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I 
 

Abstract 

DNA replication must be accurately regulated to prevent replication stress and ultimately genome 

instability. Regulating the loading and firing of origins of replication is therefore critical. Origin activation 

in yeast has been well characterised, however in higher eukaryotes this process is less well understood. In 

previous work, the Gambus lab identified the fork‐protection factor DONSON to be interacting with 

factors of the post‐termination replisome. DONSON has previously been shown to be essential for 

accurate progression of S‐phase, both in human cells and Drosophila. 

 Using the cell‐free Xenopus laevis egg extract system, through this PhD I have shown that DONSON is 

essential for the assembly of the active replicative helicase (CMG complex) at origins of replication, 

during the initiation phase. DONSON is required for the recruitment of GINS to the Mcm2‐7 hexamer, and 

is required to stabilise Cdc45 here, to support helicase activation. To carry out this role, we have shown 

that DONSON interacts with the initiation factor TopBP1, which acts as a scaffold to recruit DONSON to 

the chromatin. Therefore, we propose that DONSON acts as the functional homologue of the yeast 

initiation factor Sld2. Once in contact with the DNA, we have shown that DONSON directly interacts with 

Sld5, of the GINS complex, and Mcm3 – bringing the two components together. This stabilises the entire 

CMG structure, and causes a misalignment of the two hexameric cores, in relation to one another, which 

aids in the initial melting of the origin DNA prior to duplex DNA unwinding during elongation. During this 

project, we have also successfully identified a DONSON peptide that can competitively inhibit DONSON’s 

initiation function, which should therefore be further investigated for its potential therapeutic function. 

As DONSON has previously been proposed to play an essential role in fork stabilisation following stress, 

and we have shown it is also essential during initiation, during this PhD I also looked to determine how it 

may be regulated during S phase. As we propose DONSON is the higher eukaryotic homologue of Sld2, 

and given that Sld2 is regulated through phosphorylation, we assessed the impact of CDK‐dependent 

phosphorylation on DONSON. We have been able to show that phosphorylation of DONSON appears to 

be required for efficient DNA replication and CMG formation. Therefore, we propose that DONSON’s 

functions are, at least in part, regulated by CDK‐ and ATR‐dependent phosphorylation of the protein. 
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1 IntroducƟon 

1.1 EukaryoƟc DNA replicaƟon overview 

Accurate DNA replicaƟon underpins precise cell division and is the foundaƟon for the propagaƟon of life. 

When the process goes awry and genome integrity is forfeited, mutaƟon, cellular deterioraƟon and 

disease can all be observed [1]. Genome replicaƟon is a semiconservaƟve process by which two parental 

DNA strands act as templates for the synthesis of two daughter strands and results in two idenƟcal DNA 

molecules. Each contains one new, replicated strand and one old, template strand [2], [3]. The 

foundaƟons of the replicaƟon process are evoluƟonarily conserved. However, the intricacy of both the 

machinery and regulaƟon of the process increase with organism complexity and genome size [4]. DNA 

replicaƟon must be coordinated with other processes, including transcripƟon and genome repair, and the 

complexity of this increases in eukaryoƟc replicaƟon [5], [6]. ChromaƟn structure also adds further 

complexity to the eukaryoƟc genome as it must be disassembled during replicaƟon and reconsƟtuted 

following it. This involves histone evicƟon, regeneraƟon and reestablishment, resulƟng in incorporaƟon of 

parental and new histones to daughter DNA molecules [7].  

Due to its importance, and complexity in higher eukaryotes, DNA replicaƟon must be well regulated. This 

is to ensure that all DNA is replicated during S phase and just once per cell cycle [8]. DNA replicaƟon is 

split into three disƟnct steps – iniƟaƟon, elongaƟon and terminaƟon (Figure 1.1).   
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1.1.1 IniƟaƟon 

DNA replicaƟon iniƟates from loci on the DNA called replicaƟon origins. Here the replicaƟve helicase is 

acƟvated and proceeds to unwind the DNA. Whilst replicaƟon advances around bacterial circular 

chromosomes from just one replicaƟon origin, in eukaryoƟc chromosomes replicaƟon starts from 

numerous origins. The number of origins in a single eukaryoƟc linear chromosome spans from hundreds 

in yeast to many thousands in higher eukaryotes. With the excepƟon of S. cerevisiae and 

SaccharomycoƟna species, eukaryoƟc origins do not have defined consensus sequences, likely instead 

Figure 1.1 SchemaƟc of eukaryoƟc DNA replicaƟon. Following origin recogniƟon, Mcm2-7 hexamers are loaded 

onto DNA. The acƟve helicase is formed via the recruitment of Cdc45 and GINS (CMG complex). The CMG, with 

the replicaƟon components surround it, unwinds the DNA to form two replicaƟon forks that progress along the 

DNA in opposite direcƟons from each origin, replicaƟng both strands of the DNA. TerminaƟon occurs upon the 

convergence of two forks from neighbouring origins. Adapted from [39]. 
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determined by DNA or chromaƟn features, such as transcripƟon start sites, epigeneƟc marks on histones, 

DNA structures, CpG islands or AT-rich regions. In contrast, bacterial and budding yeast origins have 

defined DNA sequence elements [9], [10].  

IniƟaƟon takes place in two disƟnct steps, origin licensing and origin firing. During licensing, the core of 

the replicaƟve helicase is assembled at replicaƟon origins, in the form of two Minichromosome 

Maintenance 2-7 (Mcm2-7) protein complexes, which bind to origins in a head-to-head formaƟon in 

relaƟon to one another (Figure 1.1 A). This occurs during late M phase and through G1 phase. Following 

Mcm2-7 double hexamer loading, two acƟve helicases are assembled by the recruitment of Cell division 

cycle protein 45 (Cdc45) and GINS complex (Psf1, Psf2, Psf3 and Sld5) (one each per Mcm2-7 hexamer) 

(Figure 1.1 B). Recruitment of Cdc45 and GINS to the Mcm2-7 hexamer forms the CMG complex (Cdc45, 

Mcm2-7 and GINS), which unwinds the DNA duplex, and occurs during S phase [11]. This requires 

acƟvaƟon by S phase kinases, Cyclin dependent kinase (CDK) enzymes and Drf1/Dbf4-dependent Cdc7 

kinases (DDK). Two CMGs become acƟvated for DNA replicaƟon via the addiƟon of iniƟaƟon factors that 

form a complex around each CMG, called the replisome. Each replisome and their resulƟng replicaƟon 

forks proceed away from each origin in opposite direcƟons, forming a replicaƟon bubble, and supporƟng 

replicaƟon of the DNA.  

1.1.2 ElongaƟon 

Following origin firing, each replicaƟon fork progresses along the DNA, facilitated by the acƟve helicase 

unwinding the double-stranded DNA and supporƟng DNA replicaƟon as it proceeds (Figure 1.1 C) [12]. As 

the duplex DNA is unwound, single-stranded DNA is exposed and rapidly bound by replicaƟon protein A 

(RPA), to stabilise the DNA structure and prevent it being idenƟfied as DNA instability and protect it from 

nuclease aƩack [13]. Unwinding of the duplex DNA enables DNA polymerases at the fork to access and 

replicate each parental template. ProliferaƟng cell nuclear anƟgen (PCNA) is a cofactor of DNA 

polymerases, loaded by the clamp loader ReplicaƟon Factor C (RFC) [14]. PCNA is a ring-shaped protein 

and RFC uses its ATPase acƟvity to open this ring and clamp it onto DNA. Once encircling the DNA, PCNA 

secures various polymerases to itself, including δ and Ɛ, thus increasing their processivity by maintaining 



  4 

their chromaƟn binding [15]. Each CMG helicase translocates 3’ to 5’ along one template DNA strand: the 

‘leading strand template’, so called because the daughter strand produced in reflecƟon is created in the 5’ 

to 3’ direcƟon [12]. On this strand, DNA polymerase Ɛ (Pol Ɛ) carries out conƟnuous replicaƟon, producing 

a daughter strand in the 5’-3’ direcƟon. DNA polymerases can only extend DNA, not start replicaƟon de 

novo, therefore a primase enzyme is required to prime the DNA for replicaƟon. On the leading strand, 

DNA primase – in associaƟon with Polymerase α (Pol α) – synthesises short RNA primers on the single 

stranded DNA, allowing Pol Ɛ to promote conƟnuous DNA replicaƟon. However, there is also a suggesƟon 

that the new leading strand may start from the end of the first Okazaki fragment (OF) of the lagging 

strand of the fork progressing from the same origin in the opposite direcƟon [16]. In contrast, the other 

parental strand – ‘the lagging strand template’ – is unwound in the 5’-3’ direcƟon, meaning that it must 

be replicated disconƟnuously due to polymerases only replicaƟng the DNA in this direcƟon. This 

disconƟnuous replicaƟon relies on the priming acƟvity of Pol α, which assembles short RNA-DNA primers 

along the length of the exposed parental strand. Cƞ4 (yeast)/And-1 (human) is a homotrimeric replicaƟon 

factor that is required to recruit Pol α to the CMG, enabling it to create these short RNA primers. In 

human cells, this interacƟon also requires Cdc7 phosphorylaƟon [17]. Following Pol α primer formaƟon, 

DNA Polymerase δ (Pol δ) is then required to produce short secƟons of daughter DNA (Okazaki fragments) 

in a disconƟnuous manner [18]. Upon reaching the 5’ end of the previous OF, Pol δ replicates further, 

displacing the Pol α-produced RNA-DNA primer and forming a 5’ flap. Each resulƟng OF must then be 

processed to leave a conƟnuous DNA molecule. The endonuclease FEN1 (flap endonuclease 1) cleaves the 

5’ flap. A nick is leŌ between each OF as a result, which is then ligated by ligase 1 (Lig1) [4].  

The acƟon of DNA unwinding by the helicase causes problems ahead of the fork where posiƟve DNA 

supercoiling arises. This must therefore be resolved, to maintain DNA topology, relieve coiling tension and 

to prevent excessive supercoiling which can form alternaƟve DNA structures, such as quadruplexes, and is 

transcripƟonally deleterious [19], [20]. The majority of this is relieved by the enzyme Topoisomerase 1 

(Topo1) an intrinsic component of the replisome [19]. Topo1 cleaves one strand of the parental duplex 

ahead of the replicaƟon fork, allowing the other strand to rotate freely. Less frequently, both parental 

strands are cleaved to relieve coiling tension. This is carried out by Topoisomerase 2 (Topo2) which, 
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following duplex cleavage, passes another double stranded DNA segment through the break to reverse 

the posiƟve supercoil [21]. However, in the event that Topoisomerase enzymes are inhibited, the 

replicaƟon fork itself takes on the role by rotaƟng the DNA. Although this enables the replisome to 

conƟnue to translocate along the DNA, it results in intertwined sister chromaƟds behind the fork (pre-

catenanes), which must be resolved by Topo2 before chromosomal segregaƟon during mitosis [4].  

As previously menƟoned, the chromaƟn environment impacts the complexity of the DNA elongaƟon 

process. As the replicaƟon fork progresses, nucleosomes ahead of the replicaƟon machinery must be 

disassembled to allow the replicaƟon machinery to progress and have access to the DNA. Nucleosome 

disassembly can be illustrated in three disƟnct steps. First, the interface between the (H3-H4)2 tetramer 

and the (H2A-H2B) dimer is opened, aŌer which the dimer is released from the tetramer and the DNA, 

and finally the tetramer is removed from the DNA [22]. This is coordinated by various histone chaperones, 

such as components of the human facilitates chromaƟn transcripƟon (FACT) complex [23]. Immediately 

following replicaƟon fork proceeding and DNA synthesis, nucleosomes are reassembled on the DNA to 

compact the chromaƟn and prevent genomic instability. Parental histones, with their post-translaƟonal 

modificaƟons (PTMs), from the parental strands are reestablished on the DNA, by cooperaƟon between 

different histone chaperones FACT and Asf1, as well as replisome components. On the leading strand, Pol 

Ɛ supports this recycling, whilst on the lagging strand Mcm2-Cƞ4-Pol α supports this process. Newly 

synthesised histones are also required. The (H3-H4)2 tetramer is assembled first, followed by addiƟon of 

(H2A-H2B) dimers. These newly synthesised histones are delivered to the DNA by chaperones, including 

CAF1, FACT or RƩ106. Following their deposit on DNA, new histones are modified to mirror parental PTMs 

– maintaining the epigenome [24].  

1.1.3 TerminaƟon 

As two forks from neighbouring origins converge, DNA replicaƟon is terminated (Figure 1.1 D). Upon 

terminaƟon, DNA unwinding and synthesis must be completed, pre-catenanes resolved and the replisome 

disassembled [25], [26]. CollecƟvely, this enables chromosomes to faithfully segregate [27]. In bacteria, 

where there is a single origin of replicaƟon, replicaƟon forks and helicases terminate at a fixed region 
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opposite the origin. This region contains ten sites, which are called Ter sites in E. coli [28]. CollecƟvely, 

these sites bind the terminator protein Tus, and form a replicaƟon fork trap. Here, forks enter but cannot 

leave, ensuring that roughly half of the chromosome is replicated in one direcƟon and the other half in 

the opposite [29]. In organisms with mulƟple origins however, fork convergence occurs throughout the 

chromosome and terminaƟon occurs throughout S phase, whenever and wherever two forks converge. 

Although in eukaryotes terminaƟon sites are sequence non-specific, there appears to be bias towards 

regions adjacent to transcripƟon terminaƟon sites (TSS) [30], [31]. Here, RNA polymerase II (RNAP2) 

pauses to terminate transcripƟon, and this acƟon can result in a collision with the replicaƟon machinery. 

This causes fork stalling and explains why replicaƟon terminaƟon may also be more likely to occur within 

these regions. The majority of terminaƟon occurs during early-mid S phase [32]. This can be explained by 

the fact that euchromaƟn is replicated first and is faster, meaning that there is a higher density of forks, 

including fork terminaƟon, in early-mid S phase. 

During fork convergence, DNA is synthesised at the same rate throughout, indicaƟng that converging forks 

do not collide, but instead pass each other. This acƟon is aided by the PIF1 helicase [27]. PIF1 unwinds the 

DNA in the opposite direcƟon to the CMG, allowing it to translocate past the opposite CMG. This enables 

each leading strand to extend past the other unƟl they are just a few nucleoƟdes away from the 

downstream OF [33]. The 3’ end of the leading strand must then be ligated to the downstream OF and the 

final OF processed [26]. Whilst Pol δ displaces OFs during elongaƟon, Pol Ɛ DNA synthesis is more 

prevalent towards the centre of replicons (where forks are more likely to converge) and therefore appears 

to be more likely to replicate the final DNA segments at terminaƟon sites [34]. 

Following fork convergence, replisomes are unloaded from the double stranded DNA. This begins with 

ubiquitylaƟon of Mcm7 at the N-terminus, with K48-linked chains. Mcm7 is ubiquitylated by a ubiquiƟn 

ligase enzyme. In budding yeast Skp1-Cdc53-F-box (SCF) Cullin-RING complex with the substrate-targeƟng 

component Dia2, takes on this role, whilst in higher eukaryotes it is carried out by the Cullin2-based 

ubiquiƟn ligase CRL2 with the substrate receptor Leucine Rich Repeat 1 protein (LRR1) [26], [35]. As soon 

as the parental duplex between the converging CMGs is unwound, the lagging strand, that is excluded 

from the Mcm2-7 during elongaƟon, loses its contact with the CMG. This allows the ubiquiƟn ligase to 
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interact with the CMG and ubiquitylate Mcm7 [35]–[38]. A ‘ubiquiƟn threshold’ of five or more proteins 

added in a chain to Mcm7 must be reached to promote CMG unloading [36]. Mcm7 K48 ubiquitylaƟon 

promotes remodelling of the protein by the hexameric ATPase segregase p97, or Cdc48 in yeast, allowing 

its removal from the chromaƟn [39].  

In the event that CMGs are not removed from the chromaƟn by the end of S phase, the ubiquiƟn ligase 

TRAIP removes them during mitosis [39]. This backup pathway only occurs in higher eukaryotes and was 

first discovered in C. elegans embryos [35]. TRAIP synthesises K6 and K63-linked ubiquiƟn chains on 

Mcm7. Following ubiquitylaƟon by TRAIP, the CMG is disassembled by p97, along with its cofactor UBXN-3 

[40]. Whilst TRAIP-dependent CMG disassembly can result in DNA breakage, if the complex is removed 

from unfinished forks and the DNA is exposed, this is a preferable outcome to the uncontrolled DNA 

damage that would occur were CMGs not removed by the end of mitosis [39].   

1.2 DNA ReplicaƟon IniƟaƟon 
 

1.2.1 Origin Licensing 

The first stage of DNA replicaƟon iniƟaƟon, origin licensing, occurs during the final stages of mitosis and 

through G1 of the cell cycle, and involves origin licensing proteins that are strongly conserved between 

species. Licensing is characterised by the loading of two hexameric helicase cores onto the replicaƟon 

origin. In bacteria, the origin (oriC) is recognised by the iniƟator DnaA, which generates ssDNA adjacent to 

the oriC. Following this, DnaA recruits two hexameric helicases (DnaB) to each oriC. One hexamer 

encircles each of the two single strands of the DNA created by DnaA [41]. In eukaryotes, the Origin 

RecogniƟon Complex (ORC) is the iniƟator (Figure 1.2 A) [41]. Although eukaryoƟc origins are tradiƟonally 

thought of as sequence unspecific, in yeast ORC binds to T-rich regions labelled Autonomously ReplicaƟng 

Sequences (ARSs). These are comprised of a nonpalindromic ARS consensus sequence (ACS), which is 

essenƟal for origin funcƟon [42]. In contrast, in higher eukaryotes the only DNA element idenƟfied at 

origins is a G-rich element with the propensity to form a non-canonical four-stranded helical structure (G 

quadruplex) [43].  
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The chromaƟn environment at origins also has an impact on origin licensing. Histone post-translaƟonal 

modificaƟons and nucleosome posiƟoning play a role in ORC localisaƟon [44]. The local chromaƟn 

environment may require modificaƟon to enhance accessibility and enable origin licensing. A number of 

histone-modifying enzymes and chromaƟn remodellers associate with licensing factors for open 

chromaƟn formaƟon [45], [46]. One example is histone acetyltransferase bound to Orc1 (Hbo1) , which 

primarily acetylates histone H4, producing more accessible DNA [47]. Likewise, histone H4 methylaƟon 

supports ORC recruitment to nearby origins [48]. UlƟmately, ORC must bind throughout the enƟre 

genome to sƟmulate replicaƟon at every part of DNA, however the DNA is difficult to access due to 

histones. Therefore, chromaƟn remodellers are required to support this. 

ORC is comprised of six subunits (ORC1-6), with Orc1-5 essenƟal for DNA binding. These subunits are 

posiƟoned in a crescent-moon shape, whilst Orc6 binds on the periphery [49]. ORC is a member of the 

AAA+ family of ATPases and requires ATP binding to recognise and stably bind origin DNA via its C-

terminus. Following ORC recruitment, Cdc6 – another AAA+ ATPase – is recruited to the origin. To recruit 

Cdc6, the winged helix domain (WHD) of Orc2 disengages from DNA, creaƟng space for an Orc1-Cdc6 

interacƟon, which results in the closure of the ORC ring, entrapping duplex DNA and creaƟng a stable 

plaƞorm for Mcm2-7 hexamer recruitment [50]. Cdc10-dependent transcript 1 (Cdt1) is also required for 

Mcm2-7 loading, it binds to the complex and wraps around Mcm2, 6 and 4, keeping the Mcm2-5 gate 

open for DNA accessibility [51]. Importantly, it is the pre-assembled Mcm2-7 hexamer that is loaded, not 

the consƟtuent subunits. The Cdt1-Mcm2-7 complex is then recruited to ORC-Cdc6 at origins, to form the 

OCCM (ORC-Cdc6-Cdt1-MCM), a prerequisite to the formaƟon of the Mcm2-7 double hexamer on DNA 

(Figure 1.2 B) [52]. The ATPase acƟvity of Cdc6 is required to bind ORC and recruit Cdt1, and subsequently 

to facilitate Mcm2-7 loading [53]. Cdc6 and Cdt1 are promptly released and a second round of Cdc6, Cdt1-

MCM origin recruitment occurs, to form the double MCM hexamer on the DNA. This complex is stabilised 

by Orc6 [54]. The two Mcm2-7 hexamers associate in an inacƟve head-to-head formaƟon (Figure 1.2 C) 

[55]. Both Cdc6 and Cdt1 have been visualised to shuƩle between DNA-bound and soluble states, 

suggesƟng that each molecule is likely involved in numerous origin licensing events. Therefore, it is 

unsurprising that both proteins are highly regulated to ensure that inappropriate origin licensing is 
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Figure 1.2 SchemaƟc of eukaryoƟc DNA origin licensing. DNA origins are bound by the Origin RecogniƟon 

Complex (ORC). Cdc6 promptly binds ORC and, along with Cdt1, recruits an Mcm2-7 hexamer to the DNA. 

Cdc6 and Cdt1 are recycled and recruit an addiƟonal Mcm2-7 hexamer to the origin, resulƟng in two 

Mcm2-7 hexamers bound in a head-to-head formaƟon at each origin. Adapted from [41].  
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Cdt1 
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Cdc7 
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prevented. Whilst the process of origin licensing is largely similar in yeast and higher eukaryotes, the 

mechanism is more complex in higher eukaryotes to allow for more flexible and increased control of the 

process [56].  

To prevent re-replicaƟon of the DNA, loading of the Mcm2-7 double hexamers onto DNA is limited to late 

mitosis and G1 of the cell cycle, where Cdt1 and Cdc6 are plenƟful and CDK acƟvity is kept low. Once the 

cell cycle progresses into S phase, the factors required to load the double hexamers onto DNA are 

downregulated to ensure that origins fire only once during each cell cycle. In parƟcular, Cdt1 is regulated 

via proteolysis and through sequestraƟon of its acƟvity. In higher eukaryotes, Cdt1 is regulated by the 

protein Geminin – not present in lower order eukaryotes. Geminin directly binds to Cdt1, prevenƟng it 

from complexing with Mcm2-7 and so prevenƟng chromaƟn loading of the hexamers and thus avoiding 

re-replicaƟon of the DNA [57]. Likewise, upon transiƟon into S phase, the levels of the S phase kinases 

increase – required for formaƟon of the acƟve helicase and to promote origin firing. PhosphorylaƟon of 

Cdc6 and Mcm2-7 hexamers not bound to the chromaƟn by S phase CDKs promotes degradaƟon and/or 

nuclear export, likewise to prevent re-licensing of the DNA [58]. Therefore, during late-M and G1 Geminin 

and CDK acƟvity is kept low, to enable licensing of the DNA. At the end of mitosis, Geminin is 

polyubiquiƟnated by the Anaphase PromoƟng Complex/Cyclosome (APC/C), which targets it for 

inacƟvaƟon or degradaƟon, whilst CDK acƟvators, such as Cdc25 are also degraded [57]. AddiƟonally, CDK 

inhibitors (CKIs) are accumulated during the end of mitosis and during G1 [41]. CollecƟvely, this ensures 

that each step of iniƟaƟon is regulated to prevent catastrophic re-replicaƟon of the DNA. 
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1.2.2 Origin Firing 

Origin firing occurs during S phase and is characterised by the formaƟon of two acƟve helicases at origins, 

with corresponding bidirecƟonal forks. Each acƟve helicase is composed of a single Mcm2-7 hexameric 

core, acƟvated by the presence of both Cdc45 and GINS complex, forming the CMG [11]. The recruitment 

of both Cdc45 and GINS requires the acƟvity of S phase kinases and addiƟonal firing factors, which have 

predominantly been idenƟfied through geneƟc screens in budding yeast as SyntheƟc Lethality with Dpb11 

(Sld)3, Sld7, Sld2, DNA polymerase B 11 (Dpb11), Pol Ɛ and α, and Mcm10 [59]. Despite this, unƟl recently 

the mechanism of origin firing has not been well understood. 

Once MCMs have been successfully loaded during origin licensing, at the G1-S transiƟon kinase levels 

increase – both CDK and DDK. In Saccharomyces cerevisiae, the first step in origin firing is phosphorylaƟon 

of the MCM hexamer by DDK (Figure 1.3 A) [60]. Following this, Sld3-Sld7 forms a complex with Cdc45 

and they are collecƟvely recruited to the hexamer (Figure 1.3 B) [61]. The crystallographic structure of 

Sld3-Sld7 oligomerisaƟon reveals that Sld7 forms a homodimer, likely placing two copies of Sld3 in the 

appropriate orientaƟon to read the DDK-dependent phosphorylaƟon of Mcm4/6 within both rings of the 

double hexamer [62]. However, single molecule studies have suggested that recruitment of Cdc45 by Sld3 

to each hexamer is sequenƟal, rather than symmetrical [63]. In higher eukaryotes, the Sld3-Sld7 complex 

orthologue is Treslin-MTBP, which has been shown to be required for direct recruitment of Cdc45 onto 

the hexamer and a precursor for GINS recruitment (Figure 1.3 B) [64]. Importantly, under condiƟons of 

replicaƟon stress, DDK-phosphorylaƟon of MCMs can be reversed by protein phosphatase 1 (PP1), which 

is targeted to the chromaƟn by ReplicaƟon Timing Regulatory Factor 1 (Rif1) and promotes global 

downregulaƟon of replicaƟon [65]. Sld2 is also phosphorylated, however by S phase CDKs rather than 

DDKs. This enables phosphorylated Sld2 to interact with Dpb11 through its carboxyl terminus (Figure 1.3 

C). Dpb11 contains four BRCA1 C-terminal (BRCT) domains which bind to phosphorylated factors – in 

parƟcular, BRCT1 and 2 bind phosphorylated Sld3, and BRCT3 and 4 bind phosphorylated Sld2 [66]. This 

enables the formaƟon of the pre-loading complex (Dpb11, Sld2, GINS and DNA Pol ε) (pre-LC), which 

forms prior to DNA binding and is a prerequisite for CMG formaƟon (Figure 1.3 C) [67]–[69]. InteresƟngly, 
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whilst Pol Ɛ is essenƟal to pre-LC assembly and resulƟng CMG formaƟon in yeast, in higher eukaryotes it 

appears to be dispensable for CMG assembly [70], [71].  

Whether the orthologues of each pre-LC factor in higher eukaryotes are recruited to DNA as a complex is 

not yet understood. TopBP1 is homologous to Dpb11 (Cut5 in Schizosaccharomyces pombe, Mus101 in C. 

elegans and Drosophila), whilst the funcƟonal homologue of Sld2 has been under debate. The N-terminus 

of RecQ4 contains a region of homology to Sld2, however it funcƟons during replicaƟon iniƟaƟon only 

aŌer CMG assembly [72], [73]. Markedly, TopBP1 contains more BRCT domains than its counterpart 

Dpb11. Domains 4-8 are dispensable for replicaƟon iniƟaƟon and domains 1-2 have been shown to bind 

CDK-phosphorylated Treslin [74]. BRCT3 has also been shown to be essenƟal for replicaƟon, however a 

binding partner for the domain hasn’t previously been idenƟfied, suggesƟng that the Sld2 homologue 

may bind this region. 

CDKs also phosphorylate MCM-bound Sld3. This enables Dpb11 to bind to Sld3 through its amino-

terminus and dock the pre-LC onto Cdc45-bound Mcm2-7, deposiƟng GINS for acƟve helicase formaƟon 

(Figure 1.3 D). Notably, the binding between Cdc45 and Mcm2-7 is only weak unƟl GINS is recruited, at 

which point the stable CMG is formed [59], [74], [75]. This is likely due to the firing factors that recruit 

Cdc45 and GINS to Mcm2-7 serving to bridge the two helicases together on DNA [41]. Pol Ɛ has been 

observed fulfilling this role [76]. Apart from being required to replicate the leading strand, Pol Ɛ plays an 

essenƟal non-catalyƟc role during iniƟaƟon bridging GINS to the MCM hexamer, further supporƟng the 

interacƟon between them [76]. Specifically, the Dpb2 subunit of Pol Ɛ binds Psf1 and Mcm3, whilst the C-

terminus of the Pol2 subunit binds Mcm2 and 5, further stabilising the interacƟon between the two 

complexes [76]. Stable interacƟons also occur directly between the elements of the CMG. Cdc45 and GINS 

have been observed to bind directly to Mcm2, 3 and 5 subunits of the hexamer, connecƟng the N-

terminal and ATPase domains [77]. In yeast specifically, Psf2 binds to the A domain of Mcm5. Importantly, 

this causes the Mcm7 subunit to disengage from Mcm5 that it binds to prior to helicase acƟvaƟon. As a 

result, the dimerisaƟon of the double hexamer is no longer supported and the two complexes separate 

slightly [78]. However, in Metazoa, Mcm7 is shorter and therefore may be unable to support stabilisaƟon 



  12 

of the double hexamer in the same way, indicaƟng that the mechanism of helicase acƟvaƟon in higher 

eukaryotes may differ slightly compared to yeast. CollecƟvely, the binding of GINS, Cdc45 and Pol Ɛ to the 

hexamer seals the Mcm2-5 DNA-entry gate, meaning that it cannot yet eject the lagging strand for DNA 

unwinding. To acƟvate the complex for duplex DNA unwinding, addiƟonal factors must bind. In parƟcular 

Mcm10 is required for the iniƟal melƟng of the DNA [79].  

Various factors required for origin firing have been observed at levels far below the number of origins 

actually used during S phase. These include Cdc45 and GINS. Upon overexpression of these factors, 

iniƟaƟon from late-firing origins can be promoted [61], [80]. As these factors are rate limiƟng for 

iniƟaƟon, this indicates that they contribute to ordered origin firing during S phase which is necessary for 

controlling replicaƟon Ɵming [41].  

 

 

 

 

 

 

 

 

 

 

Figure 1.3 SchemaƟc of eukaryoƟc DNA origin firing. Following Mcm2-7 double hexamer loading, DDKs 

phosphorylate MCM subunits. This allows recruitment of Cdc45 in its associaƟon with Sld3-Sld7 (yeast) / Treslin-

MTBP (higher eukaryotes). Once bound, Sld3-Sld7 is phosphorylated by CDKs. CDKs also phosphorylate Sld2 

which allows its interacƟon with Dpb11 (TopBP1 in higher eukaryotes). Dpb11 -Sld2-GINS-Pol Ɛ are then recruited 

to the DNA via an interacƟon between Dpb11 and the phosphorylated Sld3. Adapted from [41]. 
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CriƟcally, regulaƟon to ensure only one round of replicaƟon per cell cycle is essenƟal to maintain genomic 

and cellular stability. Once cells have entered into S phase and Geminin levels and CDK acƟvity are 

increased, there is no chance to reload Mcm2-7 hexamers, to prevent re-licensing of the DNA. However, 

this means that to have enough licensed origins to replicate the enƟre length of the DNA, many more 

origins are licensed than support DNA replicaƟon. As observed in Xenopus egg extracts and HeLa cells, 

around 10-40 Mcm2-7 double hexamers are loaded onto each origin, while only about 10% are acƟvated 

for replicaƟon. The unused origins are dubbed ‘dormant’, and this process is known as the MCM paradox 

[81], [82]. Dormant origins are most frequently uƟlised under condiƟons of replicaƟon stress in response 

to nearby stalled or damaged forks, ensuring the genome is not under-replicated [83]. However, 

insufficient origin licensing during G1 can occur and is a source of genome instability, by delaying S phase. 

In contrast, re-replicaƟon of chromosomes is prevented by origin licensing ending once S phase has 

begun. There is no known means to undo inappropriate origin licensing, therefore licensing controls are 

employed to prevent all origin licensing outside of G1 phase. For example, in human cells CDT1 has been 

observed to directly inhibit CMG progression in S phase unƟl it is fully degraded by CRL4Cdt2, to prevent 

relicensing at origins from which helicases have already progressed [84]. This ensures that DNA synthesis 

cannot take place unƟl Mcm2-7 loading has been successfully completed and so deters re-replicaƟon. 

1.2.2.1 IniƟal DNA MelƟng 

Binding of Cdc45 and GINS to Mcm2-7 hexamers forms the pre-iniƟaƟon complex (pre-IC), composed of 

the double hexamer with Sld2, Sld3/Treslin and Sld7/MTBP, Dpb11/TopBP1, Cdc45, Pol Ɛ and GINS. The 

pre-IC requires acƟvaƟon by addiƟonal factors before it can unwind duplex DNA and support replicaƟon. 

These factors include the fork protecƟon complex (FPC) which acts to ensure unperturbed fork 

progression and in higher eukaryotes is composed of Timeless-Tipin and Claspin [85]. AddiƟonally, 

Mcm10, RecQ4 and Polα-Primase are required to support DNA melƟng by the CMG.  

As previously menƟoned, in yeast the stable CMG and Pol Ɛ form a complex ((dCMG)-Pol Ɛ) that distorts 

the double helix and the linearisaƟon of the central channel of the dimerised MCM hexamers [76]. As a 

result, the two MCM rings rotate, resulƟng in the N-terminal domains separaƟng, leaving them tethered 
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to one another only via the Mcm6 zinc finger (ZnF) domain. This exposes the duplex DNA between the 

hexamers. Double hexamer loading during licensing requires hydrolysis of adenosine triphosphate (ATP), 

leaving adenosine diphosphate (ADP) stably bound to each complex. The iniƟal untwisƟng of the duplex 

DNA is coupled to the release of this ADP from the hexamer. An addiƟonal ATP then binds each hexamer 

and is required for preliminary melƟng of the duplex DNA [86], [87]. In yeast, ATP binding has also been 

observed to result in the release of Dpb11, Sld3-7 and Sld2 from the DNA [86]. The double hexamer then 

separates into single hexamers, and each CMG complex is separated from its partner. IniƟal DNA 

untwisƟng then occurs, 6-7 bp is observed per CMG [86]. An addiƟonal factor, Mcm10, is required to 

promote hydrolysis of the ATP bound to each hexamer, which acƟvates each CMG as a result. The CMG 

can assemble on the chromaƟn without the need for Mcm10, but this complex is inacƟve [59]. Each 

helicase ejects one strand of DNA from the central channel. Each of these strands then crosses over to the 

other helicase, becoming the translocaƟon strand of this hexamer [86], [87]. Each helicase subsequently 

translocates in a 3’-5’ direcƟon on the leading strand template. The N-terminal domain of each MCM 

hexamer is posiƟoned at the front of the helicase, indicaƟng that each CMG passes the other by 

translocaƟng from the origin in opposite direcƟons. Origin firing only occurs if both helicases transiƟon 

from binding dsDNA to binding ssDNA, further safeguarding the process. Following replisome acƟvaƟon, 

several factors are removed from the complex and do not travel with the fork throughout replicaƟon. In 

yeast these include Sld2, Sld3, Sld7 and Dpb11 [87]–[90].  

The molecular mechanism by which DNA is melted is less well established in higher eukaryotes. However, 

interesƟngly a cryo-EM structure of a human Mcm2-7 double hexamer was determined, which showed 

the origin DNA parƟally melted [91]. This suggests that the iniƟal melƟng of the DNA may occur much 

earlier in human cells – and perhaps addiƟonal higher eukaryotes – than in yeast. However, like in yeast, 

Mcm10 has also been seen to be required to support efficient metazoan DNA replicaƟon [92]. Mcm10 has 

been observed to bind to chromaƟn at a late stage of iniƟaƟon in Xenopus laevis egg extract [93]. Here, 

Mcm10 is likely required to support iniƟal DNA unwinding to promote DNA synthesis following formaƟon 

of the CMG, as it is in yeast. However, upon knockdown of Mcm10, DNA replicaƟon can sƟll proceed, 



  15 

albeit at a much-reduced rate. Therefore, it appears that the DNA melƟng role of metazoan Mcm10 can 

be taken over by an alternaƟve protein in its absence.  

1.3 DNA ReplicaƟon Stress 

The progression of the fork must remain highly regulated, to prevent or detect stress and genomic 

instability. To achieve this, factors are recruited that ensure the fork is stabilised, parƟcularly those 

forming the fork protecƟon complex (FPC). Timeless-Tipin (Tof1 and Csm3 in S. cerevisiae) and Mrc1 

(yeast)/Claspin (higher eukaryotes) maintain fork stabilisaƟon, regulaƟon of fork speed and sister 

chromaƟd cohesion [85], [94]. AddiƟonally, And-1 (Cƞ4 in yeast), as previously menƟoned, maintains the 

coupling of CMGs and polymerases [95]. However, when these maintenance pathways fail DNA replicaƟon 

can go awry and replicaƟon stress can occur. 

DNA replicaƟon stress is characterised by the slowing or stalling of the replicaƟon fork along with DNA 

synthesis [96]. DNA replicaƟon stress is the dominant endogenous source of genome instability, which 

leads to ageing, neuropathology and cancer in humans [97], [98]. ReplicaƟon forks frequently become 

stressed during S phase, causing them to stall and fail to terminate [5]. ReplicaƟon stress can be 

generated from a wide range of physical obstacles and largely results in the formaƟon of stretches of 
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Figure 1.4 SchemaƟc of DNA melƟng. Following CMG formaƟon on the DNA (Mcm2-7 hexamers shown for 

simplicity in green) (A), the two hexamers separate slightly and Mcm2 causes the iniƟal breakage between the 

base pairs (B), Mcm10 (purple) is recruited, the hexamers unpair and Mcm6 Ɵghtens the Mcm pore whilst 

selecƟng the translocaƟon strand (C), the iniƟally melted DNA is rewound and the two helicases pass one another 

on ssDNA (D), the helicases translocate on the DNA and replicaƟon is promoted (E). Adapted from [94]. 
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ssDNA. Most frequently this occurs due to polymerase stalling and uncoupling from the CMG, which 

conƟnues to unwind the DNA [96]. However, stress can also be induced by protein-DNA complexes or 

inter-strand DNA crosslinks, which can inhibit the helicase unwinding. Helicase-polymerase uncoupling 

results in stretches of single-stranded DNA (ssDNA) [99]. RPA will bind these ssDNA stretches and, if 

adjacent to newly replicated double-stranded DNA (dsDNA), this triggers the S phase checkpoint. This 

checkpoint is in place to determine if DNA has been accurately duplicated, and once triggered generates a 

signal to acƟvate the replicaƟon stress response [40], [100]. As a result, the protein kinase ataxia-

telangiectasia and Rad3-related (ATR) is recruited. Another protein kinase, Ataxia-telangiectasia mutated 

(ATM), is required for the DNA damage response and can also be acƟvated by other forms of damage. ATR 

(Mec1 in yeast) is acƟvated by a broader spectrum of damage than ATM and in parƟcular is central to the 

DNA replicaƟon stress response. In human cells, ATR primarily exists in a complex with ATR-interacƟng 

protein (ATRIP) and following acƟvaƟon by RPA, ATR is further acƟvated by TopBP1 and Ewing tumour-

associated anƟgen 1 (ETAA1) [101], [102]. Upon its acƟvaƟon, ATR phosphorylates substrates that support 

the compleƟon of DNA replicaƟon under stress (Figure 1.5). These include RPA and CHK1, which act to 

inhibit cell-cycle progression and suppress further origin firing, buying Ɵme for the replicaƟon stress to be 

resolved [96]. AcƟvaƟon of CHK1 leads to degradaƟon of CDC25A phosphatase, resulƟng in the 

accumulaƟon of phosphorylaƟon on S phase Cyclin/CDKs, namely Cyclin A/CDK2. This phosphorylaƟon, at 

sites such as Thr14 and Tyr15, is inhibitory to the origin firing funcƟon of the kinase [103]. ATR itself 

locally supports stabilisaƟon and restart of the stalled forks once the stress has been removed. One 

method of replicaƟon downregulaƟon is prevenƟon of DDK-induced phosphorylaƟon of MCM4, to inhibit 

the formaƟon of the CMG during S phase. Upon ATR inhibiƟon (ATRi), hyper-phosphorylaƟon of MCM4 is 

observed in human cells, along with increased associaƟon of PSF3 with nascent DNA, both of which can 

be counteracted upon supplementaƟon with a Cdc7 kinase inhibitor [17]. 

However, in the instance that the stalled fork cannot be restarted, new replicaƟon forks can be acƟvated. 

This can occur through the firing of dormant origins, that have not been licensed, to allow for Ɵmely 

compleƟon of replicaƟon [104]. AlternaƟvely, the replisome can bypass the lesion, reprime the DNA and 

restart replicaƟon downstream, this leaves behind a ssDNA gap [105]. This is filled using the DNA damage 
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tolerance (DDT) pathway, involving specialised polymerases or the sister chromaƟd as a template, to 

complete replicaƟon and prevent the replicaƟon fork stalling for prolonged periods [106]. Fork reversal is 

an addiƟonal mechanism by which cells can tolerate replicaƟon stress following encounters with DNA 

lesions. ReplicaƟon fork reversal requires recruitment of fork remodelling dsDNA translocases SMARCAL1, 

ZRANB3 and HLTF [107]. The remodeller recruited depends on the structure of the replicaƟon 

intermediate or type of replicaƟon challenge. During fork reversal, the two newly synthesised DNA 

strands are annealed to either remove or bypass the lesion to ensure replicaƟon can conƟnue [108]. 

However, although fork reversal can stabilise stalled forks, they must be protected from nuclease cleavage 

to maintain genome stability [109], [110]. In addiƟon to these mechanisms, the G2 checkpoint is a later 

safeguarding mechanism, triggered by any remaining DNA damage to ensure the cell does not enter 

mitosis with these issues [4]. 

 

 

 

 

 

 

 

 

 

Although the cell iniƟates a robust stress response to stabilise and restart the replicaƟon fork, the fork 

may nonetheless fail and collapse. This is parƟcularly likely if replicaƟon stress remains or factors involved 

in the stress response are lost. For example, in the absence of ATR, the replisome is likely to become 

disengaged [111]. This can result in complete fork collapse and under-replicaƟon of the DNA. If DNA is not 
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B 

Figure 1.5 SchemaƟc of ATR stress response acƟvaƟon. A) Helicase-polymerase uncoupling is presented, a 

common cause of replicaƟon stress and acƟvaƟon of the ATR stress response. Stretches of ssDNA are revealed as 

a result of uncoupling, which are coated with RPA. This triggers the recruited of ATR-ATRIP. ATR is further 

acƟvated by either TopBP1 or ETAA1. This causes ATR to phosphorylate downstream effectors, such as RPA and 

CHK1 as presented here. As a result, replicaƟon is paused and DNA is repaired. B) The ATR stress response can 

also be triggered in response to DNA lesions, such as ICLs as shown here. In such cases, forks are stalled enƟrely 

and fork reversal is required. Specific exonucleases are then required to resect the DNA to produce the ssDNA 

required to acƟvate the ATR stress response. Adapted from [110]. 
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completely replicated during S phase this can lead to the formaƟon of ultrafine bridges (UFB) in anaphase 

as well as the formaƟon of secondary DNA structures, such as hairpins and quadruplexes, during the next 

cell cycle [112], [113]. Unreplicated regions of the genome are related with common fragile sites (CFS), 

loci at which the majority of the rearrangements occurring in human diseases are found [114]. The 

prolonged arrest of replicaƟon forks can also generate double strand breaks (DSBs) and likewise any nick 

or gap in the replicated DNA can be converted into a DSB [115]. Genome instability, of which DSBs are a 

form, is a hallmark of cancer cells. This therefore highlights the importance of fork protecƟon and robust 

and efficient pathways that respond to stress. 

1.4 RegulaƟon of DNA ReplicaƟon by PhosphorylaƟon 

Kinases are largely separated into families based on their amino acid substrate preference, for example 

CDKs have a specificity for serine-proline/threonine-proline moƟfs in a range of iniƟaƟon factor substrates 

[116]. Whilst DDKs target serine and threonine residues in the Mcm2-7 complex [117]. For CDKs to act 

with enzymaƟc funcƟon, they require Cyclins as their regulatory subunits. The specific pairing between 

CDKs and Cyclins is dependent on the disƟnct cell cycle phase. PhosphorylaƟon is uƟlised to enable 

interacƟons between replicaƟon components only under specific condiƟons and during the appropriate 

cell cycle phase. CDK levels are maintained at a low level during G1 to allow for Mcm2-7 hexamer loading. 

This is achieved via CDKs being degraded by the APC/C. Upon reducƟon of CDK-Cyclin levels, Cadherin 1 

(Cdh1) is acƟvated. Cdh1 competes with Cdc20 for binding to the APC. To promote origin licensing APC-

Cdh1 supports accumulaƟon of p27 and p21 (CKIs) and degradaƟon of CDKs. However, not only does CDK 

and DDK acƟvity need to be minimised, but any present phosphorylaƟon of their substrates also needs to 

be removed. This is achieved through the acƟvity of several phosphatases, which remove phosphorylaƟon 

from target proteins, namely PP2A and PP1 (Cdc14 in yeast) [118]–[120].   

In contrast, increased levels of S phase kinases are required to promote transiƟon into S phase and 

support DNA replicaƟon. CKIs are degraded and result in the increase of Cyclin E-CDK2 and Cyclin A-CDK2. 

Cdh1 is in turn phosphorylated by these CDKs and Plk1, leading to its degradaƟon and decrease in the 

acƟvity of APC-Cdh1 [121], [122]. This marks the transiƟon from G1 to S phase and sƟmulates formaƟon 
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of the acƟve helicase via recruitment of Cdc45 and GINS. DDK phosphorylaƟon is essenƟal for DNA 

replicaƟon in both yeast and metazoan, specifically for phosphorylaƟon of chromaƟn-loaded Mcm4 and 

Mcm6 [123], [124]. This allows the recruitment of Sld3-Sld7/Treslin-MTBP with Cdc45 [125]. As previously 

menƟoned, in yeast, Sld2 and Sld3 CDK-dependent phosphorylaƟon is required to support CMG 

formaƟon. Sld3 contains two sites that are CDK substrates, threonine 600 and serine 622, 

phosphorylaƟon of which are required for its interacƟon with Dpb11, necessary to support replicaƟon 

[67]. These sites are also conserved in the Sld3 human orthologue Treslin/TICRR – threonine 669 and 

serine 1001 – indicaƟng the importance of CDK phosphorylaƟon for this process in higher eukaryotes. For 

recruitment of GINS to origins, CDK-dependent phosphorylaƟon of Sld2 is also required, which likewise 

promotes its associaƟon with Dpb11. Strikingly, individual phosphorylaƟon of either Sld2 or Sld3 has been 

shown to be insufficient to support either CMG formaƟon or DNA replicaƟon in budding yeast, indicaƟng 

the importance of phosphorylaƟon for interacƟons at this stage  [59]. InteresƟngly, whilst DDK acƟvity is 

also essenƟal for replicaƟon iniƟaƟon, the order in which CDK and DDK acƟvity occurs has been shown to 

be unimportant for efficient Cdc45 and GINS recruitment, and DNA replicaƟon [59]. DephosphorylaƟon of 

both Sld2 and Sld3 is also essenƟal to support replicaƟon, in parƟcular for the iniƟal melƟng of the DNA. 

Protein phosphatase 2 (PP2A) specifically targets Sld3/Treslin. This supports dephosphorylaƟon of Sld2 by 

protein phosphatase 4 (PP4) and ulƟmately removal of the factors from the CMG [126]. 

DephosphorylaƟon of both factors is essenƟal for the MCM double hexamers to separate and for DNA 

melƟng to proceed. 

Cyclin A-CDK2 forms at the onset of S phase, and allows DNA synthesis and progression to G2 [127]. In the 

presence of acƟve CDKs, namely Cyclin A-CDK2, the ATPase acƟvity of ORC and its interacƟon with Cdt1 in 

S. cerevisiae, and release from origins in higher eukaryotes, is prevented [128]–[130]. PhosphorylaƟon of 

Cdc6 by CDKs results in its degradaƟon, via proteolysis in S. cerevisiae, and nuclear export in higher 

eukaryotes [131]. Likewise, in S. cerevisiae, phosphorylaƟon of Mcm2-7 hexamers and Cdt1 by late G1 

Cyclins leads to their nuclear export [41]. Therefore, whilst CDK acƟvity is a regulatory mechanism to 

prevent Mcm2-7 chromaƟn recruitment during S phase, to avoid re-replicaƟon of the DNA, low CDK 

acƟvity is required for Mcm2-7 to be recruited to origins during G1.  
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1.4.1 ReplicaƟon Timing Control 

Apart from safeguarding the cell from DNA re-replicaƟon, phosphorylaƟon plays an important role in the 

replicaƟon Ɵming programme – dictaƟng which regions of the genome are replicated during early or late 

S phase. EuchromaƟn is replicated first, whilst less accessible heterochromaƟn is replicated subsequently 

[132]. Likewise, a paƩern in which a subset of origins (early) are fired prior to the remaining origins (late) 

is established [133]. AddiƟonally, certain regions of the nuclei replicate with different Ɵming. In parƟcular, 

the nucleolus replicates late during S phase [134]. CollecƟvely, the replicaƟon Ɵming programme is largely 

promoted by S phase kinase-specific acƟvity, which is required to promote DNA replicaƟon. For example, 

in regions with more compact chromaƟn structures (heterochromaƟn), this may delay DDK-dependent 

phosphorylaƟon of Mcm2-7, and thus delay origin firing unƟl later during S phase [135]. 

Progression from G1 to S phase is regulated by Cyclin D acƟvaƟng either CDK4 or CDK6, as well as Cyclin E-

CDK2 [136]. Cyclin A-CDK2 regulates progression from G2 to M phase, while Cyclin B-CDK1 regulates 

mitosis and chromosome segregaƟon [137]. Origins will fire later if the phosphorylaƟon of the replicaƟon-

specific substrates is prevented. For example, PP1 counteracts the DDK-dependent phosphorylaƟon of 

Mcm2-7 at licensed origins. PP1 is recruited to the chromaƟn in a Rif1-dependent manner, and 

collecƟvely their acƟvity delays the firing of a subset of origins [138]. However, upon the DDK-acƟvity 

increase during S phase, the interacƟon between Rif1 and PP1 can be disrupted, supporƟng further origin 

firing as S phase progresses [139], [140]. Likewise, increased origin firing can speed up S phase and 

increased S phase kinase acƟvaƟon promotes this. For example, the phosphatase Cdc25B/C 

dephosphorylates Cdk1 and allows it, with Cyclin B, to push cells into mitosis. This increases origin firing 

and therefore promotes a more rapid S phase [141].  
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As previously menƟoned, the protein kinase Mec1/ATR funcƟons in response to DNA damage during S 

phase, phosphorylaƟng Rad53/Chk1/CHK1 and (indirectly) Chk2/CHK2 to downregulate new origin firing 

whilst damaged DNA is repaired [142]. This is achieved by CHK1 and CHK2 (only CHK1 in mammals) 

targeƟng the Cdc25 family of phosphatases. Under normal replicaƟon condiƟons Cdc25 acts to support 

acƟvaƟon of CDKs. Therefore, the CHK1 stress response targeƟng Cdc25A for degradaƟon promotes 

inhibiƟon of CDK and therefore downregulates DNA replicaƟon iniƟaƟon [142]. The yeast homologue of 

CHK2, Rad53, also appears to inhibit DDK funcƟon by blocking the kinase from binding Mcm2-7, thus 

prevenƟng formaƟon of the acƟve helicase [141]. CHK1 is also regulated at the G2-M boundary through 

the phosphorylaƟon of Claspin by Polo like kinase 1 (Plk1). Claspin phosphorylaƟon results in its 

degradaƟon by the proteasome. This blocks CHK1-dependent inhibiƟon of mitosis upon resoluƟon of DNA 

damage [143]. By inhibiƟng origin firing, the checkpoint delays S phase progression to avoid the 

accumulaƟon of topological stress and allow Ɵme for DNA repair [144]. To resume replicaƟon following 

repair, the checkpoint signalling cascade must be inacƟvated, this largely involves phosphatases, such as 

Pph3 and Ptc2/Ptc3 in yeast [145], [146]. 

 

 

 

Figure 1.6 SchemaƟc of CDK acƟvity during CMG formaƟon. Following DDK-dependent phosphorylaƟon of the 

Mcm2-7 hexamer, Sld3-Sld7-Cdc45 is recruited (not shown). CDK phosphorylates Sld3 and Sld2. Sld2 

phosphorylaƟon causes a conformaƟonal change to the protein allowing Dpb11 to bind. Sld3 phosphorylaƟon 

also allows Dpb11 to bind. Therefore, Dpb11, along with Sld2, GINS and Pol Ɛ are recruited to the hexamer 

through an interacƟon between Dpb11 and phosphorylated Sld3, forming the CMG. Adapted from [138]. 
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1.5 DONSON 
 

Downstream neighbour of Son (DONSON) is a protein whose gene was first idenƟfied when assessing the 

long arm of human chromosome 21 (21q22) [147]. When assessing mRNA levels by reverse transcripƟon 

polymerase chain reacƟon, DONSON, here termed B17, was found expressed in a range of different cell 

types, including HeLa and foetal cells. The gene was predicted to contain seven exons and span 10 kb. The 

gene was first termed ‘downstream neighbour of Son’/DONSON later that same year, when it was 

idenƟfied in a tail-to-tail orientaƟon with its upstream neighbour Son [148]. Here, DONSON was found to 

be just 65 bp downstream from Son in mouse genomes, and 415 bp downstream in human genomes.  

1.5.1 Orthologues 

Despite the gene having been idenƟfied at the turn of the century, a funcƟon for DONSON was not 

proposed for many years. Through a mutagenesis screen in Drosophila, a protein homologous to 

DONSON, here named Humpty Dumpty (Hd), was idenƟfied as essenƟal for DNA replicaƟon and genome 

stability in larval Ɵssues [149]. Likewise, Hd was shown to be essenƟal for cell proliferaƟon during 

development, and upon mutaƟon results in a ‘thin eggshell’ phenotype. Consistent with a DNA replicaƟon 

role, Hd protein expression levels were observed to peak during late G1-S phase, and in response to the 

E2F TranscripƟon Factor 1 (E2F1). Therefore, Hd was labelled a gene important for DNA replicaƟon and 

subsequently orthologues were screened for. InteresƟngly, the gene DONSON was idenƟfied by sequence 

alignment as the Hd orthologue in mammals.  

Using a computaƟonal approach followed by RNAi screening in HeLa cells, DONSON was found to share 

phenotype similariƟes with factors known to be involved in the DNA damage response (DDR) and 

therefore a potenƟal role for DONSON in cell cycle progression was proposed [150]. DONSON has also 

been observed to be expressed in proliferaƟng Ɵssues parƟcularly within the human embryonic brain, and 

has been seen co-expressed with DNA replicaƟon machinery components [151]. Likewise, in mice, 

Donson was observed as essenƟal to the cell cycle, with knockout of the gene embryonic lethal. 

CollecƟvely, this suggested an essenƟal role for DONSON during DNA replicaƟon and the cell cycle, 

conserved across many organisms from plants to humans. InteresƟngly however, no DONSON orthologue 

was idenƟfied in yeast. Much of what is known about DONSON is due to its mutaƟon being observed in a 
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number of developmental disorders, namely Microcephalic Primordial Dwarfism (MPD) and Meier Gorlin 

syndrome (MGORS) [151]–[155]. 

1.5.2 DONSON Gene and Protein Structure 

InteresƟngly, the DONSON protein within human cells is observed at very low levels, and doesn’t appear 

to have parƟcularly recognisable structural features or enzymaƟc acƟvity [150], [156]. Likewise, neither 

the gene sequence nor the protein structure are similar to any other known protein [157]. The DONSON 

gene has since been idenƟfied as having ten exons in the longest open reading frame (ORF) of the human 

gene, and eleven in the Xenopus. Using AlphaFold, the structure of the DONSON protein could be 

predicted. Based on this predicted structure, DONSON can be divided into six domains, with a long and 

predominantly unstructured N-terminus composed of 150 amino acids in humans (Figure 1.7), which 

wraps around a folded globular core and joined via a protruding flexible loop [158], [157]. The core of the 

protein is highly conserved throughout evoluƟon, with a confident AlphaFold score, whereas the flexible 

N-terminus is not. 

 

 

 

 

 

 

180ᵒ 

Figure 1.7 Model of Xenopus DONSON protein. A) DONSON is split into six domains of varying lengths. B) Each 

has been colour-coded and shown in the structural form as modelled via AlphaFold. As seen, the N-terminal 

domain (D1 – orange) is flexible and largely wraps around the globular porƟon of the protein. 

A 
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1.5.3 DONSON’s AssociaƟon with the Replisome 

Consistent with the idenƟficaƟon that DONSON’s peak expression occurs in S phase and that it was 

proposed to play a role in the DNA damage response, it has also been observed interacƟng with known 

replicaƟon machinery factors in human cells, both under normal condiƟons and upon DNA damage 

inducƟon [35], [152]. Using mass spectrometry screening following an IP of Mcm3, DONSON was seen to 

interact specifically with Mcm2-7 subunits, as well as components of the GINS complex during replicaƟon 

and post-replicaƟon terminaƟon [35]. Likewise, through proximity-ligaƟon assay (PLA), DONSON has been 

seen in the proximity of MCM2 and MCM7, as well as co-immunoprecipitaƟng with Treslin, PCNA and RPA 

[152], [156].  

1.5.3.1 HeterochromaƟn v EuchromaƟn 

Genome structure is largely classified into two major domain types, the first being euchromaƟn 

characterised by accessibility, transcripƟonal acƟvity and acƟve histone modificaƟons, such as H3K4me3. 

The second type is heterochromaƟn, characterised by condensed DNA with inacƟve genes, repeated 

elements and inacƟve histone modificaƟons, such as H3K9me3 [156]. Sequences in euchromaƟn tend to 

be replicated during early S phase, whilst those in heterochromaƟn tend to be replicated during late. 

DONSON has been observed to not bind all replisomes, instead predominantly appearing bound to 

replisomes in euchromaƟn and during early S phase. In human cells, DONSON exhibits a >3-fold bias 

towards early S phase for its interacƟon with components of the GINS complex. Likewise, interacƟon 

between DONSON and H3K4me3 can be observed throughout the nuclei and are threefold more frequent 

in early S phase than late, whilst very liƩle interacƟon can be observed between DONSON and H3K9me3 

in either early or late S phase. The presence of DONSON-bound replisomes in acƟve chromaƟn may 

suggest a potenƟal cellular anƟcipaƟon for replicaƟon stress in these open chromaƟn regions where 

replicaƟon-transcripƟon collisions are more prone to happening and DNA damage is more likely, and 

therefore may suggest why DONSON preferenƟally binds replisomes in euchromaƟn [156].     

1.5.4 DONSON’s Fork ProtecƟon Role 

As menƟoned above, DNA replicaƟon stress is characterised by the slowing or stalling of the replicaƟon 

fork along with DNA synthesis and oŌen involves the accumulaƟon of ssDNA. The Drosophila orthologue, 
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Hd, has been shown to be required for genome stability, as upon its depleƟon a ‘chromosome bridge’ 

phenotype develops during the cleavage cycles of the embryos. This results from a sensiƟvity to 

replicaƟon defects, and results in incompletely replicated sister chromaƟds that cannot segregate [159]. 

Maternal Hd is required for maintenance of genome integrity during embryonic S phase and suggests that 

DONSON may perform a similar funcƟon for genome stability. 

In human cells deficient for DONSON, ATR-dependent replicaƟon stress signalling is impaired, resulƟng in 

stalled and damaged forks not being repaired or restarted. Increased replicaƟon fork stalling prolongs S 

phase and increases origin firing. In line with this, DONSON downregulaƟon results in a loss of 

suppression of new origin firing, suggesƟng a block to checkpoint acƟvity in the absence of DONSON 

funcƟon [152]. This indicates a direct funcƟon for DONSON within the ATR-dependent stress response 

pathway. Reduced ATR and CHK1 phosphorylaƟon are likewise observed upon downregulaƟon of 

DONSON following hydroxyurea (HU) exposure. AddiƟonally, RPA phosphorylaƟon was strongly reduced 

upon DONSON depleƟon, suggesƟng that DONSON acts downstream of ATM/ATR, but upstream of RPA 

and CHK1. 

DONSON appears to not only funcƟon in response to replicaƟon stress, but also once fork stalling has 

progressed to DNA breaks or DNA damage. DONSON has specifically been observed interacƟng with a 

subset of replisomes in human cells perturbed with hydroxyurea (HU) to stall forks, most of which are in 

early S phase, supporƟng a role for the protein in the DNA damage response (DDR) [152]. 

PhosphorylaƟon of the H2AX histone variant at Serine 139 results in the γH2AX form and is an early 

cellular response to the inducƟon of DNA damage. In contrast, 53BP1 foci form as a response to DNA 

DSBs. Upon depleƟon of DONSON, elevated levels of both γH2AX and 53BP1 foci could be observed in 

human cells in S phase [150], [152]. This indicates that the spontaneous DNA damage observed in the 

absence of DONSON is likely generated during DNA replicaƟon, a probable result of fork collapse. 

InteresƟngly, γH2AX phosphorylaƟon exhibited in DONSON-depleted cells can be parƟally reduced upon 

the depleƟon of the nucleases responsible for the processing of stalled and damaged forks, MUS81 or XPF 

[152]. This indicates that the genomic instability observed upon DONSON knockdown results from 

nucleolyƟc processing, by these nucleases, of the resulƟng damaged forks. In addiƟon to this, cells in 
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which DONSON is downregulated display various abnormaliƟes, parƟcularly irregular chromosomal 

morphology, such as misaligned chromosomes, chromaƟd gaps and breaks, spontaneous micronuclei 

formaƟon and pulverisaƟon of metaphase chromosomes [152]. DONSON has also been observed at the 

centrosome, required for accurate formaƟon of bipolar spindles and this, as well as its requirement for 

fork stabilisaƟon, may explain the abnormal chromosomal phenotypes observed upon its downregulaƟon 

[150]. This suggests that DONSON is required to prevent transmission of DNA breaks into mitosis to 

prevent chromosomal damage and genome fragmentaƟon. 

In addiƟon to a stress-response role, DONSON appears to regulate unperturbed forks, maintaining 

stability during replicaƟon [152]. Upon downregulaƟon of DONSON in human cells, increased 

spontaneous fork stalling is observed in combinaƟon with fewer ongoing forks, despite an increase in 

BrdU-posiƟve cells. Spontaneous DNA damage and fork instability are observed upon DONSON 

downregulaƟon, characterised by fork asymmetry, suggesƟng that the increase in BrdU-posiƟve cells likely 

reflects a prolonged S phase due to stalled forks, as opposed to a global reducƟon in synthesis. 

CollecƟvely, this suggests that DONSON may stabilise ongoing forks. InteresƟngly, the amount of RPA 

recruited to chromaƟn is also increased upon DONSON’s knockdown, therefore suggesƟng that ATR may 

not be efficiently recruited to these spontaneously formed DNA lesions without DONSON [152].  
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1.5.4.1 ICL Traversal 
 

Interstrand crosslinks (ICLs) occur when a DNA damaging agent reacts with nucleoƟdes on opposite DNA 

strands, promoƟng a covalent link between the two strands [160]. Unsurprisingly, these adducts cause 

problems for the replicaƟon machinery when it encounters them, as the duplex DNA cannot be unwound. 

Forks are oŌen stalled by ICLs and therefore ICLs must be repaired. However, replicaƟon forks can also 

traverse past an ICL in an ATR-dependent manner, to prevent fork collapse and retain genome stability 

[160]. The Fanconi Anaemia ComplementaƟon Group M (FANCM) helicase is implicated in ICL traversal. 

Upon the downregulaƟon of FANCM, ICL traversal is reduced. InteresƟngly, DONSON has also been 

observed to be important for ICL traversal, parƟcularly for the survival of cells exposed to cisplaƟn, an ICL 

promoƟng molecule [156]. Upon DONSON downregulaƟon, the frequency of ICL traversal in human cells 

Figure 1.8 SchemaƟc of replicaƟon stress response with or without DONSON. Upon replicaƟon stress (yellow 

square), possibly due to polymerase and helicase uncoupling the replicaƟon fork will stall (shown here with green 

Mcm2-7 hexamer only, for simplicity). With funcƟonal DONSON present, the fork is stabilised and the DNA can be 

repaired and replicaƟon restarted through the ATR stress response. However, without funcƟonal DONSON (red 

crossed), the ATR stress response is decreased and the fork not stabilised, leaving it open to nuclease excision. 

This leads to genome instability. Adapted from [152]. 
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is markedly reduced. Strikingly, traversal frequency reduces further sƟll upon knockdown of both 

DONSON and FANCM, indicaƟng that the proteins are non-epistaƟc for this role.   

As menƟoned above, DONSON has largely been observed to interact with the CMG in euchromaƟn. In 

contrast, FANCM has been observed bound to the replisome in heterochromaƟn. This correlates with 

siRNA knockdown of DONSON in human cells which results in a decrease in the frequency of ICL traverse 

in early S phase cells only, and minimal change to traverse frequency in late S phase cells [156]. However, 

unlike FANCM, DONSON can be observed interacƟng with the replisome both with and without the GINS 

complex intact, whilst upon FANCM interacƟon, replisomes are remodelled and GINS is lost from the 

complex. GINS remaining intact in the DONSON-bound CMG, appears to correlate with unstressed 

replisomes not marked by ATR acƟvaƟon. This demonstrates that DONSON associates with replisomes in 

cells both with and without exposure to DNA damaging agents, further supporƟng dual roles in 

maintaining stability of unperturbed forks and acƟng in the ATR stress response pathway [156]. 

ATR plays a role in ICL traversal of both DONSON- and FANCM-replisomes. Upon ATR inhibiƟon, the 

associaƟon of FANCM with the replisome is blocked [161]. Upon detecƟon of ICL adjacent to FANCM-

replisome, FANCM promotes the recruitment of the Fanconi Anaemia (FA) core complex to ICL sites [162]. 

Following recruitment, ATR phosphorylates Fanconi Anamia ComplementaƟon Group I (FANCI) as part of 

the complex, supporƟng recruitment of FA-associated nucleases to nick the DNA either side of the ICL and 

promote downstream repair [163]. In contrast, DONSON’s associaƟon with ICLs increases upon inhibiƟon 

of ATR. This is likely due to the replisome not being remodelled in the absence of ATR acƟvity meaning 

that GINS is retained and the DONSON-bound replisome remains stalled at ICLs [156]. 

1.5.5 Primordial Dwarfism  

Microcephalic primordial dwarfism (MPD) largely characterises a wide range of Mendelian syndromes, 

the principal features of which are intra-uterine and postnatal growth delay beside microcephaly, that 

occur in humans [164]. MPD predominantly results from mutaƟon of genes encoding replisome 

components or proteins required to maintain genome stability [152]. Using whole exome sequencing 

(WES) on paƟents presenƟng with characterisƟcs of MPD, mutaƟon of DONSON has been implicated in 
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microcephalic dwarfism, as an autosomal recessive trait (Table 1.1). Within the study, all paƟents with 

DONSON mutaƟons presented with similar clinical phenotypes, parƟcularly microcephaly: reduced 

cerebral corƟcal size with decreased gyral folding. DONSON is required for correct embryonic 

development and its complete loss is lethal [151]. In mice, deleƟon of Donson in progenitors of specific 

neurons has been observed to result in widespread programmed cell death at early stages of corƟcal 

development. Likewise, they do not develop the hippocampus or dorsolateral neocortex [165]. This 

phenotype is conserved in humans where DONSON is expressed in the embryonic human brain in 

progenitor cells and is co-expressed with DNA replicaƟon machinery factors [151]. This may therefore 

explain the microcephaly observed in paƟents with MPD, as DONSON appears to be parƟcularly 

important for the brain development. However, with MPD height is markedly less reduced than that 

observed in other microcephalic dwarfism-associated disorders [152]. AddiƟonally, some paƟents present 

with minor skeletal abnormaliƟes, but neither a recognisable facial phenotype nor organ abnormaliƟes 

are observed.  

In the most severe form of MPD, Microcephaly Micromelia Syndrome (MMS), the vast majority of 

DONSON transcripts are incorrectly spliced, whilst in less severe forms of MPD, the issues arise from 

hypomorphic mutaƟons which result in a marked decrease in protein expression [151]–[153]. In some 

cases, this decreased protein expression can be explained by mRNA products that are out of frame and as 

a result likely undergo nonsense-mediated mRNA decay. Whilst in other cases, the mutaƟon can directly 

compromise protein expression levels or subcellular localisaƟon [152]. As menƟoned above, 

downregulaƟng DONSON in cells results in increased spontaneous fork stalling and decreased fork repair 

and restart resulƟng from impaired ATR-stress response acƟvity. Therefore, phenotypes observed in 

paƟents with MPD DONSON mutaƟons are likely due to a decrease in faithful and Ɵmely genome 

duplicaƟon which impacts the number of cells generated during intra-uterine development. 
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Table 1.1 Known DONSON mutaƟons implicated in developmental disorders. MutaƟon type, site, resulƟng syndrome and 

references presented.  

Mutation Type  Nucleotide Mutation  Phenotype  Reference 

Substitution  c.832T>C  Microcephaly, short 
stature and limb 
abnormalities (MISSLA) 

[152] 

Substitution  c.876C>G  MISSLA  [152] 

Substitution  c.1466A-C  MISSLA  [152] 

Deletion  c.419-566  MISSLA  [152] 

Deletion  c.428-566  MISSLA  [152] 

Deletion  c.1251-1256  Microcephalic Dwarfism  [152] 

Substitution  c.877C>T  Microcephalic Dwarfism  [152] 

Duplication  c.1254dupT  Microcephalic Dwarfism  [152] 

Duplication  c.1686dupT  Microcephalic Dwarfism  [152] 

Substitution  c.1282C>T  Microcephalic Dwarfism  [152] 

Deletion and substitution  c.1474-1475 deletion and 786-7T>C   Microcephalic Dwarfism  [152] 

Double substitution  c.876C>G and 1047-9A>G  Microcephalic Dwarfism  [152] 

Duplication and substitution  c.1628-1630dupAAA and 1032C>T  Microcephalic Dwarfism  [152] 

Substitution  c.786-22A>G  Microcephalic Dwarfism  [152] 

Substitution  c.1337T>C  Microcephalic Dwarfism  [152] 

Substitution  c.1297C>T  Microcephalic Dwarfism  [152] 

Duplication and substitution  c.1254dupT and 1510G>A  Microcephalic Dwarfism  [152] 

Substitution  c.1047-9A>G  Microcephaly-Micromelia  [151] 

Substitution  c.763C>T  Microcephaly-Micromelia  [152] 

Deletion  c.346delG  MGORS  [166] 

Substitution  c.1349A>G  MGORS  [166] 

Substitution  c.683G>T  MGORS  [166] 

Substitution  c.494T>C  MGORS  [154] 

Substitution  c.607-36G>A   MGORS  [154] 

Substitution  c.631C>T  MGORS  [154] 

Substitution  c.670C>T  MGORS  [154] 

Substitution  c.809A>G  MGORS  [154] 

Substitution  c.1297C>T  MGORS  [152] 

Substitution  c.1634C>T  MGORS  [154] 
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Meier Gorlin syndrome (MGORS) is a form of MPD that is characterised by variaƟons in genes of known 

cell cycle factors parƟcularly involved in DNA replicaƟon iniƟaƟon, such as ORC1, ORC4, ORC6, CDT1, 

CDC6, CDC45, GMNN, MCM3, MCM5, MCM7, GINS2 and GINS3 [166]–[168]. MGORS clinical phenotypes 

include short stature, microƟa and patella underdevelopment or absence [91]. InteresƟngly, DONSON 

mutaƟon has also been observed in MGORS paƟents. Whole genome/exome sequencing of paƟents 

displaying characterisƟc MGORS phenotypes found missense mutaƟons of DONSON in a number of cases 

[154], [155]. Many MGORS paƟent DONSON variants have been observed to result in reduced nuclear 

localisaƟon of the protein or frameshiŌs resulƟng in a premature stop codon [154]. MGORS mutaƟons are 

spread throughout the sequence of DONSON, not clustering at any part of the protein. It is interesƟng 

that DONSON mutaƟon is implicated in MGORS, as the syndrome is largely characterised by mutaƟon of 

DNA replicaƟon iniƟaƟon-associated factors only.  

 

 

1.5.6 Cancer 

Overexpression of DONSON has been implicated in a number of different cancer types. Analysis of The 

Cancer Genome Atlas (TCGA) revealed that in renal cell carcinoma, DONSON overexpression is related to 

poor prognosis for paƟents [169]. Likewise, according to TCGA and Gene Expression Omnibus (GEO), in 

prostate carcinoma DONSON is required for cell cycle progression and to maintain genomic stability in 

these cells [170]. Increased DONSON expression has also been observed in breast cancer Ɵssue and cell 

lines, with overexpression correlaƟng with lymph node metastasis and poor paƟent prognosis [171]. 

Elevated expression of DONSON circular-RNA (circ-RNA) has also been implicated in gastric cancer [172]. 

Figure 1.9 Map of human DONSON with known disease mutaƟons mapped. The six domains of human 

DONSON are presented with the corresponding amino acid posiƟons of each domain presented. Primordial 

dwarfism mutaƟons observed in paƟents have been presented – specifically, Meier Gorlin (MGORS) mutaƟon 

posiƟons have been presented above the map with pink triangles, and remaining MPD mutaƟons presented as 

blue circles below. Adapted from [152] and [157]. 
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Circ-RNA is a form of noncoding RNA that forms a covalently closed conƟnuous loop making it more 

resistant to nuclease degradaƟon. Circ-DONSON is formed by back-splicing DONSON mRNA and appears 

to funcƟon as an oncogene in gastric cancer. Circ-RNAs are highly expressed in tumour cells where they 

can regulate numerous processes, including cell proliferaƟon and survival. Circ-DONSON appears to 

recruit both chromaƟn remodellers and transcripƟon factors shown to promote cancer development 

[173]–[176]. 

1.6 Xenopus laevis Egg Extract as a Model System 

Xenopus laevis egg extract provides in vitro insight into biochemical and molecular mechanisms of 

replicaƟon and is a powerful tool for invesƟgaƟng complex acƟviƟes that occur in vivo. Egg extracts are 

parƟcularly useful as they are highly synchronous, cell-free and are able to recapitulate the principal 

nuclear transiƟons that occur in eukaryotes, therefore making this an ideal system for cell cycle research 

[177], [178], [179]. They are frequently used to study cellular events such as DNA replicaƟon and mitosis, 

acƟvaƟon of the S phase checkpoint, fork stalling and collapse, DNA repair, inter-strand crosslink repair, 

spindle microtubule dynamics, nuclear transport and apoptosis [177], [180]. 

The Gambus lab uses Xenopus laevis egg extract to study DNA replicaƟon, as it is rich in enzymes and 

precursors for DNA replicaƟon and chromaƟn assembly. In addiƟon, transcripƟon does not occur in the 

extract and it is the only system supporƟng study of vertebrate DNA replicaƟon outside the cell and which 

supports all phases of genome maintenance. AddiƟonally, both replicaƟon and repair in Xenopus is highly 

conserved with mammalian systems, with funcƟons uncovered in the egg extract system also conserved 

in human cells [179], [181].  

UnferƟlised Xenopus eggs are arrested at metaphase of meiosis II and form three different forms of egg 

extract based on centrifugaƟon at different speeds – Low-Speed Supernatant (LSS), High-Speed 

Supernatant (HSS) and Nucleoplasmic Extract (NPE). ConvenƟonal formaƟon of egg extract involves 

crushing the eggs via low speed centrifugaƟon to collect the cytoplasm – this is LSS [179]. Throughout my 

PhD project, I have predominantly used LSS. Adding demembranated sperm DNA to egg extract promotes 

decondensaƟon of sperm, as well as formaƟon of a nuclear envelope around the sperm DNA and 

acƟvaƟon of one round of semi-conservaƟve DNA replicaƟon. Egg extracts are supplemented with 
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cycloheximide (CHX) to ensure that only a single round of replicaƟon occurs and further cell cycle 

progression is prevented [178].  

We have largely used LSS in our studies during my project and in the lab in general, to specifically 

invesƟgate replicaƟon iniƟaƟon mechanisms. As egg extracts transiƟon into different stages of the cell 

cycle, they can be manipulated with the aid of specific drugs or proteins to either arrest or release into 

each phase in order to support the correct study condiƟons. The role of proteins of interest can be 

invesƟgated by immunodepleƟng them from the extract and assessing the effect on DNA replicaƟon. 

However, it is important that supplemenƟng the extract with the recombinant protein rescues the 

phenotypes observed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.10 SchemaƟc of Xenopus laevis egg extract preparaƟon. Eggs retrieved from the frogs undergo mulƟple 

rounds of centrifugaƟon to isolate and extract the cytoplasm, which can be acƟvated and to which sperm DNA 

can be added to promote DNA replicaƟon. Adapted from [179].  
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1.7 Aims 

Previous work in the Gambus lab idenƟfied DONSON interacƟng with the post-terminaƟon replisome, 

specifically co-immunoprecipitaƟng with Mcm3 of the CMG. DONSON’s interacƟon with the replisome 

has also been observed by others during elongaƟon, as previously menƟoned. Although DONSON’s role as 

a fork protecƟon factor is strongly reported, as well as its interacƟon with other known factors of the FPC, 

the molecular mechanism by which it carries out this funcƟon is currently unclear. Likewise, whether it 

has addiƟonal funcƟons during different stages of DNA replicaƟon has not been reported. Of parƟcular 

interest to us was the fact that DONSON interacts with the replisome during terminaƟon, suggesƟng that 

it may play a role in supporƟng replicaƟon terminaƟon and/or replisome disassembly.  

The concept of addiƟonal roles for DONSON during replicaƟon has been speculated upon, addiƟonally 

with regards to its mutaƟon being implicated in Meier Gorlin syndrome, which is predominantly 

associated with mutaƟon of DNA replicaƟon iniƟaƟon factors. This was also of parƟcular interest to us, as 

it suggests that either the syndrome is associated with mutaƟon of factors involved later during 

replicaƟon, or that DONSON may play addiƟonal roles earlier in replicaƟon than previously proposed. In 

addiƟon to this, the Drosophila orthologue, Hd, has been observed to localise to foci that frequently 

overlap with origins of replicaƟon [149].  

CollecƟvely, this led me to aim to determine the funcƟon of DONSON during DNA replicaƟon. To ascertain 

whether, in addiƟon to its fork protecƟon role, DONSON funcƟons during replicaƟon iniƟaƟon and/or 

terminaƟon. Secondly, I aim to determine whether DONSON has any further binding partners that 

support its funcƟon(s). Finally, I aim to ascertain whether post-translaƟonal modificaƟon of DONSON 

plays a role in these funcƟons and potenƟal complex formaƟon with any partners idenƟfied. To achieve 

these aims I have used Xenopus laevis egg extract as a model system. ImmunodepleƟon of DONSON from 

the extract, combined with addiƟon of recombinant wild-type (WT) or mutated versions of DONSON 

enabled the study of the role of DONSON during DNA replicaƟon and to determine the mechanism of 

DONSON’s acƟon. 
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2 Materials and Methods 

2.1 Tables 

Table 2.1 ComposiƟon of Reagents Used  

Buffer ComposiƟon 

Xenopus laevis Work 

 
10X Marc’s Modified 

Ringer’s (MMR) 

1 M NaCl, 20 mM KCl, 10 mM MgCl2, 20 mM CaCl2, 1 mM EDTA, 50 mM HEPES, Adjust pH 
to 7.8 with NaOH 
Store at room temperature 

Un‐acƟvaƟng 
ExtracƟon Buffer 

(UEB) 

50 mM KCl, 50 mM HEPES, 5 mM MgCl2, 5 mM EGTA, Adjust pH to 7.6 with KOH 
Store at 4°C 

Cysteine soluƟon  2.2% cysteine, 5 mM EGTA, adjust pH to 7.6 with KOH, Make up to 1 litre 
Freshly prepared 

EB soluƟon  50 mM KCl, 5 mM MgCl2, 2 mM β-mercaptoethanol, 50 mM HEPES-KOH, pH 7.6 
Store at 4ᵒC 

SuNaSp  0.25 M sucrose, 75 mM NaCl, 0.5 mM spermidine, 0.15 mM spermine, 15 mM HEPES-KOH 
pH 7.6 
Store at 4ᵒC 

 
Acetate nuclear 

isolaƟon buffer ‐ 2X 
(ANIB) 100 

100 mM HEPES pH 7.6, 200 mM KAc, 20 mM MgAc, 5 mM Mg-ATP (added from a stock of 
250 mM ATP; 250 mM MgCl2; pH 6.7 with NaOH), 1 mM spermidine, 0.6 mM spermine, 2 
μg/ml of each: aproƟnin, leupepƟn, pepstaƟn, 50 mM β-glycerophosphate 
Store at 4°C 

1x ANIB  Mix 1 volume of 2x ANIB100 with 1 volume of H2O, 0.1% Triton X-100, 0.1 mM PMSF, 10 
mM chloroacetamide 
Freshly prepared 

Energy Regenerator 
(ER) 

1 M phosphocreaƟne K salt, 600 μg/ml creaƟne phosphokinase, dissolve in 10 mM HEPES–
KOH pH 7.6 
Store at -20 °C 

Cycloheximide  10 mg/ml in H2O 
Store at -20 °C 

CaCl2  50 mM in H2O, -20 °C 

Cytochalasin D  10 mg/ml in DMSO 
Store at -20 °C 

HEPES SoluƟon  100 mM HEPES, pH 7.6 
Store at -20 °C 

ConjugaƟon Buffer  20 mM sodium phosphate, 150 mM NaCl, pH7-9 
Store at room temperature 

Quenching Buffer  1 M Tris HCl, pH 7.5 
Store at room temperature 

100 mM BS3  25.8 mg BS3, dissolve in 450 μl conjugaƟon buffer 
Freshly prepared 

Licensing Factor 
Buffer (LFB1/50) 

10% sucrose, 50 mM KCl, 40 mM HEPES pH 8, 20 mM K phosphate pH 8, 2 mM MgCl2, 1 
mM EGTA, 2 mM DTT, 1 μg/ml of each: aproƟnin, leupepƟn and pepstaƟn 
Store at 4°C 

LFB1/100  10% sucrose, 100 mM KCl, 40 mM HEPES pH 8, 20 mM K phosphate pH 8, 2 mM MgCl2, 1 
mM EGTA, 2 mM DTT, 1 μg/ml each of each aproƟnin, leupepƟn and pepstaƟn 
Store at 4°C 

Stop C  5 mM EGTA, 0.5% SDS, 20 mM Tris-HCl pH7.5 
Store at 37°C 

5% TCA soluƟon  5% TCA, 0.5% Sodium pyrophosphate, make up to 5 L with H2O 
Store at 4°C 

10% TCA soluƟon  10% TCA, 2% Sodium pyrophosphate, make up to 10 L with H2O 
Store at 4°C 



  36 

Protein Work 

1x PBS  137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4 
Store at room temperature 

1x PBST  137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, 0.1% Tween-20 
Store at room temperature 

10x TBS  200 mM Tris Base, 1500 mM NaCl, pH 7.6 
Store at room temperature 

1x TBST  0.5 l of 10X TBS, 12.5 ml of 20% Tween 20, make up to 5 l with H2O 
Store at room temperature 

Tris Glycine running 
buffer 

25 mM Tris-HCl pH 7.4, 250 mM Glycine, 0.1% SDS 
Store at room temperature 

Transfer buffer  25 mM Tris-HCL pH 7.4, 190 mM Glycine, 20% methanol 
Store at room temperature 

Coomassie Blue Stain  0.1% Brilliant Blue R250, 10% aceƟc acid, 50% methanol, 40% H2O 
Mix overnight and filter using 3 mm Whatmann paper 
Store at room temperature 

Destaining soluƟon  10% aceƟc acid, 50% methanol, 40% H2O 
Store at room temperature 

Coupling buffer  0.1 M NaHCO3, 0.5 M NaCl, dissolve in H2O, pH 8.3 
Store at 4ᵒC 

Blocking buffer  0.5 M ethanolamine, 0.5 M NaCl, pH 8.3 
Store at room temperature 

Washing buffer  0.5 M NaCl, 0.1% Triton X-100 in 1X PBS 
Store at 4ᵒC 

3% BSA+ 0.02% Azide 
soluƟon 

3 g BSA, 0.02% sodium azide, dissolve in in 100 ml 1X TBST 
Store at 4°C 

PK buffer  0.5 M Tris-HCl, 0.1 M MgCl2, 1 mM EDTA, 20 mM DTT, 0.1% Brij 35, pH to 7.5 
Store at room temperature 

10X ATP  Make a soluƟon of 4 mM ATP in 1x PK buffer 
Store at -80°C 

AproƟnin  10 mg/ml in H2O 
Store at -20°C 

PepstaƟn  10 mg/ml in absolute ethanol 
Store at -20°C 

LeupepƟn  10 mg/ml in H2O 
Store at -20°C 

Bacterial Work 

 
Ampicillin 

100 mg/ml in 50% ethanol 
Use at final concentraƟon of 100 μg/ml 
Store at -20°C 

 
Kanamycin 

50 mg/ml in H2O 
Use at final concentraƟon of 50 µg/ml 
Store at -20°C 

Isopropyl β‐d‐1‐
thiogalactopyranoside 

(IPTG) 

100 mg/ml in H2O 
Use at final concentraƟon of 1 mM 
Store at -20°C 

DONSON bacterial 
pellet resuspension 

buffer 

500 mM NaCl, 50 mM NaH2PO4, 2 mM MgCl2, 10% glycerol, pH 9 
Freshly prepared 
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Table 2.2 Inhibitors Added to X. laevis Egg Extract 

Name  Stock ConcentraƟon  CondiƟons  Final ConcentraƟon 

MLN4924 (A01139, 
AcƟve Biochem) 

5 mM in DMSO  Added to extract 15 minutes 
aŌer sperm chromaƟn addiƟon 

10 μM 

NMS873 (17674, 
Cayman Chemical 
Company) 

10 mM in DMSO  Added to extract 15 minutes 
aŌer sperm chromaƟn addiƟon 

50 μM 

Caffeine (C8960, Sigma)  100 mM in water  Added to extract alongside 
sperm chromaƟn 

5 mM 

Aphidicolin (A0781, 
Sigma) 

8 mM in DMSO  Added to extract alongside 
sperm chromaƟn 

40 μM 

p27 Kip1 (Produced in‐
house) 

5 μM in water  Added to extract alongside 
sperm chromaƟn 

100 nM 

Cdc7i PHA‐767491 
(942425‐68‐5, Fisher 
ScienƟfic) 

10 mM in water  Added to extract alongside 
sperm chromaƟn 

100 μM 

Geminin (purified in 
house) 

0.5 mM in water  Added to extract alongside 
sperm chromaƟn 

0.3 μM 

 

Table 2.3 AnƟbodies 

Antibody (Species) Source Concentration 

Primary antibodies  
All primary antibodies were prepared at the appropriate concentration in 3% BSA+0.02% Azide solution 
and incubated overnight at 4°C. 

DONSON – rabbit  This PhD project  1:1000 

DONSON – sheep  This PhD project  1:1000 

α‐TopBP1 (Sheep)  Kindly provided by Prof J Blow [182]  1:750 

α‐Cut5 (Rabbit)  In house [183]  1:1000 

α‐Mcm7 (Sheep)   In house [183]  1:2000 

α‐Mcm10 (Sheep)  In house [93]  1:1000 

α‐Mcm3 (Sheep)  In house [184]  1:1000 

α‐Mcm4 (Rabbit)  In house [185]  1:1000 

α‐Cdc45 (Sheep)  In house [186]  1:500 

α‐PCNA (Mouse)  P8825-Sigma  1:2000 

α‐GINS (Sheep)  In house [187]  1:500 

α‐Psf2 (Sheep)  In house [186]  1:500 

α‐His (Mouse)  H1029, Sigma  1:1000 

α‐Rif1 (Mouse)  A300-568A, Bethyl  1:1000 

α‐PP1a (Mouse)  sc-271762, Santa Cruz  1:1000 

α‐PP2a (Mouse)  sc-56950, Santa Cruz  1:1000 

α‐RecQL4 (Sheep)  Kindly provided by Prof J Blow [182]  1:750 

α‐Treslin (Rabbit)  Kindly provided by Prof J Blow [182]  1:1000 

α‐MTBP (Rabbit)  Kindly provided by Prof J Blow [182]  1:2000 

α‐Pol Ɛ (Mouse)  PCRP-POLE3-4E1, DSHB  1:500 

α‐p97 ATPase (Mouse)  65278, Progen Biotechnik  1:1000 

α‐γH2Ax (Rabbit)  4418-APC-020, Trevigen  1:1000  

Secondary anƟbodies 
All secondary anƟbodies were prepared at the appropriate concentraƟon with 5% milk in 1X TBST and 
incubated for 1hr at room temperature. 
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α‐Mouse IgG Peroxidase 
conjugated anƟbody produced in 
goat  

 
A5278, Sigma  1:5000 

α‐Sheep IgG Peroxidase 
conjugated anƟbody produced in 
donkey  

 
A3415, Sigma  1:10,000 

α‐Rabbit IgG Peroxidase 
conjugated anƟbody produced in 
goat  

 
A0545, Sigma  1:25,000 

α‐Rabbit IgG Peroxidase, Rabbit 
TrueBlot produced in mouse 

 
18-8816-31, Rockland 

1:10,000 

α‐Sheep IgG Peroxidase, Sheep 
TrueBlot produced in mouse  

 
18-8815-31, Rockland 

1:10,000 

α‐Mouse IgG Peroxidase, Mouse 
TrueBlot  produced in rat 

 
18-8817-30, Rockland 

1:10,000 

 

Table 2.4 Plasmids 

Gene of interest Parental vector AnƟbioƟc resistance 

His/MYC_DONSON  pET28a  Kanamycin 

His/MYC_DONSON‐Δ Loop (P334‐L410)  pET28a  Kanamycin 

His/MYC_DONSON‐Δ N‐terminal (A2‐
V155) 

pET28a  Kanamycin 

His/MYC_DONSON‐D374A, E377A, 
W381A (DEW) 

pET28a  Kanamycin 

His/MYC_DONSON‐S437A  pET28a  Kanamycin 

His/MYC_DONSON‐ D374A, E377A, 
W381A, S437A (DEWS) 

pET28a  Kanamycin 

His/MYC_DONSON‐Δ24  pET28a  Kanamycin 

His/MYC_DONSON‐R476A, Y481A, V473A 
(3A) 

pET28a  Kanamycin 

His/MYC_DONSON‐W234L, M463T (WM)  pET28a  Kanamycin 

His/MYC_DONSON‐M463T  pET28a  Kanamycin 

His/MYC_DONSON‐P230S  pET28a  Kanamycin 

His/MYC_DONSON‐F171S  pET28a  Kanamycin 

His/MYC_DONSON‐R217C  pET28a  Kanamycin 

His/MYC_DONSON‐S26A, T33A, T140A, 
S142A (4A) 

pET28a  Kanamycin 

His/MYC_DONSON‐S22A, S26A, T33A, 
S54A, T140A, S142A, S314A, S454A (8A) 

pET28a  Kanamycin 

His/MYC_DONSON‐S22A, S26A, T33A, 
S36A, S39A, S54A, T140A, S142A, S314A, 
S454A (10A) 

pET28a  Kanamycin 

His/FLAG_TopBP1   pET28a  Kanamycin 

His/FLAG_TopBP1‐1‐575 (N‐ter)  pET28a  Kanamycin 

His/FLAG_TopBP1‐1163‐1513 (C‐ter)  pET28a  Kanamycin 

His/FLAG_Cdc45  pRSFDuet-1  Ampicillin, Kanamycin 
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Table 2.5 Primers 

MutaƟon OrientaƟon Primer sequence 

DONSON ΔLoop (P334‐
L410) 

Forward  GACCATAAGCCTGAATCC 

Reverse  CTGGGAGAAAGTGATTCC 

DONSON ΔN‐terminal 
(A2‐V155) 

Forward  TCCGTGACTTTTCCTGCT 

Reverse  CATTTATTTCCAGGTGTACC 

DONSON DEW (D374A, 
E377A, W381A) 

Forward  CTCTGCGCTAGAAGAGATGGGAGTTGAAGATAAAATTAAAAAG 

Reverse  AAGCTCGCATCTTCCGCGCTTTCATCCGATGCCTC 

DONSON S437A  Forward  AAACTGTAAGGCGATTGTCGCTGC 

Reverse  ATGAGGAAGTTCAGTAAAG 

DONSON DEWS (D374A, 
E377A, W381A, S437A) 

Forward  CTCTGCGCTAGAAGCGATGGGAGTTGAAGATAAAATTAAAAAG 

Reverse  AAGCTCGCATCTTCCGCGCTTTCATCCGATGCCTC 

DONSON Δ24  Forward  AGGAGCAGGAGCGAGGCT 

Reverse  CAGATCCTCTTCTGAGATGAGTTTTTGTTCG 

DONSON 3A (R476A, 
Y481A, V473A) 

Forward  GAACTCTGGTGCGAAGGATCAGTTTAGTCTGG 

Reverse  ACCGCAGTCTTCGCATTCACACTCCTTGCCTTAAG 

DONSON WM (W234L, 
M463T) 

W234L Fwd  GTCGCTTCCTctgGTACAGCTTTTTC 

W234L Rv  GGATGAATCCAGTGCACAAG 

  M463T Fwd  AGGAGCAACAACGCACGCGCTTA 

  M463T Rv  CGGAATGCGACTGGAGAC 

DONSON M463T  Forward  AGGAGCAACAACGCACGCGCTTA 

Reverse  CGGAATGCGACTGGAGAC 

DONSON P230S  Forward  CTGGATTCATTCGTCGCTTCCTT 

Reverse  TGCACAAGACTTTGCTGAAAG 

DONSON F171S  Forward  CCGCTTGCTGTCCACATCGTCTC 

Reverse  GTCTTTAAACTCCAGTCAGCAGG 

DONSON R217C  Forward  CACAGACCTATGTTGTGCCTTTC 

Reverse  GATAACTTTGGCTCCTGAATAC 

DONSON 4A (S26A, T33A, 
T140A, S142A) 

S26A & 
T33A Fwd 

GCTTCCAAGGCCGGCCTTTCTCCGTTTTCC 

S26A & 
T33A Rv 

CTCGCTCCTGGCCCTCCGTCTACTTAATCG 

T140A & 
S142A Fwd 

AAGCCCCCGAGAAGCCAGCTCCA 

T140A & 
S142A Rv 

CGGCCTTTACAAGTGGATCGGCATCAG 

DONSON 8A (S22A, S26A, 
T33A, S54A, T140A, 
S142A, S314A, S454A) 

S22A & 
S26A Fwd 

GAGGGCCAGGAGCGAGGCTTCC 

S22A & 
S26A Rv 

CGTCTAGCTAATCGGAGAATCTCCGAGG 

T33A Fwd  GGCTTCCAAGGCCGGCCTTTCTC 

T33A Rv  TCGCTCCTGCTCCTCCGTC 

S54A Fwd  GCGGCCTTTCGCCCCTGGGCCGA 

S54A Rv  AGCCCGGGGACTCTCTTAATCACATCCC 

T140A, 
S142A Fwd 

AAGCCCCCGAGAAGCCAGCTCCA 

T140A, 
S142A Rv 

CGGCCTTTACAAGTGGATCGGCATCAG 

S314A Fwd  TGCGGTCATGGCGCCCACAACCA 

S314A Rv  GTAATGACATCACTTCCTGCAAGCCCGG 

S454A Fwd  CACTCTGCTGGCTCCAGTCGCATTC 
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S454A Rv  GGAGGAAGCCCGGCTTGG 

DONSON 10A (S22A, 
S26A, T33A, S36A, S39A, 
S54A, T140A, S142A, 
S314A, S454A) 

S22A & 
S26A Fwd 

GAGGGCCAGGAGCGAGGCTTCC 

S22A & 
S26A Rv 

CGTCTAGCTAATCGGAGAATCTCCGAGG 

T33A, S36A, 
S39A Fwd 

TCCGTTTGCCCCGGGGGATGTGATTAAG 

T33A, S36A, 
S39A Rv 

GCAAGGCCGGCCTTGGAAGCCTCGCTCCT 

S54A Fwd  GCGGCCTTTCGCCCCTGGGCCGA 

S54A Rv  AGCCCGGGGACTCTCTTAATCACATCCC 

T140A & 
S142A Fwd 

AAGCCCCCGAGAAGCCAGCTCCA 

T140A & 
S142A Rv 

CGGCCTTTACAAGTGGATCGGCATCAG 

S314A Fwd  TGCGGTCATGGCGCCCACAACCA 

S314A Rv  GTAATGACATCACTTCCTGCAAGCCCGG 

S454A Fwd  CACTCTGCTGGCTCCAGTCGCATTC 

S454A Rv  GGAGGAAGCCCGGCTTGG 

 

Table 2.6 Recombinant Proteins 

Recombinant Protein Source AddiƟon to X. laevis egg extract 

 
His/MYC_DONSON_BL21 

 
This PhD project 

Added aŌer sperm DNA from 0.05 mg/ml 
stock to 1/50th volume of the extract (1 
μg/ml) 
Or 
Added to LFB1/50 at a concentraƟon of 
0.5 μM for in vitro IP 

His/MYC_DONSON‐Δ Loop (P334‐
L410) 

This PhD project  Added aŌer sperm DNA from 0.05 mg/ml 
stock to 1/50th volume of the extract (1 
μg/ml) 

His/MYC_DONSON‐Δ N‐terminal (A2‐
V155) 

This PhD project  Added aŌer sperm DNA from 0.05 mg/ml 
stock to 1/50th volume of the extract (1 
μg/ml) 

His/MYC_DONSON‐D374A, E377A, 
W381A (DEW) 

This PhD project  Added aŌer sperm DNA from 0.05 mg/ml 
stock to 1/50th volume of the extract (1 
μg/ml) 

His/MYC_DONSON‐S437A  This PhD project  Added aŌer sperm DNA from 0.05 mg/ml 
stock to 1/50th volume of the extract (1 
μg/ml) 

His/MYC_DONSON‐ D374A, E377A, 
W381A, S437A (DEWS) 

This PhD project  Added aŌer sperm DNA from 0.05 mg/ml 
stock to 1/50th volume of the extract (1 
μg/ml) 

His/MYC_DONSON‐Δ24  This PhD project  Added aŌer sperm DNA from 0.05 mg/ml 
stock to 1/50th volume of the extract (1 
μg/ml) 

His/MYC_DONSON‐R476A, Y481A, 
V473A (3A) 

This PhD project  Added aŌer sperm DNA from 0.05 mg/ml 
stock to 1/50th volume of the extract (1 
μg/ml) 



  41 

His/MYC_DONSON‐W234L, M463T 
(WM) 

This PhD project  Added aŌer sperm DNA from 0.05 mg/ml 
stock to 1/50th volume of the extract (1 
μg/ml) 

His/MYC_DONSON‐M463T  This PhD project  Added aŌer sperm DNA from 0.05 mg/ml 
stock to 1/50th volume of the extract (1 
μg/ml) 

His/MYC_DONSON‐P230S  This PhD project  Added aŌer sperm DNA from 0.05 mg/ml 
stock to 1/50th volume of the extract (1 
μg/ml) 

His/MYC_DONSON‐F171S  This PhD project  Added aŌer sperm DNA from 0.05 mg/ml 
stock to 1/50th volume of the extract (1 
μg/ml) 

His/MYC_DONSON‐R217C  This PhD project  Added aŌer sperm DNA from 0.05 mg/ml 
stock to 1/50th volume of the extract (1 
μg/ml) 

His/MYC_DONSON‐S26A, T33A, 
T140A, S142A (4A) 

This PhD project  Added aŌer sperm DNA from 0.05 mg/ml 
stock to 1/50th volume of the extract (1 
μg/ml) 

His/MYC_DONSON‐S22A, S26A, T33A, 
S54A, T140A, S142A, S314A, S454A 
(8A) 

This PhD project  Added aŌer sperm DNA from 0.05 mg/ml 
stock to 1/50th volume of the extract (1 
μg/ml) 

His/MYC_DONSON‐S22A, S26A, T33A, 
S36A, S39A, S54A, T140A, S142A, 
S314A, S454A (10A) 

This PhD project  Added aŌer sperm DNA from 0.05 mg/ml 
stock to 1/50th volume of the extract (1 
μg/ml) 

His/FLAG_TopBP1‐1‐575 (N‐ter)  This PhD project  Added to LFB1/50 at a concentraƟon of 
0.5 μM for in vitro IP 

His/FLAG_TopBP1‐1163‐1513 (C‐ter)  This PhD project  Added to LFB1/50 at a concentraƟon of 
0.5 μM for in vitro IP 

FLAG_GINS  Purified in-house 
[187] 

Added to LFB1/50 at a concentraƟon of 
0.5 μM for in vitro IP 

His/FLAG_Cdc45  This PhD project  70 nM added to egg extract at the same 
Ɵme as sperm for large scale IP from 
chromaƟn 

 

Table 2.7 ComposiƟon of PCR reacƟon mixture  

Components  Volume for 25 μl reacƟon (μl)  Final concentraƟon 

RepliQa HiFi Tough Mix (95200‐
100, Quanta Bio) 

12.5 μl  1x 

10 µM Forward Primer  0.75 µl  0.3 µM 

10 µM Reverse Primer  0.75 µl  0.3 µM 

Template DNA  variable  10 ng 

Nuclease‐Free Water  Make up to 25 µl   

Table 2.8 Thermocycling CondiƟons 

Steps  Temperature  Time  Number of cycles 

IniƟal denaturaƟon  98°C  90 seconds  1 

DenaturaƟon  98°C  10 seconds   
25 Annealing  variable  10-30 seconds 

Extension  72°C  5 sec/Kb 

Final extension  72°C  2 minutes  1 

Hold  4°C     
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2.2 Xenopus laevis Egg Extract Work 

2.2.1 Egg Extract PreparaƟon 

The extract was prepared arrested in metaphase of meiosis II, in order to study different aspects of the 

cell cycle. The eggs used for extract preparaƟon need to be of quality, to produce extract of high quality 

for DNA replicaƟon. 3 days before laying, female frogs were primed with 150 units of Folligon, to increase 

the yield of eggs. The day before extract preparaƟon, these same frogs were injected with 500 units of 

Chorulon (Merck, Sharp and Dohme), and they were placed into individual laying tanks containing 1xMMR 

buffer (Table 2.1). Cell cycle arrest of the eggs was maintained by the high salt concentraƟon of the buffer. 

The temperature in the room in which the frogs are kept is maintained between 19-23ᵒC. The morning 

aŌer the final injecƟon, good quality eggs with a clear circumferenƟal difference between the larger dark 

animal pole and smaller and lighter coloured vegetal pole were collected for extract preparaƟon. 

These eggs were rinsed in 1xMMR buffer, to remove debris. Apoptosed eggs were removed with a Pasteur 

pipeƩe. Eggs were then de-jellied with cysteine soluƟon (Table 2.1), which was replenished 2-3 Ɵmes for 

effecƟve de-jellying. Eggs were rewashed with 1xMMR, followed by UEB (Table 2.1), which was 

supplemented with 2 mM DTT (A3668.0050, VWR). De-jellied eggs were then packed into 14ml round 

boƩom polypropylene tubes (187261, Greiner), which each contained 1 ml UEB, supplemented with 10 

μg/ml protease inhibitors: aproƟnin, leupepƟn and pepstaƟn, and 50 μg/ml Cytochalasin D (Table 2.1) – 

the excess buffer from the seƩling eggs was removed. The tubes were then centrifuged at room 

temperature (RT) in a Beckman JS 13.1 for 1 minute at 3000 rpm, to pack the eggs. White, apoptoƟc, 

swollen eggs float to the top and were removed with a Pasteur pipeƩe. The remaining eggs were 

centrifuged at 10,000 rpm for 10 minutes at RT to separate the eggs into lipids (top layer), brown 

cytoplasmic secƟon (middle layer) and an insoluble egg yolk pellet (boƩom layer). 

The side of the tube was then punctured with a 20 G needle, and the cytoplasmic layer collected with a 1 

ml syringe and transferred to a 15 ml Falcon tube. From this point, the egg extract was kept on ice. The 

extract was then supplemented with 15% volume LFB1/50 (Table 2.1), 10 μg/ml protease inhibitors and 

10 μg/ml Cytochalasin D, and mixed well with a Pasteur pipeƩe. The extract was then transferred to SW50 
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ultracentrifuge tubes (344058, Beckmann) and spun at 30,000 rpm for 20 minutes at 4ᵒC. This leŌ a 

yellow lipid plug at the top, beneath which was a white membranous material, beneath was the golden 

cytoplasmic fracƟon and a black, insoluble pellet was at the boƩom of the tube. Using a spatula cleaned 

with 70% ethanol, the lipid plug was removed. The cytoplasmic layer – including the membranes floaƟng 

above – was carefully collected using P1000 and P200 pipeƩes, being sure not to disturb the yolk pellets 

at the boƩom, which contain the mitochondria and would promote apoptosis upon freeze-thawing. The 

cytoplasmic layer was transferred into a 50 ml falcon tube. The collected extract was then supplemented 

with 2% glycerol soluƟon and thoroughly mixed with a Pasteur pipeƩe. The extract was then frozen as 20 

μl beads by dropping into liquid nitrogen with a P200 pipeƩe, and stored at -80ᵒC. Extracts remain stable 

for more than 10 years without compromising quality. 

Nucleoplasmic extract (NPE) was prepared by Dr N Gilhooly, as per [188]. 

When using the egg extract, the number of frozen beads corresponding to the volume required for the 

experiment were transferred to a microtube. Following thawing at room temperature, the extract was 

used immediately for the experiment. 

2.2.2 Sperm PreparaƟon 

In order to carry out DNA replicaƟon, Xenopus laevis sperm DNA acts as the substrate when added to egg 

extract. Sperm nuclei were retrieved from male frogs in house. 5-9 days prior to testes removal, male 

frogs were primed with 150 units of Chorulon. On the day of testes removal, male frogs were placed in 

MS222 soluƟon (A5040, Sigma Aldrich) in opaque chambers, unƟl they lost reflexes and their heads 

dropped below the water surface, and unconsciousness was ensured. The abdomen was opened and the 

main arteries surrounding the heart were cut. Testes, within the lower abdominal region, were then 

carefully removed without damaging them and immediately transferred to EB soluƟon (Table 2.1) on ice. 

Testes are pale in colour and are typically rounded in shape and 0.75-1.5 cm in length, with male frogs 

typically possessing two that can each vary in size. 

Once in the lab, testes were washed in a petri dish with 20 ml EB soluƟon. Using forceps cleaned with 

70% ethanol, blood vessels and extraneous Ɵssues were removed, without bursƟng them. Cleaned testes 
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were then transferred to a petri dish with 1 ml EB soluƟon and were finely chopped with a razor blade. 

The resulƟng chopped material was then filtered through a 25 μl nylon filter. The resulƟng material 

appears cloudy and should be stored on ice. The material was then spun down at 2000 g in a swinging 

bucket rotor for 5 minutes at 4ᵒC. The pellet fracƟons were then resuspended in 0.5 ml SuNaSp (Table 

2.1), supplemented with 25 μl Lysolecithin (5 mg/ml) for each original testes, and were incubated at room 

temperature for 5 minutes. To confirm effecƟve demembranaƟon of sperm, 1 μl of material was mixed 

with 1 μl Hoechst 33258 (20 μg/ml) and viewed under a UV microscope. Those that are effecƟvely 

demembranated will be stained bright blue with Hoechst, those that have not been effecƟvely 

demembranated will not be stained blue. Demembranated sperm were centrifuged at 2000 g in swinging 

bucket rotor for 5 minutes at 4ᵒC and the pellet was resuspended in 0.5 ml SuNaSp supplemented with 

3% BSA – for each tesƟs – to quench the lysolecithin. The samples were then centrifuged again and the 

pellet resuspended in 0.5 ml EB per tesƟs. CentrifugaƟon of the sample was repeated once more and the 

pellet resuspended in 100 μl EB supplemented with 30% glycerol per tesƟs. A haemocytometer was used 

to count the number of sperm and large somaƟc-type nuclei. The counƟng was done twice and an 

average taken, for accuracy. The stock was then diluted to a final concentraƟon of 400 ng DNA/μl with EB 

supplemented with 30% glycerol. The sperm DNA was stored as 50 μl aliquots at -80ᵒC. 

2.2.3 Xenopus laevis Egg Extract AcƟvaƟon 

X. laevis egg extracts were prepared arrested at metaphase of meiosis II, with the addiƟon of EGTA – a 

Ca2+ chelator – to enable maintenance of the arrest. To promote DNA replicaƟon, the arrested extract 

must be acƟvated so that it can enter the mitoƟc interphase. Extracts were supplemented with 0.3 mM 

CaCl2, this mimics the calcium waves generated during ferƟlisaƟon and so enables the extract to enter the 

first mitoƟc interphase. Extract was also supplemented with 1/40th volume of energy regenerator (ER) 

(Table 2.1), which provides sufficient energy to drive the reacƟon. 1/40th volume of Cycloheximide (CHX) 

(Table 2.1) – 250 μg/ml final concentraƟon – can also be added, to further synchronise the cycling of the 

extract or to stop Cyclin synthesis. CaCl2 was leŌ for 15 minutes in the extract at 23°C, which enables the 

release of the extract from metaphase arrest and acƟvates the licensing system, promoƟng replicaƟon of 
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the sperm DNA. Once extracts were acƟvated, they were supplemented with ~10 ng/µl of sperm DNA, to 

iniƟate the DNA replicaƟon reacƟon. 

2.2.4 Measuring Egg Extract ReplicaƟon Efficiency 

Radiolabelled dNTPs can be incorporated into replicaƟng DNA and so be used to measure replicaƟon 

efficiency in X. laevis egg extract, we use α[32P]-dATP (NEG512H250UC, Perkin Elmer). Egg extracts were 

acƟvated as per 2.2.3, sperm DNA was then added and α[32P]-dATP (50 nCi/μl). Samples were then 

aliquoted to 3-5 μl and incubated at 23°C for the desired Ɵme course. At each Ɵmepoint, replicaƟon was 

terminated through the addiƟon of 160 μl Stop C soluƟon (Table 2.1), which contains SDS and 0.2 mg/ml 

proteinase K (740506, Macherey Nagel). Terminated reacƟons were incubated at 37°C for >30 mins, aŌer 

which samples were added to 4 ml of ice cold 10% TCA soluƟon and incubated at 4ᵒC, to allow DNA 

precipitaƟon. The precipitated DNA was then separated from the unincorporated α[32P]-dATP through 

filtraƟon. 40 μl was taken from each sample, prior to filtraƟon, and spot on a 25 mm Whatmann paper 

filter (1001-025, GE HEALTHCARE LIFE SCIENCES), to measure the total 32P. The remaining sample was 

poured into a vacuum filter pump (Millipore), through glass fibre filters (11512083, Fisherbrand), and 

washed with 4 ml of fresh 10% TCA – to ensure all DNA was removed from the tubes. The glass filters 

were then washed with 5 ml of ice-cold 5% TCA, then <1ml 70% ethanol. Each glass fibre filter was then 

removed and placed alongside corresponding to the paper filters under an infrared lamp to dry. Each dry 

filter was inserted into a scinƟllaƟon tube, and 0.5 ml of scinƟllant UlƟma Gold F (6013179, Perkin Elmer) 

was then applied. The amount of DNA and the level of radioacƟvity was measured using a scinƟllaƟon 

counter (Tri-Carb 2900TR). 

The percentage of total 32P incorporated into the nascent DNA was normalised by dividing the 32P 

incorporated into the DNA (glass filter) by the total 32P obtained from the paper filter. This normalised 

value for each sample was mulƟplied by 0.654 in order to calculate the total amount of DNA synthesised 

in ng/μl of extract. The value of 0.654 was esƟmated on the basis that egg extract contains an 

endogenous dNTP pool of ~50 µM, and the average molecular weight of dNMPs is 327 Da, with equal 
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quanƟƟes of all four dNMPs incorporated into nascent DNA. Therefore, the weight of dNMP incorporated 

in ng/μl = % total 32P incorporated/100 × 50 × 10−6 × 4 × 327 × 103 [189]. 

This assay can be used to measure DNA replicaƟon efficiency in both normal and protein-depleted egg 

extracts, with the addiƟon of a number of difference inhibitors or recombinant proteins.  

2.2.5 ImmunodepleƟon of Protein (DONSON and TopBP1) from X. laevis Egg Extract 

DONSON or TopBP1 were immunodepleted from egg extract to idenƟfy the funcƟonal role of the protein. 

The protein was depleted using DONSON- or TopBP1-specific anƟbodies crosslinked to magneƟc beads. 

The following protocol describes coupling 540 μg of anƟbodies to 900 μl of magneƟc beads. 900 μl of 

Protein A Dynabeads (10008D, Life Technologies) – used with anƟbodies raised in rabbit – were 

transferred to a 1.5 ml Eppendorf tube, washed with 1.5 ml HEPES soluƟon (Table 2.1), and the 

supernatant removed. DONSON immunodepleƟons were performed using α-DONSON anƟbody raised in 

rabbit or α-Cut5 (TopBP1) anƟbodies raised in rabbit (Table 2.3) and affinity purified or nonspecific rabbit 

IgG (I5006, Sigma).  

540 μg of anƟbodies were added to the washed beads and topped up to a volume of 900 μl with HEPES 

soluƟon. The mixture was incubated rotaƟng at 4°C overnight. The following day, the supernatant was 

removed and washed with PBST. The beads were then incubated with 25.8 mg BS3 crosslinker (S5799, 

Sigma), in BS3 conjugaƟon buffer (Table 2.1) for 30 minutes at room temperature. Quenching buffer 

(Table 2.1) was then added and incubated rotaƟng at room temperature for 15 minutes. The beads were 

then washed thrice with HEPES soluƟon, once with HEPES soluƟon + 1.5 μl PMSF, again with HEPES 

soluƟon, and then twice with LFB1/50. The anƟbody coupled beads were then incubated with acƟvated 

egg extracts. EffecƟve immunodepleƟon requires 3 rounds of 40 minute incubaƟon of egg extract with 

anƟbody-coupled beads at 1:2 bead:extract raƟo. AŌer incubaƟon, the beads were then removed from 

the extract using a magneƟc rack, the immunodepleted extracts were then collected and dropped as 10 μl 

beads into liquid nitrogen and stored at -80ᵒC unƟl use. 
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2.2.6 ChromaƟn IsolaƟon to Analyse ChromaƟn‐Associated Proteins 

This assay was performed in S-phase of both normal and protein-depleted egg extracts, to study the 

chromaƟn binding dynamics of various replicaƟon-related proteins. Different recombinant proteins (Table 

2.6) or inhibitors (Table 2.2) were added to analyse their effects on replicaƟon. Histones and a ‘no DNA’ – 

in which no sperm DNA was added – sample act as loading and protein precipitaƟon controls respecƟvely, 

and were assessed for each treatment tested. 

Metaphase II-arrested egg extracts were acƟvated (2.2.3) and 10 ng/μl of sperm DNA was added to the 

extract. Extracts were then supplemented with the appropriate treatments with corresponding controls. 

20 μl of extract was typically used for each chromaƟn sample, and each was aliquoted into a 1.5 ml Treff 

tube (9607811903, TreffLab) and incubated at 23ᵒC unƟl the end of the Ɵme course. At the appropriate 

Ɵmepoint, the 20 μl sample was resuspended in 0.5 ml ice-cold 1x ANIB100 (Table 2.1), and underlayed 

with 100 μl of ANIB, containing 20% sucrose. Extract diluƟon with ANIB100 was required to reduce 

density and viscosity of the extract, allowing sedimentaƟon of the chromaƟn through the sucrose 

cushion. Samples were spun in a swinging bucket rotor at 2100 g for 5 minutes at 4°C. Following 

centrifugaƟon, the buffer above the sucrose cushion was removed and the tube washed twice with 100 μl 

1X ANIB, to avoid contaminaƟon of the chromaƟn sample with diluted extract. The sucrose cushion was 

then carefully removed, leaving ~50 μl in the tube. The samples were then spun in a fixed angle rotor for 2 

minutes at >10,000 g at 18°C, this compacts the pellet. The remaining sucrose buffer was then carefully 

removed – without disturbing the pellet – and the pellet was resuspended in 30 μl of 2X NuPAGE LDS 

loading buffer (NP0008, Invitrogen). The samples were then boiled and run on a 4-12% NuPAGE 

acrylamide gel (WG1403BOX, Invitrogen) and analysed by western bloƫng. 

Following the gel run, the histone loading controls were washed 3 x 5 minutes in water, then submerged 

in Simply Blue Safe Stain (LC6060; Invitrogen) for >1 hour on a rocker. The gel was then destained in water 

unƟl the bands were visible. 
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2.2.7 Dynabeads PreparaƟon 

100 μl of Dynabeads Protein A (10008D, Life Technologies) or Protein G (10004D, Life Technologies) were 

washed once with 1X PBST (Table 2.1) and 20 μg of affinity purified anƟbodies or IgG from serum were 

added, and the mix rotated ≥8 hours at 4ᵒC. Following incubaƟon, beads were washed once with 1 ml 1X 

PBST. 475 μl conjugaƟon buffer (Table 2.1) and 25 μl stock BS3 (Table 2.1) were added, and the mix 

rotated at room temperature for 30 minutes. The crosslinking was quenched by adding 100 μl 1 M Tris HCl 

pH7.5, and the mix rotated at room temperature for 15 minutes. Beads were washed thrice with 1 ml 1X 

PBST. Beads were stored in 210 μl 1X PBST with 0.02% sodium azide at 4ᵒC. 

2.2.8 Epoxy Bead PreparaƟon 

450 μl Dynabeads M-270 epoxy (14302D, Life Technologies) were washed twice with 1 ml 0.1 M sodium 

phosphate pH 7.4 mixing at room temperature for 10 minutes, then removed. 300 μl of 3 M ammonium 

sulphate was added with 300 μg of anƟbody (DONSON, GINS or sheep IgG from serum), and incubated 

rotaƟng at 4ᵒC for 2 days. Following incubaƟon, beads were washed 4 Ɵmes with 1X PBS (Table 2.1), once 

with 1X PBS/0.5% triton rotaƟng at room temperature for 10 minutes, then thrice with 1X PBS for 5 

minutes. Beads were then resuspended in 900 μl 1X PBS containing 0.02% sodium azide and prepared 

beads were stored at 4ᵒC unƟl use. 

2.2.9 Small Scale ImmunoprecipitaƟon (IP) from Extract 

Metaphase II arrested egg extract was acƟvated as above (2.2.3). AcƟvated extract was then diluted in 4 

volumes of LFB1/50 (Table 2.1) and centrifuged at maximum speed for 15 minutes at 4ᵒC. A sample of the 

supernatant was taken and resuspended in 2x NuPAGE LDS loading buffer to create the input sample for 

western blot analysis. The remaining input was incubated with IgG rabbit or sheep serum (I5006 or I5131, 

Sigma) or purified anƟbodies against the protein of interest (anƟ-DONSON, Table 2.3), in a raƟo of 1:100 

μg of purified anƟbody: μl extract, on ice for 1 hour. During incubaƟon, protein A or G Dynabeads 

(10002D or10004D, Invitrogen), for anƟbodies raised in rabbit or sheep respecƟvely, were prepared by 

taking 15 μl of beads per sample and washing once with 1 ml of PBS and twice with 1 ml of LFB1/50 

(Table 2.1). For each wash, tubes containing beads were resuspended in buffer, quickly spun and placed 
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on a magneƟc rack (DynaMag™-2 Magnet, 12321D, Thermo Fisher ScienƟfic) – all buffer was removed 

once the beads seƩled on the wall. Following incubaƟon with anƟbodies, samples were incubated with 

the appropriate beads, by rotaƟng for 1 hour at 4ᵒC. 

Proteins bound to beads were isolated by placing samples on the magneƟc rack and removing the 

depleted material. Some depleted sample was taken from each and resuspended in 2x NuPAGE LDS 

loading buffer for western bloƫng analysis. Beads were then washed with 1 ml of LFB1/50 thrice, before 

being completely removed using the magneƟc rack. Proteins immunoprecipitated from the input were 

eluted from the beads by boiling them in 30 μl of 2x NuPAGE LDS loading buffer for 5 minutes, before 

placing the tubes on a magneƟc rack to separate from the beads. IP samples were then run on an SDS-

PAGE gel, with input and depleted samples for visualisaƟon by immunobloƫng with the anƟbody against 

the protein of interest. 

2.2.10 Pull‐down of Recombinant DONSON from Depleted Extract 

Metaphase II arrested extract, IgG- or DONSON-depleted, was acƟvated as described above (2.2.3), and 

recombinant DONSON was added to the appropriate sample of extract to a final concentraƟon of 16 nM, 

and incubated at room temperature for 15 minutes. Each sample was then diluted into 4 volumes of 

LFB1/50 (Table 2.1), centrifuged and the input sample was taken as above (2.2.9). Pierce α-c-Myc beads 

(88842, Thermo ScienƟfic) or epoxy beads, prepared for the protein of interest (2.2.8) were prepared by 

taking 30 μl for each sample and washing them twice with 1X TBS-T (Table 2.1). Beads were then washed 

with 100 μl of LFB1/50 per sample, and placed on a magneƟc rack to remove all buffer from the beads. 

Input prepared previously was then added to the appropriate prepared beads and incubated for 1 hour at 

4ᵒC. Following incubaƟon, the depleted sample was taken, beads were washed and the 

immunoprecipitated protein samples were prepared as above (2.2.9). 

2.2.11 Small Scale IP from ChromaƟn (DONSON, TopBP1, Treslin, GINS) 

275 μl of extract per IP sample was acƟvated as above (2.2.3) and opƟonally supplemented with 

replicaƟon-perturbing treatments (NMS, MLN, aphidicolin, caffeine) (2.2.6). Samples were then incubated 

at 23ᵒC for the indicated Ɵme. ChromaƟn was then isolated in ANIB100 (Table 2.1), and chromaƟn pellets 
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were re-suspended in the same volume of original extract of ANIB100 containing 20% sucrose. Protein 

complexes were released from chromaƟn by digesƟon with 2 U/µl of Benzonase nuclease (E1014-25KU, 

Sigma) and sonicated using a Diagenode sonicator at medium seƫng for 5 minutes – 30 seconds on, 30 

seconds off. The insoluble fracƟon was then centrifuged at 16k g for 10 minutes at 4°C.  

30 μl of epoxy Dynabeads (14302D, Life Technologies) or 100 μl of protein A Dynabeads (10008D, Life 

Technologies), prepared as above (2.2.7 and 2.2.8), were incubated with 220 μl of digested chromaƟn 

rotaƟng for 1-2 hours at 4°C. Following incubaƟon, beads were washed twice with ANIB100, rotaƟng at 

4°C for 5 minutes, once with ANIB100 containing an addiƟonal 0.1% Triton X-100 and twice more with 

ANIB100. Proteins immunoprecipitated from the input were eluted from the beads by boiling them in 30 

μl of 2x NuPAGE LDS loading buffer for 5 minutes, before placing the tubes on a magneƟc rack to separate 

from the beads, and the IP samples run on an SDS-PAGE gel.  

2.2.12 IP from Nucleoplasm 

550 μl of egg extract per IP was acƟvated (2.2.3) and opƟonally supplemented with replicaƟon-perturbing 

treatments. CDK inhibitor (p27Kip1), CDC7 inhibitor (PHA-767491), aphidicolin and caffeine were added 

immediately aŌer sperm DNA. The samples were incubated at 23°C for 1 hour. Nucleoplasm was isolated 

in ANIB100 (without Triton-X 100), underlayed with the same volume of original extract of ANIB100 

(without Triton-X 100), containing 20% sucrose. Protein complexes were released from nucleoplasm 

through digesƟon with 2 U/µl of Benzonase nuclease (E1014-25KU, Sigma) incubated for 20 minutes at 

room temperature, and sonicated for 10 minutes at medium seƫng - 30 seconds on, 30 seconds off. The 

insoluble fracƟon was then centrifuged for 10 minutes at 16,000 g at 4°C. 50 μl of Dynabead epoxy beads 

prepared to either the protein of interest or IgG from sheep serum (15131, Sigma-Aldrich) (2.2.8) were 

added to each appropriate sample and incubated at 4°C for 2 hours with rotaƟon. Following incubaƟon, 

beads were washed twice with ANIB100 (containing 0.1% Triton-X 100) for 5 minutes at 4°C with rotaƟon, 

once with LFB1/50 and twice more with ANIB100. Each IP sample was prepared by boiling washed beads 

with 50 µl of 2x NuPAGE LDS loading buffer for 5 min and run on an SDS-PAGE gel for immunobloƫng 

analysis. 
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2.2.13 Large Scale ChromaƟn IP of DONSON for Mass Spectrometry and CHROMASS 

3.9 ml Xenopus laevis egg extract was acƟvated as above (2.2.3) and supplemented with 10 ng/µl of 

demembranated sperm DNA. AŌer 15 minutes of incubaƟon at 23ᵒC, 50 μM p97i NMS873 or 40 μM 

aphidicolin + 5 mM caffeine, was added and the samples incubated at 23ᵒC for a further 45 minutes. At 60 

minutes, chromaƟn was isolated in ANIB100 buffer, underlayed with the same volume of original extract 

of ANIB100, containing 20% sucrose. The sample was centrifuged twice at 2200 g for 5 minutes at 4ᵒC and 

the sample washed 3 Ɵmes with 1 ml ANIB100. Protein complexes were released from the chromaƟn 

through digesƟon with Benzonase nuclease (2 U/µl), sonicated and centrifuged, as described above 

(2.2.12). 450 μl of protein G Dynabeads prepared to either the protein of interest or IgG from sheep 

serum (2.2.7) were added to each appropriate sample and incubated at 4°C for 2 hours with rotaƟon. 

Following incubaƟon, beads were washed and IP samples prepared as above (2.2.12).  

2.2.13.1 Mass Spectrometry Sample PreparaƟon 

Each sample was run on a 5-20% gradient gel (Invitrogen) for 1 cm and cut into 10 bands. Samples were 

submiƩed pre-plated for 10 fracƟon analysis.  

Samples were analysed by mass spectrometry by Dr Richard Jones from MS Bioworks LLC. 

2.2.14 Cdc45‐FLAG IP from ChromaƟn 

Recombinant FLAG-tagged Cdc45 was added to the egg extract and a FLAG-IP, silver staining, negaƟve 

staining and cryo-EM of the sample were all performed by Dr P Passareƫ, as per [190].  

 

2.3 In vitro Assays 

2.3.1 In vitro Kinase Assay 

The capacity of recombinant DONSON, and mutant versions, to be phosphorylated was tested with the 

aid of CDK2/Cyclin A (PV3267; Thermo ScienƟfic) and CDK2/Cyclin E1 (PV6295; Thermo ScienƟfic). To test 

phosphorylaƟon, an assay of PK buffer (Table 2.1), 10X ATP (Table 2.1), CDK/Cyclin and recombinant 

DONSON was set up. Samples were incubated for 30 minutes at 30ᵒC, aŌer which the reacƟon was 

stopped either by the addiƟon of 4X SDS loading buffer, or by puƫng samples on ice. The phosphorylated 
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samples are run on a 6% SuperSep Phos-tag gel (192-17401; Fujifilm) for 1 hr 15 min at 160 V and 

analysed by immunobloƫng, or were used in further experiments. 

This was performed by myself and Dr D Poovathumkadavil. 

2.3.2 In vivo Phosphatase Assay 

NPE was acƟvated and incubated with Lambda Protein Phosphatase (P0753S, NEBiolabs) and run on a 6% 

SuperSep Phos-tag gel by Dr D Poovathumkadavil. 

2.4 DNA Work 

2.4.1 Site Directed Mutagenesis 

OligonucleoƟdes required for creaƟng mutant DONSON were designed using the online tool: 

NEBaseChanger. Table 2.5 shows the list of primers used for making these mutants, which were used to 

set up a PCR reacƟon using the composiƟon listed in Table 2.7. A high fidelity Q5 DNA polymerase (Table 

2.7) was used for amplificaƟon of DNA from plasmids containing the gene of interest. The annealing 

temperatures were calculated based on an online tool: NEB TmCalculator. The thermocycling condiƟons 

used are described in Table 2.8. 

2.4.2 PCR Product VisualisaƟon 

DNA samples from PCR reacƟons were visualised on 0.8% agarose gels under a Safe view Mini box 

(Cleaver ScienƟfic Ltd). The required amount of agarose was weighed out and melted in 1x TBE buffer 

(A4718, Merck). AŌer the agarose had cooled to ~55°C, 1:000 SYBR Safe DNA gel stain (S33102, Thermo 

ScienƟfic) was added, to allow for DNA visualisaƟon under UV lamp, and the mixture was poured into a 

casƟng tray. DNA samples were loaded by mixing in a 1:5 raƟo with 6x purple gel loading dye (B7025, New 

England Biolabs). For size esƟmaƟon, 1 kb plus DNA ladder (10787018, Invitrogen) was used as a marker. 

Electrophoresis was carried out at 100 V for 1 h and the gel visualised with the safe view box. 

2.4.3 DNA Plasmid Processing 

The PCR product was subjected to enzymaƟc treatment with KLD (kinase, ligase, DpnI) enzyme mix 

(M0554S, NEB), for 30 minutes at room temperature. This allows for efficient phosphorylaƟon, plasmid 
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DNA circularisaƟon and removal of template DNA. The product was then transformed into bacteria 

(2.5.2). 

2.4.4 Plasmid PurificaƟon 

Recombinant plasmids containing the DONSON gene were transformed into competent E. coli derivaƟves, 

NEB 10-β cells (C3019H, NEW ENGLAND Biolabs) for DNA expression (2.5.2). The following day several 

colonies were picked and grown in 10 ml LB broth with kanamycin anƟbioƟc (50 μg/ml). These cultures 

were leŌ at 37ᵒC overnight. The plasmids were extracted using QIAprep Spin Miniprep kit (27104, Qiagen) 

as per the manufacturer’s instrucƟons. The concentraƟons of the plasmids were confirmed using a 

nanodrop spectrophotometer. The incorporaƟon of the mutaƟon was confirmed through sequencing 

services by Plasmidsaurus. The successful mutants were then transformed into BL21 E. coli cells, and the 

proteins purified, dialysed into LFB1/50 and visualised by SDS-PAGE. 

2.5 Bacterial Work 

2.5.1 Bacterial Strains and Growth Media 

E. coli derivaƟves BL21 (DE3) competent E. coli (C2527, NEB) and RoseƩa (DE3) pLysS competent cells 

(70956, Merck) were the host strains that we used for protein producƟon. All cultures were grown in 

autoclaved Luria Bertani (LB) broth/agar (L3022, Sigma/L2897, Sigma) or Auto inducƟon media (AIM) 

(AIMLB0210, Formedium) supplemented with the appropriate amount of anƟbioƟcs (Table 2.1). The 

bacterial cultures were grown at 37ᵒC in an incubator shaker. Cultures grown on LB agar plates were 

grown at 37ᵒC overnight and then stored at 4ᵒC. 

2.5.2 Bacterial TransformaƟon 

20 μl of NEB 10-β cells (C3019H, NEW ENGLAND Biolabs) for plasmid purificaƟon, or 10 μl of BL21 or 

RoseƩa cells (De3) for protein expression, were taken and 0.2 μl (~100 ng) of plasmid DNA was added, 

and cells were leŌ on ice for 30 minutes, followed by 30 seconds heat shock at 42ᵒC. The cells were then 

leŌ on ice for 5 minutes, followed by addiƟon of 250 μl of SOC medium (B9020S, NEB), aŌer which cells 

were incubated at 37ᵒC for 1 hour with constant shaking. 100 μl of bacterial culture was then plated on LB 

agar plates containing appropriate anƟbioƟcs and leŌ overnight at 37ᵒC in an incubator. 
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2.5.3 Expression of Recombinant X. laevis Proteins (DONSON, TopBP1 and Cdc45) 

pet28a (kanamycin resistance) containing X. laevis His/MYC-DONSON was transformed into E. coli 

derivaƟves, BL21 (De3) cells, for protein expression (2.5.2). Colonies were then grown in 2x 10 ml LB broth 

at 37ᵒC overnight. 2 l of bacterial culture expressing each protein were then grown from this at 37ᵒC unƟl 

OD value reached 0.4-0.6, and 1 mM IPTG (I6758, Sigma) was added for protein inducƟon, and cultures 

were incubated at 37ᵒC for 2 hours. Cultures were then spun down at 6000 g for 15 minutes at 4ᵒC in a 

Beckman AvanƟ centrifuge. DONSON pellets were resuspended in resuspension buffer. 

pet28a (kanamycin resistance) containing His/FLAG-TopBP1 (C-term/N-term) and pRSFDuet-1 (kanamycin 

resistance) containing X. laevis His-/FLAG-Cdc45 were transformed into E. coli derivaƟves, BL21 (De3) cells 

(TopBP1) and RoseƩa (De3) cells (Cdc45) for protein expression by Dr A Skagia and Dr P Passareƫ. 

2.5.3.1 Batch Protein PurificaƟon of X. laevis DONSON 

Resuspended pellets were thawed and 1 μl/ml AproƟnin, 1 μl/ml PepstaƟn, 1 μl/ml LeupepƟn, 0.1 mM 

PMSF, 1 mg/ml lysozyme and 25 U/ml Benzonase (E1014-25KU, Sigma) were added, and the samples 

rotated at 4ᵒC for 20-30 minutes, followed by sonicaƟon for 5 x 30 seconds. The homogenate was 

centrifuged at 16,000 g for 30 minutes at 4ᵒC. The resulƟng supernatant was mixed with Super Nickel NTA 

Agarose Affinity Resin (SUPER-NINTA100; Generon) for >3 h at 4°C. The mixture was then centrifuged at 

200 g for 2 minutes and the supernatant was removed. The beads were then washed 3 Ɵmes with 

resuspension buffer, containing 20 mM imidazole, 1 μl/ml AproƟnin, 1 μl/ml PepstaƟn, 1 μl/ml LeupepƟn, 

0.1 mM PMSF. The protein was eluted from the beads using eluƟon buffer (resuspension buffer containing 

250 mM imidazole and 1 μl/ml AproƟnin, 1 μl/ml PepstaƟn, 1 μl/ml LeupepƟn, 0.1 mM PMSF). The 

fracƟons with the highest concentraƟon of protein were dialysed into LFB1/50. The concentraƟon of the 

proteins was determined by ocular density and they were stored at -80°C unƟl use. 

AKTA protein purificaƟon of TopBP1 (N- and C-term) and Cdc45 were performed by Dr P Passareƫ and Dr 

A Skagia.  
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2.5.4 Dialysis 

EluƟons obtained from recombinant protein purificaƟons were dialysed into LFB1/50 buffer – a more egg 

extract-friendly buffer – using Pur-A-Lyzer Maxi 25,000 dialysis columns (PURX25005, Merck). The 

columns were first incubated with disƟlled water inside for 5 minutes, to acƟvate the cellulose 

membrane, enabling the exchange of buffer and free passage of molecules smaller than the size of the 

membrane. The protein sample was then incubated inside the columns at 4ᵒC overnight, with constant 

sƟrring. Following dialysis, proteins were frozen into balls by dropping into liquid nitrogen and stored at -

80ᵒC unƟl use. 

2.5.4 Mass Photometry 

Mass photometry of the recombinant DONSON proteins was performed by Dr P Passareƫ, as per [190].  

2.5.5 In vitro Pull‐Down of Recombinant Proteins 

A 50 μl mix per pull-down sample was prepared by combining 0.5 μM of each protein of interest (Table 

2.6) and topping up to 50 μl with LFB1/50 (Table 2.1) and incubated at room temperature for 1 hour. Pre-

phosphorylated proteins may be added (2.3.1). 5 μl of each sample was taken and 5 μl of 2x NuPAGE LDS 

loading buffer was added to prepare the input sample. Following incubaƟon, 10 μl of the appropriate 

bead type was added (α-Myc (88842, Thermo ScienƟfic), α-FLAG (A6001, Stratech ScienƟfic Ltd), epoxy 

Dynabeads (2.2.8) or protein A/G Dynabeads (2.2.7)). The sample was incubated at room temperature for 

1 hour. 5 μl of each sample was taken and 5 μl of 2x NuPAGE LDS loading buffer was added to prepare the 

depleted sample. Beads were washed 4 Ɵmes with LFB1/50 buffer, adding 0.1% Triton-X to the second 

wash – if α-Myc beads were used, the first 2 washes were with 1X TBST (Table 2.1) and the second 2 with 

LFB1/50. Following washing, all buffer was removed and 30 μl 2x NuPAGE LDS loading buffer was added, 

samples were boiled at 95ᵒC for 5 minutes and the IP sample was separated from the beads and run on 

an SDS-PAGE gel for immunobloƫng analysis. 

Performed by myself and Dr P Passareƫ. 
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2.5.6 AnƟbody PurificaƟon 

To purify anƟbodies against specific target proteins, the proteins were first purified (2.5.3). The proteins 

samples were sent to Eurogentec to raise anƟbodies in the selected host species, this was sent by the 

company in the form of the sera obtained. An anƟgen column, specific to the target protein, was then 

made using a HiTrap NHS-acƟvated HP affinity column (17071701, CyƟva) – used for any primary amine-

containing ligand. The column was acƟvated with 1 mM ice cold HCl. The protein was dialysed (secƟon 

2.5.3) into coupling buffer (Table 2.1) and 1 ml of 1 mg/ml loaded into the column and incubated at room 

temperature for 30 minutes. The protein bound to the column due to a stable amide linkage forming from 

a covalent bond between the resin and the amine group of the ligand, which prepared the column for 

affinity purificaƟon. Unreacted NHS groups were blocked using blocking buffer (Table 2.1). The column 

was washed with 10 mM Tris-HCl, pH 8 then 0.1 M glycine, pH 2, twice. The column was then stored with 

1X PBS at 4°C. 

The anƟsera sent by Eurogentec was defrosted and diluted 1:4 with 1X PBS and filtered through 0.45 μm, 

then 0.2 μm syringe filters (SLHN033NB; Millipore, 15206869; Fisher Brand, respecƟvely), to remove 

impuriƟes. The sera was circulated through the prepared anƟgen column at 4°C overnight. The column 

was then washed with 50 ml washing buffer (Table 2.1), to remove excess sera. The anƟbodies were 

eluted to 1 ml with 0.1M glycine pH 2.6 into 1.5 ml Eppendorf tubes already containing 100ul 2M Tris-HCl; 

pH 8.5. The concentraƟon of the purified anƟbodies was determined by Bradford assay and the eluƟons 

were stored at -20°C. 

AnƟbodies were tested by small scale immunoprecipitaƟon from extract, as above (2.2.9). 

2.6 General Procedures 

2.6.1 Protein VisualisaƟon by SDS PAGE (Sodium Dodecyl Sulphate Poly Acrylamide Gel Electrophoresis) 

All protein samples were analysed on a precast 4-12% NuPAGE Bis-Tris gel (WG1403BOX, Invitrogen). 

Protein samples were mixed with 2X NuPAGE LDS sample buffer (NP0008, Invitrogen) and were denatured 

by boiling at 95ᵒC for 5 min, before loading onto the gel. 3 μl of PageRuler Plus Prestained Protein Ladder 

(26620, Invitrogen) was run alongside the samples, to determine protein sizes. The gel apparatus was 
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filled with 1X NuPAGE MOPS SDS running buffer (NP000102, Invitrogen) and electropheresed at 160 V for 

1 hour 15 min.  

The proteins run on the gels were visualised by staining with Coomassie stain (Table 2.1) for 1 hour on a 

rocker (SSM4; Stuart) at room temperature, to detect total protein content. Following incubaƟon, the 

stain was discarded and the gel was destained with a destaining soluƟon (Table 2.1), unƟl the bands were 

visible. 

2.6.2 Bradford Assay 

To determine the concentraƟon of proteins, a BSA standard assay of known concentraƟon was serially 

diluted and compared to the protein of interest. A 10 mg/ml stock soluƟon of BSA was prepared and 

diluted to 0.08, 0.06, 0.04, 0.03, 0.02, 0.01 mg/ml. 1 ml of Pierce Coomassie Plus (Bradford) Assay reagent 

(23238; Thermo Fisher ScienƟfic) was added in a cuveƩe. These samples were analysed at 595 nm using a 

spectrometer (Biowave). A standard curve was created with calculated slope and intercept of the 

samples, based on known concentraƟon and absorbance of each diluƟon. Protein samples were also run 

through the spectrometer at 595 nm. The resulƟng absorbance was translated into concentraƟon of 

protein with the following formula: ሺ𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑎𝑡 595 𝑛𝑚 െ 𝑔𝑟𝑎𝑝ℎ 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡ሻ ൊ 𝑔𝑟𝑎𝑝ℎ 𝑠𝑙𝑜𝑝𝑒 ൌ

𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 ሾ
௠௚

௠௟
ሿ.  

To visually compare and establish protein concentraƟons. The stock soluƟon of BSA was prepared at 

diluƟons of 5, 2.5, 1.25 and 0.625 mg/ml, and purified proteins were also diluted with LFB1/50 buffer and 

2X NuPAGE loading buffer. All samples were run on an acrylamide gel and visualised with Coomassie 

staining. 

2.6.3 Immunobloƫng 

Protein samples were run on SDS-PAGE acrylamide gels and transferred onto Immobilon-P PVDF 

membranes (LC6060; Merck) via electrobloƫng at 110 V for 1 h 15 mins in transfer buffer (Table 2.1). The 

membranes with the proteins were then blocked in 5% non-fat dry milk in 1X TBST (Table 2.1), to prevent 

non-specific binding. The membranes were then rinsed in 1X TBST and incubated with the appropriate 
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primary anƟbody, prepared in 3% BSA + 0.02% sodium azide soluƟon in 1X TBST, overnight at 4ᵒC. The 

membranes were then washed in 1X TBST for 5 minutes, 3 Ɵmes, to minimise the background and 

remove any unbound anƟbody. The membranes were then incubated for >1 hour with the peroxidase-

labelled secondary anƟbodies (Table 2.3) specific to the species within which the primary anƟbody was 

raised. Following incubaƟon, membranes were washed again with 1X TBST as before. The membrane was 

then incubated with chemi-luminescent peroxidase substrate: Western Bright ECL spray (K-12049-D50; 

Advansta). The membrane was then exposed to X-ray film (MOL7016, ScienƟfic Laboratory Supplies). 

2.6.4 Gel FiltraƟon 

2.6.4.1 Gel FiltraƟon of Extract 

50 μl of extract was acƟvated as above (2.2.3), and resuspended in 4 Ɵmes the volume with LFB1/50, and 

100 μl of the supernatant was loaded into the gel filtraƟon system (Superose 6 (29091598, CyƟva) or 

Superdex 200(28990946, CyƟva)). 50 μl fracƟons were eluted and run on an SDS-PAGE gel. 

This was performed Dr P Passareƫ.  

2.6.4.2 Gel FiltraƟon of Recombinant Proteins in Buffer 

2 μM of recombinant protein was resuspended in 70 μl LFB1/50 and 50 μl was run through the gel 

filtraƟon system as above (2.2.4.16.1). This was performed by Dr P Passareƫ.  

 

2.7 ComputaƟonal Analysis 

2.7.1 AlphaFold 

Xenopus laevis protein sequences of interest were input into the AlphaFold3 server for a predicƟon of 

their interacƟons.  

UCSF ChimeraX was used for visualising all models produced, as well as for making figures. 

 

2.7.2 ImageJ Analysis 

The density of pixels for Western blot bands were quanƟfied using ImageJ soŌware to produce a numeric 

value in arbitrary units, which was normalised to the appropriate loading control. IgG control samples 
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were always analysed with treatment samples and the fold difference between them calculated, along 

with the mean value and the standard error of the mean (SEM). 

2.7.3 StaƟsƟcal Analysis 

All staƟsƟcal analyses were calculated using the soŌware Prism (GraphPad). All measurements were taken 

from individual samples, and no repeated measurements were taken. 
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3 Results 

3.1 DONSON is a Novel ReplicaƟon IniƟaƟon Factor InteracƟng with TopBP1 

3.1.1 IntroducƟon 

To effecƟvely carry out DNA replicaƟon, the core CMG helicase must be supported by a plethora of 

proteins at every stage – to regulate replicaƟon Ɵming, maintain fork stability and to ensure accurate 

nascent DNA synthesis. DONSON has previously been seen to interact with and support the replisome 

during elongaƟon, interacƟng with known members of the fork protecƟon complex (FPC) namely 

Timeless-Tipin, to ensure efficient progression of the replisome and maintain genome integrity, as part of 

the ATR stress response [152]. In human cells, DONSON has also been seen to interact with core 

components of the helicase, where it has been observed in euchromaƟn more strongly than in 

heterochromaƟn [156]. This suggests a fluid, yet integral, associaƟon depending on condiƟons and 

context.  

In the lab, we have largely been interested in the roles of different proteins involved in replicaƟon 

terminaƟon, and interesƟngly, we have also previously observed DONSON interacƟng with components of 

the CMG, during terminaƟon, Table 3.1 [35]. We were therefore interested in determining whether 

DONSON may play a role in the regulaƟon of replisome disassembly, parƟcularly due to its previously 

reported role in maintaining the replisomes at stalled forks. 

 

 

 

 

 

 

Table 3.1: DONSON interacts with terminated replisomes. Egg extract was incubated with sperm DNA and supplemented with an inacƟve 

mutant of p97 and MLN4924 (a Cullin E3 ligase inhibitor) to block replisome disassembly in S-phase, chromaƟn was isolated and MCM3 was 

immunoprecipitated, and samples analysed by mass spectrometry. Total spectral count and percentage coverage is shown for a selecƟon of 

replisome components. As seen in [35]. 
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Therefore, the aim of this chapter of the thesis was to assess whether DONSON plays further roles in DNA 

replicaƟon than solely as a fork protecƟon factor. I aimed to determine whether DONSON interacts with 

the replisome throughout DNA synthesis and if it supports replicaƟon in Xenopus egg extract, parƟcularly 

during the terminaƟon stage of the replicaƟon reacƟon. 

3.1.2 Results 

3.1.2.1 CharacterisaƟon of DONSON ChromaƟn Binding During ReplicaƟon in Xenopus Egg Extract 

Given that DONSON has been observed associated with the replisome during elongaƟon and terminaƟon, 

I wanted to visualise the kineƟcs of the protein on chromaƟn throughout replicaƟon. With this aim, 

anƟbodies specific to Xenopus DONSON were needed. 

Sera against Xenopus DONSON had previously been raised in the lab and so I could purify the required 

anƟbodies from them using an anƟgen column. For this, I expressed full-length His- and MYC-tagged 

DONSON in E. coli and purified the protein using a Nickel column. Samples taken during purificaƟon were 

run in an SDS-PAGE gel and visualised through both Coomassie staining and by immunobloƫng with 

sheep α-DONSON anƟbodies previously purified in the lab (Figure 3.1.1). Following successful protein 

purificaƟon, eluƟon 2 was dialysed into coupling buffer and the concentraƟon measured (data not 

shown). 

Figure 3.1.1: PurificaƟon of recombinant Xenopus laevis His‐ and MYC‐tagged DONSON. Expression of His- and MYC-

xDONSON was induced in E. coli (Induced) and purified as described in methods secƟon using Nickel affinity purificaƟon. 

Supernatant from bacterial lysate containing soluble proteins (Input), unbound proteins (Depleted), samples from bead 

washes (Wash 1-3) and eluƟons using 2 concentraƟons of Imidazole (Protein eluƟons 1-10) are shown. Samples from the 

purificaƟon were run on two SDS-PAGE gels and visualised by Coomassie staining (A) and through immunobloƫng with sheep 

α-full-length DONSON anƟbodies (B). 

A  B 
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Next, the purified Xenopus DONSON (xDONSON) was used to create an anƟgen column, by incubaƟng it 

with a HiTrap NHS-acƟvated column, for purificaƟon of the anƟbodies from the whole sera. Sera against 

xDONSON was raised in both rabbit and sheep (Figure 3.1.2 A) and run through the DONSON anƟgen-

column to elute the purified anƟbodies specific to DONSON. The most concentrated anƟbody fracƟons 

were kept and their purity tested by using them to immunoblot SDS-PAGE-resolved Xenopus egg extract 

(Figure 3.1.2 B). The ability to recognise naƟvely folded DONSON by the sheep and rabbit anƟbodies was 

subsequently tested via immunoprecipitaƟon (Figure 3.1.2 C). We observed that purified anƟbodies from 

both rabbit and sheep were able to IP DONSON from the extract with similar efficiency. However, we also 

observed that the DONSON sheep anƟbody was much cleaner for western blots and was therefore used 

for the remainder of the project for this technique. 

 

 

 

With the anƟbodies purified, I could use them to detect DONSON binding on chromaƟn by 

immunobloƫng. To assess this, Xenopus laevis egg extract was incubated with sperm DNA, and chromaƟn 

was isolated during the resulƟng replicaƟon reacƟon. The chromaƟn-bound proteins were subsequently 

analysed by immunobloƫng with selected anƟbodies. As seen in Figure 3.1.3, our purified α-DONSON 

anƟbodies were detecƟng the protein at the peak of the replicaƟon reacƟon, with similar kineƟcs to those 

of known helicase components. As seen, Mcm7 binds very early during the reacƟon, different to the 

binding of all other factors bloƩed for. This represents origin licensing, where Mcm2-7 double-hexamers 

are loaded prior to the other factors of the CMG [55]. Psf2, one subunit of GINS, has peak binding at 60 

Figure 3.1.2: PurificaƟon of Xenopus laevis α‐DONSON anƟbodies from whole sera. A and B) TesƟng rabbit and sheep α-

DONSON sera and purified anƟbodies by immunobloƫng. Sera against Xenopus laevis DONSON were raised in two rabbits 

(19 and 20) and one sheep. Egg extract samples were run on SDS-PAGE gels and visualised through immunobloƫng with the 

specific sera (A) and purified anƟbodies (B). C) TesƟng affinity purified α-full-length DONSON anƟbodies by 

immunoprecipitaƟon. ImmunoprecipitaƟon (IP) from whole egg extract was performed to test the ability to recognise naƟve 

DONSON by the indicated purified anƟbodies, samples were bloƩed for using the α-full-length DONSON sheep anƟbody (B). 

Extract without anƟbodies (Input) and rabbit and sheep IgG anƟbodies were used as a negaƟve control. α-full-length 

DONSON rabbit anƟbodies purified from both sera 19 and 20 were used interchangeably from this point. 

A  B  C 
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minutes in this reacƟon – representaƟve of the greatest number of acƟve helicases bound to chromaƟn 

and the highest incidence of DNA replicaƟon [11]. Likewise, PCNA peak binding occurs at 60 minutes, for 

the same reason. DONSON peak binding also occurring at 60 minutes suggests that DONSON binds and is 

removed from chromaƟn at the same Ɵme as known replisome components. This indicates that DONSON 

may act as part of the replicaƟon machinery in egg extract.  

 

 

 

Having established that DONSON exhibits a similar chromaƟn binding paƩern as known replisome 

components, I wanted to assess whether this was also the case under condiƟons where replicaƟon was 

perturbed. I had parƟcular interest in both the post-terminaƟon replisome and the replisome during 

replicaƟon. With this in mind, DNA replicaƟon was set up in extract as previously, opƟonally 

supplemented with NMS973, to inhibit the acƟvity of the p97 segregase, or MLN4924, to inhibit the 

acƟvity of Cul2Lrr1, both of which inhibit unloading of the terminated replisome [35], [191]. AlternaƟvely, 

extract was opƟonally supplemented with aphidicolin, to inhibit DNA polymerase acƟvity, and caffeine, to 

inhibit ATM/ATR kinase acƟvity. This inhibits acƟvaƟon of the S phase checkpoint and so prevents 

inhibiƟon of new origin firing, allowing us to sufficiently visualise perturbed replisomes on the chromaƟn 

during early stages of replicaƟon. As seen in Figure 3.1.4 A, upon inhibiƟon of replisome disassembly from 

chromaƟn, all factors bloƩed for, including DONSON, are retained on chromaƟn for longer and 

accumulate at every Ɵmepoint – seen through higher levels of each protein compared to replicaƟon 

under normal condiƟons. Whilst we would expect a similar paƩern upon addiƟon of CULi (Figure 3.1.4 B), 

Figure 3.1.3: DONSON has the same chromaƟn binding kineƟcs during DNA replicaƟon reacƟon as other replisome 

components. Egg extract was incubated with sperm DNA to promote DNA replicaƟon. ChromaƟn was isolated at indicated 

Ɵmepoints throughout the replicaƟon reacƟon and chromaƟn-bound proteins were analysed by immunobloƫng using 

indicated anƟbodies. Purified sheep α-full-length DONSON anƟbodies were used. An extract sample was used as a posiƟve 

control for immunobloƫng. A sample without DNA was also isolated and used as a chromaƟn specificity control. Histones 

were stained with colloidal Coomassie as a loading control. This is a representaƟve experiment of more than ten repeats. 
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the p97i is more efficient than the CULi in these experiments, explaining the differences in unloading 

dynamics [187]. Upon CULi addiƟon, DONSON follows the same chromaƟn binding paƩern as the 

replisome components bloƩed for, suggesƟng that DONSON may be disassembled from the chromaƟn 

with the replisome components. In contrast, as seen in Figure 3.1.4 C, upon DNA polymerase inhibiƟon, 

binding of replisome components is reduced. Mcm2-7 subunit binding is increased, suggesƟng an 

accumulaƟon of these molecules on chromaƟn due to replicaƟon being unable to proceed. The reduced 

chromaƟn binding of the remaining components, including DONSON, is representaƟve of decreased 

formaƟon of the replisome in the absence of DNA polymerase acƟvity and checkpoint acƟvaƟon. When 

ATM/ATR acƟvity is then inhibited, we see accumulaƟon of all components bloƩed for, including DONSON. 

This represents uninhibited establishment of replisomes that are unable to progress without polymerase 

acƟvity. CollecƟvely, this indicates that DONSON chromaƟn binding exhibits the same paƩern as those of 

known replisome components, further suggesƟng that DONSON may act as part of the replicaƟon 

machinery.  

 

 

 

 

 

 

Figure 3.1.4: DONSON has the same kineƟcs on chromaƟn as other replisome components when replicaƟon is perturbed. 

Egg extract was incubated with sperm DNA to promote DNA replicaƟon and supplemented with a p97i (A), a Cullin inhibitor 

(B) or an inhibitor of DNA polymerases (aphidicolin) +/- an inhibitor of ATM/ATR (caffeine) (C). ChromaƟn was isolated as 

various Ɵmepoints and chromaƟn-bound proteins analysed by immunobloƫng, posiƟve and negaƟve controls were 

performed as in previous experiment (Figure 3.1.3). 
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Having observed DONSON binding to and dissociaƟng from chromaƟn with the same kineƟcs as replisome 

components, I wanted to determine whether DONSON actually directly binds any of these components 

during replicaƟon. To assess this, DNA replicaƟon was set up in egg extract as before and opƟonally 

supplemented with MLN4924. ChromaƟn was isolated at peak replicaƟon under normal unchallenged 

condiƟons (Figure 3.1.5 A), and later in replicaƟon when terminaƟon was perturbed (Figure 3.1.5 B). 

DONSON was immunoprecipitated, using the sheep α-DONSON anƟbodies purified above. As seen in 

Figure 3.1.5 A-B, as well as Mcm7, DONSON interacts with both Cdc45 and GINS – suggesƟng an 

interacƟon with the acƟve helicase specifically. For this reason, I decided to immunoprecipitate GINS 

(Figure 3.1.5 C) to confirm whether DONSON would reciprocally co-immunoprecipitate. The egg extract 

was acƟvated and supplemented with aphidicolin and caffeine, and chromaƟn was isolated. GINS was 

immunoprecipitated using sheep α-GINS anƟbodies and coimmunoprecipitaƟon of other factors, 

including DONSON, was tested by immunobloƫng with specific anƟbodies. As seen in Figure 3.1.5 C, 

many replisome components coimmunoprecipitate with GINS, as expected, including DONSON. This 

suggests that DONSON specifically interacts with the replisome on chromaƟn during replicaƟon in 

Xenopus laevis egg extract. This confirms previous observaƟons in human cells [35], [152]. 

3.1.2.2 DONSON is Required to Support ReplicaƟon 

To determine the role that DONSON has during replicaƟon, we used the purified α-xDONSON anƟbodies 

to immunodeplete the endogenous protein from the extract. Extract was incubated with beads coupled 

Figure 3.1.5: DONSON interacts with replisome components on chromaƟn. Egg extract was incubated with sperm DNA to 

promote DNA replicaƟon under normal unchallenged condiƟons (A) or supplemented with CULi (B), chromaƟn was isolated, 

proteins released from DNA through DNAse treatment and immunoprecipitaƟon (IP) was performed with sheep α-DONSON 

anƟbodies. C) AcƟvated egg extract was supplemented with aphidicolin and caffeine, chromaƟn was isolated, and IP was 

performed with sheep α-GINS anƟbodies. Co-immunoprecipitaƟon of proteins was assessed by immunobloƫng with 

indicated anƟbodies. ChromaƟn sample without anƟbodies (Input) and sheep IgG anƟbodies were used as a negaƟve 

controls. 
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to either non-specific commercial IgG (control) or purified α-DONSON anƟbodies (protein A beads for 

rabbit anƟbodies, or G for sheep). DepleƟon efficiency was determined by assessing levels of the protein 

in whole extract by immunobloƫng (Figure 3.1.6 A and C). With both anƟbodies, DONSON was 

successfully depleted to <5% of the endogenous levels. Following depleƟon, we tested the efficiency of 

DNA synthesis in the extracts by measuring α-[P32]dATP incorporaƟon into nascent DNA (Figure 3.1.6 B 

and D). These results indicate that the absence of DONSON greatly affects the ability of the extract to 

synthesise DNA. In DONSON-depleted extract, the levels of replicaƟon were less than 25% of the IgG-

depleted, when depleted with either rabbit or sheep anƟbody. 

   

 

 

 

3.1.2.3 DONSON is Required for FormaƟon of the AcƟve Helicase 

Having established a role for DONSON in supporƟng nascent DNA synthesis, I wanted to assess how it 

funcƟons on the molecular level to achieve this. In parƟcular, I was interested in whether there is an 

impact on the acƟve helicase in the absence of DONSON, having observed DONSON interacƟng with 

Figure 3.1.6: The immunodepleƟon of endogenous DONSON from egg extract impairs nascent DNA synthesis. Xenopus egg 

extract was incubated with DONSON rabbit (A and B) or sheep (C and D) α-DONSON anƟbodies coupled to beads to 

immunodeplete endogenous DONSON (sheep experiment performed by Dr A. Skagia). A and C) The levels of DONSON in 

extract were detected by western bloƫng to analyse depleƟon efficiency. Purified sheep anƟ-DONSON anƟbodies were used 

for immunobloƫng. B and D) IgG- and DONSON-depleted extracts were incubated with sperm DNA and α-[P32]dATP. The 

DNA replicaƟon reacƟon was stopped at indicated Ɵmepoints and synthesised DNA was measured by α-[P32]dATP 

incorporaƟon into nascent DNA. B) Two-way ANOVA comparing to IgG-depleted, ****p < 0.0001. (A and B are representaƟve 

of more than ten repeats, C and D are representaƟve of two repeats). 
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Cdc45 and GINS on chromaƟn. To determine this, rabbit IgG- and DONSON-depleted extracts were 

incubated with sperm DNA and chromaƟn was isolated at various Ɵmepoints throughout replicaƟon. As 

seen in Figure 3.1.7, Mcm4 is sƟll loaded onto chromaƟn in the absence of DONSON, indicaƟng that origin 

licensing is unaffected in its absence. However, it does appear to accumulate on chromaƟn, suggesƟng 

that replicaƟon does not progress aŌer licensing in DONSON’s absence. In contrast – whilst sƟll being 

present in the extract – both Cdc45 and Psf2 levels on chromaƟn are greatly reduced in the absence of 

DONSON. CollecƟvely, this suggests that DONSON is required to support the formaƟon of the acƟve 

helicase, specifically for Cdc45 and GINS chromaƟn loading. 

 

 

 

 

 

 

 

 

As this indicated a novel role for DONSON, I wanted to confirm that it was the absence of DONSON 

specifically that was causing this phenotype. To test this, I incubated IgG- and DONSON-depleted extracts 

as before, opƟonally supplemented both with purified recombinant DONSON protein and assessed the 

capacity of the extract to synthesise DNA. The concentraƟon of DONSON I added to the extract was 

determined by tesƟng a gradient of concentraƟons of recombinant DONSON (rDONSON). A concentraƟon 

that visually matched the amount in the IgG-depleted extract (data not shown) was chosen (16 nM). As 

seen in Figure 3.1.8 A, the inability of DONSON-depleted extract to support nascent DNA synthesis is 

efficiently recovered when recombinant DONSON is introduced.  

Figure 3.1.7: The immunodepleƟon of DONSON from egg extract impairs acƟve helicase formaƟon on chromaƟn. Xenopus 

egg extract immunodepleted of DONSON (using rabbit α-DONSON anƟbodies) was incubated with sperm DNA, chromaƟn 

was isolated and chromaƟn-bound proteins analysed by immunobloƫng, posiƟve and negaƟve controls were performed as 

in previous experiments. This is a representaƟve experiment of more than 10 repeats. 
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I similarly tested the capacity of the extract to support acƟve helicase formaƟon, both in the presence and 

absence of the recombinant protein, by assessing the loading of the factors on chromaƟn throughout 

replicaƟon, as before. As seen in Figure 3.1.8 B, introducƟon of rDONSON into the DONSON-depleted 

extract could successfully overcome the accumulaƟon of Mcm7 on chromaƟn that occurs in its absence, 

thus suggesƟng that replicaƟon is no longer stalled aŌer origin licensing. Likewise, upon rDONSON 

applicaƟon, binding of both Cdc45 and GINS on chromaƟn is efficiently reestablished. Figure 3.1.8 C 

shows that Cdc45 and Psf2 chromaƟn binding rescue in the presence of rDONSON, is significant. This 

indicates that it is indeed DONSON that is causing the loss of acƟve helicase formaƟon in the depleted 

extract. InteresƟngly, binding of Mcm10 onto chromaƟn also appears to be reduced in the absence of 

DONSON. As Mcm10 has a role in DNA melƟng to promote elongaƟon, this suggests that DONSON has a 

role between origin licensing and DNA replicaƟon elongaƟon. 

 

 

 

 

  

Figure 3.1.8: Purified recombinant DONSON rescues nascent DNA synthesis and acƟve helicase formaƟon on chromaƟn in 

DONSON‐depleted extract.  DNA replicaƟon was set up in IgG- and DONSON-depleted extract with the opƟonal addiƟon of 

recombinant xDONSON: A) and incubated with α-[P32]dATP. The DNA replicaƟon reacƟon was stopped at indicated 

Ɵmepoints and DNA synthesis was measured as in previous figures. RepresentaƟve of more than ten repeats mean with SEM 

ploƩed. B) ChromaƟn was isolated at indicated Ɵmepoints and chromaƟn-bound proteins analysed by immunobloƫng. 

PosiƟve and negaƟve controls were performed as in previous experiments. C) QuanƟficaƟon of fold change of chromaƟn-

binding of specified proteins at peak replicaƟon in IgG- and DONSON-depleted extracts in n = 3 experiments (different 

extracts used). Fold-change levels normalised to the levels in IgG-depleted extract. Mean with SEM ploƩed. Two-way ANOVA 

comparing to IgG-depleted, *p = 0.015, **p = 0.002. 
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CollecƟvely, this suggests that either DONSON has a role in iniƟaƟon by supporƟng formaƟon of the acƟve 

helicase, or this phenotype is due to immediate acƟvaƟon of the S phase checkpoint following fork 

collapse in the absence of DONSON. As DONSON has previously been implicated in fork protecƟon, I 

wanted to assess whether in its absence, forks were collapsing and further origin firing was being 

prevented. To determine this, I set up replicaƟon in depleted extracts as previously, and opƟonally 

supplemented with caffeine, to prevent acƟvaƟon of the S phase checkpoint. As seen in Figure 3.1.9 A, as 

expected, blocking ATM/ATR in non-depleted extracts resulted in a limited increase in the amount of 

nascent replicated DNA – representaƟve of uncontrolled origin firing. However, no increase is observed in 

DONSON-depleted extract on the addiƟon of caffeine. Likewise, as seen in Figure 3.1.9 B, caffeine does 

not rescue Cdc45 or GINS chromaƟn binding. This suggests that the DNA replicaƟon and helicase 

formaƟon phenotypes observed in the absence of DONSON are due to a role for DONSON during 

iniƟaƟon. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1.9: Blocking the stress response cannot rescue nascent DNA synthesis and acƟve helicase formaƟon on 

chromaƟn.  DNA replicaƟon was set up in IgG- and DONSON-depleted extract with the opƟonal addiƟon of caffeine (an 

ATM/ATR inhibitor): A) and incubated with α-[P32]dATP. The DNA replicaƟon reacƟon was stopped at indicated Ɵmepoints 

and DNA synthesis was measured as in previous figures. N = 2. B) ChromaƟn was isolated at indicated Ɵmepoints and 

chromaƟn-bound proteins analysed by immunobloƫng. PosiƟve and negaƟve controls were performed as in previous 

experiments. This is representaƟve of two repeats. 
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3.1.2.4 DONSON is Important for Late‐Stage IniƟaƟon 

 As our results suggest a role for DONSON in replicaƟon iniƟaƟon, I wanted to determine the stage of 

iniƟaƟon at which DONSON is funcƟoning. To assess this, I incubated normal extract with sperm DNA and 

opƟonally supplemented with inhibitors of several stages of replicaƟon iniƟaƟon and isolated chromaƟn, 

to determine whether DONSON’s loading onto chromaƟn was perturbed by these inhibitors. As seen in 

Figure 3.1.10, under normal condiƟons successful chromaƟn-binding of replisome components and 

known iniƟaƟon factors is observed and DONSON is also loaded. However, on the addiƟon of geminin, an 

inhibitor of Mcm2-7 hexamer loading, most factors can no longer bind, including DONSON, further 

supporƟng the idea that DONSON acts during iniƟaƟon aŌer Mcm2-7 loading. Upon addiƟon of PHA-

767491, a DDK inhibitor (DDKi), fewer factors are unable to bind to chromaƟn and Mcm4 is visibly less 

phosphorylated. Notably, Cdc45 and GINS cannot bind, as these are loaded by iniƟaƟon factors 

dependent on DDK phosphorylaƟon [63]. DONSON chromaƟn-binding under this condiƟon is parƟally 

reduced compared to normal S phase, suggesƟng some dependence on DDK acƟvity for DONSON to bind 

chromaƟn. InteresƟngly, upon addiƟon of p27KIP1 inhibitor, which prevents CDK acƟvity (CDKi), other 

factors have reduced capacity to load onto chromaƟn. These include RecQ4, TopBP1, PP1 and PP2 – 

factors known to play a role during iniƟaƟon [68]. Cdc45 and GINS are also unable to bind – CDK acƟvity is 

necessary for acƟvaƟon of factors required to load them [192]. DONSON’s binding to chromaƟn is also 

inhibited in the absence of CDK acƟvity. This suggests that DONSON loading onto chromaƟn requires CDK 

acƟvity, and therefore DONSON appears to funcƟon late during iniƟaƟon. 
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As I had observed DONSON binding chromaƟn in a CDK- and DDK-dependent manner, I wanted to 

invesƟgate potenƟal interacƟons between DONSON and known iniƟaƟon factors on chromaƟn. 

Specifically, I wanted to assess if DONSON’s depleƟon from the extract had any effect on the loading of 

these known iniƟaƟon factors. To determine this, both IgG- and DONSON-depleted extracts were 

incubated with sperm DNA and chromaƟn was isolated throughout replicaƟon, as before. One sample, 

from peak replicaƟon in both depleted extracts, was analysed by mass spectrometry to determine the 

efficiency with which these factors were loaded onto chromaƟn. As seen in Figure 3.1.11 A, in the 

absence of DONSON, replisome formaƟon on chromaƟn is inhibited, indicated by reduced pepƟde 

number for these components in the DONSON-depleted extract compared to the IgG-depleted. As seen 

before, pepƟde numbers for Mcm2-7 hexamer components are increased. However, we were unable to 

detect Mcm10 by mass spectrometry in either sample. InteresƟngly, the number of pepƟdes of various 

iniƟaƟon factors are also increased. This is also apparent in Figure 3.1.11 B, where isolated chromaƟn 

samples were tested by immunobloƫng, showing increased binding of replicaƟon iniƟaƟon factors on 

chromaƟn in DONSON depleted extract. This indicates that iniƟaƟon is likely stalled following loading of 

Figure 3.1.10: DONSON chromaƟn‐loading is reduced on CDK and DDK inhibiƟon. A) DNA replicaƟon was set up in extract 

and opƟonally supplemented with p27 (CDK inhibitor), PHA-767491 (DDK inhibitor) or geminin (origin licensing inhibitor). 

ChromaƟn was isolated at early replicaƟon and chromaƟn-bound proteins analysed by immunobloƫng. PosiƟve and negaƟve 

controls were performed as in previous experiments. N = 4. B) QuanƟficaƟon of fold change of DONSON chromaƟn-binding 

under different condiƟons in n = 4 experiments (different extracts used). Fold-change levels normalised to the levels in 

normal extract sample. Mean with SEM ploƩed. Unpaired, two-tailed t-tests, ** p = 0.0046, *** p = 0.0008.  

A  B 



  72 

both hexamers and many iniƟaƟon factors in the absence of DONSON. This further suggests that DONSON 

acts late during iniƟaƟon, aŌer loading of these other iniƟaƟon factors. 

With the suggesƟon that DONSON carries out its funcƟon aŌer other known iniƟaƟon factors, I looked to 

ascertain whether it directly interacts with any of them on chromaƟn. With this in mind, I set up a DNA 

replicaƟon reacƟon as before, and opƟonally supplemented with either p97i, to assess terminated 

replisomes, or aphidicolin and caffeine, to assess replisomes accumulated during early S phase 

elongaƟon. ChromaƟn was isolated, DONSON immunoprecipitated (Figures 3.1.12 A and B) and samples 

sent for mass spectrometry analysis, to idenƟfy which, if any, of the iniƟaƟon factors DONSON interacts 

with under these condiƟons. As seen in Figures 3.1.12 A and B, DONSON has been efficiently removed 

from the flowthrough samples in both condiƟons, suggesƟng that all the DONSON present in the input 

has been immunoprecipitated effecƟvely. The fold enrichment of pepƟde number in the DONSON IP 

compared to the IgG mock IP is shown. As seen in Figure 3.1.12 C, whilst DONSON appears to specifically 

co-immunoprecipitate most indicated factors under both condiƟons, with aphidicolin and caffeine no 

interacƟons are observed with Cdc45 and GINS. The 0 value represents no coimmunoprecipitaƟon in 

either the IgG- or DONSON-IP under these condiƟons. This may be due to the small size of both Cdc45 

Figure 3.1.11: DONSON acts late during DNA replicaƟon iniƟaƟon.  DNA replicaƟon was set up in IgG- and DONSON-

depleted extract as before and: A) Isolated at peak replicaƟon, run on an SDS-PAGE gel and samples analysed by mass 

spectrometry. PepƟde numbers of proteins found on chromaƟn in each chromaƟn sample are shown. B) ChromaƟn was 

isolated at each Ɵmepoint indicated and chromaƟn-bound proteins analysed by immunobloƫng. PosiƟve and negaƟve 

controls were performed as in previous experiments. 
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and GINS making them difficult to detect via mass spec. Under both condiƟons, it is clear that DONSON is 

interacƟng with iniƟaƟon factors, indicaƟng that DONSON is binding to the replisome when these factors 

are present. Of all the iniƟaƟon factors, the most striking difference in interacƟon at terminaƟon and 

iniƟaƟon stages is with TopBP1, which appears to only interact with DONSON at early-stage replicaƟon. 

This could suggest an interacƟon that may be required for DONSON loading onto chromaƟn to carry out 

its iniƟaƟon role.  

 

3.1.2.5 DONSON Interacts with TopBP1 

With the possibility of an iniƟaƟon-specific interacƟon between TopBP1 and DONSON on chromaƟn, we 

wanted to follow this up, first through confirmaƟon by western bloƫng. With this in mind, we set up 

replicaƟon in egg extract, supplemenƟng with aphidicolin and caffeine. We isolated chromaƟn and 

immunoprecipitated DONSON or TopBP1 – assessing interacƟons by immunobloƫng with the specific 

anƟbodies indicated. As seen in Figure 3.1.13 A and B, TopBP1 and DONSON reciprocally 

immunoprecipitate on chromaƟn under these condiƟons, along with other known factors of the 

replisome, indicaƟng an interacƟon in the context of the replisome. Having previously seen a dependence 

on DONSON for the loading of Cdc45 onto chromaƟn, we also wanted to assess the interacƟon between 

DONSON and Treslin, one iniƟaƟon factor known to recruit Cdc45 to the chromaƟn. To evaluate this, we 

Figure 3.1.12: DONSON interacts with replicaƟon iniƟaƟon factors.  Egg extract was incubated with sperm DNA to promote 

DNA replicaƟon as before and supplemented with A) p97i or B) aphidicolin and caffeine (DNA polymerase and ATM/ATR 

inhibitors), chromaƟn was isolated and immunoprecipitaƟon (IP) was performed with sheep IgG and α-DONSON anƟbodies. 

Co-immunoprecipitaƟon of proteins was assessed by immunobloƫng with indicated anƟbodies (A). ChromaƟn input sample 

without anƟbodies (Input), flowthrough from which the IP beads were removed (flowthrough) and nonspecific sheep IgG 

anƟbodies were used as a negaƟve control. C) Samples from each IP were run on an SDS-PAGE gel and analysed by mass 

spectrometry. PepƟde count fold enrichment of each protein indicated are shown, normalised to pepƟde count in IgG mock 

sample. 
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immunoprecipitated Treslin as we had done DONSON and TopBP1 in Figures 3.1.13 A and B. However, 

Figure 3.1.13 C indicates that DONSON may co-immunoprecipitate less efficiently with Treslin than with 

TopBP1, although this requires further invesƟgaƟon. 

Therefore, I wanted to further assess the interacƟon between DONSON and TopBP1 in parƟcular. 

Specifically, I wanted to confirm whether a direct interacƟon can occur outside of the context of the 

replisome formed on chromaƟn. To address this, I acƟvated DNA replicaƟon by incubaƟng extract with 

sperm DNA and opƟonally supplemented with p27KIP1 or PHA-767491 to perturb iniƟaƟon as before. I 

isolated the nuclei, containing chromaƟn and nucleoplasm, and immunoprecipitated DONSON from these 

samples, immunobloƫng for other factors to determine their interacƟon. As seen in Figure 3.1.13 D and 

E, of all the potenƟal interacƟon partners, only TopBP1 interacts with DONSON in this context, and this 

interacƟon is significantly reduced when CDK acƟvity is prevented. This suggests that DONSON and 

TopBP1 interact in the nuclei prior to DONSON’s loading onto chromaƟn, and may indicate that DONSON 

is recruited to chromaƟn during iniƟaƟon in combinaƟon with TopBP1. 
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Figure 3.1.13: DONSON interacts with TopBP1.  A-C) Egg extract was incubated with sperm DNA to promote DNA replicaƟon, 

chromaƟn was isolated and immunoprecipitaƟon (IP) was performed with α-DONSON, α-TopBP1 or α-Treslin anƟbodies, as 

indicated. Co-immunoprecipitaƟon of proteins was assessed by immunobloƫng with indicated anƟbodies. ChromaƟn sample 

without anƟbodies (Input) and rabbit or sheep IgG anƟbodies were used as a negaƟve control. Experiments A-C were 

performed by Dr C. Fernandez-Cuesta. D) DNA replicaƟon was set up in extract with the opƟonal addiƟon of replicaƟon 

iniƟaƟon inhibitors (p27KIP1 or PHA-767491). ReplicaƟng nuclei were isolated in the middle of S-phase with a buffer without 

detergent to allow retenƟon of part of the nucleoplasm. DONSON was immunoprecipitated from this (Input) and samples 

were analysed by immunobloƫng with indicated anƟbodies. Nonspecific sheep IgG anƟbodies were used as a negaƟve 

control. E) QuanƟficaƟon of fold change of coimmunoprecipitaƟon of TopBP1 under different condiƟons in n = 3 experiments 

(different extracts used). Fold-change levels normalised to the levels in IgG IP sample. Mean with SEM ploƩed. Unpaired, 

two-tailed t-tests, * p < 0.022, ** p  = 0.0076. 

ChromaƟn IPs with aphidicolin‐caffeine 

Nucleoplasm IP 
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Having observed an interacƟon with TopBP1 that is not only specific to chromaƟn, we set out to 

determine whether DONSON’s binding to chromaƟn is actually dependent on TopBP1. To do this, Dr 

Skagia prepared an extract parƟally depleted of TopBP1. As seen in Figure 3.1.14 A, we were able to 

deplete the extract to around 25% TopBP1 remaining. We then tested the replicaƟon efficiency of the 

extract and observed that with parƟal depleƟon of the protein, replicaƟon efficiency dropped to around 

50% of the IgG-depleted extract level (Figure 3.1.14 B) [74]. Using this extract, I was then able to assess 

the impact of parƟal depleƟon of TopBP1 on DONSON’s chromaƟn binding. To do this, I iniƟated a 

replicaƟon reacƟon in IgG- and TopBP1-depleted extracts as previously, and isolated chromaƟn at various 

Ɵmepoints during replicaƟon. I immunobloƩed for different factors using anƟbodies as shown (Figure 

3.1.14 C) and observed that chromaƟn binding of most factors tested decreased. DONSON chromaƟn 

binding was also greatly reduced, suggesƟng that upon the reducƟon of TopBP1, DONSON is not 

efficiently recruited to the chromaƟn. As we have also observed them interacƟng in the nucleus, this may 

suggest that TopBP1 could be required for DONSON to be loaded onto chromaƟn. As previously reported, 

we also observe a decrease in GINS chromaƟn binding upon TopBP1 parƟal depleƟon [193]. As we have 

also previously observed DONSON-dependence for GINS loading, this may suggest that GINS is recruited 

to chromaƟn during iniƟaƟon in a manner that is dependent on both DONSON and TopBP1. 
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3.1.2.6 DONSON Forms a Homodimer and Interacts with Two TopBP1 Molecules 

Having observed that TopBP1 is likely required for chromaƟn-loading of DONSON, we wanted to explore 

whether the two proteins directly interact. To model TopBP1’s interacƟon with DONSON, we needed first 

to determine whether DONSON primarily exists as a monomer or whether it forms higher order 

complexes. We first assessed our WT rDONSON by gel filtraƟon to observe the apparent molecular mass 

at which the protein was running through the column. Our recombinant DONSON protein was diluted in 

LFB1/50 and the sample run through a Superose 6 gel filtraƟon column. Eluted fracƟons were then run on 

an SDS-PAGE gel and DONSON was immunobloƩed using α-DONSON anƟbodies from indicated species. 

InteresƟngly, as seen in Figures 3.1.15 A and B, the size at which our WT rDONSON runs, bloƩed for with 

Figure 3.1.14: The immunodepleƟon of endogenous TopBP1 decreases replicaƟon in egg extract. A) Xenopus egg extract 

was immunodepleted of endogenous TopBP1. The levels of TopBP1 in extract were detected by western bloƫng to analyse 

depleƟon efficiency. Purified rabbit α-TopBP1 anƟbodies were used for immunobloƫng. B) IgG- and TopBP1-depleted 

extracts were incubated with sperm DNA and α-[P32]dATP. The DNA replicaƟon reacƟon was stopped at indicated Ɵmepoints 

and synthesised DNA was measured by α-[P32]dATP incorporaƟon. (A and B, n =2, Performed by Dr. A Skagia.). C) DNA 

replicaƟon was set up in IgG- and TopBP1-depleted extracts, chromaƟn was isolated at each Ɵmepoint indicated and 

chromaƟn-bound proteins analysed by immunobloƫng. PosiƟve and negaƟve controls were performed as in previous 

experiments. 

A  B 

C 



  78 

either anƟbody, is greater than the known molecular weight of the protein (~66 kDa). This suggests that 

rDONSON may preferenƟally form mulƟmeric complexes. However, this could be representaƟve of the 

protein forming less globular and more flexible structures. Therefore, for a more accurate insight, we 

assessed our recombinant WT DONSON by mass photometry. As seen in Figure 3.1.15 C, recombinant WT 

DONSON primarily adopts a dimeric form, measuring at 128.3 ±15.4 kDa, in close agreement to the 

expected molecular mass of a DONSON dimer at 132 kDa. This is visualised structurally in Figure 3.1.15 E, 

which is a representaƟon of two molecules with six different domains as indicated in 1D in Figure 3.1.15 

D. 

 

 

 

 

 

 

 

 

 

Figure 3.1.15: rDONSON primarily exists in dimer form.  A-B) WT rDONSON was diluted in LFB1/50 and analysed by gel 

filtraƟon using a Superose 6 column, 50 μl fracƟons were collected, run on an SDS-PAGE gel and α-DONSON anƟbodies (A: 

rabbit, B: sheep) were used or immunobloƫng. Molecular weight markers are shown above the gel in red. Performed by Dr P 

Passareƫ. C) Purified WT xDONSON was assessed by mass photometry. The mass range of the compound is shown, n=3. D) 

1D map of Xenopus DONSON structure, including 6 domains indicated. E) Model of DONSON dimer with each domain 

coloured to match D, created using AlphaFold3. ipTM = 0.63 pTM = 0.64. Corresponding expected posiƟon error plot shown. 
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Having idenƟfied that DONSON preferenƟally exists in dimer form, we could beƩer predict how it may 

interact with TopBP1. To determine this, we modelled the interacƟon between the proteins using 

AlphaFold3. Figure 3.1.16 A depicts the 1D structure of TopBP1, with the BRCT domains numbered. BRCT 

1, 2 and 3 have previously been reported to be essenƟal to support DNA replicaƟon [74]. As we are 

interested in the iniƟaƟon funcƟon of DONSON, we have included these domains specifically in Figure 

3.1.16 C. The AlphaFold predicted structure depicts each DONSON monomer (light and dark grey) flipped 

180ᵒ compared to one another, in the dimer form (Figure 3.1.16 B and C). InteresƟngly, the BRCT3 domain 

is predicted to fit in the groove formed between the two DONSON monomers of the dimer. As the dimer 

is symmetrical, we can model two BRCT3 domains fiƫng at the top and boƩom between the monomers 

(Figure 3.1.16 B). Moreover, the three BRCT domains required to support replicaƟon iniƟaƟon are 

predicted to fit within the interface between the two DONSON molecules in the dimer. With this 

predicƟon, we wanted to determine whether the two proteins do interact directly through these regions. 

To assess this, we purified truncated forms of the TopBP1 protein – the N-terminus (containing the first 

575 amino acids of the protein, including BRCT 1, 2, 3) and the C-terminus (containing the last 350 amino 

acids of the protein, including BRCT 7, 8) – and WT DONSON and GINS (Figure 3.1.16 D). We were then 

able to combine the proteins and pepƟdes in vitro, and immunoprecipitate DONSON. We ran the IP 

samples in an SDS-PAGE gel and assessed coimmunoprecipitaƟon of the TopBP1 pepƟdes by bloƫng with 

indicated anƟbodies (Figure 3.1.16 E). We observed that, whilst the N-terminal TopBP1 pepƟde is able to 

coimmunoprecipitate with DONSON (1st IP lane), the C-terminal pepƟde cannot (3rd IP lane). This suggests 

that, as predicted by AlphaFold, only the first three BRCT domains of TopBP1 do interact with DONSON. 

As we had observed DONSON interacƟng with GINS, we wanted to assess whether this interacƟon was 

dependent on TopBP1, as it is in yeast [67]. Therefore, we also added recombinant GINS in our reacƟon 

containing FLAG-tagged Psf2. We observed that GINS weakly interacts with recombinant DONSON in vitro, 

parƟcularly when in complex with the N-terminal fragment of TopBP1, but this reacƟon is not robust and 

can only be detected using strong FLAG anƟbody. This indicates that the principal interacƟon occurs 

between DONSON and TopBP1, likely forming a plaƞorm for GINS recruitment to chromaƟn. 
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Figure 3.1.16: DONSON interacts with TopBP1 via its BRCT3 domain.  A) Model of TopBP1 structure, with BRCT domains 

indicated. B) AlphaFold predicƟon of the DONSON dimer (grey) interacƟng with TopBP1 BRCT3 (green). ipTM = 0.67 pTM = 

0.66. Corresponding expected posiƟon error plot shown. C) AlphaFold predicƟon of the interacƟon of TopBP1 BRCT1-3 

(indicated) – domains essenƟal for replicaƟon – with dimeric DONSON (grey). ipTM = 0.52pTM = 0.57. Corresponding 

expected posiƟon error plot shown. D) Purified proteins run on SDS-PAGE gel and visualised with Coomassie staining. E) In 

vitro IP with WT rDONSON, truncated N-terminal rTopBP1, truncated C-terminal rTopBP1 and WT rGINS. Proteins were 

diluted and mixed in LFB1/50 in combinaƟons indicated and samples were run in an SDS-PAGE gel and bloƩed with specified 

anƟbodies. Performed by Dr P Passareƫ. 
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3.1.3 Discussion 

This chapter of my thesis focuses on the role of DONSON in the establishment of the acƟve helicase and 

support of DNA replicaƟon. Using Xenopus laevis egg extract as a model system, preliminary mass spec 

data from the lab idenƟfied DONSON as an interactor of the terminated helicase [35]. The interacƟon 

with the replicaƟve helicase has also been observed in human cells throughout S phase [156]. I have also 

observed DONSON interacƟng with replisome components on chromaƟn. In addiƟon to this, I have 

idenƟfied that DONSON binds to chromaƟn with the same kineƟcs as known components of the acƟve 

helicase throughout replicaƟon in normal S phase and when replicaƟon is perturbed under different 

condiƟons. AddiƟonally, I have demonstrated that DONSON is essenƟal for DNA replicaƟon iniƟaƟon, 

specifically to support formaƟon of the acƟve helicase on DNA. We suggest that DONSON is likely 

required to directly recruit GINS. Finally, I have shown that DONSON acts as a dimer to support acƟve 

helicase formaƟon. DONSON may perform this funcƟon in a TopBP1-dependent manner.  

The results in this chapter, demonstrate that DONSON likely acts as the funcƟonal homologue of the yeast 

protein Sld2, which is required for recruitment of GINS to chromaƟn during DNA replicaƟon iniƟaƟon in a 

Dpb11 (TopBP1)-dependent manner [67]–[69]. This is indicated parƟcularly by the depleƟon of DONSON, 

where both DNA replicaƟon and GINS recruitment to chromaƟn during iniƟaƟon is inhibited. The same 

results have been observed by the Walter and Tanaka groups who both used Xenopus laevis egg extract in 

similar experiments [194], [195]. In addiƟon to this, the Labib group proposed the same role for DNSN-1 

(DONSON) in C. elegans [196]. The Drosophila orthologue of DONSON, Hd, has likewise previously been 

observed to be essenƟal for DNA replicaƟon [159]. InteresƟngly, the Tanaka group addiƟonally propose 

that DONSON recruits Cdc45 to the chromaƟn, suggesƟng that they interact in the nucleus prior to 

interacƟon on chromaƟn. In line with this, in Figure 3.1.8 B we observe that upon DONSON depleƟon, 

Cdc45 chromaƟn binding, not just GINS, is lost. However, we have never observed DONSON interacƟng 

with Cdc45 outside of the whole replicate on chromaƟn. Therefore, we propose, along with the Walter 

and Labib groups, that this is due to GINS recruitment by DONSON being required to stabilise Cdc45 on 

the chromaƟn in the CMG form, as opposed to directly recruiƟng Cdc45 to the chromaƟn. Similarly, work 

from the Chistol group suggests that GINS recruitment is required to stabilise Cdc45 on the chromaƟn and 
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whilst two copies of Cdc45 are recruited to the chromaƟn via a dimerisaƟon scaffold, that this scaffold is 

not DONSON [197]. This will be discussed further in the next chapter. In yeast, Sld3-Sld7 directly interacts 

with Cdc45 to recruit it to the Mcm2-7 hexamer [61]. Sld2 is not required for recruitment of Cdc45 to the 

chromaƟn, but its recruitment of GINS is indeed required for CMG formaƟon and to stabilise the Cdc45-

Mcm2-7 binding [59], [75], [101]. In yeast, the firing factors required for CMG formaƟon are required to 

bridge the two helicases together to form a stable construct, therefore supporƟng Cdc45 on chromaƟn 

[41]. We likewise propose that DONSON adopts this role in higher eukaryotes and this is likely the reason 

we see reduced Cdc45 binding on chromaƟn in DONSON’s absence.  

In yeast, recruitment of GINS by Sld2 is dependent on its interacƟon with Dpb11 [67]. Our finding that 

DONSON may act as the Sld2 homologue is somewhat surprising, as the helicase RecQL4 has tradiƟonally 

been associated with this role in higher eukaryotes. RecQL4 is structurally the closest vertebrate 

homologue of Sld2, with sequence homology between S. cerevisiae Sld2 and the N-terminus of Xenopus 

RecQ4 [72], [73]. RecQ4 has been implicated in DNA replicaƟon in both Xenopus and Drosophila where, 

upon its downregulaƟon, normal replicaƟon becomes severely defecƟve [198]. Specifically, these defects 

have been observed during iniƟaƟon, where Sld2 also funcƟons, as opposed to during elongaƟon [199], 

[200]. In addiƟon to this, RecQ4 has been observed to interact with TopBP1, at its BRCT7-8 domains [193]. 

However, BRCT4-8 of TopBP1 have been shown to be dispensable for DNA replicaƟon iniƟaƟon, indicaƟng 

that the RecQ4-TopBP1 interacƟon is not required for iniƟaƟon in the same way as Sld2-Dpb11 is [74]. 

Likewise, RecQ4 has been shown to play a role in replicaƟon iniƟaƟon only aŌer the CMG has been 

successfully assembled in Xenopus, specifically aŌer TopBP1/Cut5, Sld5 and Cdc45 have been loaded onto 

chromaƟn [72]. AddiƟonally, RecQ4 has been shown to be essenƟal for chromaƟn loading of Pol α, 

following CMG formaƟon [73]. CollecƟvely, this work has concluded that RecQ4 plays a later role in DNA 

replicaƟon iniƟaƟon than its previously proposed homologue Sld2 [201]. InteresƟngly, in C. elegans Sld-2, 

RecQ4 and DNSN-1 are all present. It has therefore been previously suggested that over evoluƟon the 

helicase domain (RecQ4) may have separated from the non-catalyƟc domain (Sld2) [202]. Likewise, as 

both Sld2 and DONSON are required for GINS recruitment to chromaƟn, it is suggested that DONSON and 

RecQ4 developed early during eukaryoƟc evoluƟon, aŌer which Sld2 was lost [196]. This is a similar story 
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for the iniƟaƟon factor Treslin, whose homologue in yeast is Sld3. In C. elegans both SLD-3 and the Treslin 

N-domain-containing protein TRES-1 are present, indicaƟng that Treslin may have developed from Sld3 in 

higher eukaryotes, and that this may be a paƩern of protein development in C. elegans [196], [202]. 

Sld3-Sld7 and the higher eukaryoƟc homologues Treslin-MTBP, have been observed to recruit Cdc45 to 

the chromaƟn, in an interacƟon that requires TopBP1 [64], [203]–[205]. Dpb11 interacts with 

phosphorylated Sld3 already bound to the chromaƟn [206]. Phosphorylated Treslin has been idenƟfied as 

the binding partner for TopBP1’s BRCT1-2 domains, previously shown to be essenƟal for DNA replicaƟon 

[74]. However, the binding partner for TopBP1’s third domain (BRCT3) which is also essenƟal for 

replicaƟon, has not previously been idenƟfied. In Figure 3.1.16 we show that not only does DONSON 

interact with TopBP1, but specifically that this interacƟon involves the first three BRCT domains of 

TopBP1, and may be specific to BRCT3. Together, this supports our proposal that DONSON is the 

homologue of yeast Sld2, as it appears to directly bind TopBP1 at a domain that is essenƟal for replicaƟon. 

Although the results from this chapter indicate that DONSON acts during replicaƟon iniƟaƟon, the protein 

has previously been proposed to stabilise replicaƟon forks upon replicaƟon stress [152]. Importantly, we 

confirmed that the loss of DNA replicaƟon and fork stability we observe upon DONSON’s downregulaƟon 

in our experiments is not due to spontaneous fork stalling and DNA damage, as the phenotype could not 

be rescued in DONSON-depleted extract upon addiƟon of caffeine, an ATM/ATR inhibitor. Likewise in 

Drosophila, DONSON’s funcƟonal orthologue, Hd, is required to maintain genome stability, as well as to 

support DNA replicaƟon [159]. Embryos containing mutated Hd inherited from their mothers, exhibit 

incompletely replicated chromosomes and arrested nuclei, suggesƟng a defect in DNA replicaƟon and 

subsequent cell cycle progression. Similarly, DONSON has been implicated in forms of Microcephalic 

Primordial Dwarfism (MPD), including a subtype called Meier Gorlin Syndrome (MGORS) [152], [154], 

[155]. MGORS is classically associated with proteins involved during replicaƟon iniƟaƟon. MutaƟon of 

factors associated with later stages of replicaƟon are not classically implicated in development of MGORS 

[207]. Therefore, this may support our findings that DONSON also plays a role during replicaƟon iniƟaƟon.  



  84 

Addressing the quesƟon of whether DONSON travels with the fork throughout replicaƟon to perform 

both roles is important. Figures 3.1.3 and 3.1.4 indicate that DONSON binds chromaƟn with the same 

kineƟcs as other replisome components during normal S phase and when replicaƟon is perturbed at 

different stages. AddiƟonally, our IPs from chromaƟn during elongaƟon and post-terminaƟon (Table 3.1 

and Figure 3.1.5) all indicate that DONSON interacts with replisome components at the stages tested for, 

suggesƟng that DONSON may travel with the replicaƟon fork throughout replicaƟon. In line with this, 

through isolaƟon of proteins on nascent DNA (iPOND) in human cells, DONSON has been observed 

enriched on newly replicated DNA along with Mcm2-7 proteins. This suggests that the DONSON interacts 

with the replisome once DNA replicaƟon has already proceeded [152]. AddiƟonally, in untreated HeLa 

cells, two forms of replisome can be observed throughout S phase: those containing DONSON, as well as 

those without [156]. This indicates that, under certain condiƟons, DONSON can be observed bound to the 

replisome at various points during S phase, which may suggest that DONSON travels with the replisome. 

In my experiments, using chromaƟn isolaƟon, we can idenƟfy DONSON binding chromaƟn when peak 

replicaƟon occurs during S phase. However, neither of these techniques can determine whether DONSON 

remains bound to chromaƟn throughout elongaƟon, or whether the observed signal comes from new 

firing origins. In contrast, using single molecule analysis in egg extract, the Chistol group have been able to 

visualise the dynamics with which DONSON binds to and is subsequently released from the chromaƟn. 

They idenƟfied that TopBP1, RecQL4, and DONSON all transiently bind the CMG to support iniƟaƟon, but 

none of them travel with the replicaƟon fork [197]. InteresƟngly, once the DONSON dimer has recruited 

two GINS complexes to each double hexamer, under normal condiƟons it can be visualised rapidly 

dissociaƟng from the chromaƟn. DNA synthesis does not begin before DONSON’s dissociaƟon from the 

chromaƟn, indicaƟng that it must be removed for the helicase to begin unwinding DNA. This indicates 

that although DONSON can be observed associaƟng with replisome components and on the chromaƟn 

throughout S phase, that this is representaƟve of incidences of iniƟaƟon, or re-recruitment upon 

replicaƟon stress, and that DONSON does not travel with the fork aŌer helicase acƟvaƟon. In addiƟon, the 

Tanaka group observed that following replicaƟon stress, DONSON is not required to promote replicaƟon 

fork restart [195]. As DONSON has previously been shown to be required to maintain fork stability as part 
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of the ATR stress response in human cells, this indicates that there may be differences between model 

systems used [152]. However, this needs further invesƟgaƟon. 

Altogether, this chapter has shown that DONSON is required to support iniƟaƟon of DNA replicaƟon, in 

parƟcular to support formaƟon of the CMG on chromaƟn. DONSON’s role in supporƟng DNA replicaƟon 

appears to be CDK- and TopBP1-dependent and we propose that DONSON and TopBP1 together support 

recruitment of GINS to chromaƟn. This will be discussed further in the next chapter. 
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3.2   How does DONSON carry out its iniƟaƟon funcƟon? 

3.2.1  IntroducƟon 

Since starƟng work to understand DONSON’s funcƟon during DNA replicaƟon, DONSON’s role as a novel 

replicaƟon iniƟaƟon factor became well established. Work in Xenopus laevis egg extract, human HCT116 

cells, mouse embryonic stem cells and CaenorhabdiƟs elegans, all successfully idenƟfied DONSON as 

being essenƟal for formaƟon of the acƟve helicase during DNA replicaƟon iniƟaƟon [194]–[196], [208]. 

However, the mechanism by which DONSON supports GINS binding to the Mcm2-7 hexamer to form the 

acƟve helicase was yet to be determined.  

Discovering the structural interacƟons of the components within the replisome complex had the potenƟal 

to shed light on how DONSON acts during replicaƟon iniƟaƟon. The structure of the CMG and acƟve 

replisomes on DNA has been idenƟfied in many organisms, through replisome reconsƟtuƟon [59], [76], 

[86], [209] and cryo-electron microscopy (Cryo-EM) in Saccharomyces cerevisiae [210], [211], Drosophila 

melanogaster [212] and human cells [213]–[215]. Using the yeast replisome reconsƟtuƟon system, 

protein factors involved in the process have been successfully idenƟfied, including Sld2 – the protein for 

which we propose DONSON is the higher eukaryoƟc homologue – and Dpb11 – the TopBP1 homologue 

[59], [86]. AddiƟonally, the structure of human TopBP1 has been established in small fragments [216]–

[220], along with its interacƟon with GINS via the GINI domain [193]. However, the structure of the 

Xenopus CMG and DONSON, as well as DONSON’s molecular interacƟon with the replisome in any 

organism, was yet to be determined.  

Therefore, the aim of this thesis chapter was to determine the way in which DONSON directly interacts 

with the CMG, idenƟfying which parts of the protein are parƟcularly important for its iniƟaƟon funcƟon. 

With parƟcular interest in how DONSON interacts with GINS to bring it to the chromaƟn and so determine 

how it carries out this iniƟaƟon funcƟon. 
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3.2.2  Results 

3.2.2.1  The Importance of DONSON’s Flexible Regions 

Having observed that helicase formaƟon is dependent on DONSON, we wanted to determine the part of 

DONSON required to support this interacƟon. Although no Xenopus structure had been idenƟfied when I 

began my project, using the AlphaFold predicted structure we could observe two flexible regions – one at 

the N-terminus and one extending from the central globular domain. We wanted to test a potenƟal role 

for these flexible domains for acƟve helicase formaƟon and for stabilisaƟon of the complex. 

To assess this, we expressed truncated versions of the His- and MYC-tagged DONSON – ΔP334-L410 

(ΔLoop) and ΔA2-V155 (ΔN) – in E. coli and purified the proteins as with the WT, using a Nickel column. 

Samples taken during purificaƟon were run in an SDS-PAGE gel and visualised by Coomassie staining 

(Figure 3.2.1 A, B). Following successful protein purificaƟon, I set up DNA replicaƟon in IgG- and DONSON-

depleted extracts, and opƟonally supplemented with the WT, ΔLoop or ΔN rDONSON, and assessed the 

ability of the extracts to support DNA synthesis. As seen in Figure 3.2.1 D, whilst DNA replicaƟon is 

rescued by WT rDONSON in DONSON-depleted extract to similar levels as the IgG-depleted, with either of 

the two truncated mutants DNA synthesis remains low, ~15-35% of the IgG-. This suggests an importance 

for both these flexible regions to support efficient DNA replicaƟon and that they may be required for 

DONSON’s iniƟaƟon funcƟon in parƟcular.  
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3.2.2.2 DONSON Directly Interacts with the CMG 

Having observed a requirement for the flexible loop and N-terminal tail in supporƟng DNA replicaƟon, we 

wanted to idenƟfy exactly how DONSON interacts with replisome components, with the view to shed light 

on how it promotes DNA synthesis. To assess the structures of Xenopus CMG and replisome, Dr P. 

Passareƫ purified a FLAG-tagged Cdc45 protein and incubated it with the egg extract. This enabled 

isolaƟon of the CMG on chromaƟn, via an α-FLAG IP. The complexes formed could then be visualised by 

negaƟve staining (Figure 3.2.2). Strikingly, we observed CMG monomers, but also higher order assemblies 

that aŌer further invesƟgaƟons turned out to be a DONSON-bound double CMG (dCMGDo).  

 

A 

Figure 3.2.1: DONSON’s flexible regions are required to support nascent DNA synthesis. A) AlphaFold3 model of dimeric 

DONSON with the flexible N-terminus and the protruding loop highlighted red and orange respecƟvely. ipTM = 0.63 pTM = 

0.64. Corresponding expected posiƟon error plot shown in Figure 3.1.15. B-C) PurificaƟon of His- and MYC-tagged DONSON 

ΔP334-L410 (B) and ΔA2-V155 mutants (C). E. coli carrying the mutated DONSON plasmids were grown (uninduced) and 

expression was induced in E. coli (Induced) and purified as described in methods secƟon using Nickel affinity purificaƟon. 

Supernatant from bacterial lysate containing soluble proteins (Input), unbound proteins (Depleted), washes (wash) and 

eluƟons using 250 mM of Imidazole (Protein eluƟons 1-6) are shown. Samples from the purificaƟon were run on an SDS-PAGE 

gel and visualised by Coomassie staining. D) Samples of each protein at the same concentraƟon were run in an SDS-PAGE gel 

and visualised by Coomassie staining. E) DNA replicaƟon was set up in IgG- and DONSON-depleted extract with the opƟonal 

addiƟon of WT rDONSON or ΔP334-L410 and ΔA2-V155 mutants, and incubated with α- [P32] dATP. The DNA replicaƟon 

reacƟon was stopped at indicated Ɵmepoints and DNA synthesis was measured as in previous figures. Mean and SEM are 

ploƩed. Two-way ANOVA comparing to IgG-depleted, ****p < 0.0001. 

B  C 

D  E 
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The CMG-dimer assemblies were analysed by Dr Milos Cvetkovic and Dr Alessandro Costa by cryo-EM 

imaging. From the data produced, complexes of the double CMG, with dimeric DONSON bridging across 

their N-termini could be observed (Figure 3.2.3).  The globular regions of DONSON posiƟon at the 

interface between the two helicases, in parƟcular bridging between Mcm3 and GINS.    

 

 

 

 

 

3.2.2.3 DONSON Interacts with Mcm3 

Having observed this interesƟng assembly, Dr Milos Cvetkovic, Dr Agata Butryn and Dr Alessandro Costa 

built an atomic model of this structure to idenƟfy specific interacƟons between DONSON and individual 

factors of the CMG. Figure 3.2.4 A shows the model of a single DONSON-bound CMG from the cryo-EM 

data. As seen, within the complex DONSON interacts directly with Mcm3 at two sites – the blue shaded 

area showing Mcm3. DONSON’s structure is represented in purple. The first interacƟon between DONSON 

and Mcm3 (Figure 3.2.4 B), occurs between the ATPase domain of Mcm3 and an alpha helix moƟf within 

Figure 3.2.2: IsolaƟng CMG monomers and dimers. Performed by Dr P Passareƫ. DNA replicaƟon was set up in extract as 

before, with the opƟonal addiƟon of Cdc45-TEV-His10-FLAG5, aphidicolin and caffeine. ChromaƟn was isolated at 60 minutes, 

digested with benzonase and the tagged-Cdc45 immunoprecipitated. The sample was assessed with negaƟve stain, using 

uranyl acetate. 2D averages of single (row 1) and double (row 2) complexes are presented. 

Figure 3.2.3: Dimeric DONSON bridges the double CMG. Performed by Dr P Passareƫ, Dr M Cvetkovic and Dr A Costa. 

DONSON-bound double CMG atomic model from the unassigned Cryo-EM data. Dimeric DONSON is depicted in purple – 

indicated by the arrow. 
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the flexible loop that I truncated in Figure 3.2.1. This is shown in the cryo-EM model (dark purple) which 

also closely resembles the AlphaFold predicƟon of these interacƟons (light purple). The cryo-EM data 

indicates a parƟcularly well-resolved Trp381 in the DONSON alpha-helix that engages Lys285 of Mcm3. 

The AlphaFold model predicts two further interacƟons between Mcm3 and DONSON within this region – 

Asp374 and Glu377, as seen in light purple. This suggests that the importance of this flexible loop in 

supporƟng DNA synthesis, as seen in Figure 3.2.1 D, may be due to its direct interacƟon with Mcm3, 

without which the acƟve helicase may not be established. The second interacƟon observed in the cryo-

EM data involves the N-terminal A-domain of Mcm3 (Figure 3.2.4 C), between DONSON Ser437 and 

Mcm3 Gln27. InteresƟngly, this Mcm3 site is proximal to one engaged by Psf3 in the CMG. This suggests 

that DONSON may bind to this site of Mcm3 to specifically enable Psf3 to be deposited adjacently and 

establish the CMG. 

 

 

 

 

 

 

 

 

Having observed these interacƟons between DONSON and Mcm3, I wanted to assess whether they are 

required to support efficient DNA replicaƟon. To determine this, I expressed in E. coli three mutated 

versions of DONSON, with the idenƟfied sites mutated to alanine. The first at the ‘loop’ sites - D374A, 

E377A, W381A (DEW), the second at S437A, and the third being a combinaƟon of the two D374A, E377A, 

W381A, S437A (DEWS). The DEWS mutant was designed specifically to determine whether the 

Figure 3.2.4: DONSON directly interacts with Mcm3. Performed by Dr Passareƫ and researchers from Dr Alessandro Costa’s 

lab at the Francis Crick InsƟtute. A) One isolated DONSON-bound CMG is presented. B) The flexible loop of DONSON is 

presented engaging with the ATPase domain of Mcm3. The darker purple represents the atomic model from the cryo-EM 

density. The lighter purple represents the AlphaFold predicƟon. Both models idenƟfied DONSON Trp381 as an Mcm3 ATPase 

interacƟng site. AlphaFold also predicts Asp374 and Glu377 to engage with the Mcm3 ATPase domain. C) The atomic model 

from the cryo-EM data is presented, idenƟfying the DONSON Ser437 interacts with the Mcm3 Gln27. 
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combinaƟon of sites together is required to support replicaƟon, even if separately they aren’t essenƟal. 

We purified the proteins as previously. Samples taken during purificaƟon were run in an SDS-PAGE gel and 

visualised by Coomassie staining (Figure 3.2.5 A, B, C). I then set up replicaƟon in IgG- and DONSON-

depleted extracts as before and opƟonally incubated with the WT and mutated DONSON proteins to 

assess their ability to support nascent DNA synthesis. As seen in Figure 3.2.5 E, each mutant had reduced 

capacity to support efficient replicaƟon. Whilst the WT protein could successfully rescue DNA replicaƟon 

as observed before, the S437A mutant could rescue to ~70%. By comparison, the DEW mutant could 

rescue to <60% of the IgG-depleted extract level, and the DEWS mutant, could not rescue much higher 

than in the DONSON-depleted extract itself, ~40%. This suggests that all our idenƟfied DONSON-Mcm3 

interacƟons are important to support efficient replicaƟon. However, the DONSON alpha-helix within the 

flexible loop region appears to be of greater importance for efficient replicaƟon, and the combinaƟon of 

the two sites allows for an increase in efficiency and may represent increased stabilisaƟon of the complex. 
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3.2.2.4 DONSON Interacts with Sld5 

The second important point of DONSON’s interacƟon is Sld5 (Figure 3.2.6 A), at two sites. The first 

interacƟon occurs between the A-domain of Sld5 and residues 6-22 of DONSON (Figure 3.2.6 B) 

represented by the dark purple atomic model, which strongly matches the AlphaFold predicted structure. 

InteresƟngly, these residues form part of the region I truncated in the ΔN mutant (Figure 3.2.1) and may 

explain why the mutant was unable to support replicaƟon. The second interacƟon occurs between a 

hairpin loop (amino acids 473-482) within the core of DONSON, and the B-domain of Sld5 (Figure 3.2.6 C). 

Despite this strong indicaƟon of this interacƟon, it was not possible to idenƟfy single interacƟng residues 

Figure 3.2.5: DONSON’s interacƟon with Mcm3 is required for DNA synthesis. A-C) PurificaƟon of His- and MYC-tagged 

DONSON D374A, E377A, W381A (DEW) (A), S437A (B) and D374A, E377A, W381A, S437A (DEWS) (C) mutants. E. coli carrying 

the mutated DONSON plasmids were grown (uninduced) and expression was induced in E. coli (Induced) and purified as 

described in methods secƟon using Nickel affinity purificaƟon. Supernatant from bacterial lysate containing soluble proteins 

(Input), unbound proteins (Depleted) and eluƟons using 250 mM of Imidazole (Protein eluƟons 1-6) are shown. Samples from 

the purificaƟon were run on an SDS-PAGE gel and visualised by Coomassie staining. D) Samples of each protein at the 

concentraƟon added into extract were run on an SDS-PAGE gel and visualised by Coomassie staining, for comparison of 

accurate concentraƟon calculaƟon. E) DNA replicaƟon was set up in IgG- and DONSON-depleted extract with the opƟonal 

addiƟon of WT, DEW, S437A or DEWS rDONSON and incubated with α-[P32]dATP. The DNA replicaƟon reacƟon was stopped 

at indicated Ɵmepoints and DNA synthesis was measured as in previous figures. Two-way ANOVA comparing to IgG-depleted, 

**** p < 0.0001. ** p = 0.0046. 
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from either protein. AlphaFold predicted this interface with high confidence and suggested three sites in 

parƟcular that interact with Sld5 in this region: Arg476, Tyr481, Val473.  

 

 

 

 

 

 

 

 

 

As with the Mcm3 interacƟon sites, I wanted to ascertain whether these interacƟons observed between 

DONSON and Sld5 were required to support replicaƟon. To achieve this, I mutated DONSON at these sites, 

truncaƟng the first 24 amino acids (Δ24), to cover the range of the helix at the N-terminus, or changing 

the three sites of the hairpin loop to alanine – R476A, Y481A, V473A (3A) – and expressed them in E. coli. 

We purified the proteins as before and visualised samples by Coomassie staining (Figure 3.2.7 A, B). I then 

tested replicaƟon in IgG- and DONSON-depleted extracts as before, opƟonally incubaƟng with the WT 

protein or these mutants, to assess their capacity to support nascent DNA synthesis. As seen in Figure 

3.2.7 D, whilst the 3A mutant can successfully rescue replicaƟon to similar levels to the IgG-depleted 

extract, the Δ24 mutant has no capacity to support DNA replicaƟon, with no increase from the DONSON-

depleted extract. This suggests either that the mutaƟon of the three predicted sites within the hairpin 

loop is not enough to disrupt this interacƟon, or that this interacƟon is not essenƟal to support replicaƟon 

iniƟaƟon. In contrast, the N-terminal helix does appear to be essenƟal to support replicaƟon iniƟaƟon. 

This suggests this is the mechanism by which DONSON binds GINS to recruit it to the chromaƟn for CMG 

assembly.  

Figure 3.2.6: DONSON directly interacts with Sld5. A) One isolated DONSON-bound CMG is presented. B) The atomic model 

from the cryo-EM density of the N-terminal tail of DONSON is presented engaging with Sld5 A-domain. C) The AlphaFold 

predicted interacƟon between 3 sites within the DONSON globular domain – Arg476, Tyr481, Val473 – and the Sld5 B-

domain. 
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Figure 3.2.7: DONSON’s interacƟon with Sld5 is required for DNA synthesis. A-B) PurificaƟon of His- and MYC-tagged 

DONSON R476A, Y481A, V473A (3A) (A) and Δ24(B) mutants. Expression of xDONSON mutants were induced in E. coli 

(Induced) and purified as described in methods secƟon using Nickel affinity purificaƟon. Supernatant from bacterial lysate 

containing soluble proteins (Input), unbound proteins (Depleted) and eluƟons using 250 mM of Imidazole (Protein eluƟons 1-

6) are shown. Samples from the purificaƟon were run on an SDS-PAGE gel and visualised by Coomassie staining. C) Samples 

of each protein at the concentraƟon added into extract were run on an SDS-PAGE gel and visualised by Coomassie staining, 

for comparison of accurate concentraƟon calculaƟon. D) DNA replicaƟon was set up in IgG- and DONSON-depleted extract 

with the opƟonal addiƟon of WT, 3A or Δ24 rDONSON and incubated with α-[P32]dATP. The DNA replicaƟon reacƟon was 

stopped at indicated Ɵmepoints and DNA synthesis was measured as in previous figures. Two-way ANOVA comparing to IgG-

depleted, **** p < 0.0001. 
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Having idenƟfied the importance of the first 24 amino acids of DONSON in supporƟng DNA replicaƟon, I 

sought to determine whether this is specifically for formaƟon of the acƟve helicase on the chromaƟn, as 

we suspected. To test this, I incubated IgG- and DONSON-depleted extracts with sperm DNA as before and 

opƟonally supplemented with either the WT protein or the Δ24 mutant. I isolated chromaƟn from all 

extract samples at different Ɵmepoints throughout replicaƟon, ran the samples in an SDS-PAGE gel and 

assessed the loading of the factors on chromaƟn throughout replicaƟon by immunobloƫng with 

anƟbodies specific to those factors. As seen in Figure 3.2.8 A, and as we had previously observed in Figure 

3.1.8, depleƟon of DONSON from the egg extract results in reduced chromaƟn binding of both Cdc45 and 

GINS proteins, whilst addiƟon of the WT protein could rescue this binding. In contrast, on addiƟon of the 

Δ24 mutant, chromaƟn binding of both Cdc45 and GINS remain at similar levels as in the DONSON-
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depleted extract. This indicates the importance of the N-terminal helix for formaƟon of the acƟve helicase 

on chromaƟn during replicaƟon iniƟaƟon. InteresƟngly, we did not observe an interacƟon between 

DONSON and Cdc45 in our cryo-EM data, suggesƟng that although DONSON doesn’t recruit Cdc45 to 

chromaƟn, it’s recruitment of GINS is necessary to stabilise it there. ChromaƟn binding of the other 

factors bloƩed for appears to be marginally increased upon addiƟon of the Δ24 mutant. Likewise, 

DONSON itself retains the capacity to bind chromaƟn even without these N-terminal 24 amino acids. This 

suggests that the helix is required only for GINS recruitment and all factors that bind prior to DONSON – 

as established in Figure 3.1.11 – are sƟll able to do so in the absence of this helix.  

 

 

 

 

 

 

 

 

 

3.2.2.5 UƟlising the N‐terminal PepƟde 

Having established that the DONSON N-terminal helix is required for formaƟon of the acƟve helicase, we 

wanted to assess whether this pepƟde alone is sufficient to compete with endogenous DONSON and 

block its iniƟaƟon funcƟon. To determine this, we collaborated with Professor Andrew Wilson’s lab, who 

synthesised two forms of the pepƟde (amino acids 7-22) one in the linear form (Figure 3.2.9 A) and one 

supported in the helical form found within the endogenous protein (through lactam bonding) (Figure 

3.2.9 B). Using these pepƟdes, I could assess whether their addiƟon into egg extract is sufficient to block 

replicaƟon and acƟve helicase formaƟon. To test DNA replicaƟon, I set replicaƟon up in the egg extract 

Figure 3.2.8: DONSON’s interacƟon with Sld5 is required for formaƟon of the acƟve helicase. DNA replicaƟon was set up in 

IgG- and DONSON-depleted extract with the opƟonal addiƟon of recombinant WT or Δ24 xDONSON: A) ChromaƟn was 

isolated at indicated Ɵmepoints and chromaƟn-bound proteins analysed by immunobloƫng. PosiƟve and negaƟve controls 

were performed as in previous experiments. N=3.  
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and supplemented with the pepƟdes at different final concentraƟon – 0.5, 1, 2 or 5 mM – and measured 

DNA replicaƟon efficiency at the peak of replicaƟon (45 minutes) and at the end of replicaƟon reacƟon 

(90 minutes). As seen in Figure 3.2.9 C and D, addiƟon of either form of the pepƟde into the extract 

reduces the efficiency of DNA replicaƟon. The pepƟde in the lactam form (black) has a greater capacity to 

reduce DNA replicaƟon efficiency at all concentraƟons than the pepƟde in the linear form (grey). 

SuggesƟng that the helical structure of the pepƟde is important for efficient funcƟon of the protein. At 

early replicaƟon (Figure 3.2.9 C), just 2 mM of the linear-form pepƟde is required to permit only very low 

levels of replicaƟon, whilst by 5 mM addiƟon replicaƟon appears to be completely blocked. In contrast, 

the lactam-form pepƟde at this Ɵmepoint efficiently blocks the majority of replicaƟon even at the lowest 

concentraƟon tested (0.5 mM) – permiƫng around 15% of the control replicaƟon levels (0 mM at 90 

min). At the later Ɵmepoint, the differences between linear and lactam are more pronounced. While with 

the linear form ~30% remains upon 5 mM addiƟon, with the lactam pepƟde 1 mM is sufficient to block 

~50% of the control replicaƟon levels. Upon 2 mM addiƟon, ~5% of the control replicaƟon level remains 

and with 5 mM, no replicaƟon occurs. This suggests that the pepƟde, parƟcularly in the helical form, is 

very efficient at blocking DNA replicaƟon in Xenopus egg extract.  

To further assess this novel finding, I tested whether the pepƟdes could block acƟve helicase formaƟon 

on chromaƟn. I set up replicaƟon in extract as before and opƟonally supplemented with 2 mM of either 

pepƟde. This concentraƟon was chosen based on the efficiency of both pepƟdes to block replicaƟon 

(Figure 3.2.9 C and D). I isolated chromaƟn at early, mid and late replicaƟon and assessed the binding of 

numerous factors by immunobloƫng with their specific anƟbodies. As seen in Figure 3.2.9 E, both forms 

of the pepƟde have an impact on binding of several factors tested for. Mcm7 binding appears to be largely 

unaltered by the linear form of the pepƟde. However, when the lactam form is applied, Mcm7 binding 

and retenƟon on chromaƟn is increased. This is likely due to replicaƟon being unable to proceed following 

hexamer loading, causing Mcm2-7 stalling on chromaƟn. This is also the binding paƩern with MTBP, a 

loading factor of Cdc45, suggesƟng that the pepƟde, parƟcularly in the lactam form, also blocks 

replicaƟon aŌer MTBP has bound to chromaƟn. In contrast, the loading of TopBP1, PCNA, Cdc45 and GINS 

proteins is reduced when the helical pepƟde is applied. For TopBP1 and PCNA, binding is mildly reduced 
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and suggests that both proteins have bound to chromaƟn irrespecƟve of DONSON iniƟaƟon acƟvity, but 

may require CMG formaƟon to be stabilised there. Whereas for Cdc45 and GINS, binding appears totally 

absent when the lactam pepƟde is applied. This suggests that 2 mM of the helical pepƟde is sufficient to 

prevent the formaƟon of the acƟve helicase enƟrely. However, whilst the binding for most factors appears 

the same when the linear pepƟde is applied as in the normal extract, peak binding of Cdc45 and GINS 

proteins occurs later in replicaƟon. This suggests that this form of the pepƟde is less efficient at blocking 

helicase formaƟon but can nonetheless inhibit and slow down the iniƟaƟon reacƟon. InteresƟngly, the 

binding of endogenous DONSON to chromaƟn in the presence of either form of this pepƟde is unaffected. 

SuggesƟng that whether DONSON binds Sld5 or not, it will be recruited to the chromaƟn. CollecƟvely, the 

addiƟon of the pepƟde appears to mimic what we observe upon DONSON depleƟon from the extract. We 

hypothesise that this is due to the pepƟde inhibiƟng the interacƟon between the endogenous DONSON 

and the GINS complex. However, we have not yet been able to visualise this and it must be directly tested. 

As this pepƟde consists of just the very N-terminus of the DONSON protein, then it is unsurprising that 

both TopBP1 and DONSON can sƟll bind to the chromaƟn in its presence, as they interact via the 

DONSON-dimer interface. Likewise, Pol Ɛ loading appears to be unaffected by either form of the pepƟde. 

DONSON may be involved in recruitment of Pol Ɛ, uƟlising a disƟnct part of the protein that is unaffected 

by compeƟƟon with the pepƟde. Whilst both forms of the pepƟde show interesƟng results, the lactam 

form shows parƟcular promise to prevent formaƟon of the acƟve helicase and block DNA replicaƟon 

iniƟaƟon. This suggests the pepƟde could be uƟlised to prevent replicaƟon and cell cycling and therefore 

requires further invesƟgaƟon. 
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3.2.2.6 DONSON‐CMG Binding Stabilises the CMG and Causes RotaƟon to Cue DNA MelƟng 

Having observed key interacƟon sites between DONSON and the CMG, we also further invesƟgated the 

overall structure of the DONSON-bound double CMG. Upon inspecƟon of the cryo-EM model structure, 

we observed that the double hexamer is stabilised by dimeric DONSON. Within the construct, each of the 

two globular cores of the dimer contacts a single CMG and provides stability to the enƟre DONSON-bound 

double-CMG. This suggests a key role for dimerisaƟon of DONSON in stabilisaƟon of the double-CMG 

once it has recruited GINS to the chromaƟn. Dr Cvetkovic and Dr Costa compared the Mcm2-7 double 

Figure 3.2.9: DONSON’s N‐terminal helicase is sufficient to block DNA replicaƟon. A-B) Dr D. Gimenez-Ibanez synthesised 

and purified the helix at the N-terminus of the xDONSON protein, in either linear (A) or lactam (B) – supported in the helical 

structure – form. C-E) DNA replicaƟon was set up in extract with the opƟonal addiƟon of either pepƟde C,D) at 0.5, 1, 2 or 5 

mM, and incubated with α- [P32] dATP. The DNA replicaƟon reacƟon was stopped at 45 min (C) or 90 min (D) and DNA 

synthesis was measured as in previous figures. N = 3, mean with SEM presented; Two-way ANOVA comparing to 0 mM at 90 

min Ɵmepoint, *p < 0.028, **p < 0.0097, ***p = 0.0011, ****p < 0.0001. E) 2 mM was added and chromaƟn was isolated at 

indicated Ɵmepoints and chromaƟn-bound proteins analysed by immunobloƫng. PosiƟve and negaƟve controls were 

performed as in previous experiments. N=4.  

A  B 

C  D 

E 

45 min  90 min 
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hexamer interface when DONSON is bound to Mcm2-7 double hexameric complexes previously observed 

[60], [78], [87], [221]–[223]. The most striking observaƟon was that the Mcm2-7 hexamer inter-ring 

interacƟons are loosened in the presence of DONSON – the two rings appear to hover over one another, 

rather than directly interacƟng. When assessing the C-terminal ATPase side, a ~60ᵒ clockwise rotaƟon of 

one Mcm2-7 ring was also observed, causing the Mcm7 side of one hexamer to swing out, resulƟng in the 

two rings becoming misaligned and the two central channels separaƟng. AddiƟonally, with DONSON 

bound, it appears that Mcm2 overlaps with the posiƟon that, in the double hexamer form, duplex DNA 

occupies. Mcm2 ZnF of one hexamer ring in the DONSON-bound double CMG parƟally occludes the N-

terminal pore of the other ring. CollecƟvely, this suggests that with DONSON bound to the CMG, a 

rotaƟon of the two Mcm2-7 rings is promoted, misaligning their central pores and likely promoƟng duplex 

DNA untwisƟng/melƟng. Further details can be found in [190].   

 

 

 

 

 

 

3.2.2.7 DONSON’s DimerisaƟon is Required for DNA Synthesis 

As we had observed significant stabilisaƟon of the double CMG structure provided by dimeric DONSON, 

we wanted to assess the importance of this dimer form. To do this, we needed to create a mutant that 

does not readily form the dimer. To begin, we idenƟfied two MPD paƟent mutaƟons that map at the 

dimerisaƟon interface, suggesƟng that they may lead to disease phenotypes through destabilisaƟon of 

the dimer. These are W234L and M463T.  W234 engages with W234 of the opposite DONSON monomer 

Figure 3.2.10 SchemaƟc of iniƟal DNA melƟng upon DONSON binding to the CMG. Each MCM subunit is presented 

overlapped in the double hexamer formaƟon (leŌ) and misaligned (right). As the two hexamers misalign, once DONSON is 

bound, the DNA becomes kinked due to Mcm2 (green in the centre) occludes the central pore of the two rings. Adapted from 

[195]. 
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to enable dimerisaƟon, and corresponds to W228 in humans which, when mutated to Leu, is dominant 

negaƟve and has been idenƟfied in a paƟent diagnosed with Femoral-Facial syndrome. M463 maps at the 

centre of DONSON’s hydrophobic pocket and makes contact with the dimerisaƟon surface in cis. It 

corresponds to M446 in humans which, when mutated to Thr, is recessive and causes Primordial 

Dwarfism in paƟents. We expressed this mutant (WM) in E. coli and purified it using a Nickel column. 

Samples taken during purificaƟon were run in an SDS-PAGE gel and visualised by Coomassie staining 

(Figure 3.2.11 A). As shown in Figure 3.1.15, using mass photometry we observed that our WT rDONSON 

preferenƟally exists in the dimer form. Therefore, using mass photometry, we looked to determine 

whether our ‘dimer’ mutant exists primarily in monomer form instead. We assessed the molecular mass 

through mass photometry of a range of concentraƟons of the protein – 5, 10 and 20 nM. As seen in Figure 

3.2.11 B, a greater concentraƟon of this mutant is required to form the dimer. At 5 nM, the mutant 

primarily exists in the monomer form; it exists equally between monomer and dimer at 10 nM; whilst at 

20 nM it primarily forms the dimer. This suggests that these mutaƟons are sufficient to abrogate efficient 

dimer formaƟon of DONSON at low DONSON concentraƟons. Therefore, we could use this mutant to 

assess whether dimerisaƟon of DONSON is required to support DNA replicaƟon. We set up replicaƟon in 

DONSON-depleted extract and opƟonally incubated with either the WT protein or the WM mutant at 

different final concentraƟons – 0, 1.5, 2, 4, 8, 16 nM. We stopped replicaƟon in early S phase and assessed 

DNA replicaƟon by measuring incorporaƟon of α-[P32]dATP, as in previous figures. As seen in Figure 

3.2.11 D, whilst liƩle replicaƟon is observed in the 1.5-4 nM range for either protein, at 8 nM WT 

DONSON is noƟceably more efficient at supporƟng replicaƟon than WM, and this difference is even more 

striking at 16 nM. This suggests that dimerisaƟon is indeed key for supporƟng efficient DNA replicaƟon. 

The inability of the W228L and M446T mutants to dimerise may be the reason for the phenotypes 

observed in paƟents expressing them. 
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3.2.2.8 Do Known PaƟent MutaƟons Impact DONSON’s IniƟaƟon Role? 

Having observed two paƟent mutaƟons impacƟng dimerisaƟon and DNA replicaƟon efficiency, we set out 

to determine whether other known paƟent mutaƟons result in similar phenotypes at the molecular level. 

To do this, we assessed the AlphaFold predicted structure and observed another known paƟent mutaƟon, 

R217C – implicated in Meier Gorlin syndrome – at this interface too, at the groove between the dimer 

around where TopBP1 is predicted to bind (Figure 3.2.12).  

Figure 3.2.11: DONSON’s dimerisaƟon is required to support DNA synthesis. A) PurificaƟon of His- and MYC-tagged 

DONSON W234L, M463T (WM). Expression of xDONSON mutants were induced in E. coli (Induced) and purified as described 

in methods secƟon using Nickel affinity purificaƟon. Supernatant from bacterial lysate containing soluble proteins (Input), 

unbound proteins (Depleted) and eluƟons using 250 mM of Imidazole (Protein eluƟons 1-7) are shown. Samples from the 

purificaƟon were run on an SDS-PAGE gel and visualised by Coomassie staining. B) Performed by Dr Passareƫ. Purified 

xDONSON WM at diluƟons 5, 10 and 20 nM were assessed by mass photometry. The mass range of the compounds analysed 

is shown at each concentraƟon tested. C) Samples of each protein at the concentraƟon added into extract were run on an 

SDS-PAGE gel and visualised by Coomassie staining, for comparison of accurate concentraƟon calculaƟon. D) DNA replicaƟon 

was set up in DONSON-depleted extract with the opƟonal addiƟon of recombinant WT or WM xDONSON at diluƟons from 

1.5 nM to 16 nM, and incubated with α- [P32] dATP. The DNA replicaƟon reacƟon was stopped in early S phase, and DNA 

A  B 

C  D 
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Having idenƟfied a known Meier-Gorlin mutaƟon and a known Primordial Dwarfism mutaƟon at the 

dimer interface, we wanted to assess whether these mutants were able to support DNA replicaƟon. I 

addiƟonally wanted to assess other Meier Gorlin mutaƟons, due to iniƟaƟon factors in parƟcular being 

mutated in this condiƟon. We chose five different known mutaƟons with sites conserved in Xenopus to 

test in egg extract, two MPD and three MGORS (Table 3.2). However, we could not successfully purify one 

MPD mutated protein, not included in the table (data not shown).  

 

Disease  Human 

MutaƟon Site 

Xenopus 

Equivalent 

MPD  M446T  M463T 

MGORS  R211C  R217C 

MGORS  F165S  F171S 

MGORS  P224S  P230S 

I mutated DONSON at these sites – R217C, F171S and P230S (MGORS) and M463T (MPD), previously 

tested in combinaƟon with W234L – and expressed them in E. coli. We purified the proteins as before and 

visualised samples by Coomassie staining (Figure 3.2.13 A-D). I then tested replicaƟon in IgG- and 

Table 3.2: DONSON PaƟent MutaƟons Sites are Conserved in Xenopus. Human sites mutated in the indicated syndrome are 

presented, with the conserved Xenopus site which we mutated to test in egg extract. 

Figure 3.2.12: A known DONSON paƟent mutaƟon is posiƟoned at the groove between DONSON monomers where TopBP1 

is predicted to bind. AlphaFold shows two DONSON molecules forming the dimer. ipTM = 0.65 pTM = 0.65. Corresponding 

expected posiƟon error plot shown. The TopBP1 BRCT3 domain is labelled. DONSON D2 domains are highlighted in yellow for 

one molecule and orange for the other – these contain known Meier-Gorlin mutaƟons. One mutaƟon site in parƟcular is 

posiƟoned at the groove between the two DONSON molecules: R217C – highlighted with a red arrow. 
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Figure 3.2.13: Select DONSON paƟent mutaƟons impact DNA replicaƟon iniƟaƟon. A-D) PurificaƟon of His- and MYC-tagged 

DONSON R217C (A), F171S (B), M463T (C), P230S (D) mutants. Expression of xDONSON mutants were induced in E. coli 

(Induced) and purified as described in methods secƟon using Nickel affinity purificaƟon. Supernatant from bacterial lysate 

containing soluble proteins (Input), unbound proteins (Depleted) and eluƟons using 250 mM of Imidazole (Protein eluƟons 1-

6) are shown. Samples from the purificaƟon were run on an SDS-PAGE gel and visualised by Coomassie staining. E) Samples 

of each protein at the concentraƟon added into extract were run on an SDS-PAGE gel and visualised by Coomassie staining, 

for comparison of accurate concentraƟon calculaƟon. F) DNA replicaƟon was set up in IgG- and DONSON-depleted extract 

with the opƟonal addiƟon of WT rDONSON or indicated mutants and incubated with α- [P32] dATP. The DNA replicaƟon 

reacƟon was stopped at indicated Ɵmepoints and DNA synthesis was measured as in previous figures. n = 3. Mean and SEM 

ploƩed. Two-way ANOVA comparing to IgG-depleted, **** p< 0.0001, ** p = 0.0014 (F171S), * p = 0.0146 (M463T). 

A  B  C  D 

E  F 

30 

DONSON-depleted extracts as before, opƟonally incubaƟng with the WT protein or these mutants, to 

assess their ability to support nascent DNA synthesis. As seen in Figure 3.2.13 F, both F171S and P224S 

support efficient DNA replicaƟon, with nascent DNA synthesis levels similar to both the IgG-depleted 

extract and the WT rescued DONSON-depleted extract. InteresƟngly, the M463T mutant, which was 

unable to support efficient replicaƟon when in combinaƟon with the W234T mutant, supports efficient 

replicaƟon when mutated alone. This suggests that whilst this site is important for DONSON dimerisaƟon, 

it may work in combinaƟon with W234 for DONSON’s iniƟaƟon role. In contrast, the R217C mutant is 

unable to support efficient DNA replicaƟon, with levels peaking at around 50% of the IgG-mock depleted 

extract. This suggests that the R217 site is specifically required to support efficient DNA replicaƟon. 

Although we cannot conclude that this is due to R217 being required for the DONSON-TopBP1 interacƟon, 

its posiƟon at the groove between the DONSON molecules suggests that it is likely required to support 

the interacƟon.  
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Having tested the ability of these mutants to support DNA synthesis, and seeing an impact only upon 

mutaƟon of R217, I wanted to test whether these mutants may impact other post-iniƟaƟon funcƟons of 

DONSON. To determine this, I looked to assess whether there are suggesƟons of replicaƟon stress (γ-

H2AX signal on chromaƟn) or whether chromaƟn binding of replicaƟon-supporƟng factors is perturbed in 

the presence of these mutants. I set up replicaƟon in IgG- and DONSON-depleted extracts and opƟonally 

incubated with WT or the mutant DONSON proteins, as previously. I isolated chromaƟn at several 

Ɵmepoints and assessed the binding of numerous factors by immunobloƫng with specific anƟbodies, 

with parƟcular interest in factors associated with DNA damage and fork instability – p97 and γ-H2AX. As 

seen in Figure 3.2.14, none of the mutants tested appear to have an impact upon formaƟon of the acƟve 

helicase except R217C, which agrees with the reduced level of synthesised DNA (poor α-GINS anƟbody 

bloƫng should be noted in the M463T sample). We observed a delay in chromaƟn binding of Cdc45 and 

GINS when R217C is applied, compared to both the IgG-depleted and the WT rescued DONSON-depleted 

extract. This suggests that the mutant is unable to efficiently support formaƟon of the acƟve helicase and, 

given its posiƟon at the groove between the molecules, this may be due to insufficient binding to TopBP1. 

Likewise, Mcm7 binding appears unaffected by any mutants tested other than R217C, where it is 

increased, similarly suggesƟng that due to the acƟve helicase not forming, Mcm2-7 hexamers are retained 

on chromaƟn. TopBP1 and p97 chromaƟn binding levels also appear to be unaffected by any of the Meier-

Gorlin mutants tested, and p97 binding is very similar for M463T Primordial Dwarfism mutant as for the 

WT. Perhaps most intriguing, the levels of γ-H2AX – indicaƟve of DNA damage and genome instability – do 

not differ greatly between any of the mutants tested and the WT. Importantly, low level DNA damage 

signal can consistently be observed during replicaƟon in egg extract [224]. Although the level of γ-H2AX in 

the IgG-depleted sample is less than in the DONSON-depleted sample in Figure 3.2.14 A, this may be the 

result of inconsistent protein transfer or immunobloƫng. Upon DONSON depleƟon, the level of DNA 

damage does not markedly increase, likely due to replicaƟon not occurring in the absence of DONSON. 
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Using this as our base level of damage, none of the mutants appear to alter the levels of damage 

signalling. This requires further invesƟgaƟon. 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.14: Select DONSON paƟent mutaƟons impact fork stability. DNA replicaƟon was set up in IgG- and DONSON-

depleted extract with the opƟonal addiƟon of recombinant WT or R217C, P230S, F171S Meier Gorlin paƟent mutants (A) or 

M463T primordial dwarfism paƟent mutant (B). ChromaƟn was isolated at indicated Ɵmepoints and chromaƟn-bound 

proteins analysed by immunobloƫng. PosiƟve and negaƟve controls were performed as in previous experiments. 

A  B 

Lost sample 
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3.2.3 Discussion 

This chapter of my thesis has focussed on the interacƟons of DONSON in the context of the replisome on 

chromaƟn, specifically idenƟfying the role DONSON has in establishing the CMG at origins. The work from 

the previous chapter showed that DONSON is responsible for recruitment of GINS to the Mcm2-7 

hexamers and stabilisaƟon of Cdc45 here. In this chapter we discovered the posiƟons to which DONSON 

binds within CMG factors on chromaƟn, idenƟfying interacƟons of most importance to its role, and 

uƟlising a short pepƟde to block DNA replicaƟon and CMG formaƟon at origins. In addiƟon, we idenƟfied 

the importance of dimerisaƟon for DONSON’s iniƟaƟon role, and tested a number of different disease 

mutants with molecular phenotypes that cannot support replicaƟon iniƟaƟon. 

Prior to an idenƟficaƟon of DONSON’s molecular structure or direct interacƟons in any organism, a 

structure was predicted through the AlphaFold programme. Through this, a folded globular core encircled 

by an unstructured N-terminus and joined via a protruding flexible loop could be idenƟfied, which we 

predicted were likely important for stabilising DONSON’s interacƟons with other proteins [157], [225]. 

Having established that the N-terminal and protruding flexible loop regions of the protein are important 

to support DNA replicaƟon (Figure 3.2.1 D), we set out to determine how DONSON directly interacts with 

components of the CMG and establish how it supports formaƟon of the acƟve helicase. Using AlphaFold-

MulƟmer as a predicƟve tool for DONSON interacƟon partners, the Walter lab predicted that DONSON 

interacts with SLD5, TopBP1, POLE2 (the catalyƟc subunit of Pol Ɛ) and MCM3, and that these interacƟons 

are conserved across various species [194]. Structural analysis, Cryo-EM in parƟcular, shed light on the 

specific interacƟon sites between DONSON and the CMG, likewise idenƟfying interacƟons with Mcm3 and 

Sld5 [190]. By Cryo-EM, the Labib lab also idenƟfied interacƟons between C. elegans DNSN-1 and the 

GINS subunits SLD-5, PSF-2 and PSF-3, as well as with MCM-3 [196]. CollecƟvely, this made our structural 

invesƟgaƟon all the more interesƟng.  

InteresƟngly, the overarching observaƟon from our cryo-EM data is that dimeric DONSON interacts with 

both CMGs at each acƟve origin, specifically interacƟng with Mcm3 and Sld5. The two regions of Mcm3 

we idenƟfied DONSON interacƟng with within the CMG are the ATPase domain, within the core of the 



  107 

protein, and the A-domain at the N-terminus (Figure 3.2.4). InteresƟngly, Mcm3 has been idenƟfied as 

criƟcal for recruitment of the Mcm2-7 hexamer to ORC [226]. Likewise, the ATPase domain of the protein, 

whilst being required for translocaƟon of the complex, is also involved in the interacƟon with other MCMs 

within the hexamer, with Psf3 also interacƟng with the hexamer at the Mcm3-5 interface strengthening 

this juncƟon [227]. AddiƟonally, the A-domain of MCM3 has been shown to interact with the N-terminus 

of MCM7 in human cells [78]. CollecƟvely, this suggests that DONSON’s associaƟon with Mcm3 enables it 

to efficiently access other components of the core of the helicase, providing an ideal plaƞorm to deposit 

GINS. Like our data, using mass photometry the Walter lab also idenƟfied DONSON as readily 

homodimerising, and as a result predict that dimerised DONSON brings two copies of each replisome 

component to the chromaƟn. However, they did not visualise DONSON’s interacƟons with the replisome 

components in dimer form. Rather, they used AlphaFold to predict interacƟons between monomeric 

DONSON and a single CMG. In this way, they were able to predict an interacƟon between DONSON’s 

flexible loop and the AAA+ domain of MCM3. This fits with our cryo-EM data which indicates a 

parƟcularly well-resolved interacƟon between DONSON’s Trp381 in the α-helix of its flexible loop and 

Lys285 in the ATPase domain of Mcm3. We also used AlphaFold to idenƟfy two further sites within this 

domain (Figure 3.2.4 B). In addiƟon to interacƟons at the AAA+ domain, our cryo-EM data indicated 

further interacƟons between DONSON’s globular core and the A-domain of Mcm3, which were not 

idenƟfied in the AlphaFold predicted structure by the Walter lab. They subsequently mutated their 

predicted interacƟon sites in the α-helix of DONSON’s flexible loop and performed co-IPs with the 

predicted interactors, observing that all interacƟons were sƟll viable, except with MCM3, which resulted 

in the other factors being unable to bind to the chromaƟn. Likewise, upon mutaƟon of our idenƟfied 

Mcm3-interacƟng sites in DONSON, we observed a decrease in the efficiency of replicaƟon, suggesƟng 

that DONSON’s interacƟon with Mcm3 is essenƟal for GINS recruitment to the chromaƟn and resultant 

formaƟon of the CMG. 

Our cryo-EM data also idenƟfied an interacƟon between the N-terminus of DONSON, residues 6-22, and 

the A-domain (α-helical) at the N-terminus of Sld5 (Figure 3.2.6). Whilst our AlphaFold modelling 

predicted an interacƟon between DONSON’s globular domain and the B-domain (β-strand) at the C-
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terminus of Sld5. The α-domain of Sld5 is primarily involved in helix–helix interacƟons with adjacent GINS 

subunits via their α-domains. Whereas, the B-domain of Sld5 is required to stabilise the enƟre GINS 

complex, essenƟal for replicaƟon acƟvity [228], [229]. Using AlphaFold, the Walter lab also predicted that 

the N-terminus of DONSON binds to SLD5. When they modelled the interacƟons with all components of 

the GINS complex, they also observed that this interacƟon with SLD5 extends to DONSON’s globular 

domain. Upon mutaƟon of DONSON’s predicted interacƟon sites, they not only found that GINS no longer 

co-immunoprecipitated DONSON, but that replicaƟon was no longer supported either. We likewise 

observed the same (Figure 3.2.7 D). Upon truncaƟon of the N-terminal 24 amino acids, which includes the 

sixteen we had observed binding to Sld5, we observed that DNA replicaƟon was no longer supported in 

the extract. However, mutaƟon of the sites predicted to interact with the B-domain of Sld5 did not 

abrogate the ability of the extract to support replicaƟon. CollecƟvely, this indicates that the DONSON 

dimer is responsible for recruiƟng GINS to the hexamer via Mcm3, and that these interacƟons are 

essenƟal for CMG formaƟon and resulƟng DNA replicaƟon. What they also suggest, is that in silico 

modelling is a very powerful and largely accurate tool for predicƟng interacƟons between complex 

factors. 

As menƟoned above, the Labib lab also used cryo-EM to determine the interacƟons of DONSON, here 

called DNSN-1, within the C. elegans replisome [196]. They also observed DNSN-1 acƟng in dimer form, 

however interesƟngly they observed the dimeric DONSON interacƟng with just one CMG. This is likely due 

to the use of a short DNA substrate. Within this dimer, they idenƟfied that the promoter of just one 

monomer interacts with the CMG. This led them to suggest that, as we observed in Xenopus, that the 

other monomer may interact with the other Mcm2-7 at the origin, simultaneously forming two CMGs. As 

previously menƟoned, whilst they observed some of the same interacƟons – DONSON binding to SLD-5 

and MCM-3 – they also observed addiƟonal interacƟons between DONSON and PSF-2 and -3. The DNSN-1 

dimer forms a large interface with the N-terminus of the MCM2-7 hexamer, with one α-helix of DONSON 

interacƟng with SLD-5 and PSF-2, and another with the AAA+ domain of MCM-3. This is parƟcularly 

interesƟng as it suggests that DONSON directly interacts with more components of the GINS complex in C. 

elegans than we have observed in Xenopus. This may indicate that DONSON interacts with mulƟple GINS 
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subunits prior to chromaƟn binding, for stable recruitment to the hexamer. As we had done, the Labib 

group truncated DNSN-1 at its N-terminus, to prevent interacƟon with GINS, and had observed no DNA 

replicaƟon iniƟaƟon.  MutaƟon of DNSN-1’s MCM-3 interacƟng sites likewise abrogated formaƟon of the 

CMG on chromaƟn. SupporƟng the idea that the requirement for DONSON’s interacƟons with Sld5 and 

Mcm3 is conserved throughout species. 

Related to DONSON’s role in supporƟng replicaƟon iniƟaƟon, in this chapter I have also presented our 

findings that DONSON is required for the iniƟal melƟng of DNA at the end of the iniƟaƟon process. By 

comparing the cryo-EM structure obtained in our work to the previously determined structures of the 

double hexamer, it was observed that upon dimeric DONSON binding to the double hexamer, the 

interacƟon between the rings is loosened, causing the duplex DNA within this channel to become 

exposed and untwisted [190]. InteresƟngly, the Walter lab also predict a rotaƟon of the MCM double 

hexamers in relaƟon to one another upon binding of dimeric DONSON. However, by assessing their 

predicted structure, they propose that clockwise rotaƟon of the two MCMs is actually required to enable 

dimeric DONSON to bind both MCM3 monomers in the double helix.  

Whilst our cryo-EM data implicates DONSON in the iniƟal melƟng of the duplex DNA within the Mcm2-7 

central channel, it is Mcm10 that is responsible for separaƟng the double CMGs to eject the lagging 

strand from the central channel and promote DNA unwinding [230]. InteresƟngly, Mcm10 binding in yeast 

has been observed to occur at the N-terminus of the hexamer, at the homo-dimerisaƟon interface of the 

double hexamers. Specifically, Mcm10 appears to bind to Mcm2 [230]. Intriguingly, in our cryo-EM data, 

upon DONSON binding the posiƟon of Mcm2 is altered so that it parƟally occludes the N-terminal channel 

of the partner MCM ring, where the duplex DNA previously occupied. Given that movement of Mcm2 

over the central channel of the hexamer can only occur following duplex DNA removal, this may suggest 

that DONSON can perform iniƟal DNA melƟng, or that its binding aids the subsequent acƟon of Mcm10 in 

origin melƟng. AddiƟonally, Sld3/Treslin has been observed to bind to Mcm2 too [231]. This suggests that 

iniƟaƟon factors required for the loading of Cdc45 and GINS may be removed from the CMG prior to, or 

as the result of, Mcm10 binding. In yeast, ATP hydrolysis at this stage is also coupled with the release of 
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several iniƟaƟon factors, including Dpb11, Sld3-7 and Sld2 from the DNA [86]. Our data indicaƟng that 

DONSON is required to stabilise the double CMG suggests that, like its yeast orthologue, it may need to 

be removed prior to Mcm10 binding to allow for double CMG separaƟon. Mcm10 sƟmulates the 

hydrolysis of the ATP bound to each hexamer following iniƟal DNA untwisƟng, to enable to ATP hydrolysis 

DNA translocaƟon funcƟon of the CMG. Intriguingly, the Labib group observed that RNAi depleƟon of 

DNSN-1 is syntheƟc lethal with knockdown of MCM-10 [196]. This suggests that in the absence of MCM-

10, DNSN-1 may contribute to the helicase acƟvaƟon step in a redundant pathway to MCM-10. Likewise, 

in Xenopus, Mcm10 is not essenƟal for replicaƟon iniƟaƟon, perhaps because DONSON may be able to 

support DNA melƟng in its absence [187]. 

The removal of Cdc45 and GINS-loading factors from chromaƟn to enable DNA unwinding has also been 

proposed by the Labib lab. In parƟcular, they observed that binding of DONSON with GINS and MCM-3 

appears to be incompaƟble with binding of Pol α to the complex [196]. This indicates that the two factors 

cannot bind at the same Ɵme and therefore suggests that DONSON is removed from the CMG prior to 

DNA unwinding and replicaƟon. InteresƟngly, Mcm10 is required for binding of Pol α to the DNA and 

suggests that DONSON removal and Mcm10-Pol α recruitment is sequenƟal. InteresƟngly, the Chistol 

group used single molecule analysis to assess the Ɵming of several factors binding to the DNA. Here, they 

observed that RecQL4 is required for DONSON’s dissociaƟon from the DNA [197]. InteresƟngly, RecQL4 

has been observed to be required for binding of Mcm10 to the CMG [232]. The Chistol group also 

observed that DONSON disengages the DNA promptly aŌer GINS has been recruited. Upon RecQL4 

depleƟon from Xenopus egg extract, they observed a 2.5-fold increase in the delay between GINS 

recruitment and origin firing, suggesƟng that RecQL4 is required for efficient DNA unwinding and 

replicaƟon. Likewise, depleƟon of RecQL4 led to a 3-fold increase in the Ɵme DONSON was bound to 

chromaƟn. CollecƟvely, this suggests that DONSON is removed prior to Mcm10-CMG binding and this is 

likely regulated by RecQL4, which enables the binding of both Mcm10 and Pol α to acƟvate the replisome 

for DNA unwinding and replicaƟon. Of note, as menƟoned above, the binding of DONSON to the 

hexamers causes an adjustment to their posiƟon in relaƟon to one another, misaligning their channels. As 

the two CMGs must pass one another as they begin to unwind the duplex DNA, it may be that this 
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misaligned posiƟon following DONSON binding allows them to immediately pass one another and unwind 

the DNA upon DONSON’s dissociaƟon. 

As well as the structural significance of DONSON binding to the CMG, in this chapter I have proposed the 

potenƟal for DONSON-related factors to be uƟlised to downregulate DNA replicaƟon. This is perhaps the 

most exciƟng finding presented within this chapter, laying the foundaƟon for potenƟal therapeuƟc uses. 

The pepƟde was designed based on the importance of the N-terminal region for interacƟng with Sld5 

(Figure 3.2.6 B) to support replicaƟon (Figure 3.2.7 D) and CMG formaƟon of chromaƟn (Figure 3.2.8 A). 

Using the purified pepƟde, I have shown in this chapter that the lactam version in parƟcular has the 

capacity to abrogate CMG formaƟon on the chromaƟn (Figure 3.2.9 E) and as a result perturb efficient 

DNA replicaƟon (Figure 3.2.9 C and D). The principle of pepƟdes blocking factors required to support 

replicaƟon is extensively adopted in numerous chemotherapies [233]–[235], parƟcularly as pepƟdes tend 

to have a lower toxicity than chemical compounds. One key way in which therapeuƟc pepƟdes work is 

through compeƟng with the endogenous substrate of a protein factor involved in cancer cell survival 

[232]. This is how we believe our N-terminal pepƟde is funcƟoning: compeƟng with endogenous DONSON 

to bind Sld5. This could therefore be translated into downregulaƟng DNA replicaƟon and therefore cell 

cycle progression in cancer cells. However, as DONSON is essenƟal for DNA replicaƟon, it is important to 

determine how the pepƟde could differenƟate between cancer cells and healthy cells, as well as the 

correct concentraƟon of pepƟde to use, to minimise the impact on healthy cells. Likewise, it is key to 

determine whether DONSON’s interacƟon with Sld5 is required for its role in the ATR stress-response as, 

as observed in human cells, downregulaƟon of DONSON is implicated in DNA damage and abnormal 

chromaƟn structures that could themselves be problemaƟc [152].  

Within this chapter, I also tried to determine whether DONSON appears to have dual funcƟon during 

replicaƟon, during iniƟaƟon and as a fork protecƟon factor. One key way to determine this, was to idenƟfy 

a separaƟon of funcƟon mutant, that successfully supports replicaƟon iniƟaƟon, but cannot maintain fork 

stability. Figure 3.2.13 F, shows the impact that a number of known MPD paƟent mutants have at the 

molecular level on DNA replicaƟon efficiency. TesƟng these mutants in this way allowed us to assess 
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whether characterisƟcs of the syndrome observed were in fact the result of inefficient replicaƟon. We 

observed that just one mutant tested, R217C (MGORS), was defecƟve in supporƟng efficient replicaƟon. 

To assess whether the remaining mutants may be unable to stabilise the replicaƟon fork later in 

replicaƟon we assessed markers of DNA damage. As seen in Figure 3.2.14, the levels of γ-H2AX on 

chromaƟn in the presence of these mutants is comparable to the levels in both the IgG-depleted extract 

and in the presence of the WT protein. This indicates that no increase in DNA damage is observed as the 

result of these DONSON mutaƟons. However, a number of paƟents express these mutant forms of 

DONSON, and therefore we would expect to see a defect at the molecular level – either due to low 

expression or due to faulty funcƟon of the protein [152], [156], [157], [236]. The way DONSON was first 

implicated in MPD was using siRNA to downregulate its expression in human cells. siRNA can take hours 

to successfully downregulate the target protein. Therefore, with sufficient DONSON levels prior to 

complete downregulaƟon, DNA replicaƟon iniƟaƟon could be supported, however later stages of 

replicaƟon and the cell cycle would be impacted. Therefore, it may be that we have not assessed 

sufficient cell cycles to observe the impact of these mutants at a later stage of replicaƟon or cell cycle 

regulaƟon. Likewise, it would be interesƟng to assess the levels of 53BP1 on chromaƟn, to determine 

whether more advanced DNA damage can be observed with these mutants. However, to further study 

DONSON’s role in fork stability we could also adopt the previously used siRNA mechanism or use a 

specific DONSON degron cell line to accurately degrade DONSON at a specific desired Ɵme within the cell 

cycle.  

With the indicaƟon that DONSON supports replicaƟon iniƟaƟon and is promptly removed from the 

chromaƟn, we quesƟoned the cause of the phenotypes observed in MPD paƟents. The quesƟon of 

whether the small brain and body size observed in MPD paƟents results from a reducƟon in DNA 

replicaƟon rather than reduced fork stabilisaƟon and ATR acƟvaƟon, was of parƟcular interest. IP during S 

phase in human cells has shown that DONSON indeed interacts with Timeless and Tipin [152]. Likewise, in 

mouse cells a dual role for DONSON, during iniƟaƟon as well as in fork progression and stability and 

checkpoint signalling, has been observed [194]. In a mouse embryonic model homozygous for a known 

paƟent MPD mutaƟon, the mutaƟon expressed caused a decrease in DONSON protein levels. At the 
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molecular level, fork asymmetry was increased and ATR signalling was reduced. InteresƟngly, in the same 

cells the chromaƟn loading of both Cdc45 and GINS is impaired, indicaƟng that although ATR signalling is 

decreased in the absence of DONSON, uncontrolled origin firing does not occur, but instead normal 

replicaƟon iniƟaƟon is also decreased. As we have shown that TopBP1 is required for the recruitment of 

DONSON to chromaƟn (Figure 3.1.14 C), and that upon the depleƟon of DONSON from the extract, 

TopBP1 stalls on the chromaƟn (Figure 3.1.11), it may be that in cases where DONSON mutaƟons cause 

decreased protein levels, that TopBP1 is recruited to the chromaƟn, but stalls there as replicaƟon cannot 

proceed efficiently. TopBP1 is required to further acƟve ATR following RPA acƟvaƟon upon replicaƟon 

stress [101]. Therefore if, in the absence of DONSON, TopBP1 is stalled on the chromaƟn it would not be 

able to efficiently acƟvate ATR to promote fork stabilisaƟon and DNA repair, leading to the aberrant 

chromaƟn structures, fork stalling and instability phenotypes observed upon DONOSN downregulaƟon. 

Future work to determine whether DONSON indeed has a dual role during DNA replicaƟon is required to 

determine the extent to which DONSON is required to support the ATR stress response, and whether 

MPD phenotypes resulƟng from DONSON mutaƟon are instead the result of inefficient DNA replicaƟon. 

Altogether, this chapter has shown that DONSON directly interacts with Sld5 of the GINS complex and 

Mcm3 of the Mcm2-7 hexamer, indicaƟng that DONSON does indeed recruit GINS to the hexamer to 

support the formaƟon of the CMG. In parƟcular, the N-terminal helix of DONSON is essenƟal to support 

CMG formaƟon and replicaƟon and can be uƟlised as a pepƟde to prevent DNA replicaƟon in Xenopus egg 

extract. Whilst we have been unable to characterise a separaƟon of funcƟon mutant, to assess whether 

DONSON is required for both replicaƟon iniƟaƟon and the ATR stress response, we have idenƟfied that 

two MPD paƟent mutaƟons likely cause the syndrome due to them being unable to support dimerisaƟon 

of the protein, required for its iniƟaƟon funcƟon. Having established DONSON’s key role in iniƟaƟon, the 

regulaƟon of its funcƟon will be discussed in the next chapter.   
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3.3  RegulaƟon of DONSON’s IniƟaƟon FuncƟon through PhosphorylaƟon 

3.3.1 IntroducƟon 

As presented in previous chapters, DONSON recruits GINS to chromaƟn to form and stabilise the CMG in a 

TopBP1-dependent manner. Other groups propose that DONSON, like its orthologue Sld2, forms a ‘pre-

loading complex’ (pre-LC) with GINS, TopBP1 and Pol Ɛ in Xenopus [194], [195], and that phosphorylaƟon 

is not essenƟal for this complex formaƟon. In this chapter we invesƟgate the existence and regulaƟon of 

formaƟon of such a complex. 

In budding yeast, formaƟon of the pre-LC begins with phosphorylaƟon of Sld2. Upon the G1-S phase 

transiƟon, Cyclin-dependent kinase (CDK) acƟvity increases to enable origin firing only aŌer G1 phase. 

CDK phosphorylaƟon is required for helicase acƟvaƟon, with Sld2 a key CDK substrate necessary for this 

to occur. Sld2 has eleven clustered CDK phosphorylaƟon moƟfs [237]. PhosphorylaƟon of ten of these 

sites results in a conformaƟonal change of the protein to reveal Threonine 84 (Thr84), phosphorylaƟon of 

which then enables interacƟon with Dpb11 [68].  Whilst it has been proposed that CDK phosphorylaƟon 

of DONSON is not required for its iniƟaƟon role [194] we were interested in assessing whether it is in fact 

this PTM that determines whether the pre-LC will stably form and for DONSON to carry out its iniƟaƟon 

role. Therefore, the aim of this chapter was to assess whether CDK phosphorylaƟon of DONSON is 

required for its role during replicaƟon iniƟaƟon. Of parƟcular interest, is the extent to which 

phosphorylaƟon enables interacƟon with TopBP1 as the potenƟal foundaƟon of a ‘vertebrate pre-LC-like’ 

complex formaƟon.   
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3.3.2 Results 

3.3.2.1 DONSON’s Pre‐Loading Complex Forms only Transiently 

Having idenƟfied interacƟons between DONSON and Sld5 and Mcm3, confirming its Sld2-like role in 

Xenopus, we sought to determine whether DONSON also forms a pre-LC as a pre-requisite for acƟve 

helicase formaƟon. Our previous data suggested that although DONSON can be observed interacƟng with 

TopBP1 in the nucleoplasm as well as on chromaƟn, interacƟons between DONSON and GINS only occur 

stably on chromaƟn (Figure 3.1.5 B, Figure 3.1.13 A, B, D) and therefore may form only transiently outside 

of this context under parƟcular condiƟons. In addiƟon to this, immunodepleƟon of DONSON from egg 

extract does not even slightly co-immunodeplete either GINS or TopBP1 (data not shown). CollecƟvely, 

this is contrary to what is proposed by other labs working with Xenopus egg extract [194], [195]. We 

therefore looked to confirm these preliminary findings. I began by assessing interacƟons between 

DONSON, TopBP1 and GINS in cytoplasmic egg extract. With this aim, I performed an IP of DONSON from 

the egg extract, using both rabbit and sheep DONSON-specific anƟbodies (Figure 3.3.1 A). Although both 

IPs produced a strong band for DONSON, we observed no clear co-immunoprecipitaƟon with either 

TopBP1 or GINS. Whilst there does appear to be a possible increased band for TopBP1 co-IP with the 

DONSON sheep anƟbody compared to IgG, there isn’t with the rabbit. As recombinant DONSON had been 

supplemented into the egg extract and immunoprecipitated by groups reporƟng DONSON’s involvement 

in pre-LC formaƟon [194], [195], we assessed whether we could observe these interacƟons with the 

recombinant protein instead of the endogenous. I began by using α-MYC beads – our recombinant protein 

is MYC-tagged. However, I observed extensive non-specific immunoprecipitaƟon of many proteins, even 

in the absence of DONSON (data not shown). Therefore, using the same sheep anƟbody as in Figure 3.3.1 

A, I performed DONSON IPs in DONSON-depleted extract with the opƟonal addiƟon of WT or Δ24 

rDONSON (Figure 3.3.1 B). I used our Δ24 mutant as a control for the specificity of GINS in this reacƟon, as 

it should disrupt the interacƟon with GINS. Unsurprisingly, we observed no co-immunoprecipitaƟon with 

Mcm7 from the cytoplasm, which acts as a negaƟve control. GINS did not coimmunoprecipitate with 

either the Δ24 mutant or WT DONSON. With the WT IP, a faint band indicaƟng TopBP1 co-IP can be 

observed, which is absent upon IP of Δ24. This suggests that DONSON and TopBP1 may be able to 
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transiently interact in the cytoplasm – however this requires further invesƟgaƟon. This supports our 

previous finding that of all replicaƟon factors we tested, DONSON interacts only with TopBP1 outside of 

the chromaƟn (Figure 3.1.13 D). This may also suggest a difference in binding between the endogenous 

and the recombinant forms of DONSON. Where DONSON has been reported to stably form the pre-LC, 

recombinant DONSON has been used and either studied in the nuclear fracƟon of Xenopus egg extract 

[194], or at a much higher concentraƟon (ranging from 60 nM – 8.8 μM) than we have used and observed 

DONSON at in the endogenous form (~40 nM) [195]. This may therefore explain the differences that we 

see. 

To invesƟgate further whether these proteins likely form a pre-loading complex in extract we assessed the 

extract by gel filtraƟon. Interphase cytoplasmic (Figure 3.3.1 C) and nucleoplasmic (Figure 3.3.1 D) extract 

were resolved through a Superose 6 gel filtraƟon column, to visualise potenƟal protein complexes. In both 

cytoplasmic and nucleoplasmic extract GINS runs at a much smaller molecular weight than either TopBP1 

or DONSON. The GINS complex has a molecular weight of 98 kDa and is globular in shape. As we observe 

Psf2 running around this size and not spread across many fracƟons, it appears that in both cytoplasmic 

and nucleoplasmic extract it runs as a tetramer of just the four GINS subunits [238]. As there is no overlap 

with the larger sizes of DONSON, this suggests that GINS does not complex with DONSON in either the 

cytoplasm or the nucleus. 

As seen in Figure 3.3.1 D, in nucleoplasm TopBP1 largely runs in the same fracƟons as DONSON, with both 

proteins appearing strongly in fracƟons 13-18. As seen in Figure 3.3.1 C, in cytoplasmic extract, the bands 

for TopBP1 are far less clear and appear to be more spread, likely due to TopBP1 being less concentrated 

and more difficult to detect in the cytoplasmic fracƟon. However, both proteins also appear in the same 

spread of fracƟons as one another, namely 9-18. Of parƟcular interest was the molecular weight at which 

both proteins were running – far higher than the individual weights (DONSON at 65 kDa and TopBP1 at 

179 kDa) or combined. In addiƟon to this, the spread of both proteins is wide. More flexible structures 

will be eluted from the column in a wider range of fracƟons than globular. Therefore, this indicates that 

TopBP1 and DONSON may form a large and flexible complex, perhaps with other replicaƟon factors not 
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bloƩed for, in the extract. In contrast, DONSON doesn’t appear to complex with GINS in the extract and 

any stable interacƟon appears to be confined to the chromaƟn.  

Strikingly, comparing the separaƟon through the gel filtraƟon of endogenous DONSON in extract and 

rDONSON in buffer (Figure 3.3.2 A), we observed a large difference between the size at which each 

protein runs. Whilst the endogenous DONSON primarily runs at >400kDa, as observed previously, the 

recombinant protein appears in fracƟons of a much lower molecular weight, ~250-60 kDa, that more 

closely correspond to the dimeric form of DONSON. This indicates that the endogenous protein does exist 

within a much larger, more flexible complex. AddiƟonally, it may have post-translaƟonal modificaƟons not 

present on the recombinant. InteresƟngly, when applied to extract, the size at which the recombinant 

protein runs increases to the molecular weight at which we observe the endogenous protein in the 

Figure 3.3.1 InteracƟon between DONSON and other pre‐landing complex components is transient. A) IP of endogenous 

DONSON from whole egg extract was performed and TopBP1 and GINS were bloƩed for using specific anƟbodies. Extract 

without anƟbodies (Input) and rabbit and sheep IgG anƟbodies were used as controls. * shows the IgG non-specific light 

band of the IgG and α-DONSON sheep anƟbodies, which have been idenƟfied by the PSF2 anƟbody. B) WT or Δ24 

rDONSON were opƟonally added to DONSON-depleted extract and IP of DONSON was performed with the same sheep 

anƟbodies as in A. Other factors were bloƩed for using specific anƟbodies. Extract from each condiƟon without anƟbodies 

(Input) and IgG-depleted extract were used as controls. C-D) Performed by Dr P. Passareƫ. Red numbers at the top of each 

blot indicate molecular weight markers for the column. Black numbers at the top indicate the gel filtraƟon fracƟons run, 

marker = M. C) Interphase egg extract was run through a Superose 6 column to separate proteins by size and shape. 

FracƟons were run on an SDS-PAGE gel and bloƩed for indicated anƟbodies. D) NPE was run through a Superose 6 column 

to separate proteins by size and shape. FracƟons were run and indicated proteins bloƩed for. 

A  B 

C 

D 

Cytoplasmic extract  NPE 

*
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cytoplasmic extract (Figure 3.3.2 B). This suggests that upon addiƟon to the extract, the recombinant 

protein is incorporated into a complex the same as the endogenous exists in. 

 

 

3.3.2.2 Does DONSON Impact TopBP1 in Egg Extract? 

With some evidence for an interacƟon between TopBP1 and DONSON (Figures 3.1.13, 3.1.16, 3.3.1 B-D, 

3.3.2 B), we looked to determine how this interacƟon may impact TopBP1’s form and interacƟons within 

the extract, having observed that TopBP1 can load onto chromaƟn before/independently of DONSON 

(Figure 3.1.11 B). With this in mind, we took IgG- and DONSON-depleted extracts and opƟonally 

supplemented the DONSON-depleted with rDONSON. Extract samples were then diluted with LFB1/100 

Figure 3.3.2 Endogenous DONSON runs at a higher molecular weight than rDONSON. The recombinant DONSON protein 

in LFB1/50, and acƟvated egg extract were run through a superose 6 column, as in previous figures. FracƟons were run in 

an SDS-PAGE gel and DONSON was bloƩed for with specific anƟbodies. B) IgG- and DONSON-depleted extracts, with the 

WT rDONSON opƟonally added into the extract were run through a Superdex 200 gel filtraƟon column and eluƟons run in 

an SDS-PAGE gel and bloƩed for with α-DONSON sheep anƟbody. N =2, both repeats shown. 

A 

B 



  119 

and run through a gel filtraƟon column as before. The samples were then run on an SDS-PAGE gel and the 

molecular weight of certain factors were assessed by immunobloƫng with the anƟbodies specified. As 

seen in Figure 3.3.3, the size at which TopBP1 runs in the extract is unaltered in the absence of DONSON, 

compared to the IgG-depleted extract. This suggests that DONSON does not alter the complexes that 

TopBP1 forms within the extract and may indicate that TopBP1’s interacƟons in complex in the cytoplasm 

are why we do not strongly co-IP TopBP1 with DONSON here.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.3 DONSON depleƟon doesn’t affect the molecular weight at which TopBP1 runs. IgG- (A) and DONSON-

depleted (B) extracts were run through a Superdex 200 gel filtraƟon column and eluƟons run in an SDS-PAGE gel and 

bloƩed for with α-DONSON sheep anƟbody. RepresentaƟve of two repeats. 

A 

B 

DONSON-Depleted 

IgG-Depleted 
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3.3.2.3 DONSON can be Phosphorylated 

Sld2, the yeast orthologue of DONSON, requires phosphorylaƟon to funcƟon during iniƟaƟon, and this is 

one way in which iniƟaƟon is regulated. Likewise, the DONSON protein sequence contains numerous 

classic CDK sites (Figure 3.3.4 B). It would therefore make sense for DONSON to also be regulated through 

phosphorylaƟon to regulate and safeguard replicaƟon in higher eukaryotes. Therefore, we first looked to 

test if DONSON can be phosphorylated. With this in mind, we isolated DONSON from chromaƟn and the 

nucleoplasm and assessed the protein by mass spectrometry to idenƟfy the specific sites at which 

DONSON could be phosphorylated. As seen in Figure 3.3.4 A, we idenƟfied six sites that were 

phosphorylated, a number of which are classic CDK substrate moƟfs, serine-proline/threonine-proline. As 

seen in Figure 3.3.4 A, the idenƟficaƟon of the sites in vivo (with the endogenous protein) came from four 

experiments, all under different condiƟons. Despite the consistently low sequence coverage of DONSON – 

it is not an abundant protein in either the chromaƟn or the nuclear fracƟon – we could sƟll map DONSON 

phosphorylaƟon at six sites. As seen, all these in vivo‐mapped sites occur within the flexible N-terminal 

region of DONSON (Figure 3.3.4 C) and therefore may indicate that phosphorylaƟon at these sites is 

required for interacƟon with other factors or for complex stabilisaƟon. Of all the sites idenƟfied, T140 and 

S142 are most frequently idenƟfied as phosphorylated, which may suggest that these sites are most 

accessible to CDKs in extract. Of parƟcular interest was that these sites occur within a region of the 

protein close to the area predicted to interact with the TopBP1 BRCT3 domain (Figure 3.1.16 B-C). 

SuggesƟng that phosphorylaƟon may play a role in stabilisaƟon of this interacƟon.  

Given this, we then looked to phosphorylate our recombinant protein with commercial CDK (Figure 3.3.4 

A). To assess this, we opƟonally incubated our rDONSON with CDK2/Cyclin A or CDK2/Cyclin E – both of 

which are acƟve during S phase – to determine the extent of phosphorylaƟon. As seen in Figure 3.3.4 B, 

once samples were run on a phostag gel, a clear band shiŌ of DONSON when incubated with either 

CDK/Cyclin combinaƟon can be observed. This suggests that DONSON is efficiently phosphorylated in 

vitro by S phase CDKs. To ascertain whether we can visualise in vivo DONSON phosphorylaƟon on phos-

tag gels, NPE was opƟonally incubated with phosphatase enzymes and samples run on a phostag gel, with 
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phosphorylated DONSON for size comparison. NPE is made by acƟvaƟng egg extract and extracƟng the 

nuclei during late S phase [188]. Therefore, we would expect CDK acƟvity to be present. As seen in Figure 

3.3.4 C, whilst in cytoplasmic extract DONSON phosphorylaƟon is not observed, in NPE without 

phosphatase enzymes applied, there is a band above DONSON. When comparing to the in vitro 

phosphorylated rDONSON sample – although the gel has not run straight – the phosphorylaƟon of the 

endogenous sample in NPE resembles the phosphorylaƟon of the rDONSON. However, this requires 

confirmaƟon with a beƩer run gel. We are confident that this is phosphorylaƟon of the protein as this 

band is absent upon treatment with the phosphatase enzyme. This suggests that a proporƟon of DONSON 

is indeed phosphorylated in the nucleus. 

As we could observe DONSON phosphorylaƟon by commercial Cyclin-CDKs, we sent the in vitro sample 

for mass spec and observed thirteen further sites phosphorylated on the protein (Figure 3.3.4 D). 

InteresƟngly, the majority of the sites are classic CDK-sites and four of these sites are conserved and 

found phosphorylated in human DONSON. This indicates that, like Sld2, CDK phosphorylaƟon of DONSON 

may be important for its funcƟon.  
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Figure 3.3.4 DONSON can be in vivo and in vitro CDK phosphorylated. A) Samples of DONSON-IPs from chromaƟn (chr.) 

and nucleoplasm (nuc.) in S-phase were analysed by mass spectrometry. AddiƟonally, an IP of Mcm3 from S-phase 

chromaƟn was also analysed. Number of DONSON pepƟdes containing idenƟfied phosphorylaƟon sites either in 

phosphorylated (red) or non-phosphorylated (black) form are reported. The number of DONSON unique pepƟdes, unique 

spectra (includes pepƟdes with differenƟal modificaƟons), total spectra and protein coverage is also presented for 

comparison between experiments. Only pepƟdes with >80% confidence of phosphorylaƟon idenƟficaƟon are reported. B-

C) Performed by Dr D Poovathumkadavil. B) WT rDONSON was opƟonally in vitro phosphorylated with either 

CDK2/CyclinA or CDK2/CyclinE, separated on phos-tag gel and visualised by immunobloƫng with DONSON-specific 

anƟbodies. C) Egg extract was acƟvated and opƟonally supplemented with CDK2/CyclinA to phosphorylate DONSON (lane 

5), nucleoplasmic extract (NPE) was opƟonally supplemented with λ-phosphatase (λ-PPase) (lanes 2 and 3), separated on a 

phos-tag gel and DONSON was visualised with DONSON-specific sheep anƟbodies. AcƟvated extract without CDK2/CyclinA 

or λ-PPase, and WT rDONSON were used as controls. D) PresentaƟon of classic CDK sites within DONSON, all endogenous 

DONSON sites found through IP and mass spec CDK phosphorylated, and all rDONSON sites found through in vitro 

phosphorylaƟon and mass spec. E) AlphaFold3 model of the DONSON dimer with all CDK phosphorylaƟon sites mapped 

marked in green. Arrows point to these sites on one monomer of the dimer. Red arrows point to sites idenƟfied from in 

vivo experiments, black point to those only idenƟfied in vitro. ipTM = 0.63 pTM = 0.64. Corresponding expected posiƟon 

error plot shown in Figure 3.1.15. 

E 
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3.3.2.4 Does PhosphorylaƟon Impact DONSON’s Structure? 

Having observed CDK phosphorylaƟon of DONSON both in vitro and in vivo, we wanted to determine 

whether it is important for its iniƟaƟon funcƟon. We had previously observed a decrease in DONSON’s 

chromaƟn binding upon inhibiƟon of CDK acƟvity by addiƟon of p27KIP1 CDK inhibitor (Figure 3.1.10 A). To 

analyse this in more detail, I set up replicaƟon in egg extract and opƟonally supplemented with p27KIP1 to 

prevent CDK acƟvity. I isolated chromaƟn throughout replicaƟon and ran samples on an SDS-PAGE gel, 

bloƫng for DONSON and other indicated factors. As seen in Figure 3.3.5 A, Mcm7 chromaƟn binding is 

largely unaltered by CDK inacƟvity – a slight increase in binding is observed, explained by replicaƟon being 

unable to proceed and hexamers remaining stalled on chromaƟn. We observe no chromaƟn binding of 

either Cdc45 or Psf2 upon applicaƟon of p27KIP1. This is unsurprising, as CDK acƟvity is required for 

formaƟon of the acƟve helicase on chromaƟn. InteresƟngly, DONSON’s chromaƟn binding throughout 

replicaƟon is reduced when CDK acƟvity is inhibited, parƟcularly at the beginning of the reacƟon, when 

significant replisome binding can be observed in the control reacƟon iniƟaƟon. This suggests that CDK 

phosphorylaƟon is likely important for DONSON’s recruitment to chromaƟn. However, it is not clear 

whether this is the result of blocking DONSON phosphorylaƟon directly, or due to phosphorylaƟon of 

another factor required for its loading. Therefore, we looked to determine the extent to which 

phosphorylaƟon of DONSON itself changes its appearance. To ascertain this, we assessed our in vitro 

phosphorylated rDONSON in LFB1/50 by gel filtraƟon. The fracƟons running at a very small molecular 

weight, likely show a precipitated porƟon of the recombinant protein. As previously (Figure 3.3.2 A), our 

rDONSON runs at around the expected molecular weight of the dimer. InteresƟngly, in vitro 

phosphorylaƟon of rDONSON doesn’t appear to alter the molecular weight at which the protein runs 

(Figure 3.3.5 B). This was parƟcularly interesƟng to us as we had reproducibly observed that CDK acƟvity 

is required for DONSON’s recruitment to the DNA, as well as its interacƟon with TopBP1. This led us to 

quesƟon whether, rather than supporƟng increased weight DONSON complexes, phosphorylaƟon instead 

releases the protein from higher order complexes (Figure 3.3.1) enabling it to interact with components 

required for its iniƟaƟon role. To determine this, I began by assessing whether DONSON phosphorylaƟon 

alters its structure. Using AlphaFold, I modelled phosphorylated dimeric DONSON, with ten sites of those 
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we had idenƟfied by mass spec in the phosphorylated form. The ten chosen were composed of the six in 

vivo sites we had mapped, plus four that we had mapped in vitro and were classic CDK sites and largely 

conserved in human DONSON, as we predicted that these were the most likely to be readily 

phosphorylated. We observed that the majority of these phosphorylated sites cluster together at the top 

and boƩom of the dimer interface (Figure 3.3.5 C) at the sites that we had previously indicated were likely 

occupied by TopBP1’s BRCT3 domain (Figure 3.1.16 B-C). As seen in Figure 3.3.5 D, the phosphorylated 

dimer largely overlaps with the structure of the unphosphorylated, apart from these two regions at the 

top and the boƩom of the interface where the flexible regions have become more condensed into the 

globular domain of the protein. Therefore, phosphorylaƟon may be required to alter the interacƟons of 

DONSON’s flexible regions, perhaps prevenƟng higher order interacƟons and supporƟng the protein in 

the dimeric form.  

Figure 3.3.5 DONSON’s CDK phosphorylaƟon impacts chromaƟn binding and structure. A) DNA replicaƟon was set up in 

egg extract and opƟonally supplemented with CDKi (p27). ChromaƟn was isolated at indicated Ɵmepoints and chromaƟn-

bound proteins analysed by immunobloƫng. PosiƟve and negaƟve controls were performed as in previous experiments. 

B) WT rDONSON was opƟonally in vitro CDK phosphorylated, diluted in LFB1/50 and run through a Superose 6 column. 

FracƟons were run in an SDS-PAGE gel and DONSON was bloƩed for with specific anƟbodies. C) AlphaFold3 model of 

DONSON dimer (each monomer shown in cyan or magenta) with 10 sites phosphorylated (shown in red) – 6 sites 

idenƟfied in vivo (S22, S26, T33, S54, T140, S142) and 4 of the sites idenƟfied in vitro (S36, S39, S314, S454). ipTM = 0.53 

pTM = 0.55. Corresponding expected posiƟon error plot shown. D) AlphaFold3 model of the DONSON dimer with the 10 

sites phosphorylated (blue), overlaid onto the unphosphorylated DONSON dimer (grey). RMSD = 0.429 Å. 
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3.3.2.5 DONSON PhosphorylaƟon is Important to Support DNA ReplicaƟon 

As our results indicated that phosphorylaƟon may impact DONSON’s ability to be made available for 

iniƟaƟon, as well as its chromaƟn binding, we looked to determine whether it impacts DNA replicaƟon 

efficiency to test its requirement to support iniƟaƟon. To assess this, I began mutaƟng DONSON’s 

phosphorylaƟon sites we had idenƟfied in vivo. The first candidates were T140 and S142, which had 

repeatedly come up as phosphorylated in our mass spec data, as well as S26 and T33 which are 

posiƟoned at the very N-terminus of the protein. I expressed in E. coli the mutated version of DONSON 

(4A), with the chosen sites mutated to alanine, to prevent their phosphorylaƟon. We purified the protein 

as previously and visualised the samples by Coomassie (Figure 3.3.6 A). I then set up replicaƟon in IgG- 

and DONSON-depleted extracts as before and opƟonally incubated with the WT or 4A DONSON to assess 

its ability to support nascent DNA synthesis. As seen in Figure 3.3.6 B, this mutant is able to support 

efficient nascent DNA synthesis. We therefore proceeded to mutate further sites that we had idenƟfied, 

with the idea that DONSON may need to be phosphorylated at numerous sites to achieve the necessary 

conformaƟonal change to support replicaƟon, like Sld2. To this effect, I mutated a further four sites 

idenƟfied at the N-terminus – S22, S54, S314 and S454 – all to alanine to prevent phosphorylaƟon (8A) – 

and purified the protein from E. coli (Figure 3.3.6 C). I tested the ability of this protein to support efficient 

nascent DNA synthesis as before (Figure 3.3.6 D), and once again observed levels with a similar efficiency 

to the WT protein. I decided to mutate two further sites, both that were in the classic CDK form and one 

of which is conserved in human DONSON – S36 and S39 – (10A) and purified the protein from E. coli 

(Figure 3.3.6 E). I tested the ability of the mutant to support replicaƟon. Promisingly, I observed a 

significant drop in efficiency of the protein to support nascent DNA synthesis, when tesƟng the mutant 

from a number of independent purificaƟons and in a number of DONSON depleted extracts (Figure 3.3.6 

F). Notably, the WT rDONSON is not rescuing replicaƟon in the depleted extract as we had previously 

observed, this could be due to a less successful purificaƟon of the protein. However, the 10A mutant, 

which was produced from an independent purificaƟon is even less able to support efficient DNA 

replicaƟon, reproducibly. This suggests that CDK phosphorylaƟon of DONSON may be required to regulate 

DONSON replicaƟon acƟvity, possibly resulƟng in a conformaƟonal change that supports interacƟons 
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necessary for recruitment to the chromaƟn. However, we wanted to check whether this may in fact be 

due to an unwanted conformaƟonal change from the WT rDONSON resulƟng from mutaƟon of mulƟple 

sites to alanine. Therefore, I modelled the 10A mutant (pink) and compared it to the structure of the WT 

DONSON dimer (grey). As seen in Figure 3.3.6 G, the overlapping similarity of the two dimers is strong. 

This indicates that the drop in replicaƟon efficiency may indeed be due to the lack of phosphorylaƟon of 

the protein instead of a byproduct of mutaƟon. However, this requires structural invesƟgaƟon. 
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Figure 3.3.6 DONSON’s CDK phosphorylaƟon is required for efficient DNA synthesis. A, C, E) PurificaƟon of His- and MYC-

tagged DONSON S26A, T33A, T140A, S142A (4A) (A), S22A, S26A, T33A, S54A, T140A, S142A, S314A, S454A (8A) (C), S22A, 

S26A, T33A, S36A, S39A, S54A, T140A, S142A, S314A, S454A (10A) (E) mutants. Expression of xDONSON mutants were 

induced in E. coli (Induced) and purified as described in methods secƟon using Nickel affinity purificaƟon. Supernatant 

from bacterial lysate containing soluble proteins (Input), unbound proteins (Depleted), washed beads (Wash) and eluƟons 

using 250 mM of Imidazole (Protein eluƟons 1-5/6) are shown. Samples from the purificaƟon were run on an SDS-PAGE gel 

and visualised by Coomassie staining. B, D, F) DNA replicaƟon was set up in IgG- and DONSON-depleted extract with the 

opƟonal addiƟon of WT rDONSON or indicated mutants and incubated with α-[P32]dATP. The DNA replicaƟon reacƟon 

was stopped at indicated Ɵmepoints and DNA synthesis was measured as in previous figures. B and D) n = 2. F) n = 3. 

Mean and SEM ploƩed. Two-way ANOVA comparing to IgG-depleted, **p = 0.0044. G) AlphaFold3 model of the DONSON 

dimer with the 10 sites mutated (pink and coral – each colour for one monomer). ipTM = 0.63 pTM = 0.64. Corresponding 

expected posiƟon error plot shown. Mutated dimer overlaid onto the WT DONSON dimer (grey). RMSD = 0.392 Å. 
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Having observed a decrease in replicaƟon with the 10A phosphorylaƟon mutant, we wanted to ascertain 

whether this is due to DONSON phosphorylaƟon being required for formaƟon of the acƟve helicase. To 

assess this, interphase IgG- and DONSON-depleted extract were opƟonally supplemented with either WT 

or 10A rDONSON. I isolated chromaƟn throughout replicaƟon and observed chromaƟn binding of 

indicated factors. The binding of Mcm7, MTBP and PCNA remain consistent in each condiƟon, unaffected 

by the mutaƟon of DONSON. Similarly, Pol Ɛ binds chromaƟn with the same paƩern in each condiƟon, 

also suggesƟng that phosphorylaƟon at these ten sites does not impact its recruitment to the chromaƟn. 

Promisingly however, both Cdc45 and GINS chromaƟn recruitment is reduced when 10A DONSON is 

added, indicaƟng that DONSON phosphorylaƟon may indeed be necessary for formaƟon of the acƟve 

helicase. InteresƟngly, where we had previously observed a decrease in DONSON chromaƟn binding when 

CDK acƟvity is blocked, when these sites cannot be phosphorylated, DONSON is efficiently recruited to 

the chromaƟn. This suggests that general CDK phosphorylaƟon of the protein, rather than specific 

phosphorylaƟon of DONSON at these sites may be required for its chromaƟn recruitment, and therefore 

that DONSON phosphorylaƟon is instead required for formaƟon of the CMG. However, TopBP1 chromaƟn 

binding appears to be somewhat increased, indicaƟng that TopBP1 is stalled on the chromaƟn – although 

it is important to confirm that this is not the result of a loading artefact. This suggests that TopBP1 can sƟll 

load 10A DONSON onto the chromaƟn, yet appears unable to support DONSON’s recruitment of GINS. 

However, this requires further invesƟgaƟon. 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.7 DONSON’s CDK phosphorylaƟon is required for efficient helicase formaƟon. A) DNA replicaƟon was set up in 

IgG- and DONSON-depleted extract with the opƟonal addiƟon of recombinant WT or 10A mutant. ChromaƟn was isolated 

at indicated Ɵmepoints and chromaƟn-bound proteins analysed by immunobloƫng. PosiƟve and negaƟve controls were 

performed as in previous experiments. 
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3.3.2.6 DONSON PhosphorylaƟon is Important for its InteracƟons 

Having observed perturbaƟon of DNA replicaƟon iniƟaƟon in the absence of DONSON phosphorylaƟon, I 

wanted to determine whether this is due to the requirement of phosphorylaƟon to support DONSON’s 

interacƟon in a pre-LC-like complex, ahead of chromaƟn recruitment. To assess this, I performed DONSON 

IPs in DONSON-depleted extract with the opƟonal addiƟon of WT or 10A rDONSON (Figure 3.3.8 A). As 

seen previously (Figure 3.3.1 B), we observed no coimmunoprecipitaƟon of GINS with WT DONSON, and 

similarly no interacƟon with 10A. Likewise, as previously observed, a faint band of TopBP1 can be seen co-

immunoprecipitaƟng with the WT DONSON. In contrast, this band is lost when 10A is applied to the 

extract, suggesƟng that phosphorylaƟon may be required for the TopBP1-DONSON interacƟon. However, 

as the TopBP1 band with the WT IP is so weak, this requires further invesƟgaƟon. 

 

 

 

 

 

As this indicates that phosphorylaƟon may play a role in enabling or stabilising the interacƟon between 

DONSON and TopBP1, I once again used AlphaFold3, to determine the differences between the WT 

protein, the phosphorylated WT and the 10A mutant in the possible structure of a vertebrate pre-LC-like 

complex. I modelled DONSON in the dimer form with two Sld5 subunits, as we had previously observed 

that DONSON interacts with Sld5 specifically to recruit GINS to the chromaƟn. Likewise, I modelled two 

TopBP1 molecules, up to the end of the BRCT4 domain, as BRCT1-3 have been shown to be required to 

support replicaƟon [74], while the GINS-interacƟng domain in human TopBP1 is posiƟoned between 

domains 3 and 4 [193]. I also modelled Pol Ɛ as it is the final proposed component of the pre-loading 

complex. In parƟcular, I modelled the catalyƟc domain of Pol Ɛ (POLE2) due to its size and importance in 

Figure 3.3.8 DONSON’s CDK phosphorylaƟon is required for efficient TopBP1 interacƟon.  WT or 10A rDONSON were 

opƟonally added to DONSON-depleted extract and IP of DONSON was performed. Other factors were bloƩed for using 

specific anƟbodies. Extract from each condiƟon without anƟbodies (Input) and IgG-depleted extract were used as controls.  
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DNA replicaƟon. As seen in Figure 3.3.9 A, and proposed previously, the DONSON dimer forms the central 

binding plaƞorm for TopBP1 and Sld5 binding, and seen here Pol Ɛ. Of note, the complex is sparse and 

appears disordered. In contrast, when phosphorylated at the ten sites chosen above, the enƟre formaƟon 

of the complex is changed. Most strikingly, the complex becomes denser and more ordered, with all 

factors condensed around the DONSON core dimer. InteresƟngly, the posiƟon of the two Sld5 monomers 

twists verƟcally, and when viewed from the side, can be seen to allow Pol Ɛ to condense into DONSON 

and posiƟon itself more verƟcally also. Intriguingly, the majority of the phosphorylated sites appear to 

directly bind to the N-terminal region of TopBP1, whilst the BRCT3 domain remains where it is posiƟoned 

in the unphosphorylated form, suggesƟng that phosphorylaƟon may be key for inducing addiƟonal 

interacƟons between DONSON and TopBP1, creaƟng a more stable scaffold for GINS and Pol Ɛ to bind and 

indeed form a pre-LC-like complex. The complex formed in the presence of the 10A mutant dimer bears a 

striking resemblance to that formed around the unphosphorylated WT dimer. IndicaƟng that the results 

we have observed with this mutant may be due to decreased stable interacƟons with TopBP1, GINS and 

Pol Ɛ resulƟng from lack of phosphorylaƟon in this protein. Whilst interesƟng, these preliminary findings 

require biochemical invesƟgaƟon and cryo-EM structure idenƟficaƟon.    
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Figure 3.3.9 DONSON’s CDK phosphorylaƟon impacts ‘pre‐loading complex’ structure. A) AlphaFold3 modelling of WT 

DONSON dimer (grey) with 2x Sld5 (yellow), 2x TopBP1 (1-630) (dark green) and Pol Ɛ catalyƟc domain (light green). ipTM 

= 0.37 pTM = 0.41. Corresponding expected posiƟon error plot shown. B) AlphaFold3 modelling of DONSON dimer 

phosphorylated at 10 sites as indicated in Figure 3.3.5 D (blue, phosphorylated amino acids marked in red) with 2x Sld5 

(yellow), 2x TopBP1 (1-630) (dark green) and Pol Ɛ catalyƟc domain (light green). ipTM = 0.35 pTM = 0.39. Corresponding 

expected posiƟon error plot shown. C) AlphaFold3 modelling of 10A mutant DONSON dimer (purple) with 2x Sld5 (yellow), 

2x TopBP1 (1-630) (dark green) and Pol Ɛ catalyƟc domain (light green). ipTM = 0.36 pTM = 0.4. Corresponding expected 

posiƟon error plot shown. A-C) LeŌ, complex viewed at the dimer interface. Right, rotated 90ᵒ. 
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3.3.3 Discussion 

In this chapter, I have largely been addressing how DONSON is regulated throughout replicaƟon and the 

cell cycle – primarily focussing on the impact of phosphorylaƟon of the protein. One principal reason for 

addressing this was to determine the potenƟal reasons for why we were not observing a stable pre-

loading, or pre-LC-like, complex when others were [195], [196]. In line with this, I have demonstrated that 

DONSON can be phosphorylated in vivo and in vitro, and that phosphorylaƟon at these sites is required to 

support efficient nascent DNA synthesis and for CMG formaƟon on the chromaƟn. Modelling suggests 

that this may be due to phosphorylaƟon being required for interacƟons with components of a vertebrate 

pre-LC-like complex and accurate posiƟoning of the factors for interacƟon with the chromaƟn. 

A pre-LC consisƟng of the funcƟonal analogues of TopBP1, DONSON, GINS and Pol Ɛ has long been 

proposed and accepted in budding yeast, with each factor associaƟng with origins in a mutually 

dependent manner [69]. Here, the pre-LC forms independently of DNA but in a CDK-dependent manner. 

PhosphorylaƟon of Sld2 is required for acƟvaƟon of DNA replicaƟon, parƟcularly for its interacƟon with 

Dpb11, which forms the basis of the complex. In higher eukaryotes, an analogous pre-LC was yet to be 

idenƟfied. Through their in silico invesƟgaƟon of DONSON, the Walter lab proposed that, like its yeast 

homologue Sld2, DONSON also interacts with TopBP1 to provide the scaffold for a pre-LC prior to DNA 

binding [194]. In Xenopus cytoplasmic egg extract, they also observed reciprocal interacƟons between a 

FLAG-tagged recombinant DONSON and all other components of the proposed pre-LC, whilst upon 

perturbaƟon of these interacƟons, DNA replicaƟon could not be supported. Likewise, using Xenopus laevis 

egg extract, the Tanaka group idenƟfied a ‘pre-LC-like’ complex which begins with formaƟon of a 

subcomplex containing DONSON, GINS, Pol Ɛ and Cdc45, before being recruited to chromaƟn by an 

essenƟal interacƟon with TopBP1 [195]. However, through chromaƟn isolaƟon in egg extract, they 

observed that TopBP1 appears to bind chromaƟn independent to DONSON, GINS and Pol Ɛ. Therefore, 

suggesƟng that, in contrast to the yeast pre-LC, the vertebrate pre-LC-like complex does not contain 

TopBP1 unƟl it associates with the DNA. Using single-molecular imaging, the Chistol group, like the Tanaka 

group, observed that TopBP1 is recruited to the Mcm2-7 hexamer in egg extract prior to GINS, specifically 

one minute before and independent of DONSON [197]. Whilst we have observed interacƟons with GINS 
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on chromaƟn (Figure 3.1.5 B and C, and 13 A), and TopBP1 on chromaƟn (Figure 3.1.13 A and B) and in 

the nucleoplasm (Figure 3.1.13 D), as well as both in vitro (Figure 3.1.16 E), we have only observed an 

interacƟon, and a very weak one, with TopBP1 in the cytoplasm (Figure 3.3.1 B and 8 A). In contrast to the 

Walter and Tanaka groups, this suggests to us that if there is a vertebrate pre-LC, that it is fragile and 

forms only transiently prior to binding to the DNA.  

To address why our findings did not match with those proposing that DONSON forms a vertebrate pre-LC, 

we began by assessing the ability of the endogenous, compared to the recombinant protein, to interact 

with other pre-LC factors. ParƟcularly as both groups used recombinant DONSON either only in NPE, or 

with higher concentraƟons than we have observed the endogenous protein to be expressed at [194], 

[195]. As seen in Figure 3.3.1 A, when assessing these interacƟons in extract isolaƟng the endogenous 

DONSON, we could observe no robust interacƟon with either GINS or TopBP1. In contrast, when applying 

the recombinant protein, we observe coimmunoprecipitaƟon of TopBP1 in the cytoplasmic extract (Figure 

3.3.1 B). This suggests that there is a difference between the endogenous and recombinant DONSON 

proteins. Assessing the endogenous (in extract) and recombinant (in buffer) proteins by gel filtraƟon 

(Figure 3.3.2) indicated that the recombinant protein runs at a lower molecular weight than the 

endogenous. However once added to extract, the recombinant runs at the same molecular weight as the 

endogenous. Although this suggests that the recombinant protein acts like the endogenous in extract, we 

haven’t tested our rDONSON in NPE. The features of NPE differ from the cytoplasmic extract, notably it 

contains higher CDK acƟvity. It may be that in replicaƟng or acƟve extract, formaƟon of mulƟmeric 

complexes by rDONSON is prevented and the protein is leŌ available to dimerise and interact with pre-LC 

factors. This may explain the differences between our results and those of the Walter lab. In contrast, the 

differences with the Tanaka group results may instead be explained by a much higher concentraƟon of 

rDONSON being added to the extract than we observe the endogenous at. Whilst we esƟmate an average 

endogenous concentraƟon in egg extract of 40 nM, they use a range from 60 nM-8.8 μM [195]. This may 

result in an arƟficially large amount being available for the ‘pre-LC-like’ interacƟons in extract.  
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InteresƟngly, the interacƟon that we observe between DONSON and TopBP1 in nucleoplasm is 

significantly reduced upon the addiƟon of a CDKi (Figure 3.1.13 D-E). Likewise, as previously menƟoned, 

the chromaƟn binding of DONSON also appears to require CDK acƟvity (Figure 3.1.10 and 3.3.5 A). This 

indicates that the recruitment of DONSON to chromaƟn during iniƟaƟon is both TopBP1- and CDK-

dependent. InteresƟngly, Sld2 requires phosphorylaƟon at mulƟple sites to enable interacƟon with Dpb11 

and resultant recruitment to chromaƟn [67]. In yeast this is a necessary step for replicaƟon regulaƟon, 

limiƟng iniƟaƟon to only appropriate condiƟons and Ɵming [68]. Having also observed phosphorylaƟon of 

DONSON at many sites, we propose that CDK-dependent phosphorylaƟon of DONSON is likewise required 

to regulate iniƟaƟon in higher eukaryotes, to regulate the rate of CMG formaƟon and to prevent re-

replicaƟon of the DNA. In contrast, both the Walter and Tanaka groups suggest that phosphorylaƟon of 

DONSON is not required for an interacƟon with TopBP1 [194], [195]. However, in line with our data 

(Figures 3.1.10, 3.3.5 A) the Tanaka group suggests that recruitment of DONSON to chromaƟn is. In a 

similar experiment in egg extract to Figure 3.1.10, the Walter lab also idenƟfied that DONSON chromaƟn-

binding is abrogated upon the addiƟon of CDKi, DDKi and geminin [194]. They concluded that DONSON 

funcƟons late during replicaƟon, however did not suggest that this role is dependent on its 

phosphorylaƟon by CDKs, but instead that general CDK acƟvity is required prior to loading of the protein.  

To further assess the potenƟal impact of phosphorylaƟon on accessibility of the protein and having 

idenƟfied several CDK-phosphorylated sites on DONSON, I mutated the protein to prevent 

phosphorylaƟon at many of these sites. With this mutant, we observed that DNA replicaƟon efficiency 

decreased, as well as CMG formaƟon on chromaƟn and finally interacƟon with TopBP1 in non-replicaƟng 

cytoplasmic extract (Figures 3.3.6 D, 7, 8 A). Were DONSON’s interacƟon with TopBP1 and its recruitment 

to chromaƟn only dependent on phosphorylaƟon of other factors, mutaƟng these phosphorylaƟon sites 

would have made no difference to replicaƟon, CMG formaƟon or interacƟon with TopBP1. Therefore, this 

indicates that phosphorylaƟon of DONSON itself is likely required for its iniƟaƟon funcƟon. However, as 

seen in Figure 3.3.6, phosphorylaƟon at many sites is required for its funcƟon, suggesƟng that 

phosphorylaƟon of specific sites is not necessarily important, but rather robust overall phosphorylaƟon to 

alter the structure of the protein, similar to Sld2, is [68].  
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Having idenƟfied the importance of phosphorylaƟon for DONSON’s iniƟaƟon funcƟon, we assessed 

whether this might specifically be the reason why we haven’t observed sufficient interacƟons between 

DONSON and the other factors of the pre-LC. To address this, I turned to AlphaFold. I modelled the 

interacƟons between the components of the pre-LC. Specifically, I wanted to visualise the difference that 

phosphorylaƟon of the protein makes to these interacƟons and the structure of the complex. As seen in 

Figure 3.3.9 B, phosphorylaƟon of numerous sites that we had mapped by mass spec appears to 

condense the enƟre complex – supporƟng increased interacƟons and a more stable form of the complex. 

This is parƟcularly interesƟng as BRCT3 of TopBP1, that we propose DONSON binds to, has not been 

predicted to bind phosphor-pepƟdes [239]. Based on the modelling, in the context of the other pre-LC 

components, these phosphorylated sites appear to be important for binding POLE2 and the Treslin-MTBP-

interacƟng domains of TopBP1 specifically. InteresƟngly, in yeast Cdk-dependent phosphorylaƟon is not all 

that is required for Sld2-Dpb11 interacƟon, but does enhance efficient interacƟon [237]. This therefore 

suggests to us that a vertebrate pre-LC is likely a fragile and transient complex that requires CDK 

phosphorylaƟon of DONSON as one of its condiƟons for formaƟon.  

We have observed DONSON separaƟng through the gel filtraƟon column at a high molecular size, possibly 

suggesƟng a mulƟmeric complex. However, we have also observed that DONSON’s role in supporƟng 

CMG formaƟon and stabilisaƟon requires only a dimeric form of the protein. AddiƟonally, 

phosphorylaƟon appears to be important for DONSON’s iniƟaƟon interacƟons. Therefore, we suggest that 

phosphorylaƟon may play a role in releasing DONSON from a large complex in extract and enabling its 

interacƟon with TopBP1. InteresƟngly, DONSON’s N-terminal disordered region is the part of the protein 

in which we have observed the greatest likelihood of phosphorylaƟon (Figure 3.3.3). In recent years, many 

proteins containing disordered regions have been idenƟfied as undergoing assimilaƟon into phase-

separated condensates [240], [241]. These structures are characterised by their lack of membranes and 

formaƟon through liquid-liquid phase separaƟon (LLPS). LLPS occurs due to mulƟvalent interacƟons 

between proteins and/or nucleic acids, oŌen via the intrinsically disordered regions of the proteins, 

forming dense liquid-like spots within the cell. These condensates have been observed to support various 

biological processes, including transcripƟon, chromaƟn organisaƟon and the DNA damage response [242]. 
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Whilst DONSON has not previously been proposed to form phase-separated condensates, it has been 

observed to funcƟon as part of the ATR stress response [152]. TopBP1 has also been shown to be a 

principal acƟvator of ATR in response to replicaƟon stress and has in fact been shown to extensively self-

assemble into phase-separated condensates to amplify acƟvaƟon of ATR [101], [243]. Although we have 

not yet invesƟgated whether DONSON forms condensates, or whether it may interact with TopBP1 and 

perhaps other factors involved in the ATR stress response, this is a possibility worth exploring. This is of 

parƟcular interest, as preliminary data from my project has indicated that upon mutaƟon of an ATR-

phosphorylaƟon site within DONSON, the DNA replicaƟon efficiency of the extract increases (data not 

shown). Likewise, we have idenƟfied interacƟons between DONSON and numerous chromaƟn 

remodelling factors, as well as ETAA1, which is known to directly acƟvate ATR following preliminary 

acƟvaƟon by RPA [102]. CollecƟvely, this indicates that DONSON is involved in the ATR stress response, 

perhaps funcƟoning to support chromaƟn remodelling to downregulate DNA replicaƟon and transcripƟon 

during DNA repair. To support this funcƟon, DONSON may likewise be recruited to a large complex, 

perhaps supported by other implicated factors that form a scaffold for DONSON, such as TopBP1.  

Related to DONSON’s propensity to be phosphorylated, the PTM has been observed to significantly 

impact LLPS [244]. Apart from altering the charge of the protein, phosphorylaƟon also impacts the 

structure, distribuƟon and interacƟon potenƟal. At disordered regions of proteins specifically, 

phosphorylaƟon alters their charge distribuƟon, resulƟng in changes to their protein-protein binding 

affiniƟes [245]. Through these mechanisms, phosphorylaƟon can either support or abrogate the 

formaƟon and maintenance of liquid-like condensates, specific to the amino acid and protein. Therefore, 

it may be that the endogenous DONSON primarily exists in these large condensates and requires CDK-

dependent phosphorylaƟon at the beginning of S phase to promote release of the monomeric or dimeric 

protein for its funcƟon during replicaƟon iniƟaƟon.  

CollecƟvely, this chapter has shown that phosphorylaƟon of DONSON is important for its role in 

supporƟng DNA replicaƟon in Xenopus egg extract, as well as in its interacƟon with TopBP1. We also 

propose that there may be a possibility that DONSON primarily exists in large complexes in the extract, 
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requiring phosphorylaƟon of the protein to release monomeric or dimeric DONSON and interact with 

TopBP1 to recruit GINS to the chromaƟn and support CMG formaƟon. However, this is inconclusive and 

requires further invesƟgaƟon.  
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4 Discussion 

This thesis has brought new insights into the process of DNA replicaƟon iniƟaƟon, in parƟcular the 

formaƟon of the acƟve helicase. The aim of my project was to determine whether DONSON has further 

roles during replicaƟon than solely as a fork protecƟon factor. DONSON is an essenƟal protein to maintain 

fork stability; however, it is not yet clear the way in which DONSON supports this and neither has it been 

previously proposed to support replicaƟon iniƟaƟon.  

Although in recent years the mechanism by which the CMG is formed on chromaƟn has been 

invesƟgated, not all the factors required in higher eukaryotes have been determined. In this thesis I have 

discovered that DONSON is essenƟal to recruit GINS to the chromaƟn to enable formaƟon of the CMG 

and support DNA replicaƟon in Xenopus laevis egg extract. CriƟcally, I have shown that the roles that 

DONSON plays during replicaƟon are far more extensive than previously proposed, and that 

phosphorylaƟon is one mechanism by which the iniƟaƟon funcƟon of the protein is likely regulated. 

Furthermore, uƟlising the novel finding that the N-terminus of DONSON is required to interact with the 

GINS complex and recruit it to the chromaƟn, I have been able to uƟlise this pepƟde to abrogate CMG 

formaƟon and DNA replicaƟon, shedding light onto a potenƟal new inhibitor of DNA replicaƟon and the 

cell cycle. CollecƟvely, my findings suggest that DONSON is an integral component of the iniƟaƟon stage 

of replicaƟon, without which replicaƟon cannot successfully commence, indicaƟng a potenƟal molecular 

mechanism for the phenotypes observed in paƟents with MPD- or MGORS-DONSON mutaƟons. 

IniƟally, we thought that DONSON may funcƟon during DNA replicaƟon terminaƟon, having previously 

observed it interacƟng with Mcm3 in post-replicaƟon condiƟons [35]. During my project, I have confirmed 

that DONSON directly interacts with known components of the replisome on chromaƟn. DONSON has 

previously been observed to interact with MCM2-7 and GINS subunits as well as with CDC45 in human 

cells [152], [156]. I have observed DONSON interacƟng with each of these subunits on chromaƟn in 

Xenopus egg extract, but not outside of this context in the nuclei or cytoplasm. Likewise, I have shown 

that DONSON is a component of the replisome, binding to and dissociaƟng from the chromaƟn with 

similar dynamics to those of other known replisome components, parƟcularly factors of the CMG. 
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However, DONSON’s binding during early replicaƟon, as well as the perturbaƟon of replicaƟon on its 

depleƟon from the extract, led us to consider whether DONSON may be playing a criƟcal role during early 

steps of replicaƟon. During my PhD, I have successfully demonstrated DONSON’s role in the recruitment 

of GINS to chromaƟn during iniƟaƟon, which it appears to carry out in a TopBP1-dependent manner – 

suggesƟng it may be the higher eukaryoƟc homologue of yeast Sld2 [69].  

4.1 DONSON’s Role as the Higher EukaryoƟc Sld2 Homologue 

The order in which the factors required for replicaƟon iniƟaƟon are loaded onto the chromaƟn is 

generally conserved throughout species, beginning with recruitment of the Mcm2-7 hexamer by ORC, 

Cdc6 and Cdt1 in G1 phase [221], [222], [246], [247]. To form the acƟve helicase, Cdc45 and GINS must be 

recruited to each hexamer at the beginning of S phase, which requires a plethora of iniƟaƟon factors. The 

acƟvity of these factors depends on high levels of S phase kinases, and we propose that DONSON is no 

excepƟon.  

To begin, the Dbf4-dependent kinase (DDK) Cdc7, with Dbf4, selecƟvely hyperphosphorylates Mcm4 of 

the loaded double hexamers [60]. In yeast, this is required for the recruitment of Sld3-Sld7 with Cdc45, 

whilst in Xenopus egg extract, this is required for the recruitment of Treslin-MTBP with Cdc45 [125], [182]. 

In Xenopus egg extract, Treslin-MTBP has previously been proposed to bind chromaƟn prior to the start of 

S phase, with their levels peaking during S phase, the same as the Drosophila homologue of DONSON, Hd 

[159], [182]. Upon DDK inhibiƟon in yeast, Sld3-Sld7 and Cdc45 cannot load onto chromaƟn. InteresƟngly 

however, in Xenopus egg extract, DDK does not appear to be essenƟal for the recruitment of Treslin-MTBP 

to Mcm2-7 hexamers, but rather stabilises the complex here [182]. Likewise, we can sƟll observe Treslin-

MTBP chromaƟn binding in the presence of DDKi. However, Treslin has also been proposed to be a direct 

target of DDK acƟvity in Xenopus egg extract, with chromaƟn-associated Treslin migraƟng faster upon 

DDKi [182]. In line with this, we have also observed a possible faster migraƟon of MTBP upon applicaƟon 

of PHA-767491. However, having observed Treslin-MTBP nonetheless binding chromaƟn in the presence 

of DDKi, if Treslin-MTBP is a direct target of DDK, it does not appear to be essenƟal for recruitment. 

Rather perhaps, it may be required to stabilise the complex to the Mcm2-7 hexamer. This suggests that 
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DDK-dependent phosphorylaƟon of Treslin may be more important for the stabilisaƟon of this interacƟon 

than recruitment.  

In yeast, upon DDK inhibiƟon, GINS (Psf1) is not loaded onto chromaƟn either [125]. This suggests that 

the chromaƟn recruitment of the GINS-specific loading factors Sld2 and Dpb11, is dependent on DDK 

acƟvity. Therefore, if DONSON is indeed the funcƟonal homologue of Sld2, its iniƟaƟon funcƟon may be 

(indirectly) regulated in an alternaƟve manner, specifically with greater importance placed on the acƟvity 

of DDK. Using Xenopus laevis egg extract we have also observed that DONSON recruitment to chromaƟn 

is slightly downregulated upon DDK inhibiƟon with PHA-767491. Whilst this suggests that DDK-dependent 

phosphorylaƟon is required for the chromaƟn-loading acƟvity of Sld2 and Dpb11, and likely DONSON and 

TopBP1, DDK can not phosphorylate Sld2 [248]. This suggests that Sld2 and DONSON recruitment to 

chromaƟn occurs late during iniƟaƟon, aŌer Sld3-Sld7-Cdc45/Treslin-MTBP-Cdc45 have loaded and is 

therefore indirectly dependent upon DDK acƟvity. It is also likely that all these factors stabilise each other 

at the origins. 

In yeast, following DDK-dependent recruitment of Sld3-Sld7-Cdc45 to chromaƟn, CDK targets Sld2 and 

Sld3 for phosphorylaƟon to promote their interacƟon with Dpb11 [67], [68]. Upon inhibiƟon of CDK 

acƟvity Sld3-Sld7, along with Cdc45, can sƟll be loaded onto chromaƟn bound Mcm2-7 hexamers [59]. 

However, chromaƟn loading of other firing factors is prevented: Dpb11, Sld2, Pol Ɛ, GINS, Mcm10. In 

contrast, in Xenopus egg extract, upon addiƟon of p27KIP1 to prevent CDK acƟvity, Treslin-MTBP 

chromaƟn-loading increased, whereas Cdc45 did not [182], [249]. In this project, I also observe this 

binding paƩern. This suggests that replicaƟon is blocked following Treslin-MTBP loading and either an 

addiƟonal, CDK-dependent, factor is required for Cdc45 chromaƟn loading in Xenopus compared to yeast, 

or CDK acƟvity is required to specifically stabilise Cdc45 once loaded. Serine-1001 of Sld3/Treslin is well 

conserved and is a site of CDK phosphorylaƟon required for interacƟon with TopBP1 and its recruitment 

to the Mcm2-7 hexamer [204], [249]. Therefore, it is not surprising that upon CDK inhibiƟon, TopBP1 

recruitment to chromaƟn was abrogated in egg extract. In contrast, following CDK inhibiƟon I observed 

that TopBP1 binding to chromaƟn was reduced rather than ablated. AddiƟonally, we observe a substanƟal 

reducƟon in chromaƟn binding of both DONSON and GINS. This therefore suggests that whilst CDK 
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phosphorylaƟon is required only to increase the efficiency of TopBP1 chromaƟn-loading, it is essenƟal for 

any chromaƟn-loading of either DONSON or GINS. Of note, addiƟon of CDKi in the nucleoplasm abrogated 

the direct interacƟon observed between DONSON and TopBP1, indicaƟng that the reason we see a loss of 

DONSON on chromaƟn under such condiƟons is likely due to a loss of interacƟon with TopBP1. 

AddiƟonally, the interacƟon between our CDK-phosphorylaƟon mutant (10A) and TopBP1 is decreased in 

comparison to WT DONSON. This may suggest that not only is general S phase CDK acƟvity required for 

DONSON’s chromaƟn loading, but direct phosphorylaƟon of DONSON may be required for its interacƟon 

with TopBP1 and subsequent recruitment to chromaƟn. However, it should be noted that our 10A mutant 

could sƟll load onto chromaƟn. Therefore, it may be that CDK-dependent phosphorylaƟon of DONSON is 

required only for an efficient interacƟon of DONSON with TopBP1. AlternaƟvely, the addiƟonal CDK sites 

on DONSON that we have not mutated may sƟll support a sufficient interacƟon with TopBP1, GINS or the 

hexamer to allow DONSON to bind chromaƟn but not to fulfil its funcƟons. Finally, CDK phosphorylaƟon 

of an addiƟonal factor (likely Treslin) may be required for this recruitment to occur and therefore with 

Treslin sƟll being phosphorylated, when DONSON is mutated, DONSON can sƟll be recruited. 

Nevertheless, phosphorylaƟon of DONSON is required to efficiently recruit GINS to the chromaƟn for 

CMG formaƟon and therefore further invesƟgaƟon is needed to understand the mechanism of this 

regulaƟon. 

Not only have I established that interacƟon with TopBP1 and effecƟve chromaƟn recruitment of DONSON 

and GINS is CDK-dependent, but I have also observed that the efficiency of DNA replicaƟon and acƟve 

helicase formaƟon appears to depend on direct CDK phosphorylaƟon of DONSON. Therefore, assessing 

whether DONSON’s phosphorylaƟon is required for the stabilisaƟon, not just formaƟon of, the CMG on 

chromaƟn was of interest. As previously menƟoned, both our results and previous studies in Xenopus egg 

extract, showed that upon addiƟon of a CDKi, Cdc45 could no longer be observed binding to chromaƟn. In 

contrast, CDKi addiƟon led to increased binding of Treslin-MTBP, likely indicaƟng that the two proteins are 

stalled and replicaƟon cannot commence without CDK acƟvity. Whilst this may suggest that Treslin’s CDK-

dependent phosphorylaƟon may be necessary for its interacƟon with Cdc45, Cdc45 is not observed 

binding chromaƟn in the absence of DONSON when CDK acƟvity is permiƩed. Likewise, upon addiƟon of 
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our 10A phosphorylaƟon mutant DONSON, limited Cdc45 chromaƟn loading can be seen. Therefore, this 

instead suggests that through its recruitment of GINS, phosphorylated DONSON in parƟcular, may be 

required to stabilise CMG proteins on the chromaƟn. However, through in vitro study of yeast replicaƟon 

iniƟaƟon factors, Sld2 was observed to interact directly with the Mcm2-7 hexamer and strikingly Sld2 

phosphorylaƟon had no impact on this interacƟon [250]. This indicates that, outside of the context of the 

chromaƟn in yeast, phosphorylaƟon of DONSON’s proposed homologue is not required for its interacƟon 

with the hexamer. Although we haven’t assessed direct interacƟons between our phosphorylaƟon mutant 

DONSON (10A) and any components of the Mcm2-7 hexamer on chromaƟn, we have noted that the 

mutant can sƟll bind chromaƟn. In contrast, upon addiƟon of the 10A mutant, neither GINS nor Cdc45 can 

be loaded onto chromaƟn as efficiently. This indicates that DONSON’s phosphorylaƟon is likely more 

important for retenƟon of GINS and Cdc45 in the CMG than for DONSON’s recruitment to the chromaƟn. 

With Mcm7, whilst we sƟll observe some inhibiƟon of replicaƟon it is not as severe as in the absence of 

DONSON, indicaƟng that there is sƟll some fork progression with this mutant. Therefore, this suggests 

that in the presence of our phosphorylaƟon mutant, a limited number of origins are able to fire. As a 

result, the forks likely replicate further along the DNA than usual, as indicated by the inefficient loading of 

Cdc45 and GINS. CollecƟvely, we are sƟll observing dormant origins being dissociated from the chromaƟn, 

as well as DNA synthesis with this mutant, but this is likely occurring with many fewer forks than normal. 

Therefore, this suggests that phosphorylaƟon of DONSON plays a criƟcal role in the efficiency of 

replicaƟon. Of note, DONSON’s phosphorylaƟon may therefore impact genome stability, as with fewer 

forks supporƟng replicaƟon, there will be a higher impact on the ability of replicaƟon to proceed if the 

forks stall. 
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During this project, we have also idenƟfied that upon dimeric DONSON’s binding of the Mcm2-7 hexamer 

and formaƟon of the acƟve helicase, there is a shiŌ in the alignment of the two Mcm2-7 central channels 

in Xenopus egg extract [190]. This realignment of the hexameric channels puts the CMG in a posiƟon 

beneficial for duplex DNA melƟng. Likewise, in yeast, a rotaƟon of the hexameric core upon CMG 

formaƟon is observed which, as a result, enables duplex DNA melƟng and separaƟon of the double 

hexamer [87]. In yeast and Xenopus egg extract, Mcm10 is recruited to support the complete separaƟon 

of the two CMGs at each origin, allowing for lagging strand ejecƟon and for the helicases to cross paths 

[93], [230]. The binding of ATP to the hexamer that occurs prior to Mcm10 funcƟon is coupled to the 

release of several iniƟaƟon factors, including Dpb11, Sld3-7 and Sld2 from the DNA [86]. In addiƟon, Sld3 

has been observed to directly bind to Mcm2 in yeast, the site at which Mcm10 is observed to bind the 

GINS 

Figure 4.1.1 SchemaƟc of how we propose DONSON supports CMG formaƟon on chromaƟn in Xenopus laevis egg 

extract. Following Mcm2-7 double hexamer loading, DDKs phosphorylate MCM subunits. This promotes recruitment of 

two Treslin-MTBP-Cdc45 complexes (not shown). CDKs phosphorylate Treslin, and also phosphorylate DONSON which 

allows its interacƟon with TopBP1. CollecƟvely, a DONSON dimer supporƟng by two TopBP1 molecules bring GINS, and 

potenƟally Pol Ɛ to the double hexamer for CMG formaƟon. Once here, DONSON stabilises the double helicase and 

promotes misalignment of the two hexamers to promote origin DNA melƟng. Adapted from [190].  
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hexamer, and given that the binding site sequence is conserved in Treslin, it is likely that this is how Treslin 

contacts the hexamer in higher eukaryotes also [230], [231]. Furthermore, DONSON has also been 

observed to dissociate from the chromaƟn rapidly following recruitment of GINS [197]. This removal 

appears to be somewhat dependent on RecQL4, which has interesƟngly been observed to be required for 

the binding of MCM10 to the CMG in human cells [197], [232]. CollecƟvely therefore, this suggests that 

the iniƟaƟon factors required for Cdc45 and GINS recruitment to the chromaƟn must be removed prior to, 

or upon, the binding of Mcm10 in yeast and higher eukaryotes. However, Mcm10 has been shown not to 

actually be essenƟal for DNA replicaƟon in higher eukaryotes and dual depleƟon of MCM-10 and DNSN-1 

in worms is syntheƟc lethal [187], [196]. This therefore indicates that DONSON and Mcm10 may funcƟon 

in alternaƟve pathways to both support duplex DNA unwinding. DONSON’s ability to misalign the 

hexamers may play an integral role in this and is perhaps sufficient to support further DNA unwinding in 

the absence of Mcm10. InteresƟngly, upon DONSON depleƟon we actually observed a reducƟon of 

Mcm10 binding to chromaƟn; notably however, we have not assessed Mcm10 chromaƟn binding in the 

presence of our 10A phosphorylaƟon mutant. This indicates that both DONSON’s binding to, and removal 

from, the chromaƟn must be Ɵghtly regulated as it impacts downstream iniƟaƟon events. InteresƟngly, 

dephosphorylaƟon of both Sld3 and Sld2 is necessary for the two proteins to dissociate from chromaƟn 

and to support efficient DNA replicaƟon [126]. Therefore, it may be that DONSON’s phosphorylaƟon is 

required to maintain its interacƟon at the CMG and upon its dephosphorylaƟon it is removed from the 

chromaƟn. Whilst we haven’t specifically observed a change in the efficiency of removal of our 10A 

mutant compared to the WT from the chromaƟn, we have not tested Ɵmepoints at which we have 

observed removal of either our WT or 10A. As we have observed the requirement for DONSON’s 

phosphorylaƟon to stabilise the CMG on the chromaƟn, it may be that phosphorylaƟon is actually 

required to stabilise the structure and allow the misalignment of the hexameric channels. Therefore, it 

may also be required to support Mcm10 recruitment. CollecƟvely, this requires further invesƟgaƟon.  
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CollecƟvely, the results from my thesis and the current published data, lead me to speculate as to the 

scope of DONSON’s funcƟons during DNA replicaƟon in higher eukaryotes. If DONSON funcƟons to recruit 

GINS to Mcm2-7 hexamers, support iniƟal DNA melƟng and is also required to stabilise forks and funcƟon 

within the ATR stress response pathway, what determines the role in which DONSON funcƟons at any one 

Ɵme? Having observed extensive phosphorylaƟon across the protein, as well as it being required to 

support iniƟaƟon, we propose that DONSON is largely regulated via phosphorylaƟon. However, the 

quesƟon as to which of these proposed roles for DONSON we think phosphorylaƟon is responsible for 

regulaƟng is of note. TopBP1 is another protein with roles in both DNA replicaƟon iniƟaƟon and in the 

regulaƟon of the ATR stress response. It is of parƟcular interest to me that TopBP1 and DONSON are both 

involved in replicaƟon iniƟaƟon and in acƟvaƟon of the ATR stress response and possibly suggests that 

TopBP1 may act as a scaffold for DONSON in both situaƟons. Although not reported in my thesis, I have 

observed that DONSON is phosphorylated by ATR and that this site appears to be important for regulaƟon 

of origin firing. Likewise, by mass spec, I have observed DONSON interacƟng with the ATR acƟvator ETAA1. 

TopBP1 contains many phosphorylaƟon-specific interacƟng domains and its funcƟon is largely regulated 

via the phosphorylaƟon of its interacƟon partners in a cell cycle-dependent manner [251]. Likewise, it is 

thought that TopBP1 is regulated through subcellular localisaƟon or protein concentraƟon – of both 

TopBP1 itself, and its interacƟon partners [252]. As DONSON does not possess any enzymaƟc acƟvity or 

Figure 4.1.2 SchemaƟc of how we propose DONSON supports DNA melƟng in Xenopus laevis egg extract. The 

double hexamer (here shown without the ‘front’ two subunits for simplicity) is in a head-to-head formaƟon 

bound to duplex DNA. Upon dimeric DONSON (dark blue with yellow GINS complex) binding to the double 

hexamer, and supporƟng CMG formaƟon, each hexamer rotates around the DNA via Mcm6 posiƟoning the Mcm2 

of each hexamer to occlude the central channel of the opposite hexamer and promote origin melƟng. Adapted 

from [190]. 

DONSON 

DONSON 

GINS  GINS 
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known PTM-specific interacƟon domains, it is likely that it is regulated through subcellular localisaƟon and 

via partners that do. Therefore, phosphorylaƟon of DONSON by CDK and ATR is likely one way in which 

DONSON’s roles throughout the cell cycle are regulated.  

Through gel filtraƟon of cytoplasmic extract and NPE, we have observed DONSON primarily exisƟng 

within complexes of very large molecular weight. InteresƟngly, we also observe TopBP1 primarily running 

within the same eluted fracƟons, although no strong direct interacƟon with DONSON was observed in 

extract. Notably, TopBP1 has been observed to assemble into phase-separated condensates of high 

molecular weight to amplify ATR acƟvaƟon [101], [243]. Therefore, it may be that DONSON also exists in 

such complexes due to its role in the stress response, with TopBP1 acƟng as its scaffold [253]. Upon 

DONSON depleƟon from the extract, we observed that TopBP1 is retained at this high molecular weight. 

However, we also observed that TopBP1 can be recruited to chromaƟn upon DONSON depleƟon. This may 

therefore suggest that, just as DONSON is not required for TopBP1’s chromaƟn recruitment, TopBP1’s 

existence in these mulƟmeric complexes is not dependent on DONSON, but rather the other way around. 

Given that we primarily observe DONSON in these high molecular weight complexes, I hypothesise that 

DONSON is principally retained here and requires CDK-dependent phosphorylaƟon to be released to 

achieve its replicaƟon iniƟaƟon funcƟons. Furthermore, that DONSON’s CDK phosphorylaƟon is required 

to release TopBP1, and that Treslin’s phosphorylaƟon is further required for TopBP1 to support acƟve 

helicase formaƟon on the chromaƟn.  
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Figure 4.1.3 SchemaƟc of how DONSON may be released from liquid‐liquid phase separated mulƟmeric 

complexes in Xenopus laevis egg extract. DONSON (shown in dark blue) may exist in large mulƟmeric complexes 

either alone or in combinaƟon with another, likely scaffolding, protein (here TopBP1 is presented, in dark pink). 

CDK-dependent phosphorylaƟon of DONSON will alter the charge or formaƟon of the protein causing the 

mulƟmeric bonds to be broken and the protein released, either alone or in combinaƟon with TopBP1. Dimeric 

DONSON would then be available to be recruited to DNA during iniƟaƟon for CMG formaƟon. Adapted from 

[253].  
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4.2 Relevance of this Research 

IdenƟfying DONSON’s essenƟal role in DNA replicaƟon iniƟaƟon provides insight into the molecular 

mechanism of the process in higher eukaryotes. This therefore enables insight into how the process can 

be regulated and manipulated for the potenƟal treatment of diseases in which replicaƟon is either under 

or over sƟmulated and the cell cycle is perturbed. I have been able to preliminarily invesƟgate the 

potenƟal of blocking DONSON using a pepƟde of the N-terminus of the protein and have seen some 

promising results blocking both CMG assembly on the chromaƟn and DNA replicaƟon levels. Based on this 

data, future work could provide insight into the potenƟal of the N-terminal lactam pepƟde in 

downregulaƟng replicaƟon and cell cycle progression. However, it would also be interesƟng to idenƟfy 

how the remaining paƟent mutaƟons impact DONSON at the molecular level. In parƟcular, idenƟfying a 

separaƟon of funcƟon mutant would be beneficial for the assessment of DONSON’s potenƟal 

mulƟfuncƟonal roles within replicaƟon. AddiƟonally, invesƟgaƟng the way in which DONSON can be 

regulated has the potenƟal to shed new light on further ways in which it can be manipulated to either 

promote or limit efficient DNA replicaƟon in paƟents. 

4.3 Future QuesƟons to Address 

Having established that DONSON is required for funcƟons in addiƟon to its stress response role, the way 

in which it is regulated to achieve each of its purposes needs to be established. With data suggesƟng that 

both CDK- and ATR-dependent phosphorylaƟon of DONSON affects its funcƟon, we suggest that 

phosphorylaƟon may at least in part regulate DONSON. Therefore, future research should focus on which 

roles of DONSON its phosphorylaƟon impacts. The parƟcular roles, we suggest it may affect, and 

therefore that should be invesƟgated are as follows: 

1. DONSON’s retenƟon in a large mulƟmeric complex, either self-interacƟng or with TopBP1. 

It is of interest to determine whether CDK phosphorylaƟon is sufficient to release DONSON from these 

large complexes. In parƟcular, whether in vitro phosphorylated DONSON, when added into the extract, 

can sƟll form these large complexes, when assessed by gel filtraƟon. Likewise, assessing whether TopBP1 
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depleƟon abrogates DONSON’s ability to form these large complexes, could shed light on whether TopBP1 

acts as a scaffold for DONSON within these high molecular weight structures. 

2. DONSON’s release from such a mulƟmeric complex specifically to enable its interacƟon with 

iniƟaƟon factors and support DNA replicaƟon iniƟaƟon. 

If we do observe a shiŌ to a lower molecular weight of DONSON in extract upon phosphorylaƟon with 

commercial CDKs, tesƟng whether our 10A mutant would be resistant to these condiƟons would further 

support this finding. Likewise, in vitro phosphorylaƟng DONSON and assessing its interacƟons with 

TopBP1 and GINS, via IP, on chromaƟn could provide insight into the extent to which phosphorylaƟon is 

required for the interacƟons likely required for its recruitment to chromaƟn.  

3. StabilisaƟon of a vertebrate pre-LC, and alteraƟon of the structure of the factors for efficient 

posiƟoning on the chromaƟn, as well as stabilisaƟon of duplex CMGs at origins. 

It is of parƟcular interest to assess our 10A mutant by cryo-EM, to determine whether the interacƟons we 

have previously observed with the endogenous protein are altered. In parƟcular, assessing whether the 

interacƟons proposed by AlphaFold are reliable, as the suggesƟon that phosphorylaƟon of DONSON may 

be important for stabilisaƟon of the pre-LC and posiƟoning the factors for efficient recruitment to the 

chromaƟn is significant. Likewise, assessing the interacƟons between 10A DONSON and CMG components 

– parƟcularly Sld5 and Mcm3 – on chromaƟn, may shed light on whether phosphorylaƟon is required to 

stabilise the CMG on chromaƟn. 

4. DONSON’s removal from the chromaƟn following effecƟve CMG stabilisaƟon and hexamer 

misalignment, to allow for duplex DNA unwinding. 

Assessing the impact of the 10A mutant on the interacƟons of RecQL4, TopBP1 and Mcm10 with the pre-

iniƟaƟon complex, could indicate whether DONSON’s phosphorylaƟon is important for origin unwinding. 

In parƟcular, whether it is required to support the removal of iniƟaƟon factors from the chromaƟn, 

including its own, as well as to support the recruitment of DNA unwinding factors, parƟcularly Mcm10. 

AddiƟonally, as menƟoned above, performing a chromaƟn isolaƟon experiment with both our WT and 
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10A mutant at later Ɵmepoints, may indicate whether our phosphorylaƟon mutant is removed from 

chromaƟn with altered efficiency, compared to our WT. 

As well as conƟnuing this work and addressing these quesƟons in Xenopus laevis egg extract, it is 

important to translate our data into human cells, parƟcularly if the view is to determine whether we can 

extend these findings into a therapeuƟc approach. Although our dimeric recombinant protein is able to 

efficiently support replicaƟon and CMG formaƟon, a more reliable system for tesƟng the funcƟon of 

DONSON may be to use human cells with ectopic expression, that can be postranslaƟonally modified in an 

analogous way to the endogenous protein. Therefore, specifically to assess the impact of CDK-dependent 

phosphorylaƟon of DONSON, human cells may be a beƩer model. Over the past few months, we have 

been aƩempƟng to reconsƟtute previous data from other labs, showing that DONSON is required to 

support DNA replicaƟon in human cells [152]. To assess this, we have been using DONSON-specific 

degron-tagged HCT116 human cells (Figure 4.3.1). We have observed that degradaƟon of DONSON 

promisingly results in DNA content remaining at 2N (data not shown). However, we have not yet 

reproducibly observed rescue of DNA replicaƟon upon transfecƟon with WT DONSON. In the future, we 

propose assessing the impact of CDK-dependent phosphorylaƟon of DONSON on DNA replicaƟon and 

interacƟons of the proposed pre-LC components in human cells. AddiƟonally, it would be parƟcularly 

interesƟng to assess whether DONSON can be observed in liquid-like condensates within human cells, and 

whether these contain any other factors, parƟcularly TopBP1 and those involved in the ATR stress 

response. 

 

 

 

 

 

Figure 4.3.1 DONSON degradaƟon in human cells. SchemaƟc depicƟng HCT116 human colon cancer cells carrying the 

auxin-inducible degron (AID) tagged DONSON. Cells are cultured and cell cycling is established. Auxin is applied and 

proteasomal degradaƟon of the endogenous DONSON occurs, resulƟng in cells deplete of DONSON ready for mutant 

tesƟng. 
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6 Appendix 

Mass Spectrometry Results 

1. Mass spec results of depleted extract chromaƟn samples (as in Figure 3.1.11 A) 

2. Mass spec results of chromaƟn IP samples (as in Figure 3.1.12 C) 

PublicaƟons 

1. G. Kingsley et al., “DONSON facilitates Cdc45 and GINS chromaƟn associaƟon and is essenƟal for 

DNA replicaƟon iniƟaƟon,” Nucleic Acids Res., vol. 51, no. 18, pp. 9748–9763, 2023, doi: 

10.1093/nar/gkad694.  

 

2. M. A. Cvetkovic et al., “The structural mechanism of dimeric DONSON in replicaƟve helicase 

acƟvaƟon,” Mol. Cell, vol. 83, no. 22, pp. 4017-4031.e9, 2023, doi: 10.1016/j.molcel.2023.09.029. 

 

 



Protein IgG Depleted 
Peptides 

DONSON 
Depleted 
Peptides 

Fold Enrichment 

Smarca5 44 N.C. -44 
Nup205 28 N.C. -28 

Fanci 26 N.C. -26 
Tpr 22 N.C. -22 

Pole 21.5 N.C. -21.5 
Pola1 19 N.C. -19 

Dnmt1 18 N.C. -18 
Cytosine-specific 

methyltransferase 
17  N.C.  -17  

SALL4 17 N.C. -17 
Pol3 16 N.C. -16 

Xsal-3 15 N.C. -15 
Ubtf 12 N.C. -12 

Hsp90aa1.1 10 N.C. -10 
Rfc4 10 N.C. -10 

Mi-2 histone 
deacetylase 

complex protein 
66 

9 N.C. -9 

Rbbp4-a 9 N.C. -9 
Lgals3 9 N.C. -9 

Wdhd1 9 N.C. -9 
Nup88 8 N.C. -8 

P60 8 N.C. -8 
Chromatin 

assembly factor 1 
subunit A-A 

8 N.C. -8 

CDC45 8 N.C. -8 
Claspin 7 N.C. -7 

Rfc1 7 N.C. -7 
Tmpo 6 N.C. -6 

Hic2 6 N.C. -6 
Zhx3 6 N.C. -6 

Uhrf1 6 N.C. -6 
Prim1 6 N.C. -6 

Orc4 6 N.C. -6 
Rpl28 6 N.C. -6 
Pole2 6 N.C. -6 
Rfc5.s 11 2 -5.5 
Tim1 5 N.C. -5 

Psma2 5 N.C. -5 
Psmb7 5 N.C. -5 
Dscc1 5 N.C. -5 
Adnp 5 N.C. -5 
Pold3 5 N.C. -5 
Smc3 5 N.C. -5 
PCNA 49 11 -4.5  
NPAT 4  N.C.  -4  

1. Mass spec results of depleted extract chromatin samples (as in Figure 3.1.11 A)



Elongation factor 
1-alpha 

4 N.C. -4 

ppp1cc-a 4 N.C. -4 
Rmi1 4 N.C. -4 
Vapb 4 N.C. -4 

Chtf18 4 N.C. -4 
Parp1 4 N.C. -4 
UBC9 4 N.C. -4 
Pola2 4 N.C. -4 
Orc3 4 N.C. -4 

Gnb2l1 7 2 -3.5 
Coilin 16 5 -3.2 

Ppp1cb  3  N.C.  -3  
Rad23b 6 2 -3 

Srsf2 6 2 -3 
L13 3 N.C. -3 
Atic 3 N.C. -3 

Arf-1 3 N.C. -3 
Paics 3 N.C. -3 
Usp7 3 N.C. -3 

Smarca4 3 N.C. -3 
Mdh1 3 N.C. -3 

Psmb1 3 N.C. -3 
Psmb2 3 N.C. -3 
Ehmt2 3 N.C. -3 
Rplp0 3 N.C. -3 

Nfyc 3 N.C. -3 
Ddi2 3 N.C. -3 

Rpl18a 3 N.C. -3 
Dnaja1 3 N.C. -3 

Lig1 3 N.C. -3 
Mprip 3 N.C. -3 

Helb 3 N.C. -3 
Gins3 3 N.C. -3 
Gins4 3 N.C. -3 
Chtf8 3 N.C. -3 
Rfc2 23 8 -2.9 

Rad50 11 4 -2.8 
Psma-7 8 3 -2.7 

Arpc4 8 3 -2.7 
Proteasome 

subunit alpha 
type 

8 3 -2.7 

Rfc3 23 9 -2.6   
Tubulin alpha 21 8 -2.6  

Atrx 5 2 -2.5 
Flnb 17 7 -2.4 
Etaa 9  4  -2.3   

Hdac1-a 9 4 -2.3  
Psmb5 7 3 -2.3 

Chd8 7 3 -2.3 



Cabin1 11 5 -2.2 
Chd4 30 14 -2.1 
Hcfc1 8 4 -2  

MBD3 6 3 -2 
Cdca7 6 3 -2  
Rpl14 4 2 -2 

Psmd7 4 2 -2 
Uchl5 2 N.C. -2 

Psmd3 2 N.C. -2 
Baz2a 2 N.C. -2 

Idh1 2 N.C. -2 
Smarcc2 2 N.C. -2 

Rps16 2 N.C. -2 
Dnajb6-b 2 N.C. -2 
Nusap1-a 2 N.C. -2 

Gys1 2 N.C. -2 
Rps23 2 N.C. -2 
Adnp2 2 N.C. -2 
Rpl26 2 N.C. -2 
Rcc2 2 N.C. -2 

Rpl22 2 N.C. -2 
Rps13 2 N.C. -2 
Rpl11 2 N.C. -2 

Rpl6 2 N.C. -2 
Srsf5 2 N.C. -2 

Upk1b 2 N.C. -2 
Dynll1 2 N.C. -2 

Chmp1a 2 N.C. -2 
Ssh2 2 N.C. -2 

Rpl35a 2 N.C. -2 
Pot1 2 N.C. -2 

Asf1ab 2 N.C. -2 
Cbr3 2 N.C. -2 

Habp4.L 2 N.C. -2 
Smc1a 2 N.C. -2 
Kpna3 2 N.C. -2 

Acad11 2 N.C. -2 
Fancf 2 N.C. -2 

Plk1 2 N.C. -2 
Anln 2 N.C. -2 

Prkra-a 2 N.C. -2 
Rps19 2 N.C. -2 

Proteasome 
subunit beta 

2 N.C. -2 

Orc2 2 N.C. -2 
Rab5a 2 N.C. -2 

Zbtb16 2 N.C. -2 
Gatad2a.S 17 9 -1.9 

ISWI 136 74 -1.8  
Arpc2-b 16 9 -1.8 

Hic2 11 6 -1.8 



Numa1 27 16 -1.7 
Svil 22 13 -1.7  

Efhd1 10 6 -1.7 
Rps4 5 3 -1.7 
Dbd1 5 3 -1.7 

Proteasome 
subunit alpha 

5 3 -1.7 

Psma4 5 3 -1.7 
Rts 5 3 -1.7 

Blm 13 8 -1.6 
Rbbp7 13 8 -1.6 
Dppa2 13 8 -1.6 

Xrrc5 8 5 -1.6 
Mel28 21  14  -1.5  

Gsn 3  2  -1.5  
Topo2 72 49 -1.5 

TPR 38 25 -1.5  
SSRP1 18 12 -1.5  

Mre11 6 4 -1.5 
Pole3 6 4 -1.5 

Arpc5l 6 4 -1.5 
Ruvbl2 6 4 -1.5 
H1f0-a 3 2 -1.5 
Rps11 3 2 -1.5 

Hells 3 2 -1.5 
Rpl23a 3 2 -1.5 
Cdc6b 3 2 -1.5 

Proteasome 
subunit beta 

3 2 -1.5 

Tcf20 3 2 -1.5 
Rab10 3 2 -1.5 

RPA (70kDa) 156 140 -1.1 
MCM4 78 93 +1.2 
MCM6 90 111 +1.2 
MCM5 97 125 +1.3 
MCM7 73 94 +1.3 
MCM2 110 159 +1.4 

Nup153 51  75  +1.5  
Cingulin like 1 51  75  +1.5  

Nup53 4 6 +1.5 
Zmym3 4 6 +1.5 

Mta1 4 6 +1.5 
Fancc 4 6 +1.5 

Ube3a 4 6 +1.5 
Ywhaz 2 3 +1.5 

birc5.1-a 2 3 +1.5 
Ddost 2 3 +1.5 
Vdac2 2 3 +1.5 
Arpc5 2 3 +1.5 

Ppib 2 3 +1.5 



Zona pellucida C 
glycoprotein 

2 3 +1.5 

Rps14 2 3 +1.5 
Histone H2A 33 49 +1.5 

Nup43 17 25 +1.5 
Tubb2b 15 22 +1.5 
MCM3 86 141 +1.6 
Nup98 8 13 +1.6 
Abcf1 8 13 +1.6 

nup50.L 5 8 +1.6 
Nupl1 9 14 +1.6 

Dbnl-1 9 14 +1.6 
Nup62 9 14 +1.6 

B4 100 167 +1.7 
Tjp1 3 5 +1.7 

Ruvbl1 3 5 +1.7 
faap100.L 6 10 +1.7 

Treslin 15 25 +1.7 
H1foo 100 167 +1.7 
Enah 7 12 +1.7 

Lamin-L 8 14 +1.8 
Topbp1-A 9 16 +1.8 
Neurabin 5 9 +1.8 

Nup50 6 11 +1.8 
Cltc 7 13 +1.9 

Prdx1 N.C. 2 +2 
Ccdc176 N.C. 2 +2 
Lamin-A N.C. 2 +2 
slc37a2 N.C. 2 +2 

Cat.2 N.C. 2 +2  
KIF22-B N.C. 2 +2 
sqstm1 N.C. 2 +2 

Hmbox1 N.C. 2 +2  
Habp4 N.C. 2 +2 

T-complex protein 
1 subunit delta 

N.C. 2 +2 

Cenpc N.C. 2 +2 
Rpl24 N.C. 2 +2 
Rpl27 N.C. 2 +2 

Anxa7 N.C. 2 +2 
Rpl31 N.C. 2 +2 
Ssb-b N.C. 2 +2 
Pdia5 N.C. 2 +2 

Pa2g4 N.C. 2 +2 
guanine 

nucleotide 
binding protein 

N.C. 2 +2 

Rab18 N.C. 2 +2 
Rpl4-b N.C. 2 +2 
Uchl1 N.C. 2 +2 

XMAN1 N.C. 2 +2 



Prkdc N.C. 2 +2 
Rps5 N.C. 2 +2 

Gpi N.C. 2 +2 
Mov10 N.C. 2 +2 

Perilipin N.C. 2 +2 
Wdr18 N.C. 2 +2 

Cap1 N.C. 2 +2 
Annexin N.C. 2 +2 

Lap3 N.C. 2 +2 
Dynll2 N.C. 2 +2 
Cndp2 N.C. 2 +2 

HBA-L4 N.C. 2 +2 
Rnf123 N.C. 2 +2 

Plastin 3 N.C. 2 +2 
Cyp N.C. 2 +2 

Anxa2 N.C. 2 +2 
Top3a 9 18 +2 

Lamin B1 7 14 +2 
Cell division cycle 

associated 2 
5 10 +2 

Ldhc 3 6 +2 
Gmcl1 2 4 +2 

Arg1 2 4 +2 
Ybx2-a 2 4 +2 

Cct6a 2 4 +2 
Programmed cell 

death 6-
interacting 

protein 

2 4 +2 

Cct8 2 4 +2 
SUV39H1 5 11 +2.2 

2-
phosphoglycerate 

dehydratase 

6 14 +2.3 

Fructose-
bisphosphate 

aldolase 

3 7 +2.3 

Dsp 9 26 +2.9 
Cenpt N.C.  3  +3  

Myo7a N.C. 3 +3 
Psmc4 N.C. 3 +3 

Rps8 N.C. 3 +3 
Orc5 N.C. 3 +3 

Tmem209 N.C. 3 +3 
Myp N.C. 3 +3  

Psmd4 N.C. 3 +3 
Cct3 N.C. 3 +3  

serine/threonine-
protein 

phosphatase 2A 

N.C. 3 +3 



Creatine kinase 
isozyme IV 

N.C. 3 +3 

Atp2a2 N.C. 3 +3 
Zc3hc1 N.C. 3 +3  

Eif3l N.C. 3 +3 
Bcap31 N.C. 3 +3 

Vwa5a.2 N.C. 3 +3  
Sun1 N.C. 3 +3 

Mtbp 9 27 +3 
Vasp 4 12 +3 
Rpn2 2 6 +3 

tfap2d N.C. 4 +4 
Eif3a N.C. 4 +4 

Erlin-2-A N.C. 4 +4 
Evpl N.C. 4 +4 

Cse1l N.C. 4 +4 
Eif4enif1 N.C. 4 +4 

ATP synthase 
subunit alpha 

4 19 +4.8 

Srrm1.L N.C. 5 +5 
Wwc1 N.C. 5 +5 

Psmd14 N.C. 5 +5 
Proteasome 

subunit alpha 
N.C. 5 +5 

Tpx2-a N.C. 5 +5 
Nucleolin N.C. 5 +5 

Top1.2 N.C. 5 +5  
Trim28 N.C. 5 +5 

Vitellogenin-A2 N.C. 5 +5 
Coronin N.C. 6 +6 

Vasp N.C. 6 +6 
hsp90b1.S N.C. 6 +6 

slc37a2 N.C. 6 +6  
Ipo5 N.C. 6 +6 
Polq N.C. 6 +6 

Pdia3 N.C. 6 +6 
Blm N.C. 7 +7 

Hal.2 N.C. 8 +8 
Histone H2A N.C. 8 +8 

Pom121 N.C. 8 +8 
Arpc2 N.C. 9 +9 

Rae1/Gle2 N.C. 13 +13 
Hspa5 N.C. 20 +20 

Smarca5 N.C. 43 +43 
Histone H4 N.C. 88 +88 

 



 p97i Chromatin Aph/caff chromatin 
Protein  Control 

peptides  
DONSON 
peptides  

Fold 
enrichment  

Control 
peptides  

DONSON 
peptides  

Fold 
enrichment  

DONSON  N.C.  84  +84  N.C. 86 +86 
Pik3c2a  N.C.  51  +51  - - - 

Ubtf  N.C.  40  +40  N.C. 24 +24 
Epabp-b  N.C.  40  +40  - - - 

NPAT  N.C.  40  +40  N.C. 32 +32 
Mel28  N.C.  37  +37  - - - 
Tacc3  N.C.  33  +33  - - - 

Cytosine-specific 
methyltransferase  

5  121  +24.2  N.C. 23 +23 

Etaa  N.C.  24  +24  N.C. 37 +37 
Stim1  N.C.  23  +23  N.C. 11 +11 
Cspp1  N.C  21  +21  N.C. 17 +17 
Cenpt  N.C.  20  +20  - - - 
Sart1  N.C.  19  +19  N.C. 6 +6 

Ppp1cb  N.C.  19  +19  - - - 
Ppp1ca  N.C.  18  +18  - - - 

Gsn  N.C.  18  +18  3 20 +6.7 
Nup153  N.C.  18  +18  - - - 

Sltm  N.C.  17  +17  - - - 
Chd7  N.C.  17  +17  - - - 

Mycbp2  N.C.  17  +17  - - - 
Perpherin  N.C.  16  +16  - - - 

Wdr33  N.C.  16  +16  - - - 
Cingulin like 1  N.C.  16  +16  - - - 

Ncka5l  N.C.  15  +15  - - - 
TopoI  N.C.  13  +13  - - - 
Srsf6  N.C.  13  +13  - - - 

Sec16a  N.C.  13  +13  - - - 
coREST  N.C.  13  +13  - - - 

Pola1  N.C.  12  +12  N.C. 10 +10 
SALL4  N.C.  12  +12  N.C. 3 +3 

KHC  N.C.  11  +11  - - - 
Cltb-prov  N.C.  11  +11  - - - 

Smarca4/BRG1  N.C.  11  +11  - - - 
Srrm2  N.C.  10  +10  - - - 

Tsc2/tuberin  N.C.  10  +10  - - - 
Usp10-a  N.C.  9  +9  - - - 

Pelp1  N.C.  9  +9  - - - 
Rad50  N.C.  9  +9  5 76 +15.2 

Np-a  N.C.  9  +9  - - - 
Camsap1  N.C.  9  +9  - - - 

Spats2  N.C.  9  +9  N.C. 5 +5 
Nek9  N.C.  9  +9  - - - 

Ppp1r9a  N.C.  8  +8  - - - 
Ybx2-b  N.C.  8  +8  - - - 
Fancm  N.C.  8  +8  - - - 
Mdn1  N.C.  8  +8  - - - 
Msh6  N.C.  8  +8  N.C. 12 +12 

2. Mass spec results of chromatin IP samples (as in Figure 3.1.12 C)



Atxn2l  N.C.  8  +8  - - - 
Mta1  N.C.  8  +8  - - - 

Cltb  N.C.  8  +8  - - - 
Hcfc1  N.C.  8  +8  - - - 

Zbtb17  N.C.  8  +8  - - - 
Scaper  3  23  +7.3  - - - 
Fanca  2  14  +7  - - - 

Zmym3  N.C.  7  +7  - - - 
Jmjd1c  N.C.  7  +7  - - - 

Srsf4  N.C.  7  +7   - - - 
Prpf40a  N.C.  7  +7  - - - 

Srsf5  N.C.  7  +7  - - - 
Shank2  N.C.  7  +7  - - - 

Amot  N.C.  7  +7  - - - 
Mapkbp1  N.C.  7  +7  - - - 

Clathrin  98  615  +6.3  - - - 
Gins2  N.C.  6  +6  - - - 

Plk1  N.C.  6  +6  N.C. 3 +3 
Abcf1  N.C.  6  +6  - - - 

Protein 
phosphatase 

slingshot 
homolog  

N.C.  6  +6  - - - 

Phf14  N.C.  6  +6  - - - 
Cdc5l  N.C.  6  +6  - - - 

Fbl  N.C.  6  +6  - - - 
Dock7  N.C.  6  +6  - - - 
Cpsf1  N.C.  6  +6  - - - 

Tjp1  50  294  +5.9  - - - 
Rif1  9  53  +5.9  N.C. 7 +7 

B52-prov  3  17  +5.7  - - - 
Nucleoprotein 

TPR  
4  22  +5.5  - - - 

Fmn2  3  16  +5.3  - - - 
Rpa1  N.C.  5  +5  100 229 +2.29 
Fanca 

complementation 
group  

N.C.  5  +5  - - - 

Eftud2  N.C.  5  +5  - - - 
Parp1  N.C.  5  +5  - - - 

XNop56  N.C.  5  +5  - - - 
Rfc4  N.C.  5  +5  N.C. 4 +4 

Dynll2  N.C.  5  +5  - - - 
Sumo1a  N.C.  5  +5  - - - 
Tubgcp2  N.C.  5  +5  - - - 
Tubgcp3  N.C.  5  +5  - - - 

Shank2  N.C.  5  +5  - - - 
Parn  N.C.  5  +5  - - - 

Zc3h13  N.C.  5  +5  - - - 
Kaz  N.C.  5  +5  - - - 

Fip1l1  N.C.  5  +5  - - - 



Kiaa1429  N.C.  5  +5  - - - 
Thrap3  4  26  +4.5  - - - 
Wdr76  5  22  +4.4  - - - 

Rpl7a  20  85  +4.3  - - - 
Nup153  31  128  +4.1  - - - 

Eif4enif1  32  131  +4  - - - 
Ybx2-a  3  12  +4  - - - 

Kiaa1797  N.C.  4  +4  - - - 
Hdlbp  N.C.  4  +4  - - - 

H2afy2  N.C.  4  +4  - - - 
Cdk11b  N.C.  4  +4  - - - 
Adenine 

nucleotide 
translocase  

N.C.  4  +4  - - - 

Mdn1  N.C.  4  +4  - - - 
Csnk2a2  N.C.  4  +4  - - - 

Znf605  N.C.  4  +4  - - - 
Srsf2  N.C.  4  +4  - - - 
Clta  N.C.  4  +4  - - - 

Nkap  N.C.  4  +4  - - - 
Myl6  N.C.  4  +4  - - - 

Shroom2  N.C.  4  +4  - - - 
Mllt4  N.C.  4  +4  - - - 

Dgcr8  N.C.  4  +4  - - - 
Lsm14a-a  N.C.  4  +4  - - - 

Mki67  37  145  +3.9  - - - 
Xtr  28  100  +3.6  - - - 

Mtbp  5  18  +3.6  N.C. 4 +4 
Fxr1  15  53  +3.5  - - - 

Filip1  2  7  +3.5  - - - 
Chtf18  7  23  +3.3  - - - 
Cabin1  29  93  +3.2  N.C. 16 +16 
Npm2  12  38  +3.2  - - - 

Atrx  5  16  +3.2  - - - 
Rpl4-a  31  97  +3.1  - - - 

Sep1  2  6  +3  - - - 
Hdac1  N.C.  3  +3  - - - 
Eif4g1  N.C.  3  +3  - - - 

Psmc-3  N.C.  3  +3  - - - 
Erlin2-a  N.C.  3  +3  N.C. 6 +6 
Camk2  N.C.  3  +3  - - - 
Ywhaq  N.C.  3  +3  - - - 

Importin (alpha)  N.C.  3  +3  9 25 +2.8 
Ubr5  N.C.  3  +3  - - - 

Prpf19  N.C.  3  +3  - - - 
Cpsf2  N.C.  3  +3  - - - 

Sgk223  N.C.  3  +3  - - - 
Asf1ab  N.C.  3  +3  - - - 

Sun1  N.C.  3  +3  - - - 
Nusap1  N.C.  3  +3  - - - 



Oocyte zinc finger 
protein  

N.C.  3  +3  - - - 

Eif6  N.C.  3  +3  - - - 
Srpk1  N.C.  3  +3  - - - 

Fn1  N.C.  3  +3  - - - 
Transformer 2  N.C.  3  +3  - - - 

Hells  N.C.  3  +3  N.C. 21 +21 
Xcdc6  N.C.  3  +3  - - - 

RNA helicase II  N.C.  3  +3  - - - 
Otud4  N.C.  3  +3  - - - 
Pacs1  N.C.  3  +3  - - - 

Sfpq  N.C.  3  +3  - - - 
Dapk1  N.C.  3  +3  - - - 
Cep85  N.C.  3  +3  - - - 
Aim1  N.C.  3  +3  - - - 
Irr1.L  N.C.  3  +3  - - - 

Rpl4-b  39  112  +2.9  6 N.C. -6 
RNPC7  9  26  +2.9  N.C. 13 +13 

Smarca5  94  263  +2.8  - - - 
Prrc2c  79  217  +2.7  - - - 

Eif4e1b  3  8  +2.7  N.C. 3 +3 
Wdhd1  51  135  +2.6  - - - 
Sugp2  15  39  +2.6  - - - 
FFA-1  77  190  +2.5  - - - 

Hira  41  103  +2.5  - - - 
Timeless  10  25  +2.5  - - - 

Dppa2  2  5  +2.5  N.C. 6 +6 
Dynll1  2  5  +2.5   - - - 

Flii  2  5  +2.5   - - - 
Orc4  2  5  +2.5  - - - 

Nup160  25  62  +2.5  2 22 +11 
Pol epsilon  68  165  +2.4  N.C. 2 +2 

Histone H2A  28  68  +2.4  3 6 +2 
Usp7  7  17  +2.4  N.C. 5 +5 

Plekhg3  5  12  +2.4  - - - 
Ranbp2  47  106  +2.3  47 209 +4.4 

Trip12  18  42  +2.3  - - - 
Ehmt  7  16  +2.3  - - - 
Gins4  6  14  +2.3  - - - 

Plekhg1  3  7  +2.3  - - - 
Bat2  105  226  +2.2  - - - 

Rpl5a  59  127  +2.2  - - - 
Chd4  16  104  +2.2  - - - 

SSRP1  47  102  +2.2  N.C. 5 +5 
Habp4  40  88  +2.2  - - - 

Rps2  41  19  +2.2  - - - 
Tcf20  10  22  +2.2  - - - 

Smarcc1  6  13  +2.2  - - - 
Snrnp200  5  11  +2.2  - - - 

PRDX2  5  11  +2.2  N.C. 3 +3 
Ahctf1  115  247  +2.1  N.C. 10 +10 



Baz1b  109  217  +2.1  N.C. 6 +6 
Rps4  59  126  +2.1  - - - 

Histone H3.2  27  58  +2.1  - - - 
POM121  33  68  +2.1  - - - 

Aurora kinase B-A  10  21  +2.1  N.C. 7 +7 
Smtn  9  19  +2.1  N.C. 9 +9 

Seh1l-b  7  15  +2.1  - - - 
Lgals3  27  13  +2.1  33 15 -2.2 
Treslin  23  45  +2  - - - 

Williams 
syndrome 

transcription 
factor  

46  93  +2  - - - 

Rpl6  9  18  +2  - - - 
Tpx2-a  8  16  +2  - - - 

Hic2  6  12  +2  - - - 
Tfam  6  12  +2  - - - 

Rbbp7  4  8  +2  - - - 
Ankrd43  2  4  +2  - - - 

Ldhb  2  4  +2  - - - 
C3orf15  2  4  +2  - - - 

Dctn1  N.C.  2  +2  - - - 
Cofilin-1-A  N.C.  2  +2  - - - 

Kif16b  N.C.  2  +2  - - - 
Ubap2  N.C.  2  +2  - - - 
Whsc1  N.C.  2  +2  - - - 

Methionine 
aminopeptidase  

N.C.  2  +2  - - - 

Hnrnpc  N.C.  2  +2  6 N.C. -6 
Srp72  N.C.  2  +2  - - - 

Znf638  N.C.  2  +2  - - - 
Rnps1-b  N.C.  2  +2  - - - 

Twinfilin-1  N.C.  2  +2  - - - 
Hmg20a  N.C.  2  +2  - - - 

Mlf1ip  N.C.  2  +2  - - - 
Baz1a  109  271  +1.9  N.C. 5 +5 
Gins1  7  13  +1.9  - - - 
Rpl17  23  41  +1.8  - - - 

TopoII  390  680  +1.7  - - - 
Myo18a  115  186  +1.6  N.C. 10 +10 

ISWI  195  320  +1.6  N.C. 46 +46 
Histone H2B  57  89  +1.6  13 9 -1.4 

SPT16  135  209  +1.5  4 42 +10.5 
Rps3a-a  74  111  +1.5  4 N.C. -4 
Srgap2  36  53  +1.5  N.C. 9 +9 

Vasp  57  84  +1.5  17 42 +2.5 
Rpl7  46  30  +1.5  - - - 
Eef2  161  218  +1.4   - - - 

Supervillin  227  307  +1.4  10 82 +8.2 
MCM3  137  186  +1.4  41 115 +2.8 

Rpsa  78  108  +1.4  N.C. 3 +3 



Rplp0  63  86  +1.4  N.C. 3 +3 
Enah  167  212  +1.3  15 91 +6.1 

MCM5  119  159  +1.3  21 98 +4.7 
Capza1  86  113  +1.3  19 50 +2.6 

Rps18  26  35  +1.3  - - - 
Kif20a  13  17  +1.3  - - - 
Nup43  7  9  +1.3  N.C. 3 +3 
MCM7  139  162  +1.2  39 131 +3.4 

Nup205  88  107  +1.2  22 144 +6.5 
Cullin2  13  15  +1.2  - - - 
Psmd3  8  6  -1.3  - - - 

PSMD2  46  31  -1.5  N.C. 11 +11 
Ythdf1  5  3  -1.7  - - - 
Lzpb-a  47  25  -1.9  - - - 

Gp37  46  23  -2  N.C. 7 +7 
Hspa8  6  3  -2  - - - 

Traip  4  2  -2 
   

- - - 

Ipo5  4  2  -2  - - - 
Pl10-prov  2  N.C.  -2  - - - 

GStm1  2  N.C.  -2   - - - 
Peptidyl-prolyl cis-

trans isomerase  
2  N.C.  -2  N.C. 2 +2 

Psmb3  2  N.C.  -2  - - - 
Anp32b  2  N.C.  -2  - - - 
Sptbn1  5  2  -2.5  - - - 

Zp4  33  11  -3   33 14 -2.4 
Profilin  6  2  -3   4 2 -2 
Trim28  6  2  -3  - - - 

Mdh1  3  N.C.  -3  - - - 
Zp3.2  3  N.C.  -3   - - - 

Prpf39.1  3  N.C.  -3  - - - 
Psmd4  3  N.C.  -3  - - - 

Glutathione S 
transferase  

3  N.C.  -3  - - - 

Ankrd17  13  4  -3.3  - - - 
ZPY1  39  11  -3.5  - - - 
Cse1l  29  8  -3.6  - - - 

Psmd13  8  2  -4  - - - 
Cand1  4  N.C.  -4  - - - 

Gcn1l1  4  N.C.  -4  - - - 
Pum1  4  N.C.  -4   - - - 
Eif3e  4  N.C.  -4  - - - 

Macf1  4  N.C.  -4  - - - 
Prpf3  4  N.C.  -4  - - - 
Aaas  4  N.C.  -4  - - - 

Zp2  27  6  -4.5  N.C. 2 +2 
Translational 
endoplasmic 

reticulum ATPase  

5  N.C.  -5  - - - 

Psmd12  5  N.C.  -5  - - - 



Numa1  11  2  -5.5  - - - 
Ube3a  6  N.C.  -6  N.C. 3 +3 

St13  6  N.C.  -6  7 N.C. -7 
Zpy2  32  5  -6.4   - - - 

Psmc5  7  N.C.  -7  - - - 
Picalm.2  7  N.C.  -7  - - - 

Eif3b  8  N.C.  -8  - - - 
P44s10  8  N.C.  -8  - - - 
Psmc1  10  N.C.  -10  - - - 

Psmd11  11  N.C.  -11  N.C. 2 +2 
Arhgap21-b  12  N.C.  -12  - - - 

Programmed cell 
death protein  

18  N.C.  -18  - - - 

Plectin - - - N.C. 96 +96 
ATR - - - N.C. 55 +55 

Dbnl-a - - - N.C. 43 +43 
Lamin B3 S  - - - N.C.  40  +40  

Pol3 - - - N.C.  36  +36  
Importin (beta) - - - N.C.  30  +30  

Nup88B - - - N.C.  27  +27  
Drebrin1 - - - N.C.  26  +26  
Incenp-a - - - N.C.  25  +25  
Nup214 - - - 3  70  +23.3  
Capza2 - - - N.C.  21  +21  

Incenp-b - - - N.C.  20  +20  
Nup188 - - - N.C.  17  +17  

Smarcal1 - - - N.C.  16  +16  
Flnb - - - N.C.  16  +16  
Rfc3 - - - N.C.  16  +16  

Neurabin - - - 3  45  +15  
Dna2 - - - N.C.  14  +14  
Ttc26 - - - N.C.  14  +14  

Inf2 - - - N.C.  14  +14  
C3 - - - N.C.  13  +13  

Nup133 - - - N.C.  13  +13  
Erlin2-b - - - N.C.  12  +12  

Spice1 - - - N.C.  11  +11  
Orc1 - - - N.C.  10  +10  
Sytl2 - - - N.C.  10  +10  

Pcm1 - - - N.C.  10  +10  
Arpc5 - - - N.C.  10  +10  
Orc1 - - - N.C.  10  +10  

Seh1l-a - - - N.C.  9  +9  
SIPA1L1 - - - N.C.  9  +9  

ZPAX - - - N.C.  8  +8  
Tdrd3 - - - N.C.  8  +8  
Mprip - - - N.C.  8  +8  

Cdca9 (borealin 2) - - - N.C.  8  +8  
Flna - - - 24  188  +7.8  

B4 - - - 3  23  +7.7  
Rfc2 - - - N.C.  7  +7  



Kif4 - - - N.C.  7  +7  
Arghap5 - - - N.C.  7  +7  

Ribophorin 2  - - - N.C.  7  +7  
Lamin B2  - - - N.C.  7  +7  

Rts - - - N.C.  7  +7  
Rfc2 - - - N.C.  7  +7  

Topbp1  - - - N.C.  7  +7  
Itpr1  - - - N.C.  7  +7  

Nup107  - - - 8  55  +6.9  
Rangap1  - - - 7  48  +6.9  

Gphn  - - - 6  39  +6.5  
Topoisomerase 3a  - - - N.C.  6  +6  

Fanci  - - - N.C.  6  +6  
Diaph1  - - - N.C.  6  +6  
Mre11  - - - N.C.  6  +6  
Luzp1  - - - N.C.  6  +6  

Ipo7  - - - N.C.  6  +6  
Cgn  - - - 17  98  +5.8  

Nup155  - - - 16  90  +5.6  
Nup85     5  27  +5.4  

Topoisomerase 3b  - - - N.C.  5  +5  
Zbtb33  - - - N.C.  5  +5  

Vapb  - - - N.C.  5  +5  
Rpa2  - - - 9  43  +4.8  

Lamin III  - - - 33  142  +4.3  
Nup93  - - - 18  75  +4.2  
Tpx2-b  - - - N.C.  4  +4  
Fancd2  - - - N.C.  4  +4  

Orc2  - - - N.C.  4  +4  
XHp1-gamma  - - - N.C.  4  +4  

Fam83h  - - - N.C.  4  +4  
Smpd4  - - - N.C.  4  +4  
Nup53  - - - N.C.  4  +4  

Nckipsd  - - - N.C.  4  +4  
Dhx35  - - - N.C.  4  +4  

Rfc2  - - - N.C.  4  +4  
Mi-2 histone 
deacetylase 

complex protein 
66  

- - - N.C.  4  +4  

Galectin  - - - N.C.  4  +4  
Cap1  - - - N.C.  4  +4  

Tpx2-b  - - - N.C.  4  +4  
GATAD2A  - - - N.C.  4  +4  

Rpa3  - - - 2  6  +3  
Rps3a-b  - - - N.C.  3  +3  

Ppp1cc-a  - - - N.C.  3  +3  
Rad26  - - - N.C.  3  +3  
Msh2  - - - N.C.  3  +3  
Senp1  - - - N.C.  3  +3  

RPS3a-b  - - - N.C.  3  +3  



Upk3a  - - - N.C.  3  +3  
Smc1a  - - - N.C.  3  +3  
Ddost  - - - N.C.  3  +3  

Vcp  - - - N.C.  3  +3  
Eprs  - - - N.C.  3  +3  

PolD3  - - - N.C.  3  +3  
Gnb2l1  - - - N.C.  3  +3  

Uhrf1  - - - N.C.  3  +3  
Msh2  - - - N.C.  3  +3  

Rad26  - - - N.C.  3  +3  
SALL4  - - - N.C.  3  +3  
Rps19  - - - N.C.  3  +3  

Nup50.L  - - - N.C.  3  +3  
Rcc1  - - - N.C.  3  +3  

MCM4  - - - 37  107  +2.9  
Lima1  - - - 31  90  +2.9  

Dbnl-b  - - - 25  67  +2.7  
Nupl1  - - - 2  5  +2.5  
Kpnb1  - - - 35  85  +2.4  

Capping protein 
beta  

- - - 20  48  +2.4  

Cttn  - - - 92  191  +2.1  
Ubiquitin A-52  - - - 21  45  +2.1  

Arpc1a  - - - 13  27  +2.1  
Coronin  - - - 52  105  +2  

Ran  - - - 3  6  +2  
Prrc2b  - - - N.C.  2  +2  

Ppp1r12c  - - - N.C.  2  +2  
Zp2  - - - N.C.  2  +2  
Cyp  - - - N.C.  2  +2  

Akap17a  - - - N.C.  2  +2  
Ddx41  - - - N.C.  2  +2  

Vitellogenin  - - - N.C.  2  +2  
Nup37  - - - N.C.  2  +2  
MCM2  - - - 77  131  +1.7  

xlZPC  - - - 7  11  +1.6  
MCM6  - - - 80  115  +1.4  

Pold2  - - - 6  4  -1.5  
Prim1  - - - 6  4  -1.5  
PCNA  - - - 5  3  -1.7 (???)  

Rae1/Gle2  - - - 8  4  -2  
Rpl9  - - - 2  N.C.  -2  

Rpl11  - - - 2  N.C.  -2  
Ywhaz  - - - 2  N.C.  -2  

Hemoglobin 
subunit epsilon  

- - - 2  N.C.  -2  

Rpl9  - - - 2  N.C.  -2  
Dld  - - - 2  N.C.  -2  

Rpl11  - - - 2  N.C.  -2  
Plch2  - - - 2  N.C.  -2  
Trap1  - - - 2  N.C.  -2  



Ndst1  - - - 2  N.C.  -2  
Plekhm3  - - - 2  N.C.  -2  

Sub1  - - - 2  N.C.  -2  
Tubb4  - - - 18  8  -2.3  

Programmed cell 
death 6-

interacting 
protein  

- - - 17  7  -2.4  

Hsc70  - - - 134  44  -3  
Pde4dip  - - - 3  N.C.  -3  

Sri  - - - 3  N.C.  -3  
serine/threonine-

protein 
phosphatase 2A  

- - - 3  N.C.  -3  

Nup54  - - - 41  12  -3.4  
Acly  - - - 4  N.C.  -4  

Hnrnpa1  - - - 4  N.C.  -4  
Cct7  - - - 4  N.C.  -4  

Slc25a4  - - - 4  N.C.  -4  
Gca  - - - 5  N.C.  -5  

Anxa7  - - - 10  2  -5  
Heterogeneous 

nuclear 
ribonucleoprotein 

A3 homolog 1  

- - - 5  N.C.  -5  

Jup  - - - 5  N.C.  -5  
Hnrnph1  - - - 6  N.C.  -6  

Heterogeneous 
nuclear 

ribonucleoprotein 
A2 homolog 2  

- - - 6  N.C.  -6  

Rps23  - - - 6  N.C.  -6  
Histone H4  - - - 47  7  -6.7  

ATP5a1  - - - 16  2  -8  
Hsp90beta  - - - 81  10  -8.1  

Ube2l3  - - - 10  N.C.  -10  
Tuba1a  - - - 10  N.C.  -10  

Mdh2  - - - 13  N.C.  -13  
Hspa1a  - - - 11  N.C.  -11  

Hsp70  - - - 16  N.C.  -16  
L-lactate 

dehydrogenase  
- - - 22  N.C.  -22  

Hspa9  - - - 23  N.C.  -23  
Eno3  - - - 23  N.C.  -23  

Hsp90aa1.1  - - - 25  N.C.  -25  
Tubb  - - - 176  7  -25.1  

Fructose-
bisphosphate 

aldolase  

- - - 27  N.C.  -27  

Tuba1b  - - - 126  4  -31.5  
Eno1  - - - 35  N.C.  -35  



 

 

Eef2.1  - - - 36  N.C.  -36  
Hspd1  - - - 37  N.C.  -37  

Hspa1b  - - - 38  N.C.  -38  
ATP5b  - - - 41  N.C.  -41  

Tuba4a  - - - 136  N.C.  -136  
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BSTRACT 

aithful cell division is the basis for the propagation 

f life and DNA replication must be precisely regu- 
ated. DNA replication stress is a prominent endoge- 
ous source of genome instability that not only leads 

o ageing, but also neuropathology and cancer devel- 
pment in humans. Specifically, the issues of how 

ertebrate cells select and activate origins of repli- 
ation are of importance as, for example, insufficient 
rigin firing leads to genomic instability and muta- 

ions in replication initiation factors lead to the rare 

uman disease Meier-Gorlin syndrome. The mecha- 
ism of origin activation has been well characterised 

nd reconstituted in yeast, ho we ver, an equal under- 
tanding of this process in higher eukaryotes is lack- 

ng. The firing of replication origins is driven by S- 
hase kinases (CDKs and DDK) and results in the ac- 
ivation of the replicative helicase and generation of 
wo bi-directional replication forks. Our data, gener- 
ted from cell-free Xenopus laevis egg e xtracts, sho w 

hat DONSON is required for assembly of the active 

eplicative helicase (CMG complex) at origins during 

eplication initiation. DONSON has pre viousl y been 

hown to be essential during DNA replication, both in 

uman cells and in Dr osophila , b ut the mechanism 

f DONSON’s action was unknown. Here we show 

hat DONSON’s presence is essential for replication 

nitiation as it is required for Cdc45 and GINS asso- 
iation with Mcm2–7 complexes and helicase activa- 
ion. To fulfil this role, DONSON interacts with the 

nitiation factor, TopBP1, in a CDK-dependent man- 
er. Following its initiation role, DONSON also forms 

 part of the replisome during the elongation stage 

f DNA replication. Mutations in DONSON have re- 
entl y been sho wn to lead to the Meier-Gorlin syn- 
r ome; this no vel replication initiation r ole of DON- 
 To whom correspondence should be addressed. Tel: +44 1214158688; Email: a.

C The Author(s) 2023. Published by Oxford University Press on behalf of Nucleic Ac
his is an Open Access article distributed under the terms of the Creati v e Common
ermits unrestricted reuse, distribution, and reproduction in any medium, provided th
ON theref ore pr o vides the explanation f or the phe- 
otypes caused by DONSON mutations in patients. 

RAPHICAL ABSTRACT 

NTRODUCTION 

aithful cell division is the basis for the propagation of life. 
he r eplication, r epair and epigenetic r egulation of the hu- 
an genome are three of nine interrelated pathways in- 

olved in ageing ( 1 , 2 ) and defects in the maintenance of
enome integrity are the foremost dri v ers of cellular dete- 
ioration ( 2 ). The mechanisms of origin firing during DNA 

eplica tion initia tion and replica tion for k progression hav e 
een well characterised and reconstituted in yeast, howe v er, 
qual understanding of these processes in higher eukaryotes 
s lacking. Specifically, the issue of how vertebrates, includ- 
ng humans, select and activate origins of r eplication ar e not 
esolv ed conclusi v ely and are of importance as, for e xample, 
reas with a paucity of replication origins are more prone to 

enomic instability ( 3 ), while mutations in factors involved 

n origin firing lead to the rare human disease Meier-Gorlin 

yndrome ( 4 ). 
DNA replication occurs in three stages: initiation, elon- 

ation and termination. DNA replication initiates from 
gambus@bham.ac.uk 

ids Research. 
s Attribution License (http: // creati v ecommons.org / licenses / by / 4.0 / ), which 
e original work is properly cited. 
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thousands of replication origins. These are the positions
within the genome wher e r eplicati v e helicases become acti-
vated and start unwinding DN A w hile moving in opposite
directions, away from each other, creating two DNA repli-
cation forks. The replicati v e helicase is composed of C dc45,
the M cm2–7 hexamer and the G INS complex (CMG com-
plex) ( 5 ); it is positioned at the tip of replication forks and
f orms a platf orm f or replisome assembly ( 6 ). Activation of
the CMG helicase (initiation stage) is divided into two cell
cycle stages (Figure 1 A): loading of the inacti v e core of
Mcm2–7 in the form of double hexamers in the G1 stage
of the cell cycle (origin licensing) and subsequent activa-
tion of a proportion of the double hexamers by Cdc45 and
GINS during S-phase (origin firing). Once established, the
replication forks replicate chromatin (elongation stage) un-
til they encounter forks, moving in an opposing direction,
which initiated from neighboring origins (Figure 1 A). At
this point, the termination of replication forks takes place. 

During replication initiation, double hexamers of Mcm2–
7 are first phosphorylated by Drf1 / Dbf4-dependent Cdc7
kinase (DDK) ( 7 , 8 ) (Figure 1 A). In Sacchar om y ces cer e-
visiae , DDK phosphorylation of Mcm2–7 promotes the re-
cruitment of Sld3 / Sld7 and Cdc45 to origins. This is fol-
lowed by S-phase cyclin-dependent kinase (S-CDK) phos-
phorylation of Sld3 and Sld2, which supports the forma-
tion and recruitment to chromatin of the pre-landing com-
plex (formed of Dpb11, Sld2, GINS and DNA Pol ε ), allow-
ing for CMG helicase assembly ( 9 , 10 ) (Figure 1 A). DDK-
dependent MCM phosphorylation is re v ersed by protein
phosphatase 1 (PP1), which is targeted to chromatin by Rif1
( 11–13 ). In higher eukaryotes, Treslin / MTBP complex is
homologous to Sld3 / Sld7 and TopBP1 protein to Dpb11.
Both Treslin / MTBP and TopBP1 were shown to be essen-
tial for the loading of Cdc45 and GINS onto the Mcm2–
7 hexamer in higher eukaryotes ( 14–18 ). In contrast, the
functional homologue of Sld2 is still under debate. The N-
terminus of R ecQ4 / R ecQL4 helicase ( X.l. RTS) contains a
region of homology to Sld2 and RecQ4 is essential for initi-
ation of DNA replication ( 19 , 20 ). Howe v er, in the X. leavis
egg extract system, which provided much of this pioneer-
ing r esear ch, immunodepletion of RecQ4 does not affect the
binding of Cdc45 and GINS to Mcm2–7. Rather, RecQ4
was found to promote a later stage of conversion of the pre-
initiation complex ( 20–24 ). 

Mutations in DONSON lead to microcephalic primor-
dial dwarfism (MPD), which is a collecti v e term for a group
of human disorders characterised by intra-uterine and post-
natal growth delay alongside marked microcephaly ( 4 , 25 ).
DONSON was shown to interact with the replisome and
is proposed to protect stalled DNA replication forks from
the action of nucleases ( 25 ). Cells with siRNA downreg-
ulated DONSON (siDONSON) exhibit accumulation of
stalled and asymmetric DNA replication forks and gener-
ation of double-stranded DN A breaks, w hich can be par-
tially rescued by co-depletion of nucleases that can act on
stalled forks ( 25 ). Moreover, DONSON was shown to be
important for proper activation of the S-phase checkpoint
response ( 25 ). Intriguingly, DONSON was shown to inter-
act with only a subset of replisomes –– specifically ones that
were activated in early S-phase rather than late S-phase ( 26 ).
During early S-phase, DONSON was shown to help replica-
tion forks traverse inter-strand crosslinks (ICL) ( 26 ). Inter-
estingly, the Drosophila homologue of DONSON, humpty
dumpty ( hd ), was also found to be essential for DNA repli-
cation, especially in early cleavage divisions of fly embryos,
as hd knockout embryos arrested during the first few nu-
clear cleavage cycles with incomplete chromosome segrega-
tion ( 27 , 28 ). This suggests the evolutionary conservation of
DONSON importance for cell proliferation in the de v elop-
ing embryo. 

Altogether, we know se v eral processes during DNA repli-
ca tion tha t DONSON is involved in and the consequences
of DONSON’s do wnregulation, ho we v er, the mechanisms
by which DONSON deli v ers its functions and how they are
r egulated ar e unknown. We have ther efor e set out to deter-
mine the molecular mechanism of DONSON’s action dur-
ing DNA replication in the Xenopus laevis egg extract sys-
tem, which is the only higher eukaryotic cell-free system able
to undertake a full round of cell-cycle regulated DNA repli-
cation. We have found that X.l. DONSON indeed interacts
with replisomes during DNA replication but surprisingly,
we found that DONSON is r equir ed for initiation of DNA
r eplication – mor e specifically for the activation of replica-
ti v e helicase by loading of GINS and Cdc45. 

MATERIALS AND METHODS 

Inhibitors 

MLN4924 (A01139, Acti v e Biochem) was dissolv ed in
DMSO at 5 mM and added to the extract 15 min after
addition of sperm chroma tin a t 10 �M. NMS873 (17674,
Cayman Chemical Company) was dissolved in DMSO at
10 mM and added to the extract 15 min after addition of
sperm nuclei at 50 �M. Caffeine (C8960, Sigma) was dis-
solved in water at 100 mM and added to the extract along
with demembranated sperm chromatin at 5 mM. Aphidi-
colin was dissolved in DMSO at 8 mM and added to the
extract along with demembranated sperm chromatin at 40
�M. EcoR1 (R6011, Promega) was purchased at stock 12
U / �l and added to the extract at 0.05 U / �l. Mitomycin C
(Calbiochem) was dissolved in water at 5 mM in water and
used at 500 �M. Etoposide (Calbiochem) was dissolved in
DMSO at 10 mM and used at 200 �M. Camptothecin was
dissolved in water at 10 mM and used at 500 �M. Cdc7i
PHA-767491 was dissolved in water and added at 100 �M.

Recombinant proteins 

pET28a-DONSON, pET28a-DONSON- � Loop(P334-
L410), pET28a-DONSON- � N(A2-G155), pET28a-
DONSON-M463T, pET28a-DONSON-E521K, pET28a-
DONSON-F171S, pET28a-DONSON-P230S and
pET28a-DONSON-R217C vectors were used for pro-
tein expression in 2 l of BL21 (DE3) (1 mM IPTG was
added at OD 600 = 0.6, followed by incubation overnight at
18 

◦C). Frozen bacterial pellets were lysed in resuspension
buffer (500 mM NaCl, 50 mM NaH 2 PO 4 , 2 mM MgCl 2 ,
10% glycerol, pH 9, 1 �g / ml of each: aprotinin, leupeptin
and pepstatin) and supplemented with 1 mg / ml lysozyme,
0.05% Tween-20 and BitNuclease. After sonication, the
lysate was clarified by centrifugation at 14 000 g for 30 min
a t 4 

◦C , and superna tants containing soluble proteins were
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Figure 1. DONSON interacts with replisome on replicating chromatin in Xenopus laevis egg extract. ( A ) Model of eukaryotic DNA replication. S. cerevisiae 
initiation factors are listed with human homologues names in brackets. ( B ) DNA replication was set up in Xenopus egg extract and synthesis of nascent 
DNA followed by incorporation of �32 P-dATP into newly synthesised DNA (left). At the same indicated times chromatin was isolated and chromatin 
bound factors resolved on SDS-PAGE and immunoblotted with indicated antibodies (right). ‘No DNA’ control served as chromatin specificity control, 
while Coomassie stained histones from the bottom of the gel serve as a loading and purity control. ( C ) Replication reaction was set up in egg extract in 
optional presence of indicated replication initiation inhibitors. Chromatin fractions were isolated in the middle of S-phase and analysed by immunoblotting 
as in (B). ( D ) Chromatin replicating in egg extract was isolated in the middle of S-phase, chromatin bound protein complex es wer e r eleased fr om chr omatin 
by digestion of DNA with benzonase and replisomes immunoprecipitated using �-Cdc45 or �-GINS specific antibodies. Non-specific commercial IgG 

antibodies served as non-specific control. Input and immunoprecipitated samples were resolved on SDS-PAGE and immunoblotted with indicated anti- 
bodies. ( E ) Chromatin was pr epar ed as in (D), but immunopr ecipita tion was carried out with �-DONSON antibod y. ( F ) Replica tion reaction was set up 
in egg extract and treated optionally with indicated r eplication str ess and DNA damaging agents. Chromatin was isolated after 60 min of reaction progres- 
sion (middle / late stage of replication) and immunoblotted with indicated antibodies as in (B) (right), while the ability of the extract to synthesise nascent 
DNA was assessed after 90 min of replication reaction progression (left). ( G ) Replication reaction was set up in egg extract and optionally supplemented 
with aphidicolin and caffeine, as indicated. Progression of DNA synthesis during r eplication r eaction was analysed (left), while chromatin bound factors 
were analysed by immunoblotting as in (B) (right). ( H ) Chroma tin replica ting in egg extract in optional presence of aphidicolin and caffeine was isolated, 
chr omatin pr otein complex es r eleased by DN A digestion and Cdc45 or GINS imm unoprecipitated as in (D). 
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then incubated with 2 ml of pre-washed Super Ni-NTA
Affinity Resin (SUPER-NINTA100, Generon) for 2 h,
rota ting a t 4 

◦C . The beads were then washed 3 × with
30 ml of Lysis buffer, both supplemented with 15 mM
imidazole. The beads were transferred to 10 ml columns
(Pol y-Prep Chromato gra phy Column, Bio-Rad) and eluted
with Lysis Buffer supplemented with 250 mM imidazole.
Most concentrated elution fractions were dialysed against
LFB1 / 50 buffer (10% sucrose, 50 mM KCl, 40 mM HEPES
pH 8.0, 20 mM K phosphate pH 8, 2 mM MgCl 2 , 1 mM
EGTA, 2 mM DTT, 1 �g / ml of each: aprotinin, leupeptin
and pepstatin) and snap frozen in liquid nitrogen. Recom-
binant p27(KIP1) was described previously ( 8 ) and used at
100 nM, while geminin 

DEL was described in ( 29 ). 

Antibodies 

�-PCNA (P8825) and �-HIS (H1029) were purchased from
Sigma; �-RIF1 (A300-568A) was purchased from Bethyl;
�-PP1 � (sc-271762) and �-PP2 � (sc-56950) wer e pur chased
from Santa Cruz Biotechnology. 

Affinity purified �-Cdc45, �-Psf2 ( 30 ), �-Mcm4 antibod-
ies ( 31 ), �-Mcm7 ( 32 ), �-RecQ4 and �-TopBP1 antibodies
wer e pr eviousl y described ( 33 ). Similarl y, �-GINS ( 34 ), �-
Treslin and �-MTBP were described in ( 18 ). 

Xenopus full-length DONSON protein was purified as
described above and antibodies raised against such pre-
pared antigens in sheep or rabbit. The resulting antibody
sera was purified in-house against the purified antigen. The
specificity of each new antibody is presented in Supplemen-
tary Figure S1. 

Xenopus laevis egg extract preparation 

All of the work with Xenopus laevis was approved by Animal
Welfare and Ethical Re vie w Bod y (AWERB) a t Uni v ersity
of Birmingham and approved by UK Home Office in form
of Project License issued for Dr Agnieszka Gambus. Xeno-
pus laevis egg extract was pr epar ed as pr eviously described
( 35 ). 

Immunodepletion 

DONSON immunodepletions with sheep antibodies were
performed using Dynabeads Protein G (10004D, Life Tech-
nologies) coupled to antibodies against DONSON or non-
specific sheep IgGs (I5131, Sigma), with two rounds of 45
min incubation at 4 

◦C. The DONSON antibodies were cou-
pled at 600 �g per 1 ml of beads. Effecti v e immunodepletion
r equir ed two rounds of 45 min incubation of egg extract
with antibody coupled beads at 50% beads ratio. 

DONSON immunodepletions with rabbit antibodies
were performed using Dynabeads Protein A (10008D, Life
Technologies) coupled to Xenopus DONSON antibodies
r aised in r abbit and affinity purified or nonspecific rabbit
IgG (I5006, Sigma). The DONSON antibodies were cou-
pled at 600 �g per 1 ml of beads. Effecti v e immunodeple-
tion r equir ed two rounds of 45 min incubation of egg extract
with antibody coupled beads at 50% beads ratio. 

TopBP1 immunodepletions were performed using Dyn-
abeads Protein G (10004D, Life Technologies) coupled
to antibodies against TopBP1 or nonspecific sheep IgGs
(I5131, Sigma). The TopBP1 antibodies were coupled at 600
�g per 1 ml of beads. Effecti v e immunodepletion r equir ed
two rounds of 45 min incubation of egg extract with anti-
body coupled beads at 50% beads ratio. 

DNA synthesis assay 

Interphase X. laevis egg extract was supplemented with
10 ng / �l of demembranated sperm chromatin and incu-
ba ted a t 23 

◦C for indica ted time. Synthesis of nascent
DNA was then measured by quantification of �32 P-dATP
(PerkinElmer) incorporation into newly synthesised DNA,
as described before ( 35 ). The extract contains endogenous
dNTP pools of ∼50 �M ( 36 ). The total amount of DNA
synthesized, expressed as ng DNA / �l extract, can then
be calculated by m ultipl ying percent total 32 P incorpo-
rated by a factor of 0.654 ( 36 ). This calculation assumes
an average molecular weight of 327 Da for dNMPs and
equal quantities of all four dNTPs incorporated into DNA
(weight of dNMP incorporated in ng / �l = percent total 32 P
incorporated / 100 × 50 × 10 

−6 × 4 × 327 × 10 

3 ) ( 36 ). 
For quantification of replication efficiency between dif-

ferent experimental repeats in different extracts, the quan-
tity of DNA replicated at the end of the reaction in IgG-
depleted extract was set as 100% and the remaining values
normalised to this. 

Chromatin isolation time-course 

Interphase X. laevis egg extract was supplemented with 10–
15 ng / �l of demembranated sperm DNA and subjected to
indica ted trea tments. The reaction was incuba ted a t 23 

◦C
for indicated length of time and chromatin was isolated in
ANIB100 buffer (50 mM HEPES pH 7.6, 100 mM KOAc,
10 mM MgOAc, 2.5 mM Mg-ATP, 0.5 mM spermidine,
0.3 mM spermine, 1 �g / ml of each aprotinin, leupeptin
and pepsta tin, 25 mM �-glycerophospha te and 10 mM 2-
chloroacetamide (Merck)) as described previously ( 35 ). 

During the chroma tin isola tion procedure, a sample with-
out addition of sperm DNA (no DNA) is processed in an
analo gous way, usuall y at the end of the time course, to
serve as a chromatin specificity control. The bottom of the
PAGE gel on which the chromatin samples were resolved is
cut off and stained with Colloidal Coomassie (SimplyBlue,
Life Technologies) to stain histones which provide loading
controls and indications of sample contamination with egg
extract (cytoplasm). 

Western blot quantification 

The quantification of western blots is provided to indi-
cate reproducibility of trends in experiments rather than to
provide absolute values of increases or decreases in a sig-
nal. The quantified experiments were performed in differ-
ent preparations of extracts and independently immunode-
pleted extracts to confirm that observed phenotypes are not
specific for one extract prep. 

The density of pixels of each band of the western blot
and scanned Coomassie stained histones within the gel were
quantified using Image J software. The numeric value in ar-
bitrary units for each western blot band was normalised to
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ppr opriate loading contr ol (bands of Coomassie stained 

istones from the same sample). The analysis of IgG- 
epleted (control) and treatment samples was always done 
ogether and the fold difference between them calculated. 
old change from three repeated experiments is plotted on 

he graph with mean value and standard error of the mean 

SEM) as calculated by GraphPad PRISM. 

mmunoprecipitation from chromatin 

75 �l of egg extract per IP was induced into interphase and 

ixed with 10–15 ng / �l demembranated sperm nuclei and 

ptionally supplemented with the indicated treatments. The 
eaction was incubated at 23 

◦C for the indicated time. Chro- 
atin was isolated in ANIB100 (50 mM HEPES pH 7.6, 

00 mM KOAc, 10 mM MgOAc, 2.5 mM Mg-ATP, 0.5 mM 

per midine, 0.3 mM sper mine, 1 �g / ml of each aprotinin, 
eupeptin and pepstatin, 25 mM �-glycerophosphate, 0.1 

M Na 3 VO 4 , 0.1% triton and 10 mM 2-chloroacetamide), 
nd the chromatin pellets re-suspended in the same vol- 
me of original extract of ANIB100 containing 20% su- 
r ose. Pr otein complexes were released from chromatin by 

igestion with 2 U / �l of Benzonase nuclease (E1014-25KU, 
igma) and sonicated for 5 min using a Diagenode sonicator 
ith settings: 30 s on, 30 s off, medium setting. The insol- 
ble fraction was then spun in a microfuge at 4 

◦C, 10 min, 
6k g. 

Pr epar ed beads: 

 30 �l of Dynabeads M-270 epoxy (14302D, Life Technolo- 
gies) coupled covalently to 20 �g of affinity purified DON- 
SON antibodies or IgG from sheep serum (I5131, Sigma); 
 100 �l of Dynabeads Protein A (10008D, Life Technolo- 
gies) covalently coupled to 20 �g of affinity purified DON- 
SON, affinity purified Treslin, or IgG from rabbit serum 

(I5006, Sigma) using BS3 crosslinker (S5799, Sigma); 

were incubated with 220 �l digested chromatin at 4 

◦C 

or 1–2 hours with rotation. Following the incubation time, 
eads were washed for 5 min rota ting a t 4 

◦C twice with
NIB100, once with ANIB100 containing an additional 

.1% Triton X-100 and finally twice with ANIB100 buffer. 
ach sample was pr epar ed by boiling in 50 �l of 2x Nu-
AGE LDS loading buffer (Life Technologies) for 5 min. 

mmunoprecipitation from nucleoplasm 

50 �l of egg extract per IP was induced into interphase 
nd mixed with 10–15 ng / �l demembranated sperm chro- 
atin and optionally supplemented with the indicated treat- 
ents. CDK inhibitor (p27 

Kip1 ) and CDC7 inhibitor (PHA- 
67491) were added immediately after sperm DNA. The 
eaction was incubated at 23 

◦C for 45 min. Nucleoplasm 

as isolated in ANIB100 (50 mM HEPES pH 7.6, 100 

M KOAc, 10 mM MgOAc, 2.5 mM Mg-ATP, 0.5 mM 

per midine, 0.3 mM sper mine, 1 �g / ml of each apro- 
inin, leupeptin and pepstatin, 25 mM �-glycerophosphate 
nd 10 mM 2-chloroacetamide), and the nuclear pellets 
e-suspended in the same volume of original extract of 
NIB100 containing 20% sucrose and 0.1% triton. Pro- 

ein complexes were released from nucleoplasm by digestion 
ith 2 U / �l of Benzonase nuclease (E1014-25KU, Sigma) 
nd sonicated for 5 min using a Diagenode sonicator with 

ettings: 30s on, 30s off, medium setting. The insoluble frac- 
ion was then spun in a microfuge at 4 

◦C, 10 min, 16 000 rcf.
100 �l of Dynabeads Protein A (10008D, Life Technolo- 

ies) covalently coupled to 20 �g of affinity purified DON- 
ON or IgG from rabbit serum (I5006, Sigma) using BS3 

rosslinker (S5799, Sigma); were incubated with 400 �l di- 
ested nucleoplasm at 4 

◦C for 1–2 h with rotation. Follow- 
ng the incubation time, beads were washed for 5 min ro- 
a ting a t 4 

◦C twice with ANIB100, once with LFB1 / 50 and
nally twice with ANIB100 buffer. Each sample was pre- 
ared by boiling in 50 �l of 2 × NuPAGE LDS loading 

uffer (Life Technologies) for 5 min. 

arge scale immunoprecipitation of DONSON for mass 
pectrometry and CHROMASS 

.9 ml of X. laevis egg extract was activated and supple- 
ented with 10 ng / �l of demembranated sperm DNA, 

0 �M p97 inhibitor NMS873 or 40 �M aphidicolin + 

 mM caffeine and incubated at 23 

◦C for 60 min. Chro- 
a tin was isola ted in ANIB / 100 buf fer. Immunoprecipita- 

ion of DONSON was performed as described previously 

or p97 ( 37 ) and the immunoprecipitated material was anal- 
sed by mass spectrometry with Dr Richard Jones from MS 

ioworks LLC. 
Similarly, chroma tin isola ted from 10 �l of egg extract 

as processed in analogous way for mass spectrometry. 

ample pr epar ation 

ach sample was run on a 5–20% gradient gel (Invitrogen) 
or 1 cm and cut into 10 bands. Samples were submitted 

re-plated for ten fraction analysis. Gel pieces were pro- 
essed using a r obot (Pr oGest, DigiLab) with the following 

rotocol: 

Washed with 25 mM ammonium bicarbonate followed by 

acetonitrile. 
Reduced with 10 mM dithiothreitol at 60 

◦C followed by 

alkylation with 50 mM iodoacetamide at RT. 
Digested with trypsin (Promega) at 37 

◦C for 4 h. 
Quenched with formic acid and the supernatant was anal- 
ysed directly without further processing. 

ass spectrometry 

he gel digests were analysed by nano LC / MS / MS with 

 Waters M-class HPLC system interfaced to a Ther- 
oFisher Oribitrap Fusion Lumos. Peptides were loaded 

n a trapping column and eluted over a 75 �m analyti- 
al column at 350 nl / min; both columns were packed with 

una C18 resin (Phenomenex). A 30 min gradient was 
mployed. The mass spectrometer was operated in data- 
ependent mode, with MS and MS / MS performed in the 
rbitrap at 60 000 resolution and 15 000 r esolution, r espec- 

i v el y. Ad vanced Peak Detection was turned on. The instru- 
ent was run with a 3 s cycle for MS and MS / MS. Proteome
iscoverer v1.4 was used for peak generation. 
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Data processing 

Data wer e sear ched using Mascot (Matrix Science, London,
UK; version 2.8.0.1) with the following parameters: 

Enzyme: Trypsin Fully Specific 
Database: Uniprot Xenopus (forward and reverse appended

with common contaminants) released on 15 April 2014. 79
274 (including re v erse and CON) entries in the database
wer e sear ched. 

Fixed modification: Carbamidomethyl (C) 
Variable modifica tions: Oxida tion (M), Acetyl (Protein N-

term), Deamidation (NQ), Gl yGl y (K), Phospho (STY) 
Mass values: Monoisotopic 
Peptide Mass Tolerance: 10 ppm 

Fragment Mass Tolerance: 0.02 Da 

Max Missed Cleavages: 2 

Mascot DAT files were parsed into the Scaffold (version
Scaffold 5.1.0, Proteome Software Inc., Portland, OR) soft-
ware for validation, filtering and to create a non-redundant
list per sample. Data were filtered with 1% protein and pep-
tide false discovery rate (FDR) and requiring at least two
unique peptides per protein. 

Peptide identifications were accepted if they could be es-
tablished at greater than 34.0% probability to achie v e an
FDR < 1.0% by the Percolator posterior error probabil-
ity calculation ( 38 ). Protein identifications were accepted if
they could be established a t grea ter than 99.0% probability
to achie v e an FDR less than 1.0% and contained at least two
identified peptides. Pr otein pr obabilities were assigned by
the Pr otein Pr ophet algorithm ( 39 ). Pr oteins that contained
similar peptides and could not be dif ferentia ted based on
MS / MS analysis alone were grouped to satisfy the princi-
ples of parsimony. 

For calculation of fold enrichment for proteins with
0 peptides detected in control immunoprecipita tion, tha t
number was changed to 1 to allow for fold enrichment cal-
culation. 

AlphaFold analyses 

AlphaFold (AF) modelling was carried out using the AF-
multimer software ( 40 , 41 ) installed on BlueBEAR, the
high-performance computing (HPC) cluster at the Uni-
versity of Birmingham. Xenopus laevis DONSON pro-
tein structures were predicted using the standalone version
of AlphaFold (2.1.1-foss-2021a-CUDA-11.3.1). The Al-
phaFold models used were selected after producing fiv e con-
formations ranked by their per-residue confidence scores
(pLDDT) for each conforma tion ( 42 ). Dif ferently, Human
DONSON AF structure was downloaded from UniProt.
UniPr ot pr otein sequences used are Q5U4U4 and Q9NYP3
for Xenopus and human respecti v el y. Molecular gra phics
and analyses performed with UCSF ChimeraX, ( 43 , 44 ). 

RESULTS 

DONSON interacts with replisomes on chromatin in egg ex-
tract 

DONSON was pr eviously r eported to interact with repli-
somes in human cells, especially those activated in early
S-phase ( 25 , 26 ) and we have found DONSON interacting
with terminated replisomes on chromatin in Xenopus egg
extract (Supplementary Figure S1A). In this experiment,
(described previously in ( 37 )), a DNA replication reaction
was set up in the egg extract, supplemented with inhibitors
to block unloading of ubiquitylated terminated replisomes:
cullin E3 ubiquitin ligases inhibitor (MLN4924) to block
Cul2 

Lrr1 from ubiquitylating Mcm7 within the terminated
CMG helicases, and an ATPase-dead mutant of p97 seg-
regase (p97mut). Such treatments led to the accumulation
of large quantities of post-termination replisomes on chro-
matin. They wer e immunopr ecipitated with Mcm3 antibod-
ies and co-immunoprecipitated proteins were analysed by
mass spectrometry ( 37 ). Many replisome components were
identified this way and, interestingly, we also found mul-
tiple peptides of DONSON. As DONSON was reported
to protect stalled replication forks in human cells ( 25 ), we
hypothesised that it may also play a role in regulation of
replisome disassembly during DNA r eplication. Ther efor e,
we raised two antibodies, in sheep ( �-DONSONs) and in
rabbit ( �-DONSONr) against recombinant X.l. DONSON
purified from bacteria (Supplementary Figure S1B). We
used these antibodies to analyse the pattern of DONSON
chromatin binding during DNA replication in Xenopus egg
extract. 

Firstl y, we anal ysed an unperturbed DN A r eplication r e-
action (Figure 1 B). This reaction was initiated in egg ex-
tract by addition of the substrate DNA (demembranated
sperm chromatin), and the progress of the replication re-
action followed by incorporation of �32 P-dATP into the
synthesised nascent DNA was measured in parallel to iso-
lation of the chromatin bound proteins for western blot
analysis (Figure 1 B). As expected, we could observe Mcm7
binding to chromatin from the beginning of the reaction
as origin licensing takes place within the first 5 min of the
r eplication r eaction in our system. The replisome compo-
nents wer e pr esent on chroma tin a t 60 min, which coin-
cides with the fast rate of DNA synthesis in this experi-
ment and thus a large number of replication forks repli-
cating DN A. Finall y, we could observe DONSON binding
to chromatin at a similar time as the replisome factors but
found that it was retained at a lower le v el for a longer time
(Figure 1 B). We decided therefore to test whether the ob-
served DONSON interaction with chromatin depends on
acti v e r eplication (Figur e 1 C). For this, we inhibited DNA
replication either through inhibition of origin licensing with
geminin (Mcm4 and Mcm7 not present on chromatin), or
through inhibition of CDK activity with p27 

Kip1 (Mcm4
loaded and phosphorylated by DDK; no Cdc45, PCNA
and Psf2 loading), or through inhibition of DDK activity
with Cdc7i PHA-767491 (Mcm4 loaded but not phospho-
ryla ted; replica tion fork factors not present). In all situa-
tions where the DNA replication reaction was inhibited, we
observed reduced binding of DONSON to chromatin (Fig-
ure 1 C), suggesting that DONSON’s interaction with chro-
matin is mostly dependent on acti v e replication. The reduc-
tion of binding was reproducibly less profound upon Cdc7
inhibition suggesting that DONSON’s chromatin interac-
tion depends more on CDK activity. We verified also that
once on chromatin during S-phase, DONSON indeed forms
part of the replisome, as it can co-immunoprecipitate with
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INS (Psf2) and Cdc45 from a replica ting chroma tin frac- 
ion (Figure 1 D and E). 

As discussed previously, we observed DONSON interact- 
ng with immunoprecipita ted termina ted replisomes (Sup- 
lementary Figure S1A). To follow up this observation, we 
nalysed DONSON chromatin binding when replisome un- 
oading was inhibited either by inhibition of Cul2 

Lrr1 activ- 
ty using MLN4924 nedd yla tion inhibitor (Supplementary 

igure S1D) or by inhibiting the activity of p97 segregase 
ith the NMS973 inhibitor (Supplementary Figure S1C). 

n both cases, we observed that DONSON accumulates on 

hromatin with similar timings as terminated replisomes. 
ltogether, these data suggest that DONSON continues in- 

eracting with replisomes at later stages of the replication. 
As DONSON was reported in human cells to be impor- 

ant for cell survival when challenged with replication stress, 
nd to fully activate S-phase checkpoint ( 25 , 26 ), we next
nal ysed w hether DONSON’s chromatin binding activity is 
timulated by different forms of replication stress and DNA 

amage (Figure 1 F). In this case, the DNA replication re- 
ctions were set up in the presence of different stressors: 
phidicolin –– inhibitor of replicati v e polymerases; camp- 
othecin – inhibitor of Topoisomerase 1, causing ssDNA 

reaks and DNA–protein crosslinks (DPCs); mitomycin C 

MMC) –– causing interstrand crosslinks (ICLs); EcoRI – 

estriction enzyme inducing double-stranded DNA breaks 
DSBs); etoposide –– inhibitor of Topoisomerase 2, causing 

SBs and DPCs. All these treatments reduced the treated 

xtract’s ability to synthesise nascent DNA, albeit to dif- 
erent le v els, and showed differing le v els of reduction in 

eplisome components binding to replicating chromatin. In 

ll trea tments, DONSON’s chroma tin binding pa ttern was 
ost similar to that of other replisome components (PCNA 

nd GINS), and we did not observe stimulation of DON- 
ON chroma tin associa tion upon any of the treatments 
Figure 1 F). 

To learn more about DONSON’s interaction with chro- 
a tin upon replica tion stress and S-phase checkpoint ac- 

ivation, we also set up replication reactions in the pres- 
nce of aphidicolin alone or with aphidicolin and caffeine 
ogether. Caffeine is a potent A TM / A TR inhibitor and in 

he presence of aphidicolin and caf feine, replica tion forks 
re and stall due to inhibition of polymerases; howe v er, as 
he checkpoint is not acti v e, origins fire uncontrollably lead- 
ng to an accumulation of high numbers of stalled repli- 
ation forks on chromatin, while very little nascent DNA 

s being synthesised (Figure 1 G). Importantly, under these 
onditions we can observe that DONSON accumulates on 

hromatin together with the stalled replication forks, sug- 
esting that S-phase checkpoint activity is not needed for 
ONSON chromatin binding. 
Finally, we wanted to determine whether DONSON 

till interacts with replisomes upon S-phase checkpoint 
nhibition. To achie v e this, we isola ted replica ting chro- 

atin challenged with aphidicolin / caffeine as above, di- 
ested DNA to release protein complexes from chromatin 

nd immunoprecipitated GINS complex or Cdc45 (Fig- 
re 1 H). Reassuringly, we observed that DONSON co- 

mmunoprecipitated with GINS and Cdc45 together with 

ther r eplisome factors, irr especti v ely of checkpoint inhibi- 
ion. Comparing DONSON interactions with the replisome 
omponents on normal S-phase chromatin and chromatin 

rom aphidicolin / caf feine trea ted extract, we can detect the 
ame interactions, although there are more replisomes and 

ore DONSON accumulated upon aphidicolin / caffeine 
reatment and thus we detect their interactions more 
obustly. 

ONSON is essential f or r eplication in Xenopus egg extract 

aving established that DONSON is a component of nor- 
al replisomes in the Xenopus system, we aimed to de- 

ermine the importance of DONSON for replication in 

he egg extract. To this end, we immunodepleted DON- 
ON from egg extract using each of the raised antibod- 

es. Both antibodies were able to immunodeplete DON- 
ON to a le v el lower than 5% of DONSON remaining in 

he extract (Figure 2 A, B). We then analysed the ability 

f IgG-depleted and DONSON-depleted extracts to syn- 
hesise nascent DNA. In both cases, the replication capac- 
ty of DONSON-depleted extract was very strongly dimin- 
shed (Figure 2 A, B). We also analysed chromatin bind- 
ng of DNA replication factors in IgG- and DONSON- 
epleted extracts and could observe no DONSON, but 
lso no Cdc45 and GINS binding to chromatin in the 
ONSON-depleted extract, which went hand in hand with 

he inhibition of DNA synthesis (Figure 2 A, B). Impor- 
antly, we could rescue both the DNA synthesis and Cdc45 

nd GINS chromatin biding in DONSON-depleted extract 
hrough addition of recombinant X.l. DONSON purified 

rom bacteria (Figure 2 C and Supplementary Figure S1E). 
his rescue confirms that the only essential replication fac- 

or depleted in DONSON-depleted extract was DONSON 

tself. Addition of recombinant DONSON to DONSON- 
epleted egg extract readily rescues the le v els of DNA syn- 
hesis in the extract, but fewer replication forks seem to 

e established to support this DNA synthesis. It is likely 

hat DONSON purified from bacteria lacks important post- 
ransla tional modifica tions and is not as acti v e as the en-
ogenous DONSON. 

ONSON is essential for replication initiation 

s DONSON was proposed to stabilise stalled replication 

orks in human cells ( 25 ), we next tested whether the inhi- 
ition of DNA replication in DONSON-depleted extract is 
ue to the collapse of early replication forks, which could 

ead to S-phase checkpoint activation and inhibition of any 

urther origin firing. To do so, we supplemented IgG- or 
ONSON-depleted extract with caffeine to block poten- 

ial checkpoint activation (Figure 3 A). Such treatment of 
ONSON-depleted extract did not rescue its ability to syn- 

hesise DNA, and importantly, did not rescue Cdc45 and 

INS chromatin binding (Figure 3 A) suggesting that it is 
ot checkpoint activation that inhibits Cdc45 and GINS 

hromatin binding in DONSON-depleted extract. We also 

erified that DONSON depletion is not blocking the for- 
ation of the nuclear envelope around chromatin in the egg 

xtract, which is essential for replication in our system ( 45 ) 
data not shown). 

During DNA replication initiation, origins are first li- 
ensed by loading of Mcm2–7 doub le he xamers onto chro- 
atin. Mcm2–7 are then phosphorylated by DDKs and the 
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Figure 2. DONSON is essential for DNA replication in X.laevis egg extract. ( A , B ) Xenopus egg extract was immunodepleted of DONSON using either 
rabbit �-DONSON antibodies ( A ) or sheep �-DONSON antibodies ( B ). Nonspecific rabbit or sheep commercial IgGs were used for control IgG– deple- 
tions. The efficiency of depletion was established by immunoblotting in comparison to titration of original extract (left). The ability of immunodepleted 
extracts to synthesise nascent DNA was analysed by incorporation of �32 P-dATP into newly synthesised DNA (middle). Mean of n = 5 for rabbit DON- 
SON depletion, n = 3 for sheep DONSON depletion is presented with SEM. The binding of replication fork factors in the absence of DONSON was 
anal ysed by imm unoblotting of isola ted chroma tin fractions as in Figure 1 B (right). ( C ) Replication reaction was set up in IgG- or DONSON-depleted 
extracts with optional addition of recombinant wt DONSON. The le v el of nascent DNA synthesis was followed as above (left top, n = 3, Mean with SEM 

is presented) and chromatin was isolated at indicated times and analysed by immunoblotting with indicated antibodies as in (A) (right). Quantification of 
fold change of chromatin bound Cdc45 and Psf2 at the peak of replication in IgG- and DONSON-depleted extract with optional addition of rDONSON 

over n = 3. The levels were normalised to level in IgG-depleted extract. Mean with SEM (left, bottom). 
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A

B C

D E

Figure 3. DONSON is essential for replication initiation in egg extract. ( A ) Replication reaction was set up in IgG- or DONSON-depleted egg extract 
optionally supplemented with caffeine. DNA synthesis was analysed throughout the reaction by incorporation of �32 P-dATP into newly synthesised DNA 

(left) and chromatin bound factors analysed at indicated times with indicated antibodies (right). ( B ) Egg extract was immunodepleted of DONSON with 
rabbit antibodies as in Figure 2 A, chromatin was isolated in the middle of S-phase (45 min) and whole chromatin proteome of IgG- and DONSON- 
depleted reaction analysed by mass spectrometry. The total spectral count of selected replication factors is presented. ( C ) Replication reaction was set up 
in IgG- or DONSON-depleted egg extract and chromatin isolated at indicated times. Chromatin bound factors were analysed by immunoblotting with 
indicated antibodies as in Figure 1 B. ( D ) Replication reaction was set up in Xenopus egg extract, chromatin isolated at indicated times during early stages 
of r eplication r eaction and analysed as above. ( E ) Replication r eaction was set up in egg extract in optional presence of indicated replication initiation 
inhibitors. Chromatin fractions were isolated in the middle of S-phase and analysed by immunoblotting as in (A). 
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CDKs to stimulate Cdc45 and GINS association through
modification of se v eral initiation factors. Our analyses of
chromatin in DONSON-depleted extracts show that the
origin licensing stage happens normally as we observe nor-
mal le v els of chromatin-bound components of Mcm2–7
complex es (Figur e 2 ). Mor eover, analysis of chromatin-
bound Mcm4 in DONSON-depleted e xtract re v ealed the
same le v els of phosphorylation as in IgG-depleted extract,
suggesting that the DDK phosphorylation step is executed
with similar efficiency in the absence of DONSON (Figure
2 A and C, Mcm4). To understand, ther efor e, how DON-
SON functions to support DNA replication in the egg ex-
tract we first analysed by mass spectrometry the proteome
of replica ting chroma tin in IgG- and DONSON-depleted
extracts (CHROMASS) (Figure 3 B). While we observed a
complete absence of replisome components (Cdc45, GINS,
polymerases, AND-1 etc.) in the DONSON-depleted ex-
tract, we also observed increased levels of Mcm2–7 com-
ponents, presumably as they are not unloaded from chro-
matin due to inhibition of r eplication. Inter estingly, we
also observed higher levels of some of the initiation factors
Treslin / MTBP complex and TopBP1 (Figure 3 B), suggest-
ing that the r eplication r eaction is inhibited in DONSON-
depleted extract at the stage of initiation. We confirmed
these findings by western blotting in IgG- and DONSON-
depleted extracts (Figure 3 C), showing that without DON-
SON initiation factors like: Rif1, Treslin / MTBP, TopBP1
and RecQ4 all remain bound to chr omatin thr oughout the
time course of the reaction, while the replisome components
are missing (Figure 3 C). 

DONSON’s cooperation with other replication initiation
factors 

As DONSON seems to be involved in the initiation stage
of DNA replication, we next examined in more detail the
timings of chromatin association for DONSON and other
initiation factors (Figure 3 D). We set up an unchallenged
DNA r eplication r eaction in the egg extract, but this time
analysed a pattern of protein binding to chromatin early
on during the r eaction, befor e onset of replication forks fir-
ing. As shown previously (Figure 1 B), we can see binding of
Mcm7 from the earliest time point (10 min) due to rapid ori-
gin licensing. Treslin starts binding to chromatin early (10–
20 min), which is consistent with a pr evious r eport show-
ing that the Treslin / MTBP complex binds chromatin be-
for e r eplica tion initia tion ( 18 ). In this replica tion reaction,
Cdc45 and GINS start binding chromatin at 20 min with a
peak at 30–40 min. DONSON’s pattern of chromatin bind-
ing mostly resembles that of Cdc45 and GINS (Figure 3 D).

We also compared chromatin binding of DONSON and
other initiation factors upon inhibition of replication ini-
tia tion a t dif fer ent stages of the r eaction: inhibition of
licensing (geminin treatment), inhibition of DDK activ-
ity (PHA-767491 Cdc7i) and inhibition of CDK activity
(p27 

Kip1 inhibitor) (Figure 3 E). Treatment with geminin was
shown previously to significantly reduce chromatin bind-
ing of Treslin / MTBP and RecQ4 ( 18 , 20 , 46 ), while inhibi-
tion of CDK activity with p27 

Kip1 led to Treslin / MTBP
hyper-loading onto chromatin ( 18 , 46 ) and partially reduced
loading of RecQ4 ( 18 , 20 , 46 ). Inhibition of DDK activ-
ity was shown to have a less profound of an effect on
Treslin / MTBP chromatin binding ( 18 ). Our observations
agree with these previous findings. Previous studies con-
cerning TopBP1 howe v er, showed tha t chroma tin binding
was either unaffected by all such treatments ( 47 ) or reduced
to different le v els by all of them ( 18 , 46 ). In our hands, we
observe that TopBP1 chromatin binding is partially reduced
after CDK inhibition. Some of these differences are likely to
be the effect of different antibodies used in different stud-
ies. Interestingly, DONSON chromatin binding is reduced
upon inhibition of S-phase kinases DDK and CDK, espe-
cially with the latter, and its chromatin binding pattern re-
sembles much more the replisome components rather than
other initiation factors (Figure 3 E), suggesting that it is act-
ing relati v ely la te in the initia tion cascade. 

In an effort to understand the mechanism by which
DONSON exerts its initiation function, we first compared
interactors of DONSON on chromatin at early or late
replication stages. To do so, we accumulated DONSON
and other replisome components on chromatin either at
the termination stage, by inhibiting replisome unloading
with p97i (akin to the experiment in Supplementary Fig-
ure S1C), or at an earlier stage of replication by supple-
menting extract with aphidicolin and caffeine (akin to Fig-
ur e 1 F); her e, the r eplisomes ar e stalled, but new origins
keep firing due to checkpoint inhibition. We immunopre-
cipitated DONSON and analysed co-immunoprecipitated
factors by mass spectrometry. We then calculated the en-
richment of replisome and replication initiation factors in
both IPs (Supplementary Figure S2A). Interestingly, we ob-
served enrichment of peptides of TopBP1 and RecQ4 in the
DONSON IP from aphidicolin / caffeine treated sample. We
then analysed interactions between DONSON and initia-
tion factors within the aphidicolin / caffeine chromatin frac-
tion by immunoblotting (Figure 4 A). Here we observed that
DONSON interacts with the replisome components, as we
have seen in Figur e 1 , but inter estingly also with TopBP1,
RecQ4 and Tr eslin / MTBP (Figur e 4 A). Importantly, r e-
ciprocal immunoprecipitation of TopBP1 and Treslin from
aphidicolin / caf feine trea ted chroma tin fraction shows anal-
ogous interactions with DONSON (Figure 4 B). Altogether
these data suggest again that DONSON is not only a part of
the matur e r eplisome, but also plays a role at the initiation
stage. 

DONSON interacts with TopBP1 

We have shown that DONSON forms a part of the repli-
some during the initiation stage of DNA replication as
it can interact with replication initiation factors on chro-
matin (Figure 4 A and B). We next wanted to understand
whether any of these interactions can occur directly with
DONSON, outside the context of a r eplisome. We ther e-
fore isolated nuclei containing nucleoplasm (chromatin and
nucleoplasm), in a buffer without addition of detergent,
and immunoprecipitated DONSON. Interestingly, out of
all potential interacting proteins tested, DONSON could
interact with TopBP1 and this interaction was strongly re-
duced by p27 

Kip1 CDK inhibitor (Figure 4 C). We there-
fore partially depleted TopBP1 from egg extract to 25% of
its original concentration (Supplementary Figure S2B) and
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nal ysed w hether chromatin binding of DONSON depends 
n TopBP1 (Figure 4 D). With this, we observed that the 

e v el of chromatin-bound DONSON was strongly reduced. 
ltogether, all these data suggest that DONSON interacts 
ith chromatin in a TopBP1- and CDK-dependent manner 
nd acts as a replica tion initia tion factor, essential for Cdc45 

nd GINS recruitment to the CMG complex. 

ONSON’s protein structure and mutations 

e next wanted to explore whether DONSON’s function 

ay be conserved through evolution. The AlphaFold pre- 
iction of X.l. DONSON’s structure suggests that DON- 
ON is formed of a long, mostly unstructured N-terminus 
D1), wrapping around a folded globular core with one 
rotruding fle xib le loop (D3) (Figur e 5 A–C). Inter estingly, 
he folded globular core of DONSON is highly conserved 

hroughout evolution, while the unstructured N-terminus 
s not (Supplementary Figure S3A and B) and the flexi- 
le loop is partially conserved. We ther efor e wanted to ex- 
mine whether this fle xib le parts of DONSON are impor- 
ant for its function. We purified DONSON without the N- 
erminus (DONSON � N) or without the fle xib le loop (D3) 
DONSON � loop) (Supplementary Figure S3C) and tested 

hether they can r escue r eplication in the egg extract im- 
unodepleted of DONSON. First, we titrated wt DON- 

ON into DONSON-depleted extract to establish the min- 
mal concentration needed for a DONSON rescue (Supple- 

entary Figure S3D) and then tested the mutants (Figure 
 E). Although both deletions generated proteins that were 
ell e xpressed, solub le and could be easily purified (Supple- 
entary Figure S3C), they could not rescue the ability of 



12 Nucleic Acids Research, 2023 

x - Meier-Gorlin mutations
   - Neu-Laxova syndrome mutations 
   - MPD mutations

E

F

0 30 60 90 120
0

20

40

60

80

100

Time [min]

%
 o

fR
ep

lic
at

ed
 D

N
A

IgG-depleed

DONSON-depleted

DONSON-depl +
wtDONSON

DONSON-depl +
DON! loop

DONSON-depl +
DON! N

0 30 60 90 120
0

20
40
60
80

100
120

Time [min]

%
 o

fR
ep

lic
at

ed
 D

N
A

IgG-depleted

DONSON-depleted
DONSON-depl
+ wtDONSON

DONSON-depl
+ DON-F171S
DONSON-depl
+ DON-R217C

DONSON-depl
+ DON-M463T
DONSON-depl
+ DON-P230S

A

B

C

D

Figure 5. DONSON 3D structure organisation. ( A ) AlphaFold prediction of DONSON 3D structur e. High confidence pr ediction in blue, low confidence 
prediction in y ellow / or ange. ( B, C ) Based on the predicted structure DONSON can be divided into six domains –– N-terminal D1 domain which is unstruc- 
tur ed, structur ed D2, fle xib le loop D3, structured D4 and D6 with a short turn motif D5. The 1D model of DONSON with colour coded domains (C) and 
3D r epr esentation of these domains separation (B). ( D ) Mapping of the disease mutations described in ( 48 ) on human DONSON structure. Meier-Gorlin, 
Microcephalic Primordial Dwarfism MPD syndrome and Neu-Laxova syndrome mutations are mapped. The mutations marked in red do not have Xeno- 
pus homologous sequence. ( E ) DONSON mutant lacking unstructured N-terminus (DONSON � N) or the fle xib le loop D3 from (B), (DONSON � loop), 
was purified (Supplementary Figure 3C) and tested for rescue of DONSON-depleted egg extract in its ability to synthesise nascent DNA. ( F ) Indicated 
point mutants of DONSON ( Xenopus DONSON with mutations homologous to patient deri v ed human mutations) were purified (Supp Figure 3C) and 
tested as in (E). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article/doi/10.1093/nar/gkad694/7252675 by guest on 29 August 2023
the DONSON-depleted extract to synthesise nascent DNA
(Figure 5 E). 

We also mapped known patient mutations causing micro-
cephalic primordial dwarfism (MPD), specifically Meier-
Gorlin syndrome in humans ( 48 ), onto the model struc-
ture of human DONSON (Figure 5 D). Interestingly, most
of the Meier-Gorlin mutations cluster within the human
DONSON D2 domain (corresponding to the first half of
the X.l. DONSON D2 domain). To test the effect of DON-
SON disease-causing mutations on replication initiation,
we cloned and purified a selection of DONSON point
muta tions tha t wer e r eported to cause MPD or Meier-
Gorlin syndrome in humans (Supplementary Figure S3C).
We chose two mutations leading to MPD: M446T ( Xeno-
pus M463T), which is a homozygous mutation found in 3
patients, E504K ( Xenopus E521K), which was found in 2
patients as a compound heterozygous mutation combined
with a stop codon introducing m utation. Interestingl y, we
could not efficiently express X.l. DONSON-E521K in bac-
teria, most likely due to protein destabilisation (Supple-
mentary Figure S3C), while X.l. DONSON-M446T puri-
fied well and could fully r estor e the ability of the DONSON-
depleted extract to synthesise nascent DNA (Supplemen-
tary Figure S3C and Figure 5 F). We also chose three mu-
tations leading to Meier-Gorlin syndrome: R211C ( Xeno-
pus R217C), which is a homozygous mutation found in two
patients, and F165S ( Xenopus F171S), which was found in
one patient as a compound heterozygous mutation com-
bined with an intronic splice site mutation, and another
compound heterozygous mutation P224S ( Xenopus P230S).
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ll three mutants were readily purified (Supplementary Fig- 
re S3C) and while X.l. DONSON-F171S and DONSON- 
230S could rescue the ability of DONSON-depleted ex- 

ract to synthesise nascent DNA, X.l. DONSON-R217C 

as partially defecti v e (Figure 5 F), suggesting that this mu- 
ation may disrupt the functionality of DONSON during 

eplica tion initia tion. 
Altogether, these investigations revealed that flexible and 

oor ly conserved fr agments of DONSON are ne v ertheless 
ssential for DONSON activity and that some of the pa- 
ient mutations leading to the Meier-Gorlin syndrome phe- 
otype can indeed disrupt the essential function of DON- 
ON during DNA replication initiation. 

ISCUSSION 

ased on the data pr esented her e we would like to propose 
hat DONSON is a novel DNA replica tion initia tion factor, 
s it is clearly essential for loading of Cdc45 and GINS onto 

rigins during initiation. In the absence of DONSON, the 
eplicati v e helicase, the CMG complex, cannot be formed 

nd without the helicase activity, replication forks cannot 
e assembled. Mechanistically, our data suggest that DON- 
ON acts through direct interaction with TopBP1, and this 

nteraction is dependent on CDK activity. TopBP1, and 

ts yeast homologue Dpb11 / Cut5, is a master regulator of 
eplica tion initia tion. TopBP1 it is thought to bridge to- 
ether Treslin / MTBP in complex with Cdc45, and RecQ4 in 

omplex with GINS (Figure 1 A) ( 14–20 ). Howe v er, immun-
depletion of RecQ4 from Xenopus egg extract does not in- 
ibit Cdc45 and GINS chromatin binding ( 20 ), suggesting 

hat RecQ4, despite the partial homology to Sld2, does not 
lay an equivalent role in higher eukaryotes. 
TopBP1 acts as a scaffold protein, able to make numer- 

us pr otein-pr otein interactions, facilitated in most cases 
hrough the multiple BR CT domains. BR CT domains most 
ften interact with phosphorylated partners and often act 

n pairs. Yeast Dpb11 ( S. cerevisiae ) and Cut5 ( S. pombe )
ontain 4 BRCT domains each, with BRCT1 + 2 inter- 
cting with phosphorylated Sld3 ( 9 ) and BRCT3 + 4 in- 
eracting with phosphorylated Sld2 ( 49 , 50 ). Howe v er, the
uman and Xenopus TopBP1 homologues are much larger 
roteins, containing eight BRCT domains (1-8), with an 

dditional N-terminal BRCT domain identified in human 

opBP1, named BRCT0 ( 51 ). This evolution of multiple 
dditional BRCT domains suggests that higher eukaryotic 
opBP1 is likely to have additional interactors, functions 
nd regulations than the yeast counterparts. Like the yeast 
rotein howe v er, TopBP1 binds with phosphorylated Tres- 

in (at S1001 in human and S976 in Xenopus ) through its 
RCT1 + 2 domains ( 14 ). TopBP1 also contains a GINS 

nteracting motif (GINI), which lies between BRCT3 and 

RCT4 domains ( 52 ), and was proposed recently to inter- 
ct directly with GINS using BRCT4 + 5 domains ( 53 ). In- 
erestingly, although BRCT4 + 5 are homologous to fungal 
RCT3 + 4, it is BRCT7 + 8 that binds RecQ4, but this in-

eraction is not dependent on CDK phosphorylation in ei- 
her species ( 21 , 54 ). Moreover, TopBP1 BRCT7 + 8 are not
ssential for replica tion initia tion a t all ( 46 ), strengthening 

he argument that RecQ4 cannot be the functional homo- 
ogue of yeast Sld2. 
AlphaFold prediction of the DONSON-TopBP1 inter- 
ction (not shown) suggests that DONSON interacts with 

RCT3 of TopBP1. Interestingly, it was shown that al- 
hough the N-terminal fragment of TopBP1 spanning 

RCT1 + 2 is sufficient to interact with Treslin, it is not 
ufficient to support DNA replication in the Xenopus egg 

xtr act. Instead, the TopBP1 fr agment including BRCT1- 
 is essential and sufficient to support replication initiation 

 46 ). This suggests an essential initiation role for BRCT3 in 

opBP1, which thus far was not assigned to interact with 

ny specific initiation factor. DONSON could ther efor e be 
uch a factor. Interestingly, DONSON’s interaction with 

opBP1 is dependent on CDK activity, as would be ex- 
ected for the functional homologue of Sld2. It remains to 

e determined howe v er, whether this interaction is dri v en by 

irect phosphorylation of DONSON by CDKs, or perhaps 
hosphorylation of another factor. 
We propose here that DONSON likely fills the role of 

 functional homologue of Sld2 in higher eukaryotes. In 

east, Dpb11-Sld2 forms a ‘pre-landing complex’ together 
ith GINS and DNA Pol ε ( 55 ). In our analyses of DON- 
ON interactions, we could detect DONSON interacting 

ith GINS and DNA Pol ε , but only from chromatin frac- 
ions, where many interactions can be stimulated by for- 
ation of replisomes around the CMG complex. The only 

obust interaction that we found for DONSON within the 
ucleoplasmic fraction was that with TopBP1. It is not yet 
lear, ther efor e, whether DONSON and TopBP1 indeed 

orm an analogous pre-landing complex. How else could 

ONSON act during origin firing to stimulate Cdc45 and 

INS interaction with Mcm2–7? The molecular mecha- 
ism underpinning how TopBP1 and Treslin / MTBP de- 

i v er GINS and Cdc45 to Mcm2–7 remains unknown. It 
s clear from the work of many groups that Treslin / MTBP 

ind Mcm2–7 early in the initiation reaction. Their in- 
eraction is strengthened by DDK activity but does not 
 equir e CDK activity; on the contrary, they are hyper- 
oaded upon inhibition of CDKs ( 18 , 46 ). Phosphoryla- 
ion of Treslin / MTBP by CDKs stimulates their interaction 

ith N-terminal BRCT repeats of TopBP1 and is essential 
or helicase activation ( 14–15 , 46 ). TopBP1 can interact with 

INS and is clearly essential for Cdc45 and GINS chro- 
atin binding ( 47 , 53 ). We show here that DONSON inter- 

ction with TopBP1 depends on CDK activity. It is likely 

her efor e that upon CDK activation, both TopBP1 and 

ONSON ar e r ecruited to phosphorylated Treslin / MTBP 

t Mcm2–7 double hexamers. The presence of all these 
nitiation factors together allows for stable recruitment of 
dc45 and GINS into a CMG complex and helicase acti- 
ation. TopBP1 is a limiting factor for origin firing ( 56 ) and 

s likely to be released following helicase activation, to facil- 
tate firing of further origins, while DONSON is likely to be 
etained as part of the replisome in Xenopus egg extract. 

Our data clearly indicate that DONSON plays an essen- 
ial role in initiation of DNA replication, but DONSON 

as been shown previously in human cells to regulate the 
rogr ession of r eplication forks, especially in r esponse to 

 eplication str ess ( 25 , 26 ). Howe v er, the molecular function
f DONSON has largely been investigated in highly unsta- 
le HeLa cells ( 25 , 26 ), which often over expr ess r eplication
actors to support fast proliferation. Moreover, DONSON 
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w as alw ays downregulated using siRN A (w hich takes sev-
eral days to ef ficiently downregula te the protein le v el) or
through analysis of patient-deri v ed mutants, which desta-
bilise the protein and lead to continuous lower le v els of
DONSON ( 25 , 26 ). Finally, the effects of DONSON down-
regulation on DNA replication were analysed by DNA fi-
bre analyses or creation of DN A damage, w hich would miss
cells that do not initiate DNA r eplication. Ther efor e, it is
possible that the initiation phenotype of DONSON down-
regulation had been missed thus far in human cells and
awaits careful dissection and determination. Interestingly,
DONSON was also proposed to specifically form part of
early firing replisomes, and not the ones in late S-phase
( 26 ). This observation raises the possibility that DONSON
specificall y activates earl y firing origins, in contrast to Rif1,
which is proposed to regulate firing of mainly late repli-
cation origins ( 57 ). Such a specified role for DONSON
would also explain why it is so essential during embryoge-
nesis in both Xenopus egg extract and in Drosophila em-
bryos ( 27 , 28 ), as both of these exemplify embryonic sys-
tems, which have very fast DNA replication and lack repli-
cation timing programmes, so all origins can be regarded as
early firing. 

Downregulation of DONSON in human cells has been
shown to diminish the ability of the fir ed r eplication forks
to progress past replication obstacles and causes activation
of S-phase checkpoint ( 25 , 26 ). We observed here that DON-
SON interacts with replisomes not only during replication
initiation but also at later stages of the DNA replication re-
action. DONSON accumulates with the rest of the repli-
some on chromatin upon inhibition of unloading of post-
termination replisomes and interacts with post-termination
replisomes. It is very likely therefore that after facilitat-
ing the initiation of replication machinery, DONSON trav-
els with the replisomes and regulates fork progression. To
study such a function of DONSON, we need to de v elop
separa tion-of-function mutants, tha t can deli v er the initia-
tion function but are defecti v e in the fork progression func-
tion. It is possible that some patient mutations may deli v er
such tools for the future. 

Mutations in DONSON have been known for a while to
be the underlying genetic problems, which lead to micro-
cephalic primordial dwarfism (MPD). Interestingl y, m uta-
tions in DONSON were also recently shown to specifically
cause Meier-Gorlin syndrome ( 48 , 58 ), the subtype of MPD
caused by d ysregula tion of DNA origin firing and replica-
tion initiation. The discovery of a replication initiation role
f or DONSON theref ore explains the phenotypes caused by
these mutations. It is interesting to speculate that if DON-
SON has multiple roles during DNA replica tion, dif ferent
mutations within the protein can specifically disrupt these
different functions. Most DONSON patient mutations have
been shown to destabilise the protein and lead to much
lower le v els of DONSON protein in the cells ( 25 ). Ne v er-
theless, it is possible that some point mutations (e.g. R211C)
disrupt specifically its interaction with TopBP1, while oth-
ers may destabilise interactions with other replication fac-
tors important for fork progression and checkpoint activa-
tion. Mor e r esear ch is needed to answer all these questions.

Finally, in the last two years, r esear chers have r eached
a better understanding of the importance of DONSON
in cancer de v elopment. DONSON was found to be a
biomarker for risk stra tifica tion in clear cell renal carcinoma
(ccRCC) ( 59 ), and in prostate carcinoma (PCa) ( 60 ). It has
also been linked with a malignant phenotype in ccRCC cell
culture models ( 61 ). Furthermore, it was shown to be a
dri v er of breast cancer progression and a potential target
for subsequent therapies ( 62 ). Understanding the different
molecular functions of DONSON during DNA replication
provides us with a solid foundation for translation of DON-
SON’s potential as a biomarker and as a therapy target in
the future. 
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The mass spectrometry proteomics data have been de-
posited to the ProteomeXchange Consortium via the
PRIDE repository with the dataset identifier: 
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Supp Figure 1. DONSON interacts with terminated replisomes. (A) DNA replication reaction was established 
in Xenopus laevis egg extract supplemented with inactive mutant of p97 segregase and MLN4924 cullin E3
ligase inhibitor to block disassembly of replisomes in S-phase (as described in Sonneville et al 2017). 
Chromatin containing retained terminated replisomes was isolated, fragmented with benzonase and Mcm3
immunoprecipitaed. Proteins interacting with Mcm3 were analysed by mass spectrometry.  Total spectral 
count and percentage coverage is presented for selected replisome components. (B) Polyclonal rabbit and 
shhep antibodies were raised against recombinant X.l.DONSON puri�ed from bacteria. Protein band 
corresponding to DONSON within egg extract is ndicated. (C) Replicaton reaction was set up in egg extract 
supplemented with p97i NMS932 and chromatin isolated at indicated times. Chromatin samples were 
analysed by western blotting with indicated antibodies as in Figure 1. (D) As in (C) but the replication reaction
 was supplemented with cullin E3 ligase inhibitor MLN4924. (E) X.laevis 6HIS-DONSON expressed in bacteria
 and a�nity puri�ed.  
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Supp Figure 3. Conservation of DONSON structure (A) AlphaFold overlay of 3D structure of Xenopus 
DONSON (blue) and human DONSON (orange). Overlapping structure in green. (B) Comparison of 
Xenopus DONSON (blue) and human DONSON (orange) primary sequences. Conserved sequence in green.
 (C) Puri�cation of DONSON truncation and patient mutations indicted. (D) Titration of recombinant wt 
DONSON into DONSON-depleted egg extract. The % of control replication level of IgG-depleted egg extract 
is presented as mean of n=2 with SEM. 
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SUMMARY
The MCM motor of the replicative helicase is loaded onto origin DNA as an inactive double hexamer before
replication initiation. Recruitment of activators GINS and Cdc45 upon S-phase transition promotes the as-
sembly of two active CMG helicases. Although work with yeast established the mechanism for origin activa-
tion, how CMG is formed in higher eukaryotes is poorly understood. Metazoan Downstream neighbor of Son
(DONSON) has recently been shown to deliver GINS to MCM during CMG assembly. What impact this has on
the MCM double hexamer is unknown. Here, we used cryoelectron microscopy (cryo-EM) on proteins iso-
lated from replicating Xenopus egg extracts to identify a double CMG complex bridged by a DONSON dimer.
We find that tethering elements mediating complex formation are essential for replication. DONSON recon-
figures the MCM motors in the double CMG, and primordial dwarfism patients’ mutations disrupting
DONSON dimerization affect GINS and MCM engagement in human cells and DNA synthesis in Xenopus
egg extracts.
INTRODUCTION

DNA replication is essential for cell proliferation. It occurs only

once per cell cycle, and errors in the control mechanisms pro-

mote chromosomal instability, causing genetic disease and can-

cer. To ensure that DNA is copied only once, eukaryotic cells

temporally separate DNA loading of the minichromosome main-

tenance (MCM) replicative helicase from its activation.1,2 MCM is

a ring-shaped ATPase that becomes loaded as a double hex-

amer onto origin DNA before replication initiation.3–7 The DNA

unwinding function in the double hexamer is inactive. Activation

requires the recruitment of a set of firing factors, including GINS

and Cdc45 that bindMCM to assemble the functional form of the

helicase, named CMG (Cdc45-MCM-GINS).8–11 Genetics and

biochemical reconstitution with purified proteins provided a

clear picture of the pathway and molecular mechanism for

CMG formation and activation in yeast.2,12 This work established

that CMG assembly can be staged in three steps, namely dou-

ble-hexamer phosphorylation, Cdc45 recruitment, and GINS

recruitment. In the first step, double hexamers are phosphory-

lated by the Dbf4-dependent kinase (DDK).13–19 The second

step toward CMG assembly is Cdc45 recruitment, mediated

by Sld3 (bound to Sld7), which specifically recognizes double
Molecular Cell 83, 4017–4031, Novem
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hexamer phosphorylation written by DDK.20,21 GINS recruitment

instead depends on the activity of cyclin-dependent kinase

Clb5-Cdc28 (CDK) that phosphorylates Sld2, promoting its as-

sociation with Dpb11, Pol epsilon, and GINS. CDK also phos-

phorylates Sld3, and this modification is also read by Dpb11.

Concomitant recognition of phospho-Sld2 and phospho-Sld3

by Dpb11 recruits GINS to the double hexamer.22–24 Cdc45

and GINS engagement promotes ATP binding by MCM, which

in turn triggers release of Dpb11, Sld3/7, and Sld2.25

Structural work established that GINS andCdc45 are recruited

to form two CMG complexes in a step known to require the Pol

epsilon replicative polymerase.25,26 This results in a double CMG

(dCMG)-Pol epsilon assembly that distorts the DNA double helix

and changes in the register of dimerizing MCM rings. As the two

rings rotate with respect to one another, the two N-terminal do-

mains of MCM become almost fully detached, remaining teth-

ered via the Mcm6 zinc finger (ZnF) domain and exposing

B-form duplex DNA between the two hexamers. Within each

helicase ring, ATP binding triggers a change in the DNA grip,

leading to untwisting and melting of the double helix.27 In a sub-

sequent step, Mcm10 activates the ATP hydrolysis function of

MCM, causing the two helicases to eject one DNA strand from

their central channel and cross paths, so that the strand ejected
ber 16, 2023 ª 2023 The Authors. Published by Elsevier Inc. 4017
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from one hexamer becomes the translocation strand of the

other.25,28,29 This mechanism requires that both helicases are

activated at the same time for bidirectional replication to occur.

Structural evidence supports this symmetric helicase activation

mechanism. In fact, cryoelectron microscopy (cryo-EM) recon-

structions obtained from biochemical reconstitution efforts, or

isolation of chromatin-bound complexes from cells, show that

dimericMCMassemblies can either be found as symmetric inac-

tive double hexamers or dCMG-Pol epsilon complexes that

nucleate DNA melting symmetrically.6,7,27,30,31 Never was an

asymmetric intermediate observed, which contains an inactive

MCM bound to an activated CMG-Pol epsilon. Although key

for the establishment of bidirectional replication, the structural

mechanism for the conversion from double hexamer to dCMG

remains only partially understood. Furthermore, only for yeast

but not for higher eukaryotes has the complete list of factors

required for CMG assembly and activation been determined. In

fact, work with higher eukaryotes led to identifying almost all or-

thologs of the factors involved in yeast replication initiation,

including the Dpb11 homolog, TopBP1, and the Sld3-7 homolog,

Treslin-MTBP.32–34 The exception is a homolog for yeast Sld2,

whose identity remains unclear. Previous studies noted that

the RecQL4 factor, which contains an Sld2 homology domain,

is essential for replication initiation. However, RecQL4 is not

required for Cdc45 and GINS interaction with MCMs, rather it

acts downstream of CMG formation.35–40 Recent work with

frog egg extracts led to the suggestion that DONSON (Down-

stream neighbor of Son) is the elusive functional homolog of

yeast Sld2 in higher eukaryotes. Like Sld2, DONSON directly

contacts GINS, and this interaction supports CMG assembly

and triggers DNA replication initiation. Moreover, like Sld2, chro-

matin association by DONSON requires double hexamer forma-

tion, the kinase activity of DDK and CDK as well as the presence

of TopBP1/Dpb11.41,42 Mutations in DONSON are the cause of

microcephalic primordial dwarfism, a group of disorders charac-

terized by growth delays, often related to defects in the initiation

step of DNA replication.43,44 A role for DONSON in origin activa-

tion is remarkable as it indicates a function separate from its es-

tablished role during elongation. In fact, DONSON was previ-

ously implicated in processes required after origin activation,

including proper activation of S-phase checkpoint response,

replication fork protection from the action of nucleases, and

traversal of inter-strand cross-links.43,45 To understand the role

of DONSON in GINS recruitment and the symmetric activation

of the MCM replicative helicase, we used the Xenopus laevis

egg extract system to stall replication at an early stage and

imaged replication protein assemblies isolated from chromatin

with cryo-EM.

RESULTS

CMG assemblies isolated from replicating frog egg
extracts
To understand the mechanism for helicase activation that sup-

ports replication origin firing in vertebrates, we devised a proto-

col to isolate the activated replicative helicase from replication

reactions established using the Xenopus laevis egg extract sys-

tem. First, we used bacterial overexpression to produce Xen-
4018 Molecular Cell 83, 4017–4031, November 16, 2023
laCdc45 fused to C-terminal, tobacco etch virus (TEV) prote-

ase-cleavable, tandem His10-FLAG5 tags (Figure S1).

Demembranated sperm DNA was added to an activated egg

extract supplemented with recombinant Cdc45. Cdc45-TEV-

His10-FLAG5 becomes incorporated into isolated chromatin (Fig-

ure 1A) and rescues DNA replication in extracts depleted for the

endogenous protein (Figure 1B). We repeated the replication ex-

periments in the presence of caffeine-and-aphidicolin to capture

an early step in replication. Caffeine shuts down the DNA dam-

age checkpoint by inhibiting the two master control kinases in

DNA damage response, ataxia telangiectasia mutated (ATM)

and ataxia telangiectasia and Rad3-Related (ATR).46 Aphidicolin

is a potent inhibitor of family B DNA polymerases (including the

Pol alpha, delta, and epsilon replicative polymerases).47 The

combined use of these two inhibitors leads to uncontrolled origin

firing but stops DNA synthesis from happening. In these condi-

tions, we expected accumulation of stable intermediates of repli-

cation initiation and stalled replication forks. In fact, western blot

analysis performed on isolated chromatin showed a marked

increase in initiation factors and components of the established

replisome when caffeine or caffeine/aphidicolin were used (Fig-

ure 1C). After supplementing these egg extracts with recombi-

nant Cdc45, we isolated chromatin, digested DNA using benzo-

nase, and immunoprecipitated Cdc45, using anti-FLAG M2

beads. Silver-stain SDS-PAGE revealedmultiple proteins co-pu-

rified with recombinant Cdc45 (Figure 1D), and mass spectrom-

etry analysis identified several replication factors (Table S1).

These include all six subunits of the MCM complex (within the

first ten hits), the four GINS subunits, RPA, and components of

the replicative polymerase assemblies, Pol alpha/primase, Pol

epsilon, and Pol delta. Hence, recombinant Cdc45 can be incor-

porated in a CMG complex competent for replication fork estab-

lishment. Mass spectrometry also identified DONSON as the

member of a Cdc45-containing assembly. To establish whether

the Cdc45-containing complexes represented structural inter-

mediates of origin activation or rather the established replication

fork, we performed negative stain electron microscopy com-

bined with single-particle two-dimensional (2D) analysis. The re-

sulting 2D averages revealed recognizable views of a single

CMG, similar to the negative stain averages observed after origin

firing reconstituted in vitrowith purified yeast proteins.25 We also

observed two CMGs with N-terminal MCM sides engaged in

dimerization, which were highly reminiscent of the initiation inter-

mediate, dCMG-Pol epsilon, caught in the act of nucleating DNA

melting before helicases cross paths27 (Figure 1E). From our

negative stain analysis, it was unclear whether either of the two

CMG assemblies was found associated with DONSON or any

components of the established replication fork.

A dimeric CMG-DONSON complex revealed by cryo-EM
Seeking to characterize the dimeric CMG assemblies, we

repeated the same electron microscopy experiment in cryogenic

conditions. 2D classification combined with ab initio structure

determination and three-dimensional (3D) classification confirmed

the presence of single CMG and dCMG assemblies (Figure S2).

The structure of the single CMG was refined to 3.0 Å average

resolution, with 2.6 Å local resolution for the GINS, Cdc45, and

part of N-terminal MCM, whereas the ATPase domain was
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Figure 1. Isolation of replication complexes from chromatin replicated in Xenopus laevis egg extract

(A) Cdc45-TEV-His10-FLAG5 becomes chromatin incorporated. DNA replication reaction was set up in Xenopus egg extract with optional addition of 70 nM

Cdc45-TEV-His10-FLAG5, and chromatin was isolated at indicated times. Chromatin-bound factors were resolved on SDS-PAGE and immunoblotted with

indicated antibodies. ‘‘No DNA’’ control served as chromatin specificity control, whereas Coomassie stained histones serve as a loading and purity control.

(B) DNA replication reaction was set up in IgG- or Cdc45-depleted extract optionally supplemented with recombinant Cdc45-TEV-His10-FLAG5 as in (A). The

synthesis of nascent DNA was followed by incorporation of a32P-dATP into newly synthesized DNA. n = 3, mean with SEM presented. Two-way ANOVA

comparing to IgG-depleted, **** p < 0.0001.

(C) DNA replication reaction was set up in Xenopus egg extract with optional addition of 5mMcaffeine and 40 mMaphidicolin. Chromatin was isolated at indicated

times and analyzed as in (A).

(D) DNA replication reaction was set up in Xenopus egg extract with optional addition of 70 nM Cdc45-TEV-His10-FLAG5, 5 mM caffeine and 40 mM aphidicolin.

After 60 min of the reaction, chromatin was isolated, digested with benzonase, and Cdc45-TEV-His10-FLAG5 immunoprecipitated with M2 FLAG beads. The

immunoprecipitated sample was resolved on SDS-PAGE and silver stained.

(E) Negative stain 2D averages of single (first row) and double CMG (second row).
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F Cut-through

Figure 2. Cryo-EM analysis of Cdc45 containing complexes leads to identification of a DONSON-bound double CMG assembly

(A) The N-terminal end-on view, the side, and the rotated side view of single CMG.

(B) The side view of a double CMG in a configuration distinct from what was previously observed with the yeast CMG assembled at an origin of replication.

(legend continued on next page)
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more flexible (Figures 2A and S3). No DNA density was observed

bound to CMG, as expected given that Cdc45-containing com-

plexes were purified from chromatin after DNA digestion using

benzonase. Neither DONSON nor any of the other replication

fork components were observed, possibly because their associ-

ation with CMG involves flexible elements or because these fac-

tors had become dissociated in the conditions used during puri-

fication and cryo-EM sample preparation.

The structure of dCMG contained 2-fold symmetry across the

dimerizing N-terminal domain and was refined to 3.1 Å average

resolution (Figure 2B). As for the single CMG, the highest local

resolution (2.7–3.7 Å) was detected for the N-terminal MCM re-

gion, GINS and Cdc45, whereas the ATPase domain was more

flexible (Figure S3). Resolution of the ATPase tier was improved

to 3.5 Å after performing symmetry expansion, signal subtrac-

tion, and focused classification on one ATPase domain, and

refinement of the most populated conformers (Figures 2C, S2,

and S3). Although no DNA was found in the complex, an exten-

sive globular density feature, resolved to 2.7 Å, could be recog-

nized straddling across two CMG assemblies (Figure 2D). Within

each CMG assembly, this density bridges between Mcm3 and

GINS. Because of the GINS interaction, we speculated that the

bridging element could correspond to the DONSON factor that

promotes incorporation of GINS into the CMG complex. To

test our hypothesis, we docked the AlphaFold2 model for a

DONSON monomer into the cryo-EM density left unoccupied

in the dCMG complex.48 Automated docking revealed two

non-overlapping solutions, with identical cross-correlation

scores, showing that the unoccupied density in the dCMG com-

plex corresponds to a 2-fold symmetric homodimer of DONSON

(Figure 2E). We named this 24-mer complex dCMGDo (for dou-

ble CMG-DONSON) and subjected the complete atomic struc-

ture to real space refinement (Table 1).

A constitutive DONSON homodimer engages two
GINS sites
Dimeric DONSON could deposit two GINS assemblies onto a

phosphorylated double hexamer on the path to CMG formation.

Alternatively, monomeric DONSON could deliver two GINS as-

semblies in independent events and homo-dimerize only when

incorporated in the dCMGDo. To discriminate between these

two possibilities, we overexpressed and purified recombinant

Xenopus laevis DONSON from E. coli cells. Mass photometry

analysis showed that recombinant DONSON is primarily dimeric,

having a measured molecular mass of 128.3 ±15.4 kDa, in strik-

ing agreement with what is expected for a DONSON homodimer

(132 kDa, Figure 2F). A truncation variant that lacks residues 1–

155, forming the unstructured D1 loop, still assembles as a ho-

modimer (Figure S4A). Thus, isolated recombinant DONSON ho-

modimerizes via the globular domain, as seen in the dCMGDo

assembly.

To understand the interaction between GINS and DONSON,

we analyzed the cryo-EM structure in detail. We found that
(C) A view of the MCM ATPase improved after focused classification and refinem

(D) Unassigned density after building the double CMG atomic model.

(E) Cartoon representation of a DONSON homodimer built into the cryo-EM den

(F) Mass photometry analysis demonstrates that purified recombinant DONSON
DONSON contacts two separate sites on GINS. A first interface

involves the A-domain of Sld5, which we found decorated by un-

occupied density. AlphaFold2 multimer predicted a high-confi-

dence interaction between this Sld5 domain and residues 7–24

of DONSON.48 Based on the cryo-EM density, we could build

an accurate atomic model for residues 6–22, which strikingly

matches the predicted structure (Figure 3A). The second inter-

face is provided by the B-domain of Sld5, engaged by a hairpin

loop (amino acids 473–482), emanating from the DONSON cen-

tral core (Figure 3B). Single residues involved in this interface

cannot be clearly identified based on the cryo-EM map. In fact,

the contact between the two surfaces could only be observed

in the non-sharpened density map. Nonetheless, AlphaFold2

multimer predicted this interface with high confidence, providing

a model that accurately recapitulates the relative orientation be-

tween GINS and DONSON, observed by cryo-EM.48 To assess

the importance of these interactions, we generated two

DONSON variants, with changes in elements interacting with

Sld5 A-domain and B-domain, respectively. We named these

variants DONSOND24 (containing a truncation of residues

1–24) and DONSON 3A (containing changes Val473Ala,

Arg476Ala, and Tyr481Ala) (Figure S1B). To ensure that these

changes do not alter DONSON’s core structure, we analyzed

both variants using mass photometry. We found that both

DONSOND24 as well as DONSON 3A form homodimers, like

the wild-type (WT) protein (Figures S4B and S4C). Thus, any

defect in DONSON’s function should be ascribed to defective

GINS interaction and not protein misfolding. To test the function-

ality of our mutants during DNA replication, we immunodepleted

DONSON from the egg extract using an antibody known to

deplete endogenous DONSON to levels below 5%, which

strongly diminishes the extract’s ability to synthesize nascent

DNA.42 We found that although WT recombinant DONSON puri-

fied from E. coli rescued replication to the levels of control IgG-

depleted extract, DONSOND24 was unable to support DNA

replication in the DONSON-depleted extract. However,

DONSON 3A variant was proficient in supporting nascent DNA

synthesis (Figure 3C), in agreement with the cryo-EM observa-

tion that the hairpin loop of DONSON is flexible and only loosely

engages the Sld5 B-domain. We confirmed that WT DONSON

and DONSON 3A supported loading of Cdc45 and GINS onto

chromatin, but DONSOND24 was defective (Figure S5A). To

test the prediction that a DONSON variant lacking the N-terminal

Sld5 interaction element fails to engage GINS, we immunopre-

cipitated recombinant FLAG-tagged GINS after incubation with

different DONSON variants and probed the interaction with an

anti-DONSON antibody. We found that WT DONSON and

DONSON 3A could associate with recombinant GINS, but

DONSOND24 failed to interact (Figure S5B).

Dimeric DONSON engages two Mcm3 sites
We then analyzed the interaction betweenMCMandDONSON in

the dCMGDo cryo-EM structure. A first interaction involves the
ent.

sity represented with transparent surface rendering and a cut-through view.

homodimerizes.
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Figure 3. DONSON binding to Sld5

(A) One isolated CMG from the dCMGDo structure, engaged by dimeric DONSON. Only one DONSON protomer binds one CMG. The zoomed in view shows the

N-terminal tail of DONSON, tethered to the DONSON core via an unstructured (invisible) linker domain, and bound to Sld5.

(B) AlphaFold prediction of the engagement interface between the DONSON globular dimerization domain and the Sld5 B-domain.

(C) DNA replication reaction was set up in IgG- or DONSON-depleted extract optionally supplemented with 16 nM recombinant wild-type or indicated DONSON

mutants. The synthesis of nascent DNA was followed by incorporation of a32P-dATP into newly synthesized DNA at indicated times. n = 3, mean with SEM

presented. Two-way ANOVA comparing with IgG-depleted, **** p < 0.0001.
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outer perimeter of the ATPase domain of Mcm3 and an alpha he-

lix element inserted within a flexible loop (D3 loop, residues 345–

395) emanating from the DONSON core. This DONSON alpha

helix features a well-resolved Trp381 engaging Mcm3 Lys285.

Our model strikingly resembles the AlphaFold2 multimer

model,48 which also predicted additional Mcm3 interactions

with DONSON residues Asp374 and Glu377 (not well resolved

in the experimental map, Figure 4A). A second interaction in-

volves the N-terminal A-domain of Mcm3, at a site proximal to

that engaged by GINS subunit Psf3 in the CMG (Figure 4B). To

test the importance of the interaction sites withMcm3, we gener-

ated three DONSON variants. The DONSON DEW variant, con-

taining Asp374, Glu377, and Trp381 changed to alanine, tar-

geted the Mcm3 ATPase domain interaction (Figure 4A).

Ser437Ala targeted a polar interaction of DONSON with Mcm3

Gln27, embedded in a pocket that appears otherwise hydropho-

bic (Figure 4B). A third variant, DONSON DEWS, combined

DONSON DEW and Ser437Ala. We confirmed that these three

variants can homodimerize like the WT proteins (Figures S4D–

S4F) and then asked whether changes in the DONSON-Mcm3

interaction had any effect on DNA replication. Recombinant

DONSON containing the Ser437Ala mutation showed a mild
4022 Molecular Cell 83, 4017–4031, November 16, 2023
defect in rescuing DNA replication after immuno-depletion of

the endogenous protein. Instead, the DONSON DEW variant

was severely, although not totally, deficient at rescuing replica-

tion. The DONSON DEWS variant, which targeted both N-termi-

nal and ATPase interaction sites on Mcm3, was completely un-

able to rescue replication (Figure 4C). We confirmed that

DONSON Ser437Ala supported loading of Cdc45 and GINS

onto chromatin, but DONSON DEW and DONSON DEWS were

defective (Figure S5C).

MCM dimerization in dCMGDo
We compared the MCM dimerization interface in dCMGDo with

dimeric complexes observed before6,7,17,27,30,31 and found that

the hexamer interface is completely reconfigured upon

DONSON binding. First, the inter-ring interactions are signifi-

cantly loosened. In fact, by measuring the distance between

the N-terminal ZnF domains, we conclude that the two MCM

rings hover over one another rather than engaging in direct inter-

actions. With the shortest inter-ring distances ranging from 5 to

7 Å, any contacts, if they exist, are likely watermediated.We then

inspected the complex from the C-terminal ATPase side to

observe the structural changes upon double hexamer to
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Figure 4. DONSON binding to Mcm3

(A) One isolated CMG from the dCMGDo structure, engaged by dimeric DONSON. The zoomed in view shows the D3 loop of DONSON engaging the Mcm3

ATPase domain. The solid cartoon represents the atomic model built into the cryo-EM density. The transparent cartoon represents the AlphaFold prediction. The

two models identify Trp381 as an Mcm3 ATPase interacting element. AlphaFold also identifies Asp374 and Glu 377 as ATPase-engaged.

(B) Ser437 engages Mcm3 A-domain residue, Gln27, according to the atomic model built into the cryo-EM density.

(C) DNA replication reaction was set up in IgG- or DONSON-depleted extract optionally supplemented with 16 nM recombinant wild-type or indicated DONSON

mutants. The synthesis of nascent DNA was followed by incorporation of a32P-dATP into newly synthesized DNA at indicated times. n = 3, mean with SEM

presented. Two-way ANOVA comparing to IgG-depleted, **** p < 0.0001. ** p = 0.0046.
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dCMGDo conversion. We detected an �60� clockwise rotation

of oneMCM ring pivoting around two aligned N-terminal ZnF do-

mains of Mcm2 and Mcm6 across the double hexamer (Fig-

ure 5A; Video S1). As a result, the Mcm7 side of one hexamer

swings out causing the two MCM rings to become misaligned,

to the point that the two central channels are no longer co-axial

and rather identify topologically separate entities (Figure 5B).

This reconfiguration moves the two Mcm5 ZnF domains past

oneother, whereas they still remain in closeproximity (Figure 5C).

The ZnF domains of two Mcm2 subunits move from a distal to a

proximal position at the inter-ring interface. In this configuration,

the Mcm2 ZnF of one MCM ring appears poised to partially

occlude the N-terminal pore of the opposed MCM ring (Fig-

ure 5D). A comparison with the published structures shows

that the Mcm2 in dCMGDo overlaps with the position occupied

by duplex DNA in the double hexamer. Here, the same side of

Mcm2 that touches the DNA backbone in the double hex-

amer,6,7,30,31 instead faces the opposed Mcm2 ZnF across

dCMGDo (Figure S6A). In summary, double hexamer to

dCMGDo transition triggers a rotation of the two MCM rings so

that their central pores become misaligned. This causes each

Mcm2 ZnF to plug the opposed MCM ring pore so that a DNA in-
teracting element in Mcm2 becomes occluded. These changes

upon dCMGDo formation would make it impossible for DNA to

thread through the juxtaposed N-terminal domains of MCM

while maintaining a double helical character. The clockwise rota-

tion of two MCM rings of the double hexamer observed in the

dCMGDo, and the prediction that duplex DNA is untwisted at

the dimerization interface, matches a hypothetical fork-estab-

lishment mechanism by Eric Enemark.49 This mechanism was

shown using an ingenious physical model for double hexamer

separation, built with wood sticks and strings. In this model,

the two DNA strands were pulled on to mimic 30 to 50 single-
stranded DNA spooling established for CMG and the two

MCM rings were allowed to pivot around one MCM hinge dimer

across the double hexamer. As a result, the opposed side of

MCM (for us, Mcm7) swings out, and the DNA at the N-terminal

dimerization interface is unwound and sheared apart (Figure 5A).

This strikingly matches our conformational transitions modeled

after the dCMGDo structure.

It should be noted that the dCMGDo complex was released

from chromatin via DNA digestion, and we considered the pos-

sibility that retaining DNA could limit the ability of two MCMs to

become offset as observed in our structure. We note however
Molecular Cell 83, 4017–4031, November 16, 2023 4023



A B

C D

Figure 5. Conformational changes within the MCM occurring upon conversion from double hexamer to dCMGDo

(A) Two MCM rings, viewed from the side, rotate clockwise with respect to one another pivoting around Mcm6. This movement causes the Mcm7 side of the ring

to swing out. This movement agrees with a theoretical model proposed previously.49

(B) The double hexamer to dCMGDo conversion viewed from an end-on view of the ATPase ring. The two MCM central channels are no longer co-axial in

dCMGDo.

(C) Two N-terminal ZnF domains cross paths upon conversion from double hexamer to dCMGDo.

(D) Reconfiguration of the N-terminal MCM ring pore upon double hexamer to dCMGDo transition. Mcm2 from one ring in dCMGDo occludes the MCM central

channel occupied by duplex DNA in the double hexamer.
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that Mcm3 and Sld5 interactions with dimeric DONSON, essen-

tial for replication, can only be established if one MCM swings

out. Instead, due to steric clashes, the DONSON dimer could

not be engaged if two CMGs maintained a double hexamer in-

ter-ring register (Figure S6B). Likewise, DONSON dimer engage-

ment would not be possible if two CMGs interacted as observed

in the yeast dCMG-Pol epsilon structure, as DONSON binding to

one CMG complex would be too far to reach the Mcm3

A-domain and Sld5 B-domain of the second CMG (Figure S6C).

The role of dimeric DONSON
Inspection of the dCMGDo structure established that a unique

reconfiguration of the double hexamer appears to be captured

by (or imparted upon) the engagement of dimeric DONSON. At

least for the globular core of the protein, each protomer in the

DONSON dimer contacts one CMG complex alone, rather than

bridging across the two helicases (Figure 6A). Hence, stability
4024 Molecular Cell 83, 4017–4031, November 16, 2023
of the whole dCMGDo structure, featuring two offset MCM

rings, appears dependent on DONSON homodimerization. We

looked for amino acid changes that would disrupt dimer forma-

tion in our structure and came to realize that two residues,

whose human counterparts are mutated in patients, map at

the dimer interface in our structure (Figure 6B). One is

Met463, which maps at the center of a hydrophobic pocket

and makes direct contact with dimerization surface residues

in cis. It corresponds to Met446 in humans, whose mutation

to Thr is recessive and causes primordial dwarfism in pa-

tients.43,50 The second is Trp234, engaged in a hydrophobic

interaction with equivalent Trp234 from the opposed protomer.

It corresponds to Trp228 in humans, whose mutation to Leu is

dominant negative, and was identified in a patient clinically

diagnosed with Femoral-Facial syndrome.51 We created a hu-

man cell line containing GFP-tagged and FLAG-tagged

DONSON either WT or containing the Met446Thr or



A B

C

D E

4Å

Figure 6. The role of DONSON dimerization

in replication initiation

(A) CMG dimerization through the DONSON dimer.

Red surface identified distances of 4 Å or less be-

tween surface residues of one monomeric CMG-

DONSON subcomplex with the symmetry-related

subcomplex. The only direct contacts keeping the

dCMGDo complex together occur through dime-

rizing DONSON subunits.

(B) Two views of DONSON reveal that residues

Trp234 (human Trp228 mutated in patients) and

Met463 (humanMet446mutated in patients) map at

the homodimerization interface.

(C) The patient-associated DONSON Met446Thr

and Trp228Leu mutations disrupt dimerization.

Cells were transfected with different combinations

of WT andmutant DONSON tagged with either GFP

or FLAG (as indicated). GFP-DONSON was purified

from cell extracts using GFP-Trap and co-purified

proteins were subjected to SDS-PAGE andwestern

blotting with the antibodies indicated. Ponceau S

stain was used to visualize the affinity purified GFP-

tagged DONSON on the nitrocellulose filter.

(D) The DONSON Met446Thr and Trp228Leu mu-

tations disrupt binding to the GINS and MCM

complex but not PCNA. Cells were transfected with

WT and mutant DONSON tagged with GFP (as

indicated). GFP-DONSON was purified from cell

extracts using GFP-Trap and co-purified proteins

were subjected to SDS-PAGE and western blotting

with the antibodies indicated. Ponceau S stain was

used to visualize the affinity purified GFP-tagged

DONSON on the nitrocellulose filter. (*) The anti-

body raised to the entire GINS complex cross-re-

acts with purified GFP protein.

(E) DNA replication assay exploring the ability of a

WM variant to rescue DNA replication. The repli-

cation reaction was set up in DONSON-depleted

extract optionally supplemented with indicated

concentrations of recombinant wild-type DONSON

or DONSONWMmutant. Synthesis of nascent DNA

was followed by incorporation of a32P-dATP into

newly synthesized DNA in early S-phase. n = 3,

mean with SEM presented; paired, nonparametric,

two-tailed t test DONSON WT vs. DONSON WM

p = 0.0312.
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Trp228Leu amino acid changes. The cell lines prepared were

either expressing both tagged proteins as mutants (homozy-

gous) or one WT and one mutant (heterozygous). We used

western blotting with anti-FLAG M2 antibodies to test for pro-

tein expression levels and found a minor reduction in homozy-

gous DONSON Trp228Leu compared with homozygous WT

DONSON and a more significant decrease in Met446Thr

expression, although the signal remained robust. We then

immunoprecipitated DONSON using GFP trap and probed for

dimer formation with the M2 antibody that would recognize

FLAG-tagged DONSON. We found that heterozygous cells

containing WT and Met446Thr alleles or WT and Trp228Leu al-

leles were significantly defective for DONSON dimer formation.

This effect was exacerbated when using homozygous

Met446Thr or Trp228Leu DONSON cell lines, with dimer forma-

tion completely impaired (Figure 6C). We then asked whether

dimer disruption observed with patients’ mutations had any ef-
fect on DONSON’s ability to interact with the established repli-

some (proliferating cell nuclear antigen [PCNA]), GINS, or with

MCM. Although PCNA interaction was unperturbed with all mu-

tants tested, we found that both DONSON M446T and W228L

variants have a defect in both GINS and MCM binding (Fig-

ure 6D). Finally, we wanted to test whether changes in the Xen-

opus proteins that recapitulate homologous patients’ mutations

have any effect on DNA replication. To this end, we used bac-

terial expression to produce a recombinant DONSON variant

(DONSON WM) containing both Met463 and Trp234 mutations.

We used mass photometry to show that this variant presented

defects in homodimerization (Figure S7). Indeed, although the

WT protein formed homodimers in a range of protein concen-

trations, the DONSON WM’s ability to homodimerize was con-

centration dependent. We observed that although DONSON

WM measured at 20 nM mainly formed homodimers, it was pri-

marily monomeric at 5 nM (the concentration used to measure
Molecular Cell 83, 4017–4031, November 16, 2023 4025
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all other DONSON mutants). Given this observation, we

decided to titrate WT and DONSON WM mutant in DNA repli-

cation experiments after immunodepletion of endogenous

DONSON and measure nascent DNA synthesis in early

S-phase. Although little DNA synthesis can be observed in

the 1.5–4 nM concentration range, we observed that WT

DONSON is more efficient at rescuing replication at 8 and

16 nM concentration (Figure 6E). Collectively, our data provide

a link between primordial dwarfism, DONSON’s homodimeriza-

tion and the ability to incorporate GINS into the CMG helicase,

in a key step on the path to replication initiation.

DISCUSSION

We used the Xenopus egg extract system to isolate and image

structural intermediates of replication initiation with cryo-EM.

We employed conditions to activate origins but halt DNA synthe-

sis. By doing this, we captured an initiating replisome assembly

that is specific to higher eukaryotes. It contains DONSON, a

replication factor that is absent in yeast and has recently been

established as the assembly factor that incorporates GINS into

the CMG complex.41,42 We used structural and biochemical

methods to show that DONSON assembles as a homodimer,

and we identified essential elements that support its engage-

ment to both MCM and GINS. These structural elements map

within flexible loops that emanate from the dimerization core of

DONSON. We also identified interaction interfaces that involve

the DONSON dimer core and structured domains in both GINS

and MCM. These interactions however play a less important

role in GINS recruitment and origin activation.

Our observations raise the question of whether DONSON ho-

modimerization is at all important for GINS incorporation into

the CMG. To address this question, we turned to cell lines of

patients affected by primordial dwarfism. We identified two pa-

tients’ mutations resulting in amino acid changes at the

DONSON dimer interface, and we discovered that dimerization

of these protein variants is defective. The same dimerization

defect was observed using recombinant expression of a Xeno-

pus DONSON variant that contains the homologous amino acid

changes. As primordial dwarfism is often associated with muta-

tions in proteins involved in replication initiation,52 our findings

support a role for DONSON dimerization in origin activation. To

corroborate this notion, we asked whether, in human cells, the

DONSON variants defective for dimerization are still able to

interact with GINS and MCM, as observed in our structure.

We found that interaction with both GINS and MCM is partially

impaired, indicating a direct role for DONSON homodimeriza-

tion in efficient CMG formation. We then used Xenopus egg ex-

tracts to show that interfering with DONSON homodimerization

makes DNA replication rescue inefficient. Our data invite a

model whereby dimeric DONSON recruits two GINS molecules

to MCM concurrently, which matches our structural observa-

tion of a symmetric dCMGDo initiation intermediate. This mech-

anism mirrors previous findings with yeast proteins, suggesting

that conversion from an inactive MCM double hexamer to a

DNA melting CMG-Pol epsilon homodimer occurs symmetri-

cally. Future structural work will establish whether homodimeri-

zation is also used by yeast Sld2 as a mechanism to recruit two
4026 Molecular Cell 83, 4017–4031, November 16, 2023
GINS factors to the double hexamer on the path to origin DNA

melting.

What could be the structural mechanism whereby DONSON

brings two GINS to assemble the dCMGDo? And how could

this molecular intermediate mature to establish two diverging

replication forks? Direct docking of DONSON to the MCM dou-

ble hexamer, as seen in our structure, is impossible due to steric

clashes. Thus, based on our functional and structural evidence,

we propose that in the first holo-helicase assembly step, un-

structured elements of dimeric DONSON, engaging Sld5 and

the Mcm3 ATPase, support the incorporation of two copies of

GINS into the twoCMGs.We envisage that CMGassembly alone

would lead to the rotation of two MCMs rings and nucleation of

DNA unwinding inside of the two ATPase rings, similar to what

we previously observed for the double CMG complex with yeast

proteins.27 After this stage in origin activation, the two helicases

must cross paths, so that the N-terminal dimerization interface of

the double hexamer becomes poised at the front of the

advancing replication fork.25,28,29 With our structure of a Xeno-

pus dCMGDo activation intermediate, we established that the

globular DONSON dimer captures the two helicases in a fixed

relative orientation where the two MCM hexamers are no longer

co-axial. The only way for this structure to exist on DNA involves

the unwinding of the Watson and Crick strands at the dimeriza-

tion interface49 (Figure 7). What happens after dCMGDo forma-

tion is more speculative. For example, lagging strand ejection

could occur after dCMGDo formation with the two MCM ring

pores misaligned. This step in helicase activation might also

involve the poorly defined function of RecQL4 at initiation, which

is known to act after CMG formation.35–40 Exposure of the lag-

ging strand template would in turn trigger the recruitment of sin-

gle-stranded DNA interacting factors Mcm10, RPA, and Pol

alpha. Recruitment of these elongation factors could prompt

the release of DONSON, which would in turn let go of the two

CMG assemblies. The two helicases at this point would be free

to continue along their trajectory toward replication fork estab-

lishment. In support of this model, the recent structure of Pol

alpha bound to CMG shows that the primase subunit Pri2 en-

gages the A-domain of Mcm3,53 on a surface that overlaps

with the DONSON docking site (Figure S6D). Thus, Pol alpha

recruitment to the CMG could compete out dimeric DONSON,

and its release from origins could finalize dCMG separation. A

DONSON dimer could either remain tethered via a flexible

element to one of the two diverging CMGs or be recruited to

the advancing replisome at a later stage, when its fork protection

functions are required. In this context, it is possible that robust

DONSON engagement to a single CMG, similar to what was

observed in our structure, will selectively occur at a stalled repli-

cation fork, when Okazaki fragments are not being synthesized.

Our previous work established that single-particle cryo-EM

can be used to visualize intermediates in replication origin acti-

vation reactions, reconstituted in vitro with purified yeast pro-

tein.3,17,27 With that approach, we used biochemical tools to

stage helicase activation, for example by omitting the essential

yeast Mcm10 factor that activates DNA unwinding on the path

to origin activation. Our current work extends our structural

analysis in three ways. First, using the Xenopus egg extract,

we analyze the full complexity of the cellular replication



Figure 7. A model for the incorporation of two GINS factors into two

CMG assemblies, mediated by dimeric DONSON

Loaded MCM double hexamers are phosphorylated by DDK.

The phosphorylation is read by Treslin-MTBP, which in turn promote Cdc45

recruitment onto the MCM double hexamer. A DONSON dimer engages two

copies of the GINS firing factors. It recruits them to the MCM double hexamer

by engaging theMcm3ATPase via theD3 loop. TheDONSONdimer then locks

onto the double hexamer, delivering GINS to form the CMG. This leads to a

reconfiguration in the double hexamer structure, with two MCM rings that

rotate clockwise with respect to one another and become offset ready for

replication fork establishment.
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process. Second, we introduced purification approaches to

target our structural analysis to the CMG replicative helicase

assembly and ignore licensed origins that have not started

the initiation process. This reduces sample heterogeneity to

levels manageable with single-particle cryo-EM. Third, by using

an ATM/ATR inhibitor and a replicative-polymerase inhibitor,

we showed that we could control intersecting pathways to

ask detailed questions regarding structural mechanism. In
future work, we aim to image replication reactions in the

context of chromatin.

Limitations of the study
Three items limit our study. First, the dCMGDo complex was pu-

rified after digesting chromatin with benzonase, and hence, it

does not contain DNA. Spatial constraints imposed by symmet-

ric binding of functionally important DONSON elements imply

that the relative orientation of the two CMGs is unlikely to change

when DNA is retained inside the protein complex. That said, the

presence of DNA will likely impart changes to the ATPase tier,

including changes in nucleotide occupancy. Imaging the

dCMGDo complex on DNA is our future aim. Second, we used

aphidicolin to block replicative polymerase activity. Although

this strategy captures an early replication intermediate, it does

not allow for performing meaningful kinetic studies on the

dCMGDo, following complex formation and separation as DNA

replication progresses. Third, it remains important to address

whether competitive MCM binding by Pol alpha and DONSON

has a role in initiating DNA replication.

While our manuscript was under review, two articles were

published, predicting54 or describing55 the structure of mono-

meric CMG bound to DONSON. These studies agree with our

structure-function characterization and with articles cited in our

paper.41,42 A prediction that two assembled helicases rotate to

achieve full DONSON engagement54 matches our structural ob-

servations. Possible competitive CMG binding for DONSON and

Pol alpha in regulating fork establishment and progression is also

noted.55
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Table 1. Xenla CMG cryo-EM data collection and processing

Xenla sCMG consensus

(EMDB: EMD-18195)

Xenla dCMGDo consensus

(EMDB: EMD-18191)

Xenla dCMGDo without ATPase

(PDB: 8Q6O)

Xenla dCMGDo MCM ATPase

(EMDB: EMD-18192)

Xenla dCMGDo MCM ATPase

(PDB: 8Q6P)

Data collection and processing

Nominal magnification 130,000 130,000 130,000

Voltage (keV) 300 300 300

Electron exposure (e�/Å2) 33 33 33

Defocus range (mm) �1.3 to �3.4 �1.3 to �3.4 �1.3 to �3.4

Pixel size (Å) 0.95 0.95 0.95

Symmetry imposed C1 C2 C1

Initial particle number 4,140,303 4,140,303 4,140,303

Final particle numbers 137,591 100,667 144,989

Global map resolution at 0.143 FSC

threshold (Å)

3.03 3.14 3.53

Map resolution range at 0.5 FSC (Å)a 2.5–9.5 2.7–8.3 2.5–8.5

Map sharpening B-factors (Å2) �91 �93 �113

Model refinementb

Model-map CC (CCmask/CCbox/CCpeaks/CCvolume) – 0.81/0.66/0.56/0.81 0.78/0.55/0.35/0.77

Model-map FSC, 0.143 threshold (Å)

(masked/unmasked)

– 3.1/3.1 3.5/3.7

Model-map FSC, 0.5 threshold (Å)

(masked/unmasked)

– 3.4/3.6 3.9/6.4

Model composition

Non-hydrogen atoms – 51,983 16,795

Protein residues – 6,454 2,104

Ligands – 10 3 Zn2+ 5 3 ATP

RMS deviations

Bond lengths (Å) – 0.002 0.002

Bond angles (�) – 0.492 0.484

Mean B-factors (Å2)

Protein – 122.07 108.87

Ligands – 260.17 83.98

Validationc

MolProbity score – 1.35 1.35

Clashscore – 4.9 5.07

Poor rotamers (%) – 0.05 0.05

CaBLAM outliers (%) – 1.20 1.48

Ramachandran plotc

Favored (%) – 97.6 97.6

Allowed (%) – 2.4 2.4

Outliers (%) – 0.0 0.0
aEstimated with cryoSPARC.64

bCalculated with comprehensive validation (cryo-EM) tool in PHENIX.69

cMolProbity77 validation in PHENIX.
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B Sample preparation and data collection for negative

stain electron microscopy

B Negative-stain EM image processing

B Sample preparation and data collection for cryo-EM
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Sheep polyclonal anti-DONSON Gambus lab Kingsley et al.42

Sheep polyclonal anti-Mcm7 Gambus lab Priego Moreno et al.58

Sheep polyclonal anti-RecQ4 Gambus lab Moreno et al.59

Sheep polyclonal anti-TopBP1 Gambus lab Moreno et al.59

Sheep polyclonal anti-Treslin Blow lab Volpi et al.60

Sheep polyclonal anti-MTBP Blow lab Volpi et al.60

IgG from rabbit serum Sigma-Aldrich RRID: AB_1163659

Polyclonal rabbit anti-FLAG Sigma-Aldrich RRID: AB_439687

Monoclonal mouse anti-Mcm2 BD Transduction labs RRID: AB_2141952

Monoclonal mouse anti-PCNA Santa Cruz Biotechnology RRID: AB_628110

Monoclonal mouse anti-PCNA Sigma Aldrich RRID: AB_477413

Bacterial and virus strains

Rosetta�(DE3) pLysS Competent Cells Novagen (Merck) 70956

BL21(DE3) Competent Cells Novagen (Merck) 69451

Chemicals, peptides, and recombinant proteins

Aphidicolin Bio-Techne Limited Cat# 5736/1

Caffeine Sigma-Aldrich CAS: 58-08-2

ANTI-FLAG� M2 Magnetic Beads Sigma-Aldrich Cat# M8823

3X FLAG Peptide Stratech Scientific Ltd A6001

HisTrap HP Cytiva Cat# 17524801

HiTrap Heparin HP Cytiva Cat# 17040701

Cdc45-TEV-His10-FLAG5 This study Addgene agreement 83268

DONSON WT Gambus lab Kingsley et al.42

DONSON DEW (D374A; E377A; W381A) This study Addgene agreement 83268

DONSON S437A This study Addgene agreement 83268

DONSON WM (W234L; M463T) This study Addgene agreement 83268

DONSON 3A (V473A; R476A; Y481A) This study Addgene agreement 83268

DONSON D24 (D1-24) This study Addgene agreement 83268

DONSON DEWS (D374A; E377A; W381A; S437A) This study Addgene agreement 83268

DONSON DD1 (D1-155) Gambus lab Kingsley et al.42

GINS: (Psf1, Psf2, Psf3 and Sld5) Gambus lab Tarcan et al.57

Graphene oxide Sigma-Aldrich 763705-25ML

Deposited data

Xenla dCMGDo consensus cryo-EM map This study EMDB: EMD-18191

Xenla dCMGDo ATPase cryo-EM map This study EMDB: EMD-18192

Xenla sCMG consensus cryo-EM map This study EMDB: EMD-18195

Xenla dCMGDo – without MCM ATPase

PDB coordinates

This study PDB: 8Q6O

Xenla dCMGDo – MCM ATPase PDB coordinates This study PDB: 8Q6P

(Continued on next page)
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Xenopus laevis Cdc45-FLAG interactions on chromatin

during DNA replication – Mass spectrometry data project

This study PRIDE: PXD044422

Experimental models: Cell lines

293FT Thermo Fisher Scientific R70007

Experimental models: Organisms/strains

Xenopus laevis Gambus lab N/A

Oligonucleotides

DONSON DEW (D374A; E377A; W381A) forward:

CTCTGCGCTAGAAGAGATGGGAGTTGAAGA

TAAAATTAAAAAG;

Sigma-Aldrich N/A

DONSON DEW (D374A; E377A; W381A) reverse:

AAGCTCGCATCTTCCGCGCTTTCATC

CGATGCCTC

Sigma-Aldrich N/A

DONSON S437A forward: AAACTGTAAGGC

GATTGTCGCTGC

Sigma-Aldrich N/A

DONSON S437A reverse: TGAGGAAGTT

CAGTAAAG

Sigma-Aldrich N/A

DONSON W234L forward: GTCGCTTCCTCT

GGTACAGCTTTTTC

Sigma-Aldrich N/A

DONSON W234L reverse: GGATGAATCCAG

TGCACAAG

Sigma-Aldrich N/A

DONSON M463T forward: AGGAGCAACAA

CGCACGCGCTTA

Sigma-Aldrich N/A

DONSON M463T reverse: CGGAATGCGA

CTGGAGAC

Sigma-Aldrich N/A

DONSON 3A (V473A; R476A; Y481A) forward:

GAACTCTGGTGCGAAGGATCAGTTTAGTCTGG;

Sigma-Aldrich N/A

DONSON 3A (V473A; R476A; Y481A) reverse:

ACCGCAGTCTTCGCATTCACACTCCTTG

CCTTAAG

Sigma-Aldrich N/A

DONSON D24 (D1-24) forward: AGGAGCAGG

AGCGAGGCT

Sigma-Aldrich N/A

DONSON D24 (D1-24) reverse: CAGATCCTCT

TCTGAGATGAGTTTTTGTTCG

Sigma-Aldrich N/A

DONSON DD1 (D1-155) forward: TCCGTGAC

TTTTCCTGCT

Sigma-Aldrich N/A

DONSON DD1 (D1-155) reverse: CATTTATTT

CCAGGTGTACC

Sigma-Aldrich N/A

Recombinant DNA

pET28a-DONSON Gambus lab Addgene: 208797

pET28a-DONSON DD1 Gambus lab Addgene: 208804

pET28a-DONSON-WM (W234L, M463T) This study Addgene: 208798

pET28a-DONSON-DEWS (D374A, E377A,

W381A, S437A)

This study Addgene: 208799

pET28a-DONSON-3A (V473A, R476A, Y481A) This study Addgene: 208800

pET28a-DONSON D24 (1-24 removed) This study Addgene: 208801

pET28a-DONSON-S437A This study Addgene: 208803

pET28a-DONSON-DEW (D374A, E377A, W381A) This study Addgene: 208802

Software and algorithms

crYOLO 1.4.0 Wagner et al.61 https://cryolo.readthedocs.io/

en/stable/

(Continued on next page)

ll
OPEN ACCESSArticle

Molecular Cell 83, 4017–4031.e1–e9, November 16, 2023 e2

https://cryolo.readthedocs.io/en/stable/
https://cryolo.readthedocs.io/en/stable/


Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Relion 3.0.4 and 4.0.0 Kimanius et al.62;

Zivanov et al63
https://www3.mrc-lmb.cam.ac.uk/relion//

index.php?title=Main_Page

cryoSPARC v4.2.1 Punjani et al.64 https://cryosparc.com/

Gctf Zhang et al.65 https://sbgrid.org/software/titles/gctf

CtfFind-4.1 Rohou et al.66 https://grigoriefflab.umassmed.edu/ctffind4

Topaz-0.2.5 Bepler et al.67 https://cb.csail.mit.edu/cb/topaz/

Coot v0.9.8.1 Emsley et al.68 https://www2.mrc-lmb.cam.ac.uk/

personal/pemsley/coot/

PHENIX v1.20.1 Liebschner et al.69 http://www.phenix-online.org/

UCSF Chimera

V1.16

Pettersen et al.70 https://www.cgl.ucsf.edu/chimera/

UCSF ChimeraX Goddard et al.71 https://www.rbvi.ucsf.edu/chimerax/

Mascot v 2.8.0.1 Matrix Science, London, UK https://www.matrixscience.com/

Scaffold v 5.1.0 Proteome Software Inc., Portland https://proteomesoftware.com/

AcquireMP v 2.5 Refeyn Ltd., Oxford, UK https://www.refeyn.com/

DiscoverMP v 2.5 Refeyn Ltd., Oxford, UK https://www.refeyn.com/

GraphPad Prism v 10.0.2 GraphPad Software LLC https://www.graphpad.com/
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RESOURCE AVAILABILITY

Lead contact
Further Information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Alessandro

Costa (alessandro.costa@crick.ac.uk).

Materials availability
Plasmids generated in this study are deposited to Addgene with accession numbers indicated in the key resources table.

Data and code availability
d Datasets are available as indicated below:

d Mass spectrometry analysis of immunoprecipitated Cdc45-TEV-His10-FLAG5 were deposited in PRIDE database and publicly

available as of the date of publication. Accession numbers are listed here and in the key resources table. Project Name: Xen-

opus laevis Cdc45-FLAG interactions on chromatin during DNA replication. Project accession: PRIDE: PXD044422 Project

https://doi.org/10.6019/PXD044422x

d Cryo-EM density maps used in model building have been deposited in the Electron Microscopy Data Bank (EMDB) https://

www.ebi.ac.uk/pdbe/emdb, under the following accession numbers: EMDB: EMD-18195 for Xenla sCMG consensus,

EMDB: EMD-18191 for Xenla dCMGDo consensus, EMDB: EMD-18192 for Xenla dCMGDo MCM ATPase.

d Atomic coordinates have been deposited in the Protein Data Bank (PDB), http://www.pdb.org, with the following accession

numbers: PDB: 8Q6O for Xenla dCMGDo without ATPase, PDB: 8Q6P for Xenla dCMGDo MCM ATPase.

d All original western blots are available at: Mendeley Data: https://doi:10.17632/3d28nxpy9s.1 The full mass spectrometry data

for Figure 1 is deposited in PRIDE: PXD044422.

d This paper does not report original code.

d Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Xenopus laevis egg extract model system
African clawed toads (Xenopus laevis) were maintained in Birmingham animal house. The animals are housed five per tank at 20�C
and fed five times aweek. For preparation of egg extracts only fully grown females were used as they are the only sex able to lay eggs.

For preparation of demembranated sperm, only mature males were used.

All the work with Xenopus laevis was approved by Animal Welfare and Ethical Review Body (AWERB) at University of Birmingham

and approved by UK Home Office in the form of the Project License issued for Dr Agnieszka Gambus.
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All experiments performed conformed to the UK Home Office standards.

Cell lines
293FT (Thermo Fisher Scientific) cells were routinely grown in DMEM supplemented with 10% FCS, 5% L-glutamine and 5% peni-

cillin-streptomycin. The cell line was routinely tested for mycoplasma by PCR.

Escherichia coli strains
For recombinant expression of DONSON variants, BL21 (DE3) strain was used. Cells were grown in 2 L of LB media. After cells

reached OD600=0.6, 1 mM IPTG was added, followed by overnight incubation at 18�C.
Cdc45-TEV-His10-FLAG5was expressed in Rosetta (DE3) pLysS competent cells (Novagen, MerckMillipore). Bacteria were grown

in auto inducing media (Formedium) at 37�C until OD600=0.6, then moved to 18�C overnight.

Experimental source material for in vitro work
The source organism of recombinant proteins expressed in bacteria and analysed was Xenopus laevis.

METHOD DETAILS

Xenopus laevis egg extract
Xenopus laevis egg extracts were prepared as previously described.72 Metaphase II arrested X. laevis egg extract is made from un-

fertilised female frog oocytes. In order to increase the amount of stage six (mature) oocytes, ten frogs were primed with 150 units

follicle stimulating hormone Foligon (Intervet) two to seven days before eggs were required. The day before the eggs collection, frogs

were injected with 400-600 units of serum gonadotropin Chorulon (Intervet), and subsequently transferred to laying tanks containing

2.5 L of 1x MMR (0.1 M NaCl, 2 mM KCl, 1 mMMgCl2, 2 mM CaCl2, 0.1 mM EDTA, 5 mM HEPES, pH to 7.8 with NaOH). Frogs were

kept in the tanks laying eggs overnight at % 23�C. Eggs from different frogs were collected the next morning in a 1 L glass beaker.

Apoptotic and immature eggswere not collected. Eggswere rinsedwith 1xMMR, andmost of the buffer was subsequently removed.

Eggs were then de-jellied by rinsing them in cysteine solution (2.2% cysteine, 5mM EGTA, pH to 7.6 with KOH). De-jellied eggs were

rinsed again with 1x MMR, and then washed in UEB buffer (50 mM KCl, 50 mM HEPES, 5 mMMgCl2, 5 mM EGTA, 2 mM DTT, pH to

7.6 with KOH) and white/swollen apoptotic eggs floating on the top were removed with a Pasteur pipette. The de-jellied eggs were

packed into 14 ml round bottom polypropylene tubes (187261; Greiner) with 1 ml UEB containing 10 mg/ml protease inhibitors: apro-

tinin, leupeptin and pepstatin and 50 mg/ml Cytochalasin D (C8273-5MG, Sigma) and the excess buffer from the settling eggs was

removed. The tubes were then spun to pack the eggs in a Beckman JS13 rotor at 800 g for 1 min, room temperature (RT). The white

apoptotic swollen eggs that float to the top were removed using a Pasteur pipette followed by another centrifugation at high speed at

10,000 g for 10 min at RT. This results in separation of the eggs into a lipid layer at the top, brown cytoplasmic fraction in the middle

and an insoluble egg yolk pellet at the bottom. The cytoplasmic layer was collected using a 20 G needle and a 1 ml syringe via side

puncture and from this point the extract was kept on ice. Extract was supplemented with 10 mg/ml protease inhibitors, 10 mg/ml Cyto-

chalasin D and 15%of LFB1/50 (10%sucrose, 50mMKCl, 40mMHEPES pH 8, 20mMKphosphate pH 8, 2mMMgCl2, 1mMEGTA,

2 mM DTT, 1 mg/ml of each: aprotinin, leupeptin and pepstatin). The extract was gently and well mixed using a Pasteur pipette and

transferred to SW55 ultracentrifuge tubes (344058, Beckmann) which were then subjected to a final clarifying spin at 30,000 g for

20min at 4�C. After the spinning, the yellow lipid plug from the topwas removedwith a clean spatula, and the pale yellow cytoplasmic

fraction collected, taking extra care to not disturb the layer bellow it containing mitochondria (mitochondria will lyse after freezing-

thawing the extract and will promote apoptosis rendering the extract useless). The collected extract was then supplemented with

1% v:v of glycerol, and frozen in liquid nitrogen in small beads by pipetting it dropwise and stored at -80�C.

Demembranated Xenopus sperm
Xenopus laevis demembranated spermwas prepared as previously described.72 15male frogs were euthanised by placing them into

individual chambers containing MS222 anaesthetic solution. Testes were then localised in the lower abdominal region and carefully

cut out and placed in EB solution (50 mM KCl, 5 mM MgCl2, 2 mM b-mercaptoethanol, 50 mM HEPES-KOH, pH 7.6) on ice. Testes

were then washed with approximately 20 ml of EB solution in a 9 cm Petri dish, and cleaned by carefully removing any blood vessels

and extraneous tissue using dissection forceps. Cleaned testes were then transferred to a clean 9 cm Petri dish containing 2 ml EB

solution, and chopped as finely as possible with a razor blade. Chopped material was kept on ice, and once all testes were chopped,

the resultant mixture was filtered through a 25 mmmesh nylon filter mounted on a small funnel. The filtered material was then trans-

ferred to a 15 ml Falcon tube and centrifuged at 2,000 g in a swinging bucket rotor for 5 minutes at 4�C. Pelleted sperm nuclei were

resuspended in 0.5 ml of SuNaSp per testis (0.25 M sucrose, 75 mM NaCl, 0.5 mM spermidine, 0.15 mM spermine, 15 mM HEPES-

KOH pH 7.6) and subsequently supplemented with 25 ml of lysolecithin (5 mg/ml) per testis and incubated for 5 min at RT. Demem-

branation of the sperm was determined by mixing 1 ml of the sperm sample with 1 ml of Hoechst 33258 (20 mg/ml) and imaged by UV

microscopy. Demembranated sperm stained bright blue with Hoechst, while non demembranated sperm did not. If less than 95% of

the sperm was demembranated, the mixture was re-spun, pellet resuspended in fresh SuNaSp and lysolecithin treatment repeated

as before. Once demembranated, the homogenate was centrifuged at 2,000 g in a swinging bucket rotor for 5 minutes at 4�C, and
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lysolecithin was quenched by resuspending the pellet in 0.5 ml per testis of SuNaSp containing 3% BSA. Demembranated sperm

nuclei were washed twice with EB solution. After the second wash, the pellet was resuspended in 100 ml per testis of EB containing

30% glycerol. The sperm DNA concentration in the final mixture was estimated by counting the number of sperm using a hemocy-

tometer (counting repeated four times). Somatic-type nuclei were counted as two sperm nuclei as they are diploid. Given that the

Xenopus haploid genome corresponds to 3 pg of DNA, concentration of DNA in the homogenate could be estimated after counting

the number of haploid nuclei. Finally, demembranated sperm nuclei were aliquoted into 80 ml fractions and stored at -80�C

DNA synthesis assay
Interphase Xenopus laevis egg extract was supplemented with 10 ng/ml of demembranated sperm chromatin and incubated at 23�C
for indicated time. Synthesis of nascent DNA was then measured by quantification of a32P-dATP (PerkinElmer) incorporation into

newly synthesised DNA, as described before.72 The extract contains endogenous dNTP pools of �50 mM.73 The total amount of

DNA synthesized, expressed as ng DNA/ml extract, can then be calculated by multiplying percent total 32P incorporated by a factor

of 0.654.73 This calculation assumes an average molecular weight of 327 Da for dNMPs and equal quantities of all four dNTPs incor-

porated into DNA (weight of dNMP incorporated in ng/ml = percent total 32P incorporated/100 3 50 3 10�6 3 4 3 327 3 103).73

Egg extract immunodepletion
DONSON immunodepletions with rabbit antibodies were performed using Dynabeads Protein A (10008D, Life Technologies) coupled

to Xenopus DONSON antibodies raised in rabbit and affinity purified, or nonspecific rabbit IgG (I5006, Sigma-Aldrich). The DONSON

antibodies were coupled at 600 mg per 1 ml of beads. Effective immunodepletion required two rounds of 45 min incubation of egg

extract with antibody coupled beads at 50% beads ratio.

Cdc45 immunodepletions were performed using Dynabeads Protein A (10008D, Life Technologies) coupled to Cdc45 antibodies

raised in rabbit and affinity purified, or nonspecific rabbit IgG (I5006, Sigma). The Cdc45 antibodies were coupled at 600 mg per 1ml of

beads and incubated with 660 ml of extract. Complete immunodepletion required three rounds of 20 min incubation at room temper-

ature with the extract.

Chromatin isolation time course
Interphase Xenopus laevis egg extract was supplemented with 10 ng/ml of demembranated sperm DNA and subjected to indicated

treatments. The reaction was incubated at 23�C for indicated length of time and chromatin was isolated in ANIB100 buffer (50 mM

HEPES pH 7.6, 100 mMKOAc, 10 mMMg(OAc)2, 2.5 mMMg-ATP, 0.5 mM spermidine, 0.3 mM spermine, 1 mg/ml of each aprotinin,

leupeptin and pepstatin, 25 mM b-glycerophosphate and 10 mM 2-chloroacetamide (Merck)) as described previously.72 During the

chromatin isolation procedure, a sample without addition of sperm DNA (no DNA) is processed in an analogous way, usually at the

end of the time course, to serve as a chromatin specificity control. The bottom of the PAGE gel on which the chromatin samples were

resolved is cut off and stained with Colloidal Coomassie (SimplyBlue, Life Technologies) to stain histones which provide loading con-

trols and indications of sample contamination with egg extract (cytoplasm). Antibodies used: anti-PCNA (Sigma Aldrich, P8825), anti-

MCM2 (BD Transduction labs, 610700), anti-FLAG (Sigma Aldrich, F7425), anti-Psf2 and anti-Cdc45,56 anti-GINS,57 sheep anti-

DONSON and rabbit anti-DONSON,42 anti-Mcm7,58 anti-RecQ4 and anti-TopBP1,59 anti-Treslin and anti-TopBP1.60

Recombinant protein purification
Xenopus laevis Cdc45 gene was cloned in a bacterial pRSFDuet-1 T7 expression plasmid (Novagen) fused to a C-terminal, TEV-

cleavable-His10-FLAG tag and codon optimized for expression in E. coli by Pellegrini’s lab.74 The vector was modified by adding

further four FLAG tags via PCR to have Xenopus laevis Cdc45 fused with a TEV-cleavable-His10-FLAG5 tag.

Cdc45-TEV-His10-FLAG5was expressed in Rosetta (DE3) pLysS competent cells (Novagen, MerckMillipore). Bacteria were grown

in auto inducing media (Formedium) at 37�C until OD=0.6, then moved to 18�C overnight. Bacteria were pelleted at 6000 g for 10 min

at 4�C, resuspended in 50 mM Tris, 100 mM NaCl, 10% sucrose and frozen. Lysis was performed by bringing the suspension to

500mMNaCl, 15mM imidazole, 1mMPMSF, 0.1%Triton X-100, 1mg/ml lysozyme and adding one protease inhibitor cocktail tablet

(Roche cOmplete), then freezing and thawing in liquid nitrogen three times followed by incubation for 1h at 4�C. The lysate was spun

at 20,000 g for 30min at 4�Cand the soluble fraction incubated with 30U/ml benzonase nuclease (E1014-25KU, Sigma) for 1 h at 4�C.
Finally, the lysate was spun at 20,000 g for 30 min at 4�C and the soluble part collected.

Purifications were performed using an ÄKTAprime plus system. The lysate was loaded onto a nickel-affinity column (Cytiva HisTrap

HP) equilibrated in His binding buffer (50 mM Tris pH 7.5, 500mMNaCl and 0.1 mMPMSF) and Cdc45-TEV-His10-FLAG5 was eluted

with an imidazole gradient of 3-80% over 100 ml at 1 ml/min (His elution buffer: 50 mM Tris pH 7.5, 500 mM NaCl, 500 mM imidazole

and 0.1 mM PMSF). The eluted fractions corresponding to the elution peak measured at 280 nm were collected and dialysed into

Heparin binding buffer (50 mM Tris pH 7.5, 1 mM EDTA, 1 mM DTT and 0.1 mM PMSF) overnight. The protein was then loaded

onto a heparin column (Cytiva HiTrap Heparin HP) equilibrated in Heparin binding buffer and eluted with a salt gradient of 5-40%

over 100 ml at 1 ml/min (Hep elution buffer: 50 mM Tris pH 7.5, 2 M NaCl, 500 mM imidazole and 0.1 mM PMSF). The protein

was then dialysed in LFB1/50 buffer (10% sucrose, 50 mM KCl, 40 mM HEPES pH 8.0, 20 mM K phosphate pH 8.0, 2 mM

MgCl2, 1 mM EGTA, 2 mM DTT, 1 mg/ml of each: aprotinin, leupeptin, and pepstatin) and stored at -80�C at final concentration

of 42 mM.
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pET28a-DONSON, pET28a-DONSON-WM (W234L, M463T), pET28a-DONSON-DEWS (D374A, E377A,W381A, S437A), pET28a-

DONSON-3A (V473A, R476A, Y481A), pET28a-DONSOND24 (1-24 removed), pET28a-DONSON-S437A, pET28a-DONSON-DEW

(D374A, E377A,W381A) vectors were used for protein expression in 2L of BL21 (DE3) (1mM IPTGwas added at OD600 = 0.6, followed

by incubation overnight at 18�C). Frozen bacterial pellets were lysed in resuspension buffer (500mM NaCl, 50mM NaH2PO4, 2mM

MgCl2, 10% glycerol, pH 9, 1 mg/ml of each: aprotinin, leupeptin and pepstatin) and supplemented with 1 mg/ml lysozyme, 0.05%

Tween-20, and BitNuclease. After sonication, the lysate was clarified by centrifugation at 14,000 g for 30min at 4�C, and supernatant

fractions containing soluble proteins were then incubated with 2 ml of pre-washed Super Ni-NTA Affinity Resin (SUPER-NINTA100,

Generon) for 2 hours rotating at 4�C. The beads were then washed three times with 30 ml of Lysis buffer, both supplemented with

15mM imidazole. The beads were transferred to 10ml columns (Poly-Prep Chromatography Column, Bio-Rad) and eluted with Lysis

Buffer supplemented with 250 mM imidazole. Most concentrated elution fractions were dialysed against LFB1/50 buffer (10% su-

crose, 50mMKCl, 40mMHEPES pH 8.0, 20mMKphosphate pH 8, 2mMMgCl2, 1mMEGTA, 2mMDTT, 1 mg/ml of each: aprotinin,

leupeptin and pepstatin) and snap frozen in liquid nitrogen.

FLAG5, His6-tagged GINS was purified as described in Tarcan et al.57

Large-scale immunoprecipitation from chromatin
4 ml of Xenopus laevis egg extract were activated into interphase by adding energy regenerator (50 mM HEPES pH 7.6, 306 mg/ml

creatine phosphate, 3.6 mg/ml creatine phosphokinase), 0.25 mg/ml cycloheximide and 0.3 mM CaCl2 and supplemented with

10 ng/ml of demembranated sperm DNA, 70 nM recombinant Cdc45, 40 mM aphidicolin, 5 mM caffeine and incubated at 23�C for

60 min. Chromatin was isolated in ANIB100 buffer (50 mM HEPES pH 7.6, 100 mM KOAc, 10 mM Mg(OAc)2, 2.5 mM Mg-ATP,

0.5 mM spermidine, 0.3 mM spermine, 1 mg/ml of each aprotinin, leupeptin and pepstatin, 25 mM b-glycerophosphate, 0.1 mM

Na3VO4 and 10 mM 2-chloroacetamide) as described previously.72

Chromatin pellets were resuspended in ANIB100 containing 20% sucrose. Protein complexes were released from chromatin by

digestion with 0.4 U/ml benzonase nuclease (E1014-25KU, Sigma) and sonicated for 5 min using a sonicator with settings: 30 s

on, 30 s off, low power (Bioruptor Diagenode UCD-200). Immunoprecipitation was performed using 100 ml of anti-FLAGM2magnetic

beads (Sigma-Aldrich). Before elution the sample was washed four times with 1 ml of ANIB100 20% sucrose, ANIB100 20% sucrose

0.1% Triton X-100, ANIB100 and elution buffer (25 mM HEPES pH 7.5, 100 mM KOAc, 5 mM Mg(OAc)2, 1 mM ATP and 0.02%

NP-40), respectively. The sample was eluted adding 250 mM 3xFLAG peptide (Stratech) to 200 ml of elution buffer.

The immunoprecipitated sample was separated via SDS-PAGE (NuPAGE� 4 to 12%, Bis-Tris, Invitrogen) and silver stained (Sil-

verQuest�, Invitrogen).

Mass spectrometry
Gel digests were analysed by nano LC/MS/MS with a Waters M-class HPLC system interfaced to a ThermoFisher Oribitrap Fusion

Lumos. Peptides were loaded on a trapping column and eluted over a 75 mm analytical column at 350 nl/min; both columns were

packed with Luna C18 resin (Phenomenex). A 30 min gradient was employed. The mass spectrometer was operated in data-depen-

dent mode, with MS and MS/MS performed in the Orbitrap at 60,000 resolution and 15,000 resolution, respectively. Advanced Peak

Detection was turned on. The instrument was run with a 3 s cycle for MS and MS/MS. Proteome Discoverer v1.4 was used for peak

generation.

Mass-spectrometry data processing
Data were searched using Mascot (Matrix Science, London, UK; version 2.8.0.1) with the following parameters:

Enzyme: Trypsin Fully Specific

Database: Uniprot Xenopus (forward and reverse appended with common contaminants) released on 04/15/2014. 79,274

(including reverse and CON) entries in the database were searched.

Fixed modification: Carbamidomethyl (C)

Variable modifications: Oxidation (M), Acetyl (Protein N-term), Deamidation (NQ), GlyGly (K), Phospho (STY)

Mass values: Monoisotopic

Peptide Mass Tolerance: 10 ppm

Fragment Mass Tolerance: 0.02 Da

Max Missed Cleavages: 2

Mascot DAT files were parsed into the Scaffold (version Scaffold_5.1.0, Proteome Software Inc., Portland, OR) software for vali-

dation, filtering and to create a non-redundant list per sample. Data were filtered with 1% protein and peptide false discovery rate

(FDR) and requiring at least two unique peptides per protein.

Peptide identifications were accepted if they could be established at greater than 34.0% probability to achieve an FDR less than

1.0% by the Percolator posterior error probability calculation.75 Protein identifications were accepted if they could be established at

greater than 99.0% probability to achieve an FDR less than 1.0% and contained at least two identified peptides. Protein probabilities

were assigned by the Protein Prophet algorithm.76 Proteins that contained similar peptides and could not be differentiated based on

MS/MS analysis alone were grouped to satisfy the principles of parsimony. For calculation of fold enrichment for proteins with no

peptides detected in control immunoprecipitation, that number was changed to one to allow for fold enrichment calculation.
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GFP-Trap affinity purification from human cells
For GFP-Trap pulldown experiments with 293FT cells, confluent cells were transfected with 12 mg of plasmid DNA using Lipofect-

amine 2000 and harvested 48 h post-transfection. Cells were incubated in lysis buffer (150 mM NaCl, 50 mM Tris HCl pH 7.5,

2 mMMgCl2, 0.5-1% NP40, 250 U/ml Benzonase (Merck) and EDTA-free protease inhibitor cocktail [Roche]) for 30 min with rotation

at 4�C. Cell lysates were then pre-cleared at 65,000 g at 4�C for 30min. For GFP-Trap, 5-7mg of lysate was incubated with GFP-Trap

agarose beads (ChromoTek) for 5 h at 4�C. The resulting GFP-Trap complexes were washed with wash buffer (100-300 mM NaCl,

50 mM Tris HCl pH 7.5, 0.5% NP40, and complete protease inhibitor cocktail [Roche]) and analysed by SDS–PAGE.

Immunoblotting was performedwith antibodies Flag (Sigma-Aldrich, F7425; 1:5000), GINS (Gambus lab; 1:500), MCM2 (BD Trans-

duction labs, 610700; 1:2000), CDC45 (Cell Signaling Technology, 11881; 1:500), PCNA (Santa Cruz Biotechnology, sc-56; 1:1000),

GFP (Abcam, ab6556; 1:2000) and TOPBP1 (Fortis Life Science, A300-111A; 1:500).

Mass photometry
Solution-phase mass determination of native DONSON and mutants thereof were acquired using the TwoMP (Refeyn) mass

photometer. Experimental data were obtained in the form of mass photometry videos recorded for one minute using the

AcquireMP v2.5 software (Refeyn) on precleaned, high sensitivity microscope slides. Prior to analysis of target proteins, a

mass calibration was determined using urease, BSA and aldolase as standards spanning a mass range of 66 to 544 kDa.

Each standard was used at a final concentration of 2 to 5 nM by diluting ten-fold into 18 ml of Dulbecco PBS buffer. A linear

mass calibration was obtained after fitting of Gaussian functions to the ratiometric contrast values of each standard using the

DiscoverMP v2.5 software (Refeyn). In a similar fashion, DONSON proteins, were diluted ten-fold into Dulbecco PBS buffer to

achieve a final concentration of 3 to 5 nM. Mass photometry videos were recorded for one minute and analysed in the

DiscoverMP v2.5 software.

Sample preparation and data collection for negative stain electron microscopy
Negative stain EM (NS-EM) samples were prepared on 300-mesh copper grids with carbon film (EM Resolution C300Cu). After glow

discharging the grids for 60 s at 25mA using GloQube Plus unit (Quorum), 4 ml of the elution from the large-scale immunoprecipitation

of chromatin were applied to the grids and incubated for 1 min. Excess sample was blotted away and the procedure of applying 4 ml

sample followed by blotting was repeated two more times. After third application of the sample and the final blotting, grids were

stained by successive stirring in three 35 ml drops of 2% uranyl acetate for 20 s each. Excess stain was removed by blotting and

the grids were left to dry for a few minutes before being stored for imaging.

All NS-EM data were acquired on a FEI Tecnai LaB6 G2 Spirit transmission electron microscope, operating at 120 kV. Micrographs

were collected with a Gatan Rio 4k x 4k CMOS camera at nominal magnification of 29,000 (physical pixel size 3.1 Å/pix) and within a

-0.5 to -2.0 mm defocus range.

Negative-stain EM image processing
A subset of particles was picked using a crYOLO 1.4.061 model trained for previous CMG negative stain dataset and the picks were

manually curated in crYOLO. This subset was then used for training a new crYOLOmodel for particle picking. Subsequent processing

steps were carried out using Relion-3.0.463 and cryoSPARC v4.2.1.64 In Relion-3.0.4 the CTF for each micrograph was estimated

using Gctf65 particles were extracted from micrographs and 2D classification was performed. Ab initio reconstructions and refine-

ments were performed in cryoSPARC v4.2.1.64

Sample preparation and data collection for cryo-EM
Graphene oxide dispersion was prepared by diluting 10 ml of the stock (2 mg/ml, Sigma Aldrich 763705) in 80 ml of water, resuspend-

ing the mixture by pipetting and spinning down remaining aggregates at 650 g for 1.5 min in a bench centrifuge. Clear top layer was

then carefully transferred to a new tube. UltrAuFoil R1.2/1.3 grids (Quantifoil Micro Tools) were glow discharged for 5 min at 45 mA

using GloQube Plus unit (Quorum), 4 ml of freshly prepared graphene oxide dispersion was applied to each grid and incubated for 2-

3 min. After blotting graphene oxide, three droplets of water, 20 ml each, were sequentially picked up with the grid and blotted away,

the first two with the front side of the grid (where graphene oxide had been applied) and the last one with the back side of the grid.

Grids were then dried by incubating at room temperature before the sample was applied.

Grids with freshly applied graphene oxide were prepared for cryo-EM in a Vitrobot Mark IV (FEI Thermo Scientific) by triple appli-

cation of the elution sample from the large-scale immunoprecipitation of chromatin and subsequent freezing in liquid ethane. 4 ml of

the sample was applied on grids, incubated for 1min at 22�C at 100%humidity, quickly blotted away (0.5 s blotting time), followed by

two more rounds of sample application and blotting. After the third sample application and incubation, excess sample was blotted

away for 4.5 s and grids were plunged into liquid ethane.

Cryo-EM data collection was conducted on an in-house Thermo Scientific Titan Krios transmission electron microscope operating

at 300 kV, equipped with a Thermo Scientific Falcon 4i direct electron detector camera and Selectris energy filter. EPU software

(Thermo Scientific) was used for automatic acquisition of movies in counting mode with physical pixel size of 0.95 Å and a total elec-

tron dose of 33 e/Å2 during 5.44 s exposure time. 1674 EER frames were initially collected per movie and they were subsequently

processed in 27 fractions, with 1.22 e/ Å2 per fraction. A total of 82,135 movies were collected in a single session using an energy
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filter slit width of 10 eV and a defocus range set at -1.3 to -3.4 mm. First 7,002 movies were collected with a defocus range set at -1.3

to -2.8 mm.

Cryo-EM image processing
RELION-4.0.062 and cryoSPARC v4.2.1 were used for image processing (Figure S2). The movies were corrected for drift, dose-

weighted and the contrast transfer function (CTF) parameters were estimated using CtfFind-4.166 in RELION. Particles were first

manually picked in cryoSPARC on a small subset of 28 micrographs across the defocus range and these 594 particles were used

for creating an initial Topaz-0.2.567 model for picking, through cryoSPARC. The model was then improved through several iterative

cycles consisting of particle extraction (binned by two, with box size 256 px at 1.9 Å/px), cleaning up with 2D classifications in cry-

oSPARC or RELION and training of a new Topaz model with cleaned-up particles used as an input. To obtain better 2D-average-

based separation of good particles from noise, contamination, particle aggregations or particles close to the edge of graphene oxide

layers, the subset of micrographs used for iterative cycles of particle picking, extraction and 2D classifications was increased to

1,060, at first instance, and then to 28,744 micrographs. Topaz models were trained on a smaller subset of 60 or 108 micrographs

with 1,000–3,000 input particles, and input particles weremanually curated before training to remove obviously wrong picks. The final

Topaz model (Topaz model #1) was trained on a subset of 108 micrographs across the defocus range, with 2,488 particles. Another

Topaz model (Topaz model #2) was trained for picking particles in low-defocus micrographs and the training was conducted on a

subset of 85 micrographs with 1822 particles and a defocus range between -1.3 and -1.9 mm. The full set of collected micrographs

was curated in RELION based on CTF parameters (rlnCtfMaxResolution and rlnCtfFigureOfMerit) to remove poor-quality micro-

graphs and micrographs without a graphene oxide coverage. This yielded a total of 67,761 micrographs that were subsequently

divided in two subsets by defocus values: a subset of 56,876micrographs with defocus% -1.9 mm (high-defocus subset), and a sub-

set of 10,885 micrographs with defocus > -1.9 mm (low-defocus subset). Using the Topaz model #1, 3,560,024 particles were picked

from the high-defocus subset of micrographs. Similarly, using the Topaz model #2, 580,279 particles were picked from the low-de-

focus subset, making the total number of particles initially picked from the whole dataset 4,140,303. 2D-classification-based clean-

up of the particles from the two subsets of micrographs was performed separately.

Using RELION, the high-defocus subset of micrographs was divided into seven groups and picked particles were extracted with a

binning factor of three and a box size of 180 px (2.85 Å/px). The respective seven groups of particles were then subjected to succes-

sive rounds of 2D classifications in parallel to remove contaminants, aggregated and smaller particles as well as particles close to the

edge of graphene oxide layers. The remaining particles were joined and re-extractedwith a binning factor of two and a box size of 294

pix (1.9 Å/px). The low-defocus subset of micrographs was divided into two groups and the proceeding steps of particle extraction,

several rounds of 2D classification and final joining and re-extraction of remaining particles were conducted in the same way as

described for the high-defocus subset of micrographs. In the end, re-extracted particles coming from the high- and the low-defocus

subset were joined, totalling 954,780 particles. These particles were submitted for 3Dmulti-reference classification with image align-

ment in RELION, using regularisation parameter T value of four, C1 symmetry and four low-pass filtered reference maps: (1) a double

CMG-DONSON (dCMGDo) map generated by ab initio reconstruction and homogeneous refinement in cryoSPARC of 34,344 par-

ticles binned by two, coming from the highest-resolution dCMGDo 2D classes obtained during preliminary processing of the first

33,441 micrographs of this dataset; (2) a single CMGmap generated by ab initio reconstruction, followed by heterogeneous and ho-

mogeneous refinements (C1 symmetry) in cryoSPARC, from a small, trial cryo-EM dataset (2301 micrographs) of the same sample

collected on our in-house Thermo Scientific Talos Arctica transmission electron microscope; the remaining two reference maps, (3)

and (4), which were poorly defined and did not look like CMG, were among those generated by ab initio reconstruction and refine-

ments in cryoSPARC of particles binned by two obtained during preliminary processing of the first 33,441 micrographs. In this way,

particles of the dCMGDo complex (219,456 particles; 23%) and particles of the single CMG (361,156 particles; 37%) were separated

from the particles with poor features that did not contain complete CMG.

Particles from the dCMGDo 3D class (219,456 particles) were unbinned and re-extracted in RELION with a box size of 540 pix

(0.95 Å/px), followed by ab initio reconstruction, heterogeneous and non-uniform refinement with applied C2 symmetry) in cryo-

SPARC. The refined map was low-pass filtered and used as a reference map for a 3D classification in RELION of the unbinned

dCMGDo set containing 219,456 particles, performed with image alignment, C1 symmetry, regularisation parameter T value of

four and with two classes. A 3D class with 128,581 particles (56%) was selected, auto-refined using C2 symmetry and post-pro-

cessed in RELION to 4.2 Å resolution. These particles were then subjected to several rounds of CTF refinement and auto-refinement

(C2 symmetry), as well as to two rounds of Bayesian polishing. CTF-refined and polished dCMGDo particles were then further pro-

cessed in cryoSPARC, by performing ab initio reconstruction and heterogeneous refinement with two classes and C1 symmetry,

which yielded a new set of 100,667 particles. These particles were then subjected to non-uniform refinement, with applied C2 sym-

metry alignment, per-particle defocus optimisation and per-group CTF parameters optimisation, leading to a 3.2 Å resolution map.

Further local refinement with amask encompassing the whole dCMGDo complex, with applied C2 symmetry and pose/shift gaussian

prior during alignment, resulted in a consensus map with improved resolution of 3.1 Å, sharpened with B factor of -93 Å2.

The set of 128,581 CTF-refined and polished dCMGDo particles was auto-refined (C2 symmetry) and post-processed in RELION

yielding a 4.07 Å resolutionmap. To better resolveMCMATPase domains that featured conformational heterogeneity, a C2 symmetry

expansion procedure was applied, followed by particle subtraction in RELION, where amask encompassing ATPase domains of one

MCM hexamer was used to subtract all the remaining signal. The mask was created from the auto-refined dCMGDo map, after
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segmentation and subtraction of all segmented regions except one MCM-ATPase in UCSF Chimera.70 Subtracted particles were

then subjected to focused 3D classification without image alignment, using the same mask applied in particle subtraction, with

ten classes, C1 symmetry and regularisation parameter T value of 16. Two 3D classes with 144,989 particles were selected and

the particles were submitter to local refinement in cryoSPARC with applied C1 symmetry, pose/shift gaussian prior during alignment

and dynamic masking. This yielded the MCM-ATPases map at 3.5 Å resolution, sharpened with B factor of -113 Å2.

Particles from the single CMGsubset (361,156) were re-extractedwith a box size of 240 pix (1.9 Å/px) and submitted for two rounds

of 3D classification in RELION, with four and two classes respectively, regularisation parameter T value of four, C1 symmetry, applied

image alignment andwith the low-pass filtered single CMGmap from the screening Talos Arctica dataset mentioned earlier used as a

reference. In between two rounds of 3D classification, the particles were unbinned (box size of 480 px, with 0.95 Å/px). 3D classes

where single CMG looked isotropic were selected (137,591 particles) and the particles were submitted to cryoSPARC for ab initio

reconstruction and non-uniform refinement with per-particle defocus optimisation, per-group CTF parameters optimisation and

with C1 symmetry. Finally, local refinement with a mask encompassing the whole complex, applied pose/shift gaussian prior during

alignment and with C1 symmetry was performed. This resulted in the 3.0 Å resolution map of a single CMG, sharpened with B-factor

of -91 Å2.

Model building and refinement
We used AlphaFold-predicted48 models to initially place all Xenopus laevis CMG subunits into the sharpened consensus map of the

dimeric CMG complex: Mcm2 (AF-P55861-F1), Mcm3 (AF-P49739-F1), Mcm4 (AF-P30664-F1), Mcm5 (AF-P55862-F1), Mcm6 (AF-

Q5FWY4-F1), Mcm7 (AF-Q7ZXB1-F1), Pfs1 (AF-Q7ZT47-F1), Psf2 (AF-Q7ZT46-F1), Pfs3 (AF-Q7ZT01-F1), Cdc45 (AF-Q9YHZ6-F1)

and Sld5 (AF-Q7ZT48-F1). AlphaFold Multimer was used to predict the interaction between DONSON and Mcm3 or Sld5. We first

rigid-body docked protein chains comprising one CMGDo monomer into the corresponding segments of the EM density using

UCSF Chimera.70 Since inter-domain movements within MCM subunits were apparent, they were fitted as separate rigid bodies

(A domain, B/C domain, ATPase domain and winged-helix domain (WHD)). After rigid-body docking, all subunits were fitted into

the density using the jiggle-fit tool and flexible fitting in real space (Geman-McClure Alpha set to 0.1) with all-chain self-restraints

applied (4.3 Å). This was performed inCoot.68 For the N-terminal domains of MCM subunits, Pfs1, Psf2, Pfs3, Cdc45 and Sld5 sharp-

ened consensus map was used. MCM ATPase and WHD domains were fitted to the sharpened ATPase map. Any parts of the pre-

dicted model that comprised unstructured regions or corresponded to poorly resolved regions in the map were trimmed off at this

point. In particular, N-terminal hairpins (NtHp) of Mcm5, Mcm6 and Mcm7 as well as helix-2 insert (h2i) and pre-sensor 1 b-hairpin

(PS1BH) elements in Mcm4 and Mcm7 could not be modeled. After flexible fitting, we used Coot to optimize the fit of well-resolved

chain fragments to their correspondingmaps (mapweight set to 10), applying torsion and Ramachandran restraints tomaintain back-

bone and sidechain geometry. Due to the poor density of the Mcm4 ATPase and Mcm6 ZnF regions, only flexible fitting and no

manual adjustments were performed for these regions. Residual density for Mcm5 WHD was visible, but it was not included in

the final model due to poor map quality in that region. The resolution of the ATPase map was sufficient to include nucleotides in

the ATPase sites, although the exact nucleotide state could not have been established. We therefore assigned ATP to all occupied

sites (all except for unoccupied 7/4 site), but we cannot rule out the possibility that they represent ADP or mixed ATP/ADP states.

Prior to structure refinement, we fitted a second CMGDo monomer (without MCM ATPase) into the symmetry-equivalent part of

the consensus reconstruction to create the complete symmetry-expanded dCMGDo complex. We then refined the structures in

real space with PHENIX69 using default settings and rotamer fit set to ‘‘outliers’’. The quality of the resulting atomic models was eval-

uated with MolProbity77 and Comprehensive validation (cryo-EM) tools, both integrated into PHENIX (summarized in Table 1).

Visualization of models and maps
UCSF Chimera70 and UCSF ChimeraX71 were used for visualizing all maps and models in this study. ChimeraX was also used for

making figures.

QUANTIFICATION AND STATISTICAL ANALYSIS

DNA synthesis analysis
For quantification of replication efficiency between different experimental repeats in different extracts, the quantity of DNA replicated

at the end of the reaction in IgG-depleted extract was set as 100% and the remaining values normalised to this. The mean with SEM

was plotted using GraphPad Prism 9.2 or 10. Statistical significance of differences between time-courses replication curves were

estimated using 2way ANOVA comparing each time to IgG-depleted replication curve. For titration of recombinant DONSON, paired,

nonparametric, two-tailed t-test was performed using GraphPad Prism 10.

EM data analysis
Quantification, statistical analysis and validation pertaining to processing of negative stain and cryo-EM images are implemented in

the software described in the image processing section of themethods details. Global resolution estimation of refined cryo-EMmaps

are based on the 0.143 cutoffs of the Fourier Shell Correlation between two half maps refined independently.
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Figure S1. Recombinant proteins created in this study, related to Figure 1.  Purified 
proteins resolved on SDS-PAGE gel and stained with Coomassie: (A) Xenla Cdc45-TEV-His10-
FLAG5. (B) Xenla DONSON variants: wild-type (WT); Asp374Ala, Glu377Ala and 
Trp381Ala (DEW); Ser437Ala; Trp234Leu, Met463Thr (WM); Val473Ala, Arg476Ala, 
Tyr481Ala (3A); deletion of residues 1 to 24 (D24). 
 
 
 
  



 
 

 
 
Supplementary Figure 2. Cryo-EM image processing pipeline, related to Figure 2. 
 
 
  



 
 
Supplementary Figure 3. Cryo-EM analysis of single CMG and dCMGDo, related to 
Figure 2.  (A) A representative micrograph. (B) 2D averages of single CMG. (C) 2D averages 
of dCMGDo. (D) Fourier shell correlation plot for single CMG. (E) Angular distribution for 
single CMG. (f) Cryo-EM map coloured according to local resolution for single CMG. (G) 
Fourier shell correlation plot for dCMGDo consensus map. (H) Angular distribution for 
dCMGDo consensus map. (I) Cryo-EM map coloured according to local resolution for 



dCMGDo consensus map. (J) Fourier shell correlation plot for MCM ATPase map isolated 
from the dCMGDo. (K) Angular distribution for MCM ATPase map. (L) Cryo-EM map 
coloured according to local resolution for MCM ATPase map. 
 
 
  



 
 
Supplementary Figure 4. Mass photometry analysis of various Xenopus laevis DONSON 
mutants, related to Figures 3 and 4.   All variants shown in this figure maintain a dimeric 
character despite the amino acid changes. (A) Truncation of residues 1 to 155 (D1). (B) 
Truncation of residues 1 to 24 (D24). (C) Val473Ala, Arg476Ala, Tyr481Ala (3A). (D) 
Asp374Ala, Glu377Ala, Trp381Ala (DEW). (E) Ser437Ala. (F) Asp374Ala, Glu377Ala, 
Trp381Ala, Ser437Ala (DEWS). 
 
 
  



 

 
 
Figure S5. Functional analysis of DONSON mutants, related to Figures 3 and 4.  (A) DNA 
replication reaction was set up in IgG- or DONSON-depleted extract optionally supplemented 
with 100 nM recombinant wild type or indicated DONSON mutants. Chromatin was isolated 
at 60 min of replication reaction. Chromatin bound factors were resolved on SDS-PAGE and 
immunoblotted with indicated antibodies. “No DNA” control served as chromatin specificity 
control. (B) Recombinant purified DONSON WT, D24 or 3A mutants were mixed and 
incubated with Xenopus laevis GINS complex expressed in E. coli and purified via His6-FLAG-
tagged Sld5. M2-FLAG beads were used to immunprecipitate GINS. Co-immunoprecipitating 
proteins were analysed by immunoblotting with indicated antibodies. (C) DNA replication 
reaction was set up in IgG- or DONSON-depleted extract optionally supplemented with 100 
nM recombinant wild type or indicated DONSON mutants. Chromatin was isolated at 60 min 
of replication reaction. Chromatin bound factors were resolved on SDS-PAGE and 
immunoblotted with indicated antibodies. “No DNA” control served as chromatin specificity 
control. 
 
 
  



 
 
Supplementary Figure 6. Comparison between the dCMGDo structure and previously 
published structures, related to Figure 5. CMG is colored in teal. DONSON is light green. 
(A) dCMGDo shuts the duplex DNA harbouring MCM channel at the N-terminal dimerisation 
interface. The side of the Mcm2 ZnF domain that engages duplex DNA in the human double 
hexamer (PDB entry TW1Y) is backed against the cognate Mcm2 ZnF element in dCMGDo. 
(B) Mcm3 engagement by DONSON, as observed in dCMGDo, is incompatible with double 
hexamer formation as observed with the DNA loaded human (PDB entry TW1Y), or yeast, 
MCM. (C) The double CMG configuration observed in the yeast dCMGE (7Z13) is too dilated 
to allow concomitant Mcm3 engagement of both protomers in the DONSON dimer. (D) Pol 
alpha (PDB entry 8B9D) and DONSON compete for the same binding site on Mcm3.  
 
  



 
 
Supplementary Figure 7. Mass photometry analysis of DONSON Trp234Leu, Met463Thr 
(WM) mutant, related to Figure 6. Xenopus laevis DONSON amino acid changes 
homologous to patients’ muations in humans destabilise the homodimerization interface. A 
dilution experiment highlights the tendency of the WM mutant to monomerise as 
concentrations drop from 20 to 5 nM.  
 
  



 

 Protein Molecular Weight 
(kDa) 

Spectral Counting 
(SpC) 

C
M

G
 

Mcm2 100 134 
Mcm3 90 127 
Mcm4 97 78 
Mcm5 82 101 
Mcm6 93 138 
Mcm7 82 72 
Cdc45 66 181 
Psf1 23 11 
Psf3 24 8 
Psf2 21 2 
Sld5 26 4 

R
ep

lis
om

e  

Polα (POLA1) 165 29 
Polδ (POLD1) 125 41 
Polδ (POLD2) 49* 3* 
Polδ (POLD3) 50 11 
Polε (POLE1) 265 107 
Polε (POLE2) 60 10 
Rts (RecQ4) 169 15 

AND-1 125 69 
PCNA 29 9 
Claspin 146 8 

Timeless 149 18 
Spt16 118 37 
SSRP1 79 18 

In
iti

at
io

n 
fa

ct
or

s 

Mcm10 95 28 
MTBP 96 4 
Orc1 100 4 
Orc3 81 2 
Orc5 52 4 
Rif1 257 70 

Treslin 221 33 
TopBP1 169 6 

DONSON 64 5 
 
Supplementary Table 1. Mass spectrometry analysis of a Cdc45-containing replication 
intermediate, related to Figure 1. Proteins co-immunoprecipitating with Cdc45-TEV-His10-
FLAG5 isolated from chromatin replicating in Xenopus laevis egg extract supplemented with 
aphidicolin and caffeine (as per Figure 1D) were analysed by mass spectrometry. Selected 



replication factors are presented with molecular weight and total spectral count. Full data 
available on PRIDE. (*Xenopus tropicalis proteins). 
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