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Abstract

DNA replication is a well-orchestrated process occurring throughout the S-phase of the
cell cycle and unperturbed replication is the basis for genome maintenance. To
understand how genome integrity is maintained, it is critical to study the underlying
mechanisms and regulation of DNA replication. The defects in the first two stages of DNA
replication- initiation and elongation are known to contribute to human diseases and are
already targeted by cancer therapies. Recent investigations suggest that disruption of the
final stage of replication-termination can also lead to genomic instability. As replication
reaches completion and replication forks converge, replisomes are unloaded from
chromatin. This unloading mechanism is highly regulated to prevent the unregulated

unloading of active replisomes.

Using Xenopus laevis egg extracts, the Gambus lab had previously provided the first
insights into replisome disassembly mediated by Cul2lrl, This PhD project aimed to
further understand the mechanism by which Cul2lrl jdentifies its substrate through
structural analysis. While the purification of Lrrl proved technically challenging, we

employed in silico methods to gain high confidence structural predictions for Lrr1.

Furthermore, we have also identified the existence of a backup pathway for replisome
disassembly in mitosis. This mitotic pathway uses a different E3 ubiquitin ligase - TRAIP.
Our findings demonstrate that catalytically active TRAIP plays an essential role in post-
termination and stalled replisome disassembly in mitosis. Following this, we also
explored TRAIP’s involvement in replisome disassembly during S-phase. Intriguingly, the
depletion of TRAIP did not affect replisome disassembly in S-phase within Xenopus laevis

egg extracts. Moreover, this PhD project also indicates that the TRAIP activity in both S-



phase and mitosis is subject to regulation via post-translational modifications,

specifically phosphorylation.

Therefore, this thesis expands our understanding of the mechanisms upholding genome
stability during termination of DNA replication. It uncovered dual regulation of replisome
removal in mitosis versus S-phase through activation of distinct ubiquitin-dependent

pathways.
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Chapter-1

1 Introduction

1.1 Ubiquitin

Ubiquitin is a highly conserved small protein comprising about 76 amino acid residues. It
acts as a post-translational modifier by being attached to the lysine of a target protein via
covalent bonds to mark it usually for protein degradation thereby regulating the stability
and functionality of a protein. It is ubiquitously expressed in eukaryotic cells and is known
to regulate essential events for the cell cycle progression such as cell division, growth,
signalling, and apoptosis (Sun and Chen, 2004). Until recently only proteins were
considered as substrates for ubiquitylation. Recently, it has been shown that
ubiquitylation can occur on non-proteinaceous substrates such as sugars and lipids
(Kelsall, 2022). For example; conjugation of ubiquitin to phospholipids has been reported
in yeast and mammalian cells (Sakamaki et al., 2022). RNF213 mediated liposaccharide
ubiquitylation has been known to target non-proteinaceous biomolecules such as host

cell lipids (Otten et al.,, 2021).

Ubiquitin was first known for tagging proteins for their regulated degradation by 26S
proteasomes but is now known as the major post-translational modification regulating
diverse forms of physiological processes occurring in eukaryotes (Walczak et al., 2012).
Ubiquitin generates functionally distinct signals in proteasomal and lysosomal
proteolysis. Non-proteolytic signals are also generated for processes such as sub-nuclear
trafficking and maintenance of genome integrity including double-strand breaks and
interstrand cross-link repair, or bypass of interference during DNA replication (Hicke and

Dunn, 2003; Ulrich and Walden, 2010). Interestingly, prokaryotes do not possess a
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ubiquitin-mediated proteasomal degradation system. Instead, they have a unique ATP-
dependent substrate tagging mechanism that is functionally analogous to ubiquitin

(Kavalchuk et al., 2022).

1.1.1 The structure of ubiquitin

Goldstein first discovered ubiquitin in 1975 from Bovine thymus. This polypeptide was
found to have a molecular mass of 8.5 kDa and has been identified in yeast, plants, and
animal cells (Goldstein et al.,, 1975). The ubiquitin fold is made up of five 3-stranded
sheets, a short helix, and a 3.5 turn a-helix along with a flexible C-terminus, which allows
covalent attachment to target proteins (Figure 1.1 a). The Leu 8 residue contained within
the B-loop region is known to be important for ubiquitin-binding proteins (Komander and
Rape, 2012; Toma-Fukai and Shimizu, 2021).

The amino acid sequence of ubiquitin contains 7 lysine residues (K6, K11, K27, K29, K33,
K48, and K63), and the a-amino group of the N-terminal methionine (Met 1) all of which
can be ubiquitylated (Figure 1.1 b). Ubiquitin is first synthesised in an immature form
with two glycine molecules at the C-terminal end fused to another protein or another
ubiquitin unit. Ubiquitin molecules are functionally active only when the C-terminal end
is cleaved by ubiquitin proteases, resulting in the exposure of the two glycine residues.
This mature ubiquitin is later activated in an ATP-dependent manner and serves as a
signal molecule by covalently attaching to its substrate and regulating its function

(Pickart and Fushman, 2004).
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Figure 1.1:- Structural representation of ubiquitin. (a) Ribbon diagram of ubiquitin depicting a-
helix (coils) and conserved -pleated sheets (arrows) fold. (b) Ubiquitin monomer representing
the C-terminal tail and 7 lysine residues and methionine residue at the N-terminus responsible
for ubiquitylation. (c) The functionally important regions for ubiquitylation such as Ile44, Ile36,
Phe4 patches, and TEK-box along with their key residues are represented. Protein Data Bank (pdb)
code lubq. Figure reproduced from (Pickart and Eddins, 2004; Komander and Rape, 2012)

Distinct surfaces on ubiquitin known as ‘ubiquitin patches’ are recognized by proteins
that contain Ubiquitin Binding Domains (UBDs). Ubiquitin binding proteins typically
contain a UBD ranging from 20-150 amino acids that has the capability to directly interact
with ubiquitin. There are 20 families of UBDs (Dikic et al., 2009). UBDs can differ based
on their structure and the type of ubiquitin recognition. Some of the commonly found
foldings for UBDs include a-helix, zinc fingers (ZnFs), the UBC (ubiquitin conjugating)
domain or plekstrin homology (PH) folds. For example, a vast majority of UBDs including
Ubiquitin interacting motif (UIM) and Ubiquitin-associated (UBA) domains uses a-helical
structures to bind to the hydrophobic patches within the 3-sheet of ubiquitin (Hicke et al.,

2005). The zinc finger UBDs contains a zinc finger motif that also interacts with



hydrophobic patches of ubiquitin. The UBC domain, present in ubiquitin conjugating
enzymes such as in UBCH5, is important for ubiquitin transfer (Dikic et al., 2009). The PH
domain also recognises the hydrophobic patches on ubiquitin such as the Ile44 patch

(Hurley et al., 2006; Hicke et al., 2005).

The interaction of the UBDs with specific ubiquitin patches contributes to the various
functional roles possessed by ubiquitin. The different patches on ubiquitin along with the
residues are depicted in figure 1.1 c. The hydrophobic patches Ile44 and Ile36 are
recognized by UBDs and are always positioned relative to each other (Akutsu et al., 2016).
Leu8, Ile44, His68, and Val70 together make up the Ile44 patch and are essential for
proteasomal degradation and cell division (Sloper-Mould et al., 2001; Komander and
Rape, 2012). The Ile36 patch containing Leu8, Ile36, Leu71, and Leu73 mediates
interaction with ubiquitin chains made by HECT E3 and can be recognized by
deubiquitylating enzymes (DUBs) and UBDs. The Phe4 patch (with GIn2, Phe4, and
Thr14) is important for endocytosis and interaction with the USP (Ubiquitin-specific
proteases) domain of DUBs. The TEK box is a three-dimensional motif that spans across
Lys6, Lys11, Thr12, Thr14, and Glu34 and is important for mitotic degradation in higher

eukaryotes (Komander and Rape, 2012).

1.1.2 Ubiquitylation and ubiquitin codes

During substrate modification, an isopeptide bond is formed between the C-terminal
glycine-76 of the ubiquitin and amino group of any of the lysine residues from the
substrate protein. This is a three-step enzymatic process utilizing the E1 ubiquitin-
activating enzyme, E2 conjugating enzyme, and E3 ubiquitin ligases (Swatek and
Komander, 2016). In addition to the lysine residues, the amino group at the N-terminus

of the methionine can also be ubiquitylated. Very recent studies have also reported the

4



ubiquitylation of serine; where ubiquitin is added to various proteins in ER and Golgi to
regulate its function (Liu et al., 2021; Toma-Fukai and Shimizu, 2021). Ubiquitin can be
attached to its substrate protein either as a single moiety or multiple numbers of ubiquitin
leading to a chain connected by isopeptide bonds (Komander and Rape, 2012). The
attachment of a single ubiquitin results in mono-ubiquitylation (Figure 1.2 a) which plays
a crucial role in cellular activity. Similarly, multiple ubiquitins can bind to various lysine
residues of the target protein and such a modification is known as multi-
monoubiquitylation (Figure 1.2 b). Further extensions of ubiquitin modifications in a
form of a chain can lead to a multitude of signal transductions which is referred to as the
‘ubiquitin code’ (Swatek and Komander, 2016). These polymeric chains can be either
short consisting of 2 ubiquitin or long chains with more than 10 ubiquitin known as
polyubiquitylation. For example, polyubiquitylation of Mcm?7 is a crucial signal that is
seen in S-phase and mitotic replisome disassembly (Moreno et al., 2014, 2019a). If the
modification occurs on the same lysine residue throughout the ubiquitin chain during
elongation, they are called homotypic or homogenous (Figure 1.2 c). If ubiquitylation
occurs through the first methionine, it results in linear ubiquitin chains (Figure 1.2 d) and
if mixed linkages are involved, then the chains are described as heterotypic or
heterogenous (Figure 1.2 e). Sometimes a substrate can be modified by several ubiquitin
molecules involving multiple ubiquitin linkages resulting in branched chains (Akutsu et

al,, 2016)(Figure 1.2 f).
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Figure 1.2:- Different types of ubiquitin modifications.(a) Monoubiquitylation. (b) Multi-
monoubiquitylation. (c) Polyubiquitylation - Homogenous chain. (d) Linear polyubiquitin chains
M1 linked. (e) Heterogenous polyubiquitin chains of K48 and K6-linkages. (f) Branched ubiquitin
chains are made of miscellaneous ubiquitin linkages. Yellow represents substrate protein and
green represents ubiquitin moiety.

Ubiquitin molecules show a remarkable degree of similarity between yeast and humans
differing by only 3 amino acid residues, indicating a conserved role for ubiquitin in its
signalling role. Although similar, they generate functionally distinct signals depending on
their structure; for example, ubiquitylation can signal for both proteolytic and lysosomal
degradation but they differ either in the type of linkages, chain length, ubiquitin conjugate
topology or cellular localization of enzymes and substrates to fulfill the function (Pickart
and Eddins, 2004; Akutsu et al., 2016). Therefore, the fate of the ubiquitylated protein and
its function is influenced by the pattern of ubiquitin chains. These modified ubiquitylated
proteins are later recognised by receptors that contain Ubiquitin Binding Domains
(UBDs) leading to specific downstream events (Swatek and Komander, 2016). For
example, polyubiquitin chains formed via K48-linkages are classically known for

proteasomal degradation, monoubiquitylation of PCNA is important during RAD6-
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dependent repair of DNA damage (Hoege et al, 2002) and Epidermal Growth Factor
Receptors (EGFR) undergo multi-monoubiquitylation as a signal for its movement from
the plasma membrane to the lysosome for its degradation (Haglund et al., 2003).
Ubiquitin signalling is further regulated by other posttranslational modifications such as
acetylation, phosphorylation, and sumoylation (Akutsu et al, 2016; Toma-Fukai and

Shimizu, 2021).

Some of the other linkages have been well-established as triggering signals for cross-talk
suggesting that ubiquitin can act as a code for signal transmission (Komander and Rape,
2012). The role of K6-linkages in cellular events is still under investigation. K6-linkages
are indirectly linked with DNA repair events in association with the BRCA1-BARD1 E3
ubiquitin ligase (Morris and Solomon, 2004; Nishikawa et al., 2004). K6-linkages had
been abundantly identified in mitochondrial outer membrane proteins during the
depolarisation of these proteins. These linkage types are generated by the E3 ubiquitin

ligase Parkin, which is known for its mitochondrial quality control (Ordureau etal., 2014).

K11 ubiquitin chains are generated in Anaphase Promoting Complexes (APC) for
proteasomal degradation and mitotic exit (Matsumoto et al., 2010). It has also been
reported that only heterotypic K11 chains are targeted readily for proteasomal
degradation. K11-linked ubiquitin chains also play a key role in preventing the
degradation of Hifl-a, thereby helping to regulate its activity as a transcription factor

(Bremm etal., 2014).

K27-linkages are important for DNA damage response. For example, RNF168-mediated
damage repair promotes K27-linked ubiquitylation of histone 2A (H2A). K27 chains are
also shown to be an important signal in immune responses to microbial DNA (Wang et al.,

2014; Gatti et al., 2015).



K29-linkages are generated by HECT E3 ubiquitin ligases and research on human cell
lines showed that inhibition of proteasome results in the accumulation of K29-linked
ubiquitin chains suggesting its role in proteasomal degradation (Swatek and Komander,
2016). K33-linkages have been shown to have a role in post-Golgi protein trafficking

(Yuan et al,, 2014).

K48-linked chains, as mentioned above, are the most predominant chain linkage that
directs the substrate proteins for proteasomal degradation. Biochemical studies have
revealed the minimum requirement for ubiquitin modifications to induce proteasomal
degradation. It has been found that a ubiquitin chain containing at least a minimum of 4
ubiquitins is required for degradation and interestingly two di-ubiquitin modifications
trigger better degradation than a long chain of 4 ubiquitins (Swatek and Komander,

2016).

K63-linked chains are also extensively studied and responsible for triggering DNA
damage response (Komander and Rape, 2012). They have also many non-degradative
roles such as regulating the NF-kB signalling pathway and endocytotic pathway (Swatek

and Komander, 2016).

An M1-linkage formed between the N-terminus methionine of ubiquitin and the C-
terminus of the next ubiquitin plays a pivotal role in inflammatory and immune
responses. It regulates the activation of transcription factor NF-kB which leads to the
activation of cytokine receptors and toll-like receptors, resulting in ubiquitylation and
phosphorylation of multiple proteins. It works in combination with K63-linked chains too

(Akutsu et al., 2016).



1.1.3 Ubiquitin cascade

The series of biochemical events by which ubiquitin is attached to its target protein is
known as the ‘ubiquitin cascade’. It involves 3 major steps (Figure 1.3). At first, processed
forms of ubiquitin are activated in the presence of ATP and magnesium ions by an E1
ubiquitin-activating enzyme. E1 contains an active-site cysteine to which the glycine at
the C-terminus of ubiquitin attaches, resulting in a reactive thioester bond along with the
release of AMP. This is known as ubiquitin ‘activation’. The E1 then transfers the activated
ubiquitin to the catalytic cysteine of an E2 conjugating enzyme to form an E2-ubiquitin
thioester complex by the process of ‘conjugation’. Finally, an E3 ubiquitin ligase then
facilitates the transfer of the ubiquitin from the E2-ubiquitin complex to the target
protein. Eventually, an isopeptide bond between a lysine of the target protein and the C-
terminal glycine of ubiquitin is generated (Pickart and Eddins, 2004). This cascade
controls the ubiquitylation of specific proteins, which leads to post-translational
modifications that activate various cellular responses based on the chain type and
linkages mentioned earlier. Many enzymes are known to be involved in the ubiquitylation
process and it has been reported that the human genome has 2 Els, ~38 E2s, and about
600-1000 E3s. E3s are the key enzymes that are responsible for the diverse functions of
ubiquitin and more understanding of the E3s can help in the development of drugs or

inhibitors for clinical use (Ye and Rape, 2009; Akutsu et al., 2016).
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Figure 1.3:- Ubiquitin enzymatic cascade. Initially, ubiquitin (green) undergoes an activation
through a mechanism catalysed by the E1 enzyme (orange). This activation involves C-terminal
AMPylation of the ubiquitin facilitated by ATP. An intermediate product generated is capable of
forming thioester bonds between the catalytic cysteine residues located in the active site of the
E1 enzyme and the C-terminus of ubiquitin. This triggers structural changes within the E1
enzyme, enabling the binding of the E2 enzyme (yellow). Ubiquitin is then transferred from the
E1 to a catalytic cysteine residue within the active site of the E2 enzyme. Finally, E3 ligase (blue)
recognises the E2-Ub complex and facilitates the transfer of ubiquitin from E2 to the target
protein (red).

1.1.3.1 E1 activating enzymes

The initial activation step in the attachment of ubiquitin to its substrate is catalysed by E1
activating enzyme and then directs it to downstream pathways. The E1 for ubiquitin is a
monomeric protein with a size of 110-120 kDa. In eukaryotes, the ubiquitin-adenylate
intermediate interacts with cysteine residue in E1 to form a high-energy ubiquitin-E1
thioester bond along with the release of an AMP. This activated E1 can then interact with
several E2Zs to initiate downstream signalling (Lee and Schindelin, 2008; Schulman and

Harper, 2009).

10



1.1.3.2 E2 conjugating enzymes

After activation of ubiquitin by E1s, the ubiquitin cascade then involves the transfer of
ubiquitin from E1 to E2s. The E2s are considered ‘ubiquitin carriers’ and in yeast and
humans, there are 17 and 38 genes, respectively, comprising the E2 family. Active E2s have
a ubiquitin-conjugating (UBC) domain consisting of a cysteine residue that is essential for
interaction with E1s. The active-site Cys is highly conserved and is located in a shallow
groove formed between the a-helices located close to the active site (Ye and Rape, 2009).
The binding of E2s to their cognate E1s is highly specificand only happens if the E1 carries
its respective modifier. The binding of E1 to ubiquitin triggers a conformational change in
E1, which exposes a binding site facilitating E1-E2 interactions (Huang et al., 2007). The
ubiquitin from E1 is then transferred to the cysteine residue at the active site of E2 via a
thioester bond and such ubiquitin-loaded E2 can cooperate with different classes of E3s
downstream. In general, E2s are important as the key determinants of ubiquitin chain
formation and chain topology (Ye and Rape, 2009). Several pathological roles of E2s have
also been identified in human diseases and some mutations or impairments to E2s can
lead to severe disease states, including chromosome instability syndromes,
neurodegenerative disorders, cancer, and immunological disorders. The relevance of E2s
in human health and disease makes them an appealing class of therapeutic target

(Hormaechea-Agulla et al., 2018).

1.1.3.3 E3 ubiquitin ligases

E3 ubiquitin ligases are involved in the final step of the ubiquitin cascade and catalyse the
ubiquitylation reaction. There are ~600-1000 E3 ligases present in the human genome.
Here, the E3 ligases interact with both E2 and the target substrate enabling the transfer

of ubiquitin to the lysine site present on the substrate directly or indirectly. Apart from
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lysine, E3s can also interact with serine, threonine, or cysteine residues of the substrate
(Zheng and Shabek, 2017). The E3 ligases provide the specificity and regulatory role for
the cellular responses to ubiquitylation (Humphreys et al., 2021). Based on the structure,
function, and catalytic mode of ubiquitin transfer, E3 ubiquitin ligases have been classified
primarily into four different types: HECT (Homologous to the E6-AP Carboxyl Terminus)
domain type, RING (Really Interesting New Gene) finger type, U-box type, and RBR (RING-
between-RING) type (Yang etal.,, 2021) (Figure 1.4). Among these, the most abundant E3s
are the RING (in humans ~ around 600), followed by HECT (~28), RBRs (~14), and U-box
type E3s (in humans ~8) (Metzger et al.,, 2012; O’Connor and Huibregtse, 2017; Trujillo,

2018).
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Figure 1.4:- Different types of E3 ubiquitin ligases. (a) HECT E3 ligases exhibit a conserved C-
terminus HECT domain and a varying N-terminus. The HECT E3-mediated ubiquitylation is a two-
step process where ubiquitin is transferred from E2 to the active cysteine residue on the HECT
domain of the E3 ligase. The second step involves the transfer of ubiquitin from the E3 ligase to
the target substrate. (b) The RING E3 ligases consist of a zinc-binding domain called the RING
finger. RING E3 ligases directly transfer the ubiquitin from an E2 to the target substrate. (c) The
U-box E3 ligases possess a U-box domain at the C-terminus where the E2-ubiquitin complex is
bound and facilitates the transfer of ubiquitin to the target substrate. (d) The RBR E3 ligases
consist of RING1 and RING2 separated by an IBR domain. It utilises the features of both HECT and

’_969
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RING-type ubiquitin ligases and ubiquitin is transferred in a two-step process where an
intermediate is first formed with RING2 and then transferred to the target substrate.

1.1.3.3.1 HECT (Homologous to the E6-Associated Protein Carboxyl Terminus) E3 ligase

HECT E3s consist of a conserved HECT domain (~350 amino acids) located at the C-
terminus and have a bi-lobed structure. The C-terminus or ‘C-lobe’ consists of the active
site for cysteine that can form a thioester bond with ubiquitin (Sluimer and Distel, 2018;
Qian et al,, 2020), whereas the N-terminus or ‘N-lobe’ is diverse and is involved in
interacting with E2. The C and N-lobes are connected using a flexible hinge that allows
easy movement for the ubiquitin transfer from E2 to E3 (Figure 1.4 a) (O’Connor and
Huibregtse, 2017; Weber et al., 2019). The structural studies propose that these two lobes
come closer together during the transfer of ubiquitin (Metzger et al., 2012; Weber et al,,
2019). The HECT E3s are subdivided into three groups based on the differences in the N-
terminus Nedd4 family (9 members), HERC family (6 members), and HECTs (13

members)(Yang et al,, 2021).

The characteristic feature that differentiates HECT from other E3s is the formation of an
intermediate thioester bond with ubiquitin before interacting with its substrate (Weber
et al., 2019). HECT E3-mediated ubiquitylation is a two-step process whereby ubiquitin
carried by the E2 first binds to the HECT domain, which then is transferred to the catalytic
cysteine on the E3 ligase. Finally, the ubiquitin from E3 reaches the substrate (Yang et al.,

2021).

HECT E3s have been previously shown to play vital roles in cell signalling pathways that
regulate growth and proliferation, immune responses, protein trafficking, DNA repair, and
immune responses. Their dysfunction or mutations has also been implicated in cancers,

neurodegenerative disorders, and diabetes (Weber et al., 2019; Wang et al., 2020).
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1.1.3.3.2 RING (Really Interesting New Gene) E3 ligases

RING ubiquitin ligases are the largest family of E3 ligases consisting of ~600 different
types in humans. It is conserved from yeast to humans. RING finger consists of a Zn?*
finger domain with seven conserved cysteines and one histidine residue (spanning up to
40-60 amino acids) placed in a specific manner. The canonical sequence of this Zinc finger
is Cys-X2-Cys-X(9-39)-Cys-X(1-3)-His-X(2-3)-Cys-X2-Cys-X(4-48)-Cys-X2-Cys. This conserved
sequence allows stabilising the structure and interaction with the two zinc ions by
utilising a ‘cross-brace’ topology such that the two Zinc ions interact with 4 cysteine
residues. The structural analytical studies have shown that all proteins containing a RING
finger domain serve as a scaffold in bringing the E2 and substrate together and promoting
the direct transfer of ubiquitin to the target protein (Figure 1.4 b) (Garcia-Barcena et al,,

2020).

The members of the RING E3s are classified into specific groups based on how their
catalytic and substrate recruiting modules are arranged. The different types of RING E3s
include monomeric RING finger and multi-subunit RING E3 ligases (Metzger et al.,, 2012;
Yang et al,, 2021). Monomeric RING E3s have the domains for both substrate binding and
ubiquitylation. Apart from this, they also possess autoubiquitylation properties. TRAF6,
Mdm2, and COP1 are examples of monomeric RING E3s. Multi-subunit RING E3s are more
complex and diverse but they also possess many common features among themselves
(Yang et al,, 2021). Examples of multi-subunit E3 complexes include: BRCA1 (breast
cancer 1) and BARD1 (BRCA1-associated RING domain 1), Cullin-RING ligases (CRLs) and
anaphase-promoting complex (APC) (Zheng and Shabek, 2017). Among these, the Cullin-

RING ubiquitin Ligases (CRLs) represent the largest family of multi-subunit RING E3s
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(Zimmerman et al., 2010) which can perform distinct functions and are explained in detail

in section number 1.2.

The functions of RING E3s can be regulated by different posttranslational modifications
such as phosphorylations, neddylation, or ubiquitylation (Yang et al.,, 2021). Mutations
within the key residues that coordinate the Zinc ion interactions or dimerization can lead
to protein dysfunction, which can give rise to several human diseases such as cancer or
neurological disorders. Therefore, targeting these E3 ligases can be an excellent platform

for therapeutic interventions (Garcia-Barcena et al., 2020).

1.1.3.3.3 U-box type E3 ligase

U-box type is a relatively smaller group of ubiquitin ligases and the first example of this
family member was isolated from yeast (Wang et al., 2021). U-box ligases consist of a U-
box motif located at the C-terminus and have about 70 amino acids that are conserved
between yeast and humans. Studies conducted in mammalian cells suggest that the
deletion or mutation of the U-box domain leads to the loss of ubiquitylation function
proposing that the U-box provides the catalytic activity (Hatakeyama et al., 2004). These
ligases possess some similarity in the pattern of amino acid arrangement with RING E3s
which potentially contribute to their similarity in protein folding, but they lack the
conserved histidine and the RING fingers like in the RING E3s (Ohi et al.,, 2003). The U-
box type ubiquitin ligases function by interacting with the E2 charged with ubiquitin and
then facilitate the transfer of ubiquitin onto the lysine site of the substrate (Figure 1.4 c)

(Yang et al., 2021).

These ligases are also present in plants, providing signalling pathways in stress response
where they act as a central protein modifier for targeting proteins for proteasomal

degradation (Sharma and Taganna, 2020). These ubiquitin ligases can also interact with
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molecular chaperones and this association helps them to work as ‘quality control E3s’ for

the clearance of abnormal proteins (Hatakeyama et al., 2004).

1.1.3.3.4 RBR (RING-between-RING) E3 ligase

RING-between-RING (RBR) E3s are also known as RING-HECT hybrids as they share
features of both RING and HECT classes (Zheng and Shabek, 2017). RBR E3s are multi-
domain enzymes classed based on the presence of a RING1 domain, a central in-between
RING (IBR), and a RING2Z domain (Yang et al., 2021). The RING1 domain is where
ubiquitin-charged E2s bind, similarly to the RING ubiquitin ligases. The RING2 acts
similarly to the C-lobe of HECT E3s where the cysteine residue provides catalytic activity
by forming a thioester bond between the catalytic cysteine and C-terminus of ubiquitin.
The IBR domain is also heavily populated with cysteine residues but it lacks catalytic and

ubiquitylation activity (Spratt et al., 2014) (Figure 1.4 d).

The RBR E3s are known to regulate many biological processes in eukaryotes and there
are ~14 different RBRs in the human genome. One example of an RBR E3 is PARKIN that
is mutated in Parkinson’s disease. The dysfunction of this gene results in the early onset
of the disease. RBRs have also been shown to play a vital role in human diseases such as
dementia, inflammation, and cancer making them excellent drug targets (O’Connor and

Huibregtse, 2017; Cotton and Lechtenberg, 2020).

1.2 Cullin RING ubiquitin ligases (CRLs)

Cullin-RING ubiquitin Ligases (CRLs) represent the largest family of multi-subunit RING
E3.In humans, there are 6 different types of cullins namely: Cull, Cul2, Cul3, Cul4A, Cul4B,
and Cul5 and either of them can form a scaffold within the CRLs (Wang et al., 2016). CRLs

contain the catalytic ring subunit Rbx1/Rbx2 (Ring-box protein) which is responsible for
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providing ubiquitin ligase activity. These cullin-RING enzymatic cores can take up
different architectures by interchanging their substrate receptors, which are responsible
for providing substrate specificity towards a diverse range of substrates. Therefore the 6
cullin RING complexes along with their adaptors and substrate receptors in different
combinations lead to more than 500 CRL family proteins (Zimmerman et al., 2010). A
schematic model of Cullin Ring Ligases is represented in Figure 1.5. Members of the cullin
family proteins are known to function in a varied range of cellular activities like signal

transduction, transcription, and cell cycle (Wang et al., 2016).

Substrate
receptor

N-terminus C-terminus

Figure 1.5:- Schematic representation of Cullin Ring Ligases (CRLs). Cullin RING ligases (CRLs)
are characterized by a cullin protein scaffold (blue) and a catalytic core comprising the RING
domain (deep yellow) at the C-terminus. The N-terminus of cullins interacts with the substrate
adaptor (orange) and receptor (brown) to which the substrate binds. The activation of cullins
requires neddylation by Nedd8 (red) which is close to the RING domain. This results in ligase
activation and ubiquitin transfer from the E2 to the target substrate.

Interestingly, the enzymatic activity of the CRLs is determined by a ubiquitin-like protein,
NEDDS. Neddylation of cullins takes place via the activation of a NEDD8-specific E2 by the

Rbx RING domain. This neddylation is a reversible process; therefore, the cullins can also

17



become de-neddylated by the enzyme COP9 signalosome holo-complex (CSN). In this
manner, the activity of cullins is regulated. It was suggested that neddylated CRLs interact
with a different type of E3 ligase such as RBR E3 ARIH1 which adds the first (priming)
ubiquitin moiety to the substrate. Further extension of these monoubiquitylated
substrates is facilitated by the traditional CRL mechanism involving E2s (Scott et al,,

2016).

Part of this PhD project focuses on the function of Cullin2 based CRL during replisome
disassembly. Cullin2 along with its RING-domain subunit forms CRL2/Cullin2-RING
ubiquitin ligase. The C-terminus of cullins interacts with the RING domain-containing
proteins Rbx1 or Rbx2, which confer the ubiquitin ligase activity. The N-terminus
associates with the variant substrate recognition subunits and adaptor/linker proteins
responsible for substrate recruitment. The Elongin BC complex acts as an adaptor
connecting Cul2 subunit to the substrate receptor (Zimmerman et al., 2010). Some of the
variant substrate recognition receptors of CullinZ include von Hippel-Lindau (VHL),
LRR1, FEM1, PRAME, and ZYG-11 (Wang et al, 2016). In this PhD project, I have

attempted to study the structure of Cullin2t! ubiquitin ligase.
1.3 DNA replication

Cell division is a fundamental process involved in the existence of life. Each time a cell
divides the genetic material from the parent cell is duplicated by DNA replication and
passed on to the daughter cells. This forms the basis for genome maintenance. However,
this process is highly regulated such that it occurs only once per cell cycle. During
replication, there are efficient proofreading and repair mechanisms that facilitate the
exact duplication of the genome. Nevertheless, errors can occur and when left unrepaired,

they can lead to the accumulation of mutations. These mutations can affect the cell
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behaviour and have severe consequences leading to genetic disorders, aging,
chromosomal aberrations, or even drive tumorigenesis or other pathological diseases

(Blow and Dutta, 2005; Kang et al., 2018).

The eukaryotic cell cycle consists of distinct phases namely G1 (unreplicated DNA), S-
phase (DNA synthesis), G2 (replicated DNA) - together known as Interphase, and M
(mitotic) phase. The G1 phase prepares the cell for DNA synthesis and the G2 phase
prepares for the entry into mitosis. The central factors that control these cell cycle events
are CDKs (Cyclin Depenedent Kinases) and Cyclins. These are holoenzymes comprising
Cyclins as regulators and CDKs as catalytic subunits. CDKs on their own have no
enzymatic activity and the binding of CDK to a cyclin is a prerequisite for its activation.
During distinct phases of the cell cycle, CDKs associate with specific cyclins and this
partnership allows the transition through different phases (Figure 1.6). The activation of
these proteins depends on the phosphorylation or dephosphorylation of specific amino
acids. The cyclic expression of cyclins is facilitated by the presence of PEST (Proline (P),
Glutamate (E), Serine (S), and Threonine (T)) sequence motifs in Cyclins, which target

them for degradation or expression at specific times (Schafer, 1998).
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Figure 1.6:- Schematic drawing of cell cycle progression of multi-cellular organisms. Major stages
of the cell cycle are represented as G1 (orange), S (yellow), G2 (green), and M (brown) and their
progression is regulated through various Cyclin CDK complexes as depicted in the figure. G1=>S,
G2=>M, and Spindle Assembly Checkpoint (SAC) represent the major checkpoints. The arrow
indicates the direction of progression of the cell cycle.

Cyclin D/CDK4 and Cyclin D/CDK®6, functioning during mid-G1, regulate the cell cycle
progression from G1/S. The late G1 phase is governed by Cyclin E/CDK2 (Galderisi et al.,
2003) and allows entry into S-phase. Cyclin A in combination with Cdk2, synthesised at
the onset of the S-phase allows DNA synthesis and progression through the G2 phase
(Coverley etal., 2000). Both Cdk2/Cyclin A and Cdk1/Cyclin B regulate progression from
the G2 phase to the mitotic phase and Cdk1/Cyclin B participates and completes mitosis

and chromosome segregation (Satyanarayana and Kaldis, 2009).

DNA replication involves three major steps: initiation, elongation, and termination.
Initiation of replication begins at specific places in the DNA called origins of replication
(ORIs). Bacterial genomes are single circular DNA molecules and typically have a single
replication initiation region named ‘Ori C. The two replisomes initiating from the Ori C

travel in the opposite direction, generating a replication bubble and completing the
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genome duplication with the aid of DNA polymerases. The timings for the completion of
replication depend on the size of the genome (Costa and Diffley, 2022). While some
archaea employ multiple origins of replication to initiate DNA replication, eukaryotic
genomes consist of multiple chromosomes. To ensure complete genome duplication in a
timely manner, the number of origins ranges from 100s - 50,000s depending on the
complexity of the organisms (Fragkos et al., 2015). However, not all origins are activated
at the same time. Some remain dormant and are activated only during replication stress
or fork stalling to serve as rescuers (Courtot et al., 2018). Once replication is initiated, the
core of the replisome, DNA helicase, unwinds the DNA and the formed replication forks
move through the chromatin synthesising the new DNA until they meet another
converging fork coming from a neighbouring origin in an opposite direction, which is

when replication terminates (Moreno and Gambus, 2015).

These different stages of replication utilise numerous multi-protein complexes and are

highly regulated at each step.

1.3.1 Initiation

The initiation of DNA replication spans two different stages of the cell cycle. This is a two-
step mechanism involving ‘origin licensing’ and ‘origin firing’. Budding yeast has widely
been used as a model system for understanding replication initiation and pre-replication
complex formation. In yeast, there are multiple replication initiation origins defined by
the presence of DNA sequences called Autonomously Replicating Sequences (ARSs). ARSs
are made of ARS Consensus Sequences (ACSs) and B elements. ACS forms the binding site
for Origin Recognition Complex (ORC) and is essential for the functioning of the origins.

The B elements present at the origins help in enhancing the origin functioning. The
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origins are occupied by the ORCs and are melted during the initiation of replication (Kang

etal,, 2018).

There are no well-defined origin recognition sequences for higher eukaryotes. They are
generally found to be overlapping with the transcription start sites and CpG islands. ORC
binding to origins is followed by binding of Cdc6 forming the ORC-Cdc6 complex, which,
with the help of the Cdtl factor, loads Mini Chromosome Maintenance 2-7 (Mcm2-7)
complexes onto the origin. This forms the pre-Replicative complex (pre-RC) and
constitutes ‘origin licensing’. It happens during late mitosis and G1 phase of the cell cycle

when the CDK levels are low (Costa and Diffley, 2022).

The Mcm2-7 core of the helicase complex consists of six subunits, forming a hexameric
structure. Each subunit contains an AAA+ ATPase site. The complex is organized into two
tiers: one tier is comprised of the N-terminal domains of Mcm2-7, while the other tier
consists of the C-terminal AAA+ domains of Mcm2-7. In yeast, the association of Mcm2-
7 with Cdt1 results in the formation of a heptameric complex. Cdt1 binds to the flexible
N-terminal domains of Mcm2, Mcm4, and Mcm6, leading to the stabilization of the
heptameric complex. This Mcm-Cdt1 complex is then recruited to the ORC-Cdcé which is
together represented as the OCCM complex (Kang et al, 2018). The Mcm complexes
loaded onto the DNA are in the form of double hexamers and are loaded in a head-to-head
orientation such that the N-termini face each other and the C-terminus AAA+ domains are
located at the opposite ends. The loading takes place one hexamer at a time. When the
Mcm-Cdt1 complex is recruited, the Mcm2-7 contains an open gate in between Mcm2 and
Mcmb5 to allow clamping onto the DNA. Once the OCCM complex is formed, the Cdcé6 is
released. This is followed by the release of Cdt1 and closure of the Mcm2-5 gate leaving

ORC and Mcm2-7 on the DNA. At this stage, a second Cdcé binds to the ORC and leads to
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recruitment of the second Mcm2-7 complex. Finally, Cdc6 and Cdt1 are released from the
intermediate structure leading to the closure of the second Mcm2-5 gate followed by the
release of ORC (Figure 1.7). Structural analysis of the Mcm hexamer recruitment also

suggests that only one ORC is involved in recruiting both hexamers (Costa and Diffley,

2022).

The energy required for the licensing is provided by ATP binding and hydrolysis

facilitated by Mcm2-7, ORC, and Cdc6, which all belong to the AAA+-ATPase family (Coster

etal., 2014).
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Figure 1.7:- Schematic representation of origin licensing. The Binding of ORC complexes and other
proteins such as Cdt1, Cdc6, and Mcm2-7 results in the generation of pre-RC complex during the
G1 phase of the cell cycle. The binding of the ORC (Origin Recognition Complex) to replication
origins is ATP-dependent, and it binds together with Cdc6. This ORC-Cdc6 complex facilitates the
recruitment of MCM2-7-Cdtl. Through ATP hydrolysis, the MCM ring changes from an open to a
closed conformation around the DNA, leading to the dissociation of Cdt1 and leaving Mcm2-7 and
ORC on DNA. The binding of a second Cdc6 then allows the recruitment of 2rd Mcm2-7.

Studies conducted in Xenopus laevis egg extracts and Hela cells suggest that Mcm2-7 are

loaded onto chromatin in excess. There are approximately 10-20 Mcm2-7 double
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hexamers loaded onto each origin (Laskey and Madine, 2003). Although the Mcm2-7
complexes are loaded in excess, only about 10% of them are initiated for replication, while
the majority remains dormant. This is known as the MCM paradox. The excess Mcm2-7
double-hexamers can become activated in the event of replication fork defects such as

fork stalling or slower replication rate (Ge et al., 2007; Ibarra et al., 2008).

The second stage of replication initiation is ‘origin firing’, which is triggered by activation
of the helicase. Although Mcm2-7 is regarded as the core of the replisome, it stays
enzymatically inactive until additional factors - Cdc45 and GINS complex are attached to
it (MacNeill, 2010). As the cell cycle progresses into the S-phase, Cdc45 (Cell division cycle
45) and GINS (Go-Ichi-Nii-San, meaning 5-1-2-3 in Japanese), consisting of 4 subunits
SId5 (Synthetic lethal with Dpb11), Psf1, Psf2, and Psf3 (Partners of Sld5 1, 2 and 3,
respectively), associate with the hexameric Mcm2-7 resulting in the formation of CMG
(Cdc45-Mcm-GINS)(Costa et al,, 2011; Gambus et al., 2006; Yardimci et al., 2010) (Figure
1.8). Nine factors required for activation of helicase have been identified in S.cerevisiae
namely DDK (Dbf4 dependent kinase), CDK, S1d3/7 (higher eukaryotes Treslin/MTBP),
Dpb11 (higher eukaryotes TopBP1), SId2 (higher eukaryotes RecQL4), Cdc45, DNA
polymerase &, GINS and Mcm10 (Yeeles et al, 2015; Heller et al., 2011). DDK
phosphorylates Mcm2-7 double hexamers followed by recruitment of Sld3/7 and Cdc45
(Tanaka et al., 2011). CDK phosphorylates Sld2 and Sld3. Dpb11 recognises and binds
phosphorylated Sld2 and Sld3, while interacting with GINS and DNA Polymerase ¢
resulting in the active CMG complex formation (Heller etal., 2011; Muramatsu etal., 2010;
Zegerman and Diffley, 2007). These molecular events switch on the helicase activity and
Mcm10 allows the separation of double hexamers of Mcm2-7 (Quan et al., 2015). The

activated helicases move bidirectionally generating two forks and replicating the inter-
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origin sequences. This whole process is less well defined in higher eukaryotes. However,
recent research has shed light into the orchestration of initiation process in higher
eukaryotes. Initiation factors such as Treslin/MTBP and TopBP1 has been shown to be
crucial for the assembly of the active CMG helicase. Specifically, these factors play a vital
role in the loading of Cdc45 and GINS onto Mcm2-7 helicase (Kumagai et al., 2011; Volpi
et al., 2021). Very recent investigations, has identified DONSON as a novel replication
initiation factor, essential for loading Cdc45 and GINS onto origins. DONSON achieves this
through a direct interaction with TopBP1, and intriguingly, this interaction is dependent
on CDK activity (Hashimoto et al., 2023; Kingsley et al., 2023; Lim et al., 2023; Xia et al,,

2023).

Double Mcm2-7 hexamers
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Figure 1.8:- Schematic representation of origin firing. S-phase is marked by the activation of the
replicative helicase. Initially, the MCM2-7 complex is phosphorylated by DDK (Dbf4-dependent
kinase), which enables the recruitment of Cdc45, SId3/SId7. CDKs (Cyclin-dependent kinases)
phosphorylate Sld2 and Sld3, leading to the binding of GINS, Dpb11, Mcm10, and Pole to the
complex. This result in the activation of the helicase and the MCM double hexamers separate and
two CMG helicases move bidirectionally.
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To maintain genome integrity and prevent re-replication the loading and activation of
helicases are highly regulated. Loading of helicases in the G1 phase requires low CDK
activity whereas helicase activation in S-phase needs high CDK activity. The re-replication
of DNA in higher eukaryotes is prevented by inhibition of origin licensing in the S-phase
(Fragkos etal.,, 2015). In S and G2 phases, Geminin acts as an inhibitor of DNA replication
licensing by forming an inhibitory complex with Cdt1 thus preventing pre-RC formation.
In humans, Cdt1 can also be degraded in S-phase by 2 different ubiquitin ligases SCF-Skp2
and DDB1-Cul4 which are activated following Cdt1 phosphorylation by Cdk2 or Cdk4
(Wohlschlegel etal., 2000; Nishitani etal., 2006; Kang et al., 2018) . In Xenopus laevis, once
the first Mcm2-7 hexamers are recruited Cdc6é becomes rate limiting and thereby
prevents any reloading of MCMs in the later stages of the cell cycle. Such regulatory

mechanisms ensure that replication occurs only once per cell cycle (Kang et al., 2018).

1.3.2 Elongation

Replication elongation begins once the helicase starts unwinding the double-stranded
DNA and the forks move bi-directionally, synthesizing new DNA in the 5’ to 3’ direction.
The CMG helicase travels in the 3’-5’ direction on the leading strand of the template DNA.
Due to the antiparallel nature of the DNA, the helicases travel in the opposite direction
generating a replication bubble. It is important to note that while DNA polymerases
synthesise new strands in the 5’ to 3’ direction, the overall direction of DNA replication is
depicted as 3’ to 5’ relative to the parental template strand, reflecting the movement of
the replication machinery along the template (Georgescu et al., 2017). The replicative
helicase interacts with a group of other proteins that coordinate the progression of DNA
synthesis. A schematic of the helicase along with other replication machinery is shown

in Figure 1.9. The leading strand DNA is continuously synthesised whereas the lagging
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strand is synthesised intermittently in the opposite direction of the fork movement. The
leading strand and lagging strand DNA are synthesised by Pol € and Pol §, respectively
(Kang et al., 2018). It has been demonstrated that polymerase § also plays a role in
stimulating leading strand synthesis (Yeeles et al., 2017). Pol € exhibits a remarkable
ability to proofread its replication errors, delivering highly accurate DNA synthesis. In
fact, Pol € surpasses the accuracy of proofreading-proficient Pol 6 and significantly
outperforms the proofreading-deficient Pol a in terms of DNA synthesis accuracy. The
efficient self-proofreading mechanism employed by Pol € ensures the faithful replication

of the leading strand DNA (Burgers and Kunkel, 2017).

Leading strand synthesis

Lagging strand synthesis

Figure 1.9:- Replicating fork with helicase. The CMG helicase complex is located at the leading
strand at the tip of the replication fork and unwinds the dsDNA in a 3' to 5' direction. Leading
strand synthesis is continuous and carried out by Pol € in the 5’ to 3’ direction. The lagging strand
synthesis occurs in a discontinuous manner. It begins with the priming activity of Pol a resulting
in the formation of an RNA: DNA primer, followed by elongation carried out by Pol 6.

During the process of elongation, single stranded DNA is exposed as a result of unwinding

by CMG. This acts as a template for priming by Pol a/primase. DNA Pol « has RNA primase
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and DNA polymerase activity. The Pol a initiates DNA synthesis on the lagging strand of
the DNA by generating short RNA primers of 7-14 nt using its primase activity. The primer
is extended by addition of dNTPs by the Pol o polymerase activity up to 10-20 nt, forming
the initial Okazaki fragment (Sheaff and Kuchta, 1993; Nethanel et al., 1988). The
recruitment of DNA Pol « to the lagging strand takes places with the aid of Mcm10 and
Ctf4. A homo-trimeric Ctf4 interacting peptides present within the SId5 subunit of GINS
and the Pol a facilitate this interaction and bridging with CMG (Simon et al., 2014). Since
Pol « lacks the proof reading ability, further primer extension is carried out by two other
polymerases, Pol 6 and Pol €. These polymerases continues to extend the Okazaki
fragments in the opposite direction of the fork movement (Ldoke et al., 2017; Kang et al,,
2018). The strand displacement capability of Pol 6 allows for the displacement of RNA-
DNA primers that were generated by Pol o (Zheng and Shen, 2011). The displaced primers
are cleaved by FEN1 (5’-flap endonuclease 1) or Dna2 and the nicks generated as a result
are completed by DNA Pol 6 and finally joined by DNA ligase I to form continuous strands
of DNA. To maintain genomic integrity, it is important to remove the segment generated

by DNA Pol a as it lacks proof-reading activity (Kang et al., 2018; Attali et al.,, 2021).

Pol §, FEN1, and ligase form the core machinery responsible for the maturation of Okazaki
fragments. This is facilitated by interaction with PCNA, as the three enzymes contain
PCNA interaction motifs. Pol € is not suitable for functioning as the polymerase for lagging
strand synthesis because it lacks strand displacement capability (Burgers and Kunkel,
2017). During replication, PCNA forms a ring-shaped sliding clamp for DNA Pol € and Pol
0 and enhances its processivity. Once the DNA synthesis is initiated by DNA Pol «, the
Replication factor C (RFC) binds to PCNA and this results in the opening of the PCNA ring.
This opening triggers the binding of the RFC/PCNA complex to the primer-template

junction. Using ATP hydrolysis, RFC is then released, leading to the closure of the PCNA
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ring, leaving it securely at the primer junction of Okazaki fragments (Yao and O’'Donnell,
2012). Overall, PCNA orchestrates replication events at the fork and during synthesis. It
also coordinates other activities such as DNA repair e.g. mismatch repair, nucleotide
excision repair, Okazaki fragment maturation, epigenetic inheritance and cell cycle

control (Boehm et al., 2016).

Multiple studies in yeast have demonstrated that efficient DNA synthesis relies on the
presence of other replisome proteins, namely Mrc1 (Mediator of Replication Checkpoint
Protein 1) and Tof1 (Time of Fork 1)/Csm3 (Chromosome Segregation in Mitosis 3). Mrc1
acts as a scaffold protein at replication forks and has been found to interact with
polymerase ¢, indicating its involvement in coordinating the replication process. Tof1 and
Csm3 form a complex which also interacts with replication machinery at the replication
fork. Similar to Mrc1, Tof1-Csm3 are also involved in the stabilisation of the replication
fork and preventing fork collapse during replication stress. Mrc1, Tof1, and Csm3 together
form a heterotrimeric complex, Replisome Protection Complex (RPC), that not only
contributes to DNA synthesis but also acts as a replication checkpoint-specific mediator
and activates the effector kinase Rad53 when replication encounters difficulties. This
suggests that these proteins have a dual function in regulating DNA replication and
ensuring its fidelity (Bando et al., 2009). Additionally, biochemical studies have identified
these three proteins to be part of the replisome progression complex including CMG and

other proteins (Gambus et al., 2006).

Apart from these, the unwinding of DNA by the helicases also generates topological stress
within DNA in front of the fork called positive supercoiling. This needs to be resolved for
the smooth progression of the forks and is accomplished by Topoisomerases I and II.

Topoisomerase | acts ahead of the fork and Topoisomerase II is behind the fork. The
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coordination of chromosomal replication with the disassembly of parental nucleosomes
and the assembly of new nucleosomes also plays a crucial part during DNA synthesis.
Histone chaperones such as Asfl and FACT are important for chromatin remodelling

(Kang et al., 2018).

1.3.3 Termination

Termination occurs when two forks from neighbouring origins meet each other and this
can happen throughout the S-phase. Genome-wide studies in yeast and human cells have
shown that termination occurs around the mid-points between two activated origins
(Petryk et al., 2016). The exact location of termination events depends on the relative
origin activation timing, as well as efficiency of the progression of each fork (Yardimci et
al, 2010; Hawkins et al,, 2013). But as replication progresses, the torsional stress
generated as a result of the unwinding of parental DNA generates many positive
supercoils, which can also cease replication. To avoid this, these supercoils are dealt with
type [ DNA topoisomerases (Top I) ahead of the fork. When Top I is unable to access the
DNA due to space constriction, however, the torsional stress can be released by fork
rotation instead. In this way, the torsional stress is translated to the newly synthesised
DNA behind the fork, resulting in intertwined sister chromatids that are known as pre-
catenanes (Keszthelyi etal,, 2016). The entangled pre-catenanes are resolved only by type
[I topoisomerases (Top II). This process is regarded as one of the first termination-specific
events (Dewar and Walter, 2017). In bacteria and viruses, Top Il is involved in separating
the pre-catenanes to allow for convergence, while in yeast and higher eukaryotes, the
depletion of Topo II does not block fork convergence but affects the efficiency of fork

convergence (Xia, 2021).

30



Studies investigating replication events in Xenopus laevis egg extracts, utilising plasmid
DNA, have shown that during fork convergence the two replicative helicases pass each
other on the opposite strands. This is due to the anti-parallel nature of DNA. Polymerases
continue replication until they encounter Okazaki fragments from the opposite lagging
strand (Dewar et al., 2015). Once the last bit of parental DNA is replicated, the replisomes
undergo dissociation to prevent re-replication and avoid interfering with other
chromatin-based processes like transcription or subsequent rounds of replication.
Interestingly, the disassembly mechanism does not act on replisomes that are actively

engaged in replication (Dewar and Walter, 2017).

1.3.4 Fork convergence and replisome disassembly

As the active replisome progresses along the leading strand template, when it encounters
a replication fork coming in the opposite direction from the neighbouring origin, the two
replisomes will be positioned on the complementary strand, enabling efficient bypass.
Once Okazaki fragment maturation and bypass are completed, replisomes are
disassembled from chromatin. It is important to note that replication termination
mechanisms are highly conserved between species. During termination, in yeast and
higher eukaryotes, the replisomes ready for disassembly are marked by K48-linked
polyubiquitylation of the Mcm7 subunit by SCFPia2 (yeast) or Cul2 L1 (higher eukaryotes
and mammalian cells), which in turnis recognised by p97 ATPase segregase (Cdc48/VCP)
(Maric et al., 2014; Moreno et al., 2014; Dewar et al,, 2017a; Sonneville et al., 2017).
Recent investigations have highlighted that p97 collaborates with its cofactors Ufd1, Npl4,
and Ubxn7 to effectively unload replisomes from chromatin (Maric et al., 2017; Fujisawa
etal, 2022; Tarcan et al., 2022). A schematic representation of the replisome disassembly

pathway has been shown in Figure 1.10.
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A breakthrough in the replisome disassembly field was made when a new backup
pathway for replisome disassembly was reported using C. elegans early embryos, Xenopus
laevis egg extracts, and mammalian cells. The E3 ubiquitin ligase TRAIP ubiquitylates the
Mcm?7 subunit of any replisomes remaining on chromatin in mitosis with K63-linked
chains. Intriguingly, like the S-phase pathway, mitotic disassembly was also dependent on
the activity of p97 segregase (Deng et al,, 2019; Moreno et al., 2019a; Sonneville et al,,

2019a; Villa et al,, 2021).

An outstanding question regarding the regulation of termination factors was the ability
to distinguish between active and terminated replisomes. Recent studies suggested that
the ubiquitylation of CMG is suppressed during elongation to prevent fork collapse and is
only permitted by the presence of Y-shaped fork DNA at termination (Deegan et al., 2020;
Low etal, 2020). Cryo-EM analysis of terminating replisomes from yeast and mammalian
cells however, shed further light on this conserved mechanism, depicting that both Lrrl
and Dia2, although structurally different, bind to CMG by interacting via Mcm3 and Mcm5
zinc fingers. This interaction is interrupted during elongation by the excluded lagging
strand and is only permitted when this excluded strand is lost as a result of the completion
of DNA synthesis (Jenkyn-Bedford et al., 2021). On analysis of recombinant X. laevis
Cul2lrrl it has been suggested that a flexible PH domain of Lrrl facilitates targeting the
terminated replisomes. It has also been identified that the RING domain of the Cul2L1
complex is placed near the N-terminus of Mcm7 to allow for ubiquitylation and the LRR
subunits are located near Mcm3/5 zinc fingers to sense the presence of the lagging strand

(Zhou etal., 2021).
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Figure 1.10:- Schematic representation of replisome disassembly pathway. (a) Replisome
disassembly in S. cerevisiae. SCFPia2 promotes CMG ubiquitylation on its Mcm7 subunit during
termination by adding K48-linked ubiquitin chains. CMG ubiquitylation triggers the recruitment
of Cdc48-Ufd1-Npl4, leading to replisome disassembly. (b) Replisome disassembly in higher
eukaryotes. Cullin2Lr! promotes CMG ubiquitylation of Mcm?7 subunit with K48-linked ubiquitin
chains. The ubiquitylated replisome is subsequently disassembled by p97-Ufd1-Npl4. Figure
reproduced from (Moreno and Gambus, 2020).

1.4 Replication stress and its consequences on genome stability

DNA replication is a highly accurate process with a remarkably low error rate.
Nevertheless, the fidelity of this process is often challenged by many external and internal
sources. The impediment of the progression of replication forks can lead to reduced
replication fidelity, fork slowing or stalling, and even DNA breaks. Such difficulties
confronted by the replication machinery are referred to as replication stress (Saxena and
Zou, 2022). Replication stress can arise from different sources. Few examples include
DNA lesions caused by ultraviolet (UV) light or oxidative DNA damage, exposure to a wide
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range of genotoxic agents used in cancer therapies to target DNA replication, oncogene
activation. In addition, unregulated firing of origins, misincorporation of ribonucleotides,
transcription- replication conflicts (TRCs), DNA-RNA hybrids, secondary DNA structures,
telomeres and even dysregulated repair processes all contribute to replication stress
(Mazouzi etal., 2014; Zeman and Cimprich, 2014; Berti and Vindigni, 2016) (Figure 1.11).
Cells activate various response pathways depending on the type of stress that interferes
with the replication forks. These pathways serve to stabilize, repair, and restart the forks,
ultimately ensuring the timely duplication of the genome and thereby maintaining

genome stability (Berti and Vindigni, 2016).
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Figure 1.11:- Some of the different causes of replication stress. Endogenous or exogenous sources
of replication stress can slow or stall forks. A few examples include faulty replisome components,
secondary structures and transcription-replication conflicts or hard to replicate DNA, and
unbalanced dNTP pool all can lead to impaired fork progression.

Three major replication stress responses can be observed at the sites of stressed
replication forks: ATR (Ataxia Telangiectasia and Rad3 Related) checkpoint activation,

fork remodeling, and activation of DNA repair pathways. Replication stress can disrupt
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the coordination between the helicases and polymerases resulting in the exposure of
ssDNA. Replication protein A (RPA) coats the ssDNA to protect it from nuclease attack.
Long stretches of RPA coated ssDNA, highlights the presence of stressed forks in the S-
phase and results in the recruitment and activation of ATR checkpoint kinase. The
activated ATR stabilises the halted replication forks and activates signalling pathways at
these forks (Saxena and Zou, 2022). ATR activation inhibits cell cycle progression and
regulates intracellular ANTP levels to allow proper repair and restart. ATR activation also
initiates phosphorylation to regulate the activity of replisome components and fork
remodeling enzymes (Berti and Vindigni, 2016). In response to stress, forks can also
undergo fork remodeling where the stressed forks are converted into four- way junctions
thereby regulating the fork speed and enabling repair. In addition to this, there are also
various DNA repair pathways or tolerance pathways that are activated at stressed forks
and enables them to bypass or recover from stress, for example: translesion synthesis
(TLS), PrimPol- mediated repriming, template switching (TS), break-induced replication
(BIR) and homologous recombination (HR) (Cortez, 2015; Berti et al.,, 2020). These

coordinated responses collectively tackle the replication stress.

A brief description of some known sources of replication stress are given below.

1.4.1 Replication fork barriers

Any obstacle that comes in the way of fork progression hampers the progression of DNA
synthesis and these perturbations can interfere with the forks either directly or indirectly.
Most commonly recognised roadblocks include DNA lesions/adducts that arise from UV
or DNA alkylating agents (eg: methyl methanesulfonate), reactive oxygen species (ROS),
interstrand crosslinks (ICLs) that are caused by cisplatin, mitomycin C, camptothecin etc.

In addition, the presence of DNA sequences prone to forming secondary DNA structures
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(eg: hairpins, cruciform structures, G-quadruplexes etc) or situations which trap proteins
on DNA, known as DNA protein crosslinks (DPCs); all these possess a roadblock for DNA
synthesis (Mazouzi et al., 2014; Zeman and Cimprich, 2014; Wu et al., 2019; Saxena and

Zou, 2022). Such obstacles are also referred to as ‘Replication Fork Barriers’ (RFBs).

Replication fork barriers can either block helicases or polymerases and the mechanism of
stress response activated is based on this. Formation of ssDNA at the replication forks is
a common feature associated with replication fork stalling. The formation of ssDNA
results from the physical uncoupling of the polymerases from the helicases. Such
scenarios happen when the polymerase stalls in response to base damage or dNTP
depletion but the helicase continues to unwind the DNA. On the other hand, obstacles that
physically hinder helicase movement, such as interstrand cross-links (ICLs) or torsional
stress caused by the DNA topoisomerase | cleavage complex, are not expected to induce

this uncoupling (Berti and Vindigni, 2016).

1.4.2 Transcription-replication conflicts

Interferences between transcription and replication programs are another major cause
for replication stress. The fact that replication and transcription machineries share the
same DNA template makes them prone to collide (Saxena and Zou, 2022). The RNA-DNA
hybrids generated during transcription are also a problem leading to replication-
transcription conflicts. The newly synthesised RNA anneals to the template DNA strand
leaving the non-template DNA unpaired. The resulting three stranded structure along
with GC rich regions in the DNA forms an R-loop structure (Allison and Wang, 2019). This
structure poses a barrier for fork progression but cells have multiple pathways to resolve
these R-loops and to avoid TRCs (Saxena and Zou, 2022). Formation of R-loops are

suppressed by RNA processing/splicing factors that are responsible for preventing DNA-
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RNA hybrid formation during transcription. However, once R-loops are formed, they can
be cleaved by specific nucleases such as RNAse H family of enzymes and DNA-RNA
helicase Senataxin. Cells have also evolved mechanisms to reduce such conflicts. Helicases
and topisomerases assist in reducing the topological stress that arises between
converging replication and transcription complexes. For instance, TOP1 prevents
collision of replicating forks with R-loops at transcription termination sites by removing
DNA supercoiling (Magdalou et al., 2014; Zeman and Cimprich, 2014; Promonet et al.,
2020). Mutations in genes that are involved in these pathways and RNA splicing factors
can lead to increased accumulation of R-loops contributing to replication stress that leads
to genomic instability (Saxena and Zou, 2022). Recent research has also shown that TRAIP
plays a critical role during S-phase by preventing DNA damage at transcription start sites

caused by conflicts between replication and transcription (Scaramuzza et al.,, 2023).

1.4.3 Unbalanced replication conditions

Replication relies on various essential components, and their limitation can have
significant impact on replication fork speed and trigger replication stress. Various factors
contribute to this. Alterations in origin firing such as firing too many origins at the same
time can deplete the available ANTP pool or limit other replication factors and thereby
slows down the fork speed. On the other hand, firing of less than the required number of
origins can also lead to incomplete replication. The speed of the replication forks plays a
significant role in the temporal DNA replication program in both mammals and yeast.
When the dNTP pool is below the critical level, then replication forks slow down, and
additional origins are activated to ensure complete replication. Insufficient dNTPs can
lead to the accumulation of ssDNA and activates the DNA replication checkpoint.

Eukaryotic genomes contain excess replication origins to counteract fork stalling, and
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compensatory activation of dormant origins helps maintain replication efficiency.
Dysregulation of dNTP pools is also associated with genome instability and cancer
development. Although origin firing is regulated by replication stress, it is not just a
consequence but can also be a source of replication stress (Magdalou et al., 2014; Zeman

and Cimprich, 2014).

1.4.4 Replication fragile sites

Some regions within the human genome pose significant challenges and are ‘difficult to
replicate’, making them susceptible to fragility. These are called fragile loci. They can be
classified into Common Fragile Sites (CFSs) and Early Replicating Fragile Sites (ERFSs).
These regions are sensitive to replication stress and accumulate breaks or gaps in the
condensed metaphase chromosome upon partial inhibition of DNA synthesis.
Additionally, they tend to replicate later in the cell cycle. On the other hand, ERFSs are
characterised by a higher GC content, an open chromatin state, and early replication

timing (Magdalou et al., 2014; Mazouzi et al., 2014).

CFSs are enriched with A/T base pairs, which make them prone to forming secondary
structures leading to stalling of replication forks. Studies from several cell models suggest
that CFSs serve as hotspots for replication stress leading to sister chromatid exchange,
translocation and chromosomal deletions and rearrangements in cancers (Glover, 2006).
These sites have also been identified as ‘initiation poor’ regions with reduced numbers of
active origins leaving their replication incomplete. Consequently, incomplete DNA
replication of CFSs becomes obvious as cells enter mitosis, leading to “expression” of CFSs
which is referred to as the breakage of CFSs on metaphase chromosomes (Li and Wu,

2020).
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The stability of CFSs is maintained by replication checkpoint. The ATR-mediated
replication checkpoint is responsible for monitoring the progression of replication,
safeguarding stalled replication forks, fork restart and coordinating replication with cell
cycle progression. ATR plays a vital role in protecting CFSs. Loss of ATR and CHK1 leads
to their expression, even in the absence of replication stress. Furthermore, inhibiting
checkpoint proteins Claspin and HUS1 also induces the expression of CFSs (Li and Wu,

2020).

1.4.5 DNA damage repair responses

As mentioned earlier, replication stress can compromise the fidelity of genome
duplication and to cope with the constant challenges, cells activate multiple response and
repair pathways, depending on the type of stress. ATM and ATR are the central DNA
Damage Response (DDR) kinases that are triggered as a first line of defence during
stressed conditions (Mazouzi et al., 2014). ATM (Ataxia Telangiectasia Mutated) protein
is a serine-threonine kinase that can phosphorylate relevant proteins during DNA damage
involving double stranded breaks (DSBs). ATR (Ataxia Telangiectasia and Rad3 Related)
protein is another key kinase prominent at stalled replication forks involving ssDNA

(Berti and Vindigni, 2016; Saldivar et al., 2017).

Encounter of replicating forks with DNA lesions often requires the replication machinery
to undergo remodelling to overcome these obstacles. DNA lesions present on the lagging
strand template are well tolerated due to the discontinuous nature of DNA synthesis of
Okazaki fragments, but lesions on the leading strand pose a significant obstacle to the
continuous DNA synthesis. In such scenarios, DNA damage tolerance (DDT) mechanisms
come into play to allow replication to proceed without stalling the forks. This is enabled

by specialised DNA polymerases known as Translesion Synthesis (TLS) polymerases such
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as POLH, REV1, POLK, POLI, REV3L/REV7, POLN, and POLQ, which have the ability to
replicate through the lesions but with some errors. Sometimes the replisomes can also
bypass the lesions leaving the damage to be repaired after completion of DNA synthesis.
Such a process termed as fork repriming is carried out by PrimPol in eukaryotes. This
allows restart of DNA synthesis, leaving a ssDNA gap behind, which is later fixed by TLS

polymerases (Berti and Vindigni, 2016).

Fork reversal is another mechanism used for dealing with stressed forks to enable DNA
damage repair. It is considered as an ‘emergency brake’ where DNA replication can
temporarily pause to allow necessary space and time to repair any obstacles or lesions
encountered during DNA synthesis. RAD51 has been shown to be important in fork
reversal. It has been reported that the binding of RAD51 to ssDNA promotes fork reversal
(Zellweger et al., 2015). RECQ1 helicase is known to enable the restart of the reversed
forks and this restart is achieved by regulating the activity of RECQ1 by PARP1 (Berti et
al,, 2013). Although fork reversal is initiated as a mechanism to rescue replication stress,

this can also have detrimental effects if forks fail to restart (Neelsen and Lopes, 2015).

The replisome components have also been shown to play a key role in maintaining
replication dynamics when forks encounter lesions. During DNA synthesis, the steric
exclusion of the lagging strand allows the CMG to translocate on the leading strand ina 5'
to 3' direction. This mechanism allows the CMG to efficiently bypass roadblocks present

on the lagging strand but not the leading strand (Costa et al,, 2011; Fu etal., 2011).

All these mechanisms together ensure timely and error-free completion of DNA synthesis,
which allows for maintenance of genome stability. Defects in the ability to deliver these
repair pathways lead to several diseases and syndromes in humans. To mention a few, for

example, loss of Polymerase 1 involved in TLS and responsible for the repair of lesions
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made from UV exposure can lead to skin cancer, Xeroderma pigmentosum (Mailand et al,,
2013). Mutations in proteins such as WRN and RecQL4 cause Werner syndrome and
Rothmund-Thomson syndrome, respectively, because of faulty DNA replication fork
structure resolution (Follonier et al., 2013). Defects in proteins associated with origin
licensing such as ORC1, ORC4, ORC6, CDT1, and CDC6 possess growth retardation and
microcephaly leading to Meier-Gorlin syndrome (Bicknell et al, 2011). The Ataxia-
Telangiectasia-like disease is a neurodegenerative disease caused because of a defect in
Mrel1 and disrupts the ATR/ATM activation pathway (Mazouzi et al.,, 2014; Zeman and

Cimprich, 2014).
1.5 Regulation of DNA replication by ubiquitylation

Ubiquitylation is known to regulate every step in DNA replication. One of the functions of
ubiquitin in DNA replication is to enable the advancement of the process by directing the
proteasomal degradation of crucial cell cycle factors. The regulation of replication at
different stages of the cell cycle enables it to prevent under or over-replication of DNA

which is critical for maintaining genome stability (Moreno and Gambus, 2015).

1.5.1 The Role of Ubiquitylation in origin licensing

Replication initiation is a tightly controlled cellular process that involves crosstalk
between different factors and modifications where ubiquitylation plays a key role. It
requires a low CDK activity in G1 which is achieved through the degradation of mitotic
CDKs, degradation of a CDK activator Cdc25, and thirdly, by the accumulation of CDK
inhibitors (CKi). The degradation of mitotic CDKs and Cdc25 is facilitated through

ubiquitylation-mediated proteasomal degradation which is coordinated by the cell cycle
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regulator Anaphase Promoting Complex or Cyclosome (APC/C) (Wasch and Engelbert,

2005).

In yeast, APC/C is a multi-subunit ubiquitin ligase that works together with two adaptor
proteins Cdc20 and Cdh1/Hctl and polyubiquitylates proteins via K48- and K11-linked
chains, directing them for proteasomal degradation (Schreiber et al, 2011). Cdc20
specifically binds to APC/C during mitosis to promote the degradation of mitotic cyclins.
In addition to maintaining low levels of CDKs, in metazoans APC/C-Cdh1 regulates the
activity of Orc1, Cdc6 and allows degradation of geminin ( Mailand and Diffley, 2005). In
vertebrates, APC/C also targets the Cdt1 inhibitor geminin for degradation (McGarry and
Kirschner, 1998). Altogether, the ubiquitin ligase activity of APC/C provides conditions

favourable to maintaining origin licensing.

1.5.2 The role of ubiquitylation in the initiation of replication

At the G1/S transition, ubiquitylation plays a crucial role in regulating CDK activity by
controlling levels of cyclins and CKIs. As the cell cycle progresses into the S-phase and to
initiate replication, it requires increased levels of S-phase kinases, CDK and DDK. The
degradation of CKIs and APC/C-Cdh1 via ubiquitylation is a prerequisite to a rise in the
level of cyclins. In mammalian cells, the CDK partners involved in early G1 are Cdk4 and
Cdké6, and late G1/S transition requires Cdk2 (Bartek and Lukas, 2001). In mammalian
cells, ubiquitin ligases such as KPC and Pirh2 targets nuclear p27 generated during GO to
G1 (KPC) and G1 to S-phase and allow for its degradation. A third ubiquitin ligase, SCFSkp2
activated in the early S-phase is responsible for the degradation of p21 and p27. F-box
substrate receptor of SCFskr2, ‘Skp2’ specifically recognizes Thr187-phosphorylated p27
and targets it for degradation. SCFSkr2is also responsible for the proteasomal degradation

of CKi, p21 (Kitagawa et al., 2009).
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The APC/C-Cdh1l activity is inhibited as the cell cycle enters S-phase, too. Several
mechanisms are involved in the blocking of APC/C-Cdh1 activity to allow entry into S-
phase. In the first mechanism, Cdh1 is phosphorylated by Cdk2/Cyclin E which results in
molecular switch off for Cdh1l making it inactive. In the second mechanism, by the
consorted action of, Cdk2/Cyclin A, and Polo-like kinase Plk1 Cdh1 is phosphorylated.
This phosphorylation marks Cdh1 for polyubiquitylation by a ubiquitin ligase; SCFBTrcp1
resulting in inactivation of Cdh1 and prevents its interaction with APC/C-Cdh1. In the
final mechanism, APC/Cdh1 can autoubiquitylate itself using E2 enzyme UbcH10. This
results in degradation of APC/Cdh1 rendering it inactive (Fukushima et al., 2013; Lau et

al,, 2013). This marks the transition of the cell cycle from G1 to S-phase.

1.5.3 The role of ubiquitylation in preventing re-replication

Initiation of replication is regulated such that origin activation is restricted to once per
cell cycle. Cdtl and Cdcé6 are prerequisites for origin licensing and their activity is highly
regulated. An E3 ubiquitin ligase that plays a vital role in preventing re-replication is
Cullin-4 based CRL4¢dt2, It is involved in a PCNA-dependent ubiquitylation pathway
(Havens and Walter, 2011). Cdt1 undergoes targeted degradation by CRL4Cdt2in a PCNA
dependent manner. It involves binding of the PIP box of PCNA to the degron motif located
within the first 28 amino acids of Cdt1. This enables the CRL4¢dt2 E3 ligase complex to
ubiquitylate Cdt1 and subsequent degradation by the proteasome (Hernandez-Carralero
et al., 2018). In human cells, phosphorylation of Cdt1 by S-phase CDKs targets it also for
degradation by ubiquitin ligase SCFskr2, Similarly, Cdc6 (or Cdc18 in fission yeast) is
another licensing factor regulated for preventing re-replication. Cdc6/Cdcl8 is

phosphorylated by S-phase CDKs and then ubiquitylated by SCFCdc4/SCFPopLl2 respectively
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(Moreno and Gambus, 2015). This coordinated ubiquitylation of the initiation factors

together prevents the re-licensing of already replicated DNA in the S-phase.

1.5.4 The role of ubiquitylation in chromatin re-establishment

Histone proteins can act as signalling molecules by engaging in protein-protein
interactions through the addition of ubiquitin and ubiquitin-like (UBL) post-translational
modifications (PTMs). Histone ubiquitylation is vital for DNA methylation control, PTM
crosstalk, nucleosome structure, etc (Vaughan et al., 2021). During active DNA replication,
the chromatin structure is dismantled ahead of the replication fork and subsequently
reassembled behind it. The histone chaperones FACT and Asf1 aid in this chromatin re-
assembly. The newly formed nucleosomes copy the histone modifications of parental
nucleosomes to have the same epigenetic profile (Jasencakova and Groth, 2010). Apart
from this, the newly synthesised DNA is not methylated, resulting in hemimethylated
sister chromatids. Full methylation is also established behind the fork by DNA
methyltransferase 1 (Dnmt1) (Alabert and Groth, 2012). Importantly, these processes are
tightly coordinated with DNA replication and ubiquitylation plays a crucial role in various

aspects of chromatin reconstitution and epigenetic maintenance during DNA replication.

Synthesis of histones is regulated by ubiquitylation of their transcription factors such that
the synthesis is only restricted to the S-phase. In yeast, non-chromatin-bound histones
are regulated by ubiquitin-driven proteasomal degradation. This degradation is also
dependent on the activity of Rad53 and employs different ubiquitin ligases such as Tom1,
Pep5, Snt2, Hell, and Hel2. Human homologs of these yeast proteins e.g. HUWE1 have

also been reported to ubiquitylate histones in vitro (Liu et al., 2005).

Ubiquitylation also regulates the deposition of histone H3 onto the newly synthesised

DNA. In yeast, ubiquitin ligase Rtt101Mms1 js responsible for ubiquitylating histone H3.
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This modification leads to the detachment of H3-H4 from other histone chaperones and
facilitates its eventual integration into the DNA. A similar mechanism is also seen in
humans where the orthologues Rtt101Mmsl and Cul4APPB! incorporate H3 into newly
synthesised DNA (Moreno and Gambus, 2015). Apart from this, Histone H3 is found
polyubiquitylated at lysine 23 by Uhrfl, an E3 ligase, and a cofactor of Dnmtl. The
modified H3 serves as a platform for the binding of Dnmt1 to facilitate the methylation of

DNA (Vaughan et al., 2021).

The activation of the intra-S-checkpoint during replication stress is coordinated with
chromatin assembly by limiting fork progression during the replication stress (Lin et al,,
2014). Impairment of H2B ubiquitylation under stress conditions results in a defect in
replication fork progression and replisome stability. Importantly, during normal DNA
replication, cells with a mutation in H2B at lysine 123 exhibited a delay in completing
DNA replication, highlighting the crucial role of H2B ubiquitylation in normal replication

processes (Trujillo and Osley, 2012).

1.5.5 The role of ubiquitylation in replication termination

A conserved mechanism of replisome disassembly again driven by ubiquitylation can be

seen across eukaryotes. This has been explained in detail in section 1.3.4.
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1.6 Cullin2lrmr

Cullin2Lrr? (represented as CRL-2LRR-1in worms/Cul2lrrl in X. laevis/CUL2LRR1 jn humans)
belongs to the Cullin-Ring Ligase (CRL) family classically known for modifying substrates
for 26S proteasomal degradation. Cullin-type ubiquitin ligases are multi-subunit
enzymes where Cullin is the scaffold protein, RING-box protein 1 (Rbx1) is the ring finger
protein that catalyses the ubiquitin transfer, Elongin B and C (EloB/C) are adaptor/linker
proteins, and Lrr1l is the Substrate Recognition Subunit (SRS). The EloB/C links Lrr1l to

the Cullin2 scaffold to form a Cul2 vl complex (Wang et al., 2016; Zhou et al.,, 2021).

LRR1 LRR2 LRR4 LRRS LRR6 LRR7

1
N-terminus

414
C-terminus

155-176 178-199  201-222  227-248  250-271 273-294  295-316

320-337| BCBox

338-352

Figure 1.12:- Domain organisation of Lrr1 protein. It includes seven leucine-rich repeats (LRRs),
BC box, and Cullin2 box as its primary structural motif. Each LRR consists of a 20-30 amino acid
segment that forms a 3-strand/a-helix repeat structure and is responsible for mediating protein-
protein interactions.

Lrrl protein consists of seven Leucine Rich Repeat (LRR) domains, a BC box, and a Cullin2
box (Figure 1.12), which is characteristic of Cullin2-type ubiquitin ligases (Wang et al,,
2016). This E3 ubiquitin ligase has been found to play an important role in many aspects
of the cell cycle (Merlet and Pintard, 2013). For example, during replication termination
in C. elegans embryos, X. laevis egg extracts, mouse embryonic fibroblasts and human
cells, polyubiquitylation of the replisomes by Cul2lr1 is essential to promote replication
termination (Dewar etal.,, 2017a; Sonneville etal,, 2017; Fan et al., 2021; Villaetal.,, 2021).
In X. laevis egg extracts and yeast, the N-terminus of Mcm?7 is ubiquitylated by Cul2Lr1and
SCFDiaz at position K27 /K28 (Low et al.,, 2020; Moreno and Gambus, 2020) and K29 (Maric

etal., 2017), respectively.
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During active replication, CMG translocates on the leading strand template in the 5’-3’
direction through its central channel, excluding the lagging strand. Very recent studies
using Cryo-Electron Microscopy have shown that Lrrl’s recruitment to replisomes is
suppressed by the presence of lagging/excluded strands during active DNA replication
thereby preventing early ubiquitylation of active helicase. Although the substrate
receptors, Dia2 in yeast and Lrrl in eukaryotes, are structurally distinct, they share a
common leucine-rich region that interacts with Mcm3 and Mcmb5 zinc finger domains
upon termination or when the excluded strand is lost (Jenkyn-Bedford et al., 2021; Zhou
et al., 2021). This regulated activity of the ligases helps maintain genome stability by
preventing the early recruitment of Lrrl and polyubiquitylation of Mcm?7 at the active

DNA replication forks.

In C. elegans, the loss of function of Lrr1 affects germ cell proliferation resulting in sterile
animals. Both CUL-2 and LRR-1 work cooperatively to regulate the proliferation of germ
cells (Merlet and Pintard, 2013). In human cells, loss of LRR1 results in a decreased
replication rate in S-phase due to a lack of recycled replisome components. As a result,
replisomes accumulate in the G2 phase and activate the G2/M checkpoint dependent on
ATR-Chk1-Weel thereby preventing mitotic entry (Fan et al,, 2021). SiRNA depletion of
LRR1 in C. elegans also results in activation of the ATL-1/CHK-1 pathway (ATR, Ataxia
telangiectasia, and Rad3 related/Checkpoint kinase 1 in humans), preventing the mitotic
proliferation of germ cells thus leading to animal sterility (Merlet and Pintard, 2013;

Wang et al,, 2016).

In C. elegans and Xenopus egg extracts, there is also a mitotic pathway for CMG

disassembly identified to remove any post-termination replisomes that failed to unload
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during S-phase, but is catalysed by a different ubiquitin ligase TRAIP (Sonneville et al,,

2017,2019a; Deng et al,, 2019; Moreno et al., 2019a).

In addition, to ensure correct G1-phase cell cycle progression in the germline cells of C.
elegans, CUL-2LRR-1 was important for degrading the Cip/Kip CDK-inhibitor, CKI-1 in the
nucleus (Burger et al., 2013). Similarly, the orthologs of Cip/Kip CDK-inhibitor in humans
(p21Crl) require the activity of CULZ2LRRL for its polyubiquitylation and degradation
specifically in the cytoplasm (Starostina et al., 2010). Furthermore, in humans, LRR1 is a
negative regulator of cell motility. The depletion of LRR1 resulted in the accumulation of
p21 in the cytoplasm, which in turn led to the dephosphorylation of cofilin (a protein
responsible for decreasing cell motility). Due to this dephosphorylation, actin proteins
necessary for cytoskeletal formation were synthesised, thereby leading to increased cell

mobility (Cai and Yang, 2016; Wang et al., 2016).

Additionally, the role of Cullin2lrr1 has been noted to maintain a balance between mitotic
proliferation and meiotic entry decisions. It inhibits meiotic prophase by degradation of
HORMA domain-containing protein HTP-3, which is important for the assembly of
synaptonemal complex components that are essential for meiotic chromosomes. This
regulation is enabled by the interaction between HTP-3 and LRR1 (Merlet and Pintard,

2013). These observations suggest that Cul2Lrr1 has several independent substrates.

1.7 TRAIP

TRAIP was first discovered as a TNF receptor or TRAF signalling complex and is therefore
referred to as the TNF Receptor Associated Factor - Interacting Protein or TRAF-IP or
TRIP (Lee et al,, 1997; Besse et al., 2007). TRAIP is a RING ubiquitin ligase also referred
to as RNF206 (RING Finger protein 206) (Besse et al., 2007). TRAIP was found to regulate

the nuclear factor-kappa B signalling pathway but its substrates in this pathway are still
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unknown (Lee et al,, 1997). The role of TRAIP in DNA damage was first reported when
three children with microcephalic primordial dwarfism were found to carry mutations in
TRAIP (arginine at codon 18 was mutated to cysteine). This phenotype is a variation of
Seckel syndrome, which is a genetic condition, caused because of mutations in genes

responsible for DNA damage response (Harley et al.,, 2016).

The deficiency of TRAIP activity displays phenotypes of a diverse array depicting its broad
spectrum of roles in maintaining genome integrity. Homozygous deletion of TRAIP in
mouse embryonic studies is lethal shortly after embryo implantation, suggesting its
importance during early embryonic development (Park et al., 2007). In human cells, loss
of TRAIP activity has also been found to affect cellular proliferation (Harley et al., 2016;
Scaramuzza et al., 2023), accumulation of cells in the G2 phase of the cell cycle, and DNA
damage with increased levels of y-H2AX phosphorylation (Yuan et al., 2016; Scaramuzza
etal, 2023). Knockdown of TRAIP in Hela cells affected mitotic progression, kinetochore-
microtubule attachment, spindle assembly checkpoint control, and resulted in misaligned
chromosomes (Chapard et al., 2014; Yuan et al., 2016). Very recently, it is shown that by
employing CRISPR/Cas9 mediated gene tagging of TRAIP with a degron tag, auxin-
induced depletion of TRAIP in the S-phase leads to cell senescence and generation of DNA

damage at transcription start sites (Scaramuzza et al., 2023).

Functionally, the ubiquitin ligase activity of TRAIP had been important for its pleiotropic
effects. TRAIP is noted to be an essential ubiquitin ligase for the repair of DNA damage
induced by UV, hydroxyurea, mitomycin C- induced interstrand crosslinks etc (Park et al.,

2015; Hoffmann et al.,, 2016).

The domain structure of TRAIP consists of a RING finger at its N-terminus, a coiled-coil

motif and a leucine zipper, followed by a PIP box located at its C-terminal end (Harley et
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al,, 2016) (Figure 1.13). TRAIP is generally found residing in the nucleolus of eukaryotic
cells but upon DNA damage it relocates to the site of damage by interacting with PCNA via
the PIP-box (PCNA Interacting Protein box) (Feng et al., 2016). The PIP box is found to be
essential for TRAIP’s recruitment to the sites of damage since upon deletion of the PIP
box, TRAIP failed to accumulate at stalled replication forks. Despite this, TRAIP without
the PIP box was still proficient in repairing the damage. TRAIP knockdown cells are
sensitive to mitomycin C but deletion of the PIP box results in mild sensitivity suggesting
that even in the absence of the PIP box, TRAIP can still find its targets (Hoffmann et al,,
2016). Another important motif of TRAIP includes the RING finger domain, which confers
the catalytic activity of the protein. There is evidence suggesting that the conserved
cysteine residues are important for providing the RING-dependent ligase activity for
TRAIP. Furthermore, TRAIP mutations observed in patients with primordial
dwarfism/Seckel syndrome affects the ubiquitin ligase activity of TRAIP (Besse et al,,

2007; Harley et al., 2016).

RING
PIP b
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Figure 1.13:- Domain organisation of TRAIP. The E3 ligase TRAIP consists of a RING domain
(orange) which provides ubiquitin ligase activity and is located at its N-terminus, a coiled-coil
domain (green) which facilitates dimerization, leucine zipper (yellow), and a PIP box (red) which
allows interaction with PCNA at the C-terminus.

The ubiquitin ligase activity of TRAIP is also important in replisome unloading in C.
elegans and Xenopus egg extracts (Deng et al., 2019; Moreno et al., 2019a; Sonneville et
al., 2019a; Wu et al,, 2019). In S-phase, TRAIP can be involved in replication coupled ICL
repair in Xenopus egg extracts. Converging replisomes on either side of ICLs can trigger

TRAIP to ubiquitylate replisomes leading to NEIL3 glycosylase or Fanconi anaemia (FA)
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pathway for ICL repair. A choice between the two repair pathways is made based on short
or long ubiquitin chains synthesised by TRAIP on the CMG. Short ubiquitin chains recruit
the NEIL3 glycosylase using the ubiquitin-binding domain of NEIL3. NEIL3 then cleaves
one of the two glycosyl bonds that form the ICL. Failure of this pathway results in the
generation of longer ubiquitin chains by TRAIP, which in turn is recognised by p97 and
unloads the replisome to allow for the repair by FA pathway. The removal of replisomes
allows the endonucleases to access the DNA to which the FA proteins are recruited and
break the phosphodiester backbone surrounding the ICL forming double-stranded breaks

which are repaired by homologous recombination (Wu et al., 2019, 2021).

TRAIP-mediated replisome unloading in mitosis has been previously reported in C.
elegans and Xenopus egg extracts (Moreno et al., 2019a; Sonneville et al., 2019a; Wu et al,,
2019). Replisomes remaining on mitotic chromatin regardless of whether terminated or
stalled are actively removed by TRAIP (Deng et al., 2019; Moreno et al., 2019a) and lead
to fork breakage and DNA repair events driven by DNA polymerase 0 (Pol8), thereby

enabling genome integrity (Deng et al., 2019).
1.8 Xenopus laevis egg extracts model system

Xenopus laevis egg extracts are powerful tools for investigating biochemical mechanisms
in vitro to provide fundamental insights into complex activities that occur in vivo. These
extracts are highly synchronised, cell-free systems with the ability to recapitulate the key
nuclear transitions occurring in eukaryotes making it an ideal system in cell cycle
research (Almouzni and Méchali, 1988). The cytoplasmic extracts have been a choice for
studying cellular events such as DNA replication, S-phase checkpoint activation, fork

stalling and inter-strand crosslink repair, DNA repair pathways, mitosis, spindle
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microtubule dynamics, nuclear transport, and apoptosis (Knipscheer et al., 2012; Jenness

etal,, 2018).

Our lab uses Xenopus laevis egg extracts for studying DNA replication. The Xenopus eggs
are rich in enzymes and precursors that are essential for carrying out DNA replication
and chromatin assembly. Furthermore, as an embryonic system, egg extract also lacks
transcription. All these make egg extract an excellent model system for studying DNA
replication (Gillespie et al., 2012; Hoogenboom et al., 2017). Indeed, X. laevis egg extract
is the only system that enables the study of vertebrate DNA replication outside the cell
and supports all aspects of genome maintenance. Importantly, the replication and repair
mechanisms in Xenopus and mammalian systems are highly conserved, and the
discoveries made in the egg extract system are proven to be conserved in human cells

(Hoogenboom et al., 2017; Sparks and Walter, 2019).

Unfertilised Xenopus eggs (arrested at metaphase of meiosis II) are subjected to different
centrifugation protocols to provide three different types of egg extracts namely Low-
Speed Supernatant (LSS), High-Speed Supernatant (HSS), and Nucleoplasmic Extract
(NPE). The conventional method involves crushing the eggs at a low speed of
centrifugation and collecting the cytoplasm. This is called Low-Speed Supernatant or LSS
(Knipscheer et al., 2012). I have used LSS throughout my Ph.D. project. The addition of
demembranated sperm DNA to egg extract results in the de-condensation of sperm, the
formation of a nuclear envelope around the sperm DNA and undergo of semi-conservative
DNA replication. We supplement the extracts with cycloheximide to block the cell cycle

progression, ensuring just a single round of replication (Gillespie et al., 2012).

We have used LSS in our studies to investigate specifically the mechanisms in replication

termination and the factors involved in replisome disassembly during S-phase and
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mitosis. Egg extracts can transition into various phases of the cell cycle by altering the
levels of cyclins and to study perturbations of DNA replication, we introduce specific
proteins or small molecule inhibitors. The functional role of a protein of interest can also
be assessed by immunodepleting them from the extract to test their effects on DNA
replication. Importantly, supplementing the immunodepleted extract with the

recombinant protein of interest should rescue the observed phenotypes.

However, it is important to note that there are certain limitations in using Xenopus laevis
model system. Working with Xenopus laevis model requires preparation of egg extracts
that is subject to availability of eggs from induced frogs that can vary in quality and
quantity. Each extract requires testing of replication timings as it can vary among batches.
In addition, non-specific interactions could also arise as a result of protein additions or
depletion or use of antibodies in this system. Another disadvantage of Xenopus system is
that the proteins need to be identified using antibodies rather than tags as it is not
amenable to genetic analysis (Blow and Laskey, 2016). In addition, this is an embryonic
system, with very fast replication cycles in which some of the regulation is relaxed.
Therefore, the insights obtained from Xenopus might not always translate directly into
mammalian cells due to evolutionary divergence of some pathways or proteins involved.

Hence, verification of findings in Xenopus system is required in mammalian cells.
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1.9 Aim of the project

Post-translational modifications play a significant role in modulating DNA replication by
regulating the stability and function of key proteins involved in this process. Starting from
the deposition of the Mcm2-7 double hexamers to replisome disassembly, the entire
process is highly regulated. Although the initial stages of eukaryotic replication have been
well studied for decades, little was known about the last stage where replication is
terminated. Since then, investigations from different research groups worldwide,

including the Gambus lab, have made significant discoveries in this area of research.

The tight regulation of once per cell cycle DNA replication is achieved by restricting the
loading of Mcm2-7 to only the G1 phase of the cell cycle. This means that if an active
helicase is removed from the replication fork, such a fork would collapse as the helicase
cannot be re-loaded (Cortez, 2015). Therefore, it is important for genome stability that
only terminated replisomes are unloaded. The key regulated step in replisome
disassembly is the ubiquitylation of Mcm7 on the post-terminated replisomes. This
ubiquitylation process is highly regulated such that only those replisomes that have
completed replication are unloaded, and neither Mcm7 ubiquitylation nor the CMG
unloading is observed during replication initiation or elongation stages, thereby

maintaining genome stability.

Recent investigations from our lab had shown that in higher eukaryotes Cullin2l1 js the
E3 ubiquitin ligase responsible for ubiquitylating Mcm?7 during S-phase at replication
termination. This E3 ligase binds specifically to the terminated helicase and not to the
active helicase, thereby regulating the replisome disassembly pathway (Sonneville et al.,
2017). At the start of this PhD project, we did not know how Cullin2t? could distinguish

between the active and terminated replisomes, which then leads to its disassembly.
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Therefore, the first aim of this project was to understand this in detail by identifying the
domains of Lrr1 that are essential for the recognition of Mcm7 as Cullin2Lm!'s substrate

using Xenopus laevis egg extract. We also aimed to deduce the structure of Cullin2Lrr1,

In addition to this, mass spectrometry analysis of terminating replisomes in the presence
of p97 inhibitor, performed by a previous lab member, had revealed the interaction of an
E3 ubiquitin ligase TRAIP. Therefore, the second aim of this project was to investigate the
role of TRAIP in unloading post-terminated and stalled replisomes. Part of this PhD work
contributed to the paper published by our lab showing the existence of a mitotic
disassembly pathway in higher eukaryotes using X. laevis egg extracts (Moreno et al,,
2019a). The third aim of my project was to investigate whether TRAIP is involved in
replisome unloading in S-phase during unperturbed and perturbed replication
conditions, while the final aim was to investigate whether the post-translational

modifications of TRAIP can regulate its activity.
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Chapter - 2

2 Materials and Methods

2.1 Tables

Table 1:- List of buffers used in this PhD project. All the buffers were prepared in Milli-Q water

and filtered using a 0.22 pm membrane filter (Merck) unless otherwise stated.

Buffer

Composition

Storage
conditions

Work with X. laevis egg extract

10X Marc’s Modified
Ringer’s (MMR)

1 M Na(l
20 mM KClI
10 mM MgCl,
20 mM CaCl;
1 mM EDTA
50 mM HEPES
Adjust pH to 7.8 with NaOH

Room
temperature

Un-activating Extraction

Buffer (UEB)

50 mM KClI
50 mM HEPES
5 mM MgCl,
5 mM EGTA
Adjust pH to 7.6 with KOH

4°C

Cysteine solution

2.2% Cysteine
5 mM EGTA
Adjust pH to 7.6 with KOH, Make up to 1
litre

Freshly
prepared

Acetate nuclear isolation

buffer- 2X ANIB 100

100 mM HEPES pH 7.6
200 mM KAc
20 mM MgAc
5 mM Mg-ATP (added from a stock of 250
mM ATP; 250 mM MgCl;; pH 6.7 with NaOH)
1 mM spermidine
0.6 mM spermine
2 pg/ml of each: aprotinin, leupeptin,
pepstatin
50 mM [3-glycerophosphate
0.2 mM Na3VO4

4°C

Mix 1 volume of 2X ANIB 100 with 1 volume
Of HzO
0.1% Triton X-100
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1X ANIB

0.1 mM PMSF
10 mM Chloroacetamide

Freshly
prepared

Chk1 buffer

50 mM HEPES pH 7.6
100 mM KCl
1.3 M sucrose

Freshly
prepared

Energy Regenerator (ER)

1 M phosphocreatine K salt
600 pg/ml creatine phosphokinase
Dissolve in 10 mM HEPES-KOH, pH 7.6

-20°C

Cycloheximide

10 mg/ml

-20°C

CaClz

50 mM

-20°C

Cytochalasin D

10 mg/ml in DMSO

-20°C

Licensing Factor Buffer

(LFB1/50)

10% sucrose
50 mM KCI
40 mM HEPES pH 8
20 mM K phosphate pH 8

2 mM MgCl,

1 mM EGTA
2mM DTT

1 ug/ml of each: aprotinin, leupeptin and

pepstatin

4°C

LFB1/100

10% sucrose
100 mM KCl
40 mM HEPES pH 8
20 mM K phosphate pH 8

2 mM MgCl,

1 mM EGTA
2mM DTT

1 pg/ml of each: aprotinin, leupeptin and

pepstatin

4°C

MS222

0.2% MS222
0.5% NaHCOs3, to pH 7.5

RT

EB

50 mM KCI
5 mM MgCl,
2 mM B-mercaptoethanol
50 mM HEPES-KOH, pH 7.6

Freshly
prepared

Lysolecithin

5 mg/ml

4°C
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10 mg/ml in H,0; prepare 20 pg/ml dilution

Hoescht on the day of use. -20°C
0.25 M sucrose
75 mM NacCl
SuNasp 0.5 mM spermidine
0.15 mM spermine 4°C
15 mM HEPES-KOH, pH 7.6
5 mM EGTA
Stop C 0.5% SDS
p 20 mM Tris-HCl, pH7.5 37°C
5% TCA
. 0.5% Sodium pyrophosphate
0,
>% TCA solution Make up to 10 litres with H,0 4°C
10% TCA
. 2% Sodium pyrophosphate
0,
10% TCA solution Make up to 10 litres with H,0 4°C
Work with proteins
121 g of Tris Base
400 g of NaCl
L10XTBS Adjust pH to 7.6 and make up to 5 litres Room
with H;0 temperature
0.5 litres of 10X TBS
12.5 ml of 20% Tween 20 Room
1XTBST Make up to 5 litres with H,0 temperature
25 mM Tris-HCIl pH 7.4
. . . 250 mM Glycine Room
Tris-Glycine running buffer 0.1% SDS temperature
25 mM Tris-HCIl pH 7.4
190 mM Glycine Room
Transfer buffer 20% Methanol temperature
0.1% Brilliant Blue R-250
10% Acetic acid
50% Methanol Room
Coomassie Blue Stain 40% H20 temperature
Mix overnight and filter using 3mm
Whatmann paper
10% Acetic acid
Destaining solution >0% Methanol Room
& 40% H20 temperature
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0.1 M NaHCOs3,
Coupling buffer 0.5 M NaCl #C
plng Dissolve in H,0 and adjust pH to 8.3
0.5 M Ethanolamine
Blocking buffer 0.5 M NaCl; pH 8.3 Room
temperature
0.5 M Na(Cl
0 T i : o
Washing buffer 0.1% Triton X-100 in 1X PBS 4°C
3gBSA
. 0.02% Sodium azide 4°C
0, 0,
3% BSA+0.02% Sodium Dissolve in 100 ml of 1X TBST
azide solution
0.5 M Tris-HClI
0.1 M MgCl,
1 mM EDTA Room
10X PK buffer 20 mM DTT temperature
0.1% Brij-35
Adjust pH to 7.5
10X ATP Make a solution of 4 mM ATP in 1X PK -80°C
buffer
Aprotinin 10 mg/ml in H,0 -20°C
Pepstatin 10 mg/ml in absolute ethanol -20°C
Leupeptin 10 mg/ml in H,0 -20°C
Work with Bacteria
100 mg/ml in 50% ethanol
Ampicillin Use at a final concentration of 100 pg/ml 20°C
50 mg/ml in H,0
Kanamycin Use at a final concentration of 50 pg/ml 20°C
30 mg/ml in 100% ethanol
Chloramphenicol Use at a final concentration of 30 pg/ml 20°C
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Table 2:- List of plasmids used in this PhD project.

Gene of interest Parental vector Antibiotic resistance
His-SUMO-Lrr1 pET-15b Ampicillin
His-SUMO-Lrr1-NtermPEL pET-15b Ampicillin
His-SUMO-Lrr1-LRRPEL pET-15b Ampicillin
His-SUMO-Lrr1-265P>S pET-15b Ampicillin
Nterminus-Cul2 pET-24a Kanamycin
EloB/C pACYCDuet-1 Chloramphenicol
His-TRAIP pET-28a Kanamycin
GST-TRAIPwt pGS-21a Ampicillin
GST-TRAIPmut pGS-21a Ampicillin
His/SUMO-TRAIPwt pCA528 Kanamycin
His/SUMO-TRAIPmut pCA528 Kanamycin
His/SUMO-TRAIPS295 pCA528 Kanamycin
His/SUMO-TRAIP3A pCA528 Kanamycin
His/SUMO-TRAIP3D pCA528 Kanamycin

Table 3:- List of primers used in this PhD project.
Mutation Orientation Primer sequence

Truncated N-term of Lrrl Forward GAAATTGAAAAACCGCGTAG

Truncated N-term of Lrrl Reverse CATACCACCGGTCTGTTC

Truncated LRR of Lrr1 Forward GTTCCGGATATCCAGCTG

Truncated LRR of Lrrl Reverse GCTATACGGAAAGCTTTTG

Truncated C-term of Lrrl Forward TAAGCGGCCGCATGGGTC

Truncated C-term of Lrrl Reverse ACACGGCAGACCGCAATC

BC box mutant of Lrrl Forward GCTGCGGCAGAAACTTTTGCACGTGCAACCCTGAAATA

BC box mutant of Lrrl Reverse CAGCGGAATTTTCAGCTGGATATCCGGAACCAGCGGTG

Cul2 box mutant of Lrrl Forward GCTGCCGCCGCGGCAACCCTGTGTCAAAAACTGAGTCT
GGCCAAAACCTG

Cul2 box mutant of Lrrl Reverse CGGACCATACGGAATACGATATTTCAGGGTTGCACGTG
CTGCGGTTTCCA

GST-TRAIPmut_C25A Forward CACGTTCCATCAGGAGTGTTTGTTACAGTG

GST-TRAIPmut_C25A Reverse TGCCCAGCGGTAATCGCGGCCACATC

TRAIP _BamHI Forward TTGGATCCACCCATACGCGCCTACTGTACG
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TRAIP _HindlII Reverse TTAAGCTTTTATTTCAAGAAGTCTTCG
TRAIP_S295A Forward GATCTTTGAGgctCCTGCACCCATC
TRAIP_S295A Reverse AAACGACTAATTGCTTCATTAG

Table 4:- List of inhibitors added to X. laevis egg extract.

Scientific Lab Supplies)

the final concentration

Inhibitors Preparation Storage
conditions
Aphidicolin (A0781, Dissolved in DMSO at 10 mM. Use 40 pM as final -20°C
Sigma) concentration
Dissolved in H,0 at 100 mM. Use 5 pM as the final Freshly

Caffeine (C8960, Sigma) | concentration prepared
MLN4924 (A11260-5, Dissolved in DMSO at 20 mM. Use 10 uM as the -20°C
Adooq Bioscience) final concentration
NMS-873 (17674, Dissolved in DMSO at 10 mM. Use 50 puM as the -20°C
Cayman Chemicals) final concentration
EcoRI (R4014, Promega) | Use 0.05 U/ul as the final concentration -20°C
ICRF-193 (14659, Dissolved in DMSO at 10 mM and used at 20 pM as -20°C

Note:- The concentrations of each protein added to the egg extract was made based on ensuring
that the replication ability of the extract remains unaffected. With regards to the ‘over expression’
studies using recombinant TRAIP, we emphasised on utilising the highest concentration of
protein possible without affecting replication ability of the extract.

Table 5:- List of recombinant proteins added to X. laevis egg extract.

Recombinant Protein Source Addition to X. laevis egg extract
Added after sperm DNA from 1 mg/ml
His-SUMO-Lrr1_Arctic This PhD project | stock to 1/50t volume of the extract (20
ug/mil)
Added after sperm DNA from 1 mg/ml
His-SUMO-Lrr1_BL21 This PhD project | stock to 1/50% volume of the extract (20
ug/mil)
Peptide 1 Added after sperm DNA to 1/10tvolume
EFYKDDEIGKKHFKYGVQLA of the extract (40 pM final concentration)
(Span Mcm7 ubiquitylation | This PhD project
site)
Peptide 2 Added after sperm DNA to 1/10th volume
IDEGFHDYKFQKLVKGEYAK | This PhD project | of the extract (40 pM final concentration)
(Scrambled)
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GST-TRAIPwt

This PhD project

Added after sperm DNA from 0.5 mg/ml
stock to 1/10thvolume of the extract (50

ug/ml)

GST-TRAIPmut This PhD project | Added after sperm DNA from 0.5 mg/ml
stock to 1/10thvolume of the extract (50
ug/mil)

Added after sperm DNA from 0.5 mg/ml

His/SUMO -TRAIPwt This PhD project | stock to 1/10t% volume of the extract (50

pg/ml)

His/SUMO -TRAIPmut

This PhD project

Added after sperm DNA from 0.5 mg/ml
stock to 1/10thvolume of the extract (50

ug/ml)

His/SUMO -TRAIP3A

In-house, other
members of the
lab

Added after sperm DNA from 0.5 mg/ml
stock to 1/10thvolume of the extract (50

ug/ml)

His/SUMO -TRAIP3D

In-house, other
members of the

Added after sperm DNA from 0.5 mg/ml
stock to 1/10thvolume of the extract (50

lab ug/ml)
His-Cyclin A1 NA56 (Moreno et al., | Added to extract after completion of DNA
(from Dr Julian Blow’s Lab) 2019a) synthesis to a final concentration of 826

pM

His-GemininPEL (lacking

(Moreno et al.,

Added to extract 2 minutes before sperm

functional destruction box) 2019a) DNA addition at 1.3 pg/ml to allow Cdt1
from Dr Julian Blow’s Lab inhibition
UM-HNOK, R&D | A stock concentration of 10 mg/ml was
His-UbiNoK System prepared in LFB1/50 and added after
sperm DNA at 0.5 mg/ml

PV3292, Used in in vitro phosphorylation reactions
His-Cyclin B /CDK1 Thermo Fisher | to a final concentration of 0.3 pg

Scientific

PV3267, Used in in vitro phosphorylation reactions
His-Cyclin A /CDK2 Thermo Fisher | to a final concentration of 0.3 pug

Scientific

PV6295, Used in in vitro phosphorylation reactions
GST-Cyclin E /CDK?2 Thermo Fisher | to a final concentration of 0.3 pg

Scientific

Table 6:- List of antibodies used in this PhD project.

Antibody (Species)

Source Concentration

Primary antibodies

All primary antibodies were prepared at the indicated concentration in 3% BSA + 0.02%

Sodium azide solution and incubated overnight at 4°C.

a-Mcm7 (Sheep) In-house, (Moreno et al., 2019a) 1:2000
a-Cdc45 (Sheep) In-house, (Gambus et al.,, 2011) 1:500
a-PCNA (Mouse) P8825-Sigma 1:2000
a-Psf2 (Sheep) In-house, (Gambus et al.,, 2011) 1:500
a-His (Mouse) H1029, Sigma 1:1000

62



a-Cul2 (Rabbit) EPR3104 (2), Abcam 1:1000
a-p97 ATPase (Mouse) 65278, Progen Biotechnik 1:1000
a-SUMO1 (Mouse) 21C7, Developmental Studies Hybridoma 1:2
Bank
a-yH2AX (Rabbit) 4418-APC-020, Trevigen 1:1000
a-P-Chk1, S345 (Rabbit) 2348, Cell Signalling 1:1000
a-GST (Rabbit) G7781, Sigma 1:1000
a-TRAIP (Rabbit) NBP1-87125, Novus Biologicals 1:500
a-TRAIP #91 (Rabbit) This PhD project 1:1000
o-TRAIP #52 (Rabbit) This PhD project 1:500
a-TRAIP #107 (Rabbit) This PhD project 1:500
a-TRAIP #108 (Rabbit) This PhD project 1:500
a-TRAIP peptide#73 (Rabbit) In-house 1:500
Ac-CTSSLANQPRLEDFLK-OH
a-TRAIP peptide#74 (Rabbit) In-house 1:500
Ac-CTSSLANQPRLEDFLK-OH
a-Lrrl (S962D) (Sheep) S962D, MRC PPU reagents 1:100
a-Lrrl #27 (Rabbit) This PhD project 1:500
a-Lrrl #29 (Rabbit) This PhD project 1:500
a-Lrrl #30 (Rabbit) This PhD project 1:500
a-Lrrl #32 (Rabbit) This PhD project 1:500
a-Lrrl peptide #75 (Rabbit) In-house 1:500
Ac-CYSQFLDKYLQSTRV-OH
a-Lrrl peptide #76 (Rabbit) In-house 1:500

Ac-CYSQFLDKYLQSTRV-OH

Secondary antibodies

All secondary antibodies were prepared at the indicated concentration with 5% milk in 1X TBST

and incubated for 1h at room temperature.

a-Mouse IgG Peroxidase 1:5000
antibody produced in goat A5278, Sigma

(Mouse)

a-Sheep IgG Peroxidase 1:10,000

antibody produced in donkey
(Sheep)

A3415, Sigma
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a-Rabbit IgG Peroxidase 1:25,000
antibody produced in goat A0545, Sigma
(Rabbit)
a-Rabbit IgG HRP, Rabbit 1:10,000
TrueBlot produced in mouse 18-8816-31, Rockland
(Rabbit)
a-Sheep IgG HRP, Sheep 1:10,000
TrueBlot produced in mice 18-8815-31, Rockland
(Sheep)
a-Mouse IgG HRP, Mouse 1:10,000
TrueBlot produced in the rat 18-8817-30, Rockland
(Mouse)

2.2 Working with Xenopus laevis egg extract
All protocols related to egg extracts are based on (Gillespie et al.,, 2012).

2.2.1 Preparation of Xenopus laevis egg extracts

Xenopus laevis egg extracts are used to study DNA replication and chromatin-associated
proteins. The extracts are prepared arrested in metaphase of meiosis II, which is suitable
for studying different aspects of the cell cycle. To prepare the high-quality extract, the
quality of eggs is of utmost importance. To increase the yield of eggs, female frogs are
primed with 50 units of Folligon 2-7 days before laying eggs. On the day before egg
preparation, 500 units of Chorulon are injected, and female frogs are placed separately in
individual laying tanks containing 1X MMR buffer (see table 1) to collect the unfertilised
eggs. The high salt concentration in this buffer enables the maintenance of cell cycle
arrest. The temperature in the frog room is maintained between 19-23°C throughout the
process. The next morning, good quality eggs with clear circumferential differences
between larger-sized dark animal poles and smaller and lightly coloured vegetal poles are
collected for preparation. The collected eggs are then rinsed in 1X MMR to remove the

debris, while activated or apoptosed eggs are removed using a Pasteur pipette. The eggs
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are de-jellied using a cysteine solution (see table 1). The dejellying solution can be
replaced 2-3 times to enable fast dejellying. The eggs are then washed again with 1 X MMR

and UEB (see table 1) which is supplemented with 2 mM DTT (A3668.0050, VWR).

The dejellied eggs are packed into 14 ml round bottom polypropylene tubes (187261;
Greiner) with 1 ml UEB containing 10 pg/ml protease inhibitors: aprotinin, leupeptin and
pepstatin and 50 pg/ml Cytochalasin D (see table 1), and the excess buffer from the
settling eggs is removed. The tubes are then spun to pack the eggs in a Beckman JS-13.1
rotor at 900 x g for 1 minute (min), at room temperature (RT). The white apoptotic
swollen eggs that float to the top are removed using a Pasteur pipette, followed by another
centrifugation at high speed at 14,600 x g for 10 minute at RT. This results in separating
the eggs into a lipid layer at the top, a brown cytoplasmic fraction in the middle, and an
insoluble egg yolk pellet at the bottom. The cytoplasmic layer is collected using a 20 G

needle and a 1 ml syringe via side puncture, and from this point, the extract is kept on ice.

The extract is supplemented with 10 pg/ml protease inhibitors, 10 pg/ml Cytochalasin D,
and 15% of LFB1/50. The extract is gently mixed well using a Pasteur pipette and
transferred to SW 55 ultracentrifuge tubes (344058, Beckmann), which are then
subjected to a final clarifying spin at 14,600 x g for 20 min at 4°C. This spin results in a
yellow lipid plug at the top, below this is a white membranous material, followed by
golden cytoplasmic fraction, and a black insoluble pellet at the bottom. Using a clean
spatula the lipid plug is removed, and the cytoplasmic layer including the wispy
membranes floating above is collected into a 50 ml falcon tube without disturbing the
dark pellet at the bottom, as this contains the mitochondria, which promotes apoptosis
on freeze thawing. The collected extract is supplemented with 2% glycerol solution and

mixed thoroughly using a Pasteur pipette. The extracts are then frozen as beads by
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dropping them into liquid nitrogen as 20 pl beads and stored at -80°C. Such extracts

remain stable for more than 10 years without compromising on quality.

2.2.2 Preparation of demembranated sperm DNA

The X. laevis sperm DNA is the physiological substrate used to carry out DNA replication
in egg extracts. To increase the yield of sperm nuclei, male frogs are primed with 150 units
of Chorulon 5-9 days before the removal of testes to promote sperm maturation. The
preparation of the sperm nuclei involved all the lab members. Male frogs are placed in the
MS222 solution (Table 1) containing opaque chambers until they stop moving and drop
their heads underwater. Frogs are kept in this anaesthetic solution until they lost their
swallowing reflex, and death was ensured by cutting through the main arteries around
the heart. Testes located in the lower abdominal region are removed carefully without
damaging them and immediately placed in EB solution (Table 1) on ice. Testes have a bean
or egg shape and ivory colour with a typical length of 0.75-1.5 cm. Generally, a male frog

has two testes, which can vary in size.

Testes are washed inside a petri dish containing ~20 ml EB solution, and using clean
forceps blood vessels and extraneous tissues are removed without bursting the testes.
The cleaned testes are then transferred to a fresh petri dish containing 1ml EB and finely
chopped using a razor blade. All chopped material is then pooled together and filtered
through a 25 pm nylon filter. The filtered material was collected and stored on ice. At this
point, the filtered material looks cloudy. The filtered material is spun down at 2000 x g in
a swinging bucket rotor for 5 min at 4°C. The pellet fractions are then resuspended with
0.5 ml SuNaSp (Table 1) and supplemented with 25 pl Lysolecithin (Table 1) per each
testis and incubated for 5 min at room temperature. Demembranation of sperm is

confirmed by mixing 1 pl of sperm sample with 1 ul Hoechst 33258 (20 ug/ml) (Table 1)
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and viewing it under a UV microscope. Demembranated sperm is stained bright blue with
Hoechst, as it can bind to DNA, while non-demembranated sperm does not stain. Once the
demembranation reaches > 95%, the sperm is centrifuged at 2000 x g in a swinging
bucket rotor for 5 min at 4°C, and the pellet is resuspended in 0.5 ml SuNaSp containing
3% BSA per testis to quench the lysolecithin. The samples are centrifuged again, and the
pellet was resuspended in 0.5 ml EB per testis. This step is repeated, and the pellet is
resuspended in 100 pl EB + 30% glycerol per testis. The final concentration of sperm DNA
is estimated using a haemocytometer to count the number of sperm and large somatic-
type nuclei. The counting is done twice, and an average number is calculated for statistical
accuracy. After estimating the concentration, the stock is diluted to a final concentration
of 1000 ng DNA/ul by diluting in EB+ 30% glycerol and the sperm DNA is stored at -80°C

in 50 pl aliquots.

2.2.3 Using egg extracts and sperm DNA for studying DNA replication

2.2.3.1 Activating the X. laevis egg extract

X. laevis egg extracts prepared in our lab are arrested at the metaphase of meiosis II.
Extracts prepared in the presence of EGTA, a Ca2* chelator enable maintenance of arrest.
To carry out DNA replication, it is essential to activate this arrested extract so that it can
enter the first mitotic interphase. To do this, the extracts are supplemented with 0.3 mM
CaClz that mimics the calcium wave generated during fertilisation thereby enabling them
to enter into the first mitotic interphase. In addition to this, we also supplement the
extract with 1/40t volume of Energy regenerator (ER) (Table 1) to provide sufficient
energy to drive the reaction. To further synchronise the extract through the inhibition of
cyclin synthesis, we also add 1/40% volume of Cycloheximide (Table 1) at a final

concentration of 250 pg/ml. This treatment is left for 15 min at 23°C enabling the release
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of extracts from metaphase arrest and activating the replication licensing system,
allowing the replication of sperm DNA to commence. Once activated, the extracts are

supplemented with ~10 ng/pl of sperm DNA to initiate DNA replication.

2.2.3.2 Measuring replication efficiency of egg extracts

A TCA assay is performed to measure the replication efficiency of newly prepared egg
extracts. X. laevis egg extracts can incorporate a range of radiolabelled dNTPs into newly
replicated DNA, and we used o-32P labelled dATP (NEG512H250UC, Perkin Elmer) for this
purpose. Egg extracts are supplemented with an energy regenerator, cycloheximide and
calcium chloride, followed by sperm DNA (as explained in section 2.2.3.1). Along with
sperm DNA, radioactive o32P-dATP (50 nCi/pl) is added and samples are aliquoted into 3-
5 pl and incubated for the duration of the time course at 23°C. During each time point, the
replication reactions are terminated with the addition of 160 pl of Stop C solution (Table
1) containing SDS and 0.2 mg/ml proteinase K (740506, Macherey Nagel). Terminated
reactions are then incubated at 37°C for 30 min. After the digestion of proteins, the DNA
is allowed to precipitate in 4 ml of ice-cold 10% TCA solution at 4°C. The precipitated DNA
is then separated from the unincorporated soluble a32P-dATP by filtration. A small aliquot
of 40 pl was taken from each sample and spotted on a 25 mm Whatman paper (1001-025,
GE healthcare life sciences) for measuring the total a32P-dATP added to each sample. The
remaining sample is poured down a vacuum filter pump (Millipore) containing glass fibre
filters (11512083, Fisherbrand) and washed again with fresh 4 ml of 10% TCA to ensure
the removal of all DNA from the tubes. This filtration process is repeated for all the
samples. This is followed by washing the glass filters with 5 ml of 5% ice-cold TCA and
70% ethanol. The glass fibre filters are removed and dried under an infrared lamp. Each

filter was then inserted individually into scintillation vials and filled with 0.5 ml of
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scintillant Ultima Gold F (6013179, Perkin Elmer). The amount of DNA and the level of

radioactivity were measured using a scintillation counter (Tri-Carb 2900TR).

The percentage of the total 32P incorporated in the newly replicated DNA is normalised
by dividing the 32P incorporated in the DNA obtained from glass fibre filters by the total
32P obtained from the paper filter. This gives the total 32P incorporated into the DNA. To
calculate the total amount of DNA synthesised in ng/pl of extract, we multiply this
normalised total 32P value by 0.654. This value was estimated on the basis that the extract
contains an endogenous dNTP pool of ~50 uM. Additionally, the average molecular
weight of ANMPs is 327 Da and equal quantities of all four dNMPs are incorporated into
the newly synthesised DNA. Therefore, the weight of dNMP incorporated in ng/pl = %

total 32P incorporated/100 x 50 x 106 x 4 x 327 x 103.

2.2.3.3 Isolation of Chromatin to analyse chromatin-associated proteins

This assay is performed either in S-phase or mitotic phase to study the chromatin binding
dynamics of various replication-related proteins. It allows us to analyse the effects of
adding different proteins (Table 5) or inhibitors (Table 4) in a replication reaction. It is
usually performed as a time course experiment, and two important controls, histones,
and a ‘no DNA’ sample, are used here. Histones are used as loading controls as they are
abundantly present on chromatin and can be stained by Coomassie as a loading control,
but also to detect any contaminating non-histone proteins from the whole extract. A ‘no
DNA’ sample with no sperm added is isolated in parallel to other samples to detect protein
precipitation, which otherwise can be misinterpreted as interaction with chromatin. This

is done for each treatment tested.

Metaphase Il arrested egg extracts are activated as explained in section 2.2.3.1, and 10

ng/pl of sperm DNA is added to the extract. After the addition of sperm DNA, the extracts
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are supplemented with appropriate treatments and corresponding controls for each. For
a chromatin sample, we typically use 20 pl of extract per timepoint. All samples are
aliquoted appropriately into 1.5 ml Treff tubes (9607811903, TreffLab), and incubated at

23°C for the duration of the time course.

At appropriate time points, the 20 pl samples are resuspended with 0.5 ml of ice-cold 1X
ANIB100 buffer (Table 1), followed by underlaying with 100 pl of sucrose cushion (1X
ANIB100 with 20% sucrose). The dilution of the extract is essential to reduce the density
and viscosity of the extract and allow the disruption of the nuclear envelope with the
detergent, to allow the sedimentation of the chromatin through the sucrose cushion. The
samples are then spun at 2100 x g for 5 min at 4°C in a swinging bucket rotor. After the
centrifugation, the buffer above the sucrose cushion is removed and washed twice with
100 pl of 1X ANIB to avoid contamination of the chromatin sample with the diluted
extract. The sucrose cushion is carefully removed, leaving ~70 pl in the tube, and then
subjected to high-speed centrifugation at >10,000 x g at 18°C for 2 min at a fixed angle to
focus the pellet. The remaining buffer is carefully removed, and the pellets are
resuspended in 30 pl of 2X NuPAGE LDS loading buffer (NP0008, Invitrogen), boiled,
separated on a 4-12% NuPAGE acrylamide gel (WG1403BOX, Invitrogen) and analysed by

western blotting.

2.2.3.4 Isolation of nuclear fraction from X. laevis egg extract

The nuclei isolation assay was performed as described in Moreno et al; 2014 and
Davidson et al; 2006. Metaphase II arrested egg extracts (IgG mock and TRAIP depleted)
were activated as explained in section 2.2.3.1 and 10 ng/pl of sperm DNA was added to
the extract. After the addition of sperm DNA, the extracts were supplemented with

appropriate treatments and corresponding controls for each. Samples were aliquoted as

70



20 pl each and incubated at 23°C until the duration of the time course. One sample from
the control and the treated was supplemented with aphidicolin (A0781, Sigma) to have a
final concentration of 40 uM, and aphidicolin/ 5 mM caffeine (C0750, Sigma) as a positive

control.

During each time point, the extract was overlaid onto 300 pl of ice-cold Chk1 buffer (Table
1) and was centrifuged at 3000 x g in a swinging bucket rotor for 5 min at 4°C. After
centrifugation, 200 pl of the buffer was removed and the remaining was resuspended in
500 pl ice cold Chk1 buffer. This was transferred and overlaid on a fresh set of 500 ul of
ice-cold Chk1 buffer and centrifuged again as earlier. The supernatant was removed,
leaving ~50 pl in the tube. This was then subjected to centrifugation for 10 seconds (sec)
under 5000 x g at 4°C. The supernatant was removed carefully, leaving ~20 pl behind. The
remaining sample was resuspended with 6.5 pl of 4X loading buffer (NP0008, Invitrogen)
and 1X loading buffer to make up to 30 pl. The samples were separated on a 4-12%

NuPAGE acrylamide gel (WG1403BOX, Invitrogen) and analysed by western blotting.

2.2.3.5 Large-scale immunodepletion of TRAIP from X. laevis egg extracts

To identify the functional role of a protein of interest, it is essential to specifically
immunodeplete this protein using specific antibodies that are cross-linked to magnetic
beads. The specificity of observed phenotypes can be ensured by adding back

recombinant proteins to the immunodepleted extract.

To immunodeplete a protein from extract, we first need to couple the antibodies to
Dynabeads. The following protocol describes the coupling of 360 ug of antibodies to 600
ul of magnetic beads. 600 pl of Protein A Dynabeads (10002D, Life Technologies) (for use
with antibodies raised in rabbit) are transferred to 1.5 ml Eppendorf tubes and washed

with 1 ml 1X PBS. TRAIP immunodepletions are performed using a-TRAIP #91 raised in
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rabbit and affinity-purified (Table 6) or nonspecific rabbit IgG (15006, Sigma). 360 pg of
antibodies are added to the prepared beads and topped up to a volume of 600 pl with 1X
PBS. The mixture is incubated at 4°C rotating overnight. The next day, the supernatant is
removed, and the beads are washed again with PBST, and the beads are subsequently
incubated with 17.2 mg of BS3 crosslinker (S5799, Sigma) in BS3 conjugation buffer (20
mM sodium phosphate, 150 mM NaCl, pH7-9) and incubated for 30 min. This is followed
by quenching with 1M Tris-HCI, pH 7.5 for another 15 min. The beads are then washed
thrice with 100 mM HEPES, pH 7.6 followed by LFB1/50 (twice) resulting in antibody-
coupled beads for use in immunodepletions. These crosslinked beads are then incubated
with activated egg extracts. Effective immunodepletion requires 2 rounds of 1 h
incubation of egg extract with antibody-coupled beads at 50% beads ratio (e.g. 2 rounds
of 100 pl of egg extract incubated with 50 pl of coupled beads). After incubation, the
beads are separated from the extract using a magnetic rack, and the immunodepleted
extracts are collected and dropped as 10 pl beads into liquid nitrogen and stored at -

80°C until use.

2.2.3.6 Small-scale immunoprecipitation to test a-TRAIP and a-Lrr1 antibodies

To test if the in-house raised a-Lrrl and o-TRAIP sera or the purified antibodies can
immunoprecipitate Lrrl and TRAIP from Xenopus egg extracts, 20 pul of the extract was
used for each IP sample. The extracts were activated as mentioned in section 2.2.3.1. The
extracts were then diluted by resuspending in a 4X volume of LFB1/50 and subjected to
centrifugation at high speed for 10 min at 4°C. 100 pl of supernatant was collected for
each sample and supplemented with 1 pg of antibodies. It was then incubated on ice for
1 h. Each sample was then supplemented with 15 pl of Protein A Dynabeads (10002D, Life

Technologies), which were prewashed once with 1 ml 1X PBS and twice with 1 ml of
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LFB1/50 using a magnetic rack. After the incubation, the samples with antibodies were
transferred to the tubes containing prepared beads and incubated for 1 h at 4°C with
rotation. After incubation, the beads were separated using a magnetic rack and washed
with 1 ml of LFB1/50 thrice. The beads were supplemented with 30 pl of 2X loading buffer
and boiled at 95°C for 5 min. 20 pl of input and depleted samples were taken at the

respective stages and boiled with 2X loading buffer for analysis by western blotting.
2.3 Work involving bacteria

2.3.1 Bacterial strains and growth media used in this study

E. coli derivatives such as XL 10-Gold ultra-competent cells (200315, Agilent), BL21 (De3)
Competent E. coli (C2527, NEB), Arctic Express (De3) (230192, Agilent), C41 (De3)
(60442-1, Lucigen) and Rosetta (De3) pLysS Competent Cells (70956, Merck) were
different host strains used in this study. All cultures were grown in autoclaved Luria
Bertani (LB) broth/agar (L3022, Sigma /L2897, Sigma) or Auto induction media (AIM)
(AIMLB0210, Formedium) supplemented with the appropriate amount of antibiotics
(Table 1). The bacterial cultures were grown at 37°C in an incubator shaker unless
otherwise stated. Cultures grown on LB agar plates were also incubated at 37°C overnight

and stored at 4°C.

2.3.2 Transformation

Recombinant plasmids containing the gene of interest were transformed into
commercially available competent E. coli derivatives mentioned in section 2.3.1 for
protein expression. 10 pl of competent cells were taken and 0.4 pl of -mercaptoethanol
was added and incubated for 10 min to increase transformation efficiency (only for XL10-

Gold and Arctic cells). For all competent cells, 100 ng of plasmid DNA were added and left
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on ice for 30 min, followed by a 45 s heat shock at 42°C. The cells were then transferred
to ice for 5 min after which 250 pl of SOC medium (B9020S, NEB) was added and
incubated at 37°C for 1 h with constant shaking. 100 pl of bacterial culture was then
plated on LB agar plates containing appropriate antibiotics and left overnight at 37°C in

an incubator to screen for isolated colonies.

2.3.3 Plasmid purification

The colonies obtained after transformation were inoculated in 5 ml LB broth added with
appropriate antibiotics and left overnight in an incubator shaker at 37°C. The plasmids
were extracted using the QIAprep Spin Miniprep kit (27104, Qiagen) as per the
manufacturer’s instructions. The concentration of the plasmids was assessed using a

nanophotometer (Implen).

2.3.4 Testing expression of recombinant proteins

The expression of recombinant proteins was tested in different E. coli strains. Plasmids
were first transformed into different expression strains as described in section 2.3.2.
Individual colonies were picked and inoculated into 10 ml LB broth and left in an
incubator shaker at 37°C overnight. 100 pl of this overnight culture was inoculated into
fresh 10 ml LB broth and grown until the Optical Density (OD) value reached between
0.4-0.6, after which 1 mM IPTG (16758, Sigma) was added for protein induction. No IPTG
was added to cultures grown using auto-induction media. Samples before (500 pl) and
after induction (250 pl) were collected and spun down at 10,000 x g for 1 min. The pellets
were resuspended in 100 pl of 2X loading buffer, boiled at 95°C and analysed on
acrylamide gels by Coomassie staining or by western blotting, and the best expression

strain for each protein of interest was identified.
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2.3.5 Purification of recombinant proteins

The recombinant proteins used in this PhD project were purified using optimised

protocols as mentioned below.

2.3.5.1 Purification of recombinant X. laevis Lrr1l

X. laevis His-SUMO-Lrrl was expressed (from pET15b; ampicillin resistance) from
ArcticExpress cells using auto-induction media (AIMLB0210, Formedium). A 2 litre
bacterial culture expressing His-SUMO-Lrr1 was grown at 37°C until the OD value reached
~0.4 and then shifted to 13°C overnight. The cultures were then spun down at 6000 x g
for 15 min at 4°C in a Beckman Avanti centrifuge and pellets were collected and stored at

-80°C until use.

The His-SUMO-Lrr1 containing bacterial pellets were thawed and resuspended in lysis
buffer: 50 mM Tris-HCI; pH 8, 0.1 mM EGTA; pH 8,350 mM NaCl, 0.1% -mercaptoethanol,
270 mM Sucrose, 0.03% Brij-35, 2 mM MgClz, 5 mM Imidazole, 1 pg/ml Aprotinin, 1 pg/ml
Pepstatin, 1 pg/ml Leupeptin, 0.1 mM PMSE, containing 1 mg/ml lysozyme with a final pH
of 8.4. After resuspension, 5 pl of Basemuncher (25 U/ml) (Expedeon) was added, and the
samples were incubated at room temperature (RT) for 20 min followed by sonication for
6 x 30 sec; in a medium setting of 30 kHz. The homogenate was then centrifuged at 16,000
x g for 30 min at 4°C, and the supernatant was mixed with Super Nickel NTA Agarose
Affinity Resin (SUPER-NINTA100; Generon) for 1 h at 4°C. The supernatant was separated
again by subjecting it to low-speed centrifugation (1000 x g for 5 min) and was mixed
with a fresh lot of beads. This was incubated for 3 h at 4°C. The two-step incubation was
performed to saturate the first batch of beads with His-SUMO, which expresses on its own
and preferentially binds to the beads. After incubation, the beads were separated again

by centrifuging at 1000 x g for 3 min at 4°C. The supernatant was removed, and the beads
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were washed 3 times using the same resuspension buffer to remove non-specific proteins.
The protein was finally eluted with elution buffer containing 250 mM Imidazole, and
those fractions containing the highest amounts were dialysed into LFB1/50. The
concentration of proteins was estimated using BSA standards by SDS-PAGE and stored at

-80°C until use.

Similarly, for expression of His-SUMO-Lrrl from BL21 (De3) cells, 2 litres of bacterial
cultures were grown at 37°C until the OD value reached ~0.4 and then shifted to 20°C
overnight. The same purification procedure as in ArcticExpress cells was used for

purifying His-SUMO-Lrr1 from BL21 (De3) cells.

2.3.5.2 Purification of recombinant X. laevis N-Cul2 /Lrr1/EloB/C complex

To purify X. laevis N-Cul2/Lrr1/EloB/C as a complex, they were expressed from three
different plasmids. His-SUMO-Lrr1 (from pET15b; Ampicillin resistance), N-Cul2 (from
pET24a; Kanamycin resistance) and EloB/C (from pACYCDuetl; Chloramphenicol
resistance) were transformed into BL21 (De3) cells. The colonies obtained as a result of
transformation were selected on plates containing the three appropriate antibiotics. For
large scale expression, transformed BL21 (De3) cells were grown in 2 litres of AIM media.
The cultures were grown at 37°C until the OD value reached ~0.4 and then shifted to 20°C
overnight. Cultures were then spun down at 6000 x g for 15 min at 4°C in a Beckman

Avanti centrifuge, and the pellets were collected and stored at -80°C until use.

The bacterial pellets were thawed and resuspended in lysis buffer: 50 mM NaHPOs4; pH
9, 300 mM NaCl, 10% Glycerol, 2 mM DTT, 2 mM MgClz, 0.5% Triton, 1 pg/ml Aprotinin,
1 pg/ml Pepstatin, 1 pg/ml Leupeptin, 0.1 mM PMSE, containing 1 mg/ml lysozyme. 5 ul
of Basemuncher (25 U/ml) (Expedeon) was added to the lysate and incubated for 20 min.

The lysate was then sonicated for 6x10 sec in a medium setting of 30 kHz, while on ice.
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The samples were centrifuged at 20,000 x g for 30 min at 4°C, and the supernatant was
mixed with prewashed Super Nickel NTA Agarose Affinity Resin (SUPER-NINTA100;
Generon) for 3 h at 4°C. The beads bound to the proteins were then separated by
centrifuging at 1000 x g for 3 min at 4°C and washed 3 times using the same resuspension
buffer containing protease inhibitors. The protein was eluted with resuspension buffer
containing 400 mM Imidazole and protease inhibitors for the first 5 elutions, followed by
the same buffer at a lower pH of 4.5 for the remaining elutions. The fractions containing
the highest amounts of proteins were dialysed into LFB1/50. The concentration of

proteins was estimated using BSA standards by SDS-PAGE and stored at -80°C until use.

2.3.5.3 Purification of recombinant X. laevis Lrr1/EloB/C

To purify X. laevis Lrr1/EloB/C as a complex, they were expressed from two different
plasmids. His-SUMO-Lrrl (from pET15b; Ampicillin resistance) and EloB/C (from
pACYCDuet1; Chloramphenicol resistance) were expressed in 2 litres of Rosetta (De3)
pLysS cells in LB media. The cultures were grown at 37°C until the OD value reached ~0.4
and then shifted to 20°C overnight. Cultures were then spun down at 6000 x g for 15 min
at 4°C in a Beckman Avanti centrifuge and pellets were collected and stored until use in -

80°C. Purification of this protein was carried out in two different methods as follows.

Purification of His-SUMO-Lrr1/EloB/C 1- The bacterial cells were resuspended in 50 mM
NaHPO4; pH 9, 300 mM NaCl, 10% Glycerol, 2 mM DTT, 2 mM MgClz, 0.5% Triton, 1 ug/ml
Aprotinin, 1 pg/ml Pepstatin, 1 pg/ml Leupeptin, 0.1 mM PMSFE containing 1 mg/ml
lysozyme. 5 pl of Basemuncher (25 U/ml) (Expedeon) was added. The cells were then
clarified using centrifugation and the soluble fraction was further incubated with Ni-NTA
beads and incubated for 2 h at 4°C. The proteins bound to the beads were then recovered

after washing with 20 mM imidazole containing resuspension buffer followed by final
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elutions with buffer containing 250 mM imidazole for elutions 1-5 and 400 mM imidazole
from elutions 6-10. The fractions containing the highest amounts of proteins were
dialysed into LFB1/50. The concentration of proteins was estimated using BSA standards

by SDS-PAGE and stored at -80°C until use.

Purification of His-SUMO-Lrr1/EloB/C 2- The bacterial cells were resuspended in 50 mM
Tris-HCI pH 8, 0.1 mM EGTA pH 8, 350 mM NaCl, 0.1% B-mercaptoethanol, 270 mM
Sucrose, 0.03% Brij-35, 2 mM MgCl2, 5 mM Imidazole, 1 pg/ml Aprotinin, 1 pg/ml
Pepstatin, 1 pg/ml Leupeptin, 0.1 mM PMSEF containing 1 mg/ml lysozyme, pH 8.4. After
resuspension, 5 pl of Basemuncher (25 U/ml) (Expedeon) was added and incubated for
20 min at RT. The cells were then clarified using centrifugation and the soluble fraction
was further incubated with prewashed Ni-NTA beads and incubated for 2 h at 4°C. The
depleted supernatant was again subjected to incubation with a fresh lot of beads for 3 hrs
at 4°C. The proteins bound to the beads were then recovered after washing with 20 mM
imidazole containing resuspension buffer followed by final elutions with buffer
containing 250 mM imidazole. The fractions containing the highest amounts of proteins
were dialysed into LFB1/50. The concentration of proteins was estimated using BSA

standards by SDS-PAGE and stored at -80°C until use.

2.3.5.4 Purification of recombinant X. laevis GST-TRAIPwt and TRAIPmut

Xenopus TRAIP was cloned into a pGS21 vector and GST-TRAIP was expressed in BL21
(De3) in Auto Induction Media overnight at 18°C. Pellets were lysed in lysis buffer: 50 mM
NaH2PO4; pH 9, 300 mM NaCl, 10% glycerol, 2 mM DTT, 2 mM MgClz, 0.1 mM PMSE, 1
pug/ml of each aprotinin, leupeptin, and pepstatin and 1 mg/ml lysozyme. After
resuspension, 0.03% Brij and 3 ul of Benzonase (25 U/ml) were added. The samples were

sonicated for 8 x 30 sec; in a medium setting of 30 kHz using a wide-diameter probe; while
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on ice. The supernatant was separated after centrifugation at 16,000 x g for 30 min at 4°C
and mixed with Glutathione Sepharose 4B beads (17-0756-01, GE Healthcare) at 4°C
overnight. The beads were then separated by centrifuging at 1000 x g for 3 min at 4°C,
and the beads were washed 3 times using the same resuspension buffer. The protein was
eluted with buffer containing 25 mM glutathione (PHR1359, Sigma) and then stored at -
80°C until use. The mutant GST-TRAIPmut with a point mutation at C25A was generated

by site-directed mutagenesis in the same plasmid and purified analogously.

2.3.5.5 Purification of recombinant X. laevis His/SUMO-TRAIPwt and TRAIPmut
Recombinant His/SUMO-tagged X. laevis TRAIPwt and mut were expressed in Rosetta
(De3) pLysS cells from pCA528 vector in AIM by growing at 37°C for 2 h and when OD
value reached 0.4, 50 pM ZnSo4 was added to the cultures and left for expression at 18°C
overnight.

After pelleting of the bacterial cultures, the cells were lysed in 20 mM HEPES-NaOH (pH
7.5), 400 mM sodium acetate, 10% glycerol, 10 uM ZnS04, 0.1% NP-40, 1 mM DTT and 1X
Roche complete protease inhibitor cocktail) supplemented with 20 mM imidazole.
Homogenates were supplemented with 1 mg/ml lysozyme, 12 pl of Benzonase and 2 mM
MgClz and then incubated at room temperature for 20 min. The samples were
subsequently sonicated (6 x 30 sec; in a medium setting of 30 kHz) on ice and spun down
for 20 min at 20,000 x g at 4°C. The resulting supernatant was incubated in 2 ml of
prewashed Ni-NTA agarose beads (30210, Qiagen) for 1 h with rotation at 4°C. The beads
were spun down at 1000 x g for 5 min and the supernatant was transferred to a fresh lot
of prewashed beads. The samples were incubated again for 1 h at 4°C. After incubation,
the beads were separated and washed in low imidazole-containing buffer (20 mM HEPES-

NaOH; pH 7.5, 400 mM sodium acetate, 10% glycerol, 20 mM imidazole, 10 uM ZnSO4,
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0.01% NP-40, 1 mM DTT and 1X Roche complete protease inhibitor cocktail) and the
protein was eluted with the same buffer containing increased imidazole concentration
(250 mM imidazole) and protease inhibitors. Those fractions containing the highest
quantity of wt or mutant TRAIP were dialysed into LFB1/100 buffer and stored at -80°C

until use.

2.4 Working with DNA
2.4.1 PCR amplification

A high-fidelity Q5 DNA polymerase (M0491S, New England Biolabs) was used for the
amplification of DNA from plasmids containing a gene of interest. The PCR reaction
mixtures were set up as shown below in Table 7. The annealing temperatures were
calculated based on an online tool: NEB TmCalculator. The thermocycling conditions used

are described in Table 8.

Table 7:- Composition of the PCR reaction mixture.

Components Volume for 25 pl reaction (pnl) | Final concentration

5X Q5 Reaction Buffer 5ul 1X
10 mM dNTPs 0.5l 200 uM

10 uM Forward Primer 1.25 ul 0.5 uM

10 uM Reverse Primer 1.25 ul 0.5 uM
Template DNA variable 25ng

Q5 High-Fidelity DNA Polymerase 0.25 ul 0.02U0/ul
Nuclease-Free Water Make up to 25 pl
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Table 8 :- Thermocycling conditions used for PCR reactions.

Steps Temperature Time Number of cycles
Initial denaturation 98°C 90 sec 1
Denaturation 98°C 10 sec
Annealing variable 10-30 sec 25
Extension 72°C 30 sec/Kb
Final extension 72°C 2 min 1
Hold 4°C oc

2.4.2 Site-directed mutagenesis

Oligonucleotides required for making a mutant for Lrrl and a mutant for TRAIP were
designed using an online tool NEBaseChanger. Table 3 contains the list of primers used
for making these mutants. The primers listed were used to set up the PCR reaction using
the composition and conditions listed in Table 7 and Table 8 respectively. The PCR
product obtained was then subjected to a mix of enzymatic treatment with
Kinase/Ligase/Dpnl or KLD enzyme (M0554S, NEB) known as the KLD reaction. This
enzymatic mix allows for efficient phosphorylation, circularization of the plasmid DNA
and removal of template DNA in a 5 min reaction. The remaining product is then
transformed (section 2.3.2) into XL10 gold cells. The incorporation of mutation was
confirmed by sequencing services by Source Biosciences. The successful mutants were

then transformed into the best expression cells.

2.4.3 Cloning of TRAIP

To clone Xenopus laevis TRAIP from pET28a into the pGS-21a vector, restriction digestion

of both vectors was carried out using Ncol (R3193S; New England Biolabs) and EcoR1
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(R3101S; New England Biolabs) enzymes. 25 pl of pET28a-Traip and 25 pl of pGS-21a
were digested using 2 pl of Ncol and EcoR1, 5 pl of Cutsmart (B7204; New England
Biolabs) and 16 pl of Nuclease free water. The reaction was incubated for 2 h at 37°C. After
incubation the samples were run on 0.8% Agarose gel and the appropriate bands were
purified using a QIAquick PCR purification kit (28104, Qiagen) according to the

manufacturer’s instructions.

The ligation reaction was set up with 10 ng of TRAIP, 1 ng of pGS-21a, 1 ul of 10x T4
ligation buffer (B0202S; New England Biolabs) and 1 pl of T4 ligase (M0202S; New
England Biolabs). The reaction was left overnight at 16°C and 2 pl of the ligated mixture
was transformed into XL10 gold competent cells as mentioned before in section 2.3.2.
Single colonies obtained after transformation were picked and plasmids isolated from

these were tested for successful cloning both by sequencing and by restriction digestion.

2.4.4 Agarose gel electrophoresis and visualisation

DNA samples from PCR reactions and restriction digestion products were run on 0.8%
agarose gels and visualised on a Safe View Mini box (Cleaver Scientific Ltd). The required
amount of agarose was weighed out and melted in 1X TBE buffer (A4718, Merck). After
the agarose has cooled down to ~55°C 10 pl of SYBR Safe DNA gel stain (S33102, Thermo
Scientific) was added so that it intercalates with the DNA and allows for visualization
under the UV lamp. Molten agarose was then poured into a casting tray and once set DNA
samples were loaded by mixing with 6X purple gel loading dye (B7025, New England
Biolabs) in a 1:5 ratio. 1 kb plus DNA ladder (10787018, Invitrogen) was used as a marker
for size estimation. Electrophoresis was carried out at 100 V for 1 h and the gel was
visualised using a safe view box or gel documentation unit (Syngene). Images were

recorded using GeneSnap software.
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2.5 Working with Proteins
2.5.1 Dialysis

The elutions obtained from recombinant protein purifications were dialysed to exchange
the elution buffer into an egg extract-friendly buffer; LFB1/50 buffer (see Table 1). Pur-
A-Lyzer Maxi 25 kDa dialysis columns (PURX25005, Merck) were used for dialysing
recombinant Lrrl and recombinant TRAIP. The columns used were prepared by
incubating with distilled water for 5 min during which cellulose membranes are activated.
This enables the exchange of buffer and free passage of molecules that are below the size
of the membrane. These columns were then filled with protein samples and stirred
overnight at 4°C. After dialysis, the proteins were aliquoted as 50 pl and stored at -80°C

until use.

2.5.2 SDS PAGE (Sodium Dodecyl Sulphate Poly Acrylamide Gel Electrophoresis)

All protein samples were analysed either on a precast 4-12% NuPAGE Bis-Tris gels
(WG1403BOX, Invitrogen) or 10% SDS PAGE gel prepared in-house (see Table 9 below).
Protein samples were mixed with 2X NuPAGE LDS sample buffer (NP0008, Invitrogen)
and were denatured by boiling at 95°C for 5 min before loading onto the gel. To enable
determination of protein sizes 5 pl PageRuler Plus Prestained Protein Ladder (26620,
Invitrogen) was used. The apparatus was filled with 1X NuPAGE MOPS SDS running buffer
(NP000102, Invitrogen) for precast gels and electrophoresed at 160 V for 1h 15 min,
whereas, 1X Tris-glycine buffer (Table 1) was used to run in-house made SDS-PAGE gel at

100V for 1.5 hrs.
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Table 9 :- Composition of 10% SDS-PAGE gel.

Components Volume (for 10ml)
Distilled water 4.0 ml
30% acrylamide solution 3.3 ml
10% Resolving gel 1.5 M Tris (pH 8.8) 2.5 ml
10% SDS 0.1 ml
10% ammonium per sulphate 0.1 ml
TEMED 0.004 ml
Distilled water 2.7 ml
30% acrylamide solution 0.67 ml
5% Stacking gel 1 M Tris (pH 6.8) 0.5ml
10% SDS 0.04 ml
10% ammonium persulphate 0.04 ml
TEMED 0.004 ml

2.5.3 Staining of protein gels

Proteins resolved on acrylamide gels were visualised by staining with Coomassie stain
(Table 1) solution for 1 h on a rocker (SSM4; Stuart) to detect the total protein content.
After incubation the stain was discarded and the gel was destained using the destaining

solution (Table 1) until the bands were visible.

The loading controls from chromatin isolation experiments (histones) were stained using
Simply Blue Safe Stain (LC6060; Invitrogen). The gels containing histones were washed
for 3 x 5 min in water and then submerged in the stain for 1 h on a rocker. The gels were

destained by washing them in water until the bands were visible.

2.5.4 BSA standard assay

To find the concentration of proteins a BSA standard of known concentration was serially

diluted to compare with the target protein. 10 mg/ml of BSA stock solution was prepared
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and dilutions of 5, 2.5, 1.25 and 0.625 mg/ml were prepared. Dilutions of purified
proteins were also prepared by mixing with LFB1/50 buffer and 2X NuPAGE loading
buffer was added. All samples were run on an acrylamide gel and visualised by Coomassie

staining.

2.5.5 Bradford assay

Total protein concentration was analysed by using a series of dilutions of BSA stock of 1
mg/ml to use as standards against the target protein. 1 ml of Pierce Coomassie Plus
Bradford Assay reagent (23238; Thermo Fisher Scientific) was added to each and mixed
well in a cuvette. The absorbance of all samples was measured at 595 nm using a
spectrophotometer. The absorbance values from the standard were used to generate a

standard curve and the concentration of unknown protein was derived from this.

2.5.6 Immunoblotting

Proteins samples run on acrylamide gels were transferred onto Immobilon-P PVDF
membranes (LC6060; Merck) by electroblotting at 100 V for 1 h 30 min. The membranes
containing the proteins were then blocked in 5% non-fat dry milk in 1X TBST (see Table
6) to prevent non-specific binding. The membranes were then rinsed in 1X TBST to
remove excess milk and then incubated with the appropriate concentration of primary
antibodies (Table 6) prepared in 3% BSA + 0.02% Sodium azide solution in 1X TBST and
incubated overnight at 4°C. The membranes are then washed in 1X TBST for 3 x 10 min.
Washing is an important step as it minimises the background and removes unbound
antibodies. The membranes were further incubated for 1 h with the HRP-labelled
secondary antibodies (Table 6) specific to the species in which the primary antibody was
raised. After the incubation, the membranes were washed again as before, and incubated

with chemiluminescent HRP substrate; Western Bright ECL spray (K-12049-D50;
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Advansta) which was followed by exposure to X-ray film (MOL7016, Scientific Laboratory

Supplies).

2.5.7 Antibody purifications

To purify the antibody against a target protein, the protein was first purified as mentioned
in section 2.3.5. The protein samples were then sent to Dundee Cell products to raise
antibodies in the selected host species. To purify the antibodies from the animal sera, we
made an antigen column specific to the target protein. The protein was first dialysed
(section 2.5.1) into a coupling buffer (Table 1) and was coupled to the beads in the HiTrap
NHS-activated HP affinity column (17071701, Cytiva), that can be used for any primary
amine-containing ligand. A stable amide linkage, formed as a result of covalent bonding
between the resin and the amine group of the ligand, enables the column to be used for
affinity purification. The column was first activated with 1 mM ice-cold HCl and the
antigen solution was loaded onto the column. An antigen concentration of at least 1
mg/ml was found to be the most effective. [t was then incubated for 30 min and unreacted
NHS groups were blocked using a blocking buffer (Table 1). The column was then washed
by alternating with high and low pH twice with 10 mM Tris HCI; pH 8 or 0.1 M glycine; pH

2 and the column was stored with 1X PBS at 4°C.

The antiserum was defrosted and diluted with equal volumes of 1X PBS and filtered
through 0.45 pm syringe filters to remove impurities (SLHNO33NB; Millipore). The
diluted serum was recirculated through the prepared antigen column overnight at 4°C.
The column was washed with 50 ml washing buffer (Table 1) to remove excess serum
from the column. The antibodies were finally eluted using 0.1 M glycine; pH 2.6 into 1.5

ml Eppendorf tubes containing 100 pl of 2M Tris-HCl; pH 8.5. The concentration of
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purified antibodies was assessed by Bradford assay and antibody-containing elutions

were stored at -80°C.

2.5.8 In vitro kinase assay

In vitro kinase assay was performed based on Cui et al, 2018. Phosphorylation of
recombinant TRAIP and its mutant versions were tested with CDK1/Cyclin B (PV3292;
Thermo Scientific), CDK2/Cyclin A (PV3267; Thermo Scientific) and CDK2/Cyclin E1
(PV6295; Thermo Scientific). To test phosphorylation, an in vitro assay was set up with
PK buffer, 1X ATP (Table 1), 0.3 ug of Mitotic/S-phase recombinant CDKs, and 0.125 pg/ul
recombinant purified TRAIP in a 20 pl reaction. The samples were incubated at 30°C for
30 min and the reaction was stopped with the addition of 4X SDS loading buffer. The
phosphorylated samples were run on a 6% SuperSep Phos-tag gel (192-17401; Fujifilm)

for 1 h 15 min at 160 V and analysed by immunoblotting.

2.5.9 Size exclusion chromatography

To analyse purified proteins or any biomolecules in terms of their size and structure, they
can be passed through a size exclusion chromatography column known as Superose 6
Increase 10/300GL (GE29-0915-96; Cytiva) using SMART, Amersham Pharmacia Biotech.
It has a broad fractionation range of molecules between 5-5000 kDa and the major
principle is that the larger molecules cannot enter the pores of the chromatographic
medium and come through the column faster while the smaller ones penetrate deeply and
come out slowly enabling their separation. The columns were first equilibrated in
LFB1/50 buffer (Table 1) and a cocktail of markers; 2.25 mg/ml Thyroglobulin (669 kDa),
1.87 mg/ml Apoferritin (443 kDa), 2.25 mg/ml Albumin (66 kDa), 1.125 mg/ml Carbonic
Anhydrase (29 kDa) were mixed and diluted in LFB1/50. Similarly, the recombinant

protein samples were prepared by adding 50 pl protein into 150 pl of LFB1/50. The
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marker cocktail and protein samples were spun down for 5 min at 4°C, maximum speed.
The supernatant was loaded onto the column and processed with a flow rate of 20 pl/min
in LFB1/50. 50 pl fractions were collected and 50 pl of 4X NuPAGE loading buffer was
added to each of them. From fractions 3-26, 15 ul of each was run on a 4-12% acrylamide

gradient NuPAGE gel and analysed by immunoblotting.

2.6 Softwares

Online tools such as RobettaBet2a and Phyre? were used for generating the automated
structural model of Lrrl. Alphafold 2 was used for predicting the structural model of
TRAIP. Predictomes were used for predicting protein-protein interactions of TRAIP.
Quantification of western blot signals was performed using Image] software. Prism was
used for graphical representations. Analysis of sequencing results and multiple sequence

alignments were performed using Serial Cloner version 2.6.1 and ClustalW.
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Chapter - 3

3 Optimising conditions for purification of Xenopus laevis
Lrr1 and raising antibodies

3.1 Introduction

Over the last decade, research has brought a rapid development in our understanding of
replisome unloading mechanisms and the key ubiquitin ligases involved in this process.
Investigations from ours and other labs had shown that in higher eukaryotes Cul2Lrr1 jg
the E3 ubiquitin ligase responsible for ubiquitylating Mcm?7 during S-phase at replication
termination (Dewar et al., 2017a; Sonneville et al., 2017). However, further research is
needed to fully comprehend the regulation of this pathway. It is important that we
understand the mechanisms that lead to replisome disassembly, as unloading of active
helicases at the wrong time and/or at the wrong place, or indeed a failure to unload them
at the appropriate times, could be detrimental for maintaining genome stability (Moreno

and Gambus, 2020).

The first aim of my project was, therefore, to understand how Lrrl recognises its
substrate, Mcm?7, for ubiquitylation. At that point of time we did not know that the
ubiquitylation of Mcm?7 is suppressed throughout DNA replication by the excluded
lagging strand. This physically prevents Lrrl from recognising Mcm?7, until the
appropriate time, when replication termination takes place (Jenkyn-Bedford et al., 2021;
Zhou et al,, 2021). Our lab has previously identified K27 and K28 as the ubiquitylation

sites within Mcm7 in S-phase in Xenopus laevis egg extracts using mass spectrometry
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analysis (Moreno and Gambus, 2020). These sites are located within the N-terminus of
Mcm?7. I therefore wanted to: (i) investigate if the N-terminus of Mcm?7 is involved in
interaction with Lrr1; (ii) identify which domains of Lrrl are important for interaction

with Mcm7 and CMG, and (iii) characterise the patient mutations found within Lrr1.

3.2 Results

3.2.1 The ubiquitylation site within Mcm?7 is not the only interaction point for
Lrrl

E3 ligases confer substrate specificity by directly recruiting substrates and catalysing the
ubiquitin transfer. Most E3s contain substrate recognition domains or subunits that
provide the selectivity by directly binding or interacting with the target proteins (Zheng
and Shabek, 2017). Therefore, I first set out to see if the ubiquitylation site within the N-
terminus of Mcm?7 is the specific point of interaction with Cul2lrrl, The aim of this
experiment was to out-compete the binding of Lrr1 to the ubiquitylation site on Mcm?7
with a small peptide that spans the identified ubiquitylation sites. I performed a
replication assay over a time course with Xenopus laevis egg extract, supplemented with
two peptides: peptide 1 spans the Mcm7 ubiquitylation sites and peptide 2 was a
scrambled peptide used as a negative control. The peptides were optionally
supplemented at a high concentration (40 uM of Peptide 1- EFYKDDEIGKKHFKYGVQLA,
40 puM of Peptide 2- IDEGFHDYKFQKLVKGEYAK). Addition of these peptides was found
not to interfere with the egg extract’s ability to synthesise nascent DNA (Figure 3.1 a). |
then isolated the chromatin and studied the status of helicase disassembly and Mcm?7
ubiquitylation (Figure 3.1 b). I could observe that the CMG components Cdc45 and Psf2
were disassembled after 60 min in all samples. Ubiquitylation of Mcm?7 was also seen at

60 min, coinciding with the disassembly of Cdc45 and Psf2 in all samples. Since there were
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no significant differences in the unloading pattern of replisomes, this suggested to us that
the addition of peptides could not out-compete Lrrl-replisome interactions.
Unfortunately, the use of this short peptide spanning Mcm7 cannot reveal much about the
interactions of Cul2Lr1 with the terminated helicase. A most likely reason for this is that
Lrrl interacts with Mcm7 or the helicase through multiple interaction sites, and not just
the K27 and K28 ubiquitylation sites identified from our mass spectrometry. I therefore
decided to switch and analyse the Lrr1-Mcm?7 interaction from the Lrrl perspective to

understand better these interactions.
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Figure 3.1:- Lrrl likely interacts with Mcm7 and helicase through multiple binding sites. (a) A
replication assay was performed to test the ability of egg extract to synthesise DNA upon addition
of peptide 1 and peptide 2 at 40uM and 20uM final concentration by measuring the level of
incorporation of radioactive 32P-dATP into newly synthesised DNA. (b) Interphase egg extract
was supplemented with sperm DNA and optionally supplemented with LFB1/50 (buffer control),
peptide 1 or peptide 2. Chromatin was isolated at indicated times. The replication factors involved
were analysed by immunoblotting with indicated antibodies. ‘Extract’ sample serves as a control
for the western blot to check for the presence of the specific protein in the whole egg extract. ‘No
DNA’ sample is a chromatin specificity control with no sperm DNA and was isolated in parallel.
Histones that have been stained with Coomassie, acts as a loading control to visualise total
protein. This experiment was performed twice.

3.2.2 Predicting the structure of Xenopus laevis Lrrl

To elucidate the molecular mechanism underlying the regulation of CMG ubiquitylation,

and to identify which part of Lrr1 recognises the helicase, we needed to learn more about
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the structure and functionality of Lrrl. The Lrr1 protein consists of 7 leucine-rich repeat
domains and an Elongin BC and Cul2 box (Figure 3.2). It forms the substrate recognition
subunit of Cul2 ubiquitin ligase. Generally, leucine-rich repeat proteins are known to fold
into a curved solenoid or horseshoe shape, providing a concave region for protein-protein
interactions (Bella et al, 2008). In general, LRR (Leucine Rich Repeat) regions are
important for protein interactions (Kobe and Kajava, 2001), but we do not know whether

the N and C-termini of Lrr1 also have roles in replisome unloading in S-phase.

LRR repeat domains

1 153-174 199-220 248-269 293-315
176-197 225-246 271-292

418

N-terminus C-terminus

318-335 BCBox
336-351 Cul2 Box

Figure 3.2:- Domain structure of Lrrl. Lrrl consists of 7 LRR repeats, BC, and Cul2 boxes in
addition to its N and C-terminus. The LRR repeat regions can facilitate protein-protein
interactions.

Here, I wanted to find out which part of Lrr1 is essential for its substrate recognition. To
achieve this, I aimed to make truncation mutants of Lrrl and then assess their ability to
interact with chromatin upon replication termination. To this end, we needed to predict
the structure of X. laevis Lrrl which I determined using automated protein structure
prediction servers Robetta Beta (Figure 3.3) and PHYRE2 (Figure 3.4). They both work
on the principle of comparative modelling. The prediction model from Robetta Beta
revealed five different potential structural models for Lrrl. Robetta Beta and Phyre2
software search for confident matches to a protein of known structure found in BLAST,
PSI-BLAST, 3D-Jury and use these as a template for predicting the structure of unknown

proteins. The predicted structures of Xenopus laevis Lrr1 that I obtained also revealed a
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concave region where leucine-rich repeats were abundant in the Lrrl sequence. This was

comparable to other LRR containing proteins (Kobe and Kajava, 2001; Bella et al., 2008).

From the literature, we know that proteins containing LRR region tend to stabilise their
structure using capping motifs that are present at each end of the LRR region
(Matsushima et al., 2005). Interestingly, the computer simulation of Lrr1 shows that, alike
other LRR proteins, the seven LRR repeats in Lrr1 tend to arrange themselves in parallel
with their 3-pleated sheets at their concave ends where the ligands are expected to bind
and their convex ends are made of a-helices (Figure 3.3 and 3.4). Each individual LRR
repeat consist of one (-strand and a-helix that are interconnected by loops. Apart from
this, I also noticed that the protein region just upstream of the LRR domain also arranges
itself in the form of an LRR repeat (Glutamic acid 130 to Tyrosine 152). This region could
potentially act as an N-terminal cap as it tends to shield the hydrophobic core of the LRR
region (Dao et al.,, 2014). This typical secondary structure arrangement also coincides
with the structure prediction results obtained from PHYRE2 (see E130 to Y152 in Figure
3.4). Further upstream to this potential N-terminal cap, I also noticed that the protein
folds into an alpha-helical structure around Glycine 96 to Asparagine 108 (see G96 to
N108 in Figure 3.4). This alpha-helical secondary structure shows similarity with
recognisable capping structures reported in other LRR proteins such as PP32 and
Internalin B, see Figure 3.5 (Courtemanche and Barrick, 2008; Dao et al., 2014). But since
the capping regions are generally found close to the LRR repeat regions in most proteins,
I considered the region closer to the LRR repeat (Glutamic acid 130-Tyrosine 152) as the

N-terminal cap for Lrr1.

In an attempt to determine the capping motifs at the C-terminus of Lrr1, [ again compared

the prediction models from Robetta Beta and PHYRE2Z software with other known
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proteins containing the LRR regions. In general, the alignment of C-terminal caps of
several LRR proteins suggests a consensus sequence for C-terminal caps as
YRxx®PxxxPPxPxxLD, where x is any amino acid residue and @ represents hydrophobic
residues (Dao et al., 2014). Although I did not observe such a consensus motif present in
Lrrl similar to other LRR containing proteins, the structural models from Robetta Beta
and PHYRE2 suggested that this consensus motif might not be present or is located far
away from the last leucine-rich repeat, which indicates that this does not take part in
shielding the hydrophobic core of the LRR regions (Figure 3.4). Strikingly, in the region
downstream of the seven leucine-rich repeats, I observed that Proline 319 to Proline 336
(corresponding to the BC box) folds into an alpha helix (see Figure 3.3 a, an a-helix
structure just downstream of the last LRR repeat and in Figure 3.4, see P319 to P336).
Earlier reports suggest that in some LRR proteins, the terminal caps are also involved in
binding to partner proteins (Dao et al., 2014). Therefore, I presume that either Lrr1 does
not possess a C-terminal cap or the BC box itself can act as a capping motif and at the same

time interacts with Cul2.
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(d) (e)

C-terminus

C-terminus

N-terminus

Figure 3.3:- Predicted structures of X. laevis Lrr1l using Robetta Beta. The five different models
were generated based on the sequence homology to proteins of known structure. The N- and C-
termini of predicted Lrr1 are labelled. The seven LRR repeats have been represented in shades of
green with each of their B-pleated sheets arranged in parallel at its concave side.
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Figure 3.4:- Predicted structure of X. laevis Lrrl from Phyre2. The sequence of X. laevis Lrrl and its
respective secondary structure are arranged beneath each other.
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Figure 3.5 :- Structures of other LRR containing proteins along with their a-helical capping motifs.
(a) The structure of LRR domain of PP32. The folded N-terminal LRR capping motif is shown in
purple and C-terminal capping motif is represented in cyan (b) Strcuture of 7 LRR repeats of
Internalin with their N-terminal capping motifs (represented in black). Figure reproduced from
(Courtemanche and Barrick, 2008; Dao et al., 2014).

3.2.3 Generation of Lrr1 truncations and patient mutants

Knowing the structures and the position of the most likely capping elements for the LRR
solenoid, we could now generate the Lrrl domain mutants. I therefore aimed to
investigate the functional role of the LRR domain by selectively deleting specific regions
within it. The N-terminal truncated mutant was generated by removing the region
between Lysine 2 and Serine 127 (Figure 3.6 and Figure 3.7 a) without disturbing the

potential capping motif.
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Figure 3.6:- Structural model of Lrrl. This model depicts the various amino acids chosen for
making truncated mutants of Lrrl. Lysine 2- Serine 127 was cut off for the N-terminal mutant,
Leucine 154-Leucine 310 was cut off for the LRR domain mutant, and Leucine 363- Valine 418
was cut off for making the C-terminal mutant.

[ then targeted the deletion of the LRR domain by deleting the regions between Leucine
154 and Leucine 310 (Figure 3.6). This deletion will enable us to understand the
phenotype of Lrrl that lacks the entire LRR region and therefore, I generated LRR

deletion mutants lacking each of the seven LRR repeats (Figure 3.7 b).

98



Finally, I wanted to delete the C-terminal end too. So, I designed the C-terminal truncated
mutants without disturbing the VHL box region and deleted the amino acids ranging from

Leucine 363 to Valine 418 (Figure 3.6 and Figure 3.7 c).
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Figure 3.7:- Generation of Lrr1 mutants. Domains of Lrr1 mutants with (a) Truncated N-terminus
(b) Deleted LRR domain (c) Truncated C-terminus.

I then designed primers (Table 3) specific for these deletions and used them in site-
directed mutagenesis to create the plasmids encoding for the mutants. The plasmids were
then transformed into XL-10 Gold competent cells and mutations incorporated were
confirmed by sequencing (not shown). With regards to the C-terminal mutant, [ was not

successful at generating this. It is possible that the primers designed for the C-terminal
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region were suboptimal in some way. There may have been problems with specificity,
length or melting temperatures that prevented efficient binding and mutant strand
synthesis. Therefore, optimisation of PCR conditions or primer re-design could be a way
forward. Using the N-terminal truncated mutant and the LRR domain mutant, our next
aim was to express, purify and exchange these mutants for the endogenous Lrr1 and study

them in the egg extracts.

Replication factors are often found upregulated in cancers and mutations within these
factors can contribute to the development of cancer. Mutations correlated with cancer
have the potential to disrupt essential functions within the mutated protein. I therefore
mapped mutations found within the LRR1 gene in cancer patient samples using the
Cosmic and cBioPortal databases (Figure 3.8). These databases revealed the presence of
mutated LRR1 in several patients. But we do not know if these specific mutations are
disease-inducing or passenger mutations with no functional impact. Strikingly, no
mutations were observed in the second and most of the third LRR repeats, suggesting
these regions could be essential for the function of Lrr1 such as substrate recognition and
that mutations in these regions might be detrimental to cell survival. Notably, [ observed
that most mutations were clustered within the first LRR repeat. This observation
prompted us to focus on these mutations and explore their functional importance. We
wanted to assess these mutations to see if they can bring any phenotypical variations to

Lrrl function, which could be interesting to extend our knowledge on Lrr1.
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Figure 3.8:- Human LRR1 cancer patient mutations. Mutations found in human LRR1 are
indicated on top of each domain. Missense mutations are represented with black arrows,
frameshift mutations are represented in green and nonsense mutations are marked in red.

In order to study these patient mutations, I first aligned the protein sequences of X. laevis
Lrrl and H. sapiens LRR1 (Figure 3.9) to check if these mutated residues were conserved
in both. Since I first wanted to focus on the hotspots of mutations that were most
repetitive, I chose the three mutations from the databases such as R172>H, R172>C, and
P265>S, as they were the most often mutated. Since these positions are conserved both
in human and Xenopus, | decided to incorporate these mutations into our X. I. His-SUMO-
Lrrl expressing plasmid, via site-directed mutagenesis and express, purify and exchange
these mutants for the endogenous Lrr1, similarly to the truncation mutants and study
their functionality for replisome unloading. The mutagenesis for P265>S was the only
successful (not shown) one however and unfortunately the incorporation of the R172

mutation did not work.
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X. laevis and H. sapiens LRR1 alignment

X.laevis 1 MKLQCEVEVINRMLPTFGLKNRGKGTRAVLSVGRQEGKRG---AAYIMIC 47
LI I T U I I R I I I O U B B B DI IR S
H.sapiens 1 MKLHCEVEVISRHLPALGLRNRGKGVRAVLSLCQQTSRSQPPVRAFLLIS 50
X.laevis 48 TLKDKSGSRYKLENNIEQLFTRFVGEGKATLRLKEPALDICLSKAEICGL 97
L T S I A I O - R I R Ay |
H.sapiens 51 TLKDKRGTRYELRENIEQFFTKFVDEGKATVRLKEPPVDICLSKAISSSL 100
X.laevis 98 RNFISTVGLANKGTDIGTVSLPRLTPAKTSEIEKPRSKLFITTKKDYPIT 147
B e I T I I I I I L I I R O R N
H.sapiens 101 KGFLSAMRLAHRGCNVDT-PVSTLTPVKTSEFENFKTKMVITSKKDYPLS 149
*
X.laevis 148 KSFPYSLEHLQVSYCKLARVDMRMLCLKKLQKLDLSNNHIKKLPKTIGDL 197
Pxrrrrrrrera etz rerer-rreed
H.sapiens 150 KNFPYSLEHLQTSYCGLVRVDMRMLCLKSLRKLDLSHNHIKKLPATIGDL 199
X.laevis 198 VCLQELILNHNFLESFEVVLCSTTLRDTLKSLDLSANKLKALPVQICNFK 247
S I T I U I I I U I I A I O O O L I
H.sapiens 200 IHLQELNLNDNHLESFSVALCHSTLQKENREEDESR e 249
*
X.laevis 248 ELVSLKLDENELLQLPFPIGQLSKLRFLSATKNKLQCLPNTFKKLTLENL 297
L T O I U T A O O O e O O B S R |
8.sapiens 250 ELKNLKLDDNELIQFFCKIGQLINLRFLSAARNKLPFLPSEFRNLSLEYL 299
X.laevis 298 DLFGNPFMQATPLVPDIQLKIPLPLLETAARATLKYRIPYGPHLIPATLC 347
L L T BRI N B - I I I A I R B B O R B IR |
H.sapiens 300 DLEGNTFEQ-PKVLPVIKLQAPLTLLESSARTILHNRIPYGSHIIPFHLC 348
X.laevis 348 QDLSLAKTCDCGLPCLNSFIQTVVLMNLHQVSQTVVLVDTMGGTDGPIVC 397
LI P O I e I I I I Uy - B [ I PR I [ I I
H.sapiens 349 QDLDTAKICVCGRFCLNSFIQGTTTMNLHSVAHTVVLVDNLGGTEAPIIS 398
X.laevis 398 YFCSLTCY---SQFLDKYLQSTRV* 419
LR ([
H.sapiens 399 YFCSLGCYVNSSDMLK--—-———-—-— 414

Figure 3.9:- Alignment of X. laevis Lrrl and H. sapiens LRR1 protein sequences. R172 and P265
are marked in red with a star above. All seven Leucine Rich Repeats (LRR) are highlighted in
different colours.

Furthermore, I also predicted the structure of these LRR1 patient mutants using PHYRE2
software (Figure 3.10). Interestingly, R172>C was observed to distort the consistently
folded structure of LRR1, suggesting a potential impact on the stability of this protein,
while R172>H and P265>S were found to possess structures similar to the LRR1 wild type
(LRR1wt). Further investigation is necessary however, to determine if these mutations
affect the functionality or stability of the protein and to elucidate their potential

phenotypic consequences.
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LRR1wt LRR1_172R>H LRR1_172R>C LRR1_265P>5S

Figure 3.10:- The predicted structure of Human LRR1 patient mutants. Three of the selected
mutations found within LRR1 in patients were studied using Phyre2 software. (a) Human LRR1
wild type (wt) (b) LRR1_172R>H (c) LRR1_172R>C possesses a distorted structure. (d)
LRR1_265>P>S.

3.2.4 Purification of Xenopus laevis Lrrl

In order to study the mutants of Lrr1, I first needed to express and purify the recombinant
X. laevis Lrrl (X I. Lrr1) from bacteria and exchange it for the endogenous Lrr1 present in
the Xenopus egg extract and analyse its effect. To this end, I first aimed to purify the wild
type Lrrl to optimise the best conditions for the purification of the protein and to use it
to raise antibodies against X. I. Lrr1. These will allow us to immunodeplete endogenous

Lrrl from the extract so I can then add back purified mutants and study their effects.

Multiple attempts were made to standardise the best conditions for purifying X. I. Lrr1. I
first expressed it as recombinant His-SUMO-Lrr1 wild type (wt) from pET15b His-SUMO-
Lrrl vector using Arctic cells, a derivative of E. coli BL21 (section 2.3.5.1). Arctic Express
competent cells are engineered to overcome the common hurdle of protein insolubility
by utilising cold-adapted chaperonins, which allow the expression of protein at low
temperatures, potentially increasing the yield of active and soluble recombinant protein.
Recombinant His-SUMO-Lrrl was expressed in Auto Induced Media (AIM) at 13°C
overnight. AIM media was used to induce transcription of the gene of interest from an
IPTG-inducible promoter and utilises carbon sources in the medium that are metabolized
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differentially to promote high-density cell growth and automatically induce protein

expression from lac promoters.

The 6xHis-tag located at the N-terminal end was utilised to purify the His-SUMO-Lrr1
fusion protein using the Ni2* beads. The purification involved two batches of Ni%* beads
consecutively for binding proteins. The first set of beads targeted leaky expression of His-
SUMO protein on its own. The purification results were analysed using Coomassie gel and
western blotting (Figure 3.11). The elutions 1-5 (lane 8-12; Figure 3.11 a) from the first
batch included His-SUMO-Lrr1 (at ~60 kDa) but it also had the presence of some
degradation product at ~26 kDa and a large quantity of His-SUMO protein on its own
(~18 kDa). However, the second batch of beads demonstrated good binding to the target
protein. The Coomassie gel results showed that elutions 1-5 (lane 20-24; Figure 3.11 a)
from the second batch had His-SUMO-Lrr1 (at ~60 kDa) with less contamination from
other non-specific proteins. Visualisation of these samples after immunoblotting using
anti-His antibodies also confirmed the presence of His-SUMO-Lrr1 at ~60 kDa (Figure
3.11 b). I could also observe a smaller band at ~18 kDa of overexpressed His-SUMO, but

in a lower concentration when compared to the first batch.

[ also purified Lrrl from BL21(De3) cells in a similar way to Arctic cells to determine
which method would produce a cleaner and a more functional protein for use in the egg
extract. BL21 (De3) cells are also E. coli derived expression cells that are specialised for
protein expression of any gene that is under the control of a T7 promoter. These cells lack
Ion and ompT proteases, providing more stable protein expression. These cells are
specifically engineered to improve yield and tolerance to toxic membrane protein
production. Purification of His-SUMO-Lrr1 from BL21 (De3) cells was performed using

the same protocol as for Arctic cells. Unfortunately, the yield and quality of purified
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protein obtained was poorer when compared to Arctic cells. Elutions 1-5 (lane 18-23;
Figure 3.11 c and d) from batch 2 beads included His-SUMO-Lrr1 (at ~60 kDa) but it also
had the presence of large amounts of degradation product at ~26-30 kDa (visualised from
the western blot) and overexpression of His-SUMO protein on its own (~18 kDa). From
both purifications, His-SUMO-Lrr1wt purified from Arctic cells exhibited less degradation
compared to that from BL21. Elutions 1 and 2 from batch 2 (lane 20-21; Figure 3.11 a and
b) from Arctic and elutions 1 and 2 from BL21 from batch 2 (lane 18-19; Figure 3.11 cand

d) were stored at -80°C and also used for raising antibodies against Xenopus Lrr1.
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Figure 3.11:- Purification of X. laevis His-SUMO-Lrr1. His-SUMO-Lrrl was expressed in bacteria
using AIM media and affinity purified using Ni2* beads. Batch 1 and Batch 2 represent the two
sets of beads. The proteins bound to the two batches of beads were eluted with buffer containing
250 mM imidazole (elutions 1-6). Uninduced and induced samples show proteins before and after
induction. Input and depleted present the samples before and after incubation with the beads. A
small sample of beads taken after elution is also analysed and labelled as beads. Protein samples
taken at indicated stages of the purification from Arctic cells (a and b) were analysed on
acrylamide gel by (a) coomassie staining and (b) western blotting using anti-His antibodies.
Protein samples taken at indicated stages of purification from Bl21 (De3) cells (c and d) were also
analysed as in (a and b). The arrow on the coomassie gel indicatess Lrrl and the red box in
‘elution’ indicates the pooled fractions of protein.

3.2.5 Testing of antibodies raised against Xenopus laevis Lrrl

To exchange endogenous Lrrl for mutants, ideally, | needed to immunodeplete
endogenous Lrrl from the egg extract first. Therefore, the raised antibodies against X.
laevis His-SUMO-Lrr1 purified from Arctic and BL21 (De3) cells in four different rabbits
were tested and characterised in Xenopus egg extracts. We know from previous

experience that detection of Lrr1 in egg extract is very difficult and that to be successful,
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we need to accumulate it on chromatin. Hence, I used a small molecule inhibitor,
MLN4924 to block the activity of cullins and accumulated Lrrl on chromatin. A DMSO
control was used as a negative control (as we struggle to detect Lrr1 on chromatin during
normal replication), and the chromatin was isolated at 90 min time point. In order to test
the sera, a small amount of egg extract was run on a 4-12% gradient acrylamide gel
alongside isolated chromatin from a control (DMSO) sample and MLN4924 (Cul i) sample.
The results obtained from immunoblots showed accumulation of Psf2 and Mcm7 with
short ubiquitin chains as expected confirming that the inhibition had worked. I could also
see the presence of a band at ~55 kDa corresponding to the size of endogenous Lrrl
(Figure 3.12 a-d) for sera #29. The presence of other non-specific bands could be the
result of using crude sera instead of purified antibodies. Sera #27, #30, and #32 could
potentially be able to recognise Lrrl once antibodies are purified and concentrated and

when there is less interference from non-specific antibodies.

In addition to this, I also synthesised antibodies against a short peptide of Lrr1. Although
they are raised against a short peptide, if the peptide is accessible in the endogenous Lrr1,
they should immunoprecipitate (IP) or immunodeplete Lrrl from the egg extract. To this
end, [ immunoprecipitated Lrr1 from the egg extract using Lrr1 peptide antibodies raised
in two different rabbits - Lrrl R#75 and Lrrl R#76. I could observe that both antibodies
were able to immunoprecipitate a protein at ~55 kDa (Figure 3.12 e). From these, we

established antibodies that could potentially immunodeplete Lrrl from the egg extract.
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Figure 3.12:- Characterisation of Xenopus laevis Lrrl antibodies. Egg extract was optionally
supplemented with DMSO and cullin inhibitor (Cul i) for accumulation of Lrrl on chromatin.
Chromatin was isolated at 90 min and proteins were analysed by western blotting using crude
sera from 4 rabbits obtained against X. I. Lrr1. (a) Sera # 27 (b) Sera # 29 (c) Sera # 30 (d) Sera #
32 (e) The ability of two Lrrl peptide antibodies- R#75 and R#76 to immunoprecipitate Lrrl
from egg extract was tested and analysed using western blotting with anti-Lrrl antibody. The
arrow in figure (b) and (e) indicates Lrr1.

3.2.6 Assessing chromatin binding ability of recombinant purified Lrrl

Assuming we will be able to immunodeplete Lrrl with one of our antibodies after
purification, we need the purified recombinant Lrr1 to exchange with endogenous Lrrl
and be able to unload replisomes in S-phase. We decided, therefore, to check whether the
addition of recombinant His-SUMO-Lrr1 purified from Arctic or BL21 cells can bind to
chromatin during a replication reaction, suggesting that it can act similarly to the
endogenous Lrrl from the egg extract. To this end, I performed chromatin isolation as a
time-course experiment to study protein association with chromatin during replication
reaction when replisome unloading is blocked. Interphase egg extract was induced and
supplemented with sperm DNA and to be able to detect chromatin binding of Lrrl, I
blocked replisome disassembly by inhibiting cullin activity with MLN4924. The extract

was then optionally supplemented with buffer, purified recombinant His-SUMO-Lrr1
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from Arctic or His-SUMO-Lrrl from BL21 cells. Chromatin from each timepoint was
isolated and analysed by immunoblotting and histones were stained with simply blue as
a loading control (Figure 3.13). I could visualise the accumulation of CMG components:
ubiquitylated Mcm7, Cdc45, and Psf2, while neddylation of Cul2 was inhibited indicating
that the MLN4924 treatment had worked. In order to visualise Lrr1, I used both anti-His
and anti-Lrrl antibodies. In the extract samples, I could visualise a band at ~60 kDa for
His-SUMO-Lrrl Arctic and His-SUMO-Lrrl BL21 in anti-His blots. Regarding the
chromatin samples, although I could detect the presence of a band at ~60 kDa that align
with the anticipated size, they are considered non-specific (marked with *) since they are
not expected to appear in buffer samples and in the ‘no DNA’ samples. Unfortunately,

using anti-His antibodies, I could not detect any clear bands representing Lrr1.

Using anti-Lrrl antibody, which were a kind gift from the Labib lab, I could detect some
faint bands corresponding to Lrr1 in the extract samples possibly from endogenous Lrrl
at ~55 kDa. Regarding the chromatin samples, I could detect some faint bands in all
samples at ~55 kDa, which is the expected size for endogenous Lrr1. But the recombinant
purified Lrr1 containing His and SUMO tags was expected to run higher at ~60 kDa. I also
tried to blot the same using anti-SUMO antibody, but this was unsuccessful too.
Unfortunately, despite adding a significant amount of recombinant Lrr1 to the extract (50

pug/ml), I could barely detect it on chromatin.
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Figure 3.13:- Chromatin isolation with Recombinant His-SUMO-Lrrl. Egg extract was induced
into interphase and a replication reaction was initiated by the addition of sperm DNA. The extract
was supplemented with Cullin inhibitor (Cul i) and optionally added buffer (control), His-SUMO-
Lrr1 purified from Arctic and BL21 cells at a concentration of 50 pg/ml. The chromatin was then
isolated at indicated time points. The replication factors involved were analysed by
immunoblotting using indicated antibodies. Anti-His and anti-Lrr1 antibodies were used to detect
Lrrl. *represents a non-specific band. The ‘no DNA’ sample is a control with no sperm DNA that
was isolated in parallel. Histones serve as a loading control stained with coomassie. This
experiment was performed twice.

3.2.7 Analysis of purified recombinant X. laevis His-SUMO-Lrr1 using size
exclusion chromatography

We were surprised by the inability to detect His-SUMO-Lrrl added to the egg extract.
Therefore, our next step was to further analyse our recombinant proteins through gel

filtration analysis to check if [ have co-purified any non-specific protein along with Lrr1.
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Gel filtration enables us to separate different protein complexes based on their size. Size
exclusion chromatography was performed using the SMART system for both recombinant
X. L Lrrl purified using Artic and BL21 cells and the fractions obtained from the gel
filtration were run on a 4-12% gradient acrylamide gel and analysed by coomassie and
western blotting using anti-His and anti-Lrr1 antibodies (Figure 3.14). After analysing the
samples, I could observe that His-SUMO-Lrr1 from Arctic E. coli cells resolved as one
protein peak at ~66 kDa (corresponding to molecular size markers of the column) (Figure
3.14 a), and this peak was also confirmed with anti-Lrr1 (Figure 3.14 b). Unfortunately,
anti-His blots had very weak signals and [ was only able to detect a small peak
representing SUMO at ~18 kDa (corresponding to molecular size markers of the gel) in

the late fractions (Figure 3.14 c, Fraction number 25-26).
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Figure 3.14:- Size exclusion chromatography for recombinant His-SUMO-Lrrl. Recombinant
purified His-SUMO-Lrr1 was subjected to gel filtration using a Superose 6 column to check for
protein homogeneity. The fractions obtained were run on a gradient acrylamide gel and then
analysed by coomassie staining and western blotting. The molecular size markers for the gels are
presented on the left hand side of the gel and molecular size markers for the column are presented
on the top of each gel. The numbers at the bottom of each gel represents the fraction number. (a)
His-SUMO-Lrr1 from Arctic; coomassie stained (b) His-SUMO-Lrr1 from Arctic; anti-Lrr1 blot (c)
His-SUMO-Lrr1 from Arctic; anti-His blot (d) His-SUMO-Lrr1 from BL21;coomassie stained (e)
His-SUMO-Lrr1 from BL21; anti-Lrr1 blot (f) His-SUMO-Lrr1 from BL21; anti-His blot.
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On the other hand, His-SUMO-Lrr1 purified from BL21 (De3) cells when analysed by gel
filtration, resolved into two different peaks. The first peak was at a higher molecular
weight of ~669 kDa and the second peak was similar to the one observed for His-SUMO-
Lrrl from Arctic cells (~66 kDa) (Figure 3.14 d). I analysed this gel filtration using anti-
Lrrl and anti-His antibodies (Figure 3.14 e and f). Surprisingly, both the peaks (~669 and
~66 kDa) were recognised by anti-Lrr1 suggesting that Lrrl might have undergone some
structural changes enabling self-assembly into larger complexes. In addition to this, I
could also observe a small peak potentially representing SUMO in the late fractions
(Fraction number 24-26). I did not easily observe any other non-specific protein peaks
elsewhere recognised by anti-Lrr1 antibody. Interestingly, the anti-His antibody was able
to recognise much better a very small quantity of His-SUMO copurifying as a result of a
leaky expression (Figure 3.14 f; Fraction number 21-26), rather than the large quantity of
His-SUMO-Lrrl. However, more work is needed to see if Lrrl can homo- or hetero-

dimerise with itself, or with something else of the same size as His-SUMO-Lrr1.

3.2.8 Purification of recombinant Xenopus laevis Cul2 /Lrr1/EloB/C complex

To change the tactic in His-SUMO-Lrr1 purification, I wanted to purify Lrrl as a complex
with the N-terminal fragment of Cullin2 (N-Cul2) and Elongins B and C (EloB/C). Such an
approach could produce more stable His-SUMO-Lrr1 and we could gain insights into the
structural assembly and mode of interactions between these proteins. Therefore, I
attempted to express and purify the N-Cul2/Lrrl/EloB/C as a complex by expressing
them from 3 different plasmids (described in section 2.3.5.2). N-Cul2 was expressed from
the pET24 vector, Lrrl from pET15b, and EloB/C was expressed from pACYDuet1 in BL21
cells using AIM media. Using Ni2* beads, [ attempted to co-purify N-Cul2/Lrr1/EloB/C as

a complex utilising the His tag on His-SUMO-Lrr1.

113



The purification results were analysed using coomassie staining and western blotting
(Figures 3.15 a and b). The Coomassie staining of purified fractions showed several bands
and it was difficult to assign them to expected proteins. The western blotting analysis of
the purification with antibodies against each component suggested that elutions 1-3
contained all three proteins: N-Cul2 (~40 kDa), Lrrl (~60 kDa) and EloB (~13 kDa) &

EloC (~12 kDa).
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Figure 3.15:- Purification of recombinant N-Cul2/Lrr1/EloB/C complex. Expression of N-Cul2,
His-SUMO-Lrr1 and EloB/C was performed in BL21 cells using AIM media and affinity purified
using Ni2* beads. The proteins bound to the beads were eluted with buffer containing 250 mM
imidazole: elutions 1-10. Uninduced and induced samples show proteins before and after
induction. Input and depleted present the samples before and after incubation with the beads. A
small sample of beads taken after elution is also analysed and labelled as beads. Protein samples
taken at indicated stages of purifications were analysed on acrylamide gel by (a) coomassie
staining and (b) western blotting using anti-Lrr1, anti-Cul2, anti-EloB and anti-EloC.

3.2.9 Size exclusion chromatography for recombinant N-Cul2 /Lrr1/EloB/C
complex

Having potentially co-purified the N-Cul2 with Lrrl and EloB/C, I wanted to see if they
existed as a complex. To this end, I chose elution 1 from our purification (Figure 3.15) and
analysed it via gel filtration. Fractions 1-25 from the gel filtration were run on a gradient
acrylamide gel and analysed by staining with coomassie (Figure 3.16 a). If the proteins

existed as a stable intact complex, we would expect all three proteins to co-migrate as a
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single high molecular weight peak fraction following gel filtration. However, the different
proteins present in the sample appeared distributed across multiple fractions, suggesting

that they did not stably interact under these conditions.

[ also confirmed these results by immunoblotting with anti-His, anti-Lrr1, anti-Cul2 and
anti-EloB (Figure 3.16 b, ¢, d and e). In anti-Lrr1 blot (Figure 3.16 c), the main peak for
Lrrl was identified in fractions 10 to 12. However, faint bands potentially corresponding
to alow population of Lrr1 interacting with N-Cul2 and EloB/C were observed in fractions
18 and 19. This suggest that the majority of Lrrl, N-Cul2 and EloB/C appeared to elute
separately and did not exist as a stable complex. Based on these results, we decided that
excluding the large N-Cul2 subunit might facilitate more efficient Lrr1-EloB/C complex
formation, possibly by reducing the steric impedence and increasing stability. We
therefore decided to perform co-expression and purification of just the Lrr1l and EloB/C

components.
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Figure 3.16:- Size exclusion analysis of N-Cul2/Lrr1/EloB/C complex. Recombinant purified N-
Cul2/Lrr1/EloB/C was subjected to gel filtration using Superose 6 column to check if they exist
as a complex. The fractions obtained were run on a gradient acrylamide gel and then analysed by
coomassie staining and western blotting. The molecular size markers for the gels are presented
on the left hand side of the gels and molecular size markers for the column are presented on the
top of each gel. The numbers at the bottom of each gel represents the fraction number. (a) N-
Cul2/Lrr1/EloB/C complex analysed by coomassie staining (b, c, d, e) Immunoblotting of samples
with anti-His, anti-Lrr1, anti-Cul2 and anti-EloB respectively.
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3.2.10 Expression and purification of recombinant X. laevis Lrr1/EloB/C

As the expression of Lrrl together with its scaffold N-Cul2 and adaptor EloB/C together
did not readily form a complex, our next aim was to co-express just the Lrrl along with
EloB/C from the same plasmids as before. Previous work by Low et al; 2020
demonstrated successful reconstitution of the Lrrl-EloB/C complex using the
baculovirus system. Encouraged by their findings, I aimed to express Lrrl and EloB/C
components from the same vectors as | used previously, anticipating that this minimized
complex may interact and purify more readily. To find the best expressing cells, I tested
Rosetta (De3) pLysS and C41 (De3) cells. They are both derivatives of BL21 (De3) cells.
Rosetta pLysS has tRNA genes that are rarely used in E. coli to enhance the expression of
eukaryotic proteins. The pLys enables to suppress the basal expression of T7 RNA
polymerase prior to induction. C41 (De3) are used for expressing toxic proteins as it
contains a mutation that prevents cell death associated with expression of some
recombinant proteins. The expression of X. laevis His-SUMO-Lrr1 and X. laevis EloB/C was
tested in both LB and AIM media and due to the expression of high levels of non-specific
bands, it was difficult to distinguish the bands on a coomassie gel (Figure 3.17 a). Upon
analysis by anti-Lrr1, [ observed expression of Lrr1 (~60 kDa) in Rosetta cells using both
LB and AIM media; comparatively with more degradation in AIM. With regards to C41
(De3), despite expressing Lrr1 with less degradation, the amount of protein expressed
was also very low (Figure 3.17 b). The anti-His blot could detect Lrr1 better with Rosetta
cells in AIM media (Figure 3.17 c) but I could not determine EloB/C expression as the blot

was not successful.
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Figure 3.17:- Expression testing for X. laevis His-SUMO-Lrr1/EloB/C. Expression of His-SUMO-
Lrrl and EloB/C was tested in Rosetta and C41 (De3) cells using LB and AIM media. Samples
before and after induction were collected and analysed by (a) coomassie. Samples were also
analysed by immunoblotting with (b) Anti-Lrr1l and (c) Anti-His antibodies.

Subsequently, I chose Rosetta cells for large-scale purification of Lrrl/EloB/C complex

in LB media. I used the same optimised protocol (section 2.3.5.3) as previously used for

the purification of N-Cul2/Lrr1/EloB/C complex. I could see both Lrrl and Elongins

existing together in elutions 1-8 (Figure 3.18). However, a good amount of protein was

found attached to the beads sample and more degradation of Lrrl was observed in our

elutions. The elution containing the highest amount of protein (Figure 3.18, see elution

2) was dialysed into LFB1/50 and stored at -80°C.
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Figure 3.18:- Purification of His-SUMO-Lrr1/EloB/C 1. Expression of His-SUMO-Lrr1 and EloB/C
was performed in Rosetta pLysS cells using AIM media and protein was purified using Ni-NTA
beads. The proteins bound to the beads were eluted with two different elution buffers containing
250 mM imidazole (elutions 1-5) and 400 mM imidazole (elutions 6-10). Uninduced and induced
samples show proteins before and after induction. Input and depleted present the samples before
and after incubation with the beads. A small sample of beads taken after elution is also analysed
and labelled as beads. Protein samples taken at indicated stages of purification were analysed on
acrylamide gel by (a) coomassie staining and (b) western blotting using anti-His.

In order to try and overcome the degradation of Lrrl and to release more protein from
the beads, we decided to repeat the purification but using the buffers [ had previously
used for purifying His-SUMO-Lrr1 on its own (section 2.3.5.3). Two batches of beads were
used here to reduce expression of His-SUMO protein (~18 kDa), which was generated due
to leaky expression, or translational defects. This purification reduced the degradation of
Lrrl and I could observe that lesser amount of protein was stuck onto beads after elution
(Figure 3.19). Protein samples were analysed by immunoblotting with anti-Lrr1, anti-
EloB, and anti-His antibodies (Figure 3.19 b and c) confirming the presence of Lrr1 and
Elongins. Both batches of elutions showed the presence of Lrr1 and Elongins; elutions 1-

4 (batch 1) and elutions 1-6 (batch 2).
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Figure 3.19:- Purification of His-SUMO-Lrr1/EloB/C 2. Expression of His-SUMO-Lrr1 and EloB/C
was performed in Rosetta pLysS cells using AIM media and the expressed proteins were purified
with Ni-NTA beads. Two sequential batches of Ni2+ beads were used (batch 1 and batch 2). The
proteins bound to the beads were finally eluted with buffer containing 250 mM imidazole.
Uninduced and induced samples show proteins before and after induction. Input and depleted
present the samples before and after incubation with the beads. A small sample of beads taken
after elution is also analysed and labelled as beads. Protein samples taken at indicated stages of
purifications were analysed on acrylamide gel by (a) coomassie staining and western blotting
using (b) anti-Lrr1 and anti-EloB (c) and anti-His.

3.2.11 Mass spectrometry analysis of all purified recombinant X. laevis Lrrl

Throughout the work presented in this chapter, I purified recombinant Lrrl in several
ways and tried to characterise it as well as use it in functional assays. All the results
obtained were challenging and puzzling. In order to verify our different Lrr1 purifications
we decided to analyse them via mass spectrometry. A small sample from each purification

of Lrrl was run on a gradient acrylamide gel and stained by SimplyBlue SafeStain. 8
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selected bands (Figure 3.20 a) were cut out and analysed by mass spectrometry. It was
found that most of the purified protein elutions had a high number of peptides from E.
coli chaperonin gro EL and few from Lrrl (Figure 3.20 b). Gro EL is a heat shock protein
and plays an essential role in assisting protein folding along with Gro ES. This result
suggests that in most of my purifications, I was purifying a lot of protein-folding
chaperons that are of the same size as Lrrl and interact very tightly with Lrr1. The highest

number of Lrr1 peptides were found for His-SUMO-Lrr1/EloB/C purification 2.
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Figure 3.20:- Mass spectrometry analysis of recombinant purified Lrrl. The purified protein
samples indicated as His-SUMO-Lrrl Arctic, His-SUMO-Lrrl BL21, His-SUMO-Lrr1/EloB/C
purification 1, His-SUMO-Lrr1/EloB/C purification 2 samples were run on a gradient acrylamide
gel and stained with SimplyBlue SafeStain. 8 bands were cut out from the gel (marked with red
arrows) and were sent for mass spectrometry analysis. (a) Gel for analysis. (b) Table indicates
the number of Lrrl (represented as MGC82386) and E. coli chaperonin peptides obtained for
each sample after mass spectrometry.

By this time, other labs had published the structure of Lrr1. Therefore, there was no point
in continuing this project further. Though, I did not achieve my initial goal of solving the
structure of Lrrl, I have learned valuable techniques through this initial work that will
aid in my future research projects. Specifically, protein purification and gel filtration

analysis will provide critical skills that I can apply to many other projects in the future.
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Importantly, | learned that it is appropriate to change direction upon receiving new
information from the field. Therefore, we decided to focus purely on a different ubiquitin

ligase involved in replication termination: TRAIP- discussed in Chapters 4 and 5.

3.3 Discussion

Previous research had established that CMG helicase disassembly at the end of replication
in Xenopus egg extracts and C. elegans requires Lrrl and neddylation of Cul2 for
ubiquitylation of Mcm7 (Dewar etal., 2017a; Sonneville et al., 2017). However, the specific
mechanism by which Cul2lr1 recognises Mcm?7 i.e. the crucial domains of Lrrl involved
in this recognition, the factors that help distinguish the terminated from the active
helicase, and the potential direct interaction(s) between Lrrl and Mcm7 were not

previously known.

At the start of this PhD project in September 2016, a crystal structure of Cul2Lr1 was not
available. The structure of Cul2VHL was the closest available as it also adopts an elongated
cullin scaffold structure, with the Rbx1 subunit on its C-terminus and the substrate
adaptors EloB/EloC and the receptor VHL on the N-terminus. Cul2Vil and Cul2br! differ
only by their receptors (Cardote et al., 2017). Since the substrate receptor Lrr1 is likely
the region of interaction with CMG, it was essential to study the structure of Lrrl to
understand the mechanism of recruitment of Lrrl to the CMG during replication
termination. Throughout this chapter, I have made efforts to optimise purification
conditions for recombinant Lrr1, with the aim of studying its structure using Xenopus

laevis egg extracts.

The recombinant Lrrl was expressed in bacteria from a hexahistidine SUMO fusion
construct. A SUMO fusion recombinant expression system had been shown previously to

enhance expressed protein solubility in prokaryotic cells and facilitate purification using
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Ni-NTA chromatography, particularly for proteins that are difficult to express or are
present in inclusion bodies (Butt et al., 2005). We thus adopted this technique to purify

Xenopus laevis Lrr1 with a 6x His tag and SUMO tag.

Purifying His-SUMO-Lrrl wild type protein was essential to first check whether the
recombinant protein can be active in the egg extract and substitute the endogenous Lrr1.
Additionally, I had raised antibodies against Xenopus Lrr1 using the purified proteins so
that I could immunodeplete endogenous Lrrl and add back mutants into our extracts to
study the functionality of Lrrl. The assessment of the functional activity of the purified
protein was performed in the presence of a small molecule inhibitor MLN4924 to inhibit
cullin activity (Soucy et al.,, 2009) via blocking neddylation of Nedd8. Unfortunately, I
could not detect the binding of the recombinant Lrr1 to the chromatin. The four different
antibodies raised against Lrrl were also tested on chromatin samples with inhibited
cullin activity, and only one of them was weakly able to detect Lrrl. However, the
antibodies raised against the synthetic peptide of Lrr1 (alike in (Dewar et al., 2017a)) was
able to immunoprecipitate Lrrl from the egg extract, which provides a way forward for

immunodepleting Lrr1 from the egg extracts.

Regrettably, our results from the analysis of different recombinant Lrr1 proteins revealed
the presence of a substantial amount of E. coli chaperonins along with the purified Lrr1.
These chaperonins have been copurified with Lrrl to facilitate the native folding and
prevent aggregation of Lrrl. But this heterogeneity in our purified protein along with the
chaperonins is not ideal for its functionality and may explain why our efforts of analysing
the proteins in the egg extract were unsuccessful. Additionally, this observation also
aligns well with our antibody characterisation and tells us why our antibodies did not

robustly detect Lrrl in the egg extracts, as they were raised against mainly bacterial
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chaperonins. Unfortunately, without a positive control of Lrrlwt, further purifications
and experiments with the Lrrl truncated domain mutants and the cancer mutants that I
designed would have not been meaningful. As a result, we made the decision not to

proceed with the work involving mutants until the purification conditions were tackled.

GroES is a co-chaperonin of GroEL, and the GroEL-GroES reaction cycle creates a
controlled environment for correct folding of the target protein. Once the substrate
protein binds to the central cavity of GroEL, GroES binds to this, resulting in encapsulation
of the substrate. This encapsulation creates an ambient polar environment for the native
protein folding within the GroEL-GroES complex with the physical properties distinct
from the bulk of the remaining solution. GroES consists of an ATP binding site and the
hydrolysis of ATP results in release of GroES from GroEL allowing the exit of the substrate
into the bulk of the solution (Wang et al., 1998). Although I attempted to treat our purified
Lrrl proteins with ATP, this did not facilitate the separation of Lrr1 from the chaperonins
(data not shown). To prevent the recombinant Lrrl from being co-induced and co-
purified with the chaperones, I could attempt to express these proteins in SF9 insect cell
lines in the future. SF9 cell lines can be used to express recombinant proteins using
baculovirus mediated expression systems. They have also the added benefit that as
eukaryotic hosts they have the machinery for post-translational modifications of the
expressed proteins which can help in its appropriate folding, stability and biological

activity (Hong et al.,, 2022).

Based on our knowledge of known LRR structures and the fact that they generally interact
with other proteins via the LRR domain (Bella et al., 2008), we formulated a hypothesis
suggesting that Lrrl and Mcm7 could potentially interact with each other through the

LRR domain. This hypothesis is supported by the fact that both substrate receptors-Lrrl
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in higher eukaryotes and Dia2 in yeast, despite being non-homologous to each other,
possess leucine-rich repeat regions (Maculins et al,, 2015). Therefore, we speculated that
these regions likely play a crucial role in binding to their substrate Mcm7. Given the
availability of the Lrr1 sequence, [ used Robetta Beta and Phyre2 softwares to predict the
structure of Lrrl. Like other LRR domain containing proteins, the LRR region of Lrrl
exhibited a characteristic folded conformation of a curved solenoid, containing (3-sheets
and a-helices (Figure 3.3).In 2021, a significant breakthrough occurred when researchers
successfully resolved the Cryo-EM structure of Cul2lrl, This structural analysis was
performed by employing a reconstituted system of CMG ubiquitylation (Jenkyn-Bedford
et al, 2021; Zhou et al,, 2021). The structure of Xenopus laevis Cul2lr1 in its neddylated
and unneddylated forms was studied where purified proteins including CMG, Nedd8 and
Cul2lrrl were expressed and purified utilising the baculovirus expression systems.
Reassuringly, our structural predictions of Lrr1, derived through bioinformatic analysis,
exhibited consistency with the structures obtained in combination with Cryo-EM and

AlphaFold mapping by Zhou et al for Xenopus laevis Lrr1.

Prof Walter’s structural analysis of Lrrl revealed four distinct domains - an N-terminal
PH (Pleckstrin homology) domain (predicted by AlphaFold), an LRR domain, a VHL box
and a Zing finger (ZnF) domain located at its C-terminus (determined from Cryo-EM
mapping) (Zhou et al,, 2021). Intriguingly, our predicted Lrrl structure also successfully
identified these domains of Lrr1l. The PH domain located at the N-terminus and the ZnF
located at the C-terminus was most prominently observed in structures depicted in Figure
3.3 c and 3.3 e. These structures exhibited characteristic features, including (-pleated
sheets in the PH domain and two anti-parallel 3-sheets and an a-helix in the ZnF domain
(Zhang et al.,, 2011; Powis et al,, 2023). Zhou et al suggests that the PH domain was

connected to the LRR domain through a flexible linker that is essential for targeting
125



Cul2lrrl to the terminated CMG complex and mediating its ubiquitylation. This domain
however was not clearly observed in the Cryo-EM, possibly due to its flexibility and
conformational freedom. Furthermore, the zinc finger domain contained four cysteine
residues that are conserved across vertebrates: from Drosophila to X. laevis, mouse and
humans, and was suggested to be important for maintaining overall conformation of the
VHL box (Zhou et al, 2021). Our Lrrl predicted model also displayed an a-helical
structure corresponding to the BC box, which was in alignment with the Cryo-EM
structural findings. In addition, the Cryo-EM results indicated that this region played a

crucial role in the interaction with EloC (Zhou et al., 2021).

Although [ had not achieved our aim to determine the important interactions of Lrr1 with
the replisome, other studies had indicated that replisome convergence or interaction of
CMG complex with dsDNA is not necessary for CMG unloading (Low et al., 2020; Vrtis et
al,, 2021). Additionally, it was suggested that CMG ubiquitylation during active replication
could be suppressed by the typical Y-shaped structure of the replication fork DNA (Deegan
et al.,, 2020; Low et al., 2020). Significantly, the Cryo-EM structures of SCFPiaZ and Cul2Lrrl
interacting with yeast and human replisomes were resolved and brought essential
insights. These structural analyses have revealed that DiaZ2 in the yeast structure, and Lrrl
in the human structure, bind to a region spanning the Zinc finger domains of Mcm3 and
Mcmb5. Moreover, the Cryo-EM structure also revealed that during active replication, the
presence of an excluded lagging DNA strand between the Zinc finger domains of Mcm3
and Mcmb5 generates a steric hindrance that prevents the engagement of LRR domains
with Mcms (Figure 3.21). This interaction between Lrrl and Mcms is crucial for

regulating CMG ubiquitylation (Jenkyn-Bedford et al., 2021).
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Figure 3.21:- Model of terminated replisomes. (a) Cryo-EM model of human replisome interacting
with Cul2lrt and other replisome components (b) Atomic model of human replisome engaged
with Cul2Llrt highlighting Cul2lr1, ds DNA and Cul2lr! interacting regions of Mcms (c) The
mechanism of regulating replisome disassembly. The replisome complex with blocked LRR-Mcm
interaction is depicted in the red box. The pink dotted line represents the excluded strand or
lagging stand that passes through the channel between Mcm3 and Mcm5 ZnF domains and
occludes the binding of Lrrl. During termination, the loss of excluded strand allows interaction
of LRR domain of Lrr1 with the ZnF domains of Mcm3 and Mcm5, followed by CMG ubiquitylation
and replisome disassembly (green box). Figure reproduced from Jenkyn-Bedford et al, 2021.

Another interesting observation from the reported Cul2lm! structure is in its open
architecture, unlike other Cullin RING ubiquitin ligases, where the LRR domain of Lrrl
has curled away from the catalytic domain of the Cul2l1 complex, Rbx1. Notably, it was

found that the distance between the LRR domain and the catalytic RING domain of Rbx1
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closely matched the distance between the zinc finger interface of Mcm3 and 5 and the
ubiquitylated Mcm7 substrate loop (Jenkyn-Bedford et al., 2021; Zhou et al., 2021). This
finding further explains why our experiments using a high concentration peptide of
Mcm?7 /scrambled peptide, spanning the ubiquitylation region, did not reveal much about
the interaction of Cul2l! with the CMG. The Lrrl interaction with the zinc finger regions
of Mcm3 and Mcmb5 is an evident explanation for this and that Lrr1 is docking away from

the K27 /K28 ubiquitylation residues on Mcm?7 (Zhou et al., 2021).

By compiling data from various databases, | was able to map mutations within the human
LRR1 gene in several cancer patients (Figure 3.8). I had observed high density of
mutations within the first leucine rich repeat, while the second and third repeats
exhibited a significantly lower mutation frequency (Figure 3.8). Trying to draw insights
from the available structure of ‘H. sapiens replisome-Cul2LRRl complex’ from Jenkyn-
Bedford et al (2021), we see that, these repeats are in close proximity with Mcm2-Mcmé6
and not Mcm3-Mcm5 ZnF domains (represented as light green for Mcm?2 and dark green
for Mcm6 and dark blue for Mcm 3 and light blue for Mcm5 in Figure 3.22). Consequently,
it is unlikely that mutations R172>H and R172>C (located within the first 3 repeats)
would disrupt LRR-Mcm3/5 interactions. Interestingly, the mutations located near the C-
terminus of LRR1 are more likely to disrupt these interactions. I have mapped other
mutations from Figure 3.8- P265>S (located within the fifth repeat) and A354>T (located
near the C-terminus) onto the Cryo-EM structure and observed that they are interacting
with Mcm3-Mcm5 ZnF domains (Figure 3.22). Hence, mutations within this region might
disrupt the LRR-MCM interactions. Moreover, it should be considered that proline
residues are known to contribute to the protein folding and unfolding dynamics (Levitt,
1981). Proline can contribute to the beta turns in the amino acid chains and P265 is

positioned at the end of a LRR repeat. Therefore, any mutation in proline can highly
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destabilise the typical a/3 horseshoe fold of Lrrl and might disrupt the proper folding
and functional state of Lrrl, potentially leading to the disengagement of LRR-MCM
interactions. Additionally, it should be noted that the mutations resulting in truncated

Lrrl mutants (Figure 3.8) could also have disruptive effects on these interactions.
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Figure 3.22:- Patient mutations mapped on Cryo-EM model of human replisome and Cul2Lt1 (PDB
ID: 7PLO) generated by Jenkyn-Bedford et al; 2021. (a) Shows the front view of Lrr1-Mcms
interactions. Predicted interactions of patient mutations found in human Lrr1 is represented in
red. The interacting regions of MCMs are shown in different colours. (b) The structure
represented in (a) is rotated by 80° on the vertical axes, for left side perspective. The lower panel
represents the magnified view of Lrrl. (c) Three different amino acid mutations R172, P265 and
A345 has been depicted and is the left side perspective. A colour panel shown at the bottom of
the figure represents the Mcm2/3/5/6, Cullin 2, Lrr1 and mutations. This figure was produced in
collaboration with Dr. Paolo Passeratti using ChimeraX.

Further investigation of these mapped mutations can provide insights into their
functional importance such as their impact on ligand binding sites or structural

alterations resulting in loss of function. It remains unknown whether the mutated Lrrl
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contributed towards the diseases observed in these patients and whether there is a
subsequent disruption of replisome disassembly leading to genomic instability.
Importantly, we do not know what the consequences of these mutations are on human
health. The absence of the LRR-1 gene in C. elegans was earlier reported to activate DNA
damage checkpoint (Merlet et al,, 2010). In human cells, blocking replisome disassembly
can trigger DNA damage responses (Jones et al., 2022), suggesting that these replication
factors involved in replication termination may play a vital role in maintaining genome
integrity. It would be interesting to study these mutations and translate these findings
into human cells to study their effects and determine if targeting replisome disassembly

and the associated factors could be a potential therapeutic strategy in the future.

In summary, our efforts to study the structure of Lrr1 were impeded by impurities in our
protein preparation, preventing further progression in this direction. However, the
structural predictions I made for the Lrrl structure exhibited similarities with the Cryo-
EM structures solved by others. This also highlights the importance of utilising current in
silico methods to gain structural insights rapidly than wet-lab based methods. However,
lab based methods remains the gold standard as the resolved Cryo-EM structures from
other labs revealed more informative results regarding the regulatory aspects of Lrrl.
Such information cannot be obtained just from in silico methods. Moving forwards,
integrating the computational methods and experimental data can be a powerful tool.
Importantly, the resolved Cryo-EM structures revealed that the regulation of CMG
ubiquitylation is maintained by the occlusion of the Lrrl binding site by the excluded
strand. It is interesting to observe that, despite being regulated by different ubiquitin
ligases, such as SCFPaz and Cul2lrl, these mechanisms exhibit a high degree of
conservation across diverse organisms including yeast and higher eukaryotes like

Xenopus laevis and humans.
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Chapter - 4

4 TRAIP drives replisome disassembly in mitosis

4.1 Introduction

Our lab has previously seen that Mcm?7 is polyubiquitylated during termination in S-phase
and this is catalysed by Cul2l1 (Moreno et al.,, 2014). Further to this, the Gambus lab
investigated the impacts of blocking the replisome disassembly pathway by inhibiting
cullin activity, and we have seen that the replisomes were retained on chromatin
throughout S-phase. Interestingly, the transition of the extract into mitosis led to rapid
replisome disassembly, indicating that a mitosis-specific pathway is active. Notably, the
polyubiquitylation of Mcm7, and its subsequent recognition by p97, was observed in the
mitotic replisome pathway too. Given these findings, our next aim was to identify the
specific ubiquitin ligase responsible for this process. Therefore, a former lab member (Dr.
Sara Priego Moreno) of our group performed immunoprecipitation of the helicase,
accumulated on mitotic chromatin upon p97 inhibition. Mass spectrometry analysis of
the interacting partners revealed a significant number of interacting peptides
corresponding to an E3 ubiquitin ligase known as TRAIP. We decided, therefore, to
investigate further the role of TRAIP during mitosis. To study this in X. laevis egg extracts,
we needed to allow our egg extracts to progress into mitosis by supplementing them with
cyclin. Xenopus eggs synthesise both cyclin A and B (Minshull et al.,, 1989) that have been
shown previously to promote the transition of egg extract into mitosis (Strausfeld et al.,
1996). To drive our egg extracts into mitosis, they were supplemented with recombinant

cyclin ATAN56 (hereafter cyclin A1A) after DNA replication was completed. We used a
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mutant form of cyclin A1 thatlacks the first 56 amino acids responsible for its degradation

thereby facilitating the maintenance of mitotic synchronicity throughout the reaction.

4.2 Results

4.2.1 Cul2lr1 jndependent mitotic replisome disassembly

Firstly, I confirmed the existence of a backup pathway for replisome disassembly in
mitosis using X. laevis egg extracts. To achieve this, interphase extracts were used into
which demembranated sperm DNA was added to start replication (S-phase). I optionally
blocked cullin ubiquitin ligases with MLN4924, an inhibitor of cullin neddylation (Cul i);
and replication was allowed to complete (Figure 4.1 a). A part of this reaction was
optionally progressed into mitosis by adding cyclin A1A. Chromatin was isolated at the
indicated time points during the replication reaction and mitosis. The whole reaction
setup was also supplemented with Geminin, an inhibitor of origin licensing, 2 min after
the addition of sperm DNA into the extract. This was done to limit the level of loaded
Mcm2-7 onto chromatin to better visualise Mcm7 disassembly upon termination (see
reduced levels of Mcm7 on chromatin). The chromatin-associated replisome components
were analysed using a western blot. As seen in Figure 4.1 b, the replisome components
(Cdc45 and Psf2) are present on S-phase chromatin only at 45 min in DMSO control
samples (lane 4), while inhibition of cullins resulted in the retention of replisomes on
chromatin, as expected (lane 9-11) (Sonneville et al., 2017). On the other hand, when the
reaction was driven into mitosis with the aid of recombinant cyclin A1A, the Cdc45 and
Psf2 were disassembled despite the presence of a cullin inhibitor (compare lane 14-16;
in late S-phase with lane 20-21; in mitosis). This confirmed the existence of a backup

pathway in mitosis which is independent of Cul2lr1 activity.
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Figure 4.1 Replisome disassembly has a backup pathway in mitosis. (a) Schematic for replisome
disassembly assay. Interphase egg extract was supplemented with sperm DNA and optionally
with Cullin inhibitor (Cul i). One set of samples were analysed in S-phase, and the second half was
analysed in late S-phase and mitosis upon completion of replication. (b) Chromatin-bound
proteins from (a) were extracted at indicated time points and analysed by western blotting with
indicated antibodies. Histones were stained with coomassie stain and provided loading control.
Samples containing no sperm (no DNA) were processed alongside each set of samples to provide
chromatin specificity control. This experiment was performed once.
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4.2.2 Purification of Recombinant Xenopus laevis TRAIP

Our next aim was to check if TRAIP indeed is the ubiquitin ligase responsible for Mcm?7
ubiquitylation and replisome unloading in mitosis. To this end, I wanted to
immunodeplete endogenous TRAIP from the egg extracts, for which [ needed to raise
antibodies that are specific against Xenopus TRAIP. To do this, I purified recombinant X.
laevis TRAIP from bacteria. Initially, [ tried purification of X. laevis TRAIP as 6xHis-tagged
protein, but I found it insoluble (data not shown). X. laevis TRAIP was, therefore, cloned
into a pGS-21a vector using Ncol/EcoR1 restriction enzymes. The vector itself possesses
a 6x His and a GST tag. Expression of the GST-TRAIP was tested in different E. coli strains
(BL21 (De3), C41 (De3), Rosetta (De3) pLys, and ArcticExpress (De3)), at different
temperatures (13°C for Arctic, 20°C for BL21 (De3), C41 (De3) & Rosetta (De3) pLys and
all four also at 37 °C) and different media (LB broth and auto induced media; AIM) (data
not shown). I also tried to solubilise the protein in different buffers and the one providing

the most solubility of TRAIP was chosen for purification (see section 2.3.5.4).

Our initial aim was to cut off the 6x His-GST tag using enterokinase and obtain TRAIP
containing no GST tag. However, this was challenging as the enterokinase-treated,
untagged protein was not soluble and was retained on the beads (see beads lane after
enterokinase digestion in Figure 4.2 a). Therefore, I eluted TRAIP as 6x His-GST-6x His-
TRAIP using glutathione - represented as GST-TRAIPwt (Figure 4.2 a and b). These
elutions were pooled and stored at -80°C and also used for raising antibodies against

Xenopus TRAIP.

Since the protein I purified contained both His and GST tags, our initial objective was to
confirm its functional activity in the egg extract, while waiting for the antibodies to be

raised. To achieve this, I wanted to test whether the addition of wt or catalytically dead
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TRAIP mutant to the egg extract in mitosis, could affect mitotic replisome disassembly
(alike overexpression experiments in human cells). Firstly, I needed an inactive mutant of
TRAIP as a control. To address this need, [ purified a catalytically dead RING mutant of
TRAIP; targeting C25A (Besse et al., 2007; Chapard et al, 2015) (hereafter GST-

TRAIPmut) using an analogous purification method (section 2.3.5.4).

Figure 4.2:- Xenopus laevis GST-TRAIP purification. GST-TRAIP was expressed in bacteria and
purified using a GST tag. Protein samples were taken from the indicated stages of purification
process. (a) The first half of the beads were treated with enterokinase (see lanes with e.kinase
elution 1 and 2) to cut off the GST tag from TRAIP and the second half of the beads were treated
with glutathione (10 mg/ml) (see lanes with glt. elution 1 and 2). (b) Trial with glutathione (20
mg/ml) containing buffer, GST-TRAIPwt is visible in glutathione elution 1 and 2 at approximately
75 kDa. The gels were stained with Coomassie brilliant blue. The arrow-1 indicating a band in the
“beads” lane from enterokinase treatment in (a) points to TRAIP with GST cut off and the arrow-
2 and arrow-3 in both (a) and (b) indicate recombinant GST-TRAIP.

The purified recombinant GST-TRAIP was subjected to dialysis into a buffer suitable for
compatibility with the egg extract (LFB1/50). We also needed to block the S-phase
replisome disassembly pathway using a cullin inhibitor. Once the replication was
completed, the extract was induced into mitosis with the addition of cyclin A1A, and the
purified GST-TRAIP was added to the egg extract, which still contained the endogenous
TRAIP. The chromatin was isolated and analysed to determine the effect on replisome

disassembly. We found that the addition of both GST-TRAIPwt and GST-TRAIPmut was
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blocking the replisome unloading as visualized by Psf2 and Cdc45 retained on chromatin
(performed by Dr. Rebecca Jones) (Figure 4.3 a). I also checked the levels of Mcm7
ubiquitylation upon the addition of these recombinant proteins. To visualise the levels of
ubiquitylated Mcm?7 I needed to retain all ubiquitylated replisomes on chromatin. To this
end, all unloading was blocked by inhibiting p97 activity using NMS-873- represented as
p97i. I could see that the length of the ubiquitylated Mcm?7 after the addition of GST-
TRAIPwt was lower than the buffer control and both GST-TRAIPwt and GST-TRAIPmut

had similar levels of Mcm7 ubiquitylation (Figure 4.3 b).
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Figure 4.3:- Effect of the addition of GST-TRAIP to the egg extract. (a) Chromatin was replicated
in egg extract in the presence of Cul i (MLN4924) and supplemented with cyclinA1A to induce
mitosis, then optionally supplemented with buffer, GST-TRAIPwt, and GST-TRAIPmut. Chromatin
samples were extracted at indicated time points and analysed by western blotting. Figure 4.3a
was kindly provided by a lab member; Dr. Rebecca Jones (b) Experiment was set up as in (a) but
in addition p97 inhibitor (NMS-873) was also added to be able to visualise Mcm7 ubiquitylation.
Chromatin samples were analysed as before. Histones and no DNA samples were processed as
before. These experiments were performed twice.

One possible reason for the lack of functionality of our GST-tagged TRAIP could be
attributed to the large size of the tag itself. Previous studies conducted in human cells
have indicated that bulky tags at the N-terminus of TRAIP can interfere with its
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localisation and proper functioning within the cell (Feng et al,, 2016). These findings

aligned with the disruptions I observed in TRAIP functionality in our experiments.

Our next objective was to express and purify functional recombinant wild-type and
mutant versions of TRAIP from bacteria. To achieve this, we opted to purify TRAIP from a
SUMO fusion vector (section 2.3.5.5). Therefore, I cloned TRAIP into the pCA528 vector.
This vector includes a 6x His and a SUMO tag at the N-terminus of cloned protein of
interest. The SUMO tag has a smaller 11 kDa size compared to the bulky GST tag. Like GST,
it acts as a chaperone, enhancing solubility, and yield, and facilitating protein folding and
functionality. Therefore, using this vector, I expressed recombinant His/SUMO tagged X.
laevis TRAIP wild type (hereafter TRAIPwt) from Rosetta (De3) pLysS by exploiting the
6x His tag located at its N-terminus and eluting the protein with a high concentration of
Imidazole (Figure 4.4 a). To inhibit the ubiquitin ligase activity of TRAIP, I also purified
recombinant His/SUMO tagged X. laevis TRAIPmut, which lacks catalytic activity by
mutating the conserved cysteine at position 25 in its RING domain into alanine; C25A,
similar to the GST tagged TRAIPmut (Figure 4.4 b). The presence of purified
TRAIPwt/mut proteins was also confirmed by western blotting with commercial a-TRAIP
antibodies (data not shown). The purified proteins were then used in our experiments

after dialysing with an egg extract friendly buffer; LFB1/100.
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Figure 4.4:- Xenopus laevis SUMO-TRAIP purification. His/SUMO tagged (a) TRAIPwt and (b)
TRAIPmut was expressed in bacteria and purified using Ni2* beads. Samples were taken from
indicated stages of purification. The proteins bound to the beads were eluted with buffer
containing 250 mM Imidazole and are represented as elutions 1-6. The protein sample collected
after induction is represented as induced. Input and depleted represent the samples before and
after incubation with the beads. A small sample of beads taken after elution was also analysed
and labelled as beads. The proteins were analysed on gradient acrylamide gels by staining with
Coomassie brilliant blue and the arrows indicate where recombinant Xenopus His/SUMO-TRAIP
are present.

4.2.3 Raising and testing o-TRAIP antibodies

After purifying Xenopus TRAIP proteins, our next aim was to raise antibodies against it.
The approximate concentration of purified proteins was estimated using acrylamide gel
run alongside known BSA concentration titration (data not shown) and ~2 mg of purified
TRAIP proteins were sent to Dundee Cell Products to raise antibodies against Xenopus
TRAIP. I generated antibodies against GST-TRAIPwt and SUMO-TRAIPwt by immunizing
four separate rabbits. Subsequently, I purified the TRAIP antibodies from the whole sera
of these four animals using SUMO-TRAIPwt as the ligand bound to the HiTrap NHS-
Activated affinity column. This purification step was necessary as the whole sera tested
showed the presence of numerous non-specific bands in the egg extracts (data not

shown).
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The characterization of our in-house raised antibodies was performed in egg extract.
TRAIP is not very abundant in egg extract and I can detect it best when accumulated on
chromatin upon inhibition of replisome disassembly. To test these different purified
antibodies, a small amount of extract was run on a 4-12% gradient acrylamide gel
alongside isolated chromatin from a control (DMSO) sample and chromatin from extract
treated with Cul i, MLN4924 (TRAIP accumulated). The chromatin was isolated at 90 min.
The results obtained from immunoblotting confirmed the presence of a band at ~53 kDa
corresponding to the size of endogenous TRAIP. This band was detected by all four
antibodies - a-TRAIP #91, a-TRAIP #107, o-TRAIP #108, and o-TRAIP #52 (Figure 4.5).
a- TRAIP #91, and #52 were raised using His/SUMO-TRAIPwt and o-TRAIP #107, and

#108 were produced using GST-TRAIPwt.

a-TRAIP # 91 a-TRAIP # 107 a-TRAIP # 108 a-TRAIP # 52

Figure 4.5:- Characterisation of TRAIP using in-house purified antibodies. Egg extract was
optionally supplemented with DMSO and Cul i for accumulation of TRAIP. Chromatin was isolated
at 90 min and proteins were analysed by western blotting. TRAIP antibodies purified from sera
#91, #107, #108 and #52 were able to detect TRAIP at ~53 kDa in cullin-inhibited chromatin
samples. The arrow indicates where TRAIP runs on the gel.

4.2.4 Testing a-TRAIP antibodies for immunodepletion and/or
immunoprecipitation of TRAIP from egg extracts

Our next aim was to test if the antibodies raised in our lab can immunoprecipitate and
immunodeplete TRAIP from the egg extracts. I, therefore, tested all 4 antibodies along

with non-specific IgG rabbit sera (IgG mock). I used two rounds of Dynabeads crosslinked
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with TRAIP antibodies to immunodeplete TRAIP from the extracts. I found that all
antibodies can immunodeplete TRAIP from the extract as observed by the disappearance
of TRAIP (Figure 4.6 a). The level of immunodepletion is difficult to judge as the antibody
is not very sensitive and does not detect TRAIP beyond 50% of the original concentration
in egg extract. However, when the post-immunodepletion beads were analysed I could see
the presence of TRAIP only on the beads in the first round of depletion suggesting efficient
immunodepletion. The interaction of TRAIP with the beads suggests that all these

antibodies can immunoprecipitate and immunodeplete TRAIP from the extracts (Figure

4.6 D).
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Figure 4.6:- Immunodepletion using in-house purified a-TRAIP antibodies. (a) Inmunodepletion
of TRAIP from extracts was tested with different TRAIP antibodies #108, #107, #91, and #52
along with non-specific rabbit sera; IgG. The samples were analysed by western blotting with a-
TRAIP antibodies. The arrow near the band at ~53 KkDa represents TRAIP (b)
Immunoprecipitated material associated with Dynabeads after each round of depletion was
analysed by western blotting using commercial a-TRAIP antibodies. The arrow corresponding to
the band at ~53 kDa represents TRAIP.
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4.2.5 Effect of immunodepletion of TRAIP from Xenopus laevis egg extract

Since our purified antibodies were able to efficiently immunodeplete TRAIP from the egg
extract, we decided to look further into the consequences of TRAIP depletion. To study
further the importance of TRAIP in replication termination, I prepared a large-scale
TRAIP-depleted extract using a-TRAIP #91 antibodies. The efficiency of TRAIP depletion
was tested by western blotting (Figure 4.7 a) and the replication kinetics of the TRAIP-
depleted extract was tested by assessing the rate at which «-32P labelled dATP, was
incorporated into the newly synthesised DNA. The replication rate of the TRAIP-depleted
extract was comparable to the IgG mock-depleted extract suggesting that the absence of

TRAIP did not interfere with the efficiency of nascent DNA synthesis (Figure 4.7 b).

Interestingly, when I performed chromatin isolation with mock and TRAIP-depleted
extracts, [ could not see any differences in the replisome unloading patterns in S-phase in
the absence of TRAIP. Cdc45 and Psf2 were found to be unloaded after 45 min in both the
control and TRAIP depleted extract. The a-TRAIP blot confirms the absence of TRAIP in

the depleted extract (Figure 4.7 c).
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Figure 4.7:- Immunodepletion of TRAIP does not negatively affect DNA replication in S-phase. (a)
The remaining levels of TRAIP upon immunodepletion were analysed by western blotting using
a-TRAIP antibodies. (b) The ability of TRAIP immunodepleted extract to synthesise nascent DNA
was analysed by incorporation of radioactive a-32P dATP into newly synthesised DNA. Mean of
n=4 for TRAIP depletion is presented with SEM. (c) Chromatin was isolated during the replication
reaction time course in IgG-depleted and TRAIP-depleted extracts. Chromatin samples were
analysed with indicated antibodies. Histones provide loading control for the samples. This
experiment was repeated three times.

4.2.6 TRAIP can unload post-terminated and stalled replisomes in mitosis

Having efficiently immunodepleted TRAIP without compromising on the replication
ability of the extracts, we decided to use these extracts to determine whether TRAIP is the
E3 ubiquitin ligase involved in the mitotic replisome disassembly pathway of higher
eukaryotes. Using mock and TRAIP-depleted extracts I set up replication reactions,
blocked S-phase replisome disassembly by inhibiting cullin activity, and allowed
replication to complete. This interphase extract was further driven into mitosis by adding
cyclin A1A and chromatin was isolated (Figure 4.8). Strikingly, I could observe that the
Cdc45 and Psf2 disassembled in the IgG-depleted samples just after 15 min whereas the

replisomes stayed on chromatin in the TRAIP-depleted extracts. The complete depletion
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of TRAIP and its lack of binding to chromatin can be observed from the TRAIP blot. In
addition, a sample containing no cyclin A1A was processed alongside as a control for
absence of mitotic activity. Cdc45 and Psf2 were retained on chromatin in this condition.
All these indicated that TRAIP ubiquitin ligase is needed for replisome disassembly in

mitosis.
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Figure 4.8:- TRAIP ubiquitin ligase drives mitotic replisome disassembly in post-termination
replisomes. A replication reaction was set up using mock and TRAIP-depleted extracts in the
presence of a Cul i. Extracts were supplemented with cyclin A1A after completion of replication
and chromatin isolation was performed at indicated timepoints. A sample containing no cyclin
A1A was also collected as a control for the absence of mitotic activity. Replisome disassembly was
analysed by western blotting. A sample containing no sperm (no DNA) was processed alongside
each set of samples to provide chromatin specificity control. This experiment was performed
once.

[ further explored the role of TRAIP in CMG unloading during mitosis by supplementing
the extract with a high concentration of recombinant TRAIP (wt or ligase mutant)
proteins, similar to overexpression experiments in cell systems. Notably, these extracts
have endogenous TRAIP present as well. Addition of these recombinant proteins could
also tell us whether the TRAIP mutant I purified could outcompete the endogenous TRAIP

present in the extract. To achieve this, I first validated that the addition of the purified
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TRAIP proteins does not affect the ability of the extract to synthesise nascent DNA during
DNA replication (Figure 4.9 a) and then to look at the replisome unloading pattern, I set
up a replication reaction by inhibiting the cullin activity and allowed the replication
process to reach completion. Once completed, the extract was driven into mitosis by
supplementing cyclin A1A, and appropriate recombinant TRAIP proteins were optionally
added to a final concentration of 50 pg/ml, and chromatin was isolated (Figure 4.9 b). I
could observe that buffer control and TRAIPwt samples showed similar replisome
disassembly patterns (see Cdc45 and Psf2 blots at 45 min) whereas in TRAIPmut the
replisome disassembly was slowed down. This again confirms that the ubiquitin ligase
activity of TRAIP is needed for replisome disassembly in mitosis. In addition to this, the
levels of Cdc45 remaining on chromatin have been quantified in each condition, with the
highest level retained for TRAIPmut samples (Figure 4.9 c). The lack of complete
inhibition of disassembly observed with TRAIPmut (as evident from Cdc45 and Psf2 blots
at 120 min) is probably due to the presence of endogenous TRAIP in these extracts. This
is because we supplemented the recombinant proteins on top of the existing endogenous

TRAIP.
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Figure 4.9:- Ubiquitin ligase activity of TRAIP is essential for unloading post-terminated
replisomes. (a) Interphase egg extract was supplemented with LFB1/100 (buffer), recombinant
wildtype TRAIP (TRAIPwt), RING-domain mutant TRAIP (TRAIPmut). The ability of extracts to
synthesise nascent DNA was analysed by incorporation of radioactive a-32P dATP into newly
synthesised DNA. Mean of n=4 for TRAIP addition is presented with SEM. (b) A replication reaction
was set up in egg extract containing endogenous TRAIP. The reaction was completed in the
presence of Cul i. cyclin A1A was added to drive the extract into mitosis and supplemented with
buffer, TRAIPwt, or TRAIPmut to a final concentration of 50 pg/ml. Chromatin was extracted and
analysed by western blotting using indicated antibodies. Sample with -cyclin A1A represents the
absence of mitotic activity. A sample containing no sperm (no DNA) was processed alongside each
set of samples to provide chromatin specificity control. *indicates band of cyclin A1A which was
also recognized by o-Psf2. This experiment was repeated three times. (c) The levels of Cdc45
retained on chromatin were quantified at 15 min and 45 min in each condition and the percentage
of the 15 min signal still retained on chromatin at 45 min calculated. The graph represents a mean
of three independent experiments with SEM.

To investigate whether TRAIP plays a role in replisome unloading by influencing Mcm?7
polyubiquitylation, I repeated the same experiment but in addition, supplemented the
mitotic extract with p97 inhibitor; NMS-873. This allowed us to block replisome
disassembly and retain all the ubiquitylated Mcm?7 on chromatin. As seen in Figure 4.10
a, the addition of the catalytically dead TRAIPmut alters Mcm?7 polyubiquitylation levels,

evident from the shorter ubiquitin chains in comparison with buffer control and TRAIPwt
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(see the level of Mcm7 ubiquitylation above the dotted line on Mcm?7 blot for buffer
control and TRAIPwt samples in Figure 4.10 a). In addition to this, the levels of Mcm7
polyubiquitylation remaining on chromatin have been quantified in each condition with
the lowest levels of Mcm7 ubiquitylation present for TRAIPmut samples (Figure 4.10 b).
This provides reassurance that the recombinant TRAIP mutant can effectively
outcompete the endogenous TRAIP and that the unloading and ubiquitylation defect that
we see in our mitotic experiments is attributable to the recombinant TRAIP proteins.
These findings strongly indicate that TRAIP indeed plays a crucial role in the replisome

unloading of post-terminated replisomes during mitosis.

) Culi+ Cyclin Am (b)
p97i
buffer TRAIPwt  TRAIPmut

oo S& &
FF g KA S
6\‘-‘%@ (QO’ N W /\‘) ,\QCJ Qj"\‘(\ac?{’)&’)/\(‘l\é” Qj‘\'{@ -(’)b(()'\(’) \G) min after

c
N (ycllnkAlA ‘E 1.59
PO R ‘_ _Mw{Da) E"_'
- - 4 - ©
Mcm7 " . = . :u"gto-
- 85
1 8505
Cdc4s "o el ittt B B B E
g = 0.0
PCNA - e - =30 buffer TRAIPwt TRAIPmut

Histones.' - S l "'I D s
w10

Figure 4.10:- Ubiquitin ligase activity of TRAIP is essential for ubiquitylating Mcm7 of post-
terminated replisomes in mitosis. (a) A replication reaction was set up using egg extract
containing endogenous TRAIP with Cul i to block S-phase disassembly and p97 inhibitor (p97i)
to analyse Mcm?7 ubiquitylation on chromatin. Extracts were supplemented with cyclin A1A after
completion of replication and the reaction was supplemented with buffer, TRAIPwt, or TRAIPmut
to a final concentration of 100 pg/ml. Chromatin isolation was performed at indicated time points.
Replication factors were analysed by western blotting. The sample represented as -p97i provides
a control for p97 activity. A sample containing no sperm (no DNA) was processed alongside each
set of samples to provide chromatin specificity control. This experiment was repeated three
times. (b) The levels of Mcm7 polyubiquitylation remaining on chromatin have been quantified
in each condition. The graph presented here shows the mean fold change of Mcm?7
polyubiquitylation signal at 45 min after cyclin A1A addition over three independent experiments
with SEM.

Having established that TRAIP is needed for the unloading of post-termination

replisomes in mitosis, we then wanted to understand whether this backup pathway,
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catalysed by TRAIP, could target any replication machinery that failed to complete
replication and persisted on chromatin until mitosis. To study this, I used mock and
TRAIP-depleted extracts and added aphidicolin - a DNA polymerase inhibitor - to stall
forks, and caffeine - a checkpoint inhibitor - to accumulate more of such stalled forks. The
extract was then driven into mitosis with cyclin A1A and chromatin samples were isolated

(Figure 4.11).
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Figure 4.11:- TRAIP ubiquitin ligase drives mitotic replisome disassembly of stalled replisomes.
A replication reaction was performed using IgG and TRAIP-depleted extracts in the presence of
aphidicolin and caffeine to generate stalled forks. Extracts were supplemented with cyclin A1A
and chromatin isolation was performed at indicated time points. A sample containing no cyclin
A1A was also collected as a control for assessing the absence of mitotic activity. The replication
factors were analysed by western blotting. Histones were stained in Coomassie stain and
provided loading control. A sample containing no sperm (no DNA) was also processed alongside
each set of samples to provide chromatin specificity control. This experiment was performed
once.

I could observe that Cdc45 and Psf2 disassembled after 45 min in mock depleted extracts.
Interestingly, Cdc45 and Psf2 failed to disassemble in TRAIP-depleted extracts. The
complete depletion of TRAIP and its lack of binding to chromatin can be observed from

the TRAIP blot. This indicates that TRAIP is essential for unloading of stalled replisomes

too. Please note that at 90 min, there is only a faint band for Cdc45 and Psf2 in the TRAIP-
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depleted samples. This is due to a technical error as a small amount of chromatin was lost

during isolation which is evident from the low level of histones as well at 90 min.

To confirm that it is the ubiquitin ligase activity of TRAIP that is needed for stalled
replisome unloading in mitosis, a replication reaction containing aphidicolin and caffeine
was set up, driven to mitosis, and supplemented optionally with purified recombinant
TRAIP proteins (Figure 4.12). Interestingly, in the buffer control and TRAIPwt samples,
Cdc45 and Psf2 were unloaded, whilst the addition of TRAIPmut blocked replisome

unloading - similar to post-terminated replisomes.

Aphidicolin+ Caffeine+ Cyclin A1A

buffer TRAIPwt TRAIPmut
> '\\7% X X
5 N RN

Qr{’)é")/\%o’g é"{‘@.i’)é’)/\(')olg min after

CyclinA1A
e “*0*

Mw (kDa)
=115

Cdcd5 e e M
PINA e SPOe o SBe= o SESS
N—— ——— -_————

Psf2’ - f-= =
Histonesr .7:::0: Imme- -,_'-:- "
Lo _—TTTIN o

Figure 4.12:- Ubiquitin ligase activity of TRAIP is essential for the unloading of stalled replisomes.
A replication reaction was set up in the egg extract in the presence of aphidicolin and caffeine.
Cyclin A1A was added to drive the extract into mitosis and the extract was supplemented with
buffer, TRAIPwt, or TRAIPmut to a final concentration of 50 pg/ml. Chromatin was extracted and
analysed by western blotting using indicated antibodies. The sample with -cyclin A1A represents
the absence of mitotic activity. Histones were stained in Coomassie stain and provided loading
control. A sample containing no sperm (no DNA) was processed alongside each set of samples to
provide chromatin specificity control. *indicates band of cyclin A1A which was also recognized
by a-Psf2. This experiment was repeated two times.

This again confirmed that TRAIP is essential for processing replisomes that are retained

on chromatin through mitosis and that it requires its ubiquitin ligase activity. A small level
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of unloading observed at 90 min in the presence of TRAIPmut is most likely due to the

presence of endogenous TRAIP in these extracts.

Consequently, we aimed to determine whether the defective unloading of replisomes
caused by the addition of TRAIPmut resulted from defective polyubiquitylation. To
explore this, I generated stalled replisomes using aphidicolin and caffeine and in addition,
added the p97 inhibitor into the extract during mitosis and followed replisome
disassembly. In samples containing TRAIPmut, the ubiquitylation levels of Mcm7 were
drastically reduced when compared to the buffer control and TRAIPwt (Figure 4.13). The
reduced levels of ubiquitylation observed on Mcm7 in TRAIPmut samples could be due to

the presence of endogenous TRAIP present in the extract.
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Figure 4.13:- Ubiquitin ligase activity of TRAIP is essential for ubiquitylating Mcm7 of stalled
replisomes in mitosis. A replication reaction was set up in the presence of aphidicolin and caffeine
and replisome disassembly was blocked with the p97 inhibitor (p97i) to analyse Mcm7
ubiquitylation. After completion of replication, extracts were supplemented with cyclin A1A and
optionally added with buffer, TRAIPwt, or TRAIPmut to a final concentration of 100 ug/ml.
Chromatin isolation was performed at indicated time points and replication factors were
analysed by western blotting. The sample represented as -p97i provides a control for p97
activity. Histones and no DNA samples were processed as before. This experiment was repeated
two times.
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From all these data we can establish that TRAIP E3 ubiquitin ligase plays an important

role in unloading CMGs in mitosis.

4.3 Discussion

Ever since the link between TRAIP and microcephalic primordial dwarfism was
discovered, much evidence has been accumulated towards the understanding of the
mechanisms by which TRAIP facilitates DNA replication and ensures genome integrity.
The pleiotropic ubiquitin ligase activity of TRAIP has been found to regulate numerous
cellular processes including repair of damage regulation of spindle assembly checkpoint
and mitotic progression (Chapard et al., 2014; Park et al., 2015). The absence of TRAIP
activity in cells has also been shown to cause chromosomal rearrangements, signs of DNA
damage and accumulation of cells in the G2 phase of the cell cycle (Feng et al., 2016;
Harley et al., 2016). Additionally, in cells, TRAIP expression has been shown to be
regulated by the E2F transcription factor and intriguingly, its expression levels are known
to peak during mitosis, providing a strong indication of its involvement in the mitotic
phase of the cell cycle (Chapard et al., 2015). Despite these findings, the essential function

of TRAIP in mitotic replisome disassembly was not known.

In this chapter, our findings have provided evidence that higher eukaryotes possess a
backup pathway during mitosis for the disassembly of the replisomes, similar to what was
reported in C. elegans (Sonneville et al., 2017). Importantly, | have identified TRAIP as the
E3 ubiquitin ligase that is responsible for ubiquitylating Mcm7 and is subsequently
recognised by p97 (Moreno et al., 2019a). Similar studies from other labs have also shown
the existence of a backup pathway for replisome disassembly mediated by TRAIP in

mitosis (Hashimoto and Tanaka, 2018; Deng et al., 2019; Sonneville et al., 2019b). Recent
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studies have shown analogous roles of TRAIP using mouse embryonic stem cells,

suggesting that it is conserved among diverse species (Villa et al., 2021).

In our experiments, obtaining a significant amount of soluble and functionally active
protein posed a major hindrance with GST-tagged TRAIP. Our primary objective was to
remove the GST tag from the purified TRAIP using enterokinase and obtain the untagged
protein, but this proved to be impossible (Figure 4.2). Interestingly, the N-terminal tagged
GST-TRAIP was found to be inactive for mitotic replisome unloading in egg extracts. This
functional disruption of TRAIP aligned with a previous study in human cells, where bulky
N-terminal tagged TRAIP interfered with its localization and functioning in the cell (Feng
etal.,, 2016). Furthermore, when analysing the TRAIP dimer sequence with GST and SUMO
tags using AlphaFold, it revealed a significant disruption in the folding pattern of TRAIP

in the presence of the bulky GST tag (Figure 4.14).
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© (d)

Figure 4.14:- Predicted model of TRAIP dimer using AlphaFold. (a) X. laevis TRAIP (b) GST-TRAIP
(c) SUMO-TRAIP (d) SUMO-TRAIPmut containing a point mutation at C25A. Each domain of
TRAIP has been represented with different colours- RING domain (orange), Coiled coil (green),
Leucine zipper (yellow) and PIP box (red). The grey colour represents the linker regions that
connects one domain to the next including the bulky GST tag in (b) and the N-terminus SUMO tag
in (c and d).

It has previously been demonstrated that TRAIP needs dimerisation to be active during
mitosis (Seul Park et al, 2015). The disruption in dimeric structure caused by the
attachment of GST tag could have played a significant role in rendering our purified GST-
TRAIP inactive in egg extracts. The presence of a large N-terminal tag may have
obstructed the protein’s active site, preventing its interaction with other molecules, or
potentially leading to its misfolding, resulting in the inactivity of GST-tagged TRAIP
(Figure 4.3). Additionally, the GST tag itself can result in dimerisation. Although
dimerisation is meant to enhance the stability of the fusion protein by promoting proper
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folding and protecting it from degradation, it can sometimes influence the function or
activity of the fused protein in experimental assays (Harper and Speicher, 2011;
Mannervik and Danielson, 1988). This GST dimerization could have potentially added to
the further complication in structure of GST-TRAIP, making it biologically inactive in the
egg extract. This issue was resolved by replacing the large GST tag with a smaller SUMO

tag, through which I could successfully demonstrate the activity of TRAIP.

TRAIP has also been reported to be important for the regulation of cell proliferation, and
histone H2B monoubiquitylation (Han et al., 2019; Scaramuzza et al., 2023). Homozygous
knockdown of TRAIP in mouse embryos leads to their deaths shortly after implantation,
due to defects in proliferation (Park et al., 2007), whilst mutations in human TRAIP can
lead to primordial dwarfism (Harley et al., 2016). All these processes rely on the ubiquitin
ligase activity of TRAIP. Since the enzymatic activity of TRAIP is attributed to the cysteine
residues within its RING domain, I synthesised a TRAIP mutant accordingly. Our findings
have conclusively demonstrated that the enzymatic ubiquitin ligase activity of TRAIP is
essential for the unloading of replisomes during mitosis. Immunodepletion of TRAIP from
the extract directly assessed TRAIP’s effect in replisome disassembly during mitosis
(Figure 4.8 and 4.11). Furthermore, a complementary ‘add-in’ experiment, with a high
concentration of TRAIPmut also hindered replisome unloading (Figure 4.9 and 4.12).
Collectively, our data provides strong evidence that TRAIP acts as an E3 ubiquitin ligase,
targeting post-termination and stalled replisomes that escape the normal disassembly

process during S-phase and facilitate a secondary unloading pathway in mitosis.

Our data also aligns with the studies conducted using plasmid DNA replication in X. laevis
egg extracts where mitotic CDK promotes TRAIP-mediated replisome unloading (Deng et

al, 2019). Using C. elegans early embryos, it has also been shown that TRAIP drives
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replisome disassembly in response to incomplete DNA replication and provides access to
repair processing factors (Sonneville et al., 2019b). Moreover, it has also been identified
that TRAIP ubiquitylates Mcm7 via K6 and K63-linked ubiquitin chains (Moreno et al,,
2019a) and the unloading of the CMG requires the activity of p97 segregase (Deng et al.,
2019; Moreno et al,, 2019a). It is interesting to note that both the S-phase and mitotic
replisome disassembly pathways, although they use different E3 ligases (Cul2l! and
TRAIP respectively), share the same Mcm?7 as their substrate for ubiquitylation and this

ubiquitylated Mcm?7 is recognised by p97.

One direct benefit of unloading CMG in mitosis is the removal of any terminated CMGs
that escaped the Cul2lrl mediated ubiquitylation from the preceding S-phase. These
leftover CMGs could otherwise interfere with replication, transcription or other cellular
events in the next cell cycle. Although TRAIP is present during S-phase, it does not target
active CMGs for ubiquitylation when they pass each other during termination (Dewar et
al., 2015). This avoidance of in trans ubiquitylation (close contact) by TRAIP, observed
during ICL or DPC repairs (Larsen et al, 2019; Wu et al, 2019) likely prevents
inappropriate disassembly of the active replisome in S-phase. In contrast, during mitosis,
TRAIP can freely target any replisome remaining on chromatin. This difference in mode
of action could stem from potential structural modifications of TRAIP induced, for
example as a result of the increased mitotic kinase activity, or by the displacement of
inhibitors that restrain CMG ubiquitylation during S-phase. Alternatively, differences in
CMG complexes or conformational changes might also make them more susceptible to
TRAIP targeting (Wu et al., 2021). Further structural analysis of TRAIP will help elucidate

the mechanism underlying its cell cycle-dependent regulation of CMG ubiquitylation.
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Recent investigations have shown that DNA synthesis can take place not only in S-phase
but also in mitosis, via a process known as mitotic DNA repair synthesis- MiDAS (Liu et
al., 2014). This generally occurs when replication forks encounter any kind of stress and
fail to terminate or when late-firing origins fail to complete replication. Additionally,
replication forks that stall with no intervening origins to rescue them also contribute to
the under-replicated DNA fragments (Liu et al, 2014; Cortez, 2015). The remains of
unreplicated DNA from S-phase represent a significant cause of rearrangements found in
many cancers leading to a serious threat to genome stability (Bhowmick and Hickson,
2017). This is because unreplicated DNA can result in the formation of ultrafine DNA
bridges during anaphase, generation of binucleated cells, aneuploidy or chromosomal
rearrangements (Nielsen et al., 2015; Umbreit et al., 2020). Such late replicating regions
or under replicated regions contribute to common fragile sites. Consequently, there is a
need to address any unfinished replication in early mitosis before cell division, in order
to safeguard genome integrity. In such cases, removal of replisomes is essential as it
provides access to the DNA by endonucleases - MUS81-EME], to initiate fork breakage
and DNA repair (Sonneville et al., 2019b; Wu et al., 2021). Our findings demonstrate that
the induction of incomplete replication forks through aphidicolin treatment (Figure 4.11
and 4.12), leads to the unloading of replisomes during mitosis in the presence of TRAIP.
It also suggests that fork convergence is not essential in mitosis for TRAIP-mediated
unloading of stalled forks. Furthermore, other studies have demonstrated that this
secondary unloading pathway driven by TRAIP during mitosis triggers fork collapse and

breakage (Deng et al.,, 2019; Sonneville et al., 2019b).

Further studies from Prof. Walter’s laboratory have revealed that there are two distinct
end joining events following fork breakage - SSA (Single-Strand Annealing) and MME]

(Microhomology-Mediated End Joining). SSA repair mechanisms involve deletion of DNA
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segments at the repaired site (Bhargava et al., 2016) and MME] or alternative end joining
is an error prone mitotic DNA repair mechanism with multiple template switching events
mediated by Pol 6 (Wyattetal, 2016; Deng et al.,, 2019). In Xenopus egg extracts, depletion
of Pol 8 was found to reduce DNA synthesis in mitosis (Deng et al., 2019). Additionally,
studies using early embryos in C. elegans have demonstrated the importance of TRAIP in
mitotic DNA repair synthesis, as the depletion of TRAIP suppressed MiDAS in human cells
(Sonneville et al., 2019b). Altogether, this suggests that TRAIP may be important for end

joining repair events mediated by Pol 6 in mitosis.

TRAIP-mediated fork breakage and repair can be either advantageous or harmful,
depending on the level of stressed forks present at the onset of mitosis. It has been shown
that TRAIP is essential for performing DNA repair synthesis during mitosis at CFSs where
forks cannot complete replication by anaphase (Wu etal., 2021). In such a scenario, where
forks stall on either side of CFS, TRAIP can mediate the removal of CMGs, resulting in fork
breakage on the leading strand template, as the CMGs travel on the leading strand
template. In this context, the leading strand template undergoes cleavage, producing one
intact DNA strand and two broken ends. The repair of the intact strand is mediated by gap
filling whereas the repair of the two broken ends are accomplished through end joining.
Ultimately, these repair processes result in the deletion of a segment that contains
unreplicated DNA and the occurrence of sister chromatid exchange, which are distinctive
features associated with the expression of CFSs. Although this mechanism leads to a
minor deletion, the breakage at CFSs is more advantageous, as it prevents the formation
of acentric and dicentric chromosomes which would occur if forks experienced a random

breakage (Deng et al., 2019; Wu et al,, 2021).
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In summary, our data shows that TRAIP protects genome integrity by actively
participating in disassembling the replication machinery during mitosis and ensuring
that the incomplete replication fork does not persist into the next cell cycle, thus

preventing genetic abnormalities.
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Chapter-5

5 Investigating the role of TRAIP in the S-phase

5.1 Introduction

[ have shown in the previous chapter that TRAIP is important for replisome disassembly
in mitosis and that the unloading of the replisomes requires ubiquitylation of Mcm7 with
K6/K63-linked ubiquitin chains (Moreno et al., 2019a). Interestingly, using the Xenopus
egg extract system TRAIP has also been suggested to be a part of the replisome during S-
phase and it was shown to ubiquitylate CMG helicase when replication forks converge at
Inter-strand cross-links (ICLs) in the S-phase (Deng et al., 2019; Wu et al., 2019). Using
the same system, it has also been shown that TRAIP can ubiquitylate protein barriers or
DNA Protein Crosslinks (DPCs) ahead of the replisome which otherwise impair fork
progression. Moreover, our prior mass spectrometry data of immunoprecipitated S-phase
post-termination replisomes retained on chromatin upon inhibition of p97 segregase,
revealed the accumulation of TRAIP (Sonneville et al., 2017). In addition to this, very
recent studies from our lab have shown that in human cells, TRAIP is important in cell
proliferation in S-phase, and the loss of TRAIP can lead to cell cycle arrest in the G2 phase
leading to senescence and increased DNA damage at sites of replication transcription
collisions (Scaramuzza et al.,, 2023). Therefore, we wanted to further investigate the role

of TRAIP in S-phase.
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5.2 Results

5.2.1 TRAIP interaction with the S-phase replisome

To explore whether TRAIP has a role in facilitating the unloading of terminated
replisomes during the S-phase, either as part of the primary Cul2lrl pathway or as a
backup mechanism, I conducted investigations using different methods to inhibit
replisome disassembly and analyzed the stimulation of TRAIP’s interaction with
chromatin. I prevented the formation of polyubiquitin chains using 6xHis-UbiNoK
recombinant protein (referred to as UbiNoK) (Figure 5.1 a), inhibited cullin ubiquitin
ligase activity with the neddylation inhibitor - MLN4924 (referred to as Cul i), and
inhibited the activity of p97 segregase with p97 ATPase inhibitor - NMS-873 (referred to

as p97i) or by inhibiting both cullin and p97 activity (Figure 5.1 b).
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Figure 5.1:- TRAIP interaction with replisome is stimulated when replisomes are retained on
chromatin in S-phase. (a) Interphase egg extract was optionally supplemented with buffer
(control), Ubiquitin, or UbiNoK, and chromatin was isolated at indicated time points. The binding
pattern of TRAIP and other replication factors during unperturbed and perturbed conditions
were analysed by immunoblotting using indicated antibodies. Histones were stained with
Coomassie stain and provided a loading control. A sample containing no sperm (no DNA) was
processed alongside each set of samples to provide chromatin specificity control. (b) Egg extract
was optionally supplemented with DMSO control, Cul i, p97i, or both, and the experiment was
performed as in (a). The binding patterns for TRAIP and other replication factors were analysed.
Experiments with the addition of Cul i and p97i were performed more than three times.
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Treatment with all these inhibitors resulted in the accumulation of post-terminated
replisomes on chromatin. [ then analysed TRAIP accumulation on chromatin in these
chromatin isolation experiments and I could see that TRAIP associates weakly with the S-
phase chromatin in an unperturbed replication reaction (see lanes with buffer and DMSO
in Figure 5.1). Notably, TRAIP was found to accumulate on chromatin when replisome
disassembly was inhibited with UbiNoK, Cul i, and p97i (see lanes with UbiNoK, Cul i, p97i
and Cul i+p97i in Figure 5.1). Additionally, different migrating forms of Mcm7 have been
noted as a result of the addition of various inhibitors. Interestingly, the addition of UbiNoK
shows distinct mobility shifts suggesting post-translational modifications on Mcm?7.
These modifications are most likely multi-monoubiquitylation or di-monoubiquitylation.
However, these bands could also be a result from other post-translational modifications
such as acetylation or SUMOylation etc. To confirm the nature of these modifications,

further investigation using in vitro biochemical assays is needed.

[ then proceeded to assess the chromatin binding ability of TRAIP when fork convergence
was blocked (Figure 5.2). To achieve this, [ used ICRF-193, a topoisomerase 2 inhibitor
that can create a barrier for fork progression by immobilizing Top2 in a closed clamp

conformation on DNA (Sun et al., 2020).
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Figure 5.2:- Inhibition of fork convergence stimulates TRAIP interaction with replisomes in S-
phase. Interphase egg extract was optionally supplemented with DMSO control or topoisomerase
2 inhibitor; ICRF-193. The binding pattern of TRAIP and other replication factors were analysed
by immunoblotting using indicated antibodies. Histones and no DNA samples were processed as
before. This experiment was repeated three times.

This resulted in the accumulation of active replication forks and I could observe that the
inhibition of fork convergence resulted in the accumulation of replisome components
(Cdc45 and Psf2) and increased levels of TRAIP on chromatin. Altogether, these data
suggested that TRAIP can interact with replisomes in S-phase too, especially upon their

retention on chromatin.

Now that I could see TRAIP accumulation on chromatin together with replisomes in S-
phase, we then decided to inhibit replication fork progression through treatment with
aphidicolin and caffeine. Aphidicolin is a family B DNA polymerase inhibitor, and caffeine
is a checkpoint inhibitor that can override the replication checkpoint caused by ATM/ATR
kinases. Upon the addition of aphidicolin, replicative DNA polymerases are hindered,
leading to their uncoupling from the helicases. Simultaneously, the inhibition of the
checkpoint mechanism by caffeine triggers the activation of numerous replication origins,

resulting in a substantial buildup of stalled replisomes on chromatin. Since aphidicolin
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prevents new DNA synthesis due to helicase-polymerase uncoupling, the unwinding of
DNA by helicases can still proceed resulting in exposure of single stranded DNA. The
presence of caffeine in the reaction, disrupt the DNA damage repair by inhibiting the
ATM/ATR kinases and allows replication progression despite the presence of incomplete
replication. This can potentially lead to the formation of DNA structures such as Double

strand breaks or fork reversal or fork collapse that can further lead to genomic instability.

[ examined the binding pattern of TRAIP on such stalled chromatin and observed distinct
differences in the accumulation of TRAIP compared to its binding during the inhibition of
fork convergence and post-terminated replisomes. Notably, I observed a strong
accumulation of replisome components, but relatively less TRAIP accumulation in the
presence of aphidicolin and caffeine (Figure 5.3 a). I also quantified the levels of TRAIP
and Psf2 on chromatin in all different treatments at 45 min (Figure 5.3 b). Interestingly,
in the presence of aphidicolin there is a significant reduction in levels of TRAIP, while
levels of Psf2 was comparatively higher. Conversely, treatment with caffeine promoted
the binding of TRAIP and Psf2 on chromatin to levels similar to that of DMSO (control).
Although the addition of both aphidicolin and caffeine increased TRAIP binding more
than caffeine treatment alone, the levels were much lower in comparison to Psf2. These
observations suggest that TRAIP’s interaction with CMG helicase is stimulated in
situations when replisomes converge with each other or with protein barriers in front of
them, and the replisomes or barriers need to be disassembled, but not when the integrity

of replication forks needs to be protected.
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Figure 5.3:- TRAIP does not accumulate on chromatin when CMG helicase and polymerases are
uncoupled. Interphase egg extract was supplemented with DMSO (control), polymerases
inhibitor - aphidicolin, checkpoint inhibitor - caffeine, or both. Chromatin samples were isolated
and the binding pattern of TRAIP and other replication factors was analysed with immunoblotting
using indicated antibodies. The arrow beside the TRAIP blot indicates where TRAIP runs on the
gel. (b) The fold change of accumulation of Psf2 and TRAIP signal in aphidicolin, caffeine and
aphidicolin/caffeine treatment methods at the 45 min time point in comparison to normal
replication control (DMSO control) is quantified over n=3 experiments.

5.2.2 TRAIP depletion in S-phase does not lead to DNA damage

TRAIP tends to accumulate on chromatin particularly when DNA replication forks
encounter challenges, and is proposed to help forks to bypass impediments such as ICLs
and DPCs (Larsen et al., 2019; Wu et al., 2019). Therefore, it is possible that in the absence
of TRAIP, forks will not be able to deal with these impediments, potentially leading to DNA
damage. In addition, in human cells, depletion of TRAIP leads to generation of DNA
damage at transcription start sites (Scaramuzza et al., 2023). To assess this possibility, I
decided to investigate whether the absence of TRAIP results in an increase in DNA
damage during replication in egg extract system lacking transcriptional activity. To this
end, | immunodepleted TRAIP from the egg extracts and checked its ability to replicate
sperm DNA, as previously shown in section 4.2.5. We then examined whether we could
observe any signs of DNA damage or checkpoint activation during the S-phase because of
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the depletion of TRAIP. However; no increase in y-H2AX signal on chromatin was observed
as a result of the depletion of TRAIP (Figure 5.4 a). I could observe that the DNA damage
signalling cascade was still functional in TRAIP-depleted extract as our positive control
samples treated with EcoRI, which induces double-stranded breaks, reacted with strong

y-H2AX signals on chromatin in samples from both IgG and TRAIP-depleted extracts.

[ also investigated checkpoint activation by monitoring the phosphorylation of Chk1 as a
result of the depletion of TRAIP (Figure 5.4 b). ATR and Chk1 are central checkpoint
kinases in S-phase. During DNA damage, ATR associates with DNA whereas Chk1 rapidly
propagates throughout the nucleus and functions by impeding S-phase progression by
phosphorylating target genes within the nucleoplasm (Speroni et al., 2012). Therefore, I
isolated nuclei from the egg extracts and as a positive control, a sample from both IgG-
depleted and TRAIP-depleted extracts was treated with aphidicolin (induces checkpoint
activation) and both aphidicolin and caffeine (checkpoint inhibitor). No induction of
phosphorylated Chkl (P-Chk1l) was observed in the nucleoplasm as a result of the
depletion of TRAIP, whereas P-Chkl was readily induced in samples treated with
aphidicolin but inhibited in those treated with both aphidicolin and caffeine. These
experiments indicate that the depletion of TRAIP in egg extracts does not lead to DNA

damage.
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Figure 5.4:- Immunodepletion of TRAIP does not induce S-phase checkpoint activity. (a) A
replication reaction was carried out using non-specific IgG-depleted and TRAIP-depleted egg
extracts, and chromatin was isolated at indicated times. Chromatin samples were analysed by
immunoblotting with indicated antibodies. A sample without sperm (no DNA) was isolated
alongside each set of samples to show the chromatin specificity of the signal. Samples from both
extracts were treated with EcoRI to induce DNA double-strand breaks (isolated at 60 min of the
reaction) and serve as the positive control for the y-H2AX signal. (b) A replication reaction was
setup as in (a) butinstead of chromatin, whole nuclei were isolated to measure the levels of active
P-Chk1 induction as a result of TRAIP depletion. As a positive control, samples from both non-
specific IgG-depleted and TRAIP-depleted extracts were treated with DNA polymerase inhibitor
- aphidicolin for Chk1 activation, while samples treated with aphidicolin and caffeine indicate
ATM/ATR dependence of these signals (isolated at 75 min of the reaction). Both experiments
were repeated twice.

5.2.3 TRAIP is dispensable for terminated replisome disassembly in S-phase

Since the depletion of TRAIP did not affect replication in S-phase, we then turned our
attention to determining whether TRAIP in any way facilitates the unloading of
terminated or stalled replisomes during the S-phase. Although it has been previously
shown that TRAIP is not essential for replisome disassembly on plasmid DNA in a
Nucleoplasmic Egg extract system (NPE) (Deng et al., 2019), a fully chromatinised DNA
system could potentially show some differences as chromatinisation plays a vital role in
regulating the cell’s access to the genome (Bellush and Whitehouse, 2017). Such a

template may provide more resistance for the fork convergence and passing each other
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during the termination and therefore may need more support for completion. To
investigate this possibility further, I used TRAIP-depleted egg extracts and followed
replisome disassembly. In agreement with the published plasmid DNA data, I also did not
observe any defects in the disassembly of terminated replisomes (Figure 5.5 a). In a
parallel approach, I also opted to supplement the extract with a high concentration of
either wild type (TRAIPwt) or catalytically inactive (TRAIPmut) form of the protein, as

previously used for our mitotic experiments, and followed replisome unloading (Figure

5.5 b).
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Figure 5.5:- TRAIP is not essential for terminated replisomes disassembly in S-phase. (a) A
replication reaction was set up using non-specific [gG-depleted and TRAIP-depleted egg extract,
and chromatin was isolated during the time course at indicated time points. Samples were
analysed by immunoblotting using indicated antibodies. Histones and no DNA samples were
processed as before. (b) Interphase egg extract was supplemented optionally with buffer
(LFB1/100), recombinant wildtype TRAIP (TRAIPwt), or RING-domain mutant TRAIP
(TRAIPmut). Chromatin samples were isolated and analysed as in (a). The dotted line above
Mcm?7 indicated ubiquitylation, while the red square bracket in Mcm7 blot of TRAIPwt samples
indicates increased Mcm?7 ubiquitylation. Both experiments were repeated three times.

[ observed that Cdc45 was effectively unloaded in both TRAIPwt and TRAIPmut
supplemented samples, indicating that the ubiquitin ligase activity of TRAIP is not
essential for replisome disassembly of terminated replisomes in S-phase. Intriguingly, I

observed increased levels of Mcm7 ubiquitylation upon the addition of TRAIPwt
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compared to the buffer control and TRAIPmut. This suggests that the ubiquitin ligase
activity of TRAIP is at least partially functional in the S-phase (Figure 5.5 b, specifically, at
the timepoints 45, 60 and 75 mins, indicated by a red bracket in TRAIPwt samples above
the dotted line, there is a slight augmentation in Mcm?7 ubiquitylation). These
experiments indicate that the ubiquitin ligase activity of TRAIP is dispensable for

terminated replisome disassembly in S-phase.

5.2.4 TRAIP can ubiquitylate Mcm7 but cannot prime unloading of terminated
CMG in S-phase

Until now we have seen that TRAIP’s interaction with the CMG helicase is stimulated in S-
phase only during situations when replisomes need to be unloaded. In addition to this,
we have seen that TRAIP can also ubiquitylate Mcm7 on supplementation of high
concentrations of TRAIPwt in S-phase. With this in mind, we next wanted to explore
whether TRAIP could actively ubiquitylate Mcm7 and unload replisomes when Cul2Lrr1
activity is compromised in S-phase, leaving terminated replisomes on chromatin. To
explore the potential role of TRAIP in this process, | used TRAIP-depleted extract with
blocked cullin activity and followed replisome disassembly (Figure 5.6 a). A reduced level
of Mcm7 ubiquitylation (see Mcm?7 blot) was observed in TRAIP-depleted extracts but I
could not see any significant differences in the kinetics of replisome unloading (see Cdc45
and Psf2 blots). Although a small level of unloading can be observed at a very late S-phase
(see Cdc45 and Psf2 at 150 min) this could be due to incomplete inhibition of neddylation

in this experiment.

As a parallel approach, we also opted to supplement TRAIPwt/mut to the egg extracts at
the same high concentrations of 50 pg/ml which had worked for our mitosis experiments.

Additionally, we also inhibited cullin activity and analysed its effect on Mcm7
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ubiquitylation and the kinetics of replisome disassembly. Again, I could observe a
stimulation in the lengths of ubiquitin chains built on Mcm7 with TRAIPwt, suggesting
that TRAIP can slightly stimulate Mcm7 ubiquitylation. Nevertheless, the increased chain-
building activity as a result of the addition of TRAIPwt does not enhance the rate of
replisome unloading during the late S-phase (Figure 5.6 b, see Cdc45 and Psf2 in lanes
with TRAIPwt at 150 min). Interestingly, I have consistently observed that the addition of

TRAIPmut to Cul i treated extract blocked remaining replisome unloading.
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Figure 5.6:- TRAIP does not facilitate the unloading of replisomes in the S-phase. (a) Nonspecific
IgG-depleted and TRAIP-depleted extracts were supplemented with Cul i and chromatin samples
were isolated. Samples were analysed using western blotting with indicated antibodies to study
replisome disassembly and Mcm7 ubiquitylation patterns. The arrow beside TRAIP blot
represents TRAIP and a star represents non-specific band. Histones and no DNA samples were
processed as before. (b) Interphase egg extracts were treated with Cul i and optionally
supplemented with buffer, TRAIPwt, and TRAIPmut to a final concentration of 50 pg/ml.
Chromatin was extracted at indicated time points and analysed as in (a). These experiments were
repeated twice for (a) and thrice for (b).

To exclude the possibility that some Mcm?7 is indeed ubiquitylated by TRAIP and unloaded
during S-phase, we decided to look further into the ubiquitylation of Mcm7 by TRAIP in
the S-phase. | supplemented the extract with high concentrations of TRAIPwt/mut in the
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presence of Cul i and also p97i to completely block unloading which could be facilitated
by TRAIP or by incomplete inhibition of cullins (Figure 5.7). As expected, unloading of the
replisomes was completely blocked under these conditions. Moreover, looking at the
pattern of Mcm7 ubiquitylation, a slight stimulation in Mcm7 ubiquitylation was observed

upon the addition of TRAIPwt, in agreement with the previous results.

Notably we detected some levels of Mcm7 ubiquitylation in all the samples even in the
presence of Cul i during our experiments. We speculate that this ubiquitylation could be
aresult of incomplete inhibition of Cullins by the Cul i, apart from the stimulated levels in
TRAIPwt. In support to this, the Cul2 blot in Figure 5.7 shows the neddylated form of
cullins starting from 90-150 min, suggesting incomplete inhibition of cullins. Therefore it
is unlikely that it is the result of a different ubiquitin ligase. However, further investigation
will be required to identify whether there is a potential alternative ubiquitin ligase that

ubiquitylates Mcm7 and works via the p97 pathway.
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Figure 5.7:- TRAIP can stimulate Mcm?7 ubiquitylation in S-phase. A replication reaction was set
up with interphase egg extract and supplemented with both cullin and p97 inhibitors. The
reaction was also supplemented optionally with buffer, TRAIPwt, and TRAIPmut to a final
concentration of 100 pg/ml. Chromatin samples were isolated at indicated time points and
analysed by immunoblotting. Histones and no DNA samples were processed as before. This
experiment was done once.

Altogether, by investigating the role of TRAIP in terminated replisome disassembly in S-
phase, we have determined that TRAIP’s interaction with CMG helicase during S-phase is
stimulated in situations when replisome unloading is perturbed, and it can sightly
ubiquitylate Mcm7 within terminated replisomes. But this TRAIP-driven ubiquitylation
of Mcm7 is not effectively recognised and unloaded by p97 in S-phase, despite being
effective in unloading replisomes in mitosis (as seen in Chapter -4). This suggests that
TRAIP’s E3 ligase activity on replisomes is not just regulated through its level of
interaction with replisomes, as is the case for Lrrl, but there might be other factors that

are involved.
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5.2.5 Post-translational modifications of TRAIP contribute to TRAIP activity

The next key question we had was to comprehend the regulatory mechanism governing
the activity of TRAIP across different phases of the cell cycle. We observed distinct
differences in TRAIP activity in S-phase compared to mitosis. In mitosis, TRAIP efficiently
ubiquitylates its substrate Mcm?7 and targets it for unloading by p97. However, in S-phase,
although TRAIP can interact with Mcm?7, the level of ubiquitylation is relatively low. This
led us to further investigate the differences between TRAIP in S-phase and mitosis which
could contribute to its differential activity. For this purpose, we conducted a mass
spectrometry data analysis of immunoprecipitated TRAIP (TRAIP IP) from mitotic
chromatin containing post-termination replisomes in the presence of p97i (this
experiment was performed by Prof. Aga Gambus). The analysis of this data revealed
several peptides of TRAIP interacting with replisome on mitotic chromatin. Importantly,
these peptides were found to be phosphorylated at T280, S295, and S352 (Figure 5.8 a).
Therefore, our next aim was to confirm whether TRAIP is indeed phosphorylated on
mitotic chromatin, and not during S-phase. To this end, I isolated chromatin samples from
both S-phase and mitosis in the presence of p97i to block replisome disassembly and
confirmed the accumulation of TRAIP in these samples (Figure 5.8 b). Additionally, the S-
phase and mitotic chromatin samples were also run on a Phos-tag gel that allows the
detection of protein phosphorylation by inducing a band shift and slower electrophoretic
mobility of phosphorylated proteins compared to their non-phosphorylated
counterparts. Remarkably, I could observe a band shift of TRAIP in mitotic samples when

compared to S-phase chromatin samples (Figure 5.8 c).
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Figure 5.8:- Phosphorylation of TRAIP in mitosis. (a) The phosphorylated sites of TRAIP
(represented as pink dots) identified from mass spectrometry have been shown on the dimeric
structure of TRAIP generated using AlphaFold. (b) A replication reaction was set up both in S-
phase and mitosis. The S-phase reaction was optionally supplemented with p97i to block
replisome disassembly thereby accumulating TRAIP. The mitotic extract containing Cul i and high
levels of cyclin was also optionally supplemented with p97i to block replisome disassembly and
accumulate TRAIP. Chromatin samples were isolated and analysed by western blotting using
indicated antibodies. (c) The S-phase and mitotic chromatin samples from (b) were run on a Phos-
tag gel and analysed by western blotting using a-TRAIP antibodies. TRAIP and phosphorylated
TRAIP have been indicated. The band shift between TRAIP and phosphorylated TRAIP has been
indicated using a curly brace. A star represents non-specific band. These experiments were done
once.

These findings strongly suggested that TRAIP is phosphorylated in mitosis but not during
S-phase, particularly when replisome unloading is blocked due to p97 inhibition. As a
result, we wanted to investigate whether TRAIP undergoes phosphorylation under any
other conditions during S-phase, especially when TRAIP accumulation on chromatin was
observed. To look into this possibility, I isolated chromatin from S-phase in the presence
of either Cul i, p97i, UbiNoK, ICRF-193, or aphidicolin and caffeine, and compared this
with mitotic chromatin both on an acrylamide (Figure 5.9 a) and a Phos-tag gel (Figure
5.9 b). The chromatin isolated from all the different conditions resulted in the

accumulation of replisome components as well as TRAIP. Additionally, | observed a clear
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difference in the ubiquitin chain length on Mcm7 between S-phase and mitosis. The
longer ubiquitin chains built on Mcm7 during mitosis by TRAIP may be necessary to meet
the required threshold of at least 5 ubiquitins for recognition by p97 (Fujisawa et al,,

2022).

On analysis of these samples on a Phos-tag gel, I found that TRAIP remained non-
phosphorylated in all these situations during S-phase. This confirmed that TRAIP is
phosphorylated uniquely in mitosis and we suggest the possibility that the absence of this
modification in the S-phase might be contributing to the relatively lower efficiency of

Mcm?7 ubiquitylation observed previously.
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Figure 5.9:- TRAIP is only phosphorylated in mitosis. (a) Egg extract was supplemented with
buffer, Cul i, p97i, UbiNoK, ICRF-193, aphidicolin/caffeine in S-phase, and an extract sample with
mitotic conditions was set up and chromatin samples were isolated at 60 min and analysed by
western blotting. (b) Samples from (a) were run on a Phos-tag gel and analysed using a-TRAIP
antibodies. These experiments were done once.

5.2.6 Recombinant TRAIP can be phosphorylated in vitro

All three phosphorylated sites identified by mass spectrometry analysis from mitotic
chromatin - T280, S295, and S352. Notably, all three sites conform to the characteristic

serine/threonine followed by a proline suggesting their potential involvement in
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phosphorylation-dependent signaling pathways mediated by the Cyclin-Dependent
Kinases (CDKs). CDKs usually are proline-directed serine/threonine-protein kinases with
a characteristic S/T-P-X-K/R sequence. In this motif, S/T stands for serine or threonine-
that can be phosphorylated by kinases, P denotes a proline residue that often follows a
phosphorylation site, X is any amino acid residue and K/R represents positively charged
lysine or arginine, that are often found in the vicinity of phosphorylation sites and can
influence the binding of kinases or other proteins. Our mass spectrometry identified
phosphorylation sites adhere to the S/T-P consensus sequence. It is important to note that
some CDKs display a less stringent S/T-P-X-K/R consensus, and some can phosphorylate
residues even in the absence of a proline residue (Malumbres, 2014). Therefore, the
involvement of CDKs in the phosphorylation of these sites cannot be conclusively
determined solely based on the motif analysis. Further experimental validation using
kinase assays are necessary to establish this. CDKs drive cell cycle progression, and their
activity grows slowly during S-phase to peak during mitosis. Different cyclin/CDK
complexes are responsible for driving progression at different phases of the cell cycle.
cyclin B/CDK1 kinase is a mitotic cyclin and is known to trigger mitosis in eukaryotes
(Gavet and Pines, 2010). Since TRAIP is found to be active in mitosis, we analysed the
activity of cyclin B/CDK1 with TRAIP. To do this, I set up an in vitro phosphorylation
reaction with recombinant cyclin B/CDK1 complexes. On analysing these samples using a
Phos-tag gel, I observed that TRAIPwt was efficiently phosphorylated when combined
with the mitotic cyclin; cyclin B/CDK1. However, the reaction involving TRAIP3A (a
phospho-dead mutant form of TRAIP, where all three identified phosphorylation sites
were mutated to alanine; generated by Dr. Alicja Reynolds-Winczura) did not undergo
phosphorylation, as anticipated (Figure 5.10 a). In addition to this, I also found that the

reactions lacking either cyclin B/CDK1 or ATP consistently failed to phosphorylate TRAIP.
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These experiments confirmed that phosphorylation of TRAIP is observed only when

TRAIPwt is added, and not TRAIP3A mutant.

(@) (b)
ATP  + + + + - - ATP + + + +
CDK1/CyclinB  + + - + + CDK2/CyclinE - - - +
TRAIP3A I s 4 -+ CDK2/CyclinA - - + -
TRAIPWt  + - - + - CDK1/CyclinB - + - -
TRAIPWt + + + +
Phos. TRAIP—».
TRAIP . Phos. TRAIP—.
| ": b.. . N TRAIP—> !": s
! -50 -
“lnd M {4
a- TRAIP -
a- TRAIP

Figure 5.10:- TRAIP can be phosphorylated in vitro by cyclin/CDK complexes. (a) In vitro
phosphorylation reaction was set up with mitotic cyclin B/CDK1 and TRAIPwt and phospho-dead
mutant TRAIP3A. The samples were then analysed on a Phos-tag gel by immunoblotting with a-
TRAIP antibodies. This experiment was done more than three times. (b) In vitro phosphorylation
reaction was set up as in (a) but using equimolar concentration of cyclin B/CDK1, cyclin A/CDK2,
or cyclin E/CDK2. The samples were processed as in (a).This experiment was done once.

Furthermore,  analysed the phosphorylation of TRAIP using different CDKs. Interestingly,
using equimolar concentrations of cyclin/CDK complexes, I observed that TRAIP
exhibited higher efficiency in being phosphorylated by the mitotic cyclin B/CDK1
compared to cyclin A/CDK2, which is also active in mitosis (Figure 5.10 b). Conversely,
cyclin E/CDK2, which predominantly functions during the S-phase, displayed relatively
limited effectiveness in phosphorylating TRAIP. Based on these findings, we hypothesise
that the absence of phosphorylation of TRAIP during the S-phase could be due to the S-

phase kinases being inefficient in phosphorylating TRAIP.

To further investigate phosphorylation of TRAIP by cyclins, we investigated whether
increased levels of cyclins in the S-phase would phosphorylate and activate TRAIP. To this

end, I supplemented egg extract with the same cyclin that | used to drive the extract into
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mitosis- cyclin A1A, and at the same concentration that I previously used in our
experiments using mitotic extracts. To determine the optimal timing for increasing cyclin
levels in the extract, I conducted a replication assay with the addition of cyclins at
different time points (Figure 5.11 a). Interestingly, the addition of cyclin A1A at 30 min
drastically reduced the levels of replication while the addition at 45 min was found to be
the earliest timing for addition without impacting the replication levels. Hence, [ added
the cyclin A1A in the S-phase extract at 45 min and performed chromatin isolation (Figure
5.11 b). I observed that the replisome unloading remained unaffected by the addition of
cyclin. However, there was an increase in the binding of TRAIP to the chromatin in the
presence of cyclin A1A when compared to the control samples (see TRAIP blot; 45 and 60
min). Although the levels of TRAIP were stimulated as a result of the increased cyclins, we
speculate that the unloading observed at 45 minutes was primarily due to the presence
of cullins, as replication was already established at this stage. The addition of cyclins at
an early stage of initiation affected replication (as seen in Figure 5.11 a, at 30 min),
possibly by disrupting normal cell cycle progression and leading to nuclear membrane
breakdown and chromosome condensation which are hallmarks of mitotic entry. On the
other hand, the addition of cyclins at a later stage (45 min) allowed for the establishment
and progression of replication forks prior to cyclin addition, eventually leading to
replisome unloading (Figure 5.11 a and b). However, this short window between
replication establishment and cyclin addition makes it difficult to distinguish whether the
unloading was facilitated by Cul2L® or TRAIP. Moreover, inhibiting the cullin activity and

increasing the cyclin levels creates a mitotic environment just like our normal mitosis
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experiments, but with earlier cyclin addition. In such scenarios, it is challenging to

understand the specific role of TRAIP in S-phase.
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Figure 5.11:- Effect of addition of cyclin A1A in S-phase. (a) A replication assay was established
with the addition of cyclin A1A at different time points and replication levels were analysed. This
experiment was done twice. (b) Interphase egg extract was supplemented with high
concentrations of cyclin A1A buffer at 45 min and followed replisome disassembly. The chromatin
binding pattern of replication factors including TRAIP was analysed at indicated time points by
immunoblotting with indicated antibodies. Histones and no DNA samples were processed as
before. A star beside Psf2 blot indicates cyclin A1A recognised by anti-Psf2 antibody. This
experiment was done twice.

5.2.7 In vitro phosphorylation of TRAIP does not support replisome disassembly

To overcome the difficulty in increasing cyclin levels during the active S-phase, we decided
to take a different approach, by supplementing the egg extract with in vitro
phosphorylated TRAIP. I first tested whether the addition of phosphorylated TRAIP
proteins such as Phos.TRAIPwt (wild type), Phos.TRAIP3A (phospho dead mutant) and
Phos.TRAIP3D (phospho mimicking mutant TRAIP3D; generated by Dr. Alicja Reynolds-
Winczura) affects the egg extract’s ability to replicate sperm DNA, measured by the
incorporation of radioactive a-32P dATP (Figure 5.12 a). I could observe that although

there was a slight delay in the replication reaction upon addition of the phosphorylation
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buffer itself, the addition of the phosphorylated TRAIP does not inhibit replication. [ then
examined the chromatin binding pattern of the replication factors as a result of the
addition of phosphorylated TRAIP (Figure 5.12 b).
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Figure 5.12:- The addition of phosphorylated TRAIP proteins does not affect replication. (a) A
replication assay was established with the addition of buffer, phosphorylated wildtype TRAIP
(Phos.TRAIPwt), phospho dead mutant TRAIP (Phos.TRAIP3A), and phospho mimicking mutant
TRAIP (Phos.TRAIP3D) into the egg extract. The DNA synthesis levels were analysed at different
time points. (b) Interphase egg extract was supplemented with phosphorylated TRAIP proteins
as in (a) and followed replisome disassembly. The chromatin binding pattern of replication
factors including TRAIP was analysed at indicated time points by immunoblotting with indicated
antibodies. Histones and no DNA samples were processed as before. This experiment was done
once.

We observed that the replisome disassembly remained unaffected, as Cdc45 and Psf2
unloaded in a similar pattern for both buffer control and samples containing
phosphorylated TRAIP. Apart from this, in alignment with my TCA results, I observed a
delay in the initiation of the replication reaction, as the peak of the reaction was found to
be only at 60 min in the buffer control, when the peak for this particular extract was
normally at 45 min. We think that this delay in the reaction is contributed by the addition

of phosphorylation buffer I used in our experiments.

Since the addition of phosphorylated TRAIP did not affect replication, we next wanted to
determine whether supplementing the extract with phosphorylated TRAIP could drive

replisome disassembly in the absence of cullin activity during S-phase. To this end, I set
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up a replication reaction in the presence of a cullin inhibitor, and supplemented the
extract with in vitro phosphorylated TRAIP (Figure 5.13). Notably, there were no
significant differences in the replisome unloading pattern observed between the samples
containing buffer control and phosphorylated TRAIP. Also, there was no obvious
differences in the efficiency of replisome unloading as a result of adding Phos.TRAIPwt or
Phos.TRAIP3A. This implies that the level of phosphorylated TRAIP supplemented was
not enough to drive replisome unloading, or not enough to outcompete the endogenous
TRAIP that existed in non-phosphorylated form. In addition to this, I also noted that the
samples containing Phos.TRAIP3D exhibited a decreased level of Mcm7 ubiquitylation,
and weaker signals for Cdc45 and Psf2 at 120 min. However, this could potentially be
attributed to the leaky cullin inhibition as the same phenomenon was observed in the
control samples. The lack of signals for Psf2 blot, in Phos.TRAIP3D at 90 and 120 min

might be due to a technical error.
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Figure 5.13:- The addition of in vitro phosphorylated TRAIP proteins does not unload replisomes
in S-phase. A replication reaction was established in the presence of Cul i and supplemented with
buffer, phosphorylated wildtype TRAIP (Phos.TRAIPwt), phospho-dead mutant TRAIP
(Phos.TRAIP3A), and phospho-mimicking mutant TRAIP (Phos.TRAIP3D) into the egg extract.
The chromatin binding pattern of replication factors were analysed at the indicated time points
by immunoblotting with indicated antibodies. Histones and no DNA samples were processed as
before. This experiment was done once.

179



To identify whether non-phosphorylated TRAIP in the egg extract prevented TRAIP-
mediated unloading, we next decided to experiment using extracts that are devoid of
TRAIP. Therefore, I set up a replication reaction using TRAIP depleted extracts, and
supplemented the extracts with in vitro Phos.TRAIP proteins to determine whether
phosphorylation of TRAIP could drive replisome disassembly in the absence of cullin

activity in S-phase, without interference from endogenous TRAIP (Figure 5.14).
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Figure 5.14:- The addition of in vitro phosphorylated TRAIP proteins in TRAIP depleted extracts.
A replication reaction was established using TRAIP depleted extracts in the presence of Cul i and
supplemented with buffer, phosphorylated wildtype TRAIP (Phos.TRAIPwt), phospho-dead
mutant TRAIP (Phos.TRAIP3A), and phospho-mimicking mutant TRAIP (Phos.TRAIP3D). The
chromatin binding pattern of replication factors were analysed at the indicated time points by
immunoblotting with indicated antibodies. A sample each from IgG depleted and TRAIP depleted
treated with no Cul i was processed alongside. Histones and no DNA samples were processed as
before. This experiment was repeated three times.

I observed that the control samples containing no cullin inhibitor (see IgG
depleted/TRAIP depleted - Cul i) unloaded the replisomes. On the other hand, there was

no significant differences in the replisome unloading pattern as a result of adding
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Phos.TRAIP proteins in the presence of Cul i (see Cdc45 and Psf2). These results indicate
that phosphorylation of TRAIP alone was insufficient to drive replisome unloading in S-
phase. This raised an intriguing possibility that either additional phosphorylation sites
may be present in Xenopus and our mass spectrometry analysis may not have captured all
the relevant phosphorylation sites present in Xenopus. But this is unlikely as the TRAIP3A
mutant is not phosphorylated at all in our in vitro reactions suggesting that there is no
more possible CDK sites. Several databases, such as PhosphoSite Plus and qPTM, report a
higher number of phosphorylation sites on TRAIP (12 and 7 sites, for human and mouse
orthologs respectively). But this might be due to species-specific differences or the tissue
types studies or differences in the cellular context studied. Since databases integrate data
from multiple studies, done under different conditions, this might potentially reveal more
sites. Another possibility of the Phos. TRAIP protein not leading to replisome unloading
in our experiments might be due to the dephosphorylation by endogenous enzymes
present within the extract. This might have lead to deactivation of the in vitro
phosphorylated proteins or may be some additional factors might be required to

orchestrate this process effectively.

5.3 Discussion

In this chapter, [ have investigated the activity of TRAIP in S-phase. The fact that TRAIP
associates weakly with the S-phase replisomes during unperturbed DNA replication led
us to investigate further TRAIP’s replisome unloading capability in S-phase. Examining
proteins isolated from nascent DNA (iPOND) in mammalian cells and from actively
replicating forks in Xenopus egg extracts, has demonstrated the presence of TRAIP, even

in the absence of replication stress. However, when replication stress occurs, more TRAIP
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is found interacting with the replisome (Hoffmann et al.,, 2016; Wu et al., 2019). In human
cells, TRAIP is found localised in the nucleolus, and under replication stress TRAIP
relocalises to the sites of DNA damage by interacting with PCNA via its PIP box. However,
mutant TRAIP that lacks this PCNA interacting motif has still been able to localise to its
targets during replication stress, suggesting that TRAIP can also act independent of PCNA

(Feng et al., 2016; Hoffmann et al., 2016).

The data presented in this chapter provides evidence that TRAIP accumulates at post-
terminated replisomes when their disassembly is inhibited (Figures 5.1 and 5.2).
Intriguingly, on treatment with aphidicolin (which uncouples DNA polymerases from
helicases) and caffeine, there was an increase in the accumulation of replisomes, but the
level of TRAIP observed was reduced (Figure 5.3). Notably, the levels of TRAIP and
replisome components did not show any correlation. This leads to the question of
whether TRAIP’s activity is regulated at the level of its interaction with the helicase
components or is dependent on other factors. Additionally, the immunoprecipitation of
TRAIP from mitotic chromatin (conducted by Dr. Alicja Reynolds-Winczura) and its
analysis by mass spectrometry revealed the interaction between DNA Pol € and TRAIP.
This raises the question of whether TRAIP’s interaction with the replisome is mediated
through polymerases, in addition to a direct interaction with the helicase. It is likely that
during aphidicolin treatment, TRAIP might lose its interaction platform as helicases and
polymerases are uncoupled. We therefore hypothesise that TRAIP interacts with the
replisome through a bipartile interaction with both the helicase and polymerase as part
of the replisome. However, further research is essential to validate this hypothesis, for
example by studying the interaction of TRAIP on chromatin in the context of polymerases.
[ could do this by blocking primase activity, which is essential for synthesising short RNA

primers that serve as starting point for polymerases to initiate replication. This would
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give information whether TRAIP interacts specifically through polymerases and/or CMG

components.

Unlike Lrr1, which accumulates specifically on terminated forks, TRAIP interacts with
chromatin predominantly during challenged replication, indicative of its role at
terminating and stalled forks. For instance, Lrrl is not observed on chromatin during
treatments that block fork progression such as addition of both aphidicolin and caffeine
or ICRF-193 (Sonneville et al., 2017), whereas TRAIP is found to associate with sites of
both DNA damage and stalled forks (Feng et al., 2016; Hoffmann et al., 2016; Moreno et
al., 2019a). Overall, these observations raise the possibility that TRAIP’s activity may be
regulated differently in contrast to Lrrl whose activity is regulated through core

interaction with replisomes (Jenkyn-Bedford et al., 2021; Zhou et al., 2021).

The data presented in this chapter reveals that TRAIP is capable of ubiquitylating
replisomes during S-phase. However, this ubiquitylation activity does not translate into
efficient replisome disassembly (Figure 5.6). It is possible that the ubiquitin ligase activity
of TRAIP in S-phase is not optimal in these particular situations such that it is not able to
meet the required threshold of at least 5 ubiquitins to form the ubiquitin chains. This
threshold is crucial for the efficient recognition and unfolding of ubiquitylated Mcm7 by
the p97 complex, which is necessary for subsequent replisome disassembly (Deegan et
al, 2020; Fujisawa et al,, 2022). During mitosis, TRAIP could be more efficient at
synthesising longer ubiquitin chains, which readily support p97 recognition and

unloading.

Furthermore, it is worth highlighting that during S-phase, Cul2lr1 primarily generates
K48-linked ubiquitin chains, while in mitosis, TRAIP produces K6 and K63-linked

ubiquitin chains, that are recognised by p97 (Moreno et al., 2014, 2019a). Therefore, it is
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also possible that the ubiquitin chains produced by TRAIP during S-phase could be
distinct from K6 or K63-linked chains formed in mitosis. The type of ubiquitin chains
synthesised can be attributed to the E2s engaged during ubiquitylation. The specific
interactions between the E2 and E3 enzymes provide a mechanism for achieving
specificity in the type of ubiquitin chains that are attached to a substrate, allowing for
precise targeting of different cellular processes and outcomes (Ye and Rape, 2009). More
work is needed to determine whether TRAIP indeed synthesises distinct ubiquitin chains
during S-phase compared to mitosis. Therefore, the analysis of the different ubiquitin
chain types synthesised and different E2s involved in these scenarios will provide more
insight into how TRAIP activity is regulated in S-phase. Furthermore, the potential
involvement of deubiquitylating enzymes (DUBs) in regulating the ubiquitylation status
of the substrates during S-phase is an intriguing possibility. It is possible that a specific
DUB might be acting during S-phase, counteracting the ubiquitylation mediated by TRAIP
on its substrates as part of its regulatory mechanism. Such regulatory mechanisms are
crucial to maintain genome stability, and it is possible that, as the cell cycle transitions
from S-phase to mitosis, the specific DUB might undergo deactivation facilitating the rapid
ubiquitylation of Mcm7 by TRAIP in mitosis. This rapid ubiquitylation could trigger

downstream events such as replisome disassembly by p97 complex.

Additional possibility is a regulatory mechanism mediated by p97, not only towards
specific substrate but also towards specific type of ubiquitin chains (Meyer et al., 2012).
It has also been shown that p97 displays varying interactions with their substrates
modified with different ubiquitin chains based on the cofactors involved (Alexandru et al.,
2008). For example, interaction between p97 and the Cul2lrl complex, facilitated by
Ubxn7 cofactor. Ubxn7 facilitates bridging between the neddylated Cul2lrl and p97

complex, enabling the efficient unloading of substrates modified with relatively short
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K48-linked ubiquitin chains synthesised by Cul2lrl, This increased avidity is attributed
to the specific recognition of the ubiquitin chain type by the p97 complex (Tarcan et al,,
2022). On that basis, it is possible that a specific p97 cofactor may be required to stimulate
its activity towards the K6/K63 ubiquitin chains synthesised by TRAIP in mitosis. In the
absence of such a cofactor, p97 may not be able to efficiently recognise or interact with
the ubiquitin chains generated by TRAIP during S-phase. While my current data does not
provide direct evidence for a p97-dependednt adaptor, the existing knowledge about the
regulatory mechanism of p97 and its interactions with different ubiquitin chain types
support this hypothesis. Additionally, it is known that CDK-dependent phosphorylation
can bring about changes in the specificity of the known p97 cofactors (Agrotis et al., 2023;
Hanzelmann and Schindelin, 2017). Therefore, it is probable that post-translational
modifications such as phosphorylation, can modulate the interaction of p97 complex with
its cofactors, which in turn can influence the substrate specificity and functionality of p97
complexes. Alternatively, it may also be that a cofactor is missing in mitosis, which means
that there is a need for synthesis of longer ubiquitin chains in mitosis. However, further
investigations would be necessary to identify and characterise potential cofactors and
their modifications that may facilitate the recognition of TRAIP-mediated ubiquitylation

and unloading by p97.

Adding to the complexity of TRAIP functions, TRAIP has been shown to play a crucial role
in dealing with replication forks that are stalled at ICLs or DPCs in S-phase (Larsen et al.,
2019; Wu et al, 2019). During an encounter with ICLs, where two replication forks
converge, TRAIP can target replisome machinery and coordinate two distinct pathways
for repair by ubiquitylating CMG and allowing the completion of replication. Shorter
ubiquitin chains stimulate the NEIL3 glycosylase pathway to directly unhook the crosslink

by cleaving one of the two glycosyl bonds that forms the ICL. On the other hand, longer
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ubiquitin chains are needed to facilitate the unloading of CMG by p97, which allows
endonucleases to access DNA. This in turn allows for ICL repair by the Fanconi Anaemia
pathway to generate a double-strand break, which can be repaired by homologous
recombination. In contrast to the conventional replication termination process, TRAIP-
mediated ubiquitylation for ICL repair involves ubiquitylation of Mcm2, Mcm3, Mcm4,
Mcm6, and Mcm7, and the partial ubiquitylation of Cdc45 (Wu et al., 2019). Notably, it has
been shown that TRAIP generates heterotypically linked or branched ubiquitin chains
during ICL repair in S-phase, distinguishing this process from the K48-linked chains
synthesised by Cul2lm1 or the K6/K63-linked ubiquitin chains generated by TRAIP in
mitosis. This precise way of targeting CMG during fork convergence by Cul2lr1 and the
activation of TRAIP exclusively during ICL repair (in S-phase), prevents the unnecessary
unloading of active helicases, and maintains genome integrity (Deng et al., 2019; Wu et
al., 2019). On a different note, TRAIP is activated in S-phase even in the absence of fork
convergence. For example; during encounters with DPCs. In contrast to ICL repair, TRAIP
can ubiquitylate DPC itself when a single replisome collides with a DPC and allows
proteasomal degradation of the DPC. In such scenarios, no CMG ubiquitylation can be
observed, and this is independent of the SPRTN-mediated degradation and repair (Larsen
et al.,, 2019). It has also been shown that these repair mechanisms orchestrated by TRAIP
can occur even with a mutated PIP box, suggesting these repair processes can take place
independent of PCNA (Larsen et al, 2019; Wu et al, 2019). Additionally, recent
investigations from mammalian cells in S-phase have shown that TRAIP can facilitate
resolution of replication-transcription conflicts. In situations where the transcription
machinery acts as a barrier to the replicating fork, TRAIP helps to prevent DNA damage

at transcription start sites (Scaramuzza et al., 2023).
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Based on the numerous interactions of TRAIP observed in S-phase, Prof. Walter had
proposed a model stipulating that TRAIP with its RING domain is located at the leading
tip of the replisome. This positioning enables TRAIP to facilitate the transfer of ubiquitin
to its target proteins located ahead of the replisome in S-phase. This regulated activity of
TRAIP protects active single replisomes that are involved in replication from
ubiquitylation, thereby preventing untimely replisome disassembly and subsequent fork
collapse (Wu et al., 2021). Supporting this model, structural studies reveal that Pol &
mediates recruitment of GINS to MCM during CMG assembly, and remains associated with
the helicase to enable leading strand synthesis. Pol € is composed of Pol2, Dpb2, Dpb3 and
Dpb4. A structural flexibility is observed by the polymerases to facilitate substrate
handoff between Pol & to Pol €. Specifically, the Dpb2 and the C-terminal domains of Pol €
(or C-Pol2) anchor it to the Mcm motor, while the N-terminal catalytic domain, Pol2, is
flexibly tethered, suggesting a flexible nature of Pol € (Zhou et al., 2017; Goswami et al.,
2018). This architecture orients Pol € on the leading strand to be situated at the front of
the CMG complex, with its non-catalytic domain positioned at the front of the fork.
Furthermore, our AlphaFold structural predictions of dimeric TRAIP revealed that the
RING domain of TRAIP is located at the same end of the dimeric TRAIP, near the N-
terminus (Figure 5.15 a). Taken together, these data support a model where the RING
domain of dimeric TRAIP would be positioned at the tip of the replisome to facilitate the
transfer of ubiquitin to substrates encountered ahead of the fork. Additional work
focusing on the domain structure of TRAIP has proposed that TRAIP requires homo-
dimerisation, facilitated via its Coiled-Coil (CC) domain, for mitotic progression (Seul Park
et al, 2015). Moreover, unpublished findings from Prof Walter’s lab indicate that the
deletion of the CC domain hindered TRAIP’s ability to repair ICLs (CSHL poster; 2021).

Furthermore, proteome-wide in silico interaction screens of human proteins using
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‘Predictomes, generated by Walter’s lab (Lim et al, 2023) have detected numerous
contacts between TRAIP and various fork proteins, such as POL ¢, PCNA, and MCMBP.
Notably, Pol € has been found to have 175 contact points with TRAIP, suggesting TRAIP’s
bridging between polymerases. Among the other high confidence interactors of TRAIP
are the deubiquitinase USP7 and the ubiquitin ligase RFWD3 - important in ICL repair
and RPA mediated DNA damage signalling and repair (Mitxitorena et al., 2020; Gallina et
al., 2021). A linear domain schematic of TRAIP, with amino acid numbers highlighting the
regions predicted to mediate these protein-protein interactions is depicted in Figure 5.15
b. Investigating and characterising such interactions will provide valuable mechanistic

insights into TRAIP regulation and its architecture within the replication fork.
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Figure 5.15:- In silico predicted model of TRAIP structure and its interactors. (a) The predicted
dimeric structure of TRAIP, generated using AlphaFold is depicted. Different domain regions are
marked/coloured as follows- N-terminus, RING domain (orange), Coiled coil (green), Leucine
zipper (yellow) and PIP box (red) and C-terminus. Grey colour depicts the linker regions that
connects one domain to the next. Notably, the RING domains of dimeric TRAIP localise to the same
end as the N-termini. (b) A linear schematic summarising predicted regions of TRAIP interactions
with fork associated proteins. The different domains of TRAIP are coloured as in (a). The blue
arrow indicates areas of protein-protein interactions, representing regions for RFWD3, USP7, Pol
€ and PCNA.

Mechanistically, how TRAIP is differentially activated in S-phase and mitosis is still

unknown. Our findings suggest that the activation of TRAIP in mitosis is regulated
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through post-translational modifications. I analysed TRAIP from S-phase and mitotic
chromatin on a Phos-tag gel and observed that TRAIP was phosphorylated specifically in
mitosis, and lacks this modification under all other S-phase treatments (Figure 5.8 and
5.9). In addition, our lab has found that the addition of phospho-dead mutant of TRAIP
(TRAIP3A) into mitotic extract resulted in a delay in the replisome unloading in mitosis
(performed by Dr Alicja Reynolds-Winczura). Protein phosphorylation is a dynamic and
reversible process, known for its ability to alter protein functions (Ardito et al., 2017).
Consequently, it is plausible that phosphorylation serves as the trigger to enhance
TRAIP’s activity during mitosis thereby enabling the efficient modification of its target
CMGs. During the cell cycle, the levels of cyclins fluctuate cyclically based on the status of
the cell division cycle. Cells have very low cyclin levels in G1, which slightly increases
during S-phase and elevated levels for transition from G2 to mitosis (Malumbres and
Barbacid, 2001; Lukasik et al., 2021). Therefore, we speculate that increased CDK activity
during mitosis might initiate the phosphorylation of TRAIP by the mitotic kinases, which
in turn could even induce a conformational change in its structure. Our in vitro
phosphorylation experiments have effectively demonstrated that TRAIP can indeed be
phosphorylated using mitotic cyclin B/CDK1 (Figure 5.10). Nevertheless, supplementing
this in vitro phosphorylated TRAIP into S-phase extract did not support replisome
unloading, even when cullin activity was inhibited (Figure 5.13 and 5.14). There are
several possibilities for this. Firstly, it is possible that the supplemented protein
undergoes rapid dephosphorylation by phosphatases within the S-phase extract.
Alternatively, there may exist additional interactors for TRAIP during mitosis that
stimulate its functional role in replisome unloading, and might be absent from the S-phase
chromatin. Furthermore, there is a possibility that replisomes themselves undergo

modification in mitosis which is required in addition to the phosphorylation of TRAIP.
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Notably, our lab has also found that the addition of a phosphomimicking mutant of TRAIP
(TRAIP3D), into mitotic extract did not support unloading of replisomes in mitosis,
indicating that other mechanisms beyond phosphorylation might be involved in TRAIP
regulation. These observations raise intriguing questions regarding TRAIP’s differential
modification of the helicase within S-phase, indicating that a different modification
beyond phosphorylation might be involved to activate TRAIP in ICL and DPC repair
scenarios. Therefore, further structural analysis of TRAIP is essential to elucidate the

precise rationale behind the varying behaviour of TRAIP in S-phase.

At the human organismal level, mutations within the RING domain of TRAIP have been
implicated in the failure of TRAIP functioning, leading to microcephalic primordial
dwarfism. These mutations are known to cause reduced cellular proliferation observed
in Seckel syndrome patients; a form of primordial dwarfism. Two specific homozygous
TRAIP mutations identified in such patients are - Cytosine 553 to Thymine and Cytosine
52 to Thymine. These mutations are hypomorphic and impair the ubiquitin ligase activity
of TRAIP (Harley et al., 2016). To further expand on these findings, I performed
preliminary mapping of patient mutations from COSMIC and cBioPortal, databases that
provide cancer genomic datasets and somatic mutation data. Notably, mutations within
TRAIP were distributed across its all domains including the RING and CC domains (Figure
5.15). As mentioned previously, we had identified three TRAIP phosphorylation sites as
phosphorylated specifically in mitosis - T280, S295, and S352. Notably, the amino acid
residue P353, situated adjacent to the phosphorylation site S352, is recurrently found
mutated in patients. Since S/P motifs are known CDK phosphorylation targets, mutations
of this site could potentially disrupt cell cycle signalling by preventing phosphorylation of

TRAIP.
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Figure 5.16:- Human TRAIP patient mutations. Mutations found in human TRAIP collected from
COSMIC and cBioPortal databases are indicated on top of each domain. Missense mutations are
represented with black arrows, frameshift mutations are represented in green, and nonsense
mutations are marked in red.

Analysing such patient derived mutations at these key regulatory sites could tell us
whether they impact TRAIP’s ubiquitin ligase function, disrupt the structure of the
protein and affect folding pattern and dimerisation, interaction with binding partners, or
affect other cellular activities such as cell proliferation, DNA damage response, ICL repair,
mitotic progression etc. Therefore, gaining deeper understanding of the consequences of

these mutations in terms of human health would also be of considerable interest.
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Chapter-6

6 Discussion

In this PhD project, I have studied two different ubiquitin ligases - Cul2Lrr1 and TRAIP, that
both ubiquitylate the Mcm7 subunit of the replicative helicase and lead to disassembly of
the helicase at the right time. Replisome unloading is carefully regulated by post-
translational modifications of proteins, specifically ubiquitylation. Defects in the
unloading of the replisomes are problematic for cells as the replisome components can
interfere with the DNA templated processes (Maric et al., 2014; Fan et al, 2021).
Importantly, premature disengagement of the replisome would result in replication fork
collapse and generation of DNA damage (Deng et al.,, 2019). On the other hand, recent
investigations have demonstrated that replisome unloading can also be triggered to
facilitate DNA damage repair such as in ICL and DPC repair and during MiDAS (Larsen et

al,, 2019; Sonneville et al,, 2019b; Wu et al,, 2019).
6.1 Molecular mechanisms of Cul2lr1 and TRAIP function

The role of Cul2l1in polyubiquitylating Mcm?7 and unloading the CMG during S-phase is
consistent and highly conserved in C. elegans, frog egg extracts, mouse embryonic stem
cells and human cells (Dewar et al., 2017b; Sonneville et al.,, 2017; Fan et al,, 2021; Villa
etal, 2021). This pathway also functions analogous to SCFPia2 in yeast (Maric et al., 2014).
Interestingly, a secondary pathway, mediated by TRAIP, for replisome unloading, was also
identified during mitosis and was similarly found to be conserved in C. elegans, higher
eukaryotes, and in studies using mouse embryonic stem cells (Sonneville et al.,, 2017,

2019b; Deng et al.,, 2019; Moreno et al., 2019b). The mechanism of replisome disassembly
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clearly displays pathway redundancy and high conservation across different species,
highlighting the fundamental role of this process in safeguarding against any errors or
disruptions before cell division. It has been demonstrated that the deletion of LRR1 or
TRAIP via CRISPR/Cas9 in several human cell lines resulted in cell lethality, indicating
their importance for the survival of the cells (Hart et al., 2015). Furthermore, the absence
of the human LRR1 gene was shown to reduce the rate of DNA replication by impeding
the recycling of a soluble pool of factors crucial for effective DNA replication (Fan et al,,
2021). Hence, timely and appropriate unloading of the replisomes is essential and any
dysregulation in these mechanisms could lead to detrimental consequences for human

health.

The backup pathway, which is dedicated for unloading terminated or stalled replisomes
during mitosis, has been proposed to have evolved as an essential step to process any sites
of incomplete DNA replication before chromosome segregation. It involves introducing
fork breakage and subsequent repair (Deng et al, 2019; Sonneville et al, 2019b).
Although this repair comes with a small deletion of the under-replicated region in one of
the sister chromatids, this is still considered more beneficial than the high-frequency
sister chromatid exchanges as seen for Common Fragile Sites (CFSs) (Glover et al., 2017).
In this way TRAIP mediated unloading contributes to the preservation of genome

integrity by repairing any damage prior to cell division.

Importantly both Cul2lrl and TRAIP operate independently in separate pathways, and
their activation mechanisms for substrate modification are regulated through distinct
approaches. The activity of Cul2lr? is confined to S-phase and regulated in such a way
that the LRR interaction with the zing-finger domains of Mcm3 and Mcmb5 is initiated only

once the excluded lagging DNA strand is lost. This interaction triggers ubiquitylation of
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the substrate, Mcm7 (Jenkyn-Bedford et al., 2021; Zhou et al., 2021). Hence, the direct
interaction between the LRR-MCM interfaces, which is exclusively permitted during
termination, governs the activity of Cul2Lr1, On the other hand, TRAIP appears to engage
with the replisome at all times (Hoffmann et al., 2016; Dewar et al., 2017b). However, this
interaction does not trigger unloading of the replisome during S-phase unless it
encounters ICLs (Wu et al.,, 2019) or transitions into mitosis (Deng et al., 2019; Moreno et
al,, 2019b; Sonneville et al., 2019b). These distinct regulatory mechanisms of Cul2Lr1 and
TRAIP are needed to enable them to protect active replisomes from premature unloading
while efficiently disassembling those that have completed their tasks and terminated in
S-phase, or encountered an ICL. How TRAIP is regulated to deliver this differential activity
is not yet known. It is likely that TRAIP may have a way to switch between its active and
inactive conformation/interaction depending on the type of stress encountered.
Additionally, [ observed that TRAIP undergoes phosphorylation during mitosis, while this
modification was absent during S-phase when replisome disassembly was inhibited.
Phosphorylation is a post-translational modification known to influence a protein’s
function (Ramazi and Zahiri, 2021). Therefore, we propose that unlike Cul2lm1 that is
regulated at the level of substrate interaction, TRAIP is regulated via post-translational
modifications influencing its activity and/or interactions. However, the specific
consequences of TRAIP phosphorylation remain to be elucidated. It is likely that TRAIP
may undergo a conformational change in response to such scenarios where replisomes
need to be disassembled or interact with additional factors stimulating its activity (Wu et
al, 2021). However, further investigation is essential to confirm this. A schematic
representation of Cul2lrl and TRAIP mediated replisome disassembly is depicted in

Figure 6.1 and Figure 6.2.
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Figure 6.1:- Current understanding of the regulation of replisome disassembly mediated by
Cul2Llrrt in S-phase. The LRR-MCM interaction is occluded by the excluded DNA strand during
elongation which forms the structural basis for suppressing ubiquitylation before termination.
Upon termination, the loss of excluded strand allows LRR-MCM interaction; specifically the Mcm3
and Mcm5 zing finger domains, facilitating Mcm7 ubiquitylation using K48-linked ubiquitin
chains and replisome disassembly.
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Figure 6.2:- Current understanding of TRAIP-mediated replisome disassembly under various
conditions. TRAIP associates with the replisome such that its RING domain is positioned at the
tip. During S-phase, TRAIP can directly ubiquitylate DNA-protein crosslinks (DPCs) when they
are encountered by the replicating forks. TRAIP also mediates the ubiquitylation of multiple
subunits of CMGs that have converged at Interstrand Cross Links (ICLs), leading to their
disassembly and repair. DPCs are represented in grey and ICLs are represented in red. In mitosis,
TRAIP ubiquitylates any remaining chromatin-bound replisomes using K6 or K63-linked
ubiquitin chains, resulting in complete replisome disassembly. The orange arrow indicates the
directionality of TRAIP-mediated ubiquitin transfer, with violet beads representing polyubiquitin
chains. This model demonstrates how TRAIP promotes replisome disassembly in response to
DNA lesions during S-phase while also facilitating global replisome removal during mitosis.
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Work from Prof. Walter’s lab had shown that TRAIP can ubiquitylate converging forks and
protein barriers that are located ahead of forks (Larsen et al.,, 2019; Wu et al., 2019).
Therefore, it would be intriguing to investigate the underlying mechanism for ICL repair
in S-phase and how this is distinctly regulated from replisome unloading in mitosis.
Distinct types of ubiquitin chains on substrate Mcm?7 can lead to replisome disassembly;
for example, K48-linked ubiquitin chains during termination in S-phase (Maric et al,
2014; Moreno et al., 2019b), K6/K63- linked ubiquitin chains during mitosis (Moreno et
al., 2019b), mixed or branched ubiquitin chains during ICL repair (Wu et al.,, 2019). It is
likely that different E2s might be involved in each of these situations to grant specificity
(Ye and Rape, 2009). It is also possible that different p97 cofactors may be involved in
these scenarios to confer specificity, similar to the bridging between Ubxn7 with Cul2Lr1
(Fujisawa et al., 2022; Kochenova et al., 2022; Tarcan et al., 2022). Conducting future
experiments involving immunoprecipitation of TRAIP along with accumulated
replisomes on chromatin, both in mitosis and in presence of ICLs in S-phase may provide
insights into the regulatory mechanisms by comparing the replisome components and
other interacting partners involved in these different conditions. Additionally,
immunoprecipitation of replisomes accumulated with Cul i +/- recombinant TRAIP in S-
phase can also provide information about the specific E2s and p97 cofactors involved, or
if there are differences in their post-translational modifications under these different
scenarios that could influence the functionality of p97 complex. Finally, determining the
specific types of ubiquitin chains synthesised by TRAIP in these conditions, which
can/cannot be recognised by p97, could shed more light onto this process. The
identification of specific type of ubiquitin chains can be achieved by analysing
immunoprecipitated samples by western blotting using linkage specific antibodies.

Moreover, it is also possible that the activity of a specific DUB might be present in S-phase
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and inactivated in mitosis to allow replisome disassembly by TRAIP. We can test the
presence of a DUB activity by treating the S-phase reaction with specific DUB inhibitors.
By performing these experiments, we should get more understanding of the mechanism

regulating TRAIP activity in S-phase and mitosis.
6.2 The significance of Cul2l1 and TRAIP in cancer biology

Precise and timely regulation of E3 ligases is crucial, as they play a central role in
numerous signalling pathways. It is well documented that the dysregulation of E3s and
their substrates is commonly observed in human cancers (Qi and Ronai, 2015).
Consequently, any alterations in their regulatory pathways can lead to either activation or
inactivation of tumour suppressor genes (Duan and Pagano, 2021). In the context of
cancer, there is often a notable upregulation of replication factors that are essential for its
growth. Consistent with such a positive role in cell proliferation, high levels of LRR1
expression correlate with poor prognosis in some cancers, such as renal and liver cancer
(Uhlen etal,, 2017; Hindle et al., 2022). Furthermore, the analysis of CRISPR data screens
in human cancer cells has revealed that LRR1 is indispensable for proliferation of normal
cells and actively dividing cancer cells (Fan et al.,, 2021). The inactivation of Cul2LRR1
pathway has also been shown to affect the cell motility, as this is important for promoting
actin based cell movement which is a key factor in cancer cell migration and metastasis
(Starostina et al., 2010; Jang et al., 2020). Overall, LRR1 has been shown to be important
in regulating gene expression, proliferation and cell motility. The specificity of E3 ligases,
coupled with their implications in cancer hallmarks, has led to the development of
compounds that specifically target E3 ligases for cancer therapy (Sampson et al., 2023).
Therefore, there is a potential to develop and test a specific inhibitor targeting the activity

of Cul2LRR1 to effectively inhibit cancer cell proliferation. To enhance the selective
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targeting of cancer cells, nanoparticle based drug delivery systems could be explored.
Nanoparticles can be engineered to preferentially accumulate in tumour cells, due to
enhanced drug half-life, and releasing the drug in a controlled fashion thereby increasing
the concentration of the drug in cancer cells while minimizing off-target effects on healthy
tissues (Wang et al,, 2012; Dang and Guan, 2020). In addition, nanoparticles can also be
linked with antibodies or peptides to improve specificity towards cancer cells that
overexpress LRR1. Therefore, the use of nanoparticle delivery systems could potentially
enhance the efficacy of the Lrrl inhibitor and reduce toxicity on normal cells by
selectively inhibiting cancer cell proliferation. But before stepping into the development
of an specific inhibitor, further work is needed but we speculate that LRR1 can be a good
candidate for treatment therapies. As a result, understanding the role of LRR1 in cancer
biology can provide insights into developing potential therapeutic targets or in the

development of prognostic markers for various cancer treatments in the future.

Similarly, TRAIP has been previously reported to exhibit overexpression or under
expression in several cancer types (Zhou and Geahlen, 2009; Almeida et al., 2011; Soo Lee
et al,, 2016). Overexpression of TRAIP is negatively correlated with patient prognosis in
liver cancer and its knockdown was found to inhibit malignancy in liver cancer cell lines
(Guo etal., 2020). A very recent study carried out in Triple Negative Breast Cancer (TNBC)
cell lines have also shown that silencing of TRAIP reduced invasion capabilities of TNBC
cells and overexpression of TRAIP increased the invasion (Zheng et al., 2023). This

indicates the potential of TRAIP as a therapeutic target.

Additionally, our preliminary mapping data of human Lrr1 (Figure 3.7) and TRAIP (Figure
5.15) genes have also unveiled mutations in these genes of several patient samples.

However, it is important to note that TRAIP is involved in numerous other pathways too
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(Chapard etal., 2014; Park et al., 2015; Feng et al.,, 2016; Harley et al., 2016; Hoffmann et
al,, 2016) and can exhibit various phenotypes. Therefore, the potential of both proteins as

targets for therapies should be carefully investigated.

Furthermore, while defects in the initiation and elongation stages of replication have
already been extensively studied and linked to cancer and other developmental disorders,
it is clear that the precision and efficiency of replisome disassembly also play a vital role
in preserving genome stability. Notably, factors that drive replication initiation and
assembly of the helicase, such as Cdc7 kinase and TopBP1, have been explored as
potential anti-cancer therapies (Montagnoli et al.,, 2008; Chowdhury et al., 2014). For
example, Cdc7 kinase inhibitor - PHA-767491 - blocks DNA synthesis and
phosphorylation of the helicase and has been demonstrated to have anti-tumor activity
to suppress multiple cancer types. However, it is under clinical studies to use as a
combination therapy to reduce the risk of relapse (Montagnoli et al., 2010; Irie and Sawa,
2023). In addition, recent evidences have demonstrated that the ATR inhibitor - AZD6738
- has progressed into phase II clinical trials, as a promising target for cancer therapeutics
both as single agent and in combination therapy with chemotherapy, radiotherapy or

immunotherapy (Barnieh et al., 2021).

Consequently, it is plausible that termination-specific ligases could also serve as potential
drug targets, much like other small molecules designed to target E3 ligases in cancer-
related pathways, exemplified by MDM2 with Milademetan (DS-3032b), SKP2 with
Curcumin, and CRLs with Pevonedistat (MLN4924), all of which are currently undergoing

Phase III clinical trials (Sampson et al., 2023).

Ongoing research in the field of drug development strongly indicates that therapies based

on E3 ubiquitin ligases hold significant promise for cancer treatments (Robinson and
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Ardley, 2004). Hence, gaining insight into the functions of these mechanisms under
healthy conditions and understanding how these fail in human diseases are of paramount
importance. Such knowledge can serve as a stepping-stone for future therapeutic

strategies and bring significant advancements in medical treatment.

6.3 Conclusion

In conclusion, this thesis has provided important insights into the molecular mechanisms
governing timely replisome disassembly by TRAIP in mitosis, which is a key regulator of
genomic stability. It highlights the precision of TRAIP’s activity, which is coordinated
through distinct regulatory mechanisms involving post-translational modifications.
However, some key questions remain, particularly concerning the regulation of TRAIP in
S-phase and mitosis, specifically its interacting partners in different phases of the cell
cycle, the ubiquitin chain types synthesised by TRAIP in each context, and if these ligases
have multiple substrates besides Mcm?7. Besides, exploring the regulation of additional
players in replisome disassembly, such as p97 and its cofactors, provides platforms for
further investigation. Moreover, exploring the coordination between Cul2lr and TRAIP
pathways and understanding whether any crosstalk exists between these two E3 ligases
is of importance. Additionally, further development of the mutational analysis of Lrr1 and
TRAIP and correlating their implications in cancer development would also be of interest.
Furthermore, performing high-throughput drug screening to identify any small molecule
inhibitors that are specific to Cul2lr1 or TRAIP and testing their efficacy in blocking
cancer cell proliferation is crucial. Finally, translating these findings into human cells

could establish the evolutionary conservation of the regulation of these ubiquitin ligases.

Overall, this thesis contributes some evidence to the current understanding of the

termination stage of DNA replication, emphasizing the need to view DNA replication as
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an integrated process with initiation, elongation and disassembly, all being critical for

preserving genome stability.
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Mitotic replisome disassembly depends on TRAIP

ubiquitin ligase activity

Sara Priego Moreno*, Rebecca M Jones*, Divyasree Poovathumkadavil, Shaun Scaramuzza, Agnieszka Gambus®

We have shown previously that the process of replication ma-
chinery (replisome) disassembly at the termination of DNA repli-
cation forks in the S-phase is driven through polyubiquitylation of
one of the replicative helicase subunits (Mcm7) by Cul2"*%" ubiquitin
ligase. Interestingly, upon inhibition of this pathway in Caeno-
rhabditis elegans embryos, the replisomes retained on chromatin
were unloaded in the subsequent mitosis. Here, we show that this
mitotic replisome disassembly pathway exists in Xenopus laevis egg
extract and we determine the first elements of its regulation. The
mitotic disassembly pathway depends on the formation of K6- and
K63-linked ubiquitin chains on Mcm7 by TRAIP ubiquitin ligase and
the activity of p97/VCP protein segregase. Unlike in lower eu-
karyotes, however, it does not require SUMO modifications. Im-
portantly, we also show that this process can remove all replisomes
from mitotic chromatin, including stalled ones, which indicates a
wide application for this pathway over being just a “backup” for
terminated replisomes. Finally, we characterise the composition of
the replisome retained on chromatin until mitosis.
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Introduction

Faithful cell division is the basis for the propagation of life and
requires accurate duplication of all genetic information. DNA repli-
cation must be precisely regulated as unrepaired mistakes can
change cell behaviour with potentially severe consequences, such as
genetic disease, cancer, and premature ageing (Burrell et al, 2013).
Fundamental studies have led to a step change in our understanding
of the initiation of DNA replication and DNA synthesis, but until
discovery of the first elements of the eukaryotic replisome disas-
sembly mechanism in 2014 (Maric et al, 2014; Moreno et al, 2014), the
termination stage of eukaryotic replication was mostly unexplored.

DNA replication initiates from thousands of replication origins.
They are the positions within the genome where replicative helicases
become activated and start unwinding DNA while moving in opposite
directions, away from each other, creating two DNA replication forks.

The replicative helicase is composed of Cdc45, Mcm2-7 hexamer, and
GINS complex (CMG complex) (Moyer et al, 2006); it is positioned at
the tip of replication forks and forms a platform for replisome as-
sembly (Replisome Progression Complex) (Gambus et al, 2006). Once
established, the replication forks replicate chromatin until they
encounter forks coming in opposite directions from neighbouring
origins. At this point, termination of replication forks takes place. As
CMG helicases travel on the leading strand templates at the forks, the
strand encircled by converging helicases differs because of the
antiparallel nature of the DNA molecule (Fu et al, 2011). The two
converging helicases can therefore pass each other, allowing for
completion of DNA synthesis. Finally, removal of the replisome from
fully duplicated DNA is the last stage of termination of forks (Dewar et
al, 2015). We have shown that in Xenopus laevis egg extract and in
Caenorhabditis elegans embryos, this replisome removal in S-phase
is driven by Cul2"®?" ubiquitin ligase, which ubiquitylates Mcm7 within
the terminated CMG complex (Sonneville et al, 2017). Such modified
CMG is then recognised by p97/VCP segregase and removed from
chromatin allowing for disassembly of the whole replisome built
around the helicase (Moreno et al, 2014).

Most notably, we have shown that in C. elegans embryos, any
helicase complexes that fail to be unloaded in the S-phase are
alternatively unloaded in the prophase of mitosis (Sonneville et al,
2017). This potential backup mechanism can be detected when
CUL-2"RRT activity is blocked and, like S-phase pathway, depends on
the p97 segregase for unloading. Unlike the S-phase pathway,
however, it requires an additional p97 cofactor UBXN-3/FAF1 and
the SUMO-protease ULP-4 (Senp6/7 homologue in higher eukary-
otes) (Sonneville et al, 2017). Interestingly, budding yeast do not
possess this mitotic replisome disassembly pathway; cells
lacking SCFP#? activity, the ubiquitin ligase responsible for Mcm7
ubiquitylation in Saccharomyces cerevisiae, accumulate post-
termination replisomes on DNA until the next G1 of the next cell
cycle (Maric et al, 2014). Our aim, therefore, was to determine if this
mitotic replisome disassembly pathway is functioning in higher
eukaryotes or if it is a phenomenon specific to C. elegans embryos.
Here, we show that a mitotic replisome disassembly pathway does
exist in X. laevis egg extract and determine the first elements of its
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regulation. We show that only a restricted part of the replisome
stays retained on chromatin through into mitosis in Xenopus egg
extract. The disassembly of this replisome is independent of Cullin-
type ubiquitin ligases but requires p97 segregase function. Mitotic
replisome disassembly depends on K6- and K63-linked ubiquitin
chains but not SUMO modifications. In addition, we show that
stalled forms of helicase can also be unloaded using the same
mechanism, suggesting that rather than being a backup pathway
for the disassembly of terminated replisomes, this process is es-
sential to remove any replisome from chromatin before cell di-
vision. Finally, we identify TRAIP ubiquitin ligase as essential for
Mcm7 ubiquitylation and replisome disassembly in mitosis.

Results

X. laevis egg extract is a cell-free system, which has proven to be
instrumental over the years in studies of DNA replication. Xenopus
egg extract contains stockpiles of cell cycle factors which support
efficient replication of DNA templates in vitro, with the recapitu-
lation of most of the biochemical reactions that take place in living
cells. To retain high synchronicity in our system, we restrict the
replication reaction in the extract to only one round through
blocking protein synthesis with cycloheximide, which blocks cyclins
production and progression of extract into mitosis (Gillespie et al,
2012). However, to determine the existence of a mitotic replisome
disassembly pathway in Xenopus egg extract we needed to allow for
this progression. To achieve this, we supplemented the extract with
recombinant cyclin after completion of DNA replication. Xenopus
egg extract synthesises cyclin A1 (embryonic form of cyclin A), B1,
and B2 (Minshull et al, 1989). Whereas the B family of cyclins has
been shown to drive Xenopus meiotic division and oocyte matu-
ration (Hochegger et al, 2001), both cyclin A and B have been shown
to promote egg extract transition to mitosis (Strausfeld et al, 1996).
We therefore purified His-tagged X. laevis cyclin AT NA56 (hereafter:
cyclin A1A) and added it to the extract upon completion of DNA
replication, as described previously, to induce mitotic entry
(Strausfeld et al, 1996). The N-terminal deletion to cyclin A1 pre-
vents its degradation and ensures that the extract remains arrested
in mitosis, reducing de-synchronisation of our experiments. In all of
the experiments described below, we supplemented extract with
cyclin A1A after completion of DNA replication. As a result, addition
of cyclin A1A did not stimulate any more DNA synthesis (Fig S1A), but
it did lead to progression into mitosis, as evidenced by breakage of
the nuclear envelope, condensation of chromatin into chromosomes,
and phosphorylation of Serine 10 on histone H3, which coincides with
chromosome condensation (Fig S1B and C). Moreover, we could
detect chromatin binding of condensin Smc2—another clear sign of
the mitosis stage (Fig S10).

To test if the replisome, which is retained on chromatin in
S-phase, can be unloaded as cells enter mitosis, we needed to
inhibit S-phase replisome disassembly. To achieve this, a repli-
cation reaction was set up in the interphase extract supplemented
with Cullin ligase inhibitor MLN4924 to block Cul2"*R" activity
(Sonneville et al, 2017). Addition of MLN4924 to egg extract did not
affect its ability to synthesise DNA as shown previously (Moreno
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et al, 2014) and in Fig STA. Moreover, the timing of replication
completion was very reproducible within a batch of extract (Fig S1A).
Throughout this article, we confirmed the timing of replication
completion for every extract used. To do this, we determined the
time point, after addition of sperm DNA, when no more *?P-labelled
dATP was incorporated into DNA. At this point, the components of
the replisome were also seen to be unloaded from chromatin in the
control samples, but retained on chromatin in those samples
supplemented with Cullin ligase inhibitor MLN4924 (Fig S1D). We
then optionally added cyclin A1A at the replication completion time
(usually 90 min after sperm DNA addition), isolated chromatin at
different time points during mitosis progression, and analysed
chromatin-bound proteins by Western blotting (Fig 1A and B). The
presence of the Cullin ligase inhibitor MLN4924 in the S-phase
extract did not affect the DNA synthesis level nor induction of
mitosis in our extract (Fig S1A and C). As seen in Fig 1B, in con-
trol samples without inhibition of replisome disassembly in
S-phase, there were no CMG helicase components (hereafter
represented by Cdc45 and Psf2 subunits) associated with chromatin
atany times analysed, as replisome disassembly takes place before
addition of cyclin A1A. Notably, we did detect low levels of PCNA
bound to chromatin in late S-phase and mitosis as it remains on
DNA after Okazaki fragment maturation and completion of rep-
lication, so as to aid post-replicative DNA repair (Gao et al, 2017).
When replisome disassembly in S-phase was blocked with
MLN4924 treatment, the CMG helicase remained associated with
chromatin, as expected, and Mcm7 displayed low levels of
ubiquitylation. Similar low levels of Mcm7 ubiquitylation have
been shown previously upon both MLN4924 treatment and Cul2
immunodepletion (Moreno et al, 2014; Sonneville et al, 2017) and
could indicate residual activity of the Cul2'R?" ligase or activity of
yet another unidentified ligase. Importantly, upon addition of
cyclin A1A, Cdc45, Psf2, and ubiquitylated Mcm7 were efficiently
unloaded (Fig 1B). This result indicates that indeed the mitotic
replisome disassembly pathway is evolutionarily conserved and
that, unlike the S-phase pathway, it does not require the activity of
Cullin-type ubiquitin ligases because the Cullin ligase inhibitor
MLN4924 was present throughout the reaction. The continuous
presence of unmodified Mcm7 in our samples is a result of the
high quantity of DNA used in our experiments. This allows us to
clearly detect the replication fork components and ubiquitylated
Mcm?7 by Western blotting. Because of the high quantity of DNA
used, some of the nuclei were not able to form completely and
failed to initiate replication, resulting in the isolation of unfired
Mcm2-7 complexes, as shown previously (Moreno et al, 2014).
However, when we added a much lower quantity of DNA and used
minimal licensing conditions (addition of recombinant geminin, 2
min after sperm DNA), we could detect unloading of Mcm7 in
mitosis together with Cdc45 and Psf2 (Fig S2A).

Next, we tested whether the mitotic replisome disassembly
pathway requires the activity of the p97 segregase. We followed the
experimental setup as before but now optionally added the in-
hibitor of p97, NMS873, along with cyclin A1A to inhibit p97 activity
during mitosis. Addition of NMS873 to the extract together with
cyclin A1A did not affect extract transition to mitosis (Fig S2B). In
these conditions, the retained replisome was unloaded upon cyclin
A1A addition in the absence but not in the presence of the p97
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inhibitor, indicating that indeed p97 does play an essential role in
promoting mitotic replisome disassembly (Fig 1C). We could also
see an analogous result if the p97 inhibitor was present throughout
the two stages of the cell cycle as the only way to block replisome
disassembly (Fig S2C). Importantly, the presence of p97 inhibitor
NMS873 throughout interphase does not impede DNA synthesis
(Sonneville et al, 2017) and does not induce additional DNA syn-
thesis when combined with addition of cyclin A1A (Fig S2D).
Interestingly, when mitotic unloading of replisome was blocked
with p97 inhibitor, we could clearly see accumulation of highly
modified forms of Mcm7 on chromatin (Figs 1C and S2C). To examine
whether these modifications were due to further ubiquitylation of
Mcm?7 in mitosis, we blocked S-phase and mitotic replisome dis-
assembly by addition of p97 inhibitor from the beginning of the
replication reaction, induced mitosis after completion of DNA
synthesis, and optionally supplemented extract with a high con-
centration of wt ubiquitin (Ubi) or a chain-terminating mutant of
ubiquitin with all lysines mutated (UbiNOK). Supplementation of
extract with UbiNOK at the same time as cyclin A1A addition allowed
for normal entry into mitosis as indicated by nuclear envelope
breakdown (Fig S2E). Addition of Ubi allowed for accumulation of
highly modified Mcm7 on chromatin in mitosis as before (Fig 1D), but
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histones serve as a quality and loading control. An
asterisk “*” by the Psf2 blot indicates a band of cyclin
A1A that is recognised by Psf2 antibody. (C) The
replication reaction was completed in the presence of
Cullin ligase inhibitor MLN4924 and driven into mitosis
by addition of cyclin A1A. At the same time as cyclin A1A,
half of the sample was supplemented additionally with
p97 inhibitor NMS873. Chromatin samples were isolated
atindicated time points and analysed as in (B). A sample
without DNA addition (no DNA) was processed alongside
others as a chromatin specificity control. (D) The
replication reaction was completed in the presence of
p97 inhibitor NMS873 and driven into mitosis by addition
of cyclin A1A. At the same time as cyclin A1A, the samples
were supplemented with recombinant wt ubiquitin or
UbiNOK. Chromatin samples were analysed as above. (E)
Experiment as in (D) but replication reaction was carried
out in the presence of Cullin ligase inhibitor MLN4924
instead of p97 inhibitor NMS873. (F, G) Replication
reaction was completed in the presence of Cullin ligase
inhibitor MLN4924 and driven into mitosis by addition of
cyclin A1A. At the same time as cyclin A1A addition, the
extract was supplemented with the indicated mutants
of ubiquitin. Chromatin was isolated at 75 min after
cyclin A1A addition and analysed by Western blotting as
above.

Source data are available for this figure.

WA min after
Cyclin A1A

MLN4924

UbiNOK blocked further modifications of Mcm7, leaving only the
chains which were built previously in S-phase (Fig 1D). To determine
whether this further Mcm7 polyubiquitylation in mitosis is essential
for mitotic replisome disassembly, we repeated the experiment
with addition of wt Ubi or UbiNOK, but this time only in the presence
of the Cullin ligase inhibitor MLN4924 from the start of the reac-
tion (Fig 1E). Indeed, addition of UbiNOK to mitotic extract did
block disassembly of the replisome (as shown by permanent
Cdc45 chromatin binding), suggesting that further Mcm7 poly-
ubiquitylation is required for mitotic replisome unloading. We also
observed that LRR1 (the substrate-specific subunit of Cullin 2,
targeting Mcm7 in S-phase) dissociates from chromatin in mitosis
irrespectively of replisome disassembly, in agreement with the
finding that it does not play an essential role in this pathway (Fig 1D
and E). Importantly, these results indicate that a previously un-
reported ubiquitin ligase is needed for Mcm7 ubiquitylation and
replisome disassembly in mitosis.

As the ubiquitin ligase acting in the mitotic pathway differed
from that of the S-phase pathway, we decided to test whether the
type of ubiquitin chains built on Mcm7 in mitosis also differed. To
determine which ubiquitin chains are required for mitotic Mcm7
ubiquitylation and replisome disassembly, we supplemented
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extract with Cullin ligase inhibitor MLN4924, allowed for completion
of DNA synthesis, and subsequently induced mitosis along with
addition of a series of ubiquitin mutants that have only one lysine
left in their sequence (Fig 1F). We observed that only wt ubiquitin
and ubiquitin containing only lysine 6 (K6 only) or lysine 63 (K63
only) could support mitotic replisome disassembly (as visualised by
the absence of Cdc45 on chromatin at 75 min after inducing mitosis)
(Fig 1F). Interestingly, chains linked through lysine 48 (K48), which
are responsible for S-phase unloading (Moreno et al, 2014), could
still be attached to Mcm7 in mitosis (upshift of modified Mcm7
forms), but they could not support unloading of the replisome as
Cdc45 remained associated with chromatin. In a reciprocal ex-
periment, we used a series of ubiquitin mutants with only one of the
lysines within ubiquitin mutated (Fig 1G). All of the mutants used,
apart from the UbiNOK control mutant, supported disassembly of
the replisome, suggesting that either K6 or K63 can fulfill the mitotic
pathway requirements (Fig 1G).

Having established that the type of ubiquitin chains and the type
of ubiquitin ligase used by the mitotic pathway of replisome dis-
assembly were different to those acting in the S-phase pathway, our
aim was to identify this ubiquitin ligase. To this end, we decided to
immunoprecipitate the replisome retained on mitotic chromatin
and analyse all the interacting proteins by mass spectrometry. We
set up a replication reaction in the presence of caffeine and the p97
inhibitor NMS873 and induced mitosis upon completion of DNA
synthesis (90 min). Neither of the treatments affected the extract’'s
ability to synthesise DNA (Fig S3A). We then immunoprecipitated
Mcm3 from mitotic chromatin and analysed the interacting factors
by mass spectrometry. First, we determined which components of
the replisome are still retained on chromatin in mitosis. For this, we
compared the replisome components retained on chromatin in
mitosis with S-phase post-termination replisome, reported pre-
viously (Sonneville et al, 2017) (Fig 2A and B). Interestingly, although
inhibition of replisome disassembly in the S-phase led to accu-
mulation of the whole replisome on chromatin (Sonneville et al,
2017), only a selection of replisome components stayed on chro-
matin in mitosis. All of the lagging strand components of the
replisome were lost, as were Mcm10 and Claspin, whereas levels of
Ctf4/And-1, Timeless, Tipin, and Pol epsilon were also reduced (Fig
2A and B). This suggests that only components directly interacting
with the CMG remained accumulated around it through to mitosis,
whereas others, more peripheral to CMG, could dissociate over
time.

The level of histone chaperone FACT (Spt16 and SSRP) stayed the
same between S-phase and mitosis. This suggests that the retained
replisome in mitosis has the potential ability to move through
chromatin as FACT is likely to displace nucleosomes in front of such
a replisome. We could see also that Cul2"*%", which strongly ac-
cumulated in the S-phase post-termination replisome, is not a
major component of the mitotic replisome, as expected from
previous data (Fig 1D and E).

Finally, we detected two other ubiquitin ligases interacting with
the mitotic helicase: TRAIP and RNF213. More specifically, we found
that TRAIP interacts with the post-termination replisome in
S-phase, but it is enriched in mitosis, whereas RNF213 is a minor
interactor of only the mitotic replisome (Fig 2A). The TNF-
receptor-associated factor (TRAF)-interacting protein (TRAIP, also
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known as TRIP or RNF206) was originally identified through its
ability to bind TRAF1 and TRAF2 and shown to inhibit NFkB acti-
vation (Lee et al, 1997). It has been since shown that TRAIP is an E3
ubiquitin ligase, which is essential for cell proliferation (Besse et al,
2007; Park et al, 2007), and which is required for resolution of
replication stress (Feng et al, 2016; Harley et al, 2016; Hoffmann et al,
2016) and for regulation of the spindle assembly checkpoint during
mitosis (Chapard et al, 2014). TRAIP is ubiquitously expressed, with
its expression regulated by E2F transcription factors and protein
stability controlled by the ubiquitin proteasome pathway—as a
result, the protein level of TRAIP peaks in the G2/M stage of the cell
cycle (Chapard et al, 2015). On the other hand, RNF213 (mysterin) is a
large (591 kD) ATPase/E3 ligase, which is mostly known as being a
susceptibility gene for moyamoya disease (cerebrovascular dis-
ease) (Kamada et al, 2011; Liu et al, 2011). Of note, RNF213™/~ mice do
not show any apparent health problems (Kobayashi et al, 2013;
Sonobe et al, 2014) and more recently, RNF213 was shown to globally
regulate (a-ketoglutarate)-dependent dioxygenases (a-KGDDs) and
non-mitochondrial oxygen consumption (Banh et al, 2016). To
support our mass spectrometry data, we tested a number of an-
tibodies by Western blotting against RNF213 and TRAIP to confirm
their association with the chromatin-bound replisome in mitosis.
Although we were unsuccessful with detection of any signal for
RNF213, we were able to show that TRAIP interacts with the repli-
some retained on chromatin in mitosis (Figs 2C and S3B).

After confirming that the ubiquitin ligase TRAIP is the likely
candidate responsible for Mcm7 ubiquitylation and replisome
disassembly in mitosis, we next characterised TRAIP chromatin
binding dynamics during the two cell cycle stages and the repli-
some disassembly process. We found that although TRAIP asso-
ciated weakly with the S-phase chromatin at times when forks
progress through chromatin and replicate DNA, it accumulated
strongly on the S-phase chromatin upon inhibition of replisome
disassembly with the p97 inhibitor NMS873 (Fig 3A). Importantly,
TRAIP also accumulated on mitotic chromatin when replisome
disassembly was inhibited with the p97 inhibitor, following the
same pattern as replisome components (Fig 3B). To test whether
TRAIP is indeed the ubiquitin ligase responsible for unloading of
replisome in mitosis, we aimed to inhibit TRAIP enzymatic activity in
our extract. As we were unable to efficiently immunodeplete TRAIP
from the egg extract with any of the antibodies tested, we de-
cided to use a dominant-negative, ligase-dead mutant of TRAIP to
out-compete the endogenous TRAIP. To this end, we purified
recombinant His/SUMO-tagged X. laevis TRAIP, both wt and the
C25A RING domain mutant, which has been shown to disrupt TRAIP
ubiquitin ligase activity (Besse et al, 2007; Chapard et al, 2014) and
(Fig S3C). We blocked disassembly of the replisome in S-phase by
addition of the Cullin ligase inhibitor MLN4924 and drove extract
into mitosis by addition of cyclin A1A, when we added recombinant
wt or mutant TRAIP. Addition of neither wt nor mutant TRAIP af-
fected the extract’s ability to enter mitosis upon cyclin A1A addition,
as shown through nuclear envelope breakdown (Fig S3D) and Smc2
chromatin loading (Fig 3C and D). As shown in Fig 3C, addition of the
enzymatic dead mutant of TRAIP into mitotic extract inhibits
unloading of post-termination replisomes retained on chromatin,
whereas addition of wt TRAIP does not have such an effect. To
confirm that enzymatic dead TRAIP indeed affects replisome
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A IP from mitotic chromatin IP from S-phase post-termination
with retained CMG (extract chromatin with retained
treated with p97i) replisome (Sonneville et al 2017)
I9G a-Mcm3 19G a-Mcm3
Protein (kDa) TSC (cgverage) TSC (coverage) | TSC (cgverage) TSC (coverage)
A Mcm2 (100) 364 (46%) 1348 (78%) 17 (17%) 975 (71%)
E Mcm3 (90) 222 (55%) 1610 (90%) 17 (20%) 1111 (84%)
% Mcm4 (97) 198 (45%) 1277 (85%) 7 (7.4%) 947 (75%)
§ Mcm5 (82) 70 (59%) 720 (88%) 30 (17%) 927 (83%)
Z Mcm6 (93) 196 (60%) 964 (91%) 39 (14%) 888 (83%)
S Mcm7 (82) 160 (52%) 1082 (84%) 24 (8.9%) 905 (73%)
§x, Cdc45 (66) 18 (26%) 187 (46%) 2 (2.6%) 277 (54%)
%. Psf1(23) 3(31%) 58 (90%) 0 62 (85%)
% Psf2 (21) 0 26 (58%) 0 33 (79%)
g Psf3 (24) 3(15%) 55 (79%) 0 55(92%)
Y Sld5 (26) 2 (10%) 42 (81%) 0 44 (64%)
Spt16 (118) 109 (23%) 431 (61%) 3(2.9%) 453 (52%)
Ssrp1(79) 19 (8%) 224 (45%) 0 229 (48%)
Ctf4 (97) 4 (4%) 82 (31%) 0 166 (49%)
Timeless (149) 6 (3%) 112 (39%) 0 171 (29%)
Tipin (40) 0 20 (27%) 0 54 (24%)
Claspin (146) 0 0 0 72 (21%)
Mcm10 (95) 0 0 0 257 (44%)
%) Ctf18(113) 0 0 0 172 (36%)
g Ctf8 (14) 0 0 0 8 (52%)
2 Dcc1 (45) 0 0 0 33 (38%)
§ Rfc2 (38) 0 0 0 27 (54%)
UE) Rfc3 (40) 0 0 4 (14%) 36 (54%)
] Rfc4 (40) 0 0 2(5.2%) 31 (57%)
s Rfc5 (38) 0 0 0 22 (56%)
e« Pola1 (165) 0 0 0 109 (30%)
Prim1 (49) 0 0 0 14 (28%)
Prim2 (61) 0 0 0 24 (24%)
Pole1 (261) 12 (5%) 166 (29%) 2(0.88%) 543 (38%)
Polg2 (60) 0 15 (32%) 0 103 (50%)
Pole3 (17) 0 4 (27%) 0 10 (45%)
Pole4 (12) 0 0 0 4 (35%)
Rpa1 (67) 80 (53%) 107 (48%) 0 10 (12%)
Rpa2 (29) 13 (22%) 30(55%) 0 2(9%)
Rpa3 (13) 6 (52%) 10 (92%) 0 0
E cullin2 (87) 6 (8%) 4 (3%) 0 124 (52%)
j LRR1 (47) 0 11 (21%) 0 46 (44%)
£ Elongin B (13) 0 0 0 5(31%)
S | Elonginc (12) 0 0 0 7 (32%)
5 § Traip (87) 2 (4%) 42 (44%) 0 34 (36%)
S 2 | RrNF21347) 0 17 (2%) 0 0

Figure 2. Composition of the replisome retained on mitotic chromatin.
(A) The replication reaction was completed in egg extract supplemented with caffeine and p97 inhibitor NMS873. The extract was then driven into mitosis by addition
of cyclin A1A. Chromatin was isolated at 60 min after cyclin A1A addition and chromatin proteins released from DNA. The DNA synthesis kinetics are provided in

Fig S3A. Antibodies against Mcm3 (or control IgG) were used to immunoprecipitate replisomes, and the immunoprecipitated samples were analysed by mass spectrometry.
The total spectral count for each identified replisome component is presented together with sequence coverage of analysed peptides. The results for this analysis
of mitotic retained replisome are compared with the S-phase post-replication replisome reported in Sonneville et al (2017). (B) Schematic representation of the data
presented in (A). (C) A small proportion of the material from the mitotic Mcm3 IP experiment in (A) was analysed by Western blotting with indicated antibodies.
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unloading through ubiquitylation of Mcm7 in mitosis, we repeated
this experiment but supplemented the mitotic extract also with p97
inhibitor NMS873 to inhibit unloading of ubiquitylated Mcm?7. Fig 3D
shows that addition of enzymatic dead TRAIP, but not wt TRAIP,
perturbs mitotic ubiquitylation of Mcm7 as the ubiquitylated forms
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of Mcm7 remain very close in size to the chains built on Mcm7
already in S-phase (15-min time point). The same prevention of
ubiquitylation of Mcm7 in mitosis was observed when we used
recombinant GST-tagged TRAIP C25A mutant, but not wt GST-TRAIP
(Fig S3F). These results suggest that the recombinant mutant of
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TRAIP successfully competed with endogenous TRAIP protein and
that ubiquitin ligase activity of TRAIP is needed for Mcm7 ubig-
uitylation and disassembly of post-termination replisome in mi-
tosis. The low level of Mcm7 ubiquitylation visible in samples
supplemented with TRAIP mutant is most likely due to the fact that
there is still endogenous active TRAIP in the extract.

To fully understand the requirement for ubiquitin-like modifica-
tions during mitotic replisome disassembly in vertebrates, we aimed
to establish whether SUMOylation plays any role in this process as
ULP-4 is essential for mitotic helicase disassembly in C. elegans
embryos. To this end, we decided to inhibit or stimulate SUMOylation
during mitosis and assess its effect on replisome disassembly. First,
we observed that the late S-phase chromatin is full of SUMO2ylated
factors and that levels of these proteins go down over time upon
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entry into mitosis (Fig 4). To inhibit SUMOylation, we supplemented
the mitotic extract with the recombinant active domain of SENP1,
which acts as a potent nonspecific deSUMOylating enzyme. Addition
of SENP1 indeed wiped out all the SUMO2ylation (Fig 4A) and
SUMO1ylation (Fig S5A), but disassembly of the mitotic replisome is
not affected (Fig 4A). We also stimulated SUMOylation through ad-
dition of a high concentration of recombinant SUMO1 or SUMO2 (Fig
S4). In both cases, despite a clear increase of SUMO signal on
chromatin, unloading of the mitotic replisome was not affected.
Finally, we also blocked de-SUMOylation with SUM02-VS, a derivative
of SUMO2, which binds to the active site of SENPs and blocks their
activity. Again, we observed strong accumulation of SUMO2ylated
products in the extract and on chromatin without affecting mitotic
replisome disassembly (Fig 4B). Interestingly, despite inhibition of
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de-SUMOylating enzymes, most of the SUMO signal is still dis-
appearing from chromatin during progression of mitosis, indicating
that the SUMOylated proteins are unloaded from chromatin
throughout mitosis rather than being de-SUMOylated. In conclusion,
we determined that SUMO modifications do not play an essential
role in the mitotic replisome disassembly pathway in Xenopus egg
extract. In an analogous way, we have also shown that they do not
play a role during the S-phase replisome disassembly pathway
(Fig S5A and B).

Finally, we set out to determine whether this mitotic replisome
disassembly pathway was a mere “backup” pathway for replisomes
that terminated in S-phase but failed to be unloaded, or if it has a
more generic ability to remove any replication machinery still
remaining on chromatin in mitosis. To test such a possibility, we
stalled replisomes on chromatin by addition of DNA polymerase
inhibitor aphidicolin to the egg extract during the DNA replication
reaction. To accumulate such replisomes in large numbers, we also
supplemented the extract with caffeine so as to block checkpoint
activation and fire origins uncontrollably. Upon accumulation of
such blocked replisomes, we supplemented the reaction optionally
with cyclin A1A at 90 min to induce mitotic entry (Fig 5A). Addition of
cyclin A1A did not stimulate any more DNA synthesis in our samples
(Fig S6). Interestingly, active replisomes remained associated with
chromatin throughout the experiment in late S-phase (buffer), with
no indication of Mcm7 ubiquitylation as expected (Moreno et al,
2014). Upon addition of cyclin A1A, however, Mcm7 became ubig-
uitylated and replisomes were unloaded (Fig 5A, cyclin A14), al-
though we did observe a slight delay in both of these processes
compared with terminated replisomes (compare Fig 5A with Fig 1B).
Such a delay is likely due to the fact that with no prior ubiquitylation
of Mcm7in S-phase, it takes longer for ubiquitin chains to be builtin
mitosis. We also determined that unloading of stalled replisomes
requires the activity of p97 segregase, as unloading is inhibited in
the presence of the p97 inhibitor NMS873 (Fig 5B). Finally, to test
whether the activity of TRAIP ubiquitin ligase is needed for the
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histones serve as a quality and loading control. A
sample without DNA addition (no DNA) was processed
alongside others as a chromatin specificity control. (B)
As in (A) but instead of supplementing extract with
SENP1, it was supplemented with SENPs inhibitor
SUMO2-VS.

Cyclin A1A

L

unloading of stalled replisomes, we added recombinant wt or
enzymatic dead TRAIP to mitotic extract and observed its effect on
unloading of such stalled replisomes. As with post-termination
replisomes (Fig 3C and D), the enzymatic dead mutant of TRAIP
inhibited unloading of stalled helicase (Fig 5C), whereas we also
observed a clear reduction in the ubiquitylation of stalled Mcm7 (Fig
5D). From these observations, we can thus say that neither prior
modification of Mcm7 in S-phase nor the “terminated” conforma-
tion of the helicase are essential for mitotic modification of Mcm7
by TRAIP and subsequent replisome disassembly.

Discussion

We have presented here the existence of a mitotic pathway of
replisome disassembly in X. laevis egg extract. One immediate
question is why would the cells need a mitotic pathway of replisome
disassembly? Traditionally, it is perceived that all DNA metabolism
should be finished before cells enter mitosis. According to this
model, the G2 phase of the cell cycle is there to ensure that all DNA
replication and damage repair are completed before chromosome
condensation and segregation during mitosis. The last decade
provided, however, much evidence that this is not the case: unre-
plicated DNA is detected in many human cells in mitosis; DNA
synthesis can proceed during mitosis (mitotic DNA synthe-
sis—MIDAS); under-replicated DNA can lead to the formation of ul-
trafine bridges in anaphase and structures in the G1stage of the next
cell cycle that are bound by 53BP1 protein (53BP1 bodies) (Liu et al,
2014; Minocherhomji et al, 2015; Moreno et al, 2016). Genome-wide,
such unreplicated regions correlate with common fragile sites, which
are chromosomal loci responsible for the majority of the rear-
rangements found in cancer cells (Bhowmick & Hickson, 2017). These
unreplicated fragments of DNA result from replication forks not
finishing replication and such forks, with their associated replisomes,
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Figure 5. Mitotic unloading of stalled helicases.
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(buffer) sample to aid comparison of chain lengths between samples.

are subsequently retained on chromatin into mitosis. It is likely that
these unreplicated DNA fragments must be processed in mitosis to
ensure correct chromosome segregation, and this processing will
involve replisome unloading and fork remodelling —hence the need
for a process of replisome disassembly in mitosis.

TRAIP is a pleiotropic ubiquitin ligase involved in numerous
cellular processes. It is clear that TRAIP is essential for appropriate
repair of DNA damage in many forms: mitomycin C-induced inter-
strand crosslinks; damage caused by treatments with camptothecin
(Hoffmann et al, 2016), UV (Harley et al, 2016) and hydroxyurea (Feng
et al, 2016); as well as for translesion DNA synthesis (Wallace et al,
2014). TRAIP has also been reported to be an important regulator of
the spindle assembly checkpoint and regulates mitotic progression
(Chapard et al, 2014; Park et al, 2015). For most of these processes,
the ubiquitin ligase activity of TRAIP is essential, but the substrate
(s) modified by TRAIP is not known.

In support of our observation that TRAIP interacts weakly with
the S-phase chromatin when replication forks replicate DNA (Fig
3A), TRAIP has been shown to interact with nascent DNA in un-
perturbed S-phase in human cells through nascent chromatin
capture (Hoffmann et al, 2016), but TRAIP knockdown does not
significantly affect replication progression and overall DNA syn-
thesis rates (Harley et al, 2016; Hoffmann et al, 2016). Upon DNA
damage, TRAIP relocalises from nucleoli to sites of damage in a
manner dependent on a PCNA interacting box (PIP-box), present at
the C terminus of TRAIP (Feng et al, 2016; Hoffmann et al, 2016). Loss
of TRAIP was suggested to interfere with the reconfiguration of stalled
replication forks (possibly through unloading of PCNA) (Hoffmann et
al, 2016), as further inhibition of proteasomal degradation in the
absence of TRAIP did not exacerbate the levels of hydroxyurea-
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induced fork stalling. This suggested that degradation of a TRAIP
ubiquitylation substrate is not the cause of this phenotype (Feng
et al, 2016; Hoffmann et al, 2016). Interestingly, cells expressing the
ARING mutant of TRAIP as the only TRAIP version, are as sensitive to
mitomycin C as TRAIP knockdown cells, while APIP TRAIP cells are
only mildly sensitive. This indicates that even without PCNA in-
teraction, TRAIP can still find its targets at the replication forks
(Hoffmann et al, 2016). With the data presented here, identifying
TRAIP as the ubiquitin ligase needed for Mcm7 ubiquitylation during
mitosis, it is interesting to speculate that TRAIP can play an analo-
gous role during DNA damage repair, that is, to stimulate replisome
unloading and fork remodeling. Indeed, recently TRAIP has been
shown to ubiquitylate CMG during inter-strand crosslink (ICL) repair
for replisome unloading (Wu et al, 2019).

Our data are consistent with a model in which TRAIP drives mitotic
replisome disassembly by promoting Mcm7 modification with K6-
and K63-linked ubiquitin chains. Although there is no previous ex-
perimental evidence that TRAIP can support such ubiquitin linkages
in vivo, in vitro assays have shown that TRAIP works well with
conjugating enzymes (E2s) UbcH5a,b, and ¢ (but not UbcH2, H3, H6, H7,
or Ubc13+Uev1A) (Besse et al, 2007) and (Fig S3C). Interestingly,
UbcH5a was shown to support formation of ubiquitin chains with no
specific topology (Windheim et al, 2008). It is, therefore, plausible that
TRAIP/UbcHS5 can effectively produce chains of different linkages to
support mitotic replisome disassembly.

Replisome disassembly in S-phase is driven by Mcm7
ubiquitylation, specifically with K48-linked ubiquitin chains. In
mitosis, however, K48-linked chains are not functional and un-
loading is driven instead by K6- and Ké3-linked chains. We know
that p97, in complex with Ufd1and Npl4 cofactors, is responsible for
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unloading of the replisome in S-phase (Moreno et al, 2014; Maric
et al, 2017; Sonneville et al, 2017). Although p97 is well known for
processing substrates ubiquitylated with Ka48-linked ubiquitin
chains (Meyer et al, 2012), less is known about its contribution in
processing other ubiquitin linkages. Interestingly, a recent study
shows that upon inhibition of p97 activity, human cells accumulate
K6-, K11-, K48- and, to a lesser extent, K63-linked ubiquitin chains
(Heidelberger et al, 2018). Moreover, out of five tested p97 cofactors,
all were found to associate with K11 chains, four with K48 chains,
and three with K63 chains (Alexandru et al, 2008). p97 cofactors are
known also to interact with ubiquitin-like modifiers, for example,
Nedd8 and Atg8 (reviewed in Meyer (2012)). Finally, p97 was also
shown to bind more readily to branched K11-K48 chains than to K11
or K48 chains on their own (Meyer & Rape, 2014). These proteome-
wide data imply that the role of p97 does indeed extend beyond
recognition of K48-chain-modified substrates, although currently,
little is known about its interaction with K6 chains.

Finally, we have shown that in the Xenopus system, neither the
S-phase (Fig S5) nor the mitotic replisome disassembly requires
SUMO modifications (Figs 4 and S4) in contrast to C. elegans embryos
where ULP-4 is required for mitotic unloading (Sonneville et al, 2017).
This requirement may be specific to worm embryos, require ULP-4
protein but not its enzymatic activity, or it may regulate an indirect
process that is not well recapitulated in the egg extract cell-free
system. Of note, it has been suggested recently that SUMOylation of
TRAIP can regulate its stability and ability to move to the nucleus
(Park et al, 2016), but this may not be present in the egg extract.

Perturbations in DNA replication initiation and elongation
leading to genomic instability are well linked with genetic disorders
and can drive cancer development. The disruption of replisome
disassembly is, therefore, highly likely to be detrimental to human
health too. Although so far we have no solid data to support this
claim, previous studies with TRAIP do suggest this to be the case:
homozygous TRAIP knockout mouse embryos die shortly after
implantation because of proliferation defects (Park et al, 2007);
mutations in human TRAIP lead to primordial dwarfism (Harley et al,
2016); overexpression of human TRAIP has been reported in basal
cell carcinomas (Almeida et al, 2011) and breast cancer (Yang et al,
2006; Zhou & Geahlen, 2009); and reduced nuclear expression of
TRAIP was associated with human lung adenocarcinoma (Soo Lee et
al, 2016). The fact that cells have evolved multiple pathways to
ensure timely replisome disassembly supports the notion of the
vital importance of this process for cell biology, and time will tell
whether targeting Mcm7 and replisome disassembly in mitosis is
the key mechanism leading to any of these disease phenotypes.

Materials and Methods
Inhibitors

Caffeine (C8960; Sigma-Aldrich) was dissolved in water at 100 mM
and added to the extract along with demembranated sperm nuclei
at 5 mM. MLN4924 (A01139; Active Biochem) was dissolved in DMSO
at 20 mM and added to the extract 15 min after addition of sperm
nuclei at 10 yM. NMS873 (17674; Cayman Chemical Company) was
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dissolved in DMSO at 10 mM and added to the extract 15 min after
addition of sperm nuclei at 50 yM. SUM0O2-VS (UL-759) was pur-
chased from Boston Biochem and used at 1 yM in X. laevis egg
extract. Aphidicolin was dissolved in DMSO at 8 mM and added to
the extract along with demembranated sperm nuclei at 40 pM.

Recombinant proteins

Recombinant His-tagged ubiquitin and ubiquitin mutants were
purchased from Boston Biochem, dissolved in LFB1/50 (40 mM
Hepes/KOH, pH 8.0, 20 mM potassium phosphate, pH 8.0, 50 mM KCl,
2 mM MgCl,, 1 mM EGTA, 10% sucrose wt/vol, 2 mM DTT, 1 ug/ml
aprotinin, 1 ug/ml leupeptin, and 1 ug/ml pepstatin) buffer at 10
mg/ml, and used at 0.5 mg/ml in X. laevis egg extract.

pET28a-X..SUMO1 and pET28a-X.L.SUMO2 were purchased from
GenScript. Recombinant His-tagged X. laevis SUMO1 and SUMO2
were expressed in Rosetta (DE3) pLysS cells over night at 20°C after
induction with 1 mM IPTG. The cells were lysed in lysis buffer: 50 mM
Tris—HCl, 500 mM NacCl, 10 mM imidazole, 2 mM MgCl,, 0.1 mM PMSF,
and 1 pg/ml of each aprotinin, leupeptin, and pepstatin, pH 7.5.
Homogenates were supplemented with 25 U/ml benzonase and
incubated at room temperature for 20 min. Homogenates were
subsequently spun down at 14,000 g for 30 min at 4°C and
supernatants incubated with 2 ml of prewashed Super Ni-NTA
Affinity Resin (SUPER-NINA100; Generon) for 2 h with rotation at
4°C. Resins were subsequently washed twice with 50 mM Tris-HC|,
500 mM NacCl, 30 mM imidazole, 0.1 mM PMSF, and 1 ug/ml of each
aprotinin, leupeptin, and pepstatin, pH 7.5. Resin-bound proteins
were finally eluted in 1 ml fractions with a solution containing 50
mM  Tris=HCl, 150 mM NaCl, 200 mM imidazole, 5 mM B-
mercaptoethanol, 0.1 mM PMSF, and 1 pg/ml of each aprotinin,
leupeptin, and pepstatin, pH 7.5. Fractions containing the highest
levels of recombinant SUMO1 or SUMO2 were dialysed into LFB1/50
buffer. Both SUMO1 and SUMO2 were used at 0.5 mg/mlin X. laevis
egg extract.

pET28a-pHISTEV30a-SENP1(415-649) was a kind gift from Prof
Ron Hay's laboratory. Recombinant active domain of human SENP1
(aa 415-647) was expressed and purified as explained above for
recombinant SUMOs.

Recombinant His-tagged X. laevis cyclin A1 NA56 (pET23a-X.l.
Cyclin A1 NA56) was a kind gift from Prof Julian Blow's laboratory
(Strausfeld et al, 1996), was expressed in Rosetta (DE3) pLysS cells
over night at 15°C after induction with 1 mM IPTG, and subsequently
purified as explained above for recombinant SUMOs but using
different solutions. Lysis buffer: 50 mM Tris=HCl, 300 mM NaCl, 2 mM
MgCl,, T mM DTT, 0.1 mM PMSF, and 1 pg/ml of each aprotinin,
leupeptin, and pepstatin, pH 7.4. Washes: Resin was washed twice
with lysis buffer on its own and twice again with lysis buffer
supplemented with 0.1% Triton X-100. Elution buffer: Lysis buffer
supplemented with 10% glycerol and 250 mM imidazole.

Xenopus TRAIP was cloned into pGS21 vector, expressed in BL21
(DE3) bacterial strain in Auto Induction Media (AIM) media (For-
medium) O/N at 18°C. Pellets were lysed in lysis buffer: 50 mM
NaH,PO,, pH 9; 300 mM NaCl; 10% glycerol; 2 mM DTT; 2 mM MgCly;
0.05% Brij; 0.1 mM PMSF; 1 ug/ml of each aprotinin, leupeptin, and
pepstatin; 1 mg/ml lysozyme; and 25 U/ml benzonase. The protein
was purified as above but using Glutathione Sepharose 4B (GE
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Healthcare) and eluted with 25 mM glutathione. The protein was
then dialysed into LFB1/50 buffer (as above) and concentrated up
to 0.3 mg/ml of full-length GST-TRAIP. It was used in the egg extract
at a final concentration of 30 pg/ml. pGS21-TRAIP(C25A) was gen-
erated by site-directed mutagenesis and purified in an analogous
way.

Recombinant His/SUMO-tagged X. laevis wt and mutant TRAIP
were expressed in Rosetta (DE3) pLysS cells from pCA528 vector O/N
at 20°C in AIM media. After pelleting of the bacterial cultures, the
cells were lysed in 50 mM NaH,PO,, 500 mM NaCl, 0.05% Brij, 10%
glycerol, 10 mM imidazole, 2 mM MgCl,, 0.1 mM PMSF, and 1 ug/ml of
each aprotinin, leupeptin, and pepstatin, pH 9.0. Homogenates were
supplemented with 1 mg/ml lysozyme and 25 U/ml BaseMuncher,
incubated at room temperature for 20 min and subsequently
sonicated (6 = 30 s), and spun (30 min, 31,000 g, 4°C). The resulting
supernatant was incubated in 2 ml prewashed Super Ni-NTA Affinity
Resin (SUPER-NINA100; Generon) O/N with rotation at 4°C. Resins
were washed five times with lysis buffer, with respect to the fol-
lowing alterations: Wash 1: 100 mM NacCl, no imidazole. Wash 2: 100
mM NacCl, 20 mM imidazole. Wash 3: 250 mM NacCl, no imidazole.
Wash 4 and 5: 500 mM NacCl, 20 mM imidazole. Each respective wash
was supplemented with 0.1 mM PMSF and 1 ug/ml of each aprotinin,
leupeptin, and pepstatin. Resin-bound TRAIP was eluted in 1-ml
fractions using elution buffer (50 mM NaH,PO,, 500 mM NaCl, 0.05%
Brij, 10% Glycerol, 400 mM imidazole, pH 9.0) supplemented with 0.1
mM PMSF and 1 ug/ml of each aprotinin, leupeptin, and pepstatin.
Those fractions containing the highest quantities of wt or mutant
TRAIP were dialysed into LFB1/100 buffer.

In vitro TRAIP autoubiquitylation reaction

The reaction was set up as previously described (Besse et al, 2007).
Briefly, GST-TRAIPwt and GST-TRAIPmut were purified as described
above but not eluted from Glutathione Sepharose beads. Both
beads were then incubated in 100-pul reaction for 2 h at 37°C with 20
mM Hepes, pH 7.4, 10 mM MgCl,, T mM DTT, 60 M His-Ubi (Boston
Biotech), 50 nM E1 (UBA1/UBE1; Source BioScience), 850, nM E2
UbcH5a (Source BioScience), 1 mM ATP, 30 uM creatine phosphate,
and 1 U of creatine kinase. After incubation, they were extensively
washed, boiled in gel-loading buffer, and run on the gel. The
membrane was analysed with a-ubiquitin antibody.

Antibodies

a-PCNA (P8825), a-His (H1029), and a-ubiquitin (P4D1) were pur-
chased from Sigma-Aldrich and a-phospho-histone H3 (ser10) (D2C8)
was purchased from Cell Signalling Technology. a-TRAIP (NBP1-87125)
and a-RNF213 (NBP1-88466) were purchased from Novus Biologicals.
a-SUMO02 and a-SUMO1 were produced in the laboratory by culturing
the hybridoma cell lines SUMO2 (8A2), and SUMO1 (21C7), purchased
from Developmental Studies Hybridoma Bank (hybridoma cell
culture was performed following the manufacturer’s instructions
and adding 20 mM L-glutamine to the media). Affinity-purified
a-Cdcs5, a-Psf2, and a-Sld5 (Gambus et al, 2011); a-Mcm3
(Khoudoli et al, 2008); a-SMC2 (Gillespie et al, 2007); and a-LRR1
(5962D) (Sonneville et al, 2017) were previously described. a-Mcm7
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was raised in sheep against recombinant X. laevis Mcm7, purified
from E. coli, and affinity-purified in the laboratory.

DNA staining and microscopy

Interphase X. laevis egg extract was supplemented with 10 ng/ul of
demembranated sperm nuclei and incubated at 23°C until com-
pletion of DNA replication as described before (Gillespie et al, 2012).
Mitosis was optionally driven by addition of 826 nM cyclin A1 NA56.
At time points -30, 0, 30, and 60 min, after addition of cyclin A1, 10 ul
of the reaction was spotted onto a microscope slide with 10 ul mix
of Hoechst 33258 (5824/50; Tocris Bioscience) and Dil stain (D282;
Thermo Fisher Scientific), 1 ug/ml and 10 ug/ml final concentration,
respectively, and incubated at room temperature for 30 min. Nuclei
were viewed as previously described (Strausfeld et al, 1996).

DNA synthesis assay

The replication reactions were started with the addition of
demembranated Xenopus sperm DNA to 10 ng/ul as described
before (Gillespie et al, 2012). The synthesis of nascent DNA was
measured by quantification of P*?a-dATP incorporation into newly
synthesised DNA as described before (Gillespie et al, 2012).

Chromatin isolation time-course

Interphase X. laevis egg extract was supplemented with 10 ng/pul of
demembranated sperm DNA and subjected to indicated treat-
ments. The reaction was incubated at 23°C for 90 min to allow
completion of DNA replication as described before (Gillespie et al,
2012), after which mitosis was optionally driven by addition of 826
nM cyclin AT NA56. The extract was then also optionally supple-
mented with inhibitors or recombinant proteins as indicated.
Chromatin was isolated in ANIB100 buffer supplemented with 10
mM 2-chloroacetamide (Millipore) and 5 mM N-ethylmaleimide
(Acros Organics) at indicated time points after addition of cyclin A1
NA56 as previously described (Gillespie et al, 2012).

For the minimal licensing experiment (Fig S2A), interphase X.
laevis egg extract was supplemented with 5 ng/ul of demembra-
nated sperm DNA. To minimally license chromatin, Cdt1 activity was
blocked through addition of gemininPt" (Blow lab) after 2 min of
sperm DNA addition. The extract was optionally supplemented with
DMSO and Cullin ligase inhibitor (MLN4924 at 10 uM).

Quantification of Western blots

Western blot films from three independent experiments were
scanned to generate high-resolution, 300 dpi, 8-bit JPEG images.
The pixel intensity of protein bands was then quantified with Image )
(http://rsbweb.nih.gov/ij/) and the average intensity (a.u.) cal-
culated for each time point. For quantification of Mcm7 ubig-
uitylation, a frame was first drawn around the entire ubiquitylation
signal to include that which was builtin S-phase and that which was
extended further in mitosis. This generates a plot for each sample.
Tothen measure only the intensity of ubiquitylation which occursin
mitosis, a line was drawn through the plots to separate the lower
region (S-phase) and the upper region (mitosis). The intensity of
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this upper region was then measured and a.u. calculated from three
independent experiments.

Immunoprecipitation of post-termination CMG associated with
mitotic chromatin

375 ml of interphase X. laevis egg extract was supplemented with 10
ng/ul of demembranated sperm nuclei, 5 mM caffeine, and 50 uM p97
inhibitor NMS873. The reaction was incubated at 23°C for 90 min to
allow completion of DNA replication, after which mitosis was driven
by addition of recombinant cyclin A1 NA56 at 826 nM followed by
incubation at 23°C for a further 60 min. At this stage, chromatin was
isolated as described above and chromatin-bound protein com-
plexes released into solution by chromosomal DNA digestion with 2
U/ul benzonase for 15 min. Solubilisation of chromatin-bound
protein complexes was further facilitated by subjecting the sam-
ple to 5 min of 30 s ON/OFF sonication cycles using a diagenode
bioruptor and increasing the concentration of potassium acetate up
to 150 mM. The resulting protein complexes were subsequently
subjected to either nonspecific 1gG (from sheep serum) or Mcm3
immunoprecipitation and the immunoprecipitated material ana-
lysed by mass spectrometry as previously described (Sonneville et al,
2017) in collaboration with Dr Richard Jones from MS Bioworks LLC.

Supplementary Information

Supplementary Information is available at https://doi.org/10.26508/lsa.
201900390.
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Figure S1.Establishing conditions to analyse mitotic replisome disassembly.

(A) Addition of Cullin inhibitor MLN4924 to the interphase extract does not block extract ability
to replicate DNA, and addition of cyclin A1A at replication completion point does not stimulate
more DNA synthesis. Progression of the replication reaction was measured by incorporation of
radioactive dATP into the DNA. P32a-dATP was added to the extract at the beginning of the
reaction together with sperm DNA. MLN4924 was added 15 min after sperm DNA addition and
cyclin A1A was optionally added at 90 min. The graph shows the mean at each time point of three
independent experiments with SEM. (B) Nuclear envelope breakdown upon cyclin A1A addition.
(left) The replication reaction was completed and optionally driven into mitosis by addition of
cyclin A1A. The nuclei assembled in the extract were visualised by staining DNA with Hoechst



33258, staining nuclear membrane with Dil and visualising the nuclear envelope by differential
interference contrast (DIC) microscopy. Examples of nuclei with and without addition of cyclin
A1A are presented. (right) The percentage of nuclei containing intact envelope stained with Dil
was quantified at 0, 30, 60, and 90 min after cyclin A1A addition in three independent
experiments. The mean for each time point with SEM is presented. (C) Chromatin binding of
mitotic factors. DNA was replicated to completion in egg extract supplemented optionally with
Cullin ligase inhibitor MLN4924. After completion of the replication reaction, cyclin A1A was
optionally added to the extract to drive the extract into mitosis. Chromatin was isolated at
indicated time points after cyclin A1A addition and chromatin samples analysed by Western
blotting with indicated antibodies. Colloidal Coomassie-stained histones serve as a quality and
loading control. (D) Inhibition of replisome unloading with MLN4924. The replication reaction
was carried out with optional addition of MLN4924 at 15 min after sperm DNA addition;
chromatin was isolated at indicated time points and analysed by immunoblotting with indicated
antibodies.
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Figure S2.Unloading of replisomes in mitosis.

(A) Mitotic replisome unloading from minimally licensed chromatin. DNA was minimally licensed
by addition of geminin at 2 min after DNA sperm addition. The extract was then optionally
supplemented with Cullin ligase inhibitor MLN4924 at 15 min after sperm DNA addition and
chromatin isolated at time points during the S-phase (45, 75, and 90 min). Upon completion of
DNA replication, the extract was optionally driven into mitosis with the addition of cyclin A1A
and chromatin isolated at time points during mitosis (105, 135, and 165 min). Note that the time
points 105, 135, and 165 min correspond to 15, 45, and 75 min after cyclin A1A addition
presented in other figures. Isolated chromatin samples were analysed by immunoblotting with
indicated antibodies. (B) Mitotic nuclear envelope breakdown in the presence of NMS873. The
replication reaction was completed and optionally driven into mitosis by addition of cyclin A1A.
p97 inhibitor NMS873 was optionally added at the same time as cyclin A1A. The nuclei assembled
in the extract were visualised at 30 min post cyclin A1A addition by staining DNA with Hoechst
33258, staining nuclear membrane with Dil, and visualising the nuclear envelope by differential
interference contrast (DIC) microscopy. (C) p97 is needed for mitotic replisome disassembly.
Experiment as in Fig 1C but indicated inhibitors were present in the reaction throughout both
stages of the cell cycle. (D) DNA synthesis kinetics in the presence or absence of p97 inhibitor
NMS873 and cyclin A1A. Sperm DNA was replicated in extract optionally supplemented with
NMS873. At 90 min, cyclin A1A was optionally added. DNA synthesis was analysed as in Fig
S1A. (E) Mitotic nuclear envelope breakdown in the presence of UbiNOK. The replication reaction
was completed and optionally driven into mitosis by addition of cyclin A1A. The chain-
terminating mutant of ubiquitin UbiNOK was optionally added at the same time as cyclin A1A.
The nuclei assembled in the extract were visualised as in (B).
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Figure S3.TRAIP activity is required for Mcm7 ubiquitylation in mitosis.

(A) DNA synthesis kinetics for experiment presented in Fig 2. Progression of the replication
reaction was measured by incorporation of radioactive dATP into the DNA. P32a-dATP was added
to the extract at the beginning of the reaction together with sperm DNA and caffeine. NMS873
was added 15 min after sperm DNA addition and cyclin A1A was optionally added at 90
min. (B) The same experiment from Fig 3B but with addition of the RNF213 blot. (C) TRAIPmut
C25A is inactive. A TRAIP autoubiquitylation in vitro reaction was set up with wt GST-tagged
TRAIP or RING-mutant (C25A) TRAIP as described in the Materials and Methods section and
autoubiquitylation of TRAIP observed through detection of the ubiquitin signal. (D) Mitotic
nuclear envelope breakdown in the presence of TRAIPwt and TRAIPmut. The replication reaction
was completed and optionally driven into mitosis by addition of cyclin A1A. The extract was then
supplemented optionally with LFB1/50 buffer, wt His/SUMO-tagged TRAIP, or RING-mutant



(C25A) TRAIP to a final concentration of 50 ug/ml. The nuclei assembled in the extract were
visualised at 30 min post cyclin A1A addition by staining DNA with Hoechst 33258, staining
nuclear membrane with Dil, and visualising the nuclear envelope by differential interference
contrast (DIC) microscopy. (E) An example of the plots gathered during quantification of Mcm?7
polyubiquitylation in Fig 3D, as described in the Materials and Methods section, using Image J.
The red line represents the cutoff point between the S-phase versus mitotic polyubiquitylated
Mcm?7. “Q” indicates the region of the plot which was measured. (F) Inhibition of mitotic Mcm?7
ubiquitylation by GST-TRAIPmut. The replication reaction was completed in the presence of the
Cullin ligase inhibitor MLN4924 and driven into mitosis by addition of cyclin A1A. At the same
time as cyclin A1A, the reaction was optionally supplemented with p97 inhibitor NMS873 and
LFB1/50 buffer, wt GST-TRAIP, or RING-mutant (C25A) GST-TRAIP at 30 pg/ml. Chromatin
samples were isolated at indicated time points and analysed by immunoblotting with indicated
antibodies. The dashed line on the Mcm7 blot runs through the middle of the ubiquitylation signal
for Mcm?7 in mitosis in the control (buffer) sample to aid comparison of chain lengths between
samples. An asterisk “*” by the Psf2 blot indicates the band of cyclin A1A thatis recognised by the
Psf2 antibody.
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Figure S4.Mitotic replisome disassembly is not affected by stimulation of SUMOylation.

The replication reaction was completed in the presence of the Cullin ligase inhibitor MLN4924
and driven into mitosis by addition of cyclin A1A. At the same time as cyclin A1A, the extract
was optionally supplemented with LFB1/50 buffer, SUMO1, or SUMOZ2. The chromatin samples
were isolated at indicated time points and analysed as in Fig 1.
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Figure S5.S-phase replisome disassembly is not affected by SUMOylation.

(A) The replication reaction was performed in egg extract supplemented with the dominant
negative mutant of Ubc9 (Ubc9DN) or active domain of SENP1. The chromatin samples were
isolated at indicated time points and analysed by Western blotting with indicated antibodies as
in Fig 1. (B) The replication reaction was performed in egg extract supplemented with 0.5 mg/ml
of SUMO1 or SUMOZ2 (as indicated). The chromatin samples were isolated at indicated time points
and analysed by Western blotting with indicated antibodies. Controls as in Fig 1.
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Complex cellular processes are driven by the regulated
assembly and disassembly of large multiprotein complexes.
While we are beginning to understand the molecular mecha-
nism for assembly of the eukaryotic DNA replication machin-
ery (replisome), we still know relatively little about the
regulation of its disassembly at replication termination.
Recently, the first elements of this process have emerged,
revealing that the replicative helicase, at the heart of the
replisome, is polyubiquitylated prior to unloading and that this
unloading requires p97 segregase activity. Two different E3
ubiquitin ligases have now been shown to ubiquitylate the
helicase under different conditions: Cul2'™*! and TRAIP. Here,
using Xenopus laevis egg extract cell-free system and
biochemical approaches, we have found two p97 cofactors,
Ubxn7 and Fafl, which can interact with p97 during replisome
disassembly during S-phase. We show only Ubxn7, however,
facilitates efficient replisome disassembly. Ubxn7 delivers this
role through its interaction via independent domains with both
Cul2"™ and p97 to allow coupling between Mcm7 ubiq-
uitylation and its removal from chromatin. OQur data therefore
characterize Ubxn7 as the first substrate-specific p97 cofactor
regulating replisome disassembly in vertebrates and a rationale
for the efficacy of the Cul2"""! replisome unloading pathway in
unperturbed S-phase.

DNA replication is one of the most fundamental processes
in life and its faultless execution is essential for normal cell
fate. Until recently, the final stage of eukaryotic DNA repli-
cation, the termination stage, was mostly unexplored. DNA
replication initiates from thousands of replication origins, the
positions within the genome where replicative helicases
become activated and start unwinding DNA. These then move
in opposite directions away from each other, creating two
DNA replication forks. The replicative helicase is composed of
Cdc45, Mcm2-7 hexamer, and GINS complex (CMG complex)
(1) and is positioned at the tip of replication forks forming a
platform for replisome assembly (2). Once established, the
replication forks replicate chromatin until they encounter
forks coming in opposite directions from neighboring origins.
At this point the termination of replication forks takes place,

* For correspondence: Agnieszka Gambus, a.gambus@bham.ac.uk.
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with removal of the replisome from fully duplicated DNA
being its final stage (3). In higher eukaryotes (Xenopus laevis
egg extract, Caenorhabditis elegans embryos, mouse embry-
onic fibroblasts, and human cells), replisome removal in
S-phase is driven by the Cul2™™' ubiquitin ligase, which
ubiquitylates Mcm?7 within the terminated CMG helicase
complex with lysine 48 (K48)-linked ubiquitin chains (4). The
modified CMG is then recognized by the p97 segregase and
removed from chromatin allowing for disassembly of the
whole replisome built around the helicase (5). Any helicase
complexes that fail to be unloaded in S-phase are alternatively
unloaded in mitosis. Disassembly of these complexes in
mitosis also depends on p97 segregase function, but this time
requires the E3 ubiquitin ligase TRAIP (6). Consequently,
disassembly in mitosis is driven by alternative species of
ubiquitin chains that decorate Mcm7, namely K6- and
K63-linked ubiquitin chains. TRAIP ubiquitin ligase can act
also during S-phase: it interacts with the replisome and either
ubiquitylates CMGs that converge at interstrand crosslinks or
ubiquitylates a protein crosslinked to DNA (DPC) that blocks
progression of the replication fork (7, 8).

p97 segregase (also referred to as VCP, Cdc48, CDC-48, and
Ter94) is a hexameric AAA+ ATPase family member that uses
the free energy of ATP binding and hydrolysis to extract
ubiquitylated protein targets from stable protein complexes,
chromatin, or membranes. As a result, p97 is essential for
protein homeostasis in the cell and the dynamic behavior of a
multitude of multiprotein assemblies (9). The substrate spec-
ificity of p97 recognition is believed to be achieved by a
number of regulatory cofactors (reviewed in (10)). In C. elegans
embryos, the CDC-48 cofactors UFD-1/NPL-4 and UBXN-3
(Fafl in higher eukaryotes) were shown to be required for
replisome removal from chromatin in both S-phase and in
mitosis (4, 11). UFD-1/NPL-4 form a heterodimer, essential for
most chromatin-related roles of p97, while UBXN-3 provides
higher substrate specificity. Interestingly, Ufd1/Npl4 were also
shown to interact with p97 and the replisome during replica-
tion termination in Xenopus egg extract (4). However, while
Ufd1/Npl4 are evolutionarily conserved and well character-
ized, the number and variability of the minor, substrate
specific, cofactors of p97 grows through evolution, reflecting
the increasing complexity of p97 regulation. So far, roughly
three times more cofactors have been identified in mammals
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Role of Ubxn7 in replisome disassembly

than in C. elegans (4, 12). Importantly, additional cofactors of
p97, which provide substrate specificity towards the termi-
nated replisomes, are as yet to be determined in vertebrates.
Here, we sought to identify p97 cofactors that are facilitating
replisome disassembly during S-phase. While we were able to
identify two new cofactors for this process, Ubxn7 and Fafl,
our findings revealed that the Ubxn7 cofactor specifically is
crucial for efficient and fast disassembly of replisomes, as it
creates bridges between the essential factors of this process:
Cul2™™, ubiquitylated Mcm7, and the p97 complexes.

Results

Identification of p97 cofactors acting during unloading of
replicative helicase

Using the X. laevis egg extract model system, we have
previously shown that the unloading of terminated replicative
helicases during S-phase depends on formation of K48-linked
ubiquitin chains on the Mcm?7 subunit of the CMG helicase by
Cul2™™" ubiquitin ligase (5). Such modified Mcm?7 is in turn
recognized and unfolded by p97. We therefore first confirmed
that p97 interacts with replicating chromatin in X. laevis egg
extract with kinetics similar to replication fork components

(Fig. 1A). We found that p97 is a highly abundant protein in
Xenopus egg extract (13), and only a small proportion of it
interacts with chromatin during DNA replication, with the
interaction peaking during the exponential stage of replication,
when large numbers of replication forks are moving through
the chromatin and converging during termination (Fig. 1A).
To determine the portfolio of p97 cofactors that interact with
p97 during DNA replication termination in egg extract and
which may direct p97 to the terminated replisome, we aimed
to immunoprecipitate (IP) p97 from a chromatin fraction and
analyze its interactors. Firstly, we blocked replisome disas-
sembly by inhibiting p97 activity with NMS-873 (p97i), which
is a highly specific allosteric inhibitor of p97 ATPase activity
binding to p97 D2 domain (14). We have shown previously
that inhibition of p97 ATPase activity stops replisome
unloading from chromatin (4). Critically, this treatment does
not stop p97 from interacting with substrates or chromatin
(Fig. S1A) and should stabilize p97—substrate complexes on
chromatin as the substrates cannot be processed. Subse-
quently, we isolated chromatin with accumulated terminated
replisomes, immunoprecipitated p97 and analyzed interacting
factors by mass spectrometry (MS). Such analysis revealed
numerous components of replication machinery interacting
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Figure 1. Cofactors interacting with p97 on replicating chromatin in Xenopus laevis egg extract. A, chromatin binding of p97 follows replication fork
components. A replication reaction was set up in X. laevis egg extract and synthesis of nascent DNA was followed by incorporation of radioactive a-P*2dATP
into newly synthesized DNA (left). At the same time, chromatin was isolated during the replication reaction at indicated time points after sperm DNA
addition. Sample without DNA addition was processed in parallel to provide a chromatin specificity control. Histones at the bottom of the PAGE gel were
stained with colloidal Coomassie for loading and sample purity control. Chromatin samples were analyzed by Western blotting with indicated antibodies
(right). B, Ubxn7 and Faf1 are identified as cofactors interacting with both p97 and terminated replisome. Interphase egg extract was supplemented with
p97i (NMS873) and chromatin was isolated in late S-phase when high levels of terminated replisomes are accumulated on chromatin. Protein complexes
were released from chromatin by Benzonase treatment and proteins interacting with p97 segregase were analyzed by mass spectrometry. Identified
putative interactors were screened to find known and potential p97 cofactors. Obtained data were compared with the mass spectrometry results of
interactors of terminated replisomes published previously (4). Total spectral count is presented with protein coverage in the brackets. Only p97 and its
cofactors are presented. Other proteins identified in p97 IP are included in Table S1. C, verification of p97 interaction with Ubxn7 and Faf1 on chromatin.
A small proportion of input and immunoprecipitated sample from p97 IP described in (B) was analyzed by Western blotting with indicated antibodies.
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with p97, including those which reside in the replisome built
around the CMG@ helicase but also other DNA replication and
DNA damage repair factors (Table S1). In order to focus our
analysis on potential p97 cofactors, which direct p97 specif-
ically to the terminated replisomes, results from the p97
interactome were compared with those of an Mcm3 IP, which
was performed in conditions blocking replisome disassembly.
Briefly, the extract was replicated in the presence of a domi-
nant negative ATPase-dead mutant of p97, described previ-
ouslyy, and Mcm3 was immunoprecipitated to isolate
terminating replisomes (4, 13). This comparison allowed us to
determine which of the p97 cofactors identified in the p97
immunoprecipitation are also interacting with the terminated
replisomes, as we appreciate that p97 does have other sub-
strates on replicating chromatin (Fig. 1B). In doing this, we
identified both major cofactors Ufdl and Npl4, which are
known to facilitate chromatin functions of p97 segregase and
were shown previously by us and others to act in replisome
disassembly during S-phase (4, 15). Interestingly, only two
minor cofactors were identified to interact with both the
replisome and p97: Fafl and Ubxn7 (human UBXD?7). Both of
these factors have been shown previously to interact prefer-
entially with p97 when in complex with Ufd1/Npl4 (16). To
support this finding, we first confirmed by p97 IP and Western
blotting that p97 can indeed interact with Ubxn7 and Fafl on
S-phase chromatin when replisome disassembly is blocked
(Fig. 1C).

The finding of Fafl was somewhat unsurprising as it is
already known to play a role in maintaining replication fork
stability in C. elegans and human cell lines (17), and indeed, the
C. elegans homolog of Fafl (UBXN-3) is essential for replisome
unloading in S-phase and in mitotic prophase (4, 11). In
contrast, this is the first time that Ubxn7 has been implicated in
the process of replisome unloading. What is already known
about Ubxn7, is that inhibition of the human homolog UBXD?7
in human cells leads to hyperaccumulation of DNA damage
sensors after UV damage (18), although it is best known as a
regulator of degradation of the hypoxia inducible factor Hiflx
(19). Like Fafl, Ubxn7 belongs to the ubiquitin-associated
(UBA)-ubiquitin regulatory X (UBX) family of p97 cofactors.
This means that it interacts with ubiquitylated proteins via its
UBA domain and with p97 via its UBX domain. It also contains
a UAS domain of unknown function and an ubiquitin-
interacting motif (UIM) (Fig. S24) (19). Interestingly, while
targeting Hifla for degradation, UBXD7 simultaneously in-
teracts with active (neddylated) cullin ligase Cul2""" through
its UIM domain and with p97 through its UBX domain (Fig. S2,
A and B) (20). Given that the same factors appear to be involved
in replisome disassembly, we hypothesized that the association
of p97 with its cofactor Ubxn7 could provide a mechanism by
which p97 targets Mcm?7, ubiquitylated with K48-linked ubiq-
uitin chains, synthesized by Cul2""™".

Ubxn7 stimulates efficient replisome disassembly

To investigate the importance of Fafl and Ubxn7 for
replisome disassembly during S-phase, we decided to
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immunodeplete each protein independently from the egg
extract and determine the consequences for replisome
unloading. To do this, we have raised antibodies against
X. laevis Ubxn7 and Fafl (Fig. S7). Both Fafl and Ubxn7 could
be efficiently immunodepleted from egg extracts to less than
5% of total protein (Figs. 2, A and B and S3B). Neither
depletion inhibited the synthesis of nascent DNA in a number
of independent immunodepletions (Fig. 2, A and B), suggesting
that neither are essential for DNA synthesis completion in the
egg extract. Importantly, neither Ubxn7 nor Fafl immunode-
pletion affected the level of each other (Fig. S3A). We then
followed proteins on chromatin during a replication reaction
in IgG-depleted and Ubxn7- or Fafl-depleted extracts. Inter-
estingly, while immunodepletion of Fafl had a very minor
effect on replisome unloading during S-phase (Fig. 2, D and E),
immunodepletion of Ubxn7 reproducibly delayed unloading of
replisomes (Cdc45, Psf2) in independently immunodepleted
extracts (Figs. 2, C and E and S3C), suggesting that although
Ubxn7 is not essential for replisome disassembly, it does
regulate the efficiency of this process.

Importance of Ubxn7 for replisome disassembly

Next, we wanted to understand how the depletion of Ubxn7
delays the unloading of the replisomes in the egg extract.
Induction of replication stress, which affects progression of
replication forks, can lead to transient accumulation of repli-
somes on chromatin. However, Ubxn7 depletion did not lead
to the accumulation of DNA damage-associated replication
stress, as determined by yH2AX immunoblotting (Fig. 34), nor
the phosphorylation of Chkl (Fig. S3D). Taken together, this
demonstrates that accumulation of replisomes on chromatin
in Ubxn7-depleted extract is not due to the effects of repli-
cation stress.

We next analyzed how Ubxn7 depletion affects the levels of
Mcm?7 ubiquitylation and chromatin-bound Cul2 and p97
(Fig. 3A). Interestingly, while the levels of p97 and Fafl on
chromatin were slightly increased by Ubxn7 depletion
(Fig. 3A), Cul2 markedly accumulated on chromatin in its
active neddylated form (Fig. 34, neddylated Cul2 runs at a
higher molecular size on the gel—compare size of unneddy-
lated Cul2 in egg extract and neddylated on chromatin).
Similarly, ubiquitylated Mcm?7 also accumulated on chro-
matin, modified with long ubiquitin chains.

We then decided to ensure that these phenotypes are
actually caused by immunodepletion of Ubxn7 rather than an
unidentified protein recognized by Ubxn7 antibody, through
supplementing immunodepleted extract with recombinant
Ubxn7. As shown in Figure 3B, addition of recombinant
Ubxn7 could rescue the delayed unloading of CMG compo-
nents (Cdc45 and Psf2), the accumulation of Cul2 on chro-
matin, and the accumulation of long-chain modified Mcm7
(Fig. 3B). These results suggest that Ubxn7 may be fine-tuning
the process of replisome unloading, acting as a bridge between
Cul2™™, p97, and their shared substrate Mcm?7. This bridging
allows for fast and efficient processing of Mcm?7 ubiquitylated
with relatively short ubiquitin chains. Without Ubxn?7, Cul2t!
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Figure 2. Ubxn7 facilitates terminated replisome unloading. A, Ubxn7 is not required for DNA replication. The remaining level of Ubxn7 upon Ubxn7
immunodepletion was analyzed by Western blotting. The asterisk indicates a nonspecific band (top). The ability of Ubxn7-immunodepleted extract to
synthesize nascent DNA was analyzed by incorporation of radioactive a-P32dATP into newly synthesized DNA (n = 6) (bottom). B, Faf1 is not required for
DNA replication. The remaining level of Faf1 upon Fafl immunodepletion was analyzed by Western blotting (top). The ability of Faf1-immunodepleted
extract to synthesize nascent DNA was analyzed by incorporation of radioactive a-P*dATP into newly synthesized DNA (n = 3) (bottom). C, Ubxn7
depletion delays terminated replisomes disassembly. Chromatin was isolated during the replication reaction time course in lgG-depleted and Ubxn7-
depleted extract. Chromatin samples were analyzed as in Figure 1A with indicated antibodies. Representative experiment out of n = 7. Another repeat of
this experiment is presented in Fig. S3C. D, Faf1 depletion does not impact terminated replisomes disassembly. Chromatin was isolated during the
replication reaction time course in IgG-depleted and Faf1-depleted extract. Chromatin samples were analyzed as in Figure 1A with indicated antibodies.
Representative experiment out of n = 3. E, the fold increase of Cdc45 and Psf2 signal on chromatin in Ubxn7- or Faf1-depleted extracts at indicated time
points was quantified in comparison to IgG depletion. For Ubxn7-depleted extract n = 7 for Faf1-depleted extract n = 3. The mean value is presented with
all individual points and with SEM as error bars.

recognizes terminated CMG and ubiquitylates Mcm?7, but this
ubiquitylated Mcm?7 is not recognized and processed quickly
by p97 due to lack of Ubxn7. Cul2""™" stays therefore associ-
ated with Mcm?7 for a longer time (we can observe this as
accumulation of active Cul2 on chromatin), resulting in syn-
thesis of longer ubiquitin chains on Mcm?7. Although this most
likely enables eventual recruitment of p97, the process is less
efficient.

4 | Biol. Chem. (2022) 298(8) 102234

Regulation of Ubxn7 during DNA replication in egg extract
To determine how Ubxn7 is regulated during replication
termination and replisome disassembly in the egg extract, we
analyzed its pattern of chromatin binding during a replication
reaction in egg extract. Throughout normal, unchallenged
replication, Ubxn7 transiently interacts with chromatin with
timing concomitant to that of replication fork presence and
Cul2t! (Figs. 4, B and C and S4, A-C (dimethyl sulfoxide

SASBMB
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[DMSO] control)). Inhibition of replisome unloading with p97
ATPase inhibitor led to an accumulation of not only CMG and
Cul2""" on chromatin as expected (4) but also of Ubxn7 and
p97 (Figs. 4A and S4A). We then analyzed the Ubxn7
chromatin-binding pattern upon inhibition of cullin ligases
activity. CULi MLN4924 acts through inhibition of Nedd8
activating enzyme NAE and therefore inhibiting neddylation of
substrates (21). As members of the cullin family of ubiquitin
ligases are the main substrate of neddylation in cells,
MLN4924 is primarily inhibiting all cullin activity. We have
shown previously that, in X. laevis egg extract, inhibition of
cullin activity during DNA replication inhibits Mcm?7 ubiq-
uitylation and replisome unloading from chromatin (5). While
inhibition of cullin activity led to accumulation on chromatin
of CMG and Cul2"™, as we reported previously (4), levels of
chromatin-bound p97 and Ubxn7 were reduced (Figs. 4B and

SASBMB

S4B). This result suggests that the key determinants of p97
chromatin binding during DNA replication in the egg extract
are either cullin-driven ubiquitylation of substrates and/or
neddylation of cullins.

Finally, we decided to inhibit the polyubiquitylation of all
the potential substrates of p97 during DNA replication by
supplementing the extract with a chain terminating mutant
of ubiquitin: 6xHIS-UbiNoK. Interestingly, despite inhibi-
tion of polyubiquitylation by 6xHIS-UbiNoK, as observed
through accumulation of di-monoubiquitylated forms of
Mcm?7 on chromatin, we can reproducibly observe a higher
level of p97 and Ubxn7 binding to chromatin (Figs. 4C and
S4C). Importantly, neither inhibition of cullins, nor global
polyubiquitylation, affects the extracts’ ability to replicate
DNA (Fig. S4, B and C). Our findings therefore suggest
that Ubxn7 behaves like a p97 cofactor and follows the

J. Biol. Chem. (2022) 298(8) 102234 5
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Figure 4. Regulation of Ubxn7 chromatin binding. A, p97 and Ubxn7 accumulate on chromatin upon p97 activity inhibition. Interphase egg extract was
supplemented with DMSO or p97i and chromatin was isolated during the replication reaction. Chromatin samples were analyzed as in Figure 1A.
Representative experiment is presented here and quantification over n = 3 in Fig. S4A. B, p97 and Ubxn7 decrease on chromatin upon cullin activity
inhibition. Interphase egg extract was supplemented with DMSO or CULi and chromatin was isolated during the replication reaction. Chromatin samples
were analyzed as in (A). Representative experiment is presented here and quantification of n = 4 in Fig. S4B. C, p97 and Ubxn7 accumulate on chromatin
upon inhibition of polyubiquitylation. Interphase egg extract was supplemented with LFB1/50 buffer or 6HIS-UbiNoK and chromatin was isolated during the
replication reaction. Chromatin samples were analyzed as in (A). Representative experiment is presented here and quantification of n = 3 in Fig. S4C.
D, Ubxn7 interacts with p97 but not with Cul2 in egg extract. Ubxn7 or p97 were immunoprecipitated from egg extract. Interacting partners were analyzed
by Western blotting with indicated antibodies. E, interaction between Ubxn7, p97, and Cul2 is disrupted when neddylation of Cul2 is inhibited. Interphase
egg extract was supplemented with CULi (MLN4924) or p97i (NMS873). Chromatin was isolated in late S-phase when a high level of post-termination
replisomes accumulated on chromatin, protein complexes were released from chromatin by Benzonase treatment and p97, Cul2, or Ubxn7 immunopre-
cipitated from the chromatin proteome. Immunoprecipitated samples were analyzed by Western blotting with indicated antibodies. Short and long
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exposures for each of the immunoprecipitated proteins are presented. DMSO, dimethyl sulfoxide.
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same patterns of chromatin interaction. Moreover, p97
segregase is not directed to chromatin and terminated
replisomes just simply through interaction with poly-
ubiquitylated substrates, as inhibition of polyubiquitylation
does not prevent p97 and Ubxn7 from binding to chro-
matin (Figs. 4C and S4C). It is likely therefore that treat-
ment of replicating extract with the cullin neddylation
inhibitor (MLN4924) (Figs. 4B and S4B) downregulates
chromatin binding of p97 and Ubxn7 because neddylated
cullins provide a binding platform for Ubxn7.

To support this hypothesis further, we confirmed that
Ubxn7 can interact with p97 not only on chromatin (Fig. 1C)
but also in the egg extract (cytoplasm) (Fig. 4D). However, we
could not detect an interaction between Ubxn7 and Cul2 in
the egg extract (Fig. 4D), as Cul2 is present in the cytoplasmic
extract in its inactive, unneddylated form. We went on to
perform reciprocal immunoprecipitations of p97, Cul2, and
Ubxn7 from chromatin where post-termination replisomes
were accumulated due to inhibition of cullin neddylation
(CULI) or p97 activity (p97i) (Fig. 4E). The level of inhibition
achieved in the samples can be judged by the status of Cul2 in
the input; while Cul2 is present in the extract mainly in its
inactive, unneddylated form (Fig. 4F, lane 1), it accumulates on
chromatin during termination upon inhibition of p97 activity
mostly in its active, neddylated form (Fig. 4E, lane 2). CULi
treatment, however, leads to Cul2 accumulation on chromatin
in its inactive unneddylated form (Fig. 4E, lane 3). The
dramatic absence of Ubxn7 on chromatin upon neddylation
inhibition, despite the presence of p97 and Fafl in this input
(Fig. 4E, lane 3), clearly suggests that Ubxn7 binding to
chromatin strongly depends on cullin neddylation. When
present in the chromatin input, Ubxn7 could coimmunopre-
cipitate neddylated Cul2, Fafl, and a little of p97 (Fig. 4E, lane
10). p97 could interact with Ubxn7, Fafl, and neddylated Cul2,
but this can only be detected when replisomes have accumu-
lated in their ubiquitylated form due to inhibition of p97
activity (Fig. 4E, compare lane 6-7). Similarly, despite immu-
noprecipitation of equal quantities of neddylated and unned-
dylated Cul2 from each sample, Cul2 could only interact with
Ubxn7 when in its neddylated form on p97i treated chromatin
(Fig. 4E, lane 8 and 9). Reassuringly, all three, p97, Cul2 and
Ubxn7, could coimmunoprecipitate a little of the component
of the terminated replisome Cdc45. Altogether, these experi-
ments suggest that Ubxn7, although being a p97 cofactor, is
recruited to chromatin during the termination reaction
through its interaction with neddylated Cul2. Moreover, Fafl
is likely to form a common complex with p97 and Ubxn7 as we
can see it interacting with Ubxn7 when present on chromatin
(Fig. 4E, lane 10).

Ubxn7 bridges Cul2""" and p97 through its UIM and UBX
domains

Our results suggest that, analogously to Hifla regulation,
Ubxn7 acts as a bridge between Cul2"™, its substrate Mcm?7,
and the p97 segregase complex. To explore this idea in more
detail, we decided to make use of separation-of-function

SASBMB

Role of Ubxn7 in replisome disassembly

mutants of Ubxn7 that cannot interact with p97 (UBX
domain mutated, rUbxn7"®*) or Cul2 (UIM domain
mutated, rtUbxn7%"™) (Fig. S2, A and C). In human cells, the
P459G mutation abolishes interaction with p97, while S297A
abolishes interaction with neddylated Cul2, while not affecting
p97 interaction (20). Moreover, L290, A293 and S297 were
found to be the most conserved amino acids in UIMs of several
human proteins (22). We have therefore mutated corre-
sponding P458G in the X. laevis Ubxn7 sequence to create
rUbxn74"P* and the corresponding L286E/A289Q/S293A
residues to create rUbxn74Y™ (Fig.S5A). While we were able
to confirm that rUbxn7*"* cannot interact with p97 in the
egg extract (Fig. S5B), Ubxn7 and Cul2 do not interact in the
egg extract (cytoplasm) and so it is not easy to verify whether
the rUbxn72"™ mutation disrupts this. We did observe,
however, that adding a high concentration of recombinant
Ubxn74Y"™ mutant to normal egg extract with endogenous
Ubxn7 present (mimicking overexpression experiments),
caused a substantial increase in active, neddylated Cul2 on
chromatin. This was not observed upon addition of wt rUbxn7
or rUbxn72"®* mutants (Fig. S5C). This suggests that out-
competing endogenous Ubxn7 with a mutant that cannot
interact with neddylated Cul2 reproduces the phenotype of
Ubxn7 immunodepletion, that is, increased and prolonged
association of Cul2 with chromatin (Fig. 3A4). Importantly,
addition of neither protein affected the synthesis of nascent
DNA (Fig. S5D). Altogether, these results suggest that
Ubxn74Y™ js defective in binding to neddylated Cul2.

To further test functionality of these mutants, Ubxn7
immunodepleted extract was supplemented with either WT or
mutant Ubxn7. Neither addition to immunodepleted extract
affected the synthesis of nascent DNA (Fig. S6A). While
addition of WT Ubxn7 could support timely unloading of
CMG from chromatin and prevent excessive accumulation of
Cul2 on chromatin and long ubiquitin chain formation on
Mcm?7, neither of the two mutants could fully rescue the
Ubxn7 immunodepletion phenotypes (Figs. 54 and S6B). This
indicates that both domains are important for Ubxn7 function
during replisome disassembly. Altogether, these data suggest
that through its UBX and UIM domains, Ubxn7 can indeed
bridge Cul2"™' and the p97 complex and that binding to
neddylated Cul2"™" through its UIM domain is especially
important for restricting Cul2 activity and/or stimulating its
dissociation from the terminated replisome during replication
termination.

Unrestricted Cul2 activity allows for Mcm7 unloading in
Ubxn7 depleted extract

Our aforementioned results show that upon Ubxn7 deple-
tion, we observe accumulation on chromatin of active, ned-
dylated Cul2"™" and ubiquitylated forms of Mcm7. It is likely
therefore that continuous growth of the length of chains on
Mcm? finally leads to p97 recognition and unloading. To test
that it is Cul2"™ and not a different ubiquitin ligase (e.g,
TRAIP) synthesizing these long chains, we blocked Cul2
activity using CULi in IgG- and Ubxn7-depleted extracts
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Figure 5. Ubxn7 bridges Cul2"™" and p97 complexes leading to efficient unloading of ubiquitylated Mcm?7. A, both UIM and UBX domains of Ubxn7
are important for its functions. Ubxn7 depleted extract was supplemented with recombinant Ubxn7 or point mutants that disrupt UBX or UIM domain
functions (Ubxn72"®% and Ubxn72Y™, respectively). Chromatin was isolated at indicated time points and analyzed as in Figure 1A. Representative
experiment is presented (left). The level of Cul2 chromatin binding at 60 min time point was quantified over three experiments and the fold rescue of the
Cul2 accumulation in comparison to Ubxn7 depleted extract is presented (right). Individual values, mean, and SEM are shown. CMG unloading is quantified
in Fig. S6B. B, cullin activity is needed for replisome unloading in absence of Ubxn7. Ubxn7-depleted extract was supplemented with DMSO or CULi and
chromatin samples isolated during the replication reaction and analyzed as in (A). C, the chains built on Mcm7 in Ubxn7 depleted extract are shorter than
those built upon p97 activity inhibition. IgG- or Ubxn7-depleted extracts were optionally supplemented with p97i. Chromatin samples were analyzed at
indicated time points as in (A). CMG, Cdc45, Mcm2-7 hexamer, and GINS; DMSO, dimethyl sulfoxide; UIM, ubiquitin-interacting motif.

(Fig. 5B). Indeed, replisome disassembly was blocked in
Ubxn7-depleted extract treated with CULi, and the ubig-
uitylation of Mcm?7 observed in Ubxn7-depleted extract at
60 min was strongly inhibited by CULI. Instead, we observed a
much more gradual accumulation of ubiquitylated Mcm?7, as
we always do upon CULIi treatment (Fig. 5B, compare also
Fig. S6C). This shows that Cul2 activity is still required for
replisome disassembly in the absence of Ubxn7.

Finally, we wanted to assess whether the length of chains
built on Mcm?7 upon Ubxn7 depletion is unusually long,
suggesting uncontrolled Cul2"™ activity or whether it is
comparable to the level of ubiquitylation we observe upon
blocking p97 segregase activity and replisome unloading. To
this end, we inhibited p97 in Ubxn7 depleted extract (Fig. 5C)
and could see that the level of ubiquitylation upon complete
inhibition of unloading with p97i is even higher, suggesting
that it is just the delay in replisome disassembly that gives
Cul2"™" more time to ligate longer ubiquitin chains.

Altogether, our data support a model whereby Ubxn7
binds to active, neddylated Cul2™™ on chromatin to facili-
tate fast recruitment of the p97 complex to ubiquitylated

replisomes resulting in efficient replisome unloading
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(Fig. 6A). In the absence of Ubxn7, Cul2™™" can still bind to
terminated replisome but recruitment of p97 is delayed. In
the meantime, active, neddylated Cul2""™" keeps ubig-
uitylating Mcm?7, forming longer ubiquitin chains, which
finally allow for p97 recognition and replisome disassembly
(Fig. 6B).

Discussion

Ubxn7 streamlines replisome disassembly during replication
termination

Our results suggest that by concomitant interactions with
neddylated Cul2"™, ubiquitylated Mcm7, and p97 complex,
Ubxn7 facilitates efficient and fast unloading of terminated
CMG helicases from chromatin (Fig. 6). The general mode of
Ubxn7 operation in replisome disassembly during termination
closely resembles the way UBXD7 regulates degradation of
Hifla in collaboration with CUL2Y"" and p97/UFD1/NPL4
(19, 20). It is interesting to speculate that Ubxn7 may not only
bridge the three factors to facilitate recognition of terminated
ubiquitylated replisomes but may also stimulate turnover of
Cul2"™™ and promote its dissociation from terminated
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replisomes. This in turn could facilitate the unfolding of
ubiquitylated Mcm7 by the p97 complex.

The ability of Ubxn7 to facilitate unloading of Mcm?7
ubiquitylated with short ubiquitin chains synthesized by
Cul2™™" explains also why we observe such a strong accu-
mulation of Mcm?7 modified with short ubiquitin chains after
treatment of replication reactions with CULi (Figs. 5B and
S6C). CULI inhibits neddylation of cullins, so it not only slows
down the activity of Cul2"""* but also inhibits the interaction of
Ubxn7 with Cul2"™. As a result, the slowly building up chains
on Mcm?7 have to reach a higher threshold of length to be
efficiently extracted by the p97 complex.

CULi (MLN4924) inhibits all cullin activity, and it exerts its
main cytotoxic activity by inhibiting degradation of the
replication licensing factor Cdt1 by CUL4“P"?, which leads to

SASBMB

re-replication, checkpoint activation, and cell death (21, 23). A
possibility exists, therefore, that the effects we observed upon
treatment with CULI could arise from inhibition of neddyla-
tion of one of the other cullins important for DNA replication,
namely Cul4 or Cull (24). However, in Xenopus egg extract,
stabilization of Cdt1 is not enough to induce re-replication due
to high activity of the Cdtl inhibitor geminin (25). Moreover,
the progress of nascent DNA synthesis is not affected by in-
hibition of ubiquitin-driven protein degradation in the Xen-
opus egg extract system (5, 26) and inhibition of Cull or Cul4
activity does not affect replisome disassembly process (data
not shown). Finally, of all cullins, Ubxn7 binds most prefer-
entially to CUL2 (19). Altogether, the effect exerted by CULi
on Ubxn7 and the process of replisome disassembly is most
likely directly through inhibition of Cul2 neddylation.
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The function of Ubxn7/UBXD7 in streamlining the pro-
cess of replisome disassembly may not just be through
accelerated recognition of ubiquitylated substrate by the p97
segregase complex but also by increasing the rate of sub-
strate unfolding. A recent study has shown that once the
substrate is recognized, p97 starts substrate processing by
unfolding one of the distal ubiquitins in the ubiquitin chain
attached to the substrate. It then pulls both the unfolded
ubiquitin chain and the unfolded substrate through the
central channel of the hexamer (27), which leads to extrac-
tion of the substrate from complex structures. In the absence
of Ubxn7, when Mcm7 is modified with long ubiquitin
chains, the process of unfolding of such modified Mcm7 is
likely to be slower as it is more likely for p97/Ufd1/Npl4 to
bind the ubiquitin chain further away from the Mcm?7 sub-
strate, which necessitates unfolding of a longer ubiquitin
chain before unfolding Mcm?7 itself.

Ubxn7 and Faf1 during replication

Immunodepletion of Ubxn7, but not Fafl, from egg extract
leads to a delay in replisome disassembly (Figs. 2 and 3). The
C. elegans homolog of Fafl, UBXN-3, has been shown to be
important for CMQG helicase unloading by p97 in S-phase and
in mitosis (4, 11) but also to regulate other replication factors
such as CDT-1 and, recently, to regulate SUMOylated factors
at DNA replication forks (17, 28, 29). It is clear, therefore, that
UBXN-3 plays a key role in extraction of proteins from
chromatin during DNA replication in C. elegans embryos.
There is, however, no homolog of Ubxn7 in C. elegans, and
UBXN-3/Fafl does not contain a UIM domain that could
direct it to neddylated cullins, so it is unlikely to directly
substitute for the role that Ubxn7 plays in vertebrates.

In our experiments, in the absence of Ubxn7, the unloading
of the replisomes is delayed but they are still eventually
unloaded (Figs. 2 and 3). At the same time, we observe accu-
mulation of active Cul2""™" and higher levels of ubiquitylated
Mcm?7 on chromatin (Fig. 3). After a delay, p97/Ufd1/Npl4
can, therefore, recognize ubiquitylated Mcm7 and extract it,
possibly with help from other cofactors such as Fafl. In other
organisms that have no Ubxn?7, this process is also likely to be
facilitated by other cofactors such as Fafl/UBXN-3. Interest-
ingly, in an in vitro reconstitution system of DNA replication
with purified budding yeast proteins, where no p97 cofactors
were present, Mcm?7 needed to be ubiquitylated with a mini-
mum ubiquitin chain length of 5 in order to be recognized and
extracted by the CDC48 complex. This process, however,
worked much better with longer chains (30). The evolution of
Ubxn7 to specifically link neddylated cullins with their sub-
strates and the processing factor p97 is an additional level of
regulation that ensures efficiency in p97 substrate targeting.

The role of UBXN-3 in regulating SUMOylated factors at
replication forks seems to have been conserved throughout
evolution as it is also the case in human immortalized cells
(29). It will be very interesting to decipher the contribution of
FAF1 and UBXD7 to replisome disassembly in human cells in
the future.
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Importance of efficient replisome disassembly

Replisome unloading must be carefully regulated to main-
tain genome stability. Premature replisome unloading would
likely lead to a collapse of replication forks and creation of
DNA damage (31). However, defects in timely replisome
disassembly are also detrimental for cells. For example, dia2A
budding yeast cells, which cannot ubiquitylate Mcm7 during
termination, are defective in cell cycle progression, present
high levels of genomic instability, are unable to grow at low
temperatures, and are sensitive to drugs that compromise
replication fork progression (32—35). Genetic loss of Irr-1 in
worms results in mitotically arrested C. elegans embryos and
germ lines (36, 37). Moreover, while partial disruption of the
S-phase or mitotic pathways of replisome disassembly alone
had no effect on worm embryo viability, disrupting both
pathways led to embryonic lethality (4). Finally, CRISPR/Cas9-
mediated deletion of LRR1 or TRAIP in a number of human
cell lines is lethal (38). Interestingly, a recent study suggested
that efficient LRR1-mediated replisome disassembly is essen-
tial for completion of DNA replication, possibly through
recycling of replisome components from early activated
replication forks to late firing ones (39). With all these in mind,
it is clear that timely and efficient replisome disassembly is
important for the maintenance of genome stability and that
Ubxn7 is pivotal for this.

Experimental procedures
Inhibitors

MLN4924 (A01139, Active Biochem) was dissolved in
DMSO at 20 mM and added to the extract 15 min after
addition of sperm nuclei at 10 pM. NMS873 (17674, Cayman
Chemical Company) was dissolved in DMSO at 10 mM and
added to the extract 15 min after addition of sperm nuclei at
50 puM. Caffeine (C8960, Sigma) was dissolved in water at
100 mM and added to the extract along with demembranated
sperm nuclei at 5 mM. Aphidicolin was dissolved in DMSO at
8 mM and added to the extract along with demembranated
sperm nuclei at 40 puM. EcoRl (R6011, Promega) was
purchased at stock 12 U/ul and added to the extract at
0.05 U/pl.

Recombinant proteins

Recombinant His-tagged ubiquitin and ubiquitin mutants
were purchased from Boston Biochem, dissolved in LFB1/50
buffer (10% sucrose, 50 mM KCI, 40 mM Hepes pH 8.0,
20 mM K phosphate pH 8.0, 2 mM MgCl,, 1 mM EGTA,
2 mM DTT, 1 pg/ml of each: aprotinin, leupeptin, and pep-
statin) at 10 mg/ml and used at 0.5 mg/ml in X. laevis egg
extract.

pET28a-Ubxn7, pET28a-Ubxn7-P458G, and pET28a-
Ubxn7-L286E/A289Q/S293A vectors were used for protein
expression in 2L of BL21-codon Plus (DE3)-RIPL (1 mM IPTG
added at Agpp = 0.6, followed by incubation overnight at
20 °C). Frozen bacterial pellets were lysed in LFB1/50 buffer
(10% sucrose, 50 mM KCI, 40 mM Hepes pH 8.0, 20 mM K
phosphate pH 8, 2 mM MgCl,, 1 mM EGTA, 2 mM DTT,
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1 pg/ml of each: aprotinin, leupeptin, and pepstatin) and
supplemented with 1 mg/ml lysozyme and BitNuclease. After
sonication, the lysate was clarified by centrifugation at 14,000g
for 30 min at 4 °C, and supernatants containing soluble pro-
teins were then incubated with 2 ml of prewashed Super Ni-
NTA affinity resin (SUPER-NINTA100, Generon) for 2 h,
rotating at 4 °C. The beads were then washed 2x with 30 ml of
LFB1/50 buffer and 2x with LFB1/200 (200 mM KCl), both
supplemented with 20 mM imidazole. The beads were trans-
ferred to 10 ml columns (Poly-Prep Chromatography Column,
Bio-Rad) and eluted with LFB1/50 supplemented with 250 mM
imidazole.

To outcompete endogenous Ubxn7, recombinant Ubxn7
was used at 0.3 mg/ml in egg extract, while to rescue Ubxn7
depleted extract, it was added at 10 pg/ml.

Full-length 6xHIS-Fafl was expressed from pET28a-Fafl in
Rosetta (DE3) pLysS competent cells (Novagen, Merck Mil-
lipore) bacteria as aforementioned. It was purified as Ubxn7
but using the following buffers: lysis buffer (500 mM NaCl,
50 mM Tris—HCI pH 8.0, 2 mM MgCl,, 10% glycerol, 0.1%
Triton, 1 pg/ml of each: aprotinin, leupeptin, and pepstatin,
1 mg/ml lysozyme). After incubation, beads were washed with
lysis buffer supplemented with 20 mM imidazole. Beads were
eluted with lysis buffer supplemented with 250 mM
imidazole.

X. laevis GINS was expressed in BL21 (DE3) competent
Escherichia coli cells (C2527H, New England Biolabs) bacteria.
The isolated cell pellets were then resuspended into 50 mM
Tris pH 7.4, 500 mM NaCl, 0.1 mM PMSF (Sigma), and
protease inhibitor tablets (11836170001, Roche). Samples were
sonicated for 3X 1 min, 2 s pulses - 50% duty cycle and
supplemented with 1 mg/ml lysozyme. The suspension was
then incubated on rocker at 4 °C for 1 h and then clarified by
centrifugation at 20,000g for 30 min at 4 °C, followed by
filtration through 0.22 pm polyethersulfone filters (Millipore).
The supernatant was then passed through 5 ml His-Trap HP
column (Cytiva) connected to AKTAprime plus (GE).
Gradient elutions were performed with imidazole containing
buffer (50 mM Tris pH 7.4, 500 mM NaCl, 500 mM imidazole,
and 0.1 mM PMSF). X. laevis GINS fractions were eluted with
~79 to 134 mM imidazole. All fractions were pooled and
stored in -80 °C.

Antibodies

a-PCNA (P8825) and a-HIS (H1029) were purchased from
Sigma; a-Cul2 (EPR3104) was purchased from Abcam; a-p97
(65278) was purchased from Progen Biotechnik, anti-P-Chk1
(8345) from Cell Signaling, y-H2AX (4418-APC-020,
Trevigen).

Affinity purified a-Cdc45, o-Psf2 (40), a-Mcm3 (41),
a-LRR1 (S962D) and a-Cul2 (SA206) (4), and a-Mcm?7 (6)
were previously described. Xenopus Ufd1 antibody was a kind
gift from Prof Stemmann’s lab (13).

Xenopus full-length p97, Ubxn7, Fafl, and GINS proteins
were purified as described previously (6, 13) and antibodies
raised against such prepared antigens in sheep (p97, GINS,
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Ubxn7) or rabbit (Fafl). The resulting antibody sera were
purified in-house against the purified antigen. The specificity
of each new antibody is presented in Fig S7.

X. laevis egg extract preparation

All of the work with X. laevis was approved by Animal
Welfare and Ethical Review Body (AWERB) at University of
Birmingham and approved by UK Home Office in form of
Project License issued for Dr Agnieszka Gambus. X. laevis egg
extract was prepared as previously described (42).

DNA synthesis assay

Interphase X. laevis egg extract was supplemented with
10 ng/pl of demembranated sperm nuclei and incubated at
23 °C for indicated time. Synthesis of nascent DNA was then
measured by quantification of a**P-dATP incorporation into
newly synthesized DNA, as described before (42). The extract
contains endogenous deoxynucleoside triphosphate pools of
~50 pM (43). The total amount of DNA synthesized,
expressed as nanogram DNA/ul extract, can then be calculated
by multiplying percent total **P incorporated by a factor of
0.654 (43). This calculation assumes an average molecular
weight of 327 Da for deoxynucleoside monophosphate and
equal quantities of all four deoxynucleoside triphosphates
incorporated into DNA (weight of deoxynucleoside mono-
phosphate incorporated in ng/ul = percent total **P incorpo-
rated/100 x 50 x 107® x 4 x 327 x 10°) (43).

Chromatin isolation time course

Interphase X. laevis egg extract was supplemented with 10
to 15 ng/pl of demembranated sperm DNA and subjected to
indicated treatments. The reaction was incubated at 23 °C for
indicated length of time when chromatin was isolated in
ANIB100 buffer (50 mM Hepes pH 7.6, 100 mM KOAc,
10 mM MgOAc, 2.5 mM Mg-ATP, 0.5 mM spermidine,
0.3 mM spermine, 1 pug/ml of each aprotinin, leupeptin, and
pepstatin, 25 mM [-glycerophosphate, 0.1 mM NazVO,
0.2 pM microcystin-LR, and 10 mM 2-chloroacetamide
[Merck]) as described previously (42).

During the chromatin isolation procedure, a sample without
addition of sperm DNA (no DNA) is processed in an analogous
way, usually at the end of the time course, to serve as a chromatin
specificity control. The bottom of the PAGE gel on which the
chromatin samples were resolved is cut off and stained with
colloidal Coomassie (SimplyBlue, Life Technologies) to stain
histones which provide loading controls and indications of
sample contamination with egg extract (cytoplasm).

Nuclei isolation for Chk1 phosphorylation

The nuclei isolation was performed as previously described

(5).

Immunoprecipitation from egg extract

Twenty microliter of egg extract per IP was induced into
interphase, and the extract was then supplemented with 4 vol
of LFB1/50 buffer (10% sucrose, 50 mM KCI, 40 mM Hepes

J. Biol. Chem. (2022) 298(8) 102234 11



Role of Ubxn7 in replisome disassembly

pH 8, 20 mM K phosphate pH 8, 2 mM MgCl,, 1 mM EGTA,
2 mM DTT, 1 ug/ml of each: aprotinin, leupeptin, and pep-
statin). The diluted extract was cleared of insoluble material by
15 min centrifugation in a microfuge at 4 °C, 16k rcf. About
100 pl of diluted extract was supplemented with 1 pg of affinity
purified Ubxn7, p97, or IgG from sheep serum (15131, Sigma)
and incubated on ice for 1 h with sporadic mixing. Twenty
microliter of prewashed Protein G Dynabeads (10004D, Life
Technologies) were added to each IP sample and incubated for
1 h at 4 °C with rotation. After incubation the beads were
washed 3x with LFB1/50 and boiled in NuPAGE LDS loading
buffer (Life Technologies).

Immunoprecipitation from chromatin

Hundred microliter of egg extract per IP was induced into
interphase and mixed with 10 to 15 ng/pl demembranated
sperm nuclei and optionally supplemented with the indicated
treatments. The reaction was incubated at 23 °C for the
indicated time. Chromatin was isolated in ANIB100 (50 mM
Hepes pH 7.6, 100 mM KOAc, 10 mM MgOAc, 2.5 mM Mg-
ATP, 0.5 mM spermidine, 0.3 mM spermine, 1 pug/ml of each
aprotinin, leupeptin, and pepstatin, 25 mM [-glycer-
ophosphate, 0.1 mM NazVO, 0.2 puM microcystin-LR, and
10 mM 2-chloroacetamide), and the chromatin pellets were
resuspended in the same volume of original extract of
ANIB100 containing 20% sucrose. Protein complexes were
released from chromatin by digestion with 2 U/ul of Benzo-
nase nuclease (E1014-25KU, Sigma) and sonicated for 5 min
using a Diagenode sonicator with following settings: 15s on,
15s off, medium setting. The insoluble fraction was then spun
in a microfuge at 4 °C, 10 min, 16k rcf.

Prepared beads,

(1) 30 pl of Dynabeads M-270 epoxy (14302D, Life Technol-
ogies) coupled covalently to 20 pg of affinity purified p97
antibody, affinity purified Ubxn7 antibodies, or IgG from
sheep serum (I5131, Sigma) and

(2) 30 pl of Dynabeads Protein G (10004D, Life Technologies)
covalently coupled to 6 ug of affinity purified p97 antibody,
affinity purified Ubxn7, affinity purified Cul2, or IgG from
sheep serum (I5131, Sigma) using BS3 crosslinker (S5799,
Sigma),

were incubated with 100 pl digested chromatin at 4 °C for 1
to 2 h with rotation. Following the incubation time, beads were
washed for 5 min rotating at 4 °C twice with ANIB100, once
with ANIB100 containing an additional 0.1% Triton X-100,
and finally twice with ANIB100 buffer. Each sample was pre-
pared by boiling in 30 pl of 2x NuPAGE LDS loading buffer
(Life Technologies) for 5 min.

Immunoprecipitation of p97 and MS

About 3.75 ml of X. laevis egg extract was activated and
supplemented with 10 ng/ul of demembranated sperm DNA,
50 uM p97 inhibitor NMS873, and incubated at 23 °C for
60 min. Chromatin was isolated in ANIB/100 buffer. Immu-
noprecipitation of p97 was performed as described previously
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(4), and the immunoprecipitated material was analyzed by MS
with Dr Richard Jones from MS Bioworks LLC.

Sample preparation

Each sample was run on a 5% to 20% gradient gel (Invitrogen)
for 1 cm and cut into 10 bands. Samples were submitted pre-
plated for 10 fraction analysis. Gel pieces were processed using a
robot (Progest, DigiLab) with the following protocol:

(1) Washed with 25 mM ammonium bicarbonate followed
by acetonitrile.

(2) Reduced with 10 mM DTT at 60 °C followed by alkyl-
ation with 50 mM iodoacetamide at room temperature.

(3) Digested with trypsin (Promega) at 37 °C for 4 h.

(4) Quenched with formic acid and the supernatant was
analyzed directly without further processing.

MS

The gel digests were analyzed by nano LC/MS/MS with a
Waters M-class HPLC system interfaced to a ThermoFisher
Fusion Lumos. Peptides were loaded on a trapping column and
eluted over a 75 um analytical column at 350 nl/min; both col-
umns were packed with Luna C18 resin (Phenomenex). A
30 min gradient was employed. The mass spectrometer was
operated in data-dependent mode, with MS and MS/MS per-
formed in the Orbitrap at 60,000 FWHM resolution and 15,000
FWHM resolution, respectively. Advanced peak determination
was turned on. The instrument was run with a 3 s cycle for MS
and MS/MS. Proteome Discoverer v1.4 (ThermoFisher; www.
thermofisher.com) was used for peak generation.

Data processing

Data were searched using a local copy of Mascot (Matrix
Science; version 2.8.0.1) with the following parameters:

Enzyme: Trypsin Fully Specific

Database: Uniprot Xenopus (forward and reverse appended
with common contaminants) released on 04/15/2014. 79,274
(including reverse and CON) entries in the database were
searched.

Fixed modification: Carbamidomethyl (C)

Variable modifications: Oxidation (M), Acetyl (Protein
N-term), Deamidation (NQ), GlyGly (K), Phospho (STY)

Mass values: Monoisotopic

Peptide Mass Tolerance: 10 ppm

Fragment Mass Tolerance: 0.02 Da

Max Missed Cleavages: 2

Mascot DAT files were parsed into the Scaffold (version
Scaffold_5.1.0, Proteome Software Inc) software for validation,
filtering, and to create a nonredundant list per sample. Data
were filtered with 1% protein and peptide false discovery rate
(FDR) and requiring at least two unique peptides per protein.

Peptide identifications were accepted if they could be
established at greater than 34.0% probability to achieve an FDR
less than 1.0% by the Percolator posterior error probability
calculation (44). Protein identifications were accepted if they
could be established at greater than 99.0% probability to ach-
ieve an FDR less than 1.0% and contained at least two
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identified peptides. Protein probabilities were assigned by the
Protein Prophet algorithm (45). Proteins that contained similar
peptides and could not be differentiated based on MS/MS
analysis alone were grouped to satisfy the principles of
parsimony.

Immunodepletion

Ubxn7 immunodepletions were performed using Dynabeads
protein G (10004D, Life Technologies) coupled to antibodies
against Ubxn7 or nonspecific sheep IgGs (15131, Sigma), with
two rounds of 1 h incubation at 4 °C. The Ubxn7 antibodies
were coupled at 600 pg per 1 ml of beads. Effective immu-
nodepletion required two rounds of 1 h incubation of egg
extract with antibody coupled beads at 50% beads ratio.

Fafl immunodepletions were performed using Dynabeads
protein A (10002D, Life Technologies) coupled to Xenopus
Fafl antibodies raised in rabbit and affinity purified or
nonspecific rabbit IgG (15006, Sigma). The Fafl antibodies
were coupled at 600 pg per 1 ml of beads. Effective immu-
nodepletion required three rounds of 40 min incubation of egg
extract with antibody coupled beads at 50% beads ratio.

HIS-pull down from egg extract

Thirty microliter of interphase egg extract per pull down
was supplemented with 10 ng/pl of demembranated sperm
nuclei and optionally supplemented with LFB1/50 buffer or
0.3 mg/ml of recombinant Ubxn72YBX Ubxn7°"™, or
Ubxn7"" proteins. The replication reaction was stopped with
LFB1/50 buffer supplemented with 0.1% Triton X-100 and
chloroacetamide in the middle of the S-phase. The samples
were sonicated for 5 min using the Diagenode cold water
sonicator with following settings: 15s on, 15s off, medium
settings. Insoluble material was clarified for 10 min at 4 °C at
16k rcf and incubated with 60 pl Dynabeads HIS-tag isolation
(10104D, Invitrogen) for 2 h with rotation at 4 °C. Beads were
subsequently washed two times with LFB1/50 buffer supple-
mented with 0.1% Triton X-100 and chloroacetamide. Pulled-
down HIS-tagged proteins were eluted by boiling the beads in
30 pl of 2x NuPAGE LDS loading buffer for 5 min.

Western blot quantification

The quantification of Western blots is provided to indicate
reproducibility of trends in experiments rather than to provide
absolute values of increases or decreases in a signal. The
quantified experiments were performed in different prepara-
tions of extracts and independently immunodepleted extracts
to confirm that observed phenotypes are not specific for one
extract preparation. As a result, the extracts differ slightly in
their kinetics of DNA replication reaction, which can affect the
levels of detected proteins on chromatin at the same time
points between different experiments. They do, however, all
reproducibly show the same trend of change across the
experiments.

The density of pixels of each band of the Western blot
and scanned stained histones within the gel were quantified
using Image] software (National Institute of Health; https://
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imagej.net/software/imagej/). The numeric value in arbitrary
units for each band was normalized to loading control
(bands of Coomassie stained histones). The analysis of
control and treatment samples was always done together
and the fold difference between them calculated. Fold
change from a number of repeated experiments is plotted
on the graphs with mean value and SEM as calculated by
GraphPad PRISM.

Data availability

The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE
repository with the dataset identifier:

Project Name: Immunoprecipitation of p97 from X. laevis
S-phase chromatin

Project accession: PXD029705

Project DOI: 10.6019/PXD029705

Supporting article  contains

information.
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Supplementary Figure 1

p97 accumulates on chromatin upon inhibition of its ATPase activity. Interphase egg extract

was supplemented with DMSO or p97i and chromatin samples isolated at indicated timepoints
during replication reaction. Chromatin samples were analysed by western blotting with indicated
antibodies as in Figure TA. Presence of a ladder of bands in -DNA control in p97i indicates
contamination with cytoplasm in this particular sample. See also Figure 4A for alternative western
blot. CMG components (Cdc45 and Psf2) unloading is inhibited with p97i and ubiquitylated forms
of Mcm7 accumulate on chromatin when p97 is not active.
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Supplementary Figure 2

(A) Model of Xenopus Ubxn7 structure. The key domains are highlighted together with the
mutations incorporated to disrupt UIM and UBX interactions. (B) Model of Ubxn7 function during
Hif1a processing. (C) Comparison of Xenopus laevis and human Ubxn7 protein sequence.

The domains are highlighted in the same colour as in (A). Amino acids mutated in

Ubxn72"8 and Ubxn74Y™ mutants are highlighted in red.
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Supplementary Figure 3

(A) Immunodepletion of Ubxn7 or Faf1 does not co-deplete each other. Faf1 and Ubxn7

were immunodepleted independently as described in materials and methods. The level of remaining
proteins in the egg extract was analysed through western blotting of a series of dilutions of egg extract
and samples of IgG-, Ubxn7- and Faf1-depleted extracts. PCNA serves as an example of protein that is not
affected by either immunodepletion. (B) Immunodepletion of Ubxn7 does not immunodeplete any other
bands. Whole gel of Ubxn7 immunodepletion. (C) Immunodepletion of Ubxn7 delays replisome
disassembly. An alternative example of experiment in Figure 2C. (D) Immunodepletion of Ubxn7 does

not lead to checkpoint activation and Chk1 phosphorylation. Nuclei were isolated at indicated timepoints
during replication reaction in IgG- or Ubxn7-depleted extracts. Nuclei samples were analysed by western
blotting with indicated antibodies. As a positive control a sample of each extract was treated with
polymerase inhibitor aphidicolin (inhibitor of Family B of polymerases which stops nascent DNA synthesis,
leads to uncoupling of helicase and polymerase and induces checkpoint activation) or aphidicolin and
caffeine (inhibitor of both ATR and ATM kinases which start S-phase checkpoint response).
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Supplementary Figure 4

(A) Addition of p97i to egg extract does not affect extract’s ability to synthesise DNA. Interphase egg

extract was supplemented with DMSO or p97i and the incorporation of a*?P-dATP into newly

synthesised DNA was measured at indicated times. Mean of n=2 for p97i with SEM. p97 and Ubxn7
accumulate on chromatin upon p97i treatment. An alternative experiment presented to the one in Figure 4A.
The level of p97 and Ubxn7 bound to chromatin at 45, 60 or 75 min was quantified in DMSO and p97i
treated extract. 45 min timepoint represents time when replisomes are present on chromatin in control and
treatment sample, while at 60/75 min replisomes are mostly unloaded in control sample. Fold increase in
p97i over control is presented as a mean value with individual value points (n=4 for p97 and n=3 for Ubxn7).
(B) Addition of CULi to egg extract does not affect extract’s ability to synthesise DNA. Interphase egg
extract was supplemented with DMSO or CULi and the incorporation of a*?P-dATP into newly synthesised
DNA was measured at indicated times. Mean of n=4 with SEM. p97 and Ubxn7 decreased on chromatin
upon CULi treatment - quantification of an experiment in Figure 4B as above (n=4). (C) Addition of
6His-UbiNOK to egg extract does not affect extract’s ability to synthesise DNA. Analysed as above.
Quantification of p97 and Ubxn7 accumulation on chromatin upon 6HIS-UbiNOK treatment as in

Figure 4C (n=3).



Tarcan et all Supp Figure 5

Input HIS - pulldown
C 6-
O 5. v
buffer Ubxn7" Ubxn7:U% _ __ Ubxn72V™ 95
© 4+
&Y ¥ & Qe‘* Oe‘? Mw (kDa) 5 ]
J'® ODG:"Q'\(? e’° D%Q'\%% F € PSP e}SQ LS [min] 2 2-
warll LA g el e £

CuR g el l- s -4 ey S

- , | ClAIPD
Cdc4as ™ ¢ - - pIte ™ % & \>°+°+5\ &

i e —— —_—— B 15 ©
Histones ' ' s -| ' 10 Cul2 on chromatin at 45 min

)

buffer

- Ubxn7™t
Ubxn7AUBX
-¥%-  Ubxn72UM

Ry

Replicated DNA [ng/ul]

o

L]
40 50 60 70 80 90 100
Time point [min]

Supplementary Figure 5.

(A) Recombinant 6xHIS-Ubxn7, 6xHIS-Ubxn72"8% or 6xHIS-Ubxn72"Mwere purified and equal quantity
run on a PAGE gel and stained with coomassie. (B) Ubxn74"8 cannot interact with p97. Interphase egg
extract was supplemented with recombinant 6xHIS-Ubxn7, 6xHIS-Ubxn72"8% or 6xHIS-Ubxn72Y™ and
the recombinant proteins were pulled out from replicating egg extract in the middle of S-phase.

The ability of recombinant proteins to interact with p97 was analysed by western blotting.

(C) Interphase egg extract was supplemented with Ubxn7 or mutants as in (A) and chromatin samples
isolated at indicated timepoints during replication reaction. Chromatin samples were analysed by
western blotting with indicated antibodies (left). The level of Cul2 bound to chromatin at 45 min of
replication reaction was quantified (n=3). Fold change over buffer control is presented. Individual
points, mean and SEM. (C) Addition of high concentration of rUbxn7 or its mutants to the egg extract
does not inhibit egg extract ability to replicate DNA. LFB1/50 buffer or 6HIS-Ubxn7, 6HIS-Ubxn74Y8%
or 6HIS-Ubxn74"Mat 0.3 mg/ml final concenetration. Extract ability to incorporate a-**PdATP into
nascent DNA was quantified.
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Supplementary Figure 6.

(A) Addition of recombinant 6xHIS-Ubxn7, 6xHIS-Ubxn72"8% or 6xHIS-Ubxn72Y™ to rescue
Ubxn7-depleted extract does not inhibit extracts ability to synthesise DNA. Ubxn7 depleted extract was
supplemented with 6xHIS-Ubxn7, 6xHIS-Ubxn72Y8% or 6xHIS-Ubxn72"™and extract ability to incorporate
0-*’PdATP into nascent DNA quantified. (B) UBX and UIM domains are needed for Ubxn7 activity.
Quantification of experiment in Figure 5A. The chromatin bound Cdc45 and Psf2 at 75 min of replication
reaction in Ubxn7-depleted extract supplemented with recombinant 6xHIS-Ubxn7, 6xHIS-Ubxn72Y8% or
6xHIS-Ubxn74™were quantified, n=4. Individual points, mean and SEM are presented. (C) Mcm7
accumulates on chromatin modified with short ubiquitin chains upon cullin inhibition. Interphase egg
extract was supplemented with DMSO, CULi (MLN4924) or p97i (NMS873) and chromatin was isolated
during replication reaction at indicated time points after sperm DNA addition. Chromatin samples
analysed as in Figure 1A.
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Cell division is the basis for the propagation of life and requires accurate

duplication of all genetic information. DNA damage created during replication
(replication stress) is a major cause of cancer, premature aging and a spectrum
of other human disorders. Over the years, TRAIP E3 ubiquitin ligase has been
shown to play arole in various cellular processes that govern genome integrity
and faultless segregation. TRAIP is essential for cell viability, and mutations in
TRAIP ubiquitin ligase activity lead to primordial dwarfism in patients. Here,
we have determined the mechanism of inhibition of cell proliferation in TRAIP-
depleted cells. We have taken advantage of the auxin induced degron system
to rapidly degrade TRAIP within cells and to dissect the importance of various
functions of TRAIP in different stages of the cell cycle. We conclude that upon
rapid TRAIP degradation, specifically in S-phase, cells cease to proliferate,
arrest in G2 stage of the cell cycle and undergo senescence. Our findings reveal

that TRAIP works in S-phase to prevent DNA damage at transcription start
sites, caused by replication-transcription conflicts.

Cell proliferation is the basis for the propagation of life and requires
accurate duplication of all genetic information before correct cell
division. However, these processes encounter impediments that
threaten their faultless execution and lead to genomic instability.
Moreover, problems encountered during DNA replication (replication
stress) often result in under-replicated DNA that needs to be resolved
during mitosis. Cells have developed a number of means to respond to
these challenges, such as replication-coupled DNA repair pathways
and S-phase checkpoint responses that protect the stability of repli-
cation forks, inhibit the initiation of replication in new areas of the
genome, and block cell cycle progression to allow for DNA damage
resolution’. Insufficiencies in these S-phase responses and persistence

of unreplicated DNA past S-phase, induce rescue mechanisms during
mitosis, such as mitotic DNA synthesis (MiDAS) and anaphase-bridge
resolution. Failure of all these pathways results in DNA breakage,
chromosome missegregation, and chromosomal rearrangements.
Genome-wide, such unreplicated regions correlate with common fra-
gile sites (CFS), responsible for recurrent re-arrangements often found
in human disease””.

TRAIP (TRAF-interacting protein, also known as TRIP or
RNF206) E3 ubiquitin ligase has recently been shown to play arole in
a number of the above processes. TRAIP is essential for cell pro-
liferation at an early stage of development in the mouse embryo* and
CRISPR/Cas9-mediated deletion of TRAIP in a number of human cell
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lines is lethal’. Moreover, homozygous mutations of the TRAIP ubi-
quitin ligase domain in humans lead to microcephalic primordial
dwarfism®.

At the cellular level, TRAIP has been shown to be essential for the
appropriate repair of DNA damage caused by mitomycin C (MMC)
and other inter-strand crosslinks (ICLs) generating drugs: camp-
tothecin (CPT), UV, and hydroxyurea (HU)*°. TRAIP has also been
reported to regulate mitotic progression; cells with downregulated
TRAIP go through mitosis faster and with more chromosome segre-
gation errors'®". TRAIP usually accumulates in nucleoli in cells and
re-localises to sites of DNA damage and replication stress® " This
co-localisation with PCNA upon DNA damage is mediated by a PCNA-
interacting protein (PIP)-box motif located at the C-terminus of
TRAIP”®. However, TRAIP was also shown to interact with unchal-
lenged replication forks in Xenopus egg extract” and, in human cells,
TRAIP has been shown to interact with nascent DNA during unper-
turbed S-phase through Nascent Chromatin Capture (NCC) and
iPOND”**",

At the molecular level, TRAIP has been shown to orchestrate
the response to ICLs in Xenopus laevis egg extract through the
ubiquitylation of the eukaryotic replicative helicase (CMG com-
plex, from CDC45/MCM2-7/GINS) as two replication forks con-
verge at the ICL". In such a situation, short ubiquitin chains
synthesised by TRAIP on CMGs promote the recruitment of NEIL3
glycosylase and unhooking of the ICL, whilst longer ubiquitin
chains are required for CMG unloading by p97 segregase, allow-
ing access for endonucleases and Fanconi anaemia pathway pro-
teins that perform ICL repair>'®V. Using the same model system,
TRAIP has also been shown to act when the replisome encounters
DNA-protein crosslinks (DPCs), which impair replication forks
progression. In such a situation, however, TRAIP ubiquitylates not
the CMG helicase within the blocked replisome, but the protein
barrier itself'®. Moreover, in human cells, TRAIP was also shown to
interact with RNF20-RNF40 ubiquitin ligase at double-strand
breaks and affect ionizing-radiation induced monoubiquitylation
of histone H2B'?°, as well as the localisation of BRCAL1 interacting
partner RAPSO to DNA double-strand breaks™.

On the other hand, in mitosis, in Xenopus leavis egg extract, C.
elegans embryos, and mouse embryonic stem cells, we and others have
shown that TRAIP ubiquitylates any replicative helicases left on chro-
matin from replication in S-phase, leading to their unloading by the
p97 segregase” . Such replisomes retained on chromatin until
mitosis likely protect the DNA they are bound to, preventing access
and subsequent DNA processing by nucleases. As a result, TRAIP-
driven replisome disassembly in mitosis can lead to fork breakage and
complex DNA re-arrangements in Xenopus egg extract® and allows for
MIDAS in human cells?. Finally, TRAIP depletion was reported to lead
to decreased stability of kinetochore-microtubule attachments and
diminished spindle assembly checkpoint function through lowered
MAD?2 levels at centromeres'®>.

With so many varied functions of TRAIP reported, the question
arises: which one of its functions is most crucial for cell viability, pro-
liferation, and prevention of microcephalic dwarfism? To answer this,
we have generated auxin-inducible degrons of TRAIP in the colon
carcinoma HCTI116 cell lines and immortalised retinal pigment epi-
thelial cells hTERT-RPEL, which facilitate the degradation of TRAIP
within 30 min of auxin (IAA) addition to the cell media. With these, we
could confirm that upon rapid TRAIP degradation, cells cease to pro-
liferate, arrest in G2 stage of the cell cycle and undergo senescence. By
further investigating the effect of TRAIP degradation on specific stages
of the cell cycle we found that TRAIP plays an essential role in S-phase
and that the lack of TRAIP results in the generation of DNA damage at
sites of replication-transcription collisions. We propose a model
whereby TRAIP acts at sites of collision and allows the conflicts to be
resolved.

Results

To investigate the role of TRAIP during the unperturbed eukaryotic cell
cycle, we established conditional auxin-inducible degron (AID) cell
lines?*”. As modifying the N-terminus of TRAIP was reported to impact
TRAIP localisation in the cell®, endogenous TRAIP was tagged
C-terminally in an HCT116 cell line expressing OsTIR1, an E3 ligase
component recognising the degron, with either a mini-auxin-inducible
degron (mAID) tag, or an mCLOVER-fused variant (mAC); henceforth
referred to as TRAIP-mAID and TRAIP-mAC, respectively (Supple-
mentary Fig. 1A, B). Two clones of each HCT116 TRAIP-mAID and
TRAIP-mAC were generated and used throughout this work to ensure
that the observed phenotypes are not CRISPR off-target effects. The
hTERT-RPEI1 cell line chosen for TRAIP modification expressed OsTIR1
from an inducible Tet promoter, requiring the addition of tetracycline
or doxycycline to express it (Supplementary Fig. 1A). Bi-allelic tagging
was verified by PCR amplification from the genomic TRAIP locus
(Supplementary Fig. 1C, D). It was also confirmed at the protein level by
the disappearance of the endogenous untagged TRAIP protein from
the whole cell extracts prepared using degron cell lines (Supplemen-
tary Fig. 1E). Bi-allelic modification of TRAIP with degron tags did not
affect cell proliferation and fitness (Supplementary Fig. 1F, G). Activa-
tion of the AID system, through the addition of Indole-3-acetic acid
(auxin, IAA) to the cell growth media ensured rapid protein degrada-
tion in ~30 minutes (Fig. 1A).

TRAIP activity is essential for cell proliferation

We first set out to understand the global consequences of TRAIP
depletion for cell viability, proliferation, and cell cycle progression.
Colony assays were used to assess the respective impact of auxin
treatment itself, and TRAIP degradation, on cell viability. Long-term
auxin treatment (7-14 days) led to abrogation of colony growth in all
the conditional TRAIP degron cell lines (Fig. 1B; Supplementary
Fig. 2A). No reductions in the overall colony forming ability were found
when auxin was added to control cell lines, indicating that the drug
treatment itself was not cytotoxic. These data confirmed that TRAIP
was an essential protein as previously described*’. Importantly, we
could significantly rescue the cell growth in the auxin-treated HCT116
TRAIP-mAID degron cells by expression of exogenous full-length (wild-
type, wt) TRAIP, but not an active site mutant C7A/C10A of TRAIP or
TRAIP W37A° (Fig. 1C). This indicates that TRAIP ubiquitin ligase
activity is essential for cell viability in our system. TRAIP expression is
highly regulated in the cell and overexpression of WtTRAIP was
reported to be toxic’, which is a likely reason why the expression of
wtTRAIP in our experiments does not fully rescue lethality of the
TRAIP-mAID degradation.

To investigate the underlying reason for the observed growth
inhibition, we next investigated the effects of shorter periods of pro-
tein degradation (24-72 Hrs) on cell proliferation and cell cycle pro-
gression. HCT116 cells lacking TRAIP exhibited clear defects to cell
growth at all time points tested (Fig. 1D, Supplementary Fig. 2B), while
RPEI cells showed less dramatic defect (Supplementary Fig. 2C). Again,
we could rescue the proliferation defect observed after 72 h of TRAIP-
mAID degradation in HCT116 cells by expression of wtTRAIP, but not
TRAIP C7A/C10A or TRAIP W37A (Fig. 1E). Furthermore, flow cyto-
metric analysis revealed a reduction in the number of cells in G1 stage
of the cell cycle, as well as the accumulation of TRAIP-depleted cells
with G2/M DNA content (Fig. 1F, Supplementary Fig. 2D, E), which
could be rescued in HCT116 cells by expression of wtTRAIP but not the
ubiquitin ligase dead mutants (Fig. 1G). Altogether, these results show
that our TRAIP degron cell lines exhibit phenotypes analogous to those
observed previously upon downregulation of TRAIP by siRNA or in
patients’ cells with impaired ubiquitin ligase activity of TRAIP**® and
thus provide a useful tool for the determination of the cell-cycle, stage-
specific and essential function of TRAIP. Moreover, the essential
function of TRAIP depends on its ubiquitin ligase activity.
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TRAIP-depleted cells accumulate in G2 stage of the cell cycle

by flow cytometry and easier detection of cell cycle defects. Quantifi-

As the underlying mechanism of cell death in cells depleted of TRAIP  cation of the total proportion of cells displaying phosphorylation of
has not been previously determined, we decided first to investigate the  Histone H3 on S10 (marker of mitosis) by flow cytometry showed no
mechanism by which TRAIP-depleted cells stop proliferating. We first  differences to the numbers of mitotic cells following TRAIP degrada-
determined in which cell cycle stage cells lacking TRAIP were accu- tion (24 h auxin treatment) (Supplementary Fig. 3A). The same was
mulating: G2 or mitosis. We focused on HCT116 cells, as they pro- confirmed by mitotic indexing experiments (Supplementary Fig. 3B,
liferate faster and at higher cell densities, facilitating cell cycle analysis no WEEL). To specifically visualise the G2 population of cells, cells
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Fig. 1| Rapid auxin-induced degradation of TRAIP-mAID leads to G2 cell cycle
arrest and inhibition of cell proliferation. A An asynchronous cell culture of
HCT116 TRAIP-mAID cells was supplemented with auxin (IAA) and samples taken at
indicated times. The level of TRAIP-mAID was assessed by western blotting with
TRAIP antibody. Two independent clones of TRAIP-mAID are presented (n = 3).

B Cells were grown in presence or absence of auxin (IAA) and in case of hTERT-RPE1L
cells in presence or absence of Doxycycline. The resultant colonies were visualised.
Quantification of three biological repeats; depicted as the mean normalised colo-
nies formed +SEM. Pairwise hypothesis testing was conducted using
Mann-Whitney U tests, with significance values indicated on the plot (HCT116 Cells:
TRAIP-mAID C2: p < 0.001; TRAIP-mAID D5: p < 0.001; RPEI Cells: significant dif-
ferences were observed between TRAIP-mAID cell lines only. -Dox -IAA vs +Dox
-1AA: p=0.004; -Dox -IAA vs +Dox +IAA: p =<0.001) C HCT116 TRAIP-mAID cells
were transfected with retroviruses expressing WT, C7A/C10A or W37A mutants of
TRAIP. Colony assay viability was assessed at different concentrations of auxin.
Quantification of n=3. Error bars depicted show the mean colony forming units
+SEM. D TRAIP-mAID cells were grown in optional presence of auxin (IAA) and cell
proliferation counted over the 72 h. Quantification of n =3 for two independent
TRAIP-mAID clones. Data is shown as the mean +SEM. Pairwise statistical

comparison were conducted at each timepoint using t.tests, with significance
indicated on the plot (TRAIP-mAID C2: 48 h - p=0.00940, 72 h - p = 0.0363; TRAIP-
mAID D5:48 h - p=0.04,72h - p=0.0305). E HCT116 TRAIP-mAID cells expressing
different versions of TRAIP as in C were grown in presence of auxin for 72 h and
counted. Data shown as the mean cell counts (normalised to control) +SEM. Sta-
tistical significance was conducted to compare each +IAA treatment between cell
lines (Empty Vector +IAA vs WT TRAIP +IAA, p = 0.01211. F TRAIP-mAID cells (two
independent clones) were grown for 24 h in optional presence of auxin (IAA) and
analysed for their DNA content by FACS. Example FACS plots (left) and quantifi-
cation of number of cells in different stages of the cell cycle (mean +SEM) over three
independent experiments for two independent clones (right) are shown. Pairwise
comparisons were carried out using t.tests, significance is indicated on the plot
(TRAIP-mAID C2: G1 - p=0.0120, G2/M - p = 0.04; TRAIP-mAID D5: G1 -
p=0.00874, G2/M - p =0.04). G HCT116 TRAIP-mAID cells expressing different
versions of TRAIP as in C were grown in presence of auxin for 24 h and analysed for
their DNA content by flow cytometry. Example FACS plots (left) and quantification
of number of cells in different stages of the cell cycle (mean +SEM) over two
independent experiments (right). Source data are provided as a Source Data file.

were treated with auxin for 24 hours to degrade endogenous TRAIP
and stained with three markers of G2/M progression: DAPI for con-
densed chromosomes, Mitosin (CENPF) for G2 and mitosis, and the
S10 phosphorylation of Histone H3 for mitosis (Fig. 2A). A significant
increase was found in the proportions of cells in G2 stage of the cell
cycle following treatment with auxin and TRAIP degradation (Fig. 2A,
no WEELi), while no differences again were found when considering
those cells in either early or late mitosis (Supplementary Fig. 3C).
Finally, the G2 cell cycle accumulation was overcome through inhibi-
tion of the G2 checkpoint kinase WEE1 using MK-1775 inhibitor (Fig. 2A
and Supplementary Fig. 3C, D). We conclude, therefore, that the loss of
TRAIP results in a G2 cell cycle arrest dependent on WEEL.

G2-arrested TRAIP-depleted cells exit the cell cycle through
senescence

Analyses of the HCT116 TRAIP-mAID cell line treated for 24 h with auxin
also revealed an increase in the size of nuclei and overall cell size
(Supplementary Fig. 4A, B). Intriguingly, increased cell size, reductions
in cell proliferation, and cell cycle accumulation are all hallmarks of cell
cycle exit via senescence®. To explore this further, we used flow
cytometry to detect the senescence marker (-galactosidase. Indeed,
following as little as 24 h of auxin treatment, cells were positive for this
marker of cell senescence (Fig. 2B). Subsequent comparison of the
positive [B-galactosidase cell population with total DNA content
revealed the specific activation of senescence in the accumulating G2/
M cells (Fig. 2C). In contrast, we have detected no increase in the
proportion of apoptotic cells (Supplementary Fig. 4C, D) and we
observed no increase in cells exhibiting mitotic catastrophe pheno-
types (data not shown).

G2 arrest in TRAIP-depleted cells is a result of DNA damage
checkpoint activation

G2 cell cycle arrest is often a consequence of DNA damage checkpoint
activation” and TRAIP was previously linked to numerous DNA
damage repair pathways. To check whether DNA damage accumula-
tion upon degradation of TRAIP may be indeed responsible for the
observed G2 arrest, cells were treated with auxin for 24 hours and
stained for the general DNA damage marker y-H2AX (S139 phosphor-
ylation on H2AX) as well as the double-stranded DNA break-specific
marker 53BP1. This revealed a general, but subtle, accumulation of
DNA damage foci in the two independent HCT116 TRAIP-mAID cell
lines (Fig. 2D) and in the hTERT-RPE1 TRAIP-mAID cells (Supplemen-
tary Fig. 5A). All these indicate that TRAIP is important for the main-
tenance of genomic stability. Moreover, inhibition of ATR, but not
ATM, was able to rescue the observed G2 cell cycle arrest

(Supplementary Fig. 5B) suggesting that the damage is likely created
during S or G2 stages of the cell cycle. We conclude, therefore, that the
loss of TRAIP results in the creation of DNA damage, checkpoint acti-
vation, and the accumulation of cells in G2 stage of the cell cycle. As a
result of this, cells enter senescence and stop proliferating.

TRAIP is essential for completion of S-phase

To understand specifically when during the cell cycle TRAIP was
essential, we combined the rapid nature of the AID system with
established cell synchronisation techniques in HCT116 cells. Cells
depleted of TRAIP accumulate in G2 stage of the cell cycle due to ATR
checkpoint activation. TRAIP is known also to play a role in S-phase,
we, therefore, started our investigations assessing whether TRAIP was
essential during S-phase. Cells were arrested in G1 with lovastatin, and
auxin added for the last hour of Gl arrest. First, we determined that
there was no defect in cells entering S-phase (Supplementary Fig. 6A).
Second, we assessed the relative impact of TRAIP depletion during
S-phase on the cell cycle using the previously described G2 cell cycle
arrest as areadout. When cells progressed through S-phase and into G2
lacking TRAIP, G2 cell cycle accumulation could be observed (Fig. 3A).
Third, to verify whether TRAIP is required specifically during the
G2 stage of the cell cycle, TRAIP was optionally degraded 15 hours post
release from Gl arrest, when cells were in late S-phase. When auxin was
added during late S-phase, no G2 cell cycle accumulation could be
detected (Fig. 3B). These data indicated that TRAIP was essential spe-
cifically for mechanisms existing during S-phase.

Finally, TRAIP was previously reported to have many functions
also during mitosis'"??*, To determine whether we could observe
that TRAIP regulates mitotic progression in our cells, we arrested cells
specifically in G2 stage of the cell cycle with RO-3306, degraded TRAIP,
released cells to mitosis, and followed chromosomal condensation and
segregation (Supplementary Fig. 6B). In this we could observe that,
irrespectively of TRAIP degradation, cells condensed chromosomes at
a similar rate (Supplementary Fig. 6C). On the other hand, we found
fewer chromosome segregating cells at 60 min post release into
mitosis when TRAIP was absent (Supplementary Fig. 6D). This suggests
that TRAIP is indeed regulating the timing of mitotic progression
independently of its S-phase role. Therefore, to determine whether any
functions of TRAIP in mitosis could contribute to the increased DNA
damage response seen in the next S-phase, TRAIP was degraded spe-
cifically before mitosis, and its effect on the next cell cycle arrest was
explored. Cells were arrested in G2 and treated with auxin for 1 hour
prior to release into mitosis. Approximately 2 hours following release,
when cells were in Gl phase of the cell cycle, auxin was optionally
washed off to allow protein re-expression before entry into the next
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S-phase. Timepoints were taken 24 hours after release into mitosis. TRAIP depletion leads to generation of DNA damage at tran-
Using this experimental set-up, cell cycle accumulation in G2 was only ~ scription start sites (TSS)

seen when cells progressed through both mitosis and S-phase without  Given the essential requirement of TRAIP during S-phase progression,
TRAIP. No such accumulation was seen in those samples where TRAIP  we explored whether auxin treatment had any effect on global DNA
was allowed to re-express prior to S-phase entry (Fig. 3C). We, there-  replication. Cells treated with and without auxin for 24 hours were
fore, conclude that the essential function of TRAIP is executed during  pulsed with the thymidine analogues EdU and BrdU for 1 hour, and
S-phase. analogue incorporation was analysed using immunofluorescence and
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Fig. 2 | TRAIP degradation leads to DNA damage, G2 cell cycle arrest and cell
senescence. A TRAIP-mAID cells (two independent clones) were grown for 24 h in
optional presence of auxin (IAA), and optional addition of WEEIi for indicated
times, and analysed for accumulation of cells in G2 (Mitosin staining) or in mitosis
(pH3S10 staining). Quantification of three independent experiments. Data depicted
as violin plots, displaying boxplots highlighting the median and corresponding
interquartile ranges. Statistical analysis was carried out using one-way ANOVA and
subsequent post hoc testing, significance is indicated on the plots (ANOVA:

p <0.0001. Tukey’s post hoc tests: all indicated comparisons on the plot

p <0.0001). B TRAIP-mAID cells were grown for 24-72 h in optional presence of
auxin (IAA) and the level of senescent cells analysed by FACS measurement of
senescence marker f3-galactosidase. Example FACS plots (top) and quantification of
3 independent experiments in 2 independent clones (bottom). Quantified data is
shown as the mean +SEM. Pairwise hypothesis testing was carried out using t.tests,
with significance indicated on the plot (TRAIP-mAID C2:24 h - p=0.00118, 48 h -

FACS respectively (Supplementary Fig. 7A, B). A lower number of cells
was detected incorporating EQU/BrdU upon TRAIP degradation, sug-
gesting fewer cells in S-phase. However, the cells that were in S-phase
and labelled with BrdU or EdU, showed the same level of analogue
incorporation, suggesting a similar rate of replication progression
independent of TRAIP degradation status (Supplementary Fig. 7A, B).
Based on our previous observations, it is likely that the lower pro-
portions of cells in S-phase are due to the G2 cell cycle arrest and
overall fewer cycling cells. TRAIP has also been previously implicated
in replisome disassembly in model organisms during mitosis and
stressed conditions™'®***, We, therefore, wondered whether TRAIP
was needed for global replisome disassembly during S-phase. The
levels of chromatin-bound replicative helicase (MCM2-7) were asses-
sed using flow cytometry following extraction of soluble proteins from
permeabilised cells. No differences could be detected in either the
loading or unloading of MCM2-7 during the otherwise unperturbed
cell cycle (Supplementary Fig. 7C). Despite these results, the S-phase
progression upon TRAIP degradation is not without problems. To
investigate this further, cells progressing through S-phase with or
without TRAIP were arrested in G2 with RO-3306 and pulsed with EAU
to detect any late cell cycle DNA synthesis. When cells progressed
through S-phase without TRAIP, our results suggest that they strug-
gled to complete DNA synthesis on time as EdU incorporation could be
detected in late G2/early mitosis (Supplementary Fig. 8A).

To gain insight into the mechanistic requirements for TRAIP
during S-phase, we next used y-H2AX ChIP-Seq to map genome-wide
the location of the accumulating DNA damage. We first confirmed that
the previously observed DNA damage accumulation was indeed spe-
cific to TRAIP’s function during S-phase in both cell backgrounds
(Supplementary Fig. 8B, C). HCT116 TRAIP-mAID cells were then pre-
pared for sequencing at the 16-hour timepoint (late S-phase) as
determined to display the maximal accumulation of DNA damage
(Supplementary Fig. 8B). H2AX chromatin immuno-precipitation was
used for sample normalisation, and we performed two independent
repeats of this experiment. Reassuringly, the ChIP-Seq detected an
overall increase to the y-H2AX signal at a subset of genomic loci
detected following auxin treatment in both repeats (example in Fig. 4A
and Supplementary Fig. 9A). We first checked whether the position of
y-H2AX signal correlated with known DNA replication features: repli-
cation initiation sites and replication termination zones (both mapped
in HCTI116 cells by alternative techniques by*® and®) and CFS*’. How-
ever, no correlation could be found in either of the repeats (Fig. 4B and
Supplementary Fig. 9B). Subsequently we performed a peak calling
analysis to determine hotspots of DNA damage in the two repeats. We
determined 1799 y-H2AX signal peaks in the first experiment and 5984
in the second. 545 y-H2AX signal peaks were common between both
experiments (example of a hotspot common peak is presented in
Fig. 4A). Interestingly, when we analysed the location of these 545 y-
H2AX hotspots, we found that they were largely associated with RNA
Pol II transcripts. Indeed, we found that 95.77% of these peaks were

p=0.00651, 72 h - p=0.00926; TRAIP-mAID D5: 24 h - p=0.03, 48 h -
p=0.00031, 72 h - p=0.0022). C TRAIP-mAID cells were grown for 72 h in optional
presence of auxin (IAA). B-galactosidase staining was combined with DNA content
analysis by FACS. B-galactosidase positive cells have G2/M DNA content. D TRAIP-
mAID cells were grown in optional presence of auxin (IAA) for 24 h and stained with
markers of DNA damage response (yH2AX and 53BP1). Example of immuno-
fluorescent visualisation of DNA damage (left) and quantification of percentage of
cells containing increasing numbers of YH2AX and 53BP1 foci over 3 independent
experiments (right). Significance testing carried out using one-way ANOVA and
subsequent Tukey’s post hoc testing (TRAIP-mAID C2: ANOVA - p < 0.001; Tukey’s
post hoc test — 0 Foci: p = <0.001; 1-4 Foci: p < 0.001; 5-9 Foci: p = 0.0168; 10 + Foci:
p=0.0059. TRAIP-mAID D5: ANOVA - p <0.001; Tukey’s post hoc test — O Foci:
p<0.001; 1-4 Foci: p < 0.001; 5-9 Foci: p=0.0046. Source data are provided as a
Source Data file.

present on genes, and 88.24% present specifically around the TSS +2 kb
(Fig. 4C). We could also see a similar correlation with TSS for all yH2AX
peaks called in both experiments, not only the common hotspots.
Guided by this finding, we analysed the positions of all TRAIP
degradation-induced yH2AX signals in both repeats in relation to all
transcribed genes. Importantly, we found a general increase of y-H2AX
signal at TSS, even when the damage levels were not increased enough
for stringent conserved peak calling analysis (Fig. 4D and Supple-
mentary Fig. 9C). Hence, we focused on understanding what was
special about the TSS of the genes exhibiting the hotspots of DNA
damage upon TRAIP degradation. Firstly, we excluded an enrichment
for genes involved in any particular cellular pathway through Go-term
analysis (Supplementary Table 1). Next, we characterised replication
dynamics across these sites using previously published replication
data for HCT116, to determine the replication timing associated with
these sites and we found that hotspot TSS sites are preferentially
replicated in early S-phase (Supplementary Fig. 9D). We then identified
the closest replication origin, as assigned by Koyanagi et al. to the y-
H2AX peak®, determining also whether the replication fork will reach
the TSS in a codirectional or head-to-head orientation with the RNA Pol
II. We found that y-H2AX peaks are close to their nearest origin, on
average only 29 kb away (Fig. 4E). In comparison, TSS of genes that do
not show an increase in y-H2AX levels following TRAIP depletion (top
450 genes from Supplementary Fig 9C) are 41kb away from their
nearest origin (Fig. 4E). Moreover, y-H2AX peaks occur preferentially
around the TSS of the first transcribed gene encountered by the
replication fork (75% of the total combining codirectional 1 and head-
to-head 1), with the same frequency of replication fork and gene
orientation being codirectional or head-to-head (Fig. 4F). In compar-
ison, TSS of the genes with the lowest changes in y-H2AX levels tend to
occur less frequently on the first transcribed gene encountered by the
replication fork (65% of the cases, Fig. 4F, chi-square test 0.034). We
then overlayed this information with previously published datasets for
precision run-on sequencing (PRO-Seq), tracking strand-specific nas-
cent transcription activity®, as well as RNA Pol Il chromatin immuno-
precipitation sequencing (ChIP-Seq)** in HCT116 cells. Interestingly,
when we analysed the PRO-Seq signal at the hotspot TSS, we found that
98.25% of all the genes with a y-H2AX hotspot presented clear levels of
bi-directional transcription at their TSS, independently of the reci-
procal orientation, either because of bi-directional promoters or TSS-
associated antisense transcription. We measured therefore the extent
of the antisense transcription by calculating the ratio between the
levels of the antisense transcription and the sense transcription. To do
this, we used the strand-specific PRO-Seq data, and determined for
each gene the amount of antisense transcription occurring in the
region 1000 bp -> TSS on the opposite strand of the gene. This was
then divided by the amount of sense transcription TSS ->+1000 bp. We
found that, compared to all the rest of the transcribed genes, those
with a y-H2AX hotspot peak presented higher levels of antisense
transcription at their TSS (Fig. 4G). We also did the same analysis with
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that DNA damage most often arises at and can be detected at popu-
lation level.

Cells experience more DNA damage-generating encounters

between replication and transcription upon TRAIP degradation
As we observed that DNA damage was preferentially located at TSS
following TRAIP degradation, we hypothesised that the RNA poly-
merase accumulated at these sites could present a barrier for the

Nature Communications | (2023)14:5071



Article

https://doi.org/10.1038/s41467-023-40695-y

Fig. 3 | TRAIP is essential for S-phase progression during unperturbed cell
cycle. A TRAIP-mAID cells were arrested in Gl stage of the cell cycle and TRAIP
degraded before release of cells into S-phase. Cell-cycle progression was analysed
by FACS at 20 and 24 h post release. The experimental set-up (left), example of cell
cycle profiles at the time of synchronisation (middle, top), examples of FACS
profiles at 20 and 24 h post release (right), and quantification of cells with G2/M
DNA content (mean +SEM) over three independent experiments with two inde-
pendent clones (middle, bottom). Pairwise hypothesis testing conducted using ¢
tests, with significance indicated (TRAIP-mAID C2: 20 h G1 - p=0.0288,24h G1 -
p=0.0171,20 h G2/M - p=0.00514, 24 h G2/M - p = 0.00514; TRAIP-mAID D5:20 h
Gl - p=0.00825, 24 h G1 - p=0.0196, 20 h G2/M - p=0.0198, 24 h G2/M -
p=0.00517. B TRAIP-mAID cells were arrested in G1 stage of the cell cycle, released
into S-phase, and auxin (IAA) added in middle/late S-phase. Cell-cycle progression

was analysed by FACS at 20 and 24 h post cell release into S-phase. All analyses
presented as in A. C TRAIP-mAID cells were arrested in G2 stage of the cell cycle and
TRAIP degraded before release of cells into mitosis. After release auxin (IAA) was
optionally washed off 3 h after release, so that cells progressed through next
S-phase with or without TRAIP. Cell-cycle progression was analysed by FACS at 24 h
post release from G2 arrest. All analyses presented as in A. Any difference between
treatment groups was determined using one-way ANOVA and post hoc testing,
significance is summarised on the plot (one-way ANOVA: p < 0.0001; Tukey’s post
hoc testing, TRAIP-mAID C2: —IAA vs +IAA, p <0.001; -IAA vs +IAA WASH,
p=0.800; +IAA vs +IAA WASH, p < 0.001. TRAIP-mAID D5: —1AA vs +IAA,
p=0.00107; -1AA vs +IAA WASH, p = 0.898; +IAA vs +IAA WASH, p = 0.00554).
Source data are provided as a Source Data file.

passing replisome. To test this, we decided to inhibit the loading of the
RNA Pol II at TSS using the TFIIH inhibitor triptolide®. Cells were
arrested in G1 where TRAIP was degraded before being released into
S-phase. Upon S-phase entry, cells were exposed to triptolide for
90 minutes, as it has been shown previously that short-term treatment
with triptolide does not affect DNA replication progression® (Supple-
mentary Fig. 10A). Strikingly, all of the DNA damage observed upon
TRAIP degradation in HCT116 cells could be rescued by inhibiting RNA
Pol Il recruitment to the TSS by triptolide treatment (Fig. 5A). This
rescue was also observed in hTERT-RPEI cells (Fig. 5B). Importantly, we
also tested whether the DNA damage specifically at TSS can be abol-
ished by triptolide treatment. To do so, we selected four bi-directional
TSS that were enriched in y-H2AX signal upon TRAIP degradation
(Fig. 4) and designed primers that could amplify them by PCR. We
arrested cells in Gl, released into S-phase, and treated them with trip-
tolide as in the previous experiment. This time, however, we performed
y-H2AX ChIP followed by RT-PCR to monitor for levels of damage
specifically at these genomic loci. Reassuringly, our selected TSS sites
showed an increase of y-H2AX signal after TRAIP degradation, which
was rescued by triptolide treatment in three cases (Fig. 5C). In the case
of the remaining TSS (Ph4B), the level of YH2AX induced after triptolide
treatment alone was as high as after TRAIP degradation, so the com-
bined treatment did not decrease the damage signal (Fig. 5C).

We then treated cells in a similar way with another transcription
inhibitor DRB. DRB is a CDK9 inhibitor that leads to transcription
inhibition through the accumulation of RNA Pol Il at the TSS, inhibiting
its progression through the gene body*®. We could observe that DRB
treatment alone created an increased level of y-H2AX and 53BP1 foci,
analogous to that of TRAIP degradation. DRB treatment did not lower
the proportion of cells displaying an increased number of y-H2AX and
53BP1 foci upon TRAIP degradation, but the effect of DRB treatment
was also not additive with TRAIP degradation (Supplementary
Fig. 10B). Altogether, these data suggest that the mechanism by which
TRAIP is essential during S-phase is dependent on the presence of RNA
Pol Il specifically at the TSS.

Conflicts or collisions between the replicative helicase and tran-
scription machinery are known to be a major source of genomic
instability in otherwise unperturbed cells; through both interactions
between the protein complexes themselves, or the formation of
DNA:RNA hybrids (R-loops)”. Given the requirements of RNA Pol Il
bound DNA for the accumulation of DNA damage after auxin treat-
ment, it is likely that TRAIP is required for either limiting the creation
of conflicts between DNA replication and transcription or for the
resolution of such encounters. We first tested therefore whether
degradation of TRAIP increases levels of transcription in the cells by
measuring the total level of RNA synthesis but observed no differences
(Supplementary Fig. 11A). Next, we tested whether degradation of
TRAIP-mAID increased the total level of RNA Pol Il on chromatin, but
this also was not the case (Supplementary Fig. 11B). To directly deter-
mine whether there is a higher level of replication-transcription con-
flicts in the absence of TRAIP, we used proximity ligation assays (PLA)

to explore any differences in the proximity of active transcription and
nascent DNA. Cells were arrested in G1 where TRAIP was degraded
before being released into S-phase. Approximately 12.5 hours follow-
ing release when cells were in early S-phase (known to have high levels
of both transcription and replication and when our y-H2AX hotspots
arereplicated), the thymidine analogue EdU was added for 20 minutes.
Cells were then harvested, and PLA assays were used to detect inter-
actions between active transcription (phosphorylated RNA Pol 1) and
nascent replicated DNA (Fig. 5D). Intriguingly, we observed an increase
in the amount of active RNA Pol Il present in proximity to nascent DNA
following TRAIP degradation, suggesting that TRAIP is indeed impor-
tant for resolving replication-transcription encounters on chromatin
and maintaining fork progression. To confirm this result, we also used
the PLA assay to determine the proximity of RNA Pol Il to components
of the replisome: PCNA, and AND-1, with similar results: an absence of
TRAIP during S-phase led to an increase in incidences of RNA Pol Il and
replisome proximity (Fig. SE).

TRAIP depletion does not lead to DNA damage during S-phase in
absence of transcription

To further explore the importance of TRAIP for the regulation of
replication-transcription collisions we next turned to the X. laevis egg
extract model system, which can support robust DNA replication
activity in the absence of any transcription. During early embryogen-
esis in Xenopus embryos 12 cleavage cell cycles are achieved without
transcription and only restricted protein translation. Most required
factors for DNA replication and cell division are accumulated in the
egg. The significant level of gene transcription is induced in the
embryo only at the stage of midblastula transition. As Xenopus egg
extract is derived from Xenopus eggs and the replicated DNA substrate
is demembranated Xenopus sperm, the replication observed resembles
embryonic replication during early cleavage divisions in the absence of
transcription.

We raised antibodies against X..TRAIP (Supplementary Fig. 12A)
and using this antibody we immunodepleted TRAIP from Xenopus egg
extract to less than 10% of its original quantity (Fig. 6A). We could
observe that although a lack of TRAIP in the extract did not affect its
ability to synthesise DNA during S-phase, as previously reported®, it
did inhibit mitotic unloading of post-termination replisomes, which is
a known function of TRAIP in this system (Supplementary Fig. 12B).
This verified that our immunodepleted extract was indeed devoid of
TRAIP’s activity. Given our findings in the mammalian system, we next
examined whether we could observe any signs of creation of DNA
damage or checkpoint activation during S-phase without TRAIP in
Xenopus egg extract system lacking transcriptional activity. We could
detect no increase of y-H2AX signal on chromatin upon TRAIP deple-
tion, despite the DNA damage signalling cascade being functional in
TRAIP-depleted extract, as treatment with restriction enzyme (EcoRlI),
which induces double-strand breaks, could activate a robust y-H2AX
signal on chromatin in both IgG- and TRAIP-depleted extracts (Fig. 6B).
Similarly, we could observe no induction of phosphorylated Chkl in
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the nucleoplasm in the absence of TRAIP, while such a signal was
readily induced by treatment of replicating extract with inhibitor of
replicative polymerases (aphidicolin) and inhibited by ATM/ATR inhi-
bitor (caffeine) (Fig. 6C). This further supports our hypothesis that
TRAIP works in S-phase to protect genome stability by resolving con-
flicts between replication and transcription machineries; in the
absence of transcription, such DNA damage does not occur.

TRAIP ubiquitylation substrates are likely unloaded by UBXD7-
p97 complex

We next wanted to determine the mechanism by which TRAIP acts to
resolve replication-transcription encounters. Previous research has

indicated that the formation of R-loops is often the underlying cause
of replication-transcription conflicts®® and R-loops accumulating at
the TSS can stimulate TSS-associated transcription®. We tested
therefore whether we can observe the accumulation of R-loops in
response to TRAIP-mAID degradation, as detected by S9.6 antibody,
but did not see their accumulation (Supplementary Fig. 11C). More-
over, the DNA damage induced by TRAIP-mAID degradation could
not be rescued by overexpression of RNAseH1, which can degrade
RNA:DNA hybrids (Supplementary Fig. 11D). Altogether, the DNA
damage created in absence of TRAIP due to replication-transcription
collisions is likely not driven through resolution of R-loops on
chromatin.
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Fig. 4 | Absence of TRAIP during S-phase leads to generation of DNA damage at
transcription start sites (TSS). A An example of TRAIP degradation induced
YH2AX peak over two independent repeats of YH2AX ChIP-seq experiments.
Transcription direction and position of accumulation of RNA Pol I and of PRO-
Seq* around the promoter are also presented. B yH2AX ChlIP signal from two
independent experiments was compared with positions of replication initiation
and termination zones as mapped by*°, or common fragile sites as mapped by*%.
Each graph is centred around the centre of initiation/termination/fragile site.

C Graphical representation of the position of the called conserved YH2AX peaks
(damage hotspots), with 88.24% of yH2AX peaks in proximity of TSS. D Average
binned metagene profile for yH2AX levels normalised to H2AX at transcribed genes
in HCT116 cells, from TSS to transcription termination sites for the two repeat
experiments. E Distance between the yH2AX peaks at TSS at hotspots and the TSS
of genes with the lowest fold change in yH2AX levels and origins of replication
identified in Koyanagi et al., 2021. The positions of TSS with called common yH2AX

peaks are significantly closer to the origin of replication than the distance between
TSS and origin of replication in genes that do not show increased YH2AX signal
upon TRAIP degradation. Box whiskers plots with line at the median;
Mann-Whitney ¢ test; ****p value < 0.0001. F The proportion of 1st, 2nd, and further
on (3+) transcribed genes encountered by replication forks emerging from the
closest replication origin, presented for presented for “hotspots” = genes with
reproducible yH2AX peak in two experimental repeats; and “Low yH2AX” = genes
with no increase in yH2AX levels. Chi-square p value < 0.05. G Quantification of the
ratio between antisense- and sense transcription at TSS + 1kb of hotspots, all other
transcribed genes, and transcribed genes with low levels of YH2AX increase fol-
lowing TRAIP depletion. PRO-Seq strand-specific signal®> and RNA Pol Il chromatin
immuno-precipitation sequencing® was quantified -1000 bp to TSS for antisense
transcription, and TSS to 1000 bp for the sense transcription. Box whiskers plots
with line at the median; Mann-Whitney ¢ test; ****p value < 0.0001. Source data are
provided as a Source Data file.

TRAIP was shown previously to be able to ubiquitylate for removal
a DPC barrier in front of the replisome'®, but also to ubiquitylate
replisomes that converge at DNA inter-strand crosslink (ICL) leading to
their removal from chromatin®. Moreover, RNA Pol Il is known to be
ubiquitylated by a number of ubiquitin ligases in order to remove it
from chromatin (reviewed in ref. 40). It is possible therefore that TRAIP
can ubiquitylate either RNA Pol Il machinery, which is presenting to
replication fork as a barrier, or the replisome itself. To investigate
potential mechanism of TRAIP action we first explored any interac-
tions between TRAIP and RNA Pol Il in the cells, to see if TRAIP is
present at the right place to fulfil this job. In order to do so, we took
advantage of the Clover tag in TRAIP-mAC and looked for a proximity
signal arising from TRAIP-mAC and RNA Pol Il in the cells, using GFP
antibody to detect TRAIP-mAC using the PLA technique. We could
indeed detect such a proximity that was lost upon auxin addition and
TRAIP-mAC degradation (Fig. 7A). As TRAIP was also reported to be
enriched at replisomes in human cells”™*", it has, therefore, the
opportunity to act on either RNA Pol Il or the replisome to resolve the
conflict between these machineries and avoid DNA damage.

Both, ubiquitylated RNA Pol 11" and the replisome® are removed
from chromatin with assistance of p97 segregase. We aimed therefore
to determine whether the TRAIP-driven ubiquitylation at transcription-
replication collisions would be followed by p97 extraction of ubiqui-
tylated complexes. However, we and others have shown that inhibition
of p97 with small molecule inhibitors leads to the generation of far
more DNA damage and inhibition of S-phase progression than in the
case of TRAIP degradation****. We decided therefore to look for a
cofactor of p97 that may direct p97 to TRAIP-ubiquitylated substrates
at replication-transcription encounters. We started with the two most
likely candidates: SPRTN, which assists p97 with removal from chro-
matin of DPCs ubiquitylated by TRAIP'®* and UBXD7, which was
shown to facilitate replisome onloading during replication
termination*®*” and is also a human homologue of the S.cerevisiae
Ubx5 cofactor facilitating not only unloading of RNA Pol II from
chromatin in budding yeast, but also assisting Wssl protease and
Cdc48 (S.cerevisiae p97) at DPCs**%, Interestingly, siRNA down-
regulation of SPRTN did not lead to generation of DNA damage (y
—H2AX and 53BP1 foci) in otherwise unperturbed S-phase. Conversely,
siUBXD7 did lead to an accumulation of DNA damage repair foci in
S-phase to a similar level as after TRAIP-mAID degradation, and com-
bining siUBXD7 and TRAIP degradation did not further increase the
level of detected DNA damage response (y-H2AX and 53BP1 foci),
suggesting that these two factors are epistatic and act in the same
pathway (Fig. 7D).

Discussion

Our work leads us to propose a model of TRAIP activity during S-phase.
TSS with bi-directional transcription present a uniquely difficult pro-
blem for replication, as replication forks are likely to approach

transcription machinery in a head-to-head orientation on both sites of
such TSS. These sites are more likely to result in replication-
transcription collisions, which can be resolved by TRAIP ubiquitin
ligase activity. TRAIP can ubiquitylate either RNA Pol Il or the repli-
some in such situations, leading to unloading of the problematic
machinery by the p97-UBXD7 complex and resolution of the conflicts
without generation of DNA damage (Fig. 8).

Over the years, much evidence has accumulated indicating that
TRAIP ubiquitin ligase plays wide-ranging roles in the maintenance of
genomic integrity. TRAIP-depleted cells were shown previously to
display a diverse spectrum of phenotypes: gross chromosomal re-
arrangements, problems with DNA damage response activation,
micronuclei, and accumulation in G2 stage of the cell cycle®®. The
functions of TRAIP were studied upon specific stimuli e.g., induction of
double-strand breaks, induction of inter-strand crosslinks, stimulation
of MiDAS, or inhibition of replicative polymerases etc.”*'*?2, However,
the primary consequence of TRAIP depletion, the essential function of
TRAIP for cell viability in unperturbed conditions, was not known.

Here, we have taken advantage of the degron system to rapidly
degrade TRAIP within cells upon auxin addition, to dissect the
importance of various functions of TRAIP in different stages of the cell
cycle. TRAIP-deficient human cells have been shown to proliferate
slowly even in the absence of exogenous DNA damage and the
reduction of cellular proliferation during development is a likely cause
of microcephalic dwarfism observed in patients with TRAIP
mutations®*’. Here, for the first time we have determined the
mechanism of inhibition of cell proliferation in TRAIP-depleted cells.
Firstly, we have shown that upon degradation of TRAIP, cells show
signs of spontaneous DNA damage, leading to ATR checkpoint acti-
vation, G2 cell cycle arrest, and withdrawal from the cell cycle into
senescence. Senescence is classically induced by telomere erosion in
cells as the organism ages, due to activation of DDR. However, other
stresses that engage DDR, such as exposure to oxidants, y-irradiation,
UVB light, or DNA-damaging chemotherapies can all induce senes-
cence (reviewed in ref. 50). Many of these DDR stimuli can also induce
apoptosis. It has been suggested that the level of stress can influence
the choice between senescence and apoptosis, with senescence being
induced by less severe damage®*'. We can observe a low level of DNA
damage foci induced by degradation of TRAIP, which is likely the
reason for this cell fate choice. Senescence was also classically
mechanistically defined as an irreversible cell cycle arrest in G1 phase
(GO). However, many senescent cells in our body have 4N DNA
content™ and several studies showed that p21 also mediates perma-
nent DNA damage-induced cell cycle arrest in G2, by inhibiting mitotic
CDK complexes and pRb phosphorylation (reviewed in*). Interest-
ingly, this choice of a cease of proliferation by senescence may have
additional consequences for TRAIP mutation-driven disease onset.
Senescent cells are not eliminated but stably viable and can influence
neighbouring cells through secreted soluble factors (senescence-
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associated secretory phenotype, SASP). SASP attracts inflammatory
cells to eliminate senescent cells but has been also associated with
tissue and organ deterioration®.

TRAIP has been shown over the years to have many functions in
mitosis. TRAIP can unload rogue replisomes during mitosis®* %, is
important for execution of MiDAS****, and regulates the spindle

assembly checkpoint'®”, However, the insults to genome stability

Control - IAA + 1AA

- 1AA + IAA

generated by cells progressing through mitosis without TRAIP are not
responsible for the perturbed cell proliferation and G2 arrest. Instead,
we conclude that the functions of TRAIP during S-phase are of utmost
importance for cell viability. This is not to say that TRAIP does not have
roles in mitosis. Indeed, we can observe delayed progression through
mitosis when TRAIP was degraded specifically before onset of mitosis.
It is also likely that a continuous lack of TRAIP from S-phase and
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Fig. 5 | DNA damage induced in S-phase by TRAIP degradation depends on
presence of transcription machinery. A HCT116 TRAIP-mAID cells were arrested
in Gl1 stage of the cell cycle and TRAIP degraded before release of cells into S-phase.
Upon S-phase entry cells were exposed to triptolide for 90 min. yH2AX and 53BP1
foci induced were visualised by immunofluorescence and quantified. Example
pictures (left) and quantification of three independent experiments is presented as
quantification of number of yH2AX and 53BP1 foci per nucleus (middle) or per-
centage of positive cells (>0 foci) in population (right) (mean +SEM)). Differences
between conditions was identified using ¢ tests (yH2AX: TRAIP-mAID C2 - Tripto-
lide: p=0.00622; TRAIP-mAID D5 - Triptolide: p = 0.00798; TRAIP-mAID C2 +IAA
+Triptolide: p = 0.0297; TRAIP-mAID D5 +IAA +Triptolide: p = 0.0318). 53BP1:
TRAIP-mAID C2 - Triptolide: p = 0.0424; TRAIP-mAID D5 - Triptolide: p = 0.0474;
TRAIP-mAID C2 +IAA +Triptolide: p = 0.0286; TRAIP-mAID D5 +IAA +Triptolide:
p=0.03709). B TRAIP was degraded in hTERT-RPE1 TRAIP-mAID cells for 24 h. In
the last 90 min, cells were optionally exposed to triptolide and in the last 20 min,
cells pulsed with EdU. y-H2AX, 53BP1 foci, and EdU incorporation were visualised
by immunofluorescence and quantified. Example pictures (left) and quantification
of 2-3 independent experiments is presented as number of y-H2AX and 53BP1 foci

per EdU-positive nucleus. Mann-Whitney ¢ test; ***p value < 0.0001. C HCT116
TRAIP-mAID cells were treated as in A but instead of DNA damage foci analysis,
YH2AX ChIP was conducted followed by RT-PCR to detect indicated TSS. N2 is a
amplifying a fragment from gene desert on chromosome 13. Mean of n >3 with
SEM. T.test per gene per condition: PH4B ctr vs IAA p=0.034, WDR ctr vs IAA
p=0.018, WDR IAA vs IAA+Trip p=0.016. D TRAIP-mAID cells were arrested in
Gl stage of the cell cycle and TRAIP degraded before release of cells into S-phase. In
early S-phase EdU was added for 20 min and proximity between incorporated EdU
and RNA Pol Il visualised by PLA. Example pictures (top) and quantification all PLA
events per nucleus are presented (bottom). Mann-Whitney ¢ test; ***p value <
0.0001 (n = 3). E PLA between PCNA and RNA Pol I (left) and AND-1 and RNA Pol Il
(right) after optional treatment with auxin. Experiments were carried out analo-
gously to that detailed above; cells were arrested in G1 where TRAIP was degraded
through IAA treatment, before being released into S-phase, and samples taken
~12.5 hours post release. Example pictures (top) and quantification of all PLA events
per nucleus are presented (bottom). Mann-Whitney ¢ test; ***p value < 0.0001
(n=3). Source data are provided as a Source Data file.
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Fig. 6 | Depletion of TRAIP does not induce S-phase checkpoint activity in
Xenopus laevis egg extract. A TRAIP was immunodepleted from Xenopus egg
extract to less than 10% as judged by immunoblotting of depleted extract (top). The
ability of TRAIP-depleted extract to synthesise DNA was established by measuring
o?P-dATP incorporation into newly synthesised DNA and compared with replica-
tion of non-specific IgG-depleted extract. B DNA replication reaction was estab-
lished in non-specific IgG- and TRAIP-depleted egg extracts and chromatin isolated
at indicated timepoints during replication reaction. Chromatin samples were ana-
lysed by western blotting with indicated antibodies. A “no DNA” sample shows

-10

chromatin specificity of the signal. Histones stained with Coomassie serve as a
loading control. Samples of both extracts treated with restriction enzyme EcoRI to
induce double-strand breaks (isolated at 60 min of reaction) serve as positive
control for yH2AX signal. C DNA replication was established as in B but instead of
chromatin whole nuclei containing nucleoplasm were isolated to measure level of
active phosphorylated Chkl. Samples of both extracts treated with the DNA Poly-
merase inhibitor aphidicolin serve as positive controls for Chkl activation, while
samples treated with aphidicolin and caffeine indicate ATM/ATR dependence of
these signals. Source data are provided as a Source Data file.

through mitosis, exacerbates the problems experienced by cells
depleted of TRAIP in S-phase. Some cells undergoing DNA damage-
induced G2 senescence have been shown with time to be able to
escape the G2/M checkpoint, progress through mitosis, and arrest in
the subsequent Gl phase. This progression can also happen without
chromosome segregation (mitotic bypass) leading to an accumulation
of tetraploid Gl cells®®. In either case, the replicative problems gener-
ated during S-phase due to the absence of TRAIP, could present a
substrate for TRAIP activity during mitosis and mitotic functions of
TRAIP could reduce the overall genomic instability generated by TRAIP
depletion. Unfortunately, we are unable to test this possibility due to
the time required to resynthesise TRAIP, which is incompatible with
S-phase without TRAIP and following mitosis with TRAIP.

TRAIP has been shown previously to be important for the cellular
response to DNA replication stress upon different types of insults®™, It
has also been suggested to be a master regulator of ICL repair during
DNA replication, as its activity promotes two alternative pathways of
ICL repair in X. laevis egg extract”. However, patients with TRAIP
mutations display dwarfism rather than the classical Fanconi anaemia
clinical outcome, which is characteristic for mutations within ICL

repair factors®**. Instead, our results indicate that without exogenous
sources of replication stress, the major endogenous source of repli-
cation fork impediments that require TRAIP activity is in encountering
transcription machinery. In the absence of TRAIP during S-phase in
human cells, we observe increased levels of persisting DNA replication-
transcription encounters. We can also detect enrichment of the DNA
damage response at TSS sites, where replication forks likely collide
with RNA Pol II. Importantly, this damage can be completely rescued
by the temporary removal of RNA Pol Il from chromatin. Moreover, in
the Xenopus egg extract model system where efficient DNA replication
can be established without the presence of concurrent transcription,
TRAIP is not essential for the completion of S-phase, nor can we detect
any signs of DNA damage or checkpoint activation.

In human cells, coexistence of DNA transcription and DNA repli-
cation is a well-established potential source of endogenous replication
stress. It is often exacerbated by oncogenic deregulations stimulating
transcription, whilst simultaneously promoting premature entry into
S-phase, leading to a higher probability of interference between the
two processes™. The role of TRAIP in the resolution of such conflicts
is consistent with the observation that TRAIP-deficient cells show fork
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Fig. 7 | TRAIP facilitates resolution of replication transcription encounters.

A PLA assay between TRAIP-mAC (GFP antibodies) and RNA Pol II. Example pictures
(top) and quantification of all PLA events per nucleus are presented (bottom).

B SPRTN or UBXD7 were downregulated with siRNA in HCT116 TRAIP-mAID cells

and the protein level verified by western blot (left). TRAIP-mAID was degraded for
24 h and YH2AX or 53BP1 foci were visualised and quantified in cells in S-phase
(right) (n=3). Mann-Whitney ¢ test; ***p value < 0.0001. Source data are provided
as a Source Data file.

—_— RNA Polll
Replication Direction

Fig. 8 | Model of TRAIP activity during S-phase. During unperturbed DNA repli-
cation the bi-directional transcription start sites (TSS) represent a difficult to
replicate region, as replication forks approaching such TSS from either direction,
encounter transcription machinery in a head-to-head orientation. Such collisions
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can lead to genomic instability if not resolved. TRAIP facilitates resolution of these
replication-transcription encounters through its ubiquitin ligase activity directed
either towards the replisome or the transcription machinery.

asymmetry in the DNA fibre assays, suggesting site-specific stalling of
one of the forks emanating from the same origin of replication’.
What is the mechanism by which TRAIP may promote resolution
of replication-transcription collisions? Our analysis of the hotspots of
DNA damage created in the absence of TRAIP suggests that the pro-
blems most often arise when the newly established replication fork
encounters the first gene promoter where RNA Pol Il has accumulated.
Moreover, the hotspot sites represent particularly crowded sites, with
high levels of transcription moving in both directions from the pro-
moter. Despite the orientation of annotated gene transcription being
equally often in head-to-head or codirectional with the direction of

progression of the replication fork, the equal levels of sense to anti-
sense transcription at hotspot TSS suggest that the fork will ultimately
encounter the transcription machinery in a head-to-head orientation.
These bi-directional transcription units may therefore represent a
particularly difficult impediment for replication fork progression.
Indeed, sites with high levels of antisense transcription have already
been identified as hotspots for transcription-replication interactions
and for G2/M DNA synthesis®®*°. Previous research has also identified
that TSS-associated transcription is stimulated by the presence of
R-loops accumulating at the TSS* and the propensity to form R-loops
is a feature of transcription-replication interaction hotspots®.
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However, when we assessed R-loop levels using the R-loop specific
antibody S9.6 by immunofluorescence, we did not identify an increase
in cells depleted of TRAIP, and overexpression of RNAseH1 did not
rescue the DNA damage generated in S-phase without TRAIP. These
results suggest that TRAIP depletion is not leading to a global increase
in R-loop levels in cells, and their resolution is not important for TRAIP-
driven mechanisms.

The transcription machinery encountered by the replication fork
very much resembles a DNA-protein barrier and TRAIP has been shown
previously to facilitate replisome bypass of DPC (protein covalently
crosslinked to DNA by aldehydes or chemotherapeutics)®®. In this
situation, TRAIP stimulates the bypass of the DPC by the replication
machinery and also ubiquitylates DPC to stimulate its degradation by
SPRTN and the proteasome'®™. It is therefore likely that TRAIP could
act similarly when encountering tightly associated RNA Pol IL. It is well-
established that removal of RNA Pol Il from chromatin in response to
DNA damage is driven by ubiquitylation of RNA Pol Il and subsequent
unfolding and unloading by p97 segregase*’. We have shown here that
TRAIP and RNA Pol Il can be found in close proximity in S-phase nuclei.
However, more research is needed to establish RNA Pol Il as TRAIP
substrate. Alternatively, the replisomes themselves could be the sub-
strate of TRAIP ubiquitylation activity. Whatever the substrate, our
data suggest that p97 together with UBXD?7 is likely to unload ubi-
quitylated complexes from chromatin following TRAIP ubiquitylation.

Finally, downregulation or immunodepletion of TRAIP in human
cells and Xenopus egg extract system was reported previously to lead
to chromosomal instability and re-arrangements, which are a hallmark
of cancer development’®?*, Notably, however, TRAIP-deficient patients
were not reported to characterise with cancer predisposition, similarly
to other Seckel syndrome patients®*. It is possible therefore that the
G2 arrest and senescence we observe upon degradation of TRAIP is not
compatible with increased proliferation and tumour development.
Inhibition of TRAIP could therefore be significantly detrimental to
cancerous cells.

Methods

Plasmid construction

DONOR and CRISPR plasmids were constructed for the generation of
conditional Auxin-Inducible Degron Cell lines as detailed in Natsume
et al.’. CRISPR-Cas9 was expressed using the pX330-U6-Chimeric_BB-
CBh-hSpCas9 plasmid®® (Addgene #42230) and targeted the
C-terminus coding region containing the stop codon (5-
CTCACTGTTCTCACGACCAC-3’). Donor plasmids were generated fol-
lowing a published protocol”. Briefly, we cloned homology arms
upstream and downstream of the CRISPR target region to
pBluescript?*?” (-500 bp each). After inverse PCR, a cassette containing
mAID or mAID-Clover (mAC) with a selection marker was cloned to
make a donor plasmid. Two donor plasmids were created: TRAI/P-mAID
and TRAIP-mAC, containing either Hygromycin (HCT116) or Neomycin
(hTERT-RPE1) resistance for selection.

Generation of TRAIP conditional degron cell lines

HCT116 cell lines constitutively expressing the Oryza sativa auxin-
sensitive F-box protein (OsTIR1)* were transfected with the previously
described DONOR and CRISPR plasmids. Parental HCT116 cell lines
were seeded to individual wells of a six-well plate at a final working
concentration of 1x10° cells/ml. Transfection was conducted 2 days
following plating using Fugene HD, OPTI-MEM, 200 ng/ul DONOR
plasmid, and 200 ng/pl CRISPR plasmid. Parental hTERT-RPEI cell lines
were diluted to a working concentration of 1x10° cells/ml, washed
with PBS, and re-suspended in Resuspension Buffer R (Neon Trans-
fection System, Thermofisher Scientific). The re-suspended cell reac-
tion was supplemented with both DONOR and CRISPR plasmids
(1500 ng total) and electroporated 3x at 1350 V for 20 ms, 2 pulses per
reaction. The resulting electroporated cell suspension was transferred

to individual wells of a six-well plate and incubated for 2-3 days before
being subject to the selection procedure below. Control reactions
were transfected with DONOR plasmids only. Approximately 24 hours
later for HCTI116 cells or 72 hours later for hTERT-RPEL cells, the
transfected cultures were collected and diluted at different con-
centrations in 10 cm dishes. The selection was carried out 24 hours
after dilution (100 pg/ml Hygromycin or 1mg/ml G418) and main-
tained continuously for 11-13 days. Once sufficient colonies were
observed, 48 from each condition were isolated, grown in individual
wells of a 96-well plate until confluent, and screened for bi-allelic gene
insertion using genomic PCR. Adherent cells were washed twice with
Dulbecco’s PBS (-) (D-PBS (-)) and treated with DirectPCR Lysis
Reagent (Viagen: 0.5x DirectPCR Lysis Reagent, 20 mg/ml proteinase
K) overnight at 55°C. Proteinase K activity was stopped through
incubation of the 96-well plate at 85 °C for 90 minutes in humid con-
ditions. Genomic PCR was carried out using GoTaq HotStart Green
Master Mix (Promega), as per manufacturer’s instruction (TRAIP F:
AGATGTGGTGAGTGTGGCTTC;  TRAIP R: GCTGCAGTGATCT-
CATTCTTTCT; mAID: ATCTTTAGGACAAGCACTCTTCTCC). Bi-allelic
gene insertion was first screened using the Microchip Electrophoresis
System (Multi-NA; Shimadzu), and any subsequent bi-allelic tag status
confirmed using DNA gel electrophoresis with 2% agarose gels. HCT116
cells were maintained in McCoys’s 5 A medium supplemented with 10%
Fetal Bovine Serum, 2mM L-glutamine, 100 U/ml Penicillin, and
100 pg/ml Streptomycin; hTERT-RPEL1 cells were maintained in DMEM-
F12 medium supplemented analogously to McCoy’s 5 A medium using
Tetracycline-free Fetal Bovine Serum. All cultures were grown at 37 °C
with 5% CO.

Generation of RNAse HI-GFP stable cell lines

HCT116 CMV-OsTIR1 TRAIP-mAID cell lines were further modified
through viral transduction to introduce the Dox-inducible over-
expression of GFP-tagged RNAse HI. RNAse HI-GFP plasmids were a
kind gift from Dr Kienan Savage*. Virus production was carried out
using HEK293T cells, cultured in DMEM media supplemented as
detailed for DMEM-FI12. To produce virus, cells were harvested, re-
suspended in IMDM media supplemented as detailed, and seeded at a
working concentration of 3x10° cells/ml on 2x15cm tissue culture
dishes. Approximately 24 hours later, cells were transfected as
detailed. A total of 25 ug of RNAse HI-GFP plasmid was combined with
16.25 pg of packaging plasmid and 9 pg of envelope plasmid. Plasmids
were diluted appropriately in 0.1x TE buffer and distilled H,O before
being supplemented with 2.5M CaCl,. Finally, 2x HBS was added to a
final concentration of 1x and the transfection mixture was added to the
cells. Precisely 16 hours following transfection the media was changed
to fresh supplemented IMDM. Approximately 24 hours later, the cell
media was collected, filtered using a 0.22uM syringe filter, and cen-
trifuged to remove cell debris (400 x g, 5 minutes). The resulting virus
suspension was aliquoted and stored at -80°C until use. To transduce
cells, HCT116 CMV-OsTIR1 TRAIP-mAID clones were seeded onto six-
well plates at a working concentration of 2 x 10° cells/ml. The virus was
added dropwise to the cells and incubated for 24 hours; when the
media was replaced with pre-warmed supplemented McCoy’s 5A.
Approximately 24 hours later, cells were harvested and plated onto
10 cm dishes at a 1-200 dilution and treated with 10 pg/ml Blasticidin.
Cells were incubated with the appropriate antibiotic for 7-10 days,
changing the media every 3 days. RNAse HI expression was confirmed
through GFP expression under a fluorescent microscope.

Generation of TRAIP rescue cell lines

HCT116 CMV-OsTIR1 TRAIP-mAID cell lines were modified to introduce
constitutively expressed wild-type, C7A/C10A, or W37A mutant TRAIP
through retrovirus transduction. Retrovirus plasmid constructs con-
taining the TRAIP sequences were a kind gift from Prof. Andrew
Jackson®. Virus production was carried out using HEK293T cells, grown
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as detailed previously. Briefly, HEK293T cells were seeded onto 10 cm
tissue culture plates and grown until approximately 40-50% confluent.
The transfection plasmids were prepared as follows: 300 ul OptiMEM
reduced serum media, 6 ug TRAIP construct, 3.8 ug Clonetech GAG/
POL plasmid, 2.2 ug Clonetech VSVG plasmid. This mix was combined
with 24 ul PEI pre-prepared in 300 ul OptiMEM and incubated at room
temperature for 20 minutes. The transfection mix was added dropwise
to the HEK293T cells and cells incubated overnight. Approximately
16 hours later the media was replaced with fresh, pre-warmed media
and incubated for a further 24 hours. Following this, medium was
collected and passed through a 0.22 uM filter to remove cell debris.
Virus was stored at —80°C until use. Parental cell lines were transduced
as detailed previously, analogously to lentivirus.

Detecting TRAIP protein levels

Immunoblotting was used to detect both TRAIP band shifts corre-
sponding to the inserted tag size, and protein degradation. Whole-cell
extracts were generated by re-suspending harvested cell pellets in UTB
extraction buffer (8 M Urea, 50 mM TRIS-HCI, 150 mM B-Mercap-
toethanol) for 10 minutes on ice. The cell lysate was then sonicated
(BioRuptor: 30 sec on, 30 sec off, 5min cycles, medium power) and
centrifuged at 14,000 x g for 20 minutes to separate soluble and
insoluble fractions. The soluble fraction was collected and mixed with
4x SDS-PAGE Loading Buffer (NuPAGE) to a final concentration of 1x.
Approximately 50 pg of total protein content was run-on 4-12% gra-
dient SDS-PAGE gels (Invitrogen) and transferred to Nitrocellulose
membranes for 90 minutes at 80V. Transferred membranes were
blocked (5% Milk in TBST) for 1 hour before being incubated in primary
antibody at 4 °C overnight. Membranes were washed 3 x 10 minutes in
TBST and incubated in secondary antibody for 2 hours at room tem-
perature. The membranes were then washed 3 x 10 minutes in TBST
before being developed using ECL detection spray (Advansta Wester-
nBright). Antibodies used for immunoblotting were as follows: Anti-
TRAIP antibodies were kindly provided by professor N. Mailand’ and
used 1:300 in 5% Milk in TBST. Anti-B Actin loading controls used
1:5000 in 5% BSA in TBST (C4 anti-Actin HRP Santa Cruz).

Drug treatments

TRAIP degradation in HCT116 cells was induced through the addition
of 500 pM Indole-3 acetic acid (IAA) to cell media, subsequently dilu-
ted 1:5 in the existing growth media to provide a final working con-
centration of 100 uM. Protein degradation in hTERT-RPEI cell lines was
carried out using a final working concentration of 25 uM IAA, prepared
analogously to that described for HCT116 cells. The respective working
concentrations of other inhibitor treatments used are described:
10 pM ATM inhibitor (Stratech KU-55933), 4 uM ATR inhibitor (Stra-
tech AZD6738), 5uM MK-1775 (Stratech), 100 nM Triptolide (Sigma-
Aldrich T3652), 100 pM DRB (Sigma-Aldrich D1916), 0.4 pM Aphidi-
colin (A0781, Sigma).

Cell viability assays

For colony-forming assays, cells were diluted to a working con-
centration of 1000 cells/ml and plated to individual wells of a six-well
plate at different seeding concentrations (100, 250, 500, 750, 1000
cells/well). For assays using hTERT-RPEI cell lines, 500 cells were see-
ded onto 10 cm tissue culture dishes. HCT116 cell lines were treated
with Auxin (IAA) 24 hours after plating whilst hTERT-RPE1 cells were
first treated with 100 ng/ml Doxycycline 24 hours after plating, and IAA
added the following day (48 hours after plating). Cell media containing
Doxycycline was refreshed every 3-4 days. All cells were incubated
until sufficient colony formation was observed (-10-14 days). At this
point, the cell media was removed, and colonies stained using
Methylene Blue staining (2% methylene blue in 50% ethanol) buffer for
5minutes at room temperature. Colonies were rinsed with H,O and
dried overnight. For quantification, the percentage colony forming

efficiency was calculated by dividing the number of counted colonies
by the original number of cells plated, allowing comparison between
different seeding concentrations. To then allow comparison between
different cell lines, the calculated percentage colony forming effi-
ciency was normalised to a control cell line (Untreated HCT116 CMV-
OsTIR1 only or hTERT-RPEL Tet-OsTIR1 only; Efficiency in test clone/
Efficiency in Control). For cell proliferation assays, cells were diluted to
1x10* cells/ml and plated into either 60-mm dishes for HCT116 cell
lines or 10 cm dishes for hTERT-RPE1 degron cell lines. Cells were
treated with IAA and Dox as appropriate as detailed above, and cells
grown for a further 72 hours. At each timepoint (24, 48, 72 hrs post
auxin treatment) cells were harvested and the total cell numbers
counted using a COUNTESS cell counter. Cell counts were normalised
to the seeding concentration. In addition, following cell counting, the
remainder of the samples were prepared for Flow Cytometry as
detailed.

Cell death assays

Cell senescence was detected using the Cell Meter Senescence Activity
Assay (AAT Bioquest). Cells were plated for proliferation curves as
described. At each timepoint, cells were harvested and washed with
PBS. Cell pellets were re-suspended in Xite Green [-D-
galactopyranoside solution for 45minutes at 37°C. Stained cells
were washed again in PBS, re-suspended in 500 pl Assay Buffer, and
analysed using a Flow Cytometer. Senescent cells were detected using
the FITC 488 channel, with unstained controls utilised to distinguish
between positive and negative cell populations. Apoptotic cells were
detected using the Annexin V Apoptosis Detection Kit (Invitrogen).
Cells were grown and harvested as detailed. The resulting pellet was re-
suspended in 1x binding buffer supplemented with AF488 fluor-
ochrome coated Annexin V. Samples were incubated for 15 minutes at
room temperature and washed in Binding Buffer. Stained cells were
then re-suspended in 200 pl Binding buffer supplemented with 50 pg/
ml Propidium lodide and 50 pg/ml RNase A. Cells analysed using a flow
cytometer, with apoptotic cells detected using the FITC 488 channel.

Cell synchronisation

For Gl cell synchronisation, asynchronous cells were treated with
20 uM Lovastatin (Acros Organics) for 24 hours. To then release cells
from the G1 arrest, cells were washed 3x in pre-warmed growth media
before fresh media supplemented with 2 mM Mevalonic Acid (Sigma-
Aldrich) was added. Cells entered S-phase ~12 hours post release. To
arrest cells in G2 stage of the cell cycle, asynchronous cells were
treated with 9 pM RO-3306 (Merck Life Sciences) for 16 hours. G2
release was achieved through washing the cells 3x in pre-warmed
media before fresh growth media was added. Released cells enter
mitosis ~30-60 minutes post release. To sequentially arrest cells in G1
and G2, cells were treated as described for Gl cell cycle arrest.
Approximately 8 hours after G1 release, 9 pM RO-3306 was added, and
the cells incubated for 16 hours to facilitate G2 arrest. Cells were
released as detailed.

Immunofluorescence

Asynchronous cells were seeded onto pre-sterilised 20 mm glass cover
slides placed into each well of a 6-well plate. Any respective drug
treatments were carried out as described. To label S-phase cells, 10 pM
EdU treatments were included for 20 or 60 minutes prior to cell fixa-
tion. To fix cells, the growth media was removed, and the cells washed
once in D-PBS (-). Washed cells were fixed using 4% Paraformaldehyde
in PBS for 15 minutes at room temperature. Cells were then permea-
bilised in 0.5% TritonX-100 in PBS for 5 minutes at room temperature
and washed twice. If required, EAU or EU Click-IT was carried out as per
the manufacturer’s protocol (Invitrogen) to detect S-phase cells prior
to antibody staining or to measure transcription activity. Antibody
staining was subsequently carried out: 100 pl of primary antibody (in
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washing buffer: 5% BSA 0.1% Tween-20 in PBS) was added dropwise to
cover the glass cover slip and incubated for 2 hours at room tem-
perature. Cells were then washed 3x in washing buffer and 2x in D-PBS
(-). Secondary antibody solution was added analogous to primary
antibody and incubated for 2 hours at room temperature in the dark.
Antibodies used are described: Mouse anti-Ser139 y-H2AX (Sigma-
Aldrich JBW301; 1:1000), Rabbit anti-53BP1 (Novus Biologicals NB100-
904; 1:1000), Rabbit anti-$9.6 (Francis Crick Institute; 1:200), Mouse
anti-Mitosin (BD Biosciences 610768; 1:300), Rabbit anti-P-Histone
H3S10 (Cell Signalling 9701; 1:1000), AF488 anti-mouse secondary
(Invitrogen A32723; 1:1000), AF555 anti-rabbit secondary (Invitrogen
A21428; 1:1000). Stained cells were washed as detailed before being
mounted onto glass slides using DAPI mounting media (Fluoroshield).
Slides were dried at room temperature before being imaged using a
Leica DM600 Widefield Fluorescent microscope with Leica LASX V.
3.7.4.23463 software. All images were exported as raw grayscale TIFs,
analysed using CellProfiler (v4.0.6) and ImageJ (v2.1.0).

siRNA depletion

HCT116 TRAIP-mAID CMV-OsTIR1 cells were seeded at 1x10° cells/ml
and 24 h later, transfected with 50 nM Non-targeting (Horizon Dis-
covery, D-001810-10-05), UBXD7 (Horizon Discovery, L-023533-02-
0005) or SPRTN/Clorf124 (Horizon Discovery, L-015442-02-0005)
siRNA, using Dharmafect 1 transfection reagent and manufacturer’s
protocol. Cells were harvested or fixed 72 h later and analysed by
western blotting or immunofluorescence. Depletion was confirmed
through western blotting, using antibodies: Rabbit anti-UBXD7
(Thermo Fisher Scientific 15779771; 1:1000) and Rabbit anti-SPRTN
(Novus Biologicals NBP1-84163; 1:1000).

Flow cytometry

Three types of flow cytometry experiment were carried out: un-
extracted cells, BrdU detection, and extracted cells. For un-extracted
cells, following the required experimental procedures (e.g., prolifera-
tion curves) cells were harvested and fixed in 70% ethanol in PBS for
16 hours at -20 °C. Following fixation, cells were washed twice in
washing buffer (5% BSA, 0.1% Tween-20, PBS) and antibody staining
carried out if required. Briefly, washed cells were re-suspended in
100 pl primary antibody in washing buffer and incubated at room
temperature for 1 hour, rocking to prevent cells from settling. The cells
were washed twice in washing buffer and re-suspended in 100 pl sec-
ondary antibody in washing buffer for 1 hour at room temperature in
the dark. Stained cells were washed 1x in washing buffer and 2x in
D-PBS (-) before being re-suspended in either Hoechst Staining Buffer
(5 pg/ml Hoechst 33582, PBS) or Propidium lodide Staining Buffer
(50 pg/ml Propidium lodide, 50 pg/ml RNase A, PBS). For BrdU
detection, 10 uM of BrdU was added to the growth media 1 hour prior
to harvesting. Cells were collected and fixed in ethanol as described.
Fixed cells were washed once in PBS before being re-suspended in 1 ml
2M HCL supplemented with 0.1 mg/ml Pepsin for 20 minutes. Cells
were then washed, and antibody staining carried out as described. To
explore the replisome binding pattern on chromatin, cells were
extracted using CSK buffer (25 mM HEPES pH 7.4, 50 mM NacCl, 3 mM
MgCl,, 300 mM Sucrose, 0.5% TritonX-100, 1x complete protease
inhibitors) to remove soluble fractions. The protocol used to extract
cells has been described elsewhere (Forment & Jackson, 2015). Anti-
bodies used are as follows: Rabbit anti-P-Histone H3S10 (Cell Signalling
9701; 1:500); Mouse anti-MCM7 (Santa Cruz 9966; 1:500); Mouse anti-
BrdU (BD Biosciences 347580, clone B44; 1:5); AF488 anti-mouse sec-
ondary (Invitrogen A32723; 1:1000); AF555 anti-rabbit secondary
(Invitrogen A21428; 1:1000); AttoN647 anti-rabbit secondary (Sigma-
Aldrich 40839; 1:500). Cells were analysed using a Beckman Cytoflex
instrument with CytExpert v2.5 software. Data analysis was carried out
using FlowJo (v10.7.1). For all analysis, doublets were first excluded by
gating the populations of interest using FSC-A vs SSC-A followed by

FSC-A vs FSC-H. Second, gates required for quantification were applied
based on control samples, and applied universally to all other samples
within the experiment. For example, for cell cycle analysis untreated
DNA distributions were empirically gated as G1 (2 N DNA content), G2/
M (4 N DNA content), and S-phase (region between 2N and 4 N). The
set gates were then overlaid onto treatment samples to determine any
consequential changes. An example of cell cycle stages gating is pre-
sented in Supplementary Fig. 2D.

ChIP-sequencing

For ChIP-sequencing, HCT116 TRAIP degron cells were diluted to
2 x10° cells/ml and seeded onto 20 cm dishes (2x per condition). Pla-
ted cells were arrested in Gl as described, treated with auxin (IAA) to
degrade TRAIP, and released into S-phase. 16 hours after release, cells
were harvested and the resulting cell suspension supplemented with
1% Formaldehyde (Sigma-Aldrich) for 10 minutes at room temperature.
Formaldehyde crosslinking was quenched using 125mM Glycine
(Sigma-Aldrich). Fixed cells were pelleted (400 g, 3 minutes, 4 °C) and
the pellet washed 2x with ice-cold PBS. Cell extraction was then
carried out through sequential incubations in ChIP lysis buffer (5 mM
HEPES pH 8.0, 85 mM KCL, 0.5% NP40) and ChIP nuclear lysis buffer
(50 mM Tris-HCL pH 8.0, 10 mM EDTA pH 8.0, 1% SDS) for 15 and
30 minutes on ice, respectively. Cell lysates were divided into equal
aliquots and sonicated (30 amplitude, 15 sec on, 25 sec off, 12 cycles).
Sufficient sonication (resulting in 300-500 bp DNA fragments) was
confirmed through DNA gel electrophoresis. Chromatin immuno-
precipitation was carried out using Protein A Dynabeads conjugated
to approximately 1 pug of rabbit anti-Ser139 y-H2AX (Abcam 29893) or
rabbit anti-H2AX (Merck Millipore 07627) antibodies, as detailed in
Wang et al.**. Immuno-precipitation was validated by quantitative
PCR using primers targeting the actin housekeeping gene (Forward:
CATGTACGTTGCTATCCAGGC, Reverse: CTCCTTAATGTCACGCAC-
GAT). The PCR was performed using AppliedBiosystems Quant-
StudioS with Thermo Fisher Connect software and analysed in
Microsoft Excel.

Library preparation was carried out using NEBNext Ultra Il DNA
Library Preparation Kit for Illumina NEB, as per manufacturer’s
instruction. The prepared libraries were sequenced using single-end
sequencing with a High-75 kit, using lllumina NexSeq instruments. y-
H2AX ChIP-Seq, precision run-on sequencing (PRO-Seq)** and RNA Pol
Il chromatin immuno-precipitation sequencing®* in HCT116 cells were
aligned to the hg38 genome using Bowtie 2v.2.4.2 on the online
platform Galaxy (https://usegalaxy.org®®). y-H2AX ChIP-Seq peaks
were called in the +IAA treated sample against the y-H2AX ChIP-Seq in
its —IAA control using MACS2 v.2.1.1 with parameters as detailed in*°.
The bedtools intersect intervals function on the online platform Galaxy
was used to identify the conserved y-H2AX ChIP-Seq peaks in the two
repeats. The distance between the y-H2AX ChIP-Seq peak or the TSS
with lowest y-H2AX fold change +IAA/-IAA was calculated using the
position of the origins of replication in HCT116 cells provided by Dr
Daigaku®. The PRO-Seq dataset was used to determine the reciprocal
direction between the oncoming replication fork and gene transcrip-
tion (head-to-head or codirectional), as well as whether the TSS was the
first, second, or third and above-transcribed gene encountered.
Replication timing for the y-H2AX ChIP-Seq peak was derived analysing
replication timing in HCT116 cells from*. The read coverage profiles
were generated using the computational environment EaSeq, nor-
malising the y-H2AX ChIP-Seq file to the H2AX ChIP-Seq file with the
function “average”®.

To identify the list of transcribed genes in HCT116 cells, the counts
for each gene were computed by featureCounts on the online platform
Galaxy using the annotation of the GENCODE genes (GRCh38.p10) on
an ENCODE polyA RNA-Seq hg38 aligned file (ENCFF823JEV). Read per
kilobase per million (RPKM) were calculated over each gene and genes
that had an RPKM >1 were considered as transcribed.
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The levels of antisense to sense transcription were calculated
using the PRO-Seq and RNA Pol Il ChIP-Seq datasets using the function
“quantify” in EaSeq, for the antisense ~1000 bp to the TSS, and for the
sense from the TSS to +1000 bp. For the PRO-Seq, as this was strand-
specific antisense transcription levels were specifically measured on
the strand opposite to the sense transcription. Heatmaps were gen-
erated with the function “HeatMap” of EaSeq around TSS +2500 bp. To
identify the genes with the lowest increase in y-H2AX ChIP-Seq levels
following TRAIP depletion, the normalised levels of y-H2AX ChIP-Seq
signal to H2AX was calculated across the TSS 1000 bp of all tran-
scribed genes in both the repeats and averaged for each gene. Then
gene TSS were sorted by the fold change in y-H2AX ChIP-Seq levels in
the +IAA compared to the -1AA.

ChIP RT-PCR

For the RT-PCR PCR, primers were designed at a series of conserved
YH2AX peaks over transcribed genes. ChIPs were performed for yH2AX
and H2AX as described above, with yH2AX levels normalised to H2AX
levels. YH2AX/H2AX at the target sites were then normalised to the
YH2AX/H2AX levels at a negative control region (N2), that is a region in
a gene desert on chromosome 13. Cells were grown as above, with
triptolide added for 90 minutes. Primers used: BAIAP2 For
(CTTTCGTCTCCGTCCTGCTG) and BAIAP2 Rev (GAAGACC
CCCAAAGTCCCAG) amplifying 278 bp product; RAC3 For (TGTGATAC
ATTCTGGCCCCG) and RAC3 Rev (GAACCCCCAGACGGACAG) ampli-
fying a 179 bp product; P4HB For (CGGATTGGACACTCACACCA) and
P4HB Rev (CAGAGTCCGTGCTACCGAAA) amplifying a 223 bp product;
WDR45B For (CACCGTGGTCCTGGTTGAAG) and WDR45B Rev (CATG
AACCTCCTGCCGTGTA) amplifying a 71bp product; N2 For (AGCT
ATCTGTCGAGCAGC) and N2 Rev (CATTCCCCTCTGTTAGTGGAAGG)
amplifying a 112 bp product.

Proximity ligation assays

PLA were carried out using the DuoLink PLA Kit. The provided manu-
facturer’s instruction was optimised for use on cell suspensions. Par-
ental cell lines were diluted to 2 x10° cells/ml and seeded to 60-mm
tissue culture dishes. Cells were arrested in G1, where auxin (IAA) was
added, and released into S-phase. Approximately 12 hours following
cell cycle release, 10 pM EdU was added for 20 minutes to label nascent
DNA. For PLA reactions using antibody recognition only, cells were
harvested approximately 12.5hours following cell cycle release to
provide a similar timepoint to that when incorporating EdU treatment.
Cells were then harvested and extracted using CSK buffer as described
previously. Extracted, permeabilised cells were subjected to the Click-
It reaction to conjugate biotin to incorporated EdU (Invitrogen, as per
manufacturer’s protocol). Cells were washed 2x in PLA washing buffer
and re-suspended in 50 pl of each primary antibody made up in
washing buffer (elongating RNA Polymerase Il (serine 5): Mouse anti-
Rpbl CTD (Cell Signalling 2629 S, 4HS8; 1:250); Rabbit anti-biotin
(Bethyl Laboratories A150-109A; 1:500); Rabbit anti-GFP (Chromotek
PABGI; 1:250); Rabbit anti-AND 1 (Novus Biological NBP1-89091; 1:250);
Mouse anti-GFP (Roche 11814460001; 1:250)) overnight at 4 °C. Fol-
lowing primary antibody incubation, cells were washed 3x in PLA wash
buffer A and incubated in 30 pl secondary antibody solution (6 pl ‘+,
6 ul‘~’, 18 pul 3% FBS in PBS) for 100 minutes at 37 °C. Cells were washed
again 3x in washing buffer A and re-suspended in 30 pl Ligation Buffer,
incubated for 60 minutes at 37 °C. Any interacting PLA probes were
then amplified using a rolling circle assay. Washed cell pellets were re-
suspended in PLA Amplification buffer for 100 minutes at 37°C.
Finally, cells were washed 2x in washing buffer B, re-suspended in
0.01x washing buffer B diluted in distilled H,O. Diluted cell suspen-
sions were added to 20 mm cover slips and centrifuged to adhere cells
to cover slips (400 g, 5 min). Slides were mounted using DuoLink PLA
DAPI mounting media. Cells were analysed using a Leica DM600
widefield microscope and analysed using CellProfiler. For analysis,

nuclei regions of interest were first segmented using the DAPI signal.
Only PLA signal residing within the nuclei were quantified.

Statistical analyses

All statistical analyses, except from ChIP-Sequencing data, was carried
out using RStudio (v 1.0.153). The imported data was first subject to
normality testing through qqplots to determine the appropriate sta-
tistical testing method. All plots were created using ggplot2 and the
plug-in ggpubr®’. Two biological repeats for each y-H2AX and H2AX
ChIP-Seq in —IAA and +IAA were analysed, with repeats assessed for
correlation before being combined. Student ¢ test and Mann-Whitney
t test were calculated using the software Prism (GraphPad). All statis-
tical analyses were two-sided unless otherwise stated in the figure
legend. All measurements were taken from distinct samples and no
repeated measurements were taken.

X. Laevis methods

All the work carried out with X. Laevis egg extract was approved by the
University of Birmingham Ethics Committee and by UK home office
project license no: PO81C27D8.

Inhibitors and recombinant proteins

EcoR1 (R6011, Promega) was purchased at stock 12 U/ul and added to
the extract at 0.05 U/ul, Aphidicolin (AO781, Sigma) was dissolved in
DMSO at 8 mM and added to the extract along with demembranated
sperm nuclei at 40 pM. Caffeine (C8960, Sigma) was dissolved in
water at 100 mM and added to the extract along with demembranated
sperm nuclei at 5mM. MLN4924 (A01139, Active Biochem) was dis-
solved in DMSO at 20 mM and added to the extract 15 minutes after
addition of sperm nuclei at 10 pM.

Recombinant His-tagged X. Laevis CyclinAl NA56 (pET23a-X.[
cyclinAl NA56), was expressed and purified as previously described?.
CyclinAl NA56 was used at a final concentration of 826 nM in the egg
extract to drive the extract into mitosis.

Antibodies

Mouse anti-PCNA (Sigma P8825; 1:2000); Rabbit anti-TRAIP (Novus
Biologicals NBP1-87125; 1:500); Rabbit anti-P-Chk1 (S345) (Cell Signal-
ling 2341; 1:1000); Rabbit anti-Ser139 y-H2AX (Trevigen 4418-APC-
020; 1:1000).

Affinity-purified anti-Cdc45, anti-Psf2°’, anti-Mcm7%, and anti-
GINS antibody®* were previously described. Affinity-purified anti-
TRAIP is described in Supplementary Fig. 12.

Recombinant X. Laevis SUMO-TRAIP was purified as previously
described” and was also used for raising antibodies in rabbits. The
resulting antibody sera was purified in-house against the purified
antigen. The specificity of this new antibody is presented in Supple-
mentary Fig. 12A.

X. Laevis egg extract preparation
Metaphase Il arrested egg extracts were prepared as previously
described® from unfertilised female frog oocytes. In order to increase
the amount of stage 6 (mature) oocytes, 10 frogs were primed with 150
units follicle stimulating hormone Foligon (Intervet) 2-7 days before
eggs were required. Frogs were injected with 400-600 units of serum
gonadotropin Chorulon (Intervet), and subsequently transferred to
laying tanks containing 2.51 of 1x MMR (0.1M NaCl, 2 mM KCI, 1mM
MgCl,, 2 mM CaCl,, 0.1 mM EDTA, 5 mM HEPES, pH to 7.8 with NaOH).
Frogs were kept in the tanks laying eggs overnight at < 23 °C. Eggs from
different frogs were collected the next morning in a 11 glass beaker.
Good quality eggs were rinsed with 1x MMR and de-jellied by
rinsing them in cysteine solution (2.2% cysteine, 5mM EGTA, pH to 7.6
with KOH). De-jellied eggs were rinsed again with 1x MMR, and then
washed in UEB buffer (50 mM KCI, 50 mM HEPES, 5 mM MgCl,, 5 mM
EGTA, 2mM DTT, pH to 7.6 with KOH) and white/swollen apoptotic

Nature Communications | (2023)14:5071

17



Article

https://doi.org/10.1038/s41467-023-40695-y

eggs floating on the top were removed. The de-jellied eggs were
packed into 14 ml round bottom polypropylene tubes (187261; Grei-
ner) with 1 ml UEB containing 10 ug/ml protease inhibitors: aprotinin,
leupeptin, and pepstatin and 50 pg/ml Cytochalasin D (C8273-5MG,
Sigma). The tubes were then spun to pack the eggs in a Beckman JS13
rotor at 800 xg for 1 minute, room temperature (RT). The white
apoptotic swollen eggs that float to the top were removed followed by
another centrifugation at high speed at 10,000 x g for 10 min at RT.
This results in separating the eggs into a lipid layer at the top, brown
cytoplasmic fraction in the middle, and an insoluble egg yolk pellet at
the bottom. The cytoplasmic layer was collected using a 20 G needle
and a 1 ml syringe via side puncture. Extract was supplemented with
10 ug/ml protease inhibitors, 10 ug/ml Cytochalasin D, and 15% of LFB1/
50 (10% sucrose, 50 mM KCI, 40 mM HEPES pH 8, 20 mM K phosphate
pH 8,2 mM MgCl,, 1mM EGTA, 2 mM DTT, 1 pg/ml of each: aprotinin,
leupeptin and pepstatin). The extract transferred to SWS55 ultra-
centrifuge tubes (344058, Beckmann) which were then subjected to a
final clarifying spin at 30,000 x g for 20 min at 4 °C. After the spinning,
the yellow lipid plug from the top was removed, and the pale yellow
cytoplasmic fraction collected. The collected extract was then sup-
plemented with 1% v-v of glycerol, and frozen in liquid nitrogen in small
beads and stored at —80 °C.

DNA synthesis assay

Interphase X. Laevis egg extract was supplemented with 10 ng/ul of
demembranated Xenopus sperm nuclei and incubated at 23°C for
indicated times. Synthesis of nascent DNA was then measured by
quantification of radiolabelled o**P-dATP (NEG512H250UC, Perkin
Elmer) incorporation into newly synthesised DNA, as described
before®.

Chromatin isolation time-course

Interphase X. Laevis egg extract was supplemented with 10 ng/ul of
demembranated sperm DNA and subjected to indicated treatments.
The reaction was incubated at 23 °C for indicated length of time when
chromatin was isolated in ANIB100 buffer (50 mM HEPES pH 7.6,
100 mM KOAc, 10 mM MgOAc, 2.5 mM Mg-ATP, 0.5 mM spermidine,
0.3 mM spermine, 1ug/ml of each aprotinin, leupeptin and pepstatin,
25mM B-glycerophosphate, 0.2uM microcystin-LR and 10 mM
2-chloroacetamide (Merck) as described previously®. To study mito-
sis, the interphase extract was supplemented with MLN4924 and
allowed replication to complete. Once completed extract was treated
with CyclinAl NAS6.

During the chromatin isolation procedure, a sample without
addition of sperm DNA (no DNA) is processed in an analogous way,
usually at the end of the time course, to serve as a chromatin specificity
control. The bottom of the PAGE gel on which the chromatin samples
were resolved was cut off and stained with Colloidal Coomassie
(SimplyBlue, Life Technologies) to stain histones which provide load-
ing controls and indications of sample contamination with egg extract
(cytoplasm).

Nuclei isolation for Chkl phosphorylation
The nuclei isolation was performed as previously described®.

Immunodepletion

TRAIP immunodepletions were performed using Dynabeads Protein
A (10002D, Life Technologies) coupled to Xenopus TRAIP antibodies
raised in rabbits and affinity purified or non-specific rabbit IgG
(15006, Sigma). The TRAIP antibodies were coupled at 600 pg per
1ml of beads. Effective immunodepletion required 2 rounds of 1h
incubation of egg extract with antibody-coupled beads at 50% beads
ratio (e.g., 2 rounds of 100 pl of egg extract incubated with 50 ul of
coupled beads).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The sequencing data discussed in this publication have been deposited
in NCBI's Gene Expression Omnibus and are accessible through GEO
Series accession number GSE201158. Source data are provided in
this paper.
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Supplementary Figure 3. TRAIP depleted cells accumulate in G2 stage of the cell cycle. (A) HCT116 degron

cell lines were treated with auxin for 24 h and stained for S10 phosphorylation on histone H3 (pH3). Example FACS plots
with pH3 staining against DNA content. Mitotic cells are selected in the black box (left). Quantification of the percentage of
cells in mitosis (pH3 positive) upon 24 h of TRAIP degradation n=3 (right). Statistical analysis revealed no differences in the
data. (B) Schematic of the experiment (left) and quantification of the percentage of cells found to be in mitosis after 24 h
of auxin treatmentby quantification of cells with condensed chromosomes after DAPI staining and fluorecent microscopy
(mitotic index) (right). Significance (ANOVA and pairwise testing) is summarised on the plot: TRAIP-mAID C2 (p = < 0.001)
and TRAIP-mAID D5 (p = 0.0162). (C) Quantification of H3510 phosphorylation by fluorescent microscopy in TRAIP degron
cell upon 24 h of auxin treatment and optional treatment with WEE1 inhibitor MK-1775. Significance (ANOVA and pairwise
testing) is summarised on the plot: TRAIP-mAID C2: p = 0.00260; TRAIP-mAID D5: p = 0.0170. (D) Quantification of mitosin
positive cells upon treatment as in (C). Significance (ANOVA and pairwise comparison) is summarised on the plot:
TRAIP-mAID C2 Untreated (p = < 0.001), TRAIP-mAID C2 + Weeli 3 hours (p = 0.0294), and TRAIP-mAID D5 untreated

(p =< 0.001). Source data are provided as a Source Data file.



A 72 h of TRAIP Degradation
¢ B. 72 h of TRAIP Degradation
-1AA +1AA
A A B . -1AA +1AA
<\(3.0M ‘|(3.DM
HcTe 8 8
CMV-OsTIRT ~ Z2.om Z2.0m
only & & 7 HCT116
= 2,0 2. A CMV-OsTIR1
o Q3 © a4 a3
x Only
[+ 20M 4.0M 6.0M 8.0M 20M 40M 6.0M 8.0M
E Forward Scatter (FSC-A) Forward Scatter (FSC-A)
f= a o a
O HCT116 é %
8 CMV-OSTIRT ~ Ezou gz.om @7\%&%1
=| TAPmADC2 g i 7 TRAIP-mAID C2
o GLom 4 o | LM &
‘t" mzum 4.0M  6.0M OB“OM - 2.0M 4.0M 6.0M 8.0M 20 um
8 Forward Scatter (FSC-A) Forward Scatter (FSC-A)
w a @ a a2
w :\(\30M " " 230M " -
8 9 g HCT116
w HCT116 % S CMV-OsTIR1
CMV-OsTRT  E*™ L 5“’”7&&’— TRAIP-mAID D5
TRAIP-mAID D5 4 o ¥ 4 Zoum
Jrom & o | DLoM xyj -
Forumrd Ster SR Foreara Seaer s "
Forward Scatter (Cell Size) Treatment I - IAA [ + 1AA
S 12500 24 Hours 48 Hours 72 Hours
Treatment = - I1AA = + IAA z
% CMV-OsTIR1 Only TRAIP-mAID C2 TRAIP-mAID D5 E’ 10000 - - — = - -
© 301 * ** ¥ o 7500
S T % 5000
2% . Z 2500
3 &
g g 0
3 101 SIS A LG Gy
15 E & F @& F F LS
5 3 —s F—3 ] &8 & & Q5 ¢ BN
2o SN SN SIS o SN SN
s , ‘ ‘ V& & & & & &
£ © F F SEERC SERNC ™ ™ N
\2‘0 \2\0 \2‘0 \2\0 \2‘0 \2\0 \2‘0 \2‘0 \2‘0
PR A PR A R AV
C. HCT116 CMV-OsTIR1 TRAIP-mAID C2 D.
24 h of IAA treatment Treatment ~ - IAA ~ + IAA
| CMV-OsTIR1 Only TRAIP-mAID C2 TRAIP-mAID D5
25
= 220
-1AA 3 Z4s
£
%10 .
10° 100 10" 10°. 10° 10 § ° T i 1\\&/ — T e *
Annexin V ]
{Lb:z\(o b“b\z\{o /\q:z\{o {l/b( \z$6 b‘(b \2\{1 /\(L\z\{o q/b( ‘2‘6) @ \2$% ,\q:z‘ke
+IAA 5 Supplementary Figure 4. Analysis of consequences of TRAIP
50 depletion. (A) The size of TRAIP degron cells was analysed by flow
N e cytometry after auxin addition. The example FACS plots after 72 h
Arnexdn ¥ of IAA treatment (top) and quantification over 24, 46 and 72h TRAIP
degradation n=3 (bottom) is presented. (B) The size of nuclei was
- analysed by DAPI staining and fluorescence microscopy. Example
+5mMHU 3 . . .
3 pictures after 72 h of IAA treatment (top) and quantification over

24,46 and 72h TRAIP degradation n=3 (bottom) is presented. (C)
Annexin V staining assay validation. TRAIP-mAID cell lines were treated
optionally with auxin for 24 h or HU for 24 h. Annexin V positive cells
were detected by FACS. Example FACS profiles presented.

(D) Quantification of percentage of TRAIP degron cells positive for
Annexin V after 24, 48 or 72 h of auxin treatment. Source data are
provided as a Source Data file.
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Supplementary Figure 5. (A) Accumulation of DNA damage in RPET TRAIP-mAID cells upon auxin
treatment. Example photos (left), total number of foci detected per nucleus over n=3 (middle). Mann
-Whitney test performed. y-H2AX foci/nucleus control -IAA vs +IAA; p=0.0154, TRAIP-mAID -IAA vs +lAA;
p<0.0001. 53BP1 foci/nucleus control -IAA vs +lIAA; <0.0001, TRAIP-mAID -IAA vs +lAA; <0.0001. T.test
performed for cells with >5 y-H2AX foci TRAIP-mAID -IAA vs +1AA; p=0.018. >5 y-H2AX foci TRAIP-mAID -IAA
vs +lAA; p=0.006.

(B) G2 arrest in TRAIP depleted cells is dependent on functioning ATR checkpoint pathway. TRAIP degron
clones were treated for 24 h with auxin and optionally with ATRi or ATMi. Cell cycle profile of cells was
analysed by FACS. Example of FACS plots (left) and quantification of cells in G2/M stage of the cell cycle
n=3 (right).

Source data are provided as a Source Data file.
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Supplementary Figure 6. TRAIP regulates mitotic progression. (A) TRAIP degradation at the end of G1
does not affect progression into S-phase. HCT116 degron cells were arrested in G1 with lovastatin, TRAIP
degraded and cells released from G1 arrest. Cell cycle progression at indicated times was assesed by DNA
content and flow cytometry. Left: Control arrest samples and example quantification gates indicating those
cellsin G1 or in S/G2. Middle: Example cell cycle profiles -/+ IAA throughout the arrest. No visual differences
could be observed between treatments. Right: Quantification of G1 or S/G2 cells by the gates depicted in
controls. Statistical singnificant testing was carried out using T.tests, but no differences could be found. n = 2.
(B-D) TRAIP regulates mitotic progression. HCT116 degron cells were arrested in G2 with RO-3306. TRAIP was
degraded, cells released into mitosis and progression through mitosis observed at 30 and 60 min post release.
As a control cells were treated with aphidicolin during RO-3306 treatment to slow down progression through
the cell cycle. (B) example of detection of cells with condensed and segregating chromosomes. (C) Quantifica-
tion of percentage of cells with condensed chromosomes n = 3. Shown are aphidicolin controls (red), - IAA
(blue), and + IAA (purple); depicted as violin plots showing the median, interquartile range, and overall data
distribution. Statistical significance were determined using one-way ANOVA and pairwise post-hoc testing.
Significance is indicated on the plot. Increased proportions of cells were shown in -IAA/+IAA samples
compared to controls at all timepoints (p < 0.001 for all comparisons shown). Conversely, no differences were
observed between -IAA and + IAA samples. (D) Quantification of percentage cells with segregating chromo-
somes. Data depicted as in (C). Statistical analysis testing was carried out using one-way ANOVA and pairwise
post-hoc testing. No differences were detected at 30 minutes post release. For 60 minute timepoints,
significance is indicated on the plot: TRAIP-mAID C2 60 mins + aphidicolin control vs - IAA: p =0.00117, - IAA
vs + |AA: p < 0.001; TRAIP-mAID D5 60 mins + aphidicolin control vs — IAA: p = 0.00209; - IAA vs + I1AA: p < 0.001.
Source data are provided as a Source Data file.
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Supplementary Figure 7. TRAIP degradation does not affect global DNA replication. (A) Cells optionally

treated with IAA for 24 h were pulsed with BrdU for 1 h and BrdU incorporation into DNA analysed by FACS.

Example FACS plots are presented (left) and quantification of number of cells incorporating BrdU and the

level of BrdU incorporation normalised to control in replicating cells over n=3 (right), mean and SEM. Statistical analysis
was carried out using t. tests, and any significant differences discovered is summarised on the plot (TRAIP-mAID C2:

p =0.0331; TRAIP-mAID D5: p = 0.0126). (B) Cells optionally treated with IAA for 24 h were pulsed with EdU for 1 h

and EdU incorporation into DNA detected by immunofluorescence. Example microscopy images are presented

(left) and quantification of number of cells incorporating EdU and level of EdU signal in replicating cells over n=3
(right). Statistical analyses was carried out on the data using t. tests and significant differences are summarised

on the plots (TRAIP-mAID C2: p = 0.0178; TRAIP-mAID D5: p = 0.0264). (C) Cells were optionally treated with

IAA for 24 h, nuclei extracted and the level of chromatin bound MCM7 analysed by FACS. Source data are provided as a
Source Data file.
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Supplementary Figure 8. DNA replication defect and DNA damage observed in cells after TRAIP
depletion. (A) TRAIP Degradation Prolongs DNA Replication into G2/M. HCT116 degron cells were
synchronised and treated as depicted in the schamatic (left). Quantification of the total proportion of cells
positive for EdU incorporation for experiments using TRAIP-mAID C2 and TRAIP-mAID D5 (n = 3). Any
differences between groups were determined using one-way ANOVA testing and post-hoc pairwise
comparisons, indicated on the plots (p > 0.001 for all comparisons shown). (B) TRAIP was degraded just

before S-phase as in (A). At indicated time points the DNA damage foci (yH2AX and 53BP1 foci) were analysed
by immunofluorescence. Example images are presented (left) and quantification of percentage of cells with
over 3 YH2AX foci over n=3 experiments (right). Significant differences (t.tests) are summarised on the

graph for TRAIP-mAID C2 (13 Hrs post release: p = 0.028; 16 Hrs post release: p = 0.037; 20 Hrs post release,

p = 0.0016; 24 Hrs post release, p = 0.019) and TRAIP-mAID D5 (13 Hrs post release: p =0.028; 16 Hrs post
release, p = 0.010; 20 Hrs post release, p = 0.0019; 20 Hrs post release, p = 0.032). (C) Accumulation of DNA
damage in RPE1 TRAIP-mAID cells upon auxin treatment in EdU-negatuve vs EdU-positive cells. Students T-tests
performed: y-H2AX TRAIP-mAID -IAA vs +lAA (EdU pos); p=0.045. 53BP1 TRAIP-mAID -lIAA vs +lAA (EdU pos); p=0.002.
Source data are provided as a Source Data file.




>
w

Chr17:49361kb Chr17:49362kb Chr17:49363kb
" ! ! ! = - auxin
AR - e s E Ist repeat ‘+ auxin
+IAA oy - o ] - auxin
R . g .Ilnd repeat ‘+auxin
-1AA ] |
- il —
AR - _ R, ,.—___—*_‘ e -§
RNA POl =
© ,;‘;.-.-..-..-,._.,_-.,.-.._.u.u..-...-u_i_i‘.._ .....“u._..._,_,-,_i__i g
PROSeq 5
PROSeq z 0’
il _AL‘.—‘ | -250kb Centre IZ +250kb
ZNF652 ZNF652-AS1
YH2AX fold change in +1AA/-IAA
1% repeat 2" repeat
C. | . D. E.
271 [ RNAPI low yH2AX
< I RNAPII yH2AX hotspots
" 100 8 M RNAPII other transcribed genes
c
g 80 o
>
8 3
S 60 o
& S
C
g 40 4
=3 =
[0 ©
£ 20 £
0 2
O O
& $
= Q\@ Q‘\@ Q'\\@ 0.
= & o € -2.5kb TSS +2.5kb
Q/% @c_, \/% . .

log2(ratio) 2.5kb

oz 155

Supplementary Figure 9. The increase of yH2AX upon TRAIP degradation does not correlate with
replication features but with transcription start sites. (A) An example of mapped yYH2AX peak. Similar to
the example in Figure 4A. (B) Correlation of YH2AX signal with replication initiation and termination zones
as determined by Daigaku et al. 2022. (C) Heatmaps of YH2AX signal centered on transcription start sites
(TSS). TSS sorted by yH2AX fold change in +IAA/-IAA. Two independent repeats are presented. (D)
Replication timing of hotspots. (E) Metagene profile of RNA Pol Il ChIP-Seq from Erickson et al. at the TSS
+/- 2.5 kb for genes with a gH2AX hotspot following TRAIP degradation, genes with low enrichment levels
of gH2AX, and all the other transcribed genes, showing clear differences in the profile and distribution of
RNA Pol Il at the TSS region. Source data are provided as a Source Data file.
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Supplementary Figure 10. (A) Short Triptolide treatment in S-phase does not inhibit DNA replication.
Cells were synchronised in G1 with optional degradation of TRAIP for last 1 h of arrest and released

into mitosis. Cells were then treated for 90 min with Triptolide, 3 h after release from G1 arrest. Cells

were pulsed for 1 h with EdU and its incorporation was analysed using fluorescent microscopy. Shown

are the overall percentage of cells positive for EAU (left), as well as median EdU intensity per cell (right).

(B) DRB treatment during S-phase is epistatic with TRAIP degradation. Cells were synchronised in G1,
where TRAIP was degraded prior to entry to S-phase. Upon S-phase entry DRB was added for 90 minutes and
cells fixed, then stained for DNA damage markers. Left: Example microscopy images. Middle: Total foci counts
per nucleus. Ttest for pairwaise comparisons. YH2AX: all ** < 0.009, * < 0.036; 53PB1: ** p = 0.00965, all * < 0.048.
Right: Quantification of the proportion of nuclei containing > 3 DNA damage foci. Source data are provided

as a Source Data file.
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Supplementary Figure 11. Effects of TRAIP-mAID degradation on transcription. (A) Degradation of
TRAIP-mAID does not increase global transcription levels. HCT116 TRAIP-mAID cells were arrested in GT1,
where TRAIP was degraded as described previously. Upon entry to S-phase (12 h post release), triptolide was
optionally added to the control sample for 90 minutes. In all samples EU was added for 60 minutes 13.5 h
following release from G1 arrest to label newly synthesised RNA. Incorporated EU was visualised using
immunofluorescence following a copper-catalysed Click-IT reaction following manufacturers protocols. The
median EU intensity per nucleus was quantified and normalised to the control (- IAA - Triptolide), shown as
beeswarm plots. Statistical testing was conducted using pairwise t.tests: Control vs Triptolide treatment:

p < 0.0001; TRAIP-mAID C2 - I1AA vs +1AA:p=0.0102. N = 3.

(B) No global increase of RNA Pol Il on chromatin in absence of TRAIP. HCT116 TRAIP-mAID cells were
arrested in G1, TRAIP optionally degraded and cells released into S-phase. In the middle of S-phase (12 h after G1
release) WCE and chromatin fractions were prepared and analysed by western blotting with indicated
antibodies (n=3). (C) No changes in R-loops level was detected upon TRAIP depletion.

The S9.6 RNA:DNA hybrid antibody was used to detect any major changes to R-loop levels in the HCT116
degron cells. S-phase cells with and without TRAIP were stained for the S9.6 antibody and the respective
fluorescence measured using Cell Profiler. Quantification of $9.6 intensity. (D) Overexpression of RNAseH1
does not rescue DNA damage repair signals (fH2AX and 53BP1 foci) after TRAIP degradation. HCT116
TRAIP-mAID cells were transduced with lentivirus to facilitate the Tet-inducible expression of GFP-RNAse HI.
Asynchronous cells were treated optionally with DOX or IAA as indicated and fixed for DNA damage foci. Shown
are the quantified number of foci per cell. Black circles are cells with no detectable GFP; cells with low or no
GFP-RNAse HI expression. Red circles depict cells with detectable GFP; cells with GFP-RNAse HI expressed.
Medians are shown by blue bar. Statistical analysis was carried out using t.tests. with significance shown on
the plot (yH2AX - IAA vs + IAA: p = 0.001709; 3BP1 - IAA vs + |IAA: p = 0.0009167. Source data are provided as a
Source Data file.
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Supplementary Figure 12. TRAIP depleted Xenopus egg extract is unable to unload replisomes in
mitosis. (A) Characterisation of X./ TRAIP antibody raised for this study. The level of TRAIP in the egg extract
is low and all of our TRAIP antibodies recognise other bands in full egg extract. We have therefore also
resolved samples of chromatin with accumulated replisomes (cullin inhibitor MLN4924 treatment for 90 min,
CULI) to confirm that the band between 65 and 50 kD is indeed behaving as expected from TRAIP (n=3)

(B) TRAIP depleted extract cannot unload replisomes in mitosis. Non-specific IgG or a-TRAIP depleted egg
extract was used to replicate DNA to completion in presence of neddylation inhibitor MLN4924, which
inhibits activity of Cullin type ubiquitin ligases and blocks S-phase pathway of replisome disassembly.

Once replication was completed, extracts were supplemented with Cyclin A1A to stimulate progression into
mitosis. Chromatin was isolated at indicated timepoints and replisome presence on chromatin was
monitored by western blotting with indicated antibodies. In mock depleted extract CMGs (as visualised by
Cdc45, Psf2) are removed from chromatin, while in a-TRAIP depleted egg extract they are retained on
chromatin due to lack of TRAIP (n=4). Source data are provided as a Source Data file.



Supplementary Table 1.

Summary of the significant GOTerms identified from the genes isolated using y-H2AX ChIP sequencing

. Count Frequency Corrected P-
Anal T G Ontol T
nalysis lype ene Ontology Term (# Genes) (%) Value (Benjamini)
Biological Process positive regulation of transcription from RNA polymerase Il 55 105 0.0014
(GOTerm BP) promoter
Biological Process negative regulation of transcription from RNA polymerase 2 3 0.0077
(GOTerm BP) Il promoter
Blig)g[?::;rg;(;ss ephrin receptor signaling pathway 12 2.3 0.013
Biological Process vascular endothelial growth factor receptor signaling 1 21 0013
(GOTerm BP) pathway
BITIGOS;?SL:I’CB)E;SS transcription from RNA polymerase Il promoter 31 5.9 0.034
Biological Process .
(GOTerm BP) transcription, DNA-templated 81 15.4 0.045
Biological Process . . -
(GOTerm BP) regulation of actin cytoskeleton organization 8 1.5 0.071
Biological Process . I
(GOTerm BP) covalent chromatin modification 12 2.3 0.071
Biological Process . .
h horyl 27 i .
(GOTerm BP) protein phosphorylation 5 0.08
Molecular Function rotein bindin 289 55 0.0026
(GOTerm MF) P & '
Cellular Component
| 206 39.2 0.000000016
(GOTerm CC) nucleus
Cellular Component
| | 114 21.7 0.000047
(GOTerm CC) nucleoplasm
Cellular Component cytoplasm 175 333 0.0041
(GOTerm CC) ytop ' :
Cellular Component
(GOTerm CC) cytosol 117 223 0.017
Biological Process positive regulation of transcription from RNA polymerase Il 55 105 0.0014

(GOTerm BP)

promoter
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