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Poly(ADP-ribose) polymerase (PARP-1, E.C. 2.4.2.30) 1s a constitutively 

expressed nuclear enzyme. It comprises about 1 % of the total nuclear protein and is 

phylogenetically well conserved in most eukaryotes, with a notable exception in yeast. 

P ARP-1 post-translationally modifies DNA-binding proteins by transferring the ADP-

ribose moiety from ~NAD+. Although the exact biological function of poly(ADP-

. . . 

ribosyl)ation has not been clearly elucidated, the process is thought to be involved in 

DNA repair, replication, and gene expression. Previous studies have indicated that 

P ARP-1 participates in eukaryotic gene expression including the genes under the control 

of nuclear factor-KB (NF-KB). It has been demonstrated that PARP-1-deficient mice are 

more resistant to lipopolysaccharide-induced endotoxic shock than isogenic wild-type 

mice due to the inactivation of NF-KB in the mutants. In order to further analyze the 

interactions between PARP-1, NF-KB, and its consensus DNA in a cell-free system, we 

co-incubated recombinant PARP-1 protein and the p50-subunit of NF-KB (NF-KB-p50) 

in the absence of DNA strand-breaks. Electrophoretic mobility shift assays (EiviSA) 

showed that sequence-specific DNA-binding of NF-KB-p50 was dependent on auto-



poly(ADP-ribosyl)ation of PARP-1. The NF-KB-p50 DNA-binding was inhibited when 

PARP-1 was not auto-poly(ADP-ribosyl)ated either in the absence of ~NAD+ or in the 

presence of 3-aminobenzamide, an enzymatic inhibitor of P ARP-1. 

Coimmunoprecipitation and immunoblot analysis demonstrated that NF-KB-p50 formed a 

heterodimer with PARP-1 when PARP-1 was not auto-poly(ADP-ribosyl)ated. In 

addition, poly(ADP-ribosyl)ation assays showed that NF-KB-p50 protein was not 

susceptible to poly(ADP-ribosyl)ation under normal incubation conditions. Those in vitro 

observations described above were confirmed by experiments utilizing HeLa nuclear 

extracts. EMSA showed that NF-KB DNA-binding was inhibited in 3-AB-pre-treated 

HeLa cells. To our knowledge, this is the first report demonstrating that auto-poly(ADP-

ribosyl)ation reaction by PARP-1 reversibly regulates the function of a transcription 

factor by inhibiting the formation of heterodimer between P ARP-1 and a transcription 

factor. 
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CHAPTER I 

INTRODUCTION 

Poly(ADP-ribose) polymerase- I (PARP-1) is a phylogenetically well-conserved · 

nuclear protein. This enzyme can be found in most higher eukaryotes and all lower 

eukaryotes with a notable exception in yeast (D'Amours, Desnoyers et al. 1999). PARP-

1 is also an abundant protein which is suggested to comprise <= 1 % of the total nuclear 

protein. As an enzyme, PARP-1 is responsible for the catalytic synthesis of :1 

homopolymer of ADP-ribose (pADPr), where ADPr units are linked by glycosidic bonds 

This pADPr is formed by the initial cavalent linkage of an ADPr unit onto an acceptor 

protein. This process is followed by the successive transfer of ADPr units onto the 

preexisting chain of pADPr. The process is termed as poly(ADP-ribosyl)ation and is 

generally categorized as a protein posttranslational modification reaction. Heterogeneous 

nuclear proteins like histones, DNA polymerases and ligases, Ca ++ /Mg ++-dependent 

endonuclease, and transcription factors (e.g., TF11F, YY1, and p53) are susceptible to the 

covalent modification by poly(ADP-ribosyl)ation (Tanaka, Yoshihara et al. 1984; 

Wesierska-Gadek, Schmid et al. 1996; Rawling and Alvarez-Gonzalez 1997; Kumari, 

Mendoza-Alvarez et al. 1998; Oei, Griesenbeck et al. 1998; D'Amours, Desnoyers et al. 

1999; Yakovlev, Wang et al. 2000). PARP-1 uses ~NAD+ as the substrate for poly(ADP-

ribosyl)ation and the reaction . in vivo is dependent on the formation of chromosomal 

DNA strand breaks. In the absence of chromosomal DNA damage, however, PARP-: 1 is 

1 



Scheme 1. The modular structure of poly(ADP-ribose) polymerase-! 
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inactive and the amount of pADPr in the nucleus is negligible (Alvarez-Gonzalez, Spring 

et al. 1999). The recognition of DNA strand breaks by PARP-1 is mediated by bipartite 

zinc-fingers in its DNA-binding domain. The establishment of high affinity binding 

between the enzyme zinc fingers and broken DNA strongly stimulates the ADPr 

transferase activity of PARP-1 upto 500- fold (Simonin, Poch et al. 1993). Indeed, the 

loss of DNA-binding domain by PARP-1 results in the deactivation of PARP-1 activity. 

t 

I 
For example, caspase-mediated cleavage of the N-terminal, 24 kDa DNA-binding domain 

fragment from PARP-1 is seen to inhibit excessive poly(ADP ... ribosyl)ation reactions in 

apoptotic cells (Germain, Affar et al. 1999). The conserved ~NAD+ which would have 

otherwise been depleted serves as an energy reservoir for the apoptotic process to 

proceed in those cells. With its high affinity to broken DNA, PARP-1 is thought to 

participate in DNA repair, replication, or transcription. However, more data need to be 

accumulated to reach a uniform and unequivocal understanding of the biological function 

of this pleiotropic protein. 

The strict dependency of P ARP-1 automodification reaction on its binding to 

broken DNA, has proposed an interesting model of P ARP-1 shuttling. The chemical 

structure of pADPr indicates that the polymer is a nucleic acid that contains two negative 

charges per residue. The DNA which P ARP-1 requires for its enzymatic activation is also 

negatively charged. PARP-1 molecule itself, on the other hand, is a positively-charged, 

cationic protein. The formation of DNA strand breaks in DNA damaging events recruits 

unmodified P ARP-1 to bind to the broken DNA through its zinc fingers. The binding of 

PARP-1 to the-broken DNA strand instantly activates the ADP-ribosyltransferase activity 

4 



of PARP-1 and the covalent automodification of PARP-1 ensues as a result. As PARP-1 

gradually becomes more modified by the incorporation of further negatively charged 

· ADPr units, the net charge of PARP-1 shifts from positive to negative, establishing a 

gradient of electrostatic repulsion between the two nucleic acids. Furthermore 

incorporation of ADPr residues during this process reaches a point in which negatively 

charged polymers and modified PARP-1 become detached from the broken DNA, due to 

electrostatic repulsion (Ferro and Olivera 1982). The loss of PARP-1 DNA-binding 

causes the deactivation of PARP-1 transferase activity and PARP-1-bound pADPr is 

rapidly hydrolyzed by poly(ADP-ribose) glycohydrolase (PARG) (Alvarez-Gonzalez and 

Althaus 1989). In the end, P ARP-1 regains its original positive charge status and it 

becomes ready for the next cycle of DNA binding/detachment, which causes P ARP-1 

activation/deactivation, respectively (Menissier-de Murcia, Molinete et al. 1989). The 

above shuttle model is not limited to the PARP-1 automodification scenario. In fact, the 

model can be extended to P ARP-1 heteromodification involving proteins like 

transcription factors. Upon modification by P ARP-1, the net charge of transcription 

factor (e.g., YY1, TBP, or p53) can shift to a negative density. The acquisition of 

negative charges will prevent those factors from binding to their consensus DNA 

sequences, blocking the transcription which would have otherwise proceeded. The 

reversible protein modification as a result of P ARP-1 activity may impose a significant 

biological implication in cell adaptation. This means that i) the initiation of pADPr 

synthesis and protein modification upon stimuli is very . reactive and responsive, and that 

ii) the extent of protein modification is great enough to redirect the apoptotic cells to take 
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necrotic courses, unless PARP-1 is cleaved by caspases. The physiology which allows the 

instant protein modification by PARP-1 upon stimuli is based on the negligible amount of 

residual pADPr available in resting cells. Once synthesized,. pADPr is rapidly hydrolyzed 

by PARG, the highly specific catabolic enzyme for pADPr. By being rapidly degraded 

upon stimuli withdrawal and keeping the residual concentration mirumal thereafter, 

pADPr is able to instantaneously rebuild its concentration upon reintroduction of stimuli. 

Most previous studies on PARP-1 concerned on its enzymatic activation in the 

presence of DNA strand breaks. More recent studies, however, have also e nphasized the 

biological function of this protein in a situation without DNA damage. Literature has 

shown that PARP-1 is able to modify or enhance the function of other protein by forming 

a heterodimer with the protein. For example, PARP-1 enhances DNA replication by 

forming a complex with DNA polymerase a. in vitro (Simbulan, Suzuki et al. 1993). 

PARP-1 also enhances the transactivation of oncogene B-MYB by St~rving as a 

transcription cofactor (Cervellera and Sala 2000). In fact, transcription factor TFnCwas 

previously identified as PARP-1 (Slattery, Dignam et a~. 1983). In additio 1, PARP-1 

enhances activator-dependent transcription as an active component of rr-einitiation 

complex in vitro and this enhancement is silenced by auto-poly(ADP-ribosyl)ation 

reaction (Meisteremst, Stelzer et al. 1997). XRCC1 (X-ray repair £ross-£omplementing 

1 ), DNA-dependent protein kinase, tumor suppressor p53, and histones physically 

interact with PARP-1 in the presence or absence of protein modification by PARP-1 in 

vivo/vitro (Buki, Bauer et al. 1995; Wesierska-Gadek, Schmid et al. 1996; Vaziri, West et 

al. .l997; Masson, Niedergang et al. 1998; Ariumi, Masutani et al. 1999). The interaction 
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of PARP-1 with other proteins is believed to be mediated by structural element like 

leucine zipper or BRCT motif. The centrally located automodification domain of PARP-1 

harbors such binding motifs and this· domain also hosts most of the glutamic acid residues ·· 

for the covalent automodification. The leucine zipper motif is more specifically located in 

the N-terminal region of automodification domain and it is involved in PARP-1 homo

and hetero-dimerization (Uchida, Hanai et al. 1993). The BRCT (BRCA1 C-Terminus) 

stretches about 95 amino acids and this motif is believed to be engaged in PARP-1 

heterodimerization with proteins concerned with DNA repair or cell cycle regulation such 

.. as XRCC I (Bork, Hofmann et al. 1997; Masson, N iedergang et al. 1998). · 

While previous literature has attempted to delineate the biochemical structur:e and 

enzymology of P ARP-1 for decades, studies to elucidate the function of PARP-1 are still 

at developing stage. It may be that the isolation of P ARP-1 mutants from mammalian 

cells and the acquisition of PARP-1-deficient animals were prerequisites for the 

functional study of PARP-1. Although numerous protein species have been described to · 

physically and functionally interact with P ARP-1, one protein species stands out m 

attracting the attentions of researchers recently. 

NF-KB has attracted a stream of consistent attention from a spectrum of 

researchers for the last = 15 years. The mode of activation for this transcription factor, the 

variety and wide range of activating stimuli, and the central position of this protein in 

immune and inflammatory response pathways may have been the basis for the popularity 

of NF-KB (Baldwin 1996). Recently, it was found that NF-KB-dependent transcription of 

iN OS (inducible nitric Qxide ~thase) in murine macrophage is suppressed in the 
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Scheme 2. S~hematic representation of the pathway of NF -KB activation 
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presence of PARP-1 competitive inhibitors (Le Page, Sanceau et al. 1998). It was later 

demonstrated that lipopolysaccharide-induced septic shock is mitigated in PARP-1-

defective mice due to the inability to activate NF-KB in those mice (Oliver, .Menissier-de 

Murcia et al. 1999). In addition, NF-KB DNA-binding is shown to be inversely correlated 

with the amounts of PARP-1 available in a murine lymphocytic leukemic cell (K.ameoka, 

Ota et al. 2000). Moreover, PARP-1 inhibition was found to be responsible for the rescue 

of mice from streptozocin-induced abnormal vascular responsiveness including oxidant 

production (Garcia Soriano, Virag et al. 2001 ). All of above phenomenology described in 

the literature suggested a signific~t role of PARP-1 or PARP-1 activities in the 

regulation of NF-KB-dependent genes. PARP-1-activity-dependent NF-KB activation is 

noteworthy because it provides the basis that I KB degradation may not be the final 

regulatory step in NF-KB activation. Albeit inactive in quiescent cells, PARP-1 is 

available in the nucleus in an abundant amount. And PARP-1 has capacity to interact 

with other numerous nuclear proteins to modify and enhance the function of protein. 

Historically, transcription factor NF-KB was first described as a nuclear factor 

which binds to the enhancer of immunoglobulin K chain gene in B cells (Sen and 

Baltimore 1986). It has been further demonstrated that NF-KB is inducible by phorbol 

esters and the induction is independent of de novo protein synthesis (Sen and Baltimore 

1986). Several reports have cataloged that NF-KB activators are mostly pathogenic in 

cells. TNF-a (tumor necrosis a), IL-l (lnterleukin 1), LPS (lipopolysaccharide), viral 

infections, ')'-radiation, etoposide, and oxidation are all able to activate NF-KB. The 
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apparently heterogeneous NF-lCB activators are mostly engaged in the production of 

reactive oxygen intermediates (ROI) such as hydrogen peroxide, superoxide, or hydroxyl 

radical (Schreck, Rieber et al. 1991; Meyer, Schreck et al. 1993). Thus, NF-lCB is a 

redox-sensitive transcription factor and its activation is closely dependent on the presence 

of stimuli which invoke cellular oxidative stresses. Because \lF-lCB activation does not 

require de novo synthesis of its mRNA or protein, the ac ~i' 1tion is accomplished in a 

very rapid fashion. Classic NF-lCB is a heterodimer of the p50 subunit and the p65 

subunit (RelA) and the dimer resides in the cytoplasm bound to an inhibitor IlCB as an 

inactive form (Sen and Baltimore 1986; Baeuerle and Baltimore 1988). Cellular exposure 

to an activator ensues a series of signal transduction events which lead to the 

phosphorylation of IlCB by IKK (IlCB kinase). The phosphorylated IlCB is degraded and 

the NLS (nuclear localization signal) of NF-lCB is consequently revealed. The rapid 

.translocation ofNF-lCB into the nucleus allows the protein to bind to promoters of various 

genes concerned to inflammatory or immune responses such a~ inducible nitric oxide 

synthase (iNOS), IL-l ~' IL-6, and TNF-a.. The IlCB degradation and its rapid resynthesis 

thereafter have been regarded as a key regulatory step in NF-lCB-dependent transcription. 

The biochemical structure of NF-lCB reveals that this protein belongs to Rel family. The 

Rel family proteins are characterized by its rel homology domain (RHD) and it is this 

motif which allows the proteins to interact with itself, other protein, or DNA. 

In order to understand how poly(ADP-ribosyl)ation reactim regulates the DNA

binding activity of NF-lCB, a series of in vitro studies using pure proteins were 

11 



conducted. PARP-1 and the p50 subunit of NF-KB (NF-KB-p50) were co-incubated in 

the presence or absence of ~NAD+, the substrate for poly(ADP-ribosyl)ation reaction, 

and NF-KB-p50 DNA-binding · was subsequently analyzed by electrophoretic mobility 

shift assay (EMSA) using radiolabeled NF-KB oligonucleotide. It was shown that NF-KB 

DNA-binding was positively regulated by poly(ADP-ribosyl)ation reaction. It was also 

shown that, in the absence of poly(ADP-ribosyl)ation reaction, NF-KB-p50 

heterodimerized with PARP-1 and this PARP-1-bound NF-KB-p50 loses its DNA

binding activity. Those observation in vitro was replicated in intact cells using H202-

trreated HeLa cells. This study introduces a new paradigm in poly(ADP-ribosyl)ation

dependent NF-KB DNA-binding. 

:. 
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CHAPTER II 

MATERIALS AND METHODS 

Purification of human PARP-1. Construction of the recombinant baculovirus 

containing human PARP-1 eDNA, its expression in Spodoptera .frugiperda, and the 

protein purification are described elsewhere (Beneke, Alvarez-Gonzalez et al. 2000). 

End-labeling of oligonucleotide containing the consensus sequence for NF-tdJ. 

For the radiolabeled probe of NF-KB, duplex oligonucleotide containing the consensus 

sequence of NF-KB (5'-AGTTGAGGGGACTTTCCCAGGC-3', Santa Cruz 

Biotechnology) was end-labeled with [y-32P]ATP (I.C.N.) and T4 DNA polynucleotide 

kinase (U.S.B.). The oligonucleotide (70 ng) and e2P]-y-ATP (=50 f.LCi) were incubated 

in the presence of T4 DNA polynucleotide kinase (15 units) at 37 °C for 30 min in a 

mixture (50 f.ll) containing 50mM Tris-HCI (pH 7.6), lOmM MgCh, lOmM 2-

mercaptoethanol, 20mM spermidine, and 0.2mg/ml micrococcal nuclease-treated calf 

thymus DNA. The enzyme reaction was terminated by heating the mixture to 65 °C for 5 

min. The labeled DNA was then purified as following. The reaction was mixed with 5M 

ammonium acetate (12.5 f.Ll) and ethanol (125 f.ll), placed at -20 °C for 30 min, and 

centrifuged (16,000 x g, 4 °C, 10 min). The pellet was then washed with 1M ammonium 

acetate (100 f.ll) and ethanol (200 f.ll), centrifuged (16,000 x g, 4 °C, 10 min), dried, and 

resuspended in Tris-EDTA buffer. · 
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Electrophoretic mobility shift assay. For EMSA with purified proteins, human 

PARP-1 and hum~ NF-KB-p50 (Promega) were incubated for 20 min at room 

temperature in a bindillg buffer containing 20 mM Tris-HCl (pH 8.0), 60 mM KCl, 5 mM 

MgCh, I mM . dithiothreitol, 0.05% Nonidet P-40, 10% glycerol, and 50 flg/ml bovine 

serum albumin (Oei, Griesenbeck et al. 1998). In some reactions, ~NAD+ (Boehringer 

Mannheim), 3-aminobenzamide (Sigma), or duplex octameric DNA (5'-GGAATTCC-3') 

was included. Equal amounts of e2P]NF-KB oligonucleotide (:::: 2.5 ng) were added and 

reactions (20 fll) were incubated for another 20 min. Samples were separated at room 

temperature through a native 5 % polyacrylamide gel containing 17.8 mM Tns-borate 

and 0.4 mM EDTA. Protein-oligonucleotide complexes were visualized by 

autoradiography. For EMSA with HeLa nuclear extracts, cell treatment and nuclear 

extract preparation were done immediately before EMSA. Extracts representing equal 

amounts of protein, poly(dl-dC), ·and PMSF were incubated at room temperature in the 

binding buffer before e2P]NF-KB oligonucleotide was added. Reactions were further 

incubated and samples were electrophoresed in a native 5 % polyacrylamide gel 

containing 45 mM Tris-borate and 1 mM EDT A. For the identification of protein

oligonucleotide complex, 1 flg each of antibodies was incubated with nuclear extracts at 

4 °C before poly(dl-dC) and e2P]NF-KB oligonucleotide were added. 

Poly(ADP-ribosyl)ation in vitro. PARP-1 and NF-KB-p50 were incubated for 20 

min at room temperature in a mixture (20 fll) containing 100 mM Tris-HCl (pH 7.8), 10 

mM MgCh, 1 mM dithiothreitol, and 20 Jlg/ml synthetic octameric DNA (5'-

14 



GGAATTCC-3', Integrated DNA Technologies, IA) (Grube and Burkle 1992). For the 

substrate and visualization of poly(ADP-ribosyl)ation reaction, e2P]-labeled ~NAD+ 

· (I.C.N.) was supplemented to the indicated final concentrations of ~NAD+. Enzymatic 

reaction was quenched by adding 2x SDS sample buffer and proteins were subsequently 

separated through a 4-15 % gradient polyacrylamide gel. After drying the gel, e2P]

labeled proteins were visualized by autoradiography. 

To identify protein-poly(ADP-ribosyl)ation susceptibilities iri parallel to 

electrophoretic mobility shift assays (EMSA), the enzymatic reaction was allowed to 

proceed in the binding buffer in EMSA. Briefly, the reaction in the presence of ~NAD+ 

was initiated by incubating pure PARP-1 and Nf .. KB-p50 for 20 min at room temperature 

in a mixture (20 Jll) containing 20 mM Tris-HCI (;:ll- 8.0), 60 mM KCl, 5 mM MgCh, 1 

mM dithiothreitol, 0.05% Nonidet P-40, 10% glycerol, and 50 Jlg/ml bovine serum 

albumin (Oei, Griesenbeck et al. 1998). To visualize the reaction, e2P]-~NAD+ was 

supplemented to the final concentrations of ~NAD+. Cold NF-KB oligonucleotide(= 2.5 

ng of DNA) substituting the hot probe in the parallel EMSA was then added and mixture 

was further incubated for another 20 min. After terminating the reaction by adding 2x 

SDS sample buffer, proteins were fractionated by SDS-PAGE through a 4 to 15 % 

gradient gel. 

Co-immunoprecipitationlimmunoblot. PARP~ 1 and NF-KB-p50 were incubated 

for 30 min at 4 °C in a buffer containing 10 mM Tris-HCl (pH 8.0), 150 mM NaCl, and 

0.1 % Nonidet P-40 (Cervellera and Sala 2000). As a control experiment, NF-KB-p50 

15 



alone was also incubated. PARP-1 was immunoprecipitated at 4 °C with goat anti-PARP-

1 polyclonal antibody (Santa Cruz Biotechnology), The immune complexes were pulled 

down with protein G-agarose beads (1:1 slurry) and incubating at 4 °C with rocking. 

Unbound proteins were washed five times with the same buffer and the bead-bound 

proteins were eluted by adding 2x SDS sample buffer and boiling for 5 min. Eluted 

proteins were fractionated with 8 % non-reducing SDS-PAGE and subsequently 

e~ectrotransferred to polyvinylidene difluoride (PVDF) membrane. The membrane was 

immunoblotted with rabbit NF-KB-p50 polyclonal antibody (Santa Cruz Biotechnology) 

and NF-KB-p50 was detected with horseradish peroxidase-conjugated anti-rabbit IgG 

antibody (Sigma) and ECL chemiluminescence kit (Amersham). 

For the reciprocal co-immunoprecipitation, PARP-1 and NF-KB-p50 were 

immunoprecipitated with NF-KB-p52 polyclonal antibody (Santa Cruz Biotechnology) 

for 1 hr at 4 °C. 

Cell culture and treatment. Human cervical adenocarcinoma cell line HeLa 

(CCL-2; American Type Culnrre Collection) was maintained in Dulbecco's modified 

Eagle's medium supplemented with 10 % fetal calf serum and antibiotics (100 U/ml 

penicillin and 100 f.Lg/ml streptomycin) at 3 7 oc in humidified 5% C02 and air. For H202 

and 3-AB treatment, exponentially growing cells were seeded in disk plates 20-24 hrs 

'• before treatment. Cells were pre-treated with 10 mM 3-AB or its vehicle control before 
! , . .. 

I. ·~ treatment with H20 2. H20 2 was diluted from 30% stock (Sigma) immediately before use. 
:r 
~ 
~ The vehicle did not interfere with NF-KB DNA-binding (not shown). 
t~ 
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Nuclear extract preparation. Extracts were prepared by a modified method from 

Dignam (Dignam, Lebovitz et al. 1983) immediately before EMSA. Treated cells were 

washed with phosphate-buffered saline (PBS), harvested to microfuge tubes, and briefly 

centrifuged (16,000 x g, 4 °C, 15 sec). Cells were washed again with ice-cold PBS, 

pelleted, and resuspended at 4 °C in a buffer containing 10 mM HEPES [pH 7.9], 10 mM . 

KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM dithiothreitol, 0.5 mM phenylmethylsu1fonyl 

fluoride (PMSF), and protease inhibitors (5 flg each of aprotinin, leupeptin, and pepstatin · 

per ml). Cells were allowed to swell on ice for 15 min, then Nonidet P-40 (0.15% final 

cone.) was added, and tubes were vigorously mixed. Nuclei were pelleted (16,000 x g, 4 

°C, 30 sec) and resuspended in a buffer containing 20 mM HEPES [pH 7.9], 0.4 M NaCl, 

.1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, 1 mM PMSF, and protease inhibitors (5 

flg each of aprotinin, leupeptin, and pepstatin per ml). Nuclear lysates were maintained 

on ice for 15 min with occasional mixing. Nuclear extracts were cleared (16,000 x g, 4 

°C, 5 min) and transferred to new tubes. For 3-AB-pretreated cells, 10 mM 3-AB was 

included throughout the preparation of nuclear extracts. Protein concentrations were 

determined by Bradford assay. 

Calculation of isoelectric point (pi) of proteins. The full-length protein sequence 

of human PARP and human NF-KB-p105, the precursor of NF-KB-p50, were obtained 

from the NCBI (National Center for Biotechnology Information) database using the 

accession number P09874 and P19838, respectively. For NF-KB-p50 sequence, the first 

halfofNF-KB-p105 was used (Meyer, Hatada et al. 1991; Baldwin 1996). The sequence-

17 



based calculation of pi was done by querying a software at public domain ·of the EMBL 

(European Molecular Biology Laboratory) . 

... 

18 



CHAPTER III 

RESULTS 

Competition of NF- KB-p5 0 to its [32 P ]oligonucleotide in the presence of 

increasing amounts of cold oligonucleotide. To analyze the biding affinity ofNF-1CB-p50 

(80 ng) to the 22-mer double-stranded oligonucleotide containing the consensus sequence 

for NF-KB, EMSA was performed in the presence of increasing amounts of the unlabeled 

NF-KB oligonucleotide. The e2P]oligonucleotide (3.7 X 10-1 pmole) competes with the 

unlabeled oligonucleotide in its binding t o NF-KB-p50 (Fig. 1, panel A). Densitometric 

analysis on the EMSA revealed that 0.9 pmoles of the unlabeled oligonucleotide was 

sufficient to inhibit 50% ofNF-1CB-p50 DNA-binding (Fig. 1, panel B). 

Effect of poly(ADP-ribosyl)ation on NF-KB-p50 DNA-binding. Previous studies 

have suggested that PARP-1 may participate in NF-KB activation in various cell lines (Le 

Page, Sanceau et al. 1998; Hassa and Hottiger 1999; Ollver, Menissier-de Murcia et al. 

1999; K.ameoka, Ota et al. 2000). To exan;ine effect of poly(ADP-ribosyl)ation on NF-

1CB-p50 DNA-binding in vitro, we co-incubated pure PARP-1 and NF-KB-p50 in the 

presence or absence of ~NAD+. The enzymatic activity of PARP-1 was allowed to 

proceed for 20 min at room temperature, and e2P]-labeled oligonucleotide containing the 

consensus sequence for NF-KB was added. To avoid a possible effect of exogenous DNA 

on NF-KB-p50 DNA-binding, nicked DNA was omitted as a PARP-1 enzymatic activator 
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Fig. 1. Off-rate of NF -1CB-p50 DNA-binding in the presence of increasing amounts of 

cold.NF-lCB oligonucleotide. Panel A. EMSA was performed as described in "Materials 

-

and Methods." NF-KB-p50 (80 ng) and e2P]-labeled duplex NF-KB oligonucleotide(= 1 

x 106 cpm) were incubated with varying amounts of cold NF-KB oligonucleotide (0 

pmole, lane 1; 0.18 pmole, lane 2; 0.9 pmole, lane 3; 1.8 pmole, lane 4; 5.4 pmole, lane 5; 

9.0 pmole, lane 6; 12.6 pmole, lane 7; and 18 pmole, lane 8) at room temperature in a 20 

Jll mixture. After 20 min, the samples were fractionated through a 5 % native 

polyacrylamide gel containing · 0.2x Tris-borate EDTA buffer. The NF-KB-p50-

oligonucleotide complexes were visualized by autoradiography. Panel B. The 

densitometry of NF-KB-p50 DNA-binding was represented as a function of amounts of 

.cold probe added. 
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from the reaction mixture. NF-KB-p50 DNA-binding was analyzed by separating 

reactions in a non-denaturing 5% polyacrylamide gel. Autoradiography showed the 

absence of mobility shift in the PARP-1 control (80 ng; Fig. 2, lane 1) and the presertce · 

of single shift in the NF-KB-p50 control (80 ng; lane 2), demonstrating the specificity of 

NF-KB oligonucleotide. 

In the absence of BNAD+, adding PARP-1 (80 ng) to NF-KB-p50 control caused 

an immediate binding inhibition of NF-KB-p50 to the oligonucleotide (lane 3). When a 

higher amount of PARP-1 (400 ng) was added to the mixture, a stronger inhibiting effect 

was observed and this inhibition was accompanied by an apparent supershift of 

radiolabeled oligonucleotide (lane 4). Increasing PARP-1 to 800 ng caused a more 

prominent supershift and the binding inhibition of NF-1CB-p50 was still evident (lane 5). 

This PARP-1-dependent inhibition and supershift ofNF-1CB-p50 DNA-binding suggested 

that PARP-1 was able to interact with NF-KB-p50 in the absence of BNAD+ and that the 

interaction may have caused the binding inhibition ofNF-1CB-p50 to its oligonucleotide. 

The PARP-1-dependent inhibition of NF-1CB-p50 DNA-binding was reversed by 

the addition of BNAD+ (200 JlM) (lanes 6-8). In the presence of BNAD+, there was no 

more binding inhibition of NF-1CB-p50 to its oligonucleotide by PARP-1. Those NF-lCB- · 

p50-oligonucleotide complexes (lanes 6-8) comigrated with that of NF-1CB-p50 control 

(lane 2), suggesting that NF-1CB-p50 DNA-binding became independent of PARP-1 and 

that the presence of BNAD+ abolished PARP-1-NF-1CB-p50 interaction. Regardless of 

... 
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Fig. 2. Poly(ADP-ribosyl)ation-dependent NF-KB-p50 DNA-binding in the presence 

of PARP-1. EMSA was performed as described in "Materials and Methods." Increasing 

amounts ofPARP-1 [range ofO (-), 80 (+), 400 (++),and 800 (+++) ng] was incubated . 

with NF-1CB-p50 [0 (-) and 80 (+i ng] in the absence (-) or presence (+) of 200 J.LM 

~NAD+ for 20 min at room temperature in binding buffer (20 J.Ll). One-microliter of e2P]

labeled duplex oligonucleotide containing consensus sequence of NF-KB (== 2.5 ng of 

DNA) was then added and reactions were incubated for another 20 min. Samples were 

fractionated at room temperature through a native 5 % polyacrylamide gel containing 

17.8 mM Tris-borate and 0.4 mM EDTA. NF-1CB-p50-oligonucleotide complexes were 

visualized by autoradiography. Lane 1, PARP-1 control; lane 2, NF-1CB-p50 control. 
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PARP-1 cone. in the mixture, radiographic intensity of NF-1CB-p50-oligonucleotide 

complex (lanes 6-8) was similar to NF-1CB-p50 control (lane 2), suggesting that there was 

no dilution effect of PARP-1 to NF-1CB-p50 DNA-binding and that PARP-1 did not 

participate to or interfere with the binding. 

Inhibition ofNF- Id3-p50 DNA-binding by 3-aminobenzamide in the presence of 

PARP-1 and {JNAD+. 3-aminobenzamide (3-AB) inhibits the activity of PARP-1 by 

competing with ~NAD+, the enzymatic substrate of PARP-1. -Susceptibility of ~NAD+

dependent NF-1CB-p50 DNA-binding under PARP-1-NF-1CB-p50 coincubation to 3-AB 

was asked (Fig. 3). In the absence of ~NAD+, PARP-1 (400 ng) caused an inhibition of 

NF-1CB-p50 DNA-binding and the inhibition was accompanied by an apparent supershift 

of the radiolabeled oligonucleotide (lane 3), as compared to NF-1CB-p50 control (80 ng; 

lane 2). In the presence of ~NAD+ (200 J.LM), however, PARP-1-dependent inhibition was 

nullified and NF-1CB-p50--0ligonucleotide complex comigrated with that of NF-1CB-p50 

control (lane 4). Inhibition of poly(ADP-ribosyl)ation with 10 mM 3-AB restored PARP-

1-dependent inhibition ofNF-KB-p50 DNA-binding (lane 5). These data demonstrate that 

~NAD+ -dependent NF-KB-p50 DNA-binding is indeed the result of protein-poly(ADP

ribosyl)ation. 

Overall, the data in Figs. 2 and 3 suggested that PARP-1 interacted with NF-1CB

p50 when PARP-1 was not poly(ADP-ribosyl)ated. The data also suggested that NF-1CB

p50 which interacted with PARP-1 was unable to efficiently bind to its consensus 
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· Fig. 3. Inhibition of NF-KB-p50 DNA-binding by 3-aminobenzamide in the presence 

of PARP-1. EMSA was performed as described in "Materials and Methods." PARP-1 [0 

(-)and 400 (+) ng] and NF-KB-p50 [0 (-)and 80 (+) ng] in the absence(-) or presence(+) 

of 200 J.LM ~NAD+ were incubated at room temperature for 20 min in 20 J.Ll mixture. In 

lane 5, 10 mM of 3-aminobenzamide was included. One-microliter of e2P]-labeled NF

KB oligonucleotide of(= ·2.5 ng of DNA) was added and reactions were incubated for 

another 20 min. After fractionating through a native 5 % polyacrylamide gel containing 

17.8 mM Tris-borate and 0.4 mM EDTA at room temperature, NF-KB-p50-

oligonucleotide complexes were visualized by autoradiography. Lane 1, PARP-1 control; 

lane 2, NF-1CB-p50 control. 
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oligonucleotide, and that auto-poly(ADP-ribosyl)ation of PARP-1 abolished the PARP-

1-NF-KB-p50 interaction, freeing NF-KB-p50 to bind to its oligonucleotide. 

Effect of {3NADH on NF-7d3-p50 DNA-binding in the presence of PARP-1. 

Nicotinamide adenine dinucleotide (f3NAD) is the enzymatic substrate of PARP-1. More 

specifically, only the oxidized form of f3NAD (f3NAD+), not the reduced form of it 

(f3NADH), can serve as the substrate. Therefore, inhibition ofNF-KB-p50 DNA-binding 

observed in the presence of PARP-1 would persist when f3NAD+ was replaced with 

f3NADH in the mixture. Compared to the NF-KB-p50 control (280 ng, lane 1), the 

presence of PARP-1 (500 ng) inhibited the NF-KB-p50 DNA-binding while forming a 

more retarded shift on EMSA (lane 2). Addition of f3NADH ( 1 mM) into. the mixture did 

not restore the NF-KB-p50 DNA-binding while the migration retardation persisted (lane 

3). It should be noted that the amounts of PARP-1 and NF-KB-p50 used in this particular 

experiment were 500 and 280 ng, respectively. Using more than 500 ng of P ARP-1 in the 

presence of 280 ng of NF-KB-p50 would have caused a more prominent loss of NF-KB

p50 DNA-binding with a further migration retardation, as demonstrated in Figs. 2 and 3. 

This experiment reaffirms the role of automodification reaction of PARP-1 in 

dissociating PARP-1-NF-KB-p50 interaction and in activating NF-KB-p50 DNA-binding. 

Susceptibility of NF-kB-p50 to poly(ADP-ribosyl)ation. Poly(ADP-ribosyl)ation 

of NF-KB-p50 was assessed as described below. Poly(ADP-ribosyl)ation assay was 

carried out under the same conditions in Fig. 2 except that i) e2P]-f3NAD+ was 

28 



Fig. 4. Effect of PNADH on NF-KB-p50 DNA-binding in the presence of PARP-1. 

PARP-1 [0 (-) and 500 (+) rig] was incubated with NF-KB-p50 [280 (+) ng] in the 

absence of activated DNA as a PARP-1 enzymatic activator. The PARP-1 enzymatic 

substrate, ~NAD+, was replaced with a non-substrate, ~NADH (1 mM). The mixture was 

incubated at room temperature for 30 min before e2P]-labeled duplex oligonucleotide 

containing consensus sequence of NF-KB was added. The 20 ~1 mixture was further 

incubated for another 30 min before the sample was fractionated at room temperature 

through a native 7 % polyacrylamide gel containing 89 mM Iris-borate and 2 mM 

EDTA. The protein-DNA complex was analyzed by autoradiography. 
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supplemented to 200 J..LM PNAD+ to visualize poly(ADP-ribosyl)ation and ii) e2P]

labeled oligonucleotide WaS replaced by unlabeled one. In the absence or presence of NF

KB-p50, PARP-1 was efficiently poly(ADP-ribosyl)ated (Fig. 5, panel A, lanes 2-4). On 

the other hand, NF-KB-p50, whose native molecular weight is ===50 kDa, was apparently . 

not susceptible to poly(ADP-ribosyl)ation, as indicated by the absence of additional 

radiolabeled protein at or above 50 kDa mark. The lack of covalent poly(ADP

ribosyl)ation of NF-KB-p50 was consistently shown with three different PARP-1 cone. 

(lanes 2-4). These findings suggested that poly(ADP-ribosyl)ation of PARP-1, not that of 

NF-KB-p50, was responsible for PNAD+ -dependent NF-KB-p50 DNA-binding when 

PARP-1 and NF-KB-p50 were coincubated. 

The susceptibility of NF-1CB-p50 to poly(ADP-ribosyl)ation was also re-examined 

in the presence of octameric DNA as a PARP-1 activator (Grube and Burkle 1992). 

Again, autoradiography .showed that NF-KB-p50 was apparently not susceptible to 

poly(ADP-ribosyl)ation, as indicated by the absence of radiolabeled protein at ===50 kDa 

mark (Fig. 5, panel B, lanes 4-8). The apparent insensitivity of NF-KB-p50 to poly(ADP

ribosyl)ation was consistently shown under three different PNAD+ concentrations (0.5, 

20, and 800 J..LM) (lanes 6-8). On the other hand, PARP-1 was auto-poly(ADP

ribosyl)ated in the presence or absence of NF-KB-p50 (lanes 2, 3, and 5-8). In the 

presence of micromolar concentrations of PNAD+ (20 or 800 J..LM), which are close to or 

exceeding the Km of PARP-1 for PNAD+ (===50 J..LM), PARP-1 was extensively auto

poly(ADP-ribosyl)ated and the radio labeled protein stayed near or at the top of the gel 
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Fig. 5. Susceptibility of NF -lCB-pSO to covalent poly(ADP-ribosyl)ation as a function 

of the enzyme and substrate concentration. Panel A. Poly(ADP-ribosyl)ation reaction 

was conducted under same conditions described as lanes 1 and 6-8 of Fig. 2 except that i) 

e2P]-~NAD+ was supplemented . to 200 J!M ~NAD+ and ii) e2P]-labeled NF-KB 

oligonucleotide was replaced by unlabeled one. PARP-1 [in a range of 80 (+), 400 (++), 

and 800 (+++) ng] and NF-KB-p50 [0 (-) and 80 (+) ng] were incubated for 20 min at 

room temperature in 20 J!l reaction containing same buffer in Fig. 2. After 1 J!l of 

unlabeled oligonucleotide of NF-KB (== 2.5 ng) was added, reaction was incubated for 

another 20 min. Reaction was terminated with 2x SDS sample buffer and proteins were 

fractionated by SDS-PAGE through a 4 to 15 % gradient gel. Poly(ADP-ribosy1)ated 

proteins were visualized by autoradiography. Panel B. P ARP-1 [in a range of 0 (-), 80 

(+), and 400 (++) ng] was incubated without (-) or with (+) NF-KB-p50 (80 ng) in a 

reaction mixture (20 J!l) as described in "Materials and Methods.~· For ~NAD+, e2P]

labeled ~NAD+ was supplemented to final concentration [0.5 (+), 20 (++),and 800 (+++) 

J!M]. Duplex octameric DNA (20 J!g/ml, 5' -GGAA TTCC-3') was included to stimulate 

enzymatic activity of PARP-1. The DNA was added last to minimize possible binding to 

NF-KB-p50. After incubation at room temperature for 20 min, reaction was quenched by 

adding 2x SDS sample buffer and proteins were separated by SDS-PAGE through a 4-

15% gradient gel. Poly(ADP-ribosyl)ated proteins were visualized by autoradiography. 
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(lanes 2-3 and 5-8). The data in Fig. 5B shows that NF-KB-p50 is not susceptible to 

poly(ADP-ribosyl)ation under normal incubation. These data confirm that ~NAD+

dependent NF-KB-p50 DNA-binding was not the result ofpoly(ADP-ribosyl)ation ofNF

KB-p50, but the result of poly(ADP-ribosyl)ation of PARP-1, which dissociated the NF

KB-p50-P ARP-1 complex. 

Susceptibility of NF-7d3-p50 to poly(ADP-ribosyl)ation as a function of time. In 

order to determine whether NF-KB-:-p50 is susceptible to poly(ADP-ribosyl)ation, a time

dependent poly(ADP-ribosyl)ation assay was also performed. The enzymatic reaction of 

PARP-1 was initiated by incubating PARP-1 (250 ng) and NF-KB-p50 (230 ng) in the 

presence of e2P]~NAD+, and the reaction was allowed to proceed for various lengths of 

time. SDS-PAGE and autoradiography indicated that NF-KB-p50, a =50 kDa protein, was 

not susceptible to poly(ADP-ribosyl)ation upto 120 min of incubation under the 

conditions used (Fig. 6, panel A). On the other hand, PARP-1 was efficiently 

automodified in all time intervals tested except for the control experiment, in which the 

enzymatic reaction of PARP-1 had been initially quenched by the SDS sample buffer. As 

expected, the autoradi<;~graphy revealed heterogeneous sizes of automodified PARP-1 

products. In the presence of 1.0 J.!M e2P]~NAD+, the smallest automodified PARP-1 

product was bigger than 113 kDa, the molecular weight of unmodified P ARP-1. 

Whether the order of the addition ofPARP-1, ~NAD+, and sheared E. coli DNA 

into the mixture could vary the susceptibility ofNF-KB-p50 to poly(ADP-ribosyl)ation 
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Fig. 6. Susceptibility of NF -1CB-p50 to poly(ADP-ribosyl)ation as a function of time. 

Panel A. NF-KB-p50 (230 ng) was incubated with e2P]~NAD+ (1.0 J.1M) at room 

temperature in a reaction mixture (20 J.1l) as described in "Materials and Methods." 

Sheared E. coli DNA (50 Jlg/ml) was included to stimulate enzymatic activity of P ARP-

1. Poly(ADP-ribosyl)ation reaction was initiated by adding PARP-1 [250 ng] to the 

mixture and reaction was allowed to proceed for indicated time intervals (0, 5, 10, 15, 30, 

60, 90, and 120 min). Reaction was quenched by adding 2x SDS sample buffer. For 0 

min control experiment, PARP-1 and 2x SDS sample buffer were added at the same time 

to the mixture. After products were fractionated by SDS-PAGE through a 4-15% 

gradient gel, poly(ADP-ribosyl)ated proteins were visualized by autoradiography. Panel 

B. The experiment was similarly conducted as Panel A except that 6% SDS-PAGE was 

used for protein separation and that 1.5 J.1M of e2P]~NAD+ was used. For the initiation of 

PARP-1 enzymatic reaction, PARP-1 was added last (lane 1) and e2P]~NAD+ and 

sheared E. coli DNA was added last (lane 2). 
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was tested. It was found that NF-KB-p50 was not sensitive to poly(ADP-ribosyl)ation by 

PARP-1, regardless ofthe order of addition (Fig. 6, panel B). 

Effect of exogenous DNA on NF-7d3-p50 DNA-binding in the absence of f3NAD+. 

Poly(ADP-ribose) is regarded as a third type of nucleic acid after deoxyribo- and ribo

nucleic acids (D'Arnours, Desnoyers et al. 1999). We therefore evaluated whether the 

presence of exogenous DNA could substitute pol~(ADP-ribosyl)ation reaction and 

facilitate NF-KB-p50 DNA-binding. EMSA was conducted by adding duplex octameric 

DNA (5'-GGAATTCC-3', 0.5 to 10 Jlg/ml) in the absence of~NAD+ (Grube and Burkle 

1992). In the absence of protein-poly(ADP-ribosyl)ation, the synthetic DNA facilitated 

NF-KB-p50 DNA-binding in a conc.-dependent manner (Fig. 7, lanes 4-6). Compared to 

the control, 0.5 Jlg/ml of the DNA partially activated NF-KB-p50 DNA-binding and the 

activation was complete with 1 0 Jlg/ml of the DNA, as indicated by its comigration with 

NF-KB-p50 control (lane 2). DNA-dependent binding of NF-KB-p50 to its 

oligonucleotide in the absence of poly(ADP-ribosyl)ation reaction was similarly observed 

using other kinds of DNA including sonicated DNA froni Escherichia coli or DNase !

treated DNA from calf thymus (data not shown). The data suggest that deoxyribo-nucleic 

acid is functionally similar to poly(ADP-ribose) in overcoming PARP-1-NF-KB-p50 

interaction. 

Exogenous DNA does not activate NF-7d3-p50 DNA-binding when it is 

simultaneously added with the ( 2P]-oligonucleotide in EMSA. As shown above, auto

poly(ADP-ribosyl)ation reaction by PARP-l .activates NF-KB-p50 DNA-binding in the . 
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Fig. 7. Effect of exogenous DNAon NF-1CB-p50 DNA-binding in the presence of 

PARP-1. EMSA was carried out as described in "Materials and Methods." PARP-1 [0 (-) 

and 400 (+) ng] and NF-1CB-p50 [0 (-) and 80 (+) ng] were incubated in presence of 

increasing amounts of duplex octameric DNA (5'-GGAATTCC-3') [0 (-), 0.5 (+),and 10 

(++) J.lg/ml] with (+) or without (-) 200 J.LM ~NAD+. Mixture was incubated at room 

temperature for 20 min and 1 J.ll of e2P]-labeled NF-lCB oligonucleotide (""' 2.5 ng of 

DNA) was added. Reaction (20 J.ll) was incubated for another 20 min and samples were 

separated at room temperature through a native 5 %polyacrylamide gel containing 17.8 

mM Tris-borate and 0.4 mM EDTA. Protein-oligonucleotide complexes were visualized 

by autoradiography. Lanel, PARP-1 control; lane 2, NF-1CB-p50 control. 
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presence of P ARP-1 by dissociating the protein-protein interaction between PARP-1 and . 

NF-1CB-p50. Exogenously added, broken DNA is also able to activate NF-1CB-p50 DNA-

. binding when PARP-1 is not auto-poly(ADP-ribosyl)ated. The product of poly(ADP

ribosyl)ation, pADPr, shares a similar physicochemical properties with broken DNA. It is 

assumed that PARP-1-bound broken DNA can substitute pADPr covalently bound to 

PARP-1 in disrupting the PARP-1-NF-1CB-p50 interaction. It is also assumed that a 

certain incubation period is required for broken DNA to establish an equilibrium with 

P ARP-1 and to disrupt the interaction. EMSA was conducted by simultaneously adding 

sheared E. coli DNA with the e2P]-NF-1CB-p50 oligonucleotide. Compared to the control, 

the inhibition of NF-1CB-p50 DNA-binding retained in the presence of the broken DNA 

and PARP-1 (Fig. 8,lanes 1 and 2). Triggering auto-poly(ADP-ribosy1)ation reaction by 

adding ~NAD+ restored NF-1CB-p50 DNA-binding (lane 3): If broken DNA was added 

before e2P]-NF-KB-p50 oligonucleotide, it would have activated NF-1CB-p50 DNA

binding (Fig. 7). It is speculated that the· DNA requires a certain period time to establish a 

binding to PARP-1 to disrupt the protein interactions. 

Co-immunoprecipitation of NF-1CB-p50 with PARP-1 antibody. The data shown 

above consistently suggested the formation of PARP-1-NF-1CB-p50 complex in the 

absence of poly(ADP-ribosyl)ation. Whether PARP-1 physically associates with NF-1CB

p50 was tested by co-immunoprecipitation/westem blot analysis. A mixture containing 

equimolar amounts of PARP-1 (800 ng) and NF-1CB-p50 (350 ng) was 

immunoprecipitated with PARP-1 polyclonal antibody, and immune complexes were 

subsequently pulled down by protein G-beads. The bead-bound protein was fractionated 
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Fig. 8. Exogenous DNA does not activate NF -1C8-p50 DNA-binding in the presence 

of P ARP-1 when it is simultaneously added with the e2P]-oligonucleotide in EMSA. 

EMSA was performed as described in "Materials and Methods." PARP-1 [0 (-)and 750 

(+) ng] was incubated with NF-KB-p50 [60 (+) ng] with(+) or without (-)~NAD+ (20 

J.LM) for 20 min at room temperature. The e2P]-oligonucleotide containing the consensus 

sequence of NF-KB and sheared E. coli DNA were added. The 20 J.Ll mixture was further 

incubated for another 20 min before the sample was fractionated at room temperature 

through a native 4 %polyacrylamide gel containing 17.8 mM Tris-borate and 0.4 mM 

EDTA. The protein-DNA complex was analyzed by autoradiography. 
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Fig. 9. Co-immunoprecipitation ofNF-1CB-p50 by PARP-1 antibody. Panel A. PARP-

I [0 (-)and 800 (+) ng] and NF-KB-p50 [350 (+) ng] were pre-incubated for 30 min at 4 

°C before goat anti-PARP-I polyclonal antibody (I Jlg) was added. After incubation with 

the antibody at 4 °C_ for I hr, protein G-agarose beads (30 Jll, I: 1 slurry) were added and 

samples were further incubated for 45 min at 4 °C with rocking. The beads were then 

washed five times and bead-bound proteins were eluted by adding 2x SDS sample buffer 

and by boiling for 5 min. Proteins were fractionated with 8% non-reducing SDS-PAGE 

and were electrotransferred to PVDF membrane. The membrane was immunoblotted with 

rabbit anti-NF-KB-p50 polyclonal antibody and protein was detected with horseradish 

peroxidase-conjugated anti-rabbit lgG antibody and ECL chemiluminescence kit. Panel 

B. Co-immunoprecipitation was similarly performed as panel A except that 3~0 ng of 

PARP-1 and 150 ng ofNF-KB-p50 were used. 

t 
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with non-reducing SDS-PAGE to avoid co-migration of IgG heavy chain with NF-1CB

p50. Immunoblot with NF-1CB-p50 pcilyclonal antibody revealed that NF-1CB-p50 was co

immunoprecipitated with PARP-1 (Fig. 9A, lane 1 ). PARP-1 antibody did not cross- . 

precipitate NF-1CB-p50, as indicated by the absence of NF-1CB-p50 from the control (lane 

2). In addition, there was no cross-reactivity ofNF-1CB-p50 antibody to PARP-1 (data not 

shown). When a similar experiment was performed using 340 ng ofPARP-1 and 150 ng 

of NF-1CB-p50, similar results were obtained (Fig. 9B). Fig. '9 demonstrates innate ability 

of PARP-1 to form a heterodimer with NF-1CB-p50 in the absence of poly(ADP

ribosyl)ation reaction. 

Co-migration of lg heavy chain and NF-1d3-p50 in reducing SDS-PAGE. In above 

experiments, _samples containing PARP-1-NF-lCB-pSO heterodimer were fractionated 

using SDS-PAGE under non-reducing conditions. In the presence of reducing agents such 

as dithiothreitol or ~-mercaptoethanol, immunoglobulin molecules are reduced into light 

chains and heavy chains, the size of which are =50 kDa (Fig. 10, panel A). Indeed, heavy 

chain co-migrates with NF-1CB-p50 under reducing conditions, and it would have masked · 

the presence of NF-KB-p50 when both proteins were separated together (Fig. 10, panel 

B). The rationale for using non-reducing SDS-PAGE was to prevent this effect by 

keeping the precipitating immunoglobulin molecules intact. 

Co-immunoprecipitation of PARP-1 with NF-1d3-p52 polyc/onal antibody. 

Figs. 2, 3, 4, and 7 consistently showed the protein-protein interaction between PARP-1 

and NF-JC8-p50 in the absence ofauto-poly(ADP-ribosyl)ation reaction by PARP-1. The 
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Fig. 10. Co-migration of Ig heavy chain and NF-KB-p50 in reducing SDS-PAGE. 

Panel A. PARP-1 polyclonal antibody from goat (1 Jlg) was separated by 8 % SDS

p AGE under reducing conditions. The proteins were immunoblotted with anti-goat lgG 

conjugated with HRP and ECL substrate. Panel B. PARP-1 (200 ng, lane 1), NF-1CB-p50 

(110 ng, lane 2), and NF-KB-p50 antibody (1 Jlg) were fractionated by 8% SDS-PAGE 

under reducing conditions. Proteins were visualized by silver-staining the gel. 
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interaction was confirmed by co-immunoprecipitating NF-1CB-p50 by PARP-1 antibody. 

To reciprocally reproduce this result, mixture containing PARP-1 and NF:..KB-p50 was 

immunoprecipitated by NF-1CB-p52 polyclonal antibody, which partially cross-reacts with 

the human NF-1CB-p50. The epitope of this antibody corresponds with the entire length of 

NF-1CB-p52. Silver staining of the ge] following SDS-PAGE demonstrated that PARP-1 

was co-immunoprecipitated by NF-1CB-p52 antibody (Fig. 11, lane 1). When similar 

experiments were conducted using an NF-1CB-p50 antibody, no conclusive results could 

be obtained (not shown). It is speculated that the NF-1CB-p50 antibody was blocked from 

recognizing the NF-1CB-p50 epitope, N-terminal 120-239 a.a., because the epitope was 

masked by the bound PARP-1. This inconclusive results persisted when a different NF-

1CB-p50 antibody, whose epitope corresponds to the NLS region of NF-1CB-p50, was 

employed for the precipitation (not shown). 

NF-1d1-p50 DNA-binding in the presence of PARP-1 and DNA. In the 

presence of PARP-1, NF-1CB-p50 forms a heterodimer with PARP-1, and this dimeric 

NF-1CB-p50 cannot efficiently bind to its oligonucleotide. The dimer formation and the 

consequent DNA-binding inhibition of NF-1CB-p50 only occurs when i) PARP-1 is not 

auto-poly(ADP-ribosyl)ated and ii) broken DNA, to which P ARP-1 has a high binding 

affmity, is absent in the mixture. If either PARP-1 is auto-poly(ADP-ribosyl)ated or 

broken DNA is available, the heterodimeric NF-1CB-p50 is not formed and free NF-1CB

p50 freely binds to its oligonucleotide. Both pADPr, the enzymatic product of PARP-1, 
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Fig. 11. Co-immuooprecipitation of PARP-1 with NF-1CB-p52 polyclonal antibody. 

PARP-1 [400 (+) ng] and NF-KB-p50 [0 (-)or 250 (+) ng] were incubated for 1 hr at 4 °C 

and rabbit NF-1CB-p52 po1yclonal antibody (l J..Lg) was added. After incubation with the · 

antibody at 4 °C for 1 hr, protein A-sepharose beads (5 Jll) were added and samples were 

further incubated for 50 min at 4 °C with rocking. The beads were then washed five times 

and bead-bound proteins were eluted by adding 2x SDS sample buffer and by boiling for 

5 min. Proteins were fractionated through a 4-15% gradient SDS polyacrylamide gel 

under reducing condition. Bead-bound proteins were visualized by silver-staining. 
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Fig. 12. NF-1CB-p50 DNA-binding in the presence of PARP-1 and DNA. EMSA was 

performed as described in "Matef.ials and Methods." NF-KB-p50 [0 (-) and 110 (+) ng] 

and PARP-1 [200 ng] were incubated in the presence of increasing concentrations of 

~NAD+ [0 (-), 2 (+), 20 (++),and 200 (+++) J.!M] in the binding buffer (20 J.il) containing 

sonicated E. coli DNA [0 (-), 1.25 (+), or 5.0 (++) J.Lg/ml] for 30 min at room 

temperature. Then, e2P]-labeled duplex oligonucleotide containing consensus sequence 

of NF-KB ( = 2.5 ng of DNA) was added and reactions were incubated for another 30 min. 

Samples were fractionated at room temperature through a native 7 % polyacrylamide gel 

containing 89 mM Tris-borate and 2 mM EDTA. NF-KB-p50-oligonucleotide complexes 

were visualized by autoradiography. Lane 1, PARP-1 control. 
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and broken DNA are able to inhibit the heterodimer formation. It is speculated that 

pADPr and DNA share highly similar biochemical properties during the inhibition. 

Fig. 12 shows the effects of pADPr and broken DNA on NF-KB-p50 DNA-binding in the 

presence of PARP-1. The presence of 2 JlM ~NAD+ in the mixture triggers the auto

poly(ADP-ribosyl)ation reaction of PARP-1 (200 ng) (lane 1, PARP-1 control). The auto

poly(ADP-ribosyl)ated PARP-1 cannot bind to the broken DNA, in this case, NF-KB-p50 

oligonucleotide (2.5 ng) by electrostatic repulsion between auto-poly(ADP-ribosyl)ated 

PARP-1 and the oligonucleotide. Presence of both of broken DNA [sheared E. coli DNA 

(1.25 or 5.0 Jlg/ml)] and pADPr in the presence of ~NAD+ (2, 20, or 200 JlM) activates 

NF-KB-p50 DNA-binding (lanes 3-6). This activation persists when either E. coli DNA 

or ~NAD+ is omitted from the mixture (lane 2 or 7). Only when both broken DNA and 

pADPr are absent from the mixture, NF-KB-p50 loses its binding affinity to the 

oligonucleotide (Figs 2, 3, 4, and 7). 

Immunoblotting of PARP-1 in a HeLa nuclear extract. Poly(ADP-ribose) 

polymerase-1 (P ARP -1) is a constitutively expressed nuclear enzyme in mammalian 

cells. In order to test the constitutive expression of P ARP-1 protein in cells, ~ nuclear 

extract from HeLa cells was prepared and fractionated by SDS-PAGE. Western analysis 

with PARP-1 monoclonal antibody (C-2-10) detected a single 113 kDa band, indicating 

the presence of this abundant enzyme in the nuclear extract (Fig. 13) (Budihardjo, Poirier 

et al. 1998). The specificity of the monoclonal antibody was evident by the absence of 

any other band on the blot. 
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Fig. 13. Immunodetection of PARP-1 in HeLa nuclear extract. Western blot analysis 

of PARP-1. HeLa nuclear extract (10 Jl.g of protein) was electrophoresed by 7% SDS

p AGE and was electrotransferred to nitrocellulose. The membrane was immunoblotted 

with a monoclonal PARP-1 antibody (C-2-10) in 5 % non-fat dry milk and phosphate- . 

buffered salirie (PBS). After washing with PBS plus 0.05 % Tween-20 and incubation 

with anti-mouse secondary antibody coupled with horse radish peroxidase (HRP), the 

blot was developed with ECL plus (Amersham Pharmacia Biotech). 
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Susceptibility of poly(ADP-ribose) polymerase-] to auto-poly(ADP-ribosyl)ation. 

Upon cellular DNA damage, the enzymatic activity of PARP-1 is · instantaneously 

activated and it post-translationally modifies acceptor proteins including itself. In order to 

confirm that PARP-1 protein is susceptible for automodification in a nuclear extract, 20 

Jlg of a HeLa nuclear extract was incubated with 300 nM e2P]-labeled ~NAD+ in the . 

presence of activated calf thymus DNA (20 Jlg/ml) at 37 °C for 20 min. Poly(ADP

ribosyl)ated proteins were separated through a 4-15% gradient SDS polyacrylamide gel. 

Autoradiographic analysis of the products revealed that a major band migrated, indicating 

that PARP-1 is susceptible for the auto-modification (Fig. 14). 

Effect of 3-aminobenzamide on NF-1d3 DNA-binding in H20rtreated HeLa cells. 

Our in vitro data were extended to a culture system utilizing human cervical 

adenocarcinoma HeLa cells. We asked whether poly(ADP-ribosyl)ation inhibition leads 

to the inhibition of NF-lCB DNA-binding in DNA-damaged HeLa cells. HeLa cells were 

treated with H202 to activate poly(ADP-ribosyl)ation and NF-lCB nuclear targeting. H20 2 

was previously shown to activate NF-KB DNA-binding and NF-KB transactivation in 

HeLa cells (Meyer, Schreck et al. 1993). H202 is also able to activate poly(ADP

ribosyl)ation activity of PARP-1 by causing DNA strand breaks (Schraufstatter, Hinshaw 

et al. 1986; Schraufstatter, Hyslop et al. 1986). Compared to the control (Fig. 15, panel A, 

lane 1), treatment of HeLa cells with 0.3 or 1.0 mM H202 resulted in the enhanced 

formation of slowly migrating complexes with e2P]-labeled NF-KB oligonucleotide, as 

judged by the EMSA (lanes 3 and 5). Pre-treatment with I 0 mM 3-AB, a PARP-1 

inhibitor, strongly inhibited the complex formation in 0.3 mM H202-treated cells (lane 2). 
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Fig. 14. Protein-poly(ADP-ribosyl)ation of BeLa nuclear extract. In vitro poly(ADP

ribosyl)ation of nuclear protein in HeLa extract (10 Jlg of protein) with e2P]~NAD+ (300 

nM) was allowed to proceed in a buffer containing 100 mM Tris-HCl (pH 7.8), 10 mM 

MgCh, 1 mM dithiothreitol, and activated calf thymus DNA (10 Jlg/ml). After quenching 

the enzymatic reaction by adding 2x SDS sample buffer, the products were separated by ? 

% SDS-PAGE, and analyzed by autoradiography. 
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·Fig. 15. Inhibition of NF -1CB DNA-binding by 3-AB in -H20 2-treated HeLa cells. 

· Panel A. Logarithmically growing He La cells were pretreated for 1 hr with ( +) or 

without(-) 10 mM 3-AB before treatment for 1 hr with H20 2 (0 (-), 0.3 (+),and 1.0 (++) 

mM]. After nuclear extract preparation, EMSA was conducted as described in "Materials 

and Methods" with extracts representing 10 J.Lg each ofprotein and .e 2P]-labeled NF-KB 

oligonucleotide. Arrows indicate positions of NF-KB DNA-binding (NF-KB) and non

specific DNA-binding (n.s.). Panel B. Specificity of DNA-binding was confirmed by 

adding no antibody (lane 1), anti-NF-KB-p50 antibody (1 J.Lg, lane 2), or control antibody 

(Pab421, 1 J.Lg, lane 3) to binding reaction and incubating at 4 °C for 30 min. After adding 

poly(dl-dC) and e2P]-labeled NF-KB oligonucleotide and incubating for at room 

temperature for another 15 min, samples were electrophoresed at room temperature in a 

· 5% native polyacrylamide gel containing 45 mM Tris-borate and l mM EDT A. The 

purity of probe was confirmed by omitting nuclear extract from binding reaction (lane 4). 
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The 3-AB-sensitive inhibition was also observed in l.O mM H20 2-treated cells, 

albeit with less intensity (lane 4). The identity of the 3-AB-senstitve complex was 

. determined as NF-lCB, as demonstrated by its disappearance in the presence of NF-lCB . 

polyclonal antibody (Fig. 15, panel B, lane 2). Antibody cross-reactivity was excluded by 

the retainment of the complex in the presence of control antibody (lane 3) and the 

complex originated from the nuclear extract (lane 4 ). 

Specificity of protein-DNA complexes in TNF-a and H20 2-treated HeLa nuclear 

extract on EMSA. On EMSA, TNF-a and H20 2-treated HeLa nuclear extract with e2P]

labeled NF-KB oligonucleotide yields two major retardations (Fig. 16, lane 1). Although 

the formation of non-specific protein-DNA complexes is inhibited by including poly(dl

dC) into mixtures, identification of the individual band is crucial. The slow-migrating 

band was nearly abolished in the presence of NF-KB-p50 or NF-KB-p65 polyclonal 

antibody (lanes 2 and 3). The fast .. migrating band was retained in the presence of either 

of the antibodies. It is therefore indicated that the slow-migrating band represents NF-KB 

which had been transported into the nucleus upon stimuli. Non-specific antibody binding 

to the protein-DNA complexes was excluded by the retainment of the band in the 

presence of a control antibody, Pab421 (lane 4). Interestingly, using a mutant DNA probe 

(5'-AGTTGAGGCGACTTTCCCAGGC-3') abolished all typical band formations on 

EMSA (lane 5). 

Inhibition of NF-1d3 DNA-binding by 3-AB in 3 mM H202-treated HeLa cells. 

Previous literature indicated that micromolar concentrations of H202 is able to activate 

NF-KB in human T cells and HeLa cells 
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Fig. 16. Specificity of protein-DNA complexes in TNF-a and H20rtreated HeLa 

nuclear extract on EMSA. Nuclear extract (15 J.Lg each) from treated HeLa cells (50 

nglml TNF-a and 1.0 mM H202 for 30 min) were incubated with I J.Lg each of NF-KB

p50 antibody (lane 2), NF-JC8-p65 antibody (lane 3), or control antibody (Pab421, lane 4) 

for 40 min at 4 °C. Control experiments were conducted without any antibody (lane I) or 

with mutant oligonucleotide for NF-KB (lane 5). After adding poly(dl-dC) (0.5 J.Lg/ml) 

and e2P]-labeled NF-KB oligonucleotide and incubating for at room temperature for 

another 15 min, samples were electrophoresed at room temperature in a 5% native 

polyacrylamide gel containing 45 mM Tris-borate and I mM EDTA. 
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Fig. 17. Inhibition of NF-ICB DNA-binding by 3-AB in 3 mM H20 2-treated BeLa 

cells. HeLa cells were pretreated for 1 hr with(+) or without(-) 10 mM 3-AB before 

treatment for 1 hr with 3 mM H202 ( + ). After nuclear extract was prepared, EMSA was 

conducted as described in "Materials and Methods" with 10 J.Lg each of protein and e2P]-

labeled NF-KB oligonucleotide. Arrows indicate positions of NF-KB DNA-binding (NF-

KB) and non-specific DNA-binding (n.s.). 
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(Schreck, Rieber et al. 1991; Meyer, Schreck et al. 1993). Whether the inhibition of 

poly(ADP-ribosyl)ation reaction by 3-AB leads to the inhibition ofNF-KB DNA-binding 

in HeLa cells treated with a millimolar concentration of H20 2 was asked. Compared to 

.. Fig 15, the DNA-binding inhibition was still evident with 3 mM of H20 2 treatment (Fig. 

17). The DNA-binding inhibition was further evident with 10 mM of H20 2 treatment (not 

shown). However, there was a significant loss ofNF-KB protein in HeLa cells treated 

with 10 mM H202, probably due to oxidative degradations of proteins. 

Effect of 3-aminobenzamide on NF-1dJ DNA-binding in TNF-a-treated HeLa 

cells. Sensitivity of NF-KB DNA-binding to 3-AB was examined in TNF-a-treated HeLa 

cells. Unlike H202 treatment, TNF-a treatment does not significantly stimulate 

poly(ADP-ribosyl)ation reaction in cells, since TNF-a treatment does not significantly 

produce DNA damage, a requisite condition for poly(ADP-ribosyl)ation activation in 

vivo. Compared to the control (Fig. 18, lane 1 ), TNF-a treatment profoundly activates 

NF-KB DNA-binding in HeLa cells (lane 3). TNF-a appears to be a more potent NF-KB 

activator than H20 2, as judged by a more prominent formation of the slowly migrating 

band on EMSA. Pre-treatment with 3-AB, however, did not inhibit NF-KB DNA-binding, 

suggesting that TNF-a-dependent NF-KB DNA-binding was not relevant to poly(ADP-

ribosyl)ation reaction (lane 2). It is suggested that TNF-a works only to cytoplasm, not to 

the nucleus, in which P ARP-1 resides. 
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Fig. 18. Effect of 3-aminobenzamide on NF-lCB DNA-binding in TNF-a-treated 

HeLa cells. Exponentially growing HeLa cells were pre-treated with ( +) or without (-) 

10 triM 3-aminobenzamide (3-AB) for 45 min prior to treatment with ( +) or without (-) 

100 ng/ml TNF-a for 1.5 hrs. Nuclear ·extract was then prepared and 10 J.Lg each of 

protein was subject to EMSA according to "Materials and Methods" Protein-DNA 

complexes were separated in a 5% native gel containing 45 mM Tris-borate and 1 mM 

EDTA. 
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Inhibition of NF-KB DNA-binding by 3-AB in TNF-a- and H20 2-treated HeLa 

cells. EMSA showed that inhibition of poly(ADP-ribosyl)ation reaction by pre-treatment 

with 3-AB prevents NF-1d3 DNA-binding in H20 2-treated HeLa cells. The inhibitory 

effect of 3-AB is not likely the result of the intrinsic properties or toxicities of 3-AB, 

since 3-AB did not inhibit NF-1d3 DNA-binding in TNF-a-treated HeLa cells. It is 

hypothesized that poly(ADP-ribosyl)ation-dependent NF-1d3 DNA-binding in cells is 

observed in the event when cellular poly(ADP-ribosyl)ation reaction is activated in the 

presence of DNA damage. Fig. 19 shows the effect of 3-AB pre-treatment on NF-1d3 

DNA-binding in TNF-a- and H202-treated HeLa cells. Compared to the control, the 

EMSA showed the inhibitory effect of 3-AB in NF-1d3 DNA-binding~ The inhibition, 

however, would have been the result . of poly(ADP-ribosyl)ation reaction which was 

triggered by H202. 

Sensitivity of PARP-1 to co-immunoprecipitation with NF-KB-p50 antibody in 

3-AB and H20 2-treated HeLa cells. Whether endogenous PARP-1 is susceptible to co

immunoprecipitation by NF-1d3-p50 polyclonal antibody was tested in 3-AB and H202-

treated HeLa nuclear extract. The purpose of this experiment was to test the 

heterodimerization between PARP-1 and NF-1d3-p50 in the absence of automodification 

reaction by PARP-1 in vivo. To avoid non-specific co-immunoprecipitation . of 

endogenous PARP-1, a control experiments was performed using nuclear extracts which 

had been pre-cleared with protein A-sepharose beads (Fig. 20, lane 3). Western analysis 

using PARP-1 monoclonal antibody (C-2-10) (Budihardjo, Poirier et al. 1998) revealed a 

single band with molecular weight between 100 and 150 kDa, indicating that endogenous 
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Fig. 19. Inhibition of NF-KB DNA-binding by 3-AB in TNF-a- and H202-treated 

HeLa ceUs. Logarithmically growing He La cells were pretreated for 1 hr with ( +) or 

without (-) 10 mM 3-AB before they were treated with 50 nglml TNF-a for 30 min. Cells 

were then treated with 3 mM H202 for 1 hr. EMSA was perl'ormed with nuclear extracts 

representing 10 Jlg each of prote~. 
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Fig. 20. Sensitivity of P ARP-1 to co-immunoprecipitation with NF -1CB-p50 antibody 

in 3-AB and H202-treated BeLa cells. 

HeLa cells were pre-treated with 10 rnM 3-AB for 1 hr before treated with 0.3 mM H202 

for 1 hr and nuclear extract was prepared. The 1 00 J.lg each of He La nuclear extract was 

immunoprecipitated with 2 J.lg of NF-KB-p50 polyclonal antibody for 1.5 hrs at 4 °C with · 

or without pre-clearance of the extract with 30 J.ll (1: 1 slurry) of protein A-sepharose 

beads. The immune complexes were recovered by incubating with protein A-sepharose 

and the bead-bound proteins were eluted by adding 2x SDS sample buffer and boiling for 

5 min. The eluted proteins (lanes 2 and 3 ), along with 15 J.Lg of nuclear extract as a 

control (lane 1 ), were fractionated under reducing conditions in a 7% SDS 

polyacrylamide gel. After electrotransfer to a nitrocellulose membrane, the proteins were 

blocked and immunoblotted with PARP-1 monoclonal antibody (C-2-1 0) in phosphate

buffered saline (PBS) containing 5% non-fat dry milk. After washing in PBS+ 0.05% 

Tween 20 for 3xl0 min, the membrane was blotted with anti-mouse Ab conjugated with 

horse radish peroxidase (HRP). The washed membrane was developed using ECL plus. 
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PARP-1 protein was present in the nuclear . extract (15 J.lg, lane 1). Co

immunoprecipitation of the extract (100 Jlg) with .NF-KB-p50 polydonal antibody did not 

co-immunoprecipitate endogenous PARP-1, as judged by the immunoblot analysis (lanes 

2 and 3). It is speculated that the amount of transcription factor NF-KB available in the 

nuclear extract was not sufficient enough for this NF-KB to be co-immunoprecipitated 

with PARP-1. It is also speculated that the ratio between NF-KB and PARP-1 in the 

nuclear extract was far less than 1:1 ratio under which NF-KB-p50 was ·co

immunoprecipitated by PARP-1 antibody in vitro. Unless NF-KB, either NF-KB-p50 or 

NF-KB-p65, is overexpressed by transiently transfecting cells, it would be technically 

difficult to test the co-immunoprecipitation. 
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CHAPTER IV 

DISCUSSION 

In this study, it was shown that PARP-1 in its native foim is able to interact with 

NF-KB-p50 in vitro and that PARP-1-bound NF-KB-p50 becomes a less efficient 

transcription factor compared to free NF-KB-p50. This PARP-1-NF-KB-p50 interaction 

is abolished by triggering poly(ADP-ribosyl)ating reaction of PARP-1 in the presence of 

~NAD+. Because NF-KB-p50 is not susceptible to poly(ADP-ribosyl)ation, auto

poly(ADP-ribosyl)ation reaction of PARP-1 interferes with the formation of PARP-1-

NF-KB-p50 complex, thus liberating NF-KB-p50 to its DNA. Interference with PARP-1-

NF-KB-p50 interaction is also observed in the presence of DNA strand breaks, to which 

PARP-1 binds with a high affinity (Gradwohl, Mazen et al. 1987; Le Cam, Fack et al. 

1994). This interchangeability between protein-bound pADPr and DNA in disrupting 

PARP-1-NF-KB-p50 interaction is not surprising, since the biochemical properties of two 

highly acidic molecules are similar each other. Indeed, pADPr has been postulated to be a 

third kind of nucleic acid and pADPr and DNA share antibody cross reactivity 

(D'Amours, Desnoyers et al. 1999). 

Historically, the evidence for the existence of pADPr in eukaryotic nucleus was 

first described in 1963 [Chambon, P., Weil, J. D. and Mandel, P. (1963) Biochem. 

Biophys. Res. Commun. 11, 39]. They observed a synthesis of a polymer, presumably 

polyadenylate, in hen liver nuclear extract by a novel, unidentified enzyme. The polymer 
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synthesis-proceeded in the presence of nicotinamide mononucleotide and in the absence 

of nucleoside triphosphates. Interestingly, the polymer synthesis was dependent on the 

presence of DNA in the reaction, since DNase-treatment of the extract abolished the 

reaction and the reaction was restored by adding heterologous DNA in the reaction. In the 

follow-up article in 1966, they identified the. polymer was not polyadenylate, but rather 

ADP-ribose polymer, since one residue of the polymer contains two phosphate gioups, 

two ribose residues, and one adenine residue. They also identified the substrate of the 

enzyme reaction was not nicotinamide mononucleotide, but rather nicotinamide adenine 

dinucleotide. 

A majority of experiments described here was carried out using purified system, 

in which enzymatic degradation of pADPr is absent. In intact cell, however, there is a 

balance between pADPr synthesis carried out by anabolic enzyme such as PARP-1 and 

pADPr degradation carried out by a highly specific catabolic enzyme, PARG (pADPr 

glycohydrolase). By rapidly degrading pADPr, PARG maintains the concentration of 

pADPr low and confers pADPr a transient natw-e in vivo. The pADPr degradation by 

PARG is dependent on pADPr concentration in cells (Alvarez-Gonzalez and Althaus 

1989). It was described that the efficient pADPr degradation by PARG requires at least 

about 5 JiM of the polymer in vivo. One of the characteristics ofpADPr in vivo will be its 

profound tum-over under DNA-damaging events. That is, pADPr synthesis is instantly 

triggered by DNA damage and those synthesized pADPr is rapidly degraded by PARG. 

Therefore, pADPr concentration in vivo will be. the net balance between the synthesis and 
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Scheme 3. Proposed mechanism of poly(ADP-ribosyl)ation-dependent activation of 

NF-KB DNA-binding in the presence ofPARP-1 

.. 
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the degradation. It is possible that pADPr synthesis is proceeded at the same time it is 

degraded. 

How PARP-1 recognizes and binds to NF-KB-p50 is riot yet clear. However, one 

can easily hypothesize the following mechanism. First, the biochemical and modular 

structure of P ARP-1 indicates that this protein contains in its automodification domain 

two protein-binding motifs; namely, leucine zipper (LZ) motif and BRCT (BRCAI C

terminus) motif (Uchida, Hanai et al. 1993; Bork, Hofmann et al. 1997). Those two 

peptide domains allow PARP-1 molecules to dimerize with other PARP-1 or other 

proteins. Indeed, numerous proteins including D. melanogaster ribosomal proteins, 

transcription factors (e.g., YY1, tumor suppressor p53 and Oct-1), XRCCI, histones, 

DNA-dependent protein kinase (DNA-PK), or an oncogene product B-MYB have been 

shown to dimerize with PARP-1 in vivo and/or in vitro (Buki, Bauer et al. 1995; 

Wesierska-Gadek, Schmid et al. 1996; Vaziri, West et al. 1997; Masson, Niedergang et 

al. 1998; Ariumi, Masutani et al. 1999; Cervellera and Sala 2000). Similarly, NF-KB-p50 

contains Rei homology domain (RHD) in its peptide sequence. In the mediation of RHD, 

NF-1CB-p50 is able to dimerize with other RHD proteins (e.g., Rel A) or non-RHD 

proteins such as bZip (e.g., NF-IL6 and C/EBP) and HMG proteins (LeClair, Blanar et al. 

1992; Stein, Cogswell et al. 1993; Brickman, Adam et al. 1999). Further studies utilizing 

deletion mutants/GST -fusion proteins of both NF-1CB-p50 and PARP-1 will confirm the 

hypothesis above described. Regardless of the binding mechanism, however, PARP-1 

may have masked the DNA-binding site of NF-1CB-p50 or the PARP-1-binding to NF-
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KB-:p50 may have caused a conformational change in NF-KB-p50 to inhibit its DNA

binding properties. 

A different mechanism to explain NF-1CB-p50-PARP-1 interaction may lie in the 

electrostatic attraction between two proteins. Due to the heavy presence · of basic residues, 

the isoelectric point (pi} of PARP-1 protein is 8.99, whereas the pi of NF -KB-p50 is 

5.95, far more anionic than PARP -1. It is therefore not difficult to hypothesize that the 

charge difference provides enough electrostatic attraction to allow for the· establishment 

of interaction between two proteins. To make it more appealing, the model can also 

e~plain the disruption of NF-KB-p50-PARP-1 interaction as a result of PARP-1 auto

modification. The enzymatic product of auto-poly(ADP-ribosyl)ation, ADP-ribose 

polymer (pADPr), is a highly anionic polymer due to its high content of phosphate 

groups. In fact, pADPr is known to be more anionic than deoxy-ribonucleic acid (DNA). 

Thus, pADPr covalently bound to PARP-1 is able to dissociate PARP-1-NF-1CB-p50 

interactions by neutralizing the charge difference between PARP-1 and NF-KB-p50. In a 

similar fashion, the DNA-mediated disruption of NF-KB-pSO-PARP-1 interaction can 

also be explained by this model. Similarly anionic to pADPr, PARP-1-bound DNA 

alleviates the cationic property of P ARP-1, relieving the charge differences between 

PARP-1 and NF-KB-p50. 

As shown in the section of Results, PARP-1-bound NF-KB-p50 becomes less 

efficient . in its DNA-binding activities. This kind of heteroclimerization-mediated loss of 

DNA-binding of transcription factors is not a novel phenomenon. A multiple of studies 

have reported similar observations with other transcription factors. For example, CIEBP 
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(a bZip protein) is able to interact with NF-KB (an RHD protein) and C/EBP-bound NF

KB becomes less efficient in its transactiv~tion activity (Stein, Cogswell et al. 1993). 

Overexpressed c-Jun (a bZip protein) can form a protein complex with endogenous 

MyoD (a helix-loop-helix protein) and c-Jun-bound MyoD becomes a less competent 

transcription factor (Bengal, Ransone et al. 1992). The Ku subunit of DNA-PK physically 

associates with PARP-1 and the association results in the suppression of PARP-1 activity 

(Ariurni, Masutani et al. 1999). In a similar fashion, PARP .. 1 in its native form interacts 

with NF-KB-p50 and that PARP-1-interacting NF-KB-p50 becomes a less efficient binder 

to NF-KB oligonucleotide. Unlike oUters, however, the PARP-1-mediated loss ofNF-KB

p50 DNA-binding is reversible depending on the availability of the enzymatic substrate 

ofPARP-1, ~NAD+. In the presence of ~NAD+, PARP-1 is auto-poly(ADP-ribosyl)ated, 

NF-KB-p50 is disengaged from the interaction with PARP-1, and the free NF-KB-p50 

binds to its DNA. 

Previous work suggested that transcription factors such as YYI, SPI, or 

TBPt7FIIB cannot bind to .its DNA when they are poly(ADP-ribosyl)ated (Oei, 

Griesenbeck et al. 1998). These proteins are good targets for poly(ADP-ribosyl)ation, 

unless they are already bound to DNA prior to the initiation of poly(ADP-ribosyl)ation 

reaction. This poly(ADP-ribosyl)ation-dependent silencing of transcription is believed to 

be mediated by electrostatic repulsion between the protein-bound pADPr and the 

corresponding consensus DNAs (Ferro and Olivera 1982). Oei et a/. also described 

poly(ADP-ribosyl)ation-dependent silencing of NF-KB DNA-binding. For NF-KB-p50, 

however, similar paradigm is not applicable. First, NF-KB-p50 is not susceptible to 
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poly(ADP-ribosyl)ation, negating the pre-requisite of poly(ADP-ribosyl)ation-dependent 

transcription silencing. The study determined that it is poly(ADP-ribosyl)ation of PARP-. 

1, not that of NF-KB-p50, which plays a key role in the reversible regulation of NF-KB-:

p50 DNA-binding. Further, poly(ADP-ribosyl)ation reaction in this case, by allowing the 

disruption of NF-KB-PARP-1 interaction; facilitates, not decreases, the DNA-binding 

activity ofNF-KB. In this regards, this study introduces a novel paradigm of a poly(ADP

ribosyl)ation-dependent mammalian transcription. 

During the preparation of this dissertation, a study was published and further 

strengthened the notion of heterodimerization of NF-KB with PARP-1 in the absence of 

po1y(ADP-ribosyl)ation reaction. Hassa et a/. described that PARP-1 interacted with 

either p50 or p65 subunit of NF-KB in vitro and the interaction of PARP-1 with both . 

subunits of NF-KB was independent from the DNA-binding and the catalytic domain of 

P ARP-1, suggesting that the automodification domain was responsible for the interaction 

(Hassa, Covic et al. 2001). They showed that PARP-1deficient cells were defective in 

NF-KB-dependent transcriptional activation induced by a variety of inflammatory and 

genotoxic agents, confirming PARP-1 or PARP-1 activity-dependent NF-KB activation. 

They also showed that DNA-binding of PARP-1 or PARP-1 catalytic activity was not . 

required for NF-KB-dependent transcriptional activation in PARP-1-:deficient cells which 

were complemented with various P ARP-1 mutant plasmids, suggesting that NF-KB

dependent transcriptional activation . may be irrelevant to poly(ADP-ribosyl)ation 

reaction. However, their observation was based on plasmid-borne overexpression of 
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PARP-1 mutant proteins. In that case, it may be imperative to rule out the effect of 

plasmid-based protein overexpression on the NF-KB-dependent reporter activity. 

Kameoka eta/. recently described the relation between PARP-1 content and NF

KB DNA-binding in a murine lymphocytic leukemic cell line, Ll210 (Kameoka, Ota et 

al. 2000). In that article, they obtained a series of PARP-1-defective cell lines using 

Ll210 as a parent. Those cell lines manifest varying degrees of defects in PARP-1 

expression. Remarkably, NF-KB DNA-binding was found to be inversely correlated with 

the level of PARP-1 contents, suggesting that NF-KB DNA-binding was negatively 

regulated by P ARP-1 or PARP-1 activities. Their notion in the article is noteworthy, 

since a majority of researchers report a positive correlation of NF-KB by PARP-1 or 

PARP-1 activity. It is that the Ll210 cell line constitutively activates NF-KB and this 

constitutive NF-KB activation may have played a role. Also, their PARP-defective cell 

lines were the products of natural selection in laboratory, not the product of targeted 

molecular DNA manipulation. It is therefore unlikely that their P ARP-defective cell lines 

were isogenic each other. Thus, unknown extra defect or defects in addition to the PARP-

1 defect may have played a role. Unless a strain with a targeted defect as a result of DNA 

manipulation is used, it may be difficult to elucidate the real relation between P ARP-1 

activity and NF-KB activation. 

Although a majority of poly(ADP-ribosyl)ating activities in response to DNA

damaging events is carried out by PARP-1, many other enzymes have been identified to 

possess ADP-ribose transferase activity. For example, Smith et a/. reported a novel 

enzyme with poly(ADP-ribosyl)ating activity, tankyrase (TRFl-interacting, ~-
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related ADP-ribose polymerase) (Smith, Giriat et al. 1998). They identified the protein by 

screening a yeast two-hybrid system using TRF-1 (telomeric repeat-binding factor protein 

1) as a bait. Although tankyrase does not contain obvious DNA-binding domain in its 

peptide sequence, this telomere-associating, 142 kDa, ankyrin-rich enzyme poly(ADP

ribosyl)ates itself and TRF-1 in vitro. TRF-1 binds to telomere to regulate the length of 

telomere. Long telomere as a result of tel om erase activity is thought to be associated with 

unregulated cell division including neoplastic development. The poly(ADP-ribosyl)ating 

activity of tankyrase is inhibited in the presence of 3-AR EMSA in the presence of 

tankyrase, TRF -1 and its oligonucleotide containing the consensus sequence for TRF -1 

revealed that poly(ADP-ribosyl)ated TRF-1 loses its DNA binding activity. Interestingly, 

the acidic domain of TRF-1 was able to interact with tankyrase and the taflkyrase mRNA 

was ubiquitously expressed in the human tissue, with a highest expression in testis. The 

identification of tankyrase as a telomere-associating, protein-modifying enzyme may 

implicate a significant role ofpoly(ADP-ribosyl)ation in cellular aging. 

The PARP-1-sequestration-dependent inhibition of NF-KB-p50 DNA-binding in 

. this study is mostly applicable to purified systems. Although this study indicated a 

profound effect of poly(ADP-ribosyl)ation on NF-KB DNA-binding in H202-treated 

HeLa cells, whether similar paradigm can be extended to living eukaryotic cells is not yet 

clear. The question is, "Is nuclear-transported NF-KB able to establish a binding with 

resident PARP-1 in vivo in the absence of poly(ADP-ribosyl)ation and DNA damage?" 

Due to the minute amount of NF-KB available in the nucleus, testing co-

. immunoprecipitation of NF-KB with PARP-1 from activated cells is technically difficult. 
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The real question, however, goes one step further; "Does P ARP-1 exist in quiescent cells 

in a form completely devoid of pADPr?" Since only pADPr-fre~ PARP-1 is able to 

sequester NF-KB-p50 in vitro, an answer to this question becomes important. Quiescent 

mammalian cells without DNA damage contain 400 -500 J..LM of ~NAD+ in their nuclei, 

a higher concentration than the Km of PARP-1 for ~NAD+ (50 JlM) (Williams, Shall et 

al. 1983; Loetscher, Alvarez-Gonzalez et al. 1987). Therefore, although very low in 

concentration, pADPr is constitutively expressed in undamaged cells (Ferro and 

Oppenheimer 1978; Benjamin and Gill 1980; Wielckens, George et al. 1983; Kreimeyer, 

Wielckens et al. 1984). The constitutive pADPr usually exist in a mono- or oligo-mer 

form and they are less susceptible to degradation than activated pADPr synthesized under 

DNA-damaged conditions (Wielckens; George et al. 1983; Kreimeyer, Wielckens et al. 

1984; Alvarez-Gonzalez and Althaus 1989). If PARP-1 in vivo is always modified with 

low-level, constitutive pADPr, an<~ if this P ARP-1 cannot make a stable complex with 

NF-KB, then constitutive ADP-ribosylation may play a role by inhibiting the formation of 

"illegitimate" protein complexes in unstimulated cells. Le Page et a/. described that the 

activation of an NF-KB-dependent gene, inducible nitric oxide synthase, was suppressed 

with PARP-1 inhibitors in a murine macrophage cells. The impairment of NF-KB 

activation may have been a result of the formation of PARP-1-NF-KB binding after 

PARP-1 became pADPr-free upon exposure to a PARP-1 inhibitor. Further studies will 

be required to clarify the mechanism of DNA-binding inhibition of NF-KB in 3-AB 

treated cells. 
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