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Thesis overview 

This thesis consist of six chapters and the appendices. Each chapter starts with a brief 
summary page. If parts or the whole of the chapter has been published, that sheet indicates 
the title, author list and the date of the publication as well as my personal contribution to the 
papers.  

Chapter I is an overview of chromatin organization and dynamics in the context of 
DNA double-strand break (DSB) repair. 

Chapter II is a specific published guideline for DNA recombination and repair studies. 
This chapter is an extracted section of my contribution to a published review. It describes the 
method I used to visualize and quantify chromosomal dynamics upon DNA double strand 
breaks in yeast S. cerevisiae.  

Chapter III describes my main thesis research question, results, discussion and 
experimental procedures. This study show that DNA damage induced histone depletion 
enhances homology search through the induced chromatin expansion and ectopic locus 
mobility, independently of local DSB movement. Moreover, we show that local DSB dynamics 
is cell cycle dependent and is regulated by Cohesin turnover. Finally, we find that centromeres 
do not detach upon DNA damage.  

Chapter IV in an overview of  the roles of two post-translational modifications (PTMs) 
in the regulation of DNA repair pathway choice in budding yeast: Ubiquitination and the small 
ubiquitin-related modifier protein (SUMO). This chapter introduces the research context to 
Chapter V. 

Chapter V contains a study to which I had contributed in which we reported that the 
presence of telomeric repeat sequences on one side of a double-strand break alters the 
outcome of repair. We show that the two sides of the break show uncoordinated movement 
and are repaired asymmetrically leading to translocation. We observed that the repair outcome 
is tightly controlled by SUMO targeted ubiquitin ligases. 

Chapter VI summarizes the main conclusion of this thesis and discusses the results 
stemming from Chapter III together with relevant future directions. 

Finally, the appendices contain a list of abbreviations, my curriculum vitae and 
acknowledgments.   



8 
 
 

  



9 
 
 

This thesis include the following publications: 

 

Peer-reviewed publications 
Anaïs Cheblal, Kiran Challa, Andrew Seeber, Kenji Shimada, Haruka Yoshida, Helder C. Ferreira, 
Assaf Amitai, and Susan M. Gasser.  

DNA damage-induced nucleosome depletion enhances homology search independently of 
local break movement. Molecular Cell, 2020. DOI: 10.1016/j.molcel.2020.09.002 

 

Kiran Challa, Christoph Schmid, Saho Kitagawa, Anaïs Cheblal, Vytautas Iesmantavicius, 
Andrew Seeber, Assaf Amitai, Jan Seebacher, Michael H. Hauer, Kenji Shimada and Susan M Gasser 

Damage-induced chromatome dynamics link Ubiquitin ligase and proteasome recruitment 
to histone loss and efficient DNA repair. Molecular Cell, 2021. 
DOI:10.1016/j.molcel.2020.12.021 

 

Isabella Marcomini, Kenji Shimada, Neda Delgoshaie, Io Yamamoto, Andrew Seeber, Anaïs Cheblal, 
Chihiro Horigome, Ulrike Naumann, and Susan M. Gasser 

Asymmetric Processing of DNA Ends at a Double-Strand Break Leads to Unconstrained 
Dynamics and Ectopic Translocation. Cell Reports, 2018. DOI:  10.1016/j.celrep.2018.07.102 

 
 

Review article 
Hannah L. Klein1, Giedrė Bačinskaja, Jun Che, Anais Cheblal, Rajula Elango, Anastasiya Epshtein, 
Devon M. Fitzgerald, Belén Gómez-González, Sharik R. Khan, Sandeep Kumar, Bryan A. Leland, 
Léa Marie, Qian Mei, Judith Miné-Hattab, Alicja Piotrowska, Erica J. Polleys, Christopher D 
Putnam, Elina A. Radchenko, Anissia Ait Saada, Cynthia J. Sakofsky, Eun Yong Shim, Mathew 
Stracy, Jun Xia, Zhenxin Yan, Yi Yin, Andrés Aguilera, Juan Lucas Argueso, Catherine H. 
Freudenreich. Susan M. Gasser, Dmitry A. Gordenin, James E. Haber, Grzegorz Ira, Sue Jinks-
Robertson, Megan C. King, Richard D. Kolodner, Andrei Kuzminov, Sarah AE Lambert, Sang Eun 
Lee, Kyle M. Miller, Sergei M. Mirkin, Thomas D. Petes, Susan M. Rosenberg, Rodney Rothstein, 
Lorraine S. Symington, Pawel Zawadzki, Nayun Kim, Michael Lisby, and Anna Malkova 

Guidelines for DNA recombination and repair studies: Cellular assays of DNA repair 
pathways. Microbial Cell, 2019. DOI:  10.15698/mic2019.01.664    

 



10 
 
 

 

  



11 
 
 

 

CHAPTER I: INTRODUCTION TO CHROMATIN 

ORGANIZATION AND DYNAMICS DURING DNA REPAIR 

 

Summary 

Nuclear and chromatin organization can influence all aspects of the genome’s life cycle. Indeed, it has 

been shown that chromatin dynamics and nuclear organization are not only important for gene 

regulation, but also for the maintenance of genome stability.  

In this first Chapter, I first summarize current knowledge on chromatin organization and how 

chromatin dynamics is regulated in both mammalian cells and S. cerevisiae.  

In a second part, I discuss how chromatin responds to DNA damage and the role of chromatin 

movement in DNA double-strand break (DSB) repair.    
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Chromatin organization   

Chromatin organization in higher eukaryotes 

In the nineteenth century, Friedrich Miescher discovered nucleic acid when he isolated and 

characterized a phosphorus rich substance from human leukocyte nuclei, which he called ‘nuclein’ 

(Miescher, 1871). 130 years later, it was shown that the complete genetic information of a eukaryotic 

human cell resides in about three billion base pairs of deoxyribonucleic acid (DNA) sequence. These 

sequences need to be both continuously protected against potential damage and accessible for gene 

regulation and expression in a very controlled manner. To enable this, the genome of all eukaryotic 

cells is organized in a dynamic protein-DNA structure called chromatin. The basic unit of chromatin 

is called nucleosome, consisting of about 146 bp of DNA wrapped around an octameric core of 

histone proteins H2A, H2B, H3 and H4 (Figure 1).  

The level of chromatin compaction and hence of DNA accessibility, which limits the activity of many 

cellular processes, is regulated by specific post-translational modifications of the core histones and of 

the linker histone, H1. The most common histone modifications are methylation, acetylation, 

phosphorylation, ubiquitination and sumoylation. In higher eukaryotes, chromatin is organized in 

subnuclear compartments with an active open euchromatin enriched centrally and silent 

heterochromatin at the nuclear periphery and surrounding nucleoli  (Riddle et al., 2011) (Figure 1). 

Euchromatic regions are enriched for active histone modifications such as Histone H3 methylation 

on lysines 4 and 36 (H3K4me3 and H3K36me3); while peripheral heterochromatin regions exhibit 

gene silencing histone modifications such as histone H3 di-methylation on lysines 9 and 27 

(H3K9me2/me3 and H3K27me3) and the binding of Heterochromatic Protein 1 (HP1) (Bannister 

and Kouzarides, 2011; Grewal and Jia, 2007; Lachner et al., 2001).  

This global chromatin organization is highly conserved among multicellular eukaryotic organisms, 

although notable differences can be found, particularly within heterochromatin (Ho et al., 2014; Riddle 

et al., 2011). Within active regions, the interaction between regulatory sequences, such as enhancers, 

and gene promotors is necessary to ensure precise control of gene expression. To enable these 

interactions, eukaryotic chromosomes are organized in so called Topologically Associated Domains 

(TADs), that represent genomics regions within chromatin that preferentially associate, and which are 

generally open or transcribed chromatin domains (Dixon et al., 2012; Pombo and Dillon, 2015). 
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Although open domains are prone to transcription, this does not mean that in contrast 

heterochromatin is static and never transcribed. Indeed, it has been shown that low levels of 

transcription can occur in facultative heterochromatin in C. elegans, and these transcripts are then used 

to reinforce its silencing (Mattout et al., 2020). Similar events occur at centromeric satellite repeats in 

fission yeast and in mammals (Smurova and De Wulf, 2018). In the former the repeat transcripts are 

targeted by an Argonaut Ago1 and associated machinery (RITS) to nucleate silencing (Buhler and 

Gasser, 2009; Grewal and Jia, 2007),  and in the latter, CEN transcripts both help load CENP-A, the 

kinetochore specific H3 variant, and associate with SUMOylated HP1, which is stabilized by 

H3K9me3, connecting pericentromere transcription with heterochromatin formation (Maison et al., 

2011). 

Structure of the budding yeast nucleus and chromatin organization  

The budding yeast Saccharomyces cerevisiae is a unicellular eukaryote, with distinct aspects of nuclear 

organization that distinguish it from higher eukaryotes. Imaging studies have shown that the yeast 

nucleus is highly organized, with centromeres tethered to the Spindle Pole Body (SPB) through a 

kinetochore complex and telomeres clustered to the nuclear envelope (reviewed in (Fabre and 

Zimmer, 2018; Taddei et al., 2010)). This organization is similar to that described by Carl Rabl in 

salamander cells, with a polar arrangement of centromeres and telomeres (Rabl, 1885) (Figure 1). 

Although the Rabl configuration is generally detected in metazoan cells at telophase, the presence of 

short intranuclear microtubules that anchor the kinetochores throughout interphase is unique to 

budding yeasts.  

Another distinguishing feature is that budding yeast chromosomes have little repetitive DNA, apart 

from the rDNA, and no centromeric heterochromatin. Consistently budding yeast lacks repressive 

histone marks such as H3K9 methylation and its ligand HP1, although fission yeast has both. Instead, 

budding yeast has a heterochromatic silencing complex composed of Sir2, Sir3 and Sir4 proteins that 

recognizes unmodified nucleosomes to reduce chromatin accessibility and repress transcription. The 

Sir complex silences subtelomeric genes and the homologous mating type loci in yeast (reviewed in 

(Kueng et al., 2013)), and these are, like heterochromatin in  higher eukaryotes,  usually enriched at 

the nuclear periphery (Palladino et al., 1993; Taddei et al., 2004). Thanks to these similarities, yeast has  
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Figure 1: Chromatin organization in eukaryotes 

(A) Overview of the nucleosome structure and chromatin compaction state in 
heterochromatin and euchromatin. (B) Chromatin organization and subnuclear 
organization in budding yeast. 
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been useful for testing the functional impact of chromatin sequestration at the nuclear envelope on 

gene regulation and genome stability.  

It has been questioned whether the notion of chromosome “territories” is appropriate for yeast due 

to the relatively large volume explored by the random movement of an individual locus (Radius of 

constraint, or Rc (Rc ~ 0.6 μm) and the small size of the yeast nucleus (nuclear radius = 1 μm). 

Bystricky et al. have analyzed the relative positions of right and left telomeres of several yeast 

chromosomes and showed that the two telomeres of the same chromosome move in a partially 

coordinated manner. This work suggested that the tendency of a chromosome to move as one body 

could reflect the formation of a “chromosomal territory”. (Bystricky et al. 2005). 

However, yeast chromosomal position is controlled and defined by several structural parameters: the 

compaction of the chromosomal fiber, the sites of anchorage (centromeres to the SPB and telomeres 

to the NE) and, the loose interactions between right and left telomeres, when arms are of similar 

length (Schober et al., 2008)  

Using chromosome conformation capture and fluorescently tagged genomic loci, other studies have 

attempted to show the presence of chromosomal territories in yeast. Duan et al. reported an extensive 

regional and higher order folding of the individual chromosomes, and constructed a three-dimensional 

model of the yeast genome (Duan et al, 2010). Although this study confirmed the previously reported 

Rabl like conformation of the yeast genome, the presence of “chromosomal territories” as suggested 

in mammalian cells is unclear. Therizols et al. rather suggested that the yeast genome organization is 

governed by physical constraints, including chromosome structure and the attachment to SPB and the 

nuclear envelope (Therizols et al. 2010). 

Using chromosome modelling, Rosa et al. showed that the fast equilibration of yeast chromosomes 

explains the lack of a clear territorial organization in yeast nuclei (Rosa and Everaers 2008). Indeed, 

most chromosomes in yeast have a size smaller than 1 Mbp, this study suggested that the yeast 

chromosome disentanglement time is comparable to the time duration of the relative interphase (∼1 

hour).  The evidence that chromosomes are self-interacting compartments is more pronounced in 

mammalian cells given the size of the chromosomes and nucleus  (Cremer and Cremer, 2001). 
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Chromatin movement  

History and definition 

The concept of discrete chromosomal territories  in interphase nuclei led to an image of the nucleus 

as a static structure with apparently immobile chromosomes. Nonetheless, it was proposed that these 

various levels of chromatin organization contribute to the control of gene expression and to the 

maintenance of genomic integrity. Functional studies of chromosome behavior suggested that 

chromatin has to be flexible and mobile to allow for homologous pairing during DNA repair, the 

formation of DNA replication and repair foci, and in particular, gene activation through promotor-

enhancer interaction. the notion that all genomic loci have assigned, static positions in the interphase 

nucleus changed in  1997, when John Sedat’s laboratory first reported high resolution time-lapse 

imaging of a GFP-tagged chromatin locus in interphase nuclei in S. cerevisiae and in Drosophila 

melanogaster (Marshall et al., 1997).  

The development of a GFP-LacI fusion that can bind lacO repeats integrated in the yeast genome 

enabled the tracking of the position occupied by a single genomic locus over time. The development 

of multi-color imaging has allowed the coupling with nuclear pore tagging in budding yeast. This 

considerably improved the accuracy of genomic loci tracking by correcting for instrumental or nuclear 

drift, and allowing one to track single loci (Sage et al., 2005), rather than the relative movement of two 

homologous loci (Marshall et al., 1997). Using mean-square displacement (MSD) analysis (Berg, 1993), 

one was able to generate quantitative movement parameters such as the Rc and the Diffusion 

coefficient (see technical details in Chapter 2). Since then, time-lapse microscopy has been used to 

track various genomic loci and many  studies have analyzed the character of chromatin movement 

from yeast and other species based on log MSD curves (Dion and Gasser, 2013). 

The type of motion observed under various conditions was analyzed as either directed, random or 

subdiffusive (reviewed in (Seeber et al., 2018)). Because the motion of any chromosomal locus is 

constrained within the nucleus, the MSD curve must reach a plateau eventually, with the Rc = the 

radius of the nucleus. However, it was observed that only excised rings of chromatin moved 

throughout the entire nucleoplasm (Adam et al., 2016; Gartenberg et al., 2004).  Other loci in the yeast 

genome showed different degrees of constraint depending on the stage of the cell cycle, their proximity 

to a site attached to a structural element (nuclear pore or SPB), and the metabolic state of the cell the 
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radii of constraint range from 0.2 µm to 0.6 µm (reviewed in (Fabre and Zimmer, 2018; Seeber et al., 

2018)). In addition the rate of diffusion of chromatin  is proposed to be limited by viscoelastic 

environment and nuclear crowding  (Weber et al., 2010).  In any case, it is now well accepted that 

chromatin is in constant motion. More recent work has investigated whether chromatin movement 

has a biological function and how it is regulated.  

Intrinsic regulation of chromatin dynamics 

The effect of cell cycle 

Intuitively, one can imagine that the different cellular and nuclear processes of the cell cycle  influence 

chromatin dynamics. For example, in S-phase cells, chromatin needs to be locally accessible for the 

initiation of replication, pulled through replication foci and replicated sister chromatids have to be 

held together. Each event could in itself alter chromatin mobility. One of the first observations made 

while analyzing chromatin dynamics in yeast was that genomic locus movement and radii of constraint 

change significantly with the phase of the cell cycle (Heun et al., 2001). In this study, the Gasser 

laboratory reported that the rapid subdiffusive movement observed in G1 phase becomes reduced in 

S-phase cells through a mechanism that is dependent on active DNA replication.  It appeared not to 

be the initiation of replication that imposed constraints, but rather Cohesin-mediated sister chromatid 

cohesion. As confirmation, they showed that the inactivation of the Cohesin complex led to a 

significant loss of constraint on the movement of a locus in S phase (Dion et al., 2013).  

As the mobility of a chromosomal locus can vary significantly with stages of the cell cycle, it is crucial 

to determine precisely, and in a standardized manner, what stage in the cell cycle each imaged cell 

occupies. Although identifying the cell cycle stage of mammalian cell nuclei by microscopy is non-

trivial, it is rather easy in budding yeast. This is done by monitoring bud presence and bud size, 

together with the shape and the position of the nucleus in relation to the bud neck (described in 

(Neumann, 2005)). Finding major differences in chromatin dynamics among cell cycle stages argued 

for pathways that control constraint. We discuss what directly or indirectly influences chromatin 

movement and constraint in the paragraphs below.  

Chromatin movement: an active process 

It has been observed by many laboratories that chromatin movement could be significantly attenuated 

upon treatments that reduce intracellular ATP levels or following glucose starvation (Gartenberg et 
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al., 2004; Heun et al., 2001; Joyner et al., 2016; Levi and Gratton, 2008; Seeber et al., 2013; Weber et 

al., 2012). Moreover, a collapse or compaction of chromatin has been observed upon ATP depletion 

(Gartenberg et al., 2004; Heun et al., 2001; Martin et al., 2007). These observations suggest that 

chromatin movement is regulated by ATP-dependent factors. One of the main group of factors that 

regulate chromatin structure are chromatin remodelers. Indeed, nucleosome remodeling complexes 

generally contain a Swi/Snf2 family ATPase domain as their catalytic subunit and use the energy of 

ATP hydrolysis to exchange histone variants or slide nucleosomes along DNA. The role of chromatin 

remodeler complex INO80 on chromatin movement has been extensively studied. The direct targeting 

of INO80 to a genomic locus significantly increased its dynamics (Neumann et al., 2012; Spichal et 

al., 2016), and the deletion of one subunit of the INO80 complex, Arp8, which is essential for 

remodeling activity, led to reduced movement of a  chromosomal locus (Cheblal et al. in press). Given 

the significant effect of the INO80 chromatin remodeler on chromatin dynamics, we and others have 

used the arp8 deletion, which is viable in most backgrounds, to examine the physiological role of locus 

movement. In Chapter 3, we will discuss its implication in the DNA damage response.  

The effect of subnuclear localization and tethering 

As discussed above, chromatin is highly organized both in mammalian cells and in budding yeast. 

Several studies have investigated whether subnuclear positioning and/or locus tethering influence 

chromatin movement.  In mammalian cells, it was reported that chromatin associated with active genes 

(replicated in early S phase) is significantly more dynamic than inactive chromatin (replicated in mid 

and late S phase) (Pliss et al., 2009). Despite being less mobile, heterochromatic regions were 

nonetheless accessible to transcription factors and polymerase, suggesting that other factors restrict 

silent chromatin movement. One obvious source of constraint is the intramolecular tethering of 

heterochromatic DNA to the nuclear periphery – either to nuclear pores, the nuclear lamina or to 

other integral inner nuclear membrane proteins.  It has been described in mammalian cells, that a loss 

of chromosomal anchoring to the nuclear lamina increases movement of telomeres (Bronshtein et al., 

2015). In budding yeast, it has also been shown that telomere or centromere release from the periphery 

increases chromatin dynamics (Gartenberg et al., 2004; Hediger et al., 2002) as does treatment with 

Nocodazole, which depolymerizes microtubules and releases kinetochore attachment to the SPB, an 

integral inner nuclear envelope structure (Gartenberg et al., 2004; Lawrimore et al., 2017; Strecker et 

al., 2016). 
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In line with this, centromeric or telomeric chromosomal loci have more constrained movement than 

loci found distant from these landmarks, and the artificial tethering of a chromosomal locus to the 

nuclear envelope indeed restricts movement (Bystricky et al., 2005b; Hediger et al., 2002; Jin et al., 

2000).   

Chromatin dynamic during transcription 

How chromatin dynamics are regulated by transcription is a persistent question that has not been 

conclusively answered. However,  the Gasser laboratory showed that in yeast the inhibition of RNA 

polymerase II, which is required for transcription elongation, does not affect chromatin movement in 

yeast (Neumann et al., 2012). On the other hand, targeting the transcription activator VP16 to a 

chromosomal locus was shown to increase its movement. Given that the targeting of Gal4, a 

transcription factor that also activates transcription, did not increase mobility, it was proposed that 

VP16 may recruit something other than RNA Pol II that enhances movement. VP16 is known to 

recruit nucleosome remodelers, including Swi/Snf and INO80C.  Since the targeting of INO80C to a 

tagged locus led to increased mobility, it was proposed that nucleosome remodeling and not 

transcription itself enhances locus  mobility (Neumann et al., 2012).  In a recent study in mouse stem 

cells Gu et al. developed a strategy to deliver multiple RNAs to guide an inactive Cas9 complex  to  

specific promoters and enhancers  (Gu et al., 2018). Quantitative measurement of their movement 

during mouse stem cell differentiation revealed that increased DNA locus mobility correlated with 

transcriptional activation.  In contrast, a study from the Bystricky laboratory reported that 

transcription initiation in mammalian cells correlated with increased locus confinement (Germier et 

al., 2017). Taken together, these  reports paint a contradictory picture that fails to  fully address 

whether the observed fluctuations in confinement or mobility are critical for  gene regulation. 

Recently work in Drosophila embryos tackled this question and showed that sustained proximity of the 

enhancer to its target is required for gene activation (Chen et al., 2018). This latter observation appears 

to favor the hypothesis that locus confinement is needed to allow a stabilized enhancer – promoter 

interactions and trigger fruitful transcriptional initiation. However, further studies are needed to 

investigate more systematically the changes in chromatin dynamics that occur during transcriptional 

initiation and test whether they actually regulate gene expression.  
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Regulation of chromatin dynamic by cellular architecture  

The actin cytoskeleton 

Chromatin exhibits movements that are qualitatively consistent with confined diffusion or 

subdiffusion (Cabal et al., 2006; Marshall et al., 1997). Nonetheless, as discussed above, evidence for 

active, ATP-dependent chromatin movement has also been reported in yeast, worms and mammals 

(Conrad et al., 2008; Heun et al., 2001; Koszul et al., 2008; Weber et al., 2012; Zidovska et al., 2013). 

The control of cell shape and locomotion is largely controlled by the actin cytoskeleton. Actin is the 

most abundant intracellular protein in a eukaryotic cell, and in yeast it is encoded by a single essential 

gene ACT1. In its monomeric G form, yeast actin in found in the nucleus as part of the histone acetyl 

transferase complex NuA4, as well as chromatin remodeling complexes SWR1 and INO80, in which 

it forms a heterodimer with the actin-related protein Arp4 (Kapoor et al., 2013). 

Several studies have investigated the impact of actin on chromosome dynamics. The LINC complex 

(Linker of Nucleoskeleton and Cytoskeleton) is a protein complex associated with both inner and 

outer membranes of the nucleus. It is composed of SUN-domain proteins (chromatin-associated) and 

KASH-domain proteins (actin and microtubule associated). In a recent study the Fabre laboratory 

have suggested that both the cytoskeletal and the nuclear forms of actin drive chromatin movement 

independently of the LINC complex. Moreover, they showed that an inhibition of actin 

polymerization reduces subtelomere dynamics (Spichal et al., 2016).  This may be attributed to 

remodeler complexes or to an attenuation of nuclear rocking motion which is mediated by cytoplasmic 

actin.  

The Gasser laboratory showed that the drug Latrunculin A, which depolymerizes cytoplasmic actin 

filaments, decreases nuclear rotation and indirectly internal reduces chromatin locus movement, 

suggesting that in untreated cells actin filaments bind the external surface of the  nuclear envelope  

and contribute to nuclear rotation (Amitai et al., 2017; Spichal et al., 2016). This may be mediated by 

the LINC complex, but other scenarios are possible. These data suggest that actin polymerization 

indirectly influences the underlying nature of chromatin movement (Amitai et al., 2017; Spichal et al., 

2016).  To date evidence suggests that both actin-containing remodeling complexes and cytosplasmic 

actin filaments affect chromatin movement, either directly, or indirectly through nuclear rotation. 

 



22 
 
 

Microtubule dynamics  

In the earliest study on fine chromosomal locus movement, the Sedat laboratory observed an increase 

in chromatin movement upon microtubule depolymerization by Nocodazole in yeast (Marshall et al., 

1997). They monitored, however, only a centromere-proximal locus, and it was unclear whether 

microtubules would also affect the movement of other loci.  As discussed above, the yeast 

chromosomes assume a Rabl like conformation, whereby centromeres are tethered to the SPB by 

microtubules that also attach to the kinetochore. The disruption of kinetochore bound microtubules 

will release the centromeres and can in turn increase chromosome dynamics (Amitai et al., 2017; 

Bystricky et al., 2005b; Lawrimore et al., 2017; Strecker et al., 2016).  

In contrast, in mammalian cells the de Lange laboratory have shown that Nocodazole treatment 

decreases chromosome dynamics in a LINC- and kinesin-dependent manner, more akin to the effect 

of actin depolymerization in yeast (Lottersberger et al., 2015). This suggests that changes in the 

cytoplasm are transduced to the nucleus in mammalian cells through microtubules, kinesins and the 

LINC complex, in contrast to yeast where microtubules are located in the nucleus and directly tether 

centromeres, throughout the cell cycle. In yeast, actin cytoskeletal filaments may fulfil the role played 

by microtubules in mammals with respect to chromatin movement influenced by the cytoskeleton 

(Amitai et al., 2017; Spichal et al., 2016). 

DNA double- strand break response 

DNA double-strand break checkpoint activation and DNA repair pathways 

Our genome is continuously challenged by DNA damage from both exogenous environmental 

sources and from endogenous cellular mechanisms such as metabolism and replication errors. A single 

double strand break (DSB) is lethal in a haploid organism if unrepaired, and can lead to loss of genetic 

information or mutations in diploid or haploid cells. These genetic alterations are the main cause of 

cancer and genetic diseases. Therefore, eukaryotic cells have developed very conserved and efficient 

DNA damage checkpoint (DDC) response and repair mechanisms (reviewed in (Lisby and Rothstein, 

2009)). The main aim of the DDC is to stall the cell cycle to allow time for repair. 

In budding yeast, the induction of a single DSB lead to the recruitment of Ku (yKu70 and yKu80) 

and the MRX (Mre11-Rad50-Xrs2) complexes at the site of damage in order to hold together the two 
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broken ends. This first step is very critical as it will determine the repair outcome of this lesion: the 

recruitment of Ku complex delays 5’ DNA end resection while MRX recruitment promotes early   
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Figure 2: DNA damage checkpoint activation and DSB repair 

Overview of the DNA damage checkpoint activation through Mec1 and Tel1 kinases. 
The two major DNA DSB repair pathways are NHEJ (mediated by yKu70/80, DNA-
PK and Ligase IV) and Homologous recombination (mediated by MRX-Rad52-Rad54 
and Rad51). 
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DNA end resection by creating a nick and generating a short 3’ overhang . A second more processive 

DNA end resection is performed either by Exo1 or by Sgs1/Dna2 (Zhu et al., 2008). In parallel, MRX 

binding activates the checkpoint kinase Tel1(Nakada et al., 2003) which phosphorylates histone H2A. 

Phosphorylated H2A (γH2A) facilitates Rad9 binding to methylated H3K79 and the subsequent 

Rad53 activation (Lisby et al., 2004; Toh et al., 2006). DNA end resection leads to the formation of 3’ 

DNA overhangs, the dissociation of the MRX complex and the binding of RPA to the resulting single 

stranded DNA (ssDNA). RPA binding will allow both checkpoint protein activation (Mec1 and 

subsequently Rad53) and the recruitment of homologous recombination (HR) proteins such as Rad52, 

which loads Rad51 to form a Rad51-ssDNA filament. This is the basis of homology search and 

subsequent repair of the DSB by HR (Figure 2).  

Efficient DNA end-resection at a DSB favors repair by HR. However, a second, more error-prone 

mechanism called  Non-Homologous End Joining (NHEJ) is the dominant pathway in G1-phase cells.  

(Figure 2). NHEJ is considered as an error prone repair mechanism as the two broken ends are 

simply religated. If the ends do not annealed in frame or have modified bases,  insertions or deletions 

can occur. When the sister chromatid is available for homology-based repair, then recombination from 

the sister is the preferred mechanism of DSB repair. If neither NHEJ nor sister recombination are 

possible, then there will be a search for  an ectopic sequence with homology. HR is the repair pathway 

of choice in budding yeast, and is active even in G1 in yeast, although resection is far less efficient in 

G1 phase. Several lines of evidence suggest that homology search in the nucleus is rate limiting for 

HR (Wilson et al., 1994), which led to the suggestion that DSB movement might enhance 

recombination rates. In the following sections, we will discuss how chromatin movement is regulated 

during DSB induction and its role in DNA repair.  

Damage induced chromatin movement  

Using time-lapse microscopy several studies have addressed the question of how chromatin dynamics 

respond to DNA damage either locally at a DSB, or ectopically – i.e., elsewhere in the genome. This 

has been monitored following global DNA damage (radiomimetic genotoxic drugs such as Zeocin, or  

γ-irradiation (γIR) or with a single, targeted DSB, mediated by I-SCE1 or HO endonuclease.  
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Local double-strand break dynamics 

In budding yeast endonuclease-induced DSBs have increased dynamics when compared to the same 

locus uncleaved, and Rc increases, such that the volume accessed is roughly 3 to 4-fold larger (Dion 

et al., 2012; Hauer et al., 2017; Mine-Hattab et al., 2017; Mine-Hattab and Rothstein, 2012; Strecker et 

al., 2016). We also note that the Bystricky laboratory observed a decrease of local DSB movement 

upon damage at very short times-scales (<10ms) (Saad et al., 2014), which may enable early steps in 

DSB recognition and the stabilization of end tethering to occur. The reduced movement is later 

followed by an increase in mobility. Thise widely confirmed increase in DSB dynamics has been shown 

to depend on the activation of the DNA damage checkpoint: in yeast by activation of Mec1-Ddc2 and 

its target Rad9  (Dion et al., 2012; Strecker et al., 2016). Importantly, an artificial activation of the 

DDC by targeting Ddc1/Ddc2, known Mec1 activators, is sufficient to increase local chromatin 

mobility at the site of Mec1 binding, in S-phase cells that have not been exposed to DNA damage 

(Seeber et al., 2013). While the increase was not equivalent to that scored at a real DSB, this result 

strengthens the hypothesis that DDC activation triggers the observed DNA damage-induced 

chromatin mobility. 

There are discrepancies in the literature concerning the roles of different kinases in the DDC cascade. 

The increase in DSB dynamics appeared to be independent of the key kinase downstream of Mec1, 

Rad53, in S phase (Dion et al., 2012), while another study reported that Rad53 activation was required 

for DSB increase in movement (Strecker et al., 2016).  Hauer et al. (2017) found that ectopic 

movement in response to Zeocin, and the histone eviction that drives this, was Rad53-dependent 

(Hauer et al., 2017). It is likely therefore that Strecker et al., were monitoring a general ectopic increase 

in mobility and not that of the DSB.  

In addition to the checkpoint activation, the local increase in DSB movement was shown to be highly 

dependent on chromatin remodeler function, namely the INO80 and the SWR1 remodeling 

complexes (Neumann et al., 2012; Seeber et al., 2013), with elements of the HR machinery, Rad51 and 

Rad52, to play modulatory roles (Smith et al., 2018)(Smith . The mechanisms behind this dependency 

are discussed below.  

Global (ectopic) movement of undamaged sites 

The Rothstein laboratory was the first to report an increase in chromatin mobility of an uncut locus 

upon DNA damage in diploid yeast cells (Mine-Hattab and Rothstein, 2012). This was confirmed by 
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several studies that have now shown that Zeocin increases general chromatin decompaction and 

enhanced movement even at sites that apparently have no damage, as does a single DSB (Amitai et 

al., 2017; Cheblal, in press; Hauer et al., 2017; Herbert et al., 2017; Seeber et al., 2013). Similar to the 

local DSB dynamics, this DNA damage enhanced global chromatin movement was shown to be 

dependent on the activation of the DDC (Hauer et al., 2017; Seeber et al., 2013; Smith et al., 2018). 

Moreover, increased global DNA damage was also dependent on the chromatin remodeler complex 

INO80. In contrast, the SWR1 complex that was shown to be required for local DSB dynamics 

appeared not to be  required for the increase in ectopic mobility (Seeber et al., 2013), suggesting that 

local DSB mobility and the ectopic mobility at undamaged sites are regulated at least in part by distinct 

mechanisms. This will be addressed in the second Chapter of this dissertation. 

 

Mechanisms that controls damage-induced chromatin movement 

Investigations into the mechanisms that control heightened chromatin movement following DNA 

damage have led to multiple nonexclusive models for how this might occur (reviewed in (Seeber et 

al., 2018)). In this section, we will discuss the key mechanisms proposed to control DSB induced 

chromatin movement in budding yeast.  

DNA damage induced loss of chromosomal tethering  

A recent study from the Durocher laboratory reported that treatment of yeast cells with the 

radiomimetic drug Zeocin induced a general kinetochore declustering that led to centromere 

detachment from the SPB (Strecker et al., 2016). This phenomenon was suggested to be dependent 

on the phosphorylation by the DDC kinase Rad53 of the essential spindle checkpoint protein Cep3 

on Serine 575, and these events were proposed to be the mechanism that underlies the increase in 

chromosomal dynamics upon DNA damage. Indeed, they reported that there was no DSB-induced 

increase in dynamics in a Cep3 phosphomutant (cep3-S575A). Other studies have failed to observe 

this dependency (Lawrimore et al., 2017) (Cheblal et al., in press), and no significant changes in the 

distances between SPB and yeast centromeres were observed upon DNA damage (Strecker et al., 

2016) Cheblal et al., in press). Although, a loss of chromosomal tethering is able to increase 

chromosomal dynamics (Gartenberg et al., 2004; Lawrimore et al., 2017; Strecker et al., 2016; 

Verdaasdonk et al., 2013), recent observations render it unlikely to be the underlying mechanism that 

controls DNA damage-induced chromatin movement.  We note that the measurement of chromatin 
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dynamics in Strecker et al. was performed automatically on an asynchronous population of yeast cells, 

with no monitoring of cut efficiency (in the case of an HO-induced cut) and with no distinction made 

between G1, S and G2 phase cells.  Since the  quantification in each mutant  was averaged over a 

population, any treatment or condition that changes the cell cycle distribution could alter the 

movement as well, indirectly. Finally, another study reported Rad52 foci dynamics at DSB was 

dependent on a kinesin (Chung et al., 2015). The study attempted to determine whether DSB-induced 

chromatin dynamics have directed motion along microtubule filaments. Kinesin dependence was not 

correlated with directed motion, although the correlation was reported in other studies that were 

performed on damage in heterochromatin in flies (Ryu et al., 2015) (Janssen et al., 2016). It is important 

to note that the imaging time-scale used for DSB movement in flies and in yeast are different and that 

the time-scale used in yeast is probably not appropriate to measure directed motion (reviewed in 

(Oshidari et al., 2019)). Depending on the temporal resolution of the imaging used, one can reach 

different conclusions about whether movement is directed or subdiffusive. The same movement can 

be subdiffusive and random at shorter time scales and directed at longer time scales (e.g. lipid 

movement on microtubules). It is plausible that in comparison to other eukaryotes, the small size of 

the budding yeast nucleus renders directed motion unnecessary for DNA repair by HR, since random 

movement already allows a sufficient homology search to occur.  Nonetheless, a study of DSB 

movement in yeast over longer time scales remains to be carried out.    

Chromatin remodeling  

Rather than changes in chromosome tethering, other laboratories have demonstrated that intrinsic 

changes in chromatin structure regulate DSB induced chromatin movement. The Gasser laboratory 

first reported local histone H3 eviction at the site of DSB dependent on the chromatin remodeler 

INO80C (van Attikum et al., 2007). Consistent with that observation, later they showed that targeting 

INO80C to a chromosomal locus significantly increases its motion (Neumann et al., 2012). A  recent 

study from the Gasser laboratory reconciled these two observations by showing that treatment of 

yeast cells with the radiomimetic drug Zeocin triggers a global 20-40% loss of core histones from 

chromatin, that could be observed by mass spectrometry, Western blotting of the core histones and 

live microscopy (Hauer et al., 2017) (Figure 3). This histone depletion was shown to be dependent 

on the proteasome, suggesting a ubiquitination-triggered histone degradation process. Consistent with 

the previous observations, this DNA damage induced histone depletion was dependent on the INO80 
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chromatin remodeler and on the activation of the DNA damage checkpoint. Interestingly, either the 

artificial histone depletion by transcriptional shutdown, or a natural depletion that occurs in a mutant 

that lacks the two HMGB1 homologs in yeast, led to a significant increase in chromatin mobility. The 

HMGB1 double knockout (nhp6Δ Δ) was shown to reduce histone levels by 20% (Celona et al., 2011). 

Taken together, the Gasser laboratory proposed that DNA damage-induced global histone depletion  

and chromatin expansion contributes to enhanced ectopic chromatin movement (Hauer et al., 2017). 

Interestingly, and in line with Hauer et al., it has been observed that in mammalian cells, parental 

histone redistribution appeared to allow chromatin expansion upon DNA damage (Adam et al., 2016). 

In parallel, another study suggested that DNA damage-induced global chromatin dynamics can be 

explained by an increase in chromatin rigidity and stiffening instead of chromatin decondensation 

(Herbert et al., 2017). Changes in chromatin structure might regulate DNA repair, either by increasing 

local accessibility to repair factors or by changing the stiffness of the resected end. Indeed, consistent 

with the observation that DNA damage-induced chromatin movement is dependent on Rad51 repair 

protein (Dion et al., 2012; Mine-Hattab et al., 2017; Smith et al., 2018), Mine-Hattab et al. suggested a 

model in which stiffening of the damaged ends by the repair complex, combined with a global increase 

in stiffness, act like a "needle in a ball of yarn". This enhanced stiffness might allow reptation through 

the dense nucleoplasm (Herbert et al., 2017; Mine-Hattab et al., 2017), promoting an efficient 

homology search during HR. Whether the observed chromatin decompaction in Hauer et al. and the 

increase in global stiffness described in Mine-Hattab et al. reflect the same underlying biological 

processes is unclear, although these two phenomenon appear rather to be contradictory. Further 

studies are needed to investigate whether the observed chromatin stiffening is controlled by chromatin 

remodelers and histone degradation.  

In the next section, we will discuss recent observations on how chromatin organization states regulate 

DNA repair.  
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Figure 3: DNA damage-induced histone degradation enhances chromatin 
mobility 

DNA damage-induced checkpoint activation triggers global nucleosome remodeling by 
INO80-C and proteosomal histone degradation. This general nucleosome loss increases 
chromatin mobility and expansion (Hauer et al., 2017). 
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The role of chromatin organization in DNA DSB repair 

As discussed above, DNA repair mechanisms are made possible through a choreography of DNA 

repair proteins that are sequentially recruited at the DSB site (reviewed in (Lisby and Rothstein, 2009)). 

The opening of the chromatin structure, either through histone removal (Hauer et al., 2017) or histone 

redistribution (Adam et al., 2016) is critical to allow a proper access of the lesion to DNA repair 

proteins. On the other hand, chromatin expansion might also be of critical relevance during the 

homology search step of HR, allowing the Rad51 filament to access potential ectopic homologous 

sequence in the genome efficiently (Renkawitz et al., 2014). Here I review the multiple studies that 

have addressed the question how chromatin accessibility influences DNA repair pathway choice (HR 

vs NHEJ) and repair efficiency. 

Chromatin remodeling  

The deletion of a subunit of the chromatin remodeler INO80 complex, Arp8, renders cells sensitive 

to DNA damaging agents such as Zeocin, γIR or hydroxyurea (Adam et al., 2016; Seeber et al., 2013; 

Shen et al., 2000; van Attikum et al., 2007) (Cheblal et al., in press).  It has been shown that the INO80 

complex slightly delays DNA end resection upon DSB induction (Lademann et al., 2017; van Attikum 

et al., 2007). As mentioned above, the INO80C chromatin remodeler is required for Zeocin induced 

histone depletion and the subsequent increase in chromatin expansion, as well as mobility (Hauer et 

al., 2017). Moreover, using a mutant that has lower levels of histones and therefore has higher levels 

of chromatin decompaction, Hauer et al., observed an increase in the integration rate of a URA3 

cassette in yeast cells.  These observations suggest that chromatin accessibility and/or movement 

might facilitate homology directed repair (HDR). My thesis directly addressed the effect of chromatin 

accessibility on strand invasion kinetics during homology based DNA repair, which will be discussed 

in Chapter 3. 

DNA repair in heterochromatin vs euchromatin 

One way to address whether DNA repair efficiency is dependent on the chromatin context in higher 

eukaryotes is to understand how DNA damage is repaired in heterochromatin (compacted) vs 

euchromatin (open state) (reviewed in (Marnef and Legube, 2017). Many laboratories have analyzed 

DNA repair behavior in pericentric and centromeric repeats, which in most cell types form 

heterochromatin. They have shown that DSBs relocate away from heterochromatic domains to the 
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nuclear periphery prior to repair by HR (Chiolo et al., 2011; Ryu et al., 2015).  Moreover, in mouse 

cells, DSBs are repaired by NHEJ in G1, and remain heterochromatic, whereas in S phase, 

heterochromatic DSBs shift to the nuclear periphery to enable repair by HR (Tsouroula et al., 2016).  

Similarly, it was shown that DSBs in ribosomal DNA (rDNA) in yeast relocate out of the nucleolus 

to be processed for HR (Torres-Rosell et al., 2007). This relocation was also confirmed in mammalian 

cells where persistent DSB shift away from the nucleolus and the repetitive DNA (Harding et al., 

2015; van Sluis and McStay, 2015). What is common in all these studies, is the need to avoid the repair 

of breaks in a repeat, whether heterochromatin or rDNA, in an environment that contains many 

copies of the same sequences, as this is prone to illegitimate recombination and either sequence 

excision or translocation. 

Some studies have also observed heterochromatin expansion after DNA damage in mammalian cells 

and flies (Chiolo et al., 2011; Ryu et al., 2015). However, in these conditions, repair protein accessibility 

seemed to be unchanged, although one cannot exclude that some regions within heterochromatin 

behave differently from the bulk. The expansion within heterochromatin, however, might facilitate 

DSB relocation to the periphery away from heterochromatin, rather than accessibility of repair 

components. 

Chromosomal positioning 

As mentioned above, subnuclear positioning influences DSB repair and this does not only apply to 

repetitive regions such as heterochromatin. Several studies have demonstrated that the nuclear pore 

complex (NPC) is a key player in DNA repair pathway choice.   Indeed, the Gasser laboratory have 

observed that persistent DSBs relocate to nuclear pores 1-2 hours after HO induction (Nagai et al., 

2008). This recruitment was shown to be critical for persistent DSBs where either template switching 

based repair or break induced replication (BIR) repair would have to be initiated (Horigome et al., 

2016; Horigome and Gasser, 2016). The relocation to the NPC was shown to be controlled by the 

conserved SUMO-dependent E3 ligase Slx5/Slx8 (Horigome et al., 2016; Nagai et al., 2008). 

Another key platform for DSB binding in S. cerevisiae is the SUN domain protein Mps3, which spans 

the inner nuclear membrane. In contrast to NPC, relocation to Mps3 was shown to be dependent on 

the INO80C chromatin remodeler and DNA end resection (Horigome et al., 2014). Consistent with 

that, the binding of DSBs to Mps3  favors homology based repair in S/G2 phases of the cell cycle 

(Horigome et al., 2016).  
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We note, however, that any perturbation of nuclear actin will inevitably affect the function of the most 

abundant chromatin remodelers, including INO80C, which is an important factor in DSB repair 

(reviewed in (Hurst et al., 2019)). Additional studies are needed to determine if actin filaments or an 

altered G/F actin pool alter the efficiency of DSB repair. Only more detailed studies can clarify 

whether there is a direct effect of nuclear actin on the dynamics of a damaged locus, or if it has an 

indirect effect through INO80C or other remodelers. Most likely only a a distinct subset of damaged 

sites will show sensitivity to actin depolymerization. 

In the mammalian system, the Soutoglou laboratory have demonstrated that DSBs induced at the 

nuclear membrane (but not at nuclear pores or nuclear interior) fail to rapidly activate the DNA 

damage response (DDR) and repair by HR. Moreover, instead of relocating to an HR permissive 

subcompartent, these DSBs are repaired in situ by alternative end-joining. This observation suggested 

that nuclear positioning is able to dictate DNA repair pathway choice (Lemaitre et al., 2014). 

Consistent with this hypothesis, it has been shown that telomeric DSB are preferentially repaired by 

BIR (Batte et al., 2017) or homology-driven non reciprocal translocation compared to non-telomeric 

DSBs in yeast (Marcomini et al., 2018). 

Other studies have addressed whether genomic proximity would facilitate repair by HR. The Kupiec 

and the Haber laboratories have demonstrated that in yeast genomic regions that are spatially 

juxtaposed recombine more efficiently than sequences located in spatially distant territories (Agmon 

et al., 2013; Lee et al., 2016). This study reinforced early evidence that homology search throughout 

the nucleus was rate limiting for HR (Wilson et al., 1994), and that differences in repair efficiencies 

can be predicted in silico thanks to a locus position.  Nevertheless, it remained unproven whether 

chromatin mobility enhances the homology search during HR or not. 

Does DSB-induced chromatin movement enhance DNA repair 

efficiency? 

In this section, I will examine whether DNA damage-induced chromatin mobility per se, either locally 

at the DSB site or ectopically at undamaged sites, contributes to efficient DNA repair by HR. 
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On the hypothesis of Homology search (and chromatin movement) 

During HR, the resected DSB ends coated by a Rad51 filament, need to undergo a search within the 

nucleus in order to find a homologous partner among a wide range of imperfect ones. The most 

obvious donor after replication is the sister chromatid, but in our test system both sisters are cleaved 

by HO endonuclease, and there is no intact sister available for repair by HR. Therefore, the broken 

ends need to undergo a critical long-range search for a homologous template from which to repair the 

resected end. As mentioned above, homology search is thought to be rate limiting for HR (Agmon et 

al., 2013; Wilson et al., 1994), and the increase in local DSB movement has been suggested to be the 

driver of homology search (Mine-Hattab and Rothstein, 2012). In support of this, it was shown that 

the targeting the chromatin remodeler INO80C  to a break increases both local dynamics and HR 

repair rates (Neumann et al., 2012). Similarly, the observed increase in chromatin dynamics in nhp6∆∆ 

cells, which have a 20% reduction in histone levels, correlated with an increase in integration rates 

(Hauer et al., 2017). Finally it was shown that the deletion of an important protein for DNA damage 

checkpoint amplification, Rad9, abolished the increase in DSB mobility, and significantly reduced HR 

repair kinetics (Dion et al., 2012). In contrast to this, the Durocher laboratory argued that in the Cep3 

phospho-mutant, local DSB movement seemed to abolished but repair by HDR was unchanged. They 

suggested that the local increase in  DSB dynamics was dispensable for DNA repair (Strecker et al., 

2016). 

In other studies the hypothesis that movement would enhance HR was extended to mammalian cells. 

For instance, several studies showed that an increase in motion at uncapped telomeres facilitated the 

search required for repair (Cho et al., 2014; Dimitrova et al., 2008). However, none of the yeast nor 

the mammalian work to date had directly investigated the role of DSB-induced chromatin mobility on 

the kinetics of strand invasion during HR. Moreover, it remained unclear whether general chromatin 

accessibility or the DNA damage induced ectopic movement was critical for DNA repair. Indeed, as 

an alternative, either the access of DNA repair proteins to DSBs or to the template for recognition,  

might limit repair efficiency. In yeast, a general expansion of undamaged chromatin in response to 

Zeocin, as reported in Hauer et al., also increased homology-based fragment integration  (Hauer et al., 

2017).  In Chapter 3, we address the question whether such global chromatin expansion is critical for 

strand invasion kinetics during homology-directed repair.  
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CHAPTER II: VISUALIZING CHROMOSOMAL DYNAMICS 

UPON DNA DAMAGE IN BUDDING YEAST 

 

Based on:  

Hannah L. Klein1, Giedrė Bačinskaja, Jun Che, Anais Cheblal, Rajula Elango, Anastasiya Epshtein, 
Devon M. Fitzgerald, Belén Gómez-González, Sharik R. Khan, Sandeep Kumar, Bryan A. Leland, 
Léa Marie, Qian Mei, Judith Miné-Hattab, Alicja Piotrowska, Erica J. Polleys, Christopher D 
Putnam, Elina A. Radchenko, Anissia Ait Saada, Cynthia J. Sakofsky, Eun Yong Shim, Mathew 
Stracy, Jun Xia, Zhenxin Yan, Yi Yin, Andrés Aguilera, Juan Lucas Argueso, Catherine H. 
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Robertson, Megan C. King, Richard D. Kolodner, Andrei Kuzminov, Sarah AE Lambert, Sang Eun 
Lee, Kyle M. Miller, Sergei M. Mirkin, Thomas D. Petes, Susan M. Rosenberg, Rodney Rothstein, 
Lorraine S. Symington, Pawel Zawadzki, Nayun Kim, Michael Lisby, and Anna Malkova 

Guidelines for DNA recombination and repair studies: Cellular assays of DNA repair 
pathways. Microbial Cell, 2019. DOI:  10.15698/mic2019.01.664    

 

Summary 

Understanding the plasticity of genomes has been greatly aided by assays for recombination, repair 

and mutagenesis. These assays have been developed in microbial systems that provide the advantages 

of genetic and molecular reporters that can readily be manipulated. Cellular assays comprise genetic, 

molecular, and cytological reporters. The assays are powerful tools but each comes with its particular 

advantages and limitations. In Klein et al., the most commonly used assays are reviewed, discussed, 

and presented as the guidelines for future studies. 

This Chapter II is based on my contribution to Klein et al. and describes the microscopy techniques 

we use in the laboratory to visualize the subnuclear localization of DSBs and examine how changes in 

position can influence the pathway of repair and/or repair efficiency. It also describes how to perform 

three-dimensional tracking of a single DSB to enables an in-depth characterization of the motion and 

its modeling as a polymer fiber. I wrote my part, which is inserted here, independently.  
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Extracted from: Klein et al., 2019 Microbial Cell 

Visualizing chromosomal dynamics upon DNA double strand breaks in yeast S. 
cerevisiae.  
Anais Cheblal, Susan M Gasser. 

DNA double strand breaks (DSB) are the most deleterious type of DNA damage, thus 

understanding their behavior in living cells is of major importance. Using S. cerevisiae as model 

organism, where most of the DNA repair proteins are similar to those in humans, allows us to use 

genetic tools to characterize the properties of DNA DSBs. Using live microscopy one can visualize 

the subnuclear localization of DSBs and examine how changes in position can influence the pathway 

of repair and/or repair efficiency. Three-dimensional tracking of a single DSB enables an in-depth 

characterization of the motion and its modeling as a polymer fiber. 

Determining chromosomal locus subnuclear position following DNA damage  

It has been shown in budding yeast that when a DSB cannot be immediately repaired by 

recombination from its sister chromatid, it relocates to the nuclear periphery where it binds either 

Nup84 nuclear pore subcomplex or an inner nuclear membrane SUN-domain protein, Mps3. The 

relocation and interaction with these two distinct sites has different effects on repair outcome, given 

that pore mutants and Mps3 mutants influence the lesion repair outcome very differently. The three-

zone technique for determining the position of damaged or undamaged loci (Horigome et al., 2015; 

Meister et al., 2010) has been a useful tool to determine precise positioning relative to the nuclear 

envelope. The imaging technique takes advantage of the bacterial Lac operator (lacO) sequence that 

binds the LacI repressor fused to a green fluorescent protein (LacI-GFP).  One can then exploit a site-

specific budding yeast endonuclease to create a single HO endonuclease cut at the mating type locus 

(MAT locus) that is tagged by a lacO array. This permits a highly accurate determination of the 

subnuclear position of the induced DSB. The nuclear periphery is generally identified with a 

fluorescent tag (e.g., RFP) on the pore protein Nup49 (Figure 1A). 

Method and data analysis  

By putting HO endonuclease under control of the GAL1 promoter, cleavage can be induced with 2% 

galactose for up to 2h. Cut efficiency is quantified by qPCR.  Immediately, multi-stack images are 
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acquired, usually with a spinning disk confocal microscope. Spherical nuclei are needed for a proper 

statistical analysis of relative nuclear localization, thus G1 or early S-phase cells are usually  analyzed, 

using the imageJ plugin Point Picker (Horigome et al., 2015). Briefly, the positions of the DSB and 

diameter of the nuclear pore-defined circle in the same plane of focus are determined. Using a pre-

designed excel sheet, one can calculate the size of the nucleus, sets this to one, and then determines a 

relative value for the distance between the periphery and the spot (Figure 1B). To confirm cleavage it 

is often helpful to express a Rad52-YFP fusion, which will colocalize with the DSB. 

Using a nuclear pore mutant nup133ΔN, which forces the main pore structure to form a large, single 

cluster at the nuclear periphery, allows one to accurately score the co- localization of the DSB with 

pore. DSB binding to Mps3 is best scored by Mps3 Chromatin Immunoprecipitation, because Mps3 

gives only a weak fluorescence at the nuclear rim, apart from the spindle pole body. There may be 

other anchorage sites that remain to be characterized. 

Cautionary notes 

This technique relies on an accurate dual-color imaging, thus it is crucial to take into account and 

correct the emission wavelengths phase shift. To score accurate distances, it is important to only score 

nuclei if the fluorescent spot is within the middle 50 % of the Z-stack (not at the N or S pole), due to 

a lower resolution in Z. One should not use DNA fluorescence as the boundary of the nucleus because 

the edge is not easy to detect and thus depends on thresholding, which is often subjective. Therefore, 

a nuclear pore marker is essential for proper three-zone scoring. For a theoretical discussion of why 

the three-zone measurement is appropriate for such analyses, and the error inherent in the method, 

see Cavalieri's principle discussed in Meister et al. 2010.  

Analyzing chromosomal locus mobility upon DNA damage  

It has been shown that chromatin dynamics increase upon DNA DSB induction, probably favoring 

repair efficiency through homology search or relocation to a repair center. Using a similar cellular 

system for cut induction, as for the three-zone method (Figure 1A), a live cell tracking strategy has 

been developed to monitor DSB mobility over time.  
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Method and analysis 

High speed timelapse fluorescence microscopy allows one to track the LacI-GFP tagged locus over 

time by live cell imaging. Here the center of the nucleus is used as a reference to correct for nuclear 

oscillations or translational movement of the entire field of imaging. Different imaging scales (i.e 

variation in time between image capture and length of capture) can be used. One system that has been 

useful has been the acquisition of single cell images every 80 ms taking Z-stacks of 200nm for 1 min 

total. Alternatively, longer times between stack can be introduced and capture can be extended to 5 

or 7 min. One must always monitor for laser- or light-induced cellular damage as the response may 

bias subsequent measurements. 

After deconvolution and Z projection, the ImageJ plugin Spot Tracker 2D can track the LacI-GFP 

fluorescent locus and the Nup49-RFP nuclear periphery (Figure 1C). Nuclear alignment is achieved 

by aligning the centers of an idealized circle (the nuclear perimeter) frame by frame, and then 

determining the movement of the tracked locus. To quantify locus mobility, the mean square 

displacement of the fluorescent locus is calculated over time using a pre-designed excel sheet (Sage et 

al., 2005). Biophysical parameters derived from polymer model analysis can be applied to the spot 

trajectories to further characterize its motion. Briefly, the length of constraint Lc measures the locus 

confinement in distance traveled, the effective diffusion coefficient Dc reflects its velocity, the 

effective spring coefficient Kc estimate the forces acting on this specific locus and the anomalous 

exponent α describe the nature of the motion (Amitai et al., 2017). 

Cautionary notes 

The quantification of the trajectories directly relies on the imaging scale used. Recently, a study show 

that changes in chromatin dynamics upon DNA damage depend on the tracking scale used (Mine-

Hattab et al., 2017). It is therefore crucial to take into account this variation when choosing the time 

intervals used for imaging.  Basal levels of chromatin mobility (i.e without damage) vary during the 

cell cycle, and chromatin in G1-phase cells, is more mobile than in S/G2. This has been assigned to 

the presence of cohesin in S/G2, which holds sister chromatids together after replication. Its removal 

and/or degradation allows an increase in the chromatin mobility (Dion et al., 2013). Thus, to eliminate 

any cell cycle variation, it is essential to compare mobility changes within the same cell cycle stage. For 

determining cell cycle stage accurately see Neumann et al. 2006.  
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 Using S. cerevisiae as model organism allow us to accurately characterize chromatin dynamics 

upon DNA damage. The use LacO/LacI arrays for chromatin tagging enable us to specifically 

determine the position of chromatin loci in response to DSBs. We and others, have shown that 

chromatin dynamics and re-localization plays a central role in response to DNA damage, but how this 

impacts DNA repair efficiencies remains unclear.  
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Figure 17: Visualizing chromosomal dynamics upon DNA double strand breaks in yeast S. 
cerevisiae. (Published in Klein et al., 2019, Microbial Cell).  

A) Schematic representation of the chromosomal locus tagging system. HO endonuclease is used to create a 
single double-strand break at the mating type locus (MAT locus) that is tagged with a lacO array. The LacO 
array binds the LacI repressor fused to a green fluorescent protein (LacI-GFP). The nuclear envelope is 
visualized using a fluorescently tagged nuclear pore protein (Nup49-RFP). B) Analyzing chromosomal locus 
position. Relative locus position (p) is calculated by normalizing the distance pore-locus (x) by the nuclear radius 
(y/2). The radial distances are then classified into three groups - Zone 1 (peripheral width=0.184 x nuclear 
radius(r)), 2 (middle width between 0.185r and 0.422r) and 3 (central width=0.578r) - of equal surface. C) 
Analyzing chromosomal locus mobility. Overview of the imaging procedure. Single cell, multi-stack images are 
acquired every 80 ms for 60 s. After deconvolution and nuclear alignment, the 3D images are converted to 2D 
using a maximum z-projection. The tagged locus is tracked using SpotTracker2D and an absolute MSD 
calculation is applied. 
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CHAPTER III: DNA DAMAGE-INDUCED NUCLEOSOME 

DEPLETION ENHANCES HOMOLOGY SEARCH 

INDEPENDENTLY OF LOCAL BREAK MOVEMENT 

Based on:  

DNA damage-induced nucleosome depletion enhances homology search independently of local 
break movement. I contributed to all Figures except 5 D, E. 

Cheblal et al. Molecular Cell, 2020. DOI: 10.1016/j.molcel.2020.09.002 

Graphical Abstract 
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Anaïs Cheblal, Kiran Challa, 
Andrew Seeber, Kenji Shimada, 
Haruka Yoshida, Helder C. Ferreira, 
Assaf Amitai, and Susan M. Gasser. 
 
In Brief  

Cheblal et al. show that DNA 
damage induced histone depletion 
enhances homology search through 
the induced chromatin expansion 
and ectopic locus mobility, 
independently of local DSB 
movement. Local DSB dynamics is 
cell cycle dependent and is 
regulated by Cohesin turnover. 
They find that centromeres do not 
detach upon DNA damage. 

 

Highlights 

• Intrinsic and DSB-induced chromatin dynamic is cell cycle dependent 

• Loss of centromere tethering is not a major DNA damage response 

• Uls1 STUbL regulates local DSB dynamics through MRX and Cohesin turnover  

• Chromatin expansion and ectopic movement are critical for DSB repair by HR  
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SUMMARY 

To test whether double-strand break (DSB) mobility enhances the physical search for 

an ectopic template during homology-directed repair (HDR), we tested the effects of 

factors that control chromatin dynamics, including Cohesin loading and kinetochore 

anchoring. The former but not the latter is altered in response to DSBs. Loss of the 

nonhistone high mobility group protein Nhp6 reduces histone occupancy, and increases 

chromatin movement, decompaction and ectopic HDR. Loss of nucleosome remodeler 

INO80-C did the opposite. To see if enhanced HDR depends on DSB mobility or the 

global chromatin response, we tested the Ubiquitin ligase mutant, uls1∆, which 

selectively impairs local, but not global movement, in response to Zeocin or a DSB. 

Strand-invasion occurs in uls1∆ cells with wild-type kinetics, arguing that global histone 

depletion rather than DSB movement is rate-limiting for HDR. Impaired break movement 

in uls1∆ correlates with elevated MRX and Cohesin loading, despite normal resection 

and checkpoint activation.  
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INTRODUCTION 
 
In S. cerevisiae nuclei, resected DNA double-strand breaks (DSBs) show increased 

random, subdiffusive movement (Dion et al., 2012; Mine-Hattab and Rothstein, 2012) 

This observation has been confirmed by many laboratories (Agmon et al., 2013; Amitai 

et al., 2017; Batte et al., 2017; Herbert et al., 2017; Krawczyk et al., 2012; Lawrimore et 

al., 2017; Mine-Hattab and Rothstein, 2013; Neumann et al., 2012; Saad et al., 2014; 

Strecker et al., 2016) and was extended to vertebrate species as well (Dimitrova et al., 

2008; Krawczyk et al., 2012; Lottersberger et al., 2015; Schrank et al., 2018). However, 

the mechanisms that trigger heightened movement and, above all, its physiological role 

in repair, remained unclear.  

A recent study suggested that damage-induced chromatin movement in budding yeast 

might stem from the declustering of centromeres regulated by the phosphorylation of the 

essential kinetochore protein Cep3 at Serine-575 (Strecker et al., 2016). Other studies 

have invoked microtubule-based motors in chromatin movement (Chung et al., 2015; 

Lottersberger et al., 2015; Oshidari et al., 2019). Our work and that of others suggested 

that chromatin dynamics increase upon damage due to decompaction of the chromatin 

fibre and a 20-30% drop in core histone levels (Adam et al., 2016; Amitai et al., 2017; 

Hauer et al., 2017; Neumann et al., 2012). In budding yeast this depends on the DNA 

damage checkpoint and the INO80 chromatin remodelling complex (Amitai et al., 2017; 

Hauer et al., 2017; Neumann et al., 2012). It remains possible that multiple mechanisms 

contribute to enhanced chromatin mobility following DNA damage (reviewed in (Seeber 

et al., 2018).  

Less clear is whether or not enhanced break movement facilitates the search for a 

homologous template during homology-directed repair (HDR) (Barzel and Kupiec, 2008; 

Gehlen et al., 2011; Haber, 2018). To undergo repair by homologous recombination, 

DSBs are resected, allowing the single-strand binding protein RPA to load Rad51, 

creating a filament that can detect and anneal to homologous dsDNA (reviewed in 

(Renkawitz et al., 2014). In haploid budding yeast, the processing of the break and the 

search for sequence homology can take 3-5 hours, particularly when an intact sister 
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chromatid is unavailable (Agmon et al., 2013; Haber, 2018; Haber et al., 1991; Mine-

Hattab and Rothstein, 2012; Piazza et al., 2019) . This search is thought to be rate-limiting 

for DSB repair by HR, and hence it was proposed that increased local movement of the 

DSB would facilitate the search (Barzel and Kupiec, 2008; Haber, 2018; Mine-Hattab and 

Rothstein, 2012; Seeber et al., 2018). On the other hand, excessive movement of a 

Rad51-coated ssDNA filament is harmful, as a repeat-proximal break that explores the 

genome too efficiently might anneal with repeats elsewhere in the genome, resulting in 

chromosomal translocations (Marcomini et al., 2018; Roukos et al., 2013).  

Previous work from our laboratory showed that damage induced chromatin movement 

stems at least in part from genome-wide changes in the density of nucleosome packing 

(Hauer et al., 2017). Thus HDR might be facilitated either by local movement of the DSB, 

or by the global increase in DNA accessibility that arises from histone degradation 

(discussed in (Seeber et al., 2018)). A recent study in S. cerevisiae tried to address this 

by showing that a single point mutation of Serine 575 to Alanine in the essential 

kinetochore protein Cep3 (cep3-S575A) abolished the increase in DSB movement 

(Strecker et al., 2016). They presented evidence that DNA damage induced by the 

radiomimetic drug Zeocin led to centromere declustering, an event dependent on Cep3 

Ser575 phosphorylation by the checkpoint kinase Rad53. The authors argued that 

increased DSB movement does not contribute significantly to repair, because there was 

no effect of the cep3 phospho-site mutant on cell survival after DSB induction (Strecker 

et al., 2016). Unfortunately, in most studies to date repair was monitored as colony growth 

after several days, and the kinetics of homology search was not monitored. 

Here we tested whether enhanced DSB movement enhances the rate of homologous 

strand invasion during HDR. We used a system in which both the DSB and the template 

for repair are distant from telomeres and centromeres, because one of the factors thought 

to influence homology search is the spatial juxtaposition of relevant sequences in the 

nucleus, particularly for subtelomeric DSB repair (Agmon et al., 2013; Batte et al., 2017; 

Donnianni and Symington, 2013; Jain et al., 2016; Lee et al., 2016; Lichten and Haber, 

1989; Wang et al., 2017). Yeast chromosomes have a polarized Rabl arrangement, 

whereby telomeres and centromeres form distinct clusters, on opposite sides of the 
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nucleus (Bystricky et al., 2005a; Duan et al., 2010). This organization is maintained 

throughout interphase thanks to short microtubules that link centromeres to the spindle 

pole body (SPB), and telomere tethering to the nuclear periphery by Sir4 and telomerase 

co-factors (Bystricky et al., 2005a; Duan et al., 2010; Taddei and Gasser, 2012).The 

artificial detachment of the centromeres from the SPB and the depolymerisation of 

interphase microtubules both seemed to increase chromatin movement (Amitai et al., 

2017; Lawrimore et al., 2017; Strecker et al., 2016), yet neither the release of telomeres 

nor of centromeres enhanced recombination efficiency at internal breaks (Batte et al., 

2017). Other constraints on chromatin movement stem from Cohesin-mediated sister 

cohesion (Dion et al., 2013), which is even more pronounced near centromeres 

(Stephens et al., 2011; Verdaasdonk et al., 2013; Weber et al., 2004). Finally, the density 

of nucleosomal packing can limit chromatin movement (Hauer et al., 2017).  

Here we tested whether alterations in constraint on chromatin locus mobility changes the 

rate at which homologous strand invasion occurs. We have carefully analysed both local 

and global chromatin mobility, as well as changes in compaction, following the induction 

of a HO endonuclease-induced DSB. We have performed a quantitative assay for strand 

invasion during homology-driven DSB repair using a template placed on another 

chromosome. Our paper presents the first evidence that a global reduction in nucleosome 

density, and not a local increase in DSB movement, is rate-limiting for ectopic strand 

invasion during HDR in yeast.  

RESULTS 

Intrinsic and DSB-induced chromatin mobility is cell-cycle stage dependent.  

As discussed above, there are conflicting conclusions about the effect of break mobility 

on HDR in yeast reviewed in (Seeber et al., 2018). We noticed that cell cycle phase is 

rarely taken into account in the relevant studies, although in haploid yeast, DSB repair by 

NHEJ is clearly favored in G1 phase, while HDR is favored in S phase (Lieber, 2010). 

Moreover, the intrinsic mobility of intact chromosomal loci is higher in G1 than in S phase 

(Dion et al., 2013; Heun et al., 2001). To see if intrinsic cell-cycle linked differences in 

chromatin organisation influence the physical mobility of DSBs, we used single particle 
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tracking of a fluorescently tagged genomic locus, quantifying its mobility in vivo at different 

stages of the cell cycle. We standardly track the yeast MAT locus tagged by a lac operator 

array (lacOx256), which binds a Lac repressor-GFP fusion protein (LacI-GFP; Fig. 1A). 

An updated imaging protocol in which high resolution stacks acquired at 80 ms intervals 

for 1min, provides datasets sufficiently rich for the extraction of biophysical parameters of 

movement (Amitai et al., 2017). We determined the effect of the cell cycle on chromatin 

movement by comparing movement in G1-, S- and G2-phase cells, triaged by cell and 

nuclear morphology (Meister et al., 2010; Sage et al., 2005). By tracking the movement 

of the interpolated center of the nuclear sphere (based on the pore marker, Nup49-RFP), 

together with the LacI-GFP, we correct for nuclear or instrumental drift (Fig. 1A; see STAR 

Methods).  

In the absence of an HO-induced DSB, MAT locus movement was lower in G2- and S-

phase cells, than in G1-phase cells (Fig. 1B). By Mean square displacement analysis 

(MSD) the relative radii of constraint (Rc) are 0.25 µm (G2) 0.28 µm (S) and 0.38 µm 

(G1). The extraction of biophysical parameters from the single particle tracking data 

allows further characterization of the movement (Amitai et al., 2017; Shukron et al., 2019): 

length of constraint Lc defines locus confinement, effective spring coefficient Kc reflects 

tethering interactions that constrain movement, and the anomalous exponent α, indicates 

directed (α>1), random-walk (normal diffusion; α= 1) or subdiffusive (constrained; α<1) 

movement (Amitai et al., 2017). In agreement with the MSD plots, the volume explored 

by the tracked locus Lc is higher, and the spring constant Kc is lower in G1-phase cells 

(Fig. 1B). The anomalous exponent α showed a significant drop in S and G2 phases, 

indicating enhanced constraint (α in G1, 0.61±0.11; S, 0.53±0.12; G2, 0.35±0.13). Clearly, 

cell-cycle distribution influences the degree and nature of chromatin movement 

measured.  

One key difference in chromatin structure between G1- and S-phase cells is the 

replication-dependent loading of Cohesin, which establishes sister-sister cohesion in S 

phase (Onn et al., 2008). Earlier work suggested that Cohesin degradation alters 

chromatin movement of the PES4 locus (Dion et al., 2013). Indeed, we found that even 

under high resolution imaging conditions, auxin-inducible degradation of the Scc1-degron 
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subunit, which opens the Cohesin ring that holds sister chromatids together, leads to 

increased chromatin movement at MAT locus in S-phase cells (Fig. 1C; see Fig. S1A,B 

for degradation protocol and efficiency). Following Scc1 degradation, an uncleaved MAT 

locus in S phase moves as it would in G1-phase cells, with similar Rc, Lc and Kc values 

(Fig. 1C). We conclude that the cohesion of sister chromatids, similar to the Cohesin-

dependent compaction of pericentric chromatin (Stephens et al., 2011), constrains 

chromatin mobility in S phase. 

We next monitored the effect of inducing a DSB in either S- or G1-phase cells (Fig. 1D-

E). Consistent with previous studies that tracked Rad52 at a resected cut (Dion et al., 

2012), we found a striking increase in the mobility of the cleaved MAT locus in S-phase 

cells (uncut Rc=0.28 µm to cut Rc=0.37 µm), to roughly the same value as the intact MAT 

locus after Scc1-degradation (Rc=0.37 µm). We were unable to detect an additional 

increase in Rc in G1-phase cells (uncut Rc=0.38 µm vs cut Rc=0.38 µm), even though 

cut efficiency was equivalent (Table S1). The extracted parameters Kc and Lc confirm 

these observations (Fig. 1D,E). Thus, both in the presence and absence of damage, it is 

essential to triage cells with respect to their cell cycle stage in order to accurately monitor 

mobility change.  

Resection does not correlate strictly with mobility increase at DSBs 

Because DNA end resection is very limited in G1 phase, but efficient in S-phase cells 

(Aylon et al., 2004; Ira et al., 2004; Zierhut and Diffley, 2008), we next examined if the 

rate of end-resection alters DSB mobility. We quantified ssDNA at an HO cut site (Fig. 

S2A; Zierhut and Diffley, 2008) in two mutants known to affect resection differentially, 

namely rad50∆ and ku70∆. The Rad50-containing MRX complex is a Cohesin-like 

complex that is recruited rapidly to DSBs, where it holds the broken ends together and 

initiates resection to facilitate repair by HDR (Garcia et al., 2011; Lengsfeld et al., 2007; 

Lisby et al., 2004; Seeber et al., 2016). As expected, in rad50∆ cells DNA end resection 

dropped sharply in comparison to WT cells (Fig. S2B,C). In contrast, the elimination of 

yKu70, an end-binding factor that inhibits resection and favors NHEJ, showed increased 

resection (Fig. S2D). Importantly, despite a reduced 3’ overhang, loss of MRX (rad50Δ) 
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accentuated MAT mobility in S phase after cut induction (Fig. S2E,F). Conversely, despite 

extensive end resection in ku70Δ cells, we scored less mobility increase of the break than 

in WT cells (Fig. S2F). MSD values were all consistent with the Lc and Kc values (Fig. 

S2G,H). While we do not have a simple explanation why a DSB does not increase mobility 

in the ku70Δ mutant, it is clear that DSB movement does not correlate with the efficiency 

of end resection. Given that both resection and checkpoint activation drop in the rad50Δ 

strain, it is likely that the heightened DSB movement in rad50∆ arises from a loss of end-

to-end tethering by MRX, and/or from reduced Cohesin loading (Seeber et al., 2016; Unal 

et al., 2004; Unal et al., 2007).  

 Centromere attachment to SPB is preserved upon DNA damage. 

Having ruled out end-resection, but implicated cell cycle, as a factor altering DSB mobility, 

we next examined whether the declustering or release of centromeres, a process thought 

to be regulated by the phosphorylation of the essential kinetochore protein Cep3 at 

Ser575 (Strecker et al., 2016), governs break mobility. Previous work on asynchronous 

populations of cells, argued that Cep3 phosphorylation by Rad53 kinase was needed for 

centromere release, and that this enhanced locus mobility following DSB induction. The 

authors reported that DSBs did not increase mobility in the cep3-S575A mutant, and 

argued on this basis that chromatin mobility does not contribute to homology search, 

since repair efficiency in a cep3-S575A strain was like wild-type (Strecker et al., 2016). 

We first examined whether DNA damage indeed induces robust centromere detachment 

from the SPB, as previously reported (45%; (Strecker et al., 2016)). Using a GFP-tagged 

kinetochore protein Mtw1-GFP that localizes to a cluster of centromeres near the Nup49-

RFP marked nuclear envelope (Fig. 2A), we monitored kinetochore declustering upon 

treatment with Zeocin (250 or 500 µg/ml; Fig. 2A), as in the previous study. Although we 

detected centromere declustering in the previously described kinetochore mutant, ndc80-

1 (Pinsky et al., 2006), we scored no release or declustering of centromeres in WT cells 

(in either G1 or S/G2 cells; Fig. S3A);. Furthermore, there was no significant change 

provoked by ablating the Rad53-sensitive Cep3 phophorylation site (WT vs cep3-S575A, 
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Fig. 2A), although the mutant was slightly more sensitive to10 µg/ml Zeocin in a serial 

dilution growth assay (Fig. 2D). 

We next asked if the kinetochores were released as a cluster from the nuclear envelope 

(NE) in response to DNA damage by scoring spot distance from the NE (Fig. 2B). 

However, we did not detect centromere release on Zeocin in either wild-type (WT) or 

cep3-575A cells (Fig. 2C). As a control we used the microtubule depolymerizing agent 

nocodazole, which gave the expected release of the Mtw1-GFP cluster (Fig. 2C). This 

result confirms two other reports that found no change in SPB-centromere distances 

following DNA damage (Herbert et al., 2017; Lawrimore et al., 2017). In conclusion, we 

find neither declustering nor detachment of centromeres from the NE in response to DNA 

damage, despite the induction of a robust checkpoint kinase response (Fig. S2B).  

Cep3 phosphorylation does not regulate DSB induced chromatin movement. 

Although centromere release was not detected, we nonetheless monitored whether the 

phosphosite mutant in Cep3, cep3-S575A, would compromise the increase in DSB 

dynamics, as previously reported. Using validated and isogenic wild-type and cep3-

S575A strains (Strecker et al., 2016), we carried out MSD analysis of the HO cut at MAT. 

In the cep3-S575A mutant we found a robust increase in DSB mobility in S phase, over 

the uncut MAT locus (Fig. 2E; Rc=0.30 µm uncut, increased to Rc=0.38 µm upon 

cleavage). This is reflected in Lc as well as Kc values. We conclude that the absence 

Cep3 phosphorylation does not significantly impair increased DSB mobility (Fig. 2A-C), 

even though the starting chromatin mobility level is slightly higher in this mutant (Fig. 2E). 

Given that DSB-induced mobility is affected by cell cycle and that the earlier study did not 

triage by cell-cycle phase, we analysed the cell cycle distribution in cep3-S575A before 

and after cleavage. Distributions were very similar to WT cells (Fig. S2C). Thus, the cep3-

S575A mutation has no effect on centromere clustering, position nor chromatin mobility, 

consistent with the reported WT levels of repair (Strecker et al., 2016).  

Reduced nucleosome occupancy and chromatin remodelling facilitate homology-
based repair  
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Having ruled out checkpoint-induced centromere detachment and resection as drivers of 

break-induced chromatin mobility, we examined the observations of Hauer et al. (2017), 

who showed a genome-wide histone eviction and chromatin expansion following Zeocin 

treatment. Previous studies had shown that local histone depletion following DSB 

induction at MAT, was dependent on the INO80 remodeler and on activation of the 

checkpoint, as was the increase in DSB mobility (Neumann et al., 2012; van Attikum et 

al., 2007; Zheng et al., 2018). This global, Zeocin-induced chromatin decompaction and 

chromatin dynamics was also arp8- and mec1-dependent (Amitai et al., 2017; Hauer et 

al., 2017). Confirming that arp8Δ cells are sensitive to break-inducing DNA damage in a 

serial dilution drop assay (Fig. 2D), we then monitored the baseline mobility of the intact 

MAT locus and its increase upon cleavage in WT vs. arp8Δ strains, using our improved 

imaging protocol. Basal level movement was slightly lower in arp8Δ cells, suggesting that 

constraining forces are higher in the absence of INO80-C than in WT cells, which is 

reflected in a higher Kc. (Fig. 3A,B). More importantly, following DSB induction at MAT in 

the arp8Δ strain, there was no significant increase in Rc (MSD plots, Fig. 3B) and no 

change in the extracted biophysical parameters ( Table S1), even though cleavage was 

75% as efficient as WT. The attenuated increase in mobility correlates with reduced 

histone eviction and compromised checkpoint activation in arp8Δ cells. In contrast, the 

loss of the high mobility group protein, Nhp6 (encoded by two loci, NHP6a, NHP6b, 

nhp6ΔΔ), generated a higher baseline of movement compared to WT, and 

correspondingly higher Lc values and lower Kc (Hauer et al., 2017) (Fig. 3A,C). We 

monitored the mobility of an undamaged locus, MET10, after exposure to Zeocin, and 

were able to score a slight increase in Rc and in the anomalous exponent α in nhp6ΔΔ 

cells (Fig. 3C). This is in line with recent mass spectrometry data from our laboratory 

which confirm an attenuated response to damage (Challa et al., in preparation), because 

the steady-state histone levels are lower by 20% in nhp6ΔΔ cells (Amitai et al., 2017; 

Hauer et al., 2017).  

Given that we see no histone eviction and reduced DSB movement in the arp8Δ mutant, 

and the opposite in nhp6ΔΔ, we used these two mutants to examine the impact of histone 

eviction on the rate of homology search. We made use of a well-characterized assay for 
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Break Induced Replication repair (BIR) (Donnianni and Symington, 2013), in which the 

repair of an induced HO cut depends on the search for and invasion of homology on an 

unrelated chromosome (Fig. 3D). After HO cut induction, the BIR efficiency was scored 

using PCR primers unique to ChrV and ChrXI to detect the strand invasion product. 

Successful BIR also restores a functional LYS2 gene, which can be scored by colony 

growth on synthetic medium lacking lysine (SC-Lys; Fig. 3E). In the WT background 

roughly 60% of cells generated Lys+ colonies after HO cut induction, while pol32Δ BIR 

deficient cells failed to form colonies altogether, confirming earlier reports that Pol32 is 

needed for efficient BIR (Fig. 3E; (Donnianni and Symington, 2013)). We compared this 

with the effects of arp8∆, and nhp6∆∆, and found that the rate of Lys+ colony formation 

was strongly compromised in arp8∆ and significantly increased in nhp6∆∆ (Fig. 3E). We 

used PCR to see if these trends are reflected in the time of appearance of the strand 

invasion product after HO induction. We first detected the BIR-enabled PCR product 

around 2h after DSB induction and it further increased to 25% in WT cells by 6h (Fig. 

3F,G). The appearance of the strand invasion product was greatly reduced in arp8Δ, while 

in nhp6∆∆ cells it appeared after 1h and increased more rapidly than in WT, reaching 

40% by 6h (Fig. 3F,G). These data establish a correlation between increased and 

decreased histone loss with enhanced and reduced HDR efficiency, respectively. We 

confirmed this reduced strand invasion efficiency for arp8∆ using an alternative HDR-

driven repair system based on cleavage at MAT (Fig. S4A,B).  

Uls1 regulates local DSB movement and Cohesin levels at DSBs  

Previous work identified the SUMO-targeted ubiquitin ligase (STUbL) Uls1 as a factor that 

modulates the dynamics of an HO cut site at MAT, when it was flanked by an array of 

telomeric repeats (Marcomini et al., 2018). One of the few known roles for this combined 

STUbL/ATPase enzyme (Fig. 4A) is that it is recruited by SUMO chains to telomeres, 

where it ubiquitinates and targets Rap1 for degradation (Lescasse et al., 2013). However, 

uls1∆ does not show sensitivity to Zeocin or other commonly used DNA damaging agents. 

At the TG-flanked break, we found that uls1∆ blocked movement of the TG-rich side of a 

DSB (Marcomini et al., 2018), but it was unclear whether Uls1 would be recruited to and/or 
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alter the mobility of a canonical DSB. Performing Chromatin immunoprecipitation (ChIP) 

before and after induction of a DSB at MAT, we found that Uls1 is indeed recruited and 

enriched at the HO-induced DSB at MAT (Fig. 4A). We then monitored the impact of Uls1 

ablation on local movement after DSB induction. Both MSD analysis and the derived 

biophysical parameters showed complete attenuation of heightened DSB movement (Fig. 

4B). This was surprising given that end resection (Fig. S5A) and checkpoint activation 

(Fig. S6A) occurred in this mutant as in WT cells.  

Based on data showing that Cohesin constrains locus mobility (Fig. 1), we next tested 

whether Uls1 modulates Cohesin levels at the HO-induced DSB. We first we showed that 

in WT cells, Scc1-HA levels indeed increased, reaching 10-fold enrichment over a 

background control, during the first 180min after cleavage at MAT (Fig. 4C). In the uls1∆ 

cells, however, Scc-HA levels increased 2.5-fold more efficiently than in WT cells (Fig. 

4C). This argues that Uls1 helps limit Cohesin loading at breaks. To see if the elevated 

levels of Cohesin in uls1∆ might constrain DSB movement, we triggered the degradation 

of Scc1 after the induction of a DSB (Fig. S1D). We found that the loss of Scc1 at a DSB 

indeed led to an even greater increase in DSB movement than in WT cells (Fig. 4D), even 

though Scc1 degradation did not alter DNA end-resection (Fig. S4A, right panel). The 

increased MSD values upon Scc1 degradation correlated well with increased Lc and 

reduced Kc (Fig. 4D). We propose that Cohesin loading and the establishment of sister-

sister cohesion at a DSB is kept in check by Uls1. In its absence, Cohesin loading appears 

to proceed unchecked, restricting chromatin movement after DSB induction (Figs. 1E, 

4D). 

It has been proposed that Cohesin loading at a DSB is MRX-dependent (Seeber et al., 

2016; Unal et al., 2004; Unal et al., 2007), and indeed we find that Scc1-HA loading at 

the break drops significantly in the absence of MRX (rad50∆, Fig. S5B). We then scored 

for MRX accumulation at the HO-induced DSB in WT vs uls1∆ cells. Break-dependent 

MRX recruitment is also enhanced in uls1Δ over WT, albeit slightly less enhanced than 

Scc1 (Fig. S4C). Nonetheless, even in the presence of Uls1, sufficient MRX binds to 

initiate resection, hold ends together, and activate the checkpoint cascade. It is likely that 
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the control over MRX and Cohesin levels by Uls1 depends on sumoylation, given that 

multiple MRX and Cohesin subunits are SUMOylated (Cremona et al., 2012), and Uls1 

recognizes its substrates through SUMO-interacting motifs (SIM) (Bermudez-Lopez and 

Aragon, 2017; Chen et al., 2016). Mre11 also has SIMs, thus multiple interactions may 

enable Uls1 to control Cohesin levels, either by targeting it directly, or indirectly through 

MRX.  

Zeocin-induced ectopic locus mobility and checkpoint-triggered histone loss 
occur in uls1∆ cells.  

It was unclear whether uls1∆ would lead to reduced chromatin mobility only at the DSB, 

or genome-wide. After treatment with the radiomimetic drug Zeocin, we found that 

chromatin movement increases globally, even at undamaged sites, due to a generalized 

reduction in nucleosome occupancy (Hauer et al., 2017). The global increase in chromatin 

movement correlated with chromatin expansion and required activation of the DNA 

damage checkpoint. To monitor the effect of uls1∆ on non-damaged sites, we exposed 

WT and uls1∆ strains carrying a tagged MAT locus and Rad52-Ruby for identifying 

damage, to Zeocin. We then tracked the mobility of the undamaged MAT locus (LacI-

GFP without colocalizing Rad52-Ruby; Fig. 5A-C). Importantly, both checkpoint activation 

and colony survival on Zeocin were unaffected by uls1∆ (Fig. S6A,B), and unlike the 

behavior of the tagged DSB, the increase in general chromatin mobility induced by Zeocin 

was not compromised in uls1∆ cells (Fig. 5B,C). This suggested that the global histone 

degradation that occurs in WT strains, also occurs in uls1∆. This was confirmed through 

a quantitative HiBit assay that monitors H2B levels before and after Zeocin treatment (Fig. 

5D). Zeocin-induced H2B degradation was equivalent in uls1∆ and WT cells (Fig. 5D).  

The loss of nucleosomes has been correlated with an expansion or opening of chromatin 

structure, that can be measured with structured illumination microscopy. We therefore 

monitored the volume of the lacO array near MAT locus following exposure to Zeocin and 

find an equivalent expansion in WT and uls1∆ strains (Fig. 5E). This expansion has been 

shown to require INO80-C and checkpoint activation, and occurs at undamaged loci (i.e., 

no Rad52 bound) as shown here. In conclusion, the loss of Uls1 compromises local DSB 
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mobility, coincident with increased Cohesin and MRX loading (Fig. 4C, Fig. S5C), but 

does not restrict the damage-induced increase in DNA dynamics and undamaged locus 

decompaction (Hauer et al., 2017).  

A single DSB at MAT triggers ectopic locus movement, enabling efficient HDR in 
uls1∆ cells. 

The differential effect of uls1Δ on DSB mobility vs. the global chromatin response on 

Zeocin was highly suggestive, but it remained to be seen whether a single DSB at MAT 

would also trigger a genome-wide increase in mobility, at least in WT cells (Fig. 6A). This 

is crucial for any model testing the importance of general movement in homology search, 

since HDR occurs in response to a single DSB. To test this, we monitored the mobility of 

an undamaged (ectopic) locus in WT cells by tracking LacI-GFP at the MET10 locus 4h 

after induction of a single DSB at the MAT locus. This time point coincides with full 

checkpoint kinase activation (Fig. S6C). We observed a significant increase in ectopic 

movement at MET10 locus after induction of a single DSB, based on MSD analysis (Fig. 

6B), which was confirmed by the derived biophysical parameters Lc and Kc (Fig. 6B). 

This is the first evidence that full checkpoint activation arising from a single irreparable 

DSB can trigger ectopic changes in chromatin. Importantly, this increase in ectopic 

mobility was preserved in uls1Δ cells (Fig. 6C), with effects even more pronounced than 

those detected in WT cells (Fig. 6B,C). This suggests that in the absence of Uls1, cells 

somehow overcompensate for a lack of local DSB movement by elevating ectopic locus 

mobility. 

We next asked whether a single, localized DSB was also sufficient to trigger ectopic 

chromatin expansion. Indeed, we monitored a GFP-tagged locus at the MET10 locus in 

WT cells after inducing HO-dependent cleavage at MAT, and detected significant locus 

expansion by SIM (Fig. 6D, WT). Very similar MET10 locus expansion occurred in uls1∆ 

cells (Fig. 6D). In summary, both WT and uls1Δ cells respond to a single irreparable DSB 

by increasing chromatin mobility and generally decompacting chromatin, which correlates 

with partial nucleosome depletion (Hauer et al., 2017). The uls1 mutant thus provided us 
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a unique opportunity to test whether the loss of local DSB movement affects the rate of 

homology-driven strand exchange.  

We monitored the efficiency of HDR in isogenic uls1Δ and WT cells using the ectopic BIR 

assay introduced above (Fig. 3D,F). We first found that the rates of Lys+ colony formation 

were indistinguishable between WT and uls1∆ strains (Fig. 6E). If anything, uls1∆ was 

slightly more efficient. Second, by monitoring the accumulation of the strand invasion 

product by qPCR, we found that the rates were identical in uls1Δ and WT cells (Fig. 6F). 

Thus, consistent with the lack of sensitivity to Zeocin (Fig. S6C), neither BIR-mediated 

survival nor homology-mediated strand invasion (Fig. 6E,F) were altered in uls1∆, despite 

the drop in local DSB movement. The fact that HDR is equally efficient suggests that DSB 

mobility per se is not rate-limiting for homology-directed BIR, as long as sufficient 

resection takes place to load Rad51. This result, coupled with the observation that nhp6∆∆ 

increases and arp8∆ decreases strand invasion, suggests that histone degradation and 

enhanced movement genome-wide are more critical for homology search than a local 

increase in DSB mobility (Fig. 7). 

DISCUSSION 

The bimolecular recognition of two partners among a vast number of imperfect matches, 

is fundamental to the biochemistry of life. Nothing exemplifies this challenge better than 

the homology search that is needed for DSB repair by HR. For homology-based repair to 

occur, a unique stretch of DNA must search for an identical template amongst millions of 

base pairs. In the absence of an intact sister chromatid, productive recombination 

requires a search throughout the nucleus, a process that takes between 3 – 5 hours for 

completion in budding yeast (Haber, 2018; Mine-Hattab and Rothstein, 2012; Piazza et 

al., 2019). Although the spatial juxtaposition of chromosomes may contribute to 

recombination efficiency in some cases (Agmon et al., 2013; Batte et al., 2017; Donnianni 

and Symington, 2013; Jain et al., 2016; Lee et al., 2016; Lichten and Haber, 1989; Wang 

et al., 2017), donor sequences can still be found and productive recombination can still 

occur in yeast without spatial juxtaposition of the cleavage site and its repair template. 

The larger the nucleus and genome, the more complex this becomes. Factors that 
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facilitate homology search are thus not only of theoretical interest, but are actively sought 

in order to render human gene therapy through CRISPR targeted recombination more 

efficient. 

Here we show that a reduction in nucleosome density, manifest as a lower steady-state 

pool of histones and decompacted chromatin, occurs in yeast not only in response to 

Zeocin (Hauer et al., 2017), but also in response to a single localized DSB (Fig. 6B,D). 

This leads to increased movement not only of the DSB, but of undamaged sequences, 

including a potential template for HDR. Building on earlier work which showed that a 

single DSB becomes more dynamic in a checkpoint and INO80-C dependent manner 

(Dion et al., 2012), we show here that potential donor sequences also become more 

accessible and explore larger nuclear volumes through random subdiffusive movement 

triggered by checkpoint activation in response to a single DSB. 

Using a yeast strain deficient for a SUMO-binding Ubiquitin ligase called Uls1, we found 

that one can compromise local DSB movement, but maintain break resection, checkpoint 

activation, histone degradation and chromatin decompaction more generally, in response 

to a single break. Importantly, we show that under these conditions, homology-directed 

strand invasion is not compromised, even though we scored no increase in DSB 

movement. This argues that local DSB mobility is not rate-limiting for repair, as long as 

ectopic chromatin mobility is ensured (Fig. 7). The observation that INO80-C deficient 

(arp8Δ) cells reduce strand invasion efficiency, coincident with a drop in both DSB and 

ectopic mobility, suggests that histone mobilization is important for HDR. Similarly, the 

enhanced rates of recombination observed in nhp6∆∆ cells indicate that reduced 

nucleosome density per se can facilitate the homology search during repair. It remains 

unclear whether the accessibility of the ectopic sequence, or its dynamic movement, is 

more important, given that the two phenomena are inextricably linked through histone 

loss (Hauer et al., 2017).  

We show here that the movement of the chromatin fiber is lower in S/G2 than in G1, due 

to the loading of Cohesin which tethers replicated sister chromatids to each other (Fig. 1; 

(Dion et al., 2013)). At DSBs, movement is further restricted by the local loading of 
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Cohesin in an MRX-dependent manner (Seeber et al., 2016; Unal et al., 2007). We 

propose that Uls1, which mediates a SUMO-dependent protein ubiquitination, controls 

the levels of Cohesin (Scc1) and MRX (Rad50) at processed breaks, possibly by 

regulating their turnover. The removal of these tethering molecules may enable access 

for the recombination machinery, and/or release the damage from local constraining 

forces (Fig. 7). 

Although we argue that break mobility is not rate-limiting under the conditions employed 

here, there may be other sites of damage for which local movement is rate-limiting. We 

do not exclude that at some sites, for example centromere-proximal breaks, the removal 

of MRX and Cohesin from sequences surrounding the damage might be crucial to 

facilitate repair. We note that Mre11 is a key target of sumoylation, as are subunits of 

Cohesin following DNA damage (Cremona et al., 2012). It has been shown that MRX 

helps recruit SUMO ligases, and sumoylation would, in turn, recruit Uls1 through its SIM 

domains (Chen et al., 2016; Cremona et al., 2012). Uls1 could then trigger a dynamic 

turnover of Cohesin and MRX, given that the loss of Uls1 led to a steady-state increase 

of Cohesin and Rad50 at a persistent DSB (Fig. 4).  

Other mechanisms have been proposed to regulate chromatin dynamics upon DNA 

damage, including the loss of a tether to the NE (Hauer et al., 2017; Lottersberger et al., 

2015; Strecker et al., 2016). While chromatin domain release may occur at some loci,, it 

is important to stress that we and others (Lawrimore et al., 2017) failed to detect 

centromere release or declustering in response to DNA damage (Fig. 2). Moreover, the 

loss of the regulatory Cep3 phosphoacceptor site, which was thought to regulate this 

release, did not compromise the damage-enhanced mobility of a DSB at MAT. We have 

highlighted various conditions that obscure accurate mobility measurements, including 

the distribution of cells in the cell cycle and the efficiency of cut induction. It is also 

important to note that capturing time-lapse imaging at a significantly lower frequency (1.5s 

ms vs 80 ms intervals) or resolution, can mask one’s ability to detect an increase in DSB 

mobility (Shukron et al., 2019; Strecker et al., 2016).  
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Uls1 is an unusual member of the STUbL family, in that besides ubiquitin ligase activity, 

it contains a SNF2-like helicase domain related to nucleosome remodelers and multiple 

SIM motifs (Fig. 5A). A very close homologue to Uls1, the human E3 Ub ligase SHPRH, 

was identified as a tumor suppressor that helps prevent genome instability (Bruhl et al., 

2019; Qu et al., 2016). It is thought that SHPRH increases DNA damage tolerance or 

post-replication repair, which depends on the ubiquitination of PCNA (Unk et al., 2010). 

We do not know all the relevant targets of Uls1 and cannot rule out that PCNA is a target 

in yeast. The strong effect of Uls1 loss on break mobility correlates with Cohesin and 

MRX accumulation, but could also reflect a SIM-mediated crosslinking of break-

associated sumoylated proteins.  

The expansion or increased mobility of chromatin in response to DSBs or UV irradiation 

has been described in flies (Chiolo et al., 2011; Janssen et al., 2016; Ryu et al., 2015) 

and humans (Adam et al., 2016; Tsouroula et al., 2016). Moreover, DSBs in repetitive 

satellite heterochromatin in mammals and flies appear to move away from 

heterochromatin prior to resection (Chiolo et al., 2011; Janssen et al., 2016; Ryu et al., 

2015; Tsouroula et al., 2016). This is thought to reduce the likelihood of inappropriate 

recombination and an undesirable loss of sequence (Caridi et al., 2017). Although it was 

reported in flies that lesions move for limited periods of time with directed motion towards 

the NE, we have not observed directed motion of yeast DSBs on the time scales that 

enable accurate biophysical analysis. The importance of directed movement for strand 

invasion has never been demonstrated, and here we show that break movement is less 

important than chromatin decompaction for HDR in yeast. Indeed, the size of the yeast 

nucleus may render directed motion unnecessary (reviewed in (Marnef and Legube, 

2017)). 

One practical outcome of our study is to reinforce the model that a transient reduction in 

nucleosome density could enhance repair by HR over NHEJ. This will be crucial for 

CRISPR-mediated gene therapies, which are currently too inefficient to be used clinically. 

Preliminary evidence suggests that a transient reduction in nucleosome levels in human 

cultured cells, can increase recombination 2-3 fold (Koren, S., Hauer, M.H., and S.M.G., 
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personal communication). Combining this with appropriately upregulated chromatin 

remodelers may increase the efficiency of cleavage, processing, and resection, as well. 

The data presented here shows the impact of a global chromatin response to a DSB, 

triggering changes in chromatin compaction at ectopic sites and implicating checkpoint 

kinases in a signalling pathway that regulates histones genome-wide. It is easy to imagine 

that this pathway could be used to facilitate DNA-based reactions in other situations of 

stress.  

Limitations  

The major limitation of the study stems from the fact that the conclusions one can draw 

from the imaging of locus dynamics are influenced by the parameters used for image 

capture (Amitai et al., 2017; Mine-Hattab et al., 2017; Shukron et al., 2019). We use an 

optimized time-lapse capture interval of 80ms for 1min, in order to be able to extract 

precise biophysical parameters of locus movement relevant to chromatin compaction. It 

cannot be assumed that this is robustly scalable to larger time intervals. In our case, if 3D 

stacks are acquired at either 80ms or 300ms intervals, very similar results are obtained, 

but at 1.5s intervals over 7.5min, finer aspects of the dynamics are lost (Amitai et al., 

2016). At 80ms intervals we image for 1min to avoid inflicting damage to the DNA through 

the activating light. We are rigorously consistent in our study, which is based on previous 

optimization (Amitai et al., 2016; Hauer et al., 2017). We do not however exclude that 

other movements might be detected at much longer time intervals. Given that the 

character of the chromatin fiber is conserved from yeast to human cells, we predict that 

our findings on chromatin mobility changes are also relevant to HDR in mammalian cells. 

With respect to the role of chromatin decompaction in mammalian DSB repair, we can 

only point to one study that addressed this directly by observing chromatin decompaction 

during the repair of UV lesions (Adam et al., 2016).  
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MAIN FIGURES 
 
 
Figure 1: Basal and DSB induced chromatin mobility is cell-cycle stage dependent.  
A) Sketch of the experimental set-up for high-speed time-lapse imaging of a GFP-tagged 
chromosomal locus near an inducible DSB (see STAR Methods). 
B) Mean Square Displacement (MSD) analysis (Δt= 80ms) of the MAT locus in the haploid 
strain GA-9764 at different cell-cycle stages of G1, S and G2 sorted by cell and nuclear 
morphology (nG1=26, nS=25, nG2=19). The right panel presents box plots of biophysical 
parameters derived from imaging in G1, S, G2 phase cells, of length of constraint (Lc) 
and mean spring force coefficient (Kc) acting on this specific locus ((Shukron et al., 
2019)).  
C) MSD analysis (Δt= 80ms) of the MAT locus in GA-8862 (WT) (nnoDSB=16) and GA-
10231 (scc1-degron) (nnoDSB=18) cells in S phase. Right hand panels show box plots of 
biophysical parameters as panel b. Scc1 degradation is induced for 2h together with HO 
cleavage by galactose. For efficiency of degradation see Supp Fig. S1b. 
D and E) MSD analysis (Δt= 80ms) of the MAT locus in GA-9764 +/- DSB in S-phase (d) 
and G1-phase (e) cells. The right panel shows box plots of biophysical parameters as in 
b.  
Statistical analyses testing the significance of the all biophysical parameters derived from 
the imaging data were performed with Matlab using the Kolmogorov–Smirnov test 
(p<0.05 *; p<0.01 **; p<0.001 ***), see Tables S1 and S3 for significance values. 
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Figure 2: Neither centromere release nor CEP3 phosphorylation controls DSB 
mobility.  
A) Scheme of the imaging a centromere Mtw1-ECFP and pore Nup49-RFP marker in GA-
9905 (WT) and GA-9906 (cep3-S575A) cells. Shown is a representative G2/M yeast cell. 
Images shown are images of G1 or G2 phase nuclei. Plots to the right show the 
percentage of cells with kinetochore declustering (≥2 Mtw1-GFP foci per cell) after 1h 
Zeocin treatment (250 or 500 µg/ml) of GA-9905 (WT) and GA-9906 (cep3-S575A), in 
G2/M and G1. N= 3 independent experiments; n= number of nuclei scored. Valid for 
panels a-c. 
B) Scheme of measurement to determine pore-Mtw1-GFP spot distances in G1 cells and 
illustration of attached vs detached centromeres.  
C) Box and Whisker plots showing effect of DNA damage induced by indicated amounts 
of Zeocin (1h) for WT and GA-9906 (cep3-S575A) cells. Right panel: Box and Whisker 
plot shows release before and after 2h treatment with Nocodazole (50 µM) in GA-9905 
(WT) cells. 
D) Drop assay (10-fold dilution series) to measure survival during DNA damage in GA-
9764 (WT), GA-9767 (cep3-S575A) and GA-8921 (arp8Δ) cells. Serial dilutions of the 
indicated yeast strains grew on YPAD at 30ºC for 3 days (control) or on YPAD containing 
the indicated concentrations of Zeocin. 
E) MSD analysis (Δt= 80ms) of the MAT locus in WT and cep3-S575A (nDSB= 154, 
nnoDSB=86) S-phase cells. Right-hand panels show box plots of biophysical parameters 
as in Fig. 1B. Statistical analysis were performed as Fig.1B. Kinetochore events were 
analysed by the Student T-test. p<0.05 *; p<0.01 **; p<0.001 ***. 
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Figure 3: Reduced nucleosome occupancy and chromatin remodeling facilitate 
strand annealing during BIR.  

Chromatin reorganization upon DSB induction in WT, arp8Δ and nhp6ΔΔ cells is sketched 
to the left in panels A-C), based on expansion states monitored by SIM in (Hauer et al., 
2017). 
A) MSD analysis (Δt= 80ms) of the MAT locus in GA-9764 (WT) (nDSB=28 , nnoDSB=25) 
and B) GA-8921 (arp8Δ) (nDSB=19 , nnoDSB=19) cells in S phase. The right panels show 
box plots of biophysical parameters derived as Fig. 1B.  
C) MSD analysis (Δt= 80ms) of the MET10 locus in GA-9813 (nhp6a/bΔΔ) cells in S 
phase, after 1h 300µg/ml Zeocin treatment (nnozeo=15, nzeo300=30). Dotted grey lines in 
the MSD plot indicate maximal Rc after similar Zeocin treatment in WT cells. Statistical 
analysis were performed as in Fig.1B. 
D) Experimental set-up for the BIR assay with recipient and donor cassettes indicated on 
ChrV and ChrXI, respectively. The PCR primer pairs used to amplify BIR products (P1, 
P2) are shown. See STAR methods.  
E) BIR efficiency determined by CFU Lys+ YPGal/CFU YPGlu in GA-8990 (WT, N=7), 
GA-9070 (pol32Δ, N=5), GA-10455 (arp8Δ, N=4) and GA-10316 (nhp6 Δ Δ, N=7). Bar 
represents mean of biological replica and error bar represents SEM. Welch’s t-test scores 
WT vs pol32 P<0.0001(***), WT vs arp8 Δ P=0.004(***), and WT vs nhp6 Δ Δ 
P=0.023(*). n number of scored colonies per plate is greater than 100.  
F) Representative PCR to detect DSB and BIR product from G2-M arrested cells after 
HO induction in GA-8990 (WT), GA-9070 (pol32 Δ), GA-10455 (arp8Δ), and GA-10316 
(nhp6ΔΔ)  
G) Kinetics of BIR product formation in WT, pol32Δ, arp8Δ, and nhp6ΔΔcells. The signal 
intensity of BIR (P1-P2) product was normalized by control (C1-C2) PCR product, then 
percentage of BIR recombination was plotted as the value of Lys+ colony from WT as 
100. (N=4, error bar represents SEM). 
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Figure 4: STUBL-ATPase Uls1 regulates local DSB movement and Cohesin levels 
at the break.  

A) Left panel: Structures and annotated domains of major S. cerevisiae STUBLs (Uls1 
and Slx5/8) and potential homologs in H. sapiens (SHPRH, RNF4 and RNF111). Right 
panel: Uls1-3Myc ChIP before (0min) or after (90min, 180min) DSB induction using the 
indicated probes at 0.6, 1.8 or 4.5kb of the HO cut site in GA-4467 (WT) cells. ChIP 
signals are normalized to a fragment in the SMC2 gene (see STAR Methods). 
B) MSD analysis (Δt= 80ms) of the MAT locus in GA-9948 (WT) (nDSB= 28, nnoDSB=25) 
and GA-10436 (uls1Δ) (nDSB=17 , nnoDSB=15) cells in S phase. Panels to right show box 
plots of biophysical parameters. Statistical analysis were performed as Fig.1B. 
C) Scc1-3HA ChIP before (0min) or after (90, 180min) DSB induction using the indicated 
probes at 0.6kb and 4.5kb of the HO cut site in GA-9194 (WT) and GA-10677 (uls1Δ) 
cells. 
D) MSD analysis (Δt= 80ms) of the MAT locus in GA-8862 (WT) (nDSB= 18) and GA-
10231 (scc1-degron) (nDSB= 18) cells in S phase. To the right, box plots of biophysical 
parameters as in Fig. 1B. Scc1 degradation is induced for 2h together with HO cleavage 
by galactose. Efficiency of degradation is shown in Fig. S1. Dotted red and blue lines in 
the second MSD plot indicate maximal Rc without cleavage. 
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Figure 5: Zeocin-induced ectopic locus movement and checkpoint-triggered 
histone loss in uls1Δ cells. 
A) Experimental set-up for high-speed imaging of an undamaged site through LacI-GFP 
at MAT locus and Rad52-Ruby2. GFP foci that do not have colocalizing Rad52 are 
scored.  
B) MSD analysis (Δt= 80ms) showing enhanced chromatin mobility at the MAT locus after 
1h of 250µg/ml Zeocin in GA-9948 (WT) (nctrl=25, nzeo250=11) and C) in GA-10436 (uls1Δ) 
(nctrl=15 , nzeo250=17) cells in S phase. To the right, box plots of biophysical parameters 
as Fig. 1B. Statistical analysis were performed as Fig. 1B.  
D) Representative Western blots of HiBit Tagged H2B, Mcm4 (loading control) and 
Rad53, to monitor checkpoint induction, after cells are exposed for 1h to 250 μg/ml 
Zeocin. Cells used are GA-10173 (WT) and GA-10676 (uls1Δ) cells. P* indicates 
phosphorylation dependent upshift of Rad53. To the right is the quantitation of histone 
H2B levels normalized to the Mcm4 control and the 0 h time point.  
E) Quantitation of expansion of the undamaged lacO array at the MAT locus in response 
to Zeocin treatment (STAR methods). The significance of compaction change is 
calculated using a t-test (p<0.05 *; p<0.01 **; p<0.001 ***). 
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Figure 6: A single DSB at MAT triggers ectopic locus movement, enabling efficient 
DSB repair in uls1Δ cells. 
A) Experimental set-up for high-speed imaging of an undamaged MET10 locus through 
LacI-GFP after galacatose-induction of HO endonuclease, which creates a single DSB at 
the MAT locus.  
B) MSD analysis (Δt= 80ms) of the MET10 locus 4 h after DSB induction in GA-10706 
(WT; nDSB=18, nnoDSB=16) and C) in GA10718 (uls1Δ) (nDSB=12, nnoDSB=20) cells in S 
phase. Checkpoint activation at this point is shown in Fig. S6C. To the right, box plots of 
biophysical parameters as Fig. 1B. Statistical analysis were performed as Fig.1B. 
D) Quantitation of undamaged locus expansion (MET10) in response to a single DSB at 
MAT, was performed as described for Fig. 5E. (STAR methods) The significance of the 
change in compaction is calculated using t-test (p<0.05 *; p<0.01 **; p<0.001 ***). 
E) BIR efficiency determined by CFU Lys+ YPGal/CFU YPGlu in GA-8990 (WT, n=7) and 
GA-10524 (uls1Δ, n=5), as in Fig. 3E. Bar represents mean of biological replica and error 
bar represents SEM. Welch’s t-test scores non-significant difference between WT and 
uls1Δ (P=0.45).  
F) Kinetics of BIR product formation quantified in G2-M arrested GA-8990 (WT, n=4) and 
GA-10524 (uls1Δ, n=3), as described in Fig. 3D,F,G. Right panel: representative PCR to 
detect DSB and BIR product from G2-M arrested cells after HO induction.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



85 
 
 

 



86 
 
 

Figure 7: Model of the role of histone loss and enhanced DNA movement in HDR.  
The role of chromatin decompaction in HDR mediated repair of a DSB as described in 
the Discussion. Local break mobility is attenuated by Cohesin and MRX loading which 
Uls1 normally keeps in check. Chromatin decompaction is due to checkpoint kinase-
triggered histone degradation, and histone loss correlates with enhanced chromatin 
mobility.  
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STAR Methods 

Resource Availability 

Lead Contact 

Further information and requests for resources and reagents should be directed to and 

will be fulfilled by the Lead Contact: Prof. Susan M. Gasser (susan.gasser@fmi.ch). 

Materials Availability 

All strains used in this study are available by direct request to the lead contact without 

any further restrictions. 

Data and Code Availability 

Time-lapse imaging movies raw data are available upon request. 

Detailed Methods 

Yeast growth conditions and plasmids  

Yeast strains were haploid and were derived from the JKM179 or W303 backgrounds. 

Genotypes of the yeast strains and plasmids are in Supplemental Table 2. Unless stated 

differently, yeast cells were usually grown in YPAD media at 30˚C until logarithmic growth 

phase (OD600 = 0.7; 1 × 107 cells/ml). Image acquisition was done at 25˚C. 

Mtw1 protein was fluorescently tagged with either Ruby2 or ECFP using either pFA6a-

link-yomRuby2-Kan (Lee et al., 2013) or pFA6a-link-yECFP-3HA-Kan (Sheff and Thorn, 

2004). Correctly tagged Mtw1 clones were identified by colony PCR and visually 

confirmed by microscopy. For live and fixed cell microscopy, yeast cells were grown 

overnight to saturation in sterile filtered YPAD medium. The next morning, cultures were 

inoculated in synthetic complete medium (SCR) and grown until log growth phase. For 

experiments involving galactose HO cut induction, after reaching log phase, an HO cut is 

induced by adding 2% galactose for 2h. Cut efficiency of the HO endonuclease at the 

MAT locus was determined as in (Horigome et al., 2015). 
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For spot counting and zoning assay experiments, cells were treated with either 250 µg/ml 

or 500 µg/ml of Zeocin for 2h. Fixation is done using 4% PFA for 1min followed by washing 

3x and then resuspending the cells in PBS. 

Live cell microscopy 

Live cell microscopy was performed using Nikon Eclipse Ti microscope, two EM-CCD 

Cascade II (Photometrics) cameras, an ASI MS-2000 Z-piezo stage, and a PlanApo x100, 

NA 1.45 total internal reflection fluorescence microscope, oil objective and Visiview 

software. Fluorophores were exited at 561 (Ruby2) and 491 (GFP). GFP and Ruby2 

fluorescence were acquired simultaneously on separate cameras (Semrock FF01-

617/73-25 filter for Ruby2 and Semrock FF02-525/40-25 filter for GFP). Time-lapse series 

were acquired with 8 optical slices per stack every 80ms for 1min or 1.5s for 5min. Each 

optical slice received wither a 10ms exposure for the 80ms intervals or 150ms for the 1.5s 

intervals. Time-lapse image stacks were analyzed as in (Dion et al., 2012), using Spot 

Tracker 2D ImageJ plugin to extract coordinates of locus position from the movies. By 

tracking the movement of the interpolated center of the nuclear sphere (based on the 

pore marker, Nup49-RFP), at the same time as the tagged chromosomal locus, we 

correct movement frame-by-frame to eliminate nuclear or instrumental drift (Horigome et 

al., 2015; Klein et al., 2019; Meister et al., 2010) . 

Structured illumination microscopy and image analysis. 

Structured illumination images were acquired on a Zeiss Elyra S.1 microscope with an 

Andor iXon 885 EM-CCD camera using an HR diode 488 100-nW solid state laser, a BP 

525-580 + LP 750 filter and a PLAN-APOCHROMAT 63×/1.4-NA oil DIC objective lens. 

Cells were fixed in 4% paraformaldehyde, washed three times in PBS and then attached 

to a thin 1.5 glass coverslip using concanavalin A. Cells were fully sectioned into 60 slices 

at 0.1 nm intervals taken at 60ms exposures per slice with five rotations of the illumination 

grid. Bright-field images of the cells were also acquired with an X-Cite PC 120 EXFO 

Metal Halide lamp. ZEN Black was used to process the images with the automatic settings 

and with the “Raw Scale” option selected.  
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Spot volumes were measured using a custom pipeline developed in KNIME using the 

Image Processing community nodes (Dietz et al., 2020). In brief, images are read into the 

workflow with image properties. A quantile filter is used to enhance spots and they are 

detected using a wavelet based approach (Olivo-Marin, 2002). Spot detections are dilated 

and eroded to close small holes and a connected component analysis is run to create 3D 

objects. Volumes are measured in 3D using the Feature Calculator node. A filter is applied 

to remove spots that have volumes smaller than 10 pixels or greater than 800 pixels. 

Microcopy and image analysis of fixed samples 

Cells are grown to exponential phase and images are taken on glass slides. Exposure 

time was 100ms for each of the 21 slices spaced by 200nm. Analysis of locus position 

was performed with the zoning assay described in (Meister et al., 2010). In the stack 

where the spot is in focus, the nucleus is divided into three zones of equal area. For each 

cell, we determine which zone the spot belongs to using the imageJ plugin Pointpicker. 

Since this measurement is absolute (i.e., the spot is in exactly one of the three zones), 

there is no error bar for the percentage of cells in the three zones. Statistical relevance is 

determined by a Chi2 test that compares scored distribution with the predicted random 

distribution. The cell cycle phase of each cell was determined based on the bud and 

nuclear morphologies. 

Western blot 

Western blotting of TCA precipitated proteins separated on a SDS-PAGE gel (Invitrogen) 

was performed as in (Seeber et al., 2013). Transfer was done using Biorad Turbo blot 

system onto PVDF membranes. Anti-Mcm2 was purchased from Santa Cruz (#6680). 

Rad53 protein was detected using a custom-made mouse monoclonal antibody against 

the FHA2 domain of Rad53 (Seeber et al., 2013) 

HiBiT detection system 

HiBiT detection was performed as described in technical manual of Nano-Glo HiBiT 

blotting system (Promega). HiBiT tagged TCA precipitated proteins separated on a SDS-

PAGE gel (Invitrogen), transfer proteins from the gel to nitrocellulose membrane 
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(Invitrogen) using Biorad Turbo blot system. Membrane was incubated in TBST overnight 

at 4°C to increase the accessibility of the HiBiT tag. 1x Nano-Glo buffer with LgBiT protein 

200-fold was added to membrane with TBST and incubated room temperature for 60min 

with gentle rocking. Nano-Glo Luciferase assay substrate 500-fold added into the 

membrane containing LgBiT solution and incubated at room temperature for 5min. 

Signals were detected using chemiluminescence imager with a CCD camera (Amersham, 

imager 600). Bands were quantified using Image J and HiBiT-HTB2 was normalized to 

HiBiT-MCM4 loading control.  

Chromatin Immunoprecipitation (ChIP)  

Chromatin immunoprecipitation (ChIP) ChIP was performed as described in (Marcomini 

et al., 2018; Seeber et al., 2016) with slight modifications. At each time point about 14x108 

cells were collected, crosslinked with 1% formaldehyde for 20min while shaking at room 

temperature. We then added glycine to a final concentration of 125mM and incubated 

with shaking for 5min at room temperature. We washed cells twice with ice cold 1xPBS. 

HA-tagged Scc1 ChIP was performed using 40 μl sheep anti-mouse IgG magnetic beads 

(Invitrogen) and 6 μg anti-mouse HA antibody (sc-7392, Santa Cruz Biotech), per sample. 

Cell extracts were incubated with BSA-saturated magnetic beads coupled to anti-HA 

antibody for overnight at 4 °C. PK-tagged Rad50 ChIP was performed using mouse SV5-

PK1 antibody (Acris Antibodies) and cell extracts were incubated with only 2h rotation at 

4 °C, given high efficiency of the antibody. DNA was recovered after reversal of 

crosslinking using the Accuprep DNA extraction kit (Bioneer). Real-time quantitative PCR 

(Roche, Light cycler 480 II) was used for amplification of the precipitated DNA regions in 

384 well format. Taqman probes were used as described in (Seeber et al., 2016). The 

data for each strain are the average of three independent experiments with quantitative 

PCR performed in technical triplicates.  

BIR plating assay 

BIR efficiency determined by Lys+ colony was done as described in (Donnianni and 

Symington, 2013). Briefly, yeast cells were exponentially cultured at 25°C in YPA- 2% 

raffinose (YPAR), then plated on YPA-2% glucose (YPAD) or YPA-2% galactose (YPAG) 
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in triplicate. Colony number was counted after cells were cultured at 25°C for 3-4 days. 

Cells grown on YPAG were then replica plated onto synthetic complete (SC) medium 

lacking lysine, and onto YPAD. The percentage of cells repairing by BIR was determined 

by % colony formation on YPAG over YPAD, then multiplied by the ratio of Lys+/YPAD 

which was about 0.99 in all cases.  

Detection of BIR PCR product and quantification 

Cells were exponentially grown in YPA-raffinose (2%) at 25°C, then arrested in G2/M by 

15 µg/ml nocodazole 1% DMSO for 2.5h. 2% galactose in final concentration was added 

to the culture to induce HO endonuclease.1.5 ml of cell culture at indicated time point was 

taken for DNA preparation and cell pellet was kept at -20°C before DNA isolation. DNA 

sample was prepared with MasterPureTM Yeast DNA Purification Kit (Lucigen) according 

to the manufacture protocol. DNA concentration was measured by NanoDrop 

spectrometer (Thermo Fisher Scientific). PCR reaction was performed at 98°C 30 sec, 

followed by 25 cycles of 98°C 10 sec denaturation - 72°C 150 sec. annealing & extension 

in 25 µl reaction consisting of 0.5 µM primers, 1 ng/µl genomic DNA with 12.5 µl of Q5® 

High-Fidelity 2X Master Mix (New England BioLabs). P1, P2, C1, and C2 primers were 

used in a reaction for BIR product detection; D1, D2, C1, and C2 primers were used for 

HO cut detection. After the reaction, PCR samples were mixed with 5 µl of EZ-Vision® 

One Dye + Loading buffer (VWR Life Science) and run on 1% agarose in 0.5 x TBE. The 

agarose gel was washed with H2O for 0.5 h, then DNA was scanned by Typhoon™ FLA 

9500 (GE Healthcare Life Sciences). PCR signal was quantified by Quantity One software 

(Bio-Rad). BIR product (P1-P2) in each reaction was normalized by control band (C1-C2) 

and mean of two independent BIR PCR reactions from 3 or 4 biological replicates were 

plotted, as value of Lys+ colony (WT) as 100.  

Drop assays 

For drop assays, overnight cultures were diluted to a starting density of OD600 = 0.5 and 

serial 1:10 dilutions were plated on YPAD or the appropriate selective medium containing 

the indicated concentrations of HU or Zeocin, added freshly to the plates. 
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Primer extension assay  

For the primer-extension assays, we grew three independent cultures of each genotype 

overnight in YPAD medium (1% yeast extract, 2% peptone, 0.1 g l−1 adenine 

hemisulphate) with 2% glucose. The next day, cells were diluted into YPR (2% raffinose) 

medium and were grown one day and overnight.  

We arrested the cells using final 15 μg/ml of nocodazole and 1% DMSO for 2.5 h, once 

the culture had reached OD=0.6. Then we added galactose at a concentration of 2% still 

in the presence of nocodazole. The results were derived from three to six independent 

samples for each genotype taken every 20 min for up to 6h. To quantify the results we 

used a qPCR approach with PowerUp SYBER Green qPCR master mix from 

ThermoFisher. We used primers SG-5624 and SG-1300, and normalized each sample to 

ARS605 amplified with SG-2953 and SG-2954. Using this approach, we could obtain a 

direct measure of the percentage of primer-extension products, compared with ARS605. 

Resection assay 

Resection assay was performed as described in (Marcomini et al., 2018). Cells were 

grown in YPLG medium and treated with 3% galactose. 10 ml samples were taken at time 

points 0, 90min and 180min, DNA was extracted by phenol/chloroform method and final 

DNA was resuspended in 50μl water. 4μg DNA was digested with 10 units AluI (37°C, 

14h, NEB Cut Smart buffer). Real-time quantitative PCR (Roche, Light cycler 480 II) was 

used for DNA amplification. SYBR green based real time PCR (Thermo Fisher Scientific, 

Cat. No. A25741) 1.6 μl of the digested or the undigested sample was used for a 10μl 

reaction. A 2-step PCR (95 °C for 15s, 60°C for 40s, 45 cycles) was carried out and Ct 

values were used for quantitation. Loci were normalized to the qPCR signal at the 

undamaged SMC2 locus. The amount of ssDNA was normalized to cut efficiency. 

Flow cytometry  

For FACS, cultures were grown as for Western blotting. A 1 ml sample was taken for each 

time-point and was spun down and fixed in 70% ethanol and stored at 4°C. When ready 

for analysis samples were sedimented and resuspended in 50 mM Tris-HCl pH 7.5 + 200 
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µg/ml RNase A and digested for 2 h at 37 °C. Samples were then sedimented and 

resuspended in 50 mM Na-Citrate pH 7.0 + 10 µg/ml PI. Samples were stained overnight 

at 4 °C. The following morning the samples were briefly sonicated and diluted in more 

Na-Citrate + PI. Samples were measured on a Becton Dickinson FACS Calibur and at 

least 10 000 cells were measured. 

Cut efficiencies  

The HO-dependent cutting efficiency was from cultures treated with galactose as above. 

DNA was isolated from strains immediately before and at 40, 60, 120 and 240 min after 

galactose addition.  

qPCR using TaqMan probe TQ-28 (5′-CCTGGTTTTGGTTTTGTAGAGTGGTTGACGA-

3′) which is specific for the MAT locus amplified with SG-2285 and SG-2286, was 

normalized to the SMC2 locus amplified with SG-525 and SG-526 and detected using 

TQ-3 (5′-CGACGCGAATCCATCTTCCCAAATAATT-3′). 

Imaging parameters are not responsible for the different results 

A recent study in diploid budding yeast show that chromosome dynamics depend on the 

time interval of imaging used (Mine-Hattab et al., 2017). Because we use an optimized 

80ms interval that had been shown to be highly sensitive to changes in locus mobility 

(Amitai et al., 2017; Shukron et al., 2019), while others have used 1.5s intervals (Strecker 

et al., 2016), we repeated our analysis of the DSB at MAT using 1.5s imaging intervals. 

Consistent with theoretical considerations, arguing that dynamic changes can occur that 

cannot be detected with long interval imaging (Amitai et al., 2017; Mine-Hattab et al., 

2017; Shukron et al., 2019), we failed to detect an increase in the dynamics of the MAT 

locus even when analyzing S phase and G1 cells separately in WT and cep3-S575A cells 

(Figure S7). Strecker et al. show that cep3-S575A impairs DSB induced chromatin 

mobility in an averaged asynchronous cell population. By FACS we found that the cell-

cycle profile of cep3-S575A cells before and after DSB formation is not equal to the WT 

(Fig S3C). While this unequal cell cycle distribution may cause a difference of DSB 

mobility analysis, when we chose specifically S- and G1-phase cells to analyse, we also 

found no difference in DSB mobility in cep3-S575A and wild-type cells. Thus, we conclude 
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that Cep3 phosphorylation on Ser575 is not required for DSB increased mobility. As 

shown in previous studies (Seeber et al., 2013), arp8Δ cells showed sensitivity to DNA 

damage, while cep3-S575A cells were not sensitive to either Zeocin or hydroxyurea (Fig. 

2D). 

Statistical Analysis 

All chromatin mobility data (spot tracking) are pooled from at least three independent 

experiments. Statistical analyses testing the significance of the biophysical parameters 

derived from the imaging data were performed with Matlab using the Kolmogorov–

Smirnov test (p<0.05 *; p<0.01 **; p<0.001 ***) as in (Amitai et al., 2017). Kinetochore 

detachment and declustering events were tested using a Student T-test (p<0.05 *; p<0.01 

**; p<0.001 ***). BIR plating assay significance was tested using Welch’s t-test. (See 

Table 3 for all p values). 
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SUPPLEMENTAL INFORMATION 

 

Figure S1. Related to Figure 1: Scc1-AID degradation and checkpoint activation 

A) Experimental layout for detection of Scc1-AID-degron degradation by addition of IAA 

(left, for panel B) and for monitoring Rad53 phosphorylation following galactose-induced 

expression of the HO endonuclease, which induces a single DSB at MAT coincident 

with the induction of scc1-degron degradation on IAA (right).   

B) Western blot showing Scc1-AID degradation at 30, 60 or 90 min on IAA, using the 

anti-mini-AID-tag monoclonal antibody from MBL (M214-3).   

C) Western blot showing Rad53 phosphorylation, indicative of checkpoint activation, at 

0, 4 and 5 hours after the addition of galactose to induce expression of the HO 

endonuclease, which induces a single DSB at MAT in GA-8862 (WT), GA-10231 (scc1-

degron) and GA-9242 (rad50Δ) strains. P* indicates phosphorylation dependent upshift 

of Rad53.  

D) Experimental layout for monitoring the dynamics of a single DSB induced at MAT by 

the galactose-inducible HO endonuclease coincident with the degradation (or not) of 

Scc1-degron. Degradation is triggered by the addition of IAA. Scheme is relevant for 

Figure 4, panel D.  
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Figure S2. Related to Figure 1: Changes in DNA end-resection rates do not 
correlate with DSB-induced chromatin mobility 

A) Scheme showing the resection assay that monitors ssDNA at proximal (-0.6kb and -

4.2kb) and at distal (+0.7kb and +4.5kb) Alu1 sites surrounding the HO cut site at MAT, 

following 0, 90, and 180 min of HO induction on galactose. Results are normalized to an 

Alu1-free region in SMC2. At least 3 biological replicates, amplified in triplicate, are 

presented as mean values ± SEM. 

B) Resection assay in wild-type (WT; GA-8862) as described in a. Results are 

normalized to an Alu1-free region in SMC2. At least 3 biological replicates, amplified in 

triplicate, are presented as mean values ± SEM. 

C) Resection assay as described in A and B performed in a rad50Δ strain (GA-9242) 

and D) in a ku70Δ strain (GA-1954).  

E) Calculation and plotting of the MSD analysis based on the time-lapse imaging of a 

lacO-tagged MAT locus with and without induced DSB, using the Δt= 80ms imaging 

scheme.  The experiment was performed in the following strains and movie numbers: 

GA-9948 (WT) (nDSB= 18, nnoDSB=16) and GA-9242 (rad50Δ) (nDSB=18, nnoDSB=17). All 

cells were in S phase.  The dotted horizontal line shows the maximal level of the plateau 

for the WT strain without DSB (WT uncut).   

F) As E, except that MSD analysis (Δt= 80ms) of the MAT locus was performed on GA-

9948 (WT) (nDSB= 18, nnoDSB=16) and GA-1954 (ku70Δ) (nDSB=17, nnoDSB=17) cells in S 

phase, with and without DSB. 

G) Lc (length of constraint) and Kc (effective spring co-efficient) values for the movies 

analysed in panel E.  

H) Lc (length of constraint) and Kc (effective spring co-efficient) values for the movies 

analysed in panel F.  

For Lc / Kc calculation see (Amitai et al. 2017). 
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Figure S3. Related to Figure 2: Loss of centromere clustering in ndc80-1 and loss 
of the Cep3 phosphoacceptor site does not alter checkpoint induction nor cell 
cycle distribution 
A) Representative images of MTW1-GFP in the ndc80-1 (GA-10165) temperature 

sensitive mutant (wild-type at 30°C and mutant at 37°C). Inactivation of Ndc80 triggers 

kinetochore declustering in S and G2 phase cells. This is a positive control for the 

absence of declustering observed in cep3-S575A.   

B) Rad53 phosphorylation after Zeocin treatment (1 h on 250 or 500µg/ml) monitored by 

Western blot in a wild-type (GA9764) and cep3-S575A (GA9767) cells. Mcm2 is used 

as a loading control (see STAR Methods for details). 

C) Flow cytometry analysis of cell-cycle stages in a wild-type (GA9764) and cep3-

S575A (GA9767) cells before and 2 hours of DSB induction on galactose.   
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Figure S4. Related to Figure 3: Strand invasion kinetics are delayed in INO80-
deficient cells (arp8Δ) 
A) Scheme of the recombination event monitored by qPCR following galactose induced 

HO-cleavage at MAT on Chr III, and recombination with an ectopic copy of an 

uncleavable HO cut site otherwise homologous to MAT, inserted on Chr V.  Primer 

sequences are designed such that only recombined sequence can be detected. 

B) Quantitation of primer extension intermediates in G2/M arrested cells (arrested by 

15µg/ml Nocodazole for 2.5h, as in (Dion et al., 2012)  according to Koshland laboratory 

protocol) after DSB induction in GA-7203 (WT) and GA-9946 (arp8Δ).  The PCR 

product can only be formed if productive strand invasion and repair has been completed 

between ChrIII and ChrV, see arrows in a. The corresponding reporter construct was 

toxic when combined with nhp6∆∆ (data not shown). 
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Figure S5. Related to Figure 4: Increased MRX loading in uls1Δ cells increases 
Scc1 levels at a DSB, without extensively affecting DNA end resection. 

A) Scheme showing the resection assay that monitors ssDNA at proximal (-0.7kb) and 

at distal (+0.7) Alu1 sites in WT (GA-8862), uls1Δ (GA-10436) and Scc1-degron (GA-

10231) strains following 0, 90, and 180 min of HO induction. Results were normalized to 

an Alu1-free region in SMC2. At least 2 biological replicates, amplified in triplicate, are 

presented as mean values ± SEM.  In the Scc1-deg strain, Scc1-AIDdegron has been 

degraded during induction of the DSB as described in Supplemental Figure S1D.  

B) Schematic of the MAT locus on Chr III, in a strain lacking HML and HMR, to ensure 

that there is no intrachromosomal recombination. Probes used for monitoring Chromatin 

immunoprecipitation (ChIP) are indicated in red. Scc1-3HA ChIP was performed before 

(0 min) or after (60, 90 min) DSB induction at MAT by HO endonuclease, using two 

qPCR primers at 0.6kb (left) or 4.5kb (right) from the DSB in GA-9194 (WT) and GA-

9242 (rad50Δ) cells. See STAR Methods for details, including the relevant anti-HA 

antibody. 

C) As B, except that ChIP is for Rad50-PK before (0 min) or after (90, 180 min) DSB 

induction using indicated probes at 0.6kb (left) or 4.5kb (right) of the HO cut site in GA-

9519 (WT) and GA-10643 (uls1Δ). See STAR Methods for details, including the relevant 

anti-PK antibody. 
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Figure S6. Related to Figure 5 and 6: The uls1∆ mutant is proficient in DNA 
damage checkpoint and survival on Zeocin.   

A) Western blot for Rad53 to monitor checkpoint activation through the upshift of the 

Rad53 band.  In strains lacking either Arp8 or Uls1, checkpoint activation by 500 µg/ml 

Zeocin for 1h is intact. Strains used are GA-8990 (WT), GA-10455 (arp8Δ), and GA-

10524 (uls1Δ), and they were  treated with (+) or without (-) 500 µg/ml Zeocin.    

B) Ten-fold serial dilutions of WT, uls1Δ, and arp8Δ cells (same strains as in A) grown 

on YPAD plates with or without 30 µg/ml of Zeocin for 2 days at 30°C. The arp8∆ cells 

are sensitive to Zeocin while uls1Δ cells are not.   

C) Rad53 phosphorylation 0, 4 and 5 hours after galactose induction of the HO 

endonuclease which creates a single DSB at MAT.  Checkpoint activation is monitored 

by Western blot in WT and uls1Δ cells. P* indicates phosphorylation dependent upshift 

of Rad53.  
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Figure S7. Related to STAR methods: 1.5 sec interval imaging in WT and cep3-
S575A 

(A-B) Calculation and plotting of the MSD analysis based on the time-lapse imaging of a 

lacO-tagged MAT locus without induced DSB (A) and after DSB induction (B), using Δt= 

1.5s imaging scheme.  The experiment was performed in the following strains and 

movie numbers: GA-9764 (WT) (nDSB= 48, nnoDSB=30) and GA-9767 (cep3-S575A) 

(nDSB=22, nnoDSB=30). All cells were in S phase. 
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CHAPTER IV: UBIQUITIN AND THE SMALL UBIQUITIN-

RELATED MODIFIER (SUMO) ROLE IN DNA REPAIR 

 

Summary 

In this fourth Chapter, I will discuss the roles of two post-translational modifications (PTMs) in the 

regulation of DNA repair pathway choice in budding yeast. This concerns the covalent attachment of 

Ubiquitin or the small ubiquitin-related modifier protein (SUMO) to lysine residues in response to 

DNA damage. Several laboratories have studied how sumoylation regulates the processing of DNA 

damage and this posttranslational modification was proven to be essential in the repair of telomeric 

breaks, double-strand breaks as well as collapsed forks.  

Here I review research that has revealed how sumoylation regulates and coordinate DNA repair 

processes in the nuclear space. More specifically, I also describe how a tight interplay between these 

two modifications is essential to maintain genomic integrity.  
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Mechanism of Ubiquitination and SUMOylation  

Ubiquitination was originally discovered as a means to target modified substrates to the proteasome 

machinery and thereby regulate protein turnover. Since then, several studies have shown that it also 

regulates protein activity without targeting the modified protein for degradation. Ubiquitin is a small 

protein made of 76 amino acid residues that is attached through its C-terminal glycine residue to a 

lysine in the target protein. The ubiquitin protein can be conjugated to the target protein as a monomer 

or as a polymeric chain that results from the repetitive addition of Ubiquitin. There are also different 

linkages for ubiquitin chains, for example, Ubiquitin chains that are linked through their Lys-K48 has 

been shown to target the modified protein to the proteasome, while Lys 63-linked chains tend to 

regulate protein-protein interactions. 

There are several ubiquitin-like proteins (UBLs) that similarly modify their substrate through a highly 

conserved cascade of enzymatic reactions mediated by E1, E2 and E3 ligases (add scheme). One 

particular UBL, the small ubiquitin-related modifier (SUMO) has been shown to regulate several 

cellular mechanisms including the DNA damage response. In contrast to vertebrates, which have two 

types of SUMO: SUMO-1 and the highly related proteins SUMO-2 and SUMO-3 (SUMO2/3), that 

functions redundantly, the budding yeast has a single SUMO protein called Smt3. Like Ubiquitin, 

SUMO residues can be conjugated as a monomer or as a polymeric chain to the target protein. While 

the role of SUMOylation in general has been extensively studied, however, the function of specific 

polySUMO chains remains to be further characterized. 

In addition to their distinct roles and pathways of modification, there is a clear crosstalk between 

SUMO and Ubiquitin.  First, there exist SUMO-targeted Ubiquitin ligases (STUbLs), which are 

ubiquitin E3 ligases that can specifically target and bind sumoylated proteins through a SUMO-

interacting motif (SIM), catalyzing the ubiquitination of the sumoylated substrates. There are two 

STUbLs in yeast, Uls1 and Uls2 (also called Slx5/Slx8 complex) and three in mammalian cells 

(SHPRH, RNF111 and RNF4).  Intriguingly, sumoylation and STUbLs are often involved in DNA 

repair pathways.  
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The role of SUMO in DNA repair and subnuclear localization. 

The role of SUMO in DNA DSB repair  

As discussed in the Introduction, it was shown that subnuclear positioning influences DNA repair. 

Here we will discuss some major findings that implicate the SUMO machinery in this process. When 

imaging the behavior of a GFP-tagged MAT locus in S. cerevisiae, the Gasser laboratory observed that 

an induced persistent DSB shifts to the nuclear periphery, more specifically either to the nuclear pore 

complex (NPC) or to the inner nuclear membrane SUN domain protein Mps3 (Horigome et al., 2014; 

Nagai et al., 2008). 

Interestingly, Nagai et al. observed an enrichment of the SUMO-targeted Ubiquitin ligase (STUBL) 

complex Slx5/8 at the MAT locus after DSB induction. Moreover, they showed that Nup84, an NPC 

component, and Slx5/8 physically interact, suggesting that Slx5/8 might target the induced DSB to 

the NPC (Nagai et al., 2008). Intriguingly, in Slx5/8 deficient mutants, they reported an increase in 

DNA recombination foci as well as in gross chromosomal rearrangement. This observation suggested 

that Slx5/8 target DSB to the NPC to prevent inappropriate genomic rearrangements. Interestingly, 

Sxl5/8 has multiple SUMO-interacting motifs (SIMs) and its ubiquitination activity is stimulated by 

polySUMO chains (Mullen and Brill, 2008). 

Later, the Gasser laboratory showed that DSB relocation to the NPC is dependent on the SUMO-

targeted Ubiquitin ligase (STUBL) complex Slx5/8 (Horigome et al., 2016). They further reported that 

the targeting of a DSB to the NPC depends on the SUMO E3 ligase Mms21 in complex with SMC5/6, 

which deposits mono SUMO on the DNA repair protein Rad52. Moreover, they showed that the E3 

SUMO ligase Siz2 subsequently creates a polySUMO chain on the targets proteins that is recognized 

by Slx5/8. More specifically, the authors showed that a lexA-Slx5 fusion was able to relocate a locus 

to the nuclear pore in G1 cells in the absence of damage, suggesting that Slx5 is sufficient for DSB 

localization to the NPC. Consistent with the previous observations (Nagai et al., 2008), Horigome et 

al. showed that DSB relocation to the NPC enabled appropriate repair by NHEJ or BIR.  

On the other hand, a second mechanism is functional in S-phase cells whereby DSB are localized to 

the inner nuclear membrane protein Mps3. This was shown to be mediated by the SMC5/6 in complex  
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Figure 4: SUMO implication in DNA repair and spatial positioning 

The extent of SUMO chain deposition affects spatial sequestration of a canonical DSB, 
rDNA DSB, collapsed forks and eroded telomeres. SUMO-mediated relocation to the 
nuclear pore complex affects DNA repair pathway choice. 
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with Mms21 that deposit a monoSUMO residue on a target protein at the break independently of 
Slx5/8 (Figure 4). 

The role of SUMO in rDNA 

This mechanism was further extended to DSB in the ribosomal DNA (rDNA). The Lisby laboratory, 

have observed that DSB in the rDNA relocate to the nucleolar periphery (Torres-Rosell et al., 2007). 

This nucleolar extrusion is dependent on Rad52 sumoylation and SMC5/6 activity. Mutations that 

suppresses these activities, led to a loss of Rad52 foci relocation, and of rDNA hyper-recombination 

and excision of extrachromosomal rDNA circle. This work suggested that sumoylation is a key player 

in nucleolar dynamics, more specifically in allowing break to repair outside of repetitive DNA. 

However, Horigome et al.  showed that DSB relocation to the NPC was independent of Rad52 

(Horigome et al., 2014). Taken together these observations suggest that it may be the extent of 

sumoylation rather than the specific substrate that is critical for site specific relocation to the nuclear 

or nucleolar periphery (Figure 4).  

Interestingly, a recent study showed that replication-dependent damage in the rDNA associates with 

the NPC in a DNA damage checkpoint kinase Tel1 dependent manner. Moreover, they suggested that 

this relocation is due to replication fork block and subsequent DSB formation. This relocation was 

shown to prevent improper recombination repair that could induce repeat instability in the rDNA 

(Horigome et al., 2019).  

The role of SUMO in the repair of replication fork collapse  

These observations have been shown to be relevant as well for collapsed replication forks (Nagai et 

al., 2008). Triplet CAG repeat sequences interfere with replication and DNA repair machinery leading 

to repeat instability that arises in S phase thanks to an inappropriate recombination event. In a recent 

study the Freudenreich laboratory have shown that expanded CAG repeats relocalize to the NPC in 

a Slx5/8 dependent manner. They also observed Rad52 sumoylation and ubiquitination and its 

subsequent degradation by the ubiquitin proteasome system. This degradation then enables fork 

restart and decreases aberrant recombination (Su et al., 2015). A recent follow up of Su et al. showed 

that the relocalization of stalled forks induced by CAG repeats to the NPC depends on the Mms21 

SUMO ligase activity in complex with Smc5/6, as shown in Horigome et al. 2016 for canonical DSBs 

(Whalen and Freudenreich, 2020). Moreover, they confirmed that that RPA, Rad52 and Rad59 are all  
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targets of sumoylation, which   in turn mediate the relocation of damage to the NPC, where Rad51 

binding enables fork restart through unequal strand invasion (Figure 4).  

The role of SUMO at telomeres 

Interestingly, this relocation appears to happen at telomeres as well. In budding yeast the inactivation 

of telomerase causes telomere erosion and induces telomere relocation to the NPC. In a recent study, 

Churikov et al. reported a mechanism similar to that discussed above. They found that  Siz2-dependent 

sumoylation of RPA at eroded telomeres triggers telomere relocation to the NPC through Slx5/8. 

Similar to Whalen et al., the authors speculate that the targeting to the nuclear pore is a way to 

desumoylate eroded telomeres (through the degradation of sumoylated proteins in a STUbL 

dependent manner), giving the telomere another chance for repair (Churikov et al., 2016) (Figure 4). 

Subsequent work from the Gasser laboratory investigated the behavior of an internal DSB that is 

flanked on one side by telomeric-like TG repeats (Marcomini et al., 2018). In this study, we showed 

that, in contrast to a canonical DSB where the relocation to the pore was shown to be Slx5/8 

dependent, the TG-flanked DSB relocation was dependent on another yeast STUbL, Uls1. We 

propose that the already reported recognition of poly-sumoylated Rap1 by Uls1 (Lescasse et al., 2013) 

may lead to the ubiquitination and degradation of Rap1 at telomeres. This may happen at internal TG 

repeats when they are found near a DSB (Figure 5) or other targets may be degraded, such as Cohesin 

or MRX. Indeed, in the Marcomini et al. study we observed a loss of MRX binding on the TG-side of 

the DSB. It had been already shown that Mre11, one component of the MRX complex, is sumoylated 

(Cremona et al., 2012). The absence of MRX made the TG-flanked DSB increase its dynamic 

movement, and was counteracted by Uls1 deletion. This observation suggested that the loss of Uls1 

might restore MRX binding at the TG-flanked DSB (Cheblal, in press). We speculate that the Uls1 

STUbL ubiquitinates poly-sumoylated MRX (Mre11) at certain breaks, and targets it for degradation. 

In line with this hypothesis, Marcomini et al. showed an increase in the rate of imprecise NHEJ over 

translocations in Uls1-deficient cells, probably reflecting MRX accumulation at the DSB and 

suppression of DSB movement (Cheblal, in press; Marcomini et al., 2018)(Figure 5). 

The role of SUMO in chromatin motion 

How translocation of damage to the NPC occurs is still unclear. A recent work in Drosophila melanogaster 

suggested a model in which heterochromatic DSBs induce the formation of nuclear actin filaments 

that connects repair sites to the nuclear periphery (Caridi et al., 2017). This relocation was shown to 
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happen through a directed motion in Smc5/6- associated myosin dependent manner. This work 

suggest that the SUMO modifying system might play a critical role in the way chromatin moves in the 

nucleoplasm. Given that directed motion has not been observed in yeast, and that the radius of 

constraint of a damaged site in yeast encompasses 47% of the nuclear volume, it is easy to imaging 

that in yeast there is no need for actin fibers or directed motion, for DSBs to “collide” productively 

with the NPC and be further processed. Sumoylation clearly would be one means to tether damage 

once a spontaneous collision occurs. 
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Figure 5: Proposed model of the regulation of telomere maintenance by the 
STUbL Uls1   

(A) Inhibition of NHEJ at telomeres is crucial to prevent telomere fusion, this is 
ensured by Rap1. The accumulation of non-functional poly-SUMOylated Rap1 at 
telomeres is cleared by Uls1 to ensure the continuous efficiency of NHEJ inhibition 
(Lescasse et al., 2013). (B) At a TG-flanked DSB, Uls1 ubiquitinates poly-SUMOylated 
MRX and targets it for degradation. MRX clearance from the break inhibit NHEJ and 
enable repair by recombination at the nuclear pore complex (Marcomini et al., 2018).  

A B 
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CHAPTER V: ASYMMETRIC PROCESSING OF DNA DSB 

ENDS LEAD TO UNCONSTRAINED DYNAMICS AND 

ECTOPIC TRANSLOCATION  

 

Isabella Marcomini, Kenji Shimada, Neda Delgoshaie, Io Yamamoto, Andrew Seeber, Anaïs Cheblal, 
Chihiro Horigome, Ulrike Naumann, and Susan M. Gasser 

Asymmetric Processing of DNA Ends at a Double-Strand Break Leads to Unconstrained 
Dynamics and Ectopic Translocation. Cell Reports, 2018. DOI:  10.1016/j.celrep.2018.07.102 

 

Summary  

Multiple pathways regulate the repair of double-strand breaks (DSBs) to suppress potentially 

dangerous ectopic recombination. Both sequence and chromatin context are thought to influence 

pathway choice between non-homologous end-joining (NHEJ) and homology-driven recombination. 

To test the effect of repetitive sequences on break processing, we have inserted TG-rich repeats on 

one side of an inducible DSB at the budding yeast MAT locus on chromosome III.  

Five clustered Rap1 sites within a break-proximal TG repeat are sufficient to block Mre11-Rad50-

Xrs2 recruitment, impair resection, and favor elongation by telomerase. The two sides of the break 

lose end-to-end tethering and show enhanced, uncoordinated movement. Only the TG-free side is 

resected and shifts to the nuclear periphery. In contrast to persistent DSBs without TG repeats that 

are repaired by imprecise NHEJ, nearly all survivors of repeat-proximal DSBs repair the break by a 

homology-driven, non-reciprocal translocation from ChrIII-R to ChrVII-L. This suppression of 

imprecise NHEJ at TG-repeat-flanked DSBs requires the Uls1 translocase activity. 

My contribution to this manuscript was to analyze chromatin dynamics at a TG-flanked DSB in Uls1- 

deficient cells as compared to wild-type conditions. 
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CHAPTER VI: CONCLUSION AND DISCUSSION  

My research contributed to two papers Cheblal et al. 2020 and Marcomini et al. 2018, which are 

presented above together with their importance for the field. Here I will discuss an additional paper 

that I contributed to (Challa et al. under review) which extends these results, and I will  highlight future 

directions of this research. 

Conclusion  

In this thesis, I have explored how the cellular response to DNA damage, more specifically to DNA 

DSBs, alters chromatin and in turn repair efficiency. I have optimized multiple techniques including 

fixed and high-speed live  fluorescence imaging to analyze chromatin dynamics and the subnuclear 

localization of specific loci in response to DNA damage (Chapter 2). This led to the contributions 

discussed in Chapter 3 – 5.  

In my main project, we tackled the long-standing question of whether chromatin mobility enhances 

homology search during repair by HR in yeast. I have optimized a quantitative repair assay that 

measures the kinetics of appearance of a strand invasion product during homology directed repair. 

Unexpectedly, we found that DNA damage-induced nucleosome depletion and ectopic chromatin 

expansion and movement enhances homology search, independently of local DSB movement 

(Chapter 3). Moreover, we found that telomeric-like TG-flanked DSBs are processed asymmetrically 

as compared to canonical DSBs (Chapter 5). Both studies made use of an unusual enzyme Uls1, a 

SUMO-targeted ubiquitin ligase that regulates protein turnover at breaks. 

DNA damage induced histone depletion enhances and homology search  

In Chapter 5, we investigated the mechanisms that underlie DNA damage induced chromatin 

movement and its role in homologous recombination efficiency (Figure 6). First we showed that 

movement of the chromatin fiber is cell-cycle dependent, being lower in S/G2 than in G1, due to the 

loading of Cohesin which tethers replicated sister chromatids to each other (Dion et al., 2013). This 

finding highlights the importance of identifying cell cycle stages and triaging data when measuring 

chromosomal loci dynamics in yeast. Next, we showed that a reduction in nucleosome density, 

manifest as a lower steady-state pool of histones and decompacted chromatin, occurs in yeast not only 

in response to global DNA damage such as treatment with Zeocin (Hauer et al., 2017), but also in 
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response to a single localized DSB (Cheblal, in press). This leads to increased movement not only of 

the DSB, but also of undamaged sequences, for example, the template for recombination-based repair. 

By tracking undamaged loci in a nucleus contain a single DSB we observed that chromatin generally 

becomes become more accessible and explores larger nuclear volumes through random subdiffusive 

movement triggered by checkpoint activation. This result raised the question how critical the induced 

ectopic response is for the subsequent DNA repair by recombination. 

I asked the question whether nucleosome remodeling upon DNA damage is required for efficient 

homology-directed repair. Indeed, I observed that INO80-C deficient (arp8Δ) cells reduce strand 

invasion efficiency, coincident with a drop in both DSB and ectopic mobility, suggesting that histone 

mobilization is crucial for HDR. Similarly, in nhp6∆∆ cells, which show a reduced steady state histone 

level by 20%, I observed enhanced rates and kinetics of recombination, suggesting that reduced 

nucleosome density can facilitate the homology search during repair.  Nevertheless, under these 

conditions it was not possible to determine whether the observed enhanced rate of recombination 

reflected reduced nucleosome occupancy and a resulting  expansion of chromatin genome-wide or to 

an increase in local DSB dynamics.  

Luckily, using a yeast strain deficient for a SUMO-binding Ubiquitin ligase called Uls1, I found that 

one can compromise local DSB movement, but maintain resection, checkpoint activation, histone 

degradation and chromatin expansion at undamaged sites, in response to a single break. I show that 

under these conditions, homology-directed strand invasion was not compromised, despite the absence 

of increased DSB movement. This argues strongly that local DSB mobility is not rate-limiting for 

repair, as long as ectopic chromatin mobility and expansion is ensured. In unpublished work, Challa 

et al. we have now used another mutant (ufd4Δ) which also reduces histone degradation but specifically 

compromises ectopic, and not the local DSB movement. This mutation did impair the efficiency of 

HDR (Figure 1-2). Thus, we propose that local mobility is neither sufficient nor necessary for 

efficient HDR, while ectopic locus expansion and mobility are.  

I was unable to detect centromere release nor declustering in response to DNA damage. Moreover, 

the loss of the regulatory Cep3 phosphoacceptor site, which was thought to regulate this release 

(Strecker et al., 2016), did not compromise the damage-enhanced mobility of a DSB at MAT. This 

result helps clarify conflicting information in the literature on whether DNA damage triggers 
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kinetochore decluttering. I showed that these events cannot be the underlying mechanism that 

controls DNA damage induced chromatin mobility.  

Instead, we propose that general reduction in nucleosome occupancy drives DNA damage-induced 

chromatin mobility. With a quantitative strand-invasion assay we show that a general increase in 

undamaged locus movement and not the local increase in DSB movement is rate-limiting for ectopic 

strand invasion during homology-directed repair in yeast. 
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Figure 6: Model of the role of histone loss and enhanced DNA 
movement in Homology-directed repair (HDR). 

DNA damage-induced histone depletion triggers global ectopic chromatin expansion 
and mobility. Chromatin opening might facilitate accessibility to repair factors or to the 
repair template and therefore enhancing HDR kinetics.   
MRX and Cohesin turnover and mobility at a DSB is regulated by the STUbL Uls1 
(Cheblal et al., in press).  



165 
 
 

Processing of TG-flanked double-strand breaks 

In Chapter 3, I contributed to an ongoing effort in the laboratory to answer what defines a telomere 

and protects it from the DNA repair machinery as compared to a canonical DSB (Figure 7). This 

study used a system developed by Dr. Marcomini in which as short stretch of telomeric repeats (TG) 

were inserted on one side of a controlled HO cleavage site at the MAT locus.  

Using this system we showed that on the TG-rich side, MRX binding was reduced and locus dynamics 

were increased. This resulted in the separation of the two break ends, enabling distinct repair processes 

to act. Interestingly, the reduced MRX and increased dynamics depended on the translocase activity 

of the SUMO targeted Ubiquitin ligase Uls1.  On the non-TG side, MRX binding and DNA end 

resection occurred normally. In wild-type cells we observed high locus mobility, which resulted in 

chromosomal translocations, while in uls1Δ cells the mobility was less and NHEJ occurred more 

efficiently.  

We propose that, the absence of MRX on the TG-rich side, which normally holds the broken ends 

together resulted in an increase in movement that might have allowed homology search to occur and 

resulted in chromosomal translocation. The loss of Uls1 strongly affect the repair outcome through 

an increase of imprecise NHEJ, probably by allowing MRX accumulation on the TG-rich side and 

favoring end-to-end ligation.  My main contribution to this manuscript was in analyzing chromatin 

dynamics of the non-TG end and the TG-rich end comparing wild-type and uls1Δ conditions. This 

contribution was not only important for Marcomini et al., but it also shaped the study describe in 

Chapter 5. Indeed, I tested the behavior of Uls1-deficient cells in response to canonical DSBs and 

extended our understanding of how Uls1 regulates local chromatin dynamics. 
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Figure 7:  Model for the effect of TG-rich repeats on DSB repair 

On the TG-rich side of a TG-flanked DSB, MRX binding is reduced, allowing the two 
ends to separate.The end moves to the nuclear envelope, while the TG-free side, lacking 
end-to-end tethering, moves freely, favoring homology-driven ectopic recombination. 
The processing of Tg0 and Tg80 ends requires the translocase activity of Uls1 and 
sumoylation by the SUMO E3 ligase Siz2. Siz2 and Uls1 antagonize NHEJ  
(Marcomini et al., 2018).  
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Discussion and future prospects 

DNA damage induced centromere detachment hypothesis 

In Chapter 5, we concluded that the Strecker et al. 2016 study, which suggested a release of 

chromosomal tethers around the centromere as the source of the increase in DSB movement (Strecker 

et al., 2016), is not reproducible. Moreover, this study suggested that Cep3 phosphorylation by the 

DNA damage checkpoint kinase Rad53 drives centromere release and heightened chromatin 

dynamics, which was also irreproducible. 

I have attempted to understand why the earlier study failed to see an increase in DSB mobility in this 

the Cep3 phospho-mutant, and I highlighted various conditions that obscure accurate mobility 

measurements. First, the authors did not monitor nor select cell cycle stages, and secondly they did 

not measure the efficiency of cut induction in all their imaging conditions. Omitting either of these 

parameters can lead to erroneous and irreproducible results, and given that they did neither, we feel 

that this is a likely source of error.  

In addition, we note that capturing time-lapse imaging at a significantly lower frequency (1.5s ms 

intervals), as they did, can mask one’s ability to detect an increase in DSB mobility (Shukron et al., 

2019; Strecker et al., 2016). Indeed, when imaging the cleaved MAT locus mobility in S phase with 

1.5ms intervals, we could not detect significant increase in DSB dynamics, as we could with higher 

imaging frequency (80ms intervals).  

Recently, we have investigated how the chromatome changes in response to Zeocin-induced DNA 

damage by quantitative mass spectrometry (Challa et al., under review). Interestingly, we observed a 

significant reduction in the kinetochore complex from the chromatin after DNA damage, including 

the essential kinetochore protein Cep3. It would be interesting to further test whether kinetochore 

proteins are lost locally at centromeric DSB for example, potentially understanding their implication 

in the DNA damage response. Although, Cep3-deficient cells are not sensitive to DNA damage 

(Cheblal, in press; Strecker et al., 2016) , we do not exclude a potential implication of other spindle 

assembly checkpoint proteins in DNA repair. Moreover, this global reduction in kinetochore proteins 

was shown to be independent of the INO80C chromatin remodeler, suggesting that this is not driven 

by the observed global histone depletion.  
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DNA damage induced histone depletion and ectopic response 

In Chapter 5, we reported that DNA damage induced nucleosome depletion is the major mechanism 

underlying ectopic chromatin mobility. Hauer et al., showed that the observed nucleosome depletion 

was driven by an active proteasomal degradation of the main core histones. In a recent study (Challa 

et al. under review), we have identified the key E3 ubiquitin ligases that targets core histones to 

degradation upon Zeocin treatment. Intriguingly, most of these ubiquitin ligases seem to both control 

local DSB dynamic and ectopic movement and expansion, suggesting that they might play a role locally 

at the DSB where they are recruited. In Cheblal et al., we suggested that local DSB processing and 

ectopic response might be regulated by distinct processes.  

Based on our study of movement and strand invasion in uls1Δ cells, we demonstrated that ectopic 

locus mobility, driven by checkpoint activation is critical for efficient homology directed repair 

(Cheblal et al., in press). Interestingly, Challa et al., identified a specific E3 Ubiquitin ligase called Ufd4 

that is involved in histone degradation, and which controls only the global ectopic response to Zeocin, 

without affecting the enhanced dynamics at the DSB (Figure 8A-C). In line with our previous 

observations, Ufd4-deficient cells show a delayed homology directed repair rates and kinetics (Challa 

et al. under review) (Figure 8D-E). This observation strengthens a model in which the movement 

and the accessibility of ectopic sequences, including potential repair templates, are required to enable 

homology search and efficient repair by HR. The current results do not distinguish between the 

accessibility of the ectopic sequence, or its dynamic movement.  Of course, we do note that the two 

phenomena are linked through histone loss (Hauer et al., 2017).  

Opening chromatin to enable homology directed repair  

It was shown that nhp6ΔΔ was sufficient to increase the rate of gene targeting and of homology 

directed strand invasion and repair efficiency (Cheblal et al., in press). We hypothesize that this 

happens by making chromatin more accessible to both the repair template and to DNA repair 

proteins, although the search may also be physically faster due to the movement of chromatin 

generally. We have not strictly shown that chromatin is more accessible in nhp6∆∆ cells. Consistent 

with this hypothesis, however, Challa et al., observed that the loss of the histone linker H1 (HHO1), 

resulted in an increase of the DSB dynamics (Figure 9A-B). Moreover, it was previously shown that 

HHO1 is required for chromatin condensation (Thomas, 1999; Vignali and Workman, 1998).  
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Figure 8:  Ufd4 regulates global chromatin dynamics upon DNA 
damage and is required for an efficient homology-directed repair.  

(A-C) MSD trajectories of the MAT locus in WT and ufd4Δ without damage (A), after 
a single HO-cut induction (B) and after Zeocin treatment (C).  
(D) Left: Scheme of the BIR assay as described in Chapter 3. Right: BIR efficiency 
scored by LYS+ colony formation quantified in WT and ufd4Δ. (E) Left: 
Representative PCR to detect DSB and BIR product in G2-M arrested cells after HO 
induction in WT and ufd4Δ. Quantification of the kinetics of BIR product formation is 
shown on the left side. (Challa et al., under review). 
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We have not yet monitored the accessibility of linker DNA in an hho1Δ mutant, although   we assume, 

based on work in mammalian cells (reviewed in (Fyodorov et al., 2018)) that the loss of Hho1 increases 

chromatin decompaction and accessibility. Interestingly, Challa et al and others showed an increase in 

homology directed repair rates and a slight increase in the kinetics of recombination in HHO1 deficient 

cells (Downs et al., 2003; Mukherjee et al., 2020)(Figure 9C-D). Although, the ectopic response to 

Zeocin remains to be shown, this result strengthens the idea that the efficiency of homology directed 

repair can be increased by degrading a linker histone which increase chromatin accessibility and 

mobility generally (Figure 9E).  

An obvious question arising from this work is whether chromatin accessibility per se increases upon 

DNA damage, and whether accessibility or movement is critical for enhancing the kinetics of repair 

by HDR. Hauer et al. showed that nucleosome occupancy decreases upon Zeocin treatment, and 

chromatin compaction was measured through specific loci expansion analysis. Although we were able 

to show that locus expansion upon DNA damage strongly correlate with histone degradation, it 

remains to be shown whether this reflects an increase in global chromatin accessibility to repair factors. 

It would be of upmost importance to perform an Assay for Transposase-Accessible Chromatin using 

sequencing (ATAC-seq). If the hypothesis stated above holds true, we expect to see an increase in 

chromatin accessibility in wild-type cells upon DNA damage, but not in INO80C deficient cells. On 

the other hand, we expect that nhp6ΔΔ will show increased global steady-state chromatin accessibility. 

Moreover, we expect that Uls1 deletion will not impair global chromatin accessibility, but may reduce 

accessibility around the DSB. Finally, because Challa et al. observed an impaired Zeocin response in 

Ufd4-deficient cells, we expect that we will be able to monitor reduced accessibility genome-wide 

although perhaps not at the DSB. Analyzing chromatin accessibility in ufd4Δ cells will provide 

additional information on the role of histone degradation in controlling chromatin accessibility and 

repair.  

One practical outcome of our study is to reinforce the model that a transient reduction in nucleosome 

density could enhance repair by HR over NHEJ. This will be crucial for CRISPR-mediated gene 

therapies, which are currently too inefficient to be used clinically. Preliminary evidence suggests that 

a transient reduction in nucleosome levels in human cultured cells, can increase recombination by 2-

3 fold (Koren, S., Hauer, M.H., and S.M.G., personal communication). Combining this with 
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appropriately upregulated chromatin remodelers, or targeting of the relevant E3 Ubiquitin ligases 

(Challa et al. under review) may increase the efficiency of cleavage, processing, and resection. 

 

 

 

Figure 9:  HHO1 deletion enhances DSB dynamics and homology-
directed repair.  

(A-B) MSD trajectories of the MAT locus in WT and hho1Δ without damage (A), and 
after a single HO-cut induction (B). 
(C) BIR efficiency scored by LYS+ colony formation quantified in WT and hho1Δ. (D) 
Left: Representative PCR to detect DSB and BIR product in G2-M arrested cells after 
HO induction in WT and hho1Δ. Quantification of the kinetics of BIR product 
formation is shown on the left side.  (Challa et al., in revision). (E) Model showing how 
chromatin decompaction in hho1Δ influence homology-directed repair kinetics.  
(Challa et al., under review). 
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Additionally, we argue in Cheblal et al. that DNA damage induced histone degradation and ectopic 

movement enhances homology search during HDR. In a system where both the DSB loci and the 

repair template are artificially tethered to the nuclear periphery and in proximity, the repair efficiency 

should not be affected by a loss of histone degradation (i.e., would be INO80-C insensitive). However, 

if DNA repair is impaired in such conditions, this would argue that the processing of the break by 

INO80 is critical for repair by HR rather than nucleosome depletion and the search for homology.  

SUMO targeted Ubiquitin ligase Uls1 role in DNA DSB repair 

At DSBs, movement is restricted by the local loading of Cohesin in an MRX-dependent manner 

(Seeber et al., 2016; Unal et al., 2007). We found that Cohesin and to a lesser extent, MRX, accumulate 

at an induced DSB in uls1∆ strain. This correlates with a failure to increase DSB mobility, even though 

resection occurs. We propose that Uls1, which mediates a SUMO-dependent protein ubiquitination, 

controls the levels of Cohesin (Scc1) and MRX (Rad50) at processed breaks, possibly by regulating 

their turnover.  

The removal of these tethering molecules may enable access for the recombination machinery, and/or 

release the damage from local constraining forces. Although we argue that break mobility is not rate-

limiting under the conditions employed here, there may be other sites of damage for which local 

movement is rate-limiting. We do not exclude that at some sites, for example centromere-proximal 

breaks, the removal of MRX and Cohesin from sequences surrounding the damage might be crucial 

to facilitate repair.  

We note that Mre11 is a key target of sumoylation, as are subunits of Cohesin following DNA damage 

(Cremona et al., 2012).  It has been shown that MRX helps recruit SUMO ligases, and sumoylation 

would, in turn, recruit Uls1 through its SIM domains (Chen et al., 2016; Cremona et al., 2012). Uls1 

could then trigger a dynamic turnover of Cohesin and MRX, given that the loss of Uls1 led to a steady-

state increase of Cohesin and Rad50 at a persistent DSB (Fig). We note that a similar accumulation 

was reported for MRX at a TG-flanked break (Marcomini et al., 2018). 

Uls1 is an unusual member of the STUbL family, in that besides Ubiquitin ligase activity, it contains a 

SNF2-like helicase domain related to nucleosome remodelers, and multiple SIM motifs. A very close 

homologue to Uls1, the human E3 Ub ligase SHPRH, was identified as a tumor suppressor that helps 

prevent genome instability (Bruhl et al., 2019; Qu et al., 2016). It is thought that SHPRH increases 
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DNA damage tolerance or post-replication repair, which depends on the ubiquitination of PCNA 

(Unk et al., 2010). We do not know all the relevant targets of Uls1, but our results suggest that turnover 

of components of the MRX and Cohesin complexes may also be relevant for repair.  

The strong effect of Uls1 on chromatin mobility could stem from a lack of Cohesin and MRX turnover 

at breaks but could also reflect a SIM-mediated crosslinking of SUMOylated proteins to each other. 

One main perspective of research is to investigate how does Uls1 regulate cohesin and MRX turnover 

at the break. More specifically, it would be relevant to analyze whether the SUMO targeted ubiquitin 

ligase activity of Uls1 is required for the control of DSB dynamics and whether sumoylated motifs 

(including sumoylated MRX and Cohesin) accumulate at a DSB site in the absence of Uls1.  
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LIST OF ABBREVIATIONS 

 
BIR: break-induced replication repair 

DDC: DNA damage checkpoint 

DDR: DNA damage response 

DSB: DNA double-strand break  

HO: Homothallic switching endonuclease, used to induce a DSB at MAT 

HMGB1: High mobility group box 1 protein in human 

HP1: heterochromatin protein 1 

HR: homologous recombination 

HDR: homology-directed repair 

IR: irradiation 

LINC complex: linker of nucleoskeleton and cytoskeleton 

MAT: mating type locus in chromosome III in S.cerevisiae 

MRX: Mre11-Rad50-Xrs2 complex 

MSD: mean square displacement 

NHEJ: non-homologous end joining 

NPC: nuclear pore complex 

rDNA: ribosomal DNA 

RPA: replication protein A 

SMC5/6: cohesin related complex, linked to SUMOylation activity 

STUbL: SUMO-targeted ubiquitin ligase 

SUMO: Small Ubiquitin-like modifier  
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