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Summary

1 Summary

Homologous recombination (HR) is an essential mechanism to repair DNA double-strand
breaks (DSBs) and to maintain genome integrity. HR uses an intact homologous donor
sequence as a template to repair a DSB and has been extensively studied for decades.
The probably best understood model system to investigate HR is the mating type system
of the budding yeast S. cerevisiae, which allows a yeast cell to switch its mating type
(MATa or MATa) and undergo diploidization with a cell of the opposite mating type. To
initiate the mating type switch, a site-specific DSB is induced by HO endonuclease in the
mating type locus on chromosome Ill. Repair of the break is then performed via
recombination with one of two donor loci, depending on the mating type of the cell. The
correct donor is chosen with a surprisingly high efficiency. This donor preference is mainly
facilitated by the cis-acting recombination enhancer (RE) element. In MATa cells the RE is
activated and bound by trans-acting factors like Fkh1. A chromosomal loop is proposed to
form between the RE and the mating type locus, enabling efficient recombination with the
correct donor locus located upstream of the RE. However, it is still not understood how
this chromosomal loop is formed and which factors contribute. Generally, chromosomal
loops are relevant, as chromosome and nuclear architecture are known to shape HR.
Furthermore, the influence of the RE on homology search remained largely enigmatic.

This study sheds light onto the mechanism of RE-guided homology search (the
search for a homologous sequence), using chromatin immunoprecipitation (ChIP) of the
recombinase Rad51 as well as recombination efficiency measurements in S. cerevisiae. |
demonstrate that the RE can be uncoupled from the mating type system and acts as a
general recombinational enhancer of nearby donor sites during HR when placed at
different genomic sites, independent of the DSB-inducing endonuclease. Furthermore, the
RE guides ongoing homology search reflected by the Rad51 nucleoprotein filament, which
assists in the recognition of the homologous donor site. Moreover, this study corroborates
the essential function of Fkh1 and its phosphothreonine-binding forkhead associated
(FHA) domain for the regulation of donor preference. Well-known factors involved in DSB
repair like RPA and Mph1 are identified as Fkh1 interaction partners via a mass
spectrometry based approach. | propose that these factors mediate the potential loop
formation between the RE and the DSB via a phosphorylation-dependent interaction with
Fkh1 bound to the RE. Finally, a role in donor preference regulation can be assigned to
the checkpoint kinase Mec1.

In summary, this study does not only provide evidence for a general role of the RE
as a facilitator of recombination, but also gives intriguing insights on a multi-factorial Fkh1

anchor pad at the DSB site that contributes to the function of the RE.
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2 Introduction
2.1 DNA damage

DNA carries the unique genetic code that contains the instructions to generate proteins,
cellular structures and organisms. The whole set of DNA of an organism is the genome,
which enables the organism to develop, live and reproduce. During DNA replication the
genome is duplicated and passed to daughter cells, whereas the distinctive genetic
information is preserved.

The stability of DNA is constantly facing multiple threats: creation of abasic sites
and deamination mostly caused by spontaneous hydrolysis’, endogenous processes like
replication? and transcription®, exogenous events like radiation and chemical agents and

oxidative damage'*® (

Figure 1). In total, the lesions a human genome experiences per
day sums up to 10° changes®. Moreover, long exposure to UV radiation like sunlight can
double this amount of DNA damage®. DNA damage contributes to premature aging and
development of cancer and harms the overall genomic integrity® (Figure 1 B). Therefore,
cells developed sophisticated DNA damage repair pathways to counteract this quandary.
Multiple pathways have been characterized during decades of DNA damage research’.
Simultaneously, a large range of DNA lesions has also been identified’ (Figure 1 A). DNA
damage includes base substitutions, intra- and interstrand-crosslinks, micro-insertions or
-deletions and different types of DNA strand breaks®. Due to the fundamental role of DNA
as the carrier of genetic instructions, repair pathways like mismatch repair (MMR), base-
excision repair (BER), nucleotide-excision repair (NER) as well as homologous
recombination (HR) are highly conserved mechanisms from microorganisms to
humans®'°. Altogether, these pathways constitute the DNA damage response (DDR) that
signals and repairs DNA lesions, preventing cell death as well as development of

diseases associated with DNA damage”®.
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Figure 1 | DNA damage, its repair mechanisms and consequences.

(A) DNA damage is caused by a wide range of exogenous and endogenous damaging agents.
Common lesions are base modifications like guanine oxidation (causing 8-Oxoguanine) and
cytosine deamination (generating uracil). UV light can cause bulk adducts like 6,4 photoproducts
((6-4)PP) as well as cyclobutane pyrimidine dimers (CPD). Stalled or collapsed replication forks
during DNA replication as well as ionizing radiation like X-rays can also generate DNA strand
breaks (single- and double-strand breaks) and DNA insertions/deletions, respectively. Several
pathways evolved to counteract these cytotoxic lesions.

(B) A signaling cascade known as the DNA damage response is activated by the DNA damage
mentioned in (A), coupling cell cycle progression to damage repair. In the long view DNA damage
causes two different consequences: first, if endogenous processes like replication or transcription
are constantly impaired by DNA damage, cell death is triggered, which can contribute to premature
aging. Second, surviving cells permanently accumulate genetic changes like point mutations and
chromosomal aberrations, supporting the development of cancer.

Adapted from™".
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2.2 DNA double-strand breaks and repair mechanisms

2.2.1 The impact of double-strand breaks

DNA break damage is composed of two different lesions: single-strand breaks (SSBs) and
double-strand breaks (DSBs). SSBs can occur as a result of replication stress and
endogenous metabolic reactions as well as exogenous sources, like radiation and
chemotherapeutics'. lonizing radiation (IR), for example, produces radiolysis radicals
which attack the sugar-phosphate backbone of DNA™'. Furthermore, topoisomerases
induce SSBs as reaction intermediates’. If two such DNA nicks are localized within one
helical turn in complementary DNA, a DSB can be generated'?'®. Concerning IR, there
are approximately 10 SSBs for each DSB induced. In total, roughly 1 % of SSBs in a cell
are converted to DSBs, that is about one DSB per 10° bp per cell cycle'™. A single
persisting DSB is enough to block DNA replication and trigger cell cycle arrest'®?',
demonstrating the detrimental effect of DSBs. Therefore, several genetic syndromes could
be assigned to DSB repair, including cancer''?. However, besides occurring randomly
within the genome, DSBs are also deliberately induced by several organisms to allow
genetic rearrangements. A prominent example is meiosis, a process occurring in all
sexually reproducing organisms®. Meiotic DSBs are generated by the evolutionarily
conserved endonuclease Spo11?*?*. Also yeast cells are capable of generating a specific
DSB via homothallic switching (HO) endonuclease, allowing them to switch their mating
type to initiate sexual reproduction® (see section 2.3.1). Furthermore, in vertebrates
developing lymphocytes trigger antibody diversification through V(D)J recombination.
Here, RAG (recombination activating gene) endonuclease induces a DSB and repair is
completed by somatic recombination??’.

DSB repair is essential for the cell to maintain genome integrity. Failure to repair
DSBs is coupled to chromosome rearrangements or chromosome loss and can even lead
to cell death®. Therefore, repair pathways evolved to counteract the cytotoxic potential of
DSBs and will be further elucidated in the next sections. The pre-dominant DSB repair
mechanisms are non-homologous end joining (NHEJ) and homologous recombination
(HR, Figure 2). These pathways are evolutionarily conserved among eukaryotes and
therefore, description of these mechanisms will be given only for yeast proteins.
Mammalian proteins will be indicated in brackets, if they are not direct homologs or

mentioned differently.
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2.2.2 Signaling of DSBs

A proper protection of the genome requires the detection of all kinds of structural
alterations of DNA. Therefore, a variety of molecular complexes evolved to sense and
signal DNA damage®.

The occurrence of DSBs activates the highly conserved DNA damage checkpoint,
which couples the repair of DSBs to cell cycle progression. A DSB is recognized and
sensed by the heterotrimeric Mre11-Rad50-Xrs2 (MRX, mammalian MRN: Nbs1 instead
of Xrs2) complex®. MRX has a high affinity to bind to DNA ends®' and localizes at DSB
ends*. In addition, MRX functions in initial degradation (resection) of a DSB (see section
2.2.4)® and maintains the tethering of the DSB ends to each other®***. A functional
checkpoint response then requires the kinases Mec1 and Tell (mammalian ATR and
ATM, respectively), both well known as key players of the DNA damage checkpoint®.
Resection via MRX generates single-stranded DNA (ssDNA), which is then rapidly
covered by the heterotrimeric ssDNA-binding protein RPA (replication protein A). The
ssDNA-RPA complex plays two critical roles: 1) it recruits the phosphatidylinositol 3’
kinase-like kinase (PIKK) Mec1 through its regulatory subunit Ddc2 (ATR-interacting
protein, ATRIP in mammals)®. 2) it recruits and activates the Rad17 clamp loader which
subsequently loads the PCNA-related 9-1-1 (Rad9-Rad1-Hus1) complex onto DNAZ.
Colocalization of the 9-1-1 complex and Mec1-Ddc2 then allows interactions at the
damaged DNA. Mec1 phosphorylates Rad17 and 9-1-1, which is important for
downstream signaling?®. Phosphorylated Rad9 (mammalian 53BP1) is activated and
amplifies this initial signal by stimulating Mec1 phosphorylation of the effector kinases
Rad53 and Chk1 (mammalian CHK2 and CHK1, respectively), giving rise to a global
checkpoint response (see below)* .

In contrast to Mec1, Tel1 activation depends on the MRX complex, which is
required for Tell recruitment to the site of DNA damage through a direct interaction
between Tel1 and Xrs2%“°. Once Tel1 is loaded at DSBs by MRX, it also supports the
function of MRX in resection in a positive feedback loop*’. Consequently, Tel1 promotes
the appropriate association of MRX with DNA, which is required for the tethering of the
broken DNA ends. This function is independent of Tel1’s kinase activity, pointing towards
an additional structural role for Tel1 for the stabilization of the binding of MRX to
DSBs***". Similar to Mec1, Tell also phosphorylates Rad53*2. Subsequently, the
checkpoint signal is strongly amplified and leads to a response including cell cycle arrest,
transcription of damage inducible genes as well as activation of DNA repair*’. DSB repair
can then be performed via NHEJ (section 2.2.3) or HR (section 2.2.4).
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2.2.3 Non-homologous end joining

Non-homologous end joining (NHEJ) repairs DSBs via direct ligation of the broken DNA
ends*®. Although initially only assigned to eukaryotes, it is now understood that also
prokaryotes use a similar NHEJ pathway to repair DSBs****. In contrast to HR, NHEJ is
not limited to any cell cycle phase*® (compare section 2.2.4). A key selective advantage of
NHEJ is its high flexibility in terms of that it allows joining of the two broken ends of almost
any kind of DSB*.

In order to initiate NHEJ, a DSB is recognized and sensed by the MRX complex as

well as the ring-shaped heterodimeric Ku70/80 (Ku) complex®®*¢4

. Subsequently,
proteins of both complexes bind DNA ligase IV and its co-factor Lif1 (mammalian
XRCC4*) and position them at the break?®*°. The next step is the critical alignment and
base pairing of the free DNA overhangs to initiate ligation****°'. A recent study identified
the synapsis of the DNA ends to be a two-stage process: initially DNA ends are tethered
in a long-range complex by the Ku complex, followed by the formation of a short-range
complex and detailed alignment by DNA ligase IV*2. The broken ends are then aligned
closely and ligation can be initiated. The early-formed joining complex can probably
tolerate incompatible overhangs®. However, ligation cannot continue directly. Instead,
modifications are conducted to permit ligation. Coordinated processing of incompatible
ends requires the recruitment of several factors like the endonuclease Fen1 (mammalian
ARTEMIS) or the gap-filling polymerase Pol4 (mammalian Polu and PolA)***°. DSBs are
accurately repaired by NHEJ on a regular basis. Nevertheless, the flexibility of NHEJ to
modify free DNA ends makes this mechanism susceptible for small insertions or
deletions®.

Besides the classical and above described NHEJ, broken DNA ends can also be
re-joined via a process named microhomology-mediated end joining (MMEJ, also:
alternative NHEJ, Alt-NHEJ)*®**". Unlike classical NHEJ, an initial degradation of the 5’
end of each side of a DSB is required for MMEJ. Studies in the budding yeast
Saccharomyces cerevisiae (S. cerevisiae) showed that the endonucleolytic activity of the
MRX complex together with Sae2 (mammalian CtIP) is responsible for this process®’?,
which reveals microhomologies at both sides of the DSB. A microhomology of only 6 nt
(1 nt in mammals) is sufficient to align the free DNA ends and to continue with the repair
process. Removal of heterologous 3’ flaps is performed by the Rad1-Rad10 (mammalian
XPF-ERCC1) nuclease to allow replicative polymerase & (Pol 8 in mammals) to fill in the
gaps®®®. Ligation of the broken ends and therefore completion of MMEJ is likely carried

6157
)

out by DNA ligase | (DNA ligase Il in mammals®’)”’. However, MMEJ is only considered

to be a backup survival pathway®’ due to deletions the pathway can introduce. When
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applicable, cells repair DSBs via NHEJ or HR. The choice between these two pathways is
tightly regulated and mainly coupled to the initial DNA end resection step®. In the next
section | will describe HR in detail and highlight the differences and advantages of HR

compared to NHEJ.

2.2.4 Homologous recombination

Homologous recombination (HR) is a key pathway to maintain genomic integrity and relies
on an undamaged homologous DNA sequence as donor template to repair a DSB'*%
(Figure 2). The advantage of HR is that the genetic information can be accurately restored
upon DSB repair. Therefore, HR is generally considered to be an error-free repair
pathway®, which also discriminates it from NHEJ. HR typically uses an independent
homologous DNA molecule as a repair template (chromosomes, sister chromatids)®. A
previous study showed that the preferred template is the sister chromatid®*, whereas the
underlying mechanism is likely sister chromatid cohesion®. Thus, HR is in principle
restricted to the S and G2 phase of the cell cycle when a sister chromatid as a donor
template is available®.

As mentioned in section 2.2.3, pathway choice between NHEJ and HR is primarily
coupled to the DNA end resection process, which takes place most effectively in the S
and G2 phase®. HR as well as MMEJ needs resected DNA to commence, whereas NHEJ
efficiency is decreased, probably due to the poor binding of the Ku complex to ssDNA®’.
The balance between these three DSB repair pathways was shown to be controlled by
one of the key resection factors, Sae2, which is regulated by CDKs (cyclin-dependent
kinases)®. Following a DSB, resection then first starts with a short-range resection of the
first few hundred base pairs by the MRX complex and Sae2 (Figure 2 A)*°. Mre11 offers
an exonuclease as well as a weak endonuclease activity, the latter one being promoted
by the physical interaction between MRX and Sae2®. Following the initial resection by
MRX and Sae2, further long-range DNA degradation is then provided by the exonuclease
Exo1 and the helicase-containing complex Sgs1-Top3-Rmi1 (STR; mammalian BLM-
TOPO3a-RMI1-RMI2) together with the endonuclease Dna2°®®®. The resulting ssDNA is
rapidly covered by RPA, thereby preventing the formation of secondary structures™ and
inhibiting MMEJ”". RPA impedes the loading of the recombinase Rad51 onto ssDNA and
therefore, the core recombination mediator Rad52 is needed to overcome this inhibitory
effect’”’®. Rad52 then binds Rad51 as well as RPA and facilitates the exchange of both
proteins. Subsequently, Rad51 binds to ssDNA and forms a dynamic nucleoprotein

t72

filament, also known as the presynaptic filament'“. This filament then performs the search

for a homologous donor sequence (homology search) to enable error-free recombination
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with the broken DNA™"®. Most frequently the intact DNA sequence to repair the break is
located on the sister chromatid, which makes HR the favored pathway during G2 phase'.
Nonetheless, non-allelic donor sequences on the same or other chromosomes can also
be used by HR™"’. Once the matching DNA sequence is found, the Rad51 filament
invades the homologous double-stranded counterpart and forms the typical displacement
loop (D-loop) structure, thereby initiating the recombination reaction®. Subsequently,
Rad51 is removed from the heteroduplex DNA by the Rad54 motor protein to initiate DNA
synthesis by DNA polymerase 8®’°. The intermediate D-loop structure represents the
branching point of multiple HR sub-pathways, which will be applied depending on the
cellular context (Figure 2)°%: break-induced replication (BIR), synthesis-dependent strand
annealing (SDSA) and the formation of double Holliday junctions (dHJ), representing the
classical DSB repair (DSBR) pathway®. DSBs arising by replication fork collapse have
only one free end and are repaired via BIR (Figure 2 B)*, involving the DNA helicase
Pif1%'. Despite restoration of chromosome integrity, it can lead to loss-of-heterozygosity
(LOH) of the information distal to the DSB®*®°. If a second end is present, the favored
repair pathway in mitotic cells is SDSA (Figure 2 C)®. In this case the extended D-loop is
reversed, which allows the annealing of the newly synthesized strand with the resected
strand of the second DSB end. When the recombinase Dmc1 is recruited in meiotic cells,
the capturing of the second DSB end inside the D-loop is favored, resulting in the
formation of a dHJ (Figure 2 D)**®2. HJs have to be removed timely to ensure faithful
chromosome segregation. Therefore, multiple endonucleases like Mus81 and Mms4
(EME1 in mammals), SIx1-SIx4 or Yen1 (GEN1 in mammals) are available to resolve
these structures and to trigger genetic exchange via crossovers and non-crossovers,
respectively®. In mitotic cells, crossover formation is strongly suppressed by HJ
dissolution via the STR complex, resulting only in a low abundance of crossovers®.
Besides the above-mentioned Rad51-dependent mechanisms, there is also
another Rad51-independent pathway to repair DSBs, which uses homologous repeats to
bridge DSB ends: single-strand annealing (SSA, Figure 2 E)®*. SSA resembles MMEJ, as
they both involve an annealed intermediate to synapse a DSB®. In case of SSA however,
this intermediate is caused by re-annealing of RPA-coated ssDNA between flanking
repeats, mediated by Rad52%. Like MMEJ, SSA causes a deletion rearrangement by
removal of the 3’ flaps via the Rad1-Rad10 nuclease in concert with the mismatch repair
protein complex Msh2-Msh3%. While relatively mutagenic, SSA might be of high
relevance to restore a broken chromosome with DSB ends unable to be resolved by
homology-directed repair or MMEJ. Scenarios, which favor SSA would include absence of
the sister chromatid or the state of the cell cycle®. However, the requirement of SSA

inside cells remains unclear.
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Figure 2 | Recombination-based DSB repair mechanisms.

(A) During S and G2 cell cycle phases, homologous recombination (HR) is the favored DSB repair
pathway. Initially, DSBs undergo DNA end resection by multiple enzymes. Short-range resection is
followed by long-range resection resulting in ssDNA, which is rapidly covered by RPA.
Recombination mediators then facilitate the exchange of RPA for Rad51, which then together with
ssDNA forms the nucleoprotein filament. This Rad51 filament then performs the homology search
and invades the homologous donor template. A D-loop is formed and signifies the branching point
for a set of different HR pathways.

(B) The repair of one-ended DSBs emerging at replication forks is conducted by break-induced
replication (BIR), which leads to loss of heterozygosity (LOH).

(C) DSBs induced in mitotic cells are subjected to synthesis-dependent strand annealing (SDSA).
Here, crossovers are avoided due to reversion of the D-loop.

(D) Meiotic DSBs result in double Holliday junction (dHJ) formation. This structure is cleaved by a
variety of nucleases, mediating crossovers or non-crossovers.

(E) Rad51-independent single-strand annealing (SSA) uses homologies on opposing sides of a
DSB to repair the break, supported by the strand-annealing activity of Rad52. Rad1-Rad10
nuclease removes large overhangs. SSA is a mutagenic pathway and should only be used as a
backup (indicated by dashed arrow).

Adapted from®?.

2.2.5 Chromatin architecture and HR

A variety of studies revealed genomic organization from different organisms and how they
are positioned in territories®” ®°. For mammalian cells it was shown that the nucleus is

compartmentalized by chromosomal territories®®.

In the budding yeast nucleus,
chromosomes show the so-called Rabl configuration with centromeres tethered to the

spindle pole body (SPB) and telomeres tethered to the nuclear envelope, whereas
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telomeres of shorter arms are located in a territory closer to the SPB than those in longer
arms®®. Besides centromeres and telomeres, a third nuclear landmark is the nucleolus,
which is a crescent-shaped structure located in spatial proximity to the nuclear
periphery97. In yeast, the nucleolus forms a dense region containing the rDNA repeats
located on chromosome XIl and it is assumed to act as a near absolute barrier, blocking
interactions between the ends of chromosome XII%,

Generally, spatial proximity plays a crucial role when the cell faces a DSB. For
NHEJ it was shown that chromosomal translocations are mostly dictated by the spatial
proximity of chromosomes®'". Similar findings have been made for DSB repair by HR,
whose efficiency is strongly related to the general nuclear architecture. The reason for this
is the intrinsic ability of the Rad51 filament to conduct homology search more efficiently,
the lower the spatial distance to the target DNA is’®"'%. Importantly, architectural features
like the naturally occurring cohesin-mediated sister-chromatid cohesion or alignment of
homologous chromosomes thereby pre-define an identification of the desired donor
sequence, due to DSB and donor homology already being in close proximity?®>1%31% |n
accordance with this finding, the recombination efficiency to repair a DSB generally
decreases with an increasing distance of an engineered donor to the DSB’®. Moreover,
when multiple homologous sequences are provided throughout the genome,
recombination between homologies on the same chromosome is more efficient'®%,
These findings are again well explained by the general nuclear architecture of yeast cells,
whereby intra-chromosomal interactions pre-dominate over inter-chromosomal
interactions®®. Additionally, multiple studies showed that recombination efficiency between
homologous sequences located proximal to centromeres is higher than between donor
sites located on chromosomal arms’®%'%  Indeed, by using a Rad51 ChlIP-based
approach our laboratory revealed that the Rad51 filament is guided by centromeres,
represented by small Rad51 signals surrounding the regions of centromeres of all other
yeast chromosomes’®. Furthermore, when homologous alleles are located at subtelomeric
regions, the recombination between them is higher when the respective chromosome
arms reside in closer spatial proximity%. In addition, increased mobility of a DSB as well
as the unbroken chromosomes might further contribute to find more distantly located

homologies'% 1%

. The sum of these findings led to the important conclusion that
recombination efficiency between two homologous sequences is not a direct
consequence of the linear distance between two homologous sequences, but rather due

to the proximity of DNA in a three-dimensional setting’®.
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2.3 The S. cerevisiae mating type switch as a model
system to study homologous recombination

2.3.1 The S. cerevisiae mating type system

S. cerevisiae is a budding yeast and serves as model organism to study HR. Hence,
major findings about HR were obtained from S. cerevisiae studies®. The propagation of
S. cerevisiae happens vegetatively, but cells display a simple sexual differentiation,
defined by their mating type, which is determined by two different alleles of the mating
type (MAT) locus: MATa or MATa (Figure 3 A). Like many other fungi, S. cerevisiae has
the ability to switch its mating type within a colony to mate with the opposite mating type,
resulting in a MATa or MATa cell''°. This process of mating type switching is known as
homothallism'". The mating between two different haploid cells enables them to undergo
self-diploidization (Figure 3 A). This diploid state provides the cell with a couple of
evolutionary advantages such as the ability to conduct meiotic recombination or spore
formation under nutritionally limiting conditions®.

The MAT locus is located in the middle of the right arm of chromosome Ill. The
mating type specific alleles, MATa and MATa, can be divided into five regions, W, X, Y,
Z1 and Z2, whereas only the Y region is specific for MATa and MATa (Figure 3 B)®. This
~700 bp region contains the mating type specific open reading frames that regulate the

cell's sexual identity'*""

, and mainly encode for proteins that act as transcriptional
activators or repressors (Figure 3 B)'"°. Shared regions between MATa and MATa include
the recognition site for the site-specific HO endonuclease, which induces a DSB within the
MAT locus to enable the cell to switch its mating type (see sections 2.3.2 and 2.3.3).

MATa cells express two specific proteins, Mata1 and Mata2 (Figure 3 B). Together
with the constitutively expressed Mcm1 protein, they activate a set of a-specific genes'™™.
Among those is also the sequence coding for the mating pheromone a-factor®>'®.
Furthermore, the Mata2-Mcm1 complex represses a-specific genes that produce the
opposite mating pheromone a-factor (encoded by MFA1 and MFAZ2). Repression is further
supported by the general transcriptional repressor Tup1 as well as the co-repressor
Ssn6'""""? A knockout of the bidirectional promoter controlling Mata1 and Mata2 leads to
an a-like behavior of cells as a-specific genes are constitutively expressed in the absence
of Mata2?. Additionally, a-specific genes are not transcribed when Mata1 is not
present'?. In contrast, MATa cells express the mating type specific proteins Mata1 and
Mata2 (Figure 3 B).
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A Diploidization

Haploid cells Diploid cell
S VATag Mating _mm—
@ ‘
Mating type a Mating type a Mating type a/a

B The MAT locus

Mata2 Mata1
MATa Tttty >
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Figure 3 | The S. cerevisiae mating type system.

(A) Haploid S. cerevisiae cells display a simple sexual differentiation, determined by their mating
type: MATa and MATa. Two haploid cells can undergo self-diploidization, resulting in a diploid cell
(MATa/a).

(B) The mating type locus of S. cerevisiae on chromosome Ill consists of five regions: W, X, Y, Z1
and Z2. The difference between the MATa and MATa locus is defined by the Y sequence, which is
specific for the mating type (Ya or Ya) and contains mating type specific open reading frames and
their promoters. MATa cells express Matal and Mata2 and MATa cells Mata1 and Mata2. A
shared sequence between both mating type loci is the recognition site for the HO endonuclease.

Whereas haploid cells are able to mate with the opposite mating type, this process is
abolished in diploid cells, because of the formation of a very stable co-repressor
consisting of Mata1 and Mata2 (Figure 4 A)''®'?". This repressor allows the expression of
diploid-specific genes and simultaneously turns off a set of haploid-specific genes®. On
the one hand, the Mata1-Mata2 repressor turns off the transcription of Mata1, the
activator of a-specific genes and on the other hand it allows the expression of Mata2, the

repressor of a-specific genes (Figure 4 A). Therefore, diploid cells are non-mating cells®.

2.3.2 Mating type switching via homologous recombination

Mating type switching depends on the presence of two donor mating type sequences,

located at either end of chromosome Ill: HMLa (hidden MAT left), located at the left arm,
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and HMRa (hidden MAT right), located at the end of the right arm. Following DSB
induction by HO endonuclease these sequences act as donors during MAT
switching'®'%. Depending on the mating type of the cell one of these sequences will be
copied into the MAT locus in an HR process known as gene conversion. Here, MATa cells
use the HMLa locus to repair the break and MATa cells the HMRa locus, whereas the
mating type specificity of the respective donor is transferred to the MAT locus.
S. cerevisiae cells show a remarkably high efficiency of ~90 % to use the correct donor for

recombination (Figure 4 B and section 2.3.3)%.
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Figure 4 | Activation and silencing of the mating type system.

(A) Control of mating type specific genes. a-specific genes are expressed in MATa cells, mediated
by Mcm1 as an activator. In contrast, in MATa and diploid (MATa/MATa) cells Mcm1 and Mata2
act as a repressor of a-specific genes. a-specific genes need to be activated by the Mata1-Mcm1
complex. Their expression is silenced in diploid cells by the Mata1-Mata2 repressor, which also
performs general regulation of haploid-specific gene expression: Mata1-Mata2 turns off the
transcription of the a-activator Mata1 and allows the expression of the a-repressor Mata2.

(B) Donor usage in the mating type system. MATa cells preferentially use the HMLa locus to
conduct mating type switching. In contrast, MATa cells show a high preference for the HMRa locus.
In both mating types, the correct donor is chosen with an efficiency of 90 %.

(C) Silencing of the HMRa donor locus. The locus is flanked by two silencing sequences, HMR-E
and HMR-I. ORC (origin recognition complex) proteins bound to HMR-E recruit Sir1 that
subsequently recruits the Sir2-Sir3-Sir4 complex. Sir2 deacetylates lysines on the N-terminal tails
of histones H3 and H4, which allows Sir3-Sir4 to bind and stabilize the position of the nucleosome.
Sir2 then continues to deacetylate the next nucleosomes and silencing spreads further. The
silencing here is only progressing in one direction. Actually, silencing spreads from both flanking
sequences, HMR-E and HMR-I. Silencing is similar for the HMLa locus.

A and C are adapted from®.

Yet, mating type switching via gene conversion relies on a twofold intrinsic problem:
1) mating type information at HML/HMR must not be expressed to maintain a definite
mating type and 2) HO endonuclease must not induce a DSB at its recognition sites at
HML/HMR to allow both loci to function as intact donors. Intriguingly, the single solution
for both of these issues is the packaging of HML and HMR sequences into an unusual,
silent chromatin configuration. HMLa as well as HMRa are surrounded by a pair of distinct
silencer sequences, designated HML-E, HML-I, HMR-E and HMR-I (Figure 4 C)®. A set of
trans-acting factors interacts with these sequences to repress transcription of either locus.
Among these factors are the four silent information regulator (Sir) proteins (Sir1-4) as well
as several chromatin modifiers. Together with the sequences surrounding HMLa and
HMRa they produce short regions (~3 kb) of heterochromatin, whereby HMLa and HMRa

are packed within highly ordered nucleosomes'®*"'?*,

Therefore, they are neither
accessible for HO nor for any transcriptional activator'?®'?’. One of the major factors in
this silencing process is the deacetylase Sir2, which is required for deacetylation of
several lysines on the N-terminal tails of histones H3 and H4 (Figure 4 C)'®. Whereas
none of the four Sir proteins directly bind to DNA, they interact with each other and bind to
histones H3 and H4, thereby providing the base for the silencing mechanism performed
by Sir2'*'®_Interestingly, there seem to be differences in the strength of the silencing
between HMLa and HMRa. In detail, HMR-E was found to be enough to silence a couple
of usually transcribed genes when they were inserted at the place of the Ya region,
whereas HMR-I was not enough to fulfill this task'"". In contrast, each HML-E and
HML-I alone are sufficient to silence HMLa as well as other genes placed nearby®'®.
Further studies also showed that the distance between the E and / sequences is also
important for the efficiency of their silencing ability. When the mating type sequences

between E and / are replaced with a LEUZ2 gene, transcription of the gene is turned off. If
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LEUZ is just inserted within the mating type sequences, thereby increasing the distance
between E and [ to more than 3 kb, LEUZ2 is expressed at low levels, thereby enabling
cells to grow in media lacking leucine®. In summary, silencing plays an essential role for
mating type switching. It facilitates the cell to maintain its correct mating type and to
choose the correct donor to efficiently convert its mating type from MATa to MATa and

vice versa.

2.3.3 Mating type switching as a model to study homologous
recombination

The configuration of the yeast mating type system makes it an exquisite system to study
homologous recombination at a defined DSB. Whereas treatment of cells with DNA
damaging agents results in bulk DNA damage, induction of multiple DNA repair pathways
and often ends with cell death, the mating type system represents a very specialized site-
specific chromosomal DSB repair event. However, the HO locus is only expressed in
haploid cells and at the G1 phase of the cell cycle’™*. To overcome this limitation, a
system was developed, in which expression of HO is galactose-inducible and independent

of the cell cycle™®

. With this approach a DSB can be induced simultaneously in all cells
and DNA products can be further investigated'®®. As a consequence, the ability to
synchronously induce a single and site-specific DSB within the mating type switching
system in S. cerevisiae contributed major findings about DSB-induced mitotic
recombination, including the kinetics and genetic requirements of molecular steps during
DSB repair®>’®"3%"¥ |n vitro, a 24 bp degenerated recognition site is enough to induce a
DSB by HO endonuclease™®. It was shown that MAT switching induced by HO is a slow
process, whereas it takes 1 h to finish recombination and end up with a new mating type,
independent of the time during the cell cycle®®'®. Following DSB induction, resection
takes place as described above (see sections 2.2.2 and 2.2.4) and Rad51 binds to the
resected ssDNA to form the nucleoprotein filament, which then performs the search for
the homologous donor to repair the break. This process could be monitored by our
laboratory using a Rad51 ChIP-on-chip system’®. Interestingly, the Z side of recipient and
donor seems to initiate the copying process, although the shared homology between MAT
and its donors at this side is relatively small: MAT and HMLa share 230 bp, whereas MAT
and HMRa share 327 bp. In contrast, the overlap in the W/X region is roughly 1400 bp?°.
MAT switching does not only replace the mating type specific Y region, but also partially
includes the neighboring homologous sequences'. Notably, crossovers are rare events
during mating type switching (see section 2.3.4.2)25. This seems to depend mainly on two

helicases, Sgs1 and Mph1. Sgs1 is part of the STR complex (see section 2.2.4) and acts
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as a dissolvase to remove dHJs that could otherwise lead to crossovers. The role of Mph1
in this process is not that clear, but it seems to be required to choose the SDSA pathway,
which in contrast to the classical DSBR pathway does not lead to crossovers (compare
Figure 2 C).

2.3.4 Donor preference is guided by a recombination enhancer

The preferential usage of the opposite donor sequence compared to the cell’'s mating type
is also called donor preference and consequently, the entire mechanism, by which a
specific donor is chosen, regulation of donor preference. Surprisingly, donor selection is
not dictated by the Ya or Ya sequence of the donor loci. When a MATa strain is used in
which the mating type specific information was switched between donor loci (HMLa and
HMRa), HML is still chosen with an efficiency of 85-90 %'*%'*'. Furthermore, replacement
of the whole HMLa locus with a copy of the HMRa locus still did not change the donor
preference upon DSB induction™'. Hence, it is not the mating type specific sequence
within a donor locus that determines which donor is chosen to repair the break. Instead,
the location of the donor is responsible for the directionality of the MAT switching.
Therefore, the existence of one or more cis-acting sequences, which act outside of the
donor loci to guide donor choice, was assumed®. It seems like the cell uses HMRa as a
default donor and active regulation is only conducted for the HMLa locus. MATa cells
deficient for the HMLa donor site use the HMRa donor instead to repair the DSB. The
cells remain MATa, but are viable. In contrast, MATa cells show a significant decrease in
viability when only provided with an HMLa site’**'*. The hypothesis of a cis-acting
element was confirmed when an incremental deletion of the sequence 17 kb downstream
of HMLa revealed a 700 bp sequence, whose deletion abolished HMLa usage in MATa
cells"*?. HMLa donor usage in cells lacking this sequence decreases to 10 % instead of
the normal 90 %. In MATa cells, deletion of this region does not have an effect of the
correct donor usage. As this region is essential for the correct donor usage in MATa cells
and enhances the recombination, it was named recombination enhancer (RE) element
(Figure 5 A)'*?. Whereas the entire RE is defined as a 2.5 kb spanning sequence, the core
region of 700 bp (also termed left RE) is enough to guide the HMLa usage in MATa cells.
The core RE consists of the five subdomains A-E (Figure 5 A). Deletion of domain B does
not show an effect on HMLa donor usage in MATa cells, whereas deletions of
subdomains A, C and D completely abolish recombination with HMLa and instead
recombination efficiency using HMRa increases to 90 %*°. A common feature shared by
regions A, D and E is that they contain one or more binding sites for Forkhead Homolog 1

(Fkh1, Figure 5 A), a forkhead familiy transcription factor (see section 2.3.4.2)'*.
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Strikingly, replacement of the RE with multimers of either subdomain A, D or E retains the
RE activity"*°.

2.3.4.1 Silencing and activation of the RE

Although the RE sequence is present in yeasts of both mating types, it seems only to be
active in MATa cells. When mating type switching is induced, the RE does not regulate
HMLa donor usage through a global change of transcriptional activity of neighboring
genes on the left arm of chromosome I1I%. Instead, the chromatin state within the region
harboring the RE (in total 2.5 kb) changes (Figure 5 A). In MATa cells, this region shows
an open chromatin conformation, whereas in MATa cells the RE is covered by highly
positioned nucleosomes that do not extend into neighboring genes'*®'*". This change in
chromatin conformation is mediated by the Mata2-Mcm1 repressor complex that also
represses transcription of a-specific genes'®'*?. The C subdomain of the RE harbors a
31-bp consensus Mata2-Mcm1 binding site (DPS1)?. In addition, the right part of the RE
contains another Mata2-Mcm1 binding sequence (DPS2)'®. Besides Mata2-Mcm1, the
general repressor Tup1 acts as a co-repressor to silence the RE™. Consequently,
mutations in the C region lead to a shift in donor usage in MATa cells™” "', Intriguingly,
mutations in Mcm1 which compromise Mcm1 binding to the RE also abolish MATa donor
preference’’ and along that line, chromatin structure at the RE is different in those cells
although Mata2 is not expressed'*’. In contrast, Mata2 is not expressed in MATa cells and
Mcm1 alone binds to and activates the RE. In addition, the Swi4/6 (SBF) complex binds to
a conserved SCB (Swi4/6 cell cycle box) within subdomain C and activates the RE as a
co-activator of Mcm1'®2. Therefore, the binding of Mcm1 to the RE does not only repress
RE function in MATa cells together with Mata2, but is also essential for the activation of
the RE in MATa cells (Figure 5 A).

2.3.4.2 Mechanistic insights into RE function

The RE enables mating type switching to be a highly directional process. Although a large
amount of genetic data on the function of RE sequences exists, mechanistic insights into

how this translates into donor preference regulation are still limited.
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Figure 5 | Regulation of the RE.
(A) The RE consists of 5 subdomains, A-E. C contains an Mcm1-Mata2 binding site and domains
A, D and E share the feature of Fkh1 binding sites. Domain B was not shown to have a function for
the RE. In MATa cells, the RE is activated by Mcm1 and its co-activator Swi4/Swi6 and has an
open conformation. Trans-acting factors like Fkh1 can then bind to the RE. In MATa cells the
Mata2-Mcm1 repressor complex binds to the RE and leads to the 5positioning of nucleosomes
(white circles) at the RE, whereas the RE is inactivated. Adapted from®.
(B) Fkh1 binds to the activated RE in MATa cells and likely interacts with phosphothreonines of
target proteins at the MAT locus upon a DSB (not indicated here). A physical bridge is assumed to
form between the RE and the MAT locus. In MATa cells, the Mata2-Mcm1 repressor binds to the
RE, thereby inhibiting Fkh1 binding.

Besides the silencing and activation factors binding at the RE, subdomains A, D and E
contain binding sites for the transcription factor Fkh1 (Figure 5 A). Due to the compact
chromatin state in MATa cells, Fkh1 only binds to the RE in MATa cells'**. Fkh1, together
with its paralog Fkh2, regulates the expression of the CLB2 cluster genes, which are

important for cell cycle progression'?

. In addition, Fkh1 and Fkh2 are also involved in
developmental regulation and bind to multiple chromosomal elements with distinct
specificities'®. Deletion of both FKH1 and FKH2, but not a single knockout alone, leads to
pseudohyphal growth. Therefore, one protein can complement for the loss of the other

one. However, although one Fkh2 binding site was identified within the A subdomain of
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the RE, a role in the regulation of donor preference could not be assigned to Fkh2'**.
Fkh1 and Fkh2 share the structural feature of a forkhead associated (FHA) domain. FHA
domains were shown to interact with phosphoserine and phosphothreonine residues in
target proteins, but exhibit a surprisingly high affinity for phosphothreonines and only
barely interact with phosphoserines'®'®. Upon mating type switching Fkh1 binds to the
RE and its FHA domain is assumed to interact with phosphorylated threonines of factors
binding to the DSB at the MAT locus™’. It is thought that this interaction forms a physical
bridge or a chromosomal loop between the RE and the MAT locus, thereby bringing the
HMLa locus in close proximity to the DSB site at the MAT locus (Figure 5 B and compare
section 2.2.5)"°%'" Consistent with this hypothesis it makes sense that crossovers are
rare events during mating type switching (compare section 2.3.3)25 as this would result in
chromosomal translocations. The essential function of the FHA domain for the suggested
loop formation was shown when it was fused to LexA and the RE was replaced with LexA
binding sites’’. This setup was enough to trigger the correct donor choice upon DSB
induction in MATa cells. This mechanism is only possible in MATa cells, as the RE is
blocked in MATa cells, thereby preventing Fkh1 binding. Data from our laboratory
obtained from Rad51 ChlIP-on-chip experiments show that Rad51 enriches early after
DSB induction around the position of the RE’®. This early enrichment was only seen in
MATa cells, but not in MATa cells. Deletion of the RE in MATa cells abolished the early
enrichment of Rad51, but had no effect in MATa cells. These data further support the
hypothesis of a chromosomal loop between the RE and a DSB. As already mentioned in
section 2.2.5, efficient DNA repair also depends on the spatial proximity between a donor
and the DSB. Basically, the RE is located far away (~160 kb) from the MAT locus. A loop
between the RE and the DSB in the MAT locus would therefore increase the probability of
Rad51 filament probing at the RE, reflected in an early and strong Rad51 enrichment in
this region. Generally, the mechanism of donor preference regulation is only partially
understood. Deletion of FKH1 strongly decreases HMLa usage in MATa cells from 85 to

35 %, but the recombination is not completely abolished'*

. It is suggested that other
factors are involved in the regulation of donor preference, facilitating the genetic exchange
between the DSB and a sequence next to the RE. Therefore, details of the coupling
between the RE and the DSB have to be investigated (see section 4.2).

Intriguingly, it was shown that the choice of a preferred donor is not strictly limited
to the MAT system. In a previous study a DSB was induced by HO in a leu2 allele on
chromosome V and two donor sites were present in the cell: one LEU2 gene next to the
RE on chromosome Il and a leu2-K allele 100 kb proximal to the centromere on
chromosome V'*8. In MATa cells, where the RE is active, the probability to repair the DSB

with the inter-chromosomal LEUZ2 gene was 50 %. A deletion of the RE decreased usage
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of this site to 15 %', Therefore, the RE also influences donor choice when HMRa is not
the preferred donor site. Conservation of the RE was demonstrated for Saccharomyces
sensu stricto species'®, but not for other species. Although the presence of two
homologous donor loci on the same chromosome as the DSB and the donor preference
mediated by the RE are special features of DNA repair by homologous recombination, the
influence of the RE on homology search offers the opportunity to study the influence of
donor preference regulation and therefore chromosomal loops onto DSB repair in general.
Thus, a more comprehensive investigation of the RE outside the MAT system is needed,
which also helps to understand which factors are really required for its function (see

section 4.1).
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3 Aims of this study

Homologous recombination has been studied for decades using the mating type switching
system of S. cerevisiae as a model system, which represents a specialized site-specific
chromosomal DSB repair event. It has long been a question how cells choose the correct
donor sequence to repair the DSB and efficiently switch their mating type. The
identification of the recombination enhancer (RE) gave first insights into this regulation of
donor preference. Although extensive studies regarding the genetics and the functions of
the RE sequences exist, insights into the mechanism how this translates into donor
preference regulation are still limited.

This study aims to address two questions regarding donor preference regulation:

1) whether the RE also guides homology search during the process of HR outside of the
mating type switching system. For mating type switching, the RE facilitates correct donor
choice. An influence of the RE onto homology search and DSB repair in general would
corroborate the influence of nuclear architecture onto homology search.
2) which factors contribute to the regulation of donor preference. A chromosomal loop is
proposed to form between the RE and the DSB to enhance recombination efficiency.
Therefore, the identification of factors involved in this process is necessary to reveal
details of this possible link between the RE and the DSB on a mechanistic level.

To shed light into the regulation of donor preference | will use the power of
genetics in the model organism S. cerevisiae combined with chromatin
immunoprecipitation (ChIP) as well as a previously developed assay to measure
recombination efficiency. Importantly, Rad51 ChIP enables the visualization of ongoing
homology search and can give insights into the guidance of homology search by the RE.
Furthermore, | will identify protein factors mediating the potential coupling between the RE

and the DSB via a mass spectrometry-based approach.
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4 Results

41 The recombination enhancer guides homology
search and supports homologous recombination

4.1.1 The RE guides homology search following DSB induction
independently of the MAT system

Ongoing homology search during HR can be monitored via Rad51 ChIP’®. In brief, a
single site-specific DSB is induced by HO endonuclease and the assembly of the Rad51
nucleoprotein filament as well as the homology search are monitored by Rad51
enrichment at different chromosomal sites. High Rad51 enrichment close to the DSB site
reflects the formation of the Rad51 presynaptic filament after break induction. Lower
enrichments measured at sites outside the area of DNA end resection reveal the
homology sampling of the Rad51 filament, i. e. the transient probing of chromosomal loci
in a sub-population of cells at a given time. In Rad51 ChIP experiments combined with
whole genome tiling arrays (ChlP-on-chip), the Rad51 signal could be monitored up to
500 kb away from the DSB site’®".

The S. cerevisiae mating type system on chromosome Ill was already previously
used as a tool to study homologous recombination (see section 2.2.4), where a DSB is
induced via overexpression of HO endonuclease’®'®. Upon DSB induction, Rad51
signals can also be detected at the RE element at the left arm of chromosome Ill in MATa

strains. The RE was identified as a 700 bp cis-acting element®'*?

and was recently
shown to determine mating type-dependent chromosome folding’®. In this way the RE
mediates proximity between the DSB and the HMLa donor locus during mating type
switching, likely through protein-protein interactions between itself and MATa-bound

76,157

factors (see section 2.3.4.2).

Previous studies investigated the function of the RE using the mating type

SyStern157,158

(see section 2.3.3). It was recently shown by our laboratory that the HO
recognition site can be placed at random positions in the genome and that an HO-induced
DSB still led to Rad51 enrichment at the RE’®. | wondered if the RE can be uncoupled
from the mating type system, but still perform its enhancing function. In order to prove that
the RE-guided homology search is independent of the MAT system, | generated a strain
harboring Scel endonuclease under the control of the galactose promoter. Scel is a
mitochondrial endonuclease, responsible for intron homing in yeast mitochondria'®"%,
The strain harboring the SCE/ sequence was compared to a strain harboring the HO
sequence instead (Figure 6 A). An Scel system to induce specific DSBs and homologous

t76

recombination was previously used in yeast’® as well as in mammalian cells'®. In my
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studies, a single and site-specific DSB was achieved by insertion of a 30 bp Scel or a
36 bp HO recognition site at randomly chosen genomic sites. All strains were MATa and
deleted for the endogenous HO recognition sequence on chromosome Ill. Therefore,
break induction solely depended on the integrated sequences. Direct comparison of
Rad51 enrichment in strains with either an HO- or an Scel-induced DSB was achieved by
break induction on chromosome IV at 491 kb. In addition, to prove the independence of
the chromosomal location of the DSB, another strain carrying an Scel recognition site on

chromosome XV was constructed (Figure 6 B).
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Figure 6 | RE guides homology search independently of the MAT-induced DSB system.

(A) Scheme of the HO or Scel expression system. HO endonuclease was integrated into the ADE3
locus on ChrVIl. To compare HO to Scel DSB induction, their coding sequences were introduced
into the URA3 locus following a standard PCR-based strategy for chromosomal integration163'164.
Both enzymes were expressed under the control of the GAL1 promoter.

(B) A single DSB was induced by HO or Scel either on ChrlV at 491 kb or on ChrXV at 193 kb.
Rad51 enrichment was calculated after Rad51 ChIP, followed by gqPCR analysis. Rad51 is
significantly enriched at the respective DSB site. An additional primer pair binding at 29 kb on
Chrlll was used to determine the Rad51 enrichment at the RE. The efficiency of the induced DSBs
was measured by using a primer pair spanning the DSB site, only giving a gPCR signal if the HO
or Scel recognition site is intact. Rad51 enrichment data are depicted on a log2 scale, whereas the
cut site efficiency is depicted on a linear scale. Data represent mean + SEM of three independent
experiments. The qPCR data were normalized to a control locus on ChrX and additionally to the
time before DSB induction (0 h).

As expected, DSB generation resulted in strong Rad51 enrichments directly around the
break site. Therefore, Rad51 filament formation is independent of the endonuclease
inducing the DSB. Notably, although Rad51 enrichments in the strains harboring Scel are
comparable to strains with an HO-induced DSB, Scel cuts within its recognition site less
efficiently (Figure 6 B). Strikingly, Rad51 does not only enrich at the RE in the HO-induced
strain, but also in the strain harboring an Scel-induced DSB. Thus, by moving the DSB

away from the MAT locus on chromosome Ill and inducing it via Scel, a system
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independent of the mating type switching was established. Also the genomic position of
the DSB is not crucial for Rad51 binding to the RE.

Next, | wondered whether the effect of the RE to guide homology search could be
transferred to another chromosome. Therefore, the RE was amplified from
chromosome Ill and integrated either on chromosome IV at 1148 kb or on chromosome
XIII at 282 kb. Due to break induction on chromosome IV at 491 kb by HO endonuclease |
could not only test for intra-chromosomal, but also for inter-chromosomal guidance of
homology search. Rad51 enrichment after DSB induction was calculated following Rad51
ChIP-gPCR. In a first step the Rad51 enrichment was studied in the presence of the
endogenous RE on chromosome Ill (Figure 7 A). In addition to monitoring Rad51
accumulation at the RE, a primer pair binding 40 kb upstream of the DSB reflecting

ongoing homology search was used.
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Figure 7 | The RE guides the Rad51 nucleoprotein filament also to other positions in the
genome.
(A) Integration of a second RE (blue square with asterisk) into different genomic positions leads to
Rad51 nucleoprotein filament probing at these sites. A second RE was either inserted on
chromosome IV 1148 kb or chromosome Xl 282 kb. A DSB was induced on ChrlV at 491 kb via
HO overexpression.
(B) Deletion of the endogenous RE does not lead to a further increase in Rad51 enrichment at the
RE. The RE on chromosome Ill was deleted and DSB induction was again performed via HO
overexpression.
Rad51 enrichment was calculated following Rad51 ChIP-gPCR analysis. Enrichment data are
depicted on a log2 scale. gqPCR primers were used for the indicated positions. (A) represents data
from a single experiment. For (B), data represent mean + SEM of three independent experiments.
The gPCR data were normalized to a control locus on ChrX and additionally to the time before
DSB induction (0 h).

Two hours after DSB induction, Rad51 enrichment was detected in both strains at the
positions where the second RE was inserted. In addition, Rad51 also accumulated at the
endogenous RE on chromosome Ill, meaning that the homology search was probing both
RE sites, chromosomes llI, IV and XIlI, respectively. To circumvent distraction of ongoing

homology search due to the presence of a second RE, the endogenous RE was deleted
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in a second approach and the Rad51 enrichment again calculated after Rad51 ChIP-
gPCR (Figure 7 B). As expected, Rad51 enrichment at the RE on chromosome Il was
only obtained in the wildtype strain. Rad51 enrichment at the positions on chromosomes
IV and XIll did not further increase compared to the situation when the endogenous RE
was still present (compare Figure 7 A). These findings clearly show that the RE guides
homology search not only to its endogenous position on chromosome lll, but also to any
other genomic position, when transplanted to another chromosome.

Altogether, these data thus point towards a more general mechanism, whereby the

RE guides homology search.

4.1.2 The RE guides homologous recombination independently of
the MAT system

In MATa cells, the RE plays an essential role in mating type switching’®'**'%?. A DSB in
the MAT locus in MATa cells results in 90 % usage of the HMLa locus, located at the left
arm of chromosome lll, close to the telomeric region. Vice versa, MATa cells use the
HMRa locus in 90 % of MAT DSBs, located at the end of the right arm of
chromosome 11173184 " A knockout of the RE in MATa cells disrupts the natural mating
type system and cells will use the incorrect HMRa locus for up to 90 %. Hence, the RE is
crucial for the MAT system to ensure proper recombination during mating type switching.
To test if the RE also supports recombination independent of the mating type switch
system, | applied a previously developed recombination assay’®. This assay makes use of
the recombination between two homologous DNA sequences, which are naturally not
present in S. cerevisiae. Therefore, a plasmid, based on constructs for PCR-based

tagging with green fluorescent protein (GFP)'®%'%4

, was constructed to integrate the
sequence encoding for the GFP. The 36 bp HO recognition site was cloned into the
middle of the GFP encoding sequence. For the other recombination allele, an incleavable
variant of the HO recognition site, containing two point mutations'®®, was inserted. Both
constructs were integrated according to the protocol for a PCR-based strategy'®*'®*.
Following a DSB induced by HO, this assay allows to determine the recombination
efficiency between the two recombinant alleles (Figure 8 A). For this purpose, cells were
plated on galactose containing medium to induce the DSB via overexpression of HO.
Recombination could then be measured by counting the colonies on the galactose
containing plates compared to the amount of colonies on glucose plates. Constant
expression of HO endonuclease on galactose plates leads to permanent DSB induction.
Therefore, NHEJ is not sufficient to repair the break and the readout of this assay

monitors recombination. The GFP encoding sequence harboring the intact HO recognition
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site was integrated on chromosome |V at 491 kb. The construct bearing the incleavable
HO recognition site was used as a donor sequence and integrated at different sites (one
per strain).

If the RE is involved in recombination and guides homology search towards the
left arm of chromosome llI, the recombination efficiency is supposed to be rather high
compared to other positions in the genome. Indeed, MATa cells with a donor site
integrated next to the RE at 30 kb on chromosome Ill show a recombination efficiency of
up to 70 % (Figure 8 B). Two controls were used to ensure that the recombination close to
the RE is not just a random probing of the nucleoprotein filament. One donor site was
integrated around 650 kb away from the DSB, at 1148 kb. This distance is larger than the
observed spreading of homology search around the break site’® and therefore, results in a
low recombination rate of 13 %. Another homologous site was placed next to the
centromere of chromosome Xlll at 282 kb, leading to an average recombination efficiency
of 35 % (Figure 8 B). Notably, the recombination efficiency in this case was higher than
that observed for the intra-chromosomal recombination event on chromosome |V, despite
inter-chromosomal recombination normally being very inefficient'®. A reason for this
finding is likely the short distance of both DSB and donor sequence to the centromeres of

the respective chromosomes. Due to centromere-clustering’®'®’

, both loci gain close
spatial proximity, and it has been previously shown that this is a major determinant for
recombination efficiency (see section 2.2.5)"°%"'% The same assay was performed in
MATa cells (Figure 8 C). As already mentioned, the RE is silenced in MATa cells.
Therefore, recombination with a donor site next to the RE was significantly reduced
compared to MATa cells (Figure 8 C) due to the RE being unable to change chromosomal
conformation'®. For the donor site on chromosome 1V, the recombination efficiency does
not change compared to MATa cells. Note that efficiency for the chromosome XllII locus is
decreased, which might reflect a different chromosomal rearrangement when MATa cells
are compared to MATa cells. However, an RE-dependent difference in chromosomal
conformation was only shown for chromosome 111'°. These data show that the RE is
involved in recombination and increases recombination with nearby donor sites, as this is

also the case for the HMLa locus®.
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Figure 8 | RE influences recombination efficiency in MATa cells.

(A) Scheme representing the recombination efficiency assay. A construct containing the GFP
encoding sequence and an HO recognition site inserted in the middle of this sequence was
integrated at ChrlV 491 kb by a PCR-based strategy'®'®. This construct served as the DSB site.
A second construct, also containing the sequence encoding for GFP, but with a mutated HO
recognition site, was inserted at different sites in the genome. All strains contained the cleavable
construct plus one donor site either at Chrlll 30 kb, ChrlV 1148 kb or ChrXIll 282 kb. The
endogenous HO recognition site within the MAT locus on Chrlll was mutated and not cleavable.

(B) Recombination efficiency in MATa cells. As control, an additional strain was used without a
homologous donor site.

(C) Recombination efficiency in MATa cells.

Recombination efficiency data are depicted on a linear scale. Data represent mean + SEM of three
independent experiments. Cells were plated on glucose and galactose containing medium to
induce the DSB. Colonies were counted and normalized to cells growing on glucose.

To further understand the effect of the RE on homology search, | tested if the RE could
also guide homology search when integrated at different positions in the genome, next to
a donor site. Therefore, in the next approach a second RE was inserted 1 kb downstream
of a donor site, either on chromosome IV 1148 kb or on chromosome XIIl 282 kb
(Figure 9 A). For both positions, an increase in recombination efficiency was observed,
when the RE was inserted next to them (Figure 9 A). For chromosome IV 1148 kb the
recombination efficiency increased from 12.8 to 17.6 % (relative increase of 37.5 %) and
for chromosome XIlIlI 282 kb from 32.6 to 48 % (relative increase of 47 %, Figure 9 C).
Note that the endogenous RE on chromosome Il was still present in these strains,
meaning that homology search was probably distracted by the presence of this second

RE. To circumvent this fact and to get the actual recombination efficiency data, when

27



Results

there is only one RE present, the endogenous RE was deleted and the same approach
was conducted to calculate the recombination efficiency at different genomic positions
(Figure 9 B).
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Figure 9 | RE increases homologous recombination also on other chromosomes.

(A) Recombination efficiency is increased when the RE is integrated next to a homologous donor
site. The scheme represents the setup for the experiment. All strains contained one DSB site plus
one additional donor site. A 754 bp sequence, representing the RE, was amplified from genomic
DNA and inserted next to a donor site. The DSB was induced on ChrlV 491 kb. The endogenous
RE on Chrlll was still present in this experiment. The endogenous HO recognition site within the
MAT locus on Chrlll was mutated and not cleavable.

(B) The efficiency of homologous recombination increases further when the endogenous RE is
deleted. Strains were carrying one DSB site (ChrlV 491 kb) and one donor site each.

(C) This table represents the calculated recombination efficiencies for (A) and (B). The increase in
recombination efficiency for position ChrlV 1148 kb was 37.5 % with the Chrlll RE present and
70 % without. For the donor site at ChrXIlll 282 kb, the efficiency increased by 47 % with the
endogenous RE and 72 % when the Chrlll RE was deleted on top.

Recombination efficiency data are depicted on a linear scale. Data represent mean + SEM of three
independent experiments. Cells were plated on glucose and galactose containing medium to
induce the DSB. Colonies were counted and normalized to cells growing on glucose.

Indeed, when the endogenous RE on chromosome Il was deleted, the recombination
efficiency increased even more. Without the distraction of a second RE, the homology
search is guided by only one RE, leading to a higher usage of the donor site at the
indicated position. The relative increase in recombination efficiency for chromosome IV
1148 kb is now 70 % (from 12.8 to 21.8 %) and for chromosome XIII 282 kb 72 % (from
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32.6 to 56.1 %, Figure 9 C). These data perfectly fit to the results obtained in section
4.1.1, when Rad51 enriched at sites proximal to the RE on chromosomes IV and XIlI
(compare Figure 7). In addition, these recombination data correlate with recently
published results, where the RE was also inserted next to a donor site and promoted

repair efficiency between two loci'®.

4.1.3 The distance between the RE and the homologous donor
dictates recombination efficiency

Upon DSB damage, the Rad51 nucleoprotein filament forms directly at the break site and
can commence homology search. When measured with Rad51 ChlP-on-chip, the Rad51
signal decreases with the distance to the DSB site’®'®. This effect can also be seen in
Rad51 ChIP-gPCR experiments’®. Therefore, | wondered if | could see a similar effect
with the RE guiding homology search to other chromosomes. When measuring
recombination efficiency, a larger distance between the RE and a donor is expected to
result in lower repair efficiency. In order to approach this hypothesis, | used the
recombination efficiency assay as previously described (see section 4.1.2). A DSB was
induced on chromosome IV at 491 kb and one donor site per strain was integrated either
at 1148 kb on chromosome IV or at 282 kb on chromosome XIIl. To verify if the repair
efficiency depends on the distance between the RE and the donor site, one RE per strain
was integrated at varying distances to the donor, while the endogenous RE was deleted
(Figure 10). First, | investigated different positions of the RE to the donor site on
chromosome IV at 1148 kb (Figure 10 A). When placed 1 kb downstream to the donor,
repair efficiency increased compared to the wildtype strain, where only the RE on
chromosome Il is present (compare section 4.1.2). With increasing distance of the RE
from the donor site, the recombination efficiency significantly decreased. Even when
integrated 27 kb downstream of the donor at 1175 kb, the DSB can still be repaired
slightly more efficiently compared to the control strain lacking the RE at the donor. To
consolidate this finding, | used the same setup for the donor site on chromosome XIlI|
282 kb (Figure 10 B). Here, the RE was integrated at four different positions upstream or
downstream of the donor site, one per strain. Again, the highest repair efficiency was
obtained with the RE directly (1 kb downstream) at the homologous site. Recombination
efficiency decreased with an increasing distance between the RE and the donor. Indeed,
the lowest repair rate could be seen when the RE was placed 27 kb downstream of the

donor.
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Figure 10 | Recombination efficiency depends on the distance between the RE and a donor.
(A) A donor site was integrated at ChrlV 1148 kb and a DSB was induced on ChrlV at 491 kb. A
754 bp sequence from Chrlll, encoding the RE, was amplified from genomic DNA and one RE per
strain (blue square) was inserted at the indicated positions. As a control, a strain carrying only the
endogenous RE (-RE) was used. The other strains carried an RE deletion.

(B) A donor site was integrated at ChrXIll 282 kb, whereas a DSB was induced at ChrlV 491 kb.
The 754 bp sequence from Chrlll encoding the RE was amplified from genomic DNA and one RE
per strain (green square) was inserted at the indicated positions. As a control, a strain carrying only
the endogenous RE (-RE) was used. The other strains carried an RE deletion.

Recombination efficiency data are depicted on a linear scale. Data represent mean + SEM of two
independent experiments. Cells were plated on glucose and galactose containing medium to
induce the DSB. Colonies were counted and normalized to cells growing on glucose.

Knowing that the distance between the RE and the donor site is important for
recombination processes, | wanted to figure out if the distance between the RE and a
DSB site would also determine repair efficiency. In order to approach this issue | used a
recombination efficiency assay, in which each strain contained a donor site next to the
endogenous RE. The repair efficiency of a break was expected to correlate with the
distance between the DSB and the RE and the donor site, respectively. A DSB was
induced at different positions in the genome, one per strain (Figure 11 A). The
recombination efficiency in a strain still bearing the endogenous RE was compared to
another strain lacking the RE, only harboring the donor site (Figure 11 B). When the RE is
still present, all DSBs at different genomic sites lead to similar repair efficiency, ranging
from 67-77 %. Surprisingly, upon removal of the RE on chromosome llI, the remaining
usage of the donor site nearby varies a lot, depending on the site where the DSB was
induced. A strain with a DSB on chromosome IV at 491 kb leads to a repair efficiency of
22 %, whereas a strain with a break on the same chromosome, but at 1148 kb, drops to
10 %. Looking now at the DSBs induced on chromosomes Xlll and XV, a significantly
higher repair rate is achieved lacking the RE (50 % for chromosome XIlll and 33 % for
chromosome XV). Importantly, these data showed that despite varying repair capacities
with different DSB locations, presence of an RE element next to the donor site made all

recombination events equally efficient.
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Still, it remained unclear why recombination rates were so different in the absence of an
RE. A likely reason could be the general nuclear architecture, which is known to be a
major determinant for recombination®. To test this model, | calculated the spatial distance
between DSB and donor site for each of the different pairs based on available 3D
modeling data of the yeast nucleus® (Figure 11 C). However, no correlation between 3D

distance and repair efficiency could be observed using these four genomic positions.
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Figure 11 | The distance between the RE and a DSB does not correlate for selected

DSB sites.
(A) Scheme representing the experimental setup. A donor site was integrated next to the RE on
Chrlll at 30 kb. One HO recognition site per strain was inserted at different positions in the
genome. Following DSB induction, cells could only repair the break by using the donor site on
Chrlll. The endogenous HO recognition site within the MAT locus on Chrlll was mutated and not
cleavable.
(B) Recombination efficiency of strains with different DSB sites. The repair efficiency of strains with
the RE was compared to RE-deleted strains. Recombination efficiency data are depicted on a
linear scale. Data represent mean + SEM of three independent experiments. Cells were plated on
glucose and galactose containing medium to induce the DSB. Colonies were counted and
normalized to the cells growing on glucose.
(C) Relative distance between the DSB and donor site. Distances were calculated based on
previously published data modeling the S. cerevisiae genome98.

Yet, the calculations are based on measurements of a static genome without DNA
damage. In fact, a DSB leads to a distinctly increased mobility of the cut chromosome,
facilitating homology search to complete homologous recombination'®'%°. A chromosomal
movement has the advantage of exploring a larger volume of the nucleus in order to find a
homologous sequence to repair the DSB. In addition, it was also shown for non-cut

chromosomes to show an increased movement'®. Thus, DSB-dependent specific
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changes in the nuclear architecture might be a hypothetical model to explain the lacking

correlation between spatial distance and the observed recombination efficiency.

4.1.4 The left part of the RE guides homology search

Identified originally as an approximately 700 bp sequence at the left arm of
chromosome 11I'*, it has been shown that the RE is a larger region of roughly 2.5 kb'®. In
fact, the RE region can be split into a left and a right portion, whereas the left part contains
the originally 700 bp sequence. The RE was found to be a composite element with its left
part playing a role for donor selection in MATa cells and its right part being responsible for
the mating type-specific conformation of chromosome Ill, which might help to guide
subsequent donor selection. Hence, | wanted to know if the right part also plays a role
for donor preference regulation. To test this hypothesis, either the left or the right part or,
as a control, the whole RE was deleted (Figure 12). In a first approach another
recombination assay was performed (Figure 12 A). A donor site was inserted next to the
RE at 26.9 kb, outside the deleted region. When the recombination efficiency is compared
between wildtype RE cells and deletions, it strongly decreases when the left or the total
RE is deleted. Deletion of the right part of the RE does not reduce repair efficiency,
indicating that the right RE is not involved in the homologous recombination process. To
check if Rad51 nucleoprotein filament probing is impaired, Rad51 enrichment was
calculated following Rad51 ChlIP-gPCR (Figure 12 B). Equal Rad51 enrichment was
obtained for all strains 40 kb upstream of the DSB, indicating ongoing homology search.
Looking at Rad51 next to the RE on chromosome Ill, enrichments could only be
monitored in a strain carrying a deletion of the right part of the RE, but were lost when the
left or the whole RE was deleted. These data confirm the results already obtained for the
recombination assay in Figure 12 A. In summary, the guidance of homology search and
the completion of homologous recombination only depends on the left part of the RE, but

not on the right part.
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Figure 12 | The left part of the RE guides homology search, but not the right part.

(A) Recombination assay showing the repair efficiency in strains with deleted parts of the RE. In all
strains a DSB was induced at ChrlV 491 kb. Additionally, they were carrying a donor site at 26.9 kb
on chromosome lll, close to the position of the RE. A strain still carrying full-length RE was used as
control. The endogenous HO recognition site within the MAT locus on Chrlll was mutated and not
cleavable. Recombination efficiency data are depicted on a linear scale. Data represent mean
+ SEM of two independent experiments. Cells were plated on glucose and galactose containing
medium to induce the DSB. Colonies were counted and normalized to cells growing on glucose.
(B) Rad51 enrichment in strains with RE deletions. DSB induction at ChrlV 491 kb was performed
via HO overexpression upon addition of galactose. Rad51 enrichment was calculated following
Rad51 ChIP-qPCR analysis. Enrichment data are depicted on a log2 scale. gqPCR primers were
used for the indicated positions. Data represent mean + SEM of three independent experiments.
The gPCR data were normalized to a control locus on ChrX and additionally to the time before
DSB induction (0 h).
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4.2 DSB-RE interaction significantly depends on Fkh1

4.2.1 Mata2 silences the RE and impairs RE-guided homology
search

Early Rad51 filament probing at the RE was only detected in MATa cells, but not in MATa
cells”®. The MATa locus encodes the proteins Mata1 and Mata2. Mata1, together with
Mcm1, is involved in the activation of a set of a-specific genes’®'"*"*°. In contrast, Mata2
acts together with Mcm1 as a repressor of a-specific genes in MATa cells’®'6%1%81%° The
general transcription suppressor Tup1 further supports this interaction together with the
co-repressor Ssn6’®"""1"° In MATa cells, the Mata2-Mcm1 complex binds to the RE,
leading to the covering of the RE with highly positioned nucleosomes, resulting in the
silencing of this locus'®'¢"'%2 (Figure 13 A). With a break induction system independent of
the MAT system, | tested if the RE can be activated in MATa cells via a knockout of the
RE repressing factor Mata2. For this purpose | constructed a Amata2 strain with a MATa
mating type. A DSB was induced on chromosome IV by overexpression of Scel
(Figure 13 B). As the main repressor of the RE, a knockout of Mata2 is expected to open
the RE for interactions and therefore also for homology search. Indeed, deletion of Mata2
restores Rad51 binding to the RE, reflected as enrichment after a Rad51 ChIP and gPCR
analysis (Figure 13 B). The open conformation makes the RE accessible for trans-acting
factors like the transcription factor Fkh1 (see section 4.2.2) as well as homology
search®'.

In contrast to MATa cells, Mata2 is not expressed in MATa strains. Thus, Mcm1
alone binds to the RE and acts as an activator, allowing trans-acting factors to bind'*. To
test the influence of expressed Mata2 in MATa cells, it was amplified from a MATa strain
and integrated into the URA3 locus on chromosome V under the control of the GAL1
promoter. Overexpression was simultaneously induced with HO endonuclease (integrated
in ADE3 locus on chromosome VII) via addition of galactose to the medium. Although both
strains show similar Rad51 enrichment directly at the DSB and 40 kb upstream,
corresponding to a functional Rad51 filament formation and general homology search,
overexpressed Mata2 strongly reduced binding of Rad51 to the RE (Figure 13 C).

These data clearly show that the main repressor of the RE is Mata2, as deletion in
MATa cells led to a probing of the Rad51 nucleoprotein filament at the RE. Vice versa,
expression of Mata2 in MATa cells is sufficient to induce repression of the RE and

therefore prevents the binding of trans-acting factors like Fkh1'*°.
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Figure 13 | Mata2 represses the RE and RE-guided homology search.

(A) Scheme representing the silencing of the RE on Chrlll. Mata2, together with its co-repressor
Mcm1, binds to the RE and recruits the general repressor Tup1, leading to the dense positioning of
nucleosomes and the repression of the RE. The endogenous HO recognition site within the MAT
locus on Chrlll was mutated and not cleavable.

(B) Knockout of Mata2 leads to activation of the RE even in MATa cells. A DSB was induced by
Scel on ChrlV at 491 kb in a WT or AmataZ2 strain. Upon deletion of Mata2, Mcm1 alone acts as an
activator for the RE, making this region accessible for the binding of trans-acting factors like Fkh1.
Activation of the RE is reflected as enrichment of Rad51 at this region.

(C) Overexpression of Mata2 in MATa cells leads to the recruitment of repressors and the silencing
of the usually activated RE. Overexpression of Mata2 was simultaneously induced with HO
endonuclease via galactose. The HO-induced DSB was located on ChrlV. Ongoing homology
search was tested by gPCR analysis with a primer pair 40 kb upstream of the DSB. Rad51 signal
at the RE decreased compared to the WT.

Rad51 enrichment was calculated following Rad51 ChIP-gPCR analysis. Enrichment data are
depicted on a log2 scale. Data represent mean + SEM of three independent experiments. The
gPCR data were normalized to a control locus on ChrX and additionally to the time before DSB
induction (0 h).

4.2.2 Fkh1 is essential for RE-guided donor preference regulation

Loop formation between the DSB site and the RE was proposed previously'’. Although it
is well understood how the RE itself is regulated by the Mata2 repressor (see
section 2.3.2) and co-factors'®'% how the regulation of donor preference is established
and which factors might contribute, is barely known. However, previous studies indicated
that Fkh1 is involved in regulation of mating type switching™®'®’. Thereby it is believed
that in MATa cells Fkh1 binds to the RE and interacts with one or more factors at the DSB
site to mediate spatial proximity between the RE and the break. To confirm these results
and as a first approach to further understand how the proposed RE-DSB loop is regulated,
| investigated the effect of an FKH1 deletion in cells where a DSB was induced (Figure
14). Fkh1 also has a paralog, Fkh2, which performs analogous functions’'""*. Both
proteins share a high sequence similarity and recognize similar DNA sequences'. Yeast

strains with a double knockout of both forkhead transcription factors showed
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morphological alterations as well as budding defects, whereas single knockouts did not

AT Therefore, | also checked if Fkh2 is involved in the

exhibit this phenotype
regulation of donor preference. First, a Rad51 ChIP-gPCR was performed with strains
harboring an HO recognition site to induce a DSB on chromosome 1V at 491 kb (Figure 14
A). In all strains, homology search was ongoing as reflected by Rad51 enrichment 40 kb
upstream of the break. An FKH1 knockout led to a complete loss of Rad51 binding at the
RE. Surprisingly, a deletion of its paralog FKH2 had no influence on enrichment of Rad51
at the RE. A double knockout of both transcription factors consequently showed a similar

defect as the FKH1 single knockout (Figure 14 A).

A

DSB B
Chr IV v
£ - 7 Chrll
F—m———
AHML DSB ChriV 491 kb
40 kb 0.2 kb RE 100 =
- to DSB to DSB (11129 kb) 3 o
1024+ (IV 451 kb) (IV 491 kb) E
] -, WT o 804 -, WwT
= ] B Afkh1 3 B Afkh1
s B Afkh2 £ 60+ B Afkh2
E 9 Afkh1 Afkh2 g
O L
= 404
S 32-. g
jes < 'E <
g § 20
= p d
B g
e 9 I 0<
1 z
0 2 0 2 0 2
DSB induction (h) Donor sites

Figure 14 | Fkh1, but not Fkh2, is essential for RE-guided homology search.

(A) Rad51 enrichment in strains bearing either FKH1, FKH2 or double knockout. DSB induction
was performed via HO overexpression at the indicated position. Rad51 enrichment was calculated
following Rad51 ChlIP-gPCR analysis. Enrichment data are depicted on a log2 scale. gPCR
primers were used for the indicated positions. Data represent mean + SEM of three independent
experiments. The qPCR data were normalized to a control locus on ChrX and additionally to the
time before DSB induction (0 h).

(B) Recombination assay in FKH1 and FKHZ2 knockout strains. A GFP construct bearing the HO
recognition site was integrated at ChrlV 491 kb and served as DSB induction site. Donor sites were
either inserted close to the RE on Chrlll, on ChrlV or on ChrXIIl. Recombination efficiency data are
depicted on a linear scale. Data represent mean + SEM of three independent experiments. Cells
were plated on glucose and galactose containing medium to induce the DSB. Colonies were
counted and normalized to cells growing on glucose.

As a second experiment to demonstrate the importance of Fkh1 for RE-involved
recombination a recombination assay was used (Figure 14 B). Here, a DSB was also
induced on chromosome IV and donor sites were integrated at different positions in the
genome. Whereas an FKHZ2 knockout behaves like wildtype, deletion of FKH1 strongly
decreased recombination efficiency, when the donor is inserted next to the RE. The
remaining repair rate in this strain reflected the basal recombination level between the

respective loci. Other donor positions are neither impaired by FKH7 nor by FKH2
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deletions. These data clearly show that Fkh1 has to be a major player for the regulation of
the DSB-RE loop, whereas Fkh2 does not have any influence, neither on ongoing

homology search nor on recombination efficiency.

4.2.3 The RE cannot be replaced by an Fkh1-bound promoter
region
Besides its role in mating type switching, Fkh1 has also important functions in
transcriptional regulation as it binds to many gene promoter regions within the genome'*.
Therefore, | wondered if the RE could be replaced by other Fkh1-binding elements, such
as promoters. To examine this hypothesis, | have chosen two promoter regions (PES4
and KIP2), where Fkh1 was found to be highly enriched following Fkh1 ChIP-on-chip'**.
These 500 bp long promoters were inserted next to donor sites on chromosomes IV and
Xl (Figure 15). For chromosome 1V, insertion of the RE next to the donor site results in a
higher recombination efficiency compared to the wildtype situation (Figure 15 A).
However, inserting one of the promoter regions next to this site did not lead to increased

repair efficiency.
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Figure 15 | A promoter region bound by Fkh1 cannot replace the RE.

(A) Recombination efficiency assay with a donor site at ChrlV 1148 kb. Promoter regions were
amplified from genomic DNA, cloned into marker plasmids and integrated into the genome via a
PCR-based strategy'®'®. As a control, 754 bp of the RE coding sequence were amplified and
integrated next to the donor site.

(B) Recombination efficiency assay with a donor site at ChrXIll 282 kb. Same procedure as in (A).
Recombination efficiency data are depicted on a linear scale. Data represent mean + SEM of three
independent experiments. Cells were plated on glucose and galactose containing medium to
induce the DSB. Colonies were counted and normalized to cells growing on glucose.

The same scenario was obtained for the donor site on chromosome XIII (Figure 15 B).

The RE next to the donor site increased recombination efficiency of the cells. A promoter
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region did not have this effect, leaving repair efficiency at wildtype levels. According to
these data there has to be a difference between the RE and promoter regions bound by
Fkh1, highlighting the fact that loop formation between a DSB and any Fkh1 binding site
would be surely unfavorable for the cell. Along this line, one difference between the RE
and these promoter sites seems obvious: the RE contains several Fkh1 binding

145,147

sites , which could lead to Fkh1 proteins clustering at the RE. Compared to promoter

sites, this extensive binding then leads to loop formation.

4.2.4 RE-guided homology  search depends on the
phosphothreonine-binding domain of Fkh1

Forkhead transcription factors share a common domain, the Forkhead Associated (FHA)
domain. These domains have been implicated in binding of phosphothreonine
residues’”'"®. FHA domains across all family members have a high degree of sequence
diversity, with only a few conserved residues'®. For Rad53, a mutation of a conserved

arginine residue within its FHA domain abolished the function of this domain'"'"®, |

n
Fkh1, this residue corresponds to arginine 80 within the FHA domain. | wondered if a
mutation of this residue shows the same strong effect as for the corresponding residue in
Rad53. Therefore, FKH1 was deleted und replaced by a centromeric plasmid harboring
either the sequence encoding the wildtype protein or a sequence with a site-directed
mutation to change arginine to alanine (R80A). In addition, the effect of an FKH1 knockout
was compared to an RE deletion. First, the repair efficiency of cells was measured,
depending on successful recombination between a DSB and a donor site (Figure 16 A).
As expected, a deletion of the RE, FKH1 or both leads to a strong decrease in repair
efficiency. When the FKH1 deletion is compensated by a construct bearing the wildtype
sequence, recombination efficiency can be restored to wildtype level. Strikingly, when the
same plasmid is used with a sequence coding for Fkh1 R80A, the recombination
efficiency of the cells reflects the FKH1 or RE knockout scenario. Other donor sites on
chromosome |V and Xlll are not affected by the FKH71 deletion. As a second assay,
ongoing homology search was investigated by a Rad51 ChIP-qPCR experiment (Figure
16 B). Here, an FKH1 deletion was again replaced by a centromeric plasmid bearing
either a wildtype or a mutant version of the FHA domain. Similar to an RE or FKH1
deletion, the R80A mutation does not have an influence on ongoing homology search, but
instead strongly impairs Rad51 association at a site close to the RE element. Collectively,
these data highlight the importance of a functional FHA domain for Fkh1 function at the
RE.
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Figure 16 | Mutation of the phosphopeptide binding pocket of the FHA domain abolishes the
function of Fkh1 for the regulation of donor preference.
(A) Recombination efficiency was calculated in strains harboring different deletions. Cells carrying
a single knockout of FKH1 were carrying either an empty vector or a plasmid bearing the sequence
encoding for Fkh1 WT or R80A. A DSB was induced at ChrlV 491 kb and one donor site per strain
integrated at different genomic positions. Recombination efficiency data are depicted on a linear
scale. Data represent mean + SEM of four independent experiments. Cells were plated on glucose
and galactose containing medium to induce the DSB. Colonies were counted and normalized to
cells growing on glucose.
(B) Rad51 enrichment following Rad51 ChIP-qPCR. Afkh1 cells were supplemented with an FKH1
WT or R80A construct.
(C) Rad51 enrichment after overexpression of Fkh1 WT or R80A. FKH1 WT or R80A under the
control of the GALT promoter were integrated into the URA3 locus on ChrV in Afkh1 strains.
Overexpression of Fkh1 was induced simultaneously with HO endonuclease upon addition of
galactose to the medium.
For (B) and (C): Rad51 enrichment was calculated following Rad51 ChIP-qPCR analysis.
Enrichment data are depicted on a log2 scale. gqPCR primers were used for the indicated positions.
Data represent mean + SEM of three independent experiments. The gPCR data were normalized
to a control locus on ChrX and additionally to the time before DSB induction (0 h).

Next, | wondered if overexpression of Fkh1 could make the RE function more efficient or

could compensate for the defect introduced by the R80A mutation. Therefore, either FKH1
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wildtype or R80A was integrated into the URA3 locus on chromosome V under the control
of the GAL1 promoter (Figure 16 C). The Fkh1 version was simultaneously overexpressed
with HO by galactose addition. While having no effect on Rad51 enrichment around the
break site and away from the break, Fkh1 overexpression clearly affected Rad51 signals
at the RE. Surprisingly, upon overexpression of wildtype Fkh1, the Rad51 signal at the RE
strongly increased. In fact, compared to endogenous expression, the enrichment of the
overexpressed version exceeded the wildtype signal by more than 4.5 fold. A stronger
binding or covering of the Fkh1 binding sites at the RE can be assumed. In case of the
R80A mutant variant, overexpression led to small, but significant enrichment of Rad51 at
the RE, not observed at normal expression levels (compare Figure 16 B). For Fkh1 R80A,
the overexpression thus partially overcomes the defect introduced by the arginine

mutation.

4.2.5 Phosphorylation is critical for RE-guided homology search

It was previously shown that FHA domains in general bind to phosphorylated threonine
residues in target proteins’>'""'° In Fkh1, the arginine important for interaction with
phosphorylated proteins lies within the FHA domain. As shown in this study, mutation of
this residue completely abolished the binding of Fkh1 to several interacting factors. In
addition, Rad51 binding to the RE was also lost. Furthermore, when transplanting a donor
next to the RE, recombination efficiency decreased to a minimum. Therefore, the
interaction of Fkh1 with phosphorylated residues of target proteins plays an essential role
for the regulation of donor preference. However, the responsible kinase(s) have not been
identified by now. A previous study suggested that casein kinase 2 (CK2) has an effect on
the regulation of donor preference’’. CK2 is composed of two a and two B subunits,
forming the aB, holoenzyme'®. Thereby the a part has a catalytic and the B part a
regulatory function™’. In this thesis, | checked if a knockout of one of the two catalytic
subunits (Cka1/Cka2) would have an effect on Rad51 binding to the RE on
chromosome |lll. Since a knockout of both genes encoding for the catalytic subunit is
lethal’®', either CKA1 or CKA2 was deleted and the Rad51 enrichment at the RE
calculated after DSB induction and Rad51 ChIP-gPCR (Figure 17 A). However, none of
the deletions affected Rad51 enrichment at the RE. This is most likely due to the effect
that a deletion of one a subunit can be compensated by the other one.

Following DSB induction, several kinases phosphorylate factors involved in DSB
repair'®. One of them is Mec1, the yeast homolog of mammalian ATR (ataxia-
telangiectasia mutated and Rad3-related) kinase. Mec1 phosphorylates histone H2A

(y-H2A) at serine 129 as an early response to DSBs'®*'®®, Note that a strain carrying a
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mutant version of H2A, S129A, did not show any effect on Rad51 enrichment at the RE

(data not shown).
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Figure 17 | Deletion of CK2 catalytic subunits does not affect regulation of donor preference,
but deletion of checkpoint kinase Mec1.

(A) Deletion of a single CK2 catalytic subunit does not affect Rad51 binding at the RE.

(B) Knockout of checkpoint kinase Mec1 leads to a strong decrease of Rad51 binding at the RE.

To construct a MEC1 knockout, deletion of SML71 was necessary as a single knockout of MEC1 is

lethal.

A DSB was induced at ChrlV 491 kb. Rad51 enrichment was calculated following Rad51 ChIP-

gPCR analysis. Enrichment data are depicted on a log2 scale. gPCR primers were used for the

indicated positions. Data in (A) represent mean + SEM of three independent experiments, data in

(B) mean £ SEM of five independent experiments. The gPCR data were normalized to a control

locus on ChrX and additionally to the time before DSB induction (0 h).

However, previous data did not assign any function to Mec1 for the regulation of donor
preference’’. Nevertheless, | tested this hypothesis by constructing a MEC?1 mutant
strain. Since a single MEC1 knockout is lethal, the sequence coding for Sml1 (suppressor
of mec1-lethality) had to be deleted before deleting the MEC1 sequence'®. The binding of
Rad51 to the RE was measured by calculating Rad51 enrichment after a DSB on
chromosome IV at 491 kb and Rad51 ChIP-gPCR (Figure 17 B). Strikingly, a Asml1
Amec1 strain showed a significantly decreased Rad51 enrichment at the RE. These data
are contradictory to the previous results for Mec1 function in the regulation of donor
preference’’ and clearly showed that Mec1 affects RE function as Rad51 binding to the

RE is strongly decreased in a Asml/1 Amec1 strain.
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4.2.6 Fkh1 interacts with Mph1 and Mte1 to regulate donor
preference

Data obtained so far show that Fkh1 is an essential factor for the regulation of donor
preference. These findings are supported by publications identifying Fkh1 binding sites
within the RE'**>'"_ Therefore, Fkh1 is thought to be the factor, which binds to the RE to
establish a DSB-RE loop. However, data are missing about potential binding partners at
the DSB site, which also contribute to the regulation of donor preference. Such protein
binding partners likely exist, as the RE functions irrespective of the DSB location and thus
in a sequence-independent manner. As little was known about additional factors involved
in donor preference regulation, | conducted an unbiased mass spectrometry-based
approach to identify potential interaction partners of Fkh1. | already showed in section
4.2.4 that a functional FHA domain is essential for Fkh1’s function during regulation of
donor preference. Abolishing the ability of the FHA domain to bind to phosphorylated
targets by mutating the relevant arginine (R80) also impaired donor preference regulation
(compare Figure 16). Therefore, besides Myc-tagged Fkh1 | also used a tagged Fkh1
R80A mutant to check for phosphorylated binding partners, which should not interact with
this mutant version. Performing a Myc-IP, mass spectrometry revealed different binding
partners in these strains before and after DSB induction. In addition, the results were also
compared to a non-tagged wildtype strain (data not shown). My results confirmed previous
findings about general Fkh1 binding partners'®>'®®. A previous large-scale study also
identified Mph1, an ATP-dependent DNA helicase'®’ and yeast’s ortholog of the human
Fanconi anemia (FA) protein FANCM'®, as a physical interactor of Fkh1'®. This raised
the question if Mph1 might also be involved in regulation of donor preference as an Fkh1
interaction partner. To first confirm the mass spectrometry results, | tagged both proteins,
Fkh1 and Mph1, and performed a Co-IP (Figure 18 A). Since interaction of FHA domains
with other proteins predominantly depends on the phosphorylation status of binding

partners'®>"7°

, | further tested if phosphorylation is also essential for the interaction
between Fkh1 and Mph1. Therefore, also an Fkh1 variant carrying the R80A mutation was
used for this assay. In addition, the interaction was examined before and after DSB
induction to see if it can be enhanced during ongoing DSB repair. Essentially, 6HA-tagged

Mph1 could be detected as an Fkh1 interaction partner also in the Co-IP assay®S.

§§While | performed the current studies, another group addressed this independently and showed

an interaction between Fkh1 and Mph‘lmg.
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Moreover, an interaction with Fkh1 R80A could not be detected, which supports the mass
spectrometry results. Interestingly, binding between Fkh1 and Mph1 was seen even
before a DSB and slightly increased after DSB induction. These results clearly show that
Mph1 interacts with Fkh1 and that this interaction is dependent on phosphorylation.

In a next step | investigated the influence of Mph1 on homology search and

regulation of donor preference (Figure 18 B and C).
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Figure 18 | Mph1 interacts with Fkh1 and mildly affects DSB repair.

(A) Mph1 is an Fkh1 interactor. C-terminal tagging of either Fkh1 WT or R80A (indicated in the
figure) and Mph1 was done according to a PCR-based strategy'®>"'®*. Strains expressed either one
or two tagged proteins. Cells were grown in lactate medium and a DSB was induced at ChrlV
491 kb by galactose addition. A Co-IP was carried out by pulling on Fkh1 WT or R80A with a Myc-
antibody. Samples before and after DSB induction were taken and analyzed by Western blotting
and antibodies against the Myc- and the HA-tag.

(B) Rad51 ChIP-gPCR assay shows that the deletion of MPH1 does not have an influence on
Rad51 enrichment at the RE. DSB induction was carried out as described in (A). Rad51
enrichment was calculated following Rad51 ChIP-gPCR analysis. Enrichment data are depicted on
a log2 scale. gPCR primers were used for the indicated positions. Data represent mean + SEM of
three independent experiments. The gPCR data were normalized to a control locus on ChrX and
additionally to the time before DSB induction (0 h).

(C) An MPH1 knockout has a minor effect on DSB repair efficiency. Recombination assay showing
strains with a DSB induction at ChrlV 491 kb and one donor site per strain inserted at different
genomic positions. Recombination efficiency data are depicted on a linear scale. Data represent
mean + SEM of three independent experiments. Cells were plated on glucose and galactose
containing medium to induce the DSB. Colonies were counted and normalized to cells growing on
glucose.
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| tested for Rad51 enrichment after DSB induction (Figure 18 B) as well as recombination
efficiency (Figure 18 C). An MPH1 knockout was compared to an FKH1 knockout as well
as wildtype. Surprisingly, the MPH1 knockout did not have any influence on Rad51
enrichment at the RE on chromosome lll. In fact, same Rad51 levels were obtained as in
the wildtype. A double knockout of MPH1 and FKH1 consistently led to a loss of Rad51 at
the RE, as FKH1 deletion is sufficient to abolish filament probing at this site. In contrast, in
a recombination assay the repair efficiency was slightly reduced in the MPH1 knockout
compared to the wildtype (Figure 18 C). However, this decrease is not as strong as the
effect of an FKH1 knockout, which resulted in a minimum of repair efficiency (31 %,
compare Figure 14 B). These data point towards a supporting function of Mph1 within the
regulation of mating type switching, however other binding partners of Fkh1 must exist at
the DSB.

Among the identified proteins there were also several new interaction partners,
which have not been reported so far. One of them has not been described before and had
an unknown function: YgrO042w. Two recently published studies identified this protein as
Mph1-associated telomere maintenance protein 1 (Mte1), an Mph1 interactor'®®',
However, | was interested if Mte1 also interacts with Fkh1. Therefore, both proteins were
tagged and a Co-IP was performed following DSB induction (Figure 19 A). An interaction
could be shown before and after DSB induction. In contrast to Mph1, an increased
interaction was not seen with Mte1 after DSB induction. However, interaction is abolished
when the Fkh1 FHA defective R80A mutant is used, also pointing towards a
phosphorylation-dependent mechanism. To investigate if this interaction also has an
influence on DSB repair efficiency, the recombination rate was measured in an MTE1
knockout strain (Figure 19 B). Whereas the recombination efficiency in wildtype cells is as
high as usual, an MTE1 knockout leads to a mild decrease in repair efficiency. As shown
for Mph1, Mte1 thus contributes to the regulation of donor preference as well. However, a
mechanism where Mte1 is the main interaction partner of Fkh1 at the break site can be

excluded according to the obtained data.
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Figure 19 | Mte1 interacts with Fkh1, but has only a mild effect on DSB repair.

(A) Mte1 interacts with Fkh1. C-terminal tagging of either Fkh1 WT or R80A (indicated in the figure)
and Mte1 was done according to a PCR-based strategy'®'®. Strains expressed either one or two
tagged proteins. Cells were grown in lactate medium and a DSB was induced at ChrlV 491 kb by
galactose addition. A Co-IP was carried out by pulling on Fkh1 WT or R80A with a Myc-antibody.
Samples before and after DSB induction were taken and analyzed by Western blotting and
antibodies against the Myc- and the HA-tag.

(B) Knockout of MTE71 has only a mild effect on DSB repair efficiency. Recombination assay
showing strains with a DSB induction at ChrlV 491 kb and one donor site per strain inserted at
different genomic positions. Recombination efficiency data are depicted on a linear scale. Data
represent mean + SEM of three independent experiments. Cells were plated on glucose and
galactose containing medium to induce the DSB. Colonies were counted and normalized to cells
growing on glucose.

To exclude that the interaction between Fkh1 and Mph1 depends on Mte1 and vice versa,
in a final approach the binding to these factors was tested in another Co-IP, independently
of the third interaction partner (Figure 20). Fkh1, Mph1 and Mte1 were expressed either
with a Myc- or an HA-tag. First of all, the interaction between Fkh1 and Mph1 was further
investigated. For this purpose, MTE1 was deleted in a strain carrying Myc-tagged Fkh1 as
well as HA-tagged Mph1 (Figure 20 A). In addition, to check if the interaction is
phosphorylation-dependent, | also used an Fkh1 R80A mutant. Notably, absence of Mte1
leads to a weaker interaction between Fkh1 and Mph1 after DSB induction. With
functional Mte1 present, the signal was stronger after break induction (compare
Figure 18 A). Consequently, this interaction partially seems to depend on a DSB. Next,
binding of Mte1 to Fkh1 was examined in the absence of Mph1 (Figure 20 B). Here, the

interaction between both proteins stays constant even after a DSB occurred. | assume
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that Mte1 also interacts with Fkh1 in other pathways besides the regulation of donor

preference.
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Figure 20 | Fkh1, Mph1 and Mte1 interact with each other independently of the third factor.
(A) Fkh1 interacts with Mph1 in the absence of Mte1. All strains carried an MTE1 knockout. Fkh1
WT or R80A (indicated in the figure) was 9Myc-tagged and Mph1 was 6HA-tagged.

(B) Fkh1 interacts with Mte1 in the absence of Mph1. All strains carried an MPH1 knockout. Fkh1
WT or R80A (indicated in the figure) was 9Myc-tagged and Mte1 was 6HA-tagged.

(C) Mte1 interacts with Mph1 in the absence of Fkh1. All strains carried an FKH1 knockout. Mte1
was 9Myc-tagged and Mph1 was 6HA-tagged.

Proteins were C-terminally tagged as indicated according to a PCR-based strategy . Strains
expressed either one or two tagged proteins. Cells were grown in lactate medium and a DSB was
induced at ChrlV 491 kb via galactose addition. A Co-IP was carried out by pulling on the Myc-tag
with a Myc-antibody. Samples before and after DSB induction were taken and analyzed by
Western blotting and antibodies against the Myc- and the HA-tag.

163,164
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Last but not least, FKH1 was knocked out and Mte1 and Mph1 were tagged with a Myc-
and an HA-tag, respectively (Figure 20 C). While Mph1 can be pulled down together with
Mte1 before a DSB, the signal is lost after a break was induced. Therefore, this interaction
depends on the presence of Fkh1.

Mph1 and Mte1 are newly identified interactors of Fkh1. Both show contributions
to the regulation of donor preference as single knockouts led to a decrease in cell
recombination efficiency. This raised the question if either Mph1 or Mte1 could
complement the function of each other and if double knockout cells would show a
synergistic defect. To test this scenario, | wanted to check if a double knockout of MPH1
and MTE1 would have an effect. Therefore, a strain with a deletion of both proteins was
constructed and Rad51 enrichment was calculated following Rad51 ChIP-gPCR (Figure
21 A). A decrease in Rad51 enrichment was not detected at any position tested. Like
wildtype cells, Amph1 Amte1 did not have any effect on the Rad51 filament searching and
probing for a homologous sequence. Hence, even a double knockout of MPH1 and MTE1
did not show an effect on ongoing homology search.

In a last approach, cells carrying an MPH1/MTE1 double knockout were tested for

recombination efficiency after DSB induction (Figure 21 B).
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Figure 21 | Mte1 and Mph1 only mildly impair DSB repair efficiency.

(A) Preliminary data from Rad51 ChIP-gPCR assay show that a double knockout of MPH1 and
MTE1 does not have an influence on Rad51 enrichment at the RE. DSB induction was carried out
as described. Rad51 enrichment was calculated following Rad51 ChIP-gPCR analysis. Enrichment
data are depicted on a log2 scale. qPCR primers were used for the indicated positions. Data
represent results from one experiment. The gPCR data were normalized to a control locus on ChrX
and additionally to the time before DSB induction (0 h).

(B) Double knockout of MPH1 and MTE1 has only a mild effect on DSB repair efficiency.
Recombination assay showing strains with a DSB induction at ChrlV 491 kb and one donor site per
strain inserted at different genomic positions. Recombination efficiency data are depicted on a
linear scale. Data represent mean + SEM of two independent experiments. Cells were plated on
glucose and galactose containing medium to induce the DSB. Colonies were counted and
normalized to the cells growing on glucose.
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A deletion of both genes only led to a minor reduction in repair efficiency. It rather showed
the mild decline in repair efficiency as seen for the MPH1 and MTE1 single knockout.
Hence, both proteins contribute to the regulation of donor preference, but they are not

essential to maintain the mechanism itself.

4.2.7 Fkh1 binds to RPA

Several factors bind to the break site after DSB induction and during the process of
homology search. After DNA end resection, the ssDNA is rapidly covered by replication
protein A (RPA)'®?, whereas RPA is exchanged for Rad51 which then forms the
nucleoprotein filament to conduct homology search'. RPA is a heterotrimeric protein'®,
containing the three subunits Rfa1, Rfa2 and Rfa3. RPA is required for DNA replication,
repair and recombination'®. Due to its high abundance at ssDNA and therefore, at
resected DSB sites, it is a good candidate to interact with Fkh1 and establish the RE-DSB
loop at the break site. Interestingly, two of the RPA subunits, Rfal and Rfa3, were also
hits in the mass spectrometry assay conducted for this thesis. To test an interaction
between Fkh1 and RPA, first a Co-IP was performed with tagged Fkh1 and Rfa3.
However, Rfa3 was not found to bind to Fkh1 (data not shown). A second Co-IP assay
was performed with Rfa1 tagged instead (Figure 22). Note that Rfa1 could not be tagged
at the C-terminal domain, because the cells were found to be not viable under these
conditions. Therefore, it was tagged N-terminally with an HA-tag and expression was

controlled by an ADH17 promoter, integrated upstream of RFA71 via a PCR-based
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Figure 22 | Fkh1 interacts with subunit Rfa1 of RPA.

C-terminal tagging of either Fkh1 WT or R80A (indicated in the figure) and N-terminal tagging of
Rfa1l was done as indicated according to a PCR-based strategy'®'®. Additionally, an ADH1
promoter was inserted upstream of RFA1. Strains expressed either one or two tagged proteins.
Cells were grown in lactate medium and a DSB at ChrlV 491 kb was induced via addition of
galactose. A Co-IP was carried out by pulling on Fkh1-9Myc with a Myc-antibody. Samples before
and after DSB induction were taken and analyzed by Western blotting and antibodies against the
Myc- and the HA-tag.
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A DSB was induced on chromosome IV at 491 kb via overexpression of HO
endonuclease. To determine the importance of a functional FHA domain, a mutant version
of Fkh1, R80A, was used. Strikingly, an interaction between Fkh1 and Rfa1 could be
confirmed before and after DSB induction. Binding of Rfal to Fkh1 R80A was also
detected, although the signal was below wildtype level. This confirms the results obtained
for the mass spectrometry approach and furthermore highlights a largely phosphorylation-

dependent binding mechanism.

4.2.8 Fkh1 and condensin interact phosphorylation-independent

DNA loops within the nucleus can be found during different cellular processes. The
regulation of donor preference also requires a loop to enable the homologous
recombination between a DSB and a site close to the RE. To maintain this loop during the
repair process, factors keeping both DNA strands together are required. At the RE, this
factor is the Fkh1 protein, but the counterpart at the DSB remains elusive. Although not
identified in the previous mass spectrometry approach, | decided to directly test two
further interesting candidates, condensin and cohesin, which are highly important
regulators of chromatin organization'®*'%. Both of them are large, evolutionary conserved
multisubunit protein complexes which bind to DNA in an ATP-driven mechanism®*'%197 A
third complex, also responsible for the maintenance of chromosomal architecture, is the
Smc5/6 complex, which is also involved in DNA repair and replication'®. Basically, these
protein assemblies consist of a heterodimer of the structural maintenance of
chromosomes (SMC) family of ATPases as well as a Kleisin subunit and two HEAT

repeats-containing proteins'®*'%’.

In addition, several co-factors can support their
functions'’. In S. cerevisiae the ATPase activity of condensin is covered by Smc2 and
Smc4'®, for cohesin by Smc1 and Smc3?® and for the Smc5/6 complex by Smc5 and

Smc6198,201

. Condensin, cohesin or the Smc5/6 complex might be involved in RE-DSB
loop formation. Therefore, | investigated if these complexes also interact with Fkh1.
Importantly, none of the complex subunits have been reported so far to interact with Fkh1.
Also the mass spectrometry assay conducted for this thesis did not reveal any interaction.
Therefore, | decided to do further research and approach this potential interaction with Co-
IP assays. For this purpose, Fkh1 was Myc-tagged and one of the Smc proteins HA-
tagged. A DSB was induced on chromosome IV at 491 kb. First, the binding of the
cohesin subunits Smc1/3 and Fkh1 was examined (data not shown). Pulling on Myc-
tagged Fkh1 did neither result in a signal for Smc1 nor for Smc3, independently of the
time point investigated (before and after DSB induction). As binding of cohesin subunits to

Fkh1 was neither detected in the mass spectrometry nor in the Co-IP assay, an interaction
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between Fkh1 and cohesin can be excluded. The same results were obtained when the
ATPase subunits of the Smc5/6 complex or its co-factor Mms21, a SUMO (small ubiquitin-

like modifier) E3 ligase, were tagged (data not shown).
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Figure 23 | Fkh1 interacts with condensin subunit Smc2.

C-terminal tagging of either Fkh1 WT or R80A (indicated in the figure) and Smc2 was done
according to a PCR-based strategy'®'®. Strains expressed either one or two tagged proteins.
Cells were grown in lactate medium and a DSB was induced via galactose addition at ChrlV
491 kb. A Co-IP was carried out by pulling on Fkh1-9Myc with a Myc-antibody. Samples before and
after DSB induction were taken and analyzed by Western blotting and antibodies against the Myc-
and the HA-tag.

In the next step the binding of Fkh1 to condensin was investigated (Figure 23). The
ATPase subunit Smc2 was tagged and a Co-IP was performed by pulling on either Myc-
tagged Fkh1 wildtype or R80A mutant. Strikingly, a distinct signal for Smc2 was obtained
before and after DSB induction (Figure 23). Furthermore, this interaction could also be
observed with an Fkh1 R80A mutant. An interaction between Fkh1 and Smc4 could also
be detected (data not shown). Similar to Smc2, Smc4 also interacted with Fkh1 R80A,
which is deficient for its FHA domain. Interestingly, these data showed that the interaction
between Fkh1 and these two condensin subunits does not depend on phosphorylation,

but rather on another, yet unknown mechanism.
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5 Discussion

5.1 Mating type switching and the regulation of donor
preference

Haploid S. cerevisiae cells have two mating type alleles: MATa and MATa. Only one of
them is active and determines the mating type of the cell as well as the expression of
mating type specific geneszoz. In homothallic strains, haploid cells can switch from one
mating type to another via an HO-induced DSB in the MAT locus on chromosome |II,
enabling seIf—dipIoidization”O. In order to conduct the mating type switching, two alleles
exist close to each end of chromosome Ill: HMLa and HMRa, both harboring a mating
type specific sequence (Ya or Ya)?***?®  Conversion of one mating type to the other is
conducted via replacement of the Ya or Ya sequence within the MAT locus by using one
of the donor loci?®>?®. Surprisingly, the correct donor to repair the break is chosen with an
efficiency of 85-90 %', This mechanism is described as the regulation of donor
preference and serves as a model to study homologous recombination'™®. The high
directionality of this regulation was assigned to the cis-acting recombination enhancer,
close to HMLa™2. In MATa cells, deletion of this sequence results in a loss of specificity to
correctly repair the break'#?, while MATa cells are not affected. Additionally, recent Rad51
ChlIP-on-chip experiments, monitoring homology search, performed in our laboratory
revealed an early enrichment of Rad51 at sites around the RE upon DSB induction in
MATa cells, which was abolished upon RE deletion®. This might be explained by a loop
formed between the RE and the break site, thereby bringing the HMLa donor homology
close to the MAT locus, as suggested in a previous study'. It was shown that Fkh1 is
involved in this potential loop formation'®, likely by binding directly to the RE. However,
the nature of DSB-adjacent components that interact with Fkh1 to establish this loop so
far remained enigmatic, just as an answer to the question whether this system could work
as a general enhancer of HR also outside the MAT system.

In this study, | established a system to study the regulation of donor preference
completely independent of the MAT system on chromosome Ill. While inducing a DSB via
Scel endonuclease at any genomic position, homology search still probes the
endogenous RE on chromosome lll. In addition, the RE can also be integrated at different
genomic sites and still increases recombination efficiency with nearby donor sites.
Importantly, the distance between the RE and a donor site thereby determined
recombination efficiency and thus RE function, which can be explained by the random 3-
dimensional probing of the homology search, which works efficiently on close-by

substrates?”’.
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By looking at factors contributing to the loop formation between the RE and a
DSB, the transcription factor Fkh1 was confirmed to be one major player in the regulation
of donor preference, affecting Rad51 nucleoprotein filament probing at the RE.
Consequently, Fkh1 also influenced recombination efficiency after a DSB, when a
homologous donor site was integrated next to the RE. Especially the phosphothreonine-
binding FHA domain of Fkh1 plays an essential role, abolishing the process when mutated
to a non-functional version. These data confirm previous studies, which investigated the
function of Fkh1’s FHA domain in donor preference regulation'’.

Furthermore, a mass spectrometry approach to find phospho-specific interaction
partners of Fkh1 revealed a couple of new binding partners, which have not yet been
annotated. Among them are very well known factors like RPA and Mph1, which already
have been shown to be involved in DNA damage repair pathways'®" 92193208 |n addition, |
also showed that a very recently described factor, Mte1'%'"2% " interacts with Fkh1.
Moreover, condensin could be identified as an interaction partner of Fkh1 in this thesis,
possibly supporting the stabilization of an RE-DSB loop.

As most of these factors interact with Fkh1 in a phospho-specific manner, various
candidate kinases involved in the phosphorylation of relevant factors were analyzed for
their contribution to RE function. Among tested candidates, the checkpoint kinase Mec1
had the strongest impact on Rad51 filament probing at the RE.

Altogether, the collected data point towards a more complex regulation of donor
preference than assumed. How does the cell manage specific loop formation between the
RE and a DSB, when Fkh1 also binds to hundreds of other genomic sites (sections 5.2
and 5.3)? Which mechanisms regulate the interaction between Fkh1 and factors at the
break site (section 5.4)? Which factors at the DSB interact with Fkh1 and contribute to the
regulation of donor preference (section 5.5)?

In the next sections, | will propose answers to these questions by discussing them

in the context of the current literature and presenting a potential mechanistic model.

5.2 The RE as a guide for homology search

One aim of this thesis was to test whether the regulation of donor preference can be
completely uncoupled from the MAT system. This was achieved via two different means:
1) via integration of the recognition site of either the MAT-specific HO or the mitochondrial
intron-encoded Scel endonuclease at defined locations in the genome and inducing the
break via overexpression of the respective endonuclease. 2) via transplanting the RE to
sites different from its natural location and subsequent monitoring of the homology search

and recombination with donor sites close by. Regarding the first point | showed that even
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with Scel the Rad51 nucleoprotein filament probes at the RE. In conclusion, neither the
position of a DSB nor the cutting endonucluease influences regulation of donor
preference. In addition, an interaction between the RE and the endonuclease inducing the
break can be excluded. In fact, no binding site for HO (or Scel) has been identified within
the RE?. Recombination efficiency increased after a DSB when an artificially constructed
homologous donor site was placed directly downstream of the RE. Regarding the second
point, when removed from its endogenous locus and inserted at any other genomic
position, the RE still guided homology search. Therefore, no special sequence or
chromosomal architecture surrounding the RE on chromosome |ll seems to be necessary
to maintain the function of the RE.

Transplantation of only the left part of the RE, which is defined as the minimal
RE'™, guides the homology search and transfers the ability to form a loop and to interact
with a DSB to other genomic positions. In detail, integration of the RE at another genomic
location guides the Rad51 filament to this position, enabling the interaction of RE-bound
Fkh1 with factors binding at the DSB site. Our laboratory clearly showed that homology
search spreads along the broken chromosome and the Rad51 enrichment gets diluted
with the distance to the DSB’®. Consistently, when the RE was integrated next to a
homologous donor site, recombination efficiency also changed with the variation of the
distance between the RE and the donor, thereby decreasing with an increasing RE-donor
distance. This was also previously shown within the MAT system, when the HMLa donor
was moved away from the RE on chromosome 1l1'*2. A recent study showed that an RE
placed next to a LEUZ2 donor site, outside of the MAT system on chromosome V, could
significantly increase repair efficiency, consistent with my findings'®. Thus, the RE can be
placed in line with other important principles that regulate the recombination efficiency
between distant homologies, such as spatial proximity®® or the length of the homologous
donor sequence’®. However, the increase in recombination efficiency with donor and RE
on another chromosome than chromosome Ill was not as strong as when a donor was
integrated at the endogenous RE. A recent publication showed that the conformation of
chromosome Ill is mating type-dependent und controlled by the RE™. Other
chromosomes are not affected by this mating type specific regulation. The authors could
show that the HMLa donor is positioned in spatial proximity near the MAT locus in MATa
cells, probably facilitating correct recombination during mating type switching’®. This
effect is lost when the RE is deleted. Therefore, it is possible that the RE-dependent
conformation of chromosome Il generally influences recombinational events at the RE. A
hypothesis could be that the RE transfers flexibility to the left arm of chromosome llI,
thereby increasing the probability of Rad51 filament probing at the RE and consequently,

the formation of a chromosomal loop between the RE and a DSB. As a result, repair
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efficiency with a donor next to the endogenous RE would also increase and would be
higher compared to an RE-donor system on another chromosome. Homology search is
the rate-limiting step during the process of HR. The RE accelerates the homology search
via facilitating the probing of the homologous donor sequence and therefore, the
recombination with the correct allele during mating type switching. Even in the crowded
environment of the nucleus it strongly increases the probability of the probing Rad51
nucleoprotein filament to bind to the correct donor allele.

When | varied the location of a DSB and allowed it to recombine with a donor site
on chromosome lll, a correlation between the recombination efficiency and the relative
distance between DSB and donor was not detected, despite numerous reports showing
such a correlation”®®. To obtain a correlation between recombination efficiency and the
distance between donor and the DSB, two approaches should be used: 1) more DSB and
donor sites have to be tested. 2) recombination efficiency has to be investigated not only
inter-chromosomally, but also intra-chromosomally. Repair efficiency of inter-
chromosomal sites was shown to be low compared to intra-chromosomal
recombination'®®. Therefore, further analysis should also include intra-chromosomal DSB
and donor sites. Additionally, the distance calculations were based on previously
published data analyzing the 3D environment within the static yeast nucleus without DNA
damageso. Actually, it was shown that upon a DSB the chromosome as well as the DSB
mobility increases to facilitate DNA repair'®®'%°. Additional chromosomal rearrangements

210 or from the

also include the relocalization of DSBs away from heterochromatin
nucleolus®, which was also shown to facilitate repair. Furthermore, another study showed
that DNA repair is also supported by movement of the DSB to the nuclear periphery,
controlled by the SUMO-targeted ubiquitin ligase SIx5/8%"". Generally, the DSB repair
machinery could benefit from an increased movement to conduct a genome-wide
homology search as this also increases the probability for the Rad51 filament to pair with

the right donor template®'.

5.3 Fkh1 is essential to RE function

Fkh1 is a transcription factor and was previously shown to be involved in the regulation of

18157 Together with its paralog Fkh2?'®, Fkh1 is involved in many

4

donor preference
cellular processes including transcriptional silencing’* and cell cycle regulation'”?. My
data confirmed the essential role of Fkh1 for the regulation of donor preference. Upon
FKH1 deletion Rad51 did not accumulate at the RE anymore, without influencing ongoing
homology search in general. In addition, also RE-associated recombination was deficient

in absence of Fkh1. Despite Fkh1 and Fkh2 have overlapping functions and binding
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sites' and although one Fkh2 binding site was found within the RE'*°, an FKH2 deletion
neither affected Rad51 enrichment at the RE nor recombination efficiency, underlining the
minuscule function of Fkh2 in donor preference regulation.

As Fkh1 is a transcription factor binding to hundreds of promoter regions'*, the
cell has to differentiate between a promoter region and the RE when a DSB is induced. An
interaction between the DSB and an Fkh1 binding site such as a promoter region would
not be beneficial for the cell and would slow down the process of finding the right donor
sequence instead of facilitating it. Indeed, when | integrated promoter regions from two
different genes (KIP2 and PES4) next to a homologous donor site, neither of them could
increase recombination efficiency as the RE did. What is the difference between an Fkh1-
bound promoter region and the RE? Detailed mapping of the RE revealed five well-
conserved subdomains, denoted A-E?>'*>'%". Subdomains A, D and E are arrays of Fkh1
binding sites™>'*’. Replacing the entire RE with multimers of one of these subdomains
was enough to raise HMLa donor usage close to wildtype levels, when a DSB was
induced in the MATa locus'®. Binding of Fkh1 to the RE was only detected in MATa, but
not in MATa cells. This is consistent with the fact that the RE is repressed in MATa cells
by Mcm1 together with Mata2'" and is not accessible for trans-acting factors like Fkh1.
Therefore, it is likely the clustering of Fkh1 binding sites within the RE that allows Fkh1-
binding above the required threshold to mediate a stable interaction between a DSB and
the RE. To further test this hypothesis, a repetitive array of natural Fkh1 binding sites,
such as the KIP2 or PES4 promoter, could be integrated into the genome. This array
would also offer multiple Fkh1 binding sites, resembling the RE in this function. A donor
placed next to this array would then also be used more often due to the enhanced binding
of Fkh1 to this site. In addition, one could also investigate this hypothesis by replacing the
endogenous RE on chromosome IIl with one of the Fkh1-bound promoter regions. A
potential effect on recombination efficiency with the endogenous HMLa locus could then
be tested by Fkh1 overexpression. A high Fkh1 expression level could compensate the
missing amount of Fkh1 binding sites in the promoter region. In general, probing of the
Rad51 filament upon Fkh1 overexpression at Fkh1 binding sites can be tested in a
genome-wide assay, as carried out before in our laboratory’®. An increased Rad51
filament binding to Fkh1-bound regions would also underline that the amount of Fkh1
proteins is critical for loop formation to guide homology search. Importantly, to prove that
Fkh1 actually binds to these regions, Fkh1 enrichment at these sites should be
investigated.

To show that the cluster of Fkh1 proteins binding to the RE is important for the
RE-DSB regulation, | investigated the effect of increased Fkh1 levels on Rad51 filament

probing at the RE via overexpression of the protein. In fact, increased Fkh1 levels resulted
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in a very strong Rad51 enrichment at the RE. This corroborates my hypothesis that the
amount of Fkh1 proteins binding to the RE is the reason why an interaction with the DSB
site occurs only with the RE. Fkh1 binds to the RE and interacts with at least one binding
partner at the break site, thereby establishing the connection between the RE and a DSB.
Increasing amounts of Fkh1 proteins binding at the RE also lead to an increase of
available binding sites for factors binding at the break. Fkh1 seems to be the limiting factor
in this process. Therefore, the Rad51 nucleoprotein filament probing at the RE also
increased with the higher probability of the Rad51 filament to probe the RE for a
homologous donor sequence. The question arises why the cell does not further increase
Fkh1 expression, as it seems to be beneficial for donor preference regulation. A previous
study showed that galactose-induced overexpression of Fkh1 results on the one hand in
increased stress resistance and lifespan, but on the other hand vegetative growth is
strongly decreased'®®. Therefore, stronger expression levels of Fkh1 could be unfavorable
for the cell. Other genes might then also be induced via binding of Fkh1 to their promoter
sites. One could approach this hypothesis by measuring transcription levels of genes,
whose promoters are bound by Fkh1. Further analysis would then also include
investigating the specific effects of this “non-planned” gene expression.

Fkh1, like other proteins of the forkhead family, contains a characteristic FHA
domain involved in binding of phosphorylated threonine residues in target
proteins*>'>% One well-conserved residue within these domains is an arginine, which
lies at position 80 in the amino acid sequence of Fkh1. Mutation of the corresponding
residue in the FHA domain of Rad53 abolished the binding of phosphothreonines”""8_ |t
seemed obvious that a mutation of R80 would also impair Fkh1’s ability to bind target
phosphothreonines. In addition, the necessity of this residue and the FHA domain for
donor preference regulation could also be tested in this way. When | replaced the FKH1
gene with a mutant copy, containing the sequence for the R80A mutation, it showed the
same effect as an FKH1 knockout. Thus, abolishing the function of the FHA domain to
bind phosphothreonines affects the donor preference mechanism. These results are in
line with previously published results by the group of James Haber'’. Consequently,
there must be at least one other factor, which contributes to the loop formation between
the RE and a DSB. This factor should be phosphorylated in order to interact with the FHA
domain of Fkh1.
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5.4 DNA damage response signaling regulates donor
preference

| showed that the FHA domain is important for Fkh1's activity in donor preference
regulation. FHA domains in general are phosphopeptide recognition domains, with a
striking specificity for phosphothreonine residues'”'. Mutation of a conserved arginine
in this domain completely abolished its function in donor preference regulation. Hence,
Fkh1 likely binds a phosphorylated protein at the DSB to mediate loop formation and RE
function.

There are two possibilities for the target protein(s) to become phosphorylated:
damage-independent or damage-dependent. The first possibility would likely involve a
constitutively active protein kinase. Therefore, | wondered if casein kinase 2 (CK2) might
be involved in this process. It was previously shown that donor preference partially
depends on CK2'’. As constitutively expressed kinase, CK2 has many target proteins
and was shown to be required for cell cycle progression during G1 and G2/M phase in
S. cerevisiae. In addition, CK2 also promotes DNA repair by phosphorylation of histone
H4 after methyl methane sulphonate (MMS)- and phleomycin-induced DSBs?"* as well as
after HO-induced DSBs'®’. When | performed Rad51 ChIP experiments with single
knockouts of one of the two a subunits of CK2 (Cka1/Cka2), Rad51 enrichment did not
change at the RE. Indeed, a single a subunit can compensate the deletion of the other
one''. To further investigate the influence of CK2 on donor preference, an available
temperature-sensitive CKA2 allele should be used'®”. Another role for CK2 could be that it
helps to establish a damage-independent function for the RE. As shown in a recent study,
the RE influences the overall structure of chromosome lll, even in the absence of DNA
damage'®. CK2 might therefore be the responsible kinase in phosphorylation of factors
mediating this conformation. Further studies will identify these CK2 substrates and provide
insights how CK2 is involved in donor preference regulation as well as damage-
independent, but RE-dependent chromosome Il conformation.

In contrast to this damage-independent mechanism, a damage-dependent
phosphorylation would likely involve a damage-activated kinase. The two main DNA
damage response kinases in yeast are Mec1 and Tel1. Mec1 is the yeast homolog of
mammalian ATR kinase and is recruited to DSBs by the recognition of long stretches of
RPA-bound ssDNA via its interactor Ddc2?'>?'®. Once Mec1 is activated, it phosphorylates
a wide variety of substrates?"’, giving rise to a global checkpoint response. For my studies
it was of interest if the Mec1 kinase activity influences donor preference regulation. A
previous study excluded the contribution of Mec1 to this process'”. However, when |

used a strain deleted for MEC1, the Rad51 enrichment at and around the DSB remained
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unchanged compared to wildtype. Strikingly, the Rad51 enrichment decreased
significantly at the RE. | therefore assign a role for Mec1 in donor preference regulation.
For Tel1, yeast’s homolog of human ataxia-telangiectasia mutated (ATM) kinase, a role in

%7 nor in our

the regulation of donor preference was neither seen in a previous study
laboratory (Claudio Lademann unpublished data). Besides their overlapping substrates,
Mec1 seems to be favored over Tell. This is probably due to the fact that Mec1 is
activated and recruited by resected ssDNA (see sections 2.2.2 and 2.2.4)*. Resection is
a crucial process for HR as well as for mating type switching. Therefore, Mec1 might be
better suited for donor preference regulation.

A previous study suggested that donor preference regulation only partially depends
on CK2"™", Mec1 might therefore also be involved in phosphorylation of relevant factors
for this process. This is also in line with my data that a MEC1 knockout did not result in
complete Rad51 loss at the RE. A strain lacking Mec1 and both CK2 a subunits,

157

supplemented by a previously used temperature-sensitive CKAZ2 allele ™, will give further

insights into the phosphorylation process affecting donor preference regulation.

5.5 A multi-factorial Fkh1 anchor pad at the DSB
contributes to RE function

At the RE, Fkh1 is supposed to be the only binding factor to establish the RE-DSB loop
from the RE site. A dimerization can be excluded, because forkhead proteins in general
bind DNA as monomers?'® and no internal phosphorylation sites have been reported by
now. It was previously assumed that there have to be additional factors binding to Fkh1 to
establish the connection between the RE and a DSB?. The unbiased mass spectrometry
approach that | conducted led to the identification of several interesting Fkh1 interactors
potentially involved in RE function. While some of them could not be verified by
conventional immunoprecipitation coupled to Western blot, the confirmed interactors could
further be sub-classified among damage-dependent and damage-independent binding
partners.

As already mentioned above (see section 5.2), it was recently shown that the RE

is required for a mating type specific conformation of chromosome 11"

, positioning the
HMLa donor in spatial proximity to the MAT locus in MATa cells. This conformation is
already captured without DNA damage, which might explain the early Rad51 filament
probing at the RE after DSB induction shown by our Iaboratory76. However, even in MATa
cells the MAT locus interacts more frequently with HMRa'. This indicates that the spatial
proximity between MAT and HMLa in MATa cells prior to induction of mating type

switching might contribute to the selection of correct donor selection, but is not sufficient.
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In addition, this special conformation only applies for chromosome Ill and therefore,
damage-dependent factors are required to establish a chromosomal loop by forming a
stable tether between the RE and the break site, when both or only one of them are
located on different chromosomes. Among those damage-dependent factors falls the
Mph1 protein, belonging to the DEAH family of DNA helicases?'?. Mph1 is recruited to
DSBs and is involved in the dissociation of Rad51-made D-loops'®’. However, Mph1 did
not influence Rad51 filament probing and only had a minor effect when DSB repair
efficiency was measured. A recent study identified two closely spaced threonines within
the C terminus of Mph1, which were assumed to be phosphorylated and to interact with
Fkh1'8. Mutation of both threonines to alanines abolished the interaction with Fkh1,
whereas a single mutation still showed binding to Fkh1'®®. A threonine double mutant
resembled an MPH1 knockout and decreased HMLa donor usage by roughly 10 %'
Both of these findings are in line with my own data showing that the interaction with Mph1
was lost when a phosphothreonine binding mutant variant of Fkh1 was used and that RE-
dependent recombination efficiency is only mildly affected in an MPH1 knockout strain.
Note that the contribution to the donor preference regulation can be uncoupled from the
rest of Mph1’s activities'®. Mutation of both relevant threonines did not abolish the
helicase activity of Mph1. Vice versa, helicase activity could be stopped and HMLa usage
was still at wildtype levels as long as the threonines were intact'®®. These data show that
Mph1 contributes to the regulation of donor preference, but only plays a minor role.

A mechanism, where more than one protein at the DSB interacts with Fkh1 in
order to establish a loop, is very likely. In fact, another factor has recently been identified

to be involved in donor preference regulation: Fdo1'®

. With no other reported function by
now, an FDO1 knockout only slightly reduced usage of the HMLa donor sequence, when
a break was induced in MATa cells. A deletion of FDO1 on top of an MPH1 knockout
showed an additive, but minor effect'®®. These data support my model, whereas Fkh1
interacts with a bundle of proteins to regulate donor preference (Figure 24).

Along this line, one of the top hits in my mass spectrometry data was a protein
referred to as Ygr042w, which is meanwhile known as Mte1'®. By the time | discovered
Mte1 as Fkh1 binding partner, the function of the protein was unknown and an interaction
with Fkh1 was not annotated in the yeast genome database®, making it a candidate for
donor preference regulation. Interaction between Fkh1 and Mte1 also depended on a
functional FHA domain, as Fkh1 R80A did not show any interaction with Mte1 in the mass
spectrometry or in the Co-IP experiment. Importantly, in contrast to Mph1 this interaction
happened independent of DNA damage induction and therefore, Mte1 is a damage-
independent binding partner of Fkh1. Similar to an MPH1 knockout however, deletion of

the sequence coding for Mte1 did only mildly impair recombination efficiency. A knockout
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of both MPH1 and MTE1 was not additive and only slightly impaired DSB repair efficiency,
but did not have an effect on general ongoing homology search represented by Rad51
enrichment at different genomic sites. Mte1 was shown to be an interactor of Mpht,
thereby counteracting Mph1’s activity in Rad51-made D-loop dissociation and promoting

190191 Results of this thesis underline the interaction between

crossover recombination
Mte1 and Mph1, independently of a DSB. To get a full picture, the target threonines within
Mte1 have to be investigated and further research has to be done to understand this new
function for Mte1. In summary, Mte1 is another candidate protein potentially contributing
to the function of the RE. Yet, also Mph1 and Mte1 together cannot make up for the
strong effect of Fkh1, prompting further candidates for the Fkh1 anchor pad at DSBs.
Another interesting candidate in this regard is RPA, which is well-known for its
function in DSB repair’®'%'%. Two of the three subunits of RPA, Rfa1l and Rfa3, were
detected in the mass spectrometry experiment, whereas only for Rfa1 an interaction with
Fkh1 could be confirmed in a Co-IP assay. Interestingly, the interaction did not change
upon DSB induction. It is possible that an interaction between these proteins is generally
detected in IP assays independent of DSBs. A single DSB likely leads to posttranslational
modifications (see below) only for a small proportion of Rfa1. Therefore, the difference
between both time points (before and after DSB induction) is hard to detect. This system
could be improved by the induction of multiple breaks, which should increase the amount
of posttranslationally modified Rfa1 and should therefore also result in an increased
interaction between Fkh1 and Rfa1 upon DSB induction. An important difference to the
other Fkh1-binding partners discussed so far however is the partially phosphorylation-
independent interaction between both factors, as Rfa1 also showed an interaction with
Fkh1 R80A. No phosphothreonines have been identified within Rfa1 and therefore, this
needs to be further investigated. One possibility is that the interaction between Fkh1 and
Rfa1 does not solely depend on phosphorylation, but also on another mechanism such as
SUMOylation. Using a prediction program for SUMO-interaction motifs (SIMs), | could
identify two potential SIMs within the FHA domain of Fkh1 (data not shown). Rfa1l is
SUMOylated by the SUMO E3 ligase Siz2 and a knockout abolished Rfa1
SUMOylation®”'. However, when | investigated Rad51 filament probing at the RE in a
Asiz2 strain, no change of Rad51 enrichment at the RE was seen (data not shown). Also
a knockout of its paralog, S/Z1, did not have an effect (data not shown). At this point it can
only be assumed that SUMOylation strengthens the binding of Rfa1l to Fkh1. Further
research needs to be done to evaluate this hypothesis. These experiments should then
also include SUMOylation-defective variants of Rfa1l. A deletion of RFA1 is not possible,
because like the other two RPA subunits, Rfa1 is essential for the S. cerevisiae cell®®.

Investigations to the biological relevance of Rfa1l have also relied on hypomorphic alleles.
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In terms of donor preference regulation, Rfa1 binds to ssDNA and could act early in the
process of the RE-DSB interaction. Indeed, a recent study assigned a role to RPA for the
recruitment of the MRX complex, which holds sister chromatids together after a DSB
occurred®. The authors showed that the interaction between RPA and the MRX complex
is essential to keep both sister chromatids and DSB ends together independently of
cohesin (see below). Therefore, a mechanism was proposed, where the MRX complex
serves as an early structural support holding both sister chromatids together at the DSB**.
For the regulation of donor preference, Fkh1 could interact with Rfa1 via phosphorylation
and SUMOylation and Rfa1 recruits the MRX complex to form an early clamp around the
RE and the DSB site. This potential loop would also need to be maintained at later time
points in order to keep both sides together.

Different protein complexes could have the competence to fulfill this task. Although
not detected as Fkh1 interactor in my mass spectrometry approach or any other large-
scale study, the SMC (structural maintenance of chromosomes) complexes are interesting
candidates in this respect. SMC complexes include cohesin, condensin as well as the
Smc5/6 complex and are conserved from bacteria to humans'®'¥". These ring-shaped
complexes encircle DNA in an ATP-driven way, being able to hold more than one strand
of DNA together. Among their chromosomal activities, the two most prominent ones are
chromosome condensation®® and sister chromatid cohesion®**. Furthermore, SMC
complexes play an important role in DNA repair'®. Previous studies already revealed
roles for the Smc5/6 complex and cohesin in recombinational DNA repair’®>?®, forming a
clamp around the broken and the intact DNA strand to complete homologous
recombination. In fission yeast Schizosaccharomyces pombe, condensin has also been
published to play a minor role in DNA repair®®’. Binding to Fkh1 or directly at the RE could
therefore be a possible explanation why the RE and a DSB can be kept in spatial
proximity during the process of recombination (Figure 24).

While | did not see an interaction of Fkh1 with cohesin or the Smc5/6 complex, |
could show that Fkh1 interacts with both large subunits of condensin, Smc2 and Smc4,
independently of a DSB. Interestingly, a non-functional FHA domain of Fkh1 did not have
any effect on the binding between Fkh1 and Smc2/4. As already mentioned above for
Rfa1, SUMOylation could also regulate the Fkh1-condensin interaction. For Smc2 and
partially Smc4 SUMOylation was shown to be mediated by the SUMO E3 ligase
Mms21%%. Mms21 is an essential subunit of the Smc5/6 complex?°. However, when |
deleted Mms21’s E3 ligase activity, the interaction between Fkh1 and Smc2 remained

unaffected (data not shown).
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Figure 24 | General hypothetical model for the regulation of donor preference upon a DSB.

In MATa cells a DSB is induced at an endogenous locus. The RE was placed next to a donor
sequence, homologous to the broken DNA sequence. Fkh1 binds to the RE at multiple binding
sites located in RE subdomains A, D and E, leading to clustering of Fkh1. Even in the absence of
DNA damage, additional factors like Mte1 bind to Fkh1. Formation of a loop between the RE and
the DSB is then induced via interaction of Fkh1 with multiple factors at the break site, thereby
bringing the donor sites close to the DSB. Interaction occurs via the FHA domain of Fkh1 and
phosphothreonines of binding partners. This mechanism might also regulate the binding of Rfa1 to
Fkh1 (red question mark). In addition, an SMC complex binds to both pieces of DNA to maintain
the loop. The DSB can now be repaired via homologous recombination with the homologous donor
site. Thus the regulation of donor preference requires Fkh1’s role at the RE and its interaction with
multiple factors at the break site, which together define a DSB. Deletion of any single Fkh1 binding
partner only slightly reduces the interaction between the RE and the DSB, resulting in lower
recombination efficiency.

A possible explanation could be that the binding of condensin to Fkh1 is mediated by
another protein. Generally, condensin is a heteropentameric complex, consisting of two
SMC subunits, a Kleisin subunit and two HEAT repeats-containing proteins'®’. All five

subunits are essential for chromosome condensation and cell viability'¥?*. The three
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non-SMC subunits might also be candidates to contact Fkh1. Therefore, further
experiments should include conditional mutants of the condensin subunits or hypomorphic
alleles. Although a clear role in DNA repair, especially in HR, has not been reported for
condensin by now, the complex may act during the regulation of donor preference,
maintaining the loop between the RE and a DSB until recombination is completed. In
addition, although an interaction between Fkh1 and cohesin or the Smc5/6 complex was
not seen, a role for these complexes cannot be completely excluded in donor preference

regulation (Figure 24).

In contrast to the single factor mediating regulation of donor preference at the RE side,
Fkh1, multiple factors seem to act at the DSB side to form and establish an RE-DSB loop.
Future experiments should test if more factors, which are already involved in DSB repair

and especially in HR, also interact with Fkh1.

In summary, the regulation of donor preference is mediated by many factors to ensure
successful mating type switching in budding yeast. This study completely uncoupled the
function of the RE from mating type switching and shed light on the general function of the
RE to guide homology search outside of the MAT system. Furthermore, several factors
could be identified that contribute to the loop formation between the RE and a DSB.
Regulation of donor preference is a more sophisticated mechanism than previously
assumed. The future will surely decipher the interplay between all factors involved in loop
formation, revealing the bigger picture of donor preference and providing a general model
how nuclear architecture influences DNA repair and how this can be applied to the variety

of genetic diseases that are linked to HR.
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6 Materials and Methods

Unless indicated differently, materials, chemicals and reagents were purchased from
Agilent, Becton Dickinson (BD), Biomol, Bioneer, Bio-Rad, Eppendorf, Eurofins Genomics,
GE Healthcare, Life Technologies, Merck, Millipore, New England Biolabs (NEB),
Promega, Qiagen, Roth, Roche, Sarstedt, Serva, Sigma, Thermo Fisher Scientific or
VWR. For all described procedures, sterilized flasks, solutions and de-ionized water were
used. Basic microbiological, molecular biological and biochemical techniques followed

standard protocols®*"#*?,

6.1 Microbiology

6.1.1 Escherichia coli (E. coli) techniques

E. coli strains were cultivated at 37°C, either in liquid LB media or on LB agar plates.
Culture density in liquid media was determined photometrically via absorption at 600 nm
(ODeoo).

E. coli strains

Strain Genotype Source
F- ®80lacZAM15 A(lacZYA-argF) U169 Life
DH5a™ recA1 endA1 hsdR17 (r., Mxs) phoA Technologies

SupE44 A— thi-1 gyrA96 relA1
Mach1™ T1® F®80(lacZ)AM15 AlacX74 hsdR(r<mx') ArecA1398 Life
endA1 tonA Technologies

E. coli media

LB medium/plates 1 % (w/v) trypton
0.5 % (w/v) yeast extracts
1 % (w/v) NaCl
1.5 % (w/v) agar (only for plates)
sterilized by autoclaving

For plasmid selection, 100 ug/ml ampicillin were added to media or plates.

Competent E. coli cells

Electro-competent E. coli cells were prepared by inoculation of 1 | pre-warmed LB medium
to an ODggo of 0.05 from an overnight culture (commercially available stock was used for

this culture). Cells were grown to a final ODgo of 0.6-0.8, immediately chilled on ice for 30
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min and harvested by centrifugation (2000 g, 10 min, 4°C). The cell pellet was carefully
resuspended in 0.5 | of ice-cold water and subsequently washed 4 times with 0.5 | of ice-
cold 10 % (v/v) glycerol. After the final washing step with 50 ml of 10 % (v/v) glycerol,
bacteria were resuspended in 3 ml 10 % (v/v) glycerol. 50 pl aliquots were frozen in liquid

nitrogen and stored at -80°C.

Transformation of E. coli cells

E. coli cells were transformed via electroporation. Cells were thawed on ice right before
transformation and ~100 ng of plasmid DNA or 10 pul of a dialyzed ligation reaction (see
section 6.2.3) added to the cells. The cell-DNA mixture was transferred to pre-cooled
electroporation cuvettes (0.1 cm electrode gap; Bio-Rad) and electroporation was carried
out by applying a pulse of 1.8 kV and 25 pF at a resistance of 200 Q using a Gene Pulser
X-cell (Bio-Rad). Subsequently after electroporation, 1 ml LB medium was added to the
cuvette and the cells were transferred to a 1.5 ml Eppendorf tube and incubated for
30 min at 37°C shaking at 900 rpm. Successfully transformed cells were selected on LB

plates containing ampicillin via incubation at 37°C for 12-16 h.

6.1.2 Saccharomyces cerevisiae (S. cerevisiae) techniques

S. cerevisiae strains were incubated at 30°C either in liquid media or on agar plates.
Culture density in liquid media was determined photometrically via absorption at 600 nm
(ODeoo).

S. cerevisiae strains

All yeast strains were isogenic to either JKM179'® or W303?®. Strain YCL26 was
obtained by crossing YCZ173%* with W303 MATa (Claudio Lademann).

Name Genotype Source

JKM179 Ahmi::ADE1, MATa, Ahmr::ADE1, ade1, leu2- '
3,112 lys5, trp1::hisG', ura3-52, ade3::Pga -HO

YCL26 MATa, ade3::Pga -HO, Ahml::pRS-1 Claudio Lademann
Ahmr::pRS-2

JoR97 YCL26, ChriV 91::HOcs-hphNT1 7

JoR247 MATa, Ahml:.pRS-1 Ahmr::;pRS-2, Jbérg Renkawitz
ChrlV 4914 :Scelcs-kanMX4

BA79 JoR247, ura3::Pga -SCEI This study

BA97 YCL26, Aade3::natNT2 This study

BA101 BA97, ChrlV 4911::Scelcs-kanMX4 This study
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BA103
BA109
BA120
BA134
BA146
BA161
BA172
BA174
BA192
BA193
BA195
BA196
BA205
BA206
BA212
BA248
BA250
BA273
BA278
BA279
BA280
BA281
BA282
BA283
BA285
BA286
BA287
BA293
BA294
BA295
BA298
BA299
BA309
BA310
BA311
BA314
BA315
BA316
BA324
BA325
BA326
BA329
BA330
BA331
BA332
BA333
BA334
BA348

BA97, ChriV 91x::HOcs-hphNT1

BA101, ura3::Pga-SCEI

BA101 s ura3::PGAL-HO

BA97, ChrXVigsk::Scelcs-kanMX4
BA134, ura3::Pga-SCEI

BA79, Amata2::natNT2

YCL26, Aade3::URA3

BA172, URA3 pop out

BA1 74, ura3::PGAL-HO

BA1 74, uraS::PGAL-SCEI

BA192, ChriV 911::HOcs-hphNT1
BA193, ChriVg1x::Scelcs-hphNT1
BA195, Afkh1::natNT2

BA195, Afkh2::kanMX4

BA206, Afkh1::natNT2

BA1 95, ChrIV114,gkb:.‘RE-natNT2

BA195, ChrXlllgow::RE-natNT2

YCL26, ChrlV 91::GFPHOcs-hphNT1
BA273, Chrlllygn,::GFPHOcsmut-kanMX4
BA273, Chrlllsg 4xp::GFPHOcsmut-kanMX4
BA273, Chrlllyg gxp::GFPHOcsmut-kanMX4
BA273, Chrlllson::GFPHOcsmut-kanMX4
BA273, ChrIV1148kb:.‘GFPHOCsmut-kanMX4
BA273, ChrXlllgow,::GFPHOcsmut-kanMX4
BA281, Afkh1::natNT2

BA282, Afkh1::natNT2

BA283, Afkh1::natNT2

BA281, Afkh2::natNT2

BA282, Afkh2::natNT2

BA283, Afkh2::natNT2

BA205, pBA34

BA205, pBA40

BA285, pBA34

BA286, pBA34

BA287, pBA34

BA285, pBA40

BA286, pBA40

BA287, pBA40

BA285, YCplac111

BA286, YCplac111

BA287, YCplac111

BA281, Are
BA282, Are
BA283, Are
BA285, Are
BA286, Are
BA287, Are

BA282, REChrIV 1148kb::natNT2

c.a.URAS3
c.a.URAS3
c.a.URAS3
c.a.URAS3
c.a.URAS3
c.a.URAS3

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
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BA349 BA283, RECth/// 283kb::natNT2 This StUdy
BA374 JoR97, ura3::Pga-MATa2 This study
BA406 JoR97, fkh1::FKH1-R80A-URA3 This study
BA407 BA406, URA3 pop out This study
BA412 JoR97, Afkh1::kanMX6 This study
BA415 BA282, PK/pgy ChrlV 1148 kb:.'natNTZ This StUdy
BA416 BA283, PPES4, ChrXill 282 kb::natNTZ This StUdy
BA417 BA283, PK/pgy ChrXIll 282 kb::natNTZ This StUdy
BA418 BA282, PPES4, ChriV 1148 kb::natNTZ This StUdy
BA427 JoR97, Amph1::natNT2 This study
BA428 BA412, Amph1::natNT2 This study
BA429 BA281, Amph1::natNT2 This study
BA430 BA282, Amph1::natNT2 This study
BA431 BA283, Amph1::natNT2 This study
BA432 JoR97, MPH1-6HA::natNT2 This study
BA435 JoR97, FKH1-9Myc::kanMX4 This study
BA436 BA407, FKH1-9Myc::kanMX4 This study
BA440 BA330, REChrIV 1158kb::natNT2 This StUdy
BA441 BA330, REChr,V1175kb::natNT2 This StUdy
BA442 BA331 ) RECth/// 290kb::natNT2 This StUdy
BA443 BA331, RECth/// 309kb::natNT2 This StUdy
BA444 BA331 , RECth/// 259kb::natNT2 This StUdy
BA445 BA435, MPH1-6HA::natNT2 This study
BA446 BA436, MPH1-6HA::natNT2 This study
BA449 JoR97, ura3::Pga-MPH1 This study
BA470 BA427, Amte1::kanMX6 This study
BA472 JoR97, Amph1::c.a.URA3 This study
BA473 JoR97, MTE1-9Myc::kanMX4 This study
BA474 BA432, MTE1-9Myc::kanMX4 This study
BA475 BA435, MTE1-6HA::natNT2 This study
BA477 JoR97, Asml1::natNT2 This study
BA478 JoR97, AckaZ2::natNT2 This study
BA479 BA477, Amec1::c.a.URA3 This study
BA480 JoR97, MTE1-6HA::natNT2 This study
BA481 BA436, MTE1-6HA::natNT2 This study
BA484 BA435, SMC2-6HA::natNT2 This study
BA487 BA435, SMC4-6HA::natNT2 This study
BA492 BA282, Amte1::natNT2 This study
BA493 BA283, Amte1::natNT2 This study
BA495 BA281, Amte1::natNT2 This study
BA496 BA432, Amte1::c.a.URA3 This study
BA497 BA435, Amte1::c.a.URA3 This study
BA498 BA436, Amte1::c.a.URA3 This study
BA499 BA445, Amte1::c.a.URA3 This study
BA500 BA446, Amte1::c.a.URA3 This study
BA501 BA432, Afkh1::c.a.URA3 This study
BA502 BA473, Afkh1::c.a.URA3 This study
BA503 BA474, Afkh1::c.a.URA3 This study
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BA504 BA435, Amph1::c.a.URA3 This study
BA505 BA436, Amph1::c.a.URA3 This study
BA506 BA475, Amph1::c.a.URA3 This study
BAS507 BA480, Amph1::c.a.URA3 This study
BA508 BA481, Amph1::c.a.URA3 This study
BA509 JoR97, Are::natNT2 This study
BA513 BA436, SMC4-6HA::natNT2 This study
BA517 JoR97, SMC2-6HA::natNT2 This study
BA520 JoR97, SMC4-6HA::natNT2 This study
BA522 BA436, SMC2-6HA::natNT2 This study
BA526 BA492, Amph1::c.a.URA3 This study
BA527 BA493, Amph1::c.a.URA3 This study
BA528 BA495, Amph1::c.a.URA3 This study
BA529 BA412, pBA34 This study
BA530 BA412, pBA40 This study
BA536 BA435, Papy-3HA-RFA1::natNT2 This study
BA537 BA436, Papy-3HA-RFA1::natNT2 This study
BA546 JoR97, Acka1::natNT2 This study
BA547 BA479, Acka1::kanMX6 This study
BA548 BA479, Acka1::kanMX6 This study
BA549 JoR97, Aleft re::natNT2 This study
BAS550 JoR97, Aright re::natNT2 This study
BA551 JoR97, Afotal re::natNT2 This study
BA560 BA412, ura3::Pga-FKH1 This study
BA561 BA412, ura3::Pga-FKH1 R80A This study
BAS570 JoR97, MMS21AC terminus::c.a.URA3 This study
S. cerevisiae vectors
Type Name (Marker) Purpose Source
Centromeric  YCplac111 Expression of protein of interest under **°
(LEU2) LEU2 marker
Integrative Ylplac211 Expression of protein of interest at the **°
(URAD3) URAS3 locus

S. cerevisiae plasmids

Name Plasmid (Marker) Source

D4135 pFA6A-HOcs (hphNT1) Jorg Renkawitz
D4136 pFA6A-Scelcs (hphNT1) Jorg Renkawitz
pCL1 Yiplac211-Pga-HO (URA3) Claudio Lademann
pCL23 GFPHOcs (hphNT1) Claudio Lademann
pCL24 GFPHOmut (kanMX6) Claudio Lademann
pBA6 Psa-SCEI (URA3) This study

pBA34 YCplac111-FKH1, endogenous promoter and This study

terminator (LEU2)
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pBA40 YCplac111-FKH1 RG8O0A,

endogenous promoter This study

and terminator (LEU2)
pBA52 pCL1-Pga-MATa2 (URA3) This study
pBAS6 Yiplac211-FKH1 R80A, endogenous promoter and This study
terminator (URA3)
pBAGO pCL1-Pga-MPH1 (URA3) This study
pBA134  pCL1-Pga-FKH1 (URAS3) This study
pBA135  pCL1-Pga-FKH1 R80A (URA3) This study

S. cerevisiae media and buffers

YPD/YP-Gal/YP-Raf

YP-lactate

YPD G418/NAT/HYG plates

SC media

Drop out amino acid mix

1 % (w/v) yeast extract

2 % (w/v) bacto-peptone

2 % (w/v) carbon source (glucose, galactose,
raffinose)

2 % (w/v) agar (only for plates)

sterilized by autoclaving

1 % (w/v) yeast extract

2 % (w/v) bacto-peptone

3 % (w/v) lactic acid

adjusted to pH 5.5 with NaOH (ca. 12 g/l final)
sterilized by autoclaving

after autoclaving, YPD medium with 2 % agar was
cooled to 50°C and 200 mg/l G418 (geneticine
disulfate, PAA Laboratories), 100 mg/l NAT
(nourseothricin, HK Jena) or 500 mg/l HYG
(hygromycin B, PAA Laboratories) were added.

0.67 % (w/v) yeast nitrogen base

0.2 % (w/v) amino acid drop out mix (except amino
acids selected for auxotrophy markers)

2 % (w/v) glucose

2 % agar (w/v) (only for plates)

sterilized by autoclaving

20 mg Ade, Ura, Trp, His
30 mg Arg, Tyr, Leu, Lys
50 mg Phe

100 mg Glu, Asp

150 mg Val

200 mg Thr

400 mg Ser
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SORB 100 mM LiOAc
10 mM Tris-HCI, pH 8.0
1 mM EDTA, pH 8.0
1 M sorbitol
sterilized by filtration

PEG 100 mM LiOAc
10 mM Tris-HCI, pH 8.0
1 mM EDTA, pH 8.0
40 % (w/v) PEG-3350
sterilized by filtration, stored at 4°C

Storage and cultivation of S. cerevisiae

For long-term storage of S. cerevisiae, single colonies were inoculated in YPD or the
selective SC media for 12-16 h, mixed with 50 % (v/v) glycerol (final concentration 15 %)
and frozen at -80°C. Prior to an experiment, cells were freshly streaked out from glycerol
stocks onto agar plates using a sterile glass pipette. Single colonies were used to
inoculate liquid cultures and grown 12-16 h on a shaking platform (220 rpm). These pre-
cultures were then used to inoculate main cultures to an ODgy of 0.1. For experiments
using YP-lactate, cells had to undergo two sequential pre-culture steps to fully inhibit
glucose metabolism. The main cultures were then grown on a shaking platform
(110-140 rpm) to mid-log phase (ODggo of 0.6-0.8) and further processed according to the

experimental protocol.

Preparation of competent S. cerevisiae cells

S. cerevisiae cells were grown in a 50 ml YPD culture to mid-log phase and harvested by
centrifugation (500 g, 5 min, RT). Cells were washed with 5 ml SORB buffer, finally
resuspended in 360 pyl SORB buffer and 50 pl carrier DNA (hering sperm DNA, Life
Technologies, 10 mg/ml, heat-denatured at 99°C for 10 min) were added. Cells were then

either used directly for transformation or stored in 50 ul aliquots at -80°C.

Transformation of S. cerevisiae cells

S. cerevisiae cells were transformed via mixing with the respective DNA (for plasmids:
10 pl cells + ~100 ng plasmid DNA, for linearized plasmids: 50 pl cells + ~500 ng DNA, for
PCR-amplified DNA: 50 pl cells + 15 yl PCR product (see section 6.2.2)) and 6 volumes
of PEG buffer. The cells-DNA mixture was incubated for 30 min at RT, DMSO was then
added to a final concentration of 10 % and the cells were heat shocked at 42°C for 10 min
in a water bath. Cells were harvested by centrifugation (500 g, 3 min, RT), resuspended in

3 ml of YPD, recovered for 2 h at 30°C under constant shaking (220 rpm; recovery was
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only carried out in case of antibiotic selection markers) and then streaked out on plates
containing the respective selective media. Selection was carried out via incubation at
30°C for 2-3 days.

Genetic manipulation of S. cerevisiae

S. cerevisiae genes were deleted, replaced or tagged using selection cassettes generated
by a PCR-based strategy'®*'®. The selection cassettes contained different marker genes
(kanMX4/6, hphNT1, natNT2, c.a.URA3?*) and were amplified using gene specific
overhangs to integrate them at the endogenous locus, thereby replacing the original gene.
Correct integration of the selection cassettes was determined by colony PCR (see below).
Chromosomal taggings were additionally confirmed by Western blotting (see section
6.3.1).

Seamless deletions resulted in marker-free integration of genes and cassettes.
Therefore, cassettes containing the URA3 marker were processed as described
previously®®’. The chromosomal locus chosen for seamless deletion was replaced by a
construct containing the URA3 ORF, flanked by 50 bp of the endogenous sequence
downstream of the integration site. After integration was confirmed by colony PCR, the
URA3 marker was counter-selected on plates containing 5’-Fluoroorotic acid (5’FOA).
This results in the deletion of the URA3 marker via an intra-chromosomal recombination
between the 50 bp flanking and the endogenous sequence.

For construction of cassettes bearing an HO., GFP-HO, or an Scel, either a 36
bp HO endonuclease recognition sequence (5-AGTTTCAGCTTTCCGCAACAGTATAATT
TTATAAAC-3)*® or a 30 bp Scel recogniton sequence  (5-
TTACGCTAGGGATAACAGGGTAATATAGCG-3)*? was cloned via oligonucleotide
annealing (see section 6.2.3) next to a marker gene in the pFA6a backbone (for HO.s and
Scel.s) or inside the GFP ORF of pYM25 (for GFP-HO,;s). This construct was amplified by
PCR with site-specific overhangs for the chromosomal integration site. For GFP-HOspu,
the approach was the same, but using a mutated HO endonuclease recognition site (5’-
AGTTTCAGCTTTCCaCAAtAGTATAATTTTATAAAC-3’, mutations in lowercase)'®.

Yeast colony PCR

Colony PCR was carried out by dissolving a small toothpick of cells (picked from selective
plate) in 20 pl of 20 mM NaOH. Glass beads (0.25-0.5 mm, Roth) were added to the
mixture and the samples were incubated at 99°C under constant shaking in a

Thermomixer (Eppendorf) for 6 min. Subsequently, the cell debris was pelleted by a quick
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spin in a small benchtop centrifuge. 1.6 yl of the supernatant were then taken as template

for the PCR reaction (see section 6.2.2).

Induction of single DSBs in vivo

A single and site-specific DSB could be induced by overexpression of either HO or Scel

endonuclease under control of the GAL promoter®*

in yeast strains harboring an
integrated HO or Scel recognition sequence (see above). These strains were grown in
YP-lactate medium to avoid repressive effects of glucose metabolism. Cells were grown to
mid-log phase (ODgy 0.6-0.8) and endonuclease overexpression was induced by the

addition of galactose to the YP-lactate medium (final concentration: 2 % (w/v)).

Recombination survival assay

Cells were directly streaked out from glycerol stocks onto YP-Raf plates and incubated for
3 days at 30°C. Afterwards cells were serially diluted to an OD of 10 and 100 pl or 200 pl
were plated onto YPD and YP-Gal plates, respectively. Plates were incubated at 30°C for
3 days and single colonies were counted. The ratio between colonies on YPD and YP-Gal

plates was calculated as recombination efficiency.

6.2 Molecular biology techniques

6.2.1 DNA isolation, purification and sequencing
Isolation of plasmid DNA from E. coli

Single E. coli colonies were inoculated in 5 ml LB supplemented with ampicillin and grown
for 12-16 h at 37°C. Cells were harvested and plasmid DNA was isolated using the
AccuPrep® Plasmid Mini Extraction Kit (Bioneer) according to the manufacturer's

instructions.

Purification of PCR DNA

Linear DNA fragments generated by PCR amplification were purified using the QlAquick

PCR purification Kit (Qiagen) according to the manufacturer’s instructions.

Purification of DNA fragments from agarose gels

DNA fragments separated via agarose gel electrophoresis were purified using the

QlAquick Gel Extraction Kit (Qiagen) according to the manufacturer’s instructions.
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Isolation of genomic DNA from S. cerevisiae

Genomic DNA from S. cerevisiae was isolated using the MasterPure™ Yeast DNA

Purification Kit (Epicentre) according to the manufacturer’s instructions.

Measuring of DNA concentration

DNA concentration of plasmids or genomic DNA was determined photometrically using a
NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific). The absorbance at a
wavelength of 260 nm (ODy) was measured, whereas an ODy of 1 equals a

concentration of 50 pg/ml double-stranded DNA.

Separation of DNA fragments by agarose gel electrophoresis

DNA fragments were separated for analytical or preparative purposes via agarose gel
electrophoresis. Therefore, 0.5-1.5 % (w/v) gels containing ultra-pure agarose in TBE
buffer (89 mM Tris, 89 mM boric acid, 2 mM EDTA), supplemented with ethidium bromide
(final concentration 1 pg/ml), were prepared. Ethidium bromide allowed the visualization of
the DNA using an UV transilluminator (Raytest). Before loading, DNA samples were
mixed with 5 x DNA loading buffer (30 % glycerol, 0.5 % SDS, 25 mM EDTA and
bromophenol blue) and electrically separated at 110 volts (12 V/cm) in TBE buffer. Using
a standard size marker (1 Kb PLUS DNA Ladder, Life Technologies) running on the same

gel, the size of the DNA fragments was estimated.

DNA sequencing

The core facility of the MPI of Biochemistry performed the sequencing analysis of purified
plasmid DNA or PCR products using an ABI 3730 DNA analyzer (Applied Biosystems)
and ABI Big Dye 3.1 sequencing chemistry. Otherwise, samples were also sequenced as

value reads by Eurofins Genomics.

6.2.2 Polymerase Chain Reaction (PCR)

PCR was used to amplify DNA fragments from genomic and plasmid DNA for cloning,
amplification of targeting cassettes for chromosomal integration as well as epitope
tagging, to test for genomic recombination events and to analyze ChIP experiments via

quantitative real-time PCR.
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Ampilification of genomic and plasmid DNA fragments

For the amplification of genomic or plasmid DNA the Phusion® High-Fidelity DNA
Polymerase (NEB) was used. The final reaction volume of 50 pl consisted of 200 ng DNA,
0.6 uM of each primer, 0.8 mM dNTP mix, 1 x Phusion HF buffer and 2 units Phusion
polymerase. For amplification, a Veriti® Thermal Cycler (Applied Biosystems) and the
following PCR program were used: 1 min initial denaturation step at 98°C, followed by 30
cycles of 20 s 98°C denaturation, 20 s 55°C primer annealing and an elongation step at
72°C adjusted to the length of the desired DNA fragment (15 s/kb for plasmid DNA,
30 s/kb for genomic DNA plus additional 20 s). Final extension was carried out for 10 min

at 72°C, samples were subsequently stored at 4°C or -20°C.

Ampilification of marker cassettes for genomic integration

Marker cassettes were amplified using a mixture of Taq (made in-house by the MPI core
facility) and Vent® polymerase (NEB) as described previously'®*'®*. The PCR program

was not adjusted for natNT2 marker cassettes.

Ampilification of DNA for yeast colony PCR

Yeast colony PCR was performed to test for correct genomic integration of marker
cassettes and epitope tagging. The DNA template was generated as described above and
amplified using the Taq polymerase (made in-house by the MPI core facility).
Alternatively, mi-Taq only polymerase (Metabion) was used. A 20 pl reaction consisted of
1.6 pl template DNA, 0.64 uM of each primer, 1.4 mM dNTP mix, 1 x ThermoPol Reaction
Buffer (NEB) or 1 x Complete mi-Taq reaction buffer (Metabion) and 2 units of Taq or mi-
Taqg only polymerase. Amplification was carried out in a Veriti® Thermal Cycler (Applied
Biosystems) with initial denaturation at 94°C for 5 min, followed by 30 cycles of 30 s 94°C
denaturation, 30 s 55°C primer annealing and an elongation step adjusted to the length of
the DNA product (60 s/kb) at 72°C. Final extension lasted 5 min at 72°C, samples were
subsequently stored at 4°C or -20°C.

Quantitative real-time PCR (qPCR)

For quantitative real-time PCR (qPCR), the LightCycler 480 system (Roche) was used.
For ChIP experiments (see section 6.3.2) the SYBR Green-based mixture consisted of the
KAPA SYBR® FAST gPCR Kit (KAPA Biosystems, “KAPA Mix”). The gPCR reaction mix
contained 2 pl of the ChIP (non-diluted) or input DNA (1:10 diluted), 10 pl of the KAPA mix

and 0.2 yM of each primer. Reactions were performed in technical triplicates in 384-well
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plates (Roche) and pipetted by a CAS-1200 PCR setup robot (Corbett Lifescience). The
PCR program contained an initial denaturation step for 3 min 95°C, followed by 40
amplification/detection cycles with 10 s 95°C denaturation, 20 s 57°C primer annealing
and 1 s 72°C elongation. Melting curve analysis was performed for 5 s 95°C, 1 min 65°C,
followed by an increase from 65°C to 97°C, with 0.11°C/s and 5 acquisitions/°C. Samples
were then cooled down to 4°C. PCR reaction was followed by a quantification using the
“second-derivative maximum” method of the LightCycler 480 software. The relative
concentrations of the template DNA was determined by fitting these calculated values with
a primer-specific standard curve, generated by a dilution series of one input sample (1:5,
1:50, 1:500 and 1:5000 dilution) measured with each primer pair. Those samples showing
multiple products in the melting curve analysis at the end of the amplification or clear
differences within the technical triplicates were removed from the analysis as quality
control. The IP/input ratios were calculated and normalized to the IP/input ratios of a

control primer pair on chromosome X (see table gPCR primer).

gPCR primer
Name Sequence Genomic Usage
position
BAO050 GACTGTCAAGGAGGGTATTCTG Marker DSB induction
cassette
BA069 CAATGGACGAGGAAACAAGAGCGATT ChrlV_509kb ChlIP filament
BAO70 ACCATACCAGACCTTTTCCAGTCTGT ChrlV_509kb ChlIP filament
BA160 TGACCATCCGACAAATAGTTCCCTCA ChrlV_491kb ChiP DSB
BA161 CCGCGGAACAATATTTGAAATCGTGAA ChrlV_491kb ChlP DSB
BA175 GAAGATACATGGAAACCGTCTCTGG ChrXll_498kb DSB induction
BA178 CGTGTTTGCATCAATCAACACGTCA ChrXIll_498kb ChiP DSB
BA179 ACTATTGAAAACGGACAATTTCCTGGGC ChrXll_498kb ChiP DSB
BA220 CAGTAGCTGCTTCTACAGTGGCTCTT ChrXV_193kb  ChlIP DSB
BA221 CCTATTTCATCTCTCAAGGCCCACCC ChrXV_193kb  ChlIP DSB
BA222 CGATTAATTCAGTGGCCACATCACC ChrXV_193kb  DSB induction
BA223 GCTTTTACGCAGGGCAATTTCGGG ChrXIll_282kb  ChlIP DSB
BA224 ACAAGCGCAGGTTAATAAAGGGTTCT ChrXIll_282kb  ChlIP DSB
BA226 GCAATTGCAGCCCCAATAAATCCAAC ChrlV_1148kb  ChlIP DSB
BA227 TTCGATGCAGGCATCTACGTTTTGAC ChrlV_1148kb  ChlIP DSB
BA228 GTCCAAATACTAGTATGCAGCAATTG ChrlV_1148kb  DSB induction
BA414 GACGTTGTTCGACAGAACGGATTGAT ChrXIll_339kb  ChIP DSB
BA415 GGATACAAAAGGACGCTCAAGCAGAC ChrXIll_339kb  ChIP DSB
BAG658 ATTGTTGTTGCGTAGTTCGACGGTAG ChrlV_742kb ChiP DSB
BAG659 ATCAACAACGAGGTGGAAGTACTGGT ChrlV_742kb ChlP DSB
BA660 GCATGCTCGGTAGAGGTTTCGAATTT ChrVIl_110kb ChiP DSB
BAG661 ACAGAGGGTTCGAAGGAAAACAGGAA ChrVIl_110kb ChiP DSB
BA662 ATGAAAAGGTTAAACCGCAGATCCCG ChrXIll_209kb  ChIP DSB
BAG663 GCTATAGATGGGGAAGATGAGGGACG ChrXIll_209kb  ChlIP DSB
CL279 CTCTAACGCCACGGTCATGAAGAA ChrlV_451kb ChlIP filament
CL280 TCCTAACGGTCTCGGTATTCCTCC ChrlV_451kb ChIP filament
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JoR138 CTTTTCGTGTTCTAGCGTGTTCAC Chrlll_29kb ChlP filament
JoR139 CTATCCAAAACCCTGGGCAA Chrlll_29kb ChlP filament
JoR161 CGCCATTTGGGTGTAAAATCG Chrlll_28kb ChlP filament
JoR162 GGAAACCTGGTTTGGAGATCAATC Chrlll_28kb ChlP filament
JoR163 ATTGTTCCAATGAAGCCGATG Chrlll_31kb ChlP filament
JoR164 GTTCACCACCAAATTTTCGACG Chrlll_31kb ChlP filament

JoR187 GCGTGCCTGGTCACAGGTTCATACGAC ChrX_207kb Standard control
JoR188 TCATACGGCCCAAATATTTACGTCCC ChrX_207kb Standard control
JoR330 AGGGCCAACACCTAGTCCAA ChrlV_496kb ChIP filament
JoR331 AGGCGAAGTTAGTGCTGAACA ChrlV_496kb ChIP filament

6.2.3 Molecular Cloning

Restriction digest

Digestion of DNA was performed using site-specific restriction enzymes (NEB) according
to the manufacturer’s instructions. In brief, ~1.5 ug of plasmid DNA or 30 pl of a purified
PCR reaction were mixed with the desired restriction enzymes and the recommended
buffer to give a total volume of 30 pl. The reaction mixture was incubated for 2 h at 37°C

and subsequently purified via column-based purification.

De-phosphorylation of linearized plasmid DNA

Plasmid vectors used for cloning were digested as mentioned above. The de-
phosphorylation of the free 5’-ends of the linearized and purified vector backbone DNA
(~1.5 pg) was performed with 2 units of rAPid Alkaline Phosphatase (Roche) in the
provided reaction buffer for 1 h at 37°C. The Alkaline Phosphatase was then heat-

inactivated at 75°C for 5 min. The vector backbone was then used for the ligation reaction.

Oligonucleotide annealing

DNA inserts with less than 120 bp were generated using oligonucleotide annealing
instead of PCR amplification. Complementary oligonucleotides were designed with
overhangs specific to the favored restriction enzyme and dissolved to reach a
concentration of 100 pyM in 50 mM Tris-HCI (pH 8.0), 100 mM NaCl and 1 mM EDTA.
Annealing was carried out by mixing 10 pl of each oligonucleotide and incubation in a
PCR reaction tube, denaturation at 95°C for 90 s, followed by a gradual decrease of the
temperature at a rate of 1°C per 20 s until 4°C was reached (Veriti® Thermal Cycler,

Applied Biosystems). 2 ul of the reaction were used as insert for the ligation reaction.
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DNA ligation

DNA ligation was performed in a total volume of 20 pl, containing linearized and de-
phosphorylated vector DNA and digested PCR product in a ratio of 1:4, 1 x T4 DNA ligase
buffer and 400 units of T4 DNA ligase (NEB). The reaction mix was incubated at RT for 20
min, followed by 10 min at 65°C to heat-inactivate the ligase. The ligation mixture was
then dialyzed for 20 min against de-ionized water using a nitrocellulose filter (pore size

0.05 um). 8 pl were used to transform electro-competent E. coli cells.

Gibson cloning

For some constructs, ligation did not give the desired results. Therefore, Gibson cloning
was performed®*’. Briefly, the vector backbone was linearized and de-phosphorylated as
described above. For the insert, primer pairs were designed with overhangs to the desired
vector backbone including the restriction sites. The PCR was purified via column-based
purification. Restriction digest was not performed. Instead, the vector backbone and the
PCR product were mixed in a ratio of 1:5 in a total volume of 5 pl. Then 5 yl of Gibson
Assembly® Master Mix (NEB) were added and the mixture was incubated for 45 min at
50°C in a Thermomixer (Eppendorf) without shaking. Afterwards the mixture was diluted
1:4 with water and dialyzed against de-ionized water (see above). 20 pl of the reaction

mix was then used for transformation of electro-competent E. coli.

Site-directed mutagenesis

Specific mutations could be introduced into plasmid DNA using the PCR-based
QuikChange® Site-Directed Mutagenesis Kit (Agilent Technologies). Complementary
oligonucleotides were designed with 20-25 bp flanking each side of the mutation. For PCR
reaction, PfuTurbo polymerase (Agilent technologies) and 10 ng of input DNA were used.
Directly after the reaction, Dam-methylated and non-mutagenized input DNA was
removed by the addition of 10 units of the Dpnl restriction endonuclease (NEB) and
incubation for 2 h at 37°C. Column-based purification was then followed by dialysis as
described above. 8 pl of the reaction were used to transform electro-competent E. coli
cells. Purified plasmid DNA was analyzed by DNA sequencing to verify the desired

mutated site.
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6.3 Biochemical and cell biological techniques

6.3.1 Protein methods

General buffers and solutions

HU sample buffer 200 mM Tris-HCI, pH 6.8
8 M urea
5 % (w/v) SDS
1 mM EDTA
0.1 % (w/v) bromophenol blue
100 mM DTT (freshly added before use)

MOPS running buffer 50 mM MOPS
50 mM Tris base
3.5 mM SDS
1 mM EDTA

Blotting buffer (self-made) 250 mM Tris base
1.92 M glycine
0.1 % (w/v) SDS
20 % (v/v) methanol

Swift blotting buffer 5 % (v/v) 20 x Swift buffer (G-Bioscience)
10 % (v/v) Methanol

TBS-T solution 25 mM Tris-HCI, pH 7.5
137 mM NaCl
2.6 mM KCI
0.1 % (v/v) Tween 20

PBS 10 mM phosphate, pH 7.4
137 mM NaCl
2.7 mM KCI

IP lysis buffer 10 % (v/v) glycerol
1 x PBS
0.5 % NP-40
1 mM NEM (freshly added before use)

IP wash buffer 10 % (v/v) glycerol
1 x PBS
0.5 % NP-40

Preparation of denatured protein extracts (TCA precipitation)

Denatured protein extracts were generated by harvesting a cell amount corresponding to

one ODgg via centrifugation (3500 g, 3 min, RT). The supernatant was discarded and the
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cell pellet was resuspended in 1 ml of ice-cold water. 150 yl of 1.85 M NaOH/7.5 % B-
mercaptoethanol (3-ME) were added and the mixture was incubated for 15 min on ice.
Protein precipitation was performed by addition of 150 pl 55 % cold TCA (trichloroacetic
acid) and incubation for 10 min on ice, followed by a centrifugation step for 10 min at
20000 g, 4°C. TCA supernatant was completely removed and the protein pellet was
resuspended in 100 uyl HU buffer. Samples were incubated for 10 min at 65°C under

constant shaking (1400 rpm, Thermomixer, Eppendorf) prior to SDS-PAGE analysis.

SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

Protein samples in HU buffer were loaded on pre-cast 4-12 % NuPage Bis-Tris gels
(Thermo Fisher Scientific). Gel electrophoresis was carried out in MOPS buffer at a
constant voltage of 120 V for 2 h. Size of the protein samples was compared to the
standard size marker Precision Plus Protein All Blue Standard (Bio-Rad) loaded on the

same gel.

Western blot analysis

Proteins separated by SDS-PAGE were subsequently transferred to polyvinylidene
fluoride (PVDF) membranes (Immobilon-P, Millipore) and blotting was performed via wet
blotting in an electric tank blotter (Hoefer) at a constant voltage of 75 V for 2 h at 4°C.
Efficient Western blotting was determined by transfer of the standard size marker.
Afterwards, membranes were blocked in TBS-T + 5 % milk powder at RT for 20-30 min,
followed by incubation with the respective antibody (see table “antibodies” below) diluted
in TBS-T + 5 % milk powder overnight at 4°C or for 3 h at RT. Subsequently, membranes
were washed 3 times with TBS-T for 10 min. The secondary antibody (Dianova), coupled
to horseradish peroxidase (HRP), was diluted in TBS-T + 5 % milk powder, added to the
membranes and incubated for 1 h at RT. After 3 washing steps with TBS-T (each 10 min),
signal detection was performed with chemiluminescence kits ECL or ECL-plus (GE
Healthcare) and exposure of the membranes to chemiluminescence sensitive films
(Amersham Hyperfiims ECL, GE Healthcare). Exposure times were varied and the films
were developed. If needed, membranes were stripped with a Restore™ PLUS Western
Blot Stripping Buffer (Thermo Fisher Scientific) for 10-15 min at RT, then washed 3 times
with TBS-T and blocked with TBS-T + 5 % milk powder for 20-30 min and a new primary

antibody was added.
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Determination of protein interactions by immunoprecipitation (IP)

For immunoprecipitation (IP) experiments 200 ODgo of yeast cells were harvested from
cultures at desired time points, washed once with ice-cold PBS and transferred to 2 ml
reaction tubes. The cell pellets were either snap-frozen in liquid nitrogen and stored at
-80°C or 800 pl of IP lysis buffer, freshly supplemented with 1 mM NEM and a protease
inhibitor mix (1 x EDTA-free complete cocktail, Roche), was added to the cell pellets. An
equal volume of Zirconia/Silica beads (BioSpec, Inc.) was added and lysis was performed
at 4°C in a bead-beater (MM301, Retsch GmbH) in 6 intervals of 1 min shaking
(frequency 30/s) and 5 min pausing for cool-down. Samples were separated from the
beads via piggyback elution and collected in fresh tubes. For Benzonase treatment, cells
were incubated with 500 units of Benzonase (Sigma), supplemented with 2 mM MgCl,, for
15 min at 4°C on a rotating wheel. Cell debris was pelleted in a benchtop centrifuge for
5 min, 2600 g, 4°C. For pre-clearing, the supernatant was transferred to fresh tubes and
30 pl of pre-swollen Protein A Sepharose CL-4B (GE Healthcare) slurry, washed twice
(500 g, 2 min, 4°C) with 500 pl IP lysis buffer, were added. The mixture was incubated for
30-60 min at 4°C on a rotating wheel and beads were then pelleted at 500 g, 2 min, 4°C.
5 pl of the lysate were taken as input and mixed with 30-40 ul of HU buffer prior to a
denaturing step at 65°C for 10 min. 800 pl of the lysate were transferred to fresh tubes,
the antibody (see table below) was added and incubated for 60 min at 4°C on a rotating
wheel, followed by addition of 30 ul of pre-swollen Protein A Sepharose CL-4B slurry and
further incubated at 4°C for 30-60 min. Next, the beads were pelleted by centrifugation
(100 g, 2 min, 4°C) and washed three times with 600 ul IP wash buffer. For the last
washing step, the IP samples were transferred to fresh tubes. The remaining buffer was
aspirated, 30-40 pl of HU buffer was added to the IPs and the samples were denatured for
10 min at 65°C (see above). Input and IP samples were then stored at -20°C or

subsequently analyzed by SDS-PAGE and Western blot analysis (see above).

Antibodies

Antibody Type Use Source
Myc (9E10) primary (mouse IgG) IP (4 ul) Sigma
c-Myc (A-14) primary (rabbit IgG) Western (1:2500) Santa Cruz
HA primary (mouse IgG)  Western (1:1000) Santa Cruz
HRP-coupled a-mouse secondary (goat IgG) Western (1:5000) Dianova
HRP-coupled a-rabbit  secondary (goat IgG)  Western (1:5000) Dianova
Pgk1 primary (mouse IgG) Western (1:5000) Thermo Fisher
Rad51 (y-180) primary (rabbit IgG) ChIP (4 pl) Santa Cruz
RPA (RFA) primary (rabbit IgG) ChIP (1.5 pl) Agrisera
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6.3.2 Chromatin immunoprecipitation (ChiP)

Buffers and solutions

FA lysis buffer 50 mM Hepes-KOH, pH 7.5
150 mM NacCl
1 mM EDTA
1 % (v/v) Triton X-100
0.1 % (w/v) Deoxycholic acid, Na-salt
0.1 % (w/v) SDS

FA lysis buffer 500 (high salt) 50 mM Hepes-KOH, pH 7.5
500 mM NaCl
1 mM EDTA
1 % (v/v) Triton X-100
0.1 % (w/v) Deoxycholic acid, Na-salt
0.1 % (w/v) SDS

ChlIP wash buffer 10 mM Tris-HCI, pH 8
250 mM LiCl
1 mM EDTA
0.5 % (v/v) NP-40
0.5 % (w/v) Deoxycholic acid, Na-salt

TE 10 mM Tris-HCI, pH 8
1 mM EDTA

ChlIP elution buffer 50 mM Tris-HCI, pH 7.5
10 mM EDTA

1% (w/v) SDS

Chromatin immunoprecipitation (ChlP)

The procedure of chromatin immunoprecipitation (ChlP) was already previously
described’®?*2. In this study, formaldehyde (37 % solution, Roth) was added to 200 ml
cultures resulting in a final concentration of 1 % (v/v). Crosslinking was carried out for
16 min at RT shaking at 130 rpm, followed by termination via addition of 2.5 M glycine
(final concentration 375 mM). The crosslinked cultures were kept shaking for at least 20
min and 180 ODggo were harvested by centrifugation (3500 g, 5 min, 4°C). The cells were
washed once with ice-cold PBS and transferred to a 2 ml reaction tube. Cell pellets were
subsequently snap-frozen in liquid nitrogen and stored at -80°C for further processing. For
cell lysis, pellets were thawed on ice and 800 pl of FA lysis buffer, freshly supplemented
with protease inhibitors (1 x EDTA-free complete cocktail and 1 mg/ml Pefabloc SC,
Roche), were added. An equal volume of Zirconia/Silica beads (BioSpec Inc.) was added

and lysis was carried out at 4°C in a bead-beater (MM301, Retsch GmbH) in 6 intervals of
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3 min shaking (frequency 30/s) with cool-downs of 3 min. Subsequently, the lysate was
transferred to a fresh tube via piggyback elution and pelleted at 20000 g for 15 min at 4°C.
The supernatant was discarded and the pellet was resuspended in 900 pl of FA lysis
buffer and transferred to hard plastic TPX tubes (Diagenode). Then, chromatin was
sheared in a water/ice bath by sonication in a Bioruptor UCD-200 sonication system
(Diagenode). 40 cycles were conducted with an output of 200 W and 30 s/cycle with a
30 s break to shear the DNA to an average length of 250-500 bp. After 10 cycles, 200 ml
of water were exchanged for an equal amount of ice to cool the samples during the
sonication. Subsequently, 1.1 ml of FA lysis buffer were added to the sheared chromatin
samples and cell debris pelleted via centrifugation (6150 g, 30 min, 4°C). 20 pl of the
chromatin lysate were taken as input reference and 800 pl of the lysate were used for IP.
The lysate was incubated with the primary antibody of choice (see table “antibodies” in
section 6.3.1) for 1.5 h at RT on a rotating wheel, followed by addition of 100 ul of pre-
swollen Protein A Sepharose CL-4B (GE Healthcare) slurry and further incubation for 30
min. For washing, the beads were pellet by centrifugation (150 g, 1 min, RT) and the
supernatant was removed via aspiration. The beads were then washed 4 times with
400 ul FA lysis buffer and once with FA lysis buffer 500, ChIP wash buffer and TE. After
final aspiration, 110 pl of ChIP elution buffer were added to elute the IP material from the
beads. The samples were incubated for 10 min at 65°C under constant shaking
(1400 rpm) in a Thermomixer (Eppendorf). In a final centrifugation step (8000 g, 2 min,
RT), the beads were pelleted and 100 pl of the IP was transferred to a fresh 0.5 ml
reaction tube. Digestion with Proteinase K (Sigma, final concentration 2 mg/ml) was
performed in a total volume of 200 ul with a final SDS concentration of 0.5 % for 2 h at
42°C, followed by reversal of the cross-links via incubation at 65°C for 8 h. Final
purification was carried out with the QIAquick PCR purification kit (Qiagen), whereas the
DNA samples were eluted in 100 pl of EB buffer. Afterwards, samples were used for
gPCR (see section 6.2.2).

6.4 Bioinformatics

6.4.1 General Bioinformatics

Literature research and work was performed using databases related to the National
Center of Biotechnology Information (www.ncbi.nlm.nih.gov) and Papers2
(http://papersapp.com/mac/).

For information about S. cerevisiae genomic sequences and proteins the

Saccharomyces Genome Database (www.yeastgenome.org) was used?’. Analysis and
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manipulation of DNA sequences was performed using DNASTAR software
(DNA Star Inc.).

Statistical evaluation and representation were carried out with GraphPad Prism
(www.graphpad.com/scientific-software/prism/). Western blots were level- and contrast-
adjusted as well as cropped using Adobe Photoshop (Adobe Systems Inc.)

Figures were designed, labeled and arranged using Adobe lllustrator software
(Adobe System Inc.). For general text and table generation, the Microsoft Office software

package (Microsoft Corp.) was used.

6.4.2 Calculation of the distance between two genomic sites

The distance between two genomic loci was calculated based on data obtained from 3D
modeling of the S. cerevisiae genome®. The formula to calculate the distance was as

follows:

Distance between two loci = /(x1 — x2)2 + (y1 — y2)2 + (z1 — z2)?

x1/y1/z1 corresponds to the coordinates of one locus, x2/y2/z2 of the other locus
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8 Abbreviations

3D
5'FOA
A
AMP
AU
B-ME
BER
BIR
Bp
CDK
CEN
ChlP
ChlIP-on-chip
Chr
Da
DDR
dHJ
DNA
dNTP
D-loop
DSB
DSBR
E. coli
EDTA
G

G1 phase
G2 phase
G418
Gal
GFP
H
H2A
H3

H4
HA
HML
HMR
HO
HO-cs
HphNT1
HR
HRP
Hyg
IP
Kan
KanMX6
Kb

LB
Log

M
MAT
MATa

Three-dimensional
5’-Fluoroorotic acid
Alanine

Ampicillin

Arbitrary unit
B-mercaptoethanol
base-excision repair
Break-induced replication
Base pairs
Cyclin-dependent kinase
Centromere

Chromatin immunoprecipitation

ChIP analyzed by genome-wide tiling arrays

Chromosome

Dalton

DNA damage response

Double Holliday junction
Desoxyribonucleic acid
Desoxynucleoside triphosphate
Displacement loop

DNA double-strand break

DNA double-strand break repair
Escherichia coli
Ethylenediaminetetraacetic acid

relative centrifugal force (RCF)

Gap 1 phase

Gap 2 phase

Geneticine disulfate

Galactose

Green fluorescent protein

Hour

Histone 2 A

Histone 3

Histone 4

Human influenza hemagglutinin

Hidden MAT left, silent mating type locus
Hidden MAT right, silent mating type locus
HO (homothallic switching) endonuclease
HO endonuclease DNA cleavage site
Gene conferring resistance to hygromycin
Homologous recombination

Horseradish peroxidase

Hygromycin

Immunoprecipitation

Kanamycin

Gene conferring resistance to G418
Kilobase pairs

Lysogeny broth

Logarithmic

Molar

Mating type locus

MAT locus containing a information
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MATa
Min
MMEJ
MMR
MRX
Myc

N
NaOH
Nat
NatNT2
NER
NHEJ
Nt
PAGE
PCNA
PCR
gPCR
RPA

R

Rad
Raf
rDNA
RE
RNA
RT

S phase
Scel
Sce-cs
S. cerevisiae
SC media
SDS
SDSA
SEM
SPB
SSA
ssDNA
SUMO
TCA
Tel

uv
V(D)J
WT
yH2A

YPD

MAT locus containing a information
Minute

Microhomology-mediated end joining
Mismatch repair

MRX complex consisting of Rad50, Mre11 and Xrs2
Epitope derived from c-myc

Number of independent experiments
Sodium hydroxide

Nourseothricin

Gene conferring resistance to nourseothricin
Nucleotide-excision repair
Non-homologous end joining
Nucleotide

Polyacrylamide gel electrophoresis
Proliferating cell nuclear antigen
Polymerase chain reaction
Quantitative real-time PCR
Replication protein A

Arginine

Radiation

Raffinose

DNA coding for ribosomal RNA
Recombination enhancer element
Ribonucleic acid

Room temperature

Synthesis phase

Scel endonuclease

Scel endonuclease DNA cleavage site
Saccharomyces cerevisiae

Synthetic complete media

Sodium dodecylsulfate
Synthesis-dependent strand annealing
Standard error of the mean

Spindle pole body

Single-strand annealing
Single-stranded DNA

Small ubiquitin-like modifier
Trichloroacetic acid

Telomere

Ultraviolet

Variable, diversity and joining genes
Wildtype

Histone 2 A phosphorylated on serine 129
(S. cerevisiae) or H2A.X phosphorylated on serine
139 in mammalian cells

Yeast bactopeptone dextrose
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