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ABSTRACT 

 

Every step of chromosomal replication must be executed in an error free manner to protect genome 

stability. Ubiquitylation is a fundamental regulatory post-translational protein modification that 

controls intracellular signalling events including regulation of DNA replication. p97 segregase works 

through binding proteins that are marked by ubiquitin and extracting them from membranes, cellular 

surfaces or protein complexes that they are interacting with. 

Little is known about how p97 with its cofactors regulates unperturbed DNA replication. Our group 

has shown over the last few years that p97 segregase plays a key role in unloading of the replicative 

helicase from chromatin at termination of DNA replication. To prime it for unloading during S-phase, 

the terminated helicase is first ubiquitylated by Cul2Lrr1 ubiquitin ligase.  

Using the well-established cell-free system of Xenopus leavis egg extract, which is ideal for studying 

DNA replication at the biochemical level, we have now analysed the mode of p97 recruitment to 

chromatin during S-phase. Our data suggest that the p97 core complex is primarily brought to S-phase 

chromatin not through direct binding to its substrate: the polyubiquitylated proteins, but by its 

cofactor Ubxn7, which in turn binds to active (neddylated) Cul2 ubiquitin ligase. Immunodepletion of 

Ubxn7 from the egg extract leads to a delay in unloading of terminated helicase despite an 

accumulation of active Cul2Lrr1 ligase. In conclusion, we have identified Ubxn7 as a p97 cofactor playing 

a role specifically during S-phase unloading of terminated helicase by interacting with Cul2Lrr1 ubiquitin 

ligase and p97. Ubxn7 also interplays with Faf1 for recruitment of p97 to polyubiquitylated CMG 

helicase in S phase and mitosis. Furthermore, I also identified a number of posttranslational 

modifications of p97 in S phase and mitosis, which may regulate p97 interactions with cofactors in 

higher-order complex assemblies and allow for chain type specificity of p97 recognition. Finally, I also 

identified that RPA could be a potential substrate of p97 in the S phase and mitosis, whilst p97 might 

be itself a possible substrate of ATR kinase in mitosis.  
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wt – Wild type  

WWP2 – WW Domain Containing E3 Ubiquitin Protein Ligase 2 
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1 INTRODUCTION 
 

1.1. The Ubiquitin Proteasome system (UPS) 

 

Ubiquitylation is a fundamental, regulatory post-translational protein modification that controls 

intracellular signalling events. The ubiquitin proteasome system includes ubiquitin, the proteasome 

and a variety of enzymes that manage the process of substrate ubiquitylation. Through this system, 

ubiquitylated substrates are degraded by the proteasome and free ubiquitin is released and recycled.  

 

1.1.1. The Structure of Ubiquitin 

 

Ubiquitin is a highly abundant protein that consists of 76 amino acids with an approximate molecular 

weight of 8.6 kDa. It is conserved from yeast to human. The structure of ubiquitin is compact with a 

six-residue C terminal tail (Komander, Clague et al. 2009). Ubiquitin is attached to the substrate 

through C-terminal GG at the distal end of the ubiquitin (Figure 1.1) (Komander, Clague et al. 2009). 

Ubiquitin core residues are not flexible except for the b1-b2 loop including Leu8 (Komander and Rape 

2012). This particular region shows flexibility and has a critical role for recognition by ubiquitin binding 

proteins (Komander and Rape 2012) (Callis 2014). Ubiquitin is recognised via its hydrophobic surfaces. 

The area containing Ile44, Leu8 and Val70 is called the Ile44 hydrophobic patch (Komander and Rape 

2012) (Callis 2014) and most ubiquitin binding domains and proteasome attach to ubiquitin through 

this Ile44 patch. However, HECT E3 ubiquitin ligases, deubiquitylating enzymes (DUBs) and some UBD 

ubiquitin binding domains bind ubiquitin through another Ile36 patch. Moreover, the Ile36 patch has 

the ability to generate binding of ubiquitin molecules to each other. Besides these patches and the C-

terminus, the N-terminal region and the seven lysine residues are the most important properties of 

ubiquitin, which enable ubiquitin chain assembly.  

https://www.annualreviews.org/doi/10.1146/annurev-biochem-060310-170328?url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org&rfr_dat=cr_pub++0pubmed#dl1
https://www.annualreviews.org/doi/10.1146/annurev-biochem-060310-170328?url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org&rfr_dat=cr_pub++0pubmed#dl1
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Figure 1. 1 Ubiquitin structure  The structural properties of ubiquitin, showing the C terminus (C term), the 

seven lysine residues of the ubiquitin structure. The bubbles are showing the amino groups participating in 

ubiquitin chain formation. The I36 (highlighted in green) and I44 (highlighted in blue) hydrophobic patches 

centered in the N terminus. Taken from Deol et al, 2019 (Deol, Lorenz et al. 2019). 

 

Process of ubiquitylation 

 

The process of ubiquitylation involves three main steps which are activation, conjugation, and ligation. 

These steps are mediated by an enzymatic cascade including E1 ubiquitin-activating enzymes, 

E2 ubiquitin-conjugating enzymes and E3 ubiquitin ligases. 

The first enzyme, E1, catalyses the activation of ubiquitin in an ATP-dependent manner, which means 

that the C-terminal carboxyl group of ubiquitin is adenylated and then the E1 activating enzyme 

becomes linked with ubiquitin through a thioester bond. After ubiquitin is activated, the E1 enzyme 

transfers it to a cysteine residue in the E2 conjugating enzyme (Callis 2014). 

At this stage, either E2 can transfer ubiquitin to its substrate or an E3 ligase catalyses the transfer of 

the ubiquitin from the E2 to the substrate protein (Figure 1.2.) (Hershko, Ciechanover et al. 2000, Callis 

2014). A bond is created between a lysine of the substrate protein and the C-terminal glycine of the 

active ubiquitin (Pickart and Eddins 2004). For this reaction, the E3 associates directly with the E2. 

Depending on the type of E3, E2 can either directly transfer the ubiquitin to the substrate or transfer 

requires catalysis by the E3. E3 ligases have either a HECT domain, which transiently catalyses ubiquitin 

transfer, or a RING domain that facilitates transfer of the ubiquitin from the E2 enzyme to the target 

protein (de Bie and Ciechanover 2011) (Berndsen and Wolberger 2014). 

 

https://en.wikipedia.org/wiki/Ubiquitin-activating_enzyme
https://en.wikipedia.org/wiki/Ubiquitin-conjugating_enzyme
https://en.wikipedia.org/wiki/Ubiquitin_ligase
https://en.wikipedia.org/wiki/HECT_domain
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Figure 1. 2 The process of ubiquitylation. Ubiquitin is activated by an E1 enzyme, conjugated by an E2 enzyme 
and either transferred by an E3 ligase or E2 enzyme. The ubiquitylated substrate is either degraded by the 
proteasome or deubiquitylated by deubiquitylating enzymes (DUBs) . The ubiquitylated substrate has also other 
roles role in DNA repair, lysosomal degradation, cell localisation, kinase modification or Endoplasmic reticulum 
Associated degradation (ERAD) (Komander and Rape 2012, Skaar, Pagan et al. 2014). 

 

So far, there are two known E1 enzymes, ~40 E2 enzymes and more than 600 E3 ligases encoded by 

the human genome (Maculins, Carter et al. 2016). The process of ubiquitylation is reversible through 

the action of approximately 100 deubiquitylating enzymes (DUBs), which are ubiquitin specialised 

proteases. DUBs have a variety of ubiquitin binding domains, and can therefore recognise many 

different ubiquitin chains and substrates (Komander, Clague et al. 2009). With the activities of DUBs, 

ubiquitin can be recycled for different cellular processes (Callis 2014). The other important role of 

DUBs is to prevent inappropriate degradation of proteins and to inhibit certain protein-protein 

interactions (Hussain, Zhang et al. 2009). 

 

1.1.2. Forms of Protein Ubiquitylation 

 

Once a single ubiquitin has been attached to a single lysine residue of a target protein, the protein is 

said to be monoubiquitylated (Figure 1.3.a). Monoubiquitylation can occur at several lysines 

throughout a protein, in which case it is defined as multi-monoubiquitylation (Figure 1.3.b). 
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Monoubiquitylation regulates various processes such as endocytosis, meiosis and chromatin 

remodelling. It can change protein activity and localization (Passmore and Barford 2004, Dikic, 

Wakatsuki et al. 2009, Meyer and Rape 2014). Monoubiquitylation has also a critical importance in 

regulating the DNA damage response and the DNA polymerase sliding clamp PCNA (Sigismund, Polo 

et al. 2004, Ulrich 2012). Moreover, polymeric ubiquitin chains can form on the substrate proteins. In 

this case, the lysine residues on the ubiquitin molecules are themselves ubiquitylated. These 

polymeric chains can consist of either 2-10 ubiquitin molecules as a short chain, or more than ten 

molecules as a long chain. This can occur on the same residue on each ubiquitin to form a homogenous 

ubiquitin chain such as K48, K63 linked ubiquitin chain (Figure 1.3.c) or the first methionine (linear 

chain) (Figure 1.3.d). Alternatively, different lysine residues within ubiquitin can be modified during 

chain elongation resulting in mixed or branched ubiquitin chains (Figures 1.3.e and 1.3.f) (Komander 

and Rape 2012). These are called heterogeneous ubiquitin chains and chains like these are used in NF-

κB signalling and protein trafficking (Komander and Rape 2012). 

 

 

Figure 1. 3 The different forms of ubiquitin chain. Ubiquitin modifications can be classified into two main types: 
(a) monoubiquitylation and (c, d, e, f) polyubiquitylation. b) Multimonoubiquitylation can take place on more 
than one lysine residue on the same protein. Polyubiquitylation can be divided into homogenous ubiquitylation 
(each ubiquitin chain contains one type of ubiquitin linkage) (c, d) or heterogeneous ubiquitylation (containing 
more than one type of ubiquitin linkage) (e, f) (Komander and Rape 2012). 

 

Cells can detect all different ubiquitin chains through proteins with different types of ubiquitin binding 

domains and the forms of ubiquitin chains determine the fate of the modified proteins. Either they 

are targeted for degradation by the proteasome or they function to initiate signalling pathways (Figure 

1.4.). 



5 
 

 

 

 

Figure 1. 4 Functions of different types of ubiquitin chains. In brackets I show abundance of the particular type 
of chain and the most known function of this type of chain. Blue balls indicate the amino group within the 
ubiquitin structure. Taken from Komander et al, 2009 

 

Ubiquitin has seven lysine residues that are lysine6 (K6), lysine11 (K11), lysine27 (K27), lysine29 (K29), 

lysine33 (K33), lysine48 (K48) and lysine63 (K63). Although ubiquitin chains, formed using all seven 

residues, have been identified in a variety of cellular processes (Dittmar and Winklhofer 2019). 

Mass spectrometry based proteomics defined ubiquitylation sites and distinguished a various of 

ubiquitin chain linkages.  Xu et al has analysed all ubiquitin content of yeast with quantative 

proteomics  study and detected percentages of ubiquitin chains (Xu, Duong et al. 2009). K48 and K11 

linkages are the most abundant ubiquitin chain types in the cells, while K29 and K33 linked chains are 

rare types in the cells. Polyubiquitin chains consisting of K48 and K11 linkages regulate proteasomal 

degradation, while others control protein-protein interactions (Komander 2009). The ubiquitins in the 

linear chains attach to each other through N-terminal methionine. It is spatially close to K63-linked 

chain, therefore its structure is similar to K63 linkages. 

The proteasome, which is a 2.5 MDa protease, has a variety of forms. 26S proteasome is the major 

proteasome, which consists of the 19S regulatory region and the 20S core region, which is the acting 

protease (Tanaka 2009). The coefficient sedimentation of these two regions combined is 26S, defined 
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by density-gradient centrifugation analysis, therefore it called 26S proteasome (Tanaka 2009). Protein 

homeostasis is a biological process in the cells that controls protein quality by degrading, trafficking 

and folding of proteins (Webster, Smith et al. 2017, Hoppe and Cohen 2020). Protein homeostasis is a 

crucial process to maintain cell growth and viability. Degradation of proteins such as misfolded, 

unfolded or damaged proteins by proteasome using ATP hydrolysis is a critical process that maintains 

protein homeostasis in all eukaryotic cells (Evans 2005, Lata, Mishra et al. 2018). Most of the 

ubiquitylated proteins are targeted by proteasome, while some proteins are also degraded by 

proteasome through ubiquitin independent pathways such as p53, p73 and BIMEL that have 

unstructured regions (Asher, Tsvetkov et al. 2005, Wiggins, Tsvetkov et al. 2011) 

 

Proteins polyubiquitylated with K48-linked ubiquitin chains initially bind to a variety of ubiquitin 

receptors within the 19S regulatory region of the proteasome, and then they are translocated into an 

internal gap within the 20S particle to be hydrolysed. A protein marked with a K48-linked ubiquitin 

chain is degraded within minutes in the cell (Finley 2009). DUBs and ubiquitin receptors form a part 

of the proteasome. Many reports suggest that proteins which are to be degraded are 

generally ubiquitylated with chains containing K48 linkages, but modification by K11-linked chains and 

with other chain types (excluding K63) also can lead to proteasomal degradation of the substrate 

(Komander, Clague et al. 2009, Matsumoto, Wickliffe et al. 2010, Wickliffe, Williamson et al. 2011).  

 

1.1.3. Ubiquitin Binding Domains 

 

Ubiquitin binding domains are specific domains within proteins that can recognise different forms of 

ubiquitin and ubiquitin chains and decipher the ubiquitin signal (Rahighi and Dikic 2012). They non-

covalently bind to the ubiquitin protein (Dikic, Wakatsuki et al. 2009, Rahighi and Dikic 2012).  Twenty 

different ubiquitin binding domains (UBD) have been identified in ubiquitin binding proteins (Dikic, 

Wakatsuki et al. 2009). Ubiquitin and UBD interactions are critical for many cellular processes in the 

cell such as protein stability or the DNA damage response. Ubiquitin binding domains differ according 

to the ubiquitylated protein to which they bind and the ubiquitin modifications involved (Dikic, 

Wakatsuki et al. 2009, Rahighi and Dikic 2012).  Although the biggest group of ubiquitin binding 

domains such as Ubiquitin Interacting Motifs (UIM) and Ubiquitin Associated domains (UBA) use an α-

helix to bind the hydrophobic Ile44 patch of ubiquitin, different ubiquitin binding domains are able to 

bind different surfaces of ubiquitin (Hurley, Lee et al. 2006). 

 

The UIM domain has been found to recognise ubiquitylation of the proteins degraded by the 

proteasome or proteins related with protein transport (Hofmann and Falquet 2001, Polo, Sigismund 
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et al. 2002). UIM has low affinity for monoubiquitylated proteins (Fisher, Wang et al. 2003). Some 

ubiquitin binding domains have linkage selectivity, for example UBAs are classified into different 

groups: the first group has more affinity for K48-linked ubiquitin chains, while the second group is 

more selective to K63-linked ubiquitin chains. This is most probably due to conformational differences 

of polyubiquitin chains (Hurley, Lee et al. 2006).   

 

1.1.4. Other Types of Ubiquitin like Proteins 

 

Following identification of ubiquitin, some other ubiquitin-like molecules (UBLs) were discovered that 

also have roles in posttranslational modifications and which target substrates in a similar enzymatic 

way (Welchman, Gordon et al. 2005, Herrmann, Lerman et al. 2007, van der Veen and Ploegh 2012, 

Cappadocia and Lima 2018). UBLs include SUMOs, NEDD8, ATG8, ATG12, URM1, UFM1, FAT10, and 

ISG15 protein families. They play roles in different cellular processes such as nuclear transport, 

autophagy, protein trafficking and DNA repair (Welchman, Gordon et al. 2005, van der Veen and 

Ploegh 2012, Cappadocia and Lima 2018, Da Costa and Schmidt 2020). The conjugation of UBLs to 

their substrates is also reversed by specific proteases alike DUBs or sometimes DUBs themselves 

(Reyes-Turcu, Ventii et al. 2009). For example, deubiquitylating enzymes USP21 and UCH-L3 

proteolytically target both ubiquitin and Nedd8, or USP18 cleaves off another UBL: ISG15 (Nijman, 

Luna-Vargas et al. 2005). 

 

1.1.4.1. NEDD8 targets Cullin type ubiquitin ligases 

 

NEDD8 (neural precursor cell-expressed, developmentally downregulated 8) has the most sequence 

identity to ubiquitin among the other ubiquitin like proteins, with 58% identity (Figure 1.5.) (van der 

Veen and Ploegh 2012). The covalent attachment of NEDD8 to a lysine residue of a target protein is 

called neddylation and it is reversible (Xirodimas 2008). Similarly to ubiquitylation, NEDD8 is activated 

by a NEDD8 E1 Activating Enzyme (NAE), which is a heterodimeric complex of App-Bp1 and Uba3, 

conjugated by a NEDD8 E2 Enzyme Ubc12 (alternative name is Ube2M) or Ube2F and ligated by a 

substrate specific NEDD8 E3 ligase Dcn1 (Kurz, Chou et al. 2008, van der Veen and Ploegh 2012, Zhou, 

Jiang et al. 2019).  

 

 

 

https://en.wikipedia.org/wiki/Autophagy
https://en.wikipedia.org/wiki/Protein_trafficking
https://en.wikipedia.org/wiki/DNA_repair
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Figure 1. 5 The crystal structure of NEDD8 protein. NEDD8 is a ubiquitin like protein. Red represents the C-
terminal tail. Taken from Ronau et al, 2016 (Ronau, Beckmann et al. 2016).  

 

The most well-known substrates for NEDD8 modification are the Cullin family members (Cul1, -2, -3, -

4A, -4B, -5, -7 and PARC). Cullins serve as molecular scaffolding subunits of Cullin-Ring Ubiquitin ligases 

(CRLs) (Welchman, Gordon et al. 2005, Herrmann, Lerman et al. 2007, van der Veen and Ploegh 2012). 

NEDD8 covalently conjugates with a conserved lysine residue on Cullin and this neddylation leads to 

enhanced ubiquitylation activity of Cullin via a conformational change (van der Veen and Ploegh 

2012). 

The de-neddylation of Cullins (NEDD8 removal) is carried out by CSN5 (zinc-dependent 

metalloenzyme), a member of the eight-subunit COP9 signalosome (CSN). Neddylation of Cullins is 

also inhibited by CAND1 (Cullin associated and neddylation-disassociated) (Liu, Furukawa et al. 2002, 

Zheng, Yang et al. 2002). The regulation of Cullins activity by Nedd8 is described in more detail in 

section 1.1.6.3.1.  

 

1.1.5. Different types of ubiquitin ligases 

 
 

Ubiquitin ligases (also called E3 ubiquitin ligases) regulate many different cellular processes such as 

trafficking, cell division and cell signalling via regulating protein ubiquitylation and degradation. At the 

final step of ubiquitylation, E3 ubiquitin ligase helps to transfer ubiquitin protein from the E2 

conjugating enzyme to the specific substrate (Zheng and Shabek 2017, Horn-Ghetko, Krist et al. 2021). 

More than 600 E3 ubiquitin ligases has been found in the human genome (Li, Bengtson et al. 2008, 
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Zheng and Shabek 2017). Ubiquitin ligases are divided into three classes based on their catalytic 

subunits: HECT (homologous to E6AP C terminus), RBR (RING-between-RING) and RING (really 

interesting new gene) (George, Hoffiz et al. 2018, Kung, Ramachandran et al. 2019). 

 

1.1.5.1. HECT (homologous to E6AP C terminus) E3 ubiquitin ligases  

 

Unlike RING E3 ligases, ubiquitin is first transferred to the catalytic cysteine on the HECT E3 ligase to 

form a thioester bond with ubiquitin and then ubiquitin is transferred to the target protein (George, 

Hoffiz et al. 2018, Kung, Ramachandran et al. 2019, Qian, Zhang et al. 2020, Wang, Argiles-Castillo et 

al. 2020). There are two lobes in the HECT domain; the C terminal end contains the catalytic cysteine 

residue and the N terminal end binds the E2 conjugating enzyme (Qian, Zhang et al. 2020, Wang, 

Argiles-Castillo et al. 2020).  

While ubiquitin is conjugated and transferred to the substrate through the HECT domain located in 

the C terminal end of the E3 ligase, the variable N terminal domain provides substrate binding 

recognition (Qian, Zhang et al. 2020, Wang, Argiles-Castillo et al. 2020). The two lobes bind each other 

by a flexible hinge that provides ubiquitin transfer activity via rotation of the lobe (Huang, Kinnucan 

et al. 1999). Based on the protein-protein interaction domains, 28 human HECT E3 ligases have been 

divided into three main classes: (1) the neuronal precursor cell-expressed developmentally 

downregulated 4 (NEDD4; nine members); (2) the HECT and RLD domain-containing (HERC; six 

members) and (3) ‘other HECTs’ (13 members) (Rotin and Kumar 2009).  

 

1.1.5.2. RBR E3s (RING-between RING)  

 

RBR E3s, which present 14 in humans, have three motifs including RING1 and RING2. The third domain 

is the IBR domain (in-between-RING domain) that separates these two RING domains. They catalyse 

ubiquitin conjugation in a similar way to HECT E3 ubiquitin ligases. Ubiquitylation of a substrate occurs 

in multiple steps: first the RING 1 domain identifies E2-ubiquitin conjugation, then the ubiquitin is 

attached to the catalytic cysteine in the RING2 domain and finally the target protein is ubiquitylated. 

The ubiquitylation cascade here combines the characteristics of HECT E3 and RING E3 ligases (Walden 

and Rittinger 2018, Kung, Ramachandran et al. 2019) . 
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1.1.5.3. RING (Really Interesting New Gene)-type E3 ligases 

 

 RING E3 ubiquitin ligases are the largest subfamily of E3 ligases with 600 family members in human. 

They comprise a zinc-binding domain called RING (Really Interesting New Gene) or without zinc 

domain called the U-box. They both use the same mechanism to facilitate the transfer of the E2- 

conjugated ubiquitin to the target protein, acting as a scaffold (Metzger, Pruneda et al. 2014, Dickson, 

Cole et al. 2016, Garcia-Barcena, Osinalde et al. 2020).  

RING type domains have a variety of established structures. Whereas some RING domains can function 

as monomers, others function as heterodimers or homodimers (Deshaies and Joazeiro 2009, Kung, 

Ramachandran et al. 2019). Although some RING domain-containing proteins do not have ubiquitin 

ligase activity e.g. in Bard1, heterodimerization with a RING domain-containing protein, like BRCA1, 

makes them functional (Kung, Ramachandran et al. 2019). 

Some RING E3 ligases have multiple subunits that recognise substrates. They are divided into two 

subgroups: CRLs (Cullin type RING ligases) and APC/C (anaphase-promoting complex/cyclosome) 

(Deshaies and Joazeiro 2009, Bulatov and Ciulli 2015, Kung, Ramachandran et al. 2019). CRLs are also 

categorised by the Cullin type they contain (Bulatov and Ciulli 2015). 

 

1.1.5.3.1. Cullin type ubiquitin ligases 

 

CRLs are the largest family of E3 ligases with more than 200 members (Sarikas, Hartmann et al. 2011). 

CRLs consist of a Cullin as a scaffold protein (CUL1, CUL2, CUL3, CUL4A/4B, CUL5 or CUL7), a RING box 

protein (RBX1 or RBX2) at the C terminus of the Cullin and an adaptor protein with a substrate receptor 

at the N terminus (Figure 1.6.). RING box proteins interact with E2 conjugating enzymes; the adaptor 

proteins are specific for each Cullin type and the substrate receptors have substrate specificity 

(Metzger, Pruneda et al. 2014, Bulatov and Ciulli 2015, Fouad, Wells et al. 2019, Kung, Ramachandran 

et al. 2019). For example, while Cul1 E3 ligase assembles with the SCF complex (Skp1 as an adaptor 

protein and an F-box protein as a substrate recruiting factor) (Metzger, Pruneda et al. 2014), both Cul2 

and Cul5 assemble with Elongins B and C as an adaptor. However, though they both use the same 

adaptor, Cul2 and Cul5 interact with different substrate due to having different substrate receptors 

that recognize specific substrates (Kamura, Maenaka et al. 2004). CRLs are able to ubiquitylate many 

different target proteins in humans with more than 200 different Cullin substrate receptors (Kung, 

Ramachandran et al. 2019). 
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Figure 1. 6. Model of the Cullin RING E3 ligases (CRLs). All Cullin type E3 ligases (Cullin 1, 2, 3, 4 and 5) consist 
of adaptor protein, substrate receptor, Cullin scaffold and RING domain protein. CRLs recognise substrate 
protein via substrate receptor and ubiquitylate it using the E2 enzyme. 

 

Cullin type ubiquitin ligases are highly regulated by different mechanisms such as neddylation by 

Nedd8 E3 ligase (DCN1), deneddylation by CSN and CAND1 inhibitor proteins and phosphorylation 

(Bulatov and Ciulli 2015). NEDD8 protein can attach to all CRL family members except for unusual 

Cullin RING E3 ligase subunit APC2 (anaphase-promoting complex-2). It is attached to the lysine 

residue near the RBX1/2 domain on the Cullin scaffold protein and enhances ubiquitylation activity of 

the Cullin protein. Neddylation and deneddylation cycles of CRLs is important for their function (Wu, 
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Lin et al. 2005, Watson, Irwin et al. 2011). One E1-Nedd8 complex can bind multiple Nedd8 E2 

conjugating enzymes due to its conformational flexibility. While E2 UBE2F is specific for RBX2 RING 

domain, RBX1 is targeted by UBE2M (Huang, Ayrault et al. 2009). For example, RBX1 interacts with 

and also promotes UBE2M and Nedd8 binding to each other. Their closed confirmation is also 

stabilized by RBX1, allowing Need8's Ile44 hydrophobic patch binding to UBE2M. UBE2M and Nedd8 

are recruited to CRL via supporting of RING E3 RBX1 and E3 ligase DCN1. Nedd8 is then transferred to 

the WHB domain of Cul1, which is located at the C terminal end of Cul1. After Nedd8 is bound through 

the isopeptide bond to WHB domain, this allows release of the RING domain of RBX1 into a flexible 

position and stimulates its ubiquitin transfer role (Baek, Scott et al. 2020). Neddylation of Cul1 protein 

hinders the neddylation inhibitor CAND1, so the complex of SCF (SKP1-CUL1-F-box) and its 

ubiquitylation activity is maintained (Liu, Furukawa et al. 2002, Welchman, Gordon et al. 2005). In 

contrast, CSN de-neddylates Cullin1, allowing CAND1 to bind Cul1 and inhibit its activity (Figure 1.7.) 

(Cope and Deshaies 2003, Schmidt, McQuary et al. 2009).  

 

 

Figure 1. 7. Schematic representation of mechanism of CRLs regulation. Association of CAND1 inhibits 
neddylation of Cullin ligase. Neddylation of Cullin leads to disassociation of CAND1 and it allows binding of 
Adaptor-Receptor complex. Next the substrate is ubiquitylated by active CRL complex. After substrate 
displacement, CSN interacts with CRL and removes NEDD8 from CRL. NEDD8 protein is then recycled. Then, CRL2 
is inactivated by binding of CAND1. Neddylation and de-neddylation provide a regulation cycle of Cullins. 
Adapted from Zhao et al, 2014 (Zhao, Morgan et al. 2014)  
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1.2. p97 

 

1.2.1. The Structure of p97 

 

p97, also known as VCP in metazoans, Cdc48 in yeast, CDC-48 in Caenorhabditis elegans and Ter94 in 

insects, is highly conserved from archaebacteria to metazoans (Ramadan, Halder et al. 2017). p97 

belongs to the AAA family (ATPase associated with a variety of cellular activities), is a hexameric 

ATPase and forms a ring-like complex (Meyer, Bug et al. 2012). p97 can convert the energy of ATP 

hydrolysis to chemical energy to remodel or partially unfold substrate proteins. It consists of D1 and 

D2 ATPase domains, an N-terminal domain and a short flexible C-terminal tail (Figure 1.8.). The N and 

D1 domains are located on the cis side of p97, while the D2 domain and the C-terminal tail are present 

on the trans side of hexameric p97 (Twomey, Ji et al. 2019). The ATPase domains form two stacked 

rings with a pore in the centre and there is a link between the N-terminal and D1 domains (Bodnar 

and Rapoport 2017). While the N-terminal domain is important for interactions with cofactors and 

substrate proteins, the D1 and D2 ATPase domains are responsible for binding and hydrolysing ATP, 

which aids release of substrate proteins (D1) and provides the driving force (D2) for reactions. 

 

Figure 1. 8 Structure of p97. a) Side views of crystal and cryo-electron microscopy (cryo-EM) structure of p97 

ATPase. b) The schematic representation of homo-hexamer p97. The N terminal domain of the hexameric ring 

is named as “cis side”, while the C terminal tail side is called as the “trans side”. c) Domain organisation of each 

subunits. Each subunit of p97 has an N terminal domain (yellow), D1 (light green), D2 (dark green) stacked AAA 

ATPase domains and C terminal tail (black). Taken and adapted from Stach et al.  (Stach and Freemont 2017).  
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1.2.2. The Roles of p97 

 

The cellular activities of p97 are diverse and depend on substrate localization or structure (Beskow, 

Grimberg et al. 2009).  p97 works through binding proteins that are marked by ubiquitin and extracting 

them from membranes, cellular surfaces or protein complexes that they are interacting with (Meyer, 

Bug et al. 2012). p97 can also help to determine the fate of the substrate protein i.e. the ubiquitin 

chain(s) can either promote proteasomal degradation, or be edited or removed entirely, in which case 

the substrate protein is not degraded but instead recycled (Figure 1.9.) (Meyer, Bug et al. 2012) 

(Bodnar and Rapoport 2017) (Meyer and Weihl 2014). p97 assists degradation of not only 

polyubiquitylated proteins, but also monoubiquitylated substrates as in the case of UV-dependent 

RNA Pol II turnover (Meyer, Bug et al. 2012). p97 has also role ubiquitin independent disassembly 

which is driven Protein phosphatase-1 (PP1) holoenzymes. P37 interacts with Inhibitor-3 (I3) of PP1 

without ubiquitylation, then p97 pull I3 out with ATPase energy which leads to disassembly of its 

partner and resulting in PP1 subunit exchange (Weith, Seiler et al. 2018).  

 

 

Figure 1. 9 A general model for Cdc48/p97 activity in extraction of ubiquitylated substrate. Substrate protein 

is ubiquitylated by ubiquitin machinery (E1, E2, E3 enzymes violet, pink and purple). A cofactor of Cdc48/p97, 

which has a ubiquitin binding domain, binds the ubiquitylated substrate and the substrate is transferred to the 

core of p97; thereby it is extracted from its binding complex (grey) such as protein complexes, membranes or 

chromatin by the ATPase activity of p97. After ubiquitylated substrates are extracted from their binding 

partners by p97 AAA ATPase, they are either degraded by the proteasome or recycled by deubiquitylating 

enzymes (DUBs).  

 

The best known role of p97 in ubiquitin dependent proteasome degradation is endoplasmic reticulum 

(ER)–associated protein degradation (ERAD) (Stolz, Hilt et al. 2011). p97 with its cofactors removes 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/protein-phosphatase-1
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ubiquitylated misfolded proteins from Endoplasmic Reticulum for proteasomal degradation (Twomey, 

Ji et al. 2019).  Other cellular processes, which require p97 segregase activity include mitochondrion-

associated degradation (MAD), DNA repair, DNA replication, cell cycle regulation (Stach and Freemont 

2017), DNA damage response (Dantuma and Hoppe 2012) (Franz, Ackermann et al. 2016), 

transcriptional and metabolic regulation and selective autophagy (Figure 1.10) (Stolz, Hilt et al. 2011). 

Besides these, p97 is also a central player in crucial signalling pathways (Meyer 2012) such as 

activation of NFκB (nuclear factor kappa-light-chain-enhancer of activated B cells, major transcription 

factor) to promote degradation of NFKBIA (DeLaBarre and Brunger 2003) and HIF1α (Hypoxia-

inducible factor 1-alpha), the latter of which is a transcription factor and is expressed during normoxia   

 

Figure 1. 10 p97 with its cofactors regulate different cellular process which are indicated. The p97 complex has 
a role in a variety of processes in the cell such as membrane fusion, endoplasmic reticulum associated 
degradation, chromatin associated degradation, mitochondria associated degradation, ribosomal associated 
degradation, autophagy, lipid droplet biogenesis and endosomal trafficking. The cofactors that facilitate p97 
function in particular processes are listed by the arrows. Adapted from Ramadan et al, 2017 (Ramadan, Halder 
et al. 2017).  
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1.2.3.  p97 Cofactors  

 

The affinity of p97 to ubiquitin is weak and so adaptor proteins, which contain ubiquitin-binding 

domains, are needed for it to interact with ubiquitylated proteins (Ye 2006) (Stach and Freemont 

2017). Cellular activities of p97 rely on a large number of protein cofactors. These cofactors have 

different roles; they can provide substrate specificity and can also change the length of ubiquitin 

chains, which are attached to the substrate (Bodnar and Rapoport 2017). p97 interacts with different 

sets of cofactors for each process (Figure 1.10) (Meyer 2012, Meyer, Bug et al. 2012).  

   

There are two functional subclasses of p97 cofactors that provide the functional diversity of p97: (1) 

substrate-recruiting and (2) substrate-processing cofactors (Figure 1.11.). Substrate-recruiting 

cofactors help to select the different cellular substrates and these include p47, Ufd1/Npl4 and UBXD 

proteins like Ubxn7 and Faf1. In addition, the substrate recruiting cofactors have additional subclasses: 

(1) major cofactors, like UBXD1 (Vaz, Halder et al. 2013), p47 and Ufd1/Npl4, which always support 

p97 in particular type of activity e.g. ERAD, and (2) minor cofactors, which provide higher substrate 

specificity: e.g. Ubxn7, Faf1, UBXD8 (Faf2) and SAKS1. The substrate-processing cofactors, on the other 

hand, alter the enzymatic activities of p97-dependent reactions and include proteases such as Spartan 

(SPRTN) (Maskey, Kim et al. 2014), de-ubiquitylating enzymes such as YOD1 and Ataxin-3 , E3 such as 

GP78 (Stach and Freemont 2017)and E4 ubiquitin ligase UFD2 (human homolog is  UBE4A and UBE4B) 

(Caren, Holmstrand et al. 2006, Hanzelmann and Schindelin 2011), which has role in multiubiquitin 

chain assembly, (Contino, Amati et al. 2004). 
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Figure 1. 11 Substrate recruiting and substrate processing cofactors of p97. p97/Cdc48 is presented in the 
middle with its D1/D2 domain, N terminal and C terminal tail. The domains of p97 cofactors for binding to p97 
are showed on the left-hand side. Ubiquitylated substrate (blue) is detected by substrate recruiting cofactors 
(grey) and extracted from complex structures. Substrate processing cofactors (orange) activate 
polyubiquitylation of substrate (purple), inhibit it for polyubiquitylation or activate for deubiquitylation.  

 

The cofactors bind to p97 either at its N-terminal domain or at the C-terminal tail. The largest group 

of cofactors, which interact with the N-terminal domain of p97, include proteins that contain 

ubiquitin-X (UBX), UBX-like (Meyer, Bug et al. 2012) (Meyer 2012), ubiquitin associated (binding) (UBA) 

(Meyer 2012),  VCP-interacting motif (VIM), VBM (VCP-binding motif), and SHP (BS1, binding segment) 

domain (Hanzelmann and Schindelin 2011, Stach and Freemont 2017). Cofactors that bind the C-

terminus of p97 typically interact through PUB (PNGase/ UBA- or UBX-containing proteins) and PUL 

(PLAA, Ufd3p and Lub1p) domains (Figure 1.11) (Stach and Freemont 2017). 

Cofactor interactions with p97 are controlled by competition for binding position on N terminal 

domains (Figure 1.12.a), conformational changes (Figure 1.12.b), bipartite binding (Figure 1.12.c), and 

hierarchical binding (Figure 1.12.d) (Hanzelmann and Schindelin 2017, Twomey, Ji et al. 2019). The 

binding site on p97 that is recognised by UBX, UBX-L and VIM domains within the cofactors  partly 

overlaps leading to competition for binding to p97.  All these N domain cofactors bind the hydrophobic 

interdomain cleft placed between two lobes of N terminal domain of p97 (between Nn and Nc in 

Figure 1.8.c.) (Hanzelmann and Schindelin 2016) . SHP domain binds alternative part on the N domain 

of p97, different from hydrophobic interdomain cleft, but it may partially overlap  with the site that 

UBX-L domains of NPL4 binds (Bruderer, Brasseur et al. 2004, Isaacson, Pye et al. 2007). p97 is a 

hexameric protein and therefore has six N domains, Ufd1/Npl4 binds to p97 through two adjacent N 
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domains and other cofactors could interact with the remaining N domains. Interestingly there are also 

hierarchical orders for cofactors binding with p97. For example, minor cofactors can only bind p97 

after Ufd1/Npl4 heterodimers. While Ufd1/Npl4 does not directly interact with minor cofactors, its 

binding with p97 can induce a conformational change of p97 to allow tight binding of a minor cofactor 

(Hanzelmann, Buchberger et al. 2011).  

 

Figure 1.12 Binding mechanism of cofactors to N domain of p97 a) Competition of binding site. The cofactors 

position of p97 onto the N domain. Superposition of p97 N domain cofactor complexes: purple- SHP of UFD1, 

light green- VIM of gp78, light blue- VBM of RHBDL4, gold- UBX of FAF1, olive- UBXL of NPL4. Oval cartoons 

represent cofactors. Nn-in dark gray and Nc- in light gray are N domain of p97. b) Conformational changes of 

p97 through ATP binding and hydrolysing. p97 in the ATP- and ADP-bound states shows side position of p97 with 

its domains FAF1-UBX domain (gold), gp78 VIM (green), UFD1-SHP binding motif (purple) c) Bipartite binding of 

cofactors to p97. While UFD1-NPL4 heterodimer and p47 bind either the same or different N domains (shown 
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with yellow ribon), UBXD1 interacts to the N domain and the unstructured C terminal tail (C-T). d) Different 

oligomeric binding and hierarchical binding of cofactors  (Hanzelmann and Schindelin 2017) 

1.2.3.1. UBX proteins 

 

UBX and UBX like (UBX-L) domains, which have similar structure to ubiquitin, allow for interaction with 

N terminal domain of p97 (Buchberger, Schindelin et al. 2015, Aguiar, Dumas et al. 2020). The human 

genome encodes approximately 30 UBX containing proteins (Stach and Freemont 2017). These 

proteins are divided into two groups according to the location of the ubiquitin related domain (Rezvani 

2016). The first group of these proteins comprise both a UBX domain at the C-terminus and a UBA 

domain at the N-terminus; members include UBXD7 (UBXN7), UBXD8 (FAF2), UBXD10 (p47, NSFL1C), 

UBXD12 (FAF1), and UBXD13 (SAKS1, UBXN1) (Stach and Freemont 2017) (Rezvani 2016). Some of 

these members also have ubiquitin-related domains such as UIM (ubiquitin-interacting motif) and UBL 

(ubiquitin-like domain) (Figure 1.13 (Rezvani 2016).  The cofactors that have UBA-UBX domains belong 

to substrate recruiting cofactors of p97 (Buchberger, Schindelin et al. 2015). Although these five 

proteins, which include UBX and UBA domains,   can specifically recognise K11, K33, K48 and K63 linked  
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ubiquitin chains, recognition of K11 and K48 linked chains is more dominant (Stach and Freemont 

2017). 

 

Figure 1.13 p97 cofactors. The UBA-UBX, UBX only and UBX-L domains containing cofactors, or short motifs 
containing the binding site 1 (SHP-BS1) interact with the p97 N-domain. UBX/UBX-like domain,UBA ubiquitin 
associated domain, SEP, Shp-eyc-p47 domain, VIM, VCP interacting domain, PUB, Peptid N-glycanase ubiquitin 
associated, ZF Zinc finger domain, UIM ubiquitin interacting motif, PAW, domain shows in PNGases and other 
worm proteins; PUL (PLAP, UFD3 and Lub1), PFU, PLAA family ubiquitin binding, RING, really interesting new 
gene, CUE (Coupling of ubiquitin to Endoplasmic reticulum degradation) domain, OTU (ovarian tumour) has 
deubiquitylating activity. UAS ubiquitin associated domain, UBL ubiquitin like domain, Taken from Ye, 2017 (Ye, 
Tang et al. 2017). 
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The second group, members of which are: UBXD1 (UBXN6), UBXD2 (Erasin, UBXN4), UBXD3 (UBXN10), 

UBXD4 (UBXN2A), UBXD5 (Socius, COA-1, UBXN11), UBXD6 (Rep-8, UBXN8), UBXD9 (TUG, ASPL, 

ASPSCR1), and UBXD11 (P37, UBXN2B), carry only a UBX domain (Figure 1.13.).  

While UBA domain of group 1 proteins facilitates their interactions with ubiquitylated substrates, all 

UBX family members are able to associate with p97 through their UBX domains. A common feature 

is that the UBX domain interacts with the hydrophobic cleft within N domain of p97 via a conserved 

FPR signature motif (Hanzelmann, Buchberger et al. 2011, Rezvani 2016). In addition p97 has a 

higher affinity for its ubiquitylated substrates when it binds first to the UBX domain of its cofactors  

The p47 protein is one of the known cofactors of p97 (Meyer, Bug et al. 2012). As it is a member of 

the group 1 UBX family (UBA-UBX), it interacts with ubiquitylated proteins through its UBA domain 

but it also contains an SHP motif. This recently discovered motif provides an additional connection 

surface for the interaction between p97 and its cofactors (Rezvani 2016, Stach and Freemont 2017) 

and it can recruit p97 preferably to substrates containing K63 and M1 linked ubiquitin chains (Stach 

and Freemont 2017). p47 has an important role in the ERAD pathway, mitotic Golgi reassembly and 

membrane fusion (Rezvani 2016). 

Another UBA-UBX family member protein is Faf1 (FAF Associated Factor1). The UBA domain of Faf1 

generally binds K48-linked di-ubiquitin chains although it also can bind K63-linked chains (Kloppsteck, 

Ewens et al. 2012, Stach and Freemont 2017) suggesting that it has ubiquitin signalling roles apart 

from proteasomal degradation such as in the ERAD pathway (Kloppsteck, Ewens et al. 2012, Ewens, 

Panico et al. 2014) and chromatin-associated degradation (CAD) (Stach and Freemont 2017). In 

addition, Faf1 together with p97-Ufd1/Npl4 recognises K48-linked ubiquitin chain modified Ku80 

protein and removes Ku70/80 heterodimer chromatin during NHEJ (van den Boom, Wolf et al. 2016). 

Besides this, UBXN-3 (C.elegans homolog of Faf1) interacts with CDT-1, which is a licencing factor 

during replication initiation. CDC-48/p97-UBXN3/Ufd1-Npl4 is required to extract CDT-1 from 

chromatin to complete DNA replication in C.elegans. Depletion of CDC-48/p97 or its cofactors leads 

to accumulation of CDT-1 and DNA replication abnormalities in C.elegans (Stach and Freemont 2017).  

Ubxn7 (also called Ubxd7) has a role in HIF1α degradation in normoxia working with CUL2 ubiquitin 

ligase (Bandau, Knebel et al. 2012). Ubxn7 has three protein interaction domains, which mediate this: 

the UIM motif for binding with Cul2, the UBA domain for binding with Hif1-α (Bandau, Knebel et al. 

2012) and the UBX domain for binding with p97 (Li, Wang et al. 2017). Ubxn7 binding to the substrate 

Hif1-α is independent of  p97 (Alexandru, Graumann et al. 2008). p97-Ubxn7 extracts ubiquitylated 

Hif1-α and directs it for proteasomal degradation. As a result, when p97 was downregulated, 

endogenous Hif1-α accumulated (Alexandru, Graumann et al. 2008, Bandau, Knebel et al. 2012). While 
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the interaction of Ubxn7 with the Hif1-α and Cul2 is independent from p97/Ufd1/Npl4, the interaction 

of p97 with Hif1-α and Cul2 requires Ubxn7 as it links p97 to Hif1-α and Cul2 ligase (Alexandru, 

Graumann et al. 2008).  Ubxn7 can bind Cul2 regardless of substrate ubiquitylation and substrate 

binding - it interacts with neddylated Cul2 by using its UIM domain that recognises the neddylation on 

Cul2. Moreover it has been shown that Ubxn7 plays as a negative regulator of Cul2. (Bandau, Knebel 

et al. 2012). Apart from its role in regulation of Hif1-, Ubxn7 with p97-Npl4/Ufd1 has a role in the 

nucleotide excision repair (NER) pathway by extraction of DNA damage proteins DDB2 and XPC, which 

are Cullin4 substrates, in response to UV damage (Puumalainen, Lessel et al. 2014). Finally, Ubx5 (yeast 

homolog of UBXD7) upon binding Cullin3 is responsible for disassembly of RNA Pol II from chromatin 

with Cdc48-Ufd1/Npl4-Ubx4 in a UV dependent manner (Schuberth and Buchberger 2008, Verma, 

Oania et al. 2011). Furthermore, Ubxn7 RNA level has found increased with some cancer cell lines such 

as hepatocellular cancer, colorectal cancer, breast cancer and prostat cancer 

(https://www.proteinatlas.org/ENSG00000163960-UBXN7/pathology) 

SAKS1 is another minor cofactor that has a role in the ERAD pathway, on which substrates it has 

inhibitory effects. It can recognize the substrates with K48 and K6-linked chains (Stach and Freemont 

2017). 

Ubxd8 is responsible for fatty acid storage regulation. Ubxd8 and Ubxd7 cofactors recognise K11, K48 

and K63 linked ubiquitin chains on substrates (Stach and Freemont 2017). 

ASPSCR1 (also called UBXD9, TUG or ASPL) cofactors directly interact with p97 without Ufd1/Npl4 

heterodimeric complex (Hanzelmann and Schindelin 2017). It has roles in regulation of the glucose 

transporter GLUT4, Golgi assembly, ERAD and a variety of cellular processes (Bogan, Hendon et al. 

2003, Yu, Cresswell et al. 2007). Importantly it acts as a negative regulator of p97: binding of ASPSCR1 

to p97 leads to disassembly of the p97 hexamer (Hanzelmann and Schindelin 2017, Banchenko, 

Arumughan et al. 2019) and disrupts ATPase activity of the D2 linker of p97 (Banchenko, Arumughan 

et al. 2019). 

 

1.2.3.2. UBX-L cofactors 

 

Although the UBX-like (UBX-L) domain of cofactos has similar binding mechanism with UBX domain to 

p97, it is classified as a different subfamily due to lacks of multiple conserved residues which are 

important for binding to p97 (Isaacson, Pye et al. 2007). Moreover, a few p97 cofactors have UBX-L 

domain such as Npl4, which is a member of Ufd1-Npl4 heterodimer, OTU1( human hjomolog is YOD1) 

and VCIP135 (Buchberger, Schindelin et al. 2015). 
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The two major core cofactors for p97, which themselves form a heterodimer, are Ufd1 (ubiquitin 

fusion degradation 1) and Npl4 (nuclear protein localization homolog 4) (Stach and Freemont 2017). 

Npl4 contains a UBX-L domain, two ZN finger domains (not in yeast), an MPN domain and a C terminal 

domain. Ufd1 has an Ut3 domain, a flexible UT6 domain and two SHP motifs in mammals (Figure 1.14) 

(Sato, Tsuchiya et al. 2019, Twomey, Ji et al. 2019).  Npl4 binds to the N-terminal domain of p97 via its 

UBX-L domain, while the SHP motif of Ufd1 further facilitates its interaction with p97 (Hanzelmann 

and Schindelin 2011). The Ufd1/Npl4 complex binds ubiquitylated proteins via the UT3 domain of Ufd1 

and the NZF (NPL4 zinc finger) domain of Npl4 (Figure 1.13) (Stach and Freemont 2017, Bodnar, Kim 

et al. 2018). The CTD domain contributes to ubiquitin chain selectivity and initial attachment to the 

ubiquitin on the substrates (Sato, Tsuchiya et al. 2019). The sequence of the MPN domain, on the 

other hand, resembles the Rbp11 deubiquitylating enzyme, whose enzymatic activity is blocked by the 

UT3 region of Ufd1 (Twomey, Ji et al. 2019) . Even though MPN domain is not able to bind the K48 

linked ubiquitin chains (Sato, Tsuchiya et al. 2019), it is required to interact with Ufd1. Moreover, Ufd1 

interacts with Npl4 through its UT6 linker (Twomey, Ji et al. 2019). The Ufd1 and Npl4 heterodimer 

uses a bipartite mechanism to interact with p97 through two adjacent N domains of p97 (Hanzelmann 

and Schindelin 2016). 

 

Figure 1.14 Domain structures of Ufd1 and Npl4. They bind to p97-N domain via SHP and UBX-Like (UBXL) 
domain, respectively. The Npl4 zinc finger (zf-Npl4) and UT3 are their ubiquitin binding domains.  

 

Ufd1/Npl4 has a critical role primarily in ERAD, but also in chromatin association degradation and 

ribosome-associated degradation (Figure 1.10). Ubiquitylated proteins interact with the Ufd1/Npl4 

complex (UN) through multiple ubiquitin binding sites (listed above) allowing p97 to unfold them 

(Twomey, Ji et al. 2019). First the ubiquitin chain is unfolded and then the substrate itself. The 

initiation of unfolding of the first ubiquitin is induced by association with the p97 complex itself but 

does not require D1 and D2 domains’ activity. Once one ubiquitin in the chain is unfolded then the 

rest of the folded ubiquitin molecules are pulled through the p97 core (Twomey, Ji et al. 2019). 

Other examples of p97 cofactors that have UBX-L domains are DUBs and YOD1. They interact with 

lysosomal autophagy and ERAD (Stach and Freemont 2017). 
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1.2.4.  Substrate Translocation and Release From p97 

 

The p97 hexameric complex has six D1 and six D2 domains, which form two stacked rings, and all 

twelve of them have active ATPase sites (Figure 1.8). The process of substrate recognition and 

translocation starts with the N domain of p97 once it is in the “down conformation”. After the 

Ufd1/Npl4 (UN) complex binds the N terminus of p97, it attaches to the polyubiquitin chain of the 

substrate, which should consist of at least five ubiquitin moieties (Twomey, Ji et al. 2019). It is the UN 

complex that interacts with the polyubiquitin chain rather than p97 itself (Bodnar and Rapoport 2017). 

Recent studies have shown that after one ubiquitin from within the polyubiquitin chain firstly unfolds 

it then acts as a signal for substrate processing by p97. Ubiquitin binds to the Npl4 grove and the N 

terminus of ubiquitin inserts into the central pore of p97. The N terminal part of ubiquitin moves 

through the D1 domain of p97 and interacts with the D2 domain loop residues. This engagement with 

the D2 domain leads to formation of a staircase and pulls the rest of the unfolded ubiquitin molecules 

through the pore using energy from ATP binding and hydrolysis. However, this first initial unfolding 

within the D1 domain does not require ATP binding and ATP hydrolysis by the D2 domain. During 

ubiquitin translocation through the N-terminal part of p97, the D1 domain of p97 remains in the ATP 

bound state, as substrate binding inhibits ATP hydrolysis. The ubiquitin, which will unfold first, is at 

least three or four ubiquitins away from the distal end of the ubiquitin chain, while it could be one of 

the proximal ubiquitins that are attached to the substrate (Figure 1.15). The substrate is then unfolded 

while it is passed through the central pore of p97 from the D1 domain to the D2 domain. The process 

of this translocation then requires ATP hydrolysis by the D2 ring (Bodnar and Rapoport 2017). 

 

Figure 1.15  A model of substrate processing by p97. At least five ubiquitin molecules attached to the Ufd1/Npl4-
p97 complex. First ubiquitin (red) unfolds and binds to the Npl4 groove. Translocation starts with the N terminal 
end of unfolded ubiquitin moving through the p97 core. Finally, ubiquitin molecules (pink) are pulled by p97 
using energy from ATP hydrolysis until substrate becomes unfolded. In addition, the distal ubiquitin molecules 
(purple) are extracted by DUBs to release the substrate (Twomey, Ji et al. 2019).  
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ATP hydrolysis by the D1 domain has a role in substrate release from p97 and in some cases requires 

the interaction of a deubiquitylating enzyme (DUB) with ATPase (Stein, Ruggiano et al. 2014). OTU1 

(in yeast; YOD1 in mammals) is a deubiquitylating enzyme, which binds the N domain of p97 via its 

UBX-like domain and helps to regulate efficient release of the polyubiquitylated protein (Twomey, Ji 

et al. 2019). In this step ATP hydrolysis of the D1 domain is critical, as the DUB cannot deubiquitylate 

the polyubiquitin chains whilst D1 is in an ATP bound state and the N domain is in the “up 

conformation”. After substrate translocation has been initiated, the N domain moves back to the 

down conformation and DUBs can access the ubiquitin chain. The oligoubiquitylated substrate then 

moves entirely through the central pore (Figure 1.16). The oligoubiquitin chain may then be recycled 

by DUBs after translocation while the substrate is degraded by the proteasome (Bodnar and Rapoport 

2017). 

 

Figure 1.16 A model of substrate release from p97. Step 1: p97-Ufd1/Npl4 complex binds the polyubiquitylated 
substrate. The DUB binds to the N terminal domain of p97, which promotes removal of polyubiquitin chains 
from the substrate protein. D1 is in the ATP bound state and N domains are in the “up conformation”. Step 2: 
Once N domains are in the “down confirmation” and substrate translocation is initiated following ATP hydrolysis 
of the D1 domain, the DUB can deubiquitylate the ubiquitin chain. Step 3: The oligoubiquitylated substrate is 
transferred through the pore and then to downstream factors. Taken from Bodnar et al, 2017 (Bodnar and 
Rapoport 2017).   

 

1.3.  The Function of p97 in Maintenance of Genome Stability 

 

Many proteins are associated with chromatin and function to protect genome stability.  Chromatin 

Associated Degradation (CAD) has emerged as an important process in maintaining genome stability 

and cellular homeostasis. The Ubiquitin Proteasome System (UPS), including p97, has crucial roles in 



26 
 

CAD (Vaz, Halder et al. 2013). These include remodelling and extraction of ubiquitylated chromatin-

related proteins for recycling or degradation (Vaz, Halder et al. 2013, Meyer and Weihl 2014, 

Ramadan, Halder et al. 2017). This process works to regulate transcription, DNA replication, DNA 

repair, mitosis, cell division and chromatin associated degradation (Figure 1.17) (Torrecilla, Oehler et 

al. 2017). The next part of my introduction will focus therefore on the roles of p97 in DNA replication 

and repair, with wider introduction to the process of DNA replication and replisome disassembly, 

which is the subject of my research. 

 

1.3.1.  DNA Replication 

 

The maintenance of genomic stability is essential for cell survival and development, prevention of 

carcinogenesis, regulation of aging and genomic alteration (Yao and Dai 2014). It is controlled by 

several mechanisms such as DNA damage checkpoint, DNA repair machinery and mitotic checkpoint 

(Giglia-Mari, Zotter et al. 2011, Yao and Dai 2014). DNA lesions can be created by exogenous sources 

such as ionizing radiation and ultraviolet light or endogenous sources such as reactive oxygen species. 

Moreover, oncogenes are activated upon increasing in DNA damage resulted in malignancy in the 

cells. (Abbas, Keaton et al. 2013, Vaz, Halder et al. 2013, Yao and Dai 2014). Moreover, every step of 

chromosomal replication must be executed in an error free manner to protect genome stability (Kang, 

Kang et al. 2017). Mistakes in DNA replication can lead to accumulation of mutagenic DNA lesions, 

genomic instability and chromosomal aberrations, which have been associated with many diseases, 

including cancer and premature aging (Figure 1.17) (Giglia-Mari, Zotter et al. 2011, Akopian and Rape 

2017). 

 

 

Figure 1.17 Genomic instability. It can be caused by defects in oncogenic stress, defects in chromosomal 
segregation, DNA repair deficiency.  
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1.3.1.1. The phases of DNA Replication 

 

DNA replication initiates from certain regions of the genome, named replication origins (Cvetic and 

Walter 2005, Kang, Kang et al. 2017) . In eukaryotes DNA has to be replicated only once during each 

cell cycle (Machida, Hamlin et al. 2005). This process can be divided into four phases: origin licencing 

(MCM2-7 loading), initiation (origin firing), elongation and termination. These steps are carried out 

over two stages of the cell cycle, as explained below, and regulated by multiprotein complexes 

(Akopian and Rape 2017, Dewar, Low et al. 2017, Kang, Kang et al. 2017) 

Accurate DNA replication must be performed in a hierarchical order at specific times in the cell cycle 

(Masai, Matsumoto et al. 2010, Fragkos, Ganier et al. 2015).  The first step of DNA replication starts 

during late M phase and G1 phase of the cell cycle, when cyclin dependent kinase activity is low and 

involves assembly of the pre-replicative complexes (pre-RC) on DNA. Origins are determined by initial 

binding of the origin recognition complex (ORC), which is formed of Orc1/2/3/4/5/6. However, the 

molecular mechanisms of ORC are how to recruit to the chromatin is unknown. In yeast, origin 

selection of ORC is mainly depends on sequences (Bell and Labib 2016), although different 

mechanisms such as chromatin features and epigenetic mechanism  are main responsible for ORC 

binding to origins in higher eukaryotes (Prioleau and MacAlpine 2016). For instance, it is thought that 

methylated Histone H4 influences origin selection by specifically interacting with Orc1 and facilitating 

ORC recruitment (10). 

ORC together with Chromatin licensing and DNA replication factor (CDT1) and Cell Division Cycle 6 

(CDC6) proteins loads two copies of the Mcm2-7 (Minichromosome maintenance 2,3,4,5,6,7) hexamer 

onto double-stranded DNA (Evrin, Clarke et al. 2009, Remus and Diffley 2009).  Mcm2-7 is the core of 

the replicative helicase (Figure 1.18) (Kang, Kang et al. 2017). Together these factors constitute the 

pre-RCs and the process of their formation is called origin licensing (Moyer, Lewis et al. 2006, Moreno 

and Gambus 2015). 
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Figure 1.18 DNA origin licencing. During origin licencing, in G1 phase of the cell cycle, ORC, CDC6 and CDT1 
load double hexamers of Mcm2-7 complexes on each origin of replication. 

 

The initiation of DNA replication occurs during the S phase of the cell cycle, when CDK activity is high. 

In this process Cdc45 and the GINS complex (Go-Ichi-Ni-San, consisting of SLD5, PSF1, PSF2 and PSF3 

or GINS1, 2, 3, 4) associate with Mcm2-7 to form the active replicative helicase, called CMG from the 

first letters of the components (Figure 1.9) (Kang, Kang et al. 2017) Formation of CMG is dependent 

on cyclin dependent kinase (CDK) and Dbf4 dependent kinase (DDK) activity. DDK helps the the 

recruitment of Sld3/7 and Cdc45 through phosphorylation of Mcm complex, whereas Sld2 and Sld3 

are phosphorylated by CDK leading to GINS recruitment via their interaction with Dpb11, resulted in 

CMG complex formation (Deegan and Diffley 2016).  After this activation process, each CMG complex 

travels in the opposite direction from one another away from the origin, unwinding DNA and providing 

the critical activity for DNA replication (Labib, Tercero et al. 2000, Pacek and Walter 2004, Kang, Kang 

et al. 2017). Mcm2-7 is an ATPase and its ATPase activity is required for unwinding of DNA but not for 

origin licensing (Ying and Gautier 2005).  
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Figure 1.19 Replication initiation. Cdc45 and GINS complex are recruited to Mcm2-7 by CDKs and DDK activity 
during S-phase. Altogether Cdc45, Mcm2-7 and GINS form CMG complex that is an active replicative helicase.  

 

During initiation, the CMG helicase melts DNA at the origin and remodels itself to encircle just one of 

the strands of DNA. In result after initiation CMG helicase encircles the leading strand template and 

moves along to unwind the double stranded DNA (Yardimci, Wang et al. 2012). Replication binding 

protein A (RPA) binds single strand DNA (ssDNA) and protects DNA from reannealing (Wold 1997, Zou, 

Liu et al. 2006). During elongation, DNA polymerase ε, which interacts with the CMG complex, 

synthesises the DNA on leading strand continuously in the same direction as the movement of the 

fork. However, as DNA is antiparallel, the other strand of DNA needs to be synthesised in the opposite 

direction to fork movement as short segments, called Okazaki fragments. The strand synthesised in 

the form of Okazaki fragments is called the lagging strand. To form Okazaki fragments, DNA 

polymerase  / primase complex makes a short RNA-DNA primer, which is then extended by DNA 

polymerase δ. DNA sliding clamp PCNA is loaded onto the DNA primer/template junction by the RFC 

complex and increases the activity of DNA polymerase δ. Once Okazaki fragments are completed, the 

RNA/DNA primers are removed by action of DNA polymerase δ and Fen1 endonuclease and the 

Okazaki fragments are joined together by DNA ligase (Bambara, Murante et al. 1997, Takisawa, 

Mimura et al. 2000, Burgers 2009, Dewar, Low et al. 2017) (Figure 1.20). 

https://en.wikipedia.org/wiki/DNA_ligase
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Figure 1.20 Replication elongation. During the elongation stage of DNA replication, the CMG helicase 
unwinds the DNA at the replication forks. DNA is synthesised as a leading and lagging strand by 
replication machinery (the replisome). 

 

When two replication forks, which come from neighbouring origins, converge, the replication is 

terminated. It has been shown that the converging forks pass each other without significantly slowing 

(Dewar, Budzowska et al. 2015, Low, Chistol et al. 2020) . This can be explained by the fact that CMGs 

encircle the leading strand templates, therefore the CMG complexes converging at termination 

encounter each other on different strands (Figure 1.21) (Dewar, Budzowska et al. 2015, Dewar and 

Walter 2017). Upon convergence, the remaining DNA needs to be synthesised, replisomes need to be 

dissembled and sister chromatids detangled/decatenated (Moreno, Bailey et al. 2014, Bailey, Priego 

Moreno et al. 2015, Dewar and Walter 2017, Gambus 2017).  

In human cells, about 30-50k replication origins are activated every S-phase. Origin position is not 

determined by particular DNA sequence. Origins fire stochastically in different cells, but following a 

spesific replication timing programme (Mechali 2010), which is regulated by chromatin organization 

and folding within the nucleus, the organization of transcriptional programmes and also existing of 

limiting replication factors (Fragkos, Ganier et al. 2015). 
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1.3.1.2. The role of p97 in replisome disassembly during replication termination 

 

The segregase activity of p97 is important for disassembly of the CMG helicase complex (Maric, 

Maculins et al. 2014, Moreno, Bailey et al. 2014, Franz, Ackermann et al. 2016, Ramadan, Halder et al. 

2017). This specific reaction does not require the proteasome (Moreno, Bailey et al. 2014). 

Disassembly of CMG at termination of replication forks is conserved in budding yeast (Maric, Maculins 

et al. 2014), worm (Sonneville, Moreno et al. 2017), frog (Moreno, Bailey et al. 2014) and in mouse 

(Villa, Fujisawa et al. 2021).  Only one subunit of the terminated CMG is ubiquitylated – Mcm7 subunit. 

The polyubiquitin chain formed on Mcm7 at replication termination in S-phase is K48-linked (Maric, 

Maculins et al. 2014, Moreno, Bailey et al. 2014). There is a specialized ubiquitin ligase that 

ubiquitylates Mcm7 in budding yeast and in higher eukaryotes. Converging of CMG helicases at the 

end of replication promotes E3 ligase recruitment to CMG and ubiquitylation of Mcm7 (Dewar, Low 

et al. 2017, Sonneville, Moreno et al. 2017). Mcm7 is polyubiquitylated by the E3 ligase SCF-Dia2 in 

budding yeast S.cerevisiae, (Maric, Maculins et al. 2014, Maculins, Nkosi et al. 2015, Sonneville, 

Moreno et al. 2017), Cul2-Lrr1 in Xenopus (Dewar, Low et al. 2017, Dewar and Walter 2017, Gambus 

2017, Sonneville, Moreno et al. 2017), in C.elegans (Sonneville, Moreno et al. 2017) and in mouse 

(Villa, Fujisawa et al. 2021). p97 has substrate specificity, which is driven by cofactors i.e. at DNA 

replication termination, the Ufd1-Npl4 cofactor complex has been found to help recruit p97 to the 

terminating CMG helicase in budding yeast (Maric, Mukherjee et al. 2017), in worms and in Xenopus 

(Sonneville, Moreno et al. 2017), and in mouse (Villa, Fujisawa et al. 2021).  
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Figure 1.21 Replisome disassembly in higher eukaryotes. The two terminating forks, which come from 
neighbouring origins, converge, pass each other, and replisome is disassembled after DNA replication has been 
completed.  Cul2Lrr1 E3 ubiquitin ligase ubiquitylates CMG complex on Mcm7. p97 ubiquitin segregase with 
Ufd1/Npl4 cofactors recognizes polyubiquitylated Mcm7. CMG complex is unloaded from chromatin by p97 
complex.  

 

p97-Ufd1/Npl4 complex recognises polyubiquitylated Mcm7 substrate and extracts the entire CMG 

complex (Mcm2-7, Cdc45, GINS) from the chromatin using its ATP hydrolysing energy (Figure 1.1). In 

budding yeast, long ubiquitin chains promote efficient unloading of CMG, with a 5 ubiquitin-long chain 
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as minimum  to allow for Mcm7 unloading by p97 (Deegan, Mukherjee et al. 2020). While Mcm7 stays 

bound to p97-Ufd1/Npl4 complex after disassembly, the rest of the CMG helicase: Mcm2-6, GINS 

complex and Cdc45 stay together. Most probably the unfolded Mcm7 is degraded by proteasome. 

However, the fate of GINS complex and Cdc45  is not yet known (Deegan, Mukherjee et al. 2020). 

In budding yeast lacking SCF Dia2 complex (Dia2 is not essential for yeast viability), terminated 

helicases accumulate on chromatin until next G1 phase of the cell cycle (Maric, Maculins et al. 2014). 

However,  in C.elegans embryos, in the absence of Cul2Lrr1 the CMG helicase remains bound to the 

chromatin until the prophase of mitosis, at which point it is removed by p97 and its cofactor UBXN-3 

(orthologous to Faf1 in human (Figure 1.22)  (Gaggioli and Zegerman 2017, Sonneville, Moreno et al. 

2017). Moreover p97 dependent replisome disassembly in mitosis has been then shown to work in 

Xenopus egg extract, in C.elegans embryos (Deng, Wu et al. 2019, Priego Moreno, Jones et al. 2019, 

Sonneville, Bhowmick et al. 2019) and in mouse embryonic cells  (Villa, Fujisawa et al. 2021). In all the 

model systems Mcm7 is ubiquitylated in mitosis by TRAIP ubiquitin ligase.  In Xenopus egg extract 

Mcm7 is ubiquitylated with K6 and K63 linked ubiquitin chains during mitotic helicase removal (Deng, 

Wu et al. 2019, Priego Moreno, Jones et al. 2019).  
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Figure 1.22 Back-up mitotic pathway of CMG helicase unloading. When the S-phase replisome disassembly is 
inhibited, the back-up CMG removal pathway in late prophase is dependent on CDC-48/p97 in mouse, Xenopus, 
C.elegans and cofactors Ufd1/Npl4 and UBXN3 shown, in C.elegans embryos (Sonneville, Moreno et al. 2017). 

 

1.3.1.3. Other roles of p97 during DNA Replication and replication stress 

 

The role of p97 in DNA synthesis was first shown in the C.elegans model system. Inactivation of the 

CDC-48-Ufd-1/Npl-4 complex resulted in reduced DNA synthesis, and a replication checkpoint-

dependent delay in S phase progression (Franz, Orth et al. 2011, Raman, Havens et al. 2011). It has 

been reported recently that both C.elegans CDC-48 and human p97 regulate DNA replication by 
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degradation of the Cdt1/CDT-1 in S phase after initiation of DNA replication (Franz, Orth et al. 2011, 

Dantuma and Hoppe 2012, Franz, Ackermann et al. 2016). CDT-1 is a DNA licensing factor required for 

DNA replication initiation and depletion of CDC-48, Ufd-1/Ufd1, or Npl-4/Npl4 protein from cells in 

C.elegans embryos or from Xenopus egg extract results in accumulation of CDT-1/Cdt1 on mitotic 

chromatin (Franz, Orth et al. 2011, Franz, Ackermann et al. 2016). 

 

Figure 1.23 The role of Ubxn3/Faf1 in DNA replication progress. p97 core complex with Ubxn7/Faf1 extracts 
the ubiquitylated replication factor CDT-1 from chromatin. Then, it is degraded by the 26S proteasome. 
Regulation of chromatin associated CDT-1 is critical for protection of genome stability (Franz, Pirson et al. 2016). 

 

Consequently, it was shown that also UBXN-3 (Faf1 homolog in C.elegans, FAF1 homolog in human ) 

(Sonneville, Moreno et al. 2017) is important for CDT-1 degradation (Figure 1.23) (Franz, Pirson et al. 

2016) . Once UBXN-3/Faf1 is inactive, CDT-1 and Cdc45/GINS are stabilised on chromatin. These result 

in replication stress i.e. a decrease in replication fork velocity, an increased number of stalled forks 

and an increase in newly fired origins, which leads to genotoxic DNA breaks and genome instability. 

Then the replication checkpoint and DNA repair machinery are activated (Franz, Pirson et al. 2016). 

p97 may regulate further steps during DNA synthesis and DNA replication stress by directly interacting 

with several helicases including the Werner protein and HIM-6 (in C.elegans), which are members of 

the RecQ DNA helicase family and have 3′-5′ DNA helicase activities (Partridge, Lopreiato et al. 2003, 

Caruso, Jenna et al. 2008, Jung, Lee et al. 2014). WRN and HIM-6 have multiple roles to provide 

genomic stability including in DNA replication and DNA repair. Mutation of WRN is responsible for 
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Werner syndrome and a variety of cancer types in human cells (Ramadan, Halder et al. 2017), while a 

mutation of HIM-6 leads to Bloom syndrome (Caruso, Jenna et al. 2008). WRN can directly interact 

with replisome components: its interaction with DNA pol δ leads to increase of DNA pol δ processivity 

and localisation in the nucleus, while its binding to RPA stimulates helicase activity of WRN in C.elegans 

(Hyun, Park et al. 2012). p97 provides recruitment of WRN to the stalled fork during DNA replication 

stress  (Indig, Partridge et al. 2004, Ramadan, Halder et al. 2017). HIM-6 with WRN binding to the CRN-

1 (homolog of human FEN-1) stimulates HIM-6 activity in C.elegans (Jung, Lee et al. 2014). HIM-6 and 

CDC-48 are substrates of ATM kinase. CDC-48 may play a role as a scaffold between HIM-6 and ATM 

that regulates gene transcription in ER stress (Caruso, Jenna et al. 2008).  

Another protein that is regulated by p97 upon DNA replication stress is RPA. RPA is a single stranded 

binding protein and consists of three subunits: RPA1, RPA2 and RPA3 (Oakley and Patrick 2010) 

(Bochkareva, Korolev et al. 2002, Arunkumar, Stauffer et al. 2003, Oakley and Patrick 2010). During 

replication initiation, Mcm10, which interacts with the Mcm2-7 complex, is responsible for 

recruitment of RPA to the replication forks. RPA1 is responsible for interaction of RPA with Polymerase 

α whose activity and processivity is increased by RPA (Oakley and Patrick 2010). Ubiquitylation of RPA1 

and RPA3 is increased upon UV DNA damage, in contrast to RPA2. In addition, ubiquitylation of RPA 

was induced by stalled replication forks upon UV treatment and it is processed by p97, however, it 

does not promote proteasomal degradation due to mixed linkage ubiquitin chains (Elia, Wang et al. 

2015). Moreover, RFWD3 ubiquitin ligase drives ubiquitylation of RPA and RAD51 and consequent 

removal from chromatin by p97 in response to mitomycin C (MMC)-induced DNA damage.  This 

unloading of RPA and Rad51 leads to their proteasomal degradation and allows for homologous 

recombination to fix the DNA damage (Elia, Wang et al. 2015, Inano, Sato et al. 2020). RPA stimulates 

also Polymerase epsilon activity resulting in its interaction with PCNA (Loor, Zhang et al. 1997, Dianov, 

Jensen et al. 1999). Many studies show that PCNA monoubiquitylation is catalysed onto the  RPA-

coated ssDNA by RAD18 (Huttner and Ulrich 2008) (Hedglin and Benkovic 2017) and then 

deubiquitylated by USP1 upon DNA damage. PCNA monoubiquitylation at lysine164 (K164) in yeast, 

Xenopus, chicken, and mammals (Kannouche, Wing et al. 2004, Friedberg 2006, Fox, Lee et al. 2011), 

and polyubiquitylation at K164 with K63 linked ubiquitin chains in budding yeast are important during 

DNA replication to maintain genomic stability (Kannouche and Lehmann 2004, Waters, Minesinger et 

al. 2009, Fox, Lee et al. 2011). In addition, Dvc1 (SPRTN), which localises to the DNA damage lesions, 

interacts with PCNA and recruits p97 to DNA damage sites; thereby, it regulates translesion synthesis 

(TLS) (Davis, Lachaud et al. 2012, Ghosal, Leung et al. 2012, Vaz, Halder et al. 2013).  However, it has 

not been recorded whether PCNA is regulated by p97 through proteasomal degradation. 
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Finally, p97 is crucial for repair of inter-stand crosslinks (ICLs). ICL covalently links the two strands of 

DNA and blocks DNA replication forks (Wu, Semlow et al. 2019). Removal of CMG replicative helicase 

is essential during inter-strand crosslink repair (Mirsanaye, Typas et al. 2021). Inter-strand crosslinks 

on DNA lead to two distinct repair pathways in Xenopus egg extract system and both pathways require 

Traip E3 ligase. In response to a stalled replication fork at an ICL, CMG helicase is ubiquitylated by 

Traip. However, while short ubiquitin chains on CMG are recognised by NEIL3 DNA glycosylase base 

excision repair enzyme, CMG with long ubiquitin chains, which are mixed ubiquitin chains, is unloaded 

by p97 for ICL repair through the FA pathway (Wu, Semlow et al. 2019, Li, Wang et al. 2020).  This 

promotes disassembly of replisome from the ICL site in order to induce DNA repair mechanisms as the 

downstream repair factors can access the region of DNA damage (Fullbright, Rycenga et al. 2016).  

 

1.3.2. p97 roles in DNA damage and DNA repair 

 

Cells are exposed to a multitude of DNA lesions every day including products of cellular metabolism, 

ionizing radiation, UV light exposure, chemical exposure and DNA replication errors. p97 has a variety 

of roles in DNA damage and DNA repair mechanisms. A ubiquitin-dependent process is required to 

resolve stalled replication forks and p97 is an irreplaceable part of this process. 

 

1.3.2.1. Response to double strand breaks (DSBs) 

 

Non-Homologous End-Joining (NHEJ) and Homologous Recombination (HR) are two main pathways 

that repair DSBs in eukaryotic cells. NHEJ can be executed at any stage of the cell cycle, while HR is 

only active during late S- and G2-phases as it requires access to homologous sister chromatid 

template. Importantly p97 acts in both of these DSB repair pathways. 

 

1.3.2.2. The role of p97 in homologous recombination (HR) 

 

It is known that RNF8 and RNF168 ubiquitin ligases are responsible for ubiquitylation with K63 linked 

ubiquitin chains during DSB repair. However, this has been changed with identification of the p97 role 

in DSB repair mechanism (Aquila and Atanassov 2020). The activity of the p97-Ufd1/Npl4 complex at 

the sites of DSBs depends on RNF8. Depletion of both RNF8 and RNF168 removed K48 and K63-linked 

chains at DSB site, whereas downregulation of specifically RNF168 only removed K63-linked chains. 

Moreover, the absence of p97 activity led to accumulation of K48-linked ubiquitin chains at DSB site. 
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This data revealed that while K48-linked ubiquitylated substrates by RNF8 recruit p97 to the DSB sites, 

it is independent from RNF168 activity and K63-linked chains (Meerang, Ritz et al. 2011, Ramadan 

2012, Vaz, Halder et al. 2013). RNF8 ubiquitin ligase modifies proteins with K48-linked ubiquitin chains 

and then p97 is recruited to disassemble them from chromatin. For example, following treatment of 

cells with ionising radiation, RNF8 ubiquitylates the signalling and repair proteins BRCA1 and Rad51, 

at sites of DSBs. BRCA1 and Rad51 are essential for HR. Following repair, these proteins are extracted 

from chromatin by the p97 complex (Meerang, Ritz et al. 2011, Vaz, Halder et al. 2013). 

After binding of MRE11/RAD50/NBS1 (MRN) complex with the DSB end (van den Bosch, Bree et al. 

2003), ATM is activated and recruited to the chromatin to initiate the signalling of DDR (Blackford and 

Jackson 2017). This recruitment results phosphorylation of a variety of proteins, which have role in 

cell cycle checkpoint activation and recruitment of additional DDR factors at damaged sites (Vitor, 

Huertas et al. 2020). MRE11 has endonuclease and 3′-5′ exonuclease activities. Its excision to double-

stranded DNA leads to make single-stranded DNA (ssDNA). Thereby Homolog recombination repair is 

activated in the S/G2 phase (Nieminuszczy, Broderick et al. 2019). it has been shown that after the 

cells exposed to IR, p97 association with MRE11 and extraction of  it from chromatin resulted in 

generation of ssDNA by MRE11. However, MRE11 accumulated on chromation upon P97 inactivation 

in IR treated cells, leads to accumulation of ssDNA creation and deficient of Homolog recombination 

(Figure 1.24). Therefore, it has been suggesting that p97 interaction with MRE11 is critical for efficient 

HR, 53BP1 foci recruitment and cell survival (Kilgas, Singh et al. 2021) . 

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/endonuclease
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/exonuclease
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Figure 1.24 Schematic representation of p97 in DSB repair pathway choice. Left shows that MRE11 a  part of 

MRN complex initiates RAD51 mediated HR repair upon excision of DSB sites. Then it is disassembled from 

chromatin by p97 ATPase activity. In addition, RPA, which binds to single strand DNA to protect the 3′-ssDNA, 

relocated with RAD51, leading to error free error-free DNA repair in S and G2 phases of the cell cycle.  Right 

MRE11 accumulated on the DSBs sites when p97 is inactive resulted in overabundant 5′-DNA end resection and 

thereby HR abnormalities created. This leads to increasing of mutagenic RAD52 mediated single-strand 

annealing (SSA) repair pathway. Taken from Kilgas et al (Kilgas, Singh et al. 2021).  

 

1.3.2.3. The role of p97 in Non-Homologous End-Joining (NHEJ) 

 

One of the important roles of p97 in NHEJ is to aid recruitment of the central DNA repair molecule 

53BP1 to DSB sites. In undamaged chromatin, the polycomb protein L3MBTL1 binds with high affinity 

to di-methylated K20 in histone H4 (H4K20me2). Upon DNA damage, ubiquitin ligases RNF8 and 

RNF168 catalyse ubiquitylation of L3MBTL1 with K63-linked ubiquitin chain, which is subsequently 

extracted from the chromatin by p97-Ufd1/Npl4. This allows 53BP1 to bind H4K20me2 and for the 

repair process to proceed (Figure 1.25) (Franz, Pirson et al. 2016); (Dantuma and Hoppe 2012).  

 

 



40 
 

  

Figure 1.25 p97 controls DNA damage induced histone modifications. RNF8 and RNF168 ubiquitylate L3MBTL1 
after DNA damage and p97 core complex extracts it from H4K20me2. Then, 53BP1 binds H4K20me2 to facilitate 
the DNA repair process. Taken from Dantuma et al., 2012 (Dantuma and Hoppe 2012). 

 

p97 is also essential to complete DSB repair through NHEJ pathway (Ramadan 2012). KU70/80 

complex plays a role in both HR and NHEJ repair as binding of KU to the DSBs promotes downstream 

protein binding. In addition, it is required to remove KU70/80 from DNA damage sites in order to allow 

binding of RPA to the ssDNA, thereby promote HR repair (Ramadan 2012).  The KU70/80 complex is 

interlocked on the DNA during DNA DSB repair and needs to be removed once the damage is repaired. 

After repair is completed, KU80 is ubiquitylated with K48-linked ubiquitin chains by RNF8 E3 ligase 

(Feng and Chen 2012) in human cells and Cul1 E3 ligase in Xenopus (Postow, Ghenoiu et al. 2008) and 

removed from chromatin by p97-Ufd1/Npl4 -FAF1 (Figure 1.26) (Feng and Chen 2012, van den Boom, 

Wolf et al. 2016, Torrecilla, Oehler et al. 2017). Ku70 may be removed by a similar mechanism but this 

is not yet known (Torrecilla, Oehler et al. 2017). 
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Figure 1.26 The role of p97 in DSB repair. The Ku70/80 heterodimer complex binds to the end of the broken 
DNA double strands. Hence, it is protected from extensive end resection. Following repair by non-homologous 
end joining, KU80 is modified by K48 linked ubiquitin chains and is disassembled from DNA by p97 complex in 
an ATP dependent manner. Taken from Van der et al., 2012 (van der Veen and Ploegh 2012). 

 

1.3.2.4. The role of p97 in nucleotide excision repair (NER) 

 

The bulky DNA lesion that is induced by UV light or some cancer chemotherapeutic agents is removed 

by Nucleotide Excision Repair (NER). UV-induced DNA lesions like pyrimidine-pyrimidone 

photoproducts (6-4PPs) and cyclobutane pyrimidine dimers (CPDs) are removed by NER to protect 

genome integrity. It is classified as either global genome NER (GG-NER) or transcription-coupled NER 

(TC-NER), which selectively removes UV lesions from actively transcribed genes (Scharer 2013, 

Osakabe, Tachiwana et al. 2015). 

RNA Pol II transcribes a number of genes. When transcriptional elongating RNA Pol II stalled at DNA 

damage sites, e.g., at photo lesions, first it should stabilize association with Cockayne syndrome B 

(CSB). NER is promoted upon interaction of RNA Pol II with CSB.  RNA Pol II disassembly is then needed 

for the lesion to be accessible by NER proteins. Rpb1 is the largest subunit of this RNA polymerase ll. 

Ubiquitylated Rpb1 is selectively extracted by p97 and its cofactors Ufd1-Npl4-UBX4-UBX5  in DNA 

damage response (Dantuma and Hoppe 2012, Franz, Ackermann et al. 2016). The ATP-dependent 

chromatin remodelling complex INO80 is also necessary for p97 driven RNA polymerase II extraction 

(Lafon et al., 2015). This process is important in protecting chromatin against severe damage because 

at this point NER proteins are activated and can repair the lesion (Figure 1.27) (Dantuma and Hoppe 

2012). 
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Figure 1.27 Schematic drawing of UV-induced proteasomal degradation of RPB1 subunits of RNA polymerase 
II. RNA polymerase II is ubiquitylated with K48-linked ubiquitin chains and unloaded from chromatin by INO80 
and Cdc48 with its cofactors Ufd1-Npl4 –UBX4-UBX5. Finally degraded by the proteasome in budding yeast. 
Taken from Torrecilla et al., 2017 (Torrecilla, Oehler et al. 2017). 

 

The global-genome NER main sensors are DDB2 (Damaged DNA-binding 2) and XPC (Xeroderma 

pigmentosum group C), which extract UV lesions from both transcribed and non-transcribed genes 

(Blackford and Jackson 2017). Following UV radiation exposure, DDB2 and XPC are ubiquitylated by 

the activity of CUL4A/B ubiquitin ligase and are removed from DNA damaged site by the helping of 

p97 and its cofactors Ufd1/Npl4 heterodimer (Ruthemann, Pogliano et al. 2016)and UBXD7 (Ubxn7) 

(Puumalainen, Lessel et al. 2014). It has been shown that once p97 activity was impaired, removal of 

ubiquitinated DDB2 or XPC failed, thereby leading to accumulation of these two damage sensors in 

chromatin and deficient the NER pathway. Therefore p97 and its cofactors have critical importance to 

complete of efficient GG-NER reaction and protect chromosomal aberrations after UV radiation 

(Puumalainen, Lessel et al. 2014). 
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1.4. Xenopus Egg Extract Model System 

 

Genetic research in a mammalian organism has been restricted due to existing tools. Therefore, a 

number of lower eukaryotic model oraganism systems has been an alternative for the research of DNA 

replication and repair pathways (Lebofsky, Takahashi et al. 2009). The single cell eukaryote, budding 

yeast S.cerevisiae is a model organism extensively used to study DNA replication using genetic 

approaches due to easy manipulation in haploid and diploid form, as well as fast growth compared to 

the animal models. Its genome was first fully sequenced among all eukaryotes (Botstein and Fink 

2011). S.cerevisiae initiates DNA replication at 400 origins in every S phase of the cell cycle (Arias 

and Walter 2007). Many biological pathways, including the cell cycle, are significantly conserved 

between yeast and human (Botstein and Fink 2011).. However, some replication proteins such as 

geminin are lacking compared to human cells (Lee, Cheung et al. 2021). 

Nematode worm, C.elegans, is the simplest multicellular model eukaryotic organism used in DNA 

replication research. The genome of C.elegans is fully sequenced. Moreover, genetic manipulation 

methods such as RNAi, transgenesis, genome editing, and mutagenesis are comparatively 

straightforward (Kovalchuk and Kovalchuk 2016). Significantly, DNA repair mechanisms and DNA 

damage agents are highly conserved from worms to humans. C.elegans produces 300 eggs by self-

fertilization (Rieckher, Bujarrabal et al. 2018). Although DNA repair and signalling pathways in 

the meiotically and mitotically dividing C.elegans germ cells are redily researched, somatic cells of 

adult C.elegans have resistance against most  DNA damage drugs and they are fully postmitotic.  

Unlike budding yeast, humans contain multiple types of different cells that divide at distinct times. 

There are approximately between 7000 and 100,000 replication origins in human cells (Prioleau and 

MacAlpine 2016). Although there are many advantages to studying DNA replication in human cell 

lines, difficulties with synchronization, manipulations of the genome, redundancy between protein 

factors and frequent mutation of cell cycle and checkpoint pathways in cancerous cell lines, make 

studies of DNA replication in human cell lines rather challenging. 

The cell-free Xenopus egg extract is made from unfertilised eggs of Xenopus laevis, which is a species 

of South African clawed frog. Xenopus laevis egg extract contains all proteins required to drive DNA 

replication and DNA repair. Importantly, DNA replication and repair processes are highly conserved 

between Xenopus laevis and mammalian cells (Kornbluth, Yang et al. 2006). Indeed, egg extracts have 

been used to investigate a number of complex cellular processes such as the control of cell cycle 

progression, apoptosis, nuclear formation, nucleocytoplasmic transport, spindle microtubule 

dynamics, chromatin structure, sister chromatid cohesion, the regulation of DNA replication and DNA 
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repair (Gillespie, Neusiedler et al. 2016). Following addition of demembranated sperm DNA and ATP 

to the extract, a nuclear membrane is assembled around the DNA and then DNA replication takes 

place. The extract is also treated with cyclohexamide to prevent further cell cycle progression 

following completion of DNA replication.  

The advantages of this system include the fact that it is a synchronised without remarkable 

transcription  (Newport and Kirschner 1982)and cell-free system and that it is easy to manipulate. 

Therefore, the egg extract system is ideal for studying DNA replication and cell cycle regulated 

processes at the biochemical level (Kornbluth, Yang et al. 2006, Gillespie, Gambus et al. 2012, 

Hoogenboom, Klein Douwel et al. 2017). The quantity and quality of Xenopus laevis material in biology 

is high compared to other organisms. For example, the ovary of the one Xenopus frog is equal to one 

thousand the ovary of the mouse (Gurdon 2006). The large and several hundreds of oocytes can easily 

acquire (Gillespie, Neusiedler et al. 2016).  Moreover, Oocytes have contain all RNA and proteins which 

is required from the first stages of development to early embryogenesis. In addition, transcriptional 

activity does not occur till the mid-late blastula stage (Collart, Owens et al. 2014). Oogenesis and 

maturation period is highly conserved in mammals (Fisher 2011) although size is different, resulting 

extensively using this system for cell cycle researches. 
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1.5. Aim of the project 

p97 functions as a ubiquitin segregase, binding ubiquitylated substrates and extracting them from 

different cellular structures including protein complexes, membranes and chromatin. It regulates 

many different cellular processes in the cells. The functional diversity of p97 is attributable to its wide 

variety of cofactors, which help to recognise different ubiquitylated substrates. 

The aim of this project is to characterize in detail the role of p97 during DNA replication termination, 

specifically during the process of replisome disassembly.  

We wanted to determine the particular cofactors required during DNA replication, especially in the 

termination process. A previous PhD student in the Gambus lab, Dr Sara Priego Moreno found that 

the terminated helicase is interacting with p97 and a number of p97 cofactors (Sonneville, Moreno et 

al. 2017), including Ubxn7 and Faf1, which are two more novel and interesting cofactors that could 

potentially regulate replisome disassembly 

The aims of my project were therefore to confirm that Ubxn7 and Faf1 indeed interact with p97 during 

replisome disassembly and determine if they have roles in DNA replication termination. I aimed also 

to determine how Ubxn7 regulates the activity of Cul2 ubiquitin ligase and removal of the CMG 

helicase from chromatin by p97.  

Moreover, different types of ubiquitin chains on Mcm7 regulate CMG terminated helicase disassembly 

in S-phase and mitosis. While K48-linked chains formed on Mcm7 support replisome unloading in S-

phase, K6 and K63-linked chains are able to drive unloading of Mcm7 in mitosis. This suggests that p97 

segregase activity in the CMG removal pathway is highly regulated not only by the substrate but also 

by specific types of ubiquitin chains (Horn-Ghetko, Krist et al. 2021). It is likely, therefore, that different 

groups of p97 cofactors recognise different ubiquitin chain types on substrates. Thus, my aim was to 

identify which p97 cofactors needed for replisome disassembly in mitosis.                  
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2 MATERIALS AND METHODS 

2.1. Tables 

 

Table 1. Table of solutions 

2x ANIB100: 100 ml stock is kept at 4°C.   

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 aprotinin, leupeptin and pepstatin 

50 mM β-glycerophosphate 

0.2 mM Na3VO4 

0.2 µM microcystin-LR 

1x ANIB100 with additions: required volume of it is prepared freshly before starting the chromatin 

isolation protocol and kept on ice during the experiment. 

prepared by mixing 1 volume of 2x ANIB100 with 1 volume of H2O 

0.1% Triton X-100 

0.1 mM PMSF 

Optional: 20 mM Iodoacetamide; 10 mM 2-chloroacetamide 

Cysteine solution: 

2.2% cysteine 

5 mM EGTA 

pH to 7.6 with KOH 

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: aprotinin, leupeptin and pepstatin 

MMR (10x): 3 L are prepared one day before eggs collection. 1 L of 1x MMR is prepared from this 

stock and kept at 4°C for using next day in egg extract preparation. This buffer is warmed at RT in 

the same morning before eggs collection 

1 M NaCl 

20 mM KCl  

10 mM MgCl2 

20 mM CaCl2  

1 mM EDTA  
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Table 2. Inhibitors added to X.laevis egg extract. Final concentration in the extract, addition timing 
and provider are specified 

Inhibitors Preparation and addition to X. laevis egg extract 

MLN4924 (A01139, Active 

Biochem) (Cullin inhibitor) 

Dissolved in DMSO at 20 mM and used at 10 µM. Added 15 

minutes after sperm DNA addition 

NMS873 (17674, Cayman 

Chemical Company) (p97 

inhibitor) 

Dissolved in DMSO at 10 mM and used at 50 µM. Added  15  

minutes  after  sperm DNA addition 

Caffeine (C8960, Sigma)  Dissolved in water at 100 mM and used at 5 mM. Added 

together with sperm DNA 

 

 

 

 

50 mM HEPES 

Adjust pH to 7.8 with NaOH 

PBST 

1x PBS 

0.1% Tween 20 

Stop-C:  Stored at 37°C to prevent SDS precipitation. 

5 mM EGTA 

0.5% SDS   

20 mM Tris-HCl pH7.5 

5% TCA  

5% w:v TCA  

0.5% w:v Na4P2O7 x 10 H2O  

10% TCA: 10 L stock is prepared and kept at 4°C  

10% w:v TCA  

2% w:v Na4P2O7 x 10 H2O 

UEB: 1 L is prepared one day before eggs collection and kept at 4°C for using next day in egg extract 

preparation.  This buffer is warmed at RT in the same morning before eggs collection 

50 mM KCl 

50 mM HEPES  

5 mM MgCl2 

5 mM EGTA 

pH to 7.6 with KOH 
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Table 3. Recombinant proteins added to X. laevis egg extract. Final concentration in the extract, 
addition timing and provider are specified. 

 

Recombinant proteins  Addition to X. laevis egg extract 

His-X.laevis Ubxn7 wt  (purified in the lab) Added together with sperm DNA at 0.06 
mg/ml or 0.3 mg/ml. 

His-X.laevis Ubxn7 ΔUBX (purified in the lab) Added together with sperm DNA at 0.3 
mg/ml.  

His-X.laevis Ubxn7 ΔUIM (purified in the lab) Added together with sperm DNA at 0.3 
mg/ml.  

His-Ubiquitin (U-530, Boston Biochem) Dissolved in LFB1/50 at 10 mg/ml and added 
together with sperm DNA at 0.5 mg/ml 

His-UbiNOK (UM-HNOK, Boston Biochem) Dissolved in LFB1/50 at 10 mg/ml and added 
together with sperm DNA at 0.5 mg/ml 

His-tagged X.laevis cyclin A1 NΔ56 (purified in the 
lab as in(Strausfeld, Howell et al. 1996)) 

Added together with sperm DNA at 826 µM 

 

Table 4. Antibodies used for western blotting. Dilution, species in which the antibodies were raised 
in and provider are specified. 

Antibody Dilution (specie raised in) Provider 

α-MCM7 1:500 (rabbit) Previously described (Priego Moreno, Jones 

et al. 2019) 

α-Cdc45 1:500 (sheep) Previously described (Gambus, Khoudoli et 

al. 2011) 

α-Psf2 1:500 (sheep) Previously described (Gambus, Khoudoli et 

al. 2011) 

α-p97 1:1000 (mouse) 65278, Progen Biotechnik 

α-cullin2 1:1000 (rabbit) EPR3104, Abcam (Sonneville, Moreno et al. 

2017) 

α-cullin2 (SA206) 1:1000 (sheep) SA206 

α-PCNA 1:2000 (mouse) P8825, Sigma 

α-LRR1 (S962D) 1:100 (sheep) S962D (Sonneville, Moreno et al. 2017) 

α-p97 1:1000 (sheep) This study 

α-Ufd1 1:1000 (rabbit) Kindly  provided  by  Prof  Stemmann 

(Heubes and Stemmann 2007) 
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Table 5. Antibodies used for immunoprecipitations. Antibody quantities used per beads in IP 

  

 

 

 

 

 

 

 

α-Npl4 1:1000 (rabbit) Kindly  provided  by  Prof  Stemmam 

(Heubes and Stemmann 2007) 

α-Ubxn7 1:1000 (sheep) This study 

α-His 1:500 (mouse) H1029, Sigma 

HRP-sheep-IgG 1:10000 A34151ML, Sigma 

HRP-rabbit-IgG 1:25000 A05451ML, Sigma 

HRP-mouse-IgG 1:5000 A52781ML, Sigma 

Antibody Antibody quantities per beads Immunoprecipitation 

α-p97  1 µg for 15  µl Protein G DynabeadsTM  

(InvitrogenTM) 

Extract 

α-Ubxn7 (purified 

ab) 

1 µg for 15  µl Protein G DynabeadsTM  

(InvitrogenTM) 

Extract 

α-p97 (purified ab) 20 µg for 30   Dynabeads M-270 epoxy 

(14302D, Invitrogen) 

S phase chromatin 

 

α-Ubxn7 (purified 

ab) 

20 µg for 30  µl Dynabeads M-270 

epoxy (14302D, Invitrogen) S phase chromatin 

α-p97 (purified ab) 20 µg for 30  µl  Dynabeads M-270 

epoxy (14302D, Invitrogen) 

Mitotic chromatin 

α-cullin2 (SA206) 10 µg for 50  µl Protein G DynabeadsTM         

(InvitrogenTM) 

S phase chromatin 

HIS-Tag isolation 

(10104D, 

Invitrogen) 

30 µl of extract Extract 

Sheep-IgG (I5131, 

Sigma) 

1 µg for 15  µl Protein G DynabeadsTM  

(InvitrogenTM) 

Extract  

Sheep-IgG (I5131, 

Sigma) 

20 µg for 30  µl Dynabeads M-270 

epoxy (14302D, Invitrogen) 

S phase and mitotic chromatin 
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Table 6. Buffers used for Purification of p97 

 

 

 

 

 

 

 

 

 

Lysis Buffer 

150 mM sodium phosphate pH 7.4 

300 mM NaCl 

10mM imidazole  

1 mM MgCl2 

5 mM -mercaptoethanol  

0.1 mM PMSF 

1 µg/ml of each aprotinin, pepstatin and leupeptin 

Wash buffer  

50 mM sodium phosphate pH 7.4 

300 mM NaCl 

60 mM imidazole 

5 mM -mercaptoethanol 

0.1 mM PMSF 

1 µg/ml of each aprotinin, pepstatin and leupeptin 

 

Elution buffer 

50 mM HEPES pH 7.4  

100 mM KCl 

1mM MgCl2 

150 mM sucrose 

250 mM imidazole 

1 mM DTT 

0.1 mM PMSF 

1 µg/ml of each aprotinin, pepstatin and leupeptin 
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Table 7.  Buffers used for Purification of Ubxn7 

 

 

 

 

 

 

 

 

 

Lysis 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 
2mM DTT 
1 µg/ml of each: aprotinin, leupeptin and pepstatin 

Wash Buffer: LFB1/50 (1st, 3rd wash) and LFB1/200 (2nd, 4th wash) 

10% sucrose 
50 mM KCl (for LFB1/50), 200 mM KCl (for LFB1/200) 
40 mM HEPES pH 8 
20 mM K phosphate pH 8 
2 mM MgCl2 
1 mM EGTA 
2mM DTT 
1 µg/ml of each: aprotinin, leupeptin and pepstatin 

Elution buffer: 

LFB1/50 
250 mM imidazole 
0.1 mM PMSF 
1 µg/ml of each aprotinin, pepstatin and leupeptin 
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Table 8.  Buffers used for Purification of p97 and Ubxn7 antibodies 

 

 

Antigen elution Buffer: 

25 mM Tris Base  

192 mM Glycine 

 0.1% SDS 

Coupling Buffer: 

0.1 M NaHCO3 

0.5 M NaCl, pH 8.3 

Blocking Buffer: 

0.5 M ethanolamine 

0.5 M NaCl, pH 8.3 

Wash Buffer: 

PBS 

0.5 M NaCl, pH 8.3 

Storage Buffer: 

1 X PBS  

55% Glycerol 
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2.2.  Working with Xenopus laevis egg extract 

 

2.2.1. Preparation of inactivated X.laevis egg extract 

 

X.laevis egg extract is arrested at metaphase II of meiosis and the protocol for preparation was 

described previously (Gillespie, Gambus et al. 2012). X.laevis egg extract is made from unfertilised 

female frog eggs. 10 frogs were primed with 150 units of follicle stimulating hormone, Folligon 

(Intervet) 2-7 days before eggs were required, leading to an increase in the number of mature, stage 

6 oocytes. In the afternoon prior to egg collection, frogs were injected with 400-600 units of serum 

gonadotropin, Chorulon (Intervet), and transferred to laying tanks containing 2.5 l of 1x MMR. Frogs 

were kept in the tanks to lay eggs over-night at ≤ 23°C. The good quality eggs, which are dark coloured 

animal pole is larger than light coloured vegetal pole (Gillespie, Gambus et al. 2012),  from different 

frogs were collected the next morning in a 1 l glass beaker. Any apoptotic eggs, white, immature or 

string-arranged eggs, were not collected.  

Eggs, firstly, were rinsed with 1x MMR and then de-jellied in cysteine solution approximately 5 minutes  

(3 changes of the cysteine solution). They were rinsed again in 1x MMR and then washed in UEB buffer 

supplemented with 2 mM DTT (A3668, PanReac AppliChem). During this process, white apoptotic eggs 

that collected on the top were removed with a Pasteur pipette. Remaining eggs were then transferred 

to Ultra Clear 18 x 95 mm centrifuge tubes (1870261 Greiner Bio-One) containing 1 ml of UEB buffer 

supplemented with 10 µg/ml each of the protease inhibitors leupeptin, pepstatin and aprotinin 

(AppliChem Lifesciences), 50 µg/ml of cytochalasin D (C8273-5MG, Sigma) and 2 mM DTT. They were 

packed by centrifuging at 3,000 rpm in a swinging bucket JS13.1 rotor (Optima centrifuge) for 1 minute 

at RT. After the spin, the buffer and white apoptotic eggs that floated on the surface were removed 

as much as possible with a Pasteur pipette. 

The eggs were then spin-crushed by centrifugation at 12,000 RPM in the same centrifuge for 10 min 

at RT. This centrifugation separated the egg mixture into a grey insoluble pellet, a brownish 

cytoplasmic fraction and a yellow lipid plug. From this point onwards, the egg extract was kept on ice. 

The cytoplasmic fraction was carefully removed using a 20-G needle and a 1 ml syringe and transferred 

to a 15 ml Falcon tube. Then, 10 µg/ml of leupeptin, pepstatin and aprotinin, 10 µg/ml of cytochalasin 

D and 15% of LFB1/50 were added and mixed gently. The egg extract was transferred to SW50 

ultracentrifuge tubes (326819, Beckman Coulter), and centrifuged at 30,000 RPM in a pre-cooled 

ultracentrifuge in a SW55 rotor (326819, Beckman Coulter) for 20 min at 4°C.  
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After the spinning, the yellow lipid plug was removed from the top of the tube with a clean spatula, 

and the golden yellow cytoplasmic fraction was collected, taking extra care to not disturb the layer 

below. This layer contains mitochondria, which will lyse after freeze-thawing the extract and will 

promote apoptosis, making the extract useless. 1% v: v of glycerol was supplemented and the extract 

was frozen in liquid nitrogen in approximately 20 µl beads by pipetting it drop wise with a pre-cut 

p200 tip. These beads were then collected using Millipore forceps and stored in 2 ml cryovials at -

80°C. 

 

2.2.2. Use of X.laevis egg extract and demembranated sperm DNA for DNA replication 

experiments 

 

2.2.2.1.  Activation of X.laevis egg extract 

 

X.laevis egg extract needs to be activated to efficiently complete DNA replication. X.laevis eggs are 

arrested in metaphase of meiosis II and addition of CaCl2 (final concentration 0.3 mM) to the extract, 

mimics the Ca2+ wave that is induced at fertilisation and allow extracts to exit from meiosis and enter 

into interphase. Moreover, DNA replication requires a continuous energy supply, which is provided by 

supplementing the extract with 1/40 volume of energy regenerator solution (ER: 600 µg/ml creatine 

phosphokinase (10127566001, Roche), 1 M phosphocreatine (13810831, Roche) and 10 mM HEPES 

KOH 7.6). Finally, to block protein synthesis and to impede synthesis of cyclins so as to block cell cycle 

progression following completion of DNA replication, cycloheximide (CHX, Sigma) was added to the 

extract at 250 µg/ml. 

 

2.2.2.2. Chromatin isolation time-course 

 

This assay was performed to study the chromatin-binding pattern of replication factors during a 

replication reaction time-course after subjecting the extract to different drug treatments, as described 

previously (Gillespie, Gambus et al. 2012). 

Extract was thawed and subsequently activated as described above in section 2.2.2.1. After 15 min 

activation, 30 µl of extract was transferred to a 1.5 ml Treff tube (9607811903, TreffLab), acting as a 

negative control (no DNA).  The remainder of the extract was supplemented with demembranated 

sperm nuclei to 5-10 ng/µl final concentration and any indicated treatments. The reactions were split 
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into 30 µl aliquots in 1.5 ml Treff tubes, having as many aliquots as the number of time-points to be 

examined, and were incubated at 23°C for the duration of the time-course. 

At each pre-determined time-point, the 30 µl reaction was stopped by addition of 0.5 ml ice cold 

Acetate Nuclear Isolation Buffer (ANIB100) buffer and then mixed thoroughly. This mixture stops the 

reaction due to dilution of the extract and decreasing its density. 100 µl of ANIB100 containing 20% 

sucrose was carefully under-laid in the bottom of the tube, creating a sucrose cushion. The tubes were 

then centrifuged in a pre-cooled micro-centrifuge with swinging bucket rotor at 2,500 g for 5 min at 

4°C. The buffer above the sucrose cushion was removed, and the tube walls and top of the cushion 

washed twice with 100 µl of ANIB100 to reduce contamination within the chromatin sample. Most of 

the sucrose cushion was removed except approximately 20 µl. The tube was centrifuged at maximum 

speed in a micro-centrifuge with a fixed angle rotor for 2 min at RT to isolate the pellet. The important 

point is that hinges of the tubes were placed facing outwards; therefore, the chromatin pellet could 

be localised. After the final spinning, the remaining liquid was removed, leaving behind the chromatin 

pellet. The isolated pellet was finally re-suspended in 45 µl of 2x NuPAGE LDS loading buffer (NP0008, 

Novex by Life Technologies) and boiled for 5 min. The negative control sample(s) (no DNA) were 

processed in the same way to provide a chromatin specificity control. The samples were separated on 

SDS PAGR gel and bottom of the gel cut and stained with SimplyBlueTM SafeStain (InvitrogenTM) to use 

as a loading control (described in section 2.4.1.) 

 

Chromatin binding pattern of p97 and Ubxn7 during replication termination in S phase  

X.laevis egg extract was supplemented with ER, CHX and CaCl2, as explained in section 2.2.2.1., for 15 

min at RT for activation, after which 10 ng/μl of demembranated sperm nuclei was added. At this 

point, 0.5 mg/ml UBI-NOK (dissolved in LFB1/50) or LFB1/50 buffer was added if used in the 

experiment. Finally, the reaction was optionally subjected to 5 mM MLN4924 (10 mM stock dissolved 

in DMSO) or 50 mM NMS873 (1 mM stock dissolved in DMSO) or equal volume of DMSO as the control 

at 15 min after sperm adding. The reaction was then mixed well after each addition and incubated at 

23°C for indicated amounts of time. At each set time, the reaction was diluted with ANIB100, carefully 

underlaid with the ANIB100 20% sucrose cushion and chromatin isolated as described in section 

2.2.2.2. (Gillespie, Gambus et al. 2012). 
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Competing endogenous Ubxn7 protein by adding recombinant Ubxn7 proteins in S-phase  

Interphase egg extract, as explained in section 2.2.2.1., was supplemented with 10 ng/μl of 

demembranated sperm nuclei. The extract was optionally treated with LFB1/50 buffer or 0.3 mg/ml 

recombinant Ubxn7ΔUBX, Ubxn7ΔUIM or Ubxn7wt. At indicated time-points, samples were collected for 

the chromatin isolation procedure as explained in section 2.2.2.2. 

 

Examining interaction of Ubxn7 with chromatin in mitosis 

Interphase egg extract was supplemented with 10 ng/μl of demembranated sperm nuclei and 

incubated for 15 min at 23°C. The extract was then treated with 5 mM MLN4924 (A01139; Active 

Biochem) and DNA synthesis allowed to reach completion during 90 min incubation at 23°C. Half of 

the reaction was then treated with 826 nM cyclin A1 NΔ56 and treated optionally with 10 μM NMS873 

or DMSO and optionally with 0.5 mg/ml recombinant His-tagged ubiquitin or Ubi-NOK (Boston 

Biochem, dissolved in LFB1/50 buffer at 10 mg/ml). Samples were isolated at indicated time points as 

described in section 2.2.2.2. (Gillespie, Gambus et al. 2012). 

 

Chromatin binding pattern of replication factors in Ubxn7 depleted extract 

Interphase Ubxn7 depleted extract (described in section 2.2.2.9.) and mock depleted extract were 

supplemented with ER for energy supply and 5 ng/μl of demembranated sperm nuclei. Chromatin was 

isolated at indicated time points as explained in 2.2.2.2. 

Rescue of Ubxn7 depleted extract with Ubxn7wt protein   

Interphase Ubxn7 depleted extract and mock depleted extract were supplemented with ER for energy 

supply and 5 ng/μl of demembranated sperm nuclei. The depleted extracts were optionally treated 

with 0.06 mg/ml recombinant Ubxn7wt or LFB1/50 buffer.  At 100 min, when terminating CMG was 

unloaded from chromatin in the mock depleted extract, samples were isolated for the chromatin 

isolation procedure as explained in 2.2.2.2.  
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2.2.2.3.  TCA replication assay 

 

The efficiency of DNA replication in the prepared in X.laevis egg extract was measured through 

incorporation of radiolabelled nucleotide into nascent DNA during a time course using the TCA replication 

assay. This assay was also described previously (Gillespie, Gambus et al. 2012). 

First, the volume of extract required was activated with ER, CHX and CaCl2 as described in section 

2.2.2.1. Then immediately 16.5 nM α-[P32]dATP (NEG512H250UC, Perkin Elmer) was added to the 

extract along with demembranated sperm nuclei to 10-15 ng/µl. At this point reactions were 

optionally subjected to the indicated concentrations of recombinant Ubxn7ΔUBX, Ubxn7ΔUIM and 

Ubxn7wt, or LFB1/50 buffer. Reactions were then separated into 5 µl aliquots in 0.5 ml tubes and were 

incubated at 23°C for the duration of the time-course. 

At each pre-determined time-point, the 5 µl reaction was stopped by addition of 160 µl of Stop-C 

buffer supplemented with 0.2 mg/ml proteinase K (740506, Macherey Nagel) (added from stock: 10 

mM Tris-HCl, 20 mg/ml proteinase K, 50% v:v glycerol, pH 7.5) and incubated at 37°C for at least 30 

min to ensure all of the proteins were degraded. 

The samples were transferred to 5 ml Falcon tubes containing 4 ml of 10% TCA solution for 

precipitation of DNA and incubated at 4°C for a minimum time of 30 min. The TCA samples were then 

filtered through 25 mm glass fibre filters (11512083, Fisherbrand) under vacuum on a manifold 

(Millipore). To ensure that all DNA was deposited on the glass fibre filters, the tubes were washed 

once with 5 ml of 10% TCA solution (as above) and then 8 ml of 5% TCA solution, and finally rinsed 

with 70% ethanol. A 40 µl aliquot was taken from each sample prior to filtering and deposited onto a 

25 mm Whatmann paper filter (1001-025, GE healthcare life sciences) providing a measure of the total 

radiation level in each sample. All of the glass fibre and Whatmann paper filters were subsequently 

left to dry under an infrared lamp for 10-15 min. Finally, each filter was inserted into a scintillation 

counter tube which was supplemented with 0.5 ml of the scintillant Ultima Gold F (6013179, Perkin 

Elmer), and radiation levels quantified in a scintillation counter. 

After counting, the level of signal of 32P incorporated into the precipitated DNA samples on the glass 

fibre filters was divided by the total 32P on the paper filter, giving the total 32P levels of each sample. 

The total DNA synthesized in each reaction (ng replicated DNA / µl extract) can be then calculated by 

multiplying the normalised values by 0.654. This value is calculated under the assumption that an 

average molecular weight of dNMPs, which is 327 Da, the extract contains endogenous pools of dNTPs 

of around 50 µM and same amount of 4 dNTPs are incorporated into DNA (Gillespie, Neusiedler et al. 

2016) (Blow and Laskey 1986). 
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Monitoring DNA synthesis in Ubxn7 depleted extract  

In this process, the Ubxn7 depleted extract had already been activated with CaCl2 during its making 

(see section2.2.2.7.) so in this case it only required supplementation with ER for energy. As in section 

2.2.2.3.  16.5 nM of α-[P32] dATP and demembranated sperm nuclei to 5-10 ng/µl was added to the 

depleted extract. DNA synthesis reactions were incubated at 23°C, stopped at indicated time-points 

and DNA synthesis analysed as explained above. 

 

2.2.2.4. Immunoprecipitation of Ubxn7 and p97 from X.laevis egg extract 

 

The required volume of metaphase II arrested egg extract (considering that each IP requires 100 µl 

extract) was thawed in a 1.5 ml Eppendorf tube and activated with ER, CaCl2 and CHX to release it into 

interphase as explained in section 2.2.2.1. The extract was then supplemented with 400 µl of LFB1/50 

per 100 µl of extract and spun down at max speed for 15 min at 4°C. The supernatant was split into 

four Eppendorf tubes, each containing 100 µl aliquots. At this point also, the input sample was 

prepared by mixing 50 µl of supernatant with 50 µl of 2x NuPAGE LDS loading buffer. The four tubes 

were then supplemented with different antibodies which are 1 µg of sheep IgG, 1 µg of purified p97 

antibody, 1 µg of purified Ubxn7 antibody, 1 µg of purified UBXN7 antibody  (Table 5) . The tubes were 

incubated on ice for one hour. In the meantime, 60 µl of Protein G DynabeadsTM  (InvitrogenTM) was 

aliquoted into a 1.5 ml Eppendorf tube and washed, first with 1 ml PBS once, then with 1 ml of LFB1/50 

twice. These tubes were vortexed after adding each buffer, centrifuged briefly, then placed on a 

magnetic rack enabling removal of the entire buffer. Following the washes, beads in LFB1/50 were 

aliquoted into 4 tubes. The input from the tubes incubated on ice was added to the tubes containing 

the beads, and rotated for 1 hour at 4°C. After rotation, the samples were then centrifuged in a mini 

centrifuge and placed on the magnetic rack in order to separate the beads from the liquid. At this 

point, 20 µl of depleted samples from each tube was taken and mixed with 20 µl of 2x NuPAGE LDS 

loading buffer. Then the remaining buffer was removed from the tubes and the beads were washed 

with 1 ml of LFB1/50 thrice. Finally, after the entire buffer was removed, samples were centrifuged 

briefly, and all remaining buffer was removed, beads boiled in 30 µl of 2x NuPAGE LDS loading buffer 

for 5 min and the tubes were then placed on the magnetic rack to transfer all the liquid into new tubes. 

The new tubes contained IP samples. Samples were analysed with immunoblotting (section 2.4.1). 
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2.2.2.5.  Small scale immunoprecipitation of chromatin interacting proteins  

 

The required volume of metaphase II arrested egg extract (each IP requires 100 µl extract) was 

activated as explained in section 2.2.2.1. The interphase egg extract was then mixed with 10-15 ng/µl 

demembranated sperm nuclei and optionally supplemented with the indicated treatments. The 

reaction was incubated at 23°C for the indicated time. At this stage chromatin was isolated by first 

diluting the reaction with 10 volumes of ice cold ANIB100 containing 10 mM 2-chloroacetamide 

(616036000, Millipore) and underlying the mixture with ANIB100 containing 20% sucrose (1 ml in a 15 

ml tube and 2.5 ml in a 50 ml tube). Each tube was centrifuged at 3,500 RPM in a swinging bucket 

rotor for 5 min at 4°C. The spinning program was repeated until a clear white chromatin pellet was 

detected at the bottom of the tube without any white threads going up the cushion. The buffer above 

the sucrose cushion was aspirated, and the top of the cushion was washed three times with 1 ml 

ANIB100 (+chloroacetamide). After the washes, the sucrose cushion was removed and the pellet 

transferred to a 1.5 ml tube. The samples were then re-suspended in the same volume of original 

extract of ANIB100 containing 20% sucrose. After that, protein complexes were released from 

chromatin by digestion with 2 U/µl of Benzonase nuclease (E1014-25KU, Sigma) with 20 min 

incubation at RT. Then the samples either sonicated for 5 min using a Diagenode sonicator with 

settings: 15s on, 15s off, medium settings or salt concentration increased to 300 Mm. The protein 

complexes were then subsequently incubated with either IgG, p97, Ubxn7 or cullin2 antibodies for 

immunoprecipitation, as explained below. 

Immunoprecipitation of p97 from X.laevis S-phase chromatin 

X.laevis interphase egg extract was supplemented with 10 ng/µl demembranated sperm nuclei as 

explained in section 2.2.2.1. and treated with 50 mM p97 inhibitor NMS-873 (from 1 mM stock) 15 

min after sperm addition. Chromatin was isolated in the middle of S-phase, as described above in 

2.2.2.2., and protein complexes released from chromatin by digestion of DNA using 2 U/μl Benzonase 

for 20 min. The input sample was prepared by mixing 20 µl of digested chromatin with 6.5 µl 4x 

NuPAGE LDS loading buffer. 30 µl of Dynabeads M-270 epoxy (14302D, Invitrogen) previously coupled 

covalently to 20 µg of either mouse affinity purified p97 antibody or IgG from mouse serum 

(A52781ML, Sigma) (antibodies were coupled to Dynabeads M-270 epoxy as described in section 

2.2.2.8.) were incubated with 100 µl digested chromatin at 4°C for one hour with rotation. Following 

the incubation time, beads were washed for 5 min rotating at 4°C twice with ANIB100, once with 
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ANIB100 containing an additional 0.1% Triton X-100 and finally twice with ANIB100 buffer. Each 

sample was prepared by boiling in 30 µl of 2x NuPAGE LDS loading buffer for 5 min. 

Immunoprecipitation of Ubxn7 from X.laevis S-phase chromatin  

X.laevis interphase egg extract was supplemented with 10 ng/µl demembranated sperm nuclei as 

explained in section 2.2.2.1. and treated with 50 mM NMS-873 and caffeine 15 min after sperm 

adding, to promote accumulation of p97 and CMG helicase on chromatin. Protein complexes were 

released from chromatin by digestion of DNA using 2 U/μl benzonase for 20 min and sonication for 5 

min using a Diagenode sonicator with settings: 15s on, 15s off, medium settings. 50 µl of 2M KAc was 

then added to the samples in order to raise salt concentration from 100 mM to 300 mM to increase 

solubility of digested protein. The samples were centrifuged at maximum speed for 5 min at 4°C.  

Following centrifugation, the input sample was prepared by mixing 20 µl of supernatant with 6.5 µl of 

4X loading buffer. Protein complexes isolated from 200 µl of extract were incubated optionally with 

30 µl of Dynabeads M-270 epoxy (14302D, Invitrogen) previously coupled covalently to 20 µg of either 

sheep affinity purified Ubxn7 antibody or IgG from sheep serum (I5131, Sigma) (antibodies were 

coupled to Dynabeads M-270 epoxy as described in section 2.2.2.8.). After 1-hour rotation at 4°C, 

tubes were placed on a magnetic rack to isolate beads and 20 µl of the depleted input (supernatant) 

was collected and mixed with 6.5 µl 4x NuPAGE LDS loading buffer. Beads were then rotated for 5 min 

at 4°C twice with ANIB100, once with ANIB100 supplemented with 0.1% Triton X-100, and again twice 

with ANIB100. Each sample were prepared by boiling in 30 µl of 2x NuPAGE LDS loading buffer for 5 

min. 

Immunoprecipitation of Cul2 from S-phase chromatin  

Interphase extract was supplemented with 15 ng/µl demembranated sperm nuclei as described in 

2.2.2.1., after 15 min sperm adding treated with NMS-873 and caffeine to promote accumulation of 

Cul2, p97 and Ubxn7 on chromatin. After chromatin was isolated end of the S-phase, protein 

complexes were released from chromatin as described in 2.2.2.4. The samples were sonicated for 5 

min using the Diagenode cold water sonicator with settings: 15s on, 15s off, medium settings, to 

agitate protein complexes in solution. Salt concentration was then increased from 100 mM to 300 mM 

by adding 50 µl of 2M KAc to increase solubility of digested protein. After centrifugation at max speed 

at 4°C, the input sample was prepared by mixing 30 µl of supernatant with 13 µl of 4X loading buffer. 

Each sample was mixed with 50 µl of Dynabeads coupled with affinity purified Cul2 antibody (SA206) 

or IgG antibody from sheep (I5131, Sigma) for two hours at 4°C. Coupling of antibodies to Dynabeads 

was performed as described in section 2.2.2.8. Beads were then washed with 1 ml of PBS-T ice cold 
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buffer (+ 2-chloroacetamide) (thrice) and 1ml ANIB 300 buffer (once) with rotation for 5 min at 4°C. 

Each sample was prepared by boiling in 30 µl of 2x NuPAGE LDS loading buffer for 5 min. 

 

2.2.2.6. Large scale IPs of p97 in S phase for mass spectrometry analysis 

 

1.9 ml metaphase egg extract for each IP samples was released into interphase as explained in section 

2.2.2.2., supplemented with 10 ng/µl demembranated sperm nuclei and optionally subjected p97 

inhibitor NMS-873, to accumulate p97 and replisome components on S-phase chromatin. Following 

incubation at 23°C, chromatin was isolated at the time point in which p97 was present on the 

chromatin at high levels in S-phase. The extract was then diluted with 38 ml of ice cold ANIB100 

supplemented with 10 mM 2-chloroacetamide (616036000, Millipore). The diluted extract was also 

underlaid with 2.5 ml per 50 ml tube ANIB100 containing 20% sucrose and chloroacetamide and then 

spun down for 5 min at 3,500 RPM in a swinging bucket rotor at 4°C. Following centrifugation, the 

buffer above the sucrose cushion was aspirated and the top of the sucrose cushion was washed three 

times with 1 ml ANIB100 (+ 2-chloroacetamide). The top of the cushion was then removed and the 

pellet transferred to a 1.5 ml tube. The samples were then re-suspended in 500 µl ANIB100 containing 

20% sucrose and chloroacetamide. After that, protein complexes were released from chromatin by 

digestion with 2 U/µl of Benzonase nuclease (E1014-25KU, Sigma) for 20 min at room temperature 

with occasional mixing. After centrifugation at max speed in a micro-centrifuge with fixed angle rotor 

for 10 min at 4°C, the protein complexes were subsequently incubated with 125 µl of beads mixing at 

4°C (antibodies were coupled to Dynabeads M-270 epoxy as explained in section 2.2.3.10). After two 

hours rotating at 4°C, beads were washed 5 times with rotation for 5 min at 4°C twice with ANIB100, 

once with LFB1/50 supplemented with 0.1% Triton X-100, and again twice with ANIB100. 

Immunoprecipitated material was eluted by boiling each sample in 60 µl of 2x NuPAGE LDS loading 

buffer for 5 min, followed by mixing by vortex and a final 5 min boiling and analysed by mass 

spectrometry as explained (Sonneville, Moreno et al. 2017) with the collaboration of Dr Richard Jones 

from MS Bioworks LLC. Signpost 2.4.5 here for SDS-PAGE.  

  

2.2.2.7. Large scale IPs of p97 in mitosis for mass spectrometry analysis 

 

Interphase extract was supplemented with 10 ng/µl demembranated sperm nuclei as explained in 

2.2.2.1. and treated with Cul2 inhibitor MLN4924 to stop S-phase replisome disassembly, caffeine to 

maximise chromatin-bound replisome components and NMS-873 to accumulate p97 on S-phase 

chromatin. DNA replication was completed with incubation at 23°C for 90 min, following which cyclin 
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A1Δ was added to the extract to promote entry into mitosis. Chromatin was isolated from mitotic 

extract when most of the p97 was accumulated at 30 min. Protein complexes were released as 

described in 2.2.2.6. The samples were sonicated for 5 min using the diagenode cold water sonicator 

with settings: 15s on, 15s off, medium settings, to agitate protein complexes in solution. Solubility of 

the protein was increased by adding potassium acetate to increase salt concentration to 300 mM. 

Chromatin bound protein complexes were then incubated with 125 µl Epoxy beads mixing at 4°C 

(antibodies were coupled to Dynabeads M-270 epoxy as explained in section 2.2.3.10). After two 

hours rotating at 4°C, beads were washed 5 times with rotation for 5 min at 4°C, twice with ANIB100, 

once with LFB1/50 supplemented with 0.1% Triton X-100, and again twice with ANIB100. 

Immunoprecipitated material was eluted by boiling each sample in 60 µl of 2x NuPAGE LDS loading 

buffer for 5 min, followed by mixing with vortex and a final 5 min boiling and analysed by mass 

spectrometry as explained (Sonneville, Moreno et al. 2017) with the collaboration of Dr Richard Jones 

from MS Bioworks LLC. Signpost 2.4.5 here for SDS-PAGE. 

 

2.2.2.8.  Pull-down of HIS-tagged proteins from X.laevis egg extract 

 

120 µl egg extract (each pull-down requires 30 µl) was activated with ER, CHX and CaCl2 as explained 

in 2.2.2.1. for 15 min at RT. Interphase egg extract was then supplemented with 10 ng/µl of 

demembranated sperm nuclei and optionally supplemented with LFB1/50, or 0.3 mg/ml of 

recombinant Ubxn7ΔUBX, Ubxn7ΔUIM or Ubxn7wt proteins.  

The replication reaction was stopped with LFB1/50 Buffer supplemented with 0.1% Triton X-100mix 

and chloroacetamide in the middle of the S phase when the bulk of replication has completed. The 

samples were sonicated for 5 min using the Diagenode cold water sonicator with settings: 15s on, 15s 

off, medium settings. After taking the extract samples, centrifuged at max speed for 10 min at 4°C, 

and the supernatant carefully removed. 15 µl of the resultant supernatant was subsequently taken 

and mixed with 15 µl of 2x NuPAGE LDS loading buffer as the input sample. Rest of the supernatant 

from 30 µl of extract was incubated with 60 µl Dynabeads HIS-Tag isolation (10104D, Invitrogen) and 

incubated for 2 hour with rotation at 4°C. Beads were subsequently washed 2 times with LFB1/50 

Buffer supplemented with 0.1% Triton X-100 mix and chloroacetamide with rotation for 5 min at 4°C. 

Pulled-down His-tagged proteins were eluted by boiling the beads in 30 µl of 2x NuPAGE LDS loading 

buffer for 5 min. 

 

2.2.2.9.  Immunodepletion of Ubxn7 protein from X.laevis egg extract 
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600 µl of interphase egg extract was incubated with 600 µl of Dynabeads Protein G coupled to 360 µg 

of affinity purified sheep Ubxn7 antibody for two rounds of 1 hour incubation at 4°C to generate Ubxn7 

immunodepleted extract. The same volume of extract was incubated with Dynabeads coupled to IgG 

from sheep serum in parallel to generate the mock depleted extract. Coupling of antibodies to 

Dynabeads was prepared as described below in section 2.2.2.10  

As soon as possible, the depleted extract was frozen in liquid nitrogen in approximately 10 µl drops. 

These beads were then collected using Milipore forceps and stored in 2 ml cryovials at -80°C.  

 

2.2.2.10.  Coupling antibodies to Dynabeads  

 

Coupling Cul2 antibody to Protein G Dynabeads 

Protein G Dynabeads (for antibodies raised in sheep) were coupled with Cul2 antibody before 

performing Immunoprecipitations of Cul2. 

10 µg of Cul2 antibody was coupled to 50 µl of Dynabeads Protein G (10003D, Invitrogen) or IgG from 

sheep serum (I5131, Sigma). 50 µl Protein G Dynabeads were transferred to a 1.5 ml tube, placed on 

a magnetic rack and all the supernatant was removed. The beads were washed with water and 

phosphate buffered saline-tween (1xPBS-T supplemented with 0.1% Triton X-100), following which 10 

µg of affinity purified Cul2 antibody (SA206) or IgG from sheep (I5131, Sigma) were added. Cul2 

antibody was coupled to Protein G dynabeads with incubation at RT for 2 hours.  

Before incubation with input, dynabeads were washed three times with PBS-T.  

 

Coupling Ubxn7 antibody to Protein G Dynabeads 

 

Protein G Dynabeads (10003D, Invitrogen) were coupled with Ubxn7 antibody on the day before 

performing immunodepletion of Ubxn7. The beads were washed with 100 mM Hepes pH 7.6. 120 µg 

of affinity purified Ubxn7 antibody or a same quantity of IgG antibody from sheep (I5131, Sigma) were 

added to the beads. IgG volume was made equal to the volume of Ubxn7 antibody used with 100 mM 

Hepes pH 7.6. Protein G beads were incubated with antibodies overnight at 4°C. 

The next day, the antibody coupled beads were washed once with 100 mM Hepes pH 7.6 (first and 

third wash), 100 mM Hepes pH 7.6 + 1 µl PMSF with 15 min rotation at RT (second wash) and finally 

with LFB1/50. With the last wash, the reaction was transferred into 2 tubes, placed on a magnetic rack 

and all supernatant removed. 
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Covalent coupling of α-p97 antibodies to Dynabeads M-270 epoxy for p97 IP from S-phase and 

mitotic chromatin and Ubxn7 IP 

This experiment was based on the Invitrogen Dynabeads M-270 epoxy beads preparation protocol. 

250 µl of Dynabeads M-270 epoxy (14302D, Invitrogen) was covalently coupled with 83 µg of either 

the p97 antibody or the IgG mouse (I5381, Sigma) antibody and either Ubxn7 or IgG sheep (I5131, 

Sigma) antibody. 

2 ml of DMF was mixed with Dynabeads M-270 epoxy (2x109 beads/ml) and mixed by vortexing, 

after which 450 l of beads solution was taken out and placed on a magnetic rack and DMF solvent 

removed. Beads were incubated with 1 ml 0.1 M sodium phosphate pH 7.4 for 10 min at RT, twice 

with fresh sodium phosphate buffer. After incubation, the buffer was exchanged with 300 l of 3 M 

ammonium sulphate in phosphate buffer pH 7.4 and subsequently 300 g of chosen antibody was 

added. The mixture was then topped up with sodium phosphate buffer pH 7.4 to 900 µl final 

volume. This mixture was rotated for two days at 4°C. After incubation, beads were washed with 1 

ml PBS four times and once incubated with 1 ml PBS containing 0.5% Triton X-100 for 10 min at RT. 

Finally, beads were incubated with 1 ml PBS three times for 5 min at RT. Once all washes were 

complete, beads were re-suspended in 900 l of PBS with 0.05% sodium azide and stored at 4°C until 

the experiment was to be performed. 

 

2.3. Working with bacteria 

 

2.3.1. Transformation 

 

100 ng of plasmid DNA was added to 10 µl aliquot of competent cells, which was defrosted on ice, and 

then the tube was left on ice for 30 min. Cells were then heat shocked by placing them in a 42°C water 

bath for 45 sec and then put on ice for 2 min. 250 µl of rich SOC media (pre-warmed at 37°C) was then 

added to the cells and they were incubated in a shaking incubator at 37°C for 1 hour. After this period, 

the cells were plated on LB agar plates with appropriate antibiotics and left to grow over night in a 

37°C incubator. 

Five different bacterial strains were used during my project for protein expression of p97wt, Ubxn7wt, 

Ubxn7 P458G and Ubxn7 L286E A289Q S293A (Prokhorova and Blow 2000): 

1- Rosetta (DE3) pLysS Competent Cells (Novagen by Merck Millipore) 

2- BL21- (DE3) Competent Cells (Fisher Scientific)  

3- C41 (DE3) pLysS SOLOs Competent Cells (Lucigen) 
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4- Transetta (DE3) Competent Cells (Merck Millipore) 

 

2.3.2. Testing expression of recombinant proteins 

 

Before performing large scale recombinant protein expression and purification, a pilot experiment 

was carried out to determine whether the protein could be expressed efficiently after induction with 

IPTG. The plasmid carrying the gene of interest was transformed into Rosetta, BL21, C41 and Transetta 

cells (as mentioned in section 2.3.1). One colony was then picked, used to inoculate 10 ml of LB with 

selective antibiotics and grown over night in a shaking incubator at 37°C. To make glycerol stocks, 500 

µl of 50% glycerol was mixed with 500 µl from this liquid culture. The day after the fresh culture was 

started, a 1:100 culture was prepared in 10 ml of LB media with antibiotics and grown in an incubator 

at 37°C. This culture was shaken until the optical density (OD) of the culture reached approximately 

0.5 OD600. At this point, an un-induced sample was taken: 1000 µl of the culture was centrifuged at 

max speed for 5 min. Following removal of the supernatant, the cell pellet was re-suspended in 50 µl 

of 1x NuPAGE LDS loading buffer. In order to induce protein expression in the remainder of the culture, 

1 mM IPTG was added and it was left in the shaking incubator at 37°C.  

After two hours 500 µl was collected from the culture as an induced sample, then processed in the 

same way as the un-induced sample. Induced and un-induced samples were boiled at 95°C for 5 min, 

run on a polyacrylamide gel and examined by staining the gel with Coomassie Brillant Blue (described 

in General procedures). 

 

2.3.3. Purification of recombinant proteins 

 

2.3.3.1. Purification of p97  

 
Expression constructs containing genes for X.laevis p97 (pQE80 p97, ampicillin resistance) were kindly 

provided by Prof Stemmann and proteins purified as described (Heubes and Stemmann 2007). 

20 ml over-night cultures were grown from glycerol stocks. 2x 1 L liquid cultures with antibiotics were 

then inoculated with 1/100 volume of the overnight cultures and grown in a shaking incubator at 37°C 

until OD600 reached 0.5. Then the culture was induced by addition of 1 mM IPTG for approximately 

2.5 hours. Cell cultures were transferred to 500 ml Nalgene centrifuge tubes and spun down at 6,000 

g for 10 min at 4°C to pellet the cells which were kept at -80°C until the protein was to be purified. 

Cell pellets were firstly thawed, and then re-suspended in 30 ml of lysis buffer. Homogenates were 

transferred to 45 ml Nalgene centrifuge tubes, 25 U/ml of benzonase nuclease (SIGMA) was added, 
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and the samples incubated at RT for 20 min. Homogenates were centrifuged at 14,000 g for 30 min at 

4°C, and supernatants 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.  

10 µl of supernatant of homogenates was taken and mixed with 20 µl 2x NuPAGE SDS loading buffer 

as an input sample before adding the supernatant from the cell lysate to the beads. After incubation 

with beads, the tubes were spun down at 1,000 RPM for 1 minute at 4°C. 10 µl of supernatant was 

taken and processed in the same manner as the input samples. The beads were then washed twice 

with 30 ml wash buffer. 

The beads were transferred to 10 ml columns (Poly-Prep Chromatography Column, Bio-Rad). In order 

to elute the protein from the beads, 1 ml of elution buffer was added to the columns and allowed to 

drop into 1.5 ml tubes as 1 ml fractions. This was repeated a further 10 times. 10 µl from each fraction 

was removed and mixed with 10 µl 2x NuPAGE SDS loading buffer. All samples were boiled at 95°C for 

5 min. The concentration of the purified proteins was quantified by Bradford Assay or/and BSA Gel 

Assay and evaluated with SDS-PAGE and Coomassie Staining (described in general methods). 

 

2.3.3.2.  Purification of Ubxn7  

 

pET28a containing the wild type X.laevis Ubxn7 gene was previously prepared in Gambus lab. In the 

first construct, the Ubxn7 gene contains a single mutation, P458G, which mutates the UBX domain 

and blocks the interaction with p97. The second construct contains a triple mutant of Ubxn7: L282E, 

A285Q and S289A and this mutates the UIM domain to block the interaction with Cul2. 

 A 25 ml culture of BL21-codon Plus (DE3)-RIPL competent cells, transformed with pET28a-Ubxn7, 

pET28a-Ubxn7-P458G, pET28a-Ubxn7-L282E/A285Q/S289A vector, was grown with appropriate 

antibiotics. 2x 1 L cultures with antibiotics were inoculated with 1/100 volume of overnight culture 

and were shaken in an incubator at 37°C for 2 hours until it reached 0.3 OD600. The temperature was 

then lowered to 20°C and the cultures were grown until OD600 reached 0.6. The expression of 

recombinant proteins was subsequently induced by addition of 1 mM IPTG followed by incubation 

over night at 20°C. The following day, cell cultures were transferred to 500 ml Nalgene centrifuge 

tubes and centrifuged at 6,000 g for 10 min at 4°C. Supernatant was removed and pellets kept at -

80°C. 
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Purification of Ubxn7wt, Ubxn7-P458G and Ubxn7-L282E/A285Q/S289A proteins was performed 

following the same protocol as explained before for p97 in section 2.2.1.1, but using buffers indicated 

in the table and washing beads 4 times for Ubxn7 proteins.  

 

2.3.4. Purification of Antibody 

 

In order to purify antibodies, an affinity column is needed to be made. For this purpose, first the 

purified protein should be dialysed into a column coupling buffer; then the column is incubated with 

the purified protein and the protein becomes bound to the beads. The serum which contains antibody 

is run through the column. After the washing step, the antibody is eluted.  

 

2.3.4.1. Dialysis of p97 and Ubxn7 proteins 

 

A Pur-A-Lyzer TM dialysis tube (Sigma Aldrich) was filled with 3 ml of ultrapure water and incubated for 

5 min at RT. After removal of the water, 1 ml of the eluted fraction (containing the highest 

concentration of purified protein of p97 and Ubxn7) was loaded into the dialysis tube and left 

overnight in 1 L of coupling buffer, stirring at 4°C. The samples were then transferred from the dialysis 

tube to clean 1.5 ml tubes. 

 

2.3.4.1.1. Purification of p97 and Ubxn7 antibody 

 

The antigen column-HiTrapTM NHS-activated HP (GE Healthcare) was washed with 6 ml of ice-cold 1 

mM HCl using a 10 ml syringe. Carefully the column was loaded with dialysed protein immediately 

without creating any air bubbles and incubated at RT for 30 min. The liquid was removed from the 

column, washed, and incubated for 30 min with 10 ml blocking buffer to block unreacted NHS groups. 

Then, the column was washed with 10 ml of 10 mM Tris-HCl pH 8 (1st and 3rd washes), then with 10 ml 

of 0.1 M Glycine pH 2.0 and finally with 10 ml of 0.1 M trimethylamine pH 11.5. All the washes were 

repeated once more, then washed with 30 ml of 2XPBS using a peristaltic pump at 4°C. 

After antiserum was thawed, it was supplemented with 0.1% NaN3, split and mixed with equal volume 

of 1x PBS. The solution was filtered using a 0.2 mm Stericup filter (Millipore) and recirculated through 

the column for at least 3 hours. Next, the column was washed with 50 ml of washing buffer (PBS, 0.5M 

NaCl, 0.1% Triton X 100), then with 2 X PBS. The antibody binding to the column was eluted with 0.1 
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M Glycine pH 2.0 and 1 ml fractions were collected in 1.5 ml tubes containing 100 µl of 2 M Tris-HCl 

pH 8.5. Finally, the column was washed with 50 ml of 10 mM Tris-HCl pH 8.0 and 50 ml of PBS and 

stored at 4°C. 

 

2.4. General procedures 

 

2.4.1.  Immunoblotting 

 

Protein samples were separated by SDS-polyacrylamide gel electrophoresis using either self-prepared 

gels or precast NuPAGE 4-12% gradient Midi Bis-Tris gels (WG1403BOX, Invitrogen), depending on the 

proteins being investigated. The precast gels were run at 160 volts for 75 min with NuPAGE MOPS SDS 

buffer (NP000102, Novex by Life technologies). 3 µl of the pre-stained protein marker PageRulerTM 

Plus Prestained Protein Ladder (Thermo Scientific) was loaded at the beginning and end of each gel. 

After running, gels were either stained with Coomassie or transferred to PVDF membrane (IPVH00010, 

Merck Millipore) using the wet transfer system from Bio-Rad at 100 volts for 90 min. However, to 

detect histones for chromatin isolation assay, the bottom of the chromatin gel was cut off and firstly 

washed with deionised water 3 times for 5 min each and then stained in SimplyBlueTM SafeStain 

(InvitrogenTM) overnight, and finally destained with deionised water. 

Membranes with transferred proteins were first blocked with 5% milk in TBST and then incubated with 

the respective primary antibodies diluted in 3% BSA in TBST supplemented with 0.02% NaAzide, at 4°C 

over-night with rotation. If the membranes needed to be cut into appropriate fragments, this was 

done before incubating with primary antibodies. 

The dilutions used for different primary antibodies are listed in Table 2.7. Secondary antibodies used 

were: Anti-sheep IgG from donkey, conjugated to horseradish peroxidase (HRP) (A3415-1ML Sigma-

Aldrich), Anti-mouse IgG from goat conjugated to peroxidase (A5278-1ML, Sigma-Aldrich), Anti-rabbit 

IgG (H+L) from goat (10082602, Sigma-Aldrich). Western BrightTM ECL-spray (Advansta) was used for 

detection of chemiluminescent signals.  

 

2.4.2.  Bradford Assay 

 

Standards were prepared by serially diluting 1 mg/ml Bovine Serum Albumin (BSA) in deionised water, 

so the volume of final diluted protein was 100 µl. 1 ml of PierceTM Coomassie Plus (Bradford) Assay 
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Reagent was added and mixed very well in a cuvette (Fisher Brand). For analysis, 1 µl of the protein 

sample was mixed with 99 µl H2O and 1 ml Coomassie reagent. The absorbance at 595 nm was 

measured in a spectrometer and a standard curve generated using the absorbance for the standards. 

Concentrations of the protein samples were determined by plotting sample absorbance against the 

standard curve. 

 

Figure 2.1 A symbolic example of standard curve for the Bradford Protein assay shows concentration versus 
absorbance. The protein standards Bovine serum albumin (BSA) was diluted at the fallowing concentrations: 0, 
250, 500, 750, 900 ng/µl. Absorbance was measured at 595 nm. This standard curve of Protein concentration vs 
absorbance used to calculate the approximate protein concentrations of diluted proteins. 

 

2.4.3.  BSA Gel Assay 

 

1 mg/ml BSA was serially diluted using LFB1/50 to desired concentrations at 2 mg/ml, 1 mg/ml, 0.5 

mg/ml, 0.25 mg/ml, 0.125 mg/ml, 0.0625 mg/ml and mixed with 2x NuPAGE LDS Sample Buffer for 

standard references. Purified protein samples were also serially diluted in 1x NuPage LDS Sample 

Buffer. All samples were run on a 12% SDS-PAGE gel and stained with Coomassie for analysis. 

 

2.4.4. Coomassie staining 

 

Gels were stained with Coomassie Stain solution (1g Coomassie Brilliant Blue R-250, 400ml methanol, 

100ml acetic acid, 500ml H2O). After 30 mins, they were washed with destaining solution (400 ml 

methanol, 100 ml acetic acid, 500 ml dH20) until the bands were visible. Gels were sealed in acetate 

and scanned. 
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2.4.5.  Preparation of gels for mass spectrometry  

 

40 µl of large scale immunoprecipitated material (explained in sections 2.2.3.5) were resolved by SDS-

PAGE. 10-wells NuPAGE 4-12% Midi Bis-Tris gels (Invitrogen, NP0335BOX) were run in NuPAGE MOPS 

SDS buffer at 160 volts for 10 min. Protein bands were visualized with staining by SimplyBlue SafeStain 

(LC6060, Invitrogen) and each lane subsequently cut into 10 bands. Gel bands were placed into 

individual wells in a 96 well reaction plate (40.010, Intavis), supplemented with water to avoid gel 

dehydration. The 96 well reaction plate was covered with an Axygen sealing mat (AM96PCRRD, 

Scientific Laboratory Supplies). Protein samples were analysed by mass spectrometry with the 

collaboration of Dr Richard Jones from MS Bioworks LLC. 
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3. RESULTS 

 

3.1. The interaction of p97 with chromatin during replication reaction. 

 

3.1.1. Introduction 

 

The segregase activity of p97 is important for disassembly of the CMG helicase complex during DNA 

replication termination (Maric, Maculins et al. 2014, Moreno, Bailey et al. 2014, Dewar, Budzowska et 

al. 2015). Only one subunit of the terminated CMG is ubiquitylated – the Mcm7 subunit (Maric, 

Maculins et al. 2014, Moreno, Bailey et al. 2014). In higher eukaryotes, Mcm7 is polyubiquitylated by 

the E3 ligase Cul2Lrr1 in Xenopus egg extract (Dewar, Budzowska et al. 2015, Sonneville, Moreno et al. 

2017), in C.elegans embryos (Maric, Maculins et al. 2014) and in mouse (Villa, Fujisawa et al. 2021). 

The polyubiquitin chain formed on Mcm7 at termination is K48-linked (Maric, Maculins et al. 2014, 

Moreno, Bailey et al. 2014). p97-Ufd1/Npl4 complex recognizes this polyubiquitylated Mcm7 

substrate and extracts the entire CMG complex from the chromatin using the energy from ATP 

hydrolysis (Maric, Mukherjee et al. 2017).  

The aim of this project is to characterize in more detail the regulation of p97 function during DNA 

replication termination. The segregase activity of p97 towards CMG requires major cofactors Ufd1 and 

Npl4 (Sonneville, Moreno et al. 2017, Bodnar, Kim et al. 2018). During this investigation, we would 

also like to identify and characterise any other cofactors required for this p97 function. 

 

3.1.2. Results  

 

3.1.2.1. Characterisation of p97 chromatin binding pattern upon inhibition of replication 

termination at different stages 

 

In order to analyse p97 binding to chromatin during DNA replication, I isolated chromatin from 

replication reactions set up in Xenopus laevis egg extract and followed p97 interaction with chromatin 

by western blotting (Figure 3.1.a.). I also quantified the efficiency of nascent DNA synthesis (Figure 

3.1.b.). 

The double hexamer of Mcm2-7 proteins is a core of the replicative DNA helicase that is loaded onto 

chromatin in G1 phase of the cell cycle in an inactive form. It is activated by interaction with Cdc45 

and GINS complex during S phase. We can see therefore that Mcm7 (part of Mcm2-7) interacts with 
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chromatin from the earliest time points and decreases in abundance as replication progresses (Figure 

3.1.a.). On the other hand, Cdc45 and Psf2 (GINS subunit) appear on chromatin at 45 minutes when 

extract is replicating DNA very efficiently as seen by exponential increase of produced DNA at this time 

(Figure 3.1.a and b). By 60 minutes most of the bulk of DNA is already replicated (Figure 3.1.b.) and 

Cdc45 and Psf2 are barely visible on chromatin (Figure 3.1.a.). This is due to disassembly of terminated 

helicase (CMG complex) during DNA replication termination. As we can see, Mcm7 is 

polyubiquitylated at 45 and 60 min, while Cdc45 and Psf2 are removed from chromatin at the same 

time points. Only a small proportion of Mcm7 on chromatin is ubiquitylated as only a small proportion 

forms active helicase – most of Mcm7 is on chromatin in the form of inactive double hexamers, which 

are displaced from chromatin in a way that does not involve ubiquitylation of Mcm7 (Moreno, Bailey 

et al. 2014). PCNA, which is a polymerase clamp, and thus another replisome component, is present 

mostly on the chromatin when the bulk of the replication happens, but stays on a little longer as it is 

involved in Okazaki fragments maturation and post-replicative DNA repair (Thakar, Leung et al. 2020). 

Importantly, p97 interacts with chromatin at the same time when ubiquitylated Mcm7 is visible on 

chromatin and remains on it for a little longer (Figure 3.1.a.).  

 

Figure 3. 1  p97 interacts with chromatin during replication reaction. (a) Interphase egg extract was 
supplemented with demembranated sperm nuclei. Chromatin was isolated at indicated time points, separated 
by SDS-PAGE and Western blotted using the indicated antibodies. Histones are stained on the gel to act as a 
loading control. An extract sample without addition of DNA was analysed in parallel to other chromatin samples 
to provide a chromatin specificity control. * It is a band that does not disappear when polyubiquitylation is blocked with 

Ubi-NOK. This is a representative gel of at least 10 experiments performed. (b) Interphase extract was 
supplemented with demembranated sperm nuclei and α-[P32]dATP, and DNA synthesis was monitored at 
indicated time points by measuring incorporation of radiolabelled nucleotides into newly synthesised DNA. The 
experiment was performed every time a new extract prep was used. 
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3.1.2.1.1. The ATPase activity of p97 is not required for its recognition of terminated CMG complex  

 

 In order to understand what regulates chromatin binding of p97, we decided to block replication 

termination in different ways. ATPase activity of p97 allows it to pull out and process ubiquitylated 

substrates from cellular structures such as chromatin (Ramadan, Bruderer et al. 2007, Mouysset, 

Deichsel et al. 2008). I optionally blocked the activity of p97 by using the small molecule inhibitor NMS-

873. NMS-873 binds at the D1-D2 interdomain linker and prevents ADP release from D2, and in this 

way, the ATPase activity of D2 is inhibited (Magnaghi, D'Alessio et al. 2013, Xia, Tang et al. 2016, Ding, 

Zhang et al. 2019) . In such a way, NMS-873 prevents p97 from extracting ubiquitylated protein from 

their complex structures. It has been shown previously that treatment with NMS-873 causes p97 to 

accumulate on chromatin, because it can still bind to its substrates (e.g., ubiquitylated Mcm7) during 

DNA replication. To check that this is the case in my hands, chromatin was isolated at indicated time 

points during the replication reaction in egg extract and analyzed by western blotting using the 

indicated antibodies (Figure 3.2.a.). In control reaction, DMSO was added, as NMS-873 was dissolved 

in it. As expected, we saw the replication factors (Cdc45 and PCNA) binding the chromatin at 45 and 

60 min in the control conditions when the bulk of replication happens. p97 and Ufd1, however, start 

binding at around that time but remain bound to chromatin for longer (Figure 3.2.a DMSO).  
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Figure 3. 2  Blocking ATPase activity of p97 does not stop its chromatin binding during replication. a) Interphase 

egg extract was supplemented with demembranated sperm nuclei and optionally with NMS-873. Chromatin was 

isolated at indicated time points, separated by SDS-PAGE and Western blotted using the indicated antibodies. 

Histones are stained on the gel with colloidal coomassie to act as a loading control. An extract sample without 

addition of DNA was analysed in parallel to other chromatin samples to provide a chromatin specificity control. 

* It is a band that does not disappear when polyubiquitylation is blocked with Ubi-NOK. This experiment 

represents one of two biological repeats. b) The graphs showing abundance of p97 on chromatin were created 

from measuring band (pixel) densities of p97 using Image J and represent arbitrary units of two different 

experiments. Blots in (a) correspond to experiment 1.  c) The mean fold increase of p97 in two experiments in 

independent extracts. 

 

It has been previously shown, that addition of NMS-873 to the egg extract does not affect the 

efficiency of nascent DNA synthesis during DNA replication (Sonneville, Moreno et al. 2017). 
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Importantly, when the activity of p97 was blocked with the NMS-873 inhibitor, it led to a defect in the 

replication fork termination and prevented disassembly of the components of the CMG helicase 

(Cdc45, Psf2); therefore, they accumulated on the chromatin, which has been observed previously 

(Dewar, Low et al. 2017). In addition, there was an increase in the signal for ubiquitylated Mcm7, 

which indicates that polyubiquitylated Mcm7 could not be removed from chromatin. Finally, 

treatment with NMS-873 caused p97 to accumulate on chromatin along with its cofactor Ufd1. This is 

most likely due to accumulation of p97 substrate on chromatin: ubiquitylated Mcm7. I measured levels 

of p97 in two independent experiments by Image J and plotted as graphs of signal (Figure 3.2.b.). They 

show both different kinetics due to different extract used and imperfections of this technique, 

however both show the same trend of increased p97 chromatin association upon inhibition of its 

ATPase activity (Figure 3.2.c.). I chose to compare level of p97 at 45 and 75 min, as 45 min timepoint 

represents the peak of nascent DNA synthesis and accumulation of active replication forks on 

chromatin, while 75 min timepoint corresponds to time after which active replication forks should be 

gone and only terminated replisome retained on chromatin. This result therefore suggests that when 

ATPase activity of p97 is inhibited, it is still able to recognize its substrates and is thus still able to bind 

chromatin.  

 

3.1.2.1.2. When Mcm7 polyubiquitylation is blocked by inhibiting activity of Cul2Lrr1 ubiquitin 

ligase, p97 level decreases on chromatin during replication termination 

 

I next wanted to test how p97 interaction with chromatin is affected when polyubiquitylation of Mcm7 

is blocked by impairment of activity of Cul2Lrr1. Cul2Lrr1 ubiquitin ligase drives Mcm7 

polyubiquitylation during replication termination in higher eukaryotes allowing p97, together with 

Ufd1 and Npl4, to unload it from chromatin. Cullin ubiquitin ligases are activated by neddylation. 

MLN4924 blocks the activity of Cullin type ubiquitin ligases by inhibiting their neddylation through 

inactivation of the NEDD8 activating enzyme (NAE) (Brownell, Sintchak et al. 2010). The activity of 

Cul2Lrr1 can be therefore blocked through addition of the drug MLN4924 into the extract. Preventing 

Mcm7 polyubiquitylation by MLN4924 leads to accumulation of terminated CMG on chromatin 

(Moreno, Bailey et al. 2014), while the overall nascent DNA synthesis is not affected (Moreno, Bailey 

et al. 2014).  My hypothesis was that treatment with MLN4924 would cause decreased protein levels 

of p97 on chromatin, because one of p97’s main substrate on chromatin (Mcm7) could not be 

polyubiquitylated by Cul2Lrr1 during DNA replication termination. Samples were taken throughout 
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the replication reaction in egg extract at indicated time points after optional MLN4924 addition and 

analysed by western blotting using the  indicated antibodies (Figure 3.3.a.).  
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Figure 3. 3  p97 chromatin interaction is reduced when Cul2Lrr1 E3 Ubiquitin ligase is inactive. a) Interphase egg 
extract was supplemented with demembranated sperm nuclei and optionally with MLN4924 inhibitor. 
Chromatin was isolated at indicated time points, separated by SDS-PAGE and Western blotted using the 
indicated antibodies. Histones were stained in the gel with colloidal coomassie to act as a loading control. An 
extract sample without addition of DNA was analysed in parallel to other chromatin samples to provide a 
chromatin specificity control. * It is a band that does not disappear when polyubiquitylation is blocked with Ubi-
NOK. This experiment represents one of four biological repeats. b) The density of p97 was measured by using 
Image J. The graphs represent arbitrary units of p97 signal at indicated time points from 4 independent 
experiments performed in different extracts. The blots in (a) correspond to experiment 1 in (b). c) The average 
fold decrease of p97 at 45 and 60 minutes quantified with SEM. Statistical analyses were performed with 
Multiple T Test. P value *<0.5, **<0.05, ***<0.005. 

 

In unchallenged replication reaction, replication factors bind to chromatin at 45 and 60 min and the 

majority of replication is completed by 75 min. Therefore, CMG subunits (Cdc45 and Psf2) are bound 

to the chromatin at 45 and 60 min in the control conditions. p97 also binds at this time (Figure 3.3.a 

DMSO). Importantly when the neddylation and activity of Cul2Lrr1 was blocked by MLN4924 this led to 

accumulation of chromatin bound CMG components (Cdc45 and Psf2) in samples treated with the 

inhibitor. Nevertheless, despite accumulation of the terminated replisomes on chromatin, p97 does 

not accumulate on chromatin when Cullin neddylation is blocked (Figure 3.3.a.). I have quantified 

chromatin bound p97 over number of experiments to show that this trend is reproducible. l have also 

calculated the fold change of p97 signal for a couple of time points to do statistical analysis. I chose 45 

and 60 min time points for the analysis as they represent the time points when there are replication 

forks elongating and terminating on chromatin and p97 binding to chromatin at these times most 

likely represents its interaction with Mcm7. This result suggests that ubiquitylation of substrates on 

chromatin by Cullin type ubiquitin ligases is important for p97 chromatin binding. In absence of Mcm7 

ubiquitylation, despite accumulation of post-termination replisome on chromatin, p97 cannot 

recognise such unmodified replisome. 

 

3.1.2.1.3. p97 accumulates on the chromatin upon inhibition of all polyubiquitylation during 

DNA replication  

 

p97 is known to extract ubiquitylated protein substrates from chromatin (Ramadan, Bruderer et al. 

2007). ln the previous section I have shown that p97 binding to chromatin was decreased when Cul2Lrr1 

activity was blocked.  In order to learn how chromatin binding of p97 is affected when global 

polyubiquitylation is blocked, I blocked polyubiquitylation by using the Ubi-NOK recombinant protein. 

Ubi-NOK is a recombinant ubiquitin that inhibits polyubiquitylation as all of its lysines are mutated to 

arginine, thus it is defective in ubiquitin chain formation. We have shown previously that it inhibits 

Mcm7 ubiquitylation and replisome disassembly (Moreno, Bailey et al. 2014). My hypothesis was that 
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treatment with Ubi-NOK would lead to decreased levels of p97 on chromatin as all potential p97 

substrates not just Mcm7, could not be efficiently polyubiquitylated. 
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Figure 3. 4  p97 accumulated on chromatin upon inhibition of polyubiquitylation of substrates. a) Interphase 
egg extract was supplemented with demembranated sperm nuclei and optionally with Ubi-NOK. Chromatin was 
isolated at indicated time points, separated by SDS-PAGE and Western blotted using the indicated antibodies. 
Histones are stained on the gel with colloidal coomassie to act as a loading control. An extract sample without 
addition of DNA was analysed in parallel to other chromatin samples to provide the chromatin specificity control. 
* It is a band that does not disappear when polyubiquitylation is blocked with Ubi-NOK. This experiment 
represents one of four biological repeats. b) p97 on chromatin was quantified using Image J. The graphs 
represent arbitrary units of p97 quantification in 4 different experiments performed in different extracts. The 
figure in (a) corresponds to Experiment 4. c) The fold increase of p97 at 45 and 60 minutes quantified with SEM. 
Statistical analysis have done with Multiple T Test. P value *<0.5, **<0.05, ***<0.005. 

 

Chromatin samples were isolated throughout the replication reaction in egg extract at indicated time 

points after optional addition of Ubi-NOK and analysed by western blotting using the indicated 

antibodies (Figure 3.4.). LFB1/50 buffer was added into the control reaction as Ubi-NOK protein was 

dissolved in it. As expected, control reaction samples behaved as observed previously (Figure 3.1.). 

Addition of Ubi-NOK to the replication reaction does not affect the ability of extract to replicate DNA, 

as shown previously (Moreno, Bailey et al. 2014), whilst it resulted in prolonged association of the 

replicative helicase with chromatin as seen by increased and prolonged association of Cdc45 with 

chromatin (Figure 3.4.a.) as described previously (Moreno, Bailey et al. 2014). Moreover, we can 

observe accumulation of monoubiquitylated Mcm7 on chromatin as Ubi-NOK can be attached to 

substrates and monoubiquitylate them, but it does not have lysines to attach further ubiquitins in the 

chains.  This monoubiquitylation is most likely created by Cul2Lrr1 at DNA replication termination 

(Figure 3.4.a.). The non-specific MCM7 high Mw band also could be seen. However, we do not have 

an antibody that can immunodeplete mcm7 to check if this band would disappear. Although, this band 

shows chromatin binding dynamics similar to replication fork protein and if it recognizes some other 

replication factor it would also disappear when mcm7 is depleted as mcm2-7 is essential for replication 

and establishment of replisome on chromatin. 

We expected to see a decreased level of p97 chromatin binding upon egg extract treatment with Ubi-

NOK during replication as there are no polyubiquitylated factors that can be detected by p97 core 

complex (p97-Ufd1/Npl4) for extraction from chromatin. However, surprisingly, the amount of p97 

and Ufd1 binding on chromatin was increased (Figure 3.4.a.). I quantified p97 levels over a number of 

experiments to show reproducibility of this observation (Figure 3.4.b.), then l chose a couple of time 

points to do statistical analysis (Figure 3.4.c.). Although the difference in fold increase of p97 upon 

inhibition of polyubiquitylation is not statistically significant due to much divergence between 

experiments, in all experiments we could consistently see higher p97 signal on chromatin when its 

substrates could not be polyubiquitylated. This surprising result suggests that p97/Ufd1/Npl4 is not 

brought to the chromatin during DNA replication in Xenopus egg extract just by directly recognizing 
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and binding its polyubiquitylated substrates. It suggests, that p97 complexes can be recruited to the 

chromatin in alternative ways e.g., with the use of cofactors that recognize other components of 

replicating chromatin. I decided therefore to identify such cofactors. 

3.1.2.2. p97 antibody purification  

 

My aim was to see what cofactors interact with p97 on chromatin during replication termination. For 

that l need to immunoprecipitate p97 from chromatin during termination and send the sample for 

analysis by mass spectrometry. To be able to do it I needed high-affinity antibodies against Xenopus 

p97.  

p97 antibody had already been raised in the lab and so my first job was to purify them from whole 

sera and characterise them. To purify p97 antibody, an antigen column needed to be prepared. 

Therefore, the first task was to express and purify p97 protein from bacteria. BL21 E. coli cells were 

thus transformed with plasmids containing a His-p97 insert and a large culture was grown. p97 protein 

was then purified using nickel beads, following the protocol in section 2.3.3.1. The success of 

purification was determined by Coomassie staining (Figure 3.5.). The elution fraction with the highest 

concentration of purified protein, which was elution 2, was used for antibody purification. Fraction 2 

was dialyzed into the column-coupling buffer (as described in section 2.3.4.1.).  The concentration of 

p97 purified protein was quantified by Bradford assay and was found to be 6.12 mg/ml. 

 

Figure 3. 5 Recombinant X.laevis His-tagged p97  (His-p97) was purified. BL21 bacteria cells containing His-p97 
plasmid were grown in large culture. His-p97 was induced with IPTG and then purified using nickel beads. 
Samples from each step of purification protocol were resolved by SDS-PAGE prior to staining with Coomassie 
Blue.  

 

3.1.2.2.1.  Purification of p97 antibody 

 

Antibodies against p97 were purified following the protocol in section 2.3.4.2. and eluted with low pH. 

The quality of the purified antibody was then tested by Western Blotting with samples of egg extract 
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and compared with the whole serum (non-purified antibody) (Figure 3.6.). The purified antibody was 

much cleaner and more specific as it produced bands of the expected size and fewer non-specific 

bands. The p97 sera has a varieties concentration of unlabeled antibodies. Therefore, it could be useful 

if we also measured the binding affinity of p97 antibody in the sera by competitive binding assay to 

confirm the p97 antibody in sera recognized the purified p97 protein is not a nonspecific protein. 

 

Figure 3. 6  The purified p97 antibody against p97 was more specific than non-purified p97 sera. Samples of 
egg extract were resolved on an SDS-PAGE gel and western blotting was performed using purified and non-
purified (sera) antibody against p97. Samples were run on same gel and transferred onto same membrane 

 

3.1.2.3.  p97 immunoprecipitation from chromatin during replication termination  

 

We know that the purified p97 antibody specifically recognizes one band of correct size using western 

blotting of Xenopus egg extract (Figure 3.6.) However, to further test this antibody, i.e., to determine 

whether it recognizes natively folded proteins and co-immunoprecipitate its cofactors from the 

extract, I used it to immunoprecipitate p97 from Xenopus egg extract (section 2.3.5.) (Figure 3.7.a). 
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Figure 3. 7  Purified p97 antibodies can immunoprecipitate p97 from Xenopus egg extract and from chromatin. 
a) p97 was immunoprecipitated from whole egg extract using purified antibodies. Immunoprecipitated samples 
were tested by western blotting with indicated antibodies. b) p97 immunoprecipitation from chromatin 
assembled in S-phase extract treated with p97 inhibitor NMS-873. Interphase X.laevis egg extract was 
supplemented with demembranated sperm nuclei and NMS-8734. Chromatin containing high levels of 
terminated CMGs was isolated at 60 min, when most of the DNA had been replicated. Chromatin samples were 
subjected to benzonase treatment to release protein complexes from chromatin and purified p97 or commercial 
non-specific IgG antibodies used for immunoprecipitation. Immunoprecipitated materials were tested by 
western blotting with indicated antibodies. c) Large scale immunoprecipitation samples like in (b) were resolved 
in an SDS-PAGE and stained with colloidal coomassie. Each lane was cut into 10 bands and protein content 
analysed by mass spectrometry. The experiment was performed once.  

 

The purified p97 antibody was incubated with the interphase egg extract and protein G dynabeads 

used to capture antibody-p97 complex. Immunoprecipitated p97 complex was analysed by western 

blotting.  When we immunoprecipitate p97, firstly we can see that the antibody immunoprecipitates 

p97 protein as expected and secondly that it can co-immunoprecipitate p97 major interactors: Npl4 

and Ufd1 (Figure 3.7.a). This shows that our antibody can recognize natively folded p97 protein. 

To identify the cofactors that may be working with p97 during CMG complex removal from chromatin 

at replication termination, we needed to immunoprecipitate p97 from chromatin sample with 

terminated replisomes. Replication reaction was established in egg extract and p97 ATPase activity 

inhibitor (NMS-873) was added to the reaction to accumulate high levels of replisomes and p97 on 

chromatin. Based on our observations in Figure 3.2.a, we expected that p97 would still interact with 

the polyubiquitylated CMG helicase and other substrates upon treatment with the NMS-873 inhibitor, 

but that the interactions would be stabilized as such substrates could not be subsequently removed 

from the chromatin. Chromatin was isolated at 60 min when most of the DNA replication has been 

completed. Protein complexes were released from chromatin by digestion of DNA with Benzonase 

and immunoprecipitated with p97 or non-specific IgG beads. Samples were analyzed through western 

blotting and we were able to see that the p97 antibody could immunoprecipitate p97 from chromatin 

in S phase and could co-immunoprecipitate the major cofactor Npl4 (Figure 3.7.b.). In this experiment 

we expected to see the major cofactors Npl4 and Ufd1, as these have previously been shown to work 
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in this process (Maric, Mukherjee et al. 2017), but we also hoped to identify any minor cofactors, 

which may provide better substrate specificity and explain how p97 may be recruited to chromatin in 

absence of polyubiquitylated substrates. To identify such cofactors, the majority of material from a 

large-scale p97 immunoprecipitation from chromatin was resolved by SDS-PAGE and whole gel lanes 

were cut into 10 slices (Figure 3.7.c.) and sent for mass spectrometry analysis. 

Analysis of the obtained mass spectrometry data has shown that p97 was successfully 

immunoprecipitated, as seen by the identification of 935 peptides of p97 in p97 IP sample (Table 3.1.). 

l then analysed the proteins identified in p97 and control IP and firstly looked for proteins involved in 

ubiquitin-proteasome system: p97 cofactors or potential cofactors (proteins containing ubiquitin 

binding domains), ubiquitin ligases, deubiquitylating enzymes and Sumo conjugation enzymes. A 

previous PhD student in the Gambus lab, Dr Sara Priego Moreno, immunoprecipitated terminated 

replisomes through Mcm3 immunoprecipitation and analyzed co-immunoprecipitated proteins by 

mass spectrometry (Sonneville, Moreno et al. 2017). To block replisome disassembly and accumulate 

terminated replisomes Sara added a p97 mutant, that contains mutations within the two AAA+ ATPase 

domains required for the binding (D1 domain) and hydrolysis (D2 domain) of ATP (p97mut) (Heubes 

and Stemmann 2007)). She also used caffeine , which blocks ATR/ATM checkpoint signaling and allows 

for firing of more replication origins (Marheineke and Hyrien 2004). I have compared, therefore, my 

p97 immunoprecipitation results with her mass spectrometry data to establish whether factors that I 

identify are also able to interact with terminated replisomes in S-phase. 128 peptides of p97 were 

found co-immunoprecipitated with terminated replisome in Sara’s data (Table 3.1.). 
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Table 3. 1 p97 and its cofactors, ubiquitin ligases, Sumo related proteins and DUBs interacting with p97. Table 
presenting mass spectrometry analysis results of peptides identified following p97 immunoprecipitation from 
chromatin (with NMS-873) or Mcm3 IP (p97 mutant and caffeine). Total spectral count (TSC), which is a number 
of peptides for each protein identified, is indicated with the percentage of protein coverage in brackets.  Proteins 
are sorted from higher to lower TSC in the p97 IP. Proteins identified with at least 2 peptides are shown. 
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We identified six p97 cofactors in immunoprecipitation of p97: Ufd1, Npl4, p47, Ubxn7, Faf1, Faf2a 

and Faf2b. However, only four of them were found to interact with terminated replisome as well: 

Ufd1, Npl4, Ubxn7 and Faf1 (Table 3.1.). Ufd1 and Npl4 form a heterodimer and are the major 

cofactors for p97 known to function on the chromatin. p47 has role in Golgi and ER formation in cell 

cycle, membrane fusion (Stach and Freemont 2017), Faf2a and Faf2b, are active in ER-associated 

degradation (ERAD) pathways that regulate ubiquitin dependent degradation of misfolded or 

unfolded endoplasmic reticulum proteins (Xia, Yan et al. 2014).  They are mainly localized to the lipid 

droplets and endoplasmic reticulum (https://www.proteinatlas.org/ENSG00000113194-

FAF2/subcellular). Moreover, they did not interact with the replisome in Mcm3 IP.  For this reason, 

we chose not to investigate them further.  

Most interestingly, this experiment revealed two minor cofactors, Ubxn7 and Faf1, interacting both 

with p97 and post-termination replisomes on chromatin (Priego Moreno, Jones et al. 2019). These 

data suggest that Ufd1-Npl4, Ubxn7 and Faf1 might be working with p97 in the disassembly of the 

CMG helicase during replication termination. Ubxn7 has been found previously to act as an important 

linker protein for interactions between the ubiquitin ligase Cul2VHL, p97 and its substrate: ubiquitylated 

Hif1-α (Bandau, Knebel et al. 2012). In X.laevis egg extract and in C.elegans embryos during replication 

termination Mcm7 is ubiquitylated by Cul2 ubiquitin ligase (Sonneville, Moreno et al. 2017) and p97 

unloads it (Moreno, Bailey et al. 2014). We therefore have the same components as in HIF1-α 

regulation and so we hypothesized that there may be a similar mechanism.  On the other hand, 

C.elegans ortholog of Faf1 (UBXN-3) has been shown to be important for CMG disassembly in mitosis 

when Cul2Lrr1 is defective in S phase (Gaggioli and Zegerman 2017, Sonneville, Moreno et al. 2017). 

Given that we have seen the same cofactors in replisome IP, we decided to further investigate the 

interaction between Ubxn7 and Faf1 and p97 during replisome disassembly, which is driven by 

polyubiquitylation by Cul2Lrr1. 

p97 is known to interact with deubiquitylating enzymes and ubiquitin ligases that can process 

substrates recognized by p97  (Alexandru, Graumann et al. 2008). I have therefore analysed them too 

and l found a number of ubiquitin ligases: Brca1, Bard1, E6ap2, Cullin1, Cullin9, Wwp2, Rnf31, Uhrf1, 

Hectd1, and Rnf11. Similarly, a couple of deubiquitylating enzymes: Usp9x and Usp5 were found 

associated with the p97 on the chromatin during termination in the mass spectrometry analysis. Most 

of them were found only in p97 immunoprecipitation and not in terminated replisome, suggesting 

that they may be involved in other replication related roles of p97 or contamination of soluable p97 

in our chromatin fraction.  
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Table 3. 2 DNA replication and DNA damage related proteins interacting with p97. Table presenting proteins 
identified following p97 IP (with NMS-873) or Mcm3 IP (p97 mutant and caffeine) and mass spectrometry 
analysis, as in Table 3.1. This table shows replisome components, DNA replication and DNA damage related 
proteins.  Number of peptides identified for each protein in the different samples is indicated (Total spectral 
count, TSC), with the protein coverage in brackets. Proteins are sorted from higher to lower TSC and also 
combined in known complexes in the p97 IP. Only proteins identified by at least 2 peptides are shown. 
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p97 segregase plays an important role in homeostasis of proteins on chromatin and is a key player of 

protein-induced chromatin stress (PICHROS) (Vaz, Halder et al. 2013). An increasing number of 

proteins is suggested to be regulated by p97 during DNA damage response (Acs, Luijsterburg et al. 

2011, Meerang, Ritz et al. 2011). However, fewer DNA replication substrates of p97 are known. Some 

of the proteins that p97 interacts with in our samples may represent potential substrates that are 

regulated by p97. I have analyzed, therefore, my mass spectrometry data and focused first on 

interacting proteins involved in processes of DNA replication and DNA damage (Table 3.2). 

Mcm2-7 are the core components of the CMG helicase complex, and these were detected in the p97 

IP. The remaining subunits of the CMG complex however, GINS complex and Ccdc45, were not 

identified in the analysis. One explanation could be that GINS complex and Cdc45 proteins are much 

smaller and therefore much more difficult to detect by mass spectrometry (Table 3.2.). 

Most of the replication machinery components remain bound to chromatin when CMG disassembly is 

blocked during termination (Sonneville, Moreno et al. 2017). I have detected many replication factors 

in my p97 immunoprecipitation: Rpa1, Rpa3, PCNA, Dnmt1, Spt16, Ctf4, Rfc2, Rfc3, Rfc4, Pol3, Polα1, 

Polє, Topbp1-α, Orc2, Orc3, Orc4, Dna2, Fen1-α (Table 3.2.). We saw more enrichment of RPA1 than 

RPA2 and RPA3. It might be due to direct interaction of RPA1 with the p97 and chromatin but not 

RPA2 and RPA3.  Interestingly, we found RPA1 to be strongly enriched and PCNA to be increased in 

the p97 IP. This suggests that these two replication factors may directly interact with p97 either solely 

or as a member of a complex and could be potential p97 substrates.  

p97 segregase is a key factor that controls DNA repair mechanisms to correct errors during DNA 

replication (Meerang, Ritz et al. 2011, van den Boom, Wolf et al. 2016). We could see that Smarca5 

and Baz1b proteins are found more abundantly in the Mcm3 IP rather than p97 IP suggesting that they 

interact more with replisome components. However, Arid1a, Rif1 and Cenpe proteins appear to be 

more enriched in the p97 IP in comparison to the replisome IP (Table 3.2.). This suggests that the latter 

proteins may directly associate with p97. We would therefore like to hypothesize that these proteins 

might be substrates of p97 or regulate p97 in a process independent from CMG unloading at 

termination. 
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Table 3. 3 Other proteins associated with p97 on chromatin upon inhibition of replisome disassembly. Other 
proteins that are found associated with p97 in the same mass spectrometry analysis as Table 3.1. and Table 3.2. 
The number of peptides for each protein is indicated (Total spectral count, TSC), with protein coverage in 
brackets. This table only shows those proteins enriched in the p97 IP (at least 2-fold enrichment in p97 IP), and 
only proteins with more than 10 peptides identified in the p97 IP are shown. Proteins are sorted from higher to 
lower TSC. A short description of listed proteins’ functions is also provided. 
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To complete my analysis of the p97 interactors, Table 3.3. presents the rest of the proteins found to 

interact with p97 in our mass spectrometry analysis. The interaction of these proteins with p97 may 

be explained by different functions of p97 during S-phase and replication e.g. nuclear transportation. 

Others may be potential substrates for p97 or be recruited to the chromatin as a result of impaired 

CMG disassembly.  

 

3.1.2.4.  Purification of Ubxn7 protein and antibody 

 

Having identified Ubxn7 and Faf1 as potential secondary p97 cofactors, I wanted to confirm their 

interaction with p97 on chromatin by western blotting. I have a commercial Faf1 antibody that can 

recognise Xenopus Faf1, however a commercial Ubxn7 antibody was not available so I purified 

antibodies against Ubxn7 raised in the lab. I expressed His-tagged Ubxn7 in E.coli and purified 

recombinant wild type Ubxn7 (His-Ubxn7). His-Ubxn7 was expressed in Rosetta cells, a derivative of 

BL21 E.coli and purified following the protocol in (section 2.3.3.2.). Rosetta cells contain a plasmid 

expressing tRNAs for codons that are used in eukaryotic cells but are rare in prokaryotes (Kopanic, Al-
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Mugotir et al. 2013). As a result, Rosetta strain is better at expressing eukaryotic proteins that are not 

codon optimised. The purification result was analysed using Coomassie Blue (Figure 3.8.). Purified 

protein, Elution 2 was dialysed overnight in 1l of antigen column coupling buffer (0.1 M NaHCo3, 0.5 

M NaCl, pH 8.3). 

 

Figure 3. 8  The recombinant X.laevis His-tagged Ubxn7 (His-Ubxn7) was purified. Rosetta bacterial cells 
containing His-Ubxn7 plasmid were grown in large culture. His-Ubxn7 was expressed upon IPTG induction and 
purified using nickel beads. Samples from different purification steps were resolved by SDS-PAGE prior to 
staining with Coomassie Blue. 

 

I then used the purified His-Ubxn7 protein for making an antigen column and purified Ubxn7 sera 

following the protocol described in section 2.3.4. After purification, I tested whether the purified 

Ubxn7 antibody specifically recognises Ubxn7 protein in the Xenopus egg extract by western blotting. 

It clearly recognised a band of a correct size and was much cleaner than the full sera (Figure 3.9.).  
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Figure 3. 9  The purified antibody against Ubxn7 is more specific than non-purified Ubxn7 sera. Samples of egg 
extract were resolved on an SDS-PAGE gel and western blotting was performed using purified and non-purified 
(sera) antibody against Ubxn7. Samples were run on the same gel and transferred onto the same membrane 

 

3.1.2.5.  p97 interacts with Ubxn7 and Faf1 on chromatin  

 

To start confirming my mass spectrometry data, I first tested the interaction between p97 and Ubxn7 

in whole egg extract, and Ubxn7 and Faf1 on chromatin. Firstly, I tested whether p97 can interact with 

Ubxn7 in egg extract and could see Ubxn7 interacting with p97 (Figure 3.10.a.). Secondly, I tested 

whether p97 interacts with Faf1 and Ubxn7 on chromatin with accumulated terminated replisomes. 

A DNA replication reaction was started by adding sperm DNA into the interphase egg extract. The 

extract was treated with NMS-873 to accumulate terminated replisomes on chromatin. After the 

majority of the replication was completed, chromatin was isolated, protein complexes released from 

DNA with Benzonase and p97 immunoprecipitated. Then, I tested whether I can detect Ubxn7 and 

Faf1 co-immunoprecipitating with p97 from chromatin sample. Figure 3.10.b. shows that both Ubxn7 

and Faf1 interact with p97 on late S-phase chromatin as confirmed by western blotting. This result 

suggests that these two novel cofactors, Ubxn7 and Faf1, may regulate p97 binding to S-phase 

chromatin. 
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Figure 3. 10  p97 interacts with Ubxn7 and Faf1. a) IgG or purified p97 antibody was used to immunoprecipitate 
p97 from interphase egg extract. Immunoprecipitated samples were tested by western blotting with p97 and 
Ubxn7 purified antibodies. b) p97 interacts with Ubxn7 and Faf1 on S phase chromatin. Interphase Xenopus 
laevis egg extract was supplemented with demembranated sperm nuclei, treated with NMS-873 and chromatin 
was isolated at 60 min. Chromatin samples were subjected to Benzonase treatment to release protein complexes 
(input) and p97 or non- specific antibodies used for immunoprecipitation. Immunoprecipitated material was 
tested by western blotting with indicated antibodies. 

 

3.1.3. Discussion 

 

3.1.3.1. Regulation of p97 recruitment to chromatin during replication termination  

 

p97 AAA-ATPase, which is a highly conserved ubiquitin segregase (Dantuma and Hoppe 2012, Meyer 

and Weihl 2014), regulates many different cellular processes in the cells although its role in the process 

of DNA replication is still not fully characterised. Our lab has shown previously that p97 is essential for 

replisome disassembly during DNA replication termination. The aim of my project therefore was to 

characterise the regulation of p97 during DNA replication termination. 

In order to characterise p97 interaction with chromatin during DNA replication termination, we set up 

replication reactions in X.laevis egg extract using different treatments to block replisome disassembly 

at different stages of the process. p97 is one of the most abundant proteins in the cells (Meyer and 

Weihl 2014) and egg extract (Peters, Walsh et al. 1990). It is therefore clearly visible in my results that 

only a very small pool of p97 existing in the extract binds to chromatin at any time. As a result, it is a 

difficult protein for chromatin isolation as any small contamination of chromatin sample with extract 

fraction makes a big difference to the result. I made sure therefore, that I repeated the key 

experiments numerous times to ensure their reproducibility. 

Inhibition of p97 activity led to an accumulation of CMG with ubiquitylated Mcm7 on chromatin 

(Figure 3.2.a.) (Moreno, Bailey et al. 2014, Dewar, Low et al. 2017), but also p97 and its cofactor Ufd1, 

possibly due to accumulation of the substrate, polyubiquitylated Mcm7, on the chromatin. When 

Cul2Lrr1 activity was inhibited, I observed CMG accumulation on chromatin as expected (Moreno, 
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Bailey et al. 2014). However, the chromatin binding of p97 was decreased upon inhibition of Cullins 

(Figure 3.3.a.). This suggests that p97 could not recognize its substrate Mcm7 without polyubiquitin 

chains. Finally, when all of the polyubiquitylation was blocked with addition of Ubi-NOK, Mcm7 was 

not polyubiquitylated (Moreno, Bailey et al. 2014), and this led to accumulation of chromatin bound 

CMG. However, surprisingly, the protein levels of chromatin bound p97/Ufd1 increased (Figure 3.4.a.). 

This suggests that the recruitment of p97 to chromatin is not only directly through binding to the 

polyubiquitylated substrates on chromatin during DNA replication in Xenopus egg extract. It may be 

due to novel cofactors, which recruit p97 to chromatin independently from presence of 

polyubiquitylated substrates.  

 

3.1.3.2. Potential cofactors of p97 during replication termination 

 

We wanted to investigate the potential specific cofactors, which play roles during the DNA replication 

termination process. To identify which cofactors p97 may be working with during CMG complex 

disassembly at replication termination, we immunoprecipitated p97 specifically from chromatin in S 

phase, in conditions where replisome disassembly was blocked. The immunoprecipitated material was 

then analysed by mass spectrometry. We have then compared the results of p97 IP with results 

obtained previously in a similar experiment but immunoprecipitating Mcm3. These were two different 

experiments which have been performed separately and their comparison was used just as a 

suggestion of specificity of interaction, that needs to be validated in properly controlled experiments 

later. Themass spectrometry experiments performed are not quantitative due to the specifics of 

Xenopus leavis model organism. Powerful methods of quantitative mass spectrometry exist in human 

cells such as SILAC or iTRAQ. They cannot however be adapted for Xenopus system. To make our 

comparison of two immunoprecipitations more comparable, the input material could be the same for 

immunoprecipitation of either p97 or Mcm3 upon preparing one very large sample of S phase and 

mitotic chromatin. Such an experiment would require usage of large quantity of egg extract: about 10 

ml when including preliminary experiments to set up best conditions for chromatin isolation. Standard 

yield of egg extract preparation is 5-10 ml. We decided therefore to compare two separate 

experiments and follow them with more controlled smaller scale experiments to validate our findings. 

Our mass spectrometry analysis revealed that p97 interacts with several substrate recruiting cofactors 

Ufd1, Npl4, Faf2a, Faf2b, p47, Faf1 and Ubxn7 (Table 3.1.).  

Ufd1 and Npl4 work together as a heterodimer and are the major known cofactors for p97 functions 

on the chromatin and their role is conserved from worms to human (Franz, Orth et al. 2011, Raman, 
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Havens et al. 2011). Importantly have already been shown to work in disassembly of the CMG helicase 

at the end of DNA replication (Maric, Mukherjee et al. 2017).  

Faf2a and Faf2b (UBXD8) have known roles in Endoplasmic associated protein (ERAD). Neither they  

interact with post-termination replisome on chromatin (Sonneville, Moreno et al. 2017), nor their 

interaction with p97 on chromatin or Cul2 E3 ligase has not been reported. Therefore, we did not 

continue investigate further in this project. 

 

We were also able to identify two more cofactors in this experiment: Ubxn7 and Faf1, which are minor 

substrate specific cofactors. Their interaction with p97 in this process is novel and interesting to 

investigate as the same two cofactors were found to interact with a post-termination replisome on 

chromatin by Dr Sara Priego Moreno (Sonneville, Moreno et al. 2017). 

 

Faf1 plays a critical role in maintaining replication fork stability in worms and in human cell lines (Franz, 

Pirson et al. 2016). It has been shown that UBXN3 (homologous of human FAF1) is essential for CMG 

replisome unloading in mitotic prophase in C. elegans (Xia, Fujisawa et al. 2021) (Sonneville, Moreno 

et al. 2017) and human (Franz, Valledor et al. 2021) (Table3.1.).  Franz et al has recently showed that 

Faf1 works with p97-Ufd1/Npl4 specifically disassembly of DNA replication factors from chromatin 

during DNA replication upon cooperation with USP7 in human cells (Franz, Valledor et al. 2021).  

Ubxn7 has been found previously to act as an important linker protein for interactions between the 

ubiquitin ligase Cul2VHL, which ubiquitylates Hif1-α, and p97 segregase to process ubiquitylated Hif1-

α (Figure 3.11.) (Alexandru, Graumann et al. 2008, Bandau, Knebel et al. 2012). Ubxn7 depletion in 

cells unexpectedly leads to a reduced level in both full length Hif1-α and ubiquitylated Hif1-α, while 

overexpression of Ubxn7 leads to increased levels of non-ubiquitylated Hif1-α (Alexandru, Graumann 

et al. 2008). This suggests therefore that binding of Ubxn7 to neddylated Cul2 blocks its activity, not 

allowing for full activation through Nedd8 modification. Therefore, Ubxn7 is a negative regulator of 

ubiquitin ligase activity of Cul2. It was also suggested that reduced Cul2 activity stimulates binding of 

p97 through the UBX domain of Ubxn7.  Ubxn7 first binds to neddlated-Cul2, regulates its substrate 

ubiquitylation and then changes its action towards docking p97 (Bandau, Knebel et al. 2012). 
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Figure 3. 11  The representation of human Ubxn7 in Hif1-α degradation. a) Ubxn7 regulates degradation of 
Hif1-α together with neddylated Cullin2 E3 ligase and p97, (b) Domain organisation of Ubxn7. Ubxn7 is 
interacting with neddylated Cul2, ubiquitylated substrate and p97 through different domains as indicated in (a). 

 

In our project, we have similar components: the substrate Mcm7 is polyubiquitylated by Cul2 and 

extracted by p97 in the DNA replication termination process. It will be very interesting to see whether 

Ubxn7 has a role during the DNA replication termination process and whether it is a negative regulator 

of Cul2Lrr1 activity as described above. 

Both Ubxn7 and Faf1 cofactors may recruit p97 core complex for binding to ubiquitylated substrates 

on chromatin at the end of DNA replication termination. To confirm these interactions, we found that 

p97 antibody could co-immunoprecipitate Ubxn7 protein from egg extract (Figure 3.10.a.). Further to 

this, we found that p97 interacts with Ubxn7 and Faf1 on chromatin. This suggests that Ubxn7 and 

Faf1 act as secondary cofactors for p97, and have roles in CMG extraction from chromatin at the end 

of replication. 

In the next chapter we further investigate whether these two cofactors have a role during CMG 

extraction by p97 from chromatin. 
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3.1.3.3.  Other UPS related interactors of p97 on S-phase chromatin  

 

Our mass spectrometry data also revealed that p97 interacts with a number of ubiquitin ligases (Table 

3.2.). Many of them have been previously linked with p97 such as BRCA1 is a tumour suppressor gene 

(Chang, Wang et al. 2011) whose mutations and abnormal expression in cells leads to breast and 

ovarian cancer (Miki, Swensen et al. 1994). It forms a heterodimer with BARD1 to form an E3 ubiquitin 

ligase that maintains genomic stability. Other ubiquitin ligases have also been identified as chromatin 

associated p97 interactors in our analysis: WWP2, Rnf31, Ranbp2 and Usp5. They may act as cofactors 

or substrates of p97 but need to be further investigated. 

RanBP2 is localized in the nuclear pore (Vetter, Nowak et al. 1999) and is responsible for sumoylation 

of the target protein (Pichler, Gast et al. 2002). While p97 is able to bind RanBP2 during nuclear import 

(Delphin, Guan et al. 1997), their interaction on the chromatin is not yet known. However, it is known 

that nuclear pore complexes are formed and are built into the nuclear membrane through their 

interaction with Mcm2-7 on chromatin in Xenopus egg extract (Gillespie, Khoudoli et al. 2007). RanBP2 

and p97 are linked together due to replisome components interaction with nuclear pore complex, it 

is possible that p97 plays some role in proper nuclear membrane formation. 

 

3.1.3.4. Other interactors of p97 on S-phase chromatin that could be p97 substrates  

p97 interacts with many replication factors on chromatin upon inhibition of CMG helicase disassembly 

at the end of the replication: Rpa1, Rpa3, PCNA, Dnmt1, Spt16, Ctf4, Rfc2, Rfc3, Rfc4, Pol3, Polα1, Polє, 

Topbp1-α, Orc2, Orc3, Orc4, Dna2, Fen1-α are all detected interacting with p97 (Table 3.2.). Most of 

these factors could be linked to p97 through retained terminated replisome on chromatin, which is a 

p97 substrate. However, RPA1 peptides are much more abundant in the p97 IP than in the Mcm3 IP, 

suggesting that they can be potential substrates of p97. RPA as a single stranded binding protein is 

essential for DNA replication and DNA damage repair (Bochkareva, Korolev et al. 2002, Arunkumar, 

Stauffer et al. 2003, Oakley and Patrick 2010). RFWD3 E3 ubiquitin ligase was shown to drive 

ubiquitylation of RPA and RAD51 in response to mitomycin C (MMC)-induced DNA damage. Such 

modified RPA is removed from chromatin by p97  for proteasomal degradation (Inano, Sato et al. 2020) 

and promotes homologous recombination (Elia, Wang et al. 2015, Inano, Sato et al. 2020). RPA might 

therefore be a potential substrate of p97 during unchallenged DNA replication, too.  

p97 also interacts with a number of other DNA damage response (DDR) and DNA replication proteins 

(Table 3.2.). Ubiquitylation controls DNA replication, DDR and DNA repair pathways by regulating 
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assembly and disassembly of certain proteins on chromatin (Ulrich and Walden 2010, Lehmann 2011). 

We have seen that levels of the SALL4, Arid1a, RIF and CENPE proteins are much higher in the p97 IP 

compared with the replisome (Mcm3) IP. 

Finally, a variety of nuclear pore components (NUP) were also identified in the p97 IP, specifically a 

number of Nup107-160 complex members. It is possible that p97 plays some role in proper nuclear 

membrane formation potentially via interaction with RanBP2. 
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3.2. Ubxn7 forms a bridge between Cul2 and p97 during replisome disassembly in S phase 

 

3.2.1. Introduction 

 

In the previous chapter, I have shown that p97 does not bind to chromatin just through interaction 

with ubiquitylated substrates and we have identified possible co-factors that may regulate p97 during 

replication termination. These are Ubxn7 and Faf1. Ubxn7 seems especially interesting as a connector 

protein between the E3 ubiquitin ligase Cul2, p97 and ubiquitylated substrate, based on previous work 

with Hif1 (Bandau, Knebel et al. 2012). Thus, it is possible that Ubxn7 associates with Cul2Lrr1, p97 

and Mcm7 during CMG helicase removal during DNA replication termination. For this reason, we 

wanted to test whether this cofactor plays a role during replication termination. 

 

3.2.2. Results 

 

3.2.2.1.  Ubxn7 is present on chromatin during DNA replication reaction 

 

In order to determine whether Ubxn7 has a role in DNA replication and especially replication 

termination, I wanted first to analyse whether it binds to chromatin during DNA replication reaction. 

I isolated chromatin from replication reactions and tested Ubxn7 association with chromatin by 

western blotting (see materials and methods, section 2.2.2.2.) (Figure 3.12.).  

CMG helicase is present on chromatin at 45 and 60 min when the bulk of DNA replication is happening, 

after which components of CMG disappeared from chromatin, as they are unloaded. There is still a 

strong Mcm7 signal on chromatin at later time points due to the fact that most of the Mcm2-7 

complexes on chromatin are inactive and not all nuclei in the reaction mix undertake replication 

(Moreno, Bailey et al. 2014). I could also see that p97 and Ubxn7 start binding at this time but remain 

bound to chromatin for longer.  
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Figure 3. 12 Ubxn7 interacts with chromatin during replication reaction. Interphase egg extract was 
supplemented with demembranated sperm nuclei. Chromatin was isolated at indicated time points, separated 
by SDS-PAGE and Western blotted using the indicated antibodies. Histones are stained on the gel to act as a 
loading control. An extract sample without addition of DNA was analysed in parallel to other chromatin samples 
to provide a chromatin specificity control. * It is a band that does not disappear when polyubiquitylation is 
blocked with Ubi-NOK. This is a representative gel of at least 10 biological replicates. 
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3.2.2.2. Ubxn7 accumulates on chromatin when p97 activity and replisome unloading is 

blocked  

 

l wanted next to analyse chromatin association of Ubxn7 when replication termination was blocked 

at different stages. Firstly, l optionally blocked the ATPase activity of p97 by using the drug NMS-873 

which leads to accumulation of ubiquitylated replisome and p97 on chromatin. The control reaction 

was treated with DMSO, in which NMS-873 was dissolved. Chromatin was isolated at indicated time 

points during replication reaction in egg extract and tested by western blotting using the indicated 

antibodies (Figure 3.13.a.).  

 At 45 and 60 min, I could see Cdc45, Psf2, and Cul2 assembled on chromatin, and then unloading was 

observed. Lrr1 is difficult to visualize in the control, most probably due to transient interaction with 

the chromatin. Similarly, Ufd1, Faf1 and Ubxn7 can be detected binding to chromatin when the bulk 

of DNA replication happens, and forks are present on chromatin. p97, however, starts binding earlier 

and remains bound to chromatin for longer (Figure 3.13.a.). 
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Figure 3. 13  Ubxn7 interacts with chromatin during DNA replication termination. a) Interphase egg extract 
was supplemented with demembranated sperm nuclei and optionally with p97 inhibitor NMS-873. Chromatin 
was isolated at indicated time points, separated by SDS-PAGE and Western blotted using the indicated 
antibodies. Histones are stained on the gel to act as a loading control. An extract sample without addition of 
DNA was analysed in parallel to other chromatin samples to provide a chromatin specificity control. This 
experiment represents one of two biological replicates. * It is a band that does not disappear when 
polyubiquitylation is blocked with Ubi-NOK. Faf1 was analysed in only one experiment. Part of these data has 

already been presented in Figure 3.2.  b) The graphs showing abundance of Ubxn7 on chromatin were created from 
measuring band (pixel) densities of Ubxn7 using Image J and represent arbitrary units of two different 
experiments in independent extracts. Blots in (a) correspond to experiment 1 in (b). (c) The mean of the fold 
increase of Ubxn7 in two experiments in independent extracts at 45 and 60 min. d) The mean of the fold of 
increase of p97 and Cul2 at indicated time points. 

 

Upon treatment with NMS-873, components of the CMG helicase (Cdc45, Psf2) accumulate on the 

chromatin together with ubiquitylated Mcm7, which indicates that polyubiquitylated Mcm7 and the 

rest of the replisome could not be removed from chromatin, which has been observed previously 
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(Sonneville, Moreno et al. 2017). Additionally, the ubiquitin ligase Cul2 (Figure 3.12.a and 3.12.d) and 

Lrr1 can be seen enriched on chromatin due to accumulation of their substrates (terminated 

replisomes) (Sonneville, Moreno et al. 2017).  Finally, treatment with NMS-873 causes p97 to 

accumulate on chromatin along with its cofactor Ufd1 as shown in Chapter 1. Importantly, both Faf1 

and Ubxn7 also accumulate in this situation (Figure 3.13.a, 3.13.b and 3.13.c). These data suggest that 

Ubxn7 and Faf1 may indeed play a role in DNA replication termination, as they show similar patterns 

of chromatin binding as known factors. Moreover, even though p97 is not active, Ubxn7 is still able to 

bind on chromatin. 

 

3.2.2.3. Ubxn7 accumulation on chromatin is restricted when Cul2Lrr1 is not neddylated 

 

In order to learn whether the chromatin binding of Ubxn7 depends on either Cul2Lrr1 or p97 during 

DNA replication termination, I first blocked the activity of Cul2Lrr1 by using the drug MLN4924. 

MLN4924 blocks the activity of Cullin type ubiquitin ligases by inhibiting their neddylation through 

inactivation of the NEDD8 activating enzyme (NAE) (Soucy, Smith et al. 2009). It was shown previously 

that treatment with MLN4924 leads to accumulation of Cul2Lrr1 on chromatin in its deneddylated form, 

because although its activity is inhibited, it can still interact with its substrate Mcm7 at DNA replication 

termination (Sonneville, Moreno et al. 2017). Samples were taken throughout the replication 

reactionin egg extract at indicated time points after optional DMSO or MLN4924 addition and analysed 

by western blotting using the indicated antibodies (Figure 3.14.a). 

As we have seen previously, active CMG subunits (Cdc45 and Psf2) are bound to the chromatin at 45 

and 60 min in the control conditions. p97 and Ubxn7 bind chromatin at these times too. Importantly, 

when the neddylation and activity of Cul2Lrr1 was blocked by MLN4924, this led to accumulation of 

chromatin bound CMG components (Cdc45 and Psf2) but not p97 as shown in chapter 1 (Figure 

3.14.d.). Although Cul2Lrr1 was not active, it still could recognise and bind CMG complex on the 

chromatin, which results in accumulation of Cul2 itself (Figure 3.14.d). Interestingly, while we 

observed a possibly increased level of Faf1 on chromatin during S phase upon the inactivation of Cul2 

ligase, there appears to be a reproducible reduction in protein levels of Ubxn7 (Figure 3.14.c.). This 

suggests that either Ubxn7 is recruited to chromatin through interaction with neddylated Cul2, or that 

it interacts with p97 to extract polyubiquitylated CMG termination helicases during the termination 

process. Faf1 likely has a different mechanism of interaction with chromatin independently of Ubxn7, 

although the pattern of Faf1 interaction with chromatin needs to be reproduced in more experiments 

(Figure 3.14). 



103 
 

  

 

 

 

 

 

 

 

 

 

 

 



104 
 

 

 

Figure 3. 14 Ubxn7 interaction with chromatin is inhibited upon inhibition of Cul2 activity. a) Interphase egg 
extract was supplemented with demembranated sperm nuclei and optionally with MLN4924. Chromatin was 
isolated at indicated time points, separated by SDS-PAGE and Western blotted using the indicated antibodies. 
Histones are stained in the gel to act as a loading control. An extract sample without addition of DNA was 
analysed in parallel to other chromatin samples to provide a chromatin specificity control. * It is a band that 
does not disappear when polyubiquitylation is blocked with Ubi-NOK.  This experiment represents one of three 
biological repeats. Faf1 was analysed in only one experiment. b) The graphs were created from measuring band 
(pixel) densities of Ubxn7 using Image J and represent arbitrary units of three different experiments in 
independent extracts. Blots in (a) correspond to experiment 1 in (b). (c) The average fold decrease of Ubxn7 at 
45 and 60 minutes quantified with a SEM. Statistical analysis is done with Multiple T Test. P value *<0.5, **<0.05, 
***<0.005. d) The density of p97 and Cul2 was measured by using Image J. The average fold change of p97 and 
Cul2 at 45 and 60 minutes quantified with SEM. Statistical analysis as in (c). 
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3.2.2.4. Ubxn7 accumulates on chromatin upon inhibition of polyubiquitylation 

 

In order to learn how blocking polyubiquitylation affects chromatin binding of Ubxn7 during DNA 

replication termination, I blocked polyubiquitylation by using the Ubi-NOK recombinant protein. My 

hypothesis was that treatment with Ubi-NOK would cause Cul2Lrr1 to accumulate on chromatin, but 

not p97. Cul2Lrr1 should still be able to bind in its active neddylated form to its substrate Mcm7 at DNA 

replication termination but would be unable to catalyse the formation of ubiquitin chains. Samples 

were taken throughout the replication reaction in egg extract at indicated time points after optional 

addition of Ubi-NOK and analysed by western blotting using the indicated antibodies (Figure 3.15.a.) 

LFB1/50 was added to the control reaction samples as Ubi-NOK protein was dissolved in this buffer. 

As expected, control reaction samples behaved as observed previously (Figure 3.13.a and 3.14.a.) with 

most of replication forks present on chromatin at 45 min. Addition of Ubi-NOK to the replicating 

extract resulted in prolonged association of the replicative helicase with chromatin, while Mcm7 

accumulated on chromatin in a monoubiquitylated form, as described previously (Moreno, Bailey et 

al. 2014). Similarly, chromatin-bound Cul2Lrr1 significantly increased (Figure 3.15.d.) upon treatment 

with Ubi-NOK as the E3 ligase recognises its substrate Mcm7 but is unable to catalyse the formation 

of ubiquitin chains due to the presence of the Ubi-NOK mutant. It is also visible that Cul2 accumulates 

in its active neddylated form, which runs a bit higher on the gel than unneddylated Cul2.  

As seen in chapter 1, the amount of p97 and Ufd1 binding on chromatin was increased in Ubi-NOK 

samples (Figure 3.15.d.). Similarly, Ubxn7 binding was increased upon inhibition of polyubiquitylation. 

It is possible, therefore, that the p97 core complex is primarily brought to chromatin by Ubxn7 binding 

to neddylated Cul2 rather than through direct binding to polyubiquitylated proteins. 
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Figure 3. 15 Ubxn7 accumulates on chromatin upon inhibition of polyubiquitylation. a) Interphase egg extract 

was supplemented with demembranated sperm nuclei and optionally with Ubi-NOK. Chromatin was isolated at 

indicated time points, separated by SDS-PAGE and Western blotted using the indicated antibodies. Histones are 

stained in the gel to act as a loading control. An extract sample without addition of DNA was analysed in parallel 

to other chromatin samples to provide a chromatin specificity control. This experiment represents one of three 

biological repeats. B) The graphs were created from measuring band (pixel) densities of Ubxn7 using Image J and 

represent arbitrary units of three different experiments in independent extracts. The figure in (a) corresponds 

to Experiment 3. C) The average fold increase of Ubxn7 at 45 and 60 minutes quantified with SEM. Statistical 

analysis through Multiple T Test. P value *<0.05, **<0.005, ***<0.0005 d) The density of p97 and Cul2 was 

measured by using Image J. The average fold change of p97 and Cul2 at 45 and 60 minutes quantified with SEM. 

Statistical analysis as in (c). 

 

3.2.2.5. Ubxn7 and Cul2 interact on chromatin, while they do not associate in the extract  

 

We hypothesised that Cul2Lrr1 may be working together with p97 through Ubxn7. To support this 

hypothesis, we decided to analyse Ubxn7 interaction with each of these proteins. To identify proteins 

that interact with Ubxn7 in the Xenopus egg extract, we used affinity purified polyclonal Ubxn7 

antibody to immunoprecipitate Ubxn7. Purified Ubxn7 antibodies were added to the interphase egg 

extract, and the resulting antibody-protein(s) complex precipitated from the mixture with Protein G 

dynabeads. Immunoprecipitated Ubxn7 was then analysed by western blotting.  We found that this 

antibody could precipitate Ubxn7 protein efficiently and co-immunoprecipitate p97 and its 

interactors: Npl4 and Ufd1. Interestingly, Cul2 did not co-immunoprecipitate with Ubxn7 from the 

untreated extract (Figure 3.15.a.). 
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Figure 3. 16  Ubxn7 can interact with p97 core complex in Xenopus egg extract and chromatin, while it 
associates with Cul2 only on chromatin. a) The egg extract was activated into interphase and Ubxn7 was 
immunoprecipitated. Immunoprecipitated samples were tested by western blotting with indicated antibodies. 
Experiment were performed once. B) Ubxn7 immunoprecipitation from chromatin assembled in S-phase extract 
treated with p97 inhibitor NMS-873. Interphase X.laevis egg extract was supplemented with demembranated 
sperm nuclei and NMS-873. Chromatin containing high levels of terminated CMGs was isolated at 60 min. 
Chromatin samples were subjected to benzonase treatment to release protein complexes from chromatin and 
Ubxn7 or non-specific antibodies used for immunoprecipitation. Western blotting with indicated antibodies 
tested immunoprecipitated materials. Experiment was performed once. 

 

If Ubxn7 does not interact with Cul2 in the extract, does replication induce their interaction? 

Neddylation induces Cul2 activity, and ubiquitylation and unloading of CMG helicases needs 

neddylated active Cul2 (Sonneville, Moreno et al. 2017). In addition, it is known that Ubxn7 interacts 

with Cul2 once it is in active neddylated form (Bandau, Knebel et al. 2012).  To answer this, we 

immunoprecipitated Ubxn7 from S-phase chromatin. The extract was supplemented with p97 

inhibitor NMS-873 to inhibit replisome disassembly and to increase the level of terminated replisomes 

on chromatin. Protein complexes were released from chromatin by digesting with Benzonase and then 

subsequently incubated with magnetic beads covalently coupled to either Ubxn7 or nonspecific IgG. 

Immunoprecipitated material was analysed by western blotting. It can be seen that Ubxn7 interacts 

with p97 and Cul2 on S phase chromatin with terminated replisomes (Figure 3.16.b.).  

Ubxn7 interaction with Cul2 could not be seen in the cytoplasmic egg extract, as Cul2 exists there in 

its inactive, unneddylated form, while Cul2 accumulated on chromatin upon inhibition of p97 activity 

in its active neddylated form and could interact with Ubxn7. This is consistent with the idea that 

Ubxn7, as a cofactor of p97, may stimulate p97 interaction with polyubiquitylated CMG helicase 

through its interaction with Cul2 E3 ligase, similarly to the Hif1α degradation mechanism (Alexandru, 

Graumann et al. 2008, Bandau, Knebel et al. 2012) (see more detail in Discussion 3.2.). Moreover, we 

also observed two molecular size bands of Ubxn7 - the top band of Ubxn7 may represent a post -
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translational modification of Ubxn7 such as phosphorylation. A phosphorylation modification within 

the UIM domain of UBXN7 at Ser287, Ser297 (phosphosite.org) and Ser288 was identified in human 

(Kim, Tannenbaum et al. 2005, Imami, Sugiyama et al. 2008). However, phosphorylation at Ser288 

does not seem of critical importance for UIM binding to Cul2 (Bandau, Knebel et al. 2012) .  

To further validate the interaction between Ubxn7, p97 and Cul2 on the chromatin, I next 

immunoprecipitated Cul2 from digested chromatin when disassembly of the terminated CMGs was 

inhibited by addition of p97 inhibitor NMS-873, whilst caffeine was added to increase origin firing. The 

immunoprecipitated samples were then analysed by western blotting. Cul2 was successfully 

immunoprecipitated (Figure 3.17.a.). Moreover, Cul2 co-immunoprecipitated Psf2, which confirms 

that Cul2 associates with the terminated replisome machinery on chromatin (Sonneville, Moreno et 

al. 2017). Based on our observations in Figure 3.16.b, we expected Cul2 to associate with Ubxn7 on 

chromatin during S phase. This interaction was indeed observed, but there was no detectable 

interaction between Cul2 and p97. 

 

 
Figure 3. 17  Cul2 and p97 interaction is not stable on chromatin. (a) Interphase extract was supplemented with 
demembranated sperm nuclei, and treated with NMS-873 and caffeine to accumulate terminated replisomes 
on chromatin. Chromatin was isolated in middle of S-phase, and DNA digested with Benzonase to release protein 
complexes from chromatin (input) and Cul2 or non-specific IgG antibodies as a negative control used for 
immunoprecipitation. Immunoprecipitated materials were tested by western blotting with indicated antibodies. 
The experiments were performed once. (b) As in (a) but p97 antibodies were used instead of Cul2 antibodies. c) 
Model of Ubxn7 binding to replisome and regulate p97 and Cul2 activity. 

 

To confirm this result, we re-analysed the immunoprecipitated p97 sample from S phase chromatin 

(Figure 3.10.b) by blotting with Cul2 antibody. p97 immunoprecipitation from chromatin also did not 

co-precipitate Cul2, while there was co-precipitation of Ubxn7 (Figure 3.17.b.). 
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3.2.2.6. Immunodepletion of Ubxn7 from egg extract postpones replisome unloading from 

chromatin 

 

The results presented above suggest that Ubxn7 interacts with Cul2 and p97 for stimulation of CMG 

disassembly during replication termination. To address this hypothesis, I wanted to analyse the 

requirement for Ubxn7 for DNA replication and replisome disassembly. Moreover, we would like to 

understand whether Ubxn7 is needed for Cul2 and p97 binding to chromatin during replication 

termination. In order to do this, I immunodepleted Ubxn7 from Xenopus laevis egg extract using 

affinity purified polyclonal Ubxn7 antibodies (described above in 2.3.4.2.). In order to efficiently 

immunodeplete Ubxn7 from the extract, I performed two rounds of 45-minute incubations with 

Dynabeads coupled to the purified Ubxn7 antibodies. Alongside this, I used a non-specific IgG antibody 

coupled to Dynabeads with the same incubation protocol, for use as a negative control (mock) (Figure 

3.18.a.). 

 

 

Figure 3. 18  Immunodepletion of Ubxn7 from Xenopus egg extract does not inhibit DNA replication. a) The 
scheme shows Ubxn7 or mock immunodepletion from egg extract using non-specific IgG or purified Ubxn7 
antibodies. b) Ubxn7 is immunodepleted from the egg extract. Mock or Ubxn7 depleted extracts were analysed 
by western blotting using Ubxn7 antibody. c) Interphase mock and Ubxn7 depleted extracts were supplemented 
with demembranated sperm nuclei and α-[P32] dATP, and DNA synthesis was monitored at indicated time points 
by measuring incorporation of radiolabelled nucleotides into newly synthesised DNA. The mean level of 
replication in mock and Ubxn7 depleted extract of the five experiments in independent extracts was averaged 
with standard error of the mean (SEM). For each experiment the highest number of ng/ul of replicated nascent 
DNA was set as 100% of replication in the experiment and other values normalise to that point. DNA synthesis in 

interphase extract supplemented with  

 

When we compare normal and mock depleted extract with Ubxn7 depleted extract, It could clearly be 

seen that Ubxn7 was immunodepleted, with less than 10% of Ubxn7 remaining in the extract 
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comparing to the serial dilution of normal extract (Figure 3.18.b.). Depletion of Ubxn7 from the extract 

does not affect the ability of the extract to complete the bulk of DNA synthesis, as the graphs of 

accumulation of nascent DNA in ΔMock and Ubxn7 extract do not differ (Figure 3.18.d.). 

 

I next wanted to test whether immunodepletion of Ubxn7 affects unloading of terminated replisomes 

from chromatin and chromatin interaction of Cul2Lrr1 and p97.  Replicating chromatin in mock or Ubxn7 

immunodepleted extract was isolated during the replication reaction at indicated time points after 

adding DNA and analysed by western blotting using the indicated antibodies (Figure 3.19.a.). 

In mock depleted extract we observed that Cdc45 and Psf2 started binding DNA at 45 minutes, peaked 

at 60 minutes and were being unloaded from chromatin after 90 minutes. As expected, p97, Ubxn7 

and Cul2 are seen on the chromatin when the majority of replication is taking place (Figure 3.19.a.). 



112 
 

 

 

Figure 3. 19  Replisome disassembly was delayed in the absence of Ubxn7 in the extract. (a) Mock and Ubxn7 
depleted extracts were supplemented with demembranated sperm nuclei. Chromatin was isolated at indicated 
time points after DNA addition and association of CMG components, p97 and Cul2 monitored by western 
blotting using the indicated antibodies. This experiment represents one of four biological repeats. b) The level 
of western blot signal of Cdc45, Psf2, p97 and Cul2 at indicates time points were quantified in three independent 
experiments performed in three Ubxn7 immunodepleted extracts. The average fold change of was quantified 
with SEM. Statistical analysis through Multiple T Test. P value *<0.05, **<0.005, ***<0.0005 
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In Ubxn7 depleted extract the chromatin-bound Ubxn7 protein levels were much reduced compared 

with the mock control extract as expected. I did see a delay in the chromatin disassembly of CMG 

components in Ubxn7 depleted extract in comparison to the mock-depleted extract (Figure 3.19.a.). 

We did observe that replication started slightly later (lower signal at 45 min of Cdc45 and Psf2) and 

unloading of the replisome shifted to 120 minutes in the Ubxn7 depleted extract. Interestingly, we 

could see considerably higher levels of Cul2 on the chromatin after immunodepletion of Ubxn7 in the 

extract (Figure 3.19.a. and 3.19.b.). Importantly most of this chromatin bound Cul2 was in its active 

neddylated form (higher band on Cul2 blot). 

I measured levels of Cdc45, Psf2, Cul2 and p97 in four independent experiments by Image J and plotted 

as graphs of signal. Normalized to loading control and compared to buffer control. I chose to quantify 

them at 60 minutes as this is at the peak of replication and represents active replication forks, and 90 

minutes because the bulk of DNA synthesis is finished by then in mock depletion (Figure 3.19.b.) and 

the remaining CMGs on chromatin should be mostly terminated by this point (Figure 3.19.b.). 

These results suggest therefore that Ubxn7 is not necessary for replisome unloading but regulates the 

efficiency of this process. We cannot, however, exclude the possibility that the level of depletion of 

Ubxn7 in our extract is not sufficient and the remaining Ubxn7 slowly provides its activity.  

Interestingly, not having Ubxn7 can stimulate chromatin binding and activity of Cul2. Ubxn7 was 

suggested as a negative regulator of Cul2VHL in regulation of Hif1 degradation (Bandau, Knebel et al. 

2012) and may act similarly here. The increased activity of Cul2Lrr1 could compensate for not having 

Ubxn7 to bridge with p97 as longer chains on ubiquitylated Mcm7 could more efficiently attract p97 

to extract it (Deegan, Mukherjee et al. 2020). 

 

3.2.2.7. Ubxn7 is needed for efficient replisome disassembly  

 

In order to confirm that observed phenotypes of Ubxn7 depletion were due to the absence of Ubxn7 

and not co-immunodepletion of an unrelated factor, I aimed to rescue these phenotypes by adding 

back recombinant Xenopus Ubxn7. I first had to characterise the amount of recombinant protein, 

which should be added back to the extract, so that it rescues the endogenous levels and does not 

disrupt DNA replication. I added Ubxn7 to the normal extract at different concentrations and tested 

the levels by western blot using Ubxn7 antibodies. The extract sample without adding any 

recombinant protein showed endogenous Ubxn7 protein level. The recombinant Ubxn7 contains only 

additional 6His tag so it is of a very similar size to the endogenous protein. Based on the blot in Figure 
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3.20.a. we can estimate that the amount of endogenous Ubxn7 protein in the extract is less than 0.06 

mg/ml, most likely about 20 µg/ml. I tested therefore addition of 0.06 mg/ml of recombinant Ubxn7 

protein (a bit higher level than endogenous) to confirm that it will not affect DNA replication reaction 

in the extract on its own. We observed that the extracts to which we added 0.06 mg/ml of the 

recombinant Ubxn7 protein could efficiently support DNA replication. 

Mock and Ubxn7 depleted egg extracts were supplemented with sperm DNA and either LFB1/50 

buffer (Ubxn7 protein was dialyzed into this buffer) or recombinant Ubxn7 were optionally added to 

the extract. Chromatin was isolated at 100 minutes after sperm DNA addition when CMG helicase 

should already be removed in mock depleted extract, while it should stay on chromatin in Ubxn7 

depleted extract (based on Figure 3.19) and analysed by western blotting using the indicated 

antibodies (Figure 3.20.c). Under such conditions, in mock-depleted extract Cdc45 and Psf2 no longer 

interacted with chromatin with or without addition of recombinant Ubxn7 (lane 1 and 2 in Figure 

3.20.c). However, as seen before, they remained chromatin bound in Ubxn7 depleted extract (lane 3 

in Figure 3.20.c.), while adding back recombinant Ubxn7 led to a successful rescue in restoring efficient 

CMG removal from chromatin (lane 4 in Figure 3.19c, Cdc45 and Psf2). This confirms that Ubxn7 is 

required for efficient disassembly of replisome during DNA replication termination. 

As we noticed before (Figure 3.19. a. and 3.19.c.), Cul2 binding on chromatin is much higher in the 

Ubxn7 depleted extract in comparison to the mock depleted extract. Importantly, reproducibly, we 

observed that neddylated Cul2 accumulated on chromatin in Ubxn7 depleted extract, while adding 

back Ubxn7 to the Ubxn7 depleted extract abrogated this accumulation (Figure 3.20.c.). Three 

different experiments reproducibly suggest that when there is less Ubxn7 available, chromatin-bound 

Cul2 binds chromatin at higher level in its neddylated, active form. This supports the hypothesis that 

Ubxn7 has a role in negatively regulating Cul2 (Bandau, Knebel et al. 2012). 
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Ubxn7 



116 
 

Figure 3. 20 Addition of recombinant Ubxn7 protein to the ΔUbxn7 extract can rescue efficient CMG unloading 
and Cul2 chromatin levels. a) Different concentrations of recombinant purified Ubxn7 protein were added to 
the extract and analysed by western blotting with Ubxn7 antibody. b) Interphase egg extracts were 
supplemented with demembranated sperm nuclei, α-[P32]dATP and optionally with LFB1/50 buffer or 
recombinant Ubxn7 protein.  DNA synthesis was monitored at indicated time points by measuring incorporation 
of radiolabelled nucleotides into newly synthesised DNA. c) Mock and Ubxn7 depleted extracts were 
supplemented with demembranated sperm nuclei and LFB1/50 buffer or Ubxn7 were added optionally. 
Chromatin was isolated at 100 minutes after DNA addition and monitored by western blotting using the 
indicated antibodies. The experiment represents one of three biological repeats. d) The average fold change of 
Cdc45, Psf2, p97, neddylated and unneddylated Cul2 at 100 minutes quantified with SEM. Statistical analysis 
have done with Multiple T Test. P value *<0.05, **<0.005,  ***<0.0005 

 

3.2.2.8. Separation of interaction mutants of Ubxn7  

 

3.2.2.8.1. Purification of recombinant Ubxn7 mutants  

 

We wanted next to generate mutants of Ubxn7 that will inhibit its ability to interact with either p97 

or Cul2, as we would like to test whether they are able to rescue phenotypes in immunodepleted 

extracts and thus determine the mechanism by which Ubxn7 acts during replisome disassembly in S 

phase. Ubxn7-P458G point mutation in UBX domain blocks the interaction with p97 and Ubxn7, while 

L286E/A289Q/S293A Ubxn7 has mutated UIM domain to abolish the interaction with Cul2Lrr1 as 

described before in human cells (Bandau, Knebel et al. 2012, Abbas, Keaton et al. 2013). Xenopus laevis 

Ubxn7 protein (488 amino acids) has a high level of similarity with Homo sapiens Ubxn7 (489 amino 

acids). The amino acids mutated previously in human Ubxn7 studies are conserved in the Xenopus 

sequence but have a slightly different number: mutation of UIM is 282E, 285Q and 289A and mutation 

of UBX is P458 (Figure 3.21.b.). 

pET28 plasmids containing these mutants (poly-histidine tagged) were transformed into BL21 E.coli 

strain. Large cultures of BL21 bacterial cells containing Xenopus HIS-Ubxn7-P458G and HIS-Ubxn7-

L282E/A285Q/S289A expression plasmids were grown. The proteins expressed in bacteria were then 

purified using nickel beads, as explained in section 2.3.3.2. The success of the purification was 

determined by analysing samples on an SDS-PAGE gel stained with Coomassie (Figure 3.21.c and 

3.21.d.). Elution 2 from each protein contained the highest concentration of protein and was dialysed 

into LFB1/50 buffer. The concentration of HIS-Ubxn7-P458G and HIS-Ubxn7-L282E/A285Q/S289A was 

quantified by comparison to BSA standard on the gel and resulted in final concentrations of 13.5 

mg/ml and 7.5 mg/ml, respectively (Figure 3.21.e.) 

 

 

 

 



117 
 

 

 

 

 

 

 

 

 

 

 



118 
 

 

 

Figure 3. 21  The recombinant X. laevis His-tagged Ubxn7-P458G (Ubxn7ΔUBX) and Ubxn7-L282E/A285Q/S289A 

(Ubxn7ΔUIM) proteins were purified.  a) Model of Ubnx7 with various domains and indicated mutations 

disrupting particular activities in human protein. b) Xenopus laevis and human Ubxn7 protein sequence was 

compared. Red colour represents UBA domain, green colour is UAS domain, purple colour is UIM domain and 

blue colour is UBX domain. c) His-Ubxn7-P458G was expressed in BL21 E.coli cells. His-tagged protein was then 

purified using nickel beads and samples from purification protocol were resolved by SDS-PAGE prior to staining 

with Coomassie. d) As in b) but His-Ubxn7-L282E/A285Q/S289A was purified. e) The quantification of the 

purified proteins by BSA standard gel. 
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3.2.2.9. Ubxn7 interacts with p97 through UBX domain 

 
Having purified Ubxn7 mutants that should specifically disrupt one of the two key interactions of 

Ubxn7, I wanted next to confirm whether Ubxn7 interacts with p97 through its UBX domain and 

associate with Cul2 via its UIM domain, as predicted from previous studies (Bandau, Knebel et al. 

2012). As I have shown in Figure 3.16, Ubxn7 interacts in egg extract (whole cell extract) with p97 but 

not with Cul2, while interaction with Cul2 is observed only on chromatin. 

In order to examine the ability of different mutants of Ubxn7 to interact with p97, I have taken 

advantage of the fact that recombinant Ubxn7 proteins are tagged with six 

consecutive histidine residues (6His tag) that can be pulled down by Nickel Magnetic Beads. To be able 

to compete with endogenous Ubxn7, I supplemented Xenopus extract with a higher concentration of 

recombinant Ubxn7 proteins than in rescue experiments. Egg extract was supplemented with sperm 

DNA and optionally with buffer (negative control), Ubxn7wt (positive control), Ubxn7ΔUBX mutant or 

Ubxn7ΔUIM mutant. After most of the replication reaction had been completed (60 min), the extract 

was incubated with HIS-pull down dynabeads. The precipitated material was then analysed by western 

blot using anti-HIS and anti-p97 antibodies. We did not blot for Cul2, as Ubxn7 does not interact with 

Cul2 in the X. laevis egg extract (Figure 3.16.a.).  

 

 

 
Figure 3. 22 Ubxn7 interacts with p97 in the extract through its UBX domain. a) Interphase extract was 
supplemented with demembranated sperm nuclei and optionally with LFB1/50, 0.3 mg/ml Ubxn7wt, Ubxn7ΔUBX 

or Ubxn7ΔUIM. HIS pull down dynabeads were incubated with the extract in late S-phase (60 min). The 
precipitated material was then analysed by western blot using anti-HIS and anti-p97 antibodies. 

 

We blotted the samples with HIS antibody to detect the pulled-down HIS-tagged Ubxn7 recombinant 

proteins – in all three samples containing recombinant protein added there was a similar level of 
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protein pulled-down on the beads. I could see that p97 was enriched in the sample containing wild 

type Ubxn7 and in Ubxn7ΔUIM mutant. Most importantly, we observed that p97 interaction with 

Ubxn7ΔUBX mutant was inhibited, which indicates that Ubxn7 interacts with p97 through its UBX 

domain in the X.laevis egg extract (Figure 3.22). Unfortunately, I have run out of the time to test 

whether Ubxn7ΔUIM mutation will abolish interaction of Ubxn7 with Cul2 on chromatin. 

 

3.2.2.10. Adding recombinant Ubxn7 mutants to extract to compete with 

endogenous Ubxn7 

 

 In order to characterise further the importance of Ubxn7’s interactions with Cul2 and p97, I decided 

to add purified recombinant Ubxn7 mutants to X.laevis egg extract to compete with endogenous 

Ubxn7. The concentration of endogenous Ubxn7 in the extract is less than 0.06 mg/ml as shown before 

in Figure 3.20.a. I wanted therefore to add a larger amount of the Ubxn7 mutants. I tested DNA 

replication kinetics of the extract with different high concentrations of Ubxn7wt (0.23 mg/ml, 0.3 

mg/ml or 0.43 mg/ml) at two different time points to see if it affects replication (Figure 3. 23. a.). My 

result suggests that a high concentration of Ubxn7 does not affect replication. Therefore, I chose a 

mid-range concentration (0.3 mg/ml) and assessed that adding Ubxn7 mutants at that concentration 

also does not affect replication. DNA synthesis of the extract was not significantly affected by addition 

of this concentration (0.3 mg/ml) of either Ubxn7wt, Ubxn7ΔUBX or Ubxn7ΔUIM proteins, as seen by the 

incorporation of radioactive nucleotides into nascent DNA (Figure 3.23.b.).  

 

 

Figure 3. 23 Addition of high concentration of recombinant Ubxn7 does not inhibit progression of DNA 
replication. a) The extracts were supplemented with demembranated sperm nuclei and optionally: LFB1/50 or 
different concentrations of Ubxn7wt. Then α-[P32]dATP was added and DNA synthesis was monitored at two 
time points by measuring the incorporation of radiolabelled nucleotides into the nascent DNA. The experiment 
was repeated twice. b) Optionally, LFB1/50 or 0.3 mg/ml of recombinant Ubxn7 proteins were added to the 
extract with sperm DNA and α-[P32]dATP. DNA replication was monitored at indicated time points by measuring 
the incorporation of radiolabelled nucleotides into newly synthesised DNA. The experiment carried out once. 
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Knowing that addition of Ubxn7wt and mutant recombinant proteins at high concentration does not 

affect the bulk of DNA synthesis in the extract (Figure 3.23.b), I wanted to test if they affect replisome 

disassembly and chromatin binding of p97 and Cul2Lrr1. Following sperm DNA addition to interphase 

egg extract, LFB1/50 buffer, Ubxn7wt, Ubxn7ΔUBX or Ubxn7ΔUIM were added optionally to the reaction. 

Chromatin was isolated at indicated time points during the replication reaction and samples analysed 

by western blotting using the indicated antibodies (Figure 3.23).  

Adding a high concentration of Ubxn7 recombinant proteins led to a much higher level of Ubxn7 on 

chromatin, both the wild type but also mutants, suggesting that both mutants can still interact with 

the chromatin. The “no DNA” sample was isolated in parallel to chromatin samples from extract 

containing recombinant Ubxn7 proteins and indicates that the bands present in chromatin samples 

are not just precipitated recombinant protein. Nevertheless, in the presence of all recombinant Ubxn7 

proteins, Cdc45 was still efficiently removed from chromatin.  

 

Ubxn7ΔUIM mutant should disrupt the interaction between Ubxn7 and Cul2, while not disrupting p97 

interaction. I have previously shown that immunodepletion of Ubxn7 leads to a very prominent 

accumulation of Cul2 on chromatin in its neddylated active form (Figure 3.19.a.). We confirmed this 

data upon addition of a high concentration of recombinant Ubxn7UIM mutant to normal egg extract, 

mimicking overexpression experiments. The addition of Ubxn7ΔUIM to the replication reaction lead to 

accumulation of Cul2 on chromatin (Figure 3.24.a). To analyse Cul2 binding to chromatin upon 

addition of a high concentration of Ubxn7 mutants, I measured levels of Cul2 accumulated on 

chromatin at 45 min in three independent experiments with Image J and plotted graphs of signal 

(Figure 3.24.b). Addition of Ubxn7 wt protein resulted in the lowest amount of Cul2 binding to 

chromatin, suggesting that high level of Ubxn7 leads to high turnover of Cul2 on chromatin.  To analyse 

specifically neddylated Cul2, I measured the top band of the Cul2 blot on its own, which is neddylated 

form of Cul2. Only two experiments were quantified in this case as the neddylated and unneddylated 

bands of Cul2 were not resolved and separated enough in the third experiment. In conclusion, we 

observed that when Ubxn7 cannot interact with Cul2Lrr1 upon addition of the Ubxn7UIM mutant, levels 

of Cul2 and especially the neddylated Cul2Lrr1 increase on chromatin (Figure 3.24.a and 3.24.b).  

Interestingly, mutation of the UBX domain in Ubxn7, which disrupts its interaction with p97 

reproducibly led to less binding of p97 to the chromatin (Figure 3.23.a). Moreover, p97 bind similarly 

on chromatin when there are more Ubxn7ΔUBX mutant or more Ubxn7ΔUIM mutant, supports our 

hypothesis that Ubxn7 along with Cul2 brings p97 to the chromatin, as we could see before (Figure 

3.15.a).  
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Figure 3. 24 Neddylated Cul2Lrr1 increased on chromatin when high concentration of Ubxn7ΔUIM mutant was 
added to the replication reaction. a) Interphase egg extract was supplemented with demembranated sperm 
nuclei and optionally: LFB1/50 buffer, 0.3 mg/ml Ubxn7wt, Ubxn7ΔUBX or Ubxn7ΔUIM. Chromatin was isolated at 
indicated time after DNA addition and analysed by western blotting using the indicated antibodies. b) Cul2 
density was quantified by Image J in three independent experiments performed in different extracts, the average 
fold change of Cul2 at 45 min quantified with SEM. Multiple T Test used for statistical analysis. ***<0.005 c) 
Neddylated Cul2 density was quantified using Image J in two biological repeats performed in different extracts. 
The average fold change of Neddylated Cul2 at 45 min quantified.  
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3.2.3. Discussion 

 

3.2.3.1. Ubxn7 binds chromatin during replisome disassembly 

 

It is known that the CMG helicase is ubiquitylated by Cul2Lrr1 and extracted from chromatin by the p97 

remodeller in Caenorhabditis elegans (Sonneville, Moreno et al. 2017), Xenopus laevis (Dewar, Low et 

al. 2017, Sonneville, Moreno et al. 2017) and in mouse embryonic stem cells (Villa, Fujisawa et al. 

2021). However, the mechanism of p97 recruitment to the chromatin at the end of DNA replication is 

not yet known.  In the previous chapter, we found that polyubiquitylation of chromatin substrates is 

not necessary for recruitment of p97 to chromatin during DNA replication. Instead, it seems that the 

p97-Ufd1/Npl4 core complex is recruited to chromatin for CMG helicase unloading by cofactors rather 

than direct binding to polyubiquitylated substrates. Based on our mass spectrometry result, Ubxn7 

and Faf1 might be the possible cofactors that regulate p97 activity during replication termination. 

Ubxn7 especially may be an important cofactor playing a role in CMG disassembly, providing a link 

between Cul2, p97 and ubiquitylated substrate, based on its role in Hif1 degradation (Alexandru, 

Graumann et al. 2008, Bandau, Knebel et al. 2012).  

To start analysing the role of Ubxn7 in DNA replication termination we first checked that Ubxn7 

cofactor binds to chromatin during DNA replication, especially at the termination stage, using the 

chromatin isolation experiment. The pattern of Ubxn7 binding resembles that of p97: it is increased 

upon p97 activity inhibition, decreased upon inhibition of Cullin activity and slightly increased upon 

inhibition of polyubiquitylation with Ubi-NOK. Ubxn7 chromatin interaction may be therefore 

regulated by p97 chromatin binding or vice versa, p97 may be recruited to chromatin by Ubxn7. 

Bandau et al., 2012, had shown that Ubxn7 exclusively interacts with neddylated Cul2 in the cell lysate 

(Bandau, Knebel et al. 2012). Mutants of two Cullin proteins (Cul1 and Cul2), which cannot be 

neddylated, show minimal binding to Ubxn7 (den Besten, Verma et al. 2012).  The NEDD8-E1 inhibitor 

MLN4924 causes de-neddylation of Cul2 and so Ubxn7 cannot bind it (den Besten, Verma et al. 2012). 

Furthermore, Emberley et al., 2012, shown that Ubxn7 interaction with Cul2 prevents Cul2 de-

neddylation by CSN (Emberley, Mosadeghi et al. 2012). These observations strongly support the 

conclusion that Ubxn7 can interact only with active, neddylated Cul2 and it is tempting to speculate 

that Ubxn7 may recruit p97 through its interaction with neddylated Cullin2. However, chromatin 

binding of p97 may not represent binding only to the replisome, as there may be other substrates on 

chromatin for p97. Therefore, it is important to confirm this pattern of interactions with chromatin 

through IPs with replisome. However, I have run out of time to complete these experiments. 
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3.2.3.2.  Ubxn7 interacts with Cul2 on chromatin 

 

To validate whether Cul2 interaction with p97 is dependent on Ubxn7, we first showed that Ubxn7 

interacts with p97, Ufd1 and Npl4 but not with Cul2 in the extract, as we expected, due to the fact 

that Ubxn7 associates only with neddylated, active Cul2. Cul2 in whole cell extract is stable in a de-

neddylated form (Emberley, Mosadeghi et al. 2012) and becomes neddylated and active in order to 

polyubiquitylate CMG terminated helicase during replication termination. Indeed, 

immunoprecipitation of Ubxn7 from late S-phase chromatin revealed interaction with Cul2 and p97 

(Figure 3.16.b).  This data thus supports the idea that Ubxn7 can link p97 only with active Cul2 on 

chromatin as in the case of Hif1 degradation (Bandau, Knebel et al. 2012).  

 I immunoprecipitated also Cul2 from chromatin with accumulated terminated replisomes and 

confirmed that Cul2 interacts with CMG helicase on the chromatin as shown before (Sonneville, 

Moreno et al. 2017). However, while Cul2 interacts with Ubxn7 on chromatin, it does not interact with 

p97 (Figure 3.18.a.). In order to understand this interaction in more detail, we also re-analysed p97 IP 

from chromatin. Importantly, we could show that p97 can interact with Ubxn7 on chromatin but 

cannot co-precipitate Cul2 as in Cul2 IP. 

This data can be explained in one of two ways: firstly, Ubxn7 interacts individually with Cul2 and p97, 

so there are two different pools of complexes formed on chromatin; secondly, Ubxn7, p97 and Cul2 

are interacting together in one complex but p97 and Cul2 do not directly interact as Ubxn7 is placed 

between them. This complex may be dynamic and not very stable in the conditions of the 

immunoprecipitation, therefore, when we pull down Cul2 we are not able to co-precipitate p97 and 

vice versa (Figure 3.17.c). We used 300 mM KAc salt concentration when preparing input for Cul2 

immunoprecipitation and 100 mM KAc in p97 chromatin lysis buffer, to retain solubility of protein 

complexes released from chromatin. It is possible that p97 interactions are salt sensitive. Indeed,  

Besche et al., 2009, revealed that 150 mM NaCl in the buffer reduced the interaction between the 

RAD23 (DNA damage sensor protein) UBL domain and p97 (Besche, Haas et al. 2009). Besides this, p97 

was shown to interact with ubiquitin conjugated proteins through UIM and UBL domain of its cofactors 

only in the absence of salt (Besche, Haas et al. 2009). Finally, 150 mM NaCl in the proteasome isolation 

buffer abolished proteasome interaction with p97 and its cofactors such as Ufd1, Npl4 and FAF1.  This 

suggests that the correct ionic strength of the buffer may be essential for preserving the interactions 

between Ubxn7/Cul2 and p97. When we decrease salt concentrations of the buffer, we may have 

direct interactions between Cul2 and p97. 
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3.2.3.3. Ubxn7 deficiency leads to delay in disassembly of replisomes and accumulation of active 

Cul2 on chromatin 

 

When we immunodepleted Ubxn7 in the Xenopus egg extract using our new antibodies, we 

determined that the lack of Ubxn7 does not affect the ability of extract to synthesise the bulk of 

nascent DNA. A control inhibitor that is known to block DNA replication was not used when we 

quantified the effect of Ubxn7 during DNA synthesis by using TCA replication assay. This technic, which 

is incorporation of radiolabelled nucleotide into nascent DNA during a time course, has been used 

previously to show blocking of DNA synthesis by replication drugs such as DNA polymerase inhibitor; 

aphidicolin or an inhibitor of DNA topoisomerase; camptothecin, (Moreno, Bailey et al. 2014, Moreno, 

Jones et al. 2019).  

Despite a delay in unloading of replisome components, ubiquitylated Mcm7 and Cdc45 were still 

eventually unloaded from chromatin, suggesting that Ubxn7 is not essential for replisome disassembly 

at termination, but regulates the efficiency of unloading. However, we could not 100% deplete Ubxn7 

and so even small amounts of Ubxn7 might enable its activity. Importantly, we could rescue the 

phenotype of delayed terminated helicase unloading in Ubxn7 depleted extract by adding 

recombinant Ubxn7 protein.  

Interestingly, we observed much higher Cul2 binding on chromatin reproducibly in Ubxn7 depleted 

extract compared to the mock depleted extract. Critically, more neddylated Cul2 was observed in the 

Ubxn7 depleted extract, while adding back recombinant Ubxn7 to the Ubxn7 depleted extract led to 

more Cul2 protein in the unneddylated form. This supports the idea therefore, that Ubxn7 acts as a 

negative regulator of Cul2 and without Ubxn7, there is more active, neddylated Cul2 bound to the 

chromatin. It is possible therefore that lack of Ubxn7 is compensated for by an increased level of active 

Cul2 ligase accumulated on the chromatin. The accumulated Cul2, without the hindrance of Ubxn7, 

may be super active, build very long chains on Mcm7 and allow for subsequent unloading of the 

replisome. To support our data, the Labib’s lab has recently explored that longer ubiquitin chains on 

Mcm7 increased the stability of p97 interaction and efficiency of replisome unloading (Deegan, 

Mukherjee et al. 2020). 

Alexandru et al showed that upon p97 depletion in human cells, Ubxn7 association with Hif1α or 

Cullin2 did not dramatically change; however, Ubxn7 interaction with Ufd1/Npl4 is significantly 

reduced. It suggests that Ubxn7 binding to polyubiquitylated substrate and Cul2 is independent of 

p97-Ufd1/Npl4 (Bandau, Knebel et al. 2012). Depletion of Ubxn7 by siRNA had a negative effect on co-

immunoprecipitation of p97 with ubiquitylated Hif1α and Cul2 (Alexandru, Graumann et al. 2008). In 

addition, it speculates that Hif1α does not interact with p97 in the absence of Ubxn7. On the contrary, 
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our results showed that the target substrate of Mcm7 in DNA replication is still ubiquitylated and 

disassembled from chromatin by p97 when Ubxn7 is depleted. 

While p97 depletion in human cells leads to accumulation of Hif1α level, Ubxn7 depletion results in 

reduced levels of HIF1α. However, increased HIF1α levels was expected due to Ubxn7’s role as a 

cofactor for p97. This suggested that Ubxn7’s role in HIF1α regulation is complicated (Bandau, Knebel 

et al. 2012).  Deshaies and colleagues suggested that Ubxn7 binding to Cul2 is inhibiting substrate 

ubiquitylation in yeast (Emberley, Mosadeghi et al. 2012). Moreover, Alexandru and colleagues 

revealed that overexpressed Ubxn7 in the cell caused accumulation of mostly non ubiquitylated Hif1-

α and neddylated Cul2 in human cells (Bandau, Knebel et al. 2012). These observations are in 

agreement with our observation that Ubxn7 interaction with Cul2 negatively affects activity of 

chromatin bound Cul2. However, in contrast to these studies, we still do not know how Ubxn7 and 

Cul2 interaction affects substrate ubiquitylation. We could test whether Mcm7 is ubiquitylated with 

longer ubiquitin chains when Ubxn7 is depleted: we can supplement egg extract with His-tagged 

ubiquitin and pull-down ubiquitylated proteins under denaturing conditions in both mock and Ubxn7 

depleted extract. Ubiquitin chain length on Mcm7 can then be analysed through western blotting. 

In addition, the protein level of chromatin bound Cul2 did not change in the mock depleted extract 

with additional Ubxn7 added. This suggests that gentle overexpression of Ubxn7 did not change 

neither replisome disassembly nor binding of Cul2 on chromatin.  However, adding wild type Ubxn7 

at a high concentration to the normal extract leads to less Cul2 binding on chromatin (mentioned 

below). This is unlike in human cells as Bandau et al., 2012 (Bandau, Knebel et al. 2012) and Besten et 

al., 2012 (den Besten, Verma et al. 2012) showed that overexpression of Ubxn7 leads to increased 

levels of neddylated Cul2 in cells. It is most likely that high level of Ubxn7 in the extract leads to faster 

turnover of Cul2 on chromatin – Cul2 recognises and ubiquitylates Mcm7 and Ubxn7 brings p97 very 

quickly and efficiently leading to unloading of replisome and Cul2 from chromatin at faster paste. 

 

3.2.3.4. Different domains of Ubxn7 have different roles 

 

We wanted to understand better the importance of the interactions between Ubxn7, p97 and Cul2, 

and we generated mutations within the Ubxn7 protein to hinder these interactions and analyse their 

phenotypes in DNA replication. There are four different domains in Ubxn7: UBA, UAS, UIM, UBX 

(Bandau, Knebel et al. 2012, den Besten, Verma et al. 2012). I have purified Ubxn7-P458G protein 

(Alexandru, Graumann et al. 2008, Bandau, Knebel et al. 2012), which contains a single mutation 

within the UBX domain to block interactions with p97. Moreover, I have purified Ubxn7- 
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L282E/A285Q/S289A protein (Bandau, Knebel et al. 2012), which contains a triple mutation in the UIM 

domain to block the interaction with Cul2.  

Recombinant His-tagged Ubxn7wt, Ubxn7ΔUBX or Ubxn7ΔUIM mutant proteins were added to egg extract 

at high concentration to compete with endogenous Ubxn7 protein. Alexandru and colleagues 

(Alexandru, Graumann et al. 2008) presented in their data that Ubxn7 with mutated UBX domain not 

only failed to interact with p97 but also ubiquitylated substrates but was not affected in its binding to 

CRL. We confirmed that Ubxn7 could interact with p97 through its UBX domain in Xenopus egg extract 

(Figure 3.22).  

Bandau et al. (Bandau, Knebel et al. 2012) in human cells and Besten et al. (den Besten, Verma et al. 

2012) in yeast found that Ubxn7’s (yeast ortholog Ubx5) ability to bind with Cul2 was lost upon 

depletion of the UIM domain. UIM domain of Ubxn7 detects ubiquitin via ubiquitin’s hydrophobic 

surface (Hicke, Schubert et al. 2005). Sequences of Ubiquitin and NEDD8 are 60% identical (Kamitani, 

Kito et al. 1997). Besides this, the hydrophobic patch of ubiquitin, which interacts with ubiquitin 

binding domains, is the same in NEDD8 (Swanson, Kang et al. 2003).  UIM domains are therefore able 

to interact with neddylated Cul2 due to the same hydrophobic patch on Nedd8 (Bandau, Knebel et al. 

2012).  We know that endogenous Ubxn7 does not interact with Cul2 in the Xenopus egg extract, 

therefore we did not test the interaction of the UIM mutant in the extract. Unfortunately, I also ran 

out of time to test the interaction between Cul2 and the Ubxn7 UIM mutant on chromatin.  

 

3.2.3.5.  Cul2 interaction with chromatin is dependent upon the UBXN7 UIM domain 

 

We added 0.3 mg/ml recombinant Ubxn7 mutants to extract, which did not affect the ability of egg 

extract to replicate nascent DNA, to compete with endogenous Ubxn7 and tested the chromatin 

binding patterns of the proteins. We confirmed that all three recombinant Ubxn7 proteins could bind 

to the chromatin. In addition, Cdc45 was unloaded from chromatin in all conditions, suggesting none 

of the mutants strongly affected replisome disassembly. p97 interaction with chromatin was reduced 

however in the presence of the Ubxn7ΔUBX mutant. As we know that Ubxn7 associates with p97 by its 

UBX domain (Alexandru, Graumann et al. 2008, Bandau, Knebel et al. 2012). Furthermore, p97 binding 

to chromatin was decreased upon addition with Ubxn7ΔUIM mutant. Altogether, this is in agreement 

with our earlier theory that Ubxn7 and Cul2 recruit p97 to the chromatin. As seen in the Ubxn7 

depleted extract, we revealed that neddylated Cul2 binding on the chromatin is reproducibly much 

higher in the presence of the Ubxn7ΔUIM mutant. We therefore propose that Ubxn7, via its UIM 

domain, is a negative regulator protein of Cul2Lrr1 just like in case of Cul2VHL (Alexandru, Graumann et 

al. 2008, den Besten, Verma et al. 2012). It will be important to confirm the interactions of variant 
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mutants with replisome and Cul2Lrr1 through immunoprecipitation of endogenous Ubxn7 and to add 

them back to immunodepleted extract so that l can see fully their phenotype rather than seeing what 

they do on the background of endogenous Ubxn7 present in the egg extract. 

In summary, the results in this chapter suggest that during replisome disassembly, Cul2Lrr1 recognises 

terminated helicase and active, neddylated Cul2Lrr1 interacts with Ubxn7. Ubxn7 in turn restricts 

Cul2Lrr1 activity but also bridges binding to p97. Without Ubxn7, unloading of replisomes is postponed, 

while Cul2Lrr1, which is unrestricted in its activity due to the absence of Ubxn7, accumulates on 

chromatin.  

The role of Ubxn7 as a specific linker of Cul2Lrr1 and p97 during S-phase also suggest an explanation 

for surprising specificity of p97 to Mcm7 modified with K48-linked ubiquitin chains in S-phase. It has 

been shown that K48-linked ubiquitin chains on Mcm7 specifically drive unloading in S phase (Moreno, 

Bailey et al. 2014). The bridging of Cul2Lrr1 and p97 by Ubxn7 may explain why p97 preferentially 

unloads helicase modified with K48-linked ubiquitin chains made by Cul2Lrr1 and why inhibition of 

polyubiquitylation of all substrates with Ubi-NOK allows for accumulation of p97 on chromatin. We 

know (Gambus lab unpublished data) that when replisome unloading is blocked in S-phase, Mcm7 is 

ubiquitylated with K6 linked chains, driven by TRAIP ubiquitin ligase. However, K6-chains do not 

promote replisome unloading in S-phase. In mitosis, however, p97 unloads post-termination 

replisome in which Mcm7 is ubiquitylated with K63 and K6 linked ubiquitin chains by TRAIP E3 

ubiquitin ligase (Priego Moreno, Jones et al. 2019). Intriguingly, although K48 linked chains are formed 

on Mcm7 in mitosis they are not able to drive unloading. Therefore, next, we would like to understand 

whether p97 drives replisome unloading with different cofactors that recognize different ubiquitin 

chains on CMG helicase in mitosis. 
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3.3. p97 in mitotic replisome disassembly  

 

 3.3.1. Introduction 

 

It has been shown that Mcm7 is ubiquitylated within the terminated CMG helicase complex by Cul2Lrr1 

in X. laevis egg extract (Dewar, Low et al. 2017, Gambus 2017), in C. elegans embryos (Maric, Maculins 

et al. 2014) and in mouse (Villa, Fujisawa et al. 2021) during DNA replication termination in S phase. 

CMG is then disassembled by p97, allowing the whole replisome to be removed from the chromatin 

(Moreno, Bailey et al. 2014). If there is a defect in either replisome removal at termination or are 

obstacles to fork convergence, then the helicase complexes fail to be unloaded in S phase. Notably, it 

has been shown that an alternative backup pathway for replisome disassembly works in mitosis and 

this requires a different E3 ubiquitin ligase, TRAIP. This second alternative replisome disassembly 

pathway still depends on p97 activity (Priego Moreno, Jones et al. 2019, Villa, Fujisawa et al. 2021, 

Wu, Pellman et al. 2021).   

 

3.3.2. Results 

 

3.3.2.1. p97 association with chromatin during replisome disassembly in mitosis  

 

S-phase replisome disassembly depends on K48-linked ubiquitin chains, while Mcm7 is ubiquitylated 

in mitosis with K48, K63 and K6-linked ubiquitin chains. Interestingly only K6 and K63-chains support 

replisome unloading during mitosis, while K48-chains are not able to drive unloading. This suggests 

that p97 activity is very strictly controlled by different types of ubiquitin chains (Priego Moreno, Jones 

et al. 2019). Although it is known that p97 cofactors bind substrates with different ubiquitin chains 

(Alexandru, Graumann et al. 2008, Meyer and Weihl 2014), it is not known which cofactors provide 

p97 specificity for non- 48 linked ubiquitin chains. Our aim, therefore, was to investigate how p97 

interacts with chromatin during mitosis and identify which cofactors may direct it to the K6 and K63-

linked ubiquitylated Mcm7 in this stage of the cell cycle.  

Firstly, I wanted to analyse chromatin binding of p97 upon induction of mitosis. Cul2Lrr1 activity was 

blocked with MLN4924 in interphase extract in order to block the S-phase pathway of replisome 

disassembly and accumulate post-termination replisomes on chromatin. To keep synchronicity in the 

Xenopus laevis egg extract system, we block protein synthesis with cycloheximide, which prevents the 

extract from entering mitosis (Gillespie, Gambus et al. 2012).  Therefore, to analyse p97 and its 

cofactors in the mitotic replisome disassembly pathway in Xenopus egg extract, we induced mitosis in 

the extract with addition of purified HIS-tagged X.laevis  Cyclin A1Δ56 (Cyclin A1Δ), following 
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completion of DNA replication (90 min post sperm DNA addition) (Strausfeld, Howell et al. 1996). This 

has been shown previously to cause the extract to enter mitosis (Priego Moreno, Jones et al. 2019). 

At this point, half of the sample was treated optionally with DMSO or the p97 inhibitor, NMS-873. It 

has been shown that adding NMS-873 along with Cyclin A1Δ does not affect entry into mitosis (Priego 

Moreno, Jones et al. 2019).   

 

Figure 3. 25  p97 interacted with chromatin in mitosis. a) Experimental design driving egg extract from S phase 
to mitosis.  b) Interphase egg extract was supplemented with demembranated sperm nuclei and with MLN4924. 
After DNA synthesis was completed (90 minutes post addition of sperm DNA), Cyclin A1Δ was optionally added 
to the extract to drive entry into mitosis. The extract was then optionally treated with either DMSO or NMS-873. 
Chromatin was isolated at indicated time points, separated by SDS-PAGE and Western blotted using the 
indicated antibodies. Histones are stained on the gel to act as a loading control. An extract sample without 
addition of DNA was analysed in parallel to other chromatin samples to provide a chromatin specificity control. 
Time “0” sample represents the time at which Cyclin A1Δ was added, after DNA synthesis was completed. This 
experiment represents one of two biological repeats.  

 

Lanes 3-6 (Figure 3.25) represent samples from late S-phase (LFB1-50 buffer addition) as these do not 

include Cyclin A1Δ. In this case, addition of MLN4924 has blocked replisome disassembly, shown by 

retention of Cdc45 on the chromatin, which forms part of the active helicase.  We also see a low level 

of Mcm7 ubiquitylation (short ubiquitin chains), due to the blocking activity of Cul2Lrr1. In mitosis 

however, upon the addition of Cyclin A1Δ, Cdc45 is unloaded, with noticeable ubiquitylation of Mcm7 

(Figure 3.25, lane 10).  We also observed longer ubiquitin chains on Mcm7, which has been observed 

before and could indicate that long ubiquitin chains are necessary for mitotic replisome unloading 

(Priego Moreno, Jones et al. 2019).   In mitotic samples treated with the p97 inhibitor NMS-873 (Figure 

3.25, lanes 15-18) we can see accumulation of Cdc45 on the chromatin and accumulation of Mcm7 

ubiquitylation, indicating inhibition of mitotic replisome disassembly. p97 associates with chromatin 

at all of these different stages, (Figure 3.25, lanes 9-12).  
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3.3.2.2. p97 binding to chromatin in mitosis is likely to be stimulated by ubiquitylation of 

substrates 

 

 We hypothesise that in S-phase p97 is recruited to the chromatin at terminating replication forks by 

Ubxn7 and Cul2Lrr1, rather than directly and primarily binding by polyubiquitylated Mcm7. In order to 

determine whether polyubiquitylated substrates, including Mcm7, bring p97 to the chromatin during 

mitotic replisome disassembly, I wanted to block polyubiquitylation in mitosis and observe p97 

interaction with chromatin. I first blocked replisome disassembly in S-phase with Cul2 inhibitor 

MLN4924. Then I optionally added LFB1/50 buffer or Cyclin A1Δ to the extract to drive entry into 

mitosis. Half of the mitotic sample was then optionally supplemented with wt ubiquitin (Ubi) or Ubi-

NOK, in which all lysines are mutated and which therefore blocks polyubiquitylation of all proteins, 

including Mcm7.  

 

Figure 3. 26 p97 interaction with chromatin in mitosis. Interphase egg extract was supplemented with sperm 
DNA. DNA synthesis was completed in the presence of Cul2 inhibitor MLN4924 and optionally supplemented 
with LFB1-50 or Cyclin A1Δ. Mitotic samples were then also supplemented optionally with recombinant wt 
ubiquitin or Ubi-NOK. Chromatin was isolated at indicated time points, separated by SDS-PAGE and Western 
blotted using the indicated antibodies. Histones are stained on the gel to act as a loading control. An extract 
sample without addition of DNA was analysed in parallel to other chromatin samples to provide a chromatin 
specificity control. The band marked with asterix in Psf2 blot represent the recombinant Cyclin A1Δ, which is 
recognised with Psf2 antibody. This experiment was performed once. 

 

In this experiment, we could detect accumulation of Psf2 in late S-phase due to blocked Cul2Lrr1 activity 

(Figure 3.26, lane 3-5), which was then unloaded in mitosis (lanes 7-10 – by the first time point of 45 
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min Psf2 is unloaded). Of note, the dense band above Psf2 (marked with *), represents recombinant 

Cyclin A1Δ, which is recognised by the Psf2 antibody (Lanes 7-10 and 13-15). In the presence of Ubi-

NOK, we observed that the replisome component Psf2 stayed on chromatin due to inhibition of 

ubiquitin chain formation (Figure 3.26, lane 13-15). Interestingly, we found decreased levels of p97 on 

chromatin at 45 min, likely due to the reduced level of polyubiquitylated substrates, which suggests 

that these substrates do help the recruitment of p97 to chromatin in mitosis. We cannot however 

compare this experiment directly to our data from S-phase, as to block the S-phase pathway of 

replisome disassembly I have added Cullin inhibitor MLN4924, which is then present in the extract 

throughout the experiment. As my results in Results Chapter 2 suggest, inhibition of neddylation of 

Cullin2 stops its interaction with Ubxn7. This link of p97 with Cul2 through Ubxn7 would have been 

blocked in this experiment. 

 

3.3.2.3. p97 may interact with different cofactors for replisome disassembly in mitosis 

 

While we know that the p97 cofactor Ubxn7 recognises K48-linked ubiquitin chains (Alexandru, 

Graumann et al. 2008, Cilenti, Di Gregorio et al. 2020) and works in the S-phase replisome disassembly 

pathway, the distinct ubiquitin chains used in the mitotic pathway are likely to be recognised by 

alternative p97 cofactors.  In order to identify potential cofactors of p97 acting during replisome 

disassembly in mitosis, we decided to immunoprecipitate chromatin-bound p97 in mitosis and 

investigate all the interacting proteins by mass spectrometry. A replication reaction was set up in 

which replisome disassembly in S-phase was blocked by treating egg extract with the Cullin inhibitor 

MLN4924. Additionally, the egg extract was treated with caffeine to activate more replication forks 

during replication initiation. As a result of caffeine treatment there are more replisomes on chromatin 

and therefore more substrates for p97. It has been shown previously that inhibition of checkpoint by 

caffeine does not affect the efficiency of DNA replication termination and replisome disassembly. At 

90 min, at which point DNA synthesis is complete, mitosis was induced by adding Cyclin 1AΔ to the 

reaction. To have more substrate and more p97 on the chromatin, the mitotic replisome disassembly 

was blocked with p97 inhibitor NMS-873 and chromatin was isolated in mitosis at 45 min when p97 is 

accumulated on chromatin. Protein complexes were released from DNA through digestion with 

Benzonase, insoluble material spun out and soluble material incubated with p97 or non-specific IgG 

beads. A fraction of the immunoprecipitated p97 sample was analysed by Western blotting with p97 

antibody. As expected, p97 antibodies can immunoprecipitate p97 protein from mitotic chromatin 

(Figure 3.27.a.). The rest of the immunoprecipitated samples were resolved by SDS-PAGE, gel lanes 

were cut into 10 slices (Figure 3.27.b.) and analysed by mass spectrometry.  



133 
 

 

Figure 3. 27  Purified p97 antibodies can immunoprecipitate p97 from mitotic chromatin. a) Interphase egg 
extract was supplemented with demembranated sperm nuclei, caffeine (to increase origin firing) and MLN4924 
(to impede CMG unloading from chromatin). Then at 90 min Cyclin A1Δ (to induce mitotic entry) and NMS-873 
(to increase the amount of p97 on chromatin) were added. Chromatin containing high levels of terminated CMGs 
was isolated in mitosis at 45 min after Cyclin A1Δ addition, proteins released from DNA by benzonase treatment 
and p97 immunoprecipitated. Immunoprecipitation of p97 was confirmed by western blot analysis. b) 
Immunoprecipitated material was resolved by SDS-PAGE and stained with colloidal coomassie. Each lane was 
cut into 10 bands and protein content analysed by mass spectrometry. The experiment was performed once. 

 

Mass spectrometry data revealed that p97 was successfully immunoprecipitated, as seen by the 

identification of 1076 peptides of p97 in the p97 IP sample (Table 3.4.). l then went on to search 

through the list of proteins identified in immunoprecipitated material for any involved in the ubiquitin-

proteasome system: p97 cofactors or potential cofactors (proteins containing ubiquitin binding 

domains) and ubiquitin ligases. 

A previous PhD student in the Gambus lab, Dr Sara Priego Moreno, immunoprecipitated Mcm3 from 

mitotic chromatin and analysed the interacting factors by mass  (Priego Moreno, Jones et al. 2019). 

To increase the number of terminating replisomes on chromatin, to aid analysis, replisome 

disassembly was blocked by addition of p97 inhibitor NMS-873. She also treated the reaction with 

caffeine to promote DNA replication initiation and increase the number of active forks. Thus, I have 

compared my mass spectrometry data with her replisome IP in mitosis.  
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Table 3. 4 Mass spectrometry analysis of immunoprecipitated p97 in mitosis. Table presenting mass 
spectrometry analysis results of peptides identified following p97 immunoprecipitation from mitotic chromatin 
(caffeine to increase replication origin, MLN4984 to block CMG disassembly in S-phase, Cyclin A1Δ to induce 
entry into mitosis and NMS873 to have more p97) or Mcm3 IP (caffeine, NMS873 and Cyclin A1Δ). This table 
shows p97 and its co-factors and ubiquitin ligases. Total spectral count (TSC), which is a number of peptides for 
each protein identified, is indicated, with the percentage of protein coverage in brackets. Proteins are sorted 
from higher to lower TSC in the p97 IP. Proteins identified with at least 2 peptides are shown. 

 

In both sets of data, six p97 cofactors were found: Ufd1, Npl4, Ubxn7, Aspscr1 and p47 (Table 3.4.). 

Ufd1 and Npl4 are heterodimeric major cofactors of p97 and they have a role in CMG disassembly 

from chromatin during mitosis (Maric, Mukherjee et al. 2017, Sonneville, Moreno et al. 2017). My 

previous chapters revealed that Cul2Lrr1 interacts with Ubxn7 and these together with p97 unload CMG 

from chromatin in S-phase. Another cofactor p47 is required for membrane fusion by p97 (Totsukawa, 

Matsuo et al. 2013) and degrades ER substrates during the ERAD pathway (Endoplasmic reticulum 

associated pathway) (Besche, Haas et al. 2009). Aspscr1 (also Ubxn9) has a UBX domain and has a role 

in disassembly of p97 targeted substrates in membrane trafficking. However, neither p47 nor Aspcr1 

have been found previously to have a role during DNA replication and neither interacts with the 

replisome in mitosis. 

In the p97 IP we also detected components of the CMG complex: Mcm2-7 and Cdc45. Interestingly 

however, the GINS complex was not detected, which may be due to the fact that it is a complex of 

much smaller proteins (Table 3.5). 

 Inhibition of replisome disassembly in mitosis results in accumulation of many replisome components 

on chromatin during mitosis (Table 3.5, Mcm3 IP). We observed many of these to also interact with 
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p97 during mitosis:  Rpa1, Rpa2, Rpa3, Topbp1-α, Spt16, Dnmt1s, Ssrp1, Rfc3 and Polє. While Rpa1 

and Topbp1-α associate more with p97, Spt16, Dnmt1s, Ssrp1 and Rpa3 interacted more strongly with 

the replisome (Mcm3 IP) rather than p97, during mitosis. Interestingly, Rfc3 and Polє only interacted 

with p97 and not with Mcm3 in mitosis. This result suggests that Rfc3 and Polє directly interact with 

p97 and could therefore be potential substrates of p97 in mitosis. 

As is known, p97 has critical roles in DNA repair to protect the cell from death (Bennett, Lewis et al. 

1993). Indeed, many DNA damage response proteins were found to interact with p97 in mitosis (Table 

3.5), although H1foo, H2A, H2b1.1, H3.3, H4, Smarca5, Smc2, Smc4, Fancd2 and Cyclin A2 were more 

enriched in the Mcm3 IP, suggesting they interact more strongly with the replisome. Smarcal1 and 

GAPDH were, however, found to interact with p97 approximately two-fold more than with Mcm3, 

suggesting that they might be potential substrates of p97 or are regulated by p97 during mitosis. 

Moreover, WRN DNA helicase, Casein Kinase 2 α (CKII α), Casein Kinase 2 β (CKII β), and Aurora B, 

which initiates mitotic exit (Cao, Nakajima et al. 2003) were found to interact only with p97 and not 

with the replisome (Table 3.5). We hypothesise therefore that these proteins may directly interact 

with p97 and are also possible substrates of p97. 
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Table 3. 5 CMG helicase, DNA replication and DNA damage related proteins interacting with p97. Table 
presenting proteins identified following p97 IP from mitotic chromatin or Mcm3 IP as in Table 3.4. This table 
shows replisome components, DNA replication and DNA damage related proteins.  Number of peptides 
identified for each protein in the different samples is indicated (Total spectral count, TSC), with the protein 
coverage in brackets. Proteins are sorted from higher to lower TSC and also combined in known complexes in 
the p97 IP. Proteins are only shown if they have at least 2 peptides in p97 IP over control (IgG) IP. 
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Table 3.6 Comparison of p97 interactors on chromatin upon inhibition of replisome disassembly in S phase 
and mitosis. The number of peptides for each protein is indicated (Total spectral count, TSC), with protein 
coverage in brackets. This table only shows those proteins enriched in the p97 IP (at least 2-fold enrichment in 
mitotic p97 IP over IgG IP), and only proteins with more than 10 peptides identified in the S phase and mitotic 
p97 IP are shown. Proteins are sorted from higher to lower TSC in the p97 IP.  
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When comparing p97 IP in S phase with mitosis, it can be seen that Ufd1/Npl4 and Ubxn7 are the 

potential cofactors which may have roles in replisome disassembly both in S phase and mitosis. 

However, interaction of p97 with Ufd1/Nlp4 is strongly decreased in mitosis, Ubxn7 interaction with 

p97 is increased. This might be either due to posttranslational modifications (PTMs) of p97 or due to 

IP conditions (see in discussion). 

  



140 
 

3.3.2.4. Immunoprecipitated p97 interacts with Ubxn7 and Faf1 on mitotic chromatin 

 

We aimed next to confirm p97 interaction with Ubxn7, Aspcrc1 and Faf1 during the mitotic pathway 

of replisome disassembly. We set up a reaction in a similar way as for our mass spectrometry analysis: 

replisome disassembly in S-phase was blocked by adding Cul2 inhibitor MLN4924. Moreover, origin 

firing was induced with the presence of caffeine, and p97 accumulated on chromatin by addition of 

p97 inhibitor NMS873. The reaction was then supplemented with cyclin A1Δ after DNA replication was 

completed (90 min post addition of sperm DNA) to induce the extract to enter mitosis. After 45 min 

in mitosis chromatin was isolated, chromatin bound protein complexes were released by digestion 

with Benzonase and then immunoprecipitation performed with p97 antibody or non-specific IgG 

beads.  

 

Figure 3. 28  p97 interacts with Faf1 and Ubxn7 on mitotic chromatin. p97 was immunoprecipitated from 
mitotic chromatin treated with caffeine, MLN4984 and p97 inhibitor NMS873. The extract was driven to enter 
mitosis by supplementation with Cyclin 1AΔ. Chromatin, containing high levels of terminated CMGs was isolated 
at 45 minutes after Cyclin 1AΔ addition. Immunoprecipitated materials were tested by western blotting with 
indicated antibodies. * Shows Ubxn7 Xenopus protein. The experiment was performed once.  

 

In order to confirm association between p97 and its cofactors under such conditions, I analysed the 

immunoprecipitated p97 sample by western blotting with Ubxn7, Faf1 and Aspscr1. I could detect 

faint bands for Faf1 and Ubxn7 co-immunoprecipitated with p97. The top band (*) refers to co-

immunoprecipitated Ubxn7 Xenopus protein.  Interestingly, although a high number of Ubxn7 

peptides were identified interacting with p97 in mitosis through mass spectrometry analysis, it was 

very difficult to detect Ubxn7 by western blotting. It suggests that either the mass spectrometry 

method is more sensitive and so l can detect certain levels by mass spectrometry but not see them by 

western blotting or some modifications of Ubxn7 in mitosis prevent the antibodies to bind to co-

immunoprecipitated Ubxn7 (Figure 3.28.). We detected also that mitotic p97 interacted slightly with 

Faf1 protein in contrary to the mass spectrometry analysis.  When we blotted with two different 
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Aspscr1 commercial antibodies, we did not have any signal even in the extract (data not shown), 

suggesting that they do not recognise Xenopus Aspscr1.  

 

3.3.2.5. Posttranslational modifications of p97 may promote cell cycle specific functions 

 

Posttranslational modifications on p97 such as ubiquitylation, acetylation, sumoylation, parylation 

and phosphorylation enable p97 to regulate many diverse cellular functions (Fang, Zhang et al. 2016). 

Moreover, these modifications regulate the stabilization of p97 interactions with its cofactors in 

specific processes (Mori-Konya, Kato et al. 2009). I therefore analysed the mass spectrometry data 

obtained from p97 immunoprecipitation from S phase (presented in Results Chapter 1) and mitosis 

(presented here) for posttranslational modifications (Figure 3.29.).  
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Figure 3. 29  Modifications identified on p97 in S-phase and mitosis. a) p97 was immnoprecipitated from 
chromatin in S-phase (chromatin treated with NMS-873), or mitosis (chromatin treated with caffeine, MLN4984, 
NMS-873, Cyclin 1AΔ) and analysed by mass spectrometry. Posttranslational modifications identified within p97 
protein are indicated with the number of peptides that were identified with such a modification in brackets. * 
Percentage of confidence in identification of modified peptide as calculates by Scaffold programme. b) The 
model shows posttranslational modification is S-phase and c) in mitosis. The schematic structure of p97 in 
Xenopus shows that it consists of N domain (Nn: amino acids sequences from 1 to 103, Nc: amino acids 
sequences from 103 to 184), D1 and D2 domain and C terminal tail (amino acids sequences from 763 to 805). 
D1 and D2 domain consist of α-helix and Β sheet rich region and fallowing by a small α-helix rich region. 

 

Using this method, we were able to identify modifications in the N-terminal part of p97: 

phosphorylation at Serine 5 (S5), Threonine 7 (T7) and Serine 9 (S9) and acetylation at Alanine 2 (A2). 

We also found ubiquitylation at lysine295 (K295) in the D1 domain in S-phase (Figure 3.29.a and 

3.29.b). We detected 8 unmodified p97 peptides in control and 539 unmodified peptides in total p97 
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S phase IP. Moreover 50 peptides were phosphorylated, 19 peptides were acetylated, and 16 peptides 

were ubiquitylated. Alanin 2 and lysine 295 are conserved in similar position in human. In mitosis 

however, we found phosphorylation at Serine 5 (S5), Serine 702 (S702), Serine 718 (S718) in the D2 

domain, and acetylation at Alanine 2 in the N-terminal end and ubiquitylation at lysine425 (K425) and 

lysine426 (K426) in the D2 domain of p97 (Figure 3.29.a and 3.29.c). The number of unmodified 

peptides were 1 in control and 503 in total p97 mitosis IP.  We detected 7 peptides that were 

phosphorylated, 23 peptides that were acetylated and 2 peptides that were ubiquitylated. Serine 702, 

serine 718, alanine2, lysine 425 and lysine 426 are conserved in similar position in human. 

 

3.3.3. Discussion  

 

3.3.3.1. Replisome disassembly during mitosis requires p97 ATPase activity 

 

It has been shown that ubiquitylation of Mcm7 as part of the CMG terminated helicase is driven by 

Cul2Lrr1 and in Caenorhabditis elegans (Maric, Maculins et al. 2014, Sonneville, Moreno et al. 2017), 

Xenopus laevis egg extract (Dewar, Low et al. 2017, Gambus 2017, Sonneville, Moreno et al. 2017) and 

in mouse (Villa, Fujisawa et al. 2021). Ubiquitylated CMG, as well as replisome machinery attached to 

the CMG helicase, is extracted from chromatin by p97 (Moreno, Bailey et al. 2014). If the S-phase 

pathway of replisome disassembly is blocked or a problem with replication fork progression occurs 

e.g. treatment with aphidicolin and hydroxyurea (Hashimoto and Tanaka 2020), this prevents 

converging of forks and failure to disassemble the replisome in S phase. The replisomes are then 

alternatively unloaded in mitosis. This second disassembly pathway requires TRAIP E3 ligase and p97 

segregase activity (Deng, Wu et al. 2019, Priego Moreno, Jones et al. 2019, Villa, Fujisawa et al. 2021). 

The replisome complexes in S-phase or in mitosis, post-termination or stalled, have diverse structures. 

Mcm7 is ubiquitylated by K48 and K6-linked ubiquitin chains during S-phase termination, but only K48-

linked ubiquitin chains promote unloading, whereas K6 and K63-linked ubiquitin chains are able to 

drive disassembly of CMG helicase in mitosis. This shows that the unloading activity of p97 is strictly 

regulated by specific substrates and specific types of ubiquitin chains (Meyer and Rape 2014, 

Heidelberger, Voigt et al. 2018, Priego Moreno, Jones et al. 2019). It is well known that p97 cofactors 

recognise substrates ubiquitylated with K48-linked ubiquitin chains, however, which cofactors 

recognise other types of ubiquitin chains is still unknown. How does p97 extract ubiquitylated Mcm7 

linked with different ubiquitin chains from chromatin? It might be the combinations of different p97 

cofactors, which allow this role to be completed.  
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My results suggest that Ubxn7 interacting with Cul2 recruits p97 to chromatin rather than 

polyubiquitylated substrates at the termination of DNA replication in S phase. However, another E3 

ligase, TRAIP, is responsible for ubiquitylation of Mcm7 in mitosis. Therefore, we wanted to explore 

the recruitment mechanism of p97 to the chromatin in this case. When replisome unloading in S-phase 

is blocked by inhibition of Cullin neddylation, which also inhibits Ubxn7 interaction with Cul2Lrr1, and 

these replisomes are on chromatin in mitosis, they are removed from chromatin by p97, which is most 

likely recruited to chromatin by polyubiquitylated substrates, as inhibition of polyubiquitylation 

reduces that interaction (Figure 3.23). We cannot, however, exclude the role of Ubxn7 in this process 

as in our experiment Ubxn7 binding to Cul2 was blocked throughout the experiment.  

 

3.3.3.2.  Potential p97 cofactors in mitotic replisome disassembly pathway 

 

We wanted then to determine possible distinct cofactors, which could identify different ubiquitin 

chains built on terminated helicase. In addition, we wanted to analyse proteins interacting with p97 

in mitosis.  For this purpose, we immunoprecipitated p97 from mitotic chromatin and then the sample 

was analysed by mass spectrometry. 

I identified cofactors Ufd1-Npl4, Ubxn7, Aspscr1 and p47 interacting with chromatin bound p97 in 

mitosis. The contributions of the Ufd1-Npl4 heterodimeric major cofactors of p97 in extracting 

ubiquitylated proteins from chromatin in mitosis is well known. These are: Aurora B or spindle 

assembly factors XMAP215, TPX2 or Plx1  (Vaz, Halder et al. 2013). Franz et al (Franz, Orth et al. 2011) 

revealed that the p97/Ufd1-Npl4 core complex regulates CDT-1 degradation upon extraction of Cdc45 

and GINS in in C. elegans embryos and in X. laevis egg extract during mitosis. Moreover, Ufd1 and Npl4 

with p97 have already been shown to be essential for mitotic replisome disassembly in C. elegans 

(Gaggioli and Zegerman 2017, Sonneville, Moreno et al. 2017). Besides this, p97 with Ufd1/Npl4 is 

required for spindle disassembly to exit from mitosis in yeast and Xenopus egg extracts (Cao, Nakajima 

et al. 2003). However, many more Npl4 peptides than Ufd1 peptides have been identified in the p97 

IP.  Ye et al. (Ye, Meyer et al. 2003), Flierman et al. (Flierman, Ye et al. 2003) and Sato et al. (Sato, 

Tsuchiya et al. 2019) revealed that Npl4 via its NZF domain, which is  important for ubiquitin binding, 

associates with K48-linked and K63-linked ubiquitin chains, Ufd1 through its UT3 domain only binds 

K48-linked ubiquitin chains in mammals. Mutational analysis revealed that C-terminal domain (CTD) 

of Npl4 have role in ubiquitin chain specificity and initial binding of the ubiquitin linkage (Bodnar, Kim 

et al. 2018). The Gambus group recently suggested that K63-linked ubiquitin chains on Mcm7 drives 

replisome disassembly in mitosis (Priego Moreno, Jones et al. 2019).  This result could explain why we 
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see higher levels of Npl4 than Ufd1 in the mass spectrometry analysis of cofactors interacting with 

p97 in mitosis. Furthermore, Ufd1 and Npl4 may have separate functions in cells. For example, Heo et 

al. showed that Vms1 (VCP/Cdc48-associated Mitochondrial Stress-responsive), which has VCP 

Interaction Motif (VIM), interacts specifically with Cdc48-Npl4 in yeast and mammals. While Cdc48-

Npl4-Vms1 complex drives mitochondrial protein degradation, Cdc48-Ufd1 complex promotes 

Endoplasmic Reticulum associated protein degradation. Likewise, p97-Npl4 complex may be mainly 

responsible for unloading of Mcm7 modified with K63-linked ubiquitin chains during mitosis 

The minor p97 cofactor with the highest number of peptides identified in IP of p97 from mitotic 

chromatin with accumulated replisomes was Ubxn7, despite the fact that the neddylation inhibitor 

MLN4924 was present in the experimental setup and should restrict Ubxn7 binding to Cul2. In the 

previous chapter of my thesis, we suggested that Ubxn7 binding to Cul2 recruits p97 to chromatin for 

replisome unloading in S phase. However, mitotic replisome unloading does not require Cul2 activity 

and instead needs TRAIP E3 ligase for ubiquitylation (Deng, Wu et al. 2019, Priego Moreno, Jones et 

al. 2019, Villa, Fujisawa et al. 2021, Wu, Pellman et al. 2021) and there are no known indications of 

interactions between Ubxn7 and TRAIP.  Surprisingly, even though Ubxn7 had the largest number of 

peptides identified in the mitotic p97 IP, it was very difficult to detect by western blotting. It is possible 

that maybe post-translational modifications of Ubxn7 in mitosis are affecting the ability of our 

antibodies to detect it. However, my mass spectrometry analysis did not identify any posttranslational 

modification on Ubxn7 in either S phase or mitosis. 

The next p97 cofactor with the highest number of peptides identified in IP of p97 from mitotic 

chromatin with accumulated replisomes was ASPCR1. ASPCR1 (ASPL, TUG, UBXD9) facilitates 

degradation of misfolded proteins attached to endoplasmic reticulum during Endoplasmic reticulum 

association degradation (ERAD) (Alberts, Sonntag et al. 2009). Overexpression of ASPL leads to 

blocking of the ERAD pathway through negatively affecting p97 activity (Orme and Bogan 2012, 

Cloutier, Lavallee-Adam et al. 2013, Arumughan, Roske et al. 2016). Besides these, the putative yeast 

orthologue of  Aspscr1 is Ubx4, which drives dislocation of ubiquitylated RNA Pol II subunit Rpb1 from 

chromatin by Cdc48-Ufd1/Npl4-Ubx5 (Ubxn7) in UV treated cells in budding yeast (Verma, Oania et 

al. 2011). Aspscr1  with Ubxn7  might modulate p97 activity in the degradation of RNA Pol II in human 

cells (Verma, Oania et al. 2011) . However, its role during mitotic CMG disassembly is not known. 

p47 is another major cofactor of p97 that is known to work in membrane fusion Golgi formation 

(Dreveny, Kondo et al. 2004, Huang, Tang et al. 2016). In addition, Cdc48-Ubx3 (yeast ortholog of p47) 

in mitotic progression does not directly influence cell cycle but promotes proteasome regulation; this 

complex also controls degradation of mitotic regulators in C.elegans (Chien and Chen 2013). This, in 
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combination with the fact that only 2 peptides of p47 were identified in p97 IP and none in replisome 

IP in mitosis, suggests that replisome unloading is not a potential substrate of p97-p47 complex. 

Finally, Faf1 was identified in the replisome IP on mitotic chromatin but not in the p97 IP. Surprisingly, 

while we did not detect any Faf1 peptides in the mitotic p97 IP using mass spectrometry, we could 

observe low levels of Faf1 co-immunoprecipitating with p97 through western blotting (Figure 3.28.). 

This suggests that maybe the higher salt concentrations (300mM, used for mass spectrometry of the 

p97 IP) break the interaction between p97 and Faf1, while low salt concentration (100mM, used for 

replisome IP) does not. It has been shown in C.elegans that Ubxn-3 (orthologue of FAF1) is responsible 

for CMG removal from chromatin, helping CDC-48 (p97)-Ufd1/Npl4 dependent replisome disassembly 

during mitosis (Sonneville, Moreno et al. 2017). 

 

3.3.3.3. Potential p97 substrates on mitotic chromatin 

 

Our mass spectrometry results reveal that p97 interacts with CMG helicase components, that are to 

be unloaded in mitosis from chromatin: Mcm2, Mcm3, Mcm4, Mcm5, Mcm7 and Cdc45. GINS 

subunits, however, could not be seen, most probably due to their small size contributing relatively few 

peptides in mass spectrometry analysis. We analysed also which parts of the replisome remained 

interacting with p97 on mitotic chromatin. While RPA2, RPA3, Spt16, Ssrp1 and Dnmt1-s were found 

to directly interact with the CMG helicase, RPA1 looks to be interacting with p97. RPA1 was found also 

as a substrate in S-phase. When replisomes are not unloaded it may still be targeted by p97. 

Dnmt1 plays a critical role in DNA methylation in Xenopus egg extract.  Mortusewicz et al. revealed 

that Dnmt1 recruitment at the DNA damage sites occurs by PCNA for DNA repair (Mortusewicz, 

Schermelleh et al. 2005), however, the interaction with p97 has not been shown before.  

Heller et al. (Heller, Kang et al. 2011) showed that Topbp1-α, which is one of the important origin firing 

factors, aids binding of Cdc45 and GINS to Mcm2-7 (Heller, Kang et al. 2011, Gambus 2017) and drives 

replication initiation (Gambus 2017). In addition, Topbp1 is a major factor in ATR dependent 

replication stress in S phase (Bass and Cortez 2019). The presence of ongoing replication forks on 

chromatin can delay mitotic entry through checkpoint activation (Hashimoto and Tanaka 2020) and it 

is possible that retained replisomes on chromatin in mitosis may activate a form of checkpoint that 

involves Topbp1. However, p97 with Topb1 interaction has not been previously suggested.  

We also identified a number of DNA damage and DNA replication related proteins interacting with 

p97 in mitosis. CkII α, CkII β, Aurora B, Wrn helicases and Smarcal1 were enriched in the p97 IP, while 
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ATR, H1foo, Smarca5, Fancd2 and Smc2 were enriched also in the replisome IP. Protein kinase CKII, 

identified in the p97 IP, associates with p97 through the CSN (COS9 signalosome) complex.  CSN  

regulates de-neddylation and the activity of CRL E3 ubiquitin ligases (Schwechheimer, Serino et al. 

2001, Cope, Suh et al. 2002, Zhou, Wee et al. 2003) and activity of ligases, which regulates the ubiquitin 

dependant degradation of the substrate (Harari-Steinberg and Chamovitz 2004). p97 directly interacts 

with the CSN complex through the CSN5 subunit. CSN5 binds the C terminal end of p97 via its MPN 

domain (Cayli, Klug et al. 2009). Uhle and colleagues revealed that CSN co-immunoprecipitates the 

protein kinase CKII which has two subunits: CKII α and CKII β (Uhle, Medalia et al. 2003). Cayli et al. 

(Cayli, Klug et al. 2009) suggest that CSN interaction with protein kinase CKII controls p97 interaction 

with p97 substrate processing cofactors through phosphorylation.  

CKII is also recruited by CSN to regulate ubiquitin dependent degradation.  Together they 

phosphorylate p53 at Thr155, thereby regulating p53 ubiquitylation by E6AP for proteasomal 

degradation (Bech-Otschir, Kraft et al. 2001, Uhle, Medalia et al. 2003). p97 directly controls 

ubiquitylated p53 degradation by the proteasome (Valle, Min et al. 2011). We also detected E6AP 

ubiquitin ligase in the p97 IP. There is the possibility therefore that E6AP, CK2 and CSN regulate p97 

activity in mitosis and maybe even replisome disassembly. 

The next DNA damage related protein found in the p97 IP was Smarcal1 which is an annealing helicase. 

It is recruited to DNA damage sites through interaction with RPA to enable DNA repair (Ciccia, 

Bredemeyer et al. 2009, Yusufzai, Kong et al. 2009, Ghosal and Chen 2013). It is phosphorylated by 

ATR to help complete DNA replication and avoid stalled forks (Couch, Bansbach et al. 2013).  

WRN belongs to the RecQ DNA helicase family, which has 3′-5′ exonuclease and helicase activities 

(Rossi, Ghosh et al. 2010). It has roles in DNA replication and DNA repair to protect genomic stability 

(Rossi, Ghosh et al. 2010). The latest data shows that p97 directly interacts with WRN via its RQC 

domain to release it from the nucleolus during DNA damage (Indig, Partridge et al. 2004). WRN might 

be recruited by p97 to stalled or collapsed replication forks (Ramadan, Halder et al. 2017).  

Ramadan and colleagues found that p97 extracted ubiquitylated Aurora B from chromatin during exit 

from mitosis resulting in chromosome decondensation and nucleus formation by inactivation of 

Aurora B (Ramadan, Bruderer et al. 2007). However, it has not been shown whether neither E6AP or 

CKII or Aurora B could modify p97. 

A variety of other proteins appeared in the screening. This suggests that p97 has many different 

cellular roles in the cells apart from DNA replication. For instance, p97 has a novel role in actin 

regulation (Khong, Lai et al. 2020). Flna, Coronin, Coro1-c and Cttn actin binding proteins might be 
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potential substrates of p97 in actin regulation. In addition, although p97 interaction with Trafd1, which 

is a negative feedback regulator for excessive innate immune system (Sanada, Takaesu et al. 2008), 

has not been reported, p97-Ufd1/Npl4 acts as a regulator for proteasomal degradation during innate 

immune responses (Hao, Jiao et al. 2015). 

 

3.3.3.4. Posttranslational modifications may regulate p97 activity in the cell cycle 

 
p97 is highly modified by posttranslational modifications (PTMs) including phosphorylation, 

acetylation (Mori-Konya, Kato et al. 2009, Ewens, Kloppsteck et al. 2010, Hanzelmann and Schindelin 

2017), ubiquitylation (Hanzelmann and Schindelin 2017), sumoylation (Hendriks, Lyon et al. 2017), 

palmitoylation (S-Acylation) (Fang, Zhang et al. 2016), lysine and arginine N-methylation (Kernstock, 

Davydova et al. 2012), S-glutathionylation (Noguchi, Takata et al. 2005). These modifications control 

the function of p97 in diverse cellular processes and p97 interactions with its cofactors (Ewens, 

Kloppsteck et al. 2010, Hanzelmann and Schindelin 2017). Posttranslational modifications can cause 

structural changes to the protein, alter protein interactions with other proteins, alter protein 

localisation or can act as a phospho-degron resulting in protein degradation. PTMs are regulated by 

enzymes, which are able to add or remove these modifications. The N domain, C terminal tail and D1 

domain of p97 are exposed to PTMs (Hanzelmann and Schindelin 2017).  66 phosphorylated sites, 38 

ubiquitylation sites and 24 acetylation sites on p97 have been identified by proteomics analysis 

PhosphoSitePlus (PSP, http://www.phosphosite.org/). Phosphorylation and acetylation of p97 have 

been revealed to help a variety of p97 related processes such as misfolded protein degradation, 

membrane fusion and transcription factor activation through modifying cofactor binding and 

regulating subcellular localization (Ewens, Kloppsteck et al. 2010). 

In our mass spectrometry analysis, p97 IP from S phase chromatin has identified phosphorylation at 

Ser5, Thr7, Ser9 and acetylation at Ala2 in the N terminal extension, and ubiquitylation at the Lys295 

D1 domain. p97 IP from mitotic chromatin however found phosphorylation at Ser5, Ser702 and 

Ser718, which are located in the D2 domain, acetylation at Ala2 in the N terminal extension and 

ubiquitylation on Lys425 and Lys426 in the D1 domain. Ubiquitylation at K295, K425 and K426, and 

phosphorylation at Ser702 and Ser718 have all been identified before by proteomic analysis 

PhosphoSitePlus (PSP, http://www.phosphosite.org/).  

The first 24 amino acids of the N domain are called the N terminal extension and it is important for 

ATPase activity (Hanzelmann and Schindelin 2017).  In addition, phosphorylation at Ser5, Thr7 and 

Ser9 (S phase p97 IP) and acetylation at Ala5 (in both our S phase and mitotic p97 IP) might regulate 

http://www.phosphosite.org/
http://www.phosphosite.org/
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affinity and binding of different cofactors and ubiquitylated substrates. For example, the SHP motif of 

cofactors (Ufd1 and p47) interacts with hydrophobic residues on the p97 N terminus (Hanzelmann 

and Schindelin 2016, Le, Kang et al. 2016). Phosphorylation in the N domain of p97 at Thr168 was 

shown to affect the affinity of binding of cofactors containing the SHP domain (Hanzelmann and 

Schindelin 2017). This could explain why we identified fewer Ufd1 peptides than Npl4 in the S phase 

p97 IP. 

Phosphorylation of p97 has been identified at several amino acids such as Ser7, Ser352, Ser746, 

Ser748, Ser784 and Tyr805 (Livingstone, Ruan et al. 2005, Rush, Moritz et al. 2005, Villen, Beausoleil 

et al. 2007, Mori-Konya, Kato et al. 2009). Phosphorylation at tyrosine or serine residues on p97 

contribute to a variety of processes including DNA repair and the ERAD pathway. Li et al. and Schaeffer 

et al. revealed that Tyr805 phosphorylation of p97 diminished interaction of the PUB/PUL domain of 

p97 with its cofactors (Li, Zhao et al. 2008, Schaeffer, Akutsu et al. 2014). Phosphorylation by AKT 

serine threonine kinase at Ser352, Ser746, and Ser748 helps maintain cell survival (Klein, Barati et al. 

2005). Yang et al showed that p97 activity was increased by phosphorylation on the C terminal tail at 

Ser770 (Yang, Lin et al. 2013).   It is known that phosphorylation at the C terminal tail of p97 can result 

in conformational changes, but it does not alter the ATPase activity of p97 (Egerton and Samelson 

1994, Niwa, Ewens et al. 2012). In addition, phosphorylation of p97 at the C terminal tail has been 

found to block the interaction with some proteins such as Ufd3 and PGNase (Zhao, Zhou et al. 2007).   

Zhu et al and Shao et al showed that phosphorylation of VCP on Ser784 within the C-terminal tail by 

ATM, ATR and DNA-PK has critical importance for DNA damage response and cell survival. While DNA 

damage-induced pSer784 of p97 increases chromatin-associated protein degradation, it leads to 

decreased binding of p97 to Ufd1/Npl4 and K48-linked polyubiquitylated substrates. Moreover, p97 

phosphorylation on Ser784 causes reduces p97 interaction with chromatin. Phosphorylation on 

Ser784 within the C terminal tail of p97 results therefore in long-range inter-domain conformational 

changes in order to decrease the interaction of Ufd1/Npl4 at the N domain of p97  (Shao 2020, Zhu, 

Rogers et al. 2020). Besides this, additional cofactors of p97 may facilitate p97 to access chromatin 

independently from Ufd1/Npl4 (Shao 2020). Phosphorylation of p97 at Ser784 turns it into a more 

effective protein segregase, allowing it to disassemble more chromatin-associated substrates (Zhu, 

Rogers et al. 2020).  

Our mass spectrometry data clearly showed that the number of identified peptides of Ufd1/Npl4 

interacting with p97 is significantly decreased in mitotic p97 IP compared to the S phase p97 IP. It may 

be due to phosphorylation within the C terminal tail of p97 or there are other PTMs that we have not 

found either due to low amount of numbers or due to lack of PTMs enrichment. Moreover, as shown 
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previously (Shao 2020) if K48-linked substrate binding of p97 decreases once it is phosphorylated at 

the C terminal tail, p97 unloading of Mcm7 modified with K63-linked ubiquitin chains in mitosis could 

be due to the phosphorylation of S702 and S718 within C terminal tail. It was also reported that not 

only phosphorylation of Ser784, but also other phosphorylations within the C terminal tail of p97, such 

as Ser746 and Ser748 lead to decreased p97 interaction with polyubiquitin chain (Klein, Barati et al. 

2005).  Therefore, phosphorylation of p97 may generally affect unloading of chromatin-associated 

substrates upon different stimuli.   

Interestingly, although the C terminal tail is unstructured, it associates with the N terminal domain 

through wrapping around the outside of the D2 domain (Niwa, Ewens et al. 2012). Direct interaction 

of p97 with its cofactors is affected by phosphorylation of p97 at the N terminal domain. For instance 

at Thr37 and Ser56 in the hydrophobic interdomain cleft and Tyr110 and Tyr143, to which UBX/UBXL 

domains of cofactors bind (Hanzelmann and Schindelin 2017).  

Acetylation is one of the frequent posttranslational modifications, which plays a role in many critical 

processes in cells including cell signalling (Verdin and Ott 2015), neurodegenerative diseases (Saha 

and Pahan 2006), tumorigenesis (Haberland, Johnson et al. 2009, Kalvik and Arnesen 2013) and the 

stress response (Jones and O'Connor 2011, Ma and Wood 2011), which is reversible. Acetylation, 

which is catalysed at lysine amino acids in the N terminus of the protein, leads to conformational 

changes of the protein and, therefore, it affects binding functions to other proteins or DNA. p97 roles 

in transcription, replication and DNA repair are all modified by acetylation. For example, p97 is 

translocated to the nucleus in neuronal cells through phosphorylation at Ser612 and Thr613 and 

acetylation of Lys614 when there are abnormally high levels of proteins such as polyglutamins.  In 

addition, acetylation can affect ubiquitin dependant proteasomal degradation via affecting 

ubiquitylation at the same lysines (Caron, Boyault et al. 2005). Hornbeck et al. showed that all 24 

acetylation sites at lysines identified by proteomics analyses overlap with ubiquitylation and 

sumoylation sites in p97 (Hornbeck, Zhang et al. 2015). 

Several lysine residues on p97 are known to be ubiquitylated, while ubiquitin chain linkages are still 

unknown. A number of E3 ubiquitin ligases interact with p97 directly, such as HOIP E3 ligase (Schaeffer, 

Akutsu et al. 2014), RNF8 (Singh, Oehler et al. 2019), Ube4a (Baranes-Bachar, Levy-Barda et al. 2018) 

and indirectly, such as Cul2 E3 ligase, which interacts via the UBX domain of the p97 cofactor Ubxn7 

(Alexandru, Graumann et al. 2008). In addition p97 interacts directly with deubiquitylating enzymes 

i.e. VCIP135 (Uchiyama, Jokitalo et al. 2002), ATAXIN-3 (Boeddrich, Gaumer et al. 2006) and YOD1 

(Ernst, Mueller et al. 2009). These ubiquitin ligases and DUBs may interact with p97 to regulate p97 

itself but also to regulate p97 substrates. For instance, RNF8 is a critical E3 Ubiquitin ligase during DNA 

https://www.frontiersin.org/articles/10.3389/fmolb.2017.00021/full#B64
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repair. Singh et al suggested that upon IR promoted genotoxic stress, RNF8 that accumulates at DNA 

lesion sites can be removed from chromatin by p97 segregase-Ataxin 3 (ATX3) deubiquitinating 

enzyme in order to balance DNA repair through regulating proteasome‐dependent homeostasis of 

RNF8 (Singh, Oehler et al. 2019). 

D1 and D2 domains consist of D1 and D2 ATPase subdomains (the region is rich from α-helix and β 

sheet) and small D1α and D2α subdomains. As indicated previously (Hanzelmann and Schindelin 

2017), ubiquitylation at Lys295 in the D1 ATPase domain of p97 was shown to affect cofactor binding 

to this domain. Ubiquitylated p97 is then recognised by the cofactors that have at least one ubiquitin 

binding domain such as Npl4 through NZF or Ubxn7 via the UBX domain (Hanzelmann and Schindelin 

2017).  In addition Chia et al suggests that ATP binding at the D1 domain is necessary for Ufd1/Npl4 

binding to the p97 N terminal domain (Chia, Chia et al. 2012). It might be that p97 ubiquitylation at 

Lys295 leads to increased ATP binding, resulting in more Ufd1/Npl4 recruitment and allowing Ubxn7 

binding to p97.  

How ubiquitylation of p97 regulates its cellular functions is still unclear, but ubiquitylation may cause 

conformational changes in the protein and alter its affinity for interaction with cofactors or substrates. 

The N domain, D1 and D2 domains are known to be target regions for ubiquitylation, but sites have 

not been identified in the C terminal tail (Hanzelmann and Schindelin 2017).  

There is also a possibility that we have not identified all posttranslational modifications on p97 in both stages of 

the cell cycle. If the level of PTMs was too low for detection due to lack of specific PTM enrichment, we could 

have missed it. 

We identified differential modifications of p97 in S-phase and in mitosis. The potential function of 

these post translational modifications in the DNA damage response and replication will be very 

interesting to unravel in the future. 
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Table 3. 7 Potential modifying enzymes identified in S-phase and in mitosis. p97 was immunoprecipitated 

from chromatin in S-phase (chromatin treated with NMS-873), or mitosis (chromatin treated with caffeine, 

MLN4984, NMS-873, Cyclin 1AΔ) and analysed by mass spectrometry. Ubiquitin ligases or kinases are 

identified for p97 protein in the S phase and mitosis chromatin is indicated, with the peptide numbers were 

identified with such a modification in brackets. 

 

Although it is known that p97 is a subject of post translational modifications, the enzymes responsible 

for these modifications are less known. Our mass spectrometry of p97 immunoprecipitation from 

chromatin in S-phase and in mitosis identified a number of protein kinases and ubiquitin ligases 

interacting with p97 (Figure 3.30). Many of them have been previously linked with p97, which was 

discussed previously (Section 3.3.1.3. and 3.3.3.3) as potential cofactors or substrates of p97. 

However, the enzymes identified as interactors can be potentially responsible for the phosphorylation 

and ubiquitylation of p97, which we identified in S-phase and in mitosis (Table 3.7). For example, 

WWP2 ubiquitylates the RNAPII subunit RPB1, which is a substrate of p97 for proteasomal 

degradation, with K48-linked ubiquitin chains (Caron, Pankotai et al. 2019). RNF31 makes a linear 

ubiquitin chain on its substrate (Schlicher, Wissler et al. 2016), whereas Hectd1 conjugates K63-linked 

polyubiquitin chains (Tran, Bustos et al. 2013) and Uhrf1 ubiquitylates histone H3 at Lys23 (Nishiyama, 

Yamaguchi et al. 2013). Furthermore, p97-Ufd1/Npl4 is known to regulate removal of Aurora B from 

chromatin to exit mitosis in Xenopus egg extract (Ramadan, Bruderer et al. 2007) and in human cells 

(Dobrynin, Popp et al. 2011). WSTF tyrosine protein kinase plays a role in the DNA damage response 

by phosphorylation of H2AX at Tyr142 (Xiao, Li et al. 2009). However, none of the above ubiquitin 

ligases or protein kinases have been found in relation to ubiquitylation or phosphorylation of p97 

except ATR kinases. Mu et al showed that p97 could be phosphorylated by ATR (a replication stress 
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master regulator kinase) (Mu, Wang et al. 2007). Therefore, ATR kinase could be a potential modifier 

of p97 
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4. DISCUSSION 

 

4.1. Ubxn7 is required for efficient replisome disassembly in S phase 

 

p97 ATP-dependent molecular chaperone (also referred as VCP, Cdc48 and Ter94) is conserved from 

yeast to mammalian cells (Ye, Tang et al. 2017). p97 provides the segregase activity during replisome 

disassembly, which is a critical event in DNA replication termination (Dewar, Low et al. 2017, 

Sonneville, Moreno et al. 2017, Deegan, Mukherjee et al. 2020, Villa, Fujisawa et al. 2021) 

We observed that Ubxn7 interacts with p97 and Cul2 and propose a model where Cul2Lrr1 recognises 

terminated CMG helicase and once active interacts also with Ubxn7 during replisome disassembly at 

the end of DNA replication. Ubxn7, in turn, restricts Cul2Lrr1 activity by restricting the length of 

ubiquitin chains formed on Mcm7 but at the same time bringing p97 to Mcm7 ubiquitylated with such 

shorter chains.  In this way, substrate extraction is driven by p97 and is likely to be most efficient as 

p97 does not need to first unwind very long ubiquitin chains (Inano, Sato et al. 2020). Although there 

is a delay in unloading of replisomes in absence of Ubxn7, more Cul2Lrr1 is accumulated, as its activity 

is unrestricted when Ubxn7 is depleted. In this way, more active Cul2 may build longer ubiquitin chains 

on Mcm7 resulting finally in binding of p97-Ufd1/Npl4 (UN) complex despite the lack of Ubxn7, and 

disassembly of CMG complex by p97/UN (Bochman 2014). The bridge between Cul2Lrr1 and p97 made 

by Ubxn7 may explain why p97 efficiently unloads helicase ubiquitylated with K48-linked ubiquitin 

chains by Cul2Lrr1 and why inhibition of polyubiquitylation of all substrates (Ubi-NOK addition) leads to 

accumulation of p97 on chromatin. The increased activity of Cul2Lrr1 could compensate for not having 

Ubxn7. Because without hinderance of Ubxn7, Cul2 may be more active and make very long chain on 

Mcm7. 
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Figure 3.30. A model of terminated CMG unloading in the presence or in the absence of Ubxn7 at the 
termination of DNA replication in S phase. During termination, Cul2Lrr1 recognizes MCM7 within terminated 
CMG and polyubiquitylates it, while Ubxn7 comes and binds neddylated Cul2. Presence of Ubxn7 restricts Cul2Lrr1 

activity as a negative regulator. Then this complex recruits p97 for unloading of replisome from chromatin. 
However, when there is no Ubxn7 during termination, Cul2Lrr1 remains bound to terminated CMG keeps 
polyubiquitylating Mcm7, resulting in very long chains on Mcm7. These long chains can more efficiently recruit 
p97/Ufd1/Npl4 to extract CMG from chromatin. 
 

 

Ubxn7 has been shown previously to play a role in a number of different cellular processes and Ubxn7 

protein levels are also actively regulated. Ubxn7 protein levels are controlled by the Mul1 ubiquitin 

ligase to regulate the cellular response to oxidative stress and low oxygen. For example, in times of 

oxidative stress, Mul1 modifies Ubxn7 with K48-linked ubiquitin chains, resulting in low levels of 

Ubxn7. A decreased level of Ubxn7 (Di Gregorio, Cilenti et al. 2021) and p97-Ufd1/Npl4 (Ramadan, 

Bruderer et al. 2007) leads to inactivation of CRL3KEAP1 and an increase in NRF2 protein level, which is 

a key player in the response to oxidative stress. A decreased level of Ubxn7 also causes Cul2 activation, 

resulting in decreased levels of Hif1 protein. During hypoxia, however, Ubxn7 is overexpressed due 

to inactive Mul1 and this leads to Cul2 inactivation and increased levels of Hif1, but does not affect 

NRF2. Therefore, Hif1, which cannot degraded by proteasome due to increased level of Ubxn7 and 

so unable polyubiquitylation functions of Cul2, resulted in glycolysis (Di Gregorio, Cilenti et al. 2021). 

The important cellular response of hypoxia in the cells activation of DNA damage signalling pathways 

which resulted in genomic instability and cancer. Prolonged hypoxia promotes impairment of DNA 

repair pathways such as DNA double-strand break repair, mismatch repair, and nucleotide excision 

repair (Scanlon and Glazer 2015). Therefore, increased level of Ubxn7 in hypoxic cell could related 

with tumorigenesis.  
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Furthermore, separate depletion of p97, Ufd1 or Ubxn7 prevented degradation of nucleotide excision 

repair Cockayne syndrome group A proteins (CBS), which are ubiquitylated and degraded in UV 

exposed cells. This suggests that Ubxn7 plays a role in regulation of levels of CBS upon UV irradiation. 

In support of this, authors also found an accumulation of Ubxn7 on damaged chromatin (Fei, Ma et al. 

2017). It shows that CMG helicase could not be unloaded from chromatin upon UV irradiation. It might 

me this one of the reasons why Ubxn7 could accumulate on UV damaged chromatin. Finally, Ubxn7 

downregulation was also shown to reduce p97 recruitment to the chromatin upon UV irradiation, 

while downregulation of CBS substrate protein did not affect it (He, Zhu et al. 2016). All these data 

reveal that Ubxn7 acts to stabilise p97-substrate complex, and p97 and Ubxn7 are independently 

recruited to the ubiquitylated substrates (He, Zhu et al. 2016). These studies support our experiments 

in that inhibition of p97 did not affect binding of Ubxn7 to the chromatin. On the contrary, inactive 

p97 led to accumulation of Ubxn7.  

Faf1 is a critical cofactor which stabilizes replication forks in C.elegans and human cell lines (Franz, 

Ackermann et al. 2016) and it is required for efficient unloading of replisome with p97-Ufd1/Npl4 core 

complex in mitosis (Sonneville, Moreno et al. 2017). Our studies revealed that Faf1 interacts with p97 

in both S phase and mitosis. Although Faf1 seems to bind to chromatin differently than Ubxn7, more 

experiments are needed to confirm that this is reproducible. 

 

4.2. Ubxn7 in Cancer and Potential Cancer Therapy Target  

 

Ubxn7  induces cell proliferation, migration and inhibits apoptosis in hepatocellular cancer (Yao, Zhang 

et al. 2020). Increased level of RNA expression of Ubxn7 was observed in liver cancer. In addition, 

different types of mutations for Ubxn7 have been observed in various cancer cell lines. For example, 

whereas missense mutations of Ubxn7 were observed in skin basal cell carcinoma (Sharpe, Pau et al. 

2015), lung adenocarcinoma, colon carcinoma (Mouradov, Sloggett et al. 2014) and cerebellum glioma 

(Nomura, Mukasa et al. 2017), frameshift insertion of Ubxn7 was seen in  endometrioid carcinoma 

(Wu, Veras et al. 2017) and frameshift deletion was observed in malignant melanoma 

(https://cancer.sanger.ac.uk/cosmic/gene/analysis?ln=UBXN7#overview). 

Furthermore, increased level of Ubxn7 RNA expression has seen in lung cancer, breast cancer, head 

and neck cancer, endometrial cancer, urethral cancer, stomach cancer, colorectal cancer, liver cancer, 

prostate cancer, ovaria cancer, cervical and pancreatic cancer 
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(https://www.proteinatlas.org/ENSG00000163960-UBXN7/pathology). Faulty expression of Ubxn7 

could lead to increase on cell proliferation and evasion of apoptosis, which can develop in cancer cells.  

However, even though increased level of Ubxn7 expression has not been targeted as therapeutic 

agent, understanding of its mechanism is important for cancer treatment. 

 

4.3. Cancer therapy targeting for p97  

 

DNA helicases unwind double stranded DNA in a number of DNA related processes such as DNA 

replication and repair to protect genome stability (Croteau, Popuri et al. 2014). Any faults in these 

processes cause genome instability and thereby promote proliferative diseases such as cancers and 

other life-threatening diseases (Bochman 2014). Discovery of novel drugs to kill cancer is of the 

upmost importance. Indeed, there are drugs now available, which block replisome activity, and which 

could develop into potential anticancer therapies. More specifically, these target the proteins 

interacting with MCMs to inhibit replication (Rizwani, Alexandrow et al. 2009) and block 

phosphorylation of MCMs to inhibit cell proliferation (Huang, Rong et al. 2005). 

 

Apart from targeting the helicase itself, several research groups have now shown evidence that loss 

or overexpression of p97 or its adaptors  is linked with a variety of cancers and diseases including 

breast, colorectal, lung and pancreatic cancers, cystic fibrosis and neurodegenerative disorders (Vij 

2008, Haines 2010, Min, Bodas et al. 2011, Li, Huang et al. 2021).  p97 with its cofactors interacts with 

different proteins associated with tumorigenesis, such as Hif1 (Bandau, Knebel et al. 2012) and 

Aurora B (overexpressed in cancer cells) (Ramadan, Halder et al. 2017) and plays an important role in 

maintaining cancer cells proliferation. Understanding the role of p97, its cofactors and its substrates 

in cell proliferation may help to discover or develop anticancer drugs.  For example bortezomib 

(Velcade), which is a proteasome inhibitor, is used as a treatment for multiple myeloma, mantle, cell 

lymphoma (Shah and Orlowski 2009), whilst non-small cell lung carcinoma tumour growth was 

experimentally shown to be reduced (Valle, Min et al. 2011). A novel p97 ATPase inhibitor 

OSSL_325096 works to block cell proliferation and promote apoptosis in multiple myeloma cells 

(Nishimura, Radwan et al. 2019). Therefore, drugs targeting p97 and cofactors have therapeutic 

importance. 

 

Altogether, we should determine the mechanism of p97 action and activation, and determine the 

endogenous factors affecting interactions between p97, Cul2, Ubxn7 and their substrate, the CMG 
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replicative helicase. This knowledge will help in designing new and better inhibitors that can be used 

against cancers in the future. 

 

4.4. The potential p97 cofactors in mitosis  

 

The Mcm7 subunit of the CMG complex is ubiquitylated with a K48-linked ubiquitin chain in S phase 

(Maric, Maculins et al. 2014, Moreno, Bailey et al. 2014). This ubiquitylation is performed by  SCFDia2 

in yeast (Maric, Maculins et al. 2014) and Cul2Lrr1 in C. elegans (Sonneville, Moreno et al. 2017), 

Xenopus (Moreno, Bailey et al. 2014, Dewar, Low et al. 2017, Sonneville, Moreno et al. 2017) and in 

mouse ES cells (Villa, Fujisawa et al. 2021). The ubiquitylated CMG is then recognised and 

disassembled from the chromatin by the p97 with its cofactors Ufd1-Npl4 in yeast (Maric, Mukherjee 

et al. 2017), worms and frog (Sonneville, Moreno et al. 2017) and mouse (Villa, Fujisawa et al. 2021).  

Mcm7 is only unloaded when ubiquitylated with K48-linked ubiquitin chains by Cul2Lrr1 in S-phase. 

When p97 function is inhibited in S phase however, Mcm7 can be modified with K6 and K63-linked 

ubiquitin chains by Traip E3 ligase, but they do not stimulate replisome unloading. The reason could 

be that the p97 cofactor complex cannot recognise K6-linked ubiquitin chains due to a lack of 

appropriate cofactor or appropriate posttranslational modification (Priego Moreno, Jones et al. 2019). 

This suggests that p97 segregase activity is strictly regulated by not only specific substrate but also 

specific ubiquitin chains (Morreale, Conforti et al. 2009) (Bruderer, Brasseur et al. 2004). There is a 

variety of cofactors binding p97 through different domains, which recognise specific ubiquitin 

linkages. It is likely that the combination of cofactors interacting with p97 allows it to distinguish 

between different ubiquitin chain types on substrates and we explored the process of replisome 

disassembly to dissect the mechanism of cofactors interaction and cooperation. 

We identified p97 cofactors Ufd1/Npl4 and Ubxn7, which associate with chromatin-bound p97 in 

mitosis. The Ufd1/Npl4 heterodimer is known to work with p97 to unload CMG from chromatin during 

mitosis in C.elegans (Gaggioli and Zegerman 2017), therefore this heterodimeric cofactor complex 

could regulate mitotic replisome disassembly in Xenopus egg extract. Ubxn7 was found to 

immunoprecipitate with K63 linked chains in an in vitro experiment, but it has not been followed up 

and we do not yet know the lysine specificity in vivo. Ubxn7 has not previously been shown to interact 

with K6-linked chains, nor is it known to interact with Traip. Even though we did not initially identify 

the Faf1 cofactor in mass spectrometry analysis, Faf1 did co-immunoprecipitate with p97, when lower 

levels of salt concentration were used. Moreover, Faf1 recognises both K48 and K63-linked ubiquitin 

chains (Kloppsteck, Ewens et al. 2012, Stach and Freemont 2017). It might be a potential cofactor for 
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p97, working with Ufd1/Npl4 to regulate mitotic CMG disassembly, as in C. elegans (Gaggioli and 

Zegerman 2017, Sonneville, Moreno et al. 2017).  

 

4.5. Posttranslational modification of p97 may regulate its interaction with complexes and 

cofactors  

 

We wanted to explore how the modifications of p97 control the formation of complexes with cofactors 

in S phase and mitosis. p97 is known to be highly post-translationally modified in proteome wide 

screens (Hanzelmann and Schindelin 2017). Many PTMs have been found in the N-terminal extension 

of p97, which includes the first 24 amino acids (Hanzelmann and Schindelin 2017), allowing regulation 

of p97 functions (Schuller, Beck et al. 2016). The N-terminal extension has a regulating role in ATPase 

activity: it is flexible and is normally in the ‘down’ conformation when ADP is bound to p97. It converts 

to the “up” state upon ATP binding, allowing for the N domain to insert into the D2 domain like a swing 

(Schuller, Beck et al. 2016). The N terminal and D1 domains also contain identified PTMs (Hanzelmann 

and Schindelin 2017). Furthermore, interaction of p97 with cofactors and ubiquitylated substrates 

were shown to be affected by phosphorylation at the N terminal domain (Mori-Konya, Kato et al. 

2009). For example phosphorylation of the hydrophobic residue in the N-terminal domain, which 

interacts with the SHP domains of Ufd1 and p47, affects the affinity of these interactions (Hanzelmann 

and Schindelin 2017). Even though we did not find any modification in the N domain, phosphorylation 

of p97 at Ser5, Thr7 and Ser9 on the N-terminal extension can affect cofactor and substrates binding 

and assembly with p97. Fewer Ufd1 peptides were identified in the S phase p97 IP than Npl4, which 

may support this. In addition, acetylation or/and phosphorylation of the N-terminal extension (Ser5, 

Thr7, Ser9, Ala5) may inhibit the N-terminus insertion into the D2 domain, which would result in a 

block to the substrate binding channel.  

The D1 ATPase domain has a role in cofactor binding to this domain, resulting in recognition of 

ubiquitylated substrates by the cofactor. It is known that ATP binding to the D1 domain promotes the 

interaction between the Ufd1/Npl4 heterodimeric cofactor and the N domain of p97. Therefore, we 

suggest that ubiquitylation at sites lys295, lys425 and lys426, which are located in the D1 domain, 

could promote ATP binding and recruitment of Ufd1/Npl4 and potentially Ubxn7 to p97. Like the D1 

domain, D2α also affects p97 ATPase activity (Mori-Konya, Kato et al. 2009). Therefore, it is possible 

that phosphorylation at Ser702 and Ser708 on mitotic p97 could affect p97 ATPase activity in mitosis. 

Even though a number of p97 modifications have been identified in both S phase and mitosis, the 

enzymes which remove or add these modifications are less well known. Our mass spectrometry 
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analysis is therefore very useful as we identified some kinases and ligases, which are potential post 

translational regulators of p97. Among them, only the DNA damage response kinase ATR has been 

previously shown to interact with p97, potentially being responsible for phosphorylation of p97 at 

Ser784 (He, Zhu et al. 2016). 

 

4.6. Potential substrates of p97 in S phase and mitosis 

 

RPA1 was identified in our S-phase p97 IP when replisomes are not unloaded. It could therefore be a 

potential substrate of p97 in this process. Previously it has been shown that in response to DNA 

damage caused by mitomycin C (MMC), ATR and ATM kinases phosphorylate RFWD3 E3 ligase and 

induce its ubiquitin ligase activity (Inano, Sato et al. 2020), allowing ubiquitylation of RPA and 

disassembly by p97 and proteasomal degradation (Inano, Sato et al. 2020). Chromatin unloading of 

RPA from DNA damage sites was also shown to promote homologous recombination (HR) (Inano, Sato 

et al. 2020).   

 

4.7. Conclusion and Future Direction 

 

Given my results so far, I would speculate that Ubxn7 interacts with the neddylated, active form of 

Cul2Lrr1 and that these two together are recruited to the terminating helicase whilst also recruiting the 

p97 core complex in S phase. This would mean, interestingly, that p97 is not recruited to the chromatin 

through just binding to ubiquitylated substrates. During DNA replication termination, Mcm7 is 

polyubiquitylated by Cul2 and extracted by p97. The interaction of Cul2 and p97 through Ubxn7 may 

allow p97 recognition and unloading of replisome once it has been modified with K48-linked ubiquitin 

chains by Cul2Lrr1.  

On the other hand, during mitosis, p97 is probably recruited to chromatin by polyubiquitylated 

substrates. In this case, CMG helicase is modified with K63-linked ubiquitin chains and removed from 

mitotic chromatin by p97-Ufd1/Npl4. Further experiments are needed to fully determine the roles of 

both Ubxn7 and Faf1 in replisome unloading in mitosis. 

RPA1 has been shown to be ubiquitylated in the DNA damage response (Elia, Wang et al. 2015). 

However, it could be a potential substrate of p97 in unperturbed replication. Indeed, we identified it 

in our mass spectrometry results both from S phase and mitosis p97 IP. We also identified ATR kinase 

in our mass spectrometry of p97 IP in mitosis. We believe this suggests p97 to be a substrate of ATR, 
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rather than ATR being a substrate of p97, as p97 has previously been shown to be phosphorylated by 

ATR kinase in the DNA damage response (Mu, Wang et al. 2007). Further investigations are need to 

be  done to understand the new interactors of p97.  

It has been shown that the functions of p97 are regulated by posttranslational modifications 

(Hanzelmann and Schindelin 2017). We hypothesise that these modifications affect and change p97 

interactions with specific cofactors in S phase and mitosis. IP of p97 in both S phase and mitosis should 

be enriched in terms of PTMs before a new Mass spectrometry analysis. These modifications should 

revaluate how affect regulation of p97 functions and cofactors interaction. 

Overall, we propose that Ubxn7 regulates the activity of Cul2Lrr1 and p97 and interplays with Faf1 to 

direct p97 specifically to terminated replisome modified with different types of ubiquitin chains in S-

phase and mitosis. Furthermore, the specific combinations of cofactors in higher-order complex 

assemblies are regulated by its posttranslational modifications and provide chain type specificity. 

 

Future experiments 

 

During my project, I analysed the patterns of chromatin binding of p97, Ubxn7 and other proteins 

involved in replisome unloading process. I used these analyses to extrapolate the information of p97 

and Ubxn7 interaction with post-termination replisome. However, there can be other substrates on 

chromatin that can direct p97 and Ubxn7 chromatin binding. It remains therefore to be confirmed 

whether p97 and Ubxn7 direct interaction with replisome is regulated in analogous way as the 

chromatin binding of these proteins. One way to do this would be to perform an immunoprecipitation 

of GINS as a CMG helicase member from S phase and mitotic chromatin, in the presence of different 

inhibitors.  

Upon analysing the chromatin binding pattern of Ubxn7 I concluded that Ubxn7 interacts specifically 

with active neddylated Cul2. However, it will be important to see whether the direct interaction 

between Ubxn7 with Cul2 depends on neddylation of Cul2 in Xenopus egg extract with one clear IP 

experiment i.e., that of Cul2 from chromatin upon supplementation of extract with Nedd8 inhibitor 

MLN4924.  

We propose that Ubxn7 bridges p97 with Cul2Lrr1 on chromatin at the terminated replisome. This 

explains why inhibition of polyubiquitylation with Ubi-NOK stimulates chromatin binding of p97.  It 

would be interesting to test this directly by analysing chromatin binding of p97 in mock and Ubxn7 

depleted extract, upon addition of Ubi-NOK; accumulation of p97 should be reduced without Ubxn7 

to confirm our hypothesis. Furthermore, how does Ubxn7 affect the activity of Cul2Lrr1? Is the ubiquitin 
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chain length on Mcm7 increased upon Ubxn7 depletion? Are these long chains needed for recruitment 

of p97 to the chromatin? 

If granted more time, I would like to utilise more the Ubxn7 mutants I have generated. It has been 

shown that Ubxn7 interacts with Cul2 through its UIM domain (Bandau, Knebel et al. 2012).  Even 

though we have seen that the UIM mutant affects Cul2 interaction with chromatin, an important 

control experiment would be to find out whether Cul2 interacts with Ubxn7 through its UIM domain 

in Xenopus egg extract. Having confirmed this, it will be important to determine whether the delays 

in replisome unloading and increased Cul2 level in the Ubxn7 immunodepleted extract can be rescued 

by the recombinant mutants of Ubxn7.  

 

Some further questions, which could also be explored in the future: whether Ubxn7 and Faf1 play 

roles together or independently in regulation of replisome disassembly. Therefore, we need to 

understand whether p97, Ufd1, Npl4, Faf1 and Ubxn7 co-immunoprecipitate together in the same 

complex or not and act as separate p97-substrate protein complexes. Analysis of the chromatin 

binding pattern of Faf1 in Ubxn7 depleted extract would also help us to understand whether Faf1 

works with Ubxn7 in the same pathway or independently. Later, understanding the importance of 

Ubxn7 and Faf1 to replisome unloading in S-phase and mitosis is essential. UBXN-3 (worm ortholog of 

Faf1) with p97/Ufd1-Npl4 is responsible for replisome unloading in C. elegans during mitosis 

(Sonneville, Moreno et al. 2017). It will be important to determine whether Faf1 is required for CMG 

disassembly in S phase and mitosis. 

Posttranslational modifications of p97 can affect its localization and interactions (Hanzelmann and 

Schindelin 2017). It is therefore critical to deeply understand the role of posttranslational 

modifications on p97 in S-phase and in mitosis and which are the determined enzymes important for 

particular modifications. More widely, the mechanism of replisome disassembly, with a substrate and 

chain type specific unloading by p97, allows us also to investigate how different types of ubiquitin 

chains that are built on Mcm7 are recognised by specific p97 cofactors and how they stimulate 

particular types of p97 complexes binding. 
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