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ABSTRACT 

Ctf4 plays a key role in replisome architecture by connecting various DNA metabolism 

proteins to the CMG replicative helicase. Ctf4 forms a bridge between the replicative 

helicase and Polymerase a/primase, thus coupling replication to repriming events. Cells 

mutated in Ctf4 exhibit reduced sister chromatid cohesion, defects in replication-associated 

recombination and nucleosome deposition.  

          We employed mutations in different domains of Ctf4 to investigate if specific 

phenotypes are associated to previously reported interactions. We found that Ctf4 

enrichment at the replisome is important for normal fork architecture, recombination-

mediated error-free replication upon alkylating damage and for preventing mutagenic events. 

Moreover, reduced interaction of Polymerase a with Ctf4 results in very similar defects, 

which can be rescued by artificial tethering of Polymerase a to the CMG helicase. Thus, 

replication-coupled repriming mediated by Ctf4 is crucial to promote error-free replication 

and to preserve fork topology, but additional Ctf4 roles cooperate in these processes. 

Using a genome-wide suppressor screen, we identified that deletions of DPB3 and 

DPB4, coding for the non-essential subunits of Polymerase e, confer growth advantage to 

ctf4 mutants exposed to DNA alkylating damage induced by MMS. The increased MMS 

resistance of ctf4 dpb3 mutants is mediated by Dpb3-Dpb4 histones binding and relies on 

increased mutagenic events, largely dependent on translesion synthesis polymerases. 

Notably, we uncovered that parental nucleosome deposition on daughter DNA strands, 

mediated by Mcm2-Ctf4-Pola and Dpb3-Dpb4 axes, facilitates error-free recombination-

mediated damage bypass. Altogether, we found that Ctf4 and Dpb3 are part of a mechanism 

that supports error-free DDT in response to genotoxic stress, impairment of which boosts 

usage of error-prone DDT to tolerate DNA lesions leading to genomic instability. Overall, 

our study gives new insights for future studies aimed to understand the molecular mechanism 
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causing cancer chemoresistance and highlights intricate connections between DNA damage 

response and replication-coupled chromatin assembly. 
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3. INTRODUCTION 

Faithful chromosomal DNA replication is essential for normal development and 

maintenance of genome stability. The genetic material is constantly exposed to numerous 

impediments caused by exogenous and endogenous sources, which can lead to DNA damage 

and may pose threats to the accurate completion of replication. Examples of exogenous 

sources of DNA damage include environmental causes, such as ionizing and ultraviolet 

radiation, and various chemical compounds, such as those used in chemotherapy. However, 

the vast majority of DNA lesions are generated by endogenous stress, which includes 

difficult to replicate genomic regions, base deaminations and topological stress. Ultimately, 

DNA lesions can get converted into mutations that can adversely affect genomic stability. 

The genetic mutations created by these DNA lesions can lead to developmental disorders 

and cancer predisposition, but they can also promote long-term adaptations to environmental 

changes (Cadet et al., 2003).  

Eukaryotic cells have evolved a series of DNA damage repair and tolerance mechanisms to 

deal with different lesions. Based on the type of damage and the cell cycle state, specific 

DNA repair pathways utilizing specialized enzymes are engaged to deal with the problems 

(Branzei & Foiani, 2008). Notably, in most cases, lesions ahead the replication fork are not 

absolute obstacles to replication fork progression. In fact, replisomes can replicate over 

various types of DNA lesions. Moreover, cells can promote a switch of polymerases or a 

switch of template strands in order to limit stalling of the replication forks and sustain their 

progression. 

A number of regulatory processes evolved to monitor DNA damage and to coordinate cell-

cycle processes during DNA repair: for example, replication and repair mechanisms are 

coordinated by the DNA damage checkpoint and the cyclin-dependent kinases (CDKs), thus 

coupling them with cell-cycle progression (Branzei & Foiani, 2006, 2009). In addition, 
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ubiquitin and SUMO modifications facilitate the assembly and function of different DNA 

repair and replication complexes, fine-tuning their function with other cellular processes.  

3.1 DNA Damage Tolerance (DDT) pathways 

During the process of genome duplication, progression of the replication forks is challenged 

by encountering of DNA lesions, which can lead to transient stalling of the forks. If not 

properly handled, this can result in fork collapse and ultimately genomic instability. To avoid 

such consequences on genome stability, cells evolved different mechanisms to replicate over 

DNA impediments, thus allowing completion of DNA replication and postponing the repair 

of the DNA lesions to later cell-cycle phases. Altogether, these mechanisms are referred as 

DNA damage tolerance (DDT), and comprise two modes: error-prone DDT and error-free 

DDT (Fig. 3.1). 

The error-prone DDT pathway relies on the use of specialized translesion (TLS) 

polymerases, which can bypass lesions by incorporating non-specific nucleotides, and is 

called the TLS-pathway. Because of the non-specificity of the TLS polymerases, it can 

happen that the incorporated nucleotides are not correctly matching the template, thus 

introducing mutations. For this reason this pathway is generally considered to be error-prone 

(Waters et al., 2009). The other mode involves replication-coupled recombination events 

which bypass the DNA lesion by involving a switch of templates from the damaged template 

to the newly replicated sister chromatid, for this reason this process is referred to as template 

switch (TS), and is generally considered to be error-free (Branzei & Szakal, 2016). 

Factors involved in DDT pathways are conserved from yeast to higher eukaryotes. 

DDT pathway choice is regulated by ubiquitin modifications of PCNA (Proliferating cell 

nuclear antigen), which are mediated by the Rad6-Rad18 epistasis group of proteins: mono-

ubiquitylation of PCNA facilitates error-prone DDT, whereas PCNA polyubiquitylation 

facilitates error-free DDT (Branzei et al., 2008; Hoege et al., 2002). 
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Figure 3.1. 

Adapted from Branzei and Psakhye, 2016 

Figure 3.1. Schematic representation of the two main DNA damage tolerance (DDT) 
mechanisms 

(A) Re-priming downstream the lesion and consecutive gap-filling processes mediated by 

specialized translesion (TLS) polymerases. (B) Template switching, a recombination-based 

mechanism during which the newly synthetized undamaged sister chromatid is engaged as 

template. 

Homologous recombination (HR) involves the exchange between homologous sequences, 

and is mostly studied in the context of double strand break (DSB) repair. Although its 

relationship with template switching remained unclear for many years, previous works 

suggested a joint action between canonical HR factors and members of the PCNA 

polyubiquitylation-pathway (Branzei et al., 2008). 
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Different strategies have been proposed on how the DDT pathway acts on DNA lesions, 

depending also on whether it is on the lagging or on the leading strand. Lagging strand 

lesions in general are not considered to stall the replication fork as the DNA synthesis on 

this strand is discontinuous. The natural occurrence of gaps and multiple repriming events 

during the replication of this strand facilitates the bypass of DNA lesions. According to the 

lesion-skipping model, DNA lesions on the lagging strand generate gaps which are then 

repaired or filled in post-replicatively by TLS polymerases (Taylor & Yeeles, 2018) or by 

recombination mechanisms. On the contrary, leading strand lesions are more problematic as 

the synthesis of the filament is continuous, thus they often cause functional uncoupling 

between the CMG helicase and the DNA synthesis. 

Different scenarios are hypothesized to occur in order to restart the replication fork (Fig. 

3.2). One scenario proposes that DDT factors function at the replication fork to bypass the 

lesion to allow continuous progression of stalled replication forks (Blastyák et al., 2007). 

Another model envisages that the leading strand lesion is skipped by activated re-priming at 

the stalled/uncoupled replication fork (García-Gómez et al., 2013; Mourón et al., 2013). In 

this way the lesion remains confined in ssDNA gaps behind the moving replication fork, and 

is resolved by engagement of TLS activity or TS mechanisms. This latter model is known 

as the ‘gap-filling’ model.  

It is still controversial whether DDT events are primarily occurring at the fork (at the site of 

DNA damage) or behind the fork on the single stranded DNA (ssDNA) gaps containing the 

lesions. It is likely that both scenarios happen depending on the lesion and the chromatin 

context. 
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Figure 3.2. 

Figure 3.2. Alternative models for the bypass of DNA lesions during replication 

A) Direct bypass of the lesion at the replication fork. TLS occurs through switching of DNA 

polymerases, while template switching is assisted by replication fork regression. B) Re-

priming downstream followed by gap-filling through TLS activity or TS. This mechanism 

occurs partly uncoupled from the replication fork. 

3.2 Regulation of DDT by ubiquitin and SUMO modification of PCNA  

As previously mentioned, the RAD6-RAD18 pathway involving the ubiquitin conjugation 

activity of Rad6 and the ubiquitin ligase function of Rad18 is critical for DNA damage 

tolerance. In particular, factors belonging to this pathway were discovered to modify PCNA 

by mono- and poly-ubiquitylation, thus regulating the DDT pathway choice between 

translesion synthesis and template switching (Fig. 3.3). DNA damage leads to exposure of 

ssDNA, promotes the recruitment of the ssDNA-binding protein Rad6 and Rad18, which 

mediate monoubiquitylation on the K164 lysine of PCNA (Hoege et al., 2002). This 

or or

ERROR
PRONE

ERROR
FREE

A B
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modification facilitates the recruitment of TLS polymerases at the site of damage 

(Kannouche et al., 2004; Stelter & Ulrich, 2003), thus being a critical step for spontaneous 

and damage-induced mutagenesis (LAWRENCE et al. 1985; LEMONTT 1971). Upon further 

recruitment of Rad5, another E3 ligase, which acts together with the E2 enzyme complex 

Mms2-Ubc13 (Ulrich & Jentsch, 2000), the monoubiquitylated K164 lysine can be extended 

to K63-linked polyubiquitin chains. This modification is linked to error-free DDT and 

facilitates template switching (Branzei & Foiani, 2008; Hoege et al., 2002; Pfander et al., 

2005) although the critical interactors of the polyubiquitin chains remain to be uncovered. 

Besides mono and polyubiquitylation, PCNA can also be SUMOylated at K164, and to a 

lesser extent at K127 (Hoege et al., 2002; Moldovan et al., 2007), by Ubc9 and Siz1 (E2 and 

E3 enzymes mediating SUMOylation) (Hoege et al., 2002). SUMOylated PCNA can recruit 

the helicase Srs2 at the damaged sites (Papouli et al., 2005; Pfander et al., 2005), which 

disrupts Rad51 protein filaments. This event stimulates TS mediated by Rad5-pathway, but 

prevents the premature engagement of another canonical HR pathway (also known as 

salvage pathway), which works at later stages of DNA duplication.  

In addition to PCNA modifications, chromatin structure and genome architecture play a role 

in mediating the choice of one DDT pathway versus another at the site of damage and in the 

context of cell cycle and timing of replication (Fumasoni et al., 2015; Gonzalez-Huici et al., 

2014; Lang & Murray, 2011). 

Genetic relationships among DDT factors have been widely studied, but it is currently still 

not fully understood how different PCNA modifications and the regulatory pathways relate 

to each other to choose the DDT pathway. Moreover, since PCNA clamp is a homotrimer, it 

is likely that multiple and parallel modifications are possible on the various subunits, further 

extending the possible variables affecting cellular responses to DNA damage. 
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Figure 3.3. 

Modified from Bi et al., 2015 

Figure 3.3. Ubiquitination and SUMOylation-related PCNA modifications determine 
DNA repair pathway choice 

PCNA can be modified at K164 with ubiquitin, by Rad6 and Rad18, or with SUMO by 

Ubc9/Siz1. Monoubiquitylation promotes TLS polymerases recruitment to PCNA, thus 

facilitating translesion synthesis. Ubc13/Mms2/Rad5 dependent extension of 

monoubiquitylation with consequent formation of a polyubiquitylated K63-linked chain 

facilitates template switching. SUMOylation of PCNA at K164 recruits Srs2, thus promoting 

Rad51 displacement from ssDNA and leading to inhibition of unscheduled recombination 

events. (PCNA is a trimer, where each monomer can be modified at the mentioned sites, 

however for simplicity reasons modification of only one monomer is represented). 
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3.3 Trans-lesion synthesis (TLS) mediated DDT 

In all living organisms, duplication of DNA is carried out by a complex machinery called 

replisome. A central role in this machinery is represented by the replicative helicase, which 

unwinds DNA during replication fork progression, and the replicative DNA polymerases 

(Pola/Primase, Pole, Pold). These polymerases are characterized by high fidelity and 

processivity, which ensure a minimal risk of errors accumulation. The replication process is 

constantly threatened by several types of challenges. Among these, particularly dangerous 

are lesions causing distortion of the DNA structure, as the replicative polymerases often 

cannot overcome these obstacles, leading to stalling of the replicative helicase and 

deleterious consequences (Mirkin & Mirkin, 2007).  

In order to complete replication in such circumstances, cells have evolved a set of alternative 

polymerases, referred to as TLS, which are able to use multiple types of substrates and to 

synthetize random nucleotides to bypass the lesions. TLS polymerases are error-prone, often 

leading to introduction of novel mutations (S. Prakash et al., 2005; Waters et al., 2009). TLS 

polymerase superfamily comprises different groups of enzymes. Among them, the ones 

belonging to the Y-family of DNA polymerases appear to be particularly effective in 

performing the lesion bypass task (Ohmori et al., 2001). Pols η, ι, κ and Rev1 are members 

of the eukaryotic Y-family of DNA polymerases, which are conserved in mammalian and 

yeast. In addition, another key TLS polymerase is pol ζ, which is a member of the B-family 

of DNA polymerases. 

In budding yeast, Polζ and Rev1 activities account for the major spontaneous and induced 

mutagenesis events. Pol ζ is a multi-subunit enzyme, which is composed of the catalytic 

domain (Rev3) and the regulatory subunit Rev7 (Nelson. et al., 1996). It is the only error-

prone TLS which shares similarities with high-fidelity B-family replicative polymerases, but 

unlike these, Pol ζ lacks proofreading activity and has poor processivity, which is associated 

to generation of spontaneous and induced mutagenesis. 
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Rev1 is specialized in the incorporation of dCTP opposite template G, opposite an abasic 

site in the template and, to a much lesser extent, opposite to guanine and adenine nucleotides 

(Lawrence, 2002; Nelson. et al., 1996). This particular feature makes Rev1 an unusual 

polymerase that does not possess any evident ability to incorporate nucleotides other than 

dCTPs. Another TLS polymerase is Polη, which in budding yeast is encoded by the RAD30 

gene. Pols η, κ, and ζ are involved in alternate pathways for TLS opposite Cyclobutane 

pyrimidine dimers (CPDs), which constitute the most frequent UV-induced DNA 

photoproduct. But unlike Pols κ and ζ, which promote mutagenic bypass opposite CPDs, 

Polη is able to introduce the correct nucleotide upon this kind of lesions, thus it considered 

to have a highly error-free role in TLS opposite CPDs (Johnson et al., 1999). 

3.4 Homologous recombination (HR) 

Among the many lesions to which DNA is subjected each day, DNA double strand breaks 

(DSBs) are the most dangerous. This kind of lesion occurs when two complementary strands 

of DNA are broken simultaneously, if not repaired, DSBs can lead to loss of genetic 

information, chromosome rearrangements and, as a consequence, to genome instability. In 

order to repair DSBs, eukaryotic cells rely on two major strategies which are referred as non-

homologous end joining (NHEJ) and homologous recombination (HR). These two 

mechanisms, share some of the factors involved in DSBs repair, but while NHEJ does not 

involve the use of sequence homologous to the damaged template, HR utilizes a homologous 

sequence on the genome to copy the information and direct the repair. The term 

“recombination” derives from the exchange or transfer of information between two DNA 

molecules, while the word “homologous” specifies that the events occur between molecules 

that share almost identical sequences. HR is generally considered to be error-free, although 

several studies have shown that it can be error-prone. 
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Upon DNA lesions, HR is involved in DSB repair or can support lesion bypass and fork 

restart to assist the replication of damaged DNA (Pâques & Haber, 1999; L. Prakash, 1981).  

Besides these functions, HR is also involved in essential biological processes which involve 

programmed and regulated generation of DSBs, such as during meiotic differentiation, 

mating-type switching in Saccharomyces cerevisiae or in V(D)J and class switch 

recombination, which ensures the diversity of the immune response (Jung & Alt, 2004; 

Lieber et al., 2004; N Sugawara & Haber, 1992). 

DSBs are sensed by the highly conserved ring shaped MRX complex formed by Mre11-

Rad50-Xrs2 in yeast (MRN complex, composed of MRE11, RAD50, NBS1 in human), 

which tights together the broken ends of the DNA molecules. The nucleases Mre11 and Sae2 

initiate the 5’-3’ resection, which is an endonucleolytic incision to release a 5’-ending 

oligonucleotide. Bulk resection leads to the formation of longer stretches of single-stranded 

(ss) DNA and is accomplished by the 5’-3’ exonuclease Exo1 and the Sgs1-Top3-Rmi1 

(STR) complex together with the nuclease Dna2 (Fig. 3.4). The resected DNA is then coated 

by the single-stranded DNA binding protein RPA (Replication Protein A), which is then 

destabilized by a mechanism mediated by Rad52, promoting the replacement of RPA with a 

Rad51 right-handed helical filament (Fig. 3.4) (Song & Sung, 2000; Sugiyama & 

Kowalczykowski, 2002). 

Rad51 filament searches for homologous sequences and pairs with the undamaged 

homologous DNA sequence, upon which it promotes strand invasion and formation of a D-

loop structure (Fig. 3.4) (Sung & Robberson, 1995). Rad51 filament formation, homology 

search and strand invasion are facilitated by additional factors, such as Rad55/Rad57 and 

Rad54. Rad55/57 complex is a paralog of Rad51 and seems to work as a molecular 

chaperone to facilitate assembly and possibly stabilization of the Rad51 nucleofilament (Roy 

et al., 2021; Sung, 1997). Rad54 is a member of the Swi2/Snf2 family of chromatin 

remodelling proteins, and is a potent and processive motor protein required to initiate DNA 

synthesis and for the extension of heteroduplex DNA (PETUKHOVA et al. 1998, 1973).  
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The D-loop structure thus facilitates repair because the invading 3-OH end of the ssDNA is 

then extended using the intact homologous sequence as a template (Fig. 3.4). In budding 

yeast, the primary D-loop extension is carried out by DNA Polymerase d with its cofactors 

PCNA/RFC (X. Li et al., 2009) and is followed by DNA ligation. This latter process can 

create a stable double Holliday junction (dHJ), which can be resolved by specific 

endonucleases generating crossover (CO) or non-crossover (NCO) products (Schwartz & 

Heyer, 2011). 

The STR complex can mediate the resolution of double holiday junctions by promoting the 

migration of the two junctions of a dHJ towards each other to result in a hemicatenane, which 

can be dissolved into NCO products during the steps of HJ dissolution (Wu L, 2003). 

Otherwise, dHJs that are not processed by the STR complex are resolved by structure-

specific endonucleases such as Yen1 or Mus81-Mms4 that are activated in mitosis. 

Besides the dJH pathway described above, a process called Synthesis-Dependent Strand 

Annealing (SDSA) is very prominent and may be activated with preference.  In SDSA, the 

newly extended DNA strand of the D-loop can be unwound to anneal with the second DSB 

end generating gene conversion with the exclusive formation of NCO products. In this latter 

context, if a second DSB end is absent (as during replication through a nick), Break Induced 

Replication (BIR) takes place. This mechanism involves the establishment of a replication 

fork at the D-loop to initiate long-range DNA synthesis to copy the entire distal chromosome 

arm resulting in loss-of-heterozygosity (Lydeard et al., 2010). 

When the DSB occurs in a site flanked by homologous direct or inverted repeat sequences, 

a specific process named as Single-Strand Annealing (SSA) occurs (Fishman-lobell & 

Habert, 1992). In this context, resection of the DSB end generates 3’ ssDNA, which reveals 

flanking homologous sequences that are annealed together to form a synapsed intermediate, 

without involving the formation of a Rad51 filament. Even though this pathway is Rad51-

independent, it still depends on the actions of on RPA, Rad52 and to a lesser extent on Rad59 

(Ivanov et al., 1996; Neal Sugawara et al., 2000). Notably, since there is the possibility that 
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adjacent repeats are incorrectly annealed, the SSA mechanism can result in deletion or 

duplication rearrangements leading to alteration of genetic information. For this reason, it is 

considered a relatively mutagenic repair pathway. 

Figure 3.4.  

Modified from Aylon and Kupiec, 2004 

Figure 3.4. Schematic representation of the homologous recombination steps during 
double strand break repair. 

The free ends generated by DSB are resected, leading to ssDNA formation. Single strand 

DNA is coated with RPA, which promotes the recruitment of Rad52. Rad52 in turn promotes 

the disassembly of RPA in favour of the Rad51 reaction. Rad54 facilitates strand invasion 

by promoting chromatin remodelling and DNA unwinding. 
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3.5 Template Switching (TS) and Recombination-mediated gap filling 

Lesions or DNA structures causing replication stalling are bypassed by mechanisms known 

as DNA damage tolerance (DDT). We previously described the error-prone translesion 

synthesis (TLS) as one mode that cells employ to replicate across the obstacles and continue 

the replication process. As previously mentioned, cells can tolerate the lesions exploiting 

another mechanism named template switching (TS). This pathway is generally considered 

to be error-free as it relies on recombination-mediated steps and utilizes the newly 

undamaged synthesized chromatid as template (Fig. 3.5). 

Encounter of a lesion by a replication fork, may cause fork stalling and may associate with 

exposure of ssDNA, which is initially covered and protected by RPA. RPA coated ssDNA 

is engaged into a strand-exchange reaction promoted by the recombinases Rad52, which 

exchanges RPA with Rad51 in order to form Rad51 nucleofilament (Vanoli et al., 2010) and 

recruits the E3 ligase Rad18 and Rad5, which facilitate TS via PCNA modification with 

K63-linked polyubiquitin chains (Branzei et al., 2008; Davies et al., 2008).  

Specifically, PCNA is first monoubiquitylated at a conserved lysine (K) residue, K164 

(Bergink & Jentsch, 2009; Zeman & Cimprich, 2012) by the Rad6 ubiquitin-conjugating 

enzyme together with the Rad18 ubiquitin ligase. Rad18 interacts with Rad5, and together 

with the ubiquitin conjugation complex, Ubc13- Mms2, extend the monoubiquitin 

modification into K63-linked polyubiquitin chains (Hoege et al., 2002). Our lab has also 

uncovered a role for sister-chromatid cohesion in facilitating error-free DDT by TS, where 

both cohesin and replication-fork associated cohesion factors support this process via 

different mechanisms. In addition, it has been shown that repriming events promoted by Pol 

a/Primase coupled to the replicative helicase facilitates TS (Fumasoni et al., 2015). 

TS relies on ssDNA gap region invasion and re-annealing of the stalled 3’-end to the newly 

sister chromatid, followed by DNA synthesis in which Polymerase δ plays a major role 

(Branzei et al., 2008; Fumasoni et al., 2015; Karras et al., 2013; Vanoli et al., 2010). This 
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mechanism leads to the formation of recombination-like structures consisting of sister 

chromatid junctions (SCJs). These intermediates are later resolved majorly by the action of 

the helicase Sgs1 and the type I topoisomerase Top3 (Branzei & Foiani, 2008; Mankouri and 

Hickson & 2006; Liberi et al., 2005). Together with the Sgs1-Top3-Rmi1 (STR) complex, 

Ubc9 and Mms21-dependent SUMOylation appears to have an important role by preventing 

accumulation of recombinogenic structures (Branzei & Foiani, 2006). Esc2 and Smc5/6, a 

protein containing a SUMO-like domain and a SUMO-ligase complex respectively, were 

shown to support resolution of sister chromatids junctions through a mechanism not yet fully 

understood, possibly by promoting recruitment and stabilization of crossed-strand 

processing activities (Agashe et al., 2021; Branzei et al., 2006; Menolfi et al., 2015). 

In case of failure in resolving the recombination structures, such as in cells mutated in one 

of the factors involved in resolution (Sgs1, Top3, Rmi1, Ubc9, Smc5/6, Esc2), cells engage 

an alternative pathway mediated by Mms81/Mms4 endonuclease complex (Ashton et al., 

2011; Szakal & Branzei, 2013), activated in G2/M via CDK/Cdc5-dependent Mms4 

phosphorylation (Gallo-Fernández et al., 2012; Matos et al., 2011; Szakal & Branzei, 2013). 

This pathway can lead to CO products which may threaten genome stability, and is prevented 

during replication by the action of the replication checkpoint (Szakal & Branzei, 2013). 

Moreover, the Mus81-Mms4 complex can exert its function on different types of replication-

associated intermediates, thus its functions must be firmly regulated in time and space 

(Waizenegger et al., 2020).  

Besides TS, another HR-dependent but Rad18-independent pathway is exploited to tolerate 

DNA lesions and is called “salvage pathway”, referring to the fact that this pathway is 

thought to deal with lesions that escaped the time window of TS. 

While TS preferentially occurs early in S-phase, salvage pathway is utilized later during cell 

cycle. In this regard, its action is prevented by SUMOylated PCNA and its activation does 

not require PCNA polyubiquitylation (Branzei et al., 2008; Branzei & Szakal, 2016; Karras 

et al., 2013).  
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The regulatory function of SUMOylated PCNA in error-free DDT pathway choice may 

involve the helicase Srs2, due to its ability to disrupt Rad51 filaments, possibly by preventing 

recombination events unaccompanied by PCNA polyubiquitylation on chromatin (Branzei 

et al., 2008; García-Rodríguez et al., 2016; Papouli et al., 2005; Pfander et al., 2005). In 

support of the salvage pathway existence and the critical role of SUMO modified PCNA in 

regulating pathway choice, studies have shown that when PCNA SUMOylation is prevented, 

the temporal coordination of the two HR-mediated DDT pathways is impaired, thus 

supporting the action of the salvage pathway of recombination over TS (Branzei et al., 2008; 

Karras et al., 2013).  

Figure 3.5. 

Figure 3.5. Schematic representation of DNA damage bypass by template switching 
(TS) 

DNA lesion is skipped by the replisome, generating a ssDNA gap in which the lesion is 

confined. The newly synthetized sister chromatids contain an identical genetic information 

as the damaged strand, which is engaged as template in a recombination-mediated process 

named template switching (TS). During this process, a sister chromatid junction is formed 
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and eventually resolved in a process called SCJs resolution at the end of which linear and 

fully replicated DNA is generated. 

3.6 Remodeling of replication forks 

Replication forks frequently encounter obstacles that may cause genotoxic fork stalling. 

We previously reviewed different strategies that cells utilize to deal with template 

obstructions. In case of specific lesions, such as interstrand crosslinks, or in case of regions 

difficult to replicate, such as regions enriched in DNA-bound proteins or heterochromatic 

regions, stabilization of the replication fork is preferred over the use of DDT pathways. One 

way by which cells successfully achieve stabilization of the replication fork upon stalling 

involves replication checkpoint activation upon RPA binding to the exposed ssDNA (Fig. 

3.6). This mode leads to different cellular effects, such as stabilization of the replisome 

components and regulation of factors involved in replication fork processing, in order to 

prevent collapse of the stalled replication fork (Branzei & Szakal, 2016).  

Another way to handle DNA lesions involves remodeling of the replication fork, which often 

involves fork reversal (Fig. 3.6). Fork reversal results in re-annealing of the complementary 

nascent daughter strands, to form a new arm that is oriented opposite to the direction of the 

fork progression. This process does not involve polymerase activity and leads to the 

formation of a four-way junction, also named “chicken foot” structure at stalled replication 

forks (Fig. 3.6) (Atkinson & McGlynn, 2009; Neelsen & Lopes, 2015). Initially, it was 

proposed that fork reversal is a mechanism to bypass DNA lesions on the leading strand 

during which lagging strand is used as an alternative template for leading strand synthesis 

(Atkinson & McGlynn, 2009; Couch & Cortez, 2014; Helleday, 2003; Neelsen & Lopes, 

2015). Recent studies point out that fork reversal appears to be important to stabilize and 

promote the recovery of stalled replication forks (Fugger et al., 2015; Ray Chaudhuri et al., 

2012; Vujanovic et al., 2017; Zellweger et al., 2015), but it can also represent the gateway 
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for nascent strand degradation. The regressed arm of the newly formed Holliday junction-

like structure resembles a one-ended DNA DSB, which can be targeted by the action of 

endonucleases such as Mre11, Exo1, Dna2 and Mus81 (Lemaçon et al., 2017; Mijic et al., 

2017; Thangavel et al., 2015). Although the activity of these nucleases facilitates replication 

restart, their activity has to be tightly regulated in order to prevent excessive degradation that 

would be detrimental for genome stability. 

In recent years, several proteins have been identified to support replication fork protection, 

such as replisome components, chromatin remodeling factors and proteins involved in DNA 

damage repair. Although many discoveries have been made in the past years to understand 

the role and the mechanism of fork remodeling, multiple questions remain to be answered 

like the mechanism underlying fork protection or the exact physiological role of this process. 

Figure 3.6. 

Adapted from Branzei and Szakal, 2016 

Figure 3.6. Schematic representation of mechanism mediating fork stabilization 

Fork stabilization is generally thought to be achieved through two mechanisms: one 

involves the replication checkpoint ATR. The other mode involves fork remodeling 

accompanied by fork reversal. 
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3.7 Mismatch Repair (MMR) Pathway 

During replication, DNA polymerases can occasionally introduce errors caused by single 

nucleotide misincorporations and small insertions/deletion loops (IDLs). These types of 

replication errors are resolved by the mismatch repair (MMR) pathway, which is an 

important tumour suppressor pathway. Indeed, this pathway is lost in 10-40% of sporadic 

cancers and germline mutations in MMR genes are associated to an increased probability of 

cancer development and to the Lynch syndrome (Gupta & Heinen, 2019). Additional roles 

of MMR proteins are the activation of cell cycle checkpoints and cell death pathways in 

response to certain DNA lesions (Zhongdao Li et al., 2016; Stojic et al., 2004). 

Particularly well studied is the MMR-dependent response upon DNA damage caused by SN1 

alkylating agents which frequently cause aberrant methylation of guanines (MeG), thus 

creating MeG/T mismatches. The damaged bases are recognized by the MSH2-MSH6 

complex, which is localized at the replication fork via MSH6 interaction with PCNA (Fig. 

3.7) (Flores-rozas et al., 2000; H.E Kleczkowska et al., 2001).  

Mismatch recognition triggers a conformational change of the MSH2-MSH6 complex, 

which turns into a sliding clamp able to diffuse along DNA and to free up DNA mismatches 

for recognition by additional MSH2-MSH6 clamps. MSH2-MSH6 clamps recruit the 

heterodimer MLH1-PMS2, and together they regulate the loading of Exo1 which in turn 

mediates the excision of the strands containing the errors (Fig. 3.7). Eventually, strand 

resynthesis and ligation are completed by DNA polymerases δ/ε and DNA ligase 

respectively (Fig. 3.7). 

In recent years, increasing attention was brought on the mismatch repair pathway as MMR 

status has been observed to be an informative biomarker for predicting chemotherapeutic 

responsiveness during cancer treatments. Moreover, loss of MMR activity appears to 

associated with early tumour development, and ongoing research aims at deciphering 

whether MMR role in DNA damage response may function as tumour suppressor. 
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Figure 3.7. 

Modified from Hsieh P. and Yamane K., 2008 

Figure 3.7. Representation of mismatch repair mechanism 

Damaged site recognition by MSH2-MSH6 complex promotes recruitment of MLH1-PMS2. 

The complete complex mediates loading of Exo1, which support resection an excision of the 

strand containing the error. The exposed ssDNA is covered and protected by RPA coating. 

Strand resynthesis and ligation are completed by Polδ and DNA ligase respectively. 
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3.8 Replisome coordinates multiple replication-coupled events  

Eukaryotic DNA replication is carried out by a complex multiprotein machinery, called 

replisome, which travels along with the replication fork. It comprises the CMG helicase, 

three DNA polymerases (Pols a/δ/ε) and one RNA polymerase. The core enzyme of the 

replicative helicase is the multi subunit Mcm2-7 complex, which is found at replication forks 

associated with Cdc45 and GINS (composed of Sld5, Psf1, Psf2, and Psf3) that stimulates 

the activity of the Mcm2-7 helicase (Fig. 3.8) (Ilves et al., 2010). 

In addition to these proteins, a number of accessory factors are associated to the replisome 

core, overall supporting the coordination of the whole complex in order to ensure fast and 

accurate duplication of the eukaryotic genome. Many of these factors are assembled together 

in a large complex named as replisome progression complex (RPC) (Gambus et al., 2006), 

which comprises the Ctf4 adaptor protein, the type 1 topoisomerase Top1, the histone 

chaperone FACT, and the trimeric complex formed by the regulatory factors Tof1, Csm3 

and the checkpoint mediator Mrc1 (Fig. 3.8). When the replication fork encounters DNA 

lesions, the replisome transiently stalls and this may lead to uncoupling between the 

replisome and the replicative helicase (Vanoli et al., 2010).  

Several studies have shown that replisome components are involved in DNA damage 

response, for example by sensing the lesions and supporting the checkpoint activation in 

order to slow down replication and allow DNA repair before reaching mitosis. In addition, 

several replisome factors have been shown to be directly involved at different steps of the 

DNA damage repair mechanisms. 
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Figure 3.8. 

Figure 3.8. Representation of S. cerevisiae replisome 

S. cerevisiae replisome is composed of a key core comprising the Mcm2-7 helicase, 

associated with GINS and Cdc45, altogether forming the CMG helicase complex. In 

addition, the replisome involves the Pola/Primase complex that synthetizes RNA-DNA 

primers that are used by the replicative Pols d and e polymerases to replicate genomic DNA. 

3.9 Ctf4 connects multiple factors to the replisome 

Ctf4 (Chromosome Transmission Fidelity factor 4) is an accessory protein of the replisome, 

and is part of a conserved family of replication factors which includes human AND-1 and 

fission yeast Mcl1. CTF4 encodes for a 105 kDa predicted protein, which comprises a WD40 

domain, a b-propeller domain and an a-helical domain located at its N-terminus, central 

region and C-terminus of the protein sequence, respectively (Fig. 3.9 A). Ctf4 is found 

constitutively as a trimer, formed by self-association of the central b-propeller domains of 

each Ctf4 protomer (Simon et al., 2014). The helical domains protrude from the trimer like 

legs, while the WD40 domains extend radially from the homo-trimeric structure (Simon et 

al., 2014). 

One of the main known functions of Ctf4 is to link the CMG helicase with Polymerase 

a/primase complex, thus coupling replication fork unwinding with re-priming events. This 
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role of Ctf4 is achieved through physical interaction of its C-terminus, involving key 

residues present in a motif in the a-helical domain, with a conserved CIP (Ctf4 Interacting 

Peptide)-box present in the N-terminus of Pol1 and Sld5 (Gambus et al., 2009a). 

Recent studies have shown that Ctf4 is not only an adaptor bridging the replicative helicase 

and Pola, but it functions as a hub that links multiple proteins to CMG (Villa et al., 2016). 

In particular, yeast-two-hybrid screens performed using the C-terminal portion of Ctf4 

(comprising b-propeller and the a-helical region) identified other binding partners, such as 

the nuclease/helicase Dna2, which contain a CIP-box similar to Pol1 and Sld5 ones (Fig. 3.9 

B). Moreover, this screen identified the Dpb2 subunit of Pole and the rDNA-associated 

protein Tof2, which contain peptides with limited similarity to the type I CIP boxes of Dna2, 

Pol1 and Sld5, thereafter named as type II CIP-boxes (Villa et al., 2016). 

Overall, the trimeric structure of Ctf4, in which each protomer is able to interact with 

multiple binding partners through different domains, support the idea that Ctf4 functions as 

a platform in the replisome, coordinating the recruitment and the activities of several factors 

and coupling fork progression with other processes, which are overall required to preserve 

genome integrity. However, how the interactions of Ctf4 with other factors are regulated 

remains unclear, although it has been suggested that post-translational modifications of the 

CIP-box proteins or of Ctf4 itself may coordinate this process. 
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 Figure 3.9. 

Figure 3.9. Ctf4 is a functional scaffold that tethers multiple proteins to the replisome 

A) Linear structure of a Ctf4 protomer. Different shades of green correspond to the different 

domains of Ctf4. B) Replisome representation with Ctf4 homotrimer linking various proteins 

to the replicative helicase via interaction with CIP-boxes containing factors. 

3.10 Ctf4 supports DNA damage tolerance and sister chromatid cohesion 

Ctf4 is not essential in S. cerevisiae, but it is important to support several cellular functions 

through its ability to coordinate a multitude of factors required to replicate DNA faithfully 

and to maintain genomic stability. Indeed, loss of Ctf4 affects DNA synthesis and cell cycle 

progression, and was shown to impair sister chromatid cohesion and error-free DNA damage 

tolerance (Abe et al., 2018; Bermudez et al., 2010; Fumasoni et al., 2015; Gosnell & 

Christensen, 2011; Hanna et al., 2001; Kouprina et al., 1992; Miles & Formosa, 1992; 

Tanaka et al., 2009; Yoshizawa-Sugata & Masai, 2009; Zhu et al., 2007).  

A 
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Although some of the processes involving Ctf4 have been reported, the mechanism of how 

different factors are coordinated to exert different functions remains unclear. 

One of roles of Ctf4 is to support sister chromatid cohesion establishment. This process is 

facilitated during S phase by two different non-essential pathways involving factors that are 

grouped into two epistasis groups. Ctf4, together with Chl1, Csm3 and Tof1 are members of 

one group, while the other group includes Mrc1, Ctf18, Ctf8 and Dcc1(Xu et al., 2007). 

Although it is still not mechanistically clear how Ctf4 works in the context of cohesion 

establishment, it has been suggested that it facilitates cohesins acetylation, thus stabilizing 

the complex around DNA (Borges et al., 2013). Cohesion between sister chromatids is not 

only required for proper chromatids segregation during mitosis, but several lines of evidence 

indicate that it is involved in DNA repair (Fumasoni et al., 2015; Sjögren & Nasmyth, 2001). 

Ctf4 is well known to tether and functionally couple Pola/primase to the replicative helicase 

CMG, however this interaction is not required for genome duplication or repriming, but it 

important to support efficient error-free DNA damage tolerance by TS upon transient fork 

stalling induced by DNA damage (Fumasoni et al., 2015). 

Interestingly, Ctf4 role in supporting error-free DDT is independent from its contribution to 

sister chromatid cohesion. Although artificial tethering of sister chromatids is able rescue 

the cohesion defects of ctf4D cells, it did not relieve the TS defects, thus indicating that 

cohesins and Pola/primase/Ctf4 support template switching via two distinct modalities, with 

cohesins playing a structural role in maintaining sister chromatids in proximity to facilitate 

TS (Fumasoni et al., 2015). Interestingly, it has been reported that loss of Ctf4, which leads 

to defects in cohesion and error-free DDT by TS, associates with increased fork remodeling 

accompanied by fork reversal. 
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3.11 Ctf4-Pola-Mcm2 axis is involved in parental (H3-H4)2 deposition 

DNA is generally found in cells wrapped around histones octamers, thus allowing its 

compaction into chromatin. During the process of replication this chromatic assembly  

constitutes a challenge for the replication machinery, which must access unpacked DNA to 

progress. Therefore, during DNA replication, chromatin has to be disrupted and 

reassembled, while it is immediately reconstituted upon replication fork passage, thus 

preserving the integrity of the epigenetic information and the gene expression program 

(Lucchini & Sogo, 1995; Whitehouse & Smith, 2013). 

Nucleosomes are disrupted by histone displacement occurring during DNA unwinding 

(Shundrovsky et al., 2006). Although the details of the molecular mechanism behind this 

process are not known yet, it is likely that additional factors such as chromatin remodellers 

and histone chaperons contribute to nucleosome disassembly (Foltman et al., 2013; 

Papamichos-Chronakis & Peterson, 2008; Shimada et al., 2008; Vincent et al., 2008). 

As previously mentioned, upon replication fork passage the nascent DNA must be 

reassembled rapidly into nucleosomes together with parental or newly synthetized histones 

octamers in order to re-establish the chromatin state. In particular, transfer of parental or 

newly synthetized H3-H4 tetramers occurs quickly and is followed by rapid deposition of 

H2A-H2B. However, how this process is regulated and which factors are involved is still 

not clear. 

Evidences suggest that parental (H3-H4)2 deposition is mediated by histone chaperones, 

which are connected to the replisome (Wittmeyer & Formosa, 1997; Zhou & Wang, 2004), 

and by components of the replication machinery that have intrinsic chaperone activity 

(Bellelli et al., 2018; Evrin et al., 2018; Foltman et al., 2013; Gambus et al., 2006; He et al., 

2017; Yu et al., 2018). The Mcm2 subunit of the replicative helicase was reported to have a 

histone-binding domain in its N-terminal tail, which has a conserved role among eukaryotes 

in mediating binding to parental histones, a feature important to establish a repressive 
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chromatin state at particular loci (Clément & Almouzni, 2015; Foltman et al., 2013; Gan et 

al., 2018b; Huang et al., 2015; Petryk et al., 2018). Interestingly, it was recently reported 

that Pol1 contains a conserved histone-binding motif that is able to interact with histones 

(Evrin et al., 2018).  

Mutations in Pola/primase and its replisome coupling factor Ctf4 share similar phenotypes 

with Mcm2 mutants in regard to nucleosome repositioning on replicating chromatin (Gan et 

al., 2018b; Zhiming Li et al., 2020). Thus, it has been proposed that Mcm2 acts together with 

Ctf4 and Pola/primase in an axis that supports symmetric transfer of parental (H3-H4)2, by 

facilitating their deposition on the lagging strand.  

3.12 Polymerase Epsilon 

Eukaryotic chromosome replication is carried out by three different B-family DNA 

polymerases (Pol), Pol e, Pol d and Pol a-primase. According to the general view, Pole and 

Pold perform bulk leading strand synthesis and lagging strand synthesis, respectively, while 

Pola/primase synthetizes short RNA-DNA primers that are then further elongated by the 

other two replicative polymerases. 

Pole is the largest replicative DNA polymerase and is a hetero-tetramer composed of Pol2, 

Dpb2, Dpb3 and Dpb4 subunits (Fig. 3.10). Besides its role in leading strand synthesis, 

Polymerase e is involved in S-phase checkpoint activation and DNA repair mechanism such 

as nucleotide excision repair (NER), base excision repair (BER), but little is known yet about 

its contribution to DNA damage tolerance pathways (Budd & Campbell, 1997; Dua et al., 

1998; Goswami et al., 2018; Parlanti et al., 2007; Stucki et al., 1998; Wang et al., 1993). The 

N-terminal of the Pol2 subunit contains catalytic and proofreading 3’-5’exonuclease activity 

and is dispensable for viability, while its C-terminal domain is a catalytically defunct 

polymerase that is essential for viability (Dua et al., 1999; Goswami et al., 2018). 
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These observations led to the conclusion that the polymerase functions of Pole can be 

substituted by another polymerase activity in its absence. This theory is being supported by 

recent studies suggesting a dynamic interplay of the DNA polymerases during the replication 

process in which Pold rescues leading strand synthesis when Pol2-NT is absent, but not when 

it is inactivated by point mutations (Dua et al., 1999). The C-terminal half of Pol2 (Pol2-CT) 

is required for viability and is required for its interaction with Dpb2 and CMG helicase 

components (Mcm2, Mcm6 and Cdc45), thus indicating an important function of this 

domain in supporting replisome assembly at the replication fork (Dua et al., 1999; Sun et al., 

2015). In addition, Pol2-CT is required to promote activation of the S-phase checkpoint (Dua 

et al., 1998; Goswami et al., 2018). 

Dpb2, Dpb3 and Dpb4 are three accessory subunits of Pole. Dpb2 is essential for viability. 

Although its functions are not yet fully understood, it has been demonstrated to interact with 

GINS, in this way recruiting GINS to origins during the steps of MCM helicase assembly 

and tethering Pole to the CMG helicase during unwinding of replication forks  (Langston et 

al., 2014; Muramatsu et al., 2010; Sengupta et al., 2013). 

Dpb3 and Dpb4 are two small non-essential auxiliary subunits of Pole, characterized by their 

histone fold that forms a tight Dpb3-Dpb4 complex. Because Dpb3-Dpb4 will be of 

particular relevance for this thesis, their characteristic and known functions will be discussed 

in detail in the next section. 

Figure 3.10. 
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Figure 3.10. Representation of Polymerase e subunits 

Subunits of Polymerase e are represented. Pol2 N-terminus contains exonuclease activity, 

while its C-terminus, which is essential for viability, supports checkpoint activation and 

mediates Pol2 interaction with Dpb2. Dpb3 and Dpb4 are two small non-essential subunits, 

characterized by the presence of histone-fold (HF) motifs. 

3.13 Dpb3-Dpb4 form a histone-like heterodimer 

DPB3 and DPB4 encode for two small dispensable proteins of around 22 kDa each that are 

part of the replicative Polymerase e holoenzyme and whose functions are yet to deciphered. 

Peculiar of these two factors is that they both contain a histone-fold motif, homologous to 

that of NF-YC and NF-YB (two small subunits of the transcription factor NF-Y) 

respectively, which structurally resembles the histone H2A-H2B dimer (Fig. 3.11). Indeed, 

Dpb3 and Dpb4 fold tightly together into a heterodimer which highly resembles H2A-H2B 

dimer, thus being able to mediate their interactions with DNA and histones. In vitro studies 

have shown that Dpb3-Dpb4 complex enhances the processivity of Pole, possibly by their 

ability to interact with double-stranded DNA (Aksenova et al., 2010; Tsubota et al., 2006). 

During the replication process, DNA unwinding and replication fork progression require the 

disruption of ahead nucleosomes, which have to be re-established along with the proper 

epigenetic marks upon replication fork passage (Gruss et al., 1993). The mechanisms 

underlying the replication-coupled nucleosome formation are not well understood. 
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Figure 3.11. 

Adapted from He et al., 2017 

Figure 3.11. Representation of Dpb3-Dpb4 complex structure. 

Dpb3 and Dpb4 fold together into a complex which resembles H2A-H2B. Dpb3 is coloured 

in cyan, while Dpb4 in green. 

Several studies reported a role for Pole in the propagation of a subset of epigenetic marks 

and in nucleosome formation, functions mediated mainly by Dpb3-Dpb4 activities. In 

particular, Dpb3-Dpb4 are critical to maintain the silenced state at rDNA and at a 

subtelomeric locus (Iida & Araki, 2004; Smith et al., 1999). At the subtelomeric locus, the 

expressed state is maintained by the chromatin-remodeling complex ISW2/yCHRAC 

(Chromatin Accessibility Complex). Interestingly, Dpb4 is also a component of this 

complex, which contains also a Dpb3-like protein named Dls1. Although, Pole and 

ISW2/yCHRAC share similar components, evidences suggest that these two complexes 

work independently and regulate the chromatin state at specific subtelomeric loci by 

counteracting each other: Pole supports the stable inheritance of a silenced state of 

chromatin, while ISW2/yCHRAC supports the active state (Iida & Araki, 2004). In line with 

these observations, fission yeast Dpb3-Dpb4 is important in heterochromatin maintenance 

Dpb3 Dpb4 

Dpb3-Dpb4 

Superimposition of 
Dpb3-Dpb4 
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by sustaining H3K9 methylation via interaction to key silencing factors (He et al., 2017). 

Several evidences support a role for Dpb3-Dpb4 in the maintenance of heterochromatin, 

similarly to other replisome-associated factors such as CAF-1 and Mcm2, however how they 

are involved in this process remains unclear. Recent studies revealed that the contribution of 

Dpb3-Dpb4 may not only come from their participation in recruiting chromatin remodelers, 

but also from their ability to bind H3-H4 histones. Indeed, Dpb3-Dpb4 have an intrinsic 

chaperone activity toward parental (H3-H4)2, the primary carriers of epigenetic 

modifications, which are transferred and assembled into nucleosomes onto the leading strand 

with this function being conserved also in higher eukaryotes (Bellelli et al., 2018; Gan et al., 

2018a). Loss of Dpb3 or Dpb4 lead to impairment of (H3-H4)2 transfer to the leading strand, 

thus impacting nucleosome dynamics during replication in a yet poorly understood process. 

Overall, Dpb3-Dpb4 major role appears to be related to their ability to impact epigenetic 

memory most likely by supporting proper nucleosome deposition specifically on the leading 

strand, thus preventing asymmetric histone segregation. The biological role behind this is 

not fully understood but it has been suggested to play an important role for regulating 

developmental stages and for preventing the onset of a number of human diseases, including 

cancer, both requiring an accurate maintenance of the epigenetic marks required for proper 

gene expression and chromatin organization (Handel et al., 2010). 
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4. MATERIALS AND METHODS 

4.1 Yeast strains and media 

4.4.1 Yeast genotypes 

The Saccharomyces cerevisiae strains used in this study are all isogenic to the W303 

background and are listed below. The yeast strains and mutants were constructed by a PCR-

based strategy and by genetic crosses. dpb3HFM (K16A, K18D, K19A, K62A, K64A) 

mutant was generated using several rounds of PCR to generate a PCR cassette containing 

the indicated aminoacid substitutions in the DPB3 ORF DNA, dpb3D cells were later 

transformed with this PCR cassette to introduce it and substitute the dpb3D locus. All the 

strains were verified by polymerase chain reaction (PCR), sequencing and phenotype. 

List of S. cerevisiae strains 

Strain 
number Genotype Source 

FY1296 Mat a, ade2-1 trp1-1 leu2-3,112 his3-11,15 ura3 can1-100 Rad5+ (W303) 
Lab 

collection 

HY8755 W303 Mat a, ctf4delta::NAT 
Lab 

collection 

HY3373 W303 Mat a, dpb3delta::hphMX4 
Lab 

collection 

HY9391 W303 Mat a, dpb3delta::hphMX4, ctf4delta::NAT This study 

HY7220 W303 Mat a, dpb4delta::NAT This study 

HY7223 W303 Mat a, ctf4delta::TRP, dpb4delta::NAT This study 

HY7222 W303 Mat a, dpb3delta::hphMX4, dpb4delta::NAT This study 

HY7224 W303 Mat a, ctf4delta::TRP, dpb3delta::hphMX4, dpb4delta::NAT This study 

HY8323 W303 Mat a, ctf4-4E This study 
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HY7667 W303 Mat a, dpb3delta::hphMX4, ctf4-4E This study 

HY7902 W303 Mat a, ctf4-3E This study 

HY7669 W303 Mat a, dpb3delta::hphMX4, ctf4-3E This study 

HY9374 
W303 Mat a, Dpb3(K16A, K18D, K19A, K62A, K64A)-6xHIS-

3FLAG::KANMX4 
This study 

HY10454 
W303 Mat a, ctf4delta::NAT, Dpb3(K16A, K18D, K19A, K62A, K64A)-

6xHIS-3FLAG::KANMX4 
This study 

HY7607 W303 Mat a, dls1delta::KanMX This study 

HY7608 W303 Mat a, dls1delta::KanMX, dpb3delta::hphMX4 This study 

HY11147 W303 Mat alpha, ctf4delta::NAT, dls1delta::KanMX, dpb3delta::hphMX4 This study 

HY7695 W303 Mat a, ctf4delta::TRP, dls1delta::KanMX This study 

HY8460 W303 Mat a, sae2delta::KANMX4 
Lab 

collection 

HY8754 W303 Mat a, ctf4delta::TRP, sae2delta::KANMX4 This study 

HY8756 W303 Mat a, sae2delta::KANMX4, dpb3delta::hphMX4 This study 

HY8758 W303 Mat a, ctf4delta::TRP, sae2delta::KANMX4, dpb3delta::hphMX4 This study 

HY8527 W303 Mat alpha, exo1::HISMX6 
Lab 

collection 

HY9849 W303 Mat a, exo1delta::HIS ctf4delta::NAT This study 

HY8750 W303 Mat a, exo1::HISMX6 , dpb3delta::hphMX4 This study 

HY8752 W303 Mat a, exo1::HISMX6, dpb3delta::hphMX4, ctf4delta::TRP,  This study 

HY5570 W303 Mat alpha, rad52delta::HPHMX4 
Lab 

collection 
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HY9149 
W303 Mat a/alpha, ctf4delta::TRP1, dpb3delta::HPHMX4, 

rad59delta::LEU2 
This study 

HY4160 W303 Mat a, mms22delta::HIS 
Lab 

collection 

HY9392 W303 Mat a, dpb3delta::hphMX4, ctf4delta::NAT This study 

HY4187 W303 Mat a, cul8delta::HIS 
Lab 

collection 

HY10242 W303 Mat a, mlh2delta::URA3MX4 This study 

HY10409 W303 Mat a, mlh2delta::URA3MX4, ctf4delta::NAT This study 

HY10241 W303 Mat a, dpb3delta::hphMX4, mlh2delta::URA3MX4 This study 

HY10411 W303 Mat a, mlh2delta::URA3MX4, ctf4delta::NAT, dpb3delta::hphMX4 This study 

HY11059 W303 Mat a, msh2delta::KANMX This study 

HY11065 W303 Mat a, ctf4delta::NAT, msh2delta::KANMX This study 

HY11071 W303 Mat a, dpb3delta::hphMX4, msh2delta::KANMX This study 

HY11077 W303 Mat a, ctf4delta::NAT, dpb3delta::hphMX4, msh2delta::KANMX This study 

HY1788 
W303 Mat a, his3-11,15::HIS3tetR-GFP (single integrant), 

ura3::3XURA3tetO112, omns 

Lab 

collection 

HY1854 
W303 Mat a, his3-11,15::HIS3tetR-GFP (single integrant), 

ura3::3XURA3tetO112, omns, ctf4delta::TRP1 

Lab 

collection 

HY3927 
W303 Mat a, his3-11,15::HIS3tetR-GFP (single integrant), 

ura3::3XURA3tetO112, omns, dpb3delta::hphMX4, ctf4delta::TRP1 

Lab 

collection 

HY3924 
W303 Mat a, his3-11,15::HIS3tetR-GFP (single integrant), 

ura3::3XURA3tetO112, omns, dpb3delta::hphMX4 

Lab 

collection 

HY4020 W303 Mat a, sgs1::pADH1-tc3-3xHA-Sgs1 (HPHMX4) 
Lab 

collection 
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HY10415 W303 Mat a, sgs1::pADH1-tc3-3xHA-Sgs1 (KanMX), ctf4delta::NAT This study 

HY4213 W303 Mat a, sgs1::pADH1-tc3-3xHA-Sgs1 (NATMX), dpb3delta::hphMX4 
Lab 

collection 

HY11041 
W303 Mat a, sgs1::pADH1-tc3-3xHA-Sgs1 (NATMX), 

dpb3delta::hphMX4, ctf4delta::KANMX 
This study 

FY0001 Mat alpha ade2-101 leu2-3,112 lys2-801 ura3-52 his3-delta200 (PY83) 
Lab 

collection 

HY3466 PY83 Mat alpha, ctf4delta::hphMX4 
Lab 

collection 

HY8684 PY83 Mat alpha, dpb3delta::NAT This study 

HY8683 PY83 Mat alpha, ctf4delta::hphMX4, dpb3delta::NAT This study 

HY8909 PY83 Mat alpha, ctf4delta::HPH, dpb3delta::NAT, rev3delta::KANMX This study 

HY11623 W303 Mat a, rev3delta:LEU2 This study 

HY11715 W303 Mat a, ctf4delta::NAT, dpb3delta::hphMX4, rev3delta:LEU2 This study 

HY11721 
W303 Mat a, ctf4delta::NAT, Dpb3(K16A, K18D, K19A, K62A, K64A)-

6xHIS-3FLAG::KANMX4, rev3delta:LEU2 
This study 

HY11055 W303 Mat a,rev1delta::KanMX4  This study 

HY11073 W303 Mat a, ctf4delta::NAT, dpb3delta::hphMX4 rev1delta::KanMX4  This study 

HY11366 
W303 Mat a, ctf4delta::NAT, Dpb3(K16A, K18D, K19A, K62A, K64A)-

6xHIS-3FLAG::KANMX4, rev1delta::KANMX4 
This study 

HY6848 W303 Mat a, sgs1delta::HIS3  
Lab 

collection 

HY3829 W303 Mat a, sgs1::AUR1, dpb3delta::hphMX4, 
Lab 

collection 

HY11375 
W303 Mat a, sgs1::HIS3, Dpb3(K16A, K18D, K19A, K62A, K64A)-6xHIS-

3FLAG::KANMX4 
This study 
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HY11468 W303 Mat a, pol1-2A2, sgs1::HIS3 This study 

HY11425 W303 Mat a, mcm2-3A::hphNT, sgs1delta::HIS3 This study 

HY11466 W303 Mat a, pol1-2A2, sgs1::pADH1-tc3-3xHA-Sgs1 (HPHMX4) This study 

HY11470 W303 Mat a, mcm2-3A::hphNT, sgs1::pADH1-tc3-3xHA-Sgs1 (NATMX) This study 

HY7898 W303 Mat a, sgs1::pADH1-tc3-3xHA-Sgs1 (KanMX), ctf4-4E This study 

HY7900 W303 Mat a, sgs1::pADH1-tc3-3xHA-Sgs1 (KanMX), ctf4-3E This study 

HY9898 W303 Mat a, pol1-4A(URA3) This study 

HY9900 W303 Mat a, pol1-4A(URA3), ctf4-4E This study 

HY9876 W303 Mat a, sgs1::pADH1-tc3-3xHA-Sgs1 (KanMX), pol1-4a(URA3) This study 

HY9873 
W303 Mat a, pol1-A(URA3), sgs1::pADH1-tc3-3xHA-Sgs1 (KanMX), ctf4-

4E 
This study 

HY10200 W303 Mat a, cdc45::cdc45-5gly-pol1-3FLAG::KANMX4 This study 

HY10430 W303 Mat a, cdc45-pol1-4A-FLAG(KANMX) This study 

HY10434 
W303 Mat a, sgs1::pADH1-tc3-3xHA-Sgs1 (HPHMX4), cdc45-pol1-4A-

FLAG(KANMX) 
This study 

HY9730 W303 Mat a, ctf4delta::NAT::ctf4(460-927)-3FLAG(KANMX) This study 

HY9920 
W303 Mat a, ctf4::ctf4(460-927)-3FLAG(KANMX), sgs1::pADH1-tc3-

3xHA-Sgs1 (KanMX) 
This study 

HY10553 W303 Mat a, cdc45-pol1-4A-FLAG(KANMX), ctf4-4E(NAT) This study 

HY10606 
W303 Mat a, sgs1::pADH1-tc3-3xHA-Sgs1 (HPHMX4), cdc45-pol1-4A-

FLAG(KANMX), ctf4-4E(NAT) 
This study 

HY2194 W303 Mat a, ctf4delta::TRP 
Lab 

collection 

HY7259 W303 Mat a, ctf4delta::TRP dpb3delta::hphMX4 
Lab 

collection 
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4.1.2 Media 

Media for E. coli 

LB (DIFCO)   1% Bactotryptone  

0.5% Yeast extract 

1% NaCl  

pH 7.25  

LB agar           LB + 2% agar (DIFCO) 

LB amp           LB + 50 μg/ml ampicillin (Amp)  

Media for S. cerevisiae  

YP                  1% Yeast extract 

2% bactopeptone 

pH 5.4 

YP agar           YP + 2% agar (DIFCO) 

YPD                YP + 2% glucose  

YPD agar        YPD + 2% agar 

SC                 0.67% yeast nitrogen base (YNB, DIFCO w/o AA)  

          2% glucose  

          amino acids as required 

SC agar         SC + 2% agar 

VB sporulation media (+ 1.5% agar)  1% Yeast extract  

                                                             NaAc493H2O 1.36%, KCl 0.19% NaCl 0.12% , 

MgSO47H2O 0.074%  

4.2 Yeast strain construction 

4.2.1 E. coli transformation 

20μl of fresh chemically competent DH5alpha cells were thawed on ice for approximately 

10 min before adding plasmid DNA. Cells were incubated with DNA on ice for 2 minutes 

and then subjected to a heat shock for 30-45 sec at 37°C. After the heat shock, the cells were 

returned to ice for 2 minutes. Finally, 100μl of LB medium were added to the reaction tube. 

Cell suspension was plated onto LB + Amp plates and incubated at 37° O/N.  
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Plasmid DNA isolation from E.coli (mini prep) 

Selected E. coli strain was streaked from glycerol stock into bacterial selection plate 

containing ampicillin to obtain single colonies and incubated at 37° O/N. The single colonies 

were then inoculated in 5 ml of LB medium supplemented with ampicillin (50 μg/mL) and 

were allowed to grow for around 10-12 hours at 37°C. The cells were then pelleted and 

plasmid DNA isolation was performed using Plus SV Minipreps DNA Purification System 

(Promega) following the manufacturer’s instructions. The isolated plasmids were eluted in 

50 μl of double distilled water (ddH2O).  

4.2.2 S. cerevisiae transformation 

Yeast mutants were constructed by Lithium Acetate-based transformation of yeast cells with 

the PCR amplification of a gene deletion or tagging cassette (Gietz et al., 1995). 

Transforming DNA contained a selectable marker flanked by approximately 50 bp of DNA 

homologous to the upstream and downstream regions of the gene of interest. The primers 

were designed according to (De Antoni & Gallwitz, 2000; Janke et al., 2004; Kötter et al., 

2009; Longtine et al., 1998). Log-phase cells grown in YPD at 25°C were collected by 

centrifugation and resuspended in LiAc/TE (Lithium Acetate 0.1M; TE 1X) to a final 

concentration of 2x109 cells/ml. After 15’-20’ at 25°C, 1x108 (50 ml) of LiAc-treated cells 

were then added to a eppendorf tube containing 5-8 μg of the transforming DNA and 5μl of 

denatured carrier DNA (salmon sperm DNA, Sigma). After 10’ incubation at RT, 500μl of 

40% PEG/LiAc were added and the mix was incubated for other 40’ at RT. Cells were then 

heat-shocked at 42°C for 15’, put on the bench for 5’-10’ to recover and then centrifuged for 

1’ at 3000 rpm. Finally, the pellet was re-suspended in distilled water and spread onto 

selective medium. In case of selection for resistance to antibiotic G418, nourseothricin 

(NAT), hygromycin (HPH), after the heat shock, the cells are incubated in 3 ml of YPD for 

about 3 hours at 25°C, before plating on selective plates to allow expression of the resistance 
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gene. The resulting transformant colonies were streaked out to obtain single colonies that 

were checked for the correct integration by PCR or Western blot (if required). 

4.3.3 Crossing  

Mutants with multiple mutations (two or more) were often obtained by crossing haploid 

strains of opposite mating types and by selecting the desired genotype combination from the 

product of meiosis. MATα and MATa strains were grown on individual YPD plates O/N, 

then mixed and incubated at 28°C for 4-6 hours in order to allow opposite sex recognition 

and mating. Cells were then analyzed at the microscope and zygotes were selected with the 

help of the micromanipulator (Singer). Diploid colonies derived from zygote clonal division 

were allowed to grow for 2 days and then patched on VB sporulation media to induce 

meiosis. After 3-5 days a sufficient number of tetrads containing 4 haploid spores were 

dissected at the micromanipulator and incubated at permissive temperature until colony 

appearance. Genotype and correct allele segregation was checked by markers resistance and, 

if necessary, PCR and sequencing.  

4.4 Yeast Growing Conditions, Cell-Cycle Arrests, and Drug Treatments 

4.4.1 Arrest in G1 phase 

 The pheromone α-factor is produced by MATα	cells in order to induce cellular fusion with 

the opposite mating type (MATa). When MATa cells senses the α-factor pheromone they 

induce the expression of mating genes that eventually lead to morphological alterations and 

cell-cycle arrest in G1. Log phase yeast cultures were grown in YPD medium at 25°C, and 

they were arrested in G1 using 3 µg/ml of alpha-factor for 2-2.5 hours, when >95% of cells 

showed the characteristic morphology cells were considered synchronized. G1-arrest was 

verified microscopically and by FACS analysis. If required by the protocol, cells were then 

washed 1-2 times in YP medium, and released in a medium without α-factor. 
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4.4.2 Arrest in G2/M phase 

Nocodazole is a microtubule-poisoning agent that causes their depolymerization 

throughout the cell cycle. In G2/M, it causes the activation of the spindle checkpoint and 

the consequent cell cycle arrest in pro-metaphase. Cells were therefore arrested with 20 

μg/ml of nocodazole dissolved in DMSO (1% total) for 2-3 hours. When >90% of cells 

showed the characteristic dumbbell shaped morphology, they were considered 

synchronized. G2/M arrest was verified microscopically and further ascertained by FACS 

analysis. If required by the protocol, cells were then washed 1-2 times in YP medium, and 

released in a medium without nocodazole. 

4.4.3 MMS treatment  

For 2D gel analysis and EM analysis, methyl methane sulfonate (MMS) was used at the 

concentration of 0.033%. For spot assays MMS and CPT were used at the indicated 

concentrations. 

4.4.4 Regulation of conditional alleles 

In order to deplete Sgs1 from a Tc-sgs1 strain using tetracycline as translational repressor, 

tetracycline was added around 30 minutes before the release at a final concentration of 0.6 

mM. Half of the concentration was added also 120 minutes after the release in order to 

maintain efficient mRNA degradation. 

4.5 Cell-based procedures 

4.5.1 Fluorescence-activated cell sorter (FACS) analysis 

Approximately 7x106 cells were collected, and resuspended in 70% ethanol at 4ºC overnight. 

Cells were then washed with 10 mM Tris-HCl (pH 7.5), RNA was removed by resuspending 

the cells in 10 mM Tris-HCl (pH 7.5) supplemented with RNase A (0.4 mg/ml), that were 

then incubated ON at 37ºC. The next day cells were pelleted, resuspended in 10 mM Tris-

HCl (pH 7.5) supplemented with proteinase K (1 mg/ml) and incubated for 30 minutes at 50 

ºC. Cells were washed with 10 mM Tris-HCl (pH 7.5) and then stained in the 1 µM Sytox 
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Green (Invitrogen). Samples were then briefly sonicated and analyzed using a Becton 

Dickinson FACSCalibur system. 

4.5.2 Drug sensitivity assay  

Logarithmic growing cells were grown in YPD at 28°C, counted and adjusted at 3x107 

cells/ml. Cells were serially diluted (1:7) before being spotted on YPD plates containing the 

indicated concentrations of drugs. The plates were then incubated at 28°C for 2-3 days, if 

not differentially specified. 

4.5.3 Sister chromatid cohesion 

Logarithmically growing cells were adjusted to 8x106 cells/ml concentration and treated with 

3 μg/ml α-Factor to induce G1 arrest. Cells were then washed using YP and released in YPD 

containing 20 μg/ml of Nocodazole (0.1% DMSO total) in order to allow one round of 

replication. After 2 hours and half of nocodazole treatment, G2 arrest was checked under the 

microscope. 2 ml of cells were collected, spinned and the pellet fixed in 1 ml of 100% cold 

ethanol. Samples were vortexed and stored O.N. at -20°C. The next day samples were 

vortexed to eliminate possible clumps, then 200 μl of cells were diluted with 800 μl of 50mM 

Tris HCl pH 7.6 and sonicated 8-10s prior to microscope analysis. Cells were imaged on a 

delta-vision microscope (Applied precision) using 100X oil immersion lens. Fluorescence 

was visualized with a conventional FITC excitation filter and a long pass emission filter. 

Images were analyzed using ImageJ software. 

4.5.4 Mutagenesis assay 

Spontaneous mutagenesis at the TRP1 locus were assessed by measuring the fraction of 

cells that reverted their auxotrophy for tryptophane of parallel saturated populations. 10 

individual YPD cultures were setup with a 1:20000 inoculum from an overnight culture 

that should contain the smallest number possible of additional mutations at the TRP1 or 

CAN1 locus. Cultures were incubated with constant shaking at 30°C for 36 h in order to 

promote the acquisition of spontaneous mutations. Appropriate dilutions were made, 
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following which cells were pelleted, washed with sterile water and plated on YPD plates 

(100-500 cells) or SC plates lacking Tryptophane (107-5X107 cells), or SC plates lacking 

Arginine, but containing canavanine (80 μg/ml) (SC-Arg+CAN) (10 -5X10 cells). After 3-

5 days of incubation on plates at 30°C, colonies were counted and spontaneous mutation 

rates were estimated using the bz-rates (http://www.lcqb.upmc.fr/bzrates). 

4.6 DNA based procedures 

4.6.1 Yeast DNA extraction (CTAB) 

Samples were collected as described above were incubated with sodium azide 1% for 30 

min on ice. DNA CTAB extraction was performed as described in(Giannattasio et al., 

2014). 

Materials and Solutions: 

-Sodium azide 10%, store at 4°C. 

-  10 mg/ml Zymolyase stock (1000U/ml).  

-  Spheroplasting buffer: 1M sorbitol, 100 mM EDTA pH 8.0, 0.1%  

β-mercaptoethanol.  

-  Solution I: 2% w/v CTAB (FLUKA-cetyltrimethylammonium bromide),  

1.4 M NaCl,  

-  100mM Tris HCl pH 7.6, 25mM EDTA pH 8.0  

-  10mg/ml RNase (DNase free)  

-  20mg/ml Proteinase K  

-  24:1 Chloroform/isoamylalcohol  
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-  Corex glass tubes  

-  Solution II: 1% w/v CTAB, 50mM Tris HCl pH 7.6, 10mM EDTA  

-  Solution III: 1.4 M NaCl, 10mM Tris HCl pH 7.6, 1mM EDTA  

-  Isopropanol  

-  70% Ethanol  

-  10mM Tris-HCl pH 8.0  

Procedure: 

1) Block samples with 0.1% sodium azide (final concentration).  

2) Collect samples by centrifugation at 6000-8000 rpm (JA-14 Beckman tubes), 5-10 min, 

at 4°C, washed once with 20ml cold water.  

3) Transfer cells in 50 ml Falcon tube, re-suspend in 5 ml of spheroplasting buffer and 

incubate for 20-30 minutes at 30°C  

4) Collect spheroplasts by centrifugation at 4000 rpm (in Falcon tubes) for 10min at 4°C;  

5) Resuspend spheroplasts in 2 ml of cold water and sub sequentially add 2.5ml of Solution 

I and 200μl of 10 mg/ml RNA-se; gently mix the suspension and place it at 37°C with for 

15 min.  

6) Add 200μl of 20 mg/ml Proteinase K and incubate for further 1.5 hours at 50°C. If cell 

clamps are still visible, add 100μl more of Proteinase K and incubate overnight at 30°C  

7) Separate the solution by centrifugation at around 3500 g for 10 min at room 

temperature. Supernatant and pellet are processed separately as indicated below.  
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Supernatant:  

1) Transfer the supernatant into a 15 ml Falcon tube and add 2.5 ml 

Chloroform/isoamylalcohol 24:1.  

2) Mix vigorously 6 times and separate the two phases by centrifugation at 3500 g for 10 

min.  

3) Carefully transfer the clear upper phase into a Corex glass tube with a pipette and add 

two volumes (10 ml) of Solution II. Note that at this step the prolonged incubation (1-2 

hours) with Solution II might help DNA precipitation in the next step.  

4) Separate the solution by centrifugation at 8500 rpm for 10 min in a Beckman JS 13.1 

swing out rotor, discard the supernatant and resuspend the pellet in 2.5 ml of Solution III. 

Briefly incubate at 37°C to dissolve of the pellet.  

Pellet:  

1) Energetically resuspend the pellet into 2 ml of Solution III and incubate 1 hour at 50°C.  

2)Transfer the solution into a 15 ml Falcon tube and extract with 1 ml of 

Chloroform/isoamylalcohol 24:1. Separate the two phases by centrifugation at 3500g for 

10 min at full speed in an appropriate centrifuge.  

3) Carefully transfer the clear upper phase (Solution III) into the Corex glass tube 

containing Solution III obtained from the treatment of the supernatant (see treatment of 

“supernatant” step 4).  

4) Precipitate the DNA with 1 volume (10 ml) of isopropanol and centrifuge at 8500 rpm 

for 10 min in a Beckman JS 13.1 swing out rotor.  
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5) Wash the pellet with 2 ml of ethanol 70%. After centrifugation, carefully remove the 

ethanol with a pipette as much as possible and dissolve the DNA into 250 ml of 10mM 

Tris/HCl pH 8. Genomic DNA preparations are stored at 4° C.  

4.6.2 In-vivo psoralen crosslinking of the DNA  

Psoralen efficiently intercalates in the double strand DNA and upon irradiation with 

ultraviolet (UV) light (366 nm) forms covalent crosslinks between pyrimidines of opposite 

strands. Psoralen derivatives easily penetrate the membranes of living cells and 

Trimethylpsoralen (TMP) is the most commonly used for in vivo crosslinking of DNA 

(Wellinger & Sogo, 1998).  

Material and solutions:  

-  Psoralen solution: 0.2 mg/ml Trioxalen (SIGMA) in 100% Ethanol. Keep in the dark. 

Dissolve by stirring overnight at 4°C. Store at -20°C.  

-  6 well plates (FALCON)  

-  UV stratalinker (Stratagene), 365 nm and 265 nm UV bulbs  

Procedure:  

1)  2 x 109 cells (200 ml from a 1 x 107 cells/ml culture) were collected.  

2)  Block cells by treating with sodium azide (0.1% final) and 5 min or more on ice.  

3)  Pellet the cells and wash with 20 ml of ice-cold water.  

4)  Re-suspend in 5 ml of ice-cold water and transfer in a 6 well plate (1sample/well). 

5)  Keep the 6 well dish always on ice while performing psoralen-crosslinking.  
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6)  Add 300 μl of psoralen solution, mix well and incubate for 5 minutes (on ice)  

7)  Mix again within the 5 minutes and irradiate for 10 minutes (on ice) in a Stratalinker 

(Stratagene) with 365 nm UV bulbs, at a distance of 2-3 centimeters from the bulbs.  

8)  Repeat steps 6-7 for three more times. (Cover with aluminum wrap during incubation 

with psoralen to keep samples as much as possible in the dark).  

9)  Transfer cells in falcon tubes and wash the dish with 5 ml of ice-cold water to collect 

all cells  

10)  Pellet the cells and proceed with DNA extraction.  

Before blotting, revert the crosslinking by irradiating the gel for 10 minutes with 265 nm 

UV lamps in a Stratalinker (Stratagene). It is not necessary to place the gels very close to 

the UV bulbs.  

4.6.3 Analysis of replication intermediates by two-dimensional agarose gel 

electrophoresis (2D gel) 

Replication of a DNA fragment generates a variety of structures that differ from each other 

by mass and shape. For instance, passively replicated DNA assumes a characteristic “Y” 

shape due to the unwinding of a single double helix in two newly replicated templates. When 

the DNA fragment contains an origin of replication the two fork molecules are bound in a 

“bubble” like structures that enlarges with the progression of replication and results in two 

linear DNA molecules when forks proceed outside the fragment. Recombination 

intermediates that link two newly replicated DNA molecules assume instead an “X” shape 

due to the presence of a physical link between them. Neutral-neutral two-dimensional 

agarose gel electrophoresis (2D gel) technique allows separation and identification of 

branched DNA molecules according to their mass and shape complexity (Bell & Byers, 
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1983). This technique further developed by Brewer and Fangman (Brewer & Fangman, 

1987) has been used to map origins of DNA replication in yeast chromosomes and to study 

replication and recombination related DNA structures in many organisms. The principle on 

which the method is based consists on the fact that differences in shape can affect, under 

specific conditions, the electrophoretic mobility of DNA molecules of equal mass. 

Restriction fragments are therefore separated through a first dimension gel, in conditions 

that emphasize the mass differences and minimize the contribution of shape to the mobility 

(low agarose concentration, low voltage, no ethidium bromide). Subsequently, each sample 

lane is cut out and separated by the second dimension gel, where DNA runs orthogonally 

with respect to the first dimension gel. The second gel, on the contrary, is run under 

conditions that maximize the contribution of the shape to the mobility by means of a delay 

of complex structures during migration (high agarose concentration, high voltage 

and in the presence of ethidium bromide). 

As a result of the consecutive electrophoretic runs, each DNA structure assumes in the two 

dimensional area a specific position dictated by the unique combination of mass and shape. 

Moreover, molecules of the same nature (e.g. replication forks), undergo transitions that 

define specific continuous patterns, the most often encountered arcs been confirmed by 

electron microscopy (Kuzminov et al., 1997; Kuzminov et al., 1997).  

Digestion of DNA: 

1. Digest 10-20 μg of genomic DNA in 150 μl final volume containing:  

- 1X BSA  

-  1X enzyme buffer  

-  100-120 units of each restriction enzyme (half of the amount is added after 30 min of 

incubation at 37°C).  



 
60 

2. Digest for 6h to overnight at 37ºC. 

3. Add 1/8V(19 μl) KAc 2.5 M pH=6 (autoclaved) and 1V (169 μl) of Isopropanol 100% at 

RT  

4. Invert tube delicately  

5. Cfg. a 14000rpm for 10 min at RT 

6. Wash with 0.5ml Ethanol 75% 

7. Discard supernatant, fast spin and remove the remaining supernatant with a yellow tip. 

Resuspend in 20 μl TE 1X autoclaved. Leave from 1-2 hours at 30°C to resuspend with 

gentle shaking. 

Digestions for 2D gel analysis were done using the following enzymes purchased from 

NEB BioLabs:  

-  NcoI: ARS305  

-  HindIII and PstI: TER302  

-  EcoRI: TER704  

1st dimension electrophoresis: 

1. Pour 0.35% agarose gel (Low EEO agarose, without EtBr in 500 ml TBE1X) at 4oC. 

2. Add 5 μl of loading dye 20X to the digested DNA that is dissolved in 20 μl of TE. Load 

the DNA leaving one free lane between each sample. 

3. Run gels at 50V at room temperature (15-24 hours, depending on the size of the 

fragment of interest).  

2nd dimension electrophoresis:  

1. Stain gel in 500 ml of TBE 1X containing 15 μl EtBr 10 mg/ml in a plastic tray for 

about 30’. Using the 1Kb marker as reference, cut the gel in order to keep only the 

fragment(s) of interest. Then cut between the lanes in order to obtain individual slices for 

each sample.  

2. Arrange the slices in a new tray allowing 10-12 cm of space for the second dimension 

migration. 
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3. Pour the second dimension gel at room temperature (0.9% low EEO agarose, 1X TBE, 

15 μl EtBr) and wait 30 min for complete solidification.  

4. For each gel prepare 2 L of cold TBE 1X supplemented with 60 μl EtBr. 

5. Run the electrophoresis at 4°C with the following settings: 180V, max 140 mA, 7-9h 

(time depends on the size of the fragment of interest) 

Southern blot: 

1. Transfer gels to glass trays and treat as follows with agitation: 

-  HCl 0.25 N (1 x 7min)  

-  Denaturing solution (0.5 M NaOH, 1.5 M NaCl) (1 x 20 min)  

-  Blot#2 (1 M ammonium acetate, 0.02 M NaOH; prepared fresh) (1 x 20min)  

2. Equilibrate genescreen membrane in SSC 10x. 

3. Build southern blot transfer with the following order: 3M paper, gel, genescreen 

membrane, wet 3M paper, dry 3M paper, towels transfer and 1kg weight on the top. 

4. At the end of the transfer dry the membranes with clean 3 M paper and crosslink the 

DNA by UV irradiation (autocrosslinking program, with 265 nm UV lamps on 

Stratalinker).  

5. The template for desired area of interest was amplified using specific primers.  

 

ARS305  

ARS305F: CTCCGTTTTTAGCCCCCCGTG  

ARS305R: GATTGAGGCCACAGCAAGACCG  

Hybridization of filters:  

1)  Add 30ml of Perfecthyb plus solution (Sigma) to the tubes and warm-up at 65°C for 

30min.  
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2)  Wash filter with 10X SCC, then position them in the hybridization tube Incubate at 

65°C for at least 1 hour, until probe is ready. 

3) Prepare the radioactive probe using prime-a-gene labelling kit (Promega). Boil the DNA 

with water for 10min before adding the rest of the reagents.  

-  50ng of DNA  

-  30.4 μl H20  

-  10 μl Buffer  

-  2μlBSA  

-  0.7 μl of dATP, dTTP, dGTP solutions  

-  3-5 units of Klenow DNA polymerase  

-  50μcurie of radioactive α-dCTP  

Incubate at RT for 1 hour to allow incorporation of the radioactive nucleotides in the DNA 

fragments.  

4)  Clean DNA from unbounded dCTP using the G50 column (1st centrifuge 3000 rpm 1’, 

change tube, add reaction, wait 1-2’ and spin again).  

 

5)  Boil the labeled DNA (the flow through) and ssDNA for 10min and add them to the 

hybridization tube.  

 

6)  Incubate the tubes at 65°C for at least 6h in constant rotation prior to washing.  

Washing of the filters: 

 

1) Prepare for each tube 500ml Washing Solution I and 1000 ml Washing Solution II  

Washing solution I (65°C)  

SSC 2x 50ml SSC 20x 

SDS 1% 25ml SDS 20% 
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Final volume 500ml H2O 

Washing Solution II (42°C) 

SSC 0.1x 5ml SDS 20%  

SDS 0.1% 5ml SDS 20% 

Final volume 1000ml H2O 

2) Wash the filters in the following order:  

50ml Wash Sol. I at 65°C in tube                   10sec, hand mix 

450ml Wash Sol. I at 65°C in tube                 15min with agitation  

500ml Wash Sol. II at 42°C in a tray              15min with agitation  

500ml Wash Sol. II a 42°C in a tray               15min with agitation  

3) Dry the filters with 3M paper, cover with saran wrap and expose to a storage phosphor 

screen in an appropriate cassette. 

Re-probing method:  

-  Boil a solution of 0.1xSSC, 1% SDS  

-  Add it to the filter and agitate for 15-20 min at 65°C  

-  Wash filter with water  

4.6.4 Quantification of replication intermediates 

Quantification of X-shaped intermediate signals was performed using the Image Quant 

software (GE Healthcare). For each time point, areas corresponding to the monomer spot 

(M), the X-spike signal and a region without any replication intermediates as background 

reference were selected and the signal intensities (SI) in percentage of each signal were 

obtained. The values for the X and monomer were corrected by subtracting from the SI value 

the background value after the latter was multiplied for the ratio between the dimension of 
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the area for the intermediate of interest and for background. Thus, the values for X and M 

were calculated in the following way: 

𝑋 = 𝑆𝐼(𝑋𝑠) −	
𝑆𝐼(𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑) ∗ 𝐴(𝑋𝑠)

𝐴(𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑)  

𝑀 = 𝑆𝐼(𝑀) −
𝑆𝐼(𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑) ∗ 𝐴(𝑀)

𝐴(𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑)  

The relative signal intensity for the X was then determined by dividing the value for X with 

the sum of the total signals (the sum of the X and monomer values).  

𝑆𝑝𝑖𝑘𝑒 =
𝑋

𝑋 +𝑀 

The resulting values for X signals were then normalized and converted to percentage by 

using the highest value number of X for each experiment as 100 and normalizing the other 

values to it. Two independent experiments were conducted with the isogenic strains with the 

indicated genotype.  

4.7 Protein based procedures 

4.7.1 TCA protein extraction 

Proteins were analyzed from denatured yeast crude extracts as previously described (G. 

Liberi et al., 2000). 108 cells/ml were harvested, resuspended in 2 ml of TCA 20% and 

transferred in 2 ml eppendorf tubes. The pellet was re-suspended in 200μL of TCA 20% and 

an equal volume of acid-washed glass beads (425- 600μm, Sigma) was added. Cells were 

broken by 2 rounds vortexing of 10 minutes, alternated by 1 minute pause. 400μL of TCA 

5% was added to have a final concentration of TCA 10%. The lysates were then transferred 

to new 1.5 ml tubes and centrifuged for 10 min at 3000 rpm, RT. The pellet was re-suspend 

in 100μL Lamely Buffer 1X. The pH was then adjusted with 50μl of Tris Base 1M. The 

protein extracts were boiled for 3 min and centrifuged for 10 min at 3000 rpm, RT. The 

supernatant was collected and analyzed by SDS-PAGE. 
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4.7.2 SDS polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting 

The proteins were separated according to their molecular weight by polyacrylamide gel 

electrophoresis (PAGE) under denaturing conditions.Unless differently specified, the gel 

was composed by 10% polyacrylamide and 0.13% bisacrylamide and run in SDS-PAGE 

running buffer (Glycine 2M, Tris 0.25M, SDS 0.02M, pH 8.3) through which an electric 

field was applied. Proteins were then transferred to nitrocellulose (Protran, Whatman) in 1X 

Transfer buffer (1% glycine, 0.02 M Tris base, 20% methanol) at 0.2 Ampere O/N. Ponceau 

staining was used to check the quality of the transfer and to estimate the amount of proteins 

transferred onto the filters. Membranes were then washed with TBS 1X (TBS 10X: NaCl 

1.5M, Tris 0.5M, pH 8.0) and unspecific binding was blocked for 1 h with a 4% milk solution 

in TBS 1X containing Triton 0.2%. After the blocking, membranes were incubated with the 

primary antibody (Mouse monoclonal anti-HA, Sigma) for 2 h at RT, followed by 3 washes 

of 10 min each with TBS 1X. Membranes were then incubated with the horseradish 

peroxidase-conjugated secondary antibody (goat anti-mouse, BioRad) diluted in 4% milk 

solution. After incubation with the secondary antibody, the membranes were washed 3 times 

in TBS 1X and incubated 1 min in the solutions for the chemo luminescent reaction (ECL, 

Amersham). Membranes were then exposed to photographic films and developed. 

Alternatively membranes were directly scanned for chemiluminescence at the ChemiDoc 

(BioRad).  

4.7.3 Replication Intermediates Enrichment and Electron Microscopy analysis 

Genomic DNA was extracted using the CTAB-Psoralen procedure and enriched for 

replication intermediates as described in (Neelsen et al., 2014).  The concentration of the 

genomic DNA was estimated measuring the DNA concentration by nanodrop and readjusted 

following running in a 0.8% agarose gel. Briefly, 15 μg of DNA for each strain were digested 

with PvuI for 3 h following manufacturer’s instructions and additionally treated with RNAse 

III to avoid RNA contamination of the samples. The digestion mix was adjusted to 300 mM 

NaCl and was then loaded on a chromatography column containing 1 ml of BND cellulose 
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stock (0.1 g/column; Sigma B-6385, preequilibrated with 10 mM Tris-HCl pH 8, 300 mM 

NaCl). DNA was incubated with the BND cellulose for 30 min with resuspension every 10 

min to allow full binding of the DNA molecules and the flow-through was collected by 

gravity flow. 

Twice 1 ml of 10 mM Tris-HCl pH 8 containing 1M NaCl was added to the column to collect 

linear double-stranded molecules (salt elution, 70-90% of total DNA). 600 ml of 10 mM 

Tris-HCl pH 8, 1M NaCl containing 1.8% caffeine were finally added, incubated for 10 min, 

in order to induce elution of the replication intermediates (RIs). DNA was then purified and 

concentrated using conical Amicon Ultra centrifugal filters (0.5 ml 100K-MWCO 100K) 

following manufacturerʼs instructions. Fractions of the samples were then spread onto 

carbon-coated EM grids in the presence of uranyl acetate followed by platinum-based 

rotatory shadowing and analyzed as described in (Neelsen et al., 2014). The assignment 

criteria for single-stranded regions on the DNA molecules analyzed in this work were 

recently described (Neelsen et al., 2014). We note that in order to assign a ssDNA region on 

a DNA filament it is necessary to identify two points on the DNA molecule that define the 

borders of the ssDNA region, in which the thickness of the DNA filament (in our 

experimental conditions ~20 Angstroms) decreases close to one half. We note that the 

observed thickness of the molecules is largely determined by the amount of deposited heavy 

atoms during the shadowing procedure. The length measurements were performed using a 

conversion factor expressed in graphic units per base pairs/nucleotides (automatically 

converted in nanometers/nucleotide according to the magnification value at which the 

picture was taken), using a plasmid of known length as internal standard (Neelsen et al., 

2014). 

4.8 DNA damage sensitivity suppressor screen 
 
1.Query strain was grown in 5ml YPD O/N and the liquid culture was then pinspotted on a 

768 format plate and incubated O/N at 30°C 
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2. Mating was performed by pin-replica-plating the query plates and the YKO plates on the 

same medium. 

3. Zygotes were pin-replica-plated on double selective medium (G418 and cloNAT) to allow 

only the survival of the diploids. 

4. Sporulation was obtained by pin-replica-plating diploids on VB medium. 

5. Mat a haploid progeny was selected on SD – His/Arg/Lys + canavanine (two 

consecutive rounds of selection) 

6. Mat a double mutants were obtained by consecutive pin-replica on G418 

plates followed by G418+NAT plates 

7. The double mutant library was replica plated with the help of the robot on methyl-

methanesulphonate (MMS 0.01%) and camptotechin (CPT) plates. Suppressors were 

identified by larger colonies growing on DNA damaging conditions. The screen was 

repeated three times and the recurrent suppressors were crossed and tested manually on 

different yeast backgrounds for validation. 
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5. RESULTS 

PART I: Uncoupling the cohesion and repair defects of ctf4D mutant cells 

5.1 Mutations in Dpb3-Dpb4 auxiliary subunits of Pol e are novel suppressors 

of ctf4D sensitivity to MMS 

5.1.1 Deletion of DPB3 rescues ctf4D cells sensitivity to MMS 

Sister chromatid cohesion (SCC) and error-free DNA damage tolerance by template 

switching (TS) are closely interconnected biological processes. Several evidences indicate 

that replisome associated factors play critical role in supporting the execution and the 

coordination of these two processes. Ctf4 is an accessory homotrimeric factor associated to 

the replisome that bridges the CMG replicative helicase with several factors required for the 

normal progression of the replication fork, replication-coupled DNA repair and sister 

chromatid cohesion (Samora et al., 2016; Simon et al., 2014; Villa et al., 2016). 

Lack of Ctf4 is associated to defects in SCC (Hanna et al., 2001). In addition, our lab showed 

previously that absence of Ctf4 impairs the ability of cells to perform efficient TS, and that 

the sister chromatids junction defect of ctf4D is not restored by artificial tethering of the 

sister chromatids, thus excluding the possibility that the defects in TS are a direct 

consequence of a lack of cohesion (Fumasoni et al., 2015). This raises the hypothesis that 

defects in these two important aspect of the DNA metabolism independently derive from the 

same precondition/cause. To further characterize the relationship between cohesion and TS 

we conducted a genetic screen aimed at identifying suppressors of the ctf4D  damage 

sensitivity. ctf4D cells were crossed with the help of a robot with a yeast gene deletion library 

(WINZELER et al. 1999) and double mutants were recovered after consecutive rounds of 

selections (see Material and Methods section). Plates were then replicated on methyl 

methane sulfonate (MMS) and camptothecin (CPT) containing medium (damaging agents 
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to which ctf4D cells are hypersensitive) in order to identify suppressors (cell fitness was 

assessed as an increase in colony size, Fig 5.1A). Among the candidates that appeared at 

least twice in the screens, performed overall three individual times, was DPB3.  

Dpb3, and Dpb4, are auxiliary subunits of the leading strand polymerase, Polymerase e. 

These two proteins are two non-essential small histone-fold proteins which fold together 

forming a heterodimer that resembles H2A-H2B (Tsubota et al., 2006). This property was 

suggested to be involved in the H3-H4 chaperone functions of the Dpb3-Dpb4 complex, 

which has been recently shown to be involved in the transfer of parental (H3-H4)2 dimer on 

the leading strand (Yu et al., 2018).  

We validated the result of the screens using W303 background and we tested the sensitivity 

of WT, ctf4D, dpb3D, ctf4D dpb3D mutants to different concentrations of MMS and CPT, 

and also HU. We confirmed that deletion of DPB3 rescues the sensitivity of ctf4D cells to 

MMS and CPT, while we observed no differences in the presence of HU (Fig. 5.1B).  
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Figure 5.1. 
 

Figure 5.1. Deletion of Dpb3 confers MMS resistance to ctf4D cells 

A) Schematic representation of the suppressor screen conducted to find suppressors of MMS 

sensitivity of ctf4D cells. B) Cells with the indicated genotypes were spotted on YPD plates 

supplemented with different concentrations of in order to validate the outcome of the SGA 

screens. The spot assays were performed independently in at least two biological replicates. 

5.1.2 Deletion of DPB4 suppresses the MMS sensitivity of ctf4D cells 

Dpb3 and Dpb4 are two small auxiliary subunits of Polymerase Epsilon, which fold together 

in a H2A-H2B-like structure and are able to interact with DNA through their histones-fold 

motifs (He et al., 2017; Tsubota et al., 2006). 

A 

B 
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Because deletion of Dpb3 is able to rescue the sensitivity to MMS and CPT of cells lacking 

Ctf4, we hypothesized that Dpb4 may behave similarly as part of the Dpb3-Dpb4 

heterodimer. To test the above, we examined the sensitivity to increasing concentrations of 

MMS and CPT of different combinations of mutants, in which we deleted CTF4, DPB3 

and/or DPB4. We found that similarly to the removal of Dpb3, lack of Dpb4 confers growth 

advantage to ctf4D mutants (Fig. 5.2). Moreover, ctf4D dpb3D dpb4D cells do not display 

any further improvement of the viability compared to the double mutants, thus suggesting 

that Dpb3 and Dpb4 are epistatic (Fig. 5.2). 

Figure 5.2. 

Figure 5.2. Dpb3 and Dpb4 work together to suppress the sensitivity of ctf4D cells 

A) Cells with the indicated genotypes were spotted on YPD plates supplemented with 

different concentrations of MMS in order to test their sensitivity to the DNA alkylating drug. 

B) The same mutants of Fig. 2A were spotted on YPD plates supplemented with increasing 

concentration of camptothecin. The spot assays were performed independently in at least 

two biological replicates. 

 

B 

A 
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5.2 Use of different mutants in order to understand the mechanism of the 

suppression 

5.2.1 Ctf4 interaction with the replisome is important for Dpb3-mediated DNA damage 

tolerance 

Ctf4 forms a homotrimer which is a part of the replisome and connects multiple factors to 

the replicative helicase, thus carrying out the function of a scaffold (Simon et al., 2014; Villa 

et al., 2016). Each Ctf4 monomer is composed of three known domains; the N-terminal 

domain containing WD40-repeats, the central b-propeller domain which mediates the homo-

trimerization of the protein and was recently discovered to interact with different protein 

partners, and the C-terminal domain which comprises an a-helix motif crucial to mediate 

the Ctf4 bridge functions between CMG helicase and Polymerase a and recently discovered 

to interact with other proteins like Dna2 (Villa et al., 2016). 

Ctf4 interaction with Pol1 and Dna2 is largely mediated by specific residues in Ctf4 C-

terminal domain and in specific conserved peptide, named as Ctf4-interacting peptide (CIP)-

box in the N-terminal of Pol1, Sld5 and Dna2. Recently, it was discovered that a few others 

proteins, such as Dpb2 (an essential subunit of Polymerase e) and Tof2 (a rDNA-associated 

protein), contain a CIP-box which mediate their interaction to the central b-propeller domain 

of Ctf4 (Villa et al., 2016). 

Dpb2 and Tof2 CIP-box has only limited homology to that of Pol1, Sld5 and Dna2. 

Therefore, these peptides were named CIP-box type 2 (for Dpb2 and Tof2) and CIP-box type 

1 (for Pol1, Sld5 and Dna2). More proteins have been identified to carry CIP-boxes but 

require future validation (Villa et al., 2016).  

In order to dissect which properties of Ctf4 are relevant for the suppression operated by 

dpb3D, we used different mutated alleles of Ctf4 (Villa et al., 2016), and tested their 

functional interaction with dpb3D.  
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Specifically, we used the ctf4-4E allele, which contains four point-mutations in the C-

terminal part of the protein that abolish Ctf4 interaction with Pola, Sld5, and Dna2, and ctf4-

3E allele, which contains three point-mutations in the central part of the protein that abolish 

interaction with Tof2 and Dpb2, but not the interaction with the CMG helicase, Pola, and 

Dna2.  

We observed that ctf4-3E mutants are not sensitive to MMS nor to CPT, while cells carrying 

the ctf4-4E mutations exhibit sensitivity to the two drugs, and this sensitivity is partially 

suppressed by DPB3 deletion (Fig. 5.3). 

Figure 5.3.  

Figure 5.3. DPB3 deletion suppresses different ctf4 mutants 
A) Cells with the indicated genotypes were spotted on YPD plates supplemented with 

different concentrations of MMS in order to test their sensitivity to different concentrations 

of MMS. B) The same mutants of Fig. 3A were spotted on YPD plates supplemented with 

increasing concentration of CPT. The spot assays were performed independently in at least 

two biological replicates. 

WT 

WT 
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5.2.2 Dpb3 functions associated to its histone-fold motif are required for the 

suppression 

We previously identified that deletion of DPB3 or DPB4 confers resistance of ctf4D cells to 

the DNA damaging drug MMS. Dpb3 and Dpb4 subunits form a heterodimer and they can 

interact with histones via their histone-fold motifs. Dpb3 is a small protein of 22 kDa, whose 

known functions are associated to its histone-fold motif properties.  In particular, Tsubota el 

al., 2006 showed that substitution of lysines in the histone-fold domain of Dpb3 affects the 

functions related to its histone-binding ability. Therefore, we asked whether functions 

associated with the histone-fold motif of Dpb3 play a role in the rescue of ctf4D cells 

hypersensitivity to DNA damaging drugs.  For answering our question, we generated de 

novo a histone-fold motif deficient dpb3 mutant (dpb3hfm) by substituting the critical lysine 

residues to alanine and aspartate (K16A, K18D, K19A, K62A, K64A) (Fig. 5.4 A, Tsubota 

et al., 2006).  

This dpb3hfm mutant was able to improve ctf4D growth in presence of MMS or CPT, to 

levels similar to ctf4D dpb3D cells (Fig. 5.4 B and C). Altogether, our results suggest that 

functions associated with the histone-binding ability of Dpb3-Dpb4 subcomplex does not 

result in hypersensitivity, but regulate the response of ctf4D cells to DNA damage. 
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Figure 5.4.                 

 

 

Figure 5.4. Histone-fold Dpb3 associated functions are important for the suppression 

A) Schematic representation of the histone-fold motifs of the Dpb3-Dpb4 heterodimer (Dpb3 

in green, Dpb4 in yellow). The highlighted Dpb3 residues represented by green dots (16K, 

18K, 19K, 62K, 64K) were mutated in order to impair the histone-fold motif properties of 

Dpb3 as shown in Tsubota, et al. 2006. B-C) The cells with the indicated genotypes were 

spotted on YPD plates containing MMS at different concentrations. Cells were allowed to 

grow for three days at 28°C before the images were taken. The spot assays were performed 

independently in at least two biological replicates. 

 

 

A 
 

B 
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5.2.3 The suppression occurs in the context of Polymerase Epsilon 

Previous results showed that Dpb4 is part of a chromatin remodeling complex 

ISW2/yCHRAC (Iida & Araki, 2004; McConnell et al., 2004). Besides Dpb4, this complex 

is composed of Isw2, Itc1 and a Dpb3-homolog protein named Dls1. Similar to Dpb3-Dpb4, 

Dls1 and Dpb4 fold together into a histone-fold dimer and Dls1 is required for the binding 

of Dpb4 to Isw2 and Itc1. Because Dpb4 is shared by the Polymerase e holoenzyme and by 

ISW2/yCHRAC complex, we wanted to test the possibility that the suppression given by 

DPB4 deletion occurs also in the context of the ISW2/yCHRAC complex.  

To answer our question, we tested the impact of DLS1 deletion on the viability of cells 

lacking Ctf4 in the presence of MMS. Differently from dpb3D, however, dls1D did not 

suppress the damage sensitivity of ctf4D cells and did not affect the viability of ctf4D dpb3D 

cells (Fig. 5.5).  Overall, our data suggest a central role of the functions of Dpb3 associated 

to the Polymerase e context. 

Figure 5.5. 

Figure 5.5. The rescue of ctf4D cells sensitivity to MMS by deletion of DPB3/DPB4 
occurs in the context of their functions in the Polymerase e 

Serial dilutions of cells with the indicated genotypes were spotted on YPD plates 

supplemented with different concentrations of MMS in order to test their sensitivity to the 

drug. Cells were incubated at 28°C for 3 days and pictures were taken. The spot assays were 

performed independently in at least two biological replicates. 

 

WT 
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5.3 Dpb3 loss does not rescue the synthetic interactions of Ctf4  

5.3.1 ctf4D dpb3D viability on MMS still requires HR-related factors 

Genotoxic stress induced by treatment with the alkylating agent MMS majorly leads to fork 

stalling and exposure of single-stranded DNA behind the fork. These gaps can be substrates 

for exonucleases such as Exo1 and Sae2, which mediate the process of resection and gap 

extension, with consequent generation of longer ssDNA stretches that can be used to trigger 

recombination events and/or fork remodeling. A role for Exo1 in promoting error-free DDT 

by TS upon MMS-induced DNA damage was previously reported (Vanoli et al., 2010)(also 

cite (Garcia-Rodriguez N, Ulrich lab, 2018). Thus, we tested the roles of Exo1 and Sae2 

associated functions in the acquired MMS resistance of ctf4D dpb3D. For this purpose, we 

combined ctf4D dpb3D with exo1D or sae2D and tested their sensitivity to MMS. We found 

that deletion of EXO1 and SAE2 mildly impacts the viability of ctf4D dpb3D, suggesting that 

the double mutant still partially relies on the pathways involving the two nucleases (Fig. 5.6 

A and B). 

Cells lacking Ctf4 are synthetic sick when combined with deletion of RAD52 but not RAD51, 

suggesting that ctf4D cells rely on Rad51-independent functions of Rad52. In S. cerevisiae, 

the major Rad51-independent pathway is represented by single-strand annealing (SSA). 

Other factors required for this process are Rad59, Rad50 and RPA. ctf4D cells show synthetic 

fitness defects when combined with single deletion of these genes involved in SSA pathway, 

overall suggesting that absence of Ctf4 may generate DNA lesions that are processed via 

single strand annealing (Fumasoni et al., 2015).  

We wondered whether deletion of DPB3 could confer a rescue of the Ctf4 synthetic 

interaction with factors involved in the SSA pathway and whether ctf4D dpb3D resistance to 

MMS correlates with the reduced need of this pathway for viability. To test our hypothesis, 

we combined dpb3D with ctf4D rad52D, and observed that deletion of DPB3 does not rescue 
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the synthetic sickness of ctf4D rad52D cells (Fig. 5.6 C). In addition, dpb3D does not rescue 

the sensitivity of ctf4D rad59D mutants to MMS. Indeed, the triple mutant shows a 

sensitivity similar to that of the double mutant (Fig. 5.6 D). Thus, although lack of Dpb3 

rescues ctf4D sensitivity to MMS, cells are still dependent on Rad52- and Rad59- pathways 

for survival. 

Overall, our data suggest that the acquired resistance of ctf4D dpb3D to the DNA-alkylating 

drug is due to the reshape of other processes involved in DNA damage response. 

Figure 5.6. 

 

WT 

WT 
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Figure 5.6. Dpb3 does not rescue the synthetic interactions of Ctf4 

A, B, D) Serial dilutions of cells with the indicated genotypes were spotted on YPD plates 

supplemented with different concentrations of MMS in order to test their sensitivity to the 

drug. Cells were incubated at 28°C for 3 days and pictures were taken. 

C) ctf4D dpb3D (HY9391) was crossed with rad52D (HY5570). Diploids were selected by 

selection markers and dissected. Tetrads dissected were grown at 28°C for 3 days before the 

analysis of the genotypes. The spot assays were performed independently in at least two 

biological replicates. 

5.3.2 Ctf4 functions associated with Cul8-Mms1-Mms22 E3 Ubiquitin ligase are not 

involved in the suppression 

Ctf4 is a scaffold, which connects multiple factors to the replisome. Several studies identified 

some Ctf4 interactors, which mainly bind to the central or C-terminal domain of Ctf4. 

However, little is known about the factors and the functions associated to the WD40 N-

terminal domain of Ctf4. One of the relatively most studied proteins reported to bind to the 

Ctf4 WD40 domain is the E3-Ub-ligase Mms22. 

Budding yeast Mms22 is part of an E3 ubiquitin ligase complex together with Mms1 and 

Cul8/Rtt101. Specifically, the substrate-specific adaptor Mms22 is bound to Cul8 through 

the linker protein, Mms1. Increasing evidences support a function for Cul8Mms1/Mms22 

complex in promoting replication through damaged templates and fork stabilization, likely 

due to its ability to stabilize protein components at the replication fork during replication 

stress (Buser et al., 2016; Vaisica et al., 2011). Moreover, fork-associated Cul8Mms1/Mms22 

complex was suggested to be involved in the establishment of replication-coupled sister 

chromatid cohesion on the newly replicated sister chromatids by facilitating the acetylation 

of Smc3 and recruitment of Eco1 to chromatin (J. Zhang et al., 2017). 

In addition, Cul8Mms1/Mms22 plays a role in the H3 lysine 56 acetylation (H3K56ac) pathway, 

which is active during S-phase of the cell cycle and after DNA damage (Han et al., 2013; 

Masumoto et al., 2005). H3K56ac, followed by H3 and H4 Cul8-Mms1-Mms22 mediated 
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ubiquitylation, facilitates coordination of nucleosome formation and stable progression of 

the replication fork (Han et al., 2013; Q. Li et al., 2008). The functionality of the H3K56ac 

pathway requires interaction of Ctf4 with Mms22, thus suggesting that replication stress 

triggers Ctf4-Mms22 interaction and that this regulates Ctf4 associated functions during 

DNA damage response by a yet uncovered mechanism (Luciano et al., 2015). 

Because Ctf4 functions together with this complex, we wondered whether deletion of DPB3 

can improve the viability of ctf4D cells upon MMS-induced DNA damage, potentially by 

affecting the E3-Ub-ligase complex associated with Ctf4. In order to evaluate our 

hypothesis, we generated ctf4D dpb3D combined with deletion of Mms22 or Cul8 subunits 

and tested their viability in the presence of MMS (Fig. 5.7 A, 5.7 B). 

We found in both cases that deletion of MMS22 or CUL8 has no effect on the viability of 

ctf4D dpb3D cells (Fig. 5.7 A, 5.7 B), although interestingly, the sensitivity of mms22D and 

cul8D mutants was also partly alleviated by Dpb3 loss, in similar trends to the situation 

observed in ctf4D cells. Thus, Dpb3 regulates the DNA damage response triggered by Ctf4 

interaction with Mms22. 
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Figure 5.7. 

Figure 5.7. Cul8-Mms1-Mms22 E3-Ub ligase functional interaction with dpb3D 

ctf4D dpb3D (HY9392) were crossed with mms22D (HY4160) or cul8D (HY4187), diploid 

cells were dissected in order to obtain the cells with the indicated genotypes, which were 

spotted on MMS containing plates. The spot assays were performed independently in at least 

two biological replicates. 

5.4 Analysis of the mismatch repair pathway involvement in the ctf4D dpb3D viability 

DNA mismatch repair (MMR) plays a critical role in preventing mutation accumulation by 

correcting DNA base mispairs generated by errors introduced during DNA replication, some 

types of chemical DNA damage and mispairs formed in homologous recombination (HR) 

intermediates. MMR involves three general steps: 1) recognition of mispaired bases by 

Msh2-Msh6 or Msh2-Msh3 and recruitment of critical accessory factors such as Mlh1/Mlh2-

Pms1; 2) excision of the DNA strand containing the incorrect base; and 3) resynthesis of the 

excised DNA strand.  

A 

B 

WT 
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Dpb3 contains a Msh2-interacting peptide (SHIP) box, which appears to mediate the 

interaction between Dpb3 and Msh2 by yeast-two-hybrid (Goellner et al., 2018). Msh2-

Dpb3 interaction was speculated to have a possible redundant function such as the 

recruitment of Pol ε during the gap-filling step of MMR, which would be redundant with the 

recruitment of Pol δ during this step. However, the exact biological role of this interaction 

is yet to be discovered. In the same study, other potential SHIP box-containing proteins in 

human were predicted, among which is WDHD1, the human analogue of S. cerevisiae Ctf4 

(Goellner et al., 2018). 

Because of the reported physical interaction of mismatch repair factors, such as Msh2 and 

Mlh2, with Dpb3 and potentially Ctf4, we tested their possible role in driving the acquired 

MMS resistance of ctf4D dpb3D cells. For this purpose, we generated mutants bearing 

different combinations of CTF4, DPB3 and/or MLH2, MSH2 deletions, and tested their 

viability at different MMS concentrations (Fig. 5.8 A, 5.8 B).  

Notably, absence of both Ctf4 and Mlh2 or Msh2 increases cells sensitivity to MMS (Fig. 

5.8 A, 5.8 B). However, both Mlh2 and Msh2 show epistasis with Ctf4 and Dpb3. Indeed, 

lack of either of the two mismatch proteins does not impact the survival of ctf4D dpb3D in 

presence of MMS (Fig. 5.8 A, 5.8 B). Of interest, although msh2D and mlh2D mutations 

aggravated ctf4D sensitivity to MMS, Dpb3 loss could rescue this additivity. As a result, 

triple mutants ctf4D msh2D dpb3D and ctf4D mlh2D dpb3D grew similarly with ctf4D dpb3D  

in the presence of MMS. Overall, our data suggest that the acquired MMS resistance 

observed in ctf4D dpb3D cells is independent from the MMR activity. 
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Figure 5.8. 

Figure 5.8. ctf4D dpb3D viability on MMS does not require mismatch repair factors 

A-B) ctf4D dpb3D (HY9392) cells were crossed with mlh2D (HY10197) and msh2D 

(HY11060). Serial dilutions of cells with the indicated genotypes were spotted on YPD 

plates supplemented with different concentrations of MMS in order to test their sensitivity 

to the drug. Cells were incubated at 28°C for 3 days and pictures were taken. The spot assays 

were performed independently in at least two biological replicates. 

5.5 Investigation of the molecular mechanism underlying the ctf4D dpb3D 

acquired resistance to MMS 

5.5.1 Deletion of Dpb3 does not rescue the cohesion defect of cells lacking Ctf4 

Sister chromatid cohesion (SCC) must be established during S phase and has to be 

maintained until the onset of anaphase in order to ensure faithful distribution of genetic 

information between daughter cells. Moreover, studies have shown that cohesion can be 

B 
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WT 
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established de novo post-replicatively in response to DNA damage (Ström et al., 2004, 

2007). 

Cohesion between sister chromatids is mediated by a large ring-shaped protein complex 

which encircles DNA, named as chromosomal cohesin complex (Nasmyth & Haering, 

2009). SCC establishment relies on several factors, such as the Eco1 acetyltransferase, which 

supports cohesin stabilization via acetylation (Chan et al., 2012; Gerlich et al., 2006; Lopez-

Serra et al., 2013; Murayama & Uhlmann, 2015). 

In addition to Eco1, other “cohesion establishment factors” contribute to establishment of 

SCC. These factors include the replisome component Ctf4, the PCNA loader/unloader 

RFCCtf18, the S-checkpoint complex Tof1/Csm3/Mrc1, and the helicase Chl1 (Hanna et al., 

2001; Mayer et al., 2001, 2004; Skibbens, 2004). 

Ctf4 plays an important role in cohesion establishment, promoting sister chromatid 

stabilization possibly by supporting cohesin acetylation, a function conserved in vertebrates 

(Errico et al., 2009; Hanna et al., 2001). However, the exact molecular mechanism by which 

Ctf4 facilitates SCC is not yet understood. 

Because in the absence of Ctf4 cells experience premature sister chromatid separation, we 

wondered whether the damage sensitivity suppression conferred by the DPB3 deletion is 

related to a restoration of the cohesion defects. To address a possible role in the context of 

cohesion, we used a cohesion assay strain containing a tandem array of Tet-operators at the 

URA3 locus on chromosome V and expressing a GFP-TetR fusion at the HIS3 locus. This 

configuration allows visualization under the microscope of the sister chromatid cohesion 

state, where transition from one GFP signal spot to two indicates premature separation 

(Michaelis et al., 1997). The cohesion defect is usually analyzed during metaphase arrest, 

using nocodazole as a microtubule-disrupting drug. Under these conditions, wild-type cells 

arrest largely with unseparated chromatids whereas mutants defective in cohesion exhibit 

premature separation (Fig. 5.9, right panel). This assay revealed that differently from Ctf4, 

Dbp3 is not required for cohesion, and that the cohesion defects of the double mutant ctf4D 
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dpb3D were equal to the ones of ctf4D cells, suggesting that the damage sensitivity 

suppression is in this case independent of sister chromatid cohesion restoration (Fig. 5.9, left 

panel). 

 

Figure 5.9. 

Figure 5.9. Deletion of Dpb3 does not rescue the cohesion defect of cells lacking Ctf4 

Cohesion assay.  WT (HY1788), ctf4D (HY1854), dpb3D (HY3924) and ctf4D dpb3D 

(HY3927) cells were arrested G1 with alpha factor and released in medium supplemented 

with nocodazole for 3 hours. Samples were then collected, fixed with ethanol and processed 

for microscope analysis. The histogram shows the mean and SD of the percentage of cells 

that show two dots, indicating the separation of the two sister chromatids. The cohesion 

assay was performed independently in three biological replicates. 

5.5.2 Dpb3 is involved in promoting error-free DNA damage tolerance  

DNA Damage Tolerance (DDT) mechanisms allow to tolerate DNA lesions in order to 

complete DNA replication. DDT mechanisms include trans-lesion synthesis (TLS)-mediated 

or recombination-mediated error-free bypass that involves a switch of templates (template 

switching, TS) (Branzei & Foiani, 2008; Friedberg, 2005; Lehmann & Fuchs, 2006). Both 

pathways involve a synthesis step in order to bypass the lesion, however it is still unclear 
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whether these events occur at the fork, along with the replication fork progression, or behind 

the fork, when the replisome has moved beyond the lesion (Branzei, 2011). 

In the first scenario, the replication fork is thought to stall at the damaged site until the DNA-

damage tolerance pathways bypass the lesion. The second scenario envisages that often 

replication is continued downstream the lesion and that ssDNA gaps are left behind the 

moving replication fork. We aimed to investigate whether the growth advantage on MMS of 

ctf4D dpb3D is related to the DDT defects of ctf4. Error-free DDT can be experimentally 

monitored by examining the formation of SCJs at damaged replication forks using 2D gel 

electrophoresis. Figure 5.10 A represents a scheme of the structures generally observed by 

2D gel analysis electrophoresis. We employed this technique to study the replication 

intermediates formed at an early origin of replication on chromosome III in S. cerevisiae 

(ARS305) (Friedman & Brewer, 1995). It was previously reported that cruciform structures 

likely representing TS intermediates form during the replication of damaged templates and 

are eventually resolved by the Sgs1-Top3-Rmi1(STR) complex (Branzei et al., 2008; 

Giannattasio et al., 2014). In order to observe potential defects in the formation/stability of 

TS intermediates, we decided to work in the sgs1 background in which SCJs resolution is 

impaired. Because mutants in multiple proteins involved in replication have growth defects 

in combination with sgs1Δ, we alleviated this issue by using a Tc-sgs1 mutant background 

in which Sgs1 can be conditionally depleted upon addition of tetracycline in the growing 

medium. 

In order to address our questions, WT, ctf4D, dpb3D and ctf4D dpb3D cultures were 

synchronized in G1 using a-factor and released in media containing the alkylating reagent 

methyl-methanesulfonate (MMS) and the pattern of replication intermediates was analyzed 

at different time points during replication. Genomic DNA extracted from cells collected at 

the indicated time points was subjected to 2D gel analysis with a probe specific for ARS305 

(Fig. 5.10 B).  
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Figure 5.10. 

Figure 5.10. Ctf4 and Dpb3 are involved in error-free DNA damage tolerance 

A) Schematic representation of major 2D gel signals. B) The strains with the indicated 

backgrounds were synchronized in G1 with alpha-factor at 25°C and released at 30°C in 

YPD supplemented with 0.033% MMS. Genomic DNA was extracted from cells collected 

at the indicated time points and was digested with NcoI for 2D gel analysis of the ARS305 

region. FACS and Western Blot show cell cycle progression and the depletion of HA-Sgs1 

upon tetracycline addition. C) Quantification of the X-molecules signals of panels A and C 
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B 
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respectively. The intensity of the signals was normalized to the monomer spot and they are 

shown in the histograms relative to the highest signal (100%). The 2D gel analysis was 

performed independently in two biological replicates. 

 

We found that ctf4D dpb3D cells are defective in template switching, to a similar degree with 

ctf4D cells. Moreover, we observed a reduction in the X-molecules formation in dpb3D cells, 

thus uncovering a previously unknown role of Polymerase e in promoting replication-

associated recombination by TS (Fig. 5.10 B). Thus, the improved viability of ctf4D dpb3D 

cells in the presence of DNA damage is not due to a rescue in the recombination defect, but 

likely to usage of salvage pathways. 

5.5.3 Viability of cells lacking Ctf4 and Dpb3 in MMS relies on translesion activities 

5.5.3.1 ctf4D dpb3D mutants display increased spontaneous and MMS-induced 

mutagenesis 

In order to tolerate replication-associated DNA lesions, eukaryotic cells have evolved DNA 

damage tolerance (DDT) mechanisms, which on rely on the use of recombination-mediated 

processes or specialized translesion (TLS) polymerases, which can bypass lesions by 

incorporating non-specific nucleotides. This latter pathway is called the TLS-pathway and 

is generally considered to be error-prone (Waters et al., 2009). Indeed, TLS has to be 

accurately regulated, otherwise unwanted persistence of these polymerase activities at 

replication forks will frequently generate mistakes due to their poor fidelity, which would 

be detrimental for the accurate propagation of the genetic information (McCulloch & 

Kunkel, 2008; Zhong et al., 2006). 

TLS polymerases comprise several enzymes and are thought to be involved differently in 

response to DNA lesions encountered upon stalling at the replication fork and during gap-

filling behind replication forks. The best characterized TLS polymerases belong to the “Y-



 
89 

family” of DNA polymerases, comprising pols η and Rev1, together with the B-family 

polymerase, pol ζ. 

Defects in error-free DDT make cells more dependent on TLS to bypass lesions, therefore 

showing higher levels of spontaneous mutagenesis and increased damage sensitivity after 

inactivation of error-prone DDT components (Cejka et al., 2001). In line with this, our lab 

previously found that Ctf4 is involved in error-free DDT by facilitating recombination-

mediated TS and that ctf4D cells show increased spontaneous mutation rate that is largely 

dependent on Rev3, the catalytic subunit of Polz (Fumasoni et al., 2015). Because we found 

that deletion of DPB3 improves the viability of ctf4D cells in presence of MMS due to usage 

of alternative salvage pathways rather than recombination (Fig. 5.10 B), we explored the 

contribution of the translesion pathway to the suppression we observed. 

To assess this hypothesis, we performed spontaneous mutagenesis assays, one based on the 

rate of reversion of tryptophane auxotrophy, the other based on the rate of forward mutation 

at the CAN1 locus. We found that ctf4D and dpb3D single mutants have increased 

spontaneous mutagenesis which is further aggravated when both Ctf4 and Dpb3 are absent 

in cells (Fig. 5.11 A). Moreover, we showed that the dramatic increase in spontaneous 

mutation rate of ctf4D dpb3D drops remarkably when REV3 is deleted, thus suggesting that 

the measured mutagenesis in double mutant cells largely relies on Rev3 (Fig. 5.11 A). 

Moreover, we measured the mutation rate of these cells upon treatment with MMS, and we 

observed a similar trend as what was observed in spontaneous conditions (Fig. 5.11 B).  
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Figure 5.11. 

Figure 5.11. Spontaneous and MMS-induced mutagenesis if strongly increased in ctf4D 
dpb3D mutants 

A) Spontaneous mutation rates at trp1 and CAN1 loci (x10-7) in cells with the indicated 

genotypes. Mutation rates with 95% confidence intervals were calculated using a software 

based on the probability generating function (GF) estimator. B) The same experiment as in 

panel A was performed by adding MMS 0.0025% four hours prior to the dilution of the cells. 

The mutagenesis assays were performed in three independent biological replicates. 

 

 

Overall, our data indicate that simultaneous absence of Ctf4 and Dpb3 causes a strong 

increase in the spontaneous and MMS-induced mutation rate of cells due to hyperactivation 

of translesion polymerases (Fig. 5.11 A, 5.11 B). Thus, the suppression of the MMS 

sensitivity of ctf4D dpb3D does not depend on the restoration of error-free recombination 

(Fig. 5.10 B), but rather on the upregulation of mutagenic pathways which promote survival 

in DNA-damaging conditions at the expenses of genome integrity.  
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5.5.3.2 Acquired ctf4D dpb3D resistance to MMS depends on TLS activities 

In the absence of Ctf4, cells become highly sensitive to MMS. We previously showed that 

this sensitivity is partially rescued by deletion of DPB3 (Fig. 5.1 B) or by mutations in the 

histone-fold motif of Dpb3 (Fig. 5.4 B), reasonably due to the increased activity of 

mutagenic pathways, such as the TLS pathway (Fig. 5.11 A, 5.11 B).  

To evaluate our hypothesis, we examined the contribution of different translesion 

polymerases to the viability of ctf4D dpb3D cells in the presence of MMS-induced DNA 

damage. TLS polymerases comprise several enzymes and are thought to be involved 

differently in response to DNA lesions dealt with at the replication fork and during gap-

filling in the wake of replication forks.  For this reason, we tested the contribution of both 

Polh (encoded by RAD30) and Polz (comprising Rev1-Rev3-Rev7) to the MMS tolerance 

advantage observed in ctf4D dpb3D and ctf4D dpb3-hfm mutants. We found that ctf4D dpb3D 

rev3D and ctf4D dpb3D rev1D cells show strong additive sensitivity to MMS compared to 

ctf4D dpb3D cells. The dpb3hfm mutation showed a similar effect with dpb3D, overall 

revealing a strong contribution of Rev1 and Rev3 to the viability of ctf4D dpb3D cells (Fig. 

5.12 A, 5.12 B). To a lesser extent, we found that also Rad30 contributes to the viability of 

cells lacking Ctf4 and Dpb3, with ctf4D dpb3D rad30D showing reduced viability compared 

to the double mutants (Fig. 5.12 C). Interestingly, this effect of Rad30 loss was not observed 

in ctf4D dpb3-hfm, suggesting a potential role of Dpb3, independently of its binding to 

histones, in blocking Polh. Overall, our results support the idea that TLS-mediated pathway 

is used as compensatory mechanism in ctf4D dpb3D and is important for the viability of cells. 

Thus, Dpb3 acts in facilitating error-free DDT while inhibiting, directly or indirectly, the 

activity of the TLS polymerases Polz and Polh; double inactivation of Ctf4 and Dpb3 (or 

Dpb4) increases the usage of TLS, providing better survival, but at the cost of increased 

genomic mutations. 
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Figure 5.12.  

Figure 5.12. Translesion polymerases activity is required for MMS resistance of ctf4D 
dpb3D mutants 

A-B-C) ctf4D dpb3D (HY9392) and ctf4D dpb3-hfm (HY10454) was combined with rev3D, 

rev1D, rad30D. Cells with the indicated genotypes were spotted on medium with different 

MMS concentrations to test their sensitivity to the drug. Images were takes after 3 days of 

incubation. The spot assays were performed independently in at least two biological 

replicates. 
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5.5.4 Replication-coupled recombination requires efficient deposition of parental 

histones on both nascent strands  

5.5.4.1 Dpb3-Dpb4 function as chaperone of parental H3-H4 is important to promote 

error-free DNA damage tolerance via template switching 

Dpb3-Dpb4 form a heterodimeric complex characterized by a molecular structure and 

folding that highly resembles H2A-H2B dimer. This peculiarity suggested the possibility, 

which has been subsequently demonstrated, that Dpb3-Dpb4 act as a chaperone for H3-H4, 

facilitating their deposition on the leading strand during the replication process (Bellelli et 

al., 2018; Tsubota et al., 2006; Yu et al., 2018).  

We previously showed that in absence of Dpb3 replication-associated recombination is 

impaired (Fig. 5.10 B). Because the known activities of Dpb3 are related to its histone-fold 

motif structure we wondered whether this function is involved in promoting efficient 

recombination in DNA damaging conditions. To address our question, we performed 2D gel 

analysis on dpb3D and on histone-fold motif deficient dpb3 (dpb3-hfm) cells upon MMS-

induced DNA damage.  

Interestingly, we observed that in the sgs1D background the formation of X-molecules was 

impaired to a similar degree in cells fully lacking Dpb3 or expressing the protein mutated in 

its histone-fold motif (dpb3-hfm), hence suggesting that the function of Dpb3 that involves 

its ability to transfer (H3-H4)2 on the leading strand are needed in order to promote efficient 

TS (Fig. 5.13 A, 5.13 B).  
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Figure 5.13. 

 

Figure 5.13. Replication-coupled recombination requires Dpb3 functions associated to 
HFM 

A) The strains with the indicated genotypes were synchronized in G1 with alpha-factor at 

25°C and released at 30°C in YPD supplemented with 0.033% MMS. Genomic DNA was 

extracted from cells collected at the indicated time points and was digested with NcoI for 

2D gel analysis of the ARS305 region. FACS profiles show cell cycle progression. B) 

Quantification of the X-molecules signals of panels A and C respectively. The intensity of 

the signals was normalized to the monomer spot and they are shown in the histograms 

relative to the highest signal (100%). The 2D gel analysis was performed independently in 

at two biological replicates using sgs1D or conditional depleted Sgs1 backgrounds. 

 

 

5.5.4.2 Ctf4-Pola-Mcm2 axis role in deposition of (H3-H4)2 parental histones 

contributes to error-free DDT via template switching 

Recent studies have uncovered a novel role of Mcm2-Ctf4-Pola in interacting with histones 

and promoting their transfer on the lagging strand (Evrin et al., 2018; Gan et al., 2018). 

In particular, Evrin et al., 2018 discovered that the amino-terminal tail of the Pola catalytic 

subunit Pol1 contains a motif that resembles the histone-binding element of Mcm2. 

Particularly important for Pola function associated to parental histone deposition are defined 

by two conserved aromatic residues F58 and D62 located in the N-terminal of Pol1, and its 

B A 
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interaction to Ctf4. Ctf4 plays also a role in the deposition of parental (H3-H4)2 to the lagging 

strand, possibly through the same mechanism of Mcm2 histone-binding domain (HBD) (Gan 

et al., 2018a). 

Therefore we reasoned that also in ctf4D cells, defects in (H3-H4)2 transfer on the lagging 

strand may contribute to the recombination defect observed (Fig. 5.10 B, (Fumasoni et al., 

2015). To evaluate our hypothesis, we used pol1-2A (F58A, D62A) and mcm2-3A mutants 

(Y79A, Y82A, Y91A), in which histone-fold motifs of Pol1 and Mcm2 respectively are 

mutated. These mutants were previously shown to impair specifically the histone binding 

and deposition functions of the two proteins (Evrin et al., 2018; Gan et al., 2018).  

2D gel analysis performed on these mutants revealed a decrease in the X-molecules 

formation, when transfer of parental (H3-H4)2 on lagging strand is affected (Fig. 5.14 A, 

5.14 B).  

Altogether, our data suggest that the role of Polymerase e and Mcm2-Ctf4-Pola axis in the  

correct deposition of parental histones on the leading and the lagging DNA strands 

respectively, influences the ability of cells to perform efficient replication-associated 

recombination to bypass the lesion and restart stalled forks. 
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Figure 5.14.  

Figure 5.14. Replication-coupled recombination requires efficient deposition of 
parental histones on both strands 

A) The strains with the indicated backgrounds were synchronized in G1 with alpha-factor at 

25°C and released at 30°C in YPD supplemented with 0.033% MMS. Genomic DNA was 

extracted from cells collected at the indicated time points and was digested with NcoI to 

undergo 2D gel analysis of ARS305 region. FACS show cell cycle progression, western blot 

show Sgs1 depletion during the time course experiment. B) Quantification of the X-

molecules signals of panels A and C respectively. The intensity of the signals was 

normalized to the monomer spot and they are shown in the histograms relative to the highest 

signal (100%). The 2D gel analysis was performed independently in at two biological 

replicates, using sgs1D or conditional depleted Sgs1 backgrounds. 

A 

B 
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5.5.5 Dpb3 loss does not suppress the abnormal replication fork architecture of ctf4D 

cells 

Defective coupling between replicative helicase and repriming events, caused by the absence 

of Ctf4, leads to alteration of fork topology (Fumasoni et al., 2015). This property is also 

important for the nucleosome deposition functions associated to Ctf4 (Gan et al., 2018a). 

Since nucleosome assembly is coupled to fork remodeling mechanisms underlying fork 

reversal, we wondered whether DPB3 deletion may have an impact on a possible rewiring 

of the replication forks in cells lacking Ctf4, which could be related to the MMS damage 

sensitivity suppression observed in ctf4D dpb3D mutants. 

To address a possible effect of Dpb3-Dpb4 on the replication forks architecture that is altered 

in ctf4D cells exposed to MMS (Fumasoni et al., 2015), we conducted electron-microscopy 

analysis. WT, ctf4D, dpb3D, ctf4D dpb3D were arrested in G1 with a-factor or in G2/M with 

nocodazole, and were released in medium supplemented with MMS 0.033% for 60 or 105 

minutes respectively. Genomic DNA extracted from these cells was enriched in DNA 

intermediates and analyzed by transmission electron microscopy (TEM).  

In agreement with previous results (Fumasoni et al., 2015), we found that ctf4D cells are 

characterized by an increase in fork remodeling associated with fork reversal and in gapped 

forks accumulating ssDNA at the fork junctions (Fig. 5.15 B, data not shown). We found 

that deletion of DPB3 causes phenotypes similar to wild-type cells, while double mutants 

ctf4D dpb3D  show phenotypes similar to ctf4D cells (Fig. 5.15 B). Overall, our results 

indicate that the increased viability observed in ctf4D dpb3D cells in presence of MMS is not 

associated to a change in replication fork architecture.  
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Figure 5.15. 

Figure 5.15. Dpb3 loss suppresses the abnormal replication fork architecture of ctf4D 

A) Examples of a normal fork and a reversed fork visualized by electron microscopy. B) WT 

(FY1296), ctf4D (HY2194), dpb3D (HY3373), ctf4D dpb3D (HY7259) were arrested in G1 

using a-factor (left panel) or in G2/M using nocodazole (right panel), and released in YPD 

supplemented with 0.033% MMS. Cells were collected at 60 minutes after release from G1, 

or at 105 minutes after release from G2/M, in order to enrich the cell population in S phase. 

The EM analysis was performed independently in two biological replicates. 
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PART II: Investigating Ctf4 functions in error-free DDT 

5.6 Functions associated to Ctf4 relevant for promoting efficient error-free DDT 

Ctf4 forms a homotrimer which is a part of the replisome and connects multiple factors to 

the replicative helicase (Simon et al., 2014; Villa et al., 2016). In order to dissect which 

properties of Ctf4 are relevant for promoting efficient error-free DDT, we used different 

mutant alleles of Ctf4 (Villa et al., 2016). Specifically, the ctf4-4E allele contains 4 point-

mutations in the C-terminal part of the protein and abolishes Ctf4 interaction with Pola, the 

CMG helicase, and Dna2. The ctf4-3E allele contains 3 point-mutations in the central part 

of the protein that abolish interaction with the new discovered binding partners Tof2 and 

Dpb2, but not the interaction with the CMG helicase, Pola, and Dna2. The two mentioned 

ctf4 alleles showed different sensitivity to MMS, with ctf4-4E mutant being nearly as 

sensitive as cells where CTF4 is deleted and ctf4-3E showing only very modest sensitivity 

(Fig. 5.16). 

Figure 5.16. 

Figure 5.16. Association of Ctf4 to the replisome is required for survival in the presence 
of MMS 

WT (FY1296), ctf4D (HY8755), ctf4-4E (HY8323), ctf4-3E (HY7902) were plated on YPD 

plates supplemented with different concentrations of MMS. Images were acquired after 3 

days of incubation at 28°C. The spot assay was performed independently in at least two 

biological replicates. 

 

 

In order to address how these mutations impact the ability of cells to perform error-free DDT, 

we performed 2D gel analysis on these mutants. Interestingly, we observed that mutations 

affecting the CIP box in the C-terminal alpha-helical domain of Ctf4 (ctf4-4E mutant) cause 

a strong reduction in X-molecules formation, while ctf4-3E did not impact this process (Fig. 
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5.17 A). Overall, these data suggest that Ctf4 ability to couple of different factors to the 

replisome is required in order to perform error-free DDT by replication-coupled 

recombination events. In line with the results observed for the TS efficiency of different 

mutants, we found that the rate of mutagenesis in spontaneous conditions is higher when 

Ctf4 fails to be recruited at the replisome as caused by the ctf4-4E mutation, similarly to 

what is measured for ctf4D cells (Fig. 5.17 B). 

Figure 5.17. 

 

 

A 

B 

WT 



 
101 

Figure 5.17. Ctf4 association to the replisome is important to promote efficient template 
switching 

A) The strains with the indicated backgrounds were synchronized in G1 with alpha-factor at 

25°C and released at 30°C in YPD supplemented with 0.033% MMS. Genomic DNA was 

extracted from cells collected at the indicated time points and was digested with NcoI to 

undergo 2D gel analysis of ARS305 region. FACS show cell cycle progression, western blot 

show Sgs1 depletion during the time course experiment. B) Quantification of the X-

molecules signals of panels A and C respectively. The intensity of the signals was 

normalized to the monomer spot and they are shown in the histograms relative to the highest 

signal (100%). The 2D gel analysis was performed independently in at least two biological 

replicates. C) Spontaneous mutation rates at trp locus (x10-7) in cells with the indicated 

genotypes in the table. Mutation rates with 95% confidence intervals were calculated using 

a software based on the probability generating function (GF) estimator. The mutagenesis 

assay was performed in three independent biological replicates. 

 

5.7 Error-free DNA damage tolerance and normal replication fork architecture 

requires physical association of Polymerase a to the replisome 

5.7.1 Polymerase a displacement from the replisome impairs DNA lesion tolerance by 

replication-coupled recombination 

Ctf4 is generally considered to be a hub connecting multiple factors at the replisome, in this 

way serving as scaffold for the interplay of several proteins involved in different processes 

(Villa et al., 2016). One of the main known functions of Ctf4 is to form a bridge between 

Polymerase a and the CMG helicase. Specifically, this interaction involves conserved 

residues in the C-terminus of Ctf4 which mediate binding to Sld5, a component of the GINS 

complex, and to Pol1, the catalytic subunit of Polymerase a (Gambus et al., 2009b; Simon 

et al., 2014). Previous studies had identified that the N-terminus of Pol1 contains a short 

motif comprising residues from 137 to 149, which is required and sufficient for Pol1 

interaction with Ctf4. In particular, Simon et al., 2014 found that a pol1-4A mutant allele, 

that has alanine substitutions at D141, D142, L144 and F147, is not able to interact with 
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Ctf4, thus providing a powerful tool to study the role of Ctf4 in coupling Pola mediated 

events to the replication fork progression during DNA lesion bypass.  

We previously showed that ctf4D cells are sensitive to MMS and defective in bypassing 

DNA lesions by TS (Fig. 5.10 B, Fumasoni et. al, 2015), this being majorly caused by the 

fact that Ctf4 is displaced from the replisome as suggested by ctf4-4E phenotypes observed 

by 2D gel analysis (Fig. 5.17 A).  

Because one of the notable known functions of Ctf4 is to couple Pola to the replisome, we 

wondered whether the loss of this activity causes MMS sensitivity and if this is related to 

the inability of cells to perform replication-coupled DDT upon fork stalling induced by 

MMS. To address our question, we used cells bearing the pol1-4A mutant allele and we 

analyzed their sensitivity to MMS and the impact of these mutations on TS. Interestingly, 

we found that although pol1-4A mutants do not show sensitivity to MMS (Fig. 5.18 A), the 

formation of X-molecules in this mutant is strongly impaired, similarly to what observed in 

ctf4-4E mutants (Fig. 5.18 B). Overall, these data suggest that coupling of Pola to the 

replisome via its association to Ctf4 is critical to efficiently bypass DNA lesions which stall 

the replication forks. Uncoupling of these two processes as occurs in pol1-4A cells is not 

sufficient to explain the MMS sensitivity observed for cells lacking Ctf4 or expressing the 

ctf4-4E mutant. 
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Figure 5.18. 

Figure 5.18. Error-free DNA damage tolerance requires physical association of 
Polymerase a to the replisome 

A) WT (FY1296), ctf4-4E (HY8323), pol1-4A (HY9898), ctf4-4E pol1-4A (HY9900) were 

plated on YPD plates supplemented with 0.01% MMS. Images were acquired after 3 days 

of incubation at 28 degrees. The spot assay was performed independently in at least two 

biological replicates. B) The strains with the indicated backgrounds were synchronized in 

G1 with alpha-factor at 25°C and released at 30°C in YPD supplemented with 0.033% MMS. 

Genomic DNA was extracted from cells collected at the indicated time points and was 

digested with NcoI for 2D gel analysis of the ARS305 region. FACS show cell cycle 

A 

B 
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progression, western blot show Sgs1 depletion during the time course experiment. C) 

Quantification of the X-molecules signals of panels A and C respectively. The intensity of 

the signals was normalized to the monomer spot and they are shown in the histograms 

relative to the highest signal (100%). The 2D gel analysis was performed in two independent 

biological replicates. 

5.7.2 Artificial tethering of Polymerase a to replisome reverts TS defects 

We observed that loss of Pola recruitment to the replisome via Ctf4 (pol1-4A mutant) is 

sufficient to impair cells’ ability to bypass MMS-induced DNA lesions, likely by affecting 

the restart of the stalled fork (Fig. 5.18 B). Therefore, we reasoned that Ctf4-Pola 

requirement in this regard could be bypassed by artificially tethering Pola to the replication 

machinery. To test our hypothesis, we generated a chimeric protein by fusing pol1-4A to the 

C-terminal of the endogenous Cdc45, a core component of the replisome (Fig. 5.19).  

Figure 5.19. 

Figure 5.19. Generation of cdc45-pol1-4A fusion protein 

Schematic representation of the cdc45-pol1-4A fusion protein in the context of the 

replication machinery. 

 

Since the yeast background used for the following experiments expresses a wild-type Ctf4 

protein, we decided to use a cdc45-pol1-4A mutant in order to exclude the possibility of Pol1 

interaction to the endogenous wild-type Ctf4. Upon generation of yeast cells expressing 

cdc45-pol1-4A fusion protein in addition to endogenous pol1-4A, we observed that 

expression of the chimeric protein has no effect on the viability of these cells in YPD 
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medium, and no sensitivity to MMS, thus excluding a possible cellular toxic effect of cdc45-

pol1-4A expression (Fig. 5.20 A). We further tested these mutants by 2D gel analysis, which 

revealed that expression of cdc45-pol1-4A is sufficient to restore the X-molecules formation 

defects of pol1-4A mutants (Fig. 5.20 B). 

Our data suggest that Ctf4 at the replisome needs to recruit Pola/Primase to the fork in the 

presence of genotoxic stress in order to support repriming downstream the DNA lesion and 

promote restart of the stalled forks. However, Pola recruitment to the fork may be needed 

for other functions, including parental histone deposition on the lagging strand. 

Figure 5.20. 

 

 

A 

B 
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Figure 5.20. Artificial tethering of Polymerase a to Cdc45 rescues the recombination 
defects in DNA lesion tolerance associated with Pola  mutants that fail to interact with 
Ctf4 

A) WT (FY1296), pol1-4A (HY9898), cdc45-pol1, cdc45-pol1-4A were plated on YPD 

plates supplemented with 0.01% MMS. Images were acquired after 3 days of incubation at 

28°C. The spot assay was performed independently in at least two biological replicates. B) 

The strains with the indicated genotypes were synchronized in G1 with alpha-factor at 25°C 

and released at 30°C in YPD supplemented with 0.033% MMS. Genomic DNA was 

extracted from cells collected at the indicated time points and was digested with NcoI for 

2D gel analysis of the ARS305 region. FACS show cell cycle progression, western blot 

shows Sgs1 depletion during the time course experiment. The 2D gel analysis was performed 

in two independent biological replicates. C) Quantification of the X-molecules signals of 

panels A and C respectively. The intensity of the signals was normalized to the monomer 

spot and they are shown in the histograms relative to the highest signal (100%). 

5.7.3 Pola/Primase uncoupling to the replication machinery affects the replication 

forks architecture 

We previously showed that impaired interaction of Pol1 and Ctf4 present in cells carrying 

pol1-4A mutations causes defects in TS (Fig. 5.18 B). We wondered whether this phenotype 

associates with alterations in replication fork topology, previously reported for the Primase 

mutant, pri1-M4 (Fumasoni et al., 2015). To specifically address how the impaired 

recruitment of Pola-Primase complex via Ctf4 impacts the replication forks architecture, we 

conducted electron-microscopy analysis. WT, ctf4-4E, and pol1-4A were arrested in G1 with 

a-factor and were released in medium supplemented with MMS 0.033% for 60 minutes. 

Genomic DNA extracted from these cells was enriched in DNA intermediates and analyzed 

by electron-microscopy. We found that ctf4-4E cells are characterized by an increase in the 

frequency of reversed forks but not of gapped forks. Similar to the loss of binding of Ctf4 to 

the replisome (ctf4-4E mutant), we found that impairment of the binding of Pol1 to Ctf4 

(pol-4A mutant) causes an increase in reversed forks. Moreover, pol1-4A cells exhibit an 
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increase number of gapped forks which accumulate ssDNA at the fork junction (Fig. 5.21 

A). In addition, EM analysis of replication structures in cells expressing artificially tethered 

Pola to the replicative helicase (cdc45-pol1-4A mutant) showed a rescue of reversed forks 

and gapped forks frequencies (Fig. 5.21 B). Overall, our results indicate that Ctf4 function 

of coupling Pola-Primase complex and replicative helicase during DNA replication is 

required to support efficient maintenance of replication fork architecture and to yield error-

free replication via template switching in conditions of DNA damage. 

Figure 5.21. 

 

 

 
 

A 

B 
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Figure 5.21. Ctf4 mediated Pola/Primase coupling to the replication machinery is 
important for supporting normal replication forks architecture 

Electron microscopy analysis of the replication intermediates. WT (FY1296), ctf4-4E 

(HY8323), pol1-4A (HY9898) cells were arrested in G1 with alpha-factor and released in 

YPD medium containing 0.033% MMS. Cells were collected after 60 minutes, genomic 

DNA was extracted and replication intermediates were stabilized by in vivo psoralen cross-

linking. Samples were further processed for electron microscopy analysis. The histogram 

shows the percentage of normal forks, reversed forks, and gapped forks. The result shown is 

the result from one experiment. n = number of molecules assigned. The EM analysis was 

performed in two independent biological replicates. 

5.8 Different domains of Ctf4 are required to cooperate to promote efficient error-free 

DNA damage tolerance 

5.8.1 Ctf4 N-terminal domain is important to support error-free DDT 

The N-terminus of Ctf4 is characterized by the presence of a WD40 repeats-domain, 

generally involved in mediating protein-protein interactions, which is conserved also in 

higher eukaryotes and is essential for viability (Abe et al., 2018). At present, there is little 

knowledge relative to the functions associated to the WD40 repeats of Ctf4. Previous 

experimental observations indicated that WD40 domain is dispensable for the interaction 

between Ctf4 and the CMG helicase, which instead is largely mediated by the C-terminal a-

helical bundle of Ctf4. Moreover, it has been found that cells expressing Ctf4 truncated of 

its WD40 domain behave similarly to cells lacking the Ctf4 C-terminus (ctf4-NT) or to ctf4Δ 

cells in terms of drug sensitivity (Gambus et al., 2009b), thus suggesting that although Ctf4 

WD40 domain is not involved in coupling repriming to replication fork progression, it plays 

different roles which are still to be determined. Interestingly, it has been shown that the 

WD40 domain of Ctf4 mediates the recruitment of the E3 ubiquitin ligase Mms22 (Buser et 

al., 2016), which in complex with Rtt101/Cul8 and Mms1 appear to be involved in 

mechanisms acting at stalled forks in order to maintain genomic stability (Duro et al., 2008). 
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Evidences in avian DT40 cells indicated that AND-1/Ctf4 WD40 domain is important to 

prevent unscheduled nucleolytic degradation of the replication forks, which is essential to 

support genomic integrity and normal cellular proliferation (Abe et al., 2018).  

We previously showed that ctf4-4E mutant is sensitive to MMS, is defective in performing 

error-free DNA damage tolerance by TS and shows increased spontaneous mutagenesis, 

while ctf4-3E mutant is proficient in these events (Fig. 5.17 A, 5.17 B). Overall, these data 

point that the Ctf4 binding partners to its C-terminal are more important for these processes 

rather than the factors interacting with its central beta-propeller domain. 

Notably, ctf4-4E mutations impair not only the ability of Ctf4 to bind to its C-terminal 

interactors but also its recruitment to the replisome via its binding to the GINS complex. We 

thus wondered whether the observed phenotypes could be caused by loss of recruitment of 

other factors that bind to the N-terminal WD40 domain of Ctf4. In order evaluate this 

hypothesis we first generated de novo a WD40 domain truncated mutant of Ctf4 (ctf4DNT), 

using the same deletion used in Gambus et al, 2009. 

ctf4DNT cells show strong sensitivity to MMS similar to ctf4-4E and ctf4D cells (Fig. 22A). 

This effect might be related to the decreased stability of Ctf4 caused by truncating the N-

terminal domain (data not shown). 

Moreover, we found that absence of the N-terminus of Ctf4 reduces the formation of X-

molecules by 2D gel analysis (Fig. 5.22 B), thus suggesting that functions associated to the 

N-terminal of Ctf4 are important to bypass DNA damage by TS. Overall, cells lacking the 

WD40 domain of Ctf4 share many phenotypes of ctf4D and ctf4-4E, suggesting that N-

terminus of Ctf4 is important to recruit factors required to support efficient replication 

coupled-DDT. 
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Figure 5.22. 

 

Figure 5.22. Ctf4 N-terminal domain is important to support error-free DDT 

A) Cells with the indicated genotypes were serially diluted and plated on YPD plates 

supplemented with different concentrations of MMS to test their sensitivity. Images were 

acquired after 3 days of incubation at 28°C degrees. The spot assay was performed 

independently in at least two biological replicates. B) The strains with the indicated 

backgrounds were synchronized in G1 with alpha-factor at 25°C and released at 30°C in 

YPD supplemented with 0.033% MMS. Genomic DNA was extracted from cells collected 

at the indicated time points and was digested with EcoRV and HindIII to undergo 2D gel 

analysis of ARS305 region. FACS show cell cycle progression, western blot show Sgs1 

depletion during the time course experiment. C) Quantification of the X-molecules signals 

of panel B. The intensity of the signals was normalized to the monomer spot and they are 
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B 
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shown in the histograms relative to the highest signal (100%). The 2D gel analysis was 

performed independently in two biological replicates. 

5.8.2 Pola/Primase coupling to replicative helicase via Ctf4 is required but not 

sufficient to promote efficient replication-coupled DNA damage bypass 

We previously observed that the C-terminal domain of Ctf4 is important to promote TS and 

that its function to couple Polymerase a to the replisome is critical for this process (Fig. 5.17 

A, Fig. 5.18 B). Moreover, artificially tethering of Polymerase a to the replisome via fusing 

the protein to Cdc45 is sufficient to rescue the TS defects of cells where Pol1 cannot bind 

Ctf4 (Fig. 5.19 B).  

Because Ctf4 C-terminus is able to recruit also other factors, we wondered whether the TS 

defect we observed in ctf4-4E mutant was caused by the impaired recruitment of Polymerase 

a or it is associated to failure of recruitment of other factors, which may contribute to 

recombination-mediated DNA lesion bypass. To address our question, we analyzed the 

effect of expressing cdc45-pol1-4A fusion in ctf4-4E mutant cells. Interestingly, we found 

that artificial tethering of Polymerase a to the replisome is not able to rescue either the MMS 

sensitivity of ctf4-4E cells (Fig. 5.23 A), neither the defects in X-molecules formation of 

these mutants (Fig. 5.23 B). Overall, our data suggest that association of Pola to the 

replisome via Ctf4 is required to restart stalled forks upon DNA lesions caused by MMS, 

but this is not sufficient to efficiently promote this process if the recruitment of other factors 

mediated by Ctf4 is impaired. Thus, Ctf4 coordinates other factors to efficiently perform TS, 

whereas singular defects in recruiting Pola to the replisome can be alleviated by tethering 

Pol1 to the CMG helicase. 
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Figure 5.23.  

 

 

Figure 5.23. Artificial tethering of Polymerase α at the replisome does not rescue TS 
defects of ctf4-4E mutants 

A) WT (FY1296), ctf4-4E (HY8323), ctf4-4E cdc45-pol1-4A (HY10553) were serially 

diluted and plated on YPD plates supplemented with 0.0075% MMS to test their sensitivity. 

Images were acquired after 3 days of incubation at 28°C. The spot assay was performed 

independently in at least two biological replicates. B) The same strains used in panel A were 

synchronized in G1 with alpha-factor at 25°C and released at 30°C in YPD supplemented 

with 0.033% MMS. Genomic DNA was extracted from cells collected at the indicated time 

points and was digested with EcoRV and HindIII to undergo 2D gel analysis of ARS305 

region. FACS show cell cycle progression, Western blot show Sgs1 depletion during the 

time course experiment. C) Quantification of the X-molecules signals of panel B. The 

intensity of the signals was normalized to the monomer spot and they are shown in the 

A 

B 
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histograms relative to the highest signal (100%). 2D gel analysis were performed 

independently in two biological replicates. 
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6. DISCUSSION 

All living organisms are subjected to lesions arising in DNA molecules due to exogenous 

agents or endogenous stress, and therefore share highly conserved mechanisms to repair 

DNA damages. In particular, progress of the replication machinery is challenged by the 

encounter of DNA obstacles, which threatens completion of DNA replication and may lead 

to genomic instability. Therefore, cells evolved replication-coupled repair pathways aimed 

to bypass DNA lesions in order to continue DNA replication and prevent collapse of the 

replication forks. Interestingly, several components of the eukaryotic replisome are involved 

in these pathways in which they actively participate by stabilizing the replication fork or by 

promoting DNA damage tolerance. 

One replisome component of particular interest in my studies is the accessory factor Ctf4 in 

the budding yeast S. cerevisiae (AND1 in higher eukaryotes). Ctf4 is a non-essential factor 

of the replisome, which is generally considered a platform connecting multiple proteins with 

the replisome and that is mainly known to bridge Pola/Primase to the replicative helicase 

(Gambus et al., 2009a; Villa et al., 2016). In addition, Ctf4 has a role in sister chromatid 

cohesion, which may arise from abnormal ssDNA metabolism during DNA replication 

(Fumasoni et al., 2015; Hanna et al., 2001). This latter hypothesis was suggested by a 

previous study from our lab, which revealed that Ctf4 is involved in error-free DNA damage 

tolerance by facilitating template switching, and that this recombination defect is not 

alleviated by tethering of sister chromatids, differently from what is observed with cohesin 

mutants (Fumasoni et al., 2015). Although Ctf4 is non-essential in budding yeast, its critical 

role in maintaining genome integrity is supported by evidences showing that ctf4D cells 

experience deregulated repriming and with altered replication fork topology (Fumasoni et 

al., 2015). Although the above phenotypes correlate with impaired ability of ctf4D cells to 

bypass DNA obstacles by replication-coupled recombination mechanisms, the order of 

events has not been established. 
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In order to uncouple cohesion and repair functions of Ctf4, an SGA screening was previously 

performed in our lab to identify MMS and CPT suppressors of ctf4D cells sensitivity. The 

screen revealed that loss of Dpb3, a subunit of Polymerase e, confers MMS and CPT 

resistance to cells lacking Ctf4. Using S. cerevisiae as a model system, here we aimed to 

investigate the molecular mechanisms underlying the acquired drug resistance of cells 

lacking Ctf4 when DPB3 is deleted. In addition, since Ctf4 plays a role in facilitating DNA 

lesion tolerance by template switching, we aimed to uncover which functions associated to 

Ctf4 are important for supporting replication associated recombination in the presence of 

genotoxic agents. 

PART I 

6.1.1 Loss of functions of Dpb3-Dpb4 subunits of Polymerase e confer drug 

resistance to ctf4D mutant cells 

Ctf4 is a key accessory factor of the replication machinery, which exerts its functions in 

multiple pathways, such as sister chromatid cohesion (SCC) and DNA damage tolerance 

(DDT). An unbiased SGA screen performed in our lab identified DPB3 as a suppressor of 

ctf4D sensitivity to methyl-methane sulfonate (MMS) and camptothecin (CPT). Dpb3 is an 

auxiliary subunit of the leading strand Polymerase e, which forms a heterodimer with the 

other auxiliary subunit named Dpb4. We found that Dpb3 and Dpb4 operate as a dimeric 

complex in the context of the suppression. Indeed, removal of DPB3 and/or DPB4 conferred 

a similar degree of chemoresistance when Ctf4 is absent or when it is poorly enriched (ctf4-

4E) at the replisome (Fig. 5.1, Fig. 5.2, Fig. 5.3). 

Dpb4 is shared both by Pole and the chromatin remodeling complex ISW2/yCHRAC, where 

it interacts with a Dpb3-like protein named Dls1 (Iida & Araki, 2004; McConnell et al., 

2004). Deletion of DLS1 does not impact the MMS sensitivity of ctf4D cells, suggesting that 

the acquired MMS resistance observed in ctf4D dpb3D cells relates to functions of Dpb3-
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Dpb4 operating in the context of Pole holoenzyme, rather than Dpb3-Dpb4 additional roles 

relative to the chromatin-remodeling complex ISW2/yCHRAC (Iida & Araki, 2004; Tsubota 

et al., 2006) (Fig. 5.5). 

6.1.2 Genetic interactions  

Genotoxic stress can lead to formation of ssDNA gaps behind the replication fork, which are 

extended by nucleases such as Exo1 and Sae2, before the homology search and strand-

exchange steps involving Rad51, Rad52, and Rad55 occur (Vanoli et al., 2010).The viability 

of cells lacking Ctf4 depends on Rad52, but not on Rad51(Fumasoni et al., 2015). The most 

characterized Rad51-independent recombination pathway is named single strand annealing 

(SSA) and is promoted by Rad52 and Rad59 (Davis & Symington, 2001; Mortensen et al., 

1996). In order to investigate whether the reduced sensitivity to MMS observed in ctf4D 

dpb3D occurs due to a rewiring of the DNA repair pathways towards specific HR steps, we 

tested the effect of DPB3 removal on cells lacking Ctf4 and different proteins involved in 

this type of DNA damage processing and DNA repair. Our results revealed that both ctf4D 

and ctf4D dpb3D cells heavily rely on key factors involved in response to DNA damage, such 

as Exo1, Sae2, and suggest that lesions occurring in these mutants may be targeted for repair 

by Rad52- and Rad59-mediated strand annealing (Fig. 5.6). 

Problems with replication can increase the generation of mismatches, which are targeted for 

correction by the mismatch repair (MMR) pathway. Interestingly, Dpb3 interacts the 

mismatch repair component Msh2, while Ctf4 is a candidate interactor of mismatch repair 

proteins (Goellner et al., 2018). Loss of Msh2 or Mlh2 did not alter the sensitivity of ctf4 

dpb3 mutants, however deletion of MMR proteins increased the sensitivity of ctf4D to MMS, 

which was partially rescued by loss of Dpb3 (Fig. 5.8). Our evidences pointed out that the 

MMS resistance acquired by deletion of CTF4 and DPB3 is independent from mismatch 

repair (Fig. 5.8). 
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It is possible that lack of Dpb3 affects mismatch repair usage, possibly by supporting the 

recruitment of Pole during the gap-filling step of MMR, speculated to be redundant with the 

recruitment of Pold. Taken together, our observations led us to the exploration of other 

molecular mechanisms that may underly the onset of MMS resistance in ctf4D dpb3D 

mutants. 

6.1.3 ctf4D dpb3D viability in MMS relies on TLS polymerases activity 

Besides its role in supporting the interaction between replication fork components, Ctf4 is 

also involved in sister chromatid cohesion (SCC) (Gambus et al., 2009a; Hanna et al., 2001; 

Tanaka et al., 2009; Xu et al., 2007). Our lab previously found that mutations in the 

Pola/Primase/Ctf4 complex impair both SCC and DNA damage tolerance (DDT) pathways, 

suggesting a close relationship between SCC and DDT. The two processes appear to be 

independent from each other, although they may be caused by the same replication 

dysfunction (Fumasoni et al., 2015). 

Since loss of Ctf4 affects the ability of cells to support efficient SCC and post-replicative 

gap-filling by template switching, we asked if deletion of DPB3 may restore the defect in 

one or both of these two pathways. To evaluate the SCC status in different mutants, we used 

specific cohesion assay strains, which allow visualization under the microscope of the sister 

chromatid cohesion state (Michaelis et al., 1997). Moreover, we visualized recombination-

mediated DNA damage bypass via template switching by monitoring the levels of 

recombination structures, named X-molecules, forming proximal to damaged replication 

forks by 2D gel analysis. 

Interestingly, we observed that the increased viability of ctf4D dpb3D is not associated to a 

rescue of the ctf4D defects in SCC nor of replication-coupled recombination events to bypass 

DNA lesions. In both these regards, ctf4D dpb3D cells shared similar phenotypes with ctf4D 

mutants (Fig. 5.9, Fig. 5.10).  
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Fork reversal is a mechanism used by cells to stabilize stalled replication forks and may be 

used in the context of DDT (Neelsen & Lopes, 2015). This mechanism involves several 

enzymes and is highly regulated as regressed arms can be targeted by the action of 

endonucleases, which if let uncontrolled can lead to detrimental consequences (Lemaçon et 

al., 2017; Mijic et al., 2017; Thangavel et al., 2015). Frequently, cells that acquire 

tumorigenic features tend to lose fork protection mechanisms, and this often correlates to an 

increase in fork reversal upon treatment with chemotherapeutic drugs. Although it is still 

controversial, chemo-resistance appears to associate with cellular restoration of fork 

protection functions, however in some other cases cells become resistant to a drug through 

other unrelated mechanisms. 

Ctf4 forms a bridge between the replicative helicase and Pola/Primase complex coupling 

repriming events with the progression of the replication fork. Absence of Ctf4 does not 

causes uncoupling between repriming events and the replisome progression leading to 

increased fork reversal upon drug-induced replication fork stalling (Fumasoni et al., 2015). 

Observation of the replication fork structures using electron microscopy revealed that 

deletion of DPB3 does not restore the altered replication fork architecture caused by Ctf4 

loss (Fig. 5.15). Likely, Dpb3-Dpb4 play a role in an alternative pathway, whose impairment 

rewires the response to DNA damage of cells defective in Ctf4. Since cohesion, 

recombination and replication forks architecture defects caused by Ctf4 loss are not 

alleviated by removing Dpb3 functions, we reasoned that another molecular mechanism 

must be involved. Notably, we observed that the template switching defects were also 

aggravated in Dpb3 mutants, lacking Dpb3 (dpb3D) or mutated in the histone-fold motif 

(dpb3-hfm) (Fig. 5.10, 5.13), indicating that Pol e is involved in error-free DDT through 

properties associated to Dpb3-Dpb4 histone-fold motifs. This was particularly interesting as 

we uncovered a role of Pol e in DNA lesion bypass via recombination-mediated events.  

Depletion of POLE4 (Dpb3) in mouse embryonic fibroblasts (MEFs) causes cells failure to 

efficiently accumulate RPA on DNA upon drug-induced damage (Bellelli et al., 2018). 
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These observations would be consistent with the notion that loss of Dpb3-Dpb4 causes 

defects in early steps of template switching, which reflect the reduction of recombination 

intermediates observed by 2D gel analysis (Fig. 5.10). Impairment of mechanisms allowing 

error-free DNA damage bypass associates to increased dependency on error-prone pathways, 

as a consequence leading to genome instability (Cejka et al., 2001). 

Translesion (TLS) polymerases play a key role in error-prone DNA lesion bypass by filling 

the gap left behind the replication forks or swapping with the replicative polymerases. 

Notably, TLS polymerases often use non-specific nucleotides, introducing mistakes that 

later can be converted into DNA mutations (McCulloch et al., 2007; Zhong et al., 2006). 

Indeed, ctf4D dpb3D mutants are characterized by severe defects in error-free DDT, which 

are associated to a strong increase in spontaneous and MMS-induced mutagenesis, largely 

dependent on Polz activity (Fig. 5.11). 

Translesion synthesis in S. cerevisiae is specifically performed by a set of different enzymes 

comprising Polz, Rev1, and Polh. We tested the contribution of these TLS polymerases to 

the ctf4D dpb3D  viability in MMS, and we found that viability in MMS of ctf4D dpb3D 

strongly relies on the hyperactivation of the mutagenic TLS activities (Fig. 5.12).  

Similar phenotypes were shared by ctf4D dpb3-hfm mutants (Fig. 5.12). Our data indicate 

that MMS resistance arising in ctf4D cells upon loss of the Dpb3 histone-fold motif 

functions, correlates with uncontrolled activation of translesion synthesis mainly mediated 

by Polz and Rev1, suggesting that Dpb3 may play a role in inhibiting the TLS pathway. 

Interestingly, Polh appears to play a minor role in supporting ctf4 dpb3 viability in MMS 

and is not required in ctf4 dpb3-hfm mutants. Thus, it may be that other functions of Dpb3 

that are independent from its histone-fold motif properties are involved in negatively 

regulating Polh.  

Overall, based on the severe increase of mutagenic event in the double mutant and on the 

dependence of TLS-pathway for the survival on MMS, we speculate that in ctf4D dpb3D 
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cells, error prone polymerases, would allow replication while not visibly affecting the levels 

of fork uncoupling and fork remodeling events (Fig. 5.11, 5.12, 5.15). 

6.1.4 Ctf4 and Dpb3 are involved in a chromatin-based mechanism that prevents 

genomic instability 

Replication of genomic DNA requires disassembly of nucleosomes in order to make DNA 

accessible to replication factors. In addition, upon replication fork passage, DNA must be 

re-assembled into nucleosomes to prevent being exposed to potential dangers which may 

result in genome instability. This process is known as replication-coupled nucleosome 

assembly and requires the coordination among histone chaperones and factors that are part 

of the replisome machinery (W. Zhang et al., 2020). 

It has been recently discovered that the subcomplex formed by Dpb3 and Dpb4 is able to 

bind parental H3-H4 to facilitate their deposition on the leading strand, while Mcm2-Ctf4-

Pola axis is involved in facilitating the deposition of parental H3-H4 on the lagging strand 

(Bellelli et al., 2018; Gan et al., 2018a; Yu et al., 2018). 

Chromatin remodelers and chaperones cooperate with other factors involved in fork 

stabilization and DNA repair to maintain genome stability, however little is known on how 

these different pathways cross-talk. Based on the present literature, we wondered whether 

the histone-chaperone functions of Dpb3-Dpb4 and of Mcm2-Ctf4-Pola play a role in 

supporting DDT. 

We could address this question using reported point mutants of Dpb3 (dpb3-hfm), Pol1 

(pol1-2A2) and Mcm2 (mcm2-3A) that affect the above mentioned functions of these 

proteins. Interestingly, we discovered that mutations affecting the correct nucleosome 

deposition on daughter DNA strands negatively influenced the ability of cells to perform 

recombination-mediated bypass of DNA lesions by template switching (Fig. 5.13, 5.14). 
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Thus, we uncovered a novel role of Pol e and Mcm2-Ctf4-Pola axis in coupling replication-

coupled nucleosome assembly with recombination-mediated DDT mechanism, which is 

relevant for the maintenance of genome integrity in response to genotoxic stress. 

Of interest, deletion or mutations affecting the auxiliary subunits Polymerase e give growth 

advantage of cells lacking Ctf4. We propose that histones chaperones properties of 

Polymerase e and the Ctf4/Pola/Primase axis act in parallel to facilitate error-free DDT, 

while indirectly inhibiting the activity of error-prone polymerases. 

Previous studies suggest that upon DNA damage there is a re-localization of parental 

histones at the site of damage, which could serve as a signal for DNA repair factors (Adam 

et al., 2016; Lukas et al., 2011). Thus, it may be that ctf4D dpb3D mutants experience altered 

deposition of parental histones on daughter strands. This may impact the chromatin 

environment, resulting in impairment of the error-free DDT pathway choice upon fork 

stalling (Fig. 5.10, 5.13, 5.14), and favoring the usage of error-prone TLS-pathways (Fig. 

5.11, 5.12). In turn, hyper-usage of mutagenic pathways such as TLS would lead to 

uncontrolled mutagenesis, which eventually allows mutant cells to escape chemotherapeutic 

drug effects and become resistant (Model 1).  

It would be interesting to perform further studies to understand exactly the mechanism by 

which recycling of parental histones on DNA strands impacts DNA damage tolerance 

pathway choice. Taken together, our results shed the light on a novel chromatin-based 

mechanism that underlies acquisition of resistance to chemotherapeutic therapies. 
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Model 1. 

Model 1. Schematic representation of the interplay between Mcm2/Pola/Ctf4 and 

Pole axes 

In wild-type cells replication-associated nucleosome assembly mediated by Pole and 

Mcm2/Pola/Ctf4 favours replication of DNA alkylating lesion by error-free post-replicative 

gap-filling, while translesion activity is limited. Loss of functions associated to both axes, 

leads to defects in error-free DNA damage tolerance and to deregulated usage of error-prone 

translesion synthesis. This increases the frequency of cellular mutagenic events, which 

eventually results in acquisition of drug-resistance.  
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PART II  

6.2.1 Ctf4 at the replisome is required for recombination-mediated DNA bypass 

As previously discussed, Ctf4 is present in cells in a homotrimeric configuration, as the result 

of the interaction among the central domains of each Ctf4 monomer. Ctf4 is well known to 

link Pola/Primase complex to the CMG helicase, in this way coupling replication fork 

progression with repriming events (Gambus et al., 2009a; Simon et al., 2014). In addition, 

previous studies reported novel factors binding to Ctf4, thus underlining its role as scaffold 

protein (Villa et al., 2016). 

Interactors of Ctf4 can be divided into three groups based on the sequence of their Ctf4-

interacting motifs and on the domain of Ctf4 that is involved in the binding (Table 1). Point 

mutations of Ctf4 in the a-helical domain (ctf4-4E mutants) or in the central b-propeller 

domain (ctf4-3E mutants), impair the interaction with binding factors containing Ctf4 

Interacting Peptide (CIP)-box type I and II respectively (see Table 1). 

Table 1. 

Ctf4 known interactors 

CIP box type I CIP box type II WD40 

Sld5 Dpb2 Mms22 

Pol1 Tof2  

Dna2   

Table 1. Ctf4 interactors 

Known Ctf4 interactors are reported in Table 1. Proteins containing CIP-box type I and CIP-

box type II interact with the C-terminus and the central beta-propeller of Ctf4 respectively. 

The N-terminal region of Ctf4 containing a WD40 repeat domain is known to interact with 

Mms22.  

Complete loss of Ctf4 (ctf4D) results in multiple phenotypes such as sister chromatids 

cohesion defects, impaired recombination-mediated gap filling upon fork stalling and 

abnormal replication fork topology. Because Ctf4 is involved in the recruitment and 
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coordination of a multitude of proteins, it is difficult to assess which and how these recruited 

factors influence different molecular processes. 

Since we were interested to deeper investigate which specific properties associated to Ctf4 

are relevant for promoting efficient error-free DDT, we started analyzing separate of 

function Ctf4 mutants by using ctf4-4E and ctf4-3E  point mutated alleles of Ctf4 (Villa et 

al., 2016). We observed that ctf4-4E mutants, in which Ctf4 enrichment at the replication 

fork is reduced, causes defects in DNA alkylating lesion tolerance by replication-coupled 

recombination, which associate with increased usage of error-prone DNA damage tolerance 

and increased sensitivity to the DNA-alkylating drug MMS (Fig. 5.16, 5.17). 

Our data indicate that association of Ctf4 to the replisome is required to promote error-free 

DNA damage tolerance. Instead, ctf4-3E does not display such defects, indicating that 

interaction of Ctf4 with Dpb2 or Tof2 is not essential for this process. However, it may be 

that these associations are important for other processes or they are also involved in 

recombination-mediated DNA lesion bypass in other contexts. Indeed, Tof2 is a rDNA 

associated protein which is involved in rDNA recombination (Abraham et al., 2019), and 

whose interaction with Ctf4 was shown to be important for preservation of rDNA copy 

number (Villa et al., 2016). It would be interesting in the future to see whether Ctf4-Tof2 

interaction is important to regulate Tof2 activity in mediating recombination at this locus, 

and to further investigate how this regulation takes place. 

6.2.2 Pola/Primase recruitment to the replisome is important for replication-

coupled recombination and fork stability 

Ctf4 association to the replisome is required to facilitate error-free DNA damage tolerance. 

Since Pola/Primase is one of the best known Ctf4 binding partners, we investigated how this 

association contributes to DNA synthesis progression upon fork stalling induced by 

replication stress. 
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Point mutations in Pol1 CIP box (pol1-4A) cause similar 2D gel phenotypes as cells with 

impaired Ctf4 binding to the replisome (ctf4-4E) (Fig. 5.18). Our results support the theory 

that DDT upon primer-promoted fork restart is the most prominent pathway in S. cerevisiae 

and show that repriming function needs to be coupled to replication forks progression in 

order to support genome stability. This latter point is strongly supported by the fact that 

artificially tethering Pola/Primase to the replicative helicase, achieved by fusing Cdc45 with 

Pol1 (cdc45-pol1-4A) (Fig. 5.19), to bypass the need of Ctf4 mediating its recruitment, was 

able to rescue the pol1-4A defect by 2D (Fig. 5.20). 

Loss of Ctf4 does not abolish repriming, but is expected to cause uncoupling between the 

replication fork progression and repriming events required to restart DNA synthesis upon 

fork stalling. Here we show that this uncoupling, manifested in both ctf4-4E and pol1-4A 

mutants, is associated with an increase in the levels of ssDNA gaps at the fork and in 

replication fork reversal events (Fig. 5.21).  

Fork reversal is an alternative mechanism used to stabilize the replication forks upon DNA 

damage-induced stalling, which is generally limited when repriming is functionally coupled 

to the replication fork thus allowing DNA synthesis restart. Impaired activity of 

Pola/Primase in the context of the replication fork likely favors fork restart by fork reversal. 

This hypothesis is supported by the fact that artificially coupling Pola/Primase activity to 

the replicative helicase can partially revert the abnormal forks structures observed in pol1-

4A mutants. Therefore, we can speculate that repriming associated to replication fork has a 

role in supporting fork stability, which prevents genomic instability. 

Notably, pol1-4A mutants showed a stronger effect on fork topology compared to ctf4-4E 

mutants, in which Ctf4 association to the replisome and consequently its ability to bring in 

close proximity CMG and Pola/Primase is affected. However, it is known that Pola/Primase 

can still be recruited to a lesser extent by Mcm10 (Perez-Arnaiz et al., 2017; Warren et al., 

2009). pol1-4A mutations are located close to the Mcm10 interaction site, thus it may be that 
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these mutations cause a distortion in the protein spatial conformation and reduce also its 

interaction with Mcm10 aggravating the phenotypes observed. 

6.2.3 Different domains of Ctf4 cooperate to support error-free post-replicative repair 

and fork topology 

Efficient recombination-mediated DDT and normal replication fork structures requires 

Pola/Primase activity at the replisome via Ctf4 C-terminal-mediated recruitment of the 

complex, and it does not require functions associated to the Ctf4 central domain. 

The a-helical bundle present in the C-terminus of Ctf4 mediates the binding not only with 

Pol1, but also with Dna2 and likely a set of other not yet identified interactors (Villa et al., 

2016). Moreover, the N-terminus of Ctf4 contains a WD40 repeat domain, which is generally 

known to act as a protein scaffold. 

We were interested in investigating whether the functions of Ctf4 involved in supporting 

error-free DDT were related only to the repriming coupling or if also other functions 

cooperate in this process. We found that artificial tethering of Pola/Primase to the replisome 

could not rescue the defects in replication-coupled DNA lesion bypass of ctf4-4E mutants 

(Fig. 5.23), suggesting an interplay between Ctf4-supported repriming and other functions 

associated to the C-terminus or to other domains of Ctf4. 

Interestingly, when we tested ctf4DNT by 2D gel analysis we observed similar phenotypes 

with those of ctf4-4E (Fig. 5.22). The WD40 domain located at the N-terminus of Ctf4 is 

known to bind Mms22 upon genotoxic stress (Buser et al., 2016), which has been shown to 

be important in facilitating replication fork recovery by homologous recombination 

(O’Donnell et al., 2010; Saredi et al., 2016; Vaisica et al., 2011). Recently, our lab showed 

that in association with Cullin8, Mms22 also facilitates template switching (Waizenegger et 

al., 2020). It may be that interaction between Mms22 and Ctf4, which is lost in Ctf4 mutants 

with truncated N-terminus (ctf4DNT), contributes to error-free DDT by positively 

modulating repriming activity or by counteracting the action of other pathways which 
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compete for DNA lesion tolerance. Notably, the level of the N-terminally truncated Ctf4 

appears lower respect to the wild-type or other mutants of the protein (data not shown). Thus, 

we cannot formally exclude that the defects observed are caused by an insufficient level of 

the protein to support its functions. 

The C-terminus of Ctf4 also interacts with the essential helicase/nuclease Dna2, the nuclease 

activity of which is known to be involved in processing of intermediates generated upon fork 

stalling (Rossi et al., 2018; Thangavel et al., 2015). Although helicase activity of Dna2 is 

essential, hypomorphic mutations in Dna2 helicase activity confer sensitivity to MMS and 

are lethal when Ctf4 is deleted (Formosa & Nittis, 1999). It may be that Dna2 activity is 

regulated by Ctf4 during the process of stalled fork repair and recovery. 

Taken together, Ctf4 is a scaffold protein with multiple binding partners important to 

coordinate efficient sister chromatid cohesion, replication-coupled DNA damage bypass, 

replication fork topology. Based on our data, we propose that Ctf4 role in coupling 

replication fork progression and repriming events by mediating CMG-Pola/Primase 

interaction is required for fork stability and for repriming-driven DNA damage tolerance. 

However, this required function is not sufficient to support error-free bypass of drug-induced 

stalling lesions, suggesting that other factors are coordinated through Ctf4 and synergize to 

facilitate this process (Model 2). Such functions may be related to the nucleosome deposition 

function of Ctf4 in coordination with Pola and Mcm2, as described in part 1 of the 

discussion. In the future, we aim to investigate further this process to have deeper insights 

into the other players involved and how they are regulated.  
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Model 2. 

Model 2. Ctf4 regulates replication-coupled repriming and additional functions to 

promote error-free bypass of DNA obstacles 

Ctf4 binds to multiple factors, in addition to linking Pola/Primase to the replicative helicase. 

Error-free filling of gaps left behind DNA obstacles is preferentially promoted upon 

replication-coupled repriming, thus limiting the usage of other DNA damage tolerance 

mechanisms such as error-prone translesion synthesis and fork remodeling associated to fork 

reversal. However, Ctf4 roles in facilitating replication-associated recombination requires 

that repriming is coordinated via Ctf4 with other additional processes. 
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