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SUMMARY

SUMMARY

The DNA damage checkpoint is a complex surveillance mechanism, which allows cells to
recognize and react to endogenous or exogenous DNA damage. After detection of DNA
damage, the checkpoint triggers many cellular responses, including cell cycle arrest,
activation of transcription of DNA repair genes, inhibition of DNA replication initiation and,
in higher eukaryotes, senescence and programmed cell-death upon high DNA damage load.
The DNA damage checkpoint activation relies on the formation of specific protein
complexes, which are assembled on damaged chromatin both in proximity and around the
site of DNA damage. However, due to their transient nature, such protein complexes have
never been purified and biochemically characterized. These chromatin-bound protein
complexes include the apical checkpoint kinases Mec1 and Teli in budding yeast (ATR and
ATM in humans), which initiate the DNA damage checkpoint signal transduction pathways,
leading to activation of effector kinases. The DNA damage checkpoint signaling pathways
are facilitated by mediator proteins such as Radg (homologous to human 53BP1). Budding
yeast Rado, like its orthologs, controls two aspects of the DNA damage response: signaling
of the DNA damage checkpoint and DNA end resection. In order to function as a mediator
protein, Radg has to be recruited to chromatin. Radg binds damaged chromatin via
modified nucleosomes independently of the cell cycle phase; it is known to bind to Si29-
phosphorylated histone H2A (yH2A) generated by DNA damage-activated Mec1 and Teh
and to K7g9-methylated Histone H3 (H3-K79™), a constitutive chromatin mark generated by
the methyltransferase Dot1. Furthermore, Radg binds to Dpbui, which in turn binds to the 9-
1-1 clamp and the apical kinase Meci. The interaction with Dpbu generates a second
pathway for recruiting Radg to DNA damage sites. Interestingly, Radg binding to Dpbu1 was
previously shown to depend on specific S/TP phosphorylation sites of Radg, which are
modified by cyclin-dependent kinase (CDK) therefore allowing the interaction in cell cycle
phases with active CKD. However, the exact role of the Radg-Dpbu interaction in the
context of the DNA damage checkpoint in G1 is yet to be discovered. This work describes a
second mode of the Radg-Dpbu interaction. Specifically, it shows that phosphorylation of
Radg S/TP sites involved in the Dpbu binding is induced upon DNA damage. This mode of
S/TP phosphorylation is independent of the cell cycle or CDK activity, but requires prior
recruitment of Radg to damaged chromatin, suggesting involvement of a chromatin-bound
kinase. The DNA damage-dependent hyperphosphorylation of the Radg SCD domain by the
checkpoint kinases Mec1 and Teli is required for Radg S/TP phosphorylation. Notably, the
DNA damage-induced S/TP phosphorylation triggers Dpbu binding to Radg, but the DNA
damage-induced Radg-Dpbu interaction is dispensable for recruitment to DNA damage
sites, suggesting functions beyond Radg recruitment. S/TP site phosphorylation is often
interpreted as CDK-dependent phosphorylation, however this study on Radg shows that
after DNA damage, S/TP sites can be targeted by kinases other than CDK and therefore be
regulated by signals other than the cell cycle.
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2 INTRODUCTION

2.1 DNA damage and Double Strand Break repair
Environmental agents, but also endogenous stress pose a constant threat to the

genetic information encoded in the DNA. Spontaneous DNA damage is an intrinsic and
frequently occurring feauture of cellular life: it has been estimated that a single cell can
encounter an average of 10° spontaneous lesions per day (2). Spontaneous DNA alterations
can come from normal DNA metabolism: dNTP misincorporation during replication, loss of
DNA bases caused by depurination, DNA base interconversion following deamination, DNA
bases modification by alkylation, etc. Additionally, cellular metabolism can generate
reactive oxygen species that can cause oxidation of DNA bases and DNA breaks (1, 2).

DNA damage can also come from a number of exogenous sources. UV rays coming
from sunlight can generate pyrimidine dimers and (6-4) photoproducts amounting to up to
10° DNA lesions per cell, per day (2). Ionizing radiation (IR), generated from cosmic
radiation or medical treatments such as X rays and radiotherapy, can cause single- and
double-strand breaks (SSBs and DSBs) by oxidizing DNA bases. A number of chemical
agents contained in chemotherapic can cause different of DNA lesions. Alkylating agents
like MMS attach to alkyl groups in DNA generating bulky adducts eventually leading to
DNA breaks; crosslinking agents like mitomycin C (MMC), cisplatin, psoralen and nitrogen
mustard cause intra- and inter-strand crosslinks, covalent bonds between bases of the same
or different DNA strands; topoisomerase inhibitors like camptothecin (CPT) and etoposide
can cause covalent bonds between the topoisomerase I or Il and the DNA, leading to SSBs or
DSBs.

Cells have evolved various repair mechanisms specific for different types of DNA
lesions in order to counteract DNA damage: mismatch repair (MMR) replaces mispaired
DNA bases with correct bases, base excision repair (BER) removes chemically altered bases,
nucleotide excision repair (NER) repairs complex lesions like pyrimidine dimers or
intrastrand crosslinks, SSBs are repaired by single-strand break repair (SSBR), whereas DSBs
are processed either by non-homologous end joining (NHE]) or homologous recombination
(HR) (3, 4).

Double-strand breaks are among the most cytotoxic form of DNA damage as they
present a break in the chromosomal structure. Moreover, this lesion has the potential to
promote gross chromosomal rearrangements (GCRs) eventually leading to the development
of various diseases and tumorigenesis (5). Mutations in many proteins involved in the repair
of such lesion have been connected to cancer but also neurodegenerative diseases, sterility,
immunodeficiency disorders and developemental defects (6).

In specific contexts DSBs are programmed by the cell. Meiotic DSB are for example
generated by the evolutionarily conserved Spomu protein (7) in order to initiate homologous
recombination as an essential mechanism for correct chromosome segregation at the first
meiotic division (8). In vertebrates, during development of immune-cells the process of VD]
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recombination involves the induction of DSBs to ensure rearrangements at immunoglobulin
genes, a critical event to achieve antigen receptor diversity (9). In yeast, the mating type
switch also relies on the formation of programmed double strand breaks. Typically,
molecular events at damage sites ensure programmed DSBs that are steered toward the
appropriate repair outcome, yet upon misregulation, aberrant repair events may result in
oncogenic translocations (10).

Cells have evolved different pathways for the repair of DSBs: HR, NHE], alternative-
NHE] (alt-NHE]) single-strand annealing (SSA) and Break-induced replication (BIR). The
main factor determining which repair pathways to choose is the extent of DSB processing
called DNA end resection, a process in which specific endonucleases generate single-
stranded DNA around a DSB. Resected DNA is a prerequisite for recombination-based
repair and also constitutes a crucial signal for the DNA damage recognition. NHE] does not
require resection while HR, BIR and SSA in particular require extensive resection of DSBs,
minimal processing (5-25nt) is sufficient for alt-NHE]J (also known as micro-homology-
mediated end-joining or MMEJ) (11).

Non-homologous end joining and homologous recombination are the two main
pathways for DSBs repair: NHE] does not require resection and ligates the two DNA ends
with little or no processing (12). In NHE], the DSB ends are blocked from 5" end resection
and held in close proximity by the double-stranded DNA (dsDNA) end-binding protein
complex, the Ku70-Ku8o heterodimer (Ku). As the DSB ends are directly ligated, NHE] is an
error-prone process that frequently results in small insertions, deletions or substitutions at
the break site, if DNA was lost upon induction of the break. NHE] can also result in
translocations if DSBs from different parts of the genome are joined (13). In contrast to
NHE], HR requires resection. The central Rad51 recombinase loads on the 3’ single-stranded
DNA (ssDNA) generated via resection, forming a nucleoprotein filament. This structure
then invades homologous duplex DNA, which is used as a template for repair DNA
synthesis. The resulting joint molecule intermediates are metabolized by different pathways
leading either to crossover or noncrossover products depending on the different contexts
(14). HR is often considered a largely error-free process as it copies DNA sequences from the
sister chromatid or ectopic sequences in the genome. However, in ectopic recombination
crossing over occurs at non-homologous loci and this can result in dramatic and deleterious
chromosomal rearrangements.

NHE] is active throughout the cell cycle and is favored in G1 cells while HR is more
prevalent after DNA replication, since the identical sister chromatid is available as a
template for repair.

2.2 The DNA damage checkpoint
In order to recognize DNA damage and trigger a proper response, cells have evolved

complex surveilance mechanisms collectively termed the DNA damage checkpoint. The
DNA damage checkpoint monitors the genome for the presence of DNA damage and elicits
an appropriate response (15-17) - the major components of this response are listed in table 1.
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Activation of the DNA damage checkpoint can lead to a transient cell cycle arrest, activation
of transcriptional programs to boost DNA repair or, in case the damage cannot be repaired,
senescence or programmed cell-death. The checkpoint response is reversible and
downregulated once the DNA damage is repaired and allows cells to re-enter the cell cycle
in a process known as recovery. When the DNA lesion cannot be repaired, cells may
undergo a process called adaptation and re-enter the cell cycle inspite of the continued
presence of DNA damage (18).

Class of proteins S. cerevisiae S. pombe Humans
PIKKs Meci-Ddc2 Rad3-Rad26 ATR-ATRIP
Telu Telr ATM
Sensors Mren-Radso- Rad32-Radso- MRE11-RAD50-NBS1
Xrs2 Nbsi
Rad24-Rfc2-5 Radi7-Rfc2-5 RAD17-RFC2-5
Ddci-Radi7- Radg-Radi-Husi RADg9-RADi1-HUS:
Mec3
(9-1-1)
DSBs processing Sae2 Ctp1 CtIP
Exo1 Exo1 EXO1
Sgs1 Rqgh1 BLM
Dna2 Dna2 DNA2
Adaptors/Mediators Radg Crb2 53BP1; BRCA1; MDC1
Mra Mra Claspin
Dpbu Cuts TopBP1
Effectors Rads3 Cds1 CHK2
Chka Chka CHK1

Table 1: components of the DNA damage checkpoint in eukaryotes. DNA damage checkpoint proteins and protein
complexes involved in the initial steps of the response to DNA Double strand break in S. cerevisiae with their orthologs in
S. pombe and humans.

The underlying mechanism of the DNA damage checkpoint is highly conserved from
yeast to humans and it controls the cell cycle progression. Like in other vertebrates, the
mitotic cell cycle of S. cerevisiae consists of four phases (Figure 1, 19). The first phase is called
gap phase 1 (G1), during this phase cells grow in size and activate transcriptional pathways
useful for the subsequent DNA replication, which takes place in the subsequent S- phase
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(20). When cells reach a critical size and in presence of sufficient nutrients they pass
through a critical point termed START in yeast and restriction point in vertebrates. Once
START is passed cells irreversibly enter the S phase and start to replicate their genome.
Following S-phase cells enter the gap phase 2 (G2) during which they prepare to enter
mitosis (M), the phase in which the duplicated chromosomes are segregated between
mother and daughter cell. In eukaryotes all events of the cell cycle phases are regulated by
Cyclin-Dependent Kinases (CDKs), a family of serine/threonine kinases that phosphorylate
numerous substrates active during S- and M-phase. In S. cerevisiae Cdc28 (also called Cdki)
is the essential CDK regulating the entire cell cycle progression (22).

There are two major critical transition points in the cell cycle: the G1/S transition and
the G2/M phase transition (21). The DNA damage checkpoint ensures that the cellular
processes specific for each phase are correctly carried out before the cells enter the next
phase of the cell cycle, therefore they operate during G1/S (G1 DNA damage checkpoint) and
G2/M transitions (G2/M DNA damage checkpoint). Additionally, the intra S-phase DNA
damage checkpoint provides control during DNA replication. Is important to note that in S.
cerevisiae the G2/M transition is not as well defined like in S. pombe or other vertebrates,
indeed some events traditionally considered as mitotic, actually happen during S phase (like
spindle pole bodies duplication and mitotic spindle formation), therefore the G2/M DNA
damage checkpoint in S. cerevisiae rather regulates the crucial mitotic transition from
metaphase to anaphase (22, 23, 24).

The G1 checkpoint induces cell cycle arrest at the G1/S transition prior to START,
before cells irreversibly commit to DNA replication (25-27). This transient arrest gives cells
time to repair the DNA damage therefore delaying onset of DNA replication, bud emergence
and spindle pole body duplication (25, 26, 28). Some lesions escape the Gi checkpoint, for
example alkylated DNA needs to be converted to secondary lesion during DNA replication
in order to be recognized as DNA damage (29). Such lesions will only activate the intra-S-
phase checkpoint. The S-phase checkpoint slows the rate of DNA replication and
coordinates repair mechanisms at stalled replication forks with cell cycle progression (30),
allowing repair of DNA damage before the cell transits into mitosis. Finally the G2/M
checkpoint stops cell cycle porgression through mitosis in presence of DNA damage.
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Fig. 1: cell cycle of S. cerevisiae and the DNA damage checkpoint. The budding yeast cell cycle is controlled by three
main genome integrity checkpoints that respond to DNA damage. The G1 checkpoint arrests cells prior START, the intra-S
checkpoint slows the rate of DNA replication and the G2/M checkpoint arrests cells at the metaphase/anaphase transition.

A DNA damage recognized by the cell does not induce cell cycle arrest if it can be
rapidly repaired (31). When DNA damage cannot be repaired quickly, it activates the DNA
damage checkpoint (32, 33). The signal transduction is initiaed by the so called apical
checkpoint kinases, members of the phosphoinositide 3-kinase-related kinase family
(PIKKSs). In S. cerevisiae these kinases are called Mec1 and Teli, (S. Pombe Rad3 and Teli and
mammalian ATM (ataxia-telangiectasia mutated) ATR (ATM and Rad3z-related) and DNA
PKcs (DNA-dependent protein kinase catalytic subinit) in higher eukaryotes (16, 34).

Tel1 and Mec1 are homologues to vertebrate ATM and ATR respectively. Both kinases
respond to different DNA structures. Meci is often considered the principal PIKK given the
severe DNA damage sensitivity of mec1 mutants (32, 35), however both Mec1 and Teli have
important roles in DSBs repair signaling. Tel1 (human ATM) is known to respond and be
recruited to unprocessed DSBs (36) while Mec1 (human ATR) is recruited to long stretches
of ssDNA coated with replication protein A (RPA) (37, 38) a structure generated by
uncoupling of DNA unwinding and synthesis during DNA replication or by nucleolytic
processing of DSBs, which depends on prior activation of ATM (39-41, 132, 133). Once the
PIKKs are recruited to the site of DNA damage they initiate the signal transduction by
phosphorylating downstream targets leading to phosphorylation and activation of the
checkpoint effector kinases Rads3 and Chki in S. cerevisiae (Chki and Cds1 in S. pombe and
human CHK1 and CHK2). The function of these effector kinases is to amplify the DDR signal
and activate downstream components (42). The activation of downstream targets by the
effector kinases results in modulation of transcriptional levels of repair genes, and
regulation of cell cycle transition by influencing stability and localization of proteins
involved in cell cycle progression or checkpoint maintenance (43).

The PIKK-dependent activation of effector kinases is facilitated by mediator proteins
that function as scaffolds for the kinase reaction or by recruiting additional checkpoint
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factors (44). One of these scaffolds and the first checkpoint protein ever identified is Radg
(homolog to spCrb2, equivalent to human 53BP1, BRCA1i, MDC1) (45). In figure 2 is
presented an overview of the DNA-damage checkpoint cascade.

The DNA damage checkpoint has various targets, which differ at least in part
depending on the cell cycle phase of its activation.

When DNA damage checkpoint is activated in Gi, cells are arrested prior to START.
The effector kinase Rads53 downregulates transcription of Gi1/S cyclins Cln1 and Cln2 by
phosphorylating SBF transcription factor on its regulatory subunit Swi6, inactivating it (46,
47). Furhermore Rads3 delays accumulation of Cln2 by promoting activation of Gcng
transcription factor (48). This two-fold control of G1 cyclins prevents the destruction of Sici,
a B-type cyclin inhibitor, which impedes transition into S-phase.(49, 50). Although DNA-
damage-dependent phosphorylation of Chki in G1 arrested cells suggests an additional role
for this effector kinase, the mechanisms of its contribution to the Gi1 DNA damage
checkpoint are yet to be described (51). While budding yeast only transiently delay entry
into S-phase, vertebrates posess a very robust Gi checkpoint (52). This checkpoint can be
subdivided into two responses: the first involves ATM-dependent phosphorylation of CHK2,
which in turn phosphorylates Cdc25A phosphatase, whose function is to remove inhibitory
phosphorylation of T14/Y15 on Cdk2, targeting it for degradation (53-55). The resulting loss
of Cdc2sA activity prevents CDK2-CyclinE kinase complex activation, required for S-phase
entry (55, 56). A second response is the ATM and CHK2 mediated phosphorylation of p53
tumor suppressor (57-60). This event stimulates activation and accumulation of ps53 (61).
The ps53 activation results in the induction of the CDK inhibitor p21, which inhibits CDK-
cyclinE activity (62, 63).

In S. cerevisiae, checkpoint activation in response to faulty replication during S-phase
depends entirely on Mec1 and Rads3 kinase (30). The intra-S checkpoint slows down DNA
replication rate via a Meci-dependent phosphorylation of protein RPA (64-66) and
inhibition of DNA polymerase « -primase activity, preventing DNA synthesis downstream
of the lesion (67, 68).

The intra-S checkpoint inhibits origin firing (69). To this end, Rad53 was shown to
phosphorylate the replication initiation protein Sld3, which blocks the interaction with
replication proteins Dpbu and Cdcs (70, 71). Moreover, Rads3 targets Dbfy, the regulatory
subunit of Dbf4-dependent kinase (DDK), which results in inhibition of DDK activity, by a
mechanism yet to be elucidated. (70, 71). Additionally, the checkpoint leads to stabilization
of replication forks. In this regard, Rads3 phosphorylates the Exo1 nuclease, which is
recruited at stalled replication forks, and inhibits Exoi-dependent resection of DNA ends

(72-75).

In vertebrates the primary S-phase checkpoint kinase in considered to be ATR
(scMec1), with ATM playing a minor role in DSBs response (76). Again, the main function of



INTRODUCTION

the intra-S-phase checkpoint is to suppress origin firing and stabilize the stalled replication
forks (77-80). There are two main separate pathways operating, the first pathway is
dependent on ATR-CHKi signaling while a second pathway is dependent on ATM, NBSy,
BRCA1 and SMCu. In the first pathway CHK1 is activated by ATR and it globally inhibits
origin firing by phosphorylating Cdc25 phosphatases, an event that causes inhibition of
replication initiator factor Cdcgs loading onto replication origins (55, 81, 82). A second,
ATM-dependent pathway, mediates phosphorylation of SMC1 and SMC3 subunits of the
cohesin complex (83-86) which promotes DNA damage repair and cell survival (85, 86).

The G2/M checkpoint is the most prominent checkpoint response in most eukaryotes.
In S. pombe and vertebrates this pathway operates by stalling mitotic entry trough inhibition
of CDK activity. Such inhibition is dependent on the Wee1 family of kinases (scSwei, spWee1
and Miki, human Wee1 and Myti1) and the Cdc25 phosphatase family (87). In S. cerevisiae,
the G2/M arrest is not achieved by regulation of CDK activity. (88, 89) but mitotic arrest is
induced by directly inhibiting the metaphase-to-anaphase transition (9o). Here, the
checkpoint target is Pds1 and both effector kinases Rads3 and Chki take part in its
regulation. Chki-dependent phosphorylation of Pdsi prevents its degradation via the
APC/C“%*° complex therefore inhibiting sister chromatid separation and anaphase entry (91-
93) Rads3 also contributes to Pdsi stability by inhibiting the interaction between Pdsi and
Cdc20 (93). In addition to inhibiting mitotic entry, a second, parallel pathway prevents
mitotic exit by Rads3-dependent inhibition of Cdcs (91, 94). Cdcs is a polo-like kinase,
component of the mitotic exit network (MEN), following checkpoint activation Cdcs is
phopshorylated by Rads3 and is so inactivated. Rads3 additionally inhibits the MEN by
preventing the release of Cdci4 from the nucleolus (95).
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Fig. 2: activation of the DNA
damage checkpoint in response to
DSBs in S. cerevisiae. (A)
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downstream effectors of the response
to DNA damage.
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2.3 The ATR/Meci and ATM/Tel1 apical checkpoint kinases

2.3.1 The PIKK protein kinase family

Damaged DNA triggers the activation of the DNA damage checkpoint signal
transduction pathway, which coordinates cell cycle and DNA damage repair mechanisms
(96). Key players of the checkpoint are the phosphatidylinositol 3-kinase related kinases
(PIKKs). This family of kinases contains mammalian ATM (ataxia-telangiectasia-mutated)
and ATR (ATM and Rad3-related), Saccharomyces cerevisiae Tel1 and Meci, and
Schizosaccharomyces pombe Tel1 and Rads. In humans, ATM deficiency results in ataxia
telangiectasia, a rare autosomal recessive disorder characterized by cerebellar ataxia,
neurodegeneration, radiosensitivity, checkpoint defects, genome instability and cancer
predisposition (97). Also mutations in ATR are associated with Seckel Syndrome, a disorder
characterized by proportionate growth retardation and microcephaly (98).

There is a common, evolutionary conserved structure among all PIKK-like proteins:
they are large enzymes (270-450 kDa) characterized by a large N-terminal HEAT repeat
domain followed by a small kinase domain (99) located near the C-terminus. The kinase
domain is flanked by two regions called FAT (FRAP, ATM, TRRAP) and FACT (FAT C-
terminus). FAT and FACT domains are thought to interact and participate in the regulation
of kinase activity (100) while regions containing HEAT repeats are predicted to adopt large
superhelical conformations creating a surface that mediates protein and DNA interactions.

Both hATM/scTeli and hATR/scMec1 are activated by DNA damage and initiate the
signaling cascade of the checkpoint by phosphorylating downstream targets on the
consensus motif hydrophobic-X-hydrophobic-S/T-Q. ATM/Tel1 and ATR/Mec1 respond to
different DNA lesions. ATM/Teli is known to be activated in response to DSBs, while
ATR/Mec1 responds to all those DNA lesions that induce the generation of ssDNA (96).
ATM/Teli and ATR/Mec1 phosphorylate downstream effector kinases: Rad53 and Chki in S.
cerevisiae and CHK2 and CHKi in vertebrates (91). While Mec1 activates both Rads3 and
Chki human ATM and ATR activate CHK2 and CHKi1 respectively

2.3.2 ATM/Tel

ATM/Tel1 is activated in response to DSBs formation. ATM/Tel1 exists as a homodimer
that dissociates into active monomers in response to DSBs (101, 102). Yeast Teli (Telomerase
maintenance 1) was originally identified in S. cerevisiae screening for genes involved in
telomere length maintenance (103-105). Indeed, in addition to its role in DSB repair, Teli is
required to maintain telomere length by promoting telomerase recruitment through
phosphorylation events (106). Human ATM was identified as the gene mutated in the ataxia
telangiectasia syndrome and, like Tels, is involved in telomere maintenance (107-109).

Both ATM and Tel1 are recruited to DSBs via interaction with the highly conserved
protein complexes Mren-Rad50-Xrs2 (MRX) in S. cerevisiae and MRE11-RAD50-NBS1 (MRN)
in mammals, which are among the first factors to be recruited at DSBs (110). In S. cerevsisiae
MRX complex initiates DSBs resection toghether with Saez (111, 12). The Mren component
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displays a 3’-5" double strand DNA exonuclease activity and ssDNA endonuclease activity.
Toghether with Sae2, Mren generates 3-ended ssDNA tails which are then subjected to
further resection (113, 114). Furthermore, MRX/MRN mantain tethering of DSB ends, to allow
their repair by NHE] or HR (115, 116, 117)

Various studies have demonstrated that the localization of Teli/ATM to the site of
damage is mediated by direct interaction of Teli/ATM with C-terminus of Xrs2/Nbs1 subunit
(102, 18-120). Besides recruitment of Teli/ATM and its accumulation to the damage site Teli
kinase activity is also stimulated by MRX at DNA ends (121), Furthermore, purified
MRX/MRN increases catalitic activity of Teli/ATM in presence of DNA fragments (121).
Notably, cells defective in any component of the MRN/MRX complex are also defective in
ATM/Teli activation. Tel1 activity is also required for DNA-damage-dependent
phosphorylation of Xrs2, Mren and Saez, promoting their functions in DNA repair and
checkpoint activation (121-124, 112). however, the exact molecular mechanisms of Teli/ATM
activation remains to be elucidated.

Functionally, Tel1 signaling can be considered to be in part redundant with Mec1. A
telin mutant is indeed checkpoint proficient and does not exibit a strong sensitivity to
genotoxic agents, while additional deletion of TEL1 aggravates sensitivity of meciA (125,126).
Importantly, the Tel signaling substrate is disrupted by DNA end resection (125). Similarly,
in mammals, ATM activation is inhibited by long overhangs of 3’ or 5’ ssDNA (127). Given
that resected DNA promotes signaling by ATR/Meci, DNA end resection can be seen as
handover mechanism from one PIKK-like kinase to the other.

2.3.3 ATR/Mec1

In contrast to ATM/Teli, ATR/Mec1 is always found tightly associated with
ATRIP/Ddc2 and there is no evidence of it acting as a monomer (128). In addition to the
heterodimeric Meci/ATR-Ddc2/ATRIP complex, also higher-order assemblies may form
(129, 130). While ATM/Teli is activated mainly by DNA double-strand breaks (DSBs),
ATR/Mec1 responds to a wide range of DNA damage, including stalled replication forks,
base adducts, UV-induced nucleotide damage, and DSBs (76). However, ATR/Mec1 does not
recognize the primary lesion itself, but long stretches of single-stranded DNA (ssDNA),
which are generated either by the uncoupling of DNA unwinding and synthesis during DNA
replication or by nucleolytic processing of DSBs (132, 133)

In both mammals and yeast, the recruitment of ATR/Mec1 to sites of DNA damage
requires the interaction between RPA (which is itself a target of ATR/Meci) and
ATRIP/Ddc2. Loss of ATRIP/Ddc2 results in the same phenotypes as loss of ATR/Mec1 in
both yeast and mammals, indicating that both ATRIP and Ddc2 are required for ATR/Mec1
functions (134, 135).

ATR/Mea1 activation requires not only recruitment to RPA-coated ssDNA, but also

involves other factors, the so called Mec1 activators (Fig. 3). One of these is the 9-1-1
checkpoint clamp, a heterotrimer structurally related to PCNA. In budding yeast, co-
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recruitment of Meci-Ddc2 and 9-1-1 to a DNA locus is sufficient to activate the checkpoint.
thanks to stimulation of Mec1 kinase activity by the Ddai component of 9-1-1 (136, 137),
however evidence for the same 9-1-1 dependent activation of ATR/Rad3 in humans or S.
pombe is lacking. In physiological conditions, activation of Mec1 by 9-1-1 critically depends
on 9-1-1 loading via Rad24-RFC clamp loader onto the appropriate DNA structure. In
particular the critical motifs for Mec1 activation are found in the Ddc1 subunit (129). Ddc
contains a bipartite Mec1 activation domain that has one motif near the C-terminal end of
the PCNA-like domain and the second motif in the unstructured C-terminal tail (Fig. 3).
Each motif has a critical tryptophane residue (Trp3s2 and Trps44) followed by 1 or 2
hydrophobic aminoacids. A ddci-2W2A mutant bearing mutations of these two aromatic
residues fails to activate Mec1 in vitro and in the Gi1 activation in vivo (136). The artificial
colocalization of Ddc1 with Mec1 via Ddc2 subunit was demonstrated to be sufficient to
activate the DNA damage checkpoint even in absence of DNA damage (137). In humans
instead, 9-1-1 appears to work by recruiting another activator - TopBP1 (topoisomerase-
binding protein 1 (138, 139, 140). TopBP1 stimulation of ATR activity is evolutionary
conserved, as the S. cerevisiae ortholog Dpb is also recruited to DNA damage sites, where it
stimulates Mec1 (141, 142, 143 ). As with Ddc1, a bipartite domain in the unstructured C-
terminal tail mediates the Mec1 activation, with each motif containing the critical aromatic
aminoacids W7o00 and Y735 (144). Since phosphorylation of Ddc1 by Mec is critical for Dpbu
function in checkpoint signaling, the Meci-Ddc2 recruited via RPA must have sufficient
activity to phosphorylate Ddc1 before its interaction with Dpbu (143).

Meaq is activated by 9-1-1 in G1 and by both 9-1-1 and Dpbu/TopBP1 in M-phase (136).
Additionally, Dnaz was identified as a third Meci/ATR kinase activator in a biochemical
screen for DNA replication mutants in S. cerevisiae (145, 146). Dnaz is an essential nuclease-
helicase that toghether with Rad27, homolog of human Flap endonuclease 1 (FEN1), works
on the maturation of Okazaky fragments during DNA replication, by cleaving long 5” -end
flap structures generated by DNA polymerase ¢ . Furthermore, Dna2 also participates to
DSBs end resection by working toghether with the Sgsi-Top3-Rmi1 complex (114, 147-149).
The stimulatory effect of Dna2 on Meci is independent of its helicase and nuclease activities,
and relies on two aromatic residues residing in its N-terminal domain, Trp128 and Tyr130.
When these residues were replaced with alanines the resulting mutant Dna2-WY-AA was
completely lacking Mec1/ATR stimulatory activity both in vitro and in vivo, when replication
forks were stalled by Hydroxyurea (150).The stimulatory effect of Dna2 on Meci/ATR
appears specific for S-phase and Dnaz does not seem to have significant role in activation of
G1 and G2/M checkpoints.

Remerkably, although the three Meci/ATR activators are structurally unrelated and
have different biological roles, they share high similarities in their Mec1/ATR activating
features: all three activators contain structured domain(s) responsible for specific binding to
different DNA lesions/structures, plus an unstructured activation tail that mediates the
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Mec1/ATR activation, provided vicinity to RPA-coated ssDNA sufficient to recruit Meci/ATR
via Ddc2/ATRIP.

There seems to be a high level of redundancy between the three Meci/ATR activators
in S-phase. Full abrogation of the S-phase checkpoint requires inactivation of all three
Mec1/ATR activators or Mear itself, and Teli/ATM (150). The reason for this functional
overlap is currently unclear, but highlights the importance of the S-phase checkpoint.
Indeed while cells lacking G1 or G2/M checkpoint do not show a significant growth defect
(like ddc1 A cells, 136) cells lacking replication checkpoint signaling are extremely sick and
even in absence of DNA damage grow poorly and are unable to complete DNA replication
efficiently (150, 151). Therefore an efficient checkpoint during S-phase seems to contribute to
DNA replication, even in the absence of exogenous DNA damage.
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Fig. 3: activators of Meci1. Domain structures of the three Mec1 activators. Indicated in red are the central aromatic
aminoacids in the motifs critical for Mec1 activation. Also indicated the T602 mediating Ddc1 binding to Dpbu1.

2.3.4 Interplays between Tel1/ATM and Mec1/ATR signaling

ATM/Teli and ATR/Mea initiate the checkpoint signaling cascade by phosphorylating
various targets: they are responsible for the accumulation of DNA-damage-dependent
histone mark y H2A and they target and activate several proteins involved in the DNA
damage checkpoint signaling cascade. Importantly ATM/Teli and ATR/Mec1 phosphorylate
the downstream effector kinases: Rads3 and Chki in S. cerevisiae and CHK2 and CHKi1 in
vertebrates (91). The apical checkpoint kinases mediated signaling is activated by DSBs for
both Meci/ATR and Teli/ATM (Fig. 2), but how are the activities of these kinases
coordinated at DSBs?

13



INTRODUCTION

In both yeast and humans Teli/ATM and Meci/ATR are oppositely regulated by DNA
end resection and ssDNA generated at DSBs. As these ssDNA streches increase in length the
Tel1i/ATM-dependent signaling is reduced and simultaneously the Meci/ATR-dependent
signaling is increased (125).

In both humans and yeast Teli/ATM activation also promotes the acumulation of
ssDNA at DSB ends and thus promotes the activation of the Meci/ATR-dependent
checkpoint cascade (40, 41, 125, 127, 152). In the current model, MRX is recruited to the DSB
ends in its ATP-bound state and this configuration keeps the DSBs ends toghether to allow
repair by NHE]. ATP hydrolysis by Radso is likely coupled to endonucleolytic nicking by
MRX/Saez at a certain distance from the DSB. This provides an internal entry site for long-
range resecting nucleases capable of 5'-3” exonucleolytic DNA degradation activity, Exo1 and
Dnaz, the latter of which cooperates with the Sgsi-Rmi1-Top3 complex. The initial cleavage
provided by MRX and Saez is therefore followed by bidirectional resection by the Mren 3’-5’
exonuclease and the 5-3’ endonuclease activity of Exo1 and Dna2-Sgsi. This Tel1 mediated
generation of ssDNA in turn activates Meci/ATR and at the same time inhibits Telil/ATM
signaling.

Budding yeast are highly proficient in resection of DNA ends, thus explaining why
Teli-deficient cells do not show hypersensitivity to DNA damage and are still proficient in
checkpoint activation even in the presence of a single DSB (125). Furthermore Meci itself
regulates the generation of 3-ssDNA, since Meci-dependent phosphorylation of Saez is
important for Sae2 function in DSB resection in mitosis and meiosis (124, 153). Mec1 also
phosphorylates histone H2A on Serine 129, and this event is involved in regulation of
resection resection rate at DSBs (154).

Finally, Rad53 activated by Meci/ATR in turn phosphorylates and downregulates Exo1-
dependent resection (73). This suggests that Mec1/ATR regulates ist own activity via a
negtive feedback loop that prevents excessive resection by acting directly on the resection
machinery.

2.4 Checkpoint protein scaffolds and activators

2.4.1 The 9-1-1 clamp

The heterotrimeric clamp 9-1-1 is the first activator of the checkpoint, and is loaded
onto 5- ssDNA/dsDNA (5’-junctions). These stretches of ssDNA rapidly coated with RPA
protein can be generated in various ways in the cell and toghether with the 5’ junctions are
instrumental for the recruitment of checkpoint complexes. DSBs are processed by several
nucleases and helicases in a mechanism called DNA end resection that creates single-
stranded DNA regions with 3’ single-stranded DNA overhangs and 5'-junctions (113, 114). The
damage caused by UV irradiation and other DNA damaging agents elicits Nucleotide
Excision Repair (NER) pathway, and damage processing by the NER machinery leads to the
formation of single stranded DNA gaps (155, 156). ssDNA accumulates at stalled replication
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forks due to the uncoupling of DNA polymerase and helicase activities. Lastly, the loss of
telomere ss-DNA binding protein Cdci13 causes accumulation of ssDNA at telomeres (157).

The 9-1-1 clamp is structurally related to the replicating clamp PCNA (158, 159) , but is
loaded onto DNA with an opposite polarity respect to PCNA (136). The clamp consists of
RAD9-RAD1-HUS1 in humans and Radi7-Mec3-Ddci in S. cerevisiae. 9-1-1 is loaded in an
ATP driven reaction at the junctions between ssDNA and dsDNA by the clamp loader
RAD17-RFC2-5 (human) or Radi7-Rfc2-5 (yeast), in a manner that is independent of
ATR/ATRIP or Meci1/Ddc2 (76, 129). The clamp loader Rad24-RFC has an ATP binding site in
its Rad24 subunit that is essential for loading 9-1-1 in vitro and for checkpoint function in
vivo (160, 161). To date there is no further function known for the Rad24-RFC other than 9-1-1
loading and the three subunits are only known to act as a heterotrimer, while the monomers
are apprently devoid of function. Like PCNA the 9-1-1 clamp has the ability to slide across
DNA, but was so far only observed to do so when the clamp was loaded onto naked DNA,
while the presence of RPA appears to restrict movement of the clamp specifically to the 5'-
ssDNA/dsDNA junctions (162). The clamp 9-1-1 has two main roles in the checkpoint
activation, while it directly stimulates the Mec1 kinase activity, it also provides a binding site
for an additional Mec1 activator and protein scaffold: scDpbu (hTopBP1, spCuts, Fig. 3). The
respective homologs of Ddc1, Mec3 and Radiy, in S. pombe and humans are Radg, Hus1 and
Radi, hence the name 9-1-1 (163). In contrast to the PCNA-like domain, which is similar in
each of the three subunits, their C-terminal tails show high evolutionary divergence. In
particular the C-terminal tail of the Ddci/Radg subunit is important for the 9-1-1 function in
the checkpoint activation, as it contains a bipartite domain responsible for Mec1 kinase
activation.

Mec kinase has a low basal activity that can phosphorylate its Ddc2 co-factor in G2
(128), however phosphorylation of the other known Mec1 targets requires its activation.
Once loaded and in proximity, the 9-1-1 clamp stimulates kinase activity of Mec1 towards ist
targets Rads3, RPA, Rad24 and Ddc1 and Mec3 subunits of 9-1-1 itself (129).

In addition to the stimulatory effect of its Ddc1 subunit, 9-1-1 helps the activation of
Meci also by functioning as a scaffold for another Meci activator called Dpbu in S. cerevisiae
(ortholog of human TopBP1). In this context, loaded 9-1-1 becomes itself a target of Mec1 and
it is phosphorylated on the Ddc1 subunit, creating a binding site for the BRCT III and IV of
Dpbu (143, 164). While activation of Mec1 by 9-1-1 in G2/M is additionally mediated by the
binding of TopBP1 in humans and Dpbu in S. cerevisiae, In the Gi-phase of S. cerevisiae
loading of 9-1-1 to RPA coated DNA is sufficient for the activation of Meci, indeed while
ddc1-2W2A mutant is completely defective for Mec1 activation in vitro and Gi1 checkpoint
activation in vivo, a Ddc1 mutant that cannot be phosphorylated by Meci, and therefore
cannot recruit Dpbu to sites of damage, still shows a robust G1 checkpoint (136).

2.4.2 TopBP1/Cut5/Dpbu

Vertebrate TopBP1, S. pombe Cut5/Rad4 and S. cerevisiae Dpbu1 are BRCT repeat-
containing (Breast-Cancer-1 C terminal domain) proteins (Fig. 3 and Fig. 4), with multiple
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conserved functions in genome stability. Dpbu is essential for DNA replication initaition
and replisome assembly in S-phase (165). In S. cerevisiae Dpbu interacts with initiator
proteins Sld2 and Sld3 after they have been phosphorylated by the S-phase CDK-cyclin
complex. Formation of a stable Sld2-Dpb1u1-Sld3 complex is essential for DNA replication
initiation (166, 167). Dpbu is also necessary for the loading of Pol ¢ onto the pre-replication
complex. However once replication in initiated Dpbu does not appear to travel along with
the replication fork during enlongation but rather dissociates from DNA (168-170). Also in
human cells TopBP1 is not found to localize to PCNA containing foci (171).

In a second function, TopBP1/Cut5/Dpbu is recruited back at the forks, when these are
stalled for example by hydroxyhurea treatment. Here, it becomes important for checkpoint
signaling, where it interacts with the Radg/Ddc1 subunit of the 9-1-1 clamp and checkpoint
mediators such as 53BP1/Radg (131).

Initially, studies in Xenopous revealed that TopBP1 is able to activate the kinase
activity of ATR (172). Following studies confirmed that this mechanism is higly conserved in
human cells and S.cerevisiae (141, 142, 173). Xenopus TopBP1 has 8 BRCT repeats, and the
ATR activation domain (AAD) is located between BRCT6 and BRCT7, but this architecture
of the C-terminal half of TopBP1 is only conserved in vertebrates and is not found in either
S. pombe or S. cerevisiae. However, like in Xenopus, addition of Dpbu to Mecu is sufficient to
stimulate Mec1 activity towards all tested phosphorylation targets in vitro, without the need
for DNA or RPA (141, 164). Mutants that lack the C-terminus of Dpbi, are also unable to to
activate Mec1, suggesting that the AAD of Dpbu resides in its C-terminal tail (143).

The mechanism of activation of Meci by Dpbu or ATR by TopBP1 is similar to Mec1
activation via the the Ddc1 subunit of 9-1-1 clamp as it requires the bipartite domain in the
unstructured C-terminal tail (Fig. 4, 136, 141, 142) (see above) . The ddci-2W2A mutant
previously described, contains mutations in these aromatic residues and while it can still
bind both DNA and Dpbu it is unable to stimulate Mec1 activity. Although no similarities
can be found between the AAD of Dpbu and TopBPi, the vertebrate AAD is also
unstructured and mutation of a conserved aromatic residue (tryptophane) leads to
decreased ATR activation (172). Dpbu-activated and Ddci-activated Mec1 show very similar
kinase activity towards Meci targets such as Rads3, RPA or the PIKK model substrate PHAS1
(phosphorylated heat- and acid-stable protein regulated by insulin 1, a common PIKK target)
(129, 141).

In G2/M-phase, Dpbu1 contributes to the activation of DNA damage checkpoint
toghether with Ddci. Indeed, while the Mec1 activation mutant ddci-2W2A is completely
defective for Mec1 activation in Gu, it is still proficient for Rads53 phosphorylation during
G2/M-phase in response to DNA damage. However, when an additional ddci-T602A mutant
is introduced in the context of the ddci-2W2A mutant, the G2/M-phase checkpoint is
compeletely abbrogated (136). As the ddci-T602A mutant is deficient in the interaction
between Dpbu and the 9-1-1 complex, this suggests that Dpbu acts to activate Meci
redundantly with Ddci. Consistently, a ddci-2W2A dpbii-1 double mutant in which the
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activation domain of both Ddci and Dpbu are defective, also lacks G2/M checkpoint
response (136).

In Gi-phase, the checkpoint seems not to require Dpbi1, but only the 9-1-1 dependent
pathway. (174). While a ddci-2W2A mutant is completely defective for the G1 checkpoint, a
robust Gi1 checkpoint response is observed in ddci-T602A, which is deficient in Dpbu
recruitment (136).

The orthologs of Dpbu and Ddc1 in S.pombe - Cuts (scDpbu) and Radg (scDdc1) are
also found to interact with similar mechanisms: Rad3-dependent phosphorylation of Radg
on T412/S423 in the C-terminus of the Radg (scDdc1) subunit of the 9-1-1 complex allows
binding to C-terminal BRCT repeats of replication factor Cuts (scDpbi1) promoting its
recruitment to chromatin (140). Similary, in vertebrates, the first two BRCT repeats of
TopBP1 (scDbbu and spCuts) interact with C-terminal phsopshorylation site S387 of RADg
(scDdc1) which is constitutively phosphorylated during the cell cycle (Fig. 4, 138, 139,). The
TopBP1-Radg interaction promotes TopBPi-dependent ATR activation, mediated by the
AAD domain of TopBPi, thus facilitating ATR-dependent phosphorylation and activation of
effector kinase CHK1. Finally Dpbu binds to Radg, a central scaffold protein of the DNA
damage checkpoint: (143, 175). The binding sites of Radg in Dpbu are BRCT I and II (Fig. 4),
suggesting that Dpbi1 can engage in simultaneous interactions with Radg, the 9-1-1 complex
and Meci-Ddcz2. Indeed, in vitro experiments suggests that Dpbu1 employs its BRCT I and II
domain to interact with S/TP phosphorylated Radog, its middle BRCT III and IV to bind
Meci-phosphorylated Ddci and its C-terminal unstructured domain to bind Meci-Ddc2
(143).

Dpbu is furthermore known to engage in additional protein complexes involved in
DNA repair, such as with the scaffold proteins Slx4 and Rttio7 (176-179), the structure-
selective nuclease Mus81-Mms4 (176) or the resection-promoting nucleosome remodeller

Fun3zo (179).
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Fig. 4: domains and interactors of Dpbu. Schematic diagram of Dpb11 domains and interactors involved in the DNA
damage checkpoint. the four BRCT repeat domains are marked as yellow boxes. The BRCT repeats I and II in the N-
terminal domain of Dpbu mediate interaction with Radg, BRCT repeats III and IV in the middle domain bind to the Ddc1
subunit of the 9-1-1 clamp and the unstructured C terminus binds to Meci-Ddca2.
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2.4.3 Radg/Crb2/53BP1

Budding yeast Radg was the first DNA damage checkpoint gene identified (45). It is a
critical mediator protein required for proper activation of the DNA damage response to a
variety of genotoxins and in all cell cycle phases (27, 180). Radg (homologous to S.pombe
Crb2 and human 53BP1) functions as molecular adaptor that recruits proteins to sites of
damage and mediates the PIKK-dependent phosphorylation of downstream substrates (44)

Radg and its orthologs play a dual role in the DNA damage response: they mediate the
signal transduction in the DNA damage checkpoint (33) and control DNA end resection
(u5). To fulfil these two functions, Radg engages in several protein-protein interactions on
damaged chromatin (143, 175, 181-184).

As checkpoint signaling mediator, Radg acts as a molecular scaffold and links the
signal transduction from the apical kinase Mec1 to the effector kinase Rads3 (185-190). In
unperturbed cells Radg exists in large complexes containing Ssai and Ssaz chaperone
proteins that ensure complex stability (191, 192). In G1 and G2/M-phases a fraction of Radg is
also found at chromatin, bound to modified histones. This low, constitutive association of
Radg with chromatin is suggested to enhance the efficiency of reponse to DNA damage
signals (175, 183). Radg is recruited to sites of DNA damage and is hyperphosphorylated by
the PIKKs on S/TQ sites, in particular those that form the S/TQ Cluster Domain or SCD
(186, 189). The hyperphosphorylated SCD provides a docking site for the FHA domain of
Rads3 (185, 187, 188, 190, 192, 193). Thus Radg provides a docking site for Rads3 in close
proximity to Meca allowing efficient Meci-dependent phosphorylation of Rads3. Overall,
Radg therefore provides a mechanism of transient Rad53 recruitment and activation, which
allows subsequent Rads53 dissociation and activation of the global DNA damage response.

Radg is also an inhibitor of DNA end resection (157, 194-196). The lack of Radg
increases the resection efficiency of otherwise wild-type cells (157, 194) and suppresses the
resection defect of Sae2-deficient cells, which show higher amount of Radg binding close to
the DSBs ends (196, 197). Several studies indicate that Radg acts as a barrier toward DSB
ends processing enzymes by restricting DNA end resection (196, 197). Furthermore an
antagonistic relationship between Radg and the resection-promoting nucleosome
remodeller Fun3zo has been demonstrated (179, 198). Elimination of Fun3o increases
accumulation of Radg at DSBs suggesting that Fun3o can counteract the resection barrier
posed by chromatin-bound Radg (154, 198, 199).

Radg functions in resection and the checkpoint require its chromatin association. In
order to interact with nucleosomes, Radg acts as a bivalent histone binder (Fig. 5A). On the
one hand, it uses its Tudor domain to interact with K79-methylated histone H3 (H3-K79™°),
a widespread modification of chromatin introduced by the methyltransferase Dot1 (184,
200). After DNA damage, Radg additionally engages in a second interaction via the tandem-
BRCT domain, which binds to histone H2A in its S129-phosphorylated form ( vy H2A), (183,
201) a DNA-damage-specific chromatin mark introduced by the apical checkpoint kinases
Mec1 and Teli (202). The lack of H3-K79 methyltransferase Dot1 or mutation of serine 129 on
H2A histone increase the resection efficiency (194, 154, 203). This Radg feature as a bivalent
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nucleosome binder is conserved among Radg orthologs, even though different histone
marks are being recognized (204-208)

A second pathway of Radg recuritment to DNA damage sites involves the interaction
of Radg with the scaffold protein Dpbu (143, 175, Fig. 5B). This interaction involves BRCT 1
and II of Dpbu and is dependent on Radg phosphoryltion. According to the current model,
the 9-1-1 clamp can tether Dpbu1 to DNA damage sites and Dpbu can in turn recruit Radg
(143, 209). Notably, the interaction of Dpbu1 with Radg depends on Radg phosphorylation at
S462 and T474 residues (143). Both sites match the minimal consensus (S/TP) for
phosphorylation by cyclin-dependent kinase (Cdc28 in S. cerevisiae) and consistently a
CDK-dependent interaction between Radg and Dpb11 can be observed in G2/M arrested cells
(143).

Radg recruitment to damaged chromatin occurs in all cell cycle phases (181). Previous
data led to a model where in G1 only one Radg recruitment pathway -via interaction with
modified nucleosomes, or the “histone pathway” (181-184, 201) is active, while outside of G1 a
second Radg recruitment pathway (via Dpbut and 9-1-1, referred to as the ‘Dpbu1 pathway’) is
additionally available (143, 209). However, the meaning of restricting the Radg-Dpbu
interaction to specific cell cycle phases is currently not understood.

The existence of a second pathway of Radg recruitment in G2/M-phase is indicated by
the fact that loss of either Radg-binding histone modification does not perturb the G2/M
checkpoint activation (181, 184, 200). First evidence of an alternative Radg recruitment
pathway came from studies in S. pombe, where recruitment of the Radg ortholog Crb2 to
sites of damage is also mediated by two partially redundand pathways (206). Analogous to
Radg recruitment mechanisms, Crb2 binding to chromatin is regulated by v H2A and Hg-
K20™¢ (there is no report of H3-K79™ in S. pombe) and the interaction between Crb2 and
histones is mediated by its Tudor and BRCT domains, binding to H4-K20™ and vy H2A
respectively (206-208, 210-212). The second pathway is again independent of histone
modifications and requires phosphorylation of CDK consensus site on T215 of Crb2 (206). It
therefore seems to be an evolutionary conserved feature in the DNA damage response that
Radg and its homologs bind damaged chromatin via two distinct mechanisms, which are
post-translationally regulated.

Also mammalian 53BP1 functions as molecular scaffold at sites of damage, facilitating
phosphorylation of ATM downstream targets like CHK2, BRCA1 and SMC1 (213-218). 53BP1 is
recruited at chromatin via binding of its Tudor domain to methylated histone H4-K2o0
and/or methylated histone H3-K79 (219, 208, 220), two histone marks whose recognition by
53BP1 seem to depend on prior RNF8-RNF168-UBCi3-mediated polyubiquitination of
histone H2A and H2AX (221-225). 53BP1 was indeed demonstrated to recognize
mononucleosomes containing both dimethylated H4K20 (H4K2ome2) and H2A
ubiquitinated on Lys15 (H2AK15"?), a product of RNF168 action. While the Tudor domain
binds to H4-K20™, the carboxy-terminal extension, termed the ubiquitination-dependent
recruitment (UDR) motif, may interact directly with H2AK15" (226).
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Furthermore Although y H2AX is dispensable for the initial recruitment of NBS1 and
the putative sc Radg orthologs BRCA1 and 53BP1 to DSBs in mammalian cells (227), their
accumulation and retention depends on the interaction between MDC1 (another scRadg
ortholog) and y and, which promotes further recruitment of ATM to the vicinity of the
break leading to the spread of y H2AX along chromatin (228, 229). Vertebrate 53BP1
(scRadg) also interacts with TopBP1 (scDpbu). Moreover, TopBP1 is found to colocalize with
53BP1 following IR-induced DNA damage (230, 231). Furthermore, the 53BP1 protein is
strongly regulated by CDK activity during the cell cycle: 42 putative CDK sites are present in
53BP1, 27 of which are phosphorylated in vivo (232-239), but the functional relevance of the
CDK-dependent phosphorylation of 53BP1 remains to be clarified.

® PIKK dependent phosphorylation
@ Dot1 dependent methylation

RPA-ssDNA  ® CDK/Chromatin-bound-Kinase-X
dependent phosphorylation

“Rad17

Fig. 5: mechanism of Radg recruitment at sites of DNA damage. The two parallel pathways that recruit Radg to
chromatin following DNA damage are represented separately. (A) The histone-dependent pathway requires binding of
Radg Tudor and BRCT domains to H3-K79™ and y H2A respectively. (B) The Dpbu-dependent pathway requires prior
phosphorylation of Radg on residues S462 and T474, which then provide binding sites for BRCT I and II of Dpbu. The
phosphorylation of S462 and T474 is dependent on CDK and, upon DNA damage, on an unidentified protein kinase likely
to be chromatin-bound.

2.5 Checkpoint effector kinases

Once activated in response to DNA damage the PIKKs promote the activation of
downstream effector kinases such as S. cerevisiae Chki and Rads3, S. pombe Chki and Cds1
or human CHK1 and CHK2, which target downstream components of the DNA damage
response and amplify the DDR signals (42). In S. cerevisiae both Rads3 and Chki are
activated by Meci/Teli (91) while in vertebrates ATM primarily activates CHK2 (scRads3)
and ATR activates CHK1 (scChki) (42). As outlined above, the activation of the effector
kinases is dependent on mediator proteins and PIKK activators (44).

Activation of the effector kinases leads to a cell-wide response that includes cell cycle
arrest, activation of DNA repair, transcription of damage inducible genes and S-phase
specific mechanisms to prevent collapse of replication forks and late origin firing (240, 241).

2.5.1 Rad53/Cds1/CHK2
Rads3 is the main effector kinase in replication and DNA damage checkpoints of
budding yeast.
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Once recruited to sites of damage, Meci-dependent phosphorylation of Radg facilitates
the recruitment of Rads3 and promotes its Meci-dependent activation (185, 190 , 192) as well
as Rads3 in-trans autophosphorylation (192). Vertebrate CHK2 is also known to dimerize
and trans-autophosphorylate in an ATM-dependent manner, but the precise role of DNA
damage mediators in this activation remains to be investigated (242). Fully activated Rads3
is then released from the hyperphosphorylated Radg complex in an ATP-dependent manner
(192). Maintenance of Rads3 activation and checkpoint-induced cell cycle arrest is
dependent on Radg oligomerization which, by promoting its accumulation at sites of
damage, allows amplification of the DNA damage signal and sustained activation of Rads3
(243). At the same time a Rads3-mediated negative feedback loop appears to regulate Radg
oligomerization: fully activated Rads3 phosphorylates the Radg tandem BRCT domains
attenuating the BRCT-SCD interaction, therfore mediating the turnover of
hyperphosphorylated Radg by promoting its dissociation from sites of damage and
subsequently dampening Rads3 activity (243).

Rads3 is also crucial for the replication checkpoint. Here, Mrc1 is another molecular
adaptor that regulates Rads3 activation in response to replication stress. (244).

In response to replication stress and DNA damage in S-phase Rads3 activation blocks
origin firing (245). To this end Rads3 phosphorylates and inhibits replication initiation
protein Sld3 and Cdc7/Dbf4 kinase. Moreover, Rads3 stabilizes replication forks by targeting
the Exo1 nuclease, known to be recruited to stalled replication forks, where it can induce
degradation. Phoshporylation by Rads3 inhibits Exoi-dependent cleavage and also
establishes a negative feedback loop that limits checkpoint hyperactivation (245).

When activated in G2/M Rads3 causes cell cycle arrest. In the unperturbed cell cycle,
budding yeast securin, Pds1 is degraded at the entry into mitosis after being ubiquitinated
by the Anaphase Promoting Complex (APC) in complex with its specificity factor Cdc2o.
Rads3 promotes Pds1 stability as it specifically blocks the interaction between Pdsi and
Cdc2o in vivo (93), thereby blocking sister chromatid separation. Although the exact
molecular mechanism is unknown, it has been proposed that one site on Cdc2o is a likely
substrate of Rads3 direct phosphorylation (246).

In addition to preventing mitotic entry, Rads3 also stalls mitotic exit by a parallel
pathway, mantaining high levels of mitotic CDK activity (91). Following checkpoint
activation, Cdcs, a component of the mitotic exit network (MEN) is phosphorylated in a
Rads3-dependent manner and therefore inactivated.

Rads3 also regulates transcritpion of DNA repair genes by targeting Duni, a protein
kinase required for transcriptional induction of many DNA-damage-inducible genes and
genes encoding ribonucleotide reductase (RNR) subunits involved in the Rad53 modulation
of ANTP pools (247, 248).

2.5.2 Chki1/CHK1

In response to DNA damage Radg also facilitates activation of the second kinase
effector: Chki in S. cerevisiae (S. pombe Chki and human CHKi). The Meci-dependent
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activation of Chki requires the Chki activation domain (CAD) of Radg (91, 250). The
mechanistic aspects of Radg-dependent activation of Chki are still to be unraveled since
interaction between the two proteins has so far been demonstrated only via yeast two hybrid
analyses (91, 251). The existence of chki mutants that can be activated in a Rado-
independent manner suggest that Radg could be required for conformational changes that
facilitate Chkr activation (252). While Rads3 is activated in response to replication stress via
Meci-dependent phosphorylation mediated by Mrci, Chki only gets activated when
replication stress signals are converted into DNA damage signal (245, 253). Chki also plays a
role in the stabilisation of replication forks in the absence of Rads3, suggesting a degree of
redundancy (72). Moreover, both Rads3 and Chki function in the G2/M checkpoint response
to inhibit anaphase entry and mitotic exit in the presence of DNA damage (91, 95, 254).
Chki-dependent phosphorylation of Pdsi prevents its degradation by the APC/Ct%°
complex, thus inhibiting sister chromatid separation and preventing anaphase entry (91-93).
Lastly, Chk1 is also phosphorylated in a DNA-damage-dependent manner in Gi-arrested
cells (51) suggesting that it may also participate in the G1 checkpoint.

In contrast to S. cerevisiae where Rads3 (human CHK?2) is the principal effector kinase,
in vertebrates CHK1 is the primary effector of both replication stress and DNA damage
checkpoint (42). CHK1 activation by ATR is mediated by TopBP1 (scDpbu) and adaptor
protein Claspin (scMrc1) (242). Claspin functions by recruiting CHK1 to stalled replication
forks, facilitating its ATR-dependent phosphorylation (255-258). In vertebrates, ATR-
dependent phosphorylation of S317 and S345 on CHKi promotes CHK1i activation by
inducing a conformational change that relieves the inhibition of the N-terminal kinase
domain by the C-terminal regulatory domain (259-262) and stimulates the release of CHK1
from chromatin (263, 264). Activated CHK1 can dissociate from chromatin and
phosphorylate its substrates among which Cdc25A, Cdc25C and Weer are key regulators of
the cell cycle (53, 81, 265). Furthermore, ATR-CHKi signaling inhibits an interaction between
Cdc4s5 and the Mcm7 subunit of the MCM helicase complex, inhibiting DNA replication
initiation via a CDK2-independent mechanism.
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AIMS OF THE STUDY

The DNA damage checkpoint is an intricate signaling pathway whose major players and
functions are conserved in the eukaryotic kingdoms. This complex pathway is set in motion
by the presence of even a single DNA Double Strand Break and it starts with the recruitment
and assembly on chromatin of several proteins with disparate functions: DNA damage
sensors, scaffolding factors and signal transducers. At the beginning of my PhD the lack of
biochemical characterization of such complexes compelled the use of mass spectrometry
techniques in attempt to detect and analyse chromatin-bound checkpoint protein
complexes. The goal of such approach was to resolve the exact composition, stoichiometry
and spatial arrangement along the chromosomes of such checkpoint complexes.

Another interesting characteristic of the DNA damage checkpoint is that despite more than
20 years of research elucidated its major features and choreography, many aspects like the
regulation of the specific protein interactions, signal amplification and specificity still elude
understanding. One such missing piece is the regulation and function of the interaction
between Radg and Dpbui, two proteins that are stably recruited at damaged chromatin and
are important for proper signal transduction and activation of the DNA damage response
(DDR). Radg especially has been the subject of extensive research given its conserved and
essential role in the DNA damage response and its engagement in numerous interactions
with other DDR proteins and histones. My work focused on revealing the requirements, cell-
cycle regulation, and possible functions of the Radg-Dpbu1 interaction in the context of the
DNA damage checkpoint response.
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4 RESULTS

4.1 Purification of chromatin-associated checkpoint complexes

411 ChIP-MS of RPAP™A¢ for purification of DNA damage checkpoint
proteins assembled on DNA damage sites

Many basic features of the checkpoint signaling have been elucidated using the
downstream read-out of checkpoint activation in combination with genetic manipulation.
The critical involvement of scaffold proteins such as Dpbu and Radg in the checkpoint
suggests that apical checkpoint signaling takes place at DNA damage sites and possibly in
checkpoint signaling complexes. However, these complexes have never been purified and
characterized, presumably due to their transient nature and their dependency on a
chromatin template. Such limitations may be overcome by the use of crosslinking agents. In
recent years, several pioneering studies have shown the possibility of employing
formaldehyde, a crosslinker widely used in chromatin-immunoprecipitation, purifications
and interactomics particularly of chromatin-associated protein complexes (266-272).

In this study I employed formaldehyde crosslinking to create covalent protein-
protein and DNA-protein crosslinks in order to purify the checkpoint signaling complexes
formed at DNA damage sites in situ. To cause DNA damage, I made use of MMS, a DNA
alkylating agent which methylates DNA predominantly on N7-deoxyguanosine and N3-
deoxyadenosine. MMS causes stalling of replication forks, which eventually leads to DSBs. I
then used affinity chromatography directed against ssDNA-binding protein RPA to purify
complexes bound at DNA damage sites, and quantitative SILAC-based (stable isotope
labeling by amino acids in cultured cells) mass-spectrometry to measure their composition
(273, 274) . RPA was chosen as purification target, since RPA-coated single-stranded DNA is
found at sites of DNA lesions undergoing repair (for examples DSBs resection). Importantly,
RPA-coated ssDNA represents the structure that triggers recruitment of the apical
checkpoint kinase Mec1 and consequent DNA damage checkpoint activation (37). I used
asynchronous cells of an RPAP™ ¢ strain and an untagged control in a SILAC experiment to
identify the RPA specific interactors after MMS-induced DNA damage (Fig. 6A, B and C). A
total of 1395 proteins were measured, among these, 338 proteins appeared likely to be
copurifying with RPA, since they were specifically enriched in the light medium sample
expressing RPAP"C. The majority of proteins copurified ith RPAP™¢ are known to
function in DNA damage repair, DNA damage checkpoint, modification/remodelling of
chromatin, DNA replication and transcription or are reported to be RPA interactors.

In a different experiment the same workflow was used to identify which proteins
were found to interact with RPA specifically under DNA damage conditions (Fig. 7). I
therefore used RPAP™ strains and performed pulldowns from asynchronous non-treated
and MMS-treated cells in a SILAC experiment. In this experiment, replication proteins
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appeared not to be enriched in any of the samples. This indicates that replication proteins
will interact with RPA-ssDNA in both normal and DNA damage-conditions.
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Fig. 6: putative RPA1-specific interactors acting in the DNA damage checkpoint response, DNA repair and
replication identified by SILAC after DNA damage. SILAC-based RPA?"*® pulldown to detect RPA1-specific interactors
after MMS-induced DNA damage. (A, B, C) Plotted are SILAC ratios (RPA*"“ tagged versus untagged control) for 1395
quantified proteins against the sum of the relevant peptide intensities. Proteins are coloured according to the values of
MaxQuant Significance(B) (the measure of the standard deviation from the centre of the distribution, taking into account
the dependence of the distribution on the summed protein intensity). (A) Blue, putative RPA1 interactors with
significance(B)<o.1 which are involved in the DNA damage checkpoint. (B) Purple, putative RPA1 interactors with
significance(B)=<o.1 which are involved in DNA damage repair (C) Green, putative RPA1 interactors with significance(B)=<o.1
which are involved in DNA replication. (D) Depiction of the DNA damage checkpoint proteins recruited at the site of
damage on chromatin. Proteins marked in green have been identified in SILAC-based RPAZ™¢ pulldowns, red marks
indicate components of the checkpoint complexes which could not be identified with this approach.
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This expected outcome is likely due to the usage of MMS, a DNA damaging agent that
leads to replication fork stalling and correspondent RPA-containing DNA repair
intermediates in S-phase (275-281). On the contrary, DNA damage repair proteins appeared
to be specifically enriched in the MMS-treated sample. Interestingly, the proteins showing
the strongest enrichment are the KU complex (Yku7o and Yku80) and Rads2, some of the
first DNA repair proteins recruited to a DSB.
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Fig. 7: putative RPA1-specific interactors in presence or absence of MMS-induced DNA damage. SILAC-based
quantifications of RPAP™C interactors in MMS-treated and untreated cells. (A, B) Plotted are SILAC-ratios (MMS-treated
cells versus untreated cells) for 1481 MS-quantified proteins against the sum of the relative peptide intensities. (A) Proteins
coloured in green (upper panel) are involved in DNA replication. In the Lower panel are the identified DNA replication
proteins and their relative SILAC ratios (MMS-treated/ untreated). (B) Proteins coloured in orange are involved in DSB
repair. In the lower panel are shown the identified DSB repair proteins and their relative SILAC ratios.

Overall, the enrichment of DNA damage proteins in the RPAP™ ¢ pulldown performed
after MMS treatment was not strong as could be expected, when compared to undamaged
conditions. To better appreciate the differences between RPA interactors before and after
DNA damage a similar experiment performed in cells synchronised outside of S-Phase,
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could be helpful, since this strategy would allow to exclude form the analysis the
background of replicative proteins.

Overall, using RPA as bait for pulldowns I was able to purify chromatin-bound
proteins and DDR proteins with significant coverage. However, while the described method
was able to identify most proteins involved in the formation of DNA damage checkpoint
complexes, Radg and Rads3, the two most peripheral proteins of the checkpoint signaling
complexes were notably absent (Fig. 6D).

4.1.2 ChIP-MS of HTAB™ € for purification of DNA damage checkpoint complexes
assembled onto intact chromatin

Histones close to DNA damage sites are known to be evicted (282-284). The spreading
of checkpoint signals (like v H2A) into surrounding chromatin and the ability of checkpoint
proteins such as Radg to bind to modified histones suggests that checkpoint complexes may
also be recruited at sites further away from the damage, within intact chromatin. The
function of these checkpoint complexes is currently unclear, but they could serve as a way of
amplification of the checkpoint signal.

ChIP-MS directed against H2A were performed to elucidate if checkpoint proteins can
spread into intact chromatin surrounding DNA damage, and also in order to serve as
specificity control for the RPA ChIP-MS experiment. Therfore, I directed my purification
towards histone HTA1 using the same experimental design described in 4.1.1. I again
employed formaldehyde crosslinking and used affinity chromatography against HTA?"¢ to
purify checkpoint proteins bound to DNA, followed by SILAC-based quantitative mass-
spectrometry to measure their composition.

In the experiment shown in figure 8B , asynchronous cells containing either HTA?"¢
or its untagged wildtype version were used to purify HTA1-specific interactors in presence of
the DNA damaging agent MMS. After MS analysis 159 putative HTA1 interactors were
identified in flag pulldowns performed after SILAC. The major hits, after the core histones
themselves, consisted of a wide population of proteins and protein complexes involved in
chromatin functions. Notably, the components of all the major chromatin remodeling
complexes were present, like FACT, DSIF, ISWI, RSC SAGA, INO8o, Pafi,SWI/SNF, NuA3, as
well as histone modifying enzymes (histone chaperones for histone exchange, deacetylases,
acetyltransferases), cohesins, RNA Polymerase 2, and transcription factors.

With this approach I aimed to purify proteins bound to a wider chromosomal region
than the site of damage itself, and at the same time provide a specificity control for the RPA-
pulldown previously described. Interestingly, no DDR proteins were detected in this
experiment after mass spectrometry analysis. While this may be seen as an indication that
DNA damage repair proteins are absent from undamaged chromatin, it needs to be pointed
out that this outcome may also be simply due the low number of proteins identified (only
500 hits were obtained after MS-analysis). Also, another explanation might be that DNA
damage specific signals are diluted by an excess of non-damaged chromatin. Lastly, it
currently cannot be excluded that 1 h after MMS treatment the majority of repair proteins
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are still recruited to the sites close to the damage, limiting their spreading into surrounding

chromatin.
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Fig. 8: gutative H2A-specific interactors in presence of MMS-induced DNA damage. A comparison between
RPAP™ and HTAP™¢ interactors identified in SILAC-based pulldowns, after MMS-induced DNA damage. (A) SILAC
ratios (RPAP™ versus untagged control) for 1395 quantified proteins against the sum of the relevant peptide intensities,
after RPAP™ pulldown in presence of MMS (see Fig. 6). In purple are the putative RPA1 interactors involved in DNA
repair and proteins of the DNA damage checkpoint complexes are labelled. (B) SILAC experiment performed to detect
H2A-specific interactors in HTAZ™¢ pulldown after MMS-induced DNA damage. Plotted are the SILAC ratios (HTAP™A¢
versus untagged control) for 500 quantified proteins against the sum of the relevant peptide intensities. All putative HTA1-
specific interactors with significance(B)=<o.7 are marked in dark green. In the bar graph below are the identified HTA1
interactors that are components of chromatin remodeling complexes, and their relative SILAC ratios. (C) SILAC ratios of
RPALP™ interactors identified in experiment in figure 6 plotted against SILAC ratios of HTAP A interactors identified in
experiment in (B). The plot shows correlation between the proteins enriched by RPA?™¢ pulldowns and HTA™¢
pulldowns after MMS-induced DNA damage. In blue are proteins enriched in both RPA?"™ ¢ and HTAZ" pulldowns.
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To circumvent these problems the use of specific antibodies for the DNA damage
modified form of H2A (v H2A) might be indicated.

Figure 8C shows the correlation between the proteins enriched by both strategies,
(with RPAP™¢ and with HTAP"¢ pulldown, represented in the figures 6 and 8B
respectively) The 275 proteins enriched by both strategies consist to a large extent of
chromatin modifying factors. Specific binding to RPAP™“ and HTAP™ 4 appears to weekly

correlate, suggesting that also with the RPA" ¢

strategy a certain amount of surrounding
chromatin is enriched. These findings suggest that our ability to specially resolve proteins
complexes associated directly with the DNA damage site or with the surrounding chromatin
is limited.

In conclusion, I was able to develop a ChIP-MS for DNA damage sites. So far with this
technique I was able to enrich many proteins recruited to sites of damage via the RPA1
pulldowns. However, recruitment to distal regions under DNA-damage conditions via
HTAZ™€ pulldown only showed chromatin-associated factors, but not those involved in

the DNA damage response.

4.2 DNA-damage induced interaction of Radg and Dpb11 in G1

4.2.1 DNA damage induces phosphorylation of Radg S/TP sites and binding of Radg
to Dpbn

Orthologs of Radg and Dpbu are known to interact in different organisms (143, 175,
206, 231). In budding yeast the two proteins were initially found to interact exclusively in the
M-phase of the cell cycle (143). The interaction appeared to be strictly cell-cycle regulated
and under normal conditions it relies on a CDK-dependent phosphorylation of two residues
on Radg-S462 and -T474. After being phosphorylated these S/TP sites provide a binding
surface for BRCT domains I and II of Dpbu. In S. cerevisiae Cdc28 is the essential CDK
regulating the entire cell cycle progression and will be referred to as CDK hereafter.

During this study I found a second, DNA-damage-dependent mode of interaction
between Radg and Dpbu. Specifically I observed that Radg”™* from cell extracts of cells
treated wit the DNA-damaging agent MMS showed increased interaction with “Dpbu in
pull-down experiments (Fig. 9A). Strikingly, the DNA damage treatment with the DSBs-
inducing agent phleomycin resulted in an increased interaction of Radg®™* with “*"Dpbnu
even in Gi-arrested cells which is not observed under non-damaging conditions (Fig. 9A and
9B). After phleomycin treatment Radg undergoes a DNA-damage-dependent phospho-shift
(186, 188-190) and Dpbu associates with this hyperphosphorylated form of Radg (Fig. 9A). In

9™ was able to interact with “'Dpbu even in the

contrast, in M-phase cell extracts Radg
absence of DNA damage treatment (Fig. 9B), consistent with previous result on the CDK
regulation of Radog.

In order to test whether the DNA-damage triggered interaction was depending on

phosphorylation of the same S/TP motives on Radg, we made use of previously generated
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phospho-specific antibodies directed against the Radg-epitopes containing phosphorylated
forms of S462 and T474 (143). I performed Radg immunoprecipitation from extracts of cells
arrested in G1 or G2/M phase respectively (Fig. 10A) and observed that, while in G2/M
arrested cells the two S/TP sites were phosphorylated in both damaged and undamaged cells
(consistent with these sites being modified by CDK), in the case of G1 arrest, cells displayed
the Radg phosphorylation only when treated with phleomycin (note that anti-Radg-T474" is
highly specific for the phosphorylated form, while anti-Radg-S462" retains some binding to
the unmodified form).
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Fig. 9: DNA-damage-induced interaction of Dpbu and Radg. DNA damage stimulates the Radg-Dpbu interaction in

GST

cell extracts. (A) Pulldown with recombinant ~> Dpbu and extracts of asynchronous cells after MMS treatment shows

damage-induced interaction of Radg and Dpbu. (B) GST pulldown experiment with “'Dpbu-N (contains BRCT I and II,

omyc

which is the Radg interaction site) and extracts from Radg expressing cells arrested in G1 (« -factor arrest) or M phase

(nocodazole arrest) and treated with phleomycin or mock treated. FACS profiles are shown below.

The anti-Radg-T474" antibody can also detect Radg S/TP phosphorylation from cell
extracts. In figure 10B we used this antibody to detect Radg-T474 phosphorylation in
extracts from G1 or G2/M arrested cells, before and after damage. Alongside with wild type
cells we tested a strain containing the radg9-ST462,474AA mutant as a specificity control for
the antibody, and as previously observed in the Radg pulldowns I could detect Radg-T474
phosphorylation in undamaged M-phase cells, as well as damaged Gi- and M-phase cells,
but not in undamaged Gi-cells; moreover cells expressing the radg-ST462,474AA variant
(referred to as radg-AA hereafter) did not show any reactivity with the Radg-T474" antibody,
confirming specificity (Fig. 10B)
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Taken together these results suggest that there are two scenarios in which Radg and
Dpbu interact: in the first scenario the interaction follows the cell cycle and depends on
CDK, given the high CDK activity, in G2/M phase Radg is phosphorylated on the S/TP
motives and binds to Dpbu constitutively. In the second scenario DNA damage can trigger
the same phosphorylation on Radg independently of CDK, therefore Radg and Dpbu can
interact in G1 phase only after DNA damage.
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Fig. 10: phosphorylation of Rad9-S462 and -T474 is stimulated by DNA damage. DNA damage induction via
phleomycin treatment results in Radg-S462 and -T474 phosphorylation in extracts from Gi-arrested cells. (A) Radg®™*¢
was purified by FLAG-IP from cells arrested in G1 (e« -factor arrest) and treated with phleomycin or mock treated.
Phosphorylation of Radg S/TP sites was determined using Radg-S462" and Radg-T474" phosphorylation-specific
antibodies. FACS profiles are shown below. (B) Cells arrested in G1 (@ -factor arrest) or G2/M (nocodazole arrest) and
treated with phleomycin or mock treated were used to prepare whole cell extract, which was probed with the Radg-T474"
phosphorylation-specific antibody. The rad9-AA mutant strain was used as specificity control. A Pgki immunoblot serves as
loading control. The asterisk denotes a crossreactive band. FACS profiles of the respective experiments are shown below.

The CDK activity in G1 phase is nearly absent, nonetheless, to completely rule out
involvement of CDK in the DNA-damage-dependent phosphorylation of these S/TP sites in
G1 I used a strain containing the cdc28-as1 mutant allele, which is inactivated by treatment
with the ATP analog 1-NM-PP1. As shown in figure 1A when CDK was inactivated in Gi-
arrested cells there was no loss of the Radg9-T474 phosphorylation after treatment with
phleomycin, while in undamaged G2/M arrested cells the CDK-dependent phosphorylation
of Radg-T474 was effectively inhibited, in line with previous results (Fig. uB, 143).
Interestingly phleomycin treatment triggered phosphorylation of Radg in M-phase-arrested
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cells even after CDK inhibition (Fig. uB), it can be therefore concluded that the damage-
induced phosphorylation of the Radg S/TP sites is independent of the cell cycle phase and

CDK activity.
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Fig. 11: CDK inhibition does not affect DNA-damage-induced Radg S/TP phosphorylation. Inhibition of an analogue-
sensitive mutant of Cdc28 did not affect the DNA-damage-dependent phosphorylation of Radg-T474 in cell extracts from
Gi1- or G2/M-arrested cells (A) 1-NMPP1 was used to inhibit CDK in Gi-arrested cdc28-asi cells, but this did not affect Radg-
T474 phosphorylation after DNA damage. Pgki immunoblot serves as loading control. The asterisk denotes a crossreactive
band FACS-based DNA content measurement are shown below. (B) As in (A), but with G2/M-phase arrested cells. 1-NM-
PP1 treatment abolished T474 phosphorylation in undamaged cdc28-as1 cells, demonstrating that CDK is effectively
inhibited. In contrast, after phleomycin treatment Radg-T474 is efficiently phosphorylated, even in the absence of active
CDK. Pgki immunoblot serves as loading control. The asterisk denotes a crossreactive band. FACS-based DNA content
measurement are shown below.

4.2.2 DNA-damage-induced phosphorylation of the Radg S/TP sites depends on the
apical checkpoint kinases Mec1 and Tel1 and the Radg SCD

When DNA damage occurs, DNA damage checkpoint kinases Mec1 and Tel1 target
several S/TQ motives on Radg (186, 189, 190), which are clustered in the S/TQ cluster
domain or SCD. Given the proximity of the S/TP sites to the SCD, I tested whether these
sites could be phosphorylated by Mec1 and Tel1 in response to DNA damage. As can be seen
in figure 12A, Rad9-T474 phosphorylation in Gi-arrested, phleomycin treated cells was
reduced in meciA and teli A mutant cells and completely abolished in a meci A tel1 A
double mutant. In contrast, when deletions of the effector kinases Rads3 and Chki were
used (alone or in combination) this had no effect on the DNA-damage-dependent
phosphorylation of the S/TP sites in G1 (Fig. 12B).

These data suggest that, in addition to hyperphosphorylating Radg in the SCD cluster,
Mec1 and Tel1 could also target Radg S/TP sites. However, from in vitro tests with purified
Radg and Mec1 containing extracts, I could not gather evidence for a direct action of the
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Mec1 kinase on Radg S/TP sites (data not shown), therefore I proceeded to test the
possibility of an indirect effect of the apical checkpoint kinases: for example the Meci/Teli-
dependent phosphorylation of the SCD could be a priming event for the S/TP
phosphorylation, alternatively, Mec1 and Tel1 could promote the chromatin recruitment of a
factor involved in the S/TP site phosphorylation, such as the kinase acting on Radg or Radg
itself.
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Fig. 12: Mec1 and Tel1 are required for Radg S/TP phosphorylation after DNA damage. Rad9-T474 phosphorylation
after DNA damage depends on the apical checkpoint kinases Mec1 and Tel. (A) Gi-arrested cells with indicated genotypes
were treated with phleomycin, Radg-T474 phosphorylation was visualized by immunoblotting. Pgki immunoblot serves as
loading control. An asterisk denotes a crossreactive band. FACS-based DNA content measurement are shown below.(B)
Radg-T474 phosphorylation after DNA damage is independent of checkpoint effector kinases Chk: and Rads3. Gi-arrested
cells with indicated genotypes were treated with phleomycin and subjected to analysis with immunoblots for detection of
Radg-T474 phosphorylation. Pgki immunoblot serves as loading control. An asterisk denotes a crossreactive band. FACS-
based DNA content measurement are shown below.

In order to corroborate this hypothesis I tested the phosphorylation of a Radg mutant
harboring six S/T to A exchanges in the S/TQ cluster domain (SCD) (radg9-6AQ, 190), as seen
in figure 13A, this mutant abolished phleomycin-induced phosphorylation of Radg S/TP sites
in G1. In contrast, CDK-dependent phosphorylation of these sites in M-phase was unaffected
by the radg-6AQ mutant (Fig. 13B).

In addition I also tested the Radg- S1129A mutant, as previous work had suggested that
phosphorylation of the SCD would induce Radg dimerization (243), however the
dimerization-defective radg-Sii29A variant showed normal phosphorylation of Radg-T474
both in G1 after DNA damage and in G2/M-phase (Fig. 13A and 13B).
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These data reveal the importance of the apical checkpoint kinases and the SCD
phosphorylation as an event necessary for the S/TP phosphorylation and consequently the
DNA-damage-dependent interaction of Radg and Dpbuu.
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Fig. 13: integrity of the Radg SCD domain is important for DNA-damage-induced Radg S/TP phosphorylation.
Phosphorylation of the Radg SCD domain is required for damage-induced phosphorylation of Radg-T474 (A) Phelomycin
treatment and immunoblotting of WT, radg-6AQ and radg9-S1129A strains arrested in G1. Radg-T474 phosphorylation was
visualized by immunoblotting. Pgki immunoblot serves as loading control. An asterisk denotes a crossreactive band. FACS
profiles are shown below. (B) Cell extracts of G2/M arrested cells treated as in (A) were probed with indicated antibodies.
Pgki immunoblot serves as loading control. FACS-based DNA content measurements are shown below.

4.2.3 Chromatin-recruitment of Radg is required for phosphorylation of the Radg
S/TP sites

According to previous studies Radg can be recruited to chromatin via two different
pathways, commonly referred to as the “histone pathway” (181-184, 284) and the “Dpbu
pathway” (143, 209). While the “histone pathway” is believed to be active throughout the cell
cycle, it was suggested that the “Dpbu1 pathway” is confined to the G2/M- or S-phases given
the requirement for resected DNA, a process known to be limited in Gi, and CDK
phosphorylation of Radg. Given our findings I decided to investigate the possible role of the
“histone pathway” and the “Dpbu pathway” in the recruitment of Radg to chromatin, and its
phosphorylation on the S/TP sites following DNA damage in G1.

One way in which Radg is recruited to chromatin via the “histone pathway” is through
interaction of its Tudor domain with methylated form of H3-K79 (181, 184). This
modification is carried out by the histone methyltransferase Dot1 (200). 1 tested the
recruitment of Radg to damaged chromatin in presence or absence of Dot1 via ChIP, using
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the GAL-HO system to induce a site-specific, non-repairable DSB at the MAT locus (285). 1

observed that while Radg became enriched in the chromatin region surrounding the DSB in
WT cells, Radg enrichment was strongly decreased in dot1 A cells (Fig. 14).
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Fig. 14: Dot1 promotes Radg association with damaged DNA (DSB). Radg recruitment at a DSB is impaired in dot14
cells. Induction of an irreparable DSB at MAT locus was achieved using galactose-induced HO endonucleas. ChIP was
performed against Radg*“ to regions located from 1.1 kb to 8 kb distal of the DSB site and 1, 2 and 4 h after DSB
induction. On the right are shown FACS-based DNA contents.

Consistent with a lack of Radg recruitment to damaged chromatin, I also found that
deletion of Dot1 caused a strong reduction of Radg-T474 phosphorylation in phleomycin-
treated Gi cells (Fig. 15A).

To make sure that reduction in the S/TP sites phosphorylation was due to the strong
decrease in Radg recruitment at damaged chromatin in dotiA cells (so to a defect in the
“histone pathway”), I introduced the corresponding H3-K79-binding-defective mutation in
the Radg Tudor domain (radg-Y798Q, 181) and I observed a very similar reduction in S/TP
sites phosphorylation in radg-Y798Q cells.

Importantly the effects of both dotiA and radg-Y798Q backgrounds were specific for
the DNA-damage-dependent phosphorylation of the Radg S/TP sites, since neither a dotiA
nor a radg-Y798Q mutation diminished CDK-dependent phosphorylation of Radg-T474 in
M-phase (Fig. 15B and 15C).

Given the lack of S/TP phosphorylation of Radg in the dotiA background, I expected
Radg to be unable to bind Dpbu1 under these conditions. Indeed when I induced the Radg-
Dpbu interaction with phleomycin treatment in Gi-arrested cells, I observed a reduced
association of Radg in “*"Dpbu pulldowns in the absence of Dot (Fig. 16A).
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Fig. 15: Involvement of Dot1 and Radg recruitment pathways in Radg-T474 phosphorylation. The DNA-damage-
dependent phosphorylation of Radg-T474 is dependent on Dot1 and the Tudor domain of Radg in G1 but not in G2/M
phase (A) Gi-arrested cells with indicated genotypes were treated with phleomycin, Radg-T474 phosphorylation was
visualized by immunoblotting. RADg mutant conditions that impair Radg recruitment to chromatin (dot1A and radg-
Y798Q) lead to defects in Radg-T474 phosphorylation and Rads3 phosphorylation, when arrested in G1 in a manner
dependent on phleomycin dosage. Phleomycin concentrations tested were 50 u g/ml (standard concentration), 25 pg/ml
and 100 pg/ml. Rads3 activation was measured by detecting its phospho-shift on 10% SDS-gels using anti-Rads3 antibodies.
Pgki immunoblot serves as loading control. An asterisk denotes a crossreactive band. On the right are shown FACS-based
DNA content measurements. (B) dotiA cells retain S/TP phosphorylation of Radg in G2/M. Extracts from G2/M-arrested
and phleomycin-treated cells of the indicated mutant background were probed with the indicated antibodies. Pgki
immunoblot serves as loading control. An asterisk denotes a crossreactive band. FACS-based DNA content measurement
are shown below. (C) A defect in the Radg Tudor domain (radg-Y798Q) does not abolish Radg-T474 phosphorylation S/TP
phosphorylation in G2/M cells after DNA damage. Extracts from G2/M-arrested and phleomycin-treated cells of the
indicated mutant background were probed with the indicated antibodies. Pgki immunoblot serves as loading control. An
asterisk denotes a crossreactive band. FACS-based DNA content measurement are shown below.
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Fig. 16: Dot1 is required for DNA-damage-induced interaction with Dpbi1. Dot1 is important for Radg-Dpbu binding
and Radg S/TP phosphorylation in G1 after DNA damage (A) GST pulldown experiment with “'Dpbu-N (contains BRCT I
and 11, which is the Radg interaction site) and extracts from cells expressing Radg* " in a WT or dot1 4 background,
arrested in Gi (« -factor arrest) and treated with phleomycin or mock treated. (B) Gi-arrested cells with indicated

genotypes were treated with phleomycin and Radg-T474 phosphorylation was visualized by immunoblotting. Pgki
immunoblot serves as loading control. An asterisk denotes a crossreactive band. FACS-based DNA content measurement

are shown below.

Although strongly reduced compared to wild-type cells, some residual DNA-damage-
dependent Radg-T474 phosphorylation can be observed in dot1 A and radg-Y798Q cells in
G1. Moreover, the residual phosphorylation seemed to augment with increasing dosage of
phleomycin (Fig. 15A). Since M-phase cells could compensate a defect in the “histone
pathway” by Dpbui-dependent Radg recruitment (“Dpbu pathway”), I tested if the “Dpbu
pathway” would be responsible for the residual phosphorylation of Radg. However, when I
introduced the Dpbu-binding deficient ddci-T602A allele either alone or in combination
with dot1 A T did not observe any additional defect in Radg9-T474 phosphorylation in G1 (Fig.
16B).

From these results I could conclude that in Gi, the DNA-damage-dependent
phosphorylation of Radg on S/TP sites and its consequent interaction with Dpbu are
dependent on the “histone pathway”.
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4.2.4 Forced Radg recruitment to damaged chromatin allows efficient Radg S/TP
sites phosphorylation

The data so far described suggested that Radg needs to localize to damaged chromatin
in order for the DNA-damage-induced Radg S/TP phosphorylation to occur. I therefore
created a cellular scenario in which Radg localization at chromatin is forced, so bypassing
the requirement for the “histone pathway”.

It was previously shown that covalent protein fusions containing the BRCT III and IV
domain of Dpbu localized efficiently and cell cycle-independently to damaged chromatin
(179) therefore I used a RAD9-DPBu1 AN fusion protein, (referred to as Radg-Dpbu fusion)
known to hyperactivate the DNA damage checkpoint signaling (143). To ascertain that this
fusion acts by forcing Radg localization to damaged chromatin, we measured inhibition of
DNA end resection by Radg as a read-out of Radg function (194, 195). To this end I
performed ChIP against the ssDNA binding protein RPA to measure the extent of resection
from an HO-induced, non-repairable DSB at the MAT locus using the Gal-HO system. As
can be seen in figures 17 and 18 in presence of the Radg-Dpbui fusion the association of RPA
to sites distal to the DSB strongly diminished compared to wild-type in both Gi- and G2/M-
phase indicating that resection was inhibited in this background.
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Fig. 17: a Radg-Dpbu fusion functions independently of the “histone pathway”. A Radg-Dpbu fusion forces Radg
recruitment to DSBs independently of Dot1. The Radg-Dpbu1 fusion blocks resection in Gy, also in the absence of Dot1. RPA-
ChIP at the indicated distances from an HO-induced DSB (o, 2, 4 and 6 h after HO induction) in WT, dot1 4, RAD9-DPBu1
AN and RADg-DPBu AN dot1 A is taken as proxy for DNA end resection. FACS-based DNA content measurements is
shown below.

These data are consistent with a model in which a Radg-Dpbu fusion forces Radg
recruitment to damaged chromatin, and this has a hyperactivating effect on the checkpoint
as well as an inhibitory effect on resection spreading, in agreement with previous results

(143, 286).
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Fig. 18: a Radg-Dpbu1 fusion inhibits resection in G2/M. RPA ChIPs demonstrate inhibition of resection in the presence
of the RAD9-DPBu fusion. RPA recruitment was measured at positions spanning 1.1 to 70 kb from an HO-induced DSB at
the indicated timepoints in G2/M arrested cells. In the lower panel DNA loss is visualized by ChIP DNA inputs (Input DNA
at each position relative to controls outside of the affected region). On the right are shown the FACS-based DNA content
measurements.

Since Radg-Dpbu fusion proved to force an enhanced Radg chromatin localization I
decided to test whether such fusion could also influence the DNA-damage-dependent Radg
phosphorylation in Gi, which itself is dependent on the recruitment of Radg to chromatin
via the “histone pathway” (as suggested from the data obtained with the dot1 A and radg-
Y798Q mutants).

After DNA damage induction with phleomycin Rad9-T474 phosphorylation was
enhanced in a Radg-Dpbu fusion background and was even present to low levels without
the induction of exogenous damage (Fig. 19A and 19B). Importantly, in this mutant
background Radg-T474 phosphorylation was also largely independent of Dot1 (Fig. 19A),
while it still showed dependency on the apical kinases Mec1 and Teli (Fig. 19C). Overall,
these data suggest that the function of the “histone pathway” in damage-induced Radg S/TP
phosphorylation lies entirely in the recruitment of Radg to damaged chromatin.
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Fig. 19: the Radg-Dpbu1 fusion bypasses the requirement for Dot1, but not for Mec1 and Tel1. A Radg-Dpbu fusion
shows Radg T-474 phosphorylation even in absence of Dot1 but not in absence of Mec1 and Teli (A) Measurement of Radg-
T474 phosphorylation using Radg-T474° phosphorylation-specific antibodies to probe whole cell extracts of cells
expressing the Radg-Dpbu fusion in WT and dotiA mutant background. The cells were Gi-arrested and treated with
phleomycin or mock treated. An asterisk denotes a crossreactive band. FACS-based DNA content is shown below. (B)
Experiment as in (A), but in G2/M-arrested cells. S/TP phosphorylation of Radg occurs in G2/M arrested cells
independently of RADg-DPBu AN. FACS based DNA content measurements are shown below. (C) Measurement of Radg
T474 phosphorylation in Gi-arrested cells expressing the Radg-Dpbu fusion in WT and mecz1 A tel1 A. Pgki immunoblot
serves as loading control. An asterisk denotes a crossreactive band. On the right are shown FACS based DNA content
measurement.

40



RESULTS

4.2.5 Radg S/TP phosphorylation in G1 is dispensable for DNA end resection and the
DNA damage checkpoint

The CDK-dependent phosphorylation of Radg allows the recruitment of Radg to
chromatin via a pathway alternative to the “histone pathway” (143). According to our data,
however, the DNA-damage-dependent Radg S/TP phosphorylation in G1 is downstream the

Radg recruitment to chromatin, suggesting other functions for this particular
phosphorylation (Fig. 15, 16).
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Fig. 20: lack of DNA-damage-induced Radg S/TP phosphorylation does not affect DNA end resection in G1. The
radg-AA mutant - in contrast to the radg A mutant - does not induce hyper-resection in Gi-arrested cells. (A,B) A site-
specific DSB was induced at the MAT locus using GAL-induced HO endonuclease in Gi-arrested cells. DNA end resection is
measured by ChIP against RPA at o, 2, 4 and 6 h after HO induction and within o - 8o kb distance to the DSB. (A)
Resection was measured in WT, radg A, ykuyo A and radg A ykuyo A strains. FACS based DNA content measurements are
in (C). (B) as in (A), but with WT, radg-AA, ykuyoAA and radg-AA ykuyoA strains. FACS based DNA content
measurements are shown in (D).
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The known functions of Radg in the context of the DNA damage response are two-fold:
(A) inhibition of DNA end resection and (B) DNA damage checkpoint activation. I therefore
tested if a radg9-AA mutant would show a Gi-specific defect in any of these functions.

To measure changes in DNA-end resection I again made use of ChIP against RPA in
Gi-arrested cells after induction of a non-repairable DSB using the Gal-HO system. I
observed that in the radg A and dot1 A strains the spreading of RPA signal from the site of
DSB induction is strongly increased, indicating hyperactivation of resection in absence of
chromatin-bound Radg (Fig 17 and 20A, consistent with previous data in 194, 195). On the
contrary no hyperactivation of resection was detected when I used the radg-AA variant, not
even in combination with a ykuyo A background (Fig. 20B), suggesting that the Radg-Dpbu
interaction is not involved in regulating DNA end resection in G1 after DNA damage.

It was previously shown that the radg-AA mutant is not causing any measurable
modification in the DNA damage checkpoint activation, indeed this mutant alone could not
induce any defects in the phosphorylation of the effector kinase Rads3 in G1 arrested cells
(143, see also Fig. 21). This suggests that other factors might compensate for a defect in the
Radg S/TP phosphorylation. Following this hypothesis we tested for compensation by the 9-
1-1 complex since both Radg and 9-1-1 can bind to and therefore in principle recruit Dpbu1 to
sites of DNA damage. | therefore combined the radg-AA mutant with the ddci-T602A
mutant, which is known to abolish the 9-1-1-Dpbu interaction. However, while the ddci-
T602A mutation strongly reduced the Dpbu association with a site-specific DSB in Gi-
arrested cells, the radg-AA mutant did not induce a measurable defect (Fig. 22).
Consistently, checkpoint activation was still largely unaffected in the radg-AA mutant, even
in the ddci-T602A background (Fig. 21).
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Fig. 21: lack of DNA-damage-induced Radg S/TP phosphorylation does not affect checkpoint signaling in G1. The
radg-AA mutant does not induce apparent defects in checkpoint activation in G1 even in background of the ddci1-T602A.
Hyperphosphorylation of Rads3 induced by different concentrations of phleomycin is used as measure of checkpoint
activation. On the right are shown FACS based DNA content measurements.

Overall the function of the DNA-damage-induced Radg phosphorylation and Radg-
Dpbu interaction in Gi1 remains unclear. Given the high redundancy of the DNA damage
checkpoint network it is highly likely the presence of other factors that can compensate for a
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defect caused by a radg-AA mutation, or alternatively that other S/TP sites in Radg can be
phosphorylated and elicit the same response as phosphorylated S462 and T474.
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Fig. 22: lack of DNA-damage-induced Radg S/TP phosphorylation does not affect recruitment of Dpbu1 to DNA
damage sites in Gi1. Dpbu is efficiently recruited at a DSB even when it cannot interact with Radg. Dpbu1 binding to DSBs
in G1 as visualized by Dpb1***“ ChIPs is abolished in ddc1-T602A cells, but not in radg-AA cells. Dpbu enrichment and
spreading was measured starting from 1.1 kb until 75 kb away from an HO-induced DSB at the indicated time-points. FACS-
based DNA content measurement are shown below.

4.2.6 Identification of the kinase responsible for Radg DNA-damage-dependent CDK
sites phosphorylation in G1

CDK is the responsible kinase for the phosphorylation of ST/P sites on Radg in G2/M
(143), but not required for ST/P site phosphorylation of Radg in response to DNA damage
(see figures 1A and uB). I therefore aimed to identify the kinase responsible for the Radg
S/TP site phosphorylation in Gi. To this end, I used two approaches: first, an unbiased
approach where individual kinase deletion strains were separately tested via
immunoblotting using our anti-Radg-T474" and anti Radg-S462" antibodies, and a second,
candidate-directed approach.
For the unbiased approach, I made use of a library of haploid deletion strains available to us
from the Saccharomyces genome deletion project (287, 288). This library contains all viable
deletion mutants and overall, covered 99 out of 10 known S/TP kinases in budding yeast.
Out of these I selected 56 candidates from various kinase families. From each single kinase
deletion strain I prepared whole cell extracts after treatment with phleomycin and probed it
with the anti-Radg-T474" antibody. All the deletion strains tested with this method retained
phosphorylation of Radg on the T474 residue, therefore, none of the candidates tested
seems to be directly responsible for the Gi1 phosphorylation of Radg ST/P sites after DNA
damage in non-redundant fashion. In the appendix are summarized the tested kinases.

For the subsequent candidate-directed approach, I reasoned that the kinase
phosphorylating S/TP sites after DNA damage should bear similarity to CDK as it is able to
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target similar sites. CDKs are proline-directed serine/threonine-protein kinases with some
preference for the S/T-P-X-K/R consensus and their broad family is traditionally subdivided
in cell-cyle and transcriptional CDKs. Since phosphorylation of Radg ST/P sites after DNA
damage occurs only when Radg is recruited to chromatin via the Dot1 pathway (see Fig. 15
and 16), I reasoned that the responsible kinase is likely chromatin-localized. This suggested
the transcriptional kinases, belonging to the CDK family, as potential candidates: SSN3,
CTKi, KIN28 and BURi1. Compared to other cell-cycle-related subfamilies, transcriptional
CDKs are more conserved, both in sequence and function and are typically directed to S/TP
sites found on the CTD of the largest subunit (Rpb1) of RNAPII. The cyclin subunits of
transcriptional CDKs do not show significant oscillations in protein levels during the cell
cycle, therefore they are regulated rather by protein-protein interactions. Also, the
requirement for the basic residue in the +3 position is not maintained transcriptional CDKs,
which display a less-stringent S/T-P-X consensus (289). In order to deregulate Ssn3, Ctki
and Kin28 I used deletion mutants of SSN3 and CTKi, as well as an analog sensitive allele of
the essential kinase KIN28 (kin28-as1). However all mutants tested retained normal T474
phosphorylation of Radg after phleomycin treatment in Gi (data not shown). All
transcriptional CDKs contain regulatory cyclin subunits. Interestingly, I found that in a
deletion mutant of Bur2 (the Buri kinase cyclin) Radg-T474 phosphorylation after
phleomycin treatment was strongly reduced (Fig. 23).
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Fig. 23: deletion of Burz cyclin causes lack of Radg S/TP phosphorylation in Gi. The Bur kinase cyclin Bur2
influences the Rad9-T474 phosphorylation after DNA damage in G1. Whole cell extracts from WT or burz A cells were
prepared after Gi arrest and phleomycin treatment or mock treatment, and probed with Radg-T474" phosphorylation-
specific antibodies. An asterisk indicates a crossreactive band. On the right are FACS-based DNA content measurements.
H3-K4>™ was used as control for the burz A.
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In order to test, whether Buri-Bur2 was directly involved in Radg phosphorylation, I

performed Radg pulldowns in Gi-arrested cells before and after phleomycin treatment to
test for possible interaction between Radg and Buri-Bur2. I was able to detect co-
purification of Bur1t with Radg using a Bur1 specific antibody, however the interaction did
not depend on DNA damage and background binding of Buri could be detected in the
untagged control strain (Fig. 24A). A possible explanation is that while Buri is able interact
with Radg once this is recruited at the damaged chromosome, it can only phosphorylate its
S/TP sites after Radg SCD domain is previously phosphorylated by the DNA-damage-
activated checkpoint kinases Mec1 and Telx.
Notably, bur1 A cells are inviable, while bur2 A cells are viable although with a severely
impaired proliferation rate (290). In order to deregulate Buri, I therefore used a buri-ts
(temperature-sensitive allele) and a burizx-AID degron fusion. Surprisingly, both mutants
did not show reduced Radg S/TP site phosphorylation after induction of DNA damage (Fig.
24B and 24C). The inconsistency of the results obtained with the bur2 A and the two Bur
mutants may indicate that Bur is either not the kinase responsible for the DNA-damage-
dependent phosphorylation of Radg S/TP sites in Gi, but that the effects of the bur2A
mutation is rather indirect. Alternatively, it is possible that residual Buri-Bur2 activity
retained in the Bur1 mutants tested is sufficient to achieve phosphorylation of Radg-S462
and -T474.
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Fig. 23: Bur1 is a candidate Radg S/TP kinase but different bur1 mutations do not affect the DNA-damage-
dependent Radg-T474 phosphorylation in Gi. Kinase Bur1 co-purifies with Radg in immunoprecipitation experiments
but bur1 temperature-sensitive and degron mutants were both proficient for Radg S/TP phosphorylation after DNA damage
in G1 (A) Radg®*® was purified from Gi-arrested cells treated with phleomycin by FLAG-IP. Co-purification of Bur1 was
detected by using anti-Buri-C antibodies. FACS profiles are shown below. (B) Extracts prepared from Gi-arrested,
phleomycin-treated cells expressing either wildtype or a temperature sensitive mutant of buri (buri-107) were probed with
the Radg-T474" phosphorylation-specific antibody. FACS-based DNA content measurements are shown below. (C) Radg-
T474" phosphorylation-specific antibody was used to probe extracts from cells treated like in (B), expressing either
wildtype Buri or the degron-mutant buri-4xAID. The anti-Buri-C antibody was used to monitor the depletion of buri-
4xAID. On the right are FACS-based DNA content measurements. An asterisk in (B) and (C) indicates a crossreactive band.
IAA: Indole-3-acetic acid.
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5 DISCUSSION

5.1 A DNA damage-induced mode of Radg S/TP phosphorylation

Radg is an important DNA damage checkpoint factor. It is recruited to chromatin
following DNA damage (184, 185, 203) where it acts as a scaffold protein that brings the DNA
damage checkpoint effector kinase Rads3 in close proximity of the damage site, thereby
facilitating Rads3 autophosphorylation and activation (186, 193). In order to act as a
checkpoint mediator Radg engages in different protein-protein interactions. Some of these
interactions involve modified histones: Radg is known to bind to phosphorylated histone
H2A (yH2A) via its phospho-protein-binding BRCT repeats. In yeast, yH2A is generated by
the DNA damage-activated kinases Mec1 and Tel1 and known to spread from the site of DNA
damage up to 50 kb away along the chromosome. A second histone modification recognized
by Radg is histone H3 in its K79-methylated form (H3-K79™¢). The H3 methylation is
created by the methyltransferase Dot1, whereupon Radg can bind this modification via its
Tudor domain. H3-K79™ appears to be a constitutive, DNA damage-independent marker of
chromatin.

Besides mediating DNA contact via specific interaction to modified histones, Radg has
also been found to associate with the scaffold protein Dpbu, which itself is recruited to sites
of DNA damage via binding the 9-1-1 complex on chromatin. Previous work has shown that
Radg specifically interacts with Dpbu1 in cells arrested in M phase, but not in cells arrested
in G1 (143). Additionally, cell cycle regulation of this interaction was shown to be achieved
by CDK-dependent phosphorylation of two S/TP motifs on Radg (S462 and T474), which are
recognized by the BRCT I and II domain of Dpbu1 (143).

In this study I elucidated the presence of two different modes of Radg S/TP
phosphorylation: mode 1, which is cell-cycle-regulated and depends on CDK, and mode 2,
which is independent of the presence of CDK, but DNA damage-dependent. In accordance
with previous studies on the CDK regulation of Radg, I observed a CDK-dependent Radg-
Dpbu1 interaction in pulldown experiments from M phase cells, even in the absence of DNA
damage (mode 1) (143). Strikingly, however, I was additionally able to observe increased
interaction of Radg with Dpb1u1 when cells were arrested in Gi1, but only after treatment with
the DNA-damaging agents MMS or phleomycin (mode 2).

Interestingly, I was able to establish that the DNA damage-dependent Radg-Dpbu
interaction relied on the same two Radg phospho-sites. Therefore, our previously generated
phospho-specific antibodies revealed that the Radg residues S462 and T474 were not only
phosphorylated in M phase-arrested cell extracts (in the presence or absence of DNA
damage), consistently with these sites being modified by CDK, but also in Gi-arrested cells
after induction of DNA damage with phleomycin. Furthermore, the DNA damage-induced
phosphorylation of Radg in G1 is CDK-independent, as shown by the cdc28-as1 mutant
strain, which was proficient in damage-induced Rad9-T474 phosphorylation even after CDK
inhibition by i1INM-PP1i. I could therefore conclude that this new damage-induced
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phosphorylation mode of the Radg S/TP sites occurs independently of the cell cycle phase
and CDK activity.

5.2 Role of the “histone pathway” in targeting Radg to chromatin during the DNA
damage response

As mentioned above the crucial step of Radg recruitment to chromatin depends on

two domains on Radg: The Tudor domain and the tandem BRCT domain. Furthermore,
Radg engages in the binding to the Rads3 checkpoint effector kinase, and to the Dpbu
scaffold protein.
The interactions of Radg with the modified histones H3-K79™ and yH2A and with the
protein scaffold Dpbui are, according to current models, two parallel pathways acting to
recruit Radg to the chromatin during the DNA damage response (143, 175). These pathways
are referred to as the “histone pathway” and the “Dpbu1 pathway”, respectively and while the
“histone pathway” is ubiquitous, the "Dpbu1 pathway” is considered as a redundant Radg
recruitment mechanism that acts during G2/M phase, when CDK activity is available (143).
Relying on histone modifications, the “histone pathway” is believed to act at all stages of the
cell cycle: H2A phosphorylation occurs upon DNA damage in Gi, S and G2/M phase cells,
and Doti-dependent methylation of histone H3 is thought to be a constitutive modification
(181, 219). The “Dpbu pathway” on the contrary, is believed to be exclusively active in the
G2/M phase of the cell cycle, given the requirement for CDK activity (143). In this context,
CDK is not only involved in Radg phosphorylation on the S/TP residues necessary for Dpbu
binding, but CDK has also been demonstrated to positively regulate DNA end resection
(278, 280, 282), which is a prerequisite of Dpbu association with DNA damage sites.
Therefore, CDK activity also indirectly enhances Radg recruitment to chromatin through
resection

In my study, I uncovered a Gi-specific and DNA damage-dependent Radg-Dpbmu
interaction, which does not rely on CDK activity and does not serve as a Radg recruitment
mode, but in fact is dependent on recruitment of Radg by the “histone pathway” (as will be
discussed in section 5.4).

In response to DNA damage Radg is known to undergo hyperphosphorylation due to
the action of the DNA damage checkpoint kinases Meci and Teli, which target multiple
S/TQ motifs on Radg in the so called SCD (S/TQ Cluster Domain) (187, 190). Importantly,
this phosphorylation critically requires prior chromatin recruitment of Radg via the “histone
pathway”. In this study I uncovered that phosphorylation of Radg S/TP sites requires the
“histone pathway” as well. It is dependent on the binding of Radg to H3-K79™ and both
deletion of the methyl-transferase Dot1 and mutation of the Radg Tudor domain abolished
DNA damage-dependent phosphorylation of Radg. Therefore DNA damage induced S/TP
phosphorylation has the identical requirements as DNA damage induced S/TQ
phosphorylation, suggesting a similar mechanisms; furthermore, its dependency on Radg
recruitment to chromatin suggests that, similarly to the S/TQ phosphorylation scenario, a
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chromatin-bound kinase might be responsible for S/TP site phosphorylation after DNA
damage.

5.3 The kinase involved in the DNA damage-dependent phosphorylation of Radg
S/TP sites

Currently, the identity of the kinase phosphorylating Radg after DNA damage is
unknown. In undamaged G2/M-arrested cells these Radg S/TP sites are phosphorylated by
CDK. However, I could rule out an involvement of CDK after DNA damage based on two
pieces of evidence: first, the damage-induced Radg S/TP phosphorylation occurs in G1 where
CDK is inactive, second, efficient inhibition of CDK using the cdc28-as1 mutant and iINM-
PP1 treatment did not affect the damage-induced Radg S/TP phosphorylation.

In order to find the kinase responsible for the Radg S/TP sites phosphorylation after
DNA damage, candidate mutant strains were tested for their ability to phosphorylate Radg-
T474 in vivo. The two most striking requirements for this mode of Radg phosphorylation are
a dependency on DNA damage and on Radg chromatin recruitment. I therefore reasoned
that a likely candidate would be a kinase which is activated by DNA damage and/or is
recruited to chromatin after DNA damage.

Given the similarity of damage-induced Radg S/TP to the S/TQ phosphorylation I first
tested the damage-induced kinases of the DNA damage checkpoint, starting with the PIKKs
Mec1 and Teli. These kinases are involved in the DNA damage-dependent
hyperphosphorylation of Radg by targeting its SCD (187, 190), the S/TQ cluster which is
located proximal to the residues S462 and T474. Moreover, Meci and Teli are stably
recruited to chromatin after DNA damage (36-38). Indeed, I observed that single meciA and
teliA mutations reduced damage-induced Radg S/TP phosphorylation and the meciA teliA
double mutation completely abolished it. However, this effect could be indirect. Mec1 and
Teli are S/TQ directed kinases (187, 190, 291), therefore bearing a consensus sequence which
differs from the S/TP motifs, and currently there is no report of Meci or Tel
phosphorylating S/TP sites. Furthermore, I could not obtain in vitro evidence for Mec1
directly targeting Radg S/TP sites. Lastly, using the radg-6AQ mutant I found that Radg
S/TP phosphorylation is dependent on SCD phosphorylation by Meci1 or Teli, suggesting an
indirect mechanism, by which the PIKKs could influence Radg S/TP phosphorylation after
DNA damage.

There are different possible scenarios in which Mec1 and Teli could indirectly affect
phosphorylation of Radg S/TP domains in Gi. For example, It is possible that the hyper-
phosphorylation of the Radg SCD causes a structural change in Radg that uncovers S/TP
sites. Alternatively, Radg SCD phosphorylation could provide a docking site for the S/TP
kinase or another factor involved in the S/TP site phosphorylation. A similar mechanism has
been described for other DNA damage-activated phosphorylation events, like the
checkpoint effector kinase Rads3, which binds to Radg once it is hyperphosphorylated by
Mec1 and Teli (186, 188, 189, 190, 193). A last mechanism, by which Mec1 and Teli could
contribute to Radg S/TP sites phosphorylation could involve the activation of the
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responsible Radg S/TP kinase, or chromatin recruitment of Radg itself (via yH2A) or of the
kinase.

The checkpoint effector kinases Rads53 and Chki appeared to be further potential
candidates for Radg S/TP phosphorylation. Rads53 contains two phospho-protein binding
FHA domains (188) and like Radg it contains an S/TQ cluster domain or SCD (291), which is
a Mec1 and Teli target and participates in its activation following DNA damage. The FHA
domains are involved in the binding of Rads3 to the phosphorylated SCD of Radg, an event
which leads to Rads3 recruitment and accumulation at chromatin, and in direct
phosphorylation of Rads3 by Mec1 (193). I tested rads3A smlA cells, but found them
proficient for the Radg-T474 phosphorylation after DNA damage induction in vivo In order
to rule out a possible redundant effect, Chki, the second kinase effector activated by the
DNA damage checkpoint cascade, was also tested, alone and in combination with rads3A,
but both single and double mutants did not show an influence on the Radg S/TP sites
phosphorylation in vivo.

Another class of kinase candidates for Radg phosphorylation are Mitogen Activated
Kinases (MAPKs). MAPKs are serine/threonine protein kinases that belong to the CMGC
group and preferentially phosphorylate ST/P sites (292, 293). S. cerevisiae contains six
MAPKs active in five functionally distinct signalling cascades: Fus3 mediates cellular
response to peptide pheromones. Kss1 permits adjustment to nutrient-limiting conditions.
Hog1 is necessary for survival under hyperosmotic conditions. Slt2/Mpki is required for
repair of injuries to the cell wall. Smk1 along with another, more divergent MAPK-related
kinase, Ime2, regulates spore wall assembly during meiosis and sporulation, a
developmental response of MATa/MATa diploid cells to acute nutrient deprivation (293).
These kinases regulate a multitude of cellular functions but despite their importance many
MAPK substrates are yet to be identified. I therefore decided to unbiasedly test single
knock-out strains of six MAPKs (Fus3, Kssi, Hogi, Slt2, Smki and Ime2), but in none of these
strains, I could observe a deficiency for Radg-T474 phosphorylation (data not shown).
While it is possible that the different MAPKs act redundantly on Radg, I consider this as a
relatively unlikely scenario, given the distinct functions that MAPKs play in normal
physiology.

In yeast, three kinases belonging to the CDK family are involved in phosphorylation of
the C-terminal repeat domain (CTD) of RNA Polll: Buri, Ctki and Kin28 (294-296).
Additionally, the CDK-like kinase Ssn3 is part of the RNA Polll holoenzyme and is also
involved in the CTD phosphorylation (297). These kinases act on chromatin where they bind
to RNA polymerase and phosphorylate S5 or S2 residues on the CTD. Bur1 and Ctki are the
major S2 kinases, while Kin28 targets S5 residues. Given their chromatin localization ability,
the similarity to CDK and their S/TP consensus site, I decided to test this subgroup of the
CDK family as well as Ssn3. In particular Bur1 was reported to interact via its C-terminal
domain with RPA, and bur1 A C mutants showed a deregulated DNA damage response and
increased sensitivity to DNA damage and replication stress (298). Bur is an essential kinase,
which associates with its cognate cyclin Bur2 (although Burz is named a cyclin by homology,
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its expression does not fluctuate during the cell cycle). While a bur24 strain showed reduced
Radg S/TP phosphorylation in vivo, I did not observe a similar effect when I used
temperature-sensitive and degron mutants to deregulate Buri itself. This suggests that the
residual activity Bur1 in those mutant cells was still sufficient, alternatively, it could mean
that Bur1 is not involved in the DNA damage-dependent Radg S/TP phosphorylation, in
which case the effect observed in the bur2A mutant could be rather indirect as bur2A cells
show a severe growth defect. It is therefore not entirely unlikely that Bur2 has a cellular
function upstream of the Radg S/TP sites regulation. Ctki is the second major Sz kinase
together with Bur1 (299), but also in this case the deletion mutant ctkiA did not influence
the Radg S/TP phosphorylation after treatment with phleomycin in vivo. Finally, Kin28 is
the third kinase targeting RNA-PolIl CTD on Ss residues (300). Like Buri, it is an essential
kinase, but a kin28-as1 analog-sensitive allele did not cause any reduction in the Radg S/TP
phosphorylation in vivo.

This candidate approach did not allow me to conclude on the identity of the kinase

responsible for the DNA damage-induced phosphorylation of the Radg S/TP residues in Gu.
Also, an unbiased approach, which took advantage of the yeast knock-out library from
which 61 Serine/Threonine kinase candidates from various kinase families were tested
(listed in the Appendix), did not lead to the identification of the kinase. However, except for
the DNA damage checkpoint kinases, only single mutants were taken into consideration. At
this point of the study I therefore cannot exclude the possibility of redundancy, i.e. that
different kinases might act on the same substrate or that kinases involved in the same
pathway might suppress the effect of single mutants by taking over the phosphorylation of
Radg S/TP sites.
Lastly, the PIKKs Mec1/Tel1 may play additional roles on top of Radg SCD phosphorylation
and Radg chromatin recruitment. It would therefore be interesting to establish whether the
PIKKs, so far classified as strictly S/TQ-directed kinases, are actually able to regulate S/TP
sites on Radg and possibly other DDR proteins in response to DNA damage in order to
facilitate their activities in the absence of CDK.

5.4 Potential functions of the DNA damage-dependent Radg-Dpbi11 interaction in G1

Several studies have suggested a CDK regulation of Radg recruitment and activation in
both budding and fission yeast (143, 301). According to this model the function of the Radg-
Dpbu interaction in the DNA damage checkpoint is merely to recruit Radg to damaged
chromatin. As such it would be similar to the “histone pathway”, with the difference that the
“histone pathway” is not restricted to a specific cell cycle phase while the “Dpbu pathway”
can only function from S to M phase.

In this study I showed that the Radg-Dpbu interaction can take place in G1 and is
specifically triggered by DNA damage. However, these new findings do not contradict the
model of Radg chromatin recruitment in G1 that is mediated by the “histone pathway”, since
the Doti-mediated recruitment of Radg to chromatin is necessary in order to achieve Radg
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S/TP sites phosphorylation and consequent binding to Dpbi1. Figure 24 depicts an holistic
view of the “Histone pathway and the “Dpbu pathway” of Radg recruitment to chromatin

Previous results have shown that protein-fusions containing the BRCT III and IV
domain of Dpbu localized efficiently and cell-cycle-independently to damaged chromatin
(179). Fusing Radg to the Dpbu BRCT III and IV domain (Radg-DpbuAN) causes
hyperactivation of DNA damage checkpoint signaling (143). Here, I confirmed that the
Radg-Dpbu fusion functions by forcing Radg localization to damaged chromatin and
therefore allows damage-induced Radg S/TP phosphorylation, bypassing the requirement
for Doti-dependent Radg chromatin recruitment.

® PIKK dependent phosphorylation
® Rad53 dependent phosphorylation
@ Dot1 dependent methylation

® CDK/Chromatin-bound-Kinase-X
dependent phosphorylation

RPA-ssDNA

® “Rad17

Fig. 24: model of Radg9-Dpb11 module in checkpoint signalling. Holistic view of the “histone pathway” and the “Dpbu
pathway” for the recruitment of Radg to damaged chromatin. Binding of Radg to modified histones, (H3-K79 methylated
and H2A-S129 phosphorylated) localizes Radg to DNA damage sites. Radg also interacts with Dpbu, which is bound to
sites of DNA damage via its interaction with Ddc1 subunit of the 9-1-1 clamp. In Gi1 the “Dpbu pathway” does not play a role
in Radg recruitment, but is dependent on the “histone pathway”, indeed the Radg S/TP site phosphorylation and
consequent binding to Dpbu is dependent on the Doti-mediated recruitment of Radg. This suggests that the Radg-Dpbu
interaction in G1 could function to aid Dpbu recruitment at the damage site via Radg. The Mec1 kinase activity is
stimulated by the Dpbu1 AAD domain and by the Ddc1 subunit of the 9-1-1 complex.

These findings suggest that the damage-induced S/TP phosphorylation of Radg is not
involved in recruitment of Radg to damaged chromatin. Consistently, our results did not
show any role of Dpbu in recruiting Radg to chromatin in Gi. Here I used the extend of
DNA end resection as proxy Radg recruitment, as Radg is a well-characterized inhibitor of
DNA end resection. To measure DNA end resection, ChIP experiments were performed
against RPA performed in the background of the radg-AA mutant (defective for Dpbu
binding), but resulted in wild-type levels of resection in Gi, suggestting normal chromatin
recruitment and functiom of Radg-AA. Furthermore, in line with previous studies (144, 215)
lack of the Radg-Dpbui interaction did not influence the activation of Rads3 in Gu.

Given that the binding of Radg to Dpbu requires Radg chromatin recruitment and
S/TP site phosphorylation, an alternative function of this interaction could be to aid Dpbu
recruitment at the damage site via Radg. A previously described recruitment pathway for
Dpbu to damaged chromatin is via interaction with the Meci-phosphorylated Ddc1 subunit
of the 9-1-1 clamp (209, 215). When I tested Dpbu recruitment in ChIP experiments, I
observed normal recruitment of Dpbu to DSBs in a radg-AA mutant background, while
conversely Dpbu recruitment was strongly reduced in the ddci-T602A mutant of the 9-1-1
complex (defective in Dpbu binding). Alltogether, the function of a Radg-bound Dpbu in G1
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remains unclear since a radg-AA mutant alone or combined with a ddci-T602A mutant did
not have any effect on Rads3 activation, suggesting that even the absence of a Dpbu-Radg
interaction does not hamper efficient DNA damage checkpoint activation.

Using the ddci-T602A and dotiA mutants I tried to uncover possible redundancies in
the Dpbu1 and Radg recruitment, but these mutant backgrounds did not reveal any defects.
The Radg S/TP phosphorylation and the Radg-Dpbu1 interaction do not appear essential for
efficient recruitment of either Radg or Dpbu scaffolds at chromatin in response to the DNA
damage. This interaction does also not affect the regulation of resection, a process of which
Radg is a known negative regulator. Taken together, these results suggest that the Radg
S/TP phosphorylation induced by DNA damage could act redundantly with currently
unknown factors or mediate an entirely new function.

5.5 Evolutionary conservation of the Radg-Dpb1 interaction

Seveal eukaryotic orthologs of Radg were found to be recruited to chromatin in
response to DNA damage by similar mechanisms, involving interaction with modified
histones (204-209, 213, 220, 221). In humans, 53BP1 specifically interacts with two histone
marks: it binds specifically to histone H2A ubiquitinated on residue Ki5 through a peptide
segment called the ubiquitination-dependent recruitment motif (UDR), and simultaneously
via its tandem Tudor domain to histone H4 dimethylated on lysine 20 (H4-K20™*). In
fission yeast, the Radg ortholog Crb2 is targeted to damaged chromatin by preferentially
binding the dimethylated H4-K20 residue, and disruption of this interaction results in the
loss of Crb2 localization to double-strand breaks and in impaired checkpoint function (206-
208, 211-213). Furthermore, both Crbz and 53BP1 were found to interact with the respective
Dpbu orthologs (206, 231). Studies with fission yeast gave a very similar picture to the
situation in budding yeast. Parallel to the interaction with modified histones, an alternative
pathway for Crb2 recruitment to DSBs requires a cyclin-dependent kinase phosphorylation
site in Crb2 (206). This phosphorylation mediates association with the BRCT-domain-
containing protein Cuts (Dpbn homolog), which also accumulates at HO-induced DSBs.

In human cells, the BRCT IV and V domains of TopBP1 (Dpb11 homolog) interact with
53BP1. Interestingly, however, this interaction was found to occur in Gi phase (231),
suggesting that the interaction is independent of CDK activity, and to be specifically
triggered by DNA damage as described in the present work for the budding yeast ortholog.
Similarly to the damage-induced Radg-Dpbu interaction, the exact mechanism by which
TopBP1 exerts a checkpoint function in Gi phase remains to be determined. Also,
phosphorylation sites on 53BP1 responsible for the interaction with TopBP1 are yet to be
ascertained.

The mode of Radg recruitment to chromatin in response to DNA damage and the
interaction between Radg and Dpbu in proximity of damage sites appear to be evolutionary
conserved in eukaryotes. Additionally, findings in human cells also suggest conservation of a
CDK-independent and DNA damage-dependent interaction of these two proteins in G1. In
this context, a Gi-specific role for 53BP1 has been described in human cells. These studies
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revealed that in Gi, 53BP1 accumulated at DSB sites promotes NHE] and opposes HR in part
by blocking DNA end resection via a mechanism that requires ATM-dependent
phosphorylation of the 53BP1 N-terminal region. This in turn promotes the recruitment of
PTIP and RIF1, two factors independently involved in blocking DNA end resection (302-304).
Therefore, it would be important to elucidate if also the Radg-Dpbu interaction in yeast
plays a role in the Gi-specific DNA damage response as was shown in human cells, or if it
even mediates further functions in other processes of DNA repair.

5.6 Regulation of S/TP and S/TQ sites on DNA Damage Repair Proteins

Cyclin-dependent kinases (CDKs) are involved in the regulation of all the major events
in the eukaryotic cell division and can target many substrates. Importantly, CDKs have a
strong preference to phosphorylate S/TP sites (305). Studies on the CDK-dependent
phosphorylation revealed that CDK substrates tend to be phosphorylated at multiple sites
and that this often leads to conformational changes likely to modify the function of the
substrates by disrupting or generating protein-protein interaction surfaces. Given the
specificity of these interactions, the precise position of these phosphorylation sites is often
conserved only in closely related species (305). Several DNA damage response proteins have
been demonstrated to be regulated by CDK in their role in DNA repair processes. In
particular, CDKs are known regulators of DSB end resection (195, 306).

Several yeast proteins like Radg require CDK phosphorylation in order to maintain
their functions in DNA repair, a characteristic that is often conserved in higher eukaryotes.
A key CDK site on the yeast resection factor Sae2 is S267. Lack of S267 phosphorylation by
CDK was shown to impair Meci/Teli-dependent phosphorylation of two S/TQ sites, S249
and T279 (307). Additionally, mutation of this residue shows reduced rate and extent of DSB
resection and an increased sensitivity to DNA-damaging agents (308). Similarly, CDK-
dependent phosphorylation of the human ortholog CtIP is a prerequisite for ATM-
dependent phosphorylation of its S/TQ sites upon DNA damage, which was shown to be
important for efficient end resection in order to activate HR (301). Another yeast
endonuclease regulated by cell-cycle-dependent phosphorylation is Slxi-Slx4. The non-
catalytic subunit Slx4 is phosphorylated by CDK at S486 and this promotes the Dpb11-Slx4
interaction, implicated in the resolution of DNA repair intermediates (176). The CDK
regulation of this interaction is conserved between yeast and humans, since addition of CDK
inhibitor roscovitine strongly reduces binding of SLX4 to TopBP1 (176). Another example for
a CDK-regulated DNA repair protein in yeast is Xrs2, a component of the MRX (Mren-
Rads0-Xrs2) complex, involved in the initial processing of DSBs (309). Contradictory results
have been collected regarding its CDK regulation in both yeast and humans (310-313).
However, recent proteomic studies identified three additional S/TP motifs that were
phosphorylated in Xrs2, and increasing evidence shows the possibility of this protein being a
CDK substrate (314, 315).

Given the abundance of target proteins that are modified at S/TP sites by CDK, S/TP
site phosphorylation is often interpreted as phosphorylation by CDK (305); this study shows

54



DISCUSSION

however that S/TP sites of Radg protein can be targeted by kinases other than CDK and
therefore be regulated by signals other than the cell cycle. This suggests that S/TP sites on
other proteins could become phosphorylated in a similar fashion, in particular if the
proteins become recruited to chromatin, a classical hallmark of DNA damage response
proteins. It would therefore be important to establish whether an equivalent CDK-
independent S/TP site phosphorylation may as well regulate other DDR proteins like Sae2,
Slx4 and Xrsz2.

So far, phospho-proteomic studies on the DNA damage-dependent regulation of S/TP
sites have been conducted in human cells, but in contrast to our results in budding yeast,
DNA damage-inducing treatments such as etoposide addition or y-irradiation rather caused
a general downregulation of the S/TP sites phosphorylation (316). It is important to note
however that in human cells CDKi1 and CDK2 activity is downregulated in response to DNA
damage and, as such, a general reduction of S/TP phosphorylation of DNA damage is not
unexpected. Since CDK activity remains unaffected under conditions of DNA damage in S.
cerevisiae, budding yeast would therefore provide a more suitable system to study how
S/TP-sites-containing substrates are differentially modified after DNA damage. While
changes in protein phosphorylation in response to DNA damage have already been
addressed in S. cerevisiae (75), these studies only addressed modification of S/TQ sites.
Therefore a systematic investigation of damage-induced S/TP sites changes and the involved
kinases is still lacking.
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6 MATERIALS AND METHODS

Chemicals and reagents were provided by Amersham-Pharmacia, AppliedBiosystems,
Biomol, Biorad, Difco, Fluka, Invitrogen, Merck, New England Biolabs, Promega, Roth,
Roche, Riedel de Haen, Serva, Sigma and Thermo Scientific. Standard techniques were used
for microbiological, molecular biological and biochemical methods or the instructions of the
manufacturer were followed. Deionized sterile water, sterile solutions and sterile flasks were
used for the described methods.

6.1 MATERIALS

E. coli strains

Strain name | genotype source

BL21-Gold BF- ompT hsdS (rg- mg-) dem+ Tet' gal endA Hte | Agilent

Technologies

Stellar F-, endA1, supE44, thi-1, recA1, relAs, Clontech
gyrAg6, phoA,®8od lacZA Mis,

A (lacZYA - argF) U169, A(mrr - hsdRMS -mcrBC),

AmcrA, A-

E.coli media

LB medium/plates: 1% Tryptone (Difco)
0.5% Yeast extract (Difco)
1% NaCl
(1.5% Agar)
sterilized by autoclaving

SOC medium: 2% Tryptone
0.5% Yeast extract
10 mM NaCl
2.5 mM KCI
10 mM MgCl2
20 mM Glucose
sterilized by autoclavin
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S. cerevisiae plasmids

S. cerevisiae plasmid Purpose Reference
pYlplacia8, pYlplaczoq integrative Gietz and Sugino, 1988
PR5303, PR5304, PRS306 | Integrative Sikorski and Hieter, 1989
pNHKj53 (Yiplac based) integrative o
Nishimura 2009
S. cerevisiae strains
Strain Relevant genotype Reference
W303 MATa leuz-3,112 trpi-1 cani-100 ura3-1 ade2-1 HIS3-11,15 Thomas and
[phi+ ] Rothstein,
1989
YBPo61 | MATa RADg-gmyc::hphNT1 Pfander &
Diffley, 2011
YBPiog | MATa dotiA::kanMx4 Pfander &
Diffley, 2011
YBP269 | MATa ddci-T602A::HIS3Mx6 Pfander &
Diffley, 2011
YBP270 | MATa ddci1-T602A::HIS3Mx6 dot1A::kanMx4 Pfander &
Diffley, 2011
YBP366 | MATa radgA::natNT2 TRP1::RAD9-3FLAG::HISMx6 Pfander &
pep4::hphNT1 Diffley, 2011
YBP388 | MATa pep4A::LEU2 Pfander &
Diffley, 2011
YBP390 | MATa bariA::TRP1 Pfander &
Diffley, 2011
YBP403 | MATa rad9A::natNT2 TRP1::radg-3FLAG::HIS3Mx6 pep4 | Pfander &
A ::LEU2 dot1 A::kanMx4 Diffley, 2011
YBP406 | MATa radgA::NATNT2 TRPi:radgAA-3FLAG::HIS3Mx6 | Pfander &
pep4A::LEU2 Diffley, 2011
YBP3616 | MATa Lys2:NATNT2 arg4:: hphNT1 HTA1-3flag:: This study
KanMX4
YDGoo3 This study
MATa Lys2:NATNT2 arg4:: hphNT1 RFA1-3flag::KanMX4
YGDo16 | Mat a buri-107::LEU2 Strasser et al
2010
YGDor7 | Mata bur2A::hphNT1 bar1 A ::TRP1 This study
YGDo1g | MATa ura3::;pADH1-OsTIR1-gmyc::URA3 buri-4xAID- This study
omyc::HIS3Mx6 bar1 A::hphNT1
YGDo3o | MATa radgA::NATNTz2 bar1 A ::HISMXG6 trp1::RADg- This study
DPBuAN::TRP1
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Strain Relevant genotype Reference
YGDo31 | MATa RAD9-3FLAG::hphNT1 hml::pRS hmr::pRS This study
bariA::'TRP1 pGal-HO::ADE3
YGDo32 | radgA::hphNT1 hml::pRS hmr::pRS bar1 A::TRP1 pGal- This study
HO::ADE3
YGDo34 | MATa radg A ::hphNT1 LEU2::RAD9AA-3FLAG hml::;pRS | This study
hmr::pRS bar1::TRP1 pGal-HO::ADE3
YGDo35 | MATa RAD9-3FLAG::hph dot1 A:kanMX4 hml::pRS This study
hmr::pRS bar1 A ::TRP1 pGal-HO::ADE3
YGDo36 | MATa radgA::NATNTz2 trpi-1::RAD9-DPBuAN::TRP1 This study
meciA:LEU2 teliA::hphNT1 bariA::HISMX6 smhiA::URA3
YGDo37 | MATa trpi-1::RAD9-DPB11::TRP1 mec1A::LEU2 This study
bariA::HISMX6 radgA::NATNT2 smhiA::URA3
YGDo38 | MATa meci A ::LEU2 tel1 A :NATNT2 bar1 A ::TRP1 This study
smliA::URA3
YGDo39 | MATa rads3 A :: kanMX4 chki A ::NatNT2 bar1 A ::TRP1 This study
smli::URA3
YGDog4o | MATa yku70::NAT radg A :hphNT1 hml::pRS hmr::pRS This study
bar1 A ::TRP1 pGal-HO::ADE3
YGDo41 | MATa yku70:NATNTz2 dot1 A ::kanMX4 hml::pRS This study
hmr::pRS bar1 A ::TRP1 pGal-HO::ADE3
YGDog42 | MATa RAD9-DPBu1AN-3FLAG::hphNT1 hml::pRS This study
hmr::pRS bar1 A ::TRP1 pGal-HO::ADE3
YGDo43 | MATa RAD9-DPBuAN-3FLAG::hphNT1 dot1 A ::kanMX4 | This study
hml::pRS hmr::pRS bar1 A ::TRP1 pGal-HO::ADE3
YGDog4 | MATa radgA::hphNT1 leu2-3::RadgAA-3FLAG::LEU2 This study
yku70A:NATNT2 hml::pRS hmr::pRS bar1 A ::TRP1 pGal-
HO::ADE3
YGDo45 | MATa hml::;pRS hmr::pRS bar1 A ::TRP1 pGal-HO::ade3 This study
dpb11-3FLAG::(kanMX4 radg-AA:NATNT2
YGDo46 | MATa hml::pRS hmr::pRS bar1 A ::TRP1 pGal-HO::ADE3 | This study
ddc1-T602A::hphNT1 DPB11-3FLAG::kanMX4 radg-
AA:NATNT2
YKR112 MATa cdc28-F88G Reusswig et
al., 2016
YKR139 | MATa ura3::;pADH1-OsTIR1-gmyc::URA3 Reusswig et
al 2016
JPY923 MATa FLAG-rads3::LEU2 bar1 A::hisG cdci3-1 cdcis-2 Usui et al.,
2008
JPY993 | MATa FLAG-rads53::LEU2 bar1 A ::hisG cdci13-1 cdcis-2 Usui et al.,
radgSi29A::URA3 2008
JPY3344 | MATa FLAG-rads53::LEU2 bar1 A ::hisG cdci13-1 cdcis-2 Usui et al.,
radg-6AQ 2008
YSBogs | MATa mect A ::LEU2 bar1 A ::TRP1 smhiA::URA3 This study
YSBog6 | MATa rads3 A ::hphNT1 bar1 A ::TRP1 smhiA::URA3 This study
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Strain Relevant genotype Reference
YSBog7 | MATa tel1 A ::NATNT2 bar1 A ::TRP1 This study
YSBog8 | MATa chki A ::NATNT?2 bar1 A ::TRP1 This study
YSB189 | MATa radg A ::NATNT2 pep4 A ::kanMX4 leuz-3::radg- This study
Y798Q-3FLAG::LEU2
YSBs17 MATa hml::pRS hmr::pRS bariA::TRP1 pGal-HO::ADE3 Bantele et al
201
YSB8i12 MATa hml::pRS hmr::pRS bariA::TRP1 pGal-HO::ADE3 Thi7s study
dpb11-3FLAG::kanMX4
YSB816 | MATa hml::pRS hmr::pRS bariA:: TRP1 pGal-HO::ADE3 This study
ddc1-T602A::hphNT1
PCR screening of genomic recombination events
PCR reaction mix: 2 1| template DNA
2.5 u 1 10x ThermoPol buffer
0.9 11 dNTPs (1omM)
1.6 ulprimerI (10 u M)
1.6 ulprimer II (10 p M)
0.25 11 Taq DNA polymerase
16415 p 1 dH20
25 mM EDTA, pH 8.0
Cycling parameters (30 amplification cycles):
PCR step °C Time
Initial 94 5 min
denaturation
denaturation 94 308
annealing 50 308 30 cycles
enlongation 72 1 min/kb
Final enlongation 72 10 min
Cooling 4 co
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Amplification of genomic DNA fragments

PCR reaction mix:

200 ng Genomic DNA

10 pl 5x GC buffer

1.75 ul ANTP-Mix (10 mM each; NEB)
3.2 pl Forward primer (10 pM)

3.2 pl Reverse primer (10 pM)

1 ul DMSO

1 ul MgClz (50 mM)

0.5 pl Phusion DNA polymerase
adjust to 50 pl with dH-O

Cycling parameters (30 amplification cycles):

PCR step °C Time
Initial 98 4 min
denaturation
denaturation 08 308
annealing 50 308 30 cycles
enlongation 72 1 min/kb
Final enlongation 72 10 min
Cooling 4 oo

Amplification of chromosomal targeting cassettes

60

PCR reaction mix:

100 ng plasmid DNA

10 pl HF buffer

1.75 ul ANTP-Mix (10 mM each; NEB)
3.2 pl Forward primer (10 pM)

3.2 pl Reverse primer (10 pM)

0.5 pl Phusion DNA polymerase
adjust to 50 pl with dH20




Cycling parameters (30 amplification cycles):

MATERIALS AND METHODS

PCR step °C Time
Initial 98 4 min
denaturation
denaturation 08 308
annealing 50 308 30 cycles
enlongation 72 1 min/kb
Final enlongation 72 10 min
Cooling 4 oo
Site-directed mutagenesis
PCR reaction mix: 50-100 ng plasmid DNA
2.5 pl 10x Pfu buffer
0.63 pl Forward primer (10 uM)
0.63 pl Reverse primer (10 uM)
0.63 pl ANTPs (1omM)
0.5 pl Pfu Turbo DNA polymerase
adjust to 25 pl with dH20
Cycling parameters (20 amplification cycles):
PCR step °C Time
Initial 95 3 min
denaturation
denaturation 95 308
annealing 55 60 s 20 cycles
enlongation 68 2 min/kb
Final enlongation 72 10 min
Cooling 4 oo
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6.1.3 Molecular biology buffers and solutions

TE buffer:

TBE buffer 5x:

DNA loading buffer 6x:

Breaking buffer:

10 mM Tris-HCl, pH 8.0
1mM EDTA
sterilized by autoclaving

9o mM Tris

9o mM Boric acid

2.5 mM EDTA, pH 8.0
sterilized by autoclaving

0.5% SDS
0.25% (w/v) Bromophenol blue
0.25% Glycerol

2% Triton X-100

1% SDS

100 mM NaCl

10 mM Tris-HCl, pH 8.0
1mM EDTA, pH 8.0

6.1.4 Biochemistry buffers and solutions
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HU sample buffer:

MOPS running buffer:

SDS-PAGE running buffer:

8 M Urea

5% SDS

1mM EDTA

1.5% DTT

1% Bromphenol blue

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

25 mM Tris base
192 mM Glycine
0.1% SDS



Transfer buffer:

TBST:

Co-IP Lysis buffer :

IP lysis buffer:

MATERIALS AND METHODS

250 mM Tris base
192 mM Glycine
0.1% SDS

20% Methanol

25 mM Tris-HCI, pH 7.5
137 mM NaCl

2.6 mM KCl

0.1% Tween 20

200mM KAc

10omM Hepes-KOH pH 7.6
0.1% NP-40

10% glycerol

2mM [-mercaptoethanol
1omM NaF

2omM B-glycerophosphate
protease inhibitors

ocadaic acid

soomM NaCl

10omM Hepes-KOH pH 7.6
10% glycerol

0.1% NP-40

2mM [-mercaptoethanol
1imM EDTA

1omM NaF

2omM pB-glycerophosphate
protease inhibitors

ocadaic acid
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Antibodies for western blot analyses

Antibody Antigen Source
Mouse anti-Pgki Pgki Invitrogen
Rabbit anti-Radg Radg Lowndes F, EMBO J. 1998
Rabbit anti-Radg-S462P | Radg S462P peptide Pfander B & Diffley ],
EMBO J. 2010
Rabbit anti-Radg-T474P | Radg T474P peptide Pfander B & Diffley J,
EMBO J. 2010
Rabbit anti-Rads3 Rads3 Abcam
Rabbit anti-RPA Rfai, Rfa2, Rfas Agrisera
Rabbit anti-FLAG containing Sigma
synthetic FLAG peptide
DYKDDDDK-GC
Mouse anti-myc MYC aa 410-420 Millipore
Rabbit anti-GST-Dpbu GST-Dpbu 555-C Pfander B & Diffley ],
EMBO J. 2010

Rabbit anti-Bur

Bur1 C-terminus

Clausing E, JBC 2010

6.1.5 Chromatin Techniques Buffers and solutions

FA lysis buffer:

FA lysis buffer 500
(high salt):

ChIP wash buffer:

50 mM Hepes-KOH, pH 7.5

150 mM NaCl
1mM EDTA
1% (v/v) Triton X-100

0.1% (w/v) Deoxycholic acid, Na-salt

0.1% (w/v) SDS

50 mM Hepes-KOH, pH 7.5

500 mM NaCl
1mM EDTA
1% (v/v) Triton X-100

0.1% (w/v) Deoxycholic acid, Na-salt

0.1% (w/v) SDS

10 mM Tris-HCl, pH 8
250 mM LiCl

1mM EDTA

0.5% (v/v) NP-40




TE:

ChIP elution buffer:
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0.5% (w/v) Deoxycholic acid, Na-salt

10 mM Tris-HCl, pH 8
1mM EDTA

50 mM Tris-HCl, pH 7.5
10 mM EDTA
1% (w/v) SDS

ChIP primers
Position/distance

Name Sequence from HO break
BP2509 TGGTCTGAGTTTCCAGTTCTTTGGT Ctrl fw chrom I
BP2s510 AGCGTCCAAACTAAATGAGCAGTCT Ctrl re chrom I
BP2507 TGATAGCTTCTGCAATCGTAGGGC Ctrl fw chrom V
BP2508 TGGATCACGGTGCTAAGGAGGTTA Ctrl re chrom V
BP2505 CTAAACGTGGCCGCATTTGGTAAG Ctrl fw chrom VI
BP2506 ATCATCGCCGATTGGATAAGGGTG Ctrl re chrom VI
BP2503 ACTGCAACAAGACCTTCACTCAACT Ctrl fw chrom XV
BP2504 GCAGGATGGTTTTCTGGTGAGGA Ctrl re chrom XV
BP1266 CTCGGCATATTTGTATTAACCCACT 1.1 kb fw
BP1267 GTCCTCCGTCCAATCTGTGC 1.1kb re
BP1268 GATATTGGCCTAGAACTGCCGG 3 kb fw
BP1269 GCATGGGCACTTGCTAACCAAT 3 kb re
BP2186 CTTCATCTCATGCAAAGTGC 4.7 kb fw
BP2187 GGGGCAATTGGTAAATTGCG 4.7 kb re
BP2188 CACTGCCTACTGTTGCCCC 6 kb fw
BP2189g GCCTATTGGGGTAATAGAC 6 kb re
BP219o CACCAAGAGGTAGTGTGAC 7.6 kb fw
BP21g1 AGCCTTCTACGCCAAACCAG 7.6 kb re
BP1270 GATGTTTACACAGGGCCCCC 8 kb fw
BP1271 CGTTCTTAGTGGTCTGGAGTTC 8 kb re
BP1272 GAAGGAGACAGAGACAGAGGG 10 kb fw
BP1273 GAAGGGAGGCAAAGACAAGGAG 10 kb re
BP1274 GTGGAGTTTGATGGTATCGACATC 15 kb fw
BP1275 CGTTGGAACCATCTTGAGCCTC 15 kb re
BP1276 CATCGTTCTCTTCGTTCTCTTCG 20 fkbw
BP1277 CACAAATATCTCTTCTCGACGGC 20 kb re
BP2511 CTCTGTGGGTATTTCCGTG 24 kb fw
BP2512 CTTGGCGCTACGATGTGC 24 kb re
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BP2513 CTGTGCTGTCTGCGCTGCATT 28 kb fw
BP2514 GACGAAGGAGACGAAAACCTCTTC 28 kb re
BP2515 GGATGGATGGTTATGTTTCGGAAGG 34 kb fw
BP2516 CACCAGCAACTCTATCTTCGTTG 34 kb re
BP4204 TCCAGTCGTCCAACTCTTGCC 45 kb fw
BP4205 CAAGATATTGAGCCTGGATGC 45 kb re
BP4206 CATGTGGAGATTTCAGGAGAGG 50 kb fw
BP4207 GAAGAAAGTCGATCTGTTCC 50 kb re
BP4208 AATAATGTCTGCCAGCAACGC 55 kb fw
BP4209 TGATGGATGTATGGACCAGAG 55 kb re
BP4210 AGATCTATCTAATGAGCCGG 60 kb fw
BP4211 GATGGTGTTACCACCGTCGCTG 60 kb re
BP4212 TCTTCCCGTGTTAACGACAAC 65 kb fw
BP4213 CAGAACTAGGATCAATCTTGG 65 kb re
BP4214 AGCCCAGTAGTACTACCTCTC 70 kb fw
BP4215 ACAAACCTGTCAACACTGCG 70 kb re
BP874 CCCAAGCTCACAAATTAATATGGC 75 kb fw
BP875 GCATCTGTAGTACCACTGCTCTTTG 75 kb re
BP1280 GTGGCATTACTCCACTTCAAGTAAGAG HO intact fw
BP1281 CTT CCCAAT ATC CGT CACCACG HO intact re

RT-PCR reaction mix: 2 pl Sample DNA

10 pl SYBR Green I Master Mix
1.2 pl Forward primer (10 pM)
1.2 pl Reverse primer (10 M)
5.6 ul dH20

Light cycler program

95°C

10 min

Then 45 cycles

95°C

10 S

55°C

10 S

72°C

16 s

Melting curve analysis

4°C
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6.1.6 Mass Spectrometry Buffers and solutions

Sorbitol buffer: 25 mM HEPES 7.6
1 M sorbitol

Lysis buffer 200 mM KOAc,
10 mM HEPES 7.6
0.1% NP-40
10% glycerol
1 mM RME
20 mM {3-glycerophosphate
10 mM NaF

Laemmli buffer (2X) 4% SDS
20% Glycerol
120 mM TrisHCl pH 6.8
1% Bromophenol blue

6.2 METHODS

6.2.1 Computational analyses

For DNA and protein sequence search and comparison, protein physical and genetic
interactions, mutant phenotypes, scientific literature search electronic services were applied
using Saccharomyces Genome Database (http://www.yeastgenome.org/) and Information of

National Center for Biotechnology (http://www.ncbi.nlm.nih.gov/). DNA Star software
(EditSeq, SeqBuilder, SeqMan) was used for the DNA restriction enzyme maps, DNA
sequencing analysis and primer design.

Quantification of the PFGE signal was performed wusing Image] software
(http://rsb.info.nih.gov/ij/). Microsoft Office package 2008 (Microsoft Corp.) and Adobe
Photoshop (Adobe Systems Inc.) were used for the presentation of text, tables, graphs and
figures.
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6.2.2 Microbiological and genetic techniques
I E. coli techniques

Cultivation and storage of E. coli cells

LB media was used to grow liquid cultures at 37°C with constant shaking. Cultures on
solid media were incubated at 37°C. Ampicillin concentration of 50 pg/ml in the media was
used for selection of transformed E. coli. Cultures on solid media were stored at 4°C for no
longer than 5 days.

Transformation of plasmid DNA into competent E. coli cells

Competent E. coli cells were thawed on ice shortly before transformation. For
transformation of DL21-Gold cells 50 pl of competent cells were mixed with o0.5-2 pl of
ligation sample or 10 ng of plasmid DNA and incubated on ice for 15 min. Next, the heat-
shock was performed for 45 s and the transformation mixture was placed for 2 min on ice.
Then, the cells were resuspended in 1 ml LB media without antibiotics and recovered at 37°C
on a shaker for 1 h. After incubation, cells were plated on the solid media containing
ampicillin and incubated overnight at 37°C. For transformation of Stella cells, 50 pl of
competent cells were mixed with 5 ng of DNA and incubated for 30 min on ice. Heat-shock
was performed for 45 s at 42°C. Then, cells were kept for 5 min on ice. Prewarmed SOC
medium was added to final volume of 500 pl and cells were incubated by shaking at 37°C for
1 h. Next, cells were plated on selective media and incubated overnight at 37°C.

II S. cerevisiae techniques

S. cerevisiae plasmids

In this study, site-directed mutagenesis with specific primers was used to introduce
mutations. For all PCR reactions Phusion and Pfu Turbo highfidelity polymerases were used,
and restriction enzymes were provided by NEB.

Integrative plasmids were based on Yiplac and pRS vectors. In order to express
proteins at their endogenous levels, the full-length ORFs surrounded by the upstream
promoter and downstream terminator were amplified and cloned into integrative plasmids

S. cerevisiae strains

All yeast strains are based on W303 (317). Chromosomally tagged yeast strains and
mutants used in this study were constructed by PCR-based, genetic crossing and standard
techniques (318; 319).
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Cultivation and storage of S. cerevisiae

Yeast liquid cultures were inoculated with a single colony from freshly streaked plates
and grown overnight. From this preculture yeast was re-inoculated in the main culture to an
OD6oo of 0.1 and incubated in baffle-flasks (size > 5x liquid culture volume) on a shaking
platform (150-220 rpm) at 30°C until mid-log phase growth had been reached (equals OD60oo
of 0.6-0.9). The culture density was determined with a photometer (OD600 of 1 is equal to
1.5x107 cells/ml). Cultures on agar plates were stored at 4°C up to 2 weeks. For long-term
storage, stationary cultures were frozen in 15% (v/v) glycerol solutions at -80°C.

III Genetic manipulation of S. cerevisiae

Preparation of competent yeast cells

Competent cells for transformations were prepapred by harvesting soml of a mid-log
phase culture (500g, 3min, room temperature) and subsequent washing, first with 25ml
sterile water and then with 25ml SORB. The pellet was resuspended in 36opl SORB + gopl
carrier DNA (salmon sperm DNA, 1omg/ml, Invitrogen). Competent cells were stored at -
80°C in 50pl aliquots.

Transformation of competent yeast cells

For transformation, 200ng of circular or 2 u g of linearized plasmid DNA or PCR
product were incubated with 1opl or 5oul of competent yeast cells, respectively. Then, six
volumes of PEG solution were added and the cell suspension was incubated for 30 min at
30°C. DMSO (10% final concentration) was added and the transformation mixture was
heatshocked at 42°C for 15 min (the duration of the heat shock was adjusted depending on
the mutant strain used, for example for temperature sensitive mutants the incubation was
reduced to 5 min). Cells were centrifuged (500 g, 3 min, room temperature), resuspended in
100yl sterile water and plated on the appropriate selective plates. If antibiotics were used for
selection, the transformed cells were incubated for 3 h in 5 ml liquid YPD medium prior
plating. Plates were incubated at 30°C for 2-3 days after to allow growth of transformants. If
necessary, replica-plating on fresh selective media plates was performed to remove the
background of false-positive colonies.

The YIplac and pRS vector series were used for stable integration of DNA into the yeast
genome. Only stably integrated vectors are propagated in yeast since YIplac and pRS
plasmids do not contain autonomous replication elements. The ORFs of the respective
genes were cloned into Ylplac and pRS vectors including the endogenous promoter and
terminator. A restriction enzyme that specifically cuts within the auxotrophy marker gene
was used to linearize vectors before transformation. These linearized plasmids were then
integrated into the genome by homologous recombination with the endogenous locus of the
marker gene.
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Deletion mutants (as well as chromosomally tagged strains) were constructed by a
PCR-based strategy (318; 319). Briefly, PCR products used for transformation contained the
selection marker (and epitope tag) being flanked on both sides by genomic targeting
sequences. Stable and correct integration by homologous recombination was subsequently
checked by yeast colony PCR. If applicable, successful epitope tagging or gene knockout was
additionally confirmed in western blot analysis.

The radg-AA mutant strains were constructed by site-directed mutagenesis where a
PCR-based protocol with mutagenic oligonucleotides was used. All RADg mutations were
targeted to the endogenous RADg locus. Correct integration and presence of genomic Radg
mutation was confirmed by sequencing of the Radg locus.

The Burt degron mutants were constructed using the AID-degron system (326).

PCR screening of genomic recombination events

For the verification of chromosomal gene disruptions, correct recombination events,
“yeast colony-PCR” was used. The screening strategy is based on oligonucleotide probes,
which anneal upstream/downstream of altered chromosomal locus (primer I) and within the
introduced selection marker gene (primer II). To prepare for PCR, a single yeast colony from
a selective media plate was resuspended in 50 u 1 of 0.02 M NaOH and incubated at 95°C for
smin with rigorous shaking (1400 rpm). Then, the solution was briefly centrifuged (13000
rpm, room temperature) and 2pl of supernatant was directly used as a template for PCR. For
PCR DNA oligonucleotides were custom-made by Eurofins MWG Operon.

Mating, sporulation and tetrad analysis

Freshly streaked haploid strains of opposite mating type (MATa, MAT « ) were mixed
on a YPD plate and allowed to mate for 10-15 h at 30°C. For diploid selection, a patch of cells
was restreaked on double-selection plates. Diploid yeast cells were streaked on rich
sporulation media plates and incubated for 3 days at 30°C. Sporulation efficiency was
assessed microscopically, after this, yeast cells were mixed with water and 10 pl of this
mixture was added to 10 pl Zymolase 100T solution and incubated at room temperature for
10 min. Tetrads were dissected with a micromanipulator (Singer MSM System) and grown
on YPD plates at 30°C for 2-3 days. tetrads were analyzed genotypically by replica-plating on
selective media plates.

Synchronization by alpha-factor (G1 arrest) and nocodazole (G2/M arrest)

Treatment of Mat a cells with the alpha-factor pheromone or microtubule inhibitor
nocodazole results in cell cycle arrest at Gi1- and G2/M-phase, respectively. For such cell
cycle synchronization, mid-log phase cell MAT a BARu1 cell cultures were supplemented with
5-10 pg/ml alpha-factor (stock solution in water) or 5 pug/ml nocodazole (stock solution in
DMSO). Cells were typically allowed to arrest for one generation time (2-4 h depending on
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the genetic background) and the arrest confirmed microscopically (typically >90%) and later
also by flow cytometry (see below). For MAT a barA cells, alpha-factor was used at 200 nM.

Phenotypic analysis of yeast mutants, growth and cell survival assays

Nonessential gene knockout strains and mutants were tested for growth impairments
and DNA damage sensitivity by spotting equal amounts of cells in serial dilutions onto solid
YPD media containing DNA damage inducing agents such as MMS.

FACS analysis

1x107 - 2x107 cells were harvested by centrifugation and resuspended in 70% ethanol +
50 mM Tris pH 7.8. After centrifugation cells were washed with 1 ml 50 mM Tris pH 7.8 (Tris
buffer) followed by resuspending in 520 u 1 RNase solution (500 u 150 mM Tris pH 7.8 + 20
u 1 RNase A (10 mg/ml in 10 mM Tris pH 7.5, 10 mM MgCl2) and incubation for 4 h at 37 °C.
Next, cells were treated with proteinase K (200 u1 Tris buffer + 20 u 1 proteinase K (10
mg/ml in 50% glycerol, 10 mM Tris pH 7.5, 25 mM CaCl2) and incubated for 30" at 50 °C.
After centrifugation cells were resuspended in 500 w1 Tris buffer. Before measuring the
DNA content, samples were sonified (5"; 50% CYCLE) and stained by SYTOX solution (999
w1 Tris buffer + 1 1 SYTOX). Measurement was performed using FLi channel 520 for
SYTOX-DNA on a BD FACSCalibur system operated via the CELLQuest software (Becton
Dickinson). Data was quantitatively analyzed with FlowJo (Tree Star).

6.2.3 Molecular biology techniques

General molecular biology and cloning techniques including DNA amplification/site-
directed mutagenesis by PCR, restriction digest, ligation or analysis of DNA by agarose gel
electrophoresis were performed according to standard (321) or manufacturer’s protocols.

I Isolation of DNA

Isolation of plasmid DNA from E. coli

A single E. coli colony carrying the DNA plasmid of interest was inoculated to 5 ml LB
medium containing ampicillin and incubated overnight at 37°C. Plasmids were isolated
using the AccuPrep plasmid extraction kit (Bioneer Corp.) according to the manufacturer’s
instructions. NanoDrop spectrophotometer was used to determine the yield of isolated
DNA.

Isolation of chromosomal DNA from S. cerevisiae

Yeast genomic DNA was isolated for further use as a template for amplification of
genes via PCR. A stationary culture cells from 10 ml were centrifuged (1500g, 5min), washed
in 0.5 ml water and resuspended in 200 pl breaking buffer. Next, 200

71



MATERIALS AND METHODS

plphenol/chloroform/isoamyl alcohol (24:24:1 v/v/v) and 300 mg acid-washed glass beads
(425-600 pm; Sigma) were added and the mixture was vortexed for 5 min. The lysate was
mixed with 200 pl TE buffer, centrifuged (14000 rpm, 5 min, room temperature) and the
supernatant was transferred to a new microcentrifuge tube.

Precipitation of DNA was carried by adding 1 ml ethanol (absolute) and centrifugation
(14000 rpm, 3 min, room temperature). The pellet was resuspended in 0.4 ml TE buffer and
RNA contaminants were destroyed by treatment with 30 pl of DNase-free RNase A (1 mg/ml)
for 5 min at 37°C. Then, 10 pl ammonium acetate (3 M) and 1 ml ethanol (absolute) were
added to precipitate DNA. After brief centrifugation (14000 rpm, room temperature), the
pellet was resuspended in 100 pl TE buffer.

Precipitation of DNA

For ethanol precipitation, 1/10 volume sodium acetate (3 M, pH 4.8) and 2.5 volumes
ethanol (absolute) were added to the DNA solution and incubated at -20°C for 30 min. Then,
the mixture was centrifuged (13000 rpm, 15 min, room temperature) and the pellet was
washed with 0.5 ml ethanol (70%). The DNA pellet was air-dried and resuspended in sterile

water.

Determination of DNA concentration

The DNA concentration was photometrically determined by measuring the absorbance
at a wavelength of 260 nm (OD260) using the NanoDrop ND-1000 spectrophotometer
(PegLab). An OD260 of 1 equals to a concentration of 50 pg/ml double-stranded DNA.

II Molecular cloning

Digestion of DNA with restriction enzymes Standard protocols (321) and the
instructions of the manufacturer (NEB) were used to perform the sequence-specific cleavage
of DNA with restriction enzymes. In general, 5 to 10 units of the respective restriction
enzyme were used for digestion of 1 pg DNA. Normally, the restriction reaction samples
were incubated for 2 h in the recommended buffers (NEB) and at the permissive
temperature. To avoid re-ligation of linearized vectors, the 5 end of the vector was
dephosphorylated by adding 1 pl of Calf Intestinal Phosphatase (CIP; NEB) and incubating at
37°C for 1 h.

Separation of DNA by agarose gel electrophoresis

To isolate DNA fragments, DNA samples were mixed with 6x DNA loading buffer and
subjected to electrophoresis using 1% agarose gels containing 0.5 pg/ml ethidium bromide at
120V in TBE buffer. Since ethidium bromide intercalates to DNA, an UV transilluminator
(324 nm) was used to visualize separated DNA fragments. The size of the fragments was
estimated according to standard size DNA markers (1 kb DNA ladder, Invitrogen).
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Isolation of DNA fragments from agarose gels

After separation by gel electrophoresis, DNA fragments were excised from the agarose
gel using a sterile razor blade. Then, QIAquick Gel Extraction Kit (Qiagen) according to
manufacturer’s instructions was used to extract DNA from the agarose block. DNA was
eluted with an appropriate volume of sterile water.

Ligation of DNA fragments

The amounts of the linearized vector and insert required for the ligation reaction were
measured by NanoDrop ND-1000 spectrophotometer (PeqlLab). For the ligation reaction, a
ratio of 1:3 to 1:10 of vector to insert was used. The 10 u 1 ligation reaction sample contained
100 ng of vector DNA and 10 units of T4 DNA ligase (NEB). The ligation reaction was
performed at 16°C for 4 to 12 h.

Sequence- and ligation-independent (SLIC) cloning

For the SLIC reaction, 10-200 ng (<o0.5 kb: 10-50 ng; 0,5 to 10 kb: 50-100 ng; >10 kb: 50-
200 ng) purified PCR fragment and 50-200 ng (<10 kb: 50-100 ng; >10 kb: 50-200 ng)
linearized vector were used. The 10 pl SLIC reaction sample contained 1 pl 5x In-Fusion HD
Enzyme Premix (Clontech). The total reaction volume was adjusted to 10 u 1 using dH20
and the reaction was mixed. After incubation for 15 min at 50°C, then the sample was placed
on ice and used for the transformation procedure. For long-term storage SLIC reaction
sample can be stored at -20°C.

DNA sequencing

The Core Facility of the Max Planck Institute of Biochemistry carried out the DNA
sequencing reactions using the ABI-Prism 3730 DNA sequencer (Applied Biosystems Inc.).
The 7.5 pl sequencing samples contained 300 ng DNA and 2 pl primer (10 pM). The
sequencing reactions and the subsequent sample preparation steps were done with the
DYEnamic ET terminator cycle sequencing kit (GE Healthcare), according to the
manufacturer’s instructions.

III Polymerase chain reaction

To specifically amplify DNA fragments from small amounts of DNA templates the
polymerase chain reaction (PCR) technique was used. For amplification of DNA fragments
for subsequent cloning, amplification of yeast targeting cassettes (e.g., for chromosomal
gene disruption), screening/sequencing of genomic recombination events and site-directed
mutagenesis, PCR was applied.
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Amplification of genomic DNA fragments

For the generation of genomic DNA fragments for subsequent cloning, direct yeast
transformation and sequencing, full-length ORFs or selected sequences were amplified from
genomic DNA using the Phusion High-Fidelity DNA polymerase (NEB). PCR reactions in a
volume of 50 pl were prepared in 0.2 ml tubes (Biozym) on ice. A PCR Mastercycler
(Eppendorf) was used for the reaction.

Amplification of chromosomal targeting cassettes

A PCR strategy based on the targeted introduction of heterologous DNA sequences
into genomic locations via homologous recombination was used to perform chromosomal
gene deletions, epitope tagging and other alterations of the yeast genome (318, 319).
Targeting cassettes were amplified by PCR using primers containing homology to the
genomic target locus. The 50 11 PCR reactions were prepared and cycling conditions were
used as described above (Amplification of genomic DNA fragments). After amplification,
PCR products were concentrated by ethanol precipitation, dissolved in 10 u 1 sterile water
and used directly for the transformation of competent yeast cells or stored at -20°C.

Site-directed mutagenesis

To introduce specific point mutations in plasmid DNA sequences, a PCR-base strategy
according to the Quick-change protocol (Strategene) was used. This method is based on two
complementary oligonucleotide primers with the codon to be mutated in the middle of the
sequence flanked by at least 15-20 additional nucleotides, each corresponding to the target
sequence. The Pfu Turbo DNA polymerase (Strategene) has proven to be the enzyme of
choice for this technique. DNA oligonucleotides for PCR were custom-made by Eurofins
MWG Operon.

To eliminate template plasmid DNA that does not contain the mutation, 25 w1 of the
PCR reaction were treated with 1 u1 of Dpnl endonuclease for 1-2 hours at 37°C. Dpnl
endonuclease is specific for methylated and hemimethylated DNA. Since most plasmid DNA
from E. coli is methylated, Dpnl treatment of the PCR product leads to the selective
digestion of the parental DNA template. After digestion, the PCR product was directly used
for E. coli transformation. DNA sequencing was performed to identify mutated plasmids.

6.2.4 Biochemistry techniques

Preparation of denatured protein extracts (TCA-precipitation)

In most cases yeast cells were lysed under denaturing conditions to preserve post-
translational modifications. For preparation of denatured protein extracts for every time
point, 2x10” cells were harvested and frozen in liquid nitrogen. Cells were suspended in 1 ml
water and 150 x 1 1.85 M NaOH/7.5 % [ -mercaptoethanol was added. After 15 min
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incubation on ice, 150 u1 55% TCA was added and incubated for 10 min. Proteins were
pelleted by centrifugation (13000 rpm, 4°C, 2 min) and suspended in 50 x| HU-buffer. The

samples were boiled at 65 °C for 10 min and used for analysis by Western blot or stored at -
20°C.

Preparation of native protein extracts (co-immunoprecipitation)

Native protein extracts were used for co-immunoprecipitation (co-IP) studies. To avoid
protein degradation and loss of PTMs, the samples were handled as close to 4°C as possible
and protease inhibitors were used: 2 1 g/ml aprotinin, 1omM benzamidine, 10 1 g/ml
leupeptin, 10 1 g/ml pepstatin, PMSF 1mM as well as img/ml Pefabloc SC and EDTA-free
complete cocktail (Roche).

Typically 200 OD of log-phase yeast culture was pelleted by centrifugation (5000 rpm,
smin, 4°C), washed once in ice-cold PBS or 1M sorbitol, 25mM Hepes-KOH pH7.6, and
resuspended in an equal volume of Co-IP lysis buffer and prepared for lysis using Spex
Sample Prep cryo mill (6 cycles, 2’ grinding). The lysates were quickly thawed alternating
incubation on ice and cool waterbath, transferred in eppendorf tubes and cleared by
centrifugation (20000 g, 4°C ,5 min). The supernatant served as input for subsequent
immunoprecipitations using 30 pl (bed volume) of FLAG-M2-beads (Sigma) previously
washed in lysis buffer.

Extracts were incubated with FLAG-Mz2-beads on a rotating wheel at 4°C for 1 h,
subsequently, beads were washed 5 times with lysis buffer and transferred to a fresh
eppendorf tube in order to remove a-specifically bound proteins. Finally, the beads were
dried by aspiration (needle @ 0.4mm) and bound protein complexes were eluted by with 2
subsequent incubations with 3xFLAG peptide 0.5 mg/ml (sigma) at 4°C. The two eluates
were pooled and proteins were precipitated with 15 121 of 55% TCA on ice. Precipitated
proteins were then resuspended in 20 u 1 of HU and denatured by heating at 65°C for 10
min, the obtained proteins were subsequently identified by western blot analysis.

SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

For separation of proteins, SDS-PAGE was performed using self-poured or pre-cast 4-
12% gradient NuPAGE Bis-Tris polyacrylamide gels (Invitrogen) which allow resolution of
proteins over a large range of different molecular weight (from 10 to 200 kDa) and do not
require stacking gels. Electrophoresis was carried out at a constant voltage of 200 V using
MOPS running buffer and pre-cast gels or at 150 V using SDS-PAGE running buffer and self-
poured gels. The Novex Sharp pre-stained protein standard (Invitrogen) was used as a
molecular weight marker. The gels were subsequently subjected to immunoblotting.

Western blot analysis

For western blot analysis, proteins separated by PAGE were transferred to
polyvinylidene fluoride (PVDF) membranes (Immonilion-P, 0.45 pm pore size; Millipore)
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using a wet tank blotter (Hoefer). The blotting was carried in transfer buffer at a constant
voltage of 9o V at 4°C for gomin.

Subsequently, membranes were incubated over night with primary antibody in TBS-T
+ 5% milk at 4°C. After 1 wash with TBS-T (5min), blots were incubated with horse radish
peroxidase (HRP)-coupled secondary antibody (1:5000 dilution, Dianova) for 1-3 h in TBS-T
+ 5% milk at room temperature. After 5 further washes with TBS-T (smin each) signals were
obtained by chemiluminescence reactions using ECL kit, (Amersham/GE Healthcare)
following the manufacturer’s instructions. Signal detection was performed taking qualitative
exposures with a film.

Preparation of denaturing protein extracts for immunoprecipitation (IP)

In order to detect the phosphorylation of the residues T474 and S462 on Rado,
denaturing extracts were prepared and were subjected either to TCA precipitation of
proteins from the whole cell exctract (as previously described) or used as inputs for
enrichment of Radg protein (Immunoprecipitation of Radg*"4“). For the latter technique a
lysis buffer containing high salt concentration was used (IP lysis buffer).

Typically 200 OD of log-phase of yeast culture (previously treated with phleomycin to

induce DNA-damage dependent phosphorylation of Radg) was pelleted by centrifugation,
washed, resuspended in IP lysis buffer and grinded in a Sphex Sample Prep cryo mill as
previously described. After clearing of the lysates by centrifugation (20000 g, 4°C ,5 min) the
obtained supernatant served as input for immunoprecipitations using 30 pl (bed volume) of
FLAG-M2-beads (Sigma) previously washed in lysis buffer.
Extracts were incubated with FLAG-Mz2-beads on a rotating wheel at 4°C for 1.5 h,
subsequently, beads were washed 5 times with lysis buffer and transferred to a fresh
eppendorf tube in order to remove a-specifically bound proteins. Finally, the beads were
dried by aspiration (needle @ 0.4mm) and bound protein complexes were eluted by with 2
subsequent incubations with 3xFlag peptide 0.5 mg/ml (sigma) at 4°C as previously
described and subjected to TCA precipitation or directly eluted and denatured in 30 u1 of
HU buffer at 65°C for 10 min .

6.2.5 Chromatin techniques

DSB-induction at MAT by HO endonuclease

All strains isogenic to JKM179, JKM139 or JKM161 (285; 322) contain the HO gene under the
control of a GAL promoter. For efficient galactose induction and to avoid glucose repression,
cultures were pre-grown in YP-Raffinose and when log-phase growth was reached, after
arrest at the designated cell cycle phase, HO expression was induced by the addition of
galactose to a final concentration of 2%. DSB-induction at MAT could be monitored by real
time (RT)-PCR with primers flanking the DSB site
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Chromatin immunuprecipitation (ChIP)

Time-course experiments and ChIP assays were essentially done as described (322,
323). For each time point, 100 ml culture were aliquoted into 500 mL shake flasks, which had
been pre-equilibrated at 30°C. At the prefixed time points post DSB induction, the OD60o0o
was measured, a 1 OD sample harvested and the remaining 200 ml culture aliquot was fixed
by the addition 37% formaldehyde solution to final concentration of 1%. After incubation of
exactly 16 min with moderate shaking at 23°C addition of 2.5 M Glycine was used to quench
the reaction for 20’ (minimum incubation time) at 23°C. A volume worth 100 OD of cells was
then pelleted by centrifugation (5000g, 5min, 4°C), washed once in PBS and transferred to a
2ml Eppendorf tube. Cell pellets were frozen in liquid N, until further use.

Although proteases were likely inactivated during cross-linking, subsequent cell lysis
was performed at 4°C and the FA lysis buffer freshly supplemented with protease inhibitors
(ix EDTA-free complete cocktail and 1 mg/ml Pefabloc SC, Roche). Pellets were then
resuspended in 8oo pl of FA lysis buffer, an equal volume of zirconia/silica beads (BioSpec
Inc.) was added and lysis performed on a multi-tube beadbeater (MM3o01, Retsch GmbH) in
6 intervals of 3 min shaking (frequency 30/s) and 3 min pausing for cool-down (bead-beater
was used in a 4°C room).

Lysed samples were collected in a fresh tube by piggyback elution and the chromatin
fraction was enriched by centrifugation (20000 g, 15 min, 4°C), followed by resuspension of
the pellet in 1 ml of cold FA lysis buffer and transferred to hard plastic 15 ml TPX tubes
(Diagenode).

The chromatin fraction was subjected to 50 cycles of sonication (output 200 W; each
cycle 30 s sonication and 30 s break) using the Bioruptor UCD-200 sonication system
(Diagenode), in order to shear the DNA to an average length of 250-500 bp (occasionally
controlled by phenol-chloroform purification and subsequent agarose gel electrophoresis of
input DNA). Throughout the sonication process low temperatures were maintained (4°C).

An additional ml of FA lysis buffer was then added to the sheared chromatin and cell
debris removed by centrifugation (6150 g, 30 min, 4°C). 20 pl of chromatin lysate were taken
aside as input reference and 8oo pl used for immunoprecipitation and incubated with either
anti-FLAG-M2 magnetic beads (Sigma) for 2 hours (Radg®"“® ChIPs) or with anti-RPA
antibody (ASo7-214, Agrisera) followed by 30 min with Dynabeads Protein A (Invitrogen, for
RPA ChIPs). The beads were washed 3x in lysis buffer, 2x in lysis buffer with 500 mM NaCl,
2x in wash buffer (10 mM Tris-Cl pH 8.0, 0.25 M LiCl, 1 mM EDTA, 0.5% NP-40, 0.5% Na-
deoxycholate) and 2x in TE pH 8.0. DNA-protein complexes were eluted in 1% SDS, proteins
were removed via Proteinase K digestion (3 h, 42°C) and crosslinks were reversed (8 h or
overnight, 65°C). The DNA was subsequently purified using phenol-chloroform extraction
and ethanol precipitation and quantified by quantitative PCR (Roche LightCycler 480
System, KAPA SYBR FAST 2x qPCR Master Mix, KAPA Biosystems) at indicated positions
with respect to the DNA double-strand break. As a control, 2-3 control regions on other
chromosomes were quantified.
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Real time PCR quantification

Quantitative, real time (RT)-PCR was performed on a LightCycler 480 System, using the
LightCycler 480 SYBR Green I Master hot-start reaction mix (Roche Diagnostics GmbH,
Mannheim, Germany). 18 x| mastermix containing primers, SYBR Green I Master and H20
was aliquoted into 384-well LightCycler plates and either 2pl ChIP sample (undiluted) or 2pl
input sample (in a 1210 dilution) was added. Reactions were done in triplicates.

Template DNA concentrations were quantified from the second derivative maximum
of the LightCycler PCR amplification curves, using for each primer pair an input sample
dilution series as standard (1:5, 1:50, 1:500, 1:5000). Amplification was followed by a melting
curve analysis, which served as quality control that primers were specific and only a single
PCR product was amplified per reaction. Primers were aliquoted upon receipt and not
refrozen after use.

Normalization of ChIP data

For all RT-PCR experiments on ChIP samples, signals at MAT were normalized to the
average signal of 3 separate unaffected control loci using the formula: Fold-enrichment =
[IP(test)/input(test)] / [IP(control)/input(control)]. The efficiency of DSB induction was
measured by quantitative PCR with primers spanning the break. All signals were finally
normalized to 1 for the signal before induction to visualize protein factor recruitment after
break induction.

6.2.6 Mass Spectrometry techniques

SILAC-based mass spectrometry

For the detection of chromatin-assembled checkpoint complexes responding to DNA
damage stable isotope labeling with amino acids in cell culture (SILAC) and in-vivo
formaldehyde crosslinking was used. As DNA damaging agent mainly MMS was used, at the
final concentration of 0.3%. In order to detect and discriminate between checkpoint protein
complexes located at sites of ongoing DSBs repair or at sites of intact chromatin FLAG-
tagged RFA or HTA1 were used respectively as bait proteins.
For detection of RPA or HTA1 specific interactors yeast cells deficient in biosynthesis of

SFLAG o Hta3™A¢

lysine and arginine (lysiA argg4 A) expressing either RPA1 were grown in SC
media supplemented either with unlabeled (Lyso, Argo; Light) or heavy isotope labeled
amino acids (Lys8, Argio; Heavy) from Cambridge Isotope Laboratories. In order to ensure
incorporation of the Heavy isotopes the cells were grown overnight to stationary phase and
subsequently re-inoculated in fresh media for a second and then a third overnight culture.
From the third overnight culture cells were inoculated in fresh media and grown to an
OD600=0.8, exponentially growing cells in Light media were treated with 0,3% MMS and

incubated for one hour. The protein-protein and protein-DNA crosslinking was achieved by
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adding 1% Formaldehyde from Sigma (37 wt. % in H,O plus 10-15% Methanol as stabilizer)
and incubating for 16 minutes at room temperature.

After incubation of exactly 16 min with moderate shaking at 23°C addition of 2.5 M
Glycine was used to quench the reaction for 20’ (minimum incubation time) at 23°C. Cells
were then pelleted by centrifugation (5000 g, 5 min, 4°C), and treated cells from light
medium were combined with equal amount of untreated cells grown in heavy medium,
washed once in Sorbitol buffer and transferred to 2 ml Eppendorf tubes. Cell pellets were
frozen in liquid N, until further use.

Subsequent cell lysis was performed at 4°C and the Lysis buffer freshly supplemented
with protease inhibitors (1x EDTA-free complete cocktail and 1 mg/ml Pefabloc SC, Roche).
Pellets were then resuspended in 8oo pl of Lysis buffer, an equal volume of zirconia/silica
beads (BioSpec Inc.) was added and lysis performed on a multi-tube beadbeater (MM3o01,
Retsch GmbH) in 6 intervals of 3 min shaking (frequency 30/s) and 3 min pausing for cool-
down (bead-beater was used in a 4°C room). Lysed samples were collected in a fresh tube by
piggyback elution and the chromatin fraction was enriched by centrifugation (20000 g, 15
min, 4°C), followed by resuspension of the pellet in 1 ml of cold FA lysis buffer and
transferred to hard plastic 15 ml TPX tubes (Diagenode).

The chromatin fraction was subjected to 50 cycles of sonication (output 200 W; each

cycle 30 s sonication and 30 s break) using the Bioruptor UCD-200 sonication system
(Diagenode), in order to shear the DNA to an average length of 250-500 bp (occasionally
controlled by phenol-chloroform purification and subsequent agarose gel electrophoresis of
input DNA). Throughout the sonication process low temperatures were maintained (4°C).
Cell debris were removed by centrifugation (6150 g, 30 min, 4°C) and 800 pl were used for
immunoprecipitation and incubated with anti-FLAG-M2 beads (Sigma ANTI-FLAG® M2
Affinity Gel) for 2 hours at 23°C. Beads were then washed in Lysis Buffer, and crosslink
reversal and protein elution were achieved by boiling samples in 20 #1 of Laemmli buffer
for 10 minutes at 95°C.
The samples were then run on 4-12% Bis-Tris gel and handed to the Core Facility of Max
Planck Institute of Biochemistry were in-gel digestion of proteins was carried out using
trypsin. Proteins were then analyzed by LC-MS/MS using LTQ-Orbitrap mass spectrometer
(324) and proteins of interest identified using MaxQuant Software (325). SILAC ratios for
quantified proteins were plotted against the sum of the relevant pepetide intensities using
the GraphPad Prism version 5.0 for MAC OS X and proteins were colored according to
values of MaxQuant Significance(B).

The same protocol was followed in SILAC experiments performed to detect specific

interactors of RPA1 under DNA damage condition, in this case RPAP"¢

cells were grown as
described in heavy and light media, and exponentially growing cells in heavy media were

treated with 0.3% MMS.
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Aa

AAD
Alt-NHE]
APC

APS
ATM
ATR
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BIR
BRCT
CAD
CDK
ChIP
ColP

CPT
C-terminal
C-terminus
DDK
DDR
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DNA
DNA PKCs
dNTP
Dpbu
DSBs
dsDNA
DTT
EDTA
EF3
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YH2A

g
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GCRs
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G2-phase
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h

h

HEAT domain
HJ

HO

Hph

HR

HRP

HU

H3
H3-K79™
Ip

K

Kb

KDa

1

ABBREVIATIONS

aminoacid

ATR activating domai
alternative-NHE]

anaphase promoing complex
ammonium persulfate
ataxia-telangiectasia mutated
ATM and Rad3z-related

base pair

base excision repair

break induced replication

BRCA1 carboxy terminal
Chki-activation domain
cyclin-dependent-kinase
Chromatin Immuno Precipitation
Co-Immuniprecipitation
camptothecin

carboxy terminal

carboxi terminus
Dbf4-dependent kinase

DNA damage response
dimethylsulfoxide
deoxyribonucleic acid

DNA dependent protein kinase catalitic subunits
deoxynucleotide triphosphate
DNA Polymerase B (II)
double-strand breaks
double-stranded DNA
dithiothreitol
ethylenediaminetetraacidic acid
enlongation factor 3
fluorescence-activated cell sorting
S129-phosphorylated Histone H2A
gram

galactose

gross chromosomal rearrangements
gap phase 1

gap phase 2

geneticin

hour(s)

human

Huntingtin, EF3, PP2A, TOR1-domain
holliday junction

HO endonuclease

hygromycin

homologous recombination
horseradish peroxidase
hydroxyurea

histone 3

K79-methylated histone H3
immunoprecipitation

lysine

kilo base pairs

kilo dalton

liter
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ABBREVIATIONS

LB Luria-Bertani

log logarithmic

p micro (x 10°)

M molar

m milli (x 107)

M-phase mitosis

min minute(s)

MAPK mitogen-activated-kinase

MEN mitotic exit networs

MMC mitomycin C

MME] micro-homology mediated end joining
MMR mismatch repair

MMS methyl methanesulfonate

MOPS 3-(N-morpholino) propanesulfonic acid
MRN Mren-Radso0-Xrs2

MRX Mren-Rads0-Xrs2 complex

MS mass spectrometry

n nano (x10°)

N-terminal amino terminal

N-terminus amino terminus

NAT noursethricin

NER nucleotide excision repair

NHE] non homologous end joining

oD optical density

ON over night

ORF open reading frame

P proline

PAGE polyacrylamide gel electrophoresis
PCNA proliferating cell nuclear antigen

PCR polymerase chain reaction

PEG polyethylene glycol

PIKKs phosphatidylinositol 3-kinase-related kinases
PP2A protein-phosphatase 2A

PVDF Polyvinylidene difluoride

Radg RADiation sensitive 9

Radg-S462" Radg phosphorylated on Serine 462
Radg-T474" Radg phosphorylated on Threonine 474
RFC replication factor C

RNA ribonucleic acid

RNase ribonuclease A

RNR ribonucleotide reductase

RPA replication protein A

Rpm rotation per minute

S serine

s seconds

s phosphorylated serine

S-phase synthesis phase of the cell cycle

SDS sodium dodecylsulfate

SC synthetic complete

S. cerevisiae / pombe Saccharomyces cerevisiae/pombe

Sc Saccharomyces cerevisiae

Sp Saccharomyces pombe

SLIC sequence-and-ligation-independent-cloning
Smc structural maintenance of chromosome
SSA single strand annealing

SSBr single strand break repair

SSBs single strand breaks
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ABBREVIATIONS

ssDNA single-stranded DNA

T threonine

TBST tris-bufferes saline with Tween-20
TCA trichloro acidic acid

TE Tris-EDTA

TEMED tetramethylethylenediamine

TLS translesion synthesis

T" phosphorylated threonine

Tris Tris(hydroxymethyl)aminomethane
uv ultraviolet light

\% Volt

v/v volume per volume

WT wild type

w/v weight per volume

w Tryptophan

X Any aminoacid

Y Tyrosine

YPD yeast bactopeptone dextrose
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Table 2: List of Kinases tested for Radg-T474 phosphorylation in G1 after DNA
damage. The selected genes were from a library of haploid deletion strains from the
Saccharomyces genome deletion project (288, 289).

GENE FUNCTION (SGD DATABASE)

AKIa Ser-Thr protein kinase; member (with Arkip and Prkip) of the
Ark kinase family; involved in endocytosis and actin cytoskeleton
organization

ATG1 Protein serine/threonine kinase; required for vesicle formation in

autophagy and the cytoplasm-to-vacuole targeting (Cvt) pathway;
structurally required for phagophore assembly site formation; during
autophagy forms a complex with Atgi3p and Atgi7p; essential for cell
cycle progression from G2/M to G1 under nitrogen starvation

ARK1 Serine/threonine protein kinase; involved in regulation of the cortical
actin cytoskeleton; involved in control of endocytosis; ARK1 has a
paralog, PRKi, that arose from the whole genome duplication

BCK1 MAPKKK acting in the protein kinase C signaling pathway; the kinase
C signaling pathway controls cell integrity; upon activation by Pkcip
phosphorylates downstream kinases Mkkip and Mkk2p; MAPKKK is
an acronym for mitogen-activated protein (MAP) kinase kinase kinase
CLA4 Cdcg2p-activated signal transducing kinase; member of the PAK (p21-
activated kinase) family, along with Ste2op and Skmip; involved in
septin ring assembly, vacuole inheritance, cytokinesis, sterol uptake
regulation; phosphorylates Cdc3p and Cdciop; CLA4 has a paralog,
SKMj, that arose from the whole genome duplication

CMKi1 Calmodulin-dependent protein kinase; may play a role in stress
response, many Ca++/calmodulin dependent phosphorylation
substrates demonstrated in vitro, amino acid sequence similar to
mammalian Cam Kinase II; CMK1 has a paralog, CMK2, that arose
from the whole genome duplication

CMK2 Calmodulin-dependent protein kinase; may play a role in stress
response, many CA++/calmodulan dependent phosphorylation
substrates demonstrated in vitro, amino acid sequence similar to
mammalian Cam Kinase II; CMK2 has a paralog, CMKj, that arose
from the whole genome duplication

DUN1 Cell-cycle checkpoint S/T protein kinase; required for transient G2/M
arrest after DNA damage, damage-induced transcription, and
nuclear-to-cytoplasmic redistribution of Rnr2p-Rnr4p after genotoxic
stress and iron deprivation; phosphorylates repair protein Radssp,
transcriptional repressor Smlip, superoxide dismutase, and
ribonucleotide reductase inhibitors Crtip and Difip; functions in the
Mecip pathway to regulate dNTP pools and telomere length;
postreplicative repair role
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GENE

FUNCTION (SGD DATABASE)

ELM1

Serine/threonine protein kinase; regulates the orientation checkpoint,
the morphogenesis checkpoint and the metabolic switch from
fermentative to oxidative metabolism by phosphorylating the
activation loop of Kingp, Hslip and Snf4p respectively; cooperates
with Hsl7p in recruiting Hslip to the septin ring, a prerequisite for
subsequent recruitment, phosphorylation, and degradation of Sweip;
forms part of the bud neck ring; regulates cytokinesis

ENV7

Vacuolar membrane protein kinase; negatively regulates membrane
fusion; associates with vacuolar membrane through palmitoylation of
one or more cysteines in consensus sequence; vacuolar membrane
association is essential to its kinase activity; mutant shows defect in
CPY processing; ortholog of human serine/threonine kinase 16
(STK16)

FPKi

Ser/Thr protein kinase; phosphorylates several aminophospholipid
translocase family members, regulating phospholipid translocation
and membrane asymmetry; phosphorylates and inhibits upstream
inhibitory kinase, Ypkip; localizes to the cytoplasm, early
endosome/TGN compartments and thplasma membrane; localizes to
the shmoo tip where it has a redundant role in the cellular response
to mating pheromone; FPK1 has a paralog, KIN82, that arose from the
whole genome duplication

FRK1

Protein kinase of unknown cellular role; green fluorescent protein
(GFP)-fusion protein localizes to the cytoplasm; interacts with rRNA
transcription and ribosome biogenesis factors and the long chain fatty
acyl-CoA synthetase Faa3p; FRK1 has a paralog, KIN4, that arose from
the whole genome duplication

FUN31

PAS domain-containing serine/threonine protein kinase; coordinately
regulates protein synthesis and carbohydrate metabolism and storage
in response to a unknown metabolite that reflects nutritional status;
PSKi has a paralog, PSK2, that arose from the whole genome
duplication

GINg4

Protein kinase involved in bud growth and assembly of the septin
ring; proposed to have kinase-dependent and kinase-independent
activities; undergoes autophosphorylation; similar to Hslip; GIN4 has
a paralog, KCCy, that arose from the whole genome duplication

ISR1

Predicted protein kinase; overexpression causes sensitivity to
staurosporine, which is a potent inhibitor of protein kinase C

KCC4

Protein kinase of the bud neck involved in the septin checkpoint;
associates with septin proteins, negatively regulates Sweip by
phosphorylation, shows structural homology to bud neck kinases
Gingp and Hslip; KCC4 has a paralog, GIN4, that arose from the
whole genome duplication

KIN1

Serine/threonine protein kinase involved in regulation of exocytosis;
localizes to the cytoplasmic face of the plasma membrane; KIN1 has a
paralog, KIN2, that arose from the whole genome duplication
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GENE

FUNCTION (SGD DATABASE)

KIN2

Serine/threonine protein kinase involved in regulation of exocytosis;
localizes to the cytoplasmic face of the plasma membrane; KIN2 has a
paralog, KINj, that arose from the whole genome duplication

KIN4

Serine/threonine protein kinase; inhibits the mitotic exit network
(MEN) when the spindle position checkpoint is activated; localized
asymmetrically to mother cell cortex, spindle pole body and bud
neck; KIN4 has a paralog, FRKj, that arose from the whole genome
duplication

KIN82

Putative serine/threonine protein kinase; implicated in the regulation
of phospholipid asymmetry through the activation of phospholipid
translocases (flippases); involved in the phosphorylation of upstream
inhibitory kinase Ypkip along with Fpkip; has a redundant role in the
cellular response to mating pheromone; KIN82 has a paralog, FPKj,
that arose from the whole genome duplication

MEK1

Meiosis-specific serine/threonine protein kinase; functions in meiotic
checkpoint, promotes recombination between homologous
chromosomes by suppressing double strand break repair between
sister chromatids; stabilizes Hop1-Thr318 phosphorylation to promote
interhomolog recombination and checkpoint responses during
meiosis

MKK1

MAPKK involved in the protein kinase C signaling pathway; involved
in control of cell integrity; upon activation by Bckip phosphorylates
downstream target, Slt2p; functionally redundant with Mkk2p; MKKi1
has a paralog, MKK2, that arose from the whole genome duplication

MKK2

MAPKK involved in the protein kinase C signaling pathway; involved
in control of cell integrity; upon activation by Bckip phosphorylates
downstream target, Slt2p; functionally redundant with Mkkip; MKK2
has a paralog, MKKj, that arose from the whole genome duplication

NNK1

Protein kinase; implicated in proteasome function; interacts with
TORC3, Ure2 and Gdh2; overexpression leads to hypersensitivity to
rapamycin and nuclear accumulation of GIn3; epitope-tagged protein
localizes to the cytoplasm

NPR1

Protein kinase; stabilizes several plasma membrane amino acid
transporters by antagonizing their ubiquitin-mediated degradation;
phosphorylates Aly2p; negatively regulates Ldbigp-mediated
endocytosis through phosphorylation of Ldbigp, which prevents its
association with the plasma membrane; Nprip activity is negatively
regulated via phosphorylation by the TOR complex; NPR1 has a
paralog, PRRz2, that arose from the whole genome duplication

PAK1

Upstream serine/threonine kinase for the SNF1 complex; plays a role
in pseudohyphal groth; partially redundant with Elmip and Tos3p;
members of this family have functional orthology with LKB1, a
mammalian kinase associated with Peutz-Jeghers cancer-
susceptibility syndrome; SAK1 has a paralog, TOS3, that arose from
the whole genome duplication
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GENE FUNCTION (SGD DATABASE)

PKP1 Mitochondrial protein kinase; involved in negative regulation of
pyruvate dehydrogenase complex activity by phosphorylating the ser-
133 residue of the Pdaip subunit; acts in concert with kinase Pkp2p
and phosphatases Ptcsp and Ptc6p
PKP2 Mitochondrial protein kinase; negatively regulates activity of the
pyruvate dehydrogenase complex by phosphorylating the ser-133
residue of the Pdaip subunit; acts in concert with kinase Pkpip and
phosphatases Ptcsp and Ptc6p; relocalizes from mitochondrion to
cytoplasm upon DNA replication stress
PRK1 Protein serine/threonine kinase; regulates the organization and
function of the actin cytoskeleton and reduces endocytic ability of cell
through the phosphorylation of the Panip-Slaip-End3p protein
complex; PRK1 has a paralog, ARKi, that arose from the whole
genome duplication
PSK2 PAS-domain containing serine/threonine protein kinase; regulates
sugar flux and translation in response to an unknown metabolite by
phosphorylating Ugpip and Gsy2p (sugar flux) and Caf2op, Tifup and
Srogp (translation); PSK2 has a paralog, PSKi, that arose from the
whole genome duplication

PTK1 Putative serine/threonine protein kinase; regulates spermine uptake;
involved in polyamine transport; possible mitochondrial protein;
PTK1 has a paralog, PTKz2, that arose from the whole genome
duplication

PTK2 Serine/threonine protein kinase; involved in regulation of ion
transport across plasma membrane; carboxyl terminus is essential for
glucose-dependent Pmaip activation via phosphorylation of Pmaip-
Ser899; enhances spermine uptake; PTK2 has a paralog, PTKj, that
arose from the whole genome duplication

RCK1 Protein kinase involved in oxidative stress response; promotes
pseudohyphal growth via activation of Ubp3p phosphorylation;
identified as suppressor of S. pombe cell cycle checkpoint mutations;
RCK1 has a paralog, RCK2, that arose from the whole genome
duplication

RCK2 Protein kinase involved in response to oxidative and osmotic stress;
identified as suppressor of S. pombe cell cycle checkpoint mutations;
similar to CaM (calmodulin) kinases; RCK2 has a paralog, RCKj, that
arose from the whole genome duplication

RIMi5 Protein kinase involved in cell proliferation in response to nutrients;
glucose-repressible; involved in signal transduction during cell
proliferation in response to nutrients, specifically the establishment
of stationary phase; identified as a regulator of IME2; phosphorylates
Igo1p and Igo2p; substrate of Pho8op-Pho85p kinase
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GENE

FUNCTION (SGD DATABASE)

RTK1

Putative protein kinase, potentially phosphorylated by Cdc28p;
interacts with ribosome biogenesis factors, Ckaz, Gust and Arcy;
protein abundance increases in response to DNA replication stress

SAT4

Ser/Thr protein kinase involved in salt tolerance; funtions in
regulation of Trkip-Trk2p potassium transporter; overexpression
affects the Fe-S and lipoamide containing proteins in the
mitochondrion; required for lipoylation of Latip, Kgd2p and Gcev3p;
partially redundant with Halsp; has similarity to Nprip; localizes to
the cytoplasm and mitochondrion

SCHg

AGC family protein kinase; functional ortholog of mammalian S6
kinase; phosphorylated by Torip and required for TORCi-mediated
regulation of ribosome biogenesis, translation initiation, and entry
into Go phase; involved in transactivation of osmostress-responsive
genes; regulates G1 progression, cAPK activity and nitrogen activation
of the FGM pathway; integrates nutrient signals and stress signals
from sphingolipids to regulate lifespan

SCY1

Putative kinase; suppressor of GTPase mutant; similar to bovine
rhodopsin kinase; may have a role in intracellular sterol transport

SHA3

Putative serine/threonine protein kinase; involved in the adaptation
to low concentrations of glucose independent of the SNF3 regulated
pathway; SKS1 has a paralog, VHS;, that arose from the whole genome
duplication

SKY1

SR protein kinase (SRPK); involved in regulating proteins involved in
mRNA metabolism and cation homeostasis; similar to human SRPKi.

SKM1

Member of the PAK family of serine/threonine protein kinases;
similar to Ste2op; involved in down-regulation of sterol uptake;
proposed to be a downstream effector of Cdc42p during polarized
growth; SKM1 has a paralog, CLA4, that arose from the whole genome
duplication

SNF1

AMP-activated S/T protein kinase; forms a complex with Snf4p and
members of the Sipip/Sip2p/Gal83p family; required for transcription
of glucose-repressed genes, thermotolerance, sporulation, and
peroxisome biogenesis; regulates nucleocytoplasmic shuttling of
Hxk2p; regulates filamentous growth and acts as a non-canonical
GEF, activating Arf3p during invasive growth; SUMOylation by
Mmsz1p inhibits its function and targets Snfip for destruction via the
Slx5-SIx8 Ub ligase

SPS1

Putative protein serine/threonine kinase; localizes to the nucleus and
cytoplasm; required for efficient spore packaging, prospore
membrane development and closure and localization of enzymes
involved in spore wall synthesis; interacts with and required for Sspip
phosphorylation and turnover; member of the GCKIII subfamily of
STE2o0 kinases; multiply phosphorylated on S/T residues; interacts
with 14-3-3 proteins, Bmhip and Bmhzp; expressed at the end of
meiosis
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GENE

FUNCTION (SGD DATABASE)

SSK2

MAP kinase kinase kinase of HOG1 mitogen-activated signaling
pathway; interacts with Sskip, leading to autophosphorylation and
activation of Ssk2p which phosphorylates Pbs2p; also mediates actin
cytoskeleton recovery from osmotic stress; a HOG-independent
function of Ssk2p mediates the calcium-sensitive phenotype of the
ptp2 msgs double disruptant; SSK2 has a paralog, SSK22, that arose
from the whole genome duplication

SSK22

MAP kinase kinase kinase of HOG1 mitogen-activated signaling
pathway; interacts with Sskip, leading to autophosphorylation and
activation of Ssk2p which phosphorylates Pbs2p; also mediates actin
cytoskeleton recovery from osmotic stress; a HOG-independent
function of Ssk2p mediates the calcium-sensitive phenotype of the
ptp2 msgs double disruptant; SSK2 has a paralog, SSK22, that arose
from the whole genome duplication

SWE1

Protein kinase that regulates the G2/M transition; negative regulator
of the Cdc28p kinase; morphogenesis checkpoint kinase; positive
regulator of sphingolipid biosynthesis via Ormzp; phosphorylates a
tyrosine residue in the N-terminus of Hspgo in a cell-cycle associated
manner, thus modulating the ability of Hspgo to chaperone a selected
clientele; localizes to the nucleus and to the daughter side of the
mother-bud neck; homolog of S. pombe Weeip; potential Cdc28p
substrate

TOS3

Protein kinase; related to and functionally redundant with Elmip and
Sakip for the phosphorylation and activation of Snfip; functionally
orthologous to LKB1, a mammalian kinase associated with Peutz-
Jeghers cancer-susceptibility syndrome; TOS3 has a paralog, SAKj,
that arose from the whole genome duplication

TPK1

cAMP-dependent protein kinase catalytic subunit; promotes
vegetative growth in response to nutrients via the Ras-cAMP signaling
pathway; inhibited by regulatory subunit Bcyip in the absence of
cAMP; phosphorylates and inhibits Whi3p to promote G1/S phase
passage; partially redundant with Tpk2p and Tpk3p; phosphorylates
pre-Tomg4op, which impairs its import into mitochondria under non-
respiratory conditions; TPK1 has a paralog, TPK3, that arose from the
whole genome duplication

YPK2

Protein kinase similar to S/T protein kinase Ypkip; functionally
redundant with YPK1 at the genetic level; participates in a signaling
pathway required for optimal cell wall integrity; involved in the
TORC-dependent phosphorylation of ribosomal proteins Rps6a/b
(S6); human homolog SGK2 can complement a ypki ypk2 double
mutant

TPK3

cAMP-dependent protein kinase catalytic subunit; promotes
vegetative growth in response to nutrients via the Ras-cAMP signaling
pathway; partially redundant with Tpkip and Tpkzp; localizes to P-
bodies during stationary phase; TPK3 has a paralog, TPKj, that arose
from the whole genome duplication
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GENE

FUNCTION (SGD DATABASE)

YAK1

Serine-threonine protein kinase; component of a glucose-sensing
system that inhibits growth in response to glucose availability; upon
nutrient deprivation Yakip phosphorylates Pop2p to regulate mRNA
deadenylation, the co-repressor Crfip to inhibit transcription of
ribosomal genes, and the stress-responsive transcription factors Hsfip
and Msnzp; nuclear localization negatively regulated by the Ras/PKA
signaling pathway in the presence of glucose

YPK1

S/T protein kinase; phosphorylates, downregulates flippase activator
Fpkip; inactivates Ormip and Ormzp by phosphorylation in response
to compromised sphingolipid synthesis; involved in the TORC-
dependent phosphorylation of ribosomal proteins Rps6a/b (S6);
mutations affect receptor-mediated endocytosis and sphingolipid-
mediated and cell integrity signaling pathways; human homolog SGK1
can complement a null mutant; human homolog SGK2 can
complement a ypki ypk2 double mutant

YPK2

Protein kinase similar to S/T protein kinase Ypkip; functionally
redundant with YPK1 at the genetic level; participates in a signaling
pathway required for optimal cell wall integrity; involved in the
TORC-dependent phosphorylation of ribosomal proteins Rps6a/b
(S6); human homolog SGK2 can complement a ypki ypk2 double
mutant

YPK3

AGC kinase; phosphorylated by cAMP-dependent protein kinase
(PKA) in a TORCi-dependent manner; directly phosphorylated by
TORC3; phosphorylates ribosomal protein Rps6a/b (S6), in a TORC-
dependent manner; undergoes autophosphorylation

YPLisoW

Protein kinase of unknown cellular role; binds phosphatidylinositols
and cardiolipin in a large-scale study
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moods; Laura you are my best crazy, strong friend; Agnese: your determination always
inspired me; Marta: we grew up together and we keep on doing it, despite the distance
and despite not talking so often; Giudy: you need to travel with me.

Hannes, you were the first beautiful thing I found in this city when it was new, and still
are the best bit of these past 5 years, thanks for what you do for me every day.

Finally, I am thankful for my parents, and my two big brothers. Thank you for loving

me and encouraging me in pushing myself, exploring the world and be ambitious. I
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