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Abstract

Double-strand breaks (DSBs) are extremely cytotoxic DNA lesions. If not properly
repaired, they cause pathological alterations either in the structure or in the
sequence of chromosomes, significantly increasing genome instability and
predisposition to cancer development in higher eukaryotes. As a consequence, cells
evolved an elaborate network of mechanisms that rapidly recognize and repair
strand breaks, protecting genome integrity. This process, globally known as DNA
Damage Response (DDR), consists mainly in the activation of both the DNA
damage checkpoint and specific repair pathways (i.e. Non Homologous End Joining
(NHEJ) and Homologous Recombination (HR), in the case of DSBs), coupled with
chromatin remodeling and modulation of gene expression. In the last few years,
many studies uncovered the essential contribution of ubiquitination and
SUMOylation in the control of the DDR.

| report a new role for the two budding yeast FHA-RING ubiquitin ligases Dmal
and Dmaz2 in regulating the response to DSB. In particular, I show that these
proteins are required for the repair of specific DNA lesions characterized by dirty
ends, such as those generated by bleocin. According to my data, Dmal and Dma2
are recruited to damaged chromatin and, through ubiquitination, promote the
removal from DNA of the MRX complex, which is otherwise persistently blocked
at Bleocin-induced modified ends. Stable accumulation of the MRX complex at the
break site causes severe defects in the repair of broken chromosomes and a strong
Tell-dependent DNA damage checkpoint hyperactivation.

In conclusion, | propose that Dmal and Dma2 play a critical role in the resolution
of DNA-protein crosslink at DSB ends, probably through the direct ubiquitination

and degradation via proteasome of the crosslinked factor.






State of the Art

Genome stability maintenance

Maintenance of genome integrity is a crucial process during the life cycle of all
organisms. Indeed, cells have to cope with a range from 10* to 10° DNA lesions per
day that, if not rapidly repaired, can give rise to deleterious chemical and structural
alteration of the DNA molecule. These damages may be generated by both
endogenous and exogenous sources. The intrinsic instability of the DNA double
helix in the aqueous environment can result in spontaneous hydrolysis of residues,
yielding abasic site formation and possible mispairing bases®. In addition, the
normal cellular metabolism releases toxic oxidant intermediates that can directly
hit DNA sequence, leading to high mutagenic modifications?. Replication itself
contributes to threatening genome integrity by ribonucleotide incorporation,
mismatches and indels®. On the other hand, cells are daily exposed to different
chemical and physical agents, as UV light and cigarette smoke, which are able to
induce structural distortion and breaks, leading to impairment of the basic DNA
function®.

To prevent the accumulation of dangerous lesions and their inheritance to the
progeny, cells elaborated a sophisticated network of mechanisms, called DNA
Damage Response (DDR), which coordinates multiple specialized pathways: from
damage recognition to cell cycle arrest and activation of the specific repair process.
In addition, all these processes are associated with significant changes in gene
expression and chromatin remodeling®.

The physiological relevance of DDR is highlighted by the fact that, in higher
eukaryotes, the loss of function of genes responding to DNA damage results in

severe genetic disorders often associated with high cancer predisposition®’.



Moreover, many of the chemotherapy compounds used for the clinical treatment of
solid tumors are DNA damage-inducing agents that have therapeutic efficiency

thanks to the inability of many cancer cells to rapidly sense and repair lesions®2°,

DNA Double Strand Break Repair

Among all, DNA Double Strand Breaks (DSBs) are the most cytotoxic lesions for
the cell. The accumulation of even a single unrepaired DSB can lead to cell death.
Indeed, in contrast with almost all the other type of damages that may count on the
presence of a faithful strand to repair the lesion, once DSB occurs, both the DNA
strands are damaged at the same time. This, not only, makes DSB more difficult to
repair, but strongly increases the risk of gross chromosome rearrangements and
cancer transformation. As a consequence, repair of DSBs is a rapidly and tightly
regulated process.

Two are the main and highly conserved pathways for DSB repair: Non Homologous
End Joining (NHEJ) and Homologous Recombination (HR). These processes are in
dynamic competition and the balancing depends upon many different factors,
among all the phase of the cell cycle is the most significant. Indeed, while NHEJ is
predominant in GO and G1, in S and G2 phases cells preferentially repair the break
through HR, exploiting to the presence of the undamaged homologous sequence on
the sister chromatid that guides the repair. Moreover, also the type of DSB ends
may influence the choice between the two pathways, pushing the recombination
process in presence of modified ends>*?.

Recently, many studies highlight the importance of a third independent repair
pathway, dubbed as microhomology-mediated end joining (MMEJ). Indeed, this
mechanism uses a 5-25 base pair (bp) homology to seal the DNA break.
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Figure 1. Schematic representation of the cell-cycle regulation of DSB repair
mechanisms?!

Non Homologous End Joining

Non Homologous End Joining (NHEJ) repair mechanism mediates the simple re-
ligation of broken DNA ends. As mentioned before, this pathway does not require
a template with a homologous sequence and, for this reason, it is not restricted to a
specific phase of the cell cycle.

However, NHEJ is widely considered an error-prone repair process. Indeed, very
often, DSB ends are not immediately compatible and have to be shortly
nucleolytically processed before ligation takes place, thus increasing the probability
to introduce small insertions or deletions. Despite this mutagenicity, NHEJ is the
most favored DSB repair pathway in vertebrates, because of the high abundance of

repetitive elements and non-coding genomic regions.



Moreover, due to its intrinsic capacity of inserting mutations at breakpoints, in the
last few years, NHEJ became a powerful tool for genome editing by the CRISPR-
Cas9 technology?*2,

The NHEJ machinery consists of coordinated action of three main complexes: Ku
complex, MRX complex (MRN in human cells) and DNA ligase 142,

Ku is the core complex, a Ku70 and Ku80 protein heterodimer with strong DNA
affinity. It forms a sliding ring on DSB ends, preventing their extensive degradation
by nucleases'®.

Independently from Ku, also the MRX complex is recruited at the break site
immediately after DSB induction. This complex, formed by the three subunits
Mrell, Rad50 and Xrs2 (homolog of human Nbsl), provides a flexible tether
required to keep DSB ends togethert”18,

Finally, the ligation reaction is carried out by DNA ligase IV (DIn4) and its
functional partner Lifl (XRCC4 in mammalian cells)®2,

In humans, the core complex requires DNA-PK as an additional component. The
role of this factor is essential. Indeed its artificial inhibition causes a strong
impairment in NHEJ efficiency, sensitizing cells to different DSB inducing agent?!-
23 For this reason, DNA-PK inhibitors start to be used in cancer therapy to treat
HR-deficient tumors (e.g. in BRCA1/2 mutated patients)?*.

Furthermore, altered level of DNA-PK were find in different types of solid tumors,
highlighting how misregulation of NHEJ pathway strongly affects genome
stability?®. In addition, since this mechanism has also a physiological role in the
immune system development, mutations in the NHEJ genes predispose to severe

immunodeficiency-associated syndromes?®.
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Figure 2. Non-Homologous End Joining repair system®

Homologous Recombination

Homologous Recombination (HR) pathway is a more complex repair mechanism
compared to NHEJ and involves the activity of several enzymes. Even though is
significantly slower, it is a largely more accurate process, due to the use of a
homologous template to patch the break. In somatic cells, sister chromatid
commonly provides DNA homologous sequence for the repair. However, HR has
an essential role also during controlled meiotic diversification. For this reason,
homologous recombination is a timely restricted mechanism, occurring only in S
and G2 cell cycle phases?’.

The molecular switch that regulates the choice between NHEJ and HR is DSB
processing. While end-joining requires a minimal end processing, extensive
processing of DNA ends generating long 3’-ssDNA overhangs commits the cells to
HR repair pathway*'?®. This mechanism, generally known as resection, consists in
the nucleolytic degradation of the 5’-terminated strand in 5°-3” direction from the
break site, resulting in the exposure of 3’-OH ssDNA protruding filaments
competent for the homology search. Therefore, accordingly with the relevance of

its role, resection is strictly controlled preventing HR activation when a repair



template is not available (out from S or G2 phases). This regulation is achieved
through the CDK-dependent phosphorylation of key resection factors?-%,
Resection starts with the nuclease activity of the MRX complex (MRN complex in
human). This complex, as already discussed before, is one of the first factors
recruited on DNA after damage induction. It is composed of three different
subunits: the Mrel1 catalytic subunit with endo- and 3°-5’-exonuclease activity; the
Rad50 structural subunit, an ATPase with essential role in end tethering and Mrell
activation; finally, Xrs2 subunit, homolog of NBS1 in human cells, the regulatory
subunit of the complex31-34,

Once DSB occurs, the complex rapidly localizes at DSB ends together with its
functional partner Sae2 (CtIP in mammalian cells), which stimulates the
endonuclease activity of Mrell. This leads to the formation of a nick a hundred
bases away from the break. Starting from this point, the MRX complex exonuclease
activity shortly processes DBS ends with 3°-5° polarity®8, This first step of
resection is essential in presence of modified ends, where the Mrell nuclease
activity is strictly required to clean “dirty” ends, break induced-DNA termini with
particular chemical or steric (i.e. protein blockage) alterations 33,

The Sae2 protein not only regulates the Mrell nuclease activity, directly
stimulating the resection process, but it has a crucial role in controlling the MRX
complex turnover at the break site. Indeed, yeast cells deleted for SAE2 show a toxic
accumulation of the MRX complex at the damage loci. The persistence of the
complex on DNA negatively influences the proper repair of the lesion, increasing
sae2A mutant sensitivity to DSB inducing agents and causing a misregulation of
the checkpoint signaling**. Interestingly, the same phenotypes are shared by
particular Rad50 hypomorphic alleles, collectively known as rad50s mutants, that
have been proposed to impair the Rad50-Sae2 interaction®®“®. Recently, two
distinct research groups identified specific Mrell alleles (H37R, H37Y, P110L),

which rescue the sae2A and rad50s defects, simply forcing the MRX complex



detachment from DNA, highlighting the importance of a correct timely modulation
of the MRX activity**>°. However, despite these mutations are known to physical
destabilize the DNA binding of the complex, all the chemical and molecular details
of the Sae2-dependent regulation of the MRX removal from DSB ends remain still
elusive.

After MRX processing, the highly conserved Exol and Dna2-Sgsl/BLM/WRN
nucleases/helicases remove DNA from the 5’-end extending the ssDNA
regi0n37'51'52.

Simultaneously, many other enzymes cooperate to coordinate and regulate the
resection process, including kinases and chromatin remodelers®3°4,

The newly formed ssDNA tails are immediately covered by the RPA complex,
preventing the formation of detrimental secondary structures or nucleolytic
degradation of the ends®>°®. Moreover, the ssDNA-RPA intermediate recruits Mec1l
(ATR in human cells), the main yeast apical kinase of the DNA damage checkpoint
cascade.

As resection is ongoing, RPA is exchanged with the recombinase protein Rad51,
creating the nucleoprotein filament competent for homology search and pairing.
This step, in yeast, depends upon the mediator protein Rad52°°. In contrast,
human RAD52 has no remarkable mediator activity, and this role is carried out by
the essential repair protein BRCAZ2, together with other enzymes. Indeed, cells
depleted for BRCA2 exhibit a significant decrease in RAD51 foci formation after
IR irradiation®-62,

Finally, once the presynaptic filament is formed, strand invasion of the homologous
sequence takes place, generating a displacement-loop (D-loop). In mammals, this
step is directly promoted by the other BRCA-related tumor suppressor BRCA1%,
After pairing, Rad54 catalyzes the removal of Rad51 from dsDNA in order to
stabilize the heteroduplex and finalize the repair®®. Most of the DNA synthesis

during HR is performed by DNA polymerases & and £%¢¢7.



Finally, recombination can terminate through three alternative subpathways: Break
Induced Replication (BIR), Synthesis Dependent Strand Annealing (SDSA) or
canonical HR. In BIR, DNA synthesis proceeds until the end of the template
chromosome, resulting in a loss of heterozygosity (LOH)®. For this reason, BIR is
used only in particular conditions, when there are no other possibilities to fill the
break. Instead, the balance between SDSA and canonical HR depend upon D-loop
stability. Indeed, in SDSA, after a short repair synthesis, the invading DNA strand
is displaced and re-anneals with the complementary broken end to terminate the
repair, with no crossover product. In contrast, canonical HR is favored by D-loop
stabilization. In this condition, also the second damaged strand pairs with the
displaced ssDNA from the D-loop, forming a double Holliday Junction (dHJ)
structure. Finally, different enzymes, generating respectively crossover or non-

crossover outcomes, can process this intermediate®®.
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Figure 3. Synthesis Dependent Strand Annealing and canonical HR repair pathways™
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Microhomology-Mediated End Joining

The Microhomology(MH)-Mediated End Joining (MMEJ) repair system is an
alternative end joining mechanism, concerning the annealing of a short homologous
sequence (from 5 to 25 bp) during the pairing of broken ends. It has been initially
discovered as a backup repair system in cells deficient for NHEJ'* "4, Recently,
several studies highlight a substantial contribution of MMEJ in the physiological
response to DNA damage, in particular during immune system development”™~"".
However, MMEJ repair mechanism is an extremely mutagenic event. Indeed, the
nucleolytic cleavage of DNA flaps flanking the MH always results in nucleotide
deletions. Given this high mutation rate and its strong association with other
complex DNA aberrations, MMEJ contributes to the oncogenic accumulation of
chromosome rearrangements in humans. Indeed, microhomologies are frequently
found at the level of recurrent chromosome translocation in several types of
hematological malignancies and human carcinomas’®82. According to this, in the
last few years, studying the molecular mechanism of MMEJ acquires a great interest
in cancer and immune research.

MMEJ shares the initial step of end processing with the homology directed repair
systems. For this reason, as for HR, it has a predominant role out from the G1-
phase, where the resection process is strongly inhibited, and it is favored in presence
of modified ends. The proper exposition of the microhomology is totally dependent
upon the Mrell nuclease activity of the MRX complex and it is significantly
favored by the Sae2 resection regulator and by the checkpoint apical kinase
Tel17283,

Following the short end resection, microhomology anneals to form an intermediate
structure presenting 3’-SSDNA flaps on both the two side of the HM pairing. Despite
all the details of the MH annealing mechanism still remain partially unknown, it is
reported that high GC content in the homologous sequence facilitates the anneal,

stimulating the MMEJ in vitro; conversely, nucleotide mispairing inside the MHs
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negatively regulates the efficiency of the process®.

Once the MH intermediate is formed, the Rad1-Rad10 endonuclease complex, and
its human counterpart XPF-ERCC1, trims the overhanging ssSDNA tails, giving the
opportunity to the Pol4 and Pold DNA polymerases to extend the damaged DNA
and fill the break’2838%_ Finally, the Ligase I and Ligase IV enzymes (Ligase | and
Ligase 111 in human cells) achieve the ligation step of the DNA joints’2838¢,

The DNA Damage Checkpoint

Together with the activation of a specific repair system, the other essential branch
of DDR is the DNA Damage Checkpoint (DDC) pathway. It may be considered as
a cellular alarm that constantly monitors chromosome integrity and, in presence of
DNA damage, arrests cell cycle progression providing the required time to repair
the lesion®’.

As for many repair factors, depletion of checkpoint genes strongly increases
genome instability and cancer predisposition, highlighting its crucial role in tumor
suppression8&8°,

In yeast, there are three main DNA damage checkpoints, according to the cell cycle
phases. Indeed, the G1/S checkpoint monitors chromosome integrity before DNA
replication; the intra-S checkpoint slows down S-phase ensuring faithful genome
replication; finally, the G2/M checkpoint prevents segregation of damaged
chromosomes®.

All these checkpoint pathways consist of highly conserved signal transduction
cascades, characterized by several phosphorylation events, which amplify and relay
the damage signal from local sensor proteins to downstream effectors®®. Indeed,
apical kinases are able to recognize specific structure at the damaged loci and
activate the pathway. In yeast, Mecl and Tell are the two main apical kinases,
belonging to the PIKK kinase family and corresponding to ATR and ATM,

respectively, in human cells®.
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Tell is recruited at the break site through a direct interaction with the Xrs2 subunit
of the MRX complex, where it phosphorylates the histone H2A on serine 129%-%,
Even though Tell plays a crucial role in telomere maintenance, it has only a
marginal function in DDR and its depletion does not sensitize cell to genotoxic
agents. This is not true for its human counterpart ATM that has, on the contrary, a
predominant role.

As already anticipated, Mecl is the main responsible for checkpoint activation in
yeast cells. This essential sensor protein, together with its functional partner Ddc2,
detects ssDNA-RPA stretches derived from almost all type of lesion processing®®.
However, full activation of Mecl apical kinase depends on a series of positive
feedback loops, coordinated by several other checkpoint factors. Indeed, once
recruited at the break site, Mec1 binds and phosphorylates the Ddc1 subunit of the
PCNA-like 9-1-1 complex (heterotrimeric complex, together with Mec3 and
Radl17). This complex, deposited at the dsDNA-ssDNA junction, strongly
stimulates the Mecl kinase activity®”%. Moreover, Mecl-dependent Ddcl
phosphorylation facilitates recruitment on DNA of Dpb11 that interacts with Mecl
further increasing its activation® 1%, In addition, recently was reported that also the
Dna2 resection nuclease positively influences Mec1 functionality'%l. Once Mecl is
fully active, it phosphorylates the histone H2A and Dpb11 itself, recruiting adaptor
proteins to amplify the signal®*9>102,

The most important adaptor in S. cerevisiae is Rad9. Besides binding to the histone
H2A and Dbpll, Rad9 is recruited near the lesion also through a constitutive
interaction with methylated histone H3'%1%7  After a robust Mecl-dependent
phosphorylation, Rad9 oligomerizes creating a platform for the loading of the
effector kinase Rad53%1l The same mechanism of action is conserved in
mammals for 53BP1, the functional homolog of Rad9: it is highly phosphorylated
by ATM and this modification is required for its essential role in both checkpoint

signaling and repair process''2 1,
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As Rad9, also Rad53 undergoes to multiple Mecl-dependent phosphorylations
(CHK2 and ATR, respectively in human cells) that stimulates its ability of auto-
trans-phosphorylation'®. Due to the linear correlation between phosphorylation
level and kinase activity, Rad53 is used as a principal marker for checkpoint
activation. A second effector kinase, Chk1/CHK1, in yeast plays a role more
restricted to G2/M phases*!’.

Finally, once Rad53 or Chk1 are fully active, they leave Rad9 platform determining

the phosphorylation of the final targets, depending on the cell cycle stages.
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Figure 4. The DNA Damage Checkpoint cascade®

Ubiquitination and SUMOIyation in DSB response
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Despite phosphorylation being the most abundant protein modification in DSB
response, several studies uncovered the importance of other types of post-
translational modifications (PTMs) in the regulation of DNA damage signaling. In
particular, recent evidence highlighted an essential role for ubiquitination and
SUMOQylation in controlling many aspects of the cellular response to double-strand
breaks!'®119, Indeed, a high-throughput proteomic analysis revealed a global
damage-induced ubiquitination and SUMOylation?%12,

Different from all the other PTMs, both ubiquitination and SUMQylation consists
of a three-step modification mechanism, carried out by the activating (E1),
conjugating (E2) and ligase (E3) enzymes. Ubiquitin can be attached to substrates
as a monomer or as polyubiquitin chains, conferring different structural properties
and function to this modification. Indeed, while the K48-linked ubiquitin chain is a
well established degradative signal, both mono- or K63-linked poly-ubiquitination
are involved in regulation of many cellular processes. In contrast, only one type of
SUMO chain seems to be predominant?124,

Many key factors of the DSB repair machinery, including the histones, that are
recruited to the region surrounding the lesion, were found to be ubiquitylated or
SUMOylated after damage induction in yeast and mammalian cells.

MRX/MRN complex

Proteomic studies in yeast reported a global ‘SUMO response’ that accelerates DSB
repair in a MRX-dependent mannert?%122, Consistently, the Mrel11 subunit of the
complex is SUMOylated, as it strongly interacts with both Ubc9 (E2) and Siz2 (E3)
enzymes. This modification seems to be essential for correct complex
assembly!?2125,

In human cells, several potential ubiquitination sites are identified in all the three
subunits of the MRN complex!2:126.127 Until now, only NBS1 was confirmed to be

effectively ubiquitinated in vivo, promoting the recruitment of the complex at the
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break site and the correct activation of HR repair system and checkpoint!28:12°,

Sae2/CtIP and Ku complex

Both Sae2 and its human homolog CtIP are SUMOQylated and this PTM is critical
for their function in end processing®=°.

Moreover, CtIP is also ubiquitinated in response to DSB by both BRCA1 and
RNF138 promoting resection and homologous recombination*3:132, Along with the
CtIP ubiquitination, the evidence that RNF138 also targets Ku80 for degradation
strongly supports a pro-resection function for this E3 enzyme®*3. In addition, Kug0
degradation is also promotes by the RNF8-dependent ubiquitination®*.

Exol/EXO1, Dna2/DNA2 and Sgs1/BLM

In humans, EXO1 and BLM functions in DNA damage response are regulated by
both ubiquitination and SUMOylation!3>1%_ Moreover, also in S.cerevisiae Sgsl
recruitment and activity at the break site is controlled by the SUMO-targeted
ubiquitin ligase complex SIx5-SIx81%,

Finally, more than 20 ubiquitination sites for DNA2 were identified, but no one of
these have been yet characterized!?6:127,

Histones H1 and H2A

In human cells, another essential ubiquitin-dependent point of regulation of DSB
response consists in H1 and H2A histone ubiquitination, carried out by the two E3
ligase enzyme RNF8 and RNF168, respectively. These modifications are strictly
required for the correct recruitment of many downstream repair factors. Indeed,
upon DSB induction, RNF8 is recruited at the damaged site through the recognition
of the ATM-dependent phosphorylation on MDC1°, Once near the break, RNF8
ubiquitinates the linker histone H1, leading to the successive recruitment of
RNF168 that ubiquitinates the histone H2A¥. This modification provides an

16



important platform for the recruitment of several others E3 enzymes and many
repair proteins, such as 53BP1 and BRCAL, leading to a correct orchestration of the

DNA damage signaling40:142-145,
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Figure 5. RNF8 and RNF168 dependent ubiquitination of histones in response to damage
induction®#

DNA-protein crosslink

A high number of interactions between proteins and DNA are physiologically
required to carry out all the essential processes involved in DNA metabolism, from
replication and transcription to DNA repair. Normally, these interactions are tightly
regulated and highly dynamic. However, in particular conditions, a protein
transiently binding to DNA can be trapped, through the formation of a stable
covalent crosslink.

DNA-Protein Crosslinks (DPCs) are extremely cytotoxic lesions, which may
significantly alter cell viability. Indeed, they are large adducts that constitute a
deleterious steric blockage for all the chromatin-based processes, globally
interfering with normal DNA metabolism.

DPCs are classified into two categories, enzymatic or non-enzymatic DPCs, based

17



on the origin of the DNA-protein adduct. Interestingly, many of the
chemotherapeutic agents actually used in clinic generate both enzymatic and non-
enzymatic DPCs®4/.

Enzymatic DPCs arise when transient covalent DNA-enzyme complexes, generated
as a reaction intermediates, remain trapped to DNA. In both yeast and human cells,
the most common of these is the crosslink of the Topoisomerase | (Topl) protein
upon inhibitor treatment'*®, Another interesting mechanism for enzymatic DPC
formation derives from BER-dependent oxidative damage repair. Indeed, some
oxidative DNA damage inducing agents generate oxidized abasic sites
characterized by a 2-deoxyribonolactone chemical modification at the 3’-termini.
Removal of this particular modification specifically requires the lyase activity of
DNA Polymerase B, which remains crosslinked to DNA end4%-151,

Non-enzymatic DPCs are formed after a non-specific DNA crosslink of chromatin-
binding proteins, caused by either endogenous metabolites or exogenous agents.
For instance, reactive aldehyde species are normally released in the cell as a result
of various metabolic processes'®>%3, One of the most cytotoxic and studied DPC-
inducing aldehyde is formaldehyde, derived from histone and DNA
demethylation®™*1%, For its high capability to generate DPCs, formaldehyde is
commonly used as a crosslinking agent in many experimental procedures. On the
other hand, several exogenous chemicals can cause DPC accumulation. Platinum
derivatives, such as cisplatin and carboplatin, as well as several other
chemotherapeutics (i.e. PARP inhibitors), stabilize DNA-protein interactions,
covalently trapping the enzyme on DNA7157,

Repair of DPCs may consist of nucleolytic cleavage of DNA, proteolytic
degradation of the trapped enzyme or direct hydrolysis of the covalent bond,

depending on the type and the origin of the adduct.
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Figure 6. Repair mechanisms for DPCs?%®

Nuclease-dependent DPC repair: the MRX complex

The MRX complex (MRN in human cells) is an evolutionary conserved DPC repair
system. Indeed, T4 bacteriophages use their MRX counterpart to resolve
Topoisomerase Il protein adducts™®®1°, Similar processes occur also in Escherichia
coli, where the SbcCD complex, the homolog of the MRX complex, is involved in
the removal of protein permanently trapped on DNA, In eukaryotic cells, from
yeast to mammals, the same repair strategy is activated in the presences of DNA-
protein crosslinks6116°,

The endonuclease activity of the Mrell subunit of the complex is strictly required
for its function in DPCs removal. Hence, it is already reported that either 5°- or 3’-
protein adducts directly stimulate the Mrell endonucleolytic cleavage in vivo and
the Tell activity®31%5186 The incision can occur equally on the DPC-containing
DNA strand or on the complementary one. The primary cut is followed by a 3°-5°
resection event until the removal of the adduct and by a second cut on the opposite

strand, generating a blunt DSB ends. Finally, the break can be repaired through the
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canonical repair mechanisms. It is interestingly to note that the cleavage by MRX
is entirely dependent on the presence of the blocked protein, but not affected by the

identity and the origin of this adduct®8".

Protease-dependent DPC repair: Wss1/SPRTN protease and proteasome
Recent evidence highlight proteolytic repair of DPCs as a crucial mechanism for
maintenance of genome stability*®®. In particular, mutations in the SPRTN protease
dramatically increase cancer predisposition in mouse and human?*6%17,

The Wss1/SPRTN family of proteases is a highly versatile system that can target
almost every type of protein crosslink. Indeed, Wssl is involved in the resolution
of both enzymatic and non-enzymatic DPCs and is essential for replication
machinery progression in presence of DNA-protein adducts!’*. DPC proteolysis
ends up with an almost complete protein degradation, with the exception of a small
peptide fragment that remains anchored to DNA. However, switching to a
translesion synthesis (TLS) polymerases that can bypass the peptide presence easily
restores replication progression'’®. Finally, the remnant is supposed to be excised
by the nucleotide excision repair (NER) system, but, until now, there are no direct
evidence for this mechanism.

In addition to this proteolytic mechanism, many DPCs are resolved by the
proteasome-dependent degradation of the protein portion. Indeed, for instance, both
Topl and Polp adducts are ubiquitinated and targeted by the proteasome4%172,
However, even though many reports showed that proteasome inhibition strongly
increases cell sensitivity to DPC inducing agents, the precise mechanism of DPC

protein degradation remains still unclear.
Repair by direct crosslink hydrolysis: Tdpl

Direct hydrolysis of the DNA-protein crosslink is not an easy strategy to remove

DPCs accumulation. Indeed, the chemical nature of the bond drastically differs
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depending on the crosslinked molecule and the specific aminoacidic residue.
However, some kinds of DPCs are so frequent to require specialized enzymes to
quickly and easily remove such lesions.

The tyrosyl-DNA-phosphodiesterase 1 (Tdpl) enzyme hydrolyzes the covalent
bond between the Top1 active site tyrosine residue and the 3’-end of a SSB!”. Tdp1
orthologues are present in all eukaryotic cells and germline mutation in TDP1
human gene causes a rare and severe neuropathic syndrome!’,

Upon hydrolysis of the Topl-DNA bond, Tdpl produces a 3’ phosphate end that
has to be further processed before gap filling. Thus, the bifunctional polynucleotide
kinase 3 -phosphatase (PNKP) is recruited to DNA to remove the 3’ phosphate and,
at the same time, phosphorylate the 5’ hydroxyl group!’™. At this point, the
canonical SSB repair machinery is able to seal the nick.

Similarly to the Tdp1 mechanism, a Tdp2 enzyme is required to specifically remove

the Topoisomerase Il (Top2) protein adducts®”3.

Dmal and Dma2

Protein structure

In eukaryotic cells, there are two main families of E3 ubiquitin ligase enzymes,
depending on the type of the catalytic domain. The first one contains the HECT
(Homologous to the E6GAP Carboxyl Terminus) domain, formed by two flexibly
tethered lobes (N- and C-lobes). The N-lobe contain the E2 docking site, while the
C-lobe presents the active-site cysteine!’®. The second class of enzymes is
characterized by the presence of a RING (Really Interesting New Gene) domain.
This domain contains a specific sequence, formed by many conserved cysteine and
histidine residues (Cys-X2-Cys-X(9-39)-Cys-X(1-3)-His-X2-3)-Cys-X2-Cys-(4-48)-Cys-
X,-Cys; X represents any type of aminoacid) that bind two zinc atoms!’’. These
two type of domains mainly differ in the mechanism of ubiquitin conjugation.

Indeed, RING E3s catalyze the direct transfer of ubiquitin from the E2 enzyme to
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the substrate. On the contrary, HECT family required an intermediate step in which
the ubiquitin chain is first transferred from the E2 to the cysteine in the active-site

of the E3 enzyme and then conjugated to the target’e.

RING-E3 HECT-E3

Figure 7. Catalytic domains and molecular mechanisms of the two RING and HECT
families of E3 ubiquitin ligase enzymes!’®*"?

Dmal and Dmaz2 are two members of the S.cerevisiae RING family of E3 ubiquitin
ligase enzymes. These proteins are the only two in budding yeast characterized by
harboring both a C-terminal RING domain and a Fork-Head Associated (FHA)
domain’®, The FHA domain is a phosphothreonine-binding module present in
thousands of proteins involved in DNA repair and checkpoint signaling®’.

Phylogenetic analysis revealed that the FHA-RING proteins are a conserved family
of enzymes. Dmal and Dmaz2 paralogs have been identified in the fission yeast S.
pombe and in human cells (Dmal and RNF8 and CHFR, respectively)'’8. However,
the structural homology between yeast and human proteins may not reflect also a

functional similarity. Indeed, Dmal and Dma2 have been shown to be principally
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involved in regulation of mitosis, while their human homologs RNF8 and CHFR
mainly play roles in the DNA damage response.
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Figure 8. Domain localization of the yeast and human FHA-RING ligases'’®

Mitotic functions

As already anticipated, Dmal and Dma2 functions are mainly implicated in the
regulation of several key steps of mitosis. Indeed, several studies reported
redundant roles for these proteins in controlling septin organization, spindle
positioning, formin distribution, vacuole inheritance and, finally, cytokinesis!8-184,
However, in many cases, the molecular mechanism of Dmal and Dma2 action

remains yet to be clarified.

Role of Dmal and Dmaz2 in the morphogenesis checkpoint

In budding yeast, mitotic entry is strictly controlled by the morphogenesis
checkpoint. This pathway monitors cell dimension, bud formation and the correct
actin cytoskeleton organization and septin ring deposition®188, The activation of
the checkpoint in presence of morphogenetic perturbations leads to a delay in the
G2/M transition, preventing cell division in unfit conditions. In Saccharomyces
cerevisiae, the whole pathway depends on the temporal regulation of Swel a protein
kinase that inhibits the Cdc28 CDK?'®%L, Indeed, in unperturbed condition, Swel

starts to accumulate in late G1 and S phases and it localizes at the budneck through
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the interaction with its regulators Hsl1, Hsl7, Cla4 and the polo kinase Cdc5%21%,
Here, it is hyperphosphorylated by some of these proteins and this modification

leads to its subsequent degradation in G2 phase!®®

. Therefore, Cdc28 is fully active
and the cell can proceed to mitosis.

Dmal and Dma2 have been identified as the responsible for the proteasome
targeting of Swel. Indeed, in Dma lacking cells Swel is not correctly ubiquitinated
and this, under replicative stress conditions, causes the cell cycle arrest before
mitotic entry®®’.

Interestingly, morphogenesis checkpoint activation is mediated not only by the
presence of altered morphogenetic stimuli, but also in response to replicative stress.
Indeed, even though the molecular mechanism is still unknown, Swel degradation

is regulated by the Rad53 effector kinase%®1%,

Role of Dmal and Dmaz2 in septin dynamics and spindle positioning checkpoint

In S. cerevisiae, septins play an essential role in the bud site selection and growth,
correct spindle positioning and cytokinesis. They localize early in G1 at the
incipient bud site and, in G1/S phases, before the bud starts to grow, they form a
ring structure around the bud neck until the cytokinesis is completed?®020L,
Moreover, the septin ring acts as a platform for the recruitment of many other
mitotic factors at the bud neck?2,

Dmal and Dmaz2 are directly implicated in the correct septin ring assembly and
deposition. Indeed, cells lacking Dma activity show severe defects in ring
stabilization and a genetic interaction with mutations in the gene coding for the Cla4
protein, essential in septin structure formation®°. The Dma-dependent regulation of
septin ring dynamics occurs through the control of the EIm1 protein localization at
the bud neck, which is required for septin phosphorylation, and by the direct
ubiquitination of the two septins Shs1 and Cdc1182%3,

Moreover, the EIm1 misregulation in absence of Dma proteins not only causes
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defects in septin stabilization, but also in activation of the spindle positioning
checkpoint (SPOC). Indeed, in Dmal and Dma2 depleted cells, EIm1 is not
correctly localized, leading to the lack of Kin4 phosphorylation?®, Therefore, upon
alterations in the spindle positioning, cells fail to prevent the activation of the

Mitotic Exit Network (MEN) and undergo aberrant cell divisions.
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Figure 9. Dmal and Dma2 role in septin ring stabilization and SPOC activation®%
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Role of Dmal and Dmaz2 in formin distribution

Polarization is a critical function for all cells. Indeed, it is required for correct cell
proliferation and differentiation, and alterations in the polarized pattern growth
increase predisposition to developmental disorders and tumorigenesis®.

Cell polarity depends upon actin cytoskeleton organization. Therefore, actin
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network is a tightly regulated process, driven by several protein regulators, among
which the Rho GTPase family, formins and the polarisome complex have a pivotal
role?®-2%8  All these factors work together to coordinate the spatial and temporal
assembly and remodeling of the actin cables.

In particular, formins are the universal actin-polymerizing proteins that are able to
catalyze the actin filament formation. The localization and the activity of these
proteins are directly controlled by the Rho GTPases?®. In S. cerevisiae, there are
two formins, Bnil and Bnrl, which assemble different sets of actin cables?™.
Indeed, Bnil localizes at the budtip throughout the cell cycle until mitotic exit
where it orchestrates the actin polarization toward the bud cortex. On the contrary,
Bnrl is recruited at the budneck through the interaction with septins and is
responsible for the assembly of actin filaments toward the budneck?*1?'2, Dma1 and
Dmaz2 directly interact with both the two formins, controlling their abundance and
polarized distribution. Indeed, in absence of Dma proteins, cells show a decrease in
Bnrl protein levels and a Bnil mislocalization, maybe due to problems in its
membrane anchorage, that reflect severe actin defects®®!. However, albeit the E3
activity is strictly required, how molecularly Dmal/2 act on formins still remains

an open question.

Role of Dmal and Dmaz2 in cytokinesis

In budding yeast, two interconnected and partially redundant pathways regulate
cytokinesis completion?'®, The first mechanism consists in the formation of a
functional actomyosin ring (AMR) at the level of budneck that contracts in a
symmetric manner?421% The construction of this structure is timely regulated by
the MEN network and requires the coordinated action of several factors, such as
Tem1, lqgl, Bnil, Myol and actin?!5?17, Along with the AMR assembly, there is
the deposition of the primary septum (PS), made by the Chs2, Cyk3, Hofl and Inn1,

that definitely separates mother and daughter cells?18-220,
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Dma proteins participate in the control of both the two pathways. Indeed, upon
Dma2 overexpression, cells show defects in AMR contraction®, However, no
direct ubiquitination of these proteins by the Dma enzymes have been found and
the mechanism remain still poorly understood. Nevertheless, in this context, a very
recent study had better clarify the contribution of Dma proteins in this process.
Indeed, Dmal and Dma2 seem to be involved in the regulation of MEN’s factor
localization at the Spindle Pole Bodies (SPBs) during cytokinesis, through their
direct ubiquitination of the SPB scaffold protein Nud12*°. Finally, Dmal and Dma2

interfere with Chs2 and Cyk3 PS deposition, leading to an asymmetric septum
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Figure 10. Dmal and Dma2 control cytokinesis®

Other functions
In addition to their multiple roles in mitosis, a recent study identified Dmal and

Dma2 as regulative factors in the licensing-to-firing transition during replication??.
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Indeed, evidence in budding yeast supports a model in which the canonical CDK-
dependent mechanism for licensing and firing is supported by a physical separation
of the two phases???2?’. Indeed, Dma proteins were found to control the G2/M
temporal gap through the early ubiquitin-dependent degradation of the key firing
factor Sld22%,

Finally, Dmal and Dma2 were also found to interact with the Sae2 repair machinery
component. Indeed, a large-scale proteomic analysis reveals a FHA-mediated
interaction between Dmal/2 and the phosphorylated Sae22%. However, a direct role

for Dma in DNA damage response remains still elusive.

Functions of RNF8 and CHFR human homologs

The RNF8 and CHFR human homologs of Dmal and Dma2 are mainly involved in
the control of DNA damage response and genome integrity maintenance. Indeed,
as already discussed above (see Ubiquitination and SUMOylation in DSB
response), RNF8 plays an essential role in the activation of the damage signaling
through the initial H1 histone ubiquitination**!. This chromatin modification
surrounding the DNA lesion leads to the consequent correct recruitment of several
repair and checkpoint factors.

Moreover, in addition to histone H1, RNF8 directly targets two other essential
repair proteins, the NBS1 subunit of the MRX complex and the NHEJ key player
KU802°13 Indeed, the RNF8-dependent ubiquitination of the MRN complex is
strictly required for its binding at the damaged site and RNF8 depleted cells show
severe defects in the Mrell foci formation after damage induction'?®. On the
contrary, the KUB80 ubiquitination mediates its displacement from DBS ends
through a proteasome degradation of this factor!,

Together with RNF8, also CHFR regulates the first wave of ubiquitination in
response to DNA damage. Indeed, RNF8 and CHFR are synergistically involved in

chromatin modification (histone ubiquitination but also acetylation) at the damaged
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loci?®®. Moreover, CHFR ubiquitinates the poly(ADP-ribose) polymerase 1
(PARP1), an essential enzyme in ssDNA repair?,

However, even though they have predominant roles in the DNA damage response,
RNF8 and CHFR also conserve some mitotic functions. In particular, as Dmal and
Dmaz2 in S. cerevisiae, RNF8 localizes at centrosomes and at the division site where
it ubiquitinates septins®2. Finally, CHFR is known to be implicated in the activation

of stress induced-mitotic checkpoint?31-2%,
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Aim of the Project

Maintenance of genome stability is a tightly regulated mechanism, concerning the
spatial and temporal coordination of several essential cellular processes. Indeed,
accumulation of unrepaired lesions might cause toxic alteration either in the
structure or in the sequence of the DNA molecule. In higher eukaryotes, all these
genomic rearrangements strongly increase predisposition to cancer transformation
and the loss of specific repair factors is at the base of severe genetic diseases.

For this reason, a detailed molecular characterization of the DNA damage response
(DDR) pathway is an essential goal for biomedical research. Several groups in the
last decades focused their attention on studying these mechanisms and a high
number of the key factors involved in DDR have been identified. Nevertheless,
many aspects of DDR regulation need to be further investigated.

In this view, the aim of my project was to clarify a new molecular role of the two
yeast ubiquitin ligases Dmal and Dma2 in controlling double-strand break
response. Indeed, | identified these E3 enzymes as new players in the coordination

of both repair systems and checkpoint activation.
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Results & Conclusions

Identification of Dmal and Dma2 as novel factors in the
double-strand break response.

Double-strand breaks (DSBs) are considered one of the most cytotoxic DNA lesion.
Indeed, as already discussed in the State of the Art paragraph, the presence of even
a single unrepaired DSB can lead to the formation of gross chromosome
rearrangements and cell death. The accumulation of these detrimental genomic
alterations drastically increases the probability to develop cancer diseases in high
eukaryotes. For this reason, in the recent past, the molecular mechanisms of DSB
response have been intensively studied by several research groups and most of the
key factors involved are now well characterized. However, several regulators
remain still unknown.

In this view, | decided to look for new players involved in DSB processing, using
Saccharomyces cerevisiae as a model organism. | started screening the sensitivity
of several mutant yeast strains to bleocin, a drug commonly used in chemotherapy
for its ability to Kkill cancer cells generating DSBs randomly in the genome.

| found that simultaneous deletion of the DMA1 and DMA2 genes drastically
decrease cell viability after either a chronic or an acute treatment with increasing
doses of bleocin (Figure 1, A and B). DMA1 and DMAZ2 genes encode for the two
FHA-RING ubiquitin ligase enzymes identified as the yeast orthologues of the
human RNF8 and CHFR factors'’8. Despite the fact that some roles of the human
counterparts in DSB response have already been reported, | decided to further
investigate the possible function of Dmal and Dma2 in DNA damage response
regulation in order to find new conserved roles also for RNF8 or CHFR.

Interestingly, aside from bleocin, we did not observe any significant sensitivity of
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the dmalAdma2A mutant to any other of the DNA-damage inducing agents we
tested (camptothecin and UV irradiation, Figure 1, C and D, respectively).
dmalAdma2A mutant were also found to be sensitive to hydroxyurea (Figure 1E),
as previously described!1%

The hydroxyurea (HU) sensitivity of Dma lacking cells is linked to their function
in the mitotic metabolism. Indeed, Dmal and Dma2 had been implicated in the
regulation of spindle positioning, septin organization, formin distribution and
cytokinesis!80-183197.203 1n narticular, Merlini et al. demonstrated that Dma proteins
directly control localization of EIm1l at the bud neck and that its artificial
recruitment through a Bni4-EIm1A420 chimera rescues the HU sensitivity and
bypasses other mitotic defects of dmalAdma2A cells?®2, | used the same chimeric
protein in dmalAdma2A background to verify whether the bleocin sensitivity
correlates to the Dma mitotic roles. While the chimera rescues the HU sensitivity,
similarly to what was reported by Merlini et al., it does not ameliorate bleocin-
induced cell lethality (Supplementary Figure 1).

Altogether, these data strongly suggest a possible involvement of Dmal and Dma2

in the coordination of DSB response.

The role of Dmal and Dmaz2 in DSB response requires their
E3 ubiquitin ligase activity.

Dmal and Dma2 are two E3 enzymes belonging to the RING family of ubiquitin
ligases. Indeed, they contain a high conserved RING catalytic domain, requires for
target specificity and ubiquitin transfer!’8,

Since all the reported Dma functions depend on their E3 activity, | tested whether
a fully functional RING domain is essential also for the Dma-dependent DSB
tolerance. To do this | created two catalytic dead genomic mutants for Dmal and
Dma2 carrying two point mutations inside their RING domains

(dma1©34SH3B0A g4 2A and dmalAdma2C1SH40A respectively). These mutations
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had already been shown by different groups to totally abrogate the Dmal and Dma2
ubiquitin ligase activity!822%>23 Ag shown in Figure 2, the inactivation of both
Dmal and Dma2 RING domains clearly sensitized cell to bleocin treatment
similarly to the complete gene deletions. In light of this result, I concluded that the
ubiquitin ligase activity of Dmal and Dma2 is strictly required for their role in the
DNA damage response.

The lack of Dma proteins causes severe defects in DBS
repair.

In order to investigate how Dmal and Dma2 affect DSBs repair, first, | tried to
verify whether the decrease in cell viability after bleocin treatment correlates with
repair defects in cells deleted for DMAL and DMAZ2 genes.

To evaluate the efficiency of repair in wild type and dmalAdmaz2A cells, | started
taking advantage of a particular genetic background (YMV80), in which a single
DSB can be generated in a specific site of the chromosome 111 by the galactose-
dependent expression of the HO nuclease. Repair of this lesion mainly occurs
through the Single Strand Annealing (SSA) recombination pathway, using two
homologous leu2 sequences flanking the HO cut site, and it can be easily followed
by Southern blot analysis?*’. Surprisingly, the lack of Dmal and Dmaz2 activity does
not sensitize cells to the presence of a single DSB and the repair of this lesion
proceeds as control cells (Figure 3, A and B). This result probably derives from the
blunt nature of the break caused by the enzymatic cleavage of the HO nuclease.
As a consequence, for my repair analysis | then decided to utilize Pulse-Field Gel
Electrophoresis (PFGE) to follow chromosome repair for several hours after short
bleocin treatment. This particular DNA electrophoresis permits to separate long
DNA molecules (more than 30 kilobases), and to visualize all the entire yeast
chromosomes?.

Figure 4 shows that cells lacking Dma proteins fail to repair DSBs and exhibit a
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persistence of broken chromosomes, even 28h after break induction. On the other
hand, wild type cells are in a clearly advanced state of repair at 14 hours after the
bleocin pulse. These results indicate that Dma factors are essential to promote repair
of bleocin-induced DSBs.

To exclude the possibility that the bleocin sensitivity of dmalAdma2A cells may be
due to a higher permeability of the drug, leading to the formation of a higher number
of DSBs, | titrated bleocin concentration in order to determine the minimum amount
of drug that induces chromosome fragmentation in wild type and double mutant
cells (Supplementary Figure 2). As a positive control 1 used the mnn10A mutant
(Supplementary Figure 3), which is known to import more bleocin than wild type
cells, due to severe defects in cell wall formation?3%24°, Comparing the profile line
obtained through quantification of each lane, it is fairly clear that the amount of
DNA DSBs caused by low levels of bleocin in wild type and dmalAdma2A cells is
the same. On the other hand, the equal amounts of bleocin have a much greater
impact on chromosomes fragmentation in the mnn10A positive control. This result
definitely supports the idea that Dmal and Dmaz2 play a critical role in DSB repair.
In eukaryotic cells two main pathways are responsible for repairing double-strand
breaks, Non-Homologous End Joining (NHEJ) and Homologous Recombination
(HR)?*1:242_To understand whether Dmal and Dma2 specifically participate in one
of these two repair mechanisms, | performed an epistatic analysis for bleocin
survival, analyzing rad52A for HR and ku70A for NHEJ. In yeast, most of the
bleocin-induced lesions were repaired via homologous recombination system as
seen in Figure 5, where Rad52 deleted cells are much more sensitive to very low
doses of bleocin compared to cells defective in NHEJ. However, dmalAdma2A
shows an additive effect both with rad52A and with yku70A (Figure 5A). Moreover,
removal of Dmal and Dmal from rad52Ayku70A cells did not have any effect
(Figure 5B). These results suggest two possible scenarios: i) Dmal and Dma2

independently control both NHEJ and HR or, ii) they work in the control of an
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upstream common step.

DMAL1 and DMA2 deletion hyperactivates the DNA Damage
Checkpoint in a Tell dependent manner.

In parallel to the repair analysis, | performed some experiments to evaluate the
efficiency of the DNA damage checkpoint in absence of Dmal and Dmaz2.

| treated with bleocin wild type and dmalAdmaZ2A cells, arrested either in G1- or in
M-phase. Rad53 phosphorylation was monitored by SDS-PAGE at different time
points after the treatment as a marker of checkpoint activation®**24, Figure 6A
shows that loss of Dmal and Dma2 did not prevent checkpoint activation and
instead caused an anticipated and stronger phosphorylation of the Rad53 kinase
compared to control cells. This result is in agreement with the previous observation
of a strong accumulation of unrepaired DSBs in cells depleted for Dmal and Dma2.
To further characterize this effect, | investigated which of the two yeast apical
kinases, Mecl and Tell, was responsible for the robust checkpoint activation
observed in the absence of Dma proteins. To this aim, | analyzed the Rad53
phosphorylation after bleocin treatment in dmalAdma2A mutant lacking either the
Mecl or Tell activity or both. As expected, Mecl contribution to checkpoint
activation was substantial (Figure 6B). Surprisingly, when Dmal and Dma2 are not
present, the Mecl inactivation alone did not completely turn off the checkpoint
signal, and the removal of Tell was also required (Figure 6B). This indicates that
in dmalAdma2A cells Tell plays an unexpected role in activating the DNA damage
checkpoint cascade.

Depletion of Dma proteins correlates with the MRX

complex persistence at the damaged site.

Both in yeast and in human cells, it was previously shown that Tel1/ATM activation
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relies on the presence at broken ends of the MRX/MRN complex, which physically
recruits Tell/ATM to DSBs through the interaction with the Xrs2/NBS1 subunit®,
The unconventional Tell-dependent checkpoint signaling observed in the absence
of Dma proteins might suggest that in these conditions the MRX complex persists
at the damaged sites, activating Tell. Moreover, this hypothesis can also explain
the contribution of Dma proteins to both the NHEJ and HR. Indeed, a fully
functional and transiently loaded MRX complex is strictly required for the correct
activation of both DSB repair systems (for more details see the “State of the Art”).
To test this hypothesis, | assayed the efficiency of the MRX turnover at the damaged
sites in wild type and Dma depleted cells by looking at the kinetics of Mrell-YFP
foci formation and disappearance after DSB induction. As shown in Figure 7, in
wild type cells, after a quick recruitment, the Mrell reaches a peak and then start
disappearing after 4 hours from treatment. On the contrary, in dmalAdmaZ2A cells,
while the recruitment of Mrell follows a superimposable kinetics and the signal
reaches a similar peak, Mrell persists at the break sites for the whole time window
analyzed (Figure 7). This result confirms that Dmal and Dma2 are involved in the
removal of the MRX complex from the break site.

The Sae2 resection factor is already known to be essential for the correct
disassembly of the MRX complex at DNA breaks. Indeed, cells deleted for the
SAE2 also show Mrell foci persistence following an HO endonuclease-induced
DSB*24_ Moreover, recently Liang et al. reported a damaged-dependent
interaction between the Sae2 factor and the FHA domains of both Dmal and
Dma22?8, This evidence led me to hypothesize that Dmal/2 might work upstream
of Sae2 in the same MRX removal pathway. To verify this, | analyzed bleocin
sensitivity, checkpoint activation and MRX localization in the triple mutant
dmalAdma2Asae2A. However, cells carrying the simultaneous deletion of these
three genes show an additive effect compared to both sae2A and dmalAdma2A

mutants for all phenotypes (Figure 8A-C), genetically excluding Sae2 as a relevant

36



Dma target.

Moreover, sae2A cells can be rescued by a mre11™3'R allele, which destabilize MRX
binding to DNA?*®; conversely, when | combined mre11H37R with dmalAdma2A |
did not rescue the phenotype (Figure 9A), suggesting once again that the Dma
proteins are not regulating Sae2. Intriguingly, while the Mrel1 foci are rapidly lost
in the mre1137R mutant after bleocin treatment, removal of dmalAdma2A converts
these destabilized Mrell subunits to a persistent form (Figure 9B). These results
are consistent with an essential role for Dmal/2 in the removal of the MRX complex

from bleocin-induced DSBs.

The MRX complex is not ubiquitinated by Dmal and
Dmaz2.

The results shown above indicate that Dmal and Dma2 are required to remove a
persistent form of MRX from the DNA end. Since these factors are ubiquitin
ligases, | investigated how loss of Dmal and Dmaz2 affects the ubiquitination status
of the three subunits of the MRX complex after bleocin treatment. His-tagged
ubiquitin was recovered from a crude cell extract and Figure 10 suggest that both
Mrell and Rad50 may be ubiquitinated. Unfortunately, the modifications seem to
be not dependent upon DNA damage or upon the Dma factors. The apparent
increase in ubiquitination in a dmalAdma2A background is a known artefact due to
a higher expression of the plasmid carrying the His-tagged version of ubiquitin in

the mutant compared to control cells (Supplementary Figure 4).

Dmal and Dmaz2 play a role in DSB end cleaning.

Since | demonstrated that Dmal and Dmaz2 do not act directly on the MRX complex
regulation, I tried to understand which could be the molecular hindrance for its

removal from the damaged site. A reasonable explanation came out thinking on the
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nature of the breaks generated by bleocin. Indeed, this drug is an oxidative agent
that generates a high number of DSBs, characterized by a wild range of end
modifications (“dirty ends”). As already discussed in the State of the art, both
chemical and structural alterations in DSB ends have to be specifically processed
and removed before repair can efficiently take place.

One hypothesis is that Dmal and Dma2 may have a crucial role in cleaning of
bleocin-induced dirty ends. In this case, depletion of these factors causes the
accumulation of irreversibly bound MRX complex at the end of the DNA filament,
leading to unscheduled Tell activation and to the inability to complete DSB repair.
Another possibility is that the MRX complex, while processing bleocin-induced
“dirty ends” becomes crosslinked to the DNA end. A similar situation has been
reported for Polf at lesions containing 2-deoxyribonolactone, an oxidized
derivative of deoxyribose®.

Tdpl is an enzyme specialized in hydrolyzing the covalent bond between
Topoisomerase 1 (Topl) and the 3’-end of SSB!'3. The formation of this DNA-
protein adduct is stimulated by camptotecin (CPT) inhibition of Topl. In the
absence of Tdp1, Top1 remains crosslinked to the DNA end, converting it in a “dirty
end”. Interestingly, while dmalAdma2A are not particularly sensitive to CPT, loss
of Dma factors strongly increases the sensitivity to CPT of a tdp 1A mutant (Figure
11A). This result confirms a crucial role for Dmal and Dma2 in processing
modified ends to allow repair.

Finally, Tdpl also plays a role in the cleaning of bleocin-induced modified DSB
ends?*’ and #dpIA is indeed additive with dmalAdma2A for what concerns bleocin

sensitivity (Figure 11B).
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Discussion

Dmal and Dma2 are well characterized factors involved in the regulation of several
aspects of mitosis and cell polarity. Despite their human orthologs RNF8 and CHFR
have a predominant role in double-strand break repair and genome maintenance, no
function for Dma proteins in the DNA damage response have been yet reported.
Here | described for the first time the involvement of these proteins in DSB
processing and checkpoint signaling. Indeed, my results clearly indicate a direct
role for Dmal and Dma2 in chromosome repair and Tell signaling regulation
following bleocin-induced DNA damage. Interestingly, the yeast and human
functions in break response of these E3 enzymes are mostly divergent and, in some
cases, totally opposite, opening a new scenario for a possible discovery of novel
RNF8 conserved roles.

My data highlight a direct contribution of Dmal and Dma2 in the repair of a
particular family of DNA breaks, where the DNA ends are chemically modified
(“dirty ends”). On the other end, the exact mechanism through which Dma proteins
promote repair is still elusive. In particular, here I reported that Dmal and Dma2
are required for cell survival in presence of end modifying genotoxins, suggesting
a model where Dmal and Dma2 promote DSB end cleaning allowing repair of the
lesion. Indeed, intriguingly, zdpIA cells treated with camptothecin accumulate
DNA ends with covalently bound Topoisomerase 1 (Topl) and these cells need
Dma factors for survival. This result strongly indicates a role for Dmal and Dma2
in cleaning protein-blocked DNA ends. Moreover, it was already shown by several
research groups that the hydrolysis of the covalent Topl bond to chromatin by the
Tdpl enzyme requires an initial step of protein degradation. According to this, one

intriguing hypothesis is that Dmal and Dmaz2 coordinate specifically the repair of
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protein crosslinked to break ends, promoting the proteasomal degradation of the
peptide through their ubiquitination activity. This idea is firstly supported by the
evidence that, after break induction, catalytic dead mutant for both Dmal and Dma2
behaves as a dmalAdma2A cells. In addition, cells lacking Dma proteins show a
persistent irreversible block of the MRX complex at the site of damage,
independently from the structural destabilization of its DNA binding. Finally, the
repair analysis of a HO-induced DSB did not reveal any contribution of Dmal and
Dmaz2 in response to this type of enzymatic blunt lesion.

Up to now, there is no reported evidence of bleocin-dependent DNA-protein adduct
accumulation. However, several other oxidative DNA damage inducing agent
commonly used in chemotherapy (i.e. Neocarzinostatin and Tirapazamine) generate
a wide range of DPCs. In particular, these reagents induce a chemical modification
of the break ends called 2-deoxyribonolactone (dL) that, in mammals, traps the
POLP enzyme at the DNA termini of the lesion. Despite bleocin does not seem to
induce formation of dL, chemically similar alterations are abundantly produced as
intermediates of bleocin-dependent DNA oxidation and, probably, they might cause
the same blockage of specific repair proteins. This scenario could also easily
explain why the dmalAdma2A mutant is not sensitive to ionizing radiation (data
not shown), which generate DSBs but with different ends.

A future experimental validation of this theory will be essential to clarify the
mechanism of Dmal and Dmaz2 regulation of DNA damage response, giving a new
opportunity for the identification of protein targets. Indeed, since the POLp
mechanism is a conserved system for DPC repair, its yeast homologs Pol4 and Trf4
could be good candidates as Dma substrates. However, many data strongly suggest
the MRX complex as a direct target of Dmal and Dmaz2 activity. Indeed, even
though I was not able to observe a Dma-dependent ubiquitination of the complex, 1
cannot definitely exclude this possibility because my in vivo ubiquitination assay

probably leads to the complete loss of the chromatinic fraction. Moreover, the
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physical interaction between Dmal and Dma2 and the master regulator of the MRX
complex Sae2 is another important indication of a possible direct contribution of
Dma factors in controlling the MRX turn-over at the damage site.

Finally, a deeper characterization of the chemical alterations induced by bleocin at
the level of DNA breaks and the detailed molecular comprehension of the specific
repair pathways, could significantly enhance its therapeutic applications.
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Figure 1. Sensitivity of dmalAdma2A mutant to different DNA damage inducing agents.
(A, C, E) Serial dilutions of exponentially growing cell cultures were spotted onto YPD
plates, after 30 incubation with the indicated doses of bleocin (A, lower panel), or plates
containing the indicated doses of bleocin (A, upper panel), CPT (C) and HU (E). Plates were
incubated 3 days at 28°C. (D) Serial dilutions of exponentially growing cell cultures were
spotted onto YPD plates and irradiated with the indicated doses of UV. (B) Graphs show the
percentage of mortality for the dmalAdma2A cells, compared to wild type cells, after plating
on bleocin containing medium (left panel) or on YPD after acute exposure to indicated doses
of bleocin (right panel).
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Figure 2. Tolerance to a Bleocin treatment requires the E3 ubiquitin ligase catalytic
activity of the Dmal and Dma2. Serial dilutions of exponentially growing cell cultures
were spotted onto YPD or bleocin containing plates. Plates were incubated 3 days at 28°C.

69



m Wild type mdmalAdma2A O sae2A

100
90
80
70
60
50
40
30
20
10

0

viability (%) after single break induction

B

Wild type dmailAdma2A
Hoursaflersingle 5 3 ¢ o 4224 0 3 6 © 12 24

break induction
.---- -'_---—

(uncut) 6 kb
WP o P . e WD o e e -
(repair) 3,5 kb o L e —— —

(cut) 2,5 kb — -

Figure 3. dmalAdma2A cells are not sensitive to a single HO-induced DSB. (A)
exponentially growing cells were plated on both raffinose and raffinose+galactose
containing medium. After 3 days at 28°C, surviving colonies on raffinose+galactose plates
were manually counted and normalized respect to raffinose. (B) Repair analysis by Southern
blot in M arrested cells. Galactose was added at time O to induced HO-cleavage and the
appearance of the repair product was monitored by using a LEU2 probe.
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Figure 4. dmalAdma2A cells are not able to correctly repair chromosomes after bleocin
treatment. (A-B) Chromosome analysis by PFGE in exponentially growing cell cultures at
the indicated time point after bleocin treatment. Cells were treated with 100 pg/ml bleocin
for 30°, washed and then released in fresh media (time 0). (C) Graphs represent intensity

picks corresponding to each chromosome bands.
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Figure 5. Double deletion of DMA1 and DMAZ2 genes increases bleocin sensitivity of
both rad52A and ku70A cells. (A) Serial dilutions of exponentially growing cell cultures
were spotted onto YPD plates or plates containing bleocin. Plates were incubated 3 days at
28°C. (B) Graph shows the percentage of cell viability after plating on bleocin containing
medium. Error bars represent SEM, based on three independent experiments.
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Figure 6. Double deletion of DMAL and DMA2 genes causes a hyperactivation of DNA
damage checkpoint, dependent on a hyperactivation of the apical kinase Tell. (A-B)
Rad53 phosphorylation analysis by Western Blot in G1 arrested cells by a factor (A, upper

panel) or M arrested cells by nocodazole (A, lower panel, and B) after bleocin (100 pg/ml)
treatment.
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Figure 7. In dmalAdma2A cells there is a persistence of Mrell foci after bleocin
treatment. Graph shows the kinetics of Mrell foci formation after bleocin (100 pg/ml)
treatment, obtained scoring around 150 cells for each strains at each time points. Error bars
represent SEM, based on three independent experiments.
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Figure 8. Dmal and Dma2 depletion shows an additive effect with the SAE2 gene
deletion. (A) Serial dilutions of exponentially growing cell cultures were spotted onto YPD
or bleocin containing plates. Plates were incubated 3 days at 28°C. (B) Graph shows the
kinetics of Mrell foci formation after bleocin (100 pg/ml) treatment, obtained scoring
around 150 cells for each strains at each time points. Error bars represent SEM, based on
three independent experiments. (C) Rad53 phosphorylation analysis by Western Blot after
bleocin (100 pg/ml) treatment.
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Figure 9. The mre11™® does not recover dmalAdma2A phenotypes. (A) Serial dilutions
of exponentially growing cell cultures were spotted onto YPD or bleocin containing plates.
Plates were incubated 3 days at 28°C. (B) Graph shows the kinetics of Mrel1 foci formation
after bleocin (100 pg/ml) treatment, obtained scoring around 150 cells for each strains at
each time points.
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Figure 10. In vivo ubiquitination assay of three MRX complex subunits. Exponentially
growing cells containing a high-copy number plasmid carrying untagged or HIS-tagged
ubiquitin version were treated for 3 hours with 250 pM CuSOs., to induce ubiquitin
overproduction, and with or without 100 pg/ml bleocin and 75 pM proteasome inhibitor
MG132. Denaturing protein extracts were prepared and incubated with Ni-NTA agarose
beads to pulldown all the protein bound to HIS-ubiquitin. Protein eluates were separated by
SDS-PAGE and MRX complex ubiquitination levels were visualized by Western blot
analysis.
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Figure 11. Dmal and Dmaz2 cooperate with Tdp1l in dirty end cleaning. (A and B) Serial
dilutions of exponentially growing cell cultures were spotted onto YPD plates or plates
containing CPT (A) or bleocin (B). Plates were incubated 3 days at 28°C.
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Supplementary Figure 1. Bleocin sensitivity of dmalAdma2A cells is not rescued
bypassing its defects in spindle position checkpoint. (A and B) Serial dilutions of
exponentially growing cell cultures were spotted onto YPD plates or plates containing HU
(A) or bleocin (B). Plates were incubated 3 days at 28°C.
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Supplementary Figure 2. The dmalAdma2A mutant shows same levels of chromosome
fragmentation as wild type cells after treatment with low doses of bleocin. (A)
Chromosome analysis by PFGE in exponentially growing cell cultures after treatment with
the indicated doses of bleocin. (B) Graphs represent intensity peaks corresponding to each
chromosome bands.
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Supplementary Figure 3. Cells lacking Mnn10 enzyme have significantly higher
chromosome fragmentation compared to control cells after treatment with the same
low doses of bleocin. (A) Chromosome analysis by PFGE in exponentially growing cell
cultures after treatment with the indicated doses of bleocin. (B) Graphs represent intensity
peaks corresponding to each chromosome bands.
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Supplementary Figure 4. Cells lacking Dma proteins shows a general increase in the
HIS-ubiquitin expression. The membrane of the Ni-NTA pulldown performed for the
Rad50 subunit of the MRX complex were incubated with both aHIS and aNop1 antibodies
as a control for HIS-ubiquitin production and protocol success.
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Materials & Methods

Table of yeast strains

Strain Genotype

SY2080 MATa
YMAG380/1C  MATadmal::TRP dma2::LEU
YMAGS00 MATa dmal::KanMX dma2::LEU
YMAG482/2C  MATa BNI4elm1-420tdimer::KanMX
YMAG484/1D  MATa BNI4elm1-420tdimer::KanMX dmal::TRP dma2::LEU
YMAG463 MATa ku70::KanMX
YMAG481/3B  MATa rad52::HPH
YMAG515/2B  MATa ku70::KanMX rad52::HPH
YMAG465 MATa ku70::KanMX dmal::TRP dma2::LEU
YMAG444/8B  MATa rad52::HPH dmal::TRP dma2::LEU
YMAG511/4A  MATa ku70::KanMX rad52::HPH dmal::TRP dma2::LEU
YNOV188/3A  MATa mecl-1smll
YMAG572/6B  MATa tel1::NAT
YMAG875/4C  MATa mecl-1smil tell::NAT
YMAG712/2B  MATa mecl-1smll dmal::TRP dma2::LEU

YMAG581/2A  MATa tel1::NAT dmal::TRP dma2::LEU
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YMAGS874/30A

YMAG1073/2A

YMAG1193/2B

YMAG1069/1A

YMAG1197/1B

YFP1177/2D

YMAGS878

YMAG1297

YMAG1298

YMAG1308

YMAG1305

YMAG1310

YMAG1307

YMAG1109/8C

YMAG1106

YMAG1128/1A

YMAG1135/2B

YMAG854

MATa mec1-1 smll tel1::NAT dmal::TRP dma2::LEU
MATa dmalC3455:H350A

MATa dma2C*515:H456A

MATa dmal®35H3%04 gma2::LEU

MATa dmal::TRP dma2C*!siH456A

MATa ADE2 barl::LEU trpl-1 LYS2 RAD5 mrell::MRE11-
LLAKKRKG-YFP

MATa ADE2 barl::LEU trpl-1 LYS2 RAD5 mrell::MRE11-
LLAKKRKG-YFP dmal::KanMX dma2::HPH

MATa ADE2 barl::LEU trpl-1 LYS2 RAD5 mrell:: MRE11™7R-
LLAKKRKG-HIS::KanMX-YFP

MATa ADE2 barl::LEU trpl-1 LYS2 RAD5 mrell:: MRE11™7R-
LLAKKRKG-HIS::KanMX-YFP dmal::KanMX dma2::HPH

MATa ADE2 barl::LEU trpl1-1 LYS2 RAD5 mrell::MRE11-
LLAKKRKG-YFP sae2::HIS

MATa ADE2 barl::LEU trpl-1 LYS2 RAD5 mrell:: MRE11H3"R-
LLAKKRKG-HIS::KanMX-YFP sae2::HIS

MATa ADE2 barl::LEU trpl-1 LYS2 RAD5 mrell::MRE11-
LLAKKRKG-YFP dmal::KanMX dma2::HPH sae2::HIS

MATa ADE2 barl::LEU trp1-1 LYS2 RAD5 mrell:: MRE11H3"R-
LLAKKRKG-HIS::KanMX-YFP dmal::KanMX dma2::HPH
sae2::HIS

MATa sae2::HPH

MATa dmal::TRP dma2::LEU sae2::HPH

MATa tdpl::URA

MATa tdpl::URA dmal::TRP dma2::LEU

MATa MRE11-13Myc::HIS [2u, TRP1-CUP1-UBI4]
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YMAG856 MATa MRE11-13Myc::HIS [2, TRP1-CUP1-6xHIS-UBI4]
MATa dmal::KanMX dma2::LEU MRE11-13Myc::HIS [2,
YMAGB58 TRP1-CUP1-UBI4]
MATa dmal::KanMX dma2::LEU MRE11-13Myc::HIS [2,
YMAG860 TRP1-CUP1-6xHIS-UBI4]
YMAG862 MATa RAD50-13Myc::HIS [2|, TRP1-CUP1-UBI4]
YMAG864 MATa RAD50-13Myc::HIS [2, TRP1-CUP1-6xHIS-UBI4]
MATa dmal::KanMX dma2::LEU RAD50-13Myc::HIS [2},
YMAGE66 TRP1-CUP1-UBI4]
MATa dmal::KanMX dma2::LEU RAD50-13Myc::HIS [2p,
YMAG868 TRP1-CUP1-6xHIS-UBI4]
YMAG986 XRS2-13Myc::HIS [2, TRP1-CUP1-UBI4]
YMAG988 XRS2-13Myc::HIS [2u, TRP1-CUP1-6xHIS-UBI4]
MATa dmal::KanMX dma2::LEU XRS2-13Myc::HIS [2u, TRP1-
YMAG0  cup1-uBI4)
MATa dmal::KanMX dma2::LEU XRS2-13Myc::HIS [2|, TRP1-
YMAG992 CUP1-6xHIS-UBI4]

Y1601 ho hml ::ADE1 mata ::hisG hmr ::ADEL1 his4::NatMXleu2-(Xhol-
to Asp718) leu2::MATa ade3::GAL::HO adel lys5 ura3-52 trpl
ho hml ::ADE1 mata ::hisG hmr ::ADEL1 his4::NatMXleu2-(Xhol-

YSP13 to Asp718) leu2::MATa ade3::GAL::HO adel lys5 ura3-52 trpl
dmal::KanMX dma2::HPH
ho hml ::ADE1 mata ::hisG hmr ::ADEL1 his4::NatMXleu2-(Xhol-

Y78 to Asp718) leu2::MATa ade3::GAL::HO adel lys5 ura3-52 trpl

sae2::KanMX

Most strains are derivatives of W303 background (trpl-1 his3-11,15 canl1-100
ura3-1 leu2-3,112 ade2-1 RADS). The full genotypes are shown for all of the non-
W303 strains.
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Yeast strains

Strains used in this study are listed in the Yeast strain table. Deletion and tag fusions
were generated using one-step PCR system followed by standard genetic
procedures of transformation or tetrad analysis. YMAG1073/2A, YMAG1193/2B,
YMAG1069/1A and YMAG1197/1B were created using the Delitto Perfetto
approach (Storici et al, 2001). The correct insertion of mutations were controlled
by sequencing. YMAG1297, YMAG1298, YMAG1305 and YMAG1307 were
obtained integrating the Hpal-digested pFP118.1 plasmid (Puddu et al, 2015) at the
MRE11 locus. Pop-out events were selected on FOA plates and the insertion of

H37R mutation were checked by sequencing.

Bleocin, CPT, HU and UV sensitivity assay

To assess cellular sensitivity after a chronic exposure to different DNA damage
inducing agents, serial dilutions of exponentially growing cultures were spotted on
either YPD or CPT, Bleocin, HU containing media at the indicated doses; for UV
treatment cells were spotted on YPD plates and then irradiated with different UV
doses. Instead, sensitivity assay after acute exposure were performed treating
exponentially growing cells with different bleocin doses for 30 minutes and then
spotting serial dilutions of treated cells on YPD plates.

For mortality graphs and viability curve, approximately 500 cells/plate of
exponentially growing cultures, untreated or exposed to a bleocin acute treatment,
were plated on bleocin containing media at the indicated doses or on YPD plates,
respectively. The total number of colonies were manually counted after 3 days at
28°C.

Chromosome analysis by Pulsed-Field Gel Electrophoresis

Exponentially growing cells were treated with 100 pg/ml of bleocin for 30 minutes
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and, then, were washed and released in fresh YPD medium. At each time points, 40
ml of cells at 3x10° cells/ml were collected and processed for chromosome

separation by PFGE as described in Giannattasio et al, 2010.

Checkpoint experiments

Exponentially growing cells were arrested in G1 (2 pg/ml a-factor) or in M (20
pg/ml nocodazole) phases and treated with 100 pg/ml of bleocin. At the indicated
time points after bleocin treatment, 15 ml of cells at 1,3x10” were collected and
TCA protein extracts were prepared as described in Muzi-Falconi et al, 1993. TCA
extracts were separated by SDS-PAGE in 10% poly-acrylamide gels
(acrylamide/bis-acrylamide, 75:1). Western blot analysis were performed using
aRad53 antibodies (rabbit monoclonal antibodies, diluted 1:4500 in 5% milk in

PBSt), after an incubation of 3 hours.

Mrell foci visualization

Exponentially growing cells carrying wild-type or mutant Mrell-YFP were treated
for 30 minutes with 100 pg/ml of bleocin, washed and, then, resuspended in fresh
YPD medium. At the indicated time points, samples were taken and fixed with 3,7%
formaldehyde for 15 minutes. Cells were subsequently washed twice with PBS and

immediately mounted on a glass slide.

In vivo ubiquitination assay

Cells carrying an untagged or 6xHIS-tagged ubiquitin version were grown in
selective medium to reach the concentration of 6x10°. The 6xHIS-ubiquitin
overexpression were induced for 3 hours by adding 250 uM CuSOas. At the end of
incubation, cells were collected, washed and shifted to YPD fresh medium. Then,

all the yeast cultures were treated for 30 minutes with 100 pg/ml of bleocin and,
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were indicated, added with 75 pM MG132 (Sigma-Aldrich). After treatment, cells
were washed in water and protein extracts were prepared under denaturing
conditions as described in Yaffe and Schatz, 1984. Protein precipitations were
solubilized in Buffer A (6 M Guanidine HCI, 100 mM NaPO4 pH8, 10 mM Tris-
HCI pH8) for 4 hours and cell debris were then removed by centrifugation. A Ni-
pulldown were performed incubating protein extracts with Ni-NTA agarose beads
(Qiagen) over-night at room temperature, in presence of 15 mM Imidazole and
0,005% Tween 20. Agarose beads were recovered the day after by slow
centrifugation and washed two times with Buffer A and three times with Buffer C
(8 M Urea, 100 mM NaPO4 pH6,3, 10 mM Tris-HCI pH6,3), both added with
0,005% Tween 20. Proteins were eluted using 30 pl of HU Buffer (8 M Urea, 200
mM Tris-HCI pH 6,8, 1 mM EDTA, 5% SDS, 0,1% bromophenol blue, 1,5% DTT)
and separated by SDS-PAGE in a 4-20% gradient poly-acrylamide gel (Novex).
MRX subunit modifications were visualized by Western blot analysis using aMyc
antibodies (mouse monoclonal antibodies, diluted 1:30 in 5% milk in PBSt). 6xHIS-
ubiquitin expression and protocol success were controlled by incubation with both
aHIS and aNop1l antibodies.

Single break analysis

YMV80 derivative strains were grown O/N at 28°C in raffinose containing
medium. Cells were then normalized and approximately 500 cells/plate were plated
on raffinose or galactose containing plates, respectively. The total number of
colonies were manually counted after 3 days at 28°C.

For monitoring of the HO-induced DSB repair, 107 cell/ml cultures were arrested in
M phase (20 pg/ml nocodazole) and 2% galactose was added to induce HO nuclease
expression. Starting from galactose induction, 50 ml of cells were collected at the
indicated time points and the purified genomic DNA was analyzed as described in
Vaze et al., 2002.
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