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Abstract

Abstract

Poly(ADP-ribosyl)ation (PARylation) is a key post-translational modification in eukaryotes
that is mainly performed by poly(ADP-ribose) polymerase-1 (PARP1) and primarily
implicated in DNA damage signalling, chromatin remodelling and transcription. Proteins can
be covalently PARylated or can interact non-covalently with poly(ADP-ribose) (PAR). The
p53 tumor suppressor protein is a target of covalent PARylation by PARP1 and binds also
non-covalently to PAR. However, it is unclear how specifically PARP1 targets p53 for
covalent PARylation and how covalent PARylation and non-covalent PAR binding act
together in the regulation of p53. In this thesis, p53 was systematically examined for regions,
which are essential for non-covalent PAR binding and for covalent PARylation of p53. A
novel PAR binding site (region 363-382) was identified in the highly basic and intrinsically
disordered C-terminal domain (CTD) of p53, accounting for the majority of the PAR binding
ability of p53. By substituting four critical basic amino acids to alanine, a PAR binding-
deficient p53 mutant was generated. Intriguingly, the PAR binding site in the CTD is also
essential for the covalent PARylation of p53 by PARP1. Several covalent PARP1-mediated
PARylation sites were identified in the N-terminal transactivation domain (TAD) of p53, such
as E2, D7, E17 and E28. However, removing the TAD did not abrogate covalent PARylation.
Only if the non-covalent PAR binding is abolished, for instance by removing the CTD, p53
becomes deficient for covalent PARylation. The same amino acid exchanges that yielded a
p53 mutant deficient in PAR binding, were also sufficient to abolish covalent PARylation.
Further, auto-PARylated PARP1 showed a much stronger interaction with p53 than
unmodified PARPL. Thus, these results strongly suggest that non-covalent PAR binding
directly mediates p53-PARPL1 interaction and targeting p53 for covalent PARylation by
PARPL1. Fusing the CTD to a protein that usually is not PARylated, renders this protein a
target for covalent PARylation, confirming that the CTD is the critical factor for substrate
targeting by PARP1. Bioinformatic analyses revealed that CTD-like regions are highly-
enriched in the PARylated proteome, suggesting that similar mechanisms potentially also
exist for other PARylation target proteins. Moreover, analyzing functional end-points showed
that non-covalent p53-PAR interaction inhibited mainly the sequence-independent, CTD-
mediated DNA binding of p53. In contrast, sequence-specific DNA binding, mediated by the
central DNA binding domain (DBD) of p53 was only moderately affected by PAR binding.
Cellular experiments demonstrated that PARylation influences the transcriptional activity of
p53, p53-protein interactions and p53-mediated replication-associated recombination. In
conclusion, this thesis demonstrates that non-covalent PAR binding and covalent PARylation
of p53 are inherently linked and that the CTD of p53 is the center for regulation of p53 by
PARylation. This work offers a mechanistic explanation how PARP1 targets p53 and

potentially other proteins for covalent PARylation.



Zusammenfassung

Zusammenfassung

Poly(ADP-ribosyl)ierung (PARylierung) ist eine wesentliche post-translationale Modifikation
in Eukaryoten, die berwiegend von Poly(ADP-ribose) polymerase-1 (PARP1) ausgef hrt
wird. Sie spielt vor allem eine Rolle in der Signalkaskade von DNA Sch den, im Chromatin-
Remodeling und in der Transkription. Proteine k nnen kovalent PARyliert werden oder
k nnen nicht-kovalent mit poly(ADP-ribose) (PAR) interagieren. Das Tumorsuppressor
protein p53 ist ein Substrat f r kovalente PARylierung durch PARP1 und bindet auch nicht-
kovalent PAR. Allerdings ist es unklar wie PARP1 p53 als Substrat f r kovalente
PARylierung erkennt und au erdem wie kovalente PARylierung und nicht-kovalente PAR
Bindung in der Regulation von p53 zusammenwirken. In dieser Arbeit wurde p53
systematisch nach Regionen untersucht, die essenziell f r nicht-kovalente PAR Bindung und
f r kovalente PARylierung von p53 sind. Eine bisher unbekannte PAR Bindestelle (Region
363-382) wurde in der hochbasischen und intrinsisch ungeordneten C-terminalen Dom ne
(CTD) von p53 entdeckt. Es stellte sich heraus, dass diese Stelle f r die haupts chliche PAR
Bindung von p53 verantwortlich ist. Eine p53 Mutante konnte generiert werden, die kein PAR
mehr bindet, indem vier entscheidende, basische Aminos ure zu Alanin ausgetauscht
wurden. Interessanterweise ist dieselbe PAR Bindestelle auch essenziell f r die kovalente
PARylierung von p53 durch PARP1l. Mehrere kovalente PARP1-vermittelte
PARylierungsstellen konnten in der N-terminalen Transaktivierungsdom ne (TAD) von p53
identifiziert werden, wie E2, D7, E17 und E28. Wenn die TAD allerdings entfernt wird, kommt
es immer noch zur kovalenten PARYylierung. Nur wenn die nicht-kovalente PAR Bindung
aufgehoben wird, wie durch das Entfernen der CTD, wird p53 auch defizient f r kovalente
PARylierung. Die p53 Mutante mit vier Aminos uren-Substituierungen, die kein PAR mehr
binden konnte, war ebenfalls defizient f r kovalente PARylierung. Au erdem zeigte Auto-
PARylierte PARP1 eine viel intensivere Interaktion zu p53, als unmodifizierte PARP1. Daher
legen diese Ergebnisse nahe, dass nicht-kovalente PAR Bindung direkt die p53-PARP1
Interaktion vermitteln kann, sowie die Substraterkennung von p53 f r kovalente PARylierung
durch PARP1. Indem die CTD an ein Protein fusioniert wird, das normalerweise nicht
PARyliert wird, wird dieses Protein ein Ziel von PARylierung. Dies best tigt, dass die CTD
der kritische Faktor f r die Substraterkennung durch PARPL1 ist. Bioinformatische Analysen
zeigten, dass CTD- hnliche Regionen im PARylierten Proteom stark angereichert sind. Dies
legt nahe, dass hnliche Mechanismen potentiell auch f r die PARylierung von anderen
Zielproteinen existieren. Zudem zeigten funktionelle Endpunktanalysen, dass nicht-kovalente
p53-PAR Interaktion berwiegend die Sequenz-unabh ngige, CTD-vermittelte DNA Bindung
inhibiert. Andererseits wird die sequenz-spezifische DNA Bindung, vermittelt durch die
zentrale DNA Bindungsdom ne (DBD) von p53, nur sehr gering durch PAR Bindung

beeinflusst. Zellul re Experimente haben gezeigt, dass PARylierung die transkriptionelle
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Zusammenfassung

Aktivit t von p53 beeinflusst, sowie die p53-Protein Interaktion und auch die p53-vermittelte
Replikations-assoziierte Rekombination. Die Schlussfolgerung dieser Arbeit ist, dass nicht-
kovalente PAR Bindung und kovalente PARylierung von p53 unzertrennlich miteinander
verbunden sind und dass die CTD von p53 das Zentrum der Regulation von p53 durch
PARylierung darstellt. Dieses Werk gibt eine mechanistische Erkl rung wie p53 und

potentiell andere Proteine zum Ziel von PARP1-vermittelter PARylierung werden.
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INTRODUCTION

1 INTRODUCTION

1.1 Poly(ADP-ribose) polymerase-1 and poly(ADP-ribosyl)ation

1.11 PARP1
Poly(ADP-ribose) polymerases (PARPS) catalyze a reaction in which the ADP-ribose moiety

from NAD' is attached to an acceptor amino acid, resulting in the formation of poly(ADP-
ribose) (PAR) polymers. Poly(ADP-ribosyl)ation (PARylation) is an evolutionarily conserved
posttranslational modi cation affecting a large amount of proteins. The human PARP family
consists of 17 members and share a conserved catalytic domain (Bai and Cant , 2012;
Krishnakumar and Kraus, 2010). The first described PARP enzyme was PARP1. It accounts
for the majority (85-90%) of PARylation in cells under conditions of genotoxic stress. PARP2

is mainly responsible for the remaining PARylation (Bai and Cant , 2012).

1.1.1.1 Structure of PARP1

PARP1 consists of six protein domains (Figure 1). At the N-terminus, two zing finger
domains are present (F1 and F2), followed by a zinc binding domain (F3) and an
automaodification domain (AD). The WGR domain and the catalytic domain (CAT) are at the
C-terminal end of PARP1. The F1 and F2 zinc finger domains interact sequence-
independently with different DNA structures, like single-strand breaks, double-strand breaks
(DSBs), hairpins, cruciforms and extensions (D'Silva et al., 1999; Eustermann et al., 2011;
Langelier et al., 2011; Lonskaya et al., 2005; Pion et al., 2003). The F3 zinc-binding domain
exhibits a unique structure and contributes to PARP1 interdomain activity and DNA binding

(Langelier et al., 2012; Langelier et al., 2010; Langelier et al., 2008).

DNA binding,
DNA binding, interdomain
interdomain contacts contacts
6 91105 202 224 360 387 483 530 645 662 785 1014
N{F1T HF2 H F3 HBRCTH WGR H HD | ART C
automodification regulation catalysis
domain (AD) CAT (662-1014)

Figure 1: Overview of PARP1 structure. Adapted from Dawicki-McKenna et al. (2015).

PARP1 PARylates itself mainly in the automodification domain (AD), which consists of a
BRCA1 C terminus (BRCT) fold and linker regions. Major sites for PARP1 automodification
can be found in this domain. However, recent studies have shown that automodification
occurs throughout the whole PARP1 protein with more than 30 identified modified sites
(Chapman et al.,, 2013; Daniels et al., 2014; Zhang et al., 2013). The WGR domain

11



INTRODUCTION

contributes to DNA binding and makes interdomain contacts, which are essential for DNA
damage-dependent activation. The catalytic domain (CAT) consists of two subdomains: A
helical domain (HD), which is conserved among DNA damage-dependent PARPs 1, 2 and 3,
and the ADP-ribosyltransferase (ART) domain that binds NAD* and contains the active site.
This active site is conserved in all PARP family members. It contains the His-Tyr-Glu (H-Y-E)
catalytic triad. In PARP1, it is formed by H862, Y896, and E988 (Hottiger et al., 2010). For
DNA-damage-dependent catalytic activity, the F1, F3, WGR and CAT domains are essential
(Dawicki-McKenna et al., 2015; Langelier et al., 2012).

Figure 2: Crystal structure of PARP1.

A: Surface representation of the PARP1-DNA structure with Znl, Zn3, WGR and CAT domain. B: 90
rotation of the view from A. C: The crystal structures of the Zn2 and BRCT domain were manually
added to the view of A. Adapted from Langelier et al. (2012).

The F2 domain on the other hand is important for binding and activation by DNA single-
strand breaks (SSB) and for recruitment to DNA damage sites, but is not essential for
catalytic activity, as well as the automodification domain (Ali et al., 2012; Ikejima et al., 1990).
By analyzing the crystal structure of the strictly required PARP1 domains in complex with
DNA, containing a DSB, it was shown that the F1, F3, and WGR domains bind together to
the DSB and arrange PARP1 into a collapsed conformation creating a network of
interdomain contacts (Figure 2). This introduces destabilizing alterations in the catalytic

12



INTRODUCTION

domain resulting in an increased rate of poly(ADP-ribose) production. (Langelier and Pascal,
2013; Langelier et al., 2012).

1.1.1.2 Regulation of PARPL1 activity

The activity of PARP1 is mainly influenced by posttranslational modifications (Figure 3). One
of the major regulations happens via PARylation of itself (auto-PARylation). However, it is not
completely understood, if this occurs in cis or trans, i.e. intra- or inter-molecularly. In addition,
other enzymes can PARylate PARP1, such as PARP2 or other PARPs (Altmeyer et al.,
2009; Mendoza-Alvarez and Alvarez-Gonzalez, 1999). Extensive auto-PARylation of PARP1,
for instance after DNA damage, inhibits the DNA-binding and catalytic activities of PARP1
(Amours et al., 1999). Biochemical and cell-based experiments have shown that activation
and auto-PARylation of PARP1 trigger its release from chromatin (Tulin and Spradling,
2003). Extensively PARylated and inhibited PARP1 can be reactivated by removing the PAR
chains. This action is performed by the poly(ADP-ribose) glycohydrolase (PARG), which
degrades the largest amount of PAR in the cell. It possesses exo- and endoglycosidase
activities (Gagn@ et al., 2006). PARG generates mono-ADP-ribosylated proteins, since it
cannot remove the last ADP-ribose moiety. In humans, the enzymes MacroD1, MacroD2 and
terminal ADP-ribose glycohydrolase 1 (TARG1) can cleave off this last moiety, regenerating
the acceptor amino acid (Barkauskaite et al., 2013). Another posttranslational modification
targeting PARPL1 is phosphorylation. ERK1/2 phosphorylate S372 and T373, which is
required for maximal PARP1 activation during DNA damage induction (Kauppinen et al.,
2006). In addition, the JNK1 kinase phosphorylates PARP1 at unidentified sites. During
H.O.-triggered nonapoptotic cell death, this contributes to sustained PARP1 activation
(Zhang et al., 2007).

PARP1 is furthermore target for acetylation. The acetyltransferases p300/CBP and PCAF
acetylate PARP1. Acetylated PARP1 plays a critical role in regulating NF- B target genes in
immune cells. In cardiomyocytes, PARP1 is acetylated after cellular stress induction, leading
to a DNA damage-independent activation of PARP1. Several deacetylases can reverse the
acetylation of PARP1, such as Sirtl (Hassa et al., 2003; Hassa et al., 2005; Rajamohan et
al., 2009).

PARP1 is also a target for SUMOylation and ubiquitination. The SUMO E3 ligase PIASy
SUMOylates PARP1 during heat shock. PIASy-mediated SUMOylation of PARP1 is required
for full activation of the inducible Hsp70 gene. In addition, PARP1 is a target for heat-shock-
induced, RNF4-mediated ubiquitination. In that way, RNF4 controls the amount of modified
PARP1 and is necessary for full activation of Hsp70 transcription, like PIASy. PARP1
ubiquitination and SUMOylation presumably result in its clearance from the Hsp70 promoter
via degradation (Martin et al., 2009). This is in agreement with the observation that PARP

regulates the chromatin structure at the Hsp70 locus after heat shock in Drosophila (Tulin
13



INTRODUCTION

and Spradling, 2003). In mammalian cells, it has been shown that SUMOylation and
p300/CBP-mediated acetylation of PARP1 at K486 (automodification domain) are mutually
exclusive, revealing an intriguing crosstalk between these modifications on PARP1
(Krishnakumar and Kraus, 2010; Messner et al., 2009).

In addition, proteins can affect PARP1 function without enzymatic posttranslational
modification. A recent study demonstrated that p53 can influence PARP1 activity by an
unknown mechanism to regulate necrotic cell death. Knockout of the p53 gene protects
against PARP1-mediated cell death by reducing PARP1 activity (Montero et al., 2013).

? JNK1

Automod.
PARP-2

PCAF
p300/CBP

Figure 3. Posttranslational modifications targeting PARP1. Adapted from Krishnakumar and
Kraus (2010).

1.1.2 Covalent poly(ADP-ribosyl)ation

PARylation is catalyzed by poly(ADP-ribose) polymerases (PARPS) using NAD* as substrate.
It mainly takes place at the side chains of glutamate, aspartate, lysine and arginine from
acceptor proteins by addition of numerous ADP-ribose subunits (Figure 4 A). The produced
polymer poly(ADP-ribose) (PAR) is a highly negatively charged nucleic acid and has
functions in genomic maintenance, DNA repair, energy metabolism, and cell death regulation
by covalent and non-covalent interaction with proteins (Burkle et al., 2004; Javle and Curtin,
2011; Kraus and Hottiger, 2013).

The ADP-ribose units in PAR are connected by glycosidic ribose-ribose 1-2 bonds. The
PAR chain length is heterogenous and can reach lengths of 200-400 units in vitro and in

14



INTRODUCTION

vivo. Long PAR exhibits branches of polymer in an irregular fashion. The branching occurs
after about 20-50 units of a linear section, in vitro and in vivo (Alvarez-Gonzalez and
Jacobson, 1987; Juarez-Salinas et al., 1983). Interestingly, the chemical linkage of the
branching point is the same as in a linear section, namely glycosidic ribose-ribose 1 -2
bonds (Miwa et al., 1981). The global structure of the branched PAR polymer can become
very complex and irregular. A secondary structure could not be determined up to today
(Hassa et al., 2006).

The catalytic PARylation process can be divided in an initiation, elongation and branching
step. At the beginning of the catalytic mechanism, the glutamate of the H-Y-E catalytic triad
forms a hydrogen bond with the acceptor nucleophile and the 2 -hydroxyl group of the NAD*
ribose (Figure 4 B). The H-Y-E glutamate acts as a base and polarizes the acceptor
nucleophile and the donor ribose for the catalytic reaction (Ruf et al., 1996; Ruf et al., 1998).
This leads to a nucleophilic attack of the NAD* by an acceptor molecule via a Sn2
displacement mechanism and the concomitant formation of an oxocarbenium intermediate
(Marsischky et al., 1995). At the initiation step, a glutamate or aspartate from the target
protein can act as an intrinsic nucleophile and is consequently also the acceptor for
mono(ADP-ribosyl)ation, with subsequent formation of an ester bond. Therefore, the H-Y-E
glutamate is dispensable for initiation. For elongation on the other hand, this glutamate is
essential (Marsischky et al., 1995). During the branching step, the acceptor ADP-ribose is
rotated by 180 . The PARP active site cleft is large enough to house the polymer in both
orientations (Ruf et al., 1998). Consequently, a glycosidic ribose-ribose 1-2 bond is formed,
similar to the elongation step. However, instead of using the adenine ribose, the nicotinamide
ribose of the acceptor is modified (Figure 4 A) (Barkauskaite et al., 2015; Rolli et al., 1997).
A high variety of acceptor amino acids were identified. Glutamate, aspartate, serine,
threonine (Cervantes-Laurean et al., 1995), lysine (Altmeyer et al., 2009), arginine (Laing et
al., 2011) cysteine (McDonald and Moss, 1994), diphthamide (Oppenheimer and Bodley,
1981), phosphoserine (Smith and Stocken, 1975) and serine (Leidecker et al., 2016) can
serve as target for covalent PARylation. PARP1 can even covalently modify DNA strand
break termini in DNA fragments, in vitro (Talhaoui et al., 2016).

It was demonstrated in cells that PARP1 itself is the major target for PARylation (auto-
PARylation) (Amours et al., 1999; Ogata et al., 1981). Until today, 2389 proteins were
identified as target for PARylation (Vivelo et al., 2016). 93% (2222) of those are derived from

human.
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Leung (2014). B: Reaction geometry for elongation reaction of PARylation with chicken PARP1.

Adapted from Ruf et al. (1998).

The proteins that were identified

for PARylation at the highest frequency, were PARP1,

histones, p53, tankyrase |, DNA topoisomerase | and PARP2. ADP-ribosylated proteins are

significantly enriched in the nucleolus and stress granules, which are non-membranous RNA
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granules and show a high overlap with proteins, containing low complexity domains (Vivelo
et al., 2016). Gene ontology analysis of proteome-wide PARylation studies revealed that
mainly proteins from DNA- or RNA-processing pathways are target for covalent PARylation,
such as in DNA repair, regulation of transcription, chromosome organization and RNA
processing (Jungmichel et al., 2013; Martello et al., 2016; Zhang et al., 2013).

The PARylation of proteins is transient. Most free or protein-associated poly-ADP-ribose
polymers synthesized after genotoxic stress are quickly degraded in vivo, with a half-life of
40 s to 6 min. In humans, PAR degradation is performed mainly by PARG. Mono-ADP-
ribosylation is rather removed by TARG1, MacroD1 or MacroD2 (Alvarez-Gonzalez and
Althaus, 1989; Jacobson et al., 1983a; Jacobson et al., 1983b; Wielckens et al., 1982).

1.1.3 Non-covalent binding of poly(ADP-ribose)

Non-covalent PAR binding to various proteins has emerged as a key mechanism to regulate
protein function, localization, stability, DNA binding and protein-protein interaction. PAR
binding occurs mainly in proteins that exhibit DNA or RNA binding, particularly in DNA
damage response factors; chromatin remodelers, cell cycle regulators, RNA-binding proteins
and transcription factors (Krietsch et al., 2013; Teloni and Altmeyer, 2015). So far, several
specialized PAR-binding modules were identified, such as the poly(ADP-ribose)-binding motif
(PBM), the poly(ADP-ribose)-binding zinc finger motif (PBZ), the macro domain and the
WWE domain (Krietsch et al., 2013). Recently, a collection of more PAR-binding modules
was described, like the FHA (forkhead-associated) domain, the BRCT (BRCAL1 C-terminal)
domain, the RNA recognition motif (RRM), Serine/Arginine repeats (SR repeats), Lysine- and
arginine-rich (KR-rich) motifs, the oligonucleotide/oligosaccharide-binding (OB) fold, the PilT
N-terminus (PIN) domain and RG/RGG motifs (Teloni and Altmeyer, 2015).

The poly(ADP-ribose)-binding motif (PBM) was described as a 20-amino acid motif
containing a region rich in basic amino acids and a pattern of hydrophobic amino acids
interspersed with basic residues with the sequence [HKR]i-X2-X3-[AIQVY]s-[KR]s-[KR]e-
[AILV]7-[FILPV]s. p53, XPA, p21, XRCC1, TERT, histones and many other proteins were
shown to contain a PBM (Pleschke et al., 2000). A defined protein fold could not be
determined for the PBM. No structural data is available for the PBM and its interaction with
PAR. The binding is probably based on electrostatic interactions between PAR and the
positively charged amino acid side chains from the PBM (Teloni and Altmeyer, 2015).
Nonetheless, the interaction can be of high affinity with Kp values in the sub-micromolar (10 ’
M) to nanomolar (10 °M) range (Krietsch et al., 2013).

The poly(ADP-ribose)-binding zinc finger motif (PBZ) is found in the two human proteins
APLF and CHFR (Ahel et al., 2008). It consists of less than 30 amino acids and has the
consensus sequence [K/R]-X-X-C-X-[F/Y]-G-X-X-C-X-[K/R]-[K/R]-X-X-X-X-H-X-X-X-[F/Y]-X-

H. The PBZ binds two consecutive ADP-ribose moieties within the PAR chain (Eustermann
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et al., 2010; Li et al., 2010). In addition, a putative variant of the PBZ was found in the
checkpoint kinase CHK1, which was also shown to interact with PAR. It is further assumed
that more unknown variations of the PBZ could exist (Min et al., 2013).

In contrast to the PBZ and PBM, the macrodomain is a folded, globular reader module,
consisting of 130-190 amino acids. It binds to the terminal ADP-ribose of PAR chains or to
other molecules containing ADP-ribose, such as mono(ADP-ribose) and O-acetyl-ADP-
ribose (Gottschalk et al., 2009; Timinszky et al., 2009). The affinity of the macrodomain to
PAR was determined to be in the sub-micromolar range (Kp ~ 107 M) (Krietsch et al., 2013).
11 human proteins contain a macrodomain, such as PARP9, PARP14 and PARP15, the
histone variants macroH2A1.1, macroH2A1.2 and macroH2A2, as well as macroD1/MDO1,
macroD2/MDO2, C60rf130/TARG, ALC1/CHDI1L and GDAP2 (Teloni and Altmeyer, 2015).
The WWE domain received its name according to its most conserved amino acids
tryptophane (W) and glutamate (E). It consists of about 80-100 amino acids that form a
folded domain. 12 human proteins contain a WWE domain and can be assigned to two
protein classes: PARP family members and ubiquitin ligases. The WWE domain recognizes
iso-ADP-ribose, a component within the PAR chain, comprising parts of two consecutive
ADP-ribosyl units (Figure 5) (Wang et al., 2012). The affinity for iso-ADP-ribose reaches
sub-micromolar values (Kp ~ 107 M) (Krietsch et al., 2013). One example of a WWE-
containing protein is the RNF146/Iduna ubiquitin ligase. Poly(ADP-ribosyl)ation of certain
proteins leads to RNF146/Iduna binding, ubiquitination and subsequent proteasomal
degradation. This was demonstrated for the proteins axin, PARP1/2, KU70, XRCC1 and
DNA ligase Ill (Kang et al., 2011).

FHA (Forkhead-associated) and BRCT (BRCA1 C-terminal) domains were mainly implicated
in binding of protein phosphorylation sites. They consist of 80-100 residues that organize into
a folded domain. Recently it was demonstrated that they mediate also PAR binding. The
FHA domains of APTX and PNKP bind iso-ADP-ribose, whereas the BRCT domain of
XRCC1, DNA Ligase IV and NBS1 interact with the ADP-ribosyl moiety of PAR (Breslin et
al., 2015; Li et al., 2013; Li and Yu, 2013).

The RNA recognition motif (RRM) is one of the most frequent RNA binding domains that
binds to a wide variety of target RNAs with a broad spectrum of recognizing various RNA
sequences and structures. It is a folded domain, consisting of 60-80 amino acids. Recently, it
was also implicated in binding to PAR, probably by electrostatic interactions. Examples are
ASF/SF2, NONO, RBMX, TAF15 (Teloni and Altmeyer, 2015).

Serine/arginine repeats (SR repeats) or lysine- and arginine-rich (KR-rich) motifs were also
shown to bind PAR. Examples for SR repeats are the RNA binding proteins ASF/SF2,
SF3A1, SF3B1 and SF3B2. The nucleosome remodeler dMi-2 was demonstrated to bind to

PAR via its KR-rich motif. The interaction is proposed to be mediated by electrostatic
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interactions (Isabelle et al., 2012; Malanga et al., 2008; Murawska et al., 2011).
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Figure 5: Overview of PAR binding modules. Adapted from Teloni and Altmeyer (2015).

The oligonucleotide/oligosaccharide-binding (OB) fold consists of 70-150 amino acids, that
are folded into a five-stranded beta-barrel with a terminating alpha-helix. BRCA2 and the
single-stranded DNA-binding protein SSB1 were shown to bind PAR via an OB-fold, leading
to recruitment of those proteins to sites of DNA damage. The OB-fold recognizes iso-ADP-
ribose, which is a specific component of PAR.

The PIIT N-terminus (PIN) domain contains 130-150 amino acids and mediates DNA and
RNA binding. The proteins GEN1, EXO1, and SMG5 were shown to bind to PAR by the PIN
domain. The PAR binding to EXO1 mediates its recruitment to DNA damage sites and has a
relatively high affinity with a Kp value of 200-300 nM (Izhar et al., 2015; Zhang et al., 2015).
The RG/RGG motifs are named after their high content of arginines (R) and glycines (G) and
are present in more than 1000 human proteins that are mainly associated with RNA
processing, transcription and DNA damage signaling (Thandapani et al., 2013). The MRE11
nuclease, the stress granule component G3BP1 as well as the ALS-associated proteins FUS
and EWS were shown to be bind to PAR and to be recruited to sites of DNA damage via
such motifs. RG/RGG motifs are intrinsically disordered and contain high amounts of positive
charge. Therefore, the PAR interaction is probably based on electrostatic interactions
(Altmeyer et al., 2015; Altmeyer et al., 2013; Haince et al., 2008).
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Target Proteins SwissProt Binding Sequences
Accession N°
hxbxhhbbhhb

H3s51.72 P16106 IRARYQKSTELLIRKLPFQRLVR
H46-40 P02304 KRHRKVLRDNIQGITKPAIRRLARR
2A1136 PO226] RAKAKTRSSRBAGLQFPVGRVHRLLRK
H2B23.47 P02278 KKDGKKRKRSRKESYS | -YVYKVLKQ
P53156-181 PO4637 RYRAMA | YKQSQHMTE - VWRRCPHHER
p53234-256 YNYMCNSSCMGGMNRRPILTIIT
p53329-35] TLQIRGRERFEMFRELNEALELK
p21140-163 P38936 AKRRATSMTDFYHSKRRLIFSKRK
NF-kB179.199 Q00653 KELKKVMDLS IVRLRARFSAFLR
iNOS505-525 P35228 KARRPKRREIPLKVLVKAVLFA
CAD 48169 076075 RFOSKSGYLRYSCESRIRSYLR
XP-A215.237 P23025 KOKKFDKKVKELRRAVMRS SVWKR
XRCC-1379-400 P18887 AIVRKEWVLDCHR-MRRRLPSRR
DNA lig IT112-34 P49916 KRARGTAGCKKCKEKIVK-GVCRIGK

DNA pol £691-709 Q07864 KRRLADYCRKAYKKIHITK
DNA-PKces 2728-2752  PT8527 KVARKAKAMVTGNGSLKRKSSRK
MSH6295-317 P52701 ARRFMRDOQEKLSLMYARKGVAEQKR
Ku70243-263 P12956 RKVRAKETRKRALSR-LKLKLNK
MARCKS151-175 P29966 KKKKKRFSFKKSFKLSGFSFKKNKK
TERT962-083 014746 RGFKAGRNMRRKLFGVLRLKCH
hnRNP A299-120 P22626 REESGKPGAHVTVKKLFVGGIK
topo 1261-280 P11387 AKMLDHEYTTKEIFRKNFFK
topo 1532.55] KDS I|RYYNKVPVEKRVFKNL
topo I6a9-688 KADAKVMKDAKTKKVVESKK
*topo I a971-990 P11388 KMTEEKLAEAERVGLHKVFK
CENPAS57.74 035216 RKKPFSMMVREICEKFSR
CENPBs583-597 P27790 RKNHARQAGVRGLGH

Figure 6: Alignment of PAR bindings motifs (PBMs). Adapted from Malanga and Althaus (2005).

1.1.4  Functions of covalent PARylation and non-covalent PAR binding
PAR is a long and highly negatively charged polymer. Therefore, it is plausible that it can
affect protein functions. Three main types of PAR-mediated regulatory mechanisms are
known: the inhibition of protein-nucleic acid interactions, the regulation of ubiquitination
events, as well as the formation of scaffolds that change protein localization and enhance

protein interactions (Figure 7) (Gibson and Kraus, 2012).

1.1.4.1 Inhibition of protein-nucleic acid interactions

One of the earliest described and most accepted effects of non-covalent PAR binding and
covalent PARylation is chromatin relaxation. Histones are covalently PARylated or interact
non-covalently with PAR, which leads to reduction of DNA binding affinity and consequently
to opening of the chromatin structure (Figure 7 A). In this way, proteins, such as DNA repair
factors can reach the site of DNA damage more efficiently (Poirier et al., 1982; Realini and
Althaus, 1992). In D. melanogaster, PARP1 regulates the chromatin structure at the Hsp70
locus after heat shock. A PAR-mediated chromatin loosening occurs at larval salivary-gland

polytene-chromosome puffs, which is associated with Hsp70 gene induction (Tulin and
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Spradling, 2003). A similar mechanism was observed for the initiation of transcription in D.
melanogaster, as well. PARP1 is bound at transcriptionally repressed chromatin regions,
which are distinct from the histone H1-bound highly condensed heterochromatin regions.
PARP1 activation leads to its auto-modification and to subsequent dissociation, which

activates transcription (Kim et al., 2004).

1.1.4.2 PAR-mediated protein localization and interaction scaffolds

Covalent PARylation of a protein can result in the formation of a molecular scaffold that
recruits other proteins required for a certain process (Figure 7 B). These recruited proteins
bind to the PAR chain via PAR binding domains. At sites of DNA damage, PARylation can
form huge scaffolds, with recruitment of many DNA repair factors and other chromatin-
binding proteins (Figure 7 D). After induction of DNA damage, PARP1 produces PAR
polymers, which results in the recruitment of the DNA damage scaffold protein XRCC1 and
CHD4, which is an element of the NURD chromatin remodelling complex. Both contain a
PBM PAR-binding module. Additionally, the PAR-binding zinc-finger (PBZ)-containing
proteins APLF and CHFR; and the macrodomain-containing proteins macroH2A and ALC1
are also recruited to the DNA damage in a PAR-dependent manner (Figure 7 D). Together,
they orchestrate chromatin remodelling and DNA repair (Figure 8). Deficiencies in the PAR-
binding functions of these proteins can lead to impaired repair kinetics or increase the

formation of chromosomal aberrations (Gibson and Kraus, 2012).

1.1.4.3 PAR-dependent ubiquitination

Protein PARYylation can trigger ubiquitination, followed by proteasomal protein degradation.
An increasing amount of PAR-dependent ubiquitination pathways are uncovered. An
example is the E3 ligase RNF146/lduna, which binds to PAR by its WWE domain (Figure 7
C). Tankyrase-mediated covalent PARylation of a protein leads to interaction with RNF146
via its WWE domain. Subsequently, RNF146 ubiquitinates lysine residues of the PARylated

protein using its RING E3 ligase domain resulting in degradation of the protein.
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Figure 7: Functions of covalent PARylation and non-covalent PAR binding.

A: Inhibition of protein-nucleic acid interactions by PARylation. B: PARylation-mediated protein
scaffold formation. C: PAR-dependent ubquitination. D: Recruitment of various PAR binding proteins
to sites of DNA damage. Modified from Gibson and Kraus (2012).

Ubiquitination increases with the amount of PARylation. Substrates for tankyrase/RNF146-
mediated degradation are for instance axin, BLZF1 and CASC3 (Zhang et al., 2011). Another
PAR-dependent E3 ubiquitin ligase is CHFR. It binds to PAR with a PBZ domain. A target of
CHFR is auto-PARylated PARP1. During mitotic stress, CHFR interacts with auto-PARylated
PARP1 and ubiquitinates it, using the RING E3 ligase domain. Subsequent degradation of
PARP1 triggers a cell cycle arrest. Impairment of this CHFR-mediated crosstalk results in
genomic aberrations and mitotic catastrophe (Kashima et al., 2012). Increasing amounts of
PAR-mediated ubiquitin ligases are being discovered. This proposes ubiquitination of
PARylation targets as part of a larger negative feedback mechanism that may limit

overactivation of PARylation-induced cell signalling (Gibson and Kraus, 2012).
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Figure 8: Role of PARP1 in DNA damage signalling. Adapted from Javle and Curtin (2011).

1.1.5 Role of PARPL1 in cancer and aging

Given the essential function of PARP1 in DNA repair, it is plausible that PARP1 has a role in
cancer and aging. Deficiency of DNA repair leads to genomic instability, which stimulates
cancer formation or acceleration of aging. Per day, thousands of DNA damage lesions occur
in a mammalian cell, which need to be repaired for genomic stability and longevity. At least
six main DNA repair pathways exist in mammals: Base excision repair (BER), nucleotide
excision repair (NER), the O®-methyl guanine methyltransferase (MGMT) pathway, mismatch
repair (MMR), and DNA double-strand break (DSB) repair, including the sub-pathways non-
homologous end-joining (NHEJ) and homologous recombination (HR) (Garinis et al., 2008).
Apart from the MMR and MGMT pathways, PARP1 is involved in all of these repair
mechanisms, and thus, PARP1 is considered a general caretaker of genomic stability
(Rouleau et al., 2010). Extensive evidence show a positive correlation of PARP PARylation
capacity and mammalian longevity. It was demonstrated that PARylation capacity in
peripheral blood mononuclear cells (PBMCs) strongly correlates with their maximum lifespan
in 13 mammalian species. For instance, the maximum PARylation level was five times higher
in humans than in rodents. Furthermore, PARylation capacity in PBMCs declines with age in
humans and rodents (Grube and B rkle, 1992; Kunzmann et al., 2008). Centenarians, which
are humans with an age of at least 100 years, exhibit a significantly higher PARylation
capacity than the average population and is comparable to those of young subjects
(Chevanne et al., 2007; Muiras et al., 1998).

In addition, studies with Parpl knockout mice support the role of PARP1 as a longevity
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assurance factor. These mice and cells derived from them are hypersensitive to DNA-
damaging agents. Parpl knockout cells exhibit increased spontaneous genomic instability as
measured by the frequency of sister chromatid exchanges, micronuclei formation and
chromosome aberrations, confirming PARP1 as a general caretaker of the genome (Shall
and de Murcia, 2000). In accordance with the notion that PARP1 can slow the aging process,
it was reported that Parpl knockout mice age moderately faster compared to WT animals.
The mean and maximum life span of Parpl knockout mice was reduced by 13.3% and
16.4%, respectively, as compared to WT mice (Piskunova et al., 2008). In addition, this and
several other studies support the view that PARP1 functions as a tumor suppressor protein,
since PARP1 deficiency increases carcinogenesis during aging and after DNA damage
induction (Nozaki et al., 2003; Piskunova et al., 2008; Tsutsumi et al., 2001). In accordance
with this, human studies demonstrate that a hypomorphic PARP1 polymorphism (V762A)
serves as a risk factor for the development of certain types of human cancers (Lockett et al.,
2004; Mangerich and Burkle, 2012; Zhang et al., 2009; Zhang et al., 2005). In cancer
therapy, PARP inhibitors gain increasing popularity, which seems to be contradictory at first
glance due to its essential role in DNA repair. PARP inhibitors are used either as
monotherapeutic agents according to the concept of synthetic lethality or to support classical
chemotherapy or radiotherapy in combination therapy. The idea behind the synthetic lethality
approach is that in cancers with certain defects in homologous recombination repair,
inactivation of PARPs by a PARP inhibitor directly triggers cell death. In cancer therapy, this
phenomenon can be used to specifically target tumor cells while sparing non-malignant
tissue. One example are tumors that are deficient in BRCA1 or BRCA2. These proteins are
essential for DSB repair by homologous recombination (HR). In breast, prostate or ovarian
cancers, the corresponding genes are frequently mutated and inactivated. The combination
of a PARP inhibitor and the deficient HR leads to increased DSB formation that cannot be
repaired. Consequently, the cancer cells die, whereas non-tumor cells survive (Martin et al.,
2008; Venkitaraman, 2009). The US FDA approved the PARP inhibitors olaparib in 2014 and
rucaparib in 2016 for treatment of BRCA mutated ovarian cancer (McLachlan et al., 2016).
PARP inhibitors in combination therapy are used to sensitize cells to cytotoxic DNA-
damaging treatments by chemotherapy or radiotherapy, since some PARPs actively
participate in genomic maintenance. Apart from that, PARP inhibitors exhibit anti-angiogenic

functions, to which tumors are very sensitive (Mangerich and Burkle, 2011).

1.2 p53 and PARylation of p53

Genotoxic stress constantly harms mammalian cells, which have consequently developed
mechanisms to protect or repair the genome. One of such protectors is the tumor suppressor
protein and guardian of the genome p53. It is a transcription factor and its protein levels are

kept very low in steady-state conditions. Upon DNA damage induction, p53 protein levels rise
24



INTRODUCTION

leading to transcription of cell cycle arrest genes (e.g. p21), apoptosis genes (e.g. PUMA) or
DNA repair genes (e.g. R2) (Vousden and Prives, 2009). Inactivation of p53 is commonly
observed in human cancers. Loss of p53 function as a consequence of direct mutations
occurs in ~50% of human cancers, which makes the p53 gene the most frequent target for
mutations (Kruse and Gu, 2009; Petitjean et al., 2007).

1.2.1  Structure of p53

p53 consists of an N-terminal transactivation domain (TAD), a DNA binding domain (DBD),
an oligomerization domain (OD), also known as tetramerization domain (TD), and a C-
terminal domain (CTD) (Figure 9). Of those, only the DBD and the TD are folded and their
structures have been determined (Cho et al., 1994; Clore et al., 1994, Jeffrey et al., 1995).
The TAD, the CTD, as well as the linker region between and the DBD and TD are intrinsically
disordered. It is very challenging to determine a 3D structure from intrinsically disordered
domains. Classical X-ray crystallography cannot be used for such domain, because the
flexibility of p53 is too high. By using small-angle X-ray scattering (SAXS), a structure of full-
length p53 can be modelled. In its active state, p53 exists as a tetramer. Without DNA, the
p53 tetramer has a cross-shaped, open structure, with the tetramerization domains in the
center and a pair of loosely coupled dimers of DNA binding core domain at the ends (Figure
10 A). When the p53 tetramer binds to DNA, the structure wraps around the DNA double
helix and becomes more compact (Joerger and Fersht, 2010) (Figure 10 B). The
transactivation domain (amino acids 1-68) can be subdivided into TAD1 (amino acids 1-40)
and TAD2 (amino acids 40-68). These two domains independently enhance transcription by
recruiting basal transcription machinery proteins (e.g. STAGA, Mediator, TFIID components:
TBP, TAF40, TAF60, TFIIH components: p62), histone-modifying proteins (e.g. CBP/p400)
or other regulators (e.g. MDM2) (Brady and Attardi, 2010; Ko and Prives, 1996).

The proline-rich region (PRR, amino acids 68-94) is stiffer than the TAD and has mainly a
structural role. It is assumed that the PRR positions the TAD away from the surface of the
p53 protein (Wells et al., 2008).

The DNA binding domain (amino acids 94-292) consists of an immunoglobulin-like [3-
sandwich that serves as a scaffold for two large loops and a loop-sheet-helix motif. The
architecture is stabilized by a zinc ion, which is tetrahedrally coordinated. Amino acid
residues from the loop-sheet-helix motif interact with the major groove of the DNA, whereas
an arginine from one of the two large loops binds the minor groove (Cho et al., 1994; Joerger
and Fersht, 2010). Most cancer-associated p53 mutations are located in the DBD. They
disrupt specific DNA binding of p53 and lead to an inactivation of p53 function. The most
frequently occurring mutations affect amino acids R175, R248 and R273 (Figure 9) (Joerger
and Fersht, 2010).

25



INTRODUCTION

248 273
175

Relative frequency of missense 245 249 |282

mutation in human cancer 220 L l
b . ,._.J.I.J.Ju.jJLl.LJJ L;_.ALL._..J .LJLL__JJHU JLJLI “ j._._“___,,‘, S .

BESA FrR . DNAbindngdoman [oDb [ ciD |
1 68 94

292 325 356 393

Intrinsically disordered Disordered Disordered

Figure 9: Overview of p53 structure and associated mutations in human cancer.
TAD: Transactivation domain, PRR: Proline-rich region, OD: Oligomerization domain, CTD: C-terminal
domain. Modified from Joerger and Fersht (2010).

The oligomerization domain (OD) or also called tetramerization domain (TD, amino acids
325-355), mediates the tetramerization of p53. Tetramerization is essential for p53 function.
p53 without a TD binds with 1000 fold decreased affinity to a p53 response element
(Weinberg et al., 2004). The TD consists of a short 3-strand followed by an a-helix. Two
dimers team up to form a tetramer. Therefore, the tetramer is a dimer of dimers. Hydrophobic
and electrostatic interactions stabilize the tetramer (Clore et al., 1994; Jeffrey et al., 1995).
Mutations in the TD can inhibit tetramerization. For example, the L344P mutant is able to
form only monomers (van Dieck et al., 2009).

The C-terminal domain (CTD, amino acids 356-393) is a highly basic, intrinsically disordered
domain. Due to its importance in this work, it is described below in more detail (section
1.2.4).
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Figure 10: Small-angle X-ray scattering (SAXS) models of full-length p53.
A: Model of p53 tetramer without bound DNA. B: Model of p53 tetramer bound to DNA. Adapted from
Joerger and Fersht (2010).

1.2.2  Post-translational modifications of p53

p53 is a target for many post-translational modifications. Most of them take place at the
regulatory transactivation domain (TAD) and C-terminal domain (CTD). The TAD is mainly
targeted by serine and threonine phosphorylation (Figure 11). Prominent DNA damage-
associated kinases phosphorylate the TAD, like ATM, ATR, DNA-PK, Chkl, Chk2. ATM-
mediated S15 phosphorylation was demonstrated to stimulate p53-dependent
transactivation, growth arrest and apoptosis in response to DNA damage (Fiscella et al.,
1993; Khanna et al., 1998; Shieh et al., 1997). However, an effect of S15 phosphorylation on
p53-MDM2 protein interaction is still controversial (Olsson et al., 2007). On the other hand,
T18 and S20 phosphorylation were clearly implicated in inhibiting the MDM2 binding to p53,
resulting in prevention of ubiquitination and then in stabilization of p53 (Chehab et al., 1999;
Unger et al., 1999).

S46 is phosphorylated by the homeodomain interacting protein kinase 2 (HIPK2) (D'Orazi et
al., 2002), which leads to cell death induction under severe DNA damage conditions. MDM2
targets HIPK2 for degradation at mild DNA damage. At a high DNA damage load, MDM2
levels decrease, resulting in stabilization of HIPK2 and S46 phosphorylation (Rinaldo et al.,
2007).

The CTD is mainly a target for ubiquitination and acetylation, but also for methylation,

sumoylation and neddylation. Six lysine side chains are the main target for these
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modifications. They are also the major target of MDM2-mediated ubiquitination. Other E3-
ubiquitin ligases targeting the CTD are COP1, ARF-BP1 and Pirh2 (Kruse and Gu, 2009).
The acetyltransferase CBP/p300 targets these six lysine side chains also for acetylation. This
results in a blockage of those residues for ubiquitination and consequently p53 levels rise
and the sequence-specific DNA binding activity is increased (Gu and Roeder, 1997).
Methylation of the CTD was shown to promote p53 activity, if mediated by the
methyltransferase Set7/9. The methylation by Smyd2 or Set8/PR-Set7 represses p53
activity, on the other hand (Kruse and Gu, 2009).

DNA damagelUY light/radiation Unstres?ed cells
I bna-Pk MAPKAP2 1 Mdm2/COP1/
ATM/ATR Chk1/Chk2 Pin1 ATR DYRK2 JNK /\HI'WIWPHHZ
CK1 p38k CK2 JNK p38K DNA-PK HIPK2 Pint I 1
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1
CBP/p300
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Figure 11: Overview of posttranslational modifications in p53. Adapted from Kruse and Gu
(2009).

1.2.3  p53 function and regulation

After DNA damage induction, the DNA damage response kinases ATM, ATR and DNA-PKcs
become activated. ATM is activated mainly by double-stranded DNA breaks, whereas ATR
responds to a variety of DNA damage types, like double-stranded DNA breaks or DNA
damage that disturb replication. Next, these kinases phosphorylate hundreds of proteins.
One of these proteins is p53. ATM and ATR can induce a second wave of phosphorylation
by activating the kinases Chkl and Chk2, which target p53 as well (Mar@chal and Zou,
2013). The main place for phosphorylation of p53 by these kinases is in the transactivation
domain. p53 interacts with the E3 ubiquitin ligase MDM2 via this domain. In the absence of
DNA damage, MDM2 targets p53 for proteasomal degradation by ubiquitination. Upon DNA
damage induction, the above-mentioned kinases phosphorylate the transactivation domain of

p53, which leads to a loss of interaction to MDM2 and stabilization of p53 (Figure 12).
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Figure 12: Classical model of p53 activation. Adapted from Kruse and Gu (2009).

Due to an increasing protein level, p53 binds to its consensus sequence of p53 response
elements (Kruse and Gu, 2009). For transactivation, p53 binds to the promotor region of
target genes. p53 controls apoptosis genes, like PUMA, Bax, NOXA, Fas (Figure 13) or cell
cycle arrest genes, like p21. Thus, cancer formation can be prevented by initiating a stop of
cell division or by killing the cell. p53 controls also DNA repair genes, like R2 or the genes of

many other processes.

Tumor suppression
Development

e.g., PUMA — Apoptosis
e.g., DRAM — Autophagy
e.g., p21 — Cell cycle arrest

/—-e.g.. R2 — DNA repair

Stem cell modulation
Fertility '
(e LIF— Embryo implantation
p53 ———¢c.g. TSP1 — Inhibition of angiogenesis

Bl e.g., TIGAR — Inhibition of ROS/Survival
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Ischemia e.g., SCO2 — Metabolism

Treacher Collins syndrome
Neurodegeneration
Aging

e.g., MDM2 —- p58 regulation
e.g., PAl-1 — Senescence

Figure 13. Overview of p53 target genes. Adapted from Vousden and Prives (2009).

The gene of the negative regulator MDM2 is also a target of p53. In a negative feedback
loop, p53 activity is again reduced after a period of time, due to increased MDM2 expression
(Vousden and Prives, 2009). Interestingly, although MDM2 is the main regulator of p53, it
was shown that p53 can be still degraded in cells of MDM2 knockout mice, indicating that

alternative processes can target p53 for degradation in vivo (Ringshausen et al., 2006).
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Another important regulator of p53 stability is the ARF protein. ARF affects the p53-MDM2
interaction, resulting in p53 stabilization. This is achieved by sequestering MDM2 to the
nucleolus. ARF is a nucleolar protein and by interaction with MDM2, it becomes also targeted

to the nucleolus, thereby preventing p53 ubiquitination (Weber et al., 1999).

1.2.4  C-terminal domain of p53

The C-terminal domain of p53 (CTD, amino acids 356-393) is highly basic and intrinsically
disordered. The function of the CTD is still controversial. Initial studies reported that the CTD
is a negative regulator of sequence-specific DNA binding (Anderson et al., 1997; Ayed et al.,
2001; Hupp and Lane, 1994; Hupp et al., 1992; Jayaraman and Prives, 1995). Later, the
CTD was described to have positive regulatory properties, such as facilitating p53 binding to
chromatin and long naked DNA (Espinosa and Emerson, 2001) or sliding along DNA, while
searching for the cognate site (McKinney et al., 2004; Tafvizi et al., 2011). In addition, the
CTD was reported to bind in vitro various other DNA substrates, such as single-stranded
DNA ends (Bakalkin et al., 1995; Bakalkin et al., 1994), insertion/deletion mismatches (Lee et
al., 1995), recombination intermediates (Dudenh ffer et al.,, 1998) and y-irradiated DNA
(Reed et al., 1995), as well as single-strand and double-strand breaks (Zotchev et al., 2000).
Due to the ability to bind various DNA substrates in a sequence-independent manner, the
CTD was also described as a non-specific DNA binding domain (Bayle et al., 1995; Wang et
al., 1993). Even interaction with RNA was demonstrated (Galy et al., 2001; Miller et al., 2000;
Mosner et al., 1995). Recently, it was shown that the CTD controls stability of p53-DNA
complexes by facilitating cooperative contacts between the core DNA binding domains of
p53 (Laptenko et al., 2015). The CTD is a target for various posttranslational modifications,
such as phosphorylation. The lysines of the CTD are modified by acetylation, ubiquitination,
SUMOylation, neddylation or methylation (Kruse and Gu, 2009). These modifications were
reported to be essential for p53 activity and stability. However, mice with amino acid
exchanges of all lysines to arginines within the CTD were similar to wild-type (WT) mice
(Feng et al., 2005; Krummel et al., 2005), with the exception of a hypersensitivity to
y-irradiation (Wang et al., 2011). Recently it was reported that mice lacking the CTD, showed
increased p53 activity and suffer from aplastic anaemia and pulmonary fibrosis, hallmarks of
syndromes caused by short telomeres (Simeonova et al., 2013). The CTD mediates many
protein-protein interactions with p53. Known CTD-mediated interaction partners of p53 are
for example TBP, CSB and the TFIIH components XPB and XPD (Ko and Prives, 1996). Due
to its high positive charge density, the CTD attracts proteins with acidic domains. Recently, it
was reported that SET, VPRBP, DAXX and PELP1 bind to the CTD by their acidic domains.
Acetylation of the CTD results in a decreased positive charge density and therefore to the

loss of interaction with those proteins (Wang et al., 2016).
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1.2.5 pb53interaction with PARP1

p53 and PARP1 interact at multiple levels: For instance, a direct protein-protein interaction
was found in cells (Kumari et al., 1998; Vaziri et al., 1997). This interaction was confirmed in
vitro (Wesierska-Gadek et al., 2003). In this publication, it was described that the p53-PARP1
interaction is mediated by the central and C-terminal part of p53 as well as the central and N-
terminal part of PARPL1. In another study, it was described that both an N-terminal (amino
acids 1-72) and a C-terminal p53 fragment (311-393), but not the DNA binding domain of p53
(82 292) were able to interact with PARP1 (Vaziri et al., 1997). Furthermore, it was shown
that p53 binds to auto-PARylated PARP1 (Malanga et al., 1998) and that p53 is target for
covalent PARylation by PARP1 (Wesierska-Gadek et al., 1996a).

1.2.6 Covalent PARylation of p53 by PARP1

Covalent PARylation of p53 was already described in vitro and in cells about two decades
ago (Simbulan-Rosenthal et al., 1999; Wesierska-Gadek et al., 1996b). Since then, p53 has
developed to one of the most frequently identified targets for PARylation with 18 independent
publications (Vivelo et al., 2016). Covalent PARylation of p53 by PARP1 was shown to inhibit
the binding to its consensus DNA sequence. This gave rise to the view that the covalent
PARylation of p53 results in its transcriptional inactivation (Mendoza-Alvarez and Alvarez-
Gonzalez, 2001; Simbulan-Rosenthal et al., 2001). On the other hand, it was shown that
PARYylation can have stimulatory effects on p53 function. Addition of a PARP inhibitor to cells
lead to a reduced p21 synthesis (Vaziri et al., 1997; Wieler et al., 2003). Sites of covalent
PARylation and mutations thereof were described in p53 by Kanai et al. (2007). In this
publication, three covalent PARylation sites E255, D256 and E268 were found in mouse p53,
in vitro. Amino acids exchange to alanine of those sites abrogated covalent PARylation.
PARylated p53 showed reduced interaction to the nuclear exporter Crm1l in cells, leading to

nuclear accumulation and enhanced p53 function.

1.2.7 Non-covalent PAR binding of p53

Apart from the covalent PARYylation, p53 was also shown to bind PAR non-covalently at three
PAR binding motifs (PBMs). Two of them are located in the DBD (amino acids 153-178 and
231-253), one in the TD (amino acids 326-348) of p53 (Figure 14 A). Free and PARP1-
bound PAR interact with full-length p53 and with these three PBM peptides. Increasing
concentrations of PAR were shown to decrease the DNA binding affinity of full-length p53.
Interestingly, the ssDNA binding affinity was stronger influenced than the dsDNA binding
affinity (Malanga et al., 1998; Pleschke et al., 2000). In addition, p53 was shown to have a
higher affinity to 55mer PAR than to 16-mer PAR. 55mer PAR binding to p53 is able to

induce three higher molecular weight complexes, whereas 16mer PAR is only able to induce
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one complex (Figure 14 B), indicating that PAR can mediate the formation of p53 higher-

order complexes (Fahrer et al., 2007).
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Figure 14: Non-covalent PAR binding of p53.

A: Locations of published PAR binding motifs (PBMs) in p53 according to Malanga et al. (1998). B:
Interaction of 16mer or 55mer PAR with p53 by EMSA with Quantification. Adapted from Fahrer et al.
(2007).

1.2.8 Role of p53 in cancer and aging

The most important function of p53 is cancer suppression, but it was also demonstrated to
play a role in the aging process. This is supported by the view that cancer and aging are
considered to be two sides of the same coin. p53 can induce senescence and apoptosis after
DNA damage induction. Both pathways are powerful tumor-suppressive mechanisms
preventing the uncontrolled proliferation of damaged cells. On the other hand, both pathways
can deplete stem and progenitor cell pools, resulting in potential tissue degeneration and
organ failure, which are both hallmarks of aging. It is still weakly understood how these two
outcomes of p53 activation are balanced. An important factor is the cell type-specificity. For
instance, thymocytes trigger typically apoptosis in response to genotoxic stress (Clarke et al.,
1993). In contrast, fibroblasts usually undergo cellular senescence after DNA damage
induction (Di Leonardo et al.,, 1994). These different outcomes might be attributed to the
physiological function of those cell types. Thymocytes are quickly replenished, whereas
fibroblasts are present in connective tissues which require physical integrity.

Mice lacking the TP53 gene (encodes p53) are highly prone to tumor formation and regularly
succumb to neoplastic disease (Jacks et al., 1994). Humans with certain germline mutations
in the TP53 gene suffer from Li Fraumeni syndrome and develop in consequence multiple
tumors early in life (Malkin et al., 1990). This demonstrates that mutational inactivation of p53

leads to uncontrolled proliferation of damaged cells (Lowe et al., 1994). In contrast,
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expression of dominant active variants of p53 leads to constitutive expression of downstream
genes, with an early onset of phenotypes associated with aging (Maier et al., 2004; Tyner et
al., 2002). Constitutively active p53 probably depletes stem cell compartments and impairs
tissue regeneration in consequence.

Evidence from mouse models support that p53 is involved in the regulation of the aging
process (Rodier et al., 2007). A spontaneous recombination event removed a region of DNA
containing the 5 sequence of the TP53 gene in a mouse strain. This mutant allele was
termed TP53™ and contained exons 7 11. The transcription was driven from a promoter of
an upstream gene. Mouse embryonic fibroblasts (MEFs) derived from TP53™* mice revealed
that the TP53™ gene product exhibits enhanced stability and transactivation capacity
compared to wild-type p53. TP53™* mice displayed robust cancer resistance, but they
showed a significant reduced lifespan with accompanied features of premature aging (Figure
15 A and B). Some of these aging phenotypes of TP53™* mice are probably the result of
decreased stem cell proliferation compared to wild-type animals (Dumble et al., 2007). An
additional hint that p53 activity might drive the aging process came from transgenic (tg) mice
overexpressing a naturally occurring p53 isoform, termed p44 (Maier et al.,, 2004).
Translation of this short isoform starts at codon 41 in exon 4 and result in a 44 kDa protein,
lacking large parts of the transactivation domain (Rovinski et al., 1987). Like TP53™* mice,
p449'9 animals displayed robust cancer resistance but also signs of premature aging. The
p44-mediated effects were p53-dependent, implicating that p44 overexpression increases
wild-type p53 activity.

In the studies using short isoforms of p53, p53 expression occurred outside of the natural
genomic context of the TP53 gene. The so-called super-p53 mouse was generated using
bacterial artificial chromosome (BAC) transgenics, which gives the opportunity for expression
of wild-type p53 from within its natural genomic surroundings (Garc a Cao et al., 2002). The
super-p53 mouse has one or two TP53Y alleles in addition to the two endogenous copies. It
exhibits high cancer resistance, as is the case for the the p449%9 and TP53™* mice. In
contrast to those mice, the super-p53 mouse does not show any signs of premature aging.
Although p53 activity and expression in super-p53 cells were not increased in the absence of
stress, p53 activity was elevated after genotoxic stress (Garc a Cao et al., 2002). Thus, p53-
dependent apoptosis was also increased in response to genotoxic stress, but the mice had a
normal lifespan without features of premature aging. The super-p53 mouse was developed
further by adding an extra allele for the p19 alternative reading frame protein (Arf), termed
super-p53/ARF mouse (Matheu et al.,, 2007). ARF affects the p53-MDM2 interaction,
resulting in p53 stabilization. This is achieved by sequestering MDM2 to the nucleolus. The
super-p53/ARF mouse presents strong cancer resistance, like the super-p53 mouse.

Furthermore, the super-p53/ARF animals displayed enhanced resistance to oxidative stress
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and a significantly increased median lifespan of 16%, compared to wild-type mice. Taken
together, these mouse studies suggest that chronically elevated p53 expression levels offers
protection against cancer formation at the cost of a reduced lifespan. However, if p53 levels
are additionally increased only in response to genotoxic stress, the lifespan becomes
enhanced as well (Figure 15 C). In conclusion, keeping a fine balance of p53 activity, which
is sufficient for tumor prevention, but insufficient to cause stem-cell depletion, is essential for

beneficial effects on cancer protection and longevity (Reinhardt and Schumacher, 2012).
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Figure 15: Activation modes of p53 determine the physiological outcome.

A: Normal p53 baseline activity and p53 induction in wild-type cells. B: Elevated and chronic p53
baseline activity leads to premature aging, as in mice expressing short isoforms of p53. C: Low p53
baseline activity and increased p53 induction does not lead to premature aging, as exemplified by the
super-p53 mouse. In combination with an additional Arf allele, longevity can be increased by reducing
p53 baseline further. Modified from Reinhardt and Schumacher (2012).

34



OBJECTIVE

2 OBJECTIVE

p53 was shown to bind PAR non-covalently at three PAR binding motifs (PBMSs) in a peptide
binding assay. Two of the PBMs are located in the DBD (amino acids 153-178 and 231-253),
one in the TD (amino acids 326-348) of p53 (Malanga et al., 1998). How non-covalent PAR
binding influences the function of p53 is only poorly understood. A PAR-binding-deficient
mutant of p53 would improve the understanding, but has not been generated, so far. In
addition, the covalent PARylation of p53 has been only weakly characterized. p53 is one of
the most frequently identified target for covalent PARylation (Vivelo et al., 2016), but how
covalent PARylation affects the function of p53 is only incompletely understood. Particularly,
how non-covalent and covalent PARylation play together in the regulation of p53 is unknown.
In general, the relationship of non-covalent PAR binding and covalent PARylation is not
understood. Until today, about 2000 proteins were identified to be covalently PARylated in
human cells (Jungmichel et al., 2013; Martello et al., 2016; Vivelo et al., 2016; Zhang et al.,
2013), but why these proteins are targeted by PARP enzymes and how the mechanism of
targeting for covalent PARylation works, is still enigmatic.

The main objectives of this thesis were to characterize how p53 binds non-covalently to PAR,
how it is covalently PARylated by PARP1 and finally how these two ways of PARylation
affect the function of p53. First, the p53 PBM peptide results from Malanga et al. (1998) were
to be reproduced and mutant PBM peptides were to be generated that lack PAR binding. In a
next step, a recombinant full-length p53 mutant was to be created that is deficient for non-
covalent PAR binding. On an in vitro level, this PAR-binding deficient p53 mutant was to be
analyzed in its sequence-specific and sequence-independent DNA binding ability, as well as
the influence of PAR thereon. In addition, this mutant was to be tested for its ability to be
covalently PARylated by PARP1, using in vitro PARylation. The modified amino acids of
covalently PARylated recombinant wild-type p53 were to be determined with mass
spectrometry. In a next step, these amino acids were to be mutated with the intention to
abrogate covalent PARylation of p53. Truncated p53 variants were to be used for covalent
PARylation by PARP1 to identify essential regions in p53 for the PARP1 substrate targeting
process. The information from these in vitro experiments were to be used to generate a p53
mutant that is deficient in covalent PARylation, as well as in non-covalent PAR binding. By
transfecting this mutant into cells, the effect of PARylation on p53 function was to be
examined on the cellular level. Since the main function of p53 is its role as transcription
factor, the influence of PARylation on transactivation function was to be investigated. In
addition, effects on subcellular localization of p53 were to be analyzed. As p53 plays also a
role in transcription-independent pathways, the effect of PARylation on p53-mediated

replication-associated recombination was to be tested.
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3 MATERIALS AND METHODS

3.1 MATERIALS

3.1.1 Chemicals and reagents

Substance

Manufacturer

2- Mercaptoethanol

Sigma-Aldrich, Steinheim, Germany

-Nicotinamide adenine dinucleotide hydrate

Sigma-Aldrich, Steinheim, Germany

ABT888 (Veliparib)

Selleckchem, Munich, Germany

Acetic acid 100 %

Merck, Darmstadt, Germany

Acrylamide Rotiphoresefi Gel 30 (37.5:1)

Roth, Karlsruhe, Germany

Acrylamide Rotiphoresefi Gel 40 (19:1)

Roth, Karlsruhe, Germany

Agarose, Universal

Bio & Sell, Feucht, Germany

Ammonium acetate

Roth, Karlsruhe, Germany

Ammonium persulfate (APS)

SERVA, Heidelberg, Germany

Bacto agar

Becton-Dickinson, Heidelberg, Germany

Bacto tryptone

Becton-Dickinson, Heidelberg, Germany

Bacto yeast extract

Becton-Dickinson, Heidelberg, Germany

BCA reagent A

Thermofisher Scientific, Bonn, Germany

BCA reagent B

Thermofisher Scientific, Bonn, Germany

Biotin

Fluka, Buchs,Switzerland

Boric acid

Sigma-Aldrich, Steinheim, Germany

Brillant Blue R250

Roth, Karlsruhe, Germany

Bovine serum albumine (BSA)

Sigma-Aldrich, Steinheim, Germany

Bromo phenol blue sodium salt

Sigma-Aldrich, Steinheim, Germany
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Calcium chloride dihydrate

Fluka, Buchs,Switzerland

Chloroform

Sigma-Aldrich, Steinheim, Germany

Complete protease inhibitor EDTA-free

Roche, Mannheim, Germany

Complete protease inhibitor with EDTA

Roche, Mannheim, Germany

Deoxycholic acid sodium salt

Fluka, Buchs,Switzerland

Dimethylsulfoxid (DMSO)

Sigma-Aldrich, Steinheim, Germany

Disodium hydrogen phosphate -12-hydrate

Roth, Karlsruhe, Germany

Dithiothreitol (DTT)

Sigma-Aldrich, Steinheim, Germany

DNase |

Roche, Mannheim, Germany

Ethanol (99,8 %)

Riedel-de-H en, Seelze, Germany

Ethidiumbromide (10 mg/ml)

Sigma-Aldrich, Steinheim, Germany

Ethylenediaminetetraacetic acid (EDTA)

Roth, Karlsruhe, Germany

Formamide

Sigma-Aldrich, Steinheim, Germany

Glutathione sepharose 4B

GE Healthcare, Munich, Germany

Glycerol

Roth, Karlsruhe, Germany

Glycine

Roth, Karlsruhe, Germany

Histone from calf thymus, type 1I-A

Sigma-Aldrich, Steinheim, Germany

Hoechst 33342

Thermofisher Scientific, Bonn, Germany

Hydrochloric acid

VWR, Darmstadt, Germany

Hydrogen peroxide (30%)

Merck, Darmstadt, Germany

Hydroxylamine

Sigma-Aldrich, Steinheim, Germany

Imidazole

Merck, Darmstadt, Germany

Insulin

Sigma-Aldrich, Steinheim, Germany
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Isoamyl alcohol

Sigma-Aldrich, Steinheim, Germany

Isopropanol

Roth, Karlsruhe, Germany

Isopropyl-thiogalactopyranoside (IPTG)

PeqgLab, Erlangen, Germany

L-Glutathion, reduced

Sigma-Aldrich, Steinheim, Germany

Luminol

Sigma-Aldrich, Steinheim, Germany

Lysozyme

Sigma-Aldrich, Steinheim, Germany

Magnesium chloride

Roth, Karlsruhe, Germany

Methanol

VWR, Darmstadt, Germany

MilliQ water

Millipore, Schwalbach, Germany

Nonidet P40 substitute

Fluka, Buchs,Switzerland

Olaparib

Selleckchem, Munich, Germany

Orange G

Sigma-Aldrich, Steinheim, Germany

P-Coumaric acid

Sigma-Aldrich, Steinheim, Germany

Pefabloc SC (AEBSF) hydrochloride

Roche, Mannheim, Germany

Phenol Rotiphenol

Roth, Karlsruhe, Germany

Paraformaldehyde

Merck, Darmstadt, Germany

Polyethylene glycol 4000

Thermofisher Scientific, Bonn, Germany

Ponceau-S

Roth, Karlsruhe, Germany

Potassium acetate

Merck, Darmstadt, Germany

Potassium chloride

Riedel-de-H en, Seelze, Germany

SDS pellets

Roth, Karlsruhe, Germany

Skimmed milk

MIGROS, Switzerland

Snake venom phosphodiesterase

Thermofisher Scientific, Bonn, Germany
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Sodium acetate

Merck, Darmstadt, Germany

Sodium chloride

Roth, Karlsruhe, Germany

Sodium phosphate dibasic dihydrate

Sigma-Aldrich, Steinheim, Germany

SYPRO Ruby protein blot stain

Thermofisher Scientific, Bonn, Germany

Trichloroacetic acid

Roth, Karlsruhe, Germany

Tris(2-carboxyethyl)phosphine hydrochloride

Sigma-Aldrich, Steinheim, Germany

TEMED Roth, Karlsruhe, Germany
Thrombin GE Healthcare, Munich, Germany
TMA-6 Lumigen, Southfield, Michigan, USA
Triton X100 Roth, Karlsruhe, Germany

Trizma base Sigma-Aldrich, Steinheim, Germany
Tween 20 Sigma-Aldrich, Steinheim, Germany
Urea Roth, Karlsruhe, Germany
ZymoBroth Zymo Research, Freiburg, Germany
3.1.2  Buffer and solutions

Designation Composition

Agarose gel electrophoresis loading dye, 6

30 % (v/v) glycerol, 0.5% (w/v) Orange G

Biotin elution buffer

100 mM Tris-HCI pH 8.0, 150 mM NacCl,
1 mM EDTA, 10 mM D-biotin

Coomassie de-stain solution

20% methanol, 10% acetic acid

Coomassie stain solution

0.1% (w/v) Coomassie R250, 10% acetic
acid, 40% methanol

EMSA loading dye, 10

250 mM Tris-HCI pH 7.4, 40% (v/v) glycerol,
0.2% (w/v) Orange G
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Enhanced chemiluminescence (ECL)
solution A

100 mM Tris-HCI (pH 8.5), 2.5 mM luminol,
0.4 mM p-coumaric acid

Enhanced chemiluminescence (ECL)
solution B

100 mM Tris-HCI (pH 8.5), 0.018% (v/v)
H20:2

Ethidium bromide solution

10 g/ml ethidium bromide

FPLC p53 dialysis buffer

20 mM sodium phosphate pH 8, 150 mM
NaCl, 10 mM 2-mercaptoethanol

FPLC p53 325-393 dialysis buffer

25 mM sodium phosphate pH 8, 200 mM
NacCl

FPLC heparin buffer A

20 mM sodium phosphate pH 8

FPLC heparin buffer B

20 mM sodium phosphate pH 8, 1 M NaCl

FPLC Histrap buffer A

50 mM sodium phosphate pH 8

FPLC Histrap buffer B

50 mM sodium phosphate pH 8, 500 mM
imidazole

FPLC lysis buffer

50 mM sodium phosphate pH 8.0, 300 mM
NaCl, 10 mM 2-mercaptoethanol, 10 mM
Imidazole, 1 mg/ml Lysozmye, 1 cOmplete
EDTA-free Protease inhibitor cocktail

FPLC sulfopropyl buffer A

25 mM sodium phosphate pH 7

FPLC sulfopropyl buffer B

25 mM sodium phosphate pH 7, 1 M NacCl

Glycine solution

100 mM Glycine in PBS

GST elution buffer

50 mM sodium phosphate pH 7.0, 300 mM
NaCl, 10 mM glutathione

GST lysis buffer

50 mM sodium phosphate pH 8.0, 300 mM
NaCl, 5 mM 2-mercaptoethanol, 1 mg/ml
Lysozmye, 1 cOmplete Protease inhibitor
cocktall

GST storage buffer

50 mM sodium phosphate pH 7.0, 300 mM
NacCl, 10 % (v/v) glycerol, 1 mM DTT

GST wash buffer 1

50 mM sodium phosphate pH 7.0, 300 mM
NaCl

GST wash buffer 2

50 mM sodium phosphate pH 7.0, 150 mM
NaCl
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Immunoprecipitation buffer

50 mM Tris-HCI pH 7.4, 150 mM NaCl, 1%
NP-40, 0.5% deoxycholate

Immunoprecipitation wash buffer

50 mM Tris-HCI pH 7.4, 150 mM NacCl, 0.1%
NP-40, 0.05% deoxycholate

Luria-Bertani-Broth (LB) agar

1.5 % (w/v) bacto agar in LB, autoclaved

Luria-Bertani-Broth (LB) medium

0.5% (w/v) bacto yeast extract, 1% (w/v)
bacto trypton, 1% (w/v) NaCl, autoclaved

Lysis buffer

50 mM Tris-HCI pH 7.4, 150 mM Nacl, 1%
(viv) NP-40, 0.5% (w/v) deoxcholate, 1
protease inhibitor cocktail (cOmplete with
EDTA)

p53 storage buffer

50 mM Tris-HCI pH 7.4, 300 mM NaCl, 10%
(v/v) glycerol, 1 mM DTT

PARylation lysis buffer

50 mM Tris-HCI pH 7.4, 150 mM Nacl, 1%
(v/v) NP-40, 0.5% (w/v) deoxcholate, 1
protease inhibitor cocktail (cOmplete with
EDTA), 10 M Olaparib, 50 M Gallotannin

PAR fractionation buffer A

25 mM Tris-HCI pH 9.0

PAR fractionation buffer B

25 mM Tris-HCI pH 9.0, 1M NacCl

Polyethylenimin (PEI) transfection solution

1 mg/ml polyethylenimin in sterile MilliQ
water. No adjustment of pH value

Phosphate buffered saline (PBS), pH 7.4

137 mM NaCl, 10 mM NaHPO4;, 3 mM
KH2PO4

Pulldown lysis buffer

1% (v/v) NP-40, 10 mM 2-mercaptoethanol,
1 complete protease inhibitor cocktail (with
EDTA), 10 M olaparib, 50 M gallotannin,
in PBS

Pulldown wash buffer

0.1% (v/iv) NP-40, 10 mM 2-mercapto-
ethanol, 1 complete protease inhibitor
cocktail (with EDTA), 10 M olaparib, 50 M
gallotannin, in PBS

Ponceau S solution

0.5% (w/v) Ponceau S, 1% (v/v) acetic acid

SDS-PAGE Laemmli buffer

25 mM Tris-HCI (pH 8.6), 192 mM glycine,
0.1% (w/v) SDS

SDS-PAGE resolving gel buffer

1.86 M Tris-HCI (pH 8.8), 7 mM SDS
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SDS-PAGE sample buffer, 6

375 mM Tris-HCI pH 6.8, 10% (w/v) SDS,
50% (v/v) glycerol, 0.03% (w/v) bromophenol
blue

SDS-PAGE stacking gel buffer

250 mM Tris-HCI (pH 6.8), 7 mM SDS

Silver staining fixation solution

50% ethanol, 5% acetic acid

SYPRO Ruby fixation solution

7% (v/v) acetic acid, 10% (v/v) methanol

Thrombin cleavage assay buffer

20 mM sodium phosphate pH 8.0, 100 mM
NaCl, 10 mM 2-mercaptoethanol

TBS-T buffer

150 mM NaCl, 10 mM Tris pH 8, 0.05%
Tween 20

TBS-MT buffer

150 mM NaCl, 10 mM Tris pH 8, 0.05%
Tween 20, 5% skimmed milk

Tris EDTA (TE) buffer, pH 8.0

10 mM Tris-HCI, 1 mM EDTA

Tris EDTA Acetat (TAE) buffer

40 mM Tris-HCI, 20 mM acetic acid, 1 mM
EDTA

Tris Borate EDTA (TBE) buffer 5

500 mM Tris-HCI pH 8.3, 500 mM boronic
acid (HsBOs), 10 MM EDTA

Western blot transfer buffer

25 mM Tris-HCI (pH 8.6), 192 mM glycine,
20% (v/v) methanol

3.1.3 Laboratory Equipment
Designation Specification Manufacturer
Agarose gel Agagel Mini Biometra Biomed Analytik, G ttingen, Germany

electrophoresis units

Agarose gel imager Gel Jet Imager

Gel Doc XR

Intas, G ttingen, Germany

Bio-Rad, Munich, Germany

Bead material Glutathione sepharose 4B
Protein G sepharose

Strep-Tactin superflow

PHOS-Select iron affinity gel

GE Healthcare, Munich, Germany
GE Healthcare, Munich, Germany
IBA GmbH, G ttingen, Germany

Sigma-Aldrich, Steinheim, Germany

Cell counter Casy Model TT

Sch rfe System, Reutlingen, Germany

Cell culture material Dishes, flasks, pipettes

Corning, Schiphol-Rijk, Netherlands

Chemiluminescence
detector

ImageQuant LAS 4000 Mini

GE Healthcare, Munich, Germany
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Centrifuges

Sorvall RC 6+
Centrifuge 5810 R
Biofuge Pico

Biofuge Fresco

Thermo Scientific, Bonn, Germany
Eppendorf, Hamburg,Germany
Heraeus, Fellbach, Germany

Heraeus, Fellbach, Germany

Centrifugal filter

Amicon Ultra 4ml 10 kDa cutoff

Merck Millipore, Schwalbach, Germany

Fluorescence scanner

Typhoon FLA 9500

GE Healthcare, Munich, Germany

FPLC

~TKTA chromatography system

GE Healthcare, Munich, Germany

FPLC columns

HisTrap 1 ml

HiTrap Heparin HP 1 ml
HiTrap SP HP 1 ml

HiTrap blue sepharose 1 ml
HiLoad 16/600 Superdex 200

GE Healthcare, Munich, Germany

Gel dryer

MGD-5040

VWR

Glassware

Schott, Mainz, Germany

High content screening
platform

Cellomics Arrayscan VTI HCS

Thermofisher Scientific, Bonn, Germany

HPLC

1100 series

Agilent, Ratingen, Germany

HPLC columns

DNAPac PA1004 250 mm
DNAPac PA1009 250 mm

Thermofisher Scientific, Bonn, Germany

Incubator

HERA all 240

Heraeus GmbH, Hanau, Germany

Luminescence plate
reader

Varioscan flash

Thermofisher Scientific, Bonn, Germany

Mass spectrometer

Orbitrap Fusion
Orbitrap LTQ

Thermofisher Scientific, Bonn, Germany

Thermofisher Scientific, Bonn, Germany

Native TBE PAGE unit

Hoefer SE400

Amersham Biosciences, Freiburg, Germany

Phosphorimager

Molecular Imager FX

Bio-Rad, Munich, Germany

Photometer BioPhotometer Eppendorf, Hamburg, Germany

Ultraspec 2100 Pro Amersham Biosciences, Freiburg, Germany
PCR Cycler FlexCycler Analytik Jena, Jena, Germany
pH meter Knick, Berlin, Germany

Power supplies

Bio-Rad, Munich, Germany

Real-time thermocycler

CFX connect

Bio-Rad, Munich, Germany

SDS-PAGE gel
electrophoresis unit

Mini-Protean

Bio-Rad, Munich, Germany

Semi-dry blot unit

Trans-blot SD

Bio-Rad, Munich, Germany

Slot Blot unit

T791

Roth, Karlsruhe, Germany

Sonicator

Sonopuls HD70

Bandelin, Berlin, Germany
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Thermo mixer Thermomixer Comfort Eppendorf, Hamburg,Germany

Transfer membrane, Hybond-ECL nitrocellulose GE Healthcare, Munich, Germany

toi
protein membrane

Transmission electron 912 Omega Zeiss, Oberkochen, Germany
microscope

UV cuvette UVette Eppendorf, Hamburg, Germany

Vortex devices

Vortex-Genie, Vortex-Genie 2

Roth, Karlsruhe, Germany

Water preparation unit

MilliQ Plus PF

Merck Millipore, Schwalbach, Germany

3.1.4  Molecular biological kits

Designation Manufacturer Cat. No.

Cignal p53 Reporter (luc) Qiagen CCS-004L

Dual-Glo Luciferase Reporter ~ Promega E2920

Assay kit

Mix & Go E. coli Zymo Research T3001

Transformation Kit

Plasmid Plus Maxi kit Qiagen 12943

QIAquick gel extraction kit Qiagen 28704

QIAquick PCR purification kit Qiagen 28104

Silver stain kit Thermofisher Scientific 1851130

ER Plasmid Miniprep Classic Zymo Research D4015
It

3.1.5 Enzymes

Designation Manufacturer Cat. No.

FastAP Thermosensitive Thermofisher Scientific EF0654

Alkaline Phosphatase

KOD Hot Start DNA EMD Millipore 71086-3

Polymerase

Restriction enzymes Thermofisher Scientific Diverse

Restriction enzymes New England Biolabs Diverse
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T4 DNA Ligase Thermofisher Scientific ELO014
T4 Polynucleotide Kinase New England Biolabs M0201S
3.1.6 Antibodies
Antibody Source Usage Identifier
Mouse monoclonal anti-p53 (DO-1) Merck Millipore 1:1000 in Cat# OP43; RRID:
TBSMT AB_10682938
Mouse monoclonal anti-p53 Merck Millipore WB: 1:500 Cat# OP03; RRID:
(PAb421) in TBST AB_10690076
Rabbit polyclonal anti-p53 (FL- Santa Cruz WB 1:1000 Cat# sc-6243,;
393) in TBSMT RRID: AB_653753
Mouse monoclonal anti-PAR (10H) 10H hybridoma WB 1:300 in In-house production
cells from M. TBSMT in the laboratory,
Miwa and T. using 10H
Sugimura, Tokyo, hybridoma cells
Japan
Rabbit polyclonal anti-PAR (LP96- Enzo Life WB 1:1000 Cat# ALX-210-890,
10) Sciences in TBSMT RRID:
AB_10540644
Mouse monoclonal anti-PARP1 FI-23 hybridoma IP:10 g In-house production
(FI-23) cells from G. G. in the laboratory,
Poirier, Qudbec, using FI-23
Canada hybridoma cells
Rabbit polyclonal anti-PARP1/2 Santa Cruz WB 1:1000 Cat# sc-7150;
(H250) in TBSMT RRID: AB_2160738
Polyclonal goat anti-mouse Dako WB 1:5000 Cat# P0447, RRID:
IgG/HRP in TBSMT AB_261713
Polyclonal goat-anti rabbit Dako WB 1:5000 Cat# P0448, RRID:
IgG/HRP in TBSMT AB_2617138
Polyclonal goat anti-mouse Thermofisher PAR over- Cat# A-11001,
lgG/Alexa488 Scientific lay: 1:500 in RRID: AB_2534069
TBSMT
3.1.7  Molecular Weight Standards
Designation Manufacturer

GeneRuler 1 kB DNA ladder mix

Thermofisher Scientific, Bonn, Germany
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GeneRuler 100 bp DNA ladder mix Thermofisher Scientific, Bonn, Germany

PageRuler prestained protein ladder 10-170 Thermofisher Scientific, Bonn, Germany

kDa

3.1.8 Plasmids
Designation Application Source
PET14b::p53 WT His-tag protein purification Prof. M. Scheffner University
of Konstanz, Germany
pPET14b::p53_1-324 His-tag protein purification Generated during thesis
pPET14b::p53_1-355 His-tag protein purification Generated during thesis
pPET14b::p53 1-378 His-tag protein purification Generated during thesis
pPET14b::p53_325-393 His-tag protein purification Generated during thesis
PET14b::p53_324-TCS-325  His-tag protein purification Generated during thesis
pPET14b::p53 28-TCS-29 His-tag protein purification Generated during thesis
PET14b::p53_68-TCS-69 His-tag protein purification Generated during thesis
pPET14b::p53_PBM4-10 His-tag protein purification Generated during thesis
pPET14b::p53_PBM4-7 His-tag protein purification Generated during thesis
pPET14b::p53_PBM4-5 His-tag protein purification Generated during thesis
pPET14b::p53_PBM4-4 His-tag protein purification Generated during thesis
PET14b::p53_E2A + E28A His-tag protein purification Generated during thesis
PET14b::p53_E3A + E28A His-tag protein purification Generated during thesis
PET14b::p53_D7A + E28A His-tag protein purification Generated during thesis
pPET14b::p53_E11A + E28A  His-tag protein purification Generated during thesis
pPET14b::p53_E17A + E28A  His-tag protein purification Generated during thesis
pPET14b::p53_D21A + E28A  His-tag protein purification Generated during thesis
pPET14b::p53_K24A + E28A  His-tag protein purification Generated during thesis
pET1la:p53 WT GST-tag protein purification ~ Prof. M. Scheffner University

of Konstanz, Germany

PGEX2TK::p53_325-393

GST-tag protein purification

Prof. M. Scheffner University

of Konstanz, Germany
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GST-Af1521

GST-tag protein purification

M. L. Nielsen, University of
Copenhagen, Denmark

pET11la::p53 359-387

His-tag protein purification

Generated during thesis

pPET14b::p53_PBM1

His-tag protein purification

Generated during thesis

PET14b::p53_PBM2

His-tag protein purification

Generated during thesis

pPET14b::p53_PBM3

His-tag protein purification

Generated during thesis

pPET14b::p53_PBM1+2

His-tag protein purification

Generated during thesis

PET14b::p53_PBM1+2+3

His-tag protein purification

Generated during thesis

pPET14b::p53_ EDE/A

His-tag protein purification

Generated during thesis

pPET14b::p53 L344P

His-tag protein purification

Generated during thesis

pcdna3.1::HA-p53_WT

Cell transfection

Prof. M. Scheffner University
of Konstanz, Germany

pcdna3.1::p53_WT

Cell transfection

Generated during thesis

pcdna3.1::p53 PBM4

Cell transfection

Generated during thesis

pcdna3.l1:: Strep-p53 WT

Cell transfection

Generated during thesis

pcdna3.1:: Strep-p53_PBM4

Cell transfection

Generated during thesis

PEGFP-C1

Cell transfection

Prof. E. Ferrando-May
University of Konstanz,
Germany

PEGFP-C1::p53 WT

Cell transfection

Prof. E. Ferrando-May
University of Konstanz,
Germany

pEGFP-C1::p53_1-355

Cell transfection

Generated during thesis

PEGFP-C1::p53_356-393

Cell transfection

Generated during thesis

pEGFP-C1::.p53 PBM4

Cell transfection

Generated during thesis

3.1.9 Oligonucleotides

Name Sequence 5’-3

Oligo_01 ATCCAGCGGTTTTTTTTTCG
Oligo_02 TGCCTGTGCATCTTTCAG
Oligo_03 GCTGGTGCTCTGACCTT
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Oligo_ 04  TAAGGATCCGGCTGCTAAC

Oligo_ 05  GCTGCCGCGCGGCACCAG

Oligo_ 06  GGTGAATATTTCACCCTGCAAATTCGTGGTCGTG

Oligo_ 07  GGTGAATATTTCACCCTGC

Oligo_ 08  CTGGTACCGCGCGGCAGC

Oligo 09  GCTGCCGCGCGGTACCAG

Oligo_10 = CGCGGCAGCAATAATGTTCTGAGTCCGCTGCCGAGCCAGGCAATGGATG
ATC

Oligo_11  CGGTACCAGTTCCGGCAGCAGTTTCCACAGATCGCTAAAGGTTTCTTGG
C

Oligo_12  GGCAGCGCAGCACCGCCTGTTGCACCGGCACC

Oligo_13  GCGCGGTACCAGTTCCGGCATACGCGGTGCTTCATCAGGACCCGG

Oligo_14  ACCTGCCTGTGCATCTTTCAGTTCCAGTGCTTCATTCAGTTCACGAAAC

Oligo_15  CTGATGTTTAAAACCGAAGGTCCGGATAGCGATTAAGGATCCGGC

Oligo_16  AAAGAACCGGGTGGTAGCGCTGCAGCTAGCAGCGCTCTGGCAAGCGCA
GCAGGTCAGAGCACCAGCGCTGCTGCAGCA

Oligo_17  TGCTGCAGCAGCGCTGGTGCTCTGACCTGCTGCGCTTGCCAGAGCGCT
GCTAGCTGCAGCGCTACCACCCGGTTCTTT

Oligo_18  AAAGAACCGGGTGGTAGCGCTGCACATAGCAGCCATCTGGCAAGCGCA
GCAGGTCAGAGCACCAGCGCTCATGCAGCA

Oligo_ 19  TGCTGCATGAGCGCTGGTGCTCTGACCTGCTGCGCTTGCCAGATGGCTG
CTATGTGCAGCGCTACCACCCGGTTCTTT

Oligo 20  AAAGAACCGGGTGGTAGCGCTGCACATAGCAGCCATCTGGCAAGCGCA
AAAGGTCAGAGCACCAGCGCTCATGCAAAA

Oligo 21  TTTTGCATGAGCGCTGGTGCTCTGACCTTTTGCGCTTGCCAGATGGCTG
CTATGTGCAGCGCTACCACCCGGTTCTTT

Oligo_ 22  AAAGAACCGGGTGGTAGCGCTGCACATAGCAGCCATCTGGCAAGCAAAA
AAGGTCAGAGCACCAGCGCTCATGCAAAA

Oligo_23  TTTTGCATGAGCGCTGGTGCTCTGACCTTTTTTGCTTGCCAGATGGCTGC
TATGTGCAGCGCTACCACCCGGTTCTTT

Oligo_ 24  CGATCTGTGGAAACTGCTGCCGGCAAATAATGTTCTGAGTCCGCTGC

Oligo_ 25  GCAGCGGACTCAGAACATTATTTGCCGGCAGCAGTTTCCACAGATCG

Oligo_26

CGCGCGGCAGCCATATGGCAGAACCGCAGAGCGATCC
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Oligo_27 GGATCGCTCTGCGGTTCTGCCATATGGCTGCCGCGCG

Oligo_28 GCGGCAGCCATATGGAAGCACCGCAGAGCGATCCGAG

Oligo_29 CTCGGATCGCTCTGCGGTGCTTCCATATGGCTGCCGC

Oligo_30 CATATGGAAGAACCGCAGAGCGCTCCGAGCGTTGAACCGCC

Oligo_31 GGCGGTTCAACGCTCGGAGCGCTCTGCGGTTCTTCCATATG

Oligo_32 GAGCGATCCGAGCGTTGCACCGCCTCTGAGCCAAG

Oligo_33 CTTGGCTCAGAGGCGGTGCAACGCTCGGATCGCTC

Oligo_34 GCGTTGAACCGCCTCTGAGCCAAGCAACCTTTAGCGATCTGTGG

Oligo_35 CCACAGATCGCTAAAGGTTGCTTGGCTCAGAGGCGGTTCAACGC

Oligo_36 GAGCCAAGAAACCTTTAGCGCTCTGTGGAAACTGCTGCCGG

Oligo_37 CCGGCAGCAGTTTCCACAGAGCGCTAAAGGTTTCTTGGCTC

Oligo_38 CCAAGAAACCTTTAGCGATCTGTGGGCACTGCTGCCGGCAAATAATGTT
CTG

Oligo_39 géGAACATTATTTG CCGGCAGCAGTGCCCACAGATCGCTAAAGGTTTCTT

Oligo_40 AGATCCACGCGGAACCAGAGCCGATTTTGGAGGATG

Oligo_41 CCGGGTGGTAGCCGTGCACATAGCAGCCATCTG

Oligo_42 GGTTTTAAACATCAGTTTTTTATGACGGCTGGTGC

Oligo_43 TAAAGATCCGGTACCGCTGAGCTCGTCGACAAG

Oligo_44 GGAGGTTGTGGCGGCCTGCCCCCAC

Oligo_45 GTGGGGGCAGGCCGCCACAACCTCC

Oligo_46 CGGCCTGCCCCGCCCATGAGCGCTGCTC

Oligo_47 GAGCAGCGCTCATGGGCGGGGCAGGCCG

Oligo_48 GGCATGAACGCGGCGCCCATCCTCACC

Oligo_49 GGTGAGGATGGGCGCCGCGTTCATGCC

Oligo_50 CCGTGGGCGTGAGGCCTTCGAGATGTTCCG

Oligo_51 CGGAACATCTCGAAGGCCTCACGCCCACGG

Oligo_52 CCATCATCACACTGGCAGCCTCCAGTGGTAATC

Oligo_53

GATTACCACTGGAGGCTGCCAGTGTGATGATGG
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Oligo 54  GGACGGAACAGCTTTGCGGTGCGTGTTTGTGC

Oligo 55  GCACAAACACGCACCGCAAAGCTGTTCCGTCC

Oligo 56  CGAGATGTTCCGAGAGCCGAATGAGGCCTTGG

Oligo 57  CCAAGGCCTCATTCGGCTCTCGGAACATCTCG

Oligo 58  TAAGCAAAGCTTATGGAGGAGCCGCAGTCAGATC

Oligo 59 ~ TGCTTACTCGAGTCAGTCTGAGTCAGGCCCTTCTG

Oligo 60  CAGGGGGGAGCGCGGCTCACTCCAGCCACCTGGCGTCCAAAAAG
Oligo 61  CTTTTTGGACGCCAGGTGGCTGGAGTGAGCCGCGCTCCCCCCTG
Oligo_ 62  GGGTCAGTCTACCTCCGCCCATGCAAAACTCATGTTCAAG
Oligo 63  CTTGAACATGAGTTTTGCATGGGCGGAGGTAGACTGACCC
Oligo 64  AGGATGACTCCAGTCTGAGTCAGGCCCTTCTGTCTTG

Oligo_ 65  CAATTCGAAAAATGACTCGAGCATGCATCTAGAGGG

Oligo 66 ~ AGCCTGGGCATCCTTGAGTTCCAAG

Oligo 67  TGACATTGGATCCACCGGATCTAGATAACTGATC

Oligo_ 68  ATCCCCGGGTACCGAGCTCGAATTC

Oligo 69  GGGAAGGAGCCAGGGGGGAGC

Oligo_70  [Cy5]-CGAGGAACATGTCCCAACATGTTGCTCGAG

Oligo_ 71  CTCGAGCAACATGTTGGGACATGTTCCTCG

Oligo_72  CGAGGAACATGTCCCAACATGTTGCTCGAG

3.1.10 Cell culture

3.1.10.1 Cells

Cell type

Source

H1299, human non-small cell lung

carcinoma cell line, without expression of Germany

p53

Prof. M. Scheffner, University of Konstanz,
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3.1.10.2 Cell culture reagents

Reagent Manufacturer
CasyClean Sch rfe System, Reutlingen, Germany
CasyTon Sch rfe System, Reutlingen, Germany

Dulbecco’'s modified Eagle medium (DMEM),
high glucose, without pyruvate

Gibco, Invitrogen, Karlsruhe, Germany

Fetal calf serum (FCS)

Biochrom, Berlin, Germany

Penicillin / streptomycin (100 )

Gibco, Invitrogen, Karlsruhe, Germany

Trypsin / EDTA (0.25%)

Sigma-Aldrich, Steinheim, Germany

3.1.10.3 Cell culture medium

Designation Basal Medium

Supplements

H1299 Medium
pyruvate

DMEM, high glucose, without

Streptomycin, 2 mM L-glutamine

10% FCS, 0.1 u/ | Penicillin, 0.1 g/ |

3.1.11 Software

Designation

Source

Endnote X8

Thomson ISI Research Soft

Geneious v4.8

Biomatters Ltd., Auckland, New Zealand

GraphPad Prism 6

GraphPad Software, San Diego, USA

Imaged 1.6.0_24

Wayne Rasband, National Institutes of
Health, USA

Mascot

Matrix Science, London, UK

Microsoft Office 2016

Microsoft, Redmond, USA

Promass Deconvolution 2.8

Novatia, Newtown, PA, USA

Xtract

Thermofisher Scientific, Bonn, Germany
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3.2 METHODS

3.21 Cell-based methods

3.2.1.1 Cell culture

3.2.1.1.1 H1299 cell culture

H1299 cells were cultured in an incubator at a temperature of 37 C, with 21% O, and 5%
CO.,. The cells were examined daily by phase contrast light microscopy. The cell culture
medium was composed of 10% FCS, 0.1 u/ | penicillin, 0.1 g/ | streptomycin, 2 mM
L-glutamine in DMEM with high glucose and without pyruvate. Cells were passaged three

times a week in a ratio of 1:5 - 1:25.

3.2.1.1.2 Cell counting

The cell number was determined with the cell counter device Casy Model TT. Calibration for
H1299 usage was performed according to the manufacturer-s instruction. The cell
suspension samples were diluted 1:100 in 10 ml of CasyTon. The cell amount was measured

with this dilution in three sample loops. For each measurement 400 | were used.

3.2.1.1.3 Passaging of H1299 cells

Medium, PBS and the trypsin/EDTA (0.25% / 1 mM) solution were warmed to 37 C. At first,
the cells were washed with PBS. After removing the PBS, the trypsin/EDTA solution was
added to the cells and incubated at 37 C for 5 min. At least 5 times more medium was then
added to stop the trypsin-mediated reaction. By pipetting, the cell colonies were detached
from the surface. The cell suspension was counted with the Casy Modell TT. 1:5 - 1:25 of
cells were used for the next passage. Medium was added, so that the total volume was 10 ml

for a 10-cm cell culture plate.

3.2.1.1.4 Thawing of cells

Cryovials with cells were thawed in a water bath. The cell suspension was transferred to a
50-ml conical tube. Pre-warmed (37 C) medium was added dropwise to the cells. 1 ml, 2 ml,
4 ml and 8 ml were added with 1 min incubation time in-between. Cells were centrifuged at
188 g for 5 min. Supernatant was removed and the cell pellet was resuspended with 10 ml

fresh medium. The cell suspension was plated onto a 10-ml cell culture plate.

3.2.1.1.5 Cryopreservation of cells

Cells were washed with PBS, trypsinized and counted. Afterwards, the cells were centrifuged
at 188 g for 5 min at 4 C. The supernatant was aspirated and ice-cold cell culture medium
containing 10% DMSO was added. 1 ml aliquots containing 5 108 cells were transferred to
cryovials. The cells were cooled overnight to -80 C in a Mister Frosty container, which was

pre-cooled to -20 C.
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3.2.1.1.6 H,0O; treatment

Cells were treated with 500 M H;O; for 5 min at 37 C. 9.8 M H20: stock solution was first
pre-diluted 1:10 in water and then added to the cell medium (without pyruvate).
Subsequently, H>O.-containing medium was removed and cells were washed with pre-

warmed (37 C) PBS, followed by cell lysis.

3.2.1.1.7 Celllysis

Cells were washed with PBS, followed by addition of ice-cold lysis buffer. If PARylation of
proteins is monitored, ice-cold PARylation lysis buffer was added instead. Cells were
scraped and collected in a 1.5-ml reaction tube. Cells were further broken up by pulling the
lysate through a syringe, connected to a 27G needle. If cell clumps clog the needle, a wider
diameter was used first. The cell lysate was centrifuged for 1 min at 17,000 g and 4 C. The
supernatant was transferred into a new 1.5-ml reaction tube and used for SDS-PAGE with

subsequent Western blot, followed by immunodetection.

3.2.1.2 Cellomics measurements

40,000 H1299 cells were seeded per well in a 24-well plate, using 500 | medium. 24h later,
transfection was performed using Lipofectamine 2000 according to the manufacturers
instructions. Per well, cells were transfected with 500 ng pEGFP-C1::GFP-p53 WT or
variants thereof, using 1.5 | Lipofectamine 2000. 10 M of the PARP inhibitor ABT-888 were
added to the cells, where indicated. 24 h later, cells were washed in PBS and fixed for 20
min at RT with 4% paraformaldehyde in PBS. After stopping the fixation with 100 mM
glycine, cells were washed in PBS and permeabilized with 0.4% Triton X-100 in PBS for 3
min at RT. Cells were washed for 5 min in PBS and then stained with 0.5 g/ml Hoechst
33342 for 15 min at RT. After three washes with PBS, subcellular localization was quantified
with high-content fluorescence microscopy (Cellomics Arrayscan VTI HCS), using the
NucTrans.V4 assay algorithm with a cell count of 400. The average ratio of nuclear GFP
signal to cytoplasmic GFP signal was calculated. Three independent experiments were

performed.

3.2.1.3 Luciferase reporter assay

8500 H1299 cells were seeded per well in a 96-well plate. 24h later, transfection was
performed using Lipofectamine 2000 according to the manufacturer s instructions. Per well,
cells were transfected with 50 ng pcdna3.1l, pcdna3.1::p53_WT or pcdna3.1::p53_PBM4
together with 50 ng of the Cignal p53 Reporter (luc) mix, using 0.3 | Lipofectamine 2000.
10 M of the PARP inhibitor olaparib or DMSO as solvent control were added to the cells.
24 h later, cells were lyzed with the Dual-Glo Luciferase Reporter Assay. Firefly and renilla

luciferase luminescence were measured, using a Varioscan Flash plate reader, in technical
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triplicates. The firefly luciferase luminescence signal was normalized to the renilla luciferase

luminescence signal, which served as a transfection efficiency control.

3.2.1.4 p53interactome analysis
1.5 108 H1299 cells were seeded per 15-cm cell culture plate in a total culture volume of 20
ml. 15 cell culture dishes were prepared with three plates per treatment. 48 h later, cells were
transfected, using polyethylenimin (PEI). 265 g plasmid DNA were mixed with 13.28 ml
DMEM. 794 | of 1 mg/ml-PElI were mixed with 13.28 ml DMEM. Both solutions were
vortexed and mixed together, followed by 30 s of additional vortexing. After incubation for 15
min, 9.1 ml of this transfection solution were added to each plate. As transfected plasmids,
Strep-tag containing pcdna3.1::Strep-p5S3_WT, pcdna3.1::Strep-p53_PBM4 or pcdna3.1 was
used. Three plates were always transfected with one plasmid. pcdna3.1::Strep-p53_WT was
transfected to six plates. Three of those plates were treated directly after transfection with 10
M olaparib. Three additional plates were not transfected. As solvent control, DMSO was
used. 24 h later, cells were washed twice with ice-cold PBS and lyzed. 1 ml of ice-cold
Pulldown lysis buffer was added to the first of three plates. Cells were scraped and
transferred to the next plate with subsequent cell scraping. This was repeated until the cells
of all three plates were scraped. Cells were transferred to a 5-ml reaction tube und further
broken up by pulling the lysate 10 times through a 1 ml syringe, connected to a 21 G needle.
With a 27 G needle, the lysate was pulled 5 times through the needle. The lysate was quickly
spun down, so that non-lyzed cells sedimented and the lysate was then pulled 5 additional
times through the needle. 1.5 ml of Pulldown lysis buffer were added. Cell lysate was
treated with 8 g/ml DNAse | for 30 min, rotating at 4 C. The lysate was centrifuged for 1
min at 17,000 g and 4 C. Supernatant was filtered with a 0.45 m syringe filter and
transferred into a new 5 ml reaction tube. Protein concentration was determined with a
Nanodrop and equal protein amounts were transferred to a new 5-ml reaction tube. If the
volume of lysate was not equal, lysis buffer was added. 5 | lysate was removed as input
control. Thereafter, 100 | Strep-tactin bead slurry was added to the lysate. The samples
were incubated for 2 h at 4 C, rotating. The samples were centrifuged (from here on always
5000 rpm, 20 s), supernatant was removed and beads were washed with 1 ml Pulldown
wash buffer, for 5 min while rotating at 4 C. Washing was repeated twice. Proteins were
eluted from beads by adding 50 | of biotin elution buffer with a subsequent incubation step
for 10 min at 4 C. After centrifugation and transfer of the eluate into a 0.5-ml reaction tube, a
second elution was performed with 25 | biotin elution buffer . To control for a successful p53
pulldown, the second elution sample and the input samples were loaded on a 10%
acrylamide gel, followed by SDS-PAGE and Coomassie staining. The first elution samples
were loaded on a 10% acrylamide gel, followed by SDS-PAGE. After the samples completely

entered the gel, the migration was stopped and the gel was subjected to colloidal Coomassie
54



MATERIALS AND METHODS

staining. Protein bands were excised and given to the Proteomics facility (University of
Konstanz).

All samples were reduced with DTT (30min, 56 C) and alkylated with chloroacetamide
(60min, RT). In-gel digestions were performed using trypsin (4h, 37 C). The digests were
analyzed on a Orbitrap Fusion Tribrid mass spectrometer interfaced with an Easy-nLC 1100
nanoflow liquid chromatography system. The peptide digests were reconstituted in 0.1%
formic acid and loaded onto the analytical column (75 m 15 cm). Peptides were resolved
at a flow rate of 300 nL/min using a linear gradient of 5 35% solvent B (0.1% formic acid in
acetonitrile) over 45 min. Data-dependent acquisition with full scans in 350 1500 m/z range
was carried out using the Orbitrap mass analyzer at a mass resolution of 120000 at 200 m/z.
Most intense precursor ions were selected at top speed data dependent mode with a
maximum cycle time of 3 s. Peptides with charge states 2 5 were selected, and dynamic
exclusion was set to 30 sec. Precursor ions were fragmented using higher-energy collision
dissociation (HCD) set to 35%, and MS/MS ions were detected using the ion trap analyzer.
Tandem mass spectra were searched against a suitable protein database using Mascot
(Matrix Science) with  Trypsin/P  enzyme cleavage, static cysteine alkylation by

chloroacetamide and variable methionine oxidation.

3.2.1.5 Recombination assay

For the determination of the recombination frequency, K562 cells with stably integrated
EGFP-based recombination substrate were used (K562(HR-EGFP/3‘EGFP)) (Aky z et al.,
2002). The principle of this assay is the restoration of a functional EGFP out of two mutated
EGFP-variants. For investigation of the replication-associated recombination frequency of
K562(HR-EGFP/3‘EGFP) cells and corresponding Western blot analysis for protein
expression, cells were transiently transfected with pcdna3.1::p53_WT, pcdna3.1::p53_PBM4
expression plasmids or pcdna3.1 empty vector (vector ctr) via electroporation and split into
two samples with fresh cell culture media. Thereafter, cells were exposed to 2.5 M of the
PARP inhibitor olaparib or the solvent DMSO. After 72 h, cells were collected via
centrifugation and recombination frequency determined as fraction of green fluorescent cells
within the whole living cell population by usage of the diagonal gating method in the FL1/FL2
dot blot (Aky z et al., 2002). Each measurement was paralleled by the same co-transfection
including a wild-type EGFP control plasmid instead of pBS plasmid for determination of
transfection efficiency. Recombination frequencies were measured by quantification of one
million cells from EGFP-positive cells within the life cell population (SSC/FSC gate) and were
individually corrected for transfection efficiencies. Mean values of recombination frequencies
of mock-treated p53_WT expressing cells were set to one (absolute mean frequencies were:
3 10° for mock-treatments and 8 10 for PARP-inhibitor treatments).
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3.2.2  Molecular biological and biochemical methods

3.2.2.1 Cloning and microbiology

3.2.2.1.1 General handling of E. coli

E. coli DH5a cells were grown in LB medium at 37 C, 190 rpm. All steps involving E. coli
cells, were performed under sterile conditions, using a laminar flow hood or a Bunsen burner.

All media and solutions for E. coli cultivation were autoclaved or sterile filtered.

3.2.2.1.2 Generation of chemocompetent E. coli DH5a cells

1 ml of fresh, overnight E. coli DH5a culture grown in LB medium was used to inoculate
100 ml ZymoBroth in a 1000 ml Erlenmeyer flask. The culture was shaken at 190 rpm at RT
until the ODeggonm Was 0.4 - 0.6. This was usually the case after about 5 h. The cells were
further processed with the Mix & Go E. coli Transformation Kit, according to the

manufacturer s instructions with the double amount of reagents.

3.2.2.1.3 Transformation of E. coli cells

Chemically competent E. coli DH5a cells were thawed on ice. 10 ng of plasmid DNA were
added to 50 | of E. coli DH5a and incubated for 30 min on ice. Cells were heat-shocked at
42 C for 45 s and put on ice for 2 min. LB medium without antibiotics was added to a final
volume of 1 ml. The cells were incubated for 1 h at 37 C in a thermo mixer at 500 rpm. 1/10,
9/10 or all of the cells were then transferred to a LB agar plate with the required antibiotic
and incubated overnight at 37 C. Some clones were picked for inoculation of LB medium
with the required antibiotic. After overnight growth, cells were subjected to mini-preparation
of plasmid DNA.

3.2.2.1.4 Polymerase chain reaction (PCR)

All PCR reactions were carried out using a standard 50 | reaction mix (1 | KOD Hot Start
DNA Polymerase, 1 KOD buffer, 1.5 mM MgSO,, 200 M dNTP mix, 0.3 M forward/revers
primer, 200 pg/ | template DNA). DNA was denatured at 95 C, and extension was carried
out at 70 C. Elongation time was chosen according to the manufacturer s instructions. See
section 3.1.9 for all primer sequences used in cloning experiments. For determination of the
primer annealing temperature, the melting temperature, as calculated by the Geneious
software, was subtracted by 4 C. It was attempted to achieve an annealing temperature of
60-70 C for a higher specificity of the PCR reaction. All PCR reactions were controlled by
agarose gel electrophoresis.

For addition of restriction sites to PCR products, the restriction sites were incorporated into
the primer with an addition of the bases TAAGCA at the end of the primer for better
restriction digest efficiency. 10 PCR cycles were carried out with the annealing temperature

of the complementary part of the primer, followed by 20 cycles with the annealing
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temperature of the whole primer. The PCR product was purified with the QIAquick PCR
purification kit, according to the manufacturer s instructions. The purified PCR product was
subjected to preparative restriction enzyme digestion.

For deletion PCR, a part of a plasmid was deleted by using HPLC-purified primers. 20 PCR
cycles were used. The PCR product was digested with 4 units of Dpn/for 1 h at 37 C and
purified with the QIAquick PCR purification kit, according to the manufacturer s instructions
and subjected to blunt end ligation.

For site-directed mutagenesis, one or several mutations were introduced into a plasmid. This
was achieved by introducing the mutation into the primer. The forward and reverse primer
were completely complementary. The mutation was flanked by at least 10 non-mutated
bases. 20 PCR cycles were used. The PCR product was digested with 4 units of Dpn/for 1 h
at37 C.1 |ofthe PCR mix was transformed into 50 | E. coli DH5a.

3.2.2.1.5 Analytical and preparative restriction enzyme digestion

Restriction enzymes and the corresponding buffers from NEB or Thermofisher Scientific
were used. A total volume of 10 | was used for analytical restriction digests with 200 ng
plasmid DNA and 4 units restriction enzyme. Digestion occurred at 37 C for 1h, followed by
agarose gel electrophoresis (see section 3.2.2.5). For preparative restriction digests, a total
volume of 25 | was used with 6 units restriction enzyme and 2000 ng plasmid DNA or PCR
product. Plasmid DNA was digested for 2 h at 37 C, whereas DNA from a PCR reaction was
digested overnight at 37 C, followed by agarose gel electrophoresis. DNA bands were
excised with a scalpel, weighed and subjected to gel extraction of DNA, using the QIAquick

gel extraction kit, according to the manufacturer s instructions.

3.2.2.1.6 Ligation

Sticky-end ligation was performed in a final volume of 10 1. 25 fmol of insert and 75 fmol of

backbone were mixed together with 1 | of 10 T4 DNA Ligase buffer and 2.5 Weiss units of

T4 DNA ligase. Incubation was performed overnight at 6 C. 5 | were transformed into 100
| of E. coli DH5a. Blunt end ligation was performed as the sticky-end ligation but in

presence of 5% (w/v) PEG 4000.

3.2.2.1.7 Mini preparation of DNA

3.5 ml of an overnight grown culture of E. coli DH5a were used. 2 ml were transferred into a
2-ml reaction tube, followed by a centrifugation at 10,000 g for 30 s. The pellet was further
processed with the ZR Plasmid Miniprep Classic kit, according to the manufacturers

instructions.

3.2.2.1.8 Maxi preparation of DNA
Firstly, a 3.5 ml overnight starter culture of E. coli DH5a was prepared. 100-130 ml of LB

medium were inoculated 1:500 with the starter culture and grown overnight at 37 C and 190
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rpm in a 500 ml Erlenmeyer flask. The culture was then centrifuged at 5,000 gand 4 C for
15 min. Centrifugation was performed with a 50-ml conical tube and was repeated until the
complete culture was pelleted. Pellet was further processed with the Plasmid Plus Maxi kit,

according to the manufacturer s instructions.

3.2.2.1.9 Plasmid construction

pPET14b::p53_WT, containing His-tagged human p53 was a gift from Martin Scheffner
(University of Konstanz, Germany). To generate the truncation variants pET14b::p53_1-324,
PET14b::p53_1-355, pET14b::p53_1-378 or pET14b::p53_325-393 a deletion PCR was
performed with pET14b::p53_WT as template and primers Oligo_01 + Oligo_04, Oligo_02 +
Oligo_04, Oligo_03 + Oligo_04 or Oligo_05 + Oligo_06, respectively.

To generate the thrombin cleavage site variants pET14b::p53 324-TCS-325, the template
PET14b::p53_WT was linearized by PCR with primers Oligo_01 + Oligo_07. An annealed
double-stranded DNA fragment generated from Oligo 08 and Oligo_09, coding for the
thrombin cleavage site (amino acids sequence LVPRGS), was ligated into the linearized
PCR product.

To generate the thrombin cleavage site variants pET14b::p53 28-TCS-29 or
PET14b::p53_68-TCS-69, a PCR was performed with pET14b::;p53 WT as template and
primers Oligo_10 + Oligo_11, or Oligo_12 + Oligo_13, respectively. Each of the
corresponding primers contained half of the DNA sequence coding for the thrombin cleavage
site. The PCR product was self-ligated.

To generate the p53_PBM4 mutants pET14b::p53_PBM4-10, pET14b::p53_PBM4-7,
PET14b::p53_PBM4-5 or pET14b::p53_PBM4-4, the DNA sequence coding for the amino
acid region 357-382 of p53 was deleted by PCR, using the primers Oligo_14 and Oligo_15
and pET14b::p53_WT as template. For generation of pET14b::p53 PBM4-10,
pPET14b::p53 PBM4-7, pET14b::p53_PBM4-5 or pET14b::p53_PBM4-4, this PCR product
was ligated to annealed double-stranded DNA fragments, encoding the mutated region 357-
382 and using Oligo_16 + Oligo_17, Oligo_18 + Oligo_19, Oligo_20 + Oligo_21 or Oligo_22
+ Oligo_23, respectively.

To generate the p53 mutations with amino acid exchanges E2A + E28A, E3A + E28A, D7A +
E28A, E11A + E28A, E17A + E28A, D21A + E28A, K24A + E28A, the E28A mutation was
first introduced into pET14b::p53 WT by site-directed mutagenesis, using the primers
Oligo_24 + Oligo_25. The resulting plasmid was used next in a second round of site-directed
mutagenesis. For mutant pET14b::p53 E2,28A the primers Oligo_26 + Oligo_27 were used.
For mutant pET14b::p53_E3,28A the primers Oligo_28 + Oligo_29 were used. For mutant
pPET14b::p53_D7A,E28A the primers Oligo 30 + Oligo 31 were used. For mutant
pPET14b::p53_E11,28A the primers Oligo 32 + Oligo_33 were used. For mutant
pPET14b::p53_E17,28A the primers Oligo 34 + Oligo_ 35 were used. For mutant
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pPET14b::p53_D21A,E28A the primers Oligo 36 + Oligo 37 were used. For mutant
PET14b::p53_K24A,E28A the primers Oligo_38 + Oligo_39 were used.

To generate the GST-CTD fusion proteins, the GST-tag-containing plasmids pET11a::p53
and pGEX2TK::p53_325-393 were received from Prof. Dr. Martin Scheffner (University of
Konstanz) as gifts. To generate the GST-p53_359-387 fusion protein, the amino acid region
1-358 was deleted by PCR, using the pET11a::p53_WT plasmid as template and the primers
Oligo_40 + Oligo_41, followed by self-ligation. As next step, the amino acid region 388-393
of p53 was deleted with the primers Oligo_42 + Oligo_43, followed by self-ligation.

To generate PBM1-3 mutants, mutations (Table 4) were introduced into the template
PET14b::p53_WT by site-directed mutagenesis, using the primers Oligo_48 + Oligo_49
(PBM2) or Oligo_50 + Oligo_51 (PBM3). Generation of the PBM1 mutant was performed with
primers Oligo_44 + Oligo_45. The resulting plasmid was used for a second round of site-
directed mutagenesis with primers Oligo_46 + Oligo_47.

To generate the p53_EDE/A mutant from Kanai et al. (2007) (mouse p53: E255A, D256A,
E268A. Corresponding amino acids in human p53: E258A, D259A, E271A), site-directed
mutagenesis was performed with primers Oligo_52 + Oligo_53, using pET14b::p53 WT as
template. The resulting plasmid was used for a second round of site-directed mutagenesis
with primers Oligo_54 + Oligo_55.

To introduce the L344P mutation into p53, site-directed mutagenesis was performed with
primers Oligo_56 + Oligo_57, using pET14b::p53_WT as template.

To generate eukaryotic fusion constructs containing p53, pcdna3.1l::HA-p53_WT and
pcdna3.1 were received from Martin Prof. Dr. Martin Scheffner (University of Konstanz,
Germany) as gifts. Using this plasmid as template, p53 was extracted by PCR with the
primers Oligo_58 and Oligo_59, attaching a 5 Hindlll restriction site and a 3 Xhol restriction
site. After Hindlll and Xhol double digest of the purified PCR product, ligation was performed
into HindlIl and Xhol digested pcdna3.1, yielding pcdna3.1::p53_WT.

To generate pcdna3.1::p53 PBM4, an eukaryotic fusion construct containing p53 with a
mutated PBM4 (R363A, K370A, R379A, K381A), a site-directed mutagenesis was performed
with the pcdna3.1::p53 WT plasmid as template and with primers Oligo_60 + Oligo_61. The
resulting plasmid was used for a second round of site-directed mutagenesis with primers
Oligo_62 and Oligo_63.

To add a C-terminal Strep-tag to p53 WT or p53 PBM4 in a eukaryotic expression
construct, a PCR was performed, using primers Oligo_64+0Oligo_ 65 and as template
pcdna3.1::p53 WT or pcdna3.1::p53_PBMA4, respectively. Each of the corresponding primers
contained half of the DNA sequence coding for the Strep-tag (WSHPQFEK). The PCR
product was self-ligated.

pPpEGFP-C1 and pEGFP-C1::p53_WT, containing GFP, fused to the N-terminus of human p53
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were gifts from Prof. Dr. Elisa Ferrando-May (University of Konstanz, Germany). To generate
the truncation variants pEGFP-C1::p53_1-355 and pEGFP-C1::p53_356-393 a deletion PCR
was performed with pEGFP-C1::p53_WT as template and primers Oligo_66 + Oligo_67 and
Oligo_68 + Oligo_69, respectively.

To generate pEGFP-C1::p53_PBM4 containing p53 with a mutated PBM4 (R363A, K370A,
R379A, K381A), a site-directed mutagenesis was performed with the pEGFP-C1::p53 WT
plasmid as template and with primers Oligo_60 + Oligo_61. The resulting plasmid was used
for a second round of site-directed mutagenesis with primers Oligo_62 and Oligo_63.
All steps during molecular cloning were controlled by analytical restriction enzyme digestion

and by Sanger sequencing.

3.2.2.2 Expression of recombinant proteins

Human p53, mutants and truncation variants were expressed in BL21(DE3) E. coli cells.
Expression was induced at an OD600 of 0.6-0.8 absorbance units with 20 M IPTG, followed
by an incubation for 12 hat 16 C and 4 h at 10 C. Cells were centrifuged at 7,000 g for 15
min. The pellet was resuspended in 25 ml PBS by pipetting and transferred to a 50-ml
conical tube, followed by centrifugation at 7,000 g for 15 min at 4 C. Pellet was frozen in

liquid nitrogen.

3.2.2.3 Affinity-purification of recombinant proteins

3.2.2.3.1 p53 purification

5 g cells were lyzed in 50 ml lysis buffer (50 mM sodium phosphate pH 8.0, 300 mM Nacl,
10 mM 2-mercaptoethanol, 10 mM imidazole, 1 mg/ml lysozmye, 1 complete EDTA-free
protease inhibitor cocktail). Cells were sonicated on ice with 4 repetitions of 10 1 s pulses
followed by 1 min pause. DNA was digested with 5 g/ml DNase | for 30 min at 4 C. The
insoluble fraction was removed by centrifugation at 15,000 g for 30 min. The soluble fraction
was filtered through a 0.4- m filter membrane and loaded on an ~KTA chromatography
system, using a 1-ml HisTrap column. Elution was performed with a linear gradient from 10
mM to 300 mM imidazole in a buffer, consisting of 50 mM sodium phosphate pH 8.0, 300 mM
NacCl. Elution fractions were dialyzed and thrombin-cleaved for His-tag removal overnight in a
buffer, consisting of 20 mM sodium phosphate pH 8, 150 mM NaCl, 10 mM 2-
mercaptoethanol. Thrombin was then inhibited with 0.1 mg/ml Pefabloc. A second
purification step was performed with a 1-ml HiTrap Heparin HP column, using a linear
gradient from 150 mM to 1000 mM NacCl in a buffer, consisting of 20 mM sodium phosphate
pH 8.0. Fractions with purified proteins were concentrated using Amicon Ultra centrifugal
filters in a buffer, consisting of 300 mM NacCl, 50 mM Tris pH 7.4, 10 % (v/v) glycerol, 1 mM

DTT. The proteins were frozen in liquid nitrogen and stored at -80 C.
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3.2.2.3.2 p53_325-393 purification
p53_325-393 was expressed and purified as above, but the second purification step was

performed with a 1-ml HiTrap SP HP column, instead of a heparin column.

3.2.2.3.3 GST-p53_325-393 and GST-p53_359-387 purification

GST-p53_325-393, GST-p53_359-387 or GST were expressed and lyzed as above, with a
modified lysis buffer, consisting of 50 mM sodium phosphate pH 7.0, 300 mM NaCl, 5 mM 2-
mercaptoethanol, 1 mg/ml lysozmye, 1 complete protease inhibitor cocktail with EDTA. To
the cleared lysate, 1 ml of washed glutathione sepharose 4B was added and incubated
rotating for 2 h at 4 C. Beads were washed with 15 ml GST wash buffer 1 (50 mM sodium
phosphate pH 7.0, 300 mM NacCl) for 10 min, rotating. After centrifugation and removal of the
supernatant, 7.5 ml GST wash buffer were added to the beads and the slurry was poured
into an empty gravity flow column. After washing the column with 5 ml more GST wash
buffer 1, 5 ml of GST wash buffer 2 (50 mM sodium phosphate pH 7.0, 150 mM NaCl) were
added. Elution was performed with 20 ml of 10 mM glutathione in GST wash buffer 2.
Fractions with purified proteins were concentrated using Amicon Ultra centrifugal filters in a
buffer, consisting of 50 mM sodium phosphate pH 7.0, 300 mM NacCl, 10 % (v/v) glycerol, 1

mM DTT. The proteins were frozen in liquid nitrogen and stored at -80 C.

3.2.2.3.4 Protein purification of PARylated p53 variants

For the thrombin cleavage assay, the p53 variants p53 28-TCS-29, p53 68-TCS-69,
p53_324-TCS-325, as well as p53_WT were covalently PARylated in a larger extend during
protein purification. Protein expression, His-Trap purification and dialysis was performed as
described above. After dialysis, in vitro PARylation was performed in a solution, consisting of
20 mM sodium phosphate pH 8, 150 mM NaCl, 10 mM 2-mercaptoethanol, 10 mM MgCly,
7.7 g/ml self-annealed oligonucleotide GGAATTCC, 23 nM recombinant PARP1 and 154
nM NAD* for 1 h, RT. PARylated p53 was purified from this solution with a HiTrap Heparin
HP 1 ml column, as described above (see section 3.2.2.3.1). For determination of PARylation
sites by mass spectrometry, p53_WT was purified and PARylated in the same way, with the

exception that the His-tag was cleaved during dialysis.

3.2.2.3.5 GST-Af1521 expression and purification

The used plasmid DNA pGEX-4T1::Af1521 was a kind gift from Prof. Dr. Michael L. Nielsen
(University of Copenhagen, Denmark). GST-Af1521 was expressed and purified according to
Martello et al. (2016). Briefly, the protein expression was performed in BL21(DE3) E. coli
cells. The protein expression was induced at an OD600 of 0.55-0.65 absorbance units with
500 M IPTG, followed by an incubation for 6 h at 37 C. Cells were centrifuged at 7,000 g
for 15 min. The pellet was resuspended in 25 ml PBS by pipetting and transferred to a 50-ml

conical tube, followed by centrifugation at 7,000 g for 15 min at 4 C. Pellet was frozen in
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liquid nitrogen. The purification method was the same as with GST-p53 variants (see section
3.2.2.3.3)

3.2.2.3.6 Phosphodiesterase | purification

Snake venom phosphodiesterase (PDE I) was purchased and further purified according to
Daniels et al. (2014). Due to contaminating phosphatases and proteases it is not suitable for
PAR digestion of protein without further purification. The Iyophilized PDE | sample (100 units)
was dissolved in loading buffer (10 mM Tris-HCI pH 7.4, 50 mM NaCl, 10% (v/v) glycerol)
and loaded on an “KTA chromatography system, using a 1-ml HiTrap blue sepharose
column, washed with 5 column volumes of loading bu er and then elution was performed
with a linear gradient from 0 mM to 500 mM potassium phosphate (HK;PO.), using 20
column volumes. Elution fractions were pooled and dialyzed overnight into size exclusion
chromatography bu er, consisting of 10 mM Tris-Cl pH 7.4, 50 mM NacCl, 15 mM MgCl,, 1%
(v/v) glycerol. An additional size exclusion chromatography puri cation was performed to
remove any contaminating proteases. The dialyzed sample was loaded on an “KTA
chromatography system, using a HiLoad 16/600 Superdex 200 column. Fractions with the
desired purified protein were pooled and concentrated using Amicon Ultra centrifugal filters in
a buffer, consisting of 10 mM Tris-Cl pH 7.4, 50mM NacCl, 15 mM MgCl,, 1% (v/v) glycerol.
After concentrating the sample, glycerol was added to a final concentration of 10% (v/v). The

protein was frozen in liquid nitrogen and stored at -80 C.

3.2.2.4 PAR synthesis, purification and fractionation

3.2.2.4.1 PAR synthesis and purification

PAR was synthesized as previously described (Fahrer et al., 2007) with some modifications.
150 nM recombinant human PARP1 was incubated for 20 min at 37 C in a buffer, containing
100 mM Tris pH 7.8, 10 mM MgCl,, 1 mM DTT, 300 g/ml histones from calf thymus, Type II-
A, 50 g/ml self-annealed oligonucleotide GGAATTCC and 1 mM NAD". The reaction was
stopped by addition of 10 ml 20% ice-cold TCA. After centrifugation at 9000 g for 10 min at
4 C, the pellet was washed with ice-cold ethanol. PAR was detached from the protein using
9 ml of 0.5 M KOH and 50 mM EDTA for 10 min at 37 C. The reaction was stopped by
addition of 1 ml of 1 M Tris pH 8.0 and subsequent pH adjustment to pH 7.5-8.0 by HCI. DNA
was digested with 0.05 mg/ml DNase | in presence of additional 185 mM MgCl, for 2h at
37 C. Proteins were then digested with 0.2 mg/ml proteinase K in presence of additional
0.91 mM CaCl; overnight at 37 C. After extraction with phenol, chloroform and isoamyl

alcohol, PAR was ethanol-precipitated, followed by air-drying and dissolving in water.

3.2.2.4.2 PAR fractionation
To size-fractionate PAR, an anion exchange HPLC method was performed, as described in

Fahrer et al. (2007). In short, an Agilent 1100 series HPLC system was equipped with a
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DNAPac PA100 column. A maximal volume of 100 | PAR solution was injected into the
HPLC system. PAR was eluted with a multistep NaCl gradient in a 25 mM Tris-HCI pH 9.0
buffer (Table 1) using a flowrate of 1 ml/min at RT. Elution of PAR was monitored by

absorbance at 258 nm.

Table 1: Multistep NaCl gradient for size-fractionation of PAR. Solvent A: 25 mM Tris-HCI pH 9.0.
Solvent B: 25 mM Tris-HCI pH 9.0, 1M NacCl.

Time (min) % solvent B

0 0
3 20
20 35
40 42
70 47
110 53
120 61
131 70
132 100
152 100
153 0
180 0

3.2.2.5 Agarose gel electrophoresis

Agarose gel electrophoresis was used to separate DNA fragments. For fragments with less
than 500 bp a 2% (w/v) agarose gel was used. For fragments between 500 bp and 8000 bp a
1% (w/v) agarose gel was prepared. Separation occurred in TAE electrophoresis buffer at
100 V. Then, the gels were incubated for 5 min in ethidium bromide solution (1 g/ml) and
afterwards for 5 min in water for decreasing the background fluorescence. Then, the DNA

fragments were visualized by exposure to UV light in an Intas gel document device.

3.2.2.6 SDS-PAGE

To separate protein samples, discontinuous sodium dodecylsulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) was performed (Laemmli, 1970). The Biorad Mini-Protean
electrophoresis system was used for this purpose. An 8.3 6.4 0.1 cm gel was cast,

composed of a 3% stacking gel and a 10% or 15% resolving gel. Firstly, the resolving gel
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was cast (Table 2) and layered carefully with isopropanol to remove air bubbles. After
finished polymerization, the isopropanol layer was removed, followed by washing with water
and subsequent addition of the stacking gel. A 10- or 15-well comb was used. After
polymerization, the gel was transferred to an electrophoresis chamber and filled with 1

L mmli buffer. Samples were prepared by mixing with 6 SDS sample buffer and 5 min
incubation at 95 C. The samples were loaded into the gel pockets. A prestained molecular

weight protein marker was used (PageRuler). A current of 15 mA was set.

Table 2: Polyacrylamide gel composition. The volume is sufficient for three gels.

Reagent Stacking gel (3%) Resolving gel (10%) Resolving gel (15%)
Water 2.2ml 7.2ml 4.6 ml

Resolving gel buffer - 3.2ml 3.2ml

Stacking gel buffer 3.2ml - -

Rotiphorese 30 1.1ml 52ml 7.8 ml

10% (w/v) APS 66 | 132 | 132 |

TEMED 12 | 32 | 32 |

3.2.2.7 Native PAGE with PAR

To separate PAR chains, a native PAGE was performed, using a native TBE 20%-
polyacrylamide gel. The gel components were prepared (Table 3) and poured into an
assembled Hoefer SE400 electrophoresis unit. A 20-well comb was inserted. After finished
polymerization, the gel was placed into the electrophoresis chamber and layered with 0.5
TBE. At the bottom buffer reservoir, 150 ml of 0.5 TBE were present. PAR samples were
mixed with 10 sequencing loading dye and loaded into the gel pockets. Afterwards, the top
buffer reservoir tray was attached and 350 ml of 0.5 TBE were filled. Finally, the lid was
installed and a voltage of 400 V was applied. The electrophoresis was performed in a fridge
at 6 C. Electrophoresis was stopped after about 3h, when the bromophenol blue band

almost reached the bottom of the gel.
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Table 3: Native PAGE gel composition.

Reagent Volume
MilliQ water 7.8 ml

5 TBE 4.5 ml
20% (v/v) glycerol 6 ml
Rotiphorese 40 26.2 ml
10% (wiv) APS 45 |
TEMED 450 |

3.2.2.8 Coomassie staining

To visualize proteins after SDS-PAGE (see section 3.2.2.6), Coomassie staining was
performed. The gel was first washed for 5 min with deionized water in a container with lid.
Then, Coomassie staining solution (0.1% (w/v) Coomassie R250, 10% acetic acid, 40%
methanol) was added and the container was placed into a water bath, which was in a fume
hood. The gel was incubated at about 80-90 C for 6 min, with occasional agitation. The
Coomassie staining solution was removed and water was added. The gel was incubated in
the hot water bath under the fume hood for another 5 min to remove methanol from the gel.
Afterwards, fresh deionized water and a knotted paper tissue were added. The container with
the gel was placed into a microwave, heating the water until it almost boiled. The container
was removed and placed on a shaker. This microwave procedure was repeated each 10 min
with fresh water and paper tissue, until desired destaining was achieved. Alternatively,
another destaining procedure was used, if more time was available or if no microwaving was
possible. This was the case e.g. for gels, containing radioactive *?P-NAD* (see section
3.2.2.18). After Coomassie staining, the gel was incubated in de-stain solution (20%
methanol, 10% acetic acid). The de-stain solution was exchanged every 30 min. This was

repeated until desired destaining was achieved.

3.2.2.9 Colloidal Commassie staining

The staining solution was prepared by adding 100 ml of the stock solution A (10% (w/v)
ammonium sulphate, 2% (w/v) phosphoric acid) to 2.5 ml of stock solution B (5% (w/v)
Coomassie Brilliant Blue G-250). The solution was shaken strongly for 20 minutes and then
25 ml methanol were added. The shaking was continued for 25 minutes. The gel was
washed for 5 min with water and then incubated overnight in the freshly prepared staining

solution. The gel was washed with 25% (v/v) methanol for 1 h, followed by a quick wash of
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the gel with water. The last two steps were repeated until the protein bands were clearly

visible with low background staining.

3.2.2.10 Silver staining

To visualize PAR with silver staining, the native TBE polyacrylamide gel (see section 3.2.2.7)
was incubated in 120 ml 50% ethanol, 5% acetic acid for fixation under gentle agitation for 30
min. The gel was then incubated in water for 15 min. Afterwards, 120 ml of 1  silver reagent
(112 ml MilliQ water and 8 ml of 15 silver reagent) was added and incubated for 30 min
under gentle agitation in the dark. The gel was then briefly washed with water and 120 ml
reducer solution was added (88 ml MilliQ water, 16 ml of 7.5 reducer base reagent and 16
ml of 7.5 reducer aldehyde reagent). Incubation was performed until PAR bands became
visible. Subsequently, the gel was put between two plastic foils and several images of the gel
during the ongoing staining process were taken by a flatbed scanner. To stop the staining
procedure, the gel was incubated for 20 min in 1 stabilizer solution (117.6 ml water and 2.4
ml of 50 stabilizer solution).

To visualize proteins with silver staining, the SDS-PAGE gel (see section 3.2.2.6), was
incubated in 30 ml 50% ethanol, 5% acetic acid for fixation under gentle agitation for 30 min.
The gel was then incubated in water for 15 min. Afterwards, 30 ml of 1 silver reagent (28 ml
MilliQ water and 2 ml of 15 silver reagent) was added and incubated for 30 min under
gentle agitation in the dark. The gel was then briefly washed with water and 30 ml reducer
solution was added (22 ml MilliQ water, 4 ml of 7.5 reducer base reagent and 4 ml of 7.5
reducer aldehyde reagent). Incubation was performed until protein bands became visible. To
stop the staining procedure, the gel was incubated for 20 min in 1 stabilizer solution (29.4
ml MilliQ water and 0.6 ml of 50 stabilizer solution). Subsequently, the gel was put between

two plastic foils and an image of the gel was taken by a flatbed scanner.

3.2.2.11 Western blot

After SDS-PAGE, proteins were transferred to a Hybond ECL nitrocellulose membrane,
using a Trans-blot SD semi-dry blot chamber (Towbin et al., 1979). Two filter paper sheets
were soaked in Western blot transfer buffer and placed on the bottom electrode. A soaked
membrane sheet was placed on top of the filter paper sheets, followed by the gel and two
more soaked paper sheets. Air bubbles were removed by rolling a glass tube on top of the
assembly. The top electrode and the lid were installed. A voltage of 25 V was set for 30 min.
Afterwards, the membrane was placed into a 50-ml conical tube and incubated with 5% skim
milk powder in TBS-T buffer (TBS-MT) for 1 h on a tube roller. Then, incubation with primary
antibody occurred for 1 h, followed by three washes for 5 min with TBS-T. Subsequently, the
blot was incubated with the secondary antibody that was coupled to horseradish peroxidase.

After washing the membrane three times for 5 min with TBS-T, the chemiluminescence
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detection was performed. An ECL solution or the proprietary TMA-6 solution was added to

the membrane. Detection was done with the ImageQuant LAS 4000 Mini.

3.2.2.12 Slot blot

To bind protein samples on a membrane, without electrophoretic blotting, slot blotting was
used. A filter paper sheet was soaked in MilliQ water and placed on the bottom part of a
T791 slot-blotter. A soaked sheet of Amersham Protran nitrocellulose membrane (0.1 m
pore size) was added, followed by the lid of the slot-blotter. Vacuum was applied to the
device. Samples (Peptides: 168-403 pmol, proteins: 1-5 pmol) were diluted in 200 | MilliQ
water and loaded into the slots. After the samples were vacuum-aspirated, slots were
washed with 200 | MilliQ water. Membrane was removed from the slot-blotter and dried for
10 minat55 C.

3.2.2.13 Ponceau S staining

To visualize proteins that were blotted on a membrane, Ponceau S staining was performed.
The membrane was incubated for 5 min in Ponceau S solution (0.5% (w/v) Ponceau S, 1%
(v/v) acetic acid). Subsequently, the membrane was washed several times with deionized
water, until the desired staining intensity was achieved. An image of the blot was taken by a

flatbed scanner or with the epi-illumination feature of the ImageQuant LAS 4000 Mini.

3.2.2.14 SYPRO Ruby staining

As a more sensitive method than Ponceau S staining to visualize proteins on blots, SYPRO
Ruby staining was used. The membrane was incubated in 7% (v/v) acetic acid, 10% (v/v)
methanol for 15 min under gentle agitation. Afterwards, the membrane was washed four
times 5 min with deionized water. The membrane was then incubated for 15 min in SYPRO
Ruby blot stain solution, followed by 4-6 washes of 1 min with deionized water. The

fluorescence signal was detected with a Gel Doc XR system.

3.2.2.15 PAR overlay assay with proteins or custom-synthesized peptides

5 pmol proteins and 168-403 pmol custom-synthesized peptides (Genscript) were blotted on
a nitrocellulose membrane either by slot-blotting or by SDS-PAGE and semi-dry blotting. The
membrane was incubated in a solution containing 0.2 M PAR in TBS-T buffer (150 mM
NaCl, 10 mM Tris pH 8, 0.05% Tween 20) for 1h at RT, followed by 3 washes of 10 min in
TBS-T buffer, containing 1 M NaCl. The membrane was blocked in TBS-MT (TBS-T with 5%
skimmed milk) for 1h with subsequent immunodetection using anti-PAR 10H antibody and
HRP-coupled secondary antibody. As loading control for slot-blotting, SYPRO Ruby staining
was used directly after blotting. Each PAR overlay experiment was performed at least three

times.
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3.2.2.16 PAR overlay with PepSpots peptide arrays

A peptide array (PepSpot, JPT Peptide Technologies) was purchased, containing custom
synthesized peptides with a length of 20 amino acids covalently linked to a cellulose
membrane. Each spot carries approximately 5 nmol peptide. The membrane was rinsed for 5
min in methanol, followed by 3 washes of 3 min in TBS-T buffer. The membrane was
incubated in a solution containing 0.2 M PAR in TBS-T buffer overnight at 4 C, followed by
3 washes of 10 min in TBS-T buffer, containing 1 M NaCl. The membrane was blocked in
TBS-MT for 1h with subsequent immunodetection using anti-PAR 10H antibody and
Alexa488-coupled secondary antibody. Fluorescence detection was performed, using a
Typhoon FLA 9500 biomolecular imager. As loading control, Ponceau S staining was

performed.

3.2.2.17 In vitro PARylation assay with non-radioactive NAD*

If not stated otherwise, 0.5 M recombinant protein was PARylated in PBS buffer, in
presence of 10 mM MgCl,, 7.7 g/ml self-annealed oligonucleotide GGAATTCC, 1 mM DTT,
23 nM recombinant PARP1 and 100 nM NAD", in a final volume of 10 [for 1 h, RT. Proteins
were separated by a 15% acrylamide gel, using SDS-PAGE, followed by semi-dry blotting on
a nitrocellulose membrane and immunodetection with anti-PAR 10H antibody. Each in vitro

PARylation experiment was performed at least three times.

3.2.2.18 In vitro PARylation assay with 3P-NAD*
1 M recombinant protein was PARylated in PBS buffer, in presence of 10 mM MgCl, 7.7
g/ml self-annealed oligonucleotide GGAATTCC, 1 mM DTT, 23 nM recombinant PARP1
and 0.1 Ci*?P-NAD" (non-radioactive NAD* was added to a final NAD* concentration of 100
nM), in a final volume of 10 | for 1 h, RT. Proteins were separated by 15% SDS-PAGE,
followed by Coomassie staining for 1 h. The gel was destained with destaining solution,
consisting of 20% methanol and 10% acetic acid, for several hours with exchange of
destaining solution every 30 min. The gel was vacuum-dried for 2 h at 80 C with a gel dryer
device. The dried gel was placed overnight on top of an autoradiography screen. Thereafter,
the screen was inserted into a phosphorimager device, followed by autoradiography

detection. The in vitro PARylation experiment with 32P-NAD* was performed three times.

3.2.2.19 PAR cleavage with neutral hydroxylamine

To remove PAR chains from PARylated p53, neutral hydroxylamine cleavage was
performed, according to Golderer and Grobner (1991). Hydroxylamine cleaves the
carboxylate-ester type ADP-ribose-protein bond from glutamic or aspartic acid side chains,
releasing the PAR chain from the protein. 20-80 pmol PARylated p53 were incubated in a
solution of 1 M hydroxylamine, pH 7.0 at 37 C for 12 h. NaCl was added to a final
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concentration of 400 M to prevent non-covalent PAR binding of p53. Native PAGE (see
section 3.2.2.7) and subsequent silver staining (see section 3.2.2.10) were performed.
Alternatively, sample volume was increased to 100 | with MilliQ water and subjected to

anion exchange HPLC (see section 3.2.2.4.2).

3.2.2.20 Thrombin cleavage assay

Unless otherwise stated, 5 pmol protein was used for cleavage. The protein was incubated in
a buffer, containing 20 mM sodium phosphate pH 8.0, 100 mM NaCl, 10 mM 2-
mercaptoethanol. 1 unit thrombin was added to a final volume of 30 | and incubation was
performed for 16h. Notably, glycerol concentration should be kept as low as possible (max.
0.5% (v/v)). Thrombin cleavage was stopped by addition of SDS sample buffer and samples
were subjected to SDS-PAGE, using a 15% acrylamide gel, followed by semi-dry blotting and

immunodetection. Each thrombin cleavage experiment was performed at least three times.

3.2.2.21 Electrophoretic mobility shift assay

A 1:2 dilution series of recombinant human p53 was prepared in a buffer, consisting of 25
mM Tris-HCI pH 7.4, 150 mM NacCl, 5% (v/v) glycerol, 0.5 mM DTT. The highest p53
concentration was 7 M, the lowest 27.24 nM. 250 fmol of a double-stranded, Cy5-labeled
p53 response element from the p21 promotor (Oligo_70 + Oligo_71 was added and
incubated for 15 min at RT. 10 loading dye (250 mM Tris-HCI pH 7.4, 40% (v/v) glycerol,
0.2% (w/v) Orange G) was added to a final volume of 10 I. Samples were loaded on a 4%
native TBE polyacrylamide gel in a Hoefer SE400 gel chamber, containing 0.5 TBE as
running buffer. After 1 h with a voltage of 300 V, fluorescence detection was performed,

using a Typhoon FLA 9500 biomolecular imager.

3.2.2.22 DNA-PAR competition assay
A 1:2 dilution row of non-fractionated, unlabelled PAR was prepared, beginning with 200 M
and ending with 781 nM (corresponds to ADP-ribose subunits). 1.5 M p53_1-355 or 18.7
M p53_325-393 were added to the PAR samples and incubated for 10 min at RT in a buffer,
consisting of 50 mM Tris-HCI pH 7.4, 150 mM NacCl, 2% (v/v) glycerol, 0.2 mM DTT. 250 fmol
of a double-stranded, Cy5-labeled p53 response element from the p21 promotor (Oligo_70 +
Oligo_71 was added and incubated for 15 min at RT. 10 loading dye (250 mM Tris-HCI pH
7.4, 40% (vIv) glycerol, 0.2% (w/v) Orange G) was added to a final volume of 10 |. Samples
were loaded on a 4% native TBE polyacrylamide gel in a Hoefer SE400 gel chamber,
containing 0.5 TBE as running buffer. After 1 h with a voltage of 300 V, fluorescence

detection was performed, using a Typhoon FLA 9500 biomolecular imager
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3.2.2.23 In vitro co-immunoprecipitation
1 g of recombinant human PARP1 was incubated with 10 g anti PARP1 antibody (FI-23) or
with mouse IgG control for 1 hat4 C in 300 | IP buffer (50 mM Tris-HCI pH 7.4, 150 mM
NaCl, 1% NP-40, 0.5% deoxycholate). 10 | Protein G sepharose beads were added and
incubated for 2h at 4 C, while rotating. Indicated samples were subjected to PARP1 auto-
PARYylation, by adding 10 mM MgCl,, 7.7 g/ml self-annealed oligonucleotide GGAATTCC, 1
mM DTT and 100 nM NAD*. Samples were incubated for 5 min at 4 C, while rotating. After
centrifugation (5000 rpm, 20 s), supernatant was removed and beads were washed with 500
| wash buffer (50 mM Tris-HCI pH 7.4, 150 mM NaCl, 0.1% NP-40, 0.05% deoxycholate),
followed by a second wash step, using 250 | IP buffer. After centrifugation and removal of
the supernatant, 300 | IP buffer were added, together with 1 mM DTT and 23 pmol of a p53
variant. Incubation took place for 1h at 4 C, while rotating. Beads were washed twice for 5
min in 500 | IP buffer and once for 5 min in 500 | wash buffer, while rotating. Proteins were
eluted from beads by adding 22 | of 2 SDS sample buffer, incubating 5 min at 95 C.
Elutions were loaded on a 10% acrylamide gel, followed by SDS-PAGE and Western blot
and immunodetection. The rabbit polyclonal anti-PARP1 antibody H250 (Santa Cruz) and the
rabbit polyclonal anti-p53 antibody FL-393 (Santa Cruz) were used for detection.

3.2.2.24 Mass spectrometric identification of PARylation sites and mass
determination of full-length p53
Sample treatment was performed as previously described in Daniels et al. (2014). In short,
PARylated proteins were treated overnight at 25 C, 500 rpm, with phosphodiesterase | in
presence of 15 mM MgCl, to reduce the PAR chain length, yielding one remaining
phoshoribose moiety per modified amino acid. Successful treatment was confirmed by SDS-
PAGE with subsequent Western blot. Samples were given to the Proteomics facility
(University of Konstanz).
All CID-fragmented samples were analyzed by a LTQ-Orbitrap mass spectrometer. For
protein mass determinations, 59 g of non-PARylated and 28 ¢ of PDE | -digested
PARylated p53 were used. The samples were diluted with a mixture of 2% acetic acid, 48%
methanol and 50% water. The protein samples were directly injected with a flowrate of 5
I/min. Mass spectra were acquired with a mass range of m/z = 800-1700. The spectra were
evaluated using either Promass Deconvolution 2.8 or the Xtract software.
For PARylation site determination, the protein was buffer-exchanged, followed by trypsin or
pepsin digestion to peptides. All digested samples were analyzed by reversed phase liquid
chromatography nanospray tandem mass spectrometry (LC-MS/MS) using an Eksigent
nano-HPLC. The dimensions of the reversed-phase LC column were 5 m, 100  pore size
Cl8resinina 75 mid. 10 cm long piece of fused silica capillary. After sample injection,

the column was washed for 5 min with 100% mobile phase A (0.1% formic acid) and
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peptides were eluted using a linear gradient of 10% mobile phase B to 40% mobile phase B
in 35 min, then to 80% B in an additional 5 min, at 300 nl/min. The LTQ-Orbitrap mass
spectrometer was operated in a data dependent mode in which each full MS scan (30 000
resolving power) was followed by five MS/MS scans where the five most abundant molecular
ions were dynamically selected and fragmented by collision-induced dissociation (CID) using
a normalized collision energy of 35% in the LTQ ion trap. Dynamic exclusion was allowed.
Tandem mass spectra were searched against a suitable protein database using Mascot
(Matrix Science) with the specific enzyme cleavage and variable methionine oxidation. For
higher-energy collisional dissociation (HCD) measurements, the Orbitrap Fusion Tribrid mass
spectrometer interfaced with an Easy-nLC 1100 nanoflow liquid chromatography system was
used (see also section 3.2.1.4). Samples were in this case enriched for phosphoribosylated

peptides with Sigma PHOS-Select iron affinity gel beads, according to (Daniels et al., 2014).

3.2.2.25 Transmission electron microscopy (TEM)

For negative staining, the droplet technique was used with droplet sizes of 8 |. Samples
were present in a buffer consisting of 50 mM Tris-HCI pH 7.4, 150 mM NaCl, 1 mM DTT,
10% (v/v) glycerol. The four following samples were prepared: 10.18 M p53_WT, 10.18 M
p53_WT with 400 M non-fractionated PAR (corresponds to ADP-ribose subunits), 10.18 M
covalently PARylated p53 WT or 400 M non-fractionated PAR alone. Freshly glow-
discharged formvar- and carbon-coated copper grids were touched to the sample drops for
120 s. The adsorbed material was washed sequentially with four droplets of distilled water
and stained for 60 s with 2% uranyl acetate. Excess uranyl acetate was removed from the
grids with a filter paper. The grids were air dried for 1 h and visualized in a Zeiss 912 Omega
transmission electron microscope at 80 kV. Digital electron micrographs were taken with a

2K wide ankle slow scan TRS CCD-camera, using a magnification of 40,000 .
3.2.3 Bioinformatic methods

3.2.3.1 In silico search for p53 CTD-like regions in other PARylated proteins

UniProt IDs were extracted from the lists of covalently PARylated proteins from Jungmichel
et al. (2013), Martello et al. (2016) and Zhang et al. (2013) and the sequences were retrieved
in FASTA format from the UniProt server (www.uniprot.org). Moreover, the source code from
the IUPred server (Dosztanyi et al.,, 2005a, b) was downloaded and used to predict
disordered domains in the covalently PARylated proteins, applying the long disorder option.
The source code was modified to enable analysis of multiple targets at once. A protein region
was assumed to be intrinsically disordered, if a disorder tendency of at least 0.5 was present.
The source code was complemented with an additional analysis to assess the charge of the

short amino acid fragments selected before. Highly positively charged regions were searched
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in these intrinsically disordered fragments. A net charge of at least +4 was chosen in a sliding
window of 15 total amino acids as in silico search pattern. If a directly consecutive region in a
protein was found, it was merged with the previous region. To calculate the charge, the
amount of basic amino acids arginine or lysine were subtracted by the amount of acidic
amino acids glutamate or aspartate. As one control group, the human proteome
(www.uniprot.org, proteome ID UP000005640, reviewed, 20,169 proteins, last modified:
29.01.2017) was used. As another control group, cytoplasmic proteins from the Eukaryotic
Subcellular Localization DataBase (eSLDB, www.gpcr.biocomp.unibo.it/esldb, 776 proteins)
were used (Pierleoni et al., 2007). If a protein was tagged with nuclear localization, it was
removed from the dataset. As last control group, a database of N-glycosylated proteins (N-
GlycosylDB, 1118 proteins) from the dbPTM database (www.dbptm.mbc.nctu.edu.tw/) was
used (Huang et al., 2016).

3.2.3.2 Sequence alignment of PAR-binding motifs

To find PBMs in proteins, in sillico alignment was performed with the PattinProt motif search
tool (https://npsa-prabi.ibcp.frINPSA/npsa_pattinprot.html) using the pattern value [HKR]-X-
[AVILFWP]-[AVILFWP]-[HKR]-[HKR]-[AVILFWP]-[AVILFWP] according to Pleschke et al.
(2000).

3.2.3.3 Isoelectric point calculation of proteins
In silico calculation of the isoelectric point (pl) was performed with the ExXPASy web tool

(http://web.expasy.org/compute_pi/).

3.2.3.4 Statistical analysis

GraphPad Prism 6 was used for statistical analysis
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4 RESULTS

4.1 Recombinant p53 expression and purification

4.1.1  Cloning of p53 variants

A prokaryotic expression vector, containing full length human p53 in the pET14b backbone

was obtained from Prof. Dr. Martin Scheffner (University of Konstanz) as a kind gift. At the N-

terminus of p53, a hexa histidine-tag was present. This plasmid was modified by site-directed

mutagenesis or deletion PCR to obtain different of p53 variants (Table 4).

Table 4: Overview of p53 variants used for recombinant protein expression and protein
purification. Sorted by chronological appearance.

p53 variant Description

WT Wildtype p53

PBM1 Mutations: R174A, R175A, H178A

PBM2 Mutations: R248A, R249A

PBM3 Mutation: R337A

PBM1/2 Mutations: R174A, R175A, H178A, R248A, R249A

PBM1/2/3 Mutations: R174A, R175A, H178A, R248A, R249A, R337A

L344P Mutation: L344P

EDE/A Mutations: E258A, D259A, E271A

1-324 p53 region 1-324 (without TD and CTD)

1-355 p53 region 1-355 (without CTD)

1-378 p53 region 1-378 (with half of CTD)

325-393 p53 region 325-393 (contains TD and CTD)

PBM4-10 Mutations: R363A, H365A, H368A, K370A, K372A, K373A, R379A,
H380A, K381A, K382A

PBM4-7 Mutations: R363A, K370A, K372A, K373A, R379A, K381A, K382A

PBM4-5 Mutations: R363A, K370A, K372A, R379A, K381A

PBM4-4 Mutations: R363A, K370A, R379A, K381A

28-TCS-29 Insertion of thrombin cleavage site between amino acid 28 and 29

68-TCS-69 Insertion of thrombin cleavage site between amino acid 68 and 69
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324-TCS-325 Insertion of thrombin cleavage site between amino acid 324 and 325
E28A Mutation: E28A

E2,28A Mutations: E2A, E28A

E3,28A Mutations: E3A, E28A

D7A,E28A Mutations: D7A, E28A

E11,28A Mutations: E11A, E28A

E17,28A Mutations: E17A, E28A

D21A,E28A Mutations: D21A, E28A

K24A,E28A Mutations: K24A, E28A

GST-p53_325-393 GST fused to p53_325-393 fragment

GST-p53_359-387 GST fused to p53_359-387 fragment

4.1.2 Recombinant p53 expression

BL21(DE3) E. coli cells were transformed with the prokaryotic expression vectors for
recombinant p53 expression. To check if the E. coli cells were successfully transformed with
the desired plasmid, a test expression was performed with several E. coli clones. The
bacteria were grown in a small culture volume and protein expression was induced with
IPTG. Cells were lyzed, sheared and subjected to SDS-PAGE, followed by Coomassie
staining (Figure 16). Successfully induced clones were used for further large-scale protein
expression and purification. The conditions for optimal p53 protein expression and
purification were established by A. Kr ger, master s thesis, 2015. These conditions were
used for all p53 purifications, with minor modifications. One liter of LB medium was used for
expression, yielding about a 5 g pellet of E. coli cells. The cells were lyzed and subjected to

protein purification using a FPLC purification system.
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Clone 1 Clone 2  Clone 3 Clone 4
IPTG: + - + - + - + -

kDa
170—|
130 —

100 —| .
70— %

L |[—p53
55—

40-|
35 —| B

25—

Figure 16: Coomassie gel of test expression using His-tagged p53.
Several E. coli clones were grown and induced for protein expression with IPTG. Cells were lyzed and
subjected to SDS-PAGE. Clones 1 and 4 show successful expression of p53 after induction.

4.1.3  p53 protein purification

Almost all p53 variants were purified in the way as described in this section. Only p53_325-
393 and the GST fusion proteins were purified in a different way, which is described in later
sections. As representative example, the purification of wild-type p53 (p53_WT) is depicted
in Figure 17. p53 was purified in a first step by nickel affinity chromatography, since p53 was
fused to a hexa histidine-tag at the N-terminus. A FPLC purification system was used with a
multistep imidazole gradient. The elution and gradient profile are shown in Figure 17 A. The
profile was used to choose several fractions for SDS-PAGE followed by Coomassie staining,
testing for p53 presence (Figure 17 B). The fractions with the highest amount and purity of
p53 were pooled and dialyzed overnight with concomitant thrombin cleavage for His-tag
removal. As second purification step, heparin affinity chromatography was used. Heparin
columns are widely used for purifying DNA-binding proteins, due to the high negative charge
density of heparin. Elution was performed with a multistep NaCl gradient. The elution and
gradient profile are shown in Figure 17 C. The profile was used to select several fractions for
SDS-PAGE followed by Coomassie staining, checking for p53 presence (Figure 17 D). The
fractions with the highest amount and purity of p53 were pooled and concentrated, followed
by a buffer exchange. It was important that the storage buffer contained 300 mM NaCl, to
prevent aggregation of p53. The final p53 purity was usually 85-90% as judged by SDS-
PAGE and the yield was approximately 500 g of recombinant protein. Protein identity was
confirmed by SDS-PAGE and immunoblotting, using a highly specific p53 antibody (Figure

17 E).
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Figure 17: Protein purification of p53_WT.

A: FPLC elution profile of nickel affinity purification. B: Coomassie gel after nickel affinity purification.
Top of gel: FPLC fractions. Fractions B4-C11 were pooled for dialysis. C: FPLC elution profile of
heparin affinity purification D: Coomassie gel after heparin affinity purification. Top of gel: FPLC
fractions. Fractions B4-C4 were pooled. E: Control identification of concentrated eluate by SDS-
PAGE, followed by immunoblotting, using anti-p53 antibody.

4.1.4  Quality control of recombinant p53_ WT

To control if p53_WT is functional after protein purification, the sequence-specific DNA
binding to a p53 response element was checked. An electrophoretic mobility shift assay
(EMSA) showed that the recombinant p53_WT can bind to the fluorescently labelled p53
response element from the p21 promotor in a sequence-specific manner, leading to a band
shift (Figure 18). This indicates that p53_WT is properly folded and functional.
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Figure 18: DNA EMSA as quality control for recombin  ant p53.

A: EMSA with p53 WT binding to a fluorescently labeled p53 response element from the p21
promotor. 1:2 dilution series of p53 was prepared, starting with 7 pM. 250 fmol of Cy5-labeled p53
response element were added. B: Quantification of A. Kg = 989 nM.

415 pb3_325-393 protein purification

p53_325-393 was purified in a first step by nickel affinity chromatography, via a fused hexa
histidine-tag at the N-terminus. A FPLC purification system was used with a multistep
imidazole gradient. The elution and gradient profile are shown in Figure 19 A. The profile
was used to choose several fractions for SDS-PAGE followed by Coomassie staining, testing
for p53_325-393 presence (Figure 19 B ). The fractions with the highest amount and purity of
p53_325-393 were pooled and dialyzed overnight with concomitant thrombin cleavage for
His-tag removal. As second purification step, cation exchange chromatography with
sulphopropyl sepharose was used. Elution was performed with a multistep NaCl gradient.
The elution and gradient profile are shown in Figure 19 C. The profile was used to select
several fractions for SDS-PAGE followed by Coomassie staining, checking for p53_325-393
presence (Figure 19 D). The fractions with the highest amount and purity of p53_325-393
were pooled without concentrating the sample and without a buffer exchange, to prevent
aggregation. The final protein purity was about 95% as judged by SDS-PAGE and the yield
was approximately 4.2 mg of recombinant protein. Protein identity was confirmed by SDS-
PAGE and immunoblotting, using a highly specific antibody, which recognizes the CTD of
p53 (Figure 19 E).
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