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Cell survival depends on the genome integrity throughout the cell cycle and includes the 

faithful segregation of chromosomes in anaphase. DNA is continuously compromised by both 

exogenous and endogenous sources, such as ionizing radiation or reactive oxygen species 

(ROS) from the internal metabolism, respectively. In the last instance, insults to the integrity of 

the DNA can happen. DNA double-strand breaks (DSBs) are among the most harmful lesions 

that cells have to face. DNA breakage can result in severe mutations and promote genomic 

instability, leading to cancer, senescence, or cell death. However, cells have developed 

different repair pathways to confront DSBs.  

DSB repair mechanisms can be classified into non-homologous end joining (NHEJ) and 

homologous recombination (HR). The NHEJ pathway is triggered during the G1 phase, which 

is characterized by the absence of a sister chromatid to act as an intact DNA template for 

repair and the low CDK/cyclin activity. On the other hand, HR is used from the S phase 

onwards, when CDK/cyclin levels rise, and chromosomes comprise two sister chromatids. 

NHEJ entails an error-prone mechanism since broken DNA ends are barely processed and 

directly re-joined, causing short insertions and deletions at the flanking sites of the DSB. On 

the contrary, HR is an error-free repair pathway because the broken DNA is restored by 

copying the nucleotide information from the homolog intact template, usually the intact sister 

chromatid.  

However, how cells deal with DSBs at late anaphase/telophase is still unknown. These 

latest stages of the cell cycle are paradoxical scenarios. First, CDK/cyclin levels are still high, 

and this would promote HR-mediated repair. Nonetheless, sister chromatids have been 

previously segregated in anaphase, supporting a more important role for NHEJ since the intact 

template is not close and well-aligned to be invaded. 

In this work, the budding yeast Saccharomyces cerevisiae has been employed as a model 

to determine the cellular response and the repair pathways triggered to face DSBs in 

telophase. Cdc15-2 conditional mutants have been used to generate stable telophase blocks 

where to generate single and multiple DSBs. Fluorescence microscopy analysis has 

uncovered: i) the approximation of the segregated DNA material, ii) the acceleration of 

chromosome movement, iii) the structural and dynamics changes produced in the 

microtubules apparatus, and iv) the generation of coalescence events between segregated 

sister chromatid loci. Also, cells delay the telophase-to-G1 transition in a Rad9-dependent 

manner, and the partial dephosphorylation of the Cin8 kinesin motor protein is relevant to 

promote the reversion of segregation. The molecular monitorization of a single DSB repair also 

showed that cells favor HR over NHEJ in a Rad9-, Mre11-, and Yku70-independent but 

cohesin-dependent manner.  
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Additionally, an experimental approximation on the HeLa cells response has also been 

performed. Cells delayed cytokinesis after being confronted with phleomycin-mediated DSBs 

at late anaphase/telophase stages. Contrary to what happened in yeast, HeLa cells did not 

modify the microtubular morphology. Instead, they responded to DSBs by phosphorylating the 

histone variant gH2A.X. Strikingly, 53BP1, RIF1, and RPA2 foci appeared simultaneously. 

Although previous works have described that 53BP1 and RIF1 promote NHEJ and counteract 

resection, telophase-damaged cells showed a pattern where both NHEJ and HR pathways 

seem to cooperate. 
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1.1. Saccharomyces cerevisiae as a model organism 

The yeast Saccharomyces cerevisiae, also commonly known as baker’s or budding yeast, 

is one of the most extensively used organisms for research. It is a model for a wide variety of 

eukaryotic cellular processes, such as cell cycle control and division, DNA replication and 

segregation, DNA repair, and aging, among many others. It supposes a handy tool because 

many essential proteins associated with fundamental cellular functions are highly conserved 

in mammals, including Homo sapiens.  

It is a single-cell organism with a high cell division rate and a short cell cycle duration (~ 90 

minutes). Indeed, it grows optimally in cheap and relatively straightforward conditions. 

Besides, it is very suitable for genetic engineering because of its remarkably effective 

homologous recombination. Thus, DNA can be easily modified to study the effect of gene 

deletions, N- or C-terminal protein tagging, or gene overexpression (Janke et al., 2004; Knop 

et al., 1999). Incidentally, it can stably propagate either as haploid or diploid through 

continuous mitotic divisions. Haploids are classified into two different sexual types, known as 

MATa and MAT!. When both cell types fuse, they produce a diploid. If environmental 

conditions become stressful, such as during nutrient starvation, diploid cells undergo meiosis 

and generate four haploid spores, two for each sexual type (Fig. 1.1) (Schrick et al., 1997). 

 
 

Figure 1.1. Life cycle of S. cerevisiae. Budding yeast grows mitotically as either haploid or diploid. 
The transition from haploid to diploid occurs by the fusion of two cells of different mating types, whereas 
sporulation happens through meiosis. Adapted from: http://www.unifr.ch/biochem/index.php?id=11. 
 

The whole genomic nucleotide sequence is known since 1996, and it comprises 12.1 million 

base pairs (bp) distributed in 16 chromosomes and ~ 6,000 genes (~ 4,000 are not essential) 

(Goffeau et al., 1996). 

S/G2

S/G2

G1

G1

Mitosis

Mitosis

Diploid
cycleHaploid

cycle
a

a

a
a

!
!

a

!

a/!

!
!

G0G0

Mating

Sporulation Meiosis



30 / 246

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3075810				Código de verificación: smutbmB+

Firmado por: JESSEL AYRA PLASENCIA Fecha: 30/11/2020 12:24:14
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 08/02/2021 13:50:06
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2020/128238

Nº reg. oficina:  OF002/2020/126910
Fecha:  03/12/2020 10:28:14

1. Introduction 
 

 28 

1.2. Cell cycle regulation of Saccharomyces cerevisiae 

As stated above, the cell cycle duration usually lasts ~ 90 – 120 minutes. The variation 

mainly depends on nutritional and environmental conditions, as S. cerevisiae divides in a wide 

variety of growing media at temperatures ranging from 23 to 37 ºC.  

The cell cycle is mainly differentiated into two phases: the S phase (when the DNA is 

replicated) and the M phase or mitosis (when the duplicated genome is segregated between 

two daughter cells). Two gaps temporally separate both steps: the G1 (when cells grow in size 

and activate the metabolism) and the G2 (which is almost inexistent in S. cerevisiae) (L. H. 

Hartwell, 1991) (Fig. 1.2). 

Cdc28 protein is the only cyclin-dependent kinase (CDK) that drives every cell cycle event. 

Its action is regulated by 3 N-type cyclins specific for late G1, and 9 B-type cyclins expressed 

throughout S, G2, and M phases (D. J. Lew & Reed, 1993; Mendenhall & Hodge, 1998; 

Nasmyth, 1993).  

 

Figure 1.2. Schematic view of the cell cycle of S. cerevisiae. The draws depicted next to each phase 
represent the cell morphology (yellow), the nucleus shape (blue), and the spindle pole bodies (orange 
and violet) together with microtubules disposition (green) for each cell cycle stage.  

 
1.2.1. Regulation from G1 to Mitosis 

Cells in G1 increment their mass and size until reaching a point of no return (called START), 

from which they are committed to entering a new mitotic cycle (Dirick et al., 1995; L. H. 

Hartwell, 1974). After the START point, the Cln3-Cdc28 complex disassembles the 

transcription inhibitor Whi5. Cdc28 then activates the Swi4/6 cell cycle box complex (SBF) to 

enhance transcription at the G1-to-S transition (Costanzo et al., 2004; de Bruin et al., 2004, p. 
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3). This way, CLN1 and CLN2 genes are transcribed. Cln1- and Cln2-Cdc28 complexes 

regulate the transcription of CLB5-CLB6 and the degradation of the B-type mitotic cyclins 

inhibitor Sic1 (Levine et al., 1995; Nasmyth & Dirick, 1991; Ogas et al., 1991; Sidorova & 

Breeden, 1993). Through these changes in the Cdc28 partners, the spindle pole body (SPB) 

duplicates, and cells enter into the early S phase for replicating the DNA.  

From the S phase onwards, every cellular process is governed by B-type cyclins. First, 

Clb5- and Clb6-Cdc28 inhibit the Cln cyclins and regulate the proper initiation of replication. 

Once Cln cyclins get degraded, Clb3 and Clb4 are translated to safeguard the SPB duplication 

and the reinitiation of already fired replication origins (Basco et al., 1995; Dahmann et al., 1995; 

Epstein & Cross, 1992, p. 5; Fitch et al., 1992; Schwob et al., 1994).  

After replication and the entry in G2, the SBF-mediated transcription and the SPB 

duplication are inhibited by the Maturation Promoting Factor (MPF). MPF is under the control 

of Clb1 and Clb2 cyclins, and it regulates the phosphorylation and activation of the anaphase-

promoting complex (APC) to perform the metaphase-to-anaphase transition (Booher et al., 

1993; Ghiara et al., 1991; D. J. Lew & Reed, 1993; Surana et al., 1993). 

 
1.2.2. Chromosome segregation 

The DNA needs to be correctly replicated and faithfully transmitted to the progeny after 

each cell cycle. Cells ensure viability by triggering molecular mechanisms to control the sister 

chromatid cohesion, condensation into chromosomes with a critical length, the adequate 

formation and attachment of kinetochores at centromeres, and sister chromatid separation to 

the daughter cell.  

From the S phase until the anaphase onset, the cohesin complex plays an essential role in 

the structural maintenance of sister chromatids. Cohesin is a multiprotein complex composed 

of Smc1, Smc3, Scc1 (also known as Mcd1), and Scc3 subunits (Hirano, 2000; Michaelis et 

al., 1997; Sjögren & Nasmyth, 2001). It forms a heterotrimeric ring that embraces and holds 

the replicated sister chromatids together and well-aligned until reaching late G2 (Díaz-Martínez 

et al., 2008; Koshland & Guacci, 2000; Laloraya et al., 2000; Michaelis et al., 1997; Strunnikov 

et al., 1993, p. 1). Once the replication finishes, APCCdc20 (APC associated to its regulatory 

cofactor Cdc20) degrades the “securin” (Pds1), so that the “separase” (Esp1) becomes active. 

It then cleaves the Scc1 subunit by proteolysis, releasing sister chromatids from cohesion 

(Cohen-Fix et al., 1996; Michaelis et al., 1997; Uhlmann et al., 1999; Yamamoto et al., 1996b, 

1996a). 



32 / 246

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3075810				Código de verificación: smutbmB+

Firmado por: JESSEL AYRA PLASENCIA Fecha: 30/11/2020 12:24:14
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 08/02/2021 13:50:06
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2020/128238

Nº reg. oficina:  OF002/2020/126910
Fecha:  03/12/2020 10:28:14

1. Introduction 
 

 30 

Apart from cohesin, the related condensin complex also plays a vital role. Yeast condensin 

is composed of Smc2, Smc4, Ycs4, Ycg1, and Brn1 subunits (Hudson et al., 2009; Ouspenski 

et al., 2000; Strunnikov et al., 1995; B.-D. Wang et al., 2006). DNA condensation is maintained 

from G2 until telophase in an Aurora kinase (Ipl1)-dependent manner. The compaction is 

necessary to make the chromosome arms shorter than the spindle length and more 

manageable to segregate (Guacci et al., 1994; Machín et al., 2005; Vas et al., 2007). 

Besides cohesin and condensin, sister chromatids are held together by topological linkages. 

Catenations are cohesin-independent subproducts of the replication and condensation 

processes. Before segregation, Topoisomerases II (Top2 in yeast) resolves catenations by 

creating a transient DNA double-strand break (DSB). Then, Top2 passes an intact portion of 

DNA through the cut and restore the gap, lowering the entanglement degree (Nitiss, 2009a, 

2009b). Furthermore, physical DNA-DNA linkages may also maintain sister chromatids 

together, such as X-shaped DNA intermediates resulting from repair processes. Smc5-Smc6 

complexes remove recombination intermediates and enhance the segregation of repetitive 

DNA sequences, such as the rDNA (Aragón, 2018; Bermúdez-López et al., 2010; Torres-

Rosell, Machin, et al., 2005; Torres-Rosell, Machín, et al., 2005).  

Cells regulate chromosome segregation not only by resolving intertwinings, recombination 

intermediates, and proteinaceous linkages between sister chromatids. They also modulate 

subcellular structures such as the SPBs, the microtubules apparatus, and the kinetochores. 

These structures are highly regulated and are necessary to pull apart the replicated 

chromosomes to the poles of the dividing nucleus. In yeast, the SPB is embedded in the 

nuclear membrane, which does not disappear during the so-called “closed” mitosis. This kind 

of mitotic division entails a fundamental difference between yeast and higher eukaryotes 

mitoses, as the nuclear membrane is disassembled in mammals when segregation is 

performed (Sazer et al., 2014).  

SPBs (yeast microtubule-organizing center ortholog) is composed of three plaques, known 

as i) the inner plaque, where nucleation of interpolar (iMTs) and kinetochores microtubules 

(kMTs) occur, ii) the central plaque, which serves as a scaffold for the intra- and extra-nuclear 

SPBs domains and iii) the outer plaque, where cytoplasmic nucleation of astral microtubules 

(aMTs) is carried out. Also, SPBs contain a half-bridge whose function is associated with the 

duplication, formation, and nucleation of the new SPB (Fraschini, 2017; Sue L. Jaspersen & 

Winey, 2004; McIntosh & O’Toole, 1999; Rüthnick & Schiebel, 2016; Scarfone & Piatti, 2017).  

The SPB cycle initiates when cells are in G1. The half-bridge elongates from the central 

plaque to produce the “satellite” structure. When the cells reach the START point, the 

duplication plaque is formed in a phosphorylated Spc42-dependent manner (Sue L. Jaspersen 
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et al., 2004; Sue L. Jaspersen & Winey, 2004; Rüthnick & Schiebel, 2016, 2018). Thus, the 

duplication plaque starts maturating, and all components to form the new SPB are recruited. 

Both SPBs remain connected through a bridge until the end of the S-phase.  

After replication, kinetochore proteins bind to centromeres. Kinetochores are multiprotein 

structures located at the plus ends of MTs. They attach to centromere-specific regions (known 

as CDE-I, -II, and -III) and serve as a scaffold to bind DNA and MTs, and thus separate 

chromosomes through the bipolar and elongated mitotic spindle (Keith & Fitzgerald-Hayes, 

2000, p. 4; Murphy et al., 1991; Saunders et al., 1988; Tanaka, 2010). Kinetochores also 

enhance the nucleus polarization through the interaction and expansion of iMTs from both 

SPBs (Caydasi & Pereira, 2009; Hotz et al., 2012; Palmer et al., 1992; Pearson et al., 2001).  

Segregation of kinetochores and centromeres along the iMTS is mediated by motor and 

microtubule-associated proteins (MAPs). Cin8 and Kip1 kinesins motors, Dyn1-3 dyneins, and 

Bim1-Kar9 MAPs (among others) lengthen and shorten iMTs and aMTs, respectively (Barnes 

et al., 1992; Tanaka, 2010; Tanaka et al., 2005; Winey & Bloom, 2012). Yeast kinesin-5 motor 

protein Cin8 is involved in anaphase progression. It contains three CDK sites in its motor 

domain (S277, T285, and S493), whose post-translational status modifies its location and 

activity along the spindle. In pre-anaphase spindles, Cin8 is dephosphorylated by PP2ACdc55 

and accumulates near the SPBs. Then, at the anaphase onset, CDK partially phosphorylates 

Cin8 at S277 and S493 sites, promoting its relocation from the SPBs to the spindle midzone. 

FEAR-mediated Cdc14 release (see section 1.2.3) dephosphorylates the S493 residue and 

keeps the T285 site in a non-phosphorylated status. This way, Cin8 attaches stronger to the 

midzone and starts sliding away antiparallel MTs, leading to the elongation of iMTs and the 

separation of sister chromatids. In late anaphase, CDK phosphorylates all three sites, and 

Cin8 is inactivated and detached. Finally, iMTs are depolymerized, and cells perform the exit 

from mitosis (Avunie-Masala et al., 2011; D’Amours & Amon, 2004; Goldstein et al., 2017; 

Queralt et al., 2006; Shapira et al., 2017; Stegmeier et al., 2002).  

 
1.2.3. Exit from mitosis 

Whereas Cln- and Clb-Cdc28 complexes drive every cellular process from the S phase 

onwards, the exit from mitosis requires the adequate inhibition of the CDK activity. Yeast 

essential Cdc14 phosphatase, a tightly regulated protein, is directly involved in the CDK 

inactivation (Stegmeier & Amon, 2004). Cdc14 locates within the nucleolus and remains 

sequestered and inactive through the association to its specific inhibitor Net1 (Játiva et al., 

2019; R. Visintin et al., 1999, p. 1). Yeast cells perform a double activation and subsequent 

Cdc14 release from the nucleolus for triggering mitotic exit. It occurs via two molecular 
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signaling cascades known as the Cdc14-Early Anaphase Release (FEAR) and the Mitotic Exit 

Network (MEN) (Baro et al., 2017; Stegmeier & Amon, 2004; B.-D. Wang et al., 2004; Yoshida 

et al., 2002) (Fig. 1.3). 

Clb1- and Clb2-Cdc28 phosphorylate the APCCdc20 in late G2. As stated above, APC leads 

to the ubiquitin-mediated degradation of the Pds1/securin inhibitor. Pds1 degradation 

promotes the activation of Esp1/separase, which cleaves the cohesin ring subunit Scc1 and 

liberates the sister chromatids to segregate (Cohen-Fix et al., 1996). Besides, Esp1 promotes 

the PP2ACdc55 inhibition (which precludes the inopportunely Cdc14 release), and the Polo-like 

kinase Cdc5 activation (Buonomo et al., 2003; Rahal & Amon, 2008; Sullivan & Uhlmann, 

2003; C. Visintin et al., 2008). Then, Cdc5 phosphorylates Net1 and promotes the first Cdc14 

release. 

 
Figure 1.3. Scheme depicting the signaling cascades that regulate FEAR and MEN networks. 
Green ovals signal proteins involved in FEAR, whereas the blues points to those implied in MEN. APC: 
Anaphase Promoting Complex. P: Phosphorylated protein. 

 
When FEAR is triggered, Cdc14 diffuses throughout the nucleus and dephosphorylates 

several targets. Cdc14 enhances the chromosome segregation (including the rDNA array) and 

controls the nuclear positioning and the spindle dynamics (Khmelinskii et al., 2009; Roccuzzo 

et al., 2015; Rozelle et al., 2011). Furthermore, it promotes the MEN regulatory network, which 

in turn leads to its second activation through a positive feedback. 
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The triggering of MEN depends on Tem1, a GTPase member of the Ras superfamily, which 

accumulates at SPBs and controls the actomyosin and septins dynamics during cytokinesis 

(Stegmeier et al., 2002; Stegmeier & Amon, 2004). Once the old SPB enters into the daughter 

cell, Lte1 counteracts the Bfa1-Bub2 complex (which blocks the cell cycle progression in 

response to spindle and kinetochore damage) and activates Tem1 (Segal, 2011; Varela et al., 

2009; Yoshida et al., 2002, 2003). Tem1 interacts directly with Cdc15 kinase, which is then 

recruited to the SPBs and activated through Cdc14-mediated dephosphorylation (Cenamor et 

al., 1999; S. E. Lee et al., 2001; Rock & Amon, 2011, p. 15; Varela et al., 2009, p. 15). This 

way, Cdc15 acts over the Dbf2-Mob1 complex, which directly generates the second Cdc14 

release responsible of cytokinesis (Mah et al., 2001, p. 2; Mohl et al., 2009, p. 2). 

In the second release wave, Cdc14 dephosphorylates the transcription factor Swi5, which 

promotes the transcription of the B-type mitotic cyclins inhibitor Sic1. In turn, it also 

dephosphorylates translated Sic1 to prevent its degradation, and activates the APC/CCdh1 to 

degrade both Polo-like kinase Cdc5 and Clb1-Clb2 mitotic cyclins (S. L. Jaspersen et al., 1999; 

Prinz et al., 1998; C. Visintin et al., 2008; R. Visintin et al., 1998). Cdc5 degradation leads to 

the return of Cdc14 into the nucleolus (Schwab et al., 1997). Cdc14 release also activates the 

structure-specific endonuclease Yen1, which relocates into the nucleus to resolve remaining 

Holliday junctions (Eissler et al., 2014, p. 1; García-Luis et al., 2014). 

Finally, MEN-released Cdc14 regulates the proper execution of cytokinesis. Once 

CDK/Cyclin and the Polo-like kinase levels decrease, the contractile actomyosin ring splits into 

two. It generates the mobilization of secretory vesicles containing the required factors to finish 

the actomyosin contraction and separation. Consequently, it causes a reorganization of the 

cytoskeleton and the formation of primary and secondary septums, resolving mother and 

daughter cells into two individual entities (Gladfelter et al., 2001; McMurray & Thorner, 2009; 

Meitinger et al., 2012; Palani et al., 2012; Rauter & Barral, 2006; Yoshida et al., 2006).  

 
1.3. The DNA Damage Response 

Cell survival mostly depends on DNA integrity. The genetic material, organized as 

chromosomes, must be appropriately duplicated and segregated during the cell cycle. The 

DNA molecule is highly stable and the sequence needs to be faithfully maintained. However, 

the double-helix is continuously subjected to a high metabolic activity, such as replication, 

transcription, recombination, or segregation, among others. DNA damage arises if the DNA 

molecule suffers alterations (either in the structure or nucleotide sequence). Most of the DNA 

damage can be classified as i) endogenous, caused as a consequence of metabolic activity 
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(i.g., reactive oxygen species) and, ii) exogenous, promoted by physical or chemical agents 

(e.g., UV irradiation, genotoxins, etc.). Hence, cells face a constant challenge to maintain 

genome integrity.  

Cells ensure the progression through the cell cycle by monitoring the appearance of DNA 

lesions. Each stage is protected from being prematurely triggered if the previous one has not 

adequately finished. Yeasts have developed several mechanisms that control DNA integrity. 

These pathways are known as checkpoints, and their performance depends on the type of 

DNA damage and the moment they appear (Fig. 1.4) (T. A. Weinert & Hartwell, 1990; T. 

Weinert & Hartwell, 1989, p. 2). 

 

Figure 1.4. Cell cycle phases scheme depicting the main checkpoints in S. cerevisiae. SAC: 
Spindle Assembly Checkpoint. SPOC: Spindle Position Checkpoint. 

 
Most of the checkpoints present in yeast are highly conserved through evolution. In all 

organisms, they are triggered to sense whether DNA is damaged through the cell cycle, even 

stopping the replication or segregation of chromosomes to repair (Foiani et al., 2000).  

All molecular checkpoints pathways have a sensor, a transducer, and a final effector. 

Sensors are proteins involved in recognition of DNA damage. They monitor the situation and 

stimulate the transducer to increase the effector activation, which in turn promotes a signaling 

cascade that delays the cell cycle progression (Barnum & O’Connell, 2014; Clarke & Giménez-

Abián, 2000; T. Weinert & Hartwell, 1989).  

As DNA damage can arise during the S phase, cells have developed the Replication 

Checkpoint to cope with insults such as replication fork blocks or single-stranded DNA, among 
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others (Branzei & Foiani, 2010; L. Hartwell et al., 1994). When cells have replication stress, 

Mec1 kinase phosphorylates Mrc1, which in turn activates Rad53 and promotes the checkpoint 

response (Alcasabas et al., 2001; Osborn & Elledge, 2003, p. 1). 

The DNA Damage Checkpoint (DDC) sensing relies on Mec1, Tel1, Rad53, and Chk1 

kinases (ATM, ATR, CHK2, and CHK1 in humans, respectively) (Craven et al., 2002; de la 

Torre-Ruiz et al., 1998; O’Shaughnessy et al., 2006). Besides, Rad9 plays a central role in 

amplifying DNA damage signals since it binds to DNA double-strand breaks (Naiki et al., 2004). 

DDC can be performed from the S phase to late-G2, stopping the cell cycle by interfering with 

different cell cycle control factors. 

Cells achieve mitosis by coordinating several elements involved in the segregation process. 

In yeast, the Spindle Assembly Checkpoint (SAC) assures that all centromeres and 

kinetochores have been attached to their corresponding MTs. It also preserves the correct 

orientation of sister chromatids to be separated along the mitotic spindle. If the tension 

between sister kinetochores is lost, the SAC delays the anaphase onset (Caydasi & Pereira, 

2009, 2009; Lara-Gonzalez et al., 2012; Daniel J. Lew & Burke, 2003). 

Interestingly, an extra delay has been described for anaphase bridges formed by dicentric 

chromosomes. Rad9 is closely implied in triggering the so-called Mid-Anaphase Checkpoint. 

It slows down (for almost 60 minutes) the mitotic spindle elongation when two centromeres 

within the same chromosome are pulled apart to the opposite nuclear poles (K. Bloom et al., 

1989; Hill & Bloom, 1989; Yang et al., 1997). 

Besides, spindle orientation is crucial for triggering MEN. SPBs must be adequately 

oriented, forming a bipolar spindle across the mother and daughter cellular bodies. If the 

mother-to-daughter polarity axis is not properly positioned, cells trigger the Spindle Position 

Checkpoint (SPOC), which delays the cell cycle until mitotic iMTs are correctly extended. The 

SPOC inhibits MEN through the Kin4 kinase. Kin4 counteracts Lte1 and prevents the inhibitory 

phosphorylation of Cdc5 that leads to Tem1 and Cdc15 activation, and so, the exit from mitosis 

(Caydasi & Pereira, 2009; Musacchio & Hardwick, 2002). 

Finally, cells have developed another surveillance pathway before the completion of 

cytokinesis. The NoCut Checkpoint prevents the breakage of lagged chromosomes that 

remain across the bud neck (compulsory cytokinetic plane in yeast) when the nuclear 

membrane abscission is carried out. The Aurora kinase Ipl1 is activated by the chromatin 

arranged along the spindle midzone and translocates Boi1 and Boi2 from the nucleus to the 

cortex to abolish abscission (Kerry Bloom, 2006; Mendoza et al., 2009; Norden et al., 2006).  
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1.4. DNA damage repair pathways 

Depending on the nature and the effect produced in the double-helix, DNA damage repair 

can be classified as single- and double-stranded. On the one hand, single-stranded DNA 

damage repair includes pathways such as direct reversal, base excision repair (BER), 

mismatch repair (MMR), and nucleotide excision repair (NER). By contrast, double-strand 

breaks (DSBs) are processed by non-homologous end joining (NHEJ) and homologous 

recombination (HR). HR, in turn, can be subdivided into synthesis-dependent strand annealing 

(SDSA), single-strand annealing (SSA), break-induced replication (BIR), and the pathway that 

leads to double Holliday junction (dHJs). 

 
1.4.1. Single-stranded DNA damage repair 

1.4.1.1. Direct Reversal 

Despite most of the repair pathways comprises complicated signaling cascades and 

numerous effectors, the Direct Reversal repair is based on removing the DNA damage by a 

simple chemical reaction. Depending on the nucleotide chemical modification, a specific 

enzyme is employed to restore the initial status. UV light or alkylating agents can generate 

pyrimidine dimers and methylation of DNA, respectively. Thus, cells use photolyases to split 

the covalent bonds between pyrimidine dimers, and the O6-methylguanine-DNA 

methyltransferase (MGMT) to remove methylated nucleotides (Eker et al., 2009; Memisoglu & 

Samson, 2001; Yi & He, 2013). 

1.4.1.2. Base Excision Repair 

This pathway involves the repair of non-bulky DNA lesions through the activity of DNA 

glycosylases. These enzymes can recognize alkylated, oxidated, and deaminated DNA bases. 

Once activated, they release the nitrogen base by breaking the N-glycosylic bond, giving rise 

to a DNA abasic site. These apurinic/apyrimidinic abasic sites (AP sites) can be restored 

through two distinct pathways. First, AP specific endonucleases can cut the AP site at the 5’ 

end of the sugar-phosphate backbone to directly provide a primer for the DNA polymerase ß 

and incorporate a new nucleotide. On the other hand, AP endonucleases can cleave at the 3’ 

end, so that phosphodiesterases act to remove the fragmented sugar and allow the activity of 

DNA polymerase ß as well. Finally, the DNA sequence is fully restored when DNA ligases seal 

the generated nicks (Boiteux & Guillet, 2004; Girard & Boiteux, 1997; Hegde et al., 2010; 

Krokan & Bjørås, 2013). 
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1.4.1.3. Mismatch Repair 

This pathway is implied in restoring mismatches such as single-nucleotide loop 

insertions/deletions and mispairs from the endogenous replication process, that despite being 

highly accurate, it can introduce mistakes. Both MLH (Mlh1, -2, -3, and Pms1) and MSH (Msh2, 

-3, and -6) complexes work simultaneously to scan the DNA sequence. Once a mismatch is 

found, the newly synthesized single strand is nicked and degraded. This way, the ssDNA gap 

is re-synthesized and sealed by DNA ligases (Bowers et al., 2001; Habraken et al., 1998; 

Karahan et al., 2015).  

1.4.1.4. Nucleotide Excision Repair 

When UV light- and bulky lesions-mediated DNA modifications appear, cells can trigger the 

Nucleotide Excision Repair. This pathway can be subdivided into i) NER-mediated Global 

Genome Repair (GGR) and ii) NER-mediated Transcription-Coupled Repair (TCR). GGR is 

employed when DNA damage is restored all along the genome, whereas TCR is preferred 

when DNA lesions occur on transcribed DNA strands of active genes. In both subtypes, 

specific proteins unwind the DNA around the lesion. Then, they split off a 24-32 DNA sequence 

containing the damaged nucleotide through incisions at 3’ and 5’. Finally, DNA synthesis and 

ligation are carried out (Apostolou et al., 2019; Kitsera et al., 2019; Marteijn et al., 2014; 

Reardon & Sancar, 2005). 

 
1.4.2. Double-strand DNA damage repair 

Double-strand breaks are one of the most harmful types of DNA damage. They are 

generated when the phospho-sugars backbones of both complementary DNA strands are 

broken at the same (or nearly close) position, leading to the physical separation into two DNA 

molecules. In single-strand DNA breaks, the complementary strand is still available as an intact 

template. However, accurate repair of DSBs could cause loss of genetic information, 

chromosome fragmentation, rearrangements, and cell death. As stated before, several 

endogenous or exogenous sources can generate them, such as reactive oxygen species 

(ROS) from the metabolism or ionizing radiation, respectively. (Her & Bunting, 2018; Li & Xu, 

2016; Shibata, 2017).  

As also mentioned above, cells have developed distinct DSBs-associated repair pathways 

to restore the physical integrity and the genetic information. They can be classified into non-

homologous end joining (NHEJ) and homologous recombination (HR) (Aparicio et al., 2014). 
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1.4.2.1. Non-homologous end joining 

This pathway works by directly fusing the two broken DNA ends after a minor processing. 

It is considered an error-prone mechanism since it can introduce short deletions or insertions 

at the break site (Fig. 1.5) (Chang et al., 2017; Chiruvella et al., 2013). 

Once the DSB is generated and detected, the complex Yku70/80 (KU70/80 in humans) 

binds to broken DNA ends to prevent the exonucleases-mediated degradation. Then, the 

Mre11-Rad50-Xrs2 (MRX complex, MRE11-RAD50-NBS1 in humans) is subsequently 

recruited to the site of the break. Yku70/80 remains bound to limit the Rad50-mediated 

exonuclease activity. Still, MRX forms an end bridging factor that links broken DNA ends and 

creates a scaffold where the rest of NHEJ components are recruited and assembled.  

 
Figure 1.5. General schematic of the NHEJ pathway. DSBs are first recognized by KU70/80 complex, 
which also recruits the MRN complex to bind the two broken ends. Then, nucleases and polymerases 
are recruited to generate blunt ends. Finally, the Ligase IV complex is activated, and the DNA molecule 
is restored.  

As NHEJ requires two blunt ends to repair, 3’ non-cohesive DNA overhangs can be either 

filled by polymerases or trimmed by nucleases. It entails a significant cause of small deletions 

or insertions. Pol4 (Pol µ and Pol λ in humans) or Artemis nuclease (yeast ortholog Pso2, 

which is involved explicitly in interstrand cross-link repair) are recruited for processing the 

terminal ends. Then, Lig4, together with Lif1 and Nej1 (DNA ligase IV, XRCC4, and XLF in 

humans, respectively), are targeted to the DNA ends, and Yku70/80-mediated ligation is 

triggered (Chang et al., 2017; Daley et al., 2005; Galli et al., 2015; Lieber et al., 2003). 
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There exist another error-prone method based on microhomologous sequences on each 

side of the DSB. If KU proteins are absent or cells cannot trigger the canonical NHEJ, the 

resection machinery exposes extensive 3’ ssDNA, promoting an alternative mechanism known 

as microhomology-mediated end joining (MMEJ). In this case, the MRX complex combined 

with phosphorylated Sae2 (MRN complex and CtIP in humans, respectively) initiate 5’ to 3’ 

end resection. Short resected ssDNA is sufficient to trigger MMEJ since exposed overhangs 

are annealed as intermediates with 3’-flap and gaps on both sides of the DSB. Then, the non-

homologous 3’ tails are removed by Rad1-Rad10 (XPF/ERCC1 in humans) endonucleases. 

Remaining ssDNA gaps are filled by a collection of polymerases such as Pol3 and Pol4 (PolØ 

in humans). Finally, Cdc9-dependent activation of Lig4 promotes the nick ligation (LigIII in 

humans) (Galli et al., 2015; K. Lee et al., 2019; H. Wang & Xu, 2017). 

 
 
1.4.2.2. Homologous recombination 

HR-mediated DSBs repair includes various distinct pathways that rely on the error-free 

restoration of the broken DNA sequence. All of them share the availability of invading a 

homologous intact template from which the DNA sequence is faithfully copied. Despite specific 

differences, they present mechanisms based on three phases, known as: 

- Pre-synapsis: It includes the recognition and processing of the DSB. Contrary to NHEJ, 

the MRX complex is first bound to the DNA ends. Phosphorylated Sae2 promotes a 

Rad50-mediated nucleolytic degradation of the 5’ DNA ends, yielding ~ 100 nucleotides 

of 3’ ssDNA overhangs. It then stimulates a more extensive 5’ to 3’ resection by Exo1 

exonuclease, Sgs1 helicase, and Dna2 endonuclease (EXO1 and DNA2-BTR complex 

in humans, respectively) (Bonetti et al., 2015; Gravel et al., 2008; Mimitou & Symington, 

2008; Symington, 2016; Zhu et al., 2008). Exo1 catalytically removes mononucleotides, 

whereas Sgs1-Top3-Rmi1 complex relaxes the negative supercoiling and Dna2 

endonuclease degrades the unwound DNA (Huertas et al., 2008; Mimitou & Symington, 

2008; Shim et al., 2010; Zhu et al., 2008). The generation of 3’ ssDNA overhangs 

recruits the heterotrimeric replication protein A complex (RPA) to protect ssDNA from 

the nucleases-mediated degradation. Once RPA is loaded, Shu2-Csm2-Psy3 (SHU 

complex) and Rad51 mediators such as Rad52, -55, and -57 (BRCA2, PALB2, RAD51-

paralogs and Shu Complex in humans), recruits Rad51 recombinase (RAD51 in 

humans) to replace RPA and create 3’ protruding nucleofilaments (Anand et al., 2017, 

p. 52; Martino et al., 2019; Yan et al., 2019) (Fig. 1.6).  
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Figure 1.6. Schematic of the pre-synapsis step on homologous recombination pathways. MRN 
complex binds to broken DNA ends and promotes an extended resection through EXO1 and DNA2-
BTR complex activities. Then, RPA is recruited to protect the 3’ ssDNA from nucleases degradation. 
Then, RAD51 supersedes RPA and generates protruding nucleofilaments, which are ready to search 
for homology.  
 
 

It should be noted that after this step, cells can trigger the single-strand annealing (SSA) 

pathway with no need to invade a donor sequence located in other chromosomes. It is highly 

restricted to DSBs flanked by repetitive regions, leading to rearrangements between the 

repeats. After 3’ end resection, ssDNA repeats are exposed to recombine each other. SSA 

does not require to create a displacement loop (D-loop), but both Rad52 and Rad59 anneal 

homologous sequences and form a synapsed intermediate. Non-annealed flanking regions are 

cleaved by Rad1-Rad10 and Slx4, giving rise to polymerase-mediated filling of the resulting 

gaps (Bhargava et al., 2016; A. P. Davis & Symington, 2001; Evans et al., 2000; A. Malkova 

et al., 1996).  

 
 

- Synapsis: This phase entails the Rad51-coated nucleofilament-mediated interrogation 

of the genome to look for an intact and homologous template to repair. Once found, the 

double-strand Rad54 motor protein (RAD54 in humans) simulates the nucleofilament 

invasion by opening the intact donor double-helix to form a D-loop (Heyer et al., 2006; 

Qi et al., 2015; Solinger et al., 2001; Sung et al., 2000, p. 199; Van Komen et al., 2000). 
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After D-loop formation, the 3’ extension is carried out by polymerases in coordination 

with Dpb11 and the processivity clamp for DNA polymerases PCNA (pol∂ and -ε, 

TOPBP1, and PCNA in humans) (Henninger & Pursell, 2014; Holmes & Haber, 1999; 

Symington, 2016; Symington et al., 2014; Wright et al., 2018). This way, error-free re-

polymerization bypasses the broken DNA site by copying the intact template (Fig. 1.7).  

 

Figure 1.7. Schematic of the synapsis step on homologous recombination pathways. Rad51-
coated nucleofilaments search for homology and invade the donor sequence by generating a D-loop. 
Then, polymerases, PCNA, and Dpb11 are recruited to perform the new DNA synthesis based on the 
template sequence.  
 
 

- Post-synapsis: This last step comprises the resolution of the process, which depending 

on the number of invasions and the synthesis extension, can be performed through 

three distinct pathways, known as break-induced replication (BIR), synthesis-

dependent strand annealing (SDSA), and the canonical DSBs repair (DSBR) pathway 

through double Holliday junctions (dHJs). 

 

 

1.4.2.2.1. Break-induced replication (BIR) 

Cells mainly use this pathway to repair one-ended DSBs. Either the restart of collapsed 

replication forks (RFs) or the lengthening of eroded telomeres in telomerase-defective 
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mutants, are performed through BIR. (Costantino et al., 2014; Kramara et al., 2018; Lydeard 

et al., 2007; A. Malkova et al., 1996; Mason-Osann et al., 2020; Teng et al., 2000). 

Following DNA resection, the Rad51-coated 3’ ssDNA invades the homologous DNA 

molecule and forms a D-loop. DNA synthesis is then initiated, and it persists as far as the 

donor sequence extends (Allison P. Davis & Symington, 2004; Elango et al., 2018; McEachern 

& Haber, 2006). Finally, the newly synthesized ssDNA is filled into dsDNA (Fig. 1.8).  

 

Figure 1.8. Break-induced replication model scheme. A Rad51-coated protruding nucleofilament 
from one-ended DSB invades a donor sequence. Primer extension leads to the synthesis of ssDNA until 
the full extension of the template. The newly synthesized ssDNA is finally re-filled to generate a double-
strand product.  
 
 

BIR can restore long tracks of DNA, which in case of repairing with the homolog 

chromosome, leads to extensive loss of heterozygosity (LOH). It can also occur at ectopic 

chromosome sites and promote gross chromosome rearrangements (GCRs) through 

sequential strand invasions, synthesis, and dissociation rounds (Bosco & Haber, 1998; 

Donnianni & Symington, 2013; Anna Malkova et al., 2005).  
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 1.4.2.2.2. Synthesis-dependent strand annealing (SDSA) 

In this pathway, the broken DNA sequence is usually replaced with a homologous DNA 

template copy while maintaining the original flanking regions. The strand invasion creates a D-

loop, and DNA polymerases extend the 3’ end of the invading nucleofilament. Contrary to what 

happens in BIR, polymerases do no synthesize through the full extension of the template. 

Instead, the newly ssDNA is quickly displaced from the donor template and paired again with 

the 3’ end of the other DSB end. A second wave of DNA synthesis followed by a final ligation 

is then carried out to fill the broken strand gaps (Fig. 1.9) (Karlin & Fischhaber, 2013; Miura et 

al., 2012; Saponaro et al., 2010). SDSA is a conservative pathway since it exclusively 

produces non-crossover (NCO) recombination. 

 

Figure 1.9. Synthesis-dependent strand annealing model scheme. A resected 3’ end of a DSB 
invades its donor sequence and forms as D-loop. After a wave of DNA polymerization, the newly 
synthesized ssDNA is displaced from the D-loop and reannealed to the other resected 3’ end of the 
DSB. Finally, the gaps are filled-in and ligated, restoring the original DNA sequence.  

 
 

1.4.2.2.3. Double Holliday junction pathway (dHJs) 

This pathway is based on Holliday's early theoretical concepts, who proposed the correction 

of DNA base-pair mismatches through the generation of recombination intermediates and 
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provided the basis for gene conversion pathways (Esposito & Holliday, 1964; Holliday, 1964). 

The model has been redefined, and it currently comprises a D-loop structure formation 

followed by polymerases-mediated extension of the 3’ protruding nucleofilament. Contrary to 

SDSA, the other 3’ protruding nucleofilament anneals with the complementary displaced 

ssDNA from the template. The second-end capture promotes two physical linkages between 

homologous sequences known as Holliday junctions (HJs) (Mehta & Haber, 2014; Pâques & 

Haber, 1999). 

 

Figure 1.10. Double Holliday Junctions model scheme. A 3’ protruding nucleofilament invades the 
homologous template through the formation of a D-loop. The other 3’ resected DNA also anneals to the 
displaced ssDNA, creating two HJs as a consequence. Finally, dHJs dissolution by the STR complex or 
resolution by different SSEs gives rise to NCO or CO products, respectively.  

 

Then, either Sgs1-Top3-Rmi1 (STR complex, BTR complex in humans) or different 

structure-specific endonucleases (SSEs) such as Mus81-Mms4, Yen1, and Slx1-Slx4 

(MUS81-EME1, GEN1, and SLX1-SLX4 in humans), dissolve and resolve those DNA-DNA 

junctions, respectively (Fig. 1.10). The difference between STR-mediated dissolution and 

SSEs-dependent resolution relies on the DNA material exchange. STR-processed dHJs leads 

to NCO outcomes. On the other hand, SSEs promote crossovers (COs) events according to 

the pair of joint strands they cut (Eissler et al., 2014, p. 1; García-Luis & Machín, 2014, p. 81; 

Symington et al., 2014). COs can generate harmful effects since, in the case of homologous 

chromosomes, LOH can arise.  
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1.5. Regulation of the DNA repair pathway choice 

When DSBs occur, cells are committed to maintaining the genomic integrity through the 

DNA damage response. As DSBs can arise spontaneously, cells determine which mechanism 

is chosen based on the cell cycle stage, the biochemical environment, and the ploidy (Aylon 

et al., 2004; Aylon & Kupiec, 2004a, 2004b). 

The CDK/cyclin levels regulate the choice between NHEJ- or HR-based repair. For his 

reason, the cell cycle results crucial to trigger the corresponding DNA repair pathway. After 

DSBs, both KU and MRX complexes are independently recruited to the broken ends. While 

Rad50 stimulates the resection of 3’ ends and forces the cells to repair through HR, Yku70/80 

inhibits the generation of protruding nucleofilaments (Mimitou & Symington, 2010). If DSBs 

arise in the G1 phase, cells unbalance the preference to the KU complex activity. Yku70 is 

highly transcribed at the early stages of the cell cycle, whereas transcription levels are low at 

the S phase transition. However, transcription of ~ 20 HR-associated proteins is highly favored 

by Cdc28 activity, delimiting their presence after the S phase. Indeed, it has been shown that 

MRX-, Exo1-, STR- and Dna2-mediated resection, as well as Sae2 phosphorylation, is strictly 

dependent on the Cdc28 activity (Aylon et al., 2004).  

Hence, it seems reasonable to use NHEJ in G1 when sister chromatids are absent to be 

used as templates, and replication has not started. In contrast, HR is preferred from the S 

phase onwards, when CDK/cyclin levels are high, and strand invasion to copy the intact DNA 

sequence can be carried out (Mathiasen & Lisby, 2014). 
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Based on previous works in yeast, it is well established that cells mainly repair DSBs 

through non-homologous end joining (NHEJ) and homologous recombination (HR). 

Accordingly, cells have coupled the cyclin-dependent kinase (CDK) activity to the choice 

between them. HR is usually preferred in S-G2 phases since intact sister chromatids are 

available (to be used as templates), and CDK/cyclin levels are high. In contrast, NHEJ is 

chosen in G1 because neither donor templates nor CDK/cyclins activity are present. 

Interestingly, the telophase is a small window within the cell cycle that entails a paradoxical 

situation. On one side, the CDK/cyclin activity is still high compared to G1; however, sister 

chromatids are not physically available due to the previous segregation. Thus, cells could 

experience a crossroad if DSBs arise in late mitosis. 

The aims of this work relate to addressing this paradoxical scenario: 

1. To study the subcellular response to DSBs in telophase, determining whether 

changes in morphological structures and some specific effector proteins are directly 

involved in DNA repair. 
 

2. To monitor a single DSB repair and discern whether the efficiency and kinetics are 

impaired in HR-, NHEJ-, and checkpoint-deficient cells. 

 
3. To uncover essential protein factors specifically related to repair at late mitosis but 

dispensable for G2.  

 
4. To approach whether the human cell responds to DSBs in late anaphase/telophase 

and distinguish whether it is comparable to the yeast response. 
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3.1. Yeast cultures 

3.1.1. Strains used in this work  

The following table contains the list of Saccharomyces cerevisiae strains used to develop 

this work. Genetic backgrounds are either W303 (Thomas & Rothstein, 1989) or derived from 

YPH499 (Sikorski & Hieter, 1989). 

Table 3.1. List of strains used in this work. 

Strain Relevant Genotype Origin 

AS499 
(YPH499) 

MATa ura3-52 lys2-801 ade2-101 trp1-Δ63 his3-Δ200 leu2-Δ1 
bar1-Δ A. Strunnikov a 

FM593 AS499; ade2-101:TetR-YFP:ADE2; cXIIr (194 kb):tetOs:HIS3; 
cdc15-2:9myc:Hph 

F. Machín 

(Quevedo et al., 2012) 

FM588 AS499; ade2-101:TetR-YFP:ADE2; cXIIr (1061 kb):tetOs:HIS3; 
cdc15-2:9myc:Hph 

F. Machín (García-

Luis & Machín, 2014) 

FM2329 FM593; RAD53:6HA:KanMX4 This work 

FM2323 FM593; SIC1:6HA:KanMX4 This work 

FM2354 FM593; HTA2:mCherry:KanMX6 This work 

FM2301 FM593; NET1:eCFP:KanMX4 This work 

FM2381 AS499; ura3-52:GFP:TUB1:URA3; cdc15-2:9myc:Hph This work 

FM2316 FM593; SPC42:mCherry:KanMX6 This work 

FM2317 FM593; CIN8:mCherry:KanMX6 This work 

FM2335 FM593; CIN8:9myc:natNT2 This work 

FM916 FM588; ∆rad9::natMX This work 

FM2477 FM916; SIC1:6HA:KanMX4 This work 

FM567 
MATa trp1-1 his3-11,15 leu2-3,112; Telomere cV-L:tetO:LEU2; 
ade2-1:URAp-TetR-YFP:ADE2; Telomere cV-R:lacO:TRP1; 
ura3-1:HISp-CFP-lacI:URA3; cdc15-2:9myc:Hph 

F. Machín 
(Quevedo et al., 2012), b 

FM2448 
(W303) 

MATα leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 
RAD5; cdc15-2 This work 

LSY3902 W303; MATa lys2::GAL-I-SceI; Ura3:tetO; Leu2-
LacO(YEL023C); HIS3-YFP-LacI; TetR-RFP; RAD52-CFP 

L.S. Symington 
(Oh et al., 2018) 
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FM2456* W303; MATa lys2::GAL-I-SceI; Ura3-tetO; Leu2-
LacO(YEL023C); HIS3-YFP-LacI; TetR-RFP; cdc15-2 This work b 

FM889 FM588; ∆rad52::KanMX F. Machín (García-

Luis & Machín, 2014) 

LGY2055 W303; MATa ∆cin8::ura3MX; leu2-3,112::CIN8-3GFP-LEU2 Gift from Larisa 
Gheber 

LGY2058 W303; MATa ∆cin8::ura3MX; leu2-3,112::CIN8-3A-3GFP-LEU2 Gift from Larisa 
Gheber 

LGY2575 W303; MATa ∆cin8::ura3MX; leu2-3,112::CIN8-3D-3GFP-LEU2 Gift from Larisa 
Gheber 

FM2505* W303; MATα ∆cin8::ura3MX; leu2-3,112::CIN8-3GFP-LEU2; 
cdc15-2 This work 

FM2506* W303; MATα ∆cin8::ura3MX; leu2-3,112::CIN8-3A-3GFP-LEU2; 
cdc15-2 This work 

FM2507* W303; MATa ∆cin8::ura3MX; leu2-3,112::CIN8-3D-3GFP-LEU2; 
cdc15-2 This work 

FM1293 AS499; cdc15-2:9myc:Hph This work 

FM2461 FM1293; ∆cin8::HIS3MX4 This work 

FM2465 FM593; CIN8:AID*:9myc:KanMX This work 

FM2466 FM2465; ura3-52::ADH1-OsTIR1-9myc:URA3 This work 

FM2473 FM2466; ∆kip1::HIS3MX4 This work 

FM2302 AS499; CDC14:GFP:KanMX; cdc15-2:9myc:Hph This work 

FM518 AS499; ade2-101:TetR-YFP:ADE2; cXIIr(487kb):tetOs:HIS3; 
cdc14-1:9myc:TRP1 

F. Machín 
(Quevedo et al., 2012) 

FM2478 FM518; CIN8:9myc:KanMX4 This work 

FM2449* W303; MATα ∆hml HMR; pFM309*; cdc15-2 This work 

FM2450* W303; MATα ∆hml ∆hmr; pFM309*; cdc15-2 This work 

FM2520 FM2450; SCC1:3myc:HIS3MX This work 

FM2625 FM588; smc1::SMC1-AID*-9myc:KanMX This work 

FM2626 FM588; smc3::SMC3-AID*-9myc:KanMX This work 

FM2627 FM2625; ura3-52::ADH1-OsTIR1-9myc:URA3 This work 

FM2628 FM2626; ura3-52::ADH1-OsTIR1-9myc:URA3 This work 
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FM2633 FM588; scc1::SCC1-AID*-9myc:KanMX This work 

FM2634 FM2633; ura3-52::ADH1-OsTIR1-9myc:URA3 This work 

FM2531 FM1293; pFM309* This work 

FM2662 FM2531; ∆rad9::KanMX4 This work 

FM2663 FM2531; ∆yku70::KanMX4 This work 

FM2672 FM2531; smc3::SMC3-AID*-9myc:KanMX This work 

FM2680 FM2672; ura3-52::ADH1-OsTIR1-9myc:URA3 This work 

FM2684 FM2531; MSC1-eYFP:KanMX4 This work 

FM2688 FM2531; ∆mre11::kITRP1 This work 

a Parental strain; a bar1Δ derivative of YPH499, congenic to S288C. 
b These strains carry lacI-YFP and lacI-CFP as fluorescent reporters along with TetR-RFP or TetR-YFP. 
lacO-based foci were unable to be detectable at 34 ºC (used for the telophase arrest in cdc15-2 strains). 
*pFM309 plasmid was inserted to express HO endonuclease under ß-estradiol addition to the medium. 
See figure 3.1.a. for more details. 
 

3.1.2. Strain construction 

3.1.2.1. Yeast transformation 

The transformation protocol was slightly modified and adapted from (Janke et al., 2004; 

Knop et al., 1999). This version of the classical lithium acetate-based method implies working 

with pre-made frozen competent yeast stocks.  

3.1.2.1.1. Preparation of competent cells 

For preparing competent cells, a single yeast colony was inoculated in 10 mL of YPD and 

grown overnight at 25 ºC. The next day, 100 µL was transferred to a flask containing 40 mL of 

fresh YDP, letting the culture grow overnight until cells reached an OD600 ~ 0.7 – 1. 

Then, cells were harvested to discard the supernatant. The pellet was washed twice, once 

with 30 mL of sterile distilled water, and another with 10 mL of SORB solution. Finally, cells 

were resuspended in 350 µL of SORB solution and 50 µL of sonicated and denatured herring 

sperm DNA (serving as carrier DNA). Every competent yeast stock was stored at -80 ºC until 

use. 
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3.1.2.1.2. Transformation procedure 

Firstly, the competent stocks were thawed on ice. Then, 40 µL of cells and 10 µL of DNA 

(either directly obtained from a PCR or an enzymatic digestion) were mixed in a new Eppendorf 

tube. A six-fold volume of PEG solution was added before incubation at room temperature for 

30 minutes. 

After that, 1/9 volumes of DMSO were supplemented before incubation in a water bath at 

42 ºC for 15 minutes. Following this waiting time, cells were harvested by centrifugation before 

applying the appropriate resuspending and seeding method: 

- Auxotrophic markers: The pellet was resuspended in 300 µL of distilled milli-Q water. 

Then, the cells were directly seeded on the corresponding minimum media. 

 

- Xenobiotic-resistance markers: The pellet was resuspended in 300 µL of YPD and 

incubated at room temperature for at least 2 hours. This time is enough to express the 

resistance gene product before putting the cells in contact with the antibiotic (see section 

3.1.3.3). 

 

3.1.2.2. Crossing method 

In some cases, it was necessary to sporulate diploids and dissect tetrads for isolating new 

strains. 

Most of the used lab yeast strains are homothallic, that is, mutants for HO endonuclease. 

This fact allows a stable propagation as haploids of a specific mating-type (a or alpha). When 

it is required, two different mating-type strains can fuse and form a heterozygous diploid. This 

new strain is susceptible to go through meiosis and generate four spores. 

The procedure consists of four steps: i) to get a diploid from two haploid strains, ii) to force 

diploid cells to undergo meiosis, iii) to isolate independent spores, and iv) to select the 

corresponding haploid. 

3.1.2.2.1. Diploid generation 

Two haploid strains (bearing the desired gene modifications and presenting different mating 

types) are required to create a diploid. Both target haploid strains were mixed as a patch on 

one edge of a YPDA plate. Then, an inoculating loop was used to streak three independent 

lines from this patch. This fact involves the progressive dilution of the initial inoculum, making 

easier the zygote isolation. Then, the plate was incubated at 25 ºC for 2 hours. Next, 3 – 4 

independent zygotes were separated by using a dissection microscope. Zygotes are easily 
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differentiable from cycling cells by their morphology. Once done, incubation at 25 ºC was 

extended for two days. 

3.1.2.2.2. Sporulation 

Diploid strains of Saccharomyces cerevisiae can go through meiosis. This process 

generates an ascus containing four genetically different and stress-resistant spores. 

For promoting this event, diploids need to be under nitrogen starvation and poor carbon 

source conditions (Neiman, 2011). Thus, a sample of each pre-isolated diploid colony was 

seeded on a nutrient-deficient plate (composed of yeast extract 0.1 % w/v, potassium acetate 

1 % w/v, bacto agar 1.5 % w/v, and glucose 0.05 % w/v), and incubated for two days at 25 ºC.  

3.1.2.2.3. Tetrad dissection 

The next step entails the ascus wall degradation. This step is necessary to ease the spore 

isolation. For doing that, a small portion of tetrads was scraped up and resuspended in 10 µL 

of digestion solution (1 mg·mL-1 of Zymolyase in 1 M sorbitol). The mix was incubated at room 

temperature for 1 minute. 

Next, 100 µL of sterile and double-distilled water was added to stop the reaction. A sample 

of 13 µL was then taken out and placed next to one edge of a YPDA plate. The dish was 

carefully inclined, letting the drop fall and creating a straight line through the medium. 

Once the sample dried out, every spore was manually and accurately isolated with the 

dissection microscope. After incubation at 25 ºC for three days, 96 genetically different haploid 

colonies were obtained on each plate. 

3.1.2.2.4. Replica plating 

Every new independent haploid clone contains a different genotype. Replica plating helps 

transfer all colonies to other selective mediums in the same position as the master plate. Each 

new replicated plate provides a "growth/no growth" pattern dependent on the haploids 

genotype. This way, the selection of the desired strain becomes straightforward.  

For doing this, a sterile velvet was attached to a cylindrical plastic block with a metal ring. 

After that, the master plate was placed on the top. Some pressure was made to transfer the 

colonies to the velvet. Then, the same was done with every selective plate required to 

determine the correct genotype. Finally, the haploid analysis and selection were performed 

after incubation at 25 ºC for three days. 
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3.1.3. Cultures conditions 

3.1.3.1. Storage and maintenance 

All the strains were stored in YPD plus 20 % of glycerol at -80 ºC in cryogenic tubes. Before 

every protocol, the cells were grown on YPDA plates for at least two days. The incubation was 

always performed at 25 ºC since all employed strains were thermosensitive for Cdc15 kinase 

protein. 

When required, the resulting colonies were used to prepare liquid cultures. For every 

experiment, the cells were cultured in YPD overnight with moderate shaking (180 rpm), unless 

stated otherwise. The next day, 100 µL of grown cells were diluted into a flask containing an 

appropriate YPD volume. Then, the incubation was prolonged overnight at 25 ºC again.  

Finally, the day after, exponentially growing cells were adjusted to OD600 = 0.5 to start the 

experiment.   

3.1.3.2. Experimental conditions 

Most of the experiments were made to compare how the cells react to DSBs in different cell 

cycle stages. For this reason, every procedure was followed by DSBs generation for 1 to 3 

hours. Two methods were employed: 

- Phleomycin: It is an intercalating agent of the bleomycin family. It binds to DNA and 

destroys its integrity, generating randomly distributed DSBs (Moore, 1989). When used, 

10 µg·mL-1 was added to the culture for 1 to 3 hours. 

 

- Sequence-specific endonucleases: It is a method that allows to create a single 

localized DSB. It is based on the specific recognition of DNA sequences by 

endonucleases, such as: 

 
• HO endonuclease: It is a site-specific endonuclease that creates a break at the 

MAT locus to switch the mating-type in heterothallic strains (Kostriken et al., 

1983; Strathern et al., 1982). For this reason, many lab yeast strains are mutants 

for the ho gene. However, this protein has become a handy tool to study DSBs 

repair. Genetic engineering has generated replicative and integrative plasmids 

for transcribing and translating HO endonuclease conditionally. In this work, an 

integrative system based on a ß-Estradiol–inducible promoter was employed 

(plasmid pFM309) (Fig. 3.1) (Ottoz et al., 2014). Then, HO was expressed 

through the addition of 2 µM of ß-Estradiol for 1 to 3 hours.  
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Figure 3.1. Inserted cassette map and working mechanism for ß-estradiol–mediated HO 
expression. a) Scheme of the system to express HO. It is a linear fragment obtained from plasmid 
digestion with AscI restriction enzyme. Two homologous sequences for integration at the leu2 locus 
flanks the cut DNA. LEU2MX cassette works as an auxotrophic marker. Flag-tagged HO endonuclease 
expression is silenced because of the presence of LexA binding sites sequences. Meanwhile, the 
constitutive ACT1 promoter expresses a chimera formed by i) the LexA DNA binding protein, ii) the 
human estrogen receptor, and iii) the B112 activation domain. b) Drawing of the mechanism of action. In 
standard growing conditions, HO endonuclease transcription is silenced. When ß-Estradiol is added to 
the medium and joins the estrogen receptor, the chimera binds the LexA binding sites sequences and 
allows the HO translation. (Adapted from Ottoz et al., 2014). LexA BS: Lex A Binding Site. pT7: T7 
promoter. tCyc1: CYC1 terminator. pACT1: ACT1 promoter. ER: Estrogen receptor. B112 AD: B112 
Activation Domain. 

 
• I-SceI endonuclease: It is a mitochondrial endonuclease whose primary 

function is the cleavage of intron-less genes at the site of intron insertion 

(Colleaux et al., 1986, 1986). It has also been widely used to study DNA DSBs 

repair mechanisms. For this work, a set of experiments was done with strains 

bearing an integrative construction of I-SceI under the Galactose promoter's 

control. When used, the cells were grown and duly arrested in YP medium + 

Raffinose (2 % w/v) as a carbon source. Then, I-SceI was induced by adding 

galactose (2 % w/v) for 1 to 3 hours. Finally, if required, expression was switched 

off through the glucose addition (2 % w/v). 
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3.1.3.2.1. Asynchronous to G1 arrest 

Asynchronous cultures were synchronized in G1 by adding 50 ng·mL-1 of α-factor 

pheromone to the medium for 3 hours (Fig. 3.2).  

All the strains used for these experiments were bar1∆. Bar1 protease cleavages and 

inactivates the pheromone at the periplasmic space (Sprague et al., 1983). Its deletion allows 

long and efficient incubations by using a small α-factor concentration. 

 

Figure 3.2. Schematic of the experiment of the G1 block. 
 Yellow color points to the cell cytoplasm. Pink shapes represent nuclei. 

For specific experiments, it was necessary to release the cells from the G1 block into a 

synchronous cell cycle. Thus, the previously arrested culture was centrifuged and washed 

twice with sterile water. Finally, the cells were resuspended in fresh YPD containing 0.1 

mg·mL-1 of Pronase E. The Pronase E addition (a protease mixture of endo- and exonucleases 

that hydrolyzes glycoprotein-peptide linkages) addresses the lack of Bar1 protein. 

3.1.3.2.2. Asynchronous to S arrest 

The S phase is the period of the cell cycle when DNA is replicated. To produce a block in 

this stage, it becomes essential to interfere with this biological process.  

There exist some chemicals reagents that inhibit replication by distinct pathways, such as 

hydroxyurea (HU) and methyl methanesulphonate (MMS).  

HU inhibits DNA synthesis through the inactivation of the ribonucleotide reductase protein 

(Jw, 1992). On the other hand, MMS (which is an alkylating agent) leads to the formation of 

stalled replication forks that also inhibit the replication (Lundin et al., 2005). 

For experiments in the S phase, cycling cells were incubated at 25 ºC for 3 hours in the 

presence of either 0.2 M HU, either 0.01 % (v/v) MMS (Fig. 3.3).  

α-factor
(50 ng · mL-1)

25 ºC for 3 hours

Asynchronous G1 arrest

YPD
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Figure 3.3. Schematic of the experiment of the S block. 
Yellow color points to the cell cytoplasm. Pink shapes represent nuclei. 

3.1.3.2.3. Asynchronous to G2 arrest 

There exist several methods to get a block in the G2 phase. Some rely on inactivating clue 

proteins that promote the metaphase-to-anaphase transition, i.e., Cdc20 mutant alleles. 

In this work, the G2 block was performed by using nocodazole, which is a microtubule-

depolymerizing drug. So, the cells finish the DNA replication but are unable to complete the 

segregation. 

When required, asynchronous cells were arrested in the G2 phase by adding 15 µg·mL-1 of 

nocodazole and incubating for 3 hours. It is important to note that after 2 hours, additional 

nocodazole (7.5 µg·mL-1) was supplemented to reinforce the arrest (Fig. 3.4). 

 

Figure 3.4. Schematic of the experiment of the G2 block. 
Yellow color points to the cell cytoplasm. Pink shapes represent nuclei. 

3.1.3.2.4. Asynchronous to telophase arrest 

The best technique to stably arrest yeast cells in telophase is through mutant proteins for 

the MEN, such as Cdc14 phosphatase or Cdc15 protein kinase.  

Every strain in this thesis carried the cdc15-2 thermosensitive allele. So, the cultures were 

blocked in telophase by only incubating the cells at 34 – 37 ºC for 3 hours (Fig. 3.5). 

0.2 M HU

0.01 % MMS

Asynchronous S arrest

YPD, 25 ºC for 3 hours

Asynchronous G2 arrest

YPD

Nocodacole
(15 mg·mL-1)

25 ºC
for 2 hours

Nocodacole
(7.5 mg·mL-1)

25 ºC
for 1 hour
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Figure 3.5. Schematic of the experiment of the telophase block. 
Yellow color points to the cell cytoplasm. Pink shapes represent nuclei. 

Some specific experiments required a release into a new cell cycle. For achieving this goal, 

telophase-blocked cells were incubated again at 25 ºC for 3 hours in fresh YPD. Thus, Cdc15-

2 restored its activity and promoted the MEN. 

Furthermore, when the accumulation of Sic1 (a specific inhibitor of mitotic cyclins) was the 

subject of study, 50 ng·mL-1 of α-factor pheromone was added to the medium at the time of 

shifting down the temperature to 25 ºC. 

3.1.3.2.5. Auxin-mediated protein degradation 

A set of experiments required the conditional depletion of proteins before DNA double-

strand breaks generation.   

The used method was the auxin-inducible degron (AID) (Morawska & Ulrich, 2013). This 

system works through the addition of the plant hormone auxin to the cell culture. This way, the 

auxin-binding receptor (TIR1), which is translated constitutively, targets the AID-tagged 

proteins for degradation by the proteasome. 

When necessary, cells were treated with 5 – 8 mM of indoleacetic acid (IAA-) for 1 hour at 

34 – 37 ºC. This time was enough to degrade >80 % of the protein of interest. Then, DSBs 

were created. 

3.1.3.2.6. Clonogenic assays 

The clonogenic assay is used to determine the survival rate of a cell population. It works by 

plating a known number of cells after a specific treatment. Then, the number of grown colonies 

is compared to that obtained in the control plate.  

For this work, cells from specific experiments were subjected to 1:10,000 dilutions. Finally, 

100 µL was spread onto YPDA plates and incubated at 25 ºC for three days. 

34 – 37 ºC
for 3 hoursAsynchronous Telophase arrest

YPD
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3.1.3.3. Transformant cells 

After the transformation procedure (section 3.1.2.1.), transformant cells were plated on a 

solid selective medium according to the marker used for selection.  

For auxotrophic genes, the cells were seeded on Synthetic Complete (SC) medium lacking 

particular amino acids or nucleotides. This media was prepared by mixing Yeast Nitrogen Base 

(YNB) and a dropout of amino acids and nucleotides. Glucose (2 % w/v) was chosen as the 

carbon source. In the case of xenobiotic-resistance markers, cells were plated on YPDA 

supplemented with the right antibiotic. The working concentration for each one is listed in the 

following table.   

Table 3.2. Stock and final concentrations of used antibiotics for selection.    

Antibiotic Stock concentration Final concentration 

Hygromycin (Hph) 50 mg·mL-1 300 µg·mL-1 

Nourseothricin (Nat) 200 mg·mL-1 100 µg·mL-1 

Ampicillin 50 mg·mL-1 50 µg·mL-1 

Geneticin (G-418) 50 mg·mL-1 200 µg·mL-1 
 

3.2. Cell cultures 

 The last part of this thesis assessed whether yeast phenotypes were reproducible in human 

cells. 

For this reason, Henrietta Lacks' cervix epithelial cancer cells (HeLa cell line) were 

employed as a eukaryotic model, taking into account the differences between the model 

organism and the higher eukaryotes. 

3.2.1. Culture conditions 

3.2.1.1. Cryopreservation and cell recovery 

The cell line was stored in Fetal Bovine Serum (FBS) + 10 % of DMSO at -80 ºC in cryovial 

tubes. Before the experiments, HeLa cells were defrosted from liquid nitrogen in a water bath 

at 37 ºC. Then, 150 µL were diluted into a flask containing 5 mL of growing medium. The cell 

culture media was composed of Dulbecco's Modified Eagle Medium (DMEM) containing high 

glucose and L-glutamine, 10 % FBS, and 1 % penicillin-streptomycin mix solution. Once done, 

the flask was maintained at 37 ºC in a humidified 5 % CO2 incubator for two days.  
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Since HeLa cells are subconfluent, it was necessary to perform cell passaging every three 

days. For doing that, the old medium was discarded, and the cells were washed twice with a 

pre-warm PBS 1x solution. Then, 2 mL of "detaching solution" (0.5 % Trypsin in 1 X EDTA) 

were added following incubation at room temperature for 3 minutes. After checking the cell 

detachment under the microscope, the reaction was stopped by dissolving the cells in 2 mL of 

full growth media. After centrifugation at 1,500 rpm for 5 minutes, the liquid phase was replaced 

by 3 mL of fresh medium. The cell pellet was gently resuspended by pipetting up and down 

several times. Finally, 150 µL was diluted in a new flask containing 5 mL of cell culture media. 

3.2.1.2. Experimental conditions 

Experiments in human cells were developed to create DSBs in telophase exclusively. It 

was unable to employ g-irradiation, so phleomycin (50 µg·mL-1) was used instead. 

Blocking human cells in anaphase/telophase is more challenging than yeast. Due to these 

stages' short duration, the index of cells transiting late mitosis can be increased by first 

synchronizing the culture in previous phases, such as in S and prometaphase. The employed 

method is a modified protocol from (Matsui et al., 2012; Wee & Wang, 2017). 

3.2.1.2.1. Asynchronous to S phase arrest 

The method consists of interfering with the DNA replication process through the addition of 

thymidine. This pyrimidine deoxynucleoside interrupts the nucleotide metabolism pathway at 

high concentrations through competitive inhibition, leading to an early S phase arrest.  

 

Figure 3.6. Schematic of the experiment of S phase arrest in HeLa cells. 
Yellow points to the cytoplasm. Red shapes represent chromosomes. Green shows microtubules.  
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Healthy grown HeLa cells were incubated in culture media supplemented with 2 mM of 

thymidine for 16 hours. After washing twice with 1x PBS and replacing the medium, the cells 

were released for 8 hours. Finally, a second treatment of 2 mM of thymidine for 16 hours was 

performed again to induce a more uniform arrest (Fig. 3.6). 

3.2.1.2.2. S phase arrest to prometaphase arrest 

After the second block in the early S phase, the thymidine-containing medium was washed 

away. Then, the cells were released for 9 hours to replicate the DNA. After this time, 20 ng·mL-

1 of nocodazole was supplemented for 5 hours to promote a synchronous arrest in 

prometaphase (Fig. 3.7). 

 

Figure 3.7. Schematic of the experiment of prometaphase arrest in HeLa cells. 
Yellow points to the cytoplasm. Red shapes represent chromosomes. Green shows microtubules.  

3.2.1.2.3. Prometaphase arrest to anaphase/telophase arrest 

Finally, prometaphase arrested cells were released from nocodazole for 1 hour. After 20 

minutes from the release, the specific myosin inhibitor (S)-(-)-Blebbistatin (50 µM) (Toronto 

Research Chemicals) was added to the medium. This drug delays the cytokinesis and 

increases the proportion of cells transiting anaphase/telophase (Fig. 3.8). 

 

Figure 3.8. Schematic of the experiment of anaphase/telophase arrest in HeLa cells 
Yellow points to the cytoplasm. Red shapes represent chromosomes. Green shows microtubules.  
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3.3. DNA techniques 

3.3.1. DNA preparations 

Most of the employed methods for this thesis relied on different DNA preparations. Some 

of them were used for obtaining DNA to transform with, and many others were performed to 

study cellular processes in vitro. 

3.3.1.1. Genomic DNA extractions from Saccharomyces cerevisiae 

3.3.1.1.1. Mechanical method 

The genomic DNA was obtained from liquid cultures and colonies. In liquid cultures, 5 mL 

of growing cells were centrifuged at maximum speed for 1 minute. Then, the supernatant was 

discarded. After that, the pellet or the colonies directly taken from plates were resuspended in 

200 μL of breaking buffer in a 1.5 mL tube.  

Next, 200 μL of ice-cold phenol:chloroform:isoamyl alcohol (25:24:1) and ~ 200 mg of glass 

beads were added, proceeding to vortex for 4 minutes. For separating the organic and 

aqueous layers, 200 μL of 1x TE buffer was added, and the sample was centrifuged at 13,000 

rpm at room temperature for 5 minutes.  

The top aqueous layer was transferred to a new 1.5 mL tube and mixed with 1 mL of ice-

cold ethanol 100 %. The DNA was precipitated by incubation in a nutator for 10 minutes at 

room temperature. Next, the sample was centrifuged for 2 minutes and the supernatant was 

carefully aspirated. The DNA pellet was desiccated (in an Eppendorf Vacufuge Concentrator) 

and resuspended in 50 µL of 1x TE buffer. Finally, the sample was stored at 4 ºC until use. 

3.3.1.1.2. Lytic method 

This method was performed to maintain the DNA integrity and avoid the glass beads-

mediated chromosomes breakage. For proceeding, a sample of 10 mL of growing yeast cells 

was centrifuged at 2,500 rpm for 3 minutes. The cell lysis was then performed by incubating 

the pellet in 500 µL of digestion buffer for 5 minutes (40 units of Zymolyase 100T 

(Zymoresearch) in 1 % SDS, 100 mM NaCl, 50 mM Tris-HCl, and 10 mM EDTA). 

Once the digestion was confirmed under the microscope, DNA was isolated by 

phenol:chloroform:isoamyl alcohol (25:24:1) as in the mechanical method (see section 

3.3.1.1.1). After desiccation, the DNA pellet was resuspended in 10 µL of 5 M of ammonium 

acetate and 340 µL of 1x TE containing 10 µg·mL-1 RNase A. The sample was incubated at 

room temperature for 15 minutes, and a second ice-cold ethanol 100 % precipitation was 
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performed. Finally, the purified DNA was resuspended in 70 µL of 1x TE and stored at 4 ºC 

until use. 

3.3.2. Polymerase chain reactions (PCRs) 

3.3.2.1. Primers 

The following table shows the full list of primers used in this work. Most PCRs were done 

using the GoTaq 2® G2 Flexi DNA polymerase from Promega. For amplifications longer than 

4 kb, PCRBIO High Fidelity polymerase from Biosigma was used instead. In all cases, the 

applied components and conditions were the ones recommended by the provider. 

Table 3.3. List of primers and their DNA sequences used in this thesis.  

Primers for tagging genes in C-terminal 

Primer name* Sequence (5’ à 3’) 
CIN8-S2 TAGTTTGAATATATATTCGACTGAAAGGCAATATCAACTAATCGATGAATTCGAGCTCG 

CIN8-S3 TGTGGACAATGAGGGCTCGAGAAAAATGTTAAAGATTGAACGTACGCTGCAGGTCGAC 

HTA2-S2 ACAAGAATGTTTGATTTGCTTTGTTTCTTTTCAACTCAGTTCTTAATCGATGAATTCGAGCTCG 

HTA2-S3 TTGCCAAAGAAGTCTGCCAAGACTGCCAAAGCTTCTCAAGAACTGCGTACGCTGCAGGTCGAC 

MSC1-S2 TTGGGGAGAAAAGTACATTACGTTGACACCCCAATCATTAATCGATGAATTCGAGCTCG 

MSC1-S3 TAACGTTAAAAACTGGTCGAAAAGCATATTAGGGTTCAACCGTACGCTGCAGGTCGAC 

NET1-S2 ACTAGCTTTCTGTGACGTGTATTCTACTGAGACTTTCTGGTATCAATCGATGAATTCGAGCTCG 

NET1-S3 CCAAGTGGTGGATTTGCATCATTAATAAAAGATTTCAAGAAAAAACGTACGCTGCAGGTCGAC 

NET1-S2 ACTAGCTTTCTGTGACGTGTATTCTACTGAGACTTTCTGGTATCAATCGATGAATTCGAGCTCG 

NET1-S3 CCAAGTGGTGGATTTGCATCATTAATAAAAGATTTCAAGAAAAAACGTACGCTGCAGGTCGAC 

RAD53-S2 AAAAGGGGCAGCATTTTCTATGGGTATTTGTCCTTGGTTAATCGATGAATTCGAGCTCG 

RAD53-S3 GGACCAAACCTCAAAAGGCCCCGAGAATTTGCAATTTTCGCGTACGCTGCAGGTCGAC 

SCC1-S2 ATCAGCTTATTGGGTCCACCAAGAAATCCCCTCGGCGTAACTAGGTTTTAATCGATGAATTCGA
GCTCG 

SCC1-S3 ATATTAAAATAGACGCCAAACCTGCACTATTTGAAAGGTTTATCAATGCTCGTACGCTGCAGGTC
GAC 

SIC1-S2 AAGTAAATAAAATATAATCGTTCCAGAAACTTTTTTTTTTCATTTCTTCAATCGATGAATTCGAGCT
CG 

SIC1-S3 AAGTAAATAAAATATAATCGTTCCAGAAACTTTTTTTTTTCATTTCTTCAATCGATGAATTCGAGCT
CG 

SMC1-S2 GTCGAAGATCATAACTTTGGACTTGAGCAATTACGCAGAACGTACGCTGCAGGTCGAC 

SMC1-S3 TTATTTGACGGGTTATAGCAGAGGTTGGTTTCATAGATTAATCGATGAATTCGAGCTCG 

SMC3-S2 ACTGATATTTTTATATACAAATCGTTTCAAATATCTCTTAATCGATGAATTCGAGCTCG 

SMC3-S3 AATCGGATTCATTAGAGGTAGCAATAAATTCGCTGAAGTCCGTACGCTGCAGGTCGAC 

SPC42-S2 AGAACGCTTTAAGAATGCGCCATACTCCTTAACTGCTTTTTAAATCATCAATCGATGAATTCGAG
CTCG 

SPC42-S3 CTGAAAATAATATGTCAGAAACATTCGCAACTCCCACTCCCAATAATCGACGTACGCTGCAGGT
CGAC 
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Primers to amplify WT genes and ORFs deletions cassettes 

CIN8-F(-396) TCCCCATTATTTTCAATCTG 

CIN8-R(+3444) GTACTATGCCGAAACTCAGC 

CDC14-F(-600) TTTACCACTACGAAATCTTGAGATCGG 

CDC14-R(+1900) TACGGTGAAGTTATTCCTAGGTACCAG 

CDC15-F(-132) TCTTTCCGCTTTTCTTGCTG 

CDC15-R(+3023) TGCGTTTTCAGTATTGGAAGG 

HML-F(-234) GGTTCTCATTCGACTATTGG 

HML-R(+3836) CAATATACTTACAGAGACCT 

HTA2-F(-382) GAGAACACCGCTTTATTAGG 

HTA2-R (+732) CATGAAAAGGATGAAAATGG 

KIP1-F(-473) TGGGTGACCTTTTGTATATTG 

KIP1-R(+3674) TGGTATTAAAACGGGTTCTG 

RAD9-F(-326) GCAGCTCCCCATCAAAATAA 

RAD9-R(+4158) TCATTACAAGATGCAAGCCTAAA 

RAD52-F(-150) TAAGAAAAGACGAAAAATATAG 

RAD52-R(+150) AAGTAAATATTAATACGACAC 

SCC1-F(+1000) CGAATAATTTATTGACTCCACAGCCCACCAATTTTAC 

SCC1-R(+450) GCATAATGTTTCCTCTGGCTGCTAATGTACCAAAGC 

SMC1-F(+2700) GAAACAACGATAGATGATTTACCAATATCTTCC 

SMC1 3'-R(+500) GGCATATAGCCTAGACTTTTTACGTTTTATCTCG 

SMC3-F(-474) GTATTTTGGCAAGGATTCAG 

SMC3-R(+4169) CTGATGACTCAGGGGATTC 

SPC42-F(+770) AGCTGAAGCGTGTCGAAGAA 

SPC42-R(+1402) TGACACTAACCATCCACCATTT 

S3-untailed-RC GTCGACCTGCAGCGTACG 

YKU70-F(-361) TCCGTTTTGACAACAGGTCACTTCT 

YKU-R(+300) CCACAAAGTAATTGTCAGGAAGTGGAAACCCTTG 

Primers to delete genes from marker cassettes 

CIN8-S1 GTATATAAAAGCGCAAAAAATACAACAAGAAAGAATTTGTTTGATGCGTACGCTGCAGGTCGAC 

KIP1-S1 CTTCCCTCACTAAATATGGCGAGATAGTTAAACAATCATGCGTACGCTGCAGGTCGAC 

KIP1-S2 TATAGTGATACAAATATTTTACAATGGCTATATCCCCTTAATCGATGAATTCGAGCTCG 

HML-S1 CATTTTATTTTTTTCGCCTTTTATACAGACTTCAACACAATCAGAACGTACGCTGCAGGTCGAC 

HML-S2 GCTCCCGCTTAATTATATATATGCAGCTGTTACGGAGATGCAAAGCTTACATCGATGAATTCGAG
CTCG 

MRE11-S1 GCAAGTTGTACCTGCTCAGATCCGATAAAACTCGACTATGCGTACGCTGCAGGTCGAC 

MRE11-S2 TTATAAATAGGATATAATATAATATAGGGATCAAGTACAACTAATCGATGAATTCGAGCTCG 

Primers for getting DNA probes 

ACT1-F CGAACAAGAAATGCAAACCGC  

ACT1-R CTTGTGGTGAACGATAGATGG 
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HIS3-F GAGCAGAAAGCCCTAGTAAAG 

HIS3-R TAAGAACACCTTTGGTGGAGG  

MAT-F CTTAGCATCATTCTTTGTTCTTATC 

MAT-R CCAAGGGAGAGAAGACTTG 

MAT distal-F CATGCGGTTCACATGACTTTTGAC 

MAT distal-R AGGATGCCCTTGTTTTGTTTACTG  

Primers for qPCR 
726 bp 

dsHOcs_F 
TCATCTTCGCCACAAGTCTTCTCTC 

726 bp 
dsHOcs_R CCTGTTCTTAGCTTGTACCAGAGGA 

5.7 kb 
dsHOcs_F CCACCTTCATCGGTAAACGTAC 

5.7 kb 
dsHOcs_R 

TAAGAACACCTTTGGTGGAGG  

ADH1 to 
qPCR_F 

GTTAAGGGCTGGAAGATCGG 

ADH1 to 
qPCR_R 

TTGTTGGAAAGAACCGTCGT 

MATa HOcs_F 
to qPCR 

TCAATGATTAAAATAGCATAGTCGGGT 

MATa HOcs_R 
to qPCR 

CGTCAACCACTCTACAAAACCA 

 
*The number in brackets points the 5' nucleotide position relative to the ATG start codon of the gene. 
Negative values for upstream nucleotides and positive for downstream. F: Forward. R: Reverse. S2: 
Reverse in Janke's tagging and deletion system. S3: Forward in Janke's tagging system. S1: Forward 
in Janke's deletion system (Janke et al., 2004). 

 

3.3.2.2. PCRs from linear DNA 

Linear DNA fragments amplifications were performed for: i) checking yeast transformant 

colonies, ii) amplifying transformant products previously inserted in other yeast strains, and iii) 

labeling DNA probes with Fluorescein-12-dUTP. 

A T100™ Thermal Cycle (Bio-Rad) was used in every case. For checking new 

transformants and amplifying PCR products from other yeast strains, genomic DNA was 

extracted by mechanical method (see section 3.3.1.1.1). Then, desired fragments were 

amplified with the PCRBIO High Fidelity polymerase (Biosigma) and corresponding primers 

(0.2 µM each one) according to the supplier's recommended program (Fig. 3.9). 

On the other hand, Fluorescein–labeled probes were amplified using the Expand High 

Fidelity polymerase (Roche) and a dNTPs mix composed of 0.2 µM of dATP – dGTP – dCTP; 

0.13 µM of dTTP, and 0.07 µM of Fluorescein-12-dUTP. The rest of the supplemented PCR 

components and the amplification program were performed following the supplier's instructions 

(Fig. 3.10). 
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Figure 3.9. Schematic overview of the PCR program used to amplify DNA from transformant 
colonies or to obtain transformant DNA from previously modified yeast strains. 

 

 

Figure 3.10. Schematic overview of the employed PCR program to amplify probes.  

3.3.2.3. PCRs from plasmids 

In most cases, transformation products were amplified from a set of plasmids with marker 

cassettes to tag proteins in the C- or N-terminal (Janke et al., 2004). For this purpose, PCRs 

were done with the GoTaq 2® G2 Flexi Polymerase (Promega). The PCR master mix was 

composed of 2.5 mM of Mg 2+, 0.5 mM of each dNTP, 0.2 µM of each primer, and 0.07 U·µL-1 

of the enzyme with the provided buffer. The amplification program is shown below (Fig. 3.11): 

 

Figure 3.11. Schematic overview of the employed PCR program to amplify transformant DNA 
from plasmids. 
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3.3.2.4. Quantitative PCR (qPCR) 

This technique was used to measure the resection rate of broken DNA ends after the 

generation of an HO-mediated DSB (Zierhut & Diffley, 2008).  

The strategy is based on designing primers to amplify sequences located downstream of 

the break and study how far resection extends. The amplicons must contain target sites for 

restriction endonuclease enzymes (REs). Thus, amplification in digested samples is only 

possible when resection has overpassed the target site and renders it at single-stranded DNA, 

avoiding REs activity. 

For this purpose, the DNA samples were obtained through the lytic method (see section 

3.3.1.1.2). Once extracted, every sample was measured and normalized with a Nanodrop Lite 

Spectrophotometer (ThermoFisher Scientific). For every time point, a mock digestion was also 

required as control. Then, mock digestions and digestion reactions (4.4 µL per well of the 

qPCR plate containing 2.5 µg·µL-1 of genomic DNA) were digested with 5 U of the 

corresponding restriction enzyme per µg of DNA for 2 hours at 37 ºC. After that, a mix of 0.3 

µL of each primer and 5 µL of PowerUp™ SYBR™ Green Master Mix (Applied Biosystems) 

was added to each well, getting 10 µL as final volume. 

The qPCR plates were subjected to the following program (Fig. 3.12) in a QuantStudio 5 

Real-Time PCR System (ThermoFisher Scientific), taking into account the technical triplicates 

per sample for three independent experiments: 

 

Figure 3.12. Schematic overview of the applied qPCR program. 

Once obtained the data, the next formula was employed to quantify resection rates: 
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Where ERS and EADH1 are the primer efficiencies for the restriction site (RS) and the ADH1 

gene (used as a control to correct differences in template concentrations). ∆Cq(digest – mock) 

is the difference between the quantification cycles (Cq) for the digested and the mock-digested 

sample. - is the fraction of the genome where the HO-mediated DSB was generated. - is 

calculated as follows: 

- = 1 −	 ('4567)
∆$!(8",8)

('2349)∆$!(8",8)
 

where EHOcs and EADH1 are the primer efficiencies for the HO-cut site and ADH1 amplicons, 

and ∆Cq(t0 – t) is the difference between the quantification cycles before HO induction and the 

evaluated time point. 

The primer efficiencies are determined through the analysis of 1:10 serial dilutions of 

undigested genomic DNA in a qPCR assay. Then, a plot of Cq values vs. log (DNA 

concentration) should show a linear distribution. Finally, efficiencies (E) can be calculated by 

applying the following formula: 

' = 10,:
9
;< 

where b is the slope of the linear regression. 

3.3.3. DNA electrophoresis 

3.3.3.1. Analytical electrophoresis 

This kind of electrophoresis was routinely performed to i) check transformant DNA, ii) check 

transformant colonies, and iii) measure the efficiency of restriction digestion reactions.  

DNA fragments were separated in 1 % w/v of Agarose E gels (Pronadisa) dissolved in 1x 

TBE buffer. 0.5x TBE was the used concentration of the running buffer. Before loading the 

samples, 5 µL of each was mixed with 1 µL of 6x of EZ-Vision® One DNA dye (Amresco). The 

GeneRuler 1 kb DNA Ladder (ThermoFisher Scientific) was employed as a molecular weight 

marker. 

Running conditions were always 90 V for 1 hour at room temperature. Finally, DNA bands 

were visualized under the UV light of the Gel-Doc System (Bio-Rad). 
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3.3.3.2. Experimental electrophoresis 

The molecular study of DSBs repair was performed through the MAT switching assay 

(Haber, 2012; Kaplun et al., 2006; Kostriken et al., 1983; Strathern et al., 1982). 

This method is used as a DNA repair model. It determines if cells can repair an HO-

mediated DSB and whether they trigger homologous recombination or non-homologous end 

joining. Digestion of samples with a restriction enzyme gives rise to DNA fragments whose 

sizes depend on whether they are intact, cut, or repaired. 

Digested DNA fragments were separated in 1.2 % w/v Agarose Low EEO LS (Panreac) 

dissolved in 1x TBE. 0.5x TBE was again employed as the running buffer, whereas the wells 

were loaded with the samples mixed with Loading Dye Purple (6x) (New England Biolabs). 

Finally, running conditions were performed at 90 V for 2 hours at room temperature. 

 

3.3.4. Southern blot 

Gels from experimental electrophoreses were always subjected to the Southern blot 

technique. Previously separated DNA fragments are first transferred to positive-charged nylon 

membranes. Then, DNA bands of interest are detected through specific binding of Fluorescein-

12-dUTP–labeled DNA probes. 

3.3.4.1. Probe labeling 

Specific probes were created in three steps. Firstly, linear DNA fragments of interest were 

amplified by PCR from genomic DNA. After checking in a conventional electrophoresis, PCR 

products were purified using a Wizard® SV Gel and PCR Clean-Up System (Promega). Finally, 

purified DNA was used as a template to create Fluorescein-12-dUTP–labeled probes by PCR 

(see section 3.3.2.2). 

3.3.4.2. DNA transfer 

After experimental electrophoreses, separated DNA samples were stained in a 0.5 µg·mL-

1 ethidium bromide solution for 10 minutes and visualized under UV light. Then, a three-steps 

treatment was performed to ease the transfer to membranes. 

First, gels were soaked in Milli-Q water for 10 minutes at room temperature. Next, they were 

submerged in a depurination solution (0.4 % HCl) for 10 minutes. Second, Milli-Q water was 

added for 5 minutes to clean up the tray, and gels were soaked in a denaturing solution for 30 
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minutes. Finally, a brief step of Milli-Q water was applied for 3 minutes before equilibrating gels 

in a neutralization solution for additional 30 minutes.   

Once finished, downward capillary transfer onto Hybond-N+ Nylon membranes positively 

charged (Amersham) was performed overnight (Fig. 3.13). 10x SSC solution was used as the 

transfer buffer. 

 

Figure 3.13. Scheme of the setup for DNA transfer to membranes. 

3.3.4.3. Probe hybridization and detection 

Transferred DNA was crosslinked by exposing membranes to 1,200 J·cm-2 in a Stratalinker 

UV crosslinker (Hoefer). Then, they were washed in a 5x SSC solution for 30 minutes at room 

temperature.  

Next, membranes were introduced in a glass tube containing 50 mL of blocking solution 

and incubated at 68 ºC for 1 hour in a hybridization oven (Stuart Scientific). Once passed this 

time, denatured Fluorescein-12-dUTP–labeled probes were added to the blocking solution, 

and hybridization continued at 68 ºC overnight.  

The day after, hybridized membranes were washed at 68 ºC in a primary washing buffer 

(two times for 10 minutes), and then in a secondary washing buffer (two times for 5 minutes). 

Next, they were rinsed in AB buffer for 5 minutes and blocked in AB buffer + 1 % skimmed milk 

(w/v) for 1 hour at room temperature. After that, the solution was replaced by AB buffer + 0.5 

% skimmed milk (w/v) containing a 1:100,000 dilution of anti-Fluorescein antibody conjugated 

to alkaline phosphatase (Merck) for 1 hour. Lastly, AB buffer + 0.1 % Tween 20 (Promega) 

was used to make three washes for 30 minutes.  
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The detection was performed by adding CDP-Star Detection Reagent (Amersham) over the 

membranes. Then, they were placed between two transparent plastic sheets avoiding bubbles. 

The chemiluminescent signal was developed in a Fusion Solo S Documentation Chamber 

(Vilber Lourmat). Quantifications were measured with the Bio1-D Sofware. 

3.3.5. Flow Cytometry 

This technique was performed to measure the DNA content of cell populations and study 

the cell cycle transition. 

Samples of 1 mL were taken and centrifuged at top speed for 1 minute. The pellet was then 

fixed by resuspension in 1 mL of 100 % ethanol and centrifuged again at maximum speed for 

1 minute to discard the supernatant. The cells were resuspended and incubated in 250 µL of 

1x SSC solution containing 10 mg·mL-1 of RNase A at 37 ºC overnight. The next day, 50 µL of 

1x SSC solution containing 1 mg·mL-1 of Proteinase K was added, and the incubation was 

prolonged for 1 hour at 50 ºC. Finally, 500 µL of 1x SSC solution containing 3 µg·mL-1 of 

propidium iodide was supplemented, and incubation was extended again for 1 hour at room 

temperature. Processed samples were stored at 4 ºC until use.  

The analysis was carried out using a BD FACSCalibur equipment and the CellQuest Pro 

Software (BD Biosciences). An exponentially growing culture was used for each experiment to 

calibrate the 1C and 2C peaks relative to the DNA content before reading the samples. 

 

3.4. Protein techniques 

3.4.1. Western blot 

A significant part of this thesis consisted of studying proteins. Western blots of proteins of 

interest were performed to evaluate their presence/absence, post-translational modifications, 

and in some cases, their auxin-mediated degradation.  

3.4.1.1. Protein extraction 

Whole-cell proteins were precipitated by using the Trichloroacetic Acid (TCA) method. TCA 

helps to conserve post-translational modifications, avoiding enzymatic reactions such as 

dephosphorylations. 
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 5 mL of liquid cultures were taken per sample. After centrifugation for 1 minute at 4,000 

rpm, pellets were resuspended in 1 mL of TCA 20 % and stored at -20 ºC until use. Once 

collected all samples to analyze, they were thawed and centrifuged at top speed for 1 minute. 

Supernatants were discarded, and pellets were resuspended again in 100 µL cold 20 % TCA. 

Breakage of cell walls was done by adding ~ 200 mg of glass beads and vortexing for 4 

minutes. Then, TCA-containing cell debris was diluted to 10 % by adding 200 µL of 5 % TCA. 

The liquid phase was transferred to new 1.5 mLtubes, and cell debris/proteins were collected 

by centrifugation at top speed for 1 minute. Finally, pellets were resuspended in 150 µL of 

Laemmli Sample Buffer (Bio-Rad) + ß-mercaptoethanol and boiled at 95 ºC for 10 minutes. 

Quantification and normalization of total proteins was performed by using a Qubit 4 

Fluorometer (ThermoFisher Scientific).  

3.4.1.2. SDS-PAGE 

Quantified samples were fractionated by one-dimension polyacrylamide gel electrophoresis 

under denaturing conditions (SDS-PAGE). Acrylamide/bisacrylamide 37.5:1 proportion (Bio-

Rad) was used to polymerize 7.5 % and 10 % continuous separating gels. 4 % was the 

percentage used for the stacking gels in all cases.  

Electrophoreses were performed in a Mini-PROTEAN® Tetra Cell (Bio-Rad). Before loading 

the samples, gels were subjected to a pulse of 160 V for 12 minutes. Then, 10 µL per sample 

containing 30 µg of proteins were loaded on the wells. Precision Plus Protein™ Dual Color 

Standard was used as the molecular weight marker. Running conditions consisted of 20 

minutes at 90 V, followed by 30 minutes at 120 V, and 150 V until the end of the 

electrophoresis. 

When phosphorylation was not seen in conventional SDS-PAGE gels, 5 µmol·mL-1 Phos-

tag™ Acrylamide (Fujifilm Wako Chemicals) and 10 µmol·mL-1 of Manganese Chloride 

(Sigma-Aldrich) were added to resolving gels. Phos-tag™ is a molecule that binds to 

phosphorylated residues. Thus, phosphorylated proteins migrate slower, and the detection of 

phosphorylated forms becomes clearer. When used, samples were loaded in the absence of 

the molecular weight marker, as it interferes with the proteins' regular migration. 

3.4.1.3. Protein transfer 

The resolving part of SDS-PAGE gels were equilibrated in 50 mL of transfer buffer for 30 

minutes at room temperature. Meanwhile, Immobilon-FL PVDF membranes (Merck Millipore) 

were soaked in 100 % methanol for 20 seconds. They were then rinsed in milli-Q water and 

transferred to 50 mL of transfer buffer for 30 minutes.  
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In the case of Phos-tag™ gels, they were briefly incubated in 10 mmol·L-1 EDTA to remove 

divalent MnCl2.Transfer was done on a Mini Trans-Blot® Cell (Bio-Rad) in the presence of 20 

% methanol. Transfer conditions were 90 V for 1 hour at 4 ºC. When Phos-tag™ gels were 

transferred, 0.1 % SDS (w/v) was added to the buffer. 

3.4.1.4. Antibodies hybridization and detection 

When finished, membranes were briefly activated in 100 % methanol for 20 seconds, rinsed 

in milli-Q water, and submerged in Ponceau S Solution BC (Panreac) for 5 minutes at room 

temperature. Ponceau S staining served to check the protein transfer and to cut the 

membranes for hybridization with different antibodies. 

After three washes for 5 minutes in milli-Q water, Ponceau S was destained by re-activating 

membranes in 100 % methanol for 20 seconds and incubating in TBS buffer + 0.1 % Tween 

20 (TBST) for 10 minutes at room temperature. 

When membranes whitened, they were blocked in TBST + 5 % skimmed milk (in the 

presence of 0.1 % sodium azide) for 1 hour at 4 ºC. The blocking solution was then replaced 

by TBST + 5 % skimmed milk (in 0.1 % sodium azide) containing primary antibodies, and 

incubations were prolonged overnight at 4 ºC.  

The day after, membranes were washed six times in TBST for 5 minutes each at room 

temperature. Secondary antibodies were added in TBST + 5 % skimmed milk for 1 hour at 

room temperature. After washing six times in TBST, the ECL Prime Western Blotting Detection 

Reagent (Amersham) was added over the membranes. Finally, they were revealed as in the 

Southern blot technique (see section 3.3.4.3). The following table shows the origin, the hosts, 

and the working dilution for each antibody used in this thesis: 

Table 3.4. Primary and secondary antibodies used in this thesis. 

Antibody Working dilution Host Origin 

α-c-Myc 

(clone 9E10) 
1:5,000 Mouse 

Sigma-Aldrich 
(M4439) 

α-HA 

(clone HA-7) 
1:5,000 Mouse 

Sigma-Aldrich 
(H9658) 

α-Rad53 

(clone EL7.E1) 
1:5,000 Mouse 

Abcam 
(ab166859) 

α-PGK1 

(clone 22C5D8) 
1:10,000 Mouse 

ThermoFisher™ 
(459250) 

α-Flag® 

(clone M2) 
1:5,000 Mouse 

Sigma-Aldrich 
(F3165) 
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α-mini-AID-tag 

(clone 1E4) 
1:5,000 Mouse 

MBL Life Sciences 
(M214-3) 

α-GFP 1:10,000 Rabbit 
Abcam 

(ab6556) 

α-acSmc3 1:5,000 Mouse Dr. Katsu Shirahig gift 

α-Mouse IgG (H+L) 

(HRP conjugated) 
1:10,000 Goat 

Promega 
(W4021) 

α-Rabbit IgG (H+L) 

(HRP conjugated) 
1:20,000 Goat 

Abcam 
(ab97051) 

 

3.4.2. Proteomics mass spectrometry 

This technique was assessed to determine differences in the proteome when DSBs arise 

in G2 and telophase. For this purpose, only the extraction of whole-cell proteins was performed. 

The analysis through mass spectrometry was carried out at the Institute of Molecular Biology 

gGmbH of Mainz, Germany. 

3.4.2.1. Whole-cell protein extraction 

1 OD600 of cells blocked in different cell cycle stages (with and without one or multiple DSBs) 

was centrifuged in a 1.5 mL tube. The pellet was then resuspended in 25 µL of 1x NuPAGE™ 

LDS Sample Buffer (ThermoFisher Scientific) + 10 mM DTT (Promega). Collected samples 

were placed in a 96-well plate and boiled for 10 minutes at 95 ºC. Storage was done at 4 ºC 

until shipment to Germany. It should be noted that four independent replicates per sample 

were needed.  

 

3.5. Fluorescence microscopy 

Much of the current work is versed in studying the subcellular location and changes in 

different proteins upon DSBs. For this purpose, wide-field fluorescence microscopy has 

supposed a fundamental pillar, both in yeast and HeLa cells.  

The Leica DMI6000B epifluorescence microscope (Leica) has been used, employing a 

63x/1.30 immersion objective and an ultrasensitive DFC350 digital camera. Immersion oil (UV-

transparent, fluorescence-free) with a refractive index of 1.515 – 1-517 (Fluka) has also been 

employed. The following table shows the properties of filter cubes for each fluorescent protein.  

 



81 / 246

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3075810				Código de verificación: smutbmB+

Firmado por: JESSEL AYRA PLASENCIA Fecha: 30/11/2020 12:24:14
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 08/02/2021 13:50:06
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2020/128238

Nº reg. oficina:  OF002/2020/126910
Fecha:  03/12/2020 10:28:14

3. Materials and Methods 
 
 

 79 

Table 3.5. List of filter cubes used in fluorescence microscopy. 

Filter cube Fluorochrome Excitation 
range Excitation filter Dichromatic 

mirror 
Suppression 

filter 

A Hoechst/DAPI UV BP 360/40 400 BP 470/40 

CFP eCFP Violet-blue  BP 436/20 455 BP 480/40 

RFP RFP, mCherry Red BP 546/12 560 BP 605/75 

YFP YFP, GFP Green BP 500/20 515 BP 535/30 

 

3.5.1. Yeast microscopy 

Fluorescence microscopy of yeast was always performed in live cells. For each time point, 

an aliquot of 100 µL of cells was transferred to a 1.5 mL tube. After a brief pulse of 

centrifugation, part of the pellet was taken out and spread over a microscope slide. A coverslip 

was then placed on the sample with slight pressure, and a little drop of immersion oil was 

disposed over. The cells were directly subjected to visualization.  

Only when the plasma membrane and DNA was subject to study, 0.5 µL of 1 mg·mL-1 

Hoechst 33258 (Promega) was mixed with live cells before placing the coverslip. The following 

table shows the list of microscope settings employed for each tagged protein. 

Table 3.6. List of parameters to visualize each protein. 

Protein/compound Exposure (seconds) Gain Intensity 
Hoechst 0.02 2 2 

TetR-YFP 2 5 5 

TetR-RFP 2 6 5 

Hta2-mCherry 2 6 4 

Net1-eCFP 2 6 5 

GFP-Tub1 2 6 4 

Spc42-mCherry 2 6 5 

Cin8-mCherry 4 6 5 

Cin8-3GFP* 3 6 5 

Cdc14-GFP 2 6 4 

Msc1-eYFP 4 6 5 

* Cin8-3GFP and its phosphor-mutant versions (Cin8-3A-3GFP and Cni8-3D-3GFP) were visualized 
under the same settings.  
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Single captures and series of 20 z-focal plane images (0.3 µm depth between each 

consecutive photo) were taken for each protein.  

For analyzing the dynamics of some structures, such as chromatin (Hta2-mCherry) and 

chromosome loci (TetR-YFP/TetR-RFP) movement, or the microtubule apparatus (GFP-

Tub1), short time-lapse movies were recorded. In this case, 60 consecutive pictures were 

captured per field using z-focal settings stuck in a single focal plane. 

Specific measurements, such as interloci distances, were performed with the Leica AF6000 

software (Leica). Quantifications for categories charts were done with FIJI software (Schindelin 

et al., 2012). 

3.5.2. HeLa cells microscopy 

Contrary to yeast, HeLa cells are visualized by immunofluorescence (IF). The IF technique 

requires to fix the cells before hybridization with specific antibodies. 

For this, cells were grown, incubated, and blocked in anaphase/telophase (see section 

3.2.1.2.) directly over circular microscope cover glasses 13 mm Ø, thickness No 1 (VWR) 

previously coated with 0.1 mg·mL-1 poly-L-Lysine (Sigma-Aldrich). 

Once the samples were ready, DMEM was discarded, and cells were washed twice in 1x 

PBS.  They were treated with a pre-extraction buffer (which eases the visualization of proteins 

tightly associated with the chromatin) for 7 minutes at room temperature. Next, cells were 

washed twice with 1x PBS and fixed in 1x PBS containing 4% paraformaldehyde (Sigma-

Aldrich) for 15 minutes at room temperature. After two washes in 1x PBS, cells were 

permeabilized in a solution containing 0.2 % Triton X-100 (Promega) in 1x PBS for 10 minutes 

at room temperature. Finally, coverslips were again washed twice in 1x PBS before starting 

the IF. 

3.5.2.1. Antibodies hybridization and detection 

First, cells were blocked in 1x PBS containing 1 % FBS for 1 hour at room temperature. 

Then, the blocking solution was replaced by fresh 1x PBS + 1% FBS in the primary antibody's 

presence overnight at 4 ºC. The next day, three consecutive washes in 1x PBS were 

performed, and cells were incubated in 1x PBS + 1 % FBS containing the secondary antibody 

for 1 hour at room temperature. These incubations can be achieved with two different primary 

and secondary antibodies simultaneously, provided that they have been raised in distinct 

species.  
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For actin cytoskeleton staining, phalloidin conjugated with tetramethyl-rhodamine B 

isothiocyanate (TRITC) (Sigma-Aldrich) was employed. Phalloidin-TRITC staining was always 

post-antibodies hybridizations. Thus, an additional incubation in 1x PBS containing 1% DMSO 

+ 50 µg·mL-1 phalloidin-TRITC was done for 40 minutes at room temperature in darkness. 

Finally, several washes in 1x PBS were needed to clean up the unbound phalloidin-TRITC. 

The following table shows the antibodies, as well as their host and working concentrations: 

Table 3.7. List of used antibodies in HeLa cells IF.  

Antibody Working dilution Host Origin 

α-53BP1 1:600 Rabbit 
Abcam 

(ab172580) 

α-RPA2 
(JE45-59) 

1:600 Rabbit 
ThermoFisher™ 

(MA5-34843) 

α-Phospho-Histone 
H2A.X Ser139 (γ-H2A.X) 1:600 Mouse 

Merck-Millipore 
(JBW301) 

α-RIF1 
(D2F2M) 

1:600 Rabbit 
Cell Signalling Technology 

(95558) 

α-Tubulin alpha 
(clone YOL1/34) 

1:500 Rat 
Bio-Rad 

(MCA78G) 

α-Rat IgG (H+L) 
(Alexa Fluor® 488) 

1:600 Goat 
Abcam 

(ab150157) 

α-Rabbit IgG (H+L) 
(Alexa Fluor® 488) 

1:600 Goat 
Abcam 

(A150007) 

α-Mouse IgG (H+L) 
(Alexa Fluor® 594) 

1:600 Goat 
Abcam 

(ab150116) 
 

Finally, when all incubations were ready, microscopy slides were assembled by adding a 

drop of Fluoroshield™ with DAPI mounting medium (Sigma-Aldrich) over the samples. Then, 

coverslips were sealed to the slides with nail polish, and cells were subjected to visualization.  

Every statistical calculation and graphical representation were performed through the use 

of Prism 8 software (GraphPad).  
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4.1. Chapter 1 

DNA double-strand breaks lead to coalescence between segregated 
sister chromatid loci 

The first chapter is dedicated to the study of the subcellular response to DSBs in telophase. 

This mitotic stage was synchronously established by using mutant strains for the Cdc15 

kinase. Once blocked, cells were submitted to DSBs by incubation in the presence of 

phleomycin (10 µg·mL-1).  

DSBs lead the cells to delay the telophase-to-G1 transition through Rad53 

hyperphosphorylation and the Rad9-dependent DNA damage checkpoint (DDC). Furthermore, 

chromosomes accelerate their interloci movement, and the microtubule apparatus (MTs) 

changes its morphology and dynamics. This phenomenon causes a partial regression of 

chromosome segregation to generate events of coalescence between sister loci. This fact is 

likely due to DSB repair through homologous recombination with the sister, as deficient cells 

for this pathway (∆rad52) do not survive after DSBs in telophase. Moreover, cells partially 

dephosphorylate the Cin8 kinesin motor protein. This post-translational modification promotes 

its relocation from interpolar microtubules (iMTs) to spindle pole bodies (SPBs), and this is 

required for the approximation of segregated DNA material and cell survival. 

This set of results has been published as a peer-reviewed article. For this reason, it is 

presented as a copy of the original paper. 
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4.2. Chapter 2 

Molecular monitorization of a single DSB repair in telophase 

The second chapter is focused on the study of the molecular processing, kinetics, and 

pathways to repair DSB in late mitosis. Cdc15-2 blocked cells were submitted to 2 µM ß-

estradiol to express the HO endonuclease and follow the cut at the MAT locus. Thus, the MAT 

Switching process was monitored as a model of DSB repair 

Similar to what happened with phleomycin, cells also respond to a single DSB through the 

hyperphosphorylation Rad53. Besides, cells prefer using HR instead of NHEJ, although HR is 

Rad9- and Mre11-independent. Processing single-stranded 3’ DNA occurs as efficiently as in 

G2, and cohesin complex plays an essential role in directing the interloci coalescence and 

promoting HR. Finally, proteomics mass spectrometry uncovers new factors specifically 

involved in DNA repair in telophase, compared to those essential for the DNA damage 

response in G2.  
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4.2.1. Yeast cells trigger homologous recombination when a single DSB arise 

in telophase 

Based on the premise that establishes the choice of the repair pathway (this is, the levels 

of Cdk/cyclins and the availability of having an intact DNA template to repair with), the MAT 

Switching assay was performed to define the cells preference to restore the broken DNA 

(Haber, 2012).  

This process comprises the specific cut of the MAT locus through the conditional expression 

of the HO endonuclease. Once the DSB is created, HO is quickly repressed and degraded, 

enabling cells to repair. If HR is triggered, MAT a cells recombine with the HML locus and 

change the DNA sequence to MAT!	through the Gene Conversion (GC) pathway (Yamaguchi 

& Haber, 2021). Thus, it is possible to analyze by Southern blot the appearance of bands with 

different sizes resulting from enzymatic digestions. The restriction enzyme must contain a 

target site within the sequence of either MATa or MAT!. This way, HR is employed if the initial 

band changes its size when repaired, whereas NHEJ occurs if the DSB switches back to its 

original size (Fig. 4.1.a).  

Cdc15-2 cells were blocked in telophase for 3 hours at 34 ºC. Then, 2 µM of ß-estradiol 

was added for one extra hour.  The culture medium was washed away and replaced by fresh 

YPD. Samples were taken at indicated time points to be processed for Southern and western 

blotting.  

Southern blot analysis showed that cells trigger HR instead of NHEJ (Fig. 4.1.b). The initial 

band corresponds to the intact StyI-digested MATa fragment. After 1 hour of HO expression 

(1h +ß-E lane), ~ 70 % of cells had created the DSB (Fig. 4.1.b – d). It is a high percentage 

according to the ß-estradiol system, which does not overexpress HO as it occurs with the 

widely used galactose promoter (pGal) (Gnügge et al., 2018; Klein et al., 2019; Yamaguchi & 

Haber, 2021). Considering that the HO cut band signal was 100 %, cells efficiently repaired ~ 

75 % of MAT! sequence (~ 50 % relative to the MATa telophase band) after 3 hours of 

recovery (Fig. 1.b – d). 

Such repair was accompanied by the hyperphosphorylation of Rad53 (Fig. 4.1.c). After the 

HO cut, the DNA damage was recognized, but Rad53 was completely hyperphosphorylated 

from 30 minutes onwards. Taking the advantage that HO endonuclease was tagged with the 

Flag epitope, its translation was also analyzed by western blot (Fig. 4.1.c). HO, as expected, 

only appeared after ß-estradiol addition and coinciding with the DSB detection. After that, it 

was quickly degraded, as previously reported (Kaplun et al., 2006).  
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Figure 4.1. Yeast cells use HR instead of NHEJ to repair a DSB in telophase. a) Schematic of the 
fragments obtained after a StyI digestion and detected with a specific DNA probe for both MATa and 
MAT!	sequences. When the MATa locus is intact, the digestion gives rise to a fragment of 0.9 kb. The 
HOcs is targeted within the StyI-digested MATa fragment. Then, when cells create the DSB, the band 
decreases to 0.7 kb. HR leads the change of sequence to MAT!, losing a StyI restriction site. Thus, the 
detected band migrates slower and is seen as a fragment of 1.8 kb. b) Representative Southern blot for 
MAT Switching assay in the wild-type strain. FM2531 was first blocked in telophase at 34 ºC for 3 hours. 
Then, DSB was generated by adding ß-estradiol. After 1 hour, the medium was washed away, and 
samples were taken to monitor the repair for 3 hours. The DNA was extracted, digested with StyI, 
separated in 1 % Agarose Low EEO LS gel, and submitted to Southern blot. The probes hybridized with 
the MAT locus and the ACT1 gene as a loading control (1.1 kb). The MAT probe was designed to 
hybridize in a StyI cut site sequence, leading to MAT distal bands (2.2 kb) that served as a second 
loading control. c) Representative western blot analyses for HO translation (tagged with Flag epitope) 
and the DSB detection through Rad53 hyperphosphorylation. PGK1 western blot served as 
housekeeping and Ponceau S staining of the membrane as the loading control for all lanes. The leftmost 
lane corresponds to the protein weight marker. d) Quantification of relative band intensities for MAT 
Switching Southern blots. Individual values were normalized to the ACT1 signals. Then, every lane was 
normalized to MATa (Tel). Error bars represent standard errors of the mean (SEMs) of three 
independent experiments. Tel: Telophase. +ß-E: ß-Estradiol addition. 

 
At this point, it is not unreasonable to think that cells execute HR in telophase for the MAT 

Switching process. Contrary to what is seen when multiple DSBs emerge, HML and HMR 

cryptic copies are also located in chromosome III, just like the MAT locus. It may ease the GC 

pathway with no need to produce a sister loci coalescence event, making HR more efficient 

than expected.  
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Based on the initial paradox to repair in late mitosis, it would perhaps be simpler going 

through cytokinesis and repair in G1 by NHEJ (Gao et al., 2016). Noteworthy, cells appear to 

give more importance to the Cdk1/cyclin levels than the chromosome segregation status. It 

results quite impressive since every biological process is developed to be as straightforward 

as possible, and reverting the segregation seems troubling. Likely, cells trigger HR in telophase 

and favor safeguarding the DNA integrity before entering a new cell cycle. What would happen 

if a DSB were generated within an essential gene? NHEJ would cause gain or loss of 

nucleotides at the junction, altering the DNA sequence and sentencing the cells to a certain 

death. Hence, HR positions itself as the best way to preserve life in telophase.  

Another remaining question is, how would diploid cells respond to DSBs in telophase? It 

should be kept in mind that yeast strains used in this thesis are haploids, and they must 

recombine with the previously segregated sister chromatid. However, diploids could either 

promote sister loci coalescence events or recombine with the homolog chromosome located 

in the same nucleus. Would it be preferable to lose heterogeneity at the expense of avoiding 

the reversion of segregation? Further work is required to answer this question.  

 

4.2.2. Processing of 3’ ssDNA ends in telophase is as efficient as in G2 

 A clue signal of HR is the resection of the broken DNA ends to generate 3’ ssDNA tails. 

This process is necessary to form protruding 3’ nucleofilaments and invade the donor 

sequence to restore the break (Ferrari et al., 2020, p. 9; Peng et al., 2021; Yun & Kim, 2019). 

Once resection begins, cells are committed to recombine because long ssDNA fragments 

do not work as efficient substrates for NHEJ. Cdk1 activates resection, and as shown above, 

Cdk/cyclin levels seem to predominate over the presence of a close and well-aligned sister 

chromatid to choose the repair pathway (Ewald, 2018; Kelliher et al., 2018; Lew & Reed, 1993; 

Litsios et al., 2019). 

For this reason, the qPCR technique was employed as previously done (Gnügge et al., 

2018; Zierhut & Diffley, 2008) to determine if resection occurs and how long it extents 

compared to G2. A strain carrying deletions for both HML and HMR (unable to repair) was 

employed. Mutants for the cryptic copies leads to a static scenario for studying the processing 

of the broken end. So, cells were blocked in G2 and telophase. Then, ß-estradiol was added 

and maintained until the end of the experiment, taking samples each hour. The technique is 

based on the amplification of different regions located downstream of the HOcs. These 

sequences contain a target site for StyI restriction enzyme, so that amplification can only occur 

if resection overpasses it (Fig. 4.2.a – b).  
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Figure 4.2. Resection in telophase is carried out at similar levels than G2. a) Schematic 
representation of the working system. Primers (blue arrows) are designed to amplify a sequence that 
contains a StyI target site. When this restriction enzyme is used on the sample, amplification is inhibited. 
If resection extends beyond the target site, StyI does not cut, and the primers can amplify. b) Summary 
table of the amplification yield obtained for each situation (drawn in a) after the restriction digestion and 
the mock control for each case. c) Charts depicting the resection kinetics for two different amplicons 
located at 726 bp and 5.7 kb downstream the break. Error bars represent SEMs of three independent 
experiments. f means the percentage of resected DNA. d) Representatives western blots against Rad53 
to follow the DNA damage detection while 3’ ssDNA ends are being processed. A: Arrest (G2 à 15 
µg·mL-1 nocodazole for 3 hours. Telophase à incubation at 34 ºC for 3 hours). 

 
Two different DNA sequences located at 726 bp and 5.7 kb were analyzed. These locations 

were chosen to discern the efficiency of initial resection and the kinetics far away from the 

HOcs. Although Cdk/cyclin levels differ between G2 and telophase, being lower in the latter 

stage, the resection rate does not present differences at 726 bp (Fig. 4.2.c). The HR machinery 

seems to be fully active, but, as previously discussed (see Chapter 1), there is no evidence 

whether it only happens for MAT Switching or every kind of DSB. MAT Switching suppose a 

pre-set mechanism genetically programmed, and many of the findings described here may be 
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due to this condition. It would be interesting to generate a DSB in only one of the segregated 

sister chromatids, forcing the cells to revert segregation to trigger HR. The intact sister 

template would be located in the opposite nucleus, and cells would not have another way to 

restore the DNA sequence but regressing segregation, unless they activate NHEJ.  

The outcomes for this experiment remain on the unavailability of creating just one DSB. 

First, sequence-specific endonucleases are the only way to make and monitor them locally. 

Still, both segregated sister chromatids contain the target sites, promoting the cut of both 

chromosomes. On the other hand, chemical compounds like phleomycin create randomly 

distributed DSBs but lead to differences in their location and number between each cell of a 

yeast culture. This fact would impede to follow the repair at a molecular level. 

There exists a slight difference when resection takes place far away from the break. Even 

though yeast cells also resect ~ 50 % at 5.7 kb in telophase, it is not as efficient as the ~ 75 % 

shown in G2 (Fig. 4.2.c). This finding could support the idea that the HR machinery is fully 

active in telophase, but its regulation is contingent upon the cell cycle phase. Thus, HR 

machinery would be functional at the initial stages to inhibit NHEJ. Then, the resection rate 

would slow down, stabilizing 3’ ssDNA protruding nucleofilaments and preparing them to revert 

segregation for finding the intact donor. Long ssDNA tracks could hamper the regression.  

As sister chromatids are still held together by proteinaceous linkages in G2 (Shibata, 2017), 

cells might continue resecting 3’ ends until finding a point when invasion could occur, although 

this experiment has been done in strains that cannot repair. In favor of that, Rad53 

phosphorylation in G2 is lightly faster than in telophase. It could mean that cells in G2 (since 

homolog templates are already close) are at a more advanced level of repair. In contrast, 

telophase cells could promote a thorough adjustment between the initial processing, the 

homology search, and the final recombination (Fig. 4.2.d). 

 

4.2.3. DDR, Mre11, and NHEJ do not directly interfere with HR-mediated MAT 
Switching in telophase  

4.2.3.1. Rad9 depletion does not prevent from triggering MAT Switching 

Since cells trigger MAT Switching in telophase, the study of HR factors was carried out. 

Results shown in the previous chapter described that the telophase-to-G1 transition, 

acceleration of interloci movement, and coalescence events were directly dependent on the 

DDR. For this reason, a mutant strain for this checkpoint (∆rad9) was tested in a MAT 

Switching assay (Fig. 4.3.a – c). 
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Figure 4.3. MAT Switching is carried out in the absence of DDR and Mre11, whereas Yku70 
deletion does not improve recombination levels. a) Representative Southern blots to monitor MAT 
Switching in mutant strains for Rad9, Mre11, and Yku70. Strains were blocked in telophase at 34 ºC for 
3 hours. Then, experimental samples were taken and treated as explained in Fig. 4.1.b. b) 
Representative Western blots against the levels of translated HO (	!-Flag), the levels of DNA damage 
detection (!-Rad53), the housekeeping protein (!-PGK1), and the loading sample control (Ponceau S 
staining) for each set of experiments. c) Charts of the relative signal for each band relative to the MATa 
control (Tel lane). Bars show the average of three independent experiments. Error bars are the SEMs.  

 
Rad9 is known to be an adaptor of the DNA damage signaling, whose function is required 

for cell cycle arrest after DNA damage (Weinert & Hartwell, 1988, 1990). It is recruited to 

chromatin by the methylation of the histone H3-K79 and phosphorylation of H2A and Dpb11. 

Then, it enhances the Tel1- and Mec1-mediated activation of Rad53 (Finn et al., 2012). 

Depletion of Rad9 did not cause any recombination deficiency (Fig. 4.3.a, leftmost Southern 

blot). Even though DNA damage is not detected by Rad53 phosphorylation (Fig. 4.3.b), in 

some way, cells recombine to similar levels (~ 60 % considering HOcs signal as 100 %) than 
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the wild-type. Recent findings have reported that excessive Rad9 accumulation at DSBs 

inhibits the DNA end processing by Dna2-Sgs1 and Exo1 nucleases (Yu et al., 2018). It might 

be a reason by which cells can repair in its absence.  

Rad9-independent repair in telophase likely relies on the Mre11-Rad50-Xrs2 (MRX) 

complex. Mre11 could initiate the 3’ to 5’ end resection stimulated by Cdk1-phosphorylated 

Sae2 (which antagonizes Rad9 accumulation and inhibits Rad53 activation). Besides, the 

Sgs1-Dna2 would be recruited to the DSB in a non-catalytic way, leading to a more extensive 

resection. It would then entail the RPA coating of resected 3’ ssDNA and the recruitment of 

Mec1-Dna2, which would promote the genome integrity checkpoint in the absence of Rad9. 

Thus, the generation of protruding nucleofilaments would finally recruit Rad51 to replace RPA, 

enabling the GC at MAT locus (Bonetti et al., 2015; Clerici et al., 2006; Gobbini et al., 2013).  

Western blot control against HO translation levels shows that it degrades slower than wild-

type (Fig. 4.3.b). According to (Kaplun et al., 2003, 2006), the endonuclease has a half-life of 

only 10 minutes and is phosphorylated by Chk1 to be rapidly degraded. Accordingly, dead 

mutations for DDR as ∆chk1 or ∆rad9 stabilize HO, which does not seem to cause any residual 

effect in the course of the MAT Switching experiment. 

4.2.3.2. Mre11 is not essential to achieve GC in telophase. 

Whether the MRX complex had an essential role for MAT Switching in telophase was tested 

next. As explained above, the MRX complex competes with the KU complex (Ku70/Ku80) for 

binding to broken DNA ends and then promoting HR or NHEJ, respectively.  

In this case, Mre11 depletion did not cause any inhibition or retardation for GC in telophase 

(Fig. 4.3.a, central Southern blot). It seems that the DDR was activated through Tel1- and 

Rad9-mediated Rad53 phosphorylation, which was even more pronounced than in the wild-

type (Fig. 4.3.b).  

In line with previous studies(Nicolette et al., 2010, p. 11; Shibata et al., 2014; Shim et al., 

2010), Exo1 and Sgs1, in concert with Dna2, are recruited to DSBs by MRX and Sae2. 

However, ∆mre11 per se does not delay the Exo1 resection. It has been shown that nuclease-

deficient MRX complexes bound to DSBs, also exhibits ~ 80 % Exo1 activity compared to wild-

type. In contrast, mutations in Rad50 decrease resection to ~ 25 – 30 %. Thus, Mre11 might 

be required for slight processing at DSB ends when some proteins (such as Spo11 or non-

degradable nucleases) remain bound to the DNA and impede Rad50 activity. In those cases, 

Mre11 endonuclease may initiate the 3’ to 5’ resection, which is continued by Rad50 and then 

replaced by Exo1 or Sgs1-Dna2. 
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HO endonuclease degradation is not affected when MRX cannot work (Fig. 4.3.b). Besides, 

the Mre11 function is dispensable for MAT Switching, but whether it becomes essential in 

DDC-deficient cells remains unknown. Curiously, cells repaired more efficiently than the ∆rad9 

strain since the MAT!	band was restored in ~ 90 % from the HOcs signal (vs. ~ 60 % in ∆rad9). 

Nonetheless, whether Mre11 becomes essential in the absence of Rad9 remains unknown. 

4.2.3.3. NHEJ does not play any residual role for MAT Switching repair in 

telophase, but Yku70 absence delays homologous recombination 

The next point addressed relied on whether NHEJ was hampering MAT Switching or 

remained inactive. Competition between MRX and KU complexes could be delaying the 

kinetics of GC in telophase compared to G2 since HOcs was not entirely repaired after 3 hours 

(see Fig. 4.1.b).  

Experiments performed in a mutant strain for NHEJ (∆yku70) gave similar Southern and 

Western blots profiles than those previously seen (Fig. 4.3.b). If it were functional, a proportion 

of the MATa signal should be restored after the DSB in the wild-type. However, once MATa 

falls to ~ 20 %, it remains unchanged for the rest of the experiment (see Fig. 4.1.b). On the 

other hand, the ∆yku70 mutant should increase the percentage of MAT! signal, but it was 

formed even lower than expected (~ 70 % vs. ~ 80 % in the wild-type). 

This result positions NHEJ as inactive in telophase. It should be considered that it might be 

the only way to repair when HR is abolished. Although the ∆mre11 strain did not serve as a 

mutant for HR, ∆rad51 and ∆rad52 strains could be employed instead in future approaches. 

It has not escaped the idea that Yku70 is also involved in telomere length maintenance, 

structure, and epigenetic silencing (Bertuch & Lundblad, 2003a, 2003b; Gravel et al., 1998; 

Laroche et al., 1998; Taddei et al., 2004). The explanation for the delay seen in the MAT	locus 

repair efficiency could lie in the chromosomic location of HML. It is located at the subtelomeric 

region of the left arm of chromosome III (from 11146 – 14849 bp). These regions should be 

correctly silenced, and the KU complex, in coordination with proteins like Esc1 or Sir2-Sir4, 

plays an essential role. In a ∆yku70 mutant, cells might experience some challenges to move 

and make the silent chromatin more accessible to the recombination machinery. This could 

explain why the MAT Switching process is slightly delayed relative to wild-type. 

These results also suggest that those protein complexes located at the nuclear membrane 

and periphery, which are involved in the threedimensional distribution and structural 

maintenance of chromosomes, could have important roles at the time of moving back the 

damaged chromatin across the bud neck.  
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4.2.4. Cohesin complex is activated after DSBs in telophase and plays a 

leading role in promoting coalescence events and HR 

Considering the possible roles for proteins involved in chromatin silencing and structural 

maintenance, the cohesin complex was run as an exciting candidate. The cohesin is a 

chromosome-associated multisubunit complex highly conserved from yeast to humans. Its 

primary function is to mediate the physical cohesion between replicated sister chromatids for 

ensuring a normal segregation. However, it has also been enrolled in the efficient repair of 

DNA, as well as regulating gene expression (Peters et al., 2008).  

The cohesin complex forms a ring-shaped structure that traps replicated sister chromatids 

before segregation. Once the cells enter anaphase, the securin Pds1 is degraded, and the 

separase Esp1 is released. Then, Esp1 cleaves the !-kleisin subunit Scc1 (also known as 

Mcd1), and sister chromatids are pulled apart through MTs-mediated mechanical forces to the 

opposite nucleus (Uhlmann et al., 2000).  

In terms of DNA repair, it has been shown that cohesin plays an essential role. In addition 

to the sister chromatid cohesion generated from S to G2 phases, DSBs produce the damage-

induced cohesion (DI-cohesion) (Kim et al., 2010). Following DNA damage, cohesin is 

recruited and accumulated along 50 – 100 kb surrounding the DSB site, and surprisingly, also 

genome-wide (Ström et al., 2004; Unal et al., 2004). In some way, the cohesin recruitment 

creates a firm anchoring of two well-aligned sister chromatids, easing recombination. Although 

it has been shown that cohesion depends on the acetyltransferase Eco1 (Ström et al., 2007; 

Unal et al., 2007), it has also been demonstrated that Mec1 and Chk1 phosphorylate Scc1 to 

initiate the cohesion establishment in post-replicative cells (Heidinger-Pauli et al., 2008). 

This way, the cohesin complex regulation situates the telophase as a particular scenario 

compared to G2. Whereas it is active at the end of replication, only Smc1 and Smc3 subunits 

remain attached to chromatin after segregation to be recycled in the next cell cycle. In contrast, 

Scc1 needs to be translated de novo since cleaved fragments are unstable and degraded by 

the proteasome (Cheng et al., 2020; Rao et al., 2001). Thus, since coalescence events shown 

in Chapter 1 imply the joining of two segregated loci for relatively long periods, it would not be 

unreasonable to think of an active role for the cohesin complex, maybe holding close and well-

aligned the sister chromatids. 

For these reasons, different experiments were performed to discern whether cohesin was 

acting as an HR enhancer or was dispensable.  
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4.2.4.1. Yeast !-kleisin subunit Scc1 is translated de novo after DSB generation in 

telophase 

It is known that the Scc1 subunit is necessary to generate cohesion. Indeed, the main 

difference between G2 and telophase is its presence or absence, respectively.  

For testing how this subunit was regulated, a strain unable to repair the HO-mediated DSB 

at the MAT locus (∆hml ∆hmr double mutant) but bearing Scc1 tagged with three tandem 

copies of the Myc epitope was first blocked in telophase at 34 ºC for 3 hours. Then, the culture 

was divided into three. The first one served as a mock control, whereas the others were used 

to generate a single (2 µM ß-estradiol) and multiple (10 µg·mL-1 phleomycin) DSBs. Incubation 

of subcultures was prolonged at 34 ºC for 2 extra hours. Samples were processed and 

subjected to the Western blot technique.  

 

Figure 4.4. Scc1 levels are restored after DNA damage in telophase. Western blot against Scc1-
3myc (!-myc antibody) comparing its levels between asynchronous, G2- and telophase-blocked 
cultures. Cells arrested in telophase were subdivided into three conditions for two hours (mock, 
phleomycin, and HO endonuclease). The leftmost lane is a control for Scc1 without the 3myc epitope 
tag. PGK1 protein levels served as the housekeeping. Ponceau S staining is also shown as a loading 
control. Asyn.: Asynchronous. Tel: Telophase. +Phle: 10 mg·mL-1 Phleomycin. +HO: 2 µM ß-estradiol 
addition. *: Unspecific band detected by the !-myc antibody just over Scc1 signal. 

 
As expected, Scc1 band was detected for both cycling cells and those blocked in G2. The 

Scc1 signal disappeared almost entirely when cells were arrested in telophase and remained 

low in the mock control two hours later. Surprisingly, full-length Scc1 was restored after single 

and multiple DSBs generation (Fig. 4.4). 

This finding points towards the hypothesis that positions the cohesin complex as an 

essential factor during the reversion of segregation. Cells might require synthesizing Scc1 de 

novo. Thus, the ring-shaped cohesin structure could be newly formed and loaded onto the 

breaks, promoting the DI-cohesion and easing the recombinational coalescent events. 

Nevertheless, the Scc1 recruitment by Smc1-Smc3 and the re-formation of the cohesin 

complex remains to be studied.  
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Whether Scc1 is protected from Esp1-mediated degradation is still unknown; however, its 

regulation could be performed through three distinct pathways. The first one would involve the 

physical inactivation of Esp1 through the de novo synthesis of the inhibitor Pds1. The second 

one would rely on the transient suppression of Esp1 enzymatic activity by a PP2Acdc55-

mediated dephosphorylation (Lianga et al., 2018). Finally, the third one could entail a Mec1- 

and Chk1-mediated Scc1 phosphorylation, thus inducing cohesion (Heidinger-Pauli et al., 

2008). It is not even improbable that some of the pathways may be triggered simultaneously. 

 

4.2.4.2. Depletion of Smc3 prevents the generation of coalescence events 

Smc1-Smc3 cohesin subunits are loaded onto chromosomes at the telophase-to-G1 

transition. When cells enter S phase, the acetyl-transferase Eco1 acetylates Smc3, thus 

preventing the ATPase activity of Smc1-Smc3 heads and inhibiting the opening of the Smc3-

Scc1 interface (Çamdere et al., 2015; Chan et al., 2012; Huber et al., 2016; Murayama & 

Uhlmann, 2015). Thus, sister chromatids are stably held together until the onset of anaphase 

through the Scc1 cleavage (Nasmyth & Haering, 2009). 

Whether Smc1-Smc3 dimers are loaded onto chromosomes in telophase and lead the 

coalescence upon DSBs was next tested. The same strain for the coalescence study under 

the fluorescence microscope (see Chapter 1) was transformed to degrade Smc3 conditionally. 

The strain carries several TetO sequences at the telomeric region of the right arm of 

chromosome XII and the TetR-YFP as the fluorescent reporter. Smc3 was modified to be 

degraded conditionally. For doing that, a cassette containing the auxin-inducible degron (AID) 

sequence and nine tandem repeats of the Myc epitope was fused at C-termini. Also, a cassette 

for translating the auxin preceptive F-box protein TIR1 (OsTIR1), which forms a functional 

ubiquitin-ligase, was inserted at the URA3 locus.  

For checking the system was working correctly, a serial dilution spot assay was carried out 

(Fig. 4.5.a). The strain described above and its counterpart with no presence of OsTIR1 were 

plated in YPDA and YPDA + 8 mM indole-acetic acid (IAA). When IAA enters inside the cells, 

it binds to the AID epitope. Then, OsTIR targets it for degradation by the proteasome, leading 

to a conditional depletion of every AID-tagged protein (Morawska & Ulrich, 2013). If the tagged 

protein is essential, the spot assay gives rise to a no-growth pattern.  
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Figure 4.5. The absence of Smc3 inhibits telomere coalescence after DSBs in telophase. a) Serial 
dilution spot assay depicting the no-growth pattern of the Smc3:AID tagged strain in the presence of 8 
mM IAA. The same strain without the ubiquitin-ligase was also used as control. b) Representative 
Western blot from experimental samples. Telophase blocked cells were divided into two. One subculture 
was treated with 8 mM IAA for 1 hour. Then, each subculture was, in turn, divided into two, one serving 
as mock control and the other to be treated with 10 µg·mL-1 phleomycin. As cells carried Smc3, cdc15-
2, and the OsTIR1 tagged with the Myc epitope, the degradation of Smc3 was monitored by using an 
!-mini-AID-tag monoclonal antibody (MBL Life Sciences, see table 3.4 in Materials and Methods 
section). Besides, the !-myc antibody even recognizes an unspecific band (~ 100 kb), which could 
hamper the identification of Smc3, giving a multiband pattern. Rad53 was also monitored as a control 
for DNA damage detection. PGK1 was revealed as the housekeeping to quantify the remaining Smc3 
signal. Ponceau S staining is showed as a loading control for each lane. c) Chart representing 
quantifications from fluorescence microscopy. Cells were classified into three categories depending on 
sister cXII right arm telomeres (TetR-YFP) location within the nucleus: i) Segregated, showing two foci 
well separated; ii) Same body, presenting the telomeres retained in one of the cells; and iii) 
Coalescence, only one TetR-YFP focus. Error bars represent the SEM of three independent 
experiments. Statistical significance was calculated through 2-way ANOVA and multiple comparisons 
analysis. IAA: Indole-acetic acid. Tel: Telophase. ns: non-significant statistical difference.  

 
Telophase cells were submitted to Smc3 degradation and subsequent generation of DSBs. 

Western blot analyses showed that cells degraded ~ 80 % of Smc3 after 1 hour (Fig. 4.5.b). 

Besides, cells could trigger Smc3-independent Rad53 phosphorylation at similar levels than 

the mock control, positioning any cohesin role downstream of the DDC. 

Quantification of fluorescence microscopy gave rise to important information about the 

relevance of the cohesin role in coalescence. Cells that were not treated with IAA but suffered 

DSBs reverted segregation of TetR-YFP in ~ 13 % of the telophase-blocked cells [p<0.0001 

relative to categories quantified in Tel time-point] (Fig. 4.5.c). As it occurred in Chapter 1, ~ 7 

% of cells showed two foci in the same cellular body, whereas ~ 6 % had coalescence events. 

The reversion of segregation represents a low percentage, but it could be due to the nature of 
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phleomycin-generated DSBs and the method employed to quantify. After all, and despite the 

whole nuclear material suffers gross changes when DSBs arise in telophase, only the telomere 

of chromosome XII is being monitored. The cells may choose the sister loci-to-revert 

depending on the DSB location. As phleomycin creates randomly-distributed DSBs, it would 

possible to think that the low percentage of partial reversion represents only the fraction of 

chromosome XII where DSBs occurred. 

Nonetheless, the quantification of cells deficient for Smc3 did not show a significant 

statistical difference from the control situation (Fig. 4.5.c). This result could support that the 

cohesin complex is essential to hold coalescence and promote the passing of broken 

chromosomes across the bud neck. Besides replication and segregation, the cohesin complex 

is also involved in the structural maintenance of chromosome distribution within the nucleus. 

It might be a starting point to decipher how cohesin absence precludes coalescence. Indeed, 

the Smc3 subunit has been shown to interact physically with several nuclear envelope (NE) 

factors closely involved in nuclear organization such as Mps3 (Ghosh et al., 2012). Thus, it 

would be interesting to study further whether chromatin-associated cohesins anchor to NE 

complexes and promote the chromosomes reversion. In conclusion, chromosome reversion 

and sister loci coalescence could work through a dual mechanism based on i) the Cin8 kinesin 

motor protein, and ii) the displacement of broken chromatin by the interaction with nuclear 

membrane complexes and chromatin-associated cohesins.  

4.2.4.3. HR in telophase is significantly delayed in the absence of Smc3 subunit 

Having seen the cohesin role for repairing random DSBs in telophase, its absence was also 

studied in the MAT Switching assay.  

It has previously been reported that cohesin is vital for efficient post-replicative repair, but 

not for regulating intrachromosomal GC nor forming ssDNA at the DSBs ends (Unal et al., 

2004). However, those experiments were performed using thermosensitive mutants for 

cohesin (mcd1-1) in cells blocked in G2. Although the mcd1-1 allele has broadly been 

employed, it might not be the most appropriate for this kind of experiments. It is known that 

thermosensitive mutations are typically missense, retaining a specific essential gene function 

only at permissive temperatures. When it is raised at non-permissive conditions, the gene 

product loses its activity, leading to an unfunctional protein. Nevertheless, the lack of functions 

may not necessarily promote a rapid degradation. In G2, the ring-shaped cohesin structure is 

completely formed and loaded onto sister chromatids. It means that replicated sisters are held 

nearby and well-aligned each other. This way, to what extent could the misfolding of mcd1-1 

affect the process of recombination? 
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Figure 4.6. Smc3 degradation elicits a substantial delay in GC performance in telophase. a) Serial 
dilution spot assay as it was performed in Fig. 4.5.a. In this case, the strain constructed for MAT 
Switching was transformed to degrade Smc3 conditionally. b) Representative Southern blot to monitor 
MAT Switching in the absence of Smc3. Telophase cells were first submitted to Smc3 depletion through 
the addition of 8 mM IAA for 1 hour. Then, the culture was subjected to 2 µM ß-estradiol to create the 
HO cut for another extra hour. Finally, the medium was replaced by fresh YPD containing 8 mM IAA 
(maintaining Smc3 degradation), and repair was monitored for 3 hours. c) Representative Western blots 
from samples taken in b. As in Fig. 4.5.b, Remaining Smc3 levels were followed using the !-mini-AID-
tag monoclonal antibody. A monoclonal !-acetylated-Smc3 antibody was also employed to determine 
the fraction of Smc3 bound to chromatin. The HO translation, as well as the DNA damage detection 
marker, are also shown. PGK1 served as the housekeeping to relativize the remaining Smc3, and 
Ponceau S staining was performed as a loading control for each lane. d) Quantification of relative band 
intensities for MAT Switching Southern blots. Individual values were normalized to the ACT1 signals 
and then normalized to MATa (Tel lane). Error bars represent SEMs of three independent experiments. 
Tel: Telophase. +ß-E: ß-Estradiol addition. +IAA: Indole-acetic acid.  

 
In the end, the role of cohesin in DNA double-strand repair is to facilitate and favor the use 

of the sister chromatid during recombination, thus reducing the loss of heterozygosity or gross 

chromosomal rearrangements (Litwin et al., 2018). 

Therefore, once the cohesion is established in G2: i) How long should mcd1-1 be degraded 

to generate interference on DNA repair? ii) Is the misfolding of mcd1-1 sufficient for precluding 

9%24%

Tel
1h

+ß-E 30’ 60’ 90’ 120’ 180’

–ß-Estradiol; +IAA 
1h

+IAA

Smc3:AID*:9myc
100% 8% 6% 5% 5%Remaining Smc3: 4%

Rad53
Rad53

Rad53-P

50 kD

75 kD

Ponceau

PGK1

HO-Flag

acSmc3

ACT1

MATa

HO cut

MAT!
MAT distal

1.0

0.8

0.6

0.4

0.2

0
Tel* 1h

+ß-E
30’ 60’ 90’ 120’ 180’

- ß-Estradiol; +IAA 

MATa

1.0

0.8

0.6

0.4

0.2

0
Tel* 1h

+ß-E
30’ 60’ 90’ 120’ 180’

- ß-Estradiol;  +IAA

DSB

1.0

0.8

0.6

0.4

0.2

0
Tel* 1h

+ß-E
30’ 60’ 90’ 120’ 180’

- ß-Estradiol; +IAA 

MAT!

Re
la

tiv
e

in
te

ns
ity

to
 M

AT
a

(T
el

)

a

c

d
WT
Smc3:AID*

WT
Smc3:AID*

WT
Smc3:AID*

YPDA 8 mM IAA

Smc3:AID*

Smc3:AID* OsTIR1

b



129 / 246

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3075810				Código de verificación: smutbmB+

Firmado por: JESSEL AYRA PLASENCIA Fecha: 30/11/2020 12:24:14
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 08/02/2021 13:50:06
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2020/128238

Nº reg. oficina:  OF002/2020/126910
Fecha:  03/12/2020 10:28:14

4. Results and Discussion 
 
 

 127 

HR despite sister chromatids are already together? iii) Are Smc1-Smc3 also targeted for 

degradation? Moreover, if it occurs, how is the Smc1-Smc3-Scc1 interaction disrupted without 

disturbing the trapped DNA? iv) Despite cohesion between sister chromatids is lost through 

mcd1-1 inactivation, do they separate enough to avoid MAT Switching? All these questions 

still remain unknown. 

Whether the cohesin complex is involved in promoting gene conversion in telophase was 

next tested. A strain ready for studying MAT Switching was also transformed to degrade Smc3 

conditionally (Fig. 4.6.a). The advantage of telophase is that the Smc1-Smc3 remaining pool 

cannot trap the DNA. Assuming that Scc1 de novo translation after DSBs (see Fig. 4.4) serves 

to generate the ring-structure, telophase cohesion can be abolished by degrading Smc1 or 

Smc3 before the DNA damage. For doing that, cells were arrested in telophase at 34 ºC for 3 

hours. Then, 8 mM IAA was added to the medium to deplete Smc3 for one hour. After this 

time, 2 µM ß-estradiol was supplemented to generate the HO-mediated DSB for another hour. 

The medium was then replaced by YPD plus 8 mM IAA to continue monitoring the repair in the 

absence of cohesin. The samples were taken at indicated time-points for Southern and 

Western blotting. 

Contrary to what is seen in the wild-type, the Smc3 absence delayed GC drastically (Fig. 

4.6.b). The HO cut seems to be adequately processed as the band started fading after 30 

minutes from the break. Even though the cut efficiency is lower than in wild-type (~ 50 % vs. ~ 

70 %, respectively), its fading implies that cells trigger resection. However, the quantification 

of band intensities showed that the MAT! repair is severely impaired. Whereas wild-type cells 

perform GC with ~ 80 % efficiency, Smc3-depleted cells only repaired ~ 35 % (considering the 

HO cut band as 100 %). Also, the detection of DNA damage through Rad53 phosphorylation 

seems fainter and slightly delayed (Fig. 4.6.c).  

Not less important, Western blot against the acetylation of lysine residues (K112 and K113) 

of Smc3 showed that a large pool is indeed acetylated in telophase (Fig. 4.6.c). It is known 

that the Eco1-acetylation of Smc3 during the S phase stabilizes its association with 

chromosomes. Then, Hos1-mediated deacetylation in anaphase eases the sister chromatids 

release and allows its re-use in the next cell cycle (Chan et al., 2012; Huber et al., 2016; 

Murayama & Uhlmann, 2015). Strikingly, this result reveals a chromatin-bound Smc3 pool in 

telophase. It might be a consequence of blocking cells before cytokinesis. Telophase-blocked 

cells may stay one step ahead and start bounding the Smc1-Smc3 to chromatin for two 

reasons. The first one would consist of the entrance in G1 with an Smc1-Smc3 pool already 

bound to chromosomes. In some way, it would compensate for cytokinesis delay by advancing 

for the next S phase events, resulting in a more efficient replication. The second one would 
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involve the prevention of DSBs generation and their consequences in telophase. In the case 

they appeared, cells should respond as fast as possible. Hence, counting with a chromatin-

bound Smc1-Smc3 pool would be advantageous. It would speed the formation of the ring-

shaped structure after Scc1 de novo translation, leading to a more effective reversion of 

segregation and repair.  

This set of experiments give insights into the potential molecular regulation of a DSB in 

telophase. However, further work needs to be carried out to solve numerous issues. For now, 

it can be claimed that cells respond to DSBs through the DDC. Thus, they trigger resection of 

3’ DNA ends and promote a Yku70-, Rad9- and Mre-11 independent, but Smc3-dependent 

homologous recombination repair.  

 

4.2.5. Proteomics identifies new factors specifically involved in DNA repair in 

telophase.  

As a final experimental approximation to frame the context of DNA repair in telophase, 

proteomics through mass spectrometry was performed. This technique allows the high-

throughput characterization and quantification of the proteome levels.  

Proteomics mass spectrometry helps to identify both downregulated and upregulated 

proteins relative to control situations. It eases the finding of factors involved in cellular 

processes, such as DNA repair, by comparing the proteome resulting from different 

experimental conditions.   

For this reason, four independent experiments were carried out to compare G2 and 

telophase scenarios, both in the presence and absence of one single (HO-mediated) or 

multiple (phleomycin) DSBs. Experiments, sample extractions, and protein preparations were 

performed as explained in the Materials and Methods section. The mass spectrometry 

experimental procedure was performed by Dr. Lara Pérez Martínez, at the Institute of 

Molecular Biology (IMB), Mainz, Germany, as explained in (L et al., 2020).  

This technique was performed to find new factors that may specifically involve DSBs repair 

in telophase compared to G2. The results are shown in Figs. 4.7 – 4.8 as volcano plots, and 

can also be found in the Appendix I section. It summarizes up- and downregulated proteins for 

DSBs repair in G2 and telophase DNA, as well as their biological function.  

Many of the hit proteins were involved in processes such as metabolism regulation. 

However, it was also possible to identify some telophase-specific factors related to DNA repair. 
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Figure 4.7. Proteomics Mass Spectrometry results for DSBs in G2. Volcano plots representing the 
quantified proteins. Cells were first arrested in G2 by adding 15 µg·mL-1 Nocodazole and incubating at 
25 ºC for 3 hours. Then, the culture was divided into three. One served as mock control, whereas the 
others were treated with 2 µM ß-estradiol and 10 µg·mL-1 phleomycin to generate DSBs. Samples were 
processed as required to perform the technique. Up- and downregulated proteins were represented by 
plotting -log10(p-value) for each found peptide vs. the Log2 fold change. In turn, Log2 change was 
determined as the difference between the mean of label-free quantification (LFQ) intensity of the four 
damaged replicates twith DSBs o the control samples. P-values were calculated with a Welch t-test, 
and proteins above the threshold (dashed line defined empirically as p = 0.05) are considered enriched.  
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Figure 4.8. Proteomics Mass Spectrometry results for DSBs in telophase. Volcano plots 
representing the quantified proteins. Cells were first arrested in telophase by incubating at 34 ºC for 3 
hours. Then, the culture was divided into three. Samples were treated, taken, and processed, as 
explained in Fig. 4.7. Up- and downregulated proteins were also represented by plotting -log10(p-value) 
for each found peptide vs. the Log2 fold change.  

 
There was an interesting protein among the factors shown in volcano plots. It was 

upregulated upon DSBs in telophase, but not in G2. The protein is encoded by the YML128C 
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TelophasePhleomycintreatmentTelophaseControl

YBR014C

YBR072W YBR234C

YDL204W

YDR246W YDR345C;YFL011W;YOL156W;YJL219W

YEL039C;CON__P62894

YEL046C

YER126C YFL014W

YGR043C

YGR248W

YGR256W

YGR283C

YIL136W

YKL107W

YLR001C

YLR056W

YLR178C

YLR258W

YML128C

YMR105C

YMR196W

YNR034W−A

YOR120W

YOR173W

YPR160W
YPR184W

0

2

4

6

−8 −4 0 4 8

difference: mean TelophasePhleomycintreatment minus mean TelophaseControl

-
lo

g 1
0(

p−
va

lu
e)

Volcano plot of TelophasePhleomycintreatment against TelophaseControl
positive: 22; negative: 6; enriched: 28; background: 3143; total: 3171

TelophaseHOtreatmentTelophaseControl

YDR221W
YDR440W

YEL046C

YNL333W;YFL059W

YGR256W

YGR281W

YHR033W

YHR083W
YIL015W

YIL101C

YKL082C

YKR020W

YLR142W

YLR178C

YLR189C

YLR417W YML128C

YMR271C

YOL036W

YOL055C;YPL258C;YPR121W

YPL214C

YPR160W

YPR172W

YPR184W

0

2

4

6

−4 0 4

difference: mean TelophaseHOtreatment minus mean TelophaseControl

-
lo

g 1
0(

p−
va

lu
e)

Volcano plot of TelophaseHOtreatment against TelophaseControl
positive: 18; negative: 6; enriched: 24; background: 3091; total: 3115

-lo
g 1
0(

p-
va

lu
e)

0

2

4

6

0-4 4

HO-mediated DSB vs mock treatment

Difference: ( !̅:	HO-mediated DSB) – (!̅:	mock)

0

2

4

6

Phle-mediated DSB vs mock treatment

0-4 4-8 8
Difference: (!̅:	Phle-mediated DSB) – (!̅:	mock)

Proteomics in Telophase
(3 h at 34 ºC prior 2 hours of treatments)

-lo
g 1
0(

p-
va

lu
e)



133 / 246

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3075810				Código de verificación: smutbmB+

Firmado por: JESSEL AYRA PLASENCIA Fecha: 30/11/2020 12:24:14
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 08/02/2021 13:50:06
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2020/128238

Nº reg. oficina:  OF002/2020/126910
Fecha:  03/12/2020 10:28:14

4. Results and Discussion 
 
 

 131 

is a protein of unknown function, but null mutants (∆msc1) seem to be defective in directing 

meiotic recombination events to homologous chromatids (Huh et al., 2003; Reinders et al., 

2007; Thompson & Stahl, 1999).  

Thus, a subcellular and biochemical analysis was performed to discern whether it could be 

directly implied in DSBs repair in telophase. For doing that, the strain ready for studying MAT 

Switching was transformed to analyze the Msc1 subcellular location under the fluorescence 

microscope and its post-translational modification upon DSBs in telophase (Fig. 4.9). 

 

Figure 4.9. Subcellular location and post-translational modifications of Msc1 upon DSBs in 
telophase. a) Fluorescence microscopy pictures of the Msc1-eYFP subcellular distribution. Cells were 
blocked in telophase at 34 ºC for 3 hours. Then, the culture was split into three. One served as mock 
control, whereas the others were subsequently treated with 2 µM ß-estradiol and 10 µg·mL-1 for 2 extra 
hours. Then, live-cell imaging was performed. b) Representative Western blots for samples from a. 
Rad53 was analyzed as the marker of DNA damage detection, and PGK1 was used as housekeeping. 
Ponceau S staining was done as loading control for each lane. Taking advantage that cells were already 
transformed with Msc1-eYFP fusion, an !-GFP antibody was employed to study the Msc1 post-
translational states. The upper panel shows the Msc1 levels in an SDS-PAGE gel. Below, a PhosTag-
containing SDS-PAGE gel exhibits the different Msc1-phosphorylated isoforms. Tel: Telophase. Phle: 
10 µg·mL-1 phleomycin. SDS-PAGE: Sodium dodecyl-sulfate polyacrylamide gel electrophoresis). 
eYFP: enhanced Yellow Fluorescent Protein.  

 

Visualization of Msc1-eYFP under the microscope suggested an expected distribution for 

proteins located at the endoplasmic reticulum (ER) and the nuclear membrane (NM) (Fig. 

4.9.a). In telophase, it was defined as two separated rounded entities connected by a thin 

bridge. These elongated nuclei structures were maintained for 2 hours in the case of mock 

control. Contrary to what happened with Cin8 kinesin protein (see Chapter 1), Msc1-eYFP did 

not relocate at all after DSBs. Instead, it remained attached to the ER-NM interface, where it 
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served as a reporter to confirm that not only the DNA or MTs but also the NM suffered structural 

changes when DSBs occurred. 

SDS-PAGEs was not enough to differentiate phosphorylated isoforms. For this reason, the 

same samples were loaded and separated into an SDS-PAGE containing PhosTag™. The 

PVDF membrane exposure revealed that Msc1, at least in telophase, had 3 phosphorylation 

levels (Fig. 4.9.b). The same pattern was seen 2 hours later in the mock control, even though 

the P2 level appeared slightly enriched. However, after DSBs generation, the P0 level faded 

almost to be undetectable, whereas P1 and P2 remained unchangeable.  

According to recent works, it is well known that DSBs promote the movement of chromatin 

to be repaired at the nuclear periphery (Lemaître et al., 2014; Seeber & Gasser, 2017). Msc1 

seems to be phosphorylated, but whether the fading of the P0 level supposes an enzymatic 

activation or protein relocalization remains unclear. Msc1 could be relocated from the ER-NM 

interface to the inner nuclear periphery to repair DNA. However, limitations of epifluorescence 

microscopy do not allow to discern whether Msc1 changes its location. It might be more 

appropriate to use super-resolution confocal or even transmission electron microscopy 

instead. Besides, it would be interesting to test whether ∆msc1 cells revert segregation, 

perform MAT Switching, or survive to DSBs in telophase at similar levels than the wild-type. 

This set of experiments could provide a novel role for a protein of unknown function specific 

for telophase repair.  
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4.3. Chapter 3 

Are anaphase events really irreversible? The endmost stages of cell 
division and the paradox of the DNA double-strand break repair 

The third chapter is dedicated to the theoretical contemplation and future perspectives of 

the facts discovered in yeast. It is essential to understand the DSBs repair at the latest mitotic 

stages. The partial reversion of segregation (if it happened in higher eukaryotes) could open a 

new research field, even for anticancer therapies. 

Whether the coalescence of segregated sister loci is a telophase-specific response or a 

result of the pre-existing DNA damage response in G2
 remains unclear. Regardless, kinesin 

proteins, microtubules, and HR machinery are conserved in mammal cells. It should be 

considered, though, that there are numerous differences between yeast and mammals (such 

as the yeast close mitosis with no disruption of the nuclear membrane or its ability to live as 

haploid), which may impede mammals repairing with the sister when cells divide.  

This set of ideas and speculations have also been published as an original peer-reviewed 

paper. For this reason, these insights are presented as a copy of the original manuscript. 
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4.4. Chapter 4 

Experimental insights in higher eukaryotes response to DSBs in 
telophase 

The fourth chapter is dedicated to studying the first early signs of eukaryotic reaction to 

DSBs in telophase. HeLa cells were synchronized in anaphase/telophase in a stepwise 

manner. Phleomycin (100 µg·mL-1) was employed as the DSBs source.  

HeLa cells responded by delaying the late telophase-to-G1 transition when DSBs occurred. 

Fluorescence microscopy of MTs served to detect cells transiting a longer anaphase B. 

Besides, immunofluorescence of DNA damaging reporter proteins such as γH2A.X, 53BP1, 

RIF1, and RPA2 showed that human cells appear to trigger different repair pathways. These 

results reveal the mammal ability to cope with DNA damage in this paradoxical scenario and 

the similarities and differences with yeast.  
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4.4.1. HeLa cells delay the anaphase/telophase transition when DSBs occur  

There exist numerous similarities and differences between yeast and mammals. The DNA 

damage response in telophase could be conserved, but whether it occurs equally may depend 

on shared key factors as well as remarkable cytological differences between yeast and 

mammals 

Yeast can live as haploids, whereas mammalian cells are diploids (except gametes). This 

difference could be crucial for the reversion of segregation. As haploids do not have a close 

and well-aligned sister chromatid, they appear to be forced to find an intact donor in the 

opposite nucleus. In contrast, diploid organisms may prefer recombining with the homolog 

chromosome (despite causing LOH) than reverting segregation. 

Another difference relies on the presence of the nuclear envelope at the moment of mitosis. 

Whereas yeast divides and segregates by enlarging the nuclear membrane (NM), mammals 

break it down temporally to synthesize a new one after telophase (Sazer et al., 2014). Closed 

mitoses keep nuclear membrane protein complexes bound to heterochromatin domains. They 

may act in hand with the MTs apparatus as an extra force to induce the reversion of 

segregation. However, mammalian cells suffer a temporal dissipation of protein embedded in 

the nuclear envelope, and thus, the transient degradation of those NM multiprotein complexes. 

Another factor to take into consideration is the duration of the cell cycle stages in both cell 

types. Yeast exhibits an average length of metaphase plus anaphase of ~ 48 minutes (both in 

synchronous and asynchronous cultures) (Leitao & Kellogg, 2017), and this represents ~ 50 

% of the cell cycle. On the other hand, whereas the mammalian cell cycle (HeLa cell line 

specifically) lasts ~ 20 hours, the entire mitosis covers only ~ 1 hour, representing ~ 5 % (Puck 

& Steffen, 1963). The fact that the mammalian mitosis lasts ten-fold less than yeast might 

suppose a reason for not reverting segregation. Yeast could have time enough to repair 

through HR. In contrast, mammals usually prefer triggering NHEJ and not compromise the 

entire cell cycle in 1 hour, besides considering the absence of protein complexes of the nuclear 

membrane that could enable DNA repair by promoting coalescence events. 

Amongst the similarities that could accomplish the reversion, both organisms show a fully 

functional and extended MTs apparatus and active kinesin motor proteins. As MTs changed 

their morphology and dynamics and Cin8 protein was partially dephosphorylated for DNA 

repair in yeast telophase, mammalian cells could also use their elongated MTs and kinesins 

(such as Eg5/KIF11) to produce the same behavior, i.e., they could also change the 

segregation directionality to repair. 
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Figure 4.10. Proportion of mitotic stages after 1 hour of DSBs in anaphase/telophase. Healthy 
HeLa cells were grown over poly-L-Lysine coated coverslips and blocked twice in the G1 phase with 
double sequential incubations in the presence of 2 mM thymidine for 16 hours. Then, they were released 
for 9 hours to allow DNA replication. After that, the growth medium was replaced by DMEM containing 
20 ng·mL-1 Nocodazole and incubation was prolonged for 5 hours. Once the cells were in prometaphase, 
they were released for 20 minutes to let the MTs polymerizate. After this time, 50 µM blebbistatin and 
100 µg·mL-1 phleomycin were added (only blebbistatin for the mock control), extending the incubation 
for 40 - 45 minutes extra to reach late telophase. Samples were pre-extracted, fixed, and permeabilized 
before using the corresponding antibodies to perform immunofluorescence. a) Microscopy pictures 
showing examples of different mitotic stages (late telophase, pro- and metaphase, and late 
anaphase/telophase). Nuclear DNA was stained with DAPI, the actin cytoskeleton with TRITC-
phalloidin, and the MTs apparatus was detected through !-Tub1alpha antibody immunostaining. b) 
Quantification of mitotic stages for mock and DSBs treatments in a representative experiment (error 
bars depict ± CI 95 %, n = 45 cells per treatment). Asterisks point to unsoluble blebbistatin crystals that 
also fluoresce under UV light exposure.  

 
As MTs morphology showed the most prominent phenotypic change in yeast, HeLa cells 

were subjected to MTs immunofluorescence to study whether they presented a similar 

behavior. For visualization, HeLa cells were first grown over coverslips previously coated with 

poly-L-Lysine to improve cell adhesion. They were then adequately synchronized in 

anaphase/telophase (see section Materials and Methods), and 100 mg·mL-1 phleomycin was 
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used to create DSBs. Once the incubation period finished, cytoplasmic particles and small 

organelles were pre-extracted for 10 minutes. For that, the cells were fixed in 4 % 

paraformaldehyde and permeabilized. Finally, coverslips were blocked and hybridized with the 

required antibodies to perform immunofluorescence. 

Microscope visualization allowed to differentiate three different mitotic stages: i) late 

telophase (two separated DAPI nuclei within an elongated cytoplasmic space and extended 

non-uniform MTs); ii) prometaphase and metaphase (very condensed chromosomes in the 

middle of a rounded-cytoplasm with almost-inexistent MTs) and; iii) late anaphase/early 

telophase (two separated DNA masses inside a rounded-cytoplasm and joint by very uniform, 

gross and extended MTs) (Fig. 4.10a). Whereas the “late telophase” category was the most 

abundant in the mock control, phleomycin-treated cells tended to accumulate earlier cell cycle 

stages before entering a new cell cycle (Fig. 4.10b). The fact that ~ 50 % of phleomycin-treated 

cells were found as late anaphase/early telophase versus ~ 20 % in the mock control suggests 

that mammals could trigger a late mitotic checkpoint. This is the most likely scenario. 

Alternatively, the reversion of segregation could be taking place. Further works based on live-

cell movies of fluorescent-tagged MTs and chromatin are required to compare the phenotypes 

seen in yeasts.  

Nonetheless, telophase-stuck cells did not present any modification in MTs morphology. It 

does not necessarily reflect that human cells avoid the reversion of segregation. Indeed, 

keeping it extended and uniform could serve as a scaffold to regress only the broken 

chromosomes through kinesins activation. Besides, immunofluorescence has some 

experimental caveats. Images have been taken in fixed cells after 40 minutes of DSBs 

generation. Continuous exposure to DSBs could be the reason to observe a static MTs 

disposition. Further experiments might be required to visualize the outcome after washing 

away the phleomycin, letting the cells time enough to react and repair.  

 

4.4.2. HeLa cells react to DSBs in telophase by triggering different DNA repair 
pathways 

Immunofluorescence of essential DNA repair factors was also performed. Having seen that 

damaged cells accumulate in late anaphase/early telophase, whether HeLa detect DSBs, 

process DNA 3’ ssDNA ends, and activate DNA repair pathways, was next addressed. 

 Among numerous activated factors after DSBs, phosphorylation of H2AX (gH2A.X) variant 

plays a key role at sites containing damaged chromatin. Once phosphorylated, it promotes the 

assembly and recruitment of protein factors required for DNA repair, such as 53BP1, RIF1, 
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RPA2 (Podhorecka et al., 2010). Thus, double immunostaining was carried out to determine if 

cells not only detected DSBs through gH2A.X but also triggered either HR or NHEJ.   

 
Figure 4.11. Immunofluorescence of DNA damage factors to repair DSBs in telophase. Fixed 
telophase cells were treated as in Fig. 4.10a and immunostained with	!-gH2A.X, !-53BP1, !-RIF1, and 
!-RPA2 antibodies to determine the DNA damage response to DSBs. DNA was stained with DAPI. 
Yellow and red hollow arrowheads signal 53BP1 and gH2A.X spontaneous foci, whereas yellow- and 
red-filled arrowheads show protein aggregates formed after DSBs. The blue asterisk depicts a DNA 
bridge joining two DNA masses. White arrows signal RIF1 proteins forming bridges likely coating 
ultrafine anaphase bridges.  

 
53BP1 is a key regulator of DSB repair pathway choice. It promotes NHEJ by antagonizing 

DNA end-resection, which is essential for HR-mediated DSB repair (Bártová et al., 2019; 

Ferrari et al., 2020; Panier & Boulton, 2014). Surprisingly, recent studies have demonstrated 

that BP531 also has several implications in promoting GC in the late S phase and G2 

(Malewicz, 2016; Ochs et al., 2016, p. 1). For these reasons, it was analyzed as a regulator of 

DNA repair after H2A.X phosphorylation.  

Although the yeast Rif1 protein is associated with telomeres length maintenance, human 
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RIF1 is translocated to DSBs in a 53BP1-dependent manner. Its accumulation at broken DNA 

ends antagonizes DNA end resection (Chapman et al., 2013, p. 1; Feng et al., 2013, p. 1; 

Silverman et al., 2004, p. 1). Hence, RIF1 was also analyzed to check whether the repair 

pathway choice was unbalanced in favor of NHEJ. 

RPA2 is a subunit of the RPA complex. In addition to the initiation and elongation of DNA 

replication, this human protein is involved in the resection of 3’ ssDNA to promote HR events 

(Anantha et al., 2008; Ghospurkar et al., 2015; Stephan et al., 2009). Thus, it was examined 

as a marker of the processing of broken DNA ends, which is a sign that precedes HR.  

Microscopy analysis (fig. 4.11) showed that mock-treated cells only had spontaneous foci 

of gH2A.X and 53BP1, which can occur even in the absence of exogenous DNA damage 

(Grudzenski et al., 2010; Pustovalova et al., 2016). In contrast, when DSBs occurred, a 

remarkable increase in gH2A.X foci abundance throughout all chromosomes was visualized. 

This result pinpoints that human cells, as yeast, detect DSBs when transiting late 

anaphase/telophase. Consequently, 53BP1 also formed foci disposed along the whole 

cytoplasm. It could mean that cells were inhibiting BRCA1, and therefore HR, so promoting 

NHEJ. However, as CDK/cyclin levels are still high in telophase (as it occurs in the late S phase 

and G2), it cannot be ruled out that 53BP1 forms foci to foster GC-mediated HR (Malewicz, 

2016; Ochs et al., 2016, p. 1).  

Similar to gH2A.X and 53BP1, both RIF1 and RPA2 generated foci upon DSBs. While it is 

true that RPA2 was visualized in more abundance, RIF1 can also be seen as filaments 

disposed between segregated chromosomes. They might be coating ultrafine anaphase 

bridges formed by single-stranded DNA or protecting chromosome telomeres from telomere 

fusion as HR is active to repair DSBs (Fig. 4.11, white arrows). It is not unreasonable to think 

that both were acting simultaneously. Indeed, phleomycin does not produce a single type of 

DSB but promotes the generation of “dirty” DNA ends that might influence the repair pathway 

to choose. Thus, DSBs in telophase promote gH2A.X foci generation and the 53BP1 

recruitment to the broken DNA, which depending on the DSB type, might enhance the 

induction of NHEJ or HR through RIF1 and RPA2, respectively 

Further experiments are required to study how the mammalian cells respond to DNA 

damage in late mitosis, such as visualization of BRCA1 and MRE11 proteins or the molecular 

monitorization of a single DSB repair. Nevertheless, this approximation has demonstrated that 

telophase is not only a short and eventual cell cycle stage where cells are committed to divide. 

Telophase is a paradoxical scenario in which mammals (at least HeLa cells) also react to DSBs 

by i) promoting a cell cycle delay and ii) triggering both NHEJ and HR before cytokinesis.  
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Conclusions from this work are listed below and shed light on how the cells attempt to repair 

DSBs in telophase.  

1. Yeast cells recognize DSBs in telophase through the hyperphosphorylation of 

Rad53. Besides, they also stop the cell cycle and delay the telophase-to-G1 

transition through the DDR.  

 
2. DSBs in telophase promote a substantial change in microtubules morphology and 

dynamics, generating active cellular pulling forces that approximate previously 

segregated chromosomes. 

 
3. DSBs also stimulate the acceleration of chromatin movement in telophase and, 

ultimately, produce coalescence events between segregated sister chromatid loci.  

 
4. Coalescence is dependent on the DDR, whereas survival seems to be related to 

HR. Rad9 mutants cannot re-join segregated loci, and Rad52-deficient cells do not 

survive as the wild-type.  

 
5. Cin8 kinesin motor protein is partially dephosphorylated in a Cdc14-independent 

manner. This fact promotes its relocation from interpolar microtubules to the spindle 

pole bodies. Such post-translational modification results essential for reverting 

chromosome segregation and for survival. 

 
6. DSBs in telophase are efficiently repaired, at least with a proximal donor sequence. 

Similar to G2, 3’ ssDNA ends are resected, and the chosen HR repair model is Rad9- 

and Mre11 independent. 

 
7. The cohesin complex seems to be heavily involved in enhancing DNA repair in 

telophase. Scc1 subunit is stabilized after the generation of DSBs, whereas Smc3 

conditional depletion precludes and slows down the invasion and completion of the 

HR. 

 
8. Proteomics mass spectrometry reports Msc1 as an upregulated protein specific for 

DSBs in telophase. Msc1 locates at the nuclear envelope and does not change its 

location upon DNA damage. However, biochemical analyses showed a post-

translational modification, suggesting a possible important role.  

 
9. HeLa cells seem to slow down cytokinesis when DSBs arise in telophase. Besides, 

they phosphorylate gH2A.X and form 53BP1, RIF1, and RPA2 foci, likely 

upregulating HR and NHEJ repair pathways in this cell cycle stage. 
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Proteomics Mass Spectrometry Results 
 

• G2-Control (Downregulated proteins with HO-mediated DSB): 
 
- Sur7: Plasma membrane protein, component of eisosomes; long-lived protein that 

remains stable in eisosomes of mother cells while other eisosome proteins, Pil1p and 
Lsp1p, turn over; may function to anchor the eisosome in place; sporulation and plasma 
membrane sphingolipid content are altered in mutants; localizes to furrow-like 
invaginations (MCC patches). 
 

- Rlp24: Essential protein required for ribosomal large subunit biogenesis; associated 
with pre-60S ribosomal subunits; stimulates the ATPase activity of Afg2p, which is 
required for release of Rlp24p from the pre-60S particle; has similarity to Rpl24Ap and 
Rpl24Bp. 
 

- Rpb9: RNA polymerase II subunit B12.6; contacts DNA; mutations affect transcription 
start site selection and fidelity of transcription. 

 
 

• G2-HO (Upregulated proteins with HO-mediated DSB): 
 

- Xbp1: Transcriptional repressor; binds promoter sequences of cyclin genes, CYS3, 
and SMF2; not expressed during log phase of growth, but induced by stress or 
starvation during mitosis, and late in meiosis; represses 15% of all yeast genes as cells 
transition to quiescence; important for maintaining G1 arrest and for longevity of 
quiescent cells; member of Swi4p/Mbp1p family; phosphorylated by Cdc28p; relative 
distribution to nucleus increases upon DNA replication stress. 
 

- Put1: Proline oxidase; nuclear-encoded mitochondrial protein involved in utilization of 
proline as sole nitrogen source; PUT1 transcription is induced by Put3p in the presence 
of proline and the absence of a preferred nitrogen source. 
 

- HO: Site-specific endonuclease; required for gene conversion at the MAT locus 
(homothallic switching) through the generation of a dsDNA break; expression restricted 
to mother cells in late G1 as controlled by Swi4p-Swi6p, Swi5p, and Ash1p. 
 

- Bar1: Aspartyl protease; secreted into the periplasmic space of mating type a cell; 
helps cells find mating partners; cleaves and inactivates alpha factor allowing cells to 
recover from alpha-factor-induced cell cycle arrest. 
 

- Pet20: Mitochondrial protein; required for respiratory growth under some conditions 
and for stability of the mitochondrial genome. 
 

- YHR033W: Putative protein of unknown function; epitope-tagged protein localizes to 
the cytoplasm; YHR033W has a paralog, PRO1, that arose from the whole genome 
duplication. 
 

 
• G2-Control (Downregulated proteins with Phleomycin-mediated DSB): 

  
- Erg24: C-14 sterol reductase; acts in ergosterol biosynthesis; mutants accumulate the 

abnormal sterol ignosterol (ergosta-8,14 dienol), and are viable under anaerobic 
growth conditions but inviable on rich medium under aerobic conditions. 
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- Hpr1: Subunit of THO/TREX complexes; this complex couple transcription elongation 

with mitotic recombination and with mRNA metabolism and export, subunit of an RNA 
Pol II complex; regulates lifespan; involved in telomere maintenance; similar to Top1p. 
 

- Trm11: Catalytic subunit of adoMet-dependent tRNA methyltransferase complex; 
required for the methylation of the guanosine nucleotide at position 10 (m2G10) in 
tRNAs; contains a THUMP domain and a methyltransferase domain; another complex 
member is Trm112p. 
 

-  Kin4: Serine/threonine protein kinase; inhibits the mitotic exit network (MEN) when the 
spindle position checkpoint is activated; localized asymmetrically to mother cell cortex, 
spindle pole body and bud neck; KIN4 has a paralog, FRK1, that arose from the whole 
genome duplication. 
 

- Ngl1: Putative endonuclease; has a domain similar to a magnesiumdependent 
endonuclease motif in mRNA deadenylase Ccr4p; the authentic, non-tagged protein is 
detected in highly purified mitochondria in high-throughput studies. 
 

- YML020W: Putative protein of unknown function. 
 

 
• G2-Phleomycin (Upregulated proteins with Phleomycin-mediated DSB): 

 
- Rim4: Putative RNA-binding protein; required for the expression of early and middle 

sporulation genes. 
 

-  Atg19: Receptor protein for the cytoplasm-to-vacuole targeting (Cvt) pathway; delivers 
cargo proteins aminopeptidase I (Ape1p) and alphamannosidase (Ams1p) to the 
phagophore assembly site for packaging into Cvt vesicles; interaction with Atg19p 
during the Cvt pathway requires phosphorylation by Hrr25p. 
 

- Tsl1: Large subunit of trehalose 6-phosphate synthase/phosphatase complex; Tps1p-
Tps2p complex converts uridine-5'-diphosphoglucose and glucose 6-phosphate to 
trehalose; contributes to survival to acute lethal heat stress; mutant has aneuploidy 
tolerance; protein abundance increases in response to DNA replication stress; TSL1 
has a paralog, TPS3, that arose from the whole genome duplication. 
 

 
• Tel-Control (Downregulated proteins with HO-mediated DSB): 

 
- Sam35: Component of the sorting and assembly machinery (SAM) complex; the SAM 

(or TOB) complex is located in the mitochondrial outer membrane; the complex binds 
precursors of beta-barrel proteins and facilitates their insertion into the outer 
membrane. 
 

- Dot1: Nucleosomal histone H3-Lys79 methylase; methylation is required for telomeric 
silencing, meiotic checkpoint control, and DNA damage response. 
 

- Gly1: Threonine aldolase; catalyzes the cleavage of L-allo-threonine and L-threonine 
to glycine; involved in glycine biosynthesis. 
 

- Rrp14: Essential protein, constituent of 66S pre-ribosomal particles; interacts with 
proteins involved in ribosomal biogenesis and cell polarity; member of the SURF-6 
family. 
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- Vps36: Component of the ESCRT-II complex; contains the GLUE (GRAM Like 

Ubiquitin binding in EAP45) domain which is involved in interactions with ESCRT-I and 
ubiquitin-dependent sorting of proteins into the endosome; plays a role in the formation 
of mutant huntingtin (Htt) aggregates in yeast. 
 

- Vps51: Component of the GARP (Golgi-associated retrograde protein) complex; 
GARP is required for the recycling of proteins from endosomes to the late Golgi, and 
for mitosis after DNA damage induced checkpoint arrest; links the (VFT/GARP) 
complex to the SNARE Tlg1p; members of the GARP complex are Vps51p-Vps52p-
Vps53p-Vps54p. 
 

 
• Tel-HO (Upregulated proteins with HO-mediated DSB): 

 
- Snz2: Protein involved in thiamine and pyridoxine biosynthesis; member of a stationary 

phase-induced gene family where transcriptional induction precedes the diauxic shift; 
induced in the absence of thiamin in a Thi2/3pdependent manner and repressed in its 
presence; forms a co-regulated gene pair with SNO2; interacts with Thi11p; paralog of 
SNZ1 and SNZ3. 
 

- Snz3: Pyridoxal-5’-phosphate synthase; involved in thiamine and pyridoxine 
biosynthesis; member of a stationary phase-induced gene family where transcriptional 
induction precedes the diauxic shift; induced in the absence of thiamine in a Thi2/3p-
dependent manner and repressed in its presence; forms a co-regulated gene pair with 
SNO3; paralog of SNZ1 and SNZ2. 
 

- Tfs1: Inhibitor of carboxypeptidase Y (Prc1p), and Ras GAP (Ira2p); 
phosphatidylethanolamine-binding protein (PEBP) family member and ortholog of 
hPEBP1/RKIP, a natural metastasis suppressor; targets to vacuolar membranes during 
stationary phase; acetylated by NatB N-terminal acetyltransferase; protein abundance 
increases in response to DNA replication stress. 
 

- Gph1: Glycogen phosphorylase required for the mobilization of glycogen; non-
essential; regulated by cyclic AMP-mediated phosphorylation; phosphorylation by 
Cdc28p may coordinately regulate carbohydrate metabolism and the cell cycle; 
expression is regulated by stress-response elements and by the HOG MAP kinase 
pathway. 
 

- Gnd2: 6-phosphogluconate dehydrogenase (decarboxylating); catalyzes an NADPH 
regenerating reaction in the pentose phosphate pathway; required for growth on D-
glucono-delta-lactone; GND2 has a paralog, GND1, that arose from the whole genome 
duplication. 
 

- YOL036W: Protein of unknown function; potential Cdc28p substrate; YOL036W has a 
paralog, YIR016W, that arose from the whole genome duplication. (YIR016W: Putative 
protein of unknown function; expression directly regulated by the metabolic and meiotic 
transcriptional regulator of Ume6p; overexpression causes a cell cycle delay or arrest; 
non-essential gene; YIR016W has a paralog, YOL036W, that arose from the whole 
genome duplication). 
 

- Gdb21: Glycogen debranching enzyme; contains glucanotranferase and alpha-1,6-
amyloglucosidase activities; required for glycogen degradation; phosphorylated in 
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mitochondria; activity is inhibited by Igd1p; protein abundance increases in response 
to DNA replication stress. 
 

- Xbp1: Transcriptional repressor; binds promoter sequences of cyclin genes, CYS3, 
and SMF2; not expressed during log phase of growth, but induced by stress or 
starvation during mitosis, and late in meiosis; represses 15% of all yeast genes as cells 
transition to quiescence; important for maintaining G1 arrest and for longevity of 
quiescent cells; member of Swi4p/Mbp1p family; phosphorylated by Cdc28p; relative 
distribution to nucleus increases upon DNA replication stress. 
 

- Gtb1: Glucosidase II beta subunit, forms a complex with alpha subunit Rot2p; involved 
in removal of two glucose residues from N-linked glycans during glycoprotein 
biogenesis in the ER; relocalizes from ER to cytoplasm upon DNA replication stress. 
 

- Thi6: Thiamine-phosphate diphosphorylase and hydroxyethylthiazole kinase; required 
for thiamine biosynthesis; GFP-fusion protein localizes to the cytoplasm in a punctate 
pattern. 
 

- Bar1: Aspartyl protease; secreted into the periplasmic space of mating type a cell; helps 
cells find mating partners; cleaves and inactivates alpha factor allowing cells to recover 
from alpha-factor-induced cell cycle arrest. 
 

- Yor1: Plasma membrane ATP-binding cassette (ABC) transporter; multidrug 
transporter mediates export of many different organic anions including oligomycin; 
homolog of human cystic fibrosis transmembrane receptor (CFTR). 
 

- Thi20: Trifunctional enzyme of thiamine biosynthesis, degradation and salvage; has 
hydroxymethylpyrimidine (HMP) kinase, HMP-phosphate (HMP-P) kinase and 
thiaminase activities; member of a gene family with THI21 and THI22; HMP and HMP-
P kinase activity redundant with Thi21p. 
 

- Thi21: Hydroxymethylpyrimidine (HMP) and HMP-phosphate kinase; involved in 
thiamine biosynthesis; member of a gene family with THI20 and THI22; functionally 
redundant with Thi20p. 
 

- Thi22: Protein with similarity to hydroxymethylpyrimidine phosphate kinases; member 
of a gene family with THI20 and THI21; not required for thiamine biosynthesis; SWAT-
GFP and mCherry fusion proteins localize o the endoplasmic reticulum and vacuole 
respectively. 
 

- Msc1: Protein of unknown function; mutant is defective in directing meiotic 
recombination events to homologous chromatids; the authentic, nontagged protein is 
detected in highly purified mitochondria and is phosphorylated. 
 

- Put1: Proline oxidase; nuclear-encoded mitochondrial protein involved in utilization of 
proline as sole nitrogen source; PUT1 transcription is induced by Put3p in the presence 
of proline and the absence of a preferred nitrogen source. 
 

- Atg26: UDP-glucose:sterol glucosyltransferase; conserved enzyme involved in 
synthesis of sterol glucoside membrane lipids; in contrast to ATG26 from P. pastoris, 
S. cerevisiae ATG26 is not involved in autophagy. 
 

- YPR172W: Protein of unknown function; predicted to encode a pyridoxal 5'-phosphate 
synthase based on sequence similarity but purified protein does not possess this 
activity, nor does it bind flavin mononucleotide (FMN); transcriptionally activated by 
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Yrm1p along with genes involved in multidrug resistance; YPR172W has a paralog, 
YLR456W, that arose from the whole genome duplication. 
 

- Ura10: Minor orotate phosphoribosyltransferase (OPRTase) isozyme; catalyzes the 
fifth enzymatic step in the de novo biosynthesis of pyrimidines, converting orotate into 
orotidine-5'-phosphate; URA10 has a paralog, URA5, that arose from the whole 
genome duplication. 
 

- YHR033W: Putative protein of unknown function; epitope-tagged protein localizes to 
the cytoplasm; YHR033W has a paralog, PRO1, that arose from the whole genome 
duplication. (PRO1: Gamma-glutamyl kinase; catalyzes the first step in proline 
biosynthesis; required for nitrogen starvation-induced ribophagy but not for 
nonselective autophagy; PRO1 has a paralog, YHR033W, that arose from the whole 
genome duplication). 
 

 
• Tel-Control (Downregulated proteins with Phleomycin-mediated DSB): 

 
- Grx7: Cis-golgi localized monothiol glutaredoxin; more similar in activity to dithiol than 

other monothiol glutaredoxins; involved in the oxidative stress response; does not bind 
metal ions; GRX7 has a paralog, GRX6, that arose from the whole genome duplication. 
 

- Gly1: Threonine aldolase; catalyzes the cleavage of L-allo-threonine and L-threonine 
to glycine; involved in glycine biosynthesis. 
 

- Trs23: Core component of transport protein particle (TRAPP) complexes I-III; TRAPP 
complexes are related multimeric guanine nucleotideexchange factor for the GTPase 
Ypt1p, regulating ER-Golgi traffic (TRAPPI), intra-Golgi traffic (TRAPPII), endosome-
Golgi traffic (TRAPPII and III) and autophagy (TRAPPIII); human homolog is 
TRAPPC4. 
 

- YGR283C: Putative methyltransferase; may interact with ribosomes, based on co-
purification experiments; predicted to be involved in ribosome biogenesis; null mutant 
is resistant to fluconazole; GFP-fusion protein localizes to the nucleolus; YGR283C has 
a paralog, YMR310C, that arose from the whole genome duplication. (YGR283C: 
Putative methyltransferase; predicted to be involved in ribosome biogenesis; green 
fluorescent protein (GFP)-fusion protein localizes to the nucleus; not an essential gene; 
YMR310C has a paralog, YGR283C, that arose from the whole genome duplication). 
 

- Nsa2: Protein constituent of 66S pre-ribosomal particles; contributes to processing of 
the 27S pre-rRNA; recruited by ribosomal proteins L17, L35, and L37 to assembling 
ribosomes after 27SB pre-rRNA is generated, immediately preceding removal of ITS2. 
 

- Erg3: C-5 sterol desaturase; glycoprotein that catalyzes the introduction of a C-5(6) 
double bond into episterol, a precursor in ergosterol biosynthesis; transcriptionally 
down-regulated when ergosterol is in excess; mutants are viable, but cannot grow on 
non-fermentable carbon sources; substrate of HRD ubiquitin ligase; mutation is 
functionally complemented by human SC5D. 
 

 
• Tel-Phleomycin (Upregulated proteins with Phleomycin-mediated DSB): 

 
- YKL107W: Aldehyde reductase; involved in detoxification of acetaldehyde, 

glycolaldehyde, and furfural; localized in ER. 
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-  Pgm2: Phosphoglucomutase; catalyzes the conversion from glucose-1- phosphate to 
glucose-6-phosphate, which is a key step in hexose metabolism; functions as the 
acceptor for a Glc-phosphotransferase; protein abundance increases in response to 
DNA replication stress; PGM2 has a paralog, PGM1, that arose from the whole genome 
duplication. 
 

- YMR196W: Putative protein of unknown function; green fluorescent protein (GFP)-
fusion protein localizes to the cytoplasm; YMR196W is not an essential gene. 
 

- Gnd2: 6-phosphogluconate dehydrogenase (decarboxylating); catalyzes an NADPH 
regenerating reaction in the pentose phosphate pathway; required for growth on D-
glucono-delta-lactone; GND2 has a paralog, GND1, that arose from the whole genome 
duplication. 
 

- Tfs1: Inhibitor of carboxypeptidase Y (Prc1p), and Ras GAP (Ira2p); 
phosphatidylethanolamine-binding protein (PEBP) family member and ortholog of 
hPEBP1/RKIP, a natural metastasis suppressor; targets to vacuolar membranes during 
stationary phase; acetylated by NatB N-terminal acetyltransferase; protein abundance 
increases in response to DNA replication stress. 
 

- YLR001C: Putative protein of unknown function; the authentic, nontagged protein 
detected in highly purified mitochondria in highthroughput studies; predicted to be 
palmitoylated. 
 

- Gcy1: Glycerol dehydrogenase; involved in an alternative pathway for glycerol 
catabolism used under microaerobic conditions; also has mRNA binding activity; 
member of the aldo-keto reductase (AKR) family; human homolog AKR1B1 can 
complement yeast null mutant; protein abundance increases in response to DNA 
replication stress; GCY1 has a paralog, YPR1, that arose from the whole genome 
duplication. 
 

- Msc1: Protein of unknown function; mutant is defective in directing meiotic 
recombination events to homologous chromatids; the authentic, nontagged protein is 
detected in highly purified mitochondria and is phosphorylated. 
 

- Sol4: 6-phosphogluconolactonase; protein abundance increases in response to DNA 
replication stress; SOL4 has a paralog, SOL3, that arose from the whole genome 
duplication. 
 

- Gph1: Glycogen phosphorylase required for the mobilization of glycogen; non-
essential; regulated by cyclic AMP-mediated phosphorylation; phosphorylation by 
Cdc28p may coordinately regulate carbohydrate metabolism and the cell cycle; 
expression is regulated by stress-response elements and by the HOG MAP kinase 
pathway. 
 

- Gdb1: Glycogen debranching enzyme; contains glucanotranferase and alpha-1,6-
amyloglucosidase activities; required for glycogen degradation; phosphorylated in 
mitochondria; activity is inhibited by Igd1p; protein abundance increases in response 
to DNA replication stress. 
 

- Hxt3: Low affinity glucose transporter of the major facilitator superfamily; expression is 
induced in low or high glucose conditions; HXT3 has a paralog, HXT5, that arose from 
the whole genome duplication. 
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- Htx10: Putative hexose transporter; expressed at low levels and expression is 
repressed by glucose. 
 

- Htx11: Hexose transporter; capable of transporting a broad range of substrates 
including: glucose, fructose, mannose and galactose; polyol transporter that supports 
the growth on and uptake of xylitol with low affinity when overexpressed in a strain 
deleted for hexose family members; nearly identical in sequence to Hxt9p; has 
similarity to major facilitator superfamily (MFS) transporters; involved in pleiotropic drug 
resistance. 
 

- Hxt9: Putative hexose transporter that is nearly identical to Hxt11p; has similarity to 
major facilitator superfamily (MFS) transporters, expression of HXT9 is regulated by 
transcription factors Pdr1p and Pdr3p. 
 

- Cst6: Basic leucine zipper (bZIP) transcription factor from ATF/CREB family involved 
in stress-responsive regulatory network; mediates transcriptional activation of NCE103 
in response to low CO2 levels; proposed to be a regulator of oleate responsive genes; 
involved in utilization of non-optimal carbon sources and chromosome stability; 
relocalizes to the cytosol in response to hypoxia; CST6 has a paralog, ACA1, that arose 
from the whole genome duplication. (ACA1: ATF/CREB family basic leucine zipper 
(bZIP) transcription factor; binds as a homodimer to the ATF/CREB consensus 
sequence TGACGTCA; important for carbon source utilization; target genes include 
GRE2 and COS8; ACA1 has a paralog, CST6, that arose from the whole genome 
duplication). 
 

- Gsy2: Glycogen synthase; expression induced by glucose limitation, nitrogen 
starvation, heat shock, and stationary phase; activity regulated by cAMP-dependent, 
Snf1p and Pho85p kinases as well as by the Gac1p- Glc7p phosphatase; GSY2 has a 
paralog, GSY1, that arose from the whole genome duplication; relocalizes from 
cytoplasm to plasma membrane upon DNA replication stress. 
 

- Cyc7: Cytochrome c isoform 2, expressed under hypoxic conditions; also known as 
iso-2-cytochrome c; electron carrier of the mitochondrial intermembrane space that 
transfers electrons from ubiquinone cytochrome c oxidoreductase to cytochrome c 
oxidase during cellular respiration; protein abundance increases in response to DNA 
replication stress; CYC7 has a paralog, CYC1, that arose from the whole genome 
duplication. (CYC1: Cytochrome c, isoform 1; also known as iso-1- cytochrome c; 
electron carrier of mitochondrial intermembrane space that transfers electrons from 
ubiquinone-cytochrome c oxidoreductase to cytochrome c oxidase during cellular 
respiration; CYC1 has a paralog, CYC7, that arose from the whole genome duplication; 
human homolog CYC1 can complement yeast null mutant; mutations in human CYC1 
cause insulin-responsive hyperglycemia). 
 

- Hsp12: Plasma membrane protein involved in maintaining membrane organization; 
involved in maintaining organization during stress conditions; induced by heat shock, 
oxidative stress, osmostress, stationary phase, glucose depletion, oleate and alcohol; 
protein abundance increased in response to DNA replication stress and dietary 
restriction; regulated by the HOG and Ras-Pka pathways; required for dietary 
restriction-induced lifespan extension. 
 

- Nqm1: Transaldolase of unknown function; transcription is repressed by Mot1p and 
induced by alpha-factor and during diauxic shift; NQM1 has a paralog, TAL1, that arose 
from the whole genome duplication. (TAL1: Transaldolase, enzyme in the non-
oxidative pentose phosphate pathway; converts sedoheptulose 7-phosphate and 



188 / 246

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3075810				Código de verificación: smutbmB+

Firmado por: JESSEL AYRA PLASENCIA Fecha: 30/11/2020 12:24:14
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 08/02/2021 13:50:06
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2020/128238

Nº reg. oficina:  OF002/2020/126910
Fecha:  03/12/2020 10:28:14

Appendix I 
 

 186 

glyceraldehyde 3-phosphate to erythrose 4-phosphate and fructose 6-phosphate; 
TAL1 has a paralog, NQM1, that arose from the whole genome duplication). 
 

- Hsp26: Small heat shock protein (sHSP) with chaperone activity; forms hollow, sphere-
shaped oligomers that suppress unfolded proteins aggregation; long-lived protein that 
is preferentially retained in mother cells and forms cytoplasmic foci; oligomer activation 
requires heat-induced conformational change; also has mRNA binding activity. 
 

- Arc40: Subunit of the ARP2/3 complex; ARP2/3 is required for the motility and integrity 
of cortical actin patches. 
 

- Rtn2: Reticulon protein; involved in nuclear pore assembly and maintenance of tubular 
ER morphology; promotes membrane curvature; regulates the ER asymmetry-induced 
inheritance block during ER stress; role in ER-derived peroxisomal biogenesis; 
interacts with Sec6p, Yip3p, and Sbh1p; less abundant than RTN1; member of RTNLA 
(reticulon-like A) subfamily; protein increases in abundance and relocalizes to plasma 
membrane upon DNA replication stress. (RTN1: Reticulon protein; involved in nuclear 
pore assembly and maintenance of tubular ER morphology; promotes membrane 
curvature; regulates the ER asymmetry-induced inheritance block during ER stress; 
role in ER-derived peroxisomal biogenesis; increases tubular ER when overexpressed; 
mutants have reduced phosphatidylserine transfer between the ER and mitochondria; 
interacts with exocyst subunit Sec6p, Yip3p, and Sbh1p; member of the RTNLA 
subfamily). 
 

- Dcs2: m(7)GpppX pyrophosphatase regulator; non-essential, stress induced 
regulatory protein; modulates m7G-oligoribonucleotide metabolism; inhibits Dcs1p; 
regulated by Msn2p, Msn4p, and the RascAMP- cAPK signaling pathway; mutant has 
increased aneuploidy tolerance; DCS2 has a paralog, DCS1, that arose from the whole 
genome duplication. (DCS1: Non-essential hydrolase involved in mRNA decapping; 
activates Xrn1p; may function in a feedback mechanism to regulate deadenylation, 
contains pyrophosphatase activity and a HIT (histidine triad) motif; acts as inhibitor of 
neutral trehalase Nth1p; required for growth on glycerol medium; protein abundance 
increases in response to DNA replication stress; DCS1 has a paralog, DCS2, that arose 
from the whole genome duplication). 
 

- Ego4: Protein of unknown function; expression is regulated by Msn2p/Msn4p; 
YNR034W-A has a paralog, YCR075W-A, that arose from the whole genome 
duplication. (EGO2: Subunit of the EGO/GSE complex; the vacuolar/endosomal 
membrane associated EGO/GSE complex regulates exit from rapamycin-induced 
growth arrest, stimulating microautophagy and sorting of Gap1p from the endosome to 
the plasma membrane; identified by homology to Ashbya gossypii; EGO2 has a 
paralog, EGO4, that arose from the whole genome duplication). 
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Media and Solutions 
 

Media for Saccharomyces cerevisiae culture 

• Liquid YPD medium (w/v)  

- 1 % Yeast extract 
- 2 % Peptone 
- 2% Glucose 

• Solid YPD medium (w/v) 

- 1 % Yeast extract 
- 2 % Peptone 
- 2 % Glucose 
- 2% Agar 

• Sporulation medium (w/v) 
 

- 1% potassium acetate  
- 0.1% yeast extract  
- 0.05% glucose  
- 0.01% amino acid mix (1:1:1:5 Ura:His:Lys:Leu)  
- 2% agar  

 
• Synthetic Complete medium (SC) 

- 0.17 % Yeast Nitrogen Base without ammonium sulphate and amino acids 
- 0.1 % Monosodium glutamic acid 
- 0.2 % Amino acid mix without uracil and tryptophan (see table I) 
- 2 % Gluose 
- 2 % Agar (only in solid medium) 

 

Table I. Amino acids mix for drop out media. 

Nutrient Amount (mg·L-1) Nutrient Amount (mg·L-1) 

Adenine 40 Lysine 50 

Arginine 50 Methionine 20 

Aspartate 80 Phenylalanine 50 

Histidine 20 Threonine 100 

Isoleucine 50 Tyrosine 50 

Leucine 100 Valine 140 
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Media for HeLa cells 

• Growth media (w/v)  

- 1X DMEM with high glucose and L-glutamine 
- 10 % Fetal Bovine Serum 
- 1 % Antibiotic/Antimicotic solution 

• PBS  

- 2 mM KH2PO4 
- 10 mM NaHPO4 
- 2.7 mM KCl 
- 137 mM NaCl 
o pH 7.4 

 

Solutions 

Preparation of competent cells and transformation of Saccharomyces cerevisiae 

• SORB Solution 

- 100 mM Lithium acetate 
- 10 mM Tris-HCl pH, 8.0 
- 1 mM EDTA 
- 1 M Sorbitol pH, 8.0 (adjusted using 1M Acetic acid) 

• PEG Solution 

- 100 mM Lithium acetate 
- 10 mM Tris-HCl pH 8.0 
- 1 mM EDTA 
- 40 % Polyethylene glycol 3350 (w/v) 

 

Genomic DNA extraction of Saccharomyces cerevisiae 

• Breaking Buffer 

- 2 % Triton X-100 (v/v) 
- 1 % SDS (w/v) 
- 100 mM NaCl 
- 10 mM Tris-HCl, pH 8.0 
- 1 mM EDTA, pH 8.0 

• TE buffer 

- 10 mM Tris-HCl 
- 1 mM EDTA, pH 8.0 
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• Digestion Buffer 

- 1 % SDS (w/v) 
- 100 mM NaCl 
- 50 mM Tris-HCl, pH 8.0 
- 10 mM EDTA, pH 8.0 
- 40 units of Zymolyase 100-T 

 

Agarose Gel Electrophoresis  

• TBE 

- 89 mM Tris base % Triton X-100 (v/v) 
- 89 mM Boric acid 
- 2 mM EDTA, pH 8.0 

 

Southern blot 

• Depurination solution 

- 0.125 M HCl 

• Denaturing solution 

- 0.4 M NaOH 
- 1M NaCl 

• Neutralization solution 

- 1.5 M NaCl 
- 0.5 M Tris base 
o pH adjusted to 7.5 with HCl 

• 20 X SSC buffer 

- 3 M NaCl 
- 0.3 M Sodium citrate 
o pH adjusted to 7 with HCl 

• Blocking membrane solution  

- 5x SSC buffer (final concentration)  
- 0.1 % SDS (v/v)  
- 5 % Dextran sulphate (w/v)  
- 5 % Blocking liquid (v/v) (Rapid-hyb Buffer – GE Healthcare)  

• Primary washing solution  

- 1x SSC buffer (final concentration)  
- 0.1 % SDS (v/v)  
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• Secondary washing solution  

- 0.5x SSC buffer (final concentration)  
- 0.1 % SDS (v/v)  

• Antibody buffer (AB) 

- 0.1 M Tris-HCl  
- 0.15 M NaCl  

Adjust pH to 7.5 with NaOH  

• Blocking solution for antibody  

- AB buffer  
- 1 % milk powder (w/v)  

• Hybridization solution for antibody 

- AB buffer  
- 0.5 % milk powder (w/v)  
- 1:100,000 Anti-Fluorescein-AP Fab fragments (Roche)  

• Washing solution for antibody  

- AB buffer  
- 0.2 % Tween (v/v)  

 

Western blot 

• Laemmli buffer (2X) 
 

- 120 mM Tris/HCl pH 6.8  
- 20 % glycerol  
- 4% SDS  
- 4% β-mercaptoethanol  
- 0.02 % bromophenol blue  

 
• Running buffer 
 

- 3 g/l Tris base  
- 14,4 g/l glycine  
- 0.6 g/l SDS  

 
• Transfer buffer 
 

- 25 mM Tris/HCl pH 8.3  
- 192 mM glycine  
- 20% methanol  
- 0.1% SDS 
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• TBST solution 
 

- 100 mM Tris-HCl, pH 7.5 
- 150 mM NaCl 
- 0.1 % Tween 20 

 
 
Hela cells immunofluorescence 
 
• Pre-extraction buffer 
 

- 20 mM Hepes, pH 8.0 
- 20 mM NaCl 
- 5 mM MgCl2 
- 0.5 % Nonidet® P-40 

 
• Fixation buffer 
 

- 4 % Paraformaldehyde 
- 1X PBS 
 

• Permeabilization buffer 
 

- 0.2 % Triton® X-100 
- 1X PBS 

 
• Blocking and hybridization solution for antibodies 
 

- 1 % FBS 
- 1X PBS 
o When used, 1:600 antibody dilution was employed. 

 
• Phalloidin-TRITC 
 

- 1 mg·mL-1 Phalloidin-TRITC 
- 1X PBS 
- 1 % DMSO 
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Topoisomerase II deficiency leads to a postreplicative structural 
shift in all Saccharomyces cerevisiae chromosomes 

 
Jessel Ayra-Plasencia, Cristina Ramos-Pérez, Silvia Santana-Sosa, Oliver Quevedo-Rodríguez, Sara Medina-

Suárez, Emiliano Matos-Perdomo, Marcos Zamora-Dorta, Grant W Brown, Michael Lisby, Félix Machín 

 

Abstract 
 

The key role of Topoisomerase II (Top2) is the removal of topological intertwines between 

sister chromatids. In yeast, inactivation of Top2 brings about distinct cell cycle responses. In 

the case of the conditional top2-5 allele, interphase and mitosis progress on schedule but cells 

suffer from a segregation catastrophe. We here show that top2-5 chromosomes fail to enter a 

Pulsed-Field Gel Electrophoresis (PFGE) in the first cell cycle, a behavior traditionally linked 

to the presence of replication and recombination intermediates. We distinguished two classes 

of affected chromosomes: the rDNA-bearing chromosome XII, which fails to enter a PFGE at 

the beginning of S-phase, and all the other chromosomes, which fail at a postreplicative stage. 

In synchronously cycling cells, this late PFGE retention is observed in anaphase; however, we 

demonstrate that this behavior is independent of cytokinesis, stabilization of anaphase bridges, 

spindle pulling forces and even anaphase onset. Strikingly, once the PFGE retention has 

occurred it becomes refractory to Top2 re-activation. DNA combing, two-dimensional 

electrophoresis, genetic analyses and GFP-tagged DNA damage markers suggest that non-

recombinational modifications of late replication intermediates may account for the shift in the 

PFGE behavior. The fact that this shift does not trigger G2/M checkpoints further supports this 

statement since checkpoints are active for other replicative stresses in the absence of Top2. 

We propose that the prolonged absence of Top2 activity leads to a general chromosome 

structural change. This change might interlock chromatids together with catenations and thus 

contribute to the formation of anaphase bridges in top2 mutants. 

 
• This scientific contribution has been published as a preprint in biorxiv. It is currently 

under peer review in Scientific Reports Magazine (Q1, Impact factor 2019: 3.998). 

 
QR code for the manuscript 
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