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SUMMARY

SUMMARY
Poly(ADP-ribosyl)ation is a posttranslational modification of cellular proteins, which is
mainly catalyzed by poly(ADP-ribose) polymerase 1 (PARP1) by using NAD+ as
substrate. The catalytic activity of PARP1 is known to be triggered by the binding of
PARP1 to broken DNA via its two aminoterminal zinc finger motifs. DNA strand
break-induced poly(ADP-ribosyl)ation is linked to DNA repair and maintenance of
genomic stability.
Up to now, little information exists on the biological consequences of an enhanced
poly(ADP-ribosyl)ation response.
The aim of the PhD project was to identify compounds that are able to enhance
cellular poly(ADP-ribosyl)ation and to investigate if enhanced cellular poly(ADPribosyl)ation improves DNA repair and leads to higher genomic stability. To address
these questions, two different approaches were used. The first one is to increase
cellular PARP1 activity by supplementation of the nutritional factors zinc or nicotinic
acid (NA) respectively; the second one is overexpression of human PARP1.
The determination of PARP1 activity as function of cellular zinc revealed a positive
correlation between PARP1 activity and zinc status. To avoid the rapid decrease of
the cellular NAD+ pool in PBMC, which was observed concomitant with polymer
formation,

cellular

NAD+

pools

were

successfully

replenished

by

ex-vivo

supplementation of PBMC with the NAD+ precursor NA. NA supplementation led to
substantially increased poly(ADP-ribose) formation after X-irradiation. In parallel cell
survival was increased in NA supplemented PBMC when exposed to X-irradiation.
By contrast, overexpression of PARP1 resulted in reduced cell viability and a delay in
DNA repair. However, frequency of micronuclei was reduced in PARP1overexpressing cells, which indicates higher genomic stability.
Finally, since PARP1 acts as a catalytic dimer, with one molecule catalyzing
automodification of the other, enzymatic studies were performed to determine the
minimal fragment of PARP1, which can operate as a partner for automodification by
wt-PARP1 and restores full enzymatic activity of wt-PARP1. Various fragments were
cloned, expressed in E.coli and purified. In-vitro activity assays revealed, however
that none of the PARP1 fragments generated was sufficient as an interaction partner
for wt-PARP1 to reconstitute full activity of the enzyme.
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ZUSAMMENFASSUNG
Poly(ADP-ribosyl)ierung ist eine posttranslationale Modifikation zellulärer Proteine,
welche, unter der Verwendung des Substrates NAD+, hauptsächlich durch die
Poly(ADP-Ribose) Polymerase 1 (PARP1) katalysiert wird. PARP1 wird durch die
Bindung an DNA Strangbrüche über zwei aminoterminal gelegene Zinkfinger
katalytisch aktiviert. Die Poly(ADP-Ribosyl)ierung spielt unter anderem eine wichtige
Rolle in der DNA Reparatur und dem Erhalt der genomischen Stabilität. Über die
biologischen Konsequenzen einer erhöhten Poly(ADP-Ribosyl)ierung ist bis heute
wenig bekannt.
Das Ziel dieser Doktorarbeit war es Substanzen zu identifizieren, welche die zelluläre
Poly(ADP-Ribosyl)ierung verstärken, und

zu untersuchen, ob die verstärkte

Poly(ADP-Ribosyl)ierung zur Verbesserung der DNA Reparatur und zur Erhöhung
der genomischen Stabilität beiträgt. Zur Beantwortung dieser Frage kamen zwei
unterschiedliche Ansätze zur Anwendung. Zum einen sollte die PARP1 Aktivität
durch die Supplementation von Zink bzw. Nikotinsäure (NA) gesteigert werden, zum
anderen durch die Überexpression von human PARP1.
Bei der Bestimmung der PARP1 Aktivität in Abhängigkeit der Zink Konzentration
zeigte sich eine positive Korrelation zwischen der Aktivität von PARP1 und dem
zellulären Zink-Status. Um den schnellen Abbau des zellulären NAD+ Gehaltes,
welcher mit der Bildung von Poly(ADP-Ribose) einhergeht, zu verhindern, wurde in
peripheren mononukleären Blutzellen (PBMC) das zelluläre NAD+ durch eine ex-vivo
Supplementation des NAD+ Vorläufers Nikotinsäure (NA) ergänzt. Nach Bestrahlung
zeigten die PBMC eine stark erhöhte Bildung von Poly(ADP-Ribose). Zudem war
auch die Zellviabilität nach Bestrahlung in NA supplementierten Zellen signifikant
erhöht.
Im Gegensatz dazu führte die Überexpression von PARP1 zu einer reduzierten
Zellviabilität und einer verlangsamten DNA Reparatur. Die Bildung von Mikrokernen
in den PARP1 überexprimerenden Zellen war hingegen erniedrigt, was auf eine
Erhöhung der genomischen Stabilität hindeutet.
Da PARP1 als katalytisches Dimer aktiv ist, wobei ein Enzym das andere
automodifiziert, wurden des Weiteren enzymatische Studien durchgeführt, die klären
sollten, welches minimale PARP1 Fragment als Partner zur Automodifizierung durch
Wt-PARP1 fungieren kann, und die volle Aktivität von Wt-PARP1 garantiert. Hierzu
6
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wurden diverse Fragmente kloniert, in E.coli exprimiert und aufgereinigt. In-vitro
Assays

zeigten,

dass

keines

der

generierten

PARP1

Interaktionspartner ausreichend war, um eine volle Aktivität von

Fragmente

als

Wt-PARP1 zu

erlangen.
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Poly(ADP-ribosyl)ation
Poly(ADP-ribosyl)ation is a post-translational modification of cellular proteins,
mediated by poly(ADP-ribose) polymerases (PARPs) (Bürkle, 2006b). In response to
DNA damage, PARP1 and PARP2 use NAD+ as substrate for the covalent transfer of
ADP-ribose units onto target proteins (“acceptor proteins”). Poly(ADP-ribosyl)ation is
involved in a variety of cellular functions such as the regulation of DNA repair,
genomic stability, longevity, transcription, cell cycle control and cell death processes
(Hassa and Hottiger, 2008).

Metabolism of poly(ADP-ribose)
Poly(ADP-ribosyl)ation was discovered almost half a century ago in 1963 by
Chambon and colleagues (Chambon et al., 1963). Poly(ADP-ribose) (PAR) is a
homopolymer of ADP-ribose subunits that are linked by glycosidic ribose-ribose
bonds, formed by the hydrolysis of the substrate NAD+ (Nishizuka et al., 1967). PAR
is attached onto glutamatic or aspartatic residues of nuclear acceptor proteins, which
are mainly involved in DNA damage signaling (Ogata et al., 1980a; Ogata et al.,
1980b). The main acceptor is the most abundant member of the PARP family,
PARP1 (Ogata et al., 1981). The chain length of the ADP-ribose polymer can reach
up to 200 units (D'Amours et al., 1999). The linear polymer undergoes branching
every 20 to 30 units (Miwa et al., 1979). The constitutive level of PAR is very low in
intact cells under physiological conditions; however DNA damage triggers the
synthesis of PAR 10- to 500-fold (Juarez-Salinas et al., 1979). This is accompanied
by a decrease in intracellular NAD+ concentrations (Skidmore et al., 1979).
The synthesis of PAR requires three different steps (Figure 1):
(I)

Initiation: The first ADP-ribose moiety is covalently attached to an acceptor
protein via an ester bond.

(II)

Elongation: Step-wise transfer of up to 200 ADP-ribose units to the initial
ADP-ribose moiety.

(III)

Branching: The linear polymer chain can be branched every 20 to 30 units.
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Figure 1. Metabolism of PAR. Upon
+
NAD cleavage ADP-ribose is formed
and transferred to an acceptor protein
(I.Initiation), followed by elongation (II.)
and branching (III.) of the polymer.
Finally PAR chains are degraded by
PARG and an ADP-ribosyl lyase.

The existence of PAR in living cells is a very transient and dynamic process, not only
involving the synthesis of PAR, but also its degradation mainly by poly(ADP-ribose)
glycohydrolase (PARG) (Figure 1). The PARG gene encodes a 111-kDa protein (Lin
et al., 1997), with exo- and endoglycosidase activities (Ikejima and Gill, 1988; Miwa
et al., 1974) that catalyzes the hydrolysis of the glycosidic bond between the ADPribose units, thus generating free ADP-ribose. Besides this very active nuclear
PARG, different splice variants have been described, which are localized in nuclear,
cytoplasmic and mitochondrial compartments (Meyer et al., 2007; Meyer-Ficca et al.,
2004). The cleavage of the most proximal ADP-ribose unit on the acceptor protein is
performed by the ADP-ribosyl lyase (Oka et al., 1984). Recently an ADP-ribose
hydrolase (ARH3) was described, which exhibits PARG activity but is structurally
unrelated to PARG (Oka et al., 2006). The release of free ADP-ribose is important for
different cellular processes. Free ADP-ribose can act as signaling molecule in e.g.
cell death processes (Hassa and Hottiger, 2008).

Poly(ADP-ribose) polymerases (PARPs)
In the human genome 17 PARP gene family members have been proposed that all
comprise a highly conserved PARP signature motif, which is located at the Cterminus of the enzyme (Ame et al., 2004; Otto et al., 2005) and conserved between
animal species (Uchida and Miwa, 1994). One of the first hint indicating the presence
of different PARPs was the detection of residual PAR formation in mouse embryo
fibroblasts, derived from Parp1 knock out mice (Shieh et al., 1998).
9
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The different PARPs have distinct primary structures, subcellular localizations and
cellular functions. However, there are some overlapping functions between the
different members. All PARPs have in common that they catalyze the production of
ADP-ribose using NAD+ as substrate (Schreiber et al., 2006).

PARP1 and PARP2 are so far the only members whose catalytic activity has been
shown to be immediately stimulated by DNA strand breaks. They are discussed
below separately.
PARP3 is localized to centrosomes and is supposed to participate in the regulation of
centrosome function and cell cycle progression (Augustin et al., 2003).
PARP4 (vPARP, vault PARP) is the catalytic component of vault particles
(Kickhoefer et al., 1996), which are ribonucleoprotein complexes found in the
cytoplasm of mammalian cells. Vault particles are proposed to have an intracellular
transport function. PARP4 is also present in the nucleus and at the mitotic spindle
(Kickhoefer et al., 1999).
PARP5a (Tankyrase1) / PARP5b (Tankyrase2) are both enzymes that interact with
telomeric repeat binding factor 1 (TRF1), a negative regulator of telomere length
(Smith et al., 1998). They mediate overlapping functions in telomere maintenance,
and both are involved in vesicle trafficking (Cook et al., 2002).
PARP7 (tiPARP) expression is induced by 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD), which causes pleiotropic cellular effects by modulating gene expression. It is
speculated to interfere with T-cell function; however the exact mechanism is still
unclear (Ma et al., 2001).
PARP9 / PARP14 / PARP15 are so-called macro PARPs. They are probably
involved in transcriptional regulation as they are thought to be transcription cofactors
(Karras et al., 2005).
PARP10 is localized to nuclear and cytoplasmic compartments. Through its
interaction with c-Myc, which functions as regulator of transcription and cell
proliferation, it is involved in the control of cell proliferation (Yu et al., 2005).
The exact function of PARP6, PARP8, PARP11, PARP12, PARP13 and PARP16
are still largely unknown (Schreiber et al., 2006).

10
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PARP1
PARP1 is the best studied and most abundant isoform of PARP enzymes. About 106
molecules of PARP1 are present per cell in the nucleus (Ludwig et al., 1988). The
human Parp1 gene is mapped on chromosome 1q41-q42 encoding a 113 kDa
protein of 1014 amino acids (Cherney et al., 1987; Herzog et al., 1989). In response
to DNA damage, PARP1 is activated and binds tightly to DNA strand breaks. This
immediately triggers catalysis of the PAR formation. PARP1 is responsible for about
85% of total cellular poly(ADP-ribosyl)ation (Shieh et al., 1998). The main target of
this modification is PARP1 itself, as it catalyzes its automodification (Adamietz, 1987;
Ogata et al., 1981). This occurs in an intermolecular reaction, since PARP1 acts as a
catalytic dimer (Mendoza-Alvarez and Alvarez-Gonzalez, 1993).
Auto-poly(ADP-ribosyl)ated PARP1 can interact with other DNA repair factors, in
particular those involved in base excision repair (BER) (Dantzer et al., 2000).
Thereby a DNA repair complex can be formed that initiates the DNA repair
machinery (Caldecott et al., 1996; Masson et al., 1998). Numerous studies suggest a
role for PARP1 in the maintenance of genomic stability (Jeggo, 1998), cell cycle
control (Cohen-Armon, 2007), transcriptional regulation (Kraus, 2008) and cell death
processes (Heeres and Hergenrother, 2007). However, PARP1 is also involved in
several pathological processes such as a variety of inflammatory diseases and
diabetes (Beneke, 2008; Masutani et al., 2003).

The PARP1 protein comprises three main domains (Figure 2) representing the
biochemical activities and functional roles.
(I)

DNA binding domain (DBD): The DBD is located at the N-terminus and spans
residues 1 through 374. The domain contains two zinc fingers (FI and FII) that
recognize and bind to DNA single and double strand breaks. The binding of FI
is specific for double strand breaks, whereas FII binds specific to single strand
breaks (Gradwohl et al., 1990; Ikejima et al., 1990). The zinc fingers are
structurally unique and contain a Cys-Cys-His-Cys motif, which is in humans
only found in PARP1 and DNA ligase III (Caldecott et al., 1996). Very recently
a third zinc binding domain (FIII) was identified that is proposed to be
necessary for inter-domain communications between the DBD and the
catalytic domain (Langelier et al., 2008). In addition, the DBD comprises a
bipartite nuclear localization signal (NLS) (Schreiber et al., 1992), which
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includes a caspase 3 and caspase 7 cleavage site (C3/7) (Kaufmann et al.,
1993; Nicholson et al., 1995).
(II)

Automodification domain: The automodification domain is located in the
central part of PARP1 and spans residues 375 through 525. It is rich in
glutamatic residues, representing the main acceptor site for PAR. The domain
contains a “BRCA1 c-teminus” (BRCT) motif, which is found in several DNA
repair and cell cycle checkpoint proteins and mediates protein-protein
interactions (Bork et al., 1997).

(III)

Catalytic domain: The catalytic domain is located at the C-terminus and spans
residues 526 through 1014. The region is highly conserved, especially in the
PARP-signature which extends from residues 859 through 908. The domain is
responsible for NAD+ binding and the transfer of the ADP-ribose moieties onto
acceptor proteins (Kameshita et al., 1984). The region comprises also a WGR
domain, defined by conserved tryptophane (W), glycine (G) and arginine (R)
residues, with uncertain function. It is speculated that the WGR domain is
implicated in the binding of nucleic acids (Semighini et al., 2006).

Auto-modification
domain
DNA binding domain

N

Catalytic domain

C

BRCT
FI

FII

NLS FIII
C3/7

WGR

PARP signature

Figure 2. Modular structure of PARP1. PARP1 consists of three main domains. The DNA binding
domain which comprises three zinc finger motifs (FI, FII, FIII), a nuclear localization signal (NLS) and a
caspase cleavage site (C3/7). The automodification domain is located in the center. At the C-terminus
there is the catalytic active domain which contains the highly conserved PARP signature and the WGR
domain. See text for details.

PARP2
Parp1 knock out cells show some residual formation of PAR (Shieh et al., 1998). This
can be mainly attributed to the PARP1 homologue, PARP2. PARP2 is with 69%
similarity the closest relative to PARP1 (Ame et al., 1999). PARP2 is a nuclear
protein with a size of 62 kDa. Like PARP1 it comprises a DBD and a catalytic
domain. PARP2 is activated by DNA damage and binds to DNA strand breaks where
it catalyzes the formation of PAR by using NAD+ as substrate, albeit with slower
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kinetics compared to PARP1 (Mortusewicz et al., 2007). PARP2 interacts with
PARP1 in a heterodimeric manner but can also homo-dimerize. Both enzymes share
common interaction partners that are involved in BER such as XRCC1, DNA
polymerase β (Polβ) and DNA ligase III (Schreiber et al., 2002). Moreover, Parp2
knock out mice are sensitive to ionizing radiation and alkylating agents as they show
impaired survival and genomic instability after treatment. This demonstrates the role
of PARP2 in the maintenance of genomic stability (Menissier de Murcia et al., 2003).
Moreover, PARP2 binds with high affinity to the telomeric repeat binding factor 2
(TRF2), suggesting a functional role of PARP2 in the maintenance of telomere
integrity (Dantzer et al., 2004). It also interacts with centromeric proteins indicating an
involvement in cell cycle control (Saxena et al., 2002b).
Parp1/Parp2 double knock out mice are not viable and die during early embryonic
development at the onset of gastrulation, underlining the essential role of poly(ADPribosyl)ation during embryonic development (Menissier de Murcia et al., 2003).

Functions of PARP1 / PAR
PARP1 and/or the reaction of poly(ADPribosyl)ation, respectively are contribute to
various physiological processes, such as DNA repair, transcriptional regulation, cell
cycle control, cell death processes and aging (Figure 3). However, PARP1 is also
critical for several pathophysiological functions, many of which involve inflammatory
processes.

Aging

Cell cycle

DNA repair

Mitosis

BER

G0-G1

p53
ERK2

CenpA/B Bub3

Ligase3
XRCC1
Polß
XPA
CSB
MRN
Ku70

Cancer

NER

DSB repair

Caspase cleavage
AIF release
NAD depetion
TF (NFkB, H1;H2B
E2F, p53….) DEK

Figure 3. Cellular functions of
PARP1. PARP1 is implicated in
a variety of cellular processes
such as cell cycle, DNA repair,
cell death and transcription.
PARP1 regulates the different
processes either by poly(ADPribosyl)ation, by direct interaction
with the distinct proteins or by its
+
metabolic impact on NAD
metabolism. See text for details.

Apoptosis
Cell death

Necrosis

Chromatin
Coactivator/repressor decondensation

Diabetes

Inflammation
Transcription
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PARP1 – Genomic stability
PARP1 is important for the maintenance of genomic stability by regulating cellular
responses to genotoxic stress (Meyer-Ficca et al., 2005). PARP1 activity can be
inhibited either by chemical inhibitors (Shall, 1984), by siRNA (Ding et al., 1992) or by
overexpression of the DBD, which acts in a dominant negative fashion (Küpper et al.,
1990; Schreiber et al., 1995). In cells exposed to genotoxic agents, lack of cellular
PARP1 activity results in an increase in markers of genomic stability such as the
frequency of sister chromatid exchange (SCE), the frequency of micronuclei
formation, and the degree of gene amplification (Bürkle et al., 1987; Küpper et al.,
1996). In contrast, in cells that overexpress PARP1 alkylation-induced SCE is
suppressed (Meyer et al., 2000), underlining that PARP1 is an important regulator of
genomic stability.

PARP1 – DNA repair
Cells are constantly threatened by DNA lesions arising from several exogenous and
endogenous sources such as UV light, ionizing radiation, genotoxic chemicals but
also through cellular metabolites such as reactive oxygen species (ROS) (Zharkov,
2008). About 50,000 single-strand breaks (SSB) occur in cellular DNA each day
(Lindahl, 1993), which can, if not repaired, convert into potentially lethal doublestrand breaks (DSB). Cell survival depends on immediate recognition and fast
recruitment of DNA repair factors. DNA lesions trigger DNA damage checkpoint
pathways that regulate specific DNA repair mechanism in the different cell cycle
phases. Because there are various DNA lesions that can occur, a variety of systems
for efficient DNA repair exist (Figure 4). They can be categorized into four different
types: base excision repair (BER), nucleotide excision repair (NER), mismatch repair
(MMR) and DNA double-strand break (DSB) repair, including homologous
recombination (HR) and non-homologous end joining (NHEJ).
PARP1 is involved in BER, NER and DSB repair. Therefore these pathways are
discussed below in more detail.
Recognition and signaling of DNA damage is essential for the induction of immediate
cellular responses such as enhanced DNA repair and cell cycle arrest (Figure 6).
DNA damage signaling is mediated by the DNA dependent protein kinases ataxia
telangiectasia mutated (ATM) and ataxia telangiectasia related (ATR) (Bakkenist and
14
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Kastan, 2003; Lavin et al., 2005b). Immediately after DNA damage, ATM and ATR
are recruited and catalytically activated (Bakkenist and Kastan, 2003). This triggers
the phosphorylation of a number of DNA damage response proteins such as MRN
complex and the histone variant H2AX. In addition cell cycle checkpoint proteins
such as p53, Chk1 and Chk2 are activated leading to cell cycle arrest (Lavin et al.,
2005a).

DNA damaging
agents

DNA damage

DNA repair pathway

ROS
X-rays
Alkylating agents

UV light

Uracil
Bulky adducts
Abasic sites
8-Oxoguanine
Single-strand breaks

Base-excision
repair (BER)

X-rays
anti-toumor agents

Replication errors

Interstrand cross-links T-C Mismatches
Insertions
Double-strand breaks
Deletions

Nucleotide-excision Double-strand break
repair (NER)
repair (HR, NHEJ)

Mismatch repair

Figure 4. DNA damage and repair pathways in mammalian cells. DNA damaging agents cause
multiple DNA lesions which are removed and repaired via specific DNA repair pathways. Modified
from (Hoeijmakers, 2001).

PARP1 plays an important role in regulation of DNA repair through its involvement in
various mechanisms. Automodified PARP-1, arising from infliction of DNA damage,
can directly interact with different DNA repair factors like XRCC1 or Polβ, mediating
their fast recruitment to the site of damage (Caldecott et al., 1996; Masson et al.,
1998). Furthermore, there are several DNA damage checkpoint proteins such as
DNA ligase III, Ku70, DNA-PKcs, or DNA Pol ε that contain a PAR-binding motif.
Thus, PARP1 may regulate the function of some of these proteins (Fahrer et al.,
2007; Pleschke et al., 2000). In addition a novel PAR-binding zinc finger motif has
been identified, which seems to be required for poly(ADP-ribosyl)ation of a number of
eukaryotic proteins involved in the DNA damage response and cell cycle checkpoint
regulation (Ahel et al., 2008).
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PARP1 is also essential in DNA damage signaling, as it interacts and regulates the
DNA damage-responding kinase ATM (Haince et al., 2007).
Another role of PARP1 in DNA repair is the remodeling of the chromatin structure
through direct poly(ADP-ribosyl)ation of histones H1 and H2B, which leads to
relaxation of the chromatin fiber and increases the access for DNA repair enzymes to
DNA breaks (Poirier et al., 1982). In addition, noncovalent interaction of histones with
PAR, leading to dissociation of histones from DNA (Realini and Althaus, 1992), is
also thought to cause chromatin relaxation.

Base excision repair (BER)
The main lesions that are repaired by BER (Figure 5) are damaged DNA bases,
arising from reactive oxygen species (ROS), or from exposure to exogenous agents
such as ionizing radiation or alkylating agents (Lindahl and Wood, 1999). BER can
proceed by either the short patch pathway or the minor long patch pathway (Krokan
et al., 2000). It is initiated by DNA glycosylases which recognize and remove
damaged DNA bases, by cleaving the glycosidic bond between the base and
deoxyribose (Lindahl, 1974). The abasic site generated during this process is
recognized by an apurinic/apyrimidinic endonuclease (APE), which cleaves the lesion
resulting in a 3´OH suitable for DNA re-synthesis (Mol et al., 2000).
Repair of the abasic site is subsequently completed either via short patch repair,
where one nucleotide has to be inserted, or long patch repair, which involves the
filling in of 2–8 nucleotides (Nilsen and Krokan, 2001). The short-patch pathway
proceeds with Polβ (Sobol et al., 1996), which fills in a single nucleotide (Dianov et
al., 1992). Ligation of the single strand nick is accomplished by DNA ligase III, which
interacts with XRCC1, Polß and PARP1 (Kubota et al., 1996; Nash et al., 1997).
In long patch repair, DNA synthesis is performed by Polε or Polδ together with
proliferating cell nuclear antigen (PCNA) and replication factor C (RFC) (Stucki et al.,
1998). The displaced DNA flap is removed by flap endonuclease 1 (FEN1) and finally
the nick is sealed by ligase I (Levin et al., 1997).

PARP1 in BER
Poly(ADP-ribosyl)ated PARP1 is required for the assembly of the BER scaffold
protein XRCC1 at sites of DNA damage (El-Khamisy et al., 2003; Masson et al.,
1998). Both XRCC1 and PARP1 interact with Polβ and DNA ligase III (Caldecott et
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al., 1996; Leppard et al., 2003), forming the core BER complex (Figure 5). The
importance of PARP1 in BER is underlined by the fact of the impaired BER in case of
lack of PARP1 (Dantzer et al., 2000).

Figure 5. PARP1 in base excision repair (BER). PARP1 is involved in both BER systems, i.e. the
short-patch and the long-patch BER mainly by recruiting different DNA repair factors to the site of
lesion. See text for details.

Nucleotide excision repair (NER)
Bulky DNA adducts caused mainly by UV light are usually repaired by NER, where
two sub-pathways exist: global genome repair (GGR), which repairs lesions
throughout the genome and transcription-coupled repair (TCR), which repairs actively
transcribed genes (Friedberg, 2001). Apart from the recognition of the lesion both
pathways, GGR and TCR, involve a number of common proteins. During GGR the
lesion is recognized by XPC-RAD23B, RPA-XPA and DDB1-DDB2/XPE proteins,
whereas during TCR the lesion is recognized by Cockayne syndrome group A (CSA)
and CSB (Hakem, 2008). The transcription factor TFIIH unwinds the DNA and the
subsequent excision of the lesion is mediated by the endonucleases XPG and XPF-
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ERCC1, before the resynthesis of the DNA strand occurs by Polδ and Polε. Finally
the nick is sealed by ligase I (Christmann et al., 2003).

PARP1 in NER
So far, there are conflicting views on whether or not PARP1 plays a role in NER.
Some studies have reported that the absence or inhibition of PARP1 has no effect on
NER activity (Stevnsner et al., 1994) or that it even stimulates NER in response to
UV induced DNA damage (Sims et al., 1981). However, it was also demonstrated
that NER is significantly impaired when PARP1 activity is inhibited (Flohr et al.,
2003). Furthermore, PARP1 is activated in response to UV light (Vodenicharov et al.,
2005) and in addition the absence of PARP1 significantly impairs both of the NER
sub-pathways GGR and TCR (Ghodgaonkar et al., 2008). Moreover, cocaine
syndrome B (CSB) (Thorslund et al., 2005) and XPA (Fahrer et al., 2007; Pleschke et
al., 2000), are a target of PAR supporting a role of PARP1 in NER.

Double strand-break (DSB) repair
DSBs can be caused by exogenous agents like ionizing radiation (IR) or can occur
within the cell as a consequence collapsed replication forks, resulting in the most
severe DNA damage (Shrivastav et al., 2008).
There are two distinct mechanisms for DNA DSB repair: non-homologous end joining
(NHEJ) and homologous recombination (HR). The choice of which pathway is to be
used mainly depends on the phase of cell cycle. NHEJ is important for all cell cycle
phases, whereas HR is mainly employed during the late S- and G2 phase (Rothkamm
et al., 2003).
NHEJ is the predominant but also error-prone pathway of DSB repair in mammalian
cells. The recognition of and binding to the DNA damage occurs via the Ku70-Ku80
complex (Walker et al., 2001), which attracts and activates the catalytic subunit DNAPKcs, a serine/threonine kinase. Ku70-Ku80 and DNA-PKcs form the DNA-PK
holoenzyme, which upon autophosphorylation (Ding et al., 2003) activates XRCC4,
forming a stable complex with DNA ligase IV (Lee et al., 2003). Before re-ligation of
the DSB, the DNA ends are processed by the Mre11-Rad51-NBS1 (MRN) complex.
The MRN complex displays endonuclease and helicase activity (Maser et al., 1997),
probably requiring the flap endonuclease 1 (FEN1) and the exonuclease artemis.
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HR is an error-free process that uses a sister chromatid template for precise
resynthesis of the damaged DNA (Helleday et al., 2007). HR is initiated with the 5´3´resection by the MRN complex. This results in a 3´ single-stranded DNA, to which
RAD52 binds, thereby leading to the protection of the DNA from exonucleolytic
digestion. RAD52 interacts with the replication protein A (RPA), Rad51 and RAP51related proteins such as Rad51B, Rad51C, Rad51D, XRCC2 and XRCC3, which
catalyze the homology search and strand invasion (Baumann and West, 1997). RPA
is supposed to stabilize the Rad51 complex by binding to the displaced DNA (Eggler
et al., 2002). After DNA synthesis, ligation and branch migration, the resulting
structures are mainly resolved by the formation of Holliday-junctions (Holliday, 1964;
Liu and West, 2004).
Figure 6. PARP1 in DSB
repair. PARP1 is involved in
both DSB repair systems,
homologous
recombination
(HR) and non homologous end
joining (NHEJ). In HR PARP1
mainly interacts with different
factors such as ATM and the
MRN complex. Apart from the
interaction with different repair
factors, PARP1 competes in
the NHEJ pathway with the
Ku-complex for the binding
site. See text for details.
Redrawn
according
to
(Hoeijmakers, 2001).

PARP1 in DSB repair
The function of PARP1 in response to DSB is associated with the repair of these
lesions through its interaction of PARP1 with ATM (Aguilar-Quesada et al., 2007).
The ATM signaling network is modulated by PAR (Haince et al., 2007). Additionally,
the involvement of PARP1 in DSB signaling is supported by the finding of its
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colocalization with γ-H2AX foci. Following DNA damage PARP1 mediates the rapid
accumulation of the MRN complex at sites of DNA lesion (Haince et al., 2008).
Furthermore, PARP1 competes with Ku70-Ku80 for the binding at DSB sites in an
alternative pathway of NHEJ (Wang et al., 2006).

PARP1 – Cell cycle
PARP1 and PAR are implicated in different cell cycle phases. PARP1 participates in
the signaling pathway of the mitogen-activated protein kinase (MAPK), which is
involved in the cell cycle control in eukaryotic cells. Thereby, PARP1 can be
activated in the absence of DNA damage through phosphorylation by extracellular
signal-regulated kinase (ERK), which is downstream of MAPK (Kauppinen et al.,
2006). ERK-induced PARP1 activity leads to enhanced expression of immediateearly genes such as c-jun, causing cell cycle progression in late G1 (Cohen-Armon et
al., 2007).
Additionally, PAR is necessary for the transition from G0 phase to G1 phase. PARP1
activity is involved in this step through the regulation of immediate-early genes such
as c-fos and c-myc (Carbone et al., 2008b).
PARP1 participates also in the S-phase in a multiprotein DNA complex and may play
a regulatory role within the replicative apparatus (Simbulan-Rosenthal et al., 1996).
Additionally it acts as a positive cofactor of the transcription factor E2F-1, which is
implicated in the activation of S-phase genes, thus playing a role in S-phase gene
expression (Simbulan-Rosenthal et al., 2003; Simbulan-Rosenthal et al., 1999b).
Furthermore, PARP1 and PAR are strongly proposed to play an important role in
mitosis as they are localized to a number of structures that are essential during
mitotic cell division. For example, PAR directly associates with the mitotic spindle
throughout mitosis and is required for the mitotic spindle assembly and chromosome
segregation (Chang et al., 2004).
In addition, PARP1 localizes to centromeres (Earle et al., 2000), which mediate the
accurate division during mitosis. There, it interacts with two constitutive kinetochore
proteins i.e. CENP-A, CENP-B and the spindle checkpoint protein Bub3. Poly(ADPribosyl)ation of these proteins possibly regulates centromere functions (Saxena et al.,
2002a).
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Moreover, PARP1 activity regulates the function of some centrosomal proteins such
as p53. Suppression of PAR formation results in centrosome hyperamplification
(Kanai et al., 2003), underlining the importance of PARP1 activity in regulating
centrosomes.

PARP1 – Transcription
PARP1 is implicated in the regulation of transcription, by altering the chromatin
structure and through direct interaction with transcription factors (Kraus and Lis,
2003). The activity of PARP1 on transcriptional regulation can occur by modifying
histones

H1

and

H2B,

facilitating

the

decondensation

of

chromatin

and

destabilization of nucleosomes (de Murcia et al., 1986; Poirier et al., 1982).
Furthermore, generation of highly negative charged, free or protein-bound PAR can
act as a histone binding molecule, leading to a destabilization of nucleosomes
(Realini and Althaus, 1992).
PARP1 and histone H1 are both nucleosome binding proteins that modulate
promoter chromatin architecture. In vitro it was demonstrated that PARP1 is present
at transcriptionally repressed chromatin regions which are distinct from histone H1
regions (Wacker et al., 2007). However, in vivo studies proposed that PARP1
removes histone H1 from PARP1-regulated promoters, as PARP1 is enriched and
H1 is depleted at these promoters (Krishnakumar et al., 2008), suggesting a
functional interplay between PARP1 and histone H1 at nucleosome binding. The
binding of PARP1 to nucleosomes occurs in a specific manner. Thereby it possibly
modulates chromatin structure through automodification, without modifying core
histones or nucleosomes (Kim et al., 2004).
It is also known that DEK, which is a chromatin-bound protein, interacts with PAR
(Kappes et al., 2008) and its PARP1-induced release from chromatin by PARP1
permits access for the transcription machinery (Gamble and Fisher, 2007).
PARP1 acts as both, a positive and negative regulator of transcription, depending on
cell type, the gene, and the transcription factor involved (Ziegler and Oei, 2001).
Poly(ADP-ribosyl)ation was shown to promote activity for several transcription factors
such as AP-2 (Kannan et al., 1999), TFIIH (Rawling and Alvarez-Gonzalez, 1997),
p53 (Simbulan-Rosenthal et al., 2001), E2F-1 (Simbulan-Rosenthal et al., 2003),
TEFI (Butler and Ordahl, 1999) and NFAT (Olabisi et al., 2008). Moreover, PARP1
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act as a cofactor of NFκB-dependent transcription, where it is acetylated in response
to inflammatory stimuli by the acetyltransferase p300. The acetylation is crucial for
NFκB activation (Hassa et al., 2003; Hassa and Hottiger, 1999) and results in the
synthesis of pro-inflammatory mediators.

PARP1 – Cell death
PARP1 is involved in two distinct modes of cell death, i.e. necrosis and apoptosis.
The involvement in necrosis is based on the “suicide hypothesis”, which postulates
that massive DNA damage causes an excessive activation of PARP1, and as a
consequence, the depletion of cellular NAD+ pools. The depletion of NAD+ leads to
impaired energy metabolism as NAD+ dependent pathways like glycolysis and
mitochondrial respiration are negatively affected. In an effort to resynthesize NAD+,
the ATP consumption leads to a faster depletion of cellular energy stores, and thus,
the loss of ATP and ATP-dependent cellular functions causes necrosis (Berger et al.,
1983).
PARP1 is also involved in caspase-dependent and caspase-independent apoptotic
processes. Caspases are cysteine proteases that are responsible for the cleavage of
different proteins that play a central role in the initiation and execution of apoptosis.
PARP1 is one of the primary targets for caspase 3 (Lazebnik et al., 1994), cleaving
PARP1 in a 24 kDa and 89 kDa fragment (Duriez and Shah, 1997). The 24 kDa
fragment represents part of the DBD and binds to fragmented chromatin, thus
preventing the access of DNA repair enzymes. The 89 kDa fragment comprises the
catalytic domain, which is now inactive and cellular NAD+ depletion is prevented
(D'Amours et al., 2001). PARP1 cleavage is one of the most striking observations
linking PARP1 to cell death (Duriez and Shah, 1997; Kaufmann et al., 1993) and is
commonly used as a diagnostic marker for the detection of apoptosis in many cell
types (Lazebnik et al., 1994).
In a caspase-independent process, apoptosis is initiated by the death-promoting
protein apoptosis inducing factor (AIF), which is located in the mitochondrial
intermembrane space (Susin et al., 1999). Induction of cell death causes
translocation of AIF from the mitochondria to the nucleus. This translocation is
triggered by PAR as a result of PARP1 (over)activation. In the nucleus AIF causes
chromatin condensation and DNA fragmentation (Cohausz et al., 2008; Yu et al.,
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2006; Yu et al., 2002). Additionally, cytosolic AIF mediates the collapse of the
mitochondrial membrane potential and initiates the release of cytochrome c, which in
turn activates caspases (Susin et al., 1999). The late activation of caspases after AIF
release possibly facilitates disintegration of the cell.
In addition, PARP1 is implicated in the regulation of transcription factor p53 (Whitacre
et al., 1995), which in turn is able to promote apoptosis through caspase activation
(Haupt et al., 2003).

PARP1 – Aging
Aging is defined as a progressive, time-dependent decrease in physiological
functions of an organism. This process is accompanied with accumulation of DNA
damage and genomic instability in cells (Bürkle, 2006; Troen, 2003). PARP1 has
been linked to aging and longevity in several aspects.
There is a positive correlation of PARP1 activity and the maximal life span of
mammalian species, where long-living humans show a 5-fold higher PARP1 activity
compared to short-living rodents. Within a given species there is a decline of PARP1
activity with age (Grube and Bürkle, 1992). The finding is confirmed by the fact that
recombinant human PARP1 has a 2-fold higher PARP1 activity in vitro than rat
PARP1 (Beneke et al., 2000). Further evidence which associate PARP1 with
longevity is given by the fact that lymphoblastoid cells from centenarians showed an
increase in maximal PARP1 activity compared to the general population (Muiras et
al., 1998).
PARP1 is also involved in the maintenance of telomeres. Telomeres are
nucleoprotein complexes that protect the ends of chromosomes from degradation in
structure-specific manner, thus, preventing cellular senescence (Smogorzewska and
de Lange, 2004). The telomeric repeat-binding factor 2 (TRF2), which is implicated in
the formation of telomeric structures is poly(ADP-ribosyl)ated by PARP1, which
influences the binding of TFR2 to telomeres (Gomez et al., 2006). Very recently it
was demonstrated that abrogation of PARP1, but not of PARP2, leads to rapid and
reversible downregulation of telomere length in the absence of exogenous DNA
damage, revealing that PARP1 is a central player in the regulation of telomeres
(Beneke et al., 2008).
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Another association of PARP1 and longevity is the functional interaction between
PARP1 and the Werner syndrome protein (WRN) (Adelfalk et al., 2003). A
homozygous defect in WRN causes the Werner syndrome (WS), which is a classical
progeroid syndrome starting affecting young adults. WRN is a RecQ DNA helicase,
which is involved in the maintenance of genomic stability by interaction with a
number of DNA repair proteins such as replication protein A (RPA) (Brosh et al.,
1999) and flap endonuclease 1 (FEN1) (Brosh et al., 2001).

Pathophysiological functions of PARP1
PARP1 is involved in various inflammatory disorders, presumably at least in part via
the activation of NFκB and subsequent synthesis of proinflammatory factors (Hassa
and Hottiger, 2002) like inducible nitric oxide synthase (iNOS; NOS2), which
produces nitric oxide (NO.). NO. is the main source of radical generation during
inflammation. It produces highly reactive oxygen species (ROS), which cause
extensive DNA damage and, as a consequence PARP1 activation, which eventually
may lead to energy depletion and cell death.
PARP1 overactivation and the concomitant loss of NAD+ also contribute directly to
inflammation by necrotic cell death.
PARP1 has a role in ischemia-reperfusion damage in different organs such as brain,
heart and lung (Beneke et al., 2004). After reperfusion of ischemic tissue there is a
release of NO. and ROS, which cause DNA damage, activation of PARP1, energy
depletion and ultimately necrotic cell death.
Cells lacking PARP1 are protected from ischemia reperfusion damage, underlining
the importance of PARP1 in this type of tissue damage (Eliasson et al., 1997;
Thiemermann et al., 1997).
Moreover PARP1 might contribute to the etiology of type 1 diabetes, which originates
from extensive destruction of insulin-producing β-cell in the islets of Langerhans. The
destruction is mainly caused by NO. through the induction of DNA damage (Fehsel et
al., 1993). Furthermore, there is also PARP1-mediated NAD+ depletion in pancreatic
islet cells (Radons et al., 1994).
Parp1 knock out mice are protected from streptozotocin-induced β-cell destruction
and development of type 1 diabetes, confirming the key role of poly(ADP-ribose)
polymerase activation in this disease (Burkart et al., 1999).
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PARP1 in medical therapy
Considering the role of PARP1 in the maintenance of genomic stability and its
potential role in etiology of several inflammation-related pathologies, PARP1
represents an attracktive target in different lines of therapy for human diseases
(Jagtap and Szabo, 2005).
In the main focus are PARP1 inhibitors as potential chemotherapeutic agents (Bryant
and Helleday, 2004). In the presence of PARP inhibitors, tumor cells show increased
sensitivity to ionizing radiation (Calabrese et al., 2004; Chalmers et al., 2004), which
is mainly due to the BER inhibition.
Moreover, inhibition of PARP1 increases sensitivity in tumor cells that are treated
with the cytotoxic agent temozolomide. Temozolomide induces DNA damage that is
normally repaired by the PARP1-dependent BER (Curtin, 2005).
PARP1 inhibitors are also able to kill cells specifically with defects in BRCA1 or
BRCA2 which occur in breast and ovarian cancer. BRCA1 and BRCA2 are involved
in homologous recombination. PARP1 inhibition results in unrepaired single-strand
breaks, which can be convert in DSB at collapsed replication forks. BRCA1 and
BRCA2 deficient cells are not able to repair lesions formed by PARP1 inhibition
resulting in apoptotic cell death (Bryant et al., 2005; Farmer et al., 2005).
PARP inhibitors are a very promising therapeutic strategy in oncology as they have in
addition very low side effects if applied as monotherapy. Currently there are a
number of PARP inhibitors, which are tested in clinical trials.
Since PARP inhibitors show significant cytoprotection in human cells, they are also
able to attenuate ischemic and inflammatory cell damage (Graziani and Szabo,
2005). PARP1 inhibitors prevent necrosis, thus protecting cells from the depletion of
cellular energy pools. This implies that treatment with PARP inhibitors reduces the
size of e.g. ischemia-reperfusion damaged tissue (Szabo et al., 1997).
Additionally PARP inhibition prevents the activation of various forms of inflammation
through abrogation of the NFκB pathway (Szabo, 2006).

Regulation of PARP1 activity
Activity of PARP1 depends mainly on DNA damage, in a dose-dependent fashion.
However, there seem to be also DNA-independent regulatory mechanisms of
PARP1, such as phosphorylation and protein-protein interactions.
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As mentioned above, PARP1 is phosphorylated by the extracellular signal-regulated
kinase 2 (ERK2), which seems to be necessary for maximal PARP1 activation after
DNA damage. The suppression of phosphorylation activity of ERK2 leads to impaired
PARP1 activation (Kauppinen et al., 2006). PARP1 can also be activated through
phosphorylation by ERK2 independent of DNA damage. The resultant poly(ADPribosyl)ation of ERK2 stimulates its phosphorylation activity, which was proposed to
lead to a positive feed-forward stimulation of PARP1 and ERK2 activity (CohenArmon et al., 2007).
Another regulator of PARP1 is the nicotinamide mononucleotide adenylyl transferase
1 (NMNAT1), which catalyzes the biosynthesis of NAD+. NMNAT1 associates with
PARP1 resulting in increased poly(ADP-ribosyl)ation. The regulation of PARP1
activity by NMNAT1 depends thereby on the phosphorylation state of NMNAT1
(Berger et al., 2007).
In the absence of DNA damage, histones H1 and H3 are also very effective
activators of PARP1 (Kun et al., 2004; Lonskaya et al., 2005).
On the other hand, PARP1 activity can also be negatively regulated.
One negative regulator of PARP1 activity is PARG, which interacts with the
automodification domain of PARP1 thereby inhibiting its automodification and
catalytic activity. (Keil et al., 2006).
A further negative regulator are Sirtuins, which are NAD+ dependent histone
deacetylases (Imai et al., 2000). They counteract the PARP1 activity by competing
with PARP1 for NAD+ (Kolthur-Seetharam et al., 2006).

Modulation of PARP1 activity
PARP1 activity can be modulated experimentally by several different approaches.
This allows the investigation of the precise role of PARP1 and gives an insight into
the cellular functions of poly(ADP-ribosyl)ation.
(I)

Chemical inhibition of PARP1. The development of PARP inhibitors serves on
the one hand as tool to determine the function of PARP1 and on the other
hand as potential therapeutic agent (Curtin, 2005). Chemical inhibitors mimic
the nicotinamide moiety of NAD+ and in general do not act as PARP1-specific
inhibitors, but as pan-PARP inhibitors. A classical PARP inhibitor is 3aminobenzamide (3AB) (Purnell and Whish, 1980), which displays a IC50 of 33
µM. Cells treated with 3AB are protected from NAD+ depletion are impaired in
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DNA repair and exhibit higher genomic instability when exposed to alkylating
agents (Durkacz et al., 1980; Oikawa et al., 1980). Meanwhile there are a
number of novel compounds with increasing potency like NU1085, which
display a IC50 of 80 nM (Curtin, 2005).
(II)

Trans-dominant inhibition of PARP1 by the trans-dominant expression of the
catalytically inactive DNA binding domain (DBD) (Küpper et al., 1990). In
response to DNA damage, the DBD blocks the binding site of PARP1, thus
preventing the formation of poly(ADP-ribosyl)ation. Cells expressing the DBD
are hypersensitive against γ-irradiation and alkylating agents (Küpper et al.,
1995). They display delayed DSB repair (Rudat et al., 2001), show a reduction
in cell viability and exhibit chromosomal instability when treated with alkylating
agents (Schreiber et al., 1995).

(III)

Depletion of PARP1 by anti-sense RNA. Anti-sense RNA was reported to
reduce PARP1 expression up to 90%, leading to impaired DNA repair (Ding et
al., 1992).

(IV)

Generation of Parp1 knock out mice. Three independent Parp1 knock out
mice were generated in different labs (de Murcia et al., 1997; Masutani et al.,
1999; Wang et al., 1995). The mice are fertile but they all exhibit in vitro, exvivo and in vivo impaired surviving rates and reduced genomic stability when
exposed to ionizing radiation and alkylating agents (Masutani et al., 1999;
Trucco et al., 1998; Wang et al., 1997)

(V)

Very recently a mouse model with ectopic expression of human PARP1 was
generated. Surprisingly, the mice display impaired survival and develop
different pathologies such as obesity and kyphosis, suggestive of premature
aging (Mangerich et al., 2008).

(VI)

Overexpression of PARP1. PARP1-overexpressing cells are impaired in
survival after γ-irradiation (Van Gool et al., 1997) but show less sister
chromatid exchange (SCE) when exposed to alkylating agents (Meyer et al.,
2000).

NAD+ metabolism
NAD+ can be synthesized de novo from tryptophan or in a salvage pathway from
nicotinic acid (NA), nicotinamide (collectively termed niacin), or nicotinamide riboside
(Bieganowski and Brenner, 2004). The final step in both de novo and salvage
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pathways

is

catalyzed

by

nicotinamide

mononuclotide

adenyltransferase

(NMNAT/NaNMNAT).
NMNAT transfers the adenylyl moiety of ATP to the intermediate nicotinamide
mononucleotide (NMN), resulting in the formation of NAD+ (Magni et al., 2008). Three
isoforms of NMNAT exist: NMNAT1 is located in the nucleus (Schweiger et al.,
2001), NMNAT2 is located in the nucleus and the cytosol (Yalowitz et al., 2004) and
NMNAT3 is located in the cytosol and in the mitochondria (Zhang et al., 2003) . The
intracellular NAD+ pool is localized into the nuclear-cytosolic pool and the
mitochondrial pool, the latter comprising about 70% of cellular NAD+ (Di Lisa and
Ziegler, 2001).
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Figure 7. NAD metabolism. NAD is generated in two different ways. In the de novo synthesis
tryptophan is used as substrate and in the salvage pathway, nicotinic acid (NA), nicotinamide riboside
+
or nicotinamide are used. NAD is consumed in the energy metabolism or degraded by ADP-ribose
reactions. NaPRTase, nicotinic acid phosphoribosyl transferase; NaMNAT, nicotinic acid
mononucleotide adenyltransferase; Nrk1, nicotinamide riboside kinase; Nampt, nicotinamide
+
phosphoribosyl transferase; NaDS, NAD synthetase; NMNAT, nicotinamide mononucleotide
adenyltransferase.

Besides the classical role of NAD+ as coenzyme in cellular redox reactions, it also
participates in several signaling pathways (Berger et al., 2004). Poly(ADPribosyl)ation is the most extensive NAD+-consuming cellular process (Williams et al.,
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1983). The hydrolysis of NAD+ into ADP-ribose and nicotinamide produces a free
energy of -34.3 kJ/mol (Zatman et al., 1953), which is used by PARPs to catalyze the
synthesis of PAR. The cellular concentration of NAD+ is approximately 400 - 500 µM
(Williams et al., 1985) with a km of PARP1 for NAD+ between 20 and 80 µM.
However, PARP1 activation following DNA damage can consume massive amounts
of NAD+ in a dose-dependent manner (Skidmore et al., 1979). The cellular level of
poly(ADP-ribosyl)ation seems to be the most important determinant for the
metabolism of NAD+ in cells (D'Amours et al., 1999).

Zinc
Zinc is an essential and the second most abundant trace element in cells. The metal
ion is indispensable for many cellular processes such as growth, development, DNA
synthesis, immunity, and cell signaling (Beyersmann and Haase, 2001; Vallee and
Falchuk, 1993).
The human body contains 2-4 g of zinc, but intracellular zinc only occurs in a
concentration of 12-16 µM (Ibs and Rink, 2003). Free intracellular zinc concentrations
are in the fM range, suggesting a high intracellular zinc-binding capacity (Outten and
O'Halloran, 2001). Zinc is predominantly bound to proteins (Scott and Bradwell,
1983). There are more than 300 enzymes that require zinc for their functional
integrity. The major zinc-binding protein is metallothionein which donates zinc to
enzymes and transcription factors with zinc finger domains (Jacob et al., 1998).
PARP1 belongs also to the group of zinc-binding enzymes and zinc is essential for
the binding of PARP1 to DNA strand breaks via zinc fingers I and II (Mazen et al.,
1989; Menissier-de Murcia et al., 1989). Zinc is also essential for inter-domain
communications within PARP1 and consequent enzyme activation via the recently
discovered third zinc-binding domain (FIII) (Langelier et al., 2008).

29

OBJECTIVE

OBJECTIVE

Since PARP1 is involved in a large number of cellular processes, it presents a broad
spectrum of research areas ranging from fundamental to applied research with high
relevance for potential therapeutic applications. Therapeutic strategies in the field of
PARP1 research has been focused on PARP1 inhibition. However, it is indisputable
that DNA strand break-induced poly(ADP-ribosyl)ation is linked to DNA repair and
maintenance of genomic stability. So far, little information exists on the biological
consequences of an enhanced poly(ADP-ribosyl)ation in response to DNA damage.
The aim of the present study was to identify compounds that are able to enhance
cellular poly(ADP-ribosyl)ation and to investigate the cellular consequences. It is
expected that such compounds are candidates for increasing the genomic stability of
cells. This could have significant medical relevance, e.g. in the context of cancer
therapy, where DNA-damaging cytotoxic agents are used to kill tumour cells. As a
result of such treatment, any surviving tumor cell and also the normal cells of the
body may undergo genomic instability, which can lead to further initiation of new
tumours. In cancer patients undergoing cytotoxic chemotherapy or radiotherapy,
agents that help maintain genomic stability under genotoxic stress possibly can lower
the risk for normal somatic cells to acquire genetic changes that are necessary
events in the multi-step process of carcinogenesis. Such agents would represent an
entirely new class of pharmacological compounds with protective effects against
DNA-damage induced carcinogenesis.
Furthermore, agents that enhance cellular PAR and as a consequence increase the
maintenance of genomic stability could play a role in aging processes. They may
help to maintain integrity and stability of the genome more efficiently and thus
contribute to an extension of “healthspan”.
The determination of enhanced PARP1 activity requires reliable and convenient
methods. The first aim therefore was to complete the development of a flow
cytometry-based PARP1 activity assay in permabilized cells and to develop a flow
cytometry based PARP1 activity assay in intact cells (Chapter I, Paper, Chapter III,
Manuscript).
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To investigate the cellular consequences of enhanced poly(ADP-ribosyl)ation more
deeply, various approaches to modulate PARP1 activity were chosen (Figure 8).
(I)

Zinc supplementation: Since PARP1 binds to broken DNA via its zinc
fingers it may be assumed that cellular zinc levels, which are known to
decrease with age may play a role and that zinc might be a limiting factor
in PARP1 activation, especially in the elderly. As part of the EU FP6
project ZINCAGE, cellular poly(ADP-ribosyl)ation as a function of zinc
status and age in humans was determined (Chapter II, Paper).

(II)

Nicotinic acid supplementation: As there is a rapid decrease of the cellular
NAD+ pool concomitant with polymer formation, it was reasonable to
assume that PARP1 activity can be increased by replenishing the cellular
NAD+ pools. Therefore cell culture medium was supplemented with the
NAD+ precursor nicotinic acid. In order to test this hypothesis cellular NAD+
levels

and

poly(ADP-ribose)

content

were

determined

and

the

consequences of enhanced poly(ADP-ribosyl)ation on cell viability were
studied (Chapter III, Manuscript).

Figure 8. Objective of the present work. Enhancement of PARP1 activity in response to DNA
damage by modulating different aspects of PARP1 activity. See text for details.
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(III)

PARP1 overexpression: Human PARP1-overexpressing hamster cells,
which were generated formerly (Meyer et al., 2000), are known to produce
several-fold more polymer compared to controls. However, so far the
biological consequences of PARP1 overepression have not been fully
addressed. Therefore it was interesting to study cell viability, DNA repair
and genomic stability in these PARP1-overexpressing cells (Chapter IV,
Manuscript).

(IV)

In addition, mechanistic enzymatic studies of PARP1 were performed.
Since PARP1 act as a catalytic dimer, the question was addressed, which
domain of PARP1 is needed as a quasi-heterodimeric interaction partner
for wt-PARP1 to reconstitute the full PARP1 activity seen with wt-PARP1
dimers. Therefore different recombinant PARP1 fragments comprising the
different PARP1 domains were generated. Finally activity assays were
performed by adding wt-PARP1 in addition with one of the different
fragments in a stoichiometric ratio (Chapter V, Synopsis of data).
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My contribution to the papers (Chapter I to Chapter V)

Chapter I: The establishment of the assay was part of my diploma work. During my
PhD I performed the determination of the heterogeneity of poly(ADP-ribosyl)ation
capacity of PBMC from healthy young human donors and I examined the robustness
of the assay under the supervision of Alexander Bürkle.

Capter II: The blood samples were collected and processed by the responsible
persons from the ZincAge study. The data of the zinc measurement was provided by
Marco Malavolta, Ancona, Italy. I planned together with my supervisor Alexander
Bürkle the study, measured PARP1 activity in all samples and did the evaluation of
the data. I also wrote the paper with very valuable comments from Alexander Bürkle.

Chapter III: I planned together with my supervisor Alexander Bürkle the project
which was performed by the two diploma students Maike Schmitz and Kathrin
Weidele under my direct supervision. I wrote the paper with very valuable comments
from Sascha Beneke and Alexander Bürkle.

Chapter IV: The micronuclei study was performed by two former diploma students
Raphael Hahn and Yvonne Rudigier. Cell death assays were performed by Tobias
Eltze (PhD student). Together with my supervisor Alexander Bürkle I did the planning
of the DNA repair experiments, which I performed and evaluated in the group of
Thomas Helleday in Stockholm. I wrote following parts of the paper: mMaterials and
Methods except the part of cell viability, Results except the part of cell viability and
Discussion, with very valuable comments from Alexander Bürkle.

Chapter V: I planned together with my supervisor Alexander Bürkle the project; I
performed all experiments except from the generation of wt-PARP1, which was done
by Sascha Beneke (Post doc). I wrote the paper with very valuable comments from
Alexander Bürkle.
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Abstract
Poly(ADP-ribosyl)ation is a posttranslational modification of nuclear proteins
catalysed by poly(ADP-ribose) polymerases (PARPs), using NAD+ as a substrate.
Activation of PARP1 is in immediate response to DNA damage generated by
endogenous and exogenous damaging agents. It has been implicated in several
crucial cellular processes including DNA repair and maintenance of genomic stability,
which are both intimately linked with the aging process. The measurement of cellular
poly(ADP-ribosyl)ation

capacity, defined as the amount of poly(ADP-ribose)

produced under maximal stimulation, is therefore relevant for research on aging, as
well as for a variety of other scientific questions.
This paper reports a new, robust protocol for the measurement of cellular poly(ADPribosyl)ation capacity in PBMC or Jurkat T-cells using flow cytometry, based on a
previously established immuno-dot-blot assay. In order to validate the new assay, we
determined

the

dose-response

curve

of

3-aminobenzamide,

a

well-known

competitive PARP inhibitor, and we derived an IC50 that is very close to the published
value. When testing a set of PBMC samples taken from fifteen healthy young human
donors, we could confirm the presence of a substantial interindividual variation, as
previously observed using a radiometric assay.
The methodology described in this paper should be generally useful for the
determination of cellular poly(ADP-ribosyl)ation capacity in a wide variety of settings,
especially for the comparison of large sets of samples, such as population studies.
In contrast to previously published radiometric or immuno-dot-blot assays, the new
FACS-based method allows (i) selective analysis of mononuclear cells by gating and
(ii) detection of a possible heterogeneity in poly(ADP-ribosyl)ation capacity between
cells of the same type.

Introduction
Aging is a multifactorial degenerative process that affects all tissues including the
immune system (Fulop et al., 2005). There is evidence for a loss of genomic stability
in cells during normal aging (Beneke and Bürkle, 2004; Bürkle, 2005)). This genomic
instability may well be mediated by limitations in DNA repair pathways. This view is
supported by recent reports highlighting the pivotal role of DNA repair (e.g.
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nucleotide excision repair) in determining the rate of aging (de Boer et al., 2002),
while on the other hand proteins that are found deficient in syndromes of accelerated
aging, such as the Werner protein (WRN), have been shown to possess functions in
DNA repair and maintenance of genomic stability (Beneke and Bürkle, 2004).
The bioavailability and intracellular distribution of zinc ions may well have an impact
on processes related with DNA repair and maintenance of genomic stability, and thus
on the aging process (Mocchegiani et al., 2004). This is apparent from the fact that
several DNA repair-related proteins are zinc-finger proteins (Hartwig et al., 2002a).
One prominent example of a zinc finger protein involved in DNA repair and genomic
stability is poly(ADP-ribose) polymerase-1 (PARP1, EC 2.4.2.30). PARP1 catalyses
one of the immediate cellular responses to genotoxic stress, i.e. the synthesis of
poly(ADP-ribose) (Bürkle, 2006a; Malanga and Althaus, 2005; Oei et al., 2005;
Scovassi, 2004). On the one hand, this enzyme is a very promising target for cancer
chemotherapy (Curtin, 2005), and especially so for BRCA2-deficient tumour cells
(Bryant et al., 2005). On the other hand, an involvement of poly(ADP-ribose)
metabolism in the aging process has long been suggested, as we could show that
the cellular capacity to produce poly(ADP-ribose) in peripheral blood mononuclear
cells (PBMC) correlates positively with species-specific life span in mammals (Grube
and Bürkle, 1992). Furthermore, we were able to establish an association between
high cellular poly(ADP-ribosyl)ation capacity in lymphoblastoid cells with human
longevity (Muiras et al., 1998). Environmental toxins that can interfere with the
structural integrity of zinc fingers, such as arsenicals, have recently been shown to
suppress DNA damage-induced poly(ADPribose) formation in living cells in culture,
even at remarkably low concentrations that prevail in drinking water from some
geographical regions of the world (Hartwig et al., 2003). Other conditions that might
lead to similar effects are oxidative protein damage or diminished bioavailability of
zinc, resulting from either nutritional zinc deficiency or changes in zinc transport or
intracellular storage. One of the tasks of the ZINCAGE project (Mocchegiani et al.,
2004) supported by the EU Commission is, therefore, to assess poly(ADPribosyl)
ation capacity in human PBMC as a function of age and nutritional zinc status of the
donor. The data obtained will be correlated with series of other genetic, biochemical
and psychological parameters to be assessed within ZINCAGE. Based on the
importance and multifunctional nature of poly(ADP-ribosyl)ation, it is obvious that
reliable and convenient methods to assess cellular poly(ADP-ribosyl)ation capacities
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are needed. Previously, various methods have been developed to assess the cellular
poly(ADP-ribosyl)ation capacity. This was primarily achieved by incubating
permeabilized cells with a double-stranded activator DNA oligonucleotide and then
subsequently measuring the incorporation of radiolabeled NAD+ into acid-insoluble
material (Grube and Bürkle, 1992; Grube et al., 1991; Muiras et al., 1998). There
were, however, major drawbacks with that methodology including the requirement of
using radioactivity, of relatively large cell numbers, and the notorious inefficiency of
the washing steps to remove any unincorporated radioactively labeled NAD+ from
trichloroacetic acid (TCA) precipitates. Therefore, we subsequently developed a nonradioactive immuno-dot-blot assay to quantify cellular poly(ADP-ribosyl)ation capacity
(Pfeiffer et al., 1999). That method allowed permeabilized cells that had been
incubated with an activator oligonucleotide and non-labeled NAD+ to be directly dotblotted onto a nylon membrane, and then TCA-precipitated in situ. Immunodetection
of the resultant poly(ADP-ribose) was achieved using a monoclonal antibody
conjugated with a peroxidase-based quantitative chemiluminescence detection
system. That method, however, did not allow separation of specific cell types or
detection of heterogeneity between cells of the same type. In the present paper we
describe a new methodology using a flow cytometry-based technique.
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Materials and Methods
Materials
Phosphate Buffered Saline (Dulbecco A; PBS) was from Oxoid, Basingstoke, UK.
Foetal calf serum (FCS) was from Invitrogen, Paisley, UK. Tris hydrochloride (TrisHCl), ethylenediaminetetraacetic acid (EDTA), magnesium chloride (MgCl2), 2mercaptoethanol, digitonin, β-nicotinamideadenine dinucleotide (NAD+; grade V), 3aminobenzamide (3-AB), sodium azide were from Sigma, Poole, UK. The PARP
activator deoxyoligonucleotide (GGAATTCC) (Grube et al., 1991) was dissolved in
15 mM NaCl at 385 µg/ml. Percoll was from Amersham Bioscience, Uppsala,
Sweden. Mouse monoclonal antibody recognising poly(ADP-ribose) was purified as
described previously, from culture supernatant of 10H hybridoma cells (Kawamitsu et
al., 1984) (kind gift of M. Miwa and T. Sugimura, Tokyo, Japan) using a protein-A
column chromatography kit (Pfeiffer et al., 1999). Alexa Fluor®488 goat anti-mouse
secondary antibody was from Molecular Probes, Paisley, UK. CD 45 antibody was
from BD Bioscience, Erembodegem, Belgium.

Cells
Jurkat T cells, a leukaemic T cell line, were maintained as a suspension culture in
RPMI 1640 medium (Sigma) supplemented with 100 U/ml penicillin, 100 µg/ml
streptomycin, 2 mM L-glutamine and 10% foetal calf serum (Sigma). Cultures were
incubated at 37°C and 5% CO 2. Freshly obtained human PBMC from healthy donors
were isolated by Percoll gradient centrifugation (Grube and Bürkle, 1992).

FACS-based PARP-activity assay – Protocol A
To perform PARP activity assays, a modification of the dot blot method according to
Pfeiffer et al. (Pfeiffer et al., 1999) was used. Jurkat T cells were counted, washed in
PBS, pelleted and resuspended in ice-cold hypotonic permeabilisation buffer (10 mM
Tris-HCl pH 7.8, 1 mM EDTA, 4 mM MgCl2, 30 mM 2-mercaptoethanol)
supplemented with 0.015% (w/v) digitonin (Sigma), and left on ice for 1 minute. A
further 4 ml of digitonin-free, ice-cold permeabilisation buffer was then added and the
cells were pelleted at 326 g, 4°C, for 10 minutes and resuspended again in ice- cold
permeabilisation buffer at a density of 2 × 105 cells/53 µl in a V-bottomed 96-well
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plate.

In

order

to

investigate

cellular

poly(ADP-ribosyl)ation

capacity,

the

permeabilized Jurkat T cells were incubated with activator oligonucleotide and nonlabeled NAD+, which acts as substrate, to allow formation of poly(ADPribose).Thirtyfour µl of reaction buffer (100 mM Tris-HCl pH 7.8, 1 mM NAD+, 120 mM MgCl2) and
13 µl of doublestranded activator oligonucleotide dissolved in 15 mM NaCl at 385
µg/ml was added to samples of 2 × 105 cells on ice, yielding a total volume of 100 µl
per reaction. The mixture was incubated at 37°C for 4 minutes, and then cells were
pelleted at 652 g, 4°C, for 3 minutes and resuspended in 60 µl PBS. The reaction
was stopped by adding 140 µl of ice-cold 70% ethanol and incubation for 15 minutes
at -20°C. Then cells were pelleted at 652 g, 4°C, for 5 minutes and then washed in
240 µl of FACS buffer (1 × PBS, 0.5% FCS, 2 mM NaN3), with shaking at 4°C, and
again centrifuged at 652 g, 4°C for 2 minutes. The cell pellet was resuspende d in 240
µl diluted primary antibody (purified 10 H mouse monoclonal antibody recognizing
poly [ADP-ribose]; dilution 1:300 in FACS buffer) at 4°C overnight. Cells were then
pelleted at 652 g, 4°C, for 2 minutes and washed in 240 µl of FACS buffer, as before.
The resultant cell pellet was resuspended in 240 µl Alexa 488-conjugated secondary
antibody (dilution 1:1000 in FACS buffer; Invitrogen) in the dark followed by shaking
at room temperature for 30 minutes, pelleted and washed once more and finally
resuspended in 240 µl FACS buffer and left on ice prior to flow cytometry analysis.
Cell samples were analysed by flow cytometry in a FACS Calibur II (Becton
Dickinson Immunocytometry Systems) operating with CellQuest version 3.3 software.
The total population of viable cells was gated to their forward and side scatter.
Control samples were evaluated in each experiment. The fluorescence of untreated
cells was recorded to determine the level of background fluorescence for negative
control cells, while treated cells with primary and secondary antibody staining were
used as positive control cells. A total of 10,000 event files for each sample were
acquired individually in "live-gate" mode. Data are expressed as mean fluorescence
intensity (MFI) above background.
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FACS-based PARP-activity assay – Protocol B
This method is similar to Protocol A, except for the following modifications: Ethanol,
rather than digitonin, is used for permeabilization; the reaction time (incubation with
NAD+ and activator oligonucleotide) was extended to 10 min and this was followed by
a second fixation using formaldehyde. For convenience this protocol (which is the
recommended version, see Discussion) is described here in a step-by-step fashion:
• Centrifuge cells (2 × 105 per data point) in 15 ml tube for 5 min at 326 g (note that
about 1.5 × 106 PBMC can be recovered from 1 ml of blood) • Resuspend the pellet
in 10 ml PBS • Count the cells • Centrifuge the cells for 5 min at 326 g • Resuspend
pellet in 100% ethanol (ice-cold) • Leave at -20°C for at least 20 min • Centrifuge the
cells for 10 min at 815 g • Resuspend the cell pellet in ~ 10 ml buffer A (10 mM TrisHCl pH 7.8, 1 mM EDTA, 4 mM MgCl2, 30 mM 2- mercaptoethanol) • Centrifuge the
cells for 10 min at 815 g • Resuspend pellet in N × 27 µl buffer A (N = number of
wells to be filled, each comprising 2 × 105 cells) and transfer 27 µl per well into a Vshaped 96-well plate • Incubate the plate with the cells on ice for at least 5 min • Add
20 µl 3× reaction buffer (with or without NAD+) plus 13 µl of 15 mM NaCl
incorporating or not activator oligonucleotide (final concentration: 5 µg per reaction)
thus reaching a final volume of 60 µl • Leave at 37°C for 10 min • Second fixation: Add 60 µl of 4% formaldehyde in PBS and incubate for at least 20 min at room
temperature - add 60 µl of 100 mM glycine in PBS to quench formaldehyde •
Centrifuge for 10 min at 815 g • Wash with 200 µl FACS buffer • Centrifuge for 5 min
at 815 g • Resuspend the pellet in 100 µl primary antibody (10 H) diluted in FACS
buffer (final concentration 5 µg/ml) • Incubate for 1 h at 37°C or overnight at 4° C •
Centrifuge for 5 min at 815 g • Wash twice (as before) • Centrifuge for 5 min at 815 g
• Resuspend pellet in 100 µl of diluted secondary antibody (Alexa 488-conjugated
goat anti-mouse, dilution 1:1,000 in FACS buffer) N.B. This and the subsequent
steps should be done under subdued light. • Incubate for 30 min at 37°C • Wash
twice (as before) • Centrifuge for 5 min at 815 g • Resuspend the pellet in 200 µl
FACS buffer • Leave on ice until FACS analysis (as described above) or store the
samples at 4°C.
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Results and Discussion
In this study, a modification to an existing dot-blot assay for the quantification of
cellular poly(ADP-ribosyl)ation capacity (Muiras et al., 1998) was developed based
on flow cytometry.
In order to assess levels of cellular poly(ADP-ribosyl)ation by such a method,
background levels of mean fluorescence intensity (MFI) had to be established. Initial
experiments were carried out using Protocol A to determine MFI levels in untreated
Jurkat T cells, i.e. cells with no antibody labeling, serving as a negative control and
regarded as a measure for background fluorescence. In addition, antibody staining
was performed on permeabilized cells incubated with or without NAD+ in the
presence or absence of activator oligonucleotide. Figure 9 shows the typical
frequency distributions (histograms) obtained with Protocol A. Figure 9A represents
the negative control (MFI = 58.07), and can be regarded as background fluorescence
level as these cells were not antibody-labelled. Panels (B) - (D) show the histograms
of Jurkat T cell samples stained with primary and secondary antibodies after
treatment of the cells as detailed in the protocol, except for the lack of both NAD+ and
the activator oligonucleotide (B), or the lack of NAD+ only (C), or the lack of
oligonucleotide only (D). In panels B - D a slight increase in MFI is apparent, ranging
between approximately 130 and 180 units, reflecting more or less the background
staining of the primary and secondary antibody, as no significant amounts of
poly(ADP-ribose) were produced under these conditions. Permeabilized cells,
however, that had been incubated with NAD+ plus activator oligonucleotide and
stained with antibodies (Panel E) yielded a severalfold higher fluorescence intensity
(MFI = 793.41), as expected, because PARP1 was fully stimulated under these
conditions. This result clearly indicates the usefulness of flow cytometry as tool for
assessment of poly(ADP-ribosyl)ation capacity.
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Figure 9. Frequency distributions (histograms) of MFI representing poly(ADP-ribosyl)ation
levels in permeabilised Jurkat cells. (A) Untreated cells, no antibodies (Ab) added (negative
+
+
control); (B) no NAD and no oligo in the reaction buffer; primary Ab, secondary Ab; (C) no NAD , but
+
oligo in the reaction buffer; primary Ab, secondary Ab; (D) NAD , but no oligo in the reaction buffer;
+
primary Ab, secondary Ab; (E) NAD and oligo in the reaction buffer; primary Ab, secondary Ab. Note
that a shift to the right (FL-1; x-axis) indicates increased levels of poly(ADP-ribosyl)ation. Numerical
values next to the histograms represent the mean fluorescence intensity (MFI).

In the course of our experiments we developed a modified assay protocol (Protocol
B), for measuring PBMC. The main differences between Protocol A and Protocol B
are (i) fixation/permeabilization ("prefixation ") with 100% ethanol before the reaction
is started, and (ii) a second fixation step using formaldehyde to be performed after
the PARP1 reaction has taken place. The prefixation is done to "stabilize" the cells
for subsequent steps of the experimental procedure. It should be noted that DNA
strand break-driven poly(ADP-ribosyl)ation occurs mainly as an automodification of
PARP1 (Ogata et al., 1981). Polymer formation leads to a strongly negatively
charged protein modification. This can lead to a repulsion effect as DNA is also
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negatively charged, and therefore automodified PARP1 might be lost from chromatin.
Therefore a second fixation step was introduced using formaldehyde. This modified
assay turned out to be more stable and reproducible and is therefore the
recommended assay format. Flow cytometry provides the option of selecting certain
cell populations by gating. For example, we are interested in measuring PARP
activity specifically in PBMC and therefore wish to exclude other cell types (such as
platelets) contaminating the preparation. PBMC can be stained with a CD 45
antibody and selected by gating as is depicted in Figure 10. This cell population was
selectively analyzed in all subsequent experiments.
A

B

Figure 10. Separation of leukocytes by CD 45 staining and gating. (A) Gating of cells and
classification as populations R1 and R2. B) PBMC were stained with CD 45 antibody. The R1
population is CD 45-positive.

As is depicted in Figure 11, MFI values of human PBMC incubated in the absence of
NAD+ were very low, whereas addition of NAD+ and, even more so, further addition
of activator oligonucleotide raised MFI by over tenfold. To illustrate the usefulness of
the flow cytometry-based assay according to Protocol B, the well-known PARP
inhibitor 3-aminobenzamide was added to the reaction mixture at varying
concentrations, i.e. 1, 3, 10, 30, 100, 300, and 1,000 µM (Fig. 11). As expected, a
significant and concentration-dependent inhibition of poly(ADP-ribose) formation was
observed at concentrations between 30 and 1,000 µM, down to background levels at
the highest concentration tested, thus demonstrating the specificity of the
immunostaining for poly(ADP-ribose). No significant change was seen at 3aminobenzamide concentration up to 10 µM. The potency of the inhibitor observed in
these experiments corresponds very well with its known IC50 in vitro (approximately
40 µM) (Banasik et al., 1992).
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A

bckgr.

2° ab only

1°+ 2°ab

NAD / 1° + 2° ab

NAD + Oligo / 1°+ 2° ab
(= “full activation”; FA)

FA + 1 µM 3-AB

FA + 3 µM 3-AB

FA + 10 µM 3-AB

FA + 30 µM 3-AB

FA + 3-Ab 100 µM

FA + 3-AB 300 µM

FA + 1000 µM 3-AB

B

Figure 11. Stimulation of PARP activity in permeabilized human PBMC by addition of NAD and
activator oligonucleotide, and inhibitory effect of 3-aminobenzamide A. Histograms of poly(ADP+
ribosyl)ation levels determined using Protocol B. Permeabilized cells were incubated with NAD and
activator oligonucleotide in the presence of the PARP inhibitor 3-aminobenzamide as indicated. A
representative set of data is shown. bckgr, background; ab, antibody; 3-AB, 3-aminobenzamide. B.
Quantitative evaluation of MFI. Shown are average values and SD of three parallel determinations,
respectively, comprising the data set shown in A.

45

CHAPTER I
In previous work using a radiometric PARP activity assay (Grube and Bürkle, 1992),
we had observed significant interindividual heterogeneity between samples taken
from young healthy donors. This was the case for PBMC taken from any of the
mammalian species tested. At least to some extent that heterogeneity may have
been due to technical problems related with inefficient removal of non-incorporated
radioactive NAD+. We therefore tested a set of PBMC samples taken from fifteen
healthy human donors (24–29 years of age) using the new assay format (Table 1a).
The average activity level (i.e., [MFI with NAD+ and oligonucleotide] – [MFI without
NAD+] was 665 with a standard deviation of 419. These data reveal a substantial
(several-fold) interindividual variation, with no obvious gender difference. We also
observed such variability between donors tested in parallel (Table 1a, donors marked
with asterisks). This, however, was not due to instability of the assay, as
measurements of PBMC from a single donor performed either in parallel or in
consecutive experiments on different days displayed only marginal variability (Table
1b).
Table 1a
Heterogeneity of poly(ADP-ribosyl)ation capacity of PBMC from healthy young human donors.
Donor

Age

Gender

MFI

1*

29

m

601

2

29

m

410

3

28

m

914

4

28

m

546

5

27

m

283

6

26

m

1467

7

26

m

292

8*

29

f

1664

9*

29

f

462

10

29

f

433

11

28

f

793

12

27

f

838

13

27

f

553

14*

27

f

512

15

24

f

211

Average

665

SD

419

Cellular poly(ADP-ribosyl)ation capacity in
PBMC of 15 young and healthy donors was
measured using Protocol B. Note the high
level of variability between donors. High
variability was also noticed in a subset of
samples processed in parallel in the same
experiment (asterisks), with an average of
809 and SD of 572. MFI, mean
fluorescence intensity; SD, standard
deviation.
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Thus the variability seen in Table 1a seems to be biological rather than technical.
Nevertheless, for large studies it is advisable to use internal standards like aliquots of
cryopreserved PBMC from a single donor. It will be interesting to decipher the
reasons for the pronounced interindividual variation as well as the possible biological
consequences for the individual. One candidate, on which we are focussing in the
ZINCAGE project, is the cellular zinc status.

Table 1b
Robustness of poly(ADP-ribosyl)ation capacity measurements of PBMC from one donor done either in
parallel or consecutive assays.
Parallel measurements

MFI

Consecutive measurements

MFI

220

193

190

201

165

323

269
210
197

Average

208

Average

239

SD

35

SD

73

Cellular poly(ADP-ribosyl)ation capacity was measured using Protocol B. Top: Six independent
reactions were started with PBMC from one donor within a single experiment. Bottom: The poly(ADPribosyl)ation capacity of one donor was measured in PBMC from blood samples obtained on different
days. Note the relatively small variability of the measurements in contrast to samples from different
donors. MFI, mean fluorescence intensity; SD, standard deviation.

The methodology described in this paper should be generally useful for the
determination of cellular poly(ADP-ribosyl)ation capacity in a variety of settings,
especially for the comparison of large sets of samples in which the available cell
number per sample is limited. This is most often the case in studies on human
samples and in samples from elderly donors and patients in particular.
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Abstract
Poly(ADP-ribosyl)ation is a posttranslational protein modification, which is catalyzed
by poly(ADP-ribose) polymerase 1 (PARP1) and plays a role in DNA repair and
maintenance of genomic stability. A decrease in cellular poly(ADP-ribosyl)ation has
been implicated in the aging process. As PARP1 is a zinc finger protein its decreased
function might be related to age-related zinc defciency. To test this hypothesis we
assessed cellular poly(ADP-ribosyl)ation capacity in 29 donors from Greece, Italy
and Poland as function of age and nutritional zinc status. Our results reveal a positive
correlation between cellular poly(ADP-ribosyl)ation capacity and zinc status in human
peripheral blood mononuclear cells (PBMC) (p < 0.05). We could also confirm a
decrease of PARP-1 activity with donor age, highlighting the role of poly(ADPribosyl)ation in the aging process. The results demonstrate that zinc supplementation
in elderly people can increase the cellular poly(ADP-ribosyl)ation capacity of their
PBMC. We speculate that this may help maintain integrity and stability of the genome
more eficiently and thus contribute to an extension of healthspan.

Introduction
Poly(ADP-ribosyl)ation is a reversible posttranslational modification of nuclear
proteins occurring as an early cellular response to DNA damage generated by
endogenous and exogenous damaging agents in mammalian cells (Lindahl et al.,
1995). Using NAD+ as substrate, the family of poly(ADPribose)polymerases (PARPs)
catalyzes the initiation, elongation and branching of ADP-ribose polymers, which are
covalently attached to ‘‘acceptor’’ proteins like DNA repair enzymes, histones and, in
the case of PARP1, mostly the enzyme itself (Adamietz and Rudolph, 1984; Ogata et
al., 1981). Poly(ADP-ribosyl)ation is involved in several cellular processes including
DNA repair and maintenance of genomic stability. An involvement of poly(ADPribose) metabolism in the aging process has long been suggested, based on the
observation that the cellular capacity to produce poly(ADP-ribose) in peripheral blood
mononuclear cells (PBMC) correlates positively with species-specific life span in
mammals (Grube and Bürkle, 1992). Furthermore, we were able to establish an
association between high cellular poly(ADP-ribosyl)ation capacity in lymphoblastoid
cells with human longevity (Muiras et al., 1998). On the other hand, cellular
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poly(ADP-ribosyl)ation capacity decreased with age in rats (Grube and Bürkle, 1992)
and in humans (Chevanne et al., 2007; Grube and Bürkle, 1992). Poly(ADPribosyl)ation is mostly catalyzed by PARP1, an abundant nuclear enzyme that binds
via its zinc finger motifs to DNA with single or double strand breaks. Zinc binding has
shown to be essential for PARP1 activation (Mazen et al., 1989). The distribution of
zinc ions may have an impact on processes related with DNA repair and
maintenance of genomic integrity and stability, and thus in the aging process (Vasto
et al., 2006). It is quite obvious that free zinc influences the activation of zinc finger
proteins and that during aging the intake of zinc decreases (Mocchegiani et al.,
2006b). These facts underpin the hypothesis of a link between cellular poly(ADPribosyl)ation capacity and zinc content in cells and of zinc as a limiting factor for the
enzymatic activity of PARP1. To address this question, we measured cellular
poly(ADP-ribosyl)ation in PBMC from elderly donors as a function of plasma zinc
concentrations before and after a 7-week course of oral zinc supplementation.
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Materials and Methods
Subjects
Twenty-nine healthy old subjects from three different European countries (Greece,
Italy and Poland) were recruited in the framework of the ZINCAGE project (supported
by the EU Commission) and supplemented with 10 mg zinc aspartate (Unizink from
Köhler, Alsbach, Germany; or ZINCAS from FARMAPOL, Poland) for 48 ± 2 days.
Blood was taken before and after zinc supplementation and the cellular zinc level
was determined (Cipriano et al., 2006). We assessed cellular poly(ADP-ribosyl)ation
capacity by a recently established flow cytometry based assay (Kunzmann et al.,
2006) in the donors as a function of donor age and nutritional zinc status.

Separation of peripheral blood mononuclear cells
Peripheral blood (about 15 ml) was centrifuged at 450 g for 10 min at 4°C to separate
plasma. The plasma was collected into 1–2 ml vials and stored at -80°C. The
remaining blood was diluted 1:3 with phosphate buffered saline (1 x PBS), pH 7.4,
without Mg2+ and Ca2+ (Dulbecco A; Oxoid, Basingstoke, UK), and was carefully
stratified with a pipette on top of a Ficoll-Hypaque solution (d = 1.077 g/ ml)
(Biochrome AG, Berlin, Germany) at room temperature, in a 15 ml centrifuge tube.
The solution was centrifuged at 450 g for 30 min at 20 °C. The mononuclear cell
layer was recovered and washed two times with PBS (by two centrifugation steps at
450 g for 10 min).

Cryopreservation
PBMC were counted, 5 ml of PBS was added and cells were centrifuged at 450 g for
10 min; then the tube was left on ice for 10-20 min. The supernatant was removed
and cells were resuspended in Fetal Calf Serum (FCS) (Invitrogen– Gibco, San
Giuliano, Italy) containing 5% dimethyl sulfoxide (DMSO) (MP-Biomedicals,
Eschwege, Germany). After 5 min further DMSO was added to a final concentration
of 10%. Then PBMC were immediately placed in a freezing container with
isopropanol and put in a -80 °C freezer over night. Finally the cells were placed in
liquid nitrogen.
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Cryopreserved PBMC recovery
PBMC were recovered by submersion in a 37 °C water bath until the ice was melted.
The cells were transferred to pre-chilled PBS and were centrifuged at 228 g for 10
min at 0°C. The cells were resuspended in cold PBS and cell number was
determined by using a CASY counter (Schärfe System, Germany).

Determination of zinc
All plasma samples and standard were diluted 1:10 with a diluent containing the
following reagents: 0.1% Triton and 0.15% HNO3 (Sigma–Aldrich, Buchs,
Switzerland). External calibration solutions (VWR Italia, Milano, Italy) containing Zn
(blank to 2000 ppb) were prepared by serial dilution of a parent 1000 ppm stock,
using the same diluent used to dilute the samples. Measurement of plasma zinc was
performed with a Thermo XII Series ICP-MS (Thermo Electron Corporation,
Waltham, MA, USA). The instrument was operated with a Peltier cooled impact bead
spray chamber, single piece quartz torch (1.5 mm i.d. injector) together with Xi
interface cones and a Cetac-ASX 100 autosampler (CETAC Technologies, Omaha,
Nebraska, USA). A Burgener trace nebulizer was used as this device does not block
during aspiration of clinical samples. The instrument was operated in standard mode
(non-CCT) which is the preferred method for acquiring data for Zn66. The instrument
was operated using 1400 W RF power, 1.10 L min-1 nebulizer gas flow, 0.70 L min-1
auxiliary gas flow, 13.0 L min-1 cool gas flow, 70 ms dwell time, 30 s sample uptake
and 35 s wash time (two repeats per sample).

PARP activity assay
This assay was performed exactly as described previously (Kunzmann et al., 2006).
Briefly, cells were permeabilized with ethanol, and reaction buffer comprising NAD+
(grade V, Sigma–Aldrich Munich, Germany) and activator oligo (GGAATTCC) (Grube
et al., 1991), (dissolved in 15 mM NaCl at 1 mg/ml), was added followed by a postfixation of the cells with paraformaldehyde. Then primary antibody (mouse
monoclonal antibody 10H (purified as described previously, from culture supernatant
of 10H hybridoma cells (Kawamitsu et al., 1984); kind gift of M. Miwa and T.
Sugimura, Tokyo, Japan) using a protein-A column chromatography kit (Pfeiffer et
al., 1999) directed against poly[ADPribose]) and fluorescent secondary antibody
(Alexa Fluor 488 goat anti-mouse, Molecular Probes, Paisley, UK) incubation was
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performed with appropriate washing steps and finally flow cytometric analysis of
immunofluorescence intensity.

Statistical analysis
Each sample was analyzed in duplicate and the data were expressed as the mean
value. A base-10 logarithmic transformation was applied to PARP activity and zinc
concentration. We examined the association between cellular PARP activity and zinc
concentration, as well as PARP activity as function of age by a correlation analysis
using GraphPad InStat 3.
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Results

Changes in plasma zinc concentrations after zinc supplementation
Oral supplementation of probands with 10 mg zinc aspartate for 7 weeks resulted in
increased plasma zinc concentration in 41.4% of the donors we studied. By contrast,
plasma zinc concentration decreased in 24.1%. In 34.5% there was no change in
zinc concentration before and after zinc supplementation as shown in Table 2. Such
differential effects could be observed in all three countries.
Table 2
Changes in plasma zinc concentration in the study participants before zinc supplementation (bs) and
after zinc supplementation (Z)

Country

Plasma zinc
concentration
(µM) bs
6.19
7.68
6.40
11.86
11.39
12.00
10.51
10.48
6.89
9.49

Plasma zinc
concentration
(µM) Z
10.34
10.48
8.53
15.78
13.26
12.80
10.79
8.43
4.47
6.01

∆ zinc

∆ zinc in (%)

4.15
2.80
2.13
3.92
1.87
0.80
0.28
-2.05
-2.42
-3.48

67.04
36.46
33.28
33.05
16.42
6.67
2.66
-19.56
-35.12
-36.67

Greece

7.14
12.06
9.57
10.93
8.09
10.54
9.89
11.76
12.29
12.80
12.09
17.64

10.24
13.53
10.55
11.74
8.45
10.69
9.69
11.26
10.82
11.09
10.06
10.85

3.10
1.47
0.98
0.81
0.36
0.15
-0.20
-0.50
-1.47
-1.71
-2.03
-6.79

43.42
12.19
10.24
7.41
4.50
1.42
-2.02
-4.25
-11.96
-13.36
-16.79
-38.49

Poland

10.16
9.21
10.75
10.47
11.24
10.09
8.91

16.59
12.09
11.71
10.73
11.34
10.12
8.68

6.43
2.88
0.96
0.26
0.10
0.03
-0.23

62.29
31.27
8.39
2.48
0.89
0.30
-2.68

Italy

Zinc (10 mg) per day was applied for 7 weeks. Data are mean values.
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Cellular poly(ADP-ribosyl)ation as function of plasma zinc concentration
Because of the frequent negative changes in plasma zinc concentrations after zinc
supplementation, it appeared inappropriate to categorize the results of PARP activity
measurements as ‘‘before’’ and ‘‘after’’ zinc supplementation but instead we related
PARP activity to the actual plasma zinc concentration that prevailed in the sample.
The effects of zinc on cellular poly(ADP-ribosyl)ation capacity are shown in Figure
12. The amount of poly(ADPribosyl) ation was positively and significantly correlated
with higher cellular zinc concentrations (p < 0.05).
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Figure 12. Cellular poly(ADP-ribosyl)ation capacity of PBMC from 29 healthy old subjects as a
function of plasma zinc concentration. Poly(ADPribosyl)ation capacity and plasma zinc
concentration was measured by a flow cytometry-based immuno assay and by induction coupled
plasma mass spectrometry (ICP-MS), respectively. All scales are logarithmic. Each proband is
represented by two data points, i.e. one before and one after zinc supplementation. A synopsis of all
data revealed a significant positive correlation, p < 0.05. In separate analyses of the three countries
we could observe a significant correlation only in the Italian subjects (p < 0.02) but not in the two other
countries (p < 0.5).

There were differences concerning poly(ADP-ribosyl)ation as function of plasma zinc
concentration between Greece, Italy and Poland. As individual country, the Italian
probands showed the only significant correlation (p < 0.02) between PARP activity
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and zinc concentration compared to the other countries. The Greek showed a nonsignificant tendency for PARP activity to be correlated with zinc concentration. In
contrast, the samples from Poland did not show any positive correlation between
PARP activity formation and zinc concentration. In order to highlight the effect of the
change

in

plasma

zinc

concentration

on

the

associated

change

in

poly(ADPribosyl)ation capacity in individual donors, the changes (in %, respectively)
in these two parameters are plotted against each other in Figure 13. A significant
positive correlation was observed (p < 0.05).
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Figure 13. Changes in PARP1 activity (in %) upon 7-week zinc supplementation plotted as a
function of changes in plasma zinc concentration (in %). Each data point represents one proband.
The original data set is the same as in Figure 12.

Cellular poly(ADP-ribosyl)ation as function of donor age
The results obtained by flow cytometry analysis revealed a tendency towards
decreased poly(ADP-ribosyl)ation capacity with increasing donor age, as is illustrated
in Figure 14, although this tendency did not reach statistical significance (p < 0.5).
However, a significant reduction in poly(ADP-ribosyl)ation capacity with donor age
was observed in the PBMC of the Italian samples (p < 0.05). The data from the two
other countries analyzed separately failed to show a significant decline in poly(ADPribosyl)ation capacity as function of donor age (p < 0.5).
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Figure 14. Cellular poly(ADP-ribosyl)ation capacity as function of donor age in PBMC from n =
29 healthy old subjects. Poly(ADP-ribosyl)ation capacity was measured by a flow cytometry based
immuno assay. A synopsis of all data showed a tendency but no statistical significance (p < 0.5). A
statistically significant negative correlation was observed in the Italian subjects (p < 0.05), but not in
Greek or Polish subjects (p < 0.5).
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Discussion
The aim of the ZINCAGE project was to clarify the role of zinc on different biological
and biochemical mechanisms that are involved in the aging process. In this context,
we focused on the link between PARP1 activity and plasma zinc concentration, as
well as PARP1 activity as function of donor age. We observed a positive correlation
between poly(ADPribosyl) ation capacity in PBMC and plasma zinc concentration in
the total population of probands we could analyze (Figure 13). Among the three
countries there were differences concerning this positive correlation. The Italian
probands showed a significant correlation between cellular poly(ADP-ribosyl)ation
and zinc concentration, but not those from Poland, whereas the Greek subjects
showed a non-significant trend towards a positive correlation. This difference can
easily be explained by the much wider range of zinc concentrations covered by the
Italian samples (Figure 12) thus providing better statistical power.
One explanation for the positive correlation between poly(ADP-ribosyl)ation capacity
in PBMC and plasma zinc concentration observed in the total population (Figures 12
and 13), and in the Italian samples in particular, is that the higher availability of zinc
in plasma should lead to higher intracellular concentrations thus guaranteeing full
supply of zinc ions to zinc-binding proteins. This would include PARP1, a zinc finger
protein where zinc is essential for the binding to broken DNA. It has been shown that
the zinc fingers of PARP1 directly mediate the recognition of DNA strand breaks and
thus enable enzyme activation (Mazen et al., 1989). It might well be that limited
intracellular availability of zinc leads to restricted PARP activity, and that such a
deficit can be corrected by zinc supplementation. An alternative explanation is the
following: It may be that due to the oxidative stress, which is known to increase with
age (Mocchegiani et al., 2006b), PARP1 undergoes oxidative protein damage and is
no longer fully active. Zinc supplementation can lead to improved cellular redox
status (Hao and Maret, 2005) and thus antagonizes ROS production and so protects
PARP1 against oxidative damage. Two decades ago, PARP has first been linked
with the aging process. On the one hand cellular poly(ADP-ribosyl) ation correlates
positively with species-specific life span in mammals (Grube and Bürkle, 1992; Pero
et al., 1985) and with human longevity (Muiras et al., 1998). On the other hand,
poly(ADP-ribosyl)ation capacity of lymphoid cells decreases with donor age
(Chevanne et al., 2007; Grube and Bürkle, 1992). Although the age range (57–85
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years) of the probands in the present study was far from covering the whole human
life span, we did observe a significant decline of poly(ADP-ribosyl)ation capacity with
donor age in the Italian probands. Aging is clearly associated with genetic instability
(Slagboom and Vijg, 1989), which is likely to contribute to cellular dysfunction,
cellular senescence, malignant transformation or cell death. An impressive body of
data has accumulated to show that PARP1 facilitates DNA repair and antagonizes
genomic instability in cells under genotoxic stress (Bürkle, 2006). During the aging
process there is a change in both factors: Cellular poly(ADP-ribosyl)ation capacity is
decreasing (Grube and Bürkle, 1992), as is the availability of free zinc (Mocchegiani
et al., 2006b). Our present data demonstrate that zinc supplementation in elderly
people can increase the cellular poly(ADP-ribosyl)ation capacity of their PBMC. We
speculate that this may help maintain integrity and stability of the genome more
efficiently and thus contribute to an extension of healthspan.
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Abstract
Poly(ADP-ribosyl)ation is a DNA damage-triggered modification of cellular proteins. It
is mainly catalyzed by poly(ADP-ribose) polymerase 1, which forms ADP-ribose units
using NAD+ as substrate. Under mild genotoxic stress this enzyme plays an
important role in DNA repair. However, severe genotoxic stress and the subsequent
overactivation of poly(ADP-ribose) polymerase 1 induce cellular NAD+ depletion,
energy failure and finally cell death. In our study we wanted to investigate the shortterm impact of enhanced enzymatic activity as an immediate response to DNA
damage. Therefore we counteracted the NAD+ depletion by replenishing the cellular
NAD+ pool. After ex vivo supplementation of human peripheral blood mononuclear
cells with the NAD+ precursor nicotinic acid we detected an increased poly(ADPribose) formation after X-irradiation. Moreover, the supplemented PBMC showed
higher cell viability when treated with X-irradiation. This indicates that increased
PARP1 activity accompanied by protection from NAD+ depletion is beneficial to
peripheral blood mononuclear cells.

Introduction
Poly(ADP-ribosyl)ation is a reversible posttranslational modification of cellular
proteins, which is greatly induced after DNA damage (Benjamin and Gill, 1980). The
reaction is catalyzed by poly(ADP-ribose) polymerases (PARPs), a family of enzymes
that comprise 17 different members (Ame et al., 2004; Otto et al., 2005). PARP1 is
the best studied member and responsible for about 90% of the cellular poly(ADPribose) (PAR) formation after genotoxic stress (Shieh et al., 1998). It has been
implicated in several cellular processes including DNA repair (Satoh and Lindahl,
1992), transcription, chromatin remodeling, and maintenance of genomic stability
(Jeggo, 1998). After infliction of DNA damage, PARP1 binds via its zinc finger
motives to DNA single and double strand breaks (Gradwohl et al., 1990) and
synthesizes long polymers of up to 200 units of ADP-ribose on different target
proteins, mainly PARP1 itself (Ogata et al., 1981), with using NAD+ as substrate. The
negatively charged polymers are then able to recruit different DNA repair proteins of
the base excision repair (BER) pathway such as XRCC1, polymerase β and DNA
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ligase III (Caldecott et al., 1996; Leppard et al., 2003). Probably due to of charge
repulsion, automodified PARP1 is released from DNA breaks, allowing repair to
proceed (Zahradka and Ebisuzaki, 1982). PARP activity is counteracted by the
enzyme poly(ADP-ribose) glycohydrolase (PARG), of which several splice variants
are expressed (Meyer-Ficca et al., 2004). PARG comprises a exonucleolytic as well
as a endonucleolytic degrading activity against PAR (Ikejima and Gill, 1988; Miwa et
al., 1974). Thus, the detected polymer level represents a steady state of anabolic and
catabolic activity. However, excessive activation of PARP1 under circumstances of
massive DNA damage induces (i) the depletion of the cellular NAD+ pool and results
in energy failure concomitant with necrotic cell death (Berger et al., 1983) and/or (ii)
PAR-dependent release of apoptosis inducing factor from mitochondria, thus
inducing a caspase-independent form of apoptosis (Yu et al., 2002). In mammalian
cells, NAD+ can be synthesized “de novo” from tryptophan and in the “salvage
pathway” either from nicotinic acid (NA) or nicotinamide, collectively termed niacin or
vitamin B3 (Rongvaux et al., 2003), or from nicotinamide riboside (Bieganowski and
Brenner, 2004). Cellular supplementation with nicotinic acid (NA) increases the NAD+
pool, thus preventing the extensive loss of NAD+ (Jackson et al., 1995). Cells growing
in medium without nicotinamide have much lower NAD+ content and as a
consequence, the DNA repair is negatively affected when cells were exposed to
genotoxic agents (Durkacz et al., 1980). In vivo studies about the influence of NA
deficiency (Boyonoski et al., 2002a; Rawling et al., 1994) showed that there is a
decrease in cellular NAD+ in the levels of different tissues accompanied with an
impaired PAR content under these conditions. This is in line with the finding that
additional intake of NA in vivo increases bone marrow cell NAD+ levels as well as
poly(ADP-ribosyl)ation (Boyonoski et al., 2002b).
However, those studies measured PAR content several hours after the treatment
with alkylating agents, when the genotoxic agent could already have influenced
different cellular processes. Therefore, it was not defined when and how strong
PARP1 has been activated initially, as the DNA damage was caused over a longer
period of time. But it is important to know, if NA supplementation, short-term or longterm, has an impact on the immediate response to DNA-damage in duration or
amount or produced PAR. To gain a more detailed insight into the sequence of
processes leading to DNA damage driven poly(ADP-ribosyl)ation, a higher time
resolution and improved detection method is needed. To our knowledge, there is up
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to now no study which shows direct consequences of NA supplementation on PAR
and survival in normal human cells.
Therefore, the goal of our study was to determine the short-term effect of NA
supplementation in freshly isolated human peripheral blood mononuclear cells
(PBMC). We addressed the question, if higher availability of NAD+ can lead to an
more enhanced cellular poly(ADP-ribosyl)ation as an immediate response to DNA
damage and, as a consequence, to improved cell viability as a long-term effect.
Maybe this effect is already manifested in the very early activity of PARP1. To
investigate the polymer formation in intact cells, a FACS-based assay for the
detection of cellular PAR in human PBMC was established. Using this method
termed RAPA (rapid analysis of PARP activity), we could show that supplementation
with NA leads to a highly increased poly(ADP-ribosyl)ation after X-irradiation in
PBMC, demonstrating that the cellular NAD+ content plays an important role in the
level of PAR formation. In addition, the supplemented cells showed a higher viability
after DNA damage, indicating that substantially elevated NAD+ levels even after
increased polymer formation is beneficial to cells.
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Materials and Methods

Cells
Blood samples (collected in citrate S-Monovettes from Sarstedt) were obtained from
healthy donors aged 20 - 35. Ethical clearance had been obtained from the
University of Konstanz Ethics Committee. For all experiments freshly isolated human
peripheral blood mononuclear cells (PBMC) were used. Upon isolation, PBMC were
cultured between 1 and 2 days in RPMI (Invitrogen) containing 10% FCS (Biochrom),
100 U penicillin (Invitrogen) and 100 µg/ml streptomycin (Invitrogen). Cells were
incubated at 37°C and 5% CO 2 in a humified atmosphere.
Isolation of PBMC
10 ml (~107 PBMC) freshly isolated human blood was diluted with 20 ml phosphate
buffered saline (PBS; 137 mM sodium chloride, 3 mM potassium chloride, 10 mM
disodium hydrogen phosphate, pH 7.4), stacked up on 15 ml Biocoll (Biochrom AG
Berlin, Germany) and centrifuged with out brake at 800 g for 10 min in a swingbucket rotor. The separated PBMC were washed twice with PBS and used for the
experiments or kept in culture (Kurnick et al., 1979).

Supplementation of the PBMC with nicotinic acid
For each experiment, one half of the freshly isolated PBMC were supplemented with
15 µM nicotinic acid (NA) (Merck) for at least 5 h. The other half was incubated in the
same medium without supplementation.

Determination of PARP1 activity in intact PBMC by flow cytometry
Aliquots of 5 x 105 - 106 cells resuspended in 100 µl FACS buffer (PBS, 0.5% FCS; 2
mM NaN3) were placed into each well of a 96-well V-bottom plate (Sarstedt). Cells
were X-irradiated (RT 100, Müller, Germany) on ice with doses between 0 and 25 Gy
and then incubated at 37°C for the time points indi cated and subsequently fixed and
permeabilized with 200 µl methanol/acetic acid (3+1) for 5 minutes at room
temperature. Cells were centrifuged at 1,180 g, washed twice with FACS buffer and
incubated with 100 µl primary antibody 10H recognizing ADP-ribose polymer
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(Kawamitsu et al., 1984) for 1 h at room temperature. Cells were centrifuged at 1,180
g and washed twice with 200 µl FACS buffer before incubated with the Alexa488labeled goat-anti-mouse secondary antibody (Molecular Probes) for 1 h at room
temperature. Finally, cells were washed twice with FACS buffer centrifuged at 1,180
g and kept on ice until flow cytometric measurement was performed (FACS Calibur II,
Becton Dickinson). A total of 10,000 event files for each sample were acquired and
analyzed using the software Flow Jo V7 (Becton Dickinson).

Assessment of cell viability by flow cytometry
Cell viability was determined using the annexin V staining according to the
manufacturer’s protocol. Cells were irradiated with 25 Gy. After 24 h, cells were
washed with PBS and 106 cells were resuspended in 1 ml binding buffer (10 mM
HEPES, 140 mM NaCl, and 2.5 mM CaCl2, pH 7.4). For each treatment 100 µl of the
cell suspension were mixed with 5 µl annexin V (Alexis) and propidium iodide (final
concentration 1 µg/ml) and incubated in the dark at room temperature. After 15 min,
400 µl of binding buffer was added to each sample and flow cytometric analysis was
performed (FACS Calibur II, Beckton Dickinson). A total of 10,000 event files for each
sample were acquired and analyzed using the software Flow Jo V7 (Becton
Dickinson).

Quantification of the cellular NAD+ content
The cellular NAD+ content was determined using a modified NAD+ cycling assay
(Jacobson and Jacobson, 1976). For each treatment 3-5 x 106 cells were
resuspended in 500 µl PBS, X-irradiated as indicated (0-25 Gy) and incubated at
37°C for different time points (0-15 min). Thereaft er, cells were precipitated with 0.5
M HClO4 on ice. After 15 min samples were centrifuged at 1,500 g for 10 min and the
supernatant was combined with 350 µl of 1 M KOH, 0.33 M K 2HPO4, 0.33 M KH2PO4
followed by incubation on ice for 10 min. Cells were centrifuged at 1,500 g for 10 min
and the supernatant was frozen at -20°C before NAD + was determined by an
enzymatic cycling assay (Jacobson and Jacobson, 1976).
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Statistical analysis
All statistical analyses were calculated with graphpad prism. If two groups were
compared, a t-test was used. For the comparison of more groups, analysis of
variance (ANOVA) was used. A p value of less than 0.05 was considered to be
significant.
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Results
Establishing a new method to detect PARP1 activity and determination of
cellular PAR contents in intact cells
To determine the cellular PAR accumulation in intact cells, a new flow-cytometry
based assay termed RAPA (rapid analysis of PARP activity), was established.
Briefly, freshly isolated PBMC were irradiated on ice and further incubated at 37°C.
After various time periods, cells were fixed with methanol-acetic acid followed by
antibody staining against PAR, the product of PARP1 activity, and flow cytometry.
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Figure 15: Evaluation of a new method for the detection of poly(ADP-ribosyl)ation in intact
PBMC in response to X-irradiation by flow cytometry, termed RAPA. A: Cells were treated with
25 Gy and incubated at 37°C for different time poin ts. Polymer level is increased up to 4 minutes after
damage, before the polymer degrading activity exceeds PAR synthesis. A significant increase is
detectable from 1 minute on (p<0.05, repeated measures ANOVA). Control represents non-irradiated
sample. B: Cells were treated with different doses of X-irradiation and incubated at 37°C for 4
minutes. There is already a considerable increase in polymer formation after an irradiation dose of
0.05 Gy and a significant increase after a dose of 2 Gy (p<0.05 repeated measures ANOVA),
indicating the high sensitivity of the new established assay. Each data point represents triplicates of
one donor and is expressed as ± SD.

Using this new assay, it is possible to closely monitor the time-dependent (Figure
15A) as well as dose-dependent (Figure 15B) cellular polymer formation after
irradiation with high resolution. Upon irradiation with 25 Gy we could detect
significant induction of PAR formation already after 1 minute of incubation at 37°C
(p<0.05) (Figure 15A). At the time of highest PAR accumulation (4 min after
irradiation), we were able to measure induction of PARP activity already after a dose
of 0.5 Gy. PARP activity was significant different from control when irradiated with 2
Gy (p<0.05) or higher doses (Figure 15B). The results confirm that poly(ADP-
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ribosyl)ation is a very fast response to DNA damage in PBMC, as there is a
detectable increase even after one minute incubation, and the maximum PAR
accumulation can be observed already after 4 minutes.

Effect of nicotinic acid supplementation on cellular NAD+ level
Nicotinic acid (NA) acts as a precursor of the PARP1 substrate NAD+. Addition of 15
µM NA to routine cell culture medium for 5 h robustly increases the NAD + content
between 2 and 3-fold, with some interindividual variability (Table 3). An increase in
NAD+ levels was recorded in cells from 10/10 donors.
+

Table 3: Interindividual variations in cellular NAD concentration before NA supplementation (bs) and
after NA supplementation (NA).
Donor

1
2
3
4
5
6
7
8
9
10
Mean
SD

+

Cellular NAD
concentration (w/o
NA) [µM]
97
266
263
249
518
240
215
105
255
155

+

Cellular NAD
concentration (NA)
[µM]
403
468
442
383
1089
579
491
215
757
512

Fold
increase
4.2
1.8
1.7
1.5
2.1
2.4
2.3
2.0
3.0
3.3
2.4
0.8

Effect of nicotinic acid supplementation on PARP1 activity
To induce cellular poly(ADP-ribosyl)ation, PBMC were X-irradiated with doses from 1
Gy to 25 Gy and further incubated for different time periods, before polymer
accumulation was determined by the new RAPA method. For the dose-response
experiments (Figure 16A+B), cells were incubated for 4 min after irradiation to
measure the maximum of cellular poly(ADP-ribosyl)ation as determined in Figure
15A. Our data reveal that there is a clear increase in cellular PAR formation in PBMC
treated with NA, which is significant when treated with 5 Gy and higher doses (Figure
16B). The dose-dependent increase in poly(ADP-ribosyl)ation is potentiated when
cells are supplemented with NA, with the strongest effect being apparent at the
66

CHAPTER III
highest dose of 25 Gy. In contrast, there is no change of the basal activity of PARP1
by NA supplementation (Figure 16 B, compare bars at 0 Gy). Concomitant with the
increased poly(ADP-ribosyl)ation observed at higher irradiation doses, there is a
decrease of cellular NAD+ level, which is mitigated in cells supplemented with NA
(Figure 16 A) compared to the non-supplemented controls.
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Figure 16: Effect of NA supplementation on PAR accumulation and the cellular NAD content.
+
Poly(ADP-ribosyl)ation and NAD was measured upon X-irradiation of PBMC. The cells were
irradiated with doses as indicated and incubated for 3 min at 37°C (A+B) or PBMC were irradiated with
25 Gy and incubated at 37°C for different time poin ts as indicated (C+D). Each bar represents the
mean of triplicate measurements from three donors, respectively, and is expressed in % (±SD) A:
+
Effect of NA supplementation on the cellular NAD concentration compared with non-supplemented
controls after different irradiation doses. B: Dose dependent response of PARP1 activity in NA
supplemented compared with non- supplemented controls. A significant difference was detected at 5
Gy or above (students t-test, *p<0.05; **p<0.01). C: Time-dependent effect of NA supplementation on
+
the cellular NAD concentration compared with non-supplemented controls. D: Time dependent
response of PARP1 activity in non-supplemented and NA supplemented cells.

The results from the time-course experiments are perfectly in line with this
observation (Figure 16 C+D): Cells were irradiated with 25 Gy. The response of
PARP1 to DNA damage is time-dependent, showing a very fast maximum within the
first minutes, before the PAR becomes degraded (Figure 16D). The highest level of
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PAR can always be detected at the same time point, i.e. 1 min, independent of the
available NAD+. The total amount of both, PAR and NAD+ is much higher at all time
points with NA supplementation than without. Also, it seems that the increased PAR
level persists longer in NA-supplemented cells.

Effect of NA on cell viability
As the strand break-stimulated PARP1 activity can consume large amounts of NAD+,
it was interesting to investigate if the increased NAD+ concentration and enhanced
poly(ADP-ribosyl)ation after NA supplementation is linked with an increase in cell
viability after DNA damage. To analyze the impact of NA supplementation on
apoptosis and necrosis, supplemented and non-supplemented cells were irradiated
with 25 Gy and incubated in culture medium for 24 h at 37°C, followed by annexin V
and propidium iodide staining. In undamaged cells, there was no difference in cell
viability between NA supplemented and non-supplemented cells (Figure 17).
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Figure 17: Effect of NA on cell viability.
NA-supplemented and non-supplemented
cells were irradiated with 25 Gy, and after 24
h cell viability, apoptosis and necrosis was
determined by flow cytometry using annexin
V and propidiumiodide staining. We
compared the fold-induction of cell viability,
apoptosis and necrosis between nonsupplemented and supplemented cells. A
significant difference was observed in
irradiated cells between non-supplemented
and supplemented PBMC (* p < 0.05; ** p <
0.01, repeated measures ANOVA). Each bar
represents the mean value ± SD of triplicate
measurements of three different donors,
respectively.

Irradiation dose

Upon irradiation, however, cell viability in NA supplemented cells was significantly
increased by 30% (4.2-fold induction without NA vs. 3-fold induction with NA). This
increased survival was mainly the result of a reduced rate of necrosis, which dropped
by 45% after NA supplementation compared to non-supplemented cells. Thus under
conditions of higher PARP1 activity and an increased NAD+ concentration, cells are
more resistant towards DNA damage.
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Discussion
The enzymatic activity of PARPs requires cellular NAD+. Consequently, the
availability of NAD+ is thought to determine the immediate PARP1 activation in
response to DNA damage. In the present study, we were able to increase the NAD+
pool in human PBMC from young, healthy donors by ex-vivo supplementation with
NA and we investigated the effect of NA on cellular poly(ADP-ribosyl)ation by an
newly developed flow cytometer based assay termed RAPA. Furhtermore we
determined the effect of NA supplementation on cell viability of PBMC upon Xirradiation. We found a strong robust increase in cellular NAD+ levels. Upon Xirradiation, cellular NAD+ levels were maintained better, PAR formation was
potentiated and the cells were protected against necrotic cell death.
There are several types of PARP1-activity assays available, but most of them are
useful for measurement in permeabilized cells (Kunzmann et al., 2006; Pfeiffer et al.,
1999) or in cell lysates (Jacobson et al., 1984). The determination of PARP1 activity
in intact cells was so far restricted to biochemical extraction of PAR and HPLC-based
detection and quantification of its enzymatic breakdown products (Brabeck et al.,
2003; Juarez-Salinas et al., 1979), which is sensitive and accurate but requires large
cell numbers, and immunofluorescence microscopy (Küpper et al., 1990), which is
neither quantitative nor useful for the comparison of large sets of samples. In
contrast, the RAPA assay for measuring cellular poly(ADP-ribosyl)ation in intact cells
is very sensitive as we are able to detect routinely damage-induced PAR-formation
after application of irradiation as low as 0.5 Gy (Figure 15 B). As the RAPA method is
able to yield results quickly and with high sensitivity as it is highlighted by the data on
the time and dose response of PARP1 induces DNA damage described in the
present paper, the RAPA holds great opportunity for measuring PARP1 activity in
intact PBMC. This is an enormous advantage in studies where PARP1 activity is for
example, used as a biomarker as is already being done in permeabilized PBMC
(Kunzmann et al., 2008).
Our data show that NA supplementation is suitable for the replenishing of NAD+
pools in human PBMC, in line with reports on NAD+ augmentation in bone marrow
through NA supplementation (Boyonoski et al., 2002a). In our study, we could
confirm that the higher availability of NAD+ positively affects cellular poly(ADPribosyl)ation (Figure 16), which is in agreement with several other studies (Jackson et
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al., 1995; Ogata et al., 1997). We showed that the same amount of DNA damage
leads to a higher level of poly(ADP-ribosyl)ation in NA supplemented cells, even after
low-dose irradiation when the poly(ADP-ribose) formation is still on a moderate level
and the availability of NAD+ is not limited (Figure 16 A+B). However, it is important to
note that the intracellular NAD+ pool is localized into the nuclear-cytosolic pool and
the mitochondrial pool, the latter comprising about 70% of cellular NAD+ (Di Lisa and
Ziegler, 2001). As there is nothing known about an exchange between the both
pools, the data may indicate that the extramitochondrial pool, which is used for
polymer formation is rather low and regulates the amount of PAR. The NAD+
increase possibly affects the nuclear-cytosolic pool, leading to an enhanced
poly(ADP-ribosyl)ation. There are few studies in which the effect of NA on poly(ADPribosyl)ation and the cellular consequences were investigated, most of them,
however, refer to correction of established NAD+ deficiency (Boyonoski et al., 2002a;
Durkacz et al., 1980). Nevertheless, these studies showed that the activity of PARP1
is negatively influenced by decreased cellular NAD+ concentration. In an in-vivo study
in rats, it was shown that supplementation of NA increases the NAD+ content as well
as poly(ADP-ribosyl)ation in bone marrow cells when treated with the alkylating agent
ethylnitrosurea (ENU) (Boyonoski et al., 2002b). The authors investigated the effect
of NA on PARP1 activity by 3 h post-treatment, when ENU starts to induce DNA
damage, measured by western blot technique. Thus the PARP1 activity observed in
that study is not a short-term response to DNA damage. In the present study we
investigated i.e. (i) the immediate response of PARP1 to DNA damage in
dependence on the NAD+ availability (ii) cell viability as a long-term response. We
were able to determine the PARP1 activity conveniently and with a high temporal
resolution (Figure 16D). We observed that surprisingly the maximum is reached
already after 1 min. The apparent difference in the maximal polymer formation
between Figure 15A and 16D can be explained by the interindividual variability of
PAR formation in response to DNA damage (Kunzmann et al., 2006).

In NA

supplemented cells, the PAR persists for extended time periods (Figure 16D). It has
been shown in vitro that NAD+ concentration can affect length and frequency of
branching sites of PAR chains (Alvarez-Gonzalez and Jacobson, 1987). Thus, the
higher NAD+ concentration possibly lead to higher amount of branched polymer,
which was shown to be degraded more slowly by PARG (Hatakeyama et al., 1986).
Also, the higher availability of NAD+ could extend the time span of high PARP1
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activity so that it can maintain equilibrium with the catabolic activity of PARG for a
longer period of time, i.e. between 1 and 7 min. Diminished PARP1 activity can be
induced either by resealing DNA strand breaks by PARP1 activity, or if increased
damage persists, by depletion of the NAD+ pool. Thereafter, degradation of the
polymer can be observed. In the non-supplemented cells it is likely that the restricted
NAD+ content is not able to maintain PARP1 in a fully active state. Thus, the activity
of PARG becomes dominant sooner, resulting in a fast degradation of PAR. If the
polymer formation is degraded before the repair process can start properly, the DNA
repair process will fail, leading to mutations or apoptosis.
The activity of PARP1 plays a major role in DNA repair, for example in BER, where
PAR has been shown to recruit different repair factors like XRCC1 and DNA ligase III
to the site of damage, thus controlling the activity of the DNA repair machinery
(Masson et al., 1998) and playing an important role in genomic stability. On the other
hand, when there is overactivation of PARP1 caused by severe DNA damage, NAD+
and consequently ATP is depleted, leading to energy failure, which results in cellular
dysfunction and ultimately necrosis. In our study, we investigated if we could rescue
PBMC from energy-loss dependent cell death by supplementing NA and thus support
the repair pathway by increased PAR formation. We observed increased cell viability
in NA supplemented cells in comparison to non-supplemented cells after exposure to
ionizing radiation (Figure 17), which was caused by a 45% reduction in the fraction of
necrotic cells. So far, it is not known, whether this effect is a direct consequence of
the increased PARP1 activity, or only correlated to it. It may also be that the higher
NAD+ content influences other signaling pathways, leading to higher cell viability.
However, the cellular level of poly(ADP-ribosyl)ation seems to be the most important
factor for the catabolism of NAD+ after DNA damage in cells (D'Amours et al., 1999).
The increased NAD+ content allows higher PARP1 activity, which possibly supports
DNA repair by avoiding the depletion of the NAD+ pool and the subsequent cellular
energy failure.
In conclusion, the data presented here show that keeping the NAD+ pool high by
supplementation of NA leads to significant increased poly(ADP-ribosyl)ation in
response to DNA damage. Although nothing is known about the responses of the
different intracellular NAD+ pools to NA supplementation we can conclude that even
at doses when the NAD+ is not a limiting factor in the reaction the NA

71

CHAPTER III
supplementation leads to enhanced formation of PAR. Further studies will address
the underlying mechanisms.
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Abstract
Poly(ADP-ribosyl)ation is a posttranslational modification of cellular proteins
catalyzed by poly(ADP-ribose) polymerase (PARP) using NAD+ as substrate in
response to cellular exposure to various DNA-damaging agents. Depending on the
extent of its activation, it can either lead to necrotic cell death through NAD+
consumption and subsequent energy depletion or to cellular recovery, thus playing a
central role in cell survival. As inhibition of poly(ADP-ribose) formation generally
impairs DNA repair mechanisms, this study aimed to explore the effect of stably
overexpressed human PARP1 in Chinese hamster cells (COMF10) on the
cytotoxicity induced by alkylating agents (MMS, MNNG) and γ-irradiation. As
experimental endpoints apoptosis, necrosis, DNA repair and genomic stability were
measured. Analysis of cell viability after 24-h treatment with MMS (400 – 750 µM)
and MNNG (12.5 – 20 µM) revealed consistently larger fractions of necrotic cells in
the COMF10 cells than in control COR4 cells. Similarly, DNA repair measured by use
of an alkaline DNA unwinding (ADU) assay after γ-irradiation (5 – 25 Gy) or the
alkylating agent DMS (2 mM) was significantly delayed in COMF10 cells, whereas all
controls devoid of hPARP1 reveal similar fast repair kinetics. In contrast, genomic
stability in hPARP1-overexpressing cells measured by micronuclei formation in
response to genotoxic agents like MMS (23.5 – 188 µM) or bleomycin (5 and 10
µg/ml) was significantly enhanced compared with parental COR4 cells. Taken
together, these findings demonstrate that overexpression of hPARP1, on the one
hand can act to promote cellular necrosis and to delay repair of damaged DNA, and
on the other can enhance genomic stability, thereby emphasizing the decisive role of
different optimal level(s) of poly(ADP-ribose) to induce either cellular dysfunction or
to maintain cell survival.

Introduction
One of the immediate responses to DNA damage in mammalian cells is the
poly(ADP-ribosyl)ation of nuclear proteins, which is catalyzed by poly(ADP-ribose)
polymerase (PARP), a superfamily of proteins encoded by 17 genes in the human
genome (Ame et al., 2004; Hakme et al., 2008). Only two members of this family,
PARP1 and PARP2, are known to be activated upon DNA strand breaks. Their
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activation leads to formation of poly(ADP-ribose) (PAR) from ADP-ribose moieties,
which are attached to glutamic, aspartatic or lysine residues of nuclear target
proteins and PARP1 itself (automodification) (Ogata et al., 1981).
Covalent poly(ADP-ribosyl)ation of nuclear proteins is involved many processes like
DNA repair, transcription, apoptosis, necrosis, regulation of chromatin structure,
maintenance of genomic stability and mammalian longevity (Gagne et al., 2006).
Depending on the extent of DNA damage, the cell undergoes cell cycle arrest and
DNA repair, or cell death by apoptosis or necrosis. Furthermore it was demonstrated
that XRCC1, DNA polymerase β and DNA ligase III, proteins in DNA base excision
repair (BER), are strongly associated with PARP1 (Masson et al., 1998). In addition,
poly(ADP-ribosyl)ation has been implicated as a survival factor (Shall and de Murcia,
2000). Treatment of Parp1−/− mice with an alkylating agent or γ-irradiation revealed a
marked increase in both sensitivity and genomic instability to both agents compared
to Parp1+/+ controls (de Murcia et al., 1997). Similarly, PARP1-/- mouse embryonic
fibroblasts showed an increased sensitivity to an alkylating agent involving a rapid
apoptotic response. This could be explained by the accumulation of unrepaired DNA
strand breaks which could result in collapsed replication forks. Two independent
Parp1 knockout mouse models have shown a decreased DNA repair capacity after
DNA damage with alkylating agents and in addition an extreme sensitivity and high
genomic instability after γ-irradiation (de Murcia et al., 1997). A third independent
Parp1 knockout mouse model also showed a reduced survival of PARP-deficient ES
cells after treatment with alkylating agent and γ-irradiation (Masutani et al., 1999),
demonstrating that PARP1 has a leading caretaker function in mammalian cells
under genotoxic stress. Activity of PARP1 has also been linked to maximal life span
and the ageing process. One of us has previously shown a strong positive correlation
between the maximal PARP activity of 13 different mammalian species and their
maximal species-specific life span in monocuclear leukocytes, displaying a 5-fold
higher maximal enzyme activity in long-lived species compared to the shortest lived
species (Grube and Bürkle, 1992).
Damage of DNA can lead to various manifestations of genomic instability including
chromosomal breaks and aberrations, sister-chromatid exchange (SCE), gene rearrangement, formation of micronuclei and DNA deletion or amplification . Various
studies have demonstrated a strong relationship between PARP1 and the formation
of SCE (Meyer et al., 2000). Abrogation of PARP1 activity by inhibitors (Morgan and
75

CHAPTER IV
Cleaver, 1982), knockout (de Murcia et al., 1997) or mutant cells defective in PAR
synthesis (Chatterjee et al., 1989) consistently showed an increase in SCE formation.
Moreover, PARP1 knockout and treatment with arsenite resulted in a 2- to 3-fold
increase of micronuclei formation, which is a solid indicator of chromosomal damage
and genomic instability (Poonepalli et al., 2005). Conversely we could show that
overexpression of PARP1 in stably transfected hamster cells, which causes severalfold higher cellular accumulation of PAR, strongly suppresses alkylation-induced
SCE.
In order to further characterize the cellular effects of PARP1 overexpression with a
focus on cell viability, we used two monofunctional methylating agents to damage
DNA, the alkyl alkanesulfonate methyl methanesulfonate (MMS) and the nitrosamide
N-methyl-N´-nitro-N-nitrosoguanidine (MNNG), which modify DNA by adding methyl
groups to nucleophilic sites on the DNA bases (Beranek, 1990). Both methylating
agents predominantly methylate the N7 position of guanine, which comprise 82% and
67% of the MMS- and MNNG-induced dsDNA damage (Pullman and Pullman, 1981).
In particular, we wanted to determine the influence of human PARP1 overexpression
on cellular aspects like apoptosis and necrosis, DNA repair and genomic stability.
Two alkylating agents, MMS and MNNG, were tested for the induction of cell death in
the human PARP1-overexpressing cell line COMF10 (Meyer et al., 2000) with regard
to apoptosis and necrosis. Furthermore, we investigated the influence on DNA repair
in PARP1-overexpressing cells after γ-irradiation treatment with the alkylating agent
dimethyl sulfate (DMS) by using an alkaline DNA unwinding (ADU) assay. As
overexpression of PARP1 had resulted in a reduction in SCE after MNNG treatment
(Meyer et al., 2000), we determined the effect of MMS and bleomycin on an
additional genomic stability marker, i.e. micronucleus formation.
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Materials and Methods

Cell lines
COR4 cells were derived from the parental cell line CO60 (SV40-transformed
Chinese hamster embryonic cell line) by stable transfection with an expression
construct for the human glucocorticoid receptor together with a hygromycin-B
resistance plasmid (Küpper et al., 1995). The hPARP1-overexpressing COMF10
cells were derived from COR4 cells which are stably transfected with a construct,
comprising hPARP1 cDNA under the control of the dexamethasone inducible
promoter together with a neomycin resistance plasmid (Meyer et al., 2000). In the
present work COR4 (no hPARP1 expression) were used as controls for COMF10
(hPARP1 expression upon dexamethasone [Dex] treatment)
Both cell lines were cultured in DMEM (GIBCO) supplemented with10% FCS, 1%
glutamine,100 U/ml penicillin, 100 µg/ml streptomycin (GIBCO) and 800 U/ml
hygromycin B (Calbiochem, La Jolla, CA) at 37°C and 5% CO2. The cell line
COMF10 was incubated under the same conditions as COR4 cells plus 800 µg/ml
geneticin (PAA, Pasching, Austria). Before initiating any experiments, all cell lines
were off selection antibiotics for 2 days.

Cytotoxicity assay
Exponentially growing COR4 and COMF10 cells were trypsinized, washed with PBS,
counted and seeded into a 96-well plate at 2,000 cells per well. For human PARP1
overexpression, cells were treated or not with Dex (100 nM; Sigma, Deisenhofen,
Germany) for 24 h, followed by addition of either MMS (8 µM - 750 µM; Sigma) or
MNNG (5 µM - 20 µM; Sigma-Aldrich, Hamburg, Germany). After 24 h, cells were
double stained with SYTOX (250 nM; Invitrogen, Karlsruhe, Germany) and Hoechst
33342 (1 µg/ml; Invitrogen) for 5 min. The number of necrotic (SYTOX stained),
apoptotic (Hoechst stained, condensed / fragmented nuclei) and healthy cells
(Hoechst stained, with round nuclei) were scored with a fluorescence microscope. A
total of 1,800 cells were assessed in each condition and cell type by examining 200
cells/well in three independent experiments performed in triplicate, respectively.
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Micronucleus assay
To perform the micronucleus assay, 105 cells were seeded in a 24-well plate and one
half of the number of wells on each plate was treated with 1 µM Dex. After 24 h one
half of the number of wells of Dex-treated and untreated wells was supplemented
with MMS (23.5 - 188 µM) or bleomycin (5 and 10 µg/ml). In the case of bleomycin
treatment, this compound was removed after 1 h treatment followed by addition of
medium supplemented with cytochalasin B (6 µg/ml) in order to inhibit cytokinesis.
After 30 h of incubation cells were fixed with 4% paraformaldehyde in PBS,
permeabilized with 0.4% Triton X-100, followed by tubulin staining (anti-α-tubulin,
1:400; Sigma) and incubation with Alexa Fluor 488 conjugated goat secondary
antibody (1:400; Sigma). Finally Hoechst 33342 staining (67 ng/ml in PBS) was
performed. For MMS treatment, cells were incubated for 24 h or 72 h with MMS plus
cytochalasin B (6 µg/ml) and then fixed, permeabilized and stained by the same
procedure as the bleomycin-treated cells.
Micronucleus formation was scored for each treatment condition in 1000 binucleated
cells using a fluorescence microscope (Axiovert 100, Zeiss). Each treatment was
done in duplicate and the experiments were repeated at least three times.

DNA repair
DNA repair measurements were performed using the alkaline DNA unwinding (ADU)
assay (Erixon and Ahnstrom, 1979). Cells were seeded at a density of 2 x 105 cells
per well into a 24-well plate and one half of the number of wells on each plate was
treated with 1 µM Dex for 24 h prior to labeling with tritiated thymidine (methyl[3H]TdR, TRK-300, 1 mCi, 37 MBq; Amersham Biosciences) for 24 h. Then, the
labeled DMEM was replaced with fresh DMEM for 1 h followed by exposure to γirradiation (137Cs source) at a dose rate of 8.5 Gy/min on ice. To allow DNA repair to
occur, cells were incubated for different time periods (0-60 min) at 37°C. Thereafter,
cells were washed twice with 0.15 NaCl before alkali treatment (0.03 M NaOH in 0.15
M NaCl) for 30 min at 20°C was performed to induce progressive denaturation of
DNA starting from strand breaks. The cells were neutralized by adding 0.02 M
sodium phosphate buffer followed by sonication (15 s, 30 W) to obtain 300 bp
fragments of DNA. Finally SDS (final concentration 0.01%) was added and the
samples were frozen at -20°C overnight. Samples wer e thawed at 37°C and diluted
in two volumes of distilled H2O. The DNA was eluted in hydroxyapatite (BioRad)
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columns mounted in a thermostatic aluminium block at 60°C. The columns were
washed with 0.5 M and potassium phosphate buffer (pH 6.8), followed by 0.01 M
sodium phosphate buffer (pH 6.8). The samples were added to the column and
washed with 0.01 M sodium phosphate buffer (pH 6.8) prior elution of the single
stranded DNA (ssDNA) with 4.5 ml 0.1 M potassium phosphate buffer (pH 6.8) into
scintillation vials. Double stranded DNA (dsDNA) was eluted with 4.5 ml 0.25 M
potassium phosphate buffer (pH 6.8) into scintillation vials. To each vial, 10 ml of
scintillation solution was added and the vials were placed in a scintillation counter.
The higher the ratio between the total amount of DNA (radioactive decay of ssDNA
plus dsDNA) to the fraction of dsDNA, the higher the DNA damage, which is
expressed as the -log of the fraction of dsDNA (-logFds). Each treatment was done in
duplicate and the experiments were repeated at least three times.

Statistical evaluation
For the comparison of the different groups, analysis of variance (ANOVA) was used.
A p value of less than 0.05 was considered to be significant.
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Results

Necrosis induced by alkylating agents in PARP1-overexpressing cells
We first investigated the effects of MMS and MNNG treatment in the human PARP1overexpressing cell line COMF10, as well as the control cell line COR4, which
express exogenous glucocorticoid receptor but no hPARP1, to exclude the influence
of the Dex inducible glucocorticoid receptor expression. Treatment of COMF10 cells
with MMS (8 – 750 µM) and Dex increased necrotic cell death significantly at 400 µM
and above, compared to COMF10 cells without Dex (Figure 18A and B). Under the
same conditions, a highly significant increase in necrosis was also observed with
MNNG at 12.5 µM and above in the case of the Dex induced human PARP1
overexpression (Fig. 18C and D).
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Figure 18. Survival of COMF10 cells. Cells with (A and C) or without (B and D) Dex pretreatment
were exposed to MMS or MNNG for 24 h. Viable and apoptotic cells were assessed by Hoechst,
necrotic cells by SYTOX staining. The percentage of viable, apoptotic and necrotic cells was
calculated relative to all Hoechst stained cells. Given are means ± SEM of 3 independent experiments.
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**, p < 0.01; ***, p < 0.001 viable cells Dex treated compared to Dex untreated; , p < 0.05; , p <
0.001 necrotic cells Dex treated compared to Dex untreated.
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To exclude an effect of the mere expression of the gluccocorticoid receptor in
combination with Dex treatment, the same experiments were performed in the control
cell line COR4. As expected, here Dex treatment had no effect on the viability and
necrosis ratio (Supplemental Figure S1). However, Dex had a slight protective impact
on cell survival in MNNG-treated COR4 cells as revealed by decreased fraction of
apoptotic cells (Supplemental Figure S1C and D).
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MMS or MNNG in increasing concentrations for 24h. Viable and apoptotic cells were assessed by
Hoechst and necrotic cells by SYTOX staining. The percentage of viable, apoptotic and necrotic cells
was calculated relative to all Hoechst stained cells. Results are shown as mean ± S.E.M of three
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Repair of DNA strand breaks in hPARP1-overexpressing cells exposed to DNAdamaging agents
In order to test our working hypothesis that hPARP1 overexpression in hamster cells
could lead to increased DNA repair by better recruitment of several repair proteins
such as XRCC1, DNA polymerase β and DNA ligase III (Leppard et al., 2003;
Masson et al., 1998; Schreiber et al., 2002), hPARP1-overexpressing cells COMF10
and the control cell line COR4 were treated with Dex (1 µM) to induce hPARP1
expression followed by γ-irradiation with 25 Gy. We observed that DNA repair
measured by the alkaline DNA unwinding (ADU) assay was strongly delayed in
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COMF10 cells treated with Dex, whereas those without Dex and COR4 cells with or
without Dex-treatment showed similar repair kinetics within the first 60 min (Figure
19A). There was a significant delay in DNA repair by 10 min in the Dex-treated
COMF10 cells (p < 0.01, two-way ANOVA) when compared to all controls. The
delayed DNA repair in hPARP1-overexpressing cells in the presence of Dex was also
observed at lower γ-irradiation doses of 15 Gy and 5 Gy (Figure 19 B+C).
Furthermore, very similar results were obtained upon exposing these cells to 2 mM of
the alkylating agent DMS (Figure 19D).
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Figure 19. Time course of DNA repair in hPARP1-overexpressing COMF10 cells (filled squares)
and different controls after γ-irradiation with 25 Gy (A), 15 Gy (B), and 5 Gy (C) or treatment with 2
mM DMS (D). Given are means ± SD of 3 independent experiments (A) or triplicates (B, C and D). **,
p<0.01, comparing hPARP1-overexpressing cells with each control, two-way ANOVA with a
Bonferroni posttest.

Micronucleus formation in hPARP1-overexpressing cells in response to DNA
damage
Due to the fact, that hPARP1-overexpressing COMF10 cells showed a clear delay in
DNA repair in response to cytotoxic stimuli which is in contrast to the data that link
genomic stability to PARP1 activity (Meyer et al., 2000), we studied micronucleus
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formation as a marker of genomic instability in these cells after challenging them with
other cytotoxic agents like the monofunctional alkylating agent MMS (23.5 - 188 µM)
and the cytostatic compound bleomycin (5 and 10 µg/ml). In Dex-treated COMF10
cells a clear-cut reduction in micronucleus formation already occurred at a
concentration of 23.5 µM MMS (Figure 20A) and was significant at a concentration of
188 µM MMS (p < 0.01, two way ANOVA), when comparing the hPARP1overexpressing cell line with each control. The micronucleus frequency of all controls
was consistently higher. The reduction of micronuclei formation in hPARP1overexpressing cells was also seen by treating the cells with 5 and 10 µg/ml
bleomycin (Figure 20B), which was statistically significant at both concentrations (p <
0.05). These observations are perfectly in line with the suppressive effect of hPARP1
overexpression on SCE we have previously described (Meyer et al., 2000) and
further consolidate the evidence linking PARP1 activity and genomic stability.
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Figure 20. Frequency of micronuclei in hPARP-1 overexpressing cells (COMF10 + Dex) after
treatment with different concentrations MMS (A) or bleomycin (B). In (A) means and error bars of three
independent experiments is shown. Statistical analysis was performed using a two-way ANOVA with a
Bonferroni posttest (** indicates p<0.01, comparing each control to the hPARP-1 overexpressing
cells). In (B) the means and error bars were calculated from one experiment, which was done in
triplicates. Statistical analysis was performed using a two-way ANOVA with a Bonferroni posttest (*
indicates p<0.05).
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Discussion
Formation of ADP-ribose chains by activation of PARP1 represents one of the
earliest responses to DNA damage induced by ionizing radiation or alkylating agents
(Lindahl et al., 1995). There are several studies showing that PARP1 plays an
important role in the maintenance of genomic stability (Beneke and Bürkle, 2007;
Bürkle, 2001; Wang et al., 1997), although the precise mechanism is still unclear.
Roughly a decade ago, three independent Parp1 knockout mouse models were
generated (de Murcia et al., 1997; Masutani et al., 1999; Wang et al., 1995), which
consistently showed impaired survival rates and reduced genomic stability of cells in
vitro and ex-vivo when exposed to ionizing radiation and alkylating agents (Trucco et
al., 1998; Wang et al., 1997).

In our present study we addressed the question about the cellular consequences
such as cell survival DNA repair and genomic stability in Chinese hamster embryonic
cells, which conditionally overexpress hPARP1, upon exposure to DNA-damaging
agents such as alkylating agents or γ-irradiation.
Our results show that hPARP1-overexpressing COMF10 cells are more sensitive to
alkylating agents than normal cells. The cells reveal reduced survival as indicated by
massive increase in the necrotic cell fraction (Figure 18), which was visible already at
a concentration of 400 µM MMS and 12.5 µM MNNG, respectively. It is tempting to
speculate that the increase in necrotic cell death was due to the massive
consumption of the PARP1 substrate NAD+, but our measurements of the total
cellular NAD+ level in these cells after DNA damage did not reveal any remarkable
decrease (data not shown). Comparable results on cellular NAD+ and ATP contents
had already been obtained by van Gool et al. (1997), demonstrating that hamster
cells overexpressing hPARP1 are impaired in survival after γ-irradiation (Van Gool et
al., 1997), although there was no big change neither in the cellular NAD+
concentration nor the cellular ATP concentration, suggesting that the compared cell
survival in COMF10 cells exhibiting increased poly(ADP-ribosyl)ation cannot be
explained by energy depletion. In contrast, Fritz et al. found that in a similar cell
system, the hPARP1-overexpressing hamster cells are protected against genotoxic
stress (Fritz et al., 1994). However, the PARP1 activity in those cells was only
doubled and thus much lower compared to our cell system, where the PARP-activity
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is about five times higher compared to controls (Meyer et al., 2000; Van Gool et al.,
1997). It might well be that the amount of polymer formed plays a crucial role in
determining sensitivity or resistance to genotoxic stress in a particular cell system. As
PARP1 is implicated in basic cellular mechanisms, such as cell cycle control
(Carbone et al., 2008a; Cohen-Armon, 2007) and transcriptional regulation (Walker
et al., 2006), it is likely that the effective level of poly(ADP-ribosyl)ation is strictly
controlled and absolutely critical for cells to remain viable and functional.
To assess genomic stability, two different parameters were studied, i.e. DNA repair
and the frequency of micronuclei formation, both after treatment with DNA-damaging
agents. It has long been known that PARP1 participates in base excision repair
(BER) (Gradwohl et al., 1990). In response to DNA damage induced by ionizing
radiation or alkylating substances, PARP1 can bind specifically to DNA strand breaks
and thereby gets activated and auto-poly(ADP-ribosyl)ated (Ogata et al., 1981) thus
allowing interaction with different proteins involved in BER such as XRCC1
polymerase β and DNA ligase III. Our data show that the DNA repair in hPARP1overexpressing cells is greatly delayed as compared to parental cells during the first
hour (Figure 19). One possible interpretation is that the overabundance of
automodified hPARP1 molecules leads to a competition for binding of low-abundance
DNA repair proteins and thus to dissipation of repair proteins rather than
concentration of at the site of DNA damage. As a consequence the efficiency of DNA
repair is compromised. A second possible scenario is that under conditions of
hPARP1 overexpression the average lengths of the polymer chains is not yet optimal
for the recruitment of the BER complex. The massive increase in polymer formation
in hPARP1-overexpressing cells may in principle be due to either more chains with
the same length of ADP-ribose units compared to control, or in the same number of
polymer chains with an alteration in chain length. We could recently show that the
affinity of poly(ADP-ribose) interactions with specific binding proteins depends on the
polymer chain length (Fahrer et al., 2007). Therefore the overexpression of hPARP1
might lead to an altered affinity between polymer and acceptor protein and, as a
consequence, to a disturbance in the recruitment of different enzymes which are
important in the DNA repair process and thus provoke its delay. Thirdly one can also
postulate that the strongly increased poly(ADP-ribosyl)ation affects the whole
metabolism such that the enzyme poly(ADP-ribose)glycohydrolase (PARG) is no
longer able to degrade the poly(ADP-ribose) during the decisive time period. This can
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lead to an impairment of the well coordinated and balanced mechanism between the
activity of PARP1 and PARG. That the precise coordination and balance of both
mechanisms for the metabolism of PAR seems to be indispensable is underlined by
the fact that a failure to degrade poly(ADP-ribsose) in Parg knockout mice causes
early embryonic lethality and enhanced sensitivity to genotoxic stress (Koh et al.,
2004).
Genomic stability in cells has already been linked to PARP1 activity. Reduced
maintenance of genomic stability is a well-established consequence of the
impairment of PARP1 activity through (i) chemical inhibitors (Waldman and
Waldman, 1991), (ii) the expression of dominant negative mutants (Küpper et al.,
1995; Schreiber et al., 1995) (iii) antisense RNA strategy (Ding et al., 1992) (iv) or by
the complete depletion of PARP1 in knockout animals (de Murcia et al., 1997;
Masutani et al., 1999; Wang et al., 1995). Conversely we have observed that
treatment of hPARP1-overexpressing COMF10 hamster cells with the alkylating
agent MNNG induces fewer sister-chromatid exchanges (SCE) than in controls
(Meyer et al., 2000), indicative of a genome-stabilising effect of PARP1 under
conditions of genotoxic exposure. Consistent with such a genome-stabilising effect,
one of us has previously shown that the life span of different species is positive
correlated with the cellular (poly(ADP-ribosyl)ation capacity in peripheral blood
mononuclear cells (Catena et al., 1994) and that this correlation is not due to
differences in PARP1 abundance (Grube and Bürkle, 1992). Likewise it was shown
that lymphoblastoid cell cultures from human centenarians have a higher poly(ADPribosyl)ation capacity compared to controls cells (Muiras et al., 1998).
In perfect agreement with our previous results (Meyer et al., 2000), we found in the
present study a lower frequency of micronuclei when hPARP1-overexpressing cells
were exposed to either MMS or bleomycin (Figure 20). This fits with the reverse
finding that an increase in micronuclei formation is caused by inhibition of PARP1
activity with 3-aminobenzamide (Catena et al., 1994) or by knocking out the Parp1
gene (Wang et al., 1997).
Formation of micronuclei occurs during mitosis, where due to centromere or
centrosome dysfunction, the precise separation of chromosomes fails. PARP1 is
implicated in the regulation of both, centromeres and centrosomes. Centromeres are
the sites of kinetochore formation and mediate accurate seperation of sister
chromatids during mitotic cell division. PARP1 accumulates at centromeres, where it
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is supposed to play a role in centromere assembly and dissasembly (Earle et al.,
2000). Poly(ADP-ribosyl)ation is a possible regulator of kinetochore proteins such as
CENPA and CENPB, as well as of proteins involved in spindle checkpoint control
such as Bub3 (Saxena et al., 2002b). Overexpression of hPARP1 might therefore
lead to a reduction of incorrectly regulated centromeres, which could cause a lower
frequency of micronuclei.
Centrosomes serve as the major microtubule organizing centre with an important role
during mitosis as it is responsible for the faithful transfer of chromosomes to the
daughter cells. PARP1 is located at centrosomes and poly(ADP-ribosyl)ates
centrosomal proteins that are involved in centrosomal functions (Kanai et al., 2003).
Loss of PARP1 leads to alter either centrosome function or centrosome copy number
and subsequently to interfere with the chromosomal stability which ultimately
produces micronuclei. The higher level of PARP1 and consequently more poly(ADPribose) in response to genotoxic agents could lead to a stabilization of the
centrosome, thus avoiding centrosome abnormalities and resulting in a reduced
formation of micronuclei.
Both processes might be involved in the reduction of micronuclei formation after
challenging hPARP1-overexpressing cells with DNA damaging agents, independently
of cell survival and DNA repair processes.
Yet another mechanism of micronucleus formation is chromosomal breakage,
resulting from unrepaired double strand breaks, and thus formation of acentric
chromosome fragments. If hPARP1 overexpression could downregulate the number
of unrepaired double strand breaks, this could also account for the observed
reduction in micronuclei.
It is obvious from our data that higher-than-normal poly(ADP-ribosyl)ation does not
protect cells against the cytotoxic effects of DNA-damaging agents. Increased
amounts of poly(ADP-ribose) do not promote DNA repair, as expected. To cope with
DNA damage, it seems that cells need an optimal level of poly(ADP-ribose) .
In summary, we have been able to uncouple several well-established effects of
PARP1 in our systems of conditional overexpression of hPARP1 in hamster cells, as
DNA single strand break repair was delayed and the cells were more prone to enter
necrosis upon treatment with DNA-damaging agents, while at the same time the
number of micronuclei, a sensitive marker of genomic instability was reduced. Our
results therefore clearly show that genomic stability is not necessarily connected with
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proficient DNA repair and cell survival. It will be interesting in future work to obtain a
deeper understanding of the molecular mechanisms involved in the effects of
hPARP1 overexpression and to extend our present findings to the in-vivo situation.
On model we have recently generated are genetically engineered mice that express
hPARP1 in addition to the murine orthologue (Mangerich et al., 2008). The
phenotypic analysis of these mice and generation of additional models are ongoing.
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Abstract
Poly(ADP-ribose) polymerase 1 (PARP1) is a nuclear enzyme with a variety of
cellular functions including DNA repair, transcriptional regulation, cell cycle control
and cell death processes. Using NAD+ as substrate, PARP1 catalyzes the
posttranslational modification of proteins with poly(ADP-ribose). PARP1 comprises
three main domains, i.e. an N-terminal DNA binding domain, a central
automodification domain and a C-terminal catalytic domain. The major target protein
to be covalently modified with poly(ADP-ribose) is PARP1 itself in an intermolecular
automodification reaction, since PARP1 acts as catalytic dimer. In this work
enzymatic studies were performed to address the question if there exists a single
domain of PARP1 that can serve as a heterodimeric interaction partner for wt-PARP1
to reconstitute full activity seen with wt-PARP1 homodimers. Therefore different
PARP1 fragments comprising the different domains were expressed as recombinant
proteins, purified, and PARP1 activity assays were performed. The results revealed
that none of the single fragments analyzed can serve as acceptor for PARP1 leading
to the full activity observed in wt-PARP1 dimers.

Introduction
Poly(ADP-ribose) polymerase 1 (PARP1) is the best studied and most active
member of the superfamily of PARP proteins (Ame et al., 2004; Otto et al., 2005). It
is a nuclear enzyme with a variety of cellular functions including DNA repair,
transcriptional regulation, cell cycle control and cell death processes (Hakme et al.,
2008; Hassa and Hottiger, 2008; Schreiber et al., 2006). PARP1 catalyzes the
generation of poly(ADP-ribose) (PAR) by the cleavage of its substrate NAD+ into
nicotinamide and ADP-ribosyl-moieties (Nishizuka et al., 1967). The ADP-ribose
chains, which are attached via glutamic acid residues to the acceptor proteins
(D'Amours et al., 1999) and which are formed in successive reaction cycles can
reach chain length of up to 200 units and can undergo branching (Miwa et al., 1979).
PARP1 is 113 kDa and comprises three main domains representing the biochemical
activities and functional roles of this enzyme (Figure 21). At the N-terminus, from
residue 1 through 374, there is a DNA binding domain (DBD), which comprises two
zinc fingers (FI and FII) that recognize and bind to DNA strand breaks (Gradwohl et
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al., 1990; Ikejima et al., 1990) and a third zinc binding domain (FIII) that has been
proposed to be necessary for inter-domain communications between the DBD and
the catalytic domain (Langelier et al., 2008). In addition there is a nuclear localization
signal (NLS) (Schreiber et al., 1992) and a caspase 3 cleavage site (C3) (Kaufmann
et al., 1993). The automodification domain (auto) is located in the central part of the
enzyme and spans residues 375 through 525. It represents the major acceptor site
for PAR. The domain has also a “BRCA1 c-terminus” (BRCT) fold, which mediates
protein-protein interactions (Bork et al., 1997). The catalytic domain is located at the
C-terminal end of the enzyme and spans residues 526 through 1014. It is highly
conserved within the PARP family, especially in the PARP signature, which is
responsible for NAD+ binding and the transfer of the ADP-ribose moieties onto
acceptor proteins (Kameshita et al., 1984). The major acceptor of PAR is PARP1
itself in an intermolecular automodification reaction (Adamietz, 1987; Ogata et al.,
1981), since PARP1 acts as catalytic dimer (Mendoza-Alvarez and AlvarezGonzalez, 1993). Concerning the activation of PARP1, it was recently discovered
that a part of the DBD, spanning residues 233 through 374, containing this additional
zinc-binding domain, plays an important role (Tao et al., 2008). However, it is not
known if there is a single domain of PARP1 that can serve as a heterodimeric
interaction partner and acceptor of PAR, leading to the full enzyme activity seen with
wt-PARP1 dimers. To address this question, three different domains were generated
including the automodification domain (auto); the automodification domain in fusion
with the catalytic domain (auto-NBD; NAD binding domain); and the catalytic domain
(NBD). It was assumed that fragments comprising the auto domain are the most
promising candidates as they can serve as major target site for heterodimeric
automodification. The different fragments were cloned, expressed in E. coli and
purified. Finally activity assays were performed by using the dot blot technique
(Pfeiffer et al., 1999). Thereby wt-PARP1 was added in addition with one of the
different fragments in a stoichiometric ratio.
The results revealed that none of the single fragments studied can serve as acceptor
for PARP1 that would lead to full activity as observed in wt-PARP1 dimers.
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Materials and Methods

Cloning of PARP1 fragments
The sequences encoding the different PARP1 fragments (auto, auto-NBD, NBD)
were amplified using following primers that had been designed to incorporate
restriction sites for NdeI on the forward primer and NotI on the reverse primer:
forward primer auto: 5’-TAGCATATGC-CCTCCACAGCCTCGGCTCCA; reverse
primer auto: 5’-CCGCGGCCGCTTATCCT-CCTTTAAGAGTTAATTT; forward primer
NBD:

5’-CCTCATATGGGAGCAGCTGTG-GATCCT;

reverse

primer

NBD:

5’-

CCGCGGCCGCTTACCACAGGGAGGTCTTAAAAT. All amplified PARP1 fragments
were cloned into the pSL1180 vector (GE healthcare) using the EcoRV restriction
site, excised with NdeI and NotI and cloned into pET15b (Novagen), which led to
fusion of the PARP1 sequence with a 6-his tag fused aminoterminus. The resulting
series of pET plasmids was verified by sequencing.

Expression of PARP1 fragments
All PARP1 fragments were expressed in E .coli DE3. Cultures were grown in LB
medium until an OD600 of 0.6 was reached. The cultures were induced with 0.2 mM
isopropyl-β-D-thiogalactopyranoside (IPTG) at 30°C for 4 h. Ce lls were then
harvested by centrifugation and stored at -80°C.

Purification of PARP1 fragments
The pellet from 200 ml culture was thawed and resuspended in 10 ml lysis buffer (50
mM Na2HPO4, 300 mM NaCl, 10 mM imidazole, 1:1000 PMSF [Sigma], pH8.0). After
resuspension, 0.2% lysozyme was added and incubated on ice for 30 min. Cells
were lysed using a sonicator (Bandelin Sonorex, 4 x 20 sec bursts, with 20 sec
cooling period). The lysate was pelleted for 30 min at 10,000 g and 4°C and the
supernatant was then loaded onto a poly prep chromatography column (Biorad)
charged with Ni(II)-NTA (Quiagen). The column was equilibrated in lysis buffer before
proteins were loaded onto the column. The column was washed in washing buffer I
and II (50 mM NaH2PO4, 300 mM NaCl, 20 mM imidazole (I) or 50 mM imidazole (II),
pH 8.0) and proteins were eluted in elution buffer (50 mM NaH2PO4, 300 mM NaCl,
300 mM imidazole, pH 8.0).
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Recombinant wt human PARP1 was kindly provided by S. Beneke, University of
Konstanz (Beneke et al., 2000).

Western blot analysis
Samples were separated by SDS-PAGE (12% for auto, 10% for auto-NBD and NBD)
using standard techniques (Laemmli U.K., 1970). The gels were blotted onto a
nitrocellulose membrane (Amersham-Biosciences) for 2 h at 20 mA using a semidry
blotting advice. To visualize protein bands, the membrane was stained with
PageBlue (MBI-Fermentas) according to the manufacturer’s protocol.

PARP1 activity assay
Prior to enzyme activity assays, protein concentration was determined by using the
BCA protein assay kit (Pierce). PARP1 activity assay was performed, as described
previously (Pfeiffer et al., 1999), with some modifications. Therefore 3 nM of the wtPARP1 was added to 3 nM of either auto-PARP1, auto-NBD-PARP1 or NBD-PARP1
and incubated in the reaction buffer, (100 mM Tris-HCl pH 7.8, 10 mM MgCl2, 200
µM NAD+ (Sigma-Aldrich) 1 mM DTT (Sigma-Aldrich), 50 µg/ml EcoRI linker as
activator (Grube et al., 1991), at 37°C for 10 minu tes, before the reaction was
stopped by the addition of 6.25 mM 3-aminobenzamide (Sigma-Aldrich). Samples
were vacuum-aspirated onto a positively charged nylon membrane (AmershamBiosciences) by using a 24 well dot-blot manifold. The membrane was incubated at
90 °C for 1 h, afterwards blocked for 1 h at 20°C w ith 5% milk powder in TNT (150
mM NaCl 10 mM Tris-HCl pH 8.0, 0.05% Tween 20) before the membrane was
incubated with primary antibody 10H (Kawamitsu et al., 1984) for 1 h at 37°C and
with peroxidase-conjugated secondary antibody (Molecular Probes) for 1 h at 37°C.
Finally chemiluminescence was detected by using the FujiLAS-1000 imaging station.
Densitometric evaluation was performed by using AIDA software.
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Results

Generation of various PARP1 fragments
In order to determine the minimal fragment that can act as a partner for
automodification by wt-PARP1 and thereby restore full enzymatic activity of wtPARP1, coding sequences for various fragments were cloned into the E. coli
expression vector pET15b (Figure 21).

The recombinant PARP1 fragments

expressed comprise the 20-kDa automodification domain (auto); the 74-kDa
automodification domain in fusion with the catalytic domain (auto-NBD; NAD binding
domain); and the 58-kDa catalytic domain (NBD).
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Figure 21. Schematic representation of wt-PARP1 and the different PARP1 fragments auto,
auto-NBD and NBD generated. The enzyme comprises three main domains. The DNA binding
domain is at the N-terminus and comprises three zinc fingers (FI-FIII) and a nuclear localization signal
(NLS). The automodification domain (auto) is centrally located. At the c-terminus there is the catalytic
domain with the highly conserved PARP signature. NBD, NAD binding domain.

The sequences encoding the different PARP1 fragments were PCR-amplified from
the human PARP1-carrying plasmid pPARP31 (Van Gool et al., 1997). The resulting
fragments were cloned into the plasmid pSL1180, excised and cloned into the
expression vector pET15b as described in Materials and Methods.
The expression of the His-tagged PARP1 fragments was done in the E. coli
expression system, which is one of the most widely used hosts for the production of
recombinant proteins (Choi and Lee, 2004). Purification of the various PARP1
fragments was performed in a single step from a nickel-NTA column. The different
fractions obtained by the purification of the PARP1 fragments were analyzed by
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Western Blots and visualized by Coomassie staining (Figure 22). Protein
contaminants that bound to the resin unspecifically were almost completely removed
by washing steps 1 and 2. Most of the protein quantity in all PARP1 fragments was
detached from the resin when the elution buffer was added. A pronounced band of
the auto-fragment was detectable in eluate1, lane 7 (Figure 22A); of the auto-NBD
fragment in eluate1 and eluate2, lanes 6 and 7 (Figure 22B); and of the NBD
fragment in eluate 1 and eluate 2, lanes 6 and 7 (Figure 22C).
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Figure 22. Purification of different fragments of PARP1, expressed in E.coli. An aliquot of 5 µl
from each fraction of the different fragment eluted from a Ni-NTA resin were analyzed on a SDSPAGE and visualized by staining with Coomassie. (A) 20 kDa auto fragment analyzed by 10% SDS
PAGE. (B) 74 kDa auto-NBD fragment analyzed by 12% SDS PAGE. (C) 58 kDa NBD fragment
analyzed by 10% SDS PAGE.

The protein concentrations of the different fractions were determined by standard
protein assay. The highest protein concentration (about 3.0 µg/µl) was detected in
eluate 1 of fragment NBD (Figure 22C lane 6). The protein concentration in eluate 1
of auto-NBD was 2.5 µg/µl (Figure 22B lane 6) and in eluate 1 of the auto fragment it
was 0.7 µg/µl (Figure 22A, lane 7). Each fragment was tested together with wtPARP1 in PARP1 activity assays.
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PARP1 activity assays
The PARP1 activity was measured by using the dot blot technique (Pfeiffer et al.,
1999). Thereby the amount of poly(ADP-ribose) formed, as detected by using the
monoclonal antibody 10H, is a measure of PARP1 activity. The reaction buffer for the
PARP1 activity assay comprises as main components the substrate NAD+ and an
activator ologinucleotides mimicking DNA strand breaks (Grube et al., 1991). Core
histones, which serve as an additional acceptor of PARP1 and are usually a
component of the reaction buffer, were not added. To start the PARP1 activity assay,
the reaction buffer was completed by the addition of 3 nM wt-PARP1 in combination
with 3 nM of the different recombinant fragments of PARP1 or wt-PARP1.
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Figure 23. Analysis and quantification of PARP1 activity by using the dot-blot technique. Three
nM of recombinant wt-PARP1 was added to 3 nM of a PARP1 fragment and visualized on a
nitrocellulose membrane probed with the antibody 10H specific for PAR. (A) PARP1 activity measured
in the presence of wt-PARP1 and auto. (B) PARP1 activity measured in the presence of wt-PARP1
and auto-NBD. (C) PARP1 activity measured in the presence of wt-PARP1 and NBD. All
measurements were performed in triplicates (from the left to the right), which are expressed in the
graphs as mean ± SD.
.

96

CHAPTER V
The dot-blot activity assays revealed that there is no reconstitution of full PARP1
activity like it is observed in wt-PARP1, when the auto fragment, which contains the
automodificaftion domain, is added to wt-PARP1 (Figure 23A). The auto fragment
itself does not display any PARP1 activity as expected. There is also a strong
decrease in PARP1 activity, when auto-NBD is added to wt-PARP1 compared to wtPARP1 (Figure 23B). The auto-NBD fragment was not able to perform PARP1
activity. The same result was shown when wt-PARP1 was added to the NBD
fragment. When NBD is added to wt-PARP1, the PARP1 activity is less compared to
wt-PARP1. NBD itself was also not able to trigger PARP1 activity (Figure 23C).
Viewed together the results indicate that none of the fragments can operate either as
an acceptor or that the presence of only the acceptor site (like the auto fragment) is
sufficient to reach full activation of wt-PARP1.
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Discussion
PARP1 is a nuclear enzyme that is active as catalytic dimer in an intermolecular
automodification reaction (Mendoza-Alvarez and Alvarez-Gonzalez, 1993). The
purpose of the present study was to investigate if there is a single domain of PARP1,
which could serve as an interaction partner for PARP1 to reveal the full enzyme
activity seen in wt-PARP1 dimers. To perform the study, coding sequences for three
different fragments (Figure 21) including the automodification domain (auto), the
automodification domain in fusion with the catalytic domain (auto-NBD; NAD binding
domain) and the catalytic domain (NBD) were successfully cloned into the E. coli
expression vector pET15b. Expression of the three different fragments was done in
the E. coli expression system, which is one of the most widely used hosts for the
production of recombinant proteins (Choi and Lee, 2004). Purification of the
recombinant protein fragments was done by Ni-NTA chromatography. The
expression and purification efficiencies of the various fragments were analyzed by
SDS PAGE (Figure 22). The very pronounced bands observed in each generated
PARP1 fragment generated were very pure, as the eluates displayed very little
protein contamination by unspecific proteins. The pronounced bands also indicate a
high protein concentration, which was confirmed by a standard protein assay. The
protein concentrations ranged from 0.3 µg/µl (auto) to 3.0 µg/µl (NBD), which is a
very high protein concentration obtained by the expression in E. coli. PARP1 activity
assays were performed by using the dot-blot technique (Pfeiffer et al., 1999). To do
so, 3 nM of wt-PARP1 was added to one of the PARP1 fragments generated or wtPARP1 respectively, in a stoichiometric ratio. It was assumed that the fragments
comprising the auto domain, which is known to serve as an acceptor site for PAR in
vivo (Mendoza-Alvarez and Alvarez-Gonzalez, 1993), are the most promising
candidates as a heterodimeric interaction partner for wt-PARP1. Furthermore it was
already demonstrated that the catalytic domain by itself is able to produce polymer
(Simonin et al., 1990). However, the results demonstrated that neither the auto
fragment nor auto-NBD or NBD are sufficient for wt-PARP1 to restore full enzyme
activity, as it is observed when wt-PARP1 was added as interaction partner (Figure
23). It might be that the polymers produced by NBD are shorter and under the
detection limit of the dot blot technique, as the other authors used a radioactive
readout, which is more sensitive in the detection of shorter polymer chains. A
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possible reason for the failed interaction between wt-PARP1 and the PARP1
fragments (in particular the fragments auto and auto-NBD) is maybe the fact, that the
fragments are not sufficient for assembly with PARP1, which could be necessary for
PARP1 activity. Very recently it was proposed that the third zinc-binding domain (FIII)
provides a structural scaffold for PARP1 assembly (Langelier et al., 2008). This
hypothesis was confirmed by a study, which showed that the region containing FIII is
important for PARP1 activity (Tao et al., 2008). Based on these data it can be
assumed that a fragment containing FIII and auto may be sufficient as a functional
interaction partner for wt-PARP1. During the present work it was attempted to
express additional DBD fragments, which include FIII. However, for unknown
reasons the expression of these fragments failed. It could be that the DBD which is
known to bind as a single fragment to DNA (Küpper et al., 1995) disturb the proper
proteinexpression in E. coli. For further studies it is important to generate the
fragments containing FIII to obtain concluding results about the interaction studies of
PARP1.
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The maintenance of genomic stability is crucial for cell survival. Genomic instability is
associated with carcinogenesis and actually appears to be a driving force for the
multi-step process of malignization of cells. Genomic stability comprises a variety of
mutational events ranging from single base substitutions to large chromosomal
aberrations. It is mainly caused by the persistence of unrepaired DNA damage
(Hoeijmakers, 2001).
Apart from carcinogenesis, the aging process of cells is also accompanied by
genomic instability (Bürkle, 2001). This notion is further supported by studies
showing a positive correlation between DNA repair capacity and life-span in several
mammalian species (Hart and Setlow, 1974).
PARP1 is considered a caretaker of the genome as it is implicated in the regulation
of cellular responses to genotoxic stress such as DNA repair, cell cycle and cell
death processes. Moreover, it was shown to act as tumor suppressor and may
counteract the aging process (Bürkle, 2001; Masutani et al., 2005; Oei et al., 2005;
Piskunova et al., 2008).
PARP1 deficiency might contribute to carcinogenesis through induction of genomic
instability due to impaired DNA repair pathways and alteration of transcriptional
regulation and cell cycle control (Masutani et al., 2005).
Since PARP1 plays an essential role in the maintenance of genomic stability, it
represents an interesting pharmacological target molecule for a variety of medical
conditions. A large number of poly(ADP-ribosyl)ation inhibitors have been
synthesized (Eltze et al., 2008; Jagtap and Szabo, 2005). In contrast, very little
information is available on compounds which are able to potentiate cellular
poly(ADP-ribosyl)ation.
The purpose of the present study was to obtain more knowledge about the options of
how to increase PARP1 activity and its consequences. The enhanced cellular
poly(ADP-ribosyl)ation is expected to increase genomic stability, if concomitant NAD+
depletion is prevented. This could be relevant in cancer treatment to support and
protect normal cells of the body, in which genomic stability is impaired as a result of
cytotoxic cancer treatment with DNA damaging agents.
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During the present work, several approaches were used to enhance PARP1 activity
and to further investigate if this could improve genomic stability. These strategies
comprise supplementation of zinc, which is supposed to improve the binding of
PARP1 to damaged DNA, supplementation of cells with the NAD+ precursor nicotinic
acid (NA) to avoid the depletion of NAD+ pools, and overexpression of human
PARP1 in hamster cells.

Experimental set-up
Based on the cellular function of PAR and its implication in a variety of cellular
processes, especially in DNA repair and longevity, analysis of PAR is proposed as a
useful tool for the detection of genetic instability for aging studies. To prove its
implementation in biomedical studies, reliable and convenient methods to detect
cellular PAR are needed.
There are a number of previously used assays for the detection of PARP1 activity.
However, these assays display several drawbacks, as they use radioactivity, require
a large number of cells or have poor sensitivity. Furthermore they can not be
performed in a multi-well plate format, which means that they are not useful for largescale studies (Berger et al., 1979; Bürkle et al., 1993; Grube et al., 1991; Jacobson et
al., 1984; Pfeiffer et al., 1999). These limitations were overcome by establishing a
flow cytometry-based PARP1 activity assay in permeabilized PBMC (A. Kunzmann,
Diploma thesis 2005). Using this method, interindividual heterogeneity of PAR
formation and the robustness of the PAR capacitiy in one donor either in parallel or in
consecutive measurements in permeabilized PBMC were shown as part of the
present study (Chapter I).
In particular, application of this new method revealed a substantial heterogeneity of
PARP1 activity in samples from young and healthy donors (Table 1 a). Interindividual
variability was also formerly reported by using a radiometric activity assay for
measuring PARP1 activity in PBMC taken from different mammalian species (Grube
and Bürkle, 1992). The heterogeneity in that study was most likely not due to
technical reasons or assay instability. PARP1 activity in PBMC from one donor in
either parallel or in consecutive measurements revealed only minor differences
compared to the differences observed in various donors (Table 1 b). This indicates
that the interindividual heterogeneity is biological rather than technical.
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Further development of the flow cytometry-based PARP1 activity assay in
permeabilized cells, enabled the establishment of a novel assay for measuring
PARP1 activity in intact cells. This method is termed RAPA (rapid analysis of PARP
activity). The possibility to measure PARP1 activity in intact cells is of high
physiological relevance and gives direct insight into the cellular process of PAR
formation as response to DNA damage (Chapter III).
RAPA allows to closely monitor the DNA damage-driven time-dependent and dosedependent cellular response of poly(ADP-ribosyl)ation with high temporal resolution
and sensitivity (Figure 15). In addition, it is fast, cost-effective and can be done in a
96-well format, thus making it suitable for large-scale studies.
Both newly developed flow cytometry based assays provide very useful tools for the
detection of cellular PAR. The decision which assay to use depends on the issue of
the study. In permeabilized PBMC the maximal PARP1 capacity is measured. The
permeabilization of cells causes the loss of some cellular components, including the
PAR degrading enzyme PARG and cellular NAD+. A defined concentration of NAD+
and activator oligonucleotide mimicking DNA strand breaks (Grube et al., 1991) is
added back with the reaction buffer, guaranteeing that the maximal PARP1 capacity
under standardized conditions can be measured in different donors. Thus, under
such conditions, PARP1 activity is independent on the cellular status of NAD+, which
is usually a limiting factor in the polymer formation (Williams et al., 1983). Using
RAPA, the available cellular concentration of NAD+ and the activity of PARG are
important additional determinants of the level of polymer accumulation. This set-up is
more adequate to characterize PARP1 activity under physiological conditions.
Thereby, the interplay of PARP1 with different cellular processes, which influence the
regulation of PARP1 activity and affect different parts of the cellular system, is
monitored. This could be more relevant in diagnostic applications of PARP1 activity,
such as cancer therapy, where it would be interesting to know the degree of PARP1
activity in different types of cancer.
However, a limitation of both assays represents the absence of internal standards to
clarify the comparability between different experiments. As one possible standard,
aliquots of cryopreserved PBMC from a single donor were used. They showed only
minor variations when tested in different independent experiments, but the absolute
amount of PAR is still unknown. Furthermore, variations in antibody staining are not
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visible when a biological standard is used. Therefore, a perfect solution would be the
generation of beads that carry a defined amount of poly(ADP) ribose units. Those
could be processed with every experiment and serve as an internal standard and as
calibration between the concentration of PAR and the fluorescent units of the flow
cytometer.

Using these newly developed methods, PARP1 activity and different cellular
consequences were analyzed under the following conditions:
(I)

In vivo zinc supplementation

(II)

Ex vivo NA supplementation

(III)

Overexpression of hPARP1

In vivo zinc supplementation: PARP1 – Zinc
The bioavailability and intracellular distribution of zinc may have an impact on
processes related with DNA repair, maintenance of genomic stability, and longevity
(Mocchegiani et al., 2006a). This is underlined by the fact that several DNA repair
proteins, including PARP1, are zinc finger proteins (Hartwig et al., 2002b). The
involvement of PARP1 in DNA repair, in the maintenance of genomic stability and
longevity indicates a possible link between the zinc status, PARP1 activity and the
maintenance of genomic stability, which is impaired during the aging process. To
prove this hypothesis the maximal cellular PARP1 capacity in permeabilized PBMC
as function of plasma zinc concentration was determined. The analysis was
performed with PBMC collected from 29 elderly subjects (age range 58-85 years),
before and after zinc supplementation (10 mg zinc aspartate/day for seven weeks).
Surprisingly, zinc supplementation did not result in a consistent increase in cellular
zinc concentrations in all donors (Table 2). One possibility for these individual
differences could be that the zinc supplement was not taken on a regular basis by
some participants of the study. It is also possible that the health status of some
donors was affected so that the zinc supplementation had a different outcome. The
role of zinc in the immune system is well established and characterized (Haase et al.,
2008; Overbeck et al., 2008). Impaired immune functions are accompanied by a
decrease of cellular zinc concentrations (Ibs and Rink, 2003). As there were several
cases of decrease in zinc concentration after supplementation, PARP1 activity was
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studied as function of the zinc concentration of each sample, independent of
supplementation. In the PBMC of the total population, a positive correlation between
PARP1 activity and zinc concentration was observed (Figure 12 + 13). The positive
correlation is probably caused by a higher intracellular concentration of zinc which is
available for zinc binding proteins such as PARP1 securing the full activity of the
enzyme. It should be noted, however, that excessive concentrations of zinc are toxic
and can induce oxidative stress (Zodl et al., 2003), which in turn could also initiate
higher PARP1 activity. However, this possibility can be excluded by the observation
that the higher availability of zinc resulting from the daily intake of 10 mg zinc
protects proteins against oxidative damage (Cabreiro et al., 2008).
Apart from the maximal PARP1 activity which is altered by zinc, also PAR formation
in intact cells is enhanced by higher zinc concentrations (A. Kunzmann, unpublished
data). However, the mechanism concerning the higher PARP1 activity resulting from
higher availability of zinc is not well understood and needs to be further investigated.
It was demonstrated that zinc is essential for the recognition of DNA strand breaks by
PARP1 (Mazen et al., 1989). But it is still unclear in which cellular compartment and
at what point in the life cycle of a PARP1 molecule zinc binding occurs or if there are
PARP1 molecules that have not bound to zinc.
The interindividual variability of cellular zinc concentration and the demonstration that
there is indeed a positive correlation between PARP1 activity and cellular zinc
concentration may be one reason for the interindividual variation of PARP1 activity
which was observed in young and healthy donors (Table 1 a).

In vivo zinc supplementation: PARP1 – Aging
The biological process of ageing is characterized by a decline of genomic stability
caused by cellular dysfunction in DNA repair. The persistence of an unrepaired DNA
damage can lead to genomic instability (Bürkle, 2006). A positive correlation between
DNA repair capacity and mammalian life span has been described (Hart and Setlow,
1974). Apart from the involvement of PARP1 in the DNA repair process, the activity
of PARP1 it is also known to correlate with species-specific life span. On the other
hand there is a decrease in PARP1 activity with advancing age (Grube and Bürkle,
1992).
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In the present study the age-related decline of PARP1 activity was confirmed
(Figure14). However, the extent was much lower compared to published data (Grube
and Bürkle, 1992) but one has to note that the age in the present study ranged from
58 to 85 years, whereas in the former study by Grube and Bürkle the age range was
0 to 85 years.

The aging process is also accompanied by a change in the availability of cellular zinc
(Mocchegiani et al., 2004). Zinc supplementation in the elderly can increase PARP1
activity, helping to maintain genomic stability and thus contribute as one factor to an
extension of ‘health span’.

Ex-vivo NA supplementation
NAD+ is essential in all organisms as it has central roles in cellular metabolism and
energy production. Poly(ADP-ribosyl)ation is the major NAD+-consuming process.
Since the activity of PARP1 is induced by genotoxic stress, abundant DNA damage
can promote necrosis as a result of the depletion of cellular NAD+ and subsequent
energy failure (Kim et al., 2005). One possibility to avoid extensive NAD+ depletion as
a consequence of PARP1 activation is to increase the cellular NAD+ content. There
are different NAD+ precursors like tryptophane, nicotinamide, nicotinic acid and
nicotinamide riboside, which are suitable for the replenishment of cellular NAD+
(Bogan and Brenner, 2008). In the present study PBMC were supplemented with
nicotinic acid (NA), although mammalian species predominantly use nicotinamide
rather than NA as a precursor for NAD+ biosynthesis (Revollo et al., 2007). However,
nicotinamide operates as an inhibitor of PARP1 (Clark et al., 1971), with inhibiting
effects already at concentrations of 100 µM where the NAD + content was not
augmented (M. Schmitz, Diploma thesis 2007). (Chapter III). Supplementation with
NA resulted in a more than 2-fold increase of cellular NAD+ content in PBMC (Table
3). The higher availability of NAD+ led to a highly increased poly(ADP-ribosyl)ation
after X-irradiation in intact PBMC (Figure 16). The beneficial effect of NA was present
in a dose-dependent (Figure 16A+B) as well as time-dependent manner (Figure
16C+D). The amount of polymer was already increased in response to lower
irradiation doses when PARP1 was mildly activated and NAD+ was not limited,
indicating that the available content of NAD+ is an important regulator concerning the
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level of PAR formation. In NA-supplemented cells, polymer formation persisted for
longer times, which was demonstrated in the time-dependent response of PAR to
DNA damage (Figure 16 D). The delayed decrease of PAR could lead to a more
effective recruitment of DNA repair factors with a consequent higher survival rate. In
the study the supplemented cells indeed showed a higher viability after DNA
damage, indicating that substantial increased NAD+ levels even after polymerformation is beneficial to cells. Furthermore it was already demonstrated that NA
supplementation positively influences DNA repair processes (K. Weidele, Diploma
thesis 2008), which is a further connection between PAR, NA and cell viability.
Interestingly, increased NAD+ levels that originate from nicotinamide supplementation
do not improve DNA repair in contrast to higher NAD+ levels that originate from NA
supplementation (Ogata et al., 1997). This further supports the present finding that
the positive effect on DNA repair observed in NA supplemented cells is caused by
enhanced PARP1 activity.
There are several malignancies that have been linked to DNA damage induced by
prior chemotherapy (Boffetta and Kaldor, 1994). Very recently, it was shown that
additional intake of NA prevents chemotherapy treatment-related cancers in rats
(Bartleman et al., 2008). The study indicates that NA supplementation may help
protect cancer patients from the harmful side effects of chemotherapy. The
prevention could be achieved by higher PARP1 activity and the consequent improved
genomic stability.
Additionally, since there are interindividual variances of cellular NAD+ (Table 3),
these variances may, apart from zinc, be a further factor that could explain the
substantial heterogeneity of PARP1 activity observed in samples from young and
healthy donors (Table 1a).

Overexpression of PARP1
Overexpression of PARP1 can have diverse consequences. On the one hand
PARP1 overexpression improves genomic stability (Meyer et al., 2000; this thesis).
On the other hand PARP1 overexpression increases most likely the consumption of
cellular NAD+ leading to energy failure and finally cell death, as suggested by the
cell-suicide hypothesis (Berger et al., 1983).
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In the present study human PARP1-overexpressing hamster cells (COMF10) were
used, in which human PARP1 expression can be induced by dexamethasone (Dex).
Cell viability, DNA repair and formation of micronuclei in COMF10 cells was
compared to the control cell line COR4, expressing the same level of glucocorticoid
receptor but lacking the human PARP1 expressing cassette.
Strongly decreased cell viability in COMF10 cells when exposed to alkylating agents
and pretreated with Dex was observed compared to COR4 cells (Figure 18). This
was accompanied by a massive increase in necrosis, whereas the amount of
apoptotic cells was unaltered. One likely explanation could be that the increase in the
amount of necrotic cells is a consequence of the higher consumption of NAD+.
However, when NAD+ levels in these cells were analyzed, there was, in contrast to
other cell types (e.g. PBMC, Chapter III), no apparent change in cellular NAD+
(unpublished data), making it unlikely that the NAD+ depletion is responsible for the
cell necrosis. This finding is in line with a study where it was shown that there is no
change, in neither NAD+ nor ATP, when human PARP1-overexpressing cells were
treated with irradiation (Van Gool et al., 1997). Thus impaired cell survival cannot be
explained by energy depletion.
Another explanation for the decreased cell viability could be the negative influence of
altered PAR chains on the recruitment of different DNA repair factors. When PARP1
binds specifically to DNA strand breaks and gets activated in response to DNA
damage, the PAR generated mediates interaction with different DNA repair factors
such XRCC1, Pol β and DNA ligase III (Masson et al., 1998). Consequently, the
alteration of PAR may influence the interaction and eventually the recruitment
efficiency of DNA repair proteins.
Measuring of DNA repair in Dex-treated COMF10 cells demonstrates that there is a
significant delay in DNA repair in human PARP1-overexpressing cells compared to
controls (Figure 19). This result may be caused by an alteration of PAR chains due
the higher availability of PARP1 as acceptor protein. The PAR chains can be altered
in two major ways: First, increase in number of chains but decrease in length, second
no change in number but increase in chain length. The change in the length of PAR
possibly results in an impaired affinity between PAR and acceptor proteins. It was
already shown that in vitro the affinity of polymer interaction with specific binding
proteins depends on the chain length of PAR (Fahrer et al., 2007). This alteration
may lead to a disturbance of recruitment of DNA repair factors, resulting in a delayed
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DNA repair. The delay possibly impairs cell survival explaining the decreased cell
viability. Reduced DNA repair has previously been demonstrated in cells with PARP1
activity abrogated by chemical inhibitors (Waldman and Waldman, 1991), transdominant inhibition (Küpper et al., 1995) or by Parp1 knockout in mice (de Murcia et
al., 1997; Masutani et al., 1999; Wang et al., 1995). In these approaches the reduced
DNA repair was also explained by the disturbed recruitment of DNA repair factors.
PARP1 activity has been linked to genomic stability by regulating different cellular
responses such as DNA repair and cell cycle control (Meyer-Ficca et al., 2005).
Micronucleus formation is a well-known marker for genomic instability. In the present
study, formation of micronuclei was induced the by methyl methanesulfonate (MMS)
and bleomycin in COMF10 cells and COR4 cells, pretreated with or not with Dex.
With both agents Dex treated COMF10 cells showed significant reduction in the
frequency of micronuclei compared with controls (Figure 20). This demonstrates that
the cells display higher genomic stability independent of cell survival and DNA repair.
The formation of micronuclei occurs during mitosis, either as a result of prior
formation of acentric fragments or of problems with proper chromosome segregation.
It has been shown that PARP1 is involved in the regulation of centromeres and
centrosomes (Earle et al., 2000; Kanai et al., 2003; Saxena et al., 2002a).
Misregulation of one of both can lead to the formation of micronuclei. It seems that
higher PARP1 activity in turn results in higher protection against misregulation of the
mitotic apparatus. The results are consistent with data showing that MNNG induces
fewer sister chromatid exchanges (SCE) in hamster cells that overexpress human
PARP1 (Meyer et al., 2000). Conversely, other studies had showen that inhibition of
PARP1 induces SCE (Morgan and Wolff, 1984), chromosomal aberrations
(Simbulan-Rosenthal et al., 1999a) and increases the formation of micronuclei
(Catena et al., 1994; Wang et al., 1997).
In the present study diverse consequence of PARP1 activity was observed in one cell
type, i.e. on the one hand the decreased cell survival and the delay in DNA repair, on
the other hand improved genomic stability. The different effects may be explained by
the multifunctional involvement of PARP1 in cellular processes. It seems that there is
a failure in the recruitment of different DNA repair factors, which are responsible for
the delay in DNA repair and for the reduced cell viability. However, the lower
frequency of micronuclei indicates that the control of the cell cycle processes is
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improved. These data suggest that the different biological processes act
independently although they all are influenced by PARP1.

Enhancement of PARP1 activity – a synopsis
A comparison of the NA, zinc and PARP1 overexpression study revealed an
enhanced PARP1 activity in all three approaches. However, the enhanced PARP1
activity resulted in diverse cellular responses. It is most likely that a major factor in
determining the cellular response is changes in the number and length of PAR
chains. Under normal conditions PAR chain lengths are optimal for the recruitment of
different DNA repair factors such as XRCC1, polymerase β and DNA ligase III. The
formation of PAR causes on the one hand the depletion of the cellular NAD+ pool,
and on the other hand it facilitates DNA repair processes, which both influence cell
survival. Thereby the severity of DNA damage defines the quantity of PAR and thus
the amount of NAD+ consumption (Figure 24 I).
Enhanced PARP1 activity causes the formation of either more PAR chains per
acceptor or the formation of longer PAR chains. Supplementing with agents
supporting the formation of poly(ADP-ribose) (either zinc or NA) influences the
cellular capacity of PAR formation in response to DNA damage (Figure 24 II). The
enhanced PARP1 activity causes the formation of either more PAR chains per
acceptor or the formation of longer PAR chains. In case of NA supplementation the
altered PAR chains apparently are able to recruit DNA repair factors, which seem to
be more effective as there appears to be a slight increase in DNA repair (K. Weidele,
Diploma thesis 2008). The NA supplementation further avoids energy failure due to
replenishing cellular NAD+. Both factors may have a positive influence on cell survival
as indicated by increased survival in NA-supplemented cells.
Overexpression of PARP1 leads also to enhanced PARP1 activity in response to
DNA damage (data not shown; Meyer et al., 2000 (Van Gool et al., 1997). The
overexpression of PARP1 provides more acceptor proteins available for the covalent
attachment of PAR. This could mean the PAR chains formed are distributed equally
to every acceptor which may or may not lead to shorter PAR chains (Figure 24 III.).
The shorter PAR chains are no longer able to recruit the DNA repair factors, which in
turn causes a delay in DNA repair. This delay may be responsible for the reduced
cell survival in PARP1-overexpressing cells.
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Figure 24. Simplified model of enhanced PARP1 activity. I. Normal conditions II. Enhanced PARP1
activity as a consequence of zinc and NA supplementation III. Enhanced PARP1 activity as a
consequence of PARP1 overexpression. See text for details.

One limitation of the present study could be that the experimental set-ups are out of
physiological range. Single strand breaks (SSB) are the most common DNA damage,
arising at a frequency of tens of thousand in each cell per day (Caldecott, 2008),
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being repaird with a half-live of approximately 15 minutes, which means that there
are about 50-100 SSB present per cell in steady state. Ionizing radiation at 1 Gy is
known to produce about 1,000 SSB (Goodhead, 1994), corresponding to about
25,000 SSB when irradiated with 25 Gy. As the DNA damage occurs within minutes,
it is out of physiological range. With the results of the study, where high doses of
irradiation were used, the cellular consequences in regard to the extensive activation
of PARP1 can be explained rather than the PARP1 activation under physiological
conditions. The present work, however allows studying the fundamental cellular
consequences after extensive activation of PARP1 through irradiation. Thus the
study is important as a basis from which it is possible to move on and deepen the
knowledge of the precise cellular function of PARP1 under physiological and
functional biological processes.

Enzymatic studies
Apart from cellular studies, the present work included enzymatic studies of
recombinant PARP1 to obtain deeper insights into the molecular mechanisms
underlying the PARP1 activity. Therefore, the question was addressed, which
minimal domain of PARP1 is required as an acceptor in addition to wt-PARP1 to
reconstitute full activity of the enzyme. Three different recombinant fragments, i.e.
auto, auto-NBD and NBD (Figure 21), which were cloned, expressed in E. coli and
purified (Figure 22) in addition to recombinant wt-PARP1 were used for the PARP1
activity studies. The PARP1 activity assay was performed by adding wt-PARP1 in
addition to one PARP1 fragment in a stoichiometric ratio. None of the investigated
fragments contributed to the full enzymatic activity of wt-PARP1 (Figure 23). The
results indicate that none of the fragments can operate either as an acceptor or that
the presence of only the acceptor site (like the auto fragment) is sufficient to
reconstitute full activation of wt-PARP1. However, it would be interesting to test more
fragments in particular DBD fragements, as it was shown that the activity of PARP1
is abolished without amino acid residues 233-374 within the DBD. When the
fragment was added back to complete the structure of the whole enzyme, full activity
was reached (Tao et al., 2008).
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Summary and Perspectives
In the present study, several different strategies to enhance PARP1 activity in
response to DNA damage were developed. As a first step, some technological
improvements had to be achieved in order to be able to address the above
questions. This included the development of a PARP1 activity assay in permeabilized
and a PARP1 activity assay for the detection of PAR in intact cells, termed RAPA
(rapid analysis of PARP activity). These assays are now available as useful tools for
determining PARP1 activity in biomedical studies. Both represent major advances
compared to previously established assays that required a large number of cells and
use of radioactivityely labeled compounds and were also quite insensitive and timeconsuming (Berger et al., 1979; Bürkle et al., 1993; Grube et al., 1991; Jacobson et
al., 1984; Pfeiffer et al., 1999). The newly developed assays are non-isotopic, fast,
cost-effective and can be performed in a 96-well plate format. To bring the assays to
the ultimate level of perfection, it would be very helpful to generate internal standards
of PAR for the precise definition and comparability of PARP1 activity.

During the study, zinc and NA were identified as candidate substances that are able
to enhance cellular PAR. If supplied in sufficient amounts, both, zinc and NA are
nutritional factors which may positively influence genomic stability. An enhanced
protection against genomic instability is in particular important during cytotoxic cancer
treatment to protect non-targeted cells from the attack of DNA-damaging substances.
Also during the aging process, which is accompanied by a decline in genomic
stability, zinc and NA could exert beneficial functions by helping maintain genomic
stability.
Individual donors responded differently to the supplementation with zinc or NA. This
raises the question whether there are in general donors that are responders or nonresponders to nutritional supplementation and if this depends on the endogenous
cellular concentration of zinc or NA. If there are consistent differences, it would be
fascinating to compare the cellular consequences on cell viability and DNA repair
between responders and non-responders.
In contrast to the supplementation studies, the PARP1 overexpression did not result
in an improved cell viability and better DNA repair. It is most likely that the availability
of more acceptor leads to an altered poly(ADP)ribose chain length which impairs
DNA repair. Interestingly, the formation of micronuclei was reduced, indicating a
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higher genomic stability in these cells. These results clearly show that it is important
to check different end points in cellular systems before conclusions can be drawn.
Concerning the human PARP1-overexpressing system it would be useful to change
from the Dex inducible PARP1 overexpression to a lentiviral system to exclude side
effects of the Dex treatment.

Contrary to the postulated hypothesis there was no separated PARP1 fragment able
to achieve full activity of wt-PARP1, when added as interaction partner in a
stoichiometric ratio. Although not all fragments were tested so far, the results strongly
indicate that the presence of an acceptor side can not replace an interaction partner
for PARP 1.

For future perspectives it will be most interesting to concentrate on the influence of
NA on PARP1 activity and their precise role in the cellular protection against genomic
instability. NA as a nutritional factor is a promising candidate for in vivo studies which
will provide further insights into the cellular consequences of PARP1 activity in a
complete mammalian model system.

113

REFERENCES

References
Adamietz, P. (1987) Poly(ADP-ribose) synthase is the major endogenous nonhistone
acceptor for poly(ADP-ribose) in alkylated rat hepatoma cells. Eur J Biochem,
169, 365-372.
Adamietz, P. and Rudolph, A. (1984) ADP-ribosylation of nuclear proteins in vivo.
Identification of histone H2B as a major acceptor for mono- and poly(ADPribose) in dimethyl sulfate-treated hepatoma AH 7974 cells. J Biol Chem, 259,
6841-6846.
Adelfalk, C., Kontou, M., Hirsch-Kauffmann, M. and Schweiger, M. (2003) Physical
and functional interaction of the Werner syndrome protein with poly-ADP
ribosyl transferase. FEBS Lett, 554, 55-58.
Aguilar-Quesada, R., Munoz-Gamez, J.A., Martin-Oliva, D., Peralta, A., Valenzuela,
M.T., Matinez-Romero, R., Quiles-Perez, R., Menissier-de Murcia, J., de
Murcia, G., de Almodovar, M.R. and Oliver, F.J. (2007) Interaction between
ATM and PARP-1 in response to DNA damage and sensitization of ATM
deficient cells through PARP inhibition. BMC Mol Biol, 8, 29.
Ahel, I., Ahel, D., Matsusaka, T., Clark, A.J., Pines, J., Boulton, S.J. and West, S.C.
(2008) Poly(ADP-ribose)-binding zinc finger motifs in DNA repair/checkpoint
proteins. Nature, 451, 81-85.
Alvarez-Gonzalez, R. and Jacobson, M.K. (1987) Characterization of polymers of
adenosine diphosphate ribose generated in vitro and in vivo. Biochemistry, 26,
3218-3224.
Amé, J.C., Rolli, V., Schreiber, V., Niedergang, C., Apiou, F., Decker, P., Muller, S.,
Hoger, T., Menissier-de Murcia, J. and de Murcia, G. (1999) PARP-2, A novel
mammalian DNA damage-dependent poly(ADP-ribose) polymerase. J Biol
Chem, 274, 17860-17868.
Amé, J.C., Spenlehauer, C. and de Murcia, G. (2004) The PARP superfamily.
Bioessays, 26, 882-893.
Augustin, A., Spenlehauer, C., Dumond, H., Menissier-De Murcia, J., Piel, M.,
Schmit, A.C., Apiou, F., Vonesch, J.L., Kock, M., Bornens, M. and De Murcia,
G. (2003) PARP-3 localizes preferentially to the daughter centriole and
interferes with the G1/S cell cycle progression. J Cell Sci, 116, 1551-1562.
Bakkenist, C.J. and Kastan, M.B. (2003) DNA damage activates ATM through
intermolecular autophosphorylation and dimer dissociation. Nature, 421, 499506.
Banasik, M., Komura, H., Shimoyama, M. and Ueda, K. (1992) Specific inhibitors of
poly(ADP-ribose) synthetase and mono(ADP-ribosyl)transferase. J Biol Chem,
267, 1569-1575.
Bartleman, A.P., Jacobs, R. and Kirkland, J.B. (2008) Niacin supplementation
decreases the incidence of alkylation-induced nonlymphocytic leukemia in
Long-Evans rats. Nutr Cancer, 60, 251-258.
Baumann, P. and West, S.C. (1997) The human Rad51 protein: polarity of strand
transfer and stimulation by hRP-A. Embo J, 16, 5198-5206.
Beneke, S. (2008) Poly(ADP-ribose) polymerase activity in different pathologies--the
link to inflammation and infarction. Exp Gerontol, 43, 605-614.
Beneke, S., Alvarez-Gonzalez, R. and Bürkle, A. (2000) Comparative
characterisation of poly(ADP-ribose) polymerase-1 from two mammalian
species with different life span. Exp Gerontol, 35, 989-1002.
114

REFERENCES
Beneke, S. and Bürkle, A. (2004) Poly(ADP-ribosyl)ation, PARP, and aging. Sci
Aging Knowledge Environ, 2004, re9.
Beneke, S. and Bürkle, A. (2007) Poly(ADP-ribosyl)ation in mammalian ageing.
Nucleic Acids Res, 35, 7456-7465.
Beneke, S., Cohausz, O., Malanga, M., Boukamp, P., Althaus, F. and Bürkle, A.
(2008) Rapid regulation of telomere length is mediated by poly(ADP-ribose)
polymerase-1. Nucleic Acids Res.
Beneke, S., Diefenbach, J. and Bürkle, A. (2004) Poly(ADP-ribosyl)ation inhibitors:
promising drug candidates for a wide variety of pathophysiologic conditions.
Int J Cancer, 111, 813-818.
Benjamin, R.C. and Gill, D.M. (1980) ADP-ribosylation in mammalian cell ghosts.
Dependence of poly(ADP-ribose) synthesis on strand breakage in DNA. J Biol
Chem, 255, 10493-10501.
Beranek, D.T. (1990) Distribution of methyl and ethyl adducts following alkylation with
monofunctional alkylating agents. Mutat Res, 231, 11-30.
Berger, F., Lau, C. and Ziegler, M. (2007) Regulation of poly(ADP-ribose)
polymerase 1 activity by the phosphorylation state of the nuclear NAD
biosynthetic enzyme NMN adenylyl transferase 1. Proc Natl Acad Sci U S A,
104, 3765-3770.
Berger, F., Ramirez-Hernandez, M.H. and Ziegler, M. (2004) The new life of a
centenarian: signalling functions of NAD(P). Trends Biochem Sci, 29, 111-118.
Berger, N.A., Sikorski, G.W., Petzold, S.J. and Kurohara, K.K. (1979) Association of
poly(adenosine diphosphoribose) synthesis with DNA damage and repair in
normal human lymphocytes. J Clin Invest, 63, 1164-1171.
Berger, N.A., Sims, J.L., Catino, D.M. and Berger, S.J. (1983) Poly(ADP-ribose)
polymerase mediates the suicide response to massive DNA damage: studies
in normal and DNA-repair defective cells. Princess Takamatsu Symp, 13, 219226.
Beyersmann, D. and Haase, H. (2001) Functions of zinc in signaling, proliferation
and differentiation of mammalian cells. Biometals, 14, 331-341.
Bieganowski, P. and Brenner, C. (2004) Discoveries of nicotinamide riboside as a
nutrient and conserved NRK genes establish a Preiss-Handler independent
route to NAD+ in fungi and humans. Cell, 117, 495-502.
Boffetta, P. and Kaldor, J.M. (1994) Secondary malignancies following cancer
chemotherapy. Acta Oncol, 33, 591-598.
Bogan, K.L. and Brenner, C. (2008) Nicotinic acid, nicotinamide, and nicotinamide
riboside: a molecular evaluation of NAD+ precursor vitamins in human
nutrition. Annu Rev Nutr, 28, 115-130.
Bork, P., Hofmann, K., Bucher, P., Neuwald, A.F., Altschul, S.F. and Koonin, E.V.
(1997) A superfamily of conserved domains in DNA damage-responsive cell
cycle checkpoint proteins. Faseb J, 11, 68-76.
Boyonoski, A.C., Spronck, J.C., Gallacher, L.M., Jacobs, R.M., Shah, G.M., Poirier,
G.G. and Kirkland, J.B. (2002a) Niacin deficiency decreases bone marrow
poly(ADP-ribose) and the latency of ethylnitrosourea-induced carcinogenesis
in rats. J Nutr, 132, 108-114.
Boyonoski, A.C., Spronck, J.C., Jacobs, R.M., Shah, G.M., Poirier, G.G. and
Kirkland, J.B. (2002b) Pharmacological intakes of niacin increase bone
marrow poly(ADP-ribose) and the latency of ethylnitrosourea-induced
carcinogenesis in rats. J Nutr, 132, 115-120.

115

REFERENCES
Brabeck, C., Pfeiffer, R., Leake, A., Beneke, S., Meyer, R. and Bürkle, A. (2003) Lselegiline potentiates the cellular poly(ADP-ribosyl)ation response to ionizing
radiation. J Pharmacol Exp Ther, 306, 973-979.
Brosh, R.M., Jr., Orren, D.K., Nehlin, J.O., Ravn, P.H., Kenny, M.K., Machwe, A. and
Bohr, V.A. (1999) Functional and physical interaction between WRN helicase
and human replication protein A. J Biol Chem, 274, 18341-18350.
Brosh, R.M., Jr., von Kobbe, C., Sommers, J.A., Karmakar, P., Opresko, P.L.,
Piotrowski, J., Dianova, I., Dianov, G.L. and Bohr, V.A. (2001) Werner
syndrome protein interacts with human flap endonuclease 1 and stimulates its
cleavage activity. Embo J, 20, 5791-5801.
Bryant, H.E. and Helleday, T. (2004) Poly(ADP-ribose) polymerase inhibitors as
potential chemotherapeutic agents. Biochem Soc Trans, 32, 959-961.
Bryant, H.E., Schultz, N., Thomas, H.D., Parker, K.M., Flower, D., Lopez, E., Kyle, S.,
Meuth, M., Curtin, N.J. and Helleday, T. (2005) Specific killing of BRCA2deficient tumours with inhibitors of poly(ADP-ribose) polymerase. Nature, 434,
913-917.
Burkart, V., Wang, Z.Q., Radons, J., Heller, B., Herceg, Z., Stingl, L., Wagner, E.F.
and Kolb, H. (1999) Mice lacking the poly(ADP-ribose) polymerase gene are
resistant to pancreatic beta-cell destruction and diabetes development
induced by streptozocin. Nat Med, 5, 314-319.
Bürkle, A. (2001) PARP-1: a regulator of genomic stability linked with mammalian
longevity. Chembiochem, 2, 725-728.
Bürkle, A. (2005) Poly(ADP-ribose). The most elaborate metabolite of NAD+. Febs J,
272, 4576-4589.
Bürkle, A. (2006) DNA repair and PARP in aging. Free Radic Res, 40, 1295-1302.
Bürkle, A. (2006a) Poly(ADP-ribosyl)ation. Georgetown, TX, USA, Landes
Bioscience; 2006. ISBN: 0-387-33371-1.
Bürkle, A., Chen, G., Küpper, J.H., Grube, K. and Zeller, W.J. (1993) Increased
poly(ADP-ribosyl)ation in intact cells by cisplatin treatment. Carcinogenesis,
14, 559-561.
Bürkle, A., Meyer, T., Hilz, H. and zur Hausen, H. (1987) Enhancement of N-methylN'-nitro-N-nitrosoguanidine-induced DNA amplification in a Simian virus 40transformed Chinese hamster cell line by 3-aminobenzamide. Cancer Res, 47,
3632-3636.
Bürkle, A.E. (2006b) Poly(ADP-Ribosyl)ation. Landes Bioscience, Georgetown, TX,
USA, ISBN: 1-58706-292-5.
Butler, A.J. and Ordahl, C.P. (1999) Poly(ADP-ribose) polymerase binds with
transcription enhancer factor 1 to MCAT1 elements to regulate muscle-specific
transcription. Mol Cell Biol, 19, 296-306.
Cabreiro, F., Perichon, M., Jatje, J., Malavolta, M., Mocchegiani, E., Friguet, B. and
Petropoulos, I. (2008) Zinc supplementation in the elderly subjects: effect on
oxidized protein degradation and repair systems in peripheral blood
lymphocytes. Exp Gerontol, 43, 483-487.
Calabrese, C.R., Almassy, R., Barton, S., Batey, M.A., Calvert, A.H., Canan-Koch,
S., Durkacz, B.W., Hostomsky, Z., Kumpf, R.A., Kyle, S., Li, J., Maegley, K.,
Newell, D.R., Notarianni, E., Stratford, I.J., Skalitzky, D., Thomas, H.D., Wang,
L.Z., Webber, S.E., Williams, K.J. and Curtin, N.J. (2004) Anticancer
chemosensitization and radiosensitization by the novel poly(ADP-ribose)
polymerase-1 inhibitor AG14361. J Natl Cancer Inst, 96, 56-67.
Caldecott, K.W. (2008) Single-strand break repair and genetic disease. Nat Rev
Genet, 9, 619-631.
116

REFERENCES
Caldecott, K.W., Aoufouchi, S., Johnson, P. and Shall, S. (1996) XRCC1 polypeptide
interacts with DNA polymerase beta and possibly poly (ADP-ribose)
polymerase, and DNA ligase III is a novel molecular 'nick-sensor' in vitro.
Nucleic Acids Res, 24, 4387-4394.
Carbone, M., Rossi, M.N., Cavaldesi, M., Notari, A., Amati, P. and Maione, R.
(2008a) Poly(ADP-ribosyl)ation is implicated in the G0-G1 transition of resting
cells. Oncogene.
Carbone, M., Rossi, M.N., Cavaldesi, M., Notari, A., Amati, P. and Maione, R.
(2008b) Poly(ADP-ribosyl)ation is implicated in the G0-G1 transition of resting
cells. Oncogene, 27, 6083-6092.
Catena, C., Villani, P., Conti, D. and Righi, E. (1994) Micronuclei and 3AB index in Xirradiated human lymphocytes in G0 and G1 phases. Mutat Res, 311, 231237.
Chalmers, A., Johnston, P., Woodcock, M., Joiner, M. and Marples, B. (2004) PARP1, PARP-2, and the cellular response to low doses of ionizing radiation. Int J
Radiat Oncol Biol Phys, 58, 410-419.
Chambon, P., Weill, J.D. and Mandel, P. (1963) Nicotinamide mononucleotide
activation of new DNA-dependent polyadenylic acid synthesizing nuclear
enzyme. Biochem Biophys Res Commun, 11, 39-43.
Chang, P., Jacobson, M.K. and Mitchison, T.J. (2004) Poly(ADP-ribose) is required
for spindle assembly and structure. Nature, 432, 645-649.
Chatterjee, S., Hirschler, N.V., Petzold, S.J., Berger, S.J. and Berger, N.A. (1989)
Mutant cells defective in poly(ADP-ribose) synthesis due to stable alterations
in enzyme activity or substrate availability. Exp Cell Res, 184, 1-15.
Cherney, B.W., McBride, O.W., Chen, D.F., Alkhatib, H., Bhatia, K., Hensley, P. and
Smulson, M.E. (1987) cDNA sequence, protein structure, and chromosomal
location of the human gene for poly(ADP-ribose) polymerase. Proc Natl Acad
Sci U S A, 84, 8370-8374.
Chevanne, M., Calia, C., Zampieri, M., Cecchinelli, B., Caldini, R., Monti, D., Bucci,
L., Franceschi, C. and Caiafa, P. (2007) Oxidative DNA damage repair and
parp 1 and parp 2 expression in Epstein-Barr virus-immortalized B lymphocyte
cells from young subjects, old subjects, and centenarians. Rejuvenation Res,
10, 191-204.
Choi, J.H. and Lee, S.Y. (2004) Secretory and extracellular production of
recombinant proteins using Escherichia coli. Appl Microbiol Biotechnol, 64,
625-635.
Christmann, M., Tomicic, M.T., Roos, W.P. and Kaina, B. (2003) Mechanisms of
human DNA repair: an update. Toxicology, 193, 3-34.
Cipriano, C., Malavolta, M., Costarelli, L., Giacconi, R., Muti, E., Gasparini, N.,
Cardelli, M., Monti, D., Mariani, E. and Mocchegiani, E. (2006) Polymorphisms
in MT1a gene coding region are associated with longevity in Italian Central
female population. Biogerontology, 7, 357-365.
Clark, J.B., Ferris, G.M. and Pinder, S. (1971) Inhibition of nuclear NAD nucleosidase
and poly ADP-ribose polymerase activity from rat liver by nicotinamide and 5'methyl nicotinamide. Biochim Biophys Acta, 238, 82-85.
Cohausz, O., Blenn, C., Malanga, M. and Althaus, F.R. (2008) The roles of
poly(ADP-ribose)-metabolizing enzymes in alkylation-induced cell death. Cell
Mol Life Sci, 65, 644-655.
Cohen-Armon, M. (2007) PARP-1 activation in the ERK signaling pathway. Trends
Pharmacol Sci, 28, 556-560.

117

REFERENCES
Cohen-Armon, M., Visochek, L., Rozensal, D., Kalal, A., Geistrikh, I., Klein, R.,
Bendetz-Nezer, S., Yao, Z. and Seger, R. (2007) DNA-independent PARP-1
activation by phosphorylated ERK2 increases Elk1 activity: a link to histone
acetylation. Mol Cell, 25, 297-308.
Cook, B.D., Dynek, J.N., Chang, W., Shostak, G. and Smith, S. (2002) Role for the
related poly(ADP-Ribose) polymerases tankyrase 1 and 2 at human
telomeres. Mol Cell Biol, 22, 332-342.
Curtin, N.J. (2005) PARP inhibitors for cancer therapy. Expert Rev Mol Med, 7, 1-20.
D'Amours, D., Desnoyers, S., D'Silva, I. and Poirier, G.G. (1999) Poly(ADPribosyl)ation reactions in the regulation of nuclear functions. Biochem J, 342 (
Pt 2), 249-268.
D'Amours, D., Sallmann, F.R., Dixit, V.M. and Poirier, G.G. (2001) Gain-of-function of
poly(ADP-ribose) polymerase-1 upon cleavage by apoptotic proteases:
implications for apoptosis. J Cell Sci, 114, 3771-3778.
Dantzer, F., de La Rubia, G., Menissier-De Murcia, J., Hostomsky, Z., de Murcia, G.
and Schreiber, V. (2000) Base excision repair is impaired in mammalian cells
lacking Poly(ADP-ribose) polymerase-1. Biochemistry, 39, 7559-7569.
Dantzer, F., Giraud-Panis, M.J., Jaco, I., Ame, J.C., Schultz, I., Blasco, M., Koering,
C.E., Gilson, E., Menissier-de Murcia, J., de Murcia, G. and Schreiber, V.
(2004) Functional interaction between poly(ADP-Ribose) polymerase 2
(PARP-2) and TRF2: PARP activity negatively regulates TRF2. Mol Cell Biol,
24, 1595-1607.
de Boer, J., Andressoo, J.O., de Wit, J., Huijmans, J., Beems, R.B., van Steeg, H.,
Weeda, G., van der Horst, G.T., van Leeuwen, W., Themmen, A.P., Meradji,
M. and Hoeijmakers, J.H. (2002) Premature aging in mice deficient in DNA
repair and transcription. Science, 296, 1276-1279.
de Murcia, G., Huletsky, A., Lamarre, D., Gaudreau, A., Pouyet, J., Daune, M. and
Poirier, G.G. (1986) Modulation of chromatin superstructure induced by
poly(ADP-ribose) synthesis and degradation. J Biol Chem, 261, 7011-7017.
de Murcia, J.M., Niedergang, C., Trucco, C., Ricoul, M., Dutrillaux, B., Mark, M.,
Oliver, F.J., Masson, M., Dierich, A., LeMeur, M., Walztinger, C., Chambon, P.
and de Murcia, G. (1997) Requirement of poly(ADP-ribose) polymerase in
recovery from DNA damage in mice and in cells. Proc Natl Acad Sci U S A,
94, 7303-7307.
Di Lisa, F. and Ziegler, M. (2001) Pathophysiological relevance of mitochondria in
NAD(+) metabolism. FEBS Lett, 492, 4-8.
Dianov, G., Price, A. and Lindahl, T. (1992) Generation of single-nucleotide repair
patches following excision of uracil residues from DNA. Mol Cell Biol, 12,
1605-1612.
Ding, Q., Reddy, Y.V., Wang, W., Woods, T., Douglas, P., Ramsden, D.A., LeesMiller, S.P. and Meek, K. (2003) Autophosphorylation of the catalytic subunit
of the DNA-dependent protein kinase is required for efficient end processing
during DNA double-strand break repair. Mol Cell Biol, 23, 5836-5848.
Ding, R., Pommier, Y., Kang, V.H. and Smulson, M. (1992) Depletion of poly(ADPribose) polymerase by antisense RNA expression results in a delay in DNA
strand break rejoining. J Biol Chem, 267, 12804-12812.
Duriez, P.J. and Shah, G.M. (1997) Cleavage of poly(ADP-ribose) polymerase: a
sensitive parameter to study cell death. Biochem Cell Biol, 75, 337-349.
Durkacz, B.W., Omidiji, O., Gray, D.A. and Shall, S. (1980) (ADP-ribose)n
participates in DNA excision repair. Nature, 283, 593-596.

118

REFERENCES
Earle, E., Saxena, A., MacDonald, A., Hudson, D.F., Shaffer, L.G., Saffery, R.,
Cancilla, M.R., Cutts, S.M., Howman, E. and Choo, K.H. (2000) Poly(ADPribose) polymerase at active centromeres and neocentromeres at metaphase.
Hum Mol Genet, 9, 187-194.
Eggler, A.L., Inman, R.B. and Cox, M.M. (2002) The Rad51-dependent pairing of
long DNA substrates is stabilized by replication protein A. J Biol Chem, 277,
39280-39288.
Eliasson, M.J., Sampei, K., Mandir, A.S., Hurn, P.D., Traystman, R.J., Bao, J.,
Pieper, A., Wang, Z.Q., Dawson, T.M., Snyder, S.H. and Dawson, V.L. (1997)
Poly(ADP-ribose) polymerase gene disruption renders mice resistant to
cerebral ischemia. Nat Med, 3, 1089-1095.
El-Khamisy, S.F., Masutani, M., Suzuki, H. and Caldecott, K.W. (2003) A requirement
for PARP-1 for the assembly or stability of XRCC1 nuclear foci at sites of
oxidative DNA damage. Nucleic Acids Res, 31, 5526-5533.
Eltze, T., Boer, R., Wagner, T., Weinbrenner, S., McDonald, M.C., Thiemermann, C.,
Bürkle, A. and Klein, T. (2008) Imidazoquinolinone, Imidazopyridine, and
Isoquinolindione derivatives as novel and potent inhibitors of the poly(ADPribose) polymerase (PARP): a comparison with standard PARP inhibitors. Mol
Pharmacol, 74, 1587-1598.
Erixon, K. and Ahnstrom, G. (1979) Single-strand breaks in DNA during repair of UVinduced damage in normal human and xeroderma pigmentosum cells as
determined by alkaline DNA unwinding and hydroxylapatite chromatography:
effects
of
hydroxyurea,
5-fluorodeoxyuridine
and
1-beta-Darabinofuranosylcytosine on the kinetics of repair. Mutat Res, 59, 257-271.
Fahrer, J., Kranaster, R., Altmeyer, M., Marx, A. and Bürkle, A. (2007) Quantitative
analysis of the binding affinity of poly(ADP-ribose) to specific binding proteins
as a function of chain length. Nucleic Acids Res, 35, e143.
Farmer, H., McCabe, N., Lord, C.J., Tutt, A.N., Johnson, D.A., Richardson, T.B.,
Santarosa, M., Dillon, K.J., Hickson, I., Knights, C., Martin, N.M., Jackson,
S.P., Smith, G.C. and Ashworth, A. (2005) Targeting the DNA repair defect in
BRCA mutant cells as a therapeutic strategy. Nature, 434, 917-921.
Fehsel, K., Jalowy, A., Qi, S., Burkart, V., Hartmann, B. and Kolb, H. (1993) Islet cell
DNA is a target of inflammatory attack by nitric oxide. Diabetes, 42, 496-500.
Flohr, C., Bürkle, A., Radicella, J.P. and Epe, B. (2003) Poly(ADP-ribosyl)ation
accelerates DNA repair in a pathway dependent on Cockayne syndrome B
protein. Nucleic Acids Res, 31, 5332-5337.
Friedberg, E.C. (2001) How nucleotide excision repair protects against cancer. Nat
Rev Cancer, 1, 22-33.
Fritz, G., Auer, B. and Kaina, B. (1994) Effect of transfection of human poly(ADPribose)polymerase in Chinese hamster cells on mutagen resistance. Mutat
Res, 308, 127-133.
Fulop, T., Larbi, A., Wikby, A., Mocchegiani, E., Hirokawa, K. and Pawelec, G. (2005)
Dysregulation of T-cell function in the elderly : scientific basis and clinical
implications. Drugs Aging, 22, 589-603.
Gagne, J.P., Hendzel, M.J., Droit, A. and Poirier, G.G. (2006) The expanding role of
poly(ADP-ribose) metabolism: current challenges and new perspectives. Curr
Opin Cell Biol, 18, 145-151.
Gamble, M.J. and Fisher, R.P. (2007) SET and PARP1 remove DEK from chromatin
to permit access by the transcription machinery. Nat Struct Mol Biol, 14, 548555.

119

REFERENCES
Ghodgaonkar, M.M., Zacal, N., Kassam, S., Rainbow, A.J. and Shah, G.M. (2008)
Depletion of poly(ADP-ribose) polymerase-1 reduces host cell reactivation of a
UV-damaged adenovirus-encoded reporter gene in human dermal fibroblasts.
DNA Repair (Amst), 7, 617-632.
Gomez, M., Wu, J., Schreiber, V., Dunlap, J., Dantzer, F., Wang, Y. and Liu, Y.
(2006) PARP1 Is a TRF2-associated poly(ADP-ribose)polymerase and
protects eroded telomeres. Mol Biol Cell, 17, 1686-1696.
Goodhead, D.T. (1994) Initial events in the cellular effects of ionizing radiations:
clustered damage in DNA. Int J Radiat Biol, 65, 7-17.
Gradwohl, G., Menissier de Murcia, J.M., Molinete, M., Simonin, F., Koken, M.,
Hoeijmakers, J.H. and de Murcia, G. (1990) The second zinc-finger domain of
poly(ADP-ribose) polymerase determines specificity for single-stranded breaks
in DNA. Proc Natl Acad Sci U S A, 87, 2990-2994.
Graziani, G. and Szabo, C. (2005) Clinical perspectives of PARP inhibitors.
Pharmacol Res, 52, 109-118.
Grube, K. and Bürkle, A. (1992) Poly(ADP-ribose) polymerase activity in
mononuclear leukocytes of 13 mammalian species correlates with speciesspecific life span. Proc Natl Acad Sci U S A, 89, 11759-11763.
Grube, K., Küpper, J.H. and Bürkle, A. (1991) Direct stimulation of poly(ADP ribose)
polymerase in permeabilized cells by double-stranded DNA oligomers. Anal
Biochem, 193, 236-239.
Haase, H., Overbeck, S. and Rink, L. (2008) Zinc supplementation for the treatment
or prevention of disease: current status and future perspectives. Exp Gerontol,
43, 394-408.
Haince, J.F., Kozlov, S., Dawson, V.L., Dawson, T.M., Hendzel, M.J., Lavin, M.F. and
Poirier, G.G. (2007) Ataxia Telangiectasia Mutated (ATM) Signaling Network
Is Modulated by a Novel Poly(ADP-ribose)-dependent Pathway in the Early
Response to DNA-damaging Agents. J Biol Chem, 282, 16441-16453.
Haince, J.F., McDonald, D., Rodrigue, A., Dery, U., Masson, J.Y., Hendzel, M.J. and
Poirier, G.G. (2008) PARP1-dependent kinetics of recruitment of MRE11 and
NBS1 proteins to multiple DNA damage sites. J Biol Chem, 283, 1197-1208.
Hakem, R. (2008) DNA-damage repair; the good, the bad, and the ugly. Embo J, 27,
589-605.
Hakme, A., Wong, H.K., Dantzer, F. and Schreiber, V. (2008) The expanding field of
poly(ADP-ribosyl)ation reactions. 'Protein Modifications: Beyond the Usual
Suspects' Review Series. EMBO Rep.
Hao, Q. and Maret, W. (2005) Imbalance between pro-oxidant and pro-antioxidant
functions of zinc in disease. J Alzheimers Dis, 8, 161-170; discussion 209-115.
Hart, R.W. and Setlow, R.B. (1974) Correlation between deoxyribonucleic acid
excision-repair and life-span in a number of mammalian species. Proc Natl
Acad Sci U S A, 71, 2169-2173.
Hartwig, A., Asmuss, M., Blessing, H., Hoffmann, S., Jahnke, G., Khandelwal, S.,
Pelzer, A. and Bürkle, A. (2002a) Interference by toxic metal ions with zincdependent proteins involved in maintaining genomic stability. Food Chem
Toxicol, 40, 1179-1184.
Hartwig, A., Asmuss, M., Ehleben, I., Herzer, U., Kostelac, D., Pelzer, A., Schwerdtle,
T. and Bürkle, A. (2002b) Interference by toxic metal ions with DNA repair
processes and cell cycle control: molecular mechanisms. Environ Health
Perspect, 110 Suppl 5, 797-799.

120

REFERENCES
Hartwig, A., Pelzer, A., Asmuss, M. and Bürkle, A. (2003) Very low concentrations of
arsenite suppress poly(ADP-ribosyl)ation in mammalian cells. Int J Cancer,
104, 1-6.
Hassa, P.O., Buerki, C., Lombardi, C., Imhof, R. and Hottiger, M.O. (2003)
Transcriptional coactivation of nuclear factor-kappaB-dependent gene
expression by p300 is regulated by poly(ADP)-ribose polymerase-1. J Biol
Chem, 278, 45145-45153.
Hassa, P.O. and Hottiger, M.O. (1999) A role of poly (ADP-ribose) polymerase in NFkappaB transcriptional activation. Biol Chem, 380, 953-959.
Hassa, P.O. and Hottiger, M.O. (2002) The functional role of poly(ADPribose)polymerase 1 as novel coactivator of NF-kappaB in inflammatory
disorders. Cell Mol Life Sci, 59, 1534-1553.
Hassa, P.O. and Hottiger, M.O. (2008) The diverse biological roles of mammalian
PARPS, a small but powerful family of poly-ADP-ribose polymerases. Front
Biosci, 13, 3046-3082.
Hatakeyama, K., Nemoto, Y., Ueda, K. and Hayaishi, O. (1986) Purification and
characterization of poly(ADP-ribose) glycohydrolase. Different modes of action
on large and small poly(ADP-ribose). J Biol Chem, 261, 14902-14911.
Haupt, S., Berger, M., Goldberg, Z. and Haupt, Y. (2003) Apoptosis - the p53
network. J Cell Sci, 116, 4077-4085.
Heeres, J.T. and Hergenrother, P.J. (2007) Poly(ADP-ribose) makes a date with
death. Curr Opin Chem Biol, 11, 644-653.
Helleday, T., Lo, J., van Gent, D.C. and Engelward, B.P. (2007) DNA double-strand
break repair: From mechanistic understanding to cancer treatment. DNA
Repair (Amst).
Herzog, H., Zabel, B.U., Schneider, R., Auer, B., Hirsch-Kauffmann, M. and
Schweiger, M. (1989) Human nuclear NAD+ ADP-ribosyltransferase:
localization of the gene on chromosome 1q41-q42 and expression of an active
human enzyme in Escherichia coli. Proc Natl Acad Sci U S A, 86, 3514-3518.
Hoeijmakers, J.H. (2001) Genome maintenance mechanisms for preventing cancer.
Nature, 411, 366-374.
Holliday, R.A. (1964) Mechanism for gene conversion in fungi. Genet. Res. Camb., 5,
282–304.
Ibs, K.H. and Rink, L. (2003) Zinc-altered immune function. J Nutr, 133, 1452S1456S.
Ikejima, M. and Gill, D.M. (1988) Poly(ADP-ribose) degradation by glycohydrolase
starts with an endonucleolytic incision. J Biol Chem, 263, 11037-11040.
Ikejima, M., Noguchi, S., Yamashita, R., Ogura, T., Sugimura, T., Gill, D.M. and
Miwa, M. (1990) The zinc fingers of human poly(ADP-ribose) polymerase are
differentially required for the recognition of DNA breaks and nicks and the
consequent enzyme activation. Other structures recognize intact DNA. J Biol
Chem, 265, 21907-21913.
Imai, S., Armstrong, C.M., Kaeberlein, M. and Guarente, L. (2000) Transcriptional
silencing and longevity protein Sir2 is an NAD-dependent histone deacetylase.
Nature, 403, 795-800.
Jackson, T.M., Rawling, J.M., Roebuck, B.D. and Kirkland, J.B. (1995) Large
supplements of nicotinic acid and nicotinamide increase tissue NAD+ and
poly(ADP-ribose) levels but do not affect diethylnitrosamine-induced altered
hepatic foci in Fischer-344 rats. J Nutr, 125, 1455-1461.

121

REFERENCES
Jacob, C., Maret, W. and Vallee, B.L. (1998) Control of zinc transfer between
thionein, metallothionein, and zinc proteins. Proc Natl Acad Sci U S A, 95,
3489-3494.
Jacobson, E.L. and Jacobson, M.K. (1976) Pyridine nucleotide levels as a function of
growth in normal and transformed 3T3 cells. Arch Biochem Biophys, 175, 627634.
Jacobson, M.K., Payne, D.M., Alvarez-Gonzalez, R., Juarez-Salinas, H., Sims, J.L.
and Jacobson, E.L. (1984) Determination of in vivo levels of polymeric and
monomeric ADP-ribose by fluorescence methods. Methods Enzymol, 106,
483-494.
Jagtap, P. and Szabo, C. (2005) Poly(ADP-ribose) polymerase and the therapeutic
effects of its inhibitors. Nat Rev Drug Discov, 4, 421-440.
Jeggo, P.A. (1998) DNA repair: PARP - another guardian angel? Curr Biol, 8, R4951.
Juarez-Salinas, H., Sims, J.L. and Jacobson, M.K. (1979) Poly(ADP-ribose) levels in
carcinogen-treated cells. Nature, 282, 740-741.
Kameshita, I., Matsuda, Z., Taniguchi, T. and Shizuta, Y. (1984) Poly (ADP-Ribose)
synthetase. Separation and identification of three proteolytic fragments as the
substrate-binding domain, the DNA-binding domain, and the automodification
domain. J Biol Chem, 259, 4770-4776.
Kanai, M., Tong, W.M., Sugihara, E., Wang, Z.Q., Fukasawa, K. and Miwa, M. (2003)
Involvement of poly(ADP-Ribose) polymerase 1 and poly(ADP-Ribosyl)ation in
regulation of centrosome function. Mol Cell Biol, 23, 2451-2462.
Kannan, P., Yu, Y., Wankhade, S. and Tainsky, M.A. (1999) PolyADP-ribose
polymerase is a coactivator for AP-2-mediated transcriptional activation.
Nucleic Acids Res, 27, 866-874.
Kappes, F., Fahrer, J., Khodadoust, M.S., Tabbert, A., Strasser, C., Mor-Vaknin, N.,
Moreno-Villanueva, M., Bürkle, A., Markovitz, D.M. and Ferrando-May, E.
(2008) DEK is a poly(ADP-ribose) acceptor in apoptosis and mediates
resistance to genotoxic stress. Mol Cell Biol, 28, 3245-3257.
Karras, G.I., Kustatscher, G., Buhecha, H.R., Allen, M.D., Pugieux, C., Sait, F.,
Bycroft, M. and Ladurner, A.G. (2005) The macro domain is an ADP-ribose
binding module. Embo J, 24, 1911-1920.
Kaufmann, S.H., Desnoyers, S., Ottaviano, Y., Davidson, N.E. and Poirier, G.G.
(1993) Specific proteolytic cleavage of poly(ADP-ribose) polymerase: an early
marker of chemotherapy-induced apoptosis. Cancer Res, 53, 3976-3985.
Kauppinen, T.M., Chan, W.Y., Suh, S.W., Wiggins, A.K., Huang, E.J. and Swanson,
R.A. (2006) Direct phosphorylation and regulation of poly(ADP-ribose)
polymerase-1 by extracellular signal-regulated kinases 1/2. Proc Natl Acad Sci
U S A, 103, 7136-7141.
Kawamitsu, H., Hoshino, H., Okada, H., Miwa, M., Momoi, H. and Sugimura, T.
(1984) Monoclonal antibodies to poly(adenosine diphosphate ribose)
recognize different structures. Biochemistry, 23, 3771-3777.
Keil, C., Grobe, T. and Li Oei, S. (2006) MNNG-induced Cell Death Is Controlled by
Interactions between PARP-1, Poly(ADP-ribose) Glycohydrolase, and XRCC1.
J Biol Chem, 281, 34394-34405.
Kickhoefer, V.A., Siva, A.C., Kedersha, N.L., Inman, E.M., Ruland, C., Streuli, M. and
Rome, L.H. (1999) The 193-kD vault protein, VPARP, is a novel poly(ADPribose) polymerase. J Cell Biol, 146, 917-928.
Kickhoefer, V.A., Vasu, S.K. and Rome, L.H. (1996) Vaults are the answer, what is
the question? Trends Cell Biol, 6, 174-178.
122

REFERENCES
Kim, M.Y., Mauro, S., Gevry, N., Lis, J.T. and Kraus, W.L. (2004) NAD+-dependent
modulation of chromatin structure and transcription by nucleosome binding
properties of PARP-1. Cell, 119, 803-814.
Kim, M.Y., Zhang, T. and Kraus, W.L. (2005) Poly(ADP-ribosyl)ation by PARP-1:
'PAR-laying' NAD+ into a nuclear signal. Genes Dev, 19, 1951-1967.
Koh, D.W., Lawler, A.M., Poitras, M.F., Sasaki, M., Wattler, S., Nehls, M.C., Stoger,
T., Poirier, G.G., Dawson, V.L. and Dawson, T.M. (2004) Failure to degrade
poly(ADP-ribose) causes increased sensitivity to cytotoxicity and early
embryonic lethality. Proc Natl Acad Sci U S A, 101, 17699-17704.
Kolthur-Seetharam, U., Dantzer, F., McBurney, M.W., de Murcia, G. and SassoneCorsi, P. (2006) Control of AIF-mediated cell death by the functional interplay
of SIRT1 and PARP-1 in response to DNA damage. Cell Cycle, 5, 873-877.
Kraus, W.L. (2008) Transcriptional control by PARP-1: chromatin modulation,
enhancer-binding, coregulation, and insulation. Curr Opin Cell Biol, 20, 294302.
Kraus, W.L. and Lis, J.T. (2003) PARP goes transcription. Cell, 113, 677-683.
Krishnakumar, R., Gamble, M.J., Frizzell, K.M., Berrocal, J.G., Kininis, M. and Kraus,
W.L. (2008) Reciprocal binding of PARP-1 and histone H1 at promoters
specifies transcriptional outcomes. Science, 319, 819-821.
Krokan, H.E., Nilsen, H., Skorpen, F., Otterlei, M. and Slupphaug, G. (2000) Base
excision repair of DNA in mammalian cells. FEBS Lett, 476, 73-77.
Kubota, Y., Nash, R.A., Klungland, A., Schar, P., Barnes, D.E. and Lindahl, T. (1996)
Reconstitution of DNA base excision-repair with purified human proteins:
interaction between DNA polymerase beta and the XRCC1 protein. Embo J,
15, 6662-6670.
Kun, E., Kirsten, E., Mendeleyev, J. and Ordahl, C.P. (2004) Regulation of the
enzymatic catalysis of poly(ADP-ribose) polymerase by dsDNA, polyamines,
Mg2+, Ca2+, histones H1 and H3, and ATP. Biochemistry, 43, 210-216.
Kunzmann, A., Dedoussis, G., Jajte, J., Malavolta, M., Mocchegiani, E. and Bürkle,
A. (2008) Effect of zinc on cellular poly(ADP-ribosyl)ation capacity. Exp
Gerontol, 43, 409-414.
Kunzmann, A., Liu, D., Annett, K., Malaise, M., Thaa, B., Hyland, P., Barnett, Y. and
Bürkle, A. (2006) Flow-cytometric assessment of cellular poly(ADPribosyl)ation capacity in peripheral blood lymphocytes. Immun Ageing, 3, 8.
Küpper, J.H., de Murcia, G. and Bürkle, A. (1990) Inhibition of poly(ADP-ribosyl)ation
by overexpressing the poly(ADP-ribose) polymerase DNA-binding domain in
mammalian cells. J Biol Chem, 265, 18721-18724.
Küpper, J.H., Muller, M. and Bürkle, A. (1996) Trans-dominant inhibition of poly(ADPribosyl)ation potentiates carcinogen induced gene amplification in SV40transformed Chinese hamster cells. Cancer Res, 56, 2715-2717.
Küpper, J.H., Muller, M., Jacobson, M.K., Tatsumi-Miyajima, J., Coyle, D.L.,
Jacobson, E.L. and Bürkle, A. (1995) trans-dominant inhibition of poly(ADPribosyl)ation sensitizes cells against gamma-irradiation and N-methyl-N'-nitroN-nitrosoguanidine but does not limit DNA replication of a polyomavirus
replicon. Mol Cell Biol, 15, 3154-3163.
Kurnick, J.T., Ostberg, L., Stegagno, M., Kimura, A.K., Orn, A. and Sjoberg, O.
(1979) A rapid method for the separation of functional lymphoid cell
populations of human and animal origin on PVP-silica (Percoll) density
gradients. Scand J Immunol, 10, 563-573.
Laemmli U.K. (1970) Cleavage of structural proteins during the assembly of the head
of head bacteriophage T4. Nature, 277, 680-685.
123

REFERENCES
Langelier, M.F., Servent, K.M., Rogers, E.E. and Pascal, J.M. (2008) A third zincbinding domain of human poly(ADP-ribose) polymerase-1 coordinates DNAdependent enzyme activation. J Biol Chem, 283, 4105-4114.
Lavin, M.F., Birrell, G., Chen, P., Kozlov, S., Scott, S. and Gueven, N. (2005a) ATM
signaling and genomic stability in response to DNA damage. Mutat Res, 569,
123-132.
Lavin, M.F., Kozlov, S., Gueven, N., Peng, C., Birrell, G., Chen, P. and Scott, S.
(2005b) Atm and cellular response to DNA damage. Adv Exp Med Biol, 570,
457-476.
Lazebnik, Y.A., Kaufmann, S.H., Desnoyers, S., Poirier, G.G. and Earnshaw, W.C.
(1994) Cleavage of poly(ADP-ribose) polymerase by a proteinase with
properties like ICE. Nature, 371, 346-347.
Lee, J.W., Yannone, S.M., Chen, D.J. and Povirk, L.F. (2003) Requirement for
XRCC4 and DNA ligase IV in alignment-based gap filling for nonhomologous
DNA end joining in vitro. Cancer Res, 63, 22-24.
Leppard, J.B., Dong, Z., Mackey, Z.B. and Tomkinson, A.E. (2003) Physical and
functional interaction between DNA ligase IIIalpha and poly(ADP-Ribose)
polymerase 1 in DNA single-strand break repair. Mol Cell Biol, 23, 5919-5927.
Levin, D.S., Bai, W., Yao, N., O'Donnell, M. and Tomkinson, A.E. (1997) An
interaction between DNA ligase I and proliferating cell nuclear antigen:
implications for Okazaki fragment synthesis and joining. Proc Natl Acad Sci U
S A, 94, 12863-12868.
Lin, W., Ame, J.C., Aboul-Ela, N., Jacobson, E.L. and Jacobson, M.K. (1997)
Isolation and characterization of the cDNA encoding bovine poly(ADP-ribose)
glycohydrolase. J Biol Chem, 272, 11895-11901.
Lindahl, T. (1974) An N-glycosidase from Escherichia coli that releases free uracil
from DNA containing deaminated cytosine residues. Proc Natl Acad Sci U S
A, 71, 3649-3653.
Lindahl, T. (1993) Instability and decay of the primary structure of DNA. Nature, 362,
709-715.
Lindahl, T., Satoh, M.S., Poirier, G.G. and Klungland, A. (1995) Post-translational
modification of poly(ADP-ribose) polymerase induced by DNA strand breaks.
Trends Biochem Sci, 20, 405-411.
Lindahl, T. and Wood, R.D. (1999) Quality control by DNA repair. Science, 286,
1897-1905.
Liu, Y. and West, S.C. (2004) Happy Hollidays: 40th anniversary of the Holliday
junction. Nat Rev Mol Cell Biol, 5, 937-944.
Lonskaya, I., Potaman, V.N., Shlyakhtenko, L.S., Oussatcheva, E.A., Lyubchenko,
Y.L. and Soldatenkov, V.A. (2005) Regulation of poly(ADP-ribose)
polymerase-1 by DNA structure-specific binding. J Biol Chem, 280, 1707617083.
Ludwig, A., Behnke, B., Holtlund, J. and Hilz, H. (1988) Immunoquantitation and size
determination of intrinsic poly(ADP-ribose) polymerase from acid precipitates.
An analysis of the in vivo status in mammalian species and in lower
eukaryotes. J Biol Chem, 263, 6993-6999.
Ma, Q., Baldwin, K.T., Renzelli, A.J., McDaniel, A. and Dong, L. (2001) TCDDinducible poly(ADP-ribose) polymerase: a novel response to 2,3,7,8tetrachlorodibenzo-p-dioxin. Biochem Biophys Res Commun, 289, 499-506.
Magni, G., Orsomando, G., Raffelli, N. and Ruggieri, S. (2008) Enzymology of
mammalian NAD metabolism in health and disease. Front Biosci, 13, 61356154.
124

REFERENCES
Malanga, M. and Althaus, F.R. (2005) The role of poly(ADP-ribose) in the DNA
damage signaling network. Biochem Cell Biol, 83, 354-364.
Mangerich, A., Scherthan, H., Diefenbach, J., Kloz, U., van der Hoeven, F., Beneke,
S. and Bürkle, A. (2008) A caveat in mouse genetic engineering: ectopic gene
targeting in ES cells by bidirectional extension of the homology arms of a gene
replacement vector carrying human PARP-1. Transgenic Res.
Maser, R.S., Monsen, K.J., Nelms, B.E. and Petrini, J.H. (1997) hMre11 and hRad50
nuclear foci are induced during the normal cellular response to DNA doublestrand breaks. Mol Cell Biol, 17, 6087-6096.
Masson, M., Niedergang, C., Schreiber, V., Muller, S., Menissier-de Murcia, J. and
de Murcia, G. (1998) XRCC1 is specifically associated with poly(ADP-ribose)
polymerase and negatively regulates its activity following DNA damage. Mol
Cell Biol, 18, 3563-3571.
Masutani, M., Nakagama, H. and Sugimura, T. (2003) Poly(ADP-ribose) and
carcinogenesis. Genes Chromosomes Cancer, 38, 339-348.
Masutani, M., Nakagama, H. and Sugimura, T. (2005) Poly(ADP-ribosyl)ation in
relation to cancer and autoimmune disease. Cell Mol Life Sci, 62, 769-783.
Masutani, M., Nozaki, T., Nishiyama, E., Shimokawa, T., Tachi, Y., Suzuki, H.,
Nakagama, H., Wakabayashi, K. and Sugimura, T. (1999) Function of
poly(ADP-ribose) polymerase in response to DNA damage: gene-disruption
study in mice. Mol Cell Biochem, 193, 149-152.
Mazen, A., Menissier-de Murcia, J., Molinete, M., Simonin, F., Gradwohl, G., Poirier,
G. and de Murcia, G. (1989) Poly(ADP-ribose)polymerase: a novel finger
protein. Nucleic Acids Res, 17, 4689-4698.
Mendoza-Alvarez, H. and Alvarez-Gonzalez, R. (1993) Poly(ADP-ribose) polymerase
is a catalytic dimer and the automodification reaction is intermolecular. J Biol
Chem, 268, 22575-22580.
Menissier de Murcia, J., Ricoul, M., Tartier, L., Niedergang, C., Huber, A., Dantzer,
F., Schreiber, V., Ame, J.C., Dierich, A., LeMeur, M., Sabatier, L., Chambon,
P. and de Murcia, G. (2003) Functional interaction between PARP-1 and
PARP-2 in chromosome stability and embryonic development in mouse. Embo
J, 22, 2255-2263.
Menissier-de Murcia, J., Molinete, M., Gradwohl, G., Simonin, F. and de Murcia, G.
(1989) Zinc-binding domain of poly(ADP-ribose)polymerase participates in the
recognition of single strand breaks on DNA. J Mol Biol, 210, 229-233.
Meyer, R., Muller, M., Beneke, S., Küpper, J.H. and Bürkle, A. (2000) Negative
regulation of alkylation-induced sister-chromatid exchange by poly(ADPribose) polymerase-1 activity. Int J Cancer, 88, 351-355.
Meyer, R.G., Meyer-Ficca, M.L., Whatcott, C.J., Jacobson, E.L. and Jacobson, M.K.
(2007) Two small enzyme isoforms mediate mammalian mitochondrial
poly(ADP-ribose) glycohydrolase (PARG) activity. Exp Cell Res, 313, 29202936.
Meyer-Ficca, M.L., Meyer, R.G., Coyle, D.L., Jacobson, E.L. and Jacobson, M.K.
(2004) Human poly(ADP-ribose) glycohydrolase is expressed in alternative
splice variants yielding isoforms that localize to different cell compartments.
Exp Cell Res, 297, 521-532.
Meyer-Ficca, M.L., Meyer, R.G., Jacobson, E.L. and Jacobson, M.K. (2005)
Poly(ADP-ribose) polymerases: managing genome stability. Int J Biochem Cell
Biol, 37, 920-926.
Miwa, M., Saikawa, N., Yamaizumi, Z., Nishimura, S. and Sugimura, T. (1979)
Structure of poly(adenosine diphosphate ribose): identification of 2'-[1''-ribosyl125

REFERENCES
2''-(or 3''-)(1'''-ribosyl)]adenosine-5',5'',5'''-tris(phosphate) as a branch linkage.
Proc Natl Acad Sci U S A, 76, 595-599.
Miwa, M., Tanaka, M., Matsushima, T. and Sugimura, T. (1974) Purification and
properties of glycohydrolase from calf thymus splitting ribose-ribose linkages
of poly(adenosine diphosphate ribose). J Biol Chem, 249, 3475-3482.
Mocchegiani, E., Malavolta, M., Marcellini, F. and Pawelec, G. (2006a) Zinc,
oxidative stress, genetic background and immunosenescence: implications for
healthy ageing. Immun Ageing, 3, 6.
Mocchegiani, E., Marcellini, F. and Pawelec, G. (2004) Nutritional zinc, oxidative
stress and immunosenescence: biochemical, genetic, and lifestyle implications
for healthy ageing. Biogerontology, 5, 271-273.
Mocchegiani, E., Rink, L. and Blasco, M. (2006b) Zinc and ageing (ZINCAGE
Project). Biogerontology, 7, 305-306.
Mol, C.D., Hosfield, D.J. and Tainer, J.A. (2000) Abasic site recognition by two
apurinic/apyrimidinic endonuclease families in DNA base excision repair: the
3' ends justify the means. Mutat Res, 460, 211-229.
Morgan, W.F. and Cleaver, J.E. (1982) 3-Aminobenzamide synergistically increases
sister-chromatid exchanges in cells exposed to methyl methanesulfonate but
not to ultraviolet light. Mutat Res, 104, 361-366.
Morgan, W.F. and Wolff, S. (1984) Induction of sister chromatid exchange by 3aminobenzamide is independent of bromodeoxyuridine. Cytogenet Cell Genet,
38, 34-38.
Mortusewicz, O., Ame, J.C., Schreiber, V. and Leonhardt, H. (2007) Feedbackregulated poly(ADP-ribosyl)ation by PARP-1 is required for rapid response to
DNA damage in living cells. Nucleic Acids Res, 35, 7665-7675.
Muiras, M.L., Muller, M., Schachter, F. and Bürkle, A. (1998) Increased poly(ADPribose) polymerase activity in lymphoblastoid cell lines from centenarians. J
Mol Med, 76, 346-354.
Nash, R.A., Caldecott, K.W., Barnes, D.E. and Lindahl, T. (1997) XRCC1 protein
interacts with one of two distinct forms of DNA ligase III. Biochemistry, 36,
5207-5211.
Nicholson, D.W., Ali, A., Thornberry, N.A., Vaillancourt, J.P., Ding, C.K., Gallant, M.,
Gareau, Y., Griffin, P.R., Labelle, M., Lazebnik, Y.A. and et al. (1995)
Identification and inhibition of the ICE/CED-3 protease necessary for
mammalian apoptosis. Nature, 376, 37-43.
Nilsen, H. and Krokan, H.E. (2001) Base excision repair in a network of defence and
tolerance. Carcinogenesis, 22, 987-998.
Nishizuka, Y., Ueda, K., Nakazawa, K. and Hayaishi, O. (1967) Studies on the
polymer of adenosine diphosphate ribose. I. Enzymic formation from
nicotinamide adenine dinuclotide in mammalian nuclei. J Biol Chem, 242,
3164-3171.
Oei, S.L., Keil, C. and Ziegler, M. (2005) Poly(ADP-ribosylation) and genomic
stability. Biochem Cell Biol, 83, 263-269.
Ogata, N., Ueda, K. and Hayaishi, O. (1980a) ADP-ribosylation of histone H2B.
Identification of glutamic acid residue 2 as the modification site. J Biol Chem,
255, 7610-7615.
Ogata, N., Ueda, K., Kagamiyama, H. and Hayaishi, O. (1980b) ADP-ribosylation of
histone H1. Identification of glutamic acid residues 2, 14, and the COOHterminal lysine residue as modification sites. J Biol Chem, 255, 7616-7620.

126

REFERENCES
Ogata, N., Ueda, K., Kawaichi, M. and Hayaishi, O. (1981) Poly(ADP-ribose)
synthetase, a main acceptor of poly(ADP-ribose) in isolated nuclei. J Biol
Chem, 256, 4135-4137.
Ogata, S., Okumura, K. and Taguchi, H. (1997) The effects of niacin on DNA repair
after N-methyl-N'-nitro-N-nitrosoguanidine treatment in normal human
lymphocytes. Biosci Biotechnol Biochem, 61, 2116-2118.
Oikawa, A., Tohda, H., Kanai, M., Miwa, M. and Sugimura, T. (1980) Inhibitors of
poly(adenosine diphosphate ribose) polymerase induce sister chromatid
exchanges. Biochem Biophys Res Commun, 97, 1311-1316.
Oka, J., Ueda, K., Hayaishi, O., Komura, H. and Nakanishi, K. (1984) ADP-ribosyl
protein lyase. Purification, properties, and identification of the product. J Biol
Chem, 259, 986-995.
Oka, S., Kato, J. and Moss, J. (2006) Identification and characterization of a
mammalian 39-kDa poly(ADP-ribose) glycohydrolase. J Biol Chem, 281, 705713.
Olabisi, O.A., Soto-Nieves, N., Nieves, E., Yang, T.T., Yang, X.Y., Yu, R.Y., Suk,
H.Y., Macian, F. and Chow, C.W. (2008) Regulation of Transcription Factor
NFAT by ADP-Ribosylation. Mol Cell Biol.
Otto, H., Reche, P.A., Bazan, F., Dittmar, K., Haag, F. and Koch-Nolte, F. (2005) In
silico characterization of the family of PARP-like poly(ADP-ribosyl)transferases
(pARTs). BMC Genomics, 6, 139.
Outten, C.E. and O'Halloran, T.V. (2001) Femtomolar sensitivity of metalloregulatory
proteins controlling zinc homeostasis. Science, 292, 2488-2492.
Overbeck, S., Rink, L. and Haase, H. (2008) Modulating the immune response by
oral zinc supplementation: a single approach for multiple diseases. Arch
Immunol Ther Exp (Warsz), 56, 15-30.
Pero, R.W., Holmgren, K. and Persson, L. (1985) Gamma-radiation induced ADPribosyl transferase activity and mammalian longevity. Mutat Res, 142, 69-73.
Pfeiffer, R., Brabeck, C. and Bürkle, A. (1999) Quantitative nonisotopic immuno-dotblot method for the assessment of cellular poly(ADP-ribosyl)ation capacity.
Anal Biochem, 275, 118-122.
Piskunova, T.S., Yurova, M.N., Ovsyannikov, A.I., Semenchenko, A.V., Zabezhinski,
M.A., Popovich, I.G., Zhao-QiWang and Anisimov, V.N. (2008) Deficiency in
Poly(ADP-ribose) Polymerase-1 (PARP-1) Accelerates Aging and
Spontaneous Carcinogenesis in Mice. Current Gerontology and Geriatrics
Research.
Pleschke, J.M., Kleczkowska, H.E., Strohm, M. and Althaus, F.R. (2000) Poly(ADPribose) binds to specific domains in DNA damage checkpoint proteins. J Biol
Chem, 275, 40974-40980.
Poirier, G.G., de Murcia, G., Jongstra-Bilen, J., Niedergang, C. and Mandel, P.
(1982) Poly(ADP-ribosyl)ation of polynucleosomes causes relaxation of
chromatin structure. Proc Natl Acad Sci U S A, 79, 3423-3427.
Poonepalli, A., Balakrishnan, L., Khaw, A.K., Low, G.K., Jayapal, M., Bhattacharjee,
R.N., Akira, S., Balajee, A.S. and Hande, M.P. (2005) Lack of poly(ADPribose) polymerase-1 gene product enhances cellular sensitivity to arsenite.
Cancer Res, 65, 10977-10983.
Pullman, A. and Pullman, B. (1981) Molecular electrostatic potential of the nucleic
acids. Q Rev Biophys, 14, 289-380.
Purnell, M.R. and Whish, W.J. (1980) Novel inhibitors of poly(ADP-ribose)
synthetase. Biochem J, 185, 775-777.

127

REFERENCES
Radons, J., Heller, B., Bürkle, A., Hartmann, B., Rodriguez, M.L., Kroncke, K.D.,
Burkart, V. and Kolb, H. (1994) Nitric oxide toxicity in islet cells involves
poly(ADP-ribose) polymerase activation and concomitant NAD+ depletion.
Biochem Biophys Res Commun, 199, 1270-1277.
Rawling, J.M. and Alvarez-Gonzalez, R. (1997) TFIIF, a basal eukaryotic
transcription factor, is a substrate for poly(ADP-ribosyl)ation. Biochem J, 324 (
Pt 1), 249-253.
Rawling, J.M., Jackson, T.M., Driscoll, E.R. and Kirkland, J.B. (1994) Dietary niacin
deficiency lowers tissue poly(ADP-ribose) and NAD+ concentrations in
Fischer-344 rats. J Nutr, 124, 1597-1603.
Realini, C.A. and Althaus, F.R. (1992) Histone shuttling by poly(ADP-ribosylation). J
Biol Chem, 267, 18858-18865.
Revollo, J.R., Korner, A., Mills, K.F., Satoh, A., Wang, T., Garten, A., Dasgupta, B.,
Sasaki, Y., Wolberger, C., Townsend, R.R., Milbrandt, J., Kiess, W. and Imai,
S. (2007) Nampt/PBEF/Visfatin regulates insulin secretion in beta cells as a
systemic NAD biosynthetic enzyme. Cell Metab, 6, 363-375.
Rongvaux, A., Andris, F., Van Gool, F. and Leo, O. (2003) Reconstructing eukaryotic
NAD metabolism. Bioessays, 25, 683-690.
Rothkamm, K., Kruger, I., Thompson, L.H. and Lobrich, M. (2003) Pathways of DNA
double-strand break repair during the mammalian cell cycle. Mol Cell Biol, 23,
5706-5715.
Rudat, V., Bachmann, N., Küpper, J.H. and Weber, K.J. (2001) Overexpression of
the DNA-binding domain of poly(ADP-ribose) polymerase inhibits rejoining of
ionizing radiation-induced DNA double-strand breaks. Int J Radiat Biol, 77,
303-307.
Satoh, M.S. and Lindahl, T. (1992) Role of poly(ADP-ribose) formation in DNA repair.
Nature, 356, 356-358.
Saxena, A., Saffery, R., Wong, L.H., Kalitsis, P. and Choo, K.H. (2002a) Centromere
proteins Cenpa, Cenpb, and Bub3 interact with poly(ADP-ribose) polymerase1 protein and are poly(ADP-ribosyl)ated. J Biol Chem, 277, 26921-26926.
Saxena, A., Wong, L.H., Kalitsis, P., Earle, E., Shaffer, L.G. and Choo, K.H. (2002b)
Poly(ADP-ribose) polymerase 2 localizes to mammalian active centromeres
and interacts with PARP-1, Cenpa, Cenpb and Bub3, but not Cenpc. Hum Mol
Genet, 11, 2319-2329.
Schreiber, V., Ame, J.C., Dolle, P., Schultz, I., Rinaldi, B., Fraulob, V., Menissier-de
Murcia, J. and de Murcia, G. (2002) Poly(ADP-ribose) polymerase-2 (PARP-2)
is required for efficient base excision DNA repair in association with PARP-1
and XRCC1. J Biol Chem, 277, 23028-23036.
Schreiber, V., Dantzer, F., Ame, J.C. and de Murcia, G. (2006) Poly(ADP-ribose):
novel functions for an old molecule. Nat Rev Mol Cell Biol, 7, 517-528.
Schreiber, V., Hunting, D., Trucco, C., Gowans, B., Grunwald, D., De Murcia, G. and
De Murcia, J.M. (1995) A dominant-negative mutant of human poly(ADPribose) polymerase affects cell recovery, apoptosis, and sister chromatid
exchange following DNA damage. Proc Natl Acad Sci U S A, 92, 4753-4757.
Schreiber, V., Molinete, M., Boeuf, H., de Murcia, G. and Menissier-de Murcia, J.
(1992) The human poly(ADP-ribose) polymerase nuclear localization signal is
a bipartite element functionally separate from DNA binding and catalytic
activity. Embo J, 11, 3263-3269.
Schweiger, M., Hennig, K., Lerner, F., Niere, M., Hirsch-Kauffmann, M., Specht, T.,
Weise, C., Oei, S.L. and Ziegler, M. (2001) Characterization of recombinant

128

REFERENCES
human nicotinamide mononucleotide adenylyl transferase (NMNAT), a nuclear
enzyme essential for NAD synthesis. FEBS Lett, 492, 95-100.
Scott, B.J. and Bradwell, A.R. (1983) Identification of the serum binding proteins for
iron, zinc, cadmium, nickel, and calcium. Clin Chem, 29, 629-633.
Scovassi, A.I. (2004) Mitochondrial poly(ADP-ribosylation): from old data to new
perspectives. Faseb J, 18, 1487-1488.
Semighini, C.P., Savoldi, M., Goldman, G.H. and Harris, S.D. (2006) Functional
characterization of the putative Aspergillus nidulans poly(ADP-ribose)
polymerase homolog PrpA. Genetics, 173, 87-98.
Shall, S. (1984) Inhibition of DNA repair by inhibitors of nuclear ADP-ribosyl
transferase. Nucleic Acids Symp Ser, 143-191.
Shall, S. and de Murcia, G. (2000) Poly(ADP-ribose) polymerase-1: what have we
learned from the deficient mouse model? Mutat Res, 460, 1-15.
Shieh, W.M., Ame, J.C., Wilson, M.V., Wang, Z.Q., Koh, D.W., Jacobson, M.K. and
Jacobson, E.L. (1998) Poly(ADP-ribose) polymerase null mouse cells
synthesize ADP-ribose polymers. J Biol Chem, 273, 30069-30072.
Shrivastav, M., De Haro, L.P. and Nickoloff, J.A. (2008) Regulation of DNA doublestrand break repair pathway choice. Cell Res, 18, 134-147.
Simbulan-Rosenthal, C.M., Haddad, B.R., Rosenthal, D.S., Weaver, Z., Coleman, A.,
Luo, R., Young, H.M., Wang, Z.Q., Ried, T. and Smulson, M.E. (1999a)
Chromosomal aberrations in PARP(-/-) mice: genome stabilization in
immortalized cells by reintroduction of poly(ADP-ribose) polymerase cDNA.
Proc Natl Acad Sci U S A, 96, 13191-13196.
Simbulan-Rosenthal, C.M., Rosenthal, D.S., Hilz, H., Hickey, R., Malkas, L.,
Applegren, N., Wu, Y., Bers, G. and Smulson, M.E. (1996) The expression of
poly(ADP-ribose) polymerase during differentiation-linked DNA replication
reveals that it is a component of the multiprotein DNA replication complex.
Biochemistry, 35, 11622-11633.
Simbulan-Rosenthal, C.M., Rosenthal, D.S., Luo, R., Samara, R., Espinoza, L.A.,
Hassa, P.O., Hottiger, M.O. and Smulson, M.E. (2003) PARP-1 binds E2F-1
independently of its DNA binding and catalytic domains, and acts as a novel
coactivator of E2F-1-mediated transcription during re-entry of quiescent cells
into S phase. Oncogene, 22, 8460-8471.
Simbulan-Rosenthal, C.M., Rosenthal, D.S., Luo, R. and Smulson, M.E. (1999b)
Poly(ADP-ribose) polymerase upregulates E2F-1 promoter activity and DNA
pol alpha expression during early S phase. Oncogene, 18, 5015-5023.
Simbulan-Rosenthal, C.M., Rosenthal, D.S., Luo, R.B., Samara, R., Jung, M.,
Dritschilo, A., Spoonde, A. and Smulson, M.E. (2001) Poly(ADP-ribosyl)ation
of p53 in vitro and in vivo modulates binding to its DNA consensus sequence.
Neoplasia, 3, 179-188.
Simonin, F., Menissier-de Murcia, J., Poch, O., Muller, S., Gradwohl, G., Molinete,
M., Penning, C., Keith, G. and de Murcia, G. (1990) Expression and sitedirected mutagenesis of the catalytic domain of human poly(ADPribose)polymerase in Escherichia coli. Lysine 893 is critical for activity. J Biol
Chem, 265, 19249-19256.
Sims, J.L., Berger, S.J. and Berger, N.A. (1981) Effects of nicotinamide on NAD and
poly(ADP-ribose) metabolism in DNA-damaged human lymphocytes. J
Supramol Struct Cell Biochem, 16, 281-288.
Skidmore, C.J., Davies, M.I., Goodwin, P.M., Halldorsson, H., Lewis, P.J., Shall, S.
and Zia'ee, A.A. (1979) The involvement of poly(ADP-ribose) polymerase in

129

REFERENCES
the degradation of NAD caused by gamma-radiation and N-methyl-Nnitrosourea. Eur J Biochem, 101, 135-142.
Slagboom, P.E. and Vijg, J. (1989) Genetic instability and aging: theories, facts, and
future perspectives. Genome, 31, 373-385.
Smith, S., Giriat, I., Schmitt, A. and de Lange, T. (1998) Tankyrase, a poly(ADPribose) polymerase at human telomeres. Science, 282, 1484-1487.
Smogorzewska, A. and de Lange, T. (2004) Regulation of telomerase by telomeric
proteins. Annu Rev Biochem, 73, 177-208.
Sobol, R.W., Horton, J.K., Kuhn, R., Gu, H., Singhal, R.K., Prasad, R., Rajewsky, K.
and Wilson, S.H. (1996) Requirement of mammalian DNA polymerase-beta in
base-excision repair. Nature, 379, 183-186.
Stevnsner, T., Ding, R., Smulson, M. and Bohr, V.A. (1994) Inhibition of gene-specific
repair of alkylation damage in cells depleted of poly(ADP-ribose) polymerase.
Nucleic Acids Res, 22, 4620-4624.
Stucki, M., Pascucci, B., Parlanti, E., Fortini, P., Wilson, S.H., Hubscher, U. and
Dogliotti, E. (1998) Mammalian base excision repair by DNA polymerases
delta and epsilon. Oncogene, 17, 835-843.
Susin, S.A., Lorenzo, H.K., Zamzami, N., Marzo, I., Snow, B.E., Brothers, G.M.,
Mangion, J., Jacotot, E., Costantini, P., Loeffler, M., Larochette, N., Goodlett,
D.R., Aebersold, R., Siderovski, D.P., Penninger, J.M. and Kroemer, G. (1999)
Molecular characterization of mitochondrial apoptosis-inducing factor. Nature,
397, 441-446.
Szabo, C. (2006) Poly(ADP-ribose) polymerase activation by reactive nitrogen
species--relevance for the pathogenesis of inflammation. Nitric Oxide, 14, 169179.
Szabo, C., Lim, L.H., Cuzzocrea, S., Getting, S.J., Zingarelli, B., Flower, R.J.,
Salzman, A.L. and Perretti, M. (1997) Inhibition of poly (ADP-ribose)
synthetase attenuates neutrophil recruitment and exerts antiinflammatory
effects. J Exp Med, 186, 1041-1049.
Tao, Z., Gao, P., Hoffman, D.W. and Liu, H.W. (2008) Domain C of human poly(ADPribose) polymerase-1 is important for enzyme activity and contains a novel
zinc-ribbon motif. Biochemistry, 47, 5804-5813.
Thiemermann, C., Bowes, J., Myint, F.P. and Vane, J.R. (1997) Inhibition of the
activity of poly(ADP ribose) synthetase reduces ischemia-reperfusion injury in
the heart and skeletal muscle. Proc Natl Acad Sci U S A, 94, 679-683.
Thorslund, T., von Kobbe, C., Harrigan, J.A., Indig, F.E., Christiansen, M., Stevnsner,
T. and Bohr, V.A. (2005) Cooperation of the Cockayne syndrome group B
protein and poly(ADP-ribose) polymerase 1 in the response to oxidative
stress. Mol Cell Biol, 25, 7625-7636.
Troen, B.R. (2003) The biology of aging. Mt Sinai J Med, 70, 3-22.
Trucco, C., Oliver, F.J., de Murcia, G. and Menissier-de Murcia, J. (1998) DNA repair
defect in poly(ADP-ribose) polymerase-deficient cell lines. Nucleic Acids Res,
26, 2644-2649.
Uchida, K. and Miwa, M. (1994) Poly(ADP-ribose) polymerase: structural
conservation among different classes of animals and its implications. Mol Cell
Biochem, 138, 25-32.
Vallee, B.L. and Falchuk, K.H. (1993) The biochemical basis of zinc physiology.
Physiol Rev, 73, 79-118.
Van Gool, L., Meyer, R., Tobiasch, E., Cziepluch, C., Jauniaux, J.C., Mincheva, A.,
Lichter, P., Poirier, G.G., Bürkle, A. and Küpper, J.H. (1997) Overexpression
of human poly(ADP-ribose) polymerase in transfected hamster cells leads to
130

REFERENCES
increased poly(ADP-ribosyl)ation and cellular sensitization to gamma
irradiation. Eur J Biochem, 244, 15-20.
Vasto, S., Mocchegiani, E., Candore, G., Listi, F., Colonna-Romano, G., Lio, D.,
Malavolta, M., Giacconi, R., Cipriano, C. and Caruso, C. (2006) Inflammation,
genes and zinc in ageing and age-related diseases. Biogerontology, 7, 315327.
Vodenicharov, M.D., Ghodgaonkar, M.M., Halappanavar, S.S., Shah, R.G. and Shah,
G.M. (2005) Mechanism of early biphasic activation of poly(ADP-ribose)
polymerase-1 in response to ultraviolet B radiation. J Cell Sci, 118, 589-599.
Wacker, D.A., Ruhl, D.D., Balagamwala, E.H., Hope, K.M., Zhang, T. and Kraus,
W.L. (2007) The DNA binding and catalytic domains of poly(ADP-ribose)
polymerase 1 cooperate in the regulation of chromatin structure and
transcription. Mol Cell Biol, 27, 7475-7485.
Waldman, A.S. and Waldman, B.C. (1991) Stimulation of intrachromosomal
homologous recombination in mammalian cells by an inhibitor of poly(ADPribosylation). Nucleic Acids Res, 19, 5943-5947.
Walker, J.R., Corpina, R.A. and Goldberg, J. (2001) Structure of the Ku heterodimer
bound to DNA and its implications for double-strand break repair. Nature, 412,
607-614.
Walker, J.W., Jijon, H.B. and Madsen, K.L. (2006) AMP-activated protein kinase is a
positive regulator of poly(ADP-ribose) polymerase. Biochem Biophys Res
Commun, 342, 336-341.
Wang, M., Wu, W., Rosidi, B., Zhang, L., Wang, H. and Iliakis, G. (2006) PARP-1
and Ku compete for repair of DNA double strand breaks by distinct NHEJ
pathways. Nucleic Acids Res.
Wang, Z.Q., Auer, B., Stingl, L., Berghammer, H., Haidacher, D., Schweiger, M. and
Wagner, E.F. (1995) Mice lacking ADPRT and poly(ADP-ribosyl)ation develop
normally but are susceptible to skin disease. Genes Dev, 9, 509-520.
Wang, Z.Q., Stingl, L., Morrison, C., Jantsch, M., Los, M., Schulze-Osthoff, K. and
Wagner, E.F. (1997) PARP is important for genomic stability but dispensable
in apoptosis. Genes Dev, 11, 2347-2358.
Whitacre, C.M., Hashimoto, H., Tsai, M.L., Chatterjee, S., Berger, S.J. and Berger,
N.A. (1995) Involvement of NAD-poly(ADP-ribose) metabolism in p53
regulation and its consequences. Cancer Res, 55, 3697-3701.
Williams, G.T., Lau, K.M., Coote, J.M. and Johnstone, A.P. (1985) NAD metabolism
and mitogen stimulation of human lymphocytes. Exp Cell Res, 160, 419-426.
Williams, G.T., Shall, S. and Ford, C.C. (1983) NAD turnover during early
development of Xenopus laevis. Biochim Biophys Acta, 762, 272-280.
Yalowitz, J.A., Xiao, S., Biju, M.P., Antony, A.C., Cummings, O.W., Deeg, M.A. and
Jayaram, H.N. (2004) Characterization of human brain nicotinamide 5'mononucleotide adenylyltransferase-2 and expression in human pancreas.
Biochem J, 377, 317-326.
Yu, M., Schreek, S., Cerni, C., Schamberger, C., Lesniewicz, K., Poreba, E.,
Vervoorts, J., Walsemann, G., Grotzinger, J., Kremmer, E., Mehraein, Y.,
Mertsching, J., Kraft, R., Austen, M., Luscher-Firzlaff, J. and Luscher, B.
(2005) PARP-10, a novel Myc-interacting protein with poly(ADP-ribose)
polymerase activity, inhibits transformation. Oncogene, 24, 1982-1993.
Yu, S.W., Andrabi, S.A., Wang, H., Kim, N.S., Poirier, G.G., Dawson, T.M. and
Dawson, V.L. (2006) Apoptosis-inducing factor mediates poly(ADP-ribose)
(PAR) polymer-induced cell death. Proc Natl Acad Sci U S A, 103, 1831418319.
131

REFERENCES
Yu, S.W., Wang, H., Poitras, M.F., Coombs, C., Bowers, W.J., Federoff, H.J., Poirier,
G.G., Dawson, T.M. and Dawson, V.L. (2002) Mediation of poly(ADP-ribose)
polymerase-1-dependent cell death by apoptosis-inducing factor. Science,
297, 259-263.
Zahradka, P. and Ebisuzaki, K. (1982) A shuttle mechanism for DNA-protein
interactions. The regulation of poly(ADP-ribose) polymerase. Eur J Biochem,
127, 579-585.
Zatman, L.J., Kaplan, N.O. and Colowick, S.P. (1953) Inhibition of spleen
diphosphopyridine nucleotidase by nicotinamide, an exchange reaction. J Biol
Chem, 200, 197-212.
Zhang, X., Kurnasov, O.V., Karthikeyan, S., Grishin, N.V., Osterman, A.L. and
Zhang, H. (2003) Structural characterization of a human cytosolic NMN/NaMN
adenylyltransferase and implication in human NAD biosynthesis. J Biol Chem,
278, 13503-13511.
Zharkov, D.O. (2008) Base excision DNA repair. Cell Mol Life Sci, 65, 1544-1565.
Ziegler, M. and Oei, S.L. (2001) A cellular survival switch: poly(ADP-ribosyl)ation
stimulates DNA repair and silences transcription. Bioessays, 23, 543-548.
Zodl, B., Zeiner, M., Sargazi, M., Roberts, N.B., Marktl, W., Steffan, I. and
Ekmekcioglu, C. (2003) Toxic and biochemical effects of zinc in Caco-2 cells.
J Inorg Biochem, 97, 324-330.

132

