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1 Summary 

Several lines of evidence emphasize the potential function of G-quadruplex (G4) structures 

during DNA replication, transcription and recombination. Although there are experimental 

evidences that G4s play a role during meiosis, the question if G4 structures influence meiosis 

has not been addressed yet. Meiosis is a specialized cell division of eukaryotic germ cells. It 

consists of a single DNA replication followed by two cell divisions, which results in four 

gametes with a haploid chromosome set. By this, parental cells can pass on its genetic material 

from generation to generation without leading to aneuploidy. 

In this thesis I aimed to identify and characterize the impact of G4 structure formation during 

meiosis in Saccharomyces cerevisiae. I mapped genome-wide the occurrence of G4 structure 

during vegetative growth and meiosis by G4-chromatin immunoprecipitation (ChIP)-seq and I 

identified 115 robust G4 binding proteins, which act during meiosis. Additionally, I analyzed 

the proteome of cells during meiosis and cells that were treated with the G4-stabilizing chemical 

compound Phen-DC3. Several proteins were specific for each data set down- or upregulated, 

respectively. This argues for an altered protein expression upon G4 stabilization. 

Further, stabilization of G4 structures by adding Phen-DC3 to meiotic yeast cells in vivo led to 

cell cycle arrest between G1 and premeiotic S-phase. In subsequent experiments I shed light on 

the cause of this arrest upon G4 stabilization. In the past it was shown that G4s often act as 

obstacles and consequently, resulting in genome instability. Therefore, I tested if G4 

stabilization leads to genome instability during meiosis and consequently to an activation of the 

G1/S-checkpoint and G1 arrest. Interestingly, deletion of the checkpoint proteins Mec1 and Tel1 

did not rescue the observed phenotype, demonstrating a G4 stabilization caused G1 arrest, which 

is independent of checkpoint activation.  

It was demonstrated that preferred meiotic double-strand break (DSB) sites, termed as hot spots 

overlap with regions, which are prone to fold into G4 structures. Meiotic DSBs are essential for 

the proper segregation of the homologue chromosomes during meiosis I. The overlap between 

meiotic DSB hot spots and G4 motifs led to the hypothesis that G4s are involved in meiotic 

DSB formation. For this reason, I evaluated the meiotic DSB frequency at meiotic DSB hot 

spot HIS4 in dependency of G4 motifs. During this thesis I discovered that meiotic DSBs are 

induced independently of G4 motifs at HIS4, which indicates that G4s do not play a direct role 

in DSB formation during meiosis.  
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2 Introduction 

 G-quadruplexes: Discovery, Structure, Relevance  

Nucleic acids of eukaryotes can form a variety of secondary structures. Besides canonical 

secondary structures such as B-DNA or RNA hairpins, guanine quadruplexes are of rising 

interest and new insights indicate that G-quadruplexes (G4) have an important role in diverse 

biological processes. In the following chapter I will give a brief introduction about G4s and 

why they are an important field in plenty different aspects. The observation that guanine repeats 

self-associate into four-stranded secondary structures in vitro date back to the early 1960s1. 

Almost 30 years later in the late 1980s Dipankar Sen and Walter Gilbert discovered that 

synthesized single-stranded DNA encoding guanine-rich IgG switch region forms four-stranded 

DNA structures in vitro, if monovalent cations are present2. These four-stranded secondary 

structures which form in DNA2,3 as well as in RNA4 consist of two or more planar stacked “G-

quartets”1–3. Each G-quartet is composed of four guanines which are held together by 

Hoogsteen hydrogen bonds between the four carbonyl groups of the guanines, forming a so 

called G4 structure (Figure 1)2,5. G4s are under physiological conditions very stable structures 

and exhibit resistance against degradation by nucleases6,7. 

Unimolecular G4s exhibit a sequence motif (G4 motif), generally described as 

G3+N1−7G3+N1−7G3+N1−7G3 (G: guanine, N: any base)8,9
. This commonly used G4 motif exhibit 

at least four runs of separated guanines, so called G-tracts, which consists of three guanines2,3. 

Figure 1: Left, schematic picture of a G-quartet with a stabilizing monovalent cation within 

the core. Right, schematic picture of an unimolecular G4, consisting of three G-quartets8. 
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On basis of this G4 motif, computational studies identified over 300 000 putative G4s in the 

human genome and 668 G4 motifs in the genome of Saccharomyces cerevisiae10,11. More 

recently, an in vitro G4-seq approach even revealed more than 700 000 potential G4 structures 

in the human genome and 103 in the genome of yeast12,13.  

Recent studies are partially moving away from the canonical G3+ N1−7 G3+ N1−7 G3+ N1−7 G3+ G4 

motifs. G4 motifs can form stable G4 structures under physiological conditions even when 

exceeding the postulated loop length of N1-7
14–16

. Also, G-tracts with only two guanines are 

feasible but result in less stable G4 structures17. In line with findings that loops, which exceed 

seven nucleotides can form stable G4s, it was demonstrated that G4 motifs with a central loop 

up to 30 nucleotides form relatively stable G4 structures14. Still, increasing loop length 

correlates with decreasing stability of G4 structures14,18,19. Moreover, the loop composition 

plays a role in stability. Guédin et al.20 presented that an adenine on the first position of loops 

containing two, three or four nucleotides has a negative effect on the stability of G4 structures. 

No such effect was observed if the adenine is present at another position of the loop. Thus, it 

seems that purines within loops are generally disadvantageous for the stability of G4 structures 

compared to pyrimidines. However, cytosines are underrepresent in loop regions. The 

suggested reason is that the possible Watson Crick hydrogen bonds between cytosines and 

guanines would compete with Hoogsteen hydrogen base pairing between the guanines of a G-

quartet18.  

Different factors contribute to G4 stabilization such as the interactions between delocalized 

π-electrons of guanines among stabled G-quartets. Furthermore, G4s are stabilized by 

monovalent cations with stabilization strength in following order: K+ > Na+ > NH4+ > Li+21–25. 

Without cations G4s cannot form due to negative electrostatic repulsion of the eight carbonyl 

O6 atoms of the adjacent G-quartets26,27. One of the key factors for the stability of G4s in vivo 

is the physiological concentration of potassium and sodium (~140 mM K+ and ~10 mM Na+)28. 

In particular, potassium-associated G4 structures were shown to be more stable when compared 

with its sodium bound counterparts. Even though, sodium cations are smaller and can move 

within the G4 core, whereas potassium-stabilized G4 structures exhibits a slightly higher 

stability due to the higher dehydration energy of sodium3,27,29,30. Furthermore, G4 folding 

experiments showed significantly higher folding efficiency of ssDNA in presence of K+ than 

Na+31. Additionally, due to the preference of potassium over sodium it was shown that K+ can 

replace Na+ in G4 structures31,32.  
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Generally, G4 structures are highly polymorph. Even with interrupted G-tracts G4s can adopt 

stable structures by forming bulges between two adjacent guanines within a G-tract (Figure 2)33. 

Further, circular dichroism (CD) spectra and UV-melting experiments suggested that bulges do 

not interfere with G4 topology. They can adopt the same confirmations as G4 structures without 

bulges33.G4 structures with bulges consisting of cytosine, thymine or uracil exhibit a 

comparable stability with similar CD spectra and melting temperature. Only adenine shows a 

slightly lower Tm compared to the other bases. This is according to previous presented studies 

in which G4s with adenine loops showed lower melting temperatures34. Complementary, an 

increasing bulge size is inversely proportional to the G4 stability. This is in agreement with 

previous studies that demonstrated a decreasing stability of G4 structures with longer loop 

sizes14,18,19. Also, if G-tracts are interrupted by more than one bulge the stability of the G4 

structure is significantly decreased33. X-ray crystallography and nuclear magnetic resonance 

(NMR) revealed the large topology variety of G4s35,36. They can consist of a single nucleic acid 

strand, so called intramolecular or unimolecular G4s, or of multiple nucleic acid strands, termed 

as intermolecular G4s37. Furthermore, G4 structures can be classified in parallel38, antiparallel39 

and hybrid configurations (Figure 3)32,40–42. An intramolecular G4 can form 26 different 

thermo- and steric stable loop configurations in vitro, which shows the potential variety of G4 

structures43. Generally, G4 structures exhibit a very high structural complexity. Their 

confirmation is dependent on a variety of factors like primary sequence34, loop configuration43, 

Figure 2: Schematic picture of unimolecular G4s with various bulge formations33. 
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symmetry of their guanines44, flanking region45,46,cell crowding47,48, stabilizing cations49 and 

ligands38,39. The G4 confirmation depends also on G4 forming and stabilizing proteins in vivo50–

53. It is not possible to predict the confirmation of a G4 in vivo on basis of its G4 motif alone. 

Nevertheless, there are some indications for determinants if looked at it isolated. For instance, 

the S. cerevisiae telomere protein Rap1 not only binds to G4s, it additionally promotes the 

formation of parallel G4s50,51. Computational simulations combined with experimental data 

lead to the prediction that very short T1 (thymine) loops can only form parallel G4s due to steric 

constrains16,18. Tippana et al.16 showed that even one very short loop leads to a parallel 

conformation where it makes no difference which of the three loops (first, middle or last) within 

a G4 consists of one nucleotide. In harmony, if the G4 exhibit a 199 motif (first loop one, middle 

and last loop nine nucleotides) it is forming a stable parallel G4. If two or more nucleotides are 

present in all loop regions the G4 can adopt both, parallel and antiparallel structures. In the two 

nucleotides loops the parallel formation is favored but with increasing loop length the 

conformation shifts towards an antiparallel conformation16,45,54. It is suggested that these results 

are transferable to all residues because the loop length is the primary reason for steric constrains. 

Taking together, longer loops preferentially adopt the antiparallel structure whereas the parallel 

formation is favored for short loops16,54,55.  

Figure 3: Schematic pictures of different G4 topologies. Left, intramolecular G4s. Right, intermolecular G4s246. 
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 In vivo functions of G-quadruplex structures 

For a long time, it was believed that G-quadruplexes are in vitro artefacts due to their high 

stability and consequently, the supposed high energy that would be crucial to resolve and form 

G4 structures in vivo. Even today direct approaches to show G4s in vivo or in living cells are 

challenging but there are multiple studies that show the importance of G4 structures for 

biological processes.  

Computational analysis provided first hints for the biological relevance of G4s10. These studies 

revealed that G4 motifs are not randomly distributed in the genome. They are overrepresented 

and conserved at certain DNA regions from prokaryotes to eukaryotes10,11,56–58. This 

conservation is the highest among mammalian species59. G4s are significantly enriched and 

conserved at promotors, replication origins, transcription factor binding sites, at the border of 

introns and exons, at immunoglobin gene class switch recombination sites, rDNA, telomeres 

and at mitotic and meiotic double-strand break (DSB) sites10,11,56,60. The evolutionary 

constraints are also assumed to be an indication that G4s have a cellular function10.  

Within the chromatin, consisting of DNA packaged to nucleosomes by associated proteins, G4s 

are more prone to form at nucleosome depleted regions and in a state when the DNA is 

temporarily single-stranded61. Partially single-stranded DNA occurs generally at the lagging 

strand during DNA replication, during transcription, DNA repair or at the long single-stranded 

overhang at Telomere ends62. Even though, upcoming evidences indicating that G4s are also 

accessible and energetically capable within a double-stranded genomic environment63.  

The first evidences for the in vivo occurrence and function of G4s were obtained in telomeres. 

Telomeres are DNA-protein complexes at the end of chromosomes and consist of tandem 

repeats which exhibit in most organism G4 motifs. For instance in human, telomeres consist of 

up to 10 000  base pairs (bp) of the tandem repeat TTAGGG64 and in S. cerevisiae of the less 

homogenous 300 ± 75 bp tandem repeat C1-3A/TG1-3
65. Telomeres are essential to protect 

chromosomes against degradation by endonucleases, end-to-end fusion and being recognized 

as DBSs66. The first direct evidence that G4 structures form in vivo arose from studies in 

Stylonychia lemnae. Here, G4 structures were visualized by two single-strand antibody 

fragments specific against the telomeric G4s of S. lemnae67, which were generated in vitro by 

ribosome display. Additionally, it was also demonstrated that G4 structures are regulated 

throughout the cell cycle by two telomere binding proteins. They become specifically resolved 

during telomere replication and elongation68–70. 

In human first evidence of G4 formation at telomeres were observed when G4 stabilizing 

ligands like BRACO19 led to telomere shortening by blocking the enzyme telomerase, which 



7 
 

otherwise elongates the telomeric sequence71–74. Without telomerase activity, telomeres are 

shorten by 50-200 nucleotides in every round of replication as seen in most somatic cells75 until 

a critic length, which leads to pausing of cell division and induction of apoptosis76. In 2016, the 

existence of parallel G4 structures at telomeres was confirmed by Liu et al.77. By using the 

single chain variable fragment antibody D1, which binds specifically to parallel G4 structures, 

they identified G4s at human telomeres. Beyond telomeres, other studies were able to visualize 

human DNA-G4s and RNA-G4s in vivo with the single-stranded antibody BG478,79. 

Many of the so far found G4-binding proteins are linked to telomeres, such as TEBPα and 

TEBPβ in ciliates52,53, Rap150 and Est180 in S. cerevisiae and the protection of telomeres protein 

1 (POT1)81 and TRF282 in human. TEBP, Rap1 and Est1 were shown to promote G4 formation 

whereas POT1 unfolds G4s in vitro.  

How proteins specifically interact with G4 structures is not fully understood. It was suggested 

that an arginine- (R), glycine- (G) rich motif, the so called RGG motif, is essential and sufficient 

for G4 structure recognition as well as binding. RGG motifs are present in RNA binding 

proteins with an affinity towards G4s83,84. The RGG motif consists of RGG repeats with 

interspersed spacers of different, mainly aromatic, amino acids. Studies with peptides that 

exhibit similar lengths and RGG repeats revealed that the arrangement of the repeats and the 

amino acid composition of the spacers are more important than the number of RGG repeats for 

G4 structure binding. Recently, a G4-binding protein was identified based on the prediction of 

its RGG motif84. 

Due to their high thermostability and slow folding kinetics G4s need to be regulated precisely85. 

They must be unwound for instance during replication and must be formed when needed during 

transcriptional regulation.  

Many helicases were identified to unfold G4 structures with a high potency in vitro86–93. The 

human helicase FANCJ is such an example whose deficiency is directly linked to a disease due 

to the loss of G4 unwinding activity93. Patients with Fanconia anaemia exhibit FANCJ 

mutations, which cause the loss of helicase activity. This in turn results in genomic deletions in 

G-rich regions with the potential to form G4 structures, which leads to genome instability and 

loss of genes. The human WRN and BLM helicases and the yeast Sgs1 and Pif1 helicases are 

involved in telomere maintenance and are potent unwinder of G4s in vitro90–92. Among other 

functions Pif1 is a particular potent G4 unwinder even compared to other G4 unwinding 

helicases94. Pif1 is a highly conserved helicase from bacteria to human. It was the first helicase 

with an indicated role in G4 maintenance in vivo95. Its deficiency in yeast leads to mutations of 

G4 motifs and replication fork slow-down and stalling in the proximity of G4 motifs. 
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Furthermore, the mutated G4 motifs, which lost the ability to form G4s are not bound any longer 

by Pif1 and no further replication fork stalling is detected95. Additionally, expression of human 

PIF1 in S. cerevisiae pif1Δ cells leads to a full rescue of the Pif1-deficient phenotype94.  

A further strong evidence for the regulatory function of G4s in vivo was presented in the human 

pathogen bacteria Neisseria gonorrhoeae where G4s are associated with recombination 

events96. Neisseria possesses a G4 motif in its antigenic switch region, where via a 

recombinational mechanism the antigenic variation is achieved. This G4 motif forms a parallel 

G4 in vitro and if the G4 motif is modified that it cannot form a G4 structure the antigen 

variation is impaired, too. Contrary, modifications of the loop region had no effect, neither on 

G4 folding nor on the antigenic variation. Moreover, treating cells with a parallel G4 stabilizing 

ligand n-methyl mesoporphyrin IX (NMM) affects the antigenic switch96. 

Two hypotheses have come forward for the role of G4s during transcription. Depending on the 

DNA strand the G4 structure would form on it could either repress or promote transcription. A 

G4 structure on the template strand is supposed to block the transcription machinery whereas 

on the non-template strand the G4 structure could assist transcription by keeping the template 

strand in a single-stranded conformation. Furthermore, G4 structures could act as a loading 

platform for transcriptional enhancer or repressor97. The assumption that G4 structures are 

involved in the regulation of transcription is also supported by computational analyses showing 

that over 40% of human genes have G4 motifs in close proximity to their promoters98. 

Especially the overrepresentation at promoter sites of highly transcribed genes such as 

oncogenes is noteworthy99.  
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 G-quadruplex structures and cancer 

Recent studies have shown an overrepresentation of G4s in promoter regions of oncogenes. 

Therefore, G4s became recently a popular therapeutic anti-cancer drug target100,101. The first 

and most investigated oncogene with a putative G4 in its promoter is the human c-MYC102–104. 

c-MYC expression is associated with cell proliferation and is overexpressed in 80% of cancer 

types105–110. A mutation in the c-MYC G4 motif that causes loss of G4 structure formation 

affects the transcription of c-MYC102.  

As mentioned above, G4s also form at telomeres. In the majority of somatic cells telomerase is 

not expressed, whereas expression of telomerase is a hallmark of many cancer cells. 85-90% of 

all cancer types have active telomerase, resulting in immortalized cells111,112. This makes 

telomeres and telomerase therapeutic targets for anti-cancer drug research74,113. Clinical 

approaches targeting inhibition of the telomerase-facilitated elongation of telomeres by G4-

stabilizing ligands led to proliferation stop and apoptosis of cancerogenic cells73. 

The effort of finding G4-related anti-cancer drugs resulted in numerous G4 stabilizing ligands 

over the last two decades114–118. 

 G-quadruplex ligands 

In addition to cations, chemical compounds, termed G4 ligands are capable of stabilizing G4 

structures. There are numerous different G4 stabilizing ligands currently on the market119–124. 

However, in yeast to this date only two of these are entering yeast cells (NMM and Phen-DC3). 

NMM was one of the first ligands known to bind G4s119,120. NMM is postulated to bind with 

high specificity to parallel G4 formations125. Moreover, it was demonstrated that the unwinding 

of NMM-stabilized G4s by RecQ and BLM helicase is impaired126,127. 

Another G4 ligand with a high specificity and affinity is Phen-DC3 (Figure 4). Phen-DC3 is 

thermostable and is live cell permeable121,122,128. It was shown that Phen-DC3 blocks the 

unwinding of G4s by yeast Pif1 due to its stabilization effect, which leads to mutations of G4 

motifs129. Moreover, Phen-DC3 induces an antiparallel conformation of telomeric G4 structures 

in fission yeast130. The binding of Phen-DC3 to G4 structures is facilitated via the similar shape 

and size of Phen-DC3 and G-quartets that enables Phen-DC3 to stack on the external G-quartet 

of a G4 structure. This stabilization is realized by the π-electron overlap between the aromatic 

compounds128.  



10 

 

Telomestatin, BRACO19 and TMPYP4 are G4 ligands that were shown to be potent repressors 

of various cancer cell lines. BRACO19 and Telomestatin exhibit a high selectivity for G4s and 

an affinity in nanomolar range122,123. Telomestatin possesses some disadvantages though, such 

as low chemical stability, bad water-solubility and difficult synthesis conditions131.  

For the clinical use of G4 ligands in anti-cancer therapy scientists have to overcome some issues 

in the future. The specificity of G4 ligands need to be optimized. A variety of G4 ligands have 

been developed with an aromatic ring system to ensure the π−π stacking with the external 

G-quartet of G4 structures. The problem is that the majority of G4s exhibit a terminal G-quartet 

which makes the specificity for certain G4 structures difficult117. Furthermore, the 

concentration of G4 ligands need to be significantly below the general cytotoxic level46,72,118,132. 

Nevertheless, a new milestone for the clinical use of G4 ligands was reached recently. Two 

ligands, CX-5461 and CX-3543, were approved for clinical trials as anti-cancer drugs124. CX-

5461 and CX-3543 act specifically on BRCA and non-homologous end joining (NHEJ)-

deficient cancer types, which lost the capacity to repair DNA damage induced by stabilized G4 

structures, leading to genome instability124.  

 Meiosis 

Meiosis is a specialized cell division of eukaryotic cells133. It consists of a single DNA 

replication followed by two cell divisions, which results in four gametes with a haploid 

chromosome set. In contrast, the mitotic cell cycle contains a single round of DNA replication 

followed by one cell division, resulting in an unchanged, diploid chromosome set. 

Figure 4: Structural formula of G4 stabilizing ligand Phen-DC3
122. 
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 Meiosis in S. cerevisiae 

Meiosis is a complex process resulting in an altered expression of approximately 1600 genes in 

S. cerevisiae134. 250 out of these 1600 genes are meiosis-specific. Depending on nutrient 

conditions, haploid yeast cells arrest in G1-phase or enter the mitotic cell cycle. Diploid cells 

on the other hand have an additional choice besides vegetative growth and G1 arrest, if nitrogen 

and fermentable carbon sources are missing, cells will enter meiosis, also called sporulation in 

yeast135.  

The meiotic cell cycle is separated in meiosis I and meiosis II. During early meiosis I, after 

premeiotic S-phase, the formation of meiotic DSBs by Spo11 takes place136,137. Thereafter, 

homologous recombination leads to connections between the homologue chromosomes138. 

These connection are essential for the proper segregation of the homologs during 

meiosis I139,140. A beneficial side effect of meiotic recombination is the increased genetic 

variance that arises from a partially genomic exchange between two homologous chromosomes 

after processing the DSBs141.  

 Early meiosis and G1/S transition in S. cerevisiae. 

Meiosis starts with the decision of the G1 cell to enter meiosis. This goes in hand with 

expression of the master regulator Ime1 (inducer of meiosis I). Ime1 is a transcription factor, 

which supports the expression of the early meiotic genes142. Ime1 levels are low in diploid cells 

during vegetative growth and its expression level rises in response to various extrinsic and 

intrinsic signals due to starvation143,144. The complex regulation of Ime1 is reflected by its 

exceptionally large promoter and various proteins, which bind to the promoter region and affect 

its expression. The promoter is with around 2100 bp the largest promoter in S. cerevisiae143. 

Ime1 expression is repressed via diverse pathways in response to environmental glucose and 

nitrogen levels and by the a1 and α2 gene product. In contrast, its expression is induced by the 

a1-α2 repressor complex, nitrogen starvation and by the presence of a non-fermentable carbon 

source such as acetate143,145.  

In the following, I will list the proteins and other factors, which affect Ime1 expression and thus 

influences its function and consequently cell entry into meiosis. The Ime1 regulating nitrogen 

signal is mediated via various signals, amongst them the G1 cyclins and the TOR (target of 

rapamycin) pathway. 

The G1 cyclins Cln1, Cln2 and Cln3, which are essential for mitotic S-phase146, are major 

factors affecting Ime1 expression. Together with the cyclin-dependent kinase (CDK) Cdc28, 
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G1 cyclins promote G1/S transition in mitotic cell but block the meiotic G1/S transition by 

repressing Ime1 transcriptionally and post translationally147,148. Overexpression of Cln3 can 

push cells into the mitotic cell cycle even under otherwise sporulation-favoring conditions148. 

Cln3 has a role in sensing nitrogen starvation due to responsive downregulation. Additionally, 

Cln3 regulates Ime1 post translational. Ectopic expression of Ime1 in acetate-based nitrogen-

rich media is not sufficient for inducing sporulation. As a transcription factor, it is essential that 

Ime1 localizes to the nucleus to activate the expression of early meiotic genes. This localization 

is inhibited if G1 cyclins are present. In G1 cyclins deficient cells Ime1 accumulates in the 

nucleus, resulting in meiotic activation145,148–150. 

The nuclear localization is additionally controlled by the TOR pathway. As a result of nitrogen 

starvation or addition of rapamycin the TOR pathway is down regulated, leading to nuclear 

accumulation and an increased half life time of Ime1151.  

Apart from nitrogen, the availability of a carbon source (e.g. glucose) influences Ime1 

expression on multiple levels. Upon carbon depletion, Ime1 expression is enhanced by 

Msn2/Msn4 and repressed by Sok2 and Yhp1 when a sugar source is present143,152,153. Upon 

carbon starvation Msn2 gets activated, which in turn activates the RAS-cAPK pathway. This 

leads to localization of Msn2 in the nucleus where it binds to the Ime1 promoter and facilitates 

its expression. Under non-stress conditions (carbon source is present) or in the presence of high 

cAPK concentrations Ime1 expression is inhibited and Msn2 is located to the cytoplasm143. In 

contrast, Yhp1 binds directly to Ime1 promoter and represses its expression under high glucose 

conditions but its level drops due to transfer of cells from carbon rich to acetate-based media. 

However, Yhp1 deletion leads to no physiological phenotype, indicating towards an alternative 

mechanism helping cells to cope up with Yhp1 deficiency152.  

Ime1 is regulated by Rme1 (regulator of meiosis) which binds to the Ime1 promoter and thereby 

represses its transcription154. Diploid cells express both genes corresponding to the mating type, 

the Mata a1 and the Matα α2 gene. Both gene products together form a diploid-specific 

repressor145. This repressor inhibits Rme1 that is active in haploid cells. Hence, Rme1 does not 

repress Ime1 in diploid cells. The repression in haploid cells is accomplished by the Rme1-

transcribed lncRNA IRT1155. IRT1 represses Ime1 expression by preventing the binding of 

transcriptional enhancers to the Ime1 promoter155. This repression is mediated via the 

recruitment of Set2 methyltransferase and Set3 deacetylase complex by IRT1 to establish a 

repressive chromatin environment155. Taken together, Ime1 is regulated by multiple factors and 

deletion of a single one does not necessarily result in a strong effect on Ime1 

transcription143,144,152.  
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After Ime1 is activated, Ime1 binds to the meiosis repressing protein Ume6156–158 to initiate 

meiosis. Upon binding vegetative growth is stopped and the expression of meiotic-specific 

genes starts. It is suggested that by binding of Ime1 the interaction of Ume6 to a repressive 

histone deacetylase complex is disrupted159. Additionally, it was shown that the interaction 

between Ime1 and Ume6 is prevented by glucose and is stimulated under nitrogen starvation157. 

As a response to nitrogen starvation Ume6 and Ime1 are phosphorylated by Mck1 and 

Rim11160,161. The phosphorylation of both, Ume6 and Ime1, is necessary for active 

transcription-factor-complex Ime1-Ume6, which results in expression of early meiotic 

genes160–163. Early meiotic genes regulated by Ime1 include genes for G1/S transition, inclusive 

Ime2, a serine-threonine protein kinase164. 

Ime2 eliminates the repression of S-phase promoting factor (SFB), consisting of Cdc28 and 

B type cyclins (mainly Clb5 and Clb6) by decreasing the level of the Cdc28 inhibitor Sic1165. 

Afterwards, Cdc28-Clb5/6 complex initiates premeiotic DNA replication. Mitotic and meiotic 

replication share the same replication origins166. Nevertheless, there are some distinguishable 

differences between the S-phase and G1/S transition of mitotic and meiotic cells. For instance, 

the meiotic S-phase is noticeable longer in organisms studied so far167. In S. cerevisiae the 

transition takes ~60 minutes for premeiotic S-phase compared to 17 minutes for mitotic 

S-phase168. 

In vegetative cells the G1 cyclins have an essential role during the G1/S transition. Especially 

Cln3 has a major function in Clb5/6 and Cln1/2 expression. The Cdc28-Cln3 complex promotes 

the expression of its targets by phosphorylation of the transcription factor complexes Swi4-

Swi6 (SBF) and Mbp2-Swi6 (MBF)169,170. This enables the transition to the mitotic cell cycle 

and activates the transcription of around 200 genes including CLN1/2 and CLB5/6. Hence, the 

SBF and MBF complexes are key components in the mitotic cell cycle activation and as a 

consequent repressor of meiosis169–172. 

In meiotic cells Ime1 promotes the expression of Clb5 and Clb6. Clb5 and Clb6 are involved 

in mitotic S-phase but their function can be complemented by functionally redundant Clb1-4, 

which is on the other hand not sufficient for premeiotic S-phase. Clb5/Clb6 mutants fail to 

undergo premeiotic S-phase165,173. Moreover, Cln1 and Cln2 trigger the degradation of Cdc28 

inhibitor Sic1, which in turn Ime2 substitutes in meiotic cells165.  

In summary, mutations of CLN1-3, SBF or MBF blocks mitotic S-phase leading to G1 arrest 

but promote meiosis. In contrast, mutations in genes essential for meiotic G1/S transition like 

Ime1, Ime2 or Clb5/6 blocks the functional premeiotic S-phase but have no effect on the 

completion of mitotic S-phase146,165,174.  
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 Meiosis and G4 structures 

There are some indications for a role of G4s during meiosis. Computational analysis in yeast 

and humans revealed that G4 motifs overlap with meiotic DSB hot spots10. Meiotic DSB hot 

spots are preferred sites for meiotic recombination. Additionally, an involvement of G4s during 

meiosis is supported by the fact that several proteins, which act during meiosis bind to G4s or 

promote G4 formation in vitro, for instance Mre11, Hop1 and Kem1175–177.  

Mre11, as a part of the MRX (Mre11-Rad50-Xrs2) complex, is a major component of DSB 

processing in mitotic cells, as well as for Spo11 induced DSBs during meiosis137,178. Kem1 is 

an exonuclease which is also suggested to be involved in meiosis, because Kem1 deficient cells 

arrest during meiotic prophase176 and the meiosis specific protein Hop1 is a part of the 

synaptonemal complex, which mediates the pairing between homologue chromosomes177,179. 

 Aim of the thesis 

The overall aim of the thesis is to investigate the influence of G4 structures on meiosis.  

G4 structures will be examined during vegetative growth and sporulation genome-wide by G4-

ChIP-seq. Using an affinity-based purification strategy coupled with mass spectroscopy G4 

binding proteins that act during meiosis will be identified. In the latter the relevance and impact 

of G4 structure stabilization on meiosis will be analyzed by a combination of molecular and 

genetic analyses. Utilizing Phen-DC3 sporulation progress will be analyzed via FACS analysis. 

The expression of genes crucial for sporulation will also be probed after G4 stabilization in 

S. cerevisiae. Also, the effect of G4 stabilization on genome stability will be monitored via 

different markers for genome instability. 

G4s are suggested to be involved in meiotic DSB formation. To test this hypothesis meiotic 

DSBs will be visualized via Southern blot and their formation examined in dependency of 

different G4 motifs.  
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3 Methods 

 DNA extraction 

For yeast DNA extraction the MasterPureTM Yeast DNA Purification Kit (epicenter Cat. Nos. 

MPY80010 and MPY80200) was used. As starting material 1.5 ml saturated yeast culture or 

around 25 ml of a Yeast culture with an OD600 0.5 was used. The following steps were 

performed as written in the protocol. DNA concentration was determined by NanoDrop 2000c 

UV-Vis spectrophotometer from Thermo Scientific. 

 Extraction of plasmid DNA 

Plasmid DNA was extracted from bacterial cells using FavorPrep Plasmid DNA Extraction 

Mini Kit (Favorgen), following manufacturer’s instructions. 

 Plasmid cloning  

DNA fragments obtained from PCR or purchased from Sigma-Aldrich and desired plasmids 

were digested regarding to suitable restriction sites according to supplier`s recommendations 

and buffer conditions. Following inactivation of restriction enzymes were performed 

according to supplier`s instructions. To avoid re-ligation of linearized plasmids, the terminal 

5´ phosphate groups were removed by Shrimp Alkaline Phosphatase (SAP, NEB). For this, 1 

μl of SAP was added directly to inactivated digested sample and incubated for 1 h at 37°C, 

followed by purification via PCR Purification Kit (Qiagen) according to supplier`s 

instructions or gel electrophoresis (3.15) for cut out fragments ≥ 50 bp. 

Then, ligation of digested DNA fragments and dephosphorylated DNA plasmids were 

achieved in a 10 μl reaction by T4 DNA ligase (NEB) in a molar ratio of 5:1. Total mass of 

DNA in the ligation reaction was 200 ng and incubation took place overnight at room 

temperature. Afterwards, the obtained plasmids were transformed in competent E. coli cells. 

Its correctness was confirmed later via scPCR (3.14). 
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 Transformation of chemically competent E. coli cells 

Desired vectors were transformed in chemically competent E. coli by heat shock method. 

~100 ng of plasmid was mixed with 50 μl competent cells. After 30 mins incubation on ice, the 

cells were heat shocked for 45 sec at 42˚C, followed by 5 min cooling on ice. 500 μl of pre-

warmed (37°C) SOC medium was added to the sample and recovery was performed for at least 

1 hour at 37˚C for. After recovery the cells were spun down, resuspended in 150 μl ddH2O and 

platted on desired antibiotic LB plates. 

 Cre/loxP-System 

In order to insert a yeast telomeric sequence and variations of it at locus HIS4 the Cre/loxP-

System was used.  

First the desired oligonucleotides were designed with an additional EcoRV (NEB) restriction 

site at each end and purchased from Sigma-Aldrich (Appendix Table 4). Then, the 

oligonucleotides and plasmid pUG6, possessing two loxP sites and KanMX as selective marker, 

were digested with EcoRV (NEB) and cloned as described in 3.3. Correctness of cloning was 

confirmed via scPCR (3.14). After successful cloning the plasmid was partially amplified via 

PCR (3.14) using primer, according to desired PCR fragment, containing the favored 

oligonucleotide, 2 loxP sites and KanMX as marker. Additionally, to complementary sequence 

according to plasmid pUG6 the primer possessed a second complementary part according to 

desired HIS4 locus due to desired integration (Appendix Table 4). The PCR fragment was 

transformed into the yeast genome as described in (3.13) and the cells were plated on selective 

plates against KanMX containing G418 (200 µg/ml). After 2 days at 30°C the colonies were 

examined via scPCR for positive integration of PCR fragment using primer.  

Thereafter, the positive colonies were used for a further transformation of plasmid pSH65. 

pSH65 possesses a gene for the enzyme Cre-recombinase under a galactose inducible GAL1 

promoter together with a bleomycin selective marker. Cre-recombinase cuts specific a DNA 

region between two loxP sites out. In this case, the selective marker KanMX between two loxP 

sites at locus HIS4, leaving the desired oligonucleotide and the loxP sites behind at HIS4. To 

achieve this, the positive cells for HIS4 integration were used for a transformation according to 

(3.13) with plasmid pSH65. After transformation cells needed a recovery in YPD for at least 1 

hour at 30°C before plated on selective plates, containing Zeocin™ (300 µg/ml), a member of 

the bleomycin/phleomycin family of antibiotics isolated from Streptomyces. After 2 days at 
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30°C appeared colonies were transferred to liquid YPD media containing 2% raffinose as 

carbohydrate source instead of 2% glucose and were grown at 30°C and 200 rpm overnight. 

Next day, cells were transferred to media containing 2% of glucose as sugar and incubated for 

6 hours at 30°C and 200 rpm in order to induce Cre-recombinase expression. After that, cells 

were transformed to YPD media containing 2% glucose and grown overnight, thereby 

inhibiting Cre expression. On the following day cells were plated on non-selective YPD plates 

containing 2% galactose and grown for 2 days at 30°C. Finally, appearing colonies were replica 

plated on selective KanMX plates due to screen for lost KanMX cassette.  

 Sporulation 

200 μl of saturated overnight culture was added to 50 ml ddH2O, washed once and then 

resuspended in 2 ml Sporulation medium. After 72 hours at 25°C and 200 rpm the yeast cell 

formed fours spores (Tetrads). If needed the spores were separated afterwards via tetrad 

dissection. For tetrad dissection 200 µl of sporulation culture were pelleted and resuspended in 

20 µl Zymolyase (0.5 mg/ml), followed by 15 min incubation at 30°C. Thereafter the single 

spores were separated on an YPD plate using a tetrad dissection microscope (SPOREPLAY+). 

For approaches with defined time points of sporulation yeast cells were cultured in pre-

sporulation medium before transferring to Sporulation medium. Therefore, pre-sporulation-

medium was inoculated with an overnight culture, for instance 100 ml pre-sporulation medium 

with 75 µl overnight culture, and grew at 30°C and 200 rpm till an OD600 1.2-1.3, which took 

around 20 hours. Afterwards the culture was washed twice in 50 ml ddH2O and transferred to 

double volume sporulation medium and shook at 25°C and 200 rpm till desired time point was 

reached. 

 Determination of cell phase by flow cytometry 

Yeast cell cultures with an OD600 0.5 were used. Between 5 and 7 ml of culture were fixed with 

1 ml EDTA (0.5 M)/NaN3 (0.3% w/v) solution. Cells can be stored for several days at 4°C. 1 

ml of suspension was pelleted and washed twice in 1 ml 50 mM sodium citrate. Afterwards 

resuspended in 1ml in 70% ethanol and placed at -20°C for at least 15 min till up to 2 weeks. 

Further, cells were resuspended in 500 μl 50 mM sodium citrate plus 10 μl RNAse A (10mg/ml, 

Invitrogen). RNA digestion was performed at 37°C for 1 hour followed by 2 hours proteinase 

K (Invitrogen) digestion at 50°C. Therefore, the cells were resuspended in 500 μl 50 mM 

sodium citrate plus 10 μl proteinase K (20mg/ml). After this, cells were treated with 2 μl 
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SYTOX Green (Invitrogen) and shortly before using fluorescence-activated cell scanning 

(FACS), the cells were separated via Biorupter, 3 cycles 30 sec on/off high intensity.  

Following settings were used for the FACS sorter, FSC 400 V, SSC 445 V, FITC 465 V.  

 BG4/D1 overexpression and purification 

E. coli Bl21 strain containing pSang10 plasmid including BG4/D1 was inoculated in 3 ml 2xTY 

medium plus 1% Glucose, 50 µg/ml Kanamycin and grew overnight at 37°C and 200 rpm. Next 

day 2-liter 2xTY medium plus 50 µg/ml Kanamycin was inoculated with 2.5 ml overnight 

culture. Cells grew till an OD600 0.5-0.8 and following expression initiation via 0.5 mM IPTG. 

Protein was expressed overnight at 25°C and 200 rpm. On the following day cells were pelleted 

at 4000 g for 30 minutes at 4°C. Pellet was resuspended in 160 ml ice cold TES buffer and 

stirred for 10 minutes on ice. Followed lysis was achieved by adding ice cold TES buffer diluted 

1:5 and stirring for 15 min on ice. Then, cell fragments were pelleted by 16000 g at 4°C for 30 

min and supernatant 0.45 um filtered. The lysate was later incubated with 6 ml slurry Ni NTA 

beads rotating for one hour at 4°C. Beads were washed before use with 50 ml washing buffer. 

The following purification was achieved via a Nickel affinity column. The saturated beads were 

washed with 1-liter ice cold washing buffer and eluted with 5 ml elution buffer. Buffer exchange 

and concentration of antibody was achieved using Amicon® Ultra-15 Centrifugal Filter Unit 

(Merck). 

10x PBS buffer     95 mM Na2HPO4x7H2O 

1.46 M NaCl 

26 mM KCl 

14 mM KH2PO4 

inner cell salt buffer (50 mL)   25 mM HEPES (pH 7.6)  

110 mM KCl 

10.5 mM NaCl 

1 mM MgCl2 

(filter and store at 4°C) 

PBS with high imidazole (50 mL)  PBS pH8 + 2.5 M Imidazole  

(no need to adjust pH here) 
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wash buffer (1 L)    PBS pH8.0 

100 mM NaCl (20 mL at 5 M) 

10 mM Imidazole (4mL at 2.5 M)  

elution buffer (100 mL)   PBS pH8 

250 mM Imidazole (10mL at 2.5M) 

TES (250 mL)     50 mM Tris pH8 (12.5mL at 1M) 

20% sucrose (50g) 

1mM EDTA (500µL at 0.5M) 

TES 1:5 (250 mL)    1:5 TES diluted with MilliQ water 

Protease Inhibitor (1 tablet (EDTA free) for 50mL) 

Benzonase (20 μl) 

2 mM MgSO4 (250µL at 2M) 

 Determination of Protein-DNA binding affinity via micro scale thermophoresis 

(MST) 

To determine the specific binding of antibody BG4 to G4s a binding affinity assay via MST 

(Monolith NT.115, NanoTemper) was performed. As positive control a G4 motif, 

5´-TGAGGGTGGGTAGGGTGGGTAA-3´ and as a negative control an oligonucleotide 

without G4 motif, 5´-GCGCGAGCTCGCGTAGATGCGAATGTGAG-3 were used. The 

oligonucleotides were 5´Cyanine labeled and prior to MST folded (3.17). The MST instrument 

detects the motion of fluorescent molecules, in this case the 5´Cyanine labeled oligonucleotides, 

along a temperature gradient, an effect termed “thermophoresis”. The motion of molecules is 

dependent on the molecular hydration shell, charge or size. Because at least one of these 

parameters change with every binding event, a wide range of biomolecules can be measured.  

Next, BG4 was transferred into MST optimized buffer (50 mM Tris-HCl, 150 mM NaCl, 

10 mM MgCl2, 0,05 % Tween-20). A dilution series 1:1 (10 µl volume) from 1 to 16 of BG4 

was performed starting with a concentration of 5 µM. This goes on till tube 16 and a resulting 

end concentration of 1.25 nM. Afterwards the labeled oligonucleotides were added in a constant 

concentration of 10 nM to a final volume of 20 µl. After resuspending and 5 min incubation at 

room temperature, the samples were transferred to provided MST capillaries (MO-K022) and 
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thermophoresis measured using Monolith NT.115. Following settings were used, excitation 

power 100% and MST power 20, 40 and 80%.  

 BG4 chromatin immunoprecipitation (ChIP) and high-throughput sequencing 

The BG4 ChIP seq was performed according to the protocol of Robert Hänsel-Hertsch et al.180 

with a few changes due to suitability to yeast cells. 50 ml YPD medium was inoculated with an 

overnight culture to OD600 0.1. After the culture reached an OD600 0.5 the cells were crosslinked 

with 1% formaldehyde for 5 min at 25°C and 200 rpm. After, 125 mM glycine was added and 

the cells were shaking for additional 5 min at 25°C and 200 rpm. Later, the cells were pelleted 

by centrifuging for 5 min at full speed and at 4°C. Then, washed once with 30 ml ice cold HBS 

and once with 20 ml ice cold ChIP lysis buffer. Next, cells were resuspended in 200 μl ChIP 

lysis buffer plus 2 μl protease inhibitor cocktail (PIC) (Sigma P8215) and snap frozen in liquid 

nitrogen. The cells can be stored at -80°C. Further, the samples were thawed and glass beads 

were added in order to lyse the cells via fast prep, 6.0 m/s MP 45 sec. Afterwards the lysate was 

transferred to a new tube and centrifuged full speed 30 min at 4°C. The pellet was resuspended 

in 130 μl ChIP lysis plus PIC diluted 1/100. Thereafter, the cells were sheared by covaris e220, 

following settings were used: 140 W, 5% duty, 200 cycles/burst 25 min (Appendix Figure 1a). 

The sonicated lysate was then centrifuged for 20 min full speed at 4°C and the fragmented 

chromatin containing supernatant was transferred to a fresh tube. At this step the chromatin can 

be stored at -80°C for 3 months. To check chromatin quality and fragmentation 10 μl of the 

sample was added to 70 μl TE buffer (pH 7.5) and 1 μl RNase A (10 mg/ml) followed by 20 

min incubation at 37°C. Further, proteins were digested by adding 1 μl proteinase K (20 mg/ml, 

Invitrogen) for 2 hours at 65°C. DNA was purified using the MinElute kit (Qiagen), following 

the provided protocol and eluted in 20 µl of ddH2O. The fragmented DNA was thereafter loaded 

on a 2% agarose gel and separated by size to assess the quality of the DNA and its 

fragmentation. The distribution should be between 100-500 bp for optimal BG4 ChIP 

performance. Total chromatin concentration was determined via Qubit (Invitrogen), according 

to the manufacturer’s instructions.  

1 µg of chromatin per sample was used to perform BG4 ChIP. The sample was filled up with 

ChIP lysis buffer supplemented with 1% BSA to a total volume of 50 μl / 100 μl. RNA digestion 

was performed by adding 1 μl RNase A (10 mg/ml, Invitrogen) followed by 20 min incubation 

at 37°C and 1400 rpm. For each sample, 10 µl were put on ice, it was used as an input later on. 

After RNase digestion 500 ng of BG4 was added to the chromatin sample, following 1 hour 

incubation at 16°C while head over tail rotating. Meanwhile 65 μl of anti-FLAG beads were 
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washed three times with 650 μl ChIP lysis buffer supplemented with 1%BSA. For the washing 

of the beads a magnetic rack was used. Afterwards, the washed beads were added to the 

chromatin/BG4 sample (total volume: 100 μl) and the sample was rotated an additional hour at 

16°C. The supernatant was discarded afterwards and the beads were washed three times with 

200 μl ice cold wash buffer. For the washing steps the beads were inverted several times. Then, 

two wash steps were performed at 37°C, 200 μl wash buffer was added and the beads were 

rotated for 10 head over tail. Then, the wash buffer was completely removed and 75 μl TE 

buffer (pH 8.0) plus 1 μl Proteinase K (20mg/ml) was added, the same goes for the saved input. 

The samples and the input were incubated for 1 hour at 37°C and another 2 hours at 65°C. 

Eventually, the supernatant and the inputs were transferred to a fresh tube and the DNA was 

purified using Ampure XP beads. The purification was performed as described in the manual 

and DNA was eluted in 25 μl provided EB buffer. To determine if the DNA amount was 

sufficient 5 μl sample were quantified using Qubit. G4 enrichment over background was tested 

using Primer (Appendix Table 4) in a Quantitative PCR. Library preparation was performed 

with NEBNext Ultra II DNA library kit for Ilumina (NEB) as described in manufacturer’s 

instructions and send for next generation sequencing to core facility, NGS Core Facility, Life 

& Brain Center, 53127 Bonn. 

TE buffer (1x)     10 mM Tris-Cl (pH 8) 

1 mM EDTA 

HBS (500 mL)    50 mM HEPES (pH 7.6) 

      140 mM NaCl  

ChIP lysis buffer (500 ml)   50 mM HEPES (pH 7.6) 

      140 mM NaCl 

      1 mM EDTA (pH 8.0) 

      2.5 mM Deoxycholic acid 

      1% IGEPAL CA-630  

ChIP-seq wash buffer    100 mM KCl 

      10 mM Tris pH 7.4 

      0.1% Tween 20 
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 Basic bioinformatics analysis of ChIP-seq data 

The HiSeq 2500 V4 supplied 25 million reads for each sample. The reads were paired end and 

50 bp in length. The bioinformatical analysis was performed as described in the protocol of 

Hänsel-Hertsch et al.180 using the open source Galaxy (www.usegalaxy.org) platform. In brief, 

the sequencing quality was first evaluated by the quality-control tool FastQC 

(bioinformatics.babraham.ac.uk/projects/fastqc). Followed by adaptor removing via 

Cutadapt181 and alignment of trimmed sequences with BWA-MEM182,183. Sequences with an 

alignment quality of < 10 were discarded. Next, soft-clip local imperfect alignments using the 

CleanSam tool (broadinstitute.github.io/picard). Finally, PCR duplicates were removed by 

MarkDuplicates in the Picard tool (broadinstitute.github.io/picard) using the default 

parameters. Peak calling and genome browser track generation were performed using MACS 

v2.0184,185 . Input DNA served as control.  

 G4 Affinity purification 

7 nmol of pre-folded G4 motif and mutated G4 motif (Figure 12a) were biotinylated by 

incubation with 0.1 mM biotin-14-dATP (Invitrogen), 1x terminal deoxynucleotidyl transferase 

reaction buffer and 15 units terminal deoxynucleotidyl transferase (TdT) for 4 hours. In order 

to remove unincorporated biotin, the DNA was precipitated by adding 100 mM NaCl and 2.5 

volumes 100% ethanol and following incubation for 30 min at 4°C. Afterwards the DNA was 

pelleted via centrifuging at full speed for 30 min at 4°C and washed with 1 ml 70% ethanol 

followed by an additional pelleting. All ethanol left overs were removed and the DNA was 

dissolved in 150 µl ddH2O. Moreover, due to desalt the DNA, the water was exchanged, using 

a YM-30 column (Microcon). 

Yeast lysate for the affinity purification was obtained from 400 ml sporulation culture with an 

OD600 ~0.6 for each biotinylated Oligonucleotide and time point. For the affinity purification 

lysate from time points 3 and 7 hours after transferring to sporulation medium were used. The 

cells were pelleted at 4000g for 20 min at 4°C. Afterwards washed once with 200 ml ice cold 

ddH2O and once with 200 ml ice cold lysis buffer. Further, the pellet was resuspended in 6.4 

ml lysis buffer (1:100 v/v protease inhibitor cocktail (PIC) (Sigma P8215) added) and separated 

on 16 tubes a 400 µl before snap frozen in liquid nitrogen. Following lysis was achieved using 

glass beads and Fastprep (6.0 m/s MP 45 sec). Subsequently the lysates were transferred to 

fresh falcon and combined. To each sample, originally derived form 400 ml culture, 480 µl 

avidin (5mg/ml) (Calbiochem) was added and incubated for 30 min at 4°C rotating head over 
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tail. In the meantime, 1600 µl Dynabeads M-280 (Invitrogen) were washed three times with 4 

ml BS/THES buffer and added to lysate for 60 min at 4°C pre-incubation. 2 µl lysate was kept 

as input control. During the incubation additional 1.5 ml Dynabeads were washed three times 

with 4 ml 2xBW buffer. After that, the beads were resuspended in 1.5 ml 2xBW buffer, mixed 

with 1.5 ml biotinylated oligonucleotides and incubated for 60 min at room temperature, 

rotating head over tail. After incubation the biotinylated DNA bound beads were washed three 

times with 3 ml TE buffer followed by blocking with 2xBW buffer supplemented with 0.1% 

BSA for 15 min at 4°C, rotating head over tail. Furthermore, the beads were washed two times 

with 4 ml BS/THES buffer (1:100 v/v protease inhibitor cocktail (PIC) (Sigma P8215) added) 

and one time with 4ml BS/THES buffer plus 5µg random DNA oligonucleotides. Then, the 

beads were resuspended in 1.5 ml BS/THES buffer and incubated with before pre-incubated 

lysate, additionally 50 mM KAc and thousand-fold excess DNA, compared to beads bound 

DNA, was added. The sample was rotated for 12 hours head over tail at 4°C. The beads were 

washed twice with 4 ml BS/THES buffer supplemented with 5µg DNA containing unfolded G4 

motif and washed five additional times with 4 ml BS/THES. To elute the proteins, the beads 

were incubated with 600 µl elution buffer for 4 min at room temperature, rotating head over 

tail. The elutions were dialyzed and concentrated using speedvac. Proteins were identified via 

Mass spectroscopy.  

Lysis buffer   0.1 M HEPES pH 7.5 

    0.01 M potassium acetate 

    10% glycerin 

    0.5% Nonidet P-40 

    1 mM EDTA pH 8.0 

    1 mM DTT 

2xBW buffer   10 mM Tris-HCl pH7.5 

    1 mM EDTA pH 8.0 

    2 M NaCl 
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BS / THES buffer  22 mM Tris-HCL pH 7.5 

    10 mM HEPES pH 7.5 

    8,9% saccharose 

    62 mM NaCl 

    5 mM calcium chloride 

    50 mM KCl 

    1 mM EDTA pH 8.0 

    12% glycerin 

    1 mM DTT 

 Yeast transformation 

An overnight culture was used to inoculate 50 ml of YPD media to an OD600 0.1. After the 

culture reached OD600 0.5 – 0.7 the cells were spun down via centrifuging, 5 min at 1500 rcf. 

Then washed once in 50 ml ddH20 and once in 15 ml SORB buffer. Thereafter the cells were 

resuspended in 360 μl SORB buffer plus 40 μl salmon sperm and separated on eight aliquots à 

50 μl. The salmon sperm was before denaturated for 5 min at 95°C and stored on ice. The 

competent cells can be stored at -80°C. The transformation was carried out by adding 5 μl of 

desired integrative oligo, PCR product, digested integrative plasmid or favored plasmid to 50 

μl competent yeast cells. 300 μl PEG buffer was added and the mixture was vortexed 

vigorously. Thereafter the cells were incubated for 30 min at 30°C and 500 rpm on a 

thermomixer. Afterwards 40 μl DMSO was added and heat shock was initiated. The heat shock 

was at 42°C for 15 min. Further, cells were spun down for 30 sec at full speed, eventually 

resuspended in 150 μl ddH2O and platted on selective plates. For KanMX, hygromycin and 

nourseothricin a (3 h for Kan, 5-6 h for hyg and nat) recovery in YPD is necessary. Then, plates 

were incubated for 2 days at 30°C. Obtained colonies were tested on correctness by scPCR. 

SORB buffer (500 mL)   100 mM LiAc 

      10 mM Tri-HCl pH 8.0 

      1 mM EDTA pH 8.0 

      1 M Sorbitol 
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PEG buffer (50 mL)    100 mM LiAc  

      10 mM Tri-HCl pH 8.0 

      1 mM EDTA pH 8.0 

      40% (w/v) PEG 3350/400  

 PCR 

DNA fragments of interest were amplified by PCR using polymerase and Primer listed xxx. In 

the following tables are the reagents and program used for a standard PCR. Annealing 

temperature for each reaction depends upon Tm of used primer. 

DNA template 100-300 ng 

Polymerase buffer (10x) 5 μl 

Forward primer (10 mM) 1 μl 

Reverse primer (10 mM) 1 μl 

dNTPs (2.5 mM each) 1 μl 

Polymerase 1 U 

ddH2O Fill up till 50 μl 

 

 

Program Temp.(°C) Time 

Initial 

denaturation 

95  5 min 

Denaturation 95 30 sec 

Annealing 50-60 30 sec 

Elongation 72 1 min/kb 

Final 

elongation 

72 5 min 

 

In order to identify the integrity of a transformation scPCRs were performed. For this, a part of 

the putative positive colony was added to the PCR reaction instead of template DNA. 

Furthermore, the initial denaturation was prolonged to 10 min due to break the cells open in 

order to release the inner DNA. 
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 Agarose gel electrophoresis 

To separate DNA fragment various sizes 0.8%-2% (w/v) Agarose gels and 1x TAE buffer were 

used. To visualize the DNA fragments ethidium bromide (0.5 ug/ml) was added to the 

solubilized agarose. The agarose was solubilized in 1xTAE by heating up in a microwave and 

poured in a suitable gel frame. 6x DNA loading buffer was added to the DNA samples in a final 

concentration of 1x before loading. The loaded samples were separated at 80-120 V for 30 – 

120 minutes. Subsequently, if needed bands were cut out and DNA was extracted via Gel 

Extraction Kit (Qiagen).  

50x TAE buffer     50 mM  EDTA pH 8.0   

2 M Tris base 

1 M acetic acid   

DNA loading buffer (6x)    30% glycerol 

0.25% bromophenol blue 

 Quantitative RT-PCR 

Expression level of genes were determined via qRT-PCR. Total RNA was isolated using 

Maxwell RSC simplyRNA blood kit and Maxwell RSC Instrument (Promega). Manufacturer’s 

instructions were followed as described with minor changes for lysis. Instead of lysis via 

Lyticase, lysis was achieved by using glass beads and Fastprep. Following settings were used 

for Fastprep, 6.0 m/s MP 45 sec. 1μg of total RNA was applied to reverse transcription using 

Super script III (Invitrogen). Manufacturer´s instructions were performed, using 

ligo(d) primer to transcribe mRNA. Expression of mRNAs was quantified by qRT-PCR 

CFX96 Real Time System (Bio-Rad), using Act1 as reference gene. For each reaction 10μl 

SYBR Green mix (Bio-Rad), 0.4 mM of each primer and 5 ng cDNA were used. Finally, the 

sample was filled up to a total volume of 20 μl with ddH2O. Each reaction was performed in 

triplicates as followed: 
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PCR-program (40 cycles) 

Initial denaturation: 95˚C   5 min  

Denaturation:   95˚C   10 sec 

Annealing:   52˚C   10 sec 

Elongation:   72˚C   20 sec 

Melting curve:  95˚C   5 sec  

65˚C   1 min  

97˚C   continuously 0.11˚C/s 

 G4 folding and confirmation by circular dichroism (CD) spectra 

Oligos presenting a G4 motif were ordered at Sigma and diluted to final concentration of 100 

mM in ddH2O. Afterwards, in order to perform G4 folding, a wanted concentration of Oligos 

was diluted in 10 mM Tris-Cl (pH 7.5) and 150 mM KCl or 1M NaCl. The sample was heated 

for 5 minutes at 95°C, followed by slow cool down over night by switching of the heater. Folded 

G4s can be stored at -20°C for 2 months. For confirmation of correct folding 15-20 µg of folded 

DNA were diluted in a total volume of 200 µl ddH2O and Circular dichroism (CD) was 

performed using Jasco J-810 spectropolarimeter (Jasco).  

 Yeast TCA Whole Cell Extracts (Protein extraction) 

Cells were grown to OD600 ~ 0.5 collected by centrifugation (10 ml culture) and the 

supernatant discarded. Pellet were resuspended in 1 ml 20% Trichloroacetic acid (TCA) and 

transferred to an FastPrep suitable tube. Cells were pelleted and resuspended in 200 µl 20% 

TCA. Glass beads were added to meniscus and cells lysated using FastPrep, 6.0 m/s 1 min. 

Afterwards, 400 µl 5% TCA was added and holes were poked in the top and bottom of the tube. 

The tube was placed on a fresh Eppendorf tube and centrifuged 1 min 500g. Tube, which 

contained the glass beads was discarded and samples centrifuged with 3000 g, 10min, 4°C. 

Supernatant was discarded and 100 µl 1x laemmli buffer and 50 µl 1 M Tris Base added to the 

pellet. Samples were mixed by vortexing and boiled at 95°C for 5 min. Then centrifuged for 10 

min at 3000 g and 4°C. Supernatant was transferred to a fresh tube and stored at -20°C till 

further usage via SDS-PAGE. 
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Protein sample (laemmli) buffer (6x)  300 mM Tris-Cl pH 6.8 

6% (w/v) SDS 

30% (v/v) glycerol 

0.03% (w/v) 

bromophenol blue 

300 mM DTT0.25% xylene cyanol FF 

 SDS-PAGE 

Prior to separation proteins were isolated according to protocol by Marco Foiani186. Subsequent 

separation of proteins according to their molecular weight was performed via denaturating one 

dimensional sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE). Before 

loading samples were heated up for 5 min at 95°C and briefly cooled down on ice. Next, samples 

were loaded on gels consisting 4% PAA stacking gel on top of 10-15% separation gel. SDS-

PAGEs were carried out for various times at 200 V in 1x SDS running buffer. 

Separating gel composition: 

Acrylamid (%)   6 %  8 %  10 %  12 %   15 %  

H20 (ml)    5.2  4.6   3.8   3.2   2.2 

Acrylamide/ 

Bis-acrylamide  

(30 % / 0.8 % w/v) (ml)  2   2.6   3.4   4   5 

1.5 M Tris, pH 8.8 (ml) 2.6   2.6   2.6   2.6   2.6 

10 % (w/v) SDS (ml)  0.1  0.1   0.1   0.1   0.1 

10 % (w/v)  

ammonium persulfate  

(AP) (ml)   0.1   0.1   0.1   0.1   0.1 

TEMED (ml)   0.01   0.01   0.01   0.01   0.01 
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Stacking gel composition: 

H20 (ml)     2.975 

0.5 M Tris-HCl, pH 6.8 (ml)  1.25 

10 % (w/v) SDS (ml)   0.05 

Acrylamide/ 

Bis-acrylamide  

(30 % / 0.2 % w/v) (ml)  0.67 

10 % (w/v)  

ammonium persulfate  

(AP) (ml)    0.05 

TEMED (ml)    0.005 

 

SDS running buffer (10x)   0.25 M Tris base, 1.92 M glycine, 1% (w/v) SDS  

 Coomassie staining of SDS-PAGE 

By SDS-PAGE separated proteins were visualized via Coomassie staining. Therefore SDS-

PAGEs were incubated for ~1 hour in Coomassie stain (50% methanol, 10% glacial acetic acid, 

40% ddH2O, Coomassie Blue R-250) followed by destaining in 10% acetic acid, 50% methanol, 

and 40% H2O until bands were visual. 

 Western analysis 

Proteins Prior separated protein of interest was detected by using antibody based Western 

analysis. According to the length and wide of the gel one Nitrocellulose membrane and four 

Whatman paper were used for semi wet transfer. The membrane and Whatman papers were 

wetted in 1x Towbin plus 20% methanol. The Gel, membrane and Whatman papers were 

stacked in a semi dry chamber in following order, on the top and at the bottom two wet 

Whatman paper were placed and in line to the current flow the membrane and the gel were 

placed in order to transfer the proteins from the gel to the membrane. Transfer was 

accomplished using x cm length multiplied with x cm width and 0.8 mA for 90 mins. After the 

transfer, the membrane was blocked in TBST + 5% BSA for 1 hour at room temperature. Then, 

the membrane was transferred to TBST containing 2% BSA and favored antibody in 

recommended dilution. Antibody incubation was either 1 hour at room temperature or at 4°C 

overnight. Further, the membrane was washed 3 times in TBST for 15 minutes and subsequently 
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the secondary antibody was added in a recommended dilution in TBST plus 2% BSA. After 2 

hours of incubation at room temperature washing was performed as described above and the 

membrane was developed using enhanced chemiluminescence system (ECL) (GE healthcare) 

or previous mixed developing solution (0.2 mM coumaric acid + 1.25 mM Luminol + 0.3% 

H2O2). 

Towbin buffer (10x)     0.25 M Tris 

1.92 M Glycine 

0.1% (w/v) SDS 

final pH: 8.6 

Transfer buffer (1x)     1x towbin buffer 

20% methanol 

10x TBS buffer    100 mM Tris-HCl pH 7.5 

      1.5 M NaCl 

Tris buffer saline tween (TBST)   250 mM Tris 

150 mM NaCl 

2 mM KCl 

0.05% (v/v) Tween 20 

pH 7.4 

 Southern analysis 

In order to visualize meiotic DSBs at HIS4 locus, S. cerevisiae rad50s mutants were collected 

after 24 hours in sporulation media (25 ml) and pelleted followed by DNA extraction. The DNA 

was afterwards digested using BglII (NEB) and purified using PCR Purification Kit (Qiagen). 

15µg of digested DNA was subsequently loaded on 0.8% agarose gel and separated for 120 min 

at 120V. Further the gel was crosslinked using UV crosslinker Bio-Link 254 (Vilber), applying 

120 mJ in 254 nm. Afterwards the gel was incubated for 30 min in denaturation solution and 

30 min in blotting solution while shaking. In the meantime, one Amersham HybondTM-N+ 

membrane (GE Healthcare), five Whatman paper and a stack of tissues were cut accordingly to 

the size of the gel. The gel was arranged as followed from bottom to the top, saran wrap, gel, 

in blotting solution pre-wet membrane, two pre-wet Whatman paper, three Whatman paper and 

a stack of tissues. All together wrapped in saran wrap, burdened with a 200 ml bottle and steeped 

overnight. The next day the membrane was crosslinked with 254 nm applying 120 mJ. 
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Afterwards the membrane was transferred to a hybridization tube and prehybridized in 20 ml 

pre-warmed Church buffer for 30 min, rotating at 65°C in a hybridization oven. After 

prehybridization, the church buffer was discarded and 15 ml prewarmed Church buffer was 

added supplemented with 150 µl prior denaturated salmon sperm and before labeled probe. The 

labeled probe was made accordingly to manufacturer’s instructions (DecaLabel DNA Labeling 

Kit, Thermo Scientific). As probe template PCR product was used corresponding to primer 

(Appendix Table 4). 

Hybridization was performed overnight at 65°C, rotating in a hybridization oven. On the 

following day the membrane was washed three times with wash buffer I for 5 min, rotating at 

65°C, followed by two was steps with wash buffer II for 10 min, rotating at 65°C. The church 

buffer with the radioactive probe can be stored at -20°C for later usage. The meiotic DSBs were 

thereafter detected on a phosphor storage screen, stored at room temperature overnight and 

visualized using a Phosphoimager (GE healthcare). 

Southern analysis using DIG labeled Probe was performed according to manufacturer’s 

instructions (PCR DIG Probe Synthesis Kit, DIG Luminescent Detection Kit for Nucleic Acids, 

Roche). 

20x SSC buffer    300 mM Na3Citrate x 2H2O 

      3 M NaCl 

Denaturation solution    1.5 M NaCl 

      0.5 M NaOH  

Blotting solution    1.5 M NaCl 

      0.25 M NaOH  

Church buffer     1 mM EDTA (pH 8.0) 

      0.17% Phosphoric acid 

      0.5 M Na2HPO4 x 12H2O 

      7% SDS 

Wash buffer I     1x SSC buffer 

      0.1% SDS 

Wash buffer II     0.1x SSC buffer 

      0.1% SDS 
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 Strains, media, growth 

The used S. cerevisiae strains were derivatives of either the W303 background or the SK1 

background187,188. Strains are listed in Appendix Table 5. 

Bacterial growth media 

LB medium     0.5% (w/v) Yeast extract  

      1% (w/v) Tryptone / Peptone 

      0.5% (w/v) NaCl 

LB plates     LB medium 

      2% (w/v) Agar 

SOB medium     0.5% (w/v) Yeast extract  

      2% (w/v) Tryptone / Peptone  

      10 mM NaCl 

      10 mM MgSO4 

      10 Mm MgCl2 

      2.5 mM KCl  

SOC medium     SOB medium 

      2% (w/v) Glucose 

Yeast growth media 

YPD medium     1% (w/v) Yeast extract 

      2% (w/v) Tryptone / Peptone 

      0.004% (w/v) Uracil 

      0.002% (w/v) Adenin 

      2% (w/v) Glucose 

SC medium     0.6% (w/v) NaOH 

0.67% (w/v) Yeast nitrogen base without AS with 

ammonium sμlfate 

1% (w/v) succinic acid 

0.2% (w/v) Drop out mix 

2% (w/v) Glucose 
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YPD-, SC-plates    YPD / SC medium 

      2% (w/v) Agar 

Drop Out mix     2.5g Lysine 

      1.25g Tyrosine 

      1.25g Methionine 

      2.5g Arginine 

      1.25g Serine 

      1.25g Valine 

2.5g Threonine 

1.25g Isoleucine 

1.25g Phenylalanine 

2.5g Cysteine 

1.25g Aspartic acid 

1.25g Proline 

Minus Leucine    2.5g Adenine 

      1.25g Histidine 

      2.5g Tryptophan 

      2.5g Uracil 

Minus Uracil     2.5g Adenine 

      1.25g Histidine 

      2.5g Tryptophan 

      2.5g Leucine  

Minus Tryptophan    2.5g Adenine 

      1.25g Histidine 

      2.5g Leucine  

      2.5g Uracil 

Minus Histidine    2.5g Adenine 

2.5g Tryptophan 

      2.5g Leucine  

      2.5g Uracil 
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Minus Adenine    1.25g Histidine 

      2.5g Leucine  

      2.5g Uracil 

2.5g Tryptophan 

Pre-sporulation medium   1% (w/v) Peptone 

      0.5% (w/v) Yeast extract 

      1% (w/v) C2H3KO2 

0.17% (w/v) Yeast nitrogen base without AS with 

ammonium sμlfate 

1% (w/v) (NH4)2SO4 

0.5% (w/v) C8H5KO4 

Adjust pH 5.5 with KOH 

Sporulation medium    0.5% (w/v) KOAc 

      5 mg/ml Adinine 

      5 mg/ml Histidine 

      5 mg/ml Leucine 

      5 mg/ml Tryptophan 

      5 mg/ml Uracil 
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4 Results 

Several lines of evidence emphasize the potential function of G4 structures during DNA 

replication, transcription and recombination10,11,56,96. So far, only a few studies questioned, if 

G4 structures also influence meiosis. Therefore, my PhD studies aimed to identify and 

characterize the impact of G4 structure formation during sporulation (meiosis) in S. cerevisiae. 

To achieve this, I used different molecular and biochemical strategies. 

I examined the effect of G4 stabilization in vivo on meiosis by adding Phen-DC3 to sporulating 

cells. I mapped the occurrence of G4 structures during vegetative growth and sporulation 

genome-wide by G4 ChIP-seq. In order to identify proteins that specifically act during meiosis 

and recognize G4 structures, an affinity purification strategy coupled with mass spectrometry 

was performed. Finally, to investigate the correlation between G4s and preferred meiotic DSB 

sites, G4 motifs were inserted in the genome and meiotic DSB formation was mapped.  

For these studies, I used S. cerevisiae strains of W303 or SK1 background187,188. The SK1 

background is especially suitable for time sensitive questions of meiosis due to its fast and 

synchronic sporulation capacity187. 

 Stabilization of G4s impairs spore formation 

Numerous studies demonstrated the capacity of Phen-DC3 to stabilize G4 structures and its 

effect on various processes in vivo121,122,128–130,189,190. But, so far, no examinations of its 

stabilizing effect were performed during meiosis.  

To investigate if G4 stabilizing by Phen-DC3 effects sporulation or vegetative growth, different 

concentrations of Phen-DC3 (2.5, 5 and 10 µM) were added to sporulating and vegetative cells. 

For meiosis an overall marker of fitness is spore formation. In vegetative cells the general 

fitness is estimated by growth rate (doubling time), by measuring the optical density at 600 nm 

(OD600). 

To monitor vegetative growth YPD media was inoculated with an overnight culture to an OD600 

of 0.2 and different concentrations (2.5, 5 and 10 µM) of Phen-DC3 were added. Cells were 

cultured at 30°C 200 rpm shaking for seven hours. The growth rate of wild type (WT) and Phen-

DC3 samples were determined every hour. No significant changes in vegetative growth were 

determined up to a concentration of 10 µM (Figure 5a). Both, treated and untreated had a 

calcuated doubling time of around 95 minutes. 

Next, I determined the effect of G4 stabilization on sporulation. Phen-DC3 was added directly 

after transition from pre-sporulation media (pre-SPM) to sporulation media (SPM). In order to 



36 

 

enter more efficiently and synchronously into sporulation cells were cultured for approximately 

20 hours in pre-SPM till an OD600 1.3. After this, cells were cultured in SPM, which lacks a 

nitrogen source and a fermentable carbon source in order to induce sporulation. Spore formation 

was microscopely determined after 72 hours in SPM at 25°C and 200 rpm. Contrary to 

vegetative cells, if Phen-DC3 was added to SPM, a reduced spore formation was detected. 2 

µM Phen-DC3 resulted in 30% spores, whereas 5 µM and 10 µM resulted in 4% and 3% 

respectively compared to around 50% of observed tetrads for cells in SPM without Phen-DC3 

(Figure 5b).  

The loss of spore formation can be a result of changes during different meiotic steps. In 

S. cerevisiae a point of meiotic commitment exists that roughly coincides with prophase I 

briefly after S-phase. Till this point cells require the continued presence of the starvation signal. 

If nutrient rich medium is provided before this point, cells exit sporulation and return to 

vegetative growth. In accordance, if cells are supplied with nutrient rich medium after reaching 

the meiotic commitment point, cells continue with sporulation191–195.  

To test if the cells exceeded the point of meiotic commitment, I treated sporulating cells with 

10 µM Phen-DC3 for 10 hours at 25°C and 200 rpm. After this, cells were washed and reinserted 

in rich yeast media (YPD) plus 10 µM Phen-DC3. Growth was monitored via optical density 

(OD600). As expected, during meiosis cells did not grow (Figure 5c). However, after transition 

to YPD, which was supplemented with 10 µM Phen-DC3 cells started growing again. This 

demonstrates that cells are arrested prior to the meiotic commitment point and that they retained 

the ability of vegetative growth. Furthermore, these analyses strengthen the argument that 

observed changes by Phen-DC3 are specific for sporulation. 
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 Phen-DC3 treatment leads to G1 arrest in meiotic cells  

Along the genome are regions associated with particular high levels of meiotic DSBs, so called 

hot spots196. There is a strong overlap of meiotic hotspots with G4 regions10 and I propose that 

lack of spore formation might be due to altered meiotic DSBs.  

The meiotic DSB formation and processing takes place after premeiotic S-phase during 

Prophase I197. Here, DSBs are formed by Spo11 and processed by the MRX complex137. DSB 

formation during meiosis can be monitored by Southern blot analysis (3.22). To visualize 

meiotic DSBs an established approach is to use a rad50s mutation. These mutants are deficient 

in DSB repair, due to an unfunctional MRX complex, thus meiotic DSBs accumulate198.  

In this thesis I used a rad50s mutant strain termed as FX3 (Appendix Table 5), provided by the 

University of North Carolina, Department of Biology, Curriculum in Genetics and Molecular 

Biology (Appendix Table 5)199. 

Figure 5: Phen-DC3 acts specific on sporulation. 

 a) Vegetative growth of diploid W303 cells in rich YPD 

media depending on Phen-DC3. Cell density was monitored 

over time via determination of OD600. The assay was 

performed in duplicates. No changes in vegetative growth 

were detected for a concentration up to 10 µM Phen-DC3. b) 

Percentage of formed tetrads in a whole population 72 hours 

after inducing sporulation. A severe drop in tetrad formation 

was detected from a concentration of 5 µM Phen-DC3 on. c) 

Cells were kept in SPM + Phen-DC3 (10 µM) for 10 hours, 

after that point cells were transferred to YPD media 

containing Phen-DC3 (10 µM). Under this condition cells 

started to grow again, demonstrated by increasing cell 

density. 
 

a) b) 

c) 



38 

 

To map the DSB formation, depending on Phen-DC3 I examined the hot spot location YDR186c 

– YDR188w (chr IV)200. The genomic DNA was extracted from sporulating cells after 24 hours 

of sporulation according to Fen et al.199 and subsequently digested by PstI (NEB). A labeled 

PCR probe was designed accordingly to open reading frame YDR189w (Appendix Table 4).  

In agreement with literature obvious meiotic DSBs were observed in rad50s cells (Figure 6a). 

After treatment with Phen-DC3 meiotic DSBs vanished, using 5 or 10 µM Phen-DC3. This 

experiment revealed that G4 stabilization prevents meiotic DSB formation.  

The meiosis starts with the decision of the G1 cell to perform meiosis on the basis of multiple 

factors, including lack of nitrogen, lack of glucose and mating type142. This leads to an exit 

from the mitotic cell cycle in G1 and entry into premeiotic S-phase. To identify the stage in 

which the G4 stabilization impairs sporulation and prevents DSB formation I performed FACS 

analysis to determine the cell cycle distribution of Phen-DC3-treated cells (3.7). For FACS 

analysis SYTOX Green was used. SYTOX Green is a high affinity nucleic acid stain and allows 

a quantitative measurement of cell cycle phases: G1-phase (2n), G2-phase (4n, double amount 

of DNA after DNA synthesis during S-phase). Sporulating cells and cells treated with Phen-DC3 

were prepared accordingly to methods 3.6. Phen-DC3 was immediately added after transfer to 

SPM in an end concentration of 10 µM. The SK1 background strain was used for FACS analysis 

because it sporulates faster and more synchronously than other yeast backgrounds and samples 

were taken every 2 hours. Untreated control cells showed a characteristic distribution of meiotic 

cells. Cells shift from G1- to G2-phase with progressing time in SPM indicated by a shift from 

2n to 4n genomic DNA (Figure 6b). After Phen-DC3 treatment, FACS analysis revealed a cell 

cycle arrest in G1-phase (2n) prior to premeiotic S-phase. Even 24 hours after inducing 

sporulation cells were still in G1-phase as observed by a high peak at 2n. 

To test if the effect of G4 stabilization by Phen-DC3 is limited on the start of sporulation 

Phen-DC3 was added after different time points upon transfer to SPM. 10 µM Phen-DC3 was 

added immediately (0 min), after 30 min and every full hour up to 6 hours after transfer to SPM. 

The effect of Phen-DC3 on meiosis was measured by quantification of spore formation 72 hours 

after inducing sporulation via microscope. The cell phase was also determined by FACS 12 

hours after transferring to SPM. As observed in Figure 6c and 6d the repressive effect of Phen-

DC3 on spore formation and progression to G2-phase disappeared with increasing time that cells 

were in SPM prior to Phen-DC3 addition. When Phen-DC3 was added 5 hours or later after 

inducing sporulation, tetrad formation and progression to G2-phase were similar to sporulating 
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cells without Phen-DC3. This showed that G4 stabilization must act on the transition from G1-

phase to S-phase and on the decision of the cell to enter meiosis. 
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Figure 6: Phen-DC3 leads to an arrest of cells in G1-phase after transfer to SPM. a) Southern blot analysis of meiotic DSBs in dependency 

of Phen-DC3. Sporulation was induced in diploid rad50s mutants and stopped after 24 hours. DMSO functions as a control to exclude 

the possible effect of the solvent on meiotic DSB formation. Lower bands represent meiotic DSBs. No meiotic DSBs were visualized 

upon a concentration of 5 µM of Phen-DC3. b) Cell phase determination via FACS of sporulation induced SK1 cells with and without 

Phen-DC3 (10 µM). For cells in SPM a clear progression from G1- to G2-phase was observed after 6h hours of sporulation. In contrast, 

sporulating cells treated with Phen-DC3 did arrest in G1-phase. c) 10 µM Phen-DC3 was added to different time points after inducing 

sporulation, ranging from 0 (Phen-DC3 immediately added) to 6 hours. Afterwards, percentage of tetrads were detected after 72 hours 

in SPM. Tetrad formation was less impaired when Phen-DC3 was added at later time points after inducing sporulation. d) Cell phase 

determination via FACS 12 hours after inducing sporulation and in dependency of different Phen-DC3 treatment time points. If Phen-

DC3 was added after one hour of sporulation most cells were still in G1-phase after 12 hours in SPM. With increasing time in SPM prior 

to Phen-DC3 treatment, G1 arrest diminished. If Phen-DC3 was added 5 hours or later after sporulation induction the majority of the 

cells progressed to G2-phase after 12 hours sporulating time. 

a) b) 
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 Ime1 overexpression does not rescue G1 arrest  

The decision to enter meiosis in S. cerevisiae is connected to a high expression level of the 

transcription factor Ime1142. Its expression is low during vegetative growth and rises in response 

to intrinsic and extrinsic signals such as nitrogen starvation and lack of a fermentable carbon 

source142. Upon a transfer to SPM, which lacks a nitrogen and a fermentable carbon source, 

expression of Ime1 is triggered and subsequently its targets, the early meiotic genes are 

expressed and subsequently transition to premeiotic S-phase takes place. 

The level of IME1 expression in vegetative and sporulating cells in dependency of Phen-DC3 

treatment was determined by quantitative PCR (3.16,). RNA was extracted and transcribed into 

cDNA from untreated and treated cells with 10 µM Phen-DC3 (immediately added after transfer 

to SPM) 3 and 7 hours after inducing sporulation. As a control RNA was extracted from 

vegetative cells (OD600 0.5) with and without 10 µM Phen-DC3. Quantitative PCR was 

performed in biological triplicates and technical duplicates using specific primers directed 

against Ime1 (Appendix Table 4). To determine IME1 expression levels quantitative PCR 

results were normalized against expression levels of the housekeeping gene ACT1. As expected, 

high IME1 expression levels were detected in cells 3 and 7 hours after inducing sporulation. 

Contrary, a 4- and 9-fold reduction of IME1 expression was measured in cells 3 and 7 hours 

after inducing sporulation in addition of 10 µM Phen-DC3 (Figure 7a).  

Several points hint that G4s might directly affect the transcription of IME1 by acting as a 

regulator within the promoter. i) Ime1 is indispensable for entry in sporulation and previous 

studies showed that a deletion of Ime1 resulted in a similar G1 arrest after transfer to SPM as 

seen for Phen-DC3
145,201. ii) the promoter region of Ime1 has the potential to form G4s according 

to the QGRS Mapper (http://bioinformatics.ramapo.edu). iii) the performed affinity purification 

against a G4 structure (3.12) identified Msn2 and subunits of the Set3 deacetylase complex 

(Set3, Snt1 and Hos4) (Appendix Table1). These proteins are directly involved in the regulation 

of Ime1.  

Ime1 is negatively regulated by the lncRNA IRT1155. IRT1 mediates the mating type control of 

sporulation. In Mata and Matα haploids the expression of Ime1 is inhibited by the transcription 

of the Ime1 promoter antisense lncRNA IRT1. The lncRNA repression requires additionally 

the Set2 histone methyltransferase and the Set3 histone deacetylase complex. Together they 

establish a repressive chromatin state at the Ime1 promoter. Because of the identification of 3 

subunits of the Set3 deacetylase complex by a G4 pull down, sporulation in dependency of 

Phen-DC3 was performed in a set2 set3 double mutant. By this I wanted to investigate if the 

observed G1 arrest is due to a repressive chromatin at the IME1 promoter by Set3 deacetylase 

http://bioinformatics.ramapo.edu/
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complex binding to stabilized G4s. If so, deletion of Set2 and Set3 should result in a rescue of 

Phen-DC3-caused G1 arrest. The diploid double mutant set2 set3 strain was provided by the 

Amon Lab (Appendix Table 5)155. Sporulation was induced and 10 µM Phen-DC3 was added 

simultaneously. 72 hours later spore formation was determined via light microscopy. The spore 

efficiency of the double mutant set2 set3 in SPM substituted with Phen-DC3 was comparable 

to wild type cells treated with Phen-DC3 (< 5%). A deletion of Set2 and Set3 did not lead to a 

rescue of deficient spore formation by Phen-DC3. This indicates that missing Ime1 in Phen-

DC3-treated cells is not caused by Set2 and Set3 induced repressive chromatin at the IME1 

promoter. 

To further validate, if the observed lack of IME1 expression after Phen-DC3 treatment is the 

cause of reduced spore formation, an overexpression of IME1 in dependency of Phen-DC3 was 

performed. This was done in order to test, if an overexpression of IME1 in Phen-DC3-treated 

cells leads to a transition from G1- to S-phase.  

In order to overexpress IME1 in yeast cells, the Ime1 open reading frame (ORF) was PCR 

amplified and cloned into pCM251 via BamHI/NotI (3.3, Appendix Table 4)202. In pCM251 

the IME1 open reading frame (ORF) is under control of a tetracycline/doxycycline inducible 

tetO2 promoter. TRP1 acts as a selection marker. After successful insertion of IME1 ORF into 

pCM251, diploid W303 cells were transfected with this construct (pCM251-IME1). SK1 cells 

yielded no positive clones after transformation. The addition of 2 µg/ml, respectively 10 µg/ml 

doxycycline resulted in a 4-fold, respectively 6-fold IME1 overexpression compared to none 

induced expression (Figure 7b). 

To test, if increased IME1 expression can rescue the Phen-DC3 mediated G1 arrest, cells 

harboring pCM251-IME1 were transferred to SPM. Doxycycline was added at the same time 

as Phen-DC3 (time point 0). After 36 hours the cell cycle distribution was monitored (3.7). For 

cells with a W303 background the cell distribution was determined later as compared to SK1 

cells (36 hours vs. 12 hours), because of the slower sporulation capacity of W303 compared to 

SK1. Interestingly, overexpression of IME1 did not lead to tetrad formation nor to G2 

progression even without Phen-DC3 and under favorable sporulation conditions (Figure 7c). 

Because the pCM251 possesses the amino acid tryptophan as a marker, I wanted to rule out that 

the blockage of sporulation is due to a provided nitrogen source. Therefore, additionally to 

doxycycline, rapamycin was simultaneously added in a concentration of 1 µg/ml. Rapamycin 

was previously shown to bypass the extrinsic nitrogen source signal which is mediated via the 

TOR pathway203. Indeed, the addition of rapamycin led to a G2 progression after transfer to 

SPM in cells carrying pCM251-IME1, indicated by an increased G2 (4n) peak (Figure 7c). 



42 

 

Nevertheless, the downregulated TOR pathway did not lead to a release of G1 arrested cells 

after Phen-DC3 treatment (Figure 7d). 

Because of the impaired sporulation capacity of pCM251-IME1 exhibiting cells, a second 

approach for IME1 overexpression with an established model was performed, to confirm that a  
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Figure 7: An overexpression of Ime1 does not lead to G2 progression of Phen-DC3 arrested cells. a) Quantitative PCR 

analysis of IME1 expression in vegetative cells (YPD) and sporulating cells (SPM) with (+P) and without Phen-DC3. The 

experiment was performed in biological triplicates and technical duplicates. IME1 expression level was normalized against 

expression level of housekeeping gene ACT1. b) Doxycycline induced overexpression of IME1 via plasmid pCM251, 

determined via quantitative PCR 4 hours after doxycycline induction. c) Cell phase determination via FACS. Cells only 

progress to G2-phase if additionally rapamycin (1 µg/ml) was added. d) No progression to G2-phase upon IME1 

overexpression if Phen-DC3 (10 µM) was additionally added. 
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IME1 overexpression does not rescue the Phen-DC3-caused G1 arrest. For this, the endogenous 

IME1 promotor was replaced by an inducible copper promoter. The resulted strain FW2444 

was provided by the van Werven lab (Appendix Table 5)204. Without copper, no entry into 

sporulation was detectable in SPM (Figure 8b). Upon addition of 50 µM copper IME1 was 

expressed and cells progressed to G2-phase during sporulation. Nevertheless, this approach also 

did not lead to a rescue of the G1 arrest after G4 stabilization (Figure 8b).  

Previous studies showed that an expression of IME1 alone is not sufficient for entry into 

meiosis. Ime1 also needs to accumulate in the nucleus in order to induce the expression of the 

early meiotic genes. This nuclear localization of Ime1 is blocked by expression of CLN3 and 

by activation of the TOR pathway148,151. Cln3 belongs to the G1 cyclins and is during vegetative 

growth involved in cell progression and in G1 to S-phase transition. However, during 

sporulation CLN3 is down regulated148. I determined the expression level of CLN3 via 

quantitative PCR (3.16) to see, if CLN3 expression is elevated in sporulating cells after Phen-

DC3 treatment.  

The expression level of CLN3 was determined from vegetative cells and sporulating cells in 

regard to Phen-DC3 (Figure 8a). Similar levels of CLN3 were detected for vegetative cells 

during exponential growth (OD600 0.5) with and without 10 µM Phen-DC3 (Figure 8a). The 

expression levels in vegetative cells were between 1.5-fold and 2-fold higher compared to 

sporulating cells, no significant difference was observed if cells were treated with Phen-DC3. 

Hence to the similar expression levels of CLN3 in sporulating cells and sporulating cells treated 

with Phen-DC3, Cln3 was excluded as a possible reason for Phen-DC3 related G1 arrest. 

Moreover, CLN3 expression in sporulating cells should result in an unfavorable progression 

into mitosis under sporulation conditions and not in a G1 arrest148. 

In order to down regulate TOR, the second repressor of nuclear Ime1 localization, 1 µg/ml 

rapamycin was simultaneously added to 50 µM copper after transfer to SPM. 12 hours after 

sporulation induction cell distribution was monitored via FACS (Figure 8b). Rapamycin 

treatment led cells progress faster to G2-phase. However, the down regulation of TOR did not 

rescue the observed G1 arrest after Phen-DC3 treatment, indicating that not a change in Ime1 

localization is the cause of G1 arrest upon G4 stabilization. 

Taking together, repression of Ime1 by Phen-DC3 -stabilized G4 structures does not seem to be 

the reason for the observed G1 arrest.  
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Figure 8: Ime1 overexpression does not rescue Phen-DC3-caused G1 arrest. a) Quantitative CLN3 

expression in vegetative cells (YPD) and sporulating cells (SPM) with (+ P) and without Phen-DC3. 

The experiment was performed in biological triplicates and technical duplicates. CLN3 expression 

was normalized against expression of housekeeping gene ACT1. The expression level was the 

highest in vegetative cells (YPD) whereas it was lower in sporulating cells (SPM). No significant 

difference was observed for Phen-DC3 treated (+P) and untreated cells. b) IME1 overexpression via 

copper inducible promoter. Cell phases were determined 12 hours after inducing sporulation via 

FACS. Without copper, cells remained in G1 and progressed to G2-phase upon an addition of copper 

(50 µM). Rapamycin was added to ensure the proper localization of Ime1 to the nucleus. 

Nevertheless, treatment with copper and rapamycin did not lead to a G2 progression of Phen-DC3 

arrested cells.  
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No elevated DNA damage response was recorded due to Phen-DC3 treatment  

Various studies have shown that G4 structures represent a risk for genome integrity93–95,129,205–

218. To assess the question if G1 arrest of sporulating cells after G4 stabilization is caused by 

genome instability I determined the expression of established DNA damage markers. 

Rnr3 is part of the ribonucleotide reductase (RNR) complex and is involved in deoxyribose 

nucleoside triphosphate (dNTP) synthesis219. It plays an essential role in DNA synthesis and 

repair by providing all dNTPs required for these processes. Transcription of RNR3 is inducible 

by DNA damage which makes it a common expression marker for DNA damage219. To test, if 

RNR3 is upregulated due to DNA damage caused by Phen-DC3, the expression level of RNR3 

was determined via quantitative PCR in vegetative cells (cultured in YPD) and sporulating cells 

(culture in SPM) with and without Phen-DC3. 

Vegetative cells were collected during exponential growth (OD600 0.5). with and without 

Phen-DC3 (10 µM) treatment. RNA was extracted and transcribed into cDNA. RNA extraction 

and following cDNA transcription were done as well for sporulating cells 3 and 7 hours after 

inducing sporulation. For the Phen-DC3-treated cells 10 µM Phen-DC3 was added immediately 

after transfer to SPM. Quantitative PCR was performed in biological triplicates and technical 

duplicates with specific primer against target gene and results were normalized to expression 

of ACT1 (Appendix Table 4). 

RNR3 was between 5- and 6-fold higher expressed after 3 and 7 hours of sporulation as 

compared to vegetative and Phen-DC3-treated cells (Figure 9c). This is likely due to the focused 

premeiotic S-phase after prior G1 accumulation in pre-SPM and because of meiotic 

recombination events that occur after premeiotic S-phase. No higher expression rates of RNR3 

were determined for vegetative cells and Phen-DC3-treated cells. This result does not indicate 

higher genome instability due to Phen-DC3 treatment.  

I tested for histone H2A phosphorylation via western blot analysis (3.21). Histone H2A is one 

of four nucleosomes, which form together with DNA and additional proteins the chromatin220. 

The DNA damage-dependent phosphorylation of H2A by Mec1 facilitates DNA repair and can 

be used as a marker for DSBs221.  

Proteins were extracted from cells via trichloroacetic acid (TCA) preparation (3.18) from 

vegetative cells during exponential growth phase (OD600 0.5) and sporulating cells 16 hours 

after inducing sporulation without or with 10 µM Phen-DC3. The used antibody was 
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anti-histone H2A (phospho S129, Abcam ab15083). H2A phosphorylation was increased for 

sporulating cells (Figure 9a) which can be explained by the formation of meiotic DSBs during 

prophase I197. In contrast, lower levels of H2A phosphorylation were detected for the remaining 

samples, respectively vegetative cells, vegetative cells treated with Phen-DC3 and sporulating 

cells treated with Phen-DC3, which does not speak for higher DSBs levels according to 10 µM 

Phen-DC3.  

An additional response to DNA damage is driven by autophagy. Autophagy can be categorized 

into selective and nonselective pathways222,223. The nonselective pathway also known as 

macrophagy is triggered by starvation in order to recycle nutrients under nutrient starvation 
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Figure 9 Determination of DNA damage in dependency of Phen-DC3. a) Western blot analysis of H2A 

phosphorylation via anti-histone H2A (phospho S129, Abcam ab 15083). Proteins were extracted at OD600 0.5 from 

vegetative cells (YPD) and after 18 hours from sporulating cells (SPM). Phen-DC3 was added in a concentration of 

10 µM and anti-Act1 antibody (Santa Cruz, sc-398161) was used as loading control. The SPM sample showed elevated 

H2A phosphorylation compared to the remaining samples, which showed a similar phosphorylation pattern. b) Cell 

phase determination of WT W303 and double mutant mec1 tel1 36 hours after inducing sporulation with and without 

Phen-DC3 (+P). c) Expression level of DNA damage marker RNR3, APE1 and ATG8. Expression levels were determined 

via quantitative PCRs normalized against expression level of ACT1. 
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conditions224–226. The direct autophagy, also termed as genotoxin-induced targeted autophagy 

(GTA) is caused by DNA damage, which is distinct from the macrophage pathway222,223,227. 

GTA requires the core components of the DNA damage response machinery (notably Mec1, 

Tel1 and Rad53), but these proteins do not have a significant role in starvation-induced 

autophagy, indicating that the signals mediating GTA are distinct from those involved in 

starvation-induced autophagy223. However, macrophagy is in a lower rate also active during 

GTA. Autophagy acts by regulating the level of proteins involved in DNA repair and cell 

progression and thereby controlling cell fate228,229. One generally used marker of autophagy is 

the key protein Ape1 which is upregulated due to induction of mainly macrophagy and to a 

lower extend during GTA223,230. A specific marker for GTA is Atg8 which is mainly 

upregulated as a result of DNA damage-induced autophagy223.  

To test for an autophagy-induced upregulation of APE1 (macrophagy) and ATG8 (GTA) 

quantitative PCR was performed (3.16). RNA from cells under different conditions was 

extracted. Cells during exponential vegetative growth, cells during exponential vegetative 

growth treated with 10 µM Phen-DC3 and cells 3 and 7 hours after inducing sporulation with 

and without 10 µM Phen-DC3. Quantitative PCR was performed in biological duplicates and 

technical triplicates and expression levels were normalized to the housekeeping gene ACT1.  

For APE1 an approximately 3-fold higher expression level was detected in sporulating cells 

compared to vegetative cells (Figure 9c). This is in line with studies that stated an induction of 

autophagy due to starvation. The remaining samples show similar expression levels including 

the samples substituted with Phen-DC3 indicating missing induction of macrophagy after 

Phen-DC3 treatment.  

To test for GTA, the expression level of ATG8 was monitored via quantitative PCR as well. In 

vegetative cells, a similar low level of ATG8 was detected with and without Phen-DC3 

(Figure 9c). Higher expression levels were observed for sporulating cells. Around 9 times 

higher ATG8 expression was observed 3 hours after inducing sporulation and circa 14,5-fold 

higher expression after 7 hours compared to the expression level in vegetative cells. The higher 

expression of ATG8 in sporulating cells is presumably due to a partially response of GTA to 

nitrogen starvation and because of induced meiotic DSBs. 

In contrast to previous tested DNA damage marker higher levels of ATG8 were also detected 

in sporulating cells upon Phen-DC3 treatment. Around 2.5-fold higher ATG8 expression after 3 

hours and around 5-fold higher after 7 hours compared to vegetative levels. Higher level of 

ATG8 in sporulating cells treated with Phen-DC3 can might be explained by a partially 

activation of GTA as a response to nitrogen starvation231,232 or as a result of remaining spore 
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formation (< 5%; Figure 5b). On the other hand, according to this argument, the expression 

level of APE1 should then also be higher for cells in SPM plus Phen-DC3. Thus, ATG8 

expression in SPM cells treated with Phen-DC3 indicates an increased DNA damage after G4 

stabilization. 

To address the question if a Phen-DC3-induced G1 arrest occurs due to G1/S checkpoint 

activation in response to DNA damage, the yeast DNA damage checkpoint orthologs of ATM 

and ATR, named Tel1 and Mec1 were eliminated233. It was shown that cells, which were 

arrested in G1-phase upon UV light or gamma radiation failed to arrest at G1 checkpoint after 

mec1 deletion234. Furthermore, mec1 tel1 deletion blocks autophagy and general G1 checkpoint 

arrest in response to DNA damage223,234,235. Tel1 recognizes DSBs and generates ssDNAs 

which are recognized by Mec1, leading to phosphorylation of downstream protein kinases, 

causing cell cycle arrest and regulation of repair proteins236. The G1 arrest allows cells to repair 

DNA damage prior to DNA replication to prevent a potentially deleterious S-phase.  

The cell cycle distribution of the double mutant mec1 tel1 strain was analyzed via FACS, using 

the nucleic acid stain SYTOX Green (3.7) after 36 hours of sporulation without and in 

dependency of Phen-DC3. The sporulation times were in this case increased because of the 

W303 background which sporulates slower than the SK1 background. 10 µM Phen-DC3 was 

immediately added after transfer to SPM. In SPM, both strains, wild type and mec1 tel1 mutant, 

progressed to G2-phase (Figure 9 b). The mutant strain proceeded faster to G2-phase than wild 

type cells, most likely due to missing S/G2-phase checkpoint. Meiotic DSBs trigger transient 

activation of the DNA damage checkpoint response machinery237. Nevertheless, also the mec1 

tel1 mutant strain was not capable to transit to premeiotic S-phase if Phen-DC3 was added, 

indicated by a dominant G1 peak. 

In summary, elevated genome instability in SPM in the presence of 10 µM Phen-DC3 appears 

not to be the reason for the observed G1 arrest upon Phen-DC3 treatment. 

 Phen-DC3 treatment leads to an altered proteome in sporulating cells. 

Various studies demonstrated a role of G4s in gene regulation. A computational study revealed 

that 42.7% of human gene promotors overlap with G4 motifs, especially proximal to the 

transcription start sites (TSSs)238. It was also shown that G4s have a higher tendency to form in 

transcription enhanced and nucleosome depleted promoter regions239. Further, genome-wide 

ChIP analyses revealed an overlap of gene expression associated helicases XPB and XPD with 

G4 motifs in promoter regions61,240. The most extensively researched gene which is regulated 

by G4s is the human oncogene c-MYC. It was shown that stabilization of G4s via TMPyP4 led 
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to repression of c-MYC transcription and a mutation of the G4 motif in the promoter of c-MYC 

resulted in an increased expression102. 

To identify proteins which show an altered appearance in response to Phen-DC3 during 

sporulation proteome analyses were performed with cells at different time points during 

sporulation with and without Phen-DC3. For this purpose, samples from 12 different time points 

were collected. From the time point 0 before transferring to SPM, 10, 20, 30, 60, 90, 120, 180, 

240, 300, 360 and 420 minutes after inducing sporulation. Especially at the beginning, the time 

points were in small intervals to address primary changes in protein occurrence, because 

Phen-DC3 seemed to affect the beginning of meiosis (Figure 6c). For this approach I chose 

5 µM Phen-DC3, which is sufficient to see a strong effect on sporulation (Figure 5b); this lower 

concentration was chosen, because of limited amount of Phen-DC3 and the large amount of 

liquid culture, which was needed for this experiment. The mass spectroscopy was in the 

following performed by the Interfaculty Mass Spectrometry Center of the University of 

Groningen. The subsequent analysis was done using Peaks 8.0 viewer. Proteins were considered 

as positive using following parameters: 20% protein threshold, 0.1% False Discovery Rate for 

peptides, a minimum of one unique peptide, one-fold change or higher and an occurrence of 

peptides in at least 6 samples. Applying these parameters 575 proteins were found for the 

sporulation series and 328 proteins for the series containing Phen-DC3. 350 proteins were 

exclusive found in the sporulation series and 103 exclusives in the Phen-DC3 series (Appendix 

Table 2).  

Between timepoint 0 and 420 minutes after inducing sporulation the occurrence of 71 proteins 

were at least 2-fold increased and 275 proteins at least 2-fold decreased in sporulation samples 

after 420 minutes (Appendix Table 3). For samples treated with Phen-DC3 27 proteins were 2-

fold or higher increased and of 77 proteins 2-fold or higher decreased after 7 hours compared 

to the start of sporulation (Appendix Table 3). The top ten biological process GO terms (String; 

string-db.org) showed diverse processes in which the proteins are involved. Note, none of the 

identified proteins showed a clear involvement in DNA damage repair.  

  

http://mscenter.webhosting.rug.nl/
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 Genome-wide mapping of G4 structures during vegetative growth and during 

sporulation in S. cerevisiae 

G4 structures are linked to fundamental biological processes such as transcription, replication 

and telomere maintenance52,60,102,240–242. To support their involvement in biological processes 

and to uncover new potential regulatory sights it is crucial to map G4 structures genome-wide 

in a chromatin context. ChIP is a widely used method to map the genome-wide location of 

DNA-binding proteins in an endogenous chromatin context243. Therefore, a G4 antibody 

ChIP-seq approach enables the determination of G4 structures genome-wide. Two recently 

developed single-chain antibodies against G4 structures were used in this thesis. The antibody 

BG4, with a broad selectivity for a wide range of G4 structures, including parallel, antiparallel 

and hybrid forms79 and the antibody D1 with a restricted specificity for parallel G4s77. 

BG4 ChIP-seq was recently established for human cells by Hänsel-Hertsch et al.180, in which 

they mapped ~10 000 G4 structures in human chromatin. For S. cerevisiae a genome-wide map 

of G4 structures in the chromatin is missing. I performed G4 antibody ChIP-seq with the 

antibodies BG4 and D1 followed by high throughput sequencing for cells during vegetative 

growth and during sporulation with and without Phen-DC3 in order to detect differences in G4 

occurrences. I uncovered potential new G4 regulatory sites and putative regulatory differences 

between vegetative growth and sporulation. Moreover, G4 distribution within the chromatin 

changed after G4 stabilization.  

The antibodies were overexpressed and purified accordingly to methods 3.8. Additionally, the 

specificity of BG4 for a G4 structure over unfolded DNA was determined via microscale 

thermophoresis (MST) (3.9). MST confirmed that BG4 bound preferred to folded G4 structures 

over unfolded DNA (Appendix Figure 1).  

The experiment was performed in duplicates for each condition. For vegetative growth cells 

from the exponential growth phase in YPD (OD600 0.5) were used. Sporulating cells were 

crosslinked 3 hours after inducing sporulation. For G4 stabilizing conditions 10 µM Phen-DC3 

was added. The protocol published by Hänsel-Hertsch et al.180 was used with minor changes 

for suitability to yeast (3.10). 1-1.5 µg of chromatin was deployed per sample. Antibodies were 

added in a 2:1 ratio (1 µg chromatin = 500 ng antibody). 18 samples: four samples of vegetative 

cells, four samples of vegetative cells plus Phen-DC3, four samples of sporulating cells, four 

samples of sporulating cells plus Phen-DC3, herein two samples of each condition with antibody 

BG4 and two samples of each condition with antibody D1 and further, input as control for 

vegetative and sporulating cells were used for library preparation (3.10). The high-throughput 
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sequencing was performed by the Next Generation Sequencing (NGS) Core Facility of the 

Medical Faculty of the University of Bonn.  

Subsequent biocomputational analysis was done in accordance with Hänsel-Hertsch et al.180 

and is briefly described in methods (3.11). In order to call robust G4s the G4 ChIP regions from 

duplicates were intersected and filtered for overlaps. Only peaks present in both duplicates were 

used for further analysis.  

ChIP-seq with the antibody BG4 yielded 623 G4 structures in vegetative cells, 381 in vegetative 

cells supplemented with Phen-DC3, 239 G4 regions in sporulating cells and 408 if Phen-DC3 

was added. ChIP-seq with the antibody D1 yielded 550 G4 structures in vegetative cells, 418 

in vegetative cells supplemented with Phen-DC3, 215 G4 regions in sporulating cells and 676 if 

Phen-DC3 was added.  

The peaks overlapped significantly between the different conditions and between the two 

antibodies, especially between samples within one group (sporulating cells, sporulating cells 

plus Phen-DC3, vegetative cells and vegetative cells plus Phen-DC3) (Figure 10b). Moreover, 

the greatest overlap between four samples was found for vegetative cells and vegetative cells 

plus Phen-DC3, implicating a smaller change in G4 appearance when Phen-DC3 was added to 

vegetative cells compared to sporulating cells.  

Further, bedtools jaccard revealed a high correlation between the two sets of G4 regions found 

by each antibody. In vegetative cells 68% of the regions were identical for the two antibodies 

and 65% if G4s were stabilized. In sporulating cells, the overlap was 43% and 46% if Phen-DC3 

was added. 

To associate the identified G4 structures to putative regulatory functions the G4s were validated 

for enrichment or depletion to various genomic features by comparison to random occurrence 

within the yeast genome using the website yeast.genomes.nl. The mitochondrial genome, the 

telomere and centromere regions were excluded. 
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To validate the specificity of the antibodies the overlap of G4 ChIP-seq peaks with predicted 

G4s (in vitro) was determined. Genome-wide computational analyses by Capra et al.10 predicted 

G4 motifs along the genome of S. cerevisiae using an algorithm searching for G4 motifs with 

at least four tracts of three or more consecutive guanines separated by loop regions of 25 

nucleotides or less. The ChIP-seq samples from vegetative and sporulating cells without 

Phen-DC3 showed an enrichment with a p-value ≤ 0.0004. This correlation was lost for 

G4-stabilized sporulation samples (Appendix Figure 2).   

A different study used a G4-seq-based approach to predict G4 structures in vitro without G4 

stabilizing and under G4 stabilizing conditions13. Again, by correlating the ChIP-seq data to the 

G4 map without G4 stabilizing conditions the vegetative and sporulating samples without Phen-

Figure 10: a) Genome browser screenshot for S. cerevisiae genome, showing common and differential G4 (BG4/D1) 

ChIP peaks in vegetative cells (YPD), sporulating cells (SPM), Phen-DC3 treated cells (P); Appendix Figure 14 

screenshot of chromosome XI. b) Venn diagrams showing the shared and unique G4 ChIP regions mapped in vegetative 

cells (YPD), sporulating cells (SPM), Phen-DC3-treated cells (P). The larger the overlap between the samples, the darker 

the background color.  
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DC3 overlap significantly, especially for the vegetative samples with Phen-DC3 

(p-value ≤ 0.0001) (Appendix Figure 3). Contrary, the sporulating cells treated with Phen-DC3 

showed again no significant overlap between the G4-seq peaks and the provided G4 map by 

Marssico et al.13. Less homogeneity was observed for the correlations between the ChIP 

samples and the provided G4-seq map under G4 stabilizing conditions via PDS (Appendix 

Figure 4)13. For vegetative samples the overlap was less significant or even completely missing 

like for D1 ChIP-seq of vegetative cells treated with Phen-DC3. Also, the sporulating samples 

did not show an overlap with the PDS-stabilized G4-seq map. On the other hand, the sporulating 

ChIP-seq samples treated with Phen-DC3 displayed a significant overlap (p-value ≤ 0.0183). 

Additionally, a motif discovery was performed using multiple expectation maximization for 

motif elicitation (MEME)244 to detect consensus binding sequences for BG4 and D1 

(Figure 11). MEME is a tool for discovering motifs in a group of related DNA sequences from 

YPD BG4 

YPD D1 

YPD + P D1 SPM + P D1 

SPM + P BG4 

SPM D1 

SPM BG4 

YPD + P BG4 

Figure 11: Motif discovery using MEME for BG4/D1 ChIP-seq peak data set reveals the presence of five possible recurring 

motifs (E-value < 0.1) within the entire peak file. Vegetative cells (YPD), sporulating cells (SPM), Phen-DC3-treated cells 

(P).   



54 

 

a given group of DNA sequences and outputs motifs to a user-specified statistical confidence 

threshold. Among the top motifs for each sample extracted by MEME G-rich sequences were 

found to be highly prevalent within the G4 ChIP peaks as expected for a G4 antibody consensus 

sequence (Figure 11).  

Next, the ChIP-seq-determined G4 regions were analyzed for overlaps with certain genomic 

regions. As expected, all G4 peaks were highly enriched for nucleosome depleted regions 

(p-value ≤ 0.0001) (Appendix Figure 5), which is in line with previously found 

overrepresentations of G4 motifs in nucleosome free regions180. G4s were also overrepresented 

at sub telomeric regions (Figure 10a). This is in agreement with past studies which showed that 

the sub telomeric regions of S. cerevisiae can adopt G4 structures in vitro211. G4 peaks also 

overlapped with retrotransposons (p-value ≤ 0.001), especially the Phen-DC3-treated 

sporulating cells (Appendix Figure 6). In detail, the G4-stabilized sporulation samples were 

also highly enriched in the retrotransposon flanking long terminal repeats (LTRs) 

(p-value ≤ 0.001), whereas the G4 peaks of all other samples were depleted in the region of 

LTRs (p-value ≤ 0.0028) (Appendix Figure 7). G4 structures were also found in LTRs of the 

human immunodeficiency virus (HIV) and further retroviruses245. 

To assess the correlation between G4s and promoter, the overlap between G4 peaks and 

genomic regions 1000 bp upstream of transcription start sites (TSS) was determined. G4s were 

depleted (p-value ≤ 0.0001) at these regions (Appendix Figure 8). Furthermore, ChIP-seq 

obtained G4 regions were underrepresented at replication start sites (ARS), 5´and 

3´untranslated regions (UTRs) (p-value ≤ 0.0001) (Appendix Figure 9 - 11). Notably, G4 peaks 

did not show an overlap with preferred meiotic DSB sites (Appendix Figure 12), which is in 

contrast to previously found predictions10. A nonuniformity within the samples was found for 

G4s at ORFs. At ORFs G4s in vegetative cells and G4-stabilized sporulating cells were depleted 

(p-value ≤ 0.0001); this depletion did not exist in sporulating cells, even though they were not 

enriched either (Appendix Figure 13).  
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 Proteins bind specifically to G4 structures 

G4 structure formation and unwinding need to be regulated due to their high thermostability 

and slow formation and dissociation kinetics246. If not tightly regulated, G4 structures represent 

a risk for genome integrity246. In fact, various G4 binders, formation supporters and unwinders 

are known50,80,86,95,175,212,247. 

In order to identify novel G4-binding proteins during meiosis and potential candidates, involved 

in G4 stabilization caused G1 arrest, an affinity purification with lysates from sporulating cells 

was performed (3.12). For this, a G4 motif was folded as described in methods (3.17) and 

confirmed to form parallel G4 structures via CD (Figure 12a, b). As a control, a mutated G-rich 

oligonucleotide was used, which was not capable of forming a G4 structure (Figure 12a, b). 

Only one nucleotide per G-tract was switched from G to C in order to change the sequence as 

less as possible and additionally maintaining the GC content. Indeed, the G4 motif showed the 

typical minima (245 nm) and maxima (262 nm) for parallel G4 structures, whereas the mutated 

G4 motif showed the characteristic wavelength of unfolded DNA248.The interaction partners of 

the mutated G4 motif were subtracted in the evaluation procedure to ensure that identified 

proteins are in fact specific G4 binders rather than general binders. Moreover, only G4 binding 

partners were considered that were detected in at least two of four G4 pull down samples. The 

Mass spectrometry (MS) analysis was carried out by the Interfaculty Mass Spectrometry Center 

(University of Groningen). 

The experiment was performed in technical and biological duplicates and lysate of two different 

time points during sporulation were used, 3 hours and 7 hours after inducing sporulation. This 

timepoints were chosen to ensure that a majority of cells already entered sporulation in order to 

identify specifically meiotic proteins. Proteins were eluted via high salt concentration (800 mM 

NaCl) after prior washing with 200 mM NaCl in order to wash away unspecific, weak binder.  

I evaluated the obtained data using PEAKS 8.0 viewer. The identified proteins were sorted in 

order to identify specific G4 binder by using following parameters: 20% protein threshold, 1% 

False Discovery Rate (FDR) for peptides and a minimum of two unique peptides. Using the 

applied parameters, a total amount of 676 proteins were found of which 244 proteins were 

specific only in the pull-down samples with a folded G4 structure. Out of 244 specific G4 binder 

129 proteins were identified in one sample, 63 proteins were present in two samples, 34 in three 

samples and 18 existed in all four sample (Appendix Table 1) while not being present in samples 

obtained from pull down with linear DNA. 

http://mscenter.webhosting.rug.nl/
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To reveal robust G4 binder I focused on proteins which bound specific to G4 structures in at 

least 2 samples. GO term analysis (String; string-db.org) confirmed that the 115 proteins that 

were present in at least 2 samples were implicated in similar biological processes and molecular 

functions (Figure 12c, d). Of 34 RNA binding proteins 5 possessed a RGG motif (Dbp1, Gar1, 

Hrp1, Sbp1, Gbp2), which was connected to G4 binding83,84. 4 proteins (Sbp1, Dbp1, Bre1, 

Air2) were also identified as G4 binders in a recently published affinity purification and 

quantitative mass spectroscopy study.  

Several proteins with a function during meiosis were identified: Mum2, Msn2, Set3, Snt1, Hos4 

and Nam8. Mum2 is needed for meiotic DNA replication and as part of the MIS complex 

involved in RNA methylation during induction of sporulation249,250. Msn2 is a stress-responsive 

transcriptional activator which regulates together with Msn4 around 200 genes in response to 

stress, including expression of Ime1143,251,252. Set3, Snt1 and Hos4 are part of the Set3 

deacetylase complex, which is a meiosis-specific repressor of sporulation genes253–255 and a 

repressor of master regulator Ime1155. The transcription of the lncRNA IRT1 recruits the Set2 

histone methyltransferase and the Set3 histone deacetylase complex to establish repressive 

chromatin at the IME1 promoter and thereby inhibiting IME1 expression155. Nam8 is a subunit 

of the yeast U1 small nuclear RNA (snRNP)256. It is essential for sporulation, because it 

promotes splicing of mRNAs that encode proteins required for sporulation such as Rec107, 

which is involved in meiotic DSB repair257. This is in line with studies showing an 

overrepresentation of G4 motifs at exon/intron boundaries258,259. These newly identified 

proteins will provide a basis for detailed future characterizations of G4 binder. 
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Molecular 
Function GO-
term 

Description Count in 
gene set 

FDR 

GO:0003676 nucleic acid binding 55 of 1234 4.19e-10 

GO:0003729 mRNA binding 20 of 188 2.93e-08 

GO:1901363 heterocyclic compound binding 64 of 1925 2.36e-07 

GO:0097159 organic cyclic compound binding 64 of 1936 2.36e-07 

GO:0005488 binding 82 of 2947 2.65e-07 

GO:0003723 RNA binding 34 of 669 3.67e-07 

GO:0001046 core promoter sequence-specific DNA binding 4 of 11 0.0042 

GO:0034513 box H/ACA snoRNA binding 3 of 4 0.0062 

GO:0000979 RNA polymerase II core promoter sequence-specific 
DNA binding 

3 of 6 0.0130 

GO:0003677 DNA binding 22 of 599 0.0174 

Biological 
Process GO-
term 

Description count in 
gene set 

FDR 

GO:0016070 RNA metabolic process 56 of 1237 5.30e-10 

GO:0010467 gene expression 60 of 1466 1.51e-09 

GO:0006139 nucleobase-containing compound metabolic process 67 of 1791 1.51e-09 

GO:0046483 heterocycle metabolic process 68 of 1885 2.49e-09 

GO:0034641 cellular nitrogen compound metabolic process 73 of 2182 5.48e-09 

GO:1901360 organic cyclic compound metabolic process 68 of 1942 6.06e-09 

GO:0090304 nucleic acid metabolic process 59 of 1523 7.42e-09 

GO:0006396 RNA processing 32 of 560 2.34e-07 

GO:0043170 macromolecule metabolic process 76 of 2613 8.48e-07 

GO:0006807 nitrogen compound metabolic process 83 of 3056 1.37e-06 

G4: 

GGGCCAGGGCTCCATGGCGGGTTCCGGG-Linker-Biotin 

Mutated G4: 

GCGCCAGCGCTCCATGGCGCGTTCCGCG-Linker-Biotin 
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Figure 12: Affinity purification against G4 structure revealed specific G4 binder. a) For affinity purification used 

oligonucleotides. b) Circular dichroism spectroscopy of folded oligonucleotides. Folded G4 sequence showed the characteristic 

minima at 245 nm and maxima at 262 nm for parallel G4 structures, whereas the mutated G4 motif showed the characteristic 

wavelength of unfolded DNA. c) Biological Process GO-term of 115 proteins which were in at least two samples present. 

d)  Molecular Function GO-term of 115 proteins present in at least 2 samples. 
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 Telomeric insertion stimulates meiotic DSBs 

As a second project I wanted to determine the correlation between G4s and meiotic DSBs. 

Computational analysis revealed an overrepresentation and conservation of G4 motifs at certain 

DNA regions such as meiotic DSB sites10. At these genome sites the meiotic DSB frequency is 

higher than elsewhere in the genome. Meiotic DSBs and consequently meiotic recombination 

events are essential for the right segregation of chromosomes during meiosis I136–138.  

Further, studies showed that an insertion of yeast telomeric DNA at locus HIS4 results in a high 

level of meiotic DSBs and consequently in a very strong meiotic recombination hot spot at 

HIS4199,260. Because the yeast DNA sequence exhibit a G4 motif and can form G4s in vitro261 

one aim of my thesis was to examine if this stimulation is G4 dependent or more likely due to 

the specific telomere sequence. To address this question, I requested a rad50s mutant strain 

with a wildtype HIS4 locus, named as FX3 (Appendix Table 5) and a rad50s strain with an 

additional insertion of a telomeric sequence at HIS4, termed FX4 (Appendix Table 5) from the 

University of North Carolina199. The rad50s mutation allows the visualization of meiotic DSBs 

via Southern blot by the accumulation of unrepaired DSBs due to a defective MRX complex.  

The parental rad50s mutant strains of FX3 (DNY107 × HF4) were also used to create additional 

strains by Cre/loxP recombination (3.5) with a telomeric G4 motif and different mutant variants 

of the sequence inserted at HIS4. The Cre/loxP site method was chosen in order to have a less 

severe change in the primary structure of the HIS4 locus. The mutant variants exhibit as 

described followed, the telomeric sequence with disrupted G-tracts, telomeric sequence with an 

alternative middle loop sequence, telomeric sequence with shortened loop lengths and telomeric 

sequence with extended loops (Figure 13, 14). The desired oligonucleotides were designed with 

additional EcoRV restriction sites at the 5´and 3´ end and via EcoRV digestion integrated in 

pUG6 plasmid. All insertions were performed in order to exhibit the G4 motif on the top strand 

and the bottom strand. Afterwards, the plasmid was partially amplified and inserted into the 

genome of DNY107 and HF4. Afterwards the strains harbored the favored sequences, a KanMX 

marker and two loxP sites. Subsequently, cells were transfected with plasmid pSH65, 

possessing a galactose inducible Cre recombinase. Finally, after Cre induction, the cells 

exhibited the different inserts and two loxP sites. Genomic DNA was extracted (3.1) from 

diploid mutant strains after 24 hours of sporulation. At this time point, the majority of meiotic 

DSBs occurred199. After following BglII (NEB) digestion, the meiotic DSBs were visualized 

via southern blot analysis as described in methods (3.22). As a probe, a DIG labeled PCR 

product of ORF HIS4 was used (used primer see Table 4). 
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The strongest stimulation of meiotic DSBs at locus HIS4 showed the strains with a telomeric 

insertion and the G4 motif with short loop length (Figure 13). Lower activation of the meiotic 

hot spot was seen for strains with longer loops and more decreased for strains possessing the 

mutated G-tracts. However, these strains still showed a higher frequency of meiotic DSBs than 

the strain with the wild type HIS4 locus. The low meiotic DSB frequency for the wild type HIS4 

compared to the publication resulted presumably from the here used lower sensitivity of DIG 

labeling compared to the publication used P32 isotope199. For the increased meiotic DSB 

frequency it does not matter in which orientation the sequence was inserted. The only strains 

which did not show observable meiotic DSBs are the strains with the alternative loop sequence.  
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Figure 13: Southern blot analysis of meiotic DSBs at HIS4 locus. Genomic DNA were extracted 24 hours after 

inducing sporulation and subsequently digested with BglII. Labeled PCR probe served as probe using primer against 

HIS4 (Appendix Table 4). Strongest meiotic DSB stimulation were visualized in cells containing a telomer insertion at 

HIS4 (FX4, Tel) and strains containing a G4 motif with short loop length. Also, high level of meiotic DSBs showed the 

strains containing a G4 motif with extended loop lengths. Lower intensities were displayed by strains exhibiting a mutated 

G4 motif. DSBs were hardly visible for the WT HIS4 and absent for cells containing telomeric G4 motif with an 

alternative loop sequence. 
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5 Discussion 

 Effect of G4s on meiotic DSB formation 

G4 structures were shown to overlap with preferred meiotic DSB sites10. At these “hot spots”, 

between 1-2 kb in size, the meiotic DSBs and consequently the recombination frequency is 

higher than anywhere else in the genome262,263. The meiotic recombination starts with the 

formation of DSBs in order to ensure the proper segregation of chromosomes during 

metaphase I, by establishing connections between the homologue chromosomes136–139. A 

genome-wide map of preferred meiotic DSBs in S. cerevisiae shows a significant overlap of 

meiotic DSB hot spots with G4 motifs10. In addition, the MRX complex, which is involved in 

meiotic DSB formation, binds to G4 structures in vitro175,247. Furthermore, it was demonstrated 

that a telomeric sequence inserted in the meiotic DSB hot spot site HIS4 resulted in an increase 

of meiotic DSBs at this site199,260. It was shown that the telomeric sequence of S. cerevisiae can 

form G4 structures in vitro, with the potential to form G4s in vivo50,240,264. Proteins that are 

essential for telomere maintenance and function, such as the potent G4 unwinder Pif1, are 

known G4 binder265,266. 

These findings let me look closer into the correlation of G4 structures and meiotic DSBs. In 

line with the hypothesis that observed DSBs are G4 mediated I expected that telomeric G4 

motifs, as well as alternative telomeric G4 motifs, stimulate DSB formation during meiosis. 

Previously, telomeric DSB stimulation was explained by Rap1 binding260,267. Rap1 binds and 

promotes G4 formation50. To test, if G4 formation triggers DSB formation I inserted alternative 

versions of the telomeric G4 motif with either short, long or alternative loops. According to the 

QGRS Mapper all of these inserts can form G4 structures. Surprisingly, the telomeric G4 motif 

with the alternative middle loop sequence did not show detectable meiotic DSBs, even though 

the motif has the potential to from a G4 structure (Figure 13, 14). Moreover, the mutated G4 

motif with G to C conversions in their G-tracts showed meiotic DSBs, regardless of a missing 

potential to form G4 (provided by QGRS mapper).  

From these results I concluded that G4s alone do not trigger meiotic DSBs. The results agree 

with findings during vegetative growth. Here, in wild type cells G4s alone do not stimulate 

recombination, they were shown to only trigger recombination events in the absence of 

helicases or if stabilized94,129.  
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Furthermore, my results are supported by previous findings, which demonstrated that Rap1 

binding can stimulate meiotic recombination events at locus HIS4260,267. They demonstrated 

that the hot spot region upstream of HIS4 possesses a Rap1 binding site and that a mutation in 

that binding site resulted in a lower meiotic recombination frequency. Moreover, the 

overexpression of Rap1 led to an increase of meiotic recombination frequency at locus HIS4. 

This effect cannot be indirect, because an overexpression of Rap1 did not lead to a higher 

meiotic recombination frequency when the Rap1 binding site was mutated267.  

Later on, White et al. observed that the insertion of additional Rap1 binding sites by inserting 

a telomeric sequence proximal to HIS4 resulted in an elevation of meiotic recombination events 

and consequently in a higher meiotic DSBs frequency at this site199,260, even if the telomeric 

sequence does not represent a perfect Rap1 binding consensus sequence268. It exhibits 2 binding 

sites, which match in 11 out of 13 bases to the consensus sequence. It is likely that this binding 

site is sufficient for Rap1 binding, because it was shown that Rap1 binds to yeast telomeric 

repeats269. Additionally, the verified Rap1 binding site at HIS4 exhibits the same sequence 

identity to the Rap1 consensus sequence than the telomeric sequence.  

The potential Rap1-caused stimulation of meiotic DSBs at HIS4 could also provide a favorable 

explanation for the results observed in this thesis. The highest meiotic DSB frequencies are 

observed at the telomeric inserts and the G4 motifs with a short loop length, followed by the 

G4 motifs with an extended loop length (Figure 13, 14). All three sequences match in 11 bases 

to the Rap1 consensus sequence. In case of the insert with the extended loop length the distance 

between the two Rap1 binding sites is larger compared to the telomere sequence and to the 

sequence with the short loops (Figure 14). The lower DSB frequency can be caused by a weaker 

interaction between Rap1 and the binding site due to a greater distance between the binding 

sites.  

Lower DSBs frequency was observed for the mutated G4 motif, which possesses 2 binding sites 

with one nucleotide less overlap to the Rap1 consensus sequence (10 nt) (Figure 13, 14). A 

possible explanation is a weaker binding of Rap1 to the sequence. The least identity with the 

Rap1 consensus sequence (8 nt) was also the insert that did not show any detectable meiotic 

DSB formation. It is conceivable that 8 consistent bases are not sufficient for Rap1 binding and 

consequently no Rap1-stimulated meiotic DSB formation took place.  

How Rap1 stimulates meiotic recombination is not known. It was excluded that it is correlated 

to transcription of HIS4, because silencing of HIS4 did not resulted in a change of DSB 

frequency260. There are several possible suggestions how Rap1 could facilitate meiotic DSB 

formation199. The favored hypothesis is that Rap1 provides an open chromatin structure leading 
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to an increased accessibility for the recombination machinery. This is supported by the fact that 

Rap1 affects DNA bending270, stimulates the formation of DNA loops271 and nucleosome 

positioning268. Another possible explanation is an interaction between Rap1 and one or more 

proteins of the recombination machinery, although there are hot spots that do not exhibit a Rap1 

binding site199. A third option is that Rap1 localizes the genomic DNA to a nuclear position 

where meiotic DSBs occur, which is supported by the characteristic of Rap1 to localize to the 

nuclear periphery272. 

Discarding the mechanism by which Rap1 stimulates meiotic DSB formation, the meiotic DSB 

analysis used in this thesis does not answer if Rap1 binds to the sequences used in this thesis or 

not. Nor it gives a conclusion if these sequences are forming G4 structures in vivo.  

Our conclusion about G4 formation during meiosis is based on predictions. It is not possible to 

foresee which sequences form G4 structures in vivo due to the high polymorphism of G4 

structures with their variable loop length and their ability to form stable G4s even with bulges. 

Also, the presence or absence of G4 interaction proteins during meiosis could alter the 

formation of G4s.  

In my genome-wide ChIP-seq experiments no overlap of G4 peaks to preferred meiotic DSB 

sites was detected. This argues against an involvement of G4s at meiotic DSB hot spots. 

However, the BG4/D1 ChIP-seq has been started 3 hours after inducing sporulation and it could 

be that G4s that stimulate DSBs were not folded, yet. There are different phases during meiosis, 

which require the activation and silencing of specific proteins134. If G4s are a regulatory tool 

involved in meiotic DSB formation, then they need to be tightly regulated and specifically 

formed during prophase I, when DSBs are needed140,197. This implies that proteins that are 

active in this phase, such as Hop1, Kem1 or the MRX complex, which were shown to bind or 

promote G4 formation in vitro and which are involved in meiosis could regulate G4 

formation175–177,179,247. However, there is not yet in vivo evidence that Hop1, Kem1 or the MRX 

complex carry out their meiotic functions by acting at G4 structures. Also, none of these 

proteins were found in the affinity purification performed in this thesis. Additionally, Spo11, 

that creates the meiotic DSBs, does not cleave at G4 motifs273.  

Future experiments require the detection of G4s at later stages of meiosis to determine the 

changes of the G4 landscape according to meiosis progression. It is also interesting to address, 

if Rap1 is binding to the sequences used in this thesis and if G4 structures are present at HIS4. 

One possibility to address these questions can be provided by different ChIP approaches. A 

Rap1 ChIP could examine, if Rap1 binds in a chromatin context to the sequences used in this 

thesis and a BG4/D1 ChIP during prophase I could deliver the answer, if G4 structures are 
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present during meiotic DSB formation. Moreover, the insertion of another G4 motif, which 

would have the potential to form a different G4 structure would be interesting to test as well.  

  

 Proteins acting during meiosis at G4s 

The affinity purification assay revealed 115 proteins. 60 proteins were involved in gene 

expression, supporting the important role of G4 structures in regulating transcription. With the 

Set3 deacetylase complex a sporulation-specific novel G4 binder was identified. The Set3 

deacetylase complex is a meiosis-specific repressor of sporulating genes253–255. Among these is 

also Ime1155. Additionally, Msn2 was determined as a G4 binder. Msn2 has no meiosis-specific 

function, but together with Msn4 it regulates over 200 genes in response of stress and 

expression, including Ime1 143,251,252. 

Some of the identified proteins are known to be involved in the formation of ribonucleoprotein 

(RNP) complexes, consistent with previous studies which correlated RNPs to G4 binding299,300. 

RNPs are known to regulate translation thus verifying the role of G4s in translation. One 

favored assumption of the role of G4s in translation is that G4 structures actively stall the 

ribosome and thereby suppress translation299,300. 

FX4: 

CAGCTGTCCCACACACAcCACCCACACACaCACCACACCCACACcaCACCACACCCACTCtgCA 

GTCGACAGGGTGTGTGTGGTGGGTGTGTGTGTGGTGTGGGTGTGGTGTGGTGTGGGTGAGACGT 

11nt G-score:21  

Telomere sequence: 

CCCACACACAcCACCCACACACaCACCACACCCACACcaCACCAACCC 

GGGTGTGTGTGGTGGGTGTGTGTGTGGTGTGGGTGTGGTGTGGTTGGG 

11nt G-score:21 

Mutated sequence: 

CGCACACACAcCACgCACACACaCACCACACgCACACcaCACCAACGC 

GCGTGTGTGTGGTGCGTGTGTGGTGTGTGTGCGTGTGGTGTGGTTGCG 

10nt G-score:0 

Alternative loop sequence: 

CCCACACACAcCACCCAtAtAtATATATATCCCACACCACACCAACCC 

GGGTGTGTGTGGTGGGTATATATATATATAGGGTGTGGTGTGGATGGG 

8nt G-score:21      

Short loop sequence: 

CCCACcCACCCACACACACCCACACACCC       

GGGTGGGTGGGTGTGTGTGGGTGAGTGGG  

11nt G-score:40  

Extended loop sequence: 

CCCACTATATATATACACAcCACCCACACACaCTATATATATATATACCACACCCACACcaCACCATATATATATATATATACCCG 

GGGTGATATATATATGTGTGGTGGGTGTGTGTGATATATATATATATGGTGTGGGTGTGGTGTGGTATATATATATATATATGGGC 

11nt G-score:20 
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Figure 14: Inserted sequences. Bold bases match with consensus sequence of Rap1. G-score stands for the potential 

G4 forming capacity by QGRS Mapper. 

 

Figure 14: Inserted sequences. Bold bases match with consensus sequence of Rap1. G-score stands for the potential 

G4 forming capacity by QGRS Mapper. 
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Further interaction partners belong to the class of proteins involved in splicing. Pre-mRNA 

splicing is crucial for the proper expression of eukaryotic genes. Despite the fact that 

S. cerevisiae belongs to the relatively intron-poor species with a more compact genome, it still 

possesses about 300 annotated intron-containing genes301,302. The spliceosome components are 

highly conserved from yeast to mammals at the sequence, structure and functional level303,304. 

Also, G4-binding proteins involved in splicing were found in previous studies299,300. A role of 

G-quadruplexes in alternative splicing was for instance shown for the tumor suppressor gene 

TP53 mRNA305. In the mRNA of TP53 a G4 structure in intron 3 modulates the splicing of 

intron 2 and treatment with the specific G4 ligand 360A altered the ratio of two different splice 

forms.  

Nam8, a meiosis-specific splicing factor, was identified in this thesis. Nam8 is a subunit of the 

yeast U1 small nuclear RNA (snRNP)256. It is essential for sporulation due to its splicing of 

mRNAs that encode proteins required for sporulation like Rec107257, which is also involved in 

meiotic DSB repair. 

The identification of RNP components and splicing factors as G4 binder verifies the specificity 

of the performed G4 pull-down. Four identified proteins (Sbp1, Dbp1, Bre1, Air2) were also 

identified in a recently published study306. Moreover, of 34 RNA binding proteins 5 possessed 

an RGG motif (Dbp1, Gar1, Hrp1, Sbp1, Gbp2), which is indicative for G4 binder83,84. 

Despite the mentioned parameters to ensure specific G4 binding over general capacity to 

interact with guanine-rich sequences, future additional controls of selected proteins could 

confirm their G4 specificity. For instance, proteins enriched by the G4 pull-down could be 

analyzed by western blotting to confirm G4 binding. Thereby address additionally the direct 

binding to G4 structures. Even though the stringent washing steps during the G4 pull-down 

assay are removing indirect false positive binding proteins. It cannot be completely ruled out 

that proteins bind indirect to G4 structures, for instance in case of the Set3 deacetylase complex, 

Snt1 was suggested to be the DNA binding domain307.  

Further, pull-down assays with sequences forming different G4 structures could cover more 

potential G4 binding proteins. Due to the high polymorphism of G4 structures it is likely that 

organisms require specific proteins to selectively modulate a given G4 structure. 
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 Early effects of G4 formation on meiosis 

It was shown that 500 µM Phen-DC3 is triggering genome instability in yeast at human mini-

satellite CEB1 inserts, without having an effect on vegetative growth129. CEB1 are G-rich 

tandem repeats with the potential to form G4 structures212. 

Here it was demonstrated that significant lower amounts of Phen-DC3 (10 µM) had no effect on 

vegetative growth but a severe effect on sporulation. Cells did not only form hardly spores 

(< 5%) when treated with Phen-DC3, but they also arrested in G1-phase after transfer to SPM 

(Figure 6b). 

 Ime1, the master regulator of meiosis is crucial for the G1/S-phase transition 

In budding yeast, initiation of sporulation is mediated by a single master regulatory transcription 

factor, termed inducer of meiosis 1 (IME1)145. It activates the transcription of early meiotic 

genes, which transit cells from G1-phase of the mitotic cell cycle into the meiotic program274. I 

speculated that reduced spore formation and G1 arrest were due to changes in IME1 expression. 

The regulation of IME1 expression is very complex, mainly due to its long promoter region and 

two regulatory RNA molecules. In agreement with my hypothesis, it has been shown that 

Ime1 deficient cells are also arrested in G1-phase145,201. Two regulators of Ime1 (Msn2, Set3 

complex) were identified in the G4 affinity purification executed in this thesis. That and the 

fact that the Ime1 promoter region has the potential to form G4s, according to the QGRS 

Mapper, supported the theory that Ime1 could be regulated by G4s. Stabilization of G4s in this 

case would in turn result in a repression of Ime1.  

Previously, G4 structures in promoter regions of HER2, MET and c-MYC have been shown to 

repress the expression of their genes102,275,276. The addition of G4-specific ligands in yeast and 

humans has been linked to changes in gene expression11,102,103,277–279. I speculated that G4 

formation and stabilization by Phen-DC3 prevents IME1 expression. Quantitative PCR analysis 

of RNA levels of treated versus untreated cells after 3 and 7 hours of sporulation revealed that 

IME1 expression is ~4-fold respectively ~9-fold reduced in Phen-DC3-treated cells as compared 

to untreated cells (Figure 7a). If low amounts of Ime1 is the cause of G1 arrest, reintroduction 

and stimulation of IME1 expression would lead to transition into S-phase.  

I overexpressed IME1 in two different ways (Figure 7b, c, d, 8b). The first approach was via a 

tetracycline inducible plasmid and the second via an endogenous copper inducible promoter. 

Chia and van Werven204 demonstrated with the copper-inducible system that an induction of 

IME1 expression in SPM is sufficient to induce meiosis in Ime1-deficient cells. However, both 
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overexpression experiments did not lead to a rescue of Phen-DC3-caused G1 arrest (Figure 7c, d, 

8b). It is unlikely that this is because of a mislocalization of Ime1 outside of the nucleus. The 

downregulation of the TOR pathway, which was demonstrated to cause a delocalization of Ime1 

via rapamycin, did not lead to a rescue of Phen-DC3-caused G1 arrest (Figure 7c, d, 8b). Further, 

Cln3, a second factor that is responsible for the localization of Ime1 is not higher expressed in 

Phen-DC3-treated cells (Figure 8a). In addition, that Ime1 is not the reason for the observed G1 

arrest is supported by the fact that the replacement of the endogenous IME1 promoter by a 

copper-inducible promoter and thereby eliminating the potential effect of G4 structures on the 

IME1 promoter regions did not lead to S-phase progression. 

 DNA damage accumulation can stop G1/S transition during meiosis 

10 µM Phen-DC3 is not sufficient to cause severe genome instability in cells growing in YPD. 

But it was demonstrated that an addition of 20 µM Phen-DC3 to synthetic complete media (SC 

media), was sufficient to increase CEB1 instability to a similar extend as 500 µM Phen-DC3 in 

YPD. Additionally, 20 µM Phen-DC3 in SC media causes a drop in the growth rate of around 

50%. For 10 µM and 5 µM Phen-DC3 the growth slowdown was approximately 20% and 10%, 

respectively129. The results from this work are indicating that Phen-DC3 could have a more 

severe effect on cells in SPM as well.  

Additionally to CEB1 instability, it has been shown that accumulating DNA damage, for 

example by 200 mM HU, stalls cells in G1/early S-phase280. Further, G4 motifs are prone to 

mutations in pif1-deficient yeast cells94. These joint observations led me to the speculation that 

my observed G1/S arrest might be due to accumulating DNA damage.  

The preferred repair pathway in S. cerevisiae is affected by the mating type. A heterozygote 

mating type (diploid) is favoring homologues recombination (HR) over non-homologous end 

joining (NHEJ)281,282. During HR an identical or similar DNA molecule, such as a sister 

chromatid or a homologous chromosome serves as template283. This repair mechanism is less 

error prone than NHEJ, which only uses a short single-strand overlap to repair a DNA-DSB284. 

For this reason, NHEJ is only predominately active in haploid G1 cells when no homologous 

chromosomes or sister chromatids are available285. In a/alpha diploids NHEJ is repressed, thus 

promoting HR. Sporulating cells show the capacity of DNA repair by HR. As a result of meiotic 

DSBs cells perform extensive HR events138. Therefore, sporulating cells should have the ability 

to repair DSBs via HR. 

I tested by quantitative PCR and western blot analysis, if more DNA damage accumulates in 

sporulating cell treated with Phen-DC3 compared to untreated. DNA damage marker RNR3, 
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APE1 and H2A did not show higher expression levels or phosphorylation in treated compared 

to untreated cells, arguing for no increased DNA damage due to Phen-DC3. However, the GTA 

expression marker ATG8 showed higher expression levels in sporulating cells treated with 

Phen-DC3 compared to vegetative cells and to vegetative cell treated with Phen-DC3, indicating 

genome instability. GTA is a selective autophagy pathway which is induced as response to 

DNA damage in order to regulate proteins involved in DNA repair and cell progression223. I 

speculated that elevated DNA damage occurred in the cell after G4 stabilization and that this 

activated the G1/S-phase checkpoint, which consequently leads to G1 arrest. The ATM and ATR 

orthologs Tel1 and Mec1 perform an important role in DNA damage sensing, as well as in 

transduction of DNA damage286,287. In particular Mec1 is a very important transducer of DNA 

damage and replication stress signals. It transmits the signal due to UV damage, DSBs, and 

stalled replication forks via Mec1-dependent phosphorylation of Rad53, which is in turn 

necessary for a full checkpoint response288–290. Mec1 mutants are not only sensitive to DNA 

damaging agents, but also fail to arrest the cell cycle in response to DNA damage via UV 

radiation or in response to inhibition of DNA synthesis by hydroxy urea290–293. Tel1 is similar 

to ATM likely only involved in response to DSBs. Tel1 deletion is not connected to a higher 

sensitivity to DNA damage reagents, its enhances the sensitivity of mec1 mutants though, 

indicating an overlap in function294,295. Therefore, I hypothesized that mec1 tel1 mutants should 

fail to arrest after Phen-DC3 treatment, if G4-caused genome instability is the reason for the G1 

arrest. 

Deletion of these kinases did not release cells from the G1 arrest as indicated by a strong G1 

peak in the FACS analysis (Figure 9b). This argues against a Phen-DC3 mediated genome 

instability caused arrest via activation of the G1/S checkpoint. This fits to the results of the other 

tested DNA damage marker such as RNR3, APE1 and γ2HAx, which did not indicate DNA 

damage. 

As indicated before, these data are to some extent in contrast to studies in vegetative cells. 

Treatment with the G4 stabilization agent RHPS4 in human fibroblast led to elevated yH2Ax 

foci296. Phen-DC3 triggered genome instability at CEB1 integrated into the yeast genome129. 

Multiple studies in cancer cell lines demonstrated DNA damage and proliferation suppression 

after G4 stabilization74,100,113,124. This is explained by the nature of cancerous cells, such as 

active telomerase, which is blocked by stabilized G4s and due to the impaired DNA repair 

capacity in many cancerous cells. In contrast, elevated G4 levels caused by deletions of 

helicases in yeast did not lead to increased yH2Ax phosphorylation94. Helicase deletion and 
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consequently G4 accumulation in the absence of Pif1 and increasing genome instability also 

did not activate DNA damage checkpoints (unpublished findings, Prof. Dr. Katrin Paeschke). 

The data presented in this thesis demonstrates that it is unlikely that the observed G1 arrest by 

Phen-DC3 is caused by severe genome instability and downstream checkpoint activation.  

 Changes in transcriptional level of essential meiotic genes 

By computational and G4 sequencing methods it was demonstrated that G4 motifs are 

overrepresented in promoter regions of human, yeast and C. elegans10. Contrary, a recent G4 

sequencing approach did not indicate G4 enrichment in promoter regions of S. cerevisiae13. 

Also, the BG4/D1 ChIP-seq data from this thesis did not exhibit an overrepresentation of G4s 

in promoter regions. Nevertheless, G4s are still present in promoter regions where they might 

have a regulating effect. Previous studies have shown that the addition of G4 ligands, including 

Phen-DC3, resulted in up and down regulation of gene expression in human cells189. If a G4 

stabilization causes a positive or negative effect on transcription is dependent on the position 

of the G4 structure. Two putative scenarios were suggested, either G4s form upstream of the 

transcription start site (TSS) or G4s form downstream of the TSS. Upstream they can cause a 

positive or negative effect on transcription, depending on their capability of interfering with the 

transcription machinery, transcription factors binding, recruiting G4 binding proteins, 

representing an obstacle for protein binding or maintaining an open chromatin conformation. If 

G4 structures are present downstream of the TSS they are proposed to have an enhancing effect 

on transcription when located in the coding strand due to an open, transcription-favoring strand 

confirmation, or a suppressing effect on transcription, if located in the template strand due to 

stalling the progression of RNA Pol II297. For example, it has been demonstrated by luciferase 

reporter assays that stabilization of G4s by TMPyP4 leads to significant downregulation of the 

particular reporter gene298. 

I speculated that essential early meiotic genes, which drive meiotic S-phase, are blocked or 

inhibitors are upregulated by G4 stabilization. For example, with the Set3 deacetylase complex 

one such factor was identified during this thesis to bind specific to G4s (Appendix Table 1). 

The Set3 complex is involved in the repression of Ime1 in haploid cells155. Also, the findings 

that a distinct amount of found G4 binder are involved in gene expression shows the potential 

of G4s in regulating transcription and supports the theory that G4 stabilizing could alter the 

transcriptome to sporulation unfavorable conditions. 

A proteome analysis of sporulating cells with and without Phen-DC3 did not provide a clear 

conclusion that could explain the Phen-DC3-caused arrest. Proteome analyses have the 
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limitation that upon the absence/lack of proteins it is not clear, if this is caused by technical 

problems or by a regulatory effect. This problem is indicated by the fact that I could not detect 

key proteins essential for meiosis, such as Ime1, Ime2, Ime4, Hop1, Spo1, etc., even without 

Phen-DC3. Other proteins specific for sporulation were present, like Rim4, demonstrating that 

cells entered sporulation. Comparison of the existing proteins with genes exhibiting G4s in their 

promoter via G4 ChIP-seq did not show an obvious regulator. For a deeper analysis of the 

altered regulation after G4 stabilization a complementing method like a transcriptome analysis 

would be necessary and of great interest to identify the missing puzzle pieces.  

 Genome-wide mapping of G4 structures in chromatin of S. cerevisiae 

A bioinformatical approach revealed 668 G4 motifs in the genome of S. cerevisiae10. More 

recently, a G4 sequencing method identified 103 G4s, with a potential of 498 G4s when G4s 

were stabilized with PDS13. They provide an experimental reference map of potential G4 

structures but do no not provide a map of potential G4s in a chromatin context. By using a G4-

specific antibody ChIP-seq approach, I mapped the genome-wide location of G4 structures in 

the chromatin of S. cerevisiae. The amount of detected G4s was comparable to the expected 

amount of G4s according to Capra et al. but higher than expected from Marscico et al.10,13. G4 

stabilization did not resulted in increased G4 structure formation in vegetative cells. 

Additionally, the overlap between the four vegetative samples, vegetative cells BG4/D1 and 

vegetative cells + Phen-DC3 BG4/D1 was the highest (Figure 10b). One explanation is that G4 

motifs might not be available for forming G4 structures in a chromatin context under this 

condition. Another possibility is that the used Phen-DC3 concentration of 10 µM was not high 

enough in YPD media to ensure a significant G4 stabilization. In studies which showed genome 

instability after Phen-DC3 treatment the concentration was up to 500 µM in YPD media129. 

G4 signals differ between different cell types. This argues against mapped G4 structures being 

an artifact caused by antibody binding. Additionally, it shows the potential different regulation 

capacity mediated by G4s between vegetative and sporulating cells and the possible impact of 

G4 stabilization. Cells within one population showed always the most overlap between BG4 

and D1 compared to cells of another population (vegetative cells, sporulating cells, sporulating 

cells treated with Phen-DC3). G4 signals between different populations demonstrated a 

significant overlap as well, with additional distinct signals, but significant for the given 

population (Figure 10b). Sporulating cells showed significantly less G4s compared to the other 

samples, indicating a less frequent occurrence of G4s during sporulation. 



70 

 

Correlations between the identified G4 structures and the reference G4 maps of Capra et al.10 

and Marscico et al.13 showed a significant overlap between the predicted G4s and the observed 

G4 peaks via ChIP-seq arguing for the correctness of the identified G4s. However, this 

enrichment was missing for sporulating cells treated with Phen-DC3. An argument for the 

specificity of the BG4/D1 ChIP-seq in these samples is the high repeatability between SPM 

samples treated with Phen-DC3. One explanation is that Phen-DC3 is might supporting in these 

cases the formation of G4s that would otherwise be unlikely to form. This could also be true 

for the G4-seq under PDS stabilizing conditions13. The less significant overlap between the 

ChIP-seq data and the list of G4s obtained from G4-seq under G4 stabilizing conditions by 

Marscico et al.13  is supporting this possibility. 

The identification of G4 structures in a chromatin context by BG4/D1 ChIP-seq has the prospect 

to uncover new regulatory insights. G4s were overlapping nucleosome-depleted regions 

(NDRs) which are generally transcriptionally more active, because of a higher accessibility for 

proteins of the transcription machinery. According to previous studies, G4s were also enriched 

at sub telomeric regions which show an overrepresentation of G4 motifs10. Whereas G4s were 

enriched at promoters in the human genome and especially at promoters of highly expressed 

genes61 G4s did not significantly overlap promoter regions in S. cerevisiae. Moreover, genes 

which overlap with G4s in their promoter regions did not show particular high or low expression 

rates according to Nagalakshmi et al. and Miura et al.308,309. 

G4s were suggested to be involved in meiotic DSBs because of an observed overlap of G4 

motifs with preferred meiotic DSB sites10. This overlap could not be confirmed in this thesis. 

Nonetheless, for the case that these G4s would be highly dynamic and only existing during 

meiotic recombination, there is a chance that these G4 structures could have been overseen via 

BG4/D1 ChIP-seq, because this approach represents a snapshot of cells in their current cellular 

state. Sporulating cells were cross linked 3 hours after inducing sporulation where the vast 

majority of cells should not have ended premeiotic S-phase according to FACS analysis 

(Figure 6b) which is crucial before meiotic DSB formation. 

G4 peaks were overrepresented in LTR retrotransposons for all samples. This could be partially 

explained by the wide span which LTR retrotransposons cover within the genome. LTR 

retrotransposons represent dynamic segments of DNA that can move from one position to 

another in the genome via an RNA intermediate. They are flanked by two LTRs and encode a 

minimum of two genes, gag and pol, to ensure its replication310. A significant proportion of the 

genome in eukaryotes consist of LTR retrotransposons311. The 12.2 Mb S. cerevisiae genome 

for instance harbors 483 conserved LTR retrotransposon insertions312.  
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I observed a striking enrichment of G4 signals in the flanking LTRs for Phen-DC3-treated SPM 

samples whereas G4 peaks were depleted in other samples. The identified presence of G4s in 

LTRs is in line with previous findings in plants and lentiviruses313,314. Studies in plants showed 

that G4 motifs are preferentially located inside of LTRs, upstream and downstream of predicted 

promoters314. Two models were proposed: the formation of a G4 upstream of the promoter in 

the minus strand can open the DNA double helix and promote transcription, while formation of 

a G4 downstream of the promoter in the plus strand can inhibit or stop elongation of nascent 

RNA strands. The second option is supported by observed viral transcription silencing due to 

G4 stabilization in HIV-1315. Moreover, G4 ligands were shown to strongly reduce virus 

propagation316,317. 

Work from a broad range of host organisms suggests that LTR retrotransposon insertions are 

generally deleterious and that natural selection acts to suppress proliferation in host populations. 

They mediate many types of simple and complex chromosomal rearrangements, including 

deletions, segmental duplications, inversions and reciprocal and nonreciprocal 

translocations318–333. Different kinds of environmental stress, such as ionizing radiation, DNA 

damage, nitrogen starvation, and severe adenine starvation activate LTR transcription and 

mobility in S. cervisiae334–339. In diploid cells it was demonstrated that nitrogen starvation 

activates the LTR retrotransposon promoter336. Further, under conditions of severe adenine 

starvation it was observed that an insertion of a LTR retrotransposon adjacent to a gene 

coactivates its transcription, indicating that LTR retrotransposon-driven transcription of coding 

and noncoding sequences could regulate yeast gene expression in response to stress340. In line, 

fusion of the control gene lacZ to a 5´ LTR leads to lacZ expression in response to adenine 

starvation340. In the same study, the activation of adjacent genes by LTR retrotransposons 

transcription was also confirmed at the endogenous gene ESF1. ESF1, which is naturally 

located in proximity to a full-length endogenous LTR retrotransposon element is differently 

expressed in response to adenine starvation. Under adenine starvation conditions a second class 

of ESF1 mRNAs were transcribed with 5´ends in the LTR of the retrotransposon. Albeit the 

mRNAs are most probably not functional in this case, because of several short ORFs upstream 

of the ESF1 initiation codon, it shows that LTR retrotransposons can influence the transcription 

of adjacent genes. Further, important regulatory functions have been assigned to antisense 

transcripts such as IRT1155, which led to the hypothesis that LTR retrotransposon-driven 

transcription could contribute to the production of noncoding RNAs, which in turn could 

influence the reprogramming of yeast gene expression in response to nitrogen starvation, such 
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as during sporulation. Moreover, it was revealed that an activation of LTR transposons is 

dependent on open chromatin340.  

One favorable hypothesis is that LTR retrotransposon are activated in sporulating samples due 

to nitrogen starvation. This results in a favorable environment for G4 formation either due to 

chromatin remodeling or due to LTR retrotransposon transcription. That in turn permits G4 

formation and stabilization by Phen-DC3. Or Phen-DC3 itself would lead to LTR 

retrotransposon transcription, because it was shown that LTR retrotransposons become active 

in response to various stress conditions. Which then would result again in supportive G4 

formation conditions. However, the observed missing distinct DNA damage response in 

Phen-DC3-treated cells is not supporting this option, but it cannot be completely ruled out. 

Either ways, stabilized G4s would most likely result in blockage of LTR retrotransposon 

transcription according to discoveries of G4 stabilizing on viral transcription315–317. 

In the past only parallel G4 structures could be specifically detected using the D1 antibody. Due 

to the universal specificity of BG4 to a wide range of G4 structures, including parallel, 

antiparallel and hybrid G4 structures, it cannot be determined, which structure the G4s 

possessed that were identified by BG4 ChIP-seq. The G4 signals of the two antibodies BG4 and 

D1 were highly overlapping, arguing for G4-specific binding of the antibodies and indicating a 

high abundance of parallel G4 structures in the chromatin of S. cerevisiae. To note, some G4 

structures might be unavailable for BG4/D1 ChIP-seq, because of G4 structures being masked 

by bound proteins.  

There are a few conceivable hypotheses how Phen-DC3 stabilization leads to impaired meiosis 

(Figure 15). One is that G4 structure-stabilization causes genome instability and consequently 

G1/S checkpoint activation and G1 arrest. This hypothesis is not supported by my data, because 

deletion of the checkpoint proteins Mec1 and Tel1 did not result in a rescue of G1 arrest upon 

G4 stabilization. The other hypotheses are in connection with the potential regulation capacity 

of G4 structures on gene expression. Recruitment of an activator or repressor to a stabilized G4 

structure next to a TSS leads to an activation or repression of meiosis-associated genes. 

Supporting data for the hypothesis that G4 structures are involved in transcription factor 

recruitment came from studies of the G4-binding proteins CNBP and NM23-H2341–343. The 

binding of these proteins is related to G4 structures unwinding and structural changes within 

the proximal genomic regions. These conditions are supposed to be favorable for the 

recruitment of transcription factors, which can subsequently activate transcription. 

Stabilized G4 structures can also represent obstacles, which block the transcription of meiosis-

associated genes for example by preventing the binding of a transcription enhancer or by 
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blocking the progression of the transcription machinery. It was demonstrated that G4 structure 

formation in the c-MYC promoter results in its downregulation and a mutation of the G4 motif 

in the c-MYC promoter resulted in a 3-fold higher transcriptional activity of the promoter102. 

Another possibility is that Phen-DC3 might blocks the binding of an activator to a regulatory 

G4 in a promoter region.  

To address these open questions, an expression analysis will be performed, including Phen-

DC3-treated vegetative and sporulating cells and as a reference cells without stabilized G4s. 

This will provide more detailed information about the expressed genes in response to Phen-DC3 

treatment. Moreover, this analysis will yield, which genes that are involved in DNA damage 

response are upregulated. 

In my thesis I focused on DNA G4 structures, but a regulatory effect caused by Phen-DC3-

stabilized RNA G4 structures on meiosis in S. cerevisiae is conceivable as well. In untranslated 

regions (UTRs) and ORFs of many mRNAs are G4 motifs344. They are considered to be putative 

translation inhibitors, because formed G4 structures would act as barriers for ribosomal 

scanning or translocation. Hence, the unwinding of G4 structures in G4 containing genes by 

helicases, such as human DHX36 or human eIF4A, is essential345,346.  

Furthermore, G4 structures can also affect translation by supporting the binding or localization 

of translation-related proteins to mRNAs343. The consequent effects are translational 

stimulation or repression depending on the protein. G4 structures were also considered to play 

a role in cap-independent translation. Cap-independent translation largely depends on internal 

ribosomal entry sites (IRESs) in the 5´ UTRs of mRNAs. A recent study showed that the 

mutation of a G4 motif in the IRES abolished the initiation activity of the IRES site 

completely347. However, another study suggested an inhibitory role of G4 structures on 

cap-independent translation348. Besides mRNAs, studies have indicated a role of G4 structures 

in noncoding RNAs (ncRNAs) as well. ncRNAs are functional molecules that interact with 

various targets and have diverse regulatory functions such as the repressive effect of lncRNA 

IRT1 on IME1 expression82,155,343. 

In summary, in this thesis G4 structures were for the first time identified in a chromatin context 

in S. cerevisiae. The G4 landscape will serve in the future as a reference for not only meiotic 

but also for vegetative cells. Novel G4 binder in S. cerevisiae, including meiosis-specific 

proteins were identified. Further, genome-wide approaches performed in this thesis such as 

proteomics, G4 affinity purification and G4 ChIP-seq will help to provide a global overview of 

G4 structures during meiosis and their potential regulatory capacity.349,350 
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Figure 15: Models for impact of G4 structure stabilization on meiosis in S. cerevisiae. a) G4 structure stabilization leads to 

genome instability during G1-phase prior to meiosis. Thereby induce G1/S checkpoint activation, resulting in G1 arrest. Results 

in this study do not support this hypothesis. b) A transcription activator binds to a stabilized G4 structure next to a transcription 

start site (TSS), resulting in expression of meiosis repressor and by that inhibits meiosis. c) A transcription repressor binds to a 

stabilized G4 structure next to a TSS, resulting in repression of meiosis activator and by that inhibits meiosis. d) Stabilization 

of G4 structures by Phen-DC3 blocks the transcription either by the structure itself or by masking of a regulatory G4 structure 

by Phen-DC3 and by that inhibits meiosis. 
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6 Appendix 

 

 

Appendix Figure 1: BG4/D1 ChIP-seq. a) sheared ChIP-seq samples. Majority of chromatin fragments between 100-200 bp. 

b) binding of BG4 to G4 motif. c) BG4 binding to mutated G4 motif. 
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Appendix Figure 2: Overlap of BG4/D1 ChIP peaks with G4 motifs10. 

Vegetative cells (YPD), sporulating cells (SPM), Phen-DC3 treated (P). 
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Appendix Figure 3: Overlap of BG4/D1 ChIP peaks with map from 

G4-sequencing265. Vegetative cells (YPD), sporulating cells (SPM), Phen-DC3 treated 

(P). 
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Appendix Figure 4: Overlap of BG4/D1 ChIP peaks with list from PDS treated 

G4-sequencing265. Vegetative cells (YPD), sporulating cells (SPM), Phen-DC3 treated (P). 
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Appendix Figure 5: Overlap of BG4/D1 ChIP peaks with NDRs348. Vegetative cells 

(YPD), sporulating cells (SPM), Phen-DC3 treated (P). 
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Appendix Figure 6: Overlap of BG4/D1 ChIP peaks with retrotransposons (on basis of 

genomic features at https://www.yeastgenome.org). Vegetative cells (YPD), sporulating 

cells (SPM), Phen-DC3 treated (P). 
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Appendix Figure 7: Overlap of BG4/D1 ChIP peaks with LTRs (on basis of genomic features 

at https://www.yeastgenome.org). Vegetative cells (YPD), sporulating cells (SPM), Phen-DC3 

treated (P). 
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Appendix Figure 8: Overlap of BG4/D1 ChIP peaks with promoters10. Vegetative cells 

(YPD), sporulating cells (SPM), Phen-DC3 treated (P). 
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Appendix Figure 9: Overlap of BG4/D1 ChIP peaks with replication start sites (ARS) 

(on basis of genomic features at https://www.yeastgenome.org). Vegetative cells (YPD), 

sporulating cells (SPM), Phen-DC3 treated (P). 
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Appendix Figure 10: Overlap of BG4/D1 ChIP peaks with 5´ UTRs (on basis of genomic 

features at https://www.yeastgenome.org). Vegetative cells (YPD), sporulating cells (SPM), 

Phen-DC3 treated (P). 



108 

 

  

Appendix Figure 11: Overlap of BG4/D1 ChIP peaks with 3´ UTRs (on basis of genomic 

features at https://www.yeastgenome.org). Vegetative cells (YPD), sporulating cells (SPM), 

Phen-DC3 treated (P). 
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Appendix Figure 12: Overlap of BG4/D1 ChIP peaks with meiotic DSB hot spots349. 

Vegetative cells (YPD), sporulating cells (SPM), Phen-DC3 treated (P). 
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Appendix Figure 13: Overlap of BG4/D1 ChIP peaks with ORFs (on basis of genomic 

features at https://www.yeastgenome.org). Vegetative cells (YPD), sporulating cells (SPM), 

Phen-DC3 treated (P). 



111 
 

  

YPD 

BG4 YPD D1 

YPD + P BG4 

SPM BG4 

SPM D1 

SPM +P BG4 

SPM + P D1 

YPD input 

SPM input 

YPD + P D1 

Appendix Figure 14: Genome browser screenshot of chromosome XI. Showing G4 ChIP peaks for BG4 and D1 of vegetative 
cells (YPD) and sporulating cells (SPM) with (+P) and without Phen-DC3 treatment and input for vegetative cells (YPD) and 
sporulating cells (SPM). 
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Appearance 

in samples 

Secondary-

identifier Symbol Class 

Organism 

short Name Name 

1 YLR430W SEN1 ORF 

S. 

cerevisiae Splicing ENdonuclease 

1 YDR172W SUP35 ORF 

S. 

cerevisiae SUPpressor 

1 YOR295W UAF30 ORF 

S. 

cerevisiae 

Upstream Activation Factor 

subunit 

1 YDR158W HOM2 ORF 

S. 

cerevisiae HOMoserine requiring 

1 YBR079C RPG1 ORF 

S. 

cerevisiae  

1 YHR119W SET1 ORF 

S. 

cerevisiae SET domain-containing 

1 YML009C MRPL39 ORF 

S. 

cerevisiae 

Mitochondrial Ribosomal Protein, 

Large subunit 

1 YGL036W  ORF 

S. 

cerevisiae  

1 YKR046C PLN1 ORF 

S. 

cerevisiae PeriLipiN 

1 YMR049C ERB1 ORF 

S. 

cerevisiae Eukaryotic Ribosome Biogenesis 

1 YPR115W RGC1 ORF 

S. 

cerevisiae Regulator of the Glycerol Channel 

1 YDR507C GIN4 ORF 

S. 

cerevisiae Growth Inhibitory 

1 YMR064W AEP1 ORF 

S. 

cerevisiae ATPase ExPression 

1 YCL055W KAR4 ORF 

S. 

cerevisiae KARyogamy 

1 YBR103W SIF2 ORF 

S. 

cerevisiae Sir4p-Interacting Factor 

1 YGL148W ARO2 ORF 

S. 

cerevisiae AROmatic amino acid requiring 

1 YDR285W ZIP1 ORF 

S. 

cerevisiae molecular ZIPper 

1 YLR260W LCB5 ORF 

S. 

cerevisiae Long-Chain Base 

1 YDR513W GRX2 ORF 

S. 

cerevisiae GlutaRedoXin 

1 YFL045C SEC53 ORF 

S. 

cerevisiae SECretory 

1 YPR181C SEC23 ORF 

S. 

cerevisiae SECretory 

1 YML075C HMG1 ORF 

S. 

cerevisiae 

3-Hydroxy-3-MethylGlutaryl-

coenzyme a reductase 

1 YJR016C ILV3 ORF 

S. 

cerevisiae IsoLeucine-plus-Valine requiring 

1 YOR234C RPL33B ORF 

S. 

cerevisiae 

Ribosomal Protein of the Large 

subunit 
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1 YMR110C HFD1 ORF 

S. 

cerevisiae 

Homolog of Fatty aldehyde 

Dehydrogenase 

1 YOR254C SEC63 ORF 

S. 

cerevisiae SECretory 

1 YDR091C RLI1 ORF 

S. 

cerevisiae RNase L Inhibitor 

1 YLR418C CDC73 ORF 

S. 

cerevisiae Cell Division Cycle 

1 YDR032C PST2 ORF 

S. 

cerevisiae Protoplasts-SecreTed 

1 YOR077W RTS2 ORF 

S. 

cerevisiae  

1 R0040C REP2 ORF 

S. 

cerevisiae REPlication 

1 YKR085C MRPL20 ORF 

S. 

cerevisiae 

Mitochondrial Ribosomal Protein, 

Large subunit 

1 YLR388W RPS29A ORF 

S. 

cerevisiae 

Ribosomal Protein of the Small 

subunit 

1 YNL071W LAT1 ORF 

S. 

cerevisiae  

1 YBR218C PYC2 ORF 

S. 

cerevisiae PYruvate Carboxylase 

1 YOR020C HSP10 ORF 

S. 

cerevisiae Heat Shock Protein 

1 YLR372W ELO3 ORF 

S. 

cerevisiae fatty acid ELOngation 

1 YMR256C COX7 ORF 

S. 

cerevisiae Cytochrome c OXidase 

1 YOR093C CMR2 ORF 

S. 

cerevisiae Changed Mutation Rate 

1 YGL006W PMC1 ORF 

S. 

cerevisiae Plasma Membrane Calcium 

1 YFR051C RET2 ORF 

S. 

cerevisiae RETrieval from ER 

1 YFL004W VTC2 ORF 

S. 

cerevisiae Vacuolar Transporter Chaperone 

1 YIL095W PRK1 ORF 

S. 

cerevisiae p53 Regulatory Kinase 

1 YGL001C ERG26 ORF 

S. 

cerevisiae ERGosterol biosynthesis 

1 YPR016C TIF6 ORF 

S. 

cerevisiae Translation Initiation Factor 

1 YNL027W CRZ1 ORF 

S. 

cerevisiae 

Calcineurin-Responsive Zinc 

finger 

1 YPL063W TIM50 ORF 

S. 

cerevisiae 

Translocase of the Inner 

Mitochondrial membrane 

1 YMR268C PRP24 ORF 

S. 

cerevisiae Pre-mRNA Processing 

1 YDL132W CDC53 ORF 

S. 

cerevisiae Cell Division Cycle 

1 YLL046C RNP1 ORF 

S. 

cerevisiae RiboNucleoProtein 

1 YMR270C RRN9 ORF 

S. 

cerevisiae Regulation of RNA polymerase I 
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1 YPL215W CBP3 ORF 

S. 

cerevisiae Cytochrome B mRNA Processing 

1 YOR272W YTM1 ORF 

S. 

cerevisiae  

1 YMR183C SSO2 ORF 

S. 

cerevisiae Supressor of Sec One 

1 YFL037W TUB2 ORF 

S. 

cerevisiae TUBulin 

1 YHL024W RIM4 ORF 

S. 

cerevisiae Regulator of IME2 

1 YER122C GLO3 ORF 

S. 

cerevisiae GLyOxalase 

1 YMR231W PEP5 ORF 

S. 

cerevisiae carboxyPEPtidase Y-deficient 

1 

YOL077W-

A ATP19 ORF 

S. 

cerevisiae ATP synthase 

1 YGL110C CUE3 ORF 

S. 

cerevisiae 

Coupling of Ubiquitin 

conjugation to ER degradation 

1 YNL196C SLZ1 ORF 

S. 

cerevisiae  

1 YPL111W CAR1 ORF 

S. 

cerevisiae Catabolism of ARginine 

1 YLL026W HSP104 ORF 

S. 

cerevisiae Heat Shock Protein 

1 

YFR024C-

A LSB3 ORF 

S. 

cerevisiae Las Seventeen Binding protein 

1 YGL216W KIP3 ORF 

S. 

cerevisiae KInesin related Protein 

1 YKR083C DAD2 ORF 

S. 

cerevisiae Duo1 And Dam1 interacting 

1 YHR158C KEL1 ORF 

S. 

cerevisiae KELch repeat 

1 YHR007C ERG11 ORF 

S. 

cerevisiae ERGosterol biosynthesis 

1 YIL010W DOT5 ORF 

S. 

cerevisiae Disruptor Of Telomeric silencing 

1 YNL138W SRV2 ORF 

S. 

cerevisiae Suppressor of RasVal19 

1 YMR307W GAS1 ORF 

S. 

cerevisiae 

Glycophospholipid-Anchored 

Surface protein 

1 YGL200C EMP24 ORF 

S. 

cerevisiae EndoMembrane Protein 

1 YOR201C MRM1 ORF 

S. 

cerevisiae 

Mitochondrial rRNA 

Methyltransferase 

1 YDL215C GDH2 ORF 

S. 

cerevisiae Glutamate DeHydrogenase 

1 YOR206W NOC2 ORF 

S. 

cerevisiae NucleOlar Complex associated 

1 YMR099C  ORF 

S. 

cerevisiae  

1 YLR116W MSL5 ORF 

S. 

cerevisiae Mud Synthetic-Lethal 

1 YKL092C BUD2 ORF 

S. 

cerevisiae BUD site selection 
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1 YNL022C RCM1 ORF 

S. 

cerevisiae  

1 YDL066W IDP1 ORF 

S. 

cerevisiae 

Isocitrate Dehydrogenase, NADP-

specific 

1 YDR178W SDH4 ORF 

S. 

cerevisiae Succinate DeHydrogenase 

1 YNR010W CSE2 ORF 

S. 

cerevisiae Chromosome SEgregation 

1 YML030W RCF1 ORF 

S. 

cerevisiae Respiratory superComplex Factor 

1 

YFR032C-

A RPL29 ORF 

S. 

cerevisiae 

Ribosomal Protein of the Large 

subunit 

1 YDL005C MED2 ORF 

S. 

cerevisiae MEDiator complex 

1 YBR208C DUR1,2 ORF 

S. 

cerevisiae Degradation of URea 

1 YHR082C KSP1 ORF 

S. 

cerevisiae Kinase Suppressing Prp20-10 

1 YPR163C TIF3 ORF 

S. 

cerevisiae Translation Initiation Factor 

1 YIL043C CBR1 ORF 

S. 

cerevisiae Cytochrome b Reductase 

1 YPR091C NVJ2 ORF 

S. 

cerevisiae Nucleus-Vacuole Junction 

1 YDL085W NDE2 ORF 

S. 

cerevisiae NADH Dehydrogenase, External 

1 YDR452W PPN1 ORF 

S. 

cerevisiae  

1 YHR052W CIC1 ORF 

S. 

cerevisiae Core Interacting Component 

1 YDR322W MRPL35 ORF 

S. 

cerevisiae 

Mitochondrial Ribosomal Protein, 

Large subunit 

1 YNL096C RPS7B ORF 

S. 

cerevisiae 

Ribosomal Protein of the Small 

subunit 

1 YLR406C RPL31B ORF 

S. 

cerevisiae 

Ribosomal Protein of the Large 

subunit 

1 YML061C PIF1 ORF 

S. 

cerevisiae Petite Integration Frequency 

1 YPL180W TCO89 ORF 

S. 

cerevisiae Tor Complex One 

1 YBR149W ARA1 ORF 

S. 

cerevisiae D-ARAbinose dehydrogenase 

1 YNL115C  ORF 

S. 

cerevisiae  

1 YLR096W KIN2 ORF 

S. 

cerevisiae KINase 

1 YJL010C NOP9 ORF 

S. 

cerevisiae NucleOlar Protein 

1 YNL064C YDJ1 ORF 

S. 

cerevisiae Yeast dnaJ 

1 YOR322C LDB19 ORF 

S. 

cerevisiae Low Dye Binding 
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1 YLR071C RGR1 ORF 

S. 

cerevisiae Resistant to Glucose Repression 

1 YLR051C FCF2 ORF 

S. 

cerevisiae Faf1p Copurifying Factor 

1 YCR010C ADY2 ORF 

S. 

cerevisiae Accumulation of DYads 

1 YML048W GSF2 ORF 

S. 

cerevisiae Glucose Signaling Factor 

1 

YHR199C-

A NBL1 ORF 

S. 

cerevisiae N-terminal-Borealin Like protein 

1 YJR092W BUD4 ORF 

S. 

cerevisiae BUD site selection 

1 YOR069W VPS5 ORF 

S. 

cerevisiae Vacuolar Protein Sorting 

1 YNL271C BNI1 ORF 

S. 

cerevisiae Bud Neck Involved 

1 YPL024W RMI1 ORF 

S. 

cerevisiae 

RecQ Mediated genome 

Instability 

1 YPL237W SUI3 ORF 

S. 

cerevisiae SUppressor of Initiator codon 

1 YBL038W MRPL16 ORF 

S. 

cerevisiae 

Mitochondrial Ribosomal Protein, 

Large subunit 

1 YMR189W GCV2 ORF 

S. 

cerevisiae GlyCine cleaVage 

1 Q0160 SCEI ORF 

S. 

cerevisiae  

1 YNL121C TOM70 ORF 

S. 

cerevisiae 

Translocase of the Outer 

Mitochondrial membrane 

1 YKL210W UBA1 ORF 

S. 

cerevisiae UBiquitin Activating 

1 YDL084W SUB2 ORF 

S. 

cerevisiae SUppressor of Brr1-1 

1 YKL074C MUD2 ORF 

S. 

cerevisiae Mutant U1 Die 

1 YJL012C VTC4 ORF 

S. 

cerevisiae Vacuolar Transporter Chaperone 

1 YKL067W YNK1 ORF 

S. 

cerevisiae 

Yeast Nucleoside diphosphate 

Kinase 

1 YBR059C AKL1 ORF 

S. 

cerevisiae Ark family Kinase-Like protein 

1 YFL021W GAT1 ORF 

S. 

cerevisiae  

1 YLR371W ROM2 ORF 

S. 

cerevisiae RhO1 Multicopy suppressor 

1 YOL135C MED7 ORF 

S. 

cerevisiae MEDiator complex 

1 YPL240C HSP82 ORF 

S. 

cerevisiae Heat Shock Protein 

1 YPL271W ATP15 ORF 

S. 

cerevisiae ATP synthase 

2 YKL035W UGP1 ORF 

S. 

cerevisiae UDP-glucose pyrophosphorylase 

2 YLL011W SOF1 ORF 

S. 

cerevisiae Suppressor Of Fibrillarin 
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2 YDL067C COX9 ORF 

S. 

cerevisiae Cytochrome c OXidase 

2 YJL052W TDH1 ORF 

S. 

cerevisiae Triose-phosphate DeHydrogenase 

2 YLL027W ISA1 ORF 

S. 

cerevisiae Iron Sulfur Assembly 

2 YER082C UTP7 ORF 

S. 

cerevisiae U Three Protein 

2 YPR183W DPM1 ORF 

S. 

cerevisiae 

Dolichol Phosphate Mannose 

synthase 

2 YLR208W SEC13 ORF 

S. 

cerevisiae SECretory 

2 YBR057C MUM2 ORF 

S. 

cerevisiae MUddled Meiosis 

2 YHL007C STE20 ORF 

S. 

cerevisiae STErile 

2 YPL070W MUK1 ORF 

S. 

cerevisiae coMpUtationally-linked to Kap95 

2 YGR148C RPL24B ORF 

S. 

cerevisiae 

Ribosomal Protein of the Large 

subunit 

2 YNL330C RPD3 ORF 

S. 

cerevisiae Reduced Potassium Dependency 

2 YOR174W MED4 ORF 

S. 

cerevisiae MEDiator complex 

2 YML117W NAB6 ORF 

S. 

cerevisiae Nucleic Acid Binding protein 

2 YDR148C KGD2 ORF 

S. 

cerevisiae 

alpha-KetoGlutarate 

Dehydrogenase 

2 YGL137W SEC27 ORF 

S. 

cerevisiae SECretory 

2 YDL087C LUC7 ORF 

S. 

cerevisiae 

Lethal Unless Cap-binding 

complex is produced 

2 YPL217C BMS1 ORF 

S. 

cerevisiae BMh Sensitive 

2 YHR086W NAM8 ORF 

S. 

cerevisiae 

Nuclear Accommodation of 

Mitochondria 

2 YJL005W CYR1 ORF 

S. 

cerevisiae CYclic AMP Requirement 

2 YDR138W HPR1 ORF 

S. 

cerevisiae HyPerRecombination 

2 YBL007C SLA1 ORF 

S. 

cerevisiae Synthetic Lethal with ABP1 

2 YER080W AIM9 ORF 

S. 

cerevisiae 

Altered Inheritance rate of 

Mitochondria 

2 YFL016C MDJ1 ORF 

S. 

cerevisiae Mitochondrial DnaJ 

2 YER148W SPT15 ORF 

S. 

cerevisiae SuPpressor of Ty insertions 

2 YER161C SPT2 ORF 

S. 

cerevisiae SuPpressor of Ty's 

2 YGL025C PGD1 ORF 

S. 

cerevisiae PolyGlutamine Domain 
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2 YHL023C NPR3 ORF 

S. 

cerevisiae Nitrogen Permease Regulator 

2 YPL093W NOG1 ORF 

S. 

cerevisiae NucleOlar G-protein 

2 YIL036W CST6 ORF 

S. 

cerevisiae Chromosome STability 

2 YLR226W BUR2 ORF 

S. 

cerevisiae Bypass UAS Requirement 

2 YIL129C TAO3 ORF 

S. 

cerevisiae 

Transcriptional Activator of 

OCH1 

2 

YHR072W-

A NOP10 ORF 

S. 

cerevisiae NucleOlar Protein 

2 YBR029C CDS1 ORF 

S. 

cerevisiae CDP-Diacylglycerol Synthase 

2 YHR012W VPS29 ORF 

S. 

cerevisiae Vacuolar Protein Sorting 

2 YOL051W GAL11 ORF 

S. 

cerevisiae GALactose metabolism 

2 YKL065C YET1 ORF 

S. 

cerevisiae 

Yeast Endoplasmic reticulum 

Transmembrane protein 

2 YER125W RSP5 ORF 

S. 

cerevisiae Reverses Spt- Phenotype 

2 YHR041C SRB2 ORF 

S. 

cerevisiae Suppressor of RNA polymerase B 

2 YLR298C YHC1 ORF 

S. 

cerevisiae Yeast Homolog of human U1C 

2 YBR086C IST2 ORF 

S. 

cerevisiae Increased Sodium Tolerance 

2 YDR201W SPC19 ORF 

S. 

cerevisiae Spindle Pole Component 

2 YJL173C RFA3 ORF 

S. 

cerevisiae Replication Factor A 

2 YNL252C MRPL17 ORF 

S. 

cerevisiae 

Mitochondrial Ribosomal Protein, 

Large subunit 

2 YGL120C PRP43 ORF 

S. 

cerevisiae Pre-mRNA Processing 

2 YDL175C AIR2 ORF 

S. 

cerevisiae 

Arginine methyltransferase-

Interacting RING finger protein 

2 YLR396C VPS33 ORF 

S. 

cerevisiae Vacuolar Protein Sorting 

2 YNL177C MRPL22 ORF 

S. 

cerevisiae 

Mitochondrial Ribosomal Protein, 

Large subunit 

2 YBR143C SUP45 ORF 

S. 

cerevisiae SUPpressor 

2 YML112W CTK3 ORF 

S. 

cerevisiae Carboxy-Terminal domain Kinase 

2 YBL104C SEA4 ORF 

S. 

cerevisiae SEh1-Associated 

2 YIL112W HOS4 ORF 

S. 

cerevisiae Hda One Similar 

2 YDR164C SEC1 ORF 

S. 

cerevisiae SECretory 
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2 YOL115W PAP2 ORF 

S. 

cerevisiae Poly(A) Polymerase 

2 YMR176W ECM5 ORF 

S. 

cerevisiae ExtraCellular Mutant 

2 YKR029C SET3 ORF 

S. 

cerevisiae SET domain-containing 

2 YMR287C DSS1 ORF 

S. 

cerevisiae Deletion of SUV3 Supressor 

2 YOR100C CRC1 ORF 

S. 

cerevisiae CaRnitine Carrier 

2 YDR239C  ORF 

S. 

cerevisiae  

2 YGL078C DBP3 ORF 

S. 

cerevisiae Dead Box Protein 

2 YOL006C TOP1 ORF 

S. 

cerevisiae TOPoisomerase 

2 YBR123C TFC1 ORF 

S. 

cerevisiae Transcription Factor class C 

3 YKL129C MYO3 ORF 

S. 

cerevisiae MYOsin 

3 YER126C NSA2 ORF 

S. 

cerevisiae Nop Seven Associated 

3 YBR071W  ORF 

S. 

cerevisiae  

3 YNL087W TCB2 ORF 

S. 

cerevisiae 

Three Calcium and lipid Binding 

domains (TriCalBins) 

3 YLR196W PWP1 ORF 

S. 

cerevisiae Periodic tryptophan (W) Protein 

3 YOR267C HRK1 ORF 

S. 

cerevisiae Hygromycin Resistance Kinase 

3 YPR112C MRD1 ORF 

S. 

cerevisiae Multiple RNA-binding domain 

3 YDR233C RTN1 ORF 

S. 

cerevisiae ReTiculoN-like 

3 YCR030C SYP1 ORF 

S. 

cerevisiae 

Suppressor of Yeast Profilin 

deletion 

3 YNL061W NOP2 ORF 

S. 

cerevisiae NucleOlar Protein 

3 YPL134C ODC1 ORF 

S. 

cerevisiae OxoDicarboxylate Carrier 

3 YJL076W NET1 ORF 

S. 

cerevisiae 

Nucleolar silencing Establishing 

factor and Telophase regulator 

3 YDL074C BRE1 ORF 

S. 

cerevisiae BREfeldin A sensitivity 

3 YDR240C SNU56 ORF 

S. 

cerevisiae 

Small NUclear ribonucleoprotein 

associated 

3 YPL119C DBP1 ORF 

S. 

cerevisiae Dead Box Protein 

3 YIL154C IMP2' ORF 

S. 

cerevisiae 

Independent of Mitochondrial 

Particle 

3 YIL061C SNP1 ORF 

S. 

cerevisiae  
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3 YPR104C FHL1 ORF 

S. 

cerevisiae Fork Head-Like 

3 YCR033W SNT1 ORF 

S. 

cerevisiae SaNT domains 

3 YDR436W PPZ2 ORF 

S. 

cerevisiae Protein Phosphatase Z 

3 YJL131C AIM23 ORF 

S. 

cerevisiae 

Altered Inheritance rate of 

Mitochondria 

3 YDL208W NHP2 ORF 

S. 

cerevisiae Non-Histone Protein 

3 YOL123W HRP1 ORF 

S. 

cerevisiae 

Heterogenous nuclear 

RibonucleoProtein 

3 YKL139W CTK1 ORF 

S. 

cerevisiae Carboxy-Terminal domain Kinase 

3 YNL047C SLM2 ORF 

S. 

cerevisiae Synthetic Lethal with Mss4 

3 YIR001C SGN1 ORF 

S. 

cerevisiae 

Slower Growth on Non-

fermentable carbon sources 

3 YCL011C GBP2 ORF 

S. 

cerevisiae G-strand Binding Protein 

3 YGR013W SNU71 ORF 

S. 

cerevisiae 

Small NUclear ribonucleoprotein 

associated 

3 YGR231C PHB2 ORF 

S. 

cerevisiae ProHiBitin 

3 YGL131C SNT2 ORF 

S. 

cerevisiae  

3 YHR120W MSH1 ORF 

S. 

cerevisiae MutS Homolog 

3 YGR074W SMD1 ORF 

S. 

cerevisiae 

snRNA Sm binding site protein 

D1 

3 YMR098C ATP25 ORF 

S. 

cerevisiae ATPase 

3 YMR212C EFR3 ORF 

S. 

cerevisiae PHO Eighty Five Requiring 

4 YDR190C RVB1 ORF 

S. 

cerevisiae RuVB-like 

4 YGL013C PDR1 ORF 

S. 

cerevisiae Pleiotropic Drug Resistance 

4 YKL012W PRP40 ORF 

S. 

cerevisiae Pre-mRNA Processing 

4 YHL034C SBP1 ORF 

S. 

cerevisiae  

4 YER029C SMB1 ORF 

S. 

cerevisiae SmB/B' homolog 

4 YML010W SPT5 ORF 

S. 

cerevisiae SuPpressor of Ty's 

4 YDR389W SAC7 ORF 

S. 

cerevisiae Suppressor of ACtin 

4 YPL235W RVB2 ORF 

S. 

cerevisiae RuVB-like 

4 YHR089C GAR1 ORF 

S. 

cerevisiae Glycine Arginine Rich 

4 YGR237C  ORF 

S. 

cerevisiae  
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4 YJR019C TES1 ORF 

S. 

cerevisiae ThioESterase 

4 YLL029W FRA1 ORF 

S. 

cerevisiae Fe Repressor of Activation 

4 YDR374C PHO92 ORF 

S. 

cerevisiae PHOsphate metabolism 

4 YNL312W RFA2 ORF 

S. 

cerevisiae Replication Factor A 

4 YMR037C MSN2 ORF 

S. 

cerevisiae 

Multicopy suppressor of SNF1 

mutation 

4 YNL218W MGS1 ORF 

S. 

cerevisiae Maintenance of Genome Stability 

4 YKR072C SIS2 ORF 

S. 

cerevisiae SIt4 Suppressor 

4 YGL049C TIF4632 ORF 

S. 

cerevisiae Translation Initiation Factor 
Appendix Table 1: Identified G4 binder. From lysate 3 and 7 hours after inducing sporulation. Analysis was performed in 

duplicates. Appearance in samples 4 means that the protein was present in all four samples without binding to mutated G4 

motif. 

Only in SPM Only in Phen-DC3 

FDH1 CAN 

RIM4 RPA49 

HIS8 TRP 

ADY2 SYV 

ARLY RPAC1 

DBP2 NPT1 

VPS27 CEF1 

DLD1 PFKA2 

ARO9 YPT1 

METE SYFB 

BCA1 SRP68 

METC MGLL 

LEU1 IDH2 

MTR4 TUP1 

AGX1 FET5 

CACP FUMH 

DHE5 DUG1 

ARGJ SSBP1 

ARGI MMF1 

ARO8 ATPG 

METK2 FHP 

TRXB2 YEF3 

DHOM PYRC 

PURA RSSA2 

KES1 SYYC 

TBA1 HSP31 

FIP1 PP2C3 

PEX19 RL20A 

GLYM SNF7 
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CYSD RIR4 

PSA6 YP148 

METK1 COPD 

GET3 SFM1 

C1TC IGD1 

MCFS2 PYRD 

KAR YHM2 

RAS2 NET1 

THIL RM10 

PDC1 ARGD 

DLD2 XPO1 

HSP78 SIC1 

BLH1 RHO1 

AMPL AROF 

GCST PLR1 

HMCS NNRE 

RT04 MPCP 

F16P RS11B 

YM94 ADH2 

RT23 SEC16 

TPS1 TOM40 

AIM17 APE3 

EMI2 IDHP 

HS104 RM24 

RTS3 GBLP 

PHB2 LGUL 

IMDH3 VDAC1 

DAK1 SYP1 

SIS2 ATPA 

ILV5 FAT2 

SYLC IDHC 

DED1 COX1 

RUVB1 NUP53 

G6PI AAKG 

KYNU NOP2 

LEU9 RS13 

ACT ILV6 

CDC42 TBB 

AATC ARG56 

PDC5 SYFA 

SUCB HXKB 

ACS1 ACAC 

PWP1 NCPR 

SYIC HSP60 

RL2B SEC14 

PYRE GCY1 

VATB EIS1 
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RL11B PMM 

MIC60 SCP1 

SYTC RLA0 

YPR1 RIR2 

YAT2 VPS4 

SUB2 SAM4 

SUCA YN8H 

PUR6 HMX1 

RL1B RTN1 

NUP42 ARA1 

SYDM ERG2 

PMA1 CBS 

GGA2 TAL1 

CRP1 ENT2 

NDI1 NOP3 

EXG1 SOL2 

SYRC SDS22 

GUAA UAP1 

GGA1 PSA3 

YG3A VA0D 

HSP74 RNQ1 

DPM1 CDC37 

RL28 EF1B 

SC160 CTR3 

CHMU ACBP 

PUR91 PAN1 

TCPB IAH1 

RS14A 
 

KC12 
 

RL15B 
 

FAS2 
 

KAPR 
 

QCR10 
 

HEM2 
 

NSP1 
 

PDX3 
 

ODPB 
 

SYSC 
 

RL8B 
 

MVD1 
 

CISY1 
 

EF3A 
 

MPI 
 

GDI1 
 

OM45 
 

PSP2 
 

VATH 
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UBA1 
 

OLA1 
 

PP2C2 
 

BMH2 
 

BBC1 
 

ATG27 
 

TCPE 
 

ASPG1 
 

GPD1 
 

SEC23 
 

RPN1 
 

RL6B 
 

YNU8 
 

ODO2 
 

PPB 
 

RS22A 
 

CAJ1 
 

RM35 
 

INV2 
 

XKS1 
 

PSA7 
 

ARPC3 
 

RPN6 
 

AIM2 
 

YBD6 
 

UCRI 
 

PCNA 
 

CAPZB 
 

PABP 
 

RL24B 
 

FDFT 
 

RS4A 
 

RT35 
 

CYS3 
 

FKBP3 
 

CARP 
 

YLF2 
 

FPPS 
 

SERC 
 

COX5A 
 

YPT7 
 

RNA1 
 

SEG1 
 

RL23B 
 

HRP1 
 

RT28 
 

RL17A 
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NUG1 
 

NAP1 
 

EAP1 
 

KTHY 
 

PMG1 
 

IXR1 
 

SAR1 
 

MDG1 
 

RS25B 
 

IDI1 
 

GCS1 
 

AIM3 
 

IMB1 
 

VTI1 
 

MSC6 
 

EDE1 
 

RL16A 
 

H4 
 

YKD3A 
 

MAP2 
 

RL16B 
 

MDM38 
 

FABD 
 

RM40 
 

GSF2 
 

HSP42 
 

YNB0 
 

NOP56 
 

ERF1 
 

YOP1 
 

RL9B 
 

RIB4 
 

RM37 
 

GAS3 
 

PAF1 
 

CYAA 
 

ZUO1 
 

RM04 
 

ODPX 
 

RCN2 
 

RS29A 
 

FMP46 
 

REP2 
 

YP199 
 

GRP78 
 

ATP19 
 

COFI 
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RV161 
 

PAA1 
 

YP036 
 

SOL3 
 

YFI6 
 

RAD23 
 

EMP24 
 

YPT52 
 

APD1 
 

RL36A 
 

STB3 
 

RT07 
 

HRB1 
 

RS6B 
 

SIL1 
 

RT24 
 

RS15 
 

RM25 
 

CDC3 
 

CUE5 
 

NUP60 
 

IF1A 
 

YGP1 
 

YK03 
 

IF4E 
 

RL12A 
 

ISD11 
 

RM41 
 

MTC1 
 

STE50 
 

RS24A 
 

ETFB 
 

YLH47 
 

RT25 
 

BSP1 
 

YJF5 
 

LHP1 
 

MSP1 
 

SRO9 
 

ACA2 
 

SEC17 
 

RDL2 
 

HMF1 
 

UBC1 
 

COQ1 
 

ATP11 
 

RPN12 
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SLF1 
 

KC11 
 

COQ7 
 

APT1 
 

HSP26 
 

IMB4 
 

PRM4 
 

MPM1 
 

YOR31 
 

KAD3 
 

RM16 
 

RL25 
 

ENG2 
 

CYT2 
 

CCS1 
 

UTH1 
 

TIM23 
 

RL4P 
 

RPN5 
 

TRX2 
 

YMH9 
 

HAA1 
 

UBC13 
 

PIN3 
 

JSN1 
 

CYC1 
 

TOM20 
 

RM49 
 

MMS2 
 

LSM5 
 

CYB5 
 

TOM22 
 

FSH2 
 

RPN10 
 

NACA 
 

KCC1 
 

LSB3 
 

UBC4 
 

FMC1 
 

YL179 
 

MDY2 
 

LSB1 
 

CANB 
 

PST1 
 

NU100 
 

SODC 
 

TRX3 
 



128 

 

GPP2 
 

RIM1 
 

LSM6 
 

NTF2 
 

YL257 
 

CAF20 
 

SUB1 
 

TOM7 
 

RS28A 
 

GCSH 
 

MIC19 
 

YNT5 
 

RT10 
 

RGI1 
 

SDS23 
 

TPM1 
 

RLA3 
 

RM19 
 

TRX1 
 

YP010 
 

LCL2 
 

RRF1 
 

GLRX8 
 

SKP1 
 

RS21A 
 

DAP1 
 

VATF 
 

SLA1 
 

RT19 
 

RLA1 
 

YAP3 
 

ITPA 
 

CTR1 
 

RM50 
 

RRS1 
 

FKBP2 
 

YM8V 
 

TIM13 
 

RPAC2 
 

Appendix Table 2: Proteome analytical identified proteins, which were only present in sporulating cells (SPM) or cells 

treated with 5 µM Phen-DC3 (Phen-DC3). 

SPM ≥ 2-fold 

increase 

SPM ≥ 2-fold 

decrease 

Phhen-DC3 ≥ 2-fold 

increase 

Phhen-DC3 ≥ 2-fold 

decrease 

FDH1 ARC1 YHM2 RL20A 

RIM4 RL9B NET1 RIB3 

HIS8 RIB4 RM10 ATP5E 

ADY2 RM37 DHAS PSD10 
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CISY3 GAS3 CAN ADPP 

ARLY PHSG ARGD SDS22 

INO1 PUR7 INO1 RT51 

LYS1 RS26B CISY3 RS10A 

DBP2 PAF1 PHB1 ATPJ 

THIK PLB1 RPA49 FKBP 

VPS27 CYAA ILV3 CKS1  

PRPD CYPH TRP MTND 

DLD1 ZUO1 XPO1 SNF7 

YBQ6 RM04 SYV UAP1 

OAT ODPX RPAC1 PSA3 

EF1G2 RCN2 NPT1 RIR4 

ARO9 TAF14 RPE RS12 

METE RS29A SIC1  PUR7 

BCA1 FMP46 LIP1 GLRX5 

PGM2 REP2 CEF1 RL31B 

DHAS YP199 PFKA2 TIM9 

METC CAPZA EF1G2 H2B1 

CDK1 GRP78 MAOM HNT1 

LEU1 ATP19 RHO1 VA0D 

MTR4 COFI TKT1 SDHF2 

AGX1 RV161 OAT COX12 

UGPA1 PAA1 YPT1 NHP6B 

CACP YP036 
 

RNQ1 

DHE5 CWP1 
 

RS27A 

ARGJ SOL3 
 

CDK1 

ARGI YFI6 
 

YP148 

HIS2 YRA1 
 

CDC37 

ARO8 RAD23 
 

FCY1 

METK2 EMP24 
 

COPD 

GLNA DSK2 
 

DDR48 

TRXB2 YPT52 
 

MNP1 

DHOM IF2B 
 

TCTP 

PURA APD1 
 

PROF 

KES1 SIS1 
 

PRS6A 

TBA1 RL36A 
 

IGO2 

FIP1 STB3 
 

RS21B 

PEX19 RT07 
 

TMA17 

TMEDA LSP1 
 

EF1B 

GLYM HRB1 
 

RT26 

ARB1 RS6B 
 

SGT2 

CYSD SIL1 
 

MIX17 

PSA6 RT24 
 

SYC 

HRI1 RS27A 
 

CTR3 

METK1 UBX1 
 

SFM1 

FRDS RS15 
 

RL38 

GET3 RM25 
 

ACBP 
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C1TC RS3 
 

YP260 

MCFS2 CDC3 
 

TMA10 

KAR GPP1 
 

GLRX2 

RL4A CUE5 
 

SUI1 

RAS2 NUP60 
 

BMH1 

ODO1 IF1A 
 

SEC4 

THIL YGP1 
 

SBA1 

PDC1 YK03 
 

RSP5 

ILV3 IF4E 
 

COX6 

ERG6 RL12A 
 

PAN1 

DLD2 ISD11 
 

DOHH 

HSP78 RM41 
 

ATP14 

BLH1 MTC1 
 

YN034 

AMPL STE50 
 

IGD1 

GCST RS24A 
 

STF2 

PRS7 GVP36 
 

IAH1 

HMCS ETFB 
 

PRS6B 

RT04 YLH47 
 

ZEO1 

F16P SCD6 
 

PYRD 

YM94 SGT2 
 

HSP12  
RSM28 

 
GLRX1  

RT25 
 

PRS10  
IWS1 

 
IPB2  

BSP1 
 

SDO1L  
YJF5 

 
YP225  

HPRT 
  

 
LHP1 

  

 
MSP1 

  

 
BMH1 

  

 
SRO9 

  

 
ACA2 

  

 
PDXH 

  

 
SEC17 

  

 
RDL2 

  

 
HMF1 

  

 
UBC1 

  

 
COQ1 

  

 
RL31B 

  

 
RS5 

  

 
ATPO 

  

 
VATE 

  

 
ATP11 

  

 
THO1 

  

 
RPN12 

  

 
HMO1 

  

 
SLF1 

  

 
KC11 
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COQ7 

  

 
APT1 

  

 
HSP26 

  

 
IMB4 

  

 
PRM4 

  

 
IF5A1 

  

 
PRX1 

  

 
MPM1 

  

 
YOR31 

  

 
RL35A 

  

 
KAD3 

  

 
VHS2 

  

 
ADPP 

  

 
RM16 

  

 
KGUA 

  

 
RL25 

  

 
ENG2 

  

 
RM01 

  

 
GPX3 

  

 
CYT2 

  

 
CCS1 

  

 
UTH1 

  

 
TIM23 

  

 
RL4P 

  

 
HBT1 

  

 
RPN5 

  

 
TRX2 

  

 
YMH9 

  

 
HAA1 

  

 
UBC13 

  

 
PIN3 

  

 
RL14A 

  

 
YP260 

  

 
SEC4 

  

 
RT51 

  

 
JSN1 

  

 
CYC1 

  

 
TOM20 

  

 
BFR1 

  

 
RM49 

  

 
YP225 

  

 
MMS2 

  

 
RL38 

  

 
LSM5 

  

 
ENT3 

  

 
CYB5 

  

 
FSH1 
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DHE2 

  

 
TOM22 

  

 
FSH2 

  

 
DCS2 

  

 
ATP18 

  

 
RPN10 

  

 
NACA 

  

 
KCC1 

  

 
H2B1 

  

 
FKBP 

  

 
ESS1 

  

 
HSP12 

  

 
LSB3 

  

 
UBC4 

  

 
FMC1 

  

 
SNU13 

  

 
YL179 

  

 
MDY2 

  

 
ATP5E 

  

 
MSRA 

  

 
RS19B 

  

 
DOHH 

  

 
RM13 

  

 
TCTP 

  

 
LSB1 

  

 
YN034 

  

 
CANB 

  

 
ATPJ 

  

 
EIF3J 

  

 
CYPC 

  

 
PST1 

  

 
NU100 

  

 
SODC 

  

 
MRP8 

  

 
HBN1 

  

 
TRX3 

  

 
GPP2 

  

 
HSC82 

  

 
RIM1 

  

 
RS12 

  

 
RLA4 

  

 
LSM6 

  

 
SUI1 

  

 
HNT1 

  

 
H2A2 

  

 
NTF2 

  

 
YL257 
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IPB2 

  

 
TMA17 

  

 
ATPD 

  

 
SBA1 

  

 
CAF20 

  

 
SUB1 

  

 
TOM7 

  

 
NHP6B 

  

 
RS28A 

  

 
CYPD 

  

 
MAM33 

  

 
GCSH 

  

 
NOP6 

  

 
HCH1 

  

 
RT26 

  

 
MIC19 

  

 
YNT5 

  

 
RT10 

  

 
ATP7 

  

 
CH10 

  

 
RGI1 

  

 
NHP6A 

  

 
RS10A 

  

 
MBF1 

  

 
SDS23 

  

 
IGO2 

  

 
QCR7 

  

 
RSP5 

  

 
STM1 

  

 
TPM1 

  

 
ABF2 

  

 
FCY1 

  

 
GLRX2 

  

 
RLA3 

  

 
TIM10 

  

 
RM19 

  

 
SDHF4 

  

 
GLRX1 

  

 
NACB1 

  

 
TRX1 

  

 
SDO1L 

  

 
MNP1 

  

 
YP010 

  

 
ZEO1 

  

 
LCL2 

  

 
PBP4 

  

 
RLA2 
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COX6 

  

 
RRF1 

  

 
GLRX8 

  

 
GRPE 

  

 
SKP1 

  

 
TMA10 

  

 
PAL1 

  

 
CKS1 

  

 
RS21B 

  

 
COX12 

  

 
STF2 

  

 
RS21A 

  

 
VPS60 

  

 
DDR48 

  

 
DAP1 

  

 
SDHF2 

  

 
TIM9 

  

 
SSU72 

  

 
VATF 

  

 
SLA1 

  

 
GLRX5 

  

 
ARPC5 

  

 
RT19 

  

 
ATP14 

  

 
RLA1 

  

 
YAP3 

  

 
ITPA 

  

 
CTR1 

  

 
RM50 

  

 
MTND 

  

 
RRS1 

  

 
FKBP2 

  

 
YM8V 

  

 
MIX17 

  

 
TIM13 

  

 
RPAC2 

  

Appendix Table 3: Proteome analytical identified proteins, which have an altered appearance between timepoint 0 and 7 

hours after inducing sporulation. Protein concentration from cells in SPM (SPM) and cells in SPM plus 5 µM Phen-DC3 

either 2-fold or more increased or 2-fold or more decreased. 
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Name Sequence Purpose 

HIS4 probe for CTTGTTGGTCAGGTACTTTTGGATGG DNA probe HIS4 

HIS4 probe rev GATTCTAGCCCCACCAAACCATGCTT DNA probe HIS4 

YDR189w for GCAGGAGATCATCTGGAAGGTG DNA probe YDR189w 

YDR189w rev CAGGAGGTTTCTGGGCAGAG DNA probe YDR189w 

pUG6/loxP site 

insertion at HIS4 

for 

TGAATATAACGTTCCATATCTATTAT 

ATACACAGTATACTACTGTTCATATT 

CGTACGCTGCAGGTCGAC 

Insert at HIS4 

pUG6/loxP site 

insertion at HIS4 

rev 

ATACAGCAGAATGCCCCCATCACAAT 

CCTGACAACCAGCAGTTCTTCTAGGC 

ATAGGCCACTAGTGGATCTG 

Insert at HIS4 

pCM51-Ime1 for ggatccggatccATGCAAGCGGATATGCAT 

GG 

pCM251-Ime1 construction 

pCM51-Ime1 rev gcggccgcgcggccgcTTAAGAATAGGTTTT 

ACTAAACTTGTAGG  

pCM251-Ime1 construction 

Mec1 del for TGAAGACAAAGTGAGGCTGGACAAC 

AAGAACGACATACACCGCGTAAAGG 

CCCACAAGACTGCcgtttcggtgatgac 

Mec1 deletion via pRS303 

Mec1 del rev ACCTGCAGTGATGGTTAGATCAAGAG 

GAAGTTCGTCTGTTGCCGAAAATGGT 

GGAAAGTCGttcctgatgcggtattttctcct 

Mec1 deletion via pRS303 

Sml1 del for ATCTGCTCCTTTGTGATCTTACGGTCT 

CACTAACCTCTCTTCAACTGCTCAAT 

AATTTCCCGCTcgtttcggtgatgac 

Sml1 deletion via pRS306 

Sml1 del rev AAAAGAACAGAACTAGTGGGAAATG 

GAAAGAGAAAAGAAAAGAGTATGAA 

AGGAACTttcctgatgcggtattttctcct 

Sml1 deletion via pRS306 

Tel1 del for CGGTAAGGAATGTGCCGATTTATGG Te1l deletion  

Tel1 del rev CCAACCCAACAAAACAACGAAGAGC Tel1 deletion  

Act1 for CGCTCCTCGTGCTGTCTTCC qPCR 

Act1 for CAGGGTGTTCTTCTGGGGCAAC qPCR 

Atg8 for GAAGGCGGAGTCGGAGAGG qPCR 

Atg8 for ATCAACGCCGCAGTAGGTGG qPCR 

Rnr3 for GAACAGAGTTATCGACCGTAAT qPCR 

Rnr3 rev CTGGACACCAAGAGCAATAG qPCR 

Ape1 for AGGACTCCATTGGCGAAGATGG qPCR 

Ape1 rev TACCTCCATAGGGAGCAACAGC qPCR 

Cln3 for TCAGCGCTGCCTCATGTCCT qPCR 

Cln3 rev AGCGGCCTTTCTGTGTGGGA qPCR 

Ime1 for CATCTACGTTCCACTCATCAT 

TCAATAACC 

qPCR 

Ime1 rev GTATATGGGTAGAAGTCTTG 

TGTGTATGG 

qPCR 

Appendix Table 4: Primer used in this study 

 

FX3199 

 

MATa, ho::LYS2, lys2, ura3, leu2::hisG, his3::hisG, trp1::hisG,  his4-lopc, rad50s 

MATα, ho::LYS2, lys2, ura3, leu2::hisG, his3::hisG, trp1::hisG, HIS4, rad50s 

University of North Carolina, Department of Biology, Curriculum in Genetics and 

Molecular Biology 

FX4199 

 

MATa, ho::LYS2, lys2, ura3, leu2::hisG, his3::hisG, trp1::hisG, his4-202 his4-lopc, 

rad50s 
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MATα, ho::LYS2, lys2, ura3, leu2::hisG, his3::hisG, trp1::hisG, his4-202 HIS4, 

rad50s 

University of North Carolina, Department of Biology, Curriculum in Genetics and 

Molecular Biology 

DNY107 MATα, ho::LYS2, lys2, ura3, leu2::hisG, his3::hisG, trp1::hisG, HIS4, rad50s 

University of North Carolina, Department of Biology, Curriculum in Genetics and 

Molecular Biology 

HF4 MATa, ho::LYS2, lys2, ura3, leu2::hisG, his3::hisG, trp1::hisG,  his4-lopc, rad50s 

University of North Carolina, Department of Biology, Curriculum in Genetics and 

Molecular Biology 

Telomere 

sequence 

MATa, ho::LYS2, lys2, ura3, leu2::hisG, his3::hisG, trp1::hisG, Telomere seq 

HIS4, rad50s 

MATα, ho::LYS2, lys2, ura3, leu2::hisG, his3::hisG, trp1::hisG, Telomere seq 

HIS4, rad50s 

Mutated 

sequence 

 

MATa, ho::LYS2, lys2, ura3, leu2::hisG, his3::hisG, trp1::hisG, Mut seq HIS4, 

rad50s 

MATα, ho::LYS2, lys2, ura3, leu2::hisG, his3::hisG, trp1::hisG, Mut seq HIS4, 

rad50s 

 

Alternative 

Loop 

sequence 

MATa, ho::LYS2, lys2, ura3, leu2::hisG, his3::hisG, trp1::hisG, Alt loop seq HIS4, 

rad50s 

MATα, ho::LYS2, lys2, ura3, leu2::hisG, his3::hisG, trp1::hisG, Alt loop seq HIS4, 

rad50s 

Short Loop 

sequence 

MATa, ho::LYS2, lys2, ura3, leu2::hisG, his3::hisG, trp1::hisG, Short loop seq 

HIS4, rad50s 

MATα, ho::LYS2, lys2, ura3, leu2::hisG, his3::hisG, trp1::hisG, Short loop seq 

HIS4, rad50s 

Extended 

loop 

sequence 

MATa, ho::LYS2, lys2, ura3, leu2::hisG, his3::hisG, trp1::hisG,  Ext loop seq HIS4, 

rad50s 

MATα, ho::LYS2, lys2, ura3, leu2::hisG, his3::hisG, trp1::hisG, Ext loop seq HIS4, 

rad50s 

ES100 

 

MATa, ho::LYS2, lys2, ura3, leu2::hisG, his3::hisG, trp1::hisG, tel1::KANMX, 

sml1::URA3, mec1::HIS3 

MATa, ho::LYS2, lys2, ura3, leu2::hisG, his3::hisG, trp1::hisG, tel1::KANMX, 

sml1::URA3, mec1::HIS3 

A32041155 MATa, ho::LYS2, lys2, ura3, leu2::hisG, his3::hisG, trp1::hisG, set2::His3MX6, 

set3::His3MX6  

MAT, ho::LYS2, lys2, ura3, leu2::hisG, his3::hisG, trp1::hisG, set2::His3MX6, 

set3::His3MX6 

Amon Lab, Massachusetts Institute of Technology, 77 Massachusetts Avenue 76-

561, Cambridge, MA 02139 

FW2444204 MATa, ho::LYS2, lys2, ura3, leu2::hisG, his3::hisG, trp1::hisG, irt1::pCUP3HA-

IME1::KANMX  

MATα, ho::LYS2, lys2, ura3, leu2::hisG, his3::hisG, trp1::hisG, irt1::pCUP3HA-

IME1::KANMX 

van Werven lab, The Francis Crick Institute, 1 Midland Road, London NW1 1AT 

pCM251202-

IME1 

centromeric vector, TRP1as genetic marker, IME1 ORF under the control of tetO2 

promoter 

psH65 Cre-expressing (pGAL1-cre) CEN/ARS plasmid, marker gene: pAgTEF1-ble-

tScCYC1, selectable phenotype: Phleo resistance 
Appendix Table 5: Strains and plasmids used in this study 
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