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 When you walk through the storm hold your head up high 

And don’t be afraid of the dark 

At the end of the storm there’s a golden sky 

And the sweet silver song of the lark 

 

Oscar Hammerstein II 
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Abstract 
After genotoxic stress, poly(ADP-ribose) polymerase 1 (PARP1) is activated, leading to 

poly(ADP-ribosyl)ation (PARylation) of a large variety of target proteins. These targets 

can be regulated either by covalent modification or non-covalent interactions with 

poly(ADP-ribose) (PAR). Although the posttranslational modification was extensively 

studied since its discovery in the 1980s, several aspects remain elusive. Thus, the overall 

aim of the study was to analyze the relationship between the activity of PARP1, the 

structure of PAR and the cellular functions regulated by PARylation. 

 

Therefore, HeLa PARP1 KO cells were reconstituted with different eGFP-tagged PARP1 

variants. This allows the investigation of cellular consequences of different PARP1 

variants, without interference of endogenous wild-type PARP1. In the first study (Rank et 

al., 2016), the suitability of the system for PARylation research was confirmed by using 

the non-natural PARP1 variants PARP1\L713F and PARP1\E988K. Thereby, it was shown 

that PARP1\E988K lacks chain elongation activity, rather attaching a single ADP-ribose 

moiety to target proteins. It was further demonstrated that PARP1\L713F is 

constitutively active. Both mutants exhibit distinct recruitment kinetics to sites of laser-

induced DNA damage and show distinct functional consequences in their cellular patho-

physiology. For instance, PARP1\L713F expression was identified to trigger apoptosis, 

while reconstitution with PARP1\E988K caused a strong DNA damage-induced G2 arrest. 

After establishing the system as a novel model in PARylation research, two naturally 

occurring PARP1 variants were analyzed with regards to their potential contribution to 

human carcinogenesis. It was shown that PARP1 carrying either the single nucleotide 

polymorphism (SNP) V762A or the inherited mutation F304L, exhibits a reduction in the 

enzymatic activity. Cells expressing the mutant PARP1 variants further displayed an 

altered cellular physiology. Taken together, these results strongly support a role of these 

PARP1 variants in human carcinogenesis.  

 

The follow-up study pursues the question if a so called “PAR-code” exists and how chain 

length and branching frequency of PAR influence cellular functions (Rank et al., 

manuscript in preparation). To this end, different PARP1 variants producing differently 

structured PAR were chosen and used for the reconstitution of HeLa PARP1 KO cells. 

Thereby, the focus was laid on chain length (PARP1\Y986S, short polymer) and the 

degree of branching (PARP1\Y986H, hyperbranched PAR; PARP1\G972R, hypobranched 

PAR). Analysis of cellular viability, colony formation capacity and cell cycle status 

revealed, that especially short and hypobranched PAR is detrimental for the cellular 

health. Cells expressing the PARP1\G972R variant, exhibit a strongly reduced viability 

and colony formation capacity as well as a cell cycle arrest in G2 phase. Furthermore, cells 

expressing PARP1\G972R or PARP1\Y986S displayed higher sensitivities towards 

genotoxic stress. The recruitment of the different mutants to sites of laser-induced 

damage was largely impaired for PARP1\G972R and PARP1\Y986S. In addition, 

PARP1\G972R-reconstituted cells were strongly sensitized towards camptothecin-

induced replicative stress, while the effects were less pronounced for PARP1\Y986S. In 

contrast, PARP1\Y986H showed an almost normal recruitment and response to 
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camptothecin, indicating that the branching frequency is indeed important within the 

cellular stress response. Furthermore, it was demonstrated that downstream processes 

like PARP1-dependent transcription and relocalization of XRCC1 rely on a defined PAR 

structure. Taken together, these results reveal that chain length and branching ratio are 

essential for the cellular physiology and stress response. 

 

Finally, the crosstalk between non-covalent and covalent PARylation was analyzed using 

p53 as a model substrate (Fischbach et al., 2018). Here, it was shown, that the C-terminal 

domain (CTD) of p53 is highly important for the PARylation-dependent regulation of p53. 

It was demonstrated, that binding of p53 to auto-PARylated PARP1 via a highly specific 

non-covalent interaction renders it a target for covalent PARylation. Importantly, fusing 

the CTD of p53 to a protein which is normally not PARylated, renders it a target for 

covalent PARylation as well. It was further shown that PARylation influences the p53-DNA 

binding properties and has implications on the p53-dependent transcription as well as 

the interactome. As CTD-like regions are highly enriched in the PARylated proteome, this 

mechanism might also apply to other PARylation targets. 

 

In conclusion the work in this thesis revealed that the here established model, using 

reconstitution of HeLa PARP1 KO cells with different PARP1 variants, is of great interest 

for PARylation research in general. Using this model, a significant contribution to the 

question of the relationship between PARP1, the structure of PAR and the cellular 

consequences could be provided. It was demonstrated that a tight regulation of PARP1 

activity and a defined polymer structure is essential for the cellular physiology and stress 

response. In addition, crosstalk between covalent and non-covalent PARylation is 

necessary to achieve a complete regulation and functionality of target proteins. 
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Zusammenfassung 
Genotoxischer Stress führt zur Aktivierung der Poly(ADP-ribose) Polymerase 1. Diese 

katalysiert daraufhin die Poly(ADP-ribosyl)ierung einer Vielzahl verschiedener Proteine. 

Durch die kovalente oder nicht-kovalente Modifizierung werden die Eigenschaften der 

Zielproteine verändert und reguliert. Obwohl die posttranslationale Modifikation, seit 

ihrer Entdeckung in den 1980er Jahren ausführlich untersucht wurde, sind immer noch 

viele Aspekte unerforscht. Daher war es das Ziel dieser Arbeit, das Verhältnis zwischen 

der enzymatischen Aktivität, der Struktur des Polymers und der Vielzahl der zellulären 

Funktionen näher zu untersuchen. Dazu wurden HeLa PARP1 KO Zellen verwendet, die 

mit verschiedenen eGFP-markierten PARP1 Varianten rekonstituiert wurden. Somit 

konnten die Konsequenzen der verschiedenen Mutationen in einem zellulären System 

untersucht werden, ohne dass der Einfluss von endogenem PARP1 die Ergebnisse 

beeinträchtigt.  

 

Im ersten Teil der Arbeit wurde die Funktionalität des Zellsystems validiert (Rank et al., 

2016). Dazu wurden die nicht natürlich vorkommenden Varianten PARP1\L713F und 

PARP1\E988K verwendet. Dabei konnte bestätigt werden, dass PARP1\E988K nicht in 

der Lage ist, PAR-Ketten zu bilden und stattdessen Zielproteine ausschließlich mono-

ADP-ribosyliert, während PARP1\L713F konstitutiv aktiv ist. Beide Mutanten zeigen eine 

stark veränderte Rekrutierung zu Laser-induzierten DNA Schäden und eine 

beeinträchtigte Funktionalität. So konnte z.B. gezeigt werden, dass die Expression von 

PARP1\L713F Apoptose induziert, während die Rekonstitution mit PARP1\E988K zu 

einem starken, durch DNA Schäden induzierten, G2 Arrest führt. Nachdem die 

Funktionalität des Zellsystems erfolgreich gezeigt und der Nutzen für die PARP-

Forschung bestätigt wurde, wurden zwei natürlich vorkommende PARP Varianten näher 

untersucht. Dabei sollte geklärt werden, ob der V762A Polymorphismus und die F304L 

Mutation eventuell die Karzinogenese fördern. Die detaillierte Charakterisierung zeigte, 

dass beide Varianten eine stark verringerte enzymatische Aktivität haben, welche sich in 

einer veränderten zellulären Physiologie widerspiegelt. Daher deuten die Ergebnisse 

stark darauf hin, dass beide Varianten die Krebsentstehung begünstigen.  

 

Der darauffolgende Teil der Arbeit beschäftigte sich mit der Frage, ob ein sogenannter 

„PAR-Code“ existiert und wie Kettenlänge und Verzweigungsgrad die zellulären 

Funktionen des Polymers beeinflussen (Rank et al., Manuskript in Vorbereitung). Dafür 

wurden PARP1 Varianten, die PAR-Ketten unterschiedlichster Struktur bilden, 

ausgewählt und benutzt, um HeLa PARP1 KO Zellen zu rekonstituieren. Dabei lag der 

Fokus vor allem auf der Kettenlänge (PARP1\Y986S, kurze Ketten) und dem 

Verzweigungsgrad (PARP1\Y986H stark verzweigte Ketten, PARP1\G972R kaum 

verzweigte Ketten). Anschließend wurde die Lebensfähigkeit, die Fähigkeit Kolonien aus 

zu bilden und der Zellzyklus der Zellen detailliert untersucht. Es wurde deutlich, dass 

besonders die kaum verzweigten Ketten schädlich für die Zellen sind, da Zellen die 

PARP1\G972R exprimieren nur wenige Kolonien bilden, schlechter überleben und einen 

G2 Arrest im Zellzyklus aufweisen. Kommt dann noch genotoxischer Stress auf die Zellen 

zu, verschärfen sich diese Effekte noch einmal deutlich. Vor allem die Varianten, die kaum 
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verzweigte (PARP1\G972R) oder kurze Ketten (PARP1\Y986S) bilden, zeigen eine 

deutlich veränderte Rekrutierung zu Laser-induzierten DNA Schäden. Zusätzlich 

erwiesen sich vor allem Zellen mit PARP1\G972R als hochempfindlich gegenüber 

replikativem Stress. Für Zellen mit PARP1\Y986S waren die Effekte weniger gravierend. 

Zellen, die in der Lage waren stark verzweigte Ketten zu bilden, zeigten dagegen keine 

negativen Effekte, was darauf hinweist, dass der Verzweigungsgrad des Polymers 

entscheidend für seine Funktion in der zellulären Stressantwort ist. Zusätzlich wurde 

gezeigt, dass nachgeschaltete Prozesse wie die PARP-abhängige Transkription und 

Translokation von XRCC1 stark auf eine bestimmte Polymerstruktur angewiesen sind. 

Zusammengefasst bedeutet das, dass definierte Kettenlängen und Verzweigungsgrade 

unverzichtbar für eine normale zelluläre Physiologie und Stressantwort sind.  

 

Im letzten Teil der Arbeit wurde das Zusammenspiel von kovalenter und nicht-kovalenter 

PARylierung anhand des Modelsubstrates p53 untersucht (Fischbach et al., 2018). Dabei 

wurde gezeigt, dass die C-terminale Domäne (CTD) von p53 extrem wichtig für die 

PARylierungs-abhängige Regulation von p53 ist. P53 kann über hoch-spezifische, nicht-

kovalente Interaktionen an auto-PARylierte PARP1 binden und wird dadurch zum Ziel für 

kovalente Modifikation. Wichtig ist, dass dieser Mechanismus auch dann funktioniert, 

wenn die CTD von p53 an ein Protein fusioniert wird, das normalerweise kein Ziel von 

PARP1 ist. Außerdem wurde gezeigt, dass PARylierung von p53 die DNA-Bindung und 

verschiedene Protein-Protein Interaktionen von p53 verändert. Zusätzlich wirkt sie sich 

auf die p53-regulierte Transkription aus. Da CTD ähnliche Domänen im Proteom der 

PARylierten Proteine sehr häufig sind, liegt die Vermutung nahe, dass sich dieser 

Mechanismus auch auf die Modifikation anderer Zielproteine übertragen lässt. 

 

Zusammenfassend zeigt diese Thesis, dass das hier etablierte Model aus rekonstituierten 

HeLa PARP1 KO Zellen von großem Interesse für die weitere PARP-Forschung ist. Mit 

diesem Model konnte ein wichtiger Beitrag zum Zusammenhang zwischen PARP1, der 

Struktur des produzierten Polymers und den zellulären Konsequenzen geliefert werden. 

Dabei wurde gezeigt, dass die PAR-Struktur von entscheidender Bedeutung für die 

zelluläre Physiologie und Stressantwort ist. Außerdem wurde dargelegt, dass nur ein 

Zusammenspiel aus kovalenter und nicht-kovalenter Modifizierung von Zielproteinen 

eine allumfassende Regulation und Funktionalität ermöglicht. 
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Chapter 1: Introduction 

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

1.1.1 Discovery of poly(ADP-ribosyl)ation and PARPs 

Back in the 1960s, the first indications for poly(ADP-ribosyl)ation (PARylation) can be 

found. Pierre Chambon and colleagues discovered poly(ADP-ribose)(PAR) while studying 

the synthesis of RNA (Kraus, 2015; Chambon et al., 1963). One year later, nicotinamide 

adenine dinucleotide (NAD+) was identified as a cofactor for the inhibitory effect of 

diphtheria toxin in a cell-free system (Collier & Pappenheimer, 1964). This effect was 

caused by ADP-ribosylation of the elongation factor 2 (EF-2), which leads to inactivation 

of its translocase activity, thereby inhibiting the protein synthesis (Ueda & Hayaishi, 

1985). With this notion, it became evident that the two publications both describe 

PARylation for the first time. While the structure of PAR was dissolved by the end of 1966 

(Fujimura et al., 1967) it took until the 1980s to identify the genes encoding for proteins 

responsible for these ADP-ribosylation reaction (Kraus, 2015; Alkhatib et al., 1987; 

Kurosaki et al., 1987). Until today, at least three structurally unrelated superfamilies of 

enzymes have been identified to catalyze the NAD+-dependent ADP-ribosylation of 

proteins. Each of the families, namely the ADP-ribosyltransferases or poly(ADP-ribose) 

polymerases (ART or PARPs), the sirtuins and the TM1506 superfamily (Aravind et al., 

2015), contain numerous enzymes. 

1.1.2 The poly(ADP-ribose) polymerase superfamily  

A large variety of single and multicellular organisms exhibit mono- and/or poly(ADP-

ribosyl)ation reactions and PARP-like genes. They can be found in prokaryotes as well as 

in eukaryotes, in eu- and archaebacteria and in double-stranded DNA-viruses. Worth to 

mention, PARPs have been lost in many fungi, including S. pombe and S. cerevisiae, two 

common model organisms in basic research (Hassa et al., 2006; Otto et al., 2005; 

Krishnakumar & Kraus, 2010). 

The human ARTD superfamily, from here on named PARP superfamily, consists of 17 

members (Amé et al., 2004; Hakmé et al., 2008). They all have been classified as PARPs 

according to the evolutionary conserved amino acid triad H-Y-E (or configurations 

thereof) in the catalytic domain, responsible for chain elongation and branching (Hassa & 

Hottiger, 2008). While some of them are able to catalyze poly(ADP-ribosyl)ation 

reactions, others carry mutations in the catalytic triad and thus rather act as mono-ADP-

ribosyl transferases or are catalytically inactive (Hottiger et al., 2010; Bai & Cantó, 2012). 

According to Hottiger et al. the PARPs can be categorized into three groups: The PARPs 1-

5 carry the highly conserved glutamate (988 in PARP1) and are therefore catalytically 

active. The PARPs 6-8, 10-12 and 14-16 were classified as potential mono-ADP-ribosyl 

transferases, whereas the PARPs 9 and 13 are likely to be inactive (Hottiger et al., 2010; 

Kleine et al., 2008). While PARP1 and PARP2 are located primarily in the nucleus, other 

PARPs localize to various cellular compartments, including cytoplasm and mitochondria 

(Amé et al., 2004; Krishnakumar & Kraus, 2010) 
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1.1.3 Poly(ADP-ribose) polymerase 1 

The first enzyme to be described within the PARP superfamily was PARP1. Therefore, this 

nuclear protein is often described as the founding member of the group (Schreiber et al., 

2006). This highly conserved 113 kDa protein (Gibson & Kraus, 2012) is responsible for 

85%-90% of the polymer formation in cells (Bai & Cantó, 2012). Intensive research in the 

last forty years led to the purification of the PARP1 cDNA, (Alkhatib et al., 1987; Kurosaki 

et al., 1987), biochemical analysis of PARP1 functions and to the crystal structure of 

different PARP1 domains (Ruf et al., 1998; Langelier et al., 2012; Ruf et al., 1996), thus 

rendering PARP1 the best studied member of the protein family.  

1.1.3.1 The structure of PARP1 

PARP1 is a multidomain protein, with six independently folded domains. Three major 

functional units, the N-terminal DNA-binding domain (DBD), the automodification 

domain (AMD) and the C-terminal catalytic domain (CD) were identified (Hakmé et al., 

2008; Krishnakumar & Kraus, 2010) (Figure 1). 

 

Figure 1: Multidomain structure of PARP1. 

PARP1 consists of six independently folded domains which can be classified in three function units, the N-

terminal DNA-binding domain, the automodification domain and the C-terminal catalytic domain. ZnF: Zinc 

Finger, BRCT: BRCA 1 C-terminus, WGR: Tryptophan, glycine arginine rich domain, HD: helical domain and 

ART: ADP-ribosyl transferase. Adapted from Coquelle & Glover, 2012. 

The N-terminal DNA-binding domain contains two zinc fingers (ZnF1 and ZnF2), 

responsible for the DNA-binding of PARP1. They recognize different DNA structures like 

single- and double-strand breaks (SSB and DSB) as well as hairpins independent of their 

sequence (Langelier et al., 2011a; Eustermann et al., 2011). Recently, a third zinc binding 

domain, responsible for the enzyme activation of PARP1 via different interdomain 

contacts, was described (Langelier et al., 2010; Langelier et al., 2008). Furthermore, a 

caspase cleavage site for inactivation of PARP1 during apoptosis and the nuclear 

localization sequence (NLS) can be found in the DNA-binding domain (Hakmé et al., 2008; 

Schreiber et al., 2006). The second functional unit, the automodification domain, contains 

a BRCT fold, responsible for protein-protein interactions (Krishnakumar & Kraus, 2010) 

as well as different linker regions. Classically, this domain was described to become highly 

automodified after PARP1 activation. However, recent publications indicate, that amino 

acids distributed throughout the whole protein become modified and that 

auto-PARylation is not limited to the central automodification domain (Gagné et al., 2015; 

Chapman et al., 2013; Daniels et al., 2014). The BRCT domain is followed by a tryptophan, 

glycine and arginine rich region, the WGR fold. This region, important for PARP1 

activation, was described to mediate either interdomain contacts, but also to contribute 

to DNA-binding (Altmeyer et al., 2009). In the very C-terminus, the most conserved 

domain across the PARP family, the catalytic domain can be found. It consists of two 
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subdomains, the helical (HD) and the ADP-ribosyltransferase (ART) domain. The helical 

domain is formed by six α-helices and has mainly a regulatory function. After activation 

of PARP1, the region locally unfolds, thus enabling efficient NAD+-binding in the catalytic 

center and thereby transmits the activation signal to the neighboring ART domain 

(Dawicki-McKenna et al., 2015). Finally, the ART domain is responsible for the actual 

catalytic activity of PARP1. It contains the NAD+-binding site and is responsible for the 

transfer of ADP-ribose to target residues (Dawicki-McKenna et al., 2015). It therefore 

contains the catalytic triad, which is formed by H862, Y986, and E988 in PARP1 (Hottiger 

et al., 2010).  

1.1.3.2 PARP1 activation 

After recognizing a DNA lesion, PARP1 is activated and the catalytic activity is highly 

stimulated. However, the mechanism behind the activation is still not completely 

understood. In 2012, two different mechanisms were proposed. On the one hand, Ali and 

colleagues proposed a trans activation model with two different PARP1 molecules 

dimerizing at the lesion site. After crystallizing the ZnF1-ZnF2-DBD of PARP1 bound to a 

DNA end with a single nucleotide 5’-overhang, they suggest that both, the ZnF1 and ZnF2 

cooperate to recognize the DNA end. In their model, the two domains bind to the opposite 

sites of DNA. As this arrangement is highly improbable if both domains come from the 

same PARP1 molecule, they suggest that two proteins dimerize at the lesion site (Figure 

2, right side) (Ali et al., 2012; Coquelle & Glover, 2012). In the same year, Langelier and 

colleagues proposed that PARP1 is rather active as a monomer. They suggest, that ZnF1 

directly recognizes the DNA lesion, thus leading to a collapse of the multidomain structure 

of PARP1 around the damage site. These conformational changes result in an enhanced, 

flexibility and strongly increased catalytic activity(Figure 2, left side) (Langelier et al., 

2012).  

 

Figure 2: Potential mechanisms of PARP1 activation. 

Two potential activation mechanisms were proposed by Ali et al., 2012 (trans-activation) and Langelier et 

al., 2012 (cis-activation). Adapted from Coquelle & Glover, 2012. 
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Using NMR spectroscopy, Eustermann et al. provided further insight into the binding of 

PARP1 to single-strand breaks and the following activation. Like the model proposed by 

Langelier et al., they suggest that PARP1 becomes active as a monomer at sites of SSBs. 

They propose that ZnF2 binds to the 3’- and ZnF1 to the 5’ stem of the DNA and are thus 

both involved in the recognition of the DNA lesion (Eustermann et al., 2015). This 

resembles the orientation of ZnF1 and ZnF2 as proposed by Ali et al. (Ali et al., 2012). The 

positioning of ZnF1 and ZnF2 provides a platform for the self-assembly of the remaining 

PARP1 domains. This multi-domain folding acts as a switch for the activation (Figure 3) 

(Eustermann et al., 2015). During the self-assembly, the unfolding of the HD domain, as 

suggested by Dawicki et al., allows efficient NAD+-binding, which is otherwise blocked by 

the auto-inhibitory HD-domain (Dawicki-McKenna et al., 2015). Together these studies 

provide a strong evidence that, at least in the context of SSBs, PARP1 is activated in cis as 

a monomer. 

 

Figure 3: Mechanism of PARP1 activation at single-strand breaks. 

Binding of ZnF1 and ZnF2 provides a platform for the self-assembly of the remaining PARP1 domains. This 

self-assembly of the different domains results in the activation of PARP1 by unfolding of the autoinhibitory 

HD domain. Adapted from Eustermann et al., 2015. 

1.1.3.3 Regulation of PARP1 activity 

However, like other enzymes responsible for posttranslational modifications, PARP1 is 

not only switched on and off, but its activity is tightly regulated. Thereby, 

posttranslational modifications play a major role. PARP1 itself is subjected to a variety of 

modifications that not only control the catalytic activity, but in addition affect its stability 

and localization (Luo & Kraus, 2012) (Figure 4). The strongest regulator of the catalytic 

activity of PARP1 is PARylation itself. Thereby, PARP1 can be either automodified by itself 
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or a different PARP1 molecule, but also PARP2 and other PARPs are able to PARylate 

PARP1 (Mendoza-Alvarez & Alvarez-Gonzalez, 1993; Altmeyer et al., 2009). In recent 

studies, several automodification sites have been identified, located not only in the 

automodification domain, but in the whole PARP1 protein (Gagné et al., 2015). After 

activation, e.g. after DNA damage, PARP1 becomes extensively automodified, which then 

leads to inhibition of DNA binding and enzymatic activity (D'Amours et al., 1999). Keeping 

the massive negative charge of PAR in mind, this could easily explain the repulsion of 

PARP1 from sites of DNA damage, thus allowing a tight regulation of repair processes 

(Mortusewicz et al., 2007; Zahradka & Ebisuzaki, 1982). 
 

 

Figure 4: PARP1 is a target of different posttranslational modifications. 

PARP1 is subjected to a variety of posttranslational modifications that control the catalytic activity, stability 

and localization of the protein. Among the most common posttranslational modifications of PARP1 are 

phosphorylation (P), acetylation (Ac), SUMOylation (SUMO) and ubiquitination (Ub).  

PIASγ: Protein inhibitor of activated STAT protein gamma, JNK1: c-Jun N-terminal kinase, 

ERK1/2: extracellular signal-regulated kinase 1/2, PARG: poly(ADP-ribosyl) glycohydrolase, RNF4: ring 

finger protein 4, Sirt1: Sirtuin 1, HDAC: histone deacetylase, CBP: CREB-binding protein, PCAF: p300/CBP-

associated factor. Adapted from Krishnakumar & Kraus, 2010.  

In addition, PARP1 can be regulated by other posttranslational modifications like 

phosphorylation, acetylation, ubiquitination and SUMOylation (Luo & Kraus, 2012).  

In a proteomic screen, Gagné et al. identified a variety of phosphorylation sites in PARP1 

(Gagné et al., 2009). Thereby, PARP1 catalytic activity can be either up- or downregulated 

dependent on the phosphorylation site and the enzymes responsible for the modification. 

Both, phosphorylation by ERK1/2 and by JNK1 were shown to upregulate PARP1 activity, 

however, in a completely different context. While phosphorylation by ERK1/2 was shown 

to be required to achieve full catalytic activity after DNA damage (Kauppinen et al., 2006), 

phosphorylation by JNK1 seems to increase PARP1 activity in the context of hydrogen-

peroxide-induced cell death (Zhang et al., 2007). On the other hand, PARP1 activity can be 

downregulated by phosphorylation. Two biochemical and cell-based studies showed that 
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phosphorylation by protein kinase C resulted in decreased PARP1 activity and 

DNA-binding (Beckert et al., 2006; Bauer et al., 1992). 

Besides phosphorylation, also acetylation of PARP1 was shown to increase its activity. 

Acetylation of PARP1 was first identified by Hassa et al. in the context of NF-κB-dependent 

transcription. Here, PARP1 functions as an acetylation-activated coactivator, independent 

of the catalytic function of PARP1 (Hassa et al., 2005; Luo & Kraus, 2012). In addition, 

acetylation of PARP1 by p300/CBP was shown to be an endpoint in stress responses, 

leading to a DNA damage-independent activation of the enzymatic activity of PARP1 

(Rajamohan et al., 2009). 

Further, SUMOylation and ubiquitination by different E3-ligases were shown to have 

regulatory effects on PARP1. PIASγ for example, was shown to SUMOylate PARP1 in 

response to a heat shock. This modification seems to be required for the full activation of 

heat shock genes (Martin et al., 2009). Ubiquitination on the other hand promotes the 

degradation of PARP1, thus regulating its overall activity (Wang et al., 2008). 

1.1.4 PAR metabolism 

1.1.4.1 PAR anabolism 

After activation, PARP1 catalyzes the formation of poly(ADP-ribose) by using NAD+ as a 

substrate. By cleavage of the nicotinamide, ADP-ribose can be transferred to amino acid 

side chains of target proteins.  

 

Figure 5: Synthesis of poly(ADP-ribose). 

PARP1 transfers the ADP-ribose moiety of NAD+ to acceptor amino acids by releasing free nicotinamide. 

After initiation, the chains can be elongated to a length of up to 200 subunits, with branching points 

occurring every 20 to 50 ADP-ribose subunits. Adapted from Mangerich & Bürkle, 2012. 
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Historically, especially glutamate, aspartate and lysine residues were known as targets 

for PARylation (Hottiger et al., 2010). Today, a large variety of amino acids was identified 

to serve as acceptors for covalent PARylation. Besides glutamate, aspartate and lysine, 

serine (Leidecker et al., 2016; Palazzo et al., 2018), arginine (Laing et al., 2011) and 

cysteine (Just et al., 1994; McDonald & Moss, 1994) were identified amongst others as 

acceptor sides for covalent PARylation. The ADP-ribose units are connected by 1’-2’ 

glycosidic ribose bonds, thus leading to PAR chains which can reach a length of up to 200 

subunits in vitro and in vivo (Hassa et al., 2006). In addition, long polymers can be 

branched in irregular manners. Thereby, branching points occur approximately every 20 

to 50 units of ADP-ribose in vitro and in vivo (Alvarez-Gonzalez & Jacobson, 1987) (Figure 

5). The whole PARylation process can be subdivided in three distinct phases. First, 

PARylation starts with an initiation phase, leading to covalent attachment of a single ADP-

ribose moiety to the target amino acid. During the following elongation phase, further 

ADP-ribose molecules are transferred and the polymer is formed. During the branching 

phase, branches are included, resulting in a highly complex polymer which is extremely 

negatively charged (Hassa et al., 2006). 

Having a more detailed look on the three PARylation steps, Ruf and colleagues proposed 

a reaction mechanism based on the catalytic triad H-Y-E present in all PARPs. First, the 

glutamine forms a hydrogen bond to the 2’-hydroxyl group of the NAD+ and the acceptor 

nucleophile (Ruf et al., 1998). During the initiation reaction, the nucleophile is often a 

glutamate side chain of an acceptor protein, the glutamate of the catalytic triad (E988) is 

replaceable during the initiation reaction (Ruf et al., 1998). This could explain, why 

PARP1\E988K described by Rolli et al. forms only mono-ADP-ribosyl instead of PAR (Rolli 

et al., 1997). The further ADP-ribosyl transfer during the elongation phase occurs as a SN2 

reaction, with a transition through an oxocarbenium ribose (Scheuring & Schramm, 1997; 

Ruf et al., 1998). For the branching reaction, they propose a reversed orientation of the 

polymer, caused by a 180° rotation. As the active site cleft of PARP1 is large enough to 

comprise the polymer in both orientations and is open on both sites, this allows the 

formation of a 1’-2’ glycosidic ribose bond in the reverse orientation and thus the 

induction of a branching point. This mechanism is further supported by two PARP1 

variants described by Rolli et al. which exhibit altered branching ratios: PARP1\Y986H 

and PARP1\Y986S (Rolli et al., 1997). The introduced histidine at amino acid position 986 

binds the pyrophosphate more efficiently, thus augmenting the symmetry of the acceptor 

site. This results in an equalization of the two orientations and thus strongly increases the 

branching ratio (Ruf et al., 1998). In contrast, this effect was not (Rolli et al., 1997) or only 

weakly seen for PARP1\Y986S (Rank et al., manuscript in preparation) as the introduced 

serine could not increase the binding efficiency to the pyrophosphates (Ruf et al., 1998). 

After activation of PARP1, e.g. after DNA damage, the catalytic activity increases 10- to 

500 fold and PAR is produced within seconds from cellular NAD+ pools (Alvarez-Gonzalez 

& Jacobson, 1987). But as all posttranslational modifications, PARylation is highly 

dynamic, thus requiring an efficient degradation system, removing the polymer again 

after its synthesis (Figure 6). 

1.1.4.2 PAR catabolism 

By cleaving the ribose-ribose bond, poly(ADP-ribose) glycohydrolase (PARG) is the major 

PAR degrading enzyme (Feng & Koh, 2013). Therefore, PARG exhibits a combination of 
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endo- and exoglycohydrolase activity (Pascal & Ellenberger, 2015). Based on structural 

and mutational analysis, a detailed catalytic mechanism for the exoglycohydrolase activity 

was proposed. Thus, the evolutionary highly conserved catalytic region with the 

diphosphate binding loop (GVFG motif) and the ligand binding cavity with the PARG 

specific signature sequence GGG-X6-8-QEE are essential (Slade et al., 2011), as the two 

glutamates were described to be crucial for the formation of direct hydrogen contacts 

with the ADP ribose. This is followed by protonation of the ADP-ribose 2’-OH leaving 

group and the formation of an oxocarbenium intermediate. The unstable oxocarbenium 

then undergoes a nucleophilic attack by a water molecule, which results in the release of 

free ADP-ribose from the remaining PAR chain (Barkauskaite et al., 2013). Thereby, PARG 

is able to completely degrade PAR attached to proteins, except for the terminal ADP-

ribose, which cannot be removed (Pascal & Ellenberger, 2015) (Figure 6). 
 

 

Figure 6: PAR metabolism and the enzymes involved. 

Target proteins become PARylated by PARPs using NAD+ and releasing nicotinamide. The PARylated 

proteins can then be a target for either PARG or TARG1. While TARG1 releases unmodified proteins, 

polymer degradation by PARG resulted in mono-ADP-ribosylated proteins which are targets for 

MacroD1/D2 and TARG1. Modified from Barkauskaite et al., 2013. 

Besides PARG, another enzyme which was reported to degrade PAR is the ADP-ribosyl 

hydrolase 3 (ARH3). It belongs to the family of dinitrogenase reductase-activating 

glycohydrolase related proteins (Oka et al., 2006) and was suggested to mainly cleave O-

acetyl-ADP-ribose produced by the sirtuin family (Ono et al., 2006). In addition, ARH3 was 

proposed to be responsible for the degradation of mitochondrial PAR (Niere et al., 2012). 
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After the degradation of PAR by PARG, the terminal ADP-ribose still needs to be removed 

from the acceptor proteins. Therefore, different mono-ADP-ribose hydrolyses have been 

described. On the one hand, ARH1 is known to remove arginine-bound mono-ADP-ribose 

(Barkauskaite et al., 2013). On the other hand, enzymes like MacroD1/D2 (Rosenthal et 

al., 2013; Jankevicius et al., 2013) and terminal ADP-ribose glycohydrolase 1 (TARG1) 

(Peterson et al., 2011) were identified as enzymes able to remove mono-ADP-

ribosylations as well. In addition, TARG1 is able to release complete PAR chains from 

PARylated proteins, resulting in the generation of free PAR (Barkauskaite et al., 2013) 

(Figure 6). Taken together, these PAR catabolizing enzymes ensure a tight regulation of 

poly(ADP-ribosyl)ation through the degradation of PAR. 

1.1.4.3 PAR-structure and differences in the PAR-quality 

Although the general architecture of PAR is always similar, with ADP-ribose molecules 

linked via 1’-2’ glycosidic bonds and branching points occurring every 20 to 50 subunits, 

the detailed structure of PAR produced by different PARPs varies. It was shown that some 

of the PARPs produce only MARylation (PARP3) while others produce short oligomers 

(PARP3, 4 and 5) (Hottiger et al., 2010). In addition, tankyrase 1 (TNKS1) was described 

to produce only linear polymers (Rippmann et al., 2002), showing that the branching 

frequency could also vary in vivo. These observations led to the hypothesis that the PAR 

quality itself has regulatory effects in any context and the hypothesis of the so called “PAR-

code” arose. These speculations were further supported by observations that different 

chain length and branching frequency indeed display effects on non-covalent protein 

binding and polymer stability (Panzeter et al., 1992; Fahrer et al., 2007). Studies by 

Fahrer et al. showed that xeroderma pigmentosum group A (XPA), a protein involved in 

the nucleotide excision repair (NER), interacts only with long PAR chains (55-mer), but 

could not bind to short polymers (16-mer). In addition, p53 was shown to bind to both 

short and long polymers but builds three distinct complexes with long PAR chains, while 

only one complex was observed for the short polymers (Fahrer et al., 2007). Furthermore, 

Panzeter et al. showed that histones have a strong preference for branched polymers. 

According to their studies, they came up with a binding hierarchy for the binding of 

histones to PAR. They showed that histones exhibit the strongest preference for branched 

polymers, followed by long linear chains. Short and linear chains were bound with 

considerable less efficiency (Panzeter et al., 1992).  

However, PAR quality seems to not only influence non-covalent binding of target proteins, 

but also the polymer stability. In the 1980s it was already shown that PARG degrades large 

polymers 20-fold faster, with a 100-fold lower Km than short polymers (Hatakeyama et 

al., 1986). Furthermore, studies by Braun and colleagues suggested that endoglycosidic 

cleavage by PARG leads to the production of linear polymers, although the branching 

points themselves are not the preferential target of the cleavage (Braun et al., 1994). 

Together, these results indicate that the structure of PAR may indeed play a role. Different 

PAR qualities may arise from different PARPs or as degradation products during the 

cleavage of the polymer by PAR-catabolizing enzymes. Thus, the existence of different 

polymer structures and the first studies indicating resulting, functional consequences 

thereof, further support the hypothesis that a “PAR-code” exists. 
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1.1.5 Non-covalent interaction with poly(ADP-ribose) 

Targets of PARP1 are not only regulated via covalent PARylation, but can also interact 

non-covalently with PAR chains of other PARylated proteins. Therefore, several distinct 

PAR-binding motifs have been described. They all recognize specific structures of the 

polymer and mediate the non-covalent interaction of proteins containing these PAR-

binding motifs with the polymer (Barkauskaite et al., 2013) (Figure 7). The first PAR-

recognition motif identified was the PAR-binding motif (PBM). This most common 

recognition motif is defined by a specific consensus sequence consisting of positively 

charged amino acid residues followed by the so called Pleschke motif, according to the 

first author describing the motif (Pleschke et al., 2000). Ten years ago, the motif was 

refined by Gagné et al. leading to the sequence [HKR][X][X][AIQVY][KR][AILV][FILPV], 

which is now commonly accepted (Gagné et al., 2008). So far, the PBMs are considered to 

primarily function as recruitment motifs, responsible for the interaction of proteins with 

sites of PARylation, especially at DNA lesions where PARP1 is activated (Barkauskaite et 

al., 2013). 

 

Figure 7: The different PAR-binding modules. 

Distinct PBMs recognize different structural elements of PAR. The particular recognition motifs and the 

corresponding structural element are highlighted in different colors. The classical PBM is missing here, as 

the exact mechanism of recognition and binding is still unknown. Adapted from Gibson & Kraus, 2012. 

PAR is further recognized by macrodomain containing proteins. The domain was named 

after the histone variant macroH2A, where the 140-190 amino acid long and highly 

conserved domain was discovered (Pehrson & Fried, 1992). The first evidence that 

macrodomains indeed bind to PAR came from the structure of Af1521 (Karras et al., 

2005). The structural data revealed that the globular macrodomain consist of a six-

stranded mixed β-sheet and five α-helices, which form a cleft for the nucleotide ligand 

(Allen et al., 2003; Barkauskaite et al., 2013). In addition to PAR, macrodomains are able 

to recognize mono-ADP-ribosylated proteins. Three distinct macrodomains were 

described to possess catalytic activity. Particularly, MacroD1, MacroD2 and the O-Acetyl 

ADP-ribose deacetylase (C6orf130) were identified to fully reverse ADP-ribosylation by 

cleaving the glutamate-linked terminal ADP-ribose (Sharifi et al., 2013; Rosenthal et al., 

2013; Jankevicius et al., 2013).  



Chapter 1: Introduction 

11 

Another family of PAR-recognition motifs are the PAR-binding zinc fingers (PBZs), 

identified ten years ago by Ahel et al. (Ahel et al., 2008). They are evolutionary highly 

conserved and can be found in all eukaryotes except for yeast. In mammals, so far only 

three proteins were identified to carry PBZs (Barkauskaite et al., 2013). In these proteins, 

the PBZs serve as a recruitment domain for the proteins to sites of PARylation (Couto et 

al., 2011; Iles et al., 2007).  

Finally, WWE domains were described to function as PAR-recognition motifs. The domain 

was named after the three most conserved amino acids, two tryptophan and a glutamic 

acid residue (Barkauskaite et al., 2013). The WWE domains were identified to specifically 

bind to PAR. So far, WWE domains were mainly identified in proteins exhibiting E3 ligase 

or PARP catalytic domains. Thus, the hypothesis arose that the WWE domain links 

PARylation with ubiquitination pathways (Aravind, 2001).  

Besides these classical PAR-recognition motifs, many others have been shown to mediate 

PAR-binding (Teloni & Altmeyer, 2016), including forkhead-associated and BRCT 

domains (Li et al., 2013; Breslin et al., 2015), the RNA recognition motif (Krietsch et al., 

2012), serine/arginine repeats, lysine- and arginine-rich motifs (Murawska et al., 2011; 

Malanga et al., 2008), oligonucleotide/oligosaccharide binding folds (Zhang et al., 2014) 

and PIN domains (Zhang et al., 2015b). 

1.1.6 Biological functions of PARP1 and PARylation 

Covalent PARylation of target proteins or the non-covalent interaction of proteins via the 

PAR-binding motifs is a prerequisite for the pleiotropic functions of PARP1. Besides its 

classical role in the DNA damage detection and repair, PARP1 is involved in a large variety 

of cellular processes like chromatin remodeling, transcriptional regulation, cell division 

and cell death (Figure 8) (Bai, 2015). 
 

 

Figure 8: Biological functions of PARP1. 

The different biological functions of PARP1 in the dividing cell (A) or in the multiple compartments of a non-

dividing cell (B). Modified from Bai, 2015. 
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In the 1980s PARP1 has already been shown to be involved in chromatin remodeling. The 

early studies suggest that PARP1 disrupts the chromatin structure by PARylating the 

histones and thereby destabilizing the nucleosomes (Mathis & Althaus, 1987; Poirier et 

al., 1982). Thereby, the histones H1 and H2B are the main targets for PARylation by 

PARP1 (Huletsky et al., 1989). However, inducing chromatin relaxation by direct 

PARylation of histones is only one side of the coin, as PARP1 is also involved in chromatin 

compaction. Kim and colleagues showed that PARP1 can incorporate into the chromatin 

through its specific nucleosome-binding ability, directly leading directly to compaction of 

the chromatin and repression of transcription. After activation and automodification, 

PARP1 dissociates from the chromatin, resulting in decondensation and transcriptionally 

active structures (Kim et al., 2004; Kim et al., 2005). In addition, PAR itself either free or 

protein-bound was shown to be an attractive matrix for histones. Thus, the polymer could 

either bind the released histones or is even able to strip them from the DNA (Mathis & 

Althaus, 1987; Wesierska-Gadek & Sauermann, 1988). The importance of PARP1 and 

PARylation was further supported by in vivo studies in Drosophila. Inhibition of PARP1 or 

disruption of PARP1 expression lead to “puffing” (decondensation) and transcription of 

highly inducible loci, containing for example the heat-shock genes (Tulin & Spradling, 

2003). 

However, PARP1 regulates transcription not only on the level of chromatin remodeling 

but could function as transcription regulator itself. Thereby, it acts either as a 

transcription activator or as a repressor, depending on the cell type and promoter context 

(Kraus & Lis, 2003). In some cases, like for the NF-κB-dependent transcription, the 

presence of PARP1 is sufficient for its function as a transcriptional coregulator, rendering 

the enzymatic activity dispensable (Meisterernst et al., 1997). Here, PARP1 plays a direct 

role in the expression of proinflammatory mediators, by physically interacting with the 

subunits of NF-κB (Hassa et al., 2001). Besides this well understood regulation of 

proinflammatory transcription, PARP1 is additionally involved in the transcriptional 

regulation of various other proteins (Kim et al., 2005; Mangerich & Bürkle, 2012). 

Moreover, PARP1 was shown to play important roles in the cell division process. Thereby, 

it was suggested that PARP1 is involved in all substeps, including DNA replication, mitosis 

and cell division and the regulation of the cell cycle (Kim et al., 2005). During DNA 

replication, PARP1 could bind to stalled replication forks and is thereby activated and 

automodified, leading to the recruitment of MRE11 and formation of the MRE11-RAD50-

NBS1-complex (MRN-complex). Thereby, PARP1 promotes the repair of the lesion, restart 

of the replication fort and the release from replication block (Haince et al., 2008; Bryant 

et al., 2009). After successful DNA replication, PARP1 was found to be associated with 

various components of the mitotic apparatus, including centrosomes (Smith & Lange, 

1999; Kanai et al., 2003) and centromeres (Earle et al., 2000). In addition, PAR is a 

structural component of the spindle, providing a matrix for spindle assembly and 

functioning (Chang et al., 2004). 

During each round of replication, the repetitive sequences at the end of the chromosomes 

become shorter. These telomeres are capped by the shelterin complex, which tightly 

regulates the telomeric structure by the interaction with several DNA repair proteins 

(Mangerich & Bürkle, 2012). Loss of PARP1 leads to substantial loss of telomeric DNA (Di 

d'Adda Fagagna et al., 1999). This fits to the notion that PARP1 knockdown leads to a rapid 

decrease in telomer size. Release from PARP1 inhibition allows a fast regain of 
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telomere-size in cells with active telomerase (Beneke et al., 2008). These observations 

indicate that PARP1 and PARylation play an important role in cell division and telomere 

maintenance. 

In contrast to its role as a survival factor, PARP1 has an important role in the regulation 

of cell death. Thereby, PARP1 is involved in both apoptotic, as well as necrotic cell death 

pathways. Necrotic cell death occurs after extensive DNA damage and PARP1 activation, 

resulting in the depletion of cellular NAD+ and ATP, and subsequent energy failure 

(Decker & Muller, 2002). As apoptosis is dependent on ATP to regulate the ordered 

degradation of cellular structures, energy failure in cells inevitably leads to necrotic cell 

death (Bouchard et al., 2003). During apoptosis, PARP1 is inactivated by cleavage through 

caspases, preventing PARP1 activation by fragmented DNA and subsequent ATP 

depletion (Kaufmann et al., 1993). In addition, it is suggested that PARP1 plays a special 

role in the regulation of caspase-independent apoptosis. During the so called 

“PARthanatos”, free PAR triggers the release of apoptosis-inducing factor (AIF) from the 

mitochondrial intermembrane space and the subsequent translocation of AIF to the 

nucleus. Once in the nucleus, AIF triggers chromatin condensation and DNA 

fragmentation (Yu et al., 2002; Fatokun et al., 2014). 

Although PARP1 is involved in all these different cellular processes, detailed mechanisms 

often remain elusive. Especially (in)dispensability of PARP1’s enzymatic activity and the 

role of differently structured polymer are poorly understood. 

1.1.7 PARP1 variants of interest 

Here, different PAPR1 variants were used to mimic effects of altered PARP1 activity or 

PAR structure on the biological functions of PAPR1 and PARylation. During the first study, 

the engineered PARP1 variants PARP1\E988K and PARP1\L713F were used. In addition, 

the naturally occurring PARP1 polymorphism V762A alone and in combination with the 

cancer-associated F304L mutation were analyzed (Rank et al., 2016). 
 

 

Figure 9: PARP1 structure with highlighted amino acids of interest. 

PARP1 structure with highlighted amino acids of interest (red with labels). The 3D structure contains the 

ZnF1 (magenta), ZnF3 (green), WGR domain (orange) and the catalytic domain (HD light blue, ART dark 

blue) of PARP1 in complex with double-stranded DNA [modified from PDB code 4DQY]. 
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PARP1\E988K was first described by Rolli et al. as a PARP1 mutant exhibiting only 

mono-ADP-ribosylation capacity (Rolli et al., 1997). Analysis of the catalytic mechanism 

revealed, that the glutamate of the catalytic triad (H-Y-E) is replaceable during the 

initiation reaction, but functions as a nucleophile during the elongation steps. Thus, 

PARP1\E988K is still able to initiate the PARylation reaction by attaching the first 

ADP-ribose, but the amino acid exchange prevents a successful chain elongation.  

PARP1\L713F was described in 1995 by Miranda et al. as a gain of function mutant of 

PARP1 (Miranda et al., 1995). They determined a nine-times increased Kcat, while the Km 

for NAD+ remained unchanged. This is in agreement with further studies, showing, that 

the hydrophobic core mutant PARP1\L713F mimics the effect of DNA damage-induced 

distortions of the helical domain, thereby increasing the DNA-independent activity 

(Langelier et al., 2012; Dawicki-McKenna et al., 2015). 

In addition, naturally occurring PARP1 variants were analyzed. Amongst them, the V762A 

polymorphism, which mainly occurs in the Asian (45%), Caucasian (20%) and African 

(10%) population. It is associated with a reduced activity (app. 60% of PARP1\WT) and 

a 1.2-fold increase in the Km (Wang et al., 2007). The polymorphism in the HD domain is 

associated with an increased risk for several types of cancers (Yu et al., 2012; Alanazi et 

al., 2013).  

Furthermore, a naturally occurring germline mutant of PARP1 was identified during this 

study in a patient with childhood colorectal cancer. The F304L mutation is located in the 

third ZnF of PARP1 and was shown to exhibit a strong reduction in the catalytic activity 

(Rank et al., 2016). This is in line with observations by Langelier et al., demonstrating that 

the third ZnF is required for the coordination of DNA-dependent PARP1 activation. The 

F304L residue is one of the conserved amino acids located at the homodimer interface, 

required for the mediation of interdomain contacts necessary for PARP1 activation 

(Langelier et al., 2008).  

In addition, PARP1 variants producing PAR of different qualities were analyzed and 

characterized. Therefore, the PARP1 variants PARP1\G972R, PARP1\Y986H and 

PARP1\Y986S were used (Rank et al., manuscript in preparation).  

All three mutations were first identified by Rolli et al. in a random mutagenesis screen of 

residues of the catalytic domain (Rolli et al., 1997). PARP1\G972R was described to 

exhibit a reduced catalytic activity in combination with 3-fold lower branching ratio 

compared to PARP1\WT (28% reduction in this study (Rank et al., manuscript in 

preparation)). The mutation is located in the external face of the catalytic fragment, but 

the exact function of the glutamine 972 residue during the branching reaction so far 

remains elusive (Rolli et al., 1997).  

To study effects of increased branching ratios, PARP1\Y986H was used. This mutant was 

described to have 15-times increased branching ratio (Rolli et al., 1997) (16-times 

increased in this study (Rank et al., manuscript in preparation)). So far, it is known that 

Y986 is part of the catalytic triad H-Y-E. Ruf and colleagues showed that the branching 

reaction requires the polymer in a 180° reversed orientation. The introduced histidine at 

amino acid position 986 binds the pyrophosphate more efficiently than the tyrosine, thus 

strongly increasing the probability of branching points (Ruf et al., 1998). 

If the same residue is replaced by a serine, this was shown to have no effect on the 

branching ratio of the polymer produced by the mutant. Rolli et al. described 

PARP1\Y986S as a variant producing very short polymer with a normal branching ratio 
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(Rolli et al., 1997). This is in line with the observations by Ruf et al. that the serine residue 

does not favor the 180° reversed orientation of the polymer and thus does not change the 

branching ratio (Ruf et al., 1998). In addition, the exchange of the tyrosine in the catalytic 

triad seems to affect the elongation reaction, making it less efficient and thus resulting in 

short polymers.  

Taken together, this set of PARP1 variants allows the analysis of effects resulting from a 

reduced or DNA damage-independent activation of PARP1, as well as the effects of 

mono-ADP-ribosylation and changes in the polymer structure.  
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1.2 The DNA damage response and PARylation 

1.2.1 Sources of DNA damage 

Our genetic material is constantly threatened by damage from exogenous and 

endogenous sources, affecting our own survival as well as the transmission of our genetic 

material to our offspring. Every day, our cells are exposed to an estimated number of 105 

DNA lesions (Hoeijmakers, 2009). They can occur spontaneously during DNA metabolism 

or be induced by environmental agents.  

 

Figure 10: DNA damage and corresponding repair mechanisms. 

Common DNA damaging agents form exogenous and endogenous sources with the resulting damage. For 

each type of lesion, the most relevant repair pathways are mentioned. Adapted from Hoeijmakers, 2001. 

Spontaneous DNA alterations can occur due to misincorporation of deoxynucleotides 

(dNTPs) during replication, spontaneous deaminations, loss of bases due to depurination 

and alkylation (Lindahl & Barnes, 2000; Ciccia & Elledge, 2010). In addition, other 

physiological processes like hydrolytic reactions, non-enzymatic methylations and 

reactive-oxygen compounds can cause thousands of DNA base lesions per cell and per day 

(Jackson & Bartek, 2009). However, not only endogenous processes, but also physical or 

chemical sources of DNA damaging agents in our environment constantly damage our 

genetic material. The major cause for environmentally caused DNA lesions is UV-light. 

Although the ozone layer absorbs most of the dangerous spectrum, one hour in strong 

sunlight could still induce up to 100,000 lesions per cell (Ward, 1988; Jackson & Bartek, 

2009). Furthermore, the uptake of food contaminations like aflatoxins (Wogan et al., 

2004) could be a source for DNA lesions. However, the potentially most prevalent cancer-

causing chemicals are produced by tobacco products and harm even non-smokers (Doll 

& Peto, 1981). In addition, minor sources like the radioactive decay of naturally occurring 
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radioactive compounds, aftermaths of nuclear detonations, chemicals used in 

chemotherapy or chemicals used in warfare add to the picture of exogenous sources 

(Jackson & Bartek, 2009). 

1.2.2 The DNA damage response 

To counteract the numerous DNA lesions occurring every day, different repair 

mechanisms specific for all kinds of damage have evolved and were collectively termed 

as DNA damage response (DDR). The DDR is a signal transduction pathway, responsible 

for sensing DNA damage, recruiting mediators and transducing the information to 

effectors (Harper & Elledge, 2007). Depending on the kind and severity of the damage 

different cellular responses are possible (Figure 11). 

 

Figure 11: General mechanism of the DNA damage response. 

The DNA lesion is recognized by different sensors leading to the recruitment of mediators. They transduce 

the information to effectors, resulting in different cellular responses, depending on the kind and severity of 

the damage. Adapted from Postel-Vinay et al., 2012. 

However, the distinct DNA repair pathways are specific for each kind of lesion. Some kinds 

of damage can be directly repaired by protein-mediated reversal (e.g. by the O6-methyl 

guanine methyltransferase (MGMT)), but most lesions require a complex sequence of 

catalytic events with multiple proteins involved (Jackson & Bartek, 2009). Base lesions 

are often subjected to base-excision repair (BER). Thereby, damaged bases are recognized 

by specific glycosylases and removed by nucleases before DNA polymerases and ligases 

complete the repair. This process and the enzymes involved often overlap with the repair 

of single-strand breaks (SSBR) (David et al., 2007; Friedberg et al., 2006). In case lesions 

are large and helix-distorting, nucleotide-excision repair (NER) takes place. Although 

different sub-pathways are used for global-genome NER (GG-NER) and transcription-

coupled NER (TC-NER), in both cases the damage is excised as a 20-30 base 

oligonucleotide, resulting in single-stranded DNA which is repaired by DNA-polymerases 
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and ligases (Hoeijmakers, 2001). Furthermore, small insertion/deletion loops and 

mismatches are repaired via the mismatch-repair (MMR) pathway. Here, a single-strand 

incision is triggered, followed by removal of the lesion by nucleases and repair by 

polymerases and ligases (Jiricny, 2006). Finally, DNA double-strand breaks, as the 

potentially most severe lesions, are repaired during non-homologous end-joining (NHEJ) 

or homologous recombination (HR), dependent on the cell cycle state and the presence of 

homologous sequences. During the error-prone NHEJ, the DNA ends are processed and 

religated. In contrast, homologous sequences are used during HR to resynthesize missing 

bases before relegation (San Filippo et al., 2008; Lieber, 2008).  

1.2.3 The role of PARP1 and PARylation in the different DNA repair pathways 

Looking into the detailed mechanisms of the six DNA repair pathways of the DNA damage 

response, PARP1 was shown to be involved in most of them, except for the mismatch 

repair pathway and the direct protein-mediated removal of base modifications. Thus, 

PARP1 is often called a general caretaker of genomic stability (Rouleau et al., 2010). This 

is in line with observations showing that inhibition or loss of PARP1 leads to genomic 

instability and cancer (Wang et al., 1995; Rank et al., 2016; Mangerich & Bürkle, 2012). 

1.2.3.1 PARP1 and PARylation in single-strand break and base excision repair 

During base excision repair, small base lesions such as oxidative damage, deaminations 

or abasic (AP) sites are repaired. The replacement is performed in three major steps: 

detection of the damage and cleavage, formation of a single-strand break via excision of 

the sugar-phosphate backbone and finally, gap filling and ligation (Figure 12) (David et 

al., 2007). 

 

Figure 12: The role of PARP1 in single-strand break and base-excision repair 

The damage is detected by a DNA glycosylase followed by cleavage and formation of a SSB. Finally gap filling 

and ligation complete the repair process. Modified form Wei & Yu, 2016. 
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In mammalian cells, eleven different DNA glycosylases have been identified for the 

detection and cleavage of different lesions (Krokan & Bjørås, 2013). PARP1 was shown to 

interact at least with the 8-oxoguanine glycosylase 1 (OGG1), which is responsible for the 

removal of 8-oxoG. OGG1 binds to PARP1 via the N-terminal region and stimulates PARP1 

activity, which is required for the further steps of BER (Noren Hooten et al., 2011). 

Subsequently, the AP-site is cleaved by AP-endonuclease 1 (APE1), creating a single-

strand break with a 3’-OH and a 5’- deoxyribose end (Lindahl & Barnes, 2000). The 

conversion of the base lesion into an AP-site and subsequently into a single-strand break 

allows the repair by using the same set of enzymes and catalytic mechanisms as during 

the single-strand break repair. Here, activated PARP1 plays a major role in the 

recruitment and assembly of the SSBR machinery in both the short- and long-patch repair 

(Caldecott, 2008). Looking at the short-patch repair, the X-ray cross-complementing 

protein 1 (XRCC1) plays a major role in the signaling pathway. It was shown, that the 

recruitment of XRCC1 to the lesion site occurs via binding of the BRCT domain of XRCC1 

to automodified PARP1, located at the damage site (Wei & Yu, 2016). In addition, many of 

the BER factors, including DNA polymerase β and the proliferating cell nuclear antigen 

(PCNA), undergo PARylation by PARP1 (Wei & Yu, 2016). After complete assembly of the 

SSBR machinery, the gap is refilled and the nick in the backbone is sealed by the DNA-

ligase I or III (Krokan & Bjørås, 2013). Altogether, PARP1 is especially important in the 

spatio-temporal organization and orchestration of the BER and SSBR.  

1.2.3.2 PARP1 and PARylation in double-strand break repair 

Looking at one of the most detrimental kind of lesions, PARP1 is involved in different sub-

pathways for the repair of double-strand breaks (Liu et al., 2017). To deal with DSBs, three 

major mechanisms evolved. The decision between the different pathways is dependent 

on the cell cycle state and on enzymatic resection of the double-strand. In case resection 

of the DNA ends is not possible, the lesion is repaired via classical NHEJ (c-NHEJ). If 

resection occurred and homologous sequences are available, HR takes place. In contrast, 

if the DNA is not replicated and thus homologous sequences are missing, the processed 

DNA DSBs are repaired via the alternative NHEJ (alt-NHEJ) pathway (Figure 13) (Wei & 

Yu, 2016). During the c-NHEJ, the Ku70/Ku80 heterodimer is recruited to the lesion, 

followed by binding of the DNA-dependent protein kinase catalytic subunit (DNA-PKcs). 

PARP1 was shown to increase the catalytic activity of the DNA-PKcs (Ruscetti et al., 1998) 

and to facilitate the genomic integrity during the later V(D)J recombination (Morrison et 

al., 1997). In the following, nucleases like Artemis were recruited for the end procession 

and DNA ligase 4, together with XRCC4, bind to religate the DNA strands. Here, PAR chains 

are required for efficient recruitment as the binding occurs via the BRCT domain of ligase 

4 (Li et al., 2013). When the c-NHEJ is deficient, alt-NHEJ can be initiated by resected DNA 

ends (Wei & Yu, 2016). PARP1 is able to recognize the broken DNA ends, creating a 

scaffold for the recruitment of other DNA repair factors. In coordination with PARP1, 

XRCC1 and the DNA ligase III are responsible for the end-joining (Iliakis, 2009). Finally, 

during S and G2 phase, when sister templates are available, DSBs can be repaired via HR. 

After recruitment of the MRN-complex, strand invasion is mediated via RAD51. Although 

HR was shown to be successful in PARP1 depleted cells (Schultz et al., 2003), it seems to 

be important for the reactivation of the stalled replication fork (Haince et al., 2008). In 

addition, PARP1 was shown to facilitate the recruitment of MRE11 and RAD51 (Zhang et 
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al., 2015a). Altogether, DSBR is strongly dependent on PARP1, either during the 

recruitment of different repair factors but also in the spatio-temporal regulation of the 

repair process by initiating especially the early steps of the repair process. 

 

 

Figure 13: The role of PARP1 in the double-strand break repair. 

DNA double-strand breaks can be repaired via three different repair pathways, dependent on the cell cycle 

state and on the resection of the DNA ends. Modified from Wei & Yu, 2016. 

1.2.3.3 PARP1 and PARylation in nucleotide excision repair 

Another repair pathway PARP1 is involved in, is the nucleotide excision repair. This 

pathway for the removal of UV-induced photolesions and bulky adducts can be divided in 

two sub-pathways: the global genome NER and the transcription coupled NER (Figure 14) 

(Park & Kang, 2016). During transcription, stalling of the RNA-polymerase II activates TC-

NER (Hanawalt & Spivak, 2008). In contrast, independent of transcription, the xeroderma 

pigmentosum complementation group C protein (XPC) constantly scans the genome and 

activates GG-NER in case it encounters a lesion (Park & Kang, 2016). Together with DNA 

damage-binding protein 2 (DDB2), XPC binding of the lesion leads to recruitment of the 

transcription factor II human complex (TFIIH). The same happens after binding of the 

Cockayne syndrome group proteins A and B (CSA and CSB) to the stalled RNA-polymerase 

II (Park & Kang, 2016). From here on, the TC- and GG-NER use the same repair 

mechanisms. For efficient damage recognition, PARP1 activity is required. On the one 



Chapter 1: Introduction 

21 

hand, DDB2 is a target for PARylation, thus promoting the interaction between XPC and 

PARP1, which increases the localization of PARP1 to the lesions (Robu et al., 2013; Robu 

et al., 2017). On the other hand, DDB2 is stabilized by inhibiting its ubiquitination and 

degradation (Pines et al., 2012). After recruitment of the TFIIH complex, other repair 

factors like XPA, replication protein A (RPA) and the endonucleases XPG and ERCC1-XPF 

are targeted to the lesion site. After dual incision, 22-30 nucleotides of the damaged 

strand are removed, while RPA stabilizes the undamaged single-strand. Different DNA 

polymerases can be recruited for the gap-filling DNA synthesis and finally the nick is 

sealed by either DNA ligase 1 or 3 (Marteijn et al., 2014). Here, XPA was shown to have a 

high affinity for PAR-chains, making it likely that recruitment of XPA is mediated via 

binding to PARylated proteins (Fischer et al., 2014; King et al., 2012). To sum up, PARP1 

has been shown to facilitate especially the lesion recognition steps of the NER but is also 

involved in the recruitment of later repair factors. 
 

 

Figure 14: Mechanism of the nucleotide-excision repair. 

The lesion is recognized by either XPC together with DDB2 (GG-NER) or by stalling of the RNA polymerase 

(TC-NER). Recruitment of TFIIH and endonucleases leads to strand incision and removal of 22-30 

nucleotides. Finally, gap-filling DNA-synthesis and sealing of the nick ensure complete repair of the damage. 

Adapted from Luijsterburg, 2018.  
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1.3 p53 – the guardian of the genome 

Looking at human cancer, TP53 is the most frequently mutated gene (Kastenhuber & 

Lowe, 2017). The gene codes for the 43.7 kDa large tumor suppressor p53. The so called 

“guardian of the genome” consists of five distinct domains, the N-terminal transactivation 

domain (TAD) followed by a proline-rich region (PRR), the central DNA-binding domain 

p53C (DBD), a tetramerization domain (TET) and the C-terminal domain (CT). When 

analyzing mutated p53 from different cancers, most of the mutations are found in the DBD 

(Figure 15) (Joerger & Fersht, 2008). 
 

 

Figure 15: Structure of p53 with its mutation hotspots. 

P53 has an N-terminal transactivation domain (TAD), followed by a proline-rich region (PRR) and the 

central DNA-binding domain (p53C). The C-terminal part of p53 consists of a tetramerization domain (TET) 

and the C-terminal (CT) domain. P53C was identified as a mutational hotspot. Adapted from Joerger & 

Fersht, 2008. 

In healthy and unstressed cells, p53 is tightly controlled by the ubiquitin ligase mouse 

double minute 2 homolog (MDM2). MDM2 can interact with p53 via the TAD, thereby 

targeting p53 for proteasomal degradation (Haupt et al., 1997). After replicative stress or 

DNA damage, kinases from the DNA damage response, like ATR, phosphorylate p53 and 

the checkpoint kinases 1 and 2 (Chk1 and Chk2) which then in turn, phosphorylate p53 

as well. Phosphorylation of the TAD by these kinases prevents the interaction of p53 with 

MDM2 (Shieh et al., 1997; Maréchal & Zou, 2013). Increasing protein concentration thus 

allows the activation and tetramerization of p53. Tetramerization is essential for its 

function, as the binding of tetramerized p53 to its response element is dramatically 

increased (Weinberg et al., 2004). Tetramerization and binding to the promoter regions 

of p53 controlled genes thus allows the expression of different stress response genes 

(Figure 16). The most prominent targets are involved in cell cycle regulation, like the 

cyclin-dependent kinase inhibitor p21 (Harper et al., 1993) and proapoptotic genes, like 

B-cell lymphoma 2 (Bcl-2) and Bcl-2 associated X (Bax) (Miyashita et al., 1994).  

Through the induction of cell cycle arrest and apoptosis in response to a plethora of 

different stress signals, p53 was recognized as one of the most important tumor 

suppressors (Brady & Attardi, 2010). 

Looking at p53 in the context of PARP1 and PARylation, interactions on multiple levels 

can be observed. It was shown, that PARP1 and p53 directly interact with each other in 

vitro as well as in cells (Vaziri et al., 1997; Wesierska-Gadek et al., 2003). Which part of 

p53 is responsible for mediation of the protein-protein interaction is not completely clear 

so far. Wesierska-Gadek et al. propose that either the C-terminal together with the central 

part, or the N-terminal together with the central part mediate the interaction. However, 
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Vaziri et al. suggest that it is the N- or C-terminal fragment alone without the DBD, which 

is responsible for the interaction (Vaziri et al., 1997; Wesierska-Gadek et al., 2003). In 

addition, p53 was found to be a target for covalent PARylation in many different studies 

(Vivelo et al., 2017). It was shown, that PARylation affects the sequence-dependent DNA 

binding, thus the hypothesis emerged that PARylation of p53 has an inhibitory effect 

(Mendoza-Alvarez & Alvarez-Gonzalez, 2001). On the other hand, PARylation was shown 

to have stimulatory effects on p53-dependent expression of p21 (Wieler et al., 2003). The 

third possible kind of interaction between PARP1, PAR and p53 is non-covalent binding 

of p53 to the polymer, via at least three different PBMs (Malanga et al., 1998). Altogether, 

PARP1 seems to play an important role in the regulation of p53 with regards to its activity 

and DNA binding. 
 

 

Figure 16: Classical model of p53 regulation by MDM2. 

In unstressed cells, p53 is targeted for degradation by MDM2. After genotoxic stress, p53 is stabilized and 

able to bind to DNA, thus leading to transcriptional activation of target proteins. Adapted from Kruse & Gu, 

2009.  
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1.4 PARP1 and p53 join to prevent cancer formation and aging 

The role of PARP1 and p53 as caretaker and guardian of the genome strongly indicates 

their function in the prevention of cancer formation. While PARP1 mainly functions at the 

early steps of cancer formation during the repair of DNA damage and the prevention of 

mutations (Kim et al., 2005), p53 steps in later, when lesions are not efficiently repaired, 

inducing cell cycle arrest, apoptosis and senescence (Kastenhuber & Lowe, 2017).  

 

Figure 17: The p53-dependent balance between cancer development and aging. 

Loss of p53 leads to the accumulation of mutations and cancer formation. On the other hand, overactivation 

leads to tissue degeneration and aging. Thus, p53 function requires a tight regulation and needs to be very 

finely balanced. Adapted from Ou & Schumacher, 2018. 

Deficiency of PARP1 in mice was shown to lead to severe genomic instability, increased 

rates of sister chromatid exchange, micronuclei formation and to the accumulation of 

strand breaks (Rouleau et al., 2010). This effect can be easily explained by the fact that 

PAPR1 is involved in the majority of repair pathways except for MGMT and MMR 

(Mangerich & Bürkle, 2012). This is further in line with the observation that decreased 

PARP1 activity, as present in people carrying the V762A polymorphism, leads to an 

increased risk to different kinds of cancer (Wang et al., 2007). Taken together, these 

functions indicate that PARP1 can indeed act as a tumor suppressor, thus preventing the 

accumulation of mutations and the formation of cancer. In addition, PARP1 plays an 

important role in the aging process. A clear correlation between PARP1 activity and the 

lifespan in 13 different species indicates, how important PARP1 is in the context of aging 

(Grube & Bürkle, 1992). Furthermore, a higher PARylation capacity was observed in 

centenarians compared to a control population (Muiras et al., 1998). The connection 

between PARP1 function and aging is further supported by the notion, that PARP1 knock-

out mice age faster and have a reduced maximum lifespan (Piskunova et al., 2008). In the 

last years, PARP1 and its role in cancer formation became of great interest with regards 

to therapeutic approaches. PARP1 inhibitors represented a major breakthrough in the 

treatment of breast and ovarian cancers (Bitler et al., 2017). In 2005, it was first noticed, 
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that PARP1 inhibition could be highly effective against cancers with HR deficiencies 

(Bitler et al., 2017). Twelve years later, the FDA already approved three different PARP1 

inhibitors for treatment of ovarian and breast cancer and two additional inhibitors are in 

late phase clinical trials (Bitler et al., 2017). Thereby, PARP inhibitors can be used as 

monotherapy or in combination with classical chemotherapeutics, exploiting the concept 

of synthetic lethality (Rouleau et al., 2010).  

Comparable to PARP1, likewise p53 can be attributed to cancer formation and aging. Loss 

of p53 renders mice highly prone to the development of different tumors (Jacks et al., 

1994). In humans, nearly 250 independent germline mutations of p53 have been shown 

to be associated with the Li-Fraumeni or Li-Fraumeni-like syndrome, which is 

characterized by a greatly increased risk of cancer development, especially in children 

and young adults (Varley, 2003). While loss of p53 function leads to a predisposition to 

cancer, p53 overactivation and overexpression was shown to render mice cancer 

resistant. However, cancer resistance accrues at the cost of a reduced lifespan (Maier et 

al., 2004; Rodier et al., 2007). The reduced lifespan might be explained by the increased 

p53 activity, as this could lead to increased expression of proapoptotic or 

senescence-inducing genes. While this is advantageous in case of unrepaired lesions, in 

healthy tissues this could lead to depletion of stem and progenitor cells and thus to tissue 

degeneration and organ failure, which are typical hallmarks of aging (Reinhardt & 

Schumacher, 2012). Together, the results from the different mouse models show that the 

complex network of p53-targeted genes are regulated in a finely tuned manner, 

maintaining tissue physiology on the one hand, but preventing mutations and cancer 

formation on the other hand (Figure 17) (Reinhardt & Schumacher, 2012). 

Working together with p53, PARP1 can prevent the accumulation of DNA damage by 

orchestrating and acting within the different repair processes, while p53 provides the 

necessary time for repair by inducing cell cycle arrest. Even after severe damage, p53 is 

able to prevent the formation of mutations by inducing apoptosis or senescence. If one or 

even both of the enzymes are mutated or even lost, this tightly regulated system loses its 

balance, going in hand with cancer formation or aging processes (Mangerich & Bürkle, 

2012; Reinhardt & Schumacher, 2012). 
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Chapter 2: Aim of the study 
Since the discovery of PARylation in the 1980s, enormous knowledge about the structure 

and function of the posttranslational modification and the corresponding enzymes has 

been gained. However, it is still largely unknown, whether the structure of the polymer 

influences its function. In addition, it remains unclear for most of PARP1s biological 

functions, whether full catalytic activity is required or whether the presence of the protein 

is sufficient for some functions. Thus, the overall aim of the thesis was to investigate the 

influence of PARP1 activity and PAR structure on its cellular functions. Therefore, 

different PARP1 variants, either naturally occurring as polymorphisms or as cancer-

associated mutations, or artificial PARP1 variants identified in previous random 

mutagenesis screens should be exploited. To allow the detailed characterization of the 

cellular consequences of these mutations, without interference of endogenous wild-type 

PARP1, HeLa PARP1 KO cells were generated (Demgenski, 2014) and initially 

characterized (Rank, 2015) in two preceding Master theses. This research project was 

divided in three subprojects, as presented here in Chapter three to five.  
 

Chapter 3: The aim of this part was to study the effects of two natural, potentially cancer-

associated PARP1 variants, namely the V762A polymorphism and the F304L mutation 

and to analyze how they affect cellular PAR metabolism and cellular phenotypes. To this 

end, the previously generated and initially characterized HeLa PARP1 KO cells needed to 

be fully characterized. In addition, the use of HeLa PARP1 KO cells to study structure-

function relationships of different PARP1 variants needed to be assessed. Therefore, the 

constitutively active variant PARP1\L713F and PARP1\E988K, a variant lacking chain 

elongation capacity, were characterized in detail, with special regards to cellular 

consequences of the altered PARP1 activity and the mono-ADP-ribosylation capacity. 
 

Chapter 4: Previous studies and the observation that different PARPs produce differently 

structured PAR led to the hypothesis of the existence of a so called “PAR-code”. To address 

this hypothesis, the aim of this part was to analyze cellular consequences of differently 

structured PAR. Therefore, PARP1 variants with the ability to produce different qualities 

of PAR needed to be identified. Furthermore, the cellular consequences of the altered 

polymer structure should be analyzed in the previously established reconstitution 

approach using HeLa PARP1 KO cells. Thereby, special attention should be paid to cellular 

phenotypes in response to genotoxic stress in combination with the differently structured 

PAR. 
 

Chapter 5: PARylation was shown to control protein function either by covalent 

modification or via non-covalent binding of target proteins. However, it is largely 

unknown how the two modes crosstalk mechanistically. The aim of this part was to 

support the analysis of the interplay between non-covalent and covalent PARylation, 

using the tumor suppressor p53 as a model substrate which was part of the thesis of Dr. 

Arthur Fischbach (Fischbach, 2017). Thereby, the influence of PARylation on different 

p53 functions with regards to DNA-binding, the p53-dependent interactome and 

replication needed to be analyzed in detail. Furthermore, the question whether the results 

from the model substrate p53 apply to other PARylation targets needed to be clarified.
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3.1 Abstract 

Genotoxic stress activates PARP1, resulting in the post-translational modification of 

proteins with poly(ADP-ribose) (PAR). We genetically deleted PARP1 in one of the most 

widely used human cell systems, i.e. HeLa cells, via TALEN-mediated gene targeting. After 

comprehensive characterization of these cells during genotoxic stress, we analyzed 

structure–function relationships of PARP1 by reconstituting PARP1 KO cells with a series 

of PARP1 variants. Firstly, we verified that the PARP1\E988K mutant exhibits mono-ADP-

ribosylation activity and we demonstrate that the PARP1\L713F mutant is constitutively 

active in cells. Secondly, both mutants exhibit distinct recruitment kinetics to sites of 

laser-induced DNA damage, which can potentially be attributed to non-covalent PARP1–

PAR interaction via several PAR binding motifs. Thirdly, both mutants had distinct 

functional consequences in cellular patho-physiology, i.e. PARP1\L713F expression 

triggered apoptosis, whereas PARP1\E988K reconstitution caused a DNA-damage-

induced G2 arrest. Importantly, both effects could be rescued by PARP inhibitor 

treatment, indicating distinct cellular consequences of constitutive PARylation and 

mono-ADP-ribosylation. Finally, we demonstrate that the cancer-associated PARP1 SNP 

variant (V762A) as well as a newly identified inherited PARP1 mutation (F304L\V762A) 

present in a patient with pediatric colorectal carcinoma exhibit altered biochemical and 

cellular properties, thereby potentially supporting human carcinogenesis. Together, we 

establish a novel cellular model for PARylation research, by revealing strong structure–

function relationships of natural and artificial PARP1 variants. 
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3.2 Introduction 

Poly(ADP-ribosyl)ation (PARylation) is a posttranslational modification that plays key 

roles in cellular physiology and stress response (Hottiger, 2015). It mainly occurs in the 

nucleus and to a lesser extent in the cytoplasm. The reaction is carried out by enzymes of 

the family of poly(ADP-ribose) polymerases (PARPs), which use NAD+ to synthesize 

poly(ADP-ribose) (PAR), a biopolymer with variable chain length and branching. Of the 

17 members of the human PARP gene family, at least four have been shown to be true 

PARPs, i.e. these do exhibit PAR-forming capacity, while other family members act as 

mono-ADP-ribosyl transferases or are catalytically inactive. PARP1 is a highly abundant, 

chromatin-associated protein that exhibits PARylation activity. Upon binding to DNA 

damage, in particular to strand breaks, and subsequent conformational rearrangements, 

PARP1 is catalytically activated and contributes to the bulk of the cellular PAR formation 

(Hottiger, 2015). This can happen either in cis by activation of a single PARP1 molecule 

(Eustermann et al., 2015; Langelier et al., 2012), or in trans, by PARP1 dimerization at 

sites of DNA damage (Mendoza-Alvarez & Alvarez-Gonzalez, 1993; Ali et al., 2012). Apart 

from DNA damage dependent activation, PARP1 activity is also regulated by post-

translational modifications, such as phosphorylation, acetylation, and SUMOylation 

(Messner et al., 2009; Walker et al., 2006; Kauppinen et al., 2006; Hassa et al., 2005; 

Cohen-Armon et al., 2007), as well as by direct protein-protein interactions (Midorikawa 

et al., 2006; Berger et al., 2007; Guastafierro et al., 2008; Krukenberg et al., 2014). Catalytic 

activation leads to covalent PARylation of hundreds of target proteins (Jungmichel et al., 

2013; Zhang et al., 2013), however, PARP1 itself is the main target of its modification (i.e. 

PARP1 automodification) (Gagné et al., 2015; Chapman et al., 2013). In addition to 

covalent PARylation, PAR can interact with proteins non-covalently via distinct PAR 

binding modules (Krietsch et al., 2013). Importantly, PARylation is highly dynamic 

(Martello et al., 2013; Alvarez-Gonzalez et al., 1999), because shortly after being 

synthesized, PAR is rapidly hydrolyzed by poly(ADP-ribose) glycohydrolase (PARG) and 

other catabolizing enzymes (Pascal & Ellenberger, 2015). Thereby, PARylation transiently 

modulates physico-chemical properties and spatio-temporal activities of target proteins, 

including chromatin and DNA repair factors, as well as PARPs themselves (Altmeyer et al., 

2015; Mangerich & Bürkle, 2012). On the cellular level, PARylation fulfills pleiotropic 

functions in genome maintenance, including DNA repair, telomere length regulation and 

re-initiation of stalled replication forks (Bai, 2015). Moreover, it is involved in a host of 

further cell functions, such as chromatin remodeling, transcription, epigenetics, signaling, 

cell cycle, and regulation of cell death. There is also evidence that some functions of PARP1 

are independent of its enzymatic activity, such as its action as a co-activator or repressor 

of certain transcription factors (Hottiger, 2015). On the organismic level, these functions 

link PARP1 and PARylation to mechanisms of inflammation and metabolism, as well as 

aging and cancer biology (Mangerich & Bürkle, 2012; Bai, 2015). Notably, several PARP 

inhibitors are currently being tested in clinical cancer therapy, either in combination with 

classical chemo- or radiotherapy or as stand-alone drugs following the concept of 

synthetic lethality in BRCA1/2 deficient tumors. Recently, the PARP inhibitor olaparib has 

been approved by the EMA and FDA for the use in certain BRCA-mutated ovarian cancers 

(Sonnenblick et al., 2015; Curtin & Szabo, 2013).  
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A lot of our knowledge on PARP1 and PARylation has been obtained through a series of 

studies using three independently generated Parp1 knock-out mouse models and 

immortalized mouse embryonic fibroblasts (MEFs) derived thereof (Masutani et al., 

1999b; Wang et al., 1995; Murcia et al., 1997; Shall & Murcia, 2000), as well as siRNA-

based knock-down approaches (Blenn et al., 2012). Strikingly, a genetic double knock-out 

of Parp1 and Parp2 resulted in embryonic lethality in the mouse, thereby demonstrating 

a key function of PARylation during development (Ménissier de Murcia et al., 2003). To 

the best of our knowledge, besides a very recent report on a CRISPR/Cas-generated 

PARP1 knock-out in HEK cells (Gibbs-Seymour et al., 2016), genetic deletion of PARP1 in 

human cancer cell lines has so far not been described. Notably, at present no PARP1 

mutations have been directly related to human hereditable diseases – presumably 

because such mutations lead to embryonic lethality beforehand. Yet, several PARP1 

polymorphisms exist that have been associated with an increased risk for cancer 

development and inflammatory diseases. For example, a PARP1 polymorphism, causing 

the amino acid exchange (aa) V762A (Cottet et al., 2000), leads to reduced enzymatic 

activity of purified recombinant PARP1 protein (Wang et al., 2007; Beneke et al., 2010). 

Notably, the PARP1\V762A variant is associated with an increased risk for the 

development of several types of cancers in specific ethnicities (Qin et al., 2014; Hua et al., 

2014). How the V762A variant and other potentially disease-associated PARP1 

polymorphisms and mutations affect cellular PARP1 activities and functions is so far 

unknown.  

Here, we report a genetic knock-out of PARP1 in one of the most widely used human cell 

systems, i.e. HeLa cells, via TALEN-mediated gene targeting. We characterized these cells 

with regards to PARylation metabolism and genotoxic stress resistance. By reconstituting 

HeLa PARP1 KO cells with a series of PARP1 variants, we then analyzed structure–

function relationships of PARP1 variants in a cellular environment without interfering 

with endogenously expressed WT-PARP1. These variants included sets of artificial 

mutants and natural variants to illustrate the potential of this system for its wider usage 

in PARylation research. The first set included two artificial PARP1 mutants that are of high 

interest to understand the cellular biochemistry of PARylation, i.e. a hypomorphic 

(E988K) and a hypermorphic (L713F) PARP1 mutant. Using a second set of PARP1 

variants, we then analyzed cellular consequences of naturally occurring PARP1 variants, 

i.e. the PARP1 polymorphism leading to the V762A aa exchange and a newly identified 

germline PARP1 mutant (F304L) in a patient with pediatric colorectal carcinoma (NB. in 

addition the patient carried the V762A polymorphism and a pathogenic mutation in 

BRCA2). Further, we characterized functional consequences of the PARP1-reconstitution 

in HeLa PARP1 KO cells to improve our understanding on the significance of PARP1 and 

PARylation in (patho-)physiology. 
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3.3 Materials and Methods 

3.3.1 Generation of HeLa PARP1 KO cells by TALEN-mediated gene targeting 

Cells were cultured in DMEM supplemented with 10% FBS, 2 mM L-glutamine and 1% 

penicillin/streptomycin at 37°C, 5% CO2 and 95% humidity. TALENs were custom 

synthesized by Cellectis Bioresearch and were designed to target the first exon of the 

PARP1 gene in close proximity to the start codon (Suppl. Figure 1). For the generation of 

stable PARP1 KO cell lines, HeLa Kyoto cells were transfected with 1 µg of each TALEN 

arm DNA using Effectene transfection reagent (Qiagen). After 24 h, cells were subcloned 

using a limited dilution approach. Briefly, TALEN-transfected cells were trypsinized and 

diluted to a concentration of 1000 cells/ml. From this dilution, three different sub-

dilutions were prepared (100 cells/ml, 30 cells/ml, and 5 cells/ml) and each one seeded 

into a 96-well plate (100 µl per plate). After 5–8 days, the plates were examined for the 

formation of cell colonies. Only wells with one single colony were selected for further 

processing. Clones were screened for a reduction in PARP1 expression via 

immunofluorescence analysis (see below). Two rounds of TALEN-transfection and clonal 

expansion were necessary to target all PARP1 alleles present in the HeLa genome. 

Complete ablation of PARP1 expression in individual clones was verified by Western 

blotting. The parental HeLa Kyoto cell line was used as a wild-type (WT) control. 

3.3.2 Orthologous expression and purification of recombinant PARP1 

Baculovirus expression constructs of PARP1 were generated according to manufacturer’s 

instructions (BD). Recombinant (rec.) PARP1 was overexpressed in Sf9 insect cells with 

an MOI of 1 for 60 h. Thereafter, cells were harvested, pelleted and stored at −80°C. Rec. 

PARP1 was purified as described previously (Beneke et al., 2000), with modifications. 

Briefly, cell pellets were lysed for 20 min in lysis buffer (1 ml per 1.5 × 107 cells; 25 mM 

Tris–HCl pH 8.0, 10 mM EDTA pH 8.0, 50 mM glucose, 0.2% Tween 20, 0.2% NP-40, 0.5 M 

NaCl, 1 mM PMSF and 1 mM 2-mercaptoethanol) and cell debris was cleared by 

centrifugation at 20 000 × g for 20 min. Protamine sulfate (1 mg/ml) was added to the 

supernatant and samples centrifuged again for 10 min at 20 000 × g. Next, ammonium 

sulfate was added to 30% saturation, followed by centrifugation at 25 000 × g for 20 min. 

Ammonium sulfate saturation in the supernatant was increased to 80%, and centrifuged 

again at 20 000 × g for 15 min. For desalting, the PARP1 containing pellet was dissolved 

in Buffer 2 (1 ml per 1.5 × 107 cells; 100 mM Tris–HCl pH 7.4, 0.5 mM EDTA pH 7.4, 10% 

glycerol, 1 mM PMSF and 2 mM 2-mercaptoethanol) and loaded onto a Sephadex G100 

column (Sigma-Aldrich). Proteins were eluted with 10 ml Buffer 3 (50 mM Tris–HCl 

pH 8.0, 0.5 mM EDTA pH 8.0, 5 mM MgCl2, 5% glycerol, 1 mM PMSF and 2 mM 

2-mercaptoethanol) and fractions were separated on a 10% SDS gel, followed by 

Coomassie staining and western blotting to identify the PARP1 containing fractions. 

These fractions were pooled and loaded onto a dsDNA-cellulose column (Sigma-Aldrich). 

Proteins were eluted with Buffer 3, containing increasing concentrations of KCl (100 mM, 

200 mM, 400 mM and 1 M). The PARP1 fractions were pooled and concentrated using an 

Amicon 50-kD cut-off spin filter, for buffer exchange (storage buffer, 20% glycerol in PBS). 

Protein concentration was determined using the Bradford assay and the purified rec. 
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PARP1 samples were aliquoted, snap-frozen in liquid nitrogen and stored at −80°C until 

further usage. 

3.3.3 PARP1 activity assay 

PARP1 activity was performed as previously described (Beneke et al., 2010), with 

modifications. Reaction buffer (100 mM Tris–HCl pH 7.8, 1 mM DTT, 10 mM MgCl2 and 

25 µg/ml of double-stranded DNA activator oligonucleotide, i.e. EcoRI linker) was pre-

incubated at 30°C for 60 s. The reaction was started by addition of 5 nM PARP1 and 

varying concentrations of NAD+ (50–400 µM) and was stopped by addition of an equal 

volume ice-cold 20% TCA. Each sample (15% of total) was loaded per slot in a slot-blot 

manifold in technical triplicates and vacuum aspirated on a Hybond-N+ nylon membrane 

(GE Healthcare). Purified PAR in different concentrations (200–1500 fmol) was applied 

as technical standards. The slots were washed with 10% TCA and 70% ethanol before 

heat-crosslinking for 1 h at 90°C. Afterwards, the membrane was blocked in M-TNT, 

followed by incubation with anti-PAR antibody 10H (1:300 in M-TNT) for 1h. Next, the 

membrane was washed thrice in TNT for 5 min, followed by incubation with secondary 

antibody goat anti-mouse-HRP (1:2000 in M-TNT) for 1 h. The membrane was again 

washed thrice in TNT, followed by chemiluminescence detection at LAS 4000 mini (GE 

Healthcare). The band intensities were evaluated densitometrically using ImageJ 

software. 

3.3.4 In silico search for PAR binding motifs 

PARP1 was screened for PAR-binding motifs (PBMs) using the PATTINPROT tool 

(https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_pattinprot.html) as 

described previously (Popp et al., 2013). The PBM-pattern [HKR]-X-[AVILFWP]-

[AVILFWP]-[HKR]-[HKR]-[AVILFWP][AVILFWP] (Pleschke et al., 2000) was searched 

against the full-length protein sequence of PARP1 (http://www.uniprot.org/; P09874 

PARP1_HUMAN), allowing for one (PBM1) or two mismatches (PBM2). 

3.3.5 Far-western PAR binding assay 

Rec. PARP1 was either size-separated using SDS-PAGE and subsequent Western blotting 

on a PVDF membrane, vacuum-aspirated onto a nitrocellulose membrane using a slot-blot 

manifold (Roth), or, in case of the peptide studies, purchased as a membrane with 

covalently attached peptides (PepSpot membrane with on-membrane synthesized 

peptides, JPT Technologies). The PepSpot membrane was activated in 100% methanol for 

5 min according to the manufacturer’s instructions, followed by a 5-min wash in TNT [150 

mM NaCl, 10 mM Tris–HCl pH 8.0, 0.05% (v/v) Tween 20] and a 1-h incubation in TNT. 

The membrane was then incubated over night with 0.2 µM unfractionated PAR in TNT at 

4°C. Negative controls were incubated with TNT only, i.e. w/o PAR. The blots were 

subjected to three 10-min washes with high salt buffer to remove non-specifically bound 

PAR. Next, membranes were washed twice with TNT for 10 min and blocked with 5% milk 

powder solution in TNT (M-TNT) for 1 h. Subsequently, blots were incubated for 1 h with 

anti-PAR-specific primary antibody 10H (1:300 in M-TNT), followed by three 5-min TNT 

washes. The blots were then incubated for 1 h with secondary antibody goat anti-mouse-

HRP (Dako Cytomation, 1:2000 in M-TNT), followed by three 5-min washes in TNT and 
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subsequent chemiluminescence detection. Slot-blot and western blots were stripped, 

blocked again, and re-probed with mouse anti-PARP1 antibody CII-10 (1:300 in M-TNT) 

as loading control. 

3.3.6 Biotinylation and size-fractionation of PAR 

Biotinylation of PAR was performed as described previously (Fahrer et al., 2007) with 

some modifications. Briefly, 400 µM of purified PAR were incubated for 8 h at RT in a 

buffer consisting of 100 mM sodium acetate buffer pH 5.5, 1 mM NaBH3CN, 4 mM EZ-Link 

Hydrazide-Biocytin (Thermo Scientific). After dialysis against 100 mM sodium acetate 

buffer pH 5.5 with a 2 kDa cut-off Slide-A-Lyzer Dialyis cassette G2 (Thermo Scientific), 

PAR was ethanol-precipitated. Concentration of PAR was determined via UV absorbance 

measurements at 258 nm. The biotinylated PAR was separated from non-biotinylated 

PAR by affinity purification using the Pierce Monomeric Avidin Kit (Thermo Scientific) 

according to the manufacturer´s instructions. The elution fractions were dialyzed against 

100 mM sodium acetate buffer pH 5.5 followed by ethanol-precipitation. HPLC 

fractionation of the biotinylated PAR was performed as described previously (Fahrer et 

al., 2007). Briefly, the biotinylated PAR was fractionated using an Agilent 1100 series 

HPLC with a semi-preparative DNAPac™ PA100 BioLC column (Thermo Scientific), by 

applying a multistep NaCl gradient in 25 mM Tris–HCl pH 9.0, modified from (Fahrer et 

al., 2007). The 258 nm UV absorbance signal was used to collect PAR fractions manually, 

followed by ethanol-precipitation. 

3.3.7 Electrophoretic mobility shift assays (EMSAs) 

DNA-EMSAs were performed as described previously (Popp et al., 2013). Briefly, rec. 

PARP1 was incubated for 20 min with 200 fmol biotinylated double-stranded DNA 

oligonucleotide [5’-biotin-(TTT)5-TTAGGGTTAGGGTTAGGGTTAGGGCATGCACTAC-3’ and 

5’-GTAGTGCATGCCCTAACCCTAACCCTAACCCTAA-(TTT)5-3’] in EMSA buffer (40 mM 

Tris–HCl pH 8.0, 5 mM DTT, 4 mM MgCl2, 0.1 mg/ml BSA and 0.1% NP-40) at RT. Then, 

samples were mixed with 10× loading dye (40% glycerol, 0.05% orangeG and 0.05% 

bromphenol blue) and loaded on a 5% native TBE gel. The gel was blotted onto a nylon 

membrane, followed by heat-crosslinking (1 h at 90°C). The blot was blocked for 1 h in 

M-TNT, washed thrice for 5 min in TNT and then incubated for 1 h with streptavidin-HRP 

(1:1000 in TNT). Afterwards, membranes were washed thrice for 5 min in TNT followed 

by chemiluminescence detection. When the effect of PAR binding on PARP’s DNA binding 

ability was tested, PARP1 was pre-incubated with unfractionated PAR (in amounts as 

indicated) for 20 min at RT before addition of the DNA substrate. The band intensities 

were analyzed using ImageJ to calculate relative band shifts.  

PAR-EMSAs were essentially performed as described previously (Fahrer et al., 2007), 

with modifications. Briefly, rec. PARP1 in increasing concentration was mixed with EMSA 

buffer (see above) and incubated at 25°C for 10 min. After addition of 500 fmol size-

fractionated biotinylated PAR (30–35 mer) the samples were again incubated at 25°C for 

20 min. The samples were mixed with 10× loading dye (40% glycerol and 0.05% 

orangeG), separated on a 5% native TBE gel by electrophoresis, semi-dry blotted on nylon 

membrane, followed by drying at 90°C for 1 h. After 1-h blocking in M-TNT, the blots were 

washed thrice for 5 min with TNT followed by an 1-h incubation with streptavidin-HRP 
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(1:1000 in TNT). Afterwards, the blots were washed again thrice with TNT, followed by 

chemiluminescence detection. 

3.3.8 Identification of F304L variant in a patient with pediatric colorectal 

carcinoma 

This patient, with non-polyposis, microsatellite stable colorectal cancer, diagnosed at 13 

years of age, was included in a study to identify novel CRC predisposing genes by applying 

exome sequencing on germline DNA. Clinical data, tumor tissue and DNA samples were 

obtained. The patient and the parents provided informed consent and the studies were 

approved by the Medical Ethics Committee of the Radboud University Medical Center in 

Nijmegen (no. 2012/271). DNA was extracted from peripheral blood cells and tumor 

tissues using standard procedures. 

The exome sequencing procedures used were essentially as reported before (Vissers et 

al., 2010). Briefly, exome enrichment was performed using an AB SOLiD optimized 

SureSelect human exome kit v1 (Agilent). Small insertions and deletions were detected 

using the SOLiD Small InDel Tool. All variants were annotated using an in-house 

developed analysis pipeline (Vissers et al., 2010; Hoischen et al., 2011). For prioritization, 

we selected high confident non-synonymous variants that had a high probability of being 

pathogenic, and were absent in dbSNPv132 and our in-house variant database containing 

at time of analysis 1302 in-house analyzed exomes. The candidate mutations were 

validated by Sanger sequencing in peripheral blood DNA of the child and its parents. 

3.3.9 Generation of PARP1-GFP expression constructs and cell transfection 

PARP1 mutants were generated by site-directed mutagenesis (mutated bases are marked 

by bold underlining). Plasmids pET15b::PARP1\V762 and pET15b::PARP1\A762 were 

used as templates to generate the mutants pET15b::PARP1\V762\L304 and 

pET15b::PARP1\A762\L304 using the primer pair 5’-AATGCTCGGGTCAGCTGGTCCTCAA 

GAGC-3’ and 5’-GCAGTAATAGGCATCGCTCTTGAGGACCAGCT-3’. For rec. protein 

expression in Sf9 cells the PARP1 sequences were PCR-extracted (5’-AAAC 

TGGCGGCCGCATGGCGGAGTCTTCGGATAAGC-3’ and 5’-TCGAGTGCGGCCGCTTACCACAGG 

GAGGTCTTAA-3’) and sub-cloned into the pJET1.2 vector using the CloneJET PCR cloning 

kit (Thermo Fisher), thereby introducing NotI restriction sites up- and downstream of the 

PARP1 sequences (underlined in primer sequence). Using these restriction sites the 

PARP1 sequences were cloned into the MCS of the baculovirus expression vector pVL1393 

(BD). peGFP-N1::PARP1\V762A, peGFP-N1::PARP1\F304L and 

peGFP-N1::PARP1\F304L\V762A were generated using the pVL1393 plasmids as donors. 

Therefore, the respective pVL1393 plasmids and pEGP-N1::PARP1 were digested with 

BssHII and EcoRV. The resulting fragments were ligated in the peGFP-N1::PARP1 

backbone. peGFP-N1::PARP1\E988K and peGFPN1::PARP1\L713F were generated by 

site-directed mutagenesis using peGFP-N1::PARP1 as a template. For 

peGFP-N1::PARP1\E988K the primer pair 5’-CCTCTCTACTATATAACAAGTACATTGTCT-

3’ with 5’-CATAGACAATGTACTTGTTATATAGTAGAG-3’ was used. For 

peGFP-N1::PARP1\L713F the primer pair 5’-GCATACTCCATCTTCAGTGAG-3’ with 5’-

GGACCTCACTGAAGATGGAG-3’ was used. Correct orientation of the inserts and successful 

mutagenesis were verified by DNA sequencing (GATC Biotech). For reconstitution 
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experiments, PARP1 KO cells were transfected with different eGFP-N1::PARP1 plasmids 

using Effectene (Qiagen), according to the manufacturer’s instructions. Briefly, DNA, 

EC-buffer and Enhancer were carefully mixed and incubated for 4 min. Next Effectene was 

added and the solution was again carefully mixed. After incubation for 10 min at room 

temperature cell culture medium was added and the transfection mix was pipetted 

dropwise onto the cells. In order to mitigate cytotoxicity of the transfection the medium 

was exchanged 12–16 h after transfection. 

3.3.10 Immuno-chemical detection of PARP1 and PAR by fluorescence 

microscopy 

HeLa WT and HeLa PARP1 KO cells were seeded on glass cover slips in 12-well plates. PAR 

formation was induced by H2O2 treatment for 5 min, 48 h after transfection. After 

treatment, cells were washed once with PBS and fixed in 4% (w/v) PFA in PBS for 20 min. 

All subsequent incubation steps were performed at RT on a shaker. In order to stop 

fixation, 100 mM glycine in PBS was added for 1 min followed by washing of the slides in 

PBS. For permeabilization, the slides were incubated for 3 min in 0.4% Triton X-100 in 

PBS, followed by washing with PBS. 

For immunofluorescence staining, the cells were blocked in PBS containing 20% (w/v) 

non-fat milk powder and 0.2% (v/v) Tween 20 (PBSMT) for 1 h. Then, samples were 

either incubated with the primary antibodies mouse-anti-PAR (10H) or mouse-anti-

PARP1 (FI-23 or CII-10) at 37°C for 1 h. Subsequently, the slides were washed thrice for 

10 min in PBS, followed by incubation with the secondary antibodies goat anti-mouse IgG 

coupled to Alexa546 (1:400 in PBSMT). Next, the slides were washed thrice for 10 min in 

PBS, nuclei were stained with Hoechst33342 (0.1 µg/ml in PBS) for 5 min, slides were 

washed again in PBS thrice for 10 min, and mounted with Aqua Poly/Mount (Polysciences 

Inc.). Microscopic images were acquired using a Zeiss Axiovert 200M microscope. Image 

data for PARP1 and PAR was analyzed using an automated KNIME workflow. Antibody 

controls, prepared without the primary antibody were used to determine background 

fluorescence. Only cells with a GFP fluorescence intensity higher than 1.5-fold of the mean 

background fluorescence intensity were considered GFP-positive and analyzed for PAR-

fluorescence. 

3.3.11 Western blot analysis 

Protein lysates of PARP1-transfected HeLa PARP1 KO cells were prepared about 40 h after 

transfection. To this end, cells were trypsinized, counted and 5 × 105 cells were 

centrifuged. The pellet was resuspended in 33 µl PBS containing 1× complete protease 

inhibitor cocktail (Roche) and lysed by addition of 66 µl SDS loading dye (93.75 mM Tris-

HCl (pH 6.8), 9 M urea, 7.5% (v/v) β-mercaptoethanol, 15% (v/v) glycerol, 3% (w/v) SDS 

and 0.01% (w/v) bromphenol blue). DNA was sheared through syringes with decreasing 

diameters and 30 µl protein lysates were loaded per lane, run on 10% SDS gels, and semi-

dry blotted onto a nitrocellulose membrane. Membranes were blocked for 1 h in M-TNT 

or in TNT with 5% BSA (in case of antibodies detecting phosphorylated proteins), 

followed by 1-h incubation with primary antibodies [mouse anti-PARP1 CII-10 (1:300); 

mouse-anti-p53 (1:1000, Merck Millipore); rabbit-anti-p16 (1:2000, Abcam mouse anti-

actin (1:50000, Millipore) in M-TNT and rabbit anti-php53(Ser15) (1:1000, Cell 
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Signaling); mouse-anti-γH2A.X (1:2000, Millipore) both in TNT with 5% BSA, rabbit anti-

phospho-RPA2 (Ser4/8) (Sigma-Aldrich)] and three 5-min washes in TNT. Next, 

membranes were incubated 1 h with the respective secondary antibodies [goat-anti 

rabbit-HRP 1:2000 in M-TNT (Dako); goat-anti mouse-HRP 1:2000 or 1:5000 in M-TNT 

(Dako)], again followed by three 5-min washes in TNT and chemiluminescence detection. 

3.3.12 LC–MS/MS quantitation of cellular PAR 

Quantitation of cellular PAR levels by isotope dilution mass spectrometry (LC–MS/MS) 

was conducted as described previously (Martello et al., 2013), with modifications. Briefly, 

cells were treated with H2O2 in concentrations as indicated for 5 min at 37°C. Then, cells 

were washed briefly with ice-cold PBS, placed on ice and lysed with 1 ml 20% TCA. The 

lysed cells were harvested using a cell scraper and centrifuged for 5 min at 3000 × g and 

4°C. The supernatant was discarded, the pellet washed twice with 500 µl ice-cold 70% 

ethanol and centrifuged for 5 min at 3000 × g at 4°C. The pellet was air-dried at 37°C, 

resuspended in 255 µl 0.5 M KOH by constant shaking until completely dissolved and was 

then neutralized with 50 µl 4.8 M MOPS buffer. For determination of DNA concentration, 

30 µl were removed. To each 30-µl sample, 390 µl MOPS:KOH (1 M:0.5 M) and 2.1 µl 

Hoechst 33342 (1 mg/ml) were added and fluorescence intensities were measured with 

an extinction wavelength of 360 nm and an emission wavelength of 460 nm utilizing a 

VarioskanFlash Fluorescence Reader (Thermo Scientific). The DNA concentration of a 

sample was calculated using a standard curve from defined amounts of calf thymus DNA 

(Sigma-Aldrich). Heavy-isotope labeled, undigested PAR (12 pmol) was added as an 

internal standard. DNA and RNA were digested for 3 h at 37°C by incubating samples with 

0.1 mg/ml DNase 1 (Roche), 0.1 mg/ml RNase A (Sigma-Aldrich), 50 mM MgCl2 and 

100 mM CaCl2. Then, 1.25 µl of 40 mg/ml proteinase K (Roche) were added and samples 

were incubated at 37°C over night. Thereafter, PAR was purified using the High Pure 

miRNA Isolation kit (Roche) according to the manufacturer’s instructions. PAR was eluted 

in 100 µl RNase-free water and then digested into its subunits with 10 U PDE1 

(Affymetrix) and 0.5 U alkaline phosphatase (Sigma-Aldrich) for 3 h at 37°C. Next, the 

samples were filtered through a 10-kD Nanosep filter (Pall) and subsequently dried in a 

speedvac. The samples were then resolved in 100 µl MilliQ water and subjected to LC–

MS/MS analysis. 

3.3.13 NAD+ cycling assay 

HeLa WT or HeLa PARP1 KO1 cells were seeded in 6-well plates and transfected with the 

different eGFP-N1::PARP1 plasmids using Effectene (Qiagen). Two days after transfection, 

NAD+-cycling assays were performed. To this end, PAR formation was induced by 

treatment with 500 µM H2O2 for 8 min. Cells were harvested using trypsin/EDTA and kept 

on ice during all subsequent steps. The cell numbers were determined using a CASY cell 

counter (Roche) and 5 × 105 cells were used for analysis. Cell pellets were resuspended in 

500 µl PBS and lysed by addition of 24 µl 3.5 M perchloric acid. After a 15-min incubation, 

samples were centrifuged to remove cellular debris. The supernatant was mixed with 

350 µl phosphate buffer (0.33 mM K2HPO4, 0.33 mM KH2PO4 pH 7.5) followed by a 15-

min incubation to allow precipitation. After centrifugation, the supernatant was 

incubated on ice for 20 min followed by another round of centrifugation. The resulting 
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supernatant was used in the NAD+-cycling assay. As a reference, a standard curve was 

determined in each experiment. To this end, NAD+ was diluted to concentrations ranging 

for 0 µM to 0.48 µM. Each sample was measured in technical triplicates and therefore 40 µl 

of the supernatant were diluted in 160 µl Diluent (0.5 M H3PO4, 0.5 M NaOH). To each well 

100 µl of a reaction mix [0.48 M bicine (pH8), 4 mg/ml BSA, 0.02 M EDTA, 2.4 M ethanol, 

2 mM MTT, 0.96 mg alcohol dehydrogenase and 5.7 mM phenazine ethosulfate] was 

added. Absorption at 550 nm was measured after a 30-min incubation at 30°C using 

690 nm as a reference wavelength. The intracellular NAD+ concentration was calculated 

with the help of the standard curve and normalized to the transfection efficiencies as 

determined by FACS analysis performed in parallel according to the following formula:  

n(NAD+
 in KO1) × (1 - transfection efficiency) + n(NAD+

 in transfected cells) 

× transfection efficiency = n(NAD+
 measured) 

3.3.14 Cell proliferation and viability analysis 

For the Alamar Blue assay, a number of 4000 cells were seeded into a 96-well plate in 

technical triplicates and incubated for 4 h at 37°C (defined as time point ‘0 h’). At 

subsequent time points, Alamar Blue solution (Invitrogen) was added and cells were 

incubated for an additional hour at 37°C. The fluorescence signal was measured at 550 nm 

excitation wavelength and 590 nm emission wavelength and data normalized to the ‘0 h’ 

time point.  

For annexin V /PI staining, HeLa WT and PARP1 KO cells were seeded in 6-well plates and 

transfected with the different eGFP-N1::PARP1 plasmids using Effectene (Qiagen). In case 

of treatment, camptothecin (CPT; SigmaAldrich) or DMSO as solvent control were added 

to the medium 24 h after transfection. Two days after treatment, cells were harvested 

using trypsin/EDTA. The used medium, the PBS, and the trypsin/EDTA with the fresh 

medium were collected. The resulting cell concentration was determined using a CASY 

cell counter (Roche). A number of 2.5 × 105 cells was pelleted and resuspended in annexin 

V binding buffer (10 mM HEPES pH 7.4, 140 mM NaCl, 2.5 mM CaCl2). A volume of 195 µl 

of the cell suspension was mixed with 5 µl annexin V-FITC (for untransfected cells) or 

annexin V-APC (for transfected cells) and incubated in the dark at RT. Finally, 200 µl of 

propidium iodide (PI) solution (10 µg/ml PI in annexin V binding buffer) were added and 

the cells were analyzed using a FACSCalibur (BD). For each sample, 10 000 transfected 

cells were analyzed. Only GFP-positive cells were included in the analyses. 

3.3.15 Cell cycle analysis 

HeLa WT or HeLa PARP1 KO cells were seeded in 6-well plates and transfected with the 

different eGFP-N1::PARP1 plasmids using Effectene (Qiagen). Three days after 

transfection, the cells were harvested using trypsin/EDTA, pelleted, and resuspended in 

300 µl PBS. Then, 700 µl ethanol were added for fixation, cells were incubated for 20 min 

followed by centrifugation. The pellet was washed with PBS, centrifuged again and 

resuspended in 30 µl PBS. A volume of 120 µl of DNA extraction buffer (4 mM citric acid, 

0.2 M Na2HPO4, pH 7.8) was added and the samples were incubated for 20 min on a shaker 

at RT. After centrifugation the samples were resuspended in PI-staining solution (PBS, 

0.2 mg/ml RNAase A, 20 µg/ml PI) and analyzed using a FACSCalibur (BD). For each 
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sample, 10 000 transfected cells were measured. Only GFP-positive cells were included in 

the analyses. 

3.3.16 Clonogenic survival assay 

Cells (1 × 106 cells/ml) were incubated for 5 min in the presence of H2O2 in concentrations 

as indicated. Subsequently, 500 cells were seeded in 6-cm plates and incubated at 37°C, 

5% CO2 and 95% humidity. After 2 weeks, medium was removed and colonies were fixed 

and stained for 1 h using a 10%-formaldehyde solution (Sigma-Aldrich) mixed with 0.1% 

crystal violet. The culture dishes were washed and colonies consisting of at least 20 cells 

were counted using a stereomicroscope (Leica). 

3.3.17 Live imaging of PARP1 recruitment to sites of laser-induced DNA 

damage 

For the analysis of recruitment to DNA damage, 1 × 105 HeLa PARP1 KO cells were seeded 

on µ-slides (ibidi) 24 h before transfection with the different eGFP-N1::PARP1 constructs 

using Effectene (Qiagen) according to the manufacturer’s instructions. Protein expression 

was allowed for 40 h. On the day of irradiation, the medium was changed to phenol red-

free DMEM (Invitrogen).  

DNA damage was induced with a commercially available 780 nm femtosecond-pulsed 

fiber laser (Toptica, Munich, Germany) coupled into a LSM700 confocal laser scanning 

microscope (Zeiss) through an independent scanner system (Rapp Optoelectronics, 

Hamburg, Germany). Within the GFP-positive cell nuclei a 6 µm line was irradiated for a 

total irradiation time of 3.78 sec using 5 mW average power and a repetition rate of 

40 MHz. Imaging was performed using a Zeiss EC-Plan-Neofluar 40×/1.3 oil immersion 

objective lens at a wavelength of 488 nm through an open pinhole. Acquisition of time 

lapses at multiple positions was facilitated by an automated macro (LIC macro, University 

of Freiburg, Germany) and analysis was performed with a line analysis macro for ImageJ 

which is available for download on http://www.bioimaging-center.uni-konstanz. de (BIC 

tool box, University of Konstanz, Germany). 

3.3.18 Statistical analysis 

Statistical testing was performed using GraphPad Prism and tests were applied as 

indicated in Figure legends. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. 

  



Chapter 3: Analyzing structure-function relationships of artificial and cancer-associated 
PARP1 variants by reconstituting TALEN-generated HeLa PARP1 knock-out cells 

41 

3.4 Results 

3.4.1 Generation and characterization of HeLa PARP1 knock-out cells 

We set out to generate a genetic PARP1 KO in one of the most widely used human cellular 

model systems, i.e. HeLa cells. Recently the HeLa genome has been fully sequenced 

(Landry et al., 2013; Adey et al., 2013), enabling us to use the TALEN technology to target 

exon 1 of PARP1 [MIM 173870] (Suppl. Figure 1). We identified two independent clones, 

termed PARP1 KO1 and KO2, that displayed complete abrogation of PARP1 expression, as 

evaluated by single-cell fluorescence microscopy (Figure 18A) and Western blotting 

(Figure 18B). DNA sequencing of PCR amplicons of the genomic region of interest 

confirmed successful targeting by introducing small deletions in PARP1 exon 1 in both 

clones (data not shown). To characterize how the loss of PARP1 affects PAR metabolism, 

we treated HeLa WT and PARP1 KO clones with doses of 10 µM to 1 mM H2O2. As it is 

evident from single-cell immuno-epifluorescence microscopy using the anti-PAR specific 

antibody 10H, no PAR signal could be observed in PARP1 KO cells even at the highest 

treatment dose of 1 mM H2O2 (Figure 18C). Next, we tested if the loss of PARP1 affects 

NAD+ levels under non-stress conditions as well as upon H2O2 treatment by using an 

enzymatic NAD+ cycling assay based on (Jacobson & Jacobson, 1976). Figure 18D shows 

that under non-stress conditions the loss of PARP1 did not lead to significant changes in 

basal NAD+ levels. As expected, treatment of HeLa WT cells with H2O2 led to a dramatic 

drop in cellular NAD+ levels. In contrast, NAD+ levels did not significantly change in PARP1 

KO cells upon H2O2 treatment (Figure 18D). To analyze cellular PAR metabolism in greater 

detail, we used a bioanalytical method based on isotope dilution mass spectrometry, 

which, in contrast to immunochemical-based technologies, is sensitive enough to quantify 

basal PAR levels in unstressed cells with unequivocal chemical specificity (Martello et al., 

2013). A 100-fold increase in cellular PAR levels was observed, when HeLa WT cells were 

treated with up to 200 µM H2O2. As expected this effect could be largely inhibited by 

treating cells with the pharmacological PARP inhibitor ABT888 (10 µM) (Figure 18E). 

Residual PARP activity in the presence of 10 µM ABT888 has been observed before 

(Martello et al., 2013) and can be attributed to the much higher sensitivity of the 

LC-MS/MS method as compared to the immunofluorescence analysis, which is not able to 

detect this residual PARP activity (Martello et al., 2013). HeLa PARP1 KO cells showed 

only a 5–7-fold increase in PAR levels, which could be completely inhibited by ABT888 

treatment. These results demonstrate that upon induction of severe genotoxic stress, 

PARP1 contributes to >90% of cellular PAR formation in HeLa cells. The residual PAR 

forming ability can be probably attributed to other DNA damage dependent PARPs, such 

as PARP2 and PARP3 (Beck et al., 2014). Importantly, while stress induced PAR formation 

was almost completely abolished in PARP1 KO cells, basal PAR levels remained constant, 

indicating that under physiological, non-stress conditions other PARPs can compensate 

for the loss in PARP1 (insert in Figure 18E). Recently, it has been shown that PARP1 plays 

a crucial role in the response of cells to camptothecin (CPT) treatment (Berti et al., 2013; 

Patel et al., 2012). Using our highly sensitive LC–MS/MS technique, we analyzed if CPT 

treatment directly stimulates PARP activity in HeLa cells. As shown in Figure 18F, CPT 

treatment for 30 min led to a significant induction of PARP activity, yet this induction was 

far more moderate than after H2O2 treatment.  
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Figure 18: TALEN-mediated gene targeting of PARP1 in HeLa cells. 

(A) Single-cell immuno-epifluorescence analysis of PARP1expression in HeLa WT and in two independently 

generated PARP1 knock-out (KO) clones (KO1 and KO2). (B) Western blot analysis of PARP1 expression in 

HeLa WT and PARP1 KO clones. PCNA served as a loading control. (C) Single cell immuno-epifluorescence 

analysis of PAR formation in HeLa WT and PARP1 KO clones. WT cells showed a dose-dependent increase 

in cellular PAR levels upon H2O2 treatment (for 5 min), while PAR levels in PARP1 KO cells remained close 

to background signal intensities. Representative epifluorescent microscopic images (left panel), 

quantitation of image data (right panel). Means ± SEM, at least 70 cells per data point were analyzed. 

Statistical analysis was performed via two-way ANOVA testing and Sidak’s post-test. (D) Intracellular NAD+ 

levels in WT and PARP1 KO cells ± H2O2 treatment for 7 min as measured by an enzymatic NAD+ cycling 

assay. Means ± SEM of n = 3 independent experiments. Statistical analysis was performed using two-way 

ANOVA testing and Sidak’s post-test. (E) Quantitation of basal and H2O2-induced PAR levels in WT and 

PARP1 KO cells via isotope dilution mass spectrometry (LC–MS/MS) using a previously published method 

(Martello et al., 2013). To induce PAR-formation, cells were treated with H2O2 as indicated. If indicated, cells 

were pretreated with 10 µM ABT888 for 45 min. Insert: Basal PAR levels in untreated WT and PARP1 KO 

cells. Means ± SEM of n = 3 independent experiments. Statistical analysis was performed using one-way 

ANOVA testing and Sidak’s post-test within one group of cells (i.e. WT, KO1, KO2). (F) LC–MS/MS analysis 

of PAR levels ± camptothecin (CPT) treatment for 30 min. Means of n = 2 independent experiments. R-Ado 

indicates ribosyl-adenosine. 
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Thus, a 1-µM treatment led to ∼2-fold and a 100-µM CPT treatment to 4-fold higher PAR 

levels compared to basal PAR levels in untreated cells. Importantly, this increase in PAR 

can be completely attributed to PARP1 activity, since no increase in PAR levels was 

observed in PARP1 KO cells.  

After having analyzed PAR metabolism in HeLa PARP1 KO clones, we characterized 

cellular and functional consequences of the genetic deletion of PARP1. When culturing 

HeLa PARP1 KO cells, it became apparent that these cells grew considerably slower 

compared to their WT counterparts. In agreement with this observation, proliferation 

analysis revealed that both PARP1 KO clones showed significantly slower proliferation 

rates compared to WT, while the overall cell cycle distribution appeared to be unaffected 

(Figure 19A and B). A plethora of reports from Parp1 KO mice and human cell culture 

studies using RNA interference and pharmacological inhibition of PARP activity showed 

that loss of PARP1 leads to a sensitization of cells towards genotoxic stimuli (Shall & 

Murcia, 2000; Blenn et al., 2012; Godon et al., 2008). To test if the same holds true in 

genetically-targeted HeLa PARP1 KO cells, we performed a clonogenic survival analysis of 

HeLa WT and PARP1 KO cells upon H2O2 treatment. Consistent with data from other 

mammalian systems, loss of PARP1 led to a significant sensitization of HeLa cells towards 

low-dose H2O2 treatment (Figure 19C). Next, we analyzed how PARP1 deficiency affects 

the response of HeLa cells to CPT treatment by performing cell viability and cell cycle 

analyses. Figure 19D demonstrates that HeLa PARP1 KO clones were significantly 

sensitized to CPT treatment, resulting in lower cell viability two days after CPT treatment, 

which could be attributed to both increased apoptosis as well as necrosis rates. 

Interestingly, in terms of necrosis, the two independently generated PARP1 KO clones 

showed significant differences, with clone KO2 showing higher necrosis induction than 

clone KO1. Such slight differences in the phenotypes of the two clones are not unexpected, 

since selection processes may occur during culturing of the clones, before initial 

biochemical analysis by immunofluorescence microscopy and Western blotting. To 

analyze if also nanomolar doses of CPT, which are assumed to induce primarily replicative 

stress without directly inducing DNA strand breaks, lead to a sensitization of PARP1 KO 

cells, we performed a cell cycle analysis two days after CPT treatment (Figure 19E). These 

experiments revealed that CPT treatment caused a strong G2 arrest that was significantly 

increased in both PARP1 KO clones. Since both PARP1 KO clones showed similar 

properties, we focused on the usage of clone PARP1 KO1 for further analyses.  

In summary, we have generated a complete genetic knock-out of PARP1 in HeLa cells in 

two independent clones. Furthermore, we provide a detailed characterization of these 

cells with regards to their PAR and NAD+ metabolism, their growth characteristics, and 

their cellular responses after application of the genotoxins H2O2 and CPT. 

3.4.2 Reconstitution of HeLa PARP1 knock-out cells with PARP1 variants 

By reconstituting HeLa PARP1 KO cells with select PARP1 variants, we examined the 

cellular biochemistry of those. First, to exemplify the potential of this system for its usage 

in PARylation research, we analyzed two artificial PARP1 mutants that are of high interest 

to understand the cellular biochemistry of PARylation, i.e. a hypomorphic (E988K) and a 

hypermorphic (L713F) PARP1 mutant (Figure 20A).  
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Figure 19: Functional consequences of PARP1 deletion in HeLa cells. 

(A) Cell proliferation of HeLa WT and PARP1 KO cells as analyzed by Alamar Blue assay for 3 days. Means ± 

SEM of n = 3 independent experiments. Statistical analysis was performed using two-way ANOVA testing 

and Sidak’s post-test. (B) Cell cycle analysis of untreated WT and PARP1 KO cells via PI staining and 

subsequent flow cytometric analysis. Means ± SEM of three independent experiments. (C) Clonogenic 

survival analysis. HeLa WT and PARP1 KO cells were treated with H2O2 as indicated for 5 min and then 

plated and cultivated for 2 weeks prior to colony counting. Means ± SEM of n = 3 independent experiments. 

Statistical analysis using two-way ANOVA testing and Sidak’s post-test. (D) Cytotoxicity analysis via annexin 

V/PI staining and subsequent flow cytometric analysis of HeLa WT and PARP1 KO cells treated ± CPT in 

concentrations as indicated for 2 days. Viable cells refer to annexin V/PI-double negative cells (top); early 

apoptotic cells to annexin V-positive (middle), PI-negative cells; and necrotic and late-apoptotic cells to 

annexinV/PI-double positive cells (bottom). Ratios compared to total cell numbers. Means ± SEM of n ≥ 4 

independent experiments. Statistical analysis was performed using two-way ANOVA testing and Sidak’s 

post-test. (E) Cell cycle analysis via PI staining and flow cytometric analysis 2 days after treatment of cells 

± CPT in concentrations as indicated. Means ± SEM of n ≥ 4 independent experiments except for data of 

PARP1 KO2 cells; n = 1. Statistical analysis was performed using two-way ANOVA testing and Sidak’s post-

test. 
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Using a second set of PARP1 variants, we then analyzed biochemical and cellular 

properties of naturally occurring PARP1 variants, i.e. a PARP1 polymorphism that has 

been associated with increased risk for certain cancers (V762A) and a newly identified 

inherited PARP1 mutant in a patient with pediatric colorectal carcinoma (F304L) (Figure 

20A). Figure 20B gives an overview of the biochemical parameters of the different 

variants as reported in the literature and the current study (see below). We generated 

eukaryotic expression constructs of the PARP1 variants using site-directed mutagenesis. 

To detect PARP1 expression in transfected HeLa cells and to monitor recruitment to sites 

of DNA damage, all variants were C-terminally tagged with eGFP. A transient-transfection 

approach was chosen to avoid potential counter-selection effects during cell culturing. As 

it is evident from Western blot (Figure 20C) and FACS analyses (Suppl. Figure 2) 

reconstitution of HeLa PARP1 KO cells with these constructs led to a strong expression of 

the PARP1 variants, which was ∼4-5-fold higher than endogenous PARP1 expression in 

HeLa WT cells, with the exception of the PARP1\L713F variant, which showed per cell 

expression levels comparable to WT cells. It is obvious that PARP1 protein levels may 

influence many cellular processes, although only weak correlations between PARP1 

expression levels and PAR formation under non-stressed and upon genotoxic stress have 

been observed, indicating that PARP1 expression alone is not the limiting factor for PAR 

production (data not shown). In subsequent experiment, we included both HeLa WT cells 

as well as PARP1\WT-reconstituted cells as controls, which allows the assessment of any 

potential effects of PARP1 protein levels on functional outcomes.  

3.4.3 Reconstitution of HeLa PARP1 knock-out cells with wildtype and 

artificial PARP1 variants 

In the first set of PARP1 mutants, we focused on a hypomorphic PARP1 mutant, with an 

aa exchange from glutamate to lysine at position 988 (E988K), and on a hypermorphic 

PARP1 mutant, with an aa exchange from leucine to phenylalanine at position 713 

(L713F). Previously, PARP1\E988K was shown to exhibit mono- or oligo(ADP-

ribosyl)ation activity in biochemical studies using recombinant enzymes (Beneke et al., 

2010; Rolli et al., 1997; Marsischky et al., 1995) and its cellular behavior has been 

characterized by reconstituting mouse embryonic fibroblasts derived from Parp1 knock-

out mice (Patel et al., 2012; Mortusewicz et al., 2007). The PARP1\L713F mutant was 

originally identified as a gain-of-function mutant in a random mutagenesis screen and has 

been characterized on a biochemical level (Langelier et al., 2012; Miranda et al., 1995; 

Dawicki-McKenna et al., 2015). Thus, this mutant mimics the effect of DNA-binding-

induced distortions in the catalytic domain, thereby increasing PARP1 DNA-independent 

activity in vitro up to 20-fold and elevating the catalytic efficiency of PARylation, while not 

affecting its affinity for NAD+ (Langelier et al., 2012) (Figure 20B). To the best of our 

knowledge, so far this variant has not been characterized in a cellular environment. 

Cellular PAR and NAD+ metabolism of artificial PARP1 mutants.  

To provide a basis for the analysis of cellular consequences of reconstituted HeLa PARP1 

KO cells, we conducted a detailed characterization of the cellular biochemistry of the 

different PARP1 variants with regards to PARylation and NAD+ metabolism as well as 

PARP1 localization dynamics at sites of DNA damage. 
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Figure 20: Overview of PARP1 variants included in this study. 

(A) PARP1 structure and localization of amino acid exchanges of PARP1 variants as used in this study. The 

3D structure is in complex with a double-stranded DNA molecule [PDB code 4DQY (Langelier et al., 2012)], 

without ZnF2 and WGR domains. (B) Biochemical parameters derived from rec. enzymes of the different 

PARP1 variants used in this study. Values were determined in the present study (cf. Figure 26) or taken 

from the literature as indicated. PAR indicates poly(ADP-ribose); MAR, mono(ADP-ribose); and OAR, 

oligo(ADP-ribose). (C) Western blot analysis of PARP1 protein levels in HeLa PARP1 KO cells reconstituted 

with different PARP1-eGFP variants 2 days after transfection. Left: representative Western blot out of 4. 

Right: densitometric analysis of western blot signal intensities after normalization to transfection 

efficiencies. Means ± SEM of n = 4 independent experiments. Statistical analysis was performed using 

1-sample t-test comparing the expression of the different PARP1 variants after transfection to endogenous 

PARP1\WT-levels in HeLa cells. 
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Using triple-color immuno-epifluorescence microscopy and image evaluation by an 

automated KNIME workflow, we examined the PARylation response upon treatment of 

PARP1-reconstituted cells with increasing doses of H2O2. As expected, PARP1-

reconstituted cells showed a dose dependent PAR formation (Figure 21A and B). The 

response was similar to the dose-response that had been observed in HeLa WT cells 

(Figure 18), however, in contrast to HeLa WT cells, saturation of PAR signals was reached 

already at a dose of 500 µM, presumably because of moderate PARP1 overexpression in 

reconstituted cells (Suppl. Figure 3). PARP1\E988K-reconstituted cells did not reveal any 

significant increase in PAR-derived fluorescent intensities (Figure 21A and B), which is in 

accordance to its described mono-/oligo-(ADP-ribosyl)ation activity (Beneke et al., 2010; 

Rolli et al., 1997; Marsischky et al., 1995). These results are in agreement with time-course 

analysis of PAR formation in PARP1-reconstituted cells upon H2O2 treatment, which 

revealed a transient PARylation response with peak levels of PAR formation at ∼5 min 

after treatment. Thirty minutes after H2O2 treatment, PAR levels returned to basal levels, 

due to the activity of PAR-degrading enzymes such as PARG (Figure 21C and Suppl. Figure 

4). Furthermore, time-course analysis confirmed the inability of the PARP1\E988K 

variant to produce PAR (Suppl. Figure 4) On the other hand, cells reconstituted with 

PARP1\L713F produced PAR even in the absence of exogenous DNA damage, indicating 

that it is constitutively active not only in a cell-free system (Langelier et al., 2012), but also 

in a cellular environment (Figure 21A and B). Interestingly, treating PARP1\L713F-

reconstituted cells with H2O2 for 5 min did not lead to a further increase in PAR signal in 

IF analysis. Time-course analysis of H2O2-treated PARP1\L713F-reconstituted cells, 

however, revealed that 30 min after the genotoxic stimulus, PAR levels declined to basal 

levels as observed in untreated HeLa WT cells (Figure 21C), indicating that PARP1\L713 

can still be stimulated by DNA damage presumably leading to a depletion of NAD+. 

Validation of these results using isotope dilution mass spectrometry, confirmed that 

PARP1\L713 is constitutively active in cells, leading to 2.5-fold higher PAR levels in 

unstressed cells (Figure 21D). LC–MS/MS analysis also revealed that PAR levels in 

PARP1\WT-transfected cells increased by ∼43-fold after H2O2 treatment, while PAR 

levels of PARP1\L713F-transfected cells increased by ∼14-fold compared to 

unstimulated PARP1\WT- and ∼6-fold compared to unstimulated PARP1\L713F-

transfected cells (Figure 21D). Comparison of LC–MS/MS and immunochemical analyses 

also demonstrate that immunofluorescence analysis can only give a semi-quantitative 

estimate of intracellular PAR levels, due to lack of sensitivity and the limited dynamic 

range for quantitation (Martello et al., 2013).  

To test if constitutively active PARP1\L713F leads to PARP1 automodification, we 

performed western-blotting based PAR detection using the 10H antibody. Figure 21E 

demonstrates that H2O2 treatment leads to PARP1 automodification in HeLa WT cells as 

well as in PARP1\WT-reconstituted HeLa PARP1 KO1 cells (indicated by red arrows). As 

expected, H2O2 treatment of E988K-reconstituted cells did not result in a significant 

increase in PAR signal intensity. In agreement with IF and LC–MS/MS analyses, H2O2 

treatment triggered PARylation and PARP1 automodification in PARP1\L713F-

reconstituted cells. However, no PARP1 automodification could be observed in untreated 

cells, suggesting that constitutive activity of PARP1\L713F mainly produces PAR attached 

to other proteins than PARP1 or not covalently bound to proteins at all. 
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Figure 21: Cellular biochemistry of artificial PARP1 mutants. 

HeLa PARP1 KO cells were transfected with eGFP-coupled constructs of PARP1, PARP1\L713F and 

PARP1\E988K. Analyses were performed 2 days after transfection. (A) Representative images from single 

cell immuno-epifluorescence analysis of PARP1-eGFP and PAR after treatment of PARP1-reconstituted cells 

± H2O2 as indicated for 5 min. Scale bars indicate 30 µm. (B) Densitometric analysis of imaging data as shown 

in (A). More than 100 cells were analyzed per experiment and condition in a semi-automated manner using 

a KNIME workflow. Means ± SEM of n = 4 independent experiments. Statistical analysis using matched 

two-way ANOVA testing and Sidak’s post-test. (C) Time-course analysis of PAR levels in PARP1-

reconstituted cells after treatment of cells with 250 µM H2O2. Means ± SEM of n = 4 independent 

experiments, >100 cells were analyzed per experiment and condition. Statistical analysis was performed 

using matched two-way ANOVA testing and Sidak’s post-test. (D) LC– MS/MS analyses of PAR levels in 

PARP1 KO1 cells and cells reconstituted with PARP1\WT and PARP1\L713F. Two days after transfection, 

cells were treated as indicated for 7 min. Levels were normalized to transfection efficiencies. Means ± SEM 

of n = 3 independent experiments. Statistical analysis was performed by one-way ANOVA testing and 

Tukey’s post-test. (E) Western blot analysis of HeLa cell extracts of KO1 and PARP1-reconstituted cells, as 

indicated. 2 days after transfection, cells were treated with 500 µM H2O2 for 7 min. PARylated proteins were 

detected via the 10H antibody. Red arrows indicate the expected molecular weight of auto-PARylated 

PARP1. (F) NAD+ levels in PARP1-reconstituted cells upon treatment ± H2O2 for 7 min as measured by an 

enzymatic NAD+ cycling assay. Means ± SEM of n = 3 independent experiments, except for ABT888-treated 

samples, n = 2. Statistical analysis was performed using two-way ANOVA testing and Sidak’s post-test. 
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To obtain further insight into the activities of PARP1 variants in reconstituted cells, we 

analyzed NAD+ levels in untreated as well as in H2O2- and PARP inhibitor-treated cells. 

Transfection efficiencies of individual samples were determined in parallel via flow 

cytometry and have been taken into account in Figure 21F. These experiments confirmed 

that, as expected, cells reconstituted with PARP1\WT for two days responded similar as 

HeLa WT cells by showing a drastic drop in NAD+ levels upon H2O2 treatment, which could 

be completely inhibited by ABT888 (Figure 21F). Unexpectedly, cells that had been 

reconstituted with PARP1\E988K, displayed a significant increase in total NAD+ amounts 

per cell compared to PARP1\WT-reconstituted cells. Furthermore, H2O2 treatment led to 

a moderate, but statistically significant, drop in NAD+ levels, which is consistent with the 

fact that the PARP1\E988K mutant acts as a mono- or oligo-(ADP-ribose) transferase, 

which is incapable to form PAR chains that can be recognized by the 10H antibody. 

Strikingly, the increase in NAD+ levels in PARP1\E988K-reconstituted cells could be 

completely inhibited by PARP inhibitor treatment (Figure 21F), suggesting that the mono- 

or oligo(ADP-ribosyl)ation activity of PARP1\E988K is responsible for the effect 

observed. Consistent with our PARylation analysis, NAD+ levels in PARP1\L713F-

reconstituted cells were reduced by >40% under basal conditions and showed a total 

exhaustion in H2O2-treated cells, which could be completely abolished by PARP inhibitor 

treatment. In summary, these results demonstrate that single aa exchanges within PARP1 

can cause dramatic effects on PARP1’s enzymatic activity and NAD+ metabolism in a 

cellular environment. This holds true for both (i) a hypomorphic exchange, such as E988K, 

thereby generating a mono- or oligo(ADP-ribosyl) transferase, or (ii) a hypermorphic 

exchange, such as L713F, thereby generating a constitutively active PARP1 variant, whose 

enzymatic activity is partially uncoupled from its DNA binding ability and mediates the 

synthesis of mainly free PAR in cells under non-stressed conditions. 

Recruitment dynamics of artificial PARP1 mutants to DNA damage.  

Since enzymatic PARP1 activation is in many cases directly related to its DNA binding 

status, we analyzed the spatio-temporal dynamics of recruitment of PARP1-eGFP to DNA 

damage sites induced by multi-photon irradiation in the infrared spectrum (Träutlein et 

al., 2010; Träutlein et al., 2008). For PARP1\WT, we observed a fast and strong 

recruitment to sites of DNA damage reaching its maximum level 1 min after damage 

induction and decreasing progressively thereafter (Figure 22A and B). This is consistent 

with what has been observed previously in other cellular systems (Mortusewicz et al., 

2007; Haince et al., 2008). For PARP1\E988K the maximum level of recruitment was 

reduce by 50% as compared to WT. Interestingly, this level remained unchanged over a 

period of 6 min after laser-induced damage. Thus, in contrast to PARP1\WT, there was no 

decrease of PARP1/E988K at the damage site during the time of experimental 

observation. These results are largely consistent with the binding dynamics of 

PARP1\E988K at UV-irradiated sites reported in a mouse system (Mortusewicz et al., 

2007). Recruitment experiments using the constitutively active mutant PARP1\L713F 

revealed a similar overall behavior of this mutant as compared to PARP1\WT, with a 

moderate, but significant reduction in the maximum level of recruited protein. Altogether, 

these data demonstrate that the dynamics of PARP1 recruitment at microirradiated sites 

is strongly affected by the protein’s activity.  
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Figure 22: Recruitment and dissociation kinetics of PARP1-eGFP at sites of laser-induced DNA 

damage. 

(A) Representative imaging data. Scale bars indicate 10 µm. (B) Densitometric quantitation of signal 

intensities from imaging data as shown in (A). Means ± SEM of n = 3 independent experiments, >29 cells 

were analyzed per experiment and condition. Statistical analysis was performed using two-way ANOVA 

testing and Sidak’s post-test. 

Non-covalent PARP1–PAR interaction.  

In many instances, recruitment of DNA repair factors is mediated by non-covalent PAR-

protein interactions (Krietsch et al., 2013). The recruitment kinetics of PARP1\E998K as 

observed in the current study and by (Mortusewicz et al., 2007) suggest that non-covalent 

binding to locally formed PAR may affect PARP1 binding to sites of DNA damage. Non-

covalent PARP1–PAR interaction may lead to conformational changes within the 

secondary and tertiary structure of PARP1, thereby regulating its binding to DNA. 

Previously studies reported non-covalent PARP1–PAR interaction (Chapman et al., 2013; 

Robu et al., 2013; Huambachano et al., 2011). Thus, using a peptide array-approach, 

Chapman et al. reported a multitude of potential PAR binding sites within the PARP1 

protein sequence (Chapman et al., 2013). Moreover, Huambachano et al. reported PAR 

binding to the ZnF2 and a C-terminal region of PARP1, i.e. dsDNA binding domain 

(Huambachano et al., 2011), but in the latter case the binding site has never been 

specified. To the best of our knowledge, a comprehensive characterization of PAR binding 

to full-length PARP1 has not been reported so far. Therefore, we tested if PARP1 and PAR 

interact non-covalently, which could lead to an accumulation of PARP1 molecules at sites 

of DNA damage. To this end, we used three different biochemical approaches to 

characterize the non-covalent interaction of PAR with full length rec. PARP1. (i) We 

performed Western blotting of rec. PARP1, incubated membranes in the presence or 

absence of in vitro synthesized PAR, and detected bound PAR under high-stringency 

conditions. Figure 23A demonstrates that PARP1 interacts with PAR non-covalently. (ii) 

This result was further confirmed by immuno-slot blotting (Figure 23B). Both methods 

analyze binding of PAR to rec. PARP1 immobilized on a membrane. (iii) To analyze 

PARP1–PAR interaction in solution, we performed a modified EMSA using biotin-end-

labelled PAR of defined chain length as a bait. We observed the formation of three defined 

macromolecular complexes further confirming that PARP1 interacts with PAR in a non-

covalent manner (Figure 23C). In general, non-covalent PAR-protein binding can be 

mediated by several different PAR binding modules (Krietsch et al., 2013). 
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The most abundant one within the human proteome is the PAR binding motif (PBM), 

which comprises a weakly conserved consensus sequence containing a 

basic/hydrophobic core helix. Using a previously published target sequence (Popp et al., 

2013; Pleschke et al., 2000), we searched for putative PBMs within the PARP1 aa sequence 

and identified two potential binding sites within ZnF2 and ZnF3, respectively (Figure 

23D). No PBM has been identified in the C-terminal region of PARP1. [N.B. As stated above, 

it is important to note that the molecular basis of the PARP1–PAR interaction is probably 

highly complex and other binding sites as shown by (Chapman et al., 2013; Huambachano 

et al., 2011) presumably contribute to non-covalent PARP1–PAR interaction.] To test if 

these aa sequences mediate PAR binding in vitro, we used membrane-immobilized 

peptides (PepSpot approach) in a PAR overlay assay. PBM1 showed a strong and PBM2 a 

weak PAR binding (Figure 23E), which could be completely abolished by exchanging 

critical lysines with alanines. 

Next, we were interested in potential functional consequences of the PARP1–PAR 

interaction. Based on the presence of a PBM within ZnF2, we speculated that the 

noncovalent PARP1–PAR interaction could directly affect the ability of PARP1 to bind to 

DNA. To test this hypothesis, we performed EMSAs of PARP1-DNA complexes formed in 

the presence or absence of PAR. These results show that PARP1 binds to this DNA 

substrate in a dose-dependent manner and, importantly, this binding could be already 

inhibited by the presence of PAR in a molar ratio as low as 1:10 (PAR:PARP1) (Figure 

23F).  

In summary, these results demonstrate that PARP1 activity is necessary for the efficient 

recruitment to as well as release from sites of laser-induced DNA damage. Furthermore, 

direct non-covalent PARP1–PAR interaction can contribute to these effects by (i) 

efficiently attracting PARP1 molecules to sites of active PARylation and (ii) subsequently 

regulating the release of highly modified PARP1 molecules from DNA. 

Cellular consequences of PARP1 reconstitution  

Having analyzed the cellular biochemistry of the PARP1\E988K and PARP1\L713F 

mutants in the absence of any potentially interfering endogenous PARP1\WT, we 

examined potential cellular consequences of the altered PARylation metabolism in 

PARP1-reconstituted cells. PARP1\E988K-reconstituted cells showed considerable 

alterations in cellular morphology. Thus, we observed that PARP1\E988K expression 

induced significant changes in flow cytometric dot blots. Forward (FSC) and side scatter 

(SSC) intensities were significantly increased (Suppl. Figure 5A). Furthermore, when we 

quantified the areas of nuclei from epifluorescence microscopic images of reconstituted 

cells, we observed that nuclei of PARP1\E988K-reconstituted cells were ∼50% enlarged 

compared to PARP1\WT, PARP1 KO and other PARP1-reconstituted cells (Suppl. Figure 

5B). In addition, 3D deconvolution microscopy of Hoechst33342-labeling revealed signs 

of altered nuclear architecture of PARP1\E988K-expressing cells as compared to 

PARP1\WT. Thus, nucleoli of PARP1\E988K-reconstituted cells appeared enlarged and 

surrounded by compacted perinucleolar heterochromatin (Suppl. Figure 5C). 

While we could not observe any significant changes for the chromatin markers 

H3K27me3 and H3K4me3 in PARP1-reconstituted cells (data not shown), another cause 

for differences in nuclear sizes may be alterations in cell cycle regulation (Umen, 2005). 
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Figure 23: Non-covalent PARP1-PAR interaction. 

(A) Analysis of PARP1–PAR interaction by PAR overlay assay using increasing amounts of recombinant 

PARP1 as indicated. After protein transfer, membranes were incubated with (left panel) or without (right 

panel) purified PAR (0.2 µM). PAR binding was detected using the 10H antibody after high-stringency 

washing to remove non-specifically bound PAR. (B) Immuno slot-blot PAR binding assay using increasing 

amounts of recombinant PARP1. Membranes were incubated with PAR (0.2 µM) and bound PAR was 

detected using the 10H antibody after high-stringency washing. (C) Analysis of PARP1–PAR interaction in 

solution using a modified PAR-EMSA. End-biotinylated PAR of defined chain length (30–35 mer, 0.5 pmol 

ADP-ribose) was incubated with recombinant PARP1. PARP1–PAR binding was assessed by native TBE gel 

electrophoreses and Western blotting. Three distinct complexes (1–3) were formed in a PARP1-dependent 

manner. (D) Upper panel. In silico search for putative PAR-binding sites within the PARP1 sequence using 

the search sequence displayed at the top of the panel. Two potential PAR binding motives (PBMs), i.e. PBM1 

(1 mismatch) and PBM2 (two mismatches), were identified in Zn2 and Zn3, respectively. Lower panels. 

Localization of PBM1 and PBM2 within Zn2 and Zn3, respectively. Structures based on PDB codes 4AV1 and 

4DQY (Langelier et al., 2012). (E) PAR binding ability of peptides comprising aa sequences of PBM1/2 and 

peptides comprising aa exchanges potentially responsible of PBM-PAR interactions using a PepSpot 

analysis. ‘AA pos.’ indicates aa positions within full-length PARP1 sequence (Gagné et al., 2008). A peptide 

sequence derived from a PBM in XRCC1 served as a positive control. (F) DNA-PARP1 EMSA using a known 

biotinylated double-stranded DNA oligonucleotide (200 fmol). Left. DNA-PARP1 interaction in the absence 

of PAR. Middle. Rec. PARP1 (100 nM) was incubated with increasing concentrations of PAR as indicated. 

Right. Densitometric evaluation of EMSAs. Means ± SEM of n = 3 independent experiments. Statistical 

analysis was performed using 1-way ANOVA testing and Sidak’s post-test. 
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To test if PARP1\E988K reconstitution led to alterations in cell cycle distribution, we 

analyzed the cell cycle status of reconstituted cells via PI staining and flow cytometric 

analysis. While expression of the PARP1\L713F mutant only slightly influenced the HeLa 

cell cycle without application of additional stress, expression of the PARP1\E988K mutant 

induced a strong G2 arrest three days after transfection (Figure 24A). Importantly, PARP 

inhibitor treatment of PARP1-reconstituted cells did not affect the cell cycle status at all, 

but, remarkably, rescued the cell cycle defect of PARP1\E988K-expressing cells 

completely. These results are consistent with our analysis of the NAD+ status in 

PARP1\E988K-reconstituted cells and indicate an active role of mono- or 

oligo(ADPribosyl)ation in inducing the observed effects. Typically, a G2 arrest in cell cycle 

progression can be caused by accumulating DNA damage. To test if PARP1\E988K 

expression leads to a DNA damage response, we analyzed several key factors of DNA 

damage signaling in PARP1-reconstituted cells, such as phosphorylated p53 at serine 15 

(ph-p53), γH2A.X, and p16 (Figure 24B). Western blot analysis revealed that 

PARP1\L713F-expressing cells showed slightly enhanced γH2A.X levels, whereas 

PARP1\E988K-expressing cells exhibited a robust increase in γH2A.X and ph-p53 

staining two days after transfection, while p16 expression was not affected in cells 

expressing PARP1 mutants. As expected, PARP inhibition by ABT888 also induced γH2A.X 

levels in HeLa WT and PARP1\WT-reconstituted cells (Figure 24C). However, 

unexpectedly, PARP inhibition in PARP1\E988K-reconstituted cells led to reduced 

γH2A.X levels, indicating that DNA damage induction in PARP1\E988K-reconstituted cells 

is mediated by residual mono- or oligo(ADP-ribosyl)ation activity of the PARP1\E988K 

mutant and not due to a potential PARP1 trapping effect. The increase in nuclei size, G2 

arrest and increased levels of γH2A.X observed for PARP1\E988K-reconstituted cells is 

reminiscent of replicative stress, as previously observed in hydroxyurea-treated cells (Liu 

et al., 2012). Of note, PARP1\E988K-reconstitued cells showed increased levels of the 

replicative stress marker phRPA2 (Ser 4/8), which can be mitigated by PARP inhibitor 

treatment (Figure 24D), suggesting that the observed phenotype is directly induced by 

residual PARP1\E988K activity rather than a trapping effect of PARP1\E988K at sites of 

DNA damage. In support of the toxic effect of PARP1\L713F expression is the finding that 

PARP inhibitor treatment led to a considerable increase in PARP1\L713F expression in 

PARP1 KO cells (Figure 24C and D). Since PARP1\E988K-expressing cells entered a G2 

arrest, we assumed that expression of this variant could induce cell death in HeLa cells. 

We analyzed cell viability via annexin V/PI staining three days after transfection. Cells 

overexpressing PARP1/WT showed comparable viability as HeLa WT cells (compare 

Figure 19 and Figure 25). Consistent with a G2 arrest, PARP1\E988K-expressing cells 

showed a higher rate of early as well as late apoptotic/necrotic cells compared to 

PARP1\WT-reconstituted cells, at a similar level compared to HeLa PARP1 KO cells 

transfected with a plasmid carrying GFP only (i.e. labeled with GFP-cont in Figure 25A). 

More strikingly, however, expression of PARP1\L713F in HeLa PARP1 KO cells revealed 

to be highly cytotoxic reducing viability from 80% for PARP1\WT-reconstituted cells to 

∼40–50% for PARP1\L713F-reconstituted cells (Figure 25A). Most of this effect could be 

attributed to annexin V-positive, but PI-negative cells indicating that high basal PAR levels 

in these cells could drive cells into apoptosis without any obvious induction of cell cycle 

arrest in viable cells (at least under the conditions tested). 
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Figure 24: PARP1\E988K affects cell cycle regulation and induces DNA damage signaling. 

(A) Cell cycle analysis by PI staining and subsequent flow cytometric analysis 3 days after transfection of 

HeLa PARP1 KO cells reconstituted with PARP1\WT, PARP1\E988K and PARP1\L713F. PARP1\E988K 

induces a G2 arrest, which can be rescued by treating cells with 10 µM ABT888. Means ± SEM of n = 6 

independent experiments, except of ABT888-treated samples, n = 2. Statistical analysis was performed 

using two-way ANOVA testing and Sidak’s post-test. (B) Analysis of DNA damage response markers, i.e. 

phospho-S15-p53, γH2A.X and p16 in WT, PARP1 KO and PARP1-reconstituted cells as indicated 2 days 

after transfection. Cells reconstituted with PARP1\E988K displayed increased phospho-S15-p53 and 

γH2A.X levels and cells reconstituted with PARP1\L713F showed slightly elevated γH2A.X levels. 

Immunochemical detection of PARP1, p53 and actin served as controls. Shown is a representative 

experiment out of three. (C) Western blot analysis of ph-p53 and γH2A.X levels in PARP1-reconstituted cells 

(±10-µM ABT888 treatment) (D) Western blot analysis of the replicative stress marker phospho-RPA2 

(Ser4/8) in PARP1-reconstituted cells (±10-M ABT888 treatment). Immunochemical detection of PARP1 

and actin served as controls. 
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Interestingly, pretreatment with the pharmacological PARP inhibitor ABT888 was able to 

mitigate the induction of early apoptosis, indicating, that not the PARP1\L713F protein 

itself, but the constitutive activity of this variant is responsible for the increased apoptosis 

rate (Figure 25B). Since the loss of PARP1 in HeLa cells led to a significant sensitization 

towards CPT treatment, we examined if PARP1-reconstitution could rescue this effect. 

Indeed, when treating cells with increasing doses of CPT two days prior to analysis, 

PARP1\WT reconstitution could significantly rescue the sensitization effect observed in 

PARP1 KO cells (Figure 25A). Interestingly, neither reconstitution with PARP1\E988K nor 

with PARP1\L713F were able to rescue the PARP1 KO effect, indicating that full PARP1 

functionality is necessary to protect cells from CPT-induced genotoxic stress. 

Furthermore, CPT-induced cell death could be mostly attributed to the induction of 

necrotic cell death, while apoptosis was only slightly induced in PARP1\WT and 

PARP1\E988K-reconstituted cells and stayed at a constant high level in PARP1\L713F-

reconstituted cells (Figure 25A). Consistent with these results, treatment of PARP1-

reconstituted cells with CPT in the low nM range, led to a G2 arrest for all three variants, 

but with the highest proportion for PARP1\E988K-reconstituted cells (Figure 25C).  

It has been reported that PAR could induce the release of apoptosis inducing factor (AIF) 

from mitochondria and induce apoptosis via a pathway called parthanatos (Yu et al., 2002; 

Wang et al., 2011). To examine whether this mechanism contributes to cell death in 

unchallenged PARP1\L713F-reconstituted cells, we used immunofluorescence confocal 

microscopy to analyze subcellular AIF distribution. Although cells reconstituted with the 

PARP1\L713F variant exhibited changes in the non-nuclear AIF distribution compared to 

PARP1\WT- reconstituted cells, no nuclear translocation of AIF has been observed (Suppl. 

Figure 6). Although at this stage, we cannot exclude that the amount of AIF in the nucleus 

is below the technical detection limit, it is unlikely that cell death triggered by 

PARP1\L713F expression is mediated by AIF translocation. Presumably, PARP1\L713F-

mediated cell death is a result of depletion of cellular NAD+ pools (Figure 21F) or through 

inhibition of glycolysis (Fouquerel et al., 2014; Andrabi et al., 2014). 

In summary, modulating PARylation metabolism led to remarkable cellular 

consequences, such as higher apoptosis rates induced by increased basal PAR levels 

through expression of the constitutively active PARP1\L713F mutant, or severe effects on 

cell cycle progression by expression of the mono/oligo(ADP-ribosyl) transferase 

PARP1\E988K. Importantly, in both cases effects were mediated by enzymatic activities 

of the PARP1 mutants, since they could be blocked by PARP inhibition. 

3.4.4 Reconstitution of HeLa PARP1 knock-out cells with natural PARP1 

variants 

In a second set of PARP1 variants, we analyzed two variants naturally occurring in 

humans, i.e. (i) the V762A polymorphic variant (valine to alanine exchange at aa position 

762) (Cottet et al., 2000). This variant displays reduced enzymatic activity in in vitro 

studies using rec. PARP1 (Wang et al., 2007; Beneke et al., 2010) and is associated with 

higher risks for specific types of tumors in certain ethnicities (Qin et al., 2014; Hua et al., 

2014). To the best of our knowledge, PARP1\V762A has not been characterized in detail 

in a cellular environment. 
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Figure 25: PARP1 mutants influence cell viability and cell cycle progression upon CPT treatment. 

(A and B) Analysis of viable, apoptotic and necrotic cells 3 days after transfection of HeLa PARP1 KO cells 

reconstituted with PARP1, PARP1\E988K, and PARP1\L713F by annexinV / PI staining and subsequent 

flow cytometric analysis. GFP cont indicates cells transfected with a plasmid carrying only GFP. Cells were 

treated (A) with CPT in concentrations as indicated 24 h after transfection or (B) with 10 µM ABT888 

directly after transfection. Viable cells refer to annexin V/PI-double negative cells; (early) apoptotic cells to 

annexin V-positive, PI-negative cells; and necrotic and late-apoptotic cells to annexin V/PI double positive 

cells (ratios compared to total cell numbers). Means ± SEM of n ≥ 3 independent experiments. Statistical 

analysis was performed using two-way ANOVA testing and Sidak’s post-test. (C) Cell cycle analysis of 

PARP1-reconstituted cells as indicated 3 days after transfection and 2 days after CPT treatment via PI 

staining and subsequent flow cytometric analysis. Means ± SEM of n = 3 independent experiments. 

Statistical analysis was performed using two-way ANOVA testing and Sidak’s posttest. 
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(ii) Using exome sequencing of peripheral blood DNA from a patient with pediatric 

colorectal cancer, we identified the V762A polymorphism to co-occur with a novel rare 

PARP1 mutation, i.e. a genomic 910T>C mutation leading to a phenylalanine to leucine 

exchange at the protein level at aa position 304, i.e. F304L. This mutation was maternally 

inherited. Importantly, although not in the focus of the present study, the paternal family 

history of this patient was positive for breast and ovarian cancer, which can be explained 

by an accompanying pathogenic frameshift mutation c.2808_2811del (p.A938fs) in the 

BRCA2 gene [MIM 600185]. This aberration was found to be present in the proband as 

well. Predisposition to pediatric CRC in BRCA2 mutation carriers has not been reported 

before, but germline biallelic BRCA2 mutations cause Fanconi anemia, a condition that 

predisposes to pediatric cancer (Howlett et al., 2002). We therefore assessed this patient 

for the presence of a second germline mutation in BRCA2, which was not found. 

Subsequent whole exome sequencing revealed no de novo mutations, nor mutations 

affecting both alleles of one gene. The c.910T>C (p.F304L) variant in the PARP1 gene 

(Figure 26A), which was one of the rare candidate pathogenic variants, was analyzed in 

more detail in tumor tissue-derived DNA of this patient. Of the chromosome 1q42.12 

region, which harbors PARP1, two copies were present, and SNP array data revealed no 

indication for acquired uniparental disomy of this region in the tumor tissue. After Sanger 

sequencing of PARP1 on tumor DNA no second hit mutation was found. The F304 residue 

of PARP1 is a highly conserved residue at the homodimer interface within the third zinc-

binding domain, which may be important for PARP1 dimerization and DNA-dependent 

enzyme activation (Langelier et al., 2008). At present it is unclear if this PARP1 mutation 

may have contributed to colon carcinogenesis. To address this hypothesis, we first 

examined if the F304L exchange disturbs PARP1 enzymatic activity. To this end, we 

generated mutant PARP1 cDNAs by site-directed mutagenesis, coding for either a 

phenylalanine or leucine at position 304 and either a valine or alanine at position 762. 

Activity testing of rec. proteins carrying the four different combinations was performed 

by a well-established biochemical immuno-slot blot assay (Suppl. Figure 7). This 

confirmed previous results showing that the V762A exchange is associated with reduced 

PARP1 activity (Figure 26B). Importantly, the PARP1\F304L variant showed reduced 

PARP1 activity by about 50% compared to respective WT, both in the absence and 

presence of the V762A polymorphism (Figure 26B). Of note, PARP1\F304L\V762A as 

found in the patient - exhibited only 30% of the maximum activity compared to 

PARP1\WT. These results indicate that the presence of both the F304L and V762A amino 

acid exchanges in PARP1 in the patient resulted in a cumulative reduction in enzymatic 

activities. 

Next, we analyzed the cellular properties of these two natural PARP1 variants. This paves 

the way towards a molecular risk assessment also of other natural occurring PARP1 

variants to assess the risk of carriers of these variants for disease development. Figure 

26C shows that the enzymatic activities of the different natural PARP1 variants behave 

very similar in a cellular environment compared to the in vitro setting as shown in Figure 

26B. Thus, when reconstituting HeLa PARP1 KO cells with the different natural PARP1 

variants, treating them with 50 µM H2O2, and subsequently analyzing their PAR forming 

ability via immuno-epifluorescence microscopy, PAR formation was reduced by ∼31% 

and ∼42% in cells reconstituted with the PARP1\V762A and PARP1\F304L variants, 
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respectively (Figure 26C). Strikingly, under those conditions the activity of the 

PARP1\V762A\F304L variant declined by ∼57% compared to PARP1\WT. Treatment of 

cells with higher doses of H2O2 (500 µM) resulted in more moderate differences in PAR 

formation, with a ∼20%-reduced PAR formation for the PARP1\V762A\F304L variant 

compared to PARP1\WT (Figure 26C). This indicates that the maximum PAR forming 

ability in a cellular environment is similar for the different variants, since under such 

treatment conditions with high concentrations of H2O2, the PAR formation in the cellular 

system is already saturated (Suppl. Figure 3). Consistent with results from the dose 

response analysis, also time-course studies revealed reduced activities for the 

PARP1\V762A and the PARP1\F304L variants (Figure 26D). NAD+ levels in cells 

reconstituted with the different natural PARP1 variants revealed no differences under 

non-stress conditions and only minor differences after challenging cells with H2O2 (Figure 

26E). This suggests that PARP1 variants still keep their NAD+ hydrolyzing (NADase) 

function (Desmarais et al., 1991) active, which is consistent with the findings of similar 

Km values of the different variants (Figure 20B). In a next step, we tested if the aa 

exchanges of the natural PARP1 variants influence their localization dynamics at sites of 

DNA damage by monitoring the localization of fluorescently labeled PARP1 variants at 

site of laser irradiation as described above (Figure 26F and Suppl. Figure 8). Interestingly, 

PARP1\WT-reconstituted cells that were treated with ABT888 shortly before irradiation, 

behaved similarly to the PARP1\E988K mutant, i.e. reduced maximum levels of 

recruitment, but longer persistence at the site of the damage (Figure 22B). When 

analyzing cells reconstituted with the different natural PARP1 variants, it became evident 

that all variants showed strongly reduced recruitment to sites of laser damage with the 

strongest effects observed for the PARP1\V762A\F304L variant (Figure 26F and Suppl. 

Figure 8). Interestingly, while the maximum protein levels at sites of laser damage were 

quite similar for both the PARP1\V762A and the PARP1\F304L variant, the dissociation 

behavior was significantly different, since the PARP1\V762A variant persisted longer at 

sites of laser damage than PARP1\F304L.  

In summary, we have identified a novel PARP1 mutant (i.e. PARP1\F304L\V762A) in a 

patient with pediatric colorectal carcinoma and provide a biochemical characterization of 

enzymatic properties of this variant. Furthermore, cellular analyses of PARP1\F304L, 

PARP1\V762A, PARP1\F304L\V762A revealed significant alterations in their enzymatic 

activities and localization dynamics at sites of DNA damage that might contribute to a 

higher risk of disease development. 
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Figure 26: Biochemical and cellular characteristics of natural PARP1 variants. 

(A) An inherited PARP1 mutation identified by exome sequencing in a patient with pediatric colorectal 

cancer. The panel on the left shows a subset of the sequencing reads spanning the individual mutations 

(data based on hg19); the panel on the right shows the validation by Sanger sequencing in the child and the 

maternal samples to indicate the mode of inheritance. Position of the mutation is indicated by red arrows. 

(B) Biochemical characterization of natural PARP1 variants as used in this study. Rec. enzymes were 

expressed in the Sf9/baculovirus system and purified via size exclusion and affinity chromatography. 

PARP1 activity was examined by incubating 5 nM PARP1 with increasing concentrations of NAD+ as 

indicated in a reaction mixture as described in material and methods section. Afterward, 15% of reaction 

mixtures were slot-blotted on a nylon membrane (see Suppl. Figure 7) and PAR content was analyzed by 

immunochemical staining using the 10H antibody. Means of n=3 independent experiments. A non-linear 

Michaelis-Menten model was used for curve fit. Statistical analysis using 2-way ANOVA testing.   
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(C) Analysis of intracellular PARP1 activity in PARP1 KO cells reconstituted with PARP1 variants as 

indicated 2 days after transfection by immuno-epifluorescence microscopy as shown in Figure 21 (for 

representative raw data refer to Suppl. Figure 7). Cells were treated with H2O2 for 5 min in concentrations 

as indicated, and PAR levels of eGFP-positive cells were examined using the anti-PAR-specific mAB 10H. 

Means ± SEM of n = 5 independent experiments. Statistical analysis was performed using matched two-way 

ANOVA testing and Sidak’s post-test. (D) Time-course analysis of PAR formation in PARP1-reconstituted 

cells after treatment of cells with 250 µM H2O2. Means ± SEM of n = 4 independent experiments (>100 cells 

per experiment). Statistical analysis using matched two-way ANOVA testing and Sidak’s post-test. (E) NAD+ 

levels in WT, PARP1 KO and PARP1-reconstituted cells ± H2O2 treatment for 7 min as evaluated by an 

enzymatic NAD+ cycling assay. Means ± SEM of n = 3 independent experiments. Statistical analysis was 

performed via 2-way ANOVA testing and Sidak’s post-test. (F) Recruitment and dissociation kinetics of 

natural PARP1 variants at sites of laser-induced DNA damage. For representative raw data refer to Suppl. 

Figure 7. Means ± SEM. Evaluation from ≥35 cells from three independent experiments. Statistical analysis 

was performed using two-way ANOVA testing and Sidak’s post-test.  
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3.5 Discussion 

There is a lack of systems with a complete genetic deletion of PARP1 in a human setting. 

Recently, gene editing technologies have become commonly available, such as TALEN or 

CRISPR/Cas technologies, which allow genetic modification in human cancer cell lines. 

Here we used the TALEN technology to generate a complete genetic deletion of PARP1 in 

one of the most widely used human cell culture systems, i.e. HeLa cells. We 

comprehensively characterized such HeLa PARP1 KO cells with regards to their 

PARylation metabolism and stress response phenotype. Furthermore, we used this 

system to test a spectrum of artificial and natural human PARP1 variants in a cellular 

environment without interference of endogenously expressed PARP1 to improve our 

understanding on the cellular biochemistry and functions of PARP1. 

HeLa PARP1 KO cells did not express detectable levels of PARP1 nor did they reveal any 

H2O2-induced PARP activity, when analyzing intracellular NAD+ levels or using the 10H 

antibody in immunofluorescence microscopy (Figure 18). This suggests that in HeLa cells, 

PARP1 is responsible for most of the genotoxic stress-induced PARylation and that PARP2 

only plays a minor role in this cell type. Ame et al. showed that 3T3 fibroblasts derived 

from Parp1 KO mice still produce significant amounts of PAR after H2O2 treatment (as 

evaluated by 10H-immunofluorescence microscopy), which led to the discovery of Parp2 

(Amé et al., 1999). Using highly sensitive isotope dilution LC–MS/MS (Martello et al., 

2013), we did indeed observe low-level induction of PARylation upon H2O2 treatment 

(Figure 18), which is consistent with the notion that PARP2 can in part compensate the 

loss of PARP1 also in HeLa cells. Strikingly, basal levels of PAR were not affected at all in 

HeLa PARP1 KO cells, demonstrating that under unstressed conditions other PARPs can 

fully compensate for the loss of PARP1 (Figure 18). Our functional analysis revealed that 

HeLa PARP1 KO cells showed reduced proliferation rates and were more sensitive 

towards the treatment with H2O2 and CPT (Figure 19), thereby confirming the central role 

of PARP1 in genotoxic stress response as previously reported from mouse models, PARP 

inhibitor, and RNAi studies (Robert et al., 2013). 

Reconstitution studies with the PARP1\E988K mutant verified previous results that this 

variant acts as a mono- or oligo-(ADP-ribosyl)transferase (Figure 21) (Beneke et al., 2010; 

Rolli et al., 1997; Marsischky et al., 1995). In addition, with regards to its recruitment and 

release kinetics at sites of laser-induced DNA damage, our results revealed that the 

PARP1\E988K variant behaves similar in a human cellular system as it does in a mouse 

system (Figure 22) (Mortusewicz et al., 2007). Thus, as observed by Mortusewicz et al., 

the PARP1\E988K mutant showed impaired recruitment, yet longer persistence, at sites 

of DNA damage. Generally, it is thought that localization of PARP1 at sites of DNA damage 

is regulated by its automodification status, since the presence of the highly negatively 

charged PAR molecules covalently attached to PARP1 may lead to electrostatic repulsion 

of PARP1 from negatively charged DNA (Zahradka & Ebisuzaki, 1982). Our study 

extended this view by postulating the possibility that non-covalent interaction of PARP1 

with PAR via two newly-identified putative PAR binding motifs (PBM1/2) can act as a 

complementary mechanism in the regulation of the PARP1-DNA interaction (Figure 23). 

Our finding that PAR inhibits the PARP1-DNA interaction is in agreement with the fact 

that PBM1 is located in ZnF2, which is necessary for PARP1 binding to DNA strand breaks 
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(Ali et al., 2012), and that the PBM2 is located at the ZnF3–ZnF1 interface (Langelier & 

Pascal, 2013). Nevertheless, recruitment studies, showing that a PARP1\PBM mutant 

exhibits faster release kinetics from sites of DNA damage (data not shown), point to a 

complex spatio-temporal interplay between PARP1, DNA and PAR. Furthermore, as 

pointed out by Huambachano et al. and Chapman et al., additional PAR binding may occur 

via non-classical binding motifs, as identified by these authors (Chapman et al., 2013; 

Huambachano et al., 2011), adding another level of complexity. The analysis and 

functional relevance of the PARP1–PAR interaction therefore warrants further 

evaluation. 

The impaired recruitment of the PARP1\E988K mutant to DNA damage suggests that 

initial PAR formation at the site of DNA damage is necessary for subsequent second-wave 

recruitment of PARP1 molecules (Mortusewicz et al., 2007). In accordance with this, 

results by Mortusewicz et al. show that DNA-binding deficient PARP1 mutants still 

recruited to sites of laser-induced damage in MEFs and that this recruitment could be 

inhibited by PARP inhibitor treatment (Mortusewicz et al., 2007). Consistent with our 

cytotoxicity and cell cycle analyses of CPT-treated, PARP1\E988K-reconstituted HeLa 

cells (Figure 24 and Figure 25), previous results showed that the PARP1\E988K 

reconstitution sensitized Parp1 KO MEFs to CPT treatment in a colony formation assay 

(Patel et al., 2012). On the one hand, it is tempting to speculate that these effects can 

presumably be attributed to trapping of the E988K mutant at sites of DNA damage and 

therefore manifesting the damage (Murai et al., 2012). On the other hand, our finding 

showing that PARP1\E988K expression by itself leads to a G2 arrest, which goes along 

with higher NAD+ levels per cell and increased nuclei sizes (Figure 21, Figure 24 and 

Figure 25), is probably unrelated to a potential trapping effect, since PARP inhibitor 

treatment completely abolished these effects. In agreement with this, we observed that 

increased γH2A.X and phospho-RPA2 levels in PARP1\E988K-reconstituted cells can be 

rescued by PARP inhibitor treatment (Figure 24), suggesting that PARP1\E988K 

enzymatic activity is able to induce replicative stress. This remarkable possibility 

suggests that PARP1-mediated mono/oligo-ADP-ribosylation, which may occur upon 

certain stimuli or as intermediates in PAR catabolism, exerts pronounced and distinct 

cellular functions. 

The PARP1\L713F mutant was originally described as a gain-of-function variant with an 

over nine times increased Kcat, but similar Km value compared to PARP1\WT (Miranda et 

al., 1995). These results were recently extended by a biochemical study from Langelier et 

al. These authors demonstrated that the L713F exchange in the hydrophobic core domain 

(HD) of the catalytic domain (CAT) mimics the effect of DNA damage-induced HD 

distortions, increasing PARP1 DNA-independent activity up to ∼20-fold and elevating the 

catalytic efficiency of PARylation while not affecting affinity for NAD+ (Langelier et al., 

2012; Dawicki-McKenna et al., 2015). The HD hydrophobic core mutants studied by 

Langelier et al. did not show an increased level of DNA-dependent activity compared to 

PARP1\WT, indicating that these mutants act through the same mechanism as DNA to 

stimulate PARP1 catalytic activity. Our results revealed that the L713F mutant is 

constitutively active in a cellular environment leading to elevated PAR levels within cells, 

even without exogenously-induced DNA damage (Figure 21). Thus, PARP1\L713F-

reconstituted cells represent a valuable tool to analyze cellular consequences of PAR 
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overproduction with or without application of genotoxic stress. In this regard, our 

experiments provide first evidence that PAR overproduction or NAD+ depletion 

significantly affects cell viability, since PARP1\L713F expression drove cells directly into 

apoptosis, even without DNA damage induction (Figure 25). 

Since PARP1-dependent cell death has implications in several neurodegenerative and 

neuroinflammatory diseases, such as Parkinson’s disease and ischemia reperfusion 

damage (Fatokun et al., 2014), the PARP1\L713F mutant can be very useful to study 

mechanisms of disease related to PAR overproduction in a cellular setting. 

Apart from studying the cellular biochemistry of PARP1 and molecular mechanisms of 

PARylation, the cell culture model reported in this study can be used to analyze structure–

function relationships of naturally occurring PARP1 variants. One of such variants that has 

been extensively studied in recent years is a SNP in the PARP1 gene leading to the V762A 

aa exchange (Cottet et al., 2000). This variant has been associated with an increased risk 

for gastric, cervical, and lung cancers and a generally increased cancer risk in the Asian 

population, while being associated with a decreased risk for brain tumors (Qin et al., 2014; 

Hua et al., 2014). Consistent with the notion that changes in PARP activity might be 

responsible for these correlations, previous results revealed a reduced enzymatic activity 

of the PARP1\V762A variant on the biochemical level (Wang et al., 2007; Beneke et al., 

2010). On the other hand, studies of human cells derived of V762A carriers revealed 

inconsistent results, with one study observing a gene-dose-dependent reduction of PARP 

activity (Lockett et al., 2004), whereas another one did not find such an effect (Zaremba 

et al., 2009). Our results from reconstituted HeLa PARP1 KO cells provide clear proof for 

decreased activity of PARP1\V762A in a cellular environment under conditions of 

genotoxic stress (Figure 26), thereby strongly supporting a causative link for the 

increased tumor risk in V762A carriers due to reduced PARP1 activity. 

In a patient with pediatric CRC, who inherited a frameshift mutation in BRCA2 from his 

father, we identified a maternally inherited missense variant in PARP1 (F304L) combined 

with the V762A polymorphism, which significantly reduced PARP1 activity on the 

biochemical and cellular level. Furthermore, the PARP1\F304L\V762A mutant showed 

reduced recruitment efficiency to sites of laser-induced DNA damage (Figure 26). The 

tumor in the CRC patient was deficient for BRCA2 due to an inherited pathogenic mutation 

in one allele and an acquired somatic loss of the second wild-type allele. This functional 

loss of both BRCA2 alleles, in conjunction with the inherited heterozygous PARP1 variant, 

may have resulted in an increase in genomic instability and, as a consequence, early-onset 

of cancer development in the colon. Interestingly, a very recent study by Ding et al. 

demonstrated that pharmacological PARP inhibition or PARP1-silencing in heterozygous 

Brca2−/+ mESC resulted in viable homozygous Brca2−/− mESC by loss of heterozygosity, a 

phenomenom termed synthetic viability (Ding et al., 2016). This genetic constellation 

very much resembles the one observed in the patient described in the current study. Thus, 

the drastic impairment of PARP1 activity due to the cumulative effect of the F304L variant 

and the V762A polymorphism in combination with the BRCA2 mutation, may well have 

resulted in predisposition for CCRC development in this patient, however this needs to be 

clarified in detailed follow-up experiments. Reports on digenic inheritance with germline 

mutations in genes with synergistic interactions are scarce. This mode of inheritance has 

been described in patients with extreme phenotypes, i.e. exceptionally early ages of onset 
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or severe clinical presentations. Examples of these are digenic inheritance in early onset 

Parkinson’s disease [MIM 605909] and severe insulin resistance [MIM 125853] (Savage 

et al., 2002; Tang et al., 2006). On the other hand, in cells deficient in PARylation activity, 

single-stranded (ss) DNA breaks can accumulate, which, when encountered during DNA 

replication, may result in the accumulation of double-stranded (ds) DNA breaks. These 

dsDNA breaks are repaired via HR, which requires proper functioning of BRCA2. 

Therefore, following the concept of synthetic lethality, cells that are deficient in BRCA2 

are highly sensitive to PARP1 inhibition, resulting in cell death by apoptosis (Bryant et al., 

2005; Farmer et al., 2005). Thus, complete loss of PARP1 through a second hit in the tumor 

most likely would have resulted in cell death due to synthetic lethality. Therefore, in 

retrospect, this patient might have benefited from a PARP1 inhibitor therapy. 

In conclusion, this study establishes a novel human cell culture model to decipher the role 

of PARP1 and PARylation in cellular functions, i.e. a complete PARP1 KO in HeLa cells. 

Reconstitution with different PARP1 variants enabled us to study PARP1 hypomorphy 

(E988K) as well as hypermorphy (F713L) in an easy to handle and exceptionally well-

characterized human cancer cell line. Furthermore, we used this approach to correlate 

epidemiological and clinical findings on naturally occurring PARP1 variants with the 

cellular properties of these variants. This provides a basis for molecular risk assessment 

of these and other naturally occurring PARP1 variants in order to judge if carriers may be 

predisposed to the development of certain diseases. 
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3.6 Supplementary data 

Suppl. Figure 1: Binding sites of TAL effector DNA binding domains within the 1st exon of the PARP1 

gene. 
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Suppl. Figure 2: Flow cytometric analysis of GFP-positive cells 2 days after PARP1-eGFP transfection. 

A. Histograms of flow cytometric analysis showing GFP-positive cells. B. Dot blots of flow cytometric 

analysis showing GFP-positive cells 
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Suppl. Figure 3: Comparison of PAR levels in H2O2-treated HeLa WT cells with PARP1\WT-

reconstituted cells by immunofluorescence microscopy. 

A. PAR levels in HeLa WT cells after treatment with H2O2 in concentrations as indicated for 5 min. B. PAR 

levels in PARP1\WT-reconstituted PARP1 KO cells after treatment with H2O2 in concentrations as indicated 

for 5 min. 
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Suppl. Figure 4: Time-course of PAR-formation of artificial PARP1 mutants. 

HeLa PARP1 KO cells were transfected with eGFP-coupled constructs of PARP1, PARP1\L713F and 

PARP1\E988K. Analyses were performed 2 d after transfection. PAR-formation was analyzed by 

immunochemical staining using the 10H antibody. Representative pictures of n=3 independent experiments 

are displayed. 
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Suppl. Figure 5: PARP1\E988K mutant affects nuclear architecture. 

A. Evaluation of cell morphology by flow cytometric analysis. Left. Representative dot blot of eGFP-positive 

cells 2 d after transfection with PARP1 or PARP1\E988K. SSC indicates side scatter; FSC, forward scatter. 

Right. Quantitation of SSC and FSC intensities of WT, PARP1 KO and PARP1-reconstituted cells. Means ± SEM 

of n=4 independent experiments. Statistical analysis was performed using 1-way ANOVA testing and Sidak’s 

post-test. B. Quantitation of nuclear sizes of WT, PARP1 KO, and PARP1-reconstituted cells 2 d after 

transfection. Means ± SEM. Evaluation of DAPI staining of >100 cells from ≥4 independent experiments. 

Statistical analysis was performed using 1-way ANOVA testing and Sidak’s post-test. C. Evaluation of DAPI 

staining and eGFP fluorescence by 3D deconvolution microscopy using a DeltaVision OMX super-resolution 

microscope indicates changes in nuclear morphology, as evident by strong perinucleolar staining. Exposure 

time for PARP1-transfected cells, 100 ms, and for PARP1\E988k-tranfected cells 200 ms. 
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Suppl. Figure 6: PARP1\L713F affects the distribution the apoptosis inducing factor (AIF) in 

unchallenged cells. 

HeLa PARP1 KO cells were transfected with eGFP-coupled constructs. Analyses were performed 2 d after 

transfection. A. Representative images from single cell immunofluorescence confocal microscopy of PARP1-

eGFP and AIF. Scale bars indicate (30 µM). 
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Suppl. Figure 7: Biochemical and cellular characteristics of natural PARP1 variants. 

A. Rec. enzymes were expressed in the Sf9 / baculovirus system and purified via size exclusion and affinity 

chromatography. PARP1 activity was examined by incubating 5 nM PARP1 with increasing concentrations 

of NAD+ as indicated in a reaction mixture as described in material and methods section. Afterwards 15% 

of reaction mixtures were slot-blotted on a nylon membrane and PAR content was analyzed by 

immunochemical staining. One representative picture of a membrane out of n=3 independent experiments 

is displayed in A. B. HeLa PARP1 KO cells were transfected with eGFP-coupled constructs of PARP1, 

PARP1\V762A, PARP1\F304L and PARP1\F304L\V762A. Analysis of intracellular PARP1 activity in PARP1 

KO cells reconstituted with PARP1 variants as indicated 2 d after transfection by single cell immuno-

epifluorescence microscopy. Representative pictures of n=5 independent experiments are shown in B. 
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Suppl. Figure 8: Recruitment and release kinetics of natural PARP1 variants. 

HeLa PARP1 KO cells were transfected with eGFP-coupled constructs of PARP1\WT, PARP1\V762A, 

PARP1\F304L and PARP1\F304L\V762A. In case of ABT888 pretreatment cells were incubated with 10 µM 

ABT888 30 min prior damage induction. Representative images of the recruitment and dissociation kinetics 

of PARP1-eGFP variants at sites of laser-induced DNA damage are displayed. Scale bars indicate 10 µm. 

White arrows indicate the site of laser irradiation. 
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4.1 Abstract 

Genotoxic stress leads to PARP1 activation and poly(ADP-ribosyl)ation (PARylation) of 

target proteins. Here, we showed that PARG preferentially degraded linear PAR, leading 

to an increase in the branching ratio during degradation processes. We further showed, 

that the amount and branching ratio of PAR purified from mice is organ- and age-

dependent. Thus, we set out to analyze whether PAR structure influences its biochemical 

and cellular functions. Therefore, HeLa PARP1 KO cells were reconstituted with eGFP-

tagged PARP1 variants, producing either short (PARP1\Y986S), short and hyperbranched 

(PARP1\Y986H) or short and hypobranched (PARP1\G972R) polymers. By analyzing the 

consequences of the differently structured polymers in reconstituted cells, we were able 

to show that hypobranched PAR is detrimental for the cells, as they display a strong 

reduction in cellular viability and colony formation as well as a G2 cell cycle arrest, while 

a short chain length alone does seemingly not affect cellular health. In contrast, cells 

producing hyperbranched PAR were able to produce more colonies compared to cells 

expressing PARP1\WT. After genotoxic stress, the effects became more severe, as 

recruitment of PARP1\G972R to sites of laser-induced DNA damage is largely impaired 

and the tolerance of replicative stress is strongly decreased. For PARP1\Y986S the effects 

were less pronounced compared to PARP1\G972R, indicating that not the polymer size, 

but the degree of branching is responsible for the detrimental cellular health. This agrees 

with to the notion that cells which can produce hyperbranched PAR in response to stress, 

display a normal cell viability and almost normal PARP1 recruitment to the lesion site. 

Finally, we demonstrate that downstream processes like PARP1-dependent transcription 

or relocalization of repair factors (e.g. XRCC1) rely on a defined polymer size and 

branching frequency. Taken together, we demonstrate that chain length and branching 

ratio of PAR are essential for the cellular physiology and stress response. 
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4.2 Introduction 

In the cellular physiology and stress response, the posttranslational modification 

poly(ADP-ribosyl)ation ((PAR)ylation) plays a key role. The modification is conducted by 

the enzyme family of poly(ADP-ribose) polymerases (PARPs). This superfamily consists 

of 17 family members, of which at least four are true PARPs and thus able to produce 

poly(ADP-ribose) (PAR). Other members catalyze mono- and oligo(ADP-ribosyl)ation or 

are catalytically inactive (Hottiger et al., 2010). The founding member of the gene family, 

PARP1, is responsible for about 90% of the cellular PAR-formation after genotoxic stress. 

Upon activation, NAD+ is used to produce PAR chains. These polymers can be up to 200 

subunits long and either linear or branched (Suppl. Figure 9). While PARP1 is able to 

produce branched PAR, other PARPs like TNKS1 were reported to generate linear chains 

only (Hottiger et al., 2010). Currently, it is a matter of debate whether PARP1 is activated 

in cis (Eustermann et al., 2015; Langelier et al., 2008) or in trans (Ali et al., 2012; Alvarez-

Gonzalez & Mendoza-Alvarez, 1995) and is active as a mono- or dimer. After activation 

PARP1 is tightly regulated either via posttranslational modifications like SUMOylation 

(Messner et al., 2009), acetylation (Hassa et al., 2005), phosphorylation (Kauppinen et al., 

2006) or direct protein-protein interactions (Cohen-Armon et al., 2007; Midorikawa et al., 

2006; Berger et al., 2007; Guastafierro et al., 2008; Krukenberg et al., 2014). While PARP1 

is only active in the nucleus (Hottiger, 2015), cytoplasmic versions of other PARPs can be 

found (Vyas et al., 2013). After activation, target proteins are covalently modified with 

PAR at lysine, arginine, glutamic- and aspartic acid residues (Martello et al., 2016; Zhang 

et al., 2013). Recent publications demonstrated that serine residues are the major targets 

of PARylation upon genotoxic stress (Bonfiglio et al., 2017; Palazzo et al., 2018). One 

major target of PARylation are the interdomain regions of PARP1 itself (i.e., ‘PARP1 

automodification’) (Gagné et al., 2015), leading to changes in the DNA-binding ability and 

activity (Mortusewicz et al., 2007). In addition to covalent modification of target proteins, 

proteins can also be regulated via non-covalent binding to existing PAR chains. Until 

today, many different PAR binding motifs have been identified which mediate the PAR – 

protein interaction (Krietsch et al., 2013). Among these are the classical PAR-binding 

motifs (PBMs) (Pleschke et al., 2000), but also glycine- and arginine-rich domains (GAR) 

(Haince et al., 2008), PAR-binding zinc fingers (PBZ) (Ahel et al., 2008), macrodomains 

(Timinszky et al., 2009) or WWE-domains (Wang et al., 2012) can bind PAR. Like all 

posttranslational modifications, PARylation is tightly regulated by catabolizing enzymes 

like PARG, which hydrolyze PAR shortly after its synthesis (Pascal & Ellenberger, 2015). 

Thereby, the physico-chemical properties and spatio-temporal activities of hundreds of 

target proteins are transiently modified. On the cellular level, the modifications are linked 

with pleiotropic functions. One major function is the regulation of DNA damage responses. 

Except for the MGMT and mismatch repair pathways, PARP1 is involved in all other repair 

processes and is thus considered as “a general caretaker of genomic stability” (Mangerich 

& Bürkle, 2012). It was shown, that recruitment of PARP1 to sites of DNA damage is one 

of the fastest responses upon genotoxic stress and PARP1-mediated PARylation 

orchestrates many downstream processes (Mortusewicz et al., 2007). With regards to the 

important function of PARP1 in the DNA damage repair, it is not surprising that loss of 

PARP1 led to significant sensitization of mouse PARP1 knock-out embryonic stem cells 
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towards alkylating agents (Masutani et al., 1999a) and of HeLa PARP1 KO cells towards 

oxidative and replicative stress (Rank et al., 2016). Besides DNA repair, PARP1 is involved 

in many cellular processes like chromatin regulation (Rouleau et al., 2004), telomere 

maintenance (Di d'Adda Fagagna et al., 1999), replication (Bryant et al., 2009), mitosis 

and cell cycle regulation (Kanai et al., 2003) (Sakamaki et al., 2009), inflammation (Hassa 

& Hottiger, 1999) and cell death (Yu et al., 2002). Many functions of PARP1 have been 

elucidated by the generation of three independent PARP1 KO mice models (Wang et al., 

1995) (Masutani et al., 1999b) (Murcia et al., 1997) and in different PARP1 KO cell lines 

(Gibbs-Seymour et al., 2016) (Rank et al., 2016). In addition, a PARP1/2 double knock-out 

in the mouse results in embryonic lethality, suggesting that PARP activity is a prerequisite 

for normal embryonic development (Ménissier de Murcia et al., 2003). This indicates that 

PARP1 and PARP2 are at least in some functions redundant (Hanzlikova et al., 2017) 

(Ronson et al., 2018). As it was shown, that the different members of the PARP gene family 

produce different qualities of PAR with regards to chain length and branching, the 

hypothesis of a so called “PAR-code” arose. This hypothesis was supported by studies, 

showing that the PAR-binders XPA, p53 and histones show preferences for certain chain 

lengths (Fahrer et al., 2007; Panzeter et al., 1992). In addition also the branching 

frequency seems to influence the binding ability of histones to the polymer (Panzeter et 

al., 1992). But not only the PAR-binding of target proteins appears to be influenced by the 

PAR quality, also the stability of the polymer is determined by the chain length and 

branching frequency. Thus, results from the 1980s suggest that large polymers are 

degraded faster by the PAR catabolizing enzymes than small ones (Hatakeyama et al., 

1986). Additionally, the branching arms appear to be degraded first, producing linear 

polymers as a degradation product from branched chains (Braun et al., 1994). Further 

studies by Malanga et al. suggests that branched polymers produced after DNA damage 

are degraded slower than linear polymers (Malanga & Althaus, 1994) In this study we 

have focused on further elucidating the “PAR-code” using different PARP1 variants, first 

described by Rolli et al. (Rolli et al., 1997). Therefore, we chose three different variants 

producing either short PAR chains and oligomers (PARP1\Y986S), hyperbranched 

(PARP1\Y986H) or hypobranched PAR (PARP1\G972R) (Rolli et al., 1997) and analyzed 

the PAR quality and resulting cellular consequences in detail. Thereby, we revealed that 

indeed the PAR quality is important for cell survival, proliferation and the resistance 

towards genotoxic stress. Especially hypobranched PAR appears to affect cell physiology, 

but also short chains resulted in phenotypic changes. In contrast, hyperbranching 

increased the plating efficiency of HeLa cells and could at least partially rescue the 

phenotypes caused by the short chains. 
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4.3 Material and methods 

4.3.1 Purification of recombinant PARP1 variants 

Human PARP1\WT, PARP1\G972R, PARP1\Y986H and PARP1\Y986S were purified 

according to an adapted protocol of Langelier et al. (Langelier et al., 2011b). To this end, 

the PARP1 constructs were cloned into pET-15b vectors and expressed in E. coli Rosetta 2 

(DE3) cells. LB medium (2 l, supplemented with 100 mg/ml ampicillin, 35 µg/ml 

chloramphenicol and 10 mM benzamide to prevent activation of PARP1) was inoculated 

with an over-night culture. Before expression was induced with 0.2 mM IPTG at an OD600 

of 0.8, cultures were supplemented with 0.1 mM ZnSO4 and chilled on ice for 1 h. 

Expression took place at 16°C over-night. Bacteria were harvested, resuspended in 25 mM 

HEPES pH 8, 500 mM NaCl, 0.5 mM DTT and 10 mM benzamide and stored at -80°C. After 

thawing, the bacterial suspension was supplemented with 0.1% NP-40, one tablet of 

protease inhibitor complete (Roche), and 1 mg/ml lysozyme. This was followed by 

sonication (4 × 20 pulses), the addition of 10 µg/ml DNaseI and incubation for 1 h. Cellular 

debris were removed by centrifugation (2 h, 50 000 g). The supernatant was filtered and 

loaded onto a 1 ml HisTrap HP column (GE Healthcare) incorporated into an ÄKTA system 

(GE Healthcare). This was followed by washing with 10 ml low salt buffer (25 mM HEPES 

pH 8, 500 mM NaCl), 10 ml high salt buffer (25 mM HEPES pH 8, 1 M NaCl) and again 10 

ml low salt buffer. Finally, PARP1 was eluted with 30 ml elution buffer (25 mM HEPES 

pH 8, 500 mM NaCl, 500 mM imidazol). In the next step, the eluted protein was diluted 

with 10 ml no-salt heparin buffer (50 mM Na-phosphate pH 7, 1 mM EDTA) and loaded 

onto a 1 ml heparin HP column (GE Healthcare). PARP1 was eluted by increasing the NaCl 

concentration up to 1 M (30 ml gradient). PARP1 containing fractions were further 

purified via size exclusion chromatography (HiLoad 16/600 Superdex 200, GE 

Healthcare) in 50 mM Tris pH 8, 150 mM NaCl and 0.5 mM DTT at a flow rate of 

0.3 ml/min. 

4.3.2 Differential scanning fluorimetry 

Melting temperatures of recombinant PARP1 variants were determined according to 

Niesen et al., 2007. Therefore, 0.1 mg/ml PARP1 was incubated for 10 min at RT in 50 mM 

Tris pH 8, 150 mM NaCl and 0.5 mM DTT. To analyze the effect of DNA/NAD+ binding 

and/or auto-PARylation the samples were supplemented with final concentrations of 

5 mM MgCl2, 5 µM EcoRI linker (TTCCGGAA) and/or 100 µM NAD+ and incubated for 

20 min at RT. All samples were supplemented with 5× SYPRO Orange solution 

(ThermoFisher) and measured in a quantitative real-time CFX connect thermocycler 

(BioRad) using a gradient from 20 to 95°C at 1°C/min steps. 

4.3.3 In vitro PAR synthesis and purification 

PAR of PARP1\WT, PARP1\G972R, PARP1\Y986H and PARP1\Y986S was synthesized 

and purified according to Fahrer et al., 2007 and Fischbach et al., 2018. Recombinant 

PARP1 (150 nM) was incubated in 100 mM Tris pH 7.8, 10 mM MgCl2 and 1 mM DTT 

supplemented with 300 µg/ml histone HIIa, 50 µg/ml EcoRI linker (TTCCGGAA) and 

1 mM NAD+ in a total volume of 5 ml at 37°C for 45 min to produce PAR. The reaction was 

stopped by the addition of 5 ml ice-cold 20% TCA which was followed by incubation on 



Chapter 4: Poly(ADP-ribose) chain length and branching are essential for cellular 
physiology and stress response 

80 

ice for 15 min. PAR chains were separated from proteins by alkaline treatment (0.5 M 

KOH, 50 mM EDTA) for 10 min. Afterwards, pH was adjusted to 7.5 -8.0 and DNA was 

digested by the addition of 50 mM MgCl2 and 50 µg/ml DNaseI and subsequent incubation 

at 37°C for 2 h. Proteins were digested via the addition of 1 mM CaCl2 and 50 µg/ml 

proteinase K and subsequent incubation at 37°C over-night. The next day, PAR was 

further purified via two steps of phenol/chloroform/isoamyl-alcohol (Roth) extraction 

and one step of chloroform extraction followed by ethanol precipitation. To remove 

residual phenol, buffer was exchanged via Vivacon 2 columns (2,000 MWCO, Sartorius). 

4.3.4 Mass spectrometric analysis of in vitro generated PAR 

Purified PAR was digested with alkaline phosphatase and phosphodiesterase to its 

nucleosides. Digested PAR (2.5 pmol) was subjected to UPLC and Ado, R-Ado and R2-Ado 

were measured as previously described (Zubel et al., 2017). 

4.3.5 Analysis of chain length distribution of in vitro generated PAR via HPLC 

Purified PAR was separated via an Agilent 1100 HPLC system equipped with a DNA Pac 

PA-100 (ThermoFisher) analytical column. PAR (100 µl of a 100 µM solution) was loaded 

and eluted with increasing NaCl concentrations according to Fahrer et al., 2007 and 

Fischbach et al., 2018. Buffer A consisted of 25 mM Tris pH 9.0, buffer B consisted of 

25 mM Tris pH 9.0 and 1 M NaCl and the program was set as follows: 0 min (0% B), 3 min 

(20% B), 20 min (35% B), 40 min (42% B), 70 min (47% B), 110 min (53% B), 120 min 

(61% B), 131 min (70% B), 132 min (100% B), 152 min (100% B). Elution of PAR was 

detected by measuring the absorbance at 258 nm. 

4.3.6 PARP1 automodification assay 

Recombinant PARP1 (1 pmol) was pre-incubated in 9 µl buffer (50 mM Tris pH 8, 150 mM 

NaCl, 5 mM MgCl2, 0.5 mM DTT) in the presence or absence of 50 pmol EcoRI linker 

(TTCCGGAA) for 10 min at 25°C. Auto-PARylation was started by the addition of 1 µl 

TAMRA-labeled NAD+/NAD+ (1:10) at a final concentration of 100 µM (Wallrodt et al., 

2017). Reactions were stopped by the addition of SDS loading dye and subsequent heating 

at 95°C. Samples were separated on gradient gels (4-20%, Bio-Rad) and visualized on a 

FLA 9000 (GE Healthcare). 

4.3.7 PAR degradation assay 

The degradation of PAR by PARG was analyzed by applying a protocol adapted from Putt 

& Hergenrother, 2004. Therefore, 5 nmol PAR were pre-incubated for 5 min at 37°C in 

55 µl PARG assay buffer (50 mM KCl, 50 mM KH2PO4 pH 7.2). Reaction was started by the 

addition of 10 µl recombinant human PARG (AdipoGen) to a final concentration of 

60 pg/µl. Reactions with the longest reaction time were started first, which was followed 

by reactions for the shorter time points. Thereby, all reactions could be stopped 

simultaneously by the addition of 48 µl 2.5 M KOH and 48 µl 250 mM benzamidine and 

subsequent incubation at 110°C for 10 min. After cooling, samples were centrifuged for 

5 min at 17 000 g. 50 µl was loaded in triplicates respectively into a 96-well half-area plate 

(Corning) and analyzed via a TECAN infinite F200 PRO plate reader (λex = 340 nm, 

λem = 440 nm). To quantify the generated ADP-ribose units a calibration curve was 
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included in each experiment. Therefore, 65 µl of ADP-ribose of different concentrations 

(0, 4, 8, 12, 20, 40, 60, 80 µM) were supplemented with 48 µl 2.5 M KOH and 48 µl 250 mM 

benzamidine and treated the same way as the PAR samples. 

4.3.8 Purification of cellular PAR for mass spectrometric analysis 

HeLa WT and PARP1 KO cells were seeded in 6-well plates and transfected with different 

eGFP::N1-PARP1 constructs. Forty hours after transfection, cells were treated either with 

500 µM H2O2 for 5 min or left untreated. Cells were lysed by addition of ice-cold TCA, PAR 

was purified, digested to its nucleosides and R-Ado and R2-Ado were quantified as 

described previously (Zubel et al., 2017). 

4.3.9 Cell culture, transient transfection and treatment with PARP inhibitor 

HeLa WT and PARP1 KO cells were cultured at 37°C, 5% CO2 and 95% humidity in DMEM 

(Gibco) supplemented with 10% fetal bovine serum (Biochrom), 0.1 U/µl penicillin, 

0.1 µg/µl streptomycin (Gibco) and 2 mM glutamine (Gibco). For transient transfections 

with the PARP1-eGFP constructs, Effectene transfection reagent (Qiagen) was used 

according to the manufacturer’s instruction, except for the amount of Effectene which was 

halved. If necessary, treatment with PARP inhibitor was performed immediately before 

transfection using 10 µM ABT888 (Selleckchem) and cells were incubated with ABT888 

until harvesting. 

4.3.10 Detection of PAR, XRCC1 and fibrillarin by fluorescence microscopy 

HeLa WT and PARP1 KO cells were seeded on glass cover slips in 12-well plates. If 

required, cells were transiently transfected with the different eGFP::N1-PARP1 

constructs. Cells were treated with H2O2 either 24 h or 40 h after transfection or left 

untreated. Concentration and duration of treatment varied dependent on the experiment 

as indicated. Treatment was followed by fixation of the cells with 4% paraformaldehyde 

in PBS (containing 10 µM ABT888 for staining with XRCC1 and fibrillarin) for 20 min. The 

reaction was stopped by washing the cells with 100 mM glycine, followed by washing of 

the cells with PBS and permeabilization for 3 min with 0.4% Trition-X100 in PBS. The cells 

were washed for 5 min in PBS (30 min when stained with XRCC1 and fibrillarin) followed 

by blocking in PBS containing 20% (w/v) non-fat milk powder and 0.2% (v/v) Tween20 

(PBSMT). Primary antibodies were diluted in PBSMT: mouse-anti PAR: LP96 (Enzo Life 

Sciences) 1:1000 and 10H (purified from culture supernatant of 10H hybridoma cells, 

according to (Kawamitsu et al., 1984)) 1:300, rabbit-anti XRCC1 (Enzo Life Sciences) 

1:1000 and mouse anti-fibrillarin (Abcam) 1:1000. The cells were incubated with the 

primary antibody either for 1 h at 37°C or over-night at 4°C. The slides were washed thrice 

in PBS for 10 min and incubated with the secondary antibodies for 1 h at 37°C. The 

secondary antibodies were diluted as followed: Alexa 546 (ThermoFisher) 1:400 or 1:600 

and Alexa647 (ThermoFisher) 1:400 both in PBSMT. The slides were washed thrice in 

PBS for 10 min followed by staining with 0.1 mg/µl Hoechst33342 in PBS for 5 min. This 

was followed by washing the cells for 10 min in PBS thrice, and mounting of the glass 

slides using Aqua Poly Mount (Polyscience). Microscopic images were acquired using 

either a Zeiss Axiovert 200M microscope (for detection of PAR) or a Zeiss LSM700 

confocal microscope (for detection of XRCC1 and fibrillarin). Image data was analyzed 
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using automated KNIME workflows ((Rank et al., 2016) with adaptations in case of 

nucleolar staining). Only cells containing a GFP fluorescence signal 1.5-fold higher than 

the mean background fluorescence were considered as GFP-positive and thus analyzed 

for PAR, XRCC1 and fibrillarin. 

4.3.11 NAD+ cycling assay 

HeLa WT and HeLa PARP1 KO cells were seeded in 6-well plates and transfected with the 

different eGFP::N1-PARP1 constructs if necessary. Forty hours after transfection cells 

were either treated for 7 min with 500 µM H2O2 or left untreated. After treatment, cells 

were washed once with PBS and detached with trypsin-EDTA (Gibco). The harvested cells 

were counted, and 2 × 106 cells were used for extraction of NAD+. The cells were pelleted 

and resuspended in pre-cooled PBS, lysed by addition of 24 µl 3.5 M perchloric acid 

followed by incubation for 15 min on ice. Cellular debris was removed via centrifugation 

for 10 min at 1500 g and the supernatant was mixed with 350 µl phosphate buffer (0.33 

M K2HPO4, 0.33 M KH2PO4, pH 7.5) followed by incubation for 15 min on ice. To clear 

precipitates, the samples were centrifuged twice for 10 min at 1500 g with 20 min 

incubation on ice in between. As reference for the NAD+ cycling assay, a standard curve 

with NAD+ concentrations up to 0.48 µM was prepared for each experiment. Each sample 

was measured in technical triplicates. To this end, either 200 µl of the standards or 40 µl 

of the samples diluted with 160 µl diluent (0.5 M H3PO4, 0.5 M NaOH) were distributed in 

a 96-well flat bottom plate (Corning). To each well, 100 µl reaction mix (0.48 M bicine 

(pH8), 4 mg/ml BSA, 0.02 M EDTA, 2.4 M ethanol, 2 mM MTT, 0.96 mg alcohol 

dehydrogenase and 5.7 mM phenazine ethosulfate) were added. Absorption was 

measured at 550 nm after 30 min of incubation at 30°C using 690 nm as a reference 

wavelength. The intracellular NAD+ amount was calculated with the help of the standard 

curve and was normalized to transfection efficiencies determined by FACS analysis. For 

the calculation the following formula was used: 

 𝑛(NAD+𝑖𝑛 KO1) 𝑥 (1 − transfection efficiency) +  𝑛(NAD+𝑖𝑛 transfected cells)  

𝑥 transfection efficiency = 𝑛(NAD+measured) 

4.3.12 Analysis of cell viability using Annexin V/PI staining  

HeLa WT and HeLa PARP1 KO cells were seeded in 6-well plates and transfected with 

different eGFP::N1-PARP1 constructs as indicated. Twenty-four hours after transfection, 

the cells were either treated with different concentrations of camptothecin (CPT; Sigma-

Aldrich) for 40 h or left untreated. After treatment, cells were harvested using trypsin-

EDTA (Gibco) and 2.5 × 105 cells were used for analysis. The cells were pelleted and 

resuspended in 250 µl Annexin V-binding buffer (10 mM HEPES pH 7.4, 140 mM NaCl, 2.5 

mM CaCl2). A volume of 195 µl of the cell suspension was mixed with 2.5 µl Annexin V-

APC (Enzo Life Sciences) and incubated for 15 min in dark. 200 µl of a propidium iodide 

solution (10 µg/ml PI in Annexin V-binding buffer) were added and the samples were 

analyzed using a FACSCalibur (BD). For each sample 10 000 transfected cells were 

analyzed and for transfected samples only GFP-positive cells were included in the 

analysis. 
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4.3.13 Analysis of cell proliferation using cell trace violet cell proliferation 

kit 

HeLa PARP1 KO cells were seeded in 6-well plates and transfected with different 

eGFP::N1-PARP1 constructs. Forty hours after transfection cells were harvested with 

trypsin-EDTA (Gibco) and incubated with CellTrace violet stain (Invitrogen) according to 

manufacturer’s instructions. Three hundred thousand stained cells were seeded in 6-cm 

plates and allowed to grow for five days. Immediately after staining, the remaining cells, 

corresponding to the time point t0 were analyzed using the FACSFortessa (BD). For 

exclusion of dead cells, SytoxRed dead cell stain (Invitrogen) was used in a 1:1000 

dilution. For tracing the proliferation, cells were harvested using trypsin-EDTA, stained 

with SytoxRed dead cell stain and analyzed using the FACSFortessa every 24 h (time 

points t1-t5). 

4.3.14 Colony formation assay 

HeLa WT and HeLa PARP1 KO cells were seeded in 6-well plates and transfected with 

different eGFP::N1-PARP1 constructs. Forty hours after transfection, cells were treated 

with different concentrations of H2O2 for 5 min and harvested with trypsin-EDTA (Gibco), 

pelleted and resuspended in phenolred-free medium containing 1:1000 SytoxRed dead 

cell stain (Invitrogen). For each sample 1000 GFP positive cells were sorted using the 

FACSAria (BD) in each well of 6-well plates. The cells could form colonies for one week 

before fixation with PFA and staining with crystal violet. All colonies larger 100 cells were 

counted. 

4.3.15 Cell cycle analysis using propidium iodide (PI) staining 

HeLa WT and HeLa PARP1 KO cells were seeded in 6-well plates and transfected with 

different eGFP::N1-PARP1 constructs. Twenty-four hours after transfection cells were 

treated, with different concentrations of camptothecin (CPT, Sigma-Aldrich) and 

incubated for about 40 h. For the PI staining, cells were harvested with trypsin-EDTA 

(Gibco), pelleted and resuspended in 300 µl ice-cold PBS. Ice-cold ethanol (700 µl) were 

added and samples were incubated for 20 min on ice. Then, cells were washed once with 

PBS and resuspended in 30 µl PBS. 120 µl DNA extraction buffer (4 mM citric acid, 0.2 M 

Na2PO4 pH 7.8) were added and samples were incubated for 20 min at room temperature 

on a shaker. Afterwards, cells were pelleted, resuspended in DNA staining buffer [PBS, 

0.2 mg/ml RNase A (Thermo Scientific), 20 µg/ml propidium iodide (Sigma-Aldrich)], 

incubated for 30 min at room temperature in the dark and analyzed using the FACSCalibur 

(BD). For samples containing transfected cells, only GFP-positive cells were analyzed. 

4.3.16 Recruitment analysis of PARP1 to laser-induced DNA damage 

HeLa PARP1 KO cells were seeded in µ-dishes (Ibidi) and transfected with different 

eGFP::N1-PARP1 constructs. Forty hours after transfection, medium was exchanged to 

phenolred-free medium to allow microscopic analysis. Microirradiation and subsequent 

time-lapse imaging was performed in a laser-scanning microscope (Zeiss LSM700). For 

each construct, 36 cells were irradiated per replicate. Three replicates of each 

microirradiation experiment were performed in total. The microirradiation scheme is 
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based upon a multi-color-femtosecond fiber laser setup described in Schmalz et al., 2018. 

In-situ bandwidth-limited optical pulses with a center wavelength of 1035 nm and a 

temporal duration of 80 fs were employed. The focusing of the laser pulses to subnuclear 

precision was achieved with a 63× PlanApo objective lens (1.4NA, Oil). The laser was 

scanned along a 4.6-µm long linear path divided into 52 pixel positions. The pixel dwell 

time amounts to 45 ms. An average optical power of 16 mW was set in focal plane. 

Quantitative image data analysis of time-series stacks was performed in FIJI with the 

ImageJ software macro BIC Macro Toolkit (BIC tool box, University of Konstanz, Germany). 

The tool box is available for download on 

http://www.bioimaging-center.uni-konstanz.de. 

4.3.17 FACS analysis to determine transfection efficiencies 

Transfected HeLa PARP1 KO cells were harvested with trypsin-EDTA (Gibco), pelleted by 

centrifugation and resuspended either in phenolred-free medium or in FACS-buffer (PBS, 

0.5 mM EDTA, 1% (v/v) BSA). Samples were analyzed using FACSCalibur (BD), 

FACSFortessa (BD) or FACSVerse (BD) dependent on the experiment. 

4.3.18 High-throughput RT qPCR 

HeLa PARP1 KO cells were seeded in 6-well plates and transfected with different 

eGFP::N1-PARP1 constructs. Sixty-four hours after transfection, cells were detached with 

trypsin-EDTA and 10% of the cells were used for determination of transfection 

efficiencies via flow cytometric analysis. The remaining cells were used for RNA isolation 

followed by high-throughput RT qPCR with Fluidigm dynamic arrays on the BioMark 

System as described previously (Fischer et al., 2016). To consider different transfection 

efficiencies (TFE), the ΔΔCq calculation of the respective genes was adjusted using gene 

expression values of PARP1 KO cells, according to the following formula:  

𝑣𝑎𝑙𝑢𝑒𝑣𝑎𝑟𝑖𝑎𝑛𝑡  =  
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑣𝑎𝑙𝑢𝑒𝑣𝑎𝑟𝑖𝑎𝑛𝑡−(𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑣𝑎𝑙𝑢𝑒𝐾𝑂 × (1−𝑇𝐹𝐸)

𝑇𝐹𝐸
. 

For a complete list of all analyzed genes refer Suppl. Table 1. 
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4.4 Results 

4.4.1 Characterization of recombinant PARP1 variants producing PAR of 

different qualities 

To analyze the role of the heterogeneity of PAR regarding chain length and branching 

frequency in a cellular context, we looked for suitable PARP1 mutants producing PAR of 

different quality. Therefore, we purified recombinant PARP1 variants, which were 

identified by Rolli et al. in a mutagenesis screen (Rolli et al., 1997), and analyzed them in 

detail regarding their enzymatic activities and PAR qualities. Thereby, we focused on 

chain length und branching. We chose the PARP1 variants G972R, which was shown to 

produce hypobranched PAR, Y986H, which was shown to produce hyperbranched PAR 

and Y986S, which was shown to produce mainly short chains. All three point mutations 

are located within the catalytic domain of PARP1 (Suppl. Figure 9). To test their impact 

on the structure of the protein we performed differential scanning fluorimetry (DSF) 

experiments. PARP1\WT showed a melting temperature of 48°C, which is in line with 

previous data (García-Saura et al., 2018). All three variants showed a slightly reduced 

thermal stability, but PARP1\G972R and Y986S were more affected than PARP1\Y986H. 

This indicates that the introduced point mutations have slightly destabilizing effects on 

the structure of PARP1. This phenomenon was especially pronounced in the presence of 

DNA double-strand breaks (Suppl. Figure 10). For PARP1\WT we observed only a slight 

reduction of its thermal stability in the presence of DNA, but this was strongly increased 

for all three PARP1 variants. Next, we used the recombinant PARP1 proteins to produce 

and purify PAR, which was then analyzed regarding its branching frequency and chain 

length distribution. To analyze the branching frequency of the purified PAR it was 

digested to its nucleosides and the ratio of R-Ado and R2-Ado was analyzed in a mass 

spectrometric approach (Zubel et al., 2017) (Figure 27A). Indeed, PAR from 

PARP1\G972R exhibited a 28% reduction whereas the branching ratio of PAR from 

PARP1\Y986H exhibited a 16-fold increase in comparison to PAR from PARP1\WT. 

Moreover, we could show that PAR from PARP1\Y986S showed a slightly increased (1.7-

fold) branching frequency in comparison to PARP1\WT. Next, we analyzed the chain 

length distribution of the purified PAR (Figure 27C). For all three mutants we observed a 

shift towards shorter chains in comparison to WT. While PAR from PARP1\G972R still 

showed PAR of medium size, especially PAR from PARP1\Y986S showed only very short 

chains. In the cellular context not only the PAR quality, but also the enzymatic activity of 

PARP1 itself determines its functionality. Therefore, we tested the activity of the PARP1 

variants via an automodification assay using TAMRA-labelled NAD+ (Figure 27D). While 

PARP1\WT and Y986H strongly automodified themselves, which was notably increased 

upon time, the activity with regards to automodification of PARP1\G972R and Y986S was 

considerably reduced. Furthermore, PARP1\Y986S showed a slight shift in the gel 

indicating the preferential formation of short PAR chains. Additionally, we tested the 

catalytic activity via differential scanning fluorimetry (Suppl. Figure 10). The addition of 

NAD+ to PARP1\WT could rescue to some extent the reduced thermal stability observed 

in the presence of DNA indicating a loss of DNA binding by automodification.   
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Figure 27: Characterization of recombinant PARP1 variants. 

(A) Mass-spectrometric quantification of A.U.C. values from PAR-derived analytes. R2-Ado/R-Ado ratio of 

PAR generated and purified from recombinant PARP1 variants. Means ± SEM of n = 3 technical replicates. 

Statistical analysis was performed using an unpaired t-test. (B) Absolute PAR amounts generated and 

purified from 750 pmol recombinant PARP1 variants. Quantification was performed via absorbance 

measurements at 258 nm. (C) Analysis of PAR chain length distribution of PAR generated and purified from 

recombinant PARP1 variants by HPLC. 10 nmol PAR was loaded respectively. (D) Time-dependent 

automodification of recombinant PARP1 variants (0.1 µM) in the absence or presence of DNA (5 µM 

annealed EcoRI linker). PARylation was started by the addition of 100 µM TAMRA-labelled NAD+ (NAD+: 

TAMRA-NAD+ = 9:1) and analyzed by SDS-PAGE.  
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This was only slightly the case for PARP1\Y986H and almost not the case for 

PARP1\G972R and Y986S supporting the observations made in the gel assay. These 

differences in catalytic activity were further confirmed by the amounts of PAR, which 

could be purified from each recombinant PARP1 variant (Figure 27B). 

The highest amounts of PAR were purified from PARP1\WT followed by PARP1\Y986H. 

Considerable lower amounts were purified from PARP1\G972R and PARP1\Y986S. In 

summary, we found three PARP1 variants, which are all catalytically active and produce 

PAR of different chain lengths and branching frequencies. 

4.4.2 Characterization of enzymatic PAR degradation  

To analyze whether the PAR quality influences the stability of the polymer, a degradation 

assay with PARG was performed (Putt & Hergenrother, 2004). Therefore, in vitro 

produced PAR was digested for different time frames and the resulting amount of 

ADP-ribose was analyzed (Figure 28A). Here we show that hypobranched PAR, produced 

by PARP1\G972R, is degraded faster than normal PAR. In addition, also short chains as 

produced by PARP1\Y986S were digested faster. In contrast hyperbranched PAR seems 

to be degraded slightly slower, at least for the early timepoints. These results indicate, 

that indeed the PAR quality influences the stability of the polymer. 

 

Figure 28: Analysis of the degradation of PAR in vitro and in cells. 

(A) Time-dependent degradation of PAR purified from recombinant PARP1 variants by PARG. Generated 

ADP-ribose units are converted into fluorescent molecules and quantified via an ADP-ribose calibration 

curve. Background levels of ADP-ribose within the different PAR samples in the absence of PARG are 

subtracted. Means ± SEM of n = 3-4 independent experiments. Statistical analysis was performed using two-

way Anova testing with Sidak’s post-test. (B) Mass spectrometric quantification of R-Ado (black) and the 

A.U.C. R2-Ado/A.U.C. R-Ado ratio (orange) of PAR purified from HeLa WT cells after treatment with 500 µM 

H2O2 for the time indicated. Means ± SEM of n = 3 independent experiments.  
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To further analyze if the branching frequency changes during degradation, PAR form HeLa 

cells was analyzed at different timepoints after H2O2-treatment (Figure 28B). We 

observed, that the R2-Ado/R-Ado ratio strongly increased as soon as the PAR was 

degraded by catabolizing enzymes in the cells. This increase in the branching frequency 

was followed by a decrease until the basal levels of R-Ado and of the branching ratio were 

reached again. To sum up, we showed that the PAR quality indeed influences the stability 

of the polymer and that the PAR quality changes during the degradation process, as the 

linear parts were degraded first, leading to an increase in the R2-Ado/R-Ado ratio. 

4.4.3 Characterization of PARP1 variants producing PAR of different quality 

in cells 

As we were interested in the cellular consequences of different PAR quality, we ensured 

that the PARP1 variants indeed produce differently structured PAR in cells. Therefore, we 

transiently transfected HeLa PARP1 KO cells (Rank et al., 2016) with C-terminally eGFP-

tagged versions of the different PARP1 variants of interest. To obtain sufficient amounts 

of cellular PAR for qualitative analysis, we stimulated PARylation by H2O2 treatment and 

purified PAR from cell lysates. We were able to show that all transfected GFP-tagged 

PARP1 variants were catalytically active in a cellular context. As already seen in vitro, all 

three variants displayed a reduced activity, with the strongest reduction for 

PARP1\G972R (Figure 29A). The produced PAR was further analyzed with regards to the 

R2-Ado/R-Ado ratio. Mass spectrometric analysis revealed that PAR from PARP1\G972R 

showed a 36% reduced R2-Ado/R-Ado ratio, whereas the ratio is strongly enhanced for 

PAR produced by PARP1\Y986H (~11-fold). Y986S showed a slightly enhanced R2-

Ado/R-Ado ratio (~2-fold) (Figure 29B). This is perfectly in line with the R2-Ado/R-Ado 

ratios determined in vitro using the recombinant enzymes (Figure 27A). These data were 

supported by measuring PARP1’s substrate NAD+. After H2O2 treatment, the levels of 

NAD+ decrease in cells transfected with the different PARP1 variants, but the effect was 

reduced for PARP1\G972R-transfected cells (Figure 29C). To further analyze the catalytic 

activities of the PARP1 variants and the stability of the produced PAR, the time-course of 

PAR generation and degeneration was assessed, using immunofluorescence staining. The 

acquired fluorescent images were analyzed for eGFP-positive cells and PAR-staining-

derived fluorescence signals were quantified. Using the 10H antibody, which mainly 

detects linear PAR chains longer than ten subunits, we observed that PARP1 variants 

displayed a reduction in the maximum PAR production after 5 min. Additionally, 

degradation of hypobranched PAR produced by PARP1\G972R appeared to be slower 

(Figure 29D and representative images Suppl. Figure 11). As the in vitro data showed that 

most of the variants produce mainly short chains, the experiment was repeated using the 

LP96 antibody, which can also detect short PAR chains. Thereby, we were able to show 

that the maximum peak of PAR after 5 min is indeed only slightly reduced for the 

PARP1\G972R and the PARP1\Y986S variant (Figure 29E and representative images 

Suppl. Figure 12). Hence, we can assume that these variants produce mainly short 

(PARP1\Y986S) or hyperbranched (PARP1\Y986H) PAR-chains, which the 10H antibody 

can hardly detect. This is perfectly in line with the results for the PAR quality in vitro. In 

summary, we can conclude that the chosen PARP1 variants are active and produce either 

very short (PARP1\Y986S), short and hypobranched (PARP1\G972R) or short and 
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hyperbranched polymer (PARP1\Y986H) in cells and thus are suitable to analyze cellular 

consequences of different PAR quality.  

 

Figure 29: Characterization of the PAR quality of PAR produced by the different PARP1 variants. 

(A) Mass-spectrometric quantification of R-Ado in HeLa PARP1 KO cells reconstituted with the different 

PARP1 variants after treatment with 500 µM H2O2 for 5 min. Means ± SEM of n = 3-8 independent 

experiments, each normalized to PARP1\WT. Statistical analysis was performed using an unpaired t-test. 

(B) Mass-spectrometric quantification of A.U.C. values from PAR-derived analytes. R2-Ado/R-Ado ratio of 

purified PAR from HeLa PARP1 KO cells reconstituted with the different PARP1 variants after induction of 

PAR synthesis by treatment of the cells with 500 µM H2O2 for 5 min. Means ± SEM of n = 3-8 independent 

experiments. Statistical analysis was performed using an unpaired t-test. (C) Intracellular NAD+ levels in 

HeLa PARP1 KO cells reconstituted with different PARP1 variants with and without treatment with H2O2 

(concentrations as indicated) for 7 min as measured by an enzymatic NAD+ cycling assay. Means ± SEM of 

n = 3-4 independent experiments. Statistical analysis was performed using a paired t-test. (D) Single-cell 

immuno-epifluorescence analysis of PAR-synthesis with the 10H antibody in HeLa PARP1 KO cells 

reconstituted with different PARP1 variants. Densitometric quantification of epifluorescence imaging data 

using a KNIME workflow. Means ± SEM of n = 3 independent experiments. (E) Single-cell immuno-

epifluorescence analysis of PAR-synthesis with LP96 antibody in HeLa PARP1 KO cells reconstituted with 

different PARP1 variants. Densitometric quantification of epifluorescence imaging data using a KNIME 

workflow. Means ± SEM of n = 3 independent experiments.  
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4.4.4 Impact of PAR quality on basal cellular processes 

PARP1 is involved in many cellular processes like cell cycle regulation, apoptosis and DNA 

damage repair. To determine the role of PAR-structure in these processes, we used HeLa 

PARP1 KO cells for transfection with the different PARP1 variants. First, a clonogenic 

survival assay was conducted. This assay provides a very sensitive readout for the ability 

of single cells to attach to cell culture plates and form colonies. The colony formation 

requires important cellular processes like attachment, cell proliferation and viability, thus 

giving a general overview if the PAR quality influences the health of the transfected cells 

(Rafehi et al., 2011). Indeed, we observed that PARP1\G972R-transfected cells produced 

only half as much colonies as PARP1\WT cells. This indicates that hypobranched PAR 

negatively influences either attachment, cell proliferation or cell viability. In contrast, cells 

producing hyperbranched PAR by the PARP1\Y986H variant displayed more colonies 

compared to PARP1\WT-transfected cells (Figure 30A), revealing that hyperbranching is 

beneficial for the cells in that case. To analyze in detail, which processes are affected by 

the PAR quality, we first measured cell proliferation, using cell trace violet and flow 

cytometric analysis. Thereby, we could show that cell growth is delayed in PARP1\G972R- 

and mildly slowed down in PARP1\Y986S-transfected cells. In contrast, cells with the 

PARP1\Y986H variant displayed normal cell growth compared to cells transfected with 

PARP1\WT (Figure 30B). This indicates that short and hypobranched PAR leads to a delay 

in cell growth, whereas hyperbranched PAR does not influence cell proliferation. The 

slower proliferation observed for PARP1\G972R- and PARP1\Y986S-transfected cells 

could be the result of a deregulated cell cycle. Thus, classical PI staining was performed to 

analyze the cell cycle profile of HeLa PARP1 KO cells reconstituted with the different 

PARP1 variants. The FACS-analysis revealed that PARP1\G972R-transfected cells were 

indeed slightly arrested in G2 phase of the cell cycle (Figure 30C). Again, hyperbranched 

PAR as present in cells transfected with PARP1\Y986H did not change the cell cycle 

profile. Important to mention is that not only the observed G2 arrest and the slower 

proliferation, but also increased apoptosis rates can be responsible for the strongly 

reduced colony formation. Thus, we analyzed cell viability of healthy cultures of 

transfected cells using Annexin V/PI staining. This revealed that cells having only short 

and hypobranched PAR, produced by the PARP1\G972R variant, have a strongly reduced 

viability and enhanced levels of apoptosis and necrosis. In contrast, cells having short, 

hyperbranched or normal PAR (PARP1\WT, PARP1\Y986S or PARP1\Y986H) showed 

normal viability and only very low levels of apoptotic and necrotic cells (Figure 30D). The 

reduced viability observed for cells transfected with PARP1\G972R could be directly 

linked to the production of short and hypobranched PAR chains as inhibition of PAR-

production by the PARP1-inhibitor ABT888 restored normal rates of apoptosis and 

necrosis (Figure 30D). In summary, these results revealed that the PAR quality indeed 

influences cell cycle regulation, cell growth and viability. Especially short and 

hypobranched PAR negatively affects these processes, leading to impaired cellular 

physiology, whereas hyperbranched PAR provides slight benefits in comparison to 

normal PAR produced by PARP1\WT. 
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Figure 30: Cellular consequences caused by expression of PAPRP1 mutants producing PAR of 

different quality. 

(A) Colony formation assay of HeLa PARP1 KO cells reconstituted with different PARP1 variants. After 

transfection, cells were sorted, 100 GFP-positive cells were plated and cultivated for 7 days prior to colony 

counting. Means ± SEM of n = 3 independent experiments. Statistical analysis was performed using two-way 

ANOVA testing and Bonferroni’s post-test. (B) Cell proliferation assay of HeLa PARP1 KO cells reconstituted 

with different PARP1 variants, analyzed using cell trace violet and subsequent flow cytometric analysis. 

Means ± SEM of n = 3 independent experiments. (C) Cell cycle analysis of HeLa PARP1 KO cells reconstituted 

with different PARP1 variants via PI staining and subsequent flow cytometric analysis. Means ± SEM of n = 4 

independent experiments. Statistical analysis was performed using one-way ANOVA testing and 

Bonferroni’s post-test. (D) Cytotoxicity analysis via Annexin V/PI staining and subsequent flow cytometric 

analysis of cells before and after treatment with 10 µM ABT888. Means ± SEM of n = 6 independent 

experiments for untreated and means ± SEM of n = 2 independent experiments for ABT888 treated cells. 

Statistical analysis was performed using two-way ANOVA testing with Bonferroni’s post-test.  

4.4.5 Impact of PAR quality on the DNA damage response 

Besides basal cellular processes, PARP1 is involved in a variety of DNA stress responses. 

Thus, it is of great interest to investigate, whether the PAR quality plays a role in the 

context of DNA repair. To analyze, whether the cells can tolerate oxidative stress, a colony 

formation assay was performed after H2O2 treatment. This very sensitive assay revealed 

that for all, with PARP1 variants reconstituted HeLa PARP1 KO cells, the lowest dose of 

1 µM H2O2 seemed to be beneficial. Higher doses showed a strong toxicity, especially for 

cells transfected with PARP1\G972R. These cells could only form short hypobranched 

PAR chains and are thus hardly capable to form colonies after treatment with 5 µM H2O2 

(Figure 31A). Cells having short but branched polymer, produced by PARP1\Y986S, 

display more viable cells and are at least partially able to form colonies.  
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Figure 31: Cellular consequences of genotoxic stress in cells producing PAR of different quality. 

(A) Colony formation assay of HeLa PARP1 KO cells reconstituted with different PARP1 variants. After 

transfection cells were sorted, 100 GFP-positive cells were plated and cultivated for 7 days prior to colony 

counting. Means ± SEM of n = 3 independent experiments. Statistical analysis was performed using two-way 

ANOVA testing and Bonferroni’s post-test. (B) Cytotoxicity analysis via Annexin V/PI staining and 

subsequent flow cytometric analysis. Results were normalized to untreated controls. Means ± SEM of n = 4 

independent experiments. (C) Cytotoxicity analysis via Annexin V/PI staining and subsequent flow 

cytometric analysis. Means ± SEM of n = 4 independent experiments. Statistical analysis was performed 

using two-way ANOVA testing with Bonferroni’s post-test. (D) Cell cycle analysis of HeLa PARP1 KO cells 

reconstituted with different PARP1 variants via PI staining and subsequent flow cytometric analysis. Means 

± SEM of n = 4 independent experiments. Statistical analysis was performed using one-way ANOVA testing 

and Bonferroni’s post-test. 

Cells transfected with PARP1\Y986H, having short but hyperbranched PAR, form almost 

as much colonies after oxidative stress as cells transfected with PARP1\WT. However, we 

were further interested if this effect is specific for oxidative base lesions or if it could also 

be observed after replicative stress caused by camptothecin (CPT) treatment. Again, cells 

transfected with PARP1\G972R completely failed to handle even the lowest dose of 1 µM 

CPT, showing strongly enhanced levels of apoptosis and necrosis, while PARP1\WT and 

PARP1\Y986H show only a 30% reduction in viability. Likewise, PARP1\Y986S-

reconstituted cells also showed reduced viability compared to PARP1\WT-transfected 

cells, but not as strong as observed for PARP1\G972R-transfected cells (Figure 31C). 
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Normalization of the results to untreated controls revealed that not only the reduced 

basal viability is responsible for the strongly reduced viability of the PARP1\G972R-

transfected cells after CPT treatment, but there is an additional reduction due to 

sensitization to replicative stress (Figure 31B). This effect could be completely rescued by 

pre-treatment with the PARP-inhibitor ABT888 (Suppl. Figure 13). This indicates, that 

even no PAR does not affect the phenotype of cells as strong as hypobranched PAR. If DNA 

lesions are not repaired fast enough, cells can arrest their cell cycle to prevent further 

replication-associated damage, the passing on of lesions, and thus the accumulation of 

mutations. Therefore, we investigated cell cycle profiles after replicative stress induced 

by CPT treatment. For all cells transfected with the different PARP1 variants, we observed 

that after CPT treatment, cells undergo a G2 arrest (Figure 31D), thus giving time for the 

DNA damage response and the repair of lesions. Again, the effect was strongest for 

PARP1\G972R- and PARP1\Y986S-transfected cells, which already showed the strongest 

sensitization towards genotoxic stress. To sum up, we could show that the PAR quality 

indeed influenced cellular physiology upon induction of genotoxic stress. Short and 

hypobranched polymer impaired cell physiology, thus leading to cell cycle arrest, 

apoptosis and necrosis after oxidative or replicative stress. 

4.4.6 Recruitment of PARP1 and downstream factors to sites of DNA damage 

Since we were able to show that the PAR quality strongly influences cell viability and cell 

cycle progression after DNA damage, we hypothesized that the recruitment of PARP1 to 

the site of the lesion might already be affected, as this recruitment process is known to be 

PAR-dependent (Mortusewicz et al., 2007; Rank et al., 2016). To test this hypothesis, we 

analyzed the recruitment of the PARP1 variants to sites of laser-induced DNA damage. 

PARP1\WT showed a fast recruitment with a peak after 50 s followed by a relatively fast 

dissociation. For PARP1\Y986H the maximal recruitment was lower, but with similar 

kinetics than for the WT enzyme. In contrast, dissociation of the PARP1\G972R was 

strongly affected as almost no dissociation was noticeable during the 400 s observation 

period. The electrostatic repulsion from the DNA caused by the PARP1 automodification 

seems to be too weak in case of short and hypobranched chains to trigger the normal 

dissociation process. The same holds true for the PARP1\Y986S variant which showed a 

similar dissociation curve than PARP1\G972R, but in addition the maximal recruitment 

was strongly reduced (Figure 32A and B). As recruitment to sites of DNA damage is a two-

step process with initial DNA damage detection, followed by automodification and further 

recruitment of additional PARP1 molecules (Mortusewicz et al., 2007), this second step 

appeared to be strongly affected by short PAR-chains produced by PARP1\Y986S. After 

the recruitment and auto-PARylation of PARP1 at the lesion sites, PARP1 is responsible 

for the recruitment of downstream factors required for the repair. One process PARP1 is 

involved in, is the translocation of XRCC1 from nucleoli to the nucleoplasm in response to 

oxidative stress (Veith et al., manuscript in preparation).To determine, whether this 

process is dependent on the PAR quality, we analyzed immunofluorescence staining’s for 

the translocation of XRCC1 from nucleoli to the nucleoplasm. In PARP1\WT-reconstituted 

cells, XRCC1 is released from nucleoli in response to H2O2-treatment. The same effect 

could be observed for both, PARP1\Y986H and PARP1\Y986S, producing either 

hyperbranched or short PAR-polymers (Figure 33A and B). 
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Figure 32: Consequences of PAR quality on the PARP1 recruitment. 

(A) Recruitment of the different PARP1 variants to sites of laser-induced DNA damage in reconstituted HeLa 

PARP1 KO cells. For each PARP1 variant representative images for different time points are shown. 

(B) Densitometric quantification of imaging data. Means ± SEM of n = 3 independent experiments, ≥ 10 cells 

were analyzed per experiment and PARP1 variant. Statistical analysis was performed using two-way 

ANOVA testing and Bonferroni’s post-test.  

For PARP1\G972R, which produces short and hypobranched PAR, the process is 

impaired. Noteworthy, we also analyzed the XRCC1 translocation in cells transfected with 

a PARP1 variant producing only mono-ADP-ribosylation. In these cells we still observe a 

partial translocation of XRCC1 although PAR is completely missing. Only loss of the 

protein as in HeLa PARP1 KO cells could completely abolish the translocation (Veith et al., 

manuscript in preparation). This leads as to the assumption that auto-PARylated PARP1 

might act as a carrier for XRCC1, as it has recently been shown for other proteins like p53 

(Fischbach et al., 2018) and thus the quality of the automodification is important for the 

complete translocation of XRCC1. 



Chapter 4: Poly(ADP-ribose) chain length and branching are essential for cellular 
physiology and stress response 

95 

 

Figure 33: Consequences of different PAR quality on the XRCC1 translocation from nucleoli to the 

nucleoplasm. 

(A and B) Single-cell immunofluorescence analysis of XRCC1 translocation from nucleoli to the nucleoplasm 

in untreated (A) or H2O2 treated (B) HeLa PARP1 KO cells reconstituted with different PARP1 variants. For 

each PARP1 variant and condition representative pictures are shown. (C) Densitometric quantification of 

confocal imaging data using a KNIME workflow. Means ± SEM of n = 4 independent experiments.  
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To sum up, the PAR quality, especially chain length and branching frequency, indeed 

strongly influences the recruitment of PARP1 to sites of laser-induced DNA damage. This 

impaired recruitment and the altered automodification then lead to severe downstream 

effects in the DNA damage response pathways, which could explain the impaired 

proliferation and reduced viability observed for cells reconstituted with PARP1\G972R. 

4.4.7 Impact of the PAR quality on the gene expression profiles of genes 

related to genomic stability 

Having the distinct phenotypes of cells producing PAR of different quality, we 

hypothesized that these effects become apparent in altered gene expression profiles of 

genes responsible for genomic stability, cell death and proliferation. As PARP1 is known 

to be involved in the regulation of transcription, we analyzed a set of 75 genes using high-

throughput qPCR reactions with Fluidigm dynamic arrays. We indeed observed slight 

changes in the expression profiles for cells reconstituted with the different PARP1 

variants in comparison to PARP1\WT-transfected cells. For cells producing 

hyperbranched PAR, most altered genes are only slightly downregulated (fold 

regulation < 1.5). The strongest changes could be observed for growth factors like EGFR 

and VEGFA (Figure 34A). In contrast, for cells reconstituted with PARP1\G972R, most 

altered genes are upregulated. Interestingly, especially the expression of genes regulating 

apoptosis like BCL2L1 and PMAIP1, cell cycle inhibitors like TP53 and PMAIP1 and DNA 

damage repair genes was increased (Figure 34B). This is perfectly in line with the 

observed cellular phenotype, showing a reduced proliferation caused by a G2 arrest and 

increased rates of apoptosis and necrosis. In comparison, cells reconstituted with 

PARP1\Y986S showed hardly any changes in their expression profile (Figure 34C), 

indicating that the observed effects for PARP1\G972R-reconstituted cells are indeed 

caused by the hypobranching of the PAR-chains and not only by the chain length as both 

variants produce rather short PAR-chains. As cells transfected with PARP1\E988K could 

only produce mono-ADP-ribosylation and thus display a strong cellular phenotype (Rank 

et al., 2016) the gene expression profile was analyzed. Like for PARP1\G972R-transfected 

cells an upregulation of genes controlling apoptosis, cell cycle and DNA repair was 

observed (Figure 34D). In summary, we can conclude that after reconstitution of HeLa 

PARP1 KO cells with the different PARP1 variants the gene expression profile indeed 

changed. Especially for cells having only hypobranched PAR (PAPR1\G972R-

reconstituted) the changes in the gene expression profile directly mirror the observed 

cellular phenotype. 

4.4.8 Tissue and age-specific basal PAR levels and branching ratios 

To further elucidate the possibility of a so called “PAR-code”, we analyzed, whether 

different mouse organs produce PAR of different quality. Therefore, necropsies were 

performed on three-month-old B6 mice, 12 organs were harvested and PAR was purified 

from the tissues. Quantitative analysis by isotope dilution mass spectrometry revealed 

that the amount of PAR is strongly tissue-dependent. Especially skin, but also muscle, 

stomach and brain exhibited high PAR levels. In contrast, spleen, lung, small intestine, 

testis and colon revealed very low PAR amounts (Figure 35A). To examine if equivalent 

difference might occur in human tissues, we used cell lines derived from different tissues 
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and analyzed the PAR-forming capacity. Indeed, immortalized non-tumorigenic human 

epidermal cells (HaCaT), showed significantly higher levels of PAR compared to human 

embryonic kidney cells (Hek293), liver hepatocellular cells (HepG2) and 

adenocarcinomic human alveolar basal epithelial cells (A549). This is in line with the 

strong PAR formation observed in the skin of mice (Suppl. Figure 14C and D).  

 

Figure 34: Volcano plots indicating differences in gene expression levels. 

The volcano plots show the magnitude (fold regulation, x-axis) and the significance (-log10 p-value, y-axis) 

of gene expression changes between HeLa Kyoto PARP1 KO cells reconstituted with the respective PARP1 

variant ((A) PARP1\Y986H, (B) PARP1\G972R, (C) PARP1\Y986S and (D) PARP1\E988K) compared to 

cells reconstituted with PARP1\WT. Horizontal lines indicate the statistical significance threshold (p≥0.05, 

independent samples t-test, n = 3 independent experiments); vertical lines indicate no change in gene 

expression. Genes that are differentially expressed at a significant level are labelled with the corresponding 

names. All genes included in the analysis are listed in Suppl. Table 1. 

Analysis of the branching ratios displayed that the PAR quality indeed differs between 

different organs. Notably, colon and stomach had significantly higher R2-Ado/R-Ado 

ratios than all other organs, which showed similar ratios (Figure 35B). To further analyze 

if the PAR quality is age-dependent, we analyzed PAR purified from organs harvested 

from twelve-to-fifteen-month-old mice. While the amount of total PAR is reduced in older 

mice, the distribution between the different organs remained comparable between young 

and old animals although the differences are less pronounced (Figure 35C and E). 

Moreover, we observed that PAR purified from organs from older mice was less branched, 

and although colon and stomach still show the highest R2-Ado/R-Ado ratios the effect was 

much less pronounced than in young mice (Figure 35D and F). From these data, we can 

conclude that basal PAR levels and PAR qualities are indeed dependent on the kind of 



Chapter 4: Poly(ADP-ribose) chain length and branching are essential for cellular 
physiology and stress response 

98 

tissue and the age of the mice. Thus, showing that PAR quality might indeed play an 

important role in the aging process and in the organ/tissue functionality. 

 

Figure 35: Characterization of the PAR quality of PAR purified from different mouse organs. 

(A) Mass-spectrometric analysis of PAR-amounts purified from mouse tissue of three-month-old mice. 

Means ± SEM of n = 3 independent mice. Statistical analysis was performed using one-way ANOVA testing 

and Bonferroni’s post-test. (B) Mass-spectrometric analysis of the A.U.C. of different PAR-derived analytes. 

R2-Ado/R-Ado ratio of purified PAR from mouse tissue of three-month-old mice. Means ± SEM of n = 3 

independent mice. Statistical analysis was performed using one-way ANOVA testing and Bonferroni’s post-

test. (C) Mass-spectrometric analysis of PAR-amounts purified from mouse tissue of twelve-to-fifteen-

month-old mice. Means ± SEM of n = 4 independent mice. Statistical analysis was performed using one-way 

ANOVA testing and Bonferroni’s post-test. (D) Mass-spectrometric analysis of the A.U.C. R2-Ado/A.U.C. R-

Ado of purified PAR from mouse tissue of twelve-to fifteen-month-old mice. Means ± SEM of n = 4 

independent mice. Statistical analysis was performed using one-way ANOVA testing and Bonferroni’s post-

test. (E) Correlation between the PAR amounts of 3- and 12-15-month-old mice. Negative values indicate a 

reduction of the PAR amount during aging. (F) Correlation between the A.U.C. R2-Ado/A.U.C. R-Ado ratio of 

3- and 12-15-monuth-old mice. Negative values indicate a reduction in the branching ratio during aging.  
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4.5 Discussion 

Although PARP1 and PARylation are generally well characterized and their importance 

especially with regards to cancer and DNA repair is widely accepted, little is known about 

the functions of PAR quality. Only very few publications are available, analyzing the 

function of PAR chain length and branching ratio (Fahrer et al., 2007; Panzeter et al., 

1992). Despite that, the cellular consequences of PAR of different quality remain elusive. 

Knowledge from other posttranslational modifications like the ubiquitin-system shows 

that a ubiquitin code exists. Here, mono-ubiquitination as well as poly-ubiquitination with 

different branches exist, showing distinct functions dependent on the structure (Kwon & 

Ciechanover, 2017). These findings indicate that the structure of a posttranslational 

modification could certainly determine its function, making the hypothesis of a PAR-code 

likely. Thus, we set out to characterize the functions of chain length and branching in 

detail, both in a cellular system as well as in an organismic context. To this end, we used 

a HeLa PARP1 KO cell system reconstituted with different PARP1 variants. Thereby, we 

could exclude that interference of endogenous PARP1\WT influences the experimental 

results (Rank et al., 2016).  

To investigate the role of PAR quality, PARP1 variants were chosen on the basis of a site-

directed mutagenesis screen by Rolli et al. (Rolli et al., 1997). Their data suggest that the 

point mutations in the catalytic domain of PARP1 alter the ability to produce long or 

branched chains. To confirm their results, the PARP1 variants were purified from E. coli 

and the activity, the chain length and the branching frequency were determined. As 

published by Rolli et al., we were able to show that the different mutations indeed 

influence PAR quality. Although the mutations slightly affect protein stability and DNA 

binding ability they seem to be suitable to analyze the role of chain length and branching 

(Suppl. Figure 10). However, at that point we cannot completely exclude that the protein 

structure influences PARP1-functions.  

As previous publications suggest that the turnover of the polymer is determined by the 

branching frequency (Althaus, 1992; Realini & Althaus, 1992), the degradation of PAR of 

different quality was analyzed. Althaus and colleagues suggested that the histone binding 

is responsible for the greater stability of branched PAR (Althaus, 1992). Here, we 

observed that hypobranched PAR is less stable than normal PAR, although no histones are 

present in our experimental conditions. In addition, Hatakeyama et al. suggested a fast 

digestion of large polymers into small ones, while the degradation of short polymers was 

rather slow (Hatakeyama et al., 1986). In contrast, our assay showed that short polymers 

produced by the PARP1\Y986S are degraded faster than normal PAR. As the PARG assay 

was rather straight-forward and did not take the context of interaction partners and other 

catabolizing enzymes into account, we analyzed degradation of PAR in HeLa cells. These 

results demonstrated that the branching frequency increased during degradation, again 

suggesting that linear parts are degraded easier. Taken together, these data show that the 

PAR-degrading enzymes, especially PARG, prefer short and linear PAR, independent of 

the presence of histones.  

As we were able to show that the branching frequency changes at least during the 

degradation process and thus could have distinct cellular functions, we analyzed whether 

our PAPR1 variants produce PAR of different quality in a cellular context. As expected, we 
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showed that the activity and PAR quality are influenced by the specific point mutations. 

The observed effects were perfectly in line with our in vitro data and the characteristics 

published by Rolli et al., thus making the PARP1 variants a suitable tool to study the effects 

of altered PAR quality in a cellular context. Functional analyses revealed that cells 

expressing the PARP1\G972R variant, thus having hypobranched PAR, grow slower, form 

less colonies, exhibit a G2/M-arrest and exhibit enhanced cell death. As HeLa PARP1 KO 

cells display a normal viability and a similar cell cycle profile than HeLa WT cells (Rank et 

al., 2016), the observed effects for PARP1\G972R can be attributed to the hypobranched 

PAR. Hence, we can conclude that for basal cellular processes, hypobranched PAR is 

detrimental and even the loss of PARP1 and thereby the loss of the major PAR production 

could be easier tolerated by the cells than hypobranched PAR.  

A plethora of articles from PARP1 KO mice, cell culture models and from pharmacological 

inhibition of PARP1 describe that loss of PARP1 leads to sensitization towards genotoxic 

stress (Gibbs-Seymour et al., 2016; Ménissier de Murcia et al., 2003; Ronson et al., 2018; 

Godon et al., 2008). Thus, we analyzed whether the PAR quality could already influence 

the ability of cells to respond to genotoxic stress. We showed that PARP1\G972R-

transfected cells, which can only produce short and hypobranched PAR, were much more 

sensitive towards genotoxic stress then PARP1\WT-transfected cells. In addition, short 

polymer producing, PARP1\Y986S-transfected cells were sensitized towards the 

treatment as well but less severe than PARP1\G972R-transfected cells. In contrast, cells 

which were able to produce short but hyperbranched PAR after the transfection with 

PARP1\Y986H, behave similar than PARP1\WT-transfected ones (ref. Figure 31). So far, 

it has been shown, that loss of PARP1 leads to a stronger induction of the G2 checkpoint 

due to over-activated Chk1 after ionizing radiation (Lu et al., 2006) and to an G2/M-arrest 

after genotoxic stress in general (Bai, 2015). Here, we were able to show that not only the 

loss of PARP1 but also the PAR quality could induce a strong G2/M-arrest after genotoxic 

stress. One possible explanation is that the recruitment of PARP1 itself is altered, but also 

the recruitment of downstream repair factors. Previous results from our lab showed that 

XPA preferentially interacts with long polymer chains and p53 is able to form different 

complexes dependent on the chain length (Fahrer et al., 2007; Fischer et al., 2014) This 

could lead to impaired DNA-repair and could thus explain the strong induction of cell 

death after treatment with CPT in cells which could just produce short or hypobranched 

PAR. Our data further indicate that higher branching frequencies can compensate for 

short chains, as PARP1\Y986H-transfected cells were not sensitized towards the 

genotoxic stress, although they produce shorter chains than PARP1\WT-transfected cells. 

The hypothesis that the altered PAR quality leads to defects in DNA repair is further 

supported by the fact that the recruitment of PARP1\G972R and of PARP1\Y986S is 

strongly impaired. For PARP1\G972R we observed a strong persistence at the DNA and 

impaired dissociation. This is further supported by the notion that PARP1\Y986S, which 

also produces short chains, shows a similar dissociation defect as PAPR1\G972R. Again, 

hyperbranching seems to be able to rescue the effects caused by the short and 

hypobranched PAR chains, as PARP1\Y986H shows an almost normal recruitment and 

dissociation. Together with the results from the cytotoxicity and cell cycle analysis, these 

data would allow the speculation that the effects could be attributed to trapping of 

PARP1\G972R and PARP1\Y986S to the site of DNA damage, therefore leading to a 
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manifestation of the damage (Murai et al., 2012). In addition, we previously published that 

the PARP1\E988K variant, which produces mono-ADP-ribose, shows a similar 

recruitment pattern as PARP1\G972R (Rank et al., 2016). This further supports the 

observation that indeed not only the loss of PARP1 but also the PAR quality strongly 

influences the recruitment of PARP1 to sites of DNA damage.  

As automodified PARP1 serves as a platform for the recruitment of downstream DNA 

repair factors (Ko & Ren, 2012), it stands to reason that the altered recruitment of PARP1 

itself leads to defects in the orchestration of downstream repair processes. As XRCC1 

recruitment to sites of DNA damage is strongly PARP1 and PAR-dependent (Okano et al., 

2003), we analyzed this process with regards to the role of the PAR quality. Previous 

experiments of our group showed that the translocation of PARP1 from nuclei to the 

nucleoplasm is completely abolished in the absence of PARP1 and strongly reduced if the 

cells are reconstituted with a PARP1 variant producing MARylation (Veith et al., 

manuscript in preparation). Here, we were able to show that PAR quality influences the 

translocation of XRCC1 as well, as the translocation is strongly impaired in 

PARP1\G972R-transfected cells. This would perfectly explain the observation that 

PARP1\G972R-transfected cells show stronger induction of a G2/M-arrest and of 

apoptosis and necrosis after DNA damage, as the impaired recruitment of PARP1 and 

XRCC1 prevent a successful repair of the lesions. 

Not only is PARP1 directly involved in the repair, but also in the regulation of 

transcription. To investigate whether the protein itself is sufficient or whether the PAR 

quality might also cause changes in the expression profile of the cells, Fluidigm analyses 

were performed. We could show that especially the expression of genes involved in DNA 

damage repair, cell cycle and cell death are altered in cells expressing PARP1\G972R. At 

that point, we would hypothesize that the changes in the expression are not directly 

caused by PARP1-dependent transcription but rather by the impaired DNA repair.  

Finally, we showed that changes in the branching frequency are not only a result of 

polymer degradation but occur naturally in different organs. So far, nothing is known 

about the branching ratio in different tissues. Here, we demonstrate that colon and 

stomach exhibit high R2-Ado/R-Ado ratios thus having highly branched PAR. As our 

cellular experiments show that hyperbranching might be beneficial for cell survival and 

the response to genotoxic stress, this might be the reason why these cells have 

hyperbranched PAR. Due to nutrition uptake which can contain potential genotoxins and 

the acidic pH required for digestion, the cells in the stomach and intestine are constantly 

exposed to DNA damage and require an efficient repair system. In addition, skin which is 

constantly exposed to UV-irradiation, shows strongly enhanced R-Ado levels compared to 

other organs. Both mechanisms, hyperbranching as well as the higher activity, could 

protect the cells from acquiring mutations and becoming malignant. During the aging 

process, the total amount of produced PAR decreases in most of the organs. This could 

give a hint that not only the maximal lifespan (Grube & Bürkle, 1992), but also the aging 

process corelates with PARP1 activity.  

In conclusion, this study revealed that different PAR qualities are observed in different 

organs or as result of degradation of the polymer. We further used PARP1 variants 

producing PAR of different quality to show that branching frequency and chain length 

directly influence cellular processes and the response to genotoxic stress.  Especially 
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hypobranched PAR, but also short chains, affect cellular physiology. In contrast, 

hyperbranching seems to slightly increase at least the plating efficiency and could 

compensate the harmful effects caused by the short chains. To conclude, this study 

showed for the first time that branching is not just an accidental by-product of polymer 

formation but has distinct functions.  
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4.6 Supplementary material 

4.6.1 Supplementary Figures 

 

Suppl. Figure 9: Structure of PARP1 and PAR. 

(A) Structure of human PARP1 catalytic domain (PDB code 5WRQ). Amino acids substituted in the studied 

variants are highlighted in red and green. (B) Synthesis of poly(ADP-ribose) from NAD+ and modification of 

target proteins. The different cleavage sites and the corresponding PAR-degrading enzymes are indicated.  
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Suppl. Figure 10: Stability of the different PARP1 variants. 

Impact of DNA binding and automodification on the thermal stability of different PARP1 variants analyzed 

by DSF. 0.1 mg/ml of each PARP1 variant was incubated for 20 min in the presence or absence of DNA 

(5 µM) and/or NAD+ (100 µM) before thermal denaturation.  
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Suppl. Figure 11: Time course of PAR-formation after H2O2 treatment. 

HeLa PARP1 KO cells were reconstituted with different PARP1 variants and treated with 250 µM H2O2. 

Different timepoints (as indicated) were fixed and PAR-formation was analyzed by immunochemical 

staining using the 10H antibody. Representative pictures of n = 3 independent experiments are displayed.  
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Suppl. Figure 12: Time course of PAR-formation after H2O2 treatment. 

HeLa PARP1 KO cells were reconstituted with different PARP1 variants and treated with 250 µM H2O2. 

Different timepoints (as indicated) were fixed and PAR-formation was analyzed by immunochemical 

staining using the LP96 antibody. Representative pictures of n = 3 independent experiments are displayed.  
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Suppl. Figure 13: Viability of PARP1-transfected cells after CPT treatment. 

Cytotoxicity analysis via Annexin V/PI staining and subsequent flow cytometric analysis of cells before and 

after treatment with camptothecin (concentrations as indicated) and with or without 10 µM ABT888. Means 

± SEM of n = 2 independent experiments.  



Chapter 4: Poly(ADP-ribose) chain length and branching are essential for cellular 
physiology and stress response 

108 

 

Suppl. Figure 14: Correlation of the branching frequency and PAR amount and characterization of 

PAR from different cell lines. 

(A) Correlation of PAR amounts with the R2-Ado/R-Ado ratio of 3-month-old mice to test whether the 

amount of produced PAR and the branching ratio are connected. Means ± SEM of n = 3-4 independent mice. 

(B) Correlation of PAR amounts with the R2-Ado/R-Ado ratio of 12-15-month-old mice to test whether the 

amount of produced PAR and the branching ratio are connected. Means ± SEM of n = 3-4 independent mice. 

(C) Quantification of basal and H2O2- induced PAR amount in different cell lines as measured using LC-

MS/MS analysis. Means ± SEM of n = 3 independent experiments Statistical analysis was performed using 

two-way ANOVA testing and Bonferroni’s post-test. (D) Quantification of the basal or H2O2-induced A.U.C. 

values from PAR-derived analytes. R2-Ado/R-Ado ratio of PAR samples from different cell lines as measured 

using LC-MS/MS analysis. Means ± SEM of n = 3 independent experiments Statistical analysis was 

performed using two-way ANOVA testing and Bonferroni’s post-test. 
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4.6.2 Supplementary Tables 

Suppl. Table 1: List of analyzed genes during high-throughput RT qPCR. 

Trans-

cription 

factors 

DNA damage 

response 

and repair 

Apoptosis Prolifera-

tion and cell 

cycle control 

Oxidative 

stress 

response 

Xenobiotic 

metabo-

lism 

BTRC APEX1 APAF1 CCND1 CAT ABCC1 

JUN ATM BAX CDKN1A FTH1 CYP1A1 

KEAP1 ATR BBC3 CDKN1B G6PD EPHX1 

MAP3K5 BRAC1/2 BCL2 CDKN2B GCLC NAT1 

MDM2 DDB1/2 BCL2L1 E2F1 GSR NQO1 

NFE2L2 DDIT3 PMAIP1 EGFR HMOX1 SULT1A 

NFKB1 ERCC1/2 TNFRSF10B MYC HSPA1A UGT1A 

NFKB2 ERCC4/5 XIAP PLK3 MT1X 
 

NFKB1A GADD45A 
 

PPM1D MT2A 
 

TP53 LIG1/3 
 

SIRT2 PRDX1 
 

SLC30A1 MLH1 
  

SOD1 
 

VEGFA MSH2 
  

SOD2 
 

 
OGG1 

  
TFRC 

 

 
PARP1 

  
TXN1 

 

 
PCNA 

  
TXNRD1 

 

 
POLB 

    

 
POLD1 

    

 
RAD50/51 

    

 
RRM2B 

    

 
XPA/XPC 

    

 
XRCC5 
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5.1 Abstract 

The post-translational modification poly(ADP-ribosyl)ation (PARylation) plays key roles 

in genome maintenance and transcription. Both non-covalent poly(ADP-ribose) binding 

and covalent PARylation control protein functions, however, it is unknown how the two 

modes of modification crosstalk mechanistically. Employing the tumor suppressor p53 as 

a model substrate, this study provides detailed insights into the interplay between non-

covalent and covalent PARylation and unravels its functional significance in the regulation 

of p53. We reveal that the multifunctional C-terminal domain (CTD) of p53 acts as the 

central hub in the PARylation-dependent regulation of p53. Specifically, p53 bound to 

auto-PARylated PARP1 via highly specific non–covalent PAR-CTD interaction, which 

conveyed target specificity for its covalent PARylation by PARP1. Strikingly, fusing the 

p53-CTD to a protein that is normally not PARylated, renders this a target for covalent 

PARylation as well. Functional studies revealed that the p53–PAR interaction had 

substantial implications on molecular and cellular levels. Thus, PAR significantly 

influenced the complex p53–DNA binding properties and controlled p53 functions, with 

major implications on the p53-dependent interactome, transcription, and replication-

associated recombination. Remarkably, this mechanism potentially also applies to other 

PARylation targets, since a bioinformatics analysis revealed that CTD-like regions are 

highly enriched in the PARylated proteome. 
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5.2 Introduction 

Genotoxic stress constantly harms mammalian cells and contributes to severe 

pathological states, such as cancer, aging, and neurodegenerative diseases. To ensure 

genome integrity and physiological homeostasis throughout the lifetime of an organism, 

multiple DNA damage response and repair mechanisms have evolved during evolution. In 

mammals, two key players in these processes are the ‘caretaker of the genome‘ poly(ADP-

ribose) polymerase 1 (PARP1) and the ‘guardian of the genome’ p53. 

PARP1 acts as a sensor, transducer and effector within the DNA damage response with a 

wide spectrum of functions in several DNA repair mechanisms as well as in chromatin 

remodeling, transcription, energy metabolism, and regulation of cell death. Using NAD+ as 

a substrate, PARP1 catalyzes the formation of the post-translational PARylation by 

covalently attaching PAR chains at glutamate, aspartate, lysine, arginine and serine 

residues of acceptor proteins (Kraus & Hottiger, 2013; Bonfiglio et al., 2017). The 

resulting biopolymer, i.e., poly(ADP-ribose) (PAR), is a highly negatively charged nucleic-

acid-like molecule. Apart from covalent PARylation, proteins can ‘read’ PARylation by 

binding non-covalently to PAR, which has emerged as a key mechanism to regulate 

protein function, localization, stability, as well as interactions with other macromolecules 

such as DNA and RNA. Several PAR-binding modules were identified, including the PAR-

binding motif (PBM), the PAR-binding zinc finger motif (PBZ), the macrodomain, and the 

WWE domain (Teloni & Altmeyer, 2016). The PBM was described as a weakly conserved 

20-amino acid (aa) consensus sequence comprising a region rich in basic aa and a core 

pattern of hydrophobic aa interspersed with basic residues. So far, no defined protein fold 

was assigned to the PBM, which is present in hundreds of proteins, including p53, XPA, 

p21, XRCC1, TERT and histones (Pleschke et al., 2000; Gagné et al., 2008). Interestingly, 

PAR binding proteins are very often also acceptors of covalent PARylation, however the 

molecular relationship and the mechanistic interplay between the two modes of 

modification are largely unknown. 

The tumor suppressor protein p53 also acts as a master regulator in many DNA damage 

response mechanisms. Inactivation of p53 is an important driving force of carcinogenesis, 

as p53 is mutated in >50% of human cancers. This renders the TP53 gene the most 

prominent target for tumorigenic mutations (Muller & Vousden, 2014). DNA damage 

triggers p53 stabilization via its phosphorylation and the subsequent release from its 

suppressor MDM2. In response, p53 acts as a transcription factor and induces the 

expression of a wide spectrum of genes involved in cell cycle regulation, apoptosis, and 

DNA repair (Joerger & Fersht, 2016). p53 comprises an N-terminal transactivation 

domain (TAD), a DNA binding domain (DBD), a tetramerization domain (TD), and a 

multifunctional C-terminal domain (CTD) (Figure 36A). The CTD, which is highly basic 

and intrinsically disordered, participates in all aspects of p53 functions, including 

transcriptional activity, regulation of protein stability, recruitment of co-factors, and its 

complex binding behavior to DNA (Laptenko et al., 2016). Mice carrying a genetic deletion 

of the CTD exhibit anemia and bone marrow failure, suggesting crucial functions for this 

region in organismic physiology (Simeonova et al., 2013; Hamard et al., 2013). However, 

the exact role of the CTD in p53 regulation is still controversial. Initial studies reported 

that the CTD is a negative regulator of sequence-specific DNA binding (Hupp et al., 1992). 

Later, the CTD was described to have positive regulatory properties, such as facilitating 
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p53 binding to chromatin and long, ‘naked’ DNA stretches (Espinosa & Emerson, 2001) as 

well as sliding along DNA, while searching for cognate binding sites (McKinney et al., 

2004; Tafvizi et al., 2011). Moreover, the CTD controls the stability of p53–DNA complexes 

by facilitating cooperative contacts between the core DNA binding domains of p53 

(Laptenko et al., 2015). Most aa of the CTD are targeted by post-translational 

modifications (PTMs), such as acetylation, ubiquitination, SUMOylation, neddylation or 

methylation, all of which are vital for p53 activity and stability, depending on the specific 

cellular conditions (Laptenko et al., 2016).  

p53 and PARP1 interact at multiple levels; thus, a direct protein-protein interaction was 

found in vitro and in cells (Wesierska-Gadek et al., 2003; Vaziri et al., 1997). Consistently, 

p53 is a substrate for covalent poly(ADP-ribosyl)ation (PARylation), which has been 

demonstrated in vitro as well as in cells (Wesierska-Gadek et al., 1996; Simbulan-

Rosenthal et al., 1999; Vivelo et al., 2017). Apart from covalent PARylation, p53 also 

displays a non-covalent high-affinity interaction with PAR (Fahrer et al., 2007; Malanga et 

al., 1998). Using peptide studies, Malanga et al. reported three potential PBMs within the 

p53 sequence (Malanga et al., 1998), two of which are located in the DBD (PBM 1&2) and 

another one in the TD (PBM 3). Interestingly, p53 has a preference for long PAR chains 

over short ones (Fahrer et al., 2007) and PAR was shown to decrease the DNA binding 

affinity of p53 (Malanga et al., 1998). In addition, it was reported in a murine system that 

PARylation of p53 blocks the interaction between p53 and the nuclear export receptor 

Crm1, resulting in nuclear accumulation of p53 (Kanai et al., 2007). Furthermore, p53 

deletion in a Parp1 null genetic background accelerates the onset and shortens the latency 

of mammary tumorigenesis in mice (Tong et al., 2007). Despite these studies 

demonstrating a significant relationship of PARylation and p53, many open questions on 

the molecular and cellular mechanisms of this interaction remain. In particular, similarly 

to other PARylation substrates, the relationship between non-covalent PAR binding and 

covalent PARylation of p53 is not understood. Furthermore, it is largely unknown how 

PAR influences the biochemical properties of p53 and how this translates to a regulation 

of its cellular functions. Beyond this, it is still enigmatic how PARP1 targets p53 and other 

proteins for covalent PARylation. Here, we systematically searched for regions in p53 that 

are essential for non-covalent PAR binding and for its covalent PARylation. We identified 

a novel region in the p53-CTD that is crucial for non-covalent PAR binding in full-length 

(fl) p53 and that determines the covalent PARP1-mediated PARylation of p53. Strikingly, 

fusing the p53-CTD to a protein that is usually not PARylated renders this a target of 

covalent PARylation as well. These results demonstrate that in the case of p53, PAR 

binding and covalent PARylation are inherently linked and that the multifunctional CTD 

of p53 is the center for the regulation of p53 functions by PARylation with implications 

on protein interactions, transcription and replication-associated recombination. 
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5.3 Materials and Methods 

5.3.1 Bioinformatic analysis to identify CTD-like regions in PARylated 

proteins 

Protein sequences from the lists of covalently PARylated proteins under genotoxic 

conditions were retrieved from previous studies (Martello et al., 2016; Jungmichel et al., 

2013; Zhang et al., 2013). The IUPred source code (Dosztányi et al., 2005a; Dosztányi et 

al., 2005b) was modified and used to predict disordered domains in these covalently 

PARylated proteins, applying the ‘long disorder’ option. A protein region was assumed to 

be intrinsically disordered, if a disorder tendency of >0.5 was present. The intrinsically 

disordered fragments were screened for highly positively charged regions. A net charge 

of at least +4 was chosen in a sliding window of 15 aa 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 aa, i.e., arginine or lysine, were 

subtracted by the amount of acidic aa, i.e., glutamate or aspartate. As control groups, the 

human proteome (www.uniprot.org, proteome ID UP000005640, reviewed, 20 169 

proteins, last modified: 29 January 2017), cytoplasmic proteins from the ‘Eukaryotic 

Subcellular Localization DataBase’ (eSLDB, gpcr.biocomp.unibo.it/esldb, 776 proteins) 

(Pierleoni et al., 2007) or the database of N-glycosylated proteins (N-GlycosylDB, 1118 

proteins) from the dbPTM database (dbptm.mbc.nctu.edu.tw) (Huang et al., 2016) were 

used. 

5.3.2 Protein purification 

Human p53, mutants and truncation variants thereof were expressed in Escherichia coli 

BL21 (DE3). Expression was induced at an OD600 of 0.6–0.8 with 20 μM IPTG, followed 

by an incubation for 12 h at 16°C and 4 h at 10°C. After centrifugation, cells were snap-

frozen in liquid nitrogen. Cells were thawed and resuspended in lysis buffer [50 mM 

sodium phosphate pH 8.0, 300 mM NaCl, 10 mM 2-mercaptoethanol, 10 mM imidazole, 

1 mg/ml lysozyme, 1 × EDTA-free protease inhibitor cocktail (Roche)]. Cells were 

sonicated, followed by DNA digestion with 5 μg/ml DNase I for 30 min. The insoluble 

fraction was removed by centrifugation at 15,000 g for 30 min. The soluble fraction was 

filtered and loaded on an ÄKTA chromatography system (GE Healthcare), using a 1-ml 

HisTrap column (GE Healthcare). Elution was performed with a linear gradient from 

10 mM to 500 mM imidazole in a buffer, consisting of 50 mM sodium phosphate pH 8.0, 

300 mM NaCl. Elution fractions were dialyzed and thrombin-cleavage was performed 

overnight for His-tag removal in a buffer, consisting of 20 mM sodium phosphate pH 8, 

150 mM NaCl, 10 mM 2-mercaptoethanol. Thereafter, thrombin was inhibited with 

0.1 mg/ml Pefabloc (Roche). A second purification step was performed with a HiTrap 

heparin HP 1-ml column (GE Healthcare), using a linear gradient from 150 mM to 

1000 mM NaCl in a buffer, consisting of 20 mM sodium phosphate pH 8.0. 

p53_325–393 was expressed and purified as described above, but the second purification 

step was performed with a HiTrap SP HP 1-ml column (GE Healthcare), instead of a 

heparin column. 

GST-p53_325–393, GST-p53_359–387 or GST were expressed and lyzed as described 

above, with a modified lysis buffer (50 mM sodium phosphate pH 7.0, 300 mM NaCl, 5 mM 

http://www.uniprot.org/
http://gpcr.biocomp.unibo.it/esldb
http://dbptm.mbc.nctu.edu.tw/
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2-mercaptoethanol, 1 mg/ml lysozmye, 1 × protease inhibitor cocktail (Roche)). To the 

cleared lysate 1 ml of glutathione sepharose 4B (GE Healthcare) 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 NaCl) for 10 min, while rotating. After centrifugation and 

removal of the supernatant, 7.5 ml GST wash buffer 1 were added to the beads and the 

slurry was poured into an empty gravity flow column. After washing the column with 5 ml 

of 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.  

Purification of GST-DEK_WT and GST-DEK_PBM was performed as described previously 

(Waldmann et al., 2003). GST-Af1521 was expressed and purified according to a previous 

study (Martello et al., 2016). The used plasmid DNA pGEX-4T1::Af1521 was received from 

Michael L. Nielsen (University of Copenhagen, Denmark). Human PARP1 was expressed 

in Sf9 cells and purified as described previously (Fahrer et al., 2007). Snake venom 

phosphodiesterase (PDE I) was purchased (Affymetrix) and purified further according to 

a previous study (Daniels et al., 2014).  

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 to a larger extent after 

nickel-affinity chromatography and dialysis. In-vitro PARylation was performed in a 

solution, consisting of 20 mM sodium phosphate pH 8.0, 150 mM NaCl, 10 mM 

2-mercaptoethanol, 10 mM MgCl2, 7.7 μg/ml self-annealed oligonucleotide GGAATTCC, 

23 nM rec. PARP1 and 154 μM NAD+ for 1 h at RT. PARylated p53 was purified from this 

solution with a HiTrap heparin HP 1-ml column, as described above. For determination of 

PARylation sites by mass spectrometry, p53_WT was purified and PARylated in the same 

way as described above, with the exception that the His-tag was cleaved during dialysis. 

5.3.3 PAR overlay assay 

168–403 pmol of custom-synthesized peptides (Genscript) or 5 pmol proteins were 

blotted on a nitrocellulose membrane (GE Healthcare) either by slot-blotting or by SDS-

PAGE and semi-dry blotting, respectively. The membrane was incubated in a solution 

containing 0.2 μM PAR (synthesized and purified as described previously (Fahrer et al., 

2007)) in TBST buffer (150 mM NaCl, 10 mM Tris pH 8, 0.05% Tween 20) for 1 h at RT, 

followed by three washes of 10 min in TBST buffer, containing 1 M NaCl. PAR 

concentrations refer always to ADP-ribose moieties. The membrane was blocked in 

TBSMT (TBST with 5% skimmed milk) for 1 h and subsequently PAR was detected using 

the mouse monoclonal 10H anti-PAR antibody (Kawamitsu et al., 1984) and a HRP-

coupled secondary antibody (Dako). Detection of p53 was performed with the mouse 

monoclonal DO-1 antibody (Merck). As loading control for slot-blotting, SYPRO ruby 

staining (Thermofisher Scientific) was used directly after blotting. Each PAR overlay 

experiment was performed at least in 3 independent experiments. 

5.3.4 PepSpot peptide arrays 

PepSpots peptide arrays (JPT Peptide Technologies) contained custom synthesized 

peptides with a length of 20 aa covalently linked to a cellulose membrane. Each spot 

carried approximately 5 nmol of a peptide. A PAR overlay assay was performed as 

described above with the exception that Alexa488-coupled secondary antibody 
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(Thermofisher Scientific) was used. Fluorescence detection was performed, using a 

Typhoon FLA 9500 biomolecular imager (GE Healthcare). Ponceau S staining served as 

loading control. 

5.3.5 Electrophoretic mobility shift assay 

A 1:2 dilution series of rec. human p53 was prepared in a buffer, consisting of 25 mM Tris-

HCl pH 7.4, 150 mM NaCl, 5% (v/v) glycerol and 0.5 mM DTT. The highest p53 

concentration was 7 μM, the lowest 27.24 nM. 250 fmol of a double-stranded, Cy5-labeled 

p53 response element from the p21 promotor (REp21, Oligo_1 + Oligo_2 annealed) was 

added and incubated for 15 min at RT. 10 × loading dye [250 mM Tris-HCl pH 7.4, 40% 

(v/v) glycerol, 0.2% (w/v) Orange G] was added to a final volume of 10 μl. 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. 

5.3.6 DNA-PAR competition assay 

A 1:2 dilution series of non-fractionated, unlabeled PAR was prepared (in concentrations 

of 200 μM to 1.56 μM). p53_WT (1 μM), p53_1–355 (1.5 μM), p53_PBM4–4 (1 μM) or 

p53_325–393 (18.7 μM) were added to the PAR solution and incubated for 10 min at RT 

in a buffer, consisting of 50 mM Tris-HCl pH 7.4, 150 mM NaCl, 2% (v/v) glycerol and 

0.2 mM DTT. 250 fmol of a double-stranded, Cy5-labeled p53 response element from the 

p21 promotor (REp21, Oligo_1 + Oligo_2 annealed) or a scrambled variant thereof 

(scrambled REp21, Oligo_4 + Oligo_5 annealed) were added and incubated for 15 min at 

RT. 10 × loading dye (250 mM Tris-HCl pH 7.4, 40% (v/v) glycerol, 0.2% (w/v) Orange G) 

was added to a final volume of 10 μl. Samples were loaded on a 4% native TBE 

polyacrylamide gel in a Hoefer SE400 gel chamber, containing 0.5 × TBE as running buffer. 

After applying a voltage of 300 V for 1 h, fluorescence detection was performed, using a 

Typhoon FLA 9500 biomolecular imager. 

5.3.7 Differential scanning fluorimetry 

To measure the melting temperature of p53, differential scanning fluorimetry (DSF) was 

used, according to a previous study (Niesen et al., 2007). The total volume per sample 

comprised 25 μl. To a buffer, consisting of 50 mM Tris-HCl pH 7.4, 150 mM NaCl and 1 mM 

DTT, rec. p53 variants were added to a final concentration of 2.3 μM. 50 μM size-

fractionated PAR (concentration of ADP-ribose subunits) of different chain length (size-

fractionation as described previously (Fahrer et al., 2007)) was added and incubated for 

10 min at RT. Next, a double-stranded p53 response element from the p21 promotor 

(REp21, Oligo_2 + Oligo_3 annealed) was added to a final concentration of 2.3 μM 

(concentration of double-stranded DNA chains), and incubated for 10 min at RT. 2.5 μl of 

100 × SYPRO Orange solution (Thermofisher Scientific) was then added, followed by a 

melt curve analysis with a temperature ramp from 20°C to 95°C at 1°C/min steps, using a 

quantitative real-time CFX connect thermocycler (Biorad). 

5.3.8 In-vitro co-immunoprecipitation (coIP) 

Rec. human PARP1 (1 μg) was incubated with 10 μg anti-PARP1 antibody (FI-23) 

(Lamarre et al., 1988) or with mouse IgG control (Santa Cruz) for 1 h at 4°C in 300 μl IP 
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buffer (50 mM Tris–HCl pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% deoxycholate). 10 μl 

Protein G sepharose beads (Sigma-Aldrich) were added and incubated for 2 h at 4°C, while 

rotating. Indicated samples were subjected to auto-PARylation of PARP1 by adding 

10 mM MgCl2, 7.7 μg/ml self-annealed oligonucleotide GGAATTCC, 1 mM DTT and 100 μM 

NAD+. Samples were incubated for 5 min at 4°C, while rotating. After centrifugation at 

2400 g for 20 s, beads were washed with 500 μl wash buffer (50 mM Tris-HCl pH 7.4, 

150 mM NaCl, 0.1% NP-40, 0.05% deoxycholate), followed by a second washing step, 

using 250 μl IP buffer. After centrifugation and removal of the supernatant, 300 μl IP 

buffer were added, together with 1 mM DTT and 23 pmol of rec. p53. Incubation took 

place for 1 h at 4°C while rotating. Beads were washed twice for 5 min in 500 μl IP buffer 

and once for 5 min in 500 μl wash buffer while rotating. Proteins were eluted from beads 

by adding 22 μl of 2 × SDS sample buffer, incubating 5 min at 95°C and subjected to SDS-

PAGE followed by Western blotting. The rabbit polyclonal anti-PARP1 antibody H250 

(Santa Cruz) and the rabbit polyclonal anti-p53 antibody FL-393 (Santa Cruz) were used 

for immunodetection. 

5.3.9 In-vitro PARylation assay 

Unless stated otherwise, 0.5 μM rec. protein was PARylated in PBS buffer, in presence of 

10 mM MgCl2, 7.7 μg/ml self-annealed oligonucleotide GGAATTCC, 1 mM DTT, 23 nM rec. 

PARP1 and 100 μM NAD+, in a final volume of 10 μl for 1 h at RT. Proteins were separated 

by 15% SDS-PAGE, followed by semi-dry blotting on a nitrocellulose membrane (GE 

Healthcare) and immunodetection using the anti-PAR antibody 10H, unless stated 

otherwise. Each in-vitro PARylation experiment was performed at least in three 

independent experiments. 

5.3.10 Thrombin cleavage assay 

Rec. protein (5 pmol, unless stated otherwise) 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 μl and incubation was performed for 16 h. 

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 in three 

independent experiments. 

5.3.11 Analytical size-exclusion chromatography 

The tetramerization of p53 variants was analyzed by size exclusion chromatography 

(SEC). The tetramerization deficient mutant p53_L344P was used as a control. SEC was 

performed in 50 mM Tris-HCl pH 7.4 and 150 mM NaCl at a flow rate of 0.03 ml/min using 

a Superose 6 Increase column (GE healthcare). 30 μl of 8 μM protein solution were loaded 

respectively and elution was analyzed by absorbance measurement at 280 nm. Sizes were 

calculated by a gel filtration HMW calibration kit (GE Healthcare). To analyze DNA and 

PAR binding, p53 variants were preincubated with 0.25 μM double-stranded response 

element from the p21 promotor (REp21, Oligo_2 + Oligo_3 annealed) or 50 μM 

unfractionated PAR for 10 min and elution was followed by absorbance measurements at 

258 nm. 



Chapter 5: The C-terminal domain of p53 orchestrates the interplay between non-
covalent and covalent poly(ADP-ribosyl)ation of p53 by PARP1 

119 

5.3.12 Mass spectrometric identification of PARylation sites 

Sample treatment and mass spectrometer analyses were performed as described 

previously (Daniels et al., 2014). Briefly, PARylated proteins were treated with PDE I 

overnight at 25°C. The samples were reduced with DTT for 30 min at 56°C and alkylated 

with chloroacetamide for 60 min at RT. Digestions were performed using trypsin or 

pepsin for 4 h at 37°C. Digested samples were analyzed by reversed phase liquid 

chromatography nanospray tandem mass spectrometry (LC–MS/MS) using an Eksigent 

nano-HPLC equipped with a C18 LC column (5 μm, 100 Å pore size) in a silica capillary 

(Acclaim PepMap100, Thermofisher Scientific). After sample injection, the column was 

washed for 5 min with 100% mobile phase A (0.1% formic acid) and 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 

(Thermofisher Scientific) was operated in a data dependent mode in which each full MS 

scan (30 000 resolving power) was followed by 5 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, an Orbitrap Fusion Tribrid mass spectrometer (Thermofisher Scientific) 

interfaced with an Easy-nLC 1100 nanoflow liquid chromatography system 

(Thermofisher Scientific) was used. In this case, samples were enriched for 

phosphoribosylated peptides with Sigma PHOS-Select iron affinity gel beads (Sigma-

Aldrich). 

5.3.13 Cell culture, transient transfection and PARP inhibitor treatment 

Human H1299 cells were cultured at 37°C and 5% CO2 in DMEM (Gibco), supplemented 

with 10% fetal bovine serum (Biochrom), 0.1 U/μl penicillin and 0.1 μg/μl streptomycin 

(Gibco). K562(HR-EGFP/3’EGFP) cells were cultivated in RPMI 1640 medium (Gibco) 

supplemented with 13% (v/v) fetal bovine serum (Merck Millipore) and 1.3% (v/v) 

penicillin–streptomycin–glutamine (Gibco). Transient transfection of H1299 cells was 

performed with Lipofectamine 2000 (Fisher Scientific) according to the manufacturer's 

instruction using 3 μl transfection reagent per μg DNA. PARP inhibitor treatment was 

performed directly afterwards with 10 μM olaparib or veliparib (Selleckchem). 

5.3.14 p53 interactome analysis 

H1299 cells were transiently transfected with vectors, encoding Strep-tagged p53_WT, 

p53_PBM4 or with the control vector pcdna3.1 using polyethylenimin (PEI). p53_WT 

transfected cells were kept in presence or absence of 10 μM olaparib (Selleckchem). As 

additional control, non-transfected cells were also used. 24 h later, cells were lyzed [1% 

(v/v) NP-40, 10 mM 2-mercaptoethanol, 1 × protease inhibitor cocktail with EDTA 

(Roche), 10 μM olaparib, 50 μM gallotannin, in PBS] and treated with 8 μg/ml DNase I for 

30 min, while rotating at 4°C. The lysate was centrifuged and the supernatant was 

subjected to a p53 pulldown, by adding 100 μl Strep-tactin bead slurry (IBA, Germany). 

The samples were incubated for 2 h while rotating. The samples were centrifuged (from 
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here on always 2400 g, 20 s), supernatant was removed and beads were washed three 

times for 5 min with wash buffer [0.1% (v/v) NP-40, 10 mM 2-mercaptoethanol, 

1 × protease inhibitor cocktail with EDTA, 10 μM olaparib, 50 μM gallotannin, in PBS]. 

Proteins were eluted from beads by adding 50 μl of a buffer, consisting of 100 mM Tris-

HCl pH 8.0, 150 mM NaCl, 1 mM EDTA and 10 mM D-biotin. The eluted samples were 

subjected to SDS-PAGE and colloidal Coomassie staining. Protein bands were excised from 

the gel. All samples were reduced with DTT for 30 min at 56°C and alkylated with 

chloroacetamide for 60 min at RT. Digestions were performed using trypsin for 4 h at 

37°C. Analysis was performed on an Orbitrap Fusion Tribrid mass spectrometer 

(Thermofisher Scientific) interfaced with an Easy-nLC 1100 nanoflow liquid 

chromatography system (Thermofisher Scientific). Samples were reconstituted in 0.1% 

formic acid and loaded onto the analytical column (75 μm × 15 cm) and 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 120 000 

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 s. 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. 

5.3.15 Genomic 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)] (Akyüz 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. Afterwards, cells were exposed to 2.5 μM of PARP-inhibitor olaparib or 

the solvent DMSO. After 72 h, cells were collected via centrifugation and recombination 

frequency was 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 (Akyüz et 

al., 2002). Recombination frequencies were measured by quantification of one million 

cells from EGFP-positive cells within the life cell-population (SSC/FSC gate). Mean values 

of recombination frequencies of mock-treated p53_WT expressing cells were set to 1 

(absolute mean frequency: 7 × 10−6 for mock-treatments). 

5.3.16 Luciferase reporter assay 

H1299 cells were transfected with DNA vectors encoding p53_WT or p53_PBM4 together 

with the Cignal p53 reporter mix (Qiagen). The Cignal p53 reporter mix contains a 

plasmid, encoding firefly luciferase, which is under the control of a minimal CMV 

promoter and tandem repeats of p53 transcriptional response elements. It also contains 

a plasmid, encoding renilla luciferase, which is constitutively expressed and used to 
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normalize for transfection efficiencies and cell viability. 10 μM of the PARP inhibitor 

olaparib or DMSO as solvent control were added to the cells. After 24 h, cells were lyzed 

with the Dual-Glo luciferase reporter assay (Promega), according to the manufacturer's 

instructions. Firefly and renilla luciferase luminescence were analyzed in technical 

triplicates using a Varioscan Flash plate reader (Thermofisher Scientific). The 

transactivation activity was expressed as relative luminescence, which is the ratio of 

firefly luciferase luminescence to renilla luciferase luminescence. 

5.3.17 Fluorescence recovery after photobleaching (FRAP) 

H1299 cells were transfected with DNA vectors, encoding GFP-tagged p53_WT or 

p53_PBM4. Bleaching experiments were conducted 24 h later. To this end, an LSM880 

confocal laser-scanning microscope (Zeiss) equipped with a 63×/1.4 NA oil-immersion 

objective was used. A rectangular region (width: 20 pixels/2.4 μm) across the nucleus was 

bleached using a 488 nm Argon-ion laser (100% transmission, pixel dwell time: 8.2 μs). 

The fluorescence recovery was followed in a time series experiment. Before irradiation 

20 images were recorded. Fluorescence intensities within the bleached region and a non-

irradiated nuclear region were measured for each time point. To compensate 

photobleaching and a fast redistribution of unbound proteins during the bleaching step, 

for each time point a correction factor was calculated. After background subtraction, the 

fluorescence intensity in the unbleached region was divided by the average fluorescence 

intensity measured in the unbleached region before the bleaching pulse. For each time 

point, the background corrected fluorescence intensity was divided by the respective 

correction factor. The fluorescence intensity was then normalized, setting the initial 

fluorescence intensity after the bleaching event to ‘0’, and the fully recovered fluorescence 

intensity to ‘1’. 

5.3.18 p21 protein expression analysis 

H1299 cells were transfected with DNA vectors, encoding p53_WT or p53_PBM4. Cells 

were lyzed 24 h later with a buffer consisting of 50 mM Tris-HCl pH 8, 150 mM NaCl, 1% 

(v/v) NP40 and protease inhibitor cocktail (Roche). Protein-content was determined 

using a BCA assay kit (Thermofisher Scientific). For expression level analysis using SDS-

PAGE, 30 μg or 10 μg of total protein was loaded for detection of p21 or p53, respectively. 

After Western blotting, p21 was detected using a rabbit polyclonal p21 antibody (C-19, 

Santa Cruz). 

5.3.19 High-throughput RT qPCR 

H1299 cells were transfected with DNA vectors, encoding GFP-tagged p53_WT or 

p53_PBM4. Cells were detached 24 h later using trypsin and 10% of the cells were used 

to determine transfection efficiency by FACS. The remaining cells were used for RNA 

isolation followed by high-throughput RT qPCR with Fluidigm dynamic arrays on the 

BioMark™ System as described previously (Fischer et al., 2016). To consider different 

transfection efficiencies, the ΔΔCq calculation of the respective p53-dependent genes was 

adjusted according to Godbey et al. (Godbey et al., 2008). 
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5.3.20 Statistical information 

Unless stated otherwise, Student's t-test was used to calculate statistical significance. 

Significance was defined at a 5% level and all analyses were performed with GraphPad Prism 6. 

*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. 
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5.4 Results 

5.4.1 PAR binds non-covalently to the CTD of p53 

To investigate how non-covalent PAR binding affects p53’s functions, we sought to 

generate a PAR-binding-deficient p53 mutant by taking into account the previously 

published results by Malanga et al. (Malanga et al., 1998). This study reported three 

potential non-covalent PAR-binding sites within the p53 sequence using synthesized 

peptides, i.e., PBM1–3 (Figure 36A). Using a well-established PAR overlay assay (Popp et 

al., 2013; Fischer et al., 2014), we first verified results by Malanga et al. showing that 

peptides of the three PAR binding motifs (i.e., PBM1–3_WT) efficiently bind PAR.  
 

Figure 36: PAR binds non-covalently to the C-terminal domain (CTD) of p53. 

(A) Schematic representation of the human p53 protein with previously reported (PBM1–3) and novel 

(PBM4, aa region 363–382) PAR binding motifs (PBMs). (B) PAR overlay assay after slot-blotting of peptides 

from PBM1–3. Basic amino acids (aa) in wildtype (WT) peptides were exchanged to alanines to generate 

PBM mutants (peptide sequences are shown in Suppl. Figure 15A). SYPRO Ruby staining served as a loading 

control. (C) PAR overlay assay after SDS-PAGE of full-length p53 variants with mutated PBMs. BSA served 

as a negative control. (D) PAR overlay assay of PepSpot peptide array for the identification of potential PAR 

binding sites in p53. Ponceau S staining served as a loading control. Peptide size: 20 aa. The complete 

membrane with additional peptides is shown in Suppl. Figure 15B and C. (E) PAR overlay assay after SDS-

PAGE of truncated p53 variants. (F) Densitometric quantification of (E). Means ± SEM of 3 independent 

experiments. The signal of PAR binding to p53_WT was set to 100%. (G) PAR overlay assay after SDS-PAGE 

of p53_325–393. BSA served as a negative control. 
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Mutant peptides derived of PBM1–3_WT comprising exchanges of basic aa to alanines (i.e., 

PBM1–3_MUT) showed a strongly reduced or abolished PAR binding ability (Figure 36B, 

peptide sequences in Suppl. Figure 15A). Next, we generated the corresponding 

recombinant (rec.) fl-p53 mutants using site-directed mutagenesis. Unexpectedly, an SDS-

PAGE analysis followed by a PAR overlay assay revealed no reduction in PAR binding of 

the fl-p53_PBM1–3 mutants (Figure 36C), indicating that another, so far unknown, PAR 

binding site mediates PAR binding of fl-p53. Using a PepSpot peptide array for screening, 

we identified a novel site exhibiting very strong PAR binding ability in p53’s C-terminal 

domain (CTD) (peptide 28, Figure 36D, complete membrane with additional peptides in 

Suppl. Figure 15B and C). To verify that the CTD interacts with PAR, we generated 

truncated variants of rec. p53 and tested their PAR binding abilities (Figure 36E and F). 

In agreement with the PepSpot analysis, the truncated p53 CTD deletion mutant p53_1–

355 completely lacked PAR binding, revealing that in the context of the fl-p53 protein, 

PBMs 1–3 are not relevant for non-covalent PAR interaction. Instead, our data 

demonstrates that the actual relevant PAR binding site in fl-p53 is located in the CTD, 

comprising aa 356–393. The mutant p53_1–378, which comprises half of the CTD, 

exhibited a significant reduction in PAR binding by 82% compared to fl-p53, 

demonstrating that the main PAR binding capacity of p53 is located at the very C-terminus 

of aa 379–393. A truncated p53 mutant consisting of the CTD and the TD (p53_325–393) 

confirmed PAR binding of the CTD (Figure 36G). Since the CTD is highly positively charged 

(pI = 10.12 for region 356–393), it is plausible that this region can bind to the highly 

negatively charged PAR. Since basic aa are essential for the interaction with PAR, the PAR 

binding site can be mapped to aa 363–382. This region resembles the PAR binding motif 

(PBM) according to Pleschke et al. (Pleschke et al., 2000) and is identified by in-silico 

alignment as a PBM when allowing two aa mismatches (termed ‘PBM4’ from hereon) 

(Figure 36A). In summary, we have identified the CTD as a novel PAR interaction site 

within p53, which accounts for the majority of the PAR binding ability of fl-p53. 

5.4.2 Generation of a PAR-binding-deficient p53 mutant 

To generate a PAR-binding-deficient p53 mutant, a PepSpot array was performed with 

peptides, in which critical basic aa were substituted to alanines in two overlapping 

regions from the p53 CTD: aa 356–375 and aa 365–384 (Figure 37A, complete membrane 

with additional peptides and controls in Suppl. Figure 16A and B). For the region of aa 

356–375, 6 aa exchanges were necessary to abolish PAR binding, and at least 7 aa 

exchanges for the region of aa 365–384. Based on these results, we incorporated 10 

(p53_PBM4–10), 7 (p53_PBM4–7), 5 (p53_PBM4–5) or 4 (p53_PBM4–4) aa exchanges 

within the region of aa 363–382 of fl-p53 and tested those mutants for their PAR binding 

ability. Since no PAR binding could be detected in any of those mutants (Figure 37B) 

p53_PBM4–4 was used as a PAR-binding-deficient mutant for subsequent biochemical 

and functional analyses. Analytical size-exclusion chromatography (SEC) further 

confirmed a highly reduced PAR binding under native conditions in solution (Suppl. 

Figure 16C and E). To investigate if p53_PBM4–4 is still functional, the DNA binding to a 

p53 response element from the p21 promoter (REp21) was analyzed by an electrophoretic 

mobility shift assay (EMSA) (Figure 37C and D) and by analytical SEC (Suppl. Figure 16D 

and E). Under the tested conditions, the DNA binding affinity of the p53_PBM4–4 mutant 

was not significantly altered compared to p53_WT.  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5778597/#sup1
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Figure 37: Generation of a PAR-binding deficient p53 mutant. 

(A) PAR overlay assay of PepSpot peptide array of CTD mutants with 1–9 aa exchanges. Ponceau S staining 

served as a loading control. Peptide size: 20 aa. Amino acids highlighted in blue were subjected to exchanges 

to alanines. The complete membrane with additional peptides and controls is shown in Suppl. Figure 16A 

and B. (B) PAR overlay assay after SDS-PAGE of full-length p53 with mutated PBM4. Exchanges of 10, 7, 5 

or 4 aa were introduced into the CTD, which is shown in the table below. Basic aa (in blue) were subjected 

to exchanges to alanines (in red). (C) Electrophoretic mobility shift assay (EMSA) with p53_WT and 

p53_PBM4–4, binding to the fluorescently labeled DNA substrate REp21. (D) Densitometric quantification of 

(C). (E) FRAP analysis in H1299 cells reconstituted with GFP-tagged p53_WT or p53_PBM4–4. Recovery of 

GFP was measured after photobleaching. Means ± SD of six cells. (F) Analytical size-exclusion 

chromatography with p53_WT, p53_1–355, p53_PBM4–4 and a tetramerization-deficient p53 mutant 

(p53_L344P). Size-calculations are shown in Suppl. Figure 16E. 

Furthermore, cellular chromatin binding was comparable between p53_WT and 

p53_PBM4–4 (Suppl. Figure 16F-H). Fluorescence recovery after photobleaching (FRAP), 
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which is a measure for chromatin binding, further revealed that the cellular mobilities of 

p53_WT and p53_PBM4–4 are very similar (Figure 37E). Additionally, the tetramerization 

of p53_PBM4–4 is not adversely affected by the aa exchanges (Figure 37F). In summary, 

we successfully generated a p53 mutant with strongly reduced PAR binding by 

exchanging four basic aa within the CTD, again verifying that aa 363–382 of p53 are of 

critical importance for the non-covalent p53–PAR interaction. 

5.4.3 Influence of non-covalent PAR binding on biochemical properties of 

p53 

The DBD of p53 is known to bind in a sequence-specific manner to p53 response elements, 

whereas DNA binding abilities of the CTD are thought to be more versatile and sequence-

independent (Wang et al., 1993). As previously reported, non-covalent PAR binding to 

p53 inhibits p53’s DNA binding ability (Malanga et al., 1998). As these experiments did 

not distinguish between DBD and CTD-mediated DNA binding, we investigated how non-

covalent PAR binding influences the separate DNA-binding abilities of the DBD and the 

CTD using an in vitro DNA-PAR competition EMSA. Both p53 fragments, i.e., p53_1–355 

and p53_325–393, bound to the fluorescently labeled DNA substrate REp21. However, 

while DNA binding by p53_325–393 (i.e., comprising the CTD) was highly impaired by 

PAR and entirely suppressed at higher PAR concentrations, the DNA binding of p53_1–

355 (i.e., comprising the DBD) was only mildly influenced (Figure 38A and B). To 

discriminate between sequence-specific and sequence-independent DNA binding of p53, 

we compared its DNA binding ability to REp21 or a scrambled version thereof (i.e., 

scrambled REp21) in the absence or presence of PAR (Suppl. Figure 17). PAR equally 

efficient outcompeted the binding of p53_325–393 to scrambled REp21 and REp21, 

reflecting the sequence-independent DNA binding nature of the CTD. Consistent with the 

finding that the CTD is the center of PAR-dependent regulation, PAR outcompeted the 

interaction of p53_WT with scrambled REp21 more efficiently as compared to REp21. 

p53_PBM4–4 showed an intermediate competition behavior between p53_WT and 

p53_1–355. In summary, these results demonstrate that PAR directly inhibits CTD-

mediated sequence-independent DNA binding of p53, however, CTD-bound PAR chains 

can also alter the DBD-mediated DNA binding in fl-p53.  

Previously, it was shown by differential scanning calorimetry that the addition of a p53 

response element to the core domain of p53 leads to an increase in its melting 

temperature (Tm) (Bullock et al., 1997). To test how PAR affects the thermodynamic 

stability of p53, differential scanning fluorimetry (DSF) was performed (Figure 38C). 

Indeed, the presence of PAR resulted in an increase of Tm. Furthermore, this increase was 

PAR chain length dependent being more pronounced with longer PAR chains. This is 

consistent with previous findings showing increased affinity of longer PAR chains to p53 

(Fahrer et al., 2007). However, the stabilizing effect of PAR was much weaker than of the 

DNA substrate REp21, suggesting that the interaction works by different binding 

mechanisms, potentially by electrostatic interactions. The DNA-PAR competition revealed 

that longer PAR chains can compete more efficiently with the DNA-p53 binding than short 

PAR, again being in line with the higher affinity of p53 to long PAR chains. Neither the 

melting temperature of p53_1–355 alone nor in combination with REp21 was influenced 

by PAR verifying that PAR binding is mediated by the CTD of p53.  
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Figure 38: Influence of non-covalent PAR binding on biochemical properties of p53. 

(A) DNA-PAR competition EMSA. DNA binding of p53_1–355 (1.5 μM) or p53_325–393 (18.7 μM) to a 

fluorescently labeled DNA substrate REp21 was competed with non-fractionated, unlabeled PAR. Note that 

DNA binding via p53_1–355 comprising the sequence-specific DBD results in formation of discrete 

complexes detectable as single bands, whereas p53_325–393 comprising the sequence-independent DNA 

binding CTD results in formation of heterogeneous complexes detectable as smears. (B) Densitometric 

quantification of (A). Means ± SEM of >3 independent experiments. Statistical significance was analyzed via 

two-way ANOVA. (C) Differential scanning fluorimetry (DSF) analysis with p53. Influence of PAR and DNA 

on the melting temperature of p53 was analyzed. Means ± SEM of 3 independent experiments. Only relevant 

significances are depicted. (D) Analysis of p53–PARP1 interaction in vitro by coIP. Recombinant (rec.) 

PARP1 was immobilized on beads and subjected to an auto-PARylation reaction. Rec. p53 was added and 

the interaction with PARP1 was analyzed using appropriate antibodies. (E) Densitometric quantification of 

(D). Means ± SEM of three independent experiments. 
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Consistent with this notion, the melting temperature of p53_PBM4–4 was not influenced 

by the presence of PAR itself. However, the increase in Tm mediated by the addition of 

REp21 could be partly inhibited by addition of PAR, indicating that p53_PBM4–4 still 

exhibits some residual PAR-binding under certain conditions. 

Since in cells it is thought that the majority of PAR molecules are covalently attached to 

PARP1, we performed in-vitro co-immunoprecipitation (coIP) experiments with auto-

PARylated or unmodified PARP1 to investigate how auto-PARylation of PARP1 influences 

the p53–PARP1 interaction (Figure 38D and E). To this end, rec. PARP1 was immobilized 

via a PARP1-specific antibody on protein G -coated beads, followed by auto-PARylation, 

high-stringency washing, and finally co-incubation with rec. p53 variants. About 10-fold 

more p53 was bound to auto-PARylated PARP1 compared to unmodified PARP1. 

Consistent with the notion that PAR mediates the p53–PARP1 interaction, the interaction 

of auto-PARylated PARP1 to p53_PBM4-4 was highly reduced and the interaction to 

p53_1–355 was almost completely abolished. This reveals that auto-PARylation of PARP1 

represents a prerequisite for the efficient interaction with p53 and that PAR functions as 

a bridge for the p53–PARP1 interaction. The results from Figure 38C-E and Suppl. Figure 

16C and D suggest that under certain conditions native, tetramerized p53_PBM4–4 is not 

entirely deficient in PAR-binding, since tetramerization can potentially compensate for 

the removal of basic aa. Thus, in conclusion, our data indicate that p53_PBM4–4 

represents a compromise between reduced PAR binding and still maintained biochemical 

functionality, e.g., in terms of DNA binding. Keeping this in mind, we used the p53_PBM4–

4 mutant in combination with pharmacological PARP inhibition to functionally analyze 

consequences of non-covalent p53–PAR interaction on a biochemical as well as on a 

cellular level. In summary, these results show that (i) PAR binding inhibits CTD-mediated 

sequence-independent DNA binding of p53, (ii) the p53–PAR complex is of lower 

thermodynamic stability than the p53–DNA complex, despite its high binding affinity, and 

(iii) the p53–PARP1 interaction can be strongly induced by auto-PARylation of PARP1. 

5.4.4 The CTD of p53 is essential for covalent PARylation of p53 

To investigate a potential influence of the CTD on the covalent PARylation of p53, 

truncated p53 variants were tested for their ability to be covalently PARylated using an in 

vitro PARylation assay. In this assay, covalent PARylation was tested by mixing rec. p53 

variants with rec. PARP1 in the presence of NAD+. Due to covalent PARylation of rec. 

proteins with different sizes of PAR, the signals in the subsequent Western blot appeared 

as a diffuse band (‘smear’), by which it can be determined, if a protein is covalently 

PARylated or not. Strikingly, covalent PARylation was completely abolished in the 

p53_1-355 variant (Figure 39A), indicating that non-covalent interaction of PAR with the 

CTD is also essential for the covalent PARylation of p53. Consistently, p53_1–378, which 

had shown residual non-covalent PAR binding (Figure 36E), exhibited covalent 

PARylation. To analyze if the CTD is a target for covalent PARylation itself, or if it mediates 

the interaction to PARP1, we developed a thrombin cleavage assay. To this end, a 

thrombin cleavage site (TCS) was introduced between aa 324 and 325 (p53_324-TCS-325, 

Figure 39B), which separates the DBD from the TD. When a PARylation reaction was 

performed with the p53_324-TCS-325 variant, followed by the thrombin cleavage, a ∼10-

kDa down-shift of the PARylated band indicated that the covalent PARylation signal 

remained at the larger p53_1–324 fragment (Figure 39C, lanes 3 and 4). This 
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demonstrates that covalent PARylation occurs mainly within the region of aa 1–324 of 

p53. No additional PARylated band was detected at lower molecular weights. To exclude 

that thrombin itself caused PAR degradation, thrombin was added to PARylated p53_WT 

lacking a TCS. In this case, no down-shift was observed (Figure 39C, lanes 1 and 2). 

Previously, covalent PARylation sites were mapped to sites E255, D256 and E268 of 

murine p53 (Kanai et al., 2007). We exchanged the corresponding aa in human p53 to 

alanines, but covalent PARylation still occurred (lane ‘p53_EDE/A’ Suppl. Figure 18A). 

Thus, to map the exact location of covalent PARylation in human p53, we performed high-

resolution Orbitrap mass spectrometry (MS) according to Daniels et al. (Daniels et al., 

2014). Covalently PARylated p53 was treated with phosphodiesterase I (PDE I) to reduce 

the PAR chain length, resulting in one remaining protein-bound phosphoribose moiety. 

Efficient PDE I treatment was controlled by Western blotting for PAR (Suppl. Figure 18B). 

Using this procedure, we identified several covalent PARylation sites in the TAD of p53 

(Figure 39D). Thus, after trypsin digestion, aa E2, D7 or E17 were identified as highly 

likely targets for covalent PARylation. After pepsin digestion, aa E28 was identified as a 

covalent PARylation site (Figure 39D, Suppl. Figure 19). We next sought to generate a p53 

mutant deficient or impaired for covalent PARylation. To this end, aa E28 alone or in 

combination with aa E2, D7, E17 or other potential PARylation sites were exchanged to 

alanines. An in vitro PARylation assay revealed that covalent PARylation still occurred in 

these rec. p53 mutants. No decrease in band intensities was observed (Figure 39E). To 

test if covalent PARylation occurs C-terminally of E28 or outside of the TAD, a TCS was 

introduced into the p53 sequence between aa 28 and 29 (p53_28-TCS-29) or between aa 

68 and 69 (p53_68-TCS-69), respectively. Thrombin cleavage of covalently PARylated 

p53_28-TCS-29 or p53_68-TCS-69 resulted in a ∼10 or ∼15-kDa down-shift, respectively, 

of the PARylated bands (Figure 39F), demonstrating that covalent PARylation occurs C-

terminally of E28 and C-terminally of the TAD. (N.B. The actual downshift differs slightly 

from the theoretically calculated one, because of high proline content and additional 

PARylation of the N-terminus.) We cannot rule out that PARP1 has preferential target 

sites for covalent PARylation in p53, but our experiments provide substantial evidence 

that PARP1 modifies various target sites throughout the whole p53 protein with rather 

broad specificity. To investigate if PARP1 covalently PARylates p53 variants with partial 

or full deletion of the TAD, we generated N-terminally truncated p53 variants. An in-vitro 

PARylation assay demonstrated that p53_29–393, as well as p53_69–393 can still be 

covalently PARylated. Intriguingly, even the p53_325–393 variant can be covalently 

PARylated, although to a lesser extent (Figure 39G). This suggests that the only 

denominator that is essential for covalent PARylation of p53 is the CTD and that the 

selection of the modification site by PARP1 is rather promiscuous. To examine if non-

covalent PAR binding to the CTD is a prerequisite for covalent PARylation, the PAR 

binding mutants p53_PBM4–10, p53_PBM4–7, p53_PBM4–5 and p53_PBM4–4 were 

tested for covalent PARylation. Indeed, all of them were deficient for covalent PARylation 

(Figure 39H), indicating that non-covalent PAR binding of the CTD is necessary for 

covalent PARylation of p53. Thus, p53_PBM4–4 can be employed as a mutant deficient for 

both non-covalent as well as covalent PARylation (termed ‘p53_PBM4’ from hereon). 

To exclude potential antibody artifacts in the PARylation-deficient mutants or 

truncations, the in vitro PARylation assay was performed with radioactive 32P-NAD+ 

(Suppl. Figure 18C).  
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Figure 39: The CTD of p53 is essential for covalent PARylation of p53. 

(A) In vitro PARylation assay to test covalent PARylation of C-terminally truncated versions of p53. (B) 

Schematic representation of the here used human p53 protein variants containing a thrombin cleavage site 

(TCS). (C) Thrombin cleavage assay with covalently PARylated p53_324-TCS-325. Down-shifted bands are 

indicated by red brackets, bands of non-thrombin-treated samples by blue brackets. (D) Mass spectrometric 

identification of covalent PARylation sites in p53_WT. PDE I –treated PARylated p53 was trypsin or pepsin 

digested. (E) In vitro PARylation assay with p53 containing mutations at the PARylation sites identified in 

(D). PARP1: A control PARylation reaction was performed in the absence of p53 variants. (F) Thrombin 

cleavage assay with covalently PARylated p53_28-TCS-29 or p53_68-TCS-69. (G) In vitro PARylation assay 

with N-terminally truncated versions of p53. (H) In vitro PARylation assay with p53-PBM4 mutants. 

Exchanges of 10, 7, 5 or 4 aa were introduced into the CTD (protein sequences are shown in Figure 37B). 



Chapter 5: The C-terminal domain of p53 orchestrates the interplay between non-
covalent and covalent poly(ADP-ribosyl)ation of p53 by PARP1 

131 

Consistent with immunochemical results, a subsequent autoradiographic detection 

showed that p53_PBM4 and p53_1–355 were deficient for covalent PARylation. 

Additionally, to ensure that only covalent PARylation of p53 is detected in our SDS-PAGE 

analysis without residual non-covalent PAR–p53 interaction, we added the chaotropic 

agent urea in a concentration of 8 M to samples after the PARylation reaction, followed by 

incubation at 95°C for 5 min (Suppl. Figure 18D). No reduction in the PAR signal was 

observed, verifying that PAR is covalently attached to p53. Furthermore, a PARP inhibitor 

was added to auto-PARylated PARP1, followed by addition of rec. p53. The absence of a 

PARylated p53 signal indicated that p53 did not show residual PAR binding, despite the 

presence of PAR from the auto-modification of PARP1 (Suppl. Figure 18E). Also, when 

purified PAR was co-incubated with rec. p53, no PAR signals were detected after SDS-

PAGE analysis (data not shown). 

In summary, these results provide strong evidence that non-covalent PAR binding to the 

CTD mediates the interaction of p53 with auto-PARylated PARP1, thereby triggering the 

covalent PARylation of p53. Further, p53 is covalently PARylated throughout the whole 

protein raising the possibility that PARP1 selects the modification site with rather broad 

specificity. 

5.4.5 Fusing the CTD of p53 to GST renders GST a target for covalent 

PARylation 

Since the interaction of the CTD with auto-PARylated PARP1 appears to be the key factor 

for targeting p53 for covalent PARylation, we tested if fusing the CTD to a protein that is 

normally not a substrate for covalent PARylation renders this a target for PARylation. To 

this end, we chose glutathione S-transferase (GST), which is a widely used negative 

control for covalent PARylation (Messner et al., 2010; Troiani et al., 2011; Lönn et al., 

2010). The CTD alone (aa 359–387) or the TD-CTD (aa 325–393) were fused to the C-

terminus of GST, separated by a TCS (i.e., GST-p53_359–387 and GST-p53_325–393, 

respectively). Interestingly, those two fusion proteins were indeed covalently PARylated 

in an in vitro PARylation assay, in contrast to GST alone (Figure 40A). Since covalent 

PARylation potentially can also take place directly within the TD or CTD, we performed a 

thrombin cleavage assay with PARylated GST-p53_359–387 or GST-p53_325–393. In the 

case of GST-p53_325–393, a ∼10-kDa down-shift of the PARylated band demonstrated 

that covalent PARylation mainly occurred indeed within the GST sequence (Figure 40B). 

To observe the low molecular weight down-shift after thrombin cleavage of PARylated 

GST-p53_359–387 with suitable sensitivity, we switched to the use of the anti-PAR 

antibody LP96–10, which recognizes shorter PAR chains than the 10H antibody, thus 

enabling detection of the PARylation signal in the lower molecular weight range. A 

∼4-kDa down-shift of the PARylated protein band after thrombin cleavage clearly 

demonstrated that covalent PARylation occurred within the GST sequence (Figure 40C). 

Of note, in cells, GFP, which is usually not covalently PARylated, is targeted for covalent 

PARylation if it is fused to the extended C-terminal region of p53 (aa 301–393). (Suppl. 

Figure 18F). In summary, these results demonstrate that fusing the CTD of p53 to a 

peptide sequence that is usually not PARylated renders it a target for covalent PARylation. 
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Figure 40: Fusing the CTD of p53 to GST renders GST a target for covalent PARylation. 

(A) In vitro PARylation assay with 97 pmol GST, GST-p53_325–393 or GST-p53_359–387. In comparison, 

covalent PARylation of 5 pmol p53_WT is shown. (B) Thrombin cleavage assay with covalently PARylated 

GST-p53_325–393. Down-shifted bands are indicated by red brackets, bands of non-thrombin-treated 

samples by blue brackets. (C) Thrombin cleavage assay with covalently PARylated GST-p53_359–387. 

5.4.6 Covalently PARylated proteins are highly enriched in CTD-like regions 

Since the CTD targets a protein for covalent PARylation, the question arises if other 

PARylated proteins also contain regions that resemble p53’s CTD with regards to positive 

charge density and degree of structural disorder. To identify such regions, we performed 

a bioinformatics analysis using mass spectrometry data sets for covalently PARylated 

proteins under genotoxic conditions published by Zhang et al. (Zhang et al., 2013), 

Jungmichel et al. (Jungmichel et al., 2013), and Martello et al. (Martello et al., 2016). First, 

intrinsically disordered protein regions (IDPRs) were predicted in the PARylated 

proteins, using the IUpred algorithm (Dosztányi et al., 2005a; Dosztányi et al., 2005b). 

Next, these IDPRs were screened for presence of highly positively charged regions. Since 

p53_1–378 and GST-p53_359–387 showed covalent PARylation and a net aa charge of at 

least +4, this ≥ +4 net charge was chosen as an in-silico search pattern in a sliding window 

of a total of 15 aa. To calculate the net charge, the amount of the basic aa arginine or lysine 

was subtracted by the amount of the acidic aa glutamate or aspartate. If a directly 

consecutive region was identified, it was merged with the previous region. This procedure 

demonstrated that 68% of the PARylated proteins from Jungmichel et al., 86% from 

Martello et al. and 84% from Zhang et al. contain highly basic IDPRs (Figure 41A and B, 

details of identified proteins and sequences in Supplementary Data 1). In comparison, the 

whole human proteome contains 38% of proteins with highly basic IDPRs. Since PARP1 

is mainly active in the nucleus, cytoplasm-localized proteins from the eSLDB database 

were used as an additional control pool in the analysis (Pierleoni et al., 2007). 39% of 

these proteins contain highly basic IDPRs. The proteome of N-glycosylated proteins was 

used as a non-PARylation-associated control pool, as employed recently also in other 

studies (Vivelo et al., 2017; Huang et al., 2016). This dataset exhibits only 20% of proteins 

that contain highly basic IDPRs.  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5778597/#sup1
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Figure 41: CTD-like regions are present in the majority of covalently PARylated proteins. 

(A) Schematic representation of the bioinformatics analysis to search for CTD-like regions in PARylated 

proteins. Protein sequences from data sets of covalently PARylated proteins (Martello et al., 2016; 

Jungmichel et al., 2013; Zhang et al., 2013) were retrieved and analyzed for presence of predicted 

intrinsically disordered protein regions (IDPRs). In a next step, screening for highly basic IDPRs was 

performed, which represent CTD-like regions. (B) Bioinformatics analysis for the identification of CTD-like 

regions in covalently PARylated proteins. Data from cultured cells under genotoxic stress conditions used 

from Zhang et al. (Zhang et al., 2013), Jungmichel et al. (Jungmichel et al., 2013) and Martello et al. (Martello 

et al., 2016). P < 0.0001 for any pairwise comparison between a PARylated protein dataset and a control 

protein dataset; chi-square test. (C) PAR overlay assay after SDS-PAGE of full-length GST-tagged DEK with 

9 aa substitutions (GST-DEK_PBM) in a highly basic IDPR PAR binding motif. (D) Densitometric 

quantification of (C). Means ± SEM of three independent experiments. The signal of PAR binding to DEK_WT 

was set to 100%. (E) In vitro PARylation assay with DEK mutant from (D) using anti-PAR anibody LP96–10. 

These results demonstrate that covalently PARylated proteins are markedly enriched in 

highly basic IDPRs. Frequently, the PARylated proteins showed very long highly basic 

IDPRs, with lengths of 40–50 aa and even longer. The highly basic IDPR of p53 is only 24 

aa in length, but tetramerization can markedly increase the charge density. To investigate 

if tetramerization of p53 influences covalent PARylation, we performed the in vitro 

PARylation assay in the presence of the tetramerization-deficient mutant p53_L344P 

(Davison et al., 1998). PARylation of p53_L344P still occurred, although to a lesser extent 

than with p53_WT (Suppl. Figure 18A), indicating that tetramerization is not strictly 

essential, however supports covalent PARylation of p53. To test if similar regulatory 

mechanisms of non-covalent PAR binding and covalent PARylation exist in proteins other 
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than p53, we analyzed this crosstalk for the DEK protein, which was previously identified 

as a non-covalent PAR binding protein and a substrate for covalent PARylation (Martello 

et al., 2016; Jungmichel et al., 2013; Kappes et al., 2008). In a recent study, the strongest 

non-covalent PAR interaction was mapped to aa positions 195–222 (Ganz, Vogel et al., 

manuscript in preparation). This region was also identified as a highly basic IDPR by our 

algorithm (i.e., aa 177–227; a second IDPR was identified in the region aa 254–292). 

Within the PAR binding region of aa 195–222, nine basic aa were exchanged to alanines 

followed by expression and purification of the recombinant protein. Consistent with 

results from p53, this mutant showed a reduced non-covalent PAR binding (Figure 41C 

and D) and covalent PARylation (Figure 41E). To investigate if binding of PAR to other 

types of PAR binding modules also controls covalent PARylation, we used the in vitro 

PARylation assay in the presence of the macrodomain protein Af1521, which lacks highly 

basic IDPRs (PDB entry 1VHU). The macrodomain binds to PAR non-covalently 

specifically via the terminal ADP-ribose moiety (Karras et al., 2005). In this case, we did 

not detect covalent PARylation of Af1521 in vitro (Suppl. Figure 18A and C), suggesting 

that not all modes of non-covalent PAR binding render a protein a target for covalent 

PARylation by PARP1. In summary, these results demonstrate that CTD-like regions are 

present in most other covalently PARylated proteins, supporting the notion that such 

highly basic IDPRs may target such proteins for covalent PARylation as well. 

5.4.7 Influence of PAR on cellular functions of p53 

To investigate if and how PAR affects cellular functions of p53, pharmacological PARP 

inhibition and/or the p53_PBM4 mutant were employed to analyze (i) the transactivation 

activity of p53, (ii) p53-dependent replication-associated recombination and (iii) the 

PAR-mediated p53 interactome. To this end, p53-deficient human cells were 

reconstituted with p53_WT or p53_PBM4 by transfection and treated with the PARP 

inhibitor (PARPi) olaparib or left untreated. Since the transfection procedure itself 

produces considerable amount of genotoxic stress (Fiszer-Kierzkowska et al., 2011; 

Igoucheva et al., 2006) and high levels of p53, we analyzed cellular effects without 

inducing DNA damage using additional genotoxins. By using protein purification of His-

tagged p53 from transfected cells, we confirmed that under those experimental 

conditions covalent PARylation of p53 occurs in cells (Suppl. Figure 20). 

The transactivation activity was determined by a luciferase reporter assay, using a firefly 

luciferase gene driven by tandem repeats of p53 response elements. Notably, p53_PBM4 

showed a significant 37%-reduction in relative luminescence compared to p53_WT 

(Figure 42A). PARPi treatment in p53_WT-transfected cells reduced the relative 

luminescence also significantly by 19%, while PARPi in p53_PBM4-transfected cells did 

not change the relative luminescence, indicating an epistatic effect. To examine the 

influence of PARylation on gene expression in a chromatin environment, we analyzed 

CDKN1A (encoding for p21) mRNA transcript levels and p21 protein levels (Figure 42B-

D). These results demonstrated that PAR enhances the transactivation activity of p53 also 

in an endogenous chromosomal encoded gene. mRNA levels of the p53-dependent target 

genes SLC30A1 and RRM2B showed comparable results (Suppl. Figure 21). MDM2 mRNA 

levels exhibited a dependence on olaparib, whereas PLK3 showed a p53_PBM4-dependent 

effect. These results indicate that aa exchanges in PBM4 can also result in PAR 

independent effects, which is not surprising considering the broad modification of the  
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Figure 42: Influence of PAR on cellular functions of p53. 

(A) Analysis of p53 transcriptional activity using a luciferase reporter assay. H1299 cells were transfected 

with p53_WT or p53_PBM4, ± PARP inhibitor. Relative luminescence: Ratio of firefly to renilla luciferase 

luminescence. Renilla luciferase luminescence was used for the normalization of transfection efficiency. 

Means ± SEM of six independent experiments. (B) p21 protein expression level of experimental system in 

(A). Actin served as loading control. (C) Densitometric quantification of (B). Means ± SEM of 3 independent 

experiments. p21 levels were normalized to p53 levels and p53_WT without olaparib was set to 100%. 

(D) CDKN1A gene expression of experimental system in (A) using RT-qPCR. Means ± half range of 2 

independent experiments. (E) Determination of relative replication-associated recombination frequencies 

of K562(HR-EGFP/3'EGFP) cells, transfected with p53_WT or p53_PBM4, ± PARPi. Means ± SEM of 12 

independent measurements. Statistical significance was analyzed via two-tailed Mann–Whitney U test.    

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=5778597_gkx1205fig7.jpg
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(F) Schematic representation of the proteomics experiment to identify PAR-mediated interaction partners 

of p53. H1299 cells were reconstituted with p53_WT ± PARPi or p53_PBM4, followed by pulldown of p53 

complexes and MS analysis. (G) Identified PAR-mediated interaction partners of p53 by the proteomics 

experiment described in F. (H) Mechanistic model of targeting p53 for covalent PARylation by PARP1. 

PARP1 is activated upon DNA single-strand break detection and subsequently auto-PARylates itself. p53 

binds via the CTD non-covalently to PAR chains from auto-PARylated PARP1 and is put into spatial 

proximity of the catalytic center of PARP1, followed by covalent PARylation of p53 by PARP1. In 

consequence, the spatio-temporal function of p53 are affected, such as DNA binding properties, 

transcriptional function, replication-associated recombination and specific protein-protein interactions. 

CTD by other post-translational modifications and its versatile role in the regulation of 

many p53 functions. Other potential p53-dependent target genes from a previously 

published gene set (Fischer et al., 2016) showed no dependence on PARP inhibition or 

p53_PBM4.  

A previous report demonstrated that two NLS sequences of low activity are located in the 

CTD (Shaulsky et al., 1990). To exclude that the transactivation function is influenced due 

to altered subcellular localization of p53, high-content fluorescence microscopy with GFP-

tagged p53 variants was performed. The ratio of nuclear to cytoplasmic p53-GFP intensity 

was not significantly different for p53_WT (with or without PARPi) or for p53_PBM4 

(Suppl. Figure 22), indicating that PARPi treatment and the aa exchanges in the CTD of the 

p53_PBM4 mutant did not influence p53’s nuclear localization in the experimental system 

used in this study. 

Since p53 stimulates replication-associated recombination, which is assumed to protect 

replicating DNA (Ireno et al., 2014), we analyzed recombination using a chromosomally 

integrated recombination reporter substrate (Suppl. Figure 23A (Akyüz et al., 2002; 

Hampp et al., 2016). Notably, p53_PBM4 showed a significantly reduced stimulation of the 

recombination rate compared to p53_WT (Figure 42E and Suppl. Figure 23B) 

Furthermore, p53_WT in presence of PARPi displayed a complete loss of recombination 

stimulation. These results suggest that PAR is of critical importance for the p53-mediated 

recombination stimulation, however, additional PAR-dependent factors, which are not 

directly related to the non-covalent p53–PAR interaction, appear to be also involved in 

the regulation of replication-associated recombination. 

To identify PAR-mediated p53 interaction partners, a p53 pulldown combined with a 

proteomics analysis was performed, using a high-stringency approach. Thus, an 

interaction of p53 with another protein was considered to be PAR-mediated, if at least a 

4-fold difference in abundance was present between p53_WT and p53_PBM4, as well as 

between p53_WT and p53_WT treated with PARPi. The fact that PARP1 was identified as 

a PAR-mediated interaction partner confirms our above coIP results in a cellular 

environment. Furthermore, Annexin A1, 40S ribosomal protein S8, zinc-alpha-2-

glycoprotein, histone H4 and histone H3 variants were identified as PAR-mediated 

interaction partners (Figure 42F and G and Supplementary Data 2, Suppl. Figure 23C). 

With the exception of zinc-alpha-2-glycoprotein, all of these proteins were previously 

identified as PAR binding factors (Gagné et al., 2012). Our results now show that these 

PAR-protein interactions bridge the interaction with p53 in the cell, thereby 

demonstrating that the interactome of a given protein, i.e., p53, is directly PAR dependent. 

In summary, these results demonstrate that PAR acts as a significant regulator of p53 

cellular functions regarding transactivation function, p53-mediated replication-

associated recombination, and p53 protein interactions.  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5778597/#sup1
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5.5 Discussion 

This study reveals that the previously reported high-affinity interaction of PAR with p53 

is mediated by its CTD. The non-covalent PAR binding mediates the interaction of p53 

with auto-PARylated PARP1, which then targets p53 for covalent PARylation. In 

consequence, PARylation regulates several essential cellular functions of p53, such as its 

transcriptional activity, replication-associated recombination, and specific protein 

interactions, revealing the CTD as the center for regulation of p53 by PARylation (Figure 

42H). By this, the current study gives a prime example of how the two modes of PAR 

modification, i.e., non-covalent PAR binding and covalent PARylation, crosstalk in case of 

one of the most important tumor suppressor proteins, i.e., p53, with significant functional 

consequences on the cellular level. 

The CTD plays a multifunctional role in nearly every aspect of p53 regulation, such as 

protein stability, recruitment of co-factors, and the complex binding behavior of p53 to 

DNA (Laptenko et al., 2016). Apart from its sequence-independent interaction with 

double-stranded DNA, various other DNA structures act as CTD binding partners, such as 

single-stranded DNA, insertion/deletion mismatches, recombination intermediates, as 

well as DNA single-strand and double-strand breaks. Additionally, interaction with RNA 

was demonstrated (Laptenko et al., 2016; Zotchev et al., 2000; Mosner et al., 1995). Due 

to this variety of different binding partners, which are based on electrostatic interactions, 

the CTD was previously suggested to be a sequence-independent DNA binding domain 

(Wang et al., 1993). The different functions of the CTD are regulated by a host of post-

translational modifications, such as phosphorylation, ubiquitination, methylation, and 

acetylation. While a role of PARylation was previously proposed in the regulation of p53 

(Malanga et al., 1998; Kanai et al., 2007), its molecular details and functional significance 

are only poorly understood. Thus, Malanga et al. suggested that non-covalent p53–PAR 

interaction may take place in p53’s DBD and TD (i.e., PBMs 1–3) (Malanga et al., 1998). 

We reproduced these results, which were based on peptide studies. However, 

interestingly PBMs 1–3 were of no or only minor relevance for PAR binding in fl-p53, 

potentially because these binding sites are not accessible in the full-length protein. 

Instead, we revealed that the actual PAR binding ability resides in the CTD of p53. The 

reason of why Malanga et al. did not identify the CTD as a PAR binding region may be 

attributed to the fact that in some cases peptides are not efficiently bound to the 

membrane during the PAR overlay assay, because of solubility issues. 

Due to the similar chemical characteristics compared to DNA and RNA, a high-affinity 

electrostatic interaction of PAR with the CTD is plausible. The ability to interact with 

different types of nucleic acids, i.e., DNA, RNA, PAR, may be necessary to regulate the 

binding of p53 to the different nucleic acid targets and thereby control its specific cellular 

functions. Given that PAR contains two negatively charged phosphate groups per ADP-

ribose moiety, the charge density and thus the affinity is probably at least as high as for 

RNA or DNA. Since upon DNA damage, cellular PAR levels can rise >100-fold (Martello et 

al., 2013) and the local PAR content at the DNA damage site can reach high peak values, 

PAR potentially has the ability to outcompete DNA and RNA binding (Krietsch et al., 2013). 

In this way, PAR may serve as an important and highly dynamic factor to regulate the 

binding of p53 to other nucleic acids in a spatio-temporal manner. We demonstrated that 

PAR inhibited mainly the sequence-independent, CTD-mediated DNA binding of p53. In 
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contrast, the sequence-specific DNA binding via the DBD was only moderately affected. It 

was previously demonstrated that p53 binds to a high degree at non-specific DNA target 

sites in cells. Only about 2–5% of p53-bound DNA target sites have a p53 consensus motif 

(Liu et al., 2004; Cawley et al., 2004). Thus, non-covalent PAR binding to the CTD could 

possibly decrease the sequence-independent DNA binding by competition, leading to an 

increased specific DNA binding after PAR formation. 

Intriguingly, our results show that the PAR-binding CTD is also essential for covalent 

PARylation of p53. Together with the finding that p53 binds more efficiently to auto-

PARylated than unmodified PARP1, this strongly indicates that non-covalent p53–PAR 

interaction provides the target specificity for its covalent PARylation by PARP1 (Figure 

42H). In general, the connection between non-covalent PAR binding and covalent 

PARylation is understood incompletely. Previous work showed that the PARP1 

interaction to many proteins, such as CHD2 (Luijsterburg et al., 2016) or DNMT1 (Reale 

et al., 2005) is PAR-mediated. This indicates that the covalent PARylation of these proteins 

by PARP1 may be PAR-mediated, as well. This is supported by the identification of CHD2 

as a target for covalent PARylation (Zhang et al., 2013). Consistently, many PAR-binding 

proteins are also targeted by covalent PARylation (Teloni & Altmeyer, 2016). In support 

of this notion, we showed that in addition to p53, covalent PARylation of DEK is dependent 

on non-covalent PAR-DEK interaction (Figure 41C-E). We propose that a combination of 

intrinsic disorder and high positive charge confers non-covalent PAR binding and 

subsequently leads to PARP1-mediated covalent PARylation of p53, DEK, and potentially 

other proteins. For example, the proteins FUS, EWS and TAF15, which bind non-

covalently to PAR by their long, intrinsically disordered and highly positively charged RGG 

repeats (Altmeyer et al., 2015), are also a target for covalent PARylation (Jungmichel et 

al., 2013). The same was demonstrated for the short N-terminal tails from histones, which 

also comprise highly basic IDPRs (Messner et al., 2010). On the contrary, covalent 

PARylation was not detected in case of the PAR-binding macrodomain (this and previous 

studies (Jungmichel et al., 2013)). A possible explanation can be that IDPRs provide the 

ability to slide along the PAR chain towards PARP1 to reach spatial proximity for covalent 

PARylation, which is supported by studies showing that IDPRs slide along DNA in a 

sequence-independent manner ((McKinney et al., 2004; Tafvizi et al., 2011; Vuzman & 

Levy, 2010). In contrast, the macrodomain binds to the terminal ADP-ribose moiety of the 

PAR chain by a specific fold and is probably too distant from the catalytic center of auto-

PARylated PARP1 for covalent PARylation. Recently, thousands of covalently PARylated 

proteins were identified by mass spectrometry. Interestingly, the majority of these 

proteins have regions that are similar to the CTD of p53 in the way that they are also highly 

basic and disordered. These regions could account for non-covalent PAR binding and for 

covalent PARylation of proteins, offering a possible explanation of how PARP1 can select 

its thousands of targets for covalent PARylation. 

In general, protein kinases recognize their target sites for phosphorylation at a specific aa 

consensus sequence (Pinna & Ruzzene, 1996). In comparison, our results strongly suggest 

that PARP1 does not require a certain aa consensus sequence for the selection of covalent 

PARylation sites. Instead, PARP1 targets a protein, if it exhibits a PAR interaction domain 

like the CTD and suitable acceptor aa. The high variety of different acceptor aa, such as 

glutamate, aspartate, lysine and serine supports this notion (Bonfiglio et al., 2017; Daniels 

et al., 2014). Furthermore, PARP1 can even covalently modify DNA strand break termini 
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in DNA fragments, at least in vitro (Talhaoui et al., 2016). In consequence, the selectivity 

of PARP1 towards specific aa substrates is under current discussion in the field (Teloni & 

Altmeyer, 2016; Daniels et al., 2015). In principle, such a broad specificity might be 

necessary to render the response upon certain PARP1-activating stimuli as wide and 

adaptive as possible. Importantly, however, in a cellular context, PARP1 specificity could 

be regulated by additional co-factors, as was recently demonstrated for HPF1, which is 

necessary for serine-specific PARylation (Bonfiglio et al., 2017). 

This study demonstrates that PARylation participates in the transactivation function of 

p53 in cells, which is consistent with previous studies (Vaziri et al., 1997; Wieler et al., 

2003). Additionally, we show that this regulation is dependent on PBM4. A possible 

mechanism may be that p53 needs to dissociate from DNA for the start of transcription, 

which may be mediated by PARylation of p53. Treating cells with a PARPi prevents the 

dissociation of p53 and TAFs (TATA binding protein associated factors) from the p21 

promotor (Wu et al., 2014). Our data implicate that covalent PARylation of p53 can also 

occur with DNA-bound p53, since DBD-mediated DNA binding was only moderately 

influenced by the presence of PAR. Therefore, auto-PARylated PARP1 can bind to p53, 

followed by covalent PARylation and dissociation of p53 from the DNA. Moreover, 

PARylated p53 might enhance the recruitment of transcriptional co-factors to the 

promoter. Indeed, it was previously demonstrated that PAR can affect protein-protein 

interaction and assemble multi-protein complexes (Gagné et al., 2012). Here we 

specifically show that PAR regulates protein interactions of p53 in the cell. Thus, PAR 

mediates the p53 interaction to Annexin A1, 40S ribosomal protein S8, zinc-alpha-2-

glycoprotein, histone H4, histone H3 variants or PARP1. Of these, histone H3 and H4 

(Huang et al., 2012), PARP1 (Vaziri et al., 1997) and Annexin A1 (Li et al., 2016) were 

previously identified as interaction partners of p53. It will be interesting to disentangle in 

future studies to what extent the cellular effects on p53 function are dependent on non-

covalent PAR binding or/and covalent PARylation. 

The CTD is a target for various PTMs, such as acetylation, ubiquitination, methylation, and 

neddylation, mainly modifying its lysines, including those mutated in p53_PBM4. Thus, it 

is conceivable that a modification or an interplay of different modifications can influence 

and regulate non-covalent PAR binding as well as covalent PARylation of p53. 

Interestingly, while mice carrying a genetic deletion of the CTD in their TP53 gene exhibit 

anemia and bone marrow failure (Simeonova et al., 2013; Hamard et al., 2012), mice with 

aa exchanges of all lysines to arginines within the CTD show only a mild phenotype of 

γ-irradiation hypersensitivity (Krummel et al., 2005). This raises the hypothesis that in 

such a mutant, the p53-CTD is still able to bind PAR and to trigger covalent PARylation 

due to unaltered positive charge, which could explain the absence of a severe phenotype.  
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5.6 Supplementary Material 

5.6.1 Supplementary Methods 

5.6.1.1 In vitro PARylation assay with 32P-NAD+ 

Rec. proteins (1 μM) were PARylated in PBS buffer, in presence of 10 mM MgCl2, 7.7 μg/ml 

self-annealed oligonucleotide GGAATTCC, 1 mM DTT, 23 nM rec. PARP1 and 0.1 μCi 
32P-NAD+ (non-radioactive NAD+ was added to a final NAD+ concentration of 100 μM), in a 

final volume of 10 μl for 1 h at RT. Proteins were separated by a 15% acrylamide gel, 

followed by Coomassie staining and detection by autoradiography. The in vitro 

PARylation experiment with 32P-NAD+ was performed three times. 

5.6.1.2 High-content microscopy 

H1299 cells were seeded in a 24 well plate (40,000 cells per well) in 500 μl medium. 24 h 

later, transient transfection was performed using Lipofectamine 2000 according to the 

manufacturer´s instructions. Cellular transfection of GFP-p53 (pEGFP-C1::p53_WT) 

(500 ng each) was performed using 1.5 μl Lipofectamine 2000 per well. PARP inhibitor 

veliparib (10 μM, Selleckchem) was added to the cells where indicated. After 24 h, cells 

were washed in PBS and fixed for 20 min at RT with 4% paraformaldehyde in PBS. After 

stopping the reaction 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 μg/ml Hoechst 33342 for 15 min at RT. After three washes with PBS, 

subcellular localization was quantified with high-content microscopy (Cellomics 

Arrayscan VTI HCS, Thermofisher scientific) 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. 

5.6.1.3 Chromatin fractionation 

Protein binding in cells was analyzed by chromatin fractionation according to Dedon et 

al. (Dedon et al., 1991) with modifications. H1299 cells were transiently transfected using 

Lipofectamine 2000 with vectors, encoding p53_WT or p53_PBM4. Cells were treated 24 h 

later with formaldehyde and lyzed in a buffer consisting of 2% SDS, 50 mM Tris-HCl pH 8, 

500 mM NaCl, 10 mM EDTA and protease inhibitor cocktail (Roche). Cells were sonicated 

(Biorupotor, Diagenode) to reduce chromatin length. After centrifugation, the 

supernatant was loaded on a 5-20% sucrose gradient in the presence of 500 mM NaCl, 2% 

SDS and protease inhibitor cocktail. Samples were centrifuged at 70,000 g for 20 h. The 

samples were fractionated and one half of each fraction was used for protein detection by 

SDS-PAGE and Western blotting whereas the other half was used for chromatin length 

analysis by agarose gel electrophoresis and ethidium bromide staining 

5.6.1.4 GFP-IP 

H1299 cells, seeded on a 15 cm cell culture plate, were transfected using Lipofectamine 

2000 with a vector encoding GFP fused to the extended CTD of p53 (aa 301-393). After 

24 h, cells were treated with 500 μM H2O2 for 5 min, followed by cell lysis (including 1 μM 

ADP-HPD [Merck]) and GFP-immunoprecipitation using GFP-Trap_A beads (Chromotek) 

according to the manufacturer’s instructions. After SDS-PAGE and Western blot, PAR was 
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detected with the anti-PAR antibody LP96-10 (Enzo Life Sciences) followed by using an 

anti-GFP antibody (Roche). 

5.6.1.5 p53 protein purification from human cells 

H1299 cells were transiently transfected with vectors, encoding His-tagged p53_WT, 

p53_PBM4 or with the control vector pcdna3.1 using polyethylenimin (PEI). After 24 h, 

cells were treated with 500 μM H2O2 for 5 min and subjected to nickel-affinity 

chromatography as described in the protein purification section. After SDS-PAGE and 

Western blot, PAR was detected with the anti-PAR antibody LP96-10 (Enzo Life Sciences). 

5.6.2 Supplementary Figures 

 

Suppl. Figure 15: PAR binds non-covalently to the C-terminal domain (CTD) of p53. 

(A) List of amino acid (aa) sequences of peptides from Figure 36B. (B) Complete membrane of Figure 36D. 

PAR overlay assay of PepSpot peptide array (upper membrane) for the identification of potential PAR 

binding sites in p53. Ponceau S staining (lower membrane) served as a loading control. (C) List of aa 

sequences of peptides used in the PepSpot peptide array from Figure 36D and Suppl. Figure 15B. 
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Suppl. Figure 16: Generation of a PAR-binding-deficient p53 mutant. 

(A) Complete membrane of Figure 37A. PAR overlay assay of PepSpot peptide array (upper membrane). 

Ponceau S staining (lower membrane) served as a loading control. (B) List of aa sequences of peptides used 

in the PepSpot peptide array from Figure 37A and Supplementary Suppl. Figure 16A. Amino acids 

highlighted in red were subjected to exchanges to alanines. (C) Analytical size-exclusion chromatography 

(SEC) of different p53 variants bound to non-fractionated PAR. Chromatograms of protein-only samples 

were taken from Figure 37F (using absorbance at 258 nm instead of 280 nm). (D) Analytical SEC for analysis 

of DNA (REp21) binding of p53_WT or p53_PBM4-4. Chromatograms of protein-only samples were taken 

from Figure 37F (using absorbance at 258 nm instead of 280 nm). (E) Size calculations of samples from SEC 

experiments (from Figure 37F and Suppl. Figure 16C and D) (F) Schematic representation of fractions after 

chromatin fractionation. (G) Chromatin binding of p53_WT was compared to p53_PBM4- 4 using chromatin 

fractionation. H1299 cells were transfected with p53_WT or p53_PBM4-4 and crosslinked with 

formaldehyde. Chromatin was sonicated to reduce chromatin size, followed by sucrose-gradient 

ultracentrifugation. Samples were fractionated and protein content was analyzed using SDS-PAGE followed 

by Western blotting. Histone H2B served as marker for chromatin association. Actin served as marker for 

cytoplasmic fractions. (H) DNA length analysis of chromatin fractions from (G).  
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Suppl. Figure 17: DNA-PAR competition electrophoretic mobility shift assay (EMSA). 

DNA binding of indicated p53 variants to a fluorescently labeled unspecific DNA substrate (scrambled 

REp21) or a specific DNA substrate (REp21) was competed with non-fractionated, unlabeled PAR. (A) Left: 

DNA-PAR competition EMSA with p53_1-355 (1.5 μM) or p53_325-393 (18.7 μM). Right: Densitometric 

quantification of unbound DNA. (B) Left: DNA-PAR competition EMSA with p53_WT (1 μM). Right: 

Densitometric quantification of unbound DNA. (C) Left: DNA-PAR competition EMSA with p53_1-355 

(1.5 μM). Right: Densitometric quantification of unbound DNA. (D) Left: DNA-PAR competition EMSA with 

p53_PBM4-4 (1 μM). Right: Densitometric quantification of unbound DNA.  
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Suppl. Figure 18: The CTD of p53 is essential for covalent PARylation of p53. 

(A) In vitro PARylation assay with p53 variants and GST-Af1521 (macrodomain). PARP1: A control 

PARylation reaction was performed in the absence of p53 variants or GST-Af1521. (B) Control blot 

demonstrating efficient PDE I digestion of PARylated p53_WT. (C) In vitro PARylation assay with radioactive 
32P-NAD+, followed by autoradiographic detection. (D) Control experiment demonstrating that p53 is 

covalently PARylated by using 8 M urea in the SDS-PAGE sample buffer (urea SB) together with PARylated 

(PARyl.) p53. As control, SDS-PAGE sample buffer without urea (SDS SB) was used. (E) In vitro PARylation 

control experiment demonstrating that p53 is covalently PARylated by using a PARP inhibitor (PARPi) 

before addition of p53. (F) Targeting of cellular GFP for covalent PARylation. The extended CTD of p53 (aa 

region 301-393, containing all NLS regions) was fused to GFP, i.e., GFP-p53_301-393. H1299 cells were 

transfected with GFP-p53_301-393, treated with H2O2 and subjected to an immunoprecipitation against 

GFP. Two independent experiments were performed.  



Chapter 5: The C-terminal domain of p53 orchestrates the interplay between non-
covalent and covalent poly(ADP-ribosyl)ation of p53 by PARP1 

145 

 

Suppl. Figure 19: Mass-spectrometric identification of phosphoribosylation sites in p53.  

(A) Peptide (aa 1-24) from trypsin digestion, using CID fragmentation. Most probable modification site at 

E17. (B) Peptide (aa 1-24) from trypsin digestion, using CID fragmentation. Most probable modification 

sites at E2 and D7. (C) Peptide (aa 23-32) from pepsin digestion, using CID fragmentation. Definitive 

modification site at E28. (D) Peptide (aa 1-24) from trypsin digestion, using enrichment for 

phosphoribosylated peptides and HCD fragmentation. Most probable modification site at D7 
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Suppl. Figure 20: Analysis of covalent PARylation of p53 in cells. 

H1299 cells were transfected with p53_WT. 24 h later, cells were treated with 500 μM H2O2 for 5 min or left 

untreated. Subsequently, p53 was purified using nickel-affinity chromatography. FT: flow-through from 

nickel-affinity column. 

 

Suppl. Figure 21: SLC301A, RRM2B, MDM2 or PLK3 gene expression using RT-qPCR. 

H1299 cells were transfected with GFP-tagged p53_WT or p53_PBM4, ± PARP inhibitor followed by gene 

expression analysis. Means ± half range of 2 independent experiments.  
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Suppl. Figure 22: Pharmacological PARP inhibition or mutations in the CTD do not influence the 

subcellular localization of p53. 

(A) Subcellular localization analysis of GFP-fusion proteins using Cellomics high-content imaging. 

Representative images are shown. Scale bar: 20 μm. PARPi: PARP inhibitor (veliparib). (B) Quantification 

of (A). Ratio of average nuclear GFP intensity and average cytoplasmic GFP intensity is shown (Avg int 

nucl/cytopl). Means ± SEM of 3 independent experiments.   
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Suppl. Figure 23: Influence of PAR on cellular functions of p53. 

(A) Schematic representation of the genomic recombination reporter substrate (Hampp et al., 2016; Akyüz 

et al., 2002) which is chromosomally integrated in K562(HR-EGFP/3`EGFP) cells, and is used for the 

determination of recombination frequencies. PURO: puromycin resistance cassette; arrow: promoter; black 

square: frameshifting insertion in the EGFP chromophore coding region generating the inactive variant HR-

EGFP; hygromycin: hygromycin resistance cassette; cross: replacement of the EGFP start codon by two stop 

codons resulting in the inactive variant 3´EGFP. (B) p53 protein expression level of recombination 

experiment in Figure 42E. GAPDH served as loading control. (C) Coomassie gel of p53 pulldown from H1299 

cells, transfected with Strep-tagged p53. PARPi: PARP inhibitor (olaparib). 

 

5.6.3 Supplementary Tables 

Suppl. Table 2: List of oligonucleotides used in this study. 

  



Chapter 5: The C-terminal domain of p53 orchestrates the interplay between non-
covalent and covalent poly(ADP-ribosyl)ation of p53 by PARP1 

149 

5.7 Acknowledgments 

We thank Martin Scheffner for the plasmids pET14b::p53_WT, pET11a::p53_WT, 

pGEX2TK::p53_325–393 and pcdna3.1::HA-p53_WT; and Michael L. Nielsen for the 

plasmid pGEX-4T1::Af1521. Further, we thank the proteomics and the FACS facilities of 

the University of Konstanz for their support of the mass spectrometric analyses and FACS 

measurements, respectively; Desiree Schütz, Alexandra Semmler and Samy Aliyazdi for 

associated contributions during their Masters’ or Bachelor's theses work; Marcel Leist for 

access to the Cellomics instrument; and Andreas Marx and Martin Scheffner for helpful 

discussions on this project. 

Author contributions: Conceptualization, A.F., A.M., A.B.; Methodology, A.F., A.K., S.H., G.A., 

M.H., M.S.; Formal Analysis and Software, G.A.; Investigation, A.F., A.K., S.H., G.A., L.R., M.H., 

M.S., J.F., S.V., P.R., M.G.; Writing - Original Draft, A.F., A.M.; Writing - Review & Editing, A.F., 

A.M., A.K., S.H., G.A., L.R., M.H., M.S., J.F., S.V., P.R., M.G., E.F.M., A.H., L.W., K.H., A.B.; 

Supervision, Project Administration and Funding Acquisition, A.M., A.B. 

 

 

 

5.8 Funding 

German Research Foundation (DFG) through the Konstanz Research School Chemical 

Biology (KoRS-CB); Research Training Group 1331 [RTG1331]; Collaborative Research 

Center 969 [CRC969, project B04]; Zukunftskolleg of the University of Konstanz as well as 

the International Graduate School in Molecular Medicine, Ulm. Funding for open access 

charge: University of Konstanz. 

Conflict of interest statement. None declared. 

 

 



 

 

  



Chapter 6: Discussion 

151 

Chapter 6: Discussion 
Genotoxic stress and DNA damage are a constant threat to the genome, affecting our 

survival and the transmission of our genetic material to our offspring. To counteract the 

detrimental effects of accumulated DNA lesions, a large variety of different repair 

mechanisms evolved. In many of the DNA repair pathways, PARP1 plays a central role, 

thus being an important player in the protection of our genome. To further advance 

PARP1 and PARylation research, PARP1 was deleted in HeLa Kyoto cells, one of the most 

widely used human cell lines. These cells were used for reconstitution with different 

PARP1 variants, which exhibit distinct features like an altered activity or changes in the 

structure of the produced PAR. Thereby, it was shown that reduced PARP1 activity could 

promote human carcinogenesis and that polymer structure affects the cellular physiology 

and stress response. In addition, the crosstalk between covalent and non-covalent 

PARylation is essential for the tight regulation of the target proteins. In this thesis, the 

different aspects which are required for full functionality of the PARylation system are 

analyzed in detail and the results shed new light on some long-standing research 

questions of the field.  

6.1 Establishing a novel human cell culture model to decipher 

the role of PARP1 and PARylation in a cellular context 

When the project started its course in 2014, genome editing technologies, such as the 

CRISPR/Cas9-systems (Clustered regulatory interspaced short palindromic repeats) and 

transcription activator-like effector nucleases (TALENs), have become commonly 

available. They provided a simple method for establishing cell lines with a complete 

genetic deletion in genes of interest (Nemudryi et al., 2014). At that point, there was a lack 

of systems with a complete knock-out of PARP1 in human cells. Therefore, TALENs were 

used to generate two different stable human HeLa PARP1 KO cell lines (Demgenski, 2014). 

Today, there is a large variety of different cell lines with a deletion in PARP1 commercially 

available (Applied biological materials Inc or creative biogene) or was generated by other 

groups (Ronson et al., 2018). This highlights how important cell systems, like the HeLa 

PARP1 KO cell lines as used in this study, became in recent years.  

Following clonal expansion of the two different knock-out cell lines, they were 

comprehensively characterized, with special regard to their PARylation metabolism and 

stress response phenotype (Rank, 2015). As expected, there was no PARP activity visible 

after oxidative stress, either by analyzing intracellular NAD+-levels or staining for the 

polymer using the 10H antibody. However, the more sensitive LC-MS/MS analysis 

revealed residual PARP activity after genotoxic stress. This was not surprising, as it has 

already been known that PARP1 deficient mouse embryonic fibroblasts (MEFs) show 

residual PAR synthesis after genotoxic stress. This notion led to the discovery of PARP2 

in 1999 (Amé et al., 1999). PARP2 is, most likely together with other PARP family 

members, responsible for the remaining PAR formation observed in the HeLa PARP1 KO 

cells (Hottiger et al., 2010). 

Today it is commonly accepted that PARP1 and PARP2 are redundant in at least some 

functions (Ronson et al., 2018; Hanzlikova et al., 2017). This could explain, why basal PAR 

levels were not affected by the deletion of PARP1, although the PAR amount after 
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genotoxic stress is dramatically reduced. In case one wants to study the role of PARP1 

without interference of PARP2, an additional genetic deletion of PARP2 is required. At 

that point, it cannot be ignored that the deletion of both PARP1 and PARP2 in mice is 

embryonically lethal (Ménissier de Murcia et al., 2003). However, a recent publication 

from Ronson et al., 2018 described U2OS cells with a double knock-out of the PARP1 and 

PARP2 genes, indicating that genetic deletion of both genes is possible in at least some cell 

lines (Ronson et al., 2018).  

Nonetheless, the knock-out of PARP1 was sufficient to study the role of PARP1 activity and 

PAR structure in a cellular system. Functional analysis of the cell physiology of the two 

knock-out cell lines revealed, that the proliferation is slowed down and that the cells are 

sensitized towards treatment with H2O2 and camptothecin. This is perfectly in line with 

data obtained from mutant MEFs, showing slower proliferation (Wang et al., 1995) and 

an increased sensitivity towards ionizing irradiation and alkylating agents (Murcia et al., 

1997; Wang et al., 1995).  

Taken together, these results prove the suitability of HeLa PARP1 KO cells for PARP1 and 

PARylation research in a cellular experimental system of human origin, rendering animal 

experiments dispensable in some cases. 

6.2 Characterization of a hypo- and hypermorphic PARP1 

variant 

To illustrate the potential of the cell culture model for PARylation research, two artificial 

PARP1 mutants with altered enzymatic activity were analyzed in detail. Therefore, a 

hypermorphic (PARP1\L713F) and a hypomorphic (PARP1\E988K) variant were chosen, 

as both mutants are of high interest for understanding the cellular functions and 

biochemistry of PARylation. To easily trace expression of the variants and to allow sorting 

of successfully transfected cells, a GFP-tag was used. As it was shown that the N-terminal 

region with the three ZnF-domains is responsible for DNA binding (Eustermann et al., 

2011; Langelier et al., 2011a; Langelier et al., 2010), the proteins were tagged C-terminally 

to exclude impaired protein-DNA interaction.  

For reconstitution of the HeLa PARP1 KO cells, a transient transfection approach was 

chosen to avoid potential counter-selection of negative biological effects during clonal 

expansion. However, this approach had the disadvantage that the PARP1 variants (except 

for PARP1\L713F) were slightly overexpressed (4-5 fold), compared to endogenous 

PARP1. Although an upregulation of PARP1 was observed in different tumor types 

(Ossovskaya et al., 2010), which might lead to some altered cellular processes, only a very 

weak correlation between PARP1 expression and PAR formation under basal conditions 

and after genotoxic stress was observed (unpublished data). Thus, slightly enhanced 

protein levels were accepted to avoid counter selection and to keep the flexibility of a 

transient system. To completely exclude side-effects from protein expression levels, HeLa 

WT and untransfected HeLa PARP1 KO cells were included as controls in all experiments. 

PARP1\E988K was described as a mutant lacking chain elongation capacity, thus 

exhibiting only mono- or oligo(ADP-ribosyl)ation activity (Rolli et al., 1997; Marsischky 

et al., 1995). These observations were verified in our system by immunofluorescence 

staining of transfected cells with and without genotoxic stress. As expected, PAR 

formation couldn’t be observed in cells transfected with PARP1\E988K. Characterization 
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of the cellular phenotype revealed that they are viable but hardly proliferate. Analysis of 

the cell cycle state and of different DNA damage markers showed that PARP1\E988K 

transfected cells displayed a strong DNA damage-dependent G2 arrest. In addition, 

intracellular NAD+-levels were enhanced under basal conditions. Strikingly, these effects 

could be completely rescued by pre-treatment with a pharmacological PARP inhibitor. 

Therefore, the distinct phenotype of PARP1\E988K-transfected cells might not be a result 

of the missing enzymatic activity of PARP1, but rather demonstrate effects specific for 

mono-ADP-ribosylation. This remarkable observation suggests, that mono-ADP-

ribosylation exerts pronounced and distinct cellular functions. This possibility is further 

supported by the notion that mono-ADP-ribosylation occurs during PAR catabolism 

(Barkauskaite et al., 2015) and is in addition specifically catalyzed by some members of 

the PARP superfamily (Hottiger et al., 2010). Furthermore, the observations would be in 

line with the hypothesis of a so called “PAR-code”, suggesting distinct functions for 

different chain lengths and branching degrees, including mono-ADP-ribosylation in 

addition to short oligomers (Fahrer et al., 2010).  

The impaired functionality of the PARP1\E988K mutant resulted not only in detrimental 

effects on basal cellular physiology, but could directly be observed in the altered 

recruitment of the mutant to sites of laser-induced DNA damage. The observed 

recruitment kinetics were similar to those observed by Mortusewicz et al. in a murine 

system, although they used N-terminally GFP-tagged mouse PARP1\E988K (Mortusewicz 

et al., 2007). Classically, it was thought that the localization of PARP1 to sites of DNA 

damage is regulated via automodification of PARP1. The massive negative charge of the 

attached polymer leads to an electrostatic repulsion and thus to the release of PARP1 from 

the DNA (Zahradka & Ebisuzaki, 1982). This fits nicely to the notion that the small fraction 

of PARP1\E988K, which is recruited to sites of laser-induced DNA damage, persists at the 

lesion site, at least during the time of observation. The weak overall recruitment of 

PARP1\E988K might be attributed to the loss of the PAR formation capacity, as it was 

reported that the enzymatic activity of PARP1 is required for the second-wave 

recruitment of PARP1 molecules to the lesion sites (Mortusewicz et al., 2007). The 

impaired recruitment of PAPR1\E988K further leads to a disturbed DNA damage 

response, which results in an increased sensitivity towards genotoxic stress. Again this 

nicely fits with previous data from mice studies, showing that PARP1 KO MEFs are 

sensitized towards camptothecin in a colony formation assay (Patel et al., 2012). 

PARP1\E988K is often used as an inactive PARP1 variant in different studies due to its 

missing chain elongation capacity (Choi et al., 2016; O'Donnell et al., 2013; Le Page et al., 

2003). Therefore, a potential trapping effect has to be taken into consideration. This effect 

was mainly described in the context of clinical PARP inhibition. The loss of PARP activity 

caused by different substances could lead to “trapping” of PARP1 at the lesion site, 

resulting in a bulky adduct, inhibition of DNA repair, replication and transcription and 

finally causing cell death (Shen et al., 2015). Although this nicely fits with the observed 

recruitment kinetics, it contradicts the observed cellular effects. The fact that increased 

levels of DNA damage, the strong G2 arrest and the higher NAD+ levels can be rescued by 

blocking the mono-ADP-ribosylating activity of PARP1\E988K by treatment with PARP 

inhibitors, point to pronounced cellular functions specific for mono-ADP-ribosylation. 

This important notion is highly important for future PARP1 and PARylation research, as 

it indicates that PARP1\E988K is not a suitable mutant to study effects of inactive PARP1. 
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One could rather use PARP1\W318R and PARP1\E988A, as suggested by Langelier et al., 

2010 to study effects of a catalytically inactive PARP1. 

Besides the hypomorphic PARP1\E988K, the hypermorphic PARP1\L713F variant was 

characterized in detail. The mutant was first described in 1995 by Miranda et al. as a 

gain-of-function mutant. They found, that PARP1\L713F exhibits an over 9-times 

increased Kcat while the Km for NAD+ was unchanged (Miranda et al., 1995). More recent 

studies showed that the mutation resulted in changes in the hydrophobic core of PARP1, 

thus rendering PARP1\L713F a mutant mimicking the effects of DNA damage-dependent 

distortions of the helical domain. Thereby, the DNA-independent activity is increased up 

to 20-fold (Langelier et al., 2012; Dawicki-McKenna et al., 2015). Characterization of the 

enzymatic activity in PARP1\L713F-reconstituted cells during this study revealed that the 

variant is constitutively active in a cellular environment. This leads to reduced 

intracellular NAD+ pools, thus inhibiting a DNA damage-dependent increase in PAR 

formation. However, genotoxic stress triggers the complete depletion of intracellular 

NAD+, leading to a temporary inhibition of PAR formation and decrease in cellular PAR 

levels. On the physiological level, increased rates of apoptosis were observed because of 

the constitutive activity. Results from Wang et al. suggest that PARP1 is directly involved 

in the induction of apoptosis via a pathway called PARthanatos (Wang et al., 2011). 

Although they propose that free PAR triggers the release of the apoptosis inducing factor 

(AIF) from mitochondria, thus resulting in caspase-independent apoptosis, the 

translocation was not observed in HeLa PARP1 KO cells transfected with PARP1\L713F. 

Surprisingly, further studies did not point towards the involvement of caspases in the 

death of PARP1\L713F-reconstituted cells either (Reber, 2017). Therefore, the questions 

why and how cells carrying PARP1\L713F die, still remains. However, except for the 

increased apoptosis rate, PARP1\L713F-transfected cells display a completely normal 

cellular physiology. Therefore, this mutant might be of interest for further PARP1 and 

PARylation research, as it could mimic PARP1 activation without the application of 

genotoxic stress and its associated side-effects.  

Taken together, the results obtained during the characterization of the hypo- and 

hypermorphic PARP1 variants prove the functionality of reconstituted HeLa PARP1 KO 

cells as a system for PARylation research. Especially the important observation that 

mono-ADP-ribosylation by PARP1\E988K has pronounced cellular consequences, 

highlights the requirement of cellular systems to study consequences of altered PARP1 

activity and PAR size as well as structure in detail. Therefore, this approach was used 

during the follow-up study, analyzing cellular consequences of differently structured PAR 

(ref. Chapter 4 and 6.4). Apart from studying molecular mechanisms of PARylation, the 

model can be used to characterize naturally occurring PARP1 variants. Thereby, the 

system could provide a basis for molecular risk assessment in order to judge if carriers of 

different mutations or polymorphisms may be predisposed to the development of 

different diseases (ref. Chapter 3 and 6.3). 

6.3 Characterization of PARP1 variants supporting human 

carcinogenesis 

The possibly best studied human PARP1 single nucleotide polymorphism (SNP) leads to 

the exchange of a valine at position 762 to an alanine (Cottet et al., 2000). It was shown 
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that the polymorphism occurs mainly within the Asian, Caucasian and African population 

and goes in hand with an increased risk for several different types of cancer (Yu et al., 

2012; Alanazi et al., 2013). The mutation is located in the HD domain, which is part of the 

catalytic domain, thus it is not surprising that the polymorphism causes a reduction in the 

enzymatic activity on a biochemical level (Beneke et al., 2010; Wang et al., 2007). 

However, analysis of human derived cells with or without the polymorphism resulted in 

inconclusive observations. While one study suggests a gene-dose-dependent reduction in 

the catalytic activity (Lockett et al., 2004) the correlation could not be observed by others 

(Zaremba et al., 2009). Here, it was shown, that human PARP1\V762A exhibits a reduced 

enzymatic activity after genotoxic stress in reconstituted HeLa PARP1 KO cells. These 

results would fit to the observations made by Lockett et al., 2004. The important role of 

PARP1 in the DNA damage response and the observation that reduced PARP1 activity 

might impair successful repair processes, would strongly support a causative link 

between the increased tumor risk in V762A carriers and the reduced enzymatic activity. 

It was further shown, that PARP1 activity strongly correlates with the maximal life span 

of 13 different mammalian species (Grube & Bürkle, 1992). In addition, centenarians were 

shown to have higher PARP1 activity than controls (Muiras et al., 1998). Therefore, it 

might be tempting to speculate that the decreased activity of PARP1\V762A goes in hand 

with a reduced lifespan for carriers of the polymorphism. However, until today there are 

no studies present, analyzing the potential correlation between the lifespan and the SNP 

polymorphism. 

Another PARP1 variant which might be involved in human carcinogenesis was identified 

in a young patient with pediatric colorectal cancer (CRC). The mutation was maternally 

inherited and combined with the V762A polymorphism. Characterization of the 

PARP1\F304L\V762A variant revealed a very strong decrease in the enzymatic activity 

and strongly reduced recruitment to sites of laser-induced DNA damage. The drastic loss 

of PARP1 functions seems to be the result of a cumulative effect of the F304L mutation 

together with the V762A polymorphism, as the effects were less detrimental for both 

mutations individually. In addition, the patient inherited a frameshift mutation in the 

BRCA2 gene from his father. Analysis of the tumor revealed an acquired somatic loss of 

the second wildtype allele of BRCA2. The functional loss of BRCA2 together with the 

dramatically reduced PARP1 activity, might have caused severe genomic instability and 

the early onset of carcinogenesis. 

Analyzing the two PARP1 variants associated with human carcinogenesis, the power of 

using reconstituted HeLa PARP1 KO cells for molecular risk assessment was 

demonstrated. This approach allows the correlation between epidemiological and clinical 

findings. In the future, it might be of interest to use the model for studying other PARP1 

polymorphisms associated with different diseases. For instance, the L940R 

polymorphism was linked to an increased risk for gastric cancer (He et al., 2012; Lockett 

et al., 2004) and the L54F polymorphism was associated with diabetic polyneuropathy 

and glomerulonephritis (Nikitin et al., 2008; Shestakov et al., 2007). Although, the two 

polymorphisms were clearly identified to be associated with the different diseases, hardly 

anything is known about the biochemical and enzymatic characteristics of these mutants. 

Especially with regards to PARP inhibitor therapies, which have recently become 

available for different types of cancer (Bitler et al., 2017), patients might benefit from a 

better understanding of the correlation between enzymatic activity and the 
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polymorphism and how the enzyme characteristics are linked to the development of the 

diseases on a molecular level. 

6.4 Analysis of the role of PAR chain length and branching 

frequency 

While working with the hypomorphic variant PARP1\E988K, it became obvious that 

mono-ADP-ribosylation exerts pronounced cellular functions. Therefore, it was decided 

to further investigate the role of PAR chain length and branching frequency with regards 

to cellular consequences, thus shedding light on the question whether a PAR-code exists. 

In two independent studies, it was shown that XPA and histones exhibit strong 

preferences for specific polymer sizes and branching frequencies (Panzeter et al., 1992; 

Fahrer et al., 2007). In addition, for other posttranslational modifications like 

ubiquitination, the distinct functions of different kinds of linkages and branching degrees 

are widely accepted (Kwon & Ciechanover, 2017). One further argument for distinct 

cellular functions of different PAR chains is the notion that PAR-degrading enzymes have 

different affinities for PAR chains, dependent on size and branching frequency 

(Hatakeyama et al., 1986; Braun et al., 1994). Using an in vitro PAR degradation assay, it 

was shown that PARG degrades short and hypobranched polymers faster compared to 

large and hyperbranched ones. This completely contradicts the observations made by 

Hatakeyama et al., who observed a fast degradation of large and an about 20-fold slower 

degradation of small polymers. One explanation for the difference could be that PARG 

from different species was used. Here, human recombinant PARG was used, while 

Hatakeyama et al. used purified PARG from calf thymus. In addition, they used protein-

bound polymers, while the PAR-degradation assay used for this study worked with free 

polymers. To validate the results from the in vitro experiment, degradation of PAR was 

analyzed in a cellular context. This has the advantage that protein-bound PAR is degraded 

and that not only PARG, but all catabolizing enzymes are involved and work in their 

normal cellular context. During the degradation of DNA damage-induced PAR, it was 

observed that the branching ratio drastically increased, before it slowly decreased to the 

basal level. This points in the direction that linear parts are degraded first, thus increasing 

the R2-Ado/R-Ado ratio. This nicely fits to the observed in vitro results and points towards 

a preferential degradation of linear polymers compared to branched ones. 

It was advantageous that during a previously performed random mutagenesis screen 

PARP1 variants with different enzymatic characteristics were identified (Rolli et al., 

1997). From that list, PARP1\G972R, a mutant producing PAR with a highly reduced 

branching frequency and PARP1\Y986H, a mutant producing hyperbranched polymers 

were chosen for the further study. As both were described to additionally produce rather 

short chains, it was chosen to include PARP1\Y986S, a mutant producing short, but 

normally branched oligomers. Although all three mutations were quite well characterized 

with regards to the position of the mutation in the crystal structure and the role of the 

mutated amino acid in the elongation and branching reaction (Rolli et al., 1997; Ruf et al., 

1998), almost nothing is known about the biochemical and cellular functions of the PARP1 

variants. To verify the altered chain length and branching frequency, recombinant 

enzymes were used. Even though different methodological approaches were used to 

analyze the branching ratios of the produced polymers compared with the previous 
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publication of Rolli et al., only very slight differences were observed. For PARP1\G972R 

the branching ratio was determined to be reduced by 28% (3-fold reduction in the study 

of Rolli et al., 1997) while PARP1\Y986H exhibits a 15-times higher branching ratio (16-

times (Rolli et al., 1997)). These slight discrepancies might be attributed to different 

methods for purification of the recombinant proteins and PAR and to the more precise 

LC-MS/MS method used for the quantification of branching points during this study. 

However, the typical polymer characteristics described by Rolli et al. could be confirmed, 

thus rendering the three mutants ideal candidates to study cellular consequences of chain 

length and branching ratio. It was further analyzed, whether the protein structure and 

DNA binding affinity were affected by the mutation, which might influence the enzymatic 

activity in cells. Indeed, a slight decrease in protein stability and DNA binding affinity was 

observed. However, the structural effects were rather moderate and as all mutants exhibit 

the changes, comparison between the different variants would not be affected. Thus, the 

chosen variants are still suitable to study chain length and branching frequency in a 

cellular system. To this end, HeLa PARP1 KO cells were transfected with the variants and 

characterized with regards to the produced polymer and the cellular physiology. 

Already in the unchallenged state, PARP1\G972R revealed a strong patho-physiology 

with a decreased viability, slower proliferation rate and a G2 cell cycle arrest. As 

PARP1\Y986S exhibits a normal physiology, except for a slightly slower proliferation, the 

effects observed for PARP1\G972R-transfected cells can mostly be attributed to the 

reduced branching, rather than to the polymer size. After genotoxic stress, the effects 

became even stronger and revealed a strong sensitization towards DNA damage caused 

by the reduced branching frequency. Again, the effects for PARP1\Y986S were 

significantly milder, indicating that not the polymer size but the branching ratio is 

responsible for the poor physiology. In some aspects, PARP1\G972R-transfected cells 

mirror effects observed for PARP1\E988K-transfected cells. Both exhibit a reduced 

viability, increased intracellular NAD+-levels, a strong G2 arrest, slower proliferation and 

persistence at the site of laser-induced DNA damage. At least the altered dissociation of 

PARP1\G972R from the lesion site might be caused by the same mechanism as for 

PARP1\E988K, as the negative charge of the attached polymer is too weak to trigger the 

electrostatic repulsion, required for the release of PARP1 (Zahradka & Ebisuzaki, 1982). 

This is further supported by the notion that PARP1\Y986S-transfected cells also persist 

at the lesion site, suggesting that the polymer size is indeed responsible for the observed 

effect. However, hyperbranched polymer seems to be able to compensate for the short 

polymer, as PARP1\Y986H-transfected cells exhibit normal dissociation behavior. As the 

cellular effects observed for PARP1\E988K could be attributed to distinct cellular 

functions of mono-ADP-ribosylation, the same might be true for linear oligomers as 

produced by PARP1\G972R. One argument for this hypothesis is the observation that in 

cells, TNKS1 (PARP5) was described to produce short polymers without detectable 

branching points (Rippmann et al., 2002). In 2001, a second Tankyrase was identified, 

sharing 95% homology in the catalytic domain with TNKS1 (Kaminker et al., 2001). Both 

Tankyrases exhibit redundant functions in the mouse embryonic development (Chiang et 

al., 2008), thus it might be likely that they produce polymer with similar characteristics. 

Overexpression of TNKS2 was shown to induce cell death featured by the loss of 

mitochondrial membrane potential without the cleavage of PARP1. Therefore, it was 

postulated that TNKS1 kills the cells preferentially via necrosis (Kaminker et al., 2001), 
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although the exact mechanism is still not understood. This nicely fits to observations for 

PARP1\G972R-transfected cells, which might produce polymer with similar 

characteristics. These cells were shown to exhibit enhanced cell death in the unchallenged 

state, which could be attributed to both apoptosis and necrosis. To determine the exact 

underlying mechanism, further research would be required. However, in summary the 

results point to the hypothesis that linear or hypobranched PAR as produced by 

Tankyrases or PARP1\G972R has distinct functions in the cellular physiology and stress 

response. Our results indicate that linear polymers might be involved in cell cycle arrest 

and cell death after genotoxic stress, thus providing time for repair of the lesion to prevent 

accumulation of mutations. In case of severe damage or after failure of repair, cell death 

could be triggered. However, further research would be required to completely clarify the 

cellular functions of linear and hypobranched PAR.  

Furthermore, the cellular physiology of cells able to produce hyperbranched PAR by 

PARP1\Y986H was characterized in detail. One might speculate that contrary effects 

compared to PARP1\G972R-transfected cells can be observed, this was however not the 

case for most of the analyzed endpoints. One exception was the ability to form colonies 

from single cells. Here, PARP1\Y986H-reconstituted cells apparently benefited from the 

hyperbranched polymer, as they were able to form 50% more colonies compared to cells 

with normally structed PAR. As PARP1\Y986H-reconstituted cells behave like cells 

transfected with PARP1\WT with regards to cell growth, cell cycle and viability, these 

aspects cannot explain the enhanced colony formation. One hypothesis is that 

hyperbranched PAR might simplify the surface attachment of the single cells, thus 

facilitating colony formation. However, so far it has not been shown that PARP1 and PAR 

play a role in surface attachment or in the mediation of intercellular contacts. Therefore, 

further research would be required to elucidate the function of hyperbranched PAR in the 

context of colony formation. Analyzing the cellular physiology of PARP1\Y986H-

transfected cells after genotoxic stress, no or only minor differences could be observed 

compared to PARP1\WT-reconstituted cells. Even the recruitment to sites of laser-

induced DNA damage was comparable, although slightly weaker. However, this slightly 

weaker recruitment might be caused by problems in the second-wave recruitment of 

further PARP1 molecules (Mortusewicz et al., 2007). One could speculate that due to the 

highly increased amount of branching points, the binding of further PARP1 molecules to 

the polymer of auto-modified PARP1 is diminished. One indication that PAR-protein 

interactions are influenced by the increased branching ratio, is the notion that the 10H 

antibody used for immunofluorescence staining could not bind to hyperbranched PAR as 

efficiently as to normally branched PAR. In contrast, binding of the LP96 antibody to the 

polymer was seemingly not affected. Summing up, the effects for hyperbranched PAR 

seem to be less pronounced as for linear polymers. The results rather indicate, that 

normal polymer as produced by PARP1\WT, has the ideal amount of branching points, 

thus an increase of the branching ratio has no or only minor effects on cellular physiology 

and the stress response. 

To further validate that PAR-structure plays a role in the cellular physiology, PARP1-

dependent transcription and XRCC1 translocation were analyzed. In complete accordance 

with the observed cellular effects, the major changes in transcription were observed for 

PARP1\G972R-transfected cells. Here, especially the expression of growth factors like 

EGFR and VEGFA are affected which might fit to the observation that the PARP1\G972R-
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reconstituted cells exhibit a slower proliferation compared to PARP1\WT-transfected 

ones. In addition, expression of cell cycle inhibitors like TP53 and PMAIP1 and damage 

repair genes were increased. Of further interest is the observation that genes involved in 

the regulation of apoptosis, like BCL2L1 and PMAIP1, are also upregulated. In contrast, 

transcription in PARP1\Y986H-transfected cells was only mildly influenced, which was 

not surprising as they display an almost normal cellular physiology.  

One further downstream process which was analyzed, was the translocation of XRCC1. 

Preliminary work indicated that the translocation of XRCC1 from nucleoli to the nucleus 

in response to genotoxic stress is strongly dependent on PARP1, as it is completely 

abolished in HeLa PARP1 KO cells (Veith et al., manuscript in preparation). To analyze, 

whether this effect was protein- or PARP1 activity-dependent, the translocation was 

analyzed in cells with differently structured polymers. In cells producing hyperbranched 

or short polymers, the translocation was not affected. In contrast, the translocation was 

reduced in cells transfected with PARP1\G972R, indicating that the polymer plays a role 

at least to some extent. This was further supported by the notion, that PARP1\E988K-

transfected cells also exhibit a reduced translocation of XRCC1, although it was not 

completely abolished in the same way as it was seen for HeLa PARP1 KO cells (Veith et al., 

manuscript in preparation). This indicates that both the protein itself and the enzymatic 

activity are required for a complete translocation of XRCC1 in response to genotoxic 

stress. Comparing this with the results from the studies with p53, analyzing the crosstalk 

between covalent and non-covalent PARylation (Fischbach et al., 2018), it could very well 

be that covalently PARylated PARP1 is required to trigger the translocation. This might 

explain, why mono-ADP-ribosylation or hypobranched PAR could not completely block, 

but rather reduce the translocation, while knock-out of PARP1 does.  

To further characterize the role of branching within the organism, the PAR quality of 

polymer purified from different organs was analyzed. In three-month-old mice, different 

amounts of PAR were purified from different organs. Especially skin exhibited strongly 

increased levels of PAR. As skin is the organ which is the most prone to UV-induced DNA 

damage, the high PAR levels might protect the organism from skin cancer by ensuring a 

functional DDR. Furthermore, stomach and colon, two organs which might encounter 

contaminated food, also inhibit high PAR levels. In addition, PAR from these organs 

exhibits highly increased branching ratios compared to PAR from all other organs. 

However, a correlation between the amount of PAR and the branching ratio was not 

found. As physiological processes could also induce DNA-lesions, brain, heart and muscles 

exhibit high amounts of PAR. It might be possible that reactive oxidative species produced 

during normal physiological processes, make the presence of increased amounts of 

polymer necessary. To further analyze age-dependent changes in the amount and 

structure of PAR from different organs, PAR from 12-month-old mice was analyzed. 

Although the overall distribution of the polymer amount between the organs remained 

comparable to those observed in 3-month-old, the total amount was reduced in most 

organs. In contrast, the branching frequency seems to be slightly increased in most organs 

of the older mice. The reduced PAR amount in older individuals was not surprising, as 

PARP1 and PARylation were known to play a role in the aging process. It was shown for 

instance that the PAR-forming capacity of different mammalian species correlates with 

the expected species-specific lifespan (Grube & Bürkle, 1992). Furthermore, it was shown 

in 2011 that activation of Sirt1 extends the lifespan of obese mice (Minor et al., 2011). 
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This indicates that mono- and poly(ADP-ribosyl)ation are directly involved in the aging 

process. With regards to the results presented in this study, further research might be 

required to answer the question, how the amount and structure of PAR changes during 

the aging process. Furthermore, the underlying mechanism causing the reduction of PAR 

in older mice might be worth analyzing.  

6.5 Investigation of the crosstalk between covalent and non-

covalent PARylation 

Already in 1998, different PAR-binding motifs within the p53 sequence were described 

(Malanga et al., 1998). However, while verifying their results, it became obvious that also 

the CTD of p53 can bind PAR. Here, it can only be speculated why this region was not 

identified in the original study of Malanga et al.. One possibility could be that peptides 

have some disadvantages in comparison to studies on mutant proteins. As chaperones are 

not present in peptide studies, peptides are not assisted in folding and thus are often more 

disordered than the corresponding region in the full-length protein. One further reason 

might be that some peptides bind very inefficiently to membranes due to solubility issues. 

In the previous study from Malanga et al. loading controls for the peptide experiments 

were missing, thus insufficient binding of the peptide could not be excluded. These 

drawbacks became additionally evident in the fact, that to abrogate PAR-binding of the 

CTD in peptides more mutations were required than in the full-length protein. Here, four 

mutations of basic amino acids to alanines were sufficient to prevent binding of PAR. 

Usually, the CTD was described to bind a large variety of different DNA structures, like 

single-stranded DNA ends (Bakalkin et al., 1995), different kinds of DNA lesions 

(Dudenhöffer et al., 1998; Lee et al., 1995; Zotchev et al., 2000) and even RNA (Galy et al., 

2001; Mosner et al., 1995). Thus, the CTD was considered to bind DNA 

sequence-independently, mainly via electrostatic interactions. Due to the high negative 

charge of PAR, the affinity of the CTD to PAR is probably at least as high as for DNA or 

RNA. After DNA damage, cellular PAR levels can rise up to 100-fold (Martello et al., 2013) 

and the local PAR content could reach high peak values directly at the lesion site, thus it 

is most likely that PAR simply outcompetes other interactions, like with DNA or RNA. 

Thereby, PAR is able to trigger a specific response, although the interaction with the CTD 

is only of electrostatic nature. This is further supported by the notion, that the PAR-

binding ability of the CTD can be abrogated by mutating positively charged amino acids. 

Here, it was shown that binding of PAR mainly inhibited the sequence-independent DNA-

binding while the sequence specific DNA-binding via the DBD is only mildly affected by 

PAR. 

To extensively study the effects of PAR binding, a PAR-binding deficient mutant of p53 is 

required. However, it is important that only the PAR-binding, but no other p53 function is 

adversely affected by the mutations. Here, it was shown, that substitution of four specific 

amino acids did not influence the most important function, the sequence-specific DNA 

binding via the DNA-binding domain of p53, while on the other hand completely 

abrogating PAR-binding. Therefore, p53 PBM4-4 is suitable for the use in further studies. 

Although only 2-5% of the DNA target sites exhibit a p53 consensus sequence for the 

sequence-specific binding (Cawley et al., 2004; Liu et al., 2004), they are highly important 

for the regulation of p53 functions. It can be speculated, that non-covalent PAR binding to 
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the CTD could possibly decrease the sequence-independent DNA binding by competition. 

Thereby, PAR binding might be indirectly involved in the regulation of sequence-

dependent DNA binding.  

It was further shown that covalent PARylation requires non-covalent PAR-binding 

beforehand. As it could be seen that p53 exhibits a much higher affinity for auto-

PARylated PARP1 than for unmodified, it can be speculated that this p53-PAR interaction 

provides the target specificity which is required for covalent PARylation. This is in 

accordance with studies on DNMT1 and CHD2, for which it was shown that the PARP1 

interaction is PAR-mediated (Reale et al., 2005; Luijsterburg et al., 2016). In support of 

this, it was shown here that covalent PARylation of DEK is also dependent on the non-

covalent interaction between PARP1 and DEK. It was thus proposed that the combination 

of intrinsically disordered regions with highly positive charged amino acids mediates the 

non-covalent PAR-binding, which subsequently leads to PARP1-dependent covalent 

PARylation. Interestingly, the majority of covalently modified proteins identified by mass 

spectrometry carry similar regions than the CTD. These highly basic and disordered 

regions may account for the non-covalent PAR-binding and the following covalent 

PARylation. Taken together, the studies on p53 as a model substrate provide a mechanism 

of how PARP1 can select its thousands of targets for covalent PARylation. 

During this thesis, a cell culture model was established for PARylation research. It was 

successfully used to analyze, whether two naturally occurring PARP1 variants contribute 

to human carcinogenesis. It was further shown, that the activity of PARP1 and the 

structure of PAR are important for its cellular functions and that covalent and non-

covalent PARylation work together to ensure full functionality of the PARylation system. 

With the results of this work, an important contribution to the PARP1 research was made 

and some long-standing research questions were answered.  
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7.5 Abbreviations 

Table 1: Abbreviations used in this dissertation and their full names. 

Abbreviation Name 

A Alanine 

AIF Apoptosis-inducing factor 

alt-NHEJ Alternative non-homologous end joining 

AMD Automodification domain 

AP sides Abasic side 

APE1 AP-endonclease 1 

ARH3 ADP-ribosylhydrolase 3 

ART ADP-ribosyltransferases 

ARTD Diphteria toxin-like ADP-ribosyltransferases  

ATM ataxia telangiectasia-mutated 

ATR ataxia telangiectasia and Rad3-realated 

BER Base-excision repair 

BRCA Breast cancer gene 

BRCT BRCA 1 C-terminus 

C6orf130 O-acetyl ADP-ribose deacetylase 

CBP CREB-binding protein 

CD Catalytic domain 

cDNA Complementary deoxyribonucleic acid 

Chk1 checkpoint kinases 1 

Chk2 checkpoint kinases 2 

c-NHEJ Classical non-homologous end joining 

CRC Colorectal cancer 

CRISPR Clustered regulatory interspaced short palindromic repeats 

CSA Cockayne syndrome group A 

CSB Cockayne syndrome group B 

CTD C-terminal domain 

C-terminal Carboxy-terminal 

DB DNA double-strand break 

DBD DNA-binding domain 

DBR DNA double-strand break repair 

DDB2 DNA damage-binding protein 2 

DDR DNA damage response 

DNA Deoxyribonucleic acid 

DNA-PKcs protein kinase catalytic subunit 

dNTP Deoxynucleotide triphosphate 

DSB Double-strand break 

E Glutamic acid 

EF-2 Elongation factor 2 

ERK Extracellular signal-regulated kinase 

F Phenylalanine 

G Glycine 

GG-NER Global genome nucleotide excision repair 
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GST Glutathione S-transferase 

H Histidine 

HD Helical domain 

HDAC Histone deacetylase 

HR Homologous recombination 

I Isoleucine 

JNK1 c-Jun N-terminal kinase 

K Lysine 

kDa Kilodalton 

L Leucine 

MDM2 mouse double minute 2 homolog 

MEF Mouse embryonic fibroblast 

MGMT O6-methyl guanine methyltransferase 

MMR Mismatch repair 

MRN-complex MRE11-RAD50-NBS1-complex 

NAD+ Nicotinamide adenine dinucleotide 

NER Nucleotide-excision repair 

NHEJ Non-homologous end joining 

NLS Nuclear localization sequence 

N-terminal Amino-terminal 

OGG1 8-oxoguanine glycosylase 1 

P Proline 

PAR Poly(ADP-ribose) 

PARG Poly(ADP-ribose) glycohydrolase 

PARP Poly(ADP-ribose) polymerase 

PARylation Poly(ADP-ribosyl)ation 

PBM PAR-binding motif 

PBZ PAR-binding zinc finger 

PCAF P300/CBP-associated factor 

PCNA Proliferating cell nuclear antigen 

PIASγ Protein inhibitor of activated STAT protein gamma 

PRR Proline-rich region 

Q Glutamine 

R Argenine 

RNA Ribonucleic acid 

RNF4 Ring finger protein 4 

RPA replication protein A 

S Serine 

Sirt1 Sirtuin 1 

SNP Single nucleotide polymorphism 

SSB Single-strand break 

SSBR Single-strand break repair 

SUMO Small ubiquitin-related modifier 

TAD Transactivation domain 

TALEN transcription activator-like effector nuclease 

TNKS1 Tankyrase 1 
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TARG1 Terminal ADP-ribose protein glycohydrolase 

TC-NER Transcription coupled nucleotide excision repair 

TET Tetramerization domain 

TFIIH transcription factor II human complex 

V Valine 

W Tryptophan 

WGR-domain Tryptophan, glycine arginine rich domain 

WWE-domain Tryptophan and glutamic acid rich domain 

XPA Xeroderma pigmentosum complementation group A 

XPC Xeroderma pigmentosum complementation group C 

XPE Xeroderma pigmentosum complementation group E 

XPG Xeroderma pigmentosum complementation group G 

XRCC1 X-ray cross-complementing protein 1 

Y Tyrosine 

ZnF Zinc finger 
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