspected and validated. Xlink Analyzer 323 was useful for validation 

analysis of XL-MS data mapped to our cryo-EM models. 

 

2.2.15. CMG/Fork DNA-based in vitro replication assays 

In a 15 µL volume, 50 nM CMG was mixed with 2 nM primed fork template DNA (ZN3) 

in buffer R (25 mM HEPES-KOH, pH 7.6, 100 mM K-glutamate, 0.01% NP-40-S, 1 mM DTT, 10 

mM Mg(OAc)2, 0.1 mg/mL BSA) plus 50 µM AMP-PNP and incubated for 5 min at 30 oC. This 

was added to a reaction (final volume 27 µL) containing replication proteins (except RPA, see 

below) in buffer R plus dATP/dCTP and incubated at 30 oC for 5 min. Subsequently, 3 µL 

START-buffer (buffer R containing RPA and the remaining NTPs/dNTPs) was added, giving a 

final volume of 30 µL. The final concentrations in the 30 µL reaction were as follows: 25 nM 

CMG, 1 nM DNA, 20 nM Pol e, 20 nM Pol a, 20 nM RFC, 100 nM PCNA, 20 nM Csm3-Tof1, 20 

nM Ctf4, 10 nM Mrc1, 100 nM RPA, 3.2 mM ATP, 0.2 mM CTP/GTP/TTP, 30 µM 

dATP/dCTP/dGTP/dTTP and 1 μCi [α-32P]-dCTP. The reactions were incubated at 30 oC for 7, 

10 or 13 min and quenched by addition of approx. 60 mM EDTA before analysis using 

denaturing agarose gel electrophoresis. 

 

2.2.16. Origin-dependent DNA replication assays 

 

Origin-dependent replication assays were performed essentially as described 

previously 64,176. MCM loading was performed at 24°C in reactions (typically 35 μl) containing 

25 mM HEPES-KOH pH 7.6, 100 mM K-glutamate, 0.01% v/v Nonidet P40 substitute (NP-40-

S) (Roche #11754599001), 1 mM DTT, 10 mM Mg(OAc)2, 40 mM KCl, 0.1 mg/ml BSA, 3 mM 

ATP, 3 nM AhdI-linearized vVA20 template 176, 75 nM Cdt1⋅Mcm2-7, 40 nM Cdc6, 25 nM DDK, 

20 nM ORC. After 10 min S-CDK was added to a final concentration of 80 nM and incubation 

continued at 24°C for 5 min. Reactions were diluted 4-fold into replication buffer to give final 

reaction concentrations (accounting for subsequent addition of replication proteins) of 

25 mM HEPES-KOH pH 7.6, 250 mM K-glutamate, 0.01% NP-40-S, 1 mM DTT, 10 mM 

Mg(OAc)2, 10 mM KCl, 0.1 mg/ml BSA, 3 mM ATP, 200 μM C/G/UTP, 30 μM dA/dT/dG/dCTP, 

1 μCi [α-32P]-dCTP, 0.75 nM AhdI-linearized vVA20 template, 18.75 nM Cdt1⋅Mcm2-7, 10 nM 
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Cdc6, 6.25 nM DDK, 5 nM ORC. Reactions were equilibrated at 30°C (∼1 min) and replication 

initiated by addition of replication proteins from a master mix to the following final 

concentrations: 30 nM Dpb11, 100 nM GINS, 30 nM Cdc45, 10 nM Mcm10, 20 nM Pol ε, 

20 nM Ctf4, 100 nM RPA, 20 nM RFC, 20 nM PCNA, 20 nM Pol α, 10 nM Pol δ, 12.5 nM Sld3/7, 

20 nM Sld2, 20 nM Mrc1 and 20 nM Csm3/Tof1 or mutants where indicated. Reactions were 

quenched by addition of an equal volume of 100 mM EDTA and samples were processed as 

previously described 64,176. RFB experiments were performed on AhdI-linearized vJY30 (Table 

2.10) and Fob1 was added together with the MCM loading proteins to a concentration of 

250 nM (62.5 nM after dilution into replication buffer). 

 

 

2.2.17. Replisome association assays related to Csm3-Tof1 DBM mutants 

MCM loading was performed at 30°C in reactions containing 25 mM HEPES-KOH pH 7.6, 

100 mM K-glutamate, 0.01% v/v NP-40-S, 1 mM DTT, 10 mM Mg(OAc)2, 0.1 mg/ml BSA, 3 mM 

ATP, 3 nM vVA20 template 176, 75 nM Cdt1⋅Mcm2-7, 40 nM Cdc6, 25 nM DDK, 14 nM ORC. 

After 30 min reactions were diluted 2-fold into replication buffer to give final reaction 

concentrations (accounting for subsequent addition of replication proteins) of 25 mM HEPES-

KOH pH 7.6, 250 mM K-glutamate, 0.01% NP-40-S, 1 mM DTT, 10 mM Mg(OAc)2, 0.1 mg/ml 

BSA, 3 mM ATP, 200 μM C/G/UTP, 30 μM dA/dT/dG/dCTP, 1.5 nM vVA20 template, 37.5 nM 

Cdt1⋅Mcm2-7, 20 nM Cdc6, 12.5 nM DDK, 7 nM ORC. Replication was initiated by addition of 

replication proteins from a master mix to the following final concentrations: 30 nM Dpb11, 

100 nM GINS, 30 nM Cdc45, 10 nM Mcm10, 20 nM Pol ε, 20 nM Ctf4, 100 nM RPA, 20 nM 

RFC, 20 nM PCNA, 20 nM Pol α, 12.5 nM Sld3/7, 20 nM Sld2, 10 nM Mrc1 and 20 nM 

Csm3/Tof1 or mutants where indicated. After 25 min, samples (13 μl) were directly applied 

to 400 μL (bed volume) Sephacryl S-400 columns (GE healthcare) equilibrated in 25 mM 

HEPES-NaOH pH 7.5, 150 mM NaOAc, 10 mM Mg(OAc)2, 1 mM DTT, 0.01% v/v NP-40-S and 

0.1 mM ATP. Columns were centrifuged (750 g, 2 min, 21°C) and the eluate was analyzed by 

SDS-PAGE and western blotting. Cdc45 was detected using its FLAG epitope with an anti-FLAG 

antibody (A8592, Sigma). RPA was detected with an antibody against the Rpa1 subunit (AS07 

214). Mcm7, Psf1, Ctf4, Csm3 and Mrc1 were detected with sheep polyclonal antibodies 

238,239. 
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2.2.18. Gradient sedimentation-based complex formation assays 

 

CMG-Csm3-Tof1-Mrc1-Ctf4 complex formation 

1.6 µM CMG was incubated with 1.75-fold molar excess fork DNA in (20 mM HEPES-OH, 

pH 7.5, 40 mM NaOAc, 20 mM KOAc, 20 mM KGlu, 11 mM Mg(OAc)2, 0.1 mM EDTA, 0.4 mM 

TCEP, 10% v/v glycerol, 0.5 mM AMP-PNP)* and incubated on ice for 50 min. To 4 µL of the 

above reaction mixture was added 6 µL Csm3-Tof1 + Ctf4, supplemented with AMP-PNP, and 

incubated on ice for a further 10 min, such that Csm3-Tof1 and Ctf4 are present at 3- and 1.5-

fold molar excess over CMG, respectively, maintaining the concentration of AMP-PNP at 0.5 

mM. Finally, to this was added 7 µL Mrc1 supplemented with AMP-PNP and the reaction 

incubated on ice for a further 10 min, such that Mrc1 was present at stoichiometric levels 

with CMG, maintaining the concentration of AMP-PNP at 0.5 mM throughout.  

The reaction mixture was diluted 2.5-fold using 25 mM HEPES-NaOH, pH 7.5, 150 mM 

NaOAc, 0.5 mM TCEP, 3 mM Mg(OAc)2, 0.5 mM AMP-PNP and 24 µL loaded onto 2.2 mL 

glycerol (10-30%) gradients (prepared as described, cross-linking agents omitted). Complexes 

were sedimented by centrifugation (Beckman TLS-55 rotor, 260,000g, 2 h, 4oC) and 100 µL 

fractions collected manually. Fractions were analysed using SDS-PAGE, either detecting 

protein by silver stain or the Cy3-labelled DNA using a Typhoon fluorescence imager 

(Amersham) at the Cy3 excitation wavelength of 532 nm. 

Where appropriate, protein storage buffers were substituted for protein stocks during 

reconstitution (refer to Figure 3.10A-C and 4.9E). For testing Csm3-Tof1 DBM mutants (Figure 

4.9E), mutants were added in place of Csm3-Tof1; all Csm3-Tof1 wild-type/mutant stocks 

were diluted to an equivalent concentration in Csm3-Tof1 storage buffer prior to addition to 

reconstitution reactions. 

*CMG stock (3.3 µM) contributed approx. half reaction volume: buffer composition 

given here accounts for contribution of CMG storage buffer. 

 

CMG:SCFDia2 complex formation 

10 ml reactions containing 50 nM CMG and 50 nM SCFDia2 (WT or mutant) were 

assembled in 25 mM Hepes-KOH (pH 7.6), 50 mM NaOAc and 1 mM TCEP. Protein storage 

buffers typically contributed an additional 75-100 mM KOAc to the final reaction. Samples 
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were incubated for 30 min at 4°C and then loaded onto a 200 µL 10-30% glycerol gradient in 

25 mM Hepes-KOH (pH 7.6), 150 mM NaOAc and 1 mM TCEP (prepared by manually layering 

solutions with 10%/15%/20%/25%/30% v/v glycerol). Samples were centrifuged at 55,000 

rpm for 60 min at 4°C in a TLS-55 rotor, and each gradient was then fractionated manually 

into 14 x 15 mL fractions. 

 

2.2.19. Electrophoretic mobility shift assays (EMSAs) 

 

Csm3-Tof1 wild-type or mutant proteins were mixed with fork DNA prepared as for 

cryo-EM sample preparation (40 nM final DNA concentration), at a molar ratio of protein:DNA 

of 1:1, 2:1, 4:1 and 8:1 in a reaction buffer containing 25 mM HEPES-KOH, pH 7.6, 100 mM 

KOAc, 2 mM Mg(OAc)2, 0.2% NP40 and 1 mM DTT and incubated on ice for 30 min. Ficoll 400 

was added to each 15 μL reaction to a final concentration of 2.3% v/v before loading onto 4% 

native polyacrylamide gels for analysis. Gels were imaged using a Typhoon fluorescence 

imager (Amersham) at the Cy3 excitation wavelength of 532 nm. 

 

 

2.2.20. Phosbind SDS-polyacrylamide gel electrophoresis (PAGE) 

 

Prior to electrophoresis Csm3/Tof1 was treated with Lambda protein phosphatase (λ-

PP) in a reaction (100 μl) containing 50 mM HEPES-NaOH pH 7.5, 100 mM NaCl, 2 mM DTT, 

1 mM MnCl2, 300 nM Csm3/Tof1 and 0.1 mg/ml λ-PP 324 for 40 min at 37°C. Samples (10 μl) 

were separated through 5% polyacrylamide gels containing 353 mM Bis-Tris-HCL pH 6.8, 

100 μM ZnCl2 and 50 μM Phosbind (APExBio). Control gels were also run in the absence of 

Phosbind. Electrophoresis was performed in 1x NuPAGE MOPS running buffer (Invitrogen) at 

30 mA for ∼90 min and gels were stained with Coomassie InstantBlue (Expedeon). 

 

2.2.21. Spot-dilution cell growth assays 

 

Camptothecin sensitivity assays 

Saturated cultures of S. cerevisiae grown in YEP + 2% w/v glucose were diluted to an 

A600 of 0.2 and were grown to an A600 of ∼0.6-0.8 in YEP + 2% w/v glucose at 30°C. Cells were 

harvested and resuspended in YEP + 2% w/v glucose + 100 μg/mL ampicillin or sterile water 
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to a A600 of 0.5. Cells from a 10-fold serial dilution in YEP + 2% w/v glucose + 100 μg/mL 

ampicillin or sterile water were then plated (8 μL) on YEPD agar plates supplemented with 

either DMSO or camptothecin (Merck) (refer to Figure 4.10D). 

 

MMS/HU sensitivity assays 

Saturated cultures of S. cerevisiae grown in YEP + 2% w/v glucose were diluted to an 

A600 of 0.2 and were grown to an A600 of ∼0.6-0.8 in YEP + 2% w/v glucose at 30°C. Cells were 

harvested and resuspended in sterile water to a A600 of 0.8 in 1 mL. Cells from a 10-fold serial 

dilution in sterile water were then plated (8 μL) on YEPD agar plates supplemented with 100 

μg/mL ampicillin, 450 μg/mL adenine sulphate and 100 mM HU or 0.005% MMS as required 

(refer to Figure 4.10E). 

 

Dia2 mutant growth assays 

Yeast strains were constructed and manipulated by standard genetic techniques. 

Mutagenesis of DIA2 at the endogenous locus was done by first cloning full-length 

DIA2 harbouring the 13A mutations upstream of URA3 in plasmid pKL506 (Labib laboratory). 

The resultant DIA2-URA3 cassette was amplified by PCR and then used to replace an 

endogenous copy of DIA2 by transformation into a yeast diploid. Mutant haploid yeast strains 

were then isolated by tetrad dissection of the resultant heterozygous diploid strain.  

For spot-dilution assays, 10-fold dilutions of each yeast strain were spotted onto YPD-

agar plates – supplemented with 0.01% MMS where appropriate – and incubated at the 

indicated temperature for the indicated time. 

 

2.2.22. MCM loading assays 

In a 30 µL volume, 90 nM Cdt1·Mcm2-7 was mixed with 85 ng ARS306 DNA conjugated 

to magnetic beads (M-280 Dynabeads, Invitrogen), 36 nM Cdc6 and 18 nM ORC in buffer 

containing approx. 20 mM HEPES-KOH, pH 7.6, 90 mM KOAc, 10 mM Mg(OAc)2, 0.01% NP-

40-S, 1 mM DTT, 90 µg/mL BSA, 3 mM ATP and incubated for 30 min at 24 oC whilst shaking 

vigorously (1,250 rpm). Using a magnetic rack, the supernatant was removed and the beads 

washed three times by resuspension in 100 µL HSW buffer (25 mM HEPES-NaOH, pH 7.5, 5 

mM Mg(OAc)2, 1 M NaCl, 0.02% NP-40-S, 10% glycerol); for each wash, beads were 
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resuspended by gentle and brief vortexing prior to incubation at 30 oC for 45 s with vigorous 

shaking (1,250 rpm).  

Following HSW, supernatant was removed and the beads washed quickly by 

resuspension in 100 µL LSW buffer (HSW buffer except 300 mM NaOAc in place of NaCl, and 

supplemented with 2 mM CaCl2). Finally, beads were resuspended in 100 µL LSW buffer 

supplemented with 1000 U MNase and incubated for 5 min at 30 OC, shaking vigorously (1,250 

rpm). LDS loading buffer was added and samples boiled prior to analysis by SDS-PAGE. 

 

2.2.23. In vitro CMG-based ubiquitylation assays 

 

Reactions (8-10 mL volume) containing 15 nM CMG, 30 nM Uba1, 15 nM Cdc34, 1 nM 

SCFDia2, 30 nM Ctf4, 30 nM Pol ε and 45 nM Mrc1 were assembled on ice in 25 mM Hepes-

KOH (pH 7.6), 75 mM KOAc, 0.02% NP-40-S, 0.1 mg/mL BSA, 1 mM DTT, 10 mM Mg(OAc)2, 6 

µM ubiquitin and 5 mM ATP. Protein storage buffers typically contributed approximately 50 

mM acetate, and the corresponding potassium counter-ions, to the final reaction.  

Ubiquitylation reactions were incubated at 30°C for 20 min and stopped by the addition of 

SDS-PAGE sample loading buffer. 

 

2.2.24. In vitro Ctf4 ubiquitylation assays 

 

Reactions containing 30 nM Uba1, 15 nM Cdc34, 5 nM SCFDia2 and 30 nM Ctf4 were 

assembled on ice in 25 mM Hepes-KOH (pH 7.6), 75 mM KOAc, 0.02% NP-40-S, 0.1 mg/mL 

BSA, 1 mM DTT, 10 mM Mg(OAc)2, 6 µM ubiquitin and 5 mM ATP. Ubiquitylation reactions 

were incubated at 30°C for 20 min and stopped by the addition of SDS-PAGE sample loading 

buffer. 

 

2.2.25. In vitro replication-ubiquitylation assays (regulated system) 

 

Mcm2-7 loading and DDK phosphorylation was performed by incubating 6 nM 3.2 kb 

plasmid DNA template (pBS/ARS1WTA), 5-10 nM ORC, 20 nM Cdc6, 40 nM Mcm2-7•Cdt1 and 

20 nM DDK in 25 mM Hepes-KOH (pH 7.6), 100 mM KOAc, 0.02% NP-40-S, 0.1 mg/mL BSA, 1 

mM DTT, 10 mM Mg(OAc)2 and 5 mM ATP at 30°C for 10 min.  
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Separate buffer and replication protein mixtures were next added sequentially to the 

Mcm2-7 loading mixture.  10 µl of the Mcm2-7 loading mixture was generally used per sample 

and this was typically diluted 2-fold in the final reaction. The final replication reaction 

contained 25 mM Hepes-KOH (pH 7.6), 100 mM KOAc, 0.02% NP-40-S, 0.1 mg/ml BSA, 1 mM 

DTT, 10 mM Mg(OAc)2, 3.75 mM ATP, 30 µM dATP-dCTP-dGTP-dTTP, 33 nM g-[32P]-dCTP, 

400 µM CTP-GTP-UTP, 20 µM creatine phosphate, 50 µg/ml creatine phospho-kinase, 6 µM 

ubiquitin, 20 nM S-CDK, 30 nM Dpb11, 8 nM GINS, 40 nM Cdc45, 30 nM Pol ε, 5 nM Mcm10, 

5 nM RFC, 20 nM PCNA, 20 nM Top1, 20 nM Pol  a-primase, 6.25 nM Sld3-7, 40 nM Ctf4, 50 

nM RPA, 10 nM Csm3-Tof1, 40 nM Mrc1, 50 nM Sld2 and 5 nM Pif1 (unless otherwise 

indicated).  The extra contribution from protein storage buffers to the final reaction was 

approximately 22 mM chloride and 50-60 mM acetate, and the corresponding potassium 

counter-ions.   

The replication step was routinely conducted at 30°C for 20 min.  30 nM Uba1, 15 nM 

Cdc34 and 2 nM SCFDia2 were added after the replication step, and the incubation continued 

at 30°C for a further 20 min. Ubiquitylation reactions were stopped by the addition of KOAc 

to 700 mM.  Next, plasmid DNA was digested by addition of 125 U Pierce Universal Nuclease 

(ThermoFisher Scientific, 88702) and incubation on ice for 30 min. Each sample was then 

incubated for 30 min at 4°C with 10 µl magnetic Dynabeads M-270 Epoxy (Life Technologies) 

that had been coupled to antibodies raised against Sld5.  After the incubation, protein 

complexes bound on antibody-coupled magnetic beads were washed twice with 190 µl of 

buffer containing 25 mM Hepes-KOH (pH 7.6), 700 mM KOAc, 0.02 % NP-40-S, 0.1 mg/mL 

BSA, 1 mM DTT, 10 mM Mg(OAc)2 (Wash buffer / 700 mM KOAc).  The bound proteins were 

then eluted by the addition of SDS-PAGE sample loading buffer and boiling for 5 min at 95°C. 

 

2.2.26. Immunoblotting 

 

For detection of polyubiquitylated Mcm7 and Ctf4, proteins were resolved by SDS–

PAGE using NuPAGE Novex 3 - 8% Tris-Acetate gels with NuPAGE Tris-Acetate SDS buffer at 

200V for 70 min.  For all other samples, NuPAGE Novex 4 - 12% Bis-Tris gels with NuPAGE 

MOPS SDS buffer were used at 200V for 50 min. Resolved proteins were transferred onto a 

nitrocellulose iBlot membrane (Invitrogen) with the iBlot Dry Transfer System (Invitrogen). 
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Proteins were detected using chemiluminescence on Hyperfilm ECL (Amersham, GE 

Healthcare) with ECL Western Blotting Detection Reagent (GE Healthcare). 

 

2.2.27. Interaction of SCFDia2 with CMG 

 

Reactions (20 µL) containing 15 nM CMG, 30 nM Uba1, 15 nM Cdc34, 10 nM SCFDia2 and 

30 nM Pol ε were assembled in 25 mM Hepes-KOH (pH 7.6), 75 mM KOAc, 0.02% NP-40-S, 0.1 

mg/mL BSA, 1 mM DTT, 10 mM Mg(OAc)2, 6 µM ubiquitin and 5 mM ATP. Mrc1 (45 nM) and 

Ctf4 (30 nM) were added as indicated and the reactions incubated on ice for 10 min.  Input 

samples (typically 5 µl in volume) were removed and the remainder of each sample was then 

incubated for 30 min at 4°C with 3.75 µl magnetic beads (Dynabeads M-270 Epoxy, Life 

Technologies) that had been coupled to a-Sld5 antibody.  After the incubation, protein 

complexes bound on beads were washed twice with 190 µl of Wash buffer / 150 mM KOAc 

(25 mM Hepes-KOH (pH 7.6), 150 mM KOAc, 0.02 % NP-40-S, 0.1 mg/mL BSA, 1 mM DTT, 10 

mM Mg(OAc)2).  The bound proteins were then eluted by the addition of SDS-PAGE sample 

loading buffer and boiling for 5 min at 95°C. 

 

2.2.28. Immunoprecipitation of TAP-Sld5 following G1-arrest 

 

Yeast cells were grown at 30°C in YP medium supplemented with 2% glucose (YPD). To 

synchronize cells in G1-phase, α-factor mating pheromone (Pepceuticals Limited) was added 

to log-phase cell cultures (cell density: 0.7 × 107 cells/ml) to a final concentration of 7.5 μg/mL. 

After 1 h, additional aliquots of 2.5 μg/mL (final concentration) α-factor were added every 15 

min until ~90% cells were unbudded and schmoozing. To release from G1-phase arrest, cells 

were washed twice with fresh medium lacking α-factor, and then resuspended in medium 

lacking α-factor to the original cell density. 

To prepare yeast whole cell extracts from frozen yeast cells, 250 ml of a cell culture was 

first pelleted at 200g for 3 min. Cells were washed once in 50 ml of lysis buffer (100 mM 

HEPES-KOH pH 7.9, 50 mM potassium acetate, 10 mM magnesium acetate, 2 mM EDTA) and 

then resuspended in three volumes of lysis buffer supplemented with 2 mM sodium fluoride, 

2 mM sodium β-glycerophosphate pentahydrate, 1 mM dithiothreitol (DTT), 1% Protease 

Inhibitor Cocktail (P8215, Sigma-Aldrich), and 1X Complete Protease Inhibitor Cocktail (Roche; 
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a 25X stock solution was made by dissolving 1 tablet in 1 ml water) before freezing dropwise 

in liquid nitrogen.  

~2-2.5 g of frozen yeast cells were ground in a SPEX SamplePrep 6780 Freezer/Mill (2 x 

2 min cycles on setting 14). After thawing, the thawed extract was supplemented with 0.25 

volumes of glycerol mix buffer containing 100 mM HEPES-KOH pH 7.9, 50 % glycerol, 300 mM 

potassium acetate, 10 mM magnesium acetate, 2 mM EDTA, 0.5% NP-40, 1 mM DTT and the 

protease and phosphatase inhibitors at the concentrations mentioned above. Chromosomal 

DNA was then digested by addition of 400 U/ml Pierce Universal Nuclease (123991963, 

Fisher) and incubation for 30 min at 4°C. Insoluble cell debris was pelleted in two high-speed 

centrifugation steps (at 25000 × g for 30 min and then at 100000 × g for 1 hour).  

Samples of the recovered cell extracts (typically 50 μl) were removed the remaining 

fraction of each cell extract (~2 ml) was then split into two aliquots, each of which was 

incubated with 1.7 × 109 magnetic beads (Dynabeads M-270 Epoxy; 14302D, Life 

Technologies) that had been coupled to rabbit immunoglobulin G (IgG) (S1265, Sigma-Aldrich) 

for 2 hours at 4°C. After the incubation, protein complexes bound on antibody-coupled 

magnetic beads were washed four times with 1 ml of wash buffer [100 mM HEPES-KOH pH 

7.9, 100 mM KOAc, 10 mM Mg(OAc)2, 2 mM EDTA, 0.1% IGEPAL CA-630, 2 mM sodium 

fluoride, 2 mM sodium β-glycerophosphate pentahydrate, 1% Protease Inhibitor Cocktail 

(Sigma-Aldrich), and 1X Complete Protease Inhibitor Cocktail (Roche)]. The bound proteins 

were then eluted by heating at 95°C for 5 min in 50 μl SDS-PAGE sample loading buffer. 

 

2.2.29. Flow cytometry 

 

For each sample, 107 yeast cells were harvested and fixed by resuspension in 1 ml of 70% 

ethanol. Subsequently, 3 ml of 50 mM sodium acetate and 50mg of RNase A was added to 

150 µL of fixed cells, followed by incubation at 37°C for 2 h. The cells were then pelleted and 

proteins degraded by incubation at 37°C for 30 min in 500 µL of 50 mM HCl containing 2.5 mg 

of Pepsin. Finally, cells were pelleted and then re-suspended in 1 ml of 50 mM sodium citrate 

containing 2 mg of propidium iodide. Samples were sonicated and then analysed in a 

FACSCanto II flow cytometer (Becton Dickinson). The data were analysed with FlowJoTM v10.8 
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Software (BD Life Sciences). For details of gating strategy and assignment of the G1 peak see 

Supplementary Fig. 2. 

 

 

2.2.30. Multiple sequence alignment (MSA) 

 

Amino acid sequences were retrieved from relevant databases (NCBI or SGD where 

stated; UniProt otherwise) 325,326. Alignment was performed using MUSCLE (EMBL-EBI) 327. 

The alignment was rendered using ESPript3.0 328. 

 

2.2.31. Structural analysis and visualisation 

 

All figures of cryo-EM density maps and models were plotted in PyMOL 329, Chimera 301 

or ChimeraX 310. Calculations of buried surface area were performed using PDBePISA 330.  

 

2.2.32. Quantification and statistical analysis 

 

Quantification and data analysis of replication assays were performed in ImageJ and 

Prism8. Lane profiles were generated in ImageJ and were used to quantify the intensity of the 

stalled Left leading strand and the Right leading strand. Normalized Stall was derived by 

dividing the intensity of the Stalled left leading strand by the intensity of the Right leading 

strand. Data were plotted in Prism8. 
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3.1. Introduction 

 

A full understanding of eukaryotic DNA replication will require advances in our 

knowledge of replisome structure, detailing how the various components of this complex 

molecular machinery assemble to fulfil their functions. The lack of available information in 

this regard was a prime motivator for initiating structural investigations of replisome 

assemblies. Prior to our work, our knowledge of replisome architecture was limited to the 

central CMG helicase bound to DNA 5 plus the low-resolution structure of CMG bound to one 

additional factor (Pol e) 21. Beyond this, only 2D projections had been published, hinting at 

the positioning of two additional factors, Ctf4 and Pol a 21. 

Here, we present the development of a cryo-EM-based approach to determine the 

structure of CMG bound to four additional replisome components. Initially, we formed 

complexes containing the fork protection complex (FPC), comprising Csm3-Tof1 and Mrc1. 

These proteins perform diverse roles during both unperturbed and hindered DNA replication, 

where they are required for establishing maximal fork rates 61,113,114, function as a mediator 

of the DRC 111, stabilise replication forks stalled either due to replication stress 102,113,133 or at 

RFBs 112,133,134, and mediate the establishment of sister chromatid cohesion 154. In addition to 

the FPC, we additionally included the homotrimer Ctf4, which acts as a structural hub to 

recruit various replication factors 29,31 and is involved in cohesion and chromatin 

establishment 24,154,187. Overall, a structure of CMG bound to these additional factors would 

provide valuable insight into how they are able to perform their myriad functions. More 

generally, development of a reliable means of preparing replisome complexes for cryo-EM 

would provide a powerful platform for future investigation of complexes containing 

additional factors, helping to build a picture of the complex macromolecular machine at the 

heart of one of the fundamental processes in biology. 

3.2. Results 

 

3.2.1. Development of a Gradient Fixation-Based Approach to Sample Preparation 

 

Before the start of this Ph.D., a small amount of preliminary work had been done by 

Domagoj Baretić and Joseph Yeeles. By co-expressing CMG and Csm3-Tof1-Mrc1 (CTM), or 

vvvvvvvv 
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Figure 3.1: Prior work toward co-expression of replisome complexes. Experiments in A were performed by Joseph 

Yeeles, and in B-C by Domagoj Baretić. D has been adapted from 5. A. Coomassie-stained SDS-PAGE gels of CMG-

CTM and CMG-CTM-Pol e complexes purified following co-expression (CBP eluate). * Ctf4 was identified as a co-

purifying factor by mass spectrometry. ** Sld5 bands diffuse owing to electrophoresis running buffer used.                 

B. Cryo-EM micrograph for the CMG-CTM-Pol e sample prepared in A. C. Two-dimensional class average from a 

dataset collected on the CMG-CTM-Pol e sample in A,B. D. Cryo-EM 2D class average of apo CMG, reproduced 

from published data 5.  

 

CMG-CTM and Pol e in budding yeast, Joe was able to purify complexes following affinity 

purification utilising an internal FLAG-tag on Cdc45 and an N-terminal calmodulin binding 

peptide (CBP) tag on Mcm3 (Figure 3.1A). A co-expression approach was taken as Mrc1 has 

proven difficult to purify, often aggregating and producing low yields; it was reasoned that 

purification in complex with its interaction partners might help to overcome this. Mass 

spectrometry analysis indicated a substoichiometric Ctf4 contaminant suggesting stable 

replisome association of the endogenous protein. Domi was able to use this CMG-CTM-Pol e 

sample for cryo-EM grid preparation, producing samples on grids coated with an ultrathin 

layer of continuous carbon with promising particle density and contrast (Figure 3.1B). 

Collection of a small dataset (~12,000 particles) using the 200 keV F20 Tecnai microscope (FEI) 

equipped with a Falcon II direct electron detector (Gatan) yielded a 2D-class average of 

roughly the expected size (Figure 3.1C). Furthermore, comparison to previously published 

data 5 (reproduced in Figure 3.1D) highlights features in the CMG-CTM-Pol e 2D class 

reminiscent of the two-tiered wedge-shaped CMG helicase, plus additional density not 

observed for CMG alone. This gave us confidence that complex purification following co-

expression in budding yeast could provide a suitable approach to cryo-EM sample 

preparation. 

Following from this initial success, I began my Ph.D. working with Domi to optimise cryo-

EM sample preparation, implementing additional sample preparation steps for improving 
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sample homogeneity, and stabilising the large multi-subunit complexes of interest and 

improving complex stoichiometry. Specifically, we implemented gradient fixation (GraFix) and 

buffer exchange following affinity purification of co-expressed complexes 331. Inclusion of 

gradient sedimentation provided further evidence that the complexes isolated following CBP 

elution featured stable association of the components of interest, thereby helping improve 

sample homogeneity. The initial stages of sample preparation were similar to what Joe had 

used previously. In brief, budding yeast CMG and CTM complexes were co-expressed in 

diploid S. cerevisiae by expressing codon-optimised genes under the control of a Gal1-10 

promoter following integration at several genetic loci (see Methods). Pol e was omitted from 

co-overexpression to reduce the complexity of the complexes being studied. Cells from 15 L 

culture volume were lysed and complexes affinity purified as before (Figure 3.2A). The CBP 

eluate was subsequently applied to a glycerol gradient. In early experiments, the crosslinking 

agent we used for GraFix was glutaraldehyde, an amine-reactive crosslinking agent which 

primarily reacts with the primary amine moieties of lysine residues, although various 

additional side chains have also been reported as reactive, enabling formation of 

intramolecular crosslinks to help stabilise protein complexes for structural investigation 

331,332. 

Initially, we performed glycerol gradient sedimentation using the TLS-55 centrifuge 

rotor (Beckman) which accepted 2.2 mL gradients. Each gradient contained 10 – 30% glycerol 

(see Methods). In the absence of crosslinking agents, we observe a broad peak containing all 

subunits of our complex of interest (Figure 3.2B). Migration of our complex within the middle 

of the gradient indicated the 10-30% glycerol range was suitable for our complex and that our 

complex is stable under these conditions. An additional substoichiometric band was observed 

in later fractions (refer to *, Figure 3.2B), which we speculate is a co-purifying Pol1 

contaminant (Pol1 is the large subunit of Pol a, a known Ctf4 interacting partner and 

replisome component 29).  

Upon inclusion of 0-0.16% glutaraldehyde in the gradient we observe successful 

crosslinking, with polypeptides shifting toward the top of the gel compared to the non-

crosslinked samples (Figure 3.2C). Furthermore, the change in electrophoretic mobility was 

reflected in the position of each fraction through the gradient, indicating the gradients had 

successfully separated complexes based on their sedimentation co-efficient (s). When we 

……… 
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Figure 3.2: Initial GraFix-based approach for cryo-EM sample preparation using the TLS-55 centrifuge rotor.                

A. Representative affinity tag-based purification of co-expressed CMG-CTM complexes prior to Grafix. FT, flow-

through. B,C. Glycerol gradients (10-30%) either without crosslinking agents (B) or with glutaraldehyde (0-0.16%) 

present (C), analysed by silver-stained SDS-PAGE. In each case, 50 µL CBP eluate was loaded onto the gradient 

and 100 µL fractions taken across the gradient, unless otherwise indicated. *, high molecular weight contaminant, 

suspected to be Pol1. D. GraFix gradient as in C, except with 260 µL CBP eluate loaded onto the gradient and 100 

µL fractions. Analysed by Coomassie-stained SDS-PAGE. E. Representative cryo-EM micrograph of sample 

prepared in D. F,G. Two-dimensional class averages from processing of data related to E. Classes appear to be a 

single CMG plus additional density (F) or bilobal (G). 
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increased the volume of CBP eluate loaded onto the gradient roughly 5-fold (from 50 µL to 

260 µL), a similar profile was observed in the GraFix gradient, although the profile appeared 

shifted perhaps one-to-two fractions later in the gradient (Figure 3.2D); the addition of an 

extra 200 µL solution lacking glycerol to the top of the gradient likely cause this shift. Use of 

a larger volume might prove beneficial to achieving the sample concentrations required for 

cryo-EM: to test whether the current approach gave suitable particle density on cryo-EM 

grids, we tested grid preparation after pooling fractions 19-20 from the GraFix gradient (refer 

to Figure 3.2D) and performing buffer exchange to reduce the glycerol concentration, using 

Quantifoil grids coated with a layer of ultrathin continuous carbon. The resulting grids 

presented clear, individual particles of the expected size, as well as excellent image contrast, 

although the particle density required improvement (Figure 3.2E). Despite this, we were able 

to find two 2D class averages, one of which appeared to be CMG associated with additional 

density at a position distinct from where Ctf4 is known to bind beside Cdc45/GINS 21 (Figure 

3.2F). A second class appeared larger and bilobal (discussed further below) (Figure 3.2G). This 

was encouraging and suggested this approach to sample preparation was worth pursuing.  

To increase particle density on cryo-EM grids, we attempted GraFix using the larger SW 

40 Ti centrifuge rotor (Beckman) which accepts 14 mL gradients. Furthermore, we tested 

whether the CBP eluate could be concentrated prior to GraFix which would provide an 

additional opportunity for increasing sample concentration prior to cryo-EM grid preparation. 

The CBP eluate was split into two equal volumes (~280 µL); one half was loaded directly to 

the glycerol gradient, whilst the second half was first concentrated 3-fold using a spin 

concentrator (Amicon). SDS-PAGE analysis indicated no subunits were lost upon 

concentration (Figure 3.3A). Following GraFix, we observed successful crosslinking and a 

gradient profile similar to what was achieved using the 2.2 mL gradients (Figure 3.3B). 

Furthermore, we observed no appreciable difference between the samples prepared with 

and without concentration prior to GraFix. 

To better understand where CMG-CTM complexes migrate within the gradient, we 

pooled either fractions 14-17 (Low s pool) or fractions 19-24 (High s pool) from the 

concentrated input gradient and analysed each using uranyl acetate-based negative stain EM 

(Figure 3.3C). Both the Low and High s pools featured distinct globular particles. The Low s 

pool was primarily made up of smaller single-lobed particles, whereas the majority of the High 
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s pool featured larger bilobal particles; we speculated the two lobes might represent two 

CMG helicases, or one CMG plus an additional factor such as contaminating Pol a (note the 

suspected Pol1 band in Figure 3.2B). In many cases, the two lobes of the bilobal particles 

appeared linked by a distinct globular unit, which we speculated was Ctf4, especially as its 

size was comparable to that observed for Ctf4 in prior crystal structures and negative stain 

analyses and it bound CMG at the known Ctf4 interface beside Cdc45/GINS 21,29. This would 

indicate a significant contaminant of endogenous Ctf4 in the CBP eluate, consistent with 

reports that Ctf4 binds stably to the replisome 8. A further sample preparation for the High s 

pool and data collection on the 300 keV Titan Krios microscope (FEI) equipped with a Falcon 

III direct electron detector in linear (integrating) mode (TFS) yielded 2D class averages which  

 

 

Figure 3.3: Increased sample concentration for cryo-EM sample preparation using the SW 40 Ti centrifuge rotor. 

A. Comparison of CBP eluate used for GraFix, pre- and post-concentration, analysed by silver-stained SDS-PAGE. 

B. Comparison of GraFix gradients using unconcentrated versus concentrated CBP eluate as input, as in A. The 

fractions pooled as the “Low” and “High” sedimentation coefficient complexes, analysed in C, are indicated.                

C. Negative stain EM analysis of fractions from the concentrated sample, pooled as in B. Scale bar = 20 nm.                  

D. Cryo-EM 2D class averages for a “High s pool” sample. Additional density (*) is observed in some classes, likely 

attributable to a third CMG molecule or Pol a. For scale, the box size is 42 nm. 
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Figure 3.4: Cryo-EM reconstruction of CMG-CTM complex. A. Coomassie-stained SDS-PAGE analysis of CBP eluate 

used for GraFix during sample preparation. Substoichiometric contaminants of endogenous Pol1 (*) and Ctf4 (**) 

are observed. ***, Sld5 appears as a diffuse band owing to electrophoresis running buffer used. B. Coomassie-

stained SDS-PAGE analysis of fractions 12-25 taken across a GraFix glycerol gradient. Fractions pooled for cryo-

EM grid preparation are indicated. C-F. Cryo-EM dataset collected on the Titan Krios microscope equipped with a 

Falcon III camera. C. Representative micrograph. D. 2D class averages, 28 nm box size. E. Cryo-EM reconstruction 

(grey density). The model for CMG-DNA (PDB: 5U8S 5) has been rigid body fitted to density and coloured as 

follows: Mcm2-7, rainbow; Cdc45-GINS, grey; DNA, cyan. Regions of novel density are highlighted by the dashed 

outline. F. Cryo-EM density map as in E, except at higher threshold. Additional novel density observed beside 

Mcm6 is shown by the dashed outline. 

 

clearly displayed particles appearing as two CMG helicases linked by Ctf4 (Figure 3.3D). Given 

our focus was determining the structure of complexes containing Csm3-Tof1 and Mrc1, and 

additional density was clearly observed only in the Low s pool, we focused on the Low s pool 

in further experiments. 

 

3.2.2. Initial 3D Reconstructions of Replisome Complexes 

 

To prepare co-expressed CMG-CTM complexes for cryo-EM, we followed the GraFix protocol 

established above using the 14 mL gradients, concentrating the CBP eluate roughly 10-fold 

prior to loading 200 µL onto the GraFix gradient. To improve the yield from the CBP affinity 

column, the bed volume was increased roughly 2.5-fold to 800 µL compared to previous 

………….. 
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experiments. In summary, we were able to purify complexes of CMG-CTM (Figure 3.4A) which 

were successfully crosslinked during GraFix similar to previous sample preparations (Figure 

3.4B). The alterations to the protocol described above allowed us to increase the 

concentration of the sample used for grid preparation sufficiently to achieve an optimal 

particle density using grids featuring an ultrathin carbon layer (Figure 3.4C). 

Using these grids, we collected a small dataset (131 micrographs) on the 200 keV F20 

Tecnai microscope (FEI), equipped with a Falcon II direct electron detector operated in linear 

(integrating) mode. Processing of this dataset revealed promising 2D class averages and 3D 

reconstruction, prompting us to collect a larger dataset on the 300 keV Titan Krios microscope 

(FEI) equipped with a Falcon III direct electron detector operated in linear (integrating) mode 

(Figure 3.4C-F) [microscope operation by Giuseppe Cannone]. Overall, the dataset comprised 

~2,300 micrographs, which equated to ~240,000 particles in reasonable 2D classes. The 

resulting 2D classes were well-defined, revealing density for CMG with the N- and C-tiers of 

the MCM subcomplex well defined in side-on views, whilst the central MCM channel was 

resolved in top-down views (Figure 3.4D). Crucially, we observe additional density bound to 

the CMG N-tier in a position comparable 2D classes observed during earlier screening 

datasets (see Figure 3.2F) and which as noted before does not correspond to density 

previously reported for any additional replisome factors, leading us to speculate this belongs 

to one or more components of Csm3-Tof1 and Mrc1.  

Upon further processing, we isolated a 3D class containing ~150,000 particles, which 

after refinement and map sharpening yielded a final reconstruction at 10 Å resolution (Figure 

3.4E). A previously reported model for CMG-DNA [PDB: 5U8S, 5] can unambiguously be fitted 

as a rigid body to our cryo-EM density map, revealing a large volume of unassigned density 

bound to the N-tier regions of Mcm4 and Mcm6. Furthermore, at higher contour levels, a 

spike of density projects from the side of the Mcm6 C-tier region (Figure 3.4F). We presumed 

these regions of novel density were attributable to Csm3-Tof1-Mrc1, and note that an 

interaction has previously been reported between Mrc1 and the C-terminal WH domain of 

Mcm6 106. 

In addition to CMG, we resolve tubular density attributable to parental dsDNA 

projecting out from the MCM channel on the N-tier side of the complex; it is unclear whether 

CMG purified following over-expression is assembled on DNA, or whether DNA can associate 

with CMG during cell lysis. The novel density suspected to belong to CTM forms a curved 
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architecture which sits beside the dsDNA density. Importantly, the dsDNA appears to bend 

toward this novel density compared to previous CMG-DNA structures, suggesting Csm3, Tof1 

and/or Mrc1 might interact with the parental dsDNA. We note a low resolution cryo-EM map 

had previously been reported for a Timeless-Tipin-RPA-ssDNA complex, however the 

resolution was insufficient to conclusively show an interaction between DNA and Timeless-

Tipin (Tof1-Csm3) 333. Overall, this reconstruction indicated for the first time that at least a 

subset of the CTM complex assembles on the N-tier face of CMG, which would position it 

ahead of CMG as the replisome translocates N-tier-first 86, similar to Ctf4 and in contrast to 

Pol  e 21,54.  

 

3.2.3. Inclusion of Ctf4 Co-overexpression In Complex Formation 

 

The cryo-EM reconstructions described above provide the first insight into how CTM 

assembles as part of the replisome. Unfortunately, the resolution of our map was insufficient 

for us to assign the region of novel density to any particular factor(s), despite the sizeable 

Krios dataset. Regardless, the reconstruction indicated CMG-CTM was a promising sample for 

cryo-EM investigation and warranted further optimisation. Given endogenous Ctf4 was 

observed to co-purify with CMG-CTM, both during affinity purification (Figure 3.1A) and 

following GraFix, leading to the formation of complexes containing multiple copies of CMG 

linked by Ctf4 (Figure 3.3D), we decided to overexpress Ctf4 in addition to CMG-CTM in future 

sample preparations. We rationalised that by increasing the ratio of Ctf4:CMG during 

expression and purification we might improve recovery of complexes containing a single copy 

of CMG (which we have previously identified as containing additional cryo-EM density which 

was not immediately apparent in complexes containing multiple copies of CMG, see Figure 

3.2F,G). Furthermore, we recognised that Ctf4 is an important replisome component in its 

own right, and information as to how it associates with CMG would provide valuable insight 

into DNA replication. 

We successfully purified CMG-CTM-Ctf4 complexes following the same protocol as 

described for CMG-CTM (Figure 3.5A). When the CBP eluate was run over a glycerol gradient, 

we observed a better defined range of peak fractions (Figure 3.5A, compare to Figure 3.2B). 

Specifically, it appeared that complexes which had previously migrated around fractions 10-

13 (equivalent to fractions 11-18 in Figure 3.2B owing to the smaller fractionation volumes  
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Figure 3.5: Co-overexpression of CMG-CTM with Ctf4. A. Representative Coomassie-stained SDS-PAGE gel of the 

CBP eluate. *, Pol1 from contaminating endogenous Pol a. B. Silver-stained SDS-PAGE analysis of glycerol gradient 

fractions (fractions 9-33 shown, each 100 µL) taken across gradients either with or without crosslinking agents 

(XL) present. The fractions taken from the crosslinking gradient constituting pools “a” (fractions 17-18) and “b” 

(fractions 20-21) are indicated. *, Pol1 from contaminating endogenous Pol a. C. Negative stain analysis of pool 

a (refer to B). Left: representative micrograph. Right: 2D class averages, box size 35 nm. Arrows indicate the 

positions of Ctf4 (indigo) and novel density expected to belong to CTM (yellow). D. Representative negative stain 

EM micrograph for pool b (refer to B). 

 

over this region of this gradient) had been shifted to later fractions, presumably fractions 14-

18. We expect this reflects a shift in CMG-CTM complexes toward later fractions upon 

incorporation of Ctf4. We also continue to observe a substoichiometric high molecular weight 

contaminant in later fractions (primarily from fraction 19 onward, Figure 3.5B) which we 

suspect is Pol1 (previously identified by mass spectrometry), comparable to its position in 

gradients from CMG-CTM preparations (Figure 3.2B). Regardless, the glycerol gradients are 

largely able to separate fractions containing this contaminant from the peak fractions of 

interest. We also noted that CTM stoichiometry appeared variable between preparations, 

although Csm3, Tof1 and Mrc1 were observed to co-migrate with our complex during gradient 

sedimentation (Figure 3.5B). 
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The complexes isolated from GraFix were characterised using negative stain EM. 

Fractions were combined across either the lower s peak fractions, which we expected to 

correspond to CMG-CTM-Ctf4 complexes (fractions 17-18, pool a), or higher s fractions 

(fractions 20-21, pool b). As expected, pool a featured smaller, monodisperse globular 

particles similar to the low s pool previously analysed for CMG-CTM complexes (Figure 3.5C, 

compare to Figure 3.3C). Importantly, for this CMG-CTM-Ctf4 complex many particles 

appeared comma-shaped, with additional protein observed on the MCM N-tier beside that 

previously attributed to CTM. This is clearer in 2D class averages (Figure 3.5C), where this 

additional density can be assigned to Ctf4 by comparison to previous 2D classes of CMG-CTf4 

complexes 21. We note there is some sample heterogeneity, with complexes seen with varying 

occupancy of CTM and Ctf4, although most classes appear to contain the full complex. In 

contrast, pool b consisted mainly of larger bilobal particles, as seen previously for CMG-CTM 

preparations (Figure 3.5D, compare to Figure 3.3C,D). Fractions 15-16 were also pooled for 

analysis, however the resulting grids were overcrowded and did not provide useful 

information on complex composition. In summary, we have confirmed that we are able to 

assemble and isolate complexes of CMG-CTM-Ctf4 using the GraFix-based approach, which 

we took for use in cryo-EM grid preparation. 

 

3.2.4. Cryo-EM Reconstruction of CMG-CTM-Ctf4 Replisome Complexes 

 

Having established our ability to isolate CMG-CTM-Ctf4 complexes, we prepared cryo-

EM samples. We collected a dataset on a Titan Krios microscope (FEI) equipped with a Falcon 

III direct electron detector (TFS) operated in electron counting mode. Overall, we collected 

665 micrographs, from which ~60,000 particles were extracted and classified into good 2D 

classes (Figure 3.6A-D). 

The 2D classes reveal high resolution secondary structure features, especially within the 

MCM N-tier. Further processing yielded a 3D class containing ~41,000 particles, which after 

refinement and map sharpening within Relion provided a 4.4 Å reconstruction (Figure 3.6E). 

As before, the model for CMG-DNA [PDB:5U8S, 5] could be fitted into the majority of our cryo-

EM density. As for the CMG-CTM complex, regions of novel density were observed beside 

Mcm6, and bound to the N-tier across Mcm4, 6 and 7 beside the parental DNA duplex (Figure 

3.6E,F). However, a large volume of additional density was observed bound to the N-tier face  
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Figure 3.6: Cryo-EM Reconstruction of CMG-CTM-Ctf4 Complex. A. CBP eluate of the sample used for GraFix. *, 

suspected endogenous Pol1 contaminant. B. Fractions taken across a GraFix gradient (fractions 13-33 shown). 

Fraction 19, used for cryo-EM sample preparation, is indicated. C. Representative cryo-EM micrograph.                         

D. Representative 2D class averages, 38 nm box size. E. Refined cryo-EM density map (grey). Models for CMG-

DNA (PDB: 5U8S) and trimeric Ctf4SepB (PDB: 4C8H) are fitted as rigid bodies to the density 5,29. Novel density 

attributed to CTM is indicated by the dashed outline. F. Refined cryo-EM density map for the region encompassing 

the MCM N-tier, DNA and the novel density attributed to CTM (dashed outline). Models fitted as in E.                               

G. Sharpened cryo-EM density map showing the region of Ctf4, Cdc45 and GINS. Density belonging to the Sld5 

CIP-box is indicated by the dashed outline. Models fitted to density as in E. H. Sharpened cryo-EM density map 

for the region encompassing the Ctf4:Sld5CIP-box interaction. The crystal structure of the Ctf4SepB:Sld5CIP-box complex 

is fitted as a rigid body [PDB: 4C95, 29]. I. Sharpened cryo-EM density highlighting the well-resolved MCM N-tier, 

Cdc45, GINS and Ctf4SepB regions. The poorly resolved MCM C-tier and CTM density are indicated by dashed 

outlines. J. Comparison of 3D classes representing complexes either with or without bound DNA.  
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of CMG, across Cdc45 and the GINS heterotetramer. This region of novel density was well-

resolved, and displayed clear three-fold rotational symmetry; this observation plus prior 

knowledge of the position of Ctf4 within the replisome from negative stain 2D class averages21 

immediately suggested this density belonged to Ctf4. Rigid-body fitting of a crystal structure 

of the Ctf4 SepB domain homotrimer (PDB: 4C8H, 29) confirmed the identity of this novel 

density as the C-terminal SepB domains of trimeric Ctf4 (Figure 3.6E,G). 

Ctf4 forms an extensive interface with CMG, binding across Cdc45 and Psf2 (Figure 

3.6G). This represents a previously uncharacterised interface beyond the previously reported 

Sld5CIP-box:Ctf4 interaction 29, described fully in Chapter 4. We note that density for the Sld5 

CIP-box is visible, bound to the expected site on the helical bundle of one Ctf4 monomer 

(Figure 3.6G,H). The novel extensive CMG-Ctf4 interface that we observe appears to be rigid, 

enabling accurate alignment of particles not only within the MCM N-tier, but also Ctf4 (Figure 

3.6I). In contrast, the MCM C-tier as well as the parental DNA and novel density ascribed to 

CTM were less well-resolved (Figure 3.6F,I). Indeed, masked refinement over the MCM N-tier 

and Ctf4, thereby excluding the less well-resolved regions, improved the mean resolution to 

3.8 Å. We suspected the poor alignment within the MCM C-tier was due to the inherently 

flexible nature of this region with respect to the MCM N-tier, as observed in previous 

publications 50,51. The poor density for the dsDNA and putative CTM region may also have 

arisen due to inherent flexibility within these regions, although we speculated partial 

occupancy might also be to blame; although CTM appeared stoichiometric with CMG in this 

sample preparation (Figure 3.6A), it is possible these subunits may have been lost from the 

complex downstream of GraFix, either during buffer exchange and concentration, or during 

EM grid preparation. 

When analysing this dataset, we noticed there was variability in the dsDNA resolved in 

different 3D classes. Given this was endogenous DNA which co-purified with our complex, we 

suspected it might be heterogeneous, thereby leading to the discrepancy between 3D classes. 

Whether DNA was associated with CMG during complex assembly in cells, or became 

associated at a later stage during complex purification – perhaps involving DNA sheared 

during cell lysis – is unclear. Furthermore, as both the MCM C-tier (which is made up of the 

AAA+ ATPase motor domains of each Mcm subunit) and the novel density attributed to CTM 

appear to contact DNA, we suspected any heterogeneity in the co-purified DNA might be 

reflected as heterogeneity in these regions of our complex. Indeed, comparison of 3D classes 
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either containing DNA, or where DNA was absent, revealed DNA-dependent positioning of 

CTM (Figure 3.6J). As a result, we decided to modify our approach to sample preparation to 

incorporate a defined DNA substrate. 

 

3.2.5. CMG-CTM-Ctf4 Complex Purification with A Synthetic DNA Substrate 

 

Given our concerns over the heterogeneity of co-purifying endogenous DNA, we 

designed a synthetic fork DNA substrate which might be used to replace the endogenous 

nucleic acid found in our complexes. The design of the fork was based on that used previously 

for determining the structure of fork DNA-bound CMG 5 (Figure 3.7A). As with 5, we used a 39 

nt poly(dT) 3’ arm to mimic the leading strand template DNA, and a 15 nt 5’ arm composed 

of tandem GGCA repeats. The poly(dT) 3’ arm promoted CMG loading onto the leading strand 

template arm of the fork substrate, whilst the 5’ arm GGCA repeats were expected to prevent  

 

 

 

Figure 3.7: Cryo-EM Reconstruction of CMG-CTM-Ctf4 Complex Supplemented with A Synthetic DNA Fork.                   

A. Schematic of the synthetic fork DNA substrate added to the purified CMG-CTM-Ctf4 complex. Dashed line 

represents phosphorothioate backbone linkages present at the 3’ arm terminus. *, internal biotinylated 

deoxythymine, to allow binding by streptavidin. B. Representative cryo-EM micrograph. C. Representative 2D class 

averages, 38 nm box size. D. Sharpened cryo-EM density map (grey). The regions corresponding to CTM and the 

MCM C-tier are highlighted by dashed outlines. Left: models for CMG-DNA (PDB: 5U8S) and trimeic Ctf4SepB (PDB: 

4C8H) are fitted as rigid bodies to the density 5,29. E. Cryo-EM density map as in D, except displayed at a higher 

map contour level. F. Signal subtraction / 3D subclassification without refinement improves the resolution of novel 

density attributable to CTM. The crystal structure of the N-terminal region of human Timeless [PDB: 5MQI 35] is 

fitted as a rigid-body. The model for CMG-DNA is fitted to density as in D.  
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loading of CMG onto the lagging strand template arm 334. We extended the duplex region of 

our fork by 15 bp to accommodate dsDNA-binding by CTM ahead of the fork junction, as 

hypothesised from our cryo-EM density maps. 

After some sample optimisation, we proceeded to collect a Krios dataset on sample 

supplemented with synthetic fork DNA (microscope operated by Giuseppe Cannone). As 

before, we collected using a Falcon III camera operated in electron counting mode, acquiring 

a total of 1015 micrographs (Figure 3.7B). From these, good quality 2D classes containing 

~70,000 particles were obtained (Figure 3.7C). Following 3D classification, map refinement 

and sharpening, we were able to produce a 4.1 Å reconstruction using a total of ~52,000 

particles (3.7 Å after masked refinement over the MCM N-tier and Ctf4) (Figure 3.7D). 

Unfortunately, we observed a similar degree of heterogeneity within the dsDNA compared to 

our previous dataset, as well as poorly defined MCM C-tier and CTM density (Figure 3.7D,E). 

This may be due to the synthetic fork DNA being unable to replace the heterogeneous 

endogenous DNA during sample preparation. Despite this, upon further processing we were 

able to improve the resolution of the novel density attributed to CTM. Specifically, signal 

subtraction to remove density outside CTM, parental dsDNA and regions of the Mcm4/6 N-

tier which form the interface with the novel density, followed by 3D subclassification without 

alignment, identified classes with more clearly defined secondary structure features (Figure 

3.7F). The crystal structure of the N-terminal region of human Timeless 35 can be fitted as a 

rigid body to this density, although the map remained of insufficient quality for de novo model 

building of the remainder of the complex. 

 

3.2.6. Crosslinking Improves Sample Suitability for Cryo-EM 

 

To test whether crosslinking during gradient fixation improves data quality, we 

attempted sample preparation similar to that described above (including supplementation 

with a synthetic fork DNA substrate), except with the omission of crosslinking agents from the 

glycerol gradient. The grids prepared appeared less well-suited to cryo-EM single-particle 

analysis compared to crosslinked samples, with particles less well-distributed. This may be 

due to the lack of glutaraldehyde cross-linking altering the surface properties of particles, and 

therefore their interactions with each other and with the amorphous carbon surface (Figure 

3.8A). Although we successfully picked particles using these grids, analysis of a large dataset 
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revealed greater complex heterogeneity, with multiple particles containing more than one 

copy of CMG, and remaining classes displaying heterogeneity in DNA, Csm3-Tof1 and Ctf4 

occupancy (Figure 3.8B). More specifically, having collected ~2,400 micrographs on Titan 

Krios/Falcon III (electron counting) sessions, from which >400,000 particles were extracted, 

only ~70,000 particles remained after selecting only those containing a single CMG molecule. 

After classifying particles to overcome Csm3-Tof1 and Ctf4 heterogeneity, only 28,000 

particles remained, yielding a final reconstruction at 5.1 Å resolution (Figure 3.8C). This was 

sufficient to confirm the general architecture of the complex was not affected by crosslinking; 

therefore, given the difficulties observed above we decided to continue use of samples 

prepared with GraFix for high-resolution reconstruction. 

 

 

Figure 3.8: Cryo-EM Reconstruction of CMG-CTM-CTf4 Complexes Supplemented with A Synthetic DNA Fork, in 

The Absence of Crosslinking. A. Representative cryo-EM micrograph. B. Representative 2D class averages. The 

presence of bi-lobal particles, identified as complexes containing multiple copies of CMG, are evident in several 

classes (indicated by arrowheads). For scale, box size, 39 nm. C. Sharpened refined cryo-EM density map for CMG-

CTM-Ctf4 complexes. The models for CMG-DNA (PDB: 5U8S) and Ctf4 (PDB: 4C8H) are fitted to density 5,29. 

 

3.2.7. A Brute-force Approach to Overcoming Sample Heterogeneity 

 

 Following the results above, we opted to increase the size of our dataset with the 

intention of overcoming sample heterogeneity through subclassification during data 

processing. In addition to the crosslinked datasets discussed above, we collected four 

additional crosslinked datasets on several Titan Krios microscopes. These datasets were 

collected on samples where a synthetic streptavidin-bound fork was added similarly to the 

second dataset above, with the exception of a single dataset where no synthetic DNA was 

added. Furthermore, a subset of these datasets were collected using an alternative K2 direct 

electron detector (Gatan). Processing of individual datasets confirmed both the quality of 

their individual data, as well as the lack of differences in the sample used for each collection. 
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Figure 3.9: Combined Dataset of Co-Expressed CMG-CTM-Ctf4 Complexes. A. Fourier shell correlation (FSC) for 

the overall 3.4 Å refined map after map sharpening. B. Angular distribution of particle orientations for those which 

contributed to the overall 3.4 Å reconstruction. C. Plot of map resolution against particle number for globally 

refined cryo-EM density maps following map sharpening. D. Multi-body refinement using the 3.4 Å reconstruction 

as input. Each body used during multi-body refinement is coloured differently. 

 

This also enabled us to conclude the K2 and Falcon III cameras gave comparable results, 

although we are able to achieve faster data acquisition using the K2 which we expect would 

help bolster particle numbers which we reasoned might aid successful subclassification of 

more flexible or heterogenous regions. Overall, after combining all six datasets we acquired 

a total of 11,647 micrographs. From these, ~412,000 particles were used for a final 3D 

reconstruction, which after refinement and map sharpening produced a density map at 3.4 Å 

resolution and with reasonable distribution of particle orientations (Figure 3.9A-B). Plotting 

the number of particles against the resolution of the resulting reconstruction demonstrates 

we had effectively reached the resolution limit for our sample for the rigid MCM N-tier and 

Ctf4 regions (Figure 3.9C).  

At this stage, the density belonging to CTM and the MCM C-tier was poorly resolved, as 

in individual datasets. We attempted multi-body refinement within Relion, defining CTM, the 

MCM C-tier and the remaining regions of density as three separate bodies. The rigid region 

encompassing the MCM N-tier, Cdc45, GINS and Ctf4 reached 3.2 Å resolution, which is 
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sufficient for adjusting the prior models for these regions. Unfortunately, although multi-body 

refinement improved the continuity of the density in the more flexible regions (5.6 Å for CTM; 

5.0 Å for the MCM C-tier) thereby improving definition of secondary structure features, the 

resolution remained insufficient for de novo model building (Figure 3.9D). Furthermore, 

density belonging to DNA and Mcm4 remained especially poor, reflecting either 

heterogeneity or a higher degree of flexibility within these regions (Figure 3.9D).  

It is conceivable that having collected this large dataset, we might be able to improve 

the resolution of the CTM density beyond what was possible with the individual datasets 

through more extensive subclassification focused on the CTM density (refer to Figure 3.7F). 

However, during this time we had made significant advances in an alternative approach to 

sample preparation whereby complexes were reconstituted from individual proteins in vitro, 

which proved superior in resolving the problematic regions of density and ultimately 

superseded the co-expression approach discussed thus far. Therefore, we decided to shift our 

focus from the co-expression system, instead driving the project toward the reconstituted 

system, which is discussed in detail in the following section. 

 

3.2.8. In vitro Reconstitution from Purified Proteins as An Alternative Approach to 

Sample Preparation 

 

In order to overcome the limitations discussed above for samples prepared by co-

overexpression, we explored an alternative approach to sample preparation whereby we 

assemble CMG-CTM-Ctf4 complexes in vitro from individually purified components, around a 

defined synthetic DNA fork substrate. It has been established that Csm3-Tof1 and Mrc1 

remain functional when individually purified 61. Importantly, this approach would allow more 

stringent purification of CMG over a Mono Q anion exchange chromatography column (GE 

Healthcare) without concerns of disrupting an interaction with CTM, thereby allowing the 

endogenous DNA to be removed during purification. 

Protocols for the purification of CMG, Csm3-Tof1 and Ctf4 were established. CMG, 

Csm3-Tof1 and Ctf4 were purified as communal stocks by various members of the Yeeles lab 

(myself included) following previously established protocols 6,61. Mrc1 was purified using a 

modified form of a published protocol 61: in brief, several changes were made to try to 

improve the yield of Mrc1 by reducing its propensity to aggregate, including reducing the 
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growth temperature during protein expression to 20 °C, using a larger bed volume of FLAG 

M2 affinity gel and substituting a Superose 6 10/300 column in place of the MonoQ used 

previously. Furthermore, as the yield of Mrc1 is poor compared to other replisome factors, it 

contributes a relatively large volume to our reconstitution reactions, therefore the 

composition of its storage buffer contributes a significant proportion of the reconstitution 

buffer. Because of this, TCEP was substituted for DTT in all buffers during Mrc1 purification 

to bring it in line with buffers used in reconstitution, and the protein was stored in a buffer 

containing a reduced glycerol concentration (10%) to allow layering of the reconstitution 

reaction onto a 10-30% glycerol gradient. 

In order to reconstitute replisome complexes, we developed a three-step protocol. 

First, CMG is pre-incubated with fork DNA (Figure 3.7A) to allow it to engage the replication 

fork prior to addition of further factors. Second, additional replisome factors were added to 

bind the CMG-DNA complexes. Finally, the reconstitution reaction was applied to glycerol 

gradients to perform GraFix, followed by buffer exchange and concentration prior to EM grid 

vitrification, as for the co-expressed samples. During both the reconstitution and GraFix 

procedures, the non-hydrolysable ATP analogue adenylyl-imidodiphosphate (AMP-PNP) was 

included to stabilise ssDNA engagement by MCM in the absence of translocation.  

 We have characterised the co-dependencies of replisome components during in vitro 

complex formation using this CMG-based system. First, we determined the free replisome 

components (Csm3-Tof1, Mrc1 and Ctf4) migrate near the top of a 10-30% glycerol gradient, 

in a position distinct from CMG-bound complexes which migrate toward the central fractions 

of the gradient (Figure 3.10A). This enables us to use glycerol gradient sedimentation to assess 

complex formation. Based on this assay, we have determined that when all factors are 

present in the reconstitution mixture (CMG, Csm3-Tof1, Mrc1 and Ctf4), complex formation 

can occur independently of DNA (Figure 3.10B-D), although CTM binding appears less stable 

in the absence of DNA with more free Mrc1 appearing in earlier fractions (Figure 3.10C). The 

presence or absence of DNA was confirmed using the Cy3 fluorophore present on the DNA 

substrate (Figure 3.10D, see Figure 3.7A). The DNA-dependence of CMG-CTM complex 

formation described above is similar in the absence of nucleotide (AMP-PNP), both in the 

presence and absence of Ctf4 (Figure 3.10B). In summary, Ctf4 and AMP-PNP are dispensable 

for CMG-CTM complex formation, with DNA appearing to stabilise CTM binding to CMG under 

all conditions explored above. Curiously, we observe Mrc1 binding to CMG independently of 
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Csm3-Tof1 and Ctf4 when DNA is absent during reconstitution, however Mrc1 binding 

becomes dependent on Csm3-Tof1 in the presence of DNA (Figure 3.10B); we do not fully 

understand the reason for this observation although it is reproducible. Finally, Phosbind PAGE 

– to enhance phosphorylation-dependent retardation – revealed Tof1 used in reconstitution 

was phosphorylated (Figure 3.10E); association of Csm3-Tof1 with CMG has previously been 

shown to depend upon phosphorylation of Tof1 although the underlying mechanism and 

identities of specific residues involved are not known 108. 

 

 

Figure 3.10: Characterisation of Replisome Reconstitution Using Purified Proteins. Experiments in E were 

performed by Joseph Yeeles. A. Glycerol gradient sedimentation analysing complex formation after mixing Csm3-

Tof1, Mrc1 and Ctf4 in the absence of DNA, with or without CMG present. B. Peak fractions from various glycerol 

gradients where different factors or co-factors were included in the reconstitution prior to gradient 

sedimentation. For lanes 1-2, full gels are shown in C. C. Glycerol gradient sedimentation analysing complex 

formation after mixing CMG, Csm3-Tof1, Mrc1 and Ctf4 in the presence or absence of DNA. D. PAGE analysis of 

peak fractions (fraction 9) from C, using the Typhoon Fluorescence Imager to detect the Cy3-labelled fork DNA 

substrate. E. Coomassie-stained SDS-PAGE analysis of Tof1 phosphorylation state for the protein used in 

reconstitution. Untreated and lambda phosphatase (l-PP)-treated Tof1 samples are compared using 

conventional and Phosbind SDS-PAGE. In A, C: *, multimeric Ctf4; M, molecular weight markers. 
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The above characterisation indicates our ability to assemble replisome complexes from 

purified proteins on a synthetic fork DNA substrate in vitro. Importantly, analysis of glycerol 

gradients indicates we are able to isolate our complex of interest containing all desired 

components in stoichiometric amounts (Figure 3.10C). Therefore, we are able to use such a 

reconstitution protocol to prepare sample for structural investigation. When preparing 

sample for cryo-EM, we used a similar reconstitution approach where replisome components 

were mixed with CMG, which had been preincubated with fork DNA (Figure 3.11A). In these 

experiments, all CMG-binding partners (including DNA) were used in excess over CMG to help 

ensure good occupancy of these factors within complexes; the presence of the unbound 

excess factors was not an issue as they can be efficiently separated during GraFix (Figure 

3.10A). 

During our initial attempts at reconstitution, we also trialled use of an alternative cross-

linking agent, bis(sulfosuccinimidyl)suberate (BS3) during GraFix (Figure 3.11B). BS3 is a 

homobifunctional sulfo-N-hydroxysuccinimide (sulfo-NHS) ester which preferentially reacts 

with N-terminal and lysyl primary amine moieties in polypeptides 335. It was unclear from early 

attempts at reconstitution, using BS3 in place of glutaraldehyde, as to whether some regions 

of additional density across the side of CMG (see Figure 3.4F) were as clearly visible as in 

previous datasets. However, CTM density bound to the MCM N-tier was well-resolved. At this 

stage it was unclear whether the improved CTM density compared to co-expressed samples 

owed to use of BS3 or resulted from reconstitution of the complex using a defined DNA 

substrate, therefore in future experiments we used a mixture of glutaraldehyde and BS3 

during GraFix. As will be discussed below, using this mixture of crosslinkers did not impair our 

ability to determine high resolution structural information, and yielded cryo-EM density maps 

with well-resolved Csm3-Tof1 density. 

It should also be noted that AMP-PNP was included at all stages during sample 

preparation, as we found during sample optimisation that non-hydrolysable nucleotide 

analogues are required for stabilising the MCM C-tier, thereby allowing higher resolution 

reconstruction of the MCM motor domains and ssDNA engaged therein. This is in line with 

other structures which have since been determined in the presence of nucleotide 5,22,51,53,57,84. 

We also note the combination of nucleotide and a DNA substrate is likely important for 

resolving the MCM C-tier, presumably as both the substrate and co-factor are required to 

vvvvvvvvv 
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Figure 3.11: Cryo-EM Investigation of CMG-CTM-Ctf4-fork DNA Complexes Assembled via in vitro Reconstitution 

from Individually Purified Components. A. Schematic of the protocol used for in vitro complex reconstitution.             

B. Chemical structure of the crosslinking agent bis(sulfosuccinimidyl)suberate (BS3). C. Fractions taken from 

glycerol gradients used during sample preparation, analysed by silver-stained SDS-PAGE. Gradients either lacked 

crosslink agents (- XL) or contained a mixture of glutaraldehyde and BS3 (+ XL). Fractions 10-11 from the 

crosslinking gradient were pooled for cryo-EM sample preparation. D. Peak fraction from the glycerol gradient 

(C), with subunits labelled. E. Representative cryo-EM micrograph. F. Representative 2D class averages. Box size, 

38 nm. Orange arrow indicates density where two strands of duplex DNA are resolved.  G. Angular distribution of 

particle orientations used in 3D reconstructions. H. Sharpened refined cryo-EM density map for the reconstituted 

complex. The atomic models for CMG-DNA (PDB: 5U8S) and Ctf4 (PDB: 4C8H) are fitted as rigid bodies 5,29. I. Cryo-

EM density map as in H, focusing on the MCM C-tier motor domains. 
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ensure correct co-ordination of adjacent Mcm subunits. 

Using the reconstitution methodology described above, we were able to isolate 

stoichiometric complexes of CMG-CTM-Ctf4 assembled on a defined DNA substrate (Figure 

3.11C,D). Specifically, our complex of interest migrated as a tight peak across two fractions 

(fractions 10-11) of the glycerol gradient. These samples were used in two data collection 

sessions, using Titan Krios microscopes equipped with K2 direct electron detectors operated 

in electron counting mode. Together, a total of ~7,000 micrographs were acquired, from 

which ~472,000 particles contributed to good quality 2D class averages (Figure 3.11E,F). 

Strikingly, the resulting 2D classes appeared more featureful than what we observed for the 

co-expressed samples: the novel density attributed to CTM appeared better defined with 

hints of secondary structure discernible; clearer rod-shaped density was observed for the 

parental dsDNA suggesting improved DNA homogeneity, with the two strand of the double 

helix clearly resolved in one 2D class; the MCM C-tier was better resolved with clearer 

secondary structure features as well as a more clearly defined region corresponding to the 

central channel (Figure 3.11F, compare to Figure 3.7C). In brief, datasets collected using this 

sample revealed a good distribution of particle orientations (Figure 3.11G), allowing 3D 

reconstruction of density maps with improvements in the resolution around the novel density 

bound to the MCM N-tier and the adjacent parental DNA duplex (Figure 3.11H) as well as the 

MCM C-tier motor domains bound to ssDNA (Figure 3.11I). This enabled us to build the first 

atomic model for Csm3-Tof1, and define its interactions within the replisome and with DNA, 

as well as characterise the Ctf4 interface and mode of DNA engagement by MCM at high 

resolution. The details of this complex and the data processing required to achieve these 

insights are the topic of Chapter 4.  

3.3. Discussion 

 

We have successfully developed a protocol for preparation of large replisome 

complexes suitable for sub-4 Å-resolution cryo-EM reconstruction, which we have used to 

determine the first cryo-EM reconstruction of the fork protection complex (Csm3-Tof1-Mrc1, 

CTM) and Ctf4 associated with DNA-bound CMG helicase. The details arising from our CMG-

CTM-Ctf4-DNA structure are covered in Chapter 4. 
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In summary, we have developed a GraFix-based protocol for preparing samples 

following either complex co-expression in budding yeast, or in vitro reconstitution using 

individually purified components. Glycerol gradient sedimentation has allowed purification of 

our complex of interest from dissociated components as well as higher molecular weight 

species containing multiple CMG helicases linked by Ctf4 which appeared to lack CTM. More 

recently, independent groups have confirmed the identity of these higher molecular weight 

species, although it is also possible for two CMG helicases to associate without the Ctf4 linker 

55,336. Inclusion of crosslinking agents during gradient sedimentation helped achieve high-

resolution reconstructions.  

Although both co-expression and reconstitution approaches enabled us to achieve high-

resolution cryo-EM maps for the CMG N-tier and Ctf4, heterogeneity in co-purifying 

endogenous DNA precluded resolution of features for the parental DNA, Csm3 and Tof1. 

Reconstitution of our complex using a defined DNA substrate is most likely what allowed us 

to improve this region sufficiently to enable de novo model building, which is explored in 

Chapter 4. Additionally, inclusion of the non-hydrolysable ATP analogue, AMP-PNP, was 

crucial for stabilising the MCM C-tier AAA+ motor domain region. 

Ultimately this GraFix-based approach has provided an excellent platform for studying 

various replication-associated complexes, advancing the sample preparation methodology 

for these complexes compared to prior publications where purified components were applied 

to EM grids either immediately 5,50,51 or following gel filtration 5. Although alternative 

approaches will be required for studying more transient and dynamic aspects of DNA 

replication, such as the DNA affinity-based purification protocol which has recently been used 

to study the mechanism of translocation 52, the approach we have developed provides an 

ideal means to study many aspects of complex architecture and subunit association. The 

flexibility of the reconstitution approach enables many complexes to be formed through the 

addition of different replication factors, many of which have established protocols for their 

purification. Indeed, I have successfully used this approach for the preparation not only of 

CMG-CTM-Ctf4-DNA complexes (Chapters 3 and 4), but also of complexes involved in the 

process of DNA replication termination (Chapter 5). Furthermore, other members of Joseph 

Yeeles’ research group (Morgan Jones and Joseph Yeeles) have utilised this approach for 

study of several additional complexes involved in DNA replication, including the core human 
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replisome (for which a manuscript has been submitted for publication) and a human complex 

related to termination which is discussed in Chapter 5. 
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Chapter 4. Cryo-EM Structure of the Fork Protection Complex bound to CMG at a Replication Fork 

 

Chapter 4 

 

Cryo-EM Structure of the 

Fork Protection Complex 

bound to CMG 

at a Replication Fork  





Chapter 4 – Fork Protection Complex 

 161 

4.1. Introduction 

 

The functions of the varied components of eukaryotic replication machinery have been 

probed by various biochemical, single-molecule and cellular techniques. However, a full 

understanding of replication requires these insights to be complemented with a structural 

perspective of how different factors work together to facilitate timely and reliable genome 

duplication. 

By using the method of sample preparation developed in Chapter 3, we have 

determined how four of these replisome components associate with CMG, providing 

information on how they can perform their crucial roles. This builds upon prior knowledge of 

CMG, where the stacked two-tier MCM ring, buttressed by Cdc45 and tetrameric GINS, forms 

a channel through which the translocation strand of DNA (leading strand template) passes 5. 

During translocation, the MCM motor domains – forming the C-tier – push CMG forward, such 

that the helicase progresses N-tier-first 86. The positioning of the additional replisome factors 

within our structures can be used to rationalise how they perform their function in the 

context of this orientation of CMG during translocation. This Chapter will discuss our findings 

based on our cryo-EM structures, complemented with various biochemical and phenotypic 

assays which these structures informed. 

4.2. Results 

 

As described in Chapter 3, we have reconstituted a complex comprising the DNA-

associated eukaryotic CMG helicase bound to several additional factors: the fork protection 

complex (FPC) comprising Csm3-Tof1-Mrc1, plus Ctf4 (Figure 3.11A-D). This approach yielded 

sample suitable for high-resolution cryo-EM data collection (Figure 3.11E-I), ultimately 

producing high-resolution cryo-EM density maps representing the most complete structure 

of a eukaryotic replisome to date (Figure 4.1). Extensive data processing has enabled us to 

produce cryo-EM density maps at 3-4 Å resolution, facilitating model building of CMG-Csm3-

Tof1-Ctf4-DNA (Figures 4.1, 4.2, 4.3A-C and Table 4.1). Mrc1 appears to be disordered within 

this complex despite being present at stoichiometric levels during gradient fixation (Figure 

3.11C,D), and required additional approaches to study its association with the replisome. In  



Chapter 4 – Fork Protection Complex 

 162 

 

Figure 4.1: Cryo-EM structure of the Fork Protection Complex bound to CMG at a Replication Fork. A. Cryo-EM 

density map of a complex assembled by reconstitution as in Figure 2.10. B. Corresponding atomic model. 

 

this Chapter, I will describe the structure of this 1.4 MDa complex and its biological 

implications supported by functional data. 

 

4.2.1. Csm3-Tof1 and Ctf4 Associate with the Front of the Eukaryotic Replisome 

 

Our model reveals the positions of Csm3-Tof1 and Ctf4 within the eukaryotic replisome. 

Overall, the complex assumes a comma-shaped architecture, with both Csm3-Tof1 and Ctf4 

bound to the forward-facing side of CMG (Figure 4.1). Specifically, Ctf4 is observed to bind 

across the top of Cdc45 and GINS; this is consistent with the low-resolution 2D class averages 
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 Conformation 1 

(CMG-Csm3-Tof1-Ctf4-fork DNA) 

 

Conformation 2 

(MCM C-tier, ssDNA) 

 EMDB: 10227; PDB: 6SKL EMDB: 10230; PDB: 6SKO 

Data collection and processing 

Grids Cu R 2/2 400-mesh (Quantifoil) with ultrathin continuous carbon 

support 

Cryo-specimen freezing Manual plunger 

Microscope Titan Krios (ThermoFisher Scientific) 

Detector K2 Summit (Gatan) 

Datasets 2 

Micrographs used in data 

processing 

6,682 

Fractionation scheme (fractions 

per micrograph) 

20 

Voltage (keV) 300 

GIF slit width (eV) 20 

Electron exposure (e-/Å2) 37 

Defocus range (µm) -1.4 to -2.6 

Sampling interval (Å/pixel) 1.049 

Initial particle number 632,077 

Final particle numbers Full complex: 34,647; 

Csm3-Tof1 (MBR): 282,761; 

CMG/Ctf4 (MBR): 198,120 

181,957 

Map resolution (Å) – 0.143 FSC 

threshold 

3.1 – 3.7 3.2 – 3.7 

Refinement 

Model resolution (Å) – 0.5 FSC 

threshold 

4.1 3.8 

Map-sharpening B-factor (Å2) -5 -5 to -20 

Model composition 

Non-hydrogen atoms 59,184 15,715 

Protein residues 7,251 1,955 

Ligands 3 AMP-PNP; 3 Mg2+; 5 Zn2+ 5 AMP-PNP; 5 Mg2+ 

RMS deviations 

Bond lengths (Å) 0.70 0.70 

Bond angles (o) 1.13 1.19 

Validation* 

MolProbity score 0.81 1.19 

Clashscore 0.26 0.95 

Poor rotamers (%) 0.09 0.24 

Ramachandran plot 

Favoured (%) 96.71 94.01 

Allowed (%) 3.29 5.99 

Outliers (%) 0.00 0.00 

 

Table 4.1: Cryo-EM statistics related to model building. For details regarding the derivation of 

individual maps and their individual map resolutions quoted at the 0.143 FSC threshold, refer to 

Methods and Figure 4.2. Electron Microscopy Data Bank (EMDB) accession codes represents the 

deposited maps which best encompass the full atomic models deposited in the Protein Data Bank 

(PDB). Additional EMDB accession codes are as follows: conformation 1 Ctf4/Cdc45/GINS (EMDB: 

10509); conformation 1 Mcm2/3/5/6 (EMDB: 10510); conformation 1 Mcm4/7 (EMDB: 10511); 

conformation 2 Mcm2/5/6CTD (EMDB: 10730); Tof1R1-R5/Mcm2NTD/Mcm3NTD/Mcm5NTD (EMDB: 10508); 

Tof1R6-R9/Csm3/dsDNA/Mcm4NTD/ Mcm6NTD/Mcm7NTD (EMDB: 10507). * MolProbity validation server 
317. FSC, Fourier shell correlation; GIF, Gatan imaging filter; MBR, multi-body refinement; RMS 

deviation, root-mean-square deviation.  
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Figure 4.2: Pipeline for data processing of the reconstituted CMG-CTM-Ctf4-DNA complex. Cryo-EM density maps 

related to conformation 1 are coloured grey, whilst those related to conformation 2 are coloured yellow (mixed 

AMP-PNP occupancy), magenta (5 AMP-PNP bound) and cyan (3 AMP-PNP bound), respectively. The map for 

conformation 1 resolved at 3.7 Å represents the map with the best density across all subunits for this 

conformation. The final atomic models and the map containing the best resolved regions of unassigned density 

suspected to belong to Mrc1 are highlighted by green boxes. T is the regularisation parameter used during 3D 

classification. 
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Figure 4.3: Overview and comparison of conformations 1 and 2 observed for the reconstituted CMG-CTM-Ctf4-

DNA complex. A. Composite cryo-EM density maps derived from multi-body refinement of classes representing 

conformations 1 and 2, coloured according to local resolution. B. Fourier shell correlation (FSC) curves for the 

multi-body refinement maps relevant for model building. The cryo-EM density maps used for building Csm3-Tof1 

models are shown separately in Figure 4.4B. For conformation 2, the Mcm2/Mcm5/Mcm6C-tier map (dashed line) 

was derived from multi-body refinement of a distinct 3D class (refer to Figure 4.2). C. Map-to-model FSC curves. 

For the conformation 2 model, only the MCM C-tier was built. Full: correlation between the sum of half-map 1 

and half-map 2, and the refined model. Half 1: correlation between half-map1 and the model refined in half-map 

1. Half 2: correlation between half-map 2 and the model refined in half-map 1. D. Comparison of conformations 

1 and 2. For conformation 1, models were built for all subunits. For conformation 2, models were built for the 

MCM C-tier; remaining subunits were taken from conformation 1 and docked as rigid bodies with models fitting 

the density well. Each conformation was subsequently aligned on either the MCM N-tier or Cdc45-GINS (outlined 

in red), and the root mean square deviation (RMSD) values calculated for the regions indicated by dashed outlines 

without further alignment. E. Comparison of complexes assembled by reconstitution (see Figure 2.10) and co-
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expression (see Figures 3.6-3.8). Models for reconstituted complexes were derived as in D. For the co-expression 

dataset, subunits were docked as rigid bodies, with MCM N- and C-tier regions docked separately; DNA was 

excluded. Models were aligned over the region encompassing the MCM N-tier/Cdc45/GINS, and RMSD values 

calculated as in D, in each case comparing the co-expressed dataset to each of conformations 1 and 2 from the 

reconstituted dataset. F. Minimal remodelling of CMG is observed upon association of several accessory factors. 

The model for CMG-CTM-Ctf4-DNA in conformation 1 is compared to that of CMG-DNA [PDB: 5U8S, 5]; models 

aligned on the MCM N-tier, only CMG displayed. Regions of Mcm6 and Mcm2 remodelled by interaction with 

Tof1 are coloured red. 

 

previously described by negative stain EM analysis of CMG-Ctf4-containing complexes 21. We 

are able to provide what was at the time the first high-resolution description of the complete 

CMG:Ctf4 interface, described in detail in Section 4.2.7.  

In addition to Ctf4, we find Csm3-Tof1 binds the MCM N-tier across Mcm2/4/6/7, 

positioning it adjacent to the incoming parental DNA duplex. Indeed, Tof1 forms a crescent-

shaped architecture with Csm3 capping one end, allowing the heterodimer to follow the 

curvature of the MCM ring and form contacts with dsDNA. Given CMG translocates N-tier-

first 5,86, Csm3-Tof1 is positioned at the front of the replisome, where it could act as the first 

point of contact for lesions or impediments encountered by the replisome during DNA 

replication. Indeed, our structure has provided the first structure of Csm3-Tof1, and remains 

the only structure of these proteins bound to the replisome; a prior crystal structure of the 

N-terminal domain of the human ortholog Timeless 35, and a subsequent crystal structure of 

isolated Csm3-Tof1 from Chaetomium thermophilum 38 validate our structure, however 

several key features of the interaction of Csm3-Tof1 with CMG as well as with DNA can only 

be elucidated from our structure; the details of the structure of Csm3-Tof1 and its interactions 

within the replisome will be discussed in detail in Sections 4.2.3-4. 

During processing of our datasets, signal subtraction followed by 3D subclassification 

without alignment revealed CMG could occupy multiple conformations within our complex, 

named Conformation 1 and 2 (Figure 4.2). For each conformation, additional multi-body 

refinement aided in achieving high-resolution reconstructions across the majority of the 

complex, including the MCM C-tier (Figure 4.2, 3.3A-C). Having built or fitted models for each 

conformation, we were able to confirm that the only major differences between 

Conformations 1 and 2 were found in the MCM C-tier (Figure 4.3D, discussed in detail in 

Section 4.2.9). In contrast, no appreciable differences were observed between the two 

conformations in the other regions of the complex encompassing Cdc45-GINS-Ctf4, the MCM 

N-tier and Csm3-Tof1, or the dsDNA (Figure 4.3D). Therefore, the descriptions of Ctf4 and 
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Csm3-Tof1 and their interfaces with CMG and DNA are independent of the conformational 

changes in the MCM C-tier.  

We also compared the complexes assembled by reconstitution described above to 

those we had previously assembled by co-expression in budding yeast (Figure 3.6-2.8); the 

MCM C-tier was ill-defined in co-expressed complexes, likely reflecting the lack of nucleotide 

and the heterogeneity of DNA in these preparations, however the remainder of the 

complexes including Ctf4 and Csm3-Tof1 were comparable between these two methods of 

sample preparation (Figure 4.3E).  

Finally, comparison of our structure to prior models of CMG-DNA reveals association of 

these additional accessory factors (Csm3-Tof1, Mrc1 and Ctf4) does not cause large changes 

to CMG; the only noticeable remodelling observed in the MCM N-tier was the ordering of the 

Mcm2 and Mcm6 N-terminal extensions (plus a loop in Mcm6 which contacts the Mcm2 NTE) 

by virtue of the interaction with Tof1 (Figure 4.3F). In summary, CMG is able to provide a 

stable platform for association of various replisome factors without requiring extensive 

remodelling of the helicase.  

 

4.2.2. Csm3-Tof1 Form a Capped a-Solenoid Architecture 

 

Csm3-Tof1 form a curved architecture across the N-tier of CMG (Figure 4.1). As 

discussed above, the structure and position of Csm3-Tof1 appears comparable across both 

CMG conformations observed in our dataset (Figure 4.3D). Therefore, we were able to 

combine all particles containing Csm3-Tof1 yielding a 3.1 Å reconstruction containing 60% of 

the good particles from our dataset (Figure 4.2, red map). To maximise the resolution of the 

region encompassing Csm3 and Tof1, we performed multi-body refinement, dividing the 

Csm3-Tof1 density into two halves and defining each half (plus the underlying MCM N-tier) 

as a separate body during refinement (Figure 4.2). This approach generated cryo-EM density 

for Csm3-Tof1 in the range of 3-4 Å resolution allowing tracing of the Ca-backbone and 

identification of individual side chains (Figure 4.4A,B). Using these maps, we were able to 

build atomic models for Tof1 (residues 13-781) and Csm3 (residues 46-139); model building 

and refinement of Csm3-Tof1 was primarily conducted by Domagoj Baretić. In summary, a 

Phyre2 homology model derived from the prior crystal structure of the N-terminal domain of 

vvvvvvv 
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Figure 4.4: Structure of Csm3-Tof1 bound to the replisome. Figure legend on following page. 
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Figure 4.4: Structure of Csm3-Tof1 bound to the replisome. A. Left: cryo-EM density maps, derived from multi-

body refinement and used for Csm3-Tof1 model building, coloured by local resolution. Dashed outlines demarcate 

the approximate mask boundaries used during multi-body refinement. Right: representative Tof1 cryo-EM 

density. B. FSC curves for the maps used in Csm3-Tof1 model building (see A). C. Model of Csm3-Tof1 bound to 

the MCM N-tier. DNA is not displayed for clarity. D. Architecture of Tof1 (residues 13 – 781). Repeat units 1-9 are 

represented as boxes. E. Tof1, coloured according to the helical repeat units. F. Top: comparison of Tof1 repeats 

1-6 with the crystal structure of the human Timeless N-terminus [PDB: 5MQI, 35]. Bottom: comparison of Tof1 

repeats 5-9 with the crystal structure of p120 catenin [PDB: 3L6X, 337]. G. Model of Csm3-Tof1. Repeats 3-5 

(flanking the W-loop and MCM-plugin) are coloured as in E. H. Structure of Csm3. Middle: regions of Tof1 and 

MCM which contact Csm3 are shown. CBE, Csm3-binding element; DBM, DNA binding motif. 

 

Timeless (the human Tof1 ortholog) helped to guide model building of the N-terminal half of 

Tof1 35,306. Beyond this, no further structural information was available, requiring the 

remainder of the Tof1 and Csm3 models to be built de novo. Furthermore, several Tof1 loops 

which are important for interaction with CMG and dsDNA were either absent in the human 

protein, or truncated for crystallisation, requiring these regions to be built based solely on 

our cryo-EM density. The C-terminal third of Tof1 (residues 782-1238) were not resolved. 

Overall, the curved shape of Csm3-Tof1 allows it to wrap across the curved surface of 

the MCM N-tier beside Mcm 2/4/6/7 (Figure 4.1, 4.4C). The curvature of Tof1 results from 

the first 756 residues forming a right-handed a-solenoid made up of 9 tandem helical units 

resembling either armadillo or HEAT repeats (Figure 4.4D,E). The first six repeat units are a 

close match to the crystal structure of the human Timeless N-terminus 35, whilst repeats 5-9 

superpose well with the structure of p120 catenin 337 which is the second highest ranked hit 

from a Dali search that draws comparisons to known 3D protein structures 338 (Figure 4.4F). 

Two long insertions are located between repeats 3/4 and between repeats 4/5 of the Tof1 a-

solenoid (Figure 4.4D,G); these insertions, which we call the W-loop and MCM-plugin 

respectively, are not observed in the crystal structures of isolated TimelessN 35 or Csm3-Tof1 

38, yet together are almost entirely responsible for interaction with CMG (Figure 4.4C). The 

MCM-plugin is a particularly large insertion (residues 296-429) making it useful to further 

subdivide this region into its structural components which we name the Bridge, Anchor, 

Wedge and L-loop (Figure 4.4G). 

Csm3 is observed to cap the C-terminal end of the Tof1 a-solenoid, where it folds to 

form a tetrahelical helix-turn-helix (HTH) motif (Figure 4.4C,G,H). An extensive interface is 

formed between Csm3 and a region of Tof1 named the Csm3 binding element (CBE). The Tof1 

CBE is made up of four helices (a24 - a27) which includes two helices from the final repeat 

(R9) of the Tof1 a-solenoid plus two additional short a-helices (a26 and a27). At the core of 
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the Csm3-Tof1 interface, Csm3 embraces a hydrophobic Tof1 a-helix (a26) (Figure 4.4H). The 

extensive and hydrophobic nature of this interface likely explains why Csm3-Tof1 can be co-

purified as a complex in the absence of other replisome components, and why their cellular 

stability appears co-dependent 103. Additional peripheral contacts are observed between 

Csm3 and both the Tof1 MCM-plugin and the Mcm7 ZnF domain (Figure 4.4H). Finally, we 

observe an extension from the N-terminus of the Csm3 HTH (residues 46-53) which project 

toward dsDNA, forming the Csm3 DNA-binding motif (DBM) (Figure 4.4H). 

Overall, we have described for the first time a structure of Csm3 and Tof1, which 

extends our knowledge beyond the N-terminal region of Timeless which was determined 

previously 35. A similar structure has since been published for isolated Csm3-Tof1, however 

the lack of CMG and DNA precluded resolution of the important a-solenoid insertions which 

mediate DNA and replisome interactions 38. Furthermore, we have shown how these 

components of the FPC are able to dock onto the N-tier of CMG, placing them in a prominent 

position ahead of the replication fork. Overall, this redefines the architecture of the 

eukaryotic replisome, and may help explain how Csm3-Tof1 can fulfil their roles in fork 

stabilisation upon encounter of RFB-Fob1 complexes 112,133,134, transfer of pre-loaded cohesin 

across the replication fork 154 and relief of torsional stress ahead of the replisome 121,150. 

 

4.2.3. Csm3-Tof1 Associate with the MCM N-Tier via an Extensive Multipartite 

Interface 

 

The interface formed between Csm3-Tof1 and CMG is extensive, involving four of the 

six MCM subunits (Figure 4.4C). Interestingly, other than a few minimal contacts with the 

Mcm7 ZnF, no interaction is observed between Csm3 and CMG; rather, the replisome 

association of Csm3 is almost entirely mediated by its interaction with Tof1. The Tof1:MCM 

interface is complex, and involves several distinct regions of Tof1.  

The N-terminus of Tof1 (repeats R1 and R2) forms an interface with the N-terminus of 

Mcm2, part of which becomes ordered upon association of Tof1 (Figure 4.3F). The majority 

of this interface is contributed by a1 from Tof1 which is responsible for the ordering of a 

region of the Mcm2 N-terminus (Figure 4.5A). However, a much larger contribution to the 

Tof1:MCM interaction comes from Mcm4/6/7, which are contacted by the Tof1 a-solenoid 

insertions (the W-loop and MCM-plugin, Figure 4.5B,C). 
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Figure 4.5: Tof1:MCM interaction. A. Interface formed between the Tof1 N-terminus and Mcm2. B. Interaction 

mediated by the Tof1 W-loop and Mcm4/6. The “lock” formed by the Mcm6 ZnF and Mcm6 NTE (F92) entrapping 

the Tof1 W-loop is indicated. Zn2+ represented as magenta spheres. C. Overview of the interface formed by the 

Tof1 MCM-plugin and MCM. Structural features of the MCM-plugin (Bridge/Anchor/Wedge/L-loop) are labelled. 

D. Details of the interface formed by the Tof1 MCM-plugin and MCM. NTE, N-terminal extension. 
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The W-loop extends away from the Tof1 a-solenoid, projecting toward the parental 

dsDNA (Figure 4.5B). To achieve this, the W-loop inserts between the adjacent ZnF domains 

of Mcm4 and Mcm6. The Mcm6 NTE then becomes ordered, stretching underneath the Tof1 

a-solenoid (Figure 4.3F) which allows it to form a composite b-sheet with the Tof1 W-loop 

before contacting the Mcm6 ZnF, mediated by F92Mcm6 (Figure 4.5B). In this manner, the 

Mcm6 NTE is able to entrap the Tof1 W-loop, locking it into position. 

The Tof1 MCM-plugin forms the remainder of the interface with MCM. The MCM-plugin 

originates from Tof1 repeat R4, before extending underneath the entire C-terminal half of the 

Tof1 a-solenoid where it contacts Csm3, before looping back to return to the start of Tof1 

repeat R5 (Figure 4.4C,G). As a result, the interactions involving the Tof1 MCM-plugin are by 

far the most extensive of those forming the interface between Tof1 and CMG, stretching 

across three adjacent MCM subunits (Figure 4.5C). The N-terminus of the MCM-plugin forms 

an a-helix (residues 329-353, named the Bridge), which “bridges” across the helical domains 

of Mcm6 and Mcm4 (Figure 4.5C, 3.5D top-left). The MCM-plugin then forms a short loop 

(residues 354-362, named the Anchor), which inserts deep into a pocket formed by the ZnF, 

helical and OB-fold domains of Mcm4, thereby “anchoring” the Mcm-plugin in this region 

(Figure 4.5C, 3.5D top-middle). Immediately following the Anchor, the MCM-plugin folds to 

form a b-hairpin and an a-helix (aW), which together form what is called the Wedge (residues 

363-395) to reflect how this region “wedges” between the ZnF and helical domains of Mcm4, 

and the ZnF domain of Mcm7 (Figure 4.5C, 3.5D bottom). It is the Wedge that is positioned 

to interact with the bottom of Csm3 (Figure 4.4G,H). At this point, the MCM-plugin loops back 

toward the N-terminus of Tof1, passing beside the parental dsDNA where we observe a novel 

Tof1 DNA-binding motif (DBM, residues 400-404), described in further detail in the following 

section. Finally, the MCM-plugin folds to form an L-shaped loop (L-loop, residues 412-429) 

which contacts the newly ordered Mcm6 NTE as it travels beneath Tof1 to lock the W-loop in 

position, as described above (Figure 4.5C, 3.5D top-right). Overall, the MCM-plugin becomes 

sandwiched between the Tof1 a-solenoid and the MCM N-tier, providing the means by which 

the a-solenoid of Tof1 is able to dock onto the forward-facing N-tier of CMG. 

Therefore, we have described the novel interface formed by Csm3-Tof1 with the 

eukaryotic replisome, formed primarily by two long loops inserted within the a-solenoid of 
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Tof1. These loops become ordered only upon interaction of Tof1 with MCM, which precluded 

prediction of this interface without the structural information that our complex provides. 

 

4.2.4. Tof1 and Csm3 Form Multiple Contacts to Grip the Parental DNA Duplex 

Ahead of the Replication Fork Junction 

 

The position of Csm3-Tof1 on the MCM N-tier places these proteins ahead of the 

replication fork, and beside the incoming parental DNA duplex. The dsDNA is deflected 

toward Csm3-Tof1 compared to a previous structure of fork DNA-bound CMG 5 (Figure 4.6A), 

which immediately suggested Csm3-Tof1 may interact directly with dsDNA. This is supported 

by the observation that Csm3-Tof1 could be better resolved when cryo-EM samples were 

prepared by reconstitution using a defined DNA substrate (Figure 3.11) compared to co-

expression where heterogenous endogenous DNA co-purified with the complex (Figure 3.6I). 

To the best of our knowledge, no previous DNA binding motifs had been identified in Csm3 

or Tof1; a low resolution cryo-EM map of a Timeless-Tipin-RPA-ssDNA complex had previously 

been published but was of insufficient resolution to conclude which factors bound ssDNA 333. 

Here we describe for the first time the mode of dsDNA engagement by the FPC factors 

Csm3 and Tof1 within the replisome (Figure 4.6B-D). Csm3-Tof1 form a tripartite interaction 

with dsDNA as the latter approaches the central MCM channel. Two regions of Tof1 plus a 

DBM from Csm3 are rich in basic residues and form a grip that embraces a three-quarter turn 

of the dsDNA, roughly one turn ahead of the fork junction (Figure 4.4G, 4.6B,C). Interestingly, 

the two long insertions present in the Tof1 a-solenoid responsible for mediating the 

interaction between Csm3-Tof1 and MCM (namely the W-loop and MCM-plugin) are also the 

regions of Tof1 which contact dsDNA. The third DNA contact, mediated by Csm3, is formed 

by an extended loop N-terminal to the HTH motif which mediates association of Csm3 with 

Tof1. As mentioned previously, none of the above regions were observed in structures of 

Csm3-Tof1 or their orthologs, crystallised in the absence of DNA and CMG 35,38. 

The Tof1 W-loop projects between the Mcm6 and Mcm4 ZnF domains, allowing the tip 

of the loop to approach the major groove of the dsDNA (Figure 4.5B, 4.6B). Several lysine 

residues (K225Tof1, K226Tof1, K230Tof1, K231Tof1) present in the tip of the W-loop are thus 

positioned to interact with the phosphate backbone of DNA (Figure 4.5B, 4.6C, 4.6D left). The 

equivalent loop in Tof1 orthologs outside budding yeast is notably shorter, lacking the region 
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Figure 4.6: Csm3-Tof1:DNA interactions. A. Comparison of CMG-bound DNA in CMG-CTM-Ctf4-DNA complexes 

(conformation 1: MCM N-tier, blue; Csm3-Tof1, yellow; DNA, orange) versus CMG-DNA (coloured grey, PDB: 

5U8S5). Models are aligned on the MCM N-tier. B. Overview of the positioning of Csm3-Tof1 beside the parental 

DNA duplex within the replisome. C. Overview of DNA contacts mediated by Csm3-Tof1. D. Details of DNA contacts 

mediated by Csm3-Tof1. Cryo-EM density is shown as mesh. 

 

containing these lysine residues, thereby raising the possibility that this mode of dsDNA 

interaction may not be present in other eukaryotes (Figure 4.7). 

In contrast to the W-loop, the Tof1 DBM found within the MCM-plugin is highly 

conserved between eukaryotes (Figure 4.7). Here, residues 400-404 located in a loop 

between the Wedge and L-loop of the MCM-plugin approach the minor groove of the dsDNA 

(Figure 4.4G, 4.6B,C). Specifically, an arginine residue (R401Tof1) projects into the minor 

groove where it can contact DNA deoxyribose moieties; two additional lysine residues help 
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Figure 4.7: Evolutionary conservation of regions of Csm3-Tof1. A. Multiple sequence alignment (MSA) of Tof1 and 

orthologs: Budding yeast Tof1 (Saccharomyces cerevisiae, SGD: YNL273W); Human Timeless (Homo sapiens, 

UniProtKB: Q9UNS1); Fission yeast Swi1 (Schizosaccharomyces pombe, UniProtKB: Q9UUM2); Chicken Timeless 

(Gallus gallus, NCBI: XP_015155764.1); Frog Timeless (Xenopus tropicalis, UniProtKB: F6Z6K7); Zebrafish Timeless 

(Danio rerio, NCBI: NP_001265529.1) and Plant Timeless (Arabidopsis thaliana, NCBI: NP_200103.1). B. MSA of 

Csm3 and orthologs: Budding yeast Csm3 (S. cerevisiae, SGD: YMR048W);  Human Tipin (H. sapiens, UniProtKB: 

Q9BVW5); Fission yeast Swi3 (S. pombe, UniProtKB: O14350); Chicken Tipin (G. gallus, UniProtKB: Q5F416); Frog 

Tipin (Xenopus laevis, UniProtKB: Q0IHI4), Zebrafish Tipin (D. rerio, UniProtKB: G1K2L6) and Plant Tipin 

(Arabidopsis lyrata, UniProtKB: D7KZL5).  
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to position the interaction with DNA, either contacting the DNA phosphate backbone 

(K400Tof1) or facing away from the DNA to contact the Tof1 a-solenoid (K404Tof1) (Figure 4.6C, 

4.6D middle). 

Finally, the Csm3 DBM comprises residues 46-53, situated in an extended loop 

upstream of the interface with Tof1 (Figure 4.4H). As with the Tof1 MCM-plugin DBM, the 

DBM found in Csm3 approaches the minor groove of the dsDNA (Figure 4.4H, 4.6B,C). Here, 

R48Csm3 and Q51Csm3 project into the minor groove, whilst R46Csm3, K47Csm3 and K53Csm3 could 

coordinate the phosphate backbone. Generally, this region of Csm3 features many basic 

residues across different eukaryotic species, however R48Csm3 and K53Csm3, as well as an 

additional residue R49Csm3 which might also contact the phosphate backbone during 

replication, are notable as being the most highly conserved residues across various 

eukaryotes from yeast to humans (Figure 4.7). 

 

4.2.5. Replisome Association of Csm3-Tof1 is Stabilised by Its Interaction with DNA 

 

Having identified novel DNA binding regions of Csm3 and Tof1, we decided to test their 

importance through generating mutations targeted to the DBMs. We designed a series of 

alanine substitution mutants covering the highly conserved DBM located in the Tof1 MCM-

plugin (Tof1-3A: Tof1K400A / R401A/ K404A) as well as two mutants in the Csm3 DBM (Csm3-2A: 

Csm3R49A / K53A; and Csm3-5A: Csm3K47A / R48A / R49A / Q51A / K53A). Joseph Yeeles was able to purify 

stable heterodimers of each of the above mutants (Csm3/Tof1-3A, Csm3-2A/Tof1, and Csm3-

5A/Tof1), as well as double-mutant complexes (Csm3-2A/Tof1-3A, and Csm3-5A/Tof1-3A) 

(Figure 4.8A). We next tested the ability of each mutant to bind fork DNA using an 

electrophoretic mobility shift assay (EMSA): all the mutant complexes were able to bind DNA 

comparably to wild-type Csm3-Tof1, which we expect is due to an additional DNA-binding 

domain which has since been identified in the C-terminal portion of Timeless which 

corresponds to the C-terminal region not resolved in our structure 105. We do note that a clear 

additional band is visible for wild-type samples that is lost upon mutation of the Csm3 or Tof1 

DBMs; although we do not fully understand the origin of this intermediate shift, it is possible 

this represents a DBM-dependent binding mode for the Csm3-Tof1 complex (Figure 4.8B). 
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Figure 4.8: Mutations disrupting Csm3-Tof1 DNA binding regions inhibit DNA replication. Experiments in A and E-

G were performed by Joseph Yeeles. A. Purified Csm3-Tof1 DBM mutants analysed by Coomassie-stained SDS-

PAGE. B. Electrophoretic mobility shift assays (EMSAs) assessing the ability of Csm3-Tof1 DBM mutants (each at 

40, 80, 160, 320 nM) to interact with a fork DNA substrate (40 nM, Figure 2.7A, no streptavidin). C. Schematic of 

origin-dependent DNA replication assays used in E-G. Gel analyses used 0.6% denaturing alkaline agarose gels.         

D. Schematic of DNA template used in DNA replication assays (relevant to E-G). E. DNA replication assay as in C,D, 

comparing various Csm3-Tof1 mutants. Reactions were analysed at the 7-minute timepoint. F. As in E, except 

reactions analysed at later timepoints (left: 15 minutes; right: 20 minutes). DBM: DNA binding motif; E.L.: end-

labelled template; L.L.: left leading strand; R.L.: right leading strand; O.F.: Okazaki fragments.  

 

It is known that Csm3-Tof1 are required for maximal rates of DNA replication in a 

reconstituted origin-dependent in vitro replication assay 61. Therefore, we tested whether 

mutation of the Csm3/Tof1 DBMs compromised their ability to stimulate DNA replication 

using this assay (Figure 4.8C, origin-dependent replication assays were performed by Joseph 

Yeeles). In these assays, a linearised template was used with an origin positioned such that 

the left- and rightward replication forks would generate full-length leading strand products 

measuring 8.2 and 1.9 kbp, respectively (Figure 4.8D). None of the single mutants appeared 
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to greatly compromise synthesis of full-length leading strand products at the 7-minute 

timepoint (Figure 4.8E). In contrast, both double mutants reduced the synthesis of full-length 

products, with a slight reduction in the Csm3-2A/Tof-3A mutant and a larger defect in the 

Csm3-5A/Tof1-3A mutant, although neither reduced replication efficiency to the same degree 

as omission of Csm3-Tof1 (Figure 4.8E). However, given enough time all mutants were able 

to facilitate complete replication of full-length products under conditions where Csm3-Tof1 

remains necessary (Figure 4.8F). 

Given the results above, we reasoned DNA replication might be compromised with the 

Csm3-Tof1 double mutants as a result of a defect in their ability to associate with the 

replisome. We speculated that compromised replisome association might inhibit Csm3-Tof1 

from facilitating Mrc1-dependent stimulation of replication 61. To investigate this, Joseph 

Yeeles performed origin-dependent recruitment assays where the recruitment of replication 

factors to replisomes assembled at an origin of replication was assessed using Sephacryl S-

400 spin columns, which separate free protein from those which correctly assemble on DNA 

(Figure 4.9A). These assays are able to detect DNA-associated replisomes only under 

conditions which facilitate both origin licensing (ORC present) and origin firing (Dpb11 

present) (Figure 4.9B). Generally, we observe no change in the association of CMG subunits 

nor RPA when the Csm3-Tof1 DBMs are mutated (Figure 4.9C,D). Furthermore, we observe 

no appreciable difference in association of Csm3 nor Mrc1 in any of the Csm3 or Tof1 single 

mutants (Figure 4.9D); in contrast, Csm3 association is slightly reduced with the Csm3-

2A/Tof1-3A double mutant (Figure 4.9D) and both Csm3 and Mrc1 binding are noticeably 

reduced with the more severe Csm3-5A/Tof1-3A double mutant (Figure 4.9C).  

To lend further support to our hypothesis, we also tested the stability of complexes 

containing Csm3-Tof1 and Mrc1 using glycerol gradient sedimentation. Here, purified 

replisome components (including CMG) were mixed prior to separation of free proteins from 

complexes using 10-30% glycerol gradients. Again, in the presence of a fork DNA substrate 

complex stability was comparable in the presence of wild-type Csm3-Tof1 and single mutants; 

in contrast the stability of Csm3-Tof1 and Mrc1 association with CMG was compromised with 

the Csm3-5A/Tof1-3A double mutant (Figure 4.9E). Surprisingly, complex stability similar to 

wild-type was restored when complexes were formed using the double mutant in the absence 

of DNA (Figure 4.9E), providing a good control for pleiotropic effects of these mutations; we 
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Figure 4.9: Severe mutations in Csm3-Tof1 DNA binding regions disrupt replisome association. Experiments in B-

D and F were performed by Joseph Yeeles. A. Schematic for origin-dependent DNA recruitment assays used in B-

D. B. Origin-dependent DNA recruitment assay (as in A), omitting various factors as shown. C,D. Recruitment 

assays (as in A) comparing various Csm3-Tof1 DBM mutants. E. Glycerol gradient sedimentation assays assessing 

complex formation/stability in the presence of wild-type of mutant Csm3-Tof1 complexes and in the 

presence/absence of fork DNA (Figure 2.7A, no streptavidin). Each lane represents the peak fraction taken from 

a 10-30% glycerol gradient, analysed by silver stained SDS-PAGE. F. Origin-dependent DNA replication assay (as in 

Figure 4.7C,D) comparing increasing concentrations of  wild-type and mutant Csm3-Tof1 (2.5, 5, 10, 20, 40, 80 

nM) at the 7 minute timepoint. DBM: DNA binding motif; L.L.: left leading strand; R.L.; right leading strand; O.F.: 

Okazaki fragments; SDS-PAGE: sodium dodecyl sulfate polyacrylamide gel electrophoresis.  

 

hypothesise that the basic residues in the Csm3/Tof1 DBMs might be required to neutralise 

the negatively charged DNA backbone when complexes are assembled on DNA, whereas no 

such charge neutralisation would be required in the absence of DNA. Ultimately, the results 

of both the recruitment and complex stability assays reflect what was previously observed in 

DNA replication assays (Figure 4.8E-G). 

Finally, we reasoned that if DBM mutagenesis compromised the ability of Csm3-Tof1 to 

associate with the replisome, then increasing the concentration of Csm3-Tof1 mutants used 

in replication assays might help to overcome this defect. Indeed, increasing the concentration 
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of the Csm3-5A/Tof1-3A double mutant leads to a dose-dependent enhancement in DNA 

replication (Figure 4.9F). Taken together, the experiments above support our hypothesis that 

mutagenesis of the Csm3 and Tof1 DBMs destabilises their association with the ultimately 

leading to DNA replication defects, perhaps through prevention of Mrc1 stabilisation; indeed, 

Mrc1 requires Csm3-Tof1 for replisome association in the presence of DNA (Figure 3.10B). 

 

4.2.6. The Csm3-Tof1 DNA-Binding Motifs Are Required for Fork Pausing and 

Camptothecin Resistance 

 

An important role of Csm3-Tof1, for which it was initially identified as a component of 

the FPC, is not related to unperturbed replication, but rather to resistance toward replication 

stress (see Section 1.3). This includes a role in PFA at Fob1-bound RFB sites 112,133,134. 

Therefore, we tested whether the DBMs which we identified in Tof1 and Csm3 are important 

for their function in PFA. To test this, Joseph Yeeles performed origin-dependent in vitro DNA 

replication reactions using the reconstituted system as before, except using higher Csm3-Tof1 

concentrations (to achieve more efficient DNA replication, see Figure 4.9F) as well as a 

template containing a Fob1-bound RFB site (Figure 4.10A). Stalling at the RFB could be 

visualised as either a slow-migrating stalled fork structure using non-denaturing (native) 

agarose gel electrophoresis, or a fast-migrating incomplete left leading strand product (stalled 

L.L.) when using denaturing conditions during electrophoresis. Under higher salt conditions, 

all mutants displayed some degree of PFA reduction, with Csm3-2A and Tof1-3A single 

mutants showing the least compromised PFA, Csm3-5A displaying a slightly greater defect 

than other single mutants, and both double mutants presenting the greatest defects (Figure 

4.10B,C left). As in our analysis of DNA replication and complex stability defects, the Csm3-

5A/Tof1-3A double mutant was the most defective. When Joe repeated the experiments at a 

lower salt concentration, which would be expected to stabilise the Fob1:RFB and Csm3-

Tof1:replisome interactions, the Csm3-5A single mutant and both double mutants continued 

to display defects in PFA comparable to the higher salt conditions used previously (Figure 

4.10B,C right). 

The ability of Csm3-Tof1 to stabilise stalled replication forks has also been implicated in 

resistance to the small molecule topoisomerase inhibitor camptothecin (CPT) which 

vvvvvvvvvvvv 
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Figure 4.10: Mutations in the Csm3-Tof1 DNA binding motifs disrupt fork pausing. Experiments B-C were 

performed by Joseph Yeeles, and D-E by Valentina Aria. A. Schematic of the RFB template used during DNA 

replication-based fork stalling assays (B,C) and expected stall products. Reaction products were digested with 

Sma1 prior to electrophoresis to improve homogeneity of the position of leading strand initiation. B. DNA 

replication-based fork pausing assays (as in A), performed under higher salt (left, 20-minute timepoint) or lower 

salt (right, 30-minute timepoint) conditions. Csm3-Tof1 concentrations were increased to 80 nM to enhance 

replication efficiency (Figure 4.8F). Reactions were analysed using either native (top) or denaturing (bottom) 

agarose gel electrophoresis. For lower salt reactions, Pol d was omitted owing to its high strand displacement 

activity under these conditions 291. C. Quantitation of experiments as performed in B. Error bars represent the 

standard error of the mean from three replicate experiments. D,E. Spot-dilution assays comparing various Csm3-

Tof1 DBM mutants. Ten-fold serial dilutions were plated and grown (D: at 25 oC for three days, E: at 30 oC for two 

days). L.L.: left leading strand; R.L.: right leading strand; O.F.: Okazaki fragments; RFB: replication fork barrier; CPT: 

camptothecin; DMSO: dimethyl sulfoxide; HU: hydroxyurea; MMS: methyl methanesulfonate; YEP: yeast extract 

peptone.  

 

generates DPC lesions. To test the involvement of Csm3/Tof1 DBMs in CPT resistance, 

Valentine Aria conducted spot-dilution assays to analyse the growth of mutant strains when 

subjected to CPT. All mutants tested demonstrated increased CPT sensitivity compared to 

wild-type at 20 µM CPT (except Csm3-5A which displayed a defect at higher CPT 



Chapter 4 – Fork Protection Complex 

 182 

concentrations), with the most severe mutants almost recapitulating the sensitivity observed 

for the tof1D strain (Figure 4.10D). Of the various mutant strains tested, csm3-5A retained 

the highest resistance to CPT, whilst tof1-3A, the double mutant tof1-3A/csm3-5A and an 

alternative Csm3 DBM charge-reversal mutant (csm3-5D: Csm3R46D / K47D / R48D / R49D / K53D) all 

showed comparable CPT sensitivity. The tof1-3A/csm3-5D double mutant displayed the most 

severe defect. 

Tof1 has also been found to play a role in fork stalling and restart when cells are grown 

in the presence of HU and MMS 102,112,121. Valentina Aria performed similar spot-dilution 

assays and found all Tof1/Csm3 DBM mutants retained resistance to both HU and MMS, with 

the exception of a very minor MMS phenotype for the tof1-3A/csm3-5D double mutant, 

indicating the defects observed in CPT resistance are not a general feature of fork stalling 

conditions. Specifically, these results might imply a more specific requirement for the Csm3-

Tof1:DNA interaction in CPT resistance and PFA, as general destabilisation of Csm3-Tof1 from 

the replisome might be expected to affect all roles of Csm3-Tof1. Therefore, taken together 

we have identified novel DBMs in Csm3 and the Tof1 MCM-plugin which are important for 

both PFA and CPT resistance. However, whereas the effect on PFA and CPT sensitivity is likely 

to be a direct consequence of compromising Csm3-Tof1 association either with the replisome 

or DNA, the reduction in DNA replication efficiency may be an indirect effect through the 

Csm3-Tof1 partner, Mrc1. 

 

4.2.7. High-Resolution Description of the CMG:Ctf4 Interface 

 

In addition to Csm3-Tof1, we are able to build an atomic model for the homotrimeric 

replisome factor, Ctf4. The rigidity of the CMG:Ctf4 interface enables reconstruction of high-

resolution information for Ctf4 which can be improved further by multi-body refinement, 

defining Cdc45-GINS-Ctf4 as a single rigid body (Figure 4.2). This yielded a 3.1 Å cryo-EM map 

which at the time provided the first high-resolution insights into the CMG:Ctf4 interface 

(Figure 4.3A-B, 4.11A-B). 

Ctf4 binds on the N-tier side of CMG, across Cdc45 and GINS, placing it at the forefront 

of the known replisome on the same side of CMG as the incoming parental dsDNA, in 

agreement with prior negative stain 2D class averages 21 (Figure 4.1, 4.11C). The cryo-EM 

vvvvvvvvv 
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Figure 4.11: Homotrimeric Ctf4 forms an extensive interface with Cdc45 and GINS subunits. Figure legend on 

following page. 
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Figure 4.11: Homotrimeric Ctf4 forms an extensive interface with Cdc45 and GINS subunits. A. Multi-body 

refinement cryo-EM density map used for Cdc45 / GINS / Ctf43 model building and adjustment. B. Representative 

cryo-EM density related to A at the Ctf4:Cdc45 interface. C. Overview of the interaction between Ctf4 and CMG. 

Models are rendered as surfaces. The Ctf4 protomer which interacts directly with CMG is rendered as a 

transparent surface plus cartoon representation. D. Overview of the interface formed between Ctf4 and 

Cdc45/Psf2. CMG subunits (Cdc45/Psf2) are rendered as transparent surfaces. Ctf4 is represented as a cartoon 

rendering. Labelled arginine residues at the Cdc45 interface relate to E. E. Details of the Ctf4:Cdc45 interface.           

F. Details of the core interface formed between Psf2 and the Ctf4 WD40SepB subdomain (see D). G. Details of the 

peripheral interface between Psf2 and the Ctf4 SepB helical bundle (see D). H. Comparison of Ctf4 from our 

structure (CMG-CTM-Ctf4-DNA, conformation 1) versus the crystal structures of isolated Ctf4 (PDB: 4C8H 29) and 

human AND-1 (PDB: 5OGS 39). I. Comparison of our structure (CMG-CTM-Ctf4-DNA, conformation 1) with a prior 

structure of CMG-Ctf4 in the absence of duplex DNA (PDB: 6PTJ 55). RMSD, root mean square deviation. 

 

 

density we resolve accounts for the C-terminal SepB domains of three Ctf4 protomers; we do 

not observe the N-terminal WD40N domains which are flexibly tethered to the SepB domains 

by an ~100-residue linker. 

The CMG:Ctf4 interface is formed by a single Ctf4 protomer which binds across Cdc45 

and the GINS subunit Psf2 (Figure 4.11C). This extensive interface, burying 520 Å2 of Cdc45 

and 790 Å2 of Psf2, explains the rigidity of Ctf4 in the replisome and represents a novel 

interface which had not previously been described. Prior to this work, Ctf4 was thought to be 

tethered to CMG through a short peptide motif (CIP-box) located in the Sld5 N-terminus, 

which binds the helical bundle of the Ctf4 SepB domain 29. In our structure, we do observe 

density for the Sld5 CIP-box bound to its binding site on the same Ctf4 protomer which binds 

Cdc45-Psf2 (Figure 4.11C), however it is clear this is a minor contributor to the Ctf4 interface. 

This explains why the Sld5 CIP-box is dispensable for Ctf4 recruitment to the replisome in vivo 

29. The function of the Sld5 CIP-box therefore remains unclear, although we speculate it may 

provide a regulatory function, helping to coordinate the recruitment of various additional 

replication factors via Ctf4. 

The primary CMG:Ctf4 interface involves both the WD40SepB and helical bundle 

subdomains of a single Ctf4 protomer’s SepB domain (Figure 4.11C,D). The majority of the 

interface is formed by the WD40SepB subdomain with the first b-sheet of the b-propellor 

(blade 1) interacting with Cdc45 (Figure 4.11D) and the last b-sheet (blade 6) interacting with 

Psf2 (Figure 4.11D). The interface with Cdc45 can be subdivided into three interaction 

networks each involving a central arginine residue (R491Ctf4, R524Ctf4 and R301Cdc45) (Figure 

4.11E). The interface between the Ctf4 WD40SepB subdomain and Psf2 (considered the “core” 

interface with Psf2) can also be subdivided into a central hydrophobic network, surrounded 
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by polar interactions (Figure 4.11F). Finally, in addition to the above WD40SepB-mediated 

interactions, the Ctf4 helical bundle also contributes a smaller interface with Psf2 (considered 

the “peripheral” Psf2 interface) featuring a mixture of hydrophobic and basic residues (Figure 

4.11D,G). Overall, this provides a complete description for the CMG:Ctf4 interface, which is 

comparable to what was described in a recent cryo-EM investigation of CMG-Ctf4 complexes 

55. Other than ordering of the Psf2 N-terminus (residues 33-38), formation of the large 

interface described above does not require extensive remodelling, either of CMG (Figure 4.3F) 

or Ctf4, with our structure of Ctf4 bound to CMG-CTM and fork DNA comparable to published 

structures of free Ctf4 29 and human And-1 39, as well as CMG-Ctf4 complexes lacking DNA 55 

(Figure 4.11H,I). 

 

4.2.8. Mrc1 Stretches Across One Side of CMG To Connect the Front and Rear of the 

Replisome  

 

Thus far, we have described the structure of a complex containing CMG, Csm3-Tof1, 

Ctf4 and fork DNA. The sample prepared for investigation contained stoichiometric amounts 

of Mrc1 at the point of grid preparation (Figure 3.11D). Indeed, closer inspection of our cryo-

EM map reveals several regions of unassigned density, many of which appear a-helical in 

nature, although we were unable to assign protein sequence to these regions (Figure 4.12A, 

right). Comparison to the sample prepared by co-expression (Figure 3.6A) reveals similar 

regions of additional density (Figure 4.12A, left). These regions of density stretch across one 

side of the replisome, contacting multiple regions of Tof1 and stretching across both N- and 

C-tiers of Mcm6/2 to Cdc45; additional bulky density can be observed beside Mcm6 and 

Cdc45 at lower map contour levels (see for example Figure 3.4F), which further signal 

subtraction and subclassification suggests may be able to occupy multiple conformational 

states, however we were unable to visualise any structural features within this density. We 

reasoned these additional regions of density might be attributable to Mrc1 as it is known to 

interact with Csm3-Tof1 103, the C-terminal winged helix (WH) domain of Mcm6 106 and Pol e 
107, which is itself known to bind beneath Cdc45 22. 

To support our hypothesis that Mrc1 binds in these regions of additional density, we 

collaborated with Mark Skehel from the LMB mass spectrometry facility to perform 

crosslinking mass spectrometry (XL-MS) with the aim of identifying regions of the replisome 

vvvvvvvv 
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Figure 4.12: Position of Mrc1 in the replisome. Crosslinking mass-spectrometry experiments (related to B,C) were 

performed in collaboration with Mark Skehel. A. Cryo-EM density maps of co-expressed and reconstituted CMG-

CTM-Ctf4-DNA complexes, coloured by subunit. Redions of unassigned density coloured red. B. Crosslinks 

detected by XL-MS for a co-expressed sample of CMG-CTM-Ctf4. Black lines connect subunits which were 

observed to crosslink. Mrc1 is represented as a green box, with residues numbered. Green lines represent 

individual crosslinks detected between residues in Mrc1 and other replisome subunits; the positions of each line 

along the length of the box representing Mrc1 reflects the position of the residue in the Mrc1 primary sequence. 

C. Position of Mrc1 crosslinks detected by XL-MS (see B), mapped onto the structure of CMG-Csm3-Tof1-Ctf4-

DNA. Green circles represent the positions of residues which formed crosslinks to Mrc1; the residues in Mrc1 

involved in these crosslinks are indicated by the green numbers associated with each circle.  

 

 

in close proximity to Mrc1. Similar XL-MS approaches have previously been used to identify 

the positions of Pol e and Mcm10 binding sites on CMG 21,56. To achieve the sample 

concentrations required, CMG-CTM-Ctf4 complexes were co-expressed in budding yeast, 

using a total culture volume of roughly 80 L. After cell lysis, complexes were purified using 

successive FLAG-tag and CBP-tag affinity purification steps as in cryo-EM sample preparation. 

The complexes eluted from the calmodulin sepharose resin were immediately crosslinked 

using the NHS-ester disuccinimidyl dibutyric urea (DSBU), a gas phase cleavable crosslinking 

agent commonly used to aid identification of crosslinked peptides during XL-MS339,340. 



Chapter 4 – Fork Protection Complex 

 187 

Following tryptic digest and high pH reverse phase chormatography, the crosslinked peptides 

were analysed by high performance liquid chromatography followed by tandem mass 

spectrometry (LC-MS/MS). DSBU crosslinking and all downstream procedures, including data 

analysis, were performed by Mark Skehel. 

The crosslinking agent DSBU crosslinks reactive amino acids spaced ~30 Å apart 341. Over 

90% of crosslinks detected between CMG subunits can be rationalised based on the positions 

of the crosslinked residues in prior CMG structures, validating the applicability of our XL-MS 

approach (see Appendix – Table 6.1). This is also true of crosslinks detected between pairs of 

residues located in Tof1. Crosslinks between residues separated by >30 Å can be rationalised 

by their position either in highly mobile regions of the complex (e.g. the MCM C-tier) or in 

loops which would become highly flexible if a subset of the sample were not complexed (e.g. 

the Tof1 MCM-plugin). Furthermore, all crosslinks between Tof1 and either MCM or Csm3 are 

formed by solvent-exposed residues separated by <30 Å as judged from our cryo-EM 

structure, giving us confidence that complexes analysed by cryo-EM and XL-MS were 

comparable. 

We detected 11 crosslinks between Mrc1 and replisome components, involving Mrc1 

residues from Ser-300 until almost the extreme C-terminus of the protein (Figure 4.12B). 

These residues crosslinked to several replisome components, namely Tof1, Mcm6, Mcm2, 

Cdc45 and Ctf4 (Figure 4.12B). Mapping the sites which crosslinked to Mrc1 onto our cryo-

EM structure reveals a good correlation between the site of crosslinking and the regions of 

unassigned cryo-EM density (Figure 4.12C, compare to 4.12A). Furthermore, there is a 

correlation between the position of residues along the primary sequence of Mrc1, and the 

position of crosslinking sites within the replisome complex: residues toward the N-terminus 

of Mrc1 localise close to Tof1, and residues progressively further toward the Mrc1 C-terminus 

localise to regions beside Mcm6, Mcm2 and finally Cdc45 and Ctf4 (Figure 4.12B,C). This 

provides strong support for our hypothesis that the regions of unassigned density belong 

either to Mrc1, or a replisome factor which becomes ordered upon association with Mrc1. 

Taken together, our data support a model whereby Mrc1 binds as a mostly unstructured 

protein, stretching across one side of the replisome beside Tof1/Mcm6/Mcm2/Cdc45, 

providing a link between the front and rear of the replication machinery. This represents the 

most complete picture of Mrc1 replisome association to date. 
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Figure 4.13: Overview of the path taken by DNA as it passes through CMG. A.  Cut-through representation of the 

path taken by DNA as it passes through the MCM channel. B. Comparison of ssDNA engagement by the MCM C-

tier in Conformations 1 and 2. For Conformation 2, two populations of particles bound to five or three molecules 

of AMP-PNP are observed. 

 

4.2.9. Comparison of ssDNA Engagement by Alternative CMG Conformations 

 

During our analysis of the reconstituted dataset, we observed two major conformations 

in the CMG helicase (Figure 4.2). As mentioned above, these conformations did not differ 

significantly across the majority of the complex, with comparable configurations of the MCM 

N-tier, parental dsDNA, Csm3-Tof1 and Ctf4 (Figure 4.3D). However, the MCM C-tier differed 

significantly both in its position relative to the N-tier and its mode of ssDNA engagement 

(Figure 4.3D). Movement of the MCM C-tier, which houses the AAA+ ATPase motor domains 

of the replicative helicase, have been proposed by various CMG structures and are expected 

to underlie the mechanism of DNA translocation. 

When CMG engages a replication fork, one strand of DNA (lagging-strand template) is 

excluded from the helicase, whilst the complementary strand (leading-strand template) is 

threaded through the central MCM channel (Figure 4.13A). After passing through the MCM 

N-tier, the leading-strand template ssDNA can be engaged by ssDNA-binding loops (the 

presensor-1 [PS1] and helix-2 insertion [H2I] loops) present in the AAA+ domains of the MCM 

C-tier. A staircase arrangement of these DNA-binding loops guides the ssDNA into a similar 

spiral arrangement within the C-tier. In contrast, the ssDNA passing through the N-tier is 

stretched out of a spiral configuration, without forming specific contacts with the N-tier, 

allowing it greater flexibility reflected in poorly resolved cryo-EM density for ssDNA in this 

region. The greater flexibility within the N-tier enables multiple configurations of DNA 
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engagement within the C-tier, without requiring changes to the mode of parental dsDNA 

engagement (Figure 4.3D). 

The most striking difference between Conformations 1 and 2 is in the mode of C-tier 

ssDNA engagement (Figure 4.13B). In Conformation 1, the ssDNA is bound across 

Mcm6/2/5/3, similar to various structures of yeast CMG 5,22,57. For Conformation 1, AMP-PNP 

is bound at the Mcm2/6, Mcm5/2 and Mcm3/5 interfaces corresponding to those subunits 

engaging ssDNA. In contrast, ssDNA is observed on the opposite side of the MCM channel in 

Conformation 2, whilst being contacted by all six MCM subunits (Figure 4.13B). This is more 

similar to ssDNA engagement reported in early Drosophila and recent human CMG structures 

51,53. The AMP-PNP occupancy also changes to reflect the new position of ssDNA, with 

nucleotide bound at all inter-subunit interfaces except Mcm5/2 (Figure 4.13B). We also 

observe a population of particles bound to DNA in a similar manner to that described above 

for Conformation 2, except with lack of AMP-PNP at the Mcm2/6 and Mcm6/4 interfaces 

corresponding loss of 5’ ssDNA contacts (Figure 4.13B). It is unclear whether this represents 

physiologically relevant configuration, or whether AMP-PNP and DNA contacts were lost 

during sample preparation; since the remaining DNA contacts are comparable between both 

Conformation 2 populations (five versus three AMP-PNP bound), we will only consider the 

former in further analyses. 

The high-resolution density we observe for this region of our complex has enabled us 

to determine the complete set of interactions employed in ssDNA binding by CMG, something 

which was precluded by poorer density in prior publications (Figure 4.14, 4.15A-C). Although 

our complexes were produced in the presence of AMP-PNP and crosslinked during sample 

preparation, a recent publication has determined multiple states of CMG bound to fork DNA 

in the presence of ATP which were suggested to represent translocation intermediates 52; the 

similarities in DNA engagement between these states and our Conformations 1 and 2 suggest 

the configurations we observe are likely to be relevant to the translocation mechanism of 

CMG. 

Regardless of whether ssDNA is bound as in Conformation 1 or 2, each MCM subunit 

shares a common mode of binding ssDNA (Figure 4.14, 4.15A,B). Specifically, the DNA 

phosphate backbone is bound by a combination of residues from both the PS1 and H2I loops, 

as well as the base of helix-2 (H2). Every other phosphate is bound by a H2 serine and the 

vvvvvvvvvv 
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Figure 4.14: Detailed description of residues involved in ssDNA engagement by MCM. A. MCM residues involved 

in ssDNA binding in Conformation 1. Arrows indicating interaction with phosphate (“P”), ribose and nucleobases 

are coloured orange, black and yellow, respectively. Parentheses denote residues where cryo-EM density could 

not unambiguously identify the position of side chains. B. As in A, except for Conformation 2. C. Multiple sequence 

alignment for Saccharomyces cerevisiae MCM C-tier DNA binding regions. Box outlines indicate residues involved 

in ssDNA interactions, with black, blue or lime-green outlines representing those observed in Conformation 1, 2 

or both, respectively. Asterisks above the alignment are coloured according to the scheme used in Figure 4.15. 

 

backbone amide of the PS1 Lys-Ala motif; in turn, every intervening phosphate is coordinated 

by a PS1 lysine plus the backbone amide of a valine/isoleucine residue toward the start of the 

H2I loop. In this way, a two-phosphate periodicity is established, such that every other 

phosphate is coordinated in an equivalent manner, suggesting a step-size of two (or a multiple 

of two) during CMG translocation. Interestingly, whereas one phosphate in each pair is 

coordinated by two residues of the same Mcm subunit, the other phosphate is contacted by 

the PS1 hairpin of one Mcm and the H2 serine of a neighbouring Mcm, resulting in each Mcm  
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Figure 4.15: Single-stranded DNA engagement by the MCM C-tier. Colours of residues reflected in the colouring 

of asterisks in Figure 4.14C. A. Overview of the MCM ssDNA-binding motif, shown as an example for Mcm2. The 

two-nucleotide step size (formed by the overlapping three-phosphates-per-MCM binding mode) are coloured a 

darker orange. Inset: positions of ssDNA-binding regions within the MCM primary structure. B. Schematic of the 

repetitive nature of ssDNA engagement by MCM subunits in eukaryotic CMG. The regions of DNA contacted by a 

single Mcm subunit (subunit “N”) are shaded a darker hue. C. Representative cryo-EM density for a region of the 

CMG:ssDNA interaction. D. Comparison of phosphate backbone contacts in Conformations 1 and 2, 

demonstrating the similarity between subunits and conformations. E. Contacts with DNA sugar/base moieties 

mediated by H2I loop residues, plus the unique DNA contact mediated by Y604Mcm4.  
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subunit contacting a total of three phosphate moieties in an overlapping manner (Figure 

4.15B). These backbone phosphate contacts are conserved across all six Mcm subunits and 

both Conformations 1 and 2 (Figure 4.14, 4.15D). 

In addition to the phosphate contacts above, several Mcm subunits make additional 

ribose/base interactions, primarily through residues at two conserved positions within their 

H2I loops (Figure 4.14, 4.15A,B). Mcm2/5/6/7 each contribute one basic and one 

aromatic/methionine residue which localise near to one-another. Mcm3 lacks the equivalent 

basic residue and the aromatic/hydrophobic residue is replaced by R455 which performs an 

equivalent role (Figure 4.14, 4.15E). This coordination by H2I is similar between 

Conformations 1 and 2 except for the following differences: Mcm7 becomes disengaged in 

Conformation 1; in Conformation 2, ssDNA diverging from its spiral path toward the 5’ end 

alters the contacts for Mcm2; and the positions of Mcm2/6 and Mcm3/5 toward the 3’ and 

5ʹ ends of ssDNA in Conformation 1 become reversed in Conformation 2 (Figure 4.14, 4.15E). 

We also note that in Mcm4, neither Conformation features the equivalent contacts formed 

by the pair of basic and hydrophobic residues described above, with a new DNA contact 

instead being formed by a unique H2I tyrosine residue (Y604Mcm4) in Conformation 2 (Figure 

4.14, 4.15E). Finally, additional basic residues at a third, distinct H2I position contact DNA 

bases as DNA progresses through the N-tier toward the C-tier, perhaps helping guide the 

ssDNA along the correct path in this region: in Conformation 1, this role is performed by R460 

(Mcm5) and K587 (Mcm2), whereas for Conformation 2 it is the Mcm2 W589 (Figure 4.14, 

4.15E). 

We have described a complete mode of ssDNA interaction by MCM subunits of 

eukaryotic CMG. In summary, conserved phosphate contacts are shared between all Mcm 

subunits regardless of CMG conformation, producing a two-phosphate periodicity in binding 

mode. In addition, Mcm subunits can form further ribose/base contacts through the H2I 

loops, which although more divergent share many features across several Mcm subunits. A 

similar mode of ssDNA engagement has recently been observed in a crystal structure of the 

related archaeal MCM homohexamer from S. solfataricus 84, as well as a subsequent structure 

of human CMG 53. 
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4.2.10. Mcm7 Forms a Separation Pin for Unwinding DNA at the Fork Junction 

 

In the previous Section, we described ssDNA engagement by the MCM motor domains. 

ATP hydrolysis is expected to drive conformational changes in the motor domains, thereby 

tranlocating ssDNA through the MCM channel. However, to perform its function this 

translocation must be coupled to parental dsDNA unwinding. Prior to our work, the details of 

the point of unwinding (the fork junction) were ill-defined for CMG. Here, the high resolution 

of our complex around the fork junction has allowed us to define fully the coordination of the 

fork junction by CMG. 

As parental DNA approaches the MCM channel, perhaps guided by its interaction with 

Csm3-Tof1, the dsDNA enters a collar formed by MCM subunit ZnF domains (Figure 4.13A). 

After passing within the ZnF collar, the lagging strand template of the dsDNA encounters 

several regions of MCM which help to guide the dsDNA toward the point of unwinding (Figure 

4.16A,B). First, the lagging strand template encounters the Mcm6 N-terminal hairpin (NTH) 

emanating from the N-tier OB-fold subdomain which is significantly remodelled compared to 

its extended structure in the MCM DH (Figure 4.16C). The Mcm6 NTH guides the lagging 

strand template toward the Mcm4 NTH, which in turn forms several contacts with the lagging 

strand template to guide it toward the Mcm7 NTH (Figure 4.16B). Finally, the Mcm7 NTH 

inserts between the leading and lagging template strands of the parental dsDNA, thereby 

defining the point of unwinding at the fork junction. The path taken by DNA across the Mcm6 

and Mcm4 NTHs is similar to what was described in a recent dam-and-diversion model from 

the O’Donnell lab 57, however our structure represents the first instance where the Mcm7 

NTH is resolved well enough to confidently build the model and define its role as the 

separation pin (Figure 4.16D).  

In our structure, the Mcm7 NTH becomes remodelled compared to the MCM DH, 

forming a short a-helix. Whereas in the DH, K364Mcm7 and K367Mcm7 face away from MCM to 

interact with the Mcm5 ZnF of the second hexamer, leading to a downwards position for 

F363Mcm7 and L366Mcm7, the remodelling to an a-helix causes these two lysine residues to 

instead face the unwound leading strand template DNA, whilst F363Mcm7 and L366Mcm7 now 

face upwards away from MCM (Figure 4.16C). The repositioning of F363Mcm7 allows it to 

interact with the final unwound base pair in the parental DNA, whilst L366Mcm7 can contact 

the unwound lagging strand template (Figure 4.16B,D). This remodelling of the Mcm7 NTH is  
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Figure 4.16: Description of the MCM:DNA interaction at the fork junction. A. Overview of the arrangement of 

Mcm regions which contact DNA around the fork junction. Regions of ssDNA are shaded a darked hue. B. Details 

of residues involved in interaction with DNA around the fork junction. Regions of ssDNA are shaded a darked hue. 

C. Comparison of the inactive MCM double hexamer (DH) (PDB: 5BK416) versus the active helicase (CMG-CTM-

Ctf4-DNA). For the activated helicase, the structure is overlaid on top of the DH structure for ease of comparison, 

after aligning the structures on the MCM N-tier. D. Details of the residues from the Mcm7 NTH (separation pin) 

involved in interaction with DNA at the fork junction. The cryo-EM density for the Mcm7 NTH is shown as mesh. 

Regions of ssDNA are shaded a darked hue. E. Comparison of cryo-EM density (mesh) for the Mcm7 NTH 

(separation pin) for Conformations 1 and 2. F. Multiple sequence alignment showing the sequence conservation 

of the Mcm7 NTH (separation pin) across eukaryotes. G. Hydrophobic residues abutting the final base pair, shown 

for separation pins of diverse proteins: T7 replisome, PDB: 6N7W 73; RecBCD, PDB: 1W36 342; PcrA, PDB: 3PJR 343. 
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shared between conformations 1 and 2 (Figure 4.16E), and the separation pin phenylalanine 

is highly conserved across eukaryotes (Figure 4.16F), suggesting this function of Mcm7 is 

evolutionarily conserved. It is also informative to note that the use of a bulky hydrophobic 

residue to abut the final base pair (F363 in the case of CMG) is a feature shared among the 

separation pins of diverse helicase complexes (Figure 4.16G). 

Following unwinding, the leading strand template continues through the MCM channel, 

whilst the lagging strand template is excluded, passing beside the ZnF domains of Mcm3 and 

Mcm5 (Figure 4.13A, 4.16A,B). Although it is yet to be conclusively shown, there is evidence 

that the lagging strand template should then exit between these ZnF domains 52,57. 

 

4.3. Discussion 

 

I have presented the first near-atomic resolution structure of the FPC components 

Csm3-Tof1, which are observed here bound to the replisome at a replication fork. 

Furthermore, the inclusion of Ctf4 in our complex allows us, along with a separate study 

published around this time, to describe the details of a novel interface formed between this 

structural hub and CMG 55. In addition to these accessory factors, our structure provides great 

detail of the DNA interactions for CMG as well as Csm3-Tof1, the functional relevance of 

which we have investigated using various biochemical and cell growth assays. Finally, a 

combination of structural biology and XL-MS has elucidated the positioning of Mrc1 within 

the replisome. 

 

Csm3-Tof1 is Positioned as a Point of First Contact Within the Replisome 
 

The first ~800 residues of Tof1 form an a-solenoid structure, capped at one end by 

Csm3. This builds upon a prior crystal structure of the N-terminal domain of human Timeless 

35, which we find accounts for only two-thirds of the full a-solenoid structure. The large Csm3-

Tof1 interface, centred on a hydrophobic helix from Tof1, explains the stability of this 

heterodimer and the co-dependence of these proteins for their cellular stability 103. Since our 

publication, a comparable crystal structure of isolated C. thermophilum Csm3-Tof1 has been 

solved, validating our model 38. 
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We observe Csm3-Tof1 binding across Mcm2/4/6/7 on the N-tier face of CMG. Given 

the N-tier-first orientation of CMG translocation 5,86, this positions Csm3-Tof1 ahead of CMG 

at the replication fork, in line with recently published 2D projections of CMG-Csm3-Tof1 

complexes 52. As such, Csm3-Tof1 is ideally placed as a point of first contact for the incoming 

parental dsDNA as well any DNA lesions or DNA-bound proteins. This includes RFB-associated 

Fob1 barriers, which require Csm3-Tof1 for fork pausing, making it tempting to speculate that 

a direct Csm3-Tof1:Fob1 interaction might be involved in this process; further work, perhaps 

requiring the structure a Fob1-stalled replication fork, will be important for addressing this 

question. Interestingly, independent publications present conflicting evidence concerning the 

requirement of Top1 in PFA 121,136; our biochemistry found that Fob1-dependent fork pausing 

can occur in the absence of topoisomerases, indicating Top1 is not strictly required for Csm3-

Tof1 to promote PFA on linearised templates. 

The C-terminal region of Tof1 – which we do not resolve – interacts with the 

topoisomerase Top1 121. This would enable Tof1 to recruit Top1 to the front of the replisome, 

where it would be able to relieve torsional stress as DNA becomes supercoiled ahead of the 

replication fork, thereby preventing excessive fork rotation. In vertebrates, the C-terminus of 

Timeless is also expected to recruit poly(ADP-ribose) polymerase 1 (PARP-1) 36, whose 

recruitment to the front of the replisome might aid in repairing DNA damage encountered 

during replication. Finally, the metazoan Chl1 ortholog, DDX11, could be recruited to the front 

of the replisome through its interaction with Timeless 173, which we speculate is required for 

its role in establishing sister chromatid cohesion, perhaps facilitating transfer of cohesin 

across the replication fork. DDX11 recruitment may also be important for bypass of G4 

quadruplexes following their detection by Timeless 105. 

Importantly, we have identified two large insertions in the Tof1 a-solenoid which are 

crucial for forming the interface between Csm3-Tof1 and the replisome. As noted before, one 

of these loops (W-loop) is shorter in orthologous Timeless, therefore the nature of the 

interface formed by this region may differ between yeast and human. However, the longer 

insertion (MCM-plugin) which forms the majority of the Tof1:MCM interface is well conserved 

between Tof1 and Timeless. The importance of these insertions in mediating replisome 

association could not be predicted prior to our structure; indeed, these insertions were 

truncated in prior TimelessNTD and subsequent Csm3-Tof1 crystal structures 35,38. 
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In addition to allowing Csm3-Tof1 to recruit various factors to the front of the 

replisome, their positioning enables them to grip the parental DNA as it approaches MCM 

using previously undescribed DNA-binding motifs in the aforementioned Tof1 insertions, and 

in Csm3. We have found that this DNA grip is important for fork arrest and stabilisation after 

encounter of Fob1 barriers or CPT-induced DPCs, perhaps helping to maintain association of 

Csm3-Tof1 as the replisome translocates into these barriers. In contrast, during unperturbed 

replication this DNA grip may allow Csm3-Tof1 to help stabilise the position of the parental 

DNA duplex with respect to CMG 52, thereby guiding entry of the parental DNA toward the 

MCM channel and/or ensuring correct co-ordination between the unwound DNA templates 

and downstream replisome factors. It is likely these DNA contacts are maintained during 

unperturbed DNA replication as their mutation compromises in vitro replication efficiency. 

Given the rate enhancement by Csm3-Tof1 is dependent on Mrc1 61 and mutation of the 

Csm3-Tof1 DBMs compromises Mrc1 replisome association (Figure), we expect the Csm3-

Tof1 DNA contacts help Csm3-Tof1 to stabilise Mrc1 at the replication fork, thereby indirectly 

enhancing replication efficiency in the absence of DNA damage. In this way, disruption of 

these DNA contacts may provide a means of displacing Timeless from the replisome to slow 

replication, as has been observed in cells experiencing redox changes 344. Curiously, we note 

that the DBMs in Csm3 and the Tof1 MCM-plugin probe the minor groove of dsDNA; given 

the above observation that these contacts may be maintained during active DNA replication, 

it is possible this may provide a means of scanning the incoming DNA for abnormalities, 

perhaps analogous to minor-groove probing by DNA polymerases which is important for their 

fidelity 345,346 or use of arginine residues inserted into the minor groove to facilitate detection 

of distortions in the DNA duplex 347. Whether this is a bona fide mechanism employed by the 

fork protection complex remains to be determined. 

 

Mrc1 Connects the Front and Rear of the Replisome 
 

Through a combination of structural biology and mass spectrometry approaches, we 

have identified Mrc1 as forming an extended structure across one side of the replisome, 

stretching from Tof1 ahead of the replication fork, beside Mcm6 and Mcm2 to Cdc45 where 

it is expected to interact with Pol e behind the replication fork 22,107. We note that this 

positioning of Mrc1 overlaps with what was identified for Mcm10 56, opening the possibility 
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that these factors might compete for replisome association; such a scenario would have clear 

implications for the interplay of Mrc1 and Mcm10 at the replication fork, including the recent 

observation that enhancement of fork progression by Mcm10 is only observed when Mrc1 is 

either absent or phosphorylated by Rad53 115. 

The orientation we observe for Mrc1 places its N-terminus toward Tof1 and its C-

terminus toward Cdc45. Generally, this agrees with several independent observations: first, 

the C-terminal half of Mrc1 is located near to Cdc45, which is in the vicinity of the known 

binding site for the non-catalytic regions of Pol e 22 with which this region of Mrc1 is expected 

to interact 107; second, several crosslinks are formed between Mrc1 and the C-tier regions of 

Mcm6 and Mcm2, which would place Mrc1 close to the Mcm6 winged-helix domain 106. 

Recently, an investigation into C. thermophilum Csm3-Tof1 identified a basic patch to which 

a peptide purification tag was observed to bind during crystallisation, prompting the author 

to propose this as a binding site for Mrc1 – indeed, mutation of this basic site appeared to 

abrogate an interaction with Mrc1 (residues 401-800) 38. It is hard to determine whether 

other regions of Mrc1 could also interact with this basic patch from these experiments. We 

observe unassigned cryo-EM density beside Tof1 in a cleft corresponding to this basic patch, 

as well as crosslinks to Mrc1 residues 300 and 322 in the vicinity of this region. Therefore, our 

data support the hypothesis that this cleft in Tof1 acts as an interaction surface, binding either 

Mrc1 or a protein stabilised by the presence of Mrc1. This interaction is likely to have 

biological significance as mutations in this cleft are implicated in cancer 38. 

An interaction between the N-terminal half of Mrc1, part of which localises near to the 

MCM channel exit, and the catalytic domain of Pol2 107 might enable Mrc1 to couple DNA 

unwinding to leading strand synthesis, thereby achieving maximal replication rates which 

depend on both Csm3-Tof1-Mrc1 and Pol e 61. This may underly the ability for Mrc1 to 

accelerate fork rate, a mechanism which is currently poorly understood. Furthermore, such 

an interaction might be important for the role of Mrc1 in cohesion establishment, potentially 

coordinating de novo cohesin loading with an additional Pol e interaction partner (Ctf18-RFC), 

whose positioning by Mrc1 could underlie efficient deposition of cohesin on the nascent DNA 

154. 
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The Position of Ctf4 in the Replisome 
 

Ctf4 associates with the replisome as a homotrimer, forming a large interface across 

Cdc45 and the GINS subunit Psf2 on the N-tier face of CMG. Therefore, Ctf4 sits on the same 

face of CMG as Csm3-Tof1, albeit separate from the parental DNA and likely downstream of 

the point of unwinding. Independent publications published around the same time have 

made similar observations, both in yeast 55 and for the human CMG:AND-1 complex 53. This 

novel interface explains the dispensability of the Sld5 CIP-box for CMG association of Ctf4 29. 

Since the interaction of the Sld5 CIP-box with Ctf4 is not required for recruitment of Ctf4 to 

the replisome, the functional significance of this interaction remains unclear; we speculate it 

may serve a regulatory function co-ordinating association of other CIP-box containing 

interaction partners, perhaps modulating the association and/or dissociation or other CIP-box 

proteins by competing for binding to Ctf4. 

The positioning of Ctf4 on the N-tier face of CMG has implications for how it recruits 

additional replication factors to the replisome. Its localisation on the same side of CMG as the 

excluded lagging strand template DNA might enable preferential transfer of histones to the 

lagging strand through the Mcm2-Ctf4-Pol a axis 187. Similarly, we speculate its position might 

influence the mechanism of cohesion establishment following the cohesin conversion 

pathway which involves Ctf4 and its interaction partner Chl1 154. Finally, it has been proposed 

that Ctf4 can mediate formation of higher order replication factories, where multiple CMG 

helicases are co-ordinated by a single Ctf4 trimer 55; we observe similar species in higher 

weight fractions during glycerol gradient sedimentation (Chapter 3), however whether such 

species are physiologically relevant and able to accommodate the complete set of replisome 

components requires further investigation.  

 

CMG:DNA Interactions and a Mechanism of Strand Separation 
 

Our structures provide detailed descriptions of DNA engagement both within the CMG 

motor domains and surrounding the fork junction. Notably, conformation 2 was the first time 

yeast CMG had been observed to bind ssDNA across Mcm4/7, and was the first example 

where the C-tier DNA-binding loops from all six MCM subunits simultaneously engaged 

ssDNA, although a similar configuration has since been observed for a cryo-EM structure of 

human CMG also bound to five nucleotide co-factors 53. 
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Despite the H2I and PS1 hairpins previously being implicated in ssDNA engagement 

5,22,51,52,57, only a sparse description of the side chains involved had been provided owing to 

limiting resolution. Here, we have provided a complete ssDNA binding motif involving a 

combination of side chain and peptide backbone contacts from H2, H2I and PS1. This set of 

interactions has subsequently been observed for human CMG 53, and demonstrates 

conservation between the eukaryotic replicative helicase and that found in archaea 84. 

Despite our sample being produced in the presence of AMP-PNP, the conformations we 

observe reflect the translocations states proposed in a recent publication 52. The DNA 

phosphate backbone is contacted in a manner shared between each of the six MCM subunits 

in the heterohexamer, which enables ssDNA to be engaged similarly between different 

conformations. This presumably enables consistent engagement of ssDNA throughout 

different stages of a rotary translocation mechanism 52. In contrast, there is greater variability 

between the different MCM subunits in their engagement of sugar/base moieties through 

their H2I loops; whether these interactions are required for translocation remains to be 

understood. Although early studies indicated archael MCM H2I loops are required for 

unwinding 348, this study did not address which H2I residues were required and therefore may 

reflect the phosphate contacts which we observe. Accordingly, in line with observations made 

for the E1 homohexamer 349, a distinct role for H2I sugar/base contacts in origin melting has 

been suggested 84. 

At the point of strand separation, we observe a set of DNA contacts mediated by the 

MCM N-tier which are shared across conformations 1 and 2. As dsDNA approaches the MCM 

channel, the lagging strand template runs against the N-terminal hairpins (NTHs) projecting 

from the OB-fold domains of Mcm6, Mcm4 and Mcm7. Following strand separation, the 

leading strand template is fed into the MCM channel, whilst the lagging strand template likely 

exits between the Mcm3 and Mcm5 ZnF domains 52. This is comparable to an independent 

structure of yeast CMG following ATP-driven translocation along a synthetic fork substrate 57. 

However, whereas this study proposed a “dam and diversion” model of unwinding, where no 

specific structure was defined as a separation pin, we resolve unambiguous density for 

remodelling of the Mcm7 NTH such that a conserved phenylalanine abuts the final base pair. 

Therefore, we have defined for the first time the complete details regarding the MCM 

contacts surrounding the point of unwinding within the eukaryotic replisome. We note 

however that our model does not disagree with the notion that the Mcm6 and Mcm4 NTHs 
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provide a barrier to help guide the correct positioning of the incoming DNA. Whether the 

Mcm7 separation pin is critical for efficient unwinding by CMG or plays a distinct role, perhaps 

in ensuring correct exit of the unwound lagging strand template, remains to be determined. 

 

Overall, the structure we present represents several advances in our understanding of 

replisome biology. There are many aspects of DNA replication which remain unexplored, and 

our experimental system will provide a solid platform for beginning to address several of 

these questions. 
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5.1. Introduction 

 

Historically, termination has been the least studied aspect of DNA replication despite 

its critical importance. As discussed in Section 1.5, a number of exciting experiments have 

shed light on several aspects of termination in recent years. In summary, it is now clear that 

after two replication forks converge, the two CMG helicases pass one another to allow 

completion of DNA synthesis, after which replisomes are disassembled by the action of the 

AAA+ ATPase Cdc48 (p97/VCP in vertebrates) 67,201,238,239. The cell ensures replisome 

disassembly does not occur prematurely by controlling when the replisome can be targeted 

by Cdc48. In budding yeast, the replisome is only recognised as a substrate for disassembly 

when Mcm7 is polyubiquitylated by a termination-specific E3 ubiquitin ligase, SCFDia2 238. An 

unrelated E3 ligase CRL2Lrr1 performs an equivalent function in metazoa 219,258,284. 

Importantly, the presence of a lagging strand at the replication fork appears to be what 

regulates the ability of SCFDia2 or CRL2Lrr1 to ubiquitylate Mcm7, with ubiquitylation only 

observed in circumstances where no lagging strand is present 67,219,231. In Xenopus, this 

regulation by the lagging strand appears to prevent recruitment of CRL2Lrr1 to the replisome 

prior to termination 258,284.  

Despite these recent advances in our understanding of the termination process, several 

important questions remain unanswered. In particular, it is still unclear how the presence or 

absence of a lagging strand regulates Mcm7 ubiquitylation. When no lagging strand is present 

– for example after two replisomes converge or if the replisome becomes disengaged from 

DNA altogether – it is unknown whether a conformational change is required within the 

replisome to allow E3 recruitment; alternatively, the lagging strand may provide a simple 

steric blockage either of the Mcm7 ubiquitylation sites or of a replisome:E3 ligase interface. 

In addition, it is unclear whether other protein factors are required to mediate this regulation 

by the lagging strand DNA. 

Understanding how this regulation might occur would be aided by knowledge of how 

the E3 ligase associates with the replisome. Substrate recognition is expected to depend on a 

substrate-recognition LRR domain present in both Dia2 and Lrr1 248, however it is not known 

which replisome components these LRR domains interact with and thus it is hard to predict 

how such an interaction might be regulated. Furthermore, in budding yeast it is not clear 
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whether SCFDia2 can be recruited to the replisome ahead of termination through an 

interaction with Mrc1 or Ctf4 67; indeed, a Dia2:Ctf4 interaction is known to be mediated by 

the N-terminal TPR domain present in Dia2 239,248,270,271, which is absent from vertebrate Lrr1. 

In order to better understand how termination is regulated, we set out to determine 

cryo-EM structures of terminating replisomes, either having translocated onto dsDNA or 

which lack nucleic acid (as might be expected following encounter of breaks in the leading 

strand template or the ends of linear chromosomes). We hoped to identify a structure with 

SCFDia2 bound, which would inform on the interface required for ubiquitylation of Mcm7 as 

well as providing insight into the regulation of this process by the replication fork. This work 

also provided a platform for complementary biochemical studies, allowing us to probe in 

greater depth the regulation of this key process in DNA replication. 

 

5.2. Results 

 

5.2.1. Reconstitution of Replisome-SCFDia2 Complexes 

 

Given our success reconstituting the complex of CMG-Csm3-Tof1-Mrc1-Ctf43 at a 

replication fork (Chapters 3 and 4), we leveraged a similar approach for the reconstitution 

and cryo-EM sample preparation of terminating replisome complexes. Previous biochemical 

reconstitution of the termination reaction found that several replisome components are 

required for maximum levels of Mcm7 ubiquitylation in vitro 67: both Ctf4 and Mrc1 are 

essential for maximal Mcm7 ubiquitylation in vitro, whilst omission of Pol e also leads to a 

small reduction of modified Mcm7 which is interpreted as a role for Pol e in stabilising Mrc1 

107. Therefore, Ctf4, Mrc1 and Pol e were included in our sample preparation. Since Csm3-

Tof1 are known to interact with Mrc1 and to be important for Mrc1’s recruitment to the 

replisome 103, as well as forming stabilising interactions with dsDNA ahead of CMG 52,85, these 

factors were also included in all reconstitution reactions.  

To this end, individual budding yeast components were purified from S. cerevisiae. 

CMG, Csm3-Tof1, Ctf4 and Mrc1 were purified as described in Chapters 2/3. For Pol e, D290A 

and E292A mutations were introduced to abolish the 3’-5’ exonuclease activity (Pol eexo-) as 

previously described, to mitigate degradation of DNA substrates during sample preparation 

350. Purification of Pol eexo- was performed by Joseph Yeeles (Figure 5.1A).  
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Figure 5.1: Details of additional purified proteins and DNA substrate modifications used in reconstitution of 

replisome-SCFDia2 complexes. Experiments in A and B were performed by Joseph Yeeles and Tom Deegan.                      

A. Coomassie-stained SDS-PAGE gels showing the purified Pol eexo- (left) and SCFDia2 (right) complexes used in 

reconstitution experiments. B. Coomassie-stained SDS-PAGE gel showing the preparation of Cdc34-Ub.                         

C. Schematic of reconstitution approach used for cryo-EM sample preparation of terminating replisome 

complexes on dsDNA. A schematic of the modified DNA substrate used in these experiments is shown in orange, 

with the 20 nt tract of methylphosphonate (MEP) linkages coloured red. 

 

 

In addition to the replisome components above, Tom Deegan purified both the E3 

ubiquitin ligase (SCFDia2, a complex of Skp1-Cdc53-Hrt1-Dia2) as well as its cognate E2 

ubiquitin-conjugating enzyme (Cdc34). SCFDia2 was purified following the methodology 

described in 67 (Figure 5.1A). Given neddylation of the cullin subunit, Cdc53, is dispensable for 

termination in budding yeast 239,262,263, a largely unmodified form of this protein was used in 

our reconstitution experiments to reduce the number of variables introduced prior to sample 

optimisation. We additionally included the Cdc34~Ub complex in case its presence helped to 

contribute to a stable configuration of our complex. To avoid potential heterogeneity arising 

from ubiquitin transfer or dissociation, the Cdc34~Ub linkage was stabilised by mutation of 

the Cdc34 catalytic cysteine to lysine (C95K) leading to formation of a stable complex (Cdc34-

Ub, Figure 5.1B) 251. 

In cells, replisomes are disassembled during termination following translocation onto 

dsDNA 67,219,231. To recapitulate this, we used a modified DNA substrate which contained a 

poly(dT) ssDNA 3’ arm, but which lacked a 5’ arm; this allows CMG to load onto the 3’ arm 

before translocating onto the dsDNA region without unwinding the duplex 90,229,230 (Figure 

……. 
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Figure 5.2: Cryo-EM sample preparation for the replisome-SCFDia2 complex assembled on a dsDNA substrate.              

A. Reconstitution of the CMG-Csm3-Tof1-Mrc1-Ctf43-Pol eexo--SCFDia2 assembled on a MEP dsDNA substrate (see 

Figure 5.1B). Figure shows silver-stained SDS-PAGE analysis of fractions taken across a glycerol gradient. The 

complex of interest was isolated from fractions 13 and 14. Cdc34-Ub (*) [and some free Cdc34 (**)] were present 

in the reconstitution reaction but did not stably associate with the replisome-bound SCF complex.                                       

B. Representative silver-stained SDS-PAGE gel as in A except for a gradient containing crosslinking agents.                      

C. Representative cryo-EM micrograph. D. Representative 2D class averages. For scale, box size is 40 nm. For A-B, 

the full molecular weight marker set is: 200, 150, 120, 100, 85… kDa. 

 

5.1C). Furthermore, 20 consecutive methylphosphonate (MEP) backbone modifications were 

present within the duplex region on the leading strand template (Figure 2.1, 5.1C). These 

modifications neutralise the negative charge of the backbone phosphate moieties and have 

been shown to slow CMG translocation 229,230. The incorporation of these modifications 

should allow us to incubate CMG with DNA in the presence of ATP to facilitate translocation, 

whilst preventing CMG translocating off the end of its substrate. The risk of CMG translocating 

off the DNA was further minimised by performing sample preparation on ice. ATP was 

subsequently replaced with AMP-PNP in the glycerol gradients and in all subsequent steps to 

prevent any additional translocation. 

By using the approach described above, we were able to isolate fractions 13 and 14 

from glycerol gradients which featured all components of interest - including SCFDia2 - with 

the exception of the ubiquitin-conjugated Cdc34 which migrated in early fractions (Figure 

5.2A). The lack of complex formation by Cdc34 may reflect a requirement for Cdc53 

neddylation to facilitate stable association, however as Cdc34 associates with the Cdc53 C-

terminal domains and Hrt1 245, its absence is not expected to influence substrate recognition 
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by SCFDia2. Complexes isolated from glycerol gradients were successfully crosslinked using a 

mixture of glutaraldehyde and BS3 (Figure 5.2B), and peak fractions (fractions 13 and 14) 

pooled across two equivalent crosslinking gradients. This provided sufficient sample for cryo-

EM grid preparation, yielding optimal particle density (Figure 5.2C). These samples were 

subsequently used for data collection. 

 

5.2.2. High-Resolution Cryo-EM Structure of a Terminating Replisome Complex 

 

The samples produced above were imaged on a 300 keV Titan Krios microscope (FEI) 

equipped with the K3 direct electron detector (Gatan) operated in electron counting mode 

and using EPU “Faster Acquisition” mode to enable aberration free image shift (AFIS). This 

facilitated exposure rates of ~300 micrographs per hour, resulting in collection of almost 

13,000 good micrographs. Automated particle picking of the K3’s rectangular micrographs 

was achieved using the new version of Gautomatch [v0.56 296], enabling extraction of 

~2,160,000 particle stacks. These particles generated good-quality 2D class averages, which 

revealed particles larger than previously studied complexes, and which featured density 

readily identifiable as CMG, dsDNA, Csm3-Tof1, Ctf4 and Pol e by comparison to previous 2D 

class averages of smaller subcomplexes 21,85 (Figure 5.2D). 

Overall, we have been able to reconstruct 3-4 Å cryo-EM density maps encompassing 

the majority of this large, 2 MDa complex (Figure 5.3A-D). Several regions of this complex 

demonstrated either flexibility or partial occupancy, requiring extensive data processing to 

resolve high resolution details. In brief, we observe particles which have translocated onto 

dsDNA, bound by the additional replisome factors Csm3-Tof1, Ctf4 and Pol e in positions 

which have previously been described (see Chapter 4 and 22). However, we observe an 

additional, large region of novel density sat on the N-tier face of CMG beside Mcm3, in-

between the regions occupied by Csm3-Tof1-dsDNA and the Ctf4SepB trimer. This density 

extends away from the core of the complex, forming an elongated arm characteristic of the 

E3 ligase cullin subunit (Cdc53). The resolution of the cullin arm is relatively poor, precluding 

model building for Cdc53-Hrt1, which is explained by a large degree of flexibility in this region 

as highlighted by comparison of 3D classes (Figure 5.4A); we hypothesise this flexibility might 

be important for its function in adding multiple ubiquitin moieties to Mcm7.  
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Figure 5.3: Cryo-EM structure of terminating replisome:SCFDia2 complexes assembled on a dsDNA substrate.               

A. Cryo-EM density maps coloured by complex composition. The map shown is a composite of individual multi-

body refinement maps (see Figure 5.5). B. Model related to A. The ~50 Å distance between the E2 binding site 

(on Cdc53CTD/Hrt1) and the primary ubiquitin acceptor site (Mcm7 K29) is labelled. Models for Dia2, Skp1, MCM, 

Cdc45, GINS, Ctf4 and Pol eexo- were built de novo or otherwise adjusted to density (refer to Methods). For Cdc53, 

an I-TASSER homology model was rigid-body fitted to density. For Hrt1, a model was derived from comparison to 

the crystal structure of the closely related human Rbx1 bound to Cul1 (PDB: 1LDK 245). C. Model as in B, focusing 

on SCFDia2. Individual SCFDia2 subunits are coloured. The orientation is identical to that in B (left, dashed outline). 

D. The model of replisome-bound SCFDia2 (cartoon surface representation) is displayed with the structure of K48-

diubiquitin (cartoon representation, PDB: 5MN9 351), illustrating how the primary CMG ubiquitylation site 

(K29Mcm7) might become modified by the SCFDia2 E3 ligase. The Cdc34 E2 enzyme required for ubiquitin transfer 

to Mcm7 is not shown. 
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Regardless, the orientation of SCFDia2 can unambiguously be defined, placing the 

substrate-recognition module (Skp1-Dia2) closest to the interface with CMG (Figure 5.3B).  In 

turn, the Cdc53 C-terminus and Hrt1 – the region responsible for recruiting the charged E2 

Cdc34~Ub – is positioned at the far end of the extended density. The position of Hrt1 in our 

complex places it ~50 Å from the primary ubiquitylation site on Mcm7 (K29). 

The region of density corresponding to the E3 ligase substrate-recognition module 

forms a striking right-handed corkscrew that contacts the N-tier face of CMG, forming an 

interaction across Mcm3/5/7. This density was able to be resolved to high resolution, 

revealing clear secondary structure and side chain density which has allowed us to identify 

this as the LRR domain of Dia2, where the C-terminal repeats form the interface with CMG. 

This represents not only the first description of the SCFDia2:CMG interface, but also the first 

structure of Dia2. 

 

 

Figure 5.4: Highly flexible regions of the replisome:SCFDia2 complex. A. Comparison of 3D classes demonstrating 

the flexibility in the position of the SCFDia2 arm. Cryo-EM density is shown for the cullin arm (Cdc53-Hrt1) in the 

two most extreme positions. The distance from Hrt1 to the primary ubiquitylation site (K29Mcm7) is indicated for 

each position. B. Cryo-EM density map (down-sampled to 4.24 Å/pixel) for a subset of the dataset shown at low 

map contour level to highlight the presence of ill-defined highly flexible regions. The region corresponding to 

SCFDia2 is outlined in magenta; the highly flexible Cdc53-Hrt1 region is not visible until lower contour levels than 

that shown. A region of density stretching from beside the N-termini of the Ctf4SepB domains toward Tof1, passing 

beside SCFDia2 is outlined in purple. The crystal structure of the Pol e catalytic domain (PDB: 4M8O 43) is fitted to 

density observed beside the MCM C-tier. C. Expanded view of the region attributed to the Pol e catalytic domain, 

shown in B. The position of density attributed to the linker connecting the N- and C-terminal regions of Pol2 (N/C-

linker) is labelled. D. Representative 3D classes for the classification of one-third of the dataset. For convenience, 

the positions of various components are indicated on Class C by coloured arrows (MCM N-tier, dark blue; MCM 

C-tier, cyan; SCFDia2, magenta; Ctf4, dark purple; Pol eexo-, green; Csm3-Tof1, yellow. 
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Surprisingly, additional regions of density become visible at low map contour levels. 

First, a large volume is observed between the Ctf4 SepB domains and Tof1 (Figure 5.4B); the 

identity of this density is unclear however it is tempting to speculate the Ctf4 N-terminal 

WD40N domains plus the subsequent linker regions might contribute, placing these regions 

of Ctf4 close to where the N-terminal TPR domains of Dia2 are likely to be positioned. Second, 

we observe a large volume adjacent to the exit of the MCM channel which appears to extend 

toward the non-catalytic regions of Pol  e (Figure 5.4B). Its position and size immediately 

suggest this density corresponds to the N-terminal catalytic domain of Pol2 (the large, 

catalytic subunit of Pol e), which would place it in a position ready to accept the unwound 

leading strand template DNA from the MCM channel when the replisome is engaged at a 

replication fork; indeed, a crystal structure of the Pol2 catalytic domain 43 appears to fit the 

density fairly well (Figure 5.4C).  In further support of this density representing the Pol2 

catalytic domain, the map features a clear cleft which allows orientation of the Pol2 catalytic 

domain model; positioning the model in this way places the C-terminus of the Pol2 catalytic 

domain facing density which appears to form a linker to the non-catalytic C-terminal domain, 

as well as positioning the Pol2-bound DNA such that the ssDNA faces the MCM exit channel 

(Figure 5.4C). To the best of our knowledge, this is the first time the catalytic region of Pol2 

had been observed in the context of a replisome. A recent publication investigating free Pol e 

observed the catalytic domain in an alternative position that would project away from CMG 

48. Whether the density we observe here represents a position which can be observed during 

active replication will require further investigation using sample preparation conditions and 

DNA substrates designed to capture an actively polymerising enzyme, which was not the 

focus of this study. 

In summary, we have determined the structure of a terminating replisome-bound 

SCFDia2 complex, which will provide important insight into how eukaryotic DNA replication 

termination is regulated. In the remainder of this Chapter, I shall describe the details of this 

structure as well as the extensive data processing approaches used to achieve it. 

 

5.2.2.1. Subclassification Reveals Complexes that have Translocated onto A DNA Duplex 

 

Given cellular termination of DNA replication is expected to occur after replisomes have 

translocated onto dsDNA, we began by isolating dsDNA-bound particles from our dataset. A  
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Figure 5.5: Data processing for the relisome:SCFDia2 complexes assembled on a dsDNA substrate. A. Processing 

pipeline. The approach used to subclassify complexes based on the MCM C-tier conformations and DNA 

engagement is shown in orange. The approach used to derive cryo-EM reconstructions for model building or 

adjustment of regions outside MCM, including SCFDia2, are shown in magenta. B,C. Fourier shell correlation (FSC) 

shown for the maps used in subsequent model building/adjustment, either for regions outside MCM (B) or for 

the conformations I and II observed in the MCM region (C). D. Model-to-Map FSC curve for the completed models 

of the replisome:SCFDia2 complex (conformations I and II). Full: full-map to model; Half-1: half-map 1 to model; 

Half-2: half-map 2 to model.  
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summary of the entire data processing pipeline is shown in Figure 5.5. In brief, initial 2D- and 

3D-classification removed the majority of poor-quality particles, leaving ~1,450,000 particles 

for downstream processes. Figure 5.4D illustrates representative 3D classes for one-third of 

the dataset where the resolution of each class correlated with the number of contributing 

particles. Although heterogeneity was observed in occupancy of CMG-bound factors except 

Ctf4 (including DNA), we were able to obtain classes containing all factors of interest (with 

the caveat that Mrc1 remained elusive as in previous complexes).  

 

 

 

 

Figure 5.6: Data processing enriches for dsDNA-bound particles. A. Slice-through view of cryo-EM density for 

complexes assembled on dsDNA (shown for conformation I). The density shown is a composite of focused maps 

(refer to Figure 5.5A). B. Sharpened multi-body refinement cryo-EM density maps, coloured by local resolution, 

for the MCM regions. C. Comparison of conformations I and II demonstrating the similarity in the overall complex 

architecture. For clarity, conformation I is rendered as a surface, whilst conformation II is shown as a cartoon.          

D. Comparison of MCM:Dia2LRR interface between conformations I and II, demonstrating lack of conformational 

changes in this region. 
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Downstream processing focused on different regions of the complex in turn. We began 

by focusing on the CMG helicase, especially the central CMG channel and C-tier motor 

domains where dsDNA was expected to be engaged: here, particles were separated into 

classes based on the nature of DNA engagement by the MCM motor domains (see Figure 

5.5A, orange paths). To achieve this, the best 3D classes were returned to the native pixel size 

of 1.06 Å/pixel to allow separation of particles based on their finer details before using signal 

subtraction to focus on the MCM channel and surrounding regions of the MCM C-tier prior to 

3D subclassification without alignment. 

Although the majority of these subclasses represented complexes primarily engaging 

ssDNA, we were able to isolate particles featuring clear dsDNA density within the MCM motor 

domains (Figure 5.6A). To achieve this, several rounds of signal subtraction and 3D 

subclassification without alignment were required, focusing on the central MCM channel and 

the associated DNA (Figure 5.5A). Having used this approach to identify complexes that had 

translocated onto dsDNA, we noted heterogeneity in the position of the Mcm3/Mcm7 

subunits of these dsDNA-bound particles; consequently, a final round of signal subtraction 

and subclassification (this time focusing on the Mcm3/Mcm7 motor domains) allowed 

separation of this mixed population. Ultimately, we were able to isolate two populations of 

particles, representing two conformations of dsDNA engagement by the MCM motor 

domains, named conformations I and II. Subsequent multi-body refinement was utilised to 

improve the resolution of the MCM regions of each conformation (Figure 5.6B), enabling 

model building for these regions. The resulting maps were sharpened, giving nominal 

resolutions of 3.4 – 3.7 Å (refer to Figure 5.5A,B). 

Comparison of conformations I and II revealed similar architecture for the majority of 

the complex (Figure 5.6C): the major differences between these conformations were present 

in the MCM C-tier motor domains, and are discussed in greater detail below. Crucially, the 

region of MCM which forms an interface with SCFDia2, as well as the positioning of SCFDia2 with 

respect to CMG, was almost identical across conformations I and II (Figure 5.6D). These 

observations allowed us to combine particles from different conformations during data 

processing, enabling improvement of the reconstructions for the regions of the complex 

outside the MCM C-tier. 

Interestingly, for dsDNA-bound particles in both conformations I and II, we observe 

distortion in the DNA duplex within the MCM N-tier, facilitating a change in the direction of  
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Figure 5.7: The DNA duplex is distorted as it passes through the MCM N-tier. A. Representative cryo-EM density 

(mesh) shown for DNA. The expected path taken by the leading and lagging strand template DNA as it traverses 

the MCM N-tier is indicated by the dashed lines. C. As in B, focusing on the region of DNA found within the MCM 

N-tier. D. Representative cryo-EM density (mesh) surrounding the Mcm7 N-terminal hairpin (separation pin). 

 

 

the dsDNA as it traverses the MCM motor domains compared to the trajectory of the parental 

dsDNA (Figure 5.7A,B). The density for DNA present within the MCM N-tier was poor, 

presumably as a result of fewer MCM contacts in this region, precluding model building. The 

position of the parental dsDNA upstream of what would be the point of unwinding at a 

replication fork is essentially identical to what we observed for a replisome engaged at a 

replication fork 85, however although density is observed for the Mcm7 separation pin it is 

poorly defined (Figure 5.7C); whether the Mcm7 NTH forms a helical structure similar to what 

we observed at a replication fork is unclear. 

 

5.2.2.2. Conformational Changes in MCM Upon Translocation onto Double-Stranded DNA  

 

The current work provides the first structure of CMG translocating on a dsDNA 

substrate. Therefore, we wanted to determine how the two conformations observed 

compare to prior structures of the replisome bound to ssDNA at a replication fork. As noted 

above, the only major conformational changes observed between conformations I and II exist 

in the MCM C-tier. To determine whether any major conformational changes occur in MCM 
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upon translocation onto dsDNA, we compared conformations I and II to our prior structure of 

the replisome bound to ssDNA at a replication fork, discussed in Chapter 4 (PDB: 6SKL 85). 

Conformation I is remarkably similar to replisome complexes bound to a replication 

fork, both in the overall architecture of the MCM motor domains and associated DNA (Figure 

5.8A,B) as well as the occupancy of ATP-binding sites around the MCM ring (Figure 5.9A,B, 

compare to Figure 4.13B). Generally, only small changes in the Mcm subunits are required to 

accommodate dsDNA, primarily in the tips of the H2I loops which are required to avoid steric 

clash with the lagging strand template DNA (Figure 5.8A). Generally, the DNA backbone 

contacts mediated by the PS1 hairpins, H2 and the base of H2I appear to be maintained when 

CMG translocates on dsDNA (Figure 5.8B, compare to Figure 4.14, 4.15). This similarity is likely 

what underlies the difficulty experienced when attempting to separate ssDNA-bound 

complexes from those which translocated onto dsDNA. The similarities between 

conformation I and fork-bound replisomes suggests CMG is able to engage the leading strand 

template DNA of a DNA duplex in an equivalent manner to how ssDNA is engaged at a 

replication fork, strongly implying the mode of CMG translocation can be shared between 

ssDNA and dsDNA substrates. 

In contrast, conformation II features extensive changes in the structure of the MCM C-

tier, despite the position of the dsDNA remaining essentially the same as in conformation I �

��. 

 

 

 Figure 5.8: Conformation I is comparable to replication fork-bound replisome complexes. A. DNA engagement 

within the MCM C-tier motor domains by complexes assembled on dsDNA (coloured) or a replication fork (grey, 

PDB: 6SKL 85). B. Engagement of the leading-strand template DNA phosphate backbone by Mcm H2I/PS1 loops in 

complexes that have translocated onto dsDNA is comparable to that previously observed for CMG bound to 

ssDNA. Contacts shown for the representative Mcm6 subunit (conformation I). Specific contacts with the DNA 

phosphate moieties indicated by dashed yellow lines. 
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(Figure 5.9A,C). A large movement is observed for Mcm5/3/7, leading to opening of the 

Mcm3/5 interface and loss of AMP-PNP at this position (Figure 5.9A-C). The result is a 

dramatic rearrangement of the DNA binding loops belonging to these subunits which opens 

up the central MCM channel: the movement of Mcm3 and Mcm7 away from Mcm5 shifts the 

Mcm3 H2I and PS1 loops ~10.3 Å perpendicular to the channel axis, such that the Mcm3 H2I 

loop in conformation II moves to the region previously occupied by the Mcm3 PS1 loop in 

conformation I. The Mcm5 H2I and PS1 loops move ~4.4 Å in the opposite direction, 

completely abolishing the Mcm3-H2I:Mcm5-PS1 interaction and simultaneously moving the 

Mcm5 H2I further from - and the Mcm5 PS1 closer to - the dsDNA. The movement of the 

Mcm5 H2I may help to reduce clashes with the DNA, especially in the presence of the lagging 

strand template DNA. Whether the two-nucleotide-bound state observed for conformation II 

represents an on-duplex translocation state, or an off-pathway state which may have resulted 

vvvvvvvvvvvvvvvvvvvvv 

 

Figure 5.9: Comparison of MCM between conformations I and II. A. AMP-PNP occupancy of the MCM C-tier in 

conformations I and II. B. Cryo-EM density at the interface between Mcm3 (dark blue) and Mcm5 (light blue) in 

the different conformations. Where corresponding density is present, AMP-PNP is shown in red. C. Differences in 

the MCM C-tier across conformations I and II. The relative movements of Mcm5 and Mcm3 are indicated by the 

correspondingly coloured arrows.  
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during complex reconstitution or grid preparation, is currently unclear. Curiously, a cryo-EM 

structure of budding yeast CMG-Pol e that was previously determined bound to a DNA fork in 

the presence of ATPgS was also found to bind two nucleotides, although in this case the 

Mcm3/5 and Mcm5/2 interfaces were occupied and the MCM subunits assumed positions 

more comparable to conformation I (PDB: 6HV9, 22). 

In summary, we have identified two conformations of dsDNA-bound MCM. The fact 

these particles have unambiguously translocated onto dsDNA presents complexes reflective 

of true termination intermediates. 

 

5.2.2.3. SCFDia2 Recruitment to Terminating Replisomes Is Not Mediated By Conformational 

Changes In CMG Upon Translocation Onto Double-Stranded DNA 

 

Prior to this work it was unknown whether conformational changes in replisome 

components, occurring during the termination process, regulate the ubiquitylation and 

disassembly of the replisome. Given the large differences in the MCM C-tier between 

conformations I and II, we next determined whether similar changes were present in the 

MCM N-tier to which Dia2LRR is observed to bind. Alignment over the N-tier region clearly 

demonstrates there are no differences in the positions of Mcm3, Mcm5 or Mcm7 including 

within the region which forms an interface with Dia2LRR (Figure 5.10A). Correspondingly, 

superposition over the N-tier of the cryo-EM density maps reveals no obvious changes to the 

occupancy or binding mode of the Dia2 LRR between the different conformations (Figure 

5.10B). 

To determine whether conformational changes in MCM upon translocation over dsDNA 

regulate binding of Dia2LRR, conformations I and II were compared to the previously 

determined model of CMG-CTM-Ctf4 bound to a fork DNA substrate (PDB: 6SKL 85) (Figure 

5.10A). The configurations of the N-tier are almost identical between the complexes engaged 

on ss- and dsDNA, with only very small <3 Å movements observed in regions which interact 

with the Dia2 LRR. 

Therefore, our structures indicate that dsDNA engagement by the CMG motor domains 

may be accompanied by, but does not require, conformational changes in the MCM C-tier 

compared to translocation over ssDNA. Furthermore, the conformational changes that we do 
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Figure 5.10: No conformational changes in the MCM N-tier on dsDNA are required for Dia2LRR binding.                             

A. Superposition of the Mcm3 N-tier regions from conformations I and II, plus the previously determined model 

of CMG-CTM-Ctf4 bound to a fork DNA substrate (PDB: 6SKL 85), after alignment over the MCM N-tier. The 

positions of the Mcm5 ZnF and Mcm7 N-terminus, which together with Mcm3 form the interface with Dia2LRR, 

are also shown. B. Superposition of cryo-EM density maps for the different dsDNA-bound conformations focusing 

on the C-terminus of the Dia2 LRR domain where it interacts with MCM. Maps were aligned over the MCM N-tier.  

 

 

 

observe do not influence the structure of the MCM N-tier, suggesting dsDNA-related 

conformational changes are unlikely to regulate Mcm7 ubiquitylation by SCFDia2. However, we 

concede that active translocation along dsDNA may require additional unprecedented MCM 

configurations not preserved by our method of sample preparation and which might exert a 

greater influence on SCFDia2 association, although the inclusion of ATP during reconstitution 

would suggest the most stable states of dsDNA-translocated CMG are represented by our 

sample.  

 

5.2.2.4. Building the Model for CMG-Associated Replisome Components 

 

The following section describes the approach to modelling the remainder of our 

terminating replisome complexes; a detailed description focused on modelling the E3 ligase 

substrate-recognition subunit, Dia2, and what the completed models tell us about the 

mechanism of regulating disassembly, is described in subsequent sections. 

I described above multiple conformations observed for the MCM region of our 

complexes. In order to build atomic models for the remaining replisome factors (Csm3-Tof1, 
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Ctf4 and Pol eexo-) we utilised a subset of ~370,000 particles which represented those with the 

best-defined Dia2 density following several rounds of subclassification (Figure 5.5). The 

derivation of this subset is described in detail in Section 5.2.2.5 focusing on Dia2. As the 

replisome:SCFDia2 interaction was the main focus of this project, we reasoned that focusing 

on particles known to have well-defined Dia2 occupancy was appropriate when building the 

models for the additional factors, some of which were expected to interact with at least the 

TPR domains of Dia2.   

 

Ctf4-Cdc45-GINS-Dpb2NTD 

 

Using the population of particles with good SCFDia2 density described above, we 

performed multi-body refinement defining the region encompassing Ctf4SepB
3-Cdc45-GINS as 

a single body (Figure 5.5A). This resulted 3.19 Å reconstruction of these factors plus the 

associated N-terminal domain of Dpb2 (Figure 5.5B).  

The structure of Cdc45-GINS-Ctf4 was similar to that which we modelled in our previous 

structure of CMG-CTM-Ctf4 at a replication fork (PDB: 6SKL 85) (Figure 5.11). Therefore, we 

were able to adjust our previous model to the new density map above. In contrast, the N-

terminal domain of Dpb2, which binds across Cdc45 and GINS, required significant 

remodelling from the previous CMG-Pol e model (PDB: 6HV9 22); this was made challenging 

�����. 

 

Figure 5.11: Model building: Ctf4-Cdc45-GINS. A. Multi-body refinement cryo-EM density map (left) and 

corresponding model (right) for the region encompassing Cdc45-GINS-Ctf4-Dpb2NTD. The region of density 

corresponding to Dpb2NTD (residues 7-94) is indicated by the dashed outline. B. Cryo-EM density map, as in A, 

coloured by local resolution. 
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by the relatively poor resolution of this small region of our complex, however we were able 

to achieve this by using prior knowledge of a human CMG-Pol e structure that was being 

investigated within our lab by Morgan Jones 352.  

The flexible density observed between Ctf4 and Tof1, stretching above the MCM N-tier 

(refer to Figure 5.4B) was not resolved despite its inclusion within the multi-body refinement 

mask. As in our previous structure of CMG-CTM-Ctf4-DNA, we do not resolve density which 

can assigned to the Ctf4 WD40N domains or the subsequent linker, nor do we resolve density 

which we can attribute to the Dia2 TPR domains which are expected to interact with Ctf4. 

 

 

  

 

Figure 5.12: Model building: Pol enonCat. A. Multi-body refinement cryo-EM density map (top) and corresponding 

model (bottom) for the region encompassing the non-catalytic portion of Pol eexo- (Pol enonCat: Pol2 residues 1321-

2222, Dpb2 residues 164-689). Pol2 and Dpb2 are two of the subunits comprising Pol e. B. Cryo-EM density map, 

as in A, coloured by local resolution. C. Cryo-EM density for a representative region of the Pol2 model that was 

rebuilt compared to the starting model (PDB:6HV9 22). D. Mcm2-Pol2 interface. Only Pol2 residues involved in the 

interaction are shown for clarity. E.  Mcm5 WH domain and its interaction with Pol enonCat. For Pol2, only the 

regions found to interact with Mcm5WH are coloured; all other regions are shown in white.  
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Pol e 

 

The same multi-body refinement yielded a separate body encompassing the non-

catalytic regions of Pol eexo- (henceforth Pol enonCat) which after map sharpening resulted in a 

3.53 Å resolution reconstruction (Figure 5.5, 5.12A,B). Pol enonCat has been shown to stably 

associate with CMG 22 and is essential for initiation of DNA replication 353. Despite several 

attempts at using multi-body refinement, signal subtraction and subclassification, we were 

unable to improve the density for the catalytic N-terminal half of Pol2 for which we observe 

density at low map contour levels (refer to Figure 5.4B,C). 

Our cryo-EM density encompassing Pol enonCat achieved higher resolution than 

previously determined CMG-bound reconstructions 21,22,54 (Figure 5.12B,C). This enabled us 

to make various alterations to the model, including correction of the sequence register and 

position of the Ca backbone in several regions, described in Methods. Overall, these changes 

allowed us to build regions of the interface formed between Pol2nonCat and the Mcm2 AAA+ 

domain (Figure 5.12D), as well as the network of interactions formed around the Mcm5 WH 

domain, which contacts several regions of Pol2nonCat and Dpb2 (Figure 5.12E). Taken together, 

we present the most complete and accurate model for Pol e bound to CMG described to date. 

 

Fork Protection Complex (Csm3-Tof1-Mrc1) 
 

  In the maps resulting from multi-body refinement above, we observed poorly 

resolved density for Csm3-Tof1 and the parental dsDNA. To improve these regions, we 

returned to the multi-body refinement input and performed signal subtraction and 

subclassification without alignment, focusing on Csm3-Tof1. This approach enabled 

enrichment of particles which contained Csm3-Tof1 as well as strong parental dsDNA density. 

Of these, we were able to resolve two classes: one class presented well-resolved density for 

the entire region encompassing Tof1-Csm3 for which we had previously built an atomic 

model; in contrast, a second class presented well-resolved density only for the region 

corresponding to the C-terminal half of the Tof1 a-solenoid, with the N-terminus poorly 

defined (Figure 5.13A). This was similar to what we observed while subclassifying our earlier 

CMG-CTM-Ctf4 dataset. For building the current model, we took the class with the best-

resolved Tof1-Csm3 density (~60,000 particles) which yielded a 3.56 Å reconstruction suitable 

for model adjustment. 
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Figure 5.13: Cryo-EM density for the fork protection complex. A. Cryo-EM density maps for two classes 

distinguished following signal subtraction/3D subclassification focusing on the region encompassing Csm3-Tof1. 

B. Cryo-EM density map for the class with goof Tof1N density (see F, left). Regions of unassigned density, suggested 

to belong to Mrc1, are coloured red. C. Cryo-EM density map produced by signal subtraction/3D subclassification 

focusing on the region beside Cdc45 where additional unassigned density (red) is observed. Inset shows density 

which appears to be attributable to a bulky side chain. 

 

 

Finally, we had hoped that the flexible factor Mrc1 might be better resolved compared 

to our previous CMG-CTM-Ctf4 structure, with the addition of its known interacting partners 

Pol e 107 and Dia2 248,270. We observed similar regions of helical density as before, stretching 

across one side of CMG (Figure 5.13B). Interestingly, we noted that these helical regions, 

especially the long a-helix situated beside Mcm6, were better resolved in the class where the 

Tof1 N-terminus was well-ordered, suggesting a correlation between ordering of the Tof1 N-

terminus and binding of Mrc1 to this region. During processing of the dataset, we noticed that 

additional density appeared to be present above Cdc45, continuous with one of the helices 

beside Mcm2 which we previously suggested belongs to Mrc1. We attempted to improve 

resolution of this region by focusing on these regions of additional density plus the regions of 

Mcm2N-tier and Cdc45 with which they interact. Signal subtraction and subclassification 

yielded a 3.95 Å reconstruction (~53,000 particles) with strong unassigned density stretching 

from the putative Mrc1 a-helix beside Mcm2, stretching back across the surface of Cdc45 and 
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seeming to form a long a-helical structure (Figure 5.13C). Unfortunately, we were unable to 

resolve side chains for this density except for potentially a single bulky residue in the linker 

between these two helices (Figure 5.13C), precluding assignment of sequence. Further 

processing did not improve the resolution of this region. Therefore, despite the inclusion of 

Pol eexo- and SCFDia2 during reconstitution, we saw little improvement in density assigned to 

Mrc1. 

 

5.2.2.5. Acquisition of a High-Resolution Cryo-EM Map of Dia2 

 

Prior to this work, no structures existed for the Dia2 subunit of the E3 ligase, neither in 

the context of SCFDia2 or a subcomplex thereof, nor were any homologous structures 

available. As such, our work provides the first structures of this important protein, and 

required de novo modelling into our cryo-EM density. The requirement of de novo modelling 

necessitated extensive data processing to achieve a high-resolution reconstruction 

encompassing the majority of Dia2 (see Figure 1.11, 5.3B). This in turn required overcoming 

the extensive flexibility observed in this region (Figure 5.4A). Having established the 

MCM:Dia2 interface is independent of MCM conformation, whether ss- or dsDNA-bound 

(Figure 5.10), we were confident in combining all particles where SCFDia2 was present. This 

would maximise the benefit of high particle number toward overcoming the flexibility 

described above. The general approach to data processing related to Dia2 is outlined in Figure 

5.5 (magenta paths). 

To improve efficiency, we initially processed the dataset in three roughly equal parts 

(Parts A-C), with a 4.24 Å/pixel size. Initial 3D classification (Figure 5.4D) successfully 

separated many particles which lacked SCFDia2. However, upon closer inspection some classes 

featured partial occupancy of SCFDia2, with density visible only at lower map contour levels. 

To improve the occupancy of SCFDia2, we performed signal subtraction and 3D 

subclassification without alignment focusing on the region encompassing SCFDia2 plus the 

Mcm3 N-tier regions. This approach successfully removed particles lacking SCFDia2. 

Importantly, signal subtraction prior to subclassification was essential.  

At this point, the best classes containing SCFDia2 were combined across Parts A-C of the 

dataset (~900,000 particles), and the above signal subtraction/3D subclassification repeated 

wwwwwwwwwwwwwwwww 
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Figure 5.14: Data processing focusing on SCFDia2. A. Masks used during successful multi-body refinement. For 

reference, the SCFDia2 model is shown coloured by subunit. Top: mask for Cdc53-Hrt1 map shown in B. Bottom: 

mask for Dia2-Skp1 map shown in C,F-H.  B. Multi-body refinement cryo-EM density map for the Cdc53-Hrt1 

region, using data down-sampled to 4.24 Å/pix. Top and middle: view 1; bottom: view 2. The crystal structure of 

human Cul1 has been rigid-body fitted to density (PDB: 1LDK 245). C-D. Multi-body refinement cryo-EM density 

maps for the Skp1-Dia2 region following initial signal subtraction/subclassification focussing on Mcm3N-tier/SCFDia2, 

either for dataset Part C (C) or the full dataset (D) (refer to Figure 5.5). E. Cryo-EM density maps of the Skp1-Dia2 

region for two representative 3D classes resulting from further signal subtraction/subclassification of the particles 

in D, focusing on the Dia2LRR region. F. Sharpened multi-body refinement cryo-EM density map for the Skp1-Dia2 

region of the best class resulting from the subclassification in E. Data down-sampled to 1.33 Å/pix. This map was 

used for subsequent model building. G-H. Cryo-EM map as in F, coloured by local resolution, shown either at a 

higher map contour level (G), or at a lower contour level to visualise Skp1 density (H). 
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to further homogenise the remaining particles. After some optimisation, we were able to 

remove a further ~95,000 particles lacking SCFDia2 as well as ~25,000 poor-quality particles. In 

summary, this approach identified ~780,000 good-quality particles containing SCFDia2 (~46% 

of particles selected from 2D classification). 

Having successfully isolated particles containing the E3 ligase, we attempted to improve 

the reconstruction of the flexible SCFDia2 region using multi-body refinement. Initial 

optimisation of multi-body refinement used a class from the original signal 

subtraction/subclassification of dataset Part C, totalling ~168,000 particles with good SCFDia2 

occupancy (see Figure 5.5). At this stage, particles remained at a pixel spacing of 4.24 Å/pixel. 

After testing several combinations of masks with differing boundaries along the cullin arm, 

one mask which in hindsight encompassed the bulk of Cdc53 and Hrt1 (Figure 5.14A, top) 

enabled successful resolution of a-helices within the cullin subunit (Figure 5.14B). The 

resulting map (8.5 Å resolution after map sharpening, reaching the Nyquist limit 354) clearly 

displays the three tandem 5-helix repeats (cullin repeats) characteristic of this family of 

proteins 245. Furthermore, the crystal structure of the human homolog Cul1 (bound to Rbx1, 

Skp1 and Skp2F-box, PDB: 1LDK 245) could unambiguously be fitted as a rigid body to this density 

(Figure 5.14B). Unfortunately, when multi-body refinement was repeated using the same 

masks on data with a pixel spacing of 1.06 Å/pixel, the region corresponding to Cdc53 failed 

to align. The ability to resolve this region when using the down-sampled data may stem from 

removing the contribution of higher spatial frequencies, facilitating alignment of the lower 

resolution secondary structural features.  

Despite the inability to resolve high-resolution features for Cdc53 at a pixel spacing of 

1.06 Å/pixel, a complementary mask encompassing what we now know to be the Dia2 LRR 

domain and Skp1 (Figure 5.14A, bottom) was successful in producing a reconstruction at 4.15 

Å resolution after map sharpening (Figure 5.14C). Here, 15 b-strands were resolved across 

the whole Dia2LRR b-sheet, as well as the Dia2 C-terminal tail which loops back across the 

inside surface of the concave b-sheet. However, the resolution was insufficient to build an 

atomic model de novo with resolution diminishing further from the MCM interface. 

Therefore, having identified promising multi-body refinement mask boundaries, we returned 

to the complete dataset (Parts A-C).  
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Surprisingly, although subsequent multi-body refinement yielded a map of the Dia2 

LRRs with improved resolution of the map near the MCM interface, the regions of the LRR 

toward the N-terminus were poorly defined, with lateral merging of the individual b-strands 

(Figure 5.14D). We reasoned alignment may have been impaired by flexibility within the LRR 

domain itself. This was confirmed by further signal subtraction and 3D subclassification 

without alignment, focussing on the LRR domain (Figure 5.14E). Multi-body refinement was 

repeated on either the best classes or combinations of these, however the best quality map 

resulted from multi-body refinement of the best individual class (~56,000 particles, ~3% 

particles selected from 2D classification). After map sharpening, we obtained a reconstruction 

at 4.0 Å resolution, with all 15 b-strands and side chains resolved across the LRR domain 

(Figure 5.14F-H). It is worth noting that particles were rescaled to a pixel spacing of 1.33 

Å/pixel prior to the final subclassification to reduce the computing load in the subsequent 

multi-body refinement, however this did not impair our ability to resolve high-resolution 

structural features. This map, in addition to the equivalent filtered map generated through 

the local resolution estimation program within RELION, was used for building the atomic 

model of Dia2. 

 

5.2.2.6. Approach to Dia2 Model Building 

 

Using the map described above (Figure 5.14F-H), we were able to build the first atomic 

model for Dia2, encompassing the majority of the protein (residues 211 – 732, see Table 5.1). 

This includes the F-box domain (residues 211 – 247), the large LRR domain (248 – 716) and 

the C-terminal tail up to the final residue of the protein (Figure 5.5C, 5.15A). This is the first 

atomic model that has been determined for any region of Dia2. In this section, I shall describe 

the steps taken to build the model for Dia2; in subsequent sections I shall provide a complete 

description of the model and details for how Dia2 forms a complex with terminating 

replisomes, informing a hypothesis for regulation of E3 ligase activity. 

As no prior structures were available for Dia2 or its orthologs, we began by homology 

modelling of the Dia2 LRR domains. Residues 262 – 732 were submitted for homology 

modelling corresponding to the region of Dia2 downstream of the F-box which was expected 

to contain the LRR domain 270. Homology models were generated using two alternative ��

���.. 
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Table 5.1: Cryo-EM statistics related to model building. FSC, Fourier shell correlation; MBR, multi-body 

refinement; R.m.s. deviation, root-mean-square deviation.  † Refer to Figure 5.5A and Methods for details related 

to individual maps. 

 

 
 S. cerevisiae 

Replisome-SCFDia2 

conformation I 
(EMD-13537) † 
(PDB: 7PMK) 

S. cerevisiae 
Replisome-SCFDia2 
conformation II 
(EMD-13539) † 
(PDB: 7PMN) 

H. sapiens 
Replisome-CUL2LRR1  
 
(EMD-13494) † 
(PDB: 7PLO) 

Data collection and processing    
Magnification    81,000 X 81,000 X 81,000 X 
Voltage (kV) 300 300 300 
Electron exposure (e–/Å2) 38.8 38.8 38.3 
Defocus range (μm) -0.4 to -2.2 -0.4 to -2.2 -0.8 to -2.8 
Pixel size (Å) [super-resolution] 0.53 0.53 0.536 
Symmetry imposed None None None 
Initial particle images (no.) 2,160,000 2,160,000 2,412,000 
Final particle images (no.) † 56,000 – 369,000 56,000 – 369,000 39,000 – 232,000 
Map resolution (Å) † 
    0.143 FSC threshold 

3.2 – 4.0 3.2 – 4.0 2.8 – 10.8 

Map resolution range (Å) 3 – 7 3 – 7 3 – 20 
    
Refinement    
Initial model used (PDB code) 6SKL,6HV9,1NEX 6SKL,6HV9,1NEX 6XTX, 5MQI 
Model resolution (Å) 
    0.5 FSC threshold 

4.0 4.3 3.2 

Map sharpening B factor (Å2) † -20 to -50 -20 to -50 -30 to -100 
Model composition 
    Non-hydrogen atoms 
    Protein residues 
    Ligands 

 
74,708 
9,130 
7 Zn2+, 3 Mg2+, 
3 AMP-PNP 

 
74,666 
9,134 
7 Zn2+, 2 Mg2+, 
2 AMP-PNP 

 
78,016 
9754 
7 Zn2+, 3 Mg2+, 
3 AMP-PNP 

B factors (Å2) 
    Protein 
    Ligand 

 
112.76 
109.20 

 
99.89 
80.56 

 
66.61 
40.51 

R.m.s. deviations 
    Bond lengths (Å) 
    Bond angles (°) 

 
0.006 
0.930 

 
0.006 
0.930 

 
0.005 
0.890 

 Validation 
    MolProbity score 
    Clashscore 
    Poor rotamers (%) 

 
0.74 
0.37 
0.31 

 
0.78 
0.32 
0.53 

 
1.03 
0.53 
1.01 

 Ramachandran plot 
    Favored (%) 
    Allowed (%) 
    Disallowed (%) 

 
97.45 
2.55 
0.00 

 
97.12 
2.88 
0.00 

 
95.09 
4.81 
0.10 
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Figure 5.15: Related to model building of Dia2 LRR domain. A. Domain architecture of Dia2. Residue numbers of 

domain boundaries are shown. Domain boundaries for TPR domain and NLS as in 248. LRR, leucine rich repeat 

domain; NLS, nuclear localisation sequence; TPR, tetratricopeptide repeat domain. B. Homology models of Dia2 

(residues 262-732) produced using I-TASSER 312-314 or Phyre2 306 web servers. C-E. Dia2 model in cryo-EM density 

for the a-helix in LRR repeat 13 (C), the extended loop from LRR repeat 9 (D) and the C-terminal tail (E).                            

F. Comparison of two I-TASSER homology models highlighting the discrepancy in the sequence register between 

models toward the N-terminus of the LRR domain. G. Jpred secondary structure prediction 315 for Dia2 (residues 

262-419). Magenta box: a-helix; orange arrow: b-strand. H. Model in cryo-EM density for the a-helix in LRR repeat 

2. I. Model in cryo-EM density for representative bulky residues used to aid model building toward the Dia2 LRR 

domain N-terminus.  

 

programs, I-TASSER 312-314 and the protein homology/analogy recognition engine v2.0 

(Phyre2) 306 (Figure 5.15B). Both programmes generated models that resembled the structure 

expected for a LRR, comprising tandem b/a-repeat units assembling into a concave surface 

formed from parallel b-strands and a convex surface formed from a mixture of loops and a-



Chapter 5 – Regulation of Replisome Disassembly 

 231 

helices 274,275. The Phyre2 model (PA, Figure 5.15B) predicted 15 tandem repeats, whilst the I-

TASSER models (of which four alternative suggestions were returned, called ITA - ITD, Figure 

5.15B) predicted 14 or 16 repeats. Of these predictions, the corkscrew-shaped curvature of 

our cryo-EM density was most comparable to that of two of the I-TASSER models (models ITA 

and ITD), hence these were taken for further consideration. 

Fitting of model ITA to our density gave a reasonable first approximation. Adjusting the 

model to density revealed the I-TASSER model appeared to predict the sequence register of 

the b-strands fairly well, placing the b-strands in roughly the correct locations which 

facilitated their rebuilding into density using bulky residues such as W487, R518, M559, H626, 

H655 and Y686. This helped to determine the rough sequence register along the domain. 

However, the model required more extensive rebuilding for the convex surface of the LRR (a 

mixture of a-helices and unstructured loops) as well as the loops which connect the convex 

and concave surfaces. At first, the model ITA appeared to give a reasonable prediction of the 

a-helices observed toward the C-terminus of the LRR near the interface with MCM, however 

closer inspection revealed the sequence register was not correct. Fortunately, the map was 

of good quality and the continuous density allowed rebuilding of the model in the loop and 

helical regions using a combination of tracing the density from the b-sheet and identification 

of bulky residues as anchor points, such as Y665 and F667 (Figure 5.15C). A short stretch of 

six amino acids which forms the linker between repeats 13 and 14 (residues 675 – 681) could 

not be built owing to a break in the density, however this region is on the top of the LRR far 

from the MCM interface. The extensive adjustments to the loops and convex LRR surface 

included building a large extended loop within repeat nine (residues 520 – 554) which projects 

outwards from the LRR domains towards the position of the Cdc53 cullin arm (Figure 5.15D). 

In addition, we were able to build the Dia2 C-terminus which forms an extended tail 

immediately following the LRR domain (residues 717 – 732) (Figure 5.15E). Residues Y716, 

W721, R722, F724 and Y729 provided useful reference points to anchor the sequence, with 

density observable until the final residue of Dia2 (S732). The final and penultimate residues 

were built with the side chain of Y731 facing a hydrophobic surface formed by the LRR b-sheet 

(I373, V375 and I431), allowing the terminal carboxyl group of S732 to face the solvent. 

The quality of the cryo-EM map, and the continuous density across almost the entirety 

of the LRR domain enabled us to confidently build the model for residues 420 – 732. This 
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included the region which forms the interface with MCM. In contrast, a break in the density 

before V420 made it more difficult to build the N-terminus of the LRR domain. Specifically, 

the remaining unassigned density clearly resolved five additional parallel b-strands upstream 

of V420. This suggested there may be a total of 15 tandem repeats within the LRR domain, 

however both the ITA and ITD homology models contained only 14 predicted repeats. 

Furthermore, the homology models predicted a long, disordered loop of ~50 residues 

between the b-strands before and after V420. As a result, it was unclear whether the I-TASSER 

homology models had correctly predicted the register of the b-sheet but had failed to predict 

the first repeat at the LRR N-terminus, with the 50-residue loop accounting for the break in 

the density that we observed, or whether the first repeat in the homology model matched 

the first repeat observed in our density with the predicted 50-residue loop instead forming 

the missing repeat located immediately upstream of V420.  

To distinguish between the two possibilities outlined above, we tried fitting the I-

TASSER homology models to the cryo-EM density either with or without a one-strand shift in 

the b-sheet register. Unfortunately, the issue was confounded by the observation that 

different I-TASSER models (ITB and ITD) contained a shift in their predicted sequence registers, 

thereby predicting different residues contributing to the b-sheet (Figure 5.15F). Therefore, 

we began by comparing the different I-TASSER models to determine which best represented 

the cryo-EM density. To do this, the models were fitted to the b-sheet density; as the regions 

outside the b-sheet required significant remodelling, they were first deleted to improve the 

fit of the b-sheet region. This analysis suggested model ITD better represented the cryo-EM 

density compared to model ITB: for instance, residue F327 formed part of an a-helix in ITD 

(Figure 5.15F), which agreed with a secondary structure prediction for residues 262 – 419 

generated using the Jpred 4 server (Figure 5.15G) 315. In contrast, this residue was placed 

within the b-sheet in model ITB (Figure 5.15F). We also note that ITD predicts a leucine-rich 

hydrophobic core between the convex and concave surfaces, as expected for LRRs 276. 

Therefore, we took the b-sheet from the ITD model, and compared its fit to the cryo-EM 

density when the four b-strands in the model were placed in the density representing either 

the first-to-fourth or the second-to-fifth strands of the LRR. When comparing these 

alternatives, placing the ITD model in the density for the second-to fifth b-strands appeared 

to give the slightly better fit to side chain densities within the b-sheet (for example, 
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considering residues R313 and F374). This would suggest a large disordered loop accounts for 

the break in the density upstream of V420, and the I-TASSER model failed to predict the first 

b-strand of the LRR. In support of this, we noticed the a-helix present in the second LRR 

repeat unit contained two residues with bulky side chains seven residues apart (Figure 5.15H). 

Analysis of the Jpred secondary structure prediction (Figure 5.15G) indicated the only 

instance of two bulky side chains spaced seven residues apart and predicted to form part of 

an a-helix in this region of the protein were R296 and F302. Building the model to place these 

residues at these positions in the a-helix agreed with the hypothesis that the ITD model 

represented the second-to-fifth b-strands of the LRR. We also note that an LRR model such 

as this is reflected in the I-TASSER homology models (ITA and ITD) where a continuous b-sheet 

is predicted with hydrogen bonding between the b-strands encompassing residues 369–375 

and 427–431, as well as the model ITC where the disruption in the predicted LRR architecture 

corresponds to the position of the break in cryo-EM density (Figure 5.15B). 

Having assigned residues 294 – 304 to the a-helix in the second repeat, we could 

continue to extend the model from this region toward the C-terminus of the protein, which 

had proven difficult when working in the opposite direction toward the N-terminus following 

the break in density. This approach was successful, resulting in the hydrophobic face of the 

a-helix in the subsequent repeat (residues 323 – 333) facing the LRR hydrophobic core. 

Continuing to build toward the break in density, landmark side chains such as those of Y350, 

R351 and K354 as well as agreement between our model and the Jpred secondary structure 

prediction increased our confidence in the model. Overall, we were able to build the model 

up to the break in density, at which point residues 380 – 419 were not visualised. 

Next, we extended the model toward the N-terminus, again using the a-helix in the 

second repeat as a waypoint. Although the density in this region was harder to interpret for 

the loops connecting the b-strands and a-helices, we decided to build the model as if the 

density was continuous. This includes the density assigned to residues 275 – 280, where the 

density belonging to several bulky residues in succession appear merged, making 

interpretation of the path taken by the Ca backbone challenging. However, building the model 

in this way placed several residues in density which appeared to fit well (for example Y243, 

F251, F258, F261, F264, F267 and R289, see Figure 5.15I). More importantly, building the 

model in this way allowed us to extend beyond the LRR into the continuous density which 
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was connected directly upstream of the LRR. This density featured a 3-helix bundle, and we 

identify this as the F-box domain of Dia2 (Figure 5.16), described in detail in the following 

section. The 3D structure is consistent with the F-box domains found in other F-box proteins 

such as human Skp2 (PDB: 1LDK 245, Figure 5.16A) with a bulky residue at the beginning of the 

third helix which we can assign to W237Dia2. The crystal structure of the HsSkp2 F-box domain 

was useful in guiding model building for this region of Dia2. The positive assignment of the 

Dia2 F-box domain, and its continuity with the LRR domain found immediately downstream, 

strongly supports building of the LRR model in the way that we have. Overall, we were able 

to complete the model of the Dia2 LRR and F-box domains, with only one large disordered 

loop between repeats five and six, and a region of six unresolved residues between repeats 

13 and 14, totalling 476 amino acids. Beyond this, the only unresolved regions of Dia2 are the 

flexibly tethered TPR domain at its N-terminus, and the linker connecting the TPR domain 

which contains the NLS. 

Finally, in addition to the regions of Dia2 for which a model was built, we observed 

additional density adjacent to, but discontinuous with the F-box. We were able to rigid-body 

fit the crystal structure of budding yeast Skp1 convincingly to this density (PDB: 1NEX 316, 

Figure 5.16B). Furthermore, we could rebuild the C-terminus of Skp1 (residues 178 – 193) into 

the density adjacent to Dia2, with W190Skp1 convincingly occupying a region of bulky density 

in a pocket formed between the Dia2 LRR and F-box domains (Figure 5.16C). 

 

 

 

 

Figure 5.16: Cryo-EM density for the Skp1-Dia2F-box region. A-C. Cryo-EM density from the map described in Figure 

5.14F-H encompassing the Dia2F-box (A) or the Dia2F-box plus Skp1 (B, C). In A and C, the crystal structure of human 

Skp1 and the F-box domain from Skp2 is rigid-body fitted to density (PDB: 1FQV 246). In B, the crystal structure of 

budding yeast Skp1-Cdc4F-box is rigid-body fitted to density (PDB: 1NEX 316). 
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5.2.2.7. Description of the Structure of Dia2 

 

Our model of Dia2 spans residues 211 – 732, which includes the F-box and C-terminal 

LRR substrate recognition domains, as well as the extreme C-terminal tail. Here, I will describe 

the architecture of each region in turn: 

 

Dia2 F-box 
 

Many E3 ubiquitin ligase substrate-recognition subunits share a common F-box domain, 

required for interaction with Skp1 for their recruitment to the E3 ubiquitin ligase assembly 

355. The Dia2 F-box domain folds to form a three-helix bundle similar to the F-box domains 

found in other proteins such as Skp2 (PDB: 1FQV 246) and Cdc4 (PDB: 1NEX 316) (Figure 5.16A, 

5.17A). This is unsurprising since the F-box of Dia2 is a close match to the consensus sequence 

(Figure 5.17B) 246. 

In addition to the F-boxDia2 we observe density for the E3 ligase substrate adapter 

protein, Skp1, which forms an extended helical structure to embrace the F-box of Dia2 (Figure 

5.16B). The Skp1:F-boxDia2 interaction is very similar to what has previously been described 

for other F-box proteins, demonstrated through comparison to prior structures of Skp1-Cdc4  

316, Skp1-Skp2 245,246, Skp1-Fbxl3 356 and ASK1-OsD3 (ASK1 is the Arabidopsis thaliana homolog 

of Skp1; OsD3 is a rice F-box protein) 357 (Figure 5.17C). Generally, Skp1:F-box interactions 

involve a “core interface” which involves solely the F-box domain and Skp1, and does not 

depend on any other regions of these F-box proteins 246. The “core interface” forms from 

three helices of Skp1 (a5Skp1 – a7Skp1), which create a large surface for interaction primarily 

with the first two a-helices of the F-box (a1F-box – a2F-box), in addition to residues at the start 

of the third a-helix (a3F-box) which includes a bulky hydrophobic side chain (W237Dia2 / 

W139Skp2 / W66Fbxl3 / M48ASK1) (Figure 5.17D). As this interface does not involve regions of the 

F-box protein outside the F-box domain, the “core interface” is shared between all Skp1:F-

box interactions, for example Skp1-Cdc4 316. 

In addition to the “core interface”, the C-terminus of Skp1 forms a further a-helix 

(a8Skp1) followed by a short loop (residues 188 – 193), which is connected to a7Skp1 by a 

flexible linker, allowing a8Skp1 to wrap around the F-box, interacting with the opposite side of 

a2F-box and a3F-box, thereby forming what has previously been named the “variable interface” 
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246. The “variable interface” can differ between Skp1:F-box interactions because it can involve 

the divergent substrate recognition domain located C-terminal to the F-box. For example, in 

the structure of Skp1-Cdc4, where the substrate recognition domain forms a WD40 fold liked 

to the F-box by a helical linker, these domains do not pack tightly to the F-box and the C-

terminal half of a8Skp1 and the subsequent loop are not observed in the crystal structure of 

budding yeast Skp1-Cdc4. 

wwwwwwwwwwwwww 

 

Figure 5.17: Model of the Dia2F-box domain. A. Left: model of the Dia2 F-box. Right: Comparison of the F-box 

domain of Dia2 and various F-box proteins. B. Comparison of the Dia2 sequence to the F-box consensus sequence 
246. Exact matches in red, conservative mutations in green. C. Comparison of our Skp1-Dia2 model with prior 

structures of Skp1:F-box protein complexes. Skp1 is coloured as described in the key. The F-box proteins are 

coloured grey, with the F-box and downstream LRR domains labelled (Cdc4 does not contain an LRR domain). D. 

Skp1-Dia2 interface. E. Skp1:F-box protein interfaces for various complexes. The orientation is similar to D for 

comparison. Models are coloured as in D, with grey representing C-terminal regions of Skp2 and D3. For A, C and 

E, PDB identifiers as follows: Skp1-Skp2, 1FQV 246; Skp1-Fbxl3, 4I6J 356; ASK1-D3, 5HYW 357; Skp1-Cdc4, 1NEX 316.   
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In the case of Dia2, the C-terminal LRR domain immediately follows the F-box in the 

primary sequence, and is seen to pack against the F-box allowing it to contribute to the 

“variable interface” (Figure 5.17D). The C-terminus of Skp1 (a8Skp1 plus the subsequent loop) 

becomes sandwiched between the F-box and the first repeat of the Dia2 LRR domain, with 

W190Skp1 probing deep into a hydrophobic pocket formed by these two domains of Dia2 

(Figure 5.17D). Interestingly, comparison to structures of other F-box proteins which similarly 

feature a C-terminal LRR domain immediately succeeding the F-box reveals a conserved mode 

of interaction with the Skp1 C-terminus, involving the first repeat of the LRR domain in 

addition to the F-box (Figure 5.17E). In the crystal structures of human Skp1-Skp2 246 and 

SCFFbxl3 356, not only does a8Skp1 wrap around the F-box, but the equivalent tryptophan 

(W159HsSkp1) probes deep within the interface. Both a8Skp1 and W190Skp1 have been shown to 

be important for the function of Skp1 in budding yeast cells, and for the interaction of Skp1 

and Skp2 using purified human proteins 246. Interestingly, the C-terminal Skp1 tryptophan 

assumes a slightly different position when comparing Dia2, Skp2 and Fbxl3 complexes: in Skp2 

complexes, the first b-strand of the Skp2LRR is moved outwards by interaction with the Skp2 

C-terminal tail, resulting in a similar movement of the W159Skp1 compared to complexes 

containing Dia2; conversely, in Skp1-Fbxl3 complexes the W159Skp1 is shifted in the opposite 

direction, allowing it to interact more with the solvent-exposed surface of the first LRR repeat. 

These differences likely reflect the changes to the substrate-binding LRR domains of each F-

box protein and demonstrate the ability of the variable Skp1 interface to mediate different 

contacts between different F-box proteins. 

In their study of HsSkp1:Skp2, Schulman et al. additionally recognised the importance 

of a tryptophan residue present in the linker between the F-box and the first LRR b-strand in 

Skp2 (Figure 5.17E). The authors saw that W149HsSkp2 plays a crucial role in organising the 

hydrophobic core of the “variable interface”, being directed toward the W159HsSkp1 described 

above, and packing against several hydrophobic residues; an equivalent role is observed for 

W76 in Fbxl3 356, and we observe a similar role for F248 in Dia2. 

Curiously, when we compare the yeast and human complexes to the plant complex of 

the Arabidopsis Skp1 homolog ASK1 bound to the rice F-box protein OsD3 357, both similarities 

and differences become apparent (Figure 5.17E). OsD3 is another F-box protein with an 
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immediately C-terminal LRR domain. As for Skp1-Dia2, Skp1-Skp2 and Skp1-Fbxl3 complexes, 

ASK1 forms the conserved “core interface” as well as the “variable interface” where the ASK1 

C-terminus becomes sandwiched between the OsD3 F-box and the first repeat of its LRR 

domain. However, the nature of the interface between the F-box and LRR domains is 

relatively hydrophilic, unlike the hydrophobic core seen in the yeast and human complexes: 

the linker aromatic (F248Dia2 / W149Skp2 / W76Fbxl3) is replaced by an arginine (R56OsD3), which 

forms a salt bridge network with E52OsD3 and R53OsD3. Additionally, although an equivalent C-

terminal tryptophan is present in ASK1 (W157ASK1, equivalent to W190ScSkp1 / W159HsSkp1) it is 

repositioned such that it points down away from the hydrophilic F-box:LRR interface more 

similar to the position in Fbxl3 complexes, as opposed to facing upwards as in the Dia2 and 

Skp2 complexes where it can participate in a hydrophobic interface core. 

In summary, the Skp1:Dia2 interaction is complex, involving both a “core interface” 

component shared with all Skp1:F-box interactions, as well as a “variable interface” 

component. Furthermore, the “variable interface” appears to be conserved across LRR 

domain-containing F-box proteins, with the first repeat of the LRR domain contributing to the 

interaction, despite some differences in the nature of residues used by plant homologs. 

 

Dia2 LRR domain 
 

The C-terminal LRR domain of Dia2 is expected to act as a substrate-recognition domain 

during termination 248; indeed, LRR domains are commonly implicated in protein:protein 

interactions 274. The characteristic horseshoe-shaped architecture of various LRR domains 

assembles from 20- to 30-residue repeats, forming the consensus sequence 

xxLxxL0xxLxLxxNx(x)L (where L is Leu/Val/Ile/Phe; N is Asn/Thr/Ser/Cys; x is any amino acid; 

and the minimal motif is underlined) 274-276. In our analysis of the Dia2 LRR domain, we label 

the first L (Leu/Val/Ile/Phe) of the minimal motif as L0, following the convention used by 

Martin et al. 276. We consider each repeat unit to begin at L0, such that each contains a single 

b-strand and a-helix. 

The Dia2 LRR forms from 15 tandem repeat units (Figure 5.18), generating a curvature 

which enables the domain to fit precisely next to Csm3 and the parental dsDNA duplex when 

it binds to its interface on MCM, whilst positioning Cdc53CTD-Hrt1 close to the site of 

………………….. 
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Figure 5.18: Model of Dia2 LRR domain. A. Dia2, with the F-box domain and C-terminal tail coloured grey. The LRR 

domain is coloured in shades of pink based on the tandem repeat units. LRR domain repats 1-15 are labelled. Left: 

top-view; right: view from the convex surface of the LRR domain. B. Comparison of the LRR domain sequence with 

the consensus sequence. In the consensus sequence, L is Leu/Val/Ile/Phe, N is Asn/Thr/Cys, x is any amino acid. 

We consider L0 as the first residue of each repeat. Doted underlines represent the positions of a-helices. Different 

aspects of the consensus motif are coloured separately for ease of comparison between repeats. 

 

ubiquitylation on Mcm7 (Figure 5.3). Each of the 15 repeats exhibits the highly conserved 

L0xxLxL minimal motif, contributing four residues to each b-strand (Figure 5.18B). The 

arrangement of these residues places each hydrophobic residue (Leu/Val/Ile/Phe) on the 

same face of the b-sheet, such that they contribute to the hydrophobic core formed between 

the convex and concave surfaces of the LRR. In contrast to the minimal motif, the Nx(x)L motif 

is less well conserved, being observed more frequently in the final six repeats closer to the C-
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terminus of Dia2 (Figure 5.18B). This motif is generally less well conserved than the minimal 

motif 276.  

Overall, every repeat contributes to the concave b-sheet, whilst 13 of the 15 repeats 

contain an a-helix of at least six residues forming part of the convex surface (Figure 5.18B). 

The final repeat lacks an a-helix as the b-strand is immediately followed by the Dia2 C-

terminus, which is not part of the LRR. Repeats 4 – 7, and nine, feature relatively short or 

interrupted helices, with repeat five lacking an a-helix altogether, instead forming a long 

disordered loop which is not resolved in our cryo-EM density. Repeat 11 forms an a-helix 

succeeded by a twisted loop (residues 593 – 607), which passes down toward the underlying 

MCM subunits (Figure 5.18A). Perhaps most strikingly, repeat nine forms only a very short a-

helix, with the remainder of the repeat forming an extended loop which projects out the side 

of the LRR toward the Cdc53 density (Figure 5.18A). The function of this extended loop is 

currently unclear. 

 

Dia2 C-terminal tail 
 

The C-terminus of Dia2 (residues 717 – 732) is resolved immediately downstream of the 

LRR. The C-terminus loops back toward the N-terminus of the LRR, interacting with several 

repeats of the LRR b-sheet (Figure 5.18A). The base of the C-terminus, where it diverges from 

the final repeat of the LRR, is positioned by Y716 which interfaces with Mcm5, as well as R718 

which forms a salt-bridge network with D690 and D713 in LRR repeats 14 and 15, respectively 

(Figure 5.19A). The remainder of the C-terminus is positioned by a number of interactions, 

primarily involving aromatic residues (Figure 5.19A-C). W721 sits within a pocket formed by 

several residues spread across LRR repeats 9-13. F724 makes hydrophobic contacts with two 

isoleucine resides from repeats five and six (I373 and I431). Y729 interacts with W487 (repeat 

8) and F724 which may help to produce the folded structure observed in the C-terminal tail; 

W487 is conspicuous in being the only tryptophan present within the LRR b-sheet. Y729 is 

additionally contacted by several residues in repeat seven, namely T458 and T460, as well as 

K456 which interacts with the hydroxyl group. The two serines flanking this tyrosine (S728 

and S730) form an interaction with E489 and E490 (repeat 8), which may be facilitated by two 

nearby arginine residues (R518 and R722). Finally, the tip of the C-terminal tail contacts a 

……………. 
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Figure 5.19: Dia2 C-terminal tail. A-C. Interaction of the Dia2 C-terminal tail (grey) with the Dia2 LRR domain 

(magenta). LRR repeats coloured as in Figure 5.18A. D. Comparison of our Dia2 model with the crystal structure 

of human Skp2 (PDB: 1FQV 246). 

 

number of side chains spread across repeats 4 – 6 (Figure 5.19C). In particular, a hydrophobic 

pocket is formed by residues M347, I373, V375, I431 and F724, which we expect the Y731 

side chain to dock into, positioning the terminal carboxyl group of S732 to face the solvent 

where it might be coordinated by K435Dia2 and R722Dia2. 

Previous biochemical data has shown that truncation of the final eight amino acids of 

the Dia2 C-terminus abrogates complex formation between Dia2 and CMG, Csm3-Tof1 and 

Mrc1 239. It is not immediately clear from our structure why this effect should be observed 

although it is tempting to speculate that the truncation might expose enough of the LRR b-

sheet to the solvent such that the stability of this domain is compromised. It is interesting 

that the crystal structure of human Skp1-Skp2 saw a similar arrangement of the C-terminal 

tail, whereby the C-terminus of Skp2 folds back across the inner face of the LRR b-sheet in an 

analogous manner to what is observed for Dia2 (Figure 5.19D) 246. For Skp2, the tip of the C-
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terminal tail forms a b-strand which contributes to the “variable interface” with the Skp1 F-

box. However, the C-terminus of Dia2 does not contribute to the F-box interaction, as the 

shorter C-terminal tail (16 residues compared to 30 residues in Skp2) plus the longer LRR 

domain (15 repeats versus 10 repeats in Skp2) prevents the C-terminus of Dia2 from reaching 

the Skp1 interface. Finally, since LRR domains typically bind their interacting partners across 

the concave surface of the b-sheet 277,278 it has been suggested that the presence of the Skp2 

C-terminus in this region may allow it to regulate substrate binding 246. Furthermore, the 

presence of three lysine residues in the Skp2 C-terminal tail (K416, K417 and K425) have been 

speculated to be ubiquitin acceptor sites which may allow regulation of cellular levels of Skp2 

246. Although we note that Dia2 does contain a single solvent-facing lysine in its C-terminus 

(K723, Figure 5.19A), it is unclear whether this site can be ubiquitylated to regulated Dia2 

stability. However, our identification of the MCM interaction interface on Dia2, coupled with 

prior biochemical evidence that demonstrates the functional significance of the Dia2 C-

terminus 239, precludes the C-terminal tail from acting as an autoinhibitory element whilst 

positioned across the surface of the Dia2 b-sheet. 

 

5.2.2.8. Description of the novel Dia2LRR:MCM Interface 

 

We observe a novel interface between the substrate recognition LRR domain of Dia2, 

and the N-tier face of MCM (Figure 5.20A). The majority of this interface is formed by Mcm3, 

which forms a cradle for the C-terminus of the Dia2 LRR: the Mcm3 a1 and a5 helices contact 

the LRRDia2 from one side, and the Mcm3 ZnF supports the LRRDia2 from the other side. The 

Mcm7 N-terminus, positioned by the Mcm3 ZnF, forms part of this interaction. Finally, the tip 

of the Mcm5 ZnF also contributes a small set of interactions to the very C-terminus of the 

LRRDia2 domain. Interestingly, the region of the Dia2 LRR which binds MCM encompasses 

residues primarily from the five C-terminal repeats (repeats 11 – 15), with only a handful of 

residues contributed by the C-terminal tail (E717 and R722) or loops in repeats 6 (K434) and 

9 (residues 520-522).  

Every LRR residue involved in the interaction with MCM is situated in the loops following 

each b-strand, with the exception of a few residues which localise to the a-helices in repeats 

14 and 15. None of the MCM-interacting residues are found within the LRR b-sheet (Figure 

5.20B). This defines a Dia2 protein:protein interaction interface which is atypical of LRR 



Chapter 5 – Regulation of Replisome Disassembly 

 243 

domain proteins, where in the vast majority of cases studied to date the concave b-sheet 

provides a surface for protein:protein interaction (for example: 277,278,358-371), including the 

SCFFbxl3 E3 ubiquitin ligase, where the Fbxl3 LRR substrate recognition domain binds its 

substrate CRY2 356. Examples of LRR domain interactions mediated by the b/a-loops, as 

opposed to the b-sheet, similar to what we observe for Dia2LRR, include the interaction of 

RanGAPLRR with the Ran GTPase 372 and the interaction of autoinhibited ZAR1LRR with RKS1 373. 

Curiously, another example of an LRR interaction which does not involve the b-sheet is that 

of the plant F-box protein OsD3, which uses the C-terminus of its LRR to bind DWARF14 357. 

……… 

 

Figure 5.20: Dia2LRR:MCM interface. A. Overview of the interface formed between Dia2 and MCM. B. The 

Dia2:MCM interface does not involve the LRR domain b-sheet. C-F. Details of the residues involved in the 

Dia2LRR:MCM interaction. In D, regions a (“above” the Mcm7 N-terminus) and b (“below” the Mcm7 N-terminus) 

are shown as dashed outlines.  
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As noted previously, the Dia2 protein:protein interaction interface observed enables the Dia2 

C-terminus to fold back across the LRR b-sheet without impairing the interaction with MCM 

(Figure 5.20B). 

Considering first the interface with Mcm3, the interactions mediated by the a1 and a5 

helices are of a mixed nature (Figure 5.20C). Within a1, D18Mcm3 appears to form a hydrogen 

bond with T699Dia2, whilst the adjacent residues P17Mcm3, A19Mcm3 and F21Mcm3 form a 

hydrophobic surface which sits beside several hydrophobic residues in Dia2 (I662Dia2, Y665Dia2 

and I698Dia2). Regarding a5, the most prominent contact is made by K127Mcm3, which projects 

toward either D632Dia2 or S633Dia2, although the exact rotameric state could not be identified, 

thereby precluding us from determining the exact nature of the interaction. In addition to this 

lysine, the C-terminal end of a5 plus a subsequent loop (residues ~139 – 150) also closely 

approaches the loop in Dia2 found within repeat 11 of the LRRDia2 (residues 593 – 608), 

although this Mcm3 loop appears flexible with the cryo-EM density poorly defined preventing 

analysis of the contacts made in this region. 

In comparison to the a1/a5 interface, the interface formed by the Mcm3 ZnF is more 

extensive and primarily formed from networks of salt-bridge interactions (Figure 5.20D). The 

Mcm7 N-terminus stretches across the width of the Mcm3 ZnF, sandwiching itself between 

the ZnF and Dia2. However, the Mcm3 ZnF itself interacts with the Dia2 LRR, forming contacts 

both above and below where the Mcm7 N-terminus is positioned. Specifically, two interaction 

networks are formed at the base of the Mcm3 ZnF (Figure 5.20D, region b): one network 

involves R198Mcm3, D213Mcm3 and Y211Mcm3 which interact with E658Dia2; a second interaction 

is formed between R224Mcm3 and Q694Dia2. Two further interaction networks are additionally 

formed on the other side of the Mcm7 N-terminus, where the tip of the Mcm5 ZnF contacts 

the LRRDia2 (Figure 5.20D, region a): firstly, residues 205-208 from Mcm3 closely approach 

residues 521-522 from Dia2, with R208Mcm3 interacting with both N589Dia2 and S7 from the 

Mcm7 N-terminus, by projecting into a pocket lined by L522Dia2 and P591Dia2; secondly, a 

separate network forms between E237Mcm3 and K434Dia2/R722Dia2 – it is unclear whether the 

side chain of N520Dia2 could also be positioned such that it can contribute to this interaction.  

As mentioned above, the Mcm7 N-terminus (residues 4 – 11) lies between the Mcm3 

ZnF and the Dia2 LRR. The position of this region is basically unchanged compared to 

structures of CMG at a replication fork in the absence of SCFDia2 57,85 (Figure 5.10A). The 
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majority of residues within the N-terminus are involved in forming an extensive hydrophobic 

interface with the Mcm3 ZnF. However, two residues project their side chains outwards, away 

from the ZnF and toward Dia2 (Figure 5.20E): S7Mcm7 is involved in an interaction network 

with N589Dia2, as described above; Q9Mcm7 is placed in the vicinity of N592Dia2 and Q594Dia2, 

although the rotameric state cannot confidently be assigned so the exact details of this 

interaction cannot be defined. In addition to this, P6Mcm7 appears to become sandwiched 

between the aromatic moieties of Y211Mcm3 and F657Dia2. Finally, a hydrogen bond forms 

between S628Dia2 and the backbone carbonyl group of S7Mcm7. 

The above interfaces formed by Mcm3 and the Mcm7 N-terminus which Mcm3 

positions represent the majority of the interface between MCM and Dia2. Additional contacts 

are observed between the tip of the Mcm5 ZnF and the very C-terminus of the LRRDia2 (Figure 

5.20F). The most striking feature is an interaction between the final LRR residue, Y716Dia2, 

which forms a stacking interaction with R187Mcm5. Through this interaction, R187Mcm5 

becomes positioned close to S693Dia2, which may also contribute. Further interaction is 

possible between E717Dia2 and the Mcm5 ZnF, as the former projects toward fragmented 

cryo-EM density which unmodelled regions of the ZnF will likely account for. Similarly, 

H697Dia2 appears to interact with Mcm5 residues in the vicinity of residue 187-189, however 

the cryo-EM density is again unable to unambiguously define the position of the histidine side 

chain, so the exact nature of this interaction is not certain. 

In summary, we have defined an extensive interface between components of three 

Mcm subunits and the LRR domain of Dia2, involving a large number of charged and aromatic 

residues, with some contribution from hydrophobic interaction partners. 

 

5.2.3. SCFDia2 Association is Similar Regardless of the Circumstance of Termination 

 

Replisome disassembly, initiated by SCFDia2-mediated ubiquitylation, is thought to be 

regulated by the presence or absence of an excluded DNA strand 67. The implication is that 

SCFDia2 can trigger disassembly of replisomes whenever CMG stops engaging a fork junction, 

which may occur either after translocation onto dsDNA as described above, or after CMG 

dissociates from DNA entirely. It remains an open question as to whether SCFDia2 associates 

with the replisome in a similar manner in either case. 
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Given we have shown translocation onto dsDNA does not trigger conformational 

changes required for SCFDia2 recruitment, it might be expected that DNA-free replisomes 

might bind SCFDia2 in a similar manner without conformational rearrangements in CMG. To 

test this, we repeated cryo-EM sample preparation similarly to Figure 5.1B, except in the 

absence of DNA. Data collection on a Titan Krios microscope equipped with a Falcon III direct 

electron detector operated in electron counting mode (with EPU “Faster Acquisition” 

enabled) enabled reconstruction of a 4.6 Å reconstruction following map sharpening (~42,000 

particles, Figure 5.21A). This map yielded a good reconstruction for CMG, Ctf4 and SCFDia2 

with the MCM channel vacant of DNA (Figure 5.21B), although the density corresponding to 

Csm3-Tof1 and Pol eexo- was poor. A subset of these particles (~8,300 particles) yielded a 

second reconstruction at a resolution of 9.7 Å with improved Pol eexo- density (Figure 5.21C). 

We hypothesise the poor Csm3-Tof1 density was due to a combination of increased flexibility 

and poorer occupancy of Csm3-Tof1 in the absence of DNA, as we have observed previously 

(Figure 3.4J). 

Taken together, these maps show that formation of the interface between the Dia2 LRR 

domain and the MCM N-tier is not dependent on the presence of Csm3-Tof1 or Pol eexo-. 

Indeed, Mrc1 which is expected to be required for efficient Mcm7 ubiquitylation 67 does not 

require Csm3-Tof1 for replisome association in the absence of DNA (Figure 3.10B). 

Furthermore, the observation that the Dia2 LRR domains bind across Mcm3/5/7 similarly to 

what we observed for complexes assembled on dsDNA indicates the mode of SCFDia2 

association is similar when replisomes are targeted for disassembly on dsDNA compared to 

in the absence of DNA. 

 

Figure 5.21: Cryo-EM reconstruction of terminating replisome:SCFDia2 complexes assembled in the absence of 

DNA. A. Sharpened refined cryo-EM density map for the best particles following 2D and 3D classification. B. As in 

A, viewed from the MCM C-tier highlighting the absence of DNA in the MCM channel. C. Cryo-EM density map for 

a subset of particles displaying improved Pol eexo- density. 

 



Chapter 5 – Regulation of Replisome Disassembly 

 247 

5.2.4. Biochemical Characterisation of the Dia2LRR:MCM Interaction 

 

Having identified the novel interface formed between Dia2LLR and the MCM N-tier, we 

set out to determine its functional relevance in replisome disassembly. To do this, we 

generated mutations both in MCM and Dia2 aimed at disrupting this interaction.  

 

5.2.4.1. Mutation of MCM at the Dia2LRR interface 
 

First, several Cdt1•Mcm2-7 mutants were designed for use in in vitro ubiquitylation 

assays using the origin-dependent replication system 6 (what we refer to as the regulated 

system). In this system, in vitro DNA replication is established on DNA templates containing 

an origin of replication, beginning with loading of Cdt1·Mcm2-7 complexes: termination-

dependent Mcm7 ubiquitylation is subsequently analysed by SDS-PAGE and Western blot 

immunodetection following complex co-immunoprecipitation with the CMG helicase subunit 

Sld5 67.  

We designed several mutants with changes at the Dia2LRR interface: three mutants 

represented more conservative changes in each subunit, namely Mcm5R187A, Mcm7-2A (P6A / 

Q9A), and Mcm3-5AF (D18A / F21A / K127A / R208A / Y211F); in contrast, three further mutants involved 

more severe alterations, specifically Mcm5-5A (M182A / N185A / R187A / T189A / I244A), Mcm7-8A (L5A / 

P6A / S7A / I8A / L10A / P11A / V12A / Y14A), and Mcm3-8A (P17A / D18A / F21A / K127A / R208A / H210A / Y211A / R224A). For 

the Mcm7 mutants, Mcm7-2A targeted residues which directly interact with Dia2, whereas 

Mcm7-8A aimed to disrupt the Mcm7:Mcm3ZnF interaction thereby disrupting the positioning 

of the Mcm7 N-terminus. For Mcm3-5AF, mutation of Y211 to phenylalanine aimed to remove 

the hydroxyl group which appeared to interact with Dia2, whilst maintaining the aromatic 

moiety which was involved in interaction with the Mcm7 N-terminus. Finally, we combined 

these mutants to form triple mutants with either the more conservative or the more severe 

mutations in all three Mcm subunits simultaneously. 

Myself and Tom Deegan were able to purify the more conservative single and triple 

mutants – namely Mcm5R187A, Mcm7-2A and Mcm35AF/5R187A/72A – with the exception of 

Mcm3-5AF which expressed poorly (Figure 5.22A). Next, Tom tested the ability of SCFDia2 to 

target these mutant complexes for ubiquitylation using the regulated system described above 

(Figure 5.22B). For all mutants tested – including the triple mutant – Mcm7 ubiquitylation 
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appeared unchanged compared to wild-type complexes suggesting these mutants were 

unable to disrupt the Dia2LRR:MCM interface.  

We note that the mutants tested represent the more conservative single- and triple-

mutant strains; we expect more severe mutations may disrupt the Dia2 interaction. 

Unfortunately, purification of complexes containing Mcm3-8A and Mcm7-8A proved 

problematic, with subunit degradation and apparent loss of Cdt1 from the complex (Figure 

wwwwwwwwwww 

 

Figure 5.22: Mcm2-7•Cdt1 mutants at the MCM:Dia2 interface. Experiments in B (and some in A) were performed 

by Tom Deegan. A,C. Coomassie-stained SDS-PAGE analysis of purified Mcm2-7•Cdt1 complexes. B. Western blot 

analysis of an origin-dependent Mcm7 ubiquitylation assay. For reaction scheme, refer to Figure 5.25F except 

using wild-type SCFDia2 and wild-type or mutant Mcm2-7. D. MCM loading assay. Images are silver-stained SDS-

PAGE gels showing the input and following the high-salt wash (HSW). 

 

 

 

 

Figure 5.23: Mutation of the MCM:Dia2LRR interface in CMG disrupts SCFDia2-mediated ubiquitylation of Mcm7. 

Experiments in A-B were performed by Joseph Yeeles. Experiments in C were performed by Tom Deegan.                       

A. Coomassie-stained SDS-PAGE gel showing the purified CMG complex containing Mcm3-8A and Mcm5-5A 

mutations (refer to main text for details). B. In vitro DNA replication assay using a synthetic fork template DNA. 

The reaction scheme is shown to the left. C. In vitro ubiquitylation assay performed in the absence of DNA and in 

the presence of Mrc1, Ctf4 and Pole. The reaction scheme is shown to the left. 
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5.22C). Whereas Mcm5-5A could be purified (Figure 5.22C), this mutant appeared 

compromised in its ability to form stable double hexamers during origin licensing: complexes 

incubated with DNA, licensing factors (ORC and Cdc6) and ATP were susceptible to a high salt 

wash (Figure 5.22D) which would not be expected for complexes correctly loaded as double 

hexamers 60. The inability to stably load Mcm5-5A may be a result of the Dia2-interface 

mutations compromising the interface required to form the MCM double hexamer, which 

also involves the N-tier face of MCM 14-16.  

To overcome potential pleiotropic effects of the MCM mutants toward DH formation 

during origin-dependent DNA replication reactions, Joseph Yeeles combined the more severe 

Mcm3-8A and Mcm5-5A mutants in a strain overexpressing CMG. Mutant CMG was able to 

be purified (Figure 5.23A) and was shown to exhibit comparable activity to the wild-type 

complex when tested using in vitro DNA replication assays on fork DNA substrates (Figure 

5.23B). Tom Deegan tested the ability of SCFDia2 to ubiquitylate this mutant CMG in vitro in 

the absence of DNA (Figure 5.23C). Whereas long ubiquitin chains were generated for wild-

type CMG complexes, the combination of these more severe mutations compromised Mcm7 

ubiquitylation by SCFDia2 indicating mutation of the MCM:Dia2LRR interface in CMG 

compromises the ability of SCFDia2 to target CMG for disassembly. This is the first evidence 

that the MCM:Dia2LRR interface we have described is important for Mcm7 ubiquitylation. 

 

5.2.4.2. Mutation of Dia2LRR Disrupts Its Association with MCM and Its Ability to 
Ubiquitylate Mcm7 

 

In addition to the MCM mutants above, we designed several interface mutations in the 

Dia2 LRR domain. These mutations were either a series of alanine substitutions, or single 

residue mutations (D632K or I662E). For the alanine substitutions, mutations were grouped 

into subsets according to their location on the surface of Dia2 (refer to Figure 5.24), giving 

Dia2-3A (I662A / S693A / Q694A), Dia2-4A (D632A / S633A / F657A / E658A) and Dia2-6A (Y665A / H697A / I698A / T699A 

/ M702A / Y716A). Additionally, these mutations were combined to cover the full interface, giving 

Dia2-8A (D632A / F657A / I662A / Y665A / Q694A / I698A / T699A / Y716A) and Dia2-13A (D632A / S633A / F657A / E658A / 

I662A / Y665A / S693A / Q694A / H697A / I698A / T699A / M702A / Y716A) (Figure 5.24). 
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Figure 5.24: Dia2LRR mutations at the interface with MCM. A. Residues mutated in the Dia2-3A, Dia2-4A and Dia2-

6A mutants. Dia2 LRR repeats are coloured as in Figure 5.18A. Dia2-13A is a combination of the three mutants 

listed above. B. Residues mutated in the Dia2 mutants, as in A, shown in the context of the interaction with MCM. 

Dia2LRR is displayed as a translucent surface. Regions of MCM involved in interaction with Dia2LRR are displayed as 

a cartoon.  

 

Each mutant was cloned and purified (Figure 5.25A) before being tested for its ability 

to ubiquitylate Mcm7. All cloning, purification and subsequent assays related to the Dia2 

mutants was performed by Tom Deegan. To test the ability of these mutants to ubiquitylate 

terminating replisomes, Mcm7 ubiquitylation was analysed after mixing each with CMG and 

several replisome components (Ctf4, Mrc1, Csm3-Tof1, Pol e) in the absence of DNA (referred 

to as the CMG-based system, see Figure 5.25B) 67. With the exception of Dia2-3A, all mutants 

exhibited a compromised ability to ubiquitylate Mcm7, with the extent of the defect reflected 

in the severity of the mutations: Dia2-13A represented the most severely compromised 

mutant with Mcm7 ubiquitylation almost abolished under the conditions tested (Figure 

5.25C,D). In these assays, Ctf4 is ubiquitylated by SCFDia2, albeit less efficiently than Mcm7 and 

in a manner independent of CMG and DNA-related regulation 67. Therefore, the Ctf4 

ubiquitylation observed confirms the SCFDia2 complexes are active and their ubiquitylation 

defects are specific to Mcm7 ubiquitylation (Figure 5.25C-E). A similar result was observed 

when testing mutants using the regulated system (described for MCM mutagenesis above, 

refer to Figure 5.25F): although Dia2-I662E had a less pronounced effect in this assay, Mcm7 

ubiquitylation was further compromised when the Dia2-6A/D632K mutations were 

combined; again, Dia2-13A displayed the greatest defect (Figure 5.25G,H). 
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Figure 5.25: Mutations in Dia2 at the MCM interface disrupt complex formation and Mcm7 ubiquitylation. Figure 

legend on following page. 
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Figure 5.25: Mutations in Dia2 at the MCM interface disrupt complex formation and Mcm7 ubiquitylation. All 

experiments performed by Tom Deegan. A. Coomassie-stained SDS-PAGE analysis of purified SCFDia2 complexes 

containing wild-type or MCM-interface mutants of Dia2. B. Reaction scheme for “CMG-based” in vitro 
ubiquitylation assays, related to C-E and K. C,D. CMG-based ubiquitylation assay performed in the absence of DNA 

(see B). Dia2 mutants are described in the main text. Images are Western blot analyses of SDS-PAGE gels. E. In 
vitro Ctf4 ubiquitylation assay performed in the absence of DNA and CMG. F. Reaction scheme for in vitro 
replication-ubiquitylation assays (“regulated system”), related to G-H. G,H. Origin-dependent replication-based 

ubiquitylation assays, see F. I. Glycerol gradient-based sedimentation assay, used to investigate CMG-SCFDia2 

complex formation in the absence of Ctf4-Mrc1. After mixing CMG and Dia2, proteins were separated across a 

10-30% glycerol gradient. Fractions were analysed by SDS-PAGE and Western blotting. J. Co-immunoprecipitation 

assessing complex formation between SCFDia2 and replisome subcomplexes. K. CMG-based ubiquitylation assays 

as in C-D.  

 

Given Mcm7 ubiquitylation was most deficient with Dia2-13A, we used this mutant to 

test whether loss of Mcm7 modification resulted from compromising the direct association 

of Dia2 with MCM. Here, we used a glycerol gradient-based sedimentation assay in the 

absence of DNA or additional replisome factors; the exclusion of Mrc1-Ctf4 from this assay, 

which are known to stimulate SCFDia2 activity 67, ensures the complex formation we observe 

is a result of the Dia2LRR:MCM interaction. We find SCFDia2 is able to associate with CMG in a 

manner that is disrupted upon introduction of the Dia2-13A mutations (Figure 5.25I). This 

indicates the Dia2LRR:MCM interaction is sufficient to recruit SCFDia2 to CMG in these 

sedimentation assays, and suggest disruption of this interaction by mutagenesis is responsible 

for the compromised Mcm7 ubiquitylation. 

We note that the previously described Dia2TPR:Ctf4 interaction is expected to provide 

an additional means of recruiting SCFDia2 to the replisome. Indeed, under the more stringent 

conditions used during immunoprecipitation, recruitment of SCFDia2 to CMG is dependent on 

Mrc1-Ctf4 both in WT and Dia2-13A complexes (Figure 5.25J). The additional interaction 

dependent on Mrc1-Ctf4 may explain the residual Mcm7 ubiquitylation observed for Dia2-

13A (Figure 5.25K). However, even in the absence of Mrc1 and Ctf4, some Mcm7 

ubiquitylation is observed for the WT complex, which is lost in the Dia2-13A mutant (Figure 

5.25K).  

Therefore, our data support a model whereby full E3 activity during termination 

requires both the interaction between Mrc1-Ctf4 and SCFDia2 (mediated by Dia2TPR 248,270), as 

well as direct interaction of Dia2LRR with MCM. Crucially, the Dia2LRR:MCM interface we have 

identified is not required for recruitment of SCFDia2 to the replisome per se (Figure 5.25J), 

however it is essential for efficient Mcm7 ubiquitylation (Figure 5.25K). 
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5.2.4.3. The Dia2LRR:MCM Interface is Required for Termination In Vivo 
 

Having characterised the requirement for the Dia2LRR:MCM interface in Mcm7 

ubiquitylation, we next determined whether this interface is required for termination in a 

cellular context. Tom Deegan generated a yeast strain expressing Dia2-13A from the 

endogenous promoter and tested its phenotype in vivo. Although these cells grew similarly 

to WT at 30oC, they displayed a cold-sensitive phenotype similar to dia2D mutant strains 

(Figure 5.26A). Tom also observed that the MMS-sensitivity characteristic of dia2D and dia2-

DLRR strains 248,270 is not observed for the dia2-13A mutant, indicating the mutations in the 

MCM-interface affect specific functions of Dia2 (Figure 5.26A). 

In order to directly probe the requirement for the LRR interface in termination in vivo, 

Tom analysed the persistence of CMG during the G1 phase of a subsequent cell cycle. Under 

normal conditions, all CMG should be disassembled during termination prior to cell division, 

such that any CMG present in the following cell cycle must been re-assembled upon transition 

from G1 to S-phase as part of the regulated origin-firing pathway. This is part of the 

mechanism which ensures once-per-cell cycle genome duplication. Only when termination is 

compromised should CMG be detectable during G1 phase. After confirming G1 arrest using 

FACS analysis, our data show that whereas CMG is undetectable in wild-type cells, strains 

lacking Dia2 or featuring the Dia2-13A mutant retain CMG from the previous cell cycle (Figure 

5.26B,C). This provides direct evidence that the Dia2LRR:MCM interface is required for CMG 

disassembly in cells. 

In summary, we have characterised the importance of the Dia2LRR:MCM interface in 

DNA replication termination. We hypothesise that the Ctf4 interaction with the Dia2 TPR 

domains might tether SCFDia2 to the replisome, either before or during termination, thereby 

enhancing the efficiency of the ubiquitylation reaction, whereas the interaction between the 

Dia2 LRR domain and MCM is responsible for correctly positioning the E3-Cdc34~Ub complex 

with respect to Mcm7. Curiously, given the requirement for the Dia2LRR:MCM interface in 

termination but not MMS resistance, it is possible the MMS sensitivity resulting from deletion 

of the LRR domain is related to a function of Dia2 beyond termination 248,270.  
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Figure 5.26: Mutations in Dia2 at the MCM interface disrupt SCFDia2 function in vivo. All experiments performed 

by Tom Deegan. A. Spot-dilution cell-growth assays comparing the growth of wild-type and Dia2 mutant strains 

at different temperatures and in the presence of MMS. B. Co-immunoprecipitation experiments 

(immunoprecipitating TAP-tagged Sld5) comparing the presence of CMG in G1-arrested cells with different Dia2 

genetic backgrounds. Experiments performed under high-salt conditions to prevent spurious E3 ligase activity 

during cell lysis and immunoprecipitation. C. FACS analysis of cells related to B, to confirm G1 arrest. 

 

 

5.3. Discussion 

 

The Architecture of Terminating Replisomes 
 

We have determined the first structures of terminating replisome complexes bound to 

SCFDia2, both in the context of dsDNA and in the absence of DNA. Complexes assembled on 

dsDNA represent termination of DNA replication after replisomes have translocated onto the 

final Okazaki fragment following convergence of opposing replication forks 201, or 

translocation onto duplex DNA following encounter of a nick in the lagging strand template 

(non-translocation strand) DNA 231. In contrast, complexes assembled without DNA represent 

the situation where CMG has translocated off a DNA end, either at a double-strand break, a 
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nick in the leading strand template (translocation strand) DNA, or the end of a linear 

chromosome 67,219,231. Together, these structures encapsulate all cellular termination events, 

with the exception of permanently stalled replication forks whose mechanism of disassembly 

is currently undetermined and the mitotic TRAIP-dependent disassembly pathway found in 

vertebrates 286. 

The complexes above provide the first description of how SCFDia2 engages the replisome 

via the LRR domain of the substrate recognition subunit, Dia2. This provides the first direct 

evidence of the Dia2 LRR domains being involved in replisome association, confirming 

suspicions based on comparison to alternative SCF E3 ligase substrate recognition subunits 

248. Our structure also provides the first model of Dia2, revealing 15 LRR repeats immediately 

downstream of the F-box domain. Interestingly, we observe the Dia2 C-terminal tail (residues 

717-732) folding back across the concave b-sheet of the LRR domain. It remains unclear why 

deletion of the final eight amino acids of Dia2 compromises replisome association 239 as these 

residues do not mediate direct contacts with CMG, however it is possible that this truncation 

destabilises the LRR domain thereby indirectly disrupting MCM binding.  

We have identified the region of CMG to which the Dia2 LRR domains bind, with a large 

interface involving several N-tier regions of Mcm3, Mcm5 and the Mcm7 N-terminus and 

which is shared between complexes targeted for disassembly both off DNA and bound to 

dsDNA. We have additionally demonstrated the functional relevance of this interface for SCF 

association and termination through extensive investigation both in vitro and in vivo. This 

interface places the E3 ligase ahead of CMG and positions the E2~Ub-binidng module 

(Cdc53CTD-Hrt1) roughly 50 Å from the primary ubiquitylation site on Mcm7 K29, comparable 

to previous structures of other unneddylated SCF E3 ligases 245. Although Cdc53 neddylation 

is not required for CMG ubiquitylation 239, it is conceivable that this modification of the cullin 

subunit could influence the distance between the E3-bound E2 enzyme and Mcm7 K29 to 

enhance the efficiency of the reaction. Regardless, we observe considerable flexibility in the 

position of SCFDia2, which we speculate may be important for its role in both ubiquitin chain 

initiation and extension, as no additional E3 ligases have been identified to support SCFDia2 

during Mcm7 ubiquitylation 239 and SCFDia2 is sufficient for Mcm7 polyubiquitylation in a 

minimal system 67. 

This positioning of SCFDia2 on the N-tier of CMG has several implications. First, the N-

terminal TPR domain of Dia2 (Figure 5.15A), which is not resolved and appears flexibly 
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tethered, is positioned close to Ctf4. Our inability to resolve density for the TPR domain 

suggests it is unlikely to bind the C-terminal SepB domains of Ctf4; rather, given the N-

terminal WD40N domains are dispensable for interaction 248 we expect the TPR domain to 

interact with the ~100-residue linker connecting the WD40N and SepB domains. Second, 

SCFDia2 is able to bind replisomes without changes to the binding mode of several additional 

replisome components. This agrees with mass spectrometry data from Xenopus egg extracts 

where the retention of various replisome components (including Timeless-Tipin and Mcm10) 

following fork convergence in the presence small molecule inhibitors of disassembly (Cul-i 

and p97-i) indicates the target for SCFDia2 contains many replication proteins 284.  Whether 

binding of additional, perhaps more dynamically associated replisome components such as 

Pol a and potentially Pol d is mutually exclusive with SCFDia2 remains to be seen. Third, the 

position of SCFDia2 on the N-tier face of CMG may explain how premature termination is 

avoided during origin licensing and initiation of DNA replication. During the earliest steps of 

DNA replication, MCM is loaded onto dsDNA as a double hexamer, with the N-tier facing 

inwards 14-16. This in itself would preclude access to the Dia2LRR binding site. During origin 

activation, double hexamers are subsequently converted to two CMG holo-helicases; it is 

unclear whether recruitment of Cdc45 and GINS occurs prior to extrusion of the lagging strand 

template 86, however if it were to then steric occlusion of the Dia2LRR interface would be 

retained until separation of the two CMG helicases. We note other mechanisms could also 

contribute, such as repressive post-translational modifications by S-CDK/DDK or steric 

occlusion of SCFDia2 by the firing factors Sld2, Sld3/7 and Dpb11. 

 

Translocation of CMG on Double-Stranded DNA 
 

We provide the first description of CMG having translocated onto a DNA duplex. We 

observe two conformations (conformation I and II) where the MCM motor domains engage 

dsDNA. Strikingly, similarities between conformation I and CMG bound at a replication fork, 

with the leading strand template being comparably engaged by AAA+ DNA-binding loops in 

both instances, imply dsDNA translocation might occur using a similar mechanism to ssDNA 

translocation. This is supported by biochemical data where translocation can be selectively 

inhibited by neutralising the charged backbone on the leading strand template 229,230. This is 

in contrast to the inactive MCM double hexamer, where the DNA duplex is considerably less 
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distorted than in our structure and where the majority of Mcm subunits contact the lagging 

strand template 15,16. We note that additional translocation states are expected to exist and 

were not observed in our analysis; whether these provide a differentiator between 

translocation on ssDNA and dsDNA substrates remains to be determined. Indeed, we observe 

conformation II where loss of nucleotide at the Mcm3/5 interface is accompanied by large 

movements primarily in Mcm3/7 which open the MCM channel, however whether this 

represents a bona fide translocation intermediate or a disengaged state is not certain. 

Regardless, in both conformations we found the position of the dsDNA ahead of CMG, the 

position of the fork junction and the regions of MCM and Csm3-Tof1 surrounding these areas 

remained essentially unchanged compared to our previous structure of CMG at a replication 

fork; the Mcm7 separation pin was less well-resolved, however it is unclear if this is a result 

of a biological difference or poorer resolution in this region of the map. What is clear is that 

CMG translocation along DNA requires distortion of the DNA duplex as it passes through the 

N-tier, facilitating a change in the trajectory of DNA from when it enters the MCM channel to 

when it exits. Whether this has any biological implications remains a topic for future 

investigation. 

 

A Model for the Regulation of DNA Replication Termination 
 

The work presented here provides a compelling answer for how cells avoid premature 

termination during DNA replication, which would otherwise result in catastrophic incomplete 

replication and genome instability. Alternative models have been hypothesised for how 

Mcm7 ubiquitylation is repressed at active replication forks. Several of these, where a 

termination-specific signal actively promotes SCFDia2 activity, have been ruled out by recent 

biochemical and single-molecule approaches. First, formation of a dimeric two-replisome 

structure upon fork convergence is not required: single-molecule studies in Xenopus egg 

extracts have shown converging replisomes pass each other unhindered prior to disassembly 

219, whilst replisomes which have never encountered a converging fork can equally be 

targeted for disassembly following encounter of nicked lagging strand template DNA 231. 

Second, single-molecule Xenopus egg extract experiments also reveal encounter of an RNA 

primer synthesised at an opposing replication fork is not required 219,231. Finally, translocation 

onto dsDNA, although a potential means to trigger termination, cannot be the sole driver as 
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disassembly is observed in the presence of aphidicolin, an inhibitor of DNA synthesis 219. 

Indeed, the ability to ubiquitylate CMG in the absence of DNA, either after encountering a 

leading strand template nick 231 or following DNA digestion 67,219, further argues against the 

above proposals. 

Therefore, in contrast to an activating signal triggering CMG ubiquitylation, it is likely 

that termination is triggered by loss of a repressive structure found at active replication forks. 

Recent biochemistry and single-molecule studies have identified the excluded lagging strand 

template DNA as a likely candidate 67,219. Formation of a termination-repressive structure by 

the excluded strand has the inherent advantage that it will always be present at any 

replication fork, providing robustness. However, how exactly the excluded strand might 

inhibit Mcm7 ubiquitylation is unsolved. The two most obvious explanations would be steric 

occlusion of the ubiquitylation sites on Mcm7 or prevention of SCFDia2 binding; a combination 

could also exist. Whether or not a conformational change in any replisome components (most 

likely CMG) are required to trigger termination has not yet been fully ruled out, although we 

note that termination in the absence of DNA might argue against this. 

Our structures of terminating replisome:SCFDia2 complexes provide compelling evidence 

for a mechanistic explanation of how the excluded strand prevents CMG ubiquitylation at 

active replication forks. Crucially, our structures reveal that no conformational changes in 

CMG are required to promote Mcm7 ubiquitylation irrespective of whether termination 

occurs on dsDNA or off DNA. Rather, the interface we observe between the Dia2 LRR domain 

and MCM, which we have shown to be required for termination (Figures 5.24, 5.25), is located 

coincident with the expected exit path of the excluded lagging strand template between the 

Mcm3 and Mcm5 ZnF domains 52,57 (Figure 5.27A-D). The exit of the excluded lagging strand 

template between the Mcm3 and Mcm5 ZnF domains is supported by recent cryo-EM 

investigations of the human replisome 352 (Figure 5.27B). Therefore, although SCFDia2 can be 

tethered to the replisome by virtue of the Dia2TPR interaction with Ctf4-Mrc1, we propose 

that occlusion of the Dia2LRR:MCM interface by the excluded strand prevents correct 

positioning of Cdc34~Ub by SCFDia2 with respect to Mcm7, thereby preventing ubiquitylation 

of CMG. Whether the excluded strand could additionally occlude Mcm7 ubiquitylation sites 

is unclear, however we feel this is unlikely to reflect a robust mechanism as alternative 

residues might be ubiquitylated when K29Mcm7 is mutated in vivo 257. Finally, although 

……..………….. 
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Figure 5.27: A conserved model for the regulation of replisome disassembly in eukaryotes. Work on the human 

replisome:CRL2LRR1 complex and the path of the excluded strand in the human replisome was performed by 

Morgan Jones. A. Comparison of replisome:E3 ubiquitin ligase complexes from budding yeast and human. The E3 

ligase is SCFDia2 (yeast) or CRL2Lrr1 (human). The replisome components are rendered as a transparent surface; the 

E3 ligase is rendered as a cartoon. B. Comparison of cryo-EM density maps for human replisome complexes (CMG, 

TIMELESS, TIPIN, CLASPIN, AND-1, Pol  e) bound to DNA substrates either lacking (left) or featuring (right, 352) a 

15-nucleotide 5ʹ flap, representing the excluded DNA strand. Density coloured according to chain occupancy using 

a radius of 5 Å, with the excluded strand coloured manually in UCSF Chimera 301. C. Comparison of structures 

observed for a replisome engaging a DNA replication fork (left: PDB: 6SKL 85) or bound by the termination-specific 

E3 ubiquitin ligase after encountering a dsDNA substrate (middle: budding yeast; right: human). Replisome 

complexes are displayed as a surface; E3 ligase subunits are represented as cartoons. For clarity, only the E3 
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substrate recognition subunits (Dia2/Lrr1) are displayed. The lagging strand template ssDNA exit gate formed 

between the Mcm3/Mcm5 ZnF domains 52,57 is indicated. Despite the different modes of LRR-domain interaction 

seen in yeast versus human, the LRR domains of both Dia2 and Lrr1 are observed to bind across this ssDNA exit 

gate, thereby allowing the presence of excluded ssDNA to regulate Dia2/Lrr1 binding to MCM. The Lrr1 N-terminal 

Plekstrin homology (PH) domain is observed to bind above Mcm2/6, beside Timeless. D. Alternative views of the 

MCM3/MCM5 ZnF domains during replication elongation (red box, excluded strand present 352) and termination 

(green box, excluded strand absent). Red box upper panel, the dashed line shows a putative path for the excluded 

ssDNA beyond the density observed in panel a, right. Red box lower panel, four sugar-phosphate backbone 

linkages were built into the excluded strand density. 

 

biochemical evidence indicates DNA alone can regulate CMG ubiquitylation 67, we note that 

several replication factors are expected to engage the unwound lagging strand template, such 

as RPA and Pol a. Although the engagement of these proteins with the excluded strand is 

dynamic, we speculate that the presence of these factors may bulk up the excluded strand, 

thereby helping to enforce the repression to termination; this remains to be studied in the 

future. 

 

Regulation of Termination Is Conserved Between Yeast and Vertebrates 
 

Regulation of termination might be expected to be comparable between yeast and 

vertebrates based on recent studies using budding yeast proteins 67 and Xenopus egg extracts 

219, each of which reached the conclusion that an excluded DNA strand likely represses CMG 

ubiquitylation at a replication fork. However, unrelated E3 cullin-RING ligases are responsible 

for Mcm7 ubiquitylation in yeast and vertebrates. In vertebrates, the E3 ligase responsible is 

CRL2Lrr1, where the LRR domain protein Lrr1 functionally replaces Dia2. Despite each 

containing a C-terminal LRR domain, the structures of each protein are expected to differ. 

Furthermore, the N-terminal TPR domain of Dia2 is absent from Lrr1. 

Recently, Joseph Yeeles and Morgan Jones have determined the cryo-EM structure of 

human CRL2Lrr1 bound to a replisome complex (CMG-Timeless-Tipin-Claspin-And-1-Pol e) 

(Figure 5.27). Lrr1 forms a C-terminal LRR domain, in addition to an N-terminal Plekstrin 

homology domain which interacts with Timeless. Strikingly, although the details of the 

interface between the LRR domain and MCM differ between Lrr1 and Dia2, the position across 

the lagging-strand template exit path is conserved. Furthermore, the Cul2-Rbx1 arm is 

positioned similarly to Cdc53-Hrt1, projecting outwards beside the ubiquitylation sites on 

Mcm7 (Figure 5.27A). Taken together, this provides strong evidence that the mechanism of 
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regulation by the excluded strand is conserved between yeast and vertebrates, whereby the 

binding site for the E3 ligase on MCM is occluded at replication forks. 

Finally, it is interesting to note that vertebrates possess an additional pathway whereby 

any replisomes which failed to terminate during S phase can be disassembled during mitosis 

by a different E3 ligase, TRAIP 286. The lack of such a pathway in yeast raises the question of 

how replication forks which have failed to converge are disassembled in yeast; whether 

SCFDia2 is involved, and whether a unique mode of SCFDia2 replisome engagement can occur 

under these specific circumstances remains a point of future study. 
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    Peptide 1 Peptide 2 

Score m/z Charge Deviation (ppm) Peptide 1 Protein 1 From To Best linkage 
position 1 

Absolute 
Position 1 

Peptide 2 Protein 2 From To Best linkage 
position 2 

Absolute 
Position 2 

131 616.0022312 3 -0.448750556 [ADESLPKR] MRC1 619 626 K7 625 [KSHHVK] MRC1 594 599 K1 594 

130 778.0758058 3 0.451348166 [YVKFNBLK] MCM2 336 343 K3 338 [VNGEKTVYR] MCM2 375 383 K5 379 

129 778.0752824 3 -0.221939582 [YVKFNBLK] MCM2 336 343 K3 338 [VNGEKTVYR] MCM2 375 383 K5 379 

129 682.7434816 3 0.739697119 [MLSLLFKK] CDC45 44 51 K7 50 [KVELLNR] CDC45 488 494 K1 488 

128 760.3948426 3 -0.013860309 [ASITYMGKTR] MRC1 1042 1051 K8 1049 [SYKTVGSSK] MRC1 1033 1041 K3 1035 

128 682.7428589 3 -0.173246784 [MLSLLFKK] CDC45 44 51 K7 50 [KVELLNR] CDC45 488 494 K1 488 

127 759.4246792 3 -0.608840956 [NILKEVSNLR] PSF1 39 48 K4 42 [KNTEYLK] PSF1 49 55 K1 49 

127 759.423286 3 -2.444967393 [NILKEVSNLR] PSF1 39 48 K4 42 [KNTEYLK] PSF1 49 55 K1 49 

127 616.0027955 3 0.468192247 [ADESLPKR] MRC1 619 626 K7 625 [KSHHVK] MRC1 594 599 K1 594 

126 928.1456164 3 -3.172552208 [SFKNFILEFR] MCM5 30 39 K3 32 [IQYEKTHPDR] PSF2 102 111 K5 106 

126 759.426266 3 1.482512414 [NILKEVSNLR] PSF1 39 48 S7 45 [KNTEYLK] PSF1 49 55 K1 49 

125 759.423575 3 -2.064161344 [NILKEVSNLR] PSF1 39 48 K4 42 [KNTEYLK] PSF1 49 55 K1 49 

123 778.0754983 3 0.055741075 [YVKFNBLK] MCM2 336 343 K3 338 [VNGEKTVYR] MCM2 375 383 K5 379 

123 750.0462687 3 -0.081641395 [SYLVEKYK] MCM6 771 778 K6 776 [KDDAQGFSR] MCM6 782 790 K1 782 

123 1048.538204 3 0.200092247 [EDESPTTKIFTIIK] MCM7 736 749 T7 742 [ESLYQETNKSK] MCM7 725 735 K9 733 

122 759.4240578 3 -1.427804116 [NILKEVSNLR] PSF1 39 48 K4 42 [KNTEYLK] PSF1 49 55 K1 49 

121 1048.537788 3 -0.196729938 [EDESPTTKIFTIIK] MCM7 736 749 K8 743 [ESLYQETNKSK] MCM7 725 735 T7 731 

121 734.5976753 5 -1.82647435 [VHKTHSFPISLANTGK] CTF4 458 473 K3 460 [VHKTHSFPISLANTGK] CTF4 458 473 K3 460 

121 950.8394048 3 1.42585679 [SITTSTSPEQTER] MCM6 249 261 S1 249 [FLPFLQKGLR] MCM6 177 186 K7 183 

121 778.0763207 3 1.113666904 [YVKFNBLK] MCM2 336 343 K3 338 [VNGEKTVYR] MCM2 375 383 K5 379 

121 760.0672274 3 0.499612163 [NILKEVSNLR] PSF1 39 48 S7 45 {MYGDLGNK] PSF1 0 8 {0 0 

120 989.5287485 3 -1.271258675 [SKEDESPTTKIFTIIK] MCM7 734 749 T8 741 [KMLQETGK] MCM7 750 757 K1 750 

120 1037.556624 3 1.847086679 [DNMVLKLVLNFFR] TOF1 198 210 K6 203 [WFKLVDDQQK] TOF1 61 70 K3 63 

120 751.0535147 3 -0.048441994 [LEEMEKEIYK] PSF3 169 178 K6 174 [LKBAPR] MCM5 608 613 K2 609 

120 751.0530282 3 -0.696752242 [LEEMEKEIYK] PSF3 169 178 K6 174 [LKBAPR] MCM5 608 613 K2 609 

120 989.5311194 3 1.126378303 [SKEDESPTTKIFTIIK] MCM7 734 749 T8 741 [KMLQETGK] MCM7 750 757 K1 750 
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119 805.7938345 3 -0.425413621 [LLEENKAILNK] CTF4 786 796 K6 791 [MPVFVKSK] CTF4 778 785 K6 783 

119 760.0651294 3 -2.263160992 [NILKEVSNLR] PSF1 39 48 S7 45 {MYGDLGNK] PSF1 0 8 {0 0 

119 1037.556185 3 1.424112099 [DNMVLKLVLNFFR] TOF1 198 210 K6 203 [WFKLVDDQQK] TOF1 61 70 K3 63 

119 750.0460795 3 -0.334056353 [SYLVEKYK] MCM6 771 778 K6 776 [KDDAQGFSR] MCM6 782 790 K1 782 

119 760.0670188 3 0.224933296 [NILKEVSNLR] PSF1 39 48 S7 45 {MYGDLGNK] PSF1 0 8 {0 0 

118 914.7819484 3 -0.107900895 [VSKESLYQETNK] MCM7 722 733 K3 724 [SKEDESPTTK] MCM7 734 743 S1 734 

118 760.3951961 3 0.451321987 [ASITYMGKTR] MRC1 1042 1051 K8 1049 [SYKTVGSSK] MRC1 1033 1041 K3 1035 

118 1223.659187 3 -0.807726868 [VHKTHSFPISLANTGK] CTF4 458 473 K3 460 [VHKTHSFPISLANTGK] CTF4 458 473 K3 460 

118 1278.983188 3 2.035815464 [KDANLDYYNFNPMGIK] CTF4 670 685 K1 670 [VHKTHSFPISLANTGK] CTF4 458 473 K3 460 

117 889.4765791 3 -1.121760788 [NTLSYENIVKTVR] MCM7 758 770 K10 767 [KMLQETGK] MCM7 750 757 T6 755 

117 734.5985257 5 -0.667553652 [VHKTHSFPISLANTGK] CTF4 458 473 K3 460 [VHKTHSFPISLANTGK] CTF4 458 473 K3 460 

117 841.1777981 3 -1.585445222 [TYVDVVHVKK] MCM4 459 468 K9 467 [LINLKGLVLR] MCM4 325 334 K5 329 

116 644.3695068 3 1.011421522 [ALTAAVKISER] CTF4 894 904 K7 900 [TKSNK] MRC1 1081 1085 T1 1081 

116 989.5273516 3 -2.683913309 [SKEDESPTTKIFTIIK] MCM7 734 749 T8 741 [KMLQETGK] MCM7 750 757 K1 750 

116 989.5269047 3 -3.135837697 [SKEDESPTTKIFTIIK] MCM7 734 749 T8 741 [KMLQETGK] MCM7 750 757 K1 750 

116 769.1094971 3 0.592786942 [SQILKYVEK] MCM2 550 558 Y6 555 [STVEGIKLR] MCM6 558 566 K7 564 

116 708.1370719 4 0.249621274 [ALYALEKHETIQLR] MCM5 751 764 T10 760 [FEQELKR] MCM5 714 720 K6 719 

116 742.3984197 4 -1.218443437 [SKEDESPTTKIFTIIK] MCM7 734 749 T9 742 [KMLQETGK] MCM7 750 757 K1 750 

115 750.0463305 3 8.23E-04 [SYLVEKYK] MCM6 771 778 K6 776 [KDDAQGFSR] MCM6 782 790 K1 782 

115 769.1085426 3 -0.649248605 [SQILKYVEK] MCM2 550 558 Y6 555 [STVEGIKLR] MCM6 558 566 K7 564 

115 785.0797517 3 -2.210872593 [SKIDNSADIK] TOF1 490 499 S1 490 [KVFSFFHR] TOF1 692 699 K1 692 

115 917.8203589 3 -0.708281983 [EDESPTTKIFTIIK] MCM7 736 749 T7 742 [KMLQETGK] MCM7 750 757 K1 750 

115 682.7428968 3 -0.11771984 [MLSLLFKK] CDC45 44 51 K7 50 [KVELLNR] CDC45 488 494 K1 488 

115 595.0061035 3 -1.943153504 [NINKLSK] MCM3 349 355 K4 352 [SPQKSPK] MCM3 761 767 K4 764 

115 940.8386425 3 0.393107413 [LAKNNPDHEEFR] TOF1 105 116 K3 107 [LALDVIKIDR] TOF1 182 191 K7 188 

115 995.1963888 3 0.085407618 [IBQTVGKTDPVLR] CSM3 114 126 K7 120 [IGSKYSLQFMK] TOF1 579 589 S3 581 

114 708.1364304 4 -0.657375612 [ALYALEKHETIQLR] MCM5 751 764 T10 760 [FEQELKR] MCM5 714 720 K6 719 

114 897.4655052 4 -0.542223767 [LFASABSDQNVEKALSLAHELK] CTF4 869 890 K13 881 [SKLLEENK] CTF4 784 791 S1 784 
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114 548.6787109 3 0.54272402 [ILKSYK] MRC1 1030 1035 K3 1032 [LIAPKR] MRC1 1053 1058 K5 1057 

114 742.3982599 4 -1.433864114 [SKEDESPTTKIFTIIK] MCM7 734 749 T8 741 [KMLQETGK] MCM7 750 757 K1 750 

114 1145.95216 3 -1.828480511 [GISKTTEGLNSGVTGLR] MCM6 425 441 K4 428 [SLYKTYVDVVHVK] MCM4 455 467 S1 455 

114 989.530055 3 0.049980186 [SKEDESPTTKIFTIIK] MCM7 734 749 K10 743 [KMLQETGK] MCM7 750 757 T6 755 

113 940.8383118 3 0.041379182 [LAKNNPDHEEFR] TOF1 105 116 K3 107 [LALDVIKIDR] TOF1 182 191 K7 188 

113 897.4668595 4 0.968070661 [LFASABSDQNVEKALSLAHELK] CTF4 869 890 K13 881 [SKLLEENK] CTF4 784 791 S1 784 

113 708.1380067 4 1.571105339 [ALYALEKHETIQLR] MCM5 751 764 T10 760 [FEQELKR] MCM5 714 720 K6 719 

113 989.5306391 3 0.640647375 [SKEDESPTTKIFTIIK] MCM7 734 749 T8 741 [KMLQETGK] MCM7 750 757 K1 750 

113 897.4667028 4 0.793337882 [LFASABSDQNVEKALSLAHELK] CTF4 869 890 K13 881 [SKLLEENK] CTF4 784 791 S1 784 

113 989.5299635 3 -0.042628279 [SKEDESPTTKIFTIIK] MCM7 734 749 T8 741 [KMLQETGK] MCM7 750 757 K1 750 

112 989.5295081 3 -0.503162913 [SKEDESPTTKIFTIIK] MCM7 734 749 K10 743 [KMLQETGK] MCM7 750 757 T6 755 

112 760.066805 3 -0.056562549 [NILKEVSNLR] PSF1 39 48 K4 42 {MYGDLGNK] PSF1 0 8 {0 0 

112 1182.954493 3 -3.247699646 [THSFPISLANTGKFR] CTF4 461 475 T11 473 [THSFPISLANTGKFR] CTF4 461 475 K13 471 

112 1109.558948 3 -0.370900287 [YFLYFKPLSQNBAR] MCM7 200 213 K6 205 [YMAMLQKVANR] MCM7 63 73 K7 69 

112 1201.650429 3 1.053096482 [SVYTSGKASSAAGLTAAVVR] MCM6 595 614 K7 601 [SQFLKYVVGFAPR] MCM6 582 594 K5 586 

112 989.530566 3 0.566737326 [SKEDESPTTKIFTIIK] MCM7 734 749 K10 743 [KMLQETGK] MCM7 750 757 T6 755 

112 817.1154737 3 0.894109136 [KFNISEGDITK] TOF1 622 632 K1 622 [TLVIEGKSR] TOF1 610 618 K7 616 

112 841.1804286 3 1.544155749 [TYVDVVHVKK] MCM4 459 468 K9 467 [LINLKGLVLR] MCM4 325 334 K5 329 

111 780.1287702 3 0.571662737 [ALTAAVKISER] CTF4 894 904 K7 900 [AELPSLVKK] CTF4 905 913 S5 909 

111 1037.556626 3 1.849484883 [DNMVLKLVLNFFR] TOF1 198 210 K6 203 [WFKLVDDQQK] TOF1 61 70 K3 63 

111 682.743171 3 0.284310305 [MLSLLFKK] CDC45 44 51 K7 50 [KVELLNR] CDC45 488 494 K1 488 

111 701.8911872 4 0.898727555 [SKEDESPTTKIFTIIK] MCM7 734 749 T8 741 [KSPITAR] MCM3 694 700 K1 694 

111 1145.955344 3 0.951828104 [GISKTTEGLNSGVTGLR] MCM6 425 441 K4 428 [SLYKTYVDVVHVK] MCM4 455 467 S1 455 

111 897.4672941 4 1.452679609 [LFASABSDQNVEKALSLAHELK] CTF4 869 890 K13 881 [SKLLEENK] CTF4 784 791 S1 784 

110 981.1855227 3 -2.439057461 [SLYKTYVDVVHVK] MCM4 455 467 K4 458 [BSFADKQVIK] MCM4 389 398 K6 394 

110 1139.621453 3 -1.118720523 [ALYALEKHETIQLR] MCM5 751 764 K7 757 [NTLSYENIVKTVR] MCM7 758 770 K10 767 

110 780.128542 3 0.278903553 [ALTAAVKISER] CTF4 894 904 K7 900 [AELPSLVKK] CTF4 905 913 S5 909 

110 778.0749512 3 -0.648016176 [YVKFNBLK] MCM2 336 343 K3 338 [VNGEKTVYR] MCM2 375 383 K5 379 
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110 989.5304539 3 0.453347439 [SKEDESPTTKIFTIIK] MCM7 734 749 T8 741 [KMLQETGK] MCM7 750 757 K1 750 

110 1201.651032 3 1.555252728 [SVYTSGKASSAAGLTAAVVR] MCM6 595 614 K7 601 [SQFLKYVVGFAPR] MCM6 582 594 K5 586 

110 1067.529239 3 0.533448202 [EMDSKFSFGQATPR] MCM7 674 687 K5 678 [TGKIDMNLVQTGK] MCM4 842 854 T1 842 

109 708.1367188 4 -0.249677946 [ALYALEKHETIQLR] MCM5 751 764 T10 760 [FEQELKR] MCM5 714 720 K6 719 

109 917.8197632 3 -1.357824837 [EDESPTTKIFTIIK] MCM7 736 749 T7 742 [KMLQETGK] MCM7 750 757 K1 750 

109 711.7266857 3 -2.231650564 [LSLWNENGKK] CDC45 348 357 K9 356 [TKIYPK] MCM2 772 777 T1 772 

109 1095.950866 3 0.884170175 [IDMNLVQTGKSVIQR] MCM4 845 859 K10 854 [KGILLQLFGGTNK] MCM4 538 550 K1 538 

109 742.3995234 4 0.269856538 [SKEDESPTTKIFTIIK] MCM7 734 749 T9 742 [KMLQETGK] MCM7 750 757 K1 750 

109 1201.650308 3 0.95229825 [SVYTSGKASSAAGLTAAVVR] MCM6 595 614 K7 601 [SQFLKYVVGFAPR] MCM6 582 594 K5 586 

109 1182.959895 3 1.321620593 [THSFPISLANTGKFR] CTF4 461 475 T11 473 [THSFPISLANTGKFR] CTF4 461 475 K13 471 

108 1395.752299 3 1.288025772 [LYEILTNSIAPSIFGNEDIKK] MCM5 366 386 S12 377 [FVEKVSPIAVYTSGK] MCM5 428 442 K4 431 

108 1145.957591 3 2.913525344 [GISKTTEGLNSGVTGLR] MCM6 425 441 K4 428 [SLYKTYVDVVHVK] MCM4 455 467 S1 455 

107 700.3287128 3 0.292033491 [DYATDPKTGK] MCM4 835 844 K7 841 [KMGDDSR] MCM4 779 785 K1 779 

107 1040.916909 3 -0.436361783 [LTVSGSQALVDEKIALQK] TOF1 374 391 K13 386 [NVIKHTSAR] TOF1 348 356 K4 351 

107 759.4246552 3 -0.640401525 [NILKEVSNLR] PSF1 39 48 K4 42 [KNTEYLK] PSF1 49 55 K1 49 

107 1203.307369 3 -1.567537393 [VHKTHSFPISLANTGK] CTF4 458 473 K3 460 [THSFPISLANTGKFR] CTF4 461 475 S7 467 

107 913.2113434 4 -0.822417841 [SBIELTHSVLKVLEQYSDDK] TOF1 590 609 K11 600 [SKIDNSADIK] TOF1 490 499 S1 490 

106 928.1483991 3 -0.172273836 [SFKNFILEFR] MCM5 30 39 K3 32 [IQYEKTHPDR] PSF2 102 111 K5 106 

106 660.3783496 3 -0.696723622 [LLQKEHQMR] TOF1 338 346 K4 341 [KNVIK] TOF1 347 351 K1 347 

106 1095.238532 3 2.025516303 [VLEQYSDDKTLVIEGK] TOF1 601 616 K9 609 [KFNISEGDITK] TOF1 622 632 K1 622 

105 1401.724075 3 1.921774206 [YDDLKSPGDNIDFQTTILSR] MCM5 530 549 Y1 530 [FSQLALDKALYALEK] MCM5 743 757 K8 750 

105 901.4890953 4 0.447174373 [SVYTSGKASSAAGLTAAVVR] MCM6 595 614 S5 599 [SQFLKYVVGFAPR] MCM6 582 594 K5 586 

105 1072.929 3 -0.458335187 [VHKTHSFPISLANTGK] CTF4 458 473 K3 460 [LLEENKAILNK] CTF4 786 796 K6 791 

105 1182.959257 3 0.782217929 [THSFPISLANTGKFR] CTF4 461 475 T11 473 [THSFPISLANTGKFR] CTF4 461 475 K13 471 

104 682.7431912 3 0.313921066 [MLSLLFKK] CDC45 44 51 K7 50 [KVELLNR] CDC45 488 494 K1 488 

104 759.4255935 3 0.596209867 [NILKEVSNLR] PSF1 39 48 K4 42 [KNTEYLK] PSF1 49 55 K1 49 

104 1389.341471 3 0.802343276 [NTEYLKEQQQLGMLDDK] PSF1 50 66 K6 55 [VAKBQYFVTLLBMER] PSF1 67 81 K3 69 

103 680.7363892 3 1.086857099 [ATILNLKAR] MRC1 439 447 K7 445 [LSKQNQK] MRC1 448 454 K3 450 
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103 967.5238286 3 -2.045465797 [FNPLLQAGAKLAK] MCM3 625 637 K10 634 [NKGNYNGTEIPK] MCM3 638 649 K2 639 

103 1182.955582 3 -2.326513638 [THSFPISLANTGKFR] CTF4 461 475 T11 473 [THSFPISLANTGKFR] CTF4 461 475 K13 471 

103 841.1794139 3 0.336887575 [TYVDVVHVKK] MCM4 459 468 K9 467 [LINLKGLVLR] MCM4 325 334 K5 329 

103 1109.561115 3 1.582934861 [YFLYFKPLSQNBAR] MCM7 200 213 S9 208 [YMAMLQKVANR] MCM7 63 73 K7 69 

103 734.5980956 5 -1.25368995 [VHKTHSFPISLANTGK] CTF4 458 473 K3 460 [VHKTHSFPISLANTGK] CTF4 458 473 K3 460 

103 981.1890168 3 1.124467438 [SLYKTYVDVVHVK] MCM4 455 467 K4 458 [BSFADKQVIK] MCM4 389 398 K6 394 

103 1102.264415 3 1.204933937 [KQLLINELESTER] MCM5 631 643 S10 640 [NTLSYENIVKTVR] MCM7 758 770 K10 767 

102 875.4336922 3 -0.265691263 [LFASABSDQNVEK] CTF4 869 881 S4 872 [SKLLEENK] CTF4 784 791 K2 785 

102 750.0457764 3 -0.738598451 [SYLVEKYK] MCM6 771 778 K6 776 [KDDAQGFSR] MCM6 782 790 K1 782 

102 553.0859973 4 0.387960622 [LINLKGLVLR] MCM4 325 334 K5 329 [VGDGMKIR] MCM7 444 451 K6 449 

102 1109.559171 3 -0.169713616 [YFLYFKPLSQNBAR] MCM7 200 213 K6 205 [YMAMLQKVANR] MCM7 63 73 K7 69 

102 875.4340377 3 0.129216022 [LFASABSDQNVEK] CTF4 869 881 S4 872 [SKLLEENK] CTF4 784 791 K2 785 

102 1095.952266 3 2.162045366 [IDMNLVQTGKSVIQR] MCM4 845 859 K10 854 [KGILLQLFGGTNK] MCM4 538 550 K1 538 

101 595.007019 3 -0.402729882 [NINKLSK] MCM3 349 355 K4 352 [SPQKSPK] MCM3 761 767 K4 764 

101 682.74121 3 -2.59067368 [MLSLLFKK] CDC45 44 51 K7 50 [KVELLNR] CDC45 488 494 K1 488 

101 680.74403 3 -0.005911134 [ALTAAVKISER] CTF4 894 904 K7 900 [AILNKK] CTF4 792 797 K5 796 

101 608.5762879 4 -0.305645168 [LSFKGSFGAHALSPR] MCM3 155 169 K4 158 [STGVAAR] MCM3 333 339 S1 333 

101 593.663089 3 -0.679099028 [KQILDHQK] MRC1 482 489 K1 482 [SKDPK] MRC1 462 466 S1 462 

101 805.7940508 3 -0.156771168 [LLEENKAILNK] CTF4 786 796 K6 791 [MPVFVKSK] CTF4 778 785 K6 783 

101 1401.723077 3 1.209429676 [YDDLKSPGDNIDFQTTILSR] MCM5 530 549 Y1 530 [FSQLALDKALYALEK] MCM5 743 757 K8 750 

100 593.6637023 3 0.355187368 [KQILDHQK] MRC1 482 489 K1 482 [SKDPK] MRC1 462 466 S1 462 

100 617.0230103 3 0.165160088 [SYKTVGSSK] MRC1 1033 1041 K3 1035 [LIAPKR] MRC1 1053 1058 K5 1057 

100 1146.595712 4 -1.410779115 [FSAFQEBKIQELSQQVPVGHIPR] MCM7 307 329 K8 314 [GISKTTEGLNSGVTGLR] MCM6 425 441 S3 427 

100 956.1922854 3 -0.3337168 [LQQEDKVIVLGEGVR] MCM4 910 924 K6 915 [KLQEDLSR] MCM4 860 867 K1 860 

100 989.5288007 3 -1.218473775 [SKEDESPTTKIFTIIK] MCM7 734 749 T8 741 [KMLQETGK] MCM7 750 757 K1 750 

100 708.1363473 4 -0.774844229 [ALYALEKHETIQLR] MCM5 751 764 T10 760 [FEQELKR] MCM5 714 720 K6 719 

99 759.4259524 3 1.069160143 [NILKEVSNLR] PSF1 39 48 K4 42 [KNTEYLK] PSF1 49 55 K1 49 

99 1196.286877 3 1.099330697 [LFASABSDQNVEKALSLAHELK] CTF4 869 890 K13 881 [SKLLEENK] CTF4 784 791 S1 784 
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99 928.1492613 3 0.757365883 [SFKNFILEFR] MCM5 30 39 K3 32 [IQYEKTHPDR] PSF2 102 111 K5 106 

98 687.0187327 3 0.101974625 [KLQEDLSR] MCM4 860 867 K1 860 [VDEKNDR] MCM4 712 718 K4 715 

98 1067.528691 3 0.01970898 [EMDSKFSFGQATPR] MCM7 674 687 K5 678 [TGKIDMNLVQTGK] MCM4 842 854 T11 852 

98 989.530833 3 0.836660976 [SKEDESPTTKIFTIIK] MCM7 734 749 T8 741 [KMLQETGK] MCM7 750 757 K1 750 

98 1102.263181 3 0.08543093 [KQLLINELESTER] MCM5 631 643 K1 631 [NTLSYENIVKTVR] MCM7 758 770 K10 767 

98 1580.703967 3 1.918673676 [KYNFEDEEDFIDDDDGAGYISGK] CTF4 425 447 K1 425 [KDANLDYYNFNPMGIK] CTF4 670 685 Y7 676 

97 697.0303955 3 -0.248190991 [SKEDESPTTK] MCM7 734 743 T8 741 [KSPITAR] MCM3 694 700 K1 694 

97 679.0072632 3 1.074610429 [VDDVTGEKVR] MCM6 103 112 K8 110 [SSASASGR] MCM4 96 103 S6 101 

97 956.1934189 3 0.852602121 [LQQEDKVIVLGEGVR] MCM4 910 924 K6 915 [KLQEDLSR] MCM4 860 867 S7 866 

97 734.5965597 5 -3.346921501 [VHKTHSFPISLANTGK] CTF4 458 473 K3 460 [VHKTHSFPISLANTGK] CTF4 458 473 K3 460 

97 682.7421206 3 -1.255730218 [MLSLLFKK] CDC45 44 51 K7 50 [KVELLNR] CDC45 488 494 K1 488 

97 1198.23245 3 -1.081147493 [SDAAYFKDLDNNASDK] TOF1 984 999 K7 990 [KYVSQFSDYFLAR] TOF1 736 748 K1 736 

97 647.0092103 3 -0.008983952 [QLIDKEK] MRC1 687 693 K5 691 [EKEHEAK] MRC1 700 706 K2 701 

97 556.981785 3 -0.677062224 [ILKSYK] MRC1 1030 1035 K3 1032 [FKEGNK] MRC1 1021 1026 K2 1022 

97 780.128884 3 0.717665935 [ALTAAVKISER] CTF4 894 904 K7 900 [AELPSLVKK] CTF4 905 913 K8 912 

97 575.3585205 3 1.666321543 [LIKHLR] CDC45 518 523 K3 520 [TKIYPK] MCM2 772 777 T1 772 

97 548.6793803 3 1.764226512 [ILKSYK] MRC1 1030 1035 K3 1032 [LIAPKR] MRC1 1053 1058 K5 1057 

97 759.4242658 3 -1.153625695 [NILKEVSNLR] PSF1 39 48 K4 42 [KNTEYLK] PSF1 49 55 K1 49 

97 928.1490687 3 0.549680869 [SFKNFILEFR] MCM5 30 39 K3 32 [IQYEKTHPDR] PSF2 102 111 K5 106 

97 1011.846447 3 1.163356242 [KDANLDYYNFNPMGIK] CTF4 670 685 K1 670 [MPVFVKSK] CTF4 778 785 K6 783 

96 1072.927771 3 -1.604653734 [VHKTHSFPISLANTGK] CTF4 458 473 K3 460 [LLEENKAILNK] CTF4 786 796 K6 791 

96 1217.279273 3 -0.898385966 [SBIELTHSVLKVLEQYSDDK] TOF1 590 609 K11 600 [SKIDNSADIK] TOF1 490 499 S1 490 

96 950.8400394 3 2.09375841 [SITTSTSPEQTER] MCM6 249 261 S1 249 [FLPFLQKGLR] MCM6 177 186 K7 183 

96 765.4006852 3 2.875597566 [NILKEVSNLR] PSF1 39 48 K4 42 {MYGDLGNK] PSF1 0 8 {0 0 

96 540.3236694 3 2.339624384 [FKEGNK] MRC1 1021 1026 K2 1022 [TVKILK] MRC1 1027 1032 K3 1029 

95 700.3293905 3 1.26064948 [DYATDPKTGK] MCM4 835 844 K7 841 [KMGDDSR] MCM4 779 785 K1 779 

95 1389.339178 3 -0.849224069 [NTEYLKEQQQLGMLDDK] PSF1 50 66 K6 55 [VAKBQYFVTLLBMER] PSF1 67 81 K3 69 

95 1190.292313 3 2.53078405 [FSQLALDKALYALEK] MCM5 743 757 K8 750 [SPGDNIDFQTTILSR] MCM5 535 549 S1 535 
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95 1196.286962 3 1.170390256 [LFASABSDQNVEKALSLAHELK] CTF4 869 890 K13 881 [SKLLEENK] CTF4 784 791 S1 784 

95 765.400611 3 2.778465409 [NILKEVSNLR] PSF1 39 48 S7 45 {MYGDLGNK] PSF1 0 8 {0 0 

94 1094.299391 4 0.718144443 [GKHIWPEFPLPLPSEMEIR] CTF4 759 777 K2 760 [KDANLDYYNFNPMGIK] CTF4 670 685 K1 670 

94 729.9425375 4 -0.898538273 [SQILQYVHKITPR] MCM4 575 587 K9 583 [LINLKGLVLR] MCM4 325 334 K5 329 

94 584.0817594 4 0.174636391 [ALSLAHELKQDR] CTF4 882 893 K9 890 [KINNIR] CTF4 913 918 K1 913 

94 736.1435168 4 1.036204614 [SLYKTYVDVVHVK] MCM4 455 467 Y6 460 [BSFADKQVIK] MCM4 389 398 K6 394 

94 1182.960565 3 1.888683655 [THSFPISLANTGKFR] CTF4 461 475 T11 473 [THSFPISLANTGKFR] CTF4 461 475 K13 471 

94 553.0864258 4 1.163699913 [LINLKGLVLR] MCM4 325 334 K5 329 [VGDGMKIR] MCM7 444 451 K6 449 

93 919.7383995 4 2.431826966 [EIDYKDDVLDVILNQR] MCM7 131 146 Y4 134 [FGGLLSIQTPDKTR] TOF1 360 373 K12 371 

93 1395.751194 3 0.49627273 [LYEILTNSIAPSIFGNEDIKK] MCM5 366 386 S12 377 [FVEKVSPIAVYTSGK] MCM5 428 442 K4 431 

93 1102.262328 3 -0.689297084 [KQLLINELESTER] MCM5 631 643 K1 631 [NTLSYENIVKTVR] MCM7 758 770 K10 767 

92 570.3017511 4 -0.358157892 [NILKEVSNLR] PSF1 39 48 S7 45 {MYGDLGNK] PSF1 0 8 {0 0 

92 912.513277 3 -1.787890625 [GISKTTEGLNSGVTGLR] MCM6 425 441 S3 427 [VLKSLYK] MCM4 452 458 K3 454 

92 1089.589478 3 0.978772848 [DNMVLKLVLNFFR] TOF1 198 210 K6 203 [WFKLVDDQQKR] TOF1 61 71 K3 63 

92 591.3342018 3 -1.797692708 [STVEGIKLR] MCM6 558 566 K7 564 [SKDPK] MRC1 462 466 S1 462 

92 738.022717 3 -0.650205764 [SAIKDYATDPK] MCM4 831 841 K4 834 [KMGDDSR] MCM4 779 785 K1 779 

92 565.9795532 3 -2.045056135 [EKEHEAK] MRC1 700 706 K2 701 [IKELK] MRC1 707 711 K2 708 

92 854.1533014 3 -0.140483373 [ALSLAHELKQDR] CTF4 882 893 K9 890 [AELPSLVKK] CTF4 905 913 K8 912 

92 729.9431377 4 -0.075402398 [SQILQYVHKITPR] MCM4 575 587 K9 583 [LINLKGLVLR] MCM4 325 334 K5 329 

91 556.9816911 3 -0.845912986 [ILKSYK] MRC1 1030 1035 K3 1032 [FKEGNK] MRC1 1021 1026 K2 1022 

91 633.3628509 3 -2.078138155 [GLKLEDMAK] MRC1 496 504 K3 498 [LVKNPK] MRC1 839 844 K3 841 

91 970.8568536 3 -1.996893371 [FGGLLSIQTPDKTR] TOF1 360 373 K12 371 [LLQKEHQMR] TOF1 338 346 K4 341 

91 1067.526318 3 -2.204689272 [EMDSKFSFGQATPR] MCM7 674 687 K5 678 [TGKIDMNLVQTGK] MCM4 842 854 T11 852 

91 984.3229134 5 2.36187456 [TAIHEVMEQQTISISKAGINTTLNAR] MCM7 535 560 K16 550 [SVYTSGKASSAAGLTAAVVR] MCM6 595 614 S5 599 

91 901.4874555 4 -1.373396862 [SVYTSGKASSAAGLTAAVVR] MCM6 595 614 Y3 597 [SQFLKYVVGFAPR] MCM6 582 594 K5 586 

91 817.1142454 3 -0.610334707 [KFNISEGDITK] TOF1 622 632 K1 622 [TLVIEGKSR] TOF1 610 618 K7 616 

91 1037.55605 3 1.293467715 [DNMVLKLVLNFFR] TOF1 198 210 K6 203 [WFKLVDDQQK] TOF1 61 70 K3 63 

91 917.8663961 3 -1.207736792 [FNPLLQAGAKLAK] MCM3 625 637 K10 634 [NILKEVSNLR] PSF1 39 48 K4 42 
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91 919.7377841 4 1.762136717 [EIDYKDDVLDVILNQR] MCM7 131 146 Y4 134 [FGGLLSIQTPDKTR] TOF1 360 373 K12 371 

90 708.1365832 4 -0.441240215 [ALYALEKHETIQLR] MCM5 751 764 T10 760 [FEQELKR] MCM5 714 720 K6 719 

90 1150.866473 3 0.397251496 [GVBLIDEFDKMNDQDR] MCM2 602 617 K10 611 [BSIIAAANPNGGR] MCM2 644 656 S2 645 

90 844.4688816 3 -2.346839124 [FLPFLQKGLR] MCM6 177 186 K7 183 [VDDVTGEKVR] MCM6 103 112 K8 110 

90 631.1351677 4 -1.585409529 [TYVDVVHVKK] MCM4 459 468 K9 467 [LINLKGLVLR] MCM4 325 334 K5 329 

90 1037.556379 3 1.610706 [DNMVLKLVLNFFR] TOF1 198 210 K6 203 [WFKLVDDQQK] TOF1 61 70 K3 63 

90 649.6802222 3 -1.695149324 [EKADESLPK] MRC1 617 625 K2 618 [KSHHVK] MRC1 594 599 K1 594 

90 759.4254363 3 0.38903698 [NILKEVSNLR] PSF1 39 48 K4 42 [KNTEYLK] PSF1 49 55 K1 49 

90 802.1130622 3 0.483670127 [FLPFLQKGLR] MCM6 177 186 K7 183 [KVDDVTGEK] MCM6 102 110 T6 107 

90 707.9094735 4 1.972692607 [DPKVDHNVLLNTLR] MRC1 464 477 K3 466 [ATILNLKAR] MRC1 439 447 K7 445 

89 811.4095436 3 0.607796005 [EMVKDEHIYDK] MCM6 518 528 K4 521 [KIAEVDR] MCM6 919 925 K1 919 

89 522.6836133 3 0.646166381 [TVKILK] MRC1 1027 1032 K3 1029 [KLIAPK] MRC1 1052 1057 K1 1052 

89 608.3384 3 -0.817251493 [EKEHEAK] MRC1 700 706 K2 701 [LQLKQK] MRC1 694 699 K4 697 

89 995.1974904 3 1.193124529 [IBQTVGKTDPVLR] CSM3 114 126 K7 120 [IGSKYSLQFMK] TOF1 579 589 S3 581 

89 1225.980414 3 1.049958371 [EIDYKDDVLDVILNQR] MCM7 131 146 Y4 134 [FGGLLSIQTPDKTR] TOF1 360 373 K12 371 

88 684.051692 3 0.078711677 [KQILDHQK] MRC1 482 489 K1 482 [LSKQNQK] MRC1 448 454 K3 450 

88 591.6479025 3 0.102920074 [YVEKTAHR] MCM2 555 562 K4 558 [SKDPK] MRC1 462 466 S1 462 

88 676.9995229 3 -0.372772774 [SHESYKDTK] PSF3 180 188 Y5 184 [WMFKK} PSF3 190 195 K4 193 

88 759.4255471 3 0.534982332 [NILKEVSNLR] PSF1 39 48 K4 42 [KNTEYLK] PSF1 49 55 K1 49 

88 783.4184311 3 -2.075570837 [VPLLSSYANNLKR] MRC1 383 395 K12 394 [EIDSSK] MRC1 396 401 S4 399 

88 1011.843094 3 -2.153211896 [KDANLDYYNFNPMGIK] CTF4 670 685 K1 670 [MPVFVKSK] CTF4 778 785 K6 783 

88 680.7348022 3 -1.246624178 [ATILNLKAR] MRC1 439 447 K7 445 [LSKQNQK] MRC1 448 454 K3 450 

88 1040.917745 3 0.367467487 [LTVSGSQALVDEKIALQK] TOF1 374 391 K13 386 [NVIKHTSAR] TOF1 348 356 K4 351 

88 765.4011207 3 3.445008522 [NILKEVSNLR] PSF1 39 48 S7 45 {MYGDLGNK] PSF1 0 8 {0 0 

88 1395.752088 3 1.137064554 [LYEILTNSIAPSIFGNEDIKK] MCM5 366 386 S12 377 [FVEKVSPIAVYTSGK] MCM5 428 442 K4 431 

87 538.9820313 3 -0.65625692 [FKEGNK] MRC1 1021 1026 K2 1022 [LIAPKR] MRC1 1053 1058 K5 1057 

87 817.1141853 3 -0.684012104 [KFNISEGDITK] TOF1 622 632 K1 622 [TLVIEGKSR] TOF1 610 618 K7 616 

87 1118.260509 3 1.04363352 [ELKSFLLEYTDETGR] MCM2 210 224 S4 213 [RLEIGDDAKLVK] MRC1 830 841 K9 838 
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87 1483.359238 3 -0.566983855 [YDDLKSPGDNIDFQTTILSR] MCM5 530 549 Y1 530 [GVBLIDEFDKMNDQDR] MCM2 602 617 K10 611 

87 420.4942017 4 -2.919012163 [KTEGSHR] MRC1 1059 1065 S5 1063 [KLIAPK] MRC1 1052 1057 K1 1052 

87 742.4002822 4 1.292953807 [SKEDESPTTKIFTIIK] MCM7 734 749 T8 741 [KMLQETGK] MCM7 750 757 K1 750 

87 482.6061168 3 -2.26075627 [SDEKR] MCM4 786 790 K4 789 [KLSLR] MCM6 692 696 K1 692 

87 696.3637528 4 0.739812914 [SFKNFILEFR] MCM5 30 39 K3 32 [IQYEKTHPDR] PSF2 102 111 K5 106 

87 1099.255198 3 0.496596976 [FDLVYLVLDKVDEK] MCM4 702 715 K10 711 [TGKIDMNLVQTGK] MCM4 842 854 T1 842 

86 747.8569076 4 0.538146459 [KAPEQNHNNGKDR] MRC1 71 83 K11 81 [SEVKDNSYSEK] MRC1 106 116 K4 109 

86 586.0040344 3 0.698759517 [LSKTVNK] MCM3 717 723 T4 720 [SPQKSPK] MCM3 761 767 K4 764 

86 1102.263181 3 0.085370411 [KQLLINELESTER] MCM5 631 643 K1 631 [NTLSYENIVKTVR] MCM7 758 770 K10 767 

86 1025.195823 3 -2.597722656 [AIKVVVDSFVDAQK] MCM2 837 850 K3 839 [LHQMDMDKVSR] MCM2 778 788 K8 785 

86 765.3969151 3 -2.054484749 [NILKEVSNLR] PSF1 39 48 S7 45 {MYGDLGNK] PSF1 0 8 {0 0 

86 676.9996893 3 -0.126822062 [SHESYKDTK] PSF3 180 188 Y5 184 [WMFKK} PSF3 190 195 K4 193 

86 470.0241099 4 0.197690597 [TDINDKFK] MRC1 1015 1022 K6 1020 [TVKILK] MRC1 1027 1032 K3 1029 

85 964.8546127 3 -2.936969836 [VHKTHSFPISLANTGK] CTF4 458 473 K3 460 [SKLLEENK] CTF4 784 791 S1 784 

85 776.1046169 3 -2.469905745 [TVGSSKASITYMGK] MRC1 1036 1049 K6 1041 [TVKILK] MRC1 1027 1032 K3 1029 

85 1225.981373 3 1.832423576 [EIDYKDDVLDVILNQR] MCM7 131 146 Y4 134 [FGGLLSIQTPDKTR] TOF1 360 373 K12 371 

85 596.3187726 3 -3.485239487 [LVDDQQKR] TOF1 64 71 K7 70 [KSMPK] TOF1 226 230 K1 226 

85 649.6815196 3 0.303955254 [EKADESLPK] MRC1 617 625 K2 618 [KSHHVK] MRC1 594 599 K1 594 

85 538.9819203 3 -0.862624979 [FKEGNK] MRC1 1021 1026 K2 1022 [LIAPKR] MRC1 1053 1058 K5 1057 

85 780.128769 3 0.570144588 [ALTAAVKISER] CTF4 894 904 K7 900 [AELPSLVKK] CTF4 905 913 S5 909 

85 528.3348621 3 0.619176356 [LQLKQK] MRC1 694 699 K4 697 [IKELK] MRC1 707 711 K2 708 

84 1001.215105 3 -1.643699839 [ELGIIFDKNLDR] CDC45 387 398 K8 394 [LYPLLQDEVKR] CDC45 291 301 K10 300 

84 800.8995548 4 1.540938068 [EMDSKFSFGQATPR] MCM7 674 687 K5 678 [TGKIDMNLVQTGK] MCM4 842 854 T11 852 

84 631.1371282 4 1.524600166 [TYVDVVHVKK] MCM4 459 468 K9 467 [LINLKGLVLR] MCM4 325 334 K5 329 

83 540.6367723 3 1.22926428 [LKBAPR] MCM5 608 613 K2 609 [EIYKK] PSF3 175 179 K4 178 

83 663.3318535 3 0.832553225 {MYGDLGNK] PSF1 0 8 {0 0 [KNTEYLK] PSF1 49 55 K1 49 

83 797.4105295 4 0.35669766 [VHKTHSFPISLANTGK] CTF4 458 473 T4 461 [KPHNEHSYSR] CTF4 448 457 K1 448 

83 800.8965578 4 -2.204661152 [EMDSKFSFGQATPR] MCM7 674 687 K5 678 [TGKIDMNLVQTGK] MCM4 842 854 T11 852 
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83 811.6353245 4 1.831618418 [ESLYQETNKSKEDESPTTK] MCM7 725 743 T17 741 [NDDNTKK] MCM3 688 694 K6 693 

83 1094.2997 4 1.000366475 [GKHIWPEFPLPLPSEMEIR] CTF4 759 777 K2 760 [KDANLDYYNFNPMGIK] CTF4 670 685 K1 670 

82 806.1381836 4 -3.422832288 [EMDSKFSFGQATPR] MCM7 674 687 K5 678 [VSKESLYQETNK] MCM7 722 733 S2 723 

82 490.6297183 3 -3.561535108 [LIAPKR] MRC1 1053 1058 K5 1057 [TKSNK] MRC1 1081 1085 K2 1082 

82 618.3636216 3 1.118523823 [SYKTVGSSK] MRC1 1033 1041 K3 1035 [TVKILK] MRC1 1027 1032 T1 1027 

82 575.3579712 3 0.710468577 [LIKHLR] CDC45 518 523 K3 520 [TKIYPK] MCM2 772 777 T1 772 

82 688.0750523 3 0.635754659 [mLSLLFKK] CDC45 44 51 K7 50 [KVELLNR] CDC45 488 494 K1 488 

82 841.1793202 3 0.225482737 [TYVDVVHVKK] MCM4 459 468 K9 467 [LINLKGLVLR] MCM4 325 334 K5 329 

82 546.5888672 3 -1.663084471 [KMGDDSR] MCM4 779 785 K1 779 [SDEKR] MCM4 786 790 K4 789 

82 928.1500908 3 1.651736271 [SFKNFILEFR] MCM5 30 39 K3 32 [IQYEKTHPDR] PSF2 102 111 K5 106 

81 570.5434502 4 0.259644819 [DYATDPKTGK] MCM4 835 844 K7 841 [KLQEDLSR] MCM4 860 867 K1 860 

81 764.1776758 4 1.124335236 [SKDPKVDHNVLLNTLR] MRC1 462 477 T14 475 [KQILDHQK] MRC1 482 489 K1 482 

81 804.9476412 4 -1.612043148 [VHKTHSFPISLANTGK] CTF4 458 473 K3 460 [LLEENKAILNK] CTF4 786 796 K6 791 

81 759.4256344 3 0.650096418 [NILKEVSNLR] PSF1 39 48 K4 42 [KNTEYLK] PSF1 49 55 K1 49 

81 841.1794047 3 0.325941815 [TYVDVVHVKK] MCM4 459 468 K9 467 [LINLKGLVLR] MCM4 325 334 K5 329 

81 1395.751868 3 0.979456129 [LYEILTNSIAPSIFGNEDIKK] MCM5 366 386 S12 377 [FVEKVSPIAVYTSGK] MCM5 428 442 K4 431 

81 977.8712098 3 0.63923816 {MYGDLGNKLVLEAK] PSF1 0 14 K8 8 [NILKEVSNLR] PSF1 39 48 K4 42 

80 540.6352539 3 -1.582692705 [LKBAPR] MCM5 608 613 K2 609 [EIYKK] PSF3 175 179 K4 178 

80 585.6657858 3 1.629423372 [TKQLYAR] PSF1 16 22 Y5 20 [EIYKK] PSF3 175 179 K4 178 

80 540.6357313 3 -0.698509254 [LKBAPR] MCM5 608 613 K2 609 [EIYKK] PSF3 175 179 K4 178 

80 765.4000159 3 2.000348276 [NILKEVSNLR] PSF1 39 48 K4 42 {mYGDLGNK] PSF1 0 8 {0 0 

80 652.7138872 3 -2.34441309 [TFKPILTK] MCM6 760 767 K3 762 [YIKYAR] MCM6 754 759 K3 756 

80 1203.307331 3 -1.598752212 [VHKTHSFPISLANTGK] CTF4 458 473 T4 461 [THSFPISLANTGKFR] CTF4 461 475 K13 473 

80 928.1461876 3 -2.55662328 [SFKNFILEFR] MCM5 30 39 K3 32 [IQYEKTHPDR] PSF2 102 111 K5 106 

80 1133.370921 4 1.708534416 [SVLHEVMEQQTISIAKAGIITTLNAR] MCM4 643 668 K16 658 [SQFLKYVVGFAPR] MCM6 582 594 K5 586 

80 715.7597479 3 0.245004732 [STVEGIKLR] MCM6 558 566 K7 564 [TFKPILTK] MCM6 760 767 K3 762 

80 759.425995 3 1.125370624 [NILKEVSNLR] PSF1 39 48 K4 42 [KNTEYLK] PSF1 49 55 K1 49 

80 1139.624041 3 1.153647736 [ALYALEKHETIQLR] MCM5 751 764 K7 757 [NTLSYENIVKTVR] MCM7 758 770 K10 767 
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80 1051.546215 4 3.196556951 [YDDLKSPGDNIDFQTTILSR] MCM5 530 549 Y1 530 [FSQLALDKALYALEK] MCM5 743 757 K8 750 

79 660.3784298 3 -0.575119031 [LLQKEHQMR] TOF1 338 346 K4 341 [KNVIK] TOF1 347 351 K1 347 

79 470.0237122 4 -0.649862838 [TDINDKFK] MRC1 1015 1022 K6 1020 [TVKILK] MRC1 1027 1032 K3 1029 

79 540.3237101 3 2.414894911 [FKEGNK] MRC1 1021 1026 K2 1022 [TVKILK] MRC1 1027 1032 K3 1029 

79 898.9261567 4 -1.081125226 [SDAAYFKDLDNNASDK] TOF1 984 999 K7 990 [KYVSQFSDYFLAR] TOF1 736 748 K1 736 

79 553.0855569 4 -0.409388335 [LINLKGLVLR] MCM4 325 334 K5 329 [VGDGMKIR] MCM7 444 451 K6 449 

79 1099.239976 3 1.903701723 [DNMVLKLVLNFFR] TOF1 198 210 K6 203 [EIQSELASEDSKR] MRC1 293 305 S8 300 

79 630.040218 3 0.329112861 [KPQKPIPTK] MRC1 315 323 K4 318 [KFFSK] MRC1 324 328 K1 324 

79 663.8763724 4 0.18888712 [ALYALEKHETIQLR] MCM5 751 764 K7 757 [KSPITAR] MCM3 694 700 K1 694 

78 764.1759699 4 -1.110187618 [SKDPKVDHNVLLNTLR] MRC1 462 477 K5 466 [KQILDHQK] MRC1 482 489 K1 482 

78 1023.857388 3 -0.766494817 [FGGLLSIQTPDKTR] TOF1 360 373 K12 371 [NDIHTSDLSSPR] MCM4 136 147 T5 140 

78 943.8470883 3 0.339229878 [ALYALEKHETIQLR] MCM5 751 764 K7 757 [FEQELKR] MCM5 714 720 K6 719 

78 759.4254539 3 0.412131854 [NILKEVSNLR] PSF1 39 48 K4 42 [KNTEYLK] PSF1 49 55 K1 49 

78 941.724635 4 0.267968395 [TSEVRPELYKASFTBDMBR] MCM6 297 315 T1 297 [FLPFLQKGLR] MCM6 177 186 K7 183 

78 1081.901307 3 -0.478313372 [THSFPISLANTGKFR] CTF4 461 475 K13 473 [THSFPISLANTGK] CTF4 461 473 S7 467 

77 1036.032556 4 -0.095501002 [YDDLKSPGDNIDFQTTILSR] MCM5 530 549 S19 548 [VVVDSFVDAQKVSVR] MCM2 840 854 K11 850 

77 797.4113365 4 1.369700555 [VHKTHSFPISLANTGK] CTF4 458 473 T4 461 [KPHNEHSYSR] CTF4 448 457 K1 448 

77 902.734257 4 0.551642677 [VHKTHSFPISLANTGK] CTF4 458 473 T4 461 [THSFPISLANTGKFR] CTF4 461 475 K13 473 

77 727.3694738 5 0.828662427 [SKEDESPTTKIFTIIK] MCM7 734 749 K10 743 [EMDSKFSFGQATPR] MCM7 674 687 S4 677 

77 1395.748718 3 -1.278930418 [LYEILTNSIAPSIFGNEDIKK] MCM5 366 386 S12 377 [FVEKVSPIAVYTSGK] MCM5 428 442 K4 431 

76 715.7584241 3 -1.606187056 [STVEGIKLR] MCM6 558 566 K7 564 [TFKPILTK] MCM6 760 767 K3 762 

76 897.4658173 4 -0.194148532 [LFASABSDQNVEKALSLAHELK] CTF4 869 890 K13 881 [SKLLEENK] CTF4 784 791 S1 784 

76 977.8683991 3 -2.237014234 {MYGDLGNKLVLEAK] PSF1 0 14 K8 8 [NILKEVSNLR] PSF1 39 48 K4 42 

76 913.2128455 4 0.82387409 [SBIELTHSVLKVLEQYSDDK] TOF1 590 609 K11 600 [SKIDNSADIK] TOF1 490 499 S1 490 

76 1168.134752 4 -0.056757474 [SAYDLKNWTVTHAGMIAFNELLNLVSR] TOF1 519 545 S26 544 [IQLLSNLPKIGSK] TOF1 570 582 K9 578 

76 427.496964 4 3.81E-04 [KTEGSHR] MRC1 1059 1065 S5 1063 [LIAPKR] MRC1 1053 1058 K5 1057 

76 760.3962771 3 1.874253338 [ASITYMGKTR] MRC1 1042 1051 K8 1049 [SYKTVGSSK] MRC1 1033 1041 K3 1035 

76 1203.309954 3 0.582131181 [VHKTHSFPISLANTGK] CTF4 458 473 K3 460 [THSFPISLANTGKFR] CTF4 461 475 S7 467 
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76 1067.530193 3 1.42738056 [EMDSKFSFGQATPR] MCM7 674 687 K5 678 [TGKIDMNLVQTGK] MCM4 842 854 T11 852 

76 1001.215142 3 -1.606969745 [ELGIIFDKNLDR] CDC45 387 398 K8 394 [LYPLLQDEVKR] CDC45 291 301 K10 300 

75 783.764 3 -0.484889514 [QNQKLSQRPNK] MRC1 451 461 K4 454 [YIKYAR] MCM6 754 759 K3 756 

75 786.654605 4 -0.90319477 [EDESPTTKIFTIIK] MCM7 736 749 K8 743 [ESLYQETNKSK] MCM7 725 735 T7 731 

75 777.1024296 3 -2.540264651 [VPLLSSYANNLKR] MRC1 383 395 K12 394 [INEKR] MRC1 378 382 K4 381 

75 625.3237849 3 -4.597293807 [SYKTVGSSK] MRC1 1033 1041 K3 1035 [FKEGNK] MRC1 1021 1026 K2 1022 

75 687.0172729 3 -2.024922069 [KLQEDLSR] MCM4 860 867 K1 860 [VDEKNDR] MCM4 712 718 K4 715 

75 747.8569483 4 0.592683866 [KAPEQNHNNGKDR] MRC1 71 83 K11 81 [SEVKDNSYSEK] MRC1 106 116 K4 109 

75 1196.28634 3 0.649662962 [LFASABSDQNVEKALSLAHELK] CTF4 869 890 K13 881 [SKLLEENK] CTF4 784 791 S1 784 

75 1248.671616 3 1.638215683 [FSAFQEBKIQELSQQVPVGHIPR] MCM7 307 329 S13 319 [VLKSLYK] MCM4 452 458 K3 454 

74 699.7439167 3 2.784022565 [ATILNLKAR] MRC1 439 447 K7 445 [LHKMFAR] CDC45 359 365 K3 361 

74 964.8557965 3 -1.709161519 [VHKTHSFPISLANTGK] CTF4 458 473 S10 467 [SKLLEENK] CTF4 784 791 K2 785 

74 794.7782207 3 -2.13778156 [SQILQYVHKITPR] MCM4 575 587 K9 583 [VSDKR] MCM4 469 473 K4 472 

74 590.0043288 3 0.333603237 [ILFNKAK] PSF2 125 131 K5 129 [WMFKK} PSF3 190 195 K4 193 

74 637.3807373 3 -2.318897367 [EVIETKGLK] MRC1 490 498 T5 494 [LVKNPK] MRC1 839 844 K3 841 

74 1193.261319 3 1.745769303 [SDAAYFKDLDNNASDK] TOF1 984 999 K7 990 [DNMVLKLVLNFFR] TOF1 198 210 K6 203 

74 777.1046702 3 0.345498728 [VPLLSSYANNLKR] MRC1 383 395 K12 394 [INEKR] MRC1 378 382 K4 381 

74 1008.174556 3 2.600749809 [LGDDBLABLKDLK] TOF1 47 59 K10 56 [WFKLVDDQQK] TOF1 61 70 K3 63 

74 913.2139484 4 2.032500676 [SBIELTHSVLKVLEQYSDDK] TOF1 590 609 K11 600 [SKIDNSADIK] TOF1 490 499 S1 490 

73 642.9946407 3 1.326066745 [KDDAQGFSR] MCM6 782 790 K1 782 [YKELR] MCM6 777 781 K2 778 

73 897.1389811 3 0.785940403 [EIQSELASEDSKR] MRC1 293 305 S8 300 [TLVIEGKSR] TOF1 610 618 K7 616 

73 1048.537048 3 -0.9032234 [EDESPTTKIFTIIK] MCM7 736 749 K8 743 [ESLYQETNKSK] MCM7 725 735 T7 731 

73 1193.988172 3 -0.761714557 [IDMNLVQTGKSVIQR] MCM4 845 859 K10 854 [LQQEDKVIVLGEGVR] MCM4 910 924 K6 915 

73 574.6636963 3 -1.785529556 [EGNKTVK] MRC1 1023 1029 K4 1026 [ILKSYK] MRC1 1030 1035 K3 1032 

73 913.2139043 4 1.984243782 [SBIELTHSVLKVLEQYSDDK] TOF1 590 609 K11 600 [SKIDNSADIK] TOF1 490 499 S1 490 

73 1168.13392 4 -0.769277084 [SAYDLKNWTVTHAGMIAFNELLNLVSR] TOF1 519 545 S26 544 [IQLLSNLPKIGSK] TOF1 570 582 K9 578 

73 1037.555726 3 0.9811028 [DNMVLKLVLNFFR] TOF1 198 210 K6 203 [WFKLVDDQQK] TOF1 61 70 K3 63 

73 759.4249446 3 -0.259056491 [NILKEVSNLR] PSF1 39 48 K4 42 [KNTEYLK] PSF1 49 55 K1 49 
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73 826.9403831 4 -1.204445844 [VHKTHSFPISLANTGK] CTF4 458 473 K3 460 [THSFPISLANTGK] CTF4 461 473 T1 461 

73 1123.953846 3 1.577914376 [SIAPSIYELEDVKK] MCM4 525 538 K13 537 [SQILQYVHKITPR] MCM4 575 587 K9 583 

72 797.4091905 4 -1.324069613 [VHKTHSFPISLANTGK] CTF4 458 473 S6 463 [KPHNEHSYSR] CTF4 448 457 K1 448 

72 1081.899936 3 -1.746408654 [THSFPISLANTGKFR] CTF4 461 475 K13 473 [THSFPISLANTGK] CTF4 461 473 S7 467 

72 943.2201973 3 0.575804035 [VIISEDFVQKSLSFLK] MRC1 908 923 K10 917 [LIKHLR] CDC45 518 523 K3 520 

72 642.9928553 3 -1.453540378 [KDDAQGFSR] MCM6 782 790 K1 782 [YKELR] MCM6 777 781 K2 778 

72 713.7354736 3 -0.091071775 [IQYEKTHPDR] PSF2 102 111 K5 106 [VLKGLK] PSF2 156 161 K3 158 

72 1047.0434 4 1.91962214 [VAWHPKGLHFALPBADDTVK] CTF4 235 254 K6 240 [GYSLQKTLSTNLSSTK] CTF4 260 275 K6 265 

72 630.040498 3 0.773955102 [KPQKPIPTK] MRC1 315 323 K4 318 [KFFSK] MRC1 324 328 K1 324 

72 680.7362991 3 0.954418879 [ATILNLKAR] MRC1 439 447 K7 445 [LSKQNQK] MRC1 448 454 S2 449 

72 826.9410268 4 -0.42536146 [VHKTHSFPISLANTGK] CTF4 458 473 K3 460 [THSFPISLANTGK] CTF4 461 473 T1 461 

72 1395.723457 3 2.886747954 [VAWHPKGLHFALPBADDTVK] CTF4 235 254 K6 240 [GYSLQKTLSTNLSSTK] CTF4 260 275 Y2 261 

72 1193.993324 3 3.55570753 [IDMNLVQTGKSVIQR] MCM4 845 859 K10 854 [LQQEDKVIVLGEGVR] MCM4 910 924 K6 915 

71 617.0222427 3 -1.080196669 [SYKTVGSSK] MRC1 1033 1041 K3 1035 [LIAPKR] MRC1 1053 1058 K5 1057 

71 614.6941876 3 -0.802570802 [SKLLEENK] CTF4 784 791 S1 784 [AILNKK] CTF4 792 797 K5 796 

71 778.074646 3 -1.040575523 [YVKFNBLK] MCM2 336 343 K3 338 [VNGEKTVYR] MCM2 375 383 K5 379 

71 913.2097725 4 -2.54398216 [SBIELTHSVLKVLEQYSDDK] TOF1 590 609 K11 600 [SKIDNSADIK] TOF1 490 499 S1 490 

71 711.7255354 3 -3.849482503 [LSLWNENGKK] CDC45 348 357 K9 356 [TKIYPK] MCM2 772 777 T1 772 

71 652.7133507 3 -3.167082072 [TFKPILTK] MCM6 760 767 K3 762 [YIKYAR] MCM6 754 759 K3 756 

71 902.7315139 4 -2.489628171 [VHKTHSFPISLANTGK] CTF4 458 473 K3 460 [THSFPISLANTGKFR] CTF4 461 475 T11 471 

71 1211.605442 3 -3.71096769 [SKEDESPTTKIFTIIK] MCM7 734 749 K10 743 [EMDSKFSFGQATPR] MCM7 674 687 S4 677 

71 1008.170618 3 -1.307650465 [LGDDBLABLKDLK] TOF1 47 59 K10 56 [WFKLVDDQQK] TOF1 61 70 K3 63 

71 1047.06492 4 0.214943578 [LYEILTNSIAPSIFGNEDIKK] MCM5 366 386 S12 377 [FVEKVSPIAVYTSGK] MCM5 428 442 K4 431 

71 659.0168105 3 0.160154053 [EKADESLPKR] MRC1 617 626 K9 625 [SHHVK] MRC1 595 599 S1 595 

71 504.2876045 3 0.481087359 [TTTYKK] MRC1 17 22 K5 21 [LEGKK] MRC1 67 71 K4 70 

71 1196.287516 3 1.633278022 [LFASABSDQNVEKALSLAHELK] CTF4 869 890 K13 881 [SKLLEENK] CTF4 784 791 S1 784 

70 580.3317415 3 -0.193285645 [KSPITAR] MCM3 694 700 K1 694 [SPQKSPK] MCM3 761 767 K4 764 

70 567.3200846 3 0.43789634 [LSKQNQK] MRC1 448 454 K3 450 [INEKR] MRC1 378 382 K4 381 
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70 715.7595254 3 -0.066057137 [STVEGIKLR] MCM6 558 566 K7 564 [TFKPILTK] MCM6 760 767 K3 762 

70 778.0748368 3 -0.79508279 [YVKFNBLK] MCM2 336 343 K3 338 [VNGEKTVYR] MCM2 375 383 K5 379 

70 1395.749621 3 -0.631152237 [LYEILTNSIAPSIFGNEDIKK] MCM5 366 386 S12 377 [FVEKVSPIAVYTSGK] MCM5 428 442 K4 431 

70 919.7405197 4 4.738893676 [EIDYKDDVLDVILNQR] MCM7 131 146 Y4 134 [FGGLLSIQTPDKTR] TOF1 360 373 K12 371 

70 913.2139589 4 2.04409844 [SBIELTHSVLKVLEQYSDDK] TOF1 590 609 K11 600 [SKIDNSADIK] TOF1 490 499 S1 490 

70 708.1369393 4 0.062095208 [ALYALEKHETIQLR] MCM5 751 764 K7 757 [FEQELKR] MCM5 714 720 K6 719 

70 532.0187908 3 0.248632122 [TVKILK] MRC1 1027 1032 K3 1029 [LIAPKR] MRC1 1053 1058 K5 1057 

69 642.9952393 3 2.257895748 [KDDAQGFSR] MCM6 782 790 K1 782 [YKELR] MCM6 777 781 K2 778 

69 751.0539189 3 0.490243374 [LEEMEKEIYK] PSF3 169 178 Y9 177 [LKBAPR] MCM5 608 613 K2 609 

69 1123.9501 3 -1.756542587 [SIAPSIYELEDVKK] MCM4 525 538 Y7 531 [SQILQYVHKITPR] MCM4 575 587 K9 583 

69 1066.87263 3 -2.27206666 [KYVSQFSDYFLAR] TOF1 736 748 K1 736 [FRELEDDSIKK] TOF1 682 692 K10 691 

69 590.0041917 3 0.10087681 [ILFNKAK] PSF2 125 131 K5 129 [WMFKK} PSF3 190 195 K4 193 

69 682.7435669 3 0.864805999 [MLSLLFKK] CDC45 44 51 K7 50 [KVELLNR] CDC45 488 494 K1 488 

69 632.5687256 4 -0.79161443 [AKDDFHDPIHELR] PSF2 130 142 K2 131 [WMFKK} PSF3 190 195 K4 193 

69 897.4672013 4 1.349232357 [LFASABSDQNVEKALSLAHELK] CTF4 869 890 K13 881 [SKLLEENK] CTF4 784 791 S1 784 

68 664.6658512 3 0.764519576 [KLQEDLSR] MCM4 860 867 K1 860 [KMGDDSR] MCM4 779 785 K1 779 

68 897.1386714 3 0.440451162 [EIQSELASEDSKR] MRC1 293 305 S8 300 [TLVIEGKSR] TOF1 610 618 K7 616 

68 854.1527104 3 -0.832996289 [ALSLAHELKQDR] CTF4 882 893 K9 890 [AELPSLVKK] CTF4 905 913 K8 912 

68 1196.282525 3 -2.540650747 [LFASABSDQNVEKALSLAHELK] CTF4 869 890 K13 881 [SKLLEENK] CTF4 784 791 S1 784 

68 1017.553698 4 1.910524057 [KLSDEPSDIIPLFETAITQVAKR] MCM5 78 100 K22 99 [SFKNFILEFR] MCM5 30 39 K3 32 

68 614.3412086 3 -1.970940857 [TVNKVDAK] MCM3 720 727 K4 723 [SPQKSPK] MCM3 761 767 K4 764 

68 715.7589722 3 -0.839762087 [STVEGIKLR] MCM6 558 566 K7 564 [TFKPILTK] MCM6 760 767 K3 762 

68 895.744379 4 0.837099747 [IDMNLVQTGKSVIQR] MCM4 845 859 S11 855 [LQQEDKVIVLGEGVR] MCM4 910 924 K6 915 

68 794.7806104 3 0.871467165 [SQILQYVHKITPR] MCM4 575 587 K9 583 [VSDKR] MCM4 469 473 K4 472 

68 733.6556928 4 1.275606767 {MYGDLGNKLVLEAK] PSF1 0 14 K8 8 [NILKEVSNLR] PSF1 39 48 K4 42 

67 889.1293958 3 2.146141886 [FRELEDDSIKK] TOF1 682 692 K10 691 [SKIDNSADIK] TOF1 490 499 S1 490 

67 649.6815272 3 0.315629441 [EKADESLPK] MRC1 617 625 K2 618 [KSHHVK] MRC1 594 599 K1 594 

67 657.3336524 3 -0.072025878 [SHESYKDTK] PSF3 180 188 S4 183 [EIYKK] PSF3 175 179 K4 178 
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67 736.1417647 4 -1.3463264 [SLYKTYVDVVHVK] MCM4 455 467 T5 459 [BSFADKQVIK] MCM4 389 398 K6 394 

67 977.8702629 3 -0.329721395 {MYGDLGNKLVLEAK] PSF1 0 14 K8 8 [NILKEVSNLR] PSF1 39 48 K4 42 

67 884.6673705 4 -0.714344371 [TSEVRPELYKASFTBDMBR] MCM6 297 315 K10 306 [KVDDVTGEK] MCM6 102 110 K1 102 

67 977.8708114 3 0.231580192 {MYGDLGNKLVLEAK] PSF1 0 14 K8 8 [NILKEVSNLR] PSF1 39 48 K4 42 

67 1395.722647 3 2.305640703 [VAWHPKGLHFALPBADDTVK] CTF4 235 254 K6 240 [GYSLQKTLSTNLSSTK] CTF4 260 275 Y2 261 

66 1134.517488 3 0.192230696 [SNNYEDFETDKELSR] MRC1 924 938 S14 937 [LHQMDMDKVSR] MCM2 778 788 K8 785 

66 574.6636963 3 -1.785529556 [EGNKTVK] MRC1 1023 1029 K4 1026 [ILKSYK] MRC1 1030 1035 K3 1032 

66 634.049372 3 -2.252141682 [KVELLNR] CDC45 488 494 K1 488 [ILFNKAK] PSF2 125 131 K5 129 

66 777.1028735 3 -1.968544918 [VPLLSSYANNLKR] MRC1 383 395 K12 394 [INEKR] MRC1 378 382 K4 381 

66 1395.718123 3 -0.937189717 [VAWHPKGLHFALPBADDTVK] CTF4 235 254 K6 240 [GYSLQKTLSTNLSSTK] CTF4 260 275 S14 273 

66 1193.988133 3 -0.794396604 [IDMNLVQTGKSVIQR] MCM4 845 859 S11 855 [LQQEDKVIVLGEGVR] MCM4 910 924 K6 915 

66 1201.64845 3 -0.59532645 [SVYTSGKASSAAGLTAAVVR] MCM6 595 614 S9 603 [SQFLKYVVGFAPR] MCM6 582 594 K5 586 

66 810.3884221 3 -0.281159994 [EMDSKFSFGQATPR] MCM7 674 687 T12 685 [QDSKR] MCM7 669 673 K4 672 

66 567.3196515 3 -0.326322437 [LSKQNQK] MRC1 448 454 K3 450 [INEKR] MRC1 378 382 K4 381 

66 913.212304 4 0.2303424 [SBIELTHSVLKVLEQYSDDK] TOF1 590 609 K11 600 [SKIDNSADIK] TOF1 490 499 S1 490 

66 913.2122887 4 0.213664903 [SBIELTHSVLKVLEQYSDDK] TOF1 590 609 K11 600 [SKIDNSADIK] TOF1 490 499 S1 490 

66 556.9820083 3 -0.275709343 [ILKSYK] MRC1 1030 1035 K3 1032 [FKEGNK] MRC1 1021 1026 K2 1022 

66 948.8501219 3 -0.29478975 [FVEKVSPIAVYTSGK] MCM5 428 442 K4 431 [NVNGKHSIR] MCM2 526 534 S7 532 

66 1008.173914 3 1.964316253 [LGDDBLABLKDLK] TOF1 47 59 K10 56 [WFKLVDDQQK] TOF1 61 70 K3 63 

65 608.338547 3 -0.575326042 [EKEHEAK] MRC1 700 706 K2 701 [LQLKQK] MRC1 694 699 K4 697 

65 663.8763511 4 0.156834147 [ALYALEKHETIQLR] MCM5 751 764 K7 757 [KSPITAR] MCM3 694 700 K1 694 

65 525.2983398 4 -0.569176534 [LSQRPNKSK] MRC1 455 463 K7 461 [LSKQNQK] MRC1 448 454 K3 450 

65 760.0670955 3 0.325881978 [NILKEVSNLR] PSF1 39 48 K4 42 {MYGDLGNK] PSF1 0 8 {0 0 

65 1011.843117 3 -2.130317612 [KDANLDYYNFNPMGIK] CTF4 670 685 K1 670 [MPVFVKSK] CTF4 778 785 K6 783 

65 1008.171035 3 -0.893734092 [LGDDBLABLKDLK] TOF1 47 59 K10 56 [WFKLVDDQQK] TOF1 61 70 K3 63 

65 715.760178 3 0.846505755 [STVEGIKLR] MCM6 558 566 K7 564 [TFKPILTK] MCM6 760 767 T1 760 

65 1201.650944 3 1.481787804 [SVYTSGKASSAAGLTAAVVR] MCM6 595 614 K7 601 [SQFLKYVVGFAPR] MCM6 582 594 S1 582 

65 617.0221729 3 -1.193444014 [SYKTVGSSK] MRC1 1033 1041 K3 1035 [LIAPKR] MRC1 1053 1058 K5 1057 
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64 965.8194895 3 0.97962526 [KYVSQFSDYFLAR] TOF1 736 748 K1 736 [ELEDDSIKK] TOF1 684 692 K8 691 

64 630.040156 3 0.230469063 [KPQKPIPTK] MRC1 315 323 K4 318 [KFFSK] MRC1 324 328 S4 327 

64 674.0499996 3 -0.863595559 [ASITYMGKTR] MRC1 1042 1051 K8 1049 [LIAPKR] MRC1 1053 1058 K5 1057 

64 1017.552731 4 0.959667699 [KLSDEPSDIIPLFETAITQVAKR] MCM5 78 100 K22 99 [SFKNFILEFR] MCM5 30 39 K3 32 

64 819.4169818 3 1.084407025 [ESLYQETNKSK] MCM7 725 735 S10 734 [KMLQETGK] MCM7 750 757 K1 750 

64 657.3338209 3 0.184468231 [SHESYKDTK] PSF3 180 188 T8 187 [EIYKK] PSF3 175 179 K4 178 

64 777.1050333 3 0.813046647 [VPLLSSYANNLKR] MRC1 383 395 K12 394 [INEKR] MRC1 378 382 K4 381 

64 682.7439276 3 1.393649686 [MLSLLFKK] CDC45 44 51 K7 50 [KVELLNR] CDC45 488 494 K1 488 

64 1047.065546 4 0.813076361 [LYEILTNSIAPSIFGNEDIKK] MCM5 366 386 S12 377 [FVEKVSPIAVYTSGK] MCM5 428 442 K4 431 

64 1081.902647 3 0.760611348 [THSFPISLANTGKFR] CTF4 461 475 K13 473 [THSFPISLANTGK] CTF4 461 473 S7 467 

64 1395.724245 3 3.451506339 [VAWHPKGLHFALPBADDTVK] CTF4 235 254 K6 240 [GYSLQKTLSTNLSSTK] CTF4 260 275 Y2 261 

64 1157.57367 3 0.444399438 [KDANLDYYNFNPMGIK] CTF4 670 685 K1 670 [THSFPISLANTGK] CTF4 461 473 T1 461 

63 607.6588936 3 0.435604886 [LVDDQQKR] TOF1 64 71 K7 70 [SFKSR] MCM6 91 95 K3 93 

63 614.3426036 3 0.302159693 [TVNKVDAK] MCM3 720 727 K4 723 [SPQKSPK] MCM3 761 767 K4 764 

63 590.3459182 3 -2.688585427 [ATILNLKAR] MRC1 439 447 K7 445 [SKDPK] MRC1 462 466 S1 462 

63 948.8482668 3 -2.251236388 [FVEKVSPIAVYTSGK] MCM5 428 442 K4 431 [NVNGKHSIR] MCM2 526 534 K5 530 

63 895.7445624 4 1.041987544 [IDMNLVQTGKSVIQR] MCM4 845 859 S11 855 [LQQEDKVIVLGEGVR] MCM4 910 924 K6 915 

63 777.1050595 3 0.846859344 [VPLLSSYANNLKR] MRC1 383 395 K12 394 [INEKR] MRC1 378 382 K4 381 

63 967.5244853 3 -1.366298749 [FNPLLQAGAKLAK] MCM3 625 637 K10 634 [NKGNYNGTEIPK] MCM3 638 649 K2 639 

63 977.8726113 3 2.073421748 {MYGDLGNKLVLEAK] PSF1 0 14 K8 8 [NILKEVSNLR] PSF1 39 48 K4 42 

63 600.9746309 3 0.393984297 [NDDNTKK] MCM3 688 694 T5 692 [SPQKSPK] MCM3 761 767 K4 764 

63 526.9606648 3 -2.293910118 [LIAPKR] MRC1 1053 1058 K5 1057 [TEGSHR] MRC1 1060 1065 S4 1063 

63 810.3869157 3 -2.14151376 [EMDSKFSFGQATPR] MCM7 674 687 T12 685 [QDSKR] MCM7 669 673 K4 672 

63 948.8491449 3 -1.325131456 [FVEKVSPIAVYTSGK] MCM5 428 442 K4 431 [NVNGKHSIR] MCM2 526 534 K5 530 

63 895.7454242 4 2.004952643 [IDMNLVQTGKSVIQR] MCM4 845 859 S11 855 [LQQEDKVIVLGEGVR] MCM4 910 924 K6 915 

62 764.175048 4 -2.317873449 [SKDPKVDHNVLLNTLR] MRC1 462 477 K5 466 [KQILDHQK] MRC1 482 489 K1 482 

62 943.8461483 3 -0.657407419 [ALYALEKHETIQLR] MCM5 751 764 K7 757 [FEQELKR] MCM5 714 720 K6 719 

62 832.7719244 3 1.272466629 [VVVDSFVDAQKVSVR] MCM2 840 854 K11 850 [YDDLK] MCM5 530 534 Y1 530 
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62 708.1350447 4 -2.616250925 [ALYALEKHETIQLR] MCM5 751 764 T10 760 [FEQELKR] MCM5 714 720 K6 719 

62 1048.260131 3 -2.020901437 [LSKDESVLPISQLSK] MRC1 424 438 S2 425 [TFKPILTKEAR] MCM6 760 770 K8 767 

62 1017.554225 4 2.428963899 [KLSDEPSDIIPLFETAITQVAKR] MCM5 78 100 K22 99 [SFKNFILEFR] MCM5 30 39 S1 30 

62 817.1151589 3 0.508563374 [KFNISEGDITK] TOF1 622 632 K1 622 [TLVIEGKSR] TOF1 610 618 K7 616 

62 650.6521117 3 0.374118862 [SKEDESPTTK] MCM7 734 743 T8 741 [QDSKR] MCM7 669 673 K4 672 

62 704.051185 3 1.262120646 [QNQKLSQRPNK] MRC1 451 461 K4 454 [SKDPK] MRC1 462 466 S1 462 

62 618.3638318 3 1.458854696 [SYKTVGSSK] MRC1 1033 1041 K3 1035 [TVKILK] MRC1 1027 1032 K3 1029 

62 843.4542827 3 2.211981636 [ITQGSSSTTHR] SLD5 24 34 S5 28 [ALTAAVKISER] CTF4 894 904 K7 900 

62 924.7474163 4 1.133013107 [TSIHEAMEQQSISISKAGIVTTLQAR] MCM2 618 643 K16 633 [KDPITK] MCM2 582 587 K1 582 

62 913.2129248 4 0.91076026 [SBIELTHSVLKVLEQYSDDK] TOF1 590 609 K11 600 [SKIDNSADIK] TOF1 490 499 S1 490 

61 704.0504807 3 0.260888288 [QNQKLSQRPNK] MRC1 451 461 K4 454 [SKDPK] MRC1 462 466 S1 462 

61 473.5333275 4 -0.462965832 [KPQKPIPTK] MRC1 315 323 K1 315 [INEKR] MRC1 378 382 K4 381 

61 801.7719661 3 -1.002758145 [LLQKEHQMR] TOF1 338 346 K4 341 [NVIKHTSAR] TOF1 348 356 K4 351 

61 1102.26339 3 0.274820474 [KQLLINELESTER] MCM5 631 643 K1 631 [NTLSYENIVKTVR] MCM7 758 770 K10 767 

61 777.1050479 3 0.831854853 [VPLLSSYANNLKR] MRC1 383 395 K12 394 [INEKR] MRC1 378 382 K4 381 

61 924.7470202 4 0.70433273 [TSIHEAMEQQSISISKAGIVTTLQAR] MCM2 618 643 K16 633 [KDPITK] MCM2 582 587 K1 582 

61 1201.649543 3 0.314840621 [SVYTSGKASSAAGLTAAVVR] MCM6 595 614 K7 601 [SQFLKYVVGFAPR] MCM6 582 594 S1 582 

61 997.5680719 3 0.402114607 [IDNSADIKQVSEALK] TOF1 492 506 K8 499 [KPQKPIPTKK] MRC1 315 324 T8 322 

61 1092.519914 3 -1.201915948 [SDAAYFKDLDNNASDK] TOF1 984 999 K7 990 [WFKLVDDQQK] TOF1 61 70 K3 63 

61 1018.883953 3 -0.596044577 [EKEIVENLLEQEILR] MRC1 505 519 K2 506 [GLKLEDMAK] MRC1 496 504 K3 498 

61 1157.116304 4 1.651744354 [MSGGKETTDIHVWPLALAYDTLNBILVK] CTF4 731 758 S2 732 [LLEENKAILNK] CTF4 786 796 K6 791 

61 785.0808794 3 -0.77318897 [SKIDNSADIK] TOF1 490 499 S1 490 [KVFSFFHR] TOF1 692 699 K1 692 

61 1092.526664 3 4.980550778 [SDAAYFKDLDNNASDK] TOF1 984 999 K7 990 [WFKLVDDQQK] TOF1 61 70 K3 63 

61 1458.729619 3 0.390585715 [GKHIWPEFPLPLPSEMEIR] CTF4 759 777 K2 760 [KDANLDYYNFNPMGIK] CTF4 670 685 K1 670 

60 660.3783204 3 -0.740975634 [LLQKEHQMR] TOF1 338 346 K4 341 [KNVIK] TOF1 347 351 K1 347 

60 573.000694 3 -1.117084409 [TFKPILTK] MCM6 760 767 K3 762 [SKDPK] MRC1 462 466 S1 462 

60 965.1926157 3 -1.262813226 [FSQLALDKALYALEK] MCM5 743 757 K8 750 [KLQEDLSR] MCM4 860 867 K1 860 

60 1033.87608 3 0.020067017 [FDLVYLVLDKVDEK] MCM4 702 715 K10 711 [SAIKDYATDPK] MCM4 831 841 K4 834 
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60 682.7428453 3 -0.193215374 [MLSLLFKK] CDC45 44 51 K7 50 [KVELLNR] CDC45 488 494 K1 488 

60 1092.525068 3 3.518838826 [SDAAYFKDLDNNASDK] TOF1 984 999 K7 990 [WFKLVDDQQK] TOF1 61 70 K3 63 

60 631.1365381 4 0.588485301 [TYVDVVHVKK] MCM4 459 468 K9 467 [LINLKGLVLR] MCM4 325 334 K5 329 

60 680.7359119 3 0.385056673 [ATILNLKAR] MRC1 439 447 K7 445 [LSKQNQK] MRC1 448 454 S2 449 

 
 
Table 6.1: Crosslinks identified by cross-linking mass spectrometry (XL-MS) analysis of the CMG-Csm3-Tof1-Mrc1-Ctf4 complex. “Score” 

represents the scoring function used to assess the quality of the fragment ion assignment 374. In brief, all peptide pairings matching the identified 

reporter ions are scored in relation to the presence and intensity of the DSBU reporter ions, the number of possible fragment ions created from 

a theoretical peptide pairing, and the number and length of peptide backbone ion series. Features are also calculated for spectra with slight 

shifts to the mass values to correct for random overlaps 374. Only peptides with score	≥60 were used in our analysis. “From” and “To” refer to 

the position of the detected peptide within the protein primary sequence. “Best linkage position” corresponds to the residue number within the 

detected peptide expected to form the crosslink; “Absolute position” refers to the position of this residue within the protein primary sequence. 
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SUMMARY

The eukaryotic replisome, organized around the Cdc45-MCM-GINS (CMG) helicase, orchestrates chromo-
some replication.Multiple factors associate directly with CMG, including Ctf4 and the heterotrimeric fork pro-
tection complex (Csm3/Tof1 and Mrc1), which has important roles including aiding normal replication rates
and stabilizing stalled forks. How these proteins interface with CMG to execute these functions is poorly un-
derstood. Here we present 3 to 3.5 Å resolution electron cryomicroscopy (cryo-EM) structures comprising
CMG, Ctf4, and the fork protection complex at a replication fork. The structures provide high-resolution views
of CMG-DNA interactions, revealing a mechanism for strand separation, and show Csm3/Tof1 ‘‘grip’’ duplex
DNA ahead of CMG via a network of interactions important for efficient replication fork pausing. Although
Mrc1 was not resolved in our structures, we determine its topology in the replisome by cross-linking mass
spectrometry. Collectively, our work reveals how four highly conserved replisome components collaborate
with CMG to facilitate replisome progression and maintain genome stability.

INTRODUCTION

Replication of eukaryotic genomes is initiated when double-hex-
americ minichromosome maintenance (MCM) complexes are
activated to form two CMG helicases (Douglas et al., 2018;
Yeeles et al., 2015). MCM is a two-tiered ring composed of six
related subunits (Mcm2–7), with one tier of amino-terminal do-
mains (N tier) and a second tier of carboxy-terminal AAA+ do-
mains that power ATP-dependent DNA unwinding (C tier) (Bell
and Botchan, 2013). Cdc45 and GINS (Go-Ichi-Ni-San) are
loaded onto MCM by the combined action of multiple ‘‘firing fac-
tors,’’ where they stabilize the N tier through interactions with
Mcm2, 3, and5 (Costa et al., 2011;Yuanet al., 2016).CMG travels
in anN tier-first orientation (Douglas et al., 2018;Georgescu et al.,
2017), unwinding DNA by translocating 3ʹ/5ʹ along the leading-
strand template, which is threaded through the central channel of
MCM while the lagging-strand template is excluded (Fu et al.,
2011). Translocation is proposed to occur via a non-symmetric
rotary mechanism with ATP binding promoting single-stranded
DNA (ssDNA) engagement by loops in the MCM C tier (Eickhoff
et al., 2019). Despite the importance of these ssDNA contacts,
they are yet to be observed in CMG structures at high resolution.
Moreover, the mechanism by which ssDNA translocation is
coupled to strand separation is not fully resolved.

We previously showed that robust DNA synthesis in a recon-
stituted system requires only the proteins necessary for CMG

activation, together with primase and DNA polymerases (Yeeles
et al., 2015, 2017). However, these minimal replisomes exhibited
partial functionality due to an absence of critical accessory pro-
teins (Yeeles et al., 2017), many of which are essential for proper
replication fork progression and maintenance of genome stabil-
ity. These include Ctf4 (And-1), Mrc1 (Claspin), and Csm3/Tof1
(Tipin/Timeless), which were identified as components of repli-
some progression complexes—stable CMG-containing com-
plexes isolated from S phase yeast cells (Gambus et al., 2006).
Ctf4 is a trimeric hub that recruits proteins involved in sister chro-
matid cohesion, ribosomal DNA maintenance, parental histone
transfer, and gene silencing (Evrin et al., 2018; Gan et al.,
2018; Samora et al., 2016; Simon et al., 2014; Villa et al.,
2016). Csm3/Tof1 and Mrc1 are key replisome modulators,
collectively termed the ‘‘fork protection complex’’ (FPC), that inti-
mately associate with one another, both physically and function-
ally (Bando et al., 2009; Katou et al., 2003). They are essential for
normal replication rates (Petermann et al., 2008; Somyajit et al.,
2017; Szyjka et al., 2005; Tourrière et al., 2005; Yeeles et al.,
2017), maintaining coupling of DNA synthesis to CMG in
response to hydroxyurea (HU) (Katou et al., 2003), limiting trinu-
cleotide-repeat instability (Gellon et al., 2019), and fully acti-
vating the S phase checkpoint (Alcasabas et al., 2001;
Foss, 2001).
Currently, very little is known about how these functions are

accomplished. Understanding their mechanisms has been

926 Molecular Cell 78, 926–940, June 4, 2020 ª 2020 MRC Laboratory of Molecular Biology. Published by Elsevier Inc.
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hindered by a lack of structures for these proteins in the context
of a replisome. In fact, there are no structures of Mrc1 or Csm3,
and only an incomplete structure of the N terminus of the human
Tof1 ortholog, Timeless, in isolation (Holzer et al., 2017). To
address these issues, we have determined the electron cryomi-
croscopy (cryo-EM) structure of a 1.4 MDa complex comprising
CMG, Ctf4, and the FPC at a replication fork.

RESULTS

Cryo-EM Structure of Csm3/Tof1, Mrc1, and Ctf4 in
Complex with CMG at a Replication Fork
To assemble complexes for cryo-EM, we incubated S. cerevisiae
CMGwith fork DNA, Ctf4, Csm3/Tof1, Mrc1, and the non-hydro-
lyzable ATP analog adenylyl-imidodiphosphate (AMP-PNP) (Fig-
ure S1A). Analysis of complex formation over glycerol gradients
revealed Csm3/Tof1, Mrc1, and Ctf4 co-sedimenting with CMG
(Figures 1A and S1B). Previous work established that Tof1 phos-
phorylation promotes its association with CMG (Bastia et al.,
2016). Consistent with this finding, Tof1 was phosphorylated in
our Csm3/Tof1 preparation (Figure S1C). Samples for cryo-EM
were prepared following glycerol gradient fixation (Kastner
et al., 2008), yielding three-dimensional (3D) reconstructions
that enabled model building of CMG, the homotrimeric Ctf4 C
terminus, and !900 residues of the Csm3/Tof1 heterodimer
and fork DNA (Figures 1B, 1C, S1, and S2; Tables 1 and S1). In
addition to assembling complexes by reconstitution, we also

determined cryo-EM reconstructions of the same protein com-
plex prepared following co-overexpression of all 15 proteins in
S. cerevisiae (Figures S3A–S3G), demonstrating there are no
major differences in the architecture of Csm3/Tof1 and Ctf4
bound to CMG between the different assembly methods (Fig-
ure S3H). Furthermore, we also examined the structure of a com-
plex prepared by co-expression in the absence of cross-linking;
although the sample displayed considerable heterogeneity, we
obtained a 3D class containing Ctf4 and Csm3/Tof1 bound to
CMG (Figure S3I). Docking the atomicmodel derived from the re-
constituted sample into this cryo-EM map illustrates that
gradient fixation did not alter the positioning of Csm3/Tof1 or
Ctf4 when bound to CMG.
Overall, the complex displays a ‘‘horseshoe-like’’ configura-

tion, with the discoidal Ctf4 trimer sitting across the GINS-
Cdc45 interface whereas Csm3/Tof1 are located on the N
tier face of MCM (Figures 1B–1D). Two turns of double-
stranded DNA (dsDNA) protrude from the N tier of the MCM
central channel, tilted from the vertical axis of the channel to-
ward Csm3/Tof1, where it contacts both proteins. We observe
two major conformations for the MCM C tier (termed confor-
mations 1 and 2) where the whole C tier swings beneath
the N tier, with some inter-subunit motion between adjacent
C tier AAA+ domains (Figures S1I–S1K; Video S1). No
major differences in the MCM N tier or other subunits
were observed between the two conformations (Figure S1L).
Compared to the reconstituted dataset, distinct conformations

A B

C D

Figure 1. Structure of CMG Bound to Csm3/Tof1, Ctf4, and a DNA Fork
(A) Silver-stained SDS-PAGE of a representative glycerol gradient fraction of a non-cross-linked sample (fraction 11, Figure S1B) equivalent to fractions used for

cryo-EM.

(B and C) Cryo-EM density map (B) and corresponding atomic model (C) of a complex assembled as in Figure S1A observed in conformation 1.

(D) Model of the Ctf4 trimer bound across the Cdc45-GINS interface of CMG, rendered as a surface. The Ctf4 monomer mediating the interaction with CMG is

rendered also as a cartoon.
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were not distinguished for the C tier in co-expressed samples,
resulting in the C tier being considerably less well resolved,
likely owing to heterogeneity in co-purifying DNA fragments
and/or a lack of nucleotide during sample preparation (Figures
S3G and S3I). Finally, comparison of conformation 1 with a
prior CMG-DNA structure illustrates binding of the FPC and
Ctf4 did not significantly alter the global conformation of

CMG, although several small regions became ordered upon
accessory factor binding (Figure S1M).

Cross-Linking Mass Spectrometry Reveals the Location
of Mrc1 in the Replisome
Although the level of Mrc1 incorporation was comparable to
other components (e.g., Tof1) in both reconstituted and

Table 1. Cryo-EM Statistics for the Reconstituted Sample, Related to Figure 1

Conformation 1 (CMG-Csm3-Tof1-Ctf4-Fork DNA)

(EMDB: EMD-10227; PDB: 6SKL)

Conformation 2 (MCM C Tier, ssDNA)

(EMDB: EMD-10230; PDB: 6SKO)

Data Collection and Processing

Grids Cu R2/2 400 mesh (Quantifoil) with

continuous carbon support

Cu R2/2 400 mesh (Quantifoil) with

continuous carbon support

Cryo-specimen freezing Manual plunger Manual plunger

Microscope Titan Krios (Thermo Fisher) Titan Krios (Thermo Fisher)

Detector K2 Summit (Gatan) K2 Summit (Gatan)

Datasets 2 2

Micrographs (used in processing) 6,682 (20 frames per micrograph) 6,682 (20 frames per micrograph)

Voltage (keV) 300 300

GIF energy filter slit width (eV) 20 20

Electron exposure (e!/Å2) 37 37

Defocus range (mm) !1.4 to !2.6 !1.4 to !2.6

Sampling interval (Å/pixel) 1.049 1.049

Initial particle number 632,077 632,077

Final particle numbers Csm3/Tof1 (MBR maps): 282,761; CMG + Ctf4

(MBR maps): 198,120; whole complex

(single map): 34,647

181,957

Map resolution (Å): 0.143 FSC threshold 3.1–3.7 3.2–3.7

Refinement

Model resolution (Å): 0.5 FSC threshold 4.1 3.8

Map-sharpening B factor (Å2) !5 !5 or !20

Model composition

Non-hydrogen atoms 59,184 15,715

Protein residues 7,251 1,955

Ligands 3 AMP-PNP, 3 Mg2+, 5 Zn2+ 5 AMP-PNP, 5 Mg2+

RMS deviations

Bond lengths (Å) 0.70 0.70

Bond angles (") 1.13 1.19

Validationa

MolProbity score 0.81 1.19

Clashscore 0.26 0.95

Poor rotamers (%) 0.09 0.24

Ramachandran plot

Favored (%) 96.71 94.01

Allowed (%) 3.29 5.99

Outliers (%) 0.00 0.00

For details about the derivation of individual maps used in model building and refinement and their respective resolutions quoted at the 0.143-FSC

threshold, refer to Figure S2 and STAR Methods. Electron Microscopy Data Bank (EMDB) accession codes are those with the most complete density

across all residues in the Protein Data Bank (PDB)models; for EMDB accession codes of additional maps used inmodel building, refer to Figure S2 and

Key Resources Table. FSC, Fourier shell correlation; GIF, Gatan imaging filter; MBR, multi-body refinement; RMS deviation, root-mean-square

deviation.
aMolProbity validation server (http://molprobity.biochem.duke.edu/).
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co-expressed samples (Figures 1A, S1B, and S3A), we did not
observe significant density that could be assigned to the 125
kDa protein in either dataset (Figures 1B and S3G). We did, how-
ever, observe disconnected helical densities across one side of
the complex in samples prepared both by reconstitution and co-
expression, specifically associatedwith Tof1,Mcm6,Mcm2, and
Cdc45 (Figure S3J). Although the sequence identity of these
densities could not be determined, we considered that some
of them might be contributed by Mrc1. In support of this, Mrc1
is known to interact with Csm3/Tof1 (Bando et al., 2009; Lewis
et al., 2017) positioned at the front of the replisome, as well as
the Mcm6 winged helix and DNA polymerase (Pol) ε (Komata
et al., 2009; Lou et al., 2008), both of which travel behind CMG
(Goswami et al., 2018; Sun et al., 2015). Mrc1 might therefore
stretch from the front to the rear of the replisome.
To investigate the location of Mrc1 in the replisome and further

validate our cryo-EM structures, we performed cross-linking
mass spectrometry (XL-MS) using disuccinimidyl dibutyric urea
(DSBU) that cross-links reactive amino acidswithin!30 Å (Merk-
ley et al., 2014). This approach yielded numerous cross-links be-
tween CMG subunits, over 90% of which could be rationalized
on the CMG structure, validating the stringency of this approach
(Figure S3K). Moreover, all cross-links between Tof1 and MCM
subunits or Csm3 involved solvent-exposed residues located
within 30 Å, further highlighting the consistency between cryo-
EM and XL-MS approaches (Figures S3L and S3M). We identi-
fied 11 distinct cross-links involving Mrc1 and other subunits of
the complex (Figure 2A; Table S2). Notably, all 11 cross-links
localized to one side of CMG (Figure 2B). The N terminus of
Mrc1 cross-linked to Tof1, whereas a cluster of cross-links
involving the Mrc1 mid-region was observed at the C tier by
Mcm6/Mcm2, and several cross-links involving more C-terminal
regions of Mrc1 were detected on Cdc45 and Ctf4 (Figure 2;
Table S2). These data indicate Mrc1 contacts CMG in multiple
locations across one side of the complex, extending from its
N-terminal association with Tof1 to its C-terminal association
in the vicinity of Cdc45, close to the binding site for the Pol ε

non-catalytic domain (Goswami et al., 2018), with which the
Mrc1 C terminus is proposed to interact (Lou et al., 2008).

Structure of Ctf4 in the Replisome
The region of Ctf4 density we resolve is very similar to crystal
structures of Ctf4 and And-1 C-terminal domains (Guan et al.,
2017; Kilkenny et al., 2017; Simon et al., 2014) and a recent
cryo-EM structure of CMG-Ctf4 lacking DNA (Yuan et al.,
2019) (Figures S4A and S4B), and therefore neither the FPC
nor the replication fork alters the position of Ctf4 in the replisome.
The trimer is rigidly bound, sitting side-on across the interface
between Cdc45 and the GINS subunit Psf2, with the helical do-
mains facing away from the replication fork (Figures 1C, 1D, and
S1L, left). One Ctf4 monomer mediates the interaction with
CMG, burying 520 Å2 of Cdc45 and 790 Å2 of Psf2, primarily
involving two blades of its WD40 domain (Figures S4C–S4G).
We do not observe clear density for the !400-residue (1–383)
Ctf4 N terminus predicted to contain a WD40-like domain
(Guan et al., 2017), consistent with it being loosely connected
to the C terminus (Simon et al., 2014) and not stabilized by
DNA or the FPC in our structure. Because dsDNA is bent away
from Ctf4 toward Csm3/Tof1 at the front of the replisome, part-
ner proteins that dock onto the replisome via Ctf4 may be
located a considerable distance from the parental DNA duplex
approaching the fork junction. This may be of particular signifi-
cance for Pol a, which is involved in parental H3-H4 transfer to
the lagging strand in conjunction with the N-terminal extension
(NTE) of Mcm2 (Gan et al., 2018) (Figure S4H).

High-Resolution Details of CMG-ssDNA Interactions in
the MCM AAA+ C Tier
Despite the presence of the FPC and Ctf4 in our structure, we
observe two C tier configurations similar to two conformational
states previously determined at lower resolution for isolated
Drosophila CMG in the presence of ATP (Eickhoff et al., 2019)
(conformations 1 and 2; see Figures S1I–S1L and Video S1).
These two states were reported to represent CMG translocation

BA

Figure 2. XL-MS Identifies the Position of Mrc1 in the Eukaryotic Replisome
(A) Summary of cross-linking mass spectrometry (XL-MS) for a co-expressed replisome subcomplex (see Table S2 for details of all inter- and intra-subunit cross-

links). Lines indicate inter-subunit cross-links.

(B) Positions ofMrc1 cross-links detected in XL-MSmapped to the structure of CMG-Csm3-Tof1-Ctf4. The positions of residues observed to cross-link withMrc1

are indicated by green circles; green labels indicate which Mrc1 residues cross-link to these sites.
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intermediates, enabling CMG-ssDNA contacts made during
translocation to be inferred from our structures. Conformations
1 and 2 differ in ATPase site occupancy and ssDNA engagement
by the presensor 1 (PS1) hairpin and helix 2 (H2)/helix 2 insertion
(H2I) loop that protrude into theMCMcentral channel (Figures 3A
and 3B). In both conformations, MCM subunits contact back-
bone phosphates using four highly conserved residues; every
other phosphate is coordinated by both a PS1 lysine and the
backbone amide of an H2I valine/isoleucine from a single
MCM, whereas each remaining phosphate is bound by an H2
serine and PS1 alanine from two neighboring subunits (Figures
3C, 3D, and S5A–S5E). This establishes a highly repetitive
arrangement whereby every other phosphate is coordinated in
an equivalent manner maintaining a two-phosphate periodicity
as observed in homohexameric archaeal MCM (Meagher et al.,
2019) (Figure S5F, far left). Although the precise ssDNA contacts

and number of phosphates bound per subunit vary among
diverse hexameric helicases, the formation of repetitive back-
bone phosphate contacts is universal (Figure S5F).
In addition to the phosphate backbone contacts, the H2I loops

of several MCM subunits interact with ribose and bases primarily
through residues in two conserved positions; in Mcm2, 5, 6, and
7, a basic residue and an aromatic/methionine side chain posi-
tioned close to one another mediate these interactions (Figures
3C, 3D, S5A–S5C, and S5G). In Mcm3, the equivalent basic res-
idue is absent whereas an arginine (R455) replaces the aromatic/
hydrophobic residue (Figures S5C and S5G). These contacts are
similar between the two conformations, except Mcm7 is disen-
gaged in conformation 1, Mcm2 differs in its contacts in confor-
mation 2 as the path of ssDNA diverges toward the 5ʹ end,
and the position of Mcm3/5 near the 5ʹ end and Mcm2/6 nearer
the 3ʹ end in conformation 1 is reversed in conformation 2
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Figure 3. Interaction of Eukaryotic CMG Helicase with Fork DNA
(A) Cutaway showing the path of DNA approaching and traversing the MCM central channel in conformation 1.

(B) Comparison of the MCM C tier between conformations 1 and 2 (subclasses bound to five or three AMP-PNP molecules are shown).

(C) Individual MCM ssDNA-binding motif (Mcm2 shown). Three phosphates contacted by the single MCM subunit are colored orange. Ribose and/or base

contacts observed in most but not all subunits (see Figures S5A–S5C and S5G). Inset: locations of the ssDNA-binding loops in the MCM primary sequence.

(D) Schematic demonstrating the repeating nature of MCM-ssDNA contacts. For variations in sugar/base contacts, see Figure S5G. Bolder colors highlight the

ssDNA-binding motif of a single MCM subunit. Phosphates are colored red.

(E) MCMN tier loops contacting DNA around the fork junction. Loops are rendered as surfaces, with theMcm7NTH separation pin also represented as a cartoon.

For (D) and (E), unpaired ssDNA is colored darker pink/orange for the lagging- and leading-strand template, respectively.

(F) Detailed view of the strand-separation pin displayed in cryo-EM density (mesh), inserting between the two strands of DNA at the point of unwinding. F363

makes p-p interactions with DNA.

ZnF, zinc finger; H2, helix 2; H2I, helix 2 insertion loop; PS1, presensor 1; NTH, N-terminal hairpin.
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(Figure S5G). The equivalent Mcm4 basic/hydrophobic pair is
disengaged from DNA in both conformations, with a unique tyro-
sine (Y604) instead contacting DNA in conformation 2 (Figures
S5B, S5C, and S5G). Additional basic residues at a distinct po-
sition in the H2I loops of Mcm5 (R460) and Mcm2 (K587) also
project toward the fork junction in conformation 1, likely contact-
ing bases as the ssDNA is translocated from the N tier toward the
C tier (Figures S5C and S5G, top), whereas for conformation 2 it
is the Mcm2 W589 that contacts bases as the path of ssDNA di-
verges (Figures S5B and S5G, bottom); these contacts might be
important to guide ssDNA along the correct path from the fork
junction toward engagement by the MCM motor domains.

A Mechanism for Strand Separation by the Replisome
ssDNA translocation by the C tier motor domains must be
coupled to dsDNA unwinding during replication and the high
resolution of our structure at the fork junction suggests a mech-
anism for how this is accomplished. Consistent with lower-reso-
lution structures (Georgescu et al., 2017; Goswami et al., 2018),
strand separation occurs after dsDNA enters the circle of zinc-
finger (ZnF) domains on top of the N-terminal face of the MCM
ring (Figure 3A). The position of the fork junction is not signifi-
cantly influenced by the association of Csm3/Tof1 (Figure S6A).
Multiple structural features contact DNA in the vicinity of the fork
junction, several of which require extensive remodeling from
their positions in the MCM double hexamer (Figures 3E and
S6B–S6D; Video S2) (Abid Ali et al., 2017; Li et al., 2015; Noguchi
et al., 2017). This remodeling enables the N-terminal hairpins
(NTHs) of Mcm6 and Mcm4 to engage the lagging-strand tem-
plate ahead of strand separation, where they help guide the
incoming dsDNA onto the NTH of Mcm7, which appears to func-
tion as a separation pin, splitting the two strands of the incoming
duplex (Figure 3F). This configuration of the Mcm7 NTH is
observed in both conformations 1 and 2 (Figure S6C). The
Mcm7 NTH itself undergoes extensive rearrangement from the
double hexamer, where it is engaged with the Mcm5 ZnF of
the second hexamer (Figure S6D) (Abid Ali et al., 2017; Li et al.,
2015; Noguchi et al., 2017); the lack of this second Mcm5 ZnF
in the active helicase enables both the DNA and Mcm7 NTH to
reposition, such that the Mcm7 NTH can insert between the
two strands of DNA at the fork junction. Furthermore, it remodels
to form a helical turn at its apex, positioning an invariant phenyl-
alanine to formp-p interactions with the last base pair in the DNA
(Figures 3E, 3F, and S6B–S6E; Video S2). Positioning hydropho-
bic residues to appose the last base pair is a hallmark of separa-
tion pins in diverse helicases, including the T7 replisome (Fig-
ure S6F) (Gao et al., 2019). Two lysines from the Mcm7 NTH
that previously interacted with the trans-Mcm5 ZnF in the double
hexamer now contact the unwound leading-strand template, at
which point ssDNA is kinked almost 90! before continuing to-
ward the C tier (Figures 3F, S6A, S6B, S6D, and S6E; Video
S2). We propose this arrangement of intricate DNA contacts sur-
rounding the fork junction functions to destabilize the DNA
duplex and block entry of the lagging-strand template to the
MCM central channel while the leading-strand template is trans-
located through.
After strand separation, a single nucleotide is clearly resolved

for the unwound lagging-strand template that runs above the

Mcm7 NTH, approaching the Mcm3 and Mcm5 ZnFs (Figure 3E;
Video S2). However, it is not resolved beyond this point despite
the fork substrate containing 14 additional nucleotides of ssDNA
(Figure S1A), consistent with prior lower-resolution CMG struc-
tures (Georgescu et al., 2017; Goswami et al., 2018). Based on
the position of the final nucleotide resolved in our structures,
we consider it most likely the lagging-strand template will exit
between the ZnF domains of Mcm3/5 or Mcm5/2 (Figure S6G).

Structure of Csm3/Tof1
Before the template is unwound, dsDNA projects toward
Csm3/Tof1 at the front of the replisome (Figures 1B, 1C, and
S6A). Tof1 (13–781) forms a right-handed a solenoid with a
crescent-like architecture that mimics the curvature of the
MCM ring, traversing the N tier face above Mcm2, 6, 4, and
7 (Figures 1B, 1C, and 4A; Video S3). The a solenoid is
composed of nine tandem 2- or 3-helix units resembling either
armadillo or HEAT repeats, which can be subdivided into a
head (repeats 1–5) and body (repeats 6–9) (Figures 4A, 4B,
and S7A). The first six repeats superpose well with the crystal
structure of the N terminus of human Timeless (Holzer et al.,
2017), whereas repeats 5–9 are reminiscent of p120 catenin
(Ishiyama et al., 2010) (Figures S7B and S7C). Clear density
for the C-terminal third of Tof1 is not observed, indicating it is
flexibly tethered. Two large insertions absent from the Timeless
crystal structure (Holzer et al., 2017) embellish the a solenoid: a
35-residue U-loop and an "100-amino acid region, hereafter
referred to as the ‘‘MCM-plugin,’’ that extends in a large loop
over the surface of the MCM N tier encircling the base of the
Tof1 body (Figures 4A, 4B, S7D–S7F, and S8A).
We resolve 94 residues of Csm3 comprising five a helices,

which fold around a hydrophobic core to form a tetra-helical he-
lix-turn-helix (HTH) domain (a1–4), with a short DNA-binding
motif (DBM) preceding a0 (Figures 4A, 4C, 4D, and S8B). The
Csm3 HTH encases a hydrophobic helix (a26) at the C-terminal
end of the Tof1 body, part of a larger interface involving a region
of Tof1 termed the ‘‘Csm3-binding element’’ (CBE) (Figure 4;
Video S3). This extensive interface and additional contacts
with the MCM plugin ensure Csm3 is correctly positioned in
the replisome.

Csm3/Tof1 Interactions with MCM and dsDNA
In our structure, Csm3/Tof1 binds toMCM almost exclusively via
Tof1. Although the N terminus of the a solenoid forms an inter-
face with the NTE of Mcm2 (Figure S9A), binding is mediated pri-
marily by the MCM-plugin and U-loop (Figures 5A and S7F;
Video S4). The MCM-plugin contains four structural features
(Figure 5A; bridge, anchor, wedge, and L-loop). The bridge com-
prises an a helix spanning the helical domains of Mcm6 and
Mcm4, making contacts with Mcm6 through a small conserved
hydrophobic patch flanked by two glutamates (Figures 5A,
S8A, and S9B). The bridge is anchored on Mcm4 by a short
loop (anchor) positioned in a cleft between the helical domain,
ZnF, and OB fold of Mcm4 (Figures 5A, S8A, and S9C). The
MCM-plugin then stretches upward into a b hairpin and short he-
lix aW (collectively the ‘‘wedge’’) sandwiched between regions of
Mcm4 and Mcm7 and beneath Csm3 (Figures 4A, 4D, 5A, and
S9D). Finally, it returns toward the head, contacting dsDNA via
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a short DBM, before looping back in an L shape (L-loop) over the
surface ofMcm6, where it binds both the helical domain andNTE
(Figures 5A and S9E).

Being located at the front of the replisome enables Csm3/Tof1
to ‘‘grip’’ the parental DNA duplex via a network of interactions
with the phosphate backbone and both the major and minor
grooves (Figures 5B, 5C, and S7F; Video S5). This grip embraces
three-quarters of a turn of dsDNA and comprises contacts medi-
ated by the Tof1U-loop and conserved DBMs from both the Tof1
MCM-plugin and Csm3. The U-loop protrudes from the a sole-
noid toward dsDNA, slotting between the ZnF domains of
Mcm6 and Mcm4 (Figures 5D, S9F, and S9G; Video S4). The
Mcm6NTE, which becomes ordered upon Tof1 association (Fig-
ure S1M), ‘‘locks’’ the U-loop in place by extending over it and
using a phenylalanine to form an intra-molecular interaction
with the Mcm6 ZnF, allowing a short composite b sheet to
form between theNTE andU-loop (Figure S9F). The entire hydro-
phobic core of the U-loop packs against the Mcm6 ZnF posi-
tioned to one side, whereas considerably fewer contacts are
made with the Mcm4 ZnF on the opposite side (Figure S9G).
This configuration places the tip of the U-loop facing the major
groove, where several lysine residues interact with the phos-
phate backbone (Figures 5D, S7F, S8A, and S9F). The equivalent
loop in Timeless is considerably shorter than the Tof1U-loop and

A

B

D E

C

Figure 4. Csm3/Tof1 Structure
(A) Structures of Tof1 and Csm3 shown as cylin-

ders above the MCM N tier (surface representa-

tion). Tof1 insertions (cartoon representation): the

U-loop (orange) and the MCM-plugin (red) are

highlighted. The Csm3-binding element (CBE) of

Tof1 is colored brown. The positions of the Tof1

head and body are outlined with solid and dashed

black lines, respectively. For clarity, dsDNA is not

shown.

(B) Schematic illustrating the positions of Tof1

helical repeats (numbered 1–9; see Figure S7A for

repeat assignment) and Tof1 features (CBE,

U-loop, and MCM-plugin). The head and body

subdivisions are marked with solid and dashed

black lines, respectively.

(C) Schematic illustration of Csm3 domain archi-

tecture with helices a0–a4 labeled.

(D) Overview of the Csm3 structure (46–139) and

its interface with Tof1 and the Mcm7 ZnF. The

Csm3DNA-bindingmotif (DBM) is highlighted by a

dashed outline.

(E) Overview of interactions between Csm3 and

the Tof1 CBE. Hydrophobic residues from Tof1

helix a26 are shown.

therefore this mode of DNA interaction
may not be universal across eukaryotes
(Figure S8A).

The DBMs from the Tof1 MCM-plugin
and Csm3 both bind the minor groove
(Figures 5B and 5C; Video S5). In the
Tof1 DBM (400–404), R401 is placed
into the minor groove contacting sugars
approximately one turn above the fork

junction and is flanked by two conserved lysine residues (K400
contacting phosphate, and K404 facing the Tof1 body) (Figures
5C and 5E). The Csm3 DBM (46–53) inserts R48 into the minor
groove, where it is positioned to contact both bases and ribose
(Figure 5F). In addition, R46 and K47 are close to the backbone,
perhaps to stabilize R48, whereas Q51 projects toward the mi-
nor-groove and K53 coordinates the backbone phosphate at
the end of the DBM. This configuration is reminiscent of minor
groove binding by the N-terminal arm of homeodomain tran-
scription factors that also precedes an HTH (Figures S9H and
S9I). Finally, a fourth region of Csm3/Tof1 could also bind dsDNA
because several basic residues in the loop between Csm3 a3
and a4, together with the linker between Tof1 a26 and a27, are
in close proximity to the backbone (Figure S9H).

The dsDNA Grip Stabilizes Csm3/Tof1 in the Replisome
We previously showed Csm3/Tof1 is required for maximal
replication rates in a reconstituted system (Yeeles et al., 2017)
and considered the DBMs might be important for this.
Therefore, we substituted DBM residues for alanine and
purified stable heterodimers of Csm3R49A, K53A/Tof1 (Csm3-2A/
Tof1), Csm3K47A, R48A, R49A, Q51A, K53A/Tof1 (Csm3-5A/Tof1),
Csm3/Tof1K400A, R401A, K404A (Csm3/Tof1-3A), and double mu-
tants where both subunits were mutated (Csm3-2A/Tof1-3A
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and Csm3-5A/Tof1-3A) (Figure S10A). Surprisingly, Figure S10B
shows that all DBMmutants bound to fork DNAwith comparable
efficiency to the wild type, indicating the complex possesses
additional DNA-binding regions, perhaps in the !400-amino
acid C-terminal region of Tof1 and/or the C terminus of Csm3,
which are not resolved in our structures. We then performed
origin-dependent replication reactions (Aria and Yeeles, 2018;
Taylor and Yeeles, 2018) on a linear template with the origin
located to generate leading strands of 1.9 kb (right) and 8.2 kb
(left) using conditions that require Csm3/Tof1 for rapid and effi-
cient DNA replication (Yeeles et al., 2017) (Figures 6A and 6B).
Figure 6C shows that mutation of either the Csm3 (2A and 5A)
or Tof1 DBMs had little effect on left leading-strand products
(compare lanes 3–5 with 2). In contrast, when both subunits
were mutated, we observed a minor replication defect with
Csm3-2A/Tof1-3A (Figure 6C, compare lanes 2 and 6) and a
marked replication defect with Csm3-5A/Tof1-3A (compare
lanes 2 and 7), although not as severe as Csm3/Tof1 omission,

with some 8.2 kb left lead products still synthesized. At longer
time points, both doublemutants supported the synthesis of fully
replicated left leading strands to levels above those generated in
the absence of Csm3/Tof1 (Figures S10C and S10D). Whereas
8.2 kb left lead products were only slightly reduced with Csm3-
2A/Tof1-3A (Figure S10C, compare lanes 2 and 5), they were
notably less intense for Csm3-5A/Tof1-3A (Figure S10D, lanes
2 and 5), despite comparable levels of the shorter right leading
strand being synthesized. Collectively, these data indicate that
individual DBMs are dispensable for rapid and efficient DNA
replication but that disrupting both motifs compromises the effi-
ciency of leading-strand synthesis.
Rate enhancement by Csm3/Tof1 requires Mrc1 (Yeeles

et al., 2017) and Csm3/Tof1 stabilize Mrc1 in the replisome
(Bando et al., 2009). We therefore considered that the defects
observed with the DBM double mutants might be due to
compromised Mrc1 function, for example if they failed to
correctly stabilize or position Mrc1 at the replication fork. To

A B C

D E F

Figure 5. Tof1 Interactions with MCM and DNA
(A) Overview of the Tof1 MCM-plugin (red) and its position on the MCM N tier. Top: the MCM-plugin is shown in cartoon representation above the MCM N tier

(surface representation) and structural elements involved in MCM binding are illustrated, as is the location of a DBM. Bottom: schematic illustrating the orga-

nization of the MCM-plugin. Structural elements involved in MCM binding are illustrated, together with the specific Mcm subunits that they bind.

(B) Overview of Csm3/Tof1 dsDNA contacts at the front of the replisome. The Mcm4, 6, and 7 ZnF domains important for Csm3/Tof1 binding are displayed as

cartoons in transparent surfaces.

(C) Close-up view of the Csm3/Tof1 dsDNA grip. For simplicity, only the U-loop and DBMs are shown.

(D) Detailed view of U-loop interactions with Mcm6, Mcm4, and dsDNA. Cryo-EM density for the U-loop is shown as mesh.

(E and F) Detailed views of the Tof1 (E) and Csm3 (F) DBMs with the cryo-EM density shown as mesh.
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test this, we developed an assay to monitor replisome stability
using spin columns to isolate DNA-bound proteins from un-
bound proteins (Figure 6D). Elution of Mcm7, Cdc45, Psf1
(GINS), Ctf4, RPA, Csm3, and Mrc1 was dependent on DNA,
ORC (required for MCM loading), and Dpb11 (required for
CMG assembly), confirming the detection of replisome-associ-

ated proteins (Figure S10E). In the absence of Csm3/Tof1,
Mrc1 replisome association was reduced but not eliminated
(Figure 6E), consistent with its ability to modestly stimulate
fork rate in reactions lacking Csm3/Tof1 (Yeeles et al., 2017).
Moreover, this indicates that Mrc1 is stabilized in the replisome
by Csm3/Tof1 as is observed in vivo (Bando et al., 2009). In
contrast, in the reaction containing Csm3-5A/Tof1-3A, Csm3
association was appreciably weaker and levels of Mrc1 were
comparable to the experiment lacking Csm3/Tof1 (Figure 6E,
compare lanes 4 and 6). Figure S10F shows the Csm3/Tof1 sin-
gle-DBM mutants associated with the replisome at comparable
levels to the wild type, as did Mrc1 in this context. We also
observed a defect in the binding of Csm3, Tof1, and Mrc1 to
CMG in glycerol gradients with Csm3-5A/Tof1-3A (Fig-
ure S10G). The weaker replisome association displayed by
Csm3-5A/Tof1-3A indicated the complex may function more
distributively during replication and Figure S10H supports this
idea: whereas 10 nM Csm3/Tof1 was saturating for replication,
DNA synthesis was enhanced across the entire titration range
(2.5–80 nM) for Csm3-5A/Tof1-3A. Taken together, these re-
sults reveal that the Csm3/Tof1 dsDNA grip stabilizes the entire
FPC in the replisome, strongly suggesting the replication defect
observed with Csm3-5A/Tof1-3A (Figure 6C) stems from an
inability to stabilize Mrc1 (Figure 6E).

The Csm3/Tof1 dsDNA Grip Is Important for Replication
Fork Pausing
Csm3/Tof1 is essential for directional fork pausing at replication
fork barriers (RFBs) to limit head-on collisions between the re-
plisome and RNA polymerase (Hizume et al., 2018; Mohanty
et al., 2006; Takeuchi et al., 2003). The RFB contains multiple
binding sites for Fob1 (Kobayashi, 2003), which is required
for barrier activity (Kobayashi and Horiuchi, 1996). To assess
whether DNA binding by Csm3/Tof1 facilitates fork pausing at
the RFB, we performed replication reactions in the presence
of Fob1 on a linear template containing the RFB in the non-
permissive orientation !3 kb left of the origin (Figure 7A).
Fork pausing will generate a slowly migrating stalled fork and
an !3 kb stalled left leading strand that can be visualized in
native and denaturing gels, respectively. Figure 7B shows
Csm3/Tof1-dependent fork stalling was recapitulated in this
system (compare lanes 1 and 2). Similar results were observed
in a lower-salt buffer (Yeeles et al., 2017) that supports fully
replicated left lead products in the absence of Csm3/Tof1 (Fig-
ure S10I, compare lanes 1 and 2). Whereas the responses of
Csm3-2A/Tof1 and Csm3/Tof1-3A to the RFB were compara-
ble to the wild type, we observed a 30%–40% reduction in
pausing for Csm3-5A/Tof1 and an !60% reduction with
Csm3-2A/Tof1-3A (Figures 7B, 7C, S10I, and S10J). RFB activ-
ity with Csm3-5A/Tof1-3A was reduced almost to background
levels. Importantly, although the replisome association of this
mutant was compromised (Figures 6E and S10G), it retained
the ability to stimulate replication such that the 8.2 kb left
lead products in Figure 7B were highly dependent on the
mutant protein (compare lanes 1 and 7). The fork pausing
defect displayed by Csm3-5A/Tof1-3A therefore likely repre-
sents a specific defect in responding to the RFB and is not
simply a consequence of the protein being absent from the

A B

C

D E

Figure 6. Csm3/Tof1 DNA Binding Is Important for Replisome
Stability
(A) Reaction scheme for origin-dependent replication assay.

(B) Schematic of the DNA template and anticipated replication products.

(C) Origin-dependent replication reaction (7 min) with the indicated Csm3/Tof1

proteins performed as illustrated in (A). Products were separated through a

0.6% alkaline agarose gel.

(D) Reaction scheme for protein association experiments.

(E) Western blot analysis of a reaction performed as in (D) with the indicated

Csm3/Tof1 proteins.
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replisome. These findings demonstrate the Csm3/Tof1 dsDNA
grip is required for efficient replication fork pausing at the RFB.
Fork pausing at proteinaceous barriers can also have delete-

rious consequences, for example when forks stall at covalently
trapped topoisomerase I (Topo I) complexes following treatment
of cells with camptothecin (CPT). Csm3 and Tof1 are important
for cellular tolerance of CPT (Redon et al., 2006), although their
mechanism of action is unclear. Given the DBMs are important
for pausing at the RFB, we considered they may also be involved
in the response to fork stalling during CPT treatment. To test this
hypothesis, we generated haploid yeast expressing either
Csm3-5A, Tof1-3A, or a Csm3 charge-reversal mutant,
Csm3R46D, K47D, R48D, R49D, K53D (Csm3-5D), from the endoge-
nous promoters. tof1-3A and csm3-5D exhibitedmild growth de-
fects at 20 mM CPT, whereas csm3-5A grew almost like the wild
type (Figure 7D). At 40 mM CPT, both tof1-3A and csm3-5D dis-
played clear growth defects and csm3-5A showed very mild
sensitivity. Combining csm3-5D and tof1-3A had an additive ef-
fect on CPT sensitivity such that cell growth was only marginally
better than tof1D. None of the mutants displayed sensitivity to
HU and only tof1-3A/csm3-5D showed a very mild sensitivity
to methyl methanesulfonate (MMS) (Figure S10K), indicating
the observed defects with CPT were not a general response to
replication stress. Collectively, these data reveal the Csm3/
Tof1 dsDNA grip participates in the maintenance of genome sta-
bility following Topo I inhibition by CPT, likely by stabilizing
stalled replication forks.

DISCUSSION

The cryo-EM structures we have determined provide the first
near-atomic-resolution views of the CMG helicase bound to
accessory proteins at a replication fork, affording the most com-
plete picture of the eukaryotic replisome to date. They reveal the
structure of Csm3/Tof1 and its extensive network of interactions
with MCM, which redefines the architecture of the front of the re-
plisome by placing the complex ahead of CMG (Figure 1). Addi-
tionally, the structures show in detail how ssDNA is engaged by
theMCMmotor domains in two distinct conformations that likely
reflect translocation intermediates, and reveal a mechanism for
strand separation involving a separation pin contributed by the
NTH of Mcm7.

Structure and Function of Csm3/Tof1
The crystal structure of the N-terminal domain of human Time-
less illustrated this region of the protein adopts a helical-repeat
configuration (Holzer et al., 2017). Our work develops this finding
by showing the helical repeats extend for approximately two-
thirds of Tof1 and are capped at the C-terminal end by Csm3.
The primary interface between the two subunits comprises a
short hydrophobic helix from Tof1 that is encased by Csm3,
which likely explains why Csm3 is unstable in the absence of
Tof1 (Bando et al., 2009) and cellular levels of Timeless and Tipin
are interdependent (Chou and Elledge, 2006). Our structure also
highlights the critical importance of two large loops (U-loop and
MCM-plugin) inserted between helical repeats that serve to
functionalize the Tof1 a solenoid by anchoring it to CMG and
the replication fork. We anticipate human Tipin/Timeless will be

A C

B

D

Figure 7. The Csm3/Tof1 dsDNA Grip Is Required for Efficient Fork
Pausing
(A) Schematic of the template used for replication fork barrier (RFB) experi-

ments and the anticipated products of fork stalling at the RFB.

(B) Origin-dependent replication reaction performed for 20min in the presence

of Fob1. The Csm3/Tof1 concentration was increased to 80 nM to increase

replication efficiency (Figure S10H). Reaction products were treated with

Sma1 prior to denaturing gel electrophoresis to remove heterogeneity in the

position of leading-strand initiation (Taylor and Yeeles, 2018).

(C) Quantitation of experiments performed as in (B). Error bars represent the

SEM from 3 experiments.

(D) Spot-dilution assay with Tof1 and Csm3 DBM mutants. 10-fold serial di-

lutions were plated and grown at 25!C for 3 days.
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anchored to CMG in a similar manner as many of the structural
features we identify involved in CMG binding are highly
conserved. We note, however, that the loop in Timeless equiva-
lent to the U-loop is considerably shorter than in S. cerevisiae
and therefore its interactions with both MCM and dsDNA may
differ.

In addition to binding Mrc1, Tof1 interacts with Topo I via its
C-terminal region that is not resolved in our structure (Park and
Sternglanz, 1999). The advanced positioning of Csm3/Tof1 in
the replisome should facilitate Topo I recruitment ahead of the
fork, whichmay serve to limit excessive fork rotation (Schalbetter
et al., 2015). Similarly, Timeless binds directly to the helicase
DDX11 that is involved in sister chromatid cohesion (Cortone
et al., 2018) and therefore DDX11 is most likely recruited to the
front of the replisome to perform this function.

The conformations of Csm3/Tof1 and the dsDNA grip we
observe are likely to be engaged during unperturbed replisome
progression because mutation of both DBMs compromises
replication in the absence of exogenous DNA damage (Fig-
ure 6C). Moreover, our work demonstrates the grip plays a
key role in stabilizing the entire FPC in the replisome (Figures
6E and S10G) and is especially important for efficient fork
pausing at the RFB (Figure 7B). Although the mechanism of
RFB recognition is currently unknown, we speculate the dsDNA
grip might function to stabilize the replisome on the template
once Fob1 is encountered by the fork. Alternatively, it might
be required to correctly position Csm3/Tof1 at the front of the
replisome to recognize Fob1, perhaps via a direct protein-pro-
tein interaction. It was recently reported that Tof1 recruits Topo
I to the replisome for efficient fork pausing at the RFB in vivo
(Shyian et al., 2020). Our experiments were performed on linear
templates in the absence of topoisomerases, indicating that
Topo I is not absolutely required for Csm3/Tof1-dependent
RFB recognition. Gripping dsDNA could also enable Csm3/
Tof1 to detect structural perturbations in the DNA template or
protein roadblocks in advance of CMG, which might be impor-
tant for its fork stabilization functions. This hypothesis is
consistent with the involvement of the dsDNA grip in the cellular
tolerance of CPT (Figure 7D).

The normal replication rates displayed by the single-DBMmu-
tants (Figure 6C), the dependence on Mrc1 for Csm3/Tof1-
dependent rate enhancement (Yeeles et al., 2017), and the
reduced association of Mrc1 in experiments using Csm3-5A/
Tof1-3A (Figure 6E) indicate that Csm3/Tof1 promote rate
enhancement indirectly, likely by stabilizing and/or positioning
Mrc1 in the replisome. It was reported that Timeless is displaced
from replisomes in human cells to slow replication in response to
redox changes (Somyajit et al., 2017) and our findings now indi-
cate this displacement could be mediated by disrupting the
dsDNA grip.

Position of Mrc1 in the Replisome
Although Mrc1 was not resolved in the cryo-EM structure, XL-
MS data strongly suggest it stretches from the front of the
replisome to the rear (Figure 2), affording a mechanism for
coordinating events ahead of the fork—perhaps monitored
by Csm3/Tof1—with leading-strand polymerization. Moreover,
the positioning of Mrc1 across one side of CMG spanning N

and C tiers could enable it to directly modulate helicase activ-
ity to control fork rate and maintain the coupling of DNA syn-
thesis to CMG template unwinding when leading-strand poly-
merization is compromised (Katou et al., 2003). Several of the
Mrc1 cross-linking sites we identify on CMG are in close prox-
imity to cross-linking sites previously identified for the essen-
tial firing factor Mcm10 (Mayle et al., 2019), indicating the
two proteins might compete for CMG binding. It will be inter-
esting to discover whether the two proteins can bind simulta-
neously to CMG during replisome progression. Although we
cannot exclude the possibility that multiple copies of Mrc1
associate with the replisome, we consider it most likely that
a single protein was present in our complex based on the
apparent 1:1 stoichiometry observed during glycerol gradients
(Figure 1A).
It is currently unclear howMrc1 and Claspin stimulate fork rate

in yeast and human cells. The N-terminal half of Mrc1 interacts
with the flexibly linked catalytic domain of Pol ε (Lou et al.,
2008) and several amino acids from this region cross-linked to
Mcm6 and Mcm2 in close proximity to where the unwound lead-
ing-strand template will emerge from CMG (Figure 2A). It is
therefore possible Mrc1 might accelerate forks by tethering the
flexible catalytic domain of Pol ε (Zhou et al., 2017) to this region
of CMG to facilitate optimal helicase-polymerase coupling. The
structure of a replisome containing both Mrc1 and Pol ε should
help elucidate this mechanism.

CMG-DNA Interactions and a Mechanism of Strand
Separation
The structures we have determined offer near-atomic-resolution
views of eukaryotic CMG-DNA interactions (Figure 3). Notably,
conformation 2 represents the first example of ssDNA engage-
ment across all six MCM subunits of CMG, as well as the first
time a conformation with DNA bound across Mcm47 has been
observed outside Drosophila. Although previous work high-
lighted the involvement of H2I and PS1 loops in CMG-ssDNA
engagement (Abid Ali et al., 2016; Eickhoff et al., 2019; Geor-
gescu et al., 2017; Goswami et al., 2018), description of the
residues involved was limited to the PS1 lysine and H2I basic
residues (Yuan et al., 2020). The improved resolution of our
structures has enabled a complete ssDNA-binding motif to be
described for eukaryotic CMG, demonstrating conservation of
themode of ssDNA engagement across eukaryotic and archaeal
MCMs (Meagher et al., 2019). This has revealed a set of phos-
phate contacts displaying repetition across all six MCM subunits
in the heterohexamer, presumably to ensure ssDNA can be
engaged by all subunits at different points during a rotary trans-
location cycle (Eickhoff et al., 2019). In contrast, the sugar and
base contacts formed by the H2I loops display greater diversity
between MCM subunits; the contribution of these contacts to
translocation in eukaryotic CMG remains unknown and roles in
DNA melting during helicase activation have been hypothesized
(Meagher et al., 2019).
The location of the fork junction in our structures is in good

agreement with several structures of CMG obtained in the pres-
ence of ATP (Georgescu et al., 2017; Yuan et al., 2020), strongly
suggesting this represents the point of template unwinding in the
replisome. This conclusion is further supported by our
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identification of a putative strand-separation pin, theMcm7NTH,
which abuts the final base pair of the duplex in both conforma-
tions 1 and 2. A recent paper, published while this manuscript
was in revision, proposed a dam-and-diversion model for tem-
plate unwinding that does not utilize a separation pin (Yuan
et al., 2020). Although our work supports a model whereby the
NTHs of Mcm6 and Mcm4 guide the incoming dsDNA along a
defined path toward the helicase channel, consistent with the
dam-and-diversion model, the improved resolution of the
Mcm7 NTH in our structures shows it remodeling to position a
conserved phenylalanine against the final base pair, which sup-
ports its role as a separation pin. The stable positioning of dsDNA
ahead of CMG (Eickhoff et al., 2019) and utilization of a defined
separation pin should help ensure the correct positioning of un-
wound template strands within the replisome for downstream
processes. Moreover, if the C tier motor domains were to disen-
gage from ssDNA, the extensive contacts around the fork junc-
tion, together with the Csm3/Tof1 dsDNA grip, might function
to prevent helicase backtracking.
The cryo-EM structure of the FPC bound to CMG at a replica-

tion fork represents a significant advance in our understanding of
eukaryotic replisome structure and mechanism. Yet, given its
complexity, subunit dynamics, and sophisticated regulation,
much work remains to be done. The work presented here pro-
vides an ideal platform to build ever-more complex replisome as-
semblies for analysis by cryo-EM. This will be crucial to facilitate
a completemechanistic description of this remarkable molecular
machine.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

a-Csm3 Maric et al., 2014 N/A

a-Ctf4 Maric et al., 2014 N/A

a-FLAG Sigma Cat# A8592; RRID:AB_439702

a-Mcm7 Maric et al., 2014 N/A

a-Mrc1 Mukherjee and Labib, 2019 N/A

a-RFA Agrisera Cat# AS07 214; RRID:AB_1031803

a-Psf1 Maric et al., 2014 N/A

Bacterial and Virus Strains

5-alpha Competent E. coli (High Efficiency) New England Biolabs Cat# C2987H

Escherichia coli: Rosetta 2(DE3) strain: F- ompT

hsdSB(rB
- mB

-) gal dcm (DE3) pRARE2 (CamR)

Novagen / Merck Millipore Cat# 71400

Chemicals, Peptides, and Recombinant Proteins

3X FLAG peptide Sigma Cat# F4799

Adenosine 50-(b,g-imido)triphosphate lithium

salt hydrate (AMP-PNP)

Sigma Cat# A2647

dNTP set Invitrogen Cat# 10297018

NTP set Invitrogen Cat# R0481

[alpha-P32]dCTP Hatmann analytic Cat# SRP-205

Anti-FLAG M2 affinity gel Sigma Cat# A2220

Bio-Gel HT (Hydrated) Hydroxyapatite Bio-Rad Cat# 130-0150

Calmodulin-Sepharose 4B GE Healthcare Cat# 17-0529-01

Camptothecin, Camptotheca acuminata Merck Cat# 208925

cOmplete, EDTA-free Roche Cat# 5056489001

Disuccinimidyl dibutyric urea (DSBU) ThermoScientific Cat# A35459

Glutaraldehyde Sigma Cat# G5882

Nonidet P-40 substitute (NP-40-S) Roche Cat# 11754599001

Glutathione Sepharose 4B GE Healthcare Cat# 17-0756-01

HiTrap Blue HP GE Healthcare Cat# 17-0412-01

HiTrap DEAE Fast Flow GE Healthcare Cat# 17-5055-01

HiTrap Heparin HP GE Healthcare Cat# 17-0406-01

HiTrap SP HP GE Healthcare Cat# 29-0513-24

IgG Sepharose Fast Flow GE Healthcare Cat# 17-0969-01

Micro SpinColumn, C18 column Harvard Apparatus Cat# 74-4607

MonoQ PC 1.6/5 GE Healthcare Cat# 17-0671-01

MonoQ 5/50 GL GE Healthcare Cat# 17-5166-01

MonoS 5/50 GL GE Healthcare Cat# 17-5168-01

Ni-NTA Agarose QIAGEN Cat# 30210

Phosbind acrylamide APExBIO Cat# F4002

SephacrylTM S400 High Resolution GE Healthcare Cat# GE27-5330-02

Suberic acid bis(3-sulfo-N-hydroxysuccinimide

ester) sodium salt (BS3)

Sigma Cat# S5799

Superdex 200 Increase 10/300 GL GE Healthcare Cat# 28-9909-44

SuperoseTM 6 Increase 10/300 GL GE Healthcare Cat# 29-0915-96
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

TWEEN! 20 (used for buffer exchange

prior to cryo-EM grid preparation)

Sigma Cat# P8341

Microspin G-50 columns GE Healthcare Cat# GE27-5330-02

Recombinant Proteins (see also Table S5)

Cdt1-Mcm2-7 Coster et al., 2014 N/A

ORC Frigola et al., 2013 N/A

Cdc6 Frigola et al., 2013 N/A

DDK On et al., 2014 N/A

Sld3/7 Yeeles et al., 2015 N/A

Cdc45 Yeeles et al., 2015 N/A

Dpb11 Yeeles et al., 2015 N/A

Sld2 Yeeles et al., 2015 N/A

GINS Yeeles et al., 2015 N/A

Pol ε Yeeles et al., 2015 N/A

S-CDK Yeeles et al., 2015 N/A

Mcm10 Yeeles et al., 2015 N/A

Pol a Yeeles et al., 2015 N/A

Ctf4 Yeeles et al., 2015 N/A

RPA This study N/A

Mrc1 This study N/A

Csm3/Tof1 This study N/A

RFC Yeeles et al., 2017 N/A

PCNA Yeeles et al., 2017 N/A

Pol d Yeeles et al., 2017 N/A

Fob1 This study N/A

Csm3-2A/Tof1 This study N/A

Csm3-5A/Tof1 This study N/A

Csm3/Tof1-3A This study N/A

Csm3-2A/Tof1-3A This study N/A

Csm3-5A/Tof1-3A This study N/A

Lambda phosphatase He Laboratory N/A

Bovine Serum Albumin Invitrogen Cat# AM2616

Deposited Data

Co-ordinate file for conformation 1 (CMG-Csm3-

Tof1-Ctf43-fork DNA, reconstituted sample)

This study PDB: 6SKL

Co-ordinate file for conformation 2 (MCM C-Tier-

ssDNA, reconstituted sample)

This study PDB: 6SKO

Map of conformation 1 (CMG-Csm3-Tof1-Ctf4-

fork DNA, reconstituted sample)

This study EMDB: EMD-10227

Map of conformation 2 (multi-body refinement of

MCM[C-tier], reconstituted sample)

This study EMDB: EMD-10230

Map used in building Csm3-Tof1 atomic model

(multi-body refinement of Csm3-Tof1[body]-

Mcm467[NTier], reconstituted sample)

This study EMDB: EMD-10507

Map used in building Csm3-Tof1 atomic model

(multi-body refinement of Tof1[head]-

Mcm235[NTier], reconstituted sample)

This study EMDB: EMD-10508

Map of conformation 1 (multi-body refinement of

Cdc45-GINS-Ctf4, reconstituted sample)

This study EMDB: EMD-10509

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Map of conformation 1 (multi-body refinement of

Mcm2356, reconstituted sample)

This study EMDB: EMD-10510

Map of conformation 1 (multi-body refinement

of Mcm47, reconstituted sample)

This study EMDB: EMD-10511

Map of conformation 2 (multi-body refinement

of Mcm25 + Mcm6 CTD, 5 AMP-PNP bound,

reconstituted sample)

This study EMDB: EMD-10730

Experimental Models: Organisms/Strains

S. cerevisiae strains are detailed in Table S4 N/A N/A

Oligonucleotides

Fork leading strand:

50-(Cy3)TAGAGTAGGAAGTGA(Biotinylated-

dT)GGTAA

GTGATTAGAGAATTGGAGAGTGTG(T)34
T*T*T*T*T*T (*-phosphorothioate)

Integrated DNA Technologies (IDT) N/A

Fork lagging strand:

GGCAGGCAGGCAGGCACACACTCTCC

AATTCTCT

AATCACTTACCA(Biotinylated-dT)CACTT

CCTACTCTA

Integrated DNA Technologies (IDT) N/A

Recombinant DNA (See also Table S3)

vVA20 (replication/recruitment assay template) Aria and Yeeles, 2018 N/A

ZN5 (replication assay) Taylor and Yeeles, 2018 N/A

pAM3 (Cdc6 purification) Frigola et al., 2013 N/A

pJFDJ5 (GINS purification) Yeeles et al., 2015 N/A

pET28a-Mcm10 (Mcm10 purification) Yeeles et al., 2015 N/A

vJY19 (PCNA purification) Yeeles et al., 2017 N/A

vJY23 (Psf1, Sld5) This study N/A

vJY24 (Psf2, Psf3) This study N/A

vJY25 (Fob1) This study N/A

vJY30 (RFB template) This study N/A

vJY71 (Cdc45, Ctf4) This study N/A

vJY72 (Csm3, Tof1) This study N/A

vJY74 (Mrc1) This study N/A

vJY111 (Rfa1) This study N/A

vJY113 (Csm3R49A, K53A-Tof1) This study N/A

vJY114 (Csm3-Tof1K400A, R401A, K404A) This study N/A

vJY115 (Csm3R49A, K53A-Tof1K400A, R401A, K404A) This study N/A

vJY116 (Csm3K47A, R48A, R49A, Q51A, K53A-Tof1) This study N/A

vJY117 (Csm3K47A, R48A, R49A, Q51A, K53A-

Tof1K400A, R401A, K404A)

This study N/A

vVA30 (Parent vector for Tof1 mutagenesis) This study N/A

vVA31 (Construction of Tof1-3A strains) This study N/A

vVA32 (Parent vector for Csm3 mutagenesis) This study N/A

vJY136 (Construction of Csm3-5D strains) This study N/A

vJY137 (Construction of Csm3-5A strains) This study N/A

Software and Algorithms

CCP-EM (dev1.2.0) CCP-EM https://www.ccpem.ac.uk/

Chimera (v1.13) UCSF Resource for Biocomputing,

Visualization, and Informatics

https://www.cgl.ucsf.edu/chimera/
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

ChimeraX (v0.91) UCSF Resource for Biocomputing,

Visualization, and Informatics

https://www.cgl.ucsf.edu/chimerax/

Coot (v0.9-pre) Paul Emsley (Medical Research

Council Laboratory of Molecular

Biology)

https://www2.mrc-lmb.cam.ac.uk/

personal/pemsley/coot/

EMAN (v1.9) Baylor College of Medicine https://cryoem.bcm.edu/downloads/

view_eman1_versions

EPU (v1.9.1 & AutoCTF) ThermoFisher Scientific (FEI) https://www.fei.com/software/epu-

automated-single-particles-software-

for-life-sciences/

ESPript (v3.0.7) Patrice Gouet (Lyon University); Xavier

Robert (Centre national de la

recherche scientifique)

http://espript.ibcp.fr/ESPript/ESPript/

FIJI (v1.0) National Institute of Health https://imagej.net/Fiji/Downloads

Gautomatch (v0.53) Kai Zhang (Medical Research Council

Laboratory of Molecular Biology)

https://www.mrc-lmb.cam.ac.uk/

kzhang/Gautomatch/

Gctf (v0.50) Kai Zhang (Medical Research Council

Laboratory of Molecular Biology)

https://www.mrc-lmb.cam.ac.uk/

kzhang/Gctf/

ImageJ (v1.50i) National Institute of Health https://imagej.nih.gov/ij/

ISOLDE (v1.0b4) Tristan Croll (Cambridge Institute for

Medical Research)

https://isolde.cimr.cam.ac.uk/

Jalview (2.12.2b2) Barton Group, University of Dundee https://www.jalview.org/

MacPyMOL (v1.8.6.0) Schrödinger https://pymol.org/2/

MeroX Michael Götze (ETH Z€urich Institute

of Molecular Systems Biology)

http://www.stavrox.com/

MolProbity Duke Univeristy http://molprobity.biochem.duke.edu/

MotionCor2 (v1) University of California San Francisco

(UCSF) EM Core

https://emcore.ucsf.edu/ucsf-

motioncor2

MSConvert ProteoWizard http://proteowizard.sourceforge.net/

index.html

MUSCLE European Molecular Biology Laboratory

-European Bioinformatics Institute

(EMBL-EBI)

https://www.ebi.ac.uk/Tools/msa/muscle/

PDBePISA (v1.48) European Molecular Biology Laboratory

-European Bioinformatics Institute

(EMBL-EBI)

https://www.ebi.ac.uk/pdbe/pisa/

Phenix (v1.16-3549) Cambridge University; Duke University;

Lawrence Berkeley National Laboratory;

Los Alamos National Laboratory

https://www.phenix-online.org/

Photoshop CC 2018 Adobe https://www.adobe.com/uk/products/

photoshop.html

Phyre2 Structural Bioinformatics Group, Imperial

College London

http://www.sbg.bio.ic.ac.uk/!phyre2/

Prism (v8.0.0) GraphPad https://www.graphpad.com/scientific-

software/prism/

ProSMART (v0.856) Garib Murshudov (Medical Research

Council Laboratory of Molecular Biology)

https://www2.mrc-lmb.cam.ac.uk/

groups/murshudov/content/

prosmart/documentation.html

Refmac (v5.8.0238) Garib Murshudov (Medical Research

Council Laboratory of Molecular Biology)

https://www2.mrc-lmb.cam.ac.uk/

groups/murshudov/content/

refmac/refmac.html

RELION (v2.1 & v3.0.6) Sjors Scheres (Medical Research Council

Laboratory of Molecular Biology)

https://www3.mrc-lmb.cam.ac.uk/

relion/

(Continued on next page)
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Joseph
Yeeles (jyeeles@mrc-lmb.cam.ac.uk).

Materials Availability
Unique and stable reagents generated in this study are available upon request.

Data and Code Availability
Cryo-EM density maps of the reconstituted complex used in model building have been deposited in the Electron Microscopy Data
Bank (EMDB) under the following accession numbers: for conformation 1, EMD-10227 (full complex), EMD-10507 (Csm3-Tof1Body-
Mcm467N-tier), EMD-10508 (Tof1Head-Mcm235N-tier), EMD-10509 (Cdc45-GINS-Ctf43), EMD-10510 (Mcm2356), EMD-10511
(Mcm47); for conformation 2, EMD-10230 (MCMC-tier), EMD-10730 (Mcm25-Mcm6C-tier). Atomic coordinates have been deposited
in the Protein Data Bank (PDB) with the accession numbers PDB: 6SKL (conformation 1) and PDB: 6SKO (conformation 2,
MCMC-tier [5 AMP-PNP]).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Proteins were purified from Saccharomyces cerevisiae strains (genotype: MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112
can1-100 bar1::Hyg pep4::KanMX) containing integrated expression constructs; or from Escherichia coli RosettaTM 2(DE3) cells
(Novagen) (genotype: F– ompT hsdSB(rB– mB–) gal dcm (DE3) pRARE2 (CamR)) transformed with plasmids for protein overexpres-
sion (see Key Resources Table and Tables S3–S5 for details. Yeast strains for harboring Csm3 and Tof1 mutations were
derived from W303-1a (genotype: MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100). Plasmids details are reported in
the Key Resources Table and Table S3.

METHOD DETAILS

Yeast strains
Vectors and strains were constructed using standard molecular biology techniques (see Tables S3 and S4 for details). All genes for
protein expression were codon optimized as described (Yeeles et al., 2015). All mutant haploid yeast strains were isolated by tetrad
dissection of heterozygous diploid strains. Coding sequences for all genes were verified by sequencing, as were the coding regions
of mutant alleles of Csm3 and Tof1 following PCR amplification from genomic DNA.

Protein purification
Cdt1$Mcm2-7, ORC, Cdc6, DDK, Sld3/7, Sld2, Cdc45, S-CDK, Dpb11, GINS, Pol ε, Mcm10, RPA, RFC, PCNA, Pol a, Pol d, Csm3/
Tof1 and Ctf4 were purified as previously described (Taylor and Yeeles, 2018; Yeeles et al., 2015, 2017). An overview of the purifi-
cation strategy for each protein is provided in Table S5.
RPA purification
Untagged S. cerevisiae RPA was purified from a 10 L culture of yJY106. Cells were grown at 30!C to 5 x107 cells per ml in YEP (1.1%
yeast extract, 2.2% bactopeptone, 55 mg/L adenine hemisulphate) + 2% w/v raffinose before induction by addition of galactose
to 2% w/v final concentration from a 20% w/v stock. Cell growth was continued for 3 hours at 30!C before cells were harvested
by centrifugation, washed in 100 mL 25 mM Tric-HCL pH 7.2, 10% glycerol, 500 mM NaCl, 1 mM Tris(2-carboxyethyl)phosphine

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

XcaliburTM ThermoFisher Scientific https://www.thermofisher.com/order/

catalog/product/OPTON-30965#/

OPTON-30965

Xlink Analyzer (v1.1.4 dev29012020) European Molecular Biology Laboratory

(EMBL) - Hamburg

https://www.embl-hamburg.de/

XlinkAnalyzer/XlinkAnalyzer.html

XMIPP Centro Nacional de Biotecnologia (CNB)

Instruct Image Processing Centre (I2PC)

http://xmipp.i2pc.es/

Other

QUANTIFOIL Copper 400 mesh R2/2 holey

carbon TEM grids

Electron Microscopy Sciences Cat# Q450CR2
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hydrochloride (TCEP) (buffer R + 500 mM NaCl) and resuspended in buffer R. Cell paste was frozen in liquid nitrogen and cells were
lysed using a pestle andmortar filledwith liquid nitrogen. The lysate was cleared by centrifugation (235,000 g, 4!C, 1 hour) and nucleic
acid precipitated by addition of polyethyleneimine to 0.025% from a 1%stock followed by gentle stirring at 4!C for 10min. Precipitate
was cleared by centrifugation (18,000 g, 4!C, 15 min) and solid ammonium sulfate was added slowly to 40% saturation. Following
gentle stirring at 4!C for 10 min, precipitated protein was collected by centrifugation (18,000 g, 4!C, 20 min) and the precipitate re-
suspended in buffer R + 500 mM NaCl. The conductivity of the protein sample was adjusted to be equivalent to buffer R + 500 mM
NaCl by dilution with buffer R before application to a HiTrap Blue column equilibrated in buffer R + 500 mM NaCl. All subsequent
purification steps were performed as described in (Devbhandari et al., 2017).
Mrc1 purification
Mrc1 was purified as previously described (Yeeles et al., 2017) but with the following modifications. The growth temperature during
protein expression was reduced from 30!C to 20!C. All subsequent steps were performed at 4!C. Lysed cell powder from a 10-15 L
culture was resuspended in buffer M (50 mM Tris-HCl pH 8, 10% glycerol, 0.005% TWEEN 20, 0.5 mM TCEP, 400 mM NaCl) + pro-
tease inhibitors (cOmplete, EDTA-free (Roche), one tablet per 50mLbuffer). Insolublematerial was cleared by centrifugation (235,000
g, 4!C, 1 hour) and 2-4 mL FLAGM2 Affinity gel (Sigma) was added to the supernatant. The sample was incubated for 100min before
the resin was collected in 20 mL columns (< 2 mL bed volume per column) and was washed with 75 mL buffer M. Columns were
washed with 12.5 mL buffer M + 5 mM Mg(OAc)2 + 0.5 mM ATP, followed by 25 mL buffer M. Mrc1 was eluted in 1 column volume
(CV) buffer M + 0.2mg/ml 3x FLAG peptide and 2CV buffer M + 0.1mg/ml 3x FLAG peptide. The eluate was concentrated to"800 mL
in an Amicon Ultra-15 30,000 NMWL concentrator and applied to a Superose 6 10/300 column (GE healthcare) equilibrated in 25 mM
Tris-HCl pH 7.2, 10% glycerol, 0.005% TWEEN 20, 1 mM EDTA, 0.5 mM TCEP, 150 mM NaCl. Peak fractions were pooled, frozen in
liquid nitrogen and stored at #80!C.
Csm3/Tof1 purification
Csm3/Tof1 was purified as previously described (Yeeles et al., 2017) but with the following modifications. After elution from Calmod-
ulin Sepharose 4B (GE healthcare) by TEV cleavage the protein was applied to a 1 mLMonoQ column equilibrated in 25 mM Tris-HCl
pH 7.2, 1 mM EDTA, 10% glycerol, 0.02% NP-40-S, 1 mMDTT, 200 mMNaCl. Protein was eluted with a 30 column volume gradient
from 200 mM – 1M NaCl. Peak fractions were pooled, concentrated to "500 mL in an Amicon Ultra-15 30,000 NMWL concentrator
and applied to a Superdex 200 Increase 10/300 gel filtration column equilibrated in 25 mM Tris-HCl pH 7.2, 1 mM EDTA, 10% glyc-
erol, 0.02% NP-40-S, 1 mM DTT, 150 mM NaCl. Peak fractions were pooled, frozen in liquid nitrogen and stored at #80!C.
CMG purification
Diploid yeast (yJY37) (15-30 L) were grown at 30!C to 5 x107 cells per ml in YEP + 2% w/v raffinose before induction by addition of
galactose to 2% w/v final concentration from a 20%w/v stock. Cell growth was continued for 3 hours at 30!C before cells were har-
vested by centrifugation, washed in 150mL buffer C (40mMHEPES-NaOH pH 7.5, 10%glycerol, 0.005%TWEEN 20, 0.5mMTCEP,
150mMNaOAc) and resuspended in aminimal volume of buffer C + protease inhibitors (cOmplete, EDTA-free (Roche), one tablet per
50 mL buffer). Cell paste was frozen in liquid nitrogen and cells were lysed using a pestle and mortar filled with liquid nitrogen. Lysed
cell powder (typically from a 15 L culture) was resuspended in buffer C + protease inhibitors and insolublematerial removed by centri-
fugation (235,000 g, 4!C, 1 hour). FLAG M2 Affinity gel (8 ml) was added to the lysate and incubated for 90 min at 4!C. Resin was
collected in 20mL columns (< 2mL bed volume per column) andwashedwith 80mLbuffer C per column. Columnswere thenwashed
with 10 mL buffer C + 5 mM Mg(OAc)2 + 0.5 mM ATP followed by 25 mL buffer C. Proteins were eluted with 1 CV buffer C + 2mM
CaCl2 + 0.2 mg/ml 3x FLAG peptide then 2 CV buffer C + 2mM CaCl2 + 0.1 mg/ml 3x FLAG peptide. Calmodulin Sepharose 4B
(GE healthcare) (1 ml) was immediately added to the eluate, which was incubated for 30 min before the resin was collected in a
20 mL column. The flow-through was reapplied to the column twice before washing the column with 25 CV buffer C + 2mM
CaCl2. CMG was eluted in 8 CV of buffer C + 2 mM EDTA + 2 mM EGTA. Eluate was applied to a MonoQ PC 1.6/5 (GE healthcare)
equilibrated in 25 mM Tris-HCl pH 7.2, 10% glycerol, 0.005% TWEEN 20, 0.5 mM TCEP, 150 mMKCl. CMG was eluted with a 20 CV
gradient from 150-1000 mM KCl and peak fractions were dialysed overnight against 500 mL 25 mM HEPES-KOH pH 7.6, 40 mM
KOAc, 40 mM K-glutamate, 2 mM Mg(OAc)2, 0.25 mM EDTA, 0.5 mM TCEP, 20% glycerol. Protein was frozen in liquid nitrogen
and stored at #80!C.
Fob1 purification
yJY39 (10 L) were grown at 30!C to 4.5 x107 cells per ml in YEP + 2% w/v raffinose before induction by addition of galactose to
2% w/v final concentration from a 20% w/v stock. Cell growth was continued for 3 hours at 30!C before cells were harvested by
centrifugation, washed in 150 mL buffer F (25 mM Tris-HCl pH 7.2, 1 mM EDTA, 10% glycerol, 0.02% NP-40-S, 0.5 mM DTT) +
400 mMNaCl and resuspended in a minimal volume of buffer F + 400 mMNaCl + protease inhibitors (cOmplete, EDTA-free (Roche),
one tablet per 25 mL buffer). Cell paste was frozen in liquid nitrogen and cells were lysed using a pestle and mortar filled with liquid
nitrogen. Lysed cell powder was resuspended in buffer F + 400 mM NaCl + protease inhibitors and insoluble material removed by
centrifugation (235,000 g, 4!C, 1 hour). FLAGM2 Affinity gel (2.5 ml) was added to the lysate and incubated for 3 hours at 4!C. Resin
was collected in a 20 mL column and washed with 80 mL buffer F + 400 mM NaCl followed by 20 mL buffer F + 200 mM NaCl. Fob1
was eluted in 8 mL buffer F + 200 mM NaCl + 0.2 mg/ml 3x FLAG peptide. The eluate was diluted in buffer F to the equivalent of
150 mM NaCl and was applied to a 1 mL MonoQ column equilibrated in buffer F + 150 mM NaCl. Protein was eluted with a
25 CV gradient from 150-1000 mM NaCl in buffer F. Peak fractions were pooled and dialysed against buffer F + 150 mM NaCl for
3 hours prior to freezing in liquid nitrogen and storage at #80!C.
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Preparation of fork DNA for cryo-EM sample preparation
Fork DNA was annealed by mixing equal volumes of Fork-Lead and Fork-Lag oligos (Integrated DNA Technologies) and allowing to
cool gradually from 75!C to room temperature. The Fork-Lead and Fork-Lag stock solutions were made at 53 mM each in 25 mM
HEPES-NaOH, pH 7.5, 150 mM NaOAc, 0.5 mM TCEP, 2 mM Mg(OAc)2. The sequence of each oligo was a modified version of
the fork used in prior publication (Georgescu et al., 2017); Fork-Lead was 50-(Cy3)TAGAGTAGGAAGTGA(Biotinylated-dT)
GGTAAGTG ATTAGAGAATTGGAGAGTGTG(T)34T*T*T*T*T*T, where * denotes phosphorothioate backbone linkages. Fork-Lag
was 50-GGCAGGCAGGCAGGCACACACTCTCCAATTCTCTAATCACTTACCA(Biotinylated-dT)CACTTCCTACTCTA.

Glycerol 10%–30% gradient preparation
For co-expression experiments, Buffer A (40 mM HEPES-NaOH, pH 7.5, 150 mM NaOAc, 0.5 mM TCEP, 10% v/v glycerol) was
layered on top an equal volume of freshly prepared Buffer B (Buffer A, except 30% v/v glycerol + 0.16% glutaraldehyde [Sigma])
in a 14 mL SW40-Ti tube (Beckman) and gradients made using a gradient-making station (Biocomp Instruments, Ltd.) before cooling
on ice.
For in vitro reconstitution experiments, 500 mMAMP-PNP and 3mMMg(OAc)2 were added to Buffers A and B. Buffer B was further

supplemented with a second cross-linking agent, 2 mM bis(sulfosuccinimidyl)suberate (BS3, ThermoFisher Scientific). These were
layered in equal volumes in a 2.2 mL TLS-55 tube (Beranek Laborgerate) and gradients prepared using a gradient-making station
(Biocomp Instruments, Ltd.) before cooling on ice.

In vitro reconstitution of CMG-Csm3/Tof1-Mrc1-Ctf4-DNA complexes for cryo-EM
Components were sequentially mixed with CMG while on ice as follows to yield a final reaction volume of 65 mL containing 0.5 mM
CMGwith a 1.5 molar excess of all other components, maintaining 500 mMAMP-PNP and 3mMMg(OAc)2 throughout. First, the fork
DNA was added to CMG and incubated for 1 h. Subsequently, Csm3/Tof1 and Ctf4 were pre-mixed and added to the CMG:DNA
reaction mixture. After 10 min incubation, Mrc1 was added for a further 45 min.
Before loading onto the glycerol gradient (prepared as described above), the reaction volume was diluted 2.5-fold using buffer D

(25 mM HEPES-NaOH, pH 7.5, 150 mM NaOAc, 0.5 mM TCEP, 500 mM AMP-PNP, 3 mMMg(OAc)2). The sample was separated by
centrifugation (Beckman TLS-55 rotor, 200,000g, 4!C, 2 h) and 100 mL fractions manually collected. The fraction containing the com-
plex was identified by silver-stained SDS-PAGE. Relevant fractions were pooled (total"190 mL) and buffer exchanged with cryo-EM
buffer (buffer D except 100 mM AMP-PNP + 0.005% v/v TWEEN 20 [Sigma, Cat#P8341]) during six rounds of ultrafiltration in 0.5 mL
30K MWCO centrifugal filters (Amicon) using a bench-top centrifuge (21,000g, 4!C, 1 min/round). Sample was concentrated to
"25 mL and immediately used for cryo-EM grid preparation.

Co-expression and purification of CMG-Csm3/Tof1-Mrc1-Ctf4 complexes for cryo-EM
Cultures of yJY74 (see Tables S4 and S5 for details) were grown in YEP with 2%w/v raffinose (15 L) at 30!C, to a density of"63 107

cells/mL before inducing overexpression by addition of 2%w/v galactose for 3 h under the same conditions. Cells were harvested by
centrifugation (3,000g, 8 min, 4!C), washed and resuspended with Lysis buffer (40 mMHEPES-NaOH, pH 7.5, 150 mMNaOAc, 10%
glycerol, 0.005% v/v TWEEN 20, 0.5 mM TCEP, protease-inhibitors (cOmplete, EDTA-free (Roche), one tablet per 25 mL buffer)),
before flash-freezing as pellets in liquid nitrogen.
Cells were lysed using a Freezer/Mill (6870D SPEX Sample Prep, 2 cycles, 1 min pre-cool, 2 min run-time, 1 min cool-time, rate 10

cps) before thawing in Lysis buffer. All subsequent steps were performed at 4!C unless specified otherwise. The lysate was clarified
by centrifugation (160,000g, 45 min) and the supernatant filtered (0.45 mm PVDF syringe filters, Elkay Laboratory Products UK). The
supernatant was then incubated with 8-10 mL anti-FLAG M2 affinity agarose gel (Sigma), rotating at 7 rpm for 60-90 min. The next
affinity chromatography steps were done at room temperature using ice-cold buffers, unless stated otherwise. The supernatant was
split between gravity flow columns (14 cm Econo-Pac, BioRad) and the flow-through re-applied once before each column was
washed twice with 30 mL buffer W (40 mM HEPES-NaOH, pH 7.5, 150 mM NaOAc, 10% v/v glycerol, 0.005% v/v TWEEN 20,
0.5 mM TCEP). Each column was then washed once with 12.5 mL buffer W + 500 mM ATP + 5 mM Mg(OAc)2, incubating for
5 min partway through, before a final wash with 20 mL of buffer W + 2 mM CaCl2. Protein was eluted by successive addition of
one CV buffer W + 2 mM CaCl2 + 0.2 mg/mL 3xFLAG peptide [Sigma], followed by two CV buffer W + 2 mM CaCl2 + 0.1 mg/mL
3xFLAG peptide, and finally one CV of buffer W + 2 mM CaCl2.
The FLAG-eluate was pooled and incubated with up to 1.2 mL Calmodulin Sepharose 4B affinity resin (GE Healthcare), rotating at

7 rpm for 1 h at 4!C. The sample was applied to a gravity flow column (9 cm Poly-Prep Chromatography Columns, Bio-Rad) and the
flow-through reapplied twice. The column was washed twice with 20 mL buffer C (25 mM HEPES-NaOH, pH 7.5, 150 mM NaOAc,
0.5 mM TCEP) + 2 mM CaCl2 before elution using 3-5 mL buffer C + 2 mM EDTA + 2 mM EGTA. The sample was concentrated to
300 mL using 0.5mL 30KMWCOcentrifugal filters (Amicon) in a bench-top centrifuge (21,000g, 4!C). The sample was split across two
glycerol gradients prepared as described above, with one gradient containing glutaraldehyde and used for subsequent sample prep-
aration steps, while the second gradient lacked cross-linking agents to allow assessment of complex migration. The sample was
separated by centrifugation in an SW 40 Ti rotor (Beckman) at 140,000g for 15 h at 4!C. Samples were manually fractionated in
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400 mL fractions and analyzed by SDS-PAGE. The relevant fraction was buffer exchanged in buffer C + 0.005% v/v TWEEN 20
(Sigma, Cat# P8341) over six rounds of centrifugation (21,300g, 1 min/round, 4!C) in 0.5 mL 30K MWCO centrifugal filters (Amicon).
The sample was concentrated to a final volume of "35 mL.

In early cryo-EM datasets we observed higher compositional heterogeneity of the complex likely arising from endogenous DNA co-
purifying with our sample. In an attempt to overcome this, later sample preparations contained 10 mL streptavidin-blocked fork DNA
added to the relevant fraction taken from glycerol gradients and incubated on ice for 15 min after gradient fixation and before buffer
exchange. To prepare streptavidin-blocked fork DNA, 10 mL fork DNA (26.5 mM) was incubated with 12.5 mL tetravalent streptavidin
(21 mM, Pierce) at room temperature for 40 min prior to addition of DNA to a purified replisome. The addition of DNA after the final
centrifugation step did not alter DNA homogeneity in our cryo-EM reconstructions, and therefore data obtained from samples pre-
pared with and without added streptavidin-blocked fork DNA were combined during processing.

Co-expression and purification of non-cross-linked CMG-Csm3/Tof1-Mrc1-Ctf4 complexes for cryo-EM
One sample was prepared as described for the co-expressed sample above (with SA-blocked fork DNA added) except with cross-
linker omitted from the glycerol gradient. This was used to assess the impact of cross-linker on the architecture of the complex
(Figure S3I).

Cryo-EM grid preparation
Reconstituted and co-expressed complex
Quantifoil R2/2, Cu-400 mesh cryo-EM grids pre-coated with an ultra-thin (3-5 nm) amorphous carbon (produced at the LMB) were
glow discharged for 5 s at a plasma current of 15 mA (PELCO easiGlow). Sample (3 mL) was applied and incubated for 15-30 s at 4!C
before manually blotting with filter paper for 10 s and plunge-freezing in liquid ethane (approx. #180!C).

Data collection
Reconstituted sample
A total of 6,878 rawmicrographs were acquired across two datasets on the same 300 keV FEI Titan Kriosmicroscope (LMBKrios3) at
a calibrated pixel size of 1.049 Å/pixel (nominal magnification of 130,000 X). The K2 Summit direct electron detector (Gatan) was used
in electron counting mode with a GIF Quantum energy filter slit width of 20 eV. EPU (ThermoFisher) was used for automated data
collection, with a defocus range set at #1.4 to #2.6 mm and dose-fractionation into 20 fractions per movie, with a total exposure
time of 7-8 s to achieve a dose of 37-38 e-/Å2 per micrograph.
Co-expressed sample
Six datasets were collected totaling 11,637 rawmicrographs. The 300 keV FEI Titan Kriosmicroscopes (LMBKrios1 and Krios2, eBIC
Krios M03 and ESRF Krios1) were used with either a Falcon III direct electron detector (FEI) or a K2 Summit direct electron detector
(Gatan), both in electron countingmode. The datawere acquired at several magnifications ranging from 1.05-1.07 Å/pixel. EPU (Ther-
moFisher) was used for automated data collection with a defocus range set to #1.5 to #3 mm. For data acquired with a Falcon III
detector the acquisition was dose-fractionated into 180 fractions with an exposure time of 44 s per micrograph and a dose of
0.82 - 0.84 e-/pixel/s. Data collected with a K2 camera were dose-fractionated into 20 fractions with a total exposure time of
6-8 s to achieve a dose per micrograph of 37-43 e-/Å2. The slit width of the GIF Quantum energy filter was set to 20 eV.
Co-expressed sample prepared without cross-linking
A single dataset of 2,527 rawmicrographs was collected on a 300 keV Titan Kriosmicroscope (LMBKrios2) equippedwith a Falcon III
direct electron detector (FEI) operated in electron countingmode andwith a pixel size of 1.07 Å/pixel (nominal magnification of 75,000
X). EPU (ThermoFisher) with on-the-fly motion correction was used for automated data acquisition with a defocus range set at #2
to #3 mm, dose-fractionating each micrograph into 180 fractions. An exposure time of 44 s was used with a dose of 0.82 e-/pixel/s.

Data processing and 3D-reconstruction for the reconstituted sample
The gain-corrected 20-frame movies were aligned and dose-weighted (0.25-0.27 e-/Å2/frame) by MotionCor2 (Zheng et al., 2017).
The contrast transfer function (CTF) parameters were calculated using Gctf (Zhang, 2016). Gautomatch (https://www.mrc-lmb.
cam.ac.uk/kzhang/Gautomatch/) was used for automated particle picking on the remaining 6682 micrographs after manually dis-
carding those containing contamination, no particles, significant drift or damaged holes. RELION 3.0-alpha was used for the entire
data processing (Nakane et al., 2018; Scheres, 2012a, 2012b; Zivanov et al., 2018). 632,000 particles were extractedwith down-sam-
pling by a factor of 2 and submitted for four rounds of 2D classification from which 472,000 selected particles were re-extracted
without down-sampling in a box size of 360 pixels and submitted for 3D classification using a regularization parameter (T) of 4.
Four of eight good 3D classes were included in further processing (Figure S2).

Two classes containing the best Csm3/Tof1 density (nearly 300,000 particles, 60%) were combined and 3D-refined before per-
forming further rounds of CTF refinement, Bayesian polishing (Zivanov et al., 2019) and 3D-refinement to yield a map at an overall
3.1 Å resolution (all resolutions hereafter calculated with Gold standard Fourier shell correlation of 0.143). The precise pixel size of
1.049 Å was determined after maximizing the cross-correlation coefficient between our 3.1 Å map and the CMG:DNA model
(PDB: 5U8S) (Georgescu et al., 2017) using Chimera (Pettersen et al., 2004). This pixel size was then used for postprocessing all
maps obtained in this dataset. To further improve the Csm3/Tof1 density, multi-body refinement (Nakane et al., 2018) was performed
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for (i) the Tof1 Head including N-tier regions of Mcm2, 3, 5, and (ii) the Tof1 Body/Csm3 including the N-tier regions of Mcm4, 6, 7 and
dsDNA (Figure S2). Resulting maps were sharpened with B-factor!20 Å2 to give final maps of 3.3 and 3.2 Å resolution, respectively.
These maps were used for building the models of Csm3, Tof1 and dsDNA.
For the remainder of the complex, the above 3D classification identified two conformations differing in the position of the MCM

C-tier and bound ssDNA (conformations 1 and 2). One class represented complexes in conformation 1 and containing Csm3/Tof1
(124,000 particles; 26%). One class represented complexes in conformation 2 and containing Csm3/Tof1 (159,000 particles,
34%). A third class represented amixed population of particles in both conformations, lacking clear density for Csm3/Tof1; this class
was separated into conformation 1 (74,000 particles; 16%) and conformation 2 (23,000 particles; 5%) using 3D subclassification
without alignment.
For conformation 1 (Figure S2, gray maps), all classes in this conformation were combined irrespective of Csm3/Tof1 occupancy

(198,000 particles; 42%) and 3D-refined, before performing CTF refinement, Bayesian polishing, another round of 3D refinement and
map sharpening to yield a map at 3.2 Å resolution. Multi-body refinement was performedmasking more rigidly-associated regions of
the complex as described in Figure S2. After map sharpening, the resulting maps were used to build the atomic models of CMG and
Ctf4 for conformation 1. The above multi-body refinement maps were sharpened with the following B-factors: !40 Å2 for the
Mcm2356 map, !5 Å2 for the Mcm47 map, !20 Å2 for the remaining bodies.
For conformation 2 (Figure S2, yellow maps), a similar approach was taken as for conformation 1. After multi-body refinement,

fitting of models to the conformation 2 density confirmed the only major differences between conformations was the position of
the C-tier and bound ssDNA. Consequently, the maps for the MCM C-tier, Mcm3467 and Mcm25 were sharpened with B-factors
!20, !10 and !10 Å2 respectively, and used to build the model of the MCM C-tier in conformation 2. An additional map produced
after a further round of 3D subclassification (see below) was also used to aid model building for conformation 2.
After initial model building, it was clear there was a mixed population differing in AMP-PNP occupancy for conformation 2. To

resolve these populations, the good particles from the original 3D-classification were combined before performing a further round
of 3D-subclassification using a higher value T of 10 and limiting the Fourier components used in alignment to 10 Å resolution (refer
to Figure S2). Of 12 classes, one represented complexes in conformation 2 with five AMP-PNP molecules bound to the C-tier (Fig-
ure S2, magenta map), and a second with particles in conformation 2 with three AMP-PNP molecules bound and a shorter region of
ssDNA resolved (Figure S2, cyan map). Models were fitted to these and the AMP-PNP occupancy and ssDNA length adjusted
accordingly (presented in Figure 3B). The map with five AMP-PNP molecules bound was then submitted for two-body multi-body
refinement with one body covering Mcm25 and Mcm6 CTD; after map sharpening with a B-factor of !5 Å2, this map was useful
in aiding final model building for the model of conformation 2. Finally it is worth noting this further 3D-subclassification additionally
yielded a 3.7 Å resolution sharpened map of conformation 1 with more homogeneous resolution across all subunits in the complex.
To produce the cryo-EM density map best illustrating regions of unassigned density (Figure S3M) the subset of particles in confor-

mation 2, which produced the 3.3 Å map of the whole complex (see Figure S2, yellow map), was subjected to a further round of 3D
sub-classification without alignment, this time utilizing a higher value T of 100 in addition to providing a mask which encompassed
Csm3/Tof1, dsDNA and the N-tier regions primarily belonging to Mcm4 and 6. Of six classes, four classes (50% of input particles)
contained good Csm3/Tof1 and dsDNA density; these were recombined, 3D-refined and finally sharpened with a B-factor of !5 Å2.
Local resolution was calculated using RELION and maps were colored accordingly using Chimera (Pettersen et al., 2004), pre-

sented in Figure S1K.

Data processing and 3D-reconstruction for the cross-linked co-expressed sample
A total of six datasets totaling 11,647 raw movies were collected and processed independently using first RELION-2.1 and then
RELION 3.0-alpha (Scheres, 2012a, 2012b; Zivanov et al., 2018). In general, raw movies were aligned and dose-weighted by
MotionCor2 (Zheng et al., 2017) and CTF parameters were estimated using Gctf (Zhang, 2016). Poor micrographs (containing
contamination, no particles, significant drift or damaged holes) were manually excluded from each dataset. All particles were picked
usingGautomatch (https://www.mrc-lmb.cam.ac.uk/kzhang/Gautomatch/). After one to two rounds of 2D-classification, followed by
3D-classification and 3D-refinement, the sharpened maps for the best classes from all six datasets were compared in Chimera in
order to calculate scaling factors necessary for combining the datasets initially acquired at different microscope magnifications.
Refined particles from five datasets were rescaled to the relative pixel size of the sixth dataset at 1.11 Å/pixel after re-estimation
of the CTF parameters followed by particle re-extraction using a box size of 360 pixels (Wilkinson et al., 2019). The combined dataset
comprised 412,000 particles, which were submitted for 3D-refinement. The resulting 3.4 Å map was sharpened with a B-factor of
!20 Å2 and is presented in Figure S3J (see also Figures S3E and S3F). To improve the resolution of the complex, a three-body
multi-body refinement was performed with bodies encompassing either the MCM C-tier, Csm3-Tof1-dsDNA or the remainder; the
sharpened maps are presented in Figure S3G.

Data processing and 3D-reconstruction for the non-crosslinked co-expressed sample
Micrographs were processed using RELION-2.1 (Scheres, 2012a, 2012b; Zivanov et al., 2018). Raw movies were aligned and dose-
weighted by MotionCor2 (Zheng et al., 2017) and CTF parameters were estimated using Gctf (Zhang, 2016). Poor micrographs (con-
taining contamination, no particles, significant drift or damaged holes) were manually excluded from each dataset. Particles were
picked from the remaining 2387 micrographs using Gautomatch (https://www.mrc-lmb.cam.ac.uk/kzhang/Gautomatch/). A total
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of 413,000 particles were extracted and down-sampled by a factor of two before submission to two rounds of 2D classification. It was
clear from 2D classification that there was a significant number of particles comprising more than one CMGmolecule. Classes were
stringently selected to contain complexes with a single copy of CMG, yielding 70,000 particles. These were subsequently submitted
for 3D classification across six classes: heterogeneity was observed for Csm3-Tof1 and Ctf4 occupancy, with one class representing
particles containing CMG-Csm3-Tof1-Ctf4-DNA. This class (28,000 particles) was re-extracted without down-sampling, 3D-refined
and sharpened (B-factor of !50 Å2) to yield a map at 5.1 Å resolution (presented in Figure S3I).

Model building and refinement
Model building was carried out inCoot (Emsley et al., 2010) for the reconstituted sample using maps generated by multi-body refine-
ment, as detailed in the data processing sections. An atomicmodel was built for conformation 1 (Table S1). As initial templatemodels,
CMG:DNA (PDB: 5U8S) (Georgescu et al., 2017) and the crystal structure of the C-terminal regions of Ctf4 (PDB: 4C8H) (Simon et al.,
2014) were used where individual subunits were fitted as rigid bodies to the relevant multi-body refinement maps using Chimera
(UCSF) (Pettersen et al., 2004), with N- and C-tier regions of MCM subunits fitted separately. It was notable that the resolution of
MCM C-tier subunits was variable, with Mcm2, 3, 5 and 6 (those binding AMP-PNP and ssDNA) better resolved than Mcm4 and
7. Subunits were then jiggle-fitted and morphed to the relevant maps inCoot, prior to adjusting the models to density manually using
local refinement and regularization.

For Mcm subunits, the regions N-terminal to the helical domain (N-terminal extension, NTE) of Mcm2, 4 and 6 were extended, with
28 residues built for theMcm2NTE, 12 residues built for theMcm6NTE, and remodelling of 6 residues of theMcm4NTE (Figure S1M).
These NTE regions contain Tof1 binding sites. 172 residues were not observed for the NTE of Mcm2, although unassigned density is
present in the vicinity and may account for some of these residues.

The MCM Zinc-finger (ZnF) domains were rebuilt with tetrahedrally-coordinated Zn2+ ions placed in the spherical density that was
observed at low contour level between four cysteine residues in each of the ZnF domains in Mcm2, 4, 5, 6 and 7. The Mcm5 ZnF was
based on the MCM double hexamer template model (PDB: 5BK4) (Noguchi et al., 2017). The N-terminal hairpin (NTH) loops of Mcm7
(the separation pin, 362-368) and Mcm2 (436-443) were remodelled as a-helical, with the Mcm6 NTH also significantly remodelled.
The linkers between N- and C-tier were built fully as loops for Mcm2 (459-476) and 5 (339-363) and an a-helix (501-508) was built for
themostly disordered N/C-tier linker of Mcm6 (463-509). In the C-tier, the ssDNA-binding regions (helix H2, H2I loops and PS1 loops)
showed much improved density, which required significant remodelling in terms of repositioning and extending the Ca-backbone,
assigning the correct sequence register and rebuilding side-chains.

Density observed around the C-tier region of Mcm3 where the model is incomplete (vicinity of residue 583) remains unassigned.
Additional helical density observed in the vicinity of Mcm6 could be potentially attributed to residues 202-251 and/or its N/C-tier
linker, however this region was not included in the final model. The C-terminal winged-helix (WH) domain (851-877) was retained
for Mcm4 in the lower-resolution density, as seen in prior structural work (Georgescu et al., 2017). AMP-PNP/Mg2+ was built in
well resolved density at the Mcm2/6, 2/5 and 3/5 interfaces with side chains visible for WalkerA, WalkerB, Arg-finger and Sensor2
motifs (Figure S1H).

For the remainder of CMG, model building was as follows. The N-terminal CIP-box of Sld5 taken from the crystal structure of this
peptide bound to Ctf4 (PDB: 4C95) (Simon et al., 2014) was rigid-body fitted and adjusted in clearly visible density . The model for
Psf2 was extended for additional residues 33-38, which now appear to be ordered, presumably through the interaction of this region
with the Ctf4 helical bundle. For Ctf4, the side-chains were adjusted, particularly at the interface with Cdc45 and Psf2. The N-terminal
regions of Ctf4 (1-460), known to contain aWD40 domain in human And-1, could not be assigned to specific regions of density in our
complex. Five residues of the Psf3 N-terminal His-tag were resolved in the density and are present in the model (N-Ser-His-Met-Ala-
Ser-C).

For conformation 2, the largest changes compared to conformation 1 were observed in the MCM C-tier and the length of bound
ssDNA, therefore a model was built for this region by adjusting our MCMC-tier models for conformation 1 to density of conformation
2. The resolution of C-tier subunits varied, with those bound to AMP-PNP/Mg2+ and 16-mer ssDNA (built as poly-dT) better resolved
(the only AMP-PNP-free interface was observed between Mcm2 and 5). The major differences compared to conformation 1 were
observed in the relative positions of individual MCM subunits and the positions of the ssDNA-binding loops. For Mcm4, density
for the WH was no longer observed, while the linker connecting the WH to the AAA+ domain was repositioned away from the
MCM central channel.

Csm3/Tof1 was partially built de novo. The N terminus of Tof1 was identified in our density after rigid-body fitting of the fragment of
human Timeless (PDB: 5MQI) (Holzer et al., 2017), which was then used for homology modeling of the Tof1 region comprising helical
repeats 1-6 using Phyre2 (Kelley et al., 2015). The Tof1 homologymodel wasmorphed and jiggle-fitted into our multi-bodymap of the
Tof1 Head (Figure S2), which was thenmanually adjusted and locally refined before building de novo theU-loop and theMCM-plugin,
which extend between helical repeats 3-4 and 4-5, respectively. TheMcm6NTE packs against theU-loop and this region was built as
a compositeMcm6-Tof1 b sheet given good density. The density for theU-loop in the region facing themajor groove of DNA indicates
greater flexibility. The density and connectivity for the long MCM-plugin was of a good quality, in particular several prominent newly
built secondary structure elements (helices Bridge and aW, and the Wedge b-hairpin, see Figure S7E) packing against the interface
withMcm6, 4 and 7. The density of theMCM-plugin which protrudes into theminor groove of DNA could bewell resolved and the side
chains built represent those of the Tof1 DBM (401-404). Repeats 7-9 of Tof1 (the Body encompasses repeats 6-9, Figure S7A) were
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built de novo up to residue 781with certain loops being omitted due to lack of density (Table S1). Following residue 781, the remaining
novel density accounting for five helices was observed to have opposite polarity to helices in the Tof1 Body and the model for this
density was built de novo with the sequence register assigned to the core of Csm3; in particular, the side chains of the helix a2 were
well resolved with a prominent tryptophan side chain (W98). Additional density extending from a small helix a0 into the minor groove
of dsDNA was built as the Csm3 DBM (46-53). This region is predicted to be disordered and is likely stabilized by interaction
with DNA.
The dsDNA was built in the density of a multi-body refinement map representing Tof1Body/Csm3/dsDNA. Sequence register was

assignedbasedon the sequenceof our forkDNAassuming nounwindingdue to the inclusion of AMP-PNPduring samplepreparation.
Once rebuilt, subunits were refined in the relevant maps using Refmac (Kovalevskiy et al., 2018), phenix.real_space_refine (Afonine

et al., 2018) and ISOLDE (Croll, 2018).

Model to cryo-EM map validation for conformation 1 and conformation 2
Fourier Shell Correlation (FSC) was calculated between the refined models (conformation 1 and MCM C-tier:ssDNA of conformation
2) and their respective unsharpened sums of the two half maps using XMIPP (Sorzano et al., 2004). The above models were also
refined with restraints against the respective half-1 maps and the FSC map-to-model curves were calculated for the half-1 and
half-2 (not used for model refinement) maps (Figure S1I).

Cross-linking mass spectrometry (XL-MS)
The complex comprising CMG, Ctf4, Csm3/Tof1 andMrc1was purified following co-expression as described above. The eluate from
the Calmodulin Sepharose 4B column (25 mM HEPES pH 7.5, 150 mM sodium acetate, 0.5 mM TCEP, 2 mM EDTA/EGTA) was
immediately cross-linked with a 100-fold excess of the N-hydroxysuccinimide (NHS) ester disuccinimidyl dibutyric urea (DSBU,
ThermoScientific, USA), with respect to the protein concentration. The cross-linking reactions were incubated for 60 min at room
temperature and then quenched by the addition of NH4HCO3 to a final concentration of 20 mM and incubated for further 15 min.
The cross-linked proteins were then precipitated according to the method of Wessel and Fl€ugge (1984) and resuspended in 8 M
urea in 50 mM NH4HCO3.

The cross-linked proteins were reduced with 10 mM DTT and alkylated with 50 mM iodoacetamide. Following alkylation, the con-
centration of urea was reduced to 1M by the addition of 50mMNH4HCO3 and the proteins digested with trypsin (Promega, UK) at an
enzyme-to-substrate ratio of 1:100, for 1 h at room temperature and then further digested overnight at 37!C following a subsequent
addition of trypsin at a ratio of 1:20.
The peptide digests were then fractionated batch-wise by high pH reverse phase chromatography on micro spin C18 columns

(Harvard Apparatus, USA), into five fractions (10 mM NH4HCO3 /10% v/v acetonitrile pH 8, 10 mM NH4HCO3 /20% v/v acetonitrile
pH 8, 10 mM NH4HCO3 /30% v/v acetonitrile pH 8, 10 mM NH4HCO3 /50% v/v acetonitrile pH 8 and 10 mM NH4HCO3 /80% v/v
acetonitrile pH 8). The 150 mL fractions were evaporated to dryness on a CoolSafe lyophilizer (ScanVac, Denmark) prior to analysis
by LC-MS/MS.
Lyophilized peptides for LC-MS/MSwere resuspended in 0.1%v/v formic acid and 2%v/v acetonitrile and analyzed by nano-scale

capillary LC-MS/MS using an Ultimate U3000 HPLC (ThermoScientific Dionex, USA) to deliver a flow of approximately 300 nl/min. A
C18 Acclaim PepMap100 5 mm, 100 mm3 20mmnanoViper (ThermoScientific Dionex, USA), trapped the peptides before separation
on a C18 Acclaim PepMap100 3 mm, 75 mm 3 250 mm nanoViper (ThermoScientific Dionex, USA). Peptides were eluted with a
gradient of acetonitrile. The analytical column outlet was directly interfaced via a nano-flow electrospray ionisation source, with a
quadrupole Orbitrap mass spectrometer (Q-Exactive HFX, ThermoScientific, USA). MS data were acquired in data-dependent
mode using a top 10 method, where ions with a precursor charge state of 1+ and 2+ were excluded. High-resolution full scans
(R = 120 000, m/z 300-1800) were recorded in the Orbitrap followed by higher energy collision dissociation (HCD) (stepped collision
energy 26 and 28%Normalized Collision Energy) of the 10 most intense MS peaks. The fragment ion spectra were acquired at a res-
olution of 50,000 and dynamic exclusion window of 20 s was applied.
For data analysis, Xcalibur raw files were converted into theMGF format usingMSConvert (Proteowizard) (Kessner et al., 2008) and

used directly as input files forMeroX (Götze et al., 2015). Searcheswere performed against an ad hoc protein database containing the
sequences of the proteins in the complex and a set of randomized decoy sequences generated by the software. The following pa-
rameters were set for the searches: maximum number of missed cleavages 3; targeted residues K, S, Y and T; minimum peptide
length 5 amino acids; variable modifications: carbamidomethylation of cysteine (mass shift 57.02146 Da), Methionine oxidation
(mass shift 15.99491 Da); DSBU modified fragments: 85.05276 Da and 111.03203 Da (precision: 5 ppm MS and 10 ppm MS/MS);
False Discovery Rate cut-off: 5%. Finally, each fragmentation spectrum was manually inspected and validated.

Origin-dependent DNA replication assays
Origin-dependent replication assays were performed essentially as described previously (Aria and Yeeles, 2018; Taylor and
Yeeles, 2018). MCM loading was performed at 24!C in reactions (typically 35 ml) containing 25 mM HEPES-KOH pH 7.6, 100 mM
K-glutamate, 0.01% v/v Nonidet P40 substitute (NP-40-S) (Roche #11754599001), 1 mM DTT, 10 mM Mg(OAc)2, 40 mM KCl,
0.1 mg/ml BSA, 3 mM ATP, 3 nM AhdI-linearized vVA20 template (Aria and Yeeles, 2018), 75 nM Cdt1$Mcm2-7, 40 nM Cdc6,
25 nM DDK, 20 nM ORC. After 10 min S-CDK was added to a final concentration of 80 nM and incubation continued at 24!C for
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5min. Reactionswere diluted 4-fold into replication buffer to give final reaction concentrations (accounting for subsequent addition of
replication proteins) of 25mMHEPES-KOH pH 7.6, 250mMK-glutamate, 0.01%NP-40-S, 1mMDTT, 10mMMg(OAc)2, 10mMKCl,
0.1 mg/ml BSA, 3 mM ATP, 200 mMC/G/UTP, 30 mMdA/dT/dG/dCTP, 1 mCi [a-32P]-dCTP, 0.75 nM AhdI-linearized vVA20 template,
18.75 nM Cdt1$Mcm2-7, 10 nM Cdc6, 6.25 nM DDK, 5 nM ORC. Reactions were equilibrated at 30!C ("1 min) and replication initi-
ated by addition of replication proteins from a master mix to the following final concentrations: 30 nM Dpb11, 100 nM GINS, 30 nM
Cdc45, 10 nM Mcm10, 20 nM Pol ε, 20 nM Ctf4, 100 nM RPA, 20 nM RFC, 20 nM PCNA, 20 nM Pol a, 10 nM Pol d, 12.5 nM Sld3/7,
20 nM Sld2, 20 nM Mrc1 and 20 nM Csm3/Tof1 or mutants where indicated. Reactions were quenched by addition of an equal vol-
ume of 100 mM EDTA and samples were processed as previously described (Aria and Yeeles, 2018; Taylor and Yeeles, 2018). RFB
experiments were performed on AhdI-linearized vJY30 (Table S3) and Fob1 was added together with the MCM loading proteins to a
concentration of 250 nM (62.5 nM after dilution into replication buffer).

Replisome association assays
MCM loading was performed at 30!C in reactions containing 25mMHEPES-KOH pH 7.6, 100mMK-glutamate, 0.01% v/v NP-40-S,
1 mMDTT, 10mMMg(OAc)2, 0.1 mg/ml BSA, 3 mMATP, 3 nM vVA20 template (Aria and Yeeles, 2018), 75 nMCdt1$Mcm2-7, 40 nM
Cdc6, 25 nM DDK, 14 nM ORC. After 30 min reactions were diluted 2-fold into replication buffer to give final reaction concentrations
(accounting for subsequent addition of replication proteins) of 25 mM HEPES-KOH pH 7.6, 250 mM K-glutamate, 0.01% NP-40-S,
1mMDTT, 10mMMg(OAc)2, 0.1mg/ml BSA, 3mMATP, 200 mMC/G/UTP, 30 mMdA/dT/dG/dCTP, 1.5 nM vVA20 template, 37.5 nM
Cdt1$Mcm2-7, 20 nMCdc6, 12.5 nM DDK, 7 nMORC. Replication was initiated by addition of replication proteins from amaster mix
to the following final concentrations: 30 nM Dpb11, 100 nM GINS, 30 nM Cdc45, 10 nM Mcm10, 20 nM Pol ε, 20 nM Ctf4, 100 nM
RPA, 20 nM RFC, 20 nM PCNA, 20 nM Pol a, 12.5 nM Sld3/7, 20 nM Sld2, 10 nM Mrc1 and 20 nM Csm3/Tof1 or mutants where
indicated. After 25 min, samples (13 ml) were directly applied to 400 mL (bed volume) Sephacryl S-400 columns (GE healthcare) equil-
ibrated in 25 mM HEPES-NaOH pH 7.5, 150 mM NaOAc, 10 mM Mg(OAc)2, 1 mM DTT, 0.01% v/v NP-40-S and 0.1 mM ATP. Col-
umns were centrifuged (750 g, 2 min, 21!C) and the eluate was analyzed by SDS-PAGE and western blotting. Cdc45 was detected
using its FLAG epitope with an anti-FLAG antibody (A8592, Sigma). RPA was detected with an antibody against the Rpa1 subunit
(AS07 214). Mcm7, Psf1, Ctf4, Csm3 and Mrc1 were detected with sheep polyclonal antibodies (Maric et al., 2014; Mukherjee
and Labib, 2019).

Electrophoretic mobility-shift assays
Csm3/Tof1 wild-type or mutant proteins were mixed with fork DNA prepared as for cryo-EM sample preparation (40 nM final [DNA]),
at a molar ratio of protein:DNA of 1:1, 2:1, 4:1 and 8:1 in a reaction buffer containing 25 mM HEPES-KOH, pH 7.6, 100 mM KOAc,
2 mMMg(OAc)2, 0.2% NP40 and 1 mM DTT and incubated on ice for 30 min. Ficoll 400 was added to each 15 mL reaction to a final
concentration of 2.3% v/v before loading onto 4% native polyacrylamide gels for analysis. Gels were imaged using a Typhoon fluo-
rescence imager (Amersham) at the Cy3 excitation wavelength of 532 nm.

Phosbind SDS-PAGE
Prior to electrophoresis Csm3/Tof1 was treated with Lambda protein phosphatase (l-PP) in a reaction (100 ml) containing 50 mM
HEPES-NaOH pH 7.5, 100 mM NaCl, 2 mM DTT, 1 mM MnCl2, 300 nM Csm3/Tof1 and 0.1 mg/ml l-PP (Zhuo et al., 1993) for
40 min at 37!C. Samples (10 ml) were separated through 5% polyacrylamide gels containing 353 mM Bis-Tris-HCL pH 6.8,
100 mMZnCl2 and 50 mMPhosbind (APExBio). Control gels were also run in the absence of Phosbind. Electrophoresis was performed
in 1x NuPAGEMOPS running buffer (Invitrogen) at 30mA for"90min and gels were stained with Coomassie InstantBlue (Expedeon).

Camptothecin sensitivity assays
Saturated cultures of S. cerevisiae grown in YEP + 2% w/v glucose were diluted to an A600 of 0.2 and were grown to an A600 of
"0.6-0.8 in YEP + 2% w/v glucose at 30!C. Cells were harvested and resuspended in YEP + 2% w/v glucose + 100 mg/ml ampicillin
or sterile water to a A600 of 0.5. Cells from a 10-fold serial dilution in YEP + 2%w/v glucose + 100 mg/ml ampicillin or sterile water were
then plated (8 ml) on YEPD agar plates supplemented with either DMSO or camptothecin (Merck).

Multiple sequence alignments
Amino acid sequences were retrieved from relevant databases (NCBI or SGD where stated; UniProt otherwise) (Cherry et al., 2012;
UniProt Consortium, 2019). Alignment was performed using MUSCLE (EMBL-EBI) (Edgar, 2004). The alignment was rendered using
ESPript3.0 (http://espript.ibcp.fr) (Robert and Gouet, 2014).

Structural analysis and visualization
All figures of structures were plotted in PyMOL (SchrödingerLLC, 2015), Chimera (Pettersen et al., 2004) or ChimeraX (Goddard et al.,
2018). Calculations of buried surface area were performed using PDBePISA (Krissinel and Henrick, 2007). XL-MS crosslinks mapped
to the atomic model in Figures S3J and S3K were plotted using the UCSF Chimera (Pettersen et al., 2004) plugin Xlink Analyzer
(Kosinski et al., 2015).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification and data analysis of replication assays were performed in ImageJ and Prism8. Lane profiles were generated in
ImageJ and were used to quantify the intensity of the stalled Left leading strand and the Right leading strand. Normalized Stall
was derived by dividing the intensity of the Stalled left leading strand by the intensity of the Right leading strand. Data were plotted
in Prism8.
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A Conserved Mechanism for Regulating 
Replisome Disassembly in Eukaryotes

Michael Jenkyn-Bedford1,4, Morgan L. Jones1,4, Yasemin Baris1, Karim P. M. Labib2, 
Giuseppe Cannone1, Joseph T. P. Yeeles1 ✉ & Tom D. Deegan2,3 ✉

Replisome disassembly is the final step of eukaryotic DNA replication, and is 
triggered by ubiquitylation of the CMG (Cdc45-MCM-GINS) replicative helicase1–3. 
Despite being driven by evolutionarily diverse E3 ubiquitin ligases in different 
eukaryotes (SCFDia2 in budding yeast1, CUL2LRR1 in metazoa4–7), replisome disassembly 
is governed by a common regulatory principle, whereby CMG ubiquitylation is 
suppressed before replication termination, to prevent replication fork collapse. 
Recent evidence suggests this suppression is mediated by replication fork DNA8–10. 
However, how SCFDia2 and CUL2LRR1 discriminate terminated from elongating 
replisomes, to selectively ubiquitylate CMG only after termination, is unknown. 
Here, we used electron cryomicroscopy (cryo-EM) to solve high resolution structures 
of budding yeast and human replisome-E3 ligase assemblies. Our structures show 
that the leucine-rich repeat (LRR) domains of Dia2 and LRR1 are structurally distinct, 
but bind to a common site on CMG, including the MCM3 and MCM5 zinc finger 
domains. The LRR-MCM interaction is essential for replisome disassembly and, 
crucially, is occluded by the excluded DNA strand at replication forks, establishing 
the structural basis for the suppression of CMG ubiquitylation before termination. 
Our results elucidate a conserved mechanism for the regulation of replisome 
disassembly in eukaryotes, and reveal a previously unanticipated role for DNA in 
preserving replisome integrity.

 
The eukaryotic replisome is assembled around the CMG helicase at 
replication origins during replication initiation. Once assembled, 
the CMG-replisome remains stably associated with replication 
forks until two forks emanating from adjacent origins converge, or 
a single fork encounters the end of a linear chromosome or a tem-
plate discontinuity, at which point replication terminates (Fig. 1a). 
Upon termination, the replisome is disassembled in two steps: first, 
CMG is ubiquitylated on its Mcm7 subunit by a cullin-RING E3 ubiq-
uitin ligase (SCFDia2 in budding yeast, CUL2LRR1 in metazoa); second, 
ubiquitylated Mcm7 is unfolded by the Cdc48 / p97 ATPase, leading 
to CMG-replisome disassembly1–3,8–10. As there is no known mecha-
nism for origin-independent CMG assembly in S-phase, premature 
CMG disassembly must be avoided, to prevent replication fork 
collapse and genome instability11. CMG translocates on the lead-
ing strand template whilst excluding the lagging strand template 
from its central channel12. It has been suggested that this ‘excluded’ 
DNA strand, which is lost upon termination (Fig. 1a), inhibits CMG 
ubiquitylation at replication forks8–10. However, because there are 
currently no structures of terminated replisomes in complex with 
SCFDia2 or CUL2LRR1, how CMG ubiquitylation is regulated to restrict 
replisome disassembly to termination remains a key unanswered 
question.

 
Terminated yeast replisome structures
To determine the molecular basis for the regulation of CMG ubiqui-
tylation, we aimed to solve the structure of a terminated replisome, 
by adapting our system for reconstituting budding yeast replisomes 
for structural analysis13. After replication fork convergence, CMG 
translocates onto nascent double-stranded DNA (dsDNA) produced 
by the converging replisome3,9,14 (Fig. 1a). In order to trap a replisome 
bound around dsDNA, we used a DNA substrate that lacked a 5’ flap 
and contained a short stretch of dsDNA-embedded leading strand 
template methylphosphonate modifications, which slow CMG trans-
location15 (Extended Data Fig. 1a). This DNA substrate was incubated 
with CMG, the replisome factors Tof1-Csm3, Mrc1 and Ctf4, SCFDia2 
(Hrt1-Cdc53-Skp1-Dia2), an E2-ubiquitin conjugate (Cdc34-Ub)16, 
and the leading strand DNA polymerase Pol ε, in the presence of ATP 
(Extended Data Fig. 1a). After glycerol gradient sedimentation, com-
plexes containing all replisome and SCFDia2 subunits were isolated 
(Extended Data Fig. 1b). Cdc34-Ub did not associate with the complex, 
perhaps reflecting the absence of neddylation on the Cdc53 cullin 
subunit of SCFDia2,17,18.

After gradient fixation, samples were prepared for cryo-EM, yield-
ing three-dimensional (3D) reconstructions at average resolutions of 
3.2 - 4.0 Å (FSC=0.143 criterion, Extended Data Fig. 1c-h, Extended Data 
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Table 1). DNA binding was heterogenous across the dataset, with the 
majority of particles still engaging ssDNA (Extended Data Fig. 2). None-
theless, we identified a subset of particles, which were subsequently 
sub-classified into two conformations (conformations I and II), that had 
unambiguously translocated onto dsDNA, representative of bona fide 
termination intermediates produced after fork convergence (Fig. 1b, 
Extended Data Fig. 2, 3a-e). Whilst the configuration of the MCM C-tier 
differed between conformations I and II (Extended Data Fig. 3), in both 
cases the incoming dsDNA was bent by approximately 46° between the 
MCM N- and C-tiers, necessitating distortion of the DNA duplex within 
the N-tier (Extended Data Fig. 3f). For conformation I, the nucleotide 
occupancy and interactions with the leading-strand template phos-
phate backbone are similar to replication fork-bound CMG13 (Fig. 1c, 
Extended Data Fig. 3b,g), suggesting a shared mechanism for CMG 
translocation over single- and double-stranded DNA15.

Having identified particles that had translocated onto dsDNA, we 
were able to build the first atomic model of a terminated replisome 
(Fig. 1d). The overall architecture of CMG, Ctf4, Tof1-Csm3 and the 
non-catalytic module of Pol ε (Pol εnonCat) was almost indistinguishable 
from previous structures13,19–21 (for details of the structure of Pol ε, see 
Extended Data Fig. 4). We observed an additional, large region of den-
sity at the N-tier face of CMG beside Mcm3 and Mcm7, which closely 
approaches Csm3 and the dsDNA ahead of CMG, before extending away 
from the core of the complex, forming an elongated arm characteristic 
of the cullin subunit (Cdc53) of SCFDia2 (Fig. 1d,e). The resolution of the 
cullin arm is relatively poor (precluding model building for Cdc53-Hrt1), 
due to a large degree of flexibility in this region, as highlighted by com-
parison of 3D classes (Extended Data Fig. 5a). We predict that this flex-
ibility is important for conjugating the long K48-linked poly-ubiquitin 
chains required for Cdc48-dependent replisome disassembly8. Regard-
less, the orientation of SCFDia2 can be unambiguously defined, placing 
the Cdc53 C-terminus and Hrt1 ~45-70 Å from the primary ubiquitylation 
site on Mcm7 (Lys-29)8,22 (Extended Data Fig. 5a,b), consistent with 
previous structures of un-neddylated cullin-RING E3 ligases23.

Density corresponding to the E3 ligase substrate-recognition mod-
ule (Skp1-Dia2) is adjacent to the N-tier face of CMG (Fig. 1d,e). The 
N-terminal tetratricopeptide repeat (TPR) domain of Dia2, which binds 
Ctf4 and Mrc18,24,25, was not visible in our structure. However, clear sec-
ondary structure and side chain density allowed us to build a de novo 
atomic model for the remainder of Dia2, encompassing the F-box (resi-
dues 211 - 247), 15 tandem leucine-rich repeats (LRRs) (248 - 716), and a 
C-terminal tail (717 - 732) which folds back onto the concave surface of 
the horseshoe-shaped LRRs (Extended Data Fig. 5c-k). Strikingly, the 
C-terminal end of the LRR domain forms an extensive interface with 
the N-tier of the Mcm3, 5 and 7 subunits of CMG (Fig. 1d, Extended Data 
Fig. 5l-n; see text below for a detailed description), demonstrating for 
the first time that Dia2 binds directly to CMG bound around dsDNA, 
equivalent to the situation after replication fork convergence.

When DNA replication terminates at the end of linear chromosomes, 
CMG is thought to dissociate from DNA, at which point the loss of the 
excluded strand triggers CMG ubiquitylation8,9 (Fig. 1a). To establish 
how SCFDia2 engages the replisome following termination at chromo-
some ends, we repeated cryo-EM sample preparation as described 
above, except in the absence of DNA. This yielded a 3D reconstruc-
tion of an “off-DNA” replisome at 3.9 Å resolution (Fig. 1f, Extended 
Data Fig. 6). Notably, binding of the Dia2 LRRs across Mcm3/5/7 is 
indistinguishable from complexes bound around dsDNA (Fig. 1g, 
Extended Data Fig. 3e). Furthermore, comparison of our dsDNA-bound 
and off-DNA complexes with a previous structure of a replication 
fork-associated replisome13 reveals no conformational changes in 
the region of the MCM N-tier to which Dia2 binds (Fig. 1g, Extended 
Data Fig. 3e). Therefore, we conclude that termination does not induce 
conformational changes in CMG that are important for the regulation 
of CMG ubiquitylation by SCFDia2,26, either following fork convergence, 
or when CMG dissociates from DNA.

Dia2LRR-MCM interface
The extensive interface between Dia2LRR and MCM is predominantly 
formed by the Mcm3 N-tier (helices α1 and α5 and the zinc finger (ZnF) 
domain), which forms a cradle for the C-terminus of Dia2LRR (Fig. 2a, 
Extended Data Fig. 5l-n). Additionally, the N-terminus of Mcm7 wraps 
around the Mcm3 ZnF and becomes sandwiched between Mcm3 and 
Dia2, whilst the Mcm5 ZnF domain interacts with the C-terminal end 
of Dia2LRR, at the periphery of the Dia2LRR-MCM interface. The details of 
the residues involved are illustrated in Extended Data Fig. 5n.

To examine the significance of the Dia2LRR:MCM interaction for CMG 
ubiquitylation and replisome disassembly, we generated a series of 
point mutants targeting the Dia2LRR:MCM interface, in both Dia2 (Fig. 2a) 
and MCM. The majority of MCM mutants exhibited defects in Mcm2-
7:Cdt1 complex formation or MCM loading (data not shown), likely 
because the Dia2 LRR binding site is positioned at the inter-hexamer 
interface in the MCM double hexamer27. Whilst this precluded analyses 
of Mcm7 ubiquitylation after replication fork convergence in vitro, 
we were able to purify a CMG complex containing mutations in Mcm3 
and Mcm5, which, whilst being proficient for DNA replication, was 
defective for Mcm7 ubiquitylation (Extended Data Fig. 7a-d). Dia2LRR 
mutants formed stable tetrameric SCFDia2 complexes and supported 
ubiquitylation of Ctf4 (Extended Data Fig. 7e-g). Importantly, with the 
exception of Dia2-3A, the Dia2LRR mutants were defective for Mcm7 
ubiquitylation, both after replication fork convergence (Fig. 2b), and 
off DNA (Extended Data Fig. 7h), with Dia2-13A showing the most pen-
etrant defect. Strikingly, haploid yeast cells harbouring the dia2-13A 
allele accumulated CMG in G1-phase of the cell cycle (Fig. 2c, Extended 
Data Fig. 7i), reflecting a failure to disassemble CMG during replication 
termination in S-phase of the previous cell cycle1. Furthermore, these 
cells exhibited a profound growth defect at 20 °C, indistinguishable 
from cells lacking Dia224 (Fig. 2d). Taken together, these data demon-
strate that the Dia2LRR-MCM interface we describe is essential for CMG 
ubiquitylation and replisome disassembly, both after fork convergence, 
and when CMG dissociates from DNA.

Human replisome-CUL2LRR1 structure
CMG ubiquitylation in metazoa is driven by CUL2LRR1 (LRR1-CUL
2-ELOB-ELOC-RBX1)4–7. Although LRR1 displays no apparent sequence 
homology to Dia2, metazoan CUL2LRR1 ubiquitylates CMG on its MCM7 
subunit4–6, and is suppressed by the excluded DNA strand9,10, suggest-
ing there might be common features of replisome association that are 
important for the regulation of both SCFDia2 and CUL2LRR1. To investigate 
this, we used our approach for human replisome assembly28 and a DNA 
substrate lacking a 5’ flap, to determine a high resolution structure of 
CUL2LRR1 in the human replisome (Fig.3a,b, Extended Data Figs. 8, 9).

The overall architecture of human CMG, AND-1, TIMELESS-TIPIN and 
Pol ε are indistinguishable from our prior structure lacking CUL2LRR1 28 
(Fig. 3a,b, Extended Data Fig. 10a). LRR1 is positioned across the MCM 
N-tier, in close proximity to the parental DNA duplex. Additionally, an 
elongated arm of lower resolution density, into which the crystal struc-
ture of ELOB-ELOC-CUL2-RBX1 could be unambiguously docked29, pro-
jects from the MCM N-tier in an analogous fashion to yeast Cdc53-Hrt1 
(Fig. 3b). Strikingly, although metazoan CUL2 and yeast Cdc53 are 
tethered to their respective substrate adaptors (ELOB-ELOC-LRR1 for 
CUL2, Skp1-Dia2 for Cdc53) via very different interactions, the cullin 
C-terminus and RING-box protein are similarly located in both cases, 
~45-70 Å from the primary ubiquitylation sites in Mcm7 (Figs. 1d, 3b)8,9,22. 
Furthermore, like Cdc53, CUL2 displays considerable conformational 
variability, likely important for the conjugation of long poly-ubiquitin 
chains onto MCM78,30 (Extended Data Figs. 5a, 10b).

The majority of LRR1 was well resolved in our cryo-EM map (Extended 
Data Fig. 9e, k-n), which enabled de novo modelling of an N-terminal 
pleckstrin homology (PH) domain and C-terminal LRR domain, which 
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are connected by a flexible linker that stretches perpendicularly across 
the parental dsDNA (Fig. 3c,d). The PH domain interacts with the ZnF 
domains of MCM2 and MCM6, parental dsDNA and the N-terminal 
region of the TIMELESS α-solenoid (Extended Data Fig. 10c,d), consist-
ent with the reported role for TIMELESS-TIPIN in recruiting CUL2LRR1 
to the C. elegans replisome30. The LRR domain comprises 7 canoni-
cal and 2 irregular LRR motifs and forms a shallow arc, reaching from 
the parental dsDNA to the N-tier face of MCM3 and MCM5 (Fig. 3d, 
Extended Data Fig. 10e,f). The BC- and CUL2- boxes, which link LRR1 
to ELOB-ELOC-CUL2-RBX1, are situated between LRR repeats 8 and 
9 (Fig. 3c,d, Extended Data Fig. 10e,f), and a two-stranded antipar-
allel β-sheet caps the LRR domain at its C-terminal end (Extended 
Data Fig. 10g). Additionally, the C-terminal HMG-box of AND-1 could 
be docked into a small region of density alongside ELOC and LRR1 
(Extended data Fig. 10h, i), which was absent in 3D classes lacking AND-1 
(Extended Data Fig. 10j, k), indicating that AND-1 interacts with CUL2LRR1 
in the human replisome.

Remarkably, despite the very different architectures of the LRR1 and 
Dia2 LRR domains, they bind to the same region of the MCM N-tier, 
but do so via completely different modes of interaction. The LRR1 
LRR domain interacts predominantly with the 3-stranded antiparal-
lel β-sheet of the MCM3 ZnF, which extends the shallow arc of the LRR1 
β-sheet (Extended Data Fig. 10l). This interface is augmented on one 
side by interactions between the MCM7 N-terminus and the tip of the 
MCM3 ZnF and LRR1 repeats 8-9 (Extended Data Fig. 10l, m). On the 
other side, MCM3 residues 3-8 and 164-174 are significantly rearranged 
upon CUL2LRR1 binding, such that the MCM3 N-terminus, now projecting 
between the MCM3 and MCM5 ZnFs, stabilises an interaction between 
MCM3 residues 164-174 and a loop and short helix preceding LRR1 
repeat 9 (Extended Data Fig. 10n). Finally, charged residues immedi-
ately preceding the β-strands of LRR1 repeats 4-7 form multiple polar 
contacts with the tip of the MCM5 ZnF (Extended Data Fig. 10m). Further 
details are illustrated in Extended Data Fig. 10m, n.

Regulation of CMG ubiquitylation
CMG ubiquitylation by both SCFDia2 and CUL2LRR1 is supressed by the 
excluded DNA strand at replication forks8–10; our discovery that Dia2 
and LRR1 bind directly to a common site across the MCM3 and MCM5 
ZnF domains suggested that this region of MCM might be important for 
the regulation of ubiquitylation. In our recent structure of the human 
replisome bound to a replication fork28, cryo-EM density that we attrib-
uted to the excluded strand was positioned in the channel between the 
MCM3 and MCM5 ZnF domains, consistent with previous structures 
of Drosophila and budding yeast CMG13,31,32. To further validate our 
assignment of the excluded strand, we identified a subset of particles 
lacking CUL2LRR1 from our dataset of replisomes assembled without 
an excluded strand (Extended Data Fig. 8, 9g). In the resulting density 
map, the MCM N-tier was identical to our previous map of replication 
fork-associated CMG28, apart from a single region of density, extending 
from the fork junction between the MCM3 and MCM5 ZnF domains 
(Fig. 4a, Extended Data Fig. 10o). This density was present only in the 
replication fork-associated complex, thus confirming that it is con-
tributed by the excluded DNA strand.

Crucially, Figure 4b shows that the presence of the excluded strand 
between the MCM3 and MCM5 ZnFs sterically blocks the engagement 
of the Dia2 and LRR1 LRR domains with MCM. As the LRR-MCM interac-
tion is essential for CMG ubiquitylation and, in turn, replisome disas-
sembly, the occlusion of this interface by the excluded strand provides 
an elegant and universal explanation for the regulation of replisome 
disassembly across yeasts and metazoa. Notably, the LRR domains of 
Dia2 and LRR1 are not demonstrably homologous in sequence or struc-
ture. Thus, we propose that the binding of Dia2LRR and LRR1LRR across 
the excluded strand exit channel reflects convergent evolution, likely 
indicative of a stringent evolutionary pressure to accurately regulate 

replisome disassembly, and thereby safeguard replication forks. This 
evolutionary constraint is not evident in parts of the replisome disas-
sembly machinery that do not contribute to the regulation of CMG 
ubiquitylation. For example, the Dia2 TPR domain binds yeast Mrc1 
and Ctf4, whereas the LRR1 PH domain binds human TIMELESS.

Based on our results, we propose the model summarised in Fig-
ure 4c. Ubiquitylation of the MCM double hexamer is blocked by 
the occlusion of the LRR binding site at the inter-hexamer interface27 
(Extended Data Fig. 11a). This occlusion likely also suppresses ubiqui-
tylation during the conversion of MCM double hexamers into pairs of 
active CMG helicases33, before the lagging strand template is excluded. 
Once bi-directional replication forks are established and elonga-
tion begins, the spooling of the excluded DNA strand between the 
MCM3 and MCM5 ZnFs sterically blocks LRR engagement on MCM. 
It is possible that the binding of proteins to the excluded strand may 
help to block LRR-MCM engagement. However, CMG ubiquitylation 
is inhibited at reconstituted budding yeast replication forks in the 
absence of the lagging strand machinery (Extended Data Fig. 11b,c), 
consistent with the excluded DNA alone being sufficient to suppress 
SCFDia2 during elongation. In principle, the binding of yeast Dia2 to 
Mrc1 and Ctf4, and human LRR1 to TIMELESS and AND-1, could still 
occur at replication forks, even when the LRR-MCM interaction is 
blocked by the excluded strand. Accordingly, Mrc1-Ctf4 can sup-
port SCFDia2-13A recruitment to reconstituted replisomes (Extended 
Data Fig. 11d,e). Critically, however, the essentiality of the LRR-MCM 
interaction for CMG ubiquitylation will restrict replisome disassembly 
to termination, independent of the timing of E3 ligase recruitment, 
and irrespective of whether a replication fork terminates via fork 
convergence, or at a telomere.

Finally, we note that if the excluded strand is ever mis-positioned, for 
example during replication fork stalling or reversal, replisome disas-
sembly could be triggered, due to premature LRR-MCM engagement. As 
such, the regulatory mechanism we describe herein may have implica-
tions for replication fork stability under conditions of replication stress.
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Fig. 1 | Cryo-EM structures of terminated replisomes from S. cerevisiae 
bound by SCFDia2. a, Schematic of the regulation of replisome disassembly. For 
clarity, replisomes are depicted as CMG. CMG ubiquitylation and replisome 
disassembly are inhibited at replication forks by a hitherto unknown 
mechanism, dependent on the excluded DNA strand (red panel). This inhibition 
is relieved following translocation onto dsDNA (green panel, left and middle) 
or off DNA (green panel, right). b, Slice-through view of cryo-EM density for 
complexes assembled on dsDNA. The density shown is a composite of focused 
maps (refer to Extended Data Fig. 2). c, DNA engagement within the MCM C-tier 
motor domains by complexes assembled on dsDNA (coloured) or a replication 

fork (grey, PDB: 6SKL13). d, Cryo-EM density as in b (left) and corresponding 
atomic model (right) for complexes assembled on dsDNA. For the atomic 
model, only SCFDia2, DNA and MCM subunits which interact with SCFDia2 are 
coloured. e, Alternative view of the atomic model in d. f, Cryo-EM density for 
complexes assembled in the absence of DNA, derived from multi-body 
refinement. g, Comparison of the MCM:Dia2LRR interface from complexes 
assembled on dsDNA (panels b-e), off DNA (panel f) or on a replication fork 
(PDB: 6SKL13). For the regions of MCM at this interface, the RMSD of the 
replication fork-bound complex compared to the dsDNA-bound or off DNA 
complexes is 1.39 Å and 0.93 Å, respectively.
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Fig. 2 | The MCM:Dia2LRR interface is required for replisome disassembly.  
a, Overview of the MCM:Dia2LRR interface. Leading- and lagging-strand 
template DNA is coloured orange and pink, respectively. Residues altered in 
Dia2LRR mutants are yellow. b, (Left) Reaction scheme to monitor CMG-Mcm7 
ubiquitylation after Pif1-stimulated replication fork convergence in vitro14. 
(Right) Immunoblot of reactions conducted as indicated left. Experiment 
repeated three times. c, SDS-PAGE and immunoblotting of TAP-Sld5 
immunoprecipitations from G1-arrested yeast cells harbouring the indicated 
Dia2 alleles. Experiment repeated twice. Also see Extended Data Fig. 7i.  
d, Spot-dilution assay (10-fold serial dilutions) with the indicated yeast strains. 
Experiment repeated three times. For gel source data, see Supplementary 
Fig. 1.
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Fig. 3 | Cryo-EM structures of human replisomes bound by CUL2LRR1.  
a, Cryo-EM density of the human replisome bound by CUL2LRR1. The density 
shown is a composite of focused maps (refer to Extended Data Fig. 8). b, Atomic 
models for the human replisome bound by CUL2LRR1 displayed using 
transparent surface rendering, except for CUL2LRR1. (Left) Only CUL2LRR1, DNA 

and the CUL2LRR1-interacting regions of MCM are coloured. (Right) Model 
indicating the distance between RBX1 and K28-K29MCM7 coloured according to 
subunit. c, LRR1 domain architecture diagram. Primary sequence and LRRs 1-9 
are numbered. d, Overview of the interface between LRR1 and the replisome. 
Model displayed using surface rendering, except for LRR1 and DNA.
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Fig. 4 | A conserved mechanism for regulating replisome disassembly in 
eukaryotes. a, Comparison of cryo-EM density maps for human replisome 
complexes (CMG, TIMELESS, TIPIN, CLASPIN, AND-1, Pol ε) bound to DNA 
substrates either lacking (left) or featuring (right, EMDB: EMD-1337528) a 
15-nucleotide 5ʹ flap, representing the excluded DNA strand. Density coloured 
according to chain occupancy using a radius of 5 Å, with the excluded strand 
coloured manually in UCSF Chimera. b, Alternative views of the MCM3/MCM5 
ZnF domains during replication elongation (red box, excluded strand 
present28) and termination (green box, excluded strand absent). Red box upper 

panel, the dashed line shows a putative path for the excluded ssDNA beyond the 
density observed in panel a, right. Red box lower panel, four sugar-phosphate 
backbone linkages were built into the excluded strand density (see panel a, 
right; EMDB: EMD-1337528). c, Model for the regulation of CMG ubiquitylation. 
LRR-interacting regions of MCM are occluded in the MCM double hexamer  
(see Extended Data Fig. 11a) and by the excluded DNA strand at replication forks 
(see a, b) (red box). Loss of the excluded strand upon termination allows 
LRR-MCM engagement, CMG ubiquitylation and replisome disassembly  
(green box).
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Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data Availability
Cryo-EM density maps of the yeast replisome-SCFDia2 complex on 
dsDNA have been deposited in the Electron Microscopy Data Bank 
(EMDB) under the following accession numbers: EMD-13495 (full com-
plex unsharpened map, conformation I); EMD-12396 (full complex 
sharpened map, conformation I); EMD-13497 (multi-body refinement 
[MBR], MCM N-tier, conformation I); EMD-13498 (MBR, MCM C-tier, 
conformation I); EMD-13500 (full complex unsharpened map, con-
formation II); EMD-13512 (full complex sharpened map, conforma-
tion II); EMD-13513 (MBR, MCM N-tier, conformation II); EMD-13514 
(MBR, MCM C-tier, conformation II); EMD-13515 (MBR, Dia2-Skp1); 
EMD-13516 (MBR, Cdc45-GINS-Ctf4-Dpb2NTD); EMD-13517 (MBR, Pol 
εnon-Cat-Mcm5WH); EMD-13518 (full complex enriched for Csm3-Tof1); 
composite maps produced using Phenix combine_focused_maps 
have been deposited under accession numbers EMD-13537 (confor-
mation I) and EMD-13539 (conformation II). Cryo-EM density maps 
of the yeast replisome-SCFDia2 complex in the absence of DNA have 
been deposited in the EMDB under the following accession numbers: 
EMD-13519 (full complex unsharpened map) and EMD-13540 (MBR). 
Cryo-EM density maps of the human replisome-CUL2LRR1 complex 
used in model building have been deposited in the EMDB under the 
following accession numbers: EMD-13494 (full complex, consensus 
refinement), EMD-13491 (MBR, AND-1/CDC45/GINS), EMD-13490 (MBR, 
ELONGIN-BC/LRR1/CUL2), EMD-13492 (MBR, CUL2-RBX1). An addi-
tional map of the core human replisome not engaged by CUL2LRR1 on a 
DNA substrate lacking a 5’-flap has been deposited under the accession 
number EMD-13534. Atomic coordinates have been deposited in the 
Protein Data Bank (PDB) with the accession numbers 7PMK for the 
yeast replisome-SCFDia2 complex on dsDNA (conformation I), 7PMN 
for the yeast replisome-SCFDia2 complex on dsDNA (conformation II), 
and 7PLO for the human replisome-CUL2LRR1 complex.
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Extended Data Fig. 1 | Supporting data for cryo-EM investigation of  
S. cerevisiae dsDNA-bound replisome:SCFDia2 complexes. a, Schematic of 
reconstitution approach used for preparation of cryo-EM sample representing 
terminating SCFDia2-bound replisome complexes after translocation onto 
dsDNA. A schematic of the DNA substrate used is shown in orange, with the 20 nt  
tract of methylphosphonate (MEP) linkages coloured red. b, Silver-stained 
SDS-PAGE gels analysing 100 µL fractions taken across 10-30% glycerol 
gradients, either lacking (top) or containing (bottom) crosslinking agents. 
Fractions 13+14 used for cryo-EM sample preparation are indicated.  

* = Cdc34-Ub; ** = Cdc34. Similar results were observed for three independent 
sample preparations. c, Representative cryo-EM micrograph.  
d, Representative 2D class averages, 40 nm box width. e, Representative 
angular distribution of particle orientations. A correspondingly oriented 
model is shown to the right for reference. f, Fourier shell correlation graphs for 
maps used in model building. The resolution of reconstructions calculated at 
the FSC=0.143 criterion are reported in Extended Data Fig. 2. g, Model-to-map 
correlation graphs. h, Cryo-EM density maps relevant to model building, 
coloured by local resolution. For gel source data, see Supplementary Fig. 1.
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Extended Data Fig. 2 | Data processing pipeline related to S. cerevisiae 
replisome:SCFDia2 complexes. The approach used to subclassify complexes 
based on MCM C-tier conformation and DNA engagement are coloured orange; 
the approach used to derive cryo-EM reconstructions for model building or 

adjustment of regions outside MCM are coloured magenta. Reported 
resolutions are calculated based on the FSC=0.143 criterion (refer to Extended 
Data Fig. 1f).
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Extended Data Fig. 3 | DNA engagement by S. cerevisiae CMG following 
translocation onto dsDNA. a, Comparison of conformations I and II 
demonstrating the similarity in the overall complex architecture. For clarity, 
conformation I is rendered as a surface, whilst conformation II is shown as a 
cartoon. b, Overview of MCM C-tier domains bound to dsDNA, highlighting 
ATPase site occupancy in conformations I and II. c, Cryo-EM density (grey) at 
the MCM C-tier Mcm3-Mcm5 interface for each conformation. Mcm3, cyan; 
Mcm5, blue; AMP-PNP, red. d, Changes in ATPase site occupancy between 
conformations I and II correspond to movement of Mcm3/5/7 AAA+ domains 
and their DNA-binding loops (helix-2-insertion, H2I; presensor-1, PS1). Arrows 
indicate the relative movement of Mcm5 and Mcm3. The outward movement of 
Mcm3/Mcm7 in conformation II - associated with opening of the Mcm3/5 
interface and loss of nucleotide at this ATPase site - leads to loss of the 
canonical contacts (described in panel g) formed between the Mcm3 H2I/PS1 

loops and the leading-strand template DNA phosphate backbone. As such 
conformation II may reflect a partially disengaged state. e, Comparison of 
MCM:Dia2LRR interface between conformations I and II, demonstrating lack of 
conformational changes in this region. f, Model of DNA in cryo-EM density 
(mesh) for conformation I demonstrating distortion of the B-form DNA duplex 
within the MCM N-tier; similar DNA density is observed within the MCM N-tier 
for conformation II. Approximate trajectories of DNA strands within the MCM 
N-tier are shown as dotted paths. g, Engagement of the leading-strand template 
DNA phosphate backbone by Mcm H2I/PS1 loops in complexes that have 
translocated onto dsDNA is comparable to that previously observed for CMG 
bound to ssDNA13. Contacts shown for the representative Mcm6 subunit 
(conformation I). Specific contacts with the DNA phosphate moieties indicated 
by dashed yellow lines.
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Extended Data Fig. 4 | Insights into Pol ε positioning within the S. cerevisiae 
replisome. a, Cryo-EM density derived from multi-body refinement (top) and 
corresponding atomic model (bottom) of the Pol ε non-catalytic module  
(Pol εnon-Cat), with the exception of the Dpb2 NTD. b, Representative cryo-EM 
density (mesh) allowing de novo model building and adjustment of prior 
structures. c, Pol2-Mcm2 AAA+ domain interface. d, Interactions formed by the 
Mcm5 winged-helix (WH) domain with Pol εnon-Cat. The Mcm5 WH is observed to 
contact regions of Pol2 (dark green) in addition to the Pol2 CysB and Dpb2 
OB-fold domains. Interactions depicted in c and d have not been characterised 
previously. e, Regions of additional cryo-EM density observed for 
SCFDia2-bound replisome complexes on dsDNA, visible at low map contour 

levels. The crystal structure of the Pol2 catalytic domain (PDB: 4M8O34) has 
been rigid-body fitted to additional density beside the MCM channel exit. In 
contrast to previous structures19,28,35, this positions the Pol2 catalytic domain at 
the C-tier face of CMG, adjacent to the leading-strand template, in a state that 
may be important for leading-strand synthesis. Additional unassigned density 
between Ctf4SepB, Tof1 and SCFDia2 is outlined. f, Focused view of additional 
density attributed to the Pol2 catalytic domain (as in e, except rotated 180°). 
The C-terminal residue of the Pol2 catalytic domain (residue 1186), the 
N-terminal residue of the Pol2 non-catalytic domain (residue 1321), and density 
linking the two domains are indicated.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Supporting information for the Dia2 structure and 
its interaction with the S. cerevisiae replisome. a, Cryo-EM density for 
Cdc53-Hrt1 for two 3D classes following signal subtraction/3D 
subclassification, demonstrating the flexibility observed in the position of 
replisome-bound SCFDia2. The position of Hrt1 is shown, derived from rigid-
body fitting the crystal structure of homologous CUL1-RBX1 (PDB: 1LDK23). The 
approximate distance between Hrt1 and the primary ubiquitylation site 
(K29Mcm7) is indicated. b, Cryo-EM density map for Cdc53-Hrt1 with the crystal 
structure of homologous CUL1 (PDB: 1LDK23) rigid-body fitted.  
c, Representative cryo-EM density (mesh) across different regions of Dia2.  
d, Dia2 domain architecture; TPR domain and nuclear localisation signal (NLS) 
as in ref. 24. e,f, Alternative views of the Dia2 LRR domain coloured by repeat. 
The F-box domain and C-terminal tail are shown for context in e. g, Comparison 
of Dia2 LRR domain repeats to the LRR consensus sequence36. L is Leu/Val/Ile/
Phe, N is Asn/Thr/Cys, x is any amino acid; we consider L0 as the first repeat 
residue. The core LxxLxL motif is highlighted. h, Comparison of Dia2 F-box to 

the consensus sequence37. Exact matches coloured red, conservative 
differences coloured green. i, The Dia2 LRR domain (repeats 1 and 2) closely 
approaches the parental dsDNA (orange: leading-strand template; pink: 
lagging-strand template) and Csm3. The region of Csm3 upstream of the DNA-
binding motif (DBM) is observed to interact with the Dia2 LRR domain β-sheet 
and Dia2 C-terminal tail, however cryo-EM density for this region was 
insufficient to identify details of this interaction. Dia2 residues which are 
positioned close to DNA are labelled. j, Dia2-Skp1 interaction. k, Interactions of 
Skp1 with alternative LRR-domain-containing F-box proteins, to show 
similarity with j. Human SKP1-SKP2: PDB:1FQV37; human SKP1-FBXL3: PDB: 
4I6J38. l, Overview of interaction between Dia2 LRR domain and Mcm subunits. 
m, The MCM:Dia2LRR interaction does not involve the concave β-sheet surface 
of Dia2LRR. n, Detail of the MCM:Dia2LRR interface. Residues altered in Dia2LRR 
mutants are yellow. For the Mcm3 ZnF, interaction networks are subdivided 
into those above (A) and below (B) the position of the Mcm7 N-terminus.
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Extended Data Fig. 6 | Supporting data for cryo-EM investigation of  
S. cerevisiae replisome:SCFDia2 complexes assembled in the absence of 
DNA. a, Silver-stained SDS-PAGE gel analysing 100 µL fractions taken across a 
10-30% GraFix gradient. Fractions 1-17 (of 23) shown. Fractions 11-13 used for 
cryo-EM sample preparation are indicated. Large-scale sample preparation was 
performed once; similar results were observed in three independent 

small-scale gradient preparations. b, Representative cryo-EM micrograph.  
c, Representative 2D class averages, 40 nm box width. d, Angular distribution 
of particle orientations contributing to cryo-EM density map (Fig. 1f). e, Fourier 
shell correlation curve for the multi-body refinement map presented in Fig. 1f. 
f, Cryo-EM density map (related to Fig. 1f) coloured by local resolution. For gel 
source data, see Supplementary Fig. 1.
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Extended Data Fig. 7 | Supporting data for functional analyses of Dia2 and 
MCM mutants. a, Coomassie-stained SDS-PAGE gel of purified CMG complex 
containing mutations in Mcm3 and Mcm5 at Dia2LRR-MCM interface b, Reaction 
scheme for in vitro replication of 9.7 kb forked DNA template using CMG and 
the indicated replication proteins. c, Reaction conducted as in (b) with 
wildtype or mutant CMG. Samples were separated on an alkaline agarose gel 
and visualised by auto-radiography. This experiment was performed twice.  
d, In vitro CMG ubiquitylation reaction in the absence of DNA. The indicated 
proteins were incubated in the presence of ubiquitin and ATP and then 
visualised by SDS-PAGE and immunoblotting. This experiment was repeated 
three times. e, Positions of residues mutated in Dia2 LRR domain. LRR repeats 
12-15 are coloured and numbered as in Extended Data Figure 5e-f. Residues are 
coloured according to the Dia2 mutant in which they are present; all residues 

shown were mutated in Dia2-13A. Dia2-8A featured the following mutations: 
D632A, F657A, I662A, Y665A, Q694A, I698A, T699A and Y716A.  
f, Coomassie-stained SDS-PAGE gel of purified SCFDia2 complexes containing 
Dia2LRR mutants g, In vitro Ctf4 ubiquitylation reaction. The indicated proteins 
were incubated in the presence of ubiquitin and ATP and then visualised by 
SDS-PAGE and immunoblotting. The Hrt1 immunoblot serves as a loading 
control for SCFDia2. This experiment was repeated twice. h, Reaction conducted 
as in (d) with the indicated Dia2LRR mutants. This experiment was repeated 
three times. i, DNA content of G1-arrested cells from experiment in Fig. 2c was 
monitored by flow cytometry after propidium iodide staining. The proportion 
of G1 cells, expressed as a percentage of the total cells, is given. For details of 
gating strategy and assignment of the G1 peak see Supplementary Fig. 2. For gel 
source data, see Supplementary Fig. 1.ACCELE
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Extended Data Fig. 8 | Data processing pipeline related to H. sapiens replisome:CUL2LRR1 complexes. Each pathway describing the generation of a discrete 
reconstruction is given its own colour. The final reconstructions are coloured red and boxed.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | Supporting data for cryo-EM investigation of  
H. sapiens replisome: CUL2LRR1 complexes. a, Schematic of reconstitution 
approach used for preparation of replisomes bound to CUL2LRR1 for cryo-EM.  
A schematic of the DNA substrate used is shown with a 39 nucleotide 3’ arm and 
no 5’ arm. b, Silver-stained SDS-PAGE gels analysing 100 µL fractions taken 
across 10-30% glycerol gradients, either lacking (top) or containing (bottom) 
crosslinking agents. Fractions 15+16 used for cryo-EM sample preparation are 
indicated. This experiment was performed twice. c, Representative cryo-EM 
micrograph. d, Representative 2D class averages, 40 nm box width. e-j, (Top) 
cryo-EM reconstructions coloured by local resolution according to inset keys 
(Bottom) angular distribution of particle orientations. e, Consensus 
refinement for replisome:CUL2LRR1 fully engaged. f, Consensus refinement for 

replisome:CUL2LRR1 where the LRR1PH domain is bound but the LRRs are 
disengaged g, Consensus refinement for particles lacking CUL2LRR1. h, Multi-
body refinement for AND-1:CDC45:GINS. i, Multi-body refinement for 
LRR1:ELOB:ELOC:CUL2:AND-1-HMG. j, Multi-body refinement for CUL2:RBX1. 
k, Cryo-EM density for the LRR1 LRRs. l, Cryo-EM density for the LRR1 PH 
domain. m, Representative cryo-EM density for a LRR1 LRR domain β-strand at 
3.5 Å resolution. n, Representative cryo-EM density for a LRR1 LRR domain 
α-helix at 3.7 Å resolution. o, Fourier-shell correlation (FSC) curves for the 
various maps used in model building. p, Map-to-model FSC curves for the 
complete model docked into the consensus refinement for replisomes fully 
engaged by CUL2LRR1. For gel source data, see Supplementary Fig. 1.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Supporting information for the CUL2LRR1 structure 
and its interaction with the H. sapiens replisome. a, Structural overlay of 
aligned model from replisomes bound to CUL2LRR1 (blue) and in the absence of 
CUL2LRR1 (red). b, Composite model and map representing the conformational 
variability of CUL2/RBX1. The model for the replisome, bound to LRR1 and 
ELOB-ELOC, is displayed using pipes and planks rendering and coloured 
according to subunit. Three representative 3D classes are displayed 
encompassing density for CUL2:RBX1 obtained through 3D classification 
without alignment. The distance between RBX1 and K29MCM7 is indicated as a 
dotted orange line and distances denoted in the inset key. c, Overview of the 
interface between the LRR1 PH domain and the replisome. Subunits interacting 
with the LRR1 PH domain are displayed using transparent surface rendering. 
Boxed regions indicate key interaction interfaces expanded in (d). d, Detailed 
structural views of the interface between the LRR1 PH domain and 1: TIMELESS, 
2(A): MCM6 ZnF, 2(B): dsDNA and 3: MCM2 ZnF. e, Model for the LRR1 LRRs with 
numbering indicating the order of the leucine-rich repeats. f, Consensus motif 
for the LRR1 LRRs. The sequence of each repeat is indicated with the positions 
of the key L0, L3 and L5 residues highlighted in red. Repeats 1 and 9 represent 
irregular LRRs. g, LRR1 model docked into transparent cryo-EM density with 
the capping 2-stranded β-sheet highlighted in gold. h, Overview of the 

LRR1:ELOB:ELOC:CUL2:AND-1 interface. Models displayed docked into 
transparent cryo-EM density with MCM subunits visualised using surface 
rendering. i, Structure of the AND-1 HMG box (PDB:2D7L) docked into the  
AND-1-dependent cryo-EM density adjacent to ELOC and LRR1. Selected 
hydrophobic core residues displayed. j, Map of the replisome bound to 
CUL2LRR1 in the absence of AND-1 coloured according to subunit. k, Cryo-EM 
density of the LRR1:ELOB:ELOC:CUL2 interface obtained through multi-body 
refinement from particles lacking AND-1. The density attributed to the AND-1 
HMG box is dependent upon AND-1. l, Overview of the MCM:LRR1LRR interface. 
MCM subunits displayed with additional transparent surface rendering and the 
order of the LRR1LRRs numbered. Red-dashed boxes indicate key interaction 
sites, expanded in (m). m, Detail of the MCM:LRR1LRR interface involving 
contacts between the LRR1LRRs and 1 - MCM3, 2 - MCM5 ZnF and 3 - the MCM7 
N-terminus. n, Model highlighting local rearrangements of MCM3 upon 
binding CUL2LRR1. Structures in the absence (top) and presence (bottom) of 
CUL2LRR1, coloured according to inset key, highlight the rearrangement of 
MCM3(1-9) and MCM3(164-174). o Comparison of the MCM:CUL2LRR1 interface from 
complexes assembled on a DNA substrate lacking a 5’-flap (green) with those 
containing a 15 nucleotide 5’-flap (gold, PDB: 7PFO28). For the regions of MCM at 
this interface, the RMSD between the two structures is 0.43 Å.
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Extended Data Fig. 11 | Supporting data for model for regulation of CMG 
ubiquitylation. a, The MCM:Dia2LRRinterface is occluded in the inactive Mcm2-
7 double hexamer. The structure of the budding yeast Mcm2-7 double hexamer 
is shown (PDB: 5BK439): one Mcm2-7 hexamer is displayed as a cartoon, the 
other as a surface. Double-stranded DNA is coloured orange. The positions of 
the N-tier (N) and C-tier (C) are labelled for each hexamer. Inset: focused view of 
the regions of Mcm2-7 involved in interaction with the Dia2 LRR domain, 
demonstrating the inaccessibility of these regions to Dia2 in the context of a 
double hexamer. b, Reaction scheme for experiment in (c), to monitor the 
suppression of CMG ubiquitylation by DNA in the absence of the indicated 

proteins (top), which are predicted to interact with the excluded DNA strand 
during lagging strand synthesis. Pif1 was omitted to block fork convergence. 
DNase was included after the replication step to release the replisome from 
DNA, which triggers CMG ubiquitylation8. c, Reaction conducted as in (b) and 
analysed by SDS-PAGE and immunoblot. This experiment was repeated twice. 
d, Reaction scheme for experiment in (e), to monitor the interaction of SCFDia2 
with the CMG-replisome e, Reaction conducted as in (d) and analysed by 
SDS-PAGE and immunoblot. * is rabbit IgG. This experiment was repeated 
twice. For gel source data, see Supplementary Fig. 1.
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Extended Data Table 1 | Cryo-EM statistics
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Model statistics generated using Phenix comprehensive validation (cryo-EM)40. †, refer to Extended Data Figs. 2, 8 and Methods for details related to individual maps.
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