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1 Summary 
 

Homologous recombination (HR) is essential for the repair of DNA double-strand 

breaks (DSB) and thus pivotal for genome integrity. HR relies on the usage of an 

intact homologous donor sequence to repair the DSB and has been extensively 

investigated for decades. Nevertheless, how homology search – the crucial 

exploration of the genome for the intact homologous donor sequence – functions in 

the context of the crowded nuclear environment remained largely enigmatic.  

 This study visualizes homology search for the first time in vivo, using 

chromatin immunoprecipitation (ChIP) of the recombinase Rad51 in S. cerevisiae. 

Rad51 forms a nucleoprotein filament at the DSB, which assists in the recognition of 

the homologous donor sequence during homology search. Due to a high ChIP 

efficiency and genome-wide analysis by tiling arrays (ChIP-chip) Rad51 could not 

only be detected in the nucleoprotein filament at the DSB, but also at very DSB-

distant locations. We demonstrate by several lines of evidence that these DSB-

distant Rad51 signals reflect homology search. By taking advantage of this approach, 

we show that homology search preferentially probes on the broken chromosome with 

an increasing efficiency toward the DSB. Moreover, homology search is influenced 

by the nuclear organization. This became apparent by the finding that homology 

search can be efficiently guided to a far-distant chromosomal location by an 

intrachromosomal loop in the yeast mating-type system, and by the observation that 

homology search can be efficiently guided to all centromeres upon a centromere-

proximal DSB. In addition, by investigating the molecular requirements of homology 

search, we discovered a homology search-promoting role of the translocase Rad54 

and found that the histone phosphorylation γH2A follows homology search. 

 In summary, this study describes for the first time an approach to monitor 

homology search in vivo, and reveals that homology search is influenced by 

chromosomal architecture and nuclear organization. 
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2 Introduction 
 

Cells are constantly challenged by DNA damage, either due to endogenous cellular 

processes such as replication1 or transcription2, or exogenous incidents such as 

radiation or exposure to mutagenic chemicals3. In order to preserve the genetically 

inherited information, cells developed elaborated mechanisms to repair the DNA 

damage. Prominent types of DNA damages include base substitutions, interstrand 

cross-links, micro-insertions or -deletions and DNA double-strand breaks (DSBs)4. 

DSBs are considered to be one of the most toxic types of DNA damage as their 

inaccurate repair can lead to mutations and chromosomal rearrangements4, and 

hence potentially to cancer5 and aging6. On the other hand, directed DSBs and their 

controlled repair provide the basis for physiological processes like meiosis7 and 

immunoglobulin rearrangements8. 

 Two major pathways repair DSBs, namely nonhomologous end joining 

(NHEJ) and homologous recombination (HR)9. Which of the two pathways is used, 

depends mainly on the cell-cycle phase, the structure of the broken DNA ends, and 

proteins binding to the broken DNA ends9,10. NHEJ occurs preferentially in the G1 

cell-cycle phase and is based on ligation of the broken DNA ends11. Notably, NHEJ 

can result in mutagenic deletions or insertions12. In contrast, HR relies on an intact 

homologous donor sequence to repair the DSB13 and is thus generally considered to 

be error-free, despite also being slightly mutagenic14,15. 
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2.1 Homologous Recombination 
 

Homologous recombination (HR) has been intensively studied for decades and 

numerous components of its mechanism have been elucidated and implicated in 

diseases such as cancer4. Initially, a DSB is recognized and bound by the MRX 

complex (MRN complex in higher eukaryotes*), which subsequently serves as a 

recruitment platform for other proteins and initiates 5’-3’ resection together with 

Sae216 (Figure 1). The initial short-range resection turns into sustained long-range 

resection by a set of different factors, including the nucleases Exo1 and Dna2, the 

helicase Sgs117-19, and chromatin remodeling enzymes mediating accessibility to 

chromatinized DNA20 (Figure 1). 

Sustained 5’-3’ resection results in long tracks of single-stranded DNA 

(ssDNA), which are directly bound by the ssDNA-binding protein RPA (replication 

protein A), a heterotrimeric protein complex that eliminates secondary ssDNA 

structures21. Subsequently, RPA is replaced – at least partially22 - by the 

recombinase Rad51 (Figure 1). Rad51 forms dynamic nucleoprotein filaments on 

ssDNA and is regulated by a multitude of Rad51 mediators. Once the Rad51 

nucleoprotein filament is formed, it is thought to perform the search for homologous 

donor sequences to enable error-free repair of the DSB-bearing sequence13,23,24. In 

the majority of cases, the homologous donor sequence used for repair is located on 

the sister chromatid, making HR the favored pathway during the G2 cell cycle 

phase25. Nevertheless, HR can also use non-allelic homologous donor sequences on 

the same or other chromosomes (ectopic recombination)23. Once the intact 

homologous donor sequence has been found and recognized by DNA base-pairing, 

a joint-molecule between the intact and the DSB-bearing homologous sequence is 

formed by the establishment of a D-loop (displaced strand) structure (Figure 1). 

 

 

 

 

                                                
* As S. cerevisiae has been extensively used to study DSB repair, S. cerevisiae pathways, gene and 
protein names constitute the basis of this thesis for simplicity; yet, well known homologs and additional 
pathways are highlighted. 
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Figure 1. The core pathway of homologous 
recombination.  
(1) The core pathway of homologous recombination (HR) 
starts with binding of the MRX complex to the DNA 
double-strand break (DSB).  
(2) Mre11, a subunit of the MRX complex, initiates 
resection, which also requires chromatin remodeling and 
additional factors for continuous resection. The emerging 
single-stranded DNA (ssDNA) is rapidly coated by the 
single-strand binding protein RPA.  
(3) RPA is subsequently replaced by the recombinase 
Rad51, which forms a filament on ssDNA.  
(4) Then, the DSB has to get into direct spatial proximity of 
the intact homologous donor sequence, a process called 
homology search.  
(5) If the DSB and the intact homologous donor sequence 
are in direct spatial proximity, the Rad51 filament (on the 
DSB-associated ssDNA) can invade the double-stranded 
donor sequence, forming a displacement loop (D-loop).  
(6) This initial D-loop structure represents the branching 
point for different HR subpathways, namely BIR (break-
induced replication), SDSA (synthesis-dependent strand 
annealing) and dHJ (double-Holliday junction)13. All 
subpathways finally use DNA synthesis on the intact 
homologous donor sequence to restore the genetic 
information at the DSB.  
Size, structure and subunit compositions of proteins are 
arbitrary.  
 

 

From this intermediate DNA structure the three sub-pathways of HR are 

branching, namely “break-induced replication (BIR)”, “synthesis-dependent strand 

annealing (SDSA)” and “double Holliday junction (dHJ)”13. The initially formed D-loop 

structure is thought to contain only one of the two broken ends, and can represent 

the starting point for replication in the BIR sub-pathway26. If the second broken end is 

also present in the D-loop structure, the SDSA sub-pathway is favored. SDSA is the 

main sub-pathway in somatic cells and avoids crossovers, whereas the third sub-

pathway dHJ favors crossovers during meiotic recombination13.  

All these subpathways share a common feature, namely the use of 

homologous donor sequences to synthesize the 3’ end of the broken chromosome27 

catalyzed by polymerase δ, thereby restoring the genetic information (Figure 1). 
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2.2 Saccharomyces Cerevisiae Represents a Model Organism to Study 
Homologous Recombination 

 
Historically, major early findings about homologous recombination were obtained 

using the budding yeast S. cerevisiae as a model organism28. One of the key findings 

was that the programmed switching of the mating-type genes involve the specific 

induction of a DSB29, created by the site-specific HO endonuclease30. Subsequently, 

the gene encoding for HO endonuclease was placed under an inducible promoter, 

thus opening the possibility to study the formation and subsequent repair of a single 

specifically induced DSB31. S. cerevisiae and its mating-type (MAT) system thus 

became the favored model organism to study the basic functions of homologous 

recombination and DSB repair28,32,33. Because of the numerous advantages of the 

MAT system, this system was also used in this thesis, and the following paragraphs 

introduce the mating-type system and its general and special features. 

 Like other fungi, S. cerevisiae can switch the mating-type (determined by two 

different MAT alleles (MATα and MATa)), which physiologically happens in haploids 

in some cells of a colony33. Upon switching, the cell can mate with a cell of the 

opposing mating-type, forming a diploid cell (MATa/MATα) (Figure 2A). This diploid 

state is thought to enable evolutionary advantages, such as spore formation under 

nutritionally limiting conditions and genetic exchange during meiotic recombination33. 

On the molecular level, the two mating-type defining MAT alleles (MATα and MATa) 

contain shared and unshared sequences (Figure 2B). Shared sequences include the 

recognition sequence of the site-specific HO endonuclease, which initiates the 

programmed mating-switching by generating a DSB in MAT. Unshared sequences 

contain mating-type-defining promoters and genes, located in a region designated Yα 

(in MATα cells) and Ya (in MATa cells) (Figure 2B). Mating-type specific genes 

encode for proteins that mainly act as transcriptional activators or repressors33. 

Notably, next to the MAT locus, S. cerevisiae contains two other mating-type 

related loci on the very same chromosome (chromosome III), called HML and HMR 

(Figure 2C). HML and HMR are located on the opposite ends of the chromosome 

and comprise silenced mating-type information (either for MATα (HML) or MATa 

(HMR)), thereby providing homologous donor sequences to repair the HO 

endonuclease induced DSB in the MAT locus by homologous recombination.  
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Figure 2. The S. cerevisiae mating-type system.  
(A) Haploid S. cerevisiae cells harbor either a mating-type α (MATα) or a (MATa) allele, and cells of the 
opposing mating-type can mate to form a diploid cell (MATα/a). The mating-type is defined by the 
mating-type locus (MAT).  
(B) The MAT locus consists of different elements, which are designated as W, X, Y, Z1 and Z2. Despite 
the Y element (red representation), all other elements are equal (white representation) in MATα and 
MATa. Only the Y region differs, and contains mating-type specific promoters and partial coding 
sequences that define the mating-type of the cell.  
(C) The MAT locus and additional elements that belong to and are essential for the mating-type system 
locate on chromosome III. At the opposing ends of the chromosome, HML (left chromosome arm) and 
HMR (right chromosome arm) are located. HML and HMR represent silenced mating-type information, 
either for MATα (HML) or MATa (HMR). Mating-type switching is achieved by selective usage (gray 
dashed arrows) of HML or HMR as homologous donor sequences to repair the DSB at the MATa or 
MATα locus, respectively.  
(D) Selective usage of the HML donor homology in MATa cells is achieved by a large chromosomal 
loop, mediated by the RE element. Due to the chromosomal loop, MATa and HML are in spatial 
proximity, enabling selective and efficient repair by the HML donor template.  
(E) Chromosome loop formation in MATa cells depends on Fkh1. Fkh1 binds to the RE element and is 
proposed to interact with phosphorylated threonine residues of unknown proteins directly at the MATa 
locus. Fkh1-RE binding – and thus chromosome loop formation - is prevented in MATα cells, due a 
blocking of the Fkh1 binding sites at the RE by the MATα specific protein Matα2.  
Size and position of DNA elements are not drawn to scale but represent approximations. Size, structure 
and subunit compositions of proteins are arbitrary. CEN3: centromere 3; DSB: DNA double-strand 
break; Fkh1: forkhead transcription factor 1; HO: HO endonuclease; MAT: mating-type locus, P: 
phosphorylated protein residue; RE: recombination enhancer, Tel: Telomere. 
 

Importantly, the decision which of the two intact homologous donor sequences is 

used for repair is not chosen randomly33 (Figure 2C): If the MATα allele is cut in a 

MATα cell, the DSB is almost always (in more than 90% of the cases) repaired by 

using the HMR locus (which contains the silenced mating-type information for 

MATa)34. In contrast, if the MATa allele is cut in a MATa cell, the DSB is almost 
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always (in more than 90% of the cases) repaired by using the HML locus (which 

contains the silenced mating-type information for MATα)34. Consequently, the 

opposing mating-type information (in comparison to the original mating-type 

information at the MAT locus) is copied into the MAT locus, thus enabling switching 

from one mating-type to the other. This so-called donor preference is an important 

feature of the mating-type system and has been intensively investigated35-38. 

A key finding to elucidate donor-preference was the discovery of the 

recombination enhancer (RE) element35,36. The RE element comprises only about 1 

kb and is located on the left arm of the same chromosome as the mating-type 

system, in a distance of only 17 kb to the HML locus36 (Figure 2C). Intriguingly, the 

RE element mediates a large chromosomal loop between the MATa locus and the 

RE element itself37,38 (Figure 2D). Consequently, the RE element and the HML locus 

(which is 17 kb distant to the RE element) are in spatial proximity to the MATa locus 

in MATa cells. Chromosomal looping (and not local chromatin states) leads to the 

preferential usage of the HML donor homology to repair the DSB at the MAT locus, 

as artificial chromosome loop formation phenocopies RE element function38. 

Interestingly, the RE element can promote chromosome loop formation not only in cis 

but also in trans, if artificially placed on another chromosome37. The active RE 

element in MATa cells is bound by the forkhead transcription factor 1 (Fkh1)39 

{Coic:2006hn}, which has been shown to regulate donor preference38. Particularly, a 

phosphothreonine binding motif of Fkh1 is required for donor preference38, possibly 

indicating a direct interaction of Fkh1 with phosphorylated threonine residues of 

proteins directly at the MATa locus38 (Figure 2E). Notably, the RE element is only 

active in MATa cells, as in MATα cells the RE element is bound by the MATα specific 

MATα2-Mcm1 repressor, which prevents binding of additional proteins such as Fkh1 

to the RE element40 (Figure 2E). Nevertheless, how the coupling and thus 

chromosome loop formation between the RE element and the MAT locus is achieved 

in detail, remains to be investigated. 

The RE element is well conserved in the Saccharomyces sensu stricto 

species39, however, conservation in other species has so far not been demonstrated. 

Thus, on the one hand, the existence of two homologous donor sequences on the 

same chromosome as the DSB, and the existence of the RE-mediated donor 

preference represent special features of DSB repair by homologous recombination. 

On the other hand, these special factors open the possibility to investigate the 

influence of donor preference and chromosomal architecture onto DSB repair.  
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2.3 The Recombinase Rad51 
 

Core reactions in homologous recombination, namely homology recognition and 

strand exchange, are mediated by the recombinases Rad51 (in eukaryotes) and its 

homolog RecA (in prokaryotes)41. Both Rad51 and RecA form highly regular right-

handed filaments on ssDNA (nucleoprotein filament), which results in stretching of 

the underlying DNA by a factor of 1.5, and unwinding by 15 degree in respect to 

canonical B-DNA25. ssDNA binding and filament formation depends on the first of two 

DNA binding sites of Rad51/RecA. The second DNA binding site allows binding to 

dsDNA, which is required for invasion of the intact homologous donor sequence and 

thus strand exchange upon D-loop formation25. Importantly, ATP binding is required 

for filament formation, but ATP hydrolysis appears crucial for disassembly25. Notably, 

Rad51/RecA filaments are not static but highly dynamic structures, based on 

nucleation, stabilization and disassembly42.  

In vivo, Rad51/RecA filament dynamics are supported and regulated by so-

called “Rad51/RecA mediators”42. Nucleation on single-stranded DNA represents the 

first step of nucleoprotein filament formation and provides an important example for 

“Rad51/RecA mediator” function, as they facilitate nucleation by overcoming the 

nucleation barrier of single-strand DNA binding proteins (RPA in eukaryotes, SSB in 

E.coli). In yeast, the Rad51 mediator Rad5243 supports the RPA-Rad51 replacement 

(Figure 3A), while the role of Rad52 in vertebrates is more modest and additional 

Rad51 mediator proteins like BRCA244 evolved to perform similar functions. In E.coli, 

RecF, RecO and RecR function as RecA mediators by supporting the replacement of 

the single-strand binding protein SSB to RecA22. Moreover, single-molecule in vitro 

studies on the E.coli system provided valuable insights into the mechanism of 

filament nucleation22: nucleation on SSB-coated ssDNA requires a RecA dimer and 

can occur in parallel at multiple locations along the SSB-coated ssDNA22. Extension 

of the nucleation spot is achieved by addition of RecA monomers to both sides, thus 

filament growth is bidirectional, but 5’-3’ growth is favored22. 

In addition to Rad51 mediators, a group of Rad51 paralogs are thought to 

modulate Rad51 filament dynamics13. Known Rad51 paralogs comprise Rad55, 

Rad57, Shu1 and Psy3 in S. cerevisiae, and RAD51B, RAD51C, RAD51D, XRCC2 

and XRCC3 in mammalian cells13. In contrast to Rad51, these proteins fail to form 

extensive nucleoprotein filaments and fail to catalyze DNA pairing reactions, despite 

sharing with Rad51 the conserved RecA core. Although RAD51C and RAD51D have 
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been implicated as cancer predisposition genes45, the function of Rad51 paralogs 

remains largely unknown. Some detail regarding the function of Rad51 paralogs 

emerged from a recent study on Rad55 and Rad5746. In this study Rad55 and Rad57 

were shown to function together as a heterodimer in supporting Rad51 filament 

stabilization by counteracting the function of the anti-recombinase Srs246.  

 Taken together Rad51 represents a central protein of HR and forms dynamic 

nucleoprotein filaments, highly regulated by Rad51 mediators and Rad51 paralogs. 
 

Figure 3. The recombinase Rad51 - a central protein in homologous recombination.  
(A) Rad51 forms a filament on ssDNA at the DSB, and Rad51 mediators support filament formation. 
Rad51 filaments represent dynamic structures, based on nucleation, stabilization and disassembly. 
Rad51 nucleation on RPA-coated ssDNA is supported by Rad52 (yeast)/BRCA2(vertebrates), whereas 
Rad51 filament stabilization is supported by the heterodimer Rad55/Rad57 which counteracts the 
antirecombinase Srs2.  
(B) Homology search, the process of finding a homologous donor sequence, is largely enigmatic. The 
intact homologous donor sequence can be located on the sister chromatid or on the same or another 
chromosome (for further details see section 2.5).  
BIR: break-induced replication (subpathway of HR); dHJ: double-Holliday junction subpathway of HR; D-
loop: displacement loop; DSB: DNA double-strand break; HR: homologous recombination; MRX: MRX 
complex, consisting of Rad50, Mre11 and Xrs2; SDSA: synthesis-dependent strand annealing 
(subpathway of HR). 
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2.4 Regulation of Homologous Recombination 
 

In addition to the balanced regulation of Rad51 described above, HR activity is 

carefully regulated basically at all other steps of the pathway. This comprises 

numerous additional factors and posttranslational protein modifications, such as 

phosphorylation, ubiquitylation and SUMOylation.  

Phosphorylation events upon DSB formation include phosphorylation 

dependent checkpoint responses47,48, and phosphorylation of Rad5149,50 and histone 

2A (H2A)51. Phosphorylation of H2A (from hereon called γH2A) represents one of the 

earliest events upon DSB formation and is a highly conserved process. It occurs in S. 

cerevisiae directly on H2A at serine 129 and in mammalian cells on H2A.X (H2A 

histone variant, which is estimated to be present in 10% of all nucleosomes) at serine 

13951. Phosphorylation is mediated by checkpoint kinases, and takes place over 

large regions flanking the DSB. This region can extend up to several hundred 

kilobases in yeast52,53 and up to megabases in mammals54. Presently, demonstrated 

roles of γH2A include its function as a recruitment scaffold51, such as for MDC1 in 

mammals (which itself serves also as a recruitment platform; see below) or for the 

chromatin remodelers INO8055,56 and SWR157. Besides INO80 and SWR1, additional 

chromatin remodelers have been implicated in DSB repair20, including SWI/SNF58, 

RSC59,60 and FUN3061,62,63. Suggested functions for the different chromatin 

remodelers range from nucleosome exchange and nucleosome sliding to 

nucleosome eviction. These activities are thought to facilitate DSB repair-associated 

processes such as resection within chromatinized DNA. Nevertheless, detailed 

functions and explanations for redundancy of different chromatin remodelers are just 

beginning to emerge20,64. 

Next to posttranslational protein modification by phosphorylation, particularly 

protein conjugation by ubiquitin and its relative SUMO is an emerging topic in the 

DSB repair field over the recent years65,66,67,68,69.  
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Figure 4. Regulation of homologous recombination.  
(A) 5’-3’-Resection next to the DSB is a multistep process, requiring the MRX complex and Sae2 for 
initial resection, and Sgs1, Dna2 and Exo1 for extensive continuous resection. Moreover, resection and 
all other HR steps have to take place in the context of chromatinized DNA. Consequently, the chromatin 
remodeler RSC and INO80 have been implicated in the initial resection, whereas the chromatin 
remodeler FUN30 has been implicated in facilitating long-range resection.  
(B) Upon DSB formation, a multitude of repair proteins are SUMOylated, catalyzed by the SUMO 
conjugating enzyme Ubc9 and mainly by the SUMO ligase Siz2. SUMOylation of repair factors and 
subsequent interaction with SIM (SUMO interacting motifs) motifs on other repair proteins likely fosters 
complex formation and thereby DSB repair.  
BIR: break-induced replication (subpathway of HR); dHJ: double-Holliday junction subpathway of HR; D-
loop: displacement loop; DSB: DNA double-strand break; HR: homologous recombination; MRX: MRX 
complex, consisting of Rad50, Mre11 and Xrs2; SDSA: synthesis-dependent strand annealing 
(subpathway of HR); SIM: SUMO-interacting motif. 
 

Regarding ubiquitylation as a regulatory mechanism in DSB repair, major findings 

have been made in mammalian cells65,70. It was found that phosphorylated H2AX 

(γH2AX) recruits the scaffold protein MDC1, which itself provides a binding platform 

for the ubiquitin ligase RNF8. Subsequently, RNF8 ubiquitylates histones H2A and 

H2AX, and these ubiquitylated histones in turn recruit additional DNA repair 

proteins71,72,73. In addition to RNF8, several other ubiquitin ligases locate to the DSB 

and function as well in recruiting further repair proteins74,75, resulting in an intricate 

recruitment cascade. Thus, ubiquitylation in DSB repair is particularly known to serve 

as a signaling mark, leading to an entire ubiquitin-dependent DSB signaling 

response66. 
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Regarding SUMOylation as a regulatory mechanism in DSB repair, it has 

recently been shown that – next to SUMOylation of single substrates76,77,78,79,80,81,82 - 

an entire group of DSB repair proteins become SUMOylated upon DSB induction 83 

and other types of DNA damage83,84. Intriguingly, only wholesome removal of 

SUMOylation acceptor sites of different substrates causes a delay in DSB repair83, in 

line with the observed strong phenotypes of SUMO pathways mutants83,85,86,87. This 

led to the model that individual SUMO modifications on different substrates act 

synergistically or redundantly, likely by enhancing protein-protein interactions and 

thus promoting protein complex formation to foster DSB repair83 (Figure 1B). 
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2.5 Homology Search  
 

Homologous recombination (HR) relies on the existence of a homologous donor 

sequence to repair the DSB. Importantly, to enable repair, the homologous donor 

sequence has to get into direct spatial proximity with its DSB-bearing counterpart23, a 

process called homology search. Despite the essential need for homology search, 

most textbooks or reviews omit or only briefly refer13 to homology search, most likely 

because the knowledge about this fundamental step of the pathway is rudimentary24. 

It has been even proposed that the process of homology search does not exist24. The 

following paragraphs define the term homology search, describe the current 

knowledge and discuss hypothetical models for its potential mechanism. 

 Up to now, the majority of available data on homology search derived from 

investigations in vitro. These studies mostly used a short oligonucleotide and a 

plasmid that contains a homologous region to the oligonucleotide. Subsequently, D-

loop formation (base-pairing) between the homologous sequences of the 

oligonucleotide and the plasmid is analyzed (which represents the end-product of 

homology search). Notably, recombinant Rad51 assembled as a filament on the 

oligonucleotide is sufficient for D-loop formation, also even in context of 

nucleosomes88 (nevertheless, homology recognition in the context of 

heterochromatinized DNA requires the Rad51 mediator Rad5489). However, it is 

important to note that these studies rely only on the stochastic movement of Rad51-

coated oligonucleotides and plasmids in solution; thus the encounter of homologous 

sequences is based on probability. Moreover, the probability of an encounter 

between homologous sequences was largely increased in these studies by usage of 

a high number of homologous molecules88. A recent single-molecule analysis 

expanded this experimental setup and analyzed how bacterial RecA detects 

homology on a single DNA template in vitro90. In this study the authors demonstrated 

that the 3-dimensional conformation of DNA is important for homology recognition90. 

Moreover, a contact between the Rad51-coated ssDNA and a non-homologous 

sequence could be visualized for the first time in vitro90. These authors suggested 

that such nonhomologous contacts of the DSB with other DNA parts represent the 

basis for homology search, as homology search likely requires multiple probing for 

the homologous sequence. Nevertheless, single-molecule in vitro studies are also 

limited on the random encounter of the homologous sequences. 
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However, even if the oligonucleotide only randomly encounters its 

homologous sequence on the plasmid, it still has to recognize the homology. 

Consequently, these studies provide valuable insights into homology recognition. 

Hypothetically, homology recognition could be accelerated by short sliding of the 

nucleoprotein filament on the target dsDNA in order to find homologous sequences 

for Watson-Crick base pairing. Indeed, although it has been argued by some authors 

for more than a decade against such a sliding mechanism90,91, sliding was indeed 

recently observed in vitro92. Sliding in vitro is estimated to proceed in a short-range of 

80-300 base-pairs92, in line with previous studies suggesting that long-range sliding 

does not seem to occur91.  

 

 
Figure 5. Analysis of homology recognition and homology search.  
(A) Current data on homology search mainly derive from in vitro assays, which chiefly analyze the last 
step of homology search namely homology recognition or short-range homology search. A widely used 
assay to study D-loop formation (base pairing between the Rad51 nucleoprotein filament and its 
homologous donor sequence; the endproduct of homology search) is based on plasmids and 
oligonucleotides coated with Rad51-filaments.  
(B) Single dsDNA molecules attached in vitro at both ends to beads (which can be moved by magnetic 
tweezers) were used to analyze the impact of stretching/unstretching onto D-loop formation.  
(C) Highly schematic representation of a DSB (red) on one chromosome (light gray; for simplification, 
only 3 of 16 chromosomes are depicted according to S. cerevisiae nuclear organization (see section 5.3 
for more details)). Note that a DSB in vivo consists of two flanking regions of ssDNA, which both harbor 
Rad51 filaments. Moreover, the ssDNA harboring the Rad51 filament is not a separate entity, but is 
attached to the entire DSB-harboring chromosome. How long-range homology search functions in vivo 
under these conditions remains completely enigmatic.  
Note that the molecules schematically represented in (A), (B) and (C) are not depicted on the same 
scale. D-loop: displacement loop; DSB: DNA double-strand break; ssDNA: single-stranded DNA. 
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sequence in vivo (long-range homology search). Moreover, from the biophysical point 

of view, the behavior of a Rad51 nucleoprotein filament likely differs with the respect 

to movement and flexibility, depending on whether it coats a short oligonucleotide or 

a single-stranded part of a chromosome. Hence, the question how homology search 

functions in vivo in the context of entire chromosomes and the nuclear architecture 

has remained elusive. 

Several models regarding the mechanism of homology search in vivo have 

been proposed. Starting from the most extreme view, it has been speculated that 

long-range homology search is not needed in vivo, as only local homology 

recognition (short-range homology search) might be required24. However, such a 

model would require that homologous sequences locate in direct spatial proximity to 

each other, even before a DSB exists. Consequently, this model predicts a 

continuous pairing of all homologous sequences in the genome. Support for this 

model come from the finding that multiple fluorescent in situ hybridization (FISH) 

studies originally implicated pairing of homologous sequences. However, these data 

have been discussed to derive from artificial clustering mediated by the FISH 

methodology23. In addition, it remains questionable how a cell might “know” which 

sequences are homologous to each other (without Watson-Crick base pairing). 

Moreover, constant pairing of homologous sequences would likely cause unwanted 

DNA transactions, like chromosomal translocations. Further in disagreement with a 

pre-pairing model, it could be demonstrated that homologous sequences do not have 

to pre-pair to enable efficient repair of DSB95. Furthermore, repair can even take 

place between homologous sequences on different chromosomes in S. 

cerevisiae37,96,97,98,99,100,101,102,103. 

 The findings that repair can take place between dispersed homologous 

sequences argued for the existence of long-range homology search. Thus an 

alternative model was proposed, namely that homology search functions efficiently 

genome-wide104. Interestingly, this model became the consensual model for 

homology search in many publications, although data regarding an efficient genome-

wide homology search is lacking24. Efficient genome-wide homology search would 

require homology probing of every DNA sequence in the genome. How time-

consuming a potential probing of the entire genome might be has been estimated for 

the genome of S. cerevisiae23, indicating that the search time would exceed the 

actual measurable repair time by multiple orders of magnitude. However, such 

calculations rely on a predefined set of variables. One additional factor that was not 
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present in the original calculation is the recent discovery of an induced chromatin 

movement surrounding the DSB. Using fluorescent imaging of a DSB, different 

studies detected an induced movement of sequences around the DSB in comparison 

to the intact sequence105,106,107. Such enhanced movements of DSBs intuitively 

suggest that the likelihood of encounters between homologous sequences would 

increase. However, evidence for a direct functional link between DSB movement and 

homology search is currently lacking105,106,107. Moreover, even if the movement of a 

DSB would reflect homology search108, it remains questionable whether the 

increased movement would sufficiently enhance the search time to an extent that 

allows for efficient genome-wide searches109.  

 In conclusion, considerable progress has been made in analyzing the 

“behavior” of Rad51 in vitro and how it mediates homology recognition by short-range 

homology search. However, the currently proposed models for the mechanism of 

homology search in vivo are highly controversial, ranging from the model that long-

range homology search does not exist to the model that long-range homology search 

occurs efficiently genome-wide.  

 



Aims of This Study   
 

 19 

3 Aims of This Study 
 
Homologous recombination (HR) is one of the two major pathways to repair DNA 

double-strand breaks (DSB) and is thus pivotal for genome integrity. The HR 

pathway is largely error-free as it is based on the usage of an intact homologous 

donor sequence to repair the DSB.  

 Although HR has been studied for decades, homology search, the crucial 

step of exploring the genome for the intact homologous donor sequence, remained 

largely enigmatic. Current information about homology search is primarily based on 

in vitro experiments analyzing homology recognition. But how homology search might 

function in vivo in the context of entire chromosomes and the crowded nuclear 

environment remained puzzling, and hypothetical models range from an efficient 

long-range genome-wide scanning mechanism to the idea that long-range homology 

search does not exist at all in vivo. 

To shed light into this central step of homologous recombination, this study aimed 

to visualize this process for the first time in vivo. The Jentsch lab demonstrated 

previously that a single persistent DNA double strand break results in an almost 

chromosome-wide binding-profile of the recombinase Rad51. The aim of this PhD 

thesis was to investigate this intriguing finding in more detail and to test whether this 

observed broad Rad51 distribution is linked to homology search. Specifically, we 

hypothesized that the observed broad Rad51 distribution correspond to transient 

encounters of the Rad51-coated DNA ends with chromosomal locations during 

homology probing. 
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4 Results 
4.1 Homology Search Can Be Monitored in vivo by Rad51 ChIP 

4.1.1 Broad Distribution of Rad51 ChIP Signals upon a Single DSB 
 

In line with Rad51 nucleoprotein filament formation on single-stranded DNA (ssDNA) 

around the DSB, the recombinase Rad51 was found in multiple studies to bind 

directly next to the DSB in vivo110,111. These studies performed Rad51 chromatin-

immunoprecipitation (ChIP) experiments upon a single inducible DSB in the yeast 

mating-type system, using a S. cerevisiae strain in which the DSB cannot be repaired 

by homologous recombination** due to the deletion of the HML and HMR donor 

templates (“donor-deficient” strain). Importantly, these studies investigated Rad51-

binding only in direct proximity of the DSB (mostly up to 10 kb up- and downstream) 

and at homologous donor sequences110,111.  

In contrast, the Jentsch laboratory investigated for the first time Rad51-

binding upon a single DSB genome-wide. For this analysis the same donor-deficient 

strain was used as in the studies described above, but additionally combined Rad51 

ChIP experiments with whole genome tiling arrays (ChIP-chip)76. Intriguingly, this 

experiment revealed Rad51 ChIP signals not only in direct proximity of the single 

DSB, but also very distant to the DSB (Figure 6). These DSB-distant Rad51 ChIP 

signals increased over time, covering almost the entire chromosome III 5 hours after 

DSB induction (on which the mating-type system and thus the single DSB are 

located). In particular, these DSB-distant Rad51 ChIP signals were mainly only 

detectable on the effected and not on other chromosomes (Figure 6).  

The observed broad Rad51 distribution is in stark contrast to the previously 

reported Rad51 ChIP signals only in direct proximity of the DSB (where Rad51 

filament formation takes place). We thus considered different models that might 

explain the broad Rad51 distribution. Hypothetically, these signals might have 

derived from Rad51-filament formation on the entire chromosomal axis, either on 

dsDNA or ssDNA (due to hypothetical long-range resection). Alternatively, Rad51 

might assemble nonspecific on different chromosomal parts due to high nuclear 

protein level.  

                                                
** NHEJ can be neglected, as is occurs rarely in S. cerevisiae33. Moreover, even if the HO cut site is 
repaired by NHEJ, it will be cleaved again by the HO endonuclease33. 
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Figure 6. DSB-distant Rad51 signals upon a single DSB cover almost the entire DSB-harboring 
chromosome.  
(A) A single DSB on chromosome III in the MAT locus results in a broad signal of the recombinase 
Rad51 (analyzed 5 hours upon DSB induction by Rad51 chromatin-immunoprecipitation combined with 
a genome-wide tiling-array (ChIP-chip)), but only on the effected chromosome (depicted are all 16 
nuclear chromosomes and the mitochondrial (mito) genome).  
(B) As in (A), but including a time-resolved analysis and highlighting chromosome III. DSB-distant 
Rad51 signals can be detected already 1 hour after HO expression induction (DSB induction), and 
largely locate to the right arm of chromosome III. Asterisks denote artificial peaks that arise due to being 
homologous to the MAT locus.  
Data are depicted on a linear scale. Gaps in ChIP-chip data correspond to repetitive DNA. Chr.: 
chromosome; DSB: DNA-double-strand break; IN: input; IP: immunoprecipitation. (Figure taken from 76) 
 

However, both models appeared rather unlikely, as an almost chromosome-wide 

long-range resection and a nonspecific assembly of the recombinase Rad51 appear 

detrimental for genome stability. We thus entertained a different model in which we 

hypothesized that the broad distribution of Rad51 might originate from ongoing 

homology search (Figure 7).  

In this “ongoing homology search” model we envisioned that the Rad51 

signals directly at the DSB originate from the Rad51 nucleoprotein filament on 

ssDNA, whereas the DSB-distant Rad51 signals originate from transient encounters 

of the Rad51-coated DSB ends with other chromosomal regions during the process 

of homology search (Figure 7). Specifically, we hypothesized that the Rad51-directed 

ChIP experiments resulted also in signals derived from “frozen” interactions (by 

protein-DNA crosslinking) of the Rad51 nucleoprotein filament with chromosomal 

DNA during homology search. As homology search is unlikely to take place at the 

same locations at the same time in different cells, we assumed that the signal 
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intensity of the Rad51-directed ChIP (which derive from a large pool of cells) would 

directly reflect the average of homology search at the respective chromosomal 

location over all cells (Figure 7B). 

 

 
 

Figure 7. Model for a correlation between Rad51 ChIP signals and homology search.  
(A) If a single DSB is present on one chromosome (for simplification, only 3 of 16 chromosomes are 
shown (chr. X, Y, and Z)), the DSB can be repaired via ectopic recombination by using a homologous 
donor template (green) either on the same or on another chromosome (depicted here). This requires 
direct spatial proximity between the DSB-harboring sequence and its homologous donor sequence. But 
how these homologous sequences come into direct spatial proximity (red dashed arrow) by the process 
of homology search remains enigmatic. We hypothesized that monitoring Rad51 signals in a genome-
wide manner upon DSB induction might visualize homology search in vivo: It has previously been 
demonstrated that Rad51 binds directly next to the DSB (see scheme 1) and also to the homologous 
donor sequence once homology search was successful (see scheme 3). We speculated that Rad51 
ChIP experiments additionally result in Rad51 ChIP signals at all searched non-homologous sequences 
(see scheme 2), as homology probing requires direct proximity of Rad51-bearing DSB and the searched 
sequences.  
(B) Data resulting from ChIP experiments represent the average of a high number of cells. As homology 
search likely does not take place at the same place at the same time in different cells, a high Rad51 
ChIP signal intensity at one specific DSB-distant location would indicate homology search at this 
location in many cells.  
ChIP: chromatin-immunoprecipitation; chr: chromosome; DSB: DNA-double-strand break; ssDNA: 
single-stranded DNA. 
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4.1.2 DSB-distant Rad51 ChIP Signals are Specific 
 

To address the origin of DSB-distant Rad51 ChIP signals, we first established 

Rad51-directed ChIPs combined with quantitative real-time PCR (RT-qPCR). ChIP-

RT-qPCR has the advantage of being highly quantitative and less time-consuming in 

comparison to genome-wide profiling by ChIP-chip. 

 First, we induced a DSB in the same experimental mating-type system 

described above. Specifically, DSB-induction was performed by the addition of 

galactose – which induces the expression of the HO endonuclease - to a 

exponentially-grown donor-deficient MATα strain. Thereafter, samples were 

crosslinked with formaldehyde at time points reflecting early (1 and 2 hrs) and later (5 

hrs) events in DSB repair. Subsequent Rad51-directed ChIP and RT-qPCR analysis 

at different chromosomal locations revealed not only high Rad51 signals in direct 

proximity to the DSB (using primer pairs 0.2 and 6 kb downstream), but also Rad51 

signals in far distance of the DSB (using primer pairs 54 and 75 kb downstream) 

(Figure 8A).  

 

 

Figure 8. DSB-distant Rad51 signals can be detected by Rad51-directed ChIP analyzed by RT-
qPCR.  
(A) Top: Map of chromosome III of a donor-deficient MATα strain depicting the MATα locus (where a 
DSB can be induced by HO endonuclease), deleted HML and HMR sequences, recombination enhancer 
(RE), and centromere (black dot). Bottom: Rad51-directed ChIP at 0.2, 6, 54, and 75 kb away from the 
DSB. Rad51 enrichments are shown for the donor-deficient MATa WT strain and the mutant derivative 
deficient in Rad51. Data are depicted on a log2 scale and as the mean ±SEM (standard error of the 
mean; n=3) of IP/Input ratio normalized to a control locus (chromosome X) and to the 0 hr time point.  
(B) Samples of (A) were analyzed for DSB induction using a PCR primer set (blue) spanning the DSB. 
Loss of PCR products is an indicator for efficient DSB formation. DSB induction occurs similarly in WT 
and the mutant derivative deficient in Rad51. Data are depicted on a linear scale as mean ±SEM 
(standard error of the mean; n=3) and are normalized to a control locus and against the signal before 
DSB induction (set to 100%).  
DSB: DNA-double-strand break; HO: HO endonuclease; P: primer; RE: recombination enhancer 
element; RT-qPCR: quantitative real-time PCR; Tel: Telomere. 
 

1024

32

1

A
0$7њ¨HML ¨+05

Tel. Tel.

5(

DSB

R
ad

51
 

(fo
ld

 e
nr

ich
m

en
t)

0

WT
уUDG��

21 5 0 21 5 0 21 5 0 21 5

WT

DSB (HO) induction (hr)

уUDG��

0
0

25

50

75

100

1 2 5

DSB

0$7њ

P

P

0
$7

њ 
in

ta
ct

 (%
)

0.2 kb to DSB (201 kb) 6 kb to DSB (206 kb) 54 kb to DSB (254 kb) 75 kb to DSB (275 kb)

B

DSB (HO) induction (hr)

Chromosome III



Results                                                                  Monitoring Homology Search in vivo 
 

 24 

To control the specificity of the ChIP signals for Rad51, the same experiment was 

performed in parallel in a mutant derivative strain deficient in Rad51 (Δrad51). This 

experiment revealed only background ChIP signals, thus conforming the specificity of 

the Rad51 ChIP analysis (Figure 8A). Moreover, equally efficient induction of the 

DSB in WT and Δrad51 strains was controlled by a previously established 

quantitative method (using a primer pair for RT-qPCR analysis that spans the HO 

recognition sequence), in which loss of the PCR product gradually reflects DSB 

induction112 (Figure 8B).  

Notably, the DSB-distant Rad51 ChIP signals are considerably lower as the 

DSB-proximal Rad51 signals. This result is in line with the proposed model, in which 

the high DSB-proximal Rad51 signals would represent the Rad51 nucleoprotein 

filament at the DSB in all cells, whereas the lower DSB-distant Rad51 signals would 

represent transient snapshots of the ongoing homology search (which searches at 

different locations in different cells, thereby diluting the signal). The difference 

between the signal intensity proximal and distal to the DSB is most pronounced in the 

RT-qPCR analysis in comparison to the tiling-array analysis (ChIP-chip) (Figure 6 

and Figure 8A), as very high signals become under-represented in ChIP-chip 

experiments. 

 In summary, we concluded that Rad51 chromatin-immunoprecipitation 

experiments are specific for Rad51, can be combined with RT-qPCR analysis and 

detect DSB-distant Rad51 ChIP signals. 
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4.1.3 DSB-distant Rad51 ChIP Signals Depend on Rad52 and Rad55/Rad57 
 

Next we tested whether the DSB-distant Rad51 ChIP signals depend on known 

Rad51 mediators. Therefore, we analyzed DSB-distant Rad51 ChIP signals by RT-

qPCR in mutant derivative strains deficient for the Rad51-loading factor Rad52, and 

the Rad51-stabilization factors Rad55 and Rad57. In all these mutants, Rad51 was 

unable or strongly hampered to form a filament at the DSB (Figure 9A and 110,111). In 

addition, also the DSB-distant Rad51 signals were lost in the mutant strains (Figure 

9A) despite similar DSB-induction efficiencies compared to the WT strain (Figure 9B).  

Moreover, by analyzing Rad51 protein levels on a Western-blot upon SDS-gel 

separation with a Rad51 antibody (same as used in the ChIP experiments described 

above), we discovered that the Rad51 protein levels increase over time upon 

induction of a single DSB (data not shown). Importantly, this increase in Rad51 levels 

upon DSB induction was not affected in the mutant derivative strains deficient for 

Rad52, Rad55 and Rad57 (data not shown). This finding excludes the possibility that 

the DSB-distant Rad51 signals derive artificially from high Rad51 protein levels in the 

nucleus. Moreover, the dependency on known Rad51 mediators suggests that the 

DSB-distant Rad51 signals derive from specifically assembled Rad51. 

 

 
 

Figure 9. The DSB-distant Rad51 signals depend on the Rad51 mediators Rad52 and 
Rad55/Rad57.  
(A) Rad51-directed ChIP at 0.2, 6, 54, and 75 kb away from the DSB. Rad51 enrichments are shown for 
the donor-deficient MATα WT strain and mutant derivatives deficient in Rad52, Rad55 and Rad57. Data 
are depicted on a log2 scale and as the mean ±SEM (standard error of the mean; n=3) of IP/Input ratio 
normalized to a control locus (chromosome X) and to the 0 hr time point.  
(B) Samples of (A) were analyzed for DSB induction using the same method as in Figure 8B. DSB 
induction is as efficient in WT as in mutant derivatives deficient in Rad52, Rad55 or Rad57. Data are 
depicted on a linear scale as mean ±SEM (standard error of the mean; n=3) and are normalized to a 
control locus and against the signal before DSB induction (set to 100%).  
DSB: DNA-double-strand break; HO: HO endonuclease; P: primer; RE: recombination enhancer 
element; Tel: Telomere.  
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4.1.4 DSB-distant Rad51 ChIP Signals are a General Phenomenon upon 

Single DSBs in Saccharomyces Cerevisiae 
 
To further investigate the model that the DSB-distant Rad51 ChIP signals might be 

linked to homology search, we tested whether DSB-distant Rad51 ChIP signals are 

general, and not a specialty of the evolved mating-type system in S. cerevisiae. 

Therefore, we first cloned single HO cleavage sites at central locations of 

chromosome I or chromosome IV (in strains harboring a deletion of the endogenous 

HO cleavage site in the MAT locus on chromosome III), the smallest and the second 

largest chromosome of S. cerevisiae, respectively. DSB formation was induced by 

expression of HO endonuclease under control of a galactose-inducible promoter, and 

chromosomal Rad51 ChIP profiles were followed by ChIP-chip.  

 

 
Figure 10. The DSB-distant Rad51 ChIP signals are a mating-type independent phenomenon 
upon a single DSB.  
(A) Rad51-directed ChIP-chip using a strain bearing a single HO-cleavage site (red arrow) on a central 
location of chromosome I (120 kb). Profiles for all chromosomes are shown 5 hrs after HO expression. 
In addition to the symmetric Rad51 distribution surrounding the DSB on chromosome IV, small Rad51 
enrichments are detectable around centromeres (blue dots) of all chromosomes, and on the left arm of 
chromosome III, peaking at the RE element. The origin of these signals are discussed in detail in 
sections 4.2.1 and 4.2.2. Single spikes in the ChIP-chip data correspond to single oligonucleotides, and 
are hybridization artifacts.  
(B) As in (A), but using a strain bearing a single HO-cleavage site (red arrow) on a central location of 
chromosome IV.  
(C) As in (A), but using a strain bearing a single SceI-cleavage site (red arrow) on a central location of 
chromosome IV (491 kb).  
ChIP-chip data represent the mean of two experiments, including a dye swap experiment (for details see 
Materials and Methods, section 6.3.4). Data are depicted on a log2 scale. Blue dots represent position 
of centromeres. Gaps in ChIP-chip data correspond to repetitive DNA. Chr: chromosome; DSB: DNA-
double-strand break; HO: HO endonuclease; SceI: SceI endonuclease. 
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Indeed, similar to the findings described above, Rad51 ChIP signals were not only 

detectable in direct proximity to the DSB, but also very distant to the DSB, 

encompassing the entire chromosome I (230 kb) and up to approximately 500 kb on 

chromosome IV (Figure 10A and B). Moreover, analogous to the situation in the 

mating-type system, the majority of the Rad51 ChIP signals located on the broken 

chromosome †† (Figure 10A and B).  

To further exclude the possibility that the observed behavior of Rad51 is a 

special phenomenon of the evolved MAT system, we created a strain that harbors a 

recognition sequence for the SceI endonuclease instead of the HO endonuclease 

cleavage site (which is naturally present in the MAT system) on chromosome IV. 

Expression of the SceI endonuclease under control of a galactose-inducible promoter 

was achieved from a plasmid. Again, Rad51 ChIP-chip experiments revealed a 

similar broad distribution of Rad51 ChIP signals 5 hours after DSB induction, mainly 

covering large parts of the affected chromosome (Figure 10C).  

In conclusion, the broad distribution of Rad51 ChIP signals upon DSB 

formation is not a specialty of the mating-type system. However, in contrast to the 

asymmetrical behavior of the Rad51 ChIP signals in the MAT system, the Rad51 

ChIP signals broaden apparently symmetrical on chromosomes I and IV (Figure 10A-

C). The cause of this difference will be discussed in section 4.1.6 and 4.2.1. 

 

 

 

  

                                                
†† Notably, additional minor Rad51 ChIP signals on the left arm of chromosome III and around the 
centromeres of all other chromosomes can be detected and are discussed in detail in sections 4.2.1 and 
4.2.2. 
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4.1.5 DSB-distant Rad51 ChIP Signals Exceed the Area of Resection 
 
Prompted by these findings, we next tested whether the DSB-distant Rad51 ChIP 

signals indeed exceed the maximal distance of resection. This would be in line with 

the model that the DSB-distant Rad51 ChIP signals derive from snapshots of 

ongoing homology search and not from a Rad51 nucleoprotein filament on ssDNA 

caused by long-range resection. 

 To directly compare the extent of Rad51 ChIP signals with the extent of 

resection, we decided to monitor the binding profile of the ssDNA-binding factor RPA 

and the Rad51-loading mediator Rad52. RPA binds exclusively to ssDNA113; hence 

monitoring its binding pattern upon DSB formation does indirectly measure the extent 

of resection114. First, we performed ChIP with an antibody against endogenous RPA 

(described to recognize all three subunits of RPA, namely Rfa1, Rfa2 and Rfa3) in a 

donor-deficient MATα strain (as for Rad51). This experiment revealed a 10-fold 

enrichment of RPA directly next to the DSB (0,2 kb) 5 hours after DSB induction, but 

no signal at more distant locations at which the DSB-distant Rad51 ChIP signals can 

be detected (54 and 75 kb) (Figure 11A). This finding suggests that the extend of 

resection (ssDNA) is limited in comparison to the broad distribution of Rad51 ChIP 

signals. Nevertheless, the 10-fold enrichment of RPA observed at the DSB is rather 

low in comparison to the high Rad51 enrichment at the DSB.  

We thus aimed to exclude the possibility that the absence of RPA ChIP 

signals at DSB-distant locations is due to detection limitations. Therefore, we 

expressed a C-terminally epitope-tagged version of the Rfa1 subunit of RPA (9-myc 

tag) from its endogenous genomic location and promoter. To control for the 

functionality of the Rfa1-9myc protein, we tested the efficiency of DSB-induction 

(Figure 11B) and performed growth assays under normal and DSB inducing 

conditions (by addition of the DSB-inducing agent zeocin) (Figure 11C). This 

revealed – if at all – only a highly marginal phenotype upon zeocin treatment caused 

by the 9-myc tag (Figure 11C). We therefore performed ChIP with an anti-myc 

antibody and analyzed the fold enrichment by RT-qPCR proximal and distal to the 

DSB. Interestingly, the fold enrichment proximal to the DSB is considerably 

enhanced, but is still almost absent at locations distal to DSB (Figure 11A), 

confirming the results described above using an antibody against endogenous RPA. 
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 Of note, the untagged control strain resulted in a small artificial background 

signal directly at the DSB, an experimental artifact known to be caused by the 9-myc 

tag (data not shown and personal communication Claudio Lademann).  

 

 
Figure 11. RPA- and Rad52-directed ChIP experiments upon induction of a single DSB.  
(A) Upper panel: RPA-directed ChIP experiment, revealing signals (0, 2, 5 hrs after DSB induction) 0.2 
kb next to the DSB, but not at distant sites (54 and 75 kb to the DSB). Lower panel: Similar to the upper 
panel, but detecting the RPA subunit by a Myc-directed ChIP in Rfa1-9myc expressing strain.  
(B) Samples of (A; lower panel) were analyzed for DSB induction as in Figure 8B. Rfa1-9myc cells 
induce the DSB as WT.  
(C) Equal amounts of cells of the indicated MATα donor deficient strains were spotted in serial 5-fold 
dilutions (from left to right) onto media plates (YPD), either with or without the DSB-inducing agent 
zeocin. Mutant derivatives strains deficient for Rad51 and Rad52 were spotted as controls. Images were 
taken after 48 hours of growth at 30 °C.  
(D) Rad52-directed ChIP experiment revealing signals (0, 2, 5 hrs after DSB induction) 6 kb next to the 
DSB, but not at distant sites (54 and 75 kb to the DSB). The absence of signals in the Δrad52 mutant 
strain demonstrates the specificity of the Rad52-directed ChIP.  
(E) Samples of (D) were analyzed for DSB induction as in Figure 8B. The experiment indicates similar 
DSB induction in WT and Δrad52 cells.  
Despite (B) and (E), all data are depicted on a log2 scale. Data are depicted as the mean ±SEM 
(standard error of the mean; n=3) of IP/Input ratio normalized to a control locus (chromosome X) and to 
the 0 hr time point. Chr: Chromosome; DSB: DNA-double-strand break; HO: HO endonuclease; P: 
primer; RE: recombination enhancer element; Tel: Telomere. 
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As for RPA, we also performed ChIP with an antibody against endogenous Rad52. 

As Rad52 replaces RPA with Rad51, we expected similar ChIP signals for Rad52 as 

for RPA. Indeed, Rad52 can be detected proximal to the DSB, but not at specific 

locations distal to the DSB at which Rad51 can be detected (Figure 11D and E). 

To compare the extent of resection with the DSB-distant ChIP Rad51 signals 

in detail in a chromosome-wide and time-resolved manner, we next performed ChIP-

chip against Rfa1-9myc and Rad52. As expected from the RT-qPCR experiments, 

the resulting ChIP profiles revealed major differences in comparison to the Rad51 

ChIP profiles (Figure 12A). Whereas Rad51 ChIP signals distribute already 1 hour 

after DSB induction asymmetrically over a large part of chromosome III (especially 

the right arm), RPA and Rad52 decorate only a highly confined region around the 

DSB (Figure 12A). 

The region of RPA and Rad52 ChIP signals increases symmetrically over 

time, with a maximal extent of approximately 20-30 kb to both sides of the DSB after 

5 hours (Figure 12A). This is generally consistent with previous measurements of 

resection rates115, however our values are about 2-3 fold larger. This difference might 

be explained by the fact that previous measurements relied on signal-loss (loss of 

dsDNA), whereas we analyzed signal-gain (gain of RPA signals). Nevertheless, the 

values determined by the two different assays indicate that the DSB-distant Rad51 

ChIP signals exceed by far the maximal area of resection. To confirm this finding 

independently of the MAT system, we performed time-resolved ChIP-chip 

experiments against Rfa1-9myc in a strain containing a single HO cleavage site on 

chromosome IV. Like for DSB formation in MAT, the broad Rad51 distribution 

significantly exceeded the maximal binding pattern of RPA ‡‡ (Figure 12B).  

Notably, the simultaneous detection of RPA and Rad51 ChIP signals might 

appear contradictory to a model of mutual exclusive replacement of RPA to Rad51, 

but can be explained by recent findings that Rad51 loading might occur in patches22) 

or by continuous RPA/Rad51 exchanges. Both would result in patches of RPA and 

Rad51 on the ssDNA - likely in every cell at a different position - and would thereby 

result in the observed RPA ChIP signals despite also detecting Rad51 ChIP signals 

in parallel. In line, immunohistochemistry experiments upon DSB induction revealed 

parallel staining of RPA and Rad51 in more than 80% of DSB foci (data not shown).  

                                                
‡‡ Notably, whereas the main binding of RPA is confined to 20-30 kb to both sides of the DSB, additional 
lower but reproducible RPA binding signals can be detected in the chromosome IV system as well as in 
the MAT system (Figure 12A and B). The potential origin and function of these signals are discussed in 
detail in section 4.3.1. 
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In summary, the Rad51 ChIP signals distribute over a much broader 

chromosomal area than the maximal region of RPA and Rad52 ChIP signals and 

thus the maximal extent of resection. Consequently, the DSB-distant Rad51 signals 

cannot derive from a Rad51 nucleoprotein filament on ssDNA that extends from the 

DSB to the chromosome ends. Instead, the data further support the model that the 

DSB-distant Rad51 ChIP-signals correspond to “snapshots” of ongoing homology 

search. 

 
Figure 12. DSB-distant Rad51 ChIP signals exceed the area of resection.  
(A) Top: Map of chromosome III of donor-deficient MATα. Bottom: Time-resolved ChIP-chip profiles of 
Rad51, Rad52, and RPA (Rfa1-9myc) for chromosome III obtained 1, 2 and 5 hrs after HO induction. 
Asterisks denote experimental Rad52 and RPA peaks, which resulted from the use of tiling arrays that 
(unlike the strains used for ChIP) harbored HML and HMR sequences. Note that different tiling arrays 
(with a different median genome probe density) were used for Rad51, RPA and Rad52 ChIP-chip 
experiments (see Materials and Methods, section 6.3.4), which has been controlled to not affect the 
overall results (data not shown).  
(B) Time-resolved ChIP-chip of Rad51 (same data as in Figure 10) and RPA (Rfa1-9myc) obtained in 
the strain of Figure 10A (single HO-cleavage site on chromosome IV). Profiles for a region of 
chromosome IV (200 – 800 kb) are shown before (0 hr) and 2 and 5 hrs after HO induction.  
Red arrows and red dashed lines indicate DSB positions. ChIP-chip data represent the mean of two 
experiments and are depicted on a log2 scale. Gaps in ChIP-chip data correspond to repetitive DNA. 
DSB: DNA-double-strand break; HO: HO endonuclease; RE: recombination enhancer element; Tel: 
Telomere.  
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4.1.6 DSB-distant Rad51 ChIP Signals are Indicative of Recombination 

Competence 
 
A key prediction of the ongoing homology search model is a correlation between 

Rad51 ChIP signal intensity and recombination competence: If the DSB-distant 

Rad51 ChIP signals indeed monitor homology search, a high Rad51 signal at one 

location would indicate that homology search takes place at this location in many 

cells. Thus, if a homologous donor sequence would be present at a location with a 

high Rad51 ChIP signal intensity, the homologous donor sequence should efficiently 

be used for repair. Conversely, if a homologous donor sequence would be present at 

a location where a lower Rad51 ChIP signal can be detected, it should be less 

efficiently used for repair. 

 To test this prediction we took advantage of the mating-type donor 

preference. Cells harboring the MATα allele at MAT efficiently use the donor 

sequence of the HMR locus (which is located on the right side of the DSB), whereas 

cells harboring the MATa allele at MAT efficiently use the donor of the HML locus 

(which is located on the left side of the DSB)33. Importantly, this donor preference 

does not result from differences in local chromatin states33. We thus assumed that 

homology search might preferentially take place on the right side of the DSB in MATα 

cells, and on the left side of the DSB in MATa cells. Intriguingly, as described above, 

the DSB-distant Rad51 ChIP signals indeed preferentially locate to the right side of 

the DSB in MATα cells (Figure 13A), thus reflecting donor preference in MATα cells. 

To test whether this phenotypic behavior is changed according to donor-preference 

in MATa cells, we performed Chip-chip against Rad51 upon DSB induction in MATa 

cells. Strikingly, in these cells Rad51 ChIP signals distribute preferentially on a broad 

region on the left arm of chromosome III already 1 hour after induction of the DSB 

(Figure 13B), in line with donor preference in MATa cells. This is in stark contrast to 

MATα cells in which only weak Rad51 ChIP signals are present in this region even 

after 2 hours (Figure 13A), whereas high Rad51 ChIP signals appear to the right side 

of these cells. Hence, the DSB-distant Rad51 ChIP signals correlate with mating-type 

donor preference. 

Interestingly, we observed a broad DSB-distant Rad51 ChIP peak on the left 

arm of chromosome III in MATa cells (Figure 13B). This peak exactly locates to the 

recombination enhancer (RE) element and is absent in MATα cells (Figure 13A). As 

described above, the RE element has been shown to be sufficient for the 
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establishment of donor preference in MATa cells35,36. Upon RE deletion, MATa cells 

behave as MATα cells and use the HMR locus on the right side for repair (instead of 

the HML locus on the left side). We thus deleted the RE element in MATa cells (RE 

was deleted by deleting 800 bp of the RE, which has been shown to be the main 

element for RE function36; this deletion does not interfere with neighboring gene 

function, but the residual RE sequences retain marginal donor preference activity36) 

and investigated potential changes in the Rad51 profile. Intriguingly, deletion of the 

RE was sufficient to completely change the MATa Rad51 profile to the MATα Rad51 

profile (Figure 13C), again reflecting the known donor preference of this strain.  

Notably, DSB-distant Rad51 ChIP signals can be detected on the right side of 

the DSB in all of the different mating-type strains (Figure 13A-C). Also this is in 

agreement with a model in which the DSB-distant Rad51 ChIP signals reflect 

homology search, as it has been previously shown that also MATa cells (which 

“normally” use the HML locus on the far left side for repair) can repair the DSB by 

using the HMR locus on the right side if HML is absent34. Conversely, MATα cells 

can use the normally inefficient HML donor if HMR is absent34, which is also in line 

with Rad51 signals emerging in MATα cells at the left arm of chromosome III at late 

time points (Figure 13B). Thus, the repair decision is most likely a matter of kinetics: 

the donor sequence that is earlier in closer proximity of the DSB is used for repair. To 

quantitatively address this aspect, we performed Rad51 ChIP in MATα, MATa and 

MATa ΔRE strains analyzed by RT-qPCR (Figure 13D). Indeed, in MATa cells the 

Rad51 signal after 1 hour is higher around the “correct” HML donor homology on the 

left side in comparison to the Rad51 signal to the HMR donor homology on the right 

side.  
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Figure 13. The DSB-distant Rad51 ChIP signals correlate with donor preference in the mating-
type system.  
(A-C) Top: Maps of chromosome III of donor-deficient MATα, MATa, MATa ΔRE (deleted for the 
recombination enhancer (RE) element) strains and known donor preferences (green arrows; ~90% 
donor preference in each strain according to 36) of similar repair-proficient strains. Bottom: Rad51-
directed ChIP-chip profiles of these strains obtained 1, 2, and 5 hrs after HO induction. Rad51-directed 
ChIP-chip data of (A) are identical to those of Figure 12G and used for comparison. Positions of the 
DSB (red dashed lines) and RE (blue dashed lines) are indicated. Gaps in the profiles correspond to 
repetitive DNA  
(D) Rad51-directed ChIP experiments quantitatively analyzed by RT-qPCR controlling the difference in 
the Rad51 profile between MATα, MATa, and MATa ΔRE cells. Note that 1 hr after DSB induction the 
ChIP-signals for Rad51 in MATa cells are relatively low (delayed) 75 kb distant to the right of the DSB, 
but conversely relatively high 187 kb distant to left of the DSB.  
(E) Representation of the results from (A-C) without normalization to the 0 hr dataset, and in comparison 
to recombination efficiency data. Green indicates Rad51 enrichment, red depletion. The lower map 
shows positions (red dots) where donor-sequences had been inserted and recombination efficiency (in 
percentage; data from 36) with MAT determined.  
All data are depicted on a log2 scale. ChIP data are depicted as the mean ±SEM (standard error of the 
mean; n=3) of IP/Input ratio normalized to a control locus (chromosome X) and to the 0 hr time point. 
ChIP-chip data represent the mean of two experiments. Gaps in ChIP-chip data correspond to repetitive 
DNA. Chr: Chromosome; DSB: DNA-double-strand break; HO: HO endonuclease; RE: recombination 
enhancer element; Tel: Telomere. 
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reported to be high (90, 88%) when HMR was inserted at positions (12 kb [natural 

position of HML], 41 kb) where the Rad51 ChIP signal intensity is also high, whereas 

recombination was reported to be low (44%, 50%, 25%) when HMR was inserted at 

positions (at 67, 91, 133 kb) where the Rad51 ChIP signal intensity in our profile are 

also low (Figure 13E). Thus, this comparison substantiates a correlation between the 

Rad51 signal intensity and recombination competence.  

To further corroborate the correlation between the DSB-distant Rad51 ChIP 

signals and recombination competence, we constructed MAT-independent donor-

proficient strains §§. In brief, an HO-cleavage site was integrated at the very same 

chromosomal location (491 kb) on chromosome IV as in the experiments before, but 

included flanking sequences of the GFP open-reading frame. In addition, the same 

sequence with an uncleavable HO site was integrated at three alternative locations 

on the same chromosome (134, 304, and 329 kb from the DSB, respectively), 

thereby providing donor sequences for repair. To be able to exclusively monitor DSB 

repair by the donor homology, a 23 bp “unique” sequence was integrated into the 

donor homology. If DSB repair takes place via gene conversion using the donor 

homology, this short unique sequence is copied next to the DSB, which can be 

monitored by PCR using specific primers. According to our model and the data 

describe above, a homology should be more efficiently used if it is integrated at 

locations of high Rad51 ChIP signals compared to locations of lower Rad51 ChIP 

signals. Indeed, we found that a donor homology was more efficiently for repair if it 

located at 134 kb distance to the DSB (in a region of high Rad51 ChIP signals) 

compared to locations in 304 and 329 kb distances (in regions of low Rad51 ChIP 

signals). 

Taken together, the DSB-distant Rad51 ChIP signals correlate well with 

recombination competence. Particularly, this observation also excludes the 

hypothetical model that the observed Rad51 ChIP profile may have derived from 

Rad51 molecules assembled unspecifically along dsDNA away from the DSB at 

MAT. 

 

  

                                                
§§ As these experiments were mainly performed by Claudio Lademann (PhD student in the lab), the 
corresponding data is not illustrated in this thesis, but shortly mentioned due to their significance for the 
ongoing homology search model. 
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4.1.7 DSB-distant Rad51 ChIP Signals are Traceable during Active Repair 
 

We showed that DSB-distant Rad51 ChIP signals precisely correlate with the 

recombination competence (donor preference) in the MAT and a MAT-independent 

system. As these data derived from donor-deficient strains, they also suggested that 

homology search does not require the presence of a homology. To test this, we 

measured repair kinetics and monitored Rad51 in a donor- and thus repair-proficient 

MATa strain that harbored the HML locus at its endogenous location as a 

homologous donor sequence. Repair kinetics were measured by RT-qPCR using a 

primer pair which only gives rise to a product if repair takes place (Figure 15A, top 

part). Despite the great distance (if the chromosome is depicted linearly) between the 

DSB and the HML donor homology located at the left end oft chromosome III, repair 

is highly efficient, starting approximately 1 hour after DSB induction (Figure 14A). In 

line with previously published data111, the repair product increases over time, with 

most cells repairing the DSB between 2 to 5 hours after induction (Figure 14A). To 

monitor the DSB-distant Rad51 ChIP signals in this repair proficient strain, we first 

performed RT-qPCR with primers proximal to the DSB (6 kb downstream), close to 

the HML donor homology (177 kb upstream of the DSB) and at the RE element (171 

kb upstream of the DSB) (Figure 14B). Indeed, a signal for Rad51 not only proximal 

but also distal to the DSB can be detected (Figure 14B). 

 

 
Figure 14. The DSB-distant Rad51 ChIP signals can be detected during ongoing repair. 
(A) DSB repair of the MATa donor-proficient strain monitored by RTq-PCR. PCR scheme with primers 
used (green) is shown on top. Detectable repair occurred already 1 hr after DSB induction when Rad51 
levels reach HML and constantly increased for up to 5 hrs.  
(B) Rad51-directed ChIP shows that signals after DSB induction are generally lower in a donor-proficient 
strain (HML containing) compared to a donor (repair)-deficient strain (ΔHML ΔHMR). 
All data are depicted on a log2 scale. ChIP data are depicted as the mean ±SEM (standard error of the 
mean; n=3) of IP/Input ratio normalized to a control locus (chromosome X) and to the 0 hr time point. 
Chr: Chromosome; DSB: DNA-double-strand break; HO: HO endonuclease; P: primer; RE: 
recombination enhancer element; Tel: Telomere. 
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Notably, the overall Rad51 signal strength was considerably lower compared 

to signals derived from the donor-deficient derivative strain (as expected since repair 

takes place during the experiment) (Figure 14B), but the overall silhouette of the 

Rad51 profiles appeared similar (Figure 14B and Figure 15A).  

 

 
Figure 15. The DSB-distant Rad51 ChIP signals can be detected during ongoing repair.  
(A) Rad51-directed ChIP-chip profiles with a donor-proficient strain bearing intact HML. Profiles depict 
early (30 min, 45min, 1 hr) and late (2 and 5 hrs) time points after transient HO induction (turned off by 
glucose addition 1 hr after induction), showing early enrichment of Rad51 around the RE (blue), and 
enrichment at the right flank of HML (HML itself is not present on this array because of homology to 
MAT).  
(B) Early Rad51 ChIP signals on the left arm of chromosome III depend on the presence of RE. HML-
specific primers111 do not hybridize to MAT. Donor-proficient strains are identical to (C), however, the 
RE-deficient strain (gray bars) bears a RE-deletion as in Figure 13C.  
(C) Rad51-directed ChIP data in the donor-proficient strain at early time-points after DSB induction, 
showing that Rad51 localizes to the RE almost as early as to the DSB.  
(D) Similar to (E), but demonstrating that Rad51 localizes earlier at the RE in comparison to locations on 
the right arm of chromosome III.  
All data are depicted on a log2 scale. ChIP data are depicted as the mean ±SEM (standard error of the 
mean; n=3) of IP/Input ratio normalized to a control locus (chromosome X) and to the 0 hr time point. 
ChIP-chip data represent the mean of two experiments. Gaps in ChIP-chip data correspond to repetitive 
DNA. Chr: Chromosome; DSB: DNA-double-strand break; HO: HO endonuclease; RE: recombination 
enhancer element; Tel: Telomere. 
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To map the DSB-distant Rad51 ChIP signals during repair in detail, we performed 

time-resolved ChIP-chip experiments, especially focusing on very early time-points 

(as repair starts to take place already approximately 1 hour after HO induction). 

Interestingly, the Rad51 directed ChIP-chip revealed a distinct peak at the RE as 

early as 30 min after induction of HO endonuclease*** (Figure 15A). At this time point 

DSB-proximal Rad51 signals are highly confined to 5-10 kb around the DSB, and can 

only be additionally observed proximal to the RE (Figure 15A). 

Notably, the Rad51 profile around the RE subsequently expanded over time 

(Figure 15A) and accumulated next to the HML donor homology. Hence, we 

concluded that the DSB-distant Rad51 ChIP signals and thus the putative ongoing 

homology search appear to be directly guided by the recombination enhancer 

element. In line with this model, RT-qPCR experiments revealed that the Rad51 

signals on the left chromosome arm depended on the RE (Figure 15B). Moreover, 

Rad51 ChIP signals were detected at the RE as early as at the DSB, and occurred 

with similar signal intensities at the RE and the DSB (Figure 15C). Additionally, 

Rad51 signals appear considerably earlier on the left than on the right chromosomal 

arm (Figure 15D).  

From these data we thus conclude that DSB-distant Rad51 ChIP signals can 

be monitored not only in the absence but also in the presence of a homologous 

donor sequence.  

 

  

                                                
*** Note that the time from galactose addition until full galactose-induced HO expression is reported to 
last itself already around 30min. 
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4.1.8 DSB-distant Rad51 ChIP Signals Depend on a DNA-Binding Site of 

Rad51 
 
Rad51 (RecA) harbors two DNA-binding sites. One site binds to ssDNA to allow 

nucleoprotein filament formation, whereas the second DNA-binding site allows 

homology probing in dsDNA upon strand invasion116,117. As homology search 

involves constant homology probing, we speculated that homology search might 

depend on the second DNA-binding site of Rad51.  

 To test this idea, we made use of a recently described separation-of-function 

mutant variant of Rad51 (Rad51-II3A), in which three charged amino acids (R188, 

K361 and K371) of the second DNA-binding site were replaced by alanine 

residues117. Rad51-II3A is known to form filaments on ssDNA like the WT protein, but 

lacks the ability to bind DNA with its second DNA-binding site117. We integrated the 

gene for the rad51-II3A variant (expressed as the only source of Rad51 from its 

endogenous locus) in the yeast genome and performed Rad51 ChIP upon DSB 

induction in the mating-type system in comparison to a Rad51 WT control strain. 

Interestingly, RT-qPCR analysis revealed only a modestly lower signal of Rad51-II3A 

at a DSB-proximal location (0.2 kb downstream), whereas no Rad51 ChIP signals 

were detectable at DSB-distant locations (54 and 75 kb downstream) (Figure 16A).  

 

 
Figure 16. DSB-distant Rad51 ChIP signals depend on the second DNA-binding site of Rad51.  
(A) Rad51-directed ChIP in donor-deficient MATa WT and rad51-II3A (R188A, K361A, K371A) mutant 
strains, indicating that DSB distant Rad51 ChIP signals are lost with the respective mutant. ChIP data 
are depicted on a log2 scale as the mean ±SEM (standard error of the mean; n=3) of IP/Input ratio 
normalized to a control locus (chromosome X) and to the 0 hr time point.  
(B) Samples of (A) were analyzed for efficient DSB induction, using the same method as in Figure 8B. 
DSB induction is as efficient in WT as in rad51-II3A cells. Data are depicted on a linear scale as the 
mean ±SEM (standard error of the mean; n=3) and are normalized to a control locus (chromosome X) 
and against the signal before DSB induction (set to 100%).  
(C) Samples of (A) were analyzed for Rad51 protein levels, revealing similar protein levels. 
Chr: Chromosome; DSB: DNA-double-strand break; HO: HO endonuclease; RE: recombination 
enhancer element; Tel: Telomere. 
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Notably, DSB induction (Figure 16B) and Rad51 protein levels were similar in Rad51 

WT and rad51-II3A cells (Figure 16C). We thus concluded that the DSB-distant 

Rad51 signals depend on the second DNA-binding site of Rad51, in line with the 

ongoing homology search model. Moreover, this finding also excludes the 

hypothetical possibility that the DSB-distant Rad51 ChIP signals are only a result of 

spatial proximity between the DSB and chromatin without homology probing. 
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4.2 Nuclear Organization Influences Homology Search 
 

Collectively, we demonstrated in the previous sections that the DSB-distant Rad51 

ChIP signals depend on Rad51 mediators, locate outside of the maximal area of 

resection, correlate with recombination competence, depend on the second DNA 

binding site of Rad51, and are a general phenomenon upon formation of a single 

DSB in S. cerevisiae. All these findings are not only in perfect accordance with the 

proposed ongoing homology search model, but also disprove alternative models for 

the origin of the DSB-distant Rad51 ChIP signals. Namely, that the DSB-distant 

Rad51 ChIP signals derive (1) not from Rad51 filaments on long tracks of ssDNA, (2) 

not from high Rad51 protein levels in the nucleus, (3) not from Rad51 filament 

formation on dsDNA, (4) and not from spatial proximity between DSB and chromatin 

without homology probing. Consequently, we here conclude that the DSB-distant 

Rad51 signals indeed monitor ongoing homology search in vivo. This enables to 

study for the first time how homology search functions mechanistically in the crowded 

environment of the nucleus. Thus, we next aimed to investigate how homology 

search is influenced by chromosomal and nuclear organization. 

 

4.2.1 The RE element can Guide Homology Search in trans  
 

The data presented in the previous sections demonstrate that homology search 

preferentially functions on the broken chromosome. Moreover, our findings showed 

that the RE element establishes donor preference in the yeast mating-type system by 

guiding homology search in cis to the “correct” donor sequence (HML) in MATa cells 

(Figure 13). Previously, it has been demonstrated that the RE does not only increase 

recombination efficiency in cis, but also in trans when transplanted to another 

chromosome than chromosome III37. Hence, we speculated that the RE can also 

guide homology search in trans to another chromosome, likely due to tethering of the 

MAT-bearing chromosome with the RE-bearing chromosome. 

 To test this idea, we transplanted (in a MATa strain deleted for the 

endogenous RE on chromosome III) approximately 800 bp of the RE (the main part 

responsible for donor-preference36) to chromosome V.  

 



Results                                               Homology Search and the Nuclear Organization 
 

 42 

 
Figure 17. The RE element can guide homology search in trans from MAT to chromosome V.  
(A) Rad51-directed ChIP-chip profile depicting chromosome III (left) and an area of chromosome V 
(right) in a donor-deficient MATa ΔRE strain, in which the RE element has been transplanted to 
chromosome V. Rad51 signals are enriched around the transplanted RE.  
(B) Rad51-directed ChIP in the strain of (A) and a control strain without RE transplantation to 
chromosome V. Homology search is guided from the DSB on chromosome III to the RE-bearing 
chromosome V after DSB induction.  
All data are depicted on a log2 scale. ChIP data are depicted as the mean ±SEM (standard error of the 
mean; n=3) of IP/Input ratio normalized to a control locus (chromosome X) and to the 0 hr time point. 
ChIP-chip data represent the mean of two experiments. Gaps in ChIP-chip data correspond to repetitive 
DNA. DSB: DNA-double-strand break; RE: recombination enhancer element; Tel: Telomere. 
 

DSB induction at the MAT locus on chromosome III and subsequent genome-wide 
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qPCR with primer pairs for chromosome V (in 4, 6 and 31 kb distance to the location 

of the transplanted RE), comparing the strain bearing the transplanted RE or a 

control strain without the transplanted RE (Figure 17B). This experiment 

demonstrates that the Rad51 ChIP signals on chromosome V indeed directly result 

from the transplanted RE (Figure 17B). Thus, the RE can guide homology search not 

only to otherwise distant elements in cis, but also in trans to other chromosomes. 

 

 

Figure 18. The RE element can guide homology search in trans from an HO-cleavage site to 
another chromosome. 
(A) Rad51-directed ChIP-chip profile depicting an area of chromosome IV (left) bearing the inducible 
DSB and depicting the entire chromosome III (right). Rad51 signals are not only present on the broken 
chromosome, but also on the left arm of chromosome III, peaking at the RE element. Data derived from 
the same experiments as depicted in Figure 10B.  
(B) Rad51-directed ChIP in a strain bearing a single HO-cleavage site at 491 kb on chromosome IV and 
a derivative strain bearing a deletion of the RE element on chromosome III. Homology search is only 
guided from the DSB to chromosome III after DSB induction if the RE is present. 
All data are depicted on a log2 scale. ChIP data are depicted as the mean ±SEM (standard error of the 
mean; n=3) of IP/Input ratio normalized to a control locus (chromosome X) and to the 0 hr time point. 
ChIP-chip data represent the mean of two experiments. Gaps in ChIP-chip data correspond to repetitive 
DNA. DSB: DNA-double-strand break; RE: recombination enhancer element; Tel: Telomere. 
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RE. Specifically, when we induced a DSB on chromosome IV by the HO 

endonuclease (using a MATa strain in which the endogenous HO cleavage site on 

chromosome III was deleted, but the endogenous RE on chromosome III was still 

present (Figure 10A)), we observed Rad51 ChIP signals at and around the 

endogenous RE on chromosome III (Figure 18A). 

Likewise, HO-mediated DSB induction in a strain bearing an HO-recognition 

site on chromosome I resulted in Rad51 ChIP signals at and around the endogenous 

RE on chromosome III (Figure 10A). Notably, in both strains, only a 36 base pairs 

recognition sequence (bearing no flanking sequences of the MAT locus) for the HO 

endonuclease was integrated on either chromosome I or chromosome IV. To 

substantiate this finding we also deleted the endogenous RE in the corresponding 

strain and analyzed Rad51 signals by RT-qPCR. This revealed a complete loss of 

Rad51 ChIP signals in the area in which the RE is normally located (Figure 18B).  
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4.2.2 Centromeres can Guide Homology Search in trans  
 

Close inspection of the genome-wide Rad51 ChIP-chip data upon DSB induction on 

chromosome I or chromosome IV revealed Rad51 ChIP signals also at centromeres 

of all chromosomes. Importantly, these signals are not only detectable directly at 

centromeres, but also on surrounding regions.  

As these signals are relatively small and do not obviously peak at a specific 

location, we evaluated these ChIP signals in columns, combining in each column all 

Rad51 ChIP signals present in a chromosomal region of 20 kb (Figure 19). This 

analysis indeed revealed reproducible Rad51 ChIP signals 40 to 80 kb around the 

centromeres of all chromosomes specifically upon DSB induction on chromosome I 

or chromosome IV (Figure 19), independently whether the DSB is induced by the HO 

or the SceI endonuclease (data not shown). 

Notably, in the strains in which we found centromeric Rad51 ChIP signals, the 

DSB was positioned relatively close to the centromere of the respective broken 

chromosome (approximately 30 and 40 kb for chromosome I and IV, respectively). In 

S. cerevisiae, clustering of centromeres, also in interphase, represents a well-known 

hallmark of nuclear organization118,119,120,121. Thus, we speculated that centromere-

proximal DSB induction on one chromosome could result in detectable homology 

search around the centromeres in trans on all other chromosomes due to spatial 

proximity. To test this model, we generated a strain analogous to the strain bearing a 

SceI cleavage site close to the centromere of chromosome IV, but placed the SceI 

cleavage site 270 kb away from the centromere. Subsequent Rad51 ChIP analysis 

revealed a highly similar profile of Rad51 on the effected chromosome in both strains 

(Figure 20A), however, no centromeric Rad51 ChIP signals were detectable (Figure 

20B). Furthermore, centromeric Rad51 ChIP signals were also not detectable upon 

DSB formation in MAT on chromosome III, probably because the centromere of 

chromosome III is far away from MAT (Figure 20B). Moreover, experiments 

described in the following sections include Rad51-directed genome-wide ChIP 

experiments with strains bearing inducible DSBs either close to the centromere of 

chromosome V or XII, which revealed again detectable Rad51 ChIP signals at 

centromere-proximal regions of all unaffected chromosomes (Figure 21, Figure 22, 

and data not shown).  
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We thus conclude that centromere-proximal DSBs do not only result in an 

efficient homology search on the affected chromosome, but also results in detectable 

homology search (Rad51 ChIP) signals in centromere-proximal regions of all other 

chromosomes, likely due to centromere-clustering. Notably, this centromere-linked 

behavior of homology search might explain why centromere-proximal sequences 

have been described to recombine more efficiently100. 

 

 
Figure 19. Rad51 ChIP signals can be detected at and around all centromeres upon formation of 
a centromere-proximal DSB.  
Rad51-directed ChIP-chip signals before (0 hr) and after (5 hrs) DSB induction on chromosome IV (SceI 
cleavage site at position 491 kb). ChIP Signals surrounding the centromeres of all yeast chromosomes 
are depicted in columns (with the exception of 49 outlier signals [ChIP artifacts], from approximately 
55,000 total signals) within 20 kb windows (numbered from -4 to 4) centered around the corresponding 
centromere.  
Data are depicted on a log2 scale, the mean of the entire genome is set to 0 (indicated as a horizontal 
green line), and the standard deviation is plotted in red. Data derived from the same datasets as 
depicted in Figure 10. Chr: chromosome; Cen: centromere. 
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Figure 20. Rad51 ChIP signals 
around centromeres require a 
centromere-proximal DSB.  
(A) Rad51-directed ChIP-chip 
profile of chromosome IV in 
strains bearing a single SceI 
cleavage site either at a 
centromere-proximal (upper 
panel) or centromere-distal (lower 
panel) position. Apart from their 
shifted position on the 
chromosome, the profiles appear 
with similar silhouettes. The 
position of the centromere is 
indicated by a blue dot. ChIP-chip 
data represent the mean of two 
experiments  
(B) Rad51 ChIP signals before 
and 5 hrs after DSB induction 
surrounding centromeres of yeast 
chromosomes V, XI and XVI 
(shown as examples). Grouped in 
columns are all ChIP-chip signals 
(with the exception of 5 outlier 
signals [ChIP artifacts], from 
approximately 25,000 total 
signals) within 20 kb windows 
centered around the 
corresponding centromere. 
Significant Rad51 signals are 
detectable around all centromeres 
when the DSB is induced by 
either HO or SceI on 
chromosome I or chromosome IV, 
respectively (upper two panels). 
The signals are lost when the 
SceI-cleavage site on 
chromosome IV is placed to a 
centromere-distant position 
(compare second upper and 
middle panel). No Rad51 signals 
around centromeres can be 
detected via HO break induction 
at the MAT locus (second lowest 
panel). The mean of the entire 
genome is set to 0 (highlighted as 
a horizontal green line), and the 
standard deviation is plotted in 
red. Data correspond to Figure 
10A and C, Figure 13B and 
Figure 20A.  
All data are depicted on a log2 
scale. Chr: chromosome; Cen: 
centromere; DSB: DNA double-
strand break; HO: HO 
endonuclease; SceI: SceI 
endonuclease. 
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To confirm these earlier findings, we used the repair assay described in section 4.1.6 

and inserted donor homologies at different distances to the centromere of 

chromosome VII. Subsequently, we induced a centromere-proximal DSB on 

chromosome IV and measured repair with the donor homologies on chromosome VII. 

This experiment revealed that repair is indeed more efficient if a homology is located 

in proximity to the centromere (data not shown‡‡). Taken together, homology search 

(and thus recombination efficiency) appears to be influenced by centromere-

clustering, an integral part of nuclear organization in S. cerevisiae. 

 
  

                                                
‡‡ Experiments were mainly performed by Claudio Lademann (PhD student in the lab) 
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4.2.3 Homology Search upon Single DSBs in Proximity of Different Nuclear 

Landmarks 
 

Prompted by the previous findings we next asked whether homology search is 

generally influenced by nuclear organization. Next to centromere-clustering, telomere 

positioning represents an important phenomenon of nuclear organization in S. 

cerevisiae121. Telomeres are positioned at the nuclear periphery122,123, mediated by 

telomere-binding proteins, such as Sir4 involved in the establishment of silent 

telomeric chromatin124. Moreover, preferential spatial proximity between several 

telomeres has been reported122, which depends on similar chromosome arm length 

rather than on specific factors123,125. 

 To elucidate how homology search is influenced by telomere positioning, we 

generated a strain harboring a SceI endonuclease cleavage site in the subtelomeric 

region (to avoid cloning into the repetitive telomeric DNA) of the left chromosomal 

arm of chromosome V (at the location 23 kb), and performed Rad51-directed ChIP-

chip experiments before and after DSB induction (Figure 21A). This experiment 

revealed the expected distribution of Rad51 preferentially on the effected 

chromosome V: downstream of the DSB (away from the telomere), Rad51 ChIP 

signals were detectable to a distance of approximately 150 kb. However, minor 

Rad51 signals might be present spanning almost the entire chromosome until the 

right chromosomal end (Figure 21A, left panel). Upstream of the DSB (further into the 

telomeric and subtelomeric region), the Rad51 signals do not appear to be obviously 

effected by the subtelomeric location (of note, telomeric oligonucleotides are not 

present on the tiling array due to their repetitive nature) (Figure 21A, left panel). 
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Figure 21. Homology search upon DSB induction at a telomere-proximal location.  
(A) Rad51-directed ChIP-chip profiles of chromosomes V (left) and III (right) before (0 hr) and after DSB 
(SceI) induction (2 and 5 hrs) in a strain bearing a single SceI cleavage site on chromosome V at a 
telomere-proximal location. Note the appearance of Rad51 signals on the right and mildly on the left 
chromosomal arm of chromosome III upon DSB induction, especially after two hours.  
(B) Rad51-directed ChIP-chip profile of chromosomes V (left) and III (right) before (0 hr) and after DSB 
(HO) induction (5 hrs) in a strain bearing a single HO cleavage site on chromosome V at a location 
which is approximately 100 kb downstream of the DSB in (A). Note that the DSB is centromere-proximal 
and thus Rad51 signals can be detected on all other centromeres (data not shown).  
Telomeric oligonucleotides are not present on the tiling array due to their repetitive nature. ChIP-chip 
data are depicted on a log2 scale. Data in (A) represent the mean of two experiments, whereas data in 
(B) derive from one single experiment. Gaps in ChIP-chip data correspond to repetitive DNA. DSB: DNA 
double-strand break; HO: HO endonuclease; HO-cs: HO endonuclease DNA cleavage site; SceI: SceI 
endonuclease; SceI-cs: SceI endonuclease DNA cleavage site; Tel.: telomere. 
 
Importantly, we also found Rad51 ChIP signals on the right and very mildly on the left 

chromosomal end of chromosome III (Figure 21A, right panel). Moreover, small 

signals were also detected on telomeres of other chromosomes (especially at 

telomeres on chromosomes with similar short chromosomal arms; data not shown). 

Notably, no Rad51 ChIP signals at telomeres of the unaffected chromosomes can be 

observed when we analyzed a strain bearing an endonuclease cleavage site in 120 

kb distance to the left telomere of chromosome V (Figure 21B), however, it should be 

noted that the strain derives from a different strain background and is based on a 

different endonuclease (HO). Taken together, a telomere-proximal DSB on 

chromosome V does not only result in Rad51 ChIP signals on same chromosome, 

but also in Rad51 signals at the chromosomal ends of chromosome III and potentially 
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very mildly at the ends of other chromosomes. However, further experiments have to 

be carried out to support these initial findings. 

To further elucidate the behavior of homology search in the context of nuclear 

organization, we investigated homology search upon a DSB that is proximal to the 

tandem array of genes encoding ribosomal subunits (rDNA repeats). In S. cerevisiae, 

the rDNA repeats locate to one single genomic locus on chromosome XII and 

comprise 100 to 200 repeats of 9.1 kb each, resulting in an overall size of 1 to 2 

megabases (depending on the number of repeats present in the individual strain/cell) 

and a volume of approximately one third of the nucleus121. Interestingly, high-

throughput 3C data showed that the left chromosomal arm (upstream of the rDNA 

repeats) lacks interaction with the right chromosomal arm (downstream of the rDNA 

repeats), thus the rDNA repeats separate both chromosomal arms119. Hence, we 

generated two strains bearing either a SceI cleavage site distal or proximal (in a 

distance of approximately 55 kb upstream to avoid resection proceeding into the 

rDNA repeats) to the rDNA repeats, and followed homology search upon DSB 

induction by Rad51-directed ChIP-chip experiments before and after DSB induction 

(Figure 22). As for strains harboring DSBs on other chromosomes, the Rad51 profile 

monitored upon induction of a DSB proximal to the rDNA repeats preferentially 

locates to the affected chromosome XII (Figure 22A). In addition, the overall Rad51 

profile appears similar in comparison to the Rad51 profile of a DSB located distal to 

the rDNA repeats (Figure 22B). However, downstream of the rDNA-proximal DSB, 

Rad51 can be traced with high signals until but not beyond the rDNA repeats (Figure 

22A). Importantly, the scale of the chromosomal axis depicted in Figure 22 derives 

from SGD (Saccharomyces genome database), which annotates the overall length of 

the rDNA region as approximately 40 kb, whereas the actual length ranges from 1-2 

megabases. On the one hand, in light of this considerable size of the rDNA repeats, it 

might not appear astonishing that Rad51 cannot be detected on the other side of the 

rDNA repeats upon DSB induction. On the other hand, this is also in line with the 

separation of both chromosomal arms by the rDNA repeats, as high degree of spatial 

proximity of both arms would likely result in traceable Rad51 signals. Whether 

homology search can proceed into the rDNA repeats themselves remains to be 

tested by RT-qPCR using unique primers, as oligonucleotides representing the rDNA 

repeats are not present on the genome-wide tiling arrays.  

In summary, these data indicate that in addition to centromeres and the RE 

element also nuclear organization by telomeres and rDNA-repeats influence 



Results                                               Homology Search and the Nuclear Organization 
 

 52 

homology search (Rad51 ChIP signals). Experiments that might further strengthen 

the conclusion that homology search is influenced by nuclear organization, and 

implications from this conclusion for the overall mechanism of homology search are 

described in detail in the discussion (section 5.3). 

 

Figure 22. Homology search upon DSB formation at an rDNA repeat-proximal location.  
(A) Rad51-directed ChIP-chip profile of a part of chromosome XII before (0 hr) and after DSB (SceI) 
induction (2 and 5 hrs) in a strain bearing a single SceI cleavage site on chromosome XII at a rDNA 
repeat-proximal location. Note that in this dataset Rad51 signals around the SceI cleavage site are 
detectable even before break induction (0 hr), which might result from a higher SceI background 
expression due to a high number of transformed SceI endonuclease encoding plasmids in this 
experiment. 
(B) As in (A), but using a strain bearing a single SceI cleavage site on chromosome XII at a rDNA 
repeat-distal location. Note that the DSB is centromere-proximal and thus Rad51 signals can be 
detected on all other centromeres (data not shown). ChIP-chip data in (A) and (B) represent single 
experiments.  
Gaps in ChIP-chip data correspond to repetitive DNA (such as the rDNA repeats). The rDNA region 
consists of 100-200 repeats with each 9.1 kb length. Asterisks: Importantly, the scale of the 
chromosomal axis derives from the SGD (Saccharomyces genome database), which annotates the 
overall length of the rDNA region as approximately 40 kb, whereas the actual length ranges from 1-2 
megabases (depending on the number of repeats in the individual cell/strain). ChIP-chip data are 
depicted on a log2 scale. Data in (A) and (B) derive from single experiments. Gaps in ChIP-chip data 
correspond to repetitive DNA. DSB: DNA double-strand break; SceI: SceI endonuclease; SceI-cs: SceI 
endonuclease DNA cleavage site; Tel.: telomere. 
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4.3 Components and Requirements of Homology Search 
 

The possibility to study for the first time homology search in vivo, also allows for an 

investigation of the components and requirements of homology search. 

 

4.3.1 Role of the Single-Strand Binding Protein RPA during Homology 

Search 
 

The main ChIP signals of RPA and Rad52 are restricted to the area of resection (as 

described in detail in section 4.1.5). Nevertheless, close inspection of the RPA- and 

Rad52 ChIP profiles upon DSB induction on chromosome IV or in the MATα locus on 

chromosome III reveal low, but highly reproducible signals for both factors at DSB-

distant locations. Upon DSB induction on chromosome IV, RPA signals mildly 

distribute further away from the DSB, in a symmetrical manner similar to Rad51 

(Figure 12H). These RPA signals could hypothetically derive from sustained 

symmetrical long-range resection around the DSB in a minor pool of cells. However, 

upon DSB induction in the MATα locus, these minor RPA and Rad52 ChIP signals 

distribute not symmetrically around the DSB (Figure 23A). They rather locate to the 

entire right arm of the chromosome (Figure 23B), where the strongest homology 

search-reflecting Rad51 ChIP signals are locating as well. It should be noted that 

these RPA and Rad52 ChIP signals are rather low and almost not detectable by RT-

qPCR experiments (Figure 12A and B). However, ChIP-chip analysis indicates that 

these signals are significant, as these signals can be observed on huge 

chromosomal regions (which includes a high number of different oligonucleotides) 

around the DSB. 

To directly test whether these signals are of biological relevance, we tested 

whether the distribution of the minor RPA pools is different depending on the mating-

type. We thus performed ChIP experiments for Rfa1-9myc in MATa cells. Intriguingly, 

Rfa1-9myc ChIP signals distribute again to the right side of DSB, but significantly 

more pronounced on the very left chromosomal arm (Figure 23C) and peaking 

around the RE (Figure 23D), in line with donor preference in MATa cells.  
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Figure 23. The single-strand binding protein RPA has a potential role during homology search.  
(A) Rfa1-9myc and Rad52-directed ChIPs result in a minor RPA and Rad52 pool (highlighted in the 
boxed area) on the right side of the DSB, in a MATα donor-deficient strain. These data represent a part 
of data depicted in Figure 12G.  
(B) Enlarged representation of the boxed are in (A)  
(C) Rfa1-9myc-directed ChIP as in (A), but in a MATa donor-deficient strain. In addition to the minor 
RPA pool on the right side of the DSB, a minor RPA pool peaking at the RE can now be detected on the 
left chromosomal arm (highlighted in the boxed area).  
(D) Enlarged representation of the boxed are in (C). 
(E) Rfa1-9myc-directed ChIP using donor-deficient MATa cells as in (C), investigating the appearance of 
RPA by RT-qPCR in areas surrounding the RE. These DSB-distant but not the DSB-proximal RPA 
signals depend on Rad51 and Rad55.  
(F) Rad51-directed ChIP in donor-proficient MATa WT and rfa1-t11 (K45E) mutant strains, indicating 
reduction of Rad51 signals around the RE in the mutant.  
All data are depicted on a log2 scale. ChIP data are depicted as the mean ±SEM (standard error of the 
mean; n=4) of IP/Input ratio normalized to a control locus (chromosome X) and to the 0 hr time point. 
Asterisks indicate p < 0.1; double asterisks indicate p < 0.015; ns: not significant (Kruskal–Wallis one-
way analysis of variance). ChIP-chip data represent the mean of two experiments. Gaps in ChIP-chip 
data correspond to repetitive DNA. DSB: DNA-double-strand break; Tel.: Telomere. 
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resection along the entire chromosomal axis as the cause for the DSB-distant RPA 

ChIP signals (e.g. at the RE) can be excluded, as these signals are traceable at the 

DSB and the RE, however not in-between these locations. Hence, the minor RPA 

pool might be caused by homology search. 

To directly test this hypothesis and to exclude that the signals derive 

artificially by crosslinking chromatin in spatial proximity, we performed Rfa1-9myc 

ChIP experiments in MATa cells deficient (deleted for Rad51 or Rad55) in homology 

search. To monitor the RPA ChIP signals quantitatively by RT-qPCR, we investigated 

locations with highest RPA ChIP signals, specifically the RE (171 kb to DSB) and a 

location between the RE and HML (177 kb to DSB). Intriguingly, no RPA ChIP 

signals can be observed at these locations in Δrad51 or Δrad55 cells (deficient in 

homology search), compared to significant ChIP signals in WT cells (Figure 23E). 

Importantly, resection appears to proceed normally in these mutant derivatives, as 

RPA ChIP signals at locations close to the DSB (0.2 and 6 kb) is similar between 

WT, Δrad51 and Δrad55 cells (Figure 23E). Consequently, the DSB-distant RPA 

ChIP signals depend on Rad51 and Rad55, and are thus likely caused by homology 

search. 

 To substantiate this finding we took advantage of a previously described 

replication-proficient but recombination-deficient RPA mutant variant (rfa1-t11)126. 

Rad51 still forms filaments in rfa1-t11 cells, but is defective in Rad51-mediated 

strand invasion126. Therefore, we performed Rad51-directed ChIP in MATa rfa1-t11 

and WT cells, and analyzed Rad51 ChIP signals directly next to the DSB (0.2 kb) and 

at a location of ongoing homology search (at the RE; 171 kb to DSB). Interestingly, 

whereas Rad51 filament formation indeed appears not to be affected (Figure 23F), 

Rad51 ChIP signals at the RE are drastically reduced (Figure 23F). Thus, homology 

search appears to be affected in the rfa1-t11 mutant variant. 

 In summary, these data argue for a role of the single-strand binding protein 

RPA during homology search. The weak RPA ChIP signals at positions of ongoing 

homology search might be explained by patches of RPA locating next to patches of 

Rad51 nucleoprotein filaments, thus creating at all transient encounters of homology 

search also a ChIP signal for RPA. Such a model would also explain why the DSB-

distant RPA ChIP signals are lost in cells expressing mutants defective in homology 

search. However, the finding that Rad51 ChIP signals are reduced in cells 

expressing an RPA mutant variant, argues for a more active role of RPA during 

homology search.  
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4.3.2 Efficient Homology Search Requires Rad54 
 

Rad54 is a well-known mediator of homologous recombination implicated to function 

at a variety of different steps of the repair pathway127. It belongs to the Snf2/Swi2 

family of SF2 helicases, which contains a motor domain for translocation on dsDNA 

without separation of the DNA double-strand128. Described functions of Rad54 during 

homologous recombination range from early to late steps in the pathway129, by 

stabilizing the presynaptic Rad51 filament110, facilitating D-loop formation130, 

promoting branch migration131, and removing Rad51 from DNA when repair has been 

completed132. 

 Especially due to its described function in mediating D-loop formation, we 

hypothesized that Rad54 might be directly involved in homology search. We 

generated a mutant strain deficient in Rad54 (Δrad54) and performed preliminary 

Rad51-directed ChIP experiments before and after DSB induction at the MAT locus. 

Interestingly, the DSB-distant (homology search-reflecting) Rad51 ChIP signals were 

indeed lowered in the Δrad54 mutant in comparison to WT, whereas the DSB-

proximal Rad51 ChIP signals were only mildly affected (Figure 24). However, 

homology search does not appear to be completely blocked, as residual homology 

search-reflecting Rad51 ChIP signals were traceable (Figure 24). 

 
Figure 24. The Snf2/Swi2 family motor 
protein Rad54 is required for efficient 
homology search. 
Rad51-directed ChIP-chip profiles of the 
entire chromosome III, 1, 2 and 5 hours 
upon DSB (HO) induction in donor-proficient 
MATα WT and Δrad54 mutant strains.  Note 
that the Rad51 ChIP signals are most 
prominently reduced at DSB-distant 
locations in the Δrad54 mutant strain. 
However, also DSB-proximal signals appear 
slightly reduced. 
Single spikes correspond to artificial signals 
(in this specific experiment a high grade of 
background noise is present). ChIP-chip 
data derive from a single experiment and 
are depicted on a log2 scale. Gaps in ChIP-
chip data correspond to repetitive DNA. 
DSB: DNA double-strand break; HO: HO 
endonuclease; RE: recombination enhancer 
element; Tel: telomere. 
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Rad54 functions preferentially in mitotic DSB repair together with the recombinase 

Rad51, whereas its homologue Rdh54 has been demonstrated to interact 

preferentially with the meiosis-specific Rad51 homologue Dmc1133. However, Rdh54 

has been described to partially compensate for a loss of Rad54 in mitotic DSB 

repair134. Thus, we hypothesized that the residual homology search signal might 

depend on Rdh54, and investigated Rad51 signals in a mutant strain deficient for 

Rdh54, and a mutant strain deficient for both, Rad54 and Rdh54§§. Interestingly, in 

the Δrdh54 mutant strain, Rad51 signals at the break site were similar to WT, 

whereas distant Rad51 homology search signals were reduced, but to a lesser extent 

than Δrad54 mutant strains. In line, when both, Rad54 and Rdh54 were deleted, 

homology search appears to be almost completely blocked. We thus found homology 

search depends on Rad54 and its homologue Rdh54. Moreover, these results 

demonstrate that homology search is not an intrinsic feature of the Rad51 

recombinase on its own, but requires additional factors. 

 
  

                                                
§§ As these experiments were mainly performed by Claudio Lademann (PhD student in the lab), the 
corresponding data is not illustrated in this thesis, but shortly mentioned due to their significance in 
supporting the Rad54 data. 
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4.3.3 Phosphorylation of Histone 2A Follows Homology Search 
 

Mec1/Tel1-mediated phosphorylation of histone 2A (γH2A) represents one of the 

earliest responses upon DSB formation47 (see section 2.4 for details). Importantly, 

this posttranslational modification can be observed over large regions around a 

DSB135, in mammals even at the scale of megabases54. However, potential functions 

of the γH2A modification over such large distances on chromatin remain rather 

speculative47.  

Interestingly, published genome-wide ChIP studies upon DSB induction in S. 

cerevisiae cells of the MATα mating-type revealed γH2A ChIP signals on almost the 

entire chromosome III, especially on the right arm52. The significance of this 

observation had not been discussed in the respective paper, however, it suggested 

to us that the pattern of γH2A might be linked to homology search. To test this idea, 

we first established γH2A-directed ChIP (Figure 25). Using a γH2A-directed 

antibody, ChIP signals were detected proximal (6 kb) and distal (54 and 75 kb) to the 

DSB in the MAT locus (Figure 25A). In contrast, no γH2A ChIP signals were detected 

directly next to the DSB (0.2 kb) (Figure 25A), in line with previous reports135 that 

histone eviction occurs locally around the DSB upon resection. 

 

 
Figure 25. Specificity of γH2A-directed ChIP experiments.  
(A) Upon DSB induction, the γH2A-directed ChIP control experiment reveals signals at 6, 54 and 75 kb 
next to the DSB. However, no γH2A ChIP signals are detectable directly at the break (0.2 kb), and they 
gradually disappear over time 6 kb away from the DSB, most likely due to formation of ssDNA 
(resection). The absence of ChIP signals in the phospho-site h2a S129A mutant demonstrates the 
specificity of the γH2A-directed ChIP. ChIP data are depicted as the mean ±SEM (standard error of the 
mean; n=3) of IP/Input ratio normalized to a control locus (chromosome X) and to the 0 hr time point.  
(B) Samples of (A) were analyzed for efficient DSB induction, using the described method in Figure 8B. 
DSB induction is as efficient in WT as in h2a S129A mutant variant cells. Data are depicted on a linear 
scale as mean ±SEM (standard error of the mean; n=3) and are normalized to a control locus and 
against the signal before DSB induction (set to 100%). 
DSB: DNA-double-strand break; HO: HO endonuclease; RE: recombination enhancer element; Tel.: 
telomere; γH2A: phosphorylated form of histone 2A at Serine 129 (S. cerevisiae). 
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Accordingly, γH2A ChIP signals at a distance of 6 kb to the DSB constantly decline 

after 1 hour of DSB formation (Figure 25A), in agreement with the finding that 

resection affects this location at this time (Figure 12). Notably, γH2A ChIP signals are 

specific, as no signals were detected in a strain expressing the respective 

phosphorylation-defective H2A mutant (serine 129 to alanine) (Figure 25A), despite 

similar DSB induction in this mutant variant strain with a WT strain (Figure 25B).  

We next tested whether γH2A ChIP signal distribution is different depending 

on the mating-type (as the homology search-reflecting Rad51 ChIP signal 

distribution). Therefore, we performed γH2A-directed genome-wide ChIP 

experiments in MATα and MATa cells. As reported52, γH2A signals preferentially 

locate to the right side of the DSB in MATα cells (Figure 26A). Moreover, overlay of 

the γH2A and Rad51 profiles demonstrates an intriguing similarity (Figure 26A), apart 

from the area of ssDNA around the DSB. 

 

 
 
Figure 26. γH2A ChIP signals follow homology search in the mating-type system.  
(A-C) Comparison of γH2A and Rad51 distribution during homology search in the different mating-type 
strains of Figure 13A-C. Overlay of ChIP-chip profiles obtained with antibodies specific for γH2A 
(orange) and Rad51 (black; represents the same data as in Figure 13A-C). The main difference 
between the two profiles is observed in the area of ssDNA around the DSB. 
(D) Early appearance of γH2A (determined by ChIP) not only at MAT, but also at the RE and toward 
HML (see map), in the DSB-repairing, donor-proficient strain. 
(E) As in (D), but investigating early time-points (15, 30, 40, 50, 60 min) upon DSB induction 
quantitatively by RT-qPCR. 
All data are depicted on a log2 scale. ChIP data are depicted as the mean ±SEM (standard error of the 
mean; n=3) of IP/Input ratio normalized to a control locus (chromosome X) and to the 0 hr time point. 
ChIP-chip data represent the mean of two experiments. Gaps in ChIP-chip data correspond to repetitive 
DNA. Chr: Chromosome; DSB: DNA-double-strand break; RE: recombination enhancer element; Tel: 
telomere; γH2A: phosphorylated form of histone 2A at Serine 129 (S. cerevisiae).  
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Importantly, the same phenotypic behavior was observed in MATa cells (Figure 26B): 

corresponding to the donor preference for repair and the homology-search reflecting 

Rad51 ChIP signals, γH2A ChIP signals distribute preferentially on the left arm of 

chromosome III, peaking at the RE. Moreover, deletion of the RE is sufficient to 

revert the γH2A ChIP signal distribution of MATa cells into the profile of MATα cells 

(Figure 26C). Thus, the observed γH2A ChIP profile reflects the pattern of homology 

search in the mating-type system as observed before for Rad51 ChIP signals.  

 

 
Figure 27. γH2A ChIP signals also follow homology search on MAT-independent chromosomes. 
(A) γH2A-directed ChIP-chip using a strain bearing a single SceI-cleavage site (red arrow) on 
chromosome IV. Profiles for all chromosomes are shown 5 hrs after HO expression.  γH2A accumulates 
mainly on the broken chromosome, similar to Rad51. Single spikes in the ChIP-chip data correspond to 
single oligonucleotides, and are hybridization artifacts. Centromeres are indicated as blue dots.  
(B) Comparison of γH2A and Rad51 distribution in a strain bearing a single SceI cleavage site (red 
arrow) on chromosome IV. ChIP-chip profiles obtained with antibodies specific for  γH2A (orange) and 
Rad51 (black, 5 hrs time point represents same data as in Figure 10C). The main difference between 
the two profiles is observed in the area of ssDNA around the DSB. 
ChIP-chip data are depicted on a log2 scale and represent the mean of two experiments. Gaps in ChIP-
chip data correspond to repetitive DNA. CEN: Centromere; Chr: Chromosome; DSB: DNA-double-strand 
break; SceI: SceI endonuclease; SceI-cs: SceI endonuclease DNA cleavage site; Tel: telomere; γH2A: 
phosphorylated form of histone 2A at serine 129 (S. cerevisiae). 
 

Moreover, the observed γH2A ChIP signal distribution argues against a model in 

which the distribution of γH2A is solely explained by a linear spreading mechanism: 

in MATa cells, γH2A ChIP signals can be observed at regions surrounding the DSB 

and the RE, but not at sequences in between. To substantiate this finding, we 

performed γH2A-directed ChIP experiments at early time-points upon DSB induction, 

and analyzed the γH2A ChIP signals around the DSB and the RE. Indeed, a signal 
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for γH2A can be detected at the RE as early as at the DSB (Figure 26D and E). In 

line with this finding, a recent study also reported γH2A ChIP signals at the RE upon 

DSB induction, however, without discussing its link to homology search38. 

 

 
Figure 28. The γH2A ChIP profile follows homology search according to nuclear organization.  
(A) γH2A ChIP-chip signals before and 5 hrs after DSB induction surrounding centromeres of yeast 
chromosomes V, XI and XVI. Grouped in columns are all ChIP-chip signals within 20 kb windows 
centered around the corresponding centromere. Similar to Rad51,  γH2A is enriched around the 
centromeres. The mean of the entire genome is set to 0 (highlighted as a horizontal green line), and the 
standard deviation is plotted in red.  
(B) γH2A-directed ChIP-chip profiles of chromosomes V (left) and III (right) before (0 hr) and after DSB 
(SceI) induction (2 and 5 hrs) in a strain bearing a single SceI cleavage site on chromosome V at a 
telomere-proximal location. γH2A signals are mildly detectable at telomeres even without DSB induction 
as previously described53,136. However, note that γH2A signals mildly increase upon DSB induction (on 
the left telomere of chromosome V) on the right and mildly on the left chromosomal arm of chromosome 
III. 
ChIP-chip data are depicted on a log2 scale and represent the mean of two experiments. Gaps in ChIP-
chip data correspond to repetitive DNA. CEN: Centromere; Chr: Chromosome; DSB: DNA-double-strand 
break; SceI: SceI endonuclease; SceI-cs: SceI endonuclease DNA cleavage site; Tel: telomere; γH2A: 
phosphorylated form of histone 2A at serine 129 (S. cerevisiae). 
 

To further test the hypothesis that the γH2A distribution derives from ongoing 

homology search, we monitored the genome-wide γH2A profile upon DSB induction 

on chromosome IV. Indeed, the observed γH2A ChIP signal distribution on the 

effected chromosome again highly resembles the Rad51 ChIP signals (Figure 27A 

and B). Moreover, γH2A ChIP signals can also be observed around the centromeres 

of all chromosomes (Figure 28A). In addition, γH2A and Rad51 ChIP signal 
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distributions are also highly similar in a third DSB induction system (HO-recognition 

site close to the left telomere of chromosome V; see Figure 28B). In conclusion, the 

observed ChIP signal distributions of γH2A and Rad51 are highly similar.  

Next, we tested whether the γH2A ChIP signal distribution depends on 

ongoing homology search. Indeed, DSB-distant γH2A ChIP signals were reduced in 

a strain deleted for Rad51 (Figure 29). In line, DSB-distant γH2A ChIP signals were 

also decreased in strains deleted for Rad52, Rad55 and Rad57 (Figure 29). Thus, 

the distribution of γH2A appears to depend on ongoing homology search. Moreover, 

this finding also argues that γH2A ChIP signals constitute another marker for 

homology search. 

We next asked whether the process of homology search itself depends on the 

concurrent phosphorylation of H2A. If homology search would depend on the 

concurrent phosphorylation of H2A, a phosphorylation-defective H2A mutant (h2a 

S129A) should be impaired in homology search. Hence, we performed Rad51 ChIP 

experiments as readout for homology search in WT cells and an h2a S129A mutant 

variant strain. Interestingly, no differences in the Rad51 signal can be detected in a 

MATα strain 1 to 5 hours after DSB induction (Figure 29). This suggests that the 

formation of γH2A is not required for efficient homology search at the genomic 

locations tested. Nevertheless, γH2A formation concurrent to homology search might 

be required in chromatin environments not present at the local positions tested so far, 

calling for a genome-wide analysis of homology search using the respective non-

phosphorylable H2A mutant. 

In summary, we discovered that the γH2A ChIP profiles differ in the two 

yeast-mating types, that the γH2A and Rad51 ChIP profiles highly correlate and that 

the γH2A profile depends on Rad51, Rad52 and Rad55/57. This provides substantial 

evidence that the γH2A distribution follows ongoing homology search. Moreover, our 

findings show for the first time that a single DSB on one chromosome does not only 

result in γH2A formation in cis on the broken chromosome, but also in trans on other 

chromosomes. This indicates that the widely used DSB marker γH2A does not 

exclusively label areas of DSBs. 
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Figure 29. γH2A ChIP signals 
follow homology search.  
Rad51 and γH2A distribution after 
DSB induction in donor-deficient 
WT and mutant MATα cells. 
Rad51 distribution (homology 
search) does not depend on γH2A 
(H2A phosphorylation-site mutant; 
h2a S129A) (upper panel), 
however, DSB-distant γH2A 
signals depend on Rad51 (middle 
panel), Rad52, Rad55, and Rad57 
(lower panel). 
All ChIP data are depicted on a 
log2 scale as the mean ±SEM 
(standard error of the mean; n=3) 
of IP/Input ratio normalized to a 
control locus on chromosome X 
and to the 0 hr time point. Chr: 
Chromosome; DSB: DNA-double-
strand break; HO: HO 
endonuclease; RE: recombination 
enhancer element; Tel: telomere; 
γH2A: phosphorylated form of 
histone 2A at serine 129 (S. 
cerevisiae). 
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5 Discussion 
 

5.1 Monitoring Homology Search in vivo 
 

Homologous Recombination (HR) represents one of the two main pathways to repair 

DNA double-strand breaks (DSBs), and numerous mechanisms and components of 

the pathway are well known9,13,14. However, the fundamental step of homology 

search, by which the broken sequence and its undamaged homologous counterpart 

come into direct spatial proximity to allow subsequent repair, remained largely 

enigmatic23,24. Substantial progress has been recently made on how the recombinase 

Rad51 (or its prokaryotic homolog RecA) facilitate the recognition of the homologous 

donor template in vitro90,92,94. However, it is important to distinguish between local 

homology recognition (short-range homology search) and long-range homology 

search in the nuclear environment23: Rad51/RecA recombinases facilitate homology 

recognition, however only when the homologous sequences already co-localize24. 

Hence, how the broken sequence and its homologous undamaged counterpart get 

into spatial proximity by long-range homology search remained mysterious, 

especially in the context of the crowded nuclear environment. 

In this study, homology search and its preferred chromosomal probing 

locations were monitored for the first time in vivo. In previous studies, Rad51 was 

mainly reported to locate directly next to the DSB110,111, in line with Rad51 filament 

formation on resected DNA next to the DSB. However, the Jentsch lab found an 

unexpected broad distribution of ChIP signals for the recombinase Rad51 over 

almost an entire chromosome upon formation of a single DSB76. In this study, we 

demonstrate by several lines of evidence (and by excluding hypothetical alternative 

models) that the broad distribution of Rad51 (DSB-distant Rad51 ChIP signals) 

reflects ongoing homology search in the nuclear environment.  

Several lines of additional evidence make a strong case for the DSB-distant 

Rad51 ChIP signals being indicators of ongoing homology search. First, the 

appearance of the DSB-distant Rad51 ChIP signals coincides with DSB repair 

(Figure 14 and Figure 15). Second, the observed DSB-distant Rad51 ChIP signals 

represent not only a specific phenomenon of the yeast mating-type system, but 

represent also a general phenomenon upon formation of DSBs in S. cerevisiae 

(Figure 10, Figure 20, Figure 21 and Figure 22). Lastly, the DSB-distant Rad51 ChIP 
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signals perfectly correlate with repair competence: donor homologies placed at 

locations of high DSB-distant Rad51 ChIP signals are more efficiently used for repair 

than donor homologies placed at locations with lower DSB-distant Rad51 signals 

(data not shown*** and Figure 13). 

Moreover, we excluded hypothetical alternative models as the cause of DSB-

distant Rad51 ChIP signals. Specifically, we first excluded that the DSB-distant 

Rad51 signals derive from Rad51 filaments on long tracks of ssDNA by comparing 

Rad51 ChIP signals with the extent of resection (Figure 11 and Figure 12). Second, 

we excluded that the DSB-distant Rad51 ChIP signals derive from Rad51 filament 

formation on dsDNA by matching the Rad51 ChIP signal distribution with known 

donor preferences in the yeast mating-type system (Figure 13). Lastly, we excluded - 

by the use of a separation-of-function mutant variant of Rad51117 (rad51-II3A; Figure 

16) - that the DSB-distant Rad51 ChIP signals derive from spatial proximity between 

the DSB and other sequences without homology probing. 

Taken together, the collected data strongly suggests that the DSB-distant 

Rad51 ChIP signals are indicative of transient encounters of the Rad51-coated DSB 

ends with other DNA sequences during ongoing homology search. Thus, this finding 

demonstrates that homology search can be monitored in vivo. Furthermore, the 

ability to monitor homology search in vivo sheds light into numerous fundamental 

questions, such as: is every sequence in the genome detected to the same 

efficiency, or does the nuclear organization influences homology search? What are 

the components and requirements for homology search? 

The following sections will propose answers to these questions by integrating 

findings from this and earlier studies. Moreover, a comprehensive model for 

homology search will be proposed (“facilitated 3D/1D homology search model”), 

which will constitute a framework for the further investigation of homology search and 

its mechanism in the nuclear environment. 

  

                                                
*** Experiments were mainly performed by Claudio Lademann (PhD student in the lab); see section 4.1.6 
for details. 
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5.2 Conflicting Models for Homology Search 
 

Studies on homology search so far proposed opposing models for the area of 

homology search in the genome, ranging from an efficient genome-wide homology 

search model to a model in which homology search does not exists. This section first 

introduces these previously proposed concepts, and the subsequent sections discuss 

these concepts in light of the data collected in this study. 

Data on homology search hitherto largely derived from studies investigating 

homology recognition in vitro or investigating ectopic recombination in vivo in S. 

cerevisiae. In vitro, Rad51/RecA-mediated homology recognition (short-range 

homology search) has been described to proceed rapidly and efficiently93,137,138, even 

in the context of nucleosomes88,89. However, these studies are based on random 

encounter of the homologous sequences and on short Rad51-coated 

oligonucleotides (see introduction 2.5 for more details). Thus, despite providing 

information on the mechanism of short-range homology search and local homology 

recognition, these studies are limited in elucidating how the DSB-bearing 

chromosome gets into spatial proximity with its intact homologous donor sequence in 

the crowded nuclear environment (long-range homology search). 

 Insights into the mechanism of long-range homology search in vivo mainly 

derived from studies in yeast, demonstrating that HR can rather efficiently take place 

between ectopic (non-allelic) homologous sequences dispersed in the genome 

(ectopic recombination). In the yeast mating-type system, which harbors the DSB 

and the homologous donor sequences on the same chromosome, repair (using the 

HML donor homology in 187 kb distance to MAT) occurs mostly between 2 and 7 

hours upon DSB induction111. Moreover, also repair between homologous sequences 

on different chromosomes can occur in a similar time frame, which was exemplified 

by placing two copies of the URA3 gene either on chromosome II or chromosome V, 

and measuring repair upon DSB induction in one of the URA3 gene copies96,97. From 

these and other studies on the efficiency of ectopic recombination in S. 

cerevisiae37,98,99,100,101,102,103, and due to the efficient Rad51/RecA-mediated homology 

recognition in vitro93,137,138, it has been concluded that homology search exists139,140 

and that homology search proceeds efficiently in a genome-wide manner98,104 (Figure 

30A).  

 However, two reviews/opinion articles from Barzel & Kupiec23 and Weiner et 

al.24 from 2008 and 2009 provided substantial arguments conflicting the hypothesis of 
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an efficient genome-wide homology search: both articles calculated that an efficient 

genome-wide search would require a time that would exceed the observed time of 

DSB repair by far23,24. Barzel & Kupiec23 estimated that every individual probing event 

of a genome-wide search in S. cerevisiae could only last 2.5 x 10-4 seconds if one 

considers a two hours time frame for repair23. However, a comparison is provided23, 

noting that the addition of a single nucleotide by a DNA polymerase during replication 

already takes 40 times longer, thus making the calculated time frame for a homology 

probing event virtually impossible. In addition, Weiner et al.24 referred to the 

considerably lower diffusion of chromosomes in comparison to proteins141,142,143, and 

estimated – in comparison to the time a single repressor molecule needs to locate to 

its cognate site in a bacterial chromosome144 – that a genome-wide chromosomal 

homology search would require weeks24. Moreover, given the complexity of 

mammalian genomes145 and their constraints in chromatin mobility146, an efficient 

genome-wide homology search appears even more unlikely in these cells23,24. 

 

 
Figure 30. “Efficient genome-wide” versus “absence of long-range” homology search models.  
(A) Due to a high efficiency of homology recognition in vitro, and due to a high efficiency of ectopic 
recombination in S. cerevisiae, it has been proposed that homology search (red dashed arrows) scans 
efficiently the entire genome. 
(B) As HR largely takes place in the G2 cell cycle phase, repair can use the homologous information on 
the sister chromatid, which resides in spatial proximity due to cohesin-mediated cohesion (yellow rings). 
Consequently, long-range homology search might not be required. 
(C) The somatic pairing model proposes that all homologous sequences in the nucleus are in close 
spatial proximity, thus also abolishing the need for long-range homology search. 
See the main text for more detailed information on the individual models for long-range homology 
search. DSB: DNA double-strand break; HR: homologous recombination. 
  

Despite agreeing that an efficient genome-wide homology search appears timely 

virtually impossible (based on the defined parameters), both articles come to a 

different conclusion. Weiner et al.24 argued that HR largely takes place in the G2 

phase of the cell cycle25, which enables DSB repair by using the homologous 
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information on the sister chromatid. As sister chromatids reside in spatial proximity 

due to cohesin-mediated cohesion147, one might question whether the step of 

homology search is required to enable DSB repair by HR (Figure 30B). Hence, 

Weiner et al. propose that there is no requirement for a long-range homology 

search24. Similarly, Barzel & Kupiec23 argue against the requirement for a long-range 

homology search mechanism, however, their model takes the efficiency of ectopic 

recombination in S. cerevisiae into account: to explain the apparent contradiction 

between the efficient ectopic recombination of homologous sequences on different 

chromosomes and a timely virtually impossible efficient genome-wide homology 

search, a DSB-preceding co-localization of homologous sequences is proposed 

(somatic pairing model)23. Specifically, a model is provided in which all homologous 

sequences are proposed to be juxtaposed to their counterparts23 (Figure 30C). 

 

5.3 Homology Search is Influenced by the Nuclear Organization 
 
The data presented in this study shed light into the opposing models for homology 

search (genome-wide versus absence of long-range homology search), and argue 

for an alternative model for long-range homology search that depends largely on the 

nuclear organization.  

Specifically, the observed homology search-associated Rad51 profiles clearly 

suggest that homology search exists, arguing against the “no homology search” and 

the “somatic pairing” models. Moreover, microscopy-derived data demonstrate that 

homologous sequences do not have to co-localize before DSB formation95,105,148,149. 

Hence, as homology search exists, does it probe the entire genome to the same 

efficiency? The observed homology search-associated DSB-distant Rad51 ChIP 

signals provide an answer to this question, as the distribution of homology search is 

not equal over the entire genome. This clearly demonstrates that homology search 

does not probe every sequence in the genome by the same frequency. Moreover, 

based on this data, an influence of the nuclear organization onto homology search 

became apparent. In particular, the data suggest a model in which the efficiency of 

homology search is influenced by spatial proximity: First, homology search is mainly 

observable on the broken chromosome, which is in line with a higher probability of 

intrachromosomal versus interchromosomal interactions in S. cerevisiae119 revealed 

by chromosome conformation capture (3C) technology150,151. Second, homology 

search appears mostly symmetrically to both sides of the DSB (with the notable 
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exception of chromosome III (Figure 13)) (Figure 12, Figure 20, Figure 22), with the 

signal intensity gradually decreasing away from the DSB (Figure 12, Figure 20, 

Figure 22), which is in line with a higher probability to encounter sequences that are 

close to each other on a linear chromosomal scale119. Third, the pattern of homology 

search in the mating-type system also follows spatial proximity: HMR (the donor 

homology on the right side of MAT) can be efficiently used for repair, in line with a 

rather compact structure of the respective chromosomal arm (chromosome III)119 that 

brings HMR in spatial proximity to MAT. Moreover, the donor homology HML 

(preferred in MATa cells) locates on the far left end of chromosome III, but the 

recombination enhancer (RE) element establishes spatial proximity of HML with 

MAT37,38. In line, the RE element guides homology search to otherwise distant 

chromosomal locations in cis or in trans (Figure 13, Figure 15, Figure 17). 

 Together, these data argue for a model in which homology search probing 

occurs with a higher frequency on chromosomal locations that reside in spatial 

proximity to the DSB. If true, one would hypothesize that the nuclear 3D organization 

in general would substantially influence the pattern of homology search. Whereas in 

mammalian cells the nucleus is compartmentalized by chromosome 

territories145,152,153,154,155, the small S. cerevisiae nucleus appears relatively dynamic. 

Nevertheless, also in S. cerevisiae chromosomal territories are statistically 

implicated156, and several well-known nuclear landmarks exist in interphase 

cells120,121 (Figure 31). First, approximately a third of the nuclear volume is filled by 

the nucleolus, which is situated with a crescent-shape adjacent to the nuclear 

periphery156. Second, on the opposing nuclear site, the centromeres of the individual 

chromosomes localize in one cluster. Centromere-clustering118 is mediated by cell 

cycle independent embedding of the spindle pole body (SPB) into the nuclear 

membrane, and cell cycle independent attachment of the centromeres to the SPB via 

microtubules157. Third, telomeres comprise another important nuclear landmark, as 

they localize to the nuclear periphery121. Interestingly, these few landmarks - together 

with defining chromosomes as confined polymers undergoing passive Brownian 

motion - appear sufficient to mathematically predict the overall large-scale nuclear 

organization of S. cerevisiae158,159 (Figure 31). 
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Figure 31. Nuclear organization in S. 
cerevisiae.  
Schematic model highlighting the large-
scale nuclear organization in S. cerevisiae. 
For simplification, only 3 of 16 
chromosomes are shown (chr. X, Y and Z). 
The nucleus is mainly organized by 
centromere (blue dots) clustering, telomere 
(dots at the chromosomal ends) localization 
to the nuclear periphery, and positioning of 
the nucleolus (light orange crescent-
shape). Note that centromere-clustering 
locates to opposing nuclear site, and that 
proximity between individual telomeres is 
thought to largely derive from similar 
chromosomal arm length (e.g. compare 
chromosomes Y and Z). Importantly, 
whereas this model depicts a static view, 
chromosomes are highly mobile. See the 
main text for a detailed description. 
Chr: Chromosome. Figure similar to 121. 
 

In this study, characteristics of homology search in the context of these most 

prominent nuclear landmarks were investigated for the first time. Intriguingly, 

centromere-proximal DSBs (investigated for chromosome I, IV, V and XII; Figure 19, 

Figure 20, Figure 21 and Figure 22) resulted in traceable Rad51 ChIP signals 

(reflecting homology search) around the centromeres of all chromosomes, whereas 

such a behavior was not observable upon centromere-distal DSBs (chromosome III, 

IV, V, and XII; Figure 20, Figure 21 and Figure 22). Consequently, it appears highly 

likely that homology search upon a centromere-proximal DSB does not only probe 

efficiently on the broken chromosome, but also around the centromeres of all other 

chromosomes due to spatial proximity. Important further experiments to substantiate 

these results include investigation of homology search upon (1) destruction of 

centromere clustering by addition of the microtubule-depolymerizing drug 

nocodazol118, and (2) DSB formation on a transformed centromeric plasmid (which 

likely will be integrated into the centromere cluster). 

 Moreover, this study reports first data onto the characteristics of homology 

search upon telomere-proximal DSB. Telomeres locate to the nuclear periphery121, 

and interactions between individual telomeres have been reported by microscopy 

and 3C technology119,122,123,125. Specifically, spatial proximity between the telomeres 

of the same chromosome in cis, and proximity between telomeres of short 

chromosomes in trans have been reported122,123,125. However, in comparison to the 

spatial proximity between individual centromeres, the spatial proximity between 

individual telomeres is rather mildly pronounced119,160, likely because telomere 

proximity largely depends on chromosome arm length rather than on specific 

nucleolus

chr. X chr. Y

chr. Z
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factors123,125. In this study, homology search upon DSB-induction proximal to the left 

telomere of chromosome V was studied, which revealed homology search not only 

on the broken chromosome, but particularly additionally on the right telomeric arm of 

chromosome III (Figure 21). Moreover, these experiments revealed also very mild 

homology search-associated Rad51 ChIP signals at the telomeres of other 

chromosomes with a similar chromosomal arm length (data not shown). Particularly 

intriguing would be the idea that these signals reflect the proximity between individual 

telomeres. On the one hand, the observed Rad51 ChIP signals at telomeres of 

chromosomal arms with a similar length (as the chromosomal arm bearing the DSB) 

might reflect the preferential association of telomeres of similar chromosomal arm 

length123,125. On the other hand, the explicit Rad51 signals on the right telomere of 

chromosome III (upon DSB induction proximal to the left telomere of chromosome V) 

might reflect a preferential interaction between these two telomeres. Notably, this 

preferential interaction has so far not been described in the literature. This could 

either be explained by differences between individual yeast strains or a unique 

interaction upon DSB induction. Consequently, it remains to be tested by additional 

experiments whether a telomere proximal DSB results in traceable homology search 

associated signals on other telomeres. This may include (1) monitoring homology 

search upon DSB induction on different telomeres with characterized telomere 

interactions in cis or trans, (2) monitoring homology search upon unhinging of a 

telomere from the nuclear periphery by deletion of sir4 and ku70122, and (3) testing by 

microscopy or 3C based methods whether the left telomere of chromosome V indeed 

preferentially interacts with the right telomere of chromosome III. 

 To substantiate the impact of nuclear organization on homology search and 

thus the outcome of recombination even further, additional nuclear landmarks could 

be investigated. This may include implicated clusters transcriptionally linked genes, 

ARS (autonomously replicating sequence) and tRNA genes119,160,161. Such 

experiments would not only substantiate the impact of the nuclear organization onto 

homology search, but also provide the possibility of detecting new features of nuclear 

organization. In that regard, it should be noted that improving the signal to noise ratio 

of Rad51 ChIP signals would likely be a necessity for these experiments (as already 

the pronounced clustering of centromeres results only in weak traceable Rad51 ChIP 

signals).  

In conclusion, the data presented in this study provide strong evidence that 

homology search is influenced by the nuclear organization, and that homology 
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search preferentially probes chromosomal locations, which reside in spatial 

proximity. This argues that the kinetics of recombination will differ depending on the 

spatial proximity of the homologous donor sequence to the DSB, in line with previous 

reports stating that homology search is the rate-limiting step during HR162. 

 

5.4 Revisiting earlier Data in View of Homology Search being Influenced by 
Nuclear Organization 

 

How can the previously reported high efficiency of ectopic recombination in S. 

cerevisiae – which led to the proposal of an efficient genome-wide homology search 

– be explained in the light of these results? To answer this question, it is important to 

highlight that the data presented here in this study do not exclude that homology 

search also probes positions at which no Rad51 ChIP signals can be detected. On 

the contrary, it appears likely that a detection threshold for Rad51 ChIP signals 

exists: if homology search encounters a certain genomic locus very infrequently, it is 

not expected to result in detectable Rad51 ChIP signals, as homology search would 

locate only in an extremely low minority of cells at the same time to the same place. 

Hence, the presented Rad51 ChIP data do not exclude that homology search probes 

the entire genome (at least in S. cerevisiae; see section discussion 5.5). However, 

chromosomal regions that reside at distant 3D locations in the nucleus are searched 

much less frequently than chromosomal regions at close 3D locations to the DSB.  

Importantly, despite being largely neglected in the literature, the previous 

reports on the astonishing efficiency of ectopic recombination in S. cerevisiae also 

observed differences in recombination efficiency depending on the chromosomal 

location: first, a genome-wide analysis of recombination between retrotransposons 

observed higher intrachromosomal compared to interchromosomal recombination 

rates163. Second, Burgess and Kleckner100 noted that different layers of 

recombination rates between pairs of loxP sites exist, with higher recombination rates 

when the loxP sites locate to the same chromosome, and when the loxP sites locate 

close to the centromeres of different chromosomes. Third, it should be noted that the 

recombination efficiency in the S. cerevisiae MAT system has been often used as an 

example for the proposed high efficiency of a genome-wide homology search. 

However, homology search in the MAT system represents a special feature, as the 

MAT system likely evolved to satisfy the needs for an optimal switch (which avoids 

probing of the entire genome). Lastly, the other main experiment highlighted in the 
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literature as an argument for a high efficiency of a genome-wide homology search, 

might also be influenced by the nuclear organization: in this experiment, a DSB and a 

homologous donor were either positioned to chromosome II or chromosome V, and 

efficient interchromosomal recombination between the positions was observed96,97. 

However, the specific position (used for integration of the DSB or the homologous 

donor) on chromosome V is close (on a linear chromosomal axis) to the respective 

centromere (35 kb), and the specific position (used for integration of the DSB or the 

homologous donor) on chromosome II is in the center of the right chromosomal arm 

in a distance of 230 kb to the respective centromere. Thus, it seems likely that these 

locations are close enough in 3D to enable the observed recombination efficiency 

(Figure 31). 

In conclusion, experimental systems bearing special features appear to have 

contributed to the efficient genome-wide homology search model.   
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5.5 Facilitated 3D/1D Homology Search Model 
 

As described above, the results of this study strongly suggest that homology search 

probes chromosomal locations with a higher frequency if they reside in spatial 

proximity. However, an important question remains: can also sequences that locate 

far distant to the DSB be found in a reasonable time frame (Figure 32)? Hence, does 

homology search function (infrequently) genome-wide despite preferentially probing 

in spatial proximity? 

 The rough calculations onto the speed of homology search provided by 

Barzel & Kupiec23 and Weiner et al.24 argued that a genome-wide homology search 

would be timely impossible. However, the findings of this study and other meanwhile 

published data suggest that the parameters used for these calculations probably 

need adjustments. In particular, the estimated time needed for homology search and 

the assumed mobility of chromosomes have to be corrected, and the contribution of a 

1D sliding mechanism during short-range homology search has to be integrated. 

Moreover, a process called parallel intersegmental homology probing might also 

contribute to the efficiency of homology search. 

 Regarding the estimated time needed for homology search, Barzel & Kupiec23 

estimated that homology search finds its target sequence in approximately two hours. 

However, as described in the previous section, this estimation derives from 

experiments in which the chromosomal locations allow a rather fast homology finding 

due to spatial proximity. In addition, the observed Rad51 ChIP profiles clearly 

indicate that homology search can continue for more than 5 hours, in line with data 

that repair takes place even 8 hours after DSB induction97. Consequently, the time in 

which homology search has to find its target is likely considerably longer than 

previously defined. 

 Moreover, previous calculations on the speed of homology search were 

based on the idea of individual homology probing events23. However, a recent in vitro 

study reported the observation of a short-range range 1D sliding mechanism during 

homology search, in which the Rad51 nucleoprotein filament slides for 80 – 300 bp 

on the encountered dsDNA92. Such a 1D sliding mechanism (Figure 32) likely 

substantially facilitates homology search by different ways. On the one hand, 

homology recognition itself would be highly accelerated by a short sliding as it 

enables the finding of Watson-Crick base pairing between both homologous 

sequences92. Hence, the invading Rad51 nucleoprotein filament would not have to 
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melt the encountered dsDNA for every probing event on the entire length, but only 

the next basepairs in the direction of sliding. On the other hand, homology search in 

vivo has to proceed in the context of chromatinized DNA. As homology probing on 

DNA wrapped around a nucleosome appears rather unlikely, homology probing 

presumably involves chromatin remodeling by nucleosome sliding and/or histone 

eviction. Consequently, probing of an entire DNA section by 1D sliding and parallel 

chromatin remodeling appears more efficient than multiple individual probing events 

that repeatedly involve chromatin remodeling and subsequent chromatin restoration. 

Thus, 1D sliding likely reduces the required energy and the time frame for an 

individual probing event, thereby substantially facilitating homology search.  

 

 
Figure 32. Facilitated 3D/1D homology search model. 
(A) As described in Figure 31, nuclear organization in S. cerevisiae is mainly established by centromere 
(blue dots) clustering, telomere positioning (dots at the ends of the individual chromosomes), and the 
location of the nucleolus (light orange crescent-shape). Based on this nuclear organization, it remained 
mysterious how homologous recombination can occur between a broken sequence (DSB) and a far 
distant homologous counter-sequence (as depicted e.g. a DSB close to the centromere of chromosome 
and a homologous sequence close to a telomere of another chromosome). 
(B) Facilitated homology search model: to enable an – at least infrequent – encounter of far distant 
homologous sequences (as depicted in (A), homology search might include mechanisms to facilitate the 
speed of homology search. This includes (1) short-range 1D sliding of the nucleoprotein filament on the 
encountered sequence, (2) induced chromatin mobility, and (3) parallel intersegmental homology 
probing. For simplicity, each model only includes one end of the broken chromosome. See main text for 
details on the proposed models. 
Chr: Chromosome; DSB: DNA double-strand break. 
 

Facilitated homology search by 1D sliding raises the intriguing idea that 1D sliding in 

vivo might be fostered by protein activities. 1D sliding in vivo is likely based on a 

transient D-loop like structure (Figure 24). Such a transient D-loop like structure 
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might be supported by binding of the single-strand binding protein RPA to the 

displaced strand, thereby explaining the potential function of RPA during homology 

search (Figure 23). Moreover, an ideal candidate for a factor fostering 1D sliding in 

vivo is the translocase Rad54130. Rad54 bears an ATP-dependent motor domain for 

translocation on dsDNA128. As demonstrated for its homolog Rdh54, processive 

translocation in vitro covers at average surprisingly a distance of approximately 

10,000 base pairs164. Intriguingly, we observed that Rad51 ChIP signals (reflecting 

homology search) are drastically reduced in a strain deficient for Rad54 (Figure 24), 

and completely lost in a strain deficient for Rad54 and Rdh54 (data not shown). This 

raises the hypothetical but intriguing possibility that Rad54 (and/or Rdh54) assists 1D 

sliding by binding to the Rad51 nucleoprotein filament, and translocating on the 

encountered dsDNA. However, it should be noted that other models might also 

explain reduced homology search without Rad54, such as a function of Rad54 in 

chromatin remodeling and chromatin mobility during the homology-probing event. 

Nevertheless, the observed 1D sliding in vitro likely plays an important role in vivo to 

facilitate the speed of homology search. 

 Homology search has been additionally proposed to be facilitated by a 

process called intersegmental transfer90. The concept of intersegmental transfer 

proposes that the Rad51 nucleoprotein filament does not only probe one region for 

homology, but can probe multiple regions in parallel by different parts of the Rad51 

nucleoprotein filament (Figure 32). If one imagines a nucleoprotein filament track at 

the DSB of 1 kb length, and assumes that 250 bp of homology are sufficient for 

efficient recombination165, parallel intersegmental homology probing might be 

possible and might facilitate the speed of homology search. However, so far 

intersegmental transfer has only been observed in vitro, and the extend of 

intersegmental homology probing in vivo remains to be tested.  

 Homology search might also be facilitated by induced chromatin mobility. 

Recently, fluorescent imaging of single DSBs in S. cerevisiae revealed an induction 

of chromatin mobility of sequences around the DSB in comparison to the intact 

sequence105,106,107,109. An induced movement of chromatin intuitively suggests that the 

likelihood of random encounter between distant homologous sequences is 

increased109, thus facilitating homology search108. Moreover, it should also be noted 

that proximity between the broken and the intact homologous sequence is likely not 

only mediated by the broken sequence itself but also by the intact homologous 

sequence. In other words, do the DSB-associated Rad51 filaments search for the 
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homologous sequence, or vice versa. If homology search is based on a random 

encounter, likely both contribute to homology search. Along this line, one study 

observed not only an induced movement of the DSB itself, but also of other 

chromosomes105, which might additionally facilitate homology search. However, 

whether induced chromatin mobility is indeed directly linked to the efficiency of 

homology search remains to be tested109. 

Taken together, we propose that these additional contributions to the 

efficiency of long-range homology search (1D sliding, parallel intersegmental 

homology probing and induced chromatin mobility) significantly decrease the time 

required to randomly probe large parts of the genome in S. cerevisiae. If one 

additionally considers that ectopic recombination has been often studied by end-point 

assays (measuring completion of repair)37 – which allow the cells a longer time for 

repair than the previously assumed 2 hours97 – it appears rather likely that ectopic 

recombination between many different locations in the small genome of S. cerevisiae 

will happen at some point in a certain number of cells, explaining why homology 

search has been proposed to scan efficiently the entire genome104. However, it 

should be noted that - even if these described mechanisms facilitate the speed of 

homology search – homology still probes with the highest frequency in proximity, and 

far distant sequences will only be encountered infrequently. Evidently, this predicts 

that in cells with larger genomes, homology search is not able to encounter every 

genomic sequence, e.g. the nuclear volume of S. cerevisiae in comparison to 

mammalian cells is only one-thousandth, whereas chromatin mobility is 

comparable146. Moreover, such a model would also balance between the need for 

search and the potential harmful outcome of unwanted recombination between 

repeated sequences such as transposons. 

 In summary, chromatin-immunoprecipitation of the recombinase Rad51 

monitors nuclear homology search for the first time, and also has a predictive value 

of recombination rates. This substantially shed light onto the previously enigmatic 

mechanism of homology search. Moreover, this greatly enables to study the process 

of homology search in the context of the nuclear organization in further detail, e.g. to 

study the further components and requirements of homology search, and to study 

how homology search can proceed in the context of chromatinized DNA. 
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6 Materials and Methods 
 
For all described protocols, sterile flasks and solutions were used, and basic microbiological 

and biochemical techniques followed standard protocols166,167 or manufacturers instructions. 

General reagents were purchased from Difco, Invitrogen, Merck, Roth, Sigma  and Quiagen. 

For molecular biology, deoxynucleotide triphosphates (dNTPs) and enzymes were purchased 

from NEB, and DNA oligonucleotides were custom-made by Eurofins MWG. Taq-Polymerase 

was generated by the MPI of Biochemistry. 

 

6.1 Microbiology 

6.1.1 Escherichia Coli Techniques 
E. coli strains were cultivated at 37°C, either in liquid LB media or on LB agar plates. Culture 

density in liquid media was determined photometrically. 

 

E. Coli Strains 
 

Strain name Genotype Source 
XL1-Blue hsd R17 rec A1 end A1 gyrA46 thi-1 sup E44 

relA1 lac [F' pro AB lacIqZΔ M15 Tn10 (Tetr)] 
Stratagene 

 
 
E. Coli Media & Buffer 
 

LB-media   1 % trypton 
    0,5 % yeast extracts 
    1 % NaCl 
    1,5 % agar (for plates) 
    sterilized by autoclaving 
 
 
Competent E. Coli Cells 
Transformation of DNA plasmids into E. coli cells was achieved by electroporation. For the 

preparation of electro-competent E. coli cells, liquid LB medium was inoculated from a single 

bacterial colony, finally grown in 1 l of liquid LB medium to an OD600 of 0.6 – 0.8. 

Subsequently, the culture flask was incubated on ice for 30 min, and cells were harvested by 

centrifugation (10 min, 5000 g, 4 °C). The pelleted cells were carefully resuspended and 

washed with ice-cold water, centrifuged again and washed twice with 0.5 l ice-cold 10% (v/v) 

glycerol solution. Upon final washing with 50 ml ice-cold 10 % (v/v) glycerol solution, cells 

were carefully resuspended in 3 ml ice-cold 10 % (v/v) glycerol solution. Subsequently, 50 μl 

aliquots were generated from this solution, frozen in liquid nitrogen and stored at -80 °C. 
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Transformation of E. Coli 
For Transformation of DNA plasmids into E. coli cells, electro-competent E. coli cells were 

thaw on ice and mixed with 2 μl of dialysed ligation samples (for the origin of ligation samples, 

see paragraph “Ligation of DNA Fragments”). Upon transfer of this suspension into a pre-

cooled 0.2 cm gene pulser cuvettes (Biorad), electroporation was carried out by applying a 

pulse of 1.8 kv, 25 μF and with a resistance of 200 Ω. Subsequently, 1 ml liquid LB medium 

was added to the cuvettes, carefully mixed, and the suspension was transferred to a fresh 

culture tube and incubated for 1 hour at 37 °C on a shaker (800 rpm). Thereafter, selection of 

transformants was achieved by platting the cells on LB agar plates containing the antibiotic 

whose resistance was encoded on the transformed DNA (mostly ampicillin). Upon incubation 

over night at 37 °C, single bacterial colonies were inoculated in liquid LB media, and plasmid 

DNA was isolated (see paragraph “Isolation of Plasmid DNA from E. coli”). 

 

6.1.2 Saccharomyces Cerevisiae Techniques 
 
Saccharomyces Cerevisiae Strains 
All yeast strains were isogenic to either JKM179, JKM161, JKM139 or W303. Strain YCL26 

was obtained by crossing YCZ173115 with W303 MATα (Claudio Lademann). 

 
Strain Genotype References 

JKM179 Δhml::ADE1, MATα, Δhmr::ADE1, ade1-100, leu2-
3,112 lys5, trp1::hisG', ura3-52, ade3::GAL-HO 

111 

JKM139 Δhml::ADE1 MATa Δhmr::ADE1, ade1-100, leu2-
3,112 lys5, trp1::hisG', ura3-52, ade3::GAL-HO 

111 

JKM161 HMLα, MATa, Δhmr::ADE1, ade1-100, leu2-3,112, 
lys5 trp1::hisG', ura3-52, ade3::GAL-HO 

111 

YXW3 HMLα, MATa, Δhmr::ADE1, ade1-100, leu2-3,112, 
lys5 trp1::hisG', ura3-52, ade3::GAL-HO, rfa1-t11 
(K45E) 

126 

MK205 MATa-inc, ura3-HOcs, ade3::GAL-HO, ade2-1, leu2-
3,112, his3-11,15, trp1-1, can1-100 

97 

SB368 JKM179, Δrad51::natNT2 Steven Bergink 

JOR09 JKM179, Δrad52::kanMX6 This study 

JOR24 JKM179, Δrad55::kanMX6 This study 

JOR25 JKM179, Δrad57::kanMX6 This study 

JOR03 JKM179, Δrad54::kanMX6 This study 

JOR05 JKM179, Δrdh54::natNT2 This study 

JOR34 JKM179, Δrad54::kanMX6, Δrdh54::natNT2 This study 

JOR134 JKM179, rad51-II3A(R188A, K361A, K371A)::kanMX6 This study 

JOR07 JKM139, ΔRE::kanMX6 This study 

JOR37 JKM161, ΔRE::kanMX6 This study 

JOR91 JKM139, ΔRE::kanMX6, ChrV at 24kb::RE-natNT2 This study 



Materials and Methods  
 

 80 

JOR15 JKM179, ΔTy170kb(ChrIII)::natNT2 This study 

IP224 JKM179, rfa19myc::natNT2 Ivan Psakhye 

JOR51 JKM139, rfa19myc::natNT2 This study 

JOR84 JKM139, rfa19myc:: natNT2, Δrad51::hphNT1 This study 

JOR85 JKM139, rfa19myc::natNT2, Δrad55::kanMX6 This study 

JOR67 JKM179, hta1-S129A-tADH::hphNT1, hta2-S129A-
tADH:: kanMX6 

This study 

JOR77 W303, MATα, leu2-3,112, ade2-1, can1-100, his3-
11,15 ura3-1, trp1-1, ChrIV720kb::SceI(recognition site)-
kanMX6  

This study 

JOR87 W303, MATα, leu2-3,112, ade2-1, can1-100, his3-
11,15 ura3-1, trp1-1, ChrIV491kb::SceI(recognition site)-
kanMX6 

This study 

JOR93 W303, MATα, leu2-3,112, ade2-1, can1-100, his3-
11,15 ura3-1, trp1-1, ChrV24kb::SceI(recognition site)-
kanMX6 

This study 

JOR94 W303, MATα, leu2-3,112, ade2-1, can1-100, his3-
11,15 ura3-1, trp1-1, ChrXII136kb::SceI(recognition site)-
kanMX6 

This study 

JOR88 W303, MATα, leu2-3,112, ade2-1, can1-100, his3-
11,15 ura3-1, trp1-1, ChrXII394b::SceI(recognition site)-
kanMX6 

This study 

YCL26 W303, MATa, leu2-3,112, ade2-1, can1-100, his3-
11,15 ura3-1, trp1-1, ade3::PGAL-HO, hmlΔ::pRS-1, 
hmrΔ::pRS-2, matHOcsΔ::pBR-1 

Claudio Lademann 

JOR97 YCL26, ChrIV491kb::HOcs-hphNT1,  This study 

JOR99 YCL26, ChrIV491kb::HOcs-hphNT1, rfa19myc:: kanMX6 This study 

JOR133 YCL26, ChrIV491kb::HOcs-hphNT1, ΔRE::kanMX6 This study 

JOR102 YCL26, ChrI120kb::HOcs-hphNT1 This study 

 
 
 
Saccharomyces Cerevisiae Plasmids 
 
Plasmid name Description Source 
pWJ1320 SceI expression plasmid (SceI gene placed under 

GAL promoter); ADE and AmpR seletion markers 
Michael Lisby; 
Ref 170 
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Saccharomyces Cerevisiae Media and Buffers 
 
YPD / YP-Gal /YP-Raf  1 % yeast extract 

2 % bacto-peptone 
2 % carbon source (glucose, raffinose or galactose) 
2 % agar (only for plates)  
sterilized by autoclaving 

 
YP-Lactate    1 % yeast extract  

2 % bacto-peptone  
3 % lactic acid 
adjust pH to 5.5 with NaOH (ca. 12 g/l final) 
sterilized by autoclaving 

 
YPD G418/NAT/HPH plates  after autoclaving, YPD medium with 2 % agar was cooled to 

50 °C, and 200 mg/l G418 (geneticine disulphate, PAA 
Laboratories), 100 mg/l NAT (nourseothricin, HK Jena) or 
500 mg/l Hph (hygromycin B, PAA Laboratories) was added. 

 
SC-media    0.67 % yeast nitrogen base 

0.2 % amino acid drop out mix 
2 % carbon source (glucose, raffinose or galactose) 
2 % agar (for plates)  
sterilized by autoclaving 

 
SC-lactate    0.67 % yeast nitrogen base 

0.2 % amino acid drop out mix 
3 % lactic acid 
adjust pH to 5.5 with NaOH (ca. 12 g/l final) 
sterilized by autoclaving 

 
Drop out amino acid mix  20 mg Ade, Ura, Trp, His 

30 mg Arg, Tyr, Leu, Lys 
50 mg Phe 
100 mg Glu, Asp 
150 mg Val 
200 mg Thr 
400 mg Ser 

 
SORB     100 mM LiOAc 

10 mM Tris-HCl, pH 8.0 
1 mM EDTA, pH 8.0 
1 M sorbitol 
sterilized by filtration 

 
PEG     100 mM LiOAc 

10 mM Tris-HCl, pH 8 
1 mM EDTA, pH 8.0 
40 % (w/v) PEG-3350 
sterilized by filtration 
stored at 4 °C 
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Cultivation and Storage of Saccharomyces Cerevisiae 
Cultures streaked on agar plates were used for short-term storage (1-2 weeks), whereas 

cultures were frozen in 15 % (v/v) glycerol at -80 °C for long-term storage. Single yeast 

colonies on freshly streaked plates were used to inoculate liquid cultures, which were 

subsequently grown overnight at 30 °C on a shaking platform (150-220 rpm). From this pre-

culture the main culture was inoculated to an OD600 of 0.1 (or lower) and incubated in baffle-

flasks (size ≥ 5x liquid culture volume) on a shaking platform (150-220 rpm) at 30ºC until mid-

log phase growth had been reached (equals OD600 of 0.6-0.9), then experiments were 

performed. The culture density was determined photometrically (OD600 of 1 is equal to 1.5x107 

cells/ml). 

 

Competent S. Cerevisiae Cells 
S. cerevisiae cells were grown to mid-log phase, and harvested by centrifugation (5 min, 500 

g, RT). Washing was performed once with 25 ml sterile water and once with 10 ml SORB 

solution. Subsequently, cells were resuspended in 360 μl SORB and 40 μl carrier DNA 

(salmon sperm DNA, 10 mg/ml, Invitrogen), and stored in 50 μl aliquots at -80°C. 

 

Transformation of S. Cerevisiae Cells 

Transformation of S. cerevisiae cells with linearized plasmid DNA or PCR products was 

performed by using approximately 2 μg of the respective linearized plasmid DNA or PCR 

product, and 50 μl of the respective competent cells (see above), both mixed with 6 volumes 

of PEG and incubated for 30 min at room temperature. Subsequently, DMSO was added (to a 

final concentration of 10 %), and cells were heat shocked at 42 °C for 10 min. Thereafter, 

cells were centrifuged, resuspended in 3 ml YPD, incubated for 3 hours at 30 °C and streaked 

out onto plates containing the respective selective media. After two days of incubation at 30 

°C, transformants were replica plated onto the respective selection plate to reduce the rate of 

false-positive transformants. Correct integration was subsequently tested by yeast colony 

PCR (see paragraph “PCR Screening of Genomic Recombination Events”). If possible, 

successful gene knockout or epitope tagging was additionally confirmed by Western blot 

analysis (see paragraph “Protein Methods”). 

 

Genetic Manipulation of Saccharomyces Cerevisiae 
Chromosomally tagged strains, mutants and knockouts were constructed by a PCR-based 

strategy168,169 (see paragraph “Amplification of Targeting Cassettes”), using the protocols for 

competent S. cerevisiae cells and transformation described above. Briefly, PCR products 

used for transformation contained the selection marker (kanMX6, natNT2 or hphNT1) and for 

chromosomal tagging the epitope tag (Rfa-9myc). For integration, the PCR product is flanked 

on both sides by genomic targeting sequences. Integration of the PCR products to the correct 
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chromosomal locations was confirmed by yeast colony PCR using specific primers168 (see 

paragraph “PCR Screening of Genomic Recombination Events”). 

Mutation of serine-129 to alanine of H2A was targeted to both endogenous alleles of 

H2A (hta1 and hta2), integrating an ADH1 terminator. Correct integration and presence of 

genomic hta1 and hta2 mutation was confirmed by yeast colony PCR and sequencing (see 

below).  

The 30 bp specific SceI recognition sequence (5‘-ttacgctagggataacagggtaatatagcg-

3‘170 was cloned next to a selection marker, subsequently genomically integrated at the 

designated position (ChrIV:491 kb, in-between YDR024W and YDR025W; ChrV:24 kb, in 

between YEL069C and YEL068C; ChrIV:720 kb, in-between YDR132C and YDR133C; 

ChrXII:136 kb, in between YLL007C and YLL006W-A; ChrXII:394 kb, in between YLR125W 

and YLR126C), and the presence of the integrated genomic SceI recognition sequence was 

confirmed by sequencing. Similarly, a 36 bp HO recognition sequence (5’-

agtttcagctttccgcaacagtataattttataaac-3’)171 was cloned next to a selection marker and 

integrated at the designated position (ChrIV:491 kb, in-between YDR024W and YDR025W; 

ChrI:120 kb, in-between YAL018C and YAL017W), and the presence of the integrated 

genomic HO-recognition sequence was confirmed by yeast colony PCR and sequencing.  

RE was deleted by deleting 800 bp of the RE, which has been shown to be the main 

element for RE function36. Moreover, this deletion does not interfere with neighboring gene 

function, but retains a mild RE activity36. A similar region of the RE was cloned next to a 

selection marker and integrated at the designated position (ChrV:24 kb, in-between YEL069C 

and YEL068C), confirmed by yeast colony PCR and sequencing.  

To integrate the rad51-II3A mutation117 into the JKM179 strain, a PCR product was 

generated from a rad51-II3A mutant (with a kanMX6 selection marker next to it) bearing strain 

(3687; kindly provided by D. Bishop). This PCR product (containing the kanMX6 selection 

marker and the RAD51 ORF with the mutations R188A, K361A, K371A) was integrated into 

the endogenous Rad51 locus, and the correct integration and presence of genomic mutations 

(R188A, K361A, K371A)) was confirmed by yeast colony PCR and sequencing.  

The rfa1-t11 (K45E) mutant strain was kindly provided by J. Haber126. 

 

Phenotypic Analysis of Saccharomyces Cerevisiae Strains 
To analyze and compare growth of WT and mutant derivative S. cerevisiae strains, equal 

amounts of cells were spotted onto solid media with or without DNA damage inducing drugs 

(such as zeocin; Invitrogen). Specifically, yeast overnight cultures were harvested and 

resuspended in 1 ml sterile water. Upon dilution to an OD600 of 1, five-fold serial dilutes were 

prepared and spotted onto the respective solid media plates. Growth was compared after 

incubation  for 2 and 3 days at 30 °C. 
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6.2 Molecular Biological Techniques 
 
Isolation of Plasmid DNA from E. Coli 
Single E. coli colonies (derived from transformation of plasmid DNA) were inoculated in 5 ml 

liquid LB medium and growth overnight at 37 °C. Subsequently, DNA plasmids were isolated 

using a commercially available kit (AccuPrep Plasmid Mini Extraction Kit, Bioneer) according 

to the manufacturer’s instructions. 

 

Isolation of Yeast Genomic DNA 
Isolation of yeast genomic DNA (e.g. as a template for the amplification of specific genes or 

chromosomal elements by PCR) was performed from a 10 ml saturated yeast culture. Upon 

centrifugation (1000 g, 5 min, RT), cells were resupended in 0.5 ml and centrifuged again. 

Thereafter, 200 μl detergent lysis buffer (2 % (v/v) Triton X 100, 1 % (v/v) SDS, 100 mM NaCl, 

10 mM Tris-Cl pH 8, 1 mM EDTA), 200 μl phenol/chloroform/isoamyl alcohol (25:24:1 v/v/v; 

Roth) and approximately 0.3 g glass beads (Ø 425-600 μm; Sigma) were added and the 

solution was vortexted for 3 min to achieve efficient cell lysis. Subsequently, 200 μl TE pH 8 

was added and the resulting mixture was centrifuged (13000 rpm, 5 min, RT). The aqueous 

layer was transferred to a new microcentrifuge tube, 1 ml 100 % EtOH was added to 

precipitate DNA, and the suspension was mixed by inversion. Upon centrifugation (13000 

rpm, 5 min, 4 °C), the pellet was resuspended in 400 μl TE pH 8. Additionally, 3 μl DNase-

free RNase (10 mg/ml) was added to degrade RNA contamination, and incubated for 5 min at 

37 °C. Thereafter, DNA was precipitated by the addition of 1 ml 100 % EtOH and 10 μl 4 M 

ammonium acetate (mixed by inversion). Upon centrifugation (13000 rpm, 5 min, 4°C), the 

supernatant was discarded and the pellet was air-dried. Finally, the air-dry pellet was 

resuspended in 50 μl TE pH 8. 

 

Determining DNA Concentration 
DNA concentration was determined photometrically (using NanoDrop ND-1000 

spectrophotometer (PeqLab)) by measuring the absorbance at a wavelength of 260 nm 

(OD260). An OD260 of 1 is equal to a concentration of 50 μg/ml double-stranded DNA. 

 

6.2.1 Polymerase Chain Reaction (PCR) 
 

PCR was used to amplify DNA fragments from genomic DNA for cloning, to amplify targeting 

cassettes for chromosomal gene disruption and epitope tagging, to test for genomic 

recombination events, and to analyze ChIP experiments by quantitative real-time PCR. 

Generally, all PCR reactions were prepared on ice. 
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Amplification of Genomic DNA Fragments 
Amplification of genomic DNA fragments for subsequent cloning was performed from genomic 

DNA using the highly accurate PhusionTM DNA polymerase (Finnzymes). 

 

 

Amplification of Targeting Cassettes 
Chromosomally tagged strains, mutants and knockouts were constructed by a PCR-based 

strategy168,169, based on PCR products flanked on both sides by genomic targeting 

sequences. Upon PCR, a small amount of the PCR sample was analyzed for correct size and 

for quality. Subsequently, the remaining PCR sample was purified using the PCR purification 

kit from Quiagen according to the manufacturer’s instructions. This purified PCR product was 

then used for Yeast transformation (see paragraph “Transformation of S. Cerevisiae Cells”) 

 

 

 

PCR Screening of Genomic Recombination Events (“Colony PCR”) 
Yeast colony PCR was performed according to Knop et al168 and Janke et al169 to confirm 

integration of the PCR products to the correct chromosomal locations. Briefly, a yeast colony 

was swirled into 20 μl of 0,02 M NaOH, and upon addition of glass beads (425-600nm; 

Sigma) incubated for 5 min at 99 °C with 1400 rpm shaking. Subsequently, the sample was 

centrifuged for 1 min at 14000 rpm, and 1,6 μl of the supernatant were used as template for 

PCR using the following protocol: 

PCR mix μl 
5x HF buffer 10 
Primer 1 (10 μM) 3 
Primer 2 (10 μM) 3 
dNTPs (10 mM each) 1 
template (gen. DNA) 1 
H2O 31.5 
Phusion polymerase 0.5 
 

98 °C 1 min 
then 25 cycles  
98 °C 20 s 
60 °C 20 s 
72 °C 90 s (or longer 

depending on 
size) 

72 °C 7 min 
4 °C ∞ 
 

PCR mix  
  
 μl 
Long PCR buffer 10 
DNA plasmid template 0.65 
Primer 1 (10 μM) 6.4 
Primer 2 (10 μM) 6.4 
dNTPs (10 mM each) 3.5 
MgCl2 (50 mM) 1 
Vent polymerase 0.7 
Taq polymerase 0.8 
H2O 12.9 
 

Thermocycler  
  
95 °C 5 min 
then 10 cycles  
95 °C 30 s 
54 °C 30 s 
68 °C 2 min 40 s 
then 20 cycles  
95 °C 30 s 
54 °C 30 s 
68 °C 2 min 40 s 

+ 20s/cycle 
68 °C 5 min 
4 °C ∞ 
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6.2.2 Molecular Cloning 
 
Digestion of DNA using Restriction Enzymes 
Digestion of DNA using site-specific restriction enzymes was performed according to 

instructions of the manufacturer (New England Biolabs). Briefly, reaction samples were 

incubated in recommended buffers at the recommended temperature. To avoid re-ligation of 

plasmid DNA, the 5’ end of the plasmid DNA was dephosphorylated by incubation with calf 

intestinal phosphatase (CIP; New England Biolabs) at 37 °C for 1 hour. 

 

Separation of DNA using Gel Electrophoresis 
Size separation and analysis of DNA was performed by gel electrophoresis. Briefly, DNA 

samples were mixed with 5x DNA loading buffer (0.5 ml 10 % SDS, 0.5 ml 0.5 M EDTA, 2.9 

ml 86 % Glycerin, 6.1 ml H2O, BromphenolBlue, Xylene cyanol FF) and subjected to 

electrophoresis in agarose gels (mostly 1 % agarose gels; depending on the size of the 

respective DNA) containing 0.5 μg/ml ethidium bromide at 120 V in TBE buffer. Upon 

electrophoresis, DNA was visualized using an UV transilluminator (324 nm). Size of the 

respective DNA was estimated by comparison to standard size markers (1 kb DNA ladder, 

Invitrogen) 

 

Isolation of DNA fragments from Agarose Gels 
If suitable, DNA fragments were excised from agarose gels upon gel electrophoresis, using a 

sterile razor blade. Then, DNA was extracted from the agarose block by a kit from Quiagen 

(QIAquick Gel Extraction Kit) according to manufacturer’s instructions. 

 

Ligation of DNA Fragments 
DNA ligases are used to insert DNA fragments into plasmid vectors. Purified, digested and 

dephosphorylated vector DNA, insert DNA, Quick ligase and Quick ligase buffer are mixed. 

The ratio of insert to plasmid is adjusted to 3 to 1 (Insert=(bp Insert/bp plasmid)x300 ng). 

Ligations were carried out for 10 min at RT, followed by 5 min on ice. 

PCR mix  
  
 μl 
10x ThermoPol buffer 2 
Primer 1 (10 μM) 1.3 
Primer 2 (10 μM) 1.3 
dNTPs (10 mM each) 0.7 
Taq polymerase 0.2 
H2O 12.9 
 

Thermocycler  
  
94 °C 5 min 
then 30 cycles  
94 °C 30 s 
55 °C 30 s 
72 °C 1 min 
72 °C 5 min 
4 °C ∞ 
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For short inserts (like the HO and SceI recognition sequences), single-stranded 

primers were annealed to form dsDNA, which then was ligated into a plasmid (“primer 

ligation”). Specifically, complementary oligonucleotides harboring ends that mimic overhangs 

resulted from specific restriction endonucleases were ordered and dissolved at a 

concentration of 100 μM in linker buffer (50 mM Tris-HCl pH 8, 100 mM NaCl, 1mM EDTA). 

The complementary oligonucleotides were mixed, denaturated at 95 °C, and slowly cooled (1 

°C per minute) until 4 °C. Then, the resulting linker was phosphorylated by incubation with T4 

PNK in T4 ligase buffer for 30 min at 37 °C, gel purified and used for ligation. 

 

DNA Sequencing 
All sequencing reactions were performed by the MPIB core facility, using an ABI 3730 

sequencer, ABI Big Dye 3.1 sequencing chemistry, 300 ng dsDNA template and 5 pmol 

primer. 

 

6.3 Biochemistry and Cell Biology Techniques 

6.3.1 Protein Methods 
 
General Buffers and Solutions 
 

HU sample buffer  200 mM Tris, pH 6.8  
8 M urea 
5 % (w/v) SDS 
1 mM EDTA 
1.5 % (w/v) DTT 
0.1 % (w/v) bromophenol blue 

 
MOPS running buffer  50 mM MOPS 
    50 mM Tris base 
    3.5 mM SDS 
    1 mM EDTA 
 
Blotting buffer   250 mM Tris base 
    1.92 M glycine 
    0.1 % (w/v) SDS 
    20 % (v/v) methanol 
 
TBST    25 mM Tris-HCl, pH 7.5 
    137 mM NaCl 
    2.6 mM KCl 
    0.1 % (v/v) Tween 20 
 
Stripping buffer   4 % (w/v) SDS 
    100 mM β-mercaptoethanol 
    62.5 mM Tris/HCl, pH 6.8 
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TCA Precipitations 
Small-scale cell extracts were prepared by trichloroacetic acid (TCA) precipitation for 

analytical purposes. 1OD of yeast culture were harvested by centrifugation and resuspended 

in 1 ml ice-cold water. 150 μl 1.85 M NaOH/7.5 % β-mercaptoethanol were added and 

incubated for 15 min on ice to lyse cells. Proteins were precipitated by addition of 150 μl 55 % 

TCA and incubation for 10 min on ice. Upon centrifugation (20000 g, 10 min, 4 °C), pelleted 

precipitated proteins were resuspended in 50 μl HU sample buffer. 

 

SDS-Polyacrylamide Gel Electrophoresis (PAGE) 
Proteins samples in HU sample buffer derived from TCA precipitations were denatured by 

heating to 65 °C for 10 min and loaded on pre-cast 4-12 % NuPage Bis-Tris gels (Invitrogen, 

Carlsbad, USA). Gel electrophoresis was performed in MOPS buffer at a constant voltage of 

140V. Protein size was estimated by comparison to the standard size marker Precision Plus 

Protein All Blue Standard (Bio-Rad Laboratories GmbH, Hercules, USA). 

 

Western Blot Analysis 
Proteins separated by PAGE were transferred to polyvinylidene fluoride (PVDF) membranes 

(Millipore, Billerica, USA) for western blot analysis, using wet blotting in an electric tank 

blotter. This was performed in transfer buffer at a constant voltage of 70 V at 4 °C for 90 min. 

Thereafter, membranes were blocked for at least 10 min in TBS-T + 5 % milk powder at room 

temperature, and incubated over night at 4 °C with a primary antibody diluted in TBS-T + 5 % 

milk powder. Subsequently, the membrane was washed with TBS-T for 4 times (for at least 

10 min each) at room temperature, incubated with a horse radish peroxidase (HRP)-coupled 

secondary antibody (Dianova, Hamburg, Germany), and washed again with TBS-T for 4 times 

(for at least 10 min each) at room temperature. Signals were obtained by chemiluminescence 

reactions using ECL, ECL-plus or ECL advanced kits (Amersham/GE Healthcare, Little 

Chalfont, UK) following manufacturer’s instructions. Signals were detected by exposure of the 

membrane to a chemiluminescence film (Amersham Hyperfilm ECL, GE Healthcare) with 

variable exposure times and subsequent automated film development, or alternatively by 

using a LAS-3000 imaging  system (Fujifilm Europe GmbH, Düsseldorf, Germany) equipped 

with a CCD camera. 

 Stripping of immunoblot membranes was performed for sequential incubation of the 

same membrane with different primary antibodies. Bound immunoglobulins were removed by 

incubation of the membrane in stripping buffer for 30 min. Subsequently, the membrane was 

washed twice with TBS-T, and blocked and probed with a primary antibody as described 

above. 
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Antibodies 
 
Specificity Type Source 
α-Dpm1 mouse, primary antibody Invitrogen 
α-HA primary antibody Santa Cruz 
α-Myc (9E10) primary antibody Sigma 
α-Pgk1 primary antibody Molecular Probes 
α-Rad51 (polyclonal) primary antibody Santa Cruz 
α-Rad52 (polyclonal) primary antibody Ref 78 
HRP-coupled α-rabbit IgG secondary antibody Dianova 
HRP-coupled α-mouse IgG secondary antibody Dianova 
   
 

6.3.2 Induction of Single DSBs in vivo 
To induce a single specific DSB by HO-endonuclease, the HO gene is placed under GAL 

promoter expression as originally described76,111. For HO expression, the respective yeast 

strains were grown in YP-lactate (1 % Bacto Yeast Extract, 2 % Bacto Peptone, 3 % lactic 

acid, pH 5.5) to avoid glucose repression. HO expression was induced by the addition of 

galactose to a final concentration of 2 %. In experiments in which a homology is present to 

allow repair (donor-proficient strains), 2 % glucose (final concentration) was added after 1 

hour to shut off HO expression. For SceI-based DSB induction, the respective yeast strains 

were transformed with the SceI expression plasmid pWJ1320 (kindly provided by M. Lisby), 

encoding SCEI placed under GAL promoter control, and subsequently grown in SC-ADE 

lactate. SceI expression was induced as for HO by the addition of galactose to a final 

concentration of 2 %. 

 

6.3.3 Chromatin-Immunoprecipitations (ChIP) 
 
General Buffers and Solutions 
 

FA lysis buffer   50 mM HEPES 
    150 mM NaCl 
    1 mM EDTA 
    1 % Triton X-100 
    0.1 % Deoxycholic acid, Na-salt 
    0.1 % SDS 
 
FA lysis buffer 5 mM NaCl 50 mM HEPES 
    500 mM NaCl 
    1 mM EDTA 
    1 % Triton X-100 
    0.1 % Deoxycholic acid, Na-salt 
    0.1 % SDS 
 
ChIP wash buffer  10 mM Tris HCl pH 8 
    250 mM LiCl 
    1 mM EDTA 
    0.5 % NP-40 
    0.5 % Deoxycholic acid, Na-salt 
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ChIP elution buffer  50 mM Tris pH 7.5 

10 mM EDTA 
1% SDS 

 
TE    10 mM Tris pH 8 
    1 mM EDTA 
 
Quenching solution  2.5 M glycine 
    Sterilized by autoclaving 
 
 
Chromatin-Immunoprecipitation 
Chromatin immunoprecipitation (ChIP) time-course experiments were performed similarly as 

described previously172,76. 200 ml cultures of every time point were cross-linked by the 

addition of 1 % (final concentration) formaldehyde for 16 min (if suitable, 1OD was harvested 

from each time point directly before crosslinking, and used for Western blot analysis), and 

subsequent quenching with 375 mM (final concentration) glycine for at least 10 min. 160 OD 

of crosslinked cells were then pelleted by centrifugation (5500 g, 5 min, 4°C), washed one 

with ice-cold PBS and transferred to a 2 ml Eppendorf tube. Cells were frozen in liquid N2, 

and generally stored overnight (or for some days) at -80°C. 

For chromatin preparation, cells were thaw on ice and 800 μl FA lysis buffer (freshly 

complemented with 1 mg/ml Pefabloc SC (Roche) and EDTA-free complete cocktail (Roche)) 

was added. Cells were lysed by the addition of zirconia/silica beads (BioSpec Inc., Bartesville, 

USA) and the usage of a multi-tube bead-beater (MM301 from Retsch GmbH, Haan, 

Germany) for 6 times for 3 minutes (30/s frequency) with 3 min cooling intervals (to allow 

cooling, the bead-beater was continuously placed in a 4 °C cold-room). Upon cell lysis, 

samples were transferred (piggyback method to separate the sample from the beads) to a 15 

ml Falcon tube. Upon additional transfer to a fresh 2 ml Eppendorf tube, chromatin was 

separated from the soluble fraction by centrifugation (20000 g, 15 min, 4 °C). Subsequently, 

the chromatin pellet was resuspended in 2 ml ice-cold FA lysis buffer (complemented with 1 

mg/ml Pefabloc SC and EDTA-free complete cocktail) and transferred to hard plastic Sumilon 

15 ml centrifuge tubes (Sumitomo Bakelite Co., Japan). Then, chromatin was sheared by 

water/ice bath sonification in Bioruptor UCD-200 instruments (Diagenode sa, Liège, Belgium). 

Generally, 30 times 30 s cycles (with 30 s breaks in between) at an output of 200 W were 

performed with the aim to shear the DNA to an average length of 250-500 bp. As the 

efficiency of the Bioruptor UCD-200 instruments decreased over time the number of cycles 

was increased meanwhile to 40. 

The sheared and thus solubilized chromatin was purified from unbroken cells and cell 

debris by centrifugation (20000 g, 30 min, 4 °C). Subsequently, 20 μl of the supernatant was 

removed as “input” samples, and 800 μl of the supernatant was used for immunoprecipitation 

(IP). For IP, the respective antibody (Anti-c-myc (SIGMA, 9E10), anti-γH2A (phospho-ser129, 
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Upstate), anti-RPA (Agrisera), anti-Rad51 (Santa Cruz), and anti-Rad5278) was added to the 

chromatin solution and incubated for 90 min at 23 °C with head-over-tail rotation. Thereafter, 

25 μl pre-swollen Protein A Sepharose CL-4B 50/50 slurry (GE Healthcare, Little Chalfont, 

UK) was added and incubated for 30 min at 23 °C with head-over-tail rotation. Beads were 

then washed three times with 400 μl FA lysis buffer, once with 400 μl FA lysis buffer 

containing 0.5 M NaCl, once with 400 μl ChIP wash buffer and once with TE pH 8 (with 

centrifugation in between each step; 150 g, 3 min, RT). 110 μl ChIP elution buffer was added 

and incubated at 65 °C for 15 min (shaking at 1400 rpm) to elute bound protein-DNA 

complexes. Upon centrifugation, 100 μl of the supernatant was removed as “ChIP” sample. 

Input and ChIP samples were digested by Proteinase K for 2 hours at 42 °C and 

decrosslinked for 6 hours at 65 °C. Subsequently, the Input and ChIP DNA samples were 

purified using the QIAquick PCR purification kit (Quiagen, Hilden, Germany), and thereafter 

either used for RT-qPCR (see paragraph “Quantitative Real-Time PCR for ChIP Analysis”) or 

ChIP-on-chip analysis (see paragraph “ChIP-on-chip analysis”). 

 

Quantitative Real-Time PCR for ChIP Analysis 
Quantitative Real-Time PCR (RT-qPCR) analysis on ChIP samples was performed using the 

LightCycler 480 SYBR Green I Master hot-start reaction mix (Roche Diagnostics GmbH, 

Mannheim, Germany) and the LightCycler 480 System. 2 μl of either ChIP sample (undiluted) 

or input sample (1:10 dilution) were mixed with 18 μl master mix (see below) in triplicates in 

384-well LightCycler plates. Pipetting was performed by a CAS-1200 PCR setup robot 

(Corbett Lifescience/Quiagen, Hilden, Germany). 

 

 

To quantify template DNA concentration, for each primer pair a dilution series was generated 

from one input samples (1:5, 1:50, 1:500, 1:5000) and the LightCycler PCR amplification 

curves were quantified from their second derivative maximum. Moreover, melting curve 

analysis was performed as a quality control for primer specificity (only a single PCR product 

should be amplified per reaction). 

Generally, RT-qPCR ChIP data was normalized to a control locus and to 1 before 

DSB induction. Normalization to a control locus (YJL112W/Mdv1) was calculated by 

((IP[test]/input[test])/(IP[control]/input[control]). 

RT-qPCR mix  
  
 μl 
SYBR Green I Master Mix 10 
Primer 1 (10 μM) 1.2 
Primer 2 (10 μM) 1.2 
H2O 5.6 
Sample 2 
 

LightCycler   
  
95 °C 10 min 
then 45 cycles  
95 °C 10 s 
57 °C 10 s 
72 °C 16 s 
Melting curve analysis 
4 °C ∞ 
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Monitoring Mating-type Switching by quantitative Real-Time PCR 
Recombination between MAT and HML loci was monitored by RT-qPCR, using unique 

primers pA and pB that prime distal to MAT and within HML112. Thus, only upon 

recombination a PCR product can be generated. RT-qPCR was performed on ChIP Input 

samples. 

 

Primers used for Real-Time PCR 
 

Name Sequence Chr. Location Source 
JOR001 for GCAACTGTCACAGTTGTTAGCCG Chr. III, 253 kb This study 
JOR002 rev ATTTCCCTCGGGAAACCTTCTT Chr. III, 253 kb This study 
JOR053 for CCCAAGCTCACAAATTAATATGGC Chr. III, 275 kb This study 
JOR053 rev GCATCTGTAGTACCACTGCTCTTTG Chr. III, 275 kb This study 
JOR138 for CTTTTCGTGTTCTAGCGTGTTCAC Chr. III, 29 kb This study 
JOR139 rev CTATCCAAAACCCTGGGCAA Chr. III, 29 kb This study 
JOR140 for CATGGCACTTACTGTGTTACCTTG Chr. III, 23 kb This study 
JOR141 rev GCGTGTGTTCTAGATTTAGTCGAAG Chr. III, 23 kb This study 
JOR161 for CGCCATTTGGGTGTAAAATCG Chr. III, 28 kb This study 
JOR161 rev GGAAACCTGGTTTGGAGATCAATC Chr. III, 28 kb This study 
JOR254 for AACGACGTGCTGTTTACCTGAT Chr. V, 30 kb This study 
JOR255 rev TGTGCACTAATGGGATATTCGG Chr. V, 30 kb This study 
JOR256 for AACGCAGACTCGGCTTTATCTA Chr. V, 55 kb This study 
JOR257 rev GACCATCTGACAGACTATTCCACAA Chr. V, 55 kb This study 
JOR258 for TATGGGTACCTATATGAAGCCCTG Chr. V, 20 kb This study 
JOR259 rev GACAACGGGACATTGATCTTTG Chr. V, 20 kb This study 
JOR330 for AGGGCCAACACCTAGTCCAA Chr. IV, 496 kb This study 
JOR331 rev AGGCGAAGTTAGTGCTGAACA Chr. IV, 496 kb This study 
CterYJL112Win GCGTGCCTGGTCACAGGTTCATACGAC Chr. X, 207 kb 76 
CterYJL112Wre TCATACGGCCCAAATATTTACGTCCC Chr. X, 207 kb 76 
HO -100check GAGCATATTACTCACAGTTTGGCTC Chr. III, 200 kb 76 
HO +190re GGATAGCTATACTGACAACATTCAG Chr. III, 200 kb 76 
HO +0,2 kb in CCTGGTTTTGGTTTTGTAGAGTGG Chr. III, 201 kb 111 
HO +0,2 kb GAGCAAGACGATGGGGAGTTTC Chr. III, 201 kb 111 
HO +5,7 kb in ACCAGCAGTAATAAGTCGTCCTGA Chr. III, 206 kb 111 
HO +5,7 kb re CCAAGGAACTAATGATCTAAGCACA Chr. III, 206 kb 111 
pA (MAT distal) GCAGCACGGAATATGGGACT switched MAT 112 
pB (Yα) ATGTGAACCGCATGGGCAGT switched MAT 112 
pHML for TCCCCATCGTCTTGCTCT Chr. III, 14 kb 111 
pHML rev CCC AAGGCTTAGTATACACATCC Chr. III, 14 kb 111 

 

6.3.4 ChIP-on-chip Analysis 
ChIP-chip was performed as described previously76. Briefly, samples were processed as for 

ChIP. After RNase (DNase-free RNase) treatment and ligation of linker oligonucleotides, DNA 

was amplified two times for 14 PCR cycles (using the GenomePlex Whole Genome 

Amplification (WGA) and reamplifications kits (Sigma)), as described in the Farnham Lab 

protocol for WGA amplification of DNA 173. Subsequent labeling of input and IP samples 

(either Cy3 or Cy5), hybridization to custom-made high-density whole S. cerevisiae genome 

NimbleGen arrays, array scanning and raw data extraction was performed by 

SourceBioSource (former imaGenes; NimbleGen ChIP-chip service). Two different kinds of 
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NimbleGen arrays were used in this study. Whereas for Figure 12A (Rfa1-9myc and Rad52) 

“array type 1” (NimbleGen CA4214-00-01 with 32 bp median genomic probe spacing) has 

been used, for all other data “array type 2 (12plex NimbleGen custom array with 84 bp 

median genomic probe spacing and only unique oligonucleotides) has been used. Quality 

controls, normalization and data analysis was performed using R/Bioconductor 

(www.Rproject.org; www.bioconductor.org) as described (174 and Tobias Straub Epigenome 

project PROT43, http://www.epigenesys.eu/). Briefly, despite array normalization and mean of 

two independent experiments, data depicted in all figures represent raw data. Consequently, 

single spikes in the ChIP-chip data correspond to single oligonucleotides, and are 

hybridization artifacts. All ChIP-chip data are normalized to the input. The depicted data in 

Figures 10, 12A, 13A-C, 15A, 20, 23A-D, 24, and 26A-D were additionally normalized to the 

corresponding 0 hr data set. 

 

6.4 Computer-aided Analysis 
Literature review was performed using databases integrated into the National Center of 

Biotechnology Information (www.ncbi.nlm.nih.gov) and Papers2 

(http://support.mekentosj.com/kb). For S. cerevisiae genomic sequence and protein 

information the Saccharomyces Genome Database (www.yeastgenome.org) was used. 

Sequence analysis (DNA restriction enzyme maps, DNA sequencing analysis) was performed 

using DNA-Star software (DNA Star Inc.). Data statistics and representation were performed 

by GraphPad Prism (www.graphpad.com/scientific-software/prism/), ChIP-on-chip data 

representation was performed by the Integrated Genome Browser (http://bioviz.org/igb/). 

ChIP-on-chip quality controls, normalization and data analysis was performed using 

R/Bioconductor (www.Rproject.org; www.bioconductor.org). Matlab was used to segment 

ChIP-on-chip data into 20 kb windows, centered to the respective centromere position. 

Figures were labeled and illustrations were created using Adobe Illustrator software (Adobe 

Systems Inc.). For text and table generation, the Microsoft Office software package (Microsoft 

Corp.) was used.  

 

6.5 Statistical Analysis 
All ChIP data are depicted on a log2-scale and as the mean ±SEM (standard error of the 

mean) of 3 independent ChIP experiments, despite Figures 23E and 23F, in which 4 

independent experiments were performed to allow statistical analysis via Kruskal–Wallis one-

way analysis of variance. All ChIP-chip data are depicted on a log2-scale and as the mean of 

two independent experiments (which includes a labeling dye swap to exclude labeling 

artifacts), despite Figures 21B, 22A, 22B and 24, which depict experiments that were only 

performed once. 
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8 Abbreviations 
 
1D  One-dimensional 
3D  Three-dimensional 
Amp  Ampicilin 
ARS Autonomously replicating 

sequences 
BIR  Break-induced replication 
Bp  Base-pairs 
BRCA2 Breast cancer tumor 

suppressor 2 
CEN  Centromere 
ChIP  Chromatin 

immunoprecipitation 
ChIP-chip ChIP analyzed by genome-

wide tiling arrays 
Chr  Chromosome 
dHJ  Double-Holliday junction 
DNA  Desoxyribonucleic acid 
dNTP Desoxynucleoside 

triphosphate 
D-loop  Displaced strand loop 
DSB  DNA double-strand break 
dsDNA  Double-stranded DNA 
E  Glutamate 
FISH Fluorescent in situ 

hybridization 
Fkh1 Forkhead transcription 

factor1 
G418  Geneticine disulfate 
Gal  Galactose 
GFP  Green fluorescent protein 
H2A  Histone 2 A 
H2A.X  Histone 2 A variant X 
H3  Histone 3 
HML Hidden MAT left, silent 

mating-type locus 
HMR Hidden MAT right, silent 

mating-type locus 
HO HO (homothallic switching) 

endonuclease 
HO-cs HO endonuclease DNA 

cleavage site 
HphNT1 Gene conferring resistance 

to hygromycin 
HR   Homologous recombination 
Hr  Hour 
IP  Immunoprecipitation 
IN  Input 
INO80  Inositol requiring 80 
K   Lysine 
Kan  Kanamycine 
KanMX6 Gene conferring resistance 

to G418 
Kb  Kilobase pairs 
Log  Logarithmic 
MAT  Mating-type locus 

MATα MAT locus containing α 
information 

MATa  MAT locus containing a  
  information 
Min  Minute 
Mito   Mitochomdrium 
MRX  MRX complex consisting of 

Rad50, Mre 11 and Xrs2 
Myc Epitope derived from c-myc  
N Number of independent 

experiments 
Nat  Noursethricin 
NatNT2 Gene conferring resistance 

to noursethricin 
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