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Zusammenfassung
Poly(ADP-Ribosyl)ierung (PARylierung) stellt eine drastische posttranslationale Modifikation dar, die von Poly(ADP-Ribose)-Polymerasen (PARPs) katalysiert wird. PARP1 und
PARP2, beides Mitglieder der PARP-Proteinfamilie, werden durch Bindung an DNA-Schäden aktiviert. PAR wird kovalent an Akzeptorproteine wie PARPs, Histone und andere Kernproteine gebunden. Zusätzlich besitzt PAR die Fähigkeit, mit Proteinen in nicht-kovalenter
Weise zu interagieren. Eine häufige Gemeinsamkeit jener Proteine ist die Anwesenheit von
charakteristischen PAR-Bindemotiven. Solche Proteine findet man hauptsächlich beteiligt
in Prozesse um DNA-Struktur und Metabolismus, nämlich Replikation, Rekombination, Reparatur und Telomer-Erhaltung.
In der vorliegenden Arbeit wurden drei repräsentative Proteine, nämlich DEK, WRN und
XPA, in Bezug auf die biochemischen und zellulären Folgen der Protein-PAR-Interaktion
untersucht.
In einer vorangegangenen Studie wurde eine kovalente Modifikation des Chromatin-Architektur- und Onkoproteins DEK mit PAR aufgedeckt (Kappes et al., 2008). Die vorliegende
Studie zeigt, dass DEK ebenso die Eigenschaft der nicht-kovalenten Interaktion mit PAR besitzt. Drei unterschiedliche PAR-Bindemotive wurden identifiziert und charakterisiert. Diese
PAR-Bindemotive vermitteln eine starke Bindung an das Polymer mit höherer Affinität zu
langen Ketten, was die Existenz eines „PAR-Codes“ mit spezifischen Funktionen von PAR
unterschiedlicher Kettenlänge nahelegt. Außerdem förderte PAR-Bindung die Multimerisierung von DEK, was eine funktionelle Relevanz der Interaktion unterstreicht (Fahrer, Popp,
et al., 2010).
Mutierte und funktionslose Formen des Werner-Syndrom-Proteins (WRN) sind verantwortlich für die Entstehung der gleichnamigen Erkrankung, die zu vorzeitigem Altern führt.
WRN ist mit seinen zwei enzymatischen Funktionen, einer 3’→5’ Helikase- und einer
3’→5’ Exonuklease-Funktion, an vielen DNA-assoziierten metabolischen Prozessen beteiligt. Es wurde gezeigt, dass WRN direkt mit PARP1 interagiert und dabei dessen enzymatische Aktivitäten gehemmt werden. Jedoch wurde eine kovalente Modifikation oder nichtkovalente Interaktion mit PAR bisher noch nicht eindeutig bewiesen. Die vorliegende Arbeit
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zeigt, dass WRN mit PAR mittels mindestens einem PAR-Bindemotiv, das sich in der Nterminalen Exonuklease-Domäne befindet, in nicht-kovalenter Weise interagiert. Auf funktioneller Ebene wurde beschrieben, dass die WRN-PAR-Interaktion PAR-dosisabhängig sowohl zur Unterdrückung der WRN-DNA-Bindung als auch zur Inhibition der Helikase- und
Exonukleaseaktivität führt (Popp et al., Manuskript in Bearbeitung).
Zuletzt wurde XPA, eine zentrale Komponente der Nukleotid-Exzisions-Reparatur (NER),
untersucht. XPA, von dem gezeigt wurde, dass es mit PAR in nicht-kovalenter Weise interagiert und höhere Affinität zu langer PAR aufweist, wurde hinsichtlich biochemischer und zellulärer Konsequenzen der Bindung untersucht. Die vorliegende Studie zeigt, dass die XPAPAR Bindung die Fähigkeit von XPA, an geschädigte DNA zu binden, hemmt. Mutationen
des mutmaßlichen PAR-Bindemotivs von XPA (XPA-PBM) führten zu signifikant reduzierter PAR-XPA-Bindung. Zuvor wurde gezeigt, dass XPA-PBM im Vergleich zum Wildtyp in
einer Komplementationsstudie für eine bessere Reparatur von Benzo(a)pyrene-Diolepoxid
(BPDE-) Schäden verantwortlich ist (Porter et al., 2005). Beides lässt auf eine Hemmung
von NER durch die XPA-PAR-Interaktion schließen. Die hiesige Studie konnte durch Heranziehen von Laser-Mikrobestrahlung Anhaltspunkte liefern, dass XPA PAR-abhängig an
DNA-Schäden rekrutiert wird, da die Rekrutierung durch einen PARP-Inhibitor gehemmt
wurde. Außerdem zeigte die XPA-PBM-Variante schwächere Rekrutierung an Stellen der
PARP-Aktivität als der Wildtyp. Die Exzision von Photoprodukten war in Zellen, die mit
PARP-Inhibitor behandelt oder durch oxidativen Stress herausgefordert wurden, langsamer. Daher könnte PAR einen Feinregler von NER durch Interaktion mit XPA darstellen.
Diese und weitere Studien der PAR-Interaktion mit DNA-Reparaturenzymen könnte mehr
Aufschluss über die stark regulierten Vorgänge der DNA-Reparatur geben und mehr Klarheit bezüglich eines gemischteren DNA-Reparatursystems statt der bisher separat gesehenen Reparaturmechanismen schaffen.
Zusammengefasst zeigt diese Studie die funktionelle Interaktion mit PAR von drei repräsentativen Proteinen, die an der Chromatinarchitektur (DEK), dem DNA-Metabolismus (WRN)
und an der DNA-Reparatur (XPA) beteiligt sind. Sie deutet darauf hin, dass die PAR-Bindung
an Proteine als ein Modulator der Chromatinstruktur und des DNA-Stoffwechsels unter Anwesenheit unterschiedlicher Mengen von DNA-Schäden dient. Da PAR wahrscheinlich viele
andere Faktoren reguliert, wird es nötig sein, diese Interaktion weitreichender zu untersuchen, vor allem mit dem Hintergrund, dass PARP-Inhibitoren bereits in der Chemotherapie
eingesetzt werden.
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Abstract
Poly(ADP-ribosyl)ation (PARylation) is a post translational modification which is catalysed
by poly(ADP-ribose) polymerases (PARPs). Two PARP protein family members, i.e. PARP1
and PARP2, are activated upon binding to DNA strand breaks. Poly(ADP-ribose) (PAR)
is attached to PARPs, histones and other nuclear proteins either covalently or in a noncovalent manner. A common feature of most PAR-interacting proteins is the presence of
characteristic PAR binding motifs. Most of these proteins are involved in processes of
DNA structure and metabolism, i.e. DNA replication, recombination, repair and telomere
maintenance.
In the current work, interaction of PAR with three representative DNA and chromatin-associated proteins, i.e. DEK, WRN, and XPA, was studied regarding biochemical and cellular
consequences of the protein-PAR interaction.
A previous study revealed that the oncoprotein and chromatin architectural modifier DEK is
modified with PAR by PARP1 in a covalent fashion (Kappes et al., 2008). The present study
demonstrates that DEK owns also the capability of PAR binding in a non-covalent manner.
Three distinct putative PAR binding motifs were identified and characterized. These PAR
binding motifs mediate a strong binding to the polymer with higher affinity to long chains,
suggesting the existence of a “PAR code” with distinct roles of PAR of different chain length.
Importantly, PAR binding promoted the multimerisation of DEK, indicating a functional relevance of this interaction (Fahrer, Popp, et al., 2010).
Mutated and dysfunctional forms of the Werner syndrome protein (WRN) are responsible
for the formation of the corresponding premature ageing syndrome. WRN participates in
many DNA-associated metabolic processes via two different enzymatic functions, i.e. a
3’→5’ helicase and a 3’→5’ exonuclease activity. It was demonstrated that WRN interacts with PARP1, which inhibits its enzymatic activities. However, covalent modification or
non-covalent interaction with PAR has never been convincingly shown. The present study
demonstrates that WRN interacts with PAR in a non-covalent manner via at least one PAR
binding motif in its N-terminal exonuclease domain. On a functional level, it was revealed
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that WRN-PAR interaction leads to reduced WRN-DNA binding and inhibition of WRN’s helicase and exonuclease activities in a dose-dependent manner (Popp et al., manuscript in
preparation).
Finally, XPA, a core component of nucleotide-excision repair (NER), which was shown previously to bind PAR in a non-covalent manner with high affinity to long PAR (Fahrer et al.,
2007), was studied with respect to the biochemical and cellular consequences of this binding. The present study demonstrates that XPA-PAR binding reduces the overall ability of
XPA to bind to damaged DNA. Mutation of the putative PAR binding motif of XPA (XPAPBM) led to significantly reduced PAR-XPA binding. Previously, XPA-PBM was shown to
be responsible for better repair of benzo(a)pyrene diolepoxide (BPDE) adducts in a complementation study (Porter et al., 2005). Both findings point to an inhibition of NER by XPA-PAR
interaction. Using laser-microirradiation, the present study provides evidence that XPA is
recruited to DNA damage in a PAR-dependent manner, as recruitment was significantly reduced when cells were treated with a PARP inhibitor. Also, XPA-PBM recruitment to sites
of PARylation was hampered compared to the WT. Excision of photoproducts was slowed
down in cells which were treated with PARP inhibitor or challenged with PARP activating
oxidative stress. PAR might therefore represent a fine tuner of NER via interaction with XPA.
This and further studies of PAR interaction with DNA repair enzymes could provide more
insight into the tightly regulated DNA repair pathways and shed light on a more mixed type
of DNA damage repair than the proposed separate DNA repair mechanisms.
In conclusion, this study demonstrates the physical and functional interaction of three representative proteins involved in chromatin architecture (DEK), DNA metabolism (WRN), and
DNA repair (XPA) with PAR. This indicates that PAR-binding to proteins acts as a modulator
of chromatin structure and DNA metabolism under different degrees of DNA damage. As
PAR likely regulates many other factors, it will be necessary to investigate this interaction
more deeply, especially with respect to the fact that PARP inhibitors are already in use for
cancer therapy.
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1 Introduction
The following sections will give an overview on the current state of research and necessary
informations. The introduction starts with the enzymatic reaction of poly(ADP-ribosyl)ation,
which is the common link of the three projects within this thesis. From the different functions
of this process, DNA repair will be especially emphasised. Subsequently, an introduction in the
relevant DNA repair pathways, including nucleotide-excision repair, is given. The involvement
of PARPs in pathologies and ageing then provides the functional link to the Werner protein.
Furthermore, DEK as chromatin remodelling factor is introduced. Finally, the general function
of non-covalent interaction of many proteins with PAR is pointed out.

1.1 Poly(ADP-ribosyl)ation
Poly(ADP-ribosyl)ation (PARylation) is a drastic post-translational modification catalysed by
poly(ADP-ribose) polymerases (PARPs) (Sugimura, 1973; Bürkle, 2005; Beneke and Bürkle,
2007). Among 17 other PARPs, PARP1 is the best-studied and most active isoform of the
PARP protein family (Amé et al., 2004; Wang et al., 2008).
PARP1 (alternative name: ARTD1, 113 kDa1 ) is dramatically activated by DNA strand breaks
and forms linear and branched chains of poly(adenosine diphosphate ribose) (poly(ADP-ribose),
PAR) with 200 and more units, which are covalently bound to acceptor proteins (Reeder et al.,
1967; Juarez-Salinas et al., 1982; Kurosaki et al., 1987; Bürkle, 2005; Hottiger et al., 2010;
Brochu et al., 1994).
An alternative mode of PARP1 activation, which is independent of DNA breaks, has been
reported. This is mediated via direct interaction with ERK2 leading to PARP1 activity which
in turn triggers ERK2 downstream effects (Cohen-Armon et al., 2007).

1

in some publications a molecular weight of 116 kDa is stated

16

1 Introduction
The major acceptor of PAR is PARP1 itself (“intermolecular auto-modification”), which is the
modification of the partner protein within a PARP1 homodimer (also referred to as homomodification) (Mendoza-Alvarez and Alvarez-Gonzalez, 1993). However, a plethora of other
nuclear acceptor proteins including histones, topoisomerases I and II, the tumour suppressor
protein p53 and NF-κB have been discovered (hetero-modification) and PARP1 has therefore
roles in many different cellular functions (D’Amours et al., 1999; Virág and Szabó, 2002; Amé
et al., 2004; Nakajima et al., 2004; Faraone-Mennella, 2005).
Poly(ADP-ribose) glycohydrolase (PARG) hydrolyses PAR both in an endo- and exoglycosidic
mode, which leads to rapid turnover of the polymer in the cell and to formation of protein-free
PAR and ultimately free ADP-ribose (ADPr) (Brochu et al., 1994).
PARP1 and its enzymatic activities are deeply involved in DNA repair, maintenance of genomic
stability, and telomeric regulation and are linked to biological ageing (Beneke et al., 2008;
Schreiber et al., 2006; Beneke and Bürkle, 2007). PARP1-dependent NF-κB activation plays
a role in many inflammatory diseases. PARP1 activity was also linked to apoptotic and
necrotic cell death and inflammatory disease (Beneke, 2008). PAR covalently attached to
auto-modified PARP1 can interact with other proteins in a non-covalent manner and may alter
their functions or location. Many of these interacting proteins were found to share a specific
PAR-binding consensus sequence (Pleschke et al., 2000; Gagné et al., 2008). Interestingly, the
PAR interaction partners identified are proteins playing important roles in damage checkpoints,
DNA repair, genomic stability and cell-cycle control.
The following sections will go into more detail of some aspects of PARP1 (and to a lesser
extent also PARP2) activity, which are relevant for this thesis, with the main focus on DNA
repair.

1.1.1 Biochemistry of poly(ADP-ribosyl)ation
As depicted in Figure 1.1 PARylation reaction can be subdivided into three parts of initiation,
elongation and branching (Alvarez-Gonzalez and Mendoza-Alvarez, 1995). PAR synthesis
and degradation are in an dynamic equilibrium as PARG is immediately recruited to sites of
PARylation where it catalyses degradation of the molecule (Mortusewicz et al., 2011).
Upon activation by binding to DNA single- and double strand breaks with the two zinc fingers
of PARP1, the enzyme changes in conformation and forms homodimers leading to a massive
activation that is 500–1000 fold higher than the basal activity (Alvarez-Gonzalez and Althaus,
1989; Mendoza-Alvarez and Alvarez-Gonzalez, 1993; Alvarez-Gonzalez et al., 1999; Küpper
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Figure 1.1: Poly(ADP-ribosyl)ation reaction catalysed by PARPs. PAR is synthesised by PARP1, PARP2 and
other PARPs from the substrate βNAD+ , forming long linear and branched chains consisting of ADPr units. PARG
is responsible for endo- and exoglycolytic degradation of the polymer. For details see main text.
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et al., 1995; Okano et al., 2003). The second zinc finger was thereby shown to be responsible
for the specificity of binding to SSBs (Gradwohl et al., 1990). See also Figure 1.2 for a scheme
of PARP1 and PARP2.
During PARylation reaction (Figure 1.1) NAD+ is cleaved into nicotinamide and ADPr. The
latter one is covalently transferred to an acceptor amino acid of the homodimer partner PARP1
or another substrate protein such as histones (Ogata et al., 1981; Adamietz, 1987; MendozaAlvarez and Alvarez-Gonzalez, 1993). One of the two partners is probably the catalyst, the
other the covalently modified protein (Mendoza-Alvarez and Alvarez-Gonzalez, 1993; Pion et al.,
2005). As acceptor sites glutamic acid, aspartic acid and lysin residues are discussed (Kurosaki
et al., 1987; Altmeyer et al., 2009). NAD+ from nicotinamide is resynthesised via nicotinamide
mononucleoside with the enzymes NAMPT and NMNAT (Schreiber et al., 2006).
The reaction is repeated step by step leading to elongation of the chain by attaching new ADPr
moieties by 2’→1” glycosidic bonds. It was shown that branching of the molecule is dependent
on chain length and occurs in vitro and in vivo with branching points at approximately
every 30th to 40th residue and is established by 2”→1’’’ glycosidic bonds (Reeder et al., 1967;
Miwa and Sugimura, 1982; Juarez-Salinas et al., 1982; Alvarez-Gonzalez and Jacobson, 1987;
Kiehlbauch et al., 1993; Malanga and Althaus, 1994; Ruf et al., 1998; Alvarez-Gonzalez et al.,
1999).
PAR underlies a high turnover by the activity of the PAR degrading enzyme PARG with a
half-life of PAR of a few seconds to several minutes. During endo- and exoglycolytic activity
by PARG, the polymer is rapidly cleaved to smaller chain lengths such as oligo-ADPr that
can arise from free PAR or PAR that is still bound to the acceptor protein (Brochu et al.,
1994; Falsig et al., 2004; Caiafa et al., 2009; Brochu et al., 1994). The effect of the polymer on
proteins is highly dependent on the amount of PAR and its chain length.
PAR released from proteins can be fractionated according to chain length using anion exchange
chromatography and characterised by modified silver sequencing gels. Thereby it is possible
to separate polymers until a length of about 50 subunits individually (Alvarez-Gonzalez and
Jacobson, 1987; Panzeter et al., 1992; Kiehlbauch et al., 1993). Mean size of a PAR fraction and
branching frequency of PAR can be calculated by formulas 1.1 and 1.22 (Miwa and Sugimura,
1982).
polymer size =
2

[AM P ] + [P RAM P ] + [(P R)2 AM P ]
[AM P ] − [(P R)2 AM P ]

(1.1)

with AMP: adenosine monophosphate, PRAMP: ribosyladenosin bisphosphate, (PR)2 AMP: diribosyladenosine trisphosphate
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number of branching points per molecule =

[(P R)2 AM P ]
[AM P ] − [(P R)2 AM P ]

(1.2)

1.1.2 Poly(ADP-ribosyl)ated proteins
Beyond automodifcation (described above), more than 40 other proteins are covalently modified
with PAR, mostly by PARP1 but also by other PARPs. The resulting effects can be very
diverse depending on the acceptor protein. Target proteins include histones, topoisomerase I
and II, p53, and high-mobility group (HMG) proteins and many more (D’Amours et al., 1999;
Hassa and Hottiger, 2002).
All core histones, i.e. H2A, H2B, H3, H4, and the linker histone H1 are substrates of PARP
activity which is an additional post-translational modification to the common acetylation
and methylation (Burzio et al., 1979; Jump et al., 1979). As acceptor amino acids, arginine
and lysine were proposed (Hottiger, 2011; Messner et al., 2010). Different effects on acceptor
proteins have been described such as opening of chromatin to make it accessible for DNA
replication or transcription factors. On the other hand, the polymer could serve as a further
recruitment platform for other proteins (Messner and Hottiger, 2011). Indeed, poly- or monoADPr covalently bound to PARP1 or the core histones could serve as a recruitment platform for
macro-domain containing histones (e.g. MacroH2A1.1). This can lead to chromatin modulation
and influence the recruitment of DNA repair factors (Timinszky et al., 2009). Also, it has been
proposed that PARP1 and PARP2 PARylate HP1α (heterochromatin protein), a chromatin
remodelling factor (Quénet et al., 2008).

1.2 PARP1 and PARP2
The PARP family is defined by sharing a conserved catalytic domain including the so-called
PARP signature, which is a highly conserved stretch of amino acids among the orthologues. It
forms a β-α-loop-β-α NAD+ fold and is homologue to the bacterial ADP-ribosylation toxin
from C. diphtheriae (Amé et al., 2004; Schreiber et al., 2006). This led to the new nomenclature
of the PARP superfamily with the names PARP1=ARTD1 and PARP2=ARTD2 where ARTD
stands for ADP-ribosyl-transferase diphtheria toxin. The H-Y-E motif of the catalytic domain,
which is shared by diphtheria toxin, led to this D-classification. This should be distinguished
from the C-classification, i.e. the bacterial and mammalian C2 and C3-like ADP-ribosyl
transferases (ARTC or R-S-E class). The H-Y-E motif is essential for the catalytic activity to
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form polymer. Other PARP family members are only able to form mono-ADPr or no enzymatic
activity was found (Collier, 2001; Hottiger et al., 2010). However, need of glutamic acid to
produce polymer have been challenged recently (Beneke et al., 2010).
PARP1 and PARP2 are the only two members of the PARP superfamily that are activated
upon binding to DNA, and PARP2 appears to have higher affinity for gaps or flap structures
while PARP1 gets activated upon binding to nicked DNA and single- and double-strand breaks
(Doucet-Chabeaud et al., 2001; Yelamos et al., 2011; Eustermann et al., 2011).
PARP1 with 1014 amino acids length and 113 kDa molecular weight is the largest and most
active PARP family member. Most regulatory functions of PARylation that are described are
based on the activity of the protein. Its DNA binding domain (DBD) containing the two zinc
fingers accounts for binding to DNA nicks and massive activation. Domain structure and and
citations are depicted in figure 1.2. Modification with PAR was shown to take place in the
auto modification domain. The WGR domain, whose function is largely unknown, leads to a
loss of enzymatic activity when absent (Altmeyer et al., 2009). The zinc ribbon fold (ZRF or
Zn3) was shown to be essential for PARP activity as well (Langelier et al., 2010). The PARP
regulatory domain (PRD) might be involved in PAR branching activity (Hottiger et al., 2010).
The catalytic domain contains the PARP signature (PS) and is responsible for its PARylation
activity.
Biochemistry of PAR synthesis by PARP2 is believed to be similar to that of PARP1, however
binding to DNA does not occur via zinc fingers but with a highly basic 64-residue DBD (Amé
et al., 2004). While PARP1 accounts for about 90% of cellular PARP activity upon genotoxic
stress, PARP2 was discovered due to residual PARylation activity in PARP1 deficient cells
(Amé et al., 1999; Schreiber et al., 2002). A scheme of PARP2 is depicted in Figure 1.2.
For the role for PARP1 and PARP2 in base-excision repair see section 1.4.3.

1.3 PARG
While PAR is formed by many members of the PARP family, there is only one gene for the
PAR degrading enzyme PAR glycohydrolase (PARG) (Davidovic et al., 2001; Patel et al.,
2005). Another PAR degrading enzyme, ARH3, which is related to ARH1 (a mono-ADPr
degrading enzyme), is under debate and was also found in mitochondria (Oka et al., 2006;
Mueller-Dieckmann et al., 2006; Niere et al., 2008). Moreover, an ADP-ribosyl protein lyase
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was proposed to be responsible for cleavage of the last ADPr residue on a covalently modified
protein (Oka et al., 1984).
PARG exists as several isoforms based on splicing variants and could be located in the nucleus,
cytoplasm and mitochondria (Winstall et al., 1999; Meyer et al., 2003). Human PARG1113
(hPARG111) is the largest variant of PARG and located to the nucleus, hPARG102 and
hPARG99 are cytoplasmatic, hPARG60 and hPARG55 have been localised to the mitochondrial
matrix (Meyer et al., 2007). As the main polymer producing PARPs are located in the nucleus,
i.e. PARP1 and PARP2, the presence of PAR synthesising enzymes in the mitochondria are still
under debate (Hottiger et al., 2010; Wang et al., 2011). Existence of PARP1 in mitochondria
in association with mitofilin has been suggested (Rossi et al., 2009). Yet, except for AIF, which
exists not only in the mitochondria, no exclusive PAR-interacting protein exclusively located
in mitochondria was found, pointing to a lack of function of PAR in the organelle (Wang et al.,
2011) (see table 1.2). But interestingly, under the PARG isoforms, also mitochondrial variants
have been discovered:
The polymer mainly formed upon DNA damage in the nucleus (PARP1 and PARP2) and
its many various consequences for DNA repair, transcription, translation, replication, spindle
function, inflammation, differentiation and cell death rendering PARG a very important
regulator of PAR-downstream effects (Chang et al., 2005; Krishnakumar and Kraus, 2010;
Leung et al., 2011). Because of the high regulatory impact of PARG, the development of
PARG inhibitors is in progress (Slade et al., 2011).
As shown in figure 1.1, PARG has both endo- and exoglycolytic activities (Schreiber et al.,
2006). PARG activity leads to cleavage of PAR to free poly- and oligo-ADPr and finally
mono-ADPr (Oka et al., 1984; Kim et al., 2005). It has been demonstrated that PARG is
recruited within seconds to a few minutes to DNA damage sites partially by attraction through
PAR (Mortusewicz et al., 2011). A PAR binding motif, however, was not found in PARG so
far4 .
The biological role of PARG is essential. Parg knockout led to embryonic lethality while a lack
of PARP1 or PARP2 leads to normal development. In another mouse model, a double-knockout
of Parp1 and Parp2 was lethal as well, indicating that PAR homoeostasis is essential for
embryonic development (Ménissier de Murcia et al., 2003; Koh et al., 2004). Deletion of only
Parg110, the nuclear isoform in mice, led to impaired DNA repair, genomic instability and
tumorigenesis (Min et al., 2010). Another study showed that Parg110 deficient mice were
3
4

the numbers refer to the molecular weight in kDa
Using the PATTINPROT search tool on the NPS server, four putative PAR binding sites according to the
motif published by Gagné et al. (2008) can be found, when allowing two mismatches.
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viable and fertile however hypersensitive to alkylating agents, ionising irradiation and induction
of diabetes displaying the importance of PARG in the DNA damage response (Cortes et al.,
2004). Another detrimental effect was also shown by mitotic arrest followed by apoptosis as a
result of DNA damage induction in PARG deficient HeLa cells (Amé et al., 2009). A damage
promoting effect could also result from more accessible chromatin in PARG deficient cells
(Zhou et al., 2010).

1.4 DNA repair
1.4.1 Base-excision repair
1.4.2 A mechanistic view on base-excision repair
Base-excision repair (BER) is the prevalent pathway when bases are oxidised or modified
by small adducts. Generally, BER pathway is responsible for the removal of the damaged
base by the activity of a DNA glycosylase followed by an apurinic-/apyrimidinic- (AP-) site
endonuclease or a lyase activity leading to a single-strand break (SSB) (Krokan et al., 2000).
The gap is then refilled by DNA polymerase β or δ according to the complementary strand and
closed by a DNA ligase. The association of the repair factors is hereby dependent on XRCC1
scaffolding factor. When an SSB is induced directly (e.g. by ionising irradiation), repair of the
damage can be performed by BER, omitting the first two steps (Satoh and Lindahl, 1992).
BER can be subdivided into two major pathways as depicted in figure 1.3, i.e. the major
short-patch (SP-) and the minor long-patch (LP-) BER.
The following will explain the BER-pathway and the involved polypeptides in more detail:
Oxidative base damage caused by reactive oxygen species (ROS), DNA alkylation adducts
and other small adducts are among the most common DNA lesions and result mostly from
endogenous metabolic activities but also from exogenous genotoxic stress (Croteau and Bohr,
1997). Very common small adducts are alkyl groups that can arise endogenously by methylation
or exogenously by alkylating agents such as MNNG or MMS (Krokan et al., 2000; Sobol et al.,
2002). In contrast, bulky helix-distorting adducts are repaired by nucleotide-excision repair
(see section 1.4.4). Although hydrogen peroxide (H2 O2 ) produces many kinds of damage to
macromolecules in the cell like protein and lipid oxidation, it is a common agent to study
DNA damage and repair in cellular systems and serves as a model for naturally occurring
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Figure 1.3: Scheme of base-excision repair. (A) Basic scheme. A damaged base is excised by a DNA glycosylase
which produces an apurinic/apyrimidinic (AP) site. The AP site is further processed by an AP endonuclease leading
to opening of the strand. In the major short-patch BER, a SSB is produced by a lyase resulting in a 5’-OH and a
3’-phosphate. Finally, DNA polymerase β is able to fill in the missing base according to the complementary strand
and the ligase closes the ester linkage between the desoxyribose and the phosphate for closing the strand. The minor
long-patch BER pathway is characterised by DNA polymerase activity which displaces a stretch upstream of the
lesion leading to a flap of the old strand which is subsequently removed by a flap endonuclease. The gap is closed by
a ligase as described for the short-patch BER. (B) Involvement of PARP1 in BER. The exact function of PARP1 in
BER is still under debate, however it has been observed that directly induced SSB are bound by PARP1 (and PARP2),
which then recruits the other repair factors (XRCC1, polymerase β and ligase III possibly by non-covalent binding to
automodified PARP. The function in non-directly induced SSB via glycosylase and AP endonuclease are discussed in
the main text body in 1.4.3. For literature see: Masson et al. (1998); Dantzer et al. (1999); Vodenicharov et al.
(2000); El-Khamisy et al. (2003); Masaoka et al. (2009); Schreiber et al. (2002); Caldecott (2003b); Maynard et al.
(2009); Asagoshi et al. (2010)
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oxidative stress. H2 O2 leads to base-oxidations and direct induction of SSBs, which is both
usually repaired by the BER machinery (Maynard et al., 2009).
BER was discovered by the activity of DNA glycosidase5 from E. coli (Lindahl, 1974). Later
on a larger number of mammalian DNA glycosylases with distinct substrate specificities
and localisation in nucleus or mitochondria have been discovered (Krokan et al., 2000). An
interaction of PARP1 with 8-oxoguanine-DNA glycosylase (OGG1) under oxidative stress was
proposed, where the glycosylase stimulates PARP1 activation while activated PARP1 inhibits
OGG1 (Noren Hooten et al., 2011). Some bifunctional glycosylases (e.g. OGG1 and NEIL1)
have intrinsic lyase activity (performs incision 3’ to the AP site leading to a SSB) whereas
other glycosylases do not own a lyase function, leaving an abasic site (e.g. UNG) (Hazra et al.,
2001). Afterwards, the DNA strand is further processed by an AP endonuclease (e.g. APE1),
which cleaves 5’ to the AP site, producing a gap (Maynard et al., 2009). Cleavage of the
strand by APE1 will lead to 3’-OH and 5’-phosphate termini, while AP lyase activity produces
5’-phosphate and 3’-phosphoribose ends. DNA polymerase β has lyase activity, too, and is
thus capable of performing 5’ end-cleaning (Matsumoto and Kim, 1995; Sobol et al., 2000; Das
et al., 2007).
In SP-BER, the excised damaged base is replaced by a single-nucleotide performed by DNA
polymerase which has additional lyase activity as well, removing the remaining deoxyribose
phosphate (Sobol et al., 2000). Polymerase β is the main repair polymerase of the BER
pathway, but with low processivity and function was shown for both LP- and SP-BER (Lindahl,
2000; Idriss et al., 2002; Asagoshi et al., 2010). In contrast, up to ten nucleotides are replaced
by strand-displacement DNA synthesis in LP-BER. A facultative participation of polymerase
δ or  together with PCNA was reported, which occurs mostly in S-phase (Frosina et al., 1996;
Fortini et al., 1998; Dogliotti et al., 2001; Petermann et al., 2006). A comparison between the
two sub-pathways is schematically depicted in figure 1.3. FEN1 is responsible for the cleavage
of the flap after displacement synthesis due to the lack of previous lyase activity and ligase III
reseals the gap (ligase I in the PCNA-dependet alternative pathway) (Klungland and Lindahl,
1997; Timson et al., 2000).
Ligase IIIα (but not the splicing variant β), DNA polymerase β and PNK are stabilised by
interaction with XRCC1 scaffolding factor. Furthermore, XRCC1 interacts with PAR in a
non-covalent fashion, representing a tight interaction network where XRCC1 has a regulatory
but no enzymatic function (Pleschke et al., 2000; Caldecott et al., 1994; Chen et al., 1995;
Caldecott et al., 1995; Whitehouse et al., 2001). XRCC1 was also shown to interact with
PARP1 (and also PARP2) via the BRCT1 domain and the protein associates were speculated
5

not glycosylase!
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to function as a cooperate molecular nick-sensor (Caldecott et al., 1996; Thompson and West,
2000; Caldecott, 2003b). For details on non-covalent interaction with PARP1 or PAR see
sections 1.4.3 and 1.9. A lack of XRCC1 was reported to have strong impact on the survival
of Chinese hamster ovary cells after DNA damage induction showing its inalienability for
BER (Thompson et al., 1982; Zdzienicka et al., 1992; Caldecott et al., 1995; Shen et al., 1998;
Thompson and West, 2000).

1.4.3 A role of PARP1, PARP2 and PARylation activity in BER
A large body of data supports a role for PARP1 and PARP2 in BER (Dantzer et al., 1999;
Beneke and Bürkle, 2007; Caldecott, 2003b), while other authors hypothesised that PARP(1)
is indispensable for SSB repair (Vodenicharov et al., 2000; Satoh et al., 1993). In some cell-free
systems it was shown that PARP1 was not necessary for the repair of SSB (reviewed in
Caldecott (2003b)). However, the author argues that in those model systems the binding to
the DNA damage substrate is not rate-limiting. In a cell nucleus where damage occurs much
more rarely plus in the context of chromatin, PARP1 might be necessary to detect SSB and
recruit the repair factors. PARP1 is recruited to SSB, massively activated and released due
to repulsion by the polymer to allow access for repair proteins (Ikejima et al., 1990). This
ultimately suggests that if PARP1 remains inactive, e.g. by lack of NAD+ or by the presence
of PARP inhibitors, repair sites are blocked, repair factors cannot be recruited and the SSB
remains unrepaired (Lindahl et al., 1995; Sanderson and Lindahl, 2002; Godon et al., 2008).
Thus, PARP activity is essential to efficiently perform SSB repair.
PARP1 and XRCC1 are recruited to localised DNA damage. Also, XRCC1 foci were not present
in Parp1 −|− MEFs pointing towards the hypothesis that PARP1 activation is upstream of
XRCC1 recruitment. Furthermore inhibition of PARP activity prevented XRCC1 relocalisation
(Caldecott, 2003b; Okano et al., 2003; Mortusewicz et al., 2007) (see also results of this study).
Both direct binding of XRCC1 to PARP1 (and PARP2) and indirect binding via PARP1-PAR
have been proposed. XRCC1 was also heteromodified by PARP2. (Masson et al., 1998; Dantzer
et al., 2000; Schreiber et al., 2002). PARP1 interaction with XRCC1 is mediated via the
BRCT1 domain of XRCC1, which includes the PAR binding motif. It is therefore likely that
the two binding modes are exclusive due to overlapping binding sites, but in both cases PARP1
would stay in association with XRCC1 (Pleschke et al., 2000; Caldecott, 2003b; El-Khamisy
et al., 2003) (see also table 1.2). The PAR binding motif was also found in ligase III arguing
for a PARP1 – PAR – XRCC1 – ligase III – polymerase β – PNK repair complex.
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Current data suggest a situation for the involvement of PARP1 in BER as depicted in figure 1.3
panel B, which needs to be addressed in further studies. The fact that PARP1 is highly involved
in directly-induced SSB repair where it binds to the break and gets activated, however, is
highly accepted in the field. PARP1 or PAR might serve as the initial recruitment platform for
XRCC1 and the other factors, while a participation in indirectly induced SSB (via glycosylase
and APE1) remains controversial. Some authors hypothesised that PARP1 could come into
play when BER is uncoupled after APE1 activity or in case of a lyase activity (Trucco et al.,
1998; Le Page et al., 2003). As an alternative, PARP1 could play a role at the decision between
SP- and LP-BER where it could promote the minor LP-BER pathway6 (Prasad et al., 2001;
Caldecott, 2003b,a).
In any case, the repair of SSB is essential as unrepaired they can lead to replication fork
collapse and subsequently DSBs (Kuzminov, 2001). As PARP1 also binds to DSBs and due to
the fact that XRCC1 is recruited to PARP1-activity site, it remains an open question whether
XRCC1 has a role in DSB repair as well (Ikejima et al., 1990; Caldecott, 2003b).

1.4.4 Nucleotide excision repair
The human autosomal recessive disorder Xeroderma pigmentosum is based on the inability to
repair bulky DNA adducts (helix distorting lesions) caused by UV light and other carcinogens
such as benzo[a]pyren diol epoxide (BPDE), i.e. mainly exogenously induced damage. This
kind of damage is generally repaired by the nucleotide-excision repair (NER) machinery.
The lesion is removed by incision at surrounding nucleotides and DNA resynthesis using the
intact complementary strand. Several of the proteins involved in these processes belong to
the Xeroderma pigmentosum complementation group (XP-A through G). A loss-of-function
mutation in any of the enzymes in this repair pathway compromises the ability of the cell to
repair such kind of damage. Patients bearing mutations in proteins involved in this pathway
are highly susceptible to UV light induced damage and have a high tendency to develop skin
cancer already at an early age (Friedberg, 2001; Christmann et al., 2003). The protein XPA
is a damage sensor, which specifically recognizes distorted duplexes of DNA substrates and
recruitment platform for other NER factors at the same time (Jones and Wood, 1993; Asahina
et al., 1994). Patients with mutated XPA are deficient in both subtypes of NER, i.e. global
genome repair and transcription-coupled repair (Jones and Wood, 1993; Missura et al., 2001;
Park and Choi, 2006).

6

Fine-tuning of DNA repair pathways by PARP1 is also known for DSB-repair, see section 1.4.5
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For a connection between NER and PARPs see discussion. The following sections will go into
further detail of the NER process.
1.4.4.1 Xeroderma pigmentosum and the XP proteins
Xeroderma pigmentosum (XP) is an autosomal-recessive inherited genetic disorder with very
low frequency (2.3 per million in Western Europe) characterised by hypersensitivity to UV
light (Wood et al., 1988; Kleijer et al., 2008). Unscheduled DNA synthesis in XP cells was
massively reduced after UV irradiation (Cleaver, 1968). The disease is based on an impaired
NER machinery due to mutations in one of the participating repair genes from the XP group
rendering them dysfunctional: XPA, XPB/ERCC3, XPC, XPD/ERCC2, XPE (consisting
of DDB1 plus DDB2), XPF/ERCC4, XPG/ERCC5 and XPV/polymerase η plus ERCC1 7 .
The same applies for Cockayne syndrome (CS) and trichothiodystrophy (TTD) proteins, two
disorders associated with NER and transcription disorders (see also below): CSA/ERCC8,
CSB/ERCC6 and TTDA (Maher et al., 1976; Cleaver et al., 2009). The essentialness of each
XP group protein was found by complementation approaches conducting cell fusion assays (De
Weerd-Kastelein et al., 1972). In most cases the initial incision step is impaired in XP cells
(Fornace et al., 1976; Thielmann et al., 1985; Wood et al., 1988). XP clinics are characterised by
high sensitivity to UV light and the development of malignant skin transformations, i.e. skin
and mucous membrane cancers including squamous and basal cell carcinoma and melanoma
after exposure to sunlight at an early age of the patient. The skin cancer incidence is about
2000 times higher than in the general population (Kraemer et al., 1994). Also neurological
degeneration can be a feature of the disease (not to confuse with Cockayne Syndrome (CS)
and Trichothiodystrophy (TTD), see below). In all three syndromes life-span is significantly
reduced compared to the general population (Cleaver et al., 2009).
CS is characterised by mutated and thus dysfunctional CS-proteins, i.e. CSA and CSB, and
leads to impairment of transcription coupled repair (TCR), while global genome repair (GGR)
is not affected (Tanaka et al., 1981; Lehmann, 1982) (see also figure 1.4. The disease is often
more severe than XP and clinics – mostly additional to hypersensitivity to UV light – are
mental and growth retardation, deafness, an increased risk of developing cancer and others
(Nance and Berry, 1992; Colella et al., 1999; Cleaver et al., 2009).
TTD is characterised by sulfur-deficient hair and ichthyosis plus mental retardation and UV
sensitivity (Itin et al., 2001; Liang et al., 2006; Faghri et al., 2008). The disease can be based

7

A slash indicates alternative protein names
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on mutated and dysfunctional TFIIH (XPB and XPD subunits) or TTDN1 among others
(Broughton et al., 1990; Cleaver et al., 2009).
1.4.4.2 A mechanistic view on nucleotide-excision repair
The most common UV-induced lesions repaired by NER are photoproducts, i.e. covalent
linkage between DNA bases, namely 6-4 pyrimidine-pyrimidone photoproducts (6-4PP) and
cyclobutane pyrimidin dimers (Zelle and Lohman, 1979; Mitchell et al., 1985). In laboratory
studies, UV damage in order to produce photoproducts is generated using a 254 nm light source
(Naegeli, 1995). Other exogenously introduced damage resulting from chemicals rises from
carcinogens such as benzo[a]pyren idol epoxide (BPDE) (the active metabolite of benzo[a]pyren
which occurs in cigarette smoke) to acetylaminofluorene (Amacher and Lieberman, 1977; Kaye
et al., 1980; Yang et al., 1980). Endogenously produced NER-damage results from reaction
products of reactive oxygen species (ROS) (Cleaver et al., 2009).
NER can be divided basically in the following steps: damage recognition, incision, excision and
resynthesis plus ligation (Hoeijmakers, 1993; Naegeli, 1995). Detection of the damage by the
NER machinery is based on the fact that this kind of damage leads to helix distortions of the
DNA (Pearlman et al., 1985; Rao and Kollman, 1985). Damage is detected by XPC-RAD23B
or XPE, the latter one being a heterodimer of UV-DDB1/p125 and UV-DDB2/p48 (DNA
damage binding protein 1 and 2; DDB1 and DDB2). The formation of these protein complexes
is essential for the downstream effects in NER, thus the recruitment of XPA and TFIIH
(Volker et al., 2001). XPC, which is specifically involved in the GGR pathway, has strong
affinity to 6-4PP and later on serves to stabilise XPA binding to the damage site (Sugasawa
et al., 1998; Wood, 1999). XPC recognises damage as a two-stage discrimination process,
first acting as a dynamic sensor of the damage along the DNA double helix and second it
is responsible for mediating the repair initiation complex (Camenisch et al., 2009). XPE
cells with a lack of functional DDB2, whose expression is p53 dependent, display diminished
repair of 6-4PP and massively reduced repair of CPD (Hwang et al., 1999; Moser et al., 2005).
A model has been proposed but never verified where damage recognised by XPE is passed
on to XPC which then serves as the initiator of the NER pathway but never been verified
(Sugasawa et al., 2005; Sugasawa, 2010) (see also scheme in figure 1.4). A new model proposes
an involvement of ubiquitination by CUL4A in the regulation of DDB and XPC. Thereby
DDB has a function to examinate accessibility of damaged chromatin. In case of binding of
DDB to internucleosomal damage sites CUL4A is responsible for the removal of DDB2 by
ubiquitination and the localisation of XPC to the damage leading to fast NER. In contrast,
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Figure 1.4: The NER-pathway from damage recognition to incision. Exogenously or endogenously produced DNA
damage that leads to helix distortions is repaired by the NER pathway. If damage occurs in regions of active
transcription, transcription-coupled repair (TCR) starts by stalling of RNA polymerase II at the damage. CSA
and CSB are recruited to the damage and finally the pathway leads into the common repair pathway. Damage
in non-transcribed regions is detected either by DDB1/DDB2 (XPE) or XPC-23B (also named XPC-HR23B or
XPC-RAD23B). This pathway is referred to as global genome repair (GGR). Further factors are then recruited leading
into the common repair pathway where the helicases XPB and XPD (part of transcription factor IIH; TFIIH) are
recruited. For the incision step, the platform is extended by XPA plus RPA and the two endonucleases XPF-ERCC1
and XPG. For details see main text body. Scheme taken from Cleaver et al. (2009).
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slower excision of damage from nucleosomal core particles is mediated by a transient interaction
of XPC and DDB2 and insertion of a hairpin to allow accessibility (Fei et al., 2011).
After damage recognition, the next step of NER is the formation of the incision complex which
comprises XPA, RPA and the ten subunits of TFIIH including the two helicases XPB (3’→5’)
and XPD (5’→3’). These processes are common for both GGR and TCR and are referred to
as the core incision complex (Diderich et al., 2011).
The helicases unwind approximately 30 bases around the damage in an ATP-dependent manner
in order to separate the strands from each other (Coin et al., 2007; Evans et al., 1997; Wakasugi
and Sancar, 1998; Tirode et al., 1999). RPA binds to the emerging single-stranded DNA
(Fanning et al., 2006). XPA is thereby a central organiser binding to the lesion and interacting
with proteins of the incision complex thus stabilising the NER intermediate (Yang et al.,
2006). Further strand separation properties are ascribed to RPA, whereas XPA was stated to
inhibit this process at a certain point (Patrick and Turchi, 2002; Diderich et al., 2011). After
recruitment of the endonucleases XPG and XPF-ERCC1, incision takes place 5’ (XPF-ERCC1)
and 3’ from the lesion (XPG) releasing a 24–32mer oligonucleotide containing the lesion (Mu
et al., 1997; O’Donovan et al., 1994; Tapias et al., 2004; Tsodikov et al., 2007). Refilling the
gap is performed by DNA polymerase δ/ and possibly κ together with RFC, PCNA and RPA.
Resealing is finally achieved by the activity of ligase I, while a function for XRCC1 together
with ligase III was also proposed (Ogi and Lehmann, 2006; Shivji et al., 1995; Moser et al.,
2007; Staresincic et al., 2009).
A summary of the steps is displayed in figure 1.4.
1.4.4.3 A central role for XPA
Concerning the proteins involved in NER most questions might arise concerning the function
of XPA, one of the core-components of NER with no enzymatic activities. Despite the fact
that XPA is just a binding protein, it is very essential as displayed by XPA patients who show
the most severe phenotype of all XP complementation group defects (Rebel et al., 2002; Saijo
et al., 2011). But even the moment when XPA comes into the NER process is not completely
clarified yet.
XPA is a 273 amino acid polypeptide with three major domains, an N-terminal domain,
a DBD and a C-terminal domain (see figure 1.5). The N-terminal domain comprises the
binding subdomains for RPA34 and ERCC1 while the DBD containing the zinc finger conveys
RPA70 interaction along with DNA binding. The C-terminus mediates interaction with TFIIH
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Figure 1.5: Scheme of human XPA. Protein interaction domains, zinc binding subdomain and PAR binding motif
(PBM) as indicated: RPA34 (binding site of the 34 kDa subunit of replication protein A), ERCC1 (binding site of
DNA excision repair protein), Zn (zink binding domain), RPA70 (binding site of the 70 kDa subunit of replication
protein A), TFIIH (transcription factor IIH), PBM (PAR binding motif according to Pleschke et al. (2000)). The
PBM is shown below with basic amino acids in blue and hydrophobic amino acids in red letters. The motif starts at
position 215 of the XPA amino acid sequence.

components (Bartels and Lambert, 2007). XPA has a calculated molecular weight of 31 kDa,
though a different mobility on SDS-PAGE (multiple bands between ∼40–45 kDa) due to
disordered domains and a glutamic acid rich region (Iakoucheva et al., 2001).
Beyond the named interaction modules, XPA is known to interact with the following proteins:
XPC, TFIIH, RPA34, RPA70, XPA (homodimers), ERCC1, XAB1 and XAB2 and XPF (Li
et al., 1994, 1995; Park et al., 1995; Saijo et al., 1996; Evans et al., 1997; Yang et al., 2002;
Camenisch and Nägeli, 2008). Due to its multiple interaction sites, XPA is considered a
scaffolding factor comparable with XRCC1 in BER (Wood, 2010).
A damage-recognition function of XPA was proposed and therefore it has been the question
for a long time, whether XPA or XPC is the more upstream factor. Known DNA substrates
for XPA are diverse and range from undamaged DNA to different structures: It was found
that XPA bound most tightly to junctions between single- and double-stranded DNA and also
to helically linked DNA (Camenisch et al., 2006). The specificity for damaged DNA is rather
moderate and increased in the presence of RPA, however still weaker than the affinity of XPC
(Jones and Wood, 1993; He et al., 1995; Batty et al., 2000; Wang et al., 2000; Hey et al., 2001,
2002). RPA-XPA interaction leads to an increase of RPA binding to intact DNA, too (Lee et al.,
2003). Also kinked DNA and three-way as well as four-way junctions can be a substrate for
XPA binding which might exist during repair of the lesion especially after unwinding activity
by TFIIH (Missura et al., 2001; Yang et al., 2006; Sugasawa, 2010; Rechkunova and Lavrik,
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2010). XPA and RPA have both high affinity to unusual structures of the DNA double helix
like mismatches, bubbles and small loops, and XPA was shown to prefer cruciform duplexes as
well (Missura et al., 2001).
The question “XPA first or XPC first?” was raised because both proteins possess the ability to
bind to NER substrates (Reardon and Sancar, 2003; Camenisch and Nägeli, 2008). Further
studies could show that XPC-HR23B and TFIIH do not depend on ATP whereas ATP is
required for the recruitment of XPA which makes it plausible that the helicases must be present
first (Riedl et al., 2003). However, damaged substrates that were pre-incubated with XPA-RPA
were repaired faster than substrates incubated with XPC-HR23B (Wakasugi and Sancar, 1999).
Also, XPA was not essential for TFIIH binding to damaged DNA while XPC-HR23B and RPA
were (Rademakers et al., 2003; Rechkunova and Lavrik, 2010).
This led to the conclusion that XPA rather functions in damage verification than in damage
recognition. Due to interaction with many NER factors it might be responsible for the correct
assembly of the proteins (Sugasawa, 2010). The importance of XPA becomes obvious in Xpa
deficient mice which have increased sensitivity and lung tumorigenesis after benzo[a]pyrene
treatment (Ide et al., 2000).
Beyond XPA’s function in NER it might play a role in DNA damage checkpoints (Bomgarden
et al., 2006; Wu et al., 2007).
XPA was shown to interact with PAR in a non-covalent fashion and binds PAR in the Cterminal region partially overlapping with the DBD and transcription factor IIH (TFIIH)
interaction domain (Pleschke et al., 2000; Bartels and Lambert, 2007). However, till now, no
functional effect of this interaction was proposed. This aspect is part of the present study.

1.4.5 A role for PARP1 in DNA double-strand break repair and PARP
inhibitors in chemotherapy
PARP1 has been mainly implicated in BER/SSB repair whereas a potential role in DNA
double-strand break (DSB) repair is still controversially discussed. DNA double strand breaks
arise both endogenously (e.g. during replication and meiosis) and from exogenous sources (e.g.
ionising irradiation and chemicals) (Baumann et al., 2006).
PARP1 interacts with and/or PARylates DNA-PKcs , Ku70/80 and topoisomerase 1 and 2,
proteins that are all involved in DSB repair. Furthermore, PAR interacts in a non-covalent
manner with proteins involved in DSB repair, e.g. DNA-PKcs , Ku70 and MRE11 (see table 1.2
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for the citations and Galande and Kohwi-Shigematsu (1999)). Moreover, PARP1 is activated
upon binding to DSB. Interestingly, also WRN is involved in DSB repair and in close association
both with PARP1 and the Ku complex (Weinfeld et al., 1997; Li, 2004; D’Amours et al., 1999).
Therefore, it is not surprising that PARP18 or its enzymatic activity are involved in different
DSB pathways (Baumann et al., 2006).
DSB repair can be divided in two major DNA repair pathways, namely non-homologous
end-joining (NHEJ) and homologous recombination (HR). The latter one requires a copy of
the same chromosome as a draft and can therefore only occur after S-phase and not in G1
and G0. However, HR is the less error prone repair pathway as it utilises the sister chromatid
as a “sequence-blueprint”. In cell cycle phases where only one copy of each chromosome is
present, NHEJ is the major pathway to repair DSB. NHEJ works by direct re-joining of two
broken strands with each other after DNA end-processing, which can lead to wrong associations
of chromosome ends resulting in chromosomal aberrations and the formation of micronuclei
(Valerie and Povirk, 2003; Lees-Miller and Meek, 2003).
Proteins involved in NHEJ (and their functions) are9 : Ku70/80 (binding of the break), DNAPKCS together with XRCC4 and DNA ligase IV (mediating synapsis). (Baumann et al., 2006).
Ku70/80 thereby recruits DNA-PKCS which in turn phosphorylates and activates downstream
effectors (Patel et al., 2011).
Proteins involved in HR (and their functions) are: MRN – complex of MRE11 and NBS1 plus
RAD50 (damage recognition and resection to produce 3’ overhangs) – RAD51 with RAD52
and RAD54 plus XRCC2, XRCC3, BRCA2 and RPA (strand exchange with the reference
duplex), WRN and BLM (DNA unwinding and 3’ end processing) (Jasin, 2002; Bachrati and
Hickson, 2003; Baumann et al., 2006).
PARP1−|− cells showed reduced levels of HR, indicating that PARP1 promotes the preference
of HR over NHEJ. Also, these cells are sensitive against genotoxic stress. The observation
is dependent on the presence of Ku70/80 which mediates NHEJ, pointing to the fact that
PARP1/Ku interaction might inhibit NHEJ (Hochegger et al., 2006).
PARP1-KO mice are viable and fertile, however, cells displayed increased HR. Though PARP1
might not be essential for HR it could be the case that PARP1 SSB repair leads to the formation
of DSB during replication which in turn elevate HR repair (Helleday et al., 2005). If HR repair
of these DSBs is impaired in BRCA1/2 deficient cells this will ultimately lead to cell death
(Patel et al., 2011). Furthermore, Ku70 or ligase IV deficiency restores the survival of PARP1
8
9

eventually also PARP2 and other PARPs
order of recruitment
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deficient cells indicating that PARP1 facilitates the less error-prone HR repair (Hochegger et al.,
2006; Saberi et al., 2007). Moreover error-prone NHEJ with increased lethality is preferred in
cells treated with PARP inhibitors (Patel et al., 2011).
In contrast to action its activity in HR repair, participation of PARP1 in an alternative route of
NHEJ involving ligase III was discovered and serves as a backup of the common NHEJ pathway.
Hereby, PARP1 is thought to compete with Ku for binding to the DSB initiating the alternative
pathway if in case the classical one is not available. Particularly this happens in the absence of
Ku, which has a higher affinity to DSB than PARP1. The alternative pathway is dependent
on the enzymatic activity of PARP1 and independent from extended micro-homologies, but
more error-prone. However, G:C base-pairs at micro-homology termini were determined to be
essential for the PARP1-dependent alternative route (Wang et al., 2006; Audebert et al., 2008;
Mansour et al., 2010).
Given the fact that HR deficiency is caused by loss of BRCA1/2, which is a common feature of
breast cancer cells, a model of synthetic lethality was proposed and is the basis for the usage
of PARP inhibitors in cancer therapy. In a cellular system lacking one DNA repair pathway,
synthetic lethality is achieved by the elimination of yet another one. PARP inhibition leads to
a defect in SSB repair causing DSBs during replication. If these DSB are not repaired due
to disabled HR, this will lead to cell death. Taking advantage of this phenomenon, PARP
inhibitors in treatment of cancer cells that are specifically defect in HR repair will lead to
selective killing in only these tumour cells while sparing non-malignant cells (Haince et al.,
2005; Zaremba and Curtin, 2007; Guo et al., 2011; Mangerich and Bürkle, 2011).
Another important nuclear enzyme sensoring DSBs is ATM. An association of PARP1 and
ATM was shown in vivo and was enhanced after genotoxic stress whereby ATM is PARylated.
While PARP inhibition led to the formation of DSB and subsequent ATM activation, reduced
activation was found in PARP1 deficient cells displaying reduced γH2AX foci. These results
point to the fact that DSB repair is highly dependent on ATM in PARP activity inhibited
cells (Aguilar-Quesada et al., 2007).

1.5 Pathology of PARP activity
PARP activity has been implicated in inflammation, apoptotic and necrotic cell death.
The level of PAR in the cell sensibly regulates repair and cell death. PARP1 activation is mainly
connected to DNA repair and lack of PARP activity was associated with increased genomic
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stability. Notwithstanding, an over-activation of PARP by massive DNA damage was connected
to cell death. First, PAR is able to be translocated from the nucleus to the mitochondria
by yet incompletely understood mechanisms. This leads to the release of apoptosis inducing
factor (AIF) from mitochondria, which promotes a primarily caspase-independent apoptosis
(Yu et al., 2002; Cregan et al., 2004).
Second, hyper-activation of PARP depletes NAD+ stores, which needs to be resynthesised by
ATP-dependent mechanisms. This will ultimately lead to energetic collapse of the cell and
necrotic cell death (Herceg and Wang, 2001).
Both the energy depletion and the AIF-mediated cell death mechanism are involved in several
PARP activity associated pathologies such as ischemia reperfusion damage, but were also
shown for models of diabetes and Parkinson’s disease (van Wijk and Hageman, 2005). Most
interestingly, AIF owns a PAR binding motif which mediates PAR dependent translocation
of AIF from mitochondrial outer membrane to the nucleus without having an effect on other
functions of the factor. AIF and PAR mediated cell death received the name “parthanatos”
(Wang et al., 2011).
PARP1 is a promotor specific co-activator of NF-κB, interacting with both subunits and
drives expression of inflammatory genes dependent on this transcription factor. In fact, TNFα,
INFγ and iNOS up regulation was impaired in PARP1 deficient mice upon treatment with
LPS, zymosan or streptozotocin (Hassa and Hottiger, 1999, 2002; Hassa, 2005). Another
study proposed that binding of the NF-κB-p50 subunit to DNA was dependent on PARP
activity but was not hetero-modified by PARP1 (Chang and Alvarez-Gonzalez, 2001). The
presence of a PAR binding motif in NF-κB points towards a role of non-covalent interaction of
the transcription factor with PAR which might regulate its function (Pleschke et al., 2000).
Epithelial cancer are promoted by inflammation and carcinogenesis was reduced in PARP1
deficient mice. This further indicates a strong regulation of inflammatory response via NF-κB
by PARylation activity (Martín-Oliva et al., 2004).
In conclusion, PARP activity is a double-edged mechanism which on the one hand promotes
repair, on the other hand cell death or pathophysiological processes (Bürkle, 2001b).

1.6 PARPs and ageing
PARP activity has been linked to the ageing process as well. First, efficient DNA repair is
essential for keeping cell function and preventing genomic instability and thus cell death or
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carcinogenesis, which are hallmarks of ageing. All the physiological (repair, cell-cycle regulation
etc.) and pathophysiological (inflammation, cell death) processes described above play a pivotal
role within the ageing process, and PARPs and their enzymatic activity are highly involved
therein (Bürkle, 2000; Bürkle, 2001a; Bürkle et al., 2002; Bürkle et al., 2004; Beneke and
Bürkle, 2004; Bürkle et al., 2005; Bürkle et al., 2005, 2007; Beneke and Bürkle, 2007).
Furthermore, the ageing process, based on the phenomenon of cellular senescence, is tightly
regulated by telomere length. PARP1 and tankyrases (TANK1 and TANK2 or ARTD5 and
ARTD6, respectively) have been found in association with telomeres. PARP1 associates and
PARylates TRF2 and TANK1 and TANK2 were assigned to interact with TRF1. Also, PARP2
has been shown to interact with TRF2. The binding properties of TRFs to telomeric DNA are
believed to be negatively regulated by the attachment of PAR (Smith et al., 1998; Kaminker,
2001; Cook et al., 2002; Dantzer et al., 2004; Gomez et al., 2006). Interestingly, inhibition of
PARP activity led to a decrease in median telomere length identical to PARP1 knockdown
alone (Beneke et al., 2008).
A correlation between mammalian life-span and PARP activity has been shown. In that study,
a linear correlation of maximum lifespan of 13 mammalian species with their PARP activity
was demonstrated with human blood mononuclear cells displaying five times the PARP activity
of rat cells (Grube and Bürkle, 1992). The finding was further confirmed by enzymatic studies
comparing the activities of human with rat PARP1. Here, a two fold higher specific activity
of hPARP1 over the rat homologue was found (Beneke et al., 2000). Reaction velocity of rat
vs. human PARP1 showed a 1.4 or 3 fold difference similar to the KM values dependent on
the PARP1 variant A762 or V762, respectively (Beneke et al., 2010). The fact that mice with
ectopic expression of hPARP1 show many age-associated pathologies underlines the fact that
PARP activity is tightly regulated by PARP1-PARP1 interaction (Mangerich et al., 2010).
Not only PARPs and their activity are closely associated in telomere regulation. Also the
Werner protein described in the following section is highly involved in telomeric regulation and
many other cellular processes where PARPs are connected to.

1.7 The Werner protein
1.7.1 Werner syndrome, Werner protein and the PARP connection
Werner Syndrome (WS) is a progeroid hereditary disorder which is characterised by a premature
ageing phenotype. Starting after puberty, high susceptibility to genotoxic stress and many
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age-associated phenomena such as cataracts and osteoporosis initiate at relatively young age
of the patients (Brosh and Bohr, 2002). The reason for WS are mutations in the WRN gene
coding for the Werner protein (WRN), rendering it dysfunctional. WRN is involved in DNA
replication and repair, telomeric structure regulation, recombination and transcription (Bohr,
2005; Opresko et al., 2003).

Human&WRN&(1432&aa)
500

EXO

Acidic
region

1000

Helicase

RQC

HRDC

NLS

Figure 1.6: Scheme of human WRN (170 kDa). The domains of WRN from N-terminal to C-terminal: exonuclease
(EXO), acidic region, helicase, RecQC-terminal (RQC; a conserved motif of RecQ helicase), helicase RNase D
C-terminal (HRDC; protein interaction domain, also shared by BLM protein), nuclear localisation signal (NLS).
Suzuki et al. (1997); Wu et al. (2005); Muftuoglu et al. (2008)

WRN is a helicase belonging to the RecQ family with additional exonuclease and ATPase
activity (Orren et al., 1999). For a protein scheme see figure 1.6. While the helicase is able to
unwind substrates from a fork-like structure, the exonuclease digests from blunt ends. Both
enzymatic activities work in 3’→5’ direction and can act independently from each other (Ahn
and Bohr, 2011; Huang et al., 2000). Enzymatic properties of WRN can be altered by posttranslational modifications such as acetylation, which has an impact on WRN functioning in
base-excision repair (Muftuoglu et al., 2008) and phosphorylation which can lead to inhibition
of exonuclease and helicase activities (Cheng et al., 2003). A potential covalent modification of
WRN by PARP has been proposed but was never confirmed (Adelfalk, 2003).
As does PARP1, WRN participates in BER, stimulating polymerase β activity (Harrigan,
2006). Moreover, it was demonstrated that WRN physically interacts with NEIL1 at an early
step of the repair pathway where it stimulates activity of the DNA glycosylase (for BER see
section 1.4.1). Also, repair of typical BER damage substrates was impaired in cells lacking
WRN (Das et al., 2007).
Most interestingly, a physical and functional interaction between PARP1 and WRN has been
discovered whereby PARP1 activity was reduced when interacting with defective WRN from
WS patients after treatment with H2 O2 (von Kobbe et al., 2003). Furthermore, interaction with
PARP1 inhibited both exonuclease and helicase activity of WRN and was highly dependent on
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the PARylation status of PARP1 (von Kobbe et al., 2004). Both WRN and PARP1 deficiency
caused high susceptibility to genotoxic stress and a lack of these enzymes increases the risk of
cancer (Lee et al., 2005; Mangerich and Bürkle, 2011).
PARP1 and WRN are cooperating not only in DNA repair but are tightly associated also in
different processes. A list of PARP1 and/or PARylation interaction with WRN can be found
in table 1.1.
Protein interacting
with WRN

Type of interaction
with PARP1

Involved in

Literature

ATM

PARP1,
PAR

Replication, DSB-repair

Aguilar-Quesada et al.
(2007); Cheng et al. (2008)

polδ (via PCNA)

PARP1, PARylation

Replication, repair

Frouin et al. (2003)

RNA pol II

PARylation

Transcription

Meisterernst et al. (1997);
Balajee et al. (1999)

polβ

PARP1, PARylation

SSB-repair

Masson et al. (1998); Harrigan et al. (2003)

TRF2

PARP1, PAR

Telomeric maintenance

Gomez et al. (2006);
Machwe et al. (2004)

MRE11

PAR

DSB-repair

Franchitto and Pichierri
(2004); Bryant et al. (2009)

DNAPKcs

PARP1,
PAR

DSB-repair

Ariumi et al. (1999); Karmakar et al. (2002)

PARylation,

PARylation,

Table 1.1: Shared interactions of WRN and PARP1. List of proteins that interact with WRN and in a certain way
also with PARP1. Interaction with PARP1 can take place in three different ways: by interaction with the PARP1
protein itself (PARP1), covalent modification with PAR (PARylation) and non-covalent interaction with PAR (PAR).
For a list of proteins interacting with PAR in a non-covalent fashion see table 1.2.

1.8 The oncoprotein DEK and its connection to PARylation
DEK belongs to the group of non-histone chromatin architectural factors and its ability to
modify DNA topology in vitro has been extensively investigated (Waldmann et al., 2002).
DEK is a 375 amino acid long protein with a calculated molecular weight of 43 kDa (for a
protein scheme see figure 4.6 in the results section). DEK shares no known homology to protein
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families and represents a prominent phosphorylation target (Kappes et al., 2004). DEK owns
a SAP-box (also called SAF-box; aa 149–183), which also exists in plant PARP and Ku70 and
a pseudo-SAP box (aa 93-128) (Kipp et al., 2000; Böhm et al., 2005; Devany et al., 2008).
The protein has two distinct DBDs, one located in the SAP-box and a C-terminal one. The
C-terminal domain functions as both multimerisation and DBD depending on its phoshorylation status. When phosphorylated, the domain is able to form DEK multimers, while the
unphosphorylated domain is capable of binding DNA. Based on the fact that one of two DBDs
can be switched on and off, this might represent the mechanism, how chromatin is remodelled
by DEK (Waldmann et al., 2004).
The protein was first discovered in a patient with the initials DK with a subtype of acute
myeloid leukaemia were DEK was fused to the CAN protein (von Lindern et al., 1992; Kraemer
et al., 1994). DEK has been found to be unregulated in many cancer tissues, leading to the
description as an oncogene (Wise-Draper et al., 2009). Later on, it was also found in synovial
fluids of patients with rheumatoid arthritis as an auto-antigen (Mor-Vaknin et al., 2011).
Furthermore, DEK was associated with DNA coiling properties (Alexiadis et al., 2000). It
has been shown that DEK prefers binding to four-way junctions and superhelical DNA and
that it is able to introduce positive supercoils into DNA (Waldmann et al., 2002, 2003). Upon
DNA damage, DEK is also PARylated, which influences DEK’s DNA-binding activity in vitro
as well as its interactions with other chromatin binding proteins. PARylation of DEK occurs
during apoptosis where it is released from chromatin and later on in the extracellular space
which in turn leads to the ability of antibodies recognising DEK as an auto-antigen (Kappes
et al., 2008). DEK has also been implicated in DNA repair: cells with down-regulated DEK
expression show a prolonged persistence of DNA strand break markers such as γH2AX (Kappes
et al., 2008). The pathway(s) linking DEK to histone modifications and structural chromatin
alterations, in particular those induced by genotoxic stress, are largely unknown.
A function for PARP1 and the histone chaperon SET was found in removing DEK from
chromatin to allow access for the transcription machinery (Gamble and Fisher, 2007). This
further pronounces the role of PARP activity in transcriptional regulation and the tight
association of PARP with DEK.

1.9 Non-covalent interaction of proteins with PAR
Beyond covalent modification with PAR by PARPs, a large number of proteins interact with
PAR in a non-covalent fashion.
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In most cases a PAR binding motif (PBM) is responsible for non-covalent interaction of proteins
with the polymer. The motif consists of a stretch of basic amino acids spaced by hydrophobic
residues, i.e. hxbxhhbbhhb10 . In addition, an area of basic amino acids N-terminally from the
stretch is a common feature. Interestingly, mutation of hydrophobic but not basic amino acids
in the motif led to significantly reduced binding to PAR in the study from Pleschke et al..
Originally a number of about 20 proteins that own the PBM has been discovered. Most of the
proteins are involved in DNA structure, damage checkpoint, repair and telomeric maintenance
such as histones, p53, XRCC1, XPA and TERT (Pleschke et al., 2000). In a later study,
the motif search of the PBM was extended11 , leading to the discovery of a larger amount of
putative PAR binders that have been only in part confirmed by in vitro studies so far (Gagné
et al., 2008).
Histones bind to automodified PARP1 and a so-called histone shuttling mechanism was proposed.
The covalent modification of the chromatin compacting histones leads to electrostatic repulsion
from DNA which makes it more accessible for repair factors under conditions of DNA damage
(Realini and Althaus, 1992; Althaus, 1992).
Also other potential PAR binding sites have been proposed in the past: macro domains and a
PAR binding zinc finger (PBZ):
A conserved 190 amino acids domain known as the macro domain was found in the so-called
macro-PARPs and macro-histones. The domain is responsible for binding mono-ADPr and
the last ADPr unit of a polymer chain in an end-capping fashion. The following PARP
family members own a macro-domain: PARP9/BAL1/ARTD9, PARP14/BAL2/ARTD8 and
PARP15/BAL3/ARTD7. (Karras et al., 2005; Dani et al., 2009; Hottiger et al., 2010; Mehrotra
et al., 2011). Another study showed that binding of histone macroH2A1.1 to sites of PARP
activity and that this leads to chromatin rearrangements (Timinszky et al., 2009).
The PBZ motif was found in proteins involved in the DNA damage response and checkpoint
regulation and was also necessary for covalent modification with PAR in the studied proteins,
i.e. APLF (aprataxin PNK-like factor) and CHFR (checkpoint protein with FHA and RING
domains). A putative regulatory effect was shown by reduced activity of CHFR when mutating
the motif or under suppression of PAR synthesis (Ahel et al., 2008).
The following table lists proteins that are known to interact with PAR in a non-covalent
fashion.
10
11

h: hydrophobic aa, b: basic aa, x: any aa.
The new algorithm used for search in the PATTINPROT search tool located on NPS@ (Network Protein
Sequence @nalysis, http://npsa-pbil.ibcp.fr/) reads: [HKR]-X-X-[AIQVY]-[KR]-[KR]-[AILV]-[FILPV] using
the Swiss-Prot database without allowing mismatches (100% similarity).

42

1 Introduction

PAR binding protein

Proposed main function

References

20S proteasome
AIF
AIP
APLF (PBZ)
ATM
BID
BUB3
CAD
CAP-D2
Caspase 7
CENP-A
CHFR (PBZ)
CSB/ERCC6
DEK
DNA ligase III
DNA polymerase η
DNA topoisomerase 2β
DNA-PKcs
DNMT1
H1, H2a, H2b, H3, H4
HKCD1
hnRNPs
iNOS
Ku70
Lamins
Macro ALC1
Macro PARP14/ARTD8
Macro PARP15/ARTD7
Macro PARP9/ARTD9
MacroH2A
Macro-domain proteins (general)
MARCKS
MRE11
MRP
MSH6
MVP
NF-κB
Nuclear matrix proteins

Protein degradation
Apoptosis
Cell division regulation
DNA damage response
DNA damage checkpoint
Apoptosis
Cell cycle regulation
Apoptosis
Chromatin structure
Apoptosis
Mitotic regulation
Cell cycle regulation
DNA repair
Chromatin structure
DNA repair
DNA repair
Chromatin structure
DNA repair
DNA stability / transcr. regulation
Chromatin structure
Cell metabolism
mRNA maturation and transport
Inflammation
DNA repair
Subnuclear structure
Chromatin structure
Transcriptional regulation
RNA processing
B-cell migration
Chromatin structure
diverse
Cytoskeleton remodeling
DNA repair
Cytoskeleton remodeling
DNA repair
Nucleocytoplasmatic transport
Transcriptional regulation
Subnuclear structure

p21CIP/W AF 1
p53
PBZ-containing proteins (general)
TERT
TRF2
vPARP/PARP4/ARTD4
WRN
XPA
XRCC1

Cell cycle regulation
Cell cycle regulation
diverse
Telomere maintanance
Telomere maintanance
Nucleocytoplasmatic transport
Diverse roles in DNA metabolism
DNA repair
DNA repair

Mayer-Kuckuk et al. (1999)
Wang et al. (2011)
Gagné et al. (2008)
Ahel et al. (2008)
Haince et al. (2007)
Gagné et al. (2008)
Gagné et al. (2008)
Pleschke et al. (2000)
Gagné et al. (2008)
Germain et al. (1999)
Gagné et al. (2008)
Ahel et al. (2008)
Gagné et al. (2008)
This study, Fahrer et al. (2010)
Pleschke et al. (2000)
Pleschke et al. (2000)
Gagné et al. (2008)
Pleschke et al. (2000)
Reale et al. (2005)
Panzeter et al. (1993)
Gagné et al. (2008)
Gagné et al. (2003)
Pleschke et al. (2000)
Pleschke et al. (2000)
Gagné et al. (2003)
Ahel et al. (2009)
Amé et al. (2004); Karras et al. (2005)
Amé et al. (2004); Karras et al. (2005)
Amé et al. (2004); Karras et al. (2005)
Timinszky et al. (2009)
Karras et al. (2005)
Schmitz et al. (1998)
Haince et al. (2008)
Schmitz et al. (1998)
Pleschke et al. (2000)
Kickhoefer et al. (1999)
Pleschke et al. (2000)
Malanga et al. (1998); Malanga and Farina
(2000)
Pleschke et al. (2000)
Malanga et al. (1998)
Ahel et al. (2008)
Pleschke et al. (2000)
Dantzer et al. (2004)
Kickhoefer et al. (1999)
This study
Pleschke et al. (2000) and this study
Pleschke et al. (2000)
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Table 1.2: List of proteins and their main functions which are known to bind PAR in a non-covalent fashion.
Modified and supplemented from Matthias Altmeyer, diploma thesis. “Macro”- before the protein name indicates
that the protein contains a macro-domain. PBZ: PAR binding zinc finger. The proteins cited from the Gagné et al.
2008 study are the ones where PAR binding to peptides was verified in vitro. Alternative protein names are separated
by a slash.

Taken together, the abundance of proteins associating with PAR, plus the interesting regulatory
consequences for the binding proteins that have been discovered so far, make it most necessary
to further investigate the regulatory function on most of the yet uncharacterised PAR binding
proteins. Taking into account that physiological and pathophysiological consequences of
PARylation activity might be highly dependent on PAR homeostasis and that PARP inhibitors
are already used in treatment against some of these pathologies, studying the functional
regulation of these target proteins by PAR seems to be of crucial importance.
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2.1 Material lists
2.1.1 Organisms and vectors
The following table lists cell lines and plasmids used in this study. Antibiotic resistance genes
and restriction sites of the vectors are given in brackets.
Organism / Vector

Source

Escherichia coli DH5α
Sf 9 (IPLB-Sf21-AE) insect cells
High Five insect cells

Invitrogen
Becton-Dickinson
Martin Scheffner, University of Konstanz, Germany

pET15b::XPA (WT) (Amp)
pSL1180::His-XPA (BglII/NotI) (Amp)
pVL1392::His-XPA (BglII/NotI) (Amp)
pEGFP-N1::XPA-eGFP (Kan)

Hanspeter Nägeli, University of Zurich, Switzerland
Matthias Altmeyer, University of Konstanz, Germany
Matthias Altmeyer, University of Konstanz, Germany
Wim Vermeulen, Jan H. J. Hoeijmakers, Erasmus University, Rotterdam, Netherlands

2.1.2 Buffers, solutions and media
Buffer
Cell culture
LB medium
LB agar
2× YT medium
TB buffer
mammalian cell culturing medium
mammalian cell culturing medium without phenol-red

Composition

0.5% (w/v) bacto yeast extract (10 g), 1% (w/v) bacto tryptone (20 g) and 1% (w/v)
NaCl (20 g), autoclaved
as LB medium plus addition of 1.5% (w/v) bacto agar (30 g)
1.6% (w/v) bacto trypton, 1% (w/v) bacto yeast extract, 85.5 mM NaCl; autoclaved
250 mM KCl, 15 mM CaCl, 10 mM PIPES-KOH brought to pH6.7; 55 mM MnCl2 ;
sterile-filtred
DMEM 1× (41966, Gibco) supplemented with 10% (v/v) FCS, 1% (v/v) 100x
Pen/Strep (10378016, Gibco), 1% (v/v) L-Gln 100x (25030, Gibco)
DMEM 1× (31053, Gibco) supplemented with FCS and Pen/Strep as above
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Buffer
Sf 9/High Five adherent cell culturing
medium
Sf 9 suspension cell culture medium
mammalian cell freezing medium
Sf 9/High Five freezing medium
PBS
PBS-MT immunofluorescence blocking
solution
Molecular cloning
DNA 6× loading dye
Generuler 1 kB DNA Ladder
PageRuler prestained protein ladder
biotinylated SDS-PAGE standard, broad
range
ampicillin (Amp)
kanamycin (Kan)
TAE buffer
ethidium bromide solution
Biochemistry
ECL solution A (selfmade)
ECL solution B (selfmade)
ECL mix
TBE (5×)
TBE (1×)
bind silane solution
repel silane solution
fixation solution for PAR silvergels
silver staining solution
silver developing solution A
silver developing solution B
silver developing solution
TE buffer
TBST
WRN-DNA EMSA hybridisation buffer
WRN-DNA EMSA buffer (5×)
WRN-DNA loading dye
WRN helicase buffer (5×)
WRN exonuclease buffer
WRN helicase stop dye
WRN exonuclease stop dye
High Five XPA lysis buffer
XPA purification buffer
XPA dialysis buffer

Composition
TNM-FH insect culture medium (Bio&SELL), included FCS already, supplemented
with Pen/Strep as above
TNM-FH insect culture medium (Bio&SELL), included FCS already, supplemented
with Pen/Strep as above and 0.2% (w/v) pluronic acid
mammalian or insect cell medium supplemented with 20% (v/v) FCS and 10%
(v/v) DMSO
TNM-FH+ , 20% (v/v) FCS, 10% (v/v) DMSO
137 mM NaCl, 10 mM NaHPO4 , 3 mM KH2 PO4 pH7.4, autoclaved
5% (w/v) skim milk powder, 0.05% Tween 20 in PBS

MBI-Fermentas
MBI-Fermentas
Fermentas
Bio-Rad
final concentration 100 µg ml−1 , from sterile-filtered 100× stock
final concentration 40 µg ml−1 , from sterile-filtered 100× stock
40 mM Tris-HCl, 20 mM acetic acid, 1 mM EDTA
10 µg ml−1 ethidium bromide

100 mM Tris-HCl (pH8.5), 2.5 mM luminol, 0.4 mM p-coumaric acid
100 mM Tris-HCl (pH8.5), 0.018% (v/v) H2 O2
40% (v/v) ECL solution A and (selfmade), 10% (v/v) ECL Advance solution A and
B
500 mM Tris, 500 mM boronic acid (H3 BO3 ), 10 mM EDTA
20% (v/v) 5× TBE
80% (v/v) ethanol, 2% v/v acetic acid, 0.1% (v/v) bind silane
repel silane solution was used as delivered by the manufacturer
225 ml H2 O, 25 ml 100% acetic acid, 250 ml ethanol
420 ml H2 , 30 ml silver reagent
195 ml H2 O, 30 ml reducer aldehyde solution
195 ml H2 O, 30 ml reducer base solution
mixture of silver developing solution A and B
10 mM Tris-HCl pH7.4, 1 mM EDTA, sterile-filtered
150 mM NaCl, 10 mM Tris-HCl pH8.0, 0.05% (v/v) Tween 20
50 mM NaCl in TE buffer
200 mM Tris-HCl pH8.0, 20 mM MgCl2 , 0.5 mg ml−1 BSA, 25 mM DTT, 0.5% (v/v)
Nonidet P40 substitute
40% (v/v) glycerol, 0.05% (w/v) OrangeG and 0.05% (w/v) bromphenolblue
150 mM HEPES-KOH pH7.4, 25% (v/v) glycerol, 200 mM KCl, 0.5 mg ml−1 BSA,
5 mM MgCl2 , 5 mM ATP
200 mM Tris-HCl pH8.0, 20 mM MgCl2 , 0.5 mg ml−1 BSA, 20 mM DTT
1% (w/v) SDS, 40% (v/v) glycerol, 50 mM EDTA, 0.05% (w/v) OG, 0.05% (w/v)
BPB, 0.05% XC
97.5% (v/v) formamide, 10 mM EDTA pH7.5, 0.04% (w/v) OG, 0.04% (w/v) BPB
and 0.04% XC
50 mM KH2 PO4 -KOH pH8.0, 100 mM KCl, 0.5% (v/v) NP-40, 1 mM EDTA, 10%
(v/v) glycerol, 0.5 mM PMSF
100 mM KCl, 0.01% (v/v) NP-40, 1 mM EDTA, 10% (v/v) glycerol, 0.5 mM PMSF
25 mM HEPES-KOH pH 7.8, 100 mM KCl, 10% (v/v) glycerol, 1 mM EDTA
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Buffer
XPA-DNA EMSA oligo hybridisation
buffer
5× XPA-DNA EMSA buffer
1× XPA-DNA EMSA buffer
6× XPA-DNA EMSA loading dye
6× PAR loading dye for modified sequencing gels
Separating gel buffer for SDS-PAGE
Stacking gel buffer for SDS-PAGE
5× SDS protein loading buffer
1.5× urea protein loading buffer
10x running buffer (Laemmli)
1× running buffer (Laemmli, 1970)
Marker mix for SDS-PAGE and WB1

Towbin buffer / western blot transfer
buffer
Denaturing urea-based sequencing
PAGE (WRN EXO)

Composition
50 mM Tris-HCl pH7.4, 10 mM MgCl2 , 1 mM DTT
125 mM HEPES-KOH pH 8.3, 150 mM KCl, 20 mM MgCl2 , 5 mM EDTA, 50% (v/v)
glycerol, 225 µg ml−1 BSA, 4.5 mM DTT
20% (v/v) of 5× XPA-DNA EMSA buffer
100 mM Tris-HCl pH 8.8, 10% (v/v) glycerol, 0.05% BPB, 0.05% XC, 0.05% OG
97.5% (v/v) formamide, 10 mM EDTA pH7.5, 0.04% (w/v) BPB, 0.04% (w/v) XC,
0.04% (w/v) OG
1.86 M Tris-HCl pH 8.8, 7 mM SDS
0.25 M Tris-HCl pH 6.8, 7 mM SDS
100 mM Tris-HCl pH 8.0, 25% (v/v) β-mercaptoethanol, 5% (v/v) glycerol, 12.5%
(w/v) SDS, 0.01% bromphenol blue
93.75 mM Tris-HCl pH6.8, 9 M urea, 7.5% (v/v) β-mercaptoethanol, 15% (v/v)
glycerol, 3% (w/v) SDS, 0.01% (w/v) BPB
250 mM Tris-HCl pH 8.6, 1.92 M glycine, 1% (w/v) SDS
10% (v/v) 10x running buffer
1.5 µl biotinylated marler, 4.5 µl 1× running buffer, 4 µl 5× SDS protein loading
buffer heated 5 min 95°C and cooled down to RT; addition of 10 µl pre-stained
marker2
25 mM Tris-HCl pH8.6, 192 mM glycine, 20% (v/v) methanol, 0.1% (w/v) SDS)
8.4 ml Rotiphore Sequencing Gel Concentrate, 5.1 ml Rotiphore Sequencing Diluents, 1.5 ml Rotiphore Sequencing Buffer Concentrate, 6 µl TEMED, 120 µl APS

Table 2.2: Buffers, solutions and media. If not indicated differently all buffers were prepared in aqueous solution
using MilliQ H2 O.

2.1.3 Media and kits
The following media and kits have been in usage in this study.

1
2

Description

Source

Media and supplements
DMEM with glucose, L-glutamine and pyruvate
DMEM phenol-red free with glucose
L-glutamine 100x
TNM-FH insect culture medium
FCS
Penicillin/Streptomycin
Trypsin/EDTA (0.25%)

41966-029, Gibco
31053-028, Gibco
Gibco
Bio&SELL
Biochrom/Seromed
Gibco
Sigma Aldrich

Kits and ready-to-use reagents
BD BaculoGold Transfection Kit
Color Silver Stain Kit

Becton-Dickinson
Pierce

enough for two lanes, i.e. 2 × 10 µl
For gels that were stained by Coomassie 5 µl pre-stained marker (only) were directly loaded on the gel lane.
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Description
ECL Advance solution A and B
ECL Advance Western Blotting Detection Kit
High Pure PCR Template Preparation Kit
KOD Hot Start DNA Polymerase 200U Kit
MiniElute gel extraction kit
Mycoplasma PCR ELISA kit
PageBlue protein staining solution
PhoenIX filter midiprep kit
QIAquick Gel Extraction Kit (250)
SYPRO Ruby protein blot stain solution
TransIT-HeLaMONSTER Transfection Kit
ZR Plasmid Miniprep Classic

Source
GE Healthcare
RPN2135, GE Healthcare
11 796 828 001, Roche
Merck
Qiagen
Roche
R0571, Fermentas
MP Biomedicals
Qiagen
Invitrogen
Mirus
Zymo Research

2.1.4 Antibodies
The following table lists antibodies used for detection of proteins and polymers transferred on
nitrocellulose or nylon membrane and also for immunofluorescence.
Antibody name & Specification

Source

Mouse-anti-hPARP1 CII10; monoclonal, PARP1 specific, species unspecific,
raised against DNA binding domain
Mouse-anti-PAR 10H; monoclonal, PAR specific

Hybridoma cells from G. G. Poirier,
Québec, Canada
Hybridoma cells from M. Miwa and
T. Sugimura, Tokyo, Japan
Santa Cruz
Santa Cruz
DakoCytomation
DakoCytomation
Molecular Probes

Rabbit-anti-XPA sc-853 (FL-273); polyclonal, full-length XPA
Rabbit-anti-WRN sc-5629 (H-300); polyclonal, epitope aa1133-1432
Goat-anti-mouse-HRP IgG; polyclonal secondary antibody for WB
Goat-anti-rabbit-HRP IgG; polyclonal secondary antibody for WB
Goat-anti-rabbit-Alexa flour antibodies; polyclonal secondary antibodies for
IF
HRP, horse radish peroxidase; WB, western blot; IF, immunofluorescence.

2.1.5 Reagents
Reagent

Source

β-mercaptoethanol
2-propanol / isopropanol
acetic acid 100%

Sigma-Aldrich
Riedel-de-Haën
VWR
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Reagent
agarose universal
ampicillin
APS
AquaPolymount
Bacto agar
Bacto tryptone
Bacto yeast extract
bicine
boric acid
BPB
BSA
BSA for restriction digests
CasyTon and Casy Clean
chloroform
Coomassie Blue R-250
DEAE-Sepharose Fast Flow
double-stranded DNA cellulose (calf thymus)
DMSO
DTT
EDTA
ethanol 99.8%
ethidium bromide
formaldehyde 47%
formamide
glucose
glycerol
glycine
HEPES
Hoechst 33342
hydrochloric acid (HCl) 37%
hydrogen peroxide 30% (H2 O2 )
imidazol
isoamyl alcohol
kanamycin
KOD Hot Start DNA Polymerase (71086)
luminol
magnesium chloride (MgCl2 )
methanol
MiliQ water

Source
Bio&SELL
Sigma-Aldrich
Serva
Polysciences
Becton-Dickinson
Becton-Dickinson
Becton-Dickinson
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
NEB
Schärfe-System
Merck
Roth
Amersham Biosciences
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Roth
Riedel-de-Haën
Sigma-Aldrich
Riedel-de-Haën
Sigma-Aldrich
Merck
Roth
Roth
Roth
Molecular Probes
Riedel-de-Haën
Merck
Merck
Merck
Sigma-Aldrich
Merck
Fluka
Roth
Riedel-de-Haën
Generated by MiliQ-Q Plus PF,
Millipore
Sigma-Aldrich
GE Healthcare

NAD+
Ni Sepharose 6 Fast Flow
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Reagent
Nonidet P-40 substitute
OG
p-coumaric acid
paraformaldehyde
perchloric acid
phosphoric acid (H3 PO4 )
Pluronic acid F-68 (10 %)
PMSF
potassium chloride (KCl)
potassium hydroxide (KOH)
protamine sulfate
Q-Sepharaose Fast Flow
Restriction enzymes and their buffers
RNase
Rotiphorese 40% acrylamide:bisacrylamide 19:1
Rotiphorese 30% acrylamide:bisacrylamide 37.5:1
Rotiphorese sequencing gel buffer concentrate
Rotiphorese sequencing gel concentrate
Rotiphorese sequencing gel diluents
SDS
silane (bind- and repel-)
skim milk powder
sodium acetate
sodium chloride (NaCl)
sodium hydroxide (NaOH)
Streptavidin-HRP
T4 Ligase and buffer
TCA
TEMED
Triton X-100
Trizma base (Tris)
Tween 20
urea
XC

Source
Fluka
Sigma-Aldrich
Fluka
Serva
Riedel-de-Haën
Riedel-de-Haën
Sigma-Aldrich
Sigma-Aldrich
Riedel-de-Haën
Merck
Sigma-Aldrich
Amersham Biosciences
Fermentas
Sigma-Aldrich
Roth
Roth
Roth
Roth
Roth
Serva
Amersham Biosciences
Rapilait
Merck
Roth
Riedel-de-Haën
Amersham Biosciences
Fermentas
Roth
Serva
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Merck
Sigma-Aldrich

2.1.6 Equipment
Description

Source

AG204 Delta Range precision balance
agarose gel electrophoresis units
autoclave

Macherey-Nagel
Bio-Rad
Sauter
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Description
bacterial cell incubator
Casy cell counter Model TT
cell culture material (dishes, flasks, pipettes)
cell scraper
Cryo 1°C cryocontainer
D-Tube Dialyzer Maxi MWCO 3.5 kDa
Digital camera D60
Eppendorf Research micro-pipettes
Flex Cycler (PCR)
Function Line insect cell incubator
GelDocXR System
Gel Jet Imager agarose gel documentation
glassware
Hera Cell 240 incubator for mammalian cell culture
Hot air oven
HPLC column DNAPac PA100 semi-prep
HPLC system PU-980
ImageQuant LAS 4000 chemiluminescence detector
Isopore polycarbonate membrane filters (TSTP01300)
LaminAir H2448 laminar flow clean bench
latex gloves
magnet stirrer MR 3001 K
Mettler PM2000
microwave oven
nitril gloves
pasteur pipettes
PCR tubes
pH meter Microprocessor pH 537
Photometer Nanodrop ND-1000
Photometer Ultraspec 2100 Pro
Pipetboy Comfort
pipette tips
Polyprep columns
Power supply Electrophoresis 301
Power supply model 1000/500
Power supply model 200/2.0
Power supply Power Pac 300
reaction tubes (0.5 ml, 1.5 ml, 2 ml)
reaction tubes (15 ml, 50 ml)
Rotator MACSmix
SDS-PAGE unit Hoefer MiniVE system
Semidry blot transfer unit Hoefer TE77
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Source
Infors
Schärfe System
Corning
Greiner
Nalgene
Merck
Nikon
Eppendorf
Analytik Jena
Heraeus
Bio-Rad
Intas
Schott
Heraeus
Heraeus
Dionex
Jasco
GE Healthcare
Millipore
Heraeus
MaiMed
Heidolph
Mettler Toledo
MDA
VWR
Brand
Biozym Scientific
WTW
Peqlab
Amersham Biosciences
Integra Biosystems
Sarstedt
Bio-Rad
Amersham Biosciences
Bio-Rad
Bio-Rad
Bio-Rad
Sarstedt
Corning
Miltenyi Biotec
Amersham Biosciences
Amersham Biosciences
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Description
sequencing gel electrophoresis unit
Shaker Duomax 1030
Shaker IKA Schüttler MTS4
Slide-A-Lyser 10K Dialysis Cassettes
SLT Spectra ELISA 96-well reader
SuperFrost microscope slides
Suspension insect cell incubator
Syringes and hollow needles
Thermomixer Comfort
Transfer membrane Hybond-ECL (nitrocellulose)
Transfer membrane Hybond-N+ (nylon)
UV cuvette Uvette
UV germicidal lamp
UV integrator
UV table
Vortex-Genie, Vortex-Genie 2
Water bath incubator Haake SWB25
Water preparation unit MilliQ Plus PF
Western blot wet transfer unit Hoefer Mini Blot Module
Whatman blotting paper GB002
Centrifuges
5415 R centrifuge
5810 R centrifuge
Biofuge Fresco centrifuge
Biofuge Pico centrifuge
Function Line Labofuge 400 centrifuge
RC 6+ centrifuge
Microscopes
Axiovert 200M microscope
Leitz DM IL Light microscope
LSM 5 Pascal
LSM 700 microscope
Microscope Leica DMI6000B / AF6000 LX
Zeiss Axiovert 100M LSM 5 Pascal

Source
BioRad
Heidolph
IKA
Pierce
SLT Labinstruments
Menzel
Thermo
Becton-Dickinson
Eppendorf
Amersham Biosciences
Amersham Biosciences
Eppendorf
Benda
Beltron
Bachofer
Roth
Thermo Electron
Millipore
Amersham Biosciences
Schleicher & Schuell
Eppendorf
Eppendorf
Heraeus
Heraeus
Heraeus
Sorvall
Zeiss
Leica
Zeiss
Zeiss
Leica
Zeiss

2.1.7 Software
Software

Description

easyWin basic V6.0a
Geneious
GraphPad Prism

TECAN
Version 4.8.3
Version 5.0
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Software
ImageJ
Intas 1.51
JabRef
Keynote
Leica Application Suite Advanced Fluorescence
Mac OS X 10.7 bundled software
Microsoft Excel
NanoDrop 1000 3.8.0
Papers
Quantity One
TEXShop
TEXdistribution

Description
Version 1.440
Intas GDS
Version 2.7
iWork 2009
Leica Camera AG
Apple, Cupertino, USA
Microsoft Office 2011
Peqlab
mekentosj.com, version 1.9.6
Version 4.6.5
Version 2.43
TeXLive-2011

2.1.8 Manufacturers’ offices
Manufacturer

Office

Acros
Amersham Biosciences / GE Healthcare
Analytik Jena
Bachofer
Becton-Dickinson
Benda
Bio-Rad
Bio&SELL
Biochrom/Seromed
Biozym
Biozym Scientific
Brand
Corning
Dionex
Eppendorf
Fluka
GE Healthcare
Greiner
Heidolph
Heraeus
IKA
Infors
Intas
Integra Biosystems
Invitrogen

Geel, Belgium
Freiburg, Germany
Jena, Germany
Reutlingen, Germany
Heidelberg, Germany
Wiesloch, Germany
München, Germany
Feucht bei Nürnberg, Germany
Berlin, Germany
Hess. Oldendorf, Germany
Oldendorf, Germany
Wertheim, Germany
Schiphol-Rijk, Netherlands
Ildstein, Germany
Hamburg, Germany
Buchs, Switzerland
München, Germany
Frickenhausen, Germany
Schwabach, Germany
Fellbach, Germany
Staufen, Germany
Bottmingen, Switzerland
Göttingen, Germany
Chur, Switzerland
Karlsruhe, Germany
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Manufacturer
Jasco
Leica
Macherey-Nagel
MaiMed
MBS-Fermentas
Menzel
Merck
Mettler Toledo
Millipore
Miltenyi Biotec
Mirus
Molecular Probes
MP Biomedicals
Nalgene
NEB
Peqlab
Pierce
Polysciences
Qiagen
Rapilait
Riedel-de-Haën
Roche Diagnostics
Roth
Sarstedt
Sauter
Schärfe System
Schleicher & Schuell
Schott
Serva
Sigma-Aldrich
SLT Labinstruments
Sorvall/Heraeus/Thermo
Thermo Electron
Thermo Scientific
VWR
WTW
Zeiss
Zymo Research

Office
Groß-Umstadt, Germany
Bensheim, Germany
Düren, Germany
Neuenkirchen, Germany
St. Leon-Rot, Germany
Braunschweig, Germany
Darmstadt, Germany
Giessen, Germany
Schwalbach, Germany
Bergisch Gladbach, Germany
Madison WI, USA
Leiden, Netherlands
Illkirch, France
Hereford, UK
Frankfurt/Main, Germany
Erlangen, Germany
Bonn, Germany
Eppelheim, Germany
Hilden, Germany
Sulgen, Switzerland
Seelze, Germany
Mannheim, Germany
Karlsruhe, Germany
Nürnbrecht, Germany
Sulgen, Switzerland
Reutlingen, Germany
Dassel, Germany
Mainz, Germany
Heidelberg, Germany
Steinheim, Germany
Crailsheim, Germany
München, Germany
Karlsruhe, Germany
München, Germany
Darmstadt, Germany
Weilheim, Germany
Göttingen, Germany
Irvine CA, USA
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2.2 Molecular cloning
2.2.1 Mutagenesis primer for XPA-PBM and XPA-PBM2
The following lists the primers used for XPA mutagenesis (XPA-PBM) according to Porter
et al. (2005). Mismatch bases are underlined.

Primer name
Sequence 5’–3’
Target region
Aim

XPA-PBM-SDM-fw

Primer name
Sequence 5’–3’
Target region
Aim

XPA-PBM-SDM-rv

GTAAAAGAATTGCGGCAAGCAGTAAGAAGCAGCCTGTGGAAAAGGG

1050–1095 in pSL1180::His-XPA; 1319–1364 in XPA-GFPdT-N1
Exchange of R into Q and V into L within the PAR binding motif

CCCTTTTCCACAGGCTGCTTCTTACTGCTTGCCGCAATTCTTTTAC

1050–1095 in pSL1180::His-XPA; 1319–1364 in XPA-GFPdT-N1
Exchange of R into Q and V into L within the PAR binding motif

The following primers and their reverse-complements (not shown) have been used for a new
site-directed mutagenesis strategy (XPA-PBM2) targeting six basic amino acids within the
PAR binding motif for an exchange into alanine.
Primer name
Sequence 5’–3’
Target region
Aim

XPA-PBM-SDM-SJ3-fw

Primer name
Sequence 5’–3’
Target region
Aim

XPA-PBM-SDM-SJ1-fw

GTAGCAGAATTGGCGGCAGCAGTAAGAAGCAGCGTGTGGAAAAGGG

1050–1095 in pSL1180::His-XPA; 1319–1364 in XPA-GFPdT-N1
Exchange of one K and two R into A

GTAGCAGAATTGGCGGCAGCAGTAGCAAGCAGCGTGTGGGCAGCGG

1050–1095 in pSL1180::His-XPA; 1319–1364 in XPA-GFPdT-N1
Exchange of two K and four R into A
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2.2.2 Sequencing primer to check correct and efficient site-directed
mutagenesis within pSL1180.
Primer name
Sequence 5’–3’
Target region

pSL1180seqfw
AGCTATGACCATGATTACG

212–230 in pSL1180::His-XPA

2.2.3 Sequencing primer to check correct insertion in pVL1392.
Primer name
Sequence 5’–3’
Target region
Primer name
Sequence 5’–3’
Target region

pVL1392seqfw
AAATGATAACCATCTCGC

4017–4034 in pVL1392::His-XPA
pVL1392seqrv
TGAAGCGGGTCCAAGTTTCCCTG

5204–5182 in pVL1392::His-XPA

2.2.4 Sequencing primers to check correct and efficient mutation in
pEGFP-N1
Primer name
Sequence 5’–3’
Target region

XPA-GFPdT-N1-fw

Primer name
Sequence 5’–3’
Target region

XPA-GFPdT-N1-rv

CCAACTTGTGATAACTGCAGAGATGCT

1022–1048

GTAGGTGGCATCGCCCTCGC

1621–1602

2.2.5 Sequencing primers to check correct and efficient insertion into
pET15b
Primer name
Sequence 5’–3’

pET15bseqfw

Primer name
Sequence 5’–3’

pET15bseqrv

GATCTCGATCCCGCGAAAT

GGGGTTATGCTAGTTATTGCTCA
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2.3 Biochemistry
2.3.1 Oligos for biochemical assays
The following table shows DNA oligonucleotides used for biochemical assays. Sequences are
always given in 5’–3’ direction and B stands for a biotin label and was always attached to the
5’ nucleotide. Oligos were obtained from Sigma Aldrich and Invitrogen.
Oligo name

Sequence

Purpose

EcoRI linker
B-ON1
ON8
B-22ForkA
22ForkB
B-34ForkA
34ForkB

GGAATTCC
ACCACCCTTCGAACCACAC
GTGTGGTTCGCGCGCGAAGGGTGGT
(TTT)5 -GAGTGTGGTGTACATGCACTAC
GTAGTGCATGTACACCACACTC-(TTT)5
(TTT)5 -(TTAGGG)4 -CATGCACTAC
GTAGTGCATG-(CCCTAA)4 -(TTT)5

PAR synthesis
XPA-EMSA
XPA-EMSA
WRN helicase assay, EMSA
WRN helicase assay, EMSA
WRN exonuclease assay
WRN exonuclease assay
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3.1 Cell culture
3.1.1 General aspects of cell culture
All cells, media, buffers and solutions for cell culture were sterilised by autoclaving, plastic
material such as pipettes were purchased as single-use sterile material. All the work with cells
occurred under a laminar air-flow hood which was sterilised using a UV lamp before starting
work. Working surface and material taken under the hood was pre-cleaned using 70% (v/v)
technical ethyl alcohol. Cells were cultured on 3.5-cm, 5-cm and 10-cm dishes or on well-plates
for experimental procedures. Media and buffers were pre-warmed to the suitable temperature,
i.e. 37°C or 26°C for human cells or insect cells, respectively. For adherent cell culture, usually
10-cm dishes were preferred over T75 flasks. The following dishes and plates were used in this
study. Volumes of PBS (for washing steps), medium and trypsin are also declared.
Dish / Plate

Volume of PBS or

Volume of trypsin

medium
3.5 cm

2 ml

0.25 ml

ibidi

2 ml

–

5 cm

5 ml

0.5 ml

10 cm

10 ml

1 ml

12 well

2 ml

0.25 ml

24 well

1 ml

0.1 ml

96 well

0.1 ml

-
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3.1.2 Freezing and thawing of cells
3.1.2.1 Freezing of cells
For freezing confluent cells were either trypsinated or scraped (depending on the cell type,
see below) and resuspended in 10 ml medium. After 5 min centrifugation at 126 × g and 4°C
medium was removed and cells were carefully resuspended in an adequate amount of ice-cold
freezing medium and distributed into ice-cold labelled cryovials with 1 ml each. Generally
the cell number per cryovial was 1 × 106 . The vials were transferred into a -20°C pre-cooled
cryo-freezing box that allows slow chilling and incubated at -80°C over night. Thereafter, vials
were transferred into a liquid nitrogen container.
3.1.2.2 Thawing of cells
Cryovials from liquid nitrogen were ethanolised and opened under the hood to avoid high
gas-pressure during thawing. The suspension was then thawed quickly in a 37°C water bath
by swirling the tube until the ice in the tube was almost completely melted. After further
ethanolisation, cells were resuspended using a 1000 µl pipette and transferred into a 50-ml tube
and 1 ml of medium was added dropwise while swirling the tube to avoid osmotic shock. After
incubation for 1 min, dropwise application of medium and 1-min incubation was repeated with
2 ml, 4 ml and 8 ml. The suspension was centrifuged 5 min at 126 × g, supernatant removed
and the pellet carefully resuspended in fresh medium before plating.

3.1.3 Sf 9 insect cell culture
Sf 9 cells originate from ovarian of Spodoptera frugiperda and were cultivated in a normal-air
incubator at 26°C as adherent cells. Usually these cells were cultivated in 10-cm dishes.
Adherent cells were cultured in TNM-FH+ medium supplemented with 1% (v/v) Pen/Strep,
FCS was already included from the manufacturer. Alternatively, Sf 9 cells were grown as
a suspension culture in TNM-FH∗ supplemented with 1% (v/v) Pen/Strep and 0.2% (w/v)
pluronic acid (see below).
Splitting of adherent insect cells occurred by replacing the old medium with new TNM-FH+
and scraping the layer of cells carefully with a rubber policeman until most of the cells were
dislodged. Subsequently cells were resuspended by pipetting up and down and transferred into
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a 50-ml tube. For 1:2 splitting, suspension was filled up to 20 ml and distributed among two
new dishes. The medium used for adherent Sf 9 cell culture was TNM-FH+ .
For cultivating Sf 9 cells as suspension cells1 first a normal adherent culture was performed
until gaining a number of about 1 × 108 cells. For transferring to suspension culture, TNM-FH+
of the cells growing on 10-cm dishes was replaced by 5 ml TNM-FH∗ suspension medium and
cells resuspended as described above. Cells from all plates were pooled, cell number determined
and centrifuged for 5 min at 126 × g. After removing the supernatant cells were resuspended
in 20 ml new TNM-FH∗ and transferred into a 500-ml culture flasks filling up with medium
to 100 ml. Culture was incubated at 26°C and 60 rpm O/N. The day after additional 100 ml
of fresh TNM-FH∗ were added and cell number determined. One day later, cell number was
determined, cells were centrifuged and resuspended in 400 ml of fresh TNM-FH∗ and cultured
for further two days until infection with the baculovirus.

3.1.4 High Five insect cell culture
High Five cells are adapted insect cells derived from Trichoplusia ni and were cultivated in
the same way as Sf 9 insect cells. The reason for using High Five cells instead of Sf 9 cells was
mainly a better yield of a certain protein expressed or less degradation products of a certain
protein.

3.1.5 Human cell culture
Human cells were cultivated in dishes in a 37°C incubator supplied with 5% CO2 .
3.1.5.1 Cultivation of HeLa cells
HeLa S3 cells derived from a cervical cancer of a patient called Henrietta Lacks were cultivated
mostly in 10-cm dishes as adherent cells. To prepare a HeLa cell suspension medium was
removed and replaced by 10 ml PBS buffer for a brief rinsing. PBS was replaced by 1 ml
trypsine/EDTA solution and incubated for 3 min in the cell incubator. The plate was then
rocked by beating in the corner of the closed plate twice and cells were then resuspended using
a 1000 µl tip. Afterwards, 9 ml of medium were added and cells resuspended using a 10-ml
pipette. The suspension was then transferred into a 50-ml tube and ready for determination of
1

Suspesion Sf 9 cells were consulted for hPARP1 expression
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cell number and further processing. For normal passaging 1 ml of this solution was carefully
mixed with 9 ml of fresh medium and plated on a new dish.

3.1.6 Determination of cell number using the Casy Cell Counter
For determination of the cell number a Casy Cell Counter was consulted. In principle the
procedure was according to the manufacturers instructions, the specifications for the different
cell lines varied, however, and are listed in the materials section. Briefly, 20, 50 or 100 µl of
cell suspension was transferred into 10 ml of Casy Ton solution, mixed well and measured. The
viable cells per ml (as defined by the instrument settings) were used as the cell number.
A 150 µm capillary was used with a sample volume of 400 µl. Triplicates were always measured
automatically. Dilution of cell suspension in CasyTon ranged from 1:100 to 1:1000.
Casy settings for different cell lines were the following. Living cells were defined in between
the range from left to right evaluation cursor:
Settings

HeLa S3

Sf9 adh.

Sf9 susp.

High Five

Left normalisation cursor (µm)

7.5

8.00

6.63

7.00

Right normalisation cursor (µm)

50.00

40.00

50.00

50.00

Left evaluation cursor (µm)

13.00

11.50

12.75

12.38

Right evaluation cursor (µm)

50.00

40.00

50.00

50.00

3.1.7 Transient transfection of HeLa S3 cells
A number of 7.5×104 HeLa S3 cells were seeded on ibidi dishes one day before transfection using
the TransIT-HeLa MONSTER transfection kit (Mirus). For each approach one transfection
mixture was prepared. Therefore 50 µl serum- and antibiotic-free medium (DMEM) were
mixed gently but extensively with 3 µl of TransIT reagent and incubated 15 min at RT.
Thereafter, 0.5 µg transfection plasmid were added, mixed again and incubated for 10 min at
RT. Subsequently, 1 µl of MONSTER reagent was added, mixed and incubated for another 10
min at RT before adding 500 µl complete medium. Medium from the cells was removed and
replaced by 550 µl of the transfection mixture, distributed equally and cells incubated for 48 h
before performing experiments.
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3.2 Expression and purification of proteins
3.2.1 Generation of baculovirus
The transfection Sf 9 cells with the baculovirus constructs was carried out using the BD Baculo
Gold Kit which was scaled down to lower amounts (3.5-cm dishes) for economical reasons.
A number of 3 × 106 Sf 9 cells were seeded on a 3.5-cm adherent cell culture dish and grown
over night. Thereafter, medium was soaked away and 380 µl transfection buffer A (TBA) were
added and incubated at 26°C during the following procedures. In a sterile 1.5-ml reaction tube,
2 µl baculovirus linear DNA were mixed with 1.2 µg pVL1392::His-XPA-PBM plasmid and
incubated for 5 min at RT. Then 380 µl transfection buffer B (TBB) was added and mixed
well. The mixture of vector plus TBB was added drop-wise to the cells with TBA and cells
were incubated for another 4 h at 26°C. Medium was soaked up and cells washed with 1.2
ml TNM-FH+ before again adding 1.2-ml medium for incubation at 26°C for 120 h (5 days).
Thereafter the virus supernatant could be harvested.

3.2.2 Harvesting baculovirus
The supernatant of the cells infected (or transfected) with baculovirus containing the virus
particles was isolated from the cell debris by centrifugation for 10 min at 1500 × g and RT.
The supernatant was stored at 4°C or for long-term storage2 at -80°C.

3.2.3 Amplification of baculovirus
For the amplification of a baculovirus suspension a number of 1.3 × 107 Sf 9 cells were seeded
on 10-cm adherent cell culture dishes and grown O/N. The medium was soaked away and virussuspension was added at a MOI3 between 0.1 and 0.5. For calculation of the inoculum volume
see equation 3.6. Remark: In case of baculovirus supernatant obtained from the baculoviral
transfection (see 3.2.1), 1.2 ml, i.e. the whole volume of supernatant of the 3.5-cm dish, were
used. Cells with the virus were incubated for 1 h at 26°C while carefully swirling the plates
every 10 min. After that 9 ml of TNM-FH+ medium were added and incubated until most of

2
3

longer than seven days
Multiplicity of infection (MOI) the ratio of virus particles (pfu, plaque-forming units) to cells (cfu, colony
forming units)
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the cells died due to infection4 . Baculovirus was harvested as described above. Usually the
whole procedure was repeated for gaining higher titers of baculovirus.

3.2.4 Determination of baculovirus titer
All volumes pipetted into the wells were 100 µl if not stated otherwise. For baculovirus infection
of insect cells with a certain MOI (see above) the virus titer, i.e. pfu, had to be determined by
consulting immunofluorescence microscopy. Therefore, 2 × 104 Sf 9 cells were seeded in 96-well
plates and allowed to attach for about 2 h at 26°C. Medium was replaced by baculovirus
dilutions ranging from 100 to 10−8 and a negative control (TNM-FH+ medium only), for each
concentration three wells were used in order to obtain triplicates. After incubation over 72 h at
26°C cells were fixed by adding 8% formaldehyde in PBS to come up with 4% final concentration
and incubated for 30 min at RT. Medium and formaldehyde were replaced by 100 mM glycine
in PBS and incubated 5 min at RT. Cells were permeabilised replacing glycine solution by
0.5% (v/v) Triton X-100 in PBS and incubated 5 min at RT. After two washing steps with
PBS cells were blocked in PBS-MT 1 h at RT. First and secondary antibody incubation (50 µl
first antibody α-WRN 1:1000 and 50 µl secondary antibody goat-anti-rabbit Alexa488 1:400 in
blocking solution) occurred for 1 h at 37°C in the dark in each case with three PBS washings
in between. Cells were washed thrice again and incubated with Hoechst 33342 (1:30000 in
PBS) at RT for 10 min followed by further three washing steps. Cells were kept covered with
PBS until fluorescent microscopy.
In the next step evaluation of the fluorescence occurred by building ratios of cells positive
for Alexa488 fluorescence indicating baculovirus infection versus total cells (Hoechst). Only
dilutions of baculovirus that led to a ratio of green-fluorescing cells to total cells between
10 and 90% were taken into data evaluation5 . Evaluation of the data and calculation of the
original titer was done by using Poisson distribution.
The likelihood of a virus particle infecting a cell follows Poisson distribution. Let k be the
number of virus particles infecting a cell, and m the MOI, the likelihood P(k) of cells being
infected can be expressed as:
P (k) =

4
5

e−m × mk
k!

mostly after ∼6 days
Usually very high titers lead to cell death and too low titers to non-fluorescing cells.
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Which leads to the following simplified equation for non-infected cells P(k=0):
P (k = 0) = e−m

(3.2)

⇔ m = −ln[P (k = 0)]

(3.3)

Solved for the MOI, m:

If P(k=0) is the ratio of uninfected cells, P(k>1) refers to virus infected cells:
P (k = 0) = 1 − P (k > 1)

(3.4)

This will finally lead to the virus titer defined by the following equation:
T =

m×c
−ln[P (k = 0)] × c
−ln[1 − P (k > 1] × c
=
=
D×V
D×V
D×V

(3.5)

T being the titer in pfu ml−1 , m the MOI, c the cfu (Sf 9 cells per well), D the diution (100 to
10−8 ), V the volume of the well.

3.2.5 Expression of recombinant proteins in insect cells
His-XPA and hPARP1 were expressed and purified as described in the following sections.
His-WRN was expressed and purified by Jörg Fahrer, PhD thesis.
3.2.5.1 Expression of His-XPA occurred in High Five adherent cells.
Cell suspension of adherent grown High Five cells were seeded on 10-cm dishes with a total
number of 7 × 105 cells per dish. Cells were allowed to attach for approximately 2 h and
infected with baculovirus with a MOI=4. The virus was incubated for 1 h at 26°C and gently
distributed every 10 min by gently swirling the dishes during that time. Thereafter, medium
was filled up to 10 ml and infected cells incubated for 3 d before harvesting by centrifugation
at 126 × g and RT. Pellets from insect cells three days p.i. were either lysed directly (see 3.2.6)
or stored at -80°C until protein purification.
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3.2.5.2 Expression of hPARP1 occurred in Sf 9 suspension cells
Human PARP1 was expressed and purified exclusively for large-scale PAR synthesis. Suspension
cells were cultured as described above (3.1.3), cell number determined and centrifuged. The
pellet was resuspended in 10 ml per 1 × 108 cells and transferred into a T75 flask. Cells were
inoculated with virus (MOI=3), calculated by equation 3.66 and incubated for 1 h at 26°C
while swirling every 10 min. Subsequently suspension was transferred to a 500-ml suspension
flask together with nine volumes TNM-FH∗ medium and incubated at 26°C and 60 rpm for 72
h. After centrifugation for 5 min at 126 × g and RT, pellets were lysed directly (see 3.2.6) or
stored at -80°C until protein purification.
inoculum[ml] =

M OI × cf u
pf u × ml−1

(3.6)

3.2.6 Purification of recombinant proteins from insect cells
All protein purification steps took place at 4°C (refrigerator or cold room) or on ice. Purification
buffers were sterile filtered and pre-chilled before usage. PMSF, β-mercaptoethanol, DTT and
imidazole were always added only right before usage.
3.2.6.1 Purification of His-XPA from High Five insect cells via Ni-NTA
chromatography
High Five insect cell pellets (one pellet per 10-cm dish was stored) were thawed on ice and
resuspended in 20 ml of High Five XPA lysis buffer and incubated for 20 min on an overhead
shaker for lysis. The tube was then transferred into a sonication bath which contained ethanol
on ice to cool the tube with the lysate. Sonication occurred at 30% duty cycle and max. output
for 10 min. Afterwards, high-speed centrifugation was carried out for 1 h at 20000 rpm in a
Sorvall RC6+ with SS34 rotor.
An amount of 1 ml Ni-NTA material (Novagen, 70691) was resuspended, transferred into a 2-ml
reaction tube and centrifuged for 1 min at 5000 rpm in a table-top centrifuge. Supernatant
was discarded and pellet resuspended in 2 ml 20% ethanol which could be distributed onto two
columns. The suspension was transferred into PolyPrep chromatography columns (BioRad
731-1550) and material allowed to settle for 5 min. Each column was washed twice with water
6

Calculation of baculovirus inoculum. MOI, multiplicity of infection; cfu, colony forming units; pfu, plaque
forming units
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and equilibrated by letting 5 ml of XPA purification buffer passing through by gravity flow.
Subsequently the cell lysate was loaded onto the column and the flow-through collected. From
this step forward all the flow-through was collected in 10-ml fractions and 1 ml fractions
for washing steps and elution steps, respectively. The column was washed with 10 ml XPA
purification buffer containing 1 mM imidazole. Proteins were eluted using 6 ml XPA purification
buffer containing 100 mM imidazole stepwise in 1-ml steps. The column was washed with 10
ml water before storage at 4°C. All collected fractions were detected for XPA on a Western
blot.
3.2.6.2 Purification of hPARP1 from Sf 9 insect cells
Lysis and precipitation of nucleic acids and proteins. Sf 9 insect cell pellets were thawed
on ice and resuspended in 7.5 ml lysis buffer (25 mM Tris-HCl pH 8.0, 10 mM EDTA, 50
mM glucose plus 1 mM PMSF, 1 mM β-mercaptoethanol) per 1 × 108 cells. Tween 20 (final
concentration 0.2% (v/v)), NaCl (final concentration 0.5 M) and NP40 (final concentration
0.2% (v/v)) were added and suspension incubated 20 min on a rotator. After centrifugation
for 30 min at 12000 × g supernatant was transferred into a new 50-ml centrifugation tube.
Protamin sulfate with a final concentration of 1 mg ml−1 was added and mixed smoothly but
thoroughly by inverting the tube. Centrifugation took place at 12000 × g for 30 min in a
Sorvall RC6+ with SS34 rotor. Ammonium sulfate was added slowly while shaking carefully
until a concentration of 30% saturation was reached. Centrifugation as before. The steps
were repeated with the supernatant and a final concentration of ammonium sulfate of 80%
saturation. After centrifugation, supernatant was discarded and pellet resuspended in 2.4 ml
per 1 × 108 cells purification buffer A (100 mM Tris-HCl pH7.4, 0.5 mM EDTA, 10% (v/v)
glycerol plus 1 mM PMSF, 12 mM β-mercaptoethanol).
Gel filtration. For gel filtration 1 g of Sepahdex G-100sf material was resuspended in 20 ml
purification buffer B (50 mM Tris-HCl pH8.0, 200 mM KCl, 1 mM EDTA plus 1 mM DTT,
10 mM β-mercaptoethanol) and incubated 30 min at RT on a rotator. A 50-ml syringe was
plugged with glass wool and loaded with the gel matrix, material was allowed to settle and
liquid to drain. Subsequently the resuspended pellet in purification buffer A was loaded on the
column. From this step forward all flow-through steps were collected as well as the elution
fractions for later inspection of protein elution on a western blot. Elution took place using
30 ml purification buffer C (50 mM Tris-HCl pH8.0, 0.5 mM EDTA, 5 mM MgCl2 5% (v/v)
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glycerol plus 1 mM PMSF, 12 mM β-mercaptoethanol) and 1.5-ml fractions were collected7 .
Column was washed with 30 ml purification buffer B (without DTT and β-mercaptoethanol)
and 30 ml H2 O2 .
DNA cellulose chromatography. For DNA cellulose chromatography 0.3 g double-stranded
DNA cellulose were resuspended in 5 ml purification buffer C (plus 100 mM KCl, 1 mM
PMSF, 12 mM β-mercaptoethanol) and incubated 30 min at 4°C on a rotator. After 5 min
centrifugation at 1000 × g supernatant was discarded, material washed in 7 ml purification
buffer C (as above) and incubated further 30 min on a rotator. Supernatant was again discarded
following further centrifugation. DNA cellulose was resuspended in 5 ml purification buffer C
(as above), loaded on a Polyprep column and allowed to settle and drain.
Elution fractions from gel filtration were pooled and loaded on the prepared DNA cellulose
column. Flow-through of this and further steps were collected. Washing I occurred with 6
ml purification buffer C (as above) and washing II with purification buffer C (as above, but
300 mM KCl). Elution of protein happened with 3 ml purification buffer C (here 800 mM
KCl). Column was washed with 6 ml purification buffer C afterwards. Of each fraction 10 µl
were kept for SDS-PAGE and supplemented with 1.5x urea sample buffer. The eluate was
supplemented with a final concentration of 20% (v/v) glycerol and dialysed against PARP1
dialysis buffer (500 ml 20% (v/v) glycerol in PBS) for 1 h at 4°C and repeated O/N in fresh
PARP1 dialysis buffer. Samples for SDS-PAGE were taken and dialysed PARP1 samples stored
at -80°C.
3.2.6.3 Determination of protein concentrations using Whitaker and Granum
A very rapid method of protein concentration determination was published by Whitaker and
Granum (Whitaker and Granum, 1980). The concentration of a polypeptide in solution is
thereby calculated by equation 3.7 with c: protein concentration in mg ml−1 and A235 and
A280 being the absorptions at 235 and 280 nm, respectively.
c=

7

A235 − A280
2.51

10 µl of each fraction were kept for SDS-PAGE and supplemented with 1.5x urea sample buffer
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3.2.6.4 Determination of protein concentrations using the Bradford assay
For Bradford based protein concentration determination a standard Bradford assay was
consulted with some modifications (Bradford, 1976). A dye stock was prepared by dissolving
100 mg of Coomassie Blue R-250 in 50 ml methanol. The solution was mixed with 100 ml of
85% H3 PO4 and diluted to 200 ml with water. An assay reagent was prepared by diluting
one volume of dye stock with four volumes water. BSA was used as protein standard with
concentrations of 0.0, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0 and 1.2 mg/ml. For the measurement, 1 ml assay
reagent was mixed well with 20 µl of protein solution and measured in a spectrophotometer at
595 nm8 . A standard curve for the BSA samples was calculated and protein samples measured
accordingly. BSA samples were performed in duplicates, protein samples in triplicates.
3.2.6.5 Purification of DEK, DEK fragments and synthesis of DEK oligopeptides
His-tagged full-length DEK and DEK fragments were produced in insect cells and purified as
previously described (Kappes et al., 2004). The DEK fragment of residues 68–226 was expressed
and purified from Escherichia coli as previously described (Böhm et al., 2005). DEK peptides
195–222, 158–181 and 99–119 were custom-synthesised by Coring System Diagnostix GmbH,
and peptides 329–352 and 314–334 were synthesised using an Fmoc/tBu-based solid phase
method in the lab of Prof. Przybylski (University of Konstanz). Affinity-purified polyclonal
DEK antibodies were used as reported previously Kappes et al. (2008, 2004). For overlay assay
procedure see 3.4.6.
3.2.6.6 Synthesis of WRN oligopeptides and PAR-overlay
WRN peptides 166–188, 1032–1058, 251–275 and 785–812, W-WT, W-b1, W-h1, W-h2 were
custom-synthesised by GenScript Corporation9 . For overlay assay procedure see 3.4.6. Briefly,
indicated amounts of each WRN peptide dissolved in PBS were immobilised on a nitrocellulose
membrane via a slotblot manifold and subsequently incubated with 3 nM biotinylated PAR
(in TBST). After washing with TBST containing 1 M NaCl, the membrane was blocked and
PAR was detected using streptavidin-HRP.

8
9

Absorbance values should be below 2.0 absorption units
WRN peptide 166–188 and W-WT are identical in sequence but synthesised at another time point during
the project.
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3.2.6.7 SYPRO Ruby peptide staining
Peptides blotted on nitrocellulose membranes were stained with SYPRO Ruby as a loading
control. Therefore, SYPRO Ruby protein blot stain solution (Invitrogen) was used according
to the manufacturer’s protocol. Briefly, after blotting, nitrocellulose membrane was immersed
in 7% (v/v) acetic acid plus 10% (v/v) ethanol and incubated for 15 min at RT on a shaker.
After washing four times for 5 min in water, membrane was immersed in SYPRO Ruby protein
blot stain solution for 15 min at RT on a shaker. After further six times washing for 1 min in
water, blot was detected in a GelDocXR System (Biorad) by UV illumination using Quantity
One software. Quantification of the blot occurred by using ImageJ.

3.3 Molecular cloning and in silico procedures
3.3.1 Basic molecular biology procedures
All procedures involving bacteria as a tool were carried out under sterile conditions, i.e. under
a laminar flow hood or using a bunsen. All media and buffers used for bacterial cell culture
were autoclaved or sterile-filtered before usage.
3.3.1.1 Production of chemocompetent E. coli
A 4-ml E. coli DH5α culture was grown for 8 to 12 h at 18°C on a rotator in 2x YT medium.
With this culture another 400 ml 2x YT medium were inoculated and grown O/N at 18°C until
an OD of 0.6 was achieved. The suspension was cooled down on ice for 10 min and centrifuged
for 10 min at 2500 × g and 4°C. Supernatant was removed and the pellet resuspended in 128
ml TB buffer and incubated for 10 min on ice before centrifuging again as above. The pellet
was resuspended in 32 ml TB buffer and DMSO to final concentration of 7% (v/v) was added,
mixed carefully and incubated on ice for another 10 min. The suspension was aliquoted in 200
µl, shock-frozen in liquid nitrogen and stored at -80°C.
3.3.1.2 Transformation into E. coli
For transformation 50 µl chemocompetent E. coli DH5α cells were thawed on ice. Subsequently
5 µl of ligation or PCR product were added and briefly and carefully mixed. The mixture was
incubated for 30 min on ice, following this heat-shocked at 42°C for 20 s and put back on ice
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immediately for another 2 min. Thereafter, 1 ml of 37°C pre-warmed LB medium were added
and the suspension incubated for 1 h 37°C in a thermomixer at 500 rpm. Finally, 10, 100 and
850 µl of the suspension were plated on LB-Amp/Kan agar plates and incubated O/N at 37°C.
Thereafter, 5–10 clones were picked using sterile toothpicks and a 5-ml liquid culture with
LB-Amp/Kan was inoculated therewith and rotated O/N at 37°C and 200 rpm in test-tubes.
Antibiotic-containing agar plates were prepared using hot and liquid LB agar. Before adding
Amp/Kan the LB-agar was cooled down to 50°C and the mixture plated on petri dishes.
3.3.1.3 Mini-preparation of plasmid DNA
Mini-preparation of plasmid DNA was carried out according to the protocol of Zymo-Spin.
3.3.1.4 Large-scale preparation of plasmid DNA
For large-scale preparation of plasmid DNA a Midi kit was consulted according to the manufacturers’ instructions. Each plasmid DNA of a clone that was needed for future experiments,
especially for transfections, was reproduced by large-scale preparation in order to have sufficient
and pure material.
3.3.1.5 Analytical and preparative restriction digest
For restriction digest, enzymes and buffers from Fermentas were used. Usually, ∼500 ng of
DNA was digested using 1 µl of each enzyme with the recommended buffer in a total volume
of 10 µl for 2 h at 37°C and 500 rpm on a thermomixer.
For preparative digest, i.e. for separation of vector backbone and insert, 10 µg of each plasmid
were digested with 2 µl of each enzyme in a total volume of 20 µl O/N at 37°C in a bacterial
cell incubator. Subsequently the products were separated by agarose gel electrophoresis and
the desired fragments were cut out of the gel with a scalpel and extracted using the MinElute
Gel Extraction kit (Qiagen) according to the manufacturer’s instructions.
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3.3.1.6 Agarose gel electrophoresis
For agarose gel electrophoresis 1% (w/v) agarose10 was boiled in 1x TAE buffer in a microwave
oven. After cooling down to ∼60°C the solution was poured into the gel tray with a comb. After
cooling and solidifying completely the tray with the gel was placed in a chamber containing
1x TAE buffer and comb was removed. Samples containing 6x loading buffer11 and 5 µl 1
kb DNA ladder were loaded into the pockets and gel run at a constant voltage of 120 V for
20 min. Afterwards the gel was incubated in an ethidium bromide bath for 15 min at RT
and afterwards rinsed in water for 5 min. DNA bands were then analysed using the Gel Jet
Imager.
3.3.1.7 Ligation of plasmid with insert
In a 15 µl approach, vector:insert were mixed in a 1:5 (one part plus 5 parts) ratio (48 ng vector
backbone plus 240 ng insert) and incubated 5 min at 55°C on a thermomixer and 1 min on ice.
Subsequently, ligase buffer and T4 DNA ligase were added and the reaction incubated O/N at
4°C. Inactivation occurred for 15 min at 65°C and the reaction was stored until transformation
at 4°C.

3.3.2 PAR binding motif sequence alignment
Putative PAR binding motifs were searched in silico using the PATTINPROT tool on the
NCBI website using the published motif pattern (Pleschke et al., 2000). The putative PAR
binding sites found in WRN were confirmed by Maria Malanga before peptide synthesis.

3.3.3 Site-directed mutagenesis
Comment: His-XPA-WT was already cloned from pET15b into pSL1180 by Matthias Altmeyer
using BglII and NotI sites. Also, a pVL1392::His-XPA-WT was already available through
Matthias Altmeyer. Vector maps were generated using Geneious application.
For whole-plasmid site-directed mutagenesis of the PAR binding motif, a PCR method using
complementary primers with the respective mismatches was consulted. It was taken care that
the primers do not produce new restriction sites. This method produces the whole plasmid
10
11

suitable for the analysis of fragments of a size between 1 and 10 kbp
final concentration: 1x
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as a nicked circle. The codons R228N and V234L according to Porter et al. (2005) should be
targeted leading to the codon conversions CGA → CAA and GUG → CUG, respectively. PCR
was performed using KOD polymerase according to the manufacturer’s instructions. From
each primer (forward and reverse) 1 µM was used in the reaction. As a template pSL1180::HisXPA or pEGFP-N1::XPA-eGFP with an amount of 20 ng from a large-scale preparation was
employed. Total volume of one PCR reaction sample was 50 µl. Importantly, a control without
primers was additionally carried out as a further PCR reaction. The PCR program was the
following:

Cycle no.
1
2
3
4
5
6

temperature

reaction time

95°C
95°C
66°C
70°C
70°C
4°C

2 min
20 s
30 s
1 min 45 s
10 min
–

Cycles 2–4 were repeated 25 times.
After mutagenesis PCR a DpnI digest was performed in a 40 µl approach for 4 h at 37°C using
2 µl of the enzyme, 2 µl of 10× buffer (sic!) and 20 µl of the PCR product. DpnI digests
methylated DNA; as only the bacterial plasmid but not the PCR product contains methylation
sites, the original plasmid will be digested, the PCR product will remain intact. I.e. after
transformation, clones that grow on the agar plates with Amp should be only the ones taken
up the complete vector from the PCR reaction. The approach without primers thereby serves
as a control. Transformation occurred as described above with 5 µl PCR product into 100
µl chemocompetent E. coli. Plasmids from clones of the transformation were extracted by
mini-prep and sequenced at GATC (primer pSL1180seqfw). Usually before sequencing the
clones a control digest (here NotI) was carried out for picking out promising candidates.
After large-scale preparation of the desired clone pSL1180::His-XPA-PBM (NotI, BglII; 5 µg
for 5 h) and the target baculovirus vector pVL1392-His-XPA (NotI, BglII; 10 µg for 20 h)
the His-XPA-PBM insert (904 bp) was ligated into the opened backbone of pVL1392 (9629
bp) and transformed as described above. After picking clones an analytical digest with PstI
– which cuts only in the insert – was performed and putative positive clones were sequenced
at GATC (primer pVL1392seqfw/rv). Clones that were correct in sequence were prepared in
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large-scale as described above and could be used for further experiments. Remark: For the
generation of the XPA-PBM2 mutant, the same methods were applied as for XPA-PBM.

3.3.4 Co-transfection of the baculovirus vector an pVL1392::XPA-PBM
in Sf 9 insect cells
For generation of the baculovirus see section 3.2.1.

3.3.5 Cloning into pET15b vector
The wild type XPA insert of pET15b::His-XPA (WT) was cut out using NotI and BglII as
described previously and XPA-PBM – cut from pVL1932::His-XPA-PBM – was ligated into
pET15b to produce pET15b::XPA-PBM. For sequencing the primers indicated in the materials
section were used.
The expression of His-XPA-WT and His-XPA-PBM in E. coli in the end was not accomplished as
we focused on the expression in the baculovirus system using the generated pVL1392 vector with
His-XPA-WT/PBM insert.

3.3.6 Site-directed mutagenesis of the XPA-eGFP fusion vector
XPA-GFPdT-N1 was present and could be used as a transfection vector. Actually, efficient transfection
into HeLa S3 cells could be performed using the TransIT HeLa MONSTER transfection kit (see
below). For site-directed mutagenesis the vector could be used as status quo and mutagenesis was
performed according to the procedure described for pSL1180::His-XPA with the same primer pair.

3.3.7 Cryoconservation of clones
From each clone a glycerol stock was prepared by growing 4 ml of culture with the desired clone O/N.
The next day 0.5 ml of the bacterial suspension were transferred on ice, mixed well but carefully with
0.5 ml 80% sterile glycerol and stored in a cryovial at -80°C.
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3.4 Biochemistry
3.4.1 Storage, freezing and thawing of compounds and proteins
All chemicals and proteins were stored according to the recommendations at RT, -20°C or -80°C.
Each solution stored in a frozen, i.e. solid, state was always thawed completely and mixed well before
using in a reaction. Proteins were stored in dialysis buffer including 20% (v/v) glycerol at -80°C in
small aliquots in order to avoid many freezing-thawing cycles. Protein aliquots were thawed on ice
and kept on ice while usage. Directly after usage they were shock-frozen in liquid nitrogen and again
stored at -80°C.

3.4.2 SDS-PAGE and Western blotting
3.4.2.1 SDS-PAGE
In order to separate proteins according to their molecular weight sodium dodecylsulfate polyacrylamide
gel electrophoresis (SDS-PAGE) was consulted (Laemmli, 1970). Polyacrylamide gels with a size of
(8.5 × 7) cm2 were casted as described in the following paragraphs. Therefore, two glass plates and
two spacers were cleaned with ethanol before assembling the gel tray. For avoiding gels to leak out of
tray, before adding the gel 0.5% (w/v) (hot) agarose in H2 O were used for clogging. The chemical
components were pre-mixed in a 50-ml reaction tube and TEMED and APS added in the end. A
stacking gel was placed over a separating gel.

Table 3.3: Denaturing separating gel. Volumes for one gel with (8.5 × 7) cm2 and 1.5 mm thickness. Proteins
(and their polyacrylamide/bisacrylamide concentration) in the separating gel were usually: WRN (8%), PARP1
(10%), XPA and DEK (12%).

Rotiphorese acrylamide/bisacrylamide (37.5:1)

8%

H2 O
8.2 ml
Separating Gel buffer
3.2 ml
Rotiphorese 30% acrylamide/bisacrylamide (37.5:1) 4.2 ml
TEMED
32 µl
10% (w/v)APS
132 µl

10%

12%

7.2 ml 6.0 ml
3.2 ml 3.2 ml
5.2 ml 6.4 ml
32 µl 32 µl
132 µl 132 µl

Preparation of separating gels for SDS-PAGE Separating gels were prepared as described in
table 3.3. Solutions were pipetted in the order of the table.
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When casting the separating gel, space was left for the stacking gel above the separating gel while
during polymerisation some isopropanol was placed above the separating gel. Before casting the
stacking gel, isopropanol was removed from the separating gel.

Preparation of stacking gels for SDS-PAGE Stacking gels were prepared as described in table
3.4. Solutions were pipetted in the order of the table.
Table 3.4: Denaturing stacking gel. Volumes for one gel as in table 3.4. Dimensions: (8.5 × 1.5) cm2 .

Rotiphorese acrylamide/bisacrylamide

5%

H2 O
2.2 ml
Stacking Gel buffer
3.2 ml
Rotiphorese 30% acrylamide/bisacrylamide (37.5:1) 1.1 ml
TEMED
12 µl
10% (w/v)APS
66 µl
Before polymerisation of the stacking gel a comb with the desired number of teeth was placed into the
gel. Before running the gel tray containing the polymerised stacking and separating gel was placed
into a tank, filled up with 1x Laemmli buffer and the comb was removed. Protein samples or cell
lysates for SDS-PAGE were denatured in 5x SDS or 1.5x urea protein loading buffer and heating
for 5 min at 95°C. In case of cell lysates, DNA shearing through a hollow needle using a syringe
was performed by soaking the suspension up and down several times before loading the samples into
the left space from the removed comb. The gel was run at a constant current 15 mA until samples
reached the separating gel and then at 25 mA until the blue frontline was running out of the gel.

3.4.2.2 Coomassie staining
Coomassie staining was performed using PageBlue Protein Staining Solution (Fermentas) according
to the manufacturer’s instructions. Briefly, the stacking gel was removed from the separating gel after
SDS-PAGE run with a spatula. Separating gel was rinsed 3 × 10 min in H2 O and stained with ∼20
ml PageBlue solution for 60 min at RT on a shaker. Subsequently, the gel was rinsed in H2 O for 5
min at RT; also longer if necessary.

3.4.2.3 Western blotting
Western blotting was carried out using the wet-blot technique in Towbin buffer. After separation
by SDS-PAGE proteins were transferred on a nitrocellulose membrane by migrating proteins in the
second dimension in an electric field. Blotting occurred at a constant current of 300 mA per 2 h
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(Towbin et al., 1979). After blotting, membrane was blocked in 5% skim milk powder in TBST. The
blotting chamber, Whatman papers and sponges were used as described by the manufacturer.

Incubation of antibodies and chemiluminescence detection Primary and secondary antibodies were diluted in 5% fat-free milk powder in TBST (usually 5 ml) as described in 2.1.4. The
marker lane was kept in TBST at 4°C. The marker lane was cut from the membrane and incubated
separately. The part of the membrane that should be detected by primary and secondary antibody
was first incubated in primary antibody for 1 h at RT12 on a tilt-shaker. Subsequently, the membrane
was washed thrice for 5 min in TBST at RT on a swirling shaker and incubated in secondary antibody
for 1 h at RT on a tilt-shaker. At the same time the marker lane was incubated in streptavidin-HRP
(usually 1 ml) diluted in TBST for 1 h at RT on a tilt-shaker. Afterwards, both the marker lane and
the blot part which was incubated with first and second antibodies were again washed with TBST
three times as described above. For chemiluminescence detection the marker lane was put at the
position next to the antibody-incubated blot part where it was before cutting and incubated with 500
µl mix-ECL solution which was distributed well on the surface of the membrane. Detection occurred
in a LAS-4000 chemiluminescence detector. Usually exposure time ranged between 10 and 60 s and
an ECL mixture as described in the materials section was prepared as detection solution. In case of
a strong signal, only self-made ECL solution was mixed for detection. In any case, combination of
solution A and B occurred right before detection only and the mixture was distributed rigorously but
carefully over the membrane.

3.4.3 Electrophoretic mobility shift assays
EMSAs were conducted for the separation of complexes of proteins with DNA from unbound DNA.
An decrease in electrophoretic mobility is achieved when the biotin-labelled DNA is bound by a
protein. EMSAs usually occurred by native TBE PAGE and subsequent semidry blotting.

3.4.3.1 Native TBE-PAGE
TBE gels were casted in the same fashion as SDS gels, however with the composition depicted in
table 3.5. Gel pockets were always rinsed with TBE buffer before loading the samples. Gels were run
until the OG marker migrated out of the gel. For details see also sections 3.4.9, 3.4.10 and 3.4.12.
Usually gel was run at a constant voltage of 120 V.

12

or O/N at 4°C
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Table 3.5: Non-denaturing TBE gel. Volumes for one gel with (8.5 cm)2 and 1.5 mm thickness. For WRN-EMSAs
and XPA-EMSAs 4% and 5% gels were prepared, respectively. For WRN helicase assay 12% gels were prepared.
Note that the final concentration of TBE in the 5% gel is 0.5%. For modified sequencing gels (PAR silver staining)
20% acrylamide were used.

Rotiphorese acrylamide/bisacrylamide

4%

H2 O
9.85 ml
5× TBE buffer
3 ml
20% (v/v) glycerol
–
Rotiphorese 30% acrylamide/bisacrylamide (37.5:1) 2 ml
Rotiphorese 40% acrylamide/bisacrylamide (19:1)
–
TEMED
15 µl
10% (w/v) APS
150 µl

5%

12%

20%

8.9 ml
1.5 ml
2 ml
2.5 ml
–
15 µl
150 µl

7.38 ml
3 ml
–
–
4.5 ml
12 µl
120 µl

7.6 ml
12 ml
10 ml
–
30 ml
24 µl
300 µl

3.4.3.2 Native semidry-blotting and ECL detection
Semidry blotting occurred in 1x TBE buffer immersed Whatman papers. Nylon membrane was
immersed in H2 O before the gel was placed on it. The sandwich contained from bottom to top: three
thick Whatman papers, the nylon membrane, the gel, three thick Whatman papers. For details see
sections 3.4.9 and 3.4.12. Semidry TBE-blotting usually occurred for 30 min at a constant voltage of
20 V with blot dimensions of 59.5 cm2 .
Detection of biotin-labelled DNA occurred in a similar fashion as detection of proteins on a western
blot with some differences. Briefly, after semidry-blotting, the nylon membrane was baked for 1 h
at 90°C in a hot-air oven. Subsequently, the membrane was blocked 1 h at RT in 5% skim milk
powder in TBST on a shaker. After three 5 min washing steps with TBST at RT the membrane was
incubated in streptavidin-HRP (1:2500)13 in TBST for 1 h at RT on a tilt shaker. After further three
washing steps ECL detection occurred using ECL Advance A/B detection solution only.

3.4.4 Synthesis and purification of poly(ADP-ribose)
3.4.4.1 Annealing of activator oligonucleotide
For synthesis of PAR activator oligonucleotide (EcoRI linker) with the palindromic sequence GGAATTCC
was annealed to itself. Therefore, the desired concentration (1 mg ml−1 ) was dissolved in 15 mM
NaCl and incubated 5 min at 95°C and 500 rpm on a thermo mixer. The solution was allowed to
slowly cool down to RT, aliquoted and stored at -20°C (short-term) and -80°C (long term storage).
13

Usually for the detection of 200 fmol biotinylated DNA oligo, the double of the recommended dilution of
streptavidin-HRP was used, i.e. 1:2500 instead of 1:5000.
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3.4.4.2 Synthesis and precipitation
Large-scale synthesis and purification of PAR occurred in a 10-ml approach in a 50-ml centrifugation
tube with a reaction mixture containing the following reagents in aqueous solution: Tris-HCl pH7.8
(100 mM), MgCl2 (10 mM), DTT (1 mM), Histone H1 (60 µg/ml), Histone HIIa (180 µg/ml), EcoRI
linker (50 µg/ml), βNAD+ (1 mM), hPARP1 (75 nM). Reaction took place 20 min at 37°C in a water
bath and tube was swirled regularly during incubation. Reaction was stopped by adding 10 ml 20%
(w/v) ice-cold TCA aqueous solution and incubation for 15 min on ice followed. The mixture was
split into 2-ml centrifugation tubes and centrifuged for 10 min at 9000 × g and 4°C. The supernatant
was removed and each pellet was washed with 1 ml ice-cold ethanol puriss. and centrifuged again
identically. Supernatant was removed and the step repeated once. Adjacently, the pellet was air-dried
at RT and stored at -20°C.

3.4.4.3 Detachment from proteins and digestion of proteins and nucleic acids
Purification of the ethanol-washed TCA pellet occurred by adding 900 µl 0.5 M KOH including 50
mM EDTA to each pellet and resuspending. The mixture was incubated 10 min at 37°C (critical step,
time was not exceeded) in order to detach the PAR from the proteins. Immediately after incubation,
100 µl Tris-HCl pH8.0 was added and well mixed. All mixtures were pooled again into a 50-ml
centrifugation tube and pH was adjusted to 7.5 using 37% (v/v) HCl using a pH-meter (critical step,
pH must not drop below the desired value). The solution was again aliquoted into 2-ml centrifugation
tubes and 25 µl 2 M MgCl2 plus 55 µl 2 mg/ml DNase I was added and incubated for 2 h at 37°C
and 600 rpm in a thermo mixer. Subsequently, 10 µl 100 mM CaCl2 plus 11 µl 20 mg/ml proteinase
K was added and reaction incubated O/N at 37°C and 600 rpm in a thermo mixer.

3.4.4.4 Phenol-chlorophorm extraction
PAR was finally released by phenol-chloroform extraction. Therefore 600 µl phenol were added to
each reaction mixture and tubes inverted several times. Samples were centrifuged for 10 min at
14000 × g at RT and the aqueous supernatant containing PAR was transferred into new centrifugation
tubes. Furthermore, 600 µl of a mixture of phenol:chlorophorm:isoamyl alcohol (25:24:1 v:v:v) were
added to the solution and mixed well again. After a further centrifugation step the aqueous phase
was again transferred into 15-ml centrifugation tubes and -20°C cold ethanol puriss. was added
achieving a concentration of 70% (v/v) ethanol. Ethanol precipitation occurred O/N at -20°C. After
centrifugation at 9000 × g for 30 min at 4°C the supernatant was discarded and pellets air-dried at
RT. The pellet was stored at -20°C or directly dissolved in water.
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3.4.4.5 Determination of PAR concentration
The concentration of PAR in aqueous solution was determined photometrically via Lambert Beer’s
law. The resulting concentration
c=

E


(3.8)

(with E: extinction and an extinction coefficient of =13500 M−1 ) thereby corresponds to monomers
of ADPr.

3.4.4.6 PAR quality check – Modified silver gels
PAR quality check was performed by modified DNA sequencing gels with subsequent silver staining
(the method was originally published by Alvarez-Gonzalez and Jacobson (1987); Panzeter and Althaus
(1990); Malanga et al. (1995)). Before electrophoresis, the free glass-plate was treated with bind-silane
solution, the electrophoresis-unit attached glass plate with repel-silane solution under a fume hood.
Treatment occurred by pipetting 5 ml of the desired solution on the glass plate and distributing it
by thoroughly wiping with a paper towel. Before assembling the electrophoresis unit, silane was
allowed to dry completely. PAR as aqueous solution was mixed with 6x sequencing gel loading dye
and subjected to 20% TBE-PAGE at a constant voltage of 800 V O/N or until the OG marker reached
almost the end of the gel. Silver staining occurred using the Color Silver Stain Kit (Pierce) and
the following procedure. Gel hardware was disassembled and the free glass plate, where the gel is
attached to, incubated in the following solutions. All steps performed by bathing the plate within a
plastic tank. Gel on the glass plate was incubated in fixation solution for PAR silvergels for 15 min at
RT. After thoroughgoing but careful washing in water incubation in silver staining solution for 10
min followed by thorough washing again. Development occurred with silver developing solution until
bands reached the desired intensity. Gel and plate were rinsed again, the glass plate dried and gel
photographed being placed on a white paper sheet.

3.4.5 Fractionation of PAR
Fractionation of PAR was carried out by anion exchange chromatography on a preparative scale using a
DNA Pac PA-100 (22 × 250) column (Dionex) on a PU-980 HPLC unit. As a solvent 50 mM Tris-HCl
pH9.0 was used and a multi-step gradient up to 1 M NaCl was applied. Samples were detected using
UV absorbance at 258 nm and collected manually. PAR fractions were ethanol-precipitated O/N at
-20°C with a final concentration of 70% (v/v) ethanol and centrifuged for 30 min at 9000 × g and 4°C.
The pellet was air-dried before dissolving in H2 O. The method was modified from Kiehlbauch et al.
(1993).
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3.4.6 PAR overlay assay on a slotblot
Nitrocellulose membrane and Whatman filters were cut into appropriate pieces and soaked with water.
The slotblot manifold was assembled airtight according to the manufacturer’s instruction and three
Whatman filters were spread underneath the membrane. Each protein sample14 was diluted in a
total volume of 100–250 µl protein dialysis buffer15 and samples were applied to the slots. Until all
samples were pipetted, vacuum was applied and samples soaked through the membrane using a water
jet pump until no liquid was remaining above the membrane. The membrane was washed once for 5
min in TBST.
For the incubation with PAR, the polymer was diluted to a concentration of 0.2 or 0.4 µM in 5–10 ml
TBST depending on the size of the blot. The part of the blot that should be “overlayed” with PAR
was incubated for 1 h at RT while agitating. Subsequently the membrane was washed thrice 5 min
with TBST containing 1 M NaCl in order to remove unspecific bound polymer. After a further wash
with conventional TBST for 5 min the membrane was blocked in 5% skim milk powered in TBST for
1 h at RT or O/N at 4°C while agitating.
Immunodetection took place according to the standard Western blot protocol using 10H (1:300) as
first antibody and goat-anti-mouse-HRP as second. ECL detection was carried out using a mixture of
advance ECL and self-made ECL solution.

3.4.7 PAR overlay via Western blot
Detection of PAR binding to proteins immobilised on a nitrocellulose membrane was carried out in
principle as described above. However here, proteins were separated via SDS-PAGE and electro-blotted
in Towbin buffer as explained in the Western blot section. After Western blotting the protein the
membrane was rinsed once in TBST for 5 min before incubation in PAR occurred.

3.4.8 Annealing of oligonucleotides for biochemical assays
Hybridisation of oligonucleotides was achieved by mixing 200 fmol µl−1 biotin-labled oligo with a
10% excess of unlabelled complementary oligo in hybridisation buffer in a total volume of 200 µl and
heating 95°C for 5 min in a thermomixer. For WRN assays, unlabelled oligo was used in 100% excess
to ensure complete annealing of the oligonucleotides. Afterwards the mixture was allowed to cool
down slowly within the thermomixer to RT and was subsequently aliquoted and stored at -20°C or
directly used in an assay. Aliquots were never re-frozen. Efficient annealing was investigated by 20%

14
15

typical amount: 15 pmol polypeptide
the buffer where the protein is stored in
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native PAGE (4.4 ml H2 O, 3 ml 5x TBE, 7.5 ml 40% 19:1 acrlyamide:bisacrylamide, 12 µl TEMED,
120 µl 10% APS) plus semidry blotting as described.

3.4.9 WRN-DNA EMSA
WRN-DNA interaction was studied in 1x WRN-DNA-EMSA buffer with a final volume of 10 µl
(excluding the loading dye). WRN was incubated for 30 min with 200 fmol 22ForkA/B oligo duplex
at 4°C. When incubating with PAR the polymer with indicated concentrations was added to the
reaction before the duplex and incubated for 20 min at room temperature. After addition of 4 µl
WRN-DNA loading dye, DNA and DNA-WRN complexes were separated via 4% TBE-PAGE16 and
detected as described in 3.4.12.

3.4.10 WRN helicase assay
Indicated concentrations of WRN were incubated in a final volume of 10 µl helicase reaction buffer
(without loading dye). Reaction order and volumes were the same as described for the EMSA. When
adding PAR the polymer was added with indicated concentrations and incubated 20 min on ice before
adding the oligo duplex. Helicase reaction occurred 20 min at 37°C, was stopped by the addition
of 4 µl helicase stop dye on ice and separated by 12% TBE-PAGE and oligonucleotides detected as
described in 3.4.3.1 and 3.4.3.2.

3.4.11 WRN exonuclease assay
Indicated concentrations of WRN were incubated in a final volume of 10 µl exonuclease reaction
buffer (without loading dye). Reaction order and volumes were the same as for EMSA and helicase
assay except the usage of 300 fmol 34ForkA/B oligo duplex. When using PAR in the reaction, it
was added with indicated concentrations and incubated 20 min on ice before reaction mixture was
supplemented with the oligo duplex. After addition of the substrate oligo, the reaction mixture was
incubated for 30 min at 37°C. Reaction was stopped by the supplementation with 10 µl exonuclease
loading dye on ice before running the mixture on a 14% denaturing urea-based sequencing PAGE
(see materials section 2.1.2 for composition). Detection of single-stranded biotinylated oligo after
TBE-blotting occurred as described above.

16

The composition of the gel can be found in section 3.5.
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3.4.12 XPA-DNA EMSA
XPA-DNA binding studies were performed in 1x XPA-DNA-EMSA buffer with a final volume of 10
µl (excluding the loading dye). XPA was incubated in the buffered solution for 15 min at RT before
200 fmol ON1/ON8 oligo duplex were added and incubated for another 30 min RT. In case of usage
of PAR in the reaction, incubation occurred before the addition of DNA for 15 min at RT. Before
loading on a 5% TBE-PAGE17 , 2 µl XPA-EMSA loading buffer were added. The gel was run at a
constant voltage of 120 V at 4°C in 1x TBE until the OG marker almost reached the end of the
gel. For semi-dry blotting, a PBS-immersed nylon membrane was put on alike immersed Whatman
papers (three sheets), the rinsed gel carefully spread on the membrane and the sandwich closed with
further three Whatman papers. Air bubbles were removed by cautiously rolling a glass pipette over
the sandwich. The format of the sandwich was 8.5 cm × 7 cm and blotting occurred at a constant
voltage of 20 V for 30 min at RT. Detection of labelled DNA occurred as described in 3.4.3.2.

3.5 Cell Assays
3.5.1 UV-irradiation of cells
UV irradiation of cells was performed using a UV germicidal lamp with a peak wave-length of 254
nm.

3.5.1.1 Measuring radiation dose of the UVC lamp
For measuring the irradiation energy per time a UV integrator was placed below the lamp on the same
distance as cells would be placed during an experiment. A dose per time unit was then calculated.

3.5.1.2 Irradiation of adherent cells
Cells were seeded with a defined cell number one day before irradiation. Prior to irradiation the
medium was removed and cells were washed with PBS once. The PBS was soaked up completely
and the plate/dish placed under a germicidal UV lamp with a peak wavelength of 254 nm, while the
distance was kept meticulously between different irradiation procedures because: D ∝ d−2 with D:
dose and d: distance according to the inverse-square law. After irradiation at RT cells were either
fixated for immunofluorescence, harvested by trypsination or supplemented with new medium for
further incubation. Setup of irradiation is depicted in figure 3.1A.
17

The composition of the gel can be found in section 3.5.
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Place for dishes

A

UV germicidal lamp

d=15 cm

Irradiation of 3.5-cm dishes

B

Swith for 254 nm lamp

Place for coverslips

d=10 cm

pre-cooled metal block

Irradiation of coverslips
Figure 3.1: Photographs of the experimental arrangement during UV irradiation of cells grown on dishes (A) and
on coverslips (B) under the sterile hood. Consistent distance between lamp and samples was kept by using self-made
pillars. At maximum four 3.5-cm dishes could be irradiated at the same time placed perpendicular under the lamp.
A thin paperboard was placed underneath and behind the dishes in order to avoid reflections from the UV light in
the metal surface of the bench. (B) For irradiation of cells grown on coverslips a pre-cooled (on ice) metal block
was placed at the correct height under the lamp with parafilm on its surface for positioning of the coverslips with the
cells on the upper side.
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3.5.1.3 Irradiation through filter pores
Similar to the procedure described for normal UV irradiation, cells were seeded in 12-well plates one
day before treatment on coverslips. Cells were washed using PBS which was in this case supplemented
with 1 mM MgCl2 (PBS/MgCl2 ) in order to prevent detachment of the cells. The PBS was removed
and polycarbonate filters were floated in PBS/MgCl2 before carefully putting them on the coverslips
with the cells using the tweezers. After irradiation the filter was removed by cautiously floating with
PBS/MgCl2 and catching with the tweezers without allowing it to irritate the cells. After removing
the PBS cells could be either fixed for immunofluorescence or incubated in fresh medium. Setup of
irradiation is depicted in figure 3.1B.

3.5.1.4 Immunofluorescence of 6-4PP and CPD
Staining of 6-4PP and CPD was performed on ibidi dishes and on coverslips that were used in 12-well
plates for cell growth.
After UV or laser irradiation, cells were fixed with 4% (v/v) formaldehyde in PBS for 10 min on ice
and washed twice with 1 ml PBS for 2 min. For permeabilisation, cells were incubated for 5 min in 1
ml 0.5% (v/v) Triton-X-100 in PBS for 5 min on ice. After a washing step with PBS, incubation with
1 ml 2 M HCl in PBS for 30 min RT in order to denature DNA followed by five washing steps with
PBS. To avoid unspecific binding of the primary antibody, incubation in 20% (v/v) FCS occurred
for 1 h at 37°C (blocking procedure). Primary antibody α6-4PP or αCPD was diluted 1:500 in 5%
(v/v) FCS at 37°C for 1 h in a humidified dark-chamber. Usually 50 µl were used per coverslips18
and 100 µl for ibidi dishes. After three further washing steps, incubation in secondary antibody
goat-anti-mouse-Alexa488 was performed as described for the first antibody19 . After two washes cells
were incubated with 1 ml of Hoechst dye diluted 1:30000 in PBS for 5 min at RT followed by three
washing steps. Coverslips were embedded on microscopical slices using AquaPolymount, cells in ibidi
dishes were covered with 500 µl PBS to avoid drying out. Coverslips on microscopical slices were
dried (at least) O/N before microscopy. Microscopy of the ibidi dishes occurred by using an LSM 700
(Zeiss), confocal images with z-stacks were taken.

3.5.2 Laser micro irradiation and life-cell imaging
3.5.2.1 Preparation of cells for laser irradiation
HeLa S3 cells were seeded in ibidi dishes and transfected as described in 3.1.7.
18
19

incubated cell-growth surface-side down on an antibody solution droplet placed on parafilm
from this step forward all procedures were conducted under light exclusion
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At the day of irradiation, the medium was replaced by phenol-red free complete medium in order
to avoid absorption laser light by the chromophore and incubated for at least 1 h at 37°C and 5%
CO2 20 . When using the PARP inhibitor PJ34, the compound was added to the medium (from a 2x
solution in phenol-red free complete medium) immediately before laser irradiation21 .

3.5.2.2 Laser irradiation and microscopy conditions
Irradiation occurred with a femtosecond pulsed erbium fibre laser whose wave-length is halved from
1550 nm to 775 nm (frequency doubling by a MgO:LiNbO3 crystal). The laser system was coupled to
a confocal microscope (LSM 5 Pascal, Zeiss). The pulsed laser beam has a wave-length of 775 nm
and a duration time of 230 fs with a repetition rate of 107 MHz. The peak power density in the focus
was 350 GW cm−2 at a pixel dwell time of 44.2 ms which resulted in multi-photon absorption only in
the focus area thereby mimicking light of shorter wavelength. That means that three photons with
an energy of infrared light (775 nm) absorbed at the same time are summed up to a wavelength of
258 nm which is consonant with UVC light. The irradiation took place along a line or cross in the
nuclei of GFP-positive cells within an area of <10 µm2 and a volume of <20 µm3 (Träutlein et al.,
2009; Camenisch and Naegeli, 2009). Irradiation results in DNA damage of different kinds including
single- and double-strand breaks (due to the formation of ROS) and photoproducts (6-4PP, CPD) as
DNA has a strong absorption in the UVC band (Lan et al., 2004; Dinant et al., 2007; Träutlein et al.,
2008). A Zeiss EC-Plan-Neofluar 40x/1.3 oil immersion objective was used for the laser irradiation
and laser scanning microscopy. Excitation of eGFP and subsequent scanning was carried out with the
argon laser of the LSM with open pinhole.
In order to check the performance of the laser for each XPA-GFP recruitment experiment, XRCC1-GFP
accumulation was checked as a positive control in advance.

3.5.2.3 Laser data processing
Data evaluation took place using ImageJ. For each time point before and after irradiation with the
laser the signal intensity of the irradiated line was divided by the total fluorescence of the GFP signal
in the nucleus using plugins (Daniel Träutlein, BIC) and macros. Thereafter normalisation to the
time point before irradiation occurred and increase in fluorescence and standard error of the mean
(SEM) was calculated using Excel. Plotting of data was done using Graphpad Prism.
Cells that moved out of focus were excluded.

20

the Zeiss microscope Axiovert 100M was equipped with an incubation chamber for 37°C and 5% CO2 so that
cell dishes could be directly incubated under the microscope
21
incubation in PJ34 did not last more than 90 min as efficient PARP inhibition cannot be guaranteed any
more
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3.5.3 Kinetics of 6-4PP removal after UVC irradiation
3.5.3.1 Irradiation, incubation and harvesting of cells
A number of 2 × 105 HeLa S3 cells were seeded on 3-cm dishes 24 h before the experiment. Before
irradiation cells were washed with PBS and irradiated as described in 3.5.1.2. Irradiation was started
with the dishes with the longest incubation time and finished with the shortest. Four dishes were
irradiated at the same time and duplicates were performed for each condition. After irradiation 1 ml
(sic!) medium without supplements (DMEM) with or without H2 O2 or PJ34 was added to the cells
and incubated for the respective time before harvesting by trypsination. For harvesting cells were
washed again with PBS (the 0-min cells were trypsinised directly after irradiation) and treated with
200 µl trypsin for 3 min in the cell incubator. Subsequently trypsination was stopped by adding 800
µl complete medium (including FCS and Pen/Strep) and suspending by pipetting four times and
transferring the suspension into 1.5-ml centrifugation tubes. Cells were centrifuged for 5 min at 1000
rpm in a standard table-top centrifuge at 4°C. The supernatant medium was soaked away and cells
were frozen at -20°C.

3.5.3.2 DNA extraction of UV irradiated cells
Cell pellets in the 1.5-ml reaction tubes were thawed by adding 4°C cold PBS. Subsequently DNA
extraction occurred using the High Pure PCR Template Preparation Kit according to the enclosed
protocol. DNA concentration was measured by Nanodrop.

3.5.3.3 Processing of DNA and slotblot
For the slotblot 750 ng DNA were filled up to 150 µl with TE buffer and incubated for 10 min at 95°C
on a thermomixer at 550 rpm. Immediately after that the tubes were put on ice for not allowing to
re-anneal and incubated 15 min. Samples were kept on ice and 150 µl ice-cold 2 M NaAc were added
and tubes inverted six times. The slotblot sandwich was prepared according to the descriptions of the
manufacturer with three Whatman papers below the membrane and a nylon membrane was used.
The papers and the membrane were soaked with water before putting into the slotblot manifold. One
third of each reaction was pipetted into a slot and after all samples were loaded on the membrane a
vacuum was applied and the solution soaked in until every slot was completely dried. Afterwards, the
membrane was baked for 1 h at 95°C in a convection oven protected within a folded thin Whatman
paper and subsequently blocked in 5% skim milk powder in TBST for 1 h at RT or O/N at 4°C on
a tilt-shaker. First antibody α6-4PP (1:4000) was diluted in 5% skim milk powder in TBST and
incubated 1 h at RT. The membrane was washed three times with TBST for 5 min at RT on a shake
before incubating with secondary antibody goat-anti-mouse-HRP (1:2000) diluted in 5% skim milk
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powder in TBST for 1 h at RT on a tilt-shaker. Before detection, the membrane was washed thrice as
described and detection occurred using mixed ECL solution in a LAS-4000.
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4.1 Expression and purification of hPARP1
Recombinant human PARP1 (hPARP1) was expressed in Sf 9 insect cells and purified by
sepharose gel filtration and DNA cellulose affinity chromatography. Expression of PARP1 was
followed over three days (figure 4.1) and pellets were harvested as expression maximised after
that time. The first elution steps of the sephadex led to the majority of protein yield and were
handed over to DNA cellulose chromatography where most elution took place at 800 mM KCl
(figure 4.2). This final eluate was dialysed and used as a PARP1 batch for PAR synthesis (see
section 4.2). Yields varied between concentrations of 100 and 500 ng µl−1 and were determined
by comparing with PARP1 batches of known concentrations on a western blot.

4.2 Synthesis and characterisation of PAR
Efficient hPARP1 purification was proven by PARP activity assay (data not shown) and by
successful and efficient PAR synthesis. The yield of purified PAR was commonly between 1.5
and 6 mM in a final volume of about 500 µl. Synthesised PAR was characterised by silver gels
as depicted in figure 4.3.
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infection.
Sf9 cells were cultured in suspension and infected with h PARP-1 baculovirus. Cells were transferred
to microscope slides using cytospin system. PARP-1 was detected by means of immune fluorescence.

Cells showed moderate to high levels of PARP-1 expression at 72 hours post
infection. Cells were then harvested and kept at –80°C for further protein purifictaion.
To monitor the expression of human PARP-1 over time, aliquots of 50 µl were
4 Results
sampled from the timepoint of infection on evey 24 hours and analysed by SDSPAGE and western blot (Fig. 9). Aliquots should inculde same amounts of cells
because these stoped growing after being infected with virus (data not shown).
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113 kDa

hPARP1

Figure 9: Western blot analysis of PARP-1 expression in Sf9 cells over time.
Figure 4.1: Human PARP1
overexpression in Sf 9 insect cells. Expression was highest after three days post-infection.
Samples were taken from the timepoint of infection on every 24 hours [d = day]. Samples were
10% SDS-PAGE followed
by
CII10-WB;
d, day. For
main
text.
analysed by 10% SDS-PAGE
anddetails
westernsee
blot.
Bands
coming up at 117 kDa after 48 hours post
infection show PARP-1 which was detected with PARP-1 antibody C-II-10.
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Figure 4.2: Representative Coomassie gel (10%) of a PARP1 purification batch. Molecular weight from the
pre-stained marker is given in kDa. Every second elution step of the Sephadex column is represented from step 2 till
16 while only fractions 1 to 10 – with a strong PARP1 signal – were processed in the further steps of purification.
The following lanes show: flow-through (FT) of the DNA cellulose purification, purification buffer C washing step
(C), followed by purification buffer C plus 300 mM, 800 mM and 1 M KCl and finally dialysed protein (Dial.) from
the 800 mM elution step.
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long and branched

phosphate terminus

short

Figure 4.3: A representative silver staining of poly(ADP-ribose) (PAR) on a modified sequencing gel. In vitro
synthesised polymer (5 nmol) was separated according to size by formamide-based TBE-PAGE. The double bands
visible in most fractions represent PAR molecules with and without the terminal ribose moiety, respectively, which
can get cleaved off by alkaline treatment (KOH) during purification procedure for separating PAR from the acceptor
protein. Chain length was calculated by the fact that bromphenol blue has a mobility of an ADP-ribose octamer
(Rossi et al., 2002).
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4.3 Interaction of PAR with the oncoprotein DEK
In this study determination of the PAR binding site of DEK was attempted. DEK was
previously found as a non-covalent PAR interacting protein beyond its covalent modification
with PAR (Kappes et al., 2008). The results of the whole study are published by Fahrer, Popp,
Malanga, Beneke, Markovitz, Ferrando-May, Bürkle, Kappes in Biochemistry, 2010 (Fahrer
et al., 2010). The part of the work carried out within this PhD thesis will be described in the
following.

4.3.1 In silico search of putative PAR binding motives in DEK
Recent data could show that DEK is covalently modified with PAR during apoptosis or
genotoxic stress and the initial data suggested that DEK is also capable of interacting in a
noncovalent fashion with free PAR polymers (Kappes et al., 2008; Fahrer et al., 2010).
To identify potential PAR interaction sites, the DEK peptide sequence was aligned with the
PAR consensus binding motif (Pleschke et al., 2000). Five putative PAR binding sites were
identified (Fig. 4.4). Interestingly, two motifs (aa 99–119 and aa 158–181) were located in
the major DNA binding domain (aa 87–187) of DEK and displayed a high degree of sequence
homology to the established PAR-binding consensus motif. Another candidate binding site was
located C-terminally adjacent to the major DNA-binding domain (aa 195–222). Two motifs
(aa 314–334 and aa 329–352) were found in the C-terminal part of DEK, overlapping with the
second DNA-binding or multimerisation domain.
Corresponding DEK peptides were synthesised according to the sequence alignment to test
for functional PAR binding using overlay slot blots (Fig. 4.5A). Strikingly, DEK peptide
195–222 showed a strong PAR signal in a concentration-dependent manner starting at 50 pmol

Figure 4.4: Alignment of the PAR binding consensus sequence with the DEK amino acid sequence. The bottom
panel shows putative PAR-binding motifs in DEK found by alignment according to the consensus sequence: h,
hydrophobic; b, basic amino acids.
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of PAR. A slightly weaker signal was detected using peptide 158–181, and rather faint binding
was observed for C-terminal peptide 329–352. Peptides 99–119 and 314–334 failed to bind
PAR, even at high polymer concentrations. In order to further verify the peptide-derived
results, selected recombinant DEK fragments, produced in bacteria (aa 68–226) or insect cells
(aa 250–375 and aa 1–375), were subjected to the same approach. DEK fragment 68–226,
which comprises the two PAR-binding sites revealed by the peptide approach, produced a very
strong signal (Fig. 4.5B). The second DEK fragment, 250–375 showed a lower affinity for PAR
comparable to that of wt-DEK (Fig. 4.5B, C).

Figure 4.5: PAR binding to DEK peptides and fragments. (A) PAR binding to DEK peptides. Decreasing amounts
of DEK peptides synthesised according to the alignment were slot-blotted onto a nitrocellulose membrane. After
incubation with biotinylated PAR (50 nM), the membrane was treated with high-salt washes to disrupt nonspecific
binding. Bound polymer was visualised using streptavidin-HRP. (B, C) PAR binding analysis using His-tagged DEK
fragments. (B) The respective fragments (aa 68–226, aa 250–375, and aa 1–375) and BSA (BSA) as a negative
control were subjected to 15% SDS-PAGE and visualised by Coomassie staining (100 pmol) or (C) analysed using a
PAR overlay blot (15 pmol). After semidry blotting the fragments and incubation with free biotinylated PAR (0.4
µM), the nitrocellulose membrane was treated with high-salt washes to disrupt nonspecific binding. The bound
polymer was visualised using streptavidin-HRP. The described 35 kDa breakdown product of wt-DEK is denoted
with an arrow. An additional intermediate breakdown product, capable of PAR binding, is denoted with an asterisk.

Another prominent band at 35 kDa was observed in the wt-DEK preparation, which corresponds
to a previously described N-terminal degradation product (Sierakowska et al., 1993), and
was visible in the protein staining of the individual protein preparations (Fig. 4.5B, arrow).
Additionally, an intermediate degradation product of unknown nature, present in the wt-DEK
preparation, also bound efficiently to PAR (Fig. 4.5B, asterisk). BSA failed to bind to PAR,
underscoring the selectivity of this assay. Altogether, three functional PAR-binding sites
in DEK could be identified by means of a peptide approach. Further, the interaction was
confirmed using recombinant DEK fragments spanning the sites of interest.
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Figure 4.6: The scheme summarises the putative (black) and experimentally confirmed (blue) PAR-binding domains
in the DEK amino acid sequence (red boxes, acidic domains; orange, pseudo-SAP box; green, SAP box; black,
nuclear localisation sequence; light green, second DNA binding/multimerisation domain).

Figure 4.6 displays a domain scheme of DEK. Also, the putative PAR binding sites determined
in silico are indicated in black and the experimentally confirmed ones in blue. Also the domain
scheme of DEK is represented. Three PAR-binding sites could be experimentally determined.
Taken together, DEK was found as a new non-covalent PAR-interacting protein and three sites
of interaction with the polymer could be determined.
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4.4 Interaction of PAR with the Werner protein
The following results are part of the manuscript Popp et al., in preparation. Parts of the results
were generated by Sebastian Veith (master thesis) under direct supervision of Oliver Popp and
are indicated in the figure legends.

4.4.1 WRN binds to PAR in a non-covalent manner
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Figure 4.7: Binding of fractionated PAR to WRN. (A) Dependency of WRN-PAR binding on PAR chain length. An
amount of 15 pmol WRN was slot-blotted on a nitrocellulose membrane (in duplicates) and incubated with 500 pmol
PAR of each fraction (overlay). Removal of unspecific binding occurred by high-stringency salt washes. Detection of
PAR using 10H mouse monoclonal antibody. (B) Densitometric evaluation of B normalised to unfractionated PAR.
Data are represented as means ± SD.

So far a direct physical and functional interaction of WRN with PARP1 and a potential
covalent modification with PAR was reported (Adelfalk, 2003; von Kobbe et al., 2003, 2004)
(for details see introduction and discussion). In the end of his doctoral thesis, Jörg Fahrer
discovered a potential non-covalent interaction of WRN with PAR performing a PAR overlay
assay. The assay showed a specific association of unfractionated in vitro synthesised PAR with
WRN. Specificity was proven, first, by high stringency washes and by controls: histone H1 as a
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positive control bound PAR very well even at concentrations lower than that of WRN, while
BSA, cytochrome C and lysozyme in excessive amounts did not bind to PAR at all.
It was also recently reported that some proteins interact with PAR dependent on chain length
of the polymer (Fahrer et al., 2007). Consequently, the ability of WRN to bind to different
chain lengths of fractionated PAR was investigated by an immuno-slotblot overlay assay. WRN
was blotted on a nitrocellulose membrane and subsequently cut into appropriate pieces. After
incubation of each piece with a certain chain-length group of HPLC-fractionated PAR (500
pmol of each fraction referring to monomeric ADP-ribose) and high-salt washes to remove
unspecifically bound polymer, associated PAR was detected using 10H αPAR monoclonal
antibody (figure 4.7). A signal was clearly visible for all size classes of PAR bound to 15 pmol
WRN, however there is a slight tendency to bind better to longer PAR. The signal intensity
between the samples incubated with unfractionated PAR and chains smaller than ten units
was very similar, which suggests that WRN is able to bind efficiently to short PAR chains. For
a comparison of the same assay with the XPA protein see section 4.5.2 and figure 4.18, which
show less dependency on chain length for WRN compared to XPA.

4.4.2 In silico search of putative PAR binding motives in the WRN

WRN$pep'des

protein and a peptide binding approach

0166-0188
1032-1058
0251-0275
0785-0812
PBM

NKKLKCTETWSLNSLVKHLLGKQ
SRYNKFMKICALTKKGRNWLHKANTES
NKQLTSISEEVMDLAKHLPHAFSK
RKLNLSCGTYHAGMSFSTRKDIHHRFVR
[.....K/H/R...]..h.b.hh.bhhb.

Figure 4.8: PAR binding to WRN peptides. (A) Sequences of WRN peptides 166–188, 1032–1058, 251–275 and
785–812 which were synthesised according to an alignment with the PAR binding motif (PBM) consensus which is
depicted below the sequences. Basic amino acids in blue and hydrophobic in red (only in between the labelled region)
Custom peptide synthesis at GenScript. Refining of motif search was carried out by Maria Malanga, University of
Naples.

Similar to DEK, four putative PAR-binding motif candidates were found by in silico searching
for homologies to the PAR binding motif consensus sequence using PattInProt as published by
Pleschke et al. (2000) (figure 4.8). Peptides were custom synthesised and figure 4.11 displays
the location of the peptides on the WRN scheme. An amount of 1000, 100 and 10 pmol per
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slot were blotted using a slotblot manifold. After incubation with 3 nM biotinylated PAR and
high-stringency wash (1 M NaCl), PAR was detected using streptavidin-HRP (figure 4.9A). As
a loading control, SYPRO Ruby stain was carried out showing equal amounts of the different
peptides for 1000, 100 and 10 pmol peptides, respectively (figure 4.9B). Strongest PAR binding
was found for the N-terminal peptide 166–188, while peptide 1032–1058 delivered no detectable
signal. Peptides 251–275 and 785–812 showed no significant PAR binding. Qualitative data
evaluation was confirmed by semi-quantitative densitometric analysis of corresponding blots
normalised to SYPRO Ruby staining (figure 4.9C).
These results demonstrate that WRN binds to PAR in a non-covalent manner and that binding
is most likely mediated by a 23 amino acids stretch that is located in the exonuclease domain
of WRN.
In the next step it was sought to check for the importance of basic or hydrophobic amino
acid residues within the PAR binding motif (amino acids 166–188). Therefore, the motif was
mutated consecutively either by changing basic or hydrophobic amino acids in groups of two or
three. Peptides were custom synthesised as described above and displayed in figure 4.10C. An
overlay assay was performed to test the interaction of the four peptides with PAR (figure 4.10A)
and a loading control was done using SYPRO Ruby blot staining (figure 4.10B). Furthermore,
densitometric evaluation of the overlay blot and normalisation to the SYPRO Ruby staining was
carried out and is depicted in figure 4.10D. The wild type (WT) peptide displayed the strongest
signal for PAR binding, as expected. Peptide W-h1 with three mutations of hydrophobic
amino acids bound about 7× weaker to PAR as calculated for 1000 pmol peptide, however still
stronger than the other mutant versions. W-h2 with five exchanges of hydrophobic amino acids
to alanine bound about 80× weaker then WT. Finally, W-b1 with an exchange of three basic
residues into alanine displayed over 200× less affinity to PAR than WT. Thus, both exchanges
of hydrophobic and basic amino acids into alanine lead to strongly reduced binding of PAR
to the PAR binding motif of WRN. However, the impact by an exchange of basic residues
appeared to have a higher impact on PAR binding, because three basic amino acids replaced
by alanine led to 2.5× weaker binding than the peptide carrying the five hydrophobic ones.
Taken together, a PAR binding motif of WRN could be identified at position 166–188 of the
WRN polypeptide sequence. Within this motif, basic amino acids were demonstrated to be the
more essential mediators for PAR binding then the hydrophobic ones, albeit both groups of
amino acids appeared to be necessary for efficient PAR binding.
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Figure 4.9: Locating the PAR binding motif via PAR-overlay with WRN peptides. (A) From each peptide 1000,
100 and 10 pmol were slot-blotted onto a nitrocellulose membrane and incubated with 3 nM biotinylated PAR. After
high-stringency washing, bound PAR was visualised using streptavidin-HRP. Peptide 166–188 displayed a strong
signal for PAR binding, both 251–275 and 785–812 very weak binding, while 1032–1058 did not bind at all to PAR.
(B) Loading control using SYPRO Ruby blot staining on nitrocellulose membrane after slot-blotting same amounts as
in B1. (C) Densitometric evaluation of A and normalisation to B. Data represented are means ± SEM out of three
blotting procedures (both for overlay and SYPRO Ruby). For each concentration, signal intensities were normalised
to peptide 166–188. Statistical analyses was performed using two-way ANOVA plus Bonferroni post-test. Highly
significant lower binding (∗∗∗ p<0.001) compared to 166–188; n.d.: not detectable.
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Figure 4.10: PAR-overlay with mutant WRN peptides. (A) From each peptide 1000, 100 and 10 pmol were
slot-blotted onto a nitrocellulose membrane and incubated with 3 nM biotinylated PAR. After high-stringency washing,
bound PAR was detected using streptavidin-HRP. The WT PAR binding motif showed strongest binding to PAR
followed by the peptide W-h1 which showed only minor binding of PAR. For both W-h2 and W-b1 binding is strongly
reduced (B) Loading control using SYPRO Ruby blot staining on nitrocellulose membrane after slot-blotting same
amounts as in A. (C) Peptide sequences custom synthesised. (D) Densitometric evaluation of A and normalisation
to B. Data represent means ± SEM of three independent experiments (both for overlay and SYPRO Ruby). For
each concentration, signal intensities were normalised to the W-WT peptide. Statistical analyses was performed
using two-way ANOVA plus Bonferroni post-test. Highly significant lower binding (∗∗∗ p<0.001) compared to WT;
n.d.: not detectable.
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Figure 4.11: Scheme of WRN with the putative PAR binding sites in violet. The position of the peptide that
bound to PAR in the in vitro assay is labelled with an asterisk. For details see introduction.

4.4.3 WRN binding to DNA is inhibited by PAR
Several in vivo and in vitro substrates for both helicase and exonuclease function of WRN
have been determined (Opresko et al., 2003). A common WRN substrate was used for the
following assays, which is a duplex owning a forked part on one side due to non-complementary
thymidins and carrying a biotin label for the detection via streptavidin-HRP. Binding of
full-length recombinant human WRN to this duplex were investigated by incubating increasing
amounts of WRN with the DNA duplex followed by separation on a TBE-PAGE as an EMSA
(figure 4.12).
As shown in figure 4.12, WRN forms complexes with 200 fmol of the oligonucleotide starting
from 10 nM WRN. An almost complete and highly significant shift is visible at 50 nM WRN
where even residual single-stranded DNA (from incompletely annealed oligo) is bound by
the protein (figure 4.12A, upper and lower panel). To further investigate a potential effect
by PAR on WRN-DNA binding, WRN was pre-incubated with increasing amounts of PAR
before adding the substrate oligonucleotide (figure 4.12B). As in Figure 4.12A, the single- and
double-stranded biotinylated loading controls could be detected on the gel. Complete binding
of the oligonucleotide to WRN was observed using 50 nM WRN without PAR. Interestingly,
with increasing doses of PAR the shift is reversed, which means that less WRN-DNA complexes
are formed. A concentration of 10 µM PAR led to a highly significant reduction of the
electrophoretic shift to about 50% compared to the control and with 20 µM PAR to only
25% WRN-DNA complex (figure 4.12B, upper and lower panel). PAR concentrations are
always referred to monomeric ADP-ribose units determined by UV absorption. Here, a direct
functional effect of free PAR to WRN that shows inhibition of WRN-DNA binding could be
shown.
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4.4.4 WRN helicase activity is inhibited by PAR
Next challenge was to find out the effect of PAR on WRN’s enzymatic functions. A helicase
assay was therefore consulted where the same biotinylated oligonucleotide duplex was used as
for the EMSA. The forked duplex was incubated with increasing doses of WRN, separated
by TBE-PAGE and blotted on a nylon membrane. In the presence of ATP, this led to a
dose-dependent unwinding of the substrate to single-stranded DNA after 20 min incubation
(figure 4.13A, upper panel). A labelled single-stranded oligo was loaded as a control. Already
at a concentration of 15 nM WRN the formation of single-stranded DNA was highly significant
and saturated at 25 nM WRN (Figure 4.13A, lower panel). When WRN was pre-incubated
with increasing amounts of PAR before adding the substrate DNA, unwinding activity could
be inhibited in a dose-dependent manner as seen by the increase in the duplex band and the
decrease in the intensity of the single-stranded oligonucleotide (figure 4.13B, upper panel).
Inhibition of unwinding was statistically significant at a concentration of 2.5 µM PAR and
highly significant for 10 µM polymer where only 20% of helicase activity was left compared
to the reaction without PAR (figure 4.13B, lower panel). Here it could be demonstrated that
PAR is able to inhibit the ability of WRN to unwind a substrate by its helicase function.

4.4.5 WRN exonuclease activity is inhibited by PAR
As PAR revealed to induce an inhibitory effect on WRN’s helicase activity and as the PAR
binding motif is located in the exonuclease domain, it was a logic consequence to check a possible
influence of PAR on the exonuclease function as well. An exonuclease assay was performed
using an extended forked oligo duplex as a WRN exonuclease substrate. DNA was incubated
with WRN in increasing concentrations and incubated for exonuclease reaction. Subsequently
reaction was stopped by denaturing conditions and the digested DNA was separated by ureabased TBE-PAGE. Denaturing leads to separation of the biotinylated single-strand from the
duplex, so that only single-stranded DNA is visible on the gel. A dose-dependent degradation
of the oligo duplex could be detected after semidry blotting (figure 4.14A, upper panel). Biotinlabelled single-stranded oligonucleotides were loaded as a marker. By densitometric evaluation
of the blot bands (figure 4.14A, lower panel) significant degradation of the oligonucleotide
could be observed already with 20 nM WRN. High significance was obtained for 40 nM of the
polypeptide.
When WRN was pre-incubated with increasing amounts of PAR, exonuclease activity was
inhibited in a dose-dependent manner, which can be seen by the decrease of the upper band
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and the increase in the degradation bands on the blot (figure 4.14B, upper panel). Inhibition
of unwinding was statistically significant at a concentration of 50 µM PAR at which WRN’s
exonuclease activity was inhibited by 85% (figure 4.14B, lower panel). Here it could be
demonstrated that PAR is able to inhibit not only helicase activity of WRN but also the
degradation of a double-stranded oligo by its exonuclease function.
As a further technique to measure exonuclease activity was established by Sebastian Veith
under direct supervision of Aswin Mangerich and Oliver Popp. The method employs an
isotope dilution mass spectrometry approach (Mangerich et al. 2012, in revision). Hereby, the
degradation of the oligo from 3’ is measured by the release of desoxy-guanosine (dG). The
results demonstrated that dG release was reduced in a PAR-concentration dependent manner
(see discussion, 5.1). The assay also resulted in a higher sensitivity than the conventional
blot-based procedure. Taken together, it could be shown that PAR interaction has a functional
impact on WRN, leading to inhibited DNA binding and enzymatic properties of WRN.
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Figure 4.12: (A) Interaction of WRN with a forked DNA duplex as assessed by EMSA. Upper panel: Increasing
concentrations of WRN were incubated with 200 fmol of biotin-labelled forked duplex DNA oligonucleotide. A
WRN-dose dependent shift is visible. Lower panel: Densitometric evaluation of the EMSA using ImageJ and
normalisation to the band of the sample containing 75 nM WRN. (B) Upper panel: Effect of PAR on WRN-DNA
interaction. Pre-incubation of WRN (50 nM) with increasing doses of PAR and subsequent incubation with 200 fmol
of the labelled oligo. A PAR-dose dependent decrease in WRN-DNA complex formation is observed. Lower panel:
Densitometric evaluation of the EMSA + PAR. Relative shift was normalised to a concentration of 0 µM PAR which
is not plotted due to logarithmic scaling of the abscissa. (A) and (B) lower panels: data points are means ± SEM
from three independent experiments. Significance tested with ANOVA and Dunnett’s multiple comparison test is
indicated by asterisks (∗ p<0.05; ∗∗∗ p<0.001). Curves represent non-linear regression using a standard sigmoidal
dose-response algorithm with variable slope. The concentration of PAR is always referred to monomeric ADP-ribose.
Single-stranded DNA oligo (grey arrow), duplex and WRN-DNA complex (black arrow) are indicated. Evaluation
was performed using ImageJ software and GraphPad Prism. Abbreviations: ds: double-stranded biotinylated oligo,
ss: single-stranded biotinylated oligo. Experiments were carried out by Sebastian Veith, master thesis, under direct
supervision of Oliver Popp.
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Figure 4.13: (A) WRN helicase assay. Upper panel: Unwinding of a forked oligo duplex substrate by increasing
concentrations of WRN as indicated in the presence of ATP. Lower panel: Plot of relative unwinding calculated by
{signal of single-stranded band} divided by {single-stranded plus double-stranded band}. (B) Impact of PAR binding
on WRN helicase activity. Recombinant WRN (25 nM) was pre-incubated with increasing concentrations of PAR
(0 to 30 µM). Helicase reaction was started by addition of the labelled duplex in the presence of ATP. Following
separation by TBE-PAGE products were detected on nylon membranes via streptavidin-POD. A decrease in the lower
band accompanied by an increase in the upper band with increasing [PAR] is observable. Relative unwinding was
normalised to a concentration of 0 µM PAR which is not plotted due to logarithmic scaling of the abscissa. (A)
and (B) lower panels: data are expressed as means ± SEM out of three independent experiments. The presence
of single-stranded DNA due to incomplete annealing was subtracted (indicated by a paragraph symbol). Data
processing and statistical test as in figure 4.12 (∗ p<0.05; ∗∗ p<0.01; ∗∗∗ p<0.001). Experiments were carried out
by Sebastian Veith, master thesis, under direct supervision of Oliver Popp.
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Figure 4.14: (A) Exonuclease assay. Upper panel: Degradation of an extended forked oligo duplex (300 fmol)
substrate by increasing concentrations of WRN as indicated. Oligos on the blot: 1st lane (marker, M): biotinylated
ss oligos 22ForkA, ON1; 2nd to 8th lane: biotinylated ds 34ForkA/B, denatured (300 fmol each). Lower panel:
densitometric evaluation out of three independent experiments. Signal intensities of the undigested band were
normalised to samples without WRN. Means ± SEM are represented in the graph. (B) Impact of non-covalent PAR
binding on WRN exonuclease activity. Upper panel: WRN (40 nM) was pre-incubated with increasing concentrations
of PAR (0 to 50 µM). Exonuclease reaction was started by addition 300 fmol of extended forked oligo duplex.
Following separation by denaturing TBE-PAGE products were detected on nylon membranes via streptavidin-POD. A
decrease in degradation of the oligo by increasing [PAR] is observable. Oligos on the blot: 1st lane (M): biotinylated ss
oligos ON1, 22ForkA, 34ForkA (100 fmol ss each); 2nd lane: biotinylated ds 22ForkA/B, 34ForkA/B, denatured (300
fmol ds); 3rd to 8th lane: 34ForkA/B (300 fmol). Lower panel: Densitometric evaluation out of four independent
experiments from (B) upper panel. Data are expressed as means ± SEM. Statistical test as in the previous figures.
Experiments were carried out by Sebastian Veith, master thesis, under direct supervision of Oliver Popp.
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4.5 Biochemical and cellular assays to study functional
interaction of XPA with PAR
XPA is one of the central components of NER and a lack of the protein leads to severe forms
of XP (Cleaver and States, 1997). The presence of a link between NER and PARP activity
has so far not been clarified, however the presence of a PAR binding motif in XPA points out
a possible role of PAR in NER (Pleschke et al., 2000). A qualitative and quantitative view on
XPA-PAR binding showed that the interaction is specific and highly depending upon chain
length of the polymer (Fahrer et al., 2007). In this study, the possible functional impact of
PAR on XPA was investigated in more detail both by biochemical and cellular approaches.
Parts of the experiments were carried out by Pascal Schlage under direct supervision of Oliver
Popp, which is indicated in the figure legends.

4.5.1 Binding of XPA to damaged DNA is inhibited by the presence of
PAR
The PAR binding motif of XPA is partially overlapping with the DNA binding domain of the
polypeptide. For this reason, XPA-DNA interaction was investigated under the presence of
PAR by an EMSA approach comparable to that described for WRN.
GCGC!

GCGC!

5 ‘ - B i o t i n - A C C A C C C T T C G A A C C A C A C !- 3 ‘
3‘- TGGTGGGAA
T T G G T G T G !- 5 ‘

ON1
ON8

Figure 4.15: Duplex for XPA-EMSA. Biotinylated ON1 oligonucleotide (17mer) was annealed with ON8 (25mer)
which leads to loop formation according to Missura et al. (2001).

For performing XPA-DNA binding EMSAs, an oligo was synthesised and annealed as depicted
in figure 4.15. The shorter strand of the oligo contains a biotin label while the longer strand
forms a GC-loop due to failure of base-pairing with the shorter strand but the ability to
hybridise with itself in that region (Missura et al., 2001).
Therefore increasing amounts of XPA were pre-incubated in HEPES buffer before DNA was
added. Subsequently, a native TBE-PAGE was run with the reaction mixtures separating
DNA and XPA-DNA complex according to electrophoretic mobility. After blotting on a nylon
membrane, bound labelled DNA was detected. As expected, an XPA-dose dependent mobility
shift occurred (figure 4.16).
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Figure 4.16: XPA-EMSA with 200 fmol labelled duplex per lane and increasing concentrations of XPA as indicated.
Reaction mixtures were separated by TBE-PAGE and semidry blotted on a nylon membrane. Bound DNA was
detected using streptavidin-POD. XPA-DNA complex and DNA duplex alone are indicated by arrows. This experiment
was carried out by Pascal Schlage under direct supervision of Oliver Popp.
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Figure 4.17: PAR inhibits XPA-DNA interaction. (A) XPA-EMSA as in figure 4.16 but XPA was incubated with
increasing concentrations of free PAR before adding 200 fmol of double-stranded oligonucleotide containing a loop.
XPA concentration was 0.2 µM in all lanes and PAR concentrations ranged from 0 to 0.03 µM referring to monomeric
ADPr. For each concentrations triplicates were performed. XPA-bound DNA and free oligo duplex are indicated by
arrows as in figure 4.16. This experiment was carried out by Pascal Schlage under direct supervision of Oliver Popp.
(B) Densitometric evaluation of A. Data are represented as means ± SEM from triplicates. Statistical significance
was calculated by one-way ANOVA and Bonferroni’s Multiple Comparison Test, ∗∗ p<0.01.
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Figure 4.18: XPA binds to PAR in a chain length dependent manner. XPA binding to fraction groups of PAR was
investigated as described for figure 4.7 in parallel with WRN. Dependency on PAR chain length appears stronger for
XPA than for WRN.

Next it was of interest to investigate whether PAR has an effect on XPA-DNA binding in the
EMSA. For this purpose, XPA was pre-incubated with free and unfractionated PAR in HEPES
buffer before adding the labelled DNA duplex as described before. XPA with DNA alone leads
to a shift as seen before, however with increasing concentrations of PAR, a dose-dependent
reversal of the mobility shift becomes apparent (figure 4.17). This indicates that PAR binding
to XPA might interfere with the binding of XPA to a DNA substrate.

4.5.2 XPA binds PAR in dependency on chain length
As already published, XPA binds to PAR in a polymer chain length dependent manner (Fahrer
et al., 2007). Here, the result was reproduced in parallel with WRN as described in section
4.4.1 and figure 4.7.
Binding affinity of XPA, in contrast to WRN, appears to be more dependent on chain length
(figure 4.18) as seen by a binding ratio of polymer size <10 vs. long and branched: WRN, 2×
stronger binding to long and branched over <10 units; XPA, 18× stronger binding to long and
branched over <10 units.
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4.5.3 Production and characterisation of a PAR binding motif mutant of
XPA
Porter and colleagues showed that XPA negative cells complemented with XPA that carried
one of two polymorphisms, i.e. R228N or V234L, were able to repair BPDE-induced lesions
faster than cells complemented with the WT-XPA (Porter et al., 2005). Therefore XPA owning
the two mutations both within a His-tag expression vector for the production of recombinant
mutant protein and as an XPA-eGFP transfection construct was constructed.
4.5.3.1 Production of a XPA-PBM mutant protein
For expressing the XPA-PAR binding motif mutant (XPA-PBM), site-directed mutagenesis
PCR and the baculovirus system using High Five insect cells were employed as described in
the following.
The strategy to generate the mutation in pSL1180::His-XPA and further cloning into the
baculovirus vector is depicted in figure 4.19.
4.5.3.2 Production of the XPA-PBM mutant according to Porter et al.
According to Porter et al. (2005), a baculovirus expression vector owning both of the mutations
from the publication was constructed. Therefore site-directed mutagenesis was successfully
performed with a pSL1180::His-XPA cloning vector construct by PCR using two complementary
primers. Subsequently, the insert with the two mutations, i.e. His-XPA-PBM, was cloned into
a baculovirus vector leading to pVL1392::His-XPA-PBM.
Baculovirus was produced and virus amplified twice in Sf 9 insect cells. After producing enough
virus supernatant, expression of His-XPA-WT and His-XPA-PBM occurred in parallel in High
Five insect cells. Expression was followed over time by α-XPA western blot and three days
appeared to be ideal for harvesting (data not shown). During expression, mean diameter of
the insect cells increased from 22.75 to over 24 µm as measured by Casy cell counter which
further indicates efficient infection by the virus. Both proteins were purified using Ni-NTA
chromatography and concentrations determined by Bradford assay. A western blot of the
purification is displayed in figure 4.21.
After successful expression and purification of XPA-WT and XPA-PBM biochemical assays
could be performed.
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Figure 4.19: Strategy of site-directed mutagenesis (SDM) of His-XPA and cloning into baculovirus vector.
Restriction sites BglII and NotI were inserted 5‘ and 3‘ from XPA, respectively, by Matthias Altmeyer (diploma thesis)
via PCR. The pVL1392 vector already contained the two restriction sites in the correct order. SDM-PCR of the PAR
binding motif according to Porter et al. was performed in pSL1180::His-XPA because of the significatly smaller size
of the vector compared to pVL1392. Successfully mutated His-XPA in pSL1180 was cut out by restriction digest
(BglII, NotI) and cloned into opened (BglII, NotI) vector backbone of pVL1392. Legend: MCS, multiple-cloning site;
Polyhed, polyhedrin; CDS, coding sequence; pPolyhed CDS, polyhedrin promoter; fw, forward; rv, reverse; PBM,
PAR binding motif; SDM, site-directed mutagenesis, XPA-PBM-SDM-fw1, SDM-forward primer (complementary
reverse primer not shown here); pVL1392seqfw/rv, sequencing primers to check correct insertion and sequence.
Yellow arrows indicate open reading frames (ORFs).
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4.5.3.3 Checking protein functionality
As XPA is able to bind to naked DNA that can be tested by EMSA (Patrick and Turchi, 2002),
the assay using the newly obtained XPA-WT and XPA-PBM protein was carried out (figure
4.22). Equal concentrations of XPA-WT and XPA-PBM as determined by Bradford assay were
incubated with biotinylated duplex-DNA containing a loop and subjected to TBE-PAGE as
described in section 4.5.1. Both proteins led to a XPA-dose dependent shift in electrophoretic
mobility by the formation of an XPA-DNA complex. The amount of shift was comparable
between the WT and the PBM-mutant, which proved functionality in DNA binding of the two
proteins.
4.5.3.4 PAR overlay assay
With the newly obtained recombinant XPA owning the PAR binding motif mutation the
next step was to investigate whether interaction with PAR was reduced compared to the WT.
Both proteins XPA-WT and XPA-PBM were blotted in increasing amounts on a nitrocellulose
membrane via a slotblot manifold (figure 4.23B). Bound protein was incubated with PAR
and unspecific bound PAR was removed by high-stringency washing as described before
immunodetecting with 10H antibody. As expected, PAR binding increases with expanding
concentrations of XPA-WT or XPA-PBM. However, the WT protein appears to bind more
PAR than PBM, which means that indeed the mutation obviously leads to a reduction of the
PAR binding property of XPA.
4.5.3.5 Production of an XPA-PBM-GFP transfection construct
XPA-eGFP present in GFP-dT-N1 vector was mutated using site-directed mutagenesis (SDM)
with the same primer pair as for pSL1180::His-XPA (see also figure 4.19). This led to the
possibility to transfect cells with both pEGFP-N1::XPA-WT-eGFP and pEGFP-N1::XPAPBM-eGFP transfection vector according to Porter et al. (2005). The indicated XPA-GFPdTN1-fw/rv are the primers used for sequencing to check for correct insertion and sequence (figure
4.24). The PAR binding motif according to Pleschke et al. (2000) is depicted in green, the
SDM primer (only forward shown: XPA-PBM-SDM-fw1) in blue. ORFs are given with yellow
arrows.
WT and mutated PAR binding motifs are represented in figure 4.25.
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Taken together, both baculovirus expression vector with His-XPA and transfection vector
containing XPA-GFP were successfully generated with the two mutations in the PAR binding
motif according to Porter et al. (2005).
As another step forward, further mutations should be introduced into the sequence of the
PAR binding motif. Site-directed mutagenesis as described above was consulted to produce
mutations in the PAR binding motif of XPA within the pEGFP-N1::XPA-EGFP transfection
vector. The mutations aimed on exchanging basic amino acids by alanine (compare results
of WRN peptides) within the PAR binding motif in order to gain an even stronger mutant
version of XPA as the above described PBM version according to Porter et al. (2005).
During this thesis, the following mutations were successfully generated:
Using site-directed mutagenesis primers targeted for the exchange of basic amino acids into
alanine, it was possible to exchange three out of the desired six into alanine. The obtained
sequence is also depicted in figure 4.25 and was achieved by doing first PCR with primer pair
XPA-PBM-SDM-SJ3. After DpnI digestion, transformation and sequencing, a further PCR
using primer pair XPA-SDM-SJ1 was performed. The following translated sequence was gained
within pEGFP-N1::XPA-EGFP: VKELAAAVASSVWKR1 . The obtained clone was checked
for the mutations by sequencing (data not shown). The PCR was not successful with the
pSL1180::His-XPA construct so far (data not shown).

1

successful mutations underlined
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Figure 4.20: Checking clones for the PAR-binding motif mutations according to Porter et al. in pSL1180::His-XPA.
(A) Agarose gel (1%) of the plasmids obtained by Mini Prep of clones #1–#5 that were picked from Amp plates.
Each plasmid extraction is shown in the undigested form and the linearised vector (4198 bp) by restriction cleavage
using NotI. (B) Peptide sequence data translated from the DNA sequence obtained by sequencing clones #1 through
#5. Clones #2 and #3 (in red) show the correct sequence of the mutated PAR binding motif (and the rest of the
sequence) with the mutations highlighted in blue. Clone #2 (underlined) was used for further procedures. On top
the wild type (WT) sequence of the PAR binding motif is represented.
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Figure 4.21: Western blot using αXPA polyclonal antibody of Ni-NTA purified His-XPA (WT and PBM) from two
different dialysed elution steps. Only elution 1 (Elu 1) was used for later experiments. The arrow indicates His-XPA
while the band below most likely represents XPA as well as it usually migrates at different sizes (Iakoucheva et al.,
2001). Concentrations given here were determined by Whitaker granum method. The resulting concentrations were
not correct as measured by Bradford later on. This explains the difference in the band intensities at same indicated
amounts.
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Figure 4.22: Examining XPA-WT and XPA-PBM functionality. (A) EMSA using ON1/ON8 oligo duplex labelled
with biotin plus increasing concentrations of XPA-WT or XPA-PBM as indicated. After incubation of XPA with the
DNA, the mixture was separated by TBE-PAGE and semidry-blotted on a nylon membrane. DNA was detected
using streptavidin-POD. Complex formation by XPA titration is indicated by the upper arrow, while unbound oligo
by the lower one. The first lane contains only the DNA duplex. (B) Densitometric evaluation of (A). Relative shift
is calculated by upper band × [upper + lower band]−1 . Data points are means ± SEM out of three independent
experiments.
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Figure 4.23: Binding of PAR to XPA-WT and XPA-PBM. (A) Indicated amounts of XPA-WT and XPA-PBM
were immobilised on a nitrocellulose membrane by slotblotting. After incubation with 1 nmol of unfractionated PAR
(0.2 pmol µl−1 , three high-salt washes comprising 1 M NaCl were carried out to disrupt unspecific binding. Bound
PAR was immunodetected using 10H α-PAR antibody. (B) Densitometric evaluation of technical triplicates. Data
are represented as mean luminescence ± SEM.
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Figure 4.24: XPA-eGFP expressing vector depicting the PAR binding motif (green). Forward primer used for
site-directed mutagenesis (complementary reverse primer not shown) and the two sequencing primers to check for
correct mutation are depicted in blue.

XPA-WT

GTAAAAGAATTGCGGCGAGCAGTAAGAAGCAGCGTGTGGAAAAGG (Pleschke et al.)
V K E L R R A V R S S V W K R
XPA-PBM GTAAAAGAATTGCGGCAAGCAGTAAGAAGCAGCCTGTGGAAAAGG (Porter et al.)
V K E L R Q A V R S S L W K R
XPA-PBM2 GTAAAAGAATTGGCGGCAGCAGTAGCAAGCAGCGTGTGGAAAAGG (Basic residues)
V K E L A A A V A S S V W K R
Figure 4.25: PAR binding motif of human XPA according to Pleschke et al. (2000). The original WT motif above
and the newly obtained mutated XPA-PBM version depicted below. The mutated codons generated by site-directed
mutagenesis in bold letters as well as the resulting amino acids. Targeted bases are illustrated in red colour. XPA-WT
and XPA-PBM were expressed as recombinant protein in High Five insect cells and created as a transfection
construct for a GFP-tagged protein. The mutation was performed according to a polymorphism discovered by
Porter et al. (2005) which led to faster repair of BPDE adducts when transfecting XPA deficient cells compared to
complementation with WT XPA. A second mutant XPA-PBM2 was generated where three basic amino acids were
exchanged into alanine. The XPA-PBM2 mutation was so far only generated within the pEGFP-N1::XPA-EGFP
transfection vector. Aim of the new mutation was an even stronger functional loss of the PAR binding motif.
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4.5.4 XPA and XRCC1 are specifically recruited to sites of PARylation
XPA binds to undamaged and damaged DNA in vitro, however it is not the damage recognition
factor of NER (see section 1.4.4.3). It was possible to produce localised DNA damage in
cell nuclei of HeLa cells by microirradiation using a pulsed femtosecond laser2 . The laser is
capable of producing NER substrates which leads to recruitment of factors of this DNA repair
pathway (Clement et al., 2010). Moreover, the laser is also effective of direct production3
of strand breaks which will ultimately lead to PARP activation and likely SSB repair (see
below) (Träutlein et al., 2009). In order to make recruitment of a certain DNA repair factor
visible, transient transfection of HeLa S3 cells was conducted with the following fusion proteins:
XPA-WT-eGFP, XPA-PBM-eGFP and XRCC1-eGFP. Recruitment was followed over time
by life-cell imaging using a laser-scanning microscope. Cells irradiated by the laser were
kept in DMEM medium including serum but without phenol red in order to avoid unwanted
absorption by the chromophore. Recruitment kinetics of untreated cells were compared with
cells challenged with 5 µM of the potent PARP inhibitor PJ34. PJ34 was added as a 1:2
dilution in medium directly before the experiments. It could be shown that the inhibitor is
effective immediately after application to the cells so that no pre-incubation was necessary
(data not shown).
Laser experiments were carried out at the BIC in collaboration with Martin Tomas and Elisa
Ferrando-May.

4.5.4.1 Control experiments
Control experiments were performed in order to test the performance of the laser which had to
be calibrated every time before usage (Martin Tomas). Therefore both XRCC1 recruitment
and the formation of photoproducts was analysed.
Figure 4.26 shows staining of 6-4PP and CPD after laser irradiation as a control experiment.
Immunofluorescence staining was done with monoclonal mouse antibodies against 6-4PP and
CPD. Goat-anti-mouse-Alexa-546 conjugate was used as a secondary antibody. Clearly visible
are both 6-4PP and CPD directly after laser irradiation. In the 6-4PP staining, a faint signal
is also visible in the cytoplasm which might represent background staining.
As a second control XRCC1-eGFP recruitment was investigated, which might indicate the
formation of SSBs (figure 4.27). XRCC1-eGFP was recruited massively and immediately to
2
3

For laser specifications see methods section.
via ROS formation
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6-4PP

CPD

10 µm

10 µm

Figure 4.26: Control staining
of photoproducts directly via immunofluorescence after laser irradiation with λ=775 nm. Left:
6-4PP staining, right: CPD
staining. Pictures with z-stacks
were using an LSM 700 (Zeiss)
at the BIC with closed pinhole. Afterwards the stack with
the maximum intensity was extracted and false colours were
applied using ImageJ. Laser experiments were carried out at
the BIC in collaboration with
Martin Tomas.

the laser induced damage site (in form of a line or cross). Saturation was achieved already
after about 90 s post-irradiation (p.i.). More interestingly, the recruitment could be almost
completely blocked by the application of PJ34, which demonstrates PARylation dependent
recruitment of XRCC1 to damage sites.
4.5.4.2 Recruitment of XPA to laser-induced damage sites
In the following experiments XPA-eGFP recruitment kinetics to laser damage were studied
in more detail. Additionally, the investigations were extended by including the XPA-PBM
mutant and a long-time series.
As seen in figure 4.28, XPA recruitment to laser-induced damage could be visualised in
transfected HeLa cells in the range of a few minutes p.i. The contrast of the laser-irradiated
line to the cell nucleus is rather weak compared to XRCC1 and increase in fluorescence reached
around 8% while XRCC1 showed a fluorescence elevation of about 90% compared to the
time-point before irradiation. Anyway, after evaluation of the data, a clear recruitment kinetic
became apparent (figure 4.29A). Most surprisingly, XPA recruitment was considerably reduced
in cells treated with PARP inhibitor PJ34 during the first 100–150 s.
This suggests that XPA is recruited to this kind of damage in a PAR-dependent manner. After
about 200 s the effect is not picked up any more. However, one has to take into account that
the fluorescence signal of cells without PARPi decreases fast after reaching the maximum (see
discussion).
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Figure 4.27: Accumulation of XRCC1-eGFP at sites of laser irradiation in HeLa S3 cell nuclei with λ=775 nm.
(A) Snapshot of a cell without PARPi before irradiation and 17 s post-irradiation (p.i.). (B) Data processed from 30
time-points using ImageJ, Microsoft Excel and Matlab. Inhibitor was added directly before the experiential series to
the cells. Life-cell imaging was performed using an LSM 5 Pascal (Zeiss) for the time indicated and percent increase
in fluorescence ± SEM is depicted in the graph. Data from the black curve n=6, red curve n=7. Laser experiments
were carried out at the BIC in collaboration with Martin Tomas.

0 s

42.77 s

Figure 4.28: Accumulation of XPA-eGFP at sites of laser irradiation in HeLa S3 cell nuclei with λ=775 nm.
Snapshot of a cell without PARPi before irradiation and ∼43 s p.i.. Recruitment is visible as a line at the image
(taken 17 s p.i. indicated by an arrow), however much weaker as for XRCC1.
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Figure 4.29: Accumulation of XPA-WT-eGFP or XPA-PBM-eGFP at laser-irradiated sites in HeLa S3 cell nuclei
with λ=775 nm. Inhibitor was added directly before the experiential series to the cells. Life-cell imaging was
performed using an LSM 5 Pascal (Zeiss) for the time indicated and percent increase in fluorescence ± SEM is
depicted in the graph. Pictures were taken every ∼7.2 s for a total duration of ∼433 s. (A) WT with and without
PARPi. Green curve n=15 cells, red curve n=10 cells. (B) PBM with and without PARPi. Blue curve n=15 cells,
khaki curve n=10 cells. (C) WT vs. PBM without PARPi. Both curves n=15 cells. (D) WT vs. PBM with PARPi.
Both curves n=10 cells. (E) Same as in A, however life-cell imaging was performed for longer time-periods. Pictures
were taken every ∼1 min for a total duration of ∼38 min. Both curves n=4. (F) Data represented here are the
same as in figures A, B, C and D without showing the SEMs. Data points are connected to be displayed as a curve.
Image data for all experiments was processed using ImageJ, Microsoft Excel and GraphPad Prism software. Laser
experiments were carried out at the BIC in collaboration with Martin Tomas.
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Subsequently, recruitment of the PAR binding motif mutant XPA-PBM-eGFP after laser
irradiation was explored (figure 4.29B). Similar to the WT, XPA-PBM recruits to laser-induced
damage reaching the maximum already after a few seconds. The reduction of the signal
observed for the WT is not observable for PBM. Maximum recruitment of XPA-PBM is at
less than 6% increase in fluorescence, while for the WT more than 8% increase in fluorescence
could be recorded. From this it can be concluded that the PBM mutant is recruited weaker to
sites of PARylation. When treating with PARP inhibitor PJ34 recruitment is delayed similar
to the WT, i.e. saturation like in cells without PARPi is reached but only after about 150 s.
In contrast to the WT the effect of PARPi is much less striking pointing to an effect by the
PAR binding motif mutation.
In order to compare WT and PBM recruitment to laser-induced damage more efficiently, both
curves were plotted into a same diagram (figure 4.29C). As mentioned above, it can be seen
that the WT-signal decreases after reaching the maximum while XPA-PBM does not. It is also
observable that PBM recruitment is delayed compared to WT, however the PARP inhibitor
still leads to a greater effect.
Plotting the recruitment curves of XPA-WT and XPA-PBM with the inhibitor in one diagram,
no obvious change in the course can be observed (figure 4.29D) indicating that in both situations
PAR-dependent recruitment might be inhibited to the same extent by PJ34.
PARP activity after DNA damage becomes observable seconds after irradiation as seen by
XRCC1 recruitment. Recruitment of the NER factors, however, is slower (Mocquet et al.,
2008). Therefore, longer time ranges should be investigated for XPA recruitment as well (figure
4.29E). Analysing XPA-eGFP recruitment during about 40 min, no saturation until this time
point becomes apparent. The increase in fluorescence thereby reaches values of almost 30%
while the short term study only displayed about 8% increase in fluorescence with subsequent
saturation. Astonishingly, the effect of PARPi in the long-time study becomes most prominent
after more than 10 min while in the early time points the slopes of the two curves appear more
similar to each other. For details on this see discussion.
To allow comparing the results for XPA-WT and XPA-PBM with and without PARPi, recruitment curves from figures 4.29A–D were plotted into one diagram (figure 4.29F). Only focusing
on the first few time points (0–50 s) it becomes obvious that XPA-WT recruits strongest to
the damage while XPA-PBM recruitment is weaker even with a lower maximum. Both XPA
variants treated with inhibitor show similar slopes indicating that PJ34 has stronger effects
then the mutation alone.
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Taken together, it could be demonstrated for the first time that XPA is recruited to DNA
damage in a PAR-dependent manner.
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4.6 Investigating the impact of PARylation on NER kinetics
In the previous studies it could be demonstrated that the presence of free PAR has an impact
on the ability of XPA to bind to damaged DNA in vitro. Moreover, XPA was recruited to sites
of localised DNA damage in cells, at least partially in a PAR dependent manner. Therefore,
it was tempting to speculate that PARylation has a general impact on the process of NER.
Consequently, the removal of photoproducts by incision through NER was consulted. Therefore,
first adequate damaging conditions had to be found. Second, kinetics of 6-4PP removal should
be carried out in the context of PARP activity, wherefore an additional challenge to the UV
damage was applied: PARP inhibition or additional damage by H2 O2 that will lead to PARP
activation.

4.6.1 Production of UV-damage by a germicidal lamp
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Figure 4.30: Irradiation dose of the UV lamp was tested physically and biologically. (A)dose
Measuring
of the UV lamp (germicidal lamp with λpeak =254 nm) by a UV integrator (Beltron) with a distance of d=15 cm
from the lamp. Different irradiation times were measured; longer irradiation times were chosen in order to produce
more exact data. A mean dose of 0.43 J m−2 s−2 was calculated and irradiation usually occurring at 10 J m−2 was
was calculated as 23.2 s at this distance. (B) Dose-response experiment using HeLa cells irradiated with increasing
doses of UVC light with irradiation times calculated from (A). Cells were grown and irradiated in 96-well plates as
well-triplicates for each condition and stained for 6-4PP. Microscopy using a Leica Leitz DM IL microscope was
carried out and fluorescence intensities evaluated using ImageJ. A number of ∼10–30 cells per well were evaluated.
Data were calculated using Microsoft Excel and plotted with GraphPad Prism. Data are normalised to the fluorescent
signal at 0 J m−2 and non-linear regression was carried out and resulted in an R2 = 0.9522.

For all experiments performed with the UV germicidal lamp, reproducible conditions concerning
irradiation dose were a basic requirement. Therefore the lamp was measured at different
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distances4 to a UV measuring device (UV integrator, Beltron) and also a dose-response curve
was produced. Figure 4.30 shows a measurement of the UV lamp at a distance of 15-cm to the
lamp. For doses of 100 J m−2 and higher a distance of 10 cm was chosen5 At d=10 cm, 80 s
irradiation for 100 J m−2 and 400 s to achieve a dose of 500 J m−2 were necessary (data not
shown).

4.6.2 NER kinetics
Kinetics of photoproduct removal were carried out in order to check for a potential effect of
PARylation activity on the course of NER. HeLa S3 cells were challenged both with UV and
with H2 O2 (50 µM) and/or PARP inhibitor PJ34 (5 µM).
Experiments were performed with HeLa cells grown over night in 3.5-cm dishes. After removal
of the medium and washing with PBS, UVC irradiation occurred. Subsequently, cells were
supplemented with serum-free medium with or without H2 O2 and/or PJ34 incubated for the
indicated times at 37°C and 5% CO2 (figure 4.31). Thereafter DNA was extracted from the cells
(using a column-based kit), denatured and blotted on nylon membranes in equal amounts where
6-4PP could be immuno-detected. As displayed in figure 4.31, white bars, a reduction of 6-4PP
signal within 30–60 min is visible. Furthermore, removal was slowed down when cells were
additionally challenged with H2 O2 (red bars, after 30 min). Interestingly, a similar inhibition
of 6-4PP removal was seen when cells were co-treated with PJ34 during incubation after UVC
irradiation (green bars). The findings suggest that removal of 6-4PP might dependent on PARP
activity. More surprisingly, when cells were double-treated with H2 O2 plus PJ34 (blue bars) the
effect was gone and 6-4PP removal arose similar as in unchallenged cells. After 60 min 6-4PP
is almost the same in untreated and H2 O2 or PJ34 treated cells, however double-treatment
appeared to support even more removal.
Taken together, it could be shown that XPA-DNA binding is inhibited in the presence of PAR.
Furthermore, a mutation in the PAR binding motif of XPA led to weaker PAR binding. It was
demonstrated the first time that XPA is recruited to sites of DNA damage at least partially
in a PAR dependent manner. The mutation in the PAR binding motif led to slightly weaker
accumulation at the damage site.

4
5

data not shown
Dose per irradiation time for 10 cm distance was calculated as demonstrated for 15 cm in figure 4.30.
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Figure 4.31: Kinetics of 6-4PP removal in HeLa cells after UVC irradiation. Cells were irradiated with 10 J m−2
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5.1 High-Affinity Interaction of PAR with DEK
Binding properties of DEK to PAR and the biochemical changes upon this interaction have been
investigated. The study was published as described in the results- and informations-section
(Fahrer et al., 2010).
Determination of PAR-peptide interaction was carried out with full-length DEK, DEK fragments
and DEK peptides plus control-polypeptides using PAR overlay assays. The method is based
on the ability of PAR to bind to immobilised proteins on nitrocellulose membranes (reviewed
in Malanga and Althaus (2011)). Using this method, unspecific binding of PAR to proteins is
minimised by high-stringency washes with a high-salt buffer. The specificity of the method
was demonstrated by highly efficient binding of PAR to the histone H1 type, which is used as
a positive control. In contrast, BSA and lysozyme do not bind PAR and therefore served as
negative controls. Similar to H1 but slightly weaker, PAR binds to DEK in a concentration
dependent manner.
As DEK-PAR binding could be demonstrated, it was searched for a PAR binding motif in DEK.
The PAR binding motif is the most common feature of non-covalent PAR binders (Pleschke
et al., 2000; Gagné et al., 2008). Five different putative PAR binding motifs were identified
using the Pleschke et al. (2000) consensus1 . Consequently, peptides spanning the corresponding
putative PAR binding motifs were synthesized and tested for their PAR binding capabilities.
Three of the five peptides demonstrated PAR binding with different affinities. This led to
the conclusion that DEK most likely possesses three PAR binding motifs. As the analysed
peptides were artificially synthesised, parts of the found binding sites have been confirmed by
using recombinant DEK protein fragments. Both an N-terminal and a C-terminal fragment
demonstrated binding to PAR, which further confirms the presence of at least two binding
sites.
1

in collaboration with Maria Malanga, University of Naples
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In the study Fahrer et al. (2010), it was further demonstrated that DEK binds to PAR in
a chain-length dependent manner. DEK bound strongly to a 54mer of PAR with a KD of
6.1 × 10−8 M, which is higher than the one for XPA (3.2 × 10−7 M) or p53 (1.3 × 10−7 M)
(Fahrer et al., 2007). However, binding of DEK to PAR tested in an EMSA did not take
place using short PAR molecules. Non-covalent interaction did not interfere with the overall
DNA-binding ability of DEK. DEK is able to bind to both DNA and polymer at the same
time, most likely by the presence of two DNA binding domains. This stands in contrast to the
finding that covalent modification of DEK with PAR strongly inhibits its DNA binding abilities
(Kappes et al., 2008). The effect of PAR on DEKs supercoiling activities were also rather weak
compared to the effect by covalent PARylation that led to a loss of function in changing DNA
topology. However, DNA-dependent DEK aggregation was augmented by binding to PAR
and this reduced the capability of DEK to bind to supercoiled DNA both for phosphorylated
and dephosphorylated DEK. In the context of DNA repair, this might have the function of
releasing DEK from supercoiled DNA by sequestering as oligomers allowing access for repair
factors until completion of repair.
Taken together, DEK was described as a new non-covalent PAR binding protein with a potential
impact on its DNA-dependent multimerisation activities by interacting with PAR.

5.2 Functional interaction of WRN with PAR
WRN exhibits binding properties to a plethora of DNA substrates that are either unwound
or digested in 3’→5’ direction (Ahn and Bohr, 2011; Opresko et al., 2003). It is regulated by
interactions with many proteins and by post-translational modifications. One of the interaction
partners of WRN is PARP1 and the interplay leads to inhibition of the catalytic activities
of WRN (von Kobbe et al., 2003, 2004). Both PARP1 and WRN are located mostly in the
nucleolus and to a lesser extent in the nucleus and are recruited to nuclear DNA damage rapidly
(von Kobbe and Bohr, 2002; Lan et al., 2005; Rancourt and Satoh, 2009). The regulatory and
enzymatic functions of WRN and PARP1 are highly overlapping in DNA repair (base-excision
repair, homologous recombination), telomere maintenance and replication (Beneke and Bürkle,
2007). To this end the hypothesis was tested if WRN interacts with PAR in a non-covalent
manner. PAR was already shown to exhibit regulatory functions on different enzymes involved
in DNA structure and metabolism such as p53 and DEK (Malanga et al., 1998; Fahrer et al.,
2010).
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5.2.1 WRN and PAR interact in a non-covalent fashion
5.2.1.1 State of the art
In previous experiments carried out by Jörg Fahrer (doctoral thesis, University of Konstanz,
2007), non-covalent interaction of PAR and WRN were demonstrated in a WRN concentrationdependent manner using immobilised proteins. Control proteins BSA, cytochrome C and
lysozyme in excessive protein amounts did not display PAR binding while the positive control
H1 showed PAR binding that was stronger than for WRN. The latter finding was expected, as
H1 is one of the strongest non-covalent PAR binders (Panzeter et al., 1992). As the overlay
blots were treated with high-stringency washes (1 M NaCl) and the control peptides displayed
no PAR binding at all, the interaction of PAR with WRN appeared to be specific. It could be
of future interest to compare binding affinities of WRN to PAR to that of other known PAR
binding proteins in a more quantitative approach.
5.2.1.2 Binding of WRN to size-fractionated PAR
It was recently shown that non-covalent binding of PAR to proteins depends on polymer chain
length (Fahrer et al., 2007). Therefore, HPLC-size-fractionated PAR was tested for its ability
to bind WRN. As a result, WRN bound with slight tendency preferably to long PAR chains,
even though short PAR chains were well bound by WRN as well. Dependency of chain length is
likely much weaker than it is the case for XPA or DEK (compare Fahrer et al. (2007, 2010) and
figure 4.7 with 4.18). It was demonstrated before that the antibody 10H used for the detection
of the fractionated polymer bound to proteins has a higher affinity to longer PAR chains as well
(Jörg Fahrer, PhD thesis). For XPA an about nine fold higher ratio between affinity to short
vs. long PAR was calculated in comparison to WRN. Thus, a possible effect by the higher
affinity of 10H can likely be overcome when comparing the two proteins. Despite this fact,
it will be necessary to perform PAR-EMSAs as performed in Fahrer et al. (2007) for WRN
to completely exclude an impact of 10H binding and, more importantly, to establish binding
kinetics to PAR of different chain length. Alternatively, a surface-plasmon resonance (SPR-)
based approach for studying PAR binding kinetics to WRN should be taken into account.
5.2.1.3 Searching for the PAR binding motif of WRN
A putative PAR binding motif, which was published before and shown as the most common
feature of PAR binding proteins (Pleschke et al., 2000; Gagné et al., 2008), was investigated
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by alignment with the PAR binding consensus motif. Four putative candidate sequences
were identified and corresponding peptides were synthesised. One out of four putative motifs
(166–188) was tested positive for PAR binding in vitro and is located in the exonuclease domain
of WRN. Binding by the other three peptides was significantly weaker and only visible at high
concentrations of the peptide while 166–188 still led to a strong signal with only 100 pmol
peptide.
5.2.1.4 Importance of basic and hydrophobic amino acids
After having found the PAR binding motif in WRN, the relevance of the amino-acids’ side-chain
properties (basic/hydrophobic) was tested by a mutational approach and synthetic peptides
were synthesised accordingly. In Pleschke et al. (2000) mutagenesis of PAR binding motifs
was performed which revealed a tendency for higher importance of the hydrophobic amino
acids. This partially contradicts results by Gagné, Wang and colleagues from the Poirier and
Dawson lab. Gagné et al. (2008) proposed basic amino acids as the more essential ones for
PAR binding which is consistent with the fact that positively charged amino acids would likely
interact with the negatively charged polymer. A critical role for the basic residues was further
confirmed by Wang et al. (2011), showing that mutations of basic amino acids of the PAR
binding motif into alanine in apoptosis inducing factor (AIF) led to massively impaired PAR
binding and loss of PAR-dependent translocation to the nucleus. WRN peptides, exchanging
either hydrophobic or basic amino acids, were therefore synthesised.
Using these peptides in a PAR binding assay as described above, it was possible to reproduce
the binding affinity of the wild-type (WT) WRN peptide 166–188, which was shown to bind to
PAR with high affinity (see above). Interestingly, the mutant WRN peptides showed reduced
binding compared to WT. A change of three hydrophobic moieties into alanine led to highly
significant reduction in PAR binding. Moreover, mutation of three basic amino acids, i.e.
two lysins and one histidine in the C-terminal part of the PAR binding motif, led to an even
stronger reduction in PAR binding. PAR binding of a mutant with five hydrophobic amino
acids exchanged into alanine showed the weakest polymer binding affinities. Thus, it can be
concluded that both hydrophobic and basic residues of the PAR binding motif are important
for PAR binding. Although the basic mutations appear to have a greater impact under these
conditions which would fit with the above described studies (Gagné et al., 2008; Wang et al.,
2011). Further structural approaches have to be carried out on the PAR binding motif in
order to gain more insight into the interaction mode. It could well be that the motif forms
some kind of PAR binding pocket. Hereby ionic interaction between basic amino acids and
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the phosphates of PAR plus hydrophobic interaction of lipophilic amino acid side-chains with
adenine might occur. Also, cation-π interaction should be considered which could take place
between basic amino acids and adenine owning delocalised π-electrons.

5.2.2 Functional consequences of PAR interaction for WRN
Next, the newly found non-covalent PAR-binder WRN was investigated functionally for the
influence of PAR on its DNA binding and enzymatic activities. Consequently three different
functional effects, that is the DNA binding properties of WRN plus helicase and exonuclease
activity, have been explored.
5.2.2.1 Impact of PAR on WRN-DNA interaction
An EMSA demonstrated that WRN binds to a DNA duplex with a forked part that mimics a
telomeric structure in a WRN-concentration dependent manner. At a concentration of 50 nM,
WRN led to an almost complete complex formation with 200 fmol of the oligo as seen by the
shift which corresponds to a ratio of WRN:DNA=2.5. A ratio of 3.3 was sufficient in a study
from Muftuoglu et al. (2008), which appears highly comparable with the here found number.
In the next step PAR was pre-incubated with WRN before adding the oligo duplex. A
WRN concentration of 50 nM, where almost complete shift occurred in the previous titration
experiment, was selected for these experiments. The EMSAs with PAR clearly demonstrates
that binding of WRN to the DNA duplex is strongly inhibited in a PAR-concentration dependent
fashion starting at 2.5 µM PAR. A concentration of 20 µM PAR led to a 4× reduction in
WRN-DNA complex formation. This may indicate that WRN bound to the polymer makes
it sterically and/or electrostatically impossible for the protein to bind to DNA. It is likely
that the bulky and negatively charged PAR molecule interferes with binding of WRN to the
likewise negatively charged DNA.
The PAR used in the assays was a mixture of short and long chains of the polymer ranging
from 1 to over 200 units (compare (Alvarez-Gonzalez and Jacobson, 1987) and figure 4.3).
The concentration of PAR is measured photometrically and refers to monomeric ADPr. Thus
the molar concentration of longer PAR chains, which were over-represented as visualised on a
silver sequencing gel, would be about two orders of magnitude lower than the concentration
determined by UV-absorption. Assuming a 100mer of PAR as the mean chain length of the in
vitro synthesised PAR, the concentration of PAR in the assays would be 1/100 of the indicated
ones. This leads to the following stoichometries in the EMSA (with 50 nM WRN; 10 µM
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PAR, where highly significant effect was obeserved): WRN:DNA=2.5, WRN:PAR100mer =5 and
DNA:PAR100mer =2, which means that PAR is not excessive over DNA.
5.2.2.2 Impact of PAR on WRN helicase and exonuclease activity
As PAR interferes with the DNA binding abilities of WRN, it was of further interest whether
PAR is also able to influence on WRN’s enzymatic activities. An already published helicase
assay was consulted and modified for the usage of a biotinylated oligonucleotide duplex with
a forked part (Brosh et al., 2006). It could be shown that WRN unwinds the substrate in
a concentration-dependent manner leading to about 50% unwinding at a molar ratio of 1
(WRN:DNA). After this concentration, saturation of unwinding was achieved. Pre-incubation
of WRN with PAR led to a PAR-dose dependent reduction of helicase activity to about 50%
of the control with 1 µM PAR and significant inhibition at 2.5 µM PAR. A concentration
of 10 µM unfractionated PAR leaves about 20% of the helicase activity compared to the
control. The ratios of WRN (25 nM), DNA (20 nM) and PAR (2.5 µM, where inhibition was
already significant) were: WRN:DNA=1.25, WRN:PAR100mer =1. This means that PAR was
not present in excessive amounts compared to DNA as in the EMSA.
Finally, exonuclease activity was evaluated in terms of PAR interaction. The assay was based
on Orren et al. (1999) and modified for the usage of a biotin-labelled oligonucleotide with
a forked part similar to the one from the EMSA and helicase assay. The oligo used for the
exonuclease assay was twelve nucleotides longer and applied at a concentration of 30 nM
(absolute amount: 300 fmol) instead of 20 nM (200 fmol) in order to achieve visualisation of
the degradation bands. Naturally, WRN concentration for efficient 3’→5’ degradation had to
be correspondingly higher.
WRN displayed a dose-dependent degradation of the forked oligo duplex saturating at concentrations above 60 nM while an amount of 10 nM WRN is sufficient to see degradation. Also,
degradation of the oligo duplex leads to products of distinct size (ladder pattern), which is
likely due to the usage of an oligo comprising telomeric repeat sequences. WRN appears to
degrade the repetitive parts step by step resulting in shrinkage of six nucleotides in each step
(TTAGGG). Total length of the oligo with the forked part was 49 nucleotides. Degradation
stops at a size of most likely a length of 49 − 4 × 6 = 25 nucleotides thus the telomeric repeats
appear to be necessary for the specific degradation by the exonuclease function.
For exonuclease assays in the presence of PAR, the polymer was pre-incubated with WRN
before adding the substrate oligo duplex. A WRN concentration of 40 nM was chosen
where degradation was highly significant. The ratio of WRN:DNA at this concentration is
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approximately equimolar. Inhibition of exonuclease activity by unfractionated PAR in the
blot-based approach was significant at 50 µM PAR which would correspond to 500 nM PAR of
an estimated mean chain length of 100 ADPr subunits. Thus PAR would be more than 10 fold
higher concentrated than WRN. The blot-based assay, however, did not produce well-evaluable
results due to fluctuations in the band intensities. This is also reflected by the non-linear
regression curve with an R2 of 0.75 which is rather weak compared to the helicase assay. Below
50 µM PAR no increase in the inhibitory effect could be visualised. In order to obtain a more
quantitative method, an MS-based assay was developed (Mangerich, Veith, Popp et al., in
revision; see figure 5.1).
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Figure 5.1: WRN (40 nM) mediated degradation of a double-stranded oligonucleotide (300 fmol) is reduced
by PAR in a concentration-dependent manner. Isotope dilution mass spectrometry based approach to measure
exonuclease activity. Incubation time for the MS-based approach was 45 min (blot-based assay only 15 min).
Experiment performed by Sebastian Veith (master thesis), under direct supervision of Aswin Mangerich and Oliver
Popp (Mangerich, Veith, Popp et al., in revision). Plotting of data and statistics as described for figure 4.14.

Briefly, the assay works by measuring the release of deoxy-guanosine (dG) by the exonuclease
function using isotope-dilution tandem mass-spectrometry with an ESI source. Results produced
through this method appeared to be highly reproducible and much more sensitive than the
blot-based approach. This is demonstrated by the repetition of the above described experiment
using PAR to inhibit WRN’s exonuclease function. Here, a significant effect of unfractionated
PAR on WRN exonuclease activity could be seen for 10 µM of the polymer already. This
would correspond to 100 nM of an assumptive 100mer thus a ratio of PAR100mer :WRN=2.5
for 40 nM WRN. PAR would then still be higher concentrated than DNA (30 nM), which
rises questions for a putative in vivo function. However, it might well be possible that local
PAR formation at sites DNA break might overbid the amount of DNA in that region in an
in vivo scenario. Also, it cannot be excluded that the effect is dependent on chain-length of
PAR, which should be evaluated in the future using fractionated polymer. Taken together, it
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was possible to develop a reliable, more sensitive and highly reproducible method to quantify
exonuclease activity. The method showed inhibition of WRN exonuclease by PAR and might
be applicable also for the assessment of activity of other exonucleases.

5.2.3 Comprehensive discussion of the WRN results
WRN was shown to own three distinct DNA binding domains from which one is N-terminal
the other two C-terminal, i.e. the RQC and helicase domains (von Kobbe et al., 2003). The
presence of the N-terminal PAR binding motif supports the hypothesis that interaction of
the exonuclease domain with PAR inhibits both DNA interaction as seen by the EMSA and
exonuclease function which was shown by inhibition of exonuclease activity. A reason why
helicase activity is also inhibited by PAR might be caused by a conformational impact of PAR
binding on WRN, which could in turn cause an inhibited helicase function. Alternatively, the
size of the polymer bound to the N-terminus could be so bulky that it sterically hinders the
complete protein from binding to DNA. Another possibility would be a further PAR binding
motif at another place within the protein that was not picked up in the in silico search. The
presence of more than one PAR binding motif is not unusual as for p53 three different functional
PAR binding motifs were identified and, as identified during this study, DEK was determined to
have three motifs as well (Malanga et al., 1998; Fahrer et al., 2010). The presence of a further
motif becomes even more likely as significant inhibition of WRN-DNA complex formation
(EMSA) and helicase activity (helicase assay) by PAR occurred both at 2.5 µM while significant
reduction in exonuclease activity was only achieved at 10 µM PAR (exonuclease assay via MS).
A concentration of 2.5 µM PAR did not lead to significant reduction in exonuclease activity
(Sebastian Veith, maser thesis, data not shown). Generally, an allosteric effect cannot be
excluded till now and should be further addressed. However, a higher dose of PAR necessary for
efficient inhibition of the exonuclease function compared to the helicase function could also refer
to a functional role assuming physiological conditions that produce different amounts of PAR
under certain conditions. Lower PAR concentrations would inhibit helicase, but exonuclease
activity could still be possible, while at higher PAR concentrations (e.g. after particular kinds
of DNA damage), exonuclease activity would additionally be inhibited.
It appears not to be surprising that WRN is covalently modified with PAR on the one hand
(Adelfalk, 2003) and that it binds PAR in a non-covalent fashion on the other side (this study).
This double way of regulation by PAR is shared also by other proteins such as linker-histone
H1 and the oncoprotein DEK (Ogata et al., 1980; Panzeter et al., 1992; Kappes et al., 2008;
Fahrer et al., 2010). Taken together, new insight in functional regulation of the multi-potent
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WRN protein is provided here. This regulation is mediated by non-covalent interaction with
PAR, which is synthesised by PARP1 (and other PARPs) upon binding to DNA damage. As
inhibitors of PARP catalytic activity are already used for chemotherapy, a potential effect of
other proteins, especially those involved in chromatin maintenance such as WRN, should be
considered and further studied.
Future studies on non-covalent interaction of WRN with PAR should focus on the regulatory
impact of the found PAR binding motif. Therefore the motif could be mutated by targeting
basic amino acids, exchanging them into alanine. Also, the mode of inhibition by PAR could
be assayed by enzyme kinetics with subsequent Lineweaver-Burk plotting. Additionally, it
will be interesting to study the influence of PARP1-WRN interaction with respect to PARP
activity in more detail.
A physical and functional interaction of WRN with PARP1 was demonstrated (von Kobbe
et al., 2003, 2004). The authors have shown an inhibitory effect of PARP1 on WRN’s helicase
and exonuclease activities. After activation of PARP1, they found abrogation of the inhibitory
effect. In the context of BER this could mean that WRN is only activated at SSBs when
PARP1 was activated and released after auto-PARylation. Thereafter, WRN could unfold its
enzymatic activities and stimulate strand displacement synthesis and flap cleavage (von Kobbe
et al., 2004). In the described scenario, the presence of PAR would lead to the opposite result
to the findings in this study. However, it might be that free PAR and PARP1-bound PAR act
in different ways on WRN. Therefore, it will be necessary in future studies to test an effect
of auto-modified PARP1 on WRN enzymatic activities as well. In contrast to that, Li et al.
(2004) discovered an effect of PARylation that is more consistent with the results obtained
in this study. During NHEJ, WRN is associated with PARP1 and Ku70/80 complex where
the Ku70/80 stimulates WRN exonuclease activity. After activation of PARP1, Ku70/80 gets
PARylated whereas WRN does not, which in turn leads to release of the complex from DNA.
Moreover, the stimulatory effect of Ku70/80 on WRN exonuclease activity is abrogated under
these conditions. Thus, PARP activity and the formation of PAR lead to reduced exonuclease
activity which fits to the results of this thesis showing inhibition of exonuclease function of
WRN by the polymer.
To sum this up, the in vivo situation of PAR-WRN interaction might highly depend on the
general circumstances and protein/DNA environment where the activity takes place. As a
result of this, further cellular studies will have to follow in the future. The experimental
outcomes for XPA and XRCC1 showed recruitment of the GFP-tagged proteins to sites of
PARylation (see results section and below). Experiments involving GFP-tagged WRN would
allow to check for recruitment of WRN to localised DNA damage or replicative stress under
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different conditions. One condition would be PARP inhibition by PJ34 or another inhibitor or
reduction of PARP1 levels by an si/shRNA approach. Further on, co-localisation studies of
PARP1 and WRN at these sites of damage should be investigated and recruitment kinetics
established. It can also not be excluded whether the chain length of PAR, which might vary
at different cellular conditions, has different impacts on WRN-DNA binding and enzymatic
function. Investigations in this direction will be necessary in the future, too.

5.3 Functional interaction of XPA with PAR
5.3.1 State of the art and XPA EMSA
An effect of non-covalent binding to PAR on protein function has been proposed which showed
different regulatory outcomes for different proteins (see section 5.4). However, for most PAR
interacting proteins, the regulatory function by PAR is not yet understood. Non-covalent
interaction of XPA with PAR was discovered and ascribed to the PAR binding motif (Pleschke
et al., 2000). Also, a dependency on chain length was discovered where XPA binds with much
higher affinity to longer PAR chains similar to DEK and p53 (Fahrer et al., 2007). The PAR
binding motif of XPA (aa 215–237) is located in a highly disordered2 region of the protein
(see figure 1.5). It is slightly extending into the DNA- and TFIIH-binding domain (Pleschke
et al., 2000; Bartels and Lambert, 2007; Iakoucheva et al., 2001). As a consequence, it was
aimed to check for XPA-DNA interaction in the presence of PAR via EMSA as described in
the literature (Missura et al., 2001). The biotin-labelled oligo duplex which was used showed
an XPA-dose dependent electrophoretic mobility shift. Interestingly, upon addition of in vitro
synthesised PAR, XPA-DNA interaction was reduced in a PAR-dose dependent manner. Binding
stoichometry were calculated, assuming that the mean chain length of PAR was 100 units of
ADPr. A significant effect of PAR occured at 30 nM, corresponding to 300 pM of a 100mer. This
produces the following ratios: XPA:DNA=10, PARunf r. :XPA=0.15, PAR100mer :XPA=0.0015,
PARunf r. :DNA=1.5, PAR100mer :DNA=0.015. As PAR is highly underrepresented under these
conditions, specificity of the effect appears high.
From this result the assumption that PAR might regulate the ability of XPA to bind to
(damaged) DNA was drawn. As mentioned in the introduction (section 1.4.4.3), XPA is not the
damage recognition protein of NER but binds both to undamaged and with higher affinity to
damaged DNA. The finding is explained by the fact that XPA binds to a damage intermediate,
2

according to PONDR; http://www.pondr.com/
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Figure 5.2: Potential regulatory role of PAR in NER and BER. For details see main text.

represented by a bubble that is formed during activity of the NER helicases, where it might
connect the distorted strand with further NER factors (Missura et al., 2001; Yang et al.,
2006).

5.3.2 Working model
The inhibitory effect of XPA-DNA interaction led to the following working hypothesis for
further investigations (figure 5.2).
PAR synthesised upon DNA damage is a central regulator of BER mostly by being responsible
for the recruitment of XRCC1. A function of PARylation in NER has been addressed only in a
few publications (discussed below) and a role for XPA-PAR interaction was never assessed.
The following model suggests a regulation of BER and NER by PAR at the same time, assuming
a mixed type of DNA damage: Photoproducts and bulky adducts lead to helix distortions that
are repaired by the NER pathway. In contrast, small adducts (e.g. alkylations) on DNA bases
and oxidative lesions are repaired by the BER pathway. During BER, a SSB is induced by the
cooperative activity of glycosylases plus lyase and AP endonuclease activity. Also, SSB can be
induced directly by ionising irradiation or ROS. The formation of SSB will ultimately lead to
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PARP activation and the formation of PAR. The polymer is then thought to be responsible
for the recruitment of further BER factors such as scaffolder XRCC1, polymerase β/δ and
ligase III, processing the damage site. In NER, XPC is one of the damage sensors which is
subsequently recruiting further factors. XPA, which interacts both with the NER intermediate
and further NER repair factors could be seen as a scaffolding protein such as XRCC1 in BER.
Both proteins own a PAR binding motif and are capable of binding to PAR in a non-covalent
fashion. The function of PAR on XPA, however, could be different: While PAR promotes
scaffolding of factors in BER, non-covalent interaction of PAR with XPA might lead to its
repulsion from the damage site, which is supported by the above described in vitro study. While
PARylation is going on and BER is performed, NER might be inhibited by XPA-repulsion from
the damage. Thus, the invasive incision step by the endonucleases XPG and XPF-ERCC1,
which occurs downstream of XPA, will not take place until XPA was recruited to the damage
site. A function of this model could be reasonable when two kinds of damages are present in
close vicinity, one necessarily repaired by NER, the other one by BER. BER starts with the
introduction of a SSB, which can lead to the formation of DSBs if not repaired. Thus giving
this pathway priority over NER appears well-reasoned (Kuzminov, 2001). Moreover, NER is
the more invasive pathway excising an oligonucleotide during incision step, a process that takes
more time (for repair kinetics see below). It therefore appears logic that processing of NER
remains halted for completion of BER; the NER-damage would be already prepared by XPC
and eventually TFIIH for later repair.
The tenability of the model in context of the other results will be discussed in the end.

5.3.3 Mutating the PAR binding motif of XPA (PBM)
Porter et al. (2005) reported about two polymorphisms R228Q and V234L within the XPA
polypeptide sequence. In that study XPA-deficient cells were complemented with XPA-WT and
the XPA-variant (in the following called XPA-PBM) and subjected to BPDE repair. Strikingly,
cells transfected with the variant XPA displayed faster repair kinetics of BPDE than the WT
and better survival rates after damage induction. However, no significant differences between
WT and R228Q or V234L were found for UV-induced damage (Mellon et al., 2002). Most
interesting for this study, the two polymorphisms are located within the PAR binding motif of
XPA. A faster NER under conditions of a PAR binding motif disruption would fit into the
above mentioned hypothesis: if XPA is negatively regulated by PAR based on the PAR binding
motif then disruption should promote NER.
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For this reason it was sought to produce the XPA variant as a double mutant with R228Q plus
V234L at the same time. Production of a baculovirus expressing vector and a GFP construct
was carried out via site-directed mutagenesis (SDM) PCR and a cloning strategy described
in the results section. Both SDM and cloning (where necessary) were successful. XPA-WT
and XPA-PBM (the latter one corresponding to the mutant according to Porter et al.) were
expressed as recombinant protein. The aim was to perform biochemical assays with the mutant
protein for comparison with the WT. Using the GFP construct, recruitment experiments to
(laser-induced) damage sites were desired. The WT and PBM motif are depicted in figure
4.25.

5.3.4 Second site-directed mutagenesis approach (PBM2)
Assuming that the XPA-PBM variant leads to impaired PAR binding including functional
consequences for DNA binding of XPA and its function in NER (see later), it was sought to
produce a stronger mutation of the PAR binding motif. In a further PCR-based mutagenesis
approach an XPA-PBM2 variant was successfully generated within the GFP-transfection vector.
Basic amino acids have been targeted in stepwise site-directed mutagenesis. In the first place
two different combinations of mutagenesis primers were applied one after the other with the
result of an exchange of three basic amino acids into alanine (figure 4.25). In total six exchanges
were anticipated. The primers, which were used for the mutagenesis PCR, already contained
more mismatch bases than achieved by the PCR. However, the mutation was not successful for
the codons located at the 5’ or 3’ end of the PAR binding motif. This was most likely caused
by insufficient annealing of the mutation primers to the border regions of the sequence. For
mutation of those basic residues into alanine, new primers have to be designed, which should
include the mutation region in the middle of their sequence. So far three basic amino acids have
been exchanged into alanine within pEGFP-N1::XPA-EGFP (figure 4.25). When comparing
with the WRN peptide study, an exchange of only three basic amino acids of the PAR binding
motif into alanine led to a striking reduction of non-covalent PAR binding. Therefore the
obtained mutation vector could be sufficient for a stronger effect than the PBM mutation. It
should be addressed in the future how XPA-eGFP recruitment to localised damage changes
compared to the WT and the PBM mutant. For details see discussion of the laser experiments.
Moreover, for biochemical studies, the same mutagenesis should be applied for producing
recombinant XPA-PBM2 mutant protein as described for the XPA-PBM.

135

5 Discussion

5.3.5 Biochemical investigations on XPA-PBM
XPA-WT and the XPA-PBM variant were expressed and purified in parallel and concentrations
determined by Bradford assay. In order to check the functionality of the two proteins, EMSAs
were performed as described above. Both variants led to comparable XPA-dose dependent
loss in gel migration mobility of an oligo duplex containing a loop as expected. It will now
be interesting to compare the two XPA variants in an EMSA with respect to inhibition of
XPA-DNA interaction by PAR. These experiments shall be addressed in the future.
Next, PAR binding overlay assays were consulted as shown for DEK and WRN (poly)peptides.
Increasing concentrations of XPA immobilised on a nitrocellulose membrane led to elevated
PAR binding. Unspecific binding was excluded by using high-stringency washes with 1 M NaCl
as described. Comparing the two XPA variants, on average a 3.75 fold3 higher binding was
detected for the WT over PBM. The result indicates that mutation of the PAR binding motif
was biochemically functional.
Additional experiments will be necessary to verify the findings mentioned above. The study
could also be extended to the investigation of a potential effect on binding to size-fractionated
PAR by the mutation. Therefore PAR-EMSA assays shall be consulted using biotinylated,
HPLC-fractionated PAR as described in Fahrer et al. (2007). Furthermore it will be of interest
to perform the same experiments (EMSA and overlay) with the described XPA-PBM2 variant.
This has more amino acids mutated within the PAR binding motif, consequently weaker binding
to PAR is expected. If XPA’s DNA binding abilities were less interfered by PAR when using
XPA-PBM or XPA-PBM2, this could proof specific functionality of the PAR binding motif.

5.3.6 Recruitment of XRCC1 and XPA to laser-induced DNA damage
After having performed functional assays on a biochemical basis, it was of interest how XPA
behaves with respect to recruitment to damage in a living cell. Localised damage produced by
laser microirradiation was the tool consulted here. Cells were transfected with a GFP tagged
version of the repair protein of interest.
5.3.6.1 XRCC1 recruitment and photoproducts
For testing the performance of the laser, control experiments were consulted. Recruitment
of XRCC1 and the formation of photoproducts at laser irradiation sites were investigated.
3

5× for 1 pmol of protein, 2.5× for 3 pmol
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The data obtained by the laser experiments demonstrated that XRCC1 is recruited to sites
of laser irradiation (775 nm) within seconds and saturating occurred around 100 s with an
increase in fluorescence of about 90%. This could be completely blocked by the application
of PARP inhibitor PJ34 (PARPi) indicating that PARylation activity is highly stimulated
by the damage. This proofs that PAR strongly recruits XRCC1 and further suggests that
SSBs and/or DSBs are present after laser irradiation. Moreover, the irradiated sites could be
stained for photoproducts indicating that the damage comprises UV lesions. Photoproducts
are induced directly by the laser due to three-photon absorption leading to a total energy equal
to a UVC photon with a wavelength of 775 nm ×3−1 ≈ 258 nm (Daniel Träutlein, doctoral
thesis). Strand breaks, in contrast, are induced by secondary effects of the irradiation, i.e.
radical formation. ROS are produced by the absorption of the energy by water and can further
on create hydroxyl and peroxyl radicals that are able to attack DNA (Bisby et al., 2009; Shen
et al., 2005).
5.3.6.2 XPA recruitment to localised damage
In contrast to the recruitment of XRCC1, XPA accumulation to the same kind of damage
is rather weak and reaches about 8% increase in fluorescence after a few seconds and about
25% in the long-time study (further discussed below). When comparing the representative
picture, it becomes obvious that damage-surrounding fluorescence becomes massively weaker
in case of XRCC1 which is not the case for XPA. This could mean that XRCC1 is able to
diffuse more freely while XPA might be more idle. This is supported by the fact that XPA
exist bound to undamaged DNA (Yang et al., 2006). Nevertheless also XPA recruitment could
be delayed by about four-fold through the application of PARPi. This shows for the first time
that recruitment to (this kind of) DNA damage is driven by PARylation. Looking at the
long-time study, a difference between untreated HeLa cells and PARPi cells is still visible after
almost 40 min p.i with XPA plus PARPi recruiting almost half as slow as in untreated cells
(for more about the long-time study, see below).
5.3.6.3 Recruitment of XPA-PBM
As described above, the XPA-PBM variant was also produced by applying site-directed
mutagenesis on a XPA-eGFP-expression vector. It was thereby possible to compare recruitment
of this variant with the WT. Recruitment of XPA-PBM to laser-induced damage showed
indeed slightly but not significantly delayed recruitment kinetics. XPA-WT recruitment
maximised with around 8% increase in fluorescence and XPA-PBM with less then 6% increase in
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fluorescence. This speaks for the fact that PAR dependent recruitment is slightly impaired by a
handicapped PAR binding motif and further fortifies PARylation-dependent XPA accumulation
at damage sites.
When treating HeLa cells transfected with the XPA-PBM-eGFP construct with PARPi,
recruitment is delayed similar to cells with XPA-WT-eGFP plus PARPi compared to untreated
WT. However, the difference in recruitment with and without inhibitor appears weaker than for
XPA-WT which can be seen by overlapping error bars and in the pooled diagram (figure 4.29A,
B and F). Both XPA-WT and XPA-PBM with PARPi display a similar slope of the curve.
The finding that XPA-PBM recruitment in untreated cells shows a curve between XPA-WT
untreated and the PARPi curves underscores again the role of PAR in XPA recruitment and
suggests to an in vivo functionality of the PAR binding motif.
In future recruitment studies, the newly obtained XPA-PBM2 mutant vector should be consulted.
Assuming that the recruitment of XPA is at least partially PAR dependent, recruitment kinetics
of the XPA-PBM2 mutant would be expected to be even lower than XPA-PBM compared to
the WT. The behaviour of PARPi cells would be expected to be the same for all variants.
5.3.6.4 Conditions of laser irradiation
The above experiments were conducted using the above described 775-nm fibre-laser. From
previous experiments it is known that usage of a 1050-nm fibre-laser leads to an about 10
fold less production of photoproducts (Träutlein et al., 2009). This can be explained by the
fact that multiphoton-absorption based mimicking of UVC light needs the energy of four
instead of three photons absorbed at the same time which therefore needs a much higher laser
beam energy (Daniel Träutlein, doctoral thesis). Nonetheless, XRCC1 recruitment can be
noticed at 1050-nm irradiation sites in a similar fashion as for 775 nm, however a much higher
irradiation intensity is necessary. The finding points to the fact that strand breaks are also
generated by the 1050-nm laser but PAR formation is also reduced compared to 775 nm which
might be explained by different absorption and transformation of the energy by water (Daniel
Träutlein, doctoral thesis). In any case, it was not feasible to see XPA-WT-GFP recruitment to
1050-nm sites. The facts that XPA was already recruited very weakly to 775-nm damage sites
and XRCC1 needs more energy of the 1050-nm laser for comparable recruitment to 775-nm
damage makes it not surprising that XPA-recruitment is not picked up here. Hypothesising
that sufficient PAR would be present at 1050-nm damage sites and XPA is not recruited would
point to the fact that XPA accumulation depends on both PAR plus photoproducts.
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5.3.6.5 Short-term vs. long-term study – Recruitment dependent on PAR?
In the recruitment study of XPA-WT-eGFP that was followed over about 7 min, the difference
between untreated and PJ34-pretreated cells was most pronounced 30 sec post irradiation with
respect to XPA-eGFP recruitment. In contrast to this finding stands the long-term recruitment
study which showed maximum difference between untreated and PARP inhibited cells only
at 36 min. Further local maxima in difference between untreated and inhibitor-treated cells
were at 42 s, 8 min, 15 min and 29 min. The difference at 42 s fits with the finding in the
short-term study while an even stronger effect by the inhibitor at later time-points is more
surprising. Considering that DNA damage maximised directly after laser-irradiation one would
expect strongest PARP activity in the beginning in the first place. Also, PARG activity would
onset early after PARP activation so that a dynamic equilibrium between PAR synthesis
and degradation is formed. The more damage being processed after the detection, the more
should the equilibrium turned in direction to PAR degradation. This would make it surprising
to find even higher PAR-dependent recruitment at time-points around half an hour after
damage induction. Secondly, a very strong and eventually pro-longed PARP activation due
to overwhelming amounts of strand breaks will leed to massive loss in NAD+ and thereby
reduced PARP activity after a few minutes. Thirdly, highest recruitment of XPA-eGFP was
visible at 36 min post irradiation in the untreated cells while PJ34-treated cells show a local
minimum of recruitment which speaks for a dependency on PAR. While at other time points
the difference between untreated and PJ34-treated cells is not so pronounced. This points
towards the fact that recruitment is not completely dependent on PAR present at DNA damage
sites but might rather represent binding of XPA to photoproducts or other NER substrates.
This is also supported by the finding that untreated and inhibitor-treated cells behave same
with respect to XPA accumulation after 200 s in the short-term study.
Another possible scenario which might explain the long-term effect of PARP inhibition on
XPA recruitment could be the following: Massive damage produced by the laser leads to an
overload of NER substrates and excision by the NER endonucleases (XPF-ERCC1 and XPG).
Due to a possible delay in refilling the excised strand, PARP1 might bind to these SSBs and
gets activated which in turn might lead to: on the one hand another machinery taking over the
repair; on the other hand the further recruitment of XPA which in turn serves as a recruitment
platform of downstream effectors of NER, which is highly necessary under conditions of NER
damage overload.
However, it will be necessary to repeat the experiment with more replicates to validate the slope
of the recruitment under these conditions. Further on, it would be helpful to have the possibility
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to separately induce PARP1/BER and NER substrates in order to distinguish between the two
mechanism and their impact on XPA recruitment. One way of producing localised clean NER
damage would be the usage of pure UVC light which could be applied through polycarbonate
filter pores. This was in part carried out during this PhD thesis, however problematic due to
unsatisfying staining of XPA at localised damage sites using the sc-853 antibody (data not
shown). The antibody works best via methanol fixation which does not conserve sub cellular
structures which would be the case for formaldehyde fixation. Future studies should focus on
making XPA recruitment visible at this sites which could be realised either by a more suitable
antibody or by using XPA-eGFP transfected cells which can be fixated by formaldehyde. For
only producing localised PARP-activating damage, i.e. DNA strand breaks, the 1050-nm laser
variant should be kept in mind as a tool.
5.3.6.6 Technical issues of the recruitment study
In figure 4.29A and F, XPA-eGFP accumulation to laser-induced damage maximises after 22 s
and subsequently decreases in an approximately linear fashion. This effect is less pronounced
for the XPA-PBM mutant version in figure 4.29B and F. Assuming a biological effect by the
mutations within the PAR binding motif this would mean that the early maximal recruitment
is dependent on PAR while at later time points (>200 s) possibly by other substrates for XPA,
e.g. photoproducts. A further support for this argumentation is the fact that the curves in
panel A run on the same level 200 s p.i but not before this time point. However, a technical
effect cannot be excluded and should be further investigated in the future.
The following technical aspects should be taken into account: first, bleaching effects should
be considered as a potential reason for the effect and eventually corrected by mathematical
algorithms. However, a correction was done already by dividing the GFP signal in the irradiated
line by the total signal (line + whole nucleus) for each time point. It still cannot be excluded
that this calculated ratio behaves linearly on different levels of bleaching. A way of avoiding
bleaching could be a lower intensity of the scanning laser or less measurement time-points.
The long-term study in panel E, however, speaks against this argumentation. Secondly, it
cannot totally excluded whether cells moved out of the focus, especially not in z-direction. One
possibility would be to work with a closed pinhole and perform z-scans for each picture and
extract the pictures with the maximum difference between irradiated line and whole nucleus.
But this would on the one hand increase the bleaching effect by the scanning laser. On the
other hand, it will be incompatible with the life-cell imaging measurement setup as each z-scan
takes much more time than a single-shot. Also, it should be noted that the effect was not seen
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in a pre-experiment (with less replicates, data not shown), which again suggests a technical
reason. If the effect was indeed biological, the newly obtained XPA-PBM2 transfection vector
as a tool could give more insight into this. The PBM mutant did not show the effect thus one
would expect an even stronger difference between WT and PBM2 mutant with respect to this
effect.
Finally, HeLa cells were transfected with XPA-eGFP which led to the expression of the GFPtagged protein additionally to the endogenous one. Thus, it cannot be excluded that the rather
weak recruitment of XPA-eGFP is somehow dependent on the tag or on the presence of XPA
without tag that might migrate much more rapidly to the damage site and is not picked up.
For solving this problem, a (stable) knockdown of the endogenous XPA (eventually by using
shRNA against an intron of the XPA messenger RNA.

5.3.7 Conclusions on the XPA-PAR interaction study
Taken together, several functional aspects of XPA in interaction with PAR have been experimentally investigated. 1. An EMSA showed XPA-DNA was diminished when PAR was
present. 2. Dependency on PAR chain length was investigated in comparison to WRN. 3. A
PAR binding motif mutant (PBM) of XPA binds weaker to PAR than the wildtype (WT).
4. Using laser-microirradiation to study DNA-damage dependent accumulation of XPA-WT
and XPA-PBM tagged with GFP, recruitment kinetic experiments under different conditions
have been established. These assays showed slower recruitment of both XPA-WT and PBM
to laser-induced damage when treating HeLa cells with a potent PARP inhibitor. Also, the
mutant recruited with slightly slower kinetics than the WT.
For future studies, it should be thought of further controls (beyond the above mentioned ones).
One important tool could be a GFP-mock plasmid that is based on the XPA-eGFP transfection
vector. Such a mock construct was generated by Carina Immler (bachelor thesis) under direct
supervision of the PhD candidate (data not shown). However, the resulting GFP protein will
be spread throughout the nucleus, therefore an introduction of a nuclear localisation signal
(NLS) should be performed. The control could show that recruitment is indeed dependent
on XPA and not on GFP. More, importantly, bleaching effects could be investigated in more
detail.
As a further tool, peptides of the PAR binding motif similar to those of WRN could be
synthesised. An impact of basic and hydrophobic amino acids could be investigated accordingly
by exchanging them into alanine.

141

5 Discussion
Most of the experiments described here are based on the fact that the PAR binding motif of XPA
partially overlaps with its DNA binding domain and the hypothesis that PAR interaction could
interfere with DNA binding. However, the PAR binding motif also overlaps with the TFIIH
binding domain. Thus, in future studies, an impact of PAR binding on XPA interacting with
XPB, XPD or other components of the TFIIH complex should be investigated by interaction
studies and functional approaches. The fact that binding of XPA to TFIIH is important for
global genome NER might not be the complete story. Both an impact on transcription coupled
NER and transcription per se should be addressed.
For a better performance of PARP inhibition during recruitment studies, one should also
think of the usage of another PARP inhibitor than PJ34 with higher performance. ABT 888
(Veliparib) and Olaparip could be useful and potent PARP inhibitors that are both in phase of
clinical trial. This fact also refers to the following experiments.

5.3.8 Kinetics of photoproduct removal
The previous experiments showed impaired binding of XPA to DNA in the presence of PAR in
vitro and lowered recruitment of XPA-eGFP to localised DNA damage in HeLa cells. As a
consequence, the next step was to further investigate NER kinetics under the background of
PARP activity. NER kinetics – as known from the literature – can be measured by the removal
of photoproducts after UV irradiation or by the repair of a DNA reporter construct that was
UV-irradiated before transfection into cells (Köberle et al., 2006; Ghodgaonkar et al., 2008).
The first approach, which could be either carried out via immunofluoresence (IF) stainings or
by DNA extraction with subsequent slot blotting and detection on a nylon membrane using
6-4PP antibody was chosen. Sensitivity of the IF-based method was not satisfactory in its
sensitivity plus being the much more elaborate method (data not shown).
Consulting the DNA-extraction based method, a reduction of 6-4PP could be visualised already
after 30 min post irradiation. The short time interval used for the removal of UV lesions was for
maintaing the additional challenging conditions. During adduct removal cells were additionally
challenged with H2 O2 and/or PARP inhibitor PJ34. Keeping conditions constant over the time
of 6-4PP removal was desired. This on the one hand means that cells should be kept untouched
during the time of excision repair, i.e. no additional medium change was performed. The first
idea was to re-supplement the repairing cells with H2 O2 and/or PJ34, however this would lead
to irritations of the cell and difficult in managing to keep equal conditions in all dishes. On
the other hand, H2 O2 and/or PJ34 levels and as a result of that PARylation activity might
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decrease/increase due to reaction of the compounds over time. Therefore, a 1-h time-course
was decided to be sufficient for primary NER kinetic experiments.
Within 60 min, NER is most likely not completed, however, a great part of the excision might
have taken place already (Köberle et al., 2006; Mocquet et al., 2008). Dual incision leads to
the release of a 24–32mer oligonucleotide (see introduction) that is most likely not extracted
by the column based kit as assured by the manufacturer. The loss of the oligo including the
lesion by the extraction method makes it possible to measure repair via the here used DNA
extraction based method of measuring 6-4PP.
A significant effect of PJ34 on PARP activity was demonstrated in the literature and became
further obvious in the above described recruitment studies where PARPi had an immediate
and strong negative effect on XRCC1 recruitment. At 5 µM of the inhibitor, recently shown
side-effects of high doses of PJ34 can most likely be excluded. Also, 50 µM H2 O2 , which is
a comparably low dose, leads to PARP activation as described in the supplementary results
section.
Interestingly, both treatment of HeLa cells with H2 O2 or PJ34 during UV damage repair
led to decreased removal of 6-4PP compared to cells that were not additionally challenged.
Surprisingly the effect of either compound disappeared when double-treating cells with both
reagents. A reaction between H2 O2 and PJ34 can most-likely be excluded as H2 O2 per se is
non-reactive and needs to be metabolised by the cell to more reactive compounds such as
hydroxyl radicals. Thus, sporadic oxidation of PJ34 could only take place in the cells, which
does probably not lead to a significant decrease of overall PJ34 or H2 O2 levels during 30 to 60
min. More likely is an effect of PAR on NER. Assuming that H2 O2 at the low dose of 50 µM
produces PAR of middle-range to larger chain length (which has yet to be demonstrated) and
PJ34 inhibits overall PARP activity the following situation would be the case: Cells that were
only challenged with UVC might produce short chains of PAR due to basal PARP activity and
occasionally occurring strand breaks, eventually due to failures in NER. H2 O2 treated cells will
produce longer PAR and PJ34-treated cells no PAR. A combination of H2 O2 and PJ34 might
then lead to a situation of PAR similar to that in cells without H2 O2 or PJ34. This could
mean that functionality of XPA in NER is regulated by chain length of PAR. It was already
shown that XPA binds with much higher affinity to longer PAR over short polymer. An in
vivo effect of polymer chain length on XPA, however, could never be demonstrated so far. The
data demonstrated here could give rise for hypothesising an effect of PAR chain length on
NER, possibly via XPA. Thus, PAR chain length could be assumed as a fine-tuner of DNA
repair mechanisms. This will be subject to further studies.
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Porter et al. (2005) showed that the PBM-version of XPA was more effective in repairing BPDE
lesions than the WT. In this study, excision of UV-damage was investigated and led to the
above described results. It could well be that repair of different NER damage vary with respect
to the involvement of PARylation. Eventually, the repair of UV damage by NER is (more)
independent from PAR interaction while repair of BPDE involves PARylation processes. To
check whether the latter is the case, NER kinetics of BPDE removal should be measured in the
future. It could also be that the quality of PAR with respect to chain length is different under
conditions of UV or BPDE damage. This should be investigated by measuring the quality
of PAR e.g. by an MS-based method (Rita Martello, doctoral thesis). Also, cells were used
(HeLa, cervix carcinoma cells) that normally do not perceive UV light but might possibly need
NER to remove adducts introduced by other substances such as BPDE.
For studying kinetics, removal of 6-4PP was preferred over CPD due to the following reasons:
The repair of CPD was shown to be highly dependent on UV-DDB, the NER damage recognition
factor, a dimer of DDB1 (p127) and DDB2 (p48, XPE). This was observed for XPE cells
lacking global genome NER activity of CPD removal displayed almost unimpaired 6-4PP
removal. Furthermore the expression of p48 is p53 dependent (Hwang et al., 1999; Sugasawa
et al., 2005). As HeLa cells contain no detectable levels of p53, it is likely that CPD repair is
impaired in this cell line (Matlashewski et al., 1986; Scheffner et al., 1991).
It could be of further interest how mutations of the PAR binding motif impact NER kinetics.
For studying this, XPA-deficient cells could be consulted for complementation with XPA-WT
and XPA with mutations in the PAR binding motif.
The level of NAD+ is highly important for cellular survival and PARP activity (see introduction).
In the above described experiments, HeLa cells were treated with 50 µM H2 O2 over 60 min.
It was therefore checked whether this dose induces PAR formation on the one hand and if it
leads to massive reduction of the NAD+ levels which would interfere with the experimental
setup. PARP activity was tested by IF and indeed slight activation could be detected upon
treatment with 50 µM H2 O2 measured in a concentration series (Bernd Gahr, bachelor thesis
under direct supervision of the PhD candidate, data not shown). Furthermore, an NAD cycling
assay was consulted for measuring NAD+ levels under the conditions of 6-4PP removal. The
results showed that at a concentration of 50 µM H2 O2 , NAD+ levels remain at a normal level,
however decrease at higher doses of H2 O2 , most likely due to hyperactivation of PARPs (Bernd
Gahr, bachelor thesis under direct supervision of the PhD candidate, data not shown).
A direct effect of H2 O2 on PJ34 e.g. by oxidation, which could explain abolishing of the effect
on 6-4PP removal, can probably be excluded. PJ34, which is present in excess will immediately
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diffuse into the nucleus and exhibit its function. H2 O2 , instead, is present only at a minor
concentration and will react immediately with many compounds inside and outside the cells.

5.3.9 Summarising discussion on XPA and NER
The above described results concerning a role of PAR with respect to XPA and its function
in NER are summarised and discussed in the following. It could be demonstrated that the
presence of free PAR has an impact on the ability of XPA to bind to damaged DNA in vitro.
Moreover, XPA was recruited to sites of localised DNA damage in cells, at least partially in a
PAR dependent manner. As a consequence, it was speculated that PARylation has a general
impact on the process of NER. Therefore, the removal of photoproducts by incision through
NER was consulted, which showed reduced incision kinetics by treatment with either PARP
inhibitor or ROS, but not with both.
Recruitment of XRCC1, the scaffolding factor of BER, to sites of laser-induced damage was fast
and almost complete, meaning that withdrawal from the rest of the nucleus was visible. The
irradiated line strongly accumulated GFP-signal while the rest of the nucleus got dark seconds
after irradiation. Recruitment was very strongly dependent on PARP activity. In contrast
to that, XPA (the putative scaffolding factor of NER) recruitment showed slower kinetics
but most importantly much less intensity. This could be explained by dissimilar diffusion
properties of XRCC1 and XPA. It is known that XPA also binds to undamaged DNA where
it might have other functions, eventually in transcription (Yang et al., 2006; Le May et al.,
2010). If this refers also to the in vivo situation, XPA might be more or less tightly bound to
DNA/chromatin while XRCC1 is capable to diffuse freely (Mortusewicz and Leonhardt, 2007).
For analysing this aspect of the two proteins, recruitment and release experiments could be
consulted in the future.
The laser experiments resulted in recruitment to damage sites at least partially in a PAR
dependent manner. There are three possibilities how this could be explained. First, XPA is
recruited by PAR to exhibit a certain function at the damage sites. However, damage that
activates PARP is usually a SSB or DSB and so far, there is no sign for an involvement of XPA
in strand-break repair. Second, PAR is (as already known) a recruitment platform for XRCC1
which has a function in BER at sites of SSB. The recruitment of XPA to PAR – assuming
that XPA has no function at sites of PARylation – might be just a mechanism of sequestration
in the first place. Only after PARG activity has taken over, XPA is able to diffuse to NER
sites and initiate repair. A third possibility would be that under this kind of damage a more
invasive repair such as DSB repair has to take place. As XPA binds also to undamaged DNA
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and might be distributed all over the chromatin, it might make sense that PARP activation by
DSB leads to PAR formation that shuttles XPA. This would render these sites accessible for
other repair factors. The scenario would make further sense with respect to the involvement
of RPA in HR, which also tightly binds to XPA. For avoiding XPA-RPA interaction, XPA
could be sequestered by PARP1-bound PAR. In any of the scenarios, PARylation would lead
to an inhibition of NER via XPA-PAR interaction and sequestering of XPA. If the results of
the 6-4PP removal kinetics can be verified in a statistically significant manner, the yet shown
effect of PJ34 could, however, speak against this finding.
Finally, an involvement of PARP1 in NER has been proposed some years ago. Fibroblasts
showed impaired NER kinetics via a host-cell reactivation assay using an UVB or UVC
irradiated reporter construct and, additionally, reduced survival when PARP1 was depleted
(Ghodgaonkar et al., 2008). Furthermore, the same group claims that activation of PARP1 can
occur through UVB/UVC-induced thymine dimers (Vodenicharov et al., 2000). This would
suggest that PARP1 is somehow involved in NER. However, in the first study the group did
not apply PARP inhibitors thus it cannot be excluded that the effect is based on the general
lack of PARP1 and not due to the lack of PARP activity as PARP2 might function as a backup
in PAR production. Taken together, usage of the newly obtained mutant in the laser study and
optimising the repair kinetics experiment as discussed above will shed more light on this.

5.4 New insights into non-covalent PAR interactions
The formation of PAR, which is mainly the case after DNA damage, has many diverse
impacts on the nuclear proteome. On the one hand it will promote DNA repair, telomeric
maintenance, replication and transcription but PAR formation was also implicated in processes
of inflammation and cell death. Beyond covalent PARylation, several modes of interaction with
PAR are known from literature. Here, interaction via a so-called PAR binding motif that has
been known for about two decades, have been investigated. A few examples will illustrate the
impact of non-covalent interactions via the PAR binding motif in the above mentioned cellular
procedures and set the here found PAR interactions in a greater context. For a complete list
of proteins that interact with PAR in a non-covalent fashion see table 1.2.
Histones, i.e. linker histone H1 and the core histones H2a, H2b, H3 and H4, have been found
to interact with PAR in a non-covalent fashion via a PAR binding motif (Panzeter et al., 1993;
Pleschke et al., 2000). These proteins are strongly involved in DNA structure and coordinate
the opening of chromatin and chromatin compaction (Li, 1975). A histone shuttling mechanism
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was proposed where PAR synthesised upon binding of PARP to histone-DNA complexes leads
to the disassembly of histones from DNA allowing access for other proteins. After activity of
PARG and degradation of the polymer, histones are able to reorganise chromatin (Realini and
Althaus, 1992).
XRCC1, the central factor in the process of BER, interacts with PAR and is recruited through
the polymer. It forms a scaffolding complex, leading to the recruitment of further proteins of
the BER pathway, for instance DNA ligase III (Pleschke et al., 2000; El-Khamisy et al., 2003).
Also, in this study, it could be shown that inhibition of PARP activity leads to abolishment of
the PAR-dependent recruitment of XRCC1 to the damage site.
TERT was found as a PAR-interacting protein, too (Pleschke et al., 2000). Thus, beyond a
potential regulatory role of covalent PARylation of TERT (Ghosh and Bhattacharyya, 2005),
non-covalent interaction could be involved in the regulation of telomere length (Beneke et al.,
2008).
Transcription factor and tumour suppressor p53 owns three specific PAR binding motifs, two of
them located in the DNA binding and one in the oligomerisation domain. In vitro assays could
unravel an inhibitory effect of PAR on the binding of p53 to its consensus sequence (Malanga
et al., 1998). Thus, it might well be that non-covalent binding of PAR to p53 influences its
overall ability to induce gene transcription, which could have additional impact on cell cycle
regulation and apoptosis. Furthermore, p53 formed different complexes with short or long
PAR chains in an EMSA study, which could represent another level of regulation by the chain
length of the polymer (Fahrer et al., 2007).
A further indication that non-covalent PAR binding is regulating processes in transcription is the
demonstrated interaction with NF-κB transcription factor, which is involved in the expression
of inflammatory response genes (Pleschke et al., 2000). Additionally, non-covalent interaction
with iNOS, which synthesises nitric oxide during inflammation, has been demonstrated in that
study. Together, this indicates that regulation of inflammation could be influenced by the
presence of PAR.
Apoptosis inducing factor (AIF), localised at the outer membrane of the mitochondria, is
responsible for a primarily caspase-independent cell death mechanism by its translocation to
the nucleus. This translocation is dependent on PAR, which is most likely shuttled to the
mitochondria by yet to understood mechanisms (Yu et al., 2002). Interestingly, when mutating
the existing PAR binding motif of AIF by exchanging basic amino acids into alanine, the
function of AIF in this process is abolished, while its NADH oxidase activity, the FAD and
DNA binding, and its ability to induce nuclear condensation remain untouched (Wang et al.,
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2011). These findings suggest a highly specific regulation of proteins by PAR in dependency
on the PAR binding motif. They underscore a further role of this interaction in an additional
cellular process that is cell death. Moreover, interference with this process e.g. by PARP
inhibitors could provide possibilities to prevent PARP1-dependent cell death.
These mechanism highlight a regulatory impact of non-covalent interaction with PAR based on
the PAR binding motif on chromatin structure, DNA repair, telomere maintenance, transcription
and cell-cycle regulation, inflammation and cell death. This study adds three more factors
to the list of proteins (and their implication in DNA structure and metabolism) that are
functionally regulated by PAR interaction: the oncoprotein DEK (chromatin architecture),
WRN (replication, recombination, repair, telomere maintenance, etc.), and XPA (NER). All
three of them are involved in genomic maintenance and/or DNA metabolism and part of diverse
protein complexes with distinct or partially overlapping functions. Thus, it is not surprising
that non-covalent PAR binding to these proteins leads to different regulatory outcomes, which
might depend on the mechanistic context (one protein might be involved in different processes at
various states) and also the quality of PAR (short, long, branched). Beyond post-translational
modifications, non-covalent binding to PAR might represent another regulatory level for
proteins in order to fine-tune their (enzymatic) functions. This regulation might occur in a
way of promoting or inhibiting enzymatic activity, recruitment e.g. to DNA damage sites and
concomitant spatio-temporal control of DNA repair and remodelling mechanisms. Currently,
PARP inhibitors are already in clinical trial phase for the treatment of different cancers. As
these molecules interfere with the formation of PAR and effects beyond BER and DSB repair
(which are the targeted processes by the therapy), one should focus and unravel possible
regulatory consequences on other mechanisms in the cell.
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6.1 Abbreviations
Abbreviation

Meaning

6-4PP
α
aa
ADPr
AIP
Amp
AP
ATM
BAL
BIC
BID
bp
BPB
BPDE
BSA
CAP-D2
CENPA
CHFR
CO2
CPD
DBD
dG
DMEM
DNA
DNAPKcs
DNase
DpnI
DSB
DTT
ECL
EDTA
EMSA
ERK
FAD
FEN1
FHA
FITC

6-4-photoproduct
antiamino acid
ADP-ribose
Aurora-A kinase interacting protein
ampicillin
apurinic/apyrimidinic
Ataxia telangiectasia mutated
B-aggressive lymphoma
Bioimaging Center
BH3 interacting domain
base pairs
brophenol blue
benzo(a)pyrene Diolepoxide
bovine serum albumine
Condensin complex subunit 1
Centromere protein A
checkpoint protein with FHA and RING domains
carbon dioxide
cyclobutane pyrimidine dimer
DNA binding domain
deoxyguanosine
Dulbecco’s Modified Eagle Medium
deoxyribonucleic acid
DNA protein kinase (catalytic subunit)
deoxyribonuclease
restriction enzyme
double-strand break
dithiothreitol
enhanced chemiluminescence
ethylenediaminetetraacetic acid
electrophoretic mobility shift assay
externally regulated kinase
flavin adenine dinucleotide
flap endonuclease 1
forkhead-associated
fluorescein isothiocyanate
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Abbreviation
Fmoc
fw
h
H1
H2a
HCl
HisHKCD1
HMG
hPARP1
HRDC
HRP
Kan
kbp
KCl
LB
max.
MEF
MgCl2
MMS
MNNG
MRN
MRM
MS
MVP
NaAc
NaCl
NAD
NAD
Nampt
Ni-NTA
NLS
NMNAT
NotI
O/N
OD
OG
OGG1
ORF
p.i.
PAR
PARG
PARP
PBM
PBS
PBZ
PCNA
PCR
Pen
POD
pol
polβ
polδ

Meaning
fluorenylmethyloxycarbonyl
forward
human
histone H1
histone H2a
hydrogen chloride
poly-histidin tag
Hexokinase domain-containing protein 1
high mobility group
human PARP1
helicase RNase D C-terminal
horse raddish peroxidase
kanamycin
kilo base pairs
potassium chloride
lysogeny broth
maximum
murine embryonic fibroblasts
magnesium chloride
methyl methane sulfonate
N-methyl-N-nitro-N-nitrosoguanidine
Mre11, Rad50, Nbs1
multiple reaction monitoring
mass spectrometry
major vault protein
sodium acetate
sodium chloride
nicotinamide adenine dinucleotide
nicotinamide adenine dinucleotide
nicotinamide phosphoribosyltransferase
nickle-nitrilotriacetic acid
nuclear localisation signal
mononucleotide adenylyl transferase
restriction enzyme
over night
optical densitiy
Orange G
oxoguanine glycosylase 1
open reading frame
post infection
poly-ADP-ribose
PAR glycohydrolase
poly(ADP-ribose) polymerase
PAR binding motif
phosphate-buffered saline
PAR-binding zinc finger motif
Proliferating Cell Nuclear Antigen
polymerase chain reaction
penicillin
peroxidase
polymerase
DNA polymerase beta
DNA polymerase delta
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Abbreviation
pol
polymerase η
prep
R
RING
RNA
RNase
ROS
rpm
RQC
RT
rv
SD
SDM
SDS
SEM
SSB
Strep
TBS-T
TBST
TCA
TRF
Tris
U
UNG
UV
UV-DDB
UVC
v
w
WT
XC
XP
XRCC1

Meaning
DNA polymerase epsilon
DNA polymerase eta
preparation
arginine
Really Interesting New Gene
ribonucleic acid
ribonuclease
reactive oxygen species
rotations per minute
RecQ C-terminal
room temperature
reverse
standard deviation
site-directed mutagenesis
sodium docecyl sulfate
strandard error of the mean
single-strand break
streptomycin
Tris-buffered saline–Tween20
Tris-buffered saline Tween 20
trichloroacetic acid
TTAGGG-repeat-binding protein
tris(hydroxymethyl)aminomethane
units
uracil DNA glycosylase
ultraviolet
UV-damaged DNA-binding protein
ultraviolet C
volume
weight
wild type
xylene cyanol
xeroderma pigmentosum
x-ray repair cross-complementing protein 1
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