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Zusammenfassung
Die Poly(ADP-Ribosyl)ierung ist eine der ersten zellulären Antworten auf genotoxischen
Stress und wird von der Familie der Poly(ADP-Ribose) Polymerasen (PARPs) katalysiert.
PARPs synthetisieren unter Verwendung von NAD+ das Biopolymer Poly(ADP-Ribose)
(PAR), welches bis zu 200 ADP-Ribose Einheiten enthalten und mehrere Verzweigungsstellen aufweisen kann (Burkle 2005).
Dieses komplexe Biopolymer interagiert über ein spezifisches Konsensus-Motiv nichtkovalent mit einer Reihe von Proteinen, welche an der DNA-Schadenserkennung und DNAReparatur beteiligt sind (Pleschke et al. 2000).
Ziel der vorliegenden Arbeit war es, die nichtkovalente Interaktion zwischen fraktionierter
PAR und spezifischen Bindeproteinen wie beispielsweise p53 im Hinblick auf Selektivität und
Affinität zu charakterisieren.
Hierzu wurden die Proteine PARP-1, das Xeroderma pigmentosum-A (XPA) protein, p53
sowie WRN in Insektenzellen mit Hilfe des Baculovirus-Systems überexprimiert und durch
chromatographische Verfahren bis zur Homogenität aufgereinigt. PAR wurde dann in vitro
synthetisiert und unter Verwendung der Carbonyl-reaktiven Substanz Biocytin Hydrazid an
der terminalen Ribose effizient mit Biotin markiert. Nach Fraktionierung des biotinylierten
Polymers mittels Anionenaustauscher-HPLC wurden die gesammelten Fraktionen auf einem
modifizierten DNA Sequenzierungsgel untersucht, um die Kettenlänge zu ermitteln. Mittels
Silberfärbung des Gels konnten Polymere detektiert werden, welche eine Kettenlänge von 6
bis zu 70 ADP-Ribose Einheiten aufwiesen. Die Interaktion von fraktionierter PAR und
rekombinanten Proteinen wurde im Folgenden durch Slot Blot Analyse und durch einen
neuartigen PAR Gelshift (EMSA) untersucht. Darüber hinaus wurden Oberfächenplasmonenresonanz (SPR)-Studien in Echtzeit durchgeführt, welche sowohl die Bestimmung der
Bindungskinetiken als auch der jeweiligen Stöchiometrie erlaubten.
Slot Blot Experimente, bei welchen die Bindung von PAR einer definierten Größenklasse an
immobilisierte Proteine erfasst wird, zeigten eine zentrale Rolle der PAR Kettenlänge. Um
die Bindungsvorgänge in Lösung zu charakterisieren, wurde eine EMSA Versuchsreihe
angesetzt. Lange PAR-Ketten (55mer) induzierten die Bildung von drei verschiedenen
Komplexen mit p53. Kurze PAR-Ketten (16mer) interagierten ebenfalls mit p53, produzierten
jedoch nur einen spezifischen Komplex. Im Gegensatz dazu wies XPA keine spezifische
Bindung an kurzes Polymer auf, erzeugte aber einen einzelnen Komplex mit langem
Polymer. Dieses Verhalten wurde auch bei DEK beobachtet, welches als neues Mitglied der
PAR-Bindeprotein-Familie identifiziert wurde. DEK bildete ähnlich wie XPA mit langen PARKetten einen spezifischen Komplex, jedoch mit deutlich höherer Affinität. Mit kurzen PARKetten konnte keine Interaktion detektiert werden. Zuletzt wurden SPR-Studien durchgeführt,
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wozu biotinylierte, fraktionierte PAR gezielt immobilisiert wurde und eine Bestimmung der
Bindungskinetiken ermöglichte. In Übereinstimmung mit den erhaltenen EMSA Resultaten
konnte gezeigt werden, dass XPA nicht an kurze Ketten (14mer) bindet, wohingegen mit
langen PAR-Ketten (63mer) eine spezifische, hochaffine Interaktion detektiert wurde. Wie
auch im EMSA beobachtet, interagierte p53 stark sowohl mit kurzen als auch langen PARKetten.
Zusammenfassend

konnte

demonstriert

werden,

dass

die

Bindungsaffinität

der

nichtkovalenten PAR-Protein Interaktion bei allen untersuchten Proteinen (DEK, p53, XPA)
außerordentlich hoch war, was durch KD -Werte im unteren nM Bereich verdeutlicht wird.
Weiterhin konnte klar herausgearbeitet werden, dass die spezifische Bindung sowohl von der
PAR-Kettenlänge als auch dem jeweiligen Protein abhängt. Diese Resultate sprechen
deutlich für die Existenz eines zellulären „PAR-Codes“, d.h. die Fähigkeit von PAR, in
Abhängigkeit der Kettenlänge mit verschiedenen Proteinen zu interagieren und darüber
zelluläre Signalwege zu modulieren.
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Summary
Poly(ADP-ribosyl)ation is one of the very early cellular responses to genotoxic insults and is
catalyzed by the family of poly(ADP-ribose) polymerases (PARPs). Using NAD+ as substrate,
PARPs synthesize the biopolymer poly(ADP-ribose) (PAR), comprising up to 200 ADP-ribose
units (Burkle 2005). This complex biopolymer interacts with a number of proteins involved in
DNA damage checkpoint and repair via a specific consensus motif (Pleschke et al. 2000).
Objective of the thesis was to characterize the noncovalent interaction between sizefractionated PAR and specific binding partners such as p53 in terms of selectivity and affinity.
PARP-1, the xeroderma pigmentosum-A [XPA] protein, p53 and WRN were overexpressed
in Sf9 insect cells using the baculovirus system and purified to homogeneity. PAR was
synthesized in vitro and efficiently biotin-labeled at the terminal ribose using the carbonylreactive compound biocytin hydrazide. Following anion exchange HPLC fractionation, the
fractions collected were monitored for chain length on modified sequencing gels by silver
staining and revealed isolated PAR chains ranging from 6 up to 70 ADP-ribose units.
Interaction of separated PAR chains and recombinant proteins were studied by slot blot
analysis and a novel electrophoretic mobility shift assay (EMSA). Moreover, real-time surface
plasmon resonance (SPR) was used to assess binding kinetics and stoichiometry.
Slot blot experiments, which monitored the binding of PAR of a defined size class to
immobilized proteins, clearly indicated a pivotal role for PAR chain length. EMSA studies
were performed to monitor the binding affinities in solution. Long ADP-ribose chains (55-mer)
promoted the formation of three specific complexes with p53. Short PAR chains (16mer)
were also able to bind p53, yet forming only one defined complex. By contrast, XPA did not
interact with short polymer, but did produce a single complex with long PAR chains (55mer).
In the present work, the oncoprotein DEK was identified as a novel member of the PARbinding protein family. Like XPA, DEK underwent complex formation with long PAR chains,
however with much higher affinity, but did not interact with short PAR. Finally, SPR analysis
was carried out with immobilized PAR chains, which allowed establishing binding constants.
In line with the EMSA experiments XPA did not bind to short PAR (14mer), but displayed a
high affinity for long PAR chains (63mer), whereas p53 interacted strongly with both short
and long PAR chains.
In summary, it was demonstrated that the affinity of the noncovalent PAR interaction with
specific binding proteins (DEK, XPA, p53) can be very high (low nM range) and is dependent
both on the PAR chain length and on the binding protein. These findings provide evidence for
the existence of a cellular “PAR code”, i.e. the ability of PAR to engage in different cellular
signaling pathways as a function of PAR chain length.
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Introduction

Poly(ADP-ribosyl)ation is an immediate cellular response to genotoxic insults and is
performed by a family of enzymes termed poly(ADP-ribose) polymerases (PARPs). Using
NAD+ as substrate PARPs catalyze the transfer of ADP-ribose moieties onto acceptor
proteins, forming the complex biopolymer poly(ADP-ribose) (PAR). Poly(ADP-ribosyl)ation is
functionally linked to DNA repair maintaining genomic stability and is involved in a variety of
other cellular processes such as telomere maintenance, transcriptional regulation, centromer
function and mitosis, cell death and aging (Burkle 2005, Schreiber et al. 2006).

1.1

PARP superfamily

Over 4 decades ago Chambon and colleagues described for the first time the DNAdependent formation of PAR triggering the research on poly(ADP-ribosyl)ation (Chambon et
al. 1963). In the meantime, 17 distinct PARP homologues were identified using the PARP-1
catalytic domain (Fig. 1). This domain bears the so called PARP signature, a 50 amino acid
sequence, displaying a conservation of 100 % among vertebrates and 92 % among all
species (Kraus and Lis 2003, Schreiber et al. 2006). PARP family members show different
cellular localization and are distinct with regard to their enzymatic activity. Up to now, only
PARP-1 and PARP-2 were demonstrated to be highly stimulated in the presence of DNA
damage, whereas no data exists on the activation of other PARP members. PARPs are
implicated in different cellular processes but have also overlapping tasks. For instance
PARP-1 and PARP-2 exhibit partially redundant functions and share a couple of common
interaction partners (Ame et al. 2004).

1.2

PARP-1

Human PARP-1 [EC 2.4.2.30] was discovered 44 years ago and is a product of the ADPRT
gene localized on chromosome 1q41-q42 (Chambon et al. 1963, Kurosaki et al. 1987). It
comprises 1014 amino acids with a molecular weight of 113 kDa. PARP-1 is the best
characterized member of the PARP superfamily and was shown to account for 90 % of
cellular PAR formation after DNA damage (Shieh et al. 1998). It represents a highly
abundant nuclear protein with an average copy number of 106 per cell (Ludwig et al. 1988,
Yamanaka et al. 1988). PARP-1 has been identified in most eukaryotic organisms but is
absent in yeast and bacteria. In addition, a PARP-like enzyme has been detected in

Sulfolobus solfataricus belonging to the archaeal domain.
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PARP-1 is a molecular nick sensor and plays an important role in DNA repair. The enzyme is
activated up to 500-fold via binding to single or double strand breaks in DNA to catalyze the
transfer of ADP-ribose moieties from NAD+ on acceptor proteins, thus producing proteincoupled PAR chains (D'Amours et al. 1999). PARP-1 is involved in DNA base excision repair
by modifying itself and other target proteins with PAR and participates in the spatial and
temporal organization of the repair process through specific noncovalent interaction with
other DNA repair proteins (Christmann et al. 2003, Malanga and Althaus 2005, Schreiber et
al. 2006).

Figure 1: The PARP family. Depicted are all 17 members of the PARP superfamily as well as poly(ADPribose) glycohydrolase (PARG). Within each putative PARP domain, amino acids showing homology to the
PARP signature (aa 859-901 of PARP-1) and the equivalent of the PARP-1 Glu-988 catalytic residue are
darkened if present. WGR: contains conserved Trp, Gly and Arg residues; Zn finger: zinc finger motif; DBD:
DNA-binding domain, structurally unresolved; RRM: RNA-binding motif; Macro: macro domains; BRCT:
BRCA1 C-terminus domain; WWE: possible protein-protein interface; UIM: ubiquitin-interacting motif; SAM:
sterile α-motif; ANK: ankyrin; HPS: enriched in His, Pro and Ser residues; vWA: von Willebrandt factor type
A; VIT: vault inter-α-trypsin; MVP-BD: binding site for major vault protein; MLS: mitochondrial localization
signal; NES: nuclear export signal; NoLS: nucleolar localization signal; NLS: nuclear localization signal. From
(Schreiber et al. 2006).
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Besides its role in the maintenance of genomic stability PARP-1 is involved in the modulation
of centrosome function, in transcriptional regulation, the maintenance of telomeres and aging
((Burkle 2006, D'Amours et al. 1999). However, PARP-1 also acts as a cell death mediator
and is implicated in pathophysiological processes such as Type I diabetes, myocardial
infarction, stroke and inflammation (Burkle 2001).
PARP-1 knockout mice created from three independent groups are both viable and fertile but
displayed hypersensitivity to alkylating agents and ionizing radiation as well as genomic
instability. Interestingly, these mice showed an increased resistance to lipopolysaccharideinduced septic shock or to streptozotocin-induced diabetes, underscoring the role of PARP-1
in cell death (Burkle 2005).

1.2.1 Structure of PARP-1
PARP-1 is a highly conserved enzyme and possesses a characteristic three-domain
structure (Fig. 2). The N-terminal 42 kDa DNA-binding domain (DBD) bears a nuclear
localization signal followed by a central 16 kDa automodification domain. The C-terminal 55
kDa catalytic domain contains the PARP signature which is conserved in all PARP
homologues.

Figure 2: Modular structure of PARP-1. For details refer to the text. DBD: DNA-binding domain; NLS:
nuclear localization signal; BRCT: BRCA1 C-terminus.

1.2.1.2

The DNA-binding domain

The N-terminal DBD encompasses amino acids 1 – 373 and contains two zinc finger motifs
and two helix-turn helix motifs. Zinc finger 1 (FI) starts at cysteine-21 and ends at cysteine56, while zinc finger 2 (FII) spans amino acids cysteine-125 to cysteine-162. The zinc fingers
found in PARP-1 coordinate zinc2+ ions with a Cys-Cys-His-Cys motif which is unique except
for DNA ligase III (Caldecott et al. 1996, Gradwohl et al. 1990, Lindahl et al. 1995). FI is
crucial for the stimulation of PARP-1 triggered by DNA double strand breaks, whereas FII
binds with high affinity to single strand breaks (Gradwohl et al. 1990, Ikejima et al. 1990).
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Two helix-turn helix motifs are located at residues ~ 200-220 and ~ 280-285, respectively.
These motifs are capable of mediating interactions between DNA and proteins and might
contribute to the DNA-binding activity of PARP-1 (Buki and Kun 1988, Sastry et al. 1989).
In addition, a bipartite nuclear localization signal was identified between residues 207-217
and 221-226 including a caspase-3 cleavage site (Schreiber et al. 1992).

1.2.1.2

The automodification domain

The automodification domain is located in the central region of PARP-1 and spans residues
324-525 (Alkhatib et al. 1987, Kurosaki et al. 1987). This domain is rich in glutamic acid
residues, the major acceptor amino acid for poly(ADP-ribosy)lation.
A leucine-zipper motif was identified in the N-terminal part of the automodification domain of
Drosophila melanogaster PARP, which is conserved in chicken and mammalian PARPs
(Uchida et al. 1993a). This motif was proposed to participate in the dimerization of the
enzyme, which was demonstrated to be catalytically active as a homodimer (MendozaAlvarez and Alvarez-Gonzalez 1993).
Moreover, A BRCA1 C-terminus like (BRCT) domain is present between amino acids 384479, providing an interface for protein-protein interactions that is found in a plethora of DNA
damage and cell cycle checkpoint proteins (Bork et al. 1997). Importantly, this domain was
observed to physically associate with the N-terminal BRCT domain of XRCC-1 (x-ray repair
cross-complementing 1) protein (Masson et al. 1998).

1.2.1.3

The catalytic domain

The C-terminal catalytic domain comprises amino acids 526-1024 of human PARP-1,
containing the residues crucial for NAD+ binding, ADP-ribose transfer and branching
reactions (Alkhatib et al. 1987, Kurosaki et al. 1987, Simonin et al. 1993). The crystal
structure of chicken PARP-1 was resolved by X-ray diffraction in 1996 and showed structural
homology to bacterial mono(ADP-ribosyl) transferases such as the C.diphtheriae toxin (Ruf
et al. 1996). In close relationship to the bacterial enzymes PARP-1 contains a ß-α-loop-ß-αstructure (residues 859 - 908) which is responsible for NAD+ binding and is considered as the
PARP signature.
Up to now, PARP-1 mutants have been studied in terms of activity and branching frequency,
displaying e.g. an increase in enzyme activity (gain of function) due to L713F mutation
(Miranda et al. 1995). In addition, several other mutations have been characterized resulting
in a strong decrease in enzyme activity, e.g. the exchange of glutamate to lysine at position
988 (E988K) converts PARP-1 into a mono(ADP-ribosyl) transferase (Rolli et al. 1997).
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Mutations affecting the branching reaction have also been described and demonstrated the
importance of residue Tyr-986. An exchange with serine decreased the branching frequency
about 7-fold, whereas the mutant Y986H displayed a higher branching frequency compared
to wild-type PARP-1 (Rolli et al. 1997). It was proposed that the introduced His-986 binds
more tightly to the pyrophosphate moiety positioned at the acceptor site, thereby increasing
the symmetry of the acceptor site (Ruf et al. 1998).

1.2.2 Poly(ADP-ribose) metabolism
As mentioned before, kinetic studies revealed that PARP-1 is catalytically active as
homodimer (Mendoza-Alvarez and Alvarez-Gonzalez 1993) and PARP-1 dimerization was
shown to be a prequisite for its DNA-dependent stimulation (Pion et al. 2005).
PARP-1 catalyzes the synthesis of linear and branched chains of PAR on acceptor proteins
under consumption of NAD+ (Fig. 3). PARP-1 represents the predominant target protein
undergoing this covalent modification, but other nuclear proteins including p53, NF-κB, DNA
topoisomerase, CSB and histones are poly(ADP-ribosyl)ated as well (Adamietz and Rudolph
1984, Kameoka et al. 2000, Mendoza-Alvarez and Alvarez-Gonzalez 2001, Poirier et al.
1982, Scovassi et al. 1993, Thorslund et al. 2005).
The poly(ADP-ribosyl)ation reaction comprises three steps:
I.

The initiation reaction: transfer of a first ADP-ribose moiety from NAD+ onto the
acceptor protein. The ADP-ribose unit is covalently linked to the protein via the γcarboxylic group of glutamic acid or, less likely, aspartic acid forming a stable ester
bond.

II.

The elongation reaction: successive addition of further ADP-ribose units to the formed
protein-mono(ADP-ribose) adduct. ADP-ribose units are linked via glycosidic riboseribose 1’’→2’ bonds.

III.

The branching reaction: formation of branching points by glycosidic ribose-ribose
1’’’→2’ bonds, which can then be elongated as well.

PAR is a complex biopolymer that consists of linear and branched chains ranging from 2 up
to 200 ADP-ribose units (D'Amours et al. 1999). The polymer exhibits a branching frequency
of about one branch per 20-50 ADP-ribose units (Alvarez-Gonzalez and Jacobson 1987,
Kawaichi et al. 1981, Miwa et al. 1979). Furthermore, it was suggested that PAR chains
adopt a helicoidal secondary structure (Minaga and Kun 1983a, Minaga and Kun 1983b)
Poly(ADP-ribosyl)ation is a transient posttranslational modification of proteins with a rapid
turnover. The formed PAR is degraded in an endo- and exoglycosidic manner by poly(ADPribose) glycohydrolase (PARG) [EC 3.2.1.143], catalyzing the cleavage of glycosidic bonds
between ribose moieties (Braun et al. 1994, Ikejima and Gill 1988, Miwa et al. 1974). The

Introduction

6

release of the remaining protein-proximal ADP-ribose unit may be accomplished in a ßelimination step by an ADP-ribosyl protein lyase or by PARG itself (Desnoyers et al. 1995,
Oka et al. 1984). In addition, the endoglycosidic activity of PARG plays a crucial
physiological role by releasing free ADP-ribose polymers that are capable of interacting with
nuclear proteins (Braun et al. 1994, Panzeter et al. 1992). The human PARG gene was
assigned to chromosome 10q11.23 consisting of 18 exons and encodes a protein of 111 kDa
(Ame et al. 1999a, Lin et al. 1997, Meyer et al. 2003). Three different splice variants were
described giving rise to three isoforms. One large isoform is targeted to the nucleus, whereas
two smaller isoforms are found prominently in the cytoplasm (Meyer-Ficca et al. 2004). Very
recently, two novel isoforms of PARG have been identified, which possess mitochondrial
targeting sequences and may participate in the signaling of PAR from the nucleus to
mitochondria (Meyer et al. 2007).

Figure 3: Poly(ADP-ribose) metabolism. PARP catalyzes the synthesis of PAR from NAD+ releasing
nicotinamide as by-product. The reaction comprises three distinct steps: initiation, elongation and
branching. The formed biopolymer is heterogenous regarding chain length and branching frequency.
PARG possesses exo- and endoglycolytic activity and is responsible for the degradation of PAR thereby
generating free ADP-ribose. From (Diefenbach and Burkle 2005)
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Basal levels of PAR are commonly very low in untreated cells (Ferro and Oppenheimer 1978,
Kreimeyer et al. 1984, Wielckens et al. 1983) and polymer differs qualitatively from that
synthesized in the presence of DNA damage (Alvarez-Gonzalez and Jacobson 1987). DNA
strand breaks can induce PARP activity leading to an increase in PAR formation by 10-500fold (Alvarez-Gonzalez and Althaus 1989, Simonin et al. 1993). The polymer exhibits a very
short half-life during DNA damage, whereas in unstimulated cells half-life is longer (D'Amours
et al. 1999). It was demonstrated that long and linear PAR chains are degraded faster by
PARG than branched and short polymers (Hatakeyama et al. 1986, Malanga and Althaus
1994). Moreover, the rates of hydrolysis of PAR bound to various proteins were found to be
higher than those of free polymer (Uchida et al. 1993b).

1.2.3 Regulation of PARP activity
A growing body of evidence shows that the activity of PARP-1 is tightly regulated by
phosphorylation and protein interactions.
It was recently reported that NMN adenylyl transferase 1 (NMNAT-1), an enzyme involved in
NAD+ biosynthesis, functionally associates with PARP-1 thereby stimulating PARP-1 activity
(Berger et al. 2007). Histones were also demonstrated to increase PARP activity up to 20fold by acting as allosteric activators (Ito et al. 1979, Okayama et al. 1977, Petzold et al.
1981). Moreover, several transcription factors were observed to stimulate PARP activity by a
yet unknown mechanism (Griesenbeck et al. 1999, Oei et al. 1998).
By contrast, it was lately shown that PARG may downregulate the catalytic activity of PARP1 due to a direct protein-protein interaction, which leads to the synthesis of short polymers
independent of its glycohydrolase activity (Keil et al. 2006).
A decade ago, the modulation of PARP activity by phosphorylation was described by
Aoufouchi and Shall showing that PARP-1 activity in developing Xenopus oocytes is
dependent on this posttranslational modification (Aoufouchi and Shall 1997). It has been
reported recently that the extracellular signal-regulated kinases 1/2 (ERK1/2) can directly
phosphorylate PARP-1 leading to a strong activation after DNA damage (Kauppinen et al.
2006). ERK 1/2 belong to the mitogen-activated protein kinases (MAPK) signal transduction
pathway, which is activated during DNA-damage independent of p53 (Tang et al. 2002).
Interestingly, it was also found that phosphorylated ERK-2 physically associates with PARP1 resulting in a strong stimulation of PARP activity even in the absence of DNA damage
(Cohen-Armon et al. 2007). Another group identified AMP-activated protein kinase as a
positive regulator of PARP-1, involving phosphorylation of PARP-1 (Walker et al. 2006).
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1.2.4 Inhibition of PARP activity
Several approaches have been exploited to inhibit PAR synthesis, providing the possibility to
study the biological functions of poly(ADP-ribosyl)ation.
I.

Chemical inhibition
Many different PARP-1 inhibitors have been described so far. First-generation PARP
inhibitors comprised nicotinamide analogues such as 3-aminobenzamide, which are
characterized by Ki values in the low µM range, a rather poor water solubility and limited
specificity (Althaus and Richter 1987). In the last decade, plenty of novel compounds
inhibiting PARP activity have been synthesized, showing Ki values in the low nM range
like NU1025 (Ki=1.6 nM) (Bowman et al. 2001).

II. Trans-dominant inhibition
This approach relies on the overexpression of the DBD of PARP-1 in living cells resulting
in a constitutive association of the DBD with DNA strand breaks. Thus, binding of fulllength PARP-1 is suppressed and synthesis of PAR is efficiently blocked (Kupper et al.
1990, Kupper et al. 1995, Molinete et al. 1993).
III. Antisense RNA technique
Using PARP-1 antisense RNA the enzyme expression was inhibited by up to 90 % in
living cells and allowed DNA damage studies (Ding et al. 1992, Simbulan-Rosenthal et al.
1998).
IV. Knock-out animal model
Mice displaying a deficiency for the PARP-1 gene have been generated by homologous
recombination in several laboratories and were extensively characterized (de Murcia et
al. 1997, Masutani et al. 1999, Wang et al. 1995)

1.2.5 Biological role of PARP
Poly(ADP-ribosyl)ation is involved in a variety of physiological cellular processes such as
DNA repair, modulation of chromatin structure, maintenance of genomic stability,
transcriptional regulation, cell division, telomere maintenance and cell death (Burkle 2005,
D'Amours et al. 1999, Schreiber et al. 2006). However, a pathophysiological overactivation of
the poly(ADP-ribosyl)ation system can also lead to the manifestation of several disorders
including inflammatory diseases, diabetes mellitus, sepsis as well as ischaemia-reperfusion
damage in various organs (Burkle 2001).
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Modulation of chromatin structure

PARP-1 was shown to regulate chromatin structure using its poly(ADP-ribosyl)ation activity.
Pervious studies demonstrated that recombinant purified PARP-1 can covalently modify
histones with PAR chains inducing the relaxation of chromatin and the decondensation of
polynucleosomes (de Murcia et al. 1986, Huletsky et al. 1989, Poirier et al. 1982). Realini
and co-workers reported in 1992 that free or protein-attached PAR can act as a histone
binding platform to destabilize nucleosomes (Realini and Althaus 1992). In addition, they
found that the polymer composition influences the release of histones from DNA. Althaus
concluded from these results that a histone shuttle mechanism may exist in vivo which leads
to chromatin decondensation and promotes DNA base excision repair (BER) (Althaus 1992).
Recently, it was described that PARP-1-dependent PAR synthesis occurs at decondensed,
transcriptionally active loci in native chromatin. PARP-1 activation seemed to be triggered by
developmental or environmental cues such as heat shock or differentiation, resulting in the
PAR-dependent stripping of histones from chromatin which promotes chromatin loosening
(Tulin and Spradling 2003). A novel study implicated PARP-1 both as a structural component
of chromatin and as a regulator of chromatin remodeling even in the absence of DNA
damage (Kim et al. 2004).
As poly(ADP-ribosyl)ation is a transient modification of proteins, PARG localized in the
nucleus degrades the accumulated polymer and ensures that chromatin is refolded to its
initial condensed state (de Murcia et al. 1986) .

1.2.5.2

DNA repair and maintenance of genomic stability

PARP-1 is considered one of the ‘guardians of the genome’ (Jeggo 1998) and has a pivotal
function in maintaining genomic integrity. PARP-1 gene disruption or trans-dominant
inhibition of poly(ADP-ribosyl)ation stimulate sister-chromatid exchange (SCE) and gene
amplification, i.e. processes in which homologous recombination plays an important role
(Kupper et al. 1996, Simbulan-Rosenthal et al. 1999). Further studies confirmed that PARP-1
exerts an antirecombinogenic role and and is an important regulator of alkylation-induced
SCE (Meyer et al. 2000, Susse et al. 2004). Chemical inhibition of poly(ADP-ribosylation)
was also demonstrated to potentiate carcinogen-induced gene amplification (Burkle et al.
1990, Burkle et al. 1987), to induce SCE (Morgan and Wolff 1984) and to increase the levels
of homologous recombination (Waldman and Waldman 1991)
A plethora of studies have demonstrated that PARP-1 is involved in DNA repair and has a
crucial function particularly in the BER process (Fig. 4). Strikingly, abrogation of PARP-1
activity leads to an inhibition of the BER pathway in vitro and in vivo (D'Amours et al. 1999).

Introduction

10

PARP-1 is activated by DNA damage that is usually repaired by BER in vivo (Satoh and
Lindahl 1992, Satoh et al. 1993). In 2000, Pleschke and colleagues identified a PAR-binding
motif in a couple of proteins involved in BER such as XRCC1, DNA ligase III and Pol ε
(Pleschke et al. 2000). This finding supported a role for PARP-1 in the recruitment of DNA
repair enzymes to the site of damage that is mediated by noncovalent interaction with PAR.

Figure 4: Role of PARP-1 in DNA repair. PARP-1 is activated upon binding to SSBs and catalyzes the
synthesis of PAR. Auto-poly(ADP-ribosyl)ated PARP-1 recruits XRCC1 and interacts with other base excision
repair proteins such as DNA ligase III promoting DNA repair. In addition, covalent poly(ADP-ribosyl)ation of
histones and the noncovalent interaction of histones with PAR lead to histone shuttling and finally chromatin
relaxation. This process is supported by the noncovalent interaction of poly(ADP-ribosyl)ated PARP-1 with the
20S proteasome stimulating its proteolytic activity. As a consequence, relaxation of chromatin allows access
for DNA repair proteins. Modified from (Christmann et al. 2003).

Indeed, XRCC1 harboring this consensus motif specifically interacts with poly(ADPribosyl)ated PARP-1 via the PAR chains that are covalently attached to PARP-1 (Masson et
al. 1998). Thus, XRCC1 is recruited to the site of DNA damage stimulating base excision
repair (El-Khamisy et al. 2003, Okano et al. 2003). In addition, the chromosome-organizing
complex condensin 1 was lately observed to associate with XRCC1 and PARP-1 after DNA
base damage and may contribute to local chromatin remodeling to allow efficient BER (Heale
et al. 2006).
PARP-1 is also associated with Pol ß (Lavrik et al. 2001) and stimulates in vitro, in
cooperation with FEN-1, strand displacement and repair synthesis by Pol ß thereby
promoting long-patch BER (Prasad et al. 2001, Sanderson and Lindahl 2002). These studies
confirmed the earlier observation that the polymerization step of the long-patch BER pathway
was mainly affected in PARP-deficient cells (Dantzer et al. 2000).
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DNA ligase III, another component of the BER system, was further shown to physically
interact with PARP-1 and binds to free PAR or poly(ADP-ribosylated) PARP-1, resulting in an
increased DNA joining activity of DNA ligase III (Leppard et al. 2003).
PARP-1 is also involved in the remodeling of chromatin structure upon induction of DNA
damage as outlined above (1.2.5.1.). DNA-damage triggered poly(ADP-ribosyl)ation of
histone H1 and H2B as well as the selective interaction of these chromatin proteins with free
or PARP-1-bound PAR synergistically result in the loosening of chromatin and gain access
for DNA repair proteins to the site of DNA lesion. Moreover, automodified PARP-1 was
shown to interact noncovalently via poly(ADP-ribose) with the 20S proteasome, leading to an
increased proteolytic activity (Mayer-Kuckuk et al. 1999, Ullrich et al. 1999). This is thought
to induce histone degradation and further facilitates the access of DNA repair enzymes to the
damaged DNA.
The importance of PARP-1 but also PARP-2 for DNA repair and the maintenance of genomic
integrity is highlighted by the embryonic lethality of PARP-1-/- / PARP-2-/- mice. PARP-2
participates in BER and interacts with XRCC1 as well as with BER proteins (Schreiber et al.
2002), but is not required for XRCC1 recruitment (Schreiber et al. 2006).

1.2.5.3

PARP and aging

Accumulation of DNA damage and concomitant genomic instability are characteristic
hallmarks of aging and age-related disorders. As poly(ADP-ribosyl)ation is involved in DNA
repair and considered now as one of the ‘guardians of the genome’ (Jeggo 1998), it is
conceivable that this posttranslational modification carried out mainly by PARP-1 is
implicated in the aging process (Burkle 2006).
Interestingly, poly(ADP-ribosyl)ation capacity has been linked to mammalian life span and
human longevity, providing support for a role of PARP-1 in the aging process (Grube and
Burkle 1992, Muiras et al. 1998). In particular, a positive correlation between the maximal
poly(ADP-ribosyl)ation activity in mononuclear blood cells with life span of 13 mammalian
species was established. Humans as the longest-lived species tested displayed a 5-fold
higher maximal cellular PAR formation compared to rats, the shortest-lived species tested,
which was not attributable to differential PARP-1 expression levels. Studies on the
automodification reaction of recombinant human and rat PARP-1 demonstrated that human
PARP-1 had a 2-fold higher poly(ADP-ribosyl)ation capacity than the rat enzyme (Beneke et
al. 2000).
In addition, PARP-1 is likely to be involved in the maintenance of telomeres. Since PARP-1
null fibroblasts exhibit elevated telomere shortening compared to wild-type cells, PARP-1
seems to protect telomere regions (d'Adda di Fagagna et al. 1999). However, this finding
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was recently challenged by another group, which did not observe any significant changes in
telomere length between wild-type and PARP-1 deficient cells (Samper et al. 2001).
Another link between PARP-1 and aging was revealed by studies on Werner Syndrome
(WS). WS is a rare autosomal recessive disorder characterized by many features of
premature ageing and a high incidence of malignant neoplasms (Opresko et al. 2003). WS is
caused by deficiency in the Werner protein (WRN), which belongs to the RecQ family of DNA
helicases and exhibits an additional exonuclease activity (Gray et al. 1997, Kamath-Loeb et
al. 1998). Recently, a genetic cooperation between PARP-1 and the WRN protein has been
shown in PARP-1 -/-/ WRN∆hel/∆hel mice, demonstrating that PARP-1 and WRN co-operate in
preventing carcinogenesis (Lebel et al. 2003). Moreover, it was reported that both proteins
are physically associated and interact functionally as PARP-1 regulates both exonuclease
and helicase activity of WRN (Adelfalk et al. 2003, Li et al. 2004, von Kobbe et al. 2003, von
Kobbe et al. 2004). These studies suggest that PARP-1 and WRN are caretakers working
together at the cellular level in maintaining genomic integrity and ensuring longevity.

1.2.5.4

Regulation of transcription

As mentioned before, PARP-1 can regulate chromatin structure in a NAD+-dependent
manner forming PAR at transcriptionally active loci (Tulin and Spradling 2003). In addition,
PARP-1 and other members of the PARP superfamily can also directly interfere with several
transcription factors, thereby modulating transcription. In general, PARP-1 exerts a
stimulatory effect on transcription factors such as activator protein-2 (AP-2) (Kannan et al.
1999), PAX6 (Plaza et al. 1999)and b-Myb (Cervellera and Sala 2000, Santilli et al. 2001) in
vitro and in vivo. Moreover, it was described that PARP-1 can physically associate with NFκB and functions as a co-activator of NF-κB-driven transcription of inflammatory genes
independent of PAR synthesis (Hassa and Hottiger 1999, Oliver et al. 1999). Strikingly,
PARP-1 deficient cells were reported to be defective in NF-κB-dependent transcriptional
activation which was linked to a reduced expression level of pro-inflammatory genes such as
iNOS and MIP-2 (Oliver et al. 1999). Very recently, it was demonstrated that PARP-1 is
acetylated in vivo in response to inflammatory stimuli and in vitro by the histone
acetyltransferase p300 and CREB-binding protein which promoted its association with NF-κB
(Hassa et al. 2005).
The transcriptional activity of the p53 tumor suppressor protein was also demonstrated to be
affected by poly(ADP-ribosyl)ation in vitro and in vivo (Vaziri et al. 1997, Whitacre et al.
1995).
Furthermore, it was previously reported that transcription factor Yin Yang-1 (YY1) interacts
physically with PARP-1 (Griesenbeck et al. 1999, Oei et al. 1998) and that YY-1 undergoes
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poly(ADP-ribosyl)ation in response to genotoxic stress, resulting in a reduced affinity of YY-1
to its cognate DNA binding sites (Oei and Shi 2001).

1.2.5.5

Role of PARP-1 during mitosis

Recent studies shed light on a possible role of PARP-1 and other PARPs during cell division.
It was observed that both PARP-1 and PARP-2 localize to centromeres and interact with the
constitutive kinetochor proteins CENPA, CENPB and BUB3 (Saxena et al. 2002a, Saxena et
al. 2002b). These proteins are also poly(ADP-ribosyl)ated, but the influence on their function
is unknown. In addition, PARP-1 and PARP-3 have been identified at centrosomes where
they form a stable complex (Augustin et al. 2003) and covalently attach PAR chains to p53
(Kanai et al. 2000). The tumor suppressor protein was found at centrosomes as well and was
shown to control centrosome duplication, linking the DNA damage surveillance network with
the mitotic fidelity checkpoint. This view is further supported by the finding that PARP-1 can
poly(ADP-ribosyl)ate the chromosomal passenger protein Aurora-B, leading to an inhibition
of its activity and to a delay in metaphase progress (Monaco et al. 2005). Moreover, PAR
was demonstrated to associate with mitotic spindles and to be required for spindle function in
Xenopus laevis egg extracts (Chang et al. 2004).
Tankyrase-1, another member of the PARP superfamily, is also involved in mitosis. Cells
deficient in tankyrase-1 showed a block of mitosis in early anaphase due to unsegregated
sister telomeres (Dynek and Smith 2004). Moreover, PAR synthesized by tankyrase-1 was
shown to be crucial for spindle structure and function (Chang et al. 2005a). In addition,
tankyrase-1 was observed to poly(ADP-ribosyl)ate the spindle-pole protein NuMa (nuclear
mitotic apparatus protein) during mitosis (Chang et al. 2005b).

1.2.5.6

Role of PARP-1 in NAD+ metabolism and cell death

NAD+ plays an essential role in energy metabolism and has great influence on ATP synthesis
as well as on the cellular balance of the redox potential (Nelson and Cox 2005). NAD+ is de
novo synthesized from Tryptophan to yield chinolinate as intermediate, but can also be
generated using Nicotinate or Nicotinamide as precursors, depicted in figure 5 (Berger et al.
2004, Rongvaux et al. 2003). In a subsequent reaction, specific phosphoribosyl transferases
catalyze the transfer of phophoribosyl pyrophosphate onto the precursors. The resulting
mononucleotides nicotinate mononucleotide (NAMN) and nicotinamide mononucleotide
(NMN) are then converted to the corresponding dinucleotides, nicotinic acid adenine
dinucleotide (NAAD) and nicotinamide adenine dinucleotide (NAD+), respectively. Finally,
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NAAD is amidated to NAD+ in a reaction catalyzed by NAD synthase (Berger et al. 2004,
Rongvaux et al. 2003).

Figure 5: NAD+ metabolism. NAD+ can be synthesized de novo from Trp or by using nicotinamide and
nicotinate as precursors (replenishing pathways). Subsequently, specific phosphoribosyltransferases catalyze
the transfer of phosphoribosyl pyrophosphate onto the three precursors generating the respective
mononucleotides and free pyrophosphate. The resulting mononucleotides nicotinate mononucleotide (NAMN)
and nicotinamide mononucleotide (NMN) are than converted to the corresponding dinucleotides, nicotinic acid
adenine dinucleotide (NAAD) and nicotinamide adenine dinucleotide (NAD+), respectively. Both reactions are
+
performed by nicotinamide mononucleotide adenylyltransferase (NMNAT). Finally, NAAD is amidated to NAD
+
in a reaction catalyzed by NAD synthase. NAD is involved in distinct signaling pathways and is mainly
consumed to produce poly(ADP-ribose) which is highlighted in yellow. ARTs: mono-ADP-ribosyl-transferases;
NADase: NAD glycohydrolase; Sirtuins: protein deacetylases.

The three isoforms of nicotinamide mononucleotide adenylyltransferases (NMNATs) are
essential enzymes in NAD+ metabolism as they catalyze the final step in NAD+ biosynthesis
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(Berger et al. 2005, Magni et al. 1999). Under consumption of ATP, NMNATs perform the
adenylation on NMN leading directly to NAD+ as reaction product. Very recently, it was
shown that NMNAT-1 functionally associates with PARP-1, thereby stimulating PARP-1
activity. This activation of PARP-1 was further dependent on the phosphorylation state of
NMNAT-1, which not only provides the substrate NAD+ for poly(ADP-ribosyl)ation but also
modulates PARP-1 activity (Berger et al. 2007).
As mentioned above, NAD+ represents the direct substrate for PAR formation and its
hydrolysis into nicotinamide and ADP-ribose provides a free energy of -43.3 kJ/mol (Zatman
et al. 1953), which is used by PARPs to catalyze PAR synthesis. Poly(ADP-ribosylation)
reactions contribute to a large extent to NAD+ catabolism in mammalian cells (D'Amours et
al. 1999). Indeed, it was shown that cells treated with high doses of genotoxic agents such
as γ-rays, N-methyl-N’-nitro-N-nitrosoguanidine (MNNG), methyl methanesulfonate, Nmethylnitrosurea, H2O2, peroxynitrite, bleomycin and several others display a strong
decrease in cellular NAD+ levels within 5-15 min upon the DNA-damaging insult (D'Amours et
al. 1999). This reduction in NAD+ levels has clearly been linked to an increased PARP
activity and elevated cellular PAR levels (Juarez-Salinas et al. 1979, Skidmore et al. 1979,
Wielckens et al. 1982). DNA-damage triggered NAD+ depletion is immediately associated
with ATP depletion, because NAD+ resynthesis requires two molecules of ATP per molecule
of NAD+ (Goodwin et al. 1978, Sims et al. 1983). As apoptosis is a strictly ATP-dependent
event, cells depleted in ATP undergo necrosis (Leist et al. 1997) which was observed in
models of genotoxic stress showing a strong overactivation of PARP-1 (Berger 1985, Ha and
Snyder 1999). Overactivation of PARP-1 and subsequent NAD+ depletion can lead to a
variety of pathophysiological situations comprising ischaemia-reperfusion damage and
inflammatory processes (Tab. 1).
Chemical inhibition of “overshooting” PARP activity under pathophysiological conditions is a
promising approach to prevent necrotic cell death and rescue cells during ischaemic tissue
infarction or neurodegenerative processes (Beneke et al. 2004, Burkle 2001).
Effect of PARP-1 overstimulation
•

Pancreatic island destruction in type I diabetes induced by ROS or streptozotocin

•

Neuronal cell death after ischaemia-reperfusion damage of the brain due to excessive ROS production

•

Selective death of dopaminergic neurons in Parkinson’s syndrome induced by MPTP

•

Myocardial cell death in post-ischaemic heart

•

Endothelium-induced vascular-dysfunction

Table 1: Pathological consequences of PARP-1 overactivation. Excessive PAR formation due to PARP-1
overstimulation leads to NAD+ and subsequent ATP depletion. This can trigger cell death which is causally
connected to various pathophysiological situations.
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PARP-1 is also involved in the process of programmed cell death (apoptosis). During
apoptosis PARP-1 is specifically cleaved within the bipartite NLS of PARP-1, thereby
abrogating PARP-1 activity (Greidinger et al. 1996, Lazebnik et al. 1994). Therefore, PARP-1
cleavage was established as an early marker for apoptosis (Kaufmann et al. 1993). However,
during the early stages of apoptosis high PAR levels were found in cells treated with FasLigand (Simbulan-Rosenthal et al. 1998). Furthermore, it was reported that PARP-1 is also
involved in caspase-independent cell death mediated by apoptosis-inducing factor (AIF) (Yu
et al. 2002). It was observed that PARP-1 activation leads to the translocation of AIF from
mitochondria to the nucleus, where it causes DNA fragmentation and chromatin
condensation. Strikingly, two recent studies clearly showed that free or protein-bound PAR
can act as a death signal, triggering the release of AIF and concomitant caspaseindependent cell death (Andrabi et al. 2006, Yu et al. 2006). The authors could even
demonstrate that especially long PAR with more than 60 ADP-ribose residues induces high
rates of cell death, whereas short polymers with 16 ADP-ribose units have only little effect on
cell survival.

1.3

PARP-2

PARP-2 was discovered because embryonic fibroblasts derived from PARP-1-deficient mice
still exhibit residual DNA damage-dependent PARP activity (Ame et al. 1999b, Shieh et al.
1998). The catalytic domain of PARP-2 displays 69 % similarity to that of PARP-1. PARP-2 is
localized to the nucleus and is activated via its binding to damaged DNA, as it is observed for
PARP-1. By contrast, PARP-2 does not possess zinc fingers motifs within the DNA-binding
domain, but shows partial homology with the SAP domain, a putative DNA-binding motif
(Ame et al. 1999b, Aravind and Koonin 2000).
PARP-2 and PARP-1 can homo- and heterodimerize and are both implicated in the BER
pathway forming a complex with XRCC1 (Schreiber et al. 2002). Furthermore, both proteins
were observed to localize to centromeres where they interact with centromeric proteins
(Saxena et al. 2002b). PARP-2 was also shown to interact with TRF2 (telomeric-repeat
binding factor 2) by regulating the DNA binding of TRF-2 via poly(ADP-ribosyl)ation and may
thus be involved in the maintenance of telomere integrity (Dantzer et al. 2004).
PARP-1-/- / PARP-2-/- double mutant mice are not viable and die at the onset of gastrulation,
providing evidence that both proteins and/or DNA damage-dependent poly(ADP-ribosyl)ation
are crucial during early stages of embryogenesis (Menissier de Murcia et al. 2003). Taken
together, the role of PARP-1 and PARP-2 show some redundancy but do not fully overlap
with regard to their functions.
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PARP-3

PARP-3 was identified as a core component of the centrosome and shows preferential
localization to the daughter centriole throughout the cell cycle (Augustin et al. 2003). PARP-3
is structurally related to PARP-2, but contains the smallest N-terminal domain with only 54
amino acids responsible for centrosomal localization (Diefenbach and Burkle 2005). PARP-3
is catalytically active in vitro and in purified centrosome preparations and interacts with
PARP-1 at the centrosomes (Kanai et al. 2003, Kanai et al. 2000), which may link the DNA
damage surveillance network to the mitotic fidelity checkpoint.

1.5

Vault PARP (PARP-4)

Vault PARP (vPARP or PARP-4) with a molecular mass of 194 kDa was discovered in 1999
as a component of vault particles (Kickhoefer et al. 1999). These particles represent a
cytoplasmatic ribonucleoprotein complex with a total mass of 13 MDa including two highly
conserved proteins, major vault protein (MVP) and telomerase-associated protein (TEP1) as
well as an untranslated vault RNA. The cellular function of vaults still remains to be clarified,
but they may play a role in nucleo-cytoplasmic transport and in intracellular detoxification
(Siva et al. 2001, van Zon et al. 2003). vPARP shows PARP activity and catalyzes the
poly(ADP-ribosyl)ation of the p100 subunit of MVP and itself, albeit to a lesser extent
(Kickhoefer et al. 1999).

1.6

Tankyrases (PARP-5a/b)

Tankyrase-1 (TRF1-interacting, ankyrin-related ADP-ribose polymerase, PARP5a) was
initially identified due to its interaction with the telomeric-repeat binding factor-1 (TRF1)
(Smith et al. 1998). The N-terminus of tankyrase-1 contains a HPS-domain rich in histidine,
proline and serine residues followed by 24 ankyrin repeats in five clusters. Adjacent to this
domain is the sterile-α module (SAM), representing a protein-interaction motif, and a Cterminal catalytic domain bearing the PARP-1 signature. Tankyrase-1 was demonstrated to
poly(ADP-ribosyl)ate itself as well as TRF-1 in vitro. However, its activity is not dependent on
the presence of DNA strand breaks, but seems to be regulated by its phosphorylation state
(Chi and Lodish 2000). PAR synthesized by tankyrase-1 is not branched and contains up to
100 ADP-ribose moieties with an average chain length of 20 units, which is in stark contrast
to polymer synthesized by PARP-1 (Rippmann et al. 2002). Poly(ADP-ribosyl)ation of TRF-1
by tankyrase-1 abolishes its binding to telomeric DNA causing a change in telomere structure
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which allows access to telomerase and subsequent telomere elongation (Smith and de
Lange 2000).
A second tankyrase (PARP5b) has been recently discovered showing 85 % homology to
tankyrase-1 (Kaminker et al. 2001). Both proteins share several interaction partners and
display extensive functional overlap (Ame et al. 2004). Besides their regulatory role in
telomere maintenance, both enzymes are implicated in the regulation of endosomal vesicle
trafficking. In particular, endocytotic vesicles in myocytes and adipocytes contain the glucose
transporter GLUT4 and IRAP (Iinsulin-responsive amino peptidase). Stimulation of these
cells by insulin results in the translocation of GLUT4 vesicles to the plasma membrane and
subsequent fusion, allowing the passive uptake of extracellular glucose via the GLUT4
transporter (Nelson and Cox 2005). Both tankyrases interact with IRAP and, in addition,
tankyrase-1 functions as a target for MAPK (mitogen-activated protein kinase)-dependent
phosphorylation upon insulin stimulation (Chi and Lodish 2000, Sbodio et al. 2002).

1.7

Ti-PARP (PARP-7)

TiPARP was identified in 2001 as a mRNA induced by 2,3,7,8-Tetrachlorodibenzo-p-dioxin
(TCDD) (Ma et al. 2001). TiPARP is likely to be involved in T-cell function and its induction by
TCDD contributes to tumor promotion, a typical effect of TCDD (Ame et al. 2004).
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Noncovalent interaction of PAR and specific binding proteins

The increasing number of biological processes, in which PAR is involved, highlights the
importance of this complex biopolymer (Schreiber et al. 2006) and reveals PAR as an active
player in PARP-dependent signaling (Tab. 2). PAR consists of a heterogeneous mixture of
linear and branched chains comprising up to 200 ADP-ribose units in vivo (Burkle 2005).
Owing to the ribose-phosphate-phosphate-ribose backbone, PAR has a higher negative
charge density compared to DNA and thus may strip basic proteins from DNA. The proposed
helicoidal conformation and the branched structure of long polymers might contribute to
some binding specificity (Minaga and Kun 1983a, Miwa et al. 1983). Depending of its size,
structure and physicochemical properties, PAR might engage in different cellular signaling
pathways and mediate the biological functions of PARPs.
Previous studies identified histones as strong noncovalent PAR binding proteins and showed
that histones have a differential affinity for the polymer. Histone H1 exhibits the highest
affinity, followed by histone H2A and H2B, and binding experiments revealed that this
interaction is very stable, e.g. histone H1-PAR complexes resist phenol partitioning, high-salt
washes and detergents (Panzeter et al. 1992). Interestingly, protein basicity and DNA
binding properties are not sufficient to interact with PAR. In addition, binding of histones to
PAR was characterized with regard to chain length using an in vitro phenol partitioning
assay, which demonstrated a preferential binding of histones to long and branched ADPribose (Althaus et al. 1995, Panzeter et al. 1992). Moreover, it was reported that binding
occurs specifically at histone tails, which are also responsible for DNA condensation
(Panzeter et al. 1993).
Several years ago, Pleschke and colleagues identified a specific PAR-binding motif in a wide
range of proteins involved in DNA damage checkpoint and repair (Pleschke et al. 2000). The
binding motif comprises 20-26 amino acids and bears two conserved regions: a cluster rich
in basic amino acids (lysine/arginine) followed by a pattern of hydrophobic amino acids
interspersed with basic residues (Fig. 6). However, no single amino acid within this motif is
invariant. The consensus sequence can be written as hxbxhhbbhhb, where h represents
residues with hydrophobic side chains, b indicates a preference for basic amino acids and x
can be any amino acid. It was suggested that the hydrophobic amino acids are essential for
PAR binding, whereas the basic residues are of less importance (Pleschke et al. 2000).
Binding of hnRNPs to PAR was observed to be dependent on the hydrophobic residues as
well as on the interspersing basic residues (Gagne et al. 2003). The conserved consensus
sequence is frequently located within functional protein domains and PAR binding was
proposed to regulate DNA-protein and protein-protein interactions as well as protein
degradation (Pleschke et al. 2000).
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Figure 6: Alignment of polymer binding sequences with the PAR consensus sequence. The
binding motif comprises a stretch of 20-26 amino acids identified in a plethora of proteins, which are
involved in DNA damage checkpoint and repair. The binding motif displays a pattern of hydrophobic
residues (yellow) interspersed with basic residues (bold) and contains a N-terminal cluster enriched in
basic amino acids. From (Malanga and Althaus 2005).

The tumor suppressor protein p53 contains three polymer binding sites, which co-localize
with the sequence-specific DNA binding domain and with the C-terminal domain comprising
the tetramerization domain (Malanga et al. 1998, Pleschke et al. 2000). It was shown that
noncovalent binding of PAR to p53 target sites inhibits p53 association with ssDNA and, at
higher concentrations, with a ds-oligonucleotide containing a p53 consensus sequence
(Malanga et al. 1998). XRCC1, another protein harboring the PAR binding motif, specifically
interacts with poly(ADP-ribosyl)ated PARP-1 via PAR chains that are covalently attached to
PARP-1. Thereby, XRCC1 is recruited to the site of DNA damage stimulating base excision
repair (El-Khamisy et al. 2003, Okano et al. 2003). Topoisomerase 1, which is also involved
in genomic stability, possesses three PAR-binding sites overlapping with structurally and
functionally important domains (Malanga and Althaus 2004). PAR was shown to reactivate
stalled topoisomerase 1 and to promote DNA strand break resealing. Very recently, a
physical and functional interplay of protein kinase ATM, which is involved in the early DNA
damage response, and PAR has been established (Haince et al. 2007). This study indicated
that rapid and transient PAR formation may directly or indirectly activate the ATM signaling
pathway. Furthermore, it was observed that PAR greatly stimulates ATM kinase function in
vitro (Goodarzi and Lees-Miller 2004). Lately, it has been reported that NMN adenylyl
transferase 1 (NMNAT-1), an enzyme involved in NAD+ biosynthesis, functionally associates
with PARP-1 thereby stimulating PARP-1 activity (Berger et al. 2007). In addition, NMNAT-1
was demonstrated to bind free and PARP-1 bound PAR, probably mediated by a specific
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PAR binding consensus sequence. Interestingly, binding of NMNAT-1 to the polymer
seemed to be regulated by the phosphorylation state of NMNAT-1.
PAR-binding protein

Main function

Reference

20S proteasome

Protein degradation

(Mayer-Kuckuk et al. 1999)

ATM

DNA damage response

(Haince et al. 2007)

CAD

Apoptosis

(Pleschke et al. 2000)

Caspase 7

Apoptosis

(Germain et al. 1999)

CENPA/CENPB

Centromere function

(Saxena et al. 2002a)

DEK

???

Kappes et al. (submitted)

DNA ligase III

DNA repair

(Pleschke et al. 2000)

DNA-PKcs

DNA repair

(Pleschke et al. 2000)

DNMT-1

Transcriptional Regulation

(Reale et al. 2005)

H1

Chromatin structure modulation

(Panzeter et al. 1993)

H2A

Chromatin structure modulation

(Panzeter et al. 1993)

H2B

Chromatin structure modulation

(Panzeter et al. 1993)

H3

Chromatin structure modulation

(Panzeter et al. 1993)

H4

Chromatin structure modulation

(Panzeter et al. 1993)

hnRNPs

mRNA maturation and transport

(Gagne et al. 2003)

iNOS

Inflammation

(Pleschke et al. 2000)

Ku70

DNA repair

(Pleschke et al. 2000)

Lamins

Subnuclear structure

(Gagne et al. 2003)

Macro domains

Diverse

(Karras et al. 2005)

MARCKS

Cytoskeleton remodeling

(Schmitz et al. 1998)

MRP

Cytoskeleton remodeling

(Schmitz et al. 1998)

MSH6

DNA repair

(Pleschke et al. 2000)

MVP

Nycleocytoplasmic transport

(Kickhoefer et al. 1999)

NMNAT-1

NAD+ biosynthesis

(Berger et al. 2007)

NF-κB

Transcriptional regulation

(Pleschke et al. 2000)

Nuclear matrix proteins

Subnuclear structure

(Malanga and Farina 2000)

p21

Cell cycle regulation

(Pleschke et al. 2000)

p53

Cell cycle regulation

(Malanga et al. 1998)

Polymerase ε

DNA repair

(Pleschke et al. 2000)

TERT

Telomere maintenance

(Pleschke et al. 2000)

Topoisomerase I

DNA metabolism

(Malanga and Althaus 2004)

TRF-2

Telomere maintenance

(Dantzer et al. 2004)

vPARP

Nucleocytoplasmic transport

(Kickhoefer et al. 1999)

XPA

DNA repair

(Pleschke et al. 2000)

XRCC1

DNA repair

(Pleschke et al. 2000)

Table 2: Overview on proteins interacting noncovalently with poly(ADP-ribose) and their functions.
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1.8.1 Tumor suppressor protein p53
The tumor suppressor protein p53 is a transcription factor, which is involved in cell cycle
regulation, DNA repair and apoptosis (Gomez-Lazaro et al. 2004, Romer et al. 2006).
Cellular stresses like DNA damage as well as oncogens lead to the activation of p53, which
subsequently binds to specific DNA consensus sequences within the promoter region
inducing transcription of the respective target genes (Fig. 7). The various gene products can
trigger cell cycle arrest to allow DNA repair prior to DNA replication in S-phase. If the
damage is too severe, this results in cell death via p53-dependent apoptosis. Under
physiological conditions, p53 level is very low and tightly regulated by several independent
mechanism

including

post-translational

modifications

(acetylation,

phosphorylation,

sumoylation, ubiquitination, poly(ADP-ribosylation), subcellular localization and degradation
via ubiquitin-mediated proteolysis (Gomez-Lazaro et al. 2004). p53 has a well established
role in protecting against cancer formation, and in more than 50 % of human neoplasias one
or more mutations can be found in at least one allele of p53. Over 95 % of these mutations
are localized within the DNA-binding domain (DBD) of p53, comprising the very frequent hotspot mutations R175, G245, R249, R273 and R282. In addition, hereditary mutations were
identified in Li-Fraumeni syndrome characterized by a very high cancer incidence in patients
younger than 30 years (Romer et al. 2006).
The human p53 encodes a protein with 393 amino acids comprising four functional domains.
The N-terminal domain of p53 contains a transactivation region (aa 1-42) and a SH-3 (SRChomology-3-domain) target sequence (60-97) rich in prolin residues. Adjacent to this domain
is the central core domain (DBD), crucial for sequence-specific DNA binding (aa 102-292),
followed by a domain responsible for tetramerization (aa 323-365) and a C-terminal
regulatory domain (aa 360-393). This last domain also binds to DNA, albeit in an unspecific
manner, and post-translational modifications such as phosphorylation or acetylation within
this domain result in the stabilization and activation of p53 (Romer et al. 2006). As a
transcription factor, p53 regulates the gene expression of a wide range of key proteins
implicated in cell cycle progression (p21), DNA repair (GADD45, PCNA, DNA ligase I),
senescence (p14Arf, Ras, Raf) and apoptosis (Bax, Apaf-1, PUMA) (Gomez-Lazaro et al.
2004). In addition, recent studies provided clear evidence for a role of p53 in the regulation of
glycolysis and autophagy, angiogenesis, differentiation, bone remodeling and the regulation
of oxidative stress (Vousden and Lane 2007).
Under physiological conditions, p53 is tightly associated with the ubiquitin-protein ligase E3
MDM2 (mouse double minute 2, in humans also referred to as HDM2). MDM2 binds to the Nterminal part of the transactivation domain of p53 thereby inhibiting its transcriptional activity.
In addition, MDM2 targets p53 for ubiquitin-mediated degradation using its ubiquitin ligase
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Figure 7: Transcriptional regulation by p53 in response to DNA damage. Upon genotoxic insults
protein kinases ATM and ATR are activated leading to the phosphorylation of p53. Phosphorylated p53
is stablized and acts as a transcription factor inducing expression of genes involved in cell cycle arrest,
apoptosis and DNA repair as well as its own repressor HDM2. Reviewed in (Romer et al. 2006).

activity. Monoubiquitination results in the cypoplasmatic export of p53, which can be
reimported to the nucleus, although most of p53 is degraded via the proteasome.
Polyubiquitination of p53 catalyzed by p300 leads to the immediate proteolysis of p53 by the
nuclear proteasome machinery (Romer et al. 2006). Due to its rapid degradation p53 exhibits
an extraordinary short half-life of only 5 to 20 min in most cell types. Genotoxic as well as
non-genotoxic

stimuli

like

activated

oncogenes

or

hypoxia

induce

site-specific

phosphorylation of p53, which subsequently dissociates from MDM2, resulting in a
stabilization of p53 and concomitant rise in p53 protein levels. Phosphorylated p53
possesses a 10-fold higher half-life than the unphosphorylated protein and can induce the
transcription of target genes. Interestingly, MDM2 harbors two p53-responsive elements
within its promoter region, which leads to the induction of MDM2 transcription by activated
p53 representing a negative feedback loop (Romer et al. 2006).
A functional link between PARP-1 and p53 was established several years ago showing that
both proteins form complexes in vitro and in vivo. This interaction depends on p53
phosphorylation and is mediated by the N-terminal and central domains of PARP-1 and the
central and C-terminal domain of p53 (Wesierska-Gadek et al. 1996a, Wesierska-Gadek et
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al. 1996b, Wesierska-Gadek et al. 2003a, Wesierska-Gadek et al. 2003b). Furthermore, it
was demonstrated that p53 basal levels are significantly reduced in eukaryotic cells deficient
in PARP-1 or with impaired poly(ADP-ribosyl)ation (Wesierska-Gadek et al. 2003a,
Wesierska-Gadek et al. 2003b, Whitacre et al. 1995). These findings indicate a role for
PARP-1 in regulating the nucleocytoplasmic transport of p53 in DNA-damages cells, which
might contribute to the accumulation of p53 in the nucleus.
p53 is a target protein for poly(ADP-ribosyl)ation (Kumari et al. 1998) which blocks its
sequence-specific DNA-binding and inhibits its transcriptional activity (Mendoza-Alvarez and
Alvarez-Gonzalez 2001, Simbulan-Rosenthal et al. 2001). In addition, p53 can also interact
noncovalently with PAR mediated by three PAR binding sites overlapping with functional
important domains. The sequence-specific DBD of p53 bears two PAR consensus motifs (aa
153-181 and 231-256) and the C-terminal tetramerization domain contains another PAR
binding site (aa 326-351) as reported by Malanga and colleagues (Malanga et al. 1998). It
was shown that low concentrations of PAR are sufficient to abrogate the association of p53
with single stranded DNA, whereas at higher polymer concentrations the sequence-specific
binding of the protein to a double-stranded oligonucleotide was inhibited in a concentrationdependent manner. Mild genotoxic stress with low PAR synthesis may therefore block the
unspecific DNA-binding of p53 and promote the transcriptional activity of p53. By contrast,
high PAR levels caused by severe DNA damage may result in a complete inhibition of p53
activities leading to caspase-independent cell death or necrosis (Malanga and Althaus 2005).

1.8.2 Xeroderma pigmentosum group A complementing protein (XPA)
Xeroderma pigmentosum (XP) is an autosomal-recessive human genetic disease, which is
characterized by a marked predisposition to skin cancers with a median onset of 8 years and
in some cases also by neurological abnormalities (Friedberg 2001). XP encompasses seven
repair-deficient complementation groups (XP-A to XP-G) and is an archetype of nucleotide
excision repair (NER) disorders. NER is responsible for the repair of bulky DNA lesions
caused by UV-light (i.e. (6-4)-photoproducts, cyclobutane pyrimidine dimers) and
environmental mutagenic compounds such as aflatoxins and benzo[α]pyrene (Christmann et
al. 2003). Patients with mutated XPA are defective in both pathways of NER, global genome
repair and transcription coupled repair, and display a severe form of De Sanctis-Cacchione
syndrome comprising numerous neurological abnormalities (de Vries and van Steeg 1996).
XPA is a 36 kDa zinc metalloprotein containing a single Cys2-Cys2 zinc finger and a
positively charged cleft in the central part of the protein, which form the DNA binding region
(residues 98-219) (Fig. 8). XPA is a crucial component of the NER pathway, where it is
involved in DNA damage verification (Cleaver 2005, Park and Choi 2006). XPA was
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demonstrated to bind preferentially to DNA containing photolesions (Jones and Wood 1993).
The protein recognizes a variety of DNA lesions and is likely to exist as a homodimer in the
absence of DNA (Liu et al. 2005, Missura et al. 2001). XPA interacts with the ssDNA binding
complex RPA, the 5’-endonuclease ERCC1/XPF and the transcription factor TFIIH which
shows helicase activity (Park and Choi 2006). Binding of XPA to RPA seems to increase the

Figure 8: Structure of human XPA. Linear sequence of XPA displaying important structural features. Protein
interaction partners are highlighted in yellow. NLS: nuclear localization signal; Zn finger: Cys2-Cys2 zinc finger.
Modified from (Cleaver and States 1997).

specificity of XPA for damaged DNA (Lee et al. 1995, Thoma and Vasquez 2003, Wood
1999). In addition, XPA anchors the nuclease XPF-ERCC1 and stimulates the nuclease
activity of XPG (Cleaver 2005). After binding of the excision nucleases, XPA and TFIIH are
released.
A PAR-binding site has been identified in the C-terminal part of XPA overlapping with the
TFIIH interaction domain and an interaction of XPA and PAR was confirmed in vitro
(Pleschke et al. 2000). A direct physical association of PARP-1 and XPA has not been
shown so far and XPA has not been identified as a target protein for covalent poly(ADPribosyl)ation.

1.8.3 Werner Syndrome Protein (WRN)
Werner Syndrome (WS) is a rare autosomal recessive disorder characterized by many
features of premature ageing and a high incidence of malignant neoplasms. WS patients
exhibit a large number of age-associated symptoms including cataracts, atherosclerosis,
osteoporosis and Type II diabetes mellitus (Martin 1978, Salk 1982). Isolated human WS
cells show genetic instability, shorter replicative life span and altered telomere dynamics
(Shen and Loeb 2000, Tahara et al. 1997). WS is caused by mutations in the Werner gene
(WRN) which was identified by positional cloning (Yu et al. 1996). It encodes the 167 kDa
Werner syndrome protein (WRN) belonging to the human RecQ family of DNA helicases.
WRN possesses DNA-dependent ATPase, 3′→5′ helicase and 3′→5′ exonuclease activities
(Gray et al. 1997, Shen et al. 1998). Its catalytic activities are structure-specific and are
active on a variety of substrates including DNA replication, recombination and repair
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intermediates as well as telomeres (Opresko et al. 2003). The RecQ-conserved (RQC) motif
of WRN resides in the C-terminal part close to the central helicase domain and plays a very
important role concerning WRN`s functions (Fig. 9). It mediates WRN protein interactions
and contains a nucleolar targeting sequence (NTS), which is dependent on the presence of
an active nuclear localization signal (NLS) located at the C-terminus of WRN (von Kobbe and
Bohr 2002, von Kobbe et al. 2003). All mutations identified up to now in WS patients result in
a truncated WRN protein lacking the C-terminus and the NLS (Oshima 2000). Consequently,
the nuclear import process is abrogated, which is critical for the pathogenesis of WS.

Figure 9: Structure of human WRN. RQC/NTS: RecQ-conserved motif containing a nucleolar targeting
sequence; HRDC: helicase and RNAseD C-terminal domain; NLS: nuclear localization signal.

WRN was shown to interact physically and/or functionally with RPA, APE1, FEN-1, pol ß and
δ, PCNA, p53, Ku 70/80, DNA-PK, RAD 51, Topoisomerase 1, BLM and TRF2 (Opresko et
al. 2003). Several studies indicate that WRN plays a physiological role in homologous
recombination (HR) and non-homologous end joining (NHEJ), which represent the two major
pathways in double-strand break repair (Li and Comai 2000, Opresko et al. 2003, Saintigny
et al. 2002). A body of evidence suggest that WRN may participate in base excision repair
(BER), as WRN co-operates with a wide range of proteins involved both in short-patch and
long-patch BER. WRN was demonstrated to promote pol ß strand displacement synthesis
and to act co-operatively with pol ß on 3’-mismatches using its exonuclease activity (Harrigan
et al. 2003, Harrigan et al. 2006) In addition, WRN unwinds several DNA single-strand break
intermediates which is modulated by APE1 and pol ß (Ahn et al. 2004) and stimulates FEN-1
flap cleavage (Brosh et al. 2001). Moreover, WRN plays an important role in the
maintenance of telomere integrity and is implicated in DNA replication.
Recently, several research groups have identified a physical and/or functional interaction
between WRN and PARP-1 (Adelfalk et al. 2003, Lebel et al. 2003, Li et al. 2004, von Kobbe
et al. 2003, von Kobbe et al. 2004). It has been shown that PARP-1 binds to the N-Terminus,
the helicase domain and the C-terminal domain of WRN (von Kobbe et al. 2004). The Cterminal domain contains the RQC motif, which is likely to mediate PARP-1 binding (von
Kobbe et al. 2003). On the other hand, WRN was found to bind to the DNA-binding domain
and the BRCA1 C-terminal (BRCT) domain of PARP-1. Automodification of PARP-1 nearly
abolishes its in vitro binding to the WRN RQC domain, suggesting that the WRN/PARP-1
interaction depends upon the poly(ADP-ribosyl)ation state of PARP-1. Unmodified PARP-1
was shown to inhibit both WRN exonuclease and helicase activities in vitro, whereas
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automodified PARP-1 does not inhibit WRN catalytic activities (von Kobbe et al. 2004). Two
studies reported that recombinant PARP-1 does not poly(ADP-ribosyl)ate purified WRN in
vitro (Li et al. 2004, von Kobbe et al. 2003). By contrast, another research group detected
poly(ADP-ribosyl)ation of a N-terminal WRN fragment after incubation with nuclear extracts
from WI-38 fibroblasts (Adelfalk et al. 2003). Furthermore, it was observed that WS cells are
deficient in the poly(ADP-ribosyl)ation pathway after H2O2 and alkylation treatment. PARP-1
itself becomes auto-poly(ADP-ribosyl)ated, but the modification of other cellular proteins is
severely impaired (von Kobbe et al. 2003). Taken together, these results indicate an
important role for the WRN/PARP-1 complex in BER by sensing specific DNA lesions that
are induced by oxidative stress or alkylating agents.
All these studies revealed a close cooperation between PARP-1 and WRN in maintaining
genomic integrity and counteracting carcinogenesis. In agreement with these results, PARP1-/- / WRN∆hel/∆hel mice developed more malignant neoplasms than single mutants.
Furthermore, mouse embryonic fibroblasts derived from the double mutant animals display
increased levels of chromatid breaks, chromosomal rearrangements and fragmentation
(Lebel et al. 2003).

1.8.4

DEK

The human DEK protein was discovered in 1990 as a fusion protein with the nucleoporin
CAN in a subset of patients suffering from acute myeloid leukemia (von Lindern et al. 1990).
In addition, DEK is associated with several autoimmune diseases such as juvenile
rheumatoid arthritis and systemic lupus erythematosus, representing the major autoantigen
(Waldmann et al. 2004).
DEK is an abundant chromatin-bound nuclear protein, which is conserved in all multicellular
organism, but is absent in C.elegans and yeast. It is highly abundant in proliferating cells,
whereas its expression is low in resting and terminally differentiated cells. The protein
comprises 375 amino acids with four different stretches of acidic residues and contains a
SAP box DNA-binding domain as well as an additional C-terminal DNA-binding region, which
shows partial overlap with a multimerization domain (Waldmann et al. 2004) (Fig. 10). DEK is

Figure 10: Structure of human DEK. SAF/SAP: conserved DNA-binding motif of 35 aa containing two
amphiphatic α-helices; NLS: nuclear localization signal. Modified from (Waldmann et al. 2004).
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a phosphoprotein bearing numerous phosphorylation sites within its C-terminal DNA-binding
domain (Kappes et al. 2004a). Phosphorylation is cell-cycle dependent and most likely
catalyzed by casein kinase 2 (CK2) and, to a lesser extent, by protein kinase C (PKC). The
chromatin protein DEK directly associates with DNA in a sequence-independent, but
structure-specific manner (Waldmann et al. 2003). It was reported that DEK prefers to bind to
supercoiled over relaxed DNA and to cruciform over linear DNA. Phosphorylation of DEK
regulates its interaction with DNA and itself as phosphorylated DEK exhibits a reduced
affinity to DNA, but an increased interaction with other phosphorylated DEK molecules
(Kappes et al. 2004a, Kappes et al. 2004b). These results were summarized in a model, in
which unphosphorylated DEK molecules can co-operate to link separate DNA sites, whereas
phosphorylation triggers the dissociation of the C-terminal DNA binding domain, which is
then available for DEK-DEK interactions. This model is in line with the finding that
phosphorylation results in a decreased affinity of DEK for DNA, but does not abrogate DEK
DNA-binding and explains the association of DEK with chromatin throughout the cell cycle in
vivo despite higher phosphorylation in late G1 phase. Furthermore, DEK was demonstrated
to change the topology of DNA. In particular, it introduces positive supercoils in protein-free
DNA and reduces the number of negative supercoils in chromatin substrates (Alexiadis et al.
2000, Waldmann et al. 2002).
Interestingly, DEK bears a SAP domain responsible for DNA binding, which has also been
identified via a PSI-BLAST search in plant PARP-1 (Aravind and Koonin 2000). Both PARP-1
and DEK are chromatin-associated proteins, which are highly abundant in eukaryotic cells.
Similar to the human DEK, PARP-1 is also capable of binding to unusual DNA structures
such as cruciforms and loops (Gradwohl et al. 1987, Sastry and Kun 1990). Strikingly, DEK
contains several regions rich in acidic amino acids resembling to HMGB (high mobility group
B protein) (Waldmann et al. 2004), which is a known acceptor for covalent poly(ADPribosyl)ation.
Indeed, a very recent study demonstrated that DEK is poly(ADP-ribosyl)ated by PARP-1,
which triggers the release of DEK from chromatin (Gamble and Fisher 2007). Moreover, both
PARP-1 and DEK have been detected in a HeLa cell chromatin fraction enriched for the
variant histone macroH2A, underscoring their close connection (Ouararhni et al. 2006).
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Objective

Binding of PARP-1 to DNA single and double strand breaks results in the synthesis of the
highly complex biopolymer poly(ADP-ribose), which is thought to engage in DNA repair by
specifically interacting with DNA repair enzymes (Malanga and Althaus 2005). PAR consists
of a heterogeneous mixture of linear and branched chains ranging from 2 up to 200 ADPribose units (D'Amours et al. 1999). Several years ago, Pleschke and colleagues identified a
PAR-binding motif in a variety of proteins involved in DNA damage checkpoint and repair
(Pleschke et al. 2000). Noncovalent interaction is mediated by a conserved consensus
sequence, which is frequently located within functional protein domains. Binding was
proposed to regulate DNA-protein and protein-protein interactions as well as protein
degradation. The controlled synthesis of PAR in close proximity to DNA lesions could
therefore modulate the cellular response to DNA damage such as chromatin remodeling, cell
cycle arrest or DNA repair.
PAR can interact with proteins due to electrostatic interactions between the negatively
charged polymer and the positively charged side chains of proteins. In addition, PAR
contains adenine moieties, which are capable of hydrogen-bonding as well as unpolar πinteractions (Kiehlbauch et al. 1993) and the polymer is believed to exhibit a helicoidal
structure (Minaga and Kun 1983a). Previous work cleary showed that the binding of proteins
to PAR is not dependent on protein basicity or DNA-binding activity (Panzeter et al. 1992).
Furthermore, it was shown that histone H1-PAR complexes are very stable and resist phenol
partitioning, high-salt washes and detergents. The existence of a conserved polymer binding
site provides further support for the specificity of this interaction (Pleschke et al. 2000).
So far, however, virtually nothing is known concerning the selectivity and affinity of this
interaction. Merely histones were characterized with regard to chain length using an in vitro
phenol partitioning assay, which revealed a preferential binding of histones to long and
branched ADP-ribose chains (Panzeter et al. 1992). The vast majority of PAR-binding
proteins have not been studied so far; however it is conceivable that noncovalent interactions
with PAR depend on chain length and branching complexity. PARPs might orchestrate
cellular processes such as DNA repair by controlled PAR synthesis of varying chain length,
which provides a platform to specifically attract proteins and modulate their functions.
Objective of this work was to characterize the specific interaction of poly(ADP-ribose) and
binding proteins as a function of PAR chain length. Therefore, PAR was to be biosynthesized
in vitro at a large scale using recombinant human PARP-1, which was overexpressed in Sf9
insect cells. After having established two appropriate PAR purification protocols (i.e. DHBB
chromatography and modified DNA extraction), the isolated polymer was to be specifically
labeled at the ribose terminus using the carbonyl-reactive biotin analogue biocytin hydrazide.
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Successful labeling of PAR molecules was to be checked on a PAR-blot using streptavidinPOD. Moreover, a novel ELISA was to be established using neutravidin-coated plates, which
can selectively capture biotinylated PAR chains.
In order to separate this complex biopolymer according to chain length, a semi-preparative
anion exchange HPLC was to be used and collected fractions had to be screened on
modified sequencing gels to assess chain length and purity. Interaction studies were to be
performed with the known PAR-binding proteins p53 and XPA.
In addition, two other proteins, WRN and DEK, which have not been known to interact with
PAR so far, were to be checked for polymer binding and to be analyzed for binding selectivity
and affinity. All proteins to be studied had to be overexpressed in insect cells using the
Baculovirus system and were to be purified by chromatographic means.
Binding of separated PAR to recombinant proteins was to be monitored using three distinct
approaches and had to be quantified with regard to binding affinity. First, a polymer-blot
assay was to be utilized to screen for differences in PAR binding with varying chain length.
Second, a PAR EMSA was to be established using affinity-purified fractionated PAR to
assess the interaction with selected proteins in solution, as protein immobilization may affect
polymer binding. Finally, real-time surface plasmon resonance was to be used to corroborate
the EMSA results and to obtain kinetic data as well as information on the binding
stoichiometry.
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3

Material & Methods

3.1

Material

3.1.1 Organisms
Description

Source

High Five (BTI-TN-5B1-4) insect cells; cell line derived Professor Dr. Martin Scheffner,
from ovarian cells of the cabbage looper (Trichoplusia University of Konstanz, Germany
ni) (Wickham et al. 1992)
Sf9 (IPLB-Sf21-AE) insect cells; cell line derived from
larval ovarian tissue of the fall armyworm (Spodoptera
frugiperda) (PharMingen 1999)

Becton-Dickinson, Heidelberg,
Germany

3.1.2 Insect cell culture medium
Description

Source

FCS (fetal calf serum)

Biochrom/Seromed, Berlin, Germany

Gentamycin solution 10 mg/ml

Sigma-Aldrich, Deisenhofen, Germany

Pluronic acid F-68 (10 %)

Sigma-Aldrich, Deisenhofen, Germany

TNM-FH Insect Medium

Sigma-Aldrich, Deisenhofen, Germany

3.1.3 Oligonucleotides
Description

Sequence

EcoRI Linker

5’-GGAATTCC-3’

WRN Helicase 22ForkA

5’-Biotin-(TTT)5-GAGTGTGGTGTACATGCACTAC-3’

WRN Helicase 22ForkB

5’-GTAGTGCATGTACACCACACTC-(TTT)5-3’

WRN Exo 34ForkA

5’-Biotin-(TTT)5-TTAGGGTTAGGGTTAGGGTTAGGGCATGCACTAC-3’

WRN Exo 34ForkB

5’-GTAGTGCATGCCCTAACCCTAACCCTAACCCTAA-(TTT)5-3’

3.1.4 Antibodies
Description

Source

Anti-p53: DO-1 mouse monoclonal antibody
directed against aa 21-25 of human p53

Calbiochem, Bad Soden, Germany

Anti-PAR: 10H mouse monoclonal antibody
against poly(ADP-ribose)

10H hybridoma cells from M. Miwa and
T. Sugimura, Tokyo, Japan

Anti-PAR: LP96-10 rabbit polyclonal antibody
directed against poly(ADP-ribose)

Becton-Dickinson, Heidelberg, Germany
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Anti-PARP: CII-10 mouse monoclonal antibody
against the N-terminal DNA-binding domain of
PARP-1

CII-10 hybridoma cells from G. G.
Poirier, Québec, Canada

FI-23 hybridoma cells from G. G.
Anti-PARP: FI-23 mouse monoclonal antibody
against the second zinc finger of human PARP-1 Poirier, Québec, Canada
Anti-XPA: FL-273 rabbit polyclonal antibody
raised against the full length human XPA

Santa Cruz, Heidelberg, Germany

Anti-WRN: H-300 rabbit polyclonal antibody
raised against aa 1133-1432 of human WRN

Santa Cruz, Heidelberg, Germany

Anti-DEK: rabbit polyclonal antibody

F. Kappes, Ann Arbor, USA

Anti-His: mouse monoclonal antibody raised
against polypeptides including a His6-tag

Amersham Biosciences, Freiburg,
Germany

Polyclonal goat anti-mouse IgG /Alexa 488

MoBiTec Molecular Probes,
Göttingen, Germany

Polyclonal goat anti-rabbit IgG /Alexa 568

MoBiTec Molecular Probes, Göttingen,
Germany

Polyclonal goat anti-mouse IgG/HRP

DakoCytomation, Hamburg,Germany

Polyclonal goat-anti rabbit IgG/HRP

DakoCytomation, Hamburg,Germany

3.1.5 Chemicals
Description

Source

2-mercaptoethanol

Sigma-Aldrich, Deisenhofen, Germany

2-propanol

Riedel-de-Häen, Seelze, Germany

Acetic acid 100 %

VWR, Darmstadt, Germany

Alcohol Dehydrogenase

Sigma-Aldrich, Deisenhofen, Germany

Ammonium acetate

Roth,Karlsruhe, Germany

Ammonium chloride

Sigma-Aldrich, Deisenhofen, Germany

Ammonium persulfate

Serva, Heidelberg, Germany

Ammonium sulfate

Roth,Karlsruhe, Germany

Aqua-Poly-Mount

Polysciences, Eppelheim, Germany

BCA Reagent A

Pierce, Bonn, Germany

BCA Reagent B

Pierce, Bonn, Germany

Bicine

Sigma-Aldrich, Deisenhofen, Germany

Bind-Silane

Amersham Biosciences, Freiburg, Germany
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Bio-Rex 70 resin

Bio-Rad, München, Germany

Biotin-NAD+

R&D systems, Wiesbaden, Germany

Biotinylated SDS-PAGE standard broad
range

Bio-Rad, München, Germany

Boric acid

Riedel-de-Häen, Seelze, Germany

Bovine serum albumine

Sigma-Aldrich, Deisenhofen, Germany

Bromphenol blue

Sigma-Aldrich, Deisenhofen, Germany

Calcium chloride

Merck, Darmstadt, Germany

Calf thymus single-stranded DNA-Cellulose

Sigma-Aldrich, Deisenhofen, Germany

Calf thymus double-stranded DNA-Cellulose Sigma-Aldrich, Deisenhofen, Germany
Carbodiimide

Sigma-Aldrich, Deisenhofen, Germany

CasyClean

Schärfe System, Reutlingen, Germany

CasyTon

Schärfe System, Reutlingen, Germany

Chloroform

Merck, Darmstadt, Germany

Coomassie Brilliant Blue G-250

Roth, Karlsruhe, Germany

D(+)-biotin

Roth, Karlsruhe, Germany

DEAE Sepharose Fast Flow

Amersham Biosciences, Freiburg, Germany

Dimethyl sulfoxide

Sigma-Aldrich, Deisenhofen, Germany

Disodium hydrogen phosphate

Roth, Karlsruhe, Germany

Dithiothreitol

Sigma-Aldrich, Deisenhofen, Germany

DNAse I

Roche, Mannheim, Germany

Ethanol 99,8%

Riedel-de-Häen, Seelze, Germany

Ethylenediamine-tetraacetic acid disodium
salt dihydrate

Roth, Karlsruhe, Germany

EZ-Link® biocytin hydrazide

Pierce, Bonn, Germany

Formaldehyde 37%

Riedel-de-Häen, Seelze, Germany

Glucose

Merck, Darmstadt, Germany

Glycerol

Acros, Geel, Belgium

Glycine

Roth, Karlsruhe, Germany

Guanidine hydrochloride

Sigma-Aldrich, Deisenhofen, Germany

HEPES

Roth, Karlsruhe, Germany
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Histone H1

Calbiochem, Bad Soden, Germany

Histone Type IIA

Sigma-Aldrich, Deisenhofen, Germany

Hoechst

Molecular Probes, Leiden, Netherlands

Hydrochloric acid 37 %

Riedel-de-Häen, Seelze, Germany

Hydrogen peroxide

Merck, Darmstadt, Germany

Imidazole

Merck, Darmstadt, Germany

Isoamyl alcohol

Merck, Darmstadt, Germany

Luminol

Fluka, Buchs, Switzerland

m-aminophenylboronic acid

Sigma-Aldrich, Deisenhofen, Germany

Magnesium chloride

Riedel-de-Häen, Seelze, Germany

Methanol

Riedel-de-Häen, Seelze, Germany

MilliQ water

Millipore, Schwalbach, Germany

MOPS

Sigma-Aldrich, Deisenhofen, Germany

MTT

Sigma-Aldrich, Deisenhofen, Germany

NAD+

Sigma-Aldrich, Deisenhofen, Germany

Ni-NTA Superflow

Quiagen, Hilden, Germany

Nonidet P-40

Fluka, Buchs,Switzerland

Orange G

Sigma-Aldrich, Deisenhofen, Germany

p-coumaric acid

Fluka, Buchs,Switzerland

PageBlue protein staining solution

MBI-Fermentas, St. Leon-Rot, Germany

PageRuler Prestained Protein Ladder

MBI-Fermentas, St. Leon-Rot, Germany

Phenazine ethosulfate

Sigma-Aldrich, Deisenhofen, Germany

Phenol

Roth, Karlsruhe, Germany

Phenylmethylsulfonylfluoride

Sigma-Aldrich, Deisenhofen, Germany

Phosphoric acid 85%

Roth, Karlsruhe, Germany

Pierce Reducer aldehyde reagent

Pierce, Bonn, Germany

Pierce Reducer base reagent

Pierce, Bonn, Germany

Pierce Silver reagent

Pierce, Bonn, Germany

Pierce Stabilizer base reagent

Pierce, Bonn, Germany

PIPES

Sigma-Aldrich, Deisenhofen, Germany
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Potassium acetate

Merck, Darmstadt, Germany

Potassium chloride

Riedel-de-Häen, Seelze, Germany

Potassium dihydrogenphosphate

Riedel-de-Häen, Seelze, Germany

Potassium hydroxide

Merck, Darmstadt, Germany

Protamine sulfate

Sigma-Aldrich, Deisenhofen, Germany

Proteinase K

Sigma-Aldrich, Deisenhofen, Germany

Q Sepharose Fast Flow

Amersham Biosciences, Freiburg, Germany

Repel-Silane

Amersham Biosciences, Freiburg, Germany

Rotiphorese 30% acrylamide/bisacrylamide
(37,5:1)

Roth, Karlsruhe, Germany

Rotiphorese 30% acrylamide/bisacrylamide
(37,5:1)

Roth, Karlsruhe, Germany

Rotiphorese sequencing gel concentrate

Roth, Karlsruhe, Germany

Rotiphorese sequencing gel diluent

Roth, Karlsruhe, Germany

Rotiphorese sequencing gel buffer
concentrate

Roth, Karlsruhe, Germany

Sephadex G-100 superfine

Sigma-Aldrich, Deisenhofen, Germany

Skim milk powder

Rapilait, Sulgen, Schweiz

Sodium acetate

Merck, Darmstadt, Germany

Sodium azide

Merck, Darmstadt, Germany

Sodium chloride

Roth, Karlsruhe, Germany

Sodium dihydrogenphophate

Merck, Darmstadt, Germany

Sodium hydroxide

Riedel-de-Häen, Seelze, Germany

Sodium hydrogen carbonate

Riedel-de-Häen, Seelze, Germany

Sodiumdodecylphosphate

Serva, Heidelberg, Germany

SoftLink™ Soft Release Avidin Resin

Promega, Heildelberg, Germany

Streptavidin-POD

Amersham Biosciences, Freiburg, Germany

Tetramethylethylenediamine

Serva, Heidelberg, Germany

Trichloroacetic acid

Roth, Karlsruhe, Germany

Triton X-100

Sigma-Aldrich, Deisenhofen, Germany

Trizma base

Sigma-Aldrich, Deisenhofen, Germany

Tween 20

Sigma-Aldrich, Deisenhofen, Germany
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Urea

Merck, Darmstadt, Germany

Xylene cyanol

Sigma-Aldrich, Deisenhofen, Germany

3.1.6 Laboratory equipment
Description

Source

96-well plates Costar

Corning, Schiphol-Rijk, Netherlands

96-well plates neutravidin coated (HBC)

Pierce, Bonn, Germany

96-well plate reader GENios Plus

Tecan, Crailsheim, Germany

Autoclave

Sauter, Sulgen, Switzerland

Cell counter Casy TT

Schärfe System, Reutlingen, Germany

Cell culture dishes

Corning, Schiphol-Rijk, Netherlands

Cell culture flasks

Corning, Schiphol-Rijk, Netherlands

Cell scraper Cellstar

Greiner, Frickenhausen, Germany

Centrifuge LE-80K

Beckman-Coulter, Krefeld, Germany

Centrifuge Biofuge fresco

Heraeus, Fellbach, Germany

Centrifuge Biofuge pico

Heraeus, Fellbach, Germany

Centrifuge 5415 R

Eppendorf, Hamburg, Germany

Centrifuge 5810 R

Eppendorf, Hamburg, Germany

Centrifuge Function Line Labofuge 400

Heraeus, Fellbach, Germany

Centrifuge Megafuge 1.0 R

Heraeus, Fellbach, Germany

Centrifuge tube 15ml sterile

Corning, Schiphol-Rijk, Netherlands

Centrifuge tube 50 ml sterile

Corning, Schiphol-Rijk, Netherlands

Chemical fume hood

Waldner, Wangen, Germany

Chemiluminescence imaging station Fuji Las
1000-Pro

Fujifilm, Düsseldorf, Germany

Clean bench LaminAir H2448

Heraeus, Fellbach, Germany

Concentration tubes Vivaspin 6 10,000
MWCO

Vivascience, Göttingen, Germany

Cover glasses

Menzel, Braunschweig, Germany

Dot Blot 24 well manifold

Life Technologies, Gaithersburg, USA

D-Tube dialyzer Maxi MWCO 3.5 kDa

Merck Biosciences, Darmstadt, Germany
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Electrophoresis unit Protean II xi Cell

Bio-Rad, München, Germany

Electrophoresis unit Hoefer™ mini VE

Amersham Biosciences, Freiburg,
Germany

Filter paper GB 002

Schleicher & Schuell, Dassel, Germany

Fluorescence microscope Axiovert S100 TV

Zeiss, Göttingen, Germany

Fraction collecter RediFrac

Amersham Biosciences, Freiburg,
Germany

Fraction collecter Frac-100

Amersham Biosciences, Freiburg,
Germany

FPLC workstation

Bio-Rad, München, Germany

FPLC chromatography columns

Amersham Biosciences, Freiburg,
Germany

Freezing vials

Corning, Schiphol-Rijk, Netherlands

Glass pasteur pipettes

Brand, Wertheim, Germany

Glassware

Schott, Mainz, Germany

Hot air oven

Heraeus, Fellbach, Germany

HPLC column DNAPac PA100 semi-prep

Dionex, Idstein, Germany

HPLC column TSK-GEL DEAE-NPR

Tosoh Bioscience, Stuttgart, Germany

HPLC system Shimadzu LC-8A

Shimadzu, Duisburg, Germany

HPLC system PU-980

Jasco, Groß-Umstadt, Germany

Incubator

Bachofer, München, Germany

Incubator for insect cell culture

Heraeus, Fellbach, Germany

Light microscope Leitz DM IL

Leica, Bensheim, Germany

Magnet stirrer MR 3001 K

Heidolph, Schwabach, Germany

Microscope slides SuperFrost

Menzel, Braunschweig, Germany

Microwave oven Micromat

AEG, Nürnberg, Germany

Multichannel pipette Transferpette-12

Eppendorf, Hamburg, Germany

Nitril examination gloves

VWR, Darmstadt, Germany

Nucleic acid transfer membrane Hybond-N+

Amersham Biosciences, Freiburg,
Germany

Overhead shaker MACSmix

Miltenyi, Bergisch Gladbach, Germany

Paper tissues KimCare

Kimberly-Clark, Koblenz, Germany

pH indicator test strips pH-Fix 0-14

Roth, Karlsruhe, Germany
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pH meter Microprocessor pH 537

WTW, Weilheim, Germany

Photometer Ultraspec 2100 pro

Amersham Biosciences, Freiburg,
Germany

Pipetboy comfort

Integra, Chur, Switzerland

Pipettes LABMATE

ABIMED, Langenfeld, Germany

Pipetman P5000

Gilson, Bad Camberg, Germany

Pipette tips

Sarstedt, Nürnbrecht, Germany

Pipettes sterile Costar Stripette

Corning, Schiphol-Rijk, Netherlands

PolyPrep chromatography columns

Bio-Rad, München, Germany

Power supply Model 1000/500

Bio-Rad, München, Germany

Power supply Model 200/2.0

Bio-Rad, München, Germany

Power supply Power Pac 300

Bio-Rad, München, Germany

Protein transfer membrane Hybond-ECL
nitrocellulose

Amersham Biosciences, Freiburg,
Germany

Reaction tubes 0.65 ml

Roth, Karlsruhe, Germany

Reaction-tubes 1.5 ml, 2 ml

Sarstedt, Nürnbrecht, Germany

Reaction tubes DNA LoBind 2.0 ml

Eppendorf, Hamburg, Germany

SA Sensor chip

GE Healthcare

Sealing unit Petra Electric Vacuplus

EDEKA, Konstanz, Germany

Sequi-Gen GT Sequencing Cell

Bio-Rad, München, Germany

Shaker Duomax 1030

Heidolph, Schwabach, Germany

Slide-A-lyzer dialyzer cassettes 10 kDa

Pierce, Bonn, Germany

Slot blot apparatur Minifold II

Schleicher & Schuell, Dassel, Germany

Speedvac Univapo 100 ECH

UniEquip, Martinsried, Germany

SPR Biacore T-100

GE Healthcare, München, Germany

Surgical blades

Swann Morton, Sheffield, UK

Syringe filters sterile

Corning, Schiphol-Rijk, Netherlands

Syringe sterile BD Discardit II

Becton-Dickinson, Heidelberg, Germany

Syringe sterile BD plasticpac Luer-Lock 50 ml

Becton-Dickinson, Heidelberg, Germany

Thermomixer comfort

Eppendorf, Hamburg, Germany

Timer Quartz LCD

Roth, Karlsruhe, Germany
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UV cuvette

Eppendorf, Hamburg, Germany

Vortex Genie-2

Roth, Karlsruhe, Germany

Water bath Julabo VC

Julabo, Seelbach, Germany

Water bath incubator Haake SWB25

Thermo Electron, Karlsruhe, Germany

Water preparation unit Milli-Q Plus PF

Millipore, Schwalbach, Germany

WB semidry transfer unit Hoefer TE77

Amersham Biosciences, Freiburg,
Germany

WB wet transfer unit

Bio-Rad, München, Germany

Weighing paper MN 226

Macherey-Nagel, Düren, Germany

3.1.7 Software
Software

Supplier

AIDA Image Analysis Software 3.10

Raytest, Straubenhardt, Germany

Axio Vision AxioVs40 V 4.3.0.101

Zeiss, Göttingen, Germany

Biacore T100 Evaluation 1.1.1.

GE Healthcare, München, Germany

BIAevaluation software 4.1.

GE Healthcare, München, Germany

ChemDraw Ultra 7.0

CambridgeSoft, Cambridge, USA

CorelDRAW 11

Corel Corporation

EndNote X

Thomson ISI Research Soft

GraphPad Prism 4.0

GraphPad Software Inc.

ImageJ 1.34s

Wayne Rasband, National Institutes of
Health, USA

Jasco-Borwin Version 1.50

JMBS Developpements, Grenoble, France

MS Office 2003

Microsoft Corporation

3.1.8 Media, buffers and solutions
3.1.8.1

Insect cell culture media

TNM-FH
+

TNM-FH for adherent cell culture (TNM-FH )

10 % (v/v) FCS
0.1 % (w/v) Gentamycin

TNM-FH for cell culture in suspension (TNM-FH*)

TNM-FH+
0.2 % (w/v) Pluronic acid F-68
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TNM-FH+

TNM-FH to freeze Sf9 insect cells

20 % (v/v) FCS
10 % (v/v) DMSO
TNM-FH+

TNM-FH to freeze High Five insect cells

3.1.8.2

10 % (v/v) DMSO

Buffers and solutions

PBS (phosphate-buffered saline) pH 7.4

137 mM NaCl
10 mM NaHPO4
3 mM KH2PO4
pH 7.4
autoclaved

TE pH 7.4 (Tris-EDTA)

10 mM Tris-HCl pH 7.4
1 mM EDTA
sterile filtered

TNT (Tris-NaCl-Tween 20)

150 mM NaCl
10 mMTris-HCl pH 8.0
0.05 % (v/v) Tween 20

3.1.8.3

Immunofluorescence

Fixing solution

PBS
5 % (v/v) formaldehyde

Glycine solution

PBS
100 mM glycine

Permeabilization solution

PBS
0.4 % (v/v) Triton X-100

Blocking solution

PBS
5 % (w/v) skim milk powder

3.1.8.4

SDS-PAGE

Separating gel buffer

3 M Tris-HCl pH 8.9

Stacking gel buffer

0.5 M Tris-HCl pH 6.7

10x running buffer

250 mM Tris-HCl
1.92 M glycine
pH 8.6
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10 % (v/v) 10x SDS-PAGE running buffer
0.1 % (w/v) SDS

1.5x urea protein loading buffer

93.75 mM Tris-HCl pH 6.8
9 M urea
7.5 % (v/v) ß-mercaptoethanol
15 % (v/v) glycerol
3 % (w/v) SDS
0.01 % (w/v) bromphenol blue

5x protein loading buffer

100 mM Tris-HCl pH 8.0
25 % (v/v) ß-mercaptoethanol
5 % (v/v) glycerol
12.5 % (w/v) SDS
0.01 % (w/v) bromphenol blue

3.1.8.5

Western Blot

5x blotting buffer

250 mM Tris-HCl
1.9 M glycine
pH 8.6

1x blotting buffer

20 % (v/v) 5x blotting buffer
10 % (v/v) methanol
0.1 % (w/v) SDS

Blocking solution

TNT
5 % (w/v) skim milk powder

ECL solution A

100 mM Tris-HCl pH 8,5
2.5 mM luminal
0.4 mM p-coumaric acid

ECL solution B

100 mM Tris-HCl pH 8.5
0.018 % (v/v) H2O2

3.1.8.6

Bradford protein assay

Coomassie staining solution

0.25 % (w/v) Coomassie Brilliant Blue G-250
5 % (v/v) ethanol
8.5 % (w/v) H3PO4
filtered

3.1.8.7

Purification of recombinant proteins
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3.1.8.7.1 Purification of PARP-1 from Sf9 insect cells
Sf9 PARP-1 lysis buffer

25 mM Tris-HCl pH 8.0
10 mM EDTA
50 mM glucose
sterile filtered

PARP-1 purification buffer A

100 mM Tris-HCl pH 7.4
0.5 mM EDTA
10 % (v/v) glycerol
sterile filtered

PARP-1 purification buffer B

50 mM Tris-HCl pH 8.0
200 mM KCl
1 mM EDTA
sterile filtered

PARP-1 purification buffer C

50 mM Tris-HCl pH 8.0
0.5 mM EDTA
5 mM MgCl2
5 % (v/v) glycerol
sterile filtered

PARP-1 dialysis buffer

PBS
20 % (v/v) glycerol

3.1.8.7.2 Purification of p53 from High Five insect cells
High Five p53 lysis buffer

50 mM Tris-HCl pH 8.0
200 mM NaCl
2 mM EDTA
10 mM ß-mercaptoethanol
1 mM PMSF
10 % (v/v) glycerol
0.5 % (v/v) NP-40
0.2 % Triton X-100

p53 dialysis buffer

20 mM HEPES-KOH pH 7.4
50 mM NaCl
10 % (v/v) glycerol
1 mM DTT

p53 DNA cellulose elution buffer

20 mM HEPES-KOH pH 7.4
400 mM NaCl
10 % (v/v) glycerol
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1 mM PMSF
1 mM DTT

p53 storage buffer

50 mM Tris-HCl pH 7.4
10 % (v/v) glycerol
1 mM DTT

3.1.8.7.3 Purification of His-XPA from High Five insect cells
High Five XPA lysis buffer

50 mM KH2PO4-KOH pH 8.0
100 mM KCl
0.5 % (v/v) NP-40
1 mM EDTA
10 % (v/v) glycerol
0.5 mM PMSF

XPA purification buffer A

50 mM KH2PO4-KOH pH 8.0
100 mM KCl
1 mM EDTA
10 % (v/v) glycerol
0.5 mM PMSF

XPA purification buffer B

25 mM Tris-HCl pH 8.0
10 % (v/v) glycerol
100 mM KCl
1 mM EDTA
1 mM DTT
1 mM PMSF

XPA storage buffer

25 mM Tris-HCl pH 7.4
10 % (v/v) glycerol

3.1.8.7.4 Purification of His-WRN from Sf9 insect cells
DEAE lysis buffer

150 mM Tris-HCl pH 8.0
10 mM NaCl
10 % (v/v) glycerol
1 mM PMSF
5 mM ß-mercaptoethanol

DEAE-/Q-Sepharose buffer A

150 mM Tris-HCl pH 8.0
10 % (v/v) glycerol
5 mM ß-mercaptoethanol
1 mM PMSF
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150 mM Tris-HCl pH 8.0
150 mM NaCl
10% glycerol
0.5% NP-40
1 mM PMSF
5 mM ß-mercaptoethanol

Ni-NTA wash buffer I

50 mM Tris-HCl pH 8.0
0.5 mM LiCl
10 % (v/v) glycerol
1 mM PMSF
5 mM ß-mercaptoethanol

Ni-NTA wash buffer II

10 mM PIPES pH 7.0
50 mM NaCl
10 % (v/v) glycerol
1 mM PMSF
5 mM ß-mercaptoethanol

Ni-NTA wash buffer III

Ni-NTA wash buffer II
10 mM imidazole

Ni-NTA wash buffer IV

Ni-NTA wash buffer II
25 mM imidazole

Ni-NTA elution buffer

10 mM PIPES pH 7.0
50 mM NaCl
20 % (v/v) glycerol
300 mM imidazole
1 mM PMSF
5 mM ß-mercaptoethanol

DNA cellulose buffer I

25 mM Tris-HCl pH 8.0
10 % (v/v) glycerol
0.5 mM EDTA
100 mM NaCl
5 mM MgCl2
1 mM DTT
1 mM PMSF

DNA cellulose buffer II

DNA cellulose buffer I
200 mM NaCl

DNA cellulose buffer III

DNA cellulose buffer I
800 mM NaCl
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DNA cellulose buffer I
1 M NaCl

Dialysis buffer

25 mM Tris-HCl pH 7,4
20 % (v/v) glycerol

3.1.8.8 WRN Helicase & Exonuclease Assay
5x TBE pH 8.3

500 mM Tris
500 mM Boronic acid (H3BO3)
10 mM EDTA

Helicase/exonuclease reaction buffer

40 mM Tris-HCl pH 8.0
4 mM MgCl2
2 mM ATP
0.1 mg/ml BSA
5 mM DTT

Helicase stop dye

1 % (w/v) SDS
40 % (v/v) glycerol
50 mM EDTA
0.05 % (w/v) bromophenol blue
0.05 % (w/v) xylene cyanol
0.05 % (w/v) OrangeG

Exonuclease formamide stop dye

97.5 % (v/v) formamide
10 mM EDTA pH 7.5
0.04 % (w/v) bromophenol blue
0.04 % (w/v) xylene cyanol
0.04 % (w/v) OrangeG

3.1.8.9 Synthesis of DHBB resin
Solution A

0.1 M NaAc
1 M NaCl
pH 4.5

Solution B

0.1 M NaHCO3
1 M NaCl
pH 9.0

Solution C

6 M guanidine-HCl
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50 mM MOPS
10 mM EDTA
pH 6.0

3.1.8.10 DHBB chromatography
Buffer A

6 M guanidine-HCl
250 mM NH4Ac
pH 9.0

Solution I

6 M guanidine-HCl
250 mM NH4Ac
10 mM EDTA
pH 6.0

Solution II

1 M guanidine-HCl
250 mM NH4Ac
10 mM EDTA
pH 9.0

Solution III

1 M NH4HCO3
10 mM EDTA
pH 9.0

3.1.8.11 NAD cycling assay
Alcohol dehydrogenase (ADH) stock
solution

10 mg/ml in 0.1 M bicine-NaOH pH 8.0

Premix

0.48 M bicine-NaOH pH 8.0
4 mg/ml BSA
20 mM EDTA
2 mM MTT
2.4 M EtOH

Mix

5 V Premix
1 V 40 mM phenazine ethosulfate
1 V 1 mg/ml ADH

Diluent

0.25 M H3PO4
0.5 M NaOH

3.1.8.12 Modified DNA sequencing gel electrophoresis
Bind-silane solution

80 % (v/v) ethanol
2 % (v/v) acetic acid
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0.1 % (v/v) bind-silane

6x loading dye

97.5 % (v/v) formamide
10 mM EDTA pH 7.5
0.04 % (w/v) bromophenol blue
0.04 % (w/v) xylene cyanol
0.04 % (w/v) OrangeG

Fixing solution

50 % (v/v) ethanol
5 % (v/v) acetic acid

3.1.8.13 Affinitiy purification of biotinylated PAR
BW buffer

50 mM Tris pH 8.0
50 mM NaCl

Elution buffer

BW buffer
5 mM D-biotin

3.1.8.14 PAR Electrophoretic mobility shift assay
10x loading dye

250 mM Tris-HCl pH 7.5
40 % (v/v) glycerol
0.2 % (w/v) bromphenol blue
0.2 % (w/v) xylene cyanole
0.2 % (w/v) orange G

3.1.8.15 SPR analysis
Regeneration buffer (10 H)

2M NaCl
0.1 % (v/v) SDS

Regeneration buffer I (XPA)

6 M guanidine-HCl

Regeneration buffer II (XPA)

2 M NaCl
0.1 % (v/v) SDS
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3.2 Methods
3.2.1 Insect cell culture
All cell culture work was performed under a clean bench using gloves. Media, solutions,
buffer as well as material used for cell culture work were sterile filtered, autoclaved or heat
sterilized.

3.2.1.1 Sf9 insect cell culture
Sf9 insect cell lines have been established from larval ovarian tissue of the fall armyworm
(Spodoptera frugiperda) and can be cultured both as adherent monolayer and in suspension
at a temperature of 26-28°C (Lindl 2002).
Adherent Sf9 cells were grown in TNM-FH+ medium in cell culture flasks at 26°C. Cells
doubled every 24-36 hours and were split 1:3 when they reached confluency. For
subculturing, old medium was removed and replaced by fresh TNM-FH+. Subsequently, cells
were dislodged using a cell scraper and homogenated by pulling them up a 10 ml pipette for
ten times. An aliquot of the cell suspension was then transferred into a new cell culture flask
and supplemented with fresh medium to totally cover the surface (30 ml per 175 cm2 flask,
15 ml per 75 cm2 flask and 5 ml per 25 cm2 flask). For seeding defined cell numbers, cells in
suspension were counted using the Casy cell counter (3.2.1.4).
Sf9 cells in suspension were grown in TNM-FH* medium containing pluronic acid and
cultured in 500 or 1000 ml cell culture flasks in a waterbath at 26°C at 60 rpm. Therefore,
adherently growing cells in a 175 cm2 flask were allowed to reach confluency. After
dislodging and resuspending 4 x 107 cells were transferred to a sterile 50 ml centrifuge tube
and span down for 5 min at 126 g and room temperature. The supernatant was aspirated
and cells were resuspended in 20 ml of fresh TNM-FH*. The cell suspension was added to
80 ml of suspension medium in a 500 ml cell culture flask and incubated for 3 days. Cells
were subsequently counted using Casy system and centrifuged for 5 min at 126 g and room
temperature. Pelleted cells were resuspended in fresh TNM-FH*, typically 400 ml, to obtain a
concentration of 0.5 x 106 cells per ml and incubated for another 48 hours before cells were
infected with baculovirus supernatant for the expression of recombinant proteins.

3.2.1.2 High Five insect cell culture
High Five insect cells were kindly provided by Professor Dr. Martin Scheffner, University of
Konstanz, Germany. Cells were cultured as adherent monolayer at a temperature of 26°C.
Adherent High Five cells were grown in TNM-FH+ in cell culture flasks or dishes, doubled
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every 18-24 hours and were subcultured 1:3 after reaching confluency. For subculturing,
cells were dislodged and homogenized by thoroughly rinsing the bottom of the cell culture
flask with old medium and pulling the cell suspension through a 10 ml pipette for 15 times.
Thereafter, resuspended cells were transferred to a new cell culture flask and supplemented
with at least an equal volume of fresh TNM-FH+ to totally cover the surface (30 ml per 175
cm2 flask, 15 ml per 75 cm2 flask and 5 ml per 25 cm2 flask). For seeding defined cell
numbers, cells in suspension were counted using Casy (VW).

3.2.1.3 Calibration of the Casy cell counter
2 ml of a cell suspension, which contained 1 x 104 to 1 x 106 healthy, exponentially growing
Sf9 or High Five insect cells, were pelleted at 126 g and room temperature. The supernatant
was aspirated and cells were washed in 10 ml of sterile PBS. Cells were centrifuged again
and then resuspended in 1 ml of sterile PBS. 500 µl of this cell suspension were added to 1
ml 70 % (v/v) ethanol and to 1 ml sterile PBS, respectively and cells were incubated at room
temperature for 10 min. 100 µl of each sample were removed and transferred to two Casy
test tubes containing CasyTon solution to a final volume of 10 ml. Subsequently, the capillary
of Casy was inserted into the cell dilution and measurements for each sample were
performed according to the manufacturer’s protocol. After each measurement, the
parameters for living cells, i.e. healthy cells in PBS, and dead cells or cellular debris, i.e. cells
in ethanol, were defined.

3.2.1.4 Counting Sf9 and High Five insect cells
Cell counting was carried out using the Casy cell counter. Therefore, 100 µl of resuspended
cells corresponding to a cell number of 1 x 104 to 1x 106 cells were transferred to two Casy
test tubes containing CasyTon solution to a final volume of 10 ml. Measurements were
performed with regard to the manufacturer’s instructions using the appropriate, cell type
specific parameters (Tab. 3). Each measurement provides information on the number of total
and living cells per ml of suspension and the mean cell diameter is obtained which allows i.e.
the monitoring of the baculovirus infection process in insect cells.

Sf9 insect cells

High Five insect cells

diameter [µm]

cell status

diameter [µm]

cell status

5.50 - 10.63

dead

7.00 - 12.38

dead

10.63 - 50.00

viable

12.38 - 50.00

viable

Table 3: Parameters for calculation of cell numbers using Casy counter.
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3.2.1.5 Freezing of Sf9 insect cells
Cells were cultured as monolayer in 175 cm2 flasks until they reached confluency. Old
medium was removed and replaced by 10 ml of fresh TNM-FH+ medium. Adherent cells were
detached using a cell scraper and homogenized by pulling them up a 10 ml pipette for 10
times. Cells were counted using Casy followed by centrifugation at 188 g and 4°C. The
supernatant was aspirated and the cell pellet kept on ice. Then, 200 µl of ice-cold TNM-FH+
medium per 1 x 107 cells were added and cells were resuspended. Thereafter, 800 µl of icecold TNM-FH+ supplemented with FCS/DMSO (70 % (v/v) TNM-FH+, 20 % (v/v) FCS and 10
% (v/v) DMSO) were added per 1 x 107 cells. 1 ml aliquots were transferred into pre-cooled
freezing vials and frozen overnight at - 80°C. Cells were kept in liquid nitrogen at - 196 °C for
long-term storage.

3.2.1.6 Freezing of High Five insect cells
Cells were cultured as monolayer in 175 cm2 flasks until they reached confluency. Cells were
dislodged and homogenized by thoroughly rinsing the bottom of the cell culture flask with old
medium and pulling cells through a 10 ml pipette for 15 times. Cell number was determined
using Casy and, thereafter, cells were pelleted by centrifugation at 188 g and 4°C. The
supernatant was discarded and the pelleted cells were kept on ice. 1 ml of ice-cold FCS
supplemented with 10 % (v/v) DMSO was added per 5 x 106 cells and the pellet was
resuspended. 1 ml aliquots were transferred into pre-cooled freezing vials, frozen for 1 hour
at - 20°C followed by - 80°C overnight. Cells were kept in liquid nitrogen at - 196 °C for longterm storage.

3.2.1.7 Thawing of Sf9 and High Five insect cells
Sf9 and High Five insect cells stored in liquid nitrogen were thawed upon demand. 30 ml of
fresh TNM-FH+ were filled in a 50 ml tube. A 1 ml aliquot of frozen Sf9 or High Five insect
cells (0.5 - 1 x 107 cells) was thawed in a water bath at 37°C for 30 to 60 seconds. Following
decontamination of the vial with 70 % (v/v) ethanol cell, the suspension was decanted into
the 50 ml tube containing the medium. Subsequently, remaining cells were washed out of the
vial with 1 ml of fresh medium and cells were pelleted for 5 min at 188 g and 4°C. The
supernatant was removed and the cells were resuspended in 5 ml of fresh TNM-FH+. Cell
suspension was transferred to a 75 cm2 cell culture flask containing 15 ml fresh medium.
Cells were then incubated at 26°C and 24 hours later the medium was replaced by new
medium.
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3.2.2 Expression of recombinant proteins
Genetically engineered baculovirus containing human PARP-1 was obtained from Dr.
Sascha Beneke, University of Konstanz, Germany. Recombinant baculovirus comprising a
His-tagged human WRN cDNA was kindly provided by Professor Dr. Vilhelm Bohr,
Baltimore, USA. Recombinant p53 baculovirus was a kind gift of Professor Dr. Martin
Scheffner, University of Konstanz, Germany. Recombinant baculovirus containing a Histagged cDNA of human XPA was generated during the diploma thesis of Matthias Altmeyer.

3.2.2.1 Amplification of recombinant baculoviruses
Baculoviruses were amplified in Sf9 insect cells to obtain high viral titers (≥ 1 x 108 pfu/ml).
Therefore, 2.4 x 107 cells were seeded into a 175 cm2 cell culture flask and allowed to attach
for at least 2 hours. Then the medium was replaced by 5 – 10 ml of fresh TNM-FH+ and an
aliquot of recombinant virus supernatant was added. An inoculum of virus was chosen
leading to a multiplicity of infection (MOI) below 1, typically a MOI of 0.1 - 0.5 was used.
The inoculum can be calculated from the desired MOI, the number of seeded Sf9 cells and
the known viral titer to be amplified:
inoculum [ml] = (MOI x cfu) / (pfu/ml)
inoculum = volume of recombinant virus used for amplification
MOI = multiplicity of infection
cfu = colony forming units, number of seeded Sf9 cells
pfu/ml = virus titer in plaque forming units per ml
To ensure uniform infection of cells, the cell culture flask was gently swayed every 10 min
during the first hour of incubation at 26°C. Cells were further incubated for 6 days at 26°C to
allow virus amplification. Subsequently, supernatant containing amplified virus was collected
and separated from cellular debris by centrifugation for 10 min at 1500 g. Baculovirus
supernatant was transferred to a clean 50 ml tube and stored up to 6 months at 4°C under
light exclusion. For long-term storage virus supernatants were frozen and stored at - 80°C.
Titer determination of amplified virus supernatants was performed by immunofluorescence
and end-point dilution assay.
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3.2.2.2 Titer determination by immunofluorescence
To determine viral titers of baculovirus supernatants obtained after titer amplification,
recombinant protein expression in infected cells was detected using immunofluorescence.
2 x 104 Sf9 cells per well in a volume of 100 µl TNM-FH+ were seeded onto a sterile 96-well
plate and allowed to attach for 2 hours. A serial dilution of the recombinant baculovirus to be
tested was prepared in TNM-FH+ ranging from 10-1 to 10-10. After cells had attached, medium
was removed and 100 µl of the respective virus dilution were added to the corresponding
wells. TNM-FH+ medium without virus supernatant served as a negative control.
Cells were incubated for 72 hours at 26°C. Subsequently, supernatant was aspirated and
cells were washed twice with 100 µl PBS prior to incubation with 100 µl fixing solution for 30
min at room temperature. Fixing solution was replaced by 100 µl glycine solution to inactivate
the remaining formaldehyde and kept at room temperature for another 5 min. The
supernatant was removed and cells were incubated in 100 µl permeabilization solution for 5
min at room temperature. Thereafter, cells were washed twice in 100 µl PBS before 100 µl of
blocking solution were added to saturate unspecific binding sites for 1 hour. Blocking solution
was replaced by 50 µl of primary antibody diluted in blocking solution. Following incubation at
37°C for 1 hour the primary antibody solution was removed and cells were washed thrice
with 100 µl of PBS. 50 µl of secondary antibody coupled to a fluorescent dye (Alexa 488 or
Alexa 568) were added and incubation was carried out at 4°C overnight in the dark to
prevent light-induced loss of fluorescence. After removal of the secondary antibody solution
cells were washed thrice with 100 µl PBS and incubated with Hoechst staining solution
(diluted 1:30000 in PBS) for 10 minutes. Cells were then washed again three times in PBS
and kept in 100 µl PBS until fluorescence detection was carried out using fluorescence
microscopy. Nuclei were visualized by Hoechst, a nuclear membrane permeable dye, which
is excited by UV light at 350 nm to emit blue light with a wavelength of about 450 nm.
Additionally, cells were visualized by transmission microscopy to calculate total cell number.
Recombinant proteins were detected by a secondary antibody coupled to the fluorophore
Alexa 488. This fluorescent dye is excited at 488 nm and emits green light of about 520 nm.
The ratios of Alexa 488-positive cells to total cell numbers were calculated. As the probability
of virus particles infecting cells follows the Poisson distribution, the infectious virus titer can
be determined.
Let k be the number of virus particles infecting a cell and let m be the multiplicity of infection
(MOI), i.e. the number of virus particles over the number of cells, then the probability P(k) of
a cell being infected by k virus particles can be written as:
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P(k) = e-m x mk / k!
For cells, which are not infected by either one or more virus particles, P(k) simplifies to:
P(k=0) = e-m

and

m = - ln[P(k=0)]

Where P(k=0) is the ratio of uninfected cells. P(k≥1) corresponds to the ratio of infected cells:
P(k=0) = 1 - P(k≥1)
The titer can then be calculated according to the following equation
Titer(pfu/ml) = m x cfu / (D x V) = - ln[P(k=0)] x cfu / (D x V)
M= multiplicity of infection= - ln[P(k=0)]
Cfu= colony forming units, number of Sf9 cells seeded, here: 2 x 104 cells
D=virus supernatant dilution, here 10-1 to 10-10
V=volume of applied virus supernatant in ml, here: 0.1 ml
Calculation of viral titers was performed only with virus supernatant dilutions, in which the
ratio of infected cells to total cell numbers was between 10 % and 90 %. Each experiment
was carried out in triplicates to provide reliable titers.

3.2.2.3 Heterologous overexpression of recombinant proteins in Sf9 insect cells
Sf9 cells cultivated in suspension were spun down for 5 min at 126 g. The old medium was
aspirated and the pelleted cells were resuspended in 10 ml fresh TNM-FH* per 1 x 108 cells.
Thereafter, the cell suspension was transferred to a 75 cm2 cell culture flask and an inoculum
of baculovirus supernatant was added as calculated under 3.2.2.1. Depending on the protein
of interest the multiplicity of infection varied between 3 and 5. Cell culture flask was gently
rocked every 10 min during an incubation period of 1 hour at 26°C to permit equal infection of
Sf9 cells. After this period the cell suspension was diluted nine-fold with fresh TNM-FH* in a
sterile 1000 ml Erlenmeyer flask to obtain a final concentration of 1 x 106 cells/ml.
Overproduction of recombinant proteins took place for 48 up to 72 hours, depending on the
protein to be overexpressed. Cells were then pelleted by centrifugation for 5 min at 126 g
and room temperature using 50 ml tubes. Supernatant was removed and the pellets were
washed with ice-cold sterile PBS. Cell number was determined using CASY before cells
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were centrifuged again for 5 min at 188 g and 4°C. Finally, the supernatant was aspirated;
cell pellets were frozen in liquid nitrogen and stored at -80°C until purification.
In addition, time-course experiments were performed to monitor the time-dependent
expression of recombinant proteins. Therefore, 50 µl corresponding to 5 x 104 cells were
removed from the Sf9 cell suspension and used for analysis by SDS-PAGE followed by
Coomassie staining or western blot. Cells were centrifuged for 5 min at 126 g and room
temperature and supernatant was discarded. Cell pellets were stored at -20°C and were
directly resuspended in 20 µl of 1.5 x protein loading buffer prior to gel electrophoreses.
Moreover, two 100 µl aliquots were removed to analyze the time-dependent protein
expression via immunofluorescence (IF). Using cytospin cells were centrifuged onto
microscope slides and stored at 4°C until samples were processed by IF.

3.2.2.4 Heterologous overexpression of recombinant proteins in High Five cells
High Five insect cells were cultivated as adherent monolayer in 150 mm cell culture dishes
and allowed to reach confluency. Subsequently, cells were dislodged and homogenized and
cells were counted using Casy. Cells were then subcultivated 1:2 into new 150 mm dishes
and fresh TNM-FH+ was added to each dish resulting in a final volume of 20 ml. Cells were
incubated overnight at 26°C prior to infection with recombinant baculovirus. An inoculum of
baculovirus was adjusted to 10 ml with fresh TNM-FH+ to reach the desired MOI and was
transferred to the cell culture dish. To promote an even infection process the dishes were
gently rocked every 10 min during an incubation period of 1 hour at 26°C. Cells were
harvested after 48 up to 72 hours depending on the overexpressed protein. Dislodged and
homogenized cells were transferred to 50 ml tubes and pelleted by centrifugation for 5 min at
188 g and 4°C. The supernatant was removed and cell pellets were washed immediately with
ice-cold sterile PBS prior to cell counting using Casy system. Finally, cell pellets were frozen
and stored at -80°C.

3.2.2.5 Immunofluorescence
Time course experiments were performed using immunofluorescence for the detection of
overexpressed proteins. Cells which had been centrifuged on microscope slides were fixed in
4 % paraformaldehyde in PBS for 20 min at 4°C. Fixing solution was replaced by 100 mM
glycine solution to inactivate the remaining formaldehyde and slides were kept at room
temperature for 5 min. The glycine was removed and cells were permeabilized using 0.4 %
(v/v) Triton X-100 in PBS for 5 min at room temperature. Slides were washed thrice in PBS
followed by the addition of primary antibody which was diluted in blocking solution. Slides
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were incubated for 1 hour at 37°C in a moist chamber and were then washed three times
with PBS. A secondary antibody in conjunction with a fluorophore (GαM-Alexa 488 or GαRAlexa 488 1:400 in blocking solution) was added and another incubation step was carried out
for 1 hour at 37°C in a moist chamber. After addition of the secondary antibody slides were
protected from light to prevent bleaching of the fluorescent dye. Slides were again washed
thrice in PBS before Hoechst staining (1:30000 in PBS) was performed for 5 min at room
temperature. Slides were washed three times in PBS which was then completely removed.
Coverslips coated with Aqua-Poly Mount were arranged on the dishes which were allowed to
dry overnight. The following day fluorescence microscopy was performed.

3.2.3 Protein analysis
3.2.3.1 Determination of protein concentrations using BCA assay
The BCA assay combines the Biuret reaction with a selective complex production of Cu1+
and bicinchoninic acid. First, Cu2+ binds to peptide bonds forming a chelate complex. Under
alkaline conditions, Cu2+ is reduced to Cu1+ which is then coordinated by 2 BCA molecules.
The formed complex displays light absorption at 550 nm, which can be detected using an
ELISA reader.
BSA standards were prepared from a BSA stock solution (2mg/ml) ranging from 0 up to 300
µg/ml. 5 µl of each BSA standard as well as 5 µl of the protein sample (diluted 1:2 to 1:10 in
Milli-Q H2O) were transferred as triplicates to a 96-well plate. BCA reagent B was mixed with
a 50-fold volume of BCA reagent A and 95 µl of this solution were added to each well. After
mixing the 96-well plate was placed in an incubator at 37°C for 30 min followed by absorption
measurement at 550 nm. Protein sample concentrations were calculated from the BSA
calibration curve.

3.2.3.2 Determination of protein concentrations using Bradford assay
Under acidic conditions, Coomassie Brilliant Blue G250 binds in an unspecific manner to
cationic and to unpolar, hydrophobic amino acid side chains. This results in a shift of the
absorption maximum from 465 to 595 nm, which can be easily detected using photometry.
BSA standards were prepared as described above and 10 µl of each BSA standard as well
as the protein sample (diluted 1:2 to 1:10 in MilliQ-H2O) were transferred as triplicates to a
96-well plate. Each well was supplemented with 110 µl of Coomassie staining solution
followed by proper mixing. After 5 min the absorbance was measured at 595 nm and protein
sample concentrations were determined according to the BSA standard curve.
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3.2.3.3 SDS-PAGE
Proteins were separated according to their molecular mass using sodium dodecyl sulfate
(SDS) polyacrylamide gel electrophoresis (PAGE) (Laemmli 1970). The negatively charged
SDS molecules bind to proteins via their hydrophobic long carbon chain forming micelle-like
structures with a constant charge to mass ratio. In addition, ß-mercaptoethanol is used to
disrupt higher order structures of proteins by oxidizing disulfide bonds. In an electric field the
migration of proteins correlates with their molecular weight. For discontinuous SDS-PAGE as
used in this work, a non-restrictive large-pore polyacrylamide stacking gel with a pH of 6.7
serves for focusing proteins and a resolving separating gel with a pH of 8.9 allows
subsequent separation (Tab. 4).
Two glass slides (10 x 8.5 cm) were rinsed with deionized H2O, degreased with 70 % (v/v)
ethanol and two spacers (10 x 0.15 cm) were fixed in between them. The slides were
arranged in a vertical gel electrophoresis unit and were sealed at the bottom with 1 ml 0.6 %
(w/v) agarose solution. After the agarose solution had hardened, approximately 8 ml of
separating gel solution were poured between the glass slides and covered with isopropanol.
Following polymerization of the polyacrylamide gel, the alcohol was removed carefully and
the stacking gel solution was poured on top of the separating gel. A comb was inserted and
the gel was allowed to polymerize completely. Polymerized gels were stored in a wet
chamber at 4°C for up to 3 days.

SDS-PAGE separating gel (10 ml)

6%

8%

10 %

12 %

MilliQ-H2O

6.64 ml

5.97 ml

5.31 ml

4.64 ml

Separating gel buffer

1.20 ml

1.20 ml

1.20 ml

1.20 ml

30 % acrylamide/bisacrylamide (37.5:1)

2.00 ml

2.67 ml

3.33 ml

4.00 ml

10 % (w/v) SDS

0.10 ml

0.10 ml

0.10 ml

0.10 ml

TEMED

0.01 ml

0.01 ml

0.01 ml

0.01 ml

10 % (w/v) APS

0.05 ml

0.05 ml

0.05 ml

0.05 ml

SDS-PAGE stacking gel (5 ml)

3%

MilliQ-H2O

3.750 ml

Stacking gel buffer

0.620 ml

30 % acrylamide/bisacrylamide (37.5:1)

0.500 ml

10 % (w/v) SDS

0.050 ml

TEMED

0.005 ml

10 % (w/v) APS

0.075 ml

Table 4: Preparation of separating and stacking gel solutions for SDS-PAGE.
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Protein samples were brought to equal volumes using 1x running buffer followed by the
addition of 5x protein loading buffer. Samples were then heated to 95°C for 5 min in a thermo
mixer before being loaded onto the gel.
The gel chamber was filled with 1x running buffer and sample pockets were rinsed with
running buffer before samples were loaded. 10 µl of prestained molecular weight marker
were also applied to monitor the electrophoretic separation as well as the blotting process
onto nitrocellulose membranes. In addition, the marker was used as size marker for gels
stained with Coomassie or silver nitrate following electrophoresis. 2 µl of a biotinylated wide
range molecular weight marker were used for blotting and immunodetection of proteins.
Samples entered the stacking gel at a constant current of 10 mA until the loading dye front
reached the separating gel. Then the current was increased to 20 mA and the separation
was allowed to proceed until the loading dye front arrived at the bottom of the gel. Following
electrophoresis the gel was removed from the glass slides, the stacking gel was discarded
and proteins in the separating gel were either directly detected or transferred onto a
nitrocellulose membrane by western blotting.

3.2.3.4 Coomassie staining
Following electrophoresis, proteins were fixed by rocking the gel for 15 min in 25 % (v/v)
isopropanol and 10 % (v/v) acetic acid. The gel was washed thrice 10 min in deionized water
and then incubated with 30 ml of PageBlue staining solution for 30 min at room temperature.
After removal of the staining solution gel was rinsed in deionized water and destained in
deionized water overnight until the desired signal was reached. Gels were scanned to obtain
digital images and to facilitate the evaluation.

3.2.3.5 Silver staining
Detection of proteins in SDS gels was performed using Pierce silver staining kit as described
by the manufacturer. Briefly, gels already being stained with Coomassie were incubated for
20 min in 30 ml of silver reagent (1:15 in MilliQ-H2O). Gels were washed 2 min in MilliQ-H2O
before they were incubated with 30 ml of reducer aldehyde reagent (1:7.5 in MilliQ-H2O)/
reducer base reagent (1:7.5 in MilliQ-H2O). As soon as the desired signal intensity was
reached (typically within 5-10 min), gels were washed extensively with MilliQ-H2O and the
reaction was terminated by adding 90 ml of stabilizer base reagent (1:45 in MilliQ-H2O) and
incubation for 10 min. Stained gels were washed in deionized water prior to digital scanning.
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3.2.3.6 Western Blot
Western blot analysis was carried out to specifically immunodetect proteins of interest.
Briefly, after separation by gel electrophoresis, proteins complexed by negatively charged
SDS were transferred onto a support membrane by applying voltage perpendicular to the gel
plane. After the blotting process unspecific binding sites were blocked with skim milk powder
in TNT before a suitable primary antibody was used recognizing specifically the protein of
interest. The primary antibody was bound by a secondary antibody coupled with horseradish
peroxidase (HRP), allowing for the detection by enhanced chemiluminescence (ECL). The
chemiluminescence reaction is based on the oxidation of cyclic diacylhydrazides such as
luminol catalyzed by horseradish peroxidase under alkaline conditions (Fig. 11). By oxidation
luminol temporarily changes in an excited state and then decays to its energetic ground state
emitting light. This event is shown below and can be amplified by the addition of phenol or
other phenol-like aromatic compounds. The maximum of light emission is at 428 nm which
can be detected using a blue-light sensitive x-ray film or by using a suitable CCD camera.

Figure 11: Chemiluminescence reaction and concomitant light emission.

Prior to blotting the gel, a sheet of nitrocellulose membrane (8.5 x 6.5 cm) and six sheets of
filter paper (9 x 7cm) and for wet blotting two sponges were soaked in 1x blotting buffer. Blot
sandwich was arranged and air-bubbles were carefully removed by rolling a glass rod over
the blot sandwich. The blot was inserted into a wet blot chamber, which was filled with 1x
blotting buffer, and run at a constant current of 400 mA for 2 hours in the cold room.
For semidry blotting the blot sandwich was arranged in a semidry blot chamber without using
sponges. Any remaining air bubbles were removed as described above and semi-dry blotting
was carried out at a constant voltage of 20 V for 1 hour.
After blotting, the membrane was washed in TNT for 5 min followed by blocking unspecific
binding sites with 5 % skim milk powder in TNT for 1 hour at room temperature. The lane
containing the biotinylated size marker was cut off and kept in blocking solution while the rest
of the membrane was incubated with the primary antibody (diluted in blocking solution) for
one hour at room temperature or overnight at 4°C on a shaker. The membrane was washed
thrice in TNT and then probed with secondary antibody (GαM-HRP or GαR-HRP 1:2000 in
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blocking solution) for one hour at room temperature under continuous rocking. The
biotinylated marker was also washed in TNT and incubated with streptavidin-POD (1:5000 in
TNT) for one hour at room temperature. Both membrane parts were subsequently washed
thrice in TNT before 2 ml of ECL solution (1 ml ECL solution A + 1 ml ECL solution B) were
added directly onto the membrane and distributed equally. Membranes were incubated for 1
minute under light exclusion and excess of ECL solution was removed with a paper towel.
Chemiluminescence was detected using the FujiLAS 1000 imaging station with exposure
times from 10 sec up to 5 min.

3.2.4 Purification of human PARP-1 from Sf9 insect cells
All purification steps were performed at 4°C or directly on ice unless otherwise stated. Sf9
insect cell pellets were resuspended in an appropriate volume of ice-cold Sf9 lysis buffer (7.5
ml/1 x 108 cfu) and PMSF, ß-mercaptoethanol, Tween-20, NP-40 and NaCl were added to
reach final concentrations of 1 mM, 1 mM, 0.2 % (v/v), 0.2 % (v/v) and 0.5 M, respectively.
Cells were incubated for 20 min in a rotator followed by centrifugation for 20 min at 20000 g.
The clarified lysate was then transferred into another centrifugation tube and precipitation of
nucleic acids was performed by adding protamine sulfate to a final concentration of 1 mg/ml.
After centrifugation for 10 min at 20000 g, the supernatant was poured into a new centrifuge
tube and ammonium sulfate was slowly added to 30 % saturation in order to precipitate
proteins. The solution was gently mixed and precipitated cellular proteins were pelleted by
centrifugation for 15 min at 20000 g. The supernatant was carefully removed and transferred
to another centrifuge tube. PARP-1 was then precipitated by adding ammonium sulfate to 80
% saturation and precipitated proteins were pelleted by centrifugation for 15 min at 20000 g.
The supernatant was discarded and the pellet containing PARP-1 was resuspended in an
appropriate volume of PARP-1 purification buffer A (2.5 ml for 108 cfu). The protein solution
was then supplemented with PMSF and ß-mercaptoethanol to reach a final concentration of
1 mM and 2 mM, respectively.
Subsequently gelfiltration was used to desalt the PARP-1 containing solution and to separate
small proteins. Therefore, 2 g of Sephadex G-100sf were resuspended in 40 ml of PARP-1
purification buffer B and supplemented with 1 mM of DTT and 10 mM of ß-mercaptoethanol.
After incubation on a shaker for 1 hour at room temperature, the slurry was carefully poured
into a column in one continuous motion to prevent formation of air-bubbles. The gel material
was allowed to settle down before the outlet was opened to remove remaining buffer. The
column was then washed with 20 ml of PARP-1 purification buffer B containing 1 mM PMSF
and 2 mM ß-mercaptoethanol. Protein sample (typically ~ 2 ml) was applied to the column
and flow through was collected. Thereafter, 30 ml of PARP-1 purification buffer C was
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poured into the column including 1 mM PMSF and 2 mM ß-mercaptoethanol and fractions of
1 ml were collected to monitor for PARP-1 content. Column was washed with 30 ml of PARP1 purification buffer B and subsequently rinsed with MilliQ-H2O before being stored in 20 %
(v/v) ethanol. Fractions obtained by elution with PARP-1 purification buffer C were analyzed
by SDS-PAGE followed by Coomassie Staining or western blotting. Fractions with high levels
of recombinant human PARP-1 (typically fractions 8-20) were pooled and loaded onto a
double-stranded DNA cellulose column for affinity purification.
Human PARP-1 was shown to bind to DNA cellulose in the presence of low salt
concentrations (Yoshihara et al. 1978) which allowed affinity purification using DNA cellulose
chromatography. 0.3 g of double-stranded calf thymus DNA cellulose were resuspended in 5
ml of PARP-1 purification buffer C containing 1 mM PMSF, 12 mM ß-mercaptoethanol and
100 mM KCl. Following incubation on a rotator, material was pelleted by centrifugation for 5
min at 1000 g. The supernatant was removed and the material was washed once again in 7
ml of PARP-1 purification buffer C for an incubation period of 30 min on a rotator. After
centrifugation for 5 min at 1000 g the supernatant was discarded and the DNA cellulose
material was resuspended in 5 ml of PARP-1 purification buffer C. The slurry was then
transferred into PolyPrep columns and material was allowed to settle down. Flow through
was discarded and 6.5 ml of the protein sample obtained after gel filtration was applied to the
column. Flow through was collected and the column was then rinsed with 6 ml PARP-1
purification buffer C. After a washing step with 3 ml of PARP-1 purification buffer C (+ 100
mM KCl), 2 ml of PARP-1 purification buffer C (+ 200 mM KCl) were added and allowed to
pass through the column. Finally, bound human PARP-1 was eluted by adding 1.3 ml of
PARP-1 purification buffer C containing 400 mM KCl. After a washing step with 2 ml of
PARP-1 purification buffer C (+ 1 M KCl), the column was washed with 6 ml PARP-1
purification buffer C before being ready for a second purification run.
The eluate obtained after DNA cellulose affinity chromatography was supplemented with
glycerol to a final concentration of 20 % (v/v) and dialyzed against PBS pH 7.4 + 20 % (v/v)
glycerol using Slide-A-Lyzer dialysis cassettes with a 10 kDa molecular weight cut-off
(MWCO). Dialysis was carried out for 1 x 2 hours and overnight with buffer exchange at 4°C.
100 µl aliquots of the purified protein were frozen in liquid nitrogen and stored at – 80°C.
Protein concentration was determined using BCA assay and purity was checked following
SDS-PAGE by Coomassie staining and western blotting.
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3.2.5 Purification of human p53 from High Five insect cells
p53 was overexpressed in High Five insect cells and isolated by anion exchange and by
DNA cellulose affinity chromatography as described (Chalkley et al. 1994, Nuber et al. 1998,
Sun et al. 2003).
All purification steps were performed at 4°C or directly on ice unless otherwise stated. Frozen
High Five insect cell pellets containing up to 5 x 107 cells were resuspended in 10 ml of icecold High Five p53 lysis buffer. Subsequently, cells were incubated on a rotator for 20 min to
permit lysis and cell debris was pelleted by centrifugation for 1 hour at 9000 g.
1.5 ml of Q Sepharose Fast Flow material were transferred into a PolyPrep column and
allowed to settle down resulting in a bed volume of approximately 1 ml. After washing with 10
ml of MilliQ-H2O the column was equilibrated with 10 ml High Five p53 lysis buffer containing
100 mM NaCl. Prior to chromatography the cell lysate was diluted 1:2 by adding 10 ml of
High Five p53 lysis buffer without NaCl. The lysate was then applied to the pre-equlibrated Q
Sepharose column and flow through was collected. The column was washed twice with 10 ml
of High Five p53 lysis buffer including 100 mM and 200 mM NaCl, respectively. Bound
proteins were eluted by the addition of 4 x 1ml of High Five p53 lysis buffer containing 400
mM NaCl. Prior to storage the column was washed with High Five p53 lysis buffer with 1 M
NaCl and 10 ml of MilliQ-H2O. The collected eluate was dialyzed for 2 hours against p53
dialysis buffer and, after buffer exchange, overnight in Slide-A-Lyzer cassettes with a MWCO
of 10 kDa.
0.25 g of double-stranded calf thymus DNA cellulose were resuspended in 10 ml of p53
dialysis buffer. Following incubation on a rotator material was spun down for 5 min at 1000 g.
The supernatant was removed and the material was resuspended in 5 ml of p53 dialysis
buffer for an incubation period of 30 min on a rotator. After centrifugation for 5 min at 1000 g,
the supernatant was discarded and the DNA cellulose material was resuspended in 5 ml of
p53 dialysis buffer. The slurry was then transferred into PolyPrep chromatography columns
and material was allowed to settle down by gravity flow resulting in a bed volume of almost
0.8 ml. Thereafter, the dialyzed eluate containing human p53 was loaded onto the column
and flow through was collected. Following a washing step with 10 ml of p53 dialysis buffer,
p53 was eluted by the addition of 2 x1 ml of p53 DNA cellulose elution buffer.
Purified p53 was desalted using Zeba Desalt spin columns (Pierce) according to the
manufacturer. After centrifugation flow through containing recombinant human p53 was
supplemented with 10 % (v/v) glycerol, 1 mM DTT and 50 mM Tris-HCl pH 7.4 as storage
buffer. Aliquots of 100 µl were frozen in liquid nitrogen and stored at – 80°C.
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Protein concentration was determined using Bradford assay and homogeneity was checked
following SDS-PAGE by Coomassie staining. Densitometric evaluation of Coomassie stained
gels was performed using ImageJ 1.34s (Rasband 1997-2007).

3.2.6 Purification of human His-WRN from Sf9 insect cells
Human His-tagged WRN was overproduced in Sf9 insect cells and purified by Ni-NTA
chromatography followed by DNA cellulose chromatography (Orren et al. 1999). To monitor
the exonuclease activity human WRN was isolated by a combination of DEAE Sepharose, QSepharose and Ni-NTA chromatography (Orren et al. 1999).
All purification steps were performed at 4°C or directly on ice unless otherwise stated. Frozen
Sf9 insect cell pellet was resuspended in Ni-NTA lysis buffer (1ml/1 x 107 cfu) and incubated
on a rotator for 20 min. Following centrifugation for 30 min at 10000 g to pellet insoluble
material the supernatant was removed and used for Ni-NTA chromatography.
2 ml of Ni-NTA superflow resin were transferred into a 15 ml tube, pelleted by centrifugation
at 900 g and washed with 6 ml of MilliQ-H2O. After another centrifugation step the
supernatant was discarded and the Ni-NTA material was resuspended in 6 ml of Ni-NTA lysis
buffer followed by equilibration on a rotator for 30 min at room temperature. The Ni-NTA
suspension was centrifuged for 5 min at 900 g and the supernatant was removed. Whole cell
lysate from Sf9 cells (as described above) was then incubated with the prepared Ni-NTA
material on a rotator for 1 hour at 4°C. Thereafter, the suspension was poured into a
PolyPrep chromatography column and unbound material was allowed to flow through. The
column was washed with 15 ml of Ni-NTA wash buffer I followed by 10 ml of Ni-NTA wash
buffer II. Subsequently, the column was washed with 10 ml of Ni-NTA wash buffer III and 15
ml of Ni-NTA wash buffer IV containing 10 and 25 mM imidazole, respectively. Bound Histagged recombinant WRN was eluted by the addition of 3 x 1 ml of Ni-NTA elution buffer and
further purified using a single stranded DNA cellulose column.
0.25 g of single stranded DNA cellulose was resuspended in 5 ml of DNA cellulose buffer I
and equilibrated for 20 min on a rotator. Following centrifugation for 4 min at 900 g the
pelleted material was resuspended again in 5 ml of DNA cellulose buffer I and incubated for
another 20 min. DNA cellulose suspension was then centrifuged for 4 min at 900 g and the
supernatant was discarded. DNA cellulose material was resuspended in 5 ml of DNA
cellulose buffer I and transferred into a PolyPrep chromatography column, resulting in a
column bed volume of approximately 0.8 ml. Ni-NTA eluate containing recombinant WRN
was supplemented with NaCl to a final concentration of 100 mM and applied to the column.
Flow through was collected and the column was washed with 4 ml of DNA cellulose buffer I
followed by 2 ml of DNA cellulose buffer II. Bound human WRN was eluted under high salt
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conditions with 2 x 1 ml of DNA cellulose buffer III and supplemented with glycerol to a final
concentration of 20 %. Thereafter, the protein sample was dialyzed against WRN dialysis
buffer using Slide-A-Lyzer dialysis cassettes with a MWCO of 10 kDa. Dialysis was
performed for 3 hours before buffer was exchanged and dialysis was continued overnight.
Aliquots of 50 µl were frozen in liquid nitrogen and stored at – 80°C. Protein concentration
was determined using BCA assay and purity was checked following SDS-PAGE by
Coomassie staining and western blotting. Densitometric evaluation of Coomassie stained
gels was conducted using ImageJ 1.34s (Rasband 1997-2007).
For purification of WRN by a combination of DEAE Sepharose, Q Sepharose and Ni-NTA
chromatography clarified lysate from Sf9 insect cells was prepared as described above in
DEAE lysis buffer. DEAE Sepharose resin was transferred into a PolyPrep chromatography
column resulting in a bed volume of 1 ml. Due to the low protein binding capacity, 2 columns
were used to purify WRN from up to 5 x 107 cells. After a rinsing step with 8 ml MilliQ-H2O,
the DEAE column was equilibrated with 5 ml DEAE lysis buffer. Clarified lysate was loaded
onto the column and allowed to pass through. The column was rinsed with 5 ml of buffer A
containing 10 mM NaCl followed by a washing step with 5 ml of buffer A supplemented with
80 mM NaCl. Elution was performed with 3 x 1 ml of buffer A including 180 mM NaCl and
collected fractions were further purified using a Q Sepharose column.
Q Sepharose resin was poured into a PolyPrep column to reach a bed volume of 1 ml.
Subsequently, the column was rinsed with 8 ml of MilliQ-H2O and equilibrated in 6 ml of
buffer A containing 90 mM NaCl. DEAE Sepharose eluate was diluted with buffer A to a final
NaCl concentration of 90 mM and applied to the column. After collection of flow through the
column was washed with 10 ml of buffer A supplemented with 100 mM NaCl. Another
washing step was carried out with 5 ml of buffer A including 200 mM NaCl before bound
proteins were eluted by adding 3 x 1 ml of buffer A with 400 mM NaCl.
Q Sepharose eluate containing recombinant His-tagged human WRN was then loaded on a
Ni-NTA column equilibrated in buffer A containing 400 mM NaCl. Purification was carried out
as described above and WRN isolated by this procedure was exclusively used for
exonuclease activity assays.

3.2.7 Purification of human His-XPA from High Five insect cells
The cDNA encoding for XPA was cloned into baculovirus expression vector pVL 1392,
expressed as His-tagged fusion protein and purified by Ni-NTA chromatography followed by
DNA cellulose affinity chromatography (Jones and Wood 1993, Missura et al. 2001).
All purification steps were performed at 4°C or directly on ice unless otherwise stated. Frozen
High Five insect cell pellets containing up to 1 x 108 cells were resuspended in 10 ml of ice-
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cold High Five XPA lysis buffer and incubated on a rotator for 20 min. Cell suspension was
centrifuged for 45 min at 9000 g to pellet cell debris.
1.5 ml of Ni-NTA Superflow were poured into a PolyPrep chromatography column leading to
a column bed volume of about 1 ml. Subsequently, the column was rinsed with 10 ml MilliQH2O and equilibrated with 10 ml of XPA purification buffer A. Whole cell lysate was applied to
the column and flow through was collected. Following a washing step with 10 ml of XPA
purification buffer A including 1 mM imidazole, bound His-tagged XPA was eluted by the
addition of 3 x 1ml of XPA purification buffer A containing 100 mM imidazole. The column
was washed with 5 ml of XPA purification buffer A with 500 mM imidazole followed by a
rinsing step with 10 ml of MilliQ-H2O prior to storage.
0.25 g of double-stranded DNA cellulose were resuspended in 10 ml of XPA purification
buffer B containing 100 mM KCl. Following incubation on a rotator for 30 min, material was
centrifuged for 5 min at 1000 g. The supernatant was removed and 5 ml of XPA purification
buffer B were added followed by an incubation period of 30 min on a rotator. After
centrifugation for 5 min at 1000 g the supernatant was discarded and the DNA cellulose
material was resuspended in 5 ml of XPA purification buffer B. The slurry was then poured
into PolyPrep chromatography columns and material was allowed to settle down by gravity
flow resulting in a bed volume of approximately 0.8 ml. Ni-NTA eluate was supplemented
with DTT to a final concentration of 1 mM before being loaded onto the column. Flow through
was collected and, thereafter, the column was washed with 4 ml of XPA purification buffer B
(+ 100 mM NaCl). Following another washing step with 2 ml of XPA purification buffer B (+
200 mM NaCl) bound human XPA protein was eluted by adding 2 x 1 ml XPA purification
buffer including 800 mM NaCl.
Purified XPA was desalted using Zeba Desalt spin columns (Pierce) as described by the
manufacturer. After centrifugation flow through containing recombinant human XPA was
supplemented with 10 % (v/v) glycerol and 25 mM Tris-HCl pH 7.4 as storage buffer. Aliquots
of 100 µl were frozen in liquid nitrogen and stored at – 80°C until further processing.
Protein concentration was determined using Bradford assay and homogeneity was checked
following SDS-PAGE by Coomassie staining. Densitometric evaluation of Coomassie stained
gels was performed using ImageJ 1.34s (Rasband 1997-2007).

3.2.8 WRN Helicase Assay
Annealing of the biotinylated oligonucleotide 22ForkA to its complementary oligonucleotide
22ForkB (twofold excess) was performed in the presence of 50 mM NaCl in TE buffer pH 7.4.
Following heat-denaturation for 5 min at 95°C oligonucleotides were cooled down to room
temperature to allow the formation of oligonucleotide duplex. Annealed oligonucleotides were
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dispensed in aliquots and stored at -20°C for up to 4 weeks. Annealing efficiency was
checked by 20 % native PAGE following streptavidin-POD detection on positively charged
nylon membranes.
Reactions were carried out in helicase buffer in final volume of 10 µl. Samples were
supplemented with 200 fmol of annealed oligonucleotide duplex and varying concentrations
of recombinant human WRN and spun down briefly. Subsequently, samples were incubated
at 37°C for 10 min on a thermo block and reactions were stopped by the addition of 4 µl
helicase stop dye on ice. Products were resolved on a 12 % native PAGE (Tab. 5) in TBE
buffer pH 8.3 at constant voltage (200 V) for 2.5 hours in the cool room.

Substance

Volume

5x TBE buffer, pH 8.3

12 ml

Rotiphorese 40 % acrylamide/bisacrylamide (19:1)

18 ml

10 % (w/v) APS

480 µl

TEMED

24 µl

Milli-Q H2O

29.5 ml

Table 5: Preparation of a 12 % native polyacrylamide gel.

Products were then transferred on a positively charged nylon membrane via semi-dry blotting
for 30 min at 20V and membrane was heat-fixed in a drying oven for 1 hour at 100°C.
Membrane was blocked using 0.5 % (w/v) skim milk powder in TNT for 1 hour at room
temperature and biotinylated reaction products were detected with streptavidin-POD (1:1000
in TNT). Following three washing steps with TNT bands were visualized with enhanced
chemiluminescence in a FujiLAS 1000 imager.

3.2.9 WRN Exonuclease Assay
Biotinylated oligonucleotide 33ForkA was annealed to its complementary oligonucleotide
33ForkB in TE buffer pH 7.4 containing 50 mM NaCl as described above.
Reactions were performed in exonuclease reaction buffer in a total volume of 10 µl. 300 fmol
of the DNA duplex was added and reaction mixture was supplemented with the indicated
amounts of WRN. Reaction was allowed to proceed for 15 min at 37°C on a thermo block
and was terminated by the addition of 10 µl formamide stop dye. After heat-denaturation at
95°C for 5 min, samples were loaded on a denaturing 14 % PAGE (Tab. 6) and
electrophoresed for 3 hours at 700 V (constant) in TBE buffer pH 8.3.
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Substance

Volume

Rotiphorese sequencing gel concentrate

33.6 ml

Rotiphorese sequencing gel diluents

20.4 ml

Rotiphorese sequencing gel buffer concentrate

6 ml

10 % (w/v) APS

480 µl

TEMED

24 µl

Table 6: Preparation of a 14 % denaturing poylacrylamide gel.

Samples were then transferred to a positively charged nylon membrane via semi-dry blotting
for 30 min at a constant voltage of 20 V and membrane was heat-fixed in a drying overn for
1.5 hours at 100°C. Blocking of the membrane was performed with 0.5 % (w/v) skim milk
powder in TNT followed by incubation with streptavidin-POD (1:1000 in TNT). Prior to
chemiluminescence detection using ECL membranes were washed thrice in TNT.

3.2.10 In vitro PARP Activity Assay
Poly(ADP-ribose) formation was measured in vitro using a non-radioactive immuno-dot blot
technique (Pfeiffer et al. 1999). Recombinant purified human PARP-1 was diluted with PBS
supplemented with 20 % glycerol prior to experiments. The reaction buffer contained 100 mM
Tris-HCl pH 7.8, 10 mM MgCl2, 1 mM DTT, 200 µM NAD+, 400 µg/ml histone Type IIA and 50
µg/ml of the “activator” oligonucleotide (corresponding to 10 µM double-stranded octamer).
The reaction was started by adding recombinant PARP-1 (0 – 9 nM) and incubated at 37°C
for 10 min on a shaker. The reaction (total volume of 100 µl) was stopped by adding 400 µl of
6.25 mM 3-aminobenzamide in PBS on ice. Control experiments were performed without
NAD+ or the activator oligonucleotide.
Subsequently, samples were vacuum aspirated on a positively charged nylon membrane
using a 24 well dot-blot manifold. Then the wells were filled with 400 µl of 10 % TCA / 2 %
sodium pyrophosphate and a layer of 800 µl of 70 % EtOH was placed on top. After vacuum
aspiration precipitated poly(ADP-ribose) was crosslinked to the membrane by incubation at
90°C for 1 h. Then the membrane was rinsed in PBS prior to blocking with 5 % skim milk
powder in TNT. Thereafter, the membrane was incubated with primary antibody 10H (1:300
in blocking solution) for 1 h followed by repeated washing steps in TNT. Subsequently, the
membrane was incubated with a GαM-HRP secondary antibody (1:2000 in blocking solution)
for 1 h. After three washing steps in TNT, chemiluminescence detection was performed using
the Fuji LAS 1000 detection system.
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3.2.11 In vitro synthesis of PAR
PAR was synthesized according to Kiehlbauch et al. with some modifications (Kiehlbauch et
al. 1993). Briefly, PAR was synthesized in a 20 ml incubation mixture comprising 100 mM
Tris-HCl pH 7.8, 10 mM MgCl2, 1mM NAD+, 10 mM DTT, 60 µg/ml histone H1, 60 µg/ml
histone type IIa, 50 µg/ml octameric “activator” oligonucleotide GGAATTCC (EcoRI linker)
and 150 nM human PARP-1. The reaction was allowed to proceed for 15 min at 37°C in a
shaking water bath and stopped by addition of 20 ml ice-cold 20% (w/v) TCA. Following 15
min incubation on ice, protein-coupled PAR was pelleted by centrifugation for 10 min at 9000
g and 4°C. The supernatant was aspirated and the pellet was resuspended in 20 ml of icecold 99.8 % ethanol. After another incubation period of 10 min on ice, PAR was pelleted by
centrifugation for 15 min at 9000 g and 4°C. Thereafter, the supernatant was removed and
the pellet was washed again with 20 ml of ice-cold 99.8 % ethanol. Resuspended PAR was
incubated on ice for 10 min before being centrifuged for 20 min at 9000 g and 4°C. After
complete removal of ethanol, pellet was air-dried and stored at -20°C until further processing.

3.2.12 Purification of PAR by DNA extraction
Purification was essentially performed following a method of Panzeter and colleagues.
Frozen pellet of protein-coupled PAR was resuspended in 9 ml of 0.5 M KOH/50 mM EDTA
and incubated for 10 min at 37°C in a shaking water bath to detach bound polymer from
proteins. 1 ml of 1 M Tris-HCl pH 8.0 was added resulting in a final concentration of 100 mM.
Strong alkaline pH was adjusted to pH 8.0 with hydrochloric acid and the sample was split up
in 1 ml aliquots dispensed in 10 DNA LoBind tubes. Each aliquot was then supplemented
with 25 µl 2M MgCl2 and 55 µl DNAse I (2mg/ml) to degrade residual DNA or EcoRI linker.
Following incubation for 2 hours at 37°C on a thermo mixer 11 µl of Proteinase K (20 mg/ml)
and 10 µl 100 mM CaCl2 were added to achieve protein degradation overnight at 37°C.
Subsequently, PAR was further purified by phenol/chloroform extraction. 600 µl phenol was
added in each tube and samples were inverted for several times to ensure proper mixing.
After a centrifugation step for 10 min at 14000 g, the aqueous phase containing PAR was
carefully transferred to a new DNA LoBind tube. 600 µl phenol/chloroform/isoamyl alcohol
(25:24:1 (v/v/v)) were added prior to centrifugation for 10 min at 14000 g. The upper aqueous
phase was then transferred in a 15 ml tube to proceed with ethanol precipitation. Therefore,
99.8 % (v/v) ethanol stored at -20°C was added resulting in a final concentration of 70 %
(v/v). Samples were incubated overnight at - 20°C and precipitated polymer was pelleted
using centrifugation for 30 min at 9000 g and 4°C. After having discarded the supernatant,
PAR pellet was air-dried and stored at - 20°C
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3.2.13 Determination of PAR concentration using UV absorbance
Purified PAR was typically resuspended in 100 µl of Milli-Q H2O and the concentration was
determined by measuring the absorbance at 258 nm. Concentrations were calculated
according to Lambert-Beer law with a relative absorption coefficient of 13500 M-1cm-1 for
mono(ADP-ribose) (Shah et al. 1995).

3.2.14 Synthesis of DHBB resin
To purify in vitro produced PAR, Dihydroxyboronyl Biorex 70 (DHBB) affinity resin was
synthesized according to the protocol of Wielckens and colleagues (Wielckens et al. 1984).
BioRex 70 represents a weak anion exchange resin carrying carboxyl groups. After activation
by carbodiimide these groups can be derivatized using m-aminophenol boronic acid (Fig.
12). Boronic acid is capable of forming cyclic esters with vicinal hydroxyl groups under high

Figure 12: Synthesis of DHBB resin. Carboxyl groups of BioRex 70 resin are activated by treatment
with carbodiimide prior to derivatization with m-aminophenylboronic acid. The formed intermediate
releases urea yielding dihydroxyboronyl Biorex 70 (DHBB).
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salt conditions. As PAR contains multiple vicinal hydroxyl groups it is tightly bound to the
DHBB resin. By contrast, other nucleic acids such as DNA or RNA are not retained by the
resin, providing a specific tool to purify PAR even in cell lysates. Binding of PAR to the DHBB
resin is easily disrupted by water removing Mg2+ ions which are crucial for the stability of the
cyclic ester.
75 g of BioRex 70 were suspended in 300 ml H2O and allowed to swell for 30 min.
Subsequently, water was aspirated through a glass filter and resin was washed with 3 l H2O
by filtration. The resin was then resuspended in 250 ml H2O and pH was adjusted to 5.0
using hydrochloric acid followed by the addition of 7.5 g carbodiimide. pH was again brought
to 5.0 and suspension was stirred for 15 min at room temperature. In the meantime maminophenyl boronic acid was dissolved in 45 ml H2O in the dark (~ 45 min). Thereafter, the
solution of m-aminophenylboronic acid was added to the suspension and pH was once again
adjusted to 5.0. To prevent light-induced degradation of the mixture following steps were
carried out under light exclusion. Suspension was stirred for another 15 min and pH was
checked to be 5.0. Suspension was stirred overnight at room temperature and the DHBB
material was filtered through a glass filter. The resin was then washed with 3 l H2O, 3 l
solution A, 3 l solution B, 2.5 l H2O and 100 ml solution C. Finally the DHBB resin was
resuspended in an equal volume of solution C and stored at 4°C under light exclusion.

3.2.15 DHBB chromatography
DHBB affinity chromatography of PAR was essentially carried out due to the protocol of
Aboul-Ela and colleagues (Aboul-Ela et al. 1988). DHBB resin had to be equilibrated prior to
the affinity purification of PAR. Therefore, 2 ml of DHBB suspension were transferred to a 15
ml tube and centrifuged for 5 min at 1000 g. The supernatant was removed and the resin
was resuspended in 6 ml of buffer A. Following centrifugation DHBB material was washed
twice with 7 ml H2O and once with 6 ml buffer A. Thereafter, the resin was resuspended in an
equal volume of buffer A, being ready for the chromatography.
The pellet obtained after the TCA precipitation was resuspended in 1 ml of solution I and 1
ml 0.5 M KOH/50 mM EDTA was added. Subsequently, the PAR sample was incubated for
30 min at 37°C using a thermo mixer and then transferred to a 15 ml tube. After the addition
of 8 ml of solution II pH was brought to 9.0 ± 0.1 using hydrochloric acid. 1 ml of the prepared
DHBB resin was added and incubated in a rotator for 2 hours at room temperature under
light exclusion. Thereafter, the suspension was transferred to PolyPrep chromatography
columns and the resin was allowed to settle down before flow through (FT) was collected in a
15 ml tube. Column was rinsed with 12.5 ml of solution II (WI) and then washed with 10 ml of
solution III (WII). Elution of bound PAR was performed with 6 x 2.5 ml H2O (E).
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3.2.16 Immuno-Dot Blot
To monitor the DHBB purification process, PAR was detected in small aliquots of each
fraction using an Immuno-Dot Blot assay modified from Pfeiffer and colleagues (Pfeiffer et al.
1999). Appropriate aliquots of each fraction were vacuum aspirated on a positively-charged
nylon membrane using a 24-well dot blot manifold. Subsequently, the membrane was fixed in
a dry oven for 1 hour at 90°C. To saturate unspecific binding sites membrane was blocked
with TNT containing 5 % (w/v) skim milk powder for 1 hour on a shaker. Membrane was then
incubated with primary antibody 10 H (diluted 1:300 in blocking solution) for 1 hour at room
temperature. Following three washing steps with TNT, the membrane was incubated with
secondary antibody GαM/HRP for 1 hour. Finally, membrane was washed thrice in TNT and
bands were visualized using chemiluminescence reaction.

3.2.17 Determination of DHBB binding capacity
Binding capacity of the synthesized DHBB affinity resin was assessed using NAD+, which
was subsequently detected with the NAD+ cycling assay (3.2.18).
1 ml of DHBB suspension was prepared as described above and provided in a 15 ml tube. 1
ml of a solution containing 6 nmol NAD+ was transferred to the tube followed by the addition
of 1.35 ml buffer A. After verification of pH (=9.0) suspension was incubated on a rotator for 2
hours at 4°C in the dark to prevent degradation of NAD+. Thereafter, the suspension was
filled in a PolyPrep chromatography column and allowed to settle down. Resin was washed
with 2 ml buffer A and twice with 5 ml NH4Ac pH 9.0. Elution of bound NAD+ was performed
with 2 ml of 1 mM HCl. Fractions collected during the purification process were then
analyzed for NAD+ content using the cycling assay.

3.2.18 NAD+ cycling assay
Measurement of NAD+ was performed using a NAD+ cycling assay with MTT (thiazoyl blue)
as terminal electron acceptor. The reduced formazan displays a maximal absorbance at a
wave length of 550 nm which can be monitored with an ELISA reader (Bernofsky and Swan
1973).
A 10 mM NAD+ stock solution was prepared freshly and a standard curve was established
using NAD concentrations which ranged from 0 up to 1.5 µM. 100 µl of the standard NAD
dilutions and samples obtained from DHBB purification were provided in 96 well plates.
Subsequently, 100 µl of diluent was added and supplemented with another 100 µl of NAD+
cycling assay mix and mixed thoroughly by pulling the solution up and down in the
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multichannel pipette. Following an incubation period of 30 min at 30°C detection was
performed using an ELISA reader at 550 nm (690 nm as reference wave length).

3.2.19 Biotinylation of PAR
Purified PAR synthesized in vitro was coupled to biotin via the carbonyl-reactive linker
biocytin hydrazide (BH) (Fig. 13). This molecule attacks the reducing ribose terminus of the
polymer chain, forming a stable bond under reductive amination conditions. Typically 200
nmol of purified PAR synthesized in vitro were incubated in the presence of 1 mM NaBH3CN
in sodium acetate buffer pH 5.5 containing 4 mM BH in a total volume of 500 µl for 8 h at
room temperature. Subsequently, biotinylated polymer was dialyzed against sodium acetate
buffer pH 5.5 overnight to remove remaining BH and precipitated with ethanol for 4 hours at 80°C. Biotinylated PAR was dissolved in Milli-Q H2O and concentration was determined
using UV-absorbance at 258 nm as described before.
Biotinylation was monitored using 20 % native PAGE followed by semi-dry blotting on
positively charged nylon membranes. Biotinylated polymer was detected after blocking with
streptavidin-POD (1:2000) and bands were visualized using chemiluminescence.

Figure 13: Structure of biocytin hydrazide.

3.2.20 Neutravidin-ELISA
Successful terminal labeling of PAR chains was checked using a neutravidin-ELISA.
Biotinylated PAR chains are captured due to the strong biotin-neutravidin interaction on the
96-well plates and can then be detected using monoclonal antibody 10H.
First, wells were rinsed thrice with 200 µl TNT per well. Subsequently, 100 µl of biotinylated
PAR samples diluted in 50 mM binding buffer pH 7.5 were transferred into the wells and
plate was incubated for 1 hour at room temperature. The wells were washed three times with
TNT and were then incubated with 100 µl per well primary antibody 10H (diluted 1:300 in
blocking buffer) for 1 hour. Following another three washing steps with TNT, wells were
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incubated with 200 µl per well secondary antibody GαM/HRP (diluted 1:2000 in blocking
buffer) for 45 min at room temperature. Finally, wells were washed again thrice in TNT and
kept in 100 µl TNT until chemiluminescence detection was performed using ECL reaction
and Tecan GeniosPlus ELISA reader.
A biotinylated PAR standard was synthesized in the presence of NAD+ and 6-biotin-17-NAD+
(ratio 15:1) resulting in the incorporation of biotinylated ADP-ribose units into the polymer
(Cheung and Zhang 2000) (Fig. 14). Biotinylated PAR standard was used as positive control
within a range of 0 – 72.5 pmol. An excess of unlabeled PAR served as negative control to
rule out unspecific PAR binding.

Figure 14: Structure of 6-biotin-17-NAD+.

3.2.21 Analytical HPLC fractionation of PAR
Purified ADP-ribose polymers synthesized in vitro were fractionated by anion exchange
HPLC (Kiehlbauch et al. 1993). A TSK-GEL DEAE NPR anion exchange column was run at
a constant flow rate of 1ml/min in degassed and sterile filtered 25 mM Tris-HCl pH 9.0. Up to
100 nmol of purified PAR were loaded onto the column and polymers were eluted using a
multistep NaCl gradient in 25 mM Tris-HCl pH 9.0 (Fig. 15). Fractions were collected
manually according to the absorbance at 258 nm. In order to concentrate and desalt the
eluates, fractionated PAR was ethanol precipitated by adding a 2.35-fold volume of ice-cold
99.8 % ethanol and incubating overnight at - 20°C. PAR samples were centrifuged for 30
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minutes at 9000 g and 4 °C, the supernatant was discarded and separated PAR pellets were
air-dried before being resolved in Milli-Q water.

Figure 15: Multistep NaCl gradient to elute poly(ADP-ribose) according to chain length from TSK-Gel
DEAE NPR column.

3.2.22 Large scale HPLC fractionation of PAR
Polymer fractionation was performed using a Shimadzu LC-8A HPLC system equipped with
a semi-preparative DNA Pac PA100 column (DIONEX). 5 µmol of purified, biotinylated PAR
were applied to the column and polymers were eluted using a multistep NaCl gradient in 25
mM Tris-HCl pH 9.0 modified from Kiehlbauch et al. (Kiehlbauch et al. 1993) (Fig. 16).
Following detection of eluted polymers by UV absorbance at 258 nm, fractions were
collected manually. Separated biotin-labeled PAR was precipitated with ethanol overnight at
– 20°C prior to centrifugation for 30 min at 9000 g. After removal of the supernatant, pelleted
PAR was air-dried, dissolved in 500µl water and stored at – 20°C.

Figure 16: Multistep NaCl gradient to elute poly(ADP-ribose) according to chain length from DNA Pac
PA100 column.
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3.2.23 Characterization of separated ADP-ribose polymers
ADP-ribose polymers obtained from HPLC fractionation were analyzed on modified
sequencing gels (Alvarez-Gonzalez and Jacobson 1987, Panzeter and Althaus 1990).
First, both glass plates of a sequencing gel electrophoresis unit (BioRad) were cleaned
thoroughly using detergent followed by Milli-Q H2O and 70 % (v/v) ethanol. The outer glass
plate was coated with 5 ml of bind-silane solution by equally distributing the solution with a
paper towel. Plate was covered with a tray to prevent dust contamination and allowed to airdry for 1 hour. The outer glass plate was then polished with a paper towel moistened with 70
% (v/v) EtOH. The inner glass plate was treated with 4 ml of repel-silane for 10 min under a
chemical fume hood before excess solution was removed with a paper towel. Thereafter
glass plates, the spacers and the comb were assembled and arranged horizontally on the
work bench using a leveling bubble. A 20 % polyacrylamide solution (Tab. 7) was prepared
and injected with a syringe between the glass plates.

Substance

Volume

5x TBE buffer, pH 8.3

12 ml

Rotiphorese 40 % acrylamide/bisacrylamide (19:1)

30 ml

100 % Glycerol

2 ml

10 % (w/v) APS

300 µl

TEMED

24 µl

Milli-Q H2O

15.7 ml

Table 7: Preparation of a native 20 % polyacrylamide gel.

The gel was allowed to completely polymerize for 30 min prior to the final assembly of the
sequencing electrophoresis unit. Both buffer reservoirs were filled with 1 x TBE pH 8.3
running buffer. The sample pockets were rinsed with running buffer and a constant voltage of
600 V was applied for 30 min. PAR samples were supplemented with 6x loading dye
resulting in a final concentration of 1x and were applied to the gel. Electrophoresis was
performed for 16 hours at a constant voltage of 600 - 1000 V depending on the desired
separation. Prior to silver staining inner glass plate and the spacers were removed, whereas
the gel stuck to the bind-silane treated outer glass plate.

3.2.24 Silver staining of PAR
Detection of ADP-ribose polymers analyzed on modified sequencing gels was performed
with a sensitive silver staining protocol (Malanga et al. 1995). For fixation, gel was immersed
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in 500 ml of fixing solution for 15 min without agitation to prevent detachment of the gel. The
gel was washed in Milli-Q H2O for 2 min and was then incubated in 450 ml of silver reagent
(1:15 in Milli-Q H2O) for 10 minutes. After an additional washing step in Milli-Q H2O for 30 sec
the gel was incubated in 450 ml of reducer aldehyde reagent (1:7.5 in Milli-Q H2O) / reducer
base reagent (1:7.5 in Milli-Q H2O) (1:1) until the desired PAR signal was reached.
Thereafter, the gel was washed again in MilliQ-H2O before documentation was performed by
digital photography.

3.2.25 Affinity purification of biotinylated PAR
Prior to gel shift experiments, end-biotinylated fractionated PAR was affinity-purified using
SoftLink™ Soft Release Avidin Resin as described in the manual. Briefly, biotinylated HPLCseparated polymer was diluted in bind & wash (BW) buffer containing 50 mM Tris-HCl pH
8.0, 50 mM NaCl to 2 ml and applied to the resin. Flow through was collected and loaded
once again. Subsequently, the column was washed with 6 ml BW buffer and bound
biotinylated PAR chains were gently eluted in 1 ml steps using 5mM D(+)-biotin. Fractions
were collected manually and purification process was monitored on a native 20% PAGE.
Detection was performed as described above using streptavidin-POD and enhanced
chemiluminescence. Eluted biotinylated PAR was pooled and dialyzed against MilliQ water
overnight. Thereafter, samples were lyophilized using a Speed Vac and dissolved in 100 µl
MilliQ water. Concentration of affinity-purified PAR was determined by native PAGE using a
49-mer oligonucleotide (Invitrogen) as standard.

3.2.26 Concentration determination of affinity-purified biotinylated PAR
Concentration of affinity-purified fractionated PAR was determined on a native 20% PAGE
using a commercially available biotinylated 49mer oligonucleotide (33ForkA) as reference. 50
up to 500 fmol of the standard oligonucleotide were used to establish a calibration curve. 1 µl
of concentrated biotinylated PAR (diluted 1:5 in Milli-Q H2O) obtained after the affinity
purification with monomeric avidin was used for the concentration determination. Samples
and standards were mixed with 6x formamide loading dye and loaded onto a native 20 %
PAGE. Following electrophoresis for 1.5 hours at 650 V (constant) samples were transferred
onto a nylon membrane by semidry-blotting for 50 min at a constant voltage of 20 V. To
saturate unspecific binding sites membrane was blocked with 2 % (w/v) BSA in TNT for 1
hour at room temperature. Thereafter, membrane was incubated with streptavidin-POD
(1:2000 in blocking solution) for 1 hour followed by three washing steps with TNT. Bands
were visualized using ECL detection in a FujiLAS 1000 imaging station.
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3.2.27 Phenol partitioning assay
The binding of histones to PAR was demonstrated to be resistant against phenol partitioning
which allows the characterization of protein-polymer interactions in solution (Panzeter et al.
1992). PAR interacting with the binding protein is extracted to the organic phase, whereas
unbound polymer remains in the aqueous phase and can be analyzed on modified
sequencing gels. Binding of PAR to proteins results in a quantitative loss of detectable
polymer after phenol partitioning. Recovery of PAR from the organic phase in the absence of
polymer-binding proteins was shown to be above 95 % (Althaus et al. 1995).
The protein to be tested was incubated with 3 nmol PAR in TE buffer pH 7.4 (final volume of
20 µl) for 10 min at room temperature. The sample was then diluted with TE buffer to 100 µl
and extracted with 100 µl phenol/CHCl3/isoamyl alcohol (25:24:1). Sample was mixed
thoroughly followed by centrifugation for 10 min at 14000 g and room temperature. The
upper aqueous phase was transferred to a new tube and 12.5 µl 3 M sodium acetate pH 5.5
as well as 375 µl ice-cold 99.8 % (v/v) ethanol were added. PAR was precipitated for 4 hours
at -20°C and pelleted by centrifugation for 30 min at 14000 g and 4°C. The supernatant was
discarded and pellet was allowed to air-dry before being resuspended in 10 µl of MilliQ-H2O.
PAR was analyzed using modified sequencing gels followed by silver staining.

3.2.28 Binding of immobilized proteins to PAR
To assess the noncovalent binding of fractionated PAR chains to proteins, a classical
approach was chosen (Pleschke et al. 2000). Typically, 15 pmol of recombinant protein was
vacuum aspirated onto nitrocellulose membranes using a slot-blot manifold. The membranes
were cut into appropriate pieces and these were incubated with 500 pmol of the respective
ADP-ribose fraction in 5 ml TNT. After three washing steps with TNT containing 1 M NaCl,
membranes were blocked with 5% (w/v) skim milk powder in TNT. Bound polymers were
detected using 10H antibody (1:300 in blocking solution) and secondary GαM/HRP antibody
(1:2000 in blocking solution). Bands were visualized in the FujiLAS1000 device using
enhanced chemiluminescence and blots were evaluated with AIDA software.

3.2.29 PAR Electrophoretic Mobility Shift Assay
To characterize PAR-protein complexes in solution a novel PAR EMSA was established. The
protein of interest was incubated in an appropriate volume of 10 mM Tris-HCl pH 7.4, 1 mM
EDTA for 10 min at 25°C. Affinity-purified PAR of defined chain length (250 fmol of 16mer
and 125 fmol of 55mer, respectively) was added and complex formation was allowed for 20
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min at 25°C to reach equilibrium. Subsequently the reaction mixture was supplemented with
10x loading dye resulting in a final volume of 25 µl. The samples were electrophoresed
through 5% native polyacrylamide gels for 2.5 h at 160 V to separate free and bound ADPribose polymer. Thereafter, samples were transferred to a nylon membrane via semidry
blotting at a constant voltage of 20 V for 50 min followed by a heat-fixation at 90°C for 1 hour.
Then the membrane was blocked with 2% BSA in TNT for 1 hour and biotinylated ADPribose chains were detected with streptavidin-POD (1:2000 in blocking solution) for 1 hour at
room temperature. Blots were visualized using a FujiLAS 1000 chemiluminescence imager
and quantification was performed using AIDA Software.
Shift (%) was calculated as follows: signal intensity complexed PAR/ signal intensity
(complexed + free PAR). The data obtained were analyzed using GraphPad Prism 4
software, and KD values were calculated by using a sigmoidal dose-response curve with
variable slope. Curves were fitted using non-linear regression.

3.2.30 Surface Plasmon Resonance
Surface plasmon resonance (SPR) systems are optical biosensors that allow the quantitative
analysis of biomolecular interactions and do not require labeling of the interaction partners.
Although SPR represents a rather novel technique, its usefulness was demonstrated in a
wide range of scientific applications (Cooper 2003, Karlsson 2004). SPR approaches have
been applied to a large extent for the characterization of DNA-protein interactions, allowing
the determination of kinetic rate constants as well as equilibrium binding constants (Blaesing
et al. 2000, Hart et al. 1999, Tsoi and Yang 2002).
SPR is characterized by a transfer of photons to a group of electrons on a metal surface.
Light is coupled into the surface using a prism and induces the propagation of charged
density waves (surface plasmons) along the metal surface, which usually consists of gold
(Cooper 2003). Plasmon propagation leads to the generation of an electromagnetic field,
which can be easily influenced by changes in the dielectric constant of the adjacent medium.
Energy transfer takes place on condition that the quantum energy of the photon and the
plasmon are equal. Using the standard SPR setup called Kretchman SPR, this leads to a
reduction of reflected light intensity due to the coupling effect; the described phenomenon
can be monitored by a shadow at a specific angle. The occurrence of the resonant coupling
depends only on the optical properties of the region in close proximity to the sensor surface.
Therefore, e.g. the binding of a protein to the surface results in a change of the refractory
index which can be detected as a shift in the resonance angle using monochromatic light
(Lee et al. 2005). This process is monitored in real time and allows a measurement of the
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amount of bound analyte. Moreover, the affinity as well as the association and dissociation
constants of the interaction can be determined accurately.
In the experimental setup, a ligand, i.e. size-fractionated biotinylated PAR, is immobilized on
a sensor surface using the SA sensor chip (Fig. 17). This sensor chip is coated with
streptavidin covalently linked to carboxymethylated dextran and is commonly used to capture
biotinylated peptides as well as large biotinylated DNA fragments. The integrated microfluidic
system permits the analyte molecules, i.e. the protein of interest, to pass over the sensor
surface in a controlled manner, preserving constant analyte concentrations. Binding of the
analyte to the surface results in an increase of the resonance signal, which reflects the
association phase. At equilibrium, the amounts of ligand associating and dissociating with the
immobilized ligand is equal. Subsequently, the analyte solution is replaced by running buffer
allowing for the dissociation of the formed analyte-ligand complex (dissociation phase). As
the produced complexes are often very stable, an appropriate regeneration solution is
injected to abolish binding and to regenerate free ligand. The association and dissociation
events are monitored in real time and depicted in so-called sensorgrams allowing the
calculation of KD values (Cooper 2003).
In special cases the binding of the analyte to the sensor surface is very pronounced,
inhibiting the full regeneration of the sensor surface. Therefore, an alternative approach
called kinetic titration is used, involving the sequential injection of analyte concentration
series without any regeneration (Karlsson et al. 2006).

Figure 17: Principle of surface plasmon resonance analysis (SPR). Modified from (Cooper 2003).
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All SPR binding sensorgrams were obtained with Biacore T100 and SA sensor chips.
Biotinylated PAR (14mer or 63mer) was immobilized on a streptavidin-coated SA sensor
chip. Briefly, a 5 nM solution of the respective PAR chain in PBS buffer pH 7.4 was injected
over the flow cell to obtain a response level of 8-12 RU (14-mer) and 3-5 RU (63-mer),
respectively. A reference cell without immobilized ligands was used to subtract buffer
refractive effects and as a control for unspecific binding. Furthermore, specificity of sensor
surface was checked using monoclonal antibody 10H as positive control and BSA as
negative control.
The following concentrations of 10H were injected: 0.01, 0.05, 0.1, 1.0, 2.0, 2x 5.0 and 10 nM
at a flow rate of 60µl/min, 120 s contact time, 600 s dissociation time. This was followed by a
first (30 s contact time, 2M NaCl + 0.1% SDS) and a second regeneration step (60 s contact
time, 2M NaCl + 0.1% SDS). The following concentrations of XPA were injected: 5.0, 10, 50,
2x 100, 200, 300, 400 and 500 nM. Flow rate was 50µl/min, 70 s contact time, 600 s
dissociation time. This was followed by a first (60 s contact time, 6 M guanidine HCl) and a
second regeneration step (90 s contact time, 2 M NaCl + 0.1 % SDS). For kinetic titration, a
twofold dilution series of p53 was injected as follows: 1000, 500, 250, 125 and 62.5nM (for
PAR 14-mer); 400, 200, 100, 50 and 25nM (for PAR 63-mer).
Data evaluation was carried out using Biacore T100 Evaluation 1.1.1. which allows the fitting
of experimental data with implemented kinetic models. In the case of kinetic titration, data
were evaluated with BIAevaluation software 4.1.
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Expression, purification and characterization of recombinant proteins

4.1.1

Expression and purification of human PARP-1 from Sf9 insect cells
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A genetically engineered baculovirus encoding for the human PARP-1 cDNA was kindly
provided by Dr. Sascha Beneke, University of Konstanz, Germany. The virus was amplified
in Sf9 insect cells as described and, subsequently, the virus titer was determined by
immunofluorescence (Fig. 18). Using a virus dilution of 10-2 all cells were infected displaying
strong PARP-1 expression (green fluorescence), whereas at a dilution of 10-6 almost no cell
was infected.

Figure 18: Titer determination of an amplified baculovirus supernatant encoding for human PARP-1.
Following amplification of the baculovirus stock the virus titer was assessed by immunofluorescence. The
expression of hPARP-1 was analyzed 72 hours p.i. using the monoclonal α-PARP1 antibody CII-10.
Representative images of Sf9 cells infected with supernatant dilutions ranging from 10-2 to 10-5 are displayed.
Exposure time Alexa 488 (green): 125 ms.
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The immunofluorescence data obtained from the 10-4 and 10-5 dilutions were used to
calculate the viral titer according to the Poisson distribution (Tab. 8). The average titer was
assessed to be 2.02 x 108 pfu/ml and could therefore be used for the overexpression of
recombinant PARP-1.

Dilution

% Infected

% Uninfected

P(k=0)

MOI

Titer [pfu/ml]

10-3

56.1

43.9

0.439

0.823

1.65 x 108

10-4

11.3

88.7

0.887

0.119

2.39 x 108

Ø Titer [pfu/ml]
2.02 x 108

Table 8: Calculation of baculovirus titer encoding for human PARP-1.

PARP-1 was then overproduced in Sf9 insect cells cultured in suspension. In order to
monitor protein expression depending on incubation time, aliquots of infected Sf9 cells were
removed every 24 hours and PARP-1 was detected via immunofluorescence following
cytospin preparation (Fig. 19).

Figure 19: Immunofluorescence analysis of time-dependent PARP-1 expression in Sf9 insect cells.
Sf9 insect cells grown in suspension were infected using hPARP-1 baculovirus with a MOI of 3. Samples
(1x105 cells) were taken at indicated time points and transferred onto microscope slides using cytospin
technique (3.2.2.5). PARP-1 was detected by means of immunofluorescence and representative images
thereof are shown. Exposure times: Hoechst, 90 ms; Alexa 488, 130 ms.

Cells showed moderate levels of PARP-1 overexpression already 24 hours post infection
(p.i.). 48 hours p.i. typical morphological changes such as nucleic enlargement occured and
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PARP-1 overproduction reached a maximum, being almost exclusively restricted to the
nucleus. In agreement with these observations, cell diameter increased during the infection
process from initially 16 µm up to 22 µm after 48 hours as determined by Casy cell counter
(data not shown).
Moreover, time-dependent PARP-1 overexpression was analyzed by SDS-PAGE of whole
cell extracts (5 x 104 cells/time point) followed by Coomassie staining or western blot analysis
(Fig. 20). An additional protein band was detected 33 hours p.i., which co-migrates with the
116 kDa protein standard ß-galactosidase (Fig. 20 A). Band intensity peaked after 48 hours
and remained stable up to 72 hours. Western blot analysis using monoclonal PARP-1
antibody CII-10 (fig. 20 B) confirmed that PARP-1 was successfully overexpressed. With
increasing incubation time PARP-1 fragments were visualized, which might have resulted
from protein degradation or incomplete translation. As a consequence, an infection period of
48 hours was chosen prior to cell harvesting and protein purification.

Figure 20: Coomassie staining and western blot analysis of time-dependent PARP-1 expression in Sf9
insect cells. PARP-1 expression levels were monitored at different time points and analyzed by 10 % SDSPAGE followed by (A) Coomassie staining as well as (B) western blot analysis. An additional protein band at ~
116 kDa is indicated by an arrow. A MOI of 3 was used for protein expression.

Recombinant PARP-1 was purified from Sf9 cells using ammonium sulfate precipitation,
gelfiltration and subsequent affinity-purification on a DNA-cellulose column.
The purification process was followed by SDS-PAGE and western blot analysis (Fig. 21).
First of all, the elution profile of PARP-1 from the Sephadex gelfiltration column was
established. As depicted below, the bulk of protein was detected in fractions 8 to 12, but
PARP-1 was still present in fraction 20, albeit to a much lesser amount (Fig. 21 A). Thus,
fractions 8 - 20 were pooled and used for the following DNA cellulose chromatography.
To monitor the whole PARP-1 isolation, 1/1000 of each fraction were removed and subjected
to SDS-PAGE followed by immuno-detection of PARP-1 (Fig. 21 B). During the precipitation
steps, almost no protein was lost, but several putative PARP-1 fragments were observed. In

Results

83

the subsequent gelfiltration, PARP-1 was completely recovered and bound selectively to
DNA-cellulose. The washing steps did not influence the binding to DNA cellulose and
permitted further purification. PARP-1 was then eluted using a high-salt buffer and contained

Figure 21: Purification of human PARP-1 from Sf9 insect cells. (A) 0.3 % (v/v) of fractions obtained during
gel filtration were subjected to SDS-PAGE followed by western blot analysis using CII-10 antibody against
PARP-1. Fractions 8 to 20 were pooled and processed by DNA cellulose chromatography. (B) 0.1 % (v/v) of
fractions obtained during the whole purification process were monitored for PARP-1 by western blotting.

almost no fragments. Dialysis of the protein sample did not result in protein loss and allowed
for efficient desalting. The amount of isolated PARP-1 was determined using the BCA assay
and usually ranged from 1 – 2 mg using 1 x 108 Sf9 insect cells.
Isolated protein was checked for purity on Coomassie stained SDS gels as well as by
western blot analysis (Fig. 22). 1.2 µg of each PARP-1 batch were used for Coomassie
staining as shown in Fig. 22 A. PARP-1 was purified to homogeneity with a typical purity
above 90 %, only two batches showed a lower degree of purity (around 80%). To perform
western blot analysis, 600 ng of each PARP-1 batch were subjected to electrophoresis and
transferred onto a nitrocellulose membrane via a wet-blot. Subsequently, the purified protein
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was detected using the PARP-1 specific antibodies CII-10 as well as FI-23, which is known
to recognize exclusively PARP-1 from human species (Fig. 22 C+D). As reference,
previously purified PARP was employed (kindly provided by Dr. S. Beneke, University of
Konstanz).
All samples showed equal PARP-1 amounts; degradation products or fragments were not
observed. Isolated PARP-1 was stored at -80 °C and remained stable for up to one year.

Figure 22: Characterization of purified human PARP-1. (A) 1.2 µg of six different PARP-1 batches (lane 16) were analyzed by 10 % SDS-PAGE and Coomassie staining. Previously isolated PARP-1 was used as a
reference (lane 7). (B) Densitometric evaluation of (A) using ImageJ. (C) Immunodetection of PARP-1 using
monoclonal antibody CII-10. (D) Immunodetection with the human-specific PARP-1 antibody FI-23.

4.1.2 PARP activity assay
To assess the activity of recombinant PARP-1, an immuno-dot blot technique was
established as described by Pfeiffer and colleagues who used this assay to monitor PARP
activity in permeabilized cells (Pfeiffer et al. 1999). In contrast to previous methods, the use

Results
of

85

32

P-labeled NAD+ is not necessary since formed poly(ADP-ribose) (PAR) is detected by

the monoclonal antibody 10H (kind gift of M.Miwa, Japan).
Reactions were performed in vitro including the substrate NAD+, core histones as acceptors
as well as a ds 8mer oligonucleotide (GGAATTCC), which mimics a DNA strand break.
Initially, PARP-1 concentrations ranging up to 150 nM were used as described (Beneke et al.
2000), but provided insufficient results due to excessive polymer formation (data not shown).
Interestingly, a 100 µl reaction containing 150 nM PARP-1 is sufficient to produce the
extraordinary high amount of about 10 nmol PAR as calculated from Beneke et al.
Therefore, PARP-1 concentrations were adjusted up to 13 nM resulting in reproducible dot
blots, which allowed quantification by AIDA software. In addition, a heat fixation step (1 h,
90°C) was included prior to immunodetection to crosslink the polymer to the positively
charged nylon membrane.
Concentration-dependent PARP-1 activity was monitored as described using five different
concentrations from 0.9 up to 13.3 nM (Fig. 23 A). The rather low concentration of 2.2 nM

Figure 23: Assessment of PARP-1 activity using a non-radioactive immuno-dot blot. (A) Reaction
mixtures containing different PARP-1 concentrations (triplicates) were transferred onto a nylon membrane via
dot blotting and formed PAR was detected using 10H antibody. (B) Densitometric evaluation of dot blot using
AIDA software. Data are expressed as mean+SEM of triplicates.

PARP-1 led to an already detectable polymer signal. PAR signal intensity increased in a
PARP-1-dependent manner, whereas no further elevation of PAR levels was observed
beyond 18 nM PARP-1 (data not shown). Higher PARP-1 concentrations led to unequal
polymer blotting, which may result from a limited PAR-binding capacity of the nylon
membrane.
All purified recombinant PARP-1 batches were highly active and catalyzed the synthesis of
polymer to a same extent (data not shown).
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Expression and purification of p53 from High Five insect cells

Recombinant p53 baculovirus was a kind gift of Professor Dr. Martin Scheffner, University of
Konstanz, and was amplified in Sf9 cells to obtain a viral titer of 1.6 x 109 pfu/ml (M.Altmeyer,
diploma thesis). Protein overexpression was performed in High Five insect cells which were
described to produce higher recombinant protein levels as compared to Sf9 insect cells
(Professor Dr. Martin Scheffner, University of Konstanz, personal communication).
48 hours p.i. infected High Five cells (1 x 108 cfu) were harvested by centrifugation and
processed for protein purification. In order to isolate the recombinant protein, Q Sepharose
anion exchange chromatography was carried out followed by DNA cellulose affinity
chromatography (fig. 24). A pronounced protein band with an apparent molecular weight of

Figure 24: Purification of human p53 from High Five insect cells. (A) Indicated aliquots of fractions
obtained during Q-Sepharose chromatography were separated by 10 % SDS-PAGE and visualized by
Coomassie staining. (B) Indicated aliquots of fractions collected during DNA cellulose affinity
chromatography were analyzed by 10 % SDS-PAGE followed by Coomassie staining. (C) Purity check of
isolated p53 (1.5 µg) by a 12 % SDS-PAGE in conjunction with Coomassie staining.
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55 kDa is detectable by Coomaasie staining in fraction 2 of the Q Sepharose elution step,
representing recombinant p53 (Fig. 24 A, lane 7). Many other proteins had already been
removed by a low salt wash of 200 mM NaCl (Fig. 24 A, lane 5). No loss of p53 is detectable
after recovery from Zeba desalt spin columns (Fig. 24 A, lane 12 vs. lane 13).
Thereafter, the desalted protein sample including p53 was loaded on a DNA cellulose
column, which retains DNA-binding proteins such as p53. Several other protein contaminants
did not bind to the matrix or were removed during the rinsing step (Fig. 24 B, lane 1+2).
Recombinant p53 was specifically eluted with a high salt buffer containing 400 mM NaCl and
was subsequently desalted without any significant protein loss (lane 4+5). Apart from p53,
only very low amounts of contaminating protein were present, which was also confirmed by
Coomassie staining of 1.5 µg of isolated protein (Fig. 24 C). Isolation of recombinant p53
from 1 x 108 High Five insect cells resulted in a yield of 0.6 mg protein with homogeneity of
85 % as assessed by densitometric evaluation using Image J.
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Expression and purification of His-WRN from Sf9 insect cells

Recombinant baculovirus comprising a His-tagged human WRN cDNA was kindly provided
by Professor Dr. Vilhelm Bohr, Baltimore, USA. The obtained WRN baculovirus had a virus
titer of 4 x 107 pfu/ml and was subsequently amplified in Sf9 cells to yield a titer of 2 x 108
pfu/ml (tab. 9).

Dilution

% Infected

% Uninfected

P(k=0)

MOI

Titer [pfu/ml]

10-3

67.3

32.7

0.327

1.120

2.24 x 108

0.092

8

10

-4

8.8

91.2

0.912

1.84 x 10

Ø Titer [pfu/ml]
2.04 x 108

Table 9: Calculation of baculovirus titer encoding for human WRN.

Recombinant WRN was then overproduced in Sf9 insect cells and time-dependent protein
expression was monitored after SDS-PAGE. Aliquots of 5 x 104 Sf9 cells were taken at the
indicated time points during 72 hours and subjected to SDS-PAGE followed by Coomassie
staining and western blotting, respectively (Fig. 25). 72 hours p.i.WRN was hardly visible on

Figure 25: Coomassie staining and western blot analysis of time-dependent WRN expression in Sf9
insect cells. Aliquots of infected Sf9 cells (MOI=5) grown in suspension were removed at indicated time
points and separated by 8 % SDS-PAGE followed by (A) Coomassie staining or (B) western blot analysis. The
emerging WRN band at ~170 kDa is indicated by an arrow.

the Coomassie stained gel (Fig. 25 A), i.e. the protein was only poorly expressed as
compared to PARP-1. Using a sensitive polyclonal WRN antibody recombinant WRN was
visualized 31 hours p.i. (Fig. 25 B). The WRN signal intensity increased in a time-dependent
manner to peak 72 hours after the infection.
Furthermore, the time-dependent overproduction of WRN was analyzed by immunofluorescence (Fig. 26). Therefore, aliquots of 1 x 105 Sf9 cells were removed every 24 hours
during the infection process and were analyzed for WRN expression. WRN expression was
detectable already 24 hours p.i. and was most prominent in the nucleus, but also partially
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localized to the cytosol. After 48 hours, nearly all cells displayed high WRN levels and finally,
72 hours p.i., WRN overexpression reached a maximum with strong signals mostly restricted
to the nucleus.

Figure 26: Immunofluorescence analysis of time-dependent WRN expression in Sf9 insect cells.
5
Sf9 insect cells were infected using WRN baculovirus with a MOI of 5. Samples (1x10 cells) were taken at
indicated time points and transferred onto microscope slides (3.2.2.5). WRN was visualized by immunofluorescence and representative images thereof are shown. Exposure times: Hoechst, 100 ms; Alexa 488,
125 ms.

His-tagged WRN overproduced in Sf9 cells was purified from whole cell lysates on a Ni-NTA
column followed by DNA cellulose chromatography. 5 x 107 Sf9 cells were lysed as
described in material & methods and crude extracts were incubated with pre-equilibrated NiNTA resin. After having poured the column, flow through was collected and contained the
vast majority of cellular proteins (Fig. 27 A, lane 2). By contrast, WRN was specifically bound
to the resin and gently eluted with buffer comprising 300 mM imidazole (Fig. 27 A, lane 7+8).
In order to remove other protein contaminants, a subsequent ssDNA cellulose affinity
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chromatography was performed, since WRN was demonstrated to preferentially associate
with ssDNA (Orren et al. 1999).

Figure 27: 2-step purification of human His-tagged WRN from Sf9 insect cells. (A) 0.2 % (v/v) of each
fraction collected during Ni-NTA chromatography were subjected to 8 % PAGE and stained by Coomassie.
(B) 0.25 % (v/v) of fractions obtained during DNA cellulose chromatography were separated by 8 % SDSPAGE followed by Coomassie staining. Lane 1: flowthrough; 2: wash 1; 3: wash 2; 4: elution 1; 5: elution 2;
6: postelution. (C) Silver staining of the PAA gel obtained from (B).

No proteins were detected in the DNA cellulose flow through by Coomassie staining,
whereas silver staining revealed several protein bands (Fig. 27 B+C). WRN was completely
bound to the column and specifically recovered by high-salt buffer elution (B, lane 4). No
additional protein was detectable in the final postelution step, only a very faint band was
observed following silver staining. Consequently, no loss of WRN protein occurred during the
DNA cellulose chromatography, which led to a marked increase in WRN purity. Recombinant
WRN purified by this method was analyzed for helicase activity prior to PAR binding
experiments. Purification from 5 x 107 cells typically resulted in a protein yield of 0.1 mg.
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To monitor the exonuclease activity, human WRN was isolated by a combination of DEAE
Sepharose, Q-Sepharose and Ni-NTA chromatography (Orren et al. 1999). A single Ni-NTA
affinity chromatography step does not remove all protein contaminants and may display
additional nuclease and topoisomerase activities which could interfere with WRN
exonuclease activity (Orren et al. 1999).
Whole cell lysates from 5 x 107 Sf9 cells were loaded on the weak anion exchange resin
DEAE Sepharose (Fig. 28 A). WRN was barely detectable during the DEAE sepharose step,
but was enriched in the Q Sepharose elution as indicated by the arrow (Fig. 28 A, lane 10).
Remaining cellular protein contaminants were then removed during Ni-NTA chromatography
and were mainly present in the flow through (B, lane 1). A rather weak WRN band was

Figure 28: 3-Step purification of human His-tagged WRN from Sf9 insect cells. (A) Indicated aliquots
of fractions collected during DEAE-Sepharose and subsequent Q-Sepharose chromatography were
analyzed by 8 % SDS-PAGE in conjunction with Coomassie staining. (B) Fractions obtained after Ni-NTA
chromatography were subjected to electrophoresis and visualized by Coomassie staining. Lane 1:
flowthrough (0.2 %); 2: wash 1 (0.1 %); 3: wash 2 (0.2 %); 4: wash 3 (0.2 %); 5: wash 4 (0.1 %); 6: elution 1
(0.5 %); 7: elution 2 (0.333 %); 8: postelution (0.333 %). (C) Silver staining of PAA gel from (B).
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detected following elution with buffer containing 300 mM imidazole, suggesting that protein
was not fully recovered during the purification process.
To address this question, western blot analysis of collected fractions was carried out using
an antibody which recognizes aa 1133-1432 mapping to the C-terminus of hWRN (Fig. 29).

Figure 29: 3-Step purification of human His-tagged WRN from Sf9 insect cells monitored by western
blot analysis. (A) 0.1 % (v/v) of each fraction collected during DEAE-Sepharose chromatography was
subjected to 8 % SDS-PAGE followed by WRN immuno-blotting. (B) WRN purification profile during QSepharose chromatography. 0.1 % (v/v) of each fraction were applied and monitored for WRN content. Lane
1: flowthrough; 2: wash 1; 3: wash 2; 4: elution 1; 5: elution 2; 6: elution 3; 7: elution 4; 8: elution 5; 9:
postelution. (C) Ni-NTA chromatography to isolate His-tagged WRN. 0.1 % (v/v) of each fraction were
screened for WRN by western blot analysis. Lane 1: flowthrough; 2: wash 1; 3: wash 2; 4: wash 3; 5: wash 4;
6: elution 1; 7: elution 2; 8: elution 3; 9: elution 4; 10: elution 5; 11: postelution.

Surprisingly, significant amounts of WRN were detected in the collected DEAE flow through
and the subsequent washing steps (Fig. 29 A, lane 2-4). WRN seems to bind only weakly to
the DEAE column and exhibited a broad elution profile. The protein was even present in the
postelution fraction, albeit to a lesser extent. Thereafter, the pooled fractions obtained from
the DEAE elution were loaded on a Q Sepharose column, a strong ion exchanger. Here,
WRN bound completely to the resin and was not removed during the washing steps. The
protein was successfully recovered by applying high salt elution, leaving only very small
amounts on the column (Fig. 29 B, lane 4-9). During the following Ni-NTA chromatography
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WRN was efficiently purified as demonstrated by Coomassie staining (Fig. 29 C). Due to the
high loss during DEAE chromatography, isolation of recombinant WRN from 5 x 107 cells
yielded only 25 µg protein.
Purified WRN was checked for homogeneity on Coomassie and silver stained SDS gels as
well as by western blot analysis. 1.67 µg of recombinant WRN was subjected to
electrophoresis and visualized by Coomassie staining (Fig. 30 A). Isolated WRN displayed
84 % purity as quantified by densitometric evaluation by ImageJ. Sensitive silver staining
revealed some minor protein contaminants, which were hardly detectable by Coomassie
staining. Western Blot analysis showed one defined WRN band with an expected molecular
weight of approximately 170 kDa. Degradation products or WRN fragments were not
observed.

Figure 30: Characterization of purified human His-tagged WRN. (A) 1.67 µg of isolated WRN were
subjected to electrophoresis and stained with Coomassie. (B) 167 ng of recombinant WRN separated by 8
% SDS-PAGE and visualized by silver staining. (C) Western blot analysis of 167 ng purified WRN.

4.1.5

WRN Helicase Assay

WRN belongs to the human RecQ family of DNA helicases and was demonstrated to unwind
several DNA substrates including e.g. partial duplexes, triple helices, holliday junctions and
forked duplexes in 3′→5’ direction depending on the presence of ATP (Opresko et al. 2003).
To assess the helicase activity of purified WRN, a forked duplex 37mer was used as
substrate. WRN catalyzes the unwinding of this substrate, resulting in the generation of a
single-stranded 37mer oligonucleotide which is biotinylated at the 5’-end. Remaining
substrate as well as the unwinding product are separated by native PAGE and detected via
streptavidin-POD on nylon membranes.
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Several parameters had to be optimized, before the helicase activity was reliable and suited
for quantification. First, the unwinding time was analyzed to obtain maximal unwinding of the
forked duplex. A period of 15 min turned out to be optimal, as longer incubation promoted the
unspecific digestion of the duplex (data not shown). Second, a useful WRN concentration
range was established comprising 0 – 10 nM WRN. Higher concentrations resulted in the
formation of WRN-DNA complexes which did not enter the native polyacrylamide gel. Finally,
all experiments were carried out at 4°C in the cold room, since electrophoresis at room
temperature was shown to induce duplex denaturation (data not shown).

Figure 31: WRN helicase assay. (A) WRN unwinds a forked duplex substrate in a concentration-dependent
manner. Substrate duplex and resulting single-stranded oligonucleotide are separated by 14 % native PAGE ,
transferred onto nylon membranes and detected via streptavidin-POD. (B) Quantification of helicase assay
using AIDA software. Reactions were carried out in triplicates and data are expressed as mean + SD.

Using 200 fmol forked duplex, WRN started to catalyze the unwinding at 3 nM (Fig. 31).
Formation of the single-stranded (ss) oligonucleotide increased in a concentration-dependent
manner. A concentration of 9 nM WRN resulted in an unwinding of 53 %, i.e. half of the
forked duplex was dissociated into ss oligonucleotides.
Concentrations above 12 nM WRN produced even higher levels of unwinding, but displayed
also degradation of the ss oligonucleotide and/or formation of high molecular weight
complexes resulting in a weaker oligonucleotide band as expected.

4.1.6

WRN exonuclease assay

In addition to its helicase activity, WRN possesses a 3’→5’ exonuclease activity which is
unique among the RecQ helicases. Exonucleolytic degradation is initiated by WRN from 3’recesses ends as well as from blunt ends of substrates containing alternative structures such
as bubbles, Holliday junctions or forks.
To assess the exonuclease activity of purified WRN, a forked 49mer duplex was used as
substrate comprising one biotin-labeled strand at the 5’-end. WRN catalyzes the
exonucleolytic degradation of this duplex, resulting in the generation of truncated forked
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duplexes. After boiling of the samples, the products are subjected to denaturing PAGE and
transferred on nylon membranes. Detection of the single-stranded biotinylated substrate and
its digestion products is carried out using streptavidin-POD.
For experimental setup of the exonuclease assay, several parameters were studied to obtain
the best results. The amount of used substrate duplex was reduced from 400 to 200 fmol and
the incubation time for digestion was fixed to 15 min. Furthermore, electrophoretic separation
was optimized with regard to resolution and detection was improved to visualize all
degradation products (data not shown).
Using 200 fmol of forked duplex WRN initiated exonucleolytic digestion at 12 nM, resulting in
the generation of multiple digestion products (Fig. 32). With increasing WRN concentrations,
the intensity of the biotinylated 49mer was reduced in favour of enhanced exonucleolytic

Figure 32: WRN exonuclease assay. (A) WRN degrades a forked duplex substrate in a concentrationdependent manner. Substrate and digestion products are denatured by boiling and separated by a 6 M Ureacontaining 14 % PAGE. Following semi-dry blotting bands are visualized by streptavidin-POD (B)
Densitometric evaluation of exonuclease assay using Quantity One software.

degradation. At 45 nM WRN, half of the substrate was digested to smaller fragments. Using
60 nM WRN, the catalyzed digestion reached a maximum of about 60 %. Interestingly, WRN
seemed to preferentially generate specific digestion products as displayed by several
pronounced bands. The sequence of the used oligonucleotides is likely to be responsible for
this phenomenon since they contain the repetitive sequences (GGATTT)4. Due to the
electrophoretic mobility of the reference oligonucleotides (31mer and 37mer), the distance
between two pronounced bands are apparently differing about 6 nucleotides, one repetitive
sequence. With higher WRN concentrations, the digestion continued producing successively
shorter biotinylated oligonucleotides.
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Expression and purification of His-XPA from High Five insect cells

The cDNA encoding for human XPA was cloned into baculovirus expression vector pVL 1392
(diploma thesis, Matthias Altmeyer), expressed as His-tagged fusion protein and purified by
Ni-NTA chromatography followed by DNA cellulose affinity chromatography.
Approximately 5 x 107 High Five insect cells were infected with a plaque purified XPA
baculovirus containing 2x108 pfu/ml and incubated for 48 hours. Cells were harvested and
crude cell extracts were prepared as described in the material & methods section. Cell
extracts were then loaded onto a Ni-NTA column, allowing for the specific binding of Histagged XPA. As shown in figure 33, XPA was almost completely bound to the Ni-NTA resin,
whereas many cellular proteins did not interact with the resin (Fig. 33 A, lane 2).

Figure 33: Purification of His-tagged human XPA from High Five insect cells. (A) Indicated aliquots of
each fraction obtained during Ni-NTA chromatography were analyzed by 10 % SDS-PAGE followed by
Coomassie staining. (B) DNA cellulose chromatography to isolate pure His-XPA. Indicated amounts of each
fraction were applied to 10 % SDS-PAGE and visualized by Coomassie staining. (C) Characterization of 1.5
µg purified XPA by SDS-PAGE and subsequent Coomassie staining.
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Additional protein contaminants which had bound unspecifically to the column were removed
by a washing step containing 1 mM imidazole. Finally, recombinant XPA was eluted by
addition of buffer comprising 100 mM imidazole. A pronounced XPA band was detectable in
fraction 2 of the Ni-NTA elution (lane 5), underscoring the efficient overexpression of XPA in
High Five insect cells. Subsequently, the pooled fractions from the Ni-NTA elution were
loaded onto a pre-equilibrated dsDNA cellulose column (Fig. 33 B). Human XPA was
efficiently bound to the column and almost totally eluted by high salt buffer (lane 4+5). Some
observable protein loss has occurred during desalting, as reflected by the weaker XPA band
intensity (lane 4 vs lane 6). 1.5 µg of purified recombinant XPA were subjected to SDSPAGE followed by Coomassie staining to check for protein homogeneity (Fig. 33 C). As
anticipated, XPA appeared as a protein doublet with a prominent band below 40 kDa and
one minor band at 40 kDa which has been described previously (Hermanson and Turchi
2000, Jones and Wood 1993). Densitometric evaluation using ImageJ showed a purity of
over 90 % for recombinant isolated XPA.

4.2

Purification, biotinylation and HPLC fractionation of poly(ADP-ribose)

4.2.1

Synthesis and purification of poly(ADP-ribose) by DNA extraction

PAR was biosynthesized in vitro using recombinant hPARP-1 overexpressed in Sf9 insect
cells. Apart from purified PARP-1, the reaction mixture contained histone H1 and core
histones as acceptor proteins which stimulate PAR formation (Beneke et al. 2000). Formed
polymer was then detached under strong alkaline conditions to generate free PAR, which
was purified according to a classical DNA extraction protocol (Malanga et al. 1995). Purity of
isolated polymer was checked using UV absorbance (Fig. 34 A). A strong peak was detected
with an absorption maximum of ~ 260 nm due the adenine moiety. By contrast, almost no
signal was detectable at 280 nm, i.e. no protein contaminants were present in the
preparation. Quantification of purified PAR was performed using the molar absorption
coefficient of mono(ADP-ribose) which is 13500 M-1cm-1. Typically, a 1 ml reaction containing
150 nM recombinant hPARP-1 led to the synthesis of 100 – 200 nmol PAR.
As strong alkaline treatment used for polymer detachment may result in the elimination of the
terminal ribose moiety, the detachment time was optimized (Fig. 34 B). Three different time
periods of 10, 30 and 60 min were used to detach PAR and samples were further purified to
obtain isolated polymer. Polymer samples were then subjected to a 15 % native sequencing
gel electrophoresis and visualized by silver staining. Interestingly, with increasing incubation
time under alkaline pH the signal intensity of the lower, faster migrating band of a doublet
increased as well. The faster migrating band represents a PAR chain with a phosphate
terminus, whereas the upper slower migrating band of a doublet represents a PAR chain with
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a ribose terminus. In turn, a prolonged time under alkaline pH resulted in an increased
elimination of the terminal ribose. At 10 min, the ratio of ribose to phosphate terminus was
observed to be 1:1, which was therefore established as the standard detachment time.

Figure 34: Characterization of purified PAR. (A) UV-absorbance of isolated PAR. (B) Silver staining
of a PAR sequencing gel. 500 pmol of each PAR sample were applied for electrophoresis and visualized
by sensitive silver staining. Depicted is only the lower part of the gel having the best resolution. (C+D)
Analytical HPLC fractionation of PAR detached for (C) 10 min or (D) 60 min. 50 nmol of each PAR
sample were separated by anion exchange HPLC and eluted using a NaCl gradient. P = PhosphateTerminus ; R = Ribose-Terminus.

The two PAR samples (10 and 60 min detachment time) were further analyzed by high
resolution anion exchange HPLC coupled with UV detection (Fig. 34 C). As observed on the
sequencing gel, a peak doublet was distinguishable. One peak was eluted earlier, reflecting
the phosphate-ended polymer, whereas a second peak was eluted immediately thereafter,
representing the ribose-ended polymer. Strikingly, the peak intensity of the first eluting PAR
species with phosphate terminus was much more pronounced after 60 min of detachment,
i.e. a significant proportion of the terminal ribose had been eliminated during KOH treatment.
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Purification of PAR by DHBB affinity chromatography

DHBB chromatography has been reported previously to be a useful tool for the isolation of
PAR (Aboul-Ela et al. 1988, Alvarez-Gonzalez and Jacobson 1987, Jacobson et al. 1984).
This resin contains boronic acid moieties, which are capable of forming cyclic esters with
vicinal hydroxyl groups under high salt conditions. As PAR contains multiple vicinal hydroxyl
groups, it is tightly bound to the DHBB material. By contrast, other nucleic acids such as
DNA or RNA are not retained by the resin, providing a specific method to purify PAR even
from cell lysates.
DHBB affinity resin was synthesized according to Wielckens et al. and binding capacity was
checked using NAD+ as standard. Thus, 6 nmol of NAD+ were affinity-purified by DHBB
chromatography as described under 3.2.17. Fractions obtained during the purification

Figure 35: Determination of DHBB binding capacity. (A) Standard curve of varying NAD+ concentrations
as assessed by the cycling assay. The absorbance was measured in an ELISA reader at 550 nm. (B)
+
+
Purification profile of NAD obtained by DHBB chromatography. Two samples containing each 6 nmol NAD
were applied independently to DHBB chromatography and collected fractions were monitored for NAD+
content using the cycling assay.

process were then analyzed for NAD+ content using the cycling assay with MTT as terminal
electron acceptor (3.2.18). A standard curve ranging from 0 to 250 pmol NAD+ was
established to calculate the NAD+ content in the collected fractions of two independent
purifications (Fig. 35 A). As shown in Fig. 35 B, NAD+ was efficiently retained by the DHBB
resin and could not be detected in the flow through or after the washing step. NAD+ was
specifically eluted by 1 mM HCl, disrupting the labile cyclic ester between the boronic acid
moiety of DHBB and the vicinal hydroxyl groups of the ribose unit in NAD+. A minor quantity
of NAD+ was present in the postelution fraction. The recovery of NAD+ applied for DHBB
chromatography was 78 %, which was considered sufficient for further PAR purification. The
protocol previously used in the group led to rather insufficient purification results with high
loss of polymer during the washing steps (data not shown). Thus, an improved protocol was
established based on the method described by Aboul-Ela et al. (Aboul-Ela et al. 1988), which
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requires less guanidine hydrochloride. In addition, the washing buffer was replaced with a
solution containing 1 M (NH4)2CO3 and bound polymer was finally eluted with water instead
of using 1 mM HCl. Two pellets of protein-coupled PAR were detached under alkaline
conditions, then isolated by DHBB chromatography and aliquots of collected fractions were
vacuum-aspirated onto nylon membranes (Fig. 36). Bound PAR was visualized by
immunodetection using monoclonal PAR antibody 10H. Polymer was efficiently bound to the
resin and was not detectable in the flow through. Only low amounts of PAR were removed
from the resin during the subsequent washing steps. Most polymer was released during the
first elution step and polymer content decreased progressively, displaying almost no PAR
signal in the last elution fraction.

Figure 36: Purification of PAR by DHBB affinity chromatography. (A) Purification process monitored
by immuno-dot blot technique. 20 % of each fraction collected were vacuum-aspirated on nylon
membranes and screened for PAR presence using monoclonal 10H antibody. (B) Densitometric evaluation
of PAR dot blot. Obtained blot was analyzed by AIDA software and data was processed by GraphPad
Prism 4 software.

Furthermore, it was tested whether used DHBB resin could be regenerated, since the
synthesis of DHBB is quite expensive and huge amounts of material would be necessary for
large scale PAR purification. Therefore, previously used DHBB material was prepared once
again by a sequence of washing steps and incubated with detached PAR. Following
chromatographic separation, aliquots of each fraction were dot-blotted on a nylon membrane
and checked for the presence of polymer as described above (Fig. 37). Notably, no polymer
was observed in the flow through, i.e. PAR has completely bound to the resin. Moreover,
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PAR signal was nearly undetectable in the washing fractions, whereas the vast majority of
PAR was specifically eluted with water. A small fraction of polymer was still retained by the
column, but was released during the postelution step.
To characterize the binding capacity of the prepared DHBB resin, different amounts of PAR
were applied for DHBB chromatography and detected using the immuno-dot blot technique.
As a bed volume of 0.5 nmol DHBB was sufficient to retain ~ 5 nmol of NAD+, PAR amounts
of 10 nmol and higher were used for determination of the binding capacity (Fig. 37 B). It was
observed that 10 nmol PAR was efficiently bound by DHBB and eluted without loss using
water. Higher levels of PAR were also successfully retained by the column, but displayed
slight loss during the washing step. As expected, the double amount of PAR, 20 nmol,
resulted in a doubling of the PAR signal intensity in the elution fraction. Interestingly, higher
PAR amounts (37.5 nmol and 50 nmol) showed an equal degree of polymer loss during the
washing step, but the PAR signal in the respective elution fractions did not increase
anymore. This was potentially caused by the limited binding capacity of the nylon membrane
which was observed previously (4.1.2). Finally, in all purifications only small amounts of PAR
remained bound to the resin and had to be post-eluted.

Figure 37: Characterisation of DHBB binding properties. (A) DHBB resin can be regenerated. 20 % of each
fraction obtained during DHBB chromatography were transferred on nylon membranes followed by PAR
immunodetection. (B) Determination of DHBB binding capacity. Different amounts of PAR (10 to 50 nmol) were
used to assess the polymer binding capacity of DHBB resin. 5 % of the elution fraction and 10 % of each other
fraction were blotted onto a nylon membrane and detection was carried out as above.

4.2.3

Biotinylation of poly(ADP-ribose)

Previous approaches have explored photo-reactive biotin analogues or biotinylated NAD+ to
label PAR chains resulting in the unselective incorporation of several biotin units (Cheung
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and Zhang 2000, Narendja and Sauermann 1994). To specifically end-label PAR chains, a
carbonyl-reactive biotin analogue, biocytin hydrazide, has been used in the present work.
Biocytin hydrazide attacks the reducing terminal ribose moiety of the PAR chain forming a
stable bond under reductive amination conditions (Fig. 38 A). Successful terminal
biotinylation of PAR was monitored by a neutravidin-ELISA. Biotinylated PAR chains are
captured in the wells due to the strong biotin-neutravidin interaction and bound PAR can then
be detected using monoclonal antibody 10H. As reference, a biotinylated standard (B-PAR)
was synthesized in the presence of NAD+ and 6-biotin-17-NAD+, leading to the incorporation
of biotinylated ADP-ribose units into the growing polymer chain. As little as 2.9 pmol of this
standard were easily detectable (Fig. 38 B). Signal intensity increased proportional to the

Figure 38: Terminal biotin-labeling of PAR chains. (A) Structure of the carbonyl-reactive linker biocytin
hydrazide. (B) Neutravidin-ELISA of biotinylated PAR chains. Biotinlyated PAR is tightly bound to the wells
and detected using monoclonal 10H antibody. B-PAR: biotinylated PAR standard; sample: end-labeled PAR
using biocytin hydrazide (171/86/17 pmol from left to right) (C) Biotinylation of PAR chains is time-dependent.
End-labeled PAR samples were subjected to native PAGE and transferred to a nylon membrane. Detection
was performed using streptavidin-POD. The panel on the left displays the time dependency of the labeling
reaction (lane 1 – 6; 0.25, 0.5, 1, 2, 4 and 8h). The panel on the right shows the impact of KOH detachment
time during PAR isolation on subsequent biotin-labeling (lane 7 - 12; 5, 15, 30, 45, 60 and 120 min).
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immobilized amount of biotinylated PAR standard. To rule out unspecific PAR binding, a 10fold excess of unlabeled PAR was used. No signal could be measured using this negative
control, underscoring the selectivity of the established assay. 3 different dilutions (171, 86
and 17 pmol) of an end-biotinylated PAR sample were applied to the ELISA and bound
polymer was monitored as described. Strikingly, all three dilutions contained biotin-coupled
PAR and even in the highest dilution a moderate PAR signal was detectable, which was in
line with the standard curve.
In addition, successful biotinylation was assessed by native PAGE followed by semi-dry
blotting onto nylon membranes. Biotinylated polymer was detected after blocking with
streptavidin-POD and bands were visualized using chemiluminescence. The labeling
reaction was time-dependent and reached a maximum after 8 h (Fig. 38 C). Interestingly,
even very short ADP-ribose chains were efficiently biotinylated, yet the pattern of biotinylated
PAR did reflect the distribution of synthesized ADP-ribose polymers. Moreover, the extent of
labeling depended on the incubation period used for detachment of the polymer from the
acceptor protein during PAR purification. With increasing time of incubation of the proteincoupled polymer under strong alkaline conditions the yield of the terminal biotinylation
reaction decreased. This may be attributable to the elimination of the terminal ribose moiety
catalyzed by strong bases which was outlined before (4.2.1). The overall yield of biotinylated
PAR was 10-20 % as estimated by avidin affinity chromatography / UV absorbance (data not
shown).

4.2.4 HPLC fractionation of biotinylated PAR
Terminally biotinylated PAR was fractionated according to chain length using an anion
exchange HPLC protocol as described. The used semi-preparative column allowed the
separation of up to 10 µmol PAR in contrast to commonly employed analytical columns with
a limit of only 100 nmol PAR (Kiehlbauch et al. 1993).
Eluted polymers were detected by UV-absorbance at 258 nm and collected manually (Fig.
39). The HPLC chromatogram showed almost baseline separation especially during the first
60 min of chromatography with a decrease in resolution after 80 min, owing to technical
restrictions of the column. It was even possible to resolve short PAR chains with regard to
their chemical termini – phosphate or ribose. As pointed out before, phosphate-ended
polymer is eluted a little bit faster compared to ribose-ended polymer, which could be clearly
demonstrated for a 6 mer (labeled peak 1+2). The first eluted peak displayed also faster
migration properties in the native 20 % sequencing gel, suggesting that this peak reflects a
phosphate-ended PAR chain. Peak 2, which eluted with short delay, migrated more slowly as
compared to peak 1 and is very likely to represent a ribose-ended PAR chain.
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Figure 39: HPLC fractionation of PAR and subsequent characterization on modified
sequencing gels. (A) Anion exchange HPLC chromatogram. 5.4 µmol of biotinylated PAR were
injected into the HPLC system and separated according to chain length using a complex salt
gradient in Tris-HCl pH 9.0 buffer. Fractions were collected manually and precipitated with
ethanol. Following centrifugation fractionated polymers were dissolved in Milli-Q H2O. (B) Silver
staining of fractionated PAR. 100 pmol of selected fractions (indicated by a red arrow) were
subjected to 20 % native PAGE and separated polymer chains were visualized by silver staining.
M: marker, 2 nmol of biotinylated PAR.

Selected fractions containing biotinylated polymers were then analyzed on modified
sequencing gels to assess chain length and purity (Fig. 39 B). Silver staining showed the
successful separation of ADP-ribose polymers of defined size classes, ranging from 3 up to
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70 ADP-ribose units (Fig. 39 B, Tab. 10). Due to the high resolution short PAR was obtained
with high purity showing almost one defined band. Longer PAR chains contained 2 or 3
different PAR species as reflected by 2 or 3 bands in the sequencing gel. Very long and
branched PAR chains (peak 20 + 21) were not detectable in the gel following silver staining.
These PAR species may not have entered the gel due to their complexity. Chain length was
assessed by comparison to the migration of bromphenol blue (~ 8mer) and xylene cyanol (~
20mer) as described in the literature (Alvarez-Gonzalez and Jacobson 1987).

Peak

Ø ADP-ribose units

1

6 (P-T)

2

6 (R-T)

3

10

4

15

5

16

6

18

7

21

8

24

9

26

10

28

11

30

12

31

13

35

14

37

15

38

16

42

17

54

18

55

19

63

20

70

21

Not detected

22

Not detected

Table 10: Assessment of poly(ADP-ribose) chain length. P-T: phosphate terminus; R-T: ribose terminus
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Identification and characterization of novel PAR binding proteins

4.3.1

Binding of PAR to human WRN and influence on WRN helicase activity
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Human WRN belonging to the family of RecQ helicases was shown to interact physically and
functionally with hPARP-1. It was reported that poly(ADP-ribosyl)ation of PARP-1 might act
as a regulatory element, which modulates WRN’s catalytic activities. The role of proteinattached or free PAR has been merely characterized with respect to WRN functions. As
many proteins involved in DNA damage checkpoint and repair harbor a PAR binding motif, it
is conceivable that WRN might also bind to PAR in a noncovalent manner. Thus, purified
recombinant WRN was tested for PAR binding in vitro using unfractionated polymer.
Increasing amounts of WRN were subjected to 10 % SDS-PAGE and transferred on a
nitrocellulose membrane. Following incubation with PAR, unspecifically interacting polymer
was removed by high-salt washes and bound PAR was finally detected via monoclonal
antibody 10 H (Fig. 40).

Figure 40: Binding of PAR to WRN and impact on WRN helicase activity. (A) WRN binds noncovalently
to PAR. Proteins were separated by SDS-PAGE and blotted onto a nitrocellulose membrane. After incubation
with 1 nmol of unfractionated PAR, three high-salt washes comprising 1 M NaCl were carried out to disrupt
unspecific binding. Bound PAR was immunodetected. H1: histone H1; BSA: bovine serum albumine; Cyt C:
cytochrome C; Lys: lysozyme; M = marker. (B) Impact of PAR binding on WRN helicase activity.
Recombinant WRN (9 nM) was preincubated with varying concentrations of PAR (0 to 10 µM). After 10 min
helicase reaction was started by addition of the substrate duplex. Following separation by native PAGE
products were detected on nylon membranes via streptavidin-POD. Evaluation was performed using AIDA
software and GraphPad Prism 4. Data are expressed as mean + SD of triplicates.

Surprisingly, WRN bound PAR in a concentration-dependent manner. Using only 5 pmol of
WRN, a moderate PAR signal was detected, whereas the negative controls BSA,
Cytochrome C and Lysozyme did not show any PAR signal. As positive control histone H1
was included which displayed strong PAR binding as expected. Compared to histone H1, the
RecQ helicase WRN is a rather weak PAR binding protein, but the interaction was resistant
to high-salt washes using 1 M NaCl.
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To address the question whether noncovalent binding of PAR to WRN may affect WRN
helicase activity, increasing concentrations of PAR were preincubated with an equal
concentration of WRN (9 nM). Thereafter, helicase reaction was performed as described and
products were quantified using AIDA software (Fig. 40 B). Concentrations up to 1 µM PAR
had no significant influence on WRN unwinding. Starting with 2.5 µM PAR helicase activity of
WRN markedly decreased and at 10 µM WRN helicase activity was inhibited by 50 %
compared to the control. The high amounts of PAR, which were necessary to inhibit the
unwinding reaction catalyzed by WRN, are in agreement with the rather weak polymer
binding observed before.

4.3.2

Characterization of covalent and noncovalent binding of PAR to human DEK

4.3.2.1 Covalent poly(ADP-ribosyl)ation of DEK
Recently, our group identified human DEK as a potential target protein for poly(ADPribosyl)ation. It was observed that DEK is released from chromatin following Fas-ligand
induced apoptosis in cultured Jurkat cells. The protein was heavily affected by posttranslational modifications as indicated by a large smear appearing after SDS-PAGE and
western blotting (Dr. F. Kappes, Ann Arbor; data not shown). To clarify the nature of this
modification, recombinant DEK was used for in vitro poly(ADP-ribosyl)ation. Therefore,
increasing amounts of DEK were incubated with recombinant PARP-1 (100 nM) in poly(ADPribosyl)ation buffer and products were subjected to 8 % SDS-PAGE followed by western
blotting. Interestingly, a big smear was detected starting around 66 kDa and showed a DEKdependent increase in signal intensity (Fig. 41 A). PARP-1 alone produced only a moderate
PAR signal and appeared partly as a defined band at the top of the separating gel,
representing heavily automodified enzyme (lane 1). As positive control recombinant p53 was
applied, resulting in a slight increase in PAR signal and a shifted band below 66 kDa, which
is very likely to represent poly(ADP-ribosyl)ated p53. No PAR signal was observed without
PARP-1, excluding unspecific reactions.
Subsequently, the membrane was probed with polyclonal α-DEK antibody and demonstrated
a concentration-dependent high molecular weight shift of the DEK protein band induced by
covalent poly(ADP-ribosyl)ation (Fig. 41 B). DEK alone showed a slightly diffuse band at ~ 66
kDa, since recombinant DEK is strongly phosphorylated during expression in Baculovirusinfected Sf9 insect cells (Dr. F. Kappes, personal communication).
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Figure 41: Poly(ADP-ribosyl)ation of recombinant human DEK. (A) In vitro poly(ADP-ribosyl)ation
dependent on DEK concentration monitored by using monoclonal PAR antibody 10H. Asterisk: 25 pmol of
recombinant p53 as positive control. (B) Detection of covalent DEK modification with PAR chains using
polyclonal DEK antibody. Asterisk: 25 pmol of p53. (C) Western analysis of PARP-1 during DEK poly(ADPribosyl)ation. Asterisk: 25 pmol of p53. (D) NAD+-dependent DEK poly(ADP-ribosyl)ation. Varying amounts
of NAD+ were incubated in the presence of constant amounts of PARP-1 (100 nM) and DEK (300 nM).
Following reaction products were subjected to 8 % SDS-PAGE followed by Coomassie staining.

Using monoclonal PARP-1 antibody CII-10, two bands were observed on the membrane.
One of them migrated at ~ 116 kDa, reflecting PARP-1 modified with short PAR chains. The
second band was detected at the beginning of the separating gel and represented heavily
automodified PARP-1 (Fig. 41 C).
In addition, the poly(ADP-ribosyl)ation of DEK was monitored as a function of NAD+
concentration (Fig. 41 D). Increasing concentrations of NAD+ were incubated with constant
amounts of PARP-1 and DEK and poly(ADP-ribosyl)ation was allowed to take place. DEK
was covalently modified with PAR chains in a NAD+-dependent manner as expected. Starting
with 100 µM NAD+, the DEK band displayed a smear, which was even more pronounced at
500 and 1000 µM NAD+. In turn, the intensity of the DEK protein band at 66 kDa decreased,
since a significant proportion of the protein was modified with PAR chains resulting in slower
migration. Omitting PARP-1 in the reaction mix prevents DEK modification and showed that
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NAD+ alone was not responsible for the observed DEK modification. PARP-1 auto-poly(ADPribosyl)ation was already detectable at 10 µM NAD+ and resulted in a continuous decrease of
the signal intensity of the PARP-1 band concomitant with a novel protein band at the top of
the gel representing strongly modified PARP-1. NAD+-dependent poly(ADP-ribosyl)ation of
DEK was also analyzed by SDS-PAGE and western blotting confirming the results detected
via the above Coomassie staining (data not shown).

4.3.2.2 Noncovalent binding of PAR to DEK
A plethora of proteins, which are covalently modified by PAR, are also capable of interacting
in a noncovalent fashion with PAR, e.g. histones, p53, topoisomerases and several others.
As a consequence, a PAR binding assay was performed to study a possible PAR-DEK
interaction. Increasing amounts of DEK were subjected to electrophoresis and transferred to
a nitrocellulose membrane. Following incubation with unfractionated PAR, high-salt washing
steps were performed prior to PAR immuno-detection (Fig. 42 A).

Figure 42: Noncovalent binding of PAR to DEK. (A) Increasing concentrations of DEK (1 to 50 pmol)
were separated by 14 % SDS-PAGE and blotted on a nitrocellulose membrane. The membrane was
incubated with 5 nmol of unfractionated PAR and nonspecific binding was disrupted by high-salt washes
including 1 M NaCl. Bound polymer was detected using PAR antibody 10H. BSA: bovine serum
albumine; CytC: cytochrome C; Lys: lysozyme. (B) Ponceau staining of nitrocellulose membrane.

Surprisingly, an already moderate binding of PAR to DEK was observed beginning with 5
pmol DEK. Using 10 pmol DEK a strong PAR signal was detected, revealing DEK as a highaffinity PAR binding protein. A ten-fold excess of BSA or lysozyme did not lead to any PAR
binding, whereas 100 pmol of cytochrome c displayed weak background PAR binding.
Protein loading was confirmed by Ponceau staining (Fig. 42 B).
To further characterize the noncovalent PAR-DEK interaction, His-tagged DEK fragments
overexpressed in insect cells were used (Fig. 43). Fragment 1-187, encompassing the
putative SAF/SAP domain crucial for DNA binding, was shown to efficiently bind free
unfractionated PAR. Fragment 187-310 showed weak affinity for PAR binding, whereas
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fragment 187-375 revealed to be a potent PAR binder. Notably, a DEK mutant lacking the
SAP/SAF domain did not interact with PAR at all, suggesting an important role of this domain
also for PAR binding. The remaining fragments 250-375 and 310-375 displayed weak and
absent PAR binding, respectively. Wild type (wt) recombinant DEK exhibited PAR binding as
expected. To control for proper protein loading, membrane was stripped and probed with
polyclonal DEK antibody (Fig. 43 B). All fragments as well as wt-DEK could be visualized
except for fragment 187-310, which showed only a weak signal maybe due to inefficient
antibody recognition, but was detected by Coomassie staining (data not shown).
Sequence alignment of DEK and known PAR binding proteins such as histone H3 resulted in
the identification of 5 potential PAR binding sites (Dr. M. Malanga, Naples, Italy). Two of
them are located in the putative SAF/SAP domain of DEK, display high sequence homology
to the established PAR binding consensus motif and may account at least partially for the
strong PAR binding of DEK (Fig. 43 D). Strikingly, DEK lacking this domain did not interact

Figure 43: Mapping of PAR binding sites in human DEK. (A) PAR binding analysis using DEK
fragments. 15 pmol of the respective fragment were subjected to 14 % SDS-PAGE and transferred on a
nitrocellulose membrane. Following incubation with 1 nmol PAR non-specific binding was disrupted by
high-salt washes and bound PAR was immuno-detected. M: marker. Lane 1: fragment 1-187; 2: fragment
187-310; 3: fragment 187-375; 4: DEK mutant – SAF; 5: fragment 250-375; 6: fragment 310-375. ; 7 ; wildtype DEK. (B) Detection of DEK fragments with polyclonal DEK antibody. Lanes as indicated in panel A.
(C) Summary of PAR binding experiments using DEK fragments. (D) Sequence alignment of DEK and
previously identified PAR binding proteins. Yellow: conserved hydrophobic amino acids; bold: conserved
basic residues.
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with PAR anymore (Fig. 43 A). Another possible binding site was found in the central part of
DEK in close proximity to the second PAR binding sequence, but showed rather poor
sequence conservation and may explain the PAR signal obtained for fragment 187-375.
Finally, two binding motifs were identified at the C-terminal region of DEK, which are partially
overlapping. These two sites might be responsible for the very weak binding of fragment 250375 to PAR.

4.3.3

Interaction of PAR and binding proteins analyzed by Phenol Partitioning

Phenol partitioning assays were carried out as described previously (Panzeter et al. 1992)
and demonstrated that histone H1 binding to PAR is resistant against phenol partitioning.
This resulted in a H1-dependent depletion of PAR in the aqueous phase as monitored by
modified sequencing gel electrophoresis and subsequent silver staining (Fig. 44). A clear

Figure 44: Phenol partitioning assay. (A) Increasing amounts of purified histone H1 and DEK were
incubated with 2.5 nmol PAR. Protein-bound polymers were separated from unbound polymers by
phenol/chloroform extraction. Following PAR precipitation in the aqueous phase, polymers were subjected
to 15 % native PAGE and visualized by silver staining. (B) 2 nmol of PAR and varying amounts of p53,
XPA as well as control proteins (BSA, CytC and lysozyme) were analyzed by phenol partitioning
(performed by M. Altmeyer, diploma thesis). BPB: bromphenol blue; XC: xylene cyanol.
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preference for long and/or branched polymer was detected, whereas huge amounts of
histone H1 were necessary to bind shorter PAR chains. By contrast, even high amounts of
DEK did not trigger a detectable loss of PAR. The same results were obtained for
recombinant XPA and p53 (Fig. 44 B), which was tested during the diploma thesis of M.
Altmeyer. Although all three proteins (DEK, XPA and p53) were shown to efficiently bind
PAR using the PAR binding assay, none of them caused a visible depletion of PAR after
phenol partitioning.

4.4

Interaction of fractionated poly(ADP-ribose) with binding proteins

4.4.1

Interaction of fractionated PAR with proteins assessed by slot blot analysis

To assess the noncovalent binding of fractionated PAR chains to proteins, a classical
approach was chosen. Equal amounts of each purified protein were immobilized on a
nitrocellulose membrane followed by the incubation with fractionated PAR and bound ADPribose chains were detected using the monoclonal PAR antibody 10H.
First, PAR was separated according to chain length by analytical anion exchange HPLC and
fractions containing individual polymers of a defined chain length were collected manually
due to UV absorption at 258 nm (Fig. 45 A). In order to simplify further binding studies, five
adjacent fractions were pooled, which results in fractions comprising about five distinct PAR
chain lengths, i.e. 5-10, 11-15 and so on. These combined fractions were then analyzed by
modified sequencing gel electrophoresis followed by silver staining (Fig. 45 B) prior to
application for slot blot binding assays.
Histone H1 is a prominent PAR binding protein and has been shown to interact in a noncovalent fashion with PAR. In particular, phenol partitioning assays showed a higher
preference for long and/or branched PAR chains as compared to short polymers. In order to
study this interaction in more detail, binding of fractionated PAR to immobilized H1 was
analyzed as described above. Binding assays clearly demonstrated an effect of chain length
on the noncovalent interaction with immobilized histone H1 (Fig. 46 A). Very short ADPribose molecules ranging from 5-10 units displayed weak affinity for histone H1, whereas
long polymers were tightly bound to the immobilized protein. Modest binding was observed
for short ADP-ribose chains comprising 10 - 15 units.
The human DEK protein, an abundant chromatin-bound protein, has been revealed to
interact noncovalently with PAR and exhibits up to 5 possible PAR binding sites (4.3.2.2.).
To further characterize this interaction with respect to PAR chain length, recombinant DEK
was used in the slot blot binding assay (Fig. 46 B). Binding of short PAR chains containing
up to 34 units was very weak, displaying almost no PAR signal. Longer PAR chains ranging
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Figure 45: Analytical HPLC fractionation of PAR and subsequent characterization of pooled fractions
by sequencing gel analysis. (A) 100 nmol of PAR were separated by anion exchange HPLC using a
complex salt gradient. Peaks 1-65 are indicated. Peaks X and Y are likely to represent long PAR with high
branching frequency. (B) Fractionated PAR was analyzed on modified sequencing gels and silver staining.
100 pmol of each pooled fraction as well as 2 nmol of unfractionated PAR (1-Y) were separated by 15 %
native PAGE followed by silver staining. Fraction numbers refer to the peak sequence obtained during
HPLC. BPB is assumed to have a mobility of an ADP-ribose octamer. BPB: bromphenol blue; XC: xylene
cyanol.

from 34-54 units showed a slightly enhanced binding to DEK as compared to the short
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polymers. PAR comprising 53-60 ADP-ribose units showed an extraordinary high affinity for
DEK, producing the strongest PAR signal. To sum up, DEK was observed to possess a clear
preference for long PAR chains containing more than 50 units.
In addition, the binding of fractionated polymers to the nucleotide excision repair protein
XPA, which contains one PAR binding motif, was investigated (Fig. 46 D). Short chains of up
to 20 ADP-ribose moieties displayed weak affinity for XPA. Interestingly, PAR chains of 2040 units showed higher affinity to the immobilized protein and PAR with more than 40 ADPribose units bound very tightly to XPA.

Figure 46: Interaction of fractionated PAR and binding proteins as monitored by slot blot analysis.
For each binding assay 15 pmol of recombinant protein were vacuum aspirated on a nitrocellulose
membrane and cut into slices, followed by incubation with 500 pmol of the respective PAR fraction. Nonspecific binding was abrogated by high-salt washes and bound polymer was detected using monoclonal PAR
antibody 10H (A) Binding of fractionated PAR to immobilized histone H1. (B) Binding of fractionated PAR to
immobilized DEK. (C) Densitometric evaluation of slot blots. Signal intensity is indicated in arbitrary units. The
bars represent mean + SEM of triplicates. (D) Binding of fractionated PAR to immobilized XPA. (E) Binding
of fractionated PAR to immobilized p53. (F) Densitometric evaluation of slot blots as described in C.
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The human tumor suppressor protein p53 was previously shown to bind in a noncovalent
manner to PAR and harbors three potential PAR binding sites (Pleschke et al. 2000). Since
the binding of PAR to p53 influences its DNA-binding activity, it is very interesting whether
there exists specificity for a certain polymer size class. (Fig. 46 E) Surprisingly, ADP-ribose
chains ranging from 5 up to 39 units bound rather poorly to p53 and showed weaker affinity
as compared to XPA. Longer PAR chains displayed a high affinity for p53, which is similar to
those of XPA.
Taken together, these experiments indicated a pivotal role of PAR chain length for regulating
PAR-protein interactions and clearly demonstrated the differential binding properties of each
tested protein (Tab. 11).

PAR units

Histone H1

DEK

XPA

p53

1–y

++

++++

++++

++++

5 – 10

-

-

(+)

(+)

10 – 15

+

-

+

+

15 – 19

++

(+)

+

+

20 – 24

++

(+)

++

+

24 – 29

++

(+)

++

+

29 – 34

++

(+)

++

+

34 – 39

+++

+

+++

+

38 – 44

+++

+

+++

++

43 – 49

+++

++

+++

+++

48 – 54

+++

++

++++

++++

53 – 60

+++

+++++

++++

++++

57 – 66

++

+++

++++

++++

66 – x

+++

+++++

++++

++++

Table 11: Summary of PAR-binding studies performed by slot blot analysis. Binding affinity for sizefractionated PAR ranged from zero (-) up to extraordinary high (+++++).

4.4.2

Interaction of fractionated PAR with binding proteins monitored by EMSA

To further analyze the noncovalent interaction of PAR and binding proteins as a function of
chain length, a PAR electrophoretic mobility shift assay (EMSA) was established using endbiotinylated fractionated PAR. Biotin-coupled PAR was affinity-purified using monomeric
avidin chromatography, which has a strong affinity for biotin-labeled samples. In contrast to
streptavidin, this resin offers the advantage to gently elute the bound biotinylated polymers,
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whereas very harsh denaturing conditions are necessary to release biotin from its
streptavidin complex. The KD value of the formed monomeric avidin-biotin complex is 10-7,
which allows the elution of bound biotinylated samples using a solution of 5 mM biotin.
Furthermore, this system can be regenerated easily and reused up to 10 times.
HPLC-separated, terminally biotinylated PAR 16mer was applied to the monomeric avidin
column and flow through was collected. After a washing step, bound polymer was specifically
eluted using 5 mM biotin and the column was regenerated. Purification process was
monitored by native 20% PAGE followed by semi-dry blotting. Detection of biotinylated
polymers was performed as described using streptavidin-POD (Fig. 47 A).

Figure 47: Avidin affinity purification of end-biotinylated fractionated PAR. (A) Avidin chromatography
of end-biotinylated 16mer PAR. 1 % of each fraction obtained during the purification process were
subjected to 20 % native PAGE and transferred to a nylon membrane. Biotinylated PAR was detected using
streptavidin-POD. Elution fraction 2 indicated by a blue arrow was used for further experiments. Lane 1:
flowthrough; 2: wash; 3-12: elution; 13: unfractionated PAR. (B) Avidin chromatography of end-biotinylated
55mer PAR. 1 % of each fraction collected during the purification were separated by 20 % native PAGE and
processed as mentioned above. Elution fractions 5-9 (lane 8-12 indicated in blue) were pooled and used for
further studies. Lane 1: unfractionated PAR; 2: flowthrough; 3: wash; 4-13: elution. (C) Concentration
determination of biotinylated 55mer PAR. Increasing amounts of 49mer oligonucleotide (10-200 fmol) as
well as biotinylated affinity-purified 55mer PAR (1/400 of pooled fractions) were subjected to 20 % native
PAGE followed by semi-dry blotting. Detection was carried out using streptavidin-POD. (D) Evaluation was
performed with AIDA software using linear regression analysis and provided a standard curve of the
biotinylated 49mer oligonucleotide.

The vast majority of the biotinylated 16mer was eluted in fraction 2 (lane 4, panel A) and the
remaining biotinylated short polymer was recovered in the two following elution steps (lane

Results

117

5+6, panel A). Interestingly, an additional weak band was observable in the later elution
fractions (lane 6-8, panel A) which showed a migration comparable to a 32mer PAR and will
be discussed later (5.4.2). The concentration of the collected affinity-purified 16mer PAR was
determined using a commercially available 49mer oligonucleotide (WRN Exo 34ForkA) as
reference (see below).
Moreover, a long biotin-coupled PAR chain (55mer) was purified by avidin affinity
chromatography as mentioned above (Fig. 47 B). Elution of this 55mer PAR started with
fraction 2 (lane 5, panel B) and continued up to fraction 10 (lane 13, B), whereas the bulk of
biotinylated PAR was recovered in fractions 3-6 (lane 6-9, B). Elution fractions 2 and 3 also
contained some shorter biotinylated PAR chains migrating a bit faster (lane 4+5, B). These
bands could represent degradation products of long biotinylated PAR chains or may result
from HPLC separation. Concentration of affinity-purified biotin-coupled 55mer PAR was
assessed using a biotinylated 49mer oligonucleotide as reference, which is shown in Fig. 47
C+D. Known amounts of this oligonucleotide were used to establish a standard curve, which
allowed to calculate the concentration of the biotinylated 55mer PAR (Fig. 47 D).
Concentration of biotinylated 55mer PAR was determined to be 612.5 fmol/µl in a total
volume of 100 µl.
To monitor the noncovalent interaction of fractionated PAR with binding proteins by PAR
EMSA, increasing concentrations of the protein of interest were incubated with fixed amounts
of affinity-purified, end-biotinylated PAR and samples were subjected to native PAGE. Free
as well as bound PAR polymer was detected via the terminal biotin-label using streptavidinPOD. No specific interaction of XPA with short ADP-ribose chains (16mer) was observed
within a concentration range of 0-1.6 µM XPA (Fig. 48 A). At high XPA concentrations
apparently some binding of PAR did occur, however without formation of a defined complex.
Using long PAR chains (55mer) XPA produced a complex in a concentration-dependent
manner (Fig. 48 B). A concentration of 0.8 µM XPA was sufficient for complete binding of the

Figure 48: Interaction of fractionated PAR and XPA in solution as assessed by EMSA. Biotinylated PAR
of defined chain length was incubated with increasing concentrations of XPA (0 to 1.6 µM) and subjected to
native PAGE followed by semidry blotting. Bound and free ADP-ribose chains were detected using
streptavidin-POD. Free and complexed PAR is indicated by an arrow (A) Binding of XPA to a short PAR
16mer. (B) Binding of XPA to long PAR chains (55mer). (C) Quantitative evaluation of XPA gel shifts. Shift (%)
was calculated as follows: signal intensity complexed PAR/(complexed + free PAR). Data are expressed as
mean + SEM of triplicates from two independent experiments.
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available free polymer. Densitometric evaluation of the blots is depicted in Fig. 48 C,
displaying the significant difference in PAR binding.
In addition, the binding of recombinant p53 to size-fractionated biotinylated PAR was
analyzed using the PAR EMSA. In contrast to XPA, p53 mediated specific complex formation
with short PAR chains beginning with 0.1 µM of p53 (Fig. 49 A). PAR was almost completely
bound at 0.8 µM p53, as was detected by the formation of one discrete complex appearing at
the top of the gel. The same set of experiments was repeated using long ADP-ribose
molecules with an average chain length of 55 units (Fig. 49 B). Binding was detected already
at or above 0.1 µM p53 and was nearly complete at 0.2 µM, demonstrating the higher affinity
of p53 for long chains. Notably, p53 was observed to be able to form three distinct specific
complexes with long PAR chains at higher concentrations. At a concentration of 0.4 µM p53,
an additional second band was detected, migrating a bit slower. Using 0.8 µM p53 another
band appeared almost at the top of the gel. When 1.2 µM p53 were incubated with the
biotinylated PAR 55mer, only this third complex was observed, whereas the two faster
migrating complexes were not visible anymore. Blots were quantified and summarized,
clearly indicating the different affinities of p53 dependent on PAR chain length (Fig. 49 C).

Figure 49: Interaction of fractionated PAR and p53 in solution as assessed by EMSA. Biotinylated PAR
of defined chain length was incubated with increasing concentrations of p53 (0 to 1.2 µM) and subjected to
native PAGE followed by semidry blotting. Bound and free ADP-ribose chains were detected using
streptavidin-POD. Free and complexed PAR is indicated by an arrow (A) Binding of p53 to a short PAR
16mer. (B) Binding of p53 to long PAR chains (55mer). (C) Quantitative evaluation of p53 gel shifts. Shift (%)
was calculated as follows: signal intensity complexed PAR/(complexed + free PAR). Data are expressed as
mean + SEM of triplicates from two independent experiments.

The binding of recombinant DEK to terminally biotin-labeled size fractionated PAR was also
characterized by means of PAR EMSA (Fig. 50). Therefore, a short PAR chain (18mer) was
incubated in the presence of different amounts of recombinant DEK varying from 0 to 1 µM.
As observed for XPA, the human DEK protein did not mediate the formation of a specific
complex. Using higher DEK concentrations led to a reduction of the signal intensity of free
PAR, most probably caused by unspecific binding to DEK. This is confirmed by prolonged
exposure time of the semidry blot, which revealed an unspecific smear at higher DEK
concentrations (data not shown). In similar experiments, increasing amounts of DEK ranging
from 0 – 0.2 µM protein were incubated with long PAR chains (54mer) and complex
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formation was monitored using EMSA (Fig. 50 B). Interestingly, as little as 70 nM DEK was
sufficient to bind 50 % of the free PAR resulting in a defined complex. At 100 nM the
biotinylated PAR chains were almost totally shifted and appeared as a specific band at the
upper part of the gel. A concentration of 200 nM DEK also promoted the formation of a
defined complex, which displayed a slightly reduced electrophoretic mobility as compared to
100 nM DEK, probably as a consequence of stoichiometric changes. The blots were
evaluated quantitatively and displayed the strict dependency of PAR complex formation on
DEK concentration (Fig. 50 C).

Figure 50: Interaction of fractionated PAR and DEK in solution as assessed by EMSA. Biotin-labeled
PAR of defined size was incubated with increasing concentrations of DEK (0 to 1 µM or 0.2 µM) and subjected
to native PAGE followed by semidry blotting. Bound and free polymer was detected using streptavidin-POD.
Free and complexed PAR is indicated by an arrow (A) Binding of DEK to a short PAR 18mer. (B) Binding of
DEK to long PAR chains (54mer). (C) Quantitative evaluation of DEK gel shifts. Shift (%) was calculated as
follows: signal intensity complexed PAR/(complexed + free PAR). Data are expressed as mean + SEM of
triplicates from two independent experiments.

Since all EMSA experiments were performed in equilibrium, the obtained EMSA data allowed
the calculation of KD-values, representing the affinities of the respective proteins to the sizefractionated PAR chains. The determined KD-values were all in the nM range, demonstrating
the high affinity of this noncovalent interaction (Tab. 12). Strikingly, there exists a binding
specificity with regard to chain length, as XPA or DEK were not capable of forming a specific
complex with short ADP-ribose molecules in solution. In addition, all tested proteins showed
differential binding affinities to isolated PAR.

Method

Protein

16/18 mer PAR

55/54 mer PAR

KD [M]

KD [M]

EMSA

XPA

No binding

3.2x10-7 ±7.7x10-9

EMSA

p53

2.5x10-7 ± 3.8x10-8

1.3x10-7 ± 4.2x10-9

EMSA

DEK

No binding

6.1x10-8 ± 5.2x10-9

Table 12: KD-values of noncovalent PAR-protein interactions as assessed by PAR EMSA. The data
obtained by EMSA were analyzed with GraphPad Prism 4 software, and KD values were calculated by using a
sigmoidal dose-response curve with variable slope. Curves were fitted using non-linear regression.
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Interaction of fractionated PAR with binding proteins analyzed by real-time SPR

To obtain more quantitative information including kinetic data, surface plasmon resonance
(SPR) real-time binding studies were performed. SPR systems are optical biosensors that
allow the quantitative analysis of biomolecular interactions without labeling of the interaction
partners. In the experimental setup, a ligand e.g. DNA is immobilized on a so-called sensor
surface and the analyte molecule e.g. a DNA-binding protein is allowed to pass over this
surface. Binding of the analyte to the immobilized ligand on the surface causes changes in
the refractory index and is measured via an optical detection unit producing a sensorgram.
All SPR studies were performed in co-operation with the group of Prof. Dr. Andreas Marx,
University of Konstanz. Experiments shown below were carried out and evaluated by Ramon
Kranaster, member of the laboratory of Prof. Dr. Andreas Marx.
Two different biotin-coupled PAR chains (14mer and 63mer) were immobilized on
streptavidin-coated sensor chips. Successful immobilization was checked by using
monoclonal PAR antibody 10H. Specificity of the sensor surface was tested using BSA,
which did not interact with the immobilized PAR at all (data not shown). Regeneration
conditions were established successfully except for p53, which was therefore analyzed using
kinetic titrations (Karlsson et al. 2006).
Antibody 10H showed very high affinity and fast association to both short and long PAR
chains. Curves were fitted with a bivalent binding model (Fig. 51, A and B). The binding
equilibrium of the first binding event was calculated to be 2.8 nM for the short and 0.35 nM
for the long PAR chain (Tab. 13).
Using up to 500 nM XPA, no significant binding was observed with the short PAR oligomer,
whereas XPA displayed high affinity for long PAR chains (63-mer) with a KD-value of 6.5 nM
(Tab. 13), thus confirming the results obtained by EMSA (4.4.2). Best fits of the resulting data
were obtained using a conformational change binding model based on the assumption that
first a weakly bound binding-state between the PAR chain and XPA is formed and a second
tighter binding state is reached after a conformational change (Karlsson and Falt 1997).
By contrast, p53 displayed strong binding to both short and long PAR chains. Especially for
long PAR chains binding behavior is difficult to describe, as p53 forms up to three PARprotein complexes as shown in EMSA experiments (4.4.2). Using short PAR chains (14mer),
satisfactory fitting of the data was achieved with the Langmuir (1:1) -binding model (Karlsson
et al. 2006) (Fig. 51 E+F) providing a KD-value of 3.4 nM (Tab. 13). These data are in line
with the EMSA experiments, showing that p53 produces a single complex with short polymer
(4.4.2).
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Figure 51: SPR real-time binding studies with PAR 14-mer and 63-mer. Experimental data are depicted in
black and fitted curves in red. (A) Sensorgram of binding of antibody 10H (various concentrations from 0.01 to
10nM) to PAR 14mer using bivalent binding model for data evaluation. (B) Sensorgram for antibody 10H
(various concentrations from 0.01 to 10nM) binding to PAR 63-mer and bivalent binding model for data
evaluation. (C) Sensorgram for XPA (50 and 100 nM) injected over immobilized PAR 14-mer. Even at 500 nM
XPA no binding was observed. (D) Sensorgram for XPA binding to PAR 63mer, with data fitted using a
conformational change binding model. (E) Kinetic titration sensorgram for p53 binding to PAR 14-mer using a
1:1 binding model for data fitting. (F) Kinetic titration sensorgram for p53 binding to PAR 63-mer. Due to
complex binding behavior (up to 3 different complexes) no satisfactory data fit was possible. The presented
data was obtained and evaluated by R. Kranaster (AG Marx, Dept. of Chemistry, University of Konstanz)

Furthermore, it was possible to estimate the stoichiometry of the PAR-protein complexes,
using the observed maximum binding capacity Rmax of the respective protein, the molecular
weight ratio of the different analytes and ligands, and the immobilized amount of PAR (Tab.
14) (Linnell et al. 2004).
Disregarding the possibility of multimerization of the analyzed proteins, antibody 10H
displayed the highest binding stoichiometry with up to 21 molecules per 63mer, implicating
that 1 antibody molecule requires only 3-4 ADP-ribose units for efficient binding. p53 required
4-6 ADP-Ribose units for efficient binding to long PAR chains. XPA showed a stoichiometry
of 4 protein molecules per 63-mer chain and therefore requires ~16 ADP-ribose units for
binding. It should be mentioned that these values are only estimates due to the low amount
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of immobilized PAR and neglected protein oligomerization before or after binding to the
surface, which is already known to occur in the case of p53 (Hainaut et al. 1994).
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Table 13: Kinetic data obtained from SPR studies. n.b. = no binding; no significant binding observed with up to
500 nM analyte concentration. n.m. = no model; no suitable kinetic binding model was found for describing such
complex binding behavior. * Original data fitted with bivalent binding model. # Original data fitted conformational
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5.1

Expression, purification and characterization of recombinant proteins

5.1.1

Expression, purification and characterization of human PARP-1
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A genetically engineered baculovirus encoding for human PARP-1 was obtained from Dr.
Sascha Beneke, University of Konstanz, Germany. The virus supernatant was assessed to
have a titer of 1 x 108 pfu/ml and was subsequently amplified in Sf9 insect cells prior to
protein overexpression studies. Following amplification, virus titer was measured using
immunofluorescence (Fig. 18) and calculated according to the Poisson distribution. About 50
ml of amplified supernatant was collected displaying a titer of 2 x 108 cfu/ml, which is high
enough for heterologous overexpression (BD Biosciences, Handbook). Time-dependent
PARP-1 overexpression was monitored by immunofluorescence (Fig. 19) and SDS-PAGE
followed by western blot analysis or Coomassie staining (Fig. 20). For all experiments a MOI
of 3 was used as described previously (Beneke et al. 2000). Immunofluorescence analysis
revealed that PARP-1 overexpression was very strong 48 hours p.i. and was almost
exclusively localized in the nucleus. As expected, cells showed typical morphological
changes such as nucleic enlargement (Fig. 19). High levels of recombinant PARP-1 were
also observed 48 hours p.i. by Coomassie staining of cell lysates from infected Sf9 cells.
Using western blot analysis PARP-1 was even detected 33 hours p.i., albeit with weaker
signal intensity. PARP-1 content showed a slight increase between 48 and 72 hours p.i. with
a concomitant rise in putative PARP-1 degradation products (Fig. 20 B). These fragments
may have been generated due to incomplete transcription, proteolytic degradation or by Sf9
cells undergoing apoptosis, which leads to the cleavage of PARP-1. To gain maximum
protein yield with neglectable degradation products, an infection period of 48 hours was
chosen before cells were harvested and lysed.
Protein purification was performed essentially as described (Beneke et al. 2000) except that
the oligo-dT/poly-A cellulose step was replaced by ds DNA cellulose affinity chromatography.
The purification process was analyzed by SDS-PAGE and western blot showing that
recombinant full length PARP-1 was efficiently purified and recovered (Fig. 21). Moreover,
several PARP-1 fragments were observed particularly during the first precipitation steps, but
were removed to a large extent up to the DNA cellulose step. It is likely that these truncated
fragments were already present in the harvested cell pellets (see above) and may not result
from proteolytic degradation during the isolation process since the PARP fragments were
reduced from step to step. In addition, the isolation procedure was carried out strictly at 4°C
with the help of protease inhibitors to prevent proteolytic digestion.
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Isolated recombinant protein was checked for purity by Coomassie staining and showed
about 90 % homogeneity (Fig. 22 A+B). Hardly any contaminants could be visualized except
for an additional weak protein band around 34 kDa, especially in batches 4 and 6, whose
origin is unclear. Using western analysis, no PARP-1 fragments were observed in all six
batches (Fig. 22 C+D). With regard to PARP-1 purification small molecular weight
contaminants such as detected in batch 4 and 6 could be removed by an additional final gel
filtration step which however dilutes the protein sample at least by a factor of ten. Another
method to increase purity would be the isolation of PARP-1 using a 3-aminobenzamide (3AB) affinity column (Burtscher et al. 1986). As 3-AB is a strong binder to PARP-1, this may
inhibit enzyme activity despite dialysis and is therefore not suited for large scale synthesis of
polymers. An alternative strategy to obtain a very high degree of purity (≥ 99 %) represents
the expression of the protein fused to an affinity tag (e.g. His-, Strep-, FLAG-, Myc-tag). This
would allow the specific isolation of tagged proteins due to high affinity binding resins such
as Ni-NTA. Protein structure and biological activity are almost not affected by small affinity
tags, whereas larger affinity tags such as glutathione-S-transferase (GST) may have an
impact of protein folding and properties. However, an average purity of 90 % was considered
high enough to use the recombinant enzyme for in vitro synthesis of PAR.
Using 1 x 108 Sf9 insect cells a protein yield of 2 mg was obtained. It was reported previously
that isolation of overexpressed human PARP-1 from insect cells provided recombinant
protein ranging from 1 up to 4 mg per 1 x 108 cells (Giner et al. 1992, Knight and Chambers
2001, Miranda et al. 1995). Thus, the isolated amount of 2 mg PARP-1 is in line with former
studies and perfectly fitted with PARP-1 quantity, which could be estimated from the PARP-1
time course (Fig. 19). Therefore, 5 x 104 cells were used, i.e. 1 µg of recombinant enzyme
should be detected on the gel by Coomassie staining, which is plausible.
Activity of purified PARP-1 was measured using a non-radioactive immuno-dot blot modified
from Pfeiffer et al. (Pfeiffer et al. 1999). After several optimization steps a robust and
reproducible PARP activity assay was established. PAR formation was catalyzed by PARP-1
in a concentration-dependent manner (Fig. 23). As little as 2.2 nM PARP-1 (= 25 ng) was
sufficient to produce moderate PAR levels which were detected using monoclonal antibody
PARP-1. In contrast to previous methods using
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P-labeled NAD+ (Beneke et al. 2000,

Kawaichi et al. 1981, Zahradka and Ebisuzaki 1982), no radioactive labeling of PAR was
necessary, reducing costs and simplifying experimental setup. Moreover, excessive washing
steps to remove unreacted

32

P-NAD+ were eliminated and the developed PARP activity

assay can be performed in one day including data evaluation.
All batches containing PARP-1 were screened for activity and efficiently catalyzed the
formation of PAR to a similar extent.
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Expression, purification and characterization of human p53

In 1996, Patterson et al. reported that post-translational modifications of p53 are similar in
human and insect cells as shown by two-dimensional electrophoresis (Patterson et al. 1996).
This ensures that recombinant p53 used for in vitro studies is properly folded and adopts the
right structural conformation.
A recombinant p53 baculovirus supernatant was kindly provided by Prof. Dr. Martin
Scheffner, University of Konstanz, and amplified in Sf9 insect cells, resulting in a virus titer of
1.6 x 109 pfu/ml (M. Altmeyer, diploma thesis). Heterologous overexpression was performed
in High Five insect cells, which were described to gain higher protein expression levels (Prof.
Dr. Martin Scheffner, University of Konstanz). In addition, previous studies carried out with
Sf9 insect cells did not provide the desired p53 homogeneity (M. Altmeyer, diploma thesis).
Human p53 was isolated from High Five insect cells using Q Sepharose anion exchange
chromatography followed by DNA cellulose affinity chromatography (Fig. 24). p53 was
efficiently retained by the Q Sepharose column and protein loss was not observed even after
desalting. The subsequent DNA cellulose chromatography allowed further purification, since
p53 bound tightly to the resin, whereas several other proteins were visualized in the flow
through and washing steps (Fig. 24 B).
Isolated p53 was analyzed for homogeneity and showed about 85 % purity as assessed by
Coomassie staining and densitometric evaluation (Fig. 24 C). To increase the purity, a Histagged version of p53 could be expressed allowing for the specific immobilization by Ni-NTA
resin as an additional purification step. However this would be very time-consuming, since
p53 cDNA had to be cloned in another expression vector comprising a His-tag followed by
co-transfection in insect cells etc. Similarly, affinity purification of p53 using a matrix
covalently coupled with an α-p53 antibody may have resulted in a higher degree of
homogeneity (Chalkley et al. 1994). However, this approach is expensive, requiring large
amounts of polyclonal p53 antibody as well as synthetic peptides to elute the bound protein.
Due to high costs both alternative purification strategies were not pursued. Furthermore, a
purity of 85 % was supposed to be sufficient for subsequent biochemical studies.
1 x 108 High Five cells provided 600 µg of pure protein, which is in accordance with older
publications describing the isolation of 300 - 600 µg p53 from insect cells (Chalkley et al.
1994).

5.1.3

Expression, purification and characterization of human WRN

A recombinant baculovirus encoding for His-tagged human WRN was obtained from
Professor Dr. Vilhelm Bohr, NIH, Baltimore. After amplification of the provided supernatant,
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time-dependent expression of WRN in Sf9 cells was analyzed by SDS-PAGE followed by
Coomassie staining and western blot, respectively (Fig. 25). Immunoblot detection with
polyclonal WRN antibody revealed a slight protein band after 24 hours which reached a
maximum after 72 hours (Fig. 25 B). By contrast, WRN was almost not visible 72 hours p.i.
on the Coomassie stained SDS gel, suggesting poor overexpression as compared to human
PARP-1. In addition, WRN overexpression was monitored by immunofluorescence and
showed maximum WRN levels 72 hours p.i., which is in line with the western blot analysis
(Fig. 26). WRN signals were restricted to the nucleus, only weak signals could be detected in
the surrounding cytosol.
His-tagged WRN was isolated by chromatographic means from Sf9 cells using Ni-NTA
affinity and ssDNA cellulose chromatography. The Ni-NTA step removed largely all cellular
proteins and allowed for the specific binding of recombinant His-tagged WRN (Fig. 27 A). No
additional protein bands were visible in the Ni-NTA elution containing His-WRN. However, a
second chromatographic step was carried out exploiting the DNA binding properties of WRN.
It was described previously that WRN preferentially binds to ssDNA, which was used for a
ssDNA cellulose chromatography (Orren et al. 1999). The collected fractions were stained by
Coomassie, showing complete binding of WRN to the column. To visualize contaminants or
WRN degradation products, silver staining was performed demonstrating that WRN was
isolated to a high degree of homogeneity, but also displayed minor protein contaminants or
putative WRN fragments.
To assess WRN purity, the isolated protein was subjected to electrophoresis and the gel was
stained with Coomassie and silver, respectively (Fig. 30 A+B). Densitometric evaluation
displayed a purity of 84 % with some additional weak protein bands. Western blot analysis
revealed almost no WRN degradation products (Fig. 30 C). Using this two step protocol, a
higher homogeneity was achieved as compared to isolation of WRN by combined Q
sepharose, DEAE Sepharose and Ni-NTA chromatography, which was reported to yield
about 75 % purity (Orren et al. 1999).
To monitor WRN exonuclease activity, the above mentioned combination of DEAESepharose, Q Sepharose and Ni-NTA was used, since a single Ni-NTA step was shown to
be insufficient to study the exonuclease function of WRN (Orren et al. 1999). WRN was
enriched by Q Sepharose chromatography, albeit to a low extent and almost completely
retained by the Ni-NTA step, which removed the vast majority of remaining proteins (Fig. 28).
The same fractions were also analyzed by western blotting and revealed significant loss of
WRN during DEAE chromatography. This may be attributable to a low affinity of WRN for
weak anion exchange matrices, whereas the protein was tightly bound by Q Sepharose, a
strong anion exchange resin. Possibly more protein would have been recovered using a
higher bed volume (e.g. 2 ml), which increases the overall protein binding capacity.
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Alternatively, the Ni-NTA step was carried out first followed by DEAE Sepharose and QSepharose chromatography (data not shown). This led to slightly higher purity, however
protein yield was not increased, indicating that protein loss was due to low WRN binding
affinity during DEAE chromatography and was not caused by overloading the column.
The two step protocol (Ni-NTA/DNA cellulose) resulted in as considerably higher protein yield
of 200 µg His-WRN per 1 x 108 Sf9 cells, whereas the combined method provided only 50 µg
of recombinant WRN with about 70-75 % homogeneity. Notably, no difference was observed
with regard to WRN exonuclease activity by comparing these two batches. Additional
chromatographic steps such as SP Sepharose (Orren et al. 1999) or P-11 cellulose
phosphate (Shen et al. 1998) might have enhanced homogeneity, but were not performed to
avoid further protein loss. The obtained purity was high enough to perform functional WRN
assays as well as PAR binding assays.
To check for functional integrity, WRN activity assays were established based on biotinlabeled oligonucleotides. Helicase activity of purified WRN was analyzed using 20 nM of a
forked 37mer duplex as substrate. WRN was shown to catalyze the unwinding of the
substrate duplex in a concentration-dependent manner (Fig. 31). Using 9 nM WRN, the
unwinding reaction reached a maximum of 53 %. Concentrations higher than 12 nM WRN
did not increase the unwinding, but displayed rather unspecific digestion of the generated ss
oligonucleotide.
WRN exonuclease activity was assessed by applying 20 nM of a forked 49mer duplex, which
carried one biotin moiety at the 5’-end. WRN catalyzed the exonucleolytic digestion of this
substrate to shorter oligonucleotides in a concentration-dependent reaction (Fig. 32). At 60
nM WRN the majority of the duplex was digested (60 %). Interestingly, 12 nM WRN were
sufficient to catalyze the degradation, albeit to a low extent. This may account for the
observed unspecific digestion of the ss oligonucleotide or the respective duplex at high WRN
concentrations during helicase assays (see above). In addition, both reactions are carried out
in the same reaction buffer, which suggests that depending on the substrate and WRN
concentration both activities could interfere with each other.
Up to now, functional WRN assays have always been performed using radioactive-labeled
substrate oligonucleotides with the benefit of high sensitivity. In the present work, novel nonradioactive assays were developed, which allowed the characterization of WRN activities in a
very short period of time (1 day). Moreover, the established protocols are almost as sensitive
as previous radioactive techniques, which used between 0.5 and 10 nM WRN as well as 0.5
up to 10 nM of DNA substrate to monitor helicase activity and/or exonuclease activity (Shen
et al. 1998, von Kobbe et al. 2004).
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Expression, purification and characterization of human XPA

A recombinant baculovirus encoding for His-tagged human XPA was generated during the
diploma thesis of Matthias Altmeyer. The virus supernatant was used for heterologous
overexpression of XPA in High Five insect cells.
It was previously reported that XPA overexpressed in a prokaryotic system exhibited low
specific activity, possibly related to a lack of post-translational modifications (Jones and
Wood 1993). Overexpression of XPA using the baculovirus expression system however was
shown to result in highly active protein, which has been used for several biochemical studies
(Hermanson and Turchi 2000, Liu et al. 2005, Yang et al. 2002).
Recombinant protein was purified by a combination of Ni-NTA and dsDNA cellulose affinity
chromatography resulting in highly pure XPA (Fig. 33). Recombinant protein showed over 90
% homogeneity as judged by Coomassie staining and subsequent densitometric evaluation.
With respect to the achieved purity, further chromatographic steps such as heparinSepharose (Hermanson and Turchi 2000) or hydroxyapatite (Jones and Wood 1993) were
not considered to be necessary. The observed two bands around 40 kDa correspond with
the signature doublet of XPA (Hermanson and Turchi 2000, Jones and Wood 1993).
The overall protein yield of 175 µg XPA from 5 x 107 High Five insect cells is in agreement
with another publication describing the isolation 125 µg from 5 x 107 Sf21 insect cells
(Hermanson and Turchi 2000).

5.2

Purification, biotinylation and HPLC fractionation of PAR

5.2.1

Synthesis and purification of poly(ADP-ribose) by DNA extraction

Polymer biosynthesized in vitro using recombinant hPARP-1 was deconjugated from
acceptor proteins under alkaline conditions and purified by DNA extraction. DHBB
chromatography has typically been applied to purify PAR from cell extracts, but DNA
extraction was demonstrated to provide a useful tool for fast and convenient purification of
PAR synthesized under defined conditions with crude calf thymus PARP (Malanga et al.
1995, Panzeter et al. 1992).
Purity of isolated PAR was confirmed by UV absorbance, revealing a strong peak around
260 nm (Fig. 34 A). Protein contaminants were not detected as judged by low absorbance at
280 nm, illustrating the specific recovery of polymers during isolation. 100 – 200 nmol of
purified PAR was obtained from a 1 ml reaction containing 150 nM PARP-1. Using a vmax of
221 pmol/min x µg (Beneke et al. 2000), a theoretical yield of about 60 nmol could be
calculated with regard to the used amounts. As nearly the double amount was finally
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obtained, it can be concluded that the recombinant enzyme was highly active and isolation
was very efficient.
The detachment of PAR from acceptor proteins prior to DNA extraction was characterized by
sequencing gel analysis and HPLC (Fig. 34 B-D). As described previously, two
electrophoretic bands (doublet) of one PAR polymer were detected after silver staining as
well as two very close peaks during HPLC fractionation, corresponding with one PAR
polymer

(Kiehlbauch

et

al.

1993,

Panzeter

and

Althaus

1990).

This

observed

microheterogeneity is related to the strong alkaline conditions, which catalyze the release of
protein from polymer with a terminal free ribose moiety. As this protein proximal ribose unit
contains a free anomeric hydroxyl group, it can be eliminated with increasing time in KOH
resulting in the generation of polymers with a phosphate end, which exhibit slightly different
electrophoretic mobility and HPLC separation properties. The performed experiments clearly
showed the time-dependent loss of the terminal ribose moiety as assessed by silver staining
of modified sequencing gels and HPLC analysis (Fig. 34 B-D). Therefore, the detachment
time was restricted to 10 min to obtain about 50 % of polymers with an intact ribose, being
available for further biotinylation steps.

5.2.2

Purification of PAR by DHBB chromatography

DHBB chromatography is a well established technique to isolate PAR (Aboul-Ela et al. 1988,
Jacobson et al. 1984, Malanga et al. 1995). DHBB resin was synthesized according to
Wielckens and colleagues (Wielckens et al. 1984) and binding capacity was analyzed using
NAD+ (Fig. 35). 80 % of the applied NAD+ was recovered after DHBB chromatography as
determined by the NAD+ cycling assay. However, the remaining 20 % NAD+ could not be
detected neither in the flow through nor in the washing step. Both fractions contain high salt
concentrations, which may have interfered with the cycling reaction to analyze NAD+ content.
On the other hand, it is also possible that NAD+ was still partially bound to the affinity column,
which would explain the diminished recovery. As PAR comprises several ribose units with
cis-diol groups, an even more efficient retention by the synthesized DHBB matrix was
expected.
In vitro synthesized PAR was purified by DHBB affinity chromatography based on a modified
protocol from Aboul-Ela and co-workers. PAR purification was monitored by a newly
established immuno-dot blot technique and showed the successful isolation of polymers with
neglectable loss (5 %) during binding and washing (Fig. 36). As one objective of the PhD
thesis represented the large scale preparation of pure PAR, the binding capacity of the
synthesized DHBB material was assessed and potential regeneration of the used DHBB
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resin was tested (Fig. 37). Indeed, the affinity material was shown to be re-usable and
efficient binding and recovery of up to 50 nmol PAR was observed.
Compared with the DNA extraction method (last section), the DHBB protocol is more timeconsuming and cost-intensive. Besides, polymers are recovered in a rather large volume of
Milli-Q H2O, which requires an additional concentration step using a Speed-Vac prior to PAR
biotinylation. During the course of the work it became apparent that large quantities of PAR
up to several µmol had to be purified. Therefore, the DNA extraction method was preferred,
allowing the fast and convenient isolation of huge PAR amounts with high purity (5.2.1)

5.2.3

Biotinylation of poly(ADP-ribose)

In the present work a novel strategy was exploited to specifically end-label PAR chains using
a carbonyl-reactive biotin analogue (biocytin hydrazide). Successful terminal biotinylation of
PAR was confirmed by a new neutravidin-ELISA, which allows for the specific immobilization
of biotinylated PAR chains and subsequent immuno-detection using monoclonal PAR
antibody 10H (Fig. 38). As little as 17 pmol of an end-labeled PAR sample could be easily
detected by this method. Moreover, specificity of the established platform was challenged by
applying a high quantity of unlabeled PAR (775 pmol), which showed no PAR signal at all. In
addition, this novel assay is very fast (6 hours), does not require any electrophoretic
separation or blotting procedures and needs only miniscule amounts of antibodies etc. These
advantages render the established neutravidin-ELISA a versatile platform to screen for
successful biotinylation of PAR samples.
Furthermore, the end-labeling of PAR with biotin moieties was characterized by native PAGE
and subsequent semi-dry blotting. All species of PAR ranging from very short up to very long
PAR chains at the top of the gel were detected by streptavidin-POD (Fig. 38 C). The labeling
reaction occurred in a time-dependent manner and its efficiency was observed to be
dependent on the KOH detachment time during PAR isolation. A prolonged time under
alkaline conditions was shown to promote the elimination of the protein-proximal free ribose
unit (Fig. 34 B-D), which thus corresponds with the observed reduction in biotin-labeling.
The overall yield of biotinylated polymer was assessed to be 10 – 20 %. This appears
plausible, since only 50 % of each individual PAR chain displayed an intact terminal ribose
as monitored by sequencing gel analysis (Fig. 34 B-D).
In conclusion, specific end-labeling of PAR using biocytin hydrazided was revealed to be
quite efficient and considerably simplifies the use of this polymer for affinity studies in
downstream applications employing streptavidin-biotin chemistry. The specific terminal
biotinylation of PAR chains is by far superior to previously described approaches, which have
used photo-reactive biotin analogues or biotinylated NAD+ to label PAR chains, resulting in
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the unselective incorporation of several biotin units (Cheung and Zhang 2000, Narendja and
Sauermann 1994).

5.2.4

HPLC fractionation of biotinylated PAR

A semi-preparative anion exchange HPLC was used to separate end-labeled PAR with
regard to chain length. Fractionated polymers were then screened on modified sequencing
gels followed by silver staining to assess chain length and purity (Fig. 39) and revealed ADPribose chains ranging from 3 up to 70 ADP-ribose units. Particularly short PAR was obtained
as single species, whereas longer PAR chains were resolved by units of 2 – 4. Thus, PAR
chain length was averaged, if containing more than one PAR species.
Previous analytical approaches to separate PAR according to chain length have exploited
molecular sieve chromatography and gel electrophoresis. However, molecular sieve
chromatography is an appropriate technique to prepare polymers of different size ranges, but
is not capable of separating individual PAR species due to low resolution (Alvarez-Gonzalez
and Jacobson 1987). Gel electrophoresis showed better resolution (Boulikas 1990, Panzeter
and Althaus 1990), but requires gel extraction for preparative purposes, which frequently
results in low yield. More recent protocols have used analytical anion exchange HPLC and
MonoQ anion exchange FPLC to size-fractionate up to 100 nmol PAR (Kiehlbauch et al.
1993). By contrast, the established semi-preparative HPLC allowed the fractionation of up to
10 µmol of PAR, which is equivalent to 100 runs using analytical HPLC. Moreover, discrete
PAR chains comprising up to 70 ADP-ribose residues were obtained, whereas other groups
only reported the separation of PAR up to 50mers.
The resolution of the used HPLC system was observed to be very high as shown by almost
baseline separation within the first 60 min. Thereafter, the resolution decreased continuously
owing to technical restrictions of the used column. Resolution may have been enhanced by
modulating the NaCl gradient, but the gradient was already very flat to allow maximum
separation. Thus, the material of the HPLC column, which is typically used to fractionate
DNA oligonucleotides up to 20mers, was limiting and not sufficient to obtain higher
resolution.

5.3

Identification and characterization of novel PAR binding proteins

5.3.1

Binding of PAR to human WRN and influence on WRN helicase activity

Recombinant human WRN was analyzed for PAR binding and was shown to interact with
free polymer in a concentration-dependent manner (Fig. 40). Binding was resistant to high-
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salt washes and already detectable using 5 pmol WRN. Compared with the prominent PARbinding protein histone H1, WRN exhibited approximately a 10-fold lower affinity for PAR as
assessed from Fig. 40.
The impact of PAR binding on WRN helicase function was subsequently determined and
revealed no significant effect up to 1 µM PAR (Fig. 40). At 10 µM PAR, the helicase activity
of WRN was inhibited by 50 % as compared to the control. The required PAR quantities to
block unwinding catalyzed by WRN are in accordance with the modest affinity for PAR as
mentioned above. However, in vivo PAR levels can easily rise up to the µM range after
genotoxic stress (see 5.6), which might then influence WRN activity (Alvarez-Gonzalez and
Althaus 1989).
Von Kobbe and colleagues have recently described that PARP-1 interacts physically with
WRN, suppressing its helicase and exonuclease activity (von Kobbe et al. 2004). The
inhibition was shown to be relieved upon auto-poly(ADP-ribosyl)ation of PARP-1, which may
trigger PARP dissociation from the protein complex. To this end, WRN seems to be able to
interact with unmodified PARP, but does not bind to poly(ADP-ribosyl)ated PARP, which may
be contradictory to the finding of the present work, showing that free PAR can interact in a
noncovalent fashion with WRN. Yet, it is conceivable that WRN is capable of binding to free
PAR, but can not associate with PAR covalently linked to PARP-1, e.g. due to steric
hindrance.
It was further shown that the WRN-PARP interaction was mediated by the BRCT motif and
the DBD of PARP-1 (von Kobbe et al. 2004). The BRCT motif is localized in the central
region of PARP-1, also referred to as automodification domain. Here, ADP-ribose chains are
attached during poly(ADP-ribosyl)ation, which may disrupt portein-protein interactions.
However, the authors also showed a concentration-dependent binding of PARP-1 to the
used forked duplex WRN substrate. Thus, it can not be ruled out that the observed inhibition
of WRN activities is rather related to PARP DNA binding, since poly(ADP-ribosyl)ation was
demonstrated to abrogate the DNA binding of PARP-1. As a consequence, the forked DNA
substrate would be accessible for WRN again and the apparent inhibition would be relieved.
The results obtained during the present work indicate that free PAR is likely to be involved in
the regulation of WRN activities via a direct interaction, which could occur independently of
the described WRN/PARP-1 interaction. The binding of free polymer to WRN is presumably
mediated by a specific PAR binding consensus sequence (Pleschke et al. 2000), which has
not been published for WRN so far. It would be interesting to perform a sequence alignment
to obtain potential PAR binding sites, which can then be further characterized. In addition,
PAR binding to WRN has only been analyzed for unfractionated polymer (Fig. 40). It is
conceivable that WRN may exhibit specificity for a discrete PAR size class, e.g. long
polymers, which will be tested in the future.
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Characterization of covalent and noncovalent binding of PAR to human DEK

5.3.2.1 Covalent poly(ADP-ribosyl)ation of DEK
Very recently, our group has identified human DEK as a potential acceptor protein for
covalent poly(ADP-ribosyl)ation in cells undergoing apoptosis after FasL treatment. To verify
this assumption, recombinant DEK was used for in vitro poly(ADP-ribosyl)ation studies (Fig.
41). It was demonstrated that DEK is covalently modified with PAR in a concentrationdependent manner as assessed by western blot analysis. Using 10 pmol DEK (200 nM), a
large smear was easily detectable, reflecting poly(ADP-ribosyl)ated DEK as shown by an αPAR antibody. DEK stimulated the poly(ADP-ribosyl)ation reaction depending on its
concentration, which is also known from histones (Beneke et al. 2000). Furthermore, DEK
seemed to be a much better target protein for this post-translational modification as
compared to recombinant p53, which was included as positive control (Fig. 41 A+B).
In addition, the poly(ADP-ribosyl)ation of DEK was shown to depend on the NAD+
concentration. A concentration of 100 µM NAD+ was sufficient to produce a visible shift of the
DEK protein band induced by poly(ADP-ribosyl)ation. This implicates that covalent DEK
modification with PAR is also very likely to occur in vivo, which was confirmed by
immunoprecipitation of DEK and subsequent PAR immunodetection (Dr. F. Kappes, Ann
Arbor; data not shown). Very recently, another research group have confirmed these results
and reported that PARP-1 indeed poly(ADP-ribosyl)ates DEK (Gamble and Fisher 2007).
These authors also showed that DEK suppresses transcription, which is relieved after
poly(ADP-ribosyl)ation of DEK. Thus, DEK is removed from chromatin, which allows access
by the transcription machinery (Gamble and Fisher 2007).
To address the functional consequences of DEK modification, DNA binding studies and DEK
topology assays were performed, which revealed a strong reduction of its DNA binding
activity and an inhibition of DEK-induced topology changes after poly(ADP-ribosyl)ation (Dr.
F. Kappes, Ann Arbor; data not shown).
The role of poly(ADP-ribosyl)ated DEK is yet unclear and has to be clarified. Nevertheless it
is tempting to speculate that poly(ADP-ribosyl)ated DEK may act as a shuttle to transport
PAR to the mitochondria, where the polymer was shown to trigger the release of AIF initiating
caspase-independent apoptosis (Yu et al. 2006). Interestingly, heavily poly(ADP-ribosyl)ated
DEK was found in the cytosol after FasL treatment (Dr. F. Kappes, Ann Arbor; data not
shown).
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5.3.2.2 Noncovalent binding of PAR to DEK
As proteins like histones and p53 can serve both as covalent target for poly(ADPribosyl)ation and noncovalent interaction partner of PAR, DEK was tested for PAR binding. It
was observed that DEK interacts noncovalently with PAR in a concentration-dependent
manner, displaying a strong PAR signal already at 10 pmol DEK (Fig 42). By contrast, the
negative controls BSA, cytochrome C and lysozyme showed no or almost no PAR signal
using a 10-fold excess. Thus, DEK seemed to be a rather strong PAR binding protein, which
is also underscored by the finding that XPA only showed polymer-binding at a concentration
of 15 pmol and above (diploma thesis, M. Altmeyer).
To map possible PAR binding sites, His-tagged DEK fragments were used and indicated a
pivotal role of the SAF/SAP domain involved in DNA binding as a target sequence for
noncovalent PAR binding (Fig. 43). Notably, a mutant lacking this domain lost the ability to
interact with PAR. To confirm the existence of a PAR binding motif within the SAF/SAP
domain, a sequence alignment with the PAR binding consensus motif (Pleschke et al. 2000)
was carried out and revealed 5 potential PAR binding sites (Dr. M. Malanga, Naples, Italy).
Indeed, two binding sites were identified within the SAF/SAP domain and exhibit high degree
of homology to the consensus sequence, which may be responsible for the observed strong
PAR binding. The other three potential PAR binding sites were either poorly conserved or
showed partial overlap, but may account for the PAR signal detected using DEK fragment
187-375. However, fragment 187-310 did not bind PAR at all, which is also true for fragment
310-375 containing two possible binding sites. This is somehow contradictory to the
observed binding of fragment 187-375 and may indicate that only an intact fragment 187-375
is able to bind PAR but not fragments thereof.
In any case, this point has to be further elucidated, e.g. by using synthetic DEK peptides
spanning the respective PAR binding sequence or by site-directed mutation of critical amino
acids within the PAR binding sites of DEK.
Binding of PAR was shown to affect protein functions, e.g. binding of PAR to p53 resulted in
an inhibition of the unspecific and sequence-specific DNA binding of p53 depending on the
PAR concentration (Malanga et al. 1998). Thus, it is conceivable that noncovalent binding of
PAR to DEK might influence the DNA-binding properties of DEK as well as the topology
changes induced by DEK. So far, no effect on both functions could be shown after preincubation of PAR with DEK (F. Kappes, Ann Arbor, personal communication). Interestingly,
this would be the first case, in which covalent poly(ADP-ribosyl)ation affects the protein
function, whereas noncovalent binding did not have any influence. For instance, poly(ADPribosyl)ation of p53 was reported to abolish the sequence-specific binding of p53 which could
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also be demonstrated by noncovalent binding of PAR suppressing the sequence-specific
binding as well (Malanga et al. 1998, Mendoza-Alvarez and Alvarez-Gonzalez 2001).
The biological significance of this noncovalent interaction remains to be clarified in further
studies. As DEK has very recently been implicated in DNA repair (Kappes et al., submitted),
PAR may strip DEK from chromatin and recruit it to the site of DNA damage, providing a
platform for subsequent DNA repair.

5.3.3

Interaction of PAR and binding proteins analyzed by Phenol Partitioning

It was reported previously that the binding of PAR to histones is resistant against phenol
partitioning (Althaus et al. 1995, Panzeter et al. 1992). Using the same experimental setup,
this finding was confirmed for histone H1 (Fig. 44 A). Incubation of histone H1 and
unfractionated PAR led to H1-dependent depletion of PAR in the aqueous phase as judged
by modified sequencing gels. At low amounts of H1, merely long and/or branched histones
were extracted from the aqueous phase. With increasing H1 quantities, shorter PAR chains
were depleted as well, until complete loss of polymer at 300 pmol H1. The observed
preferential binding to long and/or branched PAR molecules is in agreement with former
studies from Althaus and co-workers (Althaus et al. 1995, Panzeter et al. 1992).
Similar assays were then carried out with recombinant DEK, p53 and XPA (Fig. 44 A+B).
However, none of these proteins caused a detectable loss of PAR in the aqueous phase, i.e.
the binding to these proteins may not be resistant to phenol-chloroform partitioning. On the
other hand, all three proteins were demonstrated to tightly interact with unfractionated PAR
and binding was shown to be resistant against high-salt washes including 1 M NaCl (Fig. 42;
diploma thesis, M. Altmeyer). Different protein affinities for PAR may account for the
observed differences in PAR depletion. In addition, it has to be considered that histone H1
contains not only a PAR binding motif, but is also a very basic protein with multiple positive
charges. Binding of PAR to H1 may therefore be enhanced by electrostatic interactions
between positively charged lysin residues of H1 and negatively charged polymer. Though,
protein basicity on its own is not sufficient for PAR binding as demonstrated by Panzeter and
colleagues (Panzeter et al. 1992).

5.4

Interaction of fractionated poly(ADP-ribose) with binding proteins

5.4.1

Interaction of fractionated PAR with proteins assessed by slot blot analysis

Slot blot analysis was carried out as described previously (Pleschke et al. 2000). Purified
recombinant proteins were immobilized on nitrocellulose membranes and incubated with the
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respective PAR fractions. After high-salt washes containing 1 M NaCl, bound polymer was
immunodetected using 10H antibody.
Therefore, PAR was fractionated by analytical anion exchange HPLC and five adjacent PAR
fractions were pooled to simplify further binding studies, e.g. fraction 6-10, 11-15 and so on.
The pooled fractions were analyzed on a modified sequencing gel and visualized by silver
staining, which displayed PAR chains ranging from 5 up to over 66 ADP-ribose residues (Fig.
45). Binding assays with histone H1, a well characterized PAR binding protein, showed a
chain-length dependent binding of polymers to H1 (Fig. 46 A). Very short PAR chains
comprising 5 - 10 units interacted only weakly with immobilized H1. Modest binding was
detected for short PAR chains containing 10 - 15 units and binding affinity increased with
growing chain length. H1 tightly associated with long polymers which is consistent with
previous studies (Panzeter et al. 1992).
Second, human DEK was monitored for PAR binding as a function of chain length (Fig. 46
B). Polymers up to 44 residues displayed weak or modest binding to DEK, whereas PAR
comprising 53 – 60 moieties had an extraordinary high affinity for DEK.
Moreover, noncovalent interaction of size-fractionated polymers and XPA was studied.
Binding of separated ADP-ribose chains to XPA was also influenced by polymer size and
increased with growing chain length (Fig. 46 D). PAR chains with more than 40 ADP-ribose
residues were observed to bind very tightly to XPA.
Finally, binding of PAR to p53 was characterized with regard to polymer size (Fig. 47 E). p53
exhibited low affinity for ADP-ribose chains of up to 39 units, but strongly bound long PAR
chains as judged by slot blot analysis.
In summary, the performed experiments gave a first clue on the importance of PAR chain
length for regulating PAR-protein interactions. Each binding protein exhibited a specific
pattern of bound polymers reflecting the differential binding properties (Tab. 11). However,
one has to keep in mind that the immobilization procedure on membranes results in an
enhanced rigidity of the protein and is likely to alter protein conformation, which may affect
polymer binding. Thus, further assays in solution were performed to overcome these
limitations (see below).

5.4.2

Interaction of fractionated PAR with binding proteins monitored by EMSA

A PAR electrophoretic mobility shift assay (EMSA) was developed using end-biotinylated,
size-fractionated PAR in order to monitor the noncovalent interaction of PAR and binding
proteins depending on chain length and to determine equilibrium binding constants thereof.
Prior to EMSA analysis, end-biotinylated separated PAR chains were affinity-purified on
avidin columns. Purification was followed by native PAGE and subsequent streptavidin-POD
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detection and concentrations were assessed using a commercially available 49mer
oligonucleotide as standard (Fig. 47). Both short and long biotinylated PAR chains were
efficiently recovered after avidin chromatography, whereas short polymer (16mer) was eluted
much faster as compared to the 55mer PAR (Fig. 47 A+B). The delayed elution of long
polymer may be related to steric hindrance and/or increased unspecific binding to the avidin
matrix. During the purification of the short PAR chain, an additional weak band appeared in
the later elution fractions, migrating comparable to a 32mer. This could be an artifact caused
by HPLC separation, but might also represent a PAR duplex consisting of two 16mer chains.
Such species could also have been generated during PAR biotinylation, since very high PAR
concentrations were used, which may promote strand annealing. Notably, these potential
PAR dimers were also observed in other biotinylated PAR fractions (data not shown).
However, the nature of this PAR species has not been elucidated so far. Further
characterization by melting point analysis, MALDI-TOF and other approaches are necessary
to unravel this observed phenomenon.
Affinity purified, end-biotinylated PAR chains were then used for a novel PAR EMSA to
monitor the noncovalent interactions in solution. Recombinant purified XPA did not promote
the formation of a specific complex with short PAR chains (16mer) up to a concentration of
1.6 µM (Fig. 48 A). At high XPA concentrations, some unspecific binding was observed as
indicated by a faint smear. By contrast, long PAR chains (55mer) were specifically bound by
XPA and produced a defined complex in a concentration-depedent manner (Fig. 48 B). The
determined KD value for this interaction is 320 nM, underscoring the high affinity of this
noncovalent interaction (Tab. 12). Slot blot analysis confirmed the observed high affinity of
XPA for long PAR (Fig. 46 C). However, short polymer has also been visualized after slot
blotting, which may represent the rather unspecific binding observed by EMSA analysis with
short PAR chains at high XPA concentrations.
In addition, the noncovalent interaction of p53 and PAR with regard to chain length was
characterized using the PAR EMSA. Unlike XPA, p53 induced the formation of one defined
complex with short PAR chains already at or above a concentration of 0.1 µM p53 (Fig. 49
A). Interestingly, p53 formed three distinct complexes with long PAR chains depending on
p53 concentration (Fig. 49 B). Moreover, free PAR (55mer) was almost completely bound at
0.2 µM p53, indicating a higher affinity of p53 for long PAR chains. This was confirmed by
calculation of the respective KD value (Tab. 12), which is approximately two-fold lower for the
interaction of p53 with long PAR (KD=130 nM) as compared to the binding of p53 to short
PAR (KD=250 nM). The observed multiple complexes suggest that long PAR chains induce
higher molecular weight complexes of p53, probably by bridging two or more p53 molecules.
Another possibility is that p53 complexes are formed in solution due to the increasing p53
concentration, but in the same experimental set-up using short PAR chains such higher order
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structures of p53 were not detected (Fig. 49 A). Additionally, p53 harbors three PAR binding
sites and each of them may form independent complexes related to their respective affinities.
This hypothesis is substantiated by SPR measurements of single p53 injections, which are
best fitted with a binding model assuming three independent binding domains and three
different resulting complexes (data not shown). Moreover, the obtained EMSA results are in
agreement with the performed slot blot analysis, which showed a strong binding to long PAR
and a rather weak binding to short PAR (Fig. 46 D). The weak signal intensity of short PAR
(16-20 ADP-ribose residues) detected after slot blot analysis may be caused by improper
binding of short chains to immobilized p53.
Furthermore, recombinant DEK protein was analyzed for PAR binding with respect to chain
length (Fig. 50). Similar to XPA, human DEK was not capable of producing a specific
complex with short PAR chains (18mer), whereas DEK mediated the formation of one
discrete complex with long PAR chains (54mer). A concentration of 70 nM DEK was
sufficient to bind already 50 % of free 54mer PAR, demonstrating its high affinity for long
PAR (Fig. 50 B). At 100 nM DEK, free polymer was almost totally complexed, displaying one
defined band at the top of the gel. At 200 nM DEK, the formed complex exhibited a slightly
decreased electrophortic mobility, which might reflect changes in stoichiometry. Interestingly,
the determined KD value of 61 nM was the lowest among all tested proteins, which highlights
the strong affinity of DEK for long PAR chains. This could also confirmed by slot blot analysis
with DEK and size-fractionated PAR (Fig. 46 B). In particular, polymer comprising 53-60
ADP-ribose units was demonstrated to tightly interact with immobilized DEK, which is
consistent with the high-affinity binding of DEK to long 54mer PAR in solution.
To sum up, all tested proteins (XPA, p53 and DEK) were capable of interacting with long
PAR chains, but differed in their binding affinity, the order being DEK > p53 > XPA. In
addition, it was demonstrated that only p53 specifically interacts with short PAR chains. By
contrast, XPA and DEK did not show a defined complex formation with short polymer.
However, some unspecific binding occurred at high DEK and XPA concentrations, i.e. the
hierarchie of binding to short PAR chains can be expressed as p53 >>>> XPA = DEK.

5.4.3

Interaction of fractionated PAR with binding proteins analyzed by real-time SPR

To corroborate the EMSA results, real-time SPR studies were carried out, which provided
binding kinetics and allowed to estimate the binding stoichiometries.
To rule out unspecific binding events, BSA was injected as negative control (data not
shown). As expected, BSA did not interact with the immobilized PAR at all confirming the
specificity of the sensor surface. In addition, a reference cell was included for every
measurement to substract for unspecific binding. Antibody 10 H recognizing PAR was
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employed as positive control and displayed high affinities for short (14mer) and long (63mer)
PAR (Fig. 51 A+B). Using a bivalent binding model, the equilibrium constant KD for the first
binding event was determined to be 2.8 nM for short and 0.35 nM for long PAR chains (Tab.
13).
No binding of XPA to the immobilized 14mer PAR was observed using the SPR approach,
whereas XPA tightly interacted with a long 63mer PAR with a KD value of 6.5 nM (Fig. 51
C+D; Tab. 13), which is consistent with the obtained EMSA results. XPA is involved in
damage verification during NER and anchors structure-specific endonucleases to the
damaged site (Cleaver 2005). Additionally, it can interact with the transcription factor TFIIH.
A PAR-binding site has been identified in the C-terminal part of XPA overlapping with the
TFIIH interaction domain (Pleschke et al. 2000). It is conceivable that noncovalent interaction
with long PAR molecules reduces DNA-binding of XPA and/or may interfere with TFIIH
protein interaction. Therefore, PAR might play a role in regulating XPA activity during NER.
In contrast to XPA, p53 exhibited a strong binding affinity for both short and long PAR (Fig.
51 E+F). Using short PAR chains, the collected data was successfully fitted with the
Langmuir (1:1) binding model and provided a KD value of 3.4 nM (Tab. 13). Using long PAR
chains, a satisfactory fitting of the data was not possible due to the complex binding
behavior. As shown by EMSA analysis, p53 forms at least three independent complexes with
long PAR, which severly impedes the fitting of the obtained data. Possibly, immobilization of
p53 on the sensor chip may resolve this problem, since oligomerization of p53 would be
abrogated simplifying the data evaluation. However, it must be ruled out that the
immobilization procedure affects the PAR binding of p53.
As a transcription factor, p53 binds to specific DNA consensus sequences within the
promoter region inducing transcription of the respective target genes such as p21/WAF1 and
mdm2. The binding affinity of p53 to an mdm2 promotor oligonucleotide was analyzed
previously and revealed a KD value of 21 nM (Kaku et al. 2001). After activation of p53 by
monoclonal antibody PAb421, mimicking activation by phosphorylation and/or acetylation at
the C-terminus, the binding affinity was increased to 3 nM (Kaku et al. 2001). The binding of
p53 to the WAF1 response element was measued by real-time SPR studies and was
calculated to have a KD value of 3.5 nM (Maillart et al. 2004). A similar equilibrium constant
(3.4 nM) was obtained for the binding of p53 to short PAR chains as assessed by SPR
analysis, suggesting that short polymer may be able to compete with a p53 cognate DNA
sequence for p53 binding (see above). This is even more vaild for the interaction of p53 with
long PAR chains, which was demonstrated to display a higher affinity (lower KD). These data
provide support for the previous finding that PAR dramatically reduces the sequence-specific
and the unspecific DNA binding of p53 (Malanga et al. 1998).
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As mentioned before, two PAR binding sites are located in the DNA-binding domain and
another motif resides in the tetramerization domain of p53 (Pleschke et al. 2000).
Oligomerization of p53 is known to be pivotal for DNA binding and its affinity to its DNA
consensus sequence (Hainaut et al. 1994). Thus, binding of PAR to this region may inhibit
p53 oligomerisation resulting in a decreased affinity for the sequence-specific DNA-binding.
Interestingly, p21/Waf, which is a downstream target of p53, has also been identified as a
noncovalent PAR-binding protein and comprises one PAR binding site located in a highly
conserved region responsible for PCNA binding (Pleschke et al. 2000). However, the
functional consequences of this interaction have not been characterized so far.
KD values derived from SPR measurements were approximately 50-fold lower compared to
KD values obtained by EMSA analysis, which is a phenomenon already been described in the
literature (Bondeson et al. 1993). One has to keep in mind that during SPR analysis one
interaction partner is immobilized, whereas both partners are incubated in solution prior to
EMSA analysis and can therefore diffuse freely. Thus, protein and PAR have to be
preincubated for a certain periode of time to ensure even distribution in the test tube.
However, the immobilization of one interaction partner may account for the differences in KD
values derived from SPR and EMSA measurements.
Furthermore, the stoichiometries of the formed PAR-protein complexes were estimated by
SPR analysis according to Linnell and co-workers (Linnell et al. 2004). The calculated
stoichiometry for the noncovalent PAR-XPA interaction indicated that ~ 16 ADP-ribose units
are necessary for binding (Tab. 14). This might explain why XPA did not show any binding to
a short 14mer PAR as demonstrated by SPR. Antibody 10H displayed a binding
stoichiometry of 21 molecules per 63mer PAR, reflecting that one antibody molecule requires
only 3 ADP-ribose units for efficient binding (Tab. 14). p53 was calculated to require 4-5
ADP-ribose residues to bind to long PAR (Tab. 14). As the amount of immobilized PAR was
rather low to allow for kinetic studies, these values are estimations and are only valid due to
neglected protein multimerization.
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Establishment of a poly(ADP-ribose) chip

Another approach to characterize the noncovalent interaction of PAR and specific binding
proteins was the development of a PAR chip. Therefore, biotinylated PAR of defined chain
length had to be immobilized on streptavidin-coated glass-slides, resulting in a PAR
microarray. After incubation with PAR binding proteins, bound proteins could be detected by
immunological methods or direct labeling with fluorophores. Such a platform would allow the
convenient and fast analysis of PAR-protein interactions in a high-throughput manner.
Furthermore, only miniscule amounts are required for spotting and probing of the microarray.
All experiments including spotting of PAR, protein binding and detection were performed by
Ramon Kranaster in the laboratory of Professor Andreas Marx, University of Konstanz.
First, a commercial biotinylated oligonucleotide was annealed to its complementary strand,
which was labeled with Cy-3, and subsequently spotted onto a streptavidin-coated slide.
Fluorescence was easily detecable down to 0.1 µM of immobilized duplex with no
background signal in the negative control (data not shown). Thus, similar experiments were
successfully carried out with end-biotinylated PAR, which displayed however only moderate
fluorescence signals at a concentration of 4 µM PAR (data not shown). Higher
concentrations of end-biotinylated PAR did not increase the obtained signal, but rather
showed uneven spot morphology. Moreover, unlabeled PAR used as negative control was
shown to bind to the surface, raising questions about the specificity of the immobilization
procedure. As demonstrated in other applications such as ELISA or SPR, the immobilization
of biotinylated PAR on streptavidin-coated surfaces was highly specific and sensitive, which
was also anticipated for the microarray production. However, the spotted solution (4–40 nl) is
quite volatile and dries fast, which may lead to the precipitation of PAR on the chip surface.
Although a continous re-dissolving of the spotted sample occur due to air humidity, it can not
ruled out that once precipitated polymer is not re-dissolved again, even during the extensive
washing steps.
Due to bad spot morphology and low sensitivity another chip surface, a C3-amino-slide, was
tested. This slide features a polar surface due to the primary amino-functions and can bind
negatively charged molecules like DNA or PAR by simple coulomb-interactions. Using DNA
oligonucleotides, this chip surface offers superior sensitivity and clear spots (R. Kranaster,
University of Konstanz, personal communication). Indeed, immobilization of size-fractionated
PAR on this chip resulted in good spot morphology and increased sensitivity (Fig. 52).
The two PAR antibodies used for detection showed a chain-length dependent recognition of
the immobilized PAR fractions, which was even more pronounced when size-fractionated
polymers were spotted with respect to their oligomer concentration. The established platform
was then used for protein binding studies with histone H1 and p53, but yielded rather poor
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results mainly due to unspecific binding (data not shown). The observed fluorescence signals
were rather low and a lot of background was detected both for histone H1 and p53. PAR
immobilized to this surface might be rather poorly accessible for the binding proteins, which
would explain the weak signals. A major problem was the unspecific binding of the proteins
and/or the antibodies to the chip surface, which was also found using streptavidin-coated
slides, albeit to a lesser extent.

Figure 52: Establishment of a PAR microarray using C3-amino slides. Size-fractionated PAR was
immobilized on C3-amino-slides and incubated with monoclonal PAR antibody 10H (1:100; left side) or
polyclonal PAR antibody LP96-10 (1:100; right side). Detection was performed by secondary antibodies
labelled with Alexa546 (1:200). In addition, two different concentrations of polymer were spotted (upper panel
vs. lower panel) calculated as oligomer or monomer.

In another approach, histone H1 was directly labeled with DyLight 549 NHS ester, which
reacts with primary amines under weak basic condition (pH 7.5 – 8.5). Due to direct labeling
of the protein, no antibodies are required to detect the bound protein. Following gelfiltration
the degree of labeling was determined and revealed to be sufficient (0.73 mol dye/mol
protein and 6 mol dye/mol protein, respectively). The use of DyLight 549-labeled histone H1
resulted in an improved detection with regard to background staining, however the signal
intensity was quite low (data not shown). It can not be excluded that polymers have adopted
a flat conformation due to immobilization on C3-amino-slides. By contrast, both PAR
antibodies are capable of binding to the immobilized PAR, which suggests that polymer-
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protein interactions should be feasible. The determined KD values for the antibody 10H and
the binding proteins (4.4.3) differ at maximum in one order of magnitude depending on the
chain length, i.e. it should be possible to detect these interactions also using the PAR chip.
The streptavidin-coated chip is per se preblocked and may therefore suppress unspecific
binding events more efficiently. As mentioned before, a poor spot morphology was observed,
which might be overcome by continous cooling during the spotting procedure. In addition,
another carbonyl-reactive biotin analogue could be applied for the end-labeling of PAR
chains, e.g. a biotin analogue with a longer spacer to provide more flexibility and accessibility
of the labeled PAR chain.
Taken together, a PAR microarray platform was successfully developed using sizefractionated PAR polymer, which was detected by specific PAR antibodies. Nervertheless,
further improvements concerning the used chip surface, immobilization protocol and protein
detection are necessary to allow the monitoring of PAR-protein interactions.

5.6

Conclusions and perspectives

Several novel techniques were established to study the specific binding of size-fractionated
PAR to proteins of interest and to characterize this noncovalent interaction in terms of
selectivity and affinity.
The selective biotinylation of PAR chains at the terminal ribose moiety represented the
crucial step, which allowed the application of end-biotinylated polymers in several functional
studies including EMSA and SPR. Known PAR binding proteins such as p53 and XPA were
overexpressed using the Baculovirus system and purified from insect cells. In addition, two
other proteins DEK and WRN, which have not been known to interact with PAR so far, were
analyzed for PAR binding. To obtain large amounts of purified PAR, polymer was
synthesized in vitro using recombinant PARP-1. PAR was purified by DHBB affinity
chromatography or by a DNA extraction protocol, efficiently end-labeled with a carbonylreactive biotin analogue and separated according to chain length using semi-preparative
anion exchange HPLC. The binding of size-fractionated PAR to DEK, p53 and XPA was
monitored in solid phase as well as in solution using a slot blot technique, EMSA and SPR
analysis.
In the present work, human WRN and DEK could be identified as novel PAR binding
proteins, DEK being also a protein target for covalent poly(ADP-ribosyl)ation. DEK was
revealed to be a potent PAR binding molecule, whereas WRN displayed only modest binding
affinity. Nevertheless, free PAR was observed to significantly block WRN helicase activity at
≥ 2.5 µM PAR. In addition, DEK was shown to harbor 5 potential PAR binding sites using a
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sequence alignment. Two highly conserved PAR motifs were mapped to the SAP/SAF DNAbindiung domain of DEK and were shown to be important for the observed PAR binding.
All protein-PAR interactions were demonstrated to be resistant against high-salt washes (1M
NaCl), which was established previously as a criterion for specific binding (Pleschke et al.
2000). However, only histone H1 was shown to be resistant against phenol partitioning
confirming previous studies (Panzeter et al. 1992, Panzeter et al. 1993). By contrast, all other
tested proteins (DEK, p53, XPA) did not induce a depletion of PAR in the aqueous phase, i.e.
the binding might not be resistant against phenol-chloroform extraction. Nevertheless these
proteins showed a considerably high affinity for PAR in the low nM range.
Slot blot analysis was performed to monitor the binding of PAR of a defined size class to
immobilized proteins (H1, DEK, XPA, p53) and indicated a pivotal role for PAR chain length
in regulating the noncovalent interactions. Strinkingly, EMSA interaction studies of separated
PAR chains with p53, DEK and XPA displayed differential binding properties in a chain
length-dependent manner and allowed the determination of equilibrium constants (KD values)
for the observed PAR-protein complex formation. Real-time SPR studies corroborated the
results obtained by EMSA concerning chain length selectivity and KD values in the low nM
range were determined. In addition, the binding stoichiometry could be estimated, providing
further information on the formed complexes.
Taken together, the obtained data demonstrate for the first time that the affinity of the
noncovalent PAR interactions with specific binding proteins (XPA, p53, DEK) is
extraordinarily high (low nM range) and displayed an as yet unknown selectivity with regard
to chain length and the binding protein. The gained information emphasizes the physiological
importance of PAR and gives a clue of how PARPs might orchestrate cellular processes
such as DNA repair by controlled PAR synthesis of varying complexity. Moreover, these
findings provide evidence for a cellular “poly(ADP-ribose) code”, i.e. the ability of PAR to
engage in different cellular signaling pathways as a function of its chain length.
A growing body of evidence suggests that PARP-1 activity is tightly regulated by
phosphorylation and protein-protein interactions. It was shown that phosphorylation of PARP1 leads to an activation triggering enhanced PAR synthesis (Kauppinen et al. 2006, Walker
et al. 2006). It has been recently described that NMNAT-1, which is involved in NAD+
biosynthesis, functionally associates with PARP-1 thereby stimulating PARP-1 activity
(Berger et al. 2007). Such interaction is likely to change the pattern of synthesized PAR with
regard to chain length and branching. Interestingly, another group reported that PARG
interacts physically with PARP-1, which results in the formation of shorther polymers,
independent of PARG exoglycosidic activity (Keil et al. 2006). Furthermore, it has been
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shown that the NAD+ concentration has an impact on PAR chain length synthesized by
PARP-1 in vitro (Alvarez-Gonzalez and Mendoza-Alvarez 1995). Novel stimuli of PARP-1
activation have been described, which trigger PAR synthesis even in the absence of DNA
damage, e.g. polynucleosomes were shown to be potentent activators of PARP-1 (Kim et al.
2004).
The role of PAR chain length has very recently been underscored by studies of Yu and
colleagues, which showed that upon severe genotoxic stress PAR can act as a death signal
and triggers the release of AIF leading to caspase-independent cell death (Andrabi et al.
2006, Yu et al. 2006, Yu et al. 2002). Interestingly, it was observed that especially long-chain
PAR with more than 60 ADP-ribose residues induced high rates of cell death, whereas short
polymers with 16 ADP-ribose units had only little effect on cell survival. Notably,
overexpression of NMNAT-1, which stimulates PAR synthesis, also resulted in increased
translocation of AIF upon moderate oxidative stress confirming the observations by Yu et al.
(Berger et al. 2007).
In 2005, a model for the differential response of p53 to PAR synthesized upon DNA damage
was proposed by Malanga and Althaus. This model based on the observation that low PAR
quantities can abolish the association of p53 with ssDNA, whereas at higher polymer
concentrations the sequence-specific binding of the protein was inhibited as well (Malanga et
al. 1998, Malanga et al. 2005). Mild genotoxic stress may therefore block the unspecific
DNA-binding of p53 and promote the transcriptional activity of p53. By contrast, high PAR
levels caused by severe DNA damage may result in a complete inhibition of p53 activities
,leading to caspase-independent cell death via AIF (see above) or necrosis (Malanga et al.
2005). Furthermore, long linear and/or branched PAR chains were found after DNA damage
despite of the dynamic turnover by PARG (Alvarez-Gonzalez and Jacobson 1987, Malanga
and Althaus 1994). In particular, long polymers comprising more than 50 ADP-ribose units
were shown to be abundant, whereas the frequency of shorther, exclusively linear polymer
was not altered by MNNG treatment of HaCaT cells (Malanga and Althaus 1994).
Interestingly, p53 showed a slightly lower binding affinity for short PAR, whereas p53
underwent complex formation with long PAR (55mer) with higher affinity (4.4.2; 4.4.3). In the
presence of mild genotoxic stress, rather short PAR chains are formed due to moderate
activation of PARP-1, whereas high doses of DNA-damaging agents such as MNNG strongly
promote PAR synthesis, resulting in an abundance of longer linear and/or branched
polymers. The high affinity of short polymers to p53 might primarily abolish the unspecific
DNA-binding of p53 as pointed out above, which is likely to enhance the transcriptional
activity of p53. However, in the presence of long PAR molecules the sequence-specific
binding of p53 may be blocked as well, directing the cell into p53-independent apoptosis.
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Basal PAR levels were reported to range from 2-100 pmol PAR/105 cells (Affar et al. 1999).
Using an average cell volume of 2 pL (e.g. A549 cells), the intracellular PAR concentration
can be calculated varying from 10 nM up to 500 nM. The enzymatic activity of PARP was
demonstrated to be strongly activated in vivo upon genotoxic stimuli (e.g. alkylating agents,
UV-irradiation, etc.) leading to an up to 30-fold increase in PAR synthesis (Alvarez-Gonzalez
and Althaus 1989, Jacobson et al. 1983, Kreimeyer et al. 1984, Malanga and Althaus 1994).
This increase would correspond to an intracellular PAR concentration of up to 15 µM PAR.
As the vast majority of PAR can be measured in the nucleus, which has a 5-10-fold smaller
volume than the whole cell, nuclear PAR concentrations should be even higher. However,
PAR metabolism is very dynamic and therefore the polymer has only a very short half-life
spanning several seconds up to 6 min, which is dependent on the cellular situation (AlvarezGonzalez and Althaus 1989). Interestingly, low basal PAR levels were found to be
associated with a strong inducution of polymer synthesis after DNA damage. By contrast,
cells exhibiting a high constitutive PARP activity showed a decreased PAR stimulation by
DNA-damaging agent (Affar et al. 1999). These findings underscore that the observed in vitro
interaction of PAR with specific binding proteins is very likely to exist in vivo, which is
controlled by PAR synthesis and subsequent degradation by PARG. Moreover, PARG was
shown to possess exo- and endoglycosidic activities, the latter producing free PAR chains
(Braun et al. 1994, Ikejima and Gill 1988, Miwa et al. 1974). Interestingly, the rates of
hydrolysis of PAR bound to various proteins were higher than those of the free polymer
(Uchida et al. 1993b), which would facilitate the noncovalent binding of PAR to specific
proteins such as p53, histones, DEK, etc.

Binding of p53 and XPA to PAR has now been characterized in detail with regard to chain
length using EMSA and real-time SPR analysis. Depending on chain length, different p53PAR complexes were formed and it would be interesting to clarify the stoichiometric
composition of the observed complexes. This could be achieved by using analytical gel
filtration which allows separating compexes according to their molecular weight. In addition,
SPR analysis can be employed to determine the binding stoichiometry (Cheskis et al. 1997,
Teh et al. 2007), which has already been performed in initial studies (4.4.3). Furthermore, no
structural information is available concerning the noncovalent binding of PAR to proteins. It
would be outstanding to crystalize e.g. p53 bound to PAR of a defined chain length in order
to resolve the 3D-structure by x-ray diffraction or NMR. Data confirming the existence of
specific PAR-protein complexes in vivo are still rare and would be important to demonstrate,
albeit this might be very complicated due to the transient nature of the polymer and the
interaction. Moreover, a dynamic exchange of PAR binding partners is possible, depending
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on the affinity of the respective proteins and PAR chain length as cleary demonstrated in this
PhD work.
Regarding p53, it would be interesting to monitor the affinity of size-fractionated PAR to the
isolated PAR binding sites to obtain a binding order and to gain more information on the
functional consequences of this interaction. Further information on the binding specificity
could be collected by using site-directed mutagenesis of amino acids presumed to be
important for the noncovalent interaction of p53 with PAR. In addition, it would be interesting
to perform competition studies with short/long PAR chains and oligonucleotides harboring
cognate p53 binding sites such as Mdm2 or Waf1. This would help to elucidate the biological
significance of the observed PAR-p53 interaction.
Finally, an improvement of the PAR microarray platform would allow for the convenient and
fast analysis of PAR-protein interaction in a high-throughput manner, saving time and money.
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Abbreviations

α

anti

aa

amino acid

AIF

Apoptosis-inducing factor

AP-2

Activator protein-2

APS

Ammonium persulfate

ATM

Ataxia-telangiectasia mutated protein

ATP

Adenosine triphosphate

BCA

Bicinchoninic acid

BER

Base excision repair

BH

Biocytin Hydrazide

BSA

Bovine serum albumine

BRCA-1

Breast cancer protein 1

BRCT

BRCA-1 C-terminus

cfu

colony forming units

Cyt C

Cytochrome C

cDNA

Copy DNA

DBD

DNA-binding domain

DHBB

Dihydroxyboronyl-Bio Rex 70

DMSO

Dimethyl sulfoxide

DNA

Desoxyribonucleic acid

dsDNA

Double-stranded DNA

DTT

1,4-Dithiothreitol

E. coli

Escherichia coli

ECL

Enhanced chemiluminescence

EDTA

Ethylenediamine-tetraacetic acid

ELISA

Enzyme-linked immunosorbent assay

EMSA

Electrophoretic mobility shift assay

ERK 1/2

Extracellular signal-regulated kinase 1/2

FCS

Fetal calf serum

FEN-1

Flap endonuclease-1

FPLC

Fast protein liquid chromatography

g

Gravitational acceleration

GGR

Global genome repair

GST

Glutathione-S-transferase

HEPES

N-(2-hydroxyethyl)-piperazine-N’-2-ethanesulfonic acid
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HPLC

High pressure liquid chromatography

HRP

Horseradish peroxidase

IF

Immunofluorescence

IRAP

Insulin-responsive amino peptidase

kDa

Kilo Dalton

lys

Lysozyme

M

Marker

MALDI-TOF

Matrix-assisted laser desorption/ionization-time of flight

MAPK

Mitogen-activated protein kinases

MDM2

Mouse double minute 2

MNNG

N-methyl-N’-nitro-N-nitrosoguanidine

MOI

Multiplicity of infection

MOPS

3-(N-Morpholino)-propanesulphonic acid

MVP

Major vault protein

MWCO

Molecular weight cut off

NAD

Nicotinamide adenine dinucleotide

NER

Nucleotide excision repair

NF-κB

Nuclear factor kappa B

NMNAT

Nicotinamide mononucleotide adenylyltransferase

NES

Nuclear export signal

Ni-NTA

Nickel Nitrilotriacetic acid

NLS

Nuclear localization signal

NTS

Nucleolar targeting sequence

NP-40

Nonidet P-40

p.i.

Post infection

PAGE

Polyacrylamide gel ectrophoresis

PAR

Poly(ADP-ribose)

PARG

Poly(ADP-ribose) glycohydrolase

PARP

Poly(ADP-ribose) polymerase

PBS

Phosphate-buffered saline

PCNA

Proliferating cell nuclear antigen

Pfu

Plaque-forming units

PMSF

Phenylmethylsulphonylfluoride

POD

Peroxidase

RNA

Ribonucleic acid

SAM

Sterile α module

SCE

Sister chromatid exchange
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SDS

Sodiumdodecylsulfate

Sf

Spodoptera frugiperda

SPR

Surface plasmon resonance

ssDNA

Single-stranded DNA

TBE

Tris-Boric acid-EDTA

TCA

Trichloroacetic acid

TCDD

2,3,7,8-Tetrachlorodibenzo-p-dioxin

TCR

Transcription coupled repair

TE

Tris-EDTA

TEMED

N,N,N´,N´-Tetramethylethylenediamine

TNT

Tris-NaCl-Tween 20

TRF2

Telomeric-repeat binding factor 2

Tris

Tris(hydroxymethyl)aminomethane

wt

Wild-type

WS

Werner syndrome

WRN

Werner syndrome protein

XP

Xeroderma pigmentosum

XPA

Xeroderma pigmentosum group A complementing protein

XRCC-1

X-ray cross-complementing protein 1
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