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Poly(ADP-ribosyl)ation, a covalent modification of proteins catalyzed by 

poly(ADP-ribose) polymerases (PARPs), plays a crucial role in regulating DNA repair, 

DNA replication, and cell death. Poly(ADP-ribose) Polymerase-1 (PARP-1) is a nuclear 

zinc-finger DNA-binding protein that is the most extensively studied member of the 

PARP family. The activation of PARP-1 depends on the N-terminal DNA-binding 

domain, which consists of two unusually long zinc finger-like motifs (termed FI and FII) 

of the form CX2CX28/30HX2C  and a newly discovered zinc-ribbon motif (FIII).  

Though zinc is indispensible for PARP-1 activity, the metal binding affinities of 

the unusual zinc fingers of PARP-1 is not yet known. In this dissertation, the second zinc 

finger of PARP-1 was used as a model peptide to study the binding properties of several 

divalent metal ions (Co2+, Cd2+, Zn2+, and Pb2+). Metal-induced protein folding was 

investigated by circular dichroism, and the effects of the metal ions on PARP-1 activity 
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were investigated by poly(ADP-ribosyl)ation activity assays. This study represents the 

first detailed biochemical characterization of the PARP zinc fingers. 

The functional role of each zinc finger in DNA damage recognition is critical for 

understanding how PARP-1 is involved in DNA repair. Thus, we constructed a series of 

PARP-1 zinc finger variant proteins and investigated their DNA binding properties and 

their effects on PARP activity.  Using a combination of southwestern blotting and activity 

assays, we demonstrated that FII is more important for DNA binding, while FI and FIII 

seem to facilitate PARP activity.  The DNA sequence-independent binding properties of 

PARP-1 were further characterized using DNA probes bearing defined secondary 

structures. Together, our results indicate that the zinc fingers help position the enzyme at 

specific DNA damage sites, and also help to activate the catalytic domain upon DNA 

binding. 

PARP-1 is involved in caspase-independent apoptosis, and the translocation of 

apoptosis inducing factor (AIF) out of the mitochondrial matrix has been shown to 

require PARP-1 activity.  However, it is not readilly apparent how the catalytic activity of 

PARP-1 (a nuclear protein) triggers the release of AIF from the mitochondrial matrix.  In 

an attempt to understand the relationship between PARP-1 activity and caspase-

independent apoptosis, we demonstrate here that AIF is an in vitro protein substrate for 

PARP-1.  The possible implications of this finding will be discussed.   
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Chapter 1. Background and Significance  

1. NAD+ AND ADP-RIBOSYLATION  

It is now over one hundred years since Sir Arthur Harden deduced the existence 

of nicotinamide adenine dinucleotide(NAD+) during his studies on the metabolism of 

sugars (1). NAD+ has long been recognized as a coenzyme for cellular oxido-reductases, 

where it exists in both the oxidized form (NAD+) and the reduced form (NADH), as 

shown in Figure 1-1. However, NAD+ is also used as co-substrate in two other enzymatic 

reactions, ADP-ribosylation and adenylation reactions, by breaking either the N-

glycosidic bond involving nicotinamide or the pyrophosphate bond (Figure 1-1).  One 

example in the latter case (pathway 2) is NAD+-dependent DNA ligases for many 

bacteria species. They use NAD+ to form an adenylate-ligase covalent intermediate, 

which transfers the adenosine 5´-monophosphate (AMP) group to the 5´-phosphate of 

nicked DNA ends to allow DNA ligation with the release of free AMP (2, 3). Most NAD+ 

consuming enzymatic reactions use the ADP-ribosylation reaction (pathway 1). In the 

human genome, more than 30 different genes coding for enzymes associated with distinct 

ADP-ribosylation activities have been identified (4). These enzymes can be categorized 

into several classes based on the targets they modify (5): (1) protein ADP-

ribosyltransferases; (2) nucleic acids ADP-ribosyltransferases; (3) small molecule ADP-

ribosyltransferases. Each class contains of several different subclasses based on the 

structure and activity. 
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Figure 1-1. Three types of enzymatic reactions that use NAD+. NAD+ is used as 
coenzyme in oxidation-reduction reactions, and is used as substrates in ADP-ribosylation 
(pathway 1) and adenylation (pathway 2) reactions. (Adapted from Lin, Organic & 
Biomolecular Chemistry 2007, 5: 2541-2554.) 

1.1 Protein ADP-ribosyltransferases  

ADP-ribosylation on proteins represents one important protein posttranslational 

modification. Like other forms of posttranslational modification (such as 

phosphorylation), ADP-ribosylation can have drastic effects on the activity or the 

molecular recognition properties of proteins. The enzymes that carry out this reaction are 

poly(ADP-ribose) polymerase (4, 6-8), mono(ADP-ribosyl)transferases (9-11), and 

NAD+-dependent deacetylases (12, 13).  

Poly(ADP-ribose) polymerase (PARP) carries out the poly(ADP-ribosyl)ation 

that is mainly found in eukaryotes. It is the covalent addition of multiple (up to several 

hundred) ADP-ribose groups to proteins (Figure 1-2A). The first ADP-ribosyl group is 

typically added to the carboxylate side chain of Glu or Asp residues on the substrate 

NADH

NAD+

oxidation reduction

ADP-ribosylation Adenylation
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proteins to initiate poly(ADP-ribose), or PAR, synthesis.  Additional ADP-ribose units 

can then be added to separate Glu or Asp residues, or to the 2-OH groups of either of the 

two ribose moieties of protein-linked ADP-ribose.  Addition of ADP-ribose to the 2′-OH 

group of the adenine ribose leads to elongation of ADP-ribose polymers, whereas 

addition of ADP-ribose the 2′′-OH group of the nicotinamide ribose leads to branching of 

the PAR polymer (Figure 1-2A).Currently, 17 members have been found in the PARP 

superfamily (14).The most abundant and the best studied PARP is PARP-1, a protein of 

113 kDa (6). By modifying different substrate proteins and thus changing their properties, 

PARPs execute their biological functions in various biological processes. The structures 

and chemical properties of PARP family will be discussed more thoroughly in the 

following sections. 

Mono(ADP-ribosyl)ation is the transfer of a single ADP-ribose group to substrate 

proteins, in a similar manner to that of PARP (Figure 1-2B). The typical residues for 

mono(ADP-ribosyl)ation is Arg and Cys, and in rare cases also Asn and 

posttranslationally modified diphthamide (10, 15). Mono(ADP-ribosyl)ation was 

originally identified for several bacterial toxins that mono(ADP-ribosyl)ate host proteins, 

such as diphtheria toxin, pseudomonas exotoxin A, cholera toxin, and pertusis toxin 

(Table 1-1) (10, 11). After the discovery of mono(ADP-ribosyl)transferases in bacteria, 

similar enzymatic activities were detected in eukaryotes, which are now known as ARTs 

(Table 1-1). They are ectoenzymes because they are glycosylphosphotidylinositol (GPI)-

anchored to the cell membrane with the active sites outside the cell. Although ecto ARTs 

are unlikely to modify intracellular proteins, several intracellular proteins are found to be 

ADP-ribosylated. Recent evidence suggests that the NAD+-dependent deacetylases or 

sirtuins could be the intracellular ARTs responsible for these modifications. A summary 



 4

of the enzymes, substrates, and effect of the reactions for mono(ADP-ribosyl)ation is 

listed in Table 1-1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 1-2. The biochemical activity of protein ADP-ribosyltransferases. (A) PARPs 
catalyze the addition of multiple ADP-ribose groups to Glu/Asp residues of substrate 
proteins, giving rise to long and branched ADP-ribose polymers. (B) ARTs catalyze the 
addition of a single ADP-ribose group to proteins, typically onto Arg or Cys residues. (C) 
NAD+-dependent deacetylation reaction catalyzed by sirtuins. In this reaction, acetyl 
lysine is converted to free lysine, and NAD+ is converted to nicotinamide and 2´´-acetyl 
ADP-ribose. (Adapted from Lin, Organic & Biomolecular Chemistry 2007, 5: 2541-
2554.) 
 

A. Poly(ADP-ribosyl)ation 

B. Mono(ADP-ribosyl)ation 

C. NAD+-dependent deacetylation 
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Table 1-1. Mono(ADP-ribosyl)ation: enzymes, substrates and functionsa 

Enzymes Source Substrate/amino acid Functions 
Viruses  
ALT Bacteriophage RNA Enhances viral 
Mod A Bacteriophage RNA Enhances viral 
Mod B Bacteriophage RNA Enhances viral 
  S1 ribosomal 

protein/Arg 
Prokaryotes  
Toxins  
  Diphtheria C. diphtheriae EF-2/diphtamide715 Inhibits protein synthesis
  Exotoxin A P. aeruginosa EF-2/diphtamide715 Inhibits protein synthesis
  Exotoxin S P. aeruginosa Ras family/Arg41 Disrupts actin 
  Cholera V. cholera Gαs, Gαt/Arg187 Inhibits GTPase activity
  LT1, LT2 E. coli Gαs, Gαt/Arg187 Inhibits GTPase activity
  Pertussis B. pertussis Gαi, Gαo, Gαt/Cys351 Uncouples receptor and G 
  C2, iota t C. botulinum Actin Prevents actin 
  C3 C. botulinum Rho, Rac/Asn41 Disrupts actin 
  C3-like C. limosum Rho, Rac/Asn41 Disrupts actin 
  EDIN S. aureus Rho/Asn41 Disrupts Golgi apparatus
  VIP2 B. cereus Rho/Asn41 Disrupts actin 
  SpvB S. enteric Actin Prevents actin 
  Mtx B. sphaericus Unknown Unknown 
Intracellular  
  DRAT R. rubrum Dinitrogenase 

reductase/Arg101 
Inhibits dinitrogenase 
reductase 

Eukaryotes  
Ectoenzymes  
  ART1 Human,  rat, Integrin, defensin/Arg Inhibits substrate activity
  ART2(A,B) Rat, mouse Unknown/Arg Role in T cell proliferation
  ART3 Human,  rat, Unknown Unknown 
  ART4 Human,  rat, Unknown Unknown 
  ART5 Human Unknown/Arg Unknown 
  ART6(A,B) Chicken P33/actin/Arg28-206 Inhibits substrate activity
  ART7 Chicken Unknown Inhibits substrate activity
Intracellular  
  Sir2p Yeast Histone/Sir2p/acetyl- Involved in histone 
  Sirtuin2 Human Albumin/acetyl-lysine Involved in histone 
  Pierisin1,2 Cabbage DNA Cytotoxic 
  Arginine- Hamster, human Gβ/Arg129 Inhibits substrate activity
  Cysteine- Human GDH/Cys Inhibits substrate activity
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aThe table is adapted from Corda, The EMBO Journal 2003, 22: 1953-1958 
 

Histone deacetylation correlates with transcription repression. The first class of 

histone deacetylases are Zn2+-dependent enzymes that use Zn2+ in the active sites to 

activate water molecules for a nucleophilic attack on the amide bond (16). NAD+-

dependent deacetylase is the second class of deacetylase involved in histone 

deacetylation. This class of deacetylases is NAD+ dependent and couple NAD+ 

hydrolysis to the deacetylation reaction (Figure 1-2C). The first NAD+-dependent 

deactylase discovered is yeast Sir2 (silencing information regulator 2), hence these 

enzymes are collectively termed “sirtuins”. Sirtuins are evolutionarily conserved from 

bacteria to mammals. In yeast there are five sirtuins identified: Sir2, and HST1 to HST4. 

Humans have seven sirtuins, SirT1 to SirT7 (17). In addition to transcription silencing 

and ageing, sirtuins are also involved in many other biological processes by deacetylating 

or ADP-ribosylating other proteins involved in different biological processes.  

1.2 Nucleic acid ADP-ribosyltransferases 

There are two identified types of ADP-ribosyltransferases that modify nucleic 

acids. The first is NAD+-dependent tRNA 2´-phosphotransferases, Tpt1 in yeast, which 

can be complemented by E. coli protein KptA (18). The function of Tpt1 is to remove the 

2´-phosphate at the splicing junction of tRNA molecule after tRNA splicing (19). The 

reaction follows a two-step mechanism with the first step being the transfer of the ADP-

ribose group from NAD+ to the 2´ phosphate of tRNA to form an ADP-ribosyl tRNA 

intermediate (20). The second step is the attack of the phosphate by the adjacent 2´´-OH, 

generating ADP-ribose 1´´, 2´´-cyclic phosphate and releasing the mature tRNA (Figure 

1-3) (21). The second type is DNA ADP-ribosylating proteins, for example, pierisin-1 
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from the cabbage butterfly (22). Pierisin-1 catalyzes the ADP-ribosylation of dG residues 

in DNA, which is responsible for its cytotoxic activity in mammalian cells. 

 

 

 

 

 

 
Figure 1-3. Proposed mechanism for NAD+-dependent tRNA 2´-phosphotransferase 
Tpt1. (Adapted from Lin, Organic & Biomolecular Chemistry 2007, 5: 2541-2554. 
 

1.3 Small molecule ADP-ribosyltransferases 

Several examples exist for ADP-ribosyltransferases that modify small molecules. 

These include CobT, rifampin ADP-ribosyltransferases, and ADP-ribosyl cyclases. CobT 

is the bacterial enzyme involved in cobalamin biosynthesis that uses NAD+ as substrate 

(23). Rifampin ADP-ribosyltransferase inactivates the antibiotic rifampin by ADP-

ribosylation. ADP-ribosyl cyclase generate cyclic ADP-ribose (cADPR) from NAD+ 

(Figure 1-4A) (24). The first ADP-ribosyl cyclase was identified from sea urchin egg 

homogenate. Two other such enzymes, CD38 and CD157 have been identified in 

mammalian cells. Catalysis by ADP-ribosyl cyclases is initiated by formation of an 

enzyme-stabilized oxocarbenium ion in the active site of the enzyme. After the release of 

nicotinamide, the ADP-ribosyl intermediate reacts with the N1 of the adenine ring to 

generate cADPR  (Figure 1-4A) (25). What’s rather unusual about CD38 and CD157 is 

that they also possess other enzymatic activities, including hydrolysis of cADPR to 

ADPR and base-exchange reaction of NADP with nicotinic acid to produce nicotinic acid 

adenine dinucleotide phosphate (NAADP, Figure 1-4B). ADP-ribosyl cyclases have 
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attracted a lot of attention in the past decades because the enzymatic reaction products, 

cADPR and NAADP, are potent second messengers that trigger Ca2+ release in cells that 

is independent of the inositol 1,4,5-triphosphate (IP3) calcium signaling pathway (24, 

26). 

 

 

 

 

 

 

 

 

 
Figure 1-4. The formation of two Ca2+ messengers, cADPR (A) and NAADP (B) by the 
mammalian ADP-ribose cyclase CD38. (Adapted from Lin, Organic & Biomolecular 
Chemistry 2007, 5: 2541-2554.) 
 

In summary, ADP-ribosyltransferases that use NAD+ as the co-substrates are 

listed here. By modifying a diverse set of substrates, ADP-ribosyltransferases regulate a 

variety of biological processes. Biochemical and biophysical techniques will be useful to 

study the enzymology and biochemical effects of the enzymatic modification and the 

biological functions. Small molecule inhibitors and NAD+ analogs will be beneficial in 

elucidating the biological functions. In the following sections, more detailed discussions 

will be elaborated on the chemical properties of poly(ADP-ribosyl)ation and the major 

enzyme, PARP-1, that catalyzes the reaction. 

A 

B 
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2. PROTEIN POLY(ADP-RIBOSYL)ATION 

2.1 Discovery and structural properties of poly(ADP-ribose)  

Poly(ADP-ribose) (PAR) is a homopolymer of ADP-ribose units linked by 

glycosidic bonds (27, 28). When the polymer was first discovered by Chambon et. al. in 

1963 (27), the structure was thought to be a homopolymer of riboadenylate units (polyA) 

in that it has adenine, ribose , and phosphate, but it differs in that the molar ratio of ribose 

and phosphate to adenine is just twice as high as in polyA. In addition, PAR has both 

pyrophosphate bonds and ribose-ribose bonds, whereas polyA has only 3’-5’ 

phophodiester bonds (28, 29). Later, it was demonstrated by the same authors that 

synthesis of this homopolymer required NAD+ as a precursor or immediate substrate of 

the reaction. These results strongly suggested that the polymer described by Chambon et. 

al. (27) was in fact a homopolymer of ADP-ribose units derived from NAD+ hydrolysis, 

with the simultaneous release of nicotinamide. 

The structure of this polymer is now well known. The polymer is mainly attached 

to proteins via the γ-carboxy groups of Glu residues (30, 31), and less likely to other 

residues such as Asp (32). PAR is synthesized directly from NAD+ (thus indirectly from 

ATP), initially generating free nicotinamide, and protein-bound mono(ADP-ribose) 

(Figure 1-2A). ADP-ribose units in the polymers are linked by glycosidic ribose-ribose 

1´´2´ bonds (Figure 1-5A). Elongation of the polymer chain occurs at the 2´-OH of the 

mono(ADP-ribose) and subsequent branching of the polymer occurs at the 2´´-OH of the 

ribose moiety (Figure 1-5A). Polymers shorter than 11 ADP-ribose units are referred to 

as oligo(ADP-ribose) (33). The chain length of polymers is heterogeneous and chain 

length can reach up to 200 units in vitro. The polymer is branched in an irregular manner, 

and the average branching frequency of the polymer is approximately one branch per 

linear section of 20-50 units of PAR units (Figure 1-5A) (34-40). The branched structure 
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of polymers is visible under electron microscopy shown by the Mandel et. al. (Figure 1-

5B) (37). Antibodies were raised against PAR (41). Since it did not cross-react with 

DNA, RNA, or polyA, it is possible that PAR has a unique three dimensional 

conformation to which the ribose-ribose bonds contribute significantly. Minaga and Kun 

postulated that long chains of PAR have a helicoidal secondary structure (42, 43). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1-5. Structure of poly(ADP-ribose) polymer. (A) Schematic representation of 
poly(ADP-ribose). (B) Electron microscopy of poly(ADP-ribose).  
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2.2 Poly(ADP-ribose) in PARP-dependent signaling  

Unlike most other protein-modifying groups, PAR polymers has a higher negative 

charge density than DNA and therefore may attract basic proteins from DNA. The helical 

conformation (42, 43) and the branched structure of long polymers might also be 

involved in conferring some binding specificity. Therefore, PAR may play an active role 

in mediating the biological functions of PARPs because of its structure, size, and 

physiochemical properties. 

The histones, a well known class of DNA binding proteins, exhibit different 

affinity for PAR with the hierarchy of binding H1 > H2A > H2B = H3 > H4 (44). The 

interaction is far stronger and more specific than could be expected on the basis of 

electrostatic interactions. The high specificity could be explained by the discovery of 

polymer binding consensus motif (45), a stretch of 20-26 amino acids that involve a 

precisely spaced set of hydrophobic and basic species. The interaction between PAR and 

PAR binding proteins is further strengthened by, but not absolutely dependent on, 

flanking Arg or Lys (45, 46). Screening of protein sequence databases with the PAR 

binding consensus motif has led to the identification of a family of PAR interaction 

partners (Figure 1-6). Many of these proteins are directly involved in the cellular 

response to DNA damage at the level of damage recognition and processing (i.e. XPA, 

XRCC1, MSH6, DNA ligase III, DNA polymerase ε) and/or cell cycle regulation-

apoptosis (i.e. p53, p21, NF-κB, iNOS, DNA-PK, caspase-activated DNase) (47). 

Recently, two other PAR recognition motifs have been identified. One is the macro 

module, a globular protein domain of about 25 kDa that is evolutionarily conserved in 

organisms from viruses, bacteria, yeast to humans. It is generally part of proteins that 

have diverse cellular functions, with one function being binding to ADP-ribose, such as 

those macro domains in human histone macroH2A1.1 (48). The other newly identified 
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PAR binding motif is a novel poly(ADP-ribose)-binding zinc finger (PBZ) motif in a 

number of eukaryotic proteins involved in the DNA damage response and checkpoint 

regulation such as APLF (aprataxin PNK-like factor) and CHFR (checkpoint protein with 

FHA and RING domains). It has been shown that the actions of CHFR in the antephase 

checkpoint are abrogated by mutations in PBZ or by inhibition of PAR synthesis (49). 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 1-6. Sequence alignment for the PAR binding sites in various PAR binding 
proteins. (Adapted from Malanga, Biochemistry and Cell biology 2005, 83: 354-364.) 
 

The strong binding of PAR to the target proteins through the consensus motif 

could affect the domain functions of proteins in two manners. First, in almost all the 

cases studied so far, the PAR binding sequence overlaps with strategic functional 

domains in the target protein. For example, under conditions of mild DNA damage, 

PARP-1 activity is stimulated and PAR is accumulated. XRCC1 is one target protein for 

PAR binding 
proteins

SwissProt
Accesscion N°

Binding consensus motif
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PAR binding. The PAR binding site in XRCC1 likes within the BRCT1 domain, leaving 

the flanking binding sites accessible for DNA polymerase β and DNA ligase III to form a 

functional repair complex (50). Second, PAR binding may enhance or inhibit separate 

domain functions in the same protein (51).  

Apart from the noncovalent binding of PAR to targeted proteins, free PAR itself 

could serve as a death signal in cells. Dawson and coworkers recently performed a study 

(52) to investigate if PAR itself was toxic.  Isolated PAR and PAR-containing 

supernatants were found to cause the release of AIF from mitochondria. Pretreatment of 

PAR with PARG or phosphodiesterase 1 (PD1) prevented AIF translocation, chromatin 

condensation, and cell death associated with PAR in the caspase-independent cell death. 

This was the first explicit description of a toxic action by PAR itself.  

2.3 Enzymes involved in poly(ADP-ribosyl)ation metabolism  

PARPs and PAR were discovered > 40 years ago by Chambon and Mandel (27). 

It was only recently recognized that PARPs are a family of enzymes. Although initial 

reports revealed a family of proteins with 18 members in human genome (53), a recent in 

silico characterization of PARPs, based upon an updated genome annotation, has 

concluded that the PARP superfamily contains 17 members (Figure 1-7) (14). 

Nonetheless, both studies underscore the wide spectrum of protein domains present 

within the family of PARP homologs. While our understanding of several of these new 

PARPs, such as BAL-PARPs (54), has advanced in recent years, many aspects of their 

biochemical properties are still unclear. The characterization of all family members is 

incomplete, so there is still concern that some PARP-like homologs may not be 

catalytically active and thus are not in fact PARPs. Nevertheless, PARPs play a critical 

role in many diseases and signaling pathways.  
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Figure 1-7. The schematic domain architecture of the seventeen members of the 
poly(ADP-ribose) polymerase (PARP) superfamily. (Adapted from Schreiber, Nature 
Reviews 2006, 7: 517-528.) 

 

PARP-1 subgroup 

PARP-1 subgroup consists of PARP-1, PARP-2 and PARP-3, because they all 

can synthesize branched-polymers (4). Poly(ADP-ribose) polymerase-1 (PARP-1) is the 

main enzyme responsible for producing PAR polymers, accounting for >99% of PAR 

synthesis in the cell during genotoxic stress (55). PARP-1 is potently activated by single 
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and double stranded DNA breaks, leading to a 10–500-fold increase in PAR levels (6). 

Auto-poly(ADP-ribosyl)ation represents a major regulatory mechanism for PARP-1 

resulting in the down-regulation of the enzyme activity. In addition to PARP-1, histones 

are also considered to be major acceptors of PAR (7). Other acceptor proteins include 

HMG proteins, toppisomerases I and II, DNA helicases, single-strand-break repair 

(SSBR) and base-excision repair (BER) factors, and various transcription factors (8). 

Studies with chemical inhibitors of PARP activity and Parp-1-knockout mice showed 

that the role of PARP-1 is as a survival factor that functions in the surveillance and 

maintenance of genome integrity. PARP-1 will be the focus in the following sections. 

Apart from PARP-1, PARP-2 is the only other PARP isoform known to be 

activated by DNA strand breaks (56). The automodification domain is missing from 

PARP-2, and the DNA binding domain (DBD) is very different from that of PARP-1, 

consisting of only 64 amino acids and lacking any obvious DNA-binding motif (57). 

Despite major structural differences, PARP-1 and PARP-2 are both targeted to nucleus. 

PARP-2 displays automodification properties similar to PARP-1, but it could not 

poly(ADP-ribosyl)ate histones. Both PARP-2 and PARP-1can homo- and heterodimerise, 

and both are involved in the base excision repair (BER) pathway where they form a 

complex with X-ray cross-complementing factor (XRCC1) (58). Parp-1/ Parp-2-

knockout mice are nonviable and die at the onset of gastrulation, indicating that both 

PARP-1 and PARP-2 and/or DNA strand break-dependent poly(ADP-ribosyl)ation is 

essential during early embryogenesis (59). 

PARP-3 has been identified as a core component of the centrosome (60) 

preferentially located at the daughter centriole throughout the cell cycle, and is thought to 

play roles in the maturation of the daughter centriole (60). The protein domain structure 

of PARP-3 is very similar to PARP-2, featuring a small DNA-binding domain consisting 
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of only 54 amino acid residues and comprising a centrosome-targeting motif. The 

catalytic domain of PARP-3 shares a 61% similarity to that of PARP-1. 

PARP-4/vPARP 

PARP-4/vPARP is the catalytic component of vault particles, which are barrel-

shaped ribonucleoprotein complexes that are involved in multidrug resistance of human 

tumors and are proposed to function in intracellular transport (61). The 193 kDa PARP-

4/vPARP has been found to poly(ADP-ribosyl)ate the p100 subunit (major vault protein; 

MVP) within the vault particle and to a less extent itself. The N-terminal region of 

PARP-4 contains a BRCT domain similar to the automodification domain of PARP-1, 

suggestive of a related function.  

Tankyrases 

Tankyrase-1 was initially identified as a factor that regulates telomere 

homeostasis by modifying the telomeric-repeat binding factor 1 (TRF1) (62). The N-

terminus of tankyrase-1 contains a so-called His-Pro-Ser-rich (HPS) domain consisting of 

stretches of consecutive histidine, proline and serine residues, followed by 24 ankyrin 

(ANK) repeats, which is a structural feature only found in tankyrase-1 and tankyrase-2 

(see below) within the known members of the PARP family. Tankyrase-2 differs from 

tankyrase-1 in that it lacks the N-terminal HPS domain, but it probably shares some 

overlapping functions with tankyrase-1, given that both proteins associate and share most 

of their protein partners.  

CCCH-type zinc-finger PARPs  

The CCCH-type PARP subfamily contains three members (tiPARP, PARP-12 and 

PARP-13) that share a similar domain organization, comprising CX8CX5CX3-like zinc 

fingers, a WWE domain (probably a protein-protein interaction motif) and a PARP 

catalytic domain (8). The expression of tiPARP can be induced by 2,3,7,8-
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tetrachlorodibenzo-p-dioxin (TCDD) under the control of the dioxin-bound aryl 

hydrocarbon receptor (AHR) (63).  The overexpression of tiPARP might account for 

certain detrimental effects of this compound on neurologic functions. PARP-13 exists in 

two isoforms. The shorter isoform was first identified as ZAP protein in rat that lacks a 

PARP domain (64, 65). ZAP binds to viral RNA via the CCCH zinc fingers and inhibits 

the accumulation of viral RNA, therefore conferring resistance to retroviral infection. 

PARP-12 is closely related to PARP-13, but little is known about its function. 

MacroPARPs 

PARP-9/BAL1, PARP-14/BAL2/CoaSt6 and PARP-15/BAL3 are members of 

macroPARPs because they contain 1–3 macro domains before a PARP domain. The 

macro domain is originally identified in the histone variant macroH2A which is involved 

in transcriptional repression and X-chromosome inactivation (66). MacroPARPs are 

thought to be transcription factors, but little is known about which genes they activate, or 

when their functions are necessary.  In one study, it was found that PARP-9/BAL1 seems 

to have repressive activity while PARP-14/BAL2/CoaSt6 can activate transcription in 

interleukin (IL)-4-stimulated T cells(8).  

Other PARPs 

PARP-10 has an RNA recognition motif (RRM) and a Gly-rich domain, which 

mediate RNA binding as a partner of the proto-oncoprotein c-Myc (8). PARP-10 shuttles 

between the cytoplasm and the nucleus at different cell cycle and is a potent inhibitor of 

the cell transformation that is mediated by c-Myc without the requirement for its PARP 

activity. Except a WWE domain in PARP-11, the domain structures and the possible 

functions are still not known for the other identified PARP family members, PARP-6, 

PARP-8, PARP-11 and PARP-16.  

PARG 



 18

Poly(ADP-ribose) glycohydrolase (PARG) is the most important enzyme for the 

catabolism of PAR.  While there are 18 genes encoding different PARP isoforms (53), 

there is only one gene known to encode PARG.  Mammalian cells have several PARG 

isoforms with various subcellular locations:  the full length PARG110 (nuclear), PARG103 

and PARG99 (cytoplasmic), PARG60 (cytoplasmic/mitochondrial), and PARG85 and 

PARG74 (cytoplasmic, catalytically active fragments produced upon caspase-3 cleavage). 

While most of the PARG activity in healthy cells is contained in the cytoplasm, DNA 

damage causes the nuclear translocation of cytoplasmic PARG isoforms (55).  

PARG possesses both endoglycosidic and exoglycosidic activity and is the only 

protein known to catalyse the hydrolysis of ADP-ribose polymers to free ADP-ribose 

(67). Its products are free poly(ADP-ribose) and mono(ADP-ribose). Mono(ADP-ribose) 

can be further converted to AMP and ribose-5´-phosphate by ADP-ribose 

pyrophosphatase (68). The metabolism of PAR is well balanced with the combined action 

of PARPs and PARG. 

3. PARP-1 BIOCHEMICAL PROPERTIES  

3.1 Modular structure of PARP-1  

Among the PARP family, PARP-1 is the founding member and the best 

understood isoform (69). It constitutes the major poly(ADP-ribosyl)ating activity in 

higher eukaryotes after DNA damage. PARP-1 is a highly conserved and abundant 

nuclear protein ((0.2-2.0) ×106 molecules per cell; 1.0×106 molecules per cell is the 

average amount found in most cells) (6). The structure has been extensively characterized 

and shows several unique features. Early studies from Shizuta’s group demonstrated that 

PARP-1 can be divided into three functional domains by limited proteolysis with papain 

and/or α-chymotrypsin: a 46 kDa N-terminal DNA binding domain (DBD), a 22 kDa 
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automodification domain, and a 54 kDa C-terminal catalytic domain (Figure 1-8) (70). 

The three domains can be further broken down into modules A-F based on protein 

digestion with other proteases (71).  

 

 

 

 
 
Figure 1-8. Modular structure of human PARP-1. PARP-1 consists of three functional 
domains: a DNA binding domain, an automodification domain, and catalytic domain. 
These domains can be further broken down into modules A-F. The DNA binding domain 
contains one nuclear localization sequence (NLS) and three zinc fingers, FI, FII and FIII.  
 

The N-terminal DBD contains two unusually long zinc fingers (FI and FII) of the 

form CX2CX28/30HX2C in domain A and a newly identified third zinc finger (FIII) in 

domain C that has a novel zinc-ribbon motif (72, 73). FI and FII are referred to as PARP-

like zinc fingers and have only two identified homologues in DNA ligase III α and 3´-

DNA phosphodiesterase from Arabidopsis thaliana (AtZDP) with either one or three 

such PARP-like zinc fingers. PARP-like zinc fingers recognize DNA in a non-sequence-

specific manner, and the DNA binding is required for its catalytic activity. Two 

independent studies have been undertaken to clarify the roles for the PARP-like zinc 

fingers. Ikejima et. al. found the activation of full-length PARP requires both FI and FII 

in response to single-strand breaks (SSBs) in plasmid DNA, and FI is mainly responsible 

for the activation by double-stranded breaks (DSBs) (74). Studies by de Murcia et. al. 

found out that FII is more important than FI in responding to SSBs, when a 29 kDa DBD 

domain was used (75). The discrepancies found in these two studies might be due to the 

different types of DNA substrates and/or protein domains used. The role for the third zinc 

finger, FIII, is still elusive. Studies from Pascal’s group indicated that FIII may dimerize 

FIII
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and activate the PARP catalytic activity (73). However, a more accurate analysis from 

our lab (72) indicates that FIII is a monomer in solution, and it can be a target for PAR. 

Clearly, further investigation is needed to address the roles of different zinc fingers in 

PARP activation. Apart from domain A and C, domain B contains a nuclear localization 

signal (NLS) and a caspase-3 cleavage site (DEVD211-214) (76). During apoptosis, 

caspase-3 cleaves PARP-1 into two fragments: a 89 kDa C-terminal fragment and a 25 

kDa N-terminal fragment. The 89 kDa fragment will only retain basal PARP activity, 

therefore preventing further NAD+ consumption and maintaining cellular energy.  

The automodification domain (domain D) of PARP-1 is rich in Glu residues, and 

contains the majority of the 15 Glu residues that would be involved in PARP 

automodification (6). This domain also comprises a breast cancer 1 protein (BRCA1) C-

terminus (BRCT) motif that is present in many DNA damage and cell-cycle checkpoint 

proteins, and is likely an interface for PARP-1 to interact with other proteins (77). 

Several proteins have been shown to interact with PARP-1 through this domain, likely 

forming a DNA repair protein complex. These include the ribosomal proteins L22 and 

L23a (78), the transcription factors Yin and Yang 1 (YY1) (79) and Oct-1 (80), the 

human ubiquitin-conjugating enzyme hUBC9 (81), XRCC1 (X-ray repair cross-

complementing 1) (82)  

The catalytic domain can be divided into domain E and F.  Domain E contains a 

WGR motif, which is defined by the conserved Trp, Gly and Arg residues. Although it 

has been speculated to be a possible nucleic acid binding site (83), the function of domain 

E remains uncertain. Domain F is the minimal catalytic domain, and can catalyze the 

initiation, elongation and branching of PAR independently of DNA (84). The crystal 

structure of the C-terminal catalytic domain revealed a striking homology with bacterial 

toxins that act as mono(ADP-ribosyl) transferase (85). In human PARP-1, residues 859-
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908 are phylogenetically well conserved and are considered as the “PARP signature” in 

all PARP family members (71). The mechanism of enzyme reaction will be discussed 

next. 

3.2 The reaction mechanism  

The catalytic domain of PARP shares several structural features with mono(ADP-

ribosyl) transferase. Comparative sequence alignment by Marsischky et. al. in 1995 

suggests that Glu988 residue of the human PARP-1 aligns well with the catalytic Glu148 

residue in mono(ADP-ribosyl)ating bacterial toxin. Replacement of Glu988 residue with 

Gln or Ala reduced the polymer elongation >2000-fold, while mutation to Asp reduced 

~20-fold decrease in polymer elongation (86). Interestingly, the initiation of ADP-

ribosylation can only be affected modestly. Based on these observations, a mechanism 

similar to that of bacterial toxin was proposed for PARP-1 (Figure 1-9). In the initiation 

reaction, Glu988 facilitates the nucleophilic attack of the protein carboxylate residues on 

the nicotinamide-ribose by forming a hydrogen bond to the carboxylate nucleophile 

(Figure 1-9A). The elongation reaction is similar to that of mono(ADP-ribosyl)ation 

catalyzed by bacterial ADP-ribosylating toxins. In this case, Glu988 activates the 2´-OH 

of the acceptor ribose for nucleophilic attack on the anomeric carbon of the nicotinamide-

ribose, releasing nicotinamide and extending the PAR chain by one ADP-ribose unit.  

The mechanism is supported by the structural evidence presented later. The 

crystal structure of the PARP-1 catalytic fragment domain F from chicken was solved in 

1996 (85). Compared to the structure of bacterial ADP-ribosylating toxins, PARP-1 

domain F contains an additional α-helical region, which was proposed to signal the DNA 

binding. The structure of NAD+ donor binding was first studied by soaking domain F 

with NAD+ (87), and later with different nicotinamide analogues. The complete NAD+ 

binding pocket has been deduced by homology modeling using the available structure of 
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diphtheria toxin complexed with NAD+ (88). The carboxylate group of Glu988 was 

found to form hydrogen bonds to the 2´-OH of the nicotinamide ribose, supporting the 

reaction mechanisms proposed above. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 1-9. PARP-1 reaction mechanism. (A) Initiation of poly(ADP-ribosyl)ation. (B) 
Elongation of poly(ADP-ribosyl)ation. (Adapted from Marsischky, J. Biol. Chem 1995, 
270: 3247-3254.)  

 

The catalytically active species of PARP-1 has been considered as a homodimer, 

shown by cross-linking experiment (89) and the kinetics of automodification of PARP-1 

(90). Several lines of evidence have supported this conclusion. For example, DNase 
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footprinting showed a symmetrical PARP-1 formation at DNA SSBs (75, 91). PAR 

reaction is intermolecular because PAR chains are elongated at their protein-distal ends 

(92), which is consistent with the catalytic dimer model. 

3.3 PARP substrate proteins 

PARP-1 itself is the major acceptor for over 99% of the total PAR synthesis in the 

cell during genotoxic stress (55). However, more than 30 nuclear protein substrates have 

been identified in vitro and in vivo by various approaches such as co-purification, co-

immunoprecipitation, cross-linking and yeast two-hybrid screening (6). Given the size 

and charge of each ADP-ribose unit, even modest levels of poly(ADP-ribosyl)ation are 

likely to have important effects on the substrate proteins’ properties. Table 1-2 

summerizes the known substrate proteins, mostly nuclear proteins, for poly(ADP-

ribosyl)ation according to their functional roles in nuclear processes. Some examples of 

these PARP substrate protein categories are: (1) proteins involved in maintaining 

chromatin structures such as histones, HMG protein, and topoisomerase I and II; (2) 

proteins involved in DNA synthesis and repair such as DNA ligase I and II, and DNA 

polymerase α and β; (3) proteins involved in transcription and RNA metabolisms such as 

RNA polymerase I and II, Fos, p53, TFIIC, TFIIF and TEF-1. With the discovery of other 

PARP family members, new PARP substrates have been identified such as telomeric 

repeat binding factor-1, centromere-binding protein, and NuMA in maintaining of 

telomere and centromere stability. Furthermore, 20S proteasome involved in protein 

metabolism is also a PARP substrate. It should be pointed out that some proteins may not 

be the direct poly(ADP-ribosyl)ation substrates for PARP, but they can bind to PAR and 

have very important physicological effects. The PAR binding proteins and the consensus 

sequences have been discussed in the above sections, and will not be listed in Table 1-2. 
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 Table 1-2. Protein substrates for PARP 

 

 

Functions Acceptors References 

Chromatin structures Histone H1, H2A, H2B, H3, H3d, 
H4, H5 

(6, 93) 

 HMG1, 2, 14, 17, T, H6 (6, 94) 
 LMG (95) 
 A24 (96) 
 Topoisomerase I (97) 
 Topoisomerase II (98) 
 Lamins (99) 

Telomere, centromere Telomeric repeat binding factor-1 (62, 100) 
 Centromere-binding protein (101) 
 NuMA (102) 

DNA synthesis and repair HSSB (103) 
 Ap4A (104) 
 DNA ligase I (105) 
 DNA ligase II (105) 
 DNA polymerase α (105) 
 DNA polymerase β (106) 
 SV40 T antigen (107) 
 Terminal transferase (105) 
 Endonuclease Ca2+/Mg2+ (108) 

Transcription and RNA 
metabolism 

RNA polymerase I (109) 

 RNA polymerase II (110) 
 hnRNP (111) 
 Fos (112) 
 p53 (113) 
 TFIIC (114) 
 TFIIF (115) 
 TEF-1 (116) 
 Ribonuclease (32) 

Protein metabolism 20S proteasome (117) 

Various Micrococcal nuclease (118) 
 Numatrin/B23 (119) 
 Nucleolin/C23 (120) 
 PCNA (121) 
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In most cases, the physiological consequences of poly(ADP-ribosyl)ation on the 

specific acceptor proteins are largely unknown. However, the addition of PAR to a 

substrate protein will at least have two effects. One effect is that the negative charge of 

PAR on the substrate proteins will prevent their interactions with other anionic molecules 

such as DNA/RNA. Another effect is that the addition of PAR near catalytic or 

regulatory sites of an enzyme may modify its enzymatic properties. Indeed, poly(ADP-

ribosyl)ation of enzymes generally inhibit their catalytic activities (6).  

3.4 Regulation of PARP-1 activity  

PARP-1 is playing an important role in diverse biological functions. It is not yet 

clear whether PARP induction significantly alters the poly(ADP-ribosyl)ation capacity of 

the cells, because even in resting cells, PARP-1 is one of the most abundant nuclear 

proteins (7). However, the down-regulation of PARP-1 activity is established through 

different mechanisms. 

PARP-1 activity was greatly decreased after the automodification (39). Several 

small molecules have been demonstrated to be the regulators. Nicotinamide, the 

poly(ADP-ribosyl)ation reaction product, was first shown to function as a competitive 

inhibitor of PARP-1, allowing feed-back inhibition of the reaction (122). Recently, the 

purines hypoxanthine, inosine, and adenosine also were identified as another class of 

endogenous PARP inhibitors (123). Under physiological conditions when intracellular 

levels of purines are high enough, these metabolites could efficiently inhibit PARP. 

Clinically, more potent and selective pharmacological PARP inhibitors have been 

designed and synthesized, and will be discussed later. Several other cellular components 

such as Mg2+, Ca2+, polyamines and ATP can also regulate PARP-1 activity (124, 125). It 

was found that the bivalent cations or polyamines promote PARP-1 oligomerization and 
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account for the high Hill coefficient values in the automodification reactions, while ATP 

inhibits automodification at physiological conditions. 

PARP-1 can also be regulated at transcriptional, post-transcriptional, post-

translational and protein stability levels. The abundance of PARP-1 may change under 

stringent conditions such as heat stress and ionizing radiation through the transcriptional 

or post-transcriptional control (126-128). Phosphorylation of PARP by protein kinase C 

also results in enzyme inhibition (129, 130). Acetylation also occurs on PARP-1 in vivo, 

however, it is unknown if the acetylation will affect PARP-1 activity (131). During 

apoptosis, PARP-1 goes through limited proteolysis by caspases (76). Cleavage of 

PARP-1 results in the separation of a DNA-binding domain (25 kDa) from the 

automodification and catalytic domain (89 kDa) at the C-terminal of the enzyme. The 89 

kDa catalytic fragment has dramatically decreased poly(ADP-ribosyl)ation activity. 

4. DNA BINDING PROPERTIES OF PARP-1 

PARP-1 has a high affinity for DNA strand breaks and its activity is increased 

~500 fold in the presence of DNase I treated double-stranded DNA (132). The “sensing” 

of the DNA damage by PARP-1 is mediated by the N-terminal DNA-binding domain 

(DBD). The high proportion of basic residues in the DBD and the sequence-nonspecific 

binding to DNA indicate that electrostatic interactions may be a key aspect in the 

interaction of PARP-1 with DNA. Regarding the DNA substrates, PARP-1 can bind to 

DNA strand breaks, DNA cross-links, and undamaged DNA. Some examples include 

nicked DNA (71, 74, 75, 91), double strand ends (133), overhangs (134, 135), cruciform 

DNA (136-139), hairpin DNA(136),  looped DNA (136), cisplatinated DNA (140-143), 

and promoter DNA (144) .  
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4.1 PARP-1 binds to DNA strand breaks 

In the case of nicked DNA, Gradwohl et. al. discovered that PARP-1 interacts 

with 1.5 turns of DNA helix and protects 7 nucleotides on each side of the single stranded 

DNA break. This is suggestive of protein dimerization on the nicked DNA (75). In the 

case of a different DNA substrate, Pion et. al. also demonstrated the cooperative 

dimerization of PARP-1 on a 5´-recessed oligonucleotide bearing a telomeric DNA end 

(134). However, in contrast to nicked DNA, PARP-1 is asymmetrically positioned at the 

junction of double-stranded and single-stranded DNA. The binding stoichiometry and the 

positioning of PARP-1 on DNA vary significantly depending on the DNA substrates. 

According to the most recent studies by Pion et. al. (135), PARP-1 binds 5´-recessed 

DNA with two proteins per DNA molecule, while it binds to 3´-recessed DNA ends with 

1:1 stoichiometry. Moreover, PARP-1 symmetrically or asymmetrically protects these 

DNA with different length ranging from 11 to 21 bp.  

Despite the different DNA substrates investigated, limited data are available 

regarding the relationship between DNA binding and PARP activity. Earlier research by 

Poirier and coworkers found that PARP-1 can be activated differently by variations in 

DNA end types (145). In terms of the level of PARP-1 activation, DNA blunt ends and 3´ 

single-base overhangs are better substrates than long overhangs, and DNA nicks are 

likewise 4-fold less efficient in comparison to blunt ends. Another study was carried out 

by Percudani and coworkers (146), where they evaluated the recognition of various DNA 

structures by PARP-like zinc fingers, but their efforts were limited to filter binding assays 

on four types of DNA lesions, and no quantitative data was provided. In chapter 3, 

detailed studies on DNA binding and PARP-1 activation will be discussed.  
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4.2 PARP-1 binds to platinum-DNA complexes 

The compound cis-diamminedichloroplatinum(II), or cisplatin, is one of the most 

successful anticancer agents ever discovered and has been used for more than 30 years 

(147). Cisplatin kills cells by binding to DNA and blocking template-dependent 

activities, notably transcription. Cisplatin-DNA adducts can be intrastrand and interstrand 

cross-links, and the most common types are 1,2-d(GpG), 1,2-d(ApG), and 1,3-d(GpNpG) 

intrastrand cross-links. The affinity of PARP-1 for 1,2-d(GpG) platinum-damaged DNA 

was first discovered during photo-cross-linking experiments using the photoactive 

compound Pt-BP6 (140). Using a similar method, PARP-1 was identified as binding to 

1,3-d(GpNpG) intrastrand cross-linked DNA (142) and even the cisplatin-DNA 

interstrand cross-links (143). The activity of PARP following exposure to platinum-

modified DNA results in the dissociation of DNA-bound protein, while addition of PARP 

inhibitor significantly increases the photo-cross-linking of proteins to the platinum-

modified DNA (141). However, it was also observed that PARP-1 inhibitors are only 

able to sensitize some, rather than all, of the cell lines exposed to cisplatin(141). 

Although the binding properties of PARP-1 to platinum DNA are not clear, the platinum 

cross-linked DNA represents a new type of DNA target for PARP-1, indicating a new 

role in DNA repair and cell death. 

4.3 PARP-1 interacts with undamaged DNA  

In contrast to the long prevailing idea that PARP-1 binds to nicked DNA, recent 

studies revealed an ability of PARP-1 to bind to undamaged DNA. These pioneering 

studies were done by de Murcia and Kun’s research groups. They observed that PARP-1 

preferentially binds to supercoiled DNA compared to a relaxed plasmid (148), cruiciform 

DNA (138) and DNA loops (148, 149). Since then, DNA substrates such as cruciform 

DNA (136-139), hairpin DNA (136), and looped DNA (136) have also been studied 
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using various techniques such as atomic force microscopy. Furthermore, a new type of 

DNA structure, base unpaired regions (BURs) or DNA unwinding elements (DUEs), has 

been identified in both prokaryotes and eukaryotes (150, 151).  BURs and DUEs are so 

named because they are 30-100 bp long AT-rich sequences that can be destabilized by 

elevated temperatures, torsional stress, or proteins, such as replication initiation proteins, 

that induce base unpairing. In an in vitro study, end-protected AT-rich DNA 

homopolymers, which have a high propensity to form BURs, exhibited a faster co-

enzymatic efficacy than the damaged DNA (125, 136).  

PARP-1 binds to DNA non-sequence specifically, however, sequence-specific 

binding has recently been observed for PARP-1 to some gene promoters. Examples of 

such sequence specific binding include: MCAT-1 in the cardiac troponin T gene 

(CATTCCT) (116), IUR in the CXCL1 gene (TCGATCTGGAACTCC) (152), TxRE in 

the HTLV-I promoter (TGACGACA) (153), and the cis-element of the Reg gene 

(TGCCCCTCCCAT) (154).  PARP-1 has also been found to directly interact with the 

centromere-specific and matrix attachment DNA sequences. One possible hypothesis as 

to why PARP-1 may specifically bind these undamaged DNA sequences is that the 

palindromic or AT-rich sequences in these transcriptional regulatory elements may lead 

to the formation of bent secondary structures.  

4.4 Possible mode of PARP and DNA interaction  

The PARP DNA binding domain contains two PARP-like zinc fingers, which also 

exist in two other homologous proteins, DNA ligase III α (DL3α) and 3´-DNA 

phosphodiesterase from Arabidopsis thaliana (AtZDP). The structure of these binding 

domains was first established in 2004 by the Neuhaus group for DL3α (155) and 

represents the only structural study of DNA binding by PARP-like zinc fingers. Chemical 

shift mapping using a DNA ligand containing a single-stranded break showed that the 
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DNA-binding surface of the DL3α zinc finger is substantially different from that of 

GATA-1, an erythroid transcription factor that has an overall tertiary structure similar to 

that of a PARP zinc finger.  In common with the steroid hormone receptor DBDs and 

many other sequence-specific DNA binding proteins, GATA-1 inserts an α-helix into the 

DNA major groove to make a set of specific contacts with the bases and thereby 

recognize the DNA primary sequence. However, the corresponding helix of DL3α is not 

available to act in the same way, because it is partially occluded by the presence of the 

second helix packed against it. This makes insertion into the DNA major groove 

sterically impossible. This is consistent with the DNA non-sequence specific binding of 

PARP. In fact, the binding of PARP-like zinc fingers most likely involves recognition of 

overall features. Previous studies of PARP-1 (133, 148, 156) and AtZDP (157) using 

electron microscopy and atomic force microscopy have shown that DNA ligands adopt 

sharply kinked V-shaped structures when they are bound by PARP-like zinc finger 

proteins. In this sense, the DNA binding properties of PARP-1 are very similar to the 

cellular architectural proteins. These include the HMG1-box proteins, such as HMG1, 

UBF, SRY, members of the HMGI/Y and 14-3-3 families, winged helix proteins, 

prokaryotic HU and IHF proteins, the SWI/SNF complex, S. cerevisiae repair protein 

MSH2, and human p53 (144). These nonenzymatic proteins are capable of bending DNA 

or stabilizing a pre-existing bend to assist in the formation of higher order protein-DNA 

or protein-protein complexes (158). Similarly, PARP-1 binding to BURs, bent, and 

cruciform DNA may recognize similar structural features such as a preexisting or induced 

bend as discussed above.  
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5. BIOLOGICAL FUNCTIONS OF PARP-1  

5.1 Modulation of chromatin structure 

The modulation of chromatin structure by poly(ADP-ribosyl)ation is an important 

process, because chromatin structure regulates several nuclear processes, including DNA 

transcription, replication, and repair. Opening of the chromatin structure occurs on 

various histone proteins by covalent and non-covalent poly(ADP-ribosyl)ation (6). It has 

been shown that histones H1 and H2B are the main histones poly(ADP-ribosyl)ated in 

vivo (159). During DNA damage induced by free radicals, 2-3% of histones H1, H3, H2B 

and H4 are modified. Considering the natural abundance of histones, this low percentage 

actually represents a very high level of poly(ADP-ribosyl)ation. Besides histones, other 

architectural proteins such as HMG1, 2, 14 and 17 have also been shown to be modified 

by PARP under certain conditions (6). Moreover, histones can bind branched PAR in a 

non-covalent manner with H1 and H2B having the highest affinity (160). Poly(ADP-

ribosyl)ated decondensed chromatin can be refolded through degradation of the PAR by 

PARG. 

5.2 DNA replication 

Studies in the early 1970s suggested that PARP-1 plays an active role in DNA 

replication (161). The evidence included increased PARP activity in proliferating cells, at 

replication forks, and in newly replicated chromatin (162). PARP-1 has been shown to 

interact with and polymerize many DNA replication factors such as DNA polymerase α-

primase (163, 164), DNA polymerase α and δ, helicases, topoisomerases and 

proliferating cell nuclear antigen (PCNA) (165) (Table 1-2).  A possible role for PARP-1 

in DNA replication is helping to control progression of the replication fork in the 

presence of DNA damage (164, 166). Support for this proposal is from recent studies 
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found that PARP-1 directly interacts with and poly(ADP-ribosyl)ates Werner syndrome 

protein (WRN) (167, 168), a component of the DNA replication complex that is critical 

for controlling DNA damage during replication. These observations, together with the 

established PARP-1 interaction with G1 check point protein p21waf1/cip1 (169), suggest a 

contributory role for PARP-1 in mediating the processes of DNA damage repair, DNA 

replication, and checkpoint signaling. 

5.3 DNA repair and the maintenance of genomic stability 

PAR levels in undamaged cells are very low, but PARP-1 activity is rapidly 

elevated by single- and double-stranded DNA breaks (SSB and DSB, respectively) 

(Figure 1-10). PARP-1 binds to such DNA strand breaks with zinc finger motifs. The 

earliest studies suggesting that PARP is involved in SSB repair date back to 1980, where 

the PARP inhibitor 3-aminobenzamide was shown to interfere with base excision repair 

(BER) and single strand break repair (SSBR) (170, 171). PARP-1 knockout cell lines also 

showed decreased PARP-1 activity and, therefore, enhanced sensitivity towards ionizing 

radiation and alkylating agents (172). It has been demonstrated that during the BER 

process, strand breaks and gaps are produced, and PARP-1 is activated and recruits 

XRCC-1 (50, 82), DNA polymerase β (173), and DNA ligase III (174) to form a BER 

core protein complex under certain conditions (Figure 1-10). PARP-2 bears a strong 

resemblance to PARP-1 and is also activated by DNA strand breaks. PARP-1 and PARP-

2 heterodimerize, and PARP-2 also interacts with XRCC1 (58). Double knockout of 

PARP-1 and PARP-2 in mice is embryonic lethal, a phenotype typically resulting from 

deficiencies in essential BER factors (175). Besides the recruitment and stimulation of 

DNA repair enzymes, PARP fulfils a variety of additional roles in BER. PAR can be 

converted to ATP by pyrophosphorylytic cleavage using pyrophosphate generated from 

dNTPs (176). This ATP was shown to be used for DNA ligation in BER. Accordingly, 
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whether BER in living cells proceeds via the short-patch or the long-patch pathway 

appears to be dependent on the availability of ATP. The long-patch pathway could be 

preferred during energy shortage, because the increased provision of pyrophosphate from 

dNTP incorporation into DNA would help generate more ATP from PAR (177).  

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 1-10. PARP-1 in DNA damage repair. DNA damages produce base damages, 
single-strand breaks (SSB) and double-strand breaks (DSB). Base excision repair (BER) 
pathway can be comprised of short patch repair and long patch repair. SSB may possibly 
convert to DSB. DSB can be repaired through non-homologous end-joining (NHEJ) 
repair, and homologous recombination (HR) repair. FEN1, flap endonuclease I; LIG, 
DNA ligase; PCNA, proliferating cell nuclear antigen; PNK, polynucleotide kinase; LIG 
III, DNA ligase III; POL, DNA polymerase. (Adapted from Miwa, Cancer Sci. 2007, 98: 
1528-1535.)  
 

In the absence of PARP-1, stalled BER may lead to unligated SSB and may 

further induce DSB. DSB repair is mainly carried out by error-prone non-homologous 

end-joining (NHEJ) and error-free homologous recombination (HR) pathways (Figure 1-
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10) (162). In the process of NHEJ, a functional interaction between PARP-1 and 

polynucleotide kinase (PNK), another DNA strand break sensor, has been reported in 

several independent studies (178). It was demonstrated that PARP-1 and the DNA 

binding subunit of PNK form a complex even in the absence of DNA (179). In NHEJ, 

PNK associates with DNA-bound Ku70/Ku80 to form the active PNK holoenzyme. 

PARP-1 was also found to associate with the Werner syndrome protein/Ku70/Ku80 and 

to poly(ADP-ribosyl)ate Ku70/Ku80. Ku70/Ku80 in the resulting complex has high 

affinity to DSB, and this affinity is reduced by poly(ADP-ribosyl)ation (180). An 

alternative DSB pathway involving PARP-1, PNK, and DNA ligase III has also been 

suggested. In HR repair, the DSB terminus with a 3´-overhang structure is protected by 

Rad51 and BRCA2 (Figure 1-10) after bridging by the Rad50, Mre11, and NBS-1 

complex (181). PARP-1 may function to protect DSB ends from nuclease attack. This 

hypothesis is supported by the observation that BRCA2-deficient cancer cells are highly 

sensitive to PARP inhibitors and exhibit higher levels of DSB (182). 

5.4 Transcription 

Recent studies have implicated PARP-1 in the stimulation and inhibition of 

eukaryotic gene transcription (183, 184). The four possible modes of transcriptional 

regulation by PARP-1 are discussed below. 

First, PARP-1 regulates transcription by modulating chromatin structure and 

composition (Figure 1-11A).  PARP-1 can poly(ADP-ribosyl)ate histones and thus 

decondense the chromatin structures for transcription initiation. Detailed studies have 

been described above in the discussion of chromatin structure modulation. Recent studies 

have suggested new roles for PARP-1 in regulating the composition of chromatin, such as 

poly(ADP-ribosyl)ating DEK, a ubiquitous chromatin component; or increasing the 

levels of HMGB1, a chromatin architectural protein (184).  
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Figure 1-11. Different modes of transcriptional regulation of PARP-1. (A) Chromatin 
regulation. PARP-1 modifies histone proteins or regulates composition of chromatins. (B) 
Enhancer-binding. PARP-1 may bind to specific sequences or structures, and act in a 
similar to the DNA binding activators or repressors. (C) Coregulation. PARP-1 acts in a 
manner similar to classical coactivator and corepressors. (D) Insulation. PARP-1 
functions as a component of insulator to prevent the spread of heterochromatin. (Adapted 
from Kraus, Current opinion in Cell Biology 2008, 20: 294-302.) 
 

Secondly, PARP-1 acts as enhancer-binding element by binding directly to 

specific DNA sequences or regulatory structures (Figure 1-11B). For example, PARP-1 

binds upstream of the CXCL1 gene (185) as well as the first intron of BCL6 (186) and 

inhibits their transcription. PARP may also interact directly with gene promoters such as 

the MCAT1 regulatory element and the protein binding site of the Pax-6 gene 

neuroretina-specific enhancer (183).  

A. Chromatin modulation

B. Enhancer-binding

C. Coregulation

D. Insulation
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Third, PARP-1 acts as a co-regulator in a similar manner to co-activators and co-

repressors for a series of transcription factors (Figure 1-11C). It is well known that PARP 

can poly(ADP-ribosyl)ate a series of transcription factors and therefore regulate their 

activity. This group includes the basal transcription factors TFIIF and TEF-1 as well as 

transcription factors TATA box-binding protein, YY1, SP-1, cAMP-response element-

binding protein, p53, and NF B (183). In some other cases, PARP-1 activity is not 

required for the co-regulation (e.g. NF B, B-Myb, and HTLV Tax-1) (183).  

Finally, PARP-1 plays a role in maintaining the function of insulator, which is a 

DNA element that organizes the genome into discrete regulatory units by limiting the 

effects of enhancers on promoters, or by preventing the spread of heterochromatin (187). 

Almost all vertebrate insulators bind the regulator protein CTCF, which is necessary for 

insulating activity (188-190). Recent studies have implicated PARP-1-dependent 

poly(ADP-ribosyl)ation of CTCF in maintaining the insulator function (188-190). In this 

regard, the PARP inhibitor, 3-aminobenzamide blocks insulator function. 

5.5 Cell death pathway   

PARP-1 activity is stimulated by DNA damage (Figure 1-12). Mild DNA damage 

could activate PARP-1 and promote DNA repair and therefore cell recovery. Under 

conditions of moderate DNA damage, the cell undergoes apoptosis and PARP-1 is 

cleaved into two fragments to prevent excessive NAD+ consumption (191). The 24 kDa 

N-terminal fragment remains in the nucleolus, retaining its DNA-binding activity and 

inhibiting the catalytic activity of uncleaved PARP-1, while also impairing DNA repair. 

Accompanying advanced nuclear fragmentation, the 89 kDa fragment migrates from the 

nucleus to the cytoplasm in late apoptotic cells, and serves as a potential target of 

autoimmunity (192). Although PARP-1-mediated poly(ADP-ribosyl)ation of nuclear 

protein is required for apoptosis, PARP is dispensable for apoptosis. No difference was 
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observed between wild-type or PARP-1 knockout in either cells or mouse models in 

response to treatment with anti-Fas, TNF-α, γ-irradiation, and dexamethasone (7).  

 

 

 

 

 

 

 

 

 

 

 
 
Figure 1-12. Three pathways of PARP activation. The activity of PARP proteins 
following DNA damage can lead to DNA repair, apoptosis, or necrosis through 
independent pathways.  

 

Recent data indicate that PARP-1 also plays a central role in a caspase-

independent apoptosis pathway mediated by apoptosis inducing factor (AIF) (Figure 1-

12) (193). Translocation of AIF from mitochondria to nucleus is dependent on the PARP 

activation in neurons and fibroblasts treated with various DNA-damaging stimuli such as 

MNNG, NMDA, or hydrogen peroxide (194). A recent study by Dawson’s group 

suggests that PAR itself may serve as the “death signal” (195).  

In contrast to apoptosis, PARP-1 activation can also lead to a more severe form of 

cell demise, necrosis, which is usually caused by acute cellular injury (Figure 1-12). 

While apoptosis often provides beneficial effects to the organism, necrosis is almost 
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always detrimental, and can be fatal. Cells swell and rupture as they die, releasing 

harmful contents into the surrounding tissue, promoting an inflammatory response. In 

1985, necrotic cell death dependent on PARP-1 over-activation was first proposed (196). 

Subsequently this paradigm was experimentally confirmed in mammalian systems and 

also in plants (197). It was believed that massive activation of PARP by excess DNA 

damage leads to a drop in cellular NAD+ levels. In order to regenerate this very important 

cellular energy carrier, large amounts of ATP has to be consumed and cells die from 

necrosis. This mechanism has been demonstrated to play a major role in various 

pathophysiological conditions such as ischaemia-reperfusion damage and inflammatory 

conditions. In accordance, PARP inhibitors are being developed as novel therapeutics to 

treat such diseases. In addition, another possible mechanism of PARP-1 induced necrosis 

is related to silent information regulator-2 (Sir2)-like mammalian proteins (Sirtuins), a 

class of NAD+-dependent deacetylases (198). Sir2 activity depends on high concentration 

of NAD+ and is inhibited by nicotinamide. It was proposed that poly(ADP-ribosyl)ation 

could modulate protein deacetylation by Sir2 via the NAD+/nicotinamide connection (59, 

198). 

6. PARP-1 IN DISEASES AND CANCER THERAPY 

6.1 PARP-1 in disease and cancer 

PARP-1 in inflammation and degenerative disease 

PARP-1 is known to have an important role in various acute and chronic 

inflammatory disorders. Consistent with this idea, PARP-1 inhibitor treated or PARP-1 

deficient mice are resistant to various types of inflammation, including streptozotocin-

induced diabetes and lipopolysaccharide-induced septic shock (8, 199). PARP-1 is 

involved at many levels in PARP-1 promoted inflammatory response. First, PARP-1 
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functions as a co-activator of the transcription factors such as NF-κB and AP-1, leading 

to the synthesis of pro-inflammatory mediator (131, 200). Among them, nitric oxide 

synthase (NOS) produces nitric oxide and subsequent peroxinitrites and highly reactive 

hydroxyl radicals, which cause extensive DNA damage in the target cell. Second, 

activated PARP-1 may induce caspase-independent cell death that is mediated by AIF 

(193).  Since caspases are not involved in this process, PARP-1 and PARP-2 are not 

cleaved and will therefore be activated by the fragmented DNA, thus cauing PARP-1-

mediated necrotic death involving massive PAR synthesis, which leads to NAD+ and 

ATP depletion (193).  

PARP-1 has also been demonstrated to be involved in several neuronal disorders 

including Parkinson’s disease, ischaemic stroke, and traumatic brain injury. These 

neuronal disorders are thought to be caused by oxidative stress, which triggers the 

generation of the reactive oxygen species (ROS) such as nitric oxide (NO) and 

superoxide (O2
-), and presumably, peroxynitrite (201). DNA single strand breaks are 

produced under these oxidative conditions and stimulate PARP-1 activation, PAR 

formation, and finally cell death. The tissue damage accompanied by ischaemia leads to 

massive cell death and release of reactive oxygen species (ROS), which damage 

surrounding cells, activate PARP-1/-2 and induce further cell death, thus spreading 

necrotic effects. Interfering with this vicious cycle by inhibiting PARP has obvious 

beneficial effects. 

PARP-1 in cancer 

Proficient DNA repair is pivotal to the survival and maintenance of genome 

stability in cells and organisms, considering the frequent attack by endogenous and 

exogenous DNA-damaging agents. In cancer therapy with cytotoxic agents, DNA repair 

in tumor cells counteracts the desirable cell killing effect of the treatment. It has been 
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proven that PARP-1 plays an important role in DNA damage repair pathways, as 

discussed above. Accordingly, pharmacological PARP inhibitors, which interfere with 

DNA repair pathways, have long been considered a useful addition to current cancer 

chemotherapy/radiotherapy protocols (199). PARP-1 inhibitors can be used in 

combination with other anticancer chemotherapy reagents, or used directly as the anti-

cancer drugs (202). The mechanisms of different types of inhibitors will be elaborated 

upon in the following section. 

6.2 The development of PARP inhibitors 

The development of PARP inhibitors originated from the observation that 

nicotinamide, a product of PARP catalytic activity, is a weak PARP inhibitor. The first 

selective PARP inhibitor, 3-aminobenzamide (3-AB) was reported reported about 29 

years ago by Purnell and Whish (203). This compound (IC50 22 μM) has been the “gold 

standard” for PARP inhibition for over a decade. The “second generation” PARP 

inhibitors, such as the benzimidazole-4-carboxamide NU1025, were developed from the 

“lead compounds” screened from chemical libraries (204). These compounds have 

improved potency, and also allowed the elucidation of PARP-1 inhibitor structure-

activity relationship. Third generation inhibitors, some of which are now in clinical 

assessessment, include the tricyclic lactam indole AG014699 (Pfizer) and phthalazinones, 

such as KU0058684 and KU0058948 (AstraZeneca) (205). An excellent review of 

different chemical classes of PARP inhibitors has been written by Southan and Szabo 

(206), and will not be discussed here. The structures of classical inhibitors are listed in 

Figure 1-13. Currently, five PARP inhibitors including ABT-888, indeno-isoquinolinone 

(INO-1001), BSI-201, and AG-014699 (Table 1-3), are known to be in clinical oncology 

trials and one more is expected to enter clinical trials shortly. These drugs differ in 

chemical structure and bioavailability, but tend to have a short half-life and require 
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frequent doses (202, 207). Currently, efforts are underway to realize the potential of 

PARP-1 inhibitors in treating human diseases with respect to the solubility, tissue-

selectivity and PARP isoform specificity (208).  

It is noteworthy to mention that although PARP inhibitors examined to date are 

mostly competitive inhibitors of NAD+ that act on PARP-1 catalytic activity, there are 

some inorganic inhibitors that target other domain functions of PARP-1 (209). For 

example, inorganic arsenite (NaAsO2) was shown to decrease PARP activity with an IC50 

value at 10 μM. The arsenic cation might interact with vicinal dithiol groups in the zinc-

finger region of PARP (209). 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 1-13. Inhibitors of PARP-1. The classical inhibitors are nicotinamide, benzamide, 
and substituted benzamide, in particular 3-aminobenzamide. NU1025 represents the 
“second generation” of PARP-1 inhibitors. Important inhibitors in clinical trials include 
ABT-888 and AG014699. 
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Table 1-3. PARP inhibitors in cancer therapy 

 

6.3 Clinical application of PARP inhibitors  

The cellular effects of PARP inhibitors vary according to the cellular 

environment. In particular, the presence and nature of DNA damage and/or metabolic 

stress have an important impact on the consequences of PARP inhibition (210). In the 

presence of DNA damage, PARP functions to enhance the repair, however, at the 

expense of NAD+ consumption. Under conditions of extensive DNA damage, NAD+ is 

depleted and PARP-1-mediated necrosis occurs. The PARP inhibitors act differently in 

the treatment of pathogenic diseases and cancers according to their effects in DNA repair 

and energy consumption. In pathological conditions such as reperfusion after myocardial 

infarction or ischaemic stroke, PARP-1 inhibition suppresses inflammatory and necrotic 

tissue responses by preventing NAD+ depletion, and enable cells to execute apoptosis. 

Agent Company Single/
combination 
therapy 

Route of 
administ-
ration 

Disease Clinical status

AG014699 Pfizer  
(New York, NY) 

Single/Combination 
with temozolomide 

I.v. Solid tumors, 
  metastatic 
  malignant 
  melanoma 
 

Phase 1 in solid 
tumores complete, 
phase 2 in 
melanoma 
complete 

KU59436 AstraZeneca/KuDOS 
(London, UK) 

Single Oral Advanced solid 
tumors 

Phase 1 ongoing

ABT-888 Abbott Laboratories 
(North Chicago, IL) 

Single Oral Refractory 
  solid tumors 
  and lymphoid 
  malignancies 

Phase 0 ongoing

BSI-201 BiPar (Brisbane, CA) Single I.v. Advanced 
  solid tumors 

Phase 1 ongoing

INO-1001 Inotek/Genentech 
(Beverly, MA) 

Single/Combination 
with temozolomide 

I.v. Melanoma, 
  Glioblastoma 
  multiforme 

Phase 1 ongoing

GPI 21016 MGI Pharma 
(Bloomington, MN) 

Combination with 
temozolomide 

Oral Solid tumors Phase 1 planning
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Therefore, although DNA repair is impaired, the overall damage to tissues or organs 

exposed to massive toxicity may in fact be reduced by PARP inhibition (211). In the 

context of cancer treatment, however, the impact of PARP inhibition on DNA repair 

pathway appears to be of greater significance than effects on NAD+ metabolism. This 

may be due to the fact that tumor cells are generally characterized by rapid replication 

rates, so efficient repair of DNA damage is critical to survival.  

Clinically, PARP inhibitors have been used to potentiate two important types of 

cancer treatment: DNA-damaging chemotherapeutics and radiation. First, inhibition of 

PARP sensitizes tumor cells to cytotoxic therapy (e.g. temozolomide, platinums, 

topisomerase I inhibitors, and radiation) which induce DNA damage that would normally 

be repaired through the BER system (202). For example, PARP-1 inhibitors have been 

used together with temozolomide (TMZ), a wide spectrum methylating agent, to treat 

leukemia cells that are resistant to triazene compounds (212). Moreover, PARP-1 

inhibitors, such as BGP-15, can also protect against the nephrotoxicity of cisplatin 

without compromising its antitumor activity (213). PARP inhibitors have not potentiated 

agents that do not damage DNA (214). Second, in the presence of PARP inhibitors, 

tumor cells have shown increased sensitivity to γ- and X-radiation (215). It is likely that 

SSBs, together with the more cytotoxic DSBs, are affected. DNA-dependent protein 

kinase is also involved in the binding and repair of DSBs. Therefore, it has been 

demonstrated that the combination of two inhibitors for both DNA-dependent protein 

kinase and PARP has an additive effect on radiation-induced DNA damage, and prevent 

90% of DSB repair (216).  

PARP inhibitors could also be used as single agents in DNA repair-deficient 

tumors. PARP inhibitors are extremely potent when directly used as anti-cancer drug in 

tumor cells that deficient in the tumor suppressor BRCA1 or BRCA2, which are encoded 
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by the most commonly mutated genes in familial breast cancers and are involved in 

homologous recombination (182, 217). It is proposed that SSBs that accumulate upon 

PARP inhibition are converted to DSBs during DNA replication, but they cannot be 

processed further due to an ineffective homologous recombination pathway.  

7. THESIS STATEMENT 

PARP-1 contains two so-called “PARP-like” zinc fingers (CX2CX28/30HX2C) and 

a newly discovered zinc-ribbon motif (CX2CX12CX2C) in the DNA binding domain. A 

better understanding of the structural and functional aspects of the zinc fingers and their 

interactions with DNA will help elucidate the physiological role of PARP-1 in DNA 

repair. In Chapter 2, the second zinc finger was used as a model peptide to examine the 

binding affinities of several divalent metal ions (Co2+, Cd2+, Zn2+ and Pb2+) and the 

induced folding resulting from the presence of these ions for this unusual zinc finger. 

Interestingly, the second zinc finger binds to Zn2+ and Cd2+ tightly with subpicomolar 

affinties. This study represents the first detailed biochemical characterization of the metal 

binding properties of PARP-like zinc fingers. Herein, possible mechanism of metal 

interference was discussed. In Chapter 3, a series of PARP-1 zinc finger variant proteins 

were constructed, and the contribution of each finger to DNA binding and PARP 

activation was investigated by southwestern blotting, gel mobility shift assay, and PARP 

activity assay. The DNA sequence-independent binding was further explored using 

various natural or artificial DNA probes of defined secondary structures. Together, our 

results indicate that the zinc fingers help position the enzyme at specific DNA damage 

sites, and activate the catalytic domain. Extending the biochemical studies to functional 

characterization, in Chapter 4, the interaction between PARP-1 and apoptosis inducing 

factor was studied using a cell-free system. AIF was demonstrated to be a substrate of 
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PARP-1 in vitro. The possible implications for AIF release and PARP-1 activation were 

also discussed.  
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Chapter 2. Spectroscopic Determination of Metal binding to PARP-1 
Zinc Fingers and Implications for Metal Interference 

1. INTRODUCTION 

Metal binding is ubiquitous in biology, and is important for folding, stability, 

transport and catalysis of the biological systems. The delineation of the metal binding 

behavious of a protein is not only important for our understanding of the above metal-

dependent biological functions, but is also essential for learning how deficiencies in 

metal binding can disrupt cellular functions and lead to diseases (1). A large number of 

structural zinc-binding domains are found in higher eukaryotes. For example, an analysis 

of the human genome has led to over 2500 sequences that code for CCHH zinc finger 

proteins (2-4). Moreover, analysis of the Caenorhabditis elegans and Saccharomyces 

cerevisiae genome reveals that the majority of eukaryotic zinc finger proteins contain 

more than one zinc-binding site (2). Most of zinc finger structures have been identified as 

DNA-binding motifs in transcription factors. These include the classical CCHH zinc 

finger found in TFIIIA (5-7), the CCHC zinc finger in HIV nucleocapsid proteins (8-13) 

and the CCCC finger in the GATA family proteins (14, 15). However, zinc fingers have 

also been identified in several DNA repair enzymes including UvrA (16, 17), 

formamidopyrimidine-DNA glycosylase (Fpg) (18), xeroderma pigmentosum group A 

protein (XPA) (19, 20), DNA ligase III (21), and poly(ADP-ribose) Polymerase-1 

(PARP-1) (22). Although metal binding properties of zinc finger proteins associated with 

DNA transcription have been studied extensively, little is known about the metal binding 

properties and their functional implications of the zinc fingers found in DNA repair 

enzymes, beyond limited studies on XPA and Fpg. 
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PARP-1, one of the important DNA repair enzymes, is responsible for post-

translational poly(ADP-ribosyl)ation of proteins. When activated, PARP-1 catalyzes the 

covalent attachment of ADP-ribose units from NAD+ to various nuclear acceptor proteins 

including PARP-1 itself. Besides DNA repair, PARP-1 also plays pivotal roles in many 

other fundamental biological processes, including gene replication, transcription, 

apoptosis and necrosis. Non-sequence-specific binding of PARP-1 to DNA breaks leads 

to the increase of PARP-1 activity up to 500-fold over its basal level. This process is 

mediated by the DNA binding domain of PARP-1 which consists of two unusually long 

zinc fingers in the form of CX2CX28/30HX2C.  Unlike classical zinc fingers, PARP-1 zinc 

fingers have a much longer amino acid sequence (28, 30 aa) seperating the metal binding 

ligands. Recently the solution structures of each of the zinc finger domains from human 

PARP-1 (PDB code 2DMJ and 2CS2) and the PARP-like zinc finger from DNA ligase III 

α (21) were solved. It was shown that these PARP-like zinc fingers consist of a βββα 

secondary structure bearing an additional β strand than the classical zinc fingers. The two 

zinc fingers in PARP-1 share similar secondary structure as shown in Figure 2-1. In each 

CCHC zinc-binding site, the first two Cys are in a knuckle of two helices, whereas the 

other two ligands, His and Cys, are located in a β strand and an α helix, respectively, in 

the case of FI, or exclusively at the N-terminus of an α helix in the case of FII. These 

unique features of the PARP-1 zinc fingers may be key factors in controlling the non-

sequence-specific DNA binding and activation of PARP-1.  

There is evidence that many DNA damage repair proteins, including Fpg and 

XPA, are inhibited by low, non-cytotoxic concentrations of xenobiotic metals such as 

Ni2+, Co2+, Cd2+, and As3+ (23-25). Recent results from Bürkle’s group demonstrated the 

inhibition of hydrogen peroxide-induced PARP activity in intact cells by Ni2+, Co2+, 

Cd2+, Cu2+, and low concentrations (as low as 10 nM) of As3+ in HeLa cells, whereas no 
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effect was seen with Pb2+ or Hg2+ (24). These findings suggest that DNA repair proteins 

with functional zinc finger motifs may be targets for inhibition by the xenobiotic metals. 

Despite the in vivo evidence of metal interference, in vitro biochemical studies for metal 

binding of these DNA repair enzymes are still lacking. Early studies showed that 

radioactive 65Zn2+ bound to PARP-1 could exchange with various bivalent metals ions 

such as Zn2+, Co2+, and Cd2+ in a dot blot assay on nitrocellulose (26). More recently, the 

Liu group has proved in vitro that As3+ could displace Zn2+ from the PARP zinc finger 

peptide (27-29).   

 

 

 

 

 

 

 

 

 

 
 
 
Figure 2-1. Sequence alignment of structure-solved PARP-like fingers using the program 
Vector NTI. PARP-FI and PARP-FII are human PARP-1 zinc finger constructs. DL3α-
ZF is the zinc finger domain from human DNA ligase 3α.  The metal coordination 
ligands are shown in red with an asterisk underneath. The secondary structures follow the 
same order as in the sequence alignment. Arrows in blue represents β-strand and round 
bars in red represent α helix. PDB data 2DMJ, 2CS2, 1UW0 were used for the secondary 
structure of PARP-FI, PARP-FII and DL3α-ZF, respectively. 
 

Although it has been shown that zinc is indispensible for PARP-1 activity, the 

precise nature of metal coordination, and in particular the metal binding affinities of the 

 

PARP_FI  GVTGKGQDGI GSKAE..... ..
PARP_FII  GVKSEGKRKG DEVDGVDE.. ..
DL3a-ZF  DLSSKAAGTP KKKAVVQAKL TT
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PARP_FI  GHMAESSDKL YRVEYAKSGR ASCKKCSESI PKDSLRMAIM VQSPMFD..G
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DL3a-ZF  .....MAEQR FCVDYAKRGT AGCKKCKEKI VKGVCRIGKV VPNPFSESGG
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PARP_FII  MIDRWYHPGC FVKNRE..EL GFRPEYSASQ LKGFSLLATE DKEALKKQLP
DL3a-ZF  DMKEWYHIKC MFEKLERARA TTKKIEDLTE LEGWEELEDN EKEQITQHIA
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unusual zinc fingers in PARP-1, are not yet known. We are particularly interested in the 

second zinc finger in PARP-1, because it plays a more important role in DNA binding 

compared to the first zinc finger (unpublished data).  Here we report the stoichiometric 

binding affinities for Co2+, Cd2+, Pb2+ and Zn2+ to the second zinc finger of PARP-1 

through a series of competition experiments. 1H NMR and circular dichroism were used 

to study the metal induced folding of the unusual zinc finger. We also investigated the 

metal binding ligand flexibility by mutating the CCHC to CCCC and CCHH type of zinc 

fingers. Our studies revealed that zinc coordination plays an important role in the 

physiological function of PARP-1; however, inhibition by Cd2+, Co2+ and Pb2+ might 

involve more than simple displacement of Zn2+ from the zinc fingers as evidenced by 

PARP complementary activity assay.  

2. EXPERIMENTAL PROCEDURE 

2.1 Reagents used in metal-binding titrations 

The solutions used in the metal-binding experiments were prepared with metal-

free reagents using water that was purified by a MilliQ purification system and passed 

through a column containing Chelex resin (BioRad) to remove trace metals. A CoCl2 

stock solution was prepared by dissolving CoCl2 (Aldrich, 99.999%) in purified, metal-

free water, and the concentration of the solution was determined by measuring the 

absorption intensity of the solution at 512 nm ( 512 = 4.8 M-1 cm-1) (30). The following 

stock metal solutions were stored in the glovebox and diluted for use as titrants: Zn2+ 

atomic absorption standard (Aldrich, 15.25 mM Zn2+ in 1.0% HCl); Pb2+ atomic 

absorption standard (Aldrich, 4.85 mM Pb2+ in 1% HCl). Metal-binding titrations for 

Co2+ and Cd2+ were performed in 50 mM HEPES, 100 mM NaCl, pH 7.0. Pb2+ titration 

was performed in 100 mM bis-Tris, pH 7.0. All solutions were purged with nitrogen prior 
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to being introduced into the inert atmosphere chamber where they were stored and 

handled at all times. 

 2.2 Cloning, expression and purification of  AB, FI, and FII  

Tag-free AB was cloned into a modified pMAL expression vector (MalE/pET) 

using NdeI and XhoI restriction sites by a former lab member Dr. Peng Gao (31). The 

modified vector (MalE/pET) was generated by replacing the factor Xa protease 

recognition site with that of tobacco etch virus (TEV) protease and inserting a sequence 

that encodes a decahistidine (H10) tag before the TEV protease recognition site. The AB 

expressed from this vector is thus a fusion protein that has maltose-binding protein 

(MBP) at the N-terminus with an intervening H10-tag followed by a TEV protease 

digestion site. After treatment with TEV protease, the AB subunit has a molecular weight 

of 26.3 kDa consisting of the encoded 232 amino acids plus two additional amino acids, 

GH. 

FI and FII were subcloned from the AB-MalE/pET plasmid using PCR. A 

methionine was added to the N-terminal of FII protein for expression purpose. The 

sequences of the forward and reverse primers used for FI gene amplification are 5'-

CGCGCCATATGGCGGAGTCTTCG-3' and 5'-

CCGGCTCGAGTTACTCTGCCTTGCTACC-3', respectively. The forward and reverse 

primers for FII gene amplification are 5'-CGCGCCATATGAAGACTCTGGGTGAC-3' 

and 5'-CCGGCTCGAGTTATTCATCCACTCCATC-3'. NdeI and XhoI digestion sites 

are underlined. PCR products were digested with NdeI/XhoI and subcloned into the 

correspondingly digested MalE/pET vector. Similarly to AB, FI and FII expressed from 

this vector are fusion proteins that have MBP at the N-terminus with an intervening 

His10-tag followed by a TEV digestion site. After TEV protease digestion, the molecular 

mass of FI and FII proteins are 12.2 kDa and 12.8 kDa respectively. The FI protein 
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contains amino acids 1-107 from AB, while the FII protein contains amino acids 108-218 

from the AB. Both proteins contain additional GH residues at the N-terminus resulting 

from the TEV digestion. 

AB, FI and FII were produced using E. coli BL21-CodonPlus(DE3)-RP 

(Stratagene). Fresh transformants were first incubated overnight at 37 C on plates 

containing chloramphenicol (35 µg/mL) and kanamycin (50 µg/mL). Colonies were then 

picked, transferred to 10 mL of Luria-Bertani (LB) media supplemented with kanamycin 

(50 µg/mL), and incubated overnight at 37 C. The overnight cultures were used to 

inoculate 6 L of LB media containing kanamycin (50 µg/mL) and grown at 37 C until 

the OD600 reached 0.6. Expression of the recombinant PARP-1 fusion protein was 

induced with isopropyl β-D-thiogalactoside (IPTG) at a final concentration of 0.2 mM. 

Cells were allowed to grow for an additional 14 h at 18 C before harvesting by 

centrifugation at 6000 g for 10 min. Cells were stored at -80 C before use. 

Cells were thawed, resuspended in high salt lysis buffer (50 mM HEPES, pH 7.5, 

1 M NaCl, 10 mM imidazole, 10% glycerin, 1 mM β-mercaptoethanol), and ruptured by 

sonication. Insoluble cellular debris was pelleted by centrifugation at 12,000 g for 30 min 

at 4 C, and the supernatant was incubated with 10 mL of Ni-NTA resin (Qiagen) for 1 h 

at 4 C. Lysate and resin were loaded onto a column, drained, and washed with high-salt 

lysis buffer and then regular lysis buffer (50 mM HEPES, pH 7.5, 300 mM NaCl, 10 mM 

imidazole, 10% glycerin, 1 mM β-mercaptoethanol). The desired proteins was eluted with 

elution buffer (50 mM HEPES, pH 7.5, 300 mM NaCl, 250 mM imidazole, 10% glycerin, 

1 mM β-mercaptoethanol). Eluted protein was pooled and subjected to digestion 

overnight by adding 1/50 (w/w) TEV protease during dialysis in lysis buffer. The 

digested protein solution was run through Ni-NTA column again to collect the flow-

through, which contained the tag-free AB, FI or FII. The cleaved MBP protein contains 
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His10-tag and therefore was retained by the Ni-NTA column. The collected AB, FI and 

FII proteins were concentrated and further purified by FPLC Superdex 200 10/300 GL 

column (GE Healthcare) eluted with 10 mM sodium phosphate buffer, pH 6.0, 50 mM 

NaCl. The desired fractions were pooled, concentrated using Centricon® YM30 

centrifugal filter devices (Millipore, MA), and stored at -80 C. 

2.3 Concentration determination of holo- and apo-AB, FI, FII  

The concentration of each protein sample containing AB, FI, FII or their apo-

proteins was determined by measuring the absorbance at 280 nm using a Cary 300 Bio 

UV-vis spectrophotometer or a Cary 500 UV-vis-NIR spectrophotometer. The extinction 

coefficients of the proteins (ε280 = 31,160 M-1 cm-1 for AB, ε280 = 21,270 M-1 cm-1 for FI, 

ε280 = 9,890 M-1 cm-1 for FII)  were determined by amino acid analysis conducted by the 

Protein Facility of the Institute for Cellular and Molecular Biology at the University of 

Texas, Austin. 

2.4 Minimal media culture for Co-FII preparation 

In vivo incorporation of Co2+ into FII was achieved by expressing FII in M9 

minimal media containing NH4Cl (0.6 g/L), glucose (5 g/L), thiamine (0.5 g/L), 

Na2HPO4 (6.78 g/L), KH2PO4 (3 g/L), NaCl (0.5 g/L), MgSO4 (0.24 g/L), FeCl3 (1 mL of 

1 mM FeCl3 stock solution), and CaCl2 (0.1 mL of 1 M CaCl2 stock solution). Trace 

metals were added to the minimal media as follows: CuSO4·5H2O (12 µg/L), 

MnCl2·4H2O (7.4 µg/L) and CoCl2·6H2O (2.3 mg/L). Purification of Co-FII follows the 

same procedure as described for FII in Experimental Procedures.  

2.5 Apo protein preparation and metal reconstitution 

The FPLC fractions containing AB, FI or FII were concentrated and dialyzed 

anaerobically against a denature/chelex solution containing 6 M urea, 10 mM 1,10-
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phenanthroline, 1 M acetic acid and 5 mM DTT, pH 3.0, at 4 C for 4 h. Each apo-

protein solution was then dialyzed anaerobically against purified, metal-free water in an 

acid-washed, metal-free beaker at 4 C for 3 h with four changes of fresh metal-free 

water. The water used in this final dialysis was purified by a MilliQ purification system, 

passed through a column containing Chelex media (BioRad) to remove any trace metals, 

and then purged with nitrogen. The complete removal of free 1,10-phenanthroline was 

monitored by the absorption at 265 nm (absorption coefficient of the Zn-complex: ε265 = 

3.15×104 M-1 cm-1).  The apo-protein solution was centrifuged to remove any insoluble 

material, aliquoted in an inert atmosphere (95% N2, 5% H2) chamber, and stored at -80 

C. 

2.6 Zinc content determination by PAR assay and ICP-MS analysis 

A zinc-specific dye, 4-(2-pyridylazo)resorcinol (PAR), was used to 

spectrophotometrically determine the concentration of free zinc in solution. PAR has a 

yellow color ( max = 400 nm) and binds zinc in a 2:1 stoichiometry with an absorbance 

shift to 500 nm. A stock solution of 1 mM PAR was prepared in 50 mM HEPES (pH 7.0) 

and 100 mM NaCl. All protein samples (~4 nM in 950 µL) were boiled in 1% SDS for 5 

min prior to mixing with 50 µL of 1 mM PAR solution to ensure all bound zinc was 

released. Zinc content was determined using ε500 = 66,000 M-1 cm-1. Metal ions in the 

apo-proteins and holo-proteins were determined by inductively coupled plasma mass 

spectrometry (ICP-MS) using the Agilent 7500ce Quadrupole ICP-MS instrument in the 

Isotope Geochemistry Facilities of the Department of Geological Sciences at the 

University of Texas, Austin.  
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2.7 Quantitation of free thiol 

A standard 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB) colorimetric assay was 

used to determine the number of free thiol groups in apo-AB, apo-FI and apo-FII. A total 

of 100 µL DTNB solution (2 mg/mL) was added into 900 µL apo-protein solutions (5 

µM) in degassed 0.1 M phosphate buffer, pH 7.5. Upon reaction, each free thiol group 

present in the apo-protein yields 1 equiv of TNB2-. After incubation for 30 min, the 

concentration of TNB2- in the reaction mixture was quantitated by measuring the 

absorbance at 412 nm (ε412=14,150 M-1cm-1).  Subtraction of the absorbance of the 

phosphate buffer in the presence of the same concentration of DTNB is necessary and 

standard curve was plotted using L-cysteine to calibrate the analysis. 

2.8 Direct Co2+/Cd2+ titration and Zn2+ backtitration 

Metal ion-binding studies for Co2+, Cd2+, and Pb2+ were carried out anaerobically 

at 25 °C using a Hewlett-Packard 8452A spectrophotometer. A concentration range of 

60-120 µM of apo-FII was used for Co2+ titrations, and 10-20 µM protein was used for 

the Cd2+ titrations.  During the titration, FII was kept in 20 mM HEPES, pH 7.0 

containing 100 mM NaCl. To study the Co2+/Cd2+ binding properties of apo-FII, aliquots 

containing approximately 0.1 molar equiv of metal (relative to the amount of protein 

monomer present) were added to the protein solution, and an absorption spectrum was 

recorded after each addition. This process was repeated until the ligand-field absorption 

bands no longer increased in intensity, indicating that the protein was saturated with Co2+ 

(approximately 1.0 molar equiv of Co2+ per apo-FII monomer). Several more aliquots of 

the Co2+ solution were added to the protein solution to ensure that the sample was 

completely saturated. The titration curve was generated by subtraction of the initial 

spectrum (apo-protein) from the subsequent ones and corrected for dilution. 
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Since Zn2+ is spectroscopically silent, a Zn2+ backtitration [Zn2+ vs Co2+, or Zn2+ 

vs Cd2+] was employed to determine the Ka of FII for Zn2+. The competition of Zn2+ 

versus Co2+ was assessed by titrating aliquots of the Zn2+ standard into the Co2+ saturated 

FII solution containing a 120-fold molar excess of Co2+ relative to the amount of protein 

present. Excess Co2+ was added to the solution to increase the competition between Zn2+ 

and Co2+ for the metal binding site. The absorption spectrum was recorded after the 

addition of each aliquot of the Zn2+ standard to monitor the displacement of Co2+ by Zn2+ 

from the metal binding site. After each addition, the metal-protein solution was incubated 

at room temperature until there was no detectable change in the absorption spectrum, 

indicating that equilibrium had been reached. The titration of Zn2+ into the protein 

solution was repeated until the intensity of the ligand-field absorption bands had 

decreased to baseline levels. The competition of Zn2+ with Cd2+ was determined in a 

similar manner except that only ~1.3-fold molar excess of Cd2+ was added relative to the 

amount of protein present. 

 2.9 EGTA and HEDTA competition titration for Co2+ binding 

The ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid (EGTA) 

and N-(2-hydroxyethyl)ethylenediamine-N,N′,N′-triacetic acid (HEDTA) competition 

titration experiments were carried out according to an established protocol (32, 33) with 

minor modifications. Briefly, the protein-metal binding affinities were determined as 

described in the direct titration experiments except that 0.5-1 mM EGTA or 0.2-1 mM 

HEDTA was present to buffer the very low concentrations of free Co2+. For the Co2+ 

titration experiment, the following equilibria in which K1 is the protein-metal binding 

constant and K2 is the competitor-metal binding constant needs to be considered:  
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where Ai is the corrected absorbance, following the ith addition of Co2+, at the absorption 

maximum in the ligand-to-metal charge transfer region (e.g., λmax =330 nm). The εp and 

εpm are the absorption coefficients of protein with and without metal bound, respectively, 

at the absorption maximum. At each Ai, the concentration of the free metal, [M], is given 

by the positive root of the following equation: 
 

K1K2[M]3 + (K1 + K2 + K1K2 ([C]t + [P]t - [M]t))[M]2 + (1+ K2[C]t + K1[P]t – K2[M]t – 

K1[M]t)[M] – [M]t = 0  

where [C]t, [P]t, and [M]t are the total concentration of the competitor (e.g., EGTA or 

HEDTA in the Co2+ competition titration), the active apo-protein, and Co2+ at the ith 

addition, respectively Considering that [M]3 should be neglectable, the above equation 

can be simplified as the following equation: 
 

(K1 + K2 + K1K2 ([C]t + [P]t - [M]t))[M]2 + (1+ K2[C]t + K1[P]t – K2[M]t – K1[M]t)[M] – 

[M]t = 0 

Using the tabulated values for the Co-EGTA/HEDTA system (34), the apparent binding 

constant, K2,  for Co-EGTA under the reaction conditions with specified pH and ionic 

K1 

K2 
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strength, can be obtained via the following equation (35) (see also ref (36, 37) for 

details). 
 

)10101)(101(

)101(
2pH)p(ppH)(pzn)p(pH

)pHp(
CoEGTA

2
211

CoEGTA









KKKK

KK
K  

KCoEGTA is the absolute stability constant of Co2+ and EGTA complex; pKCoEGTA is the 

pKa value for the Co-EGTA complex; pKZn is the pKa value for Zn2+;  pK1 and pK2 are the 

pKa values for the first and second protonation of EGTA/HEDTA, respectively. 

Accordingly, the calculated apparent binding affinities of Co2+ for EGTA and HEDTA at 

pH 7.0 are 7.73×107 M-1 and 4.88 × 1010 M-1, respectively. The experimental values of 

Co2+ concentration, [M]t, and the ith absorption, Ai, allow estimation of K1 by the 

nonlinear least squares methods.  

2.10 PAR competition assay  

PAR competition experiments were conducted using a published protocol with 

minor modifications to determine the extremely tight protein-zinc/cadmium binding (38-

40). Assays were performed at room temperature using a standard 1.0 cm path-length 

cell. A 4.0 mM PAR stock solution was prepared by dissolving 215.2 mg of the freshly 

dried reagent in 250 mL of water in a volumetric flask. After dissolution, this stock 

solution was stored in the dark at 4 C. A known concentration of PAR (200-400 µM) 

was then mixed with CdCl2 or ZnSO4 (10-20 µM) in 20 mM HEPES, pH 7.0, 100 mM 

NaCl and the optical spectrum was recorded. The increased absorbance at 500 nm 

resulting from the formation of the PAR2Cd or PAR2Zn complex has an ε= (3.36 ± 0.15) 

×104 M-1 cm-1 and (7.04 ± 0.32) ×104 M-1 cm-1, respectively.  Aliquots of a 0.62 mM 

stock solution of apo-FII were added in 1.6-µL increments, and the absorption spectrum 

was recorded after each addition. The equations described previously were used to fit the 
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model (40). Briefly, suppose P is the apo-FII, and M is the metal, either Cd2+ or Zn2+, 

then  

P + PAR2M          M·P + 2PAR 

Suppose KP is the apparent binding constant between apo-FII and Cd2+/Zn2+, KPAR is the 

apparent binding constant for PAR2M,  the apparent affinity constant of the apo-FII can 

be derived from solving the following equation: 

 

PAR

p

K

K
 = 

M][P][PAR

[PAR] P][M

2

2
 

where the individual components are derived from the following equations: 

 
A500 = εPAR2M[PAR2Zn] 

[PAR] = [PAR]total – 2[PAR2M] 

[M·P] = [PAR2M]initial – [PAR2M] 

[P] = [P]total – [M·P] 

2.11 Direct Pb2+ titration and EGTA/HEDTA competition titration 

All Pb2+ titration was performed in bis-Tris buffer (100 mM, pH 7.0), because it 

forms a stable, soluble complex with Pb2+, and thereby prevents the formation of 

insoluble Pb(OH)2. The affinity of Pb2+ towards bis-Tris buffer (2.09 × 104 M-1),  EGTA 

(1.14 × 109 M-1), and HEDTA (4.88 × 1010 M-1), were included as parameters in the fit 

(41).  The Pb(bis-Tris) complex only weakly absorbs in the region of 250-400 nm  and 

hence does not significantly contribute to the spectrum of the Pb-peptide solution (42).  

For direct Pb2+ titration, apo-FII (~20-60 µM) was placed in a 1 mL cuvette in the 

glove box, and Pb2+ atomic absorption standard was added (1-4 mM, ~0.1 molar 

equivalent per apo-FII). An absorption spectrum (250-500 nm) was collected after each 

addition of Pb2+ until ~2.5 molar equiv of Pb2+ had been added. EGTA (0.1 M stock, pH 
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7.0) was then back titrated into the Pb2+ saturated FII sample to compete with FII for 

Pb2+. To ensure that equilibrium had been reached with each addition, the cuvette was 

incubated at room temperature until the absorption spectrum ceased to change.  

HEDTA (20 mM stock solution) was also used as competitor in the Pb2+ titration. 

In this experiment, apo-FII (40-50 µM) was first mixed with one molar equivalent of 

HEDTA in a 1 mL cuvette in bis-Tris buffer, and the Pb2+ atomic absorption standard 

was added. In a separate set of experiments, apo-FII was titrated with Pb2+ until ~1.5 

molar equiv of Pb2+ had been added. HEDTA was then back titrated into the Pb-FII 

solution to compete with Pb2+.  

2.12 Analysis of metal-binding studies 

The fitting program GraFit 5 was used to analyze the metal binding affinities for 

direct Co2+/Cd2+ titration, Zn2+ back titration and EGTA/HEDTA competition titration for 

Co2+, where a 1:1 binding model was employed. For PAR competition, direct Pb2+ 

titration and EGTA/HEDTA competition, different models were created using 

FORTUNE to account for the formation of complexes between metals and apo-FII, 

competitors, and buffers. For each titration, the fitting results at different wavelengths 

were also checked to make certain that the fit qualitatively matches the experimental data. 

In each analysis, the apo-protein absorption spectrum was subtracted from all spectra 

obtained during the course of the titration. Furthermore, the exact concentrations of apo-

FII used in the titrations were adjusted based on the metal titration data curves. 

2.13 NMR measurements 

Samples of FII, apo-FII, and apo-FII were reconstituted with 1.2 molar equiv 

Co2+, Cd2+, Zn2+ and Pb2+ in 10 mM sodium phosphate buffer (pH 6.0), containing 50 
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mM NaCl, and 10% D2O (Sigma). The typical protein concentration was 150 µM.  NMR 

spectra were recorded at 25 °C using a 500 MHz Varian Inova spectrometer.  

2.14 Circular Dichroism  

Circular dichroism (CD) studies were conducted using a Jasco J-810 

spectropolarimeter (Jasco International Co., Ltd. Tokyo, Japan) equipped with a Jasco 

PFD-425S temperature control system. For the measurements, 1.2 molar equiv of Co2+, 

Cd2+ or Zn2+ reconstituted FII protein samples (10 µM) were prepared in 4 mM HEPES 

buffer (pH 7.0), 20 mM KCl. The Pb2+ reconstituted FII was prepared in 5 mM bis-Tris 

buffer (pH 7.0). CD spectra were recorded from 190 to 260 nm at 25 °C, using a 1 mm 

cell, a path length of 0.1 nm, a scan rate of 50 nm/min and a response time of 4 s. Spectra 

were smoothed, and baseline corrected by solvent subtraction before analysis. Each 

spectrum is the average of three accumulations. The recorded spectra in millidegrees of 

ellipticity (θ) were converted to mean residue ellipticity [θ] in deg·cm2/dmol·residue by 

the equation:  

 

A

r100
][

clN

M   

where c is the protein concentration in mg/mL, l is the path length in cm, Mr is the protein 

molecular weight, and NA is the number of amino acids in the protein (43, 44). The mean 

residue molecular weight of 112.3 was used for calculation.  

The recorded spectra were also analyzed using the Dichroweb server (45). 

Different algorithms including SELCON3 (46), CONTIN (47, 48), and CDSSTR (49) 

were used for the structure calculations. Reference data sets 4 and 7 (45) were used for 

our calculations. They contain secondary structure predictions based on ellipticity 
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readings from 190 to 240 nm, which are compatible with our reading wavelength range 

(49).  

2.15 PARP complementary assay 

The effect of metal binding on PARP activity was measured by the PARP 

complementary assays using trichloroacetic acid (TCA) precipitation. The PARP DNA 

binding domain protein, AB (0.5 µM), was incubated with the metal in a 10 or 100 molar 

equiv ratio at room temperature for 20 min before adding the catalytic domain CDEF (0.5 

µM) and 32P-NAD+ (0.1 µCi/reaction) in a reaction containing 4 mM MgCl2, 2 mM 

NAD+, 10 μg/mL CT-DNA, and 50 mM Tris•HCl (pH 8.0) with or without 2 mM DTT. 

The 200 μL assays in the test tubes were incubated at 25 C for 10 min, quenched with 2 

mL 10% ice-cold TCA and incubated on ice for 10 min. Samples were then filtered using 

GF/C filters (Millipore) pre-washed with 10% (w/v) TCA. Filters were washed twice 

with 10 mL 10% TCA, dried briefly under vacuum.  After drying, the bottom membrane 

of the filter plate was punched out and subjected to liquid scintillation counting to 

determine the amount of 32P-NAD+ incorporation into TCA-precipitated proteins.  

3. RESULTS 

3.1 Purification of AB and FII and the preparation of the apo-FII 

PARP-1 is a highly conserved, modular protein of 1,014 amino acids (Figure 2-2). 

Previous studies showed that the N-terminal 232 amino acids domain bearing two 

unusual zinc fingers is sufficient to direct specific binding of the whole PARP protein to 

the damaged DNA target (Figure 2-2) (50-53). In this study, the AB protein, and the 

single zinc finger sub domains, FI (amino acids 1-107) and FII (amino acids 108-218), 

are used as models to study the metal binding properties of the PARP zinc fingers. 

Proteins AB, FI and FII were overexpressed in E. coli and purified to near homogeneity 
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as judged by SDS-PAGE analysis (Figure 2-3 A). The apparent molecular masses of AB, 

FI and FII are consistent with the calculated values of 26.3 kDa, 12.2 kDa, and 12.8 kDa. 

These proteins are monomeric in solution according to gel filtration chromatography 

(data not shown).  

Equilibrium dialysis with a metal chelator was first applied to prepare the apo-

proteins. Surprisingly, it was found that exhaustive dialysis of the protein samples of AB, 

FI and FII against a Tricine buffer containing 1,10-phenanthroline (10 mM) for 36 h 

failed to completely remove Zn2+ from the sample. Subsequent studies showed that 

complete removal of Zn2+ requires denaturation using 8 M urea at the presence of 10 mM 

1,10-phenanthroline. This is followed by extensive dialysis against chelexed H2O. These 

results revealed that Zn2+ binding is very tight in these proteins.  

Protein samples of AB, FI and FII, together with the corresponding apo-proteins, 

were tested for their zinc-binding properties. As shown in Table 2-1, the zinc contents of 

the native AB, FI and FII determined by PAR assay and ICP-MS analysis were 2.0 ± 0.1, 

0.8 ± 0.1 and 0.9 ± 0.1, respectively, which are close to the theoretical numbers. The 

numbers of free thiols in the apo-AB, FI and FII also match well with the theoretical 

values. Clearly, the cysteines in the apo-proteins were predominantly in the reduced 

states.  
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Figure 2-2. Schematic representation of the domain structures of human PARP-1 and its 
constructs. AB protein contains the identified FI and FII zinc finger motifs. AB, FI and 
FII contain GH at the N-terminus from the TEV digestion of the original fusion proteins. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-3. Purification of AB, FI and FII. (A) SDS-PAGE of AB at different steps of 
purification. Lane 1, markers; lane 2, protein eluted from 1st Ni-NTA column without 
adding TEV protease; lane 3, protein after overnight TEV digestion; lane 4, protein flow-
through after 2nd Ni-NTA column; lane 5, protein purified after superdex FPLC. (B) 
SDS-PAGE of FI. (C) SDS-PAGE of FII. 
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Table 2-1. Zinc content and free thiol content of the purified AB, FI and FII and their 
apo-proteins 

 

 

 

 

 

3.2 Tetrahedral geometry of the Zn2+ site in FII of PARP-1  

The d7 Co2+ ion is an established spectroscopic probe for the spectroscopically 

silent d10 Zn2+ (54, 55), and therefore was used to examine the metal binding properties 

of PARP zinc fingers. It was found that apo-AB, which bears two PARP zinc fingers, 

binds more than two molar equivalents of Co2+ (data not shown). A close examination of 

the sequence, we found that the FI subunit of human PARP-1 contains an additional three 

His residues which are not 100% conserved in all the homologs. These extra His residues 

could also be possible ligands for metal binding. Indeed, apo-FI showed higher than 1:1 

stoichiometry for Co2+ titration (data not shown). To avoid such complication, apo-FII 

was chosen as the model peptide to study the metal binding properties of PARP-1 zinc 

fingers.  

The absorption spectra of the Co2+ titration of apo-FII is shown in Figure 2-4 A 

and B. The addition of Co2+ to the apo-FII led to changes of absorption bands in the near 

UV, visible and near-IR regions. Reconstituted Co-FII exhibits intense absorption bands 

around 330 nm, which is due to the S-Co2+ ligand-to-metal charge transfer (LMCT) 

transitions. Considering a typical extinction coefficient of Co2+ bound to a thiolate ligand 

Proteins Zn2+ content 
(mol/monomer) 

No. of free thiols per 
monomer (expected) 

AB 2.0 ± 0.1 n.a. 

FI 0.8 ± 0.1 n.a. 

FII 0.9 ± 0.1 n.a. 

apo AB n.d. 5.4 ± 0.2 (6) 

apo FI n.d. 2.7 ± 0.3 (3)  

apo-FII n.d. 2.8 ± 0.2 (3) 
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complex is 900-1300 M-1cm-1/thiolate ligand (56, 57), the estimated absorption 

coefficient, 4,020 M-1cm-1 at 330 nm, is consistent with the presence of three cysteine 

ligands in apo-FII. Additional bands in the 500-800 nm range are indictive of the 

coordination geometry; tetrahedral coordination gives a strong signal (ε > 300 M-1cm-1), 

whereas pentacoordinate and octahedral binding have much lower molar absorptivities 

(50 < ε < 225 M-1cm-1 and ε < 30 M-1cm-1, respectively) (58-61). In Figure 2-4A, an 

absorption envelope due to d-d transitions is also visible in the 550-750 nm region with 

the maximum absorption at 664 nm and two shoulders at around 625 nm and 695 nm. 

The large extinction coefficients (ε664=776 M-1cm-1, ε625=605 M-1cm-1, ε695=637 M-1cm-1) 

are hallmarks for tetrahedral coordination.  Unlike other CCHC zinc finger Co2+ UV-vis 

spectra, the d-d transition envelope observed in the Co-FII case is more broadened and 

not so sharp, indicating a distorted tetrahedral coordination. 

 

 

 

 

 

 

 

 
 
Figure 2-4. UV-vis absorption spectra for direct Co2+ titration of apo-FII. (A) UV-vis 
absorption spectra collected during a direct Co2+ titration of apo-FII (194.8 µM) in 20 
mM HEPES, pH 7.0, 100 mM NaCl at 25 °C. The inset presents the best fit (line) 
obtained using Grafit 5 for the direct Co2+ titration based on the change of absorption at 
664 nm.  Data fitting yields Ka ≥ 1×107 M-1. (B) The d-d ligand-field transition region of 
the spectra.  The absorption spectrum of the apo-protein was subtracted from each 
spectrum collected during the course of the metal –binding titration.  
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In vitro reconstitution of apo-FII with Co2+ yielded a tetrahedral coordinated Co-

FII. To assess the effects of Co2+ substitution on the structure of FII, FII was also 

expressed and purified as a blue-colored protein from cells grown on minimal media 

supplemented with cobalt instead of zinc (yield was ~18 mg of protein/L cell culture).  

As shown in Figure 2-5A, the UV-vis spectra of the minimal media Co-FII exhibits the 

LMCT and d-d transitions that are typical for a tetrahedral Co2+ coordination. Likewise, 

the in vitro reconstituted Co-FII gives absorptions comparable to that of the minimal 

media Co-FII (Figure 2-5 B). The minor difference may reflect the purity of the minimal 

media protein. 

 

 

 

 

 

 

 

 

 
 
 
Figure 2-5. Comparison of UV-vis absorption spectra of minimal medium Co-FII and 
reconstituted Co-FII. (A) UV-vis absorption spectra for Co-FII purified from cells grown 
on minimal medium supplemented with Co2+, designated here as “ minimal medium Co-
FII”. The Co-FII samples were 0.27 mM (dotted line), 0.55 mM (dashed line), and 1.09 
mM (solid line), respectively. Insert is the enlarged traces at wavelength between 500-
800 nm. (B) Comparison of the UV-vis absorption spectra for minimal medium Co-FII 
(dashed line) and in vitro reconstituted Co-FII (solid line).  
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3.3 Co2+ binding affinity and Zn2+ back-titration 

Binding of Co2+ to apo-FII saturates at about 1 molar equiv (Figure 2-4A inset), which 

implicates that zinc binding to FII also  in a 1:1 ratio. Since Co2+ binds too tightly to the 

apo-FII, it is difficult to obtain the binding constant from direct titration (Figure 2-4A 

insert). Hence, only the lower limit of the binding constant (Ka ≥ 1×107 M-1) can be 

estimated through this experiment. In order to obtain a quantitative measurement, an 

appropriate metal chelator must be present in excess over protein concentration to buffer 

very low concentrations of the free metal (8, 32, 35).  We used EGTA and HEDTA for 

this purpose. The results of the representative titrations are shown in Figure 2-6 A and B. 

Using expressions described in the experimental procedures,  Ka
Co was determined to be 

(1.0 ± 0.1) ×109 M-1 from two separate sets of experiments using both EGTA and 

HEDTA as competitors. 

 

 

 

 

 

 

 

 
 
Figure 2-6. Co2+ competition titration of apo-FII using EGTA (A) and HEDTA (B) as 
competitors. Anaerobic titrations were carried out in 20 mM HEPES, pH 7.0, 100 mM 
NaCl at 25 °C. For EGTA competition (A), 114 µM apoFII was titrated with Co2+ in the 
presence of 1 mM EGTA. For HEDTA competition (B), 115 µM apo-FII was titrated 
with Co2+ in the presence of 627 µM HEDTA. The solid lines represent a non-linear 
least-squares fit to a 1:1 binding model with Ka

Co = (1.0 ± 0.1) ×109 M-1 for both 
competitors. 
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A competition experiment was later carried out to estimate the binding affinity of 

apo-FII for the natural metal Zn2+. The apo-FII protein was first saturated with 120 molar 

equiv of Co2+, and then was back-titrated with ZnSO4. Even with such a large excess of 

Co2+ present, the intensity of the absorption bands attributable to the Co-FII complex 

gradually declined as Zn2+ was added to the protein solution (Figure 2-7A), indicating the 

CCHC metal binding site of FII possesses greater binding affinity for Zn2+ than for Co2+. 

Fitting these data to a simple competition model (5) reveals that the apparent affinity of 

apo-FII for Zn2+ is about 1309 ± 67 fold higher than that for Co2+, with a calculated Ka
Zn 

= (1.3 ± 0.1) ×1012 M-1. A similar trend between the affinity of metal sites for Zn2+ and 

Co2+ has been observed in other studies. The difference appears to be due to ligand-field 

stabilization energies which favor formation of the octahedral hexaaquo (free) Co2+ over 

tetrahedral (bound) high-spin Co2+ complexes (32, 62-64). 

 

 

 

 

 

 

 

 
 
 
Figure 2-7. Zn2+ back titration of Co2+ saturated FII. (A) UV-vis spectrum, and (B) data 
fitting of Zn2+ back titration of Co2+ saturated FII (123.8 µM). A total of 120 molar equiv. 
of Co2+ was present prior to the first addition of Zn2+. The solid line represents a non-
linear least-squares fit to the competition model with Ka

Zn /Ka
Co = 1309 ± 67. 
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3.4 Direct Cd2+ titration and Zn2+/Cd2+ competition  

Zn2+ is spectroscipically silent apart from X-ray and nuclear physical techniques. 

Besides Co2+,  zinc binding properties are often studied by Cd2+  replacement, because it 

has a closed d10 electronic shell and the same formal charge as Zn2+ (65). In these 

experiments, the formation of metal complexes with apo-FII was monitored using the 

ligand-to-metal charge-transfer (LMCT) bands for the Cd-S bond in the ultraviolet 

spectral window. To distinguish the metal-centered bands from the UV absorption of the 

rest of the peptide, difference spectra were taken by subtracting the background 

absorption of apo-FII in the absence of metal.  Shown in Figure 2-8 are the results of a 

representative anaerobic Cd2+ binding titration of apo-FII, with full UV absorption 

spectra. Formation of the Cd-FII complex results in a strong absorption band with a peak 

centered at ~234 nm and a molar absorptivity of ε234 = 24,583 M-1cm-1.  The intensity of 

the Cys-S-Cd2+ charge transfer band of Cd-FII which translates to a ε value of 8,194 M-

1cm-1 per Cys-S-Cd bond, is greater than the typical ε between 5500 and 6500 M-1cm-1 

for a Cys-S-Cd bond (66). The difference may reflect the distorted tetrahedral 

coordination of the unusual CCHC zinc finger in FII. Further experiments are needed to 

determine the geometry of the coordination. A nonlinear least-squares fit of the binding 

isotherms to a simple 1:1 metal binding model is shown in the Figure 2-8 inset, giving a 

lower limit for the apparent binding constant of Ka
Cd ≥ 1×107 M-1.  
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Figure 2-8.  Spectra of anaerobic Cd2+ titration of apo-FII. The apo-FII (19.6 µM) was 
titrated with Cd2+ stock solution in 20 mM HEPES, 100 mM KCl, pH 7.0 at 25 C. Full 
corrected UV-vis absorption spectra are shown. The inset shows the absorbance changes 
at 240 nm as a function of added Cd2+ concentration. The solid line represents the fit to a 
1:1 binding model that gives Ka

Cd ≥ 1.0×107 M-1. 

To test the relative metal binding affinities of FII for Zn2+ and Cd2+, we carried 

out the direct competition experiments between Cd2+ and Zn2+ using two methods, 

namely, Zn2+ back titration of Cd2+ saturated FII, and Cd2+ titration of holo-FII. In Figure 

2-9 A, apo-FII was reconstituted with ~1.3 equiv of Cd2+, and Zn2+ was added 

subsequently to compete with Cd2+ for the metal binding site. Following titration of apo-

FII with Cd2+ and Zn2+ back titration, the absorption spectra of the metal substituted FII, 

Cd-FII and Zn-FII, were compared to that of apo-FII. Cd-FII exhibited characteristic Cys-

S-Cd2+ charge-transfer transitions with a maximum at around 234 nm. Cd-FII and Zn-FII 

share the same absorption maximum at around 280 nm. The spectrum of apo-FII 

resembles that of native FII bound to Zn2+, Zn-FII, but with the absorption maximum 

blue shifted by 2 nm to 278 nm (Figure 2-9 A inset).  Zn2+ back titration resolved the 

ratio of the binding affinity for Zn2+ and Cd2+ at: Ka
Zn/ Ka

Cd =1.6  0.2 (Figure 2-9 B). In 

a separate experiment, Cd2+ was titrated directly to holo-FII (Figure 2-10 A and B). The 

results allowed that Cd2+ successfully competes with and replaces Zn2+ from the metal 

binding site, showing characteristic Cys-S-Cd2+ charge-transfer transitions with a 
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maximum at around 238 nm (Figure 2-10 B), similar to those observed above with the 

cadmium titration of apo-FII. The binding affinity ratio for Zn2+ and Cd2+ using this 

method gave the result of Ka
Zn/ Ka

Cd =1.4  0.1, which is in good agreement with the Zn2+ 

back titration result shown previously. 

 

 

 

 

 

 

 

 

 
Figure 2-9.  Zn2+ back titration of Cd2+ saturated FII. (A) Comparison of the absorption 
spectra of apo-FII (solid line), Cd2+ saturated FII (Cd-FII, dashed line) and Zn2+ back 
titrated Cd-FII (Zn-FII, dotted line). Inset is the enlarged absorption spectrum at around 
280 nm. (B) Nonlinear data fitting of Zn2+ back titration of Cd2+ saturated FII.  The 
titration was conducted in 20 mM HEPES, 100 mM KCl, pH 7.0 at 25 C. A value of 
Ka

Zn/ Ka
Cd =1.6  0.2 is deduced from the fitting. 
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Figure 2-10. Cd2+ titration of holo-FII. (A) Original UV-vis spectra and (B) corrected 
UV-vis spectra of Cd2+ titration of holo-FII.  In (A), the inset shows the absorbance 
changes at 240 nm as a function of added Cd2+ concentration. The solid line represents 
the fit to the competition model described in Experimental Procedures that gives the 
following parameter: Ka

Zn/ Ka
Cd =1.4  0.1. In (B), holo-FII spectrum was subtracted 

from each spectrum. The maximum absorption is around 238 nm. 
 

 

 

 

 

 

 

 
 
 
Figure 2-11.  Titration of apo-FII into PAR-Cd and PAR-Zn complex. Spectra of titration 
of 200 µM PAR and 10 µM Cd2+ (A) and 10 µM Zn2+ (B) with increasing concentration 
of apo-FII (0 - 15 µM) in 20 mM Hepes, 100 mM KCl, pH 7.0 at 25 C. Basal PAR 
spectrum was subtracted from each spectrum. Arrows indicate the direction of the change 
in the absorption spectrum as increasing amounts of apo-FII was added. The inset shows 
the absorbance changes at 500 nm as a function of added apo-FII concentration. The data 
were fitted to a model as described in Experimental Procedures that yields the following 
parameter: Ka

Cd = (1.2 ± 0.1) ×1012 M-1 and Ka
Zn = (2.0 ± 0.2) ×1012 M-1. 

3.5 Cd2+ and Zn2+ competition titration using PAR 
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quantitatively assay the binding affinity of apo-FII with Cd2+ and Zn2+ directly. PAR 
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constants for the formation of the Zn·PAR and Zn·PAR2 complexes are 4 × 106 and 5 × 

105 M-1, respectively (at pH 7.0, µ=0.1) (38). Therefore, the combined association 

constant of the overall Zn·PAR2 complex, KPAR
Zn, is 2 × 1012 M-2.  Similarly, the apparent 

association constant of Cd·PAR2, KPAR
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used to ensure Cd2+/ Zn2+ bound to PAR in a 2:1 form. The affinity of apo-FII for 

Cd2+/Zn2+ was calculated by monitoring the decrease in absorbance at 500 nm as apo-FII 

extracts Cd2+ /Zn2+from the Cd·PAR2 (Figure 2-11 A) complex or the Zn·PAR2 complex 

(Figure 2-11 B). Fitting of the data to the equations described in the Experimental 

Procedures resolved the apparent binding constant of apo-FII to Cd2+/Zn2+, Ka
Cd = (1.2 ± 

0.1) ×1012 M-1 and Ka
Zn = (2.0 ± 0.2) ×1012 M-1.  

3.6 Pb2+ optical spectrometry 

The absorption spectra for the Pb-FII complexes are shown in Figure 2-12 A and 

B, with intense bands appearing at 260 nm (ε260 = 15,835 M-1cm-1) and 338 nm (ε338 ~ 

4,082 M-1cm-1). These intense electronic transitions in the region of 250 – 400 nm arise 

from a combination of charge-transfer transitions (between mixed s and p orbitals with 

both Pb2+ and S-) and Pb2+ intraatomic transitions (Pb2+ 6s orbital to Pb2+ 6p orbital) (68). 

The binding titrations for apo-FII with Pb2+ revealed that the apparent binding 

stoichiometry is about 1:1 for Pb2+ and apo-FII monomer, with a lower limit for the 

binding constant of  Ka
Pb  ≥ 1.0 ×107 M-1 (Figure 2-12A inset). The chelator EGTA (Ka = 

1.14×109 M-1, pH 7.0) was employed as a competitor for Pb2+ binding. While EGTA was 

unable to extract Zn2+/Cd2+ from FII (results not shown), significant amounts of Pb2+ was 

released from the Pb2+ reconstituted FII under the same assay conditions, indicating that 

FII binds Pb2+ less tightly (Figure 2-13). Equilibrium was reached within a few minutes 

of incubation with each addition of EGTA.   
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Figure 2-12. Direct Pb2+ titration of the apo-FII. (A) UV-vis  absorption spectra and (B) 
Molar absorptivity for direct Pb2+ titration of the apo-FII. The inset represents the 
absorbance changes at 340 nm as a function of added Pb2+. The solid line represents the 
fit that gives Ka

Pb  ≥ 1.0 ×107 M-1. The spectrum of the apo-FII was subtracted from each 
spectrum. Titrations were conducted in 100 mM bis-Tris, pH 7.0. The concentration of 
apo-FII at the start of the titration is 21.2 µM. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-13. Original UV-vis absorption spectra for EGTA competition with Pb2+ 
saturated FII. The inset represents the absorbance changes at 340 nm as a function of 
added EGTA concentration. The fit (circle) to data (diamond) yields Ka

Pb  = (2.0   0.1) 
×109 M-1. Titrations were conducted in 100 mM bis-Tris, pH 7.0. The concentration of 
the apo-FII at the start of the titration is 45.5 µM. 
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3.7 Observation of metal induced folding of apo-FII using 1D 1H NMR and CD 

Given that Co2+, Cd2+ and Pb2+ can be incorporated into the CCHC metal 

binding site of FII, it is interesting to learn whether the metal binding alters the structure 

or dynamics of the protein. To address this question, apo-FII reconstituted with different 

metals was investigated using nuclear magnetic resonance (NMR) and circular dichroism 

spectroscopies. Figure 2-14 A-E compared the 1H 1D NMR spectra of holo-FII, apo-FII 

and Zn-, Cd-, and Pb-FII focusing on the amide proton and aromatic proton regions. In 

contrast to the folded structure of holo-FII (Figure 2-14 A), apo-FII has a random coil 

secondary structure (Figure 2-14 B), with a single peak  instead of spreaded dispersion 

arising from the Val, Ile, and Leu methyl groups at 0-1 ppm. The Zn- and Cd-FII spectra 

display the dispersion and complexity of proton resonances characteristic of discrete, 

folded conformations. Their spectra resemble that of the holo-FII. The Pb-FII spectrum 

shows indications of metal-ion binding including the broadening of the spectrum and the 

presence of some shifted resonances. However, comparison with the holo-FII spectrum 

suggests Pb2+ does not induce the proper folding of the finger. The 1H 1D NMR of Co-

FII shows a broadened spectrum (data not shown), due to the paramagnetic effect of Co2+ 

(69, 70).  

Circular Dichroism was also used to study the protein folding (Figure 2-15 A, B). 

The recorded spectra in millidegrees of ellipticity (θ) were converted to mean residue 

ellipticity [θ] in deg·cm2/dmol·residue.  In Figure 2-15A, CD spectrum of apo-FII is 

characterized by a minimum near 202 nm and a small shoulder minimum at around 225 

nm, indicating that the apo protein is largely unfolded, with a very small portion having 

α-helical structure. Changes in the CD spectra of apo-FII titrated with increasing 

concentration of Zn2+ are concentration-dependent. The molar residue ellipticity at 202 

nm decreases and shiftes to around 207 nm with the addition of Zn2+. A negative peak at 
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220 nm also appears, suggesting the formation of α-helical structure. A small band at 230 

nm is a characteristic feature of the β-sheet secondary structure in proteins. CD spectra of 

Zn2+ reconstituted FII became stable after 1.4 molar equivalent of Zn2+ was added. No 

obvious change is discernible upon addition of extra Zn2+. The Zn2+ reconstituted FII has 

the same secondary structure as that of holo-FII, judging by their superimposable CD 

spectra. Figure 2-15B shows the comparison of all the spectra of Zn2+, Co2+, Cd2+ and 

Pb2+ reconstituted FII. Whereas Cd2+ and Co2+ share a similar spectrum with those of Zn-

FII and holo-FII, the Pb2+ reconstituted FII exhibits much more significant differences. 

Godwin and coworkers suggested that Pb2+ typically binds in a three-coordinate Pb-S3 

mode in sulfur-rich sites, while Zn2+ prefers to bind in a four-coordinate mode (71). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2-14. 1D 1H NMR spectra of holo FII, apo-FII, and several FII metal complexes. 
(A) holo FII, (B) apo-FII, (C) Zn-FII, (D) Cd-FII, (E) Pb-FII. Conditions: 10 mM sodium 
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phosphate buffer (pH 6.0), 50 mM NaCl, 10% D2O, and typically 150 µM proteins. (C), 
(D), and (E) were prepared by reconstituting apo-FII with about 1.2 molar equiv of 
metals. NMR spectra were recorded at 25 C using a 500 MHz Varian Inova 
spectrometer.  

 

 

 

 

 

 

 

 

 

 
Figure 2-15. Secondary structure of apo-FII, holo-FII and metal reconstituted FII by far 
UV CD spectra. (A) Concentration-dependent CD spectra of Zn2+ reconstituted FII.  (B) 
CD spectra of holo-FII, apo-FII and Zn-, Co-, Cd- and Pb-reconstituted FII. Zn-, Co- and 
Cd-FII (10 µM) were in 4 mM HEPES buffer (pH 7.0), 20 mM KCl, and Pb-FII was 
prepared in 5 mM bis-Tris buffer (pH 7.0). Data were converted to mean residue 
ellipticity as described in experimental procedures. 
 

3.8 FII ligand substitution effect on the metal coordination. 
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-25000

-20000

-15000

-10000

-5000

0

5000

190 200 210 220 230 240 250 260

M
e

a
n

 R
e

s
id

u
e

 E
ll

ip
ti

c
it

y

Wavelength (nm)

apo FII

apo + 0.5 Zn

apo + 1.4 Zn

apo + 2.0 Zn

holo FII

-25000

-20000

-15000

-10000

-5000

0

5000

190 200 210 220 230 240 250 260

M
e

a
n

 R
e

s
id

u
e

 E
ll

ip
ti

c
it

y

Wavelength (nm)

apo FII

Zn-FII

Cd-FII

Co-FII

Pb-FII

holo FII

A B



 95

and 748 (ε602 =307 M-1cm-1, ε696= 460 M-1cm-1, ε748= 602 M-1cm-1) are indicative of a 

tetrahedral coordination with four sulfur ligands. In addition, the spectrum also shows 

additional alterations in the S- Co2+ ligand-to-metal charge-transfer region (λ ≤ 450 

nm). For example, this LMCT band becomes broader and additional absorbance maxima 

at 360 nm also appears. These observations are consistent with previously reported 

spectra changes due to the replacement of a non-thiolate with a thiolate ligand in model 

Co2+ coordination compounds (54). The full UV-vis spectrum of this non-native CCCC 

type PARP zinc finger is very similar to that of the native CCCC type of “long” zinc 

finger in XPA, which has the sequence of CX2CX17CX2C (20).  

 

 

 

 

 

 

 

 
Figure 2-16. Comparison of UV-vis absorption spectra of Co2+ reconstituted wild type 
FII (CCHC), FII-H159C (CCCC) and FII-C162H (CCHH).  About 100 µM apo-proteins 
were used for the reconstitution in 20 mM HEPES, pH 7.0, 100 mM NaCl at 25 °C. 
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spectra (Figure 2-17), the wild type CCHC and mutant CCCC exhibit very similar 

spectra, but the CCHH mutant shows a quite different spectrum with a negative 

maximum at around 202 nm. This confirms that the CCHH mutant is much less 

structured. 

 

 

 

 

 

 

 

 
Figure 2-17. CD spectra of wild type FII, and mutants FII-H159C (CCCC) and FII-
C162H (CCHH). Protein samples (10 µM) were prepared in 4 mM HEPES buffer (pH 
7.0), 20 mM KCl. The spectra were recorded at 25 °C. 
 

3.9 The effect on poly(ADP-ribosyl)ation activity by xenobiotic metals 

A PARP complementary assay was developed to measure the effect of the metal 

compounds on the PARP activity. Metals were pre-incubated with the zinc finger protein, 
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group of methionine, amino and carboxyl groups, as well as carbonyl groups of the 

protein backbone (72, 73). Therefore, it is possible that excess Cd2+ could interact with 

PARP zinc fingers or even other domains through these types of interactions.  Pb2+ does 

not form a canonical zinc finger conformation. So, it seems likely that when Pb competes 

with Zn for binding to the PARP zinc finger, it grossly alters the protein’s conformation, 

thereby decreasing the PARP activity. Co2+ binding affinity is about 1000 fold less than 

Zn2+, and the Co-FII shows similar folding as the native zinc finger. Consistent with this 

observation, no large decrease on PARP activity was observed for the Co-FII complex.  

 

 

 

 

 

 

 

 

 
 
Figure 2-18. Effects of Zn2+, Cd2+, Co2+ and Pb2+ on the PARP activity. Protein AB (0.5 
µM) was pre-incubated with the respective metal compounds at 5 and 50 µM in the 
PARP assay buffer (50 mM Tris•HCl, pH 8.0, 4 mM MgCl2) for 20 min at room 
temperature before adding the catalytic domain CDEF (0.5 µM), calf thymus DNA (10 
µg/mL), 2 mM NAD+ and 32P-NAD+ (0.1 µCi/reaction). (A) No DTT was included. (B) 2 
mM DTT was added.  1, CDEF + DNA; 2, AB+CDEF; 3, AB+CDEF+DNA; 4-11, 
AB+CDEF+DNA+ metals listed in the figures. Two concentrations 5 µM  and 50 µM 
were used in sequence. 
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possible cause for metal toxicity. It is possible that the addition of histidine residues in 

the zinc fingers could also bind Zn2+ causing conformational change of the whole protein. 

In contrast to the metal interference, DTT could largely protect the deleterious effect of 

the metals as shown in Figure 2-18B. When 2 mM DTT was added, only a minor 

decrease in activity was observed on addition of 100 equivalents of Pb2+, but not for other 

metals.  There is accumulating evidence for zinc binding structures being sensitive targets 

for toxic metal compounds. However, whether or not zinc binding proteins are indeed 

inhibited and if so by what mechanism depends on the specific interaction of the metal 

ion with the given protein. 

4. DISCUSSION 

PARP-1 consists of two unusually long zinc finger-like motifs of the form 

CX2CX28/30HX2C.  Similar zinc fingers are also present at the N-terminus of two other 

DNA repair enzymes, DNA ligase IIIα and 3’-phosphoesterase AtZDP.  Unlike the 

classical zinc finger proteins, which have been extensively studied, little has been done 

on these unusual zinc motifs. It is of interest to learn how metal ions is incorporated into 

the apo protein and induces the correct folding of the PARP fingers. In this study, we 

investigated the binding properties of various divalent metal ions to the zinc finger. Our 

results represent the first detailed studies of metal binding to the unusual PARP-like zinc 

fingers.  

4.1 FII binds metal ions in tetrahedral coordination  

The full length of the two PARP zinc fingers were selected as the model protein 

to study metal binding. A few surprising observations were made. First, we found that the 

stoichiometry of Co2+ to apo-AB is greater than 2. This may be ascribed to nonspecific 

binding of Co2+ to the extra histidine residues in the first zinc finger and/or binding 
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outside the zinc finger motif. Second, 1H 1D NMR showed that Zn2+ binding failed to 

induce the correct folding of apo-AB (data not shown). It is thus likely that the correct 

folding of the two zinc fingers of PARP-1 in vivo may be a cooperative process that 

requires other factors.  The second zinc finger of PARP-1 was found to be more 

important for DNA damage recognition (unpublished data), and apo-FII was shown to be 

saturated by 1 equivalent of Co2+ or Cd2+ without additional spectral change upon 

titration with 20-200 molar excess of metal ion.  

Finally, FII was chosen as the model peptide to study the metal binding properties 

of PARP-1. Since the Zn2+ ion has a 3d10 electronic configuration, which seriously limits 

spectroscopic studies, Co2+ was utilized as an alternative probe to determine the affinity 

of both Co2+ and Zn2+ towards the CCHC metal binding site of FII of PARP-1. When 

Co2+ was titrated into apo-FII, the absorption spectra of the resulting metal-protein 

solution (Figure 2-4) indicated that Co2+ is indeed a suitable spectroscopic probe for our 

studies. The absorption of Co2+ d-d transitions in the 550-750 nm region, and the 

positions of the three ligand-field absorption bands (625, 664, and 695 nm) strongly 

suggest that each Co2+ ion is coordinated by three Cys residues (13, 54, 74). The Co-FII 

protein purified from minimal media supplemented exclusively with Co2+ exhibits similar 

Co2+ d-d absorption as that of in vitro reconstituted Co-FII (Figure 2-5), confirming that 

the complex formed by in vitro Co2+ titration resembles that of “in vivo” incorporation. 

However, the observed d-d transition absorption envelope is more broadened than other 

classical CCHC zinc fingers. This could be attributed to a greater distortion from the 

tetrahedral geometry typical for a CCHC coordination site.  Similar Co2+ d-d transitions 

have been observed in gp32 protein, which employs a HCCC metal ligand donor set 

(His64-X12-Cys77-X9-Cys87-X2-Cys90) to bind Zn2+ in the ssDNA-binding core domain of 

the protein (32).  
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To gain further evidence for the tetrahedral metal coordination in FII, ligand 

substitution experiments (Figure 2-16) were carried out to study Co2+ binding to FII in 

the mutant zinc fingers CCCC and CCHH. In the CCCC mutant zinc finger, the ligand-

field absorption envelope expands to 550-800 nm with clear absorption bands at 600, 696 

and 748 nm, indictive of the Co2+ coordination with four cysteine residues (54, 74). The 

observed red-shift of the absorption of the d-d electronic transitions for the CCCC zinc 

finger as compared to those of CCHC zinc finger can be ascribed to a weaker ligand field 

generated by a thiolate ligand than an imidazole ligand (74-76). When cysteine residues 

are substituted for histidine residues at the metal coordination site, ∆t, the splitting 

between the e and the t2 orbitals in a tetrahedral Co2+ complex, decreases, so as the 

energies of the ligand-field transitions (74-76). Consequently, the CCHH mutant could 

not incorporate Co2+ as efficiently as the wild-type and CCCC mutant (Figure 2-16). 

4.2 FII is a remarkably tight metal binding zinc finger 

The most striking property of the PARP-1 zinc finger FII is its extremely high 

affinity for Zn2+ (Ka
Zn = (2.0 ± 0.2) × 1012 M-1, Table 2-2). Table 2-3 summarizes the 

metal binding affinities of various zinc fingers. The log values of apparent Zn2+ binding 

constants span several orders of magnitude,  ranging from a lower value of 8.0 for the 

second finger in TFIIIA (6) to 13.6 for finger in in the control of mom (COM) protein 

(77), and 17.4 for the finger in the heat shock protein Hsp33 (78). Our PARP-1 FII 

protein has one of the greatest metal binding constant among all the zinc fingers. 

Although it is rare, there indeed exist zinc binding proteins showing 

picomolar/femtomolar dissociation constants, such as NCp7 (9, 11), NCp10 (8), COM 

(77), ATCase (79), thermolysin (80), and ZntR (81) (Table 2-4). Overall PARP-1 FII 

represents a new type zinc binding protein with a novel βββα motif and sub-picomolar 

binding affinity. 
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Table 2-2. Association constants for the binding of different metal ions to FII 
 

Metals Ka, M
-1 Titration methods Data source 

 
Co2+ 

 
≥ 1.0 ×107  
(1.0 ± 0.1) ×109 
 

Direct titration 
EGTA/HEDTA competition titration 

 
Figure 2-3 
Figure 2-5 

 
Cd2+ 

 
≥ 1.0 ×107  
(1.2 ± 0.1) ×1012  
 

Direct titration 
PAR competition titration 

 
Figure 2-7 
Figure 2-10 A 

 
Pb2+ 

 
≥ 1.0 ×107  
(2.0   0.1) ×109 
 

Direct titration 
EGTA back titration 

 
Figure 2-11 
Figure 2-12 

 
Zn2+ 

 
Ka

Zn /Ka
Co = 1309 ± 67 

Ka
Zn/ Ka

Cd =1.6  0.2 
Ka

Zn/ Ka
Cd =1.4  0.1 

(2.0 ± 0.2) ×1012 
 

Zn2+ back titration of Co-FII 
Zn2+ back titration of Cd-FII 
Cd2+ competition titration against holo FII 
PAR competition titration 

 
Figure 2-6 
Figure 2-8 
Figure 2-9 
Figure 2-10 B 
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Table 2-3. Conditional association constants for Zn2+, Co2+, Cd2+ and Pb2+ binding with 
zinc finger proteins (values are reported as the base-10 logarithms) 
 

Zinc fingers 
Log 
Ka

Zn 
Log 
Ka

Co 
Log 
Ka

Cd 
Log 
Ka

Pb 
pH Ref 

CCHH    

CP1 (CCHH) 11.2 7.2 8.7 7.0 (74) 
SP1-3 9.2 6.5 7.0 (82) 
TFIIIA  8.0 5.6 7.0 (6) 
TFIIIA-ZF 8.5 5.4 7.0 (5) 
TFIIIA-ZF3 8.0 7.7 7.4 (7) 
Ant-F 7.9 4.3 7.5 (83) 
CCHC, CCCH    

CP1 (CCHC) 11.5 7.2 11.2 10.1 7.0 (42, 74)
Fw 11.7 7.5 (84) 
Rauscher NC peptide 9.2 7.0 (85) 
Rauscher NC protein 12.0 7.0 (85) 
NZF-1 9.9 7.0 (86) 
NCp7(35-50) 12.5 7.5 (11) 
NCp7(34-51) 13.2 7.5 (9) 
NCp10 13.1 7.5 (8) 
HIV NCp 10-11 7-8 7.0, 8.0 (10, 12, 13)
BRCA1 RING 2  6.8/5.1 7.0 (87) 
PARP FII 12.3 9.0 12.1 9.3 7.0 This study
Nup475 9.7 5.7 7.0 (88) 

CCCC   

CP1 (CCCC) 12.0 6.5 13.4 13.4 7.0 (42, 74)
GATA 10.3 7.0 9.8 7.0 (14, 15)
hERα-DBD, k1/k2 10/9.3 6.7/6.2 7.1 (64) 
GR-DBD, k1/k2 9.7/ 9.5 6.4/ 6.8 7.1 (64) 
COM 13.6 7.0 (77) 
BRCA1 RING1  7.5 7.0 (87) 
XPAzf 9.8 7.8 7.4 (19, 20)
Hsp33 17.4 7.5 (78) 
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   Table 2-4. Comparison of zinc proteins showing extremely tight zinc binding properties 
 

Protein LogKa pH Ref 

Zinc finger proteins 
PARP FII 12.3 ± 0.1 7.0 This study 
CP-1 11.2 7.0 (62, 74) 
CP-1 (H24C, H20C) 11.5-12.0 7.0 (62, 74) 
Fw 11.7 7.5 (84) 
Gp32 11.5 7.5 (32) 
Hsp33 17.4 7.5 (78) 
NCp7 12.5-15.0 7.0, 7.5 (9, 10) 
NCp10 13.1 7.5 (8, 89) 
COM 13.6 7.0 (77) 
Non-zinc finger protein 
ATCase 12.1 7.0 (79) 
Carbonic anhydrase 11.4 7.0 (90, 91) 
Glycoxalase 10.9 8.5 (92) 
Metallothionein 11.3 7.4 (93, 94) 
SmtB < 11.0 7.4 (33) 
Thermolysin 12.6 7.5 (80) 
ZntR 14.8 7.0 (81) 
ZntR (dsDNA) 15.2 8.0 (81) 

Many of the biochemical properties of FII of PARP-1 can be related to its tight 

metal binding capacity. For instance, equilibrium dialysis of holo-FII using metal 

chelator 1,10-phenanthroline alone cannot fully remove zinc from the protein. 

Determination of the Zn2+ binding constant of FII was achieved using several methods 

such as back titration of Co-FII (Figure 2-6) and Cd-FII (Figure 2-8) with Zn2+, back 

titration of holo-FII with Cd2+, and competition titration with PAR (Figure 2-10B), which 

all yield similar binding constants. A cursory analysis of the kinetic aspects of the Zn2+ 

binding to FII suggests that the mechanism of metal binding and dissociation (kon/koff = 

Ka) is not straightforward. Assuming that the “on rate” is diffusion-limited or slower (i.e., 

kon < 109 M-1s-1) (95), an upper limit for the “off rate”, koff = kon/Ka = 10-3.3 s-1, can be 

deduced based on the Ka
Zn value of 1012.3 M-1s-1. Thus, an estimated minimum half-life 

time (t1/2 = ln2/koff) for the release of zinc is 23 min. We observed that the chelator, 1, 10-
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phenanthroline, could not fully remove Zn2+ from the holo-protein after 36 h of dialysis. 

This indicates that the process may be under kinetic control. In a similar manner, we 

could not use HEDTA to extract Co2+ from Co-FII because equilibration takes hours, and 

apo-FII becomes unstable before equilibrium is reached. 

In this study, we take advantage of the high specificity and affinity of 

EGTA/HEDTA for Zn2+/Cd2+/Pb2+ to use them as sink for free Zn2+/ Cd2+/Pb2+ in the 

equilibrium competition assays. Both EGTA competition and HEDTA competition gave 

the same apparent binding affinity of Co2+ toward apo-FII (Ka
Co = (1.0  0.1) × 109 M-1). 

Although the binding affinity of Co2+ to FII is much tighter than to other zinc fingers  

(Table 2-3), binding of Co2+ is still less favorable than binding of  Zn2+ to apo-FII (Ka
Zn/ 

Ka
Co =1309  67). This is consistent with the differences in ligand-field-splitting 

stablilization energies between the two metals (5, 96). Unlike Co2+, Cd2+ shows 

comparable binding affinity toward FII of PARP-1, with a ratio of Ka
Zn/ Ka

Cd =1.4  0.1 

(Table 2-2). Pb2+, one of the most common metal pollutants, binds to apo-FII with a 

similar affinity as Co2+ (Ka
Pb = (2.0  0.1) × 109 M-1, Figure 2-12, Table 2-2). 

4.3 Metal-coupled folding of FII 

Binding of Zn2+ to a typical zinc finger protein can stabilize three β strands and 

one α helix. However, the unusually long sequence in between the metal binding ligands 

of FII (CX2CX28/30HX2C) raises the question as to whether binding with Zn2+ or other 

xenobiotic metals could induce the correct folding of FII in PARP-1 protein. To address 

this question, 1H 1D NMR and CD were both used to investigate the folding of Zn2+, 

Co2+, Cd2+ and Pb2+ reconstituted FII. It was found that the NMR spectra (Figure 2-14) of 

both Zn-FII and Cd-FII resemble that of holo-FII, while Pb-FII looks more like apo-FII 

with some partial folding. The CD results (Figure 2-15) showed that continuous addition 

of Zn2+ induces the gradual folding of apo-FII until a final state is achieved that is very 
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similar to native holo-FII. Since Cd2+ and Zn2+ share a number of metal coordination 

properties, it binds to the CCHC site in similar geometries as indicated by the similar CD 

spectra of Cd-FII and Zn-FII. Co-FII is also very similar, though the latter two show 

slight disparity when compared to those of Zn-FII and holo-FII. It is clear that connect 

folding is strongly coupled with the binding of metals, and thus establishing a critical role 

of zinc binding on the folding of the PARP zinc finger. 

Binding with Pb2+, on the other hand, gives a quite different CD spectrum. 

Previous work by Godwin and co-workers had shown that while Pb2+ binds very tightly 

(logKa > 12) to cysteine-rich structural zinc-binding sites, Pb2+ does not stabilize the 

properly folded form of the protein (42). Even though many reports have proposed Pb2+-

S4 as a preferred coordination mode for lead, Godwin and co-workers used X-ray 

absorption spectroscopy to show that Pb2+ prefers to avoid four-coordination in the 

sulfur-rich sites, but binds in a trigonal pyramidal Pb2+-S3 or Pb2+-S5-8 manner (71).  This 

Pb2+ coordination is in dramatic contrast to the four-coordinate binding of Zn2+ in the 

proteins. Such metal-dependent variation of coordination geometry apparently also exist 

in PARP-like zinc fingers, as Pb-FII shows quite different NMR and CD spectra. Thus, 

the titration stoichiometry of 1:1 for Pb2+ to apo-FII may be resulted from a Pb2+-S3 

trigonal pyramidal binding complex. Further metal binding studies using concensus 

peptides showed that the binding affinities of Pb2+ to thiol-rich sites, Ka
Pb, have a great 

dependence on the number and position of metal binding Cys residues. However, all the 

canonical Zn2+ finger coordination motifs (Cys4, Cys3His, Cys2His2) lead to similar Ka 

values at physiological pH, despite the fact that the Cys thiolate is a better ligand for Zn2+ 

than a His imidazole (97).  
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4.4 DNA repair system and carcinogenic metals 

Zinc finger motifs are widespread in the proteome, with  about 3% of genes 

identified in the human genome encoding proteins containing such motifs (98). 

Numerous proteins involved in DNA repair possess zinc finger motifs. Besides PARP-1, 

examples from the human  proteome include XPA and RPA, both of which are DNA 

damage recognition proteins of the NER pathway, each having a single CCCC zinc finger 

domain (99). The tumor suppressor p53, with a CHCC zinc finger domain (100) that 

participates in NER and multiple functions in cell cycle control, the breast and ovarian 

cancer susceptibility factor, BRCA1, required for transcription-coupled repair and 

contains a RING motif (101), are two other well documented examples.   

Even though not mutagenic, carcinogenic metals have been shown to inhibit NER 

and BER at low, non-cytotoxic concentrations. The first repair protein being studied 

systematically was XPA, which was shown based on a cell free assay to be inhibited 

upon binding to Cd2+, Co2+, Ni2+ and Cu2+ (23). Parallel experiments with Fpg, a bacterial 

BER protein that also possesses a single Cys4 zinc finger, showed a different reactivity 

pattern with inhibition by Hg2+, Cd2+, and Cu2+/Cu+, and the lack of effect by other ions 

tested. These experiments demonstrated that similar zinc finger domains may have 

entirely different reactivities toward different metal ions. The proposed modes of zinc 

finger damage by toxic metals include isostructural substitution, substitution with altered 

geometry, mixed complex formation, and catalysis of thiol oxidation (102). 

PARP activity in intact HeLa cells had been reported to be inhibited by Ni2+, 

Co2+, Cd2+, Cu2+ and As3+, but not by Pb2+ and Hg2+ (24). This study presents the first 

biochemical study of the Zn2+, Cd2+, Co2+ and Pb2+ binding properties of the unusual zinc 

fingers in PARP-1. The apparent binding affinity of Cd2+ (Ka
Cd = (1.2 ± 0.1) ×1012 M-1) is 

very close to that of Zn2+ ( Ka
Zn = (2.0 ± 0.2) ×1012 M-1) (Table 2-2).  As expected, in the 



 107

PARP activity assay (Figure 2-18A), 100 equv of Cd2+ was observed to inhibit the PARP 

activity significantly. The apparent binding affinity of Co2+ for PARP FII was determined 

to be about 1.3 × 103 fold less than that of Zn2+. Consequently, we only observed a small 

inhibition of PARP activity by Co2+ at 100 equiv concentration. Pb2+, which has similar 

binding affinity as Co2+, could inhibit the PARP activity by ~35% at 100 equv 

concentration.  Indeed, based on the binding affinities, a 100 molar equiv excess of Pb2+ 

would cause 27% of holo-FII to be converted to Pb-FII. The reduction of activity might 

be a result of alteration of geometry due to Pb2+-S3 coordination instead of a tetrahedral 

coordination. While the inhibition effect of the toxic metals, Cd2+, Co2+ and Pb2+, could 

all be explained by conformational change/incorrect folding due to metal substitution, it 

was a surprise to observe an inhibition effect of Zn2+ on the PARP activity. This may be 

caused by mixed complex formation to the extra His residues in the zinc fingers, or 

maybe even in other domains. Further experiments are needed to verify these 

possibilities. Interestingly, we did not observe any inhibition of Zn2+, Cd2+ or Co2+ for 

PARP activity when 2 mM DTT was present. The protective effect of free thiols confirms 

that both thiols in Cys and imidazoles in His can be metal binding ligands. 
 

In summary, we investigated the binding properties of various divalent metal ions 

to the zinc finger of PARP-1 using the second zinc finger (FII) as a model. Detailed 

analysis of metal-protein binding such as those demonstrated here is critical to study the 

mechanism of PARP mediated DNA repair. The results should also be useful for future 

design of novel metalloprotein, and our understanding of metal-induced protein folding, 

and metal-ion trafficking. Furthermore, the extremely tight metal binding affinity of FII 

toward different metal ions may be beneficial for the design of specific chemosensors. 
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Chapter 3. PARP Zinc Fingers are Differentially Required for Damage 
Recognition 

1. INTRODUCTION 

Poly(ADP-ribose) polymerase-1 (PARP-1; EC 2.4.2.30) is a zinc-finger 

containing DNA-binding protein that detects DNA strand breaks generated directly or 

indirectly by genotoxic agents (1). In response to these breaks, PARP-1 catalyzes 

poly(ADP-ribosyl)ation of nuclear proteins involved in various aspects of DNA 

metabolism, thereby converting DNA damage into intracellular signals that can activate 

DNA repair programs or cell death options. PARP-1 (113 kDa) is a highly conserved 

multifunctional enzyme. Its modular structure consists of three distinct regions: (1) the N-

terminal DNA binding domain (46 kDa), which bears two usually long zinc fingers of the 

form CX2CX28/30HX2C and a newly identified third zinc finger that has a novel zinc-

ribbon motif (2, 3), (2) the central automodification domain (22 kDa) which contains a 

BRCT motif for protein-protein interactions,  and (3) a C-terminal catalytic domain (54 

kDa) involved in poly(ADP-ribose) (PAR) synthesis.  

The poly(ADP-ribosyl)ation reaction is a unique post-translational modification 

involved in many cellular processes including DNA repair, transcriptional control, 

genomic stability, and cell death. The involvement of PARP-1 in base excision repair 

(BER) and single strand break repair (SSBR) had been investigated using the PARP 

inhibitor 3-aminobenzamide (4, 5). Studies using antisense RNA, dominant negative 

inhibition, or PARP-1 knockout animals provided further evidence for a role of PARP-1 

in DNA repair (4, 6, 7). The enzymatic activity of PARP-1 is stimulated more than 500-

fold upon binding to DNA strand breaks, and DNA binding has been shown to be 

mediated by the two N-terminal zinc finger motifs. The unusual PARP-like zinc finger 
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also exists in two other homologous proteins - mammalian DNA ligase III and plant 

DNA 3’-phosphatases (AtZDP), which contain one and three of these zinc fingers, 

respectively. These three enzymes are all involved in the repair of single-strand DNA 

breaks. In contrast to all other known zinc finger-DNA interactions, the features 

recognized by these PARP-like zinc fingers are thought to depend more on the three-

dimensional structure of the DNA lesion rather than on nucleotide sequence. While the 

exact roles of the fingers in each of these enzymes are still not clear, one possible 

function for the ligase III and AtZDP fingers may be to facilitate the repair of strand 

breaks by binding to nearby DNA secondary structures (8, 9). However, besides the zinc 

fingers, the active site of the catalytic domains in DNA ligase III and AtZDP can also 

bind damaged DNA (nicked and 3’-blocked, respectively) (10-13)). 

Although the role of the zinc fingers in PARP-1 has been described as a molecular 

nick-sensor (14-17), PARP-binding targets are not limited to nicked DNA. The protein 

also binds double strand ends (18) and distorted DNA structures such as overhangs (19, 

20), cruciform DNA (21-24), hairpin DNA and DNA loop (21). Despite the recognition 

that PARP catalytic activity is sensitive to the structure of the DNA activator that it binds, 

a systematic and quantitative correlation between DNA binding and PARP activation has 

not yet been performed. Very recently, Percudani and coworkers (25) evaluated the 

recognition of various DNA structures by PARP-like zinc fingers, but their efforts were 

limited to filter binding assays on four types of DNA lesions, and no quantitative data 

was provided.  In order to better understand how PARP-1 activity is regulated by the 

various DNA lesions that can be encountered in living cells, a more thorough 

investigation of its mechanism of DNA recognition is needed. 

In this study, we will address the following questions regarding DNA damage 

recognition by PARP-1: (1) What is the minimal DNA binding recognition motif? (2) 
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What is the specific role for each zinc finger? (3) How is DNA binding related to poly 

(ADP-ribosyl)ation activity? (4) What are the substrate specificity and the putative 

binding modes of the PARP protein?  The present work aims to characterize the DNA 

binding activity of different zinc finger domains and to elucidate how the PARP zinc 

fingers sense DNA damage to initiate poly(ADP-ribosyl)ation.  

2. EXPERIMENTAL PROCEDURES 

2.1 Cloning of zinc finger constructs 

Tag-free ABC and AB were cloned into a modified pMAL expression vector 

(MalE/pET) at the NdeI and XhoI restriction sites by a former lab member, Dr. Peng Gao 

(26). The modified vector (MalE/pET) was generated by replacing the factor Xa protease 

recognition site with that of tobacco etch virus (TEV) protease and inserting a sequence 

that encodes a decahistidine (H10) tag before the TEV protease recognition site. The AB 

expressed from this vector is thus a fusion protein that has maltose-binding protein 

(MBP) fused at the N-terminus with an intervening H10-tag followed by a TEV protease 

digestion site. After treatment with TEV protease, the ABC and AB constructs have 

molecular weights of 42.1 kDa and 26.3 kDa, respectively. The two proteins contain 375 

and 232 amino acids, respectively, plus two additional amino acids, GH, after TEV 

digestion at the N-terminus. 

FI, FII and FIIT were subcloned from the AB-MalE/pET plasmid using PCR. A 

methionine was added to the N-terminus of FII for expression purpose. The sequences of 

the forward and reverse primers used for FI are FI-1, 5'-

CGCGCCATATGGCGGAGTCTTCG-3' and FI-2, 5'-

CCGGCTCGAGTTACTCTGCCTTGCTACC-3', respectively. The forward and reverse 

primers for FII are FII-1, 5'-CGCGCCATATGAAGACTCTGGGTGAC-3' and FII-2, 5'-
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CCGGCTCGAGTTATTCATCCACTCCATC-3', respectively. The primers for FIIT are 

FII-1, 5'-CGCGCCATATGAAGACTCTGGGTGAC-3' and FIIT-2, 5'-

CCGGCTCGAGTTAACTATCCTTGTC-3'. The imbedded NdeI and XhoI digestion 

sites are underlined. PCR products were digested with NdeI/XhoI and subcloned into the 

correspondingly digested MalE/pET vector. Similar to AB, FI, FII and FIIT expressed 

from this vector are fusion proteins that have MBP at the N-terminus with an intervening 

His10-tag followed by a TEV digestion site. After TEV protease digestion, the FI, FII 

and FIIT proteins have molecular weights of 12.2 kDa, 12.8 kDa and 14.4 kDa, 

respectively. The FI protein contains amino acids 1-107 from AB, the FII protein 

contains amino acids 108-218 from AB, and FIIT has additional 14 amino acids at the C-

terminus of FII. All proteins contain an additional GH resulting from the TEV digestion. 

ABnoNLS, FI-hyb, FII-hyb and FIIC were cloned from the AB-MalE/pET 

plasmid by deletion mutagenesis PCR. Primers used are as follows; the primer sequences 

from the N-terminus of the deletion sites are in regular font, and the sequences from the 

C-terminus of the deletion sites are in italic and underlined.  

ABnoNLS-1, 5'-GGAGTCAAGAGTGAAGGATAACTCGAGCCACC-3' 

ABnoNLS-2, 5'-GGTGGCTCGAGTTATCCTTCACTCTTGACTCC-3'  

FI-hyb1, 5'-GTCCCACACTGGTACCATCCAGGCTGCTTTGTC-3' 

FI-hyb2, 5'-GACAAAGCAGCCTGGATGGTACCAGTGTGGGAC-3'  

FII-hyb1, 5'-CGCCTCTTGCAAGAAATGCATGGAGAAGATAGAAAAGGG-3'  

FII-hyb2, 5'-CCCTTTTCTATCTTCTCCATGCATTTCTTGCAAGAGGCG-3' 

FIIC1, 5'-GTATTTTCAGGGACATATGAAGACTCTGGGTGACTTTGC-3' 

FIIC2, 5'-GCAAAGTCACCCAGAGTCTTCATATGTCCCTGAAAATAC-3' 
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FI-M, FII-M, FIIT-H159C and FIIT-C162H were also cloned from AB-MalE/pET 

plasmid using mutation mutagenesis PCR and the following primers. The sequences that 

are mutated are underlined. 

FI-M1, 5'-GCGGGCGCGCCTCTGCCAAGAAAGCCAGCGAGAGCATCCCC-3'  

FI-M2, 5'-GGGGATGCTCTCGCTGGCTTTCTTGGCAGAGGCGCGCCCGC-3' 

FII-M1, 5'-GTCCAACAGAAGTACGGCCAAGGGGGCTATGGAGAAGATAGAA-3' 

FII-M2, 5'-TTCTATCTTCTCCATAGCCCCCTTGGCCGTACTTCTGTTGGAC-3' 

FII-H159C-1, 5'-GGCATGATTGACCGCTGGTACTGTCCAGGCTGCTTTGTC-3' 

FII-H159C-2, 5'-GACAAAGCAGCCTGGACAGTACCAGCGGTCAATCATGCC-3' 

FIIT-C162H-1, 5'-GCTGGTACCATCCAGGCCACTTTGTCAAGAACAGGGAGG-3' 

FIIT-C162H-2, 5'-CCTCCCTGTTCTTGACAAAGTGGCCTGGATGGTACCAGC-3' 

2.2 Protein expression and purification 

Proteins ABC, AB, ABnoNLS, FIIC, FI, FII, FI-hyb, FII-hyb, FI-M, FII-M, FIIT-

H159C and FIIT-C162H were expressed using E. coli BL21-CodonPlus(DE3)-RP 

(Stratagene). Fresh transformants were incubated overnight at 37 C on plates containing 

chloramphenicol (35 µg/mL) and kanamycin (50 µg/mL). Single colonies were picked 

and transferred to 10 mL of Luria-Bertani (LB) media supplemented with kanamycin (50 

µg/mL) and incubated overnight at 37 C. Overnight cultures were used to inoculate 6 L 

of LB media containing kanamycin (50 µg/mL) and grown at 37 C until the OD600 

reached 0.6. Expression of the recombinant PARP-1 fusion protein was induced with 

isopropyl β-D-thiogalactoside (IPTG) at a final concentration of 0.2 mM. Cells were 

allowed to grow for an additional 14 h at 18 C before harvesting by centrifugation at 

6000 g for 10 min. Cells were stored at -80 C before use. 

Cells were thawed and resuspended in high salt lysis buffer (50 mM HEPES, pH 

7.5, 1 M NaCl, 10 mM imidazole, 10% glycerol, 1 mM β-mercaptoethanol) and were 
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sonicated. Insoluble cellular debris was pelleted by centrifugation at 12,000 g for 30 min 

at 4 C, and the supernatant was incubated with 10 mL of Ni-NTA resin (Qiagen) for 1 h 

at 4 C. Lysate and resin were loaded onto a column, drained and washed with high-salt 

lysis buffer followed by regular lysis buffer (50 mM HEPES, pH 7.5, 300 mM NaCl, 10 

mM imidazole, 10% glycerol, 1 mM β-mercaptoethanol), and eluted with elution buffer 

(50 mM HEPES, pH 7.5, 300 mM NaCl, 250 mM imidazole, 10% glycerol, 1 mM β-

mercaptoethanol). The eluted protein was pooled and digested overnight by adding 1/50 

(w/w) TEV protease during dialysis to the lysis buffer. The digested protein solution was 

run through Ni-NTA column again to collect the flow-through, which contained the tag-

free proteins. The cleaved MBP protein contains a His10-tag and therefore was retained 

on the column. AB, FI and FII proteins were then concentrated, subjected to FPLC using 

a Superdex 200 10/300 GL column (GE Healthcare), and eluted with 10 mM sodium 

phosphate buffer, pH 6.0, 50 mM NaCl. Desired fractions were pooled, concentrated 

using Centricon® YM30 centrifugal filter devices (Millipore, MA), and stored at -80 C. 

2.3 DNA annealing and probe labeling 

DNA oligonucleotides purified from polyacrylamide gel electrophoresis were 

obtained from either IDT or Invitrogen. DNA concentration was measured by UV-vis 

using the calculated absorption coefficients according to the nearest neighbor model (27-

29).  It assumes that the stability of a DNA duplex depends on the identity and orientation 

of neighboring base pairs. The 22bp series of double stranded DNA was prepared using 

an annealing-labeling method. Briefly, the complementary DNA strands (when relevant) 

were mixed in annealing buffer (20 mM Tris–HCl, 100 mM NaCl) and heated to 95 °C 

for 5 min before slow cooling to 4 °C. The annealed DNA was labeled with 32P-ATP 

using T4 polynucleotide kinase (New England Biolabs). The unreacted 32P-ATP was 

removed by gel filtration using microspin column 6 (Bio-Rad). Alternatively, a labeling-
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annealing method was used to prepare longer DNA substrates such as the duplex 66bp-

series containing nicks, gaps, 5´- and 3´- overhangs. The same method was also used to 

prepare oligonucleotides used for generation of 44dumbelled DNA and 44dumbelled 

DNA bearing a 1 nk gap. For this method, single strand DNAs were first 32P-labelled at 

the 5’-end with T4 polynucleotide kinase at 37 °C for 2 h, and were purified using 

microspin column 6 to remove the unreacted 32P-ATP. The concentration of labeled 

single strand DNA was measured using silica gel matrix TLC plates (Sigma-Aldrich) by 

comparing the 32P radioactivity before and after purification. Equimolar amounts of 

complementary oligonucleotides were then added to the 32P-labeled strands, heated to 94 

°C for 4 min and slowly cooled down to room temperature to allow formation of duplex 

DNA. The duplex DNA was chilled on ice for at least 2 hrs before use. The final products 

were then analyzed using 15% polyacrylamide gel electrophoresis. 

2.4 Southwestern blotting 

Zinc finger proteins (20-1000 pmol) were electrophoresed by SDS/12% 

polyacrylamide minigels. After electrophoresis, the proteins were stained or were 

electrotransblotted onto nitrocelloluse membranes at 4 °C in a miniblot apparatus for 1 h 

at 200 mA. Membrane bound proteins were renatured for 30 min at room temperature in 

renature buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 0.1% Nonidet P-40), and then 

equilibrated for 30 min at room temperature in DNA binding buffer (20 mM Tris·HCl, 

pH 8.0, 100 mM KCl, 5 mM MgCl2, 2 mM DTT, 50 µM ZnCl2 and 0.1% Nonidet P-40). 

DNA binding was carried out in DNA binding buffer for 1 h at 4 °C in the presence of 

32P-end-labeled oligo duplexes (1 nM, 0.5–0.8 µCi/pmol). Alternatively, the blots were 

incubated for 1 h at 4°C in sealed bags with 1 mL of binding buffer containing 20 ng of a 

32P-end-labeled DNA probe (107 cpm/µg). After three washes (5 min each) at 4 °C in 
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DNA binding buffer, wet filters were dried and then subjected to phosphorimaging 

analysis. 

2.5 PARP activity assay 

To assess the contributions of the zinc finger mutant proteins constructed above to 

poly(ADP-ribosyl)ation activity, each mutant protein (0.5 µM) was incubated with the 

catalytic domain CDEF (0.5 µM) and 32P-NAD+ (0.1 µCi/reaction) in reactions 

containing 50 mM Tris•Cl (pH 8.0), 4 mM MgCl2, 2 mM NAD+, 10 μg/mL CT-DNA and 

0.2 mM DTT. The 200 μL assays in test tubes were incubated at 25 C for 10 min, 

quenched with 2 mL 10% ice-cold TCA, and incubated on ice for 10 min. Samples were 

then filtered using GF/C filters (Millipore) pre-washed with 10% (w/v) TCA. Filters were 

washed twice with 10 mL 10% TCA and dried briefly under vacuum.  The bottom 

membrane of the filter plate was then punched out for radioactivity counting to determine 

the amount of 32P-NAD+ incorporation into TCA-precipitated proteins. 

2.6 Electrophoretic Mobility Shift Assay (EMSA) and calculation of binding 
constants 

Varying amounts of ABC or AB proteins (0-750 nM) were incubated with DNA 

(~ 4 nM) for 20 min on ice in 15 µL of DNA binding buffer (20 mM Tris·HCl, pH 8.0, 

150 mM KCl, 5 mM MgCl2, 50 µM ZnCl2, 3% glycerol, 0.1% Nonidet P-40 and 2 mM 

DTT) unless specified otherwise. EMSA were performed using 5 - 8% (w/v) 

polyacrylamide gels (37.5:1, acrylamide/bisacrylamide) in Tris/Glycine buffer (TG 

buffer, 24.9 mM Tris/191.8 mM Glycine, pH 8.3). Gels were pre-run for 1 h at 120 V at 

room temperature with an ice water cooling system. After electrophoresis, gels were 

dried and protein-DNA complexes were visualized and quantified by phosphorimaging 

using software supplied by the manufacturer (Quantity One). For densitometric 

quantitation, any species migrating at a slower electrophoretic rate than free DNA was 
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considered to be a protein:DNA complex. Relative complex formation was plotted as a 

function of protein concentration and fitted to the Hill equation f = [Pr]n/Kd/(1 + [Pr]n/Kd), 

where f is the fractional saturation, fmax is 100% complex formation, [Pr] is the 

concentration of proteins, n is the Hill coefficient, and Kd reflects the binding affinity of 

the proteins to the DNA construct.  It should be noted that the Kd determined from these 

fits does not report on the affinity of the proteins for a single site on the DNA, but merely 

allows a semi-quantitative comparison of the aggregate affinity for each DNA probe. For 

calculation purposes, the initial value of fmax was set at 100 and for n and Kd, 1.  

Kaleidagraph (version 4.0) was used for data fitting. 

2.7 Circular dichroism spectroscopy 

Circular dichroism (CD) studies were conducted on a Jasco J-810 

spectropolarimeter (Jasco International Co., Ltd. Tokyo, Japan), equipped with a Jasco 

PFD-425S temperature control system. Before each measurement, protein ABC (15 µM) 

was incubated with each annealed DNA substrate (5 µM) in 100 mM sodium phosphate 

buffer, pH 7.0 for 10 min. CD spectra of ABC, DNA and the incubation mixture of ABC 

and DNA were recorded from 200 to 320 nm at 25 °C, using a 1 mm cell, a path length of 

0.1 nm, a scan rate of 50 nm/min and a response time of 4 s. Spectra were smoothed, and 

baseline corrected by solvent subtraction before analysis. Each spectrum is the average of 

three separate measurements.  

2.8 Isothermal Titration Calorimetry 

Measurements were taken using a VP ITC microcalorimeter (Microcal). DNA 

solutions were placed in the cell while concentrated protein solutions were placed in the 

syringe. The protein solution was titrated in 2 µL increments with 3.4 seconds duration at 

200 seconds intervals into the DNA solution thermostated at the desired temperature. The 
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stirring rate was 300 rpm during both equilibration and titration. The samples of DNA 

and proteins were prepared with the same buffer to minimize artifacts due to differences 

in buffer composition. In separate experiments the heats of dilution of the protein upon 

injection into the solvent were measured and corresponding corrections were made. The 

results of the titration experiments were analyzed using the Origin program, which is 

included with the VP ITC instrument. 

3. RESULTS 

3.1 Design and construction of PARP-1 zinc fingers and their mutants  

Using information available from sequence alignments with other PARP-1 

homologues, we have prepared a series of deletion and mutation constructs of the first 

two zinc fingers from PARP-1 (Figure 3-1). These include constructs consisting of two 

active zinc fingers such as AB and ABnoNLS. The latter does not bear the nuclear 

localization signal present in AB. The proteins FI, FII, FIIT, FI-hyb and FII-hyb contain 

only one zinc finger, either from a complete zinc finger or from a hybridization of both FI 

and FII. FI-hyb was constructed by deleting the amino acid residues 53-158 in protein 

AB so that the sequence before the third zinc coordination ligand, His53, is from the first 

zinc finger, while the following sequence is replaced by the corresponding sequence from 

the second zinc finger. Accordingly, FII-hyb was constructed by deleting the amino acid 

residues 25-128, and the final zinc finger contains most of the sequence from the second 

zinc finger. Although the proteins FI-M and FII-M have the same length as that of AB in 

sequence, they only consist of one active zinc finger. These nine proteins were expressed 

and purified as MBP-fusion proteins followed by TEV digestion. The purified proteins 

AB, ABnoNLS, FI, FII, FIIT, FI-hyb, FII-hyb, FI-M and FII-M (Figure 3-2A) have the 

molecular masses of 26.3, 23.2, 12.2, 12.8, 14.4, 14.4, 14.8, 26.2 and 26.2 kDa, 
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respectively. FI-M and FII-M could not be purified to homogeneity, most likely due to 

incorrect folding induced by mutation in the zinc fingers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 3-1. Schematic representation of the domain structures of human PARP-1 and the 
zinc finger constructs. AB and ABnoNLS protein contain the identified FI and FII zinc 
finger motifs. All proteins contain GH at the N-terminus from the TEV digestion of the 
original fusion proteins. FI is labeled in red, while FII is labeled in blue. 

3.2 Single zinc fingers play different roles in DNA binding 

PARP-1 zinc finger proteins were separated by electrophoresis with SDS-

polyacrylamide gels (Figure 3-2 A), transblotted onto nitrocellulose filters, and visualized 

by incubation with 32P-end labeled DNA probes followed by autoradiography. Figure 3-2 
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B shows two different DNA substrates used in the southwestern blotting assay: 66 bp 

double stranded DNA and 42 bp curved DNA. By comparing the amounts of radiolabeled 

DNA bound to the PARP zinc finger proteins, the ability of each zinc finger protein to 

bind to the DNA probes could be assessed. It was found that all proteins detected by the 

southwestern blotting (Figure 3-2 C and D), AB, ABnoNLS, FII, FIIT, FII-hyb, and FI-

M, contain a functional second zinc finger (FII) of PARP-1.  In contrast, those that only 

has FI (such as FI, FI-hyb and FII-M), did not bind to the DNA probes efficiently. It is 

thus obvious that FII plays a more important role in DNA binding than FI. However, this 

difference may only reflect the DNA binding ability towards these two DNA types. The  

 

 

 

 

 

 

 

 

 

 

 
Figure 3-2. Purification of PARP-1 zinc finger proteins and southwestern blotting with 
DNA substrates. (A) SDS-PAGE of a series of PARP-1 zinc finger proteins. (B) Diagram 
of the DNA probes used in the southwestern blotting. 66ds represents 66 bp long double 
stranded DNA; 42C represents a 42 bp long curved DNA that bears an A-tract. (C) and 
(D) are phosphorimages of the southwestern blotting of the same set of proteins with 32P-
end labeled DNA probes 42C and 66ds, respectively. Lane 1, AB; lane 2, ABnoNLS; 
lane 3, FI; lane 4, FII; lane 5, FIIT; lane 6, FI-hyb; lane 7, FII-hyb; lane 8, FI-M; lane 9, 
FII-M.  
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contribution to DNA binding of the basic stretch of amino acids located at the C-terminus 

of the second zinc finger was also studied by comparing the binding properties of AB and 

ABnoNLS, and FII and FIIT. Using both DNA probes, both AB and FIIT bind to DNA 

better than their counterparts (ABnoNLS and FII, respectively) lacking the basic amino 

acid region.  This indicates that the nuclear localization sequence (206-232 amino acids) 

contributes significantly to DNA binding. 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 3-3. FIIT zinc binding ligand substitution dramatically decreases DNA binding. 
(A) Diagram of the FIIT mutation. (B) SDS-PAGE of FIIT, FIIT-H159C and FIIT-
C162H. (C) Phosphorimage of southwestern blotting of FIIT, FIIT-H159C and FIIT-
C162H. Purified proteins were run on a SDS-PAGE gel, transblotted onto a 
nictrocellulose membrane and incubated with the 32P-labelled 42C DNA. (D) CD spectra 
of wild type FIIT and mutants FIIT-H159C and FIIT-C162H. Protein samples (10 µM) 
were prepared in 4 mM HEPES buffer (pH 7.0), 20 mM KCl. The spectra were recorded 
at 25 °C. 
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We next examined the effect of zinc binding ligand substitution on the DNA 

binding activity of the second zinc finger. Figure 3-3 C shows that both zinc finger 

mutants cannot bind to the 42C DNA probe as efficiently as wild type FIIT. Circular 

dichroism spectra (Figure 3-3 D) indicate that FIIT-H159C is well folded, with a similar 

spectrum as FIIT, while FIIT-C162H is folded to a lesser extent. The limited flexibility of 

Zn ligand substitution suggests that maintaining the conformation of the wild type CCHC 

zinc finger is critical for DNA binding. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3-4. The third zinc finger, domain C, does not bind to DNA by itself. (A) 
Schematic representation of the three zinc finger domains of PARP-1. The three zinc 
fingers are shown in closed boxes. The modular composition of the wild type and mutant 
zinc finger proteins are indicated with corresponding molecular weighs enclosed in 
brackets. (B) SDS-PAGE of various zinc finger proteins. (C) Phosphorimage of the 
southwestern blot of the zinc finger proteins. Purified proteins were run on a SDS-PAGE 
gel, transblotted to a nictrocellulose membrane and incubated with the 32P-labelled 42C 
DNA.  
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In addition to the first two zinc fingers, it was recently discovered that domain C 

of PARP-1 (residues 233-373, see Figure 3-4 A) contains a novel zinc-ribbon motif 

consisting of three antiparallel β-strands with four conserved cysteines that coordinate a 

zinc atom (2, 3). Given that the function of domain C is still obscure, we tested if domain 

C is also involved in DNA binding using southwestern blotting (Figure 3-4 C). Our 

results showed that domain C by itself does not bind to 42C. Whether or not domain C 

regulates the DNA binding of the first two zinc fingers will require further investigation. 

3.3 Functional interactions between PARP-1 zinc finger proteins and the catalytic 
domain 

 

 

 

 

 

 

 

 

 
 
Figure 3-5. PARP-1 activity assay using various zinc finger proteins. A series of zinc 
finger proteins (0.5 µM) listed in the figure legend were incubated with the catalytic 
domain CDEF (0.5 µM) and 32P-NAD+ (0.1 µCi/reaction) in reactions containing 50 mM 
Tris•HCl (pH 8.0), 4 mM MgCl2, 2 mM NAD+, 10 μg/mL CT-DNA and 0.2 mM DTT in 
200 μL reactions. The relative poly(ADP-ribosyl)ation activities were determined by 
measuring the radioactivity from the incorporated 32P-NAD+ as described in Section 
3.2.5. 
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zinc finger proteins (Figure 3-5). Assuming that AB (a fragment containing both 

functional zinc fingers) could reconstitute the PARP activity to 100% with the catalytic 

domain CDEF, the efficiencies of the other zinc finger proteins were estimated 

accordingly. ABnoNLS (which only lacks the nuclear localization signal) was determined 

to be 86% as active as AB. FI and FII-M, which contain only one functional zinc finger, 

could reconstitute PARP-1 activity to 44% and 61%, respectively. This indicates that, by 

itself, the first zinc finger could reconstitute about half of the total activity.  Interestingly, 

we found that FI-hyb (see Figure 3-1 for structure of construct) could not reconstitute 

PARP activity, suggesting the requirement for an intact FI. Similarly, all of the other zinc 

finger constructs that lack a fully functional FI could not activate the catalytic domain of 

CDEF. Therefore, we conclude that FI seems to play a more important role in activation 

of the catalytic domain. It was surprising that FII was unable to reconstitute PARP 

activity in this assay, since it binds DNA better than FI (Figure 3-2). We surmise that FI 

may help stabilize the active conformation of PARP-1, while FII cannot. Indeed, 

preliminary small angle X-ray scattering (SAXS) studies carried out by our lab suggest 

that a large conformational change is induced upon DNA binding that repositions FI and 

domain C close to the catalytic domain in the active conformation.  

3.4 DNA binding preferences of AB 

PARP-1 DNA binding targets are not limited to generic nicked DNA. It became 

clear that PARP-1 recognizes many different secondary structures, including gaps, 

hairpins, three- and four-way cruciform structures, double stranded breaks, and recessed 

DNA ends (18-21).  In order to determine which types of DNA structures the AB 

construct prefers, the binding affinity of AB for a series of 66bp long DNA duplexes 

mimicking different types of DNA damage or damage repair intermediates were tested 
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using gel mobility shift assays (Table 3-1, Figure 3-6). The DNA binding affinities were 

analyzed using the Hill equation (Table 3-2, Figure 3-7).  
 
 
Tabel 3-1. 66bp series DNA composition and the sequences of single-strand DNA 
substrates used in this work 

 

 

 

 

 

 

 

 

 

 

As revealed in Figure 3-6C, AB binds to 66bp double stranded DNA very weakly, 

forming an unstable and heterogeneous complex at higher protein concentrations (as 

indicated by the non-descript smear visible at lower electrophoretic mobility). The lack of 

a defined species (other than the free DNA signal observed at the bottom of the gel) 

suggests that the topology of the 66ds in complex with AB is variable, leading to a 

number of different AB-66ds species with variable electrophoretic mobilities. This is 

perhaps because AB does not form complexes with 66ds DNA with a preferred 

stoichiometry and/or because the AB-66ds complexes readily dissociate during 

electrophoresis. At the highest concentration of AB examined (364 nM), the total amount 

of AB-66ds complexes accounted for less than 25% of the protein, indicating that Kd
app 

for 66ds is > 364 nM.  Similarly, AB binds weakly to a 66 bp long DNA duplex with a 4 

66ds 5´-AAG GGC AAG GCT GCT GTG GAC CCT GCT GTG GGC TGG AGA ACA AGG TGA TCT GCG CCC TGG TCC TGG-3´
3´-TTC CCG TTC CGA CGA CAC CTG GGA CGA CAC CCG ACC TCT TGT TCC ACT AGA CGC GGG ACC AGG ACC-5´

66nk

66B

66G1

66Y

66-5´R

66-3´R

5´-AAG GGC AAG GCT GCT GTG GAC CCT GCT GTG GGC TGG AGA ACA AGG TGA TCT GCG CCC TGG TCC TGG-3´
3´-TTC CCG TTC CGA CGA CAC CTG GGA CGA CAC CCG ACC TCT TGT TCC ACT AGA CGC GGG ACC AGG ACC-5´

5 3́´
5´-AAG GGC AAG GCT GCT GTG GAC CCT GCT GTG GGC TGG AGA ACA AGG TGA TCT GCG CCC TGG TCC TGG-3´
3´-TTC CCG TTC CGA CGA CAC CTG GGA CGA CAC CCG ACC TCT TGT TCC ACT AGA CGC GGG ACC AGG ACC-5´

TGAA

5´-AAG GGC AAG GCT GCT GTG GAC CCT GCT GTG GGC TGG AGA ACA AGG TGA TCT GCG CCC TGG TCC TGG-3´
3´-TTC CCG TTC CGA CGA CAC CTG GGA CGA CAC CCG  CC TCT TGT TCC ACT AGA CGC GGG ACC AGG ACC-5´

5´ 3´

5´-AAG GGC AAG GCT GCT GTG GAC CCT GCT GTG GGC TGG AGA ACA AGG TGA TCT GCG CCC TGG TCC TGG-3´
-ACC TCT TGT TCC ACT AGA CGC GGG ACC AGG ACC-5´3´-CCA ATT CCA ACT TCC TTT AAC CCT TCC TTA ATT

5´-AAG GGC AAG GCT GCT GTG GAC CCT GCT GTG GGC TGG AGA ACA AGG TGA TCT GCG CCC TGG TCC TGG-3´
3´-ACC TCT TGT TCC ACT AGA CGC GGG ACC AGG ACC-5´

5´-AAG GGC AAG GCT GCT GTG GAC CCT GCT GTG GGC TGG AGA ACA AGG TGA TCT GCG CCC TGG TCC TGG-3´
3´-TTC CCG TTC CGA CGA CAC CTG GGA CGA CAC CCG-5´
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bp bulge (termed 66B), giving only a lower limit of Kd
app (> 364 nM) (Figure 3-6E, Table 

3-2). Consistent with our results, Petrucco et. al. found that PARP-1 does not bind to a 5 

bp bulge in a 35 bp long DNA duplex (9). However, Soldatenkov et. al. showed that a 

301 bp PvuII-PvuII fragment of pUC8 containing a 14 bp loop served as a better activator 

for PARP-1 than the corresponding linear duplex (21). The different observations on a 

bulge and a loop in DNA may suggest that the identity and the size of the local structure 

in the DNA may contribute differently to PARP-1 DNA binding and poly(ADP-

ribosyl)ation activation. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3-6. Comparison of DNA binding of AB with 66bp series of DNA that have 
secondary structures. (A) Schematic representation of the 66bp series of DNA. Native 
polyacrylamide gel (5%) of the DNA probes (B) and electrophoresis mobility shift assay 
(EMSA) for AB and the various DNA (C-I). DNA types are listed in the figure legends. 
The AB concentrations used in each lane are 0, 100, 120, 150, 180, 200, 250, 300, 400 
and 500 nM. 
 
 
 

66ds

66nick

66B

66G1

66Y

66-5’R

66-3’R

1

2

3

4

5

6

7

A B C D E 

66ds 66nk

66-5’R 66-3’R66G1 66Y

66B

1 2 3 4  5 6 7

F G H I 



 136

 

 

 

 

 

 

 

 

 

 
 
Figure 3-7. Binding affinity analysis of AB binding to DNA containing secondary 
structures. Data (circle) were fitted to Hill equation using the software of Kaleidagraph 
4.0. The solid lines represent the fitting for 66nk, 66G1, 66Y, 66-5’R and 66-3’R. The 
maximum protein-DNA complexes for 66ds and 66B only account for less than 50% of 
the total DNA, and therefore could not be used to obtain an accurate fitting. 

 
Table 3-2.  Apparent dissociation constants and cooperativity analysis of AB binding to 
66bp series DNA  

 

 

 

 

 

 

 

 

 

 

 

# DNA  Kd
app, nM Hill coefficient, n 

1 66ds >364 n.a. 

2 66nk 244.4 ± 29.8 4.0 ± 0.1 

3 66B >364 n.a. 

4 66G1 131.9 ± 3.7 4.1 ± 0.4 

5 66Y 161.9 ± 1.9 4.1 ± 0.1 

6 66-5’R 162.7 ± 4.4 4.3 ± 0.4  

7 66-3’R 180.1 ± 11.8 3.4 ± 0.5 
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PARP-1 was initially termed as a nick-sensor due to its established binding 

affinity for nicked DNA (14-17). Indeed, upon incubation with 66nk DNA, the formation 

of a stable protein-DNA complex was evident based on the appearance of a discrete band 

at lower protein concentrations in the EMSA studies (Figure 3-6D). Similar to what was 

observed with 66ds and 66B, additional complexes of lower electrophoretic mobility 

appeared when the protein concentration was increased. Given that 66nk also contains the 

double-stranded ends and the duplex sequence present in 66ds, binding of AB to 66nk 

may involve binding to both nicked and double-stranded DNA, with the affinity for the 

nick being higher.  Indeed, when the EMSA data for 66nk was fit with the Hill equation, 

we were able to determine Kd
app of 244 nM (Figure 3-7 and Table 3-2), which is 

significantly lower than the weak binding seen with 66ds and 66B.  It should be noted 

that fitting our data to the Hill equation gives an “aggregate” affinity for the DNA, which 

is equivalent to the product of the macroscopic binding constants for all binding events 

(both specific and non-specific). Nevertheless, the Kd
app determined for 66nk can still be 

considered a valid estimate for the binding affinity of AB to the nick, because specific 

complex formation (presumably due to nick binding) exceeds 50% of the total protein 

before the non-specific binding event occurs (Figure 3-6, Figure 3-7).  

In contrast to the binding of AB to 66ds and 66B, the binding of AB to 66G1, 

66Y, 66-5’R and 66-3’R formed discrete bands as shown in Figure 3-6 F-I. These 

complexes with distinct mobility on the gel likely result from either structure-specific 

binding, or are due to the formation of complexes with defined stoichiometry and 

topology that are stable to electrophoresis. These stable protein-DNA complexes showed 

much stronger bands as compared to the complex with 66nk. As expected, some 

additional bands with reduced mobility appeared at high protein concentrations, which is 

a general phenomenon for all DNA substrates studied. Using the same analysis method, 
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the Kd
app for the 66G1, 66Y, 66-5’R and 66-3’R were determined. The values are very 

similar, ranging from 131.9 nM to 180.1 nM, with binding to the gapped DNA as the 

tightest. Interestingly, although PARP-1 is recognized as a nick-sensor, it binds to the 

gapped, end-recessed, and Y-shaped DNA more favorably than the nicked DNA as 

evidenced by the gel shift assay. Thus, it is clear that nicks on a naked DNA template are 

only one of the structural elements recognized by PARP-1. 

3.5 Domain C, the third zinc finger, does not bind DNA directly but may contribute 
to the DNA binding 

Using the southwestern blotting assay, we demonstrated earlier that domain C of 

PARP-1, which contains a novel zinc ribbon motif, does not bind to DNA as an isolated 

domain (Figure 3-4). This observation was later confirmed using the gel shift assay (data 

not shown). However, it is not known what contribution (if any) is made by domain C 

during DNA binding by the two zinc fingers of domain AB. To address this question, the 

DNA secondary structures recognized by AB were used to study the effect of domain C 

on the AB binding assay. Interestingly, ABC binds slightly tighter than AB to the nicked, 

gapped, Y-shaped, 5’- and 3’-end recessed DNAs, as indicated by the smaller Kd
app 

(Figure 3-8 and Table 3-3). The most significant difference was noted for 66G1, where 

the Kd
app is 86.1 nM for ABC and 131.9 nM for AB. Similar to what had been observed 

for AB, binding of ABC to the DNA substrates also led to complexes of reduced mobility 

that stayed at the top of the gel. In the case of the ABC binding assays, the relative 

intensities of this slowest species is more pronounced than in the complementary assays 

with AB.  These slower migrating bands are not caused by protein oligomerization, 

because both native polyacrylamide gel electrophoresis and isothermal titration 

calorimetry showed that ABC and AB remain as monomers in the absence of DNA even 

at the highest concentrations used in the gel shift assay (data not shown). Therefore, it is 
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possible that domain C may contribute to DNA binding by bringing together PARP 

molecules to form larger protein-DNA complexes to promote DNA repair. While this 

data definitely indicates some role for domain C in facilitating DNA binding by AB, 

further information is needed to better define the role of domain C in PARP-1 activation. 
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Figure 3-8. Comparison of the electrophoretic mobility shift properties for ABC and AB 
with different DNA substrates. (A) 66nk, (B) 66G1, (C) 66Y, (D) 66-5’R, and (E) 66-3’R 
were incubated with increasing concentrations of ABC and AB prior to electrophoresis in 
DNA binding buffer (20 mM Tris·HCl, pH 8.0, 150 mM KCl, 5 mM MgCl2, 50 µM 
ZnCl2, 3% glycerol, 0.1% Nonidet P-40 and 2 mM DTT). The apparent dissociation 
constants, Kd

app, for binding of ABC (circles) and AB (triages) to different DNA 
substrates were determined using Hill equation. 
 
 
Table 3-3.  Comparison of apparent dissociation constants and hill coefficients of ABC 
and AB binding to 66bp series DNA  
 

 

 

 

 

 

 

 

 

3.6 Secondary structural changes in ABC and DNA upon complex formation 

To probe changes in the DNA conformation induced by the binding of ABC and 

AB, the CD spectra of free and protein-bound DNA substrates were compared. Both 

ABC and AB showed very similar CD spectral features, and the CD spectra of ABC 

bound to various DNA substrates are shown in Figure 3-9 and Figure 3-10. Since CD 

spectra of nucleic acids are sensitive to DNA conformation (30), it is possible to detect 

relatively small perturbations of DNA structure using circular dichroism (31, 32).  CD 

spectra of DNA can be obtained in the presence of proteins because the molar 

absorptivity of DNA in the range from 240-320 nm is relatively high, while the 

absorption of protein in this region is negligible. By subtracting the spectrum of the free 

DNA ABC  AB  

 Kd
app, nM n Kd

app, nM n 

66nk 230.2 ± 5.3 4.4 ± 0.5 244.4 ± 29.8 4.0 ± 0.1 

66G1 86.1 ± 4.0 4.8 ± 0.8 131.9 ± 3.7 4.1 ± 0.4 

66Y 128.1 ± 3.1 4.0 ± 0.4 161.9 ± 1.9 4.1 ± 0.1 

66-5’R 134.2 ± 2.8 4.0 ± 0.3 162.7 ± 4.4 4.3 ± 0.4  

66-3’R 145.9 ± 7.4 4.9 ± 1.0 180.1 ± 11.8 3.4 ± 0.5 
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protein, the CD spectra of each DNA substrate were obtained. Overall the spectra of both 

free DNA and protein-bound DNA are typical of normal B-DNA, with a characteristic 

negative peak at approximately 240 nm and a positive peak near 270 nm (Figure 3-9). As 

shown in Figure 3-9, for the 66bp series DNA, only minor changes in the CD spectra 

were observed after protein binding, with the most significant changes occurring in the 

region around 270 nm.  Interestingly, for 66ds DNA, the spectra in the presence and 

absence of ABC are nearly superimposable, suggesting that little or no conformational 

change occurs upon binding of ABC to 66ds.  As 66ds was also the weakest binder to 

ABC, this observation may suggest that “tight” binding to nicks, gaps, or recessed ends 

may be accompanied by a change in DNA conformation.  

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3-9. CD spectra of free and ABC-bound DNA. A protein solution of 15 µM ABC 
was incubated with 5 µM of each annealed DNA substrate in 100 mM sodium phosphate 
buffer, pH 7.0 for 10 min prior to being analyzed in a 1 mm quartz cell as described in 
the experimental procedures. Free DNA spectra are shown in blue; ABC-bound DNA 
spectra are shown in red and are corrected by subtraction of free protein spectra. 
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To detect any global structural reorganization of ABC induced by DNA binding, 

the CD spectra of ABC bound to various DNA substrates were also examined and 

compared with that of the free ABC protein (Figure 3-10). Upon binding to the DNA 

substrates tested, ABC exhibited small extent of induced folding, as evidenced by the 

shift of the negative peak from around 207 nm to 210 nm and an overall decrease in the 

ellipticity. Based on our observations that the CD spectra of both ABC and DNA change 

upon binding one another, it appears that some binding-induced conformational change 

may take place in both DNA and protein. 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 3-10. CD spectra of free and DNA-bound ABC. A protein solution of 15 µM ABC 
was incubated with 5 µM of each annealed DNA substrate in 100 mM sodium phosphate 
buffer, pH 7.0 for 10 min prior to being analyzed in a 1 mm quartz cell as described in 
the experimental procedures. Free ABC spectra are shown in blue; DNA-bound ABC 
spectra are shown in red and are corrected by subtraction of free DNA spectra. 
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3.7 Binding of AB to pre-bent DNA 

Although PARP exhibits an increased affinity for nicked, gapped, end-recessed 

and Y-shaped DNA, the binding affinity for sequences containing a static curve or a bend 

have not been evaluated. Earlier reports using endonuclease protection assays showed 

that PARP-1 exhibits some degree of specificity towards the internal region of a 209 bp 

SV40 DNA fragment, which probably contains DNA bending (33). However, no detailed 

information can be found on PARP-1 binding to pre-bent DNA.  

To study the binding of ABC to pre-bent DNA sequences, we used two different 

DNA substrates (Figure 3-11A):  a 42-bp long non-curved DNA (42NC) fragment and an 

evenly curved DNA (42C) containing A-tract sequences.  The actual conformation of 

42C and 42NC were modeled (Figure 3-11A) using an algorithm developed by Trifonov 

((34), http://hydra.icgeb.trieste.it/~kristian/dna/).  Interestingly, we found that ABC binds 

preferentially to curved DNA rather than to the straight DNA duplex (Figure 3-11 B and 

C). The Kd
app for 44C is about three fold smaller than that for 44NC (Table 3-4). 

However, the electrophoresis mobility shift assay did not show a discrete band for the 

protein-DNA complex, and thus an accurate stoichiometry of the binding cannot be 

determined based on data fitting. We also looked for possible conformational changes in 

both DNA and PARP-1 using CD spectroscopy (Figure 3-12 A and B). The DNA 

substrates 42NC and 42C showed a positive peak at about 280 nm and a negative peak at 

around 250 nm, both of which are slightly different from those observed for the 66bp 

series. Upon binding to protein, both 42C and NC42 exhibited notable changes in their 

CD spectra, with significant variations observed at 280 nm and an additional major 

change at around 250 nm for 42C (Figure 3-12A). Likewise, both protein CD spectra 

(Figure 3-12B) showed minor changes upon binding to 42C and 42NC. Together, the 

EMSA and CD data suggest that the zinc fingers of PARP-1 prefer curved over non-



 144

curved DNA, and the binding induces discernible conformational changes in both DNA 

and protein. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 3-11. Modeled conformations of DNA substrates 42C and 42NC, and the gel 
mobility shift assay of ABC with these two DNA substrates. (A) The actual conformation 
of 42C and 42NC were modeled using an algorithm developed by Trifonov 
(http://hydra.icgeb.trieste.it/~kristian/dna/). (B) Gel mobility shift assay of ABC with 
42C and 42NC using a 5% native polyacrylamide gel. (C) Fitting of the data in (B) using 
the Hill equation.  

B 

C 
42 NC

ABCABC

42C

A 

42C 

(Curved)

42 NC 

(Non-Curved)

42C 

(Curved)

42 NC 

(Non-Curved)

5´-AAAAATCTCTAAAAAATCTCTAAAAATCTCTAAAAAATCTCT-3´
3´-TTTTTAGAGATTTTTTAGAGATTTTTAGAGATTTTTTAGAGA-5´

5´-TCTAATCTCTCTCTAATCTCTTCTAATCTCTCTCTAATCTCT-3´
3´-AGATTAGAGAGAGATTAGAGAAGATTAGAGAGAGATTAGAGA-5´

42NC 

42C 

0

20

40

60

80

100

0 100 200 300 400 500 600 700 800

[Protein], nM

[P
r-

D
N

A
] /

 [
D

N
A

] to
ta

l %

0

20

40

60

80

100

0 200 400 600 800 1000 1200

[P
r-

D
N

A
] /

 [
D

N
A

] to
ta

l %

[Protein], nM



 145

Table 3-4.  Comparison of apparent dissociation constants and Hill coefficients of ABC 
binding to 42C and 42NC 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3-12. Comparison of the conformational changes observed in both ABC and 42C 
or 42NC DNA using CD spectra. (A) CD spectra of free DNA substrates and the DNA 
bound by ABC. (B) CD spectra of free ABC and the ABC bound to DNA. In both 
experiments, a protein solution of 15 µM ABC was incubated with 5 µM of each 
annealed DNA substrate in 100 mM sodium phosphate buffer, pH 7.0 for 10 min prior to 
being analyzed in a 1 mm quartz cell as described in experimental procedures. Free DNA 
or ABC spectra are shown in blue; the spectra of ABC-DNA complexes are shown in red 
and are corrected by subtraction of free protein or DNA spectra in (A) and (B), 
respectively. 
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Figure 3-13. Structure of 1,2-d(GPt

pG) cross-link and designed alkylene cross-linked 
cyclic 2´-deoxyuridylate dimers.  
 
 
Table 3-5. Artificially bent DNA substrates and their dissociation constants with ABC 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3-14. Electrophoretic mobility shift assay (EMSA) for ABC and the various 
artificial DNAs. DNA types are listed in the figure legends. The ABC concentrations 
used in each lane are 0, 100, 120, 150, 200, 250, 300 and 400 nM. 

 

5´-TCTCCTTCAXXACTTCCTCT-3´
3´-AGAGGAAGTAATGAAGGAGA-5´

 

DNA XX Bending angle Kd
app, nM 

TT TT n.d. 213.8 ± 3.0 

C1 UMe
pU 94 135.9 ± 2.7 

C2 UEt
pU 86 169.2 ± 9.1 

C3 UPr
pU 84 178.5 ± 6.3 

TT C1 C2 C3
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A series of artificially bent DNAs that mimic cisplatinated DNA were also used to 

study the DNA binding of ABC.  The primary cisplatin-DNA adduct is a 1,2-d(GpG) 

intrastrand cross-link (Figure 3-13), which induces a dramatic structural distortion in the 

DNA, including bending and unwinding of the DNA helix (35-37). The Matsuda research 

group chemically synthesized cyclic 2´-deoxyuridylate dimers, UMe
pU, UEt

pU, and UPr
pU, 

that possesses an alkylene linkage as a “clasp” with various lengths (Figure 3-13 and 

Table 3-5) (38). Thus the 20-bp long DNA substrates C1, C2 and C3 containing these 

novel oligonucleotides have bending angles of approximately 94°, 86° and 84°,  

respectively. Using this set of bent DNAs, it was found that ABC binds preferentially to 

bent DNA (C1, C2, and C3) compared to the straight DNA (TT), with the binding 

affinity being correlated with the magnitude of DNA bending angles (Figure 3-14 and 

Table 3-5). In contrast to the naturally curved DNA, a clear discrete band could be 

observed for C1 and C2, suggesting the formation of a structure-specific protein-DNA 

binding interaction with defined stoichiometry and/or conformation.   

3.8 Energetics of lesion recognition by PARP-1 DNA binding domain  

In an attempt to unravel the thermodynamic mechanism of the binding of the 

PARP-1 DNA binding domain to different DNA activators, we employed isothermal 

titration calorimetry (ITC).  Double-stranded straight DNA, curved DNA, nicked and 

gapped DNA were used in this study (Figure 3-15). Previous footprinting experiments 

revealed that the PARP-1 DNA binding domain establishes contacts with DNA substrates 

over a span of 11-21 base-pairs, depending on the DNA substrate (16, 19, 20). 

Consequently, the use of 22 bp double stranded DNA should preclude multiple site 

binding and provide adequate space for PARP-1 to bind, while still maintaining the 

required DNA duplex stability over the temperature range and solution conditions 

employed in the energetic studies. Furthermore, to eliminate the effect of double-stranded 
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ends, a 44-bp dumbbell-shaped DNA (39) that contains only a single-stranded nick was 

used (Figure 3-15, 44D). This single 44nt DNA strand contains two self-complementary 

regions that anneal to form an 18 bp double-helical central region with a single-stranded 

nick at the center and a tetraloop at each end. A gel shift experiment showed that binding 

of ABC or AB was largely abolished by ligation of the single-strand nick, thereby 

demonstrating that these PARP fragments do not bind appreciably to either the double 

helix or to the tetraloops (data not shown). Similarly, a 43DG1 was designed to bear a 1-

bp gap in the middle (Figure 3-15, 43DG1).  Along with these DNA substrates, the high 

ionic strength buffer used in the ITC experiments served a dual purpose. Namely, it 

permits assessment of the binding energetics under conditions where the lesion-

containing duplex is fully associated, and it minimizes the non-specific protein-DNA 

interactions observed in the gel shift assays. 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 3-15. DNA sequences used in the ITC experiment. 
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Figure 3-16. ITC data of the binding of ABC to different DNAs. Protein samples of 77-
150 µM ABC were titrated into 4-6 µM DNA samples (A) 22ds, (B) 42NC, (C) 42C, (D) 
44D and (E) 43DG1 in 100 mM phosphate buffer, pH7.0, 100 mM NaCl, 10% glycerol at 
26 °C. In each figure, the top panel represents the raw titration data, and the bottom panel 
represents the integrated heat responses per injection from A, normalized to the molar 
ratio of protein/DNA. The smooth curves represent the best fit of the data to a two-
binding site model. 
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Figure 3-17. ITC data of the binding of AB to different DNA. Protein samples of 110-220 
µM ABC were titrated into 5-8 µM DNA samples (A) 22ds, (B) 42NC, (C) 42C, (D) 44D 
and (E) 43DG1 in 100 mM phosphate buffer, pH7.0, 100 mM NaCl, 10% glycerol at 26 
°C. In each figure, the top panel represents the raw titration data, and the bottom panel 
represents the integrated heat responses per injection from A, normalized to the molar 
ratio of protein/DNA. The smooth curves represent the best fit of the data to a two-
binding site model. 
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Table 3-6. Thermodynamic parameters for the binding of ABC to DNA 
 

 

 

 

 

 

 

 
 
Table 3-7. Thermodynamic parameters for the binding of AB to DNA 

 

 

 

 

 

 

 

 

The raw ITC titration data of ABC and AB binding to different DNA substrates 

were best fitted with a single site-binding model (Figure 3-16 and Figure 3-17). 

Comparison of the various thermodynamic parameters for ABC and AB is presented in 

Table 3-6 and Table 3-7, respectively. Our data suggest that both ABC and AB bind to 

the DNA substrates with very similar Kd
app ranging from 0.31-1.56 µM for ABC and 

0.36-3.73 µM for AB,  although the similar affinities are accompanied with different 

thermodynamic association parameters. This observation is consistent with the previous 

 

Protein DNA N Kd
app 

(M) 
-H  
(kcal/mol) 

-TS  
(kcal/mol) 

-G 
(kcal/mol) 

ABC 22ds 2.13  0.03 (1.56  0.12)*10-6 17.17  0.39 9.23  0.44 7.95  0.05 

ABC NC42 1.84  0.02 (1.22   0.08)*10-6 20.41  0.36 12.31  0.40 8.09  0.04 

ABC C42 2.16  0.02 (7.35   0.44)*10-7 17.26  0.22 8.87  0.26 8.39  0.04 

ABC 44D 2.33  0.02 (1.51  0.09)*10-6 8.69  0.01 0.73  0.05 7.97  0.04 

ABC 43DG1 1.87  0.03 (3.07  0.43)*10-7 14.12  0.32 5.21  0.42 8.91  0.10 

 

Protein DNA N Kd
app 

 (M) 
-H  
(kcal/mol) 

-TS 
(kcal/mol) 

-G 
(kcal/mol) 

AB 22ds 2.41  0.03 (1.70  0.13)*10-6 12.58  0.25 4.68  0.30 7.90  0.05 

AB NC42 2.23  0.03 (1.68  0.12)*10-6 15.12  0.31 7.21  0.36 7.91  0.05 

AB C42 2.79  0.02 (1.51  0.17)*10-6 12.61  0.15 4.64  0.23 7.97  0.08 

AB 44D 2.58  0.06 (3.73  0.38)*10-6 6.50  0.02 -(0.93  0.09) 7.43  0.07 

AB 43DG1 2.34  0.03 (3.58  0.40)*10-7 8.82  0.01 -(0.01   0.08) 8.82  0.07 
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studies using gel shift assays, though the higher Kd
app from ITC than that from gel shift 

assay (Table 3-2 and 3-3) may reflect a salt-sensitive binding affinity in a significantly 

higher ionic strength buffer system. It is obvious that the gapped DNA (43DG1) gives the 

smallest Kd
app and the most favorable free energy. Interestingly, in contrast to the 

preferential binding to 66nk in the gel shift assay relative to 66ds and 66B, the binding of 

ABC and AB to nicked DNA (44D) was not favorable compared to 22ds, 42NC, and 

42C, implying that the conformational restriction of the dumbbell-shaped DNA may limit 

the DNA binding. 

What sets our study apart from the previous PARP-1 DNA binding studies is the 

first observation that binding of ABC and AB to DNA is under strong enthalpic control 

accompanied by an entropic penalty under the present conditions. Currently, structural 

information regarding PARP-1 binding to DNA is lacking. However, in a solution 

structure study of DNA ligase IIIα (which contains Zn fingers homologous to PARP-1), a 

large surface area contact was observed between the finger domains and DNA (39). It is 

presumable that PARP-1 may bind to DNA in a similar manner. The favorable enthalpic 

change is most likely due to the formation of hydrogen bonding, hydrophobic contact and 

electrostatic interactions between ABC/AB and their target DNA substrates. Compared to 

AB, the binding of ABC to DNA appears to be more enthalpically favored by 5 kcal/mol 

for 22ds, 42NC, 42C and 43DG1, and by 2 kcal/mol for 44D (Table 3-6 and 3-7). This 

implies that the presence of the extra zinc finger in ABC accounts for favorable 

electrostatic and hydrophobic interactions between the protein and DNA. However, the 

enthalpic advantage of ABC over AB is offset by an equally greater entropic penalty, 

resulting in the overall small difference in the free energy of binding for ABC relative to 

AB (Table 3-6 and 3-7, Figure 3-18).     
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Figure 3-18. Overall thermodynamic profiles for the binding of ABC and AB to DNA 
substrates.  The binding of ABC (A) and AB (B) to DNA substrates of 22ds, 42NC, 42C, 
44D and 43DG1 were determined from ITC analysis at 26 °C.  
 

Of particular interest here is the molecular basis of such an unfavorable entropy 

change observed for ABC and AB for 22ds, 42NC, 42C and 42DG1.  The entropy of 

binding (∆S), obtained by ITC, is comprised of three terms (40): 

∆S  = ∆Ssolv+ ∆Sconf + ∆Smix 

∆Ssolv is the favorable entropy change due to burial of hydrophobic surface area and the 

consequent release of water molecules into the bulk solvent. In the case of protein-DNA 

association, the release of counterions from DNA upon binding to protein is also likely to 
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contribute favorably to ∆Ssolv. ∆Sconf is the unfavorable entropic change that arises from 

the restriction of conformational degrees of freedom of certain amino and nucleic acid 

residues in the protein-DNA complex. ∆Smix is the unfavorable entropy arising from 

changes in translational, rotational, and vibrational degrees of freedom upon binding. It 

has been suggested that ∆Smix typically contributes no more than about -10 cal/mol/K 

(40-43), which means that T∆Smix contributes no more than 2.99 kcal/mol of an entropy 

penalty to the overall entropic change upon binding. On the basis of these arguments, the 

unfavorable entropic change incurred upon the binding of ABC to 22ds, 42NC, 42C and 

42DG1 (Table 3-6) and AB to 22ds, 42NC and 42C (Table 3-7) may be attributed largely 

to the loss of conformational degrees of freedom of backbone and sidechain atoms in 

both the protein and DNA as in the term ∆Sconf. 

4. DISCUSSION 

PARP-1 has been demonstrated to be involved in various cellular processes, 

including DNA repair. The functional role of each zinc finger in DNA damage 

recognition is critical for understanding how PARP-1 is involved in DNA repair. It is of 

interest to investigate if the newly discovered third zinc finger of PARP-1 would play a 

role in DNA binding. To this end, we have studied the functional role of each zinc finger 

in DNA binding and PARP-1 activation, and have explored fundamental questions of 

DNA damage recognition such as substrate specificity, protein and DNA conformational 

changes, and the thermodynamic driven force. 

4.1 PARP-1 zinc fingers play different roles in DNA binding and damage sensing 

To determine the role of individual zinc fingers of the protein in DNA binding 

activity and PARP-1 activation, a series of deletion and substitution mutants of the 

PARP-1 DNA binding domain were constructed (Figure 3-1). Different protein 
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constructs were purified to near homogeneity except FI-M and FII-M, where the zinc 

coordination of one finger was lost due to the ligand mutations. The DNA binding ability 

of single zinc fingers were initially tested by southwestern blotting (Figure 3-2). All the 

finger constructs that contain FII, such as AB, ABnoNLS, FII, FIIT, FII-hyb and FI-M, 

bind to DNA. In contrast, the zinc finger constructs that only have FI or consist mostly of 

FI, such as FI, FI-hyb and FII-M, do not bind to DNA. These results define a critical role 

for the second zinc finger of PARP-1 in DNA binding, and are consistent with previous 

reports (16, 17, 44). 

It is interesting to note that FI and FII of PARP-1 are clearly divergent in 

phylogenetic relationships (25). Indeed, PARP-1 FI appears to be more related to DNA 

ligase III α zinc finger than to PARP-1 FII. It has previously been shown that DNA ligase 

III α zinc finger could be recognized by antibodies to PARP-1 FI but not by antibodies to 

PARP-1 FII (10). We asked the question what role FI plays if FII contributes more to 

direct DNA binding. Surprisingly, activity assays (Figure 3-5) showed that FI, but not 

FII, was required for stimulation of the activity of a PARP-1 fragment (CDEF) containing 

a functional catalytic domain. Thus, although FII can bind to DNA (Figure 3-2), it 

appears not to be capable of activating PARP (Figure 3-5). This phenomenon indicates 

that FI may contribute to the stabilization of a PARP-1 conformation that is required for 

activity. In keeping with this proposal, the SAXS studies on PARP-1 DNA binding in our 

lab revealed a significant conformational change of FI upon binding to DNA 

(unpublished data). It is not clear how FI complements PARP-1 activity when it does not 

bind efficiently to DNA. Perhaps some basal level of DNA binding (not detectable in our 

assays) could be competent to activate the catalytic activity.  It is also possible that the 

DNA affinity of FI increases in the presence of CDEF supplied in trans.  In addition to FI 

and FII, Domain C, or FIII, could not bind to DNA effectively by itself (Figure 3-4 C). 
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However, it seemed to stimulate DNA binding of the first two zinc fingers. Like FI, the 

functional role of FIII probably also involves facilitating a conformational reorganization 

of PARP-1 upon DNA binding (unpublished data). 

4.2 PARP-1 zinc fingers recognize flexible DNA structures 

Compared to our knowledge of sequence-specific DNA binding proteins, 

relatively little is known about how non-sequence-specific DNA-binding proteins interact 

with DNA. Thus, investigations of proteins such as PARP-1 can shed light on this class 

of DNA-binding proteins. In the present study, gel mobility shift assays, circular 

dichroism, and isothermal titration calorimetry were employed to study the DNA binding 

of PARP-1 towards various DNA substrates that bear defined secondary structures.  

In order to investigate the DNA substrate specificity and the putative binding 

modes of the PARP protein, we studied its interaction with dsDNA containing nicks, 

gaps, overhangs, bulges, forks and artificially bent DNA. PARP-1 showed the tightest 

binding for the gapped DNA, reflected by the smallest Kd
app (Figure 3-6, Figure 3-7 and 

Table 3-2). In addition to the nicked DNA and gapped DNA, PARP-1 demonstrated a 

binding preference for ds-ssDNA junctions including 5´- or 3´-recessed DNA and Y-

shaped junction. These ds-ssDNA junctions are a common DNA intermediate structure 

formed in many metabolic processes including DNA repair, replication, and 

recombination, implying a potential additional role of PARP-1 in cellular processes. In 

support of this, a recent report indicated that PARP-1 is required for replication fork 

slowing on damaged DNA (45). Based on the ability of PARP to interact with partially 

unwound DNA, we reasoned that DNA secondary structures with single-stranded 

character may provide potential binding sites for PARP in gene-regulating sequences in 

the absence of DNA strand breaks.  
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Loops or discontinuities in the DNA backbone are considered to increase local 

flexibility, thereby facilitating formation of protein-mediated DNA kinks. It has been 

observed previously that PARP-1 can bind to cruiciform hairpins (22). Here, we tested 

for PARP-1 binding to bulged DNA, and the result showed that it is not a preferred 

substrate compared to other secondary structures (Table 3-2).  Although the Kd
app for 66B 

is smaller than that for 66ds, no stable protein-DNA complex could be observed from the 

native polyacrylamide gel (Figure 3-6 E).  

With respect to the role of PARP-1 in DNA damage recognition, we also 

examined the interaction of this protein with curved and bent DNA, which are often 

induced by base pair sequence or by bulky DNA lesions. We used a DNA sequence that 

contains an A-tract (Figure 3-11A) and a set of bent DNA substrates with defined angles 

that mimic cis-platination (Figure 3-13, Table 3-5). Our results indicated  the PARP-1 

DNA binding domain has higher affinity toward curved DNA (Figure 3-11 B and C, 

Table 3-4) and bent DNA (Figure 3-14, Table 3-5), with distinct gel shift behavior. A 22-

bp DNA bearing a cis-platin-GG intrastrand cross-link was used as a control in the study. 

Interestingly, ABC has little affinity towards the control DNA (data not shown), although 

the DNA has a bending angle of about 50-60° (35-37). This may indicate that the 

bending, and not the bulky lesion of cis-platination, determines the binding.    

4.3 Nature of PARP-1 DNA binding and basis for substrate-selectivity 

Using the various DNA substrates, we found that PARP-1 can bind to DNA both 

specifically and non-specifically, as demonstrated by the discrete and smeared protein-

DNA complex bands in the gel shift assays (Figure 3-6). In both cases, the DNA binding 

is salt-sensitive (data not shown). A 150 mM salt concentration was used to mimic 

physiological conditions. Under these conditions, protein-DNA aggregates were still 

observable at higher protein concentrations (Figure 3-6, C-I). Therefore, the affinity in all 
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cases reflects an aggregate affinity for the DNA substrates, not the affinity for binding to 

a single site or a specific lesion. Protein-DNA aggregation has been observed for some 

proteins that are involved in DNA repair or the maintenance of chromatin structure. For 

example, DNA topoisomerase II binds to the scaffold-associated DNA regions (46); Rad 

52 brings together RAD51 and DNA into large co-aggregates to promote DNA 

unwinding (47). In addition, some other proteins such as histone-like HU protein (48), 

HU-related histone-like protein Hlp (49), and XPA (50) also demonstrated similar 

phenomena. Although the reason that PARP-1 forms the slower-migrating protein-DNA 

aggregates is not clear, a recent report based on atomic force microscopy data proposed 

the possibility that the PARP-1 DNA binding domain binds to the ends of DNA 

fragments and aggregates to joins multiple fragments into chain like structures through 

aggregation (18).  Whether this observation has any physiological relevance is unclear. 

The plot of protein concentration vs. the protein-DNA complex ratio (Figure 3-7) 

showed a sigmoidal titration curve, which could be fit with a cooperative binding model. 

While we were unable to determine accurate protein:DNA stoichiometries for each DNA 

substrate, the apparent cooperativity observed at higher protein concentrations may be 

enabled by exposing protein residues upon DNA binding that are otherwise buried in the 

full-length protein. Alternatively, global changes in DNA conformation upon initial 

complex formation may energetically favor additional protein binding.  Accordingly, the 

conformational changes of DNA and protein were studied using circular dichroism 

(Figure 3-9). The CD spectra of DNA substrates revealed trivial changes in the overall 

structures for all the DNA substrates, while the protein conformational change was more 

significant (Figure 3-10). 

Compared to double stranded DNA, PARP-1 binds better to DNA with local 

distortions such as nicks, gaps, end-recessed or Y-shaped based on the Kd
app (Table 3-2). 
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The Kd
app for these DNA substrates falls in the range of 100-300 nM. It should be noted 

that the relatively weak binding is still physiologically relevant given that PARP-1 is 

present at about 1 µM in the cell (51). In an attempt to estimate the Kd
app for the 

nonspecific binding to 66ds and 66B by AB, much higher concentrations of protein were 

added into the solution before the gel shift assay was performed, resulting in slower 

migration bands of protein-DNA aggregation complexes. The resulted Kd
app for 66ds and 

66B were about 2-3 fold higher than that for the nicks, gaps, end-recessed or Y-shaped 

DNA (data not shown). The question then arises how PARP-1 discriminates between the 

perfect duplex DNA and distorted DNA if the Kd
app toward different DNA substrates are 

not significantly different. One possible reason would be that PARP-1 recognizes gapped, 

nicked, and overhanged DNA and forms a stable complex, while it only forms 

nonspecific, unstable complexes with perfect duplex DNA. 

We note that PARP-1 binds better to DNA containing gaps compared to DNA 

with nicks. A recent report showed that nicks result in a limited decrease in the bending 

force constant compared to a perfect duplex, with a <8° bend towards the opposing strand 

(52, 53). In contrast, DNA with gaps was shown to be anisotropically bent, which might 

provide more flexibility (54). We surmise that the configuration of the DNA bend 

imposed by gaps, combined with potentially distinct dynamic properties of the DNA, 

render a more favorable substrate for PARP-1 binding compared to duplex with loops or 

nicks. 

While the dissociation constants of binding have been studied for PARP-1 DNA 

binding, little is known about the enthalpy and entropy of these interactions. Knowledge 

of these parameters is essential if we are to determine the nature of the forces responsible 

for binding. In the isothermal titration calorimetry experiments, we used a set of DNA 

substrates of short lengths together with buffers of higher ionic strength to avoid non-
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specific binding. It was found that DNA binding by PARP-1 is highly exothermic and 

entropy driven (Table 3-6, Table 3-7 and Figure 3-18). As expected, 43DG1 was the best 

substrate for PARP-1 binding. While the enthalpy change for each DNA substrate 

differed significantly, the Gibbs free energies of binding do not vary significantly. One 

reason for this situation is enthalpy/entropy compensation. The significant enthalpy 

change can be partly compensated by an entropy change, and as a result, there only is a 

small change in the free energy of binding. Interestingly, the nicked DNA, 44D, does not 

seem to be a better substrate than other double-stranded DNA (Table 3-7), as in the case 

of 66nk when compared to 66ds (Table 3-2). The better binding of the 66nk is possibly 

due to its more open shape, which gives it a better ability to draw the protein from the 

bulk to its surface (55). Further studies on heat capacity changes and protonation effects 

will be useful to address the question of which factors contribute more to DNA binding.  
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Chapter 4. In vitro Modification of AIF by PARP-1 and Mitochondrial-
dependent AIF release in cell death 

1. INTRODUCTION 

Poly(ADP-ribosyl)ation, a covalent modification of proteins catalyzed by 

poly(ADP-ribose) polymerases (PARPs), plays a crucial role in regulating DNA repair, 

DNA replication, and cell death (1-4). PARP-1 is a nuclear protein that is the most 

extensively studied in this family. In the presence of DNA strand breaks, PARP-1 

catalyses the coupling of 50-200 residues of PAR to itself and acceptor proteins using -

NAD+ as the substrate. The mechanism by which overactivation of PARP-1 leads to cell 

death remains elusive. A common hypothesis of PARP-1-mediated cell injury is that 

overactivation of PARP-1 and resulting poly(ADP-ribosyl)ation leads to massive 

utilization of NAD+, and a rapid loss of cellular NAD+ and ATP (5). In addition to 

PARP-1, more nuclear and extra-nuclear ADP-ribose-polymerization enzymes have been 

recently identified, including PARP-2, PARP-3, Tankyrase-1 and -2, VPARP and 

TiPARP (1-4).  

Apoptosis inducing factor (AIF) is a mitochondrial flavoprotein contributing to 

both cell life and death (6-9). The crystal structure of AIF reveals that AIF is organized 

into three putative functional domains: (1) a N-terminal FAD binding domain, (2) a 

central NADH binding domain and (3) a C-terminal domain (9-11).  The first two 

domains confer the oxidoreductase activity of AIF and are involved in maintaining 

mitochondrial structure under physiological conditions (12, 13). In contrast, the C-

terminal domain mainly contributes to caspase-independent cell death under pathological 

conditions (14).  Although the mechanism of AIF contribution to cell death remains 

elusive, one critical event is that mitochondrial AIF translocates to the nucleus, and 
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induces chromatin condensation accompanied by large-scale DNA fragmentation (11). 

Recently, direct physical interaction of AIF with DNA and RNA was visualized by 

electron microscopy, implicating the contribution of AIF in compaction of nucleic acids 

within apoptotic cells (15). AIF has been widely implicated in cell death from some 

neurologic diseases (16, 17). The elucidation of the mitochondrial mechanisms of AIF 

release would be beneficial in the development of effective treatment for these diseases. 

The connection between PARP-1 and AIF translocation was first established by 

Dawson and coworkers. They demonstrated that PARP-1 activation is required for AIF 

translocation during cell death initiated by N-methyl-N'-nitro-N-nitrosoguanidine 

(MNNG) and H2O2 in fibroblasts and NMDA in cortical neurons (18). In a variety of 

experimental paradigms, it was shown that chemical inhibitors against PARP-1, genetic 

ablation of PARP-1, AIF knockdown, or neutralizing anti-AIF antibodies prevents AIF 

translocation to the nucleus and inhibits MNNG-mediated cell death (18-21). However, 

the way in which nuclear PARP-1 activation “signals” mitochondria to release AIF 

remains poorly understood. Recently,  poly(ADP-ribose) (PAR) was identified as a cell 

death signal provoking AIF release from mitochondria (22). More recently, Moubarak 

and coworkers showed PARP-1, calpains, and Bax are requirements for AIF release and 

cell death in response to MNNG (20). Despite these efforts, the mechanism by which AIF 

is released is still unknown.  

Like PARP-1 activation, mitochondria permeability transition (MPT) is a 

significant factor leading to cell death (23, 24). MPT results from the opening of a large 

conductance channel in the inner mitochondrial membrane (25, 26). Inhibition of MPT 

with cyclosporin A (CsA) has been shown to be protective for oxygen/glucose deprived 

neurons in vitro and ischemia in vivo (27, 28). MPT was shown to initiate apoptosis of 

isolated nuclei (29) and is associated with the release of AIF in intact cells (30-32). These 
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findings suggest MPT could be a potential mechanism connecting PARP-1 activation and 

AIF release. Meanwhile, extra-nuclear PARP localization might also contribute to AIF 

release. This recent discovery supported the idea that poly(ADP-ribosyl)ation is not 

confined to nucleus but is also carried out by cytoplasmic enzymes. In a recent study, 

researchers observed intra-mitochondrial poly(ADP-ribosyl)ation and the inhibition of 

mitochondrial poly(ADP-ribosyl)ation prevents AIF release (33). Indeed, mitochondrial 

mono(ADP-ribosyl)ation and poly(ADP-ribosyl)ation have been observed (34-45) and 

shown to be involved in mtDNA repair (46, 47). In this case, if the nuclear PAR 

translocating to mitochondria could signal AIF release, then the PAR synthesized by 

intra-mitochondrial PARP, if any, would also contribute to the AIF release and caspase-

independent cell apoptosis. 

In this chapter, we studied the interaction between PARP-1 and AIF, and explored 

the possible mechanisms involved in AIF release.  We asked a few fundamental 

questions: (1) Will PARP directly interact with AIF and modify it, therefore modulating 

its activity? (2) Is there mitochondria-localized PARP that synthesizes PAR to serve as an 

intra-mitochondria death signal for AIF release? (3) Will MPT control AIF release 

following PARP-1 activation? Or alternatively, will MNNG, a DNA alkylating agent or 

tert-butyl hydroperoxide (tBHP), an oxidative stress, affect mitochondrial function 

upstream of PARP-1 activation? To address these questions, we studied the in vitro 

poly(ADP-ribosyl)ation of AIF by PARP-1 and our results showed that AIF is an in vitro 

substrate for PARP-1, although the modification is limited. Compared to AIF, modified 

AIF has comparable redox activity but decreased DNA binding activity. Using [32P] -

NAD+ as substrate, we detected enzymatic ADP-ribosylation activity in both 

mitochondrial and nuclear protein extracts, implicating that mitochondrial ADP-

ribosylation could also contribute to AIF-mediated caspase-independent apoptosis. Using 
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isolated mitochondria from both mouse liver and HeLa cells, we studied the effect of 

mitochondrial swelling and AIF release under the treatment of Ca2+, tBHP, and MNNG. 

Our results showed that Ca2+, tBHP, and MNNG could directly induce mitochondrial 

dysfunction and AIF release with different kinetics, and the process could be inhibited by 

the mitochondrial permeability inhibitor CsA. We conclude that the induction of MPT 

could be a key event in Ca2+ and tBHP dependent cell death occurring independently of 

PARP-1 activation; while MNNG induced PARP-1 dependent AIF release could follow a 

different mechanism involving MPT. Elucidating these mechanisms and interfering with 

mitochondrial MPT may offer therapeutic approaches to treat PARP-1 mediated cellular 

injury. 

2. EXPERIMENTAL PROCEDURES 

2.1 Materials 

Cloning vectors pET24b(+) and pET28b(+) were purchased from Novagen 

(Madison, WI). Escherichia coli protein expression host strain BL21-CodonPlus(DE3)-

RP was from Stratagene (La Jolla, CA) and Rosetta II (DE3) was acquired from Novagen 

(Madison, WI). The 1 kb plus ladder was a product of Invitrogen (Calsbad, CA). MalE-

pET is a modified pET-28b(+) expression vector constructed in our laboratory. It 

contains gene encoding a poly-histidine tagged maltose binding protein (His10MBP) at 

the N-terminus, followed by a tobacco etch virus (TEV) protease cleavage site and the 

multiple cloning site (MCS) for cloning. DNA markers, restriction enzymes, Taq 

polymerase, pfu polymerase, T4 DNA ligase were obtained from Invitrogen (Calsbad, 

CA). PARP inhibitors 1,5-dihydroxyisoquinoline (DHIQ) and 3-aminobenzamide (3-

ABA), monoclonal anti-biotin agarose, and protease inhibitor cocktail were purchased 

from Sigma (St. Louis, MO). Biotin-NAD is from Trevigen (Gaithersburg, MD).  
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Streptavidin agarose was produced by Novagen (Madison, WI). Anti-PAR rabbit 

polyclonal antibody was obtained from Calbiochem (San Diego, CA), anti-PAR 

monoclonal antibody was from Trevigen (Gaithersburg, MD), anti-PARP (domain C) 

mouse monoclonal antibody and mouse anti-cytochrome c monoclonal antibody were 

from BD pharMingen (Franklin Lakes, NJ). Rabbit anti-PARP (automodification domain, 

509-524) polyclonal antibody and rabbit anti-AIF (Ab-2) polyclonal antibody were 

acquired from Oncogene (SD, CA). Peroxidase conjugated goat anti-mouse IgG, 

peroxidase conjugated mouse anti-rabbit IgG, and SuperSignal west pico 

chemiluminescent substrate kits were product of Pierce Biotechnology (Rockford, IL). 

Peroxidase conjugate rabbit anti-mouse IgG was purchased from Fisher scientific 

(Pittsburg, PA), and horseradish peroxidase (HRP) conjugated affinity purified secondary 

antibody was from Chemicon International (Billerica, MA). 

2.2 Cloning, expression and purification of  His6-tagged and tag-free PARP-1 in E. 
coli 

The expression vector containing N-terminal His6-tagged PARP-1 was 

constructed by a former lab member Dr. Peng Gao by cloning the human PARP-1 gene 

into the pET28b(+) (48). The corresponding non-tagged PARP-1 construct was prepared 

by digesting the PARP-1 gene from PARP-1/pET28b(+) and subcloning it into a 

modified pMAL expression vector (MalE/pET) using the NdeI and XhoI restriction sites 

(48). The modified vector (MalE/pET) was generated by replacing the factor Xa protease 

recognition sequence with that of the tobacco etch virus (TEV) protease and inserting a 

DNA segment that encodes a decahistidine (H10) tag in front of the TEV protease 

recognition site. The PARP-1 expressed from this vector is thus a fusion protein that has 

maltose-binding protein (MBP) at the N-terminus with an intervening H10-tag which is 
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followed by a TEV protease digestion site. After treatment with TEV protease, the 

PARP-1 has a molecular weight of 113kD with 1014 amino acids. 

Both His6-tagged and tag-free PARP-1 protein were expressed using E. coli 

BL21-CodonPlus(DE3)-RP as the host cells. Fresh transformants were incubated 

overnight at 37 C on plates containing chloramphenicol (35 µg/mL) and kanamycin (50 

µg/mL). Colonies were picked and transferred to 10 mL aliquot of Luria-Bertani (LB) 

media supplemented with kanamycin (50 µg/mL) and incubated overnight at 37 C. 

Overnight culture were used to inoculate 6 L of LB media containing kanamycin (50 

µg/mL) and grown at 37 C until the OD600 reached 0.6. Expression of the recombinant 

PARP-1 fusion protein was induced with isopropyl -D-thiogalactoside (IPTG) at a final 

concentration of 0.2 mM. Cells were allowed to grow for an additional 14 h at 18 C 

before harvesting by centrifugation at 6000 g for 10 min. Cells were stored at -80 C 

before use. 

Frozen cells were triturated into powder in a mortar by the continuous addition of 

liquid nitrogen. Thawed cells were resuspended in high salt lysis buffer (50 mM HEPES, 

pH 7.5, 1 M NaCl, 10 mM imidazole, 10% glycerol, 1 mM ß-mercaptoethanol) and 

sonicated. Insoluble cellular material was pelleted by centrifugation at 12,000 g for 30 

min at 4 C, and the supernatant was incubated with 10 mL Ni-NTA resin (Qiagen) for 1 

h at 4 C. The slurry containing both lysate and resin were loaded onto a column, drained, 

and washed with high-salt lysis buffer and then regular lysis buffer (50 mM HEPES, pH 

7.5, 300 mM NaCl, 10 mM imidazole, 10% glycerin, 1 mM ß-mercaptoethanol). The 

desired protein was eluted with elution buffer (50 mM HEPES, pH 7.5, 300 mM NaCl, 

250 mM imidazole, 10% glycerin, 1 mM ß-mercaptoethanol). The eluted protein was 

pooled and digested overnight by adding 1/50 (w/w) TEV protease to the lysis buffer 

during dialysis. The digested protein solution was run through Ni-NTA column again to 
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collect the flow-through, which contained tag-free PARP-1. The cleaved MBP protein, 

which contains His10-tag, was retained in the column. PARP-1 protein was then 

concentrated and further purified by FPLC Superdex 200 10/300 GL column (GE 

Healthcare) in 10 mM sodium phosphate buffer, pH 6.0, 50 mM NaCl. Desired fractions 

were poole, concentrated by Centricon® YM30 centrifugal filter devices (Millipore, 

MA),  and stored at -80 C. 

2.3 Cloning, expression and purification of AIF and its mutants 

Human full length AIF cDNA was cloned into the pET28b+ vector using NdeI 

and EcoRI restriction sites by a former lab member, Dr. Peng Gao (48). The AIFΔ1-100, 

AIFΔ1-120 and AIFΔ1-127 constructs were amplified from AIF/pET28(+) and subcloned 

into pET24b(+). The forward primers used to clone genes of AIFΔ1-100, AIFΔ1-120 and 

AIFΔ1-127 are 5'-CGCGCATATGGGATTAGGGCTGACACC-3', 5'-

CGCGCATATGGAGGAAGTTCCTCAAGAC-3', and 5'-

CGCGCATATGAAGGCGCCAAGTCATG-3', respectively with NdeI digestion site 

underlined. The reverse primer used is the T7 terminator primer. The PCR products were 

digested with NdeI/SalI and separately subcloned into the correspondingly digested 

pET24b(+). 

Full length AIF, AIFΔ1-100, AIFΔ1-120 and AIFΔ1-127 were overexpressed in 

E. coli strain BL21-CodonPlus(DE3)-RP. Procedures for cell culture and protein 

overexpression followed those used for PARP-1. Full length AIF containing either N- or 

C-terminal His6-tag, and C-terminal His6-tagged AIFΔ1-100, AIFΔ1-120 and AIFΔ1-127 

were all purified using the Ni-NTA column. Briefly, the frozen cells were thawed and 

resuspended in the lysis buffer (50 mM HEPES, pH 7.5, 300 mM NaCl, 10 mM 

imidazole, 10% glycerin, 1 mM ß-mercaptoethanol). After sonnication and 

centrifugation, the supernatant was incubated with 10 mL Ni-NTA resin (Qiagen) for 1 h 
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at 4 C. Lysate and resin were loaded onto a column, drained and washed with wash 

buffer (50 mM HEPES, pH 7.5, 300 mM NaCl, 20 mM imidazole, 10% glycerin, 1 mM 

ß-mercaptoethanol), and eluted with the elution buffer (50 mM HEPES, pH 7.5, 300 mM 

NaCl, 250 mM imidazole, 10% glycerin, 1 mM ß-mercaptoethanol). The eluted protein 

was pooled and and dialyzed against dialysis buffer (same as lysis buffer). The dialyzed 

protein was concentrated by Centricon® YM30 centrifugal filter devices (Millipore, MA) 

and stored at -80 C. 

2.4 Poly(ADP-ribosyl)ation of AIF by PARP-1 

The AIF sample was incubated with purified PARP-1 and analyzed by Western 

blot to determine if AIF can be modified by PARP-1. Two reaction conditions were 

employed. The first reaction condition used eppendorf tubes where both PARP and AIF 

were free in solution. Each reaction contained varying concentration of 0.1 -1 µM PARP-

1, 250 nM AIF, 400 nM NAD+ and 0.01 mg/mL of calf thymus DNA in PARP assay 

buffer (50 mM Tris-HCl buffer, pH 8.0, 4 mM MgCl2, 0.2 mM DTT). The modified AIF 

(m-AIF) was detected by immunoblotting wtih anti-PAR antibody. The second assay 

condition was carried out on a 96-well plate where PARP-1 at 200 nM was first coated on 

the plate. The reaction was initiated by the addition of AIF (250 nM – 1 uM), NAD+ (400 

nM), calf thymus DNA (0.01 mg/mL or 0.1 mg/mL) and PARP assay buffer. After 30 

min’s incubation, the supernatant was removed and subjected to an anti-PAR Western 

blot to detect modified AIF. In a separate experiment, biotin-NAD+ (Trevigen) was used 

as an alternative substrate for poly(ADP-ribosyl)ation of AIF by PARP-1. The 

incorporation of biotin-NAD+ was detected by anti-PAR Western blot. 
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2.5 Purification and quantitation of modified AIF  

AIF (1 µM) was poly(ADP-ribosyl)ated using tag-free PARP-1 (200 nM) in 

eppendorf tubes as described above. The protein components in the final reaction mixture 

contained AIF, m-AIF, PARP-1, modified PARP-1 (m-PARP-1). The reaction mixture 

was run through a Ni-NTA column.  Because the modified AIF and any unmodified AIF, 

designated herein as “m-AIF mixture”, are His6-tagged,  they were retained in the Ni-

NTA column, whereas tag-free PARP-1 and m-PARP-1 were removed in the flow-

through. The AIF mixture was then eluted using elution buffer and dialyzed to remove 

imidazole. To seperate unmodified AIF from the m-AIF, the dialyzed m-AIF mixture was 

subjected to FPLC MonoQ HR 16/10 chromatography. The column was equilibrated with 

20 mM Tris·HCl buffer (pH 8.0) and eluted with a linear gradient of 0-1 M NaCl in 20 

mM Tris·HCl buffer (pH 8.0) over 80 mL. The fractions were collected and combined 

based on SDS-PAGE and anti-PAR Western blot results.  

Biotin-NAD+ was used as an alternative substrate for poly(ADP-ribosyl)ation of 

AIF by PARP-1 at 30 C for 1.5 h. The reaction mixture was purified by Ni-NTA as 

described before to obtain AIF and biotin-labeled m-AIF after dialysis, the biotin-labeled 

m-AIF was collected by incubating with either anti-biotin agarose or streptavidin agarose, 

and washed with PBS buffer. Biotin-labeled m-AIF was quantitated using Bradford 

protein assay. The efficiency of poly(ADP-ribosyl)ation under the assay conditions was 

estimated by calculating the amount of modified AIF versus total AIF used in the 

reaction.  

2.6 Determination of the redox activity of AIFΔ1-100 and its poly (ADP-ribosyl)ated 
form 

The oxidized FAD in the AIFΔ1-100 protein has absorption maxima at 378 nm 

and 450 nm. The molor extinction coefficient of bound FAD at 450 nm was determined 
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based on the absorption changes detected after releasing the bound FAD from the enzyme 

by heating at 90 C for 5 min in 50 mM Tris·HCl buffer, pH 8, 4 mM MgCl2. The 

extinction coefficient (ε) of free FAD at 450 nm is 11.3 mM-1cm-1. 

The NADH : NBT oxidoreductase activity of AIFΔ1-100 was determined as 

previously described (12). Briefly, the activity was measured at 25 ºC in a total volume 

of 120 µL containing 4 mM NBT (2,2'-di-p-nitrophenyl-5–59-diphenyl-3,3'[3–3'-

dimethoxy-4–4'difenilen]tetrazolium chloride) in air-saturated KPi buffer (50 mM, pH 

7.5, 100 mM NaCl). The reaction was initiated by the addition of AIF and was followed 

by monitoring the reduction of NBT at 540 nm, using the absorption coefficient 7.2 mM-

1cm-1.  Steady-state kinetic data were determined by varying NADH concentration (0.2-

12 mM). Kinetics were compared between the AIFΔ1-100 and poly (ADP-ribosyl)ated 

forms. 

2.7 DNA retardation assay by AIF 

The interaction of recombinant AIF (7 ~ 42 µg) with 500 ng DNA molecular 

weight ladders (1 kb plus ladder) was investigated by the gel retardation  assay on 0.9% 

agarose gels. Recombinant AIF was incubated with DNA ladders or a 1,650 bp DNA for 

30 min at room temperature in 8 µL of 10 mM Tris buffer, pH 8.0. Samples were 

electrophoresed in a Tris acetate EDTA (TAE) buffer (50 mM) and stained with ethidium 

bromide (EB). 

2.8 Crude mitochondria and nuclei isolation from mouse liver and HeLa cell 

Mitochondria were isolated by conventional procedures using differential 

centrifugation (49-51). Mouse liver was removed after sacrifice and immediately 

immersed in ice-cold buffer A containing MSH buffer (220 mM mannitol, 70 mM 

sucrose, 5 mM HEPES, pH 7.4) supplemented with 1 mM EGTA. The tissue was 
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recorded for weight, minced with scissors, and washed with buffer A until the solution 

became clear. The tissue was resuspended in buffer B containing buffer A supplemented 

with 0.5 mg/mL fatty acid free BSA and the protein inhibitor cocktail (8 mL buffer/ 1 g 

liver), followed by gentle homogenization with a Dounce-type glass homogenizer. 

Homogenized tissue was then centrifuged at 1,500 g for 10 min at 0 °C. The resulting 

pellet was collected and used for nuclei extraction, whereas the supernatant was 

centrifuged further for 10 min at 10,000 g at 0 °C. The fatty top was aspirated, and the 

cytosol partition was saved for further analysis. The fluffy layer of the pellet was 

removed by gentle agitation with buffer B. The firmly packed sediment was resuspended 

in MSH buffer and centrifuged at 10,000 g for 10 min at 0 °C. The resulting 

mitochondrial pellet was then resuspended in MSH buffer as intact mitochondria for 

Western blot; or resuspended in buffer C (210 mM mannitol, 70 mM sucrose, 10 mM 

HEPES, pH 7.4, 4.2 mM succinate, 0.5 mM KH2PO4, 4 µg/mL of rotenone) for swelling 

assays or immunoprecipitation; or resuspended in protein extraction buffer to yield 

soluble mitochondrial protein extract. The yield of mitochondria was about 4-10 mg/g 

liver. 

Isolation of mouse liver nuclei was from the 1,500 g pellet after homogenization. 

The pellet was resuspended in nuclear isolation buffer (10 mM Tris·HCl, pH 7.4, 10 mM 

KCl, 10 mM MgCl2, and 10 mM DTT), and centrifuged at 1,500 g for 10 min at 0 °C. 

This process was repeated twice and the isolated intact nuclei were stored at -80 °C for 

further analysis. The isolation of mitochondria and nuclei from HeLa cell followed a 

similar procedure with slight modifications. The cells (5×105/mL) were harvested by 

centrifugation at 1,800 g for 10 min at 0 °C. After washing with buffer A, the cells were 

resuspended in buffer B and the same procedure as that for liver mitochondria/nuclei 

isolation was followed.  
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2.9 Mitochondrial and nuclear protein extract preparations 

Isolated intact mitochondria and nuclei were resuspended in protein extraction 

buffer (10 mM Tris·HCl, 10 mM KCl, 10 mM MgCl2, 10 mM DTT and 350 mM NaCl in 

the presence of pepstatin (0.7 µg/mL), aprotinin (1 µg/mL), leupeptin (0.2 µg/mL) and 

PMSF (1 mM) and incubated for 1 h on ice. Lysates were centrifuged for 30 min by a 

Beckman Avanti-JE centrifuge at 70,000 RPM. The supernatant was retained and 

dialyzed against dialysis buffer (25 mM Tris·HCl, pH 7.5, 1 mM EDTA, 1 mM PMSF, 

1 mM DTT and 10% glycerol), concentrated, flash froze, and stored in aliquots at -80 °C 

until use. 

2.10 Detection of PARP and PARP enzymatic activity inside mitochondria 

Nuclei and mitochondria were isolated from mouse liver and HeLa cells as 

previously described (49-51). Mitochondrial and nuclear total protein content was 

determined according to the method of Bradford using BSA as the standard. Anti-PARP 

antibody was used in Western blot for detecting PARP. PARP activity can also be 

detected using 32P-NAD+ as described (33). Briefly, the standard incubation mixture 

contained 25 µM 32P-NAD+ (65 nCi/uL) and 200 µM NAD+ in a total volume of 20 µL 

of PARP assay buffer (50 mM Tris·HCl, pH 8.0, 4 mM MgCl2, 0.2 mM DTT). Other 

additions were made as indicated in the figure legends. The reaction was initiated upon 

the addition of NAD+ and was incubated at room temperature for 15 min. After the 

reaction, the sample was loaded using 6× SDS-PAGE loading buffer and electrophoresed 

on a 12% SDS-PAGE gel.  After electrophoresis, the gels were dried and subjected to 

phosphorimager for autoradiography. 
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2.11 Mitochondrial swelling assay 

Isolated mitochondria were resuspended to a final concentration of 0.5 mg 

protein/mL in buffer C (210 mM mannitol, 70 mM sucrose, 10 mM HEPES, pH 7.4, 4.2 

mM succinate, 0.5 mM KH2PO4, 4 µg/mL of rotenone). Mitochondrial swelling was 

induced by Ca2+, tert-butyl hydroperoxide (tBHP) and MNNG, and measured by the 

decrease in absorbance at 540 nm using a Synergy HT Multi-Mode Microplate Reader 

(BioTek, Winooski, VT ) (52). To detect the release of cytochrome c (Cyt c) and AIF, 

treated mitochondria was centrifuged at 10,000 g for 10 min at 4 °C, and the supernatant 

and pellet were subjected to Western blot. 
 

2.12 Western blots 

Proteins in the supernatant or pellet of mitochondria or nuclei were subjected to 

SDS-PAGE using a 12% gel. Immunoblots for the determination of the release of 

cytochrome c, AIF, and the polymerization status of AIF were performed using the 

specific monoclonal or polyclonal antibody. 

2.13 Dynamic light scattering to measure the size of mitochondria  

Dynamic light scattering was carried out to measure the size of mitochondrial 

samples subjected to swelling assays using a 90Plus (Brookhaven Instruments 

Corporation, Holtsville, NY) (53, 54). The coherent light source was a 17-mW He−Ne 

laser (Melles Griot, λ = 632.8 nm) mounted on a custom-built goniometer along with the 

light-scattering cell. The scattered light signal was transmitted by an optical fiber coupled 

to a fiber collimator (SELFOC microlens, 0.25 pitch) and was detected by an avalanche 

photodiode (Brookhaven). The scattering angle was set at 90°. Data were analyzed by 

using a digital autocorrelator (Brookhaven, model BI-9000AT) with 522 real time 
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channels. For a dilute mitochondria sample solution, the autocorrelation function, C(τ), is 

given by C(τ)= A e-2Γt + B, where A and B are instrumental constants;  Γ= q2 D,  q = 

(4πn/λ) sin(θ/2), n is the refractive index of the solvent, λ is the wavelength of the 

incident light, θ is the scattering angle, q is the scattering vector, and D is the diffusion 

coefficient of the particle in solution. From the diffusion coefficient, the particle diameter 

can be calculated using the Stokes−Einstein equation D=kBT/3πηd where kB is the 

Boltzmann’s constant, T is the absolute temperature, η is the viscosity of the solvent and 

d is the hydrodynamic diameter of the particle. In this study, non-negatively constrained 

least squares (NNLS) method was used to fit the experimental data. The average particle 

sizes are reported. 

3. RESULTS 

3.1 Cloning, expression and purification of AIF and PARP-1 in E. coli. 

Figure 4-1A shows the various domains of human full length AIF, which include 

a N-terminal mitochondrial localization sequence (MLS), two FAD and one NADH 

binding domain. Full-length AIF was cloned into pET28b(+) and expressed as a soluble 

protein with both N- and C-terminal His6-tag having a molecular weight of 71.3 kDa. It 

has been suggested that after import into the mitochondrial inner membrane space (IMS), 

the 101-amino-acid residue presequence segment is cleaved off to generate the mature 

AIF, which is confined to the mitochondrial IMS. Thus, three other truncated isoforms, 

AIFΔ1-100, AIFΔ1-120, and AIFΔ1-127, were also constructed in this study by 

removing the MLS or the MLS and the following 27-amino acid spacer, cloned into 

pET24b(+), and expressed as soluble C-terminal His6-tagged proteins. AIFΔ1-100 

purified from Ni-NTA is approximately 90% homogeneous (Figure 4-1B). Attempts to 

further purify of these proteins with FPLC monoQ and Superdex 200 was futile. The 
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typical yield was 5 mg of purified protein per liter culture. The apparent molecular mass 

of AIFΔ1-100, AIFΔ1-120, and AIFΔ1-127 are consistent with the calculated values of 

58.2 kDa, 56.2 kDa, and 55.4 kDa, respectively. AIFΔ1-100 was used in the following 

experiments, as it has the best purity and is more likely the matured AIF form.   

Full length human PARP-1 was expressed and purified in N-terminal His6-tagged 

and tag-free forms. The tag-free PARP1 (Figure 1C) was first expressed as a MBP-

PARP-1 fusion protein. It was then digested with TEV protease and purified by two step 

Ni-NTA column and superdex 200 FPLC. The purified tag-free PARP-1 has a molecular 

mass of 113 kDa and a yield of ~1 mg per liter culture.  
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-1. Purification of AIFΔ1-100 and tag-free PARP-1. (A) The characteristic 
domains of human AIF. (B) SDS-PAGE of AIFΔ1-100. (C) SDS-PAGE of tag-free 
PARP-1 at different stages of purification. Lane 1, flow-through of 1st Ni-NTA column; 
lane 2 and 3, wash 1 and 2; lane 4, protein eluted from 1st Ni-NTA column without 
adding TEV protease; lane 5 and 6, protein after overnight TEV digestion; lane 7, protein 
flow-through after 2nd Ni-NTA column. 
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3.2 In vitro poly(ADP-ribosyl)ation of AIF by PARP-1 

To determine whether AIF could be a substrate of PARP-1, purified AIFΔ1-100 

was incubated with PARP-1 using NAD+.  As indicated by the anti-PAR Western blot in 

Figure 4-2A, AIFΔ1-100 was modified, since a new polymer band was discernible only 

in the reactions where AIF was added, and not those without AIF. This was verified by 

western blot using anti-AIF antibody. To ensure the modification is due to poly(ADP-

ribosyl)ation and not mono(ADP-ribosyl)ation, anti-PAR antibody that specifically 

recognizes polymers but not monomer was used. PARP-1 was also automodified as 

indicated by the appearance of high molecular weight bands shown in between the 

separating and stacking gels. PARP-1 is prone to degradation, therefore when higher 

concentrations of PARP-1 (500-1000 nM) were used, degraded PARP-1 with lower 

molecular mass were also observed to be poly(ADP-ribosyl)ated. Interestingly, the 

apparent molecular mass of AIF did not change significantly after covalent modification 

(compare Figure 4-2A and B), suggesting that only a few ADP-ribose molecules are 

added to AIF. A similar modification has been observed in Ku70/80, a DNA repair factor 

involved in Werner syndrome protein complex (55). Sequence analysis and biochemical 

studies to define the modification sites will facilitate further studies of the biological 

function of AIF. 

In order to minimize background poly(ADP-ribosyl)ation on PARP-1 itself, a 

different assay was performed by coating PARP-1 on a 96-well plate. Poly(ADP-

ribosyl)ation reaction was carried out in the wells where AIF and NAD+ were added 

thereafter. Similar to the first solution assay, a poly(ADP-ribosyl)ated AIF band was 

detected by anti-PAR Western blot (Figure 4-3). Small amounts of poly(ADP-

ribosyl)ated PARP-1 co-existed with modified AIF, leading to the strong PAR signal on 

the top of the gel. 
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Figure 4-2. In vitro poly(ADP-ribosyl)ation of AIF by PARP-1 in solution assay. Each 
reaction contained 250 nM AIF and the indicated amount of PARP-1 in PARP-1 reaction 
buffer. (A) anti-PAR Western blot  reveals the extend of AIF modification. (B) anti-AIF 
Western blot indicates the position of AIF.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-3. In vitro poly(ADP-ribosyl)ation of AIF by PARP-1 in a 96-well plate. Each 
reaction contained pre-coated PARP-1 at 200 nM with various amounts of calf-thymus 
DNA and AIF as indicated in PARP reaction buffer. Anti-PAR Western blot was used to 
verify that AIF was modified. Small amount of automodified PARP-1, which stays at the 
top of the gel, was also observed.  
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3.3 ADP-ribosylation shows no effect on the redox activity of AIF  

The physiological consequences of poly(ADP-ribosyl)ation on PARP-1 acceptor 

proteins are in most cases unknown. However, it is clear that the attachment of an anionic 

polymer may change the DNA binding activity of the acceptor proteins. Alteration of the 

acceptor protein’s enzymatic activity is also possible if the modification site is close to 

the catalytic or regulatory sites. Therefore, we next examined if the modification on AIF 

changes its redox activity. The absorption spectrum (Figure 4-4) of AIFΔ1-100 shows the 

typical features of an oxidized FAD flavoprotein, with the visible maxima at 378 nm and 

450nm, and a shoulder at 467 nm. The extinction coefficient (ε) for oxidized AIF at 450 

nm was estimated to be 15.22 mM-1cm-1.  

Modified AIF (in a mixture with unmodified AIF) was separated from tag-free 

PARP-1 using a Ni-NTA column. Since the attached anionic polymer will likely change 

the ionic state of AIF, m-AIF and AIF will have different binding properties in an ion-

exchange column. However, monoQ FPLC failed to separate m-AIF from AIF, probably 

due to the limited extend of poly (ADP-ribosylation). In order to estimate the ratio of m-

AIF in the m-AIF mixture, we used biotin-NAD+ as the substrate and calculated the ratio 

of biotin-m-AIF versus native AIF using anti-biotin agarose and streptavidin agarose. 

Modified AIF was estimated to be present at 60-70% in the final m-AIF mixture.  

Kinetics parameter were determined using NBT and NADH as the substrates. The 

comparison between modified and unmodified AIF does not appear to be different, 

having nearly identical Kcat/Km and Km values (Table 1). However, it should be pointed 

out that m-AIF used here is a mixture of m-AIF (60-70%) and AIF. Therefore, the 

apparent kinetic data may not accurately reflect the real kinetic properties of pure m-AIF.  
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Figure 4-4. Absorption spectrum of recombinant AIFΔ1-100. The concentration used was 
10 µM in 50 mM Tris·HCl buffer (pH 8.0). 
 
 
 
Table 4-1. Kinetics parameters of NBT-NADH redox activity of AIF and m-AIF 
 

 Conc., nM Vmax, mM.min-1 Km, mM Kcat, min-1 Kcat/Km, mM-1.min-1 

Ctrl AIF 218 0.083 ± 0.003 1.002 ± 0.088 379.4 378.7 

m-AIF 218 0.085 ± 0.005 1.045 ± 0.158 389.9 373.0 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-5. NBT-NADH redox activity of AIF and m-AIF. The reduction of NBT was 
followed by the increase of absorption at 540 nm. Different amounts of NADH were used 
as the electron donor. AIF (A) and modified AIF (B) were added at a concentration of 
218 nM.  
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3.4 Modified AIF has decreased DNA binding activity 

The putative DNA-binding site on the C-terminal domain of AIF is the most 

intriguing part of the AIF protein, owing to its lack of significant homology to any other 

protein. Recent studies demonstrated that DNA binding is required for the apoptogenic 

action of AIF (56).   

 

 

 

 

 

 

 

 

 
 
Figure 4-6.  The retardation of DNA migration by AIF on 0.9% agarose gels. (A)  
Various amounts of AIF (protein amount was listed on top of the gel) were used to 
prevent the migration of the 1 kb plus DNA ladder (100 bp-10 kb), as shown by DNA 
smearing and staining in the well. (B) Retardation of migration was compared between 
AIF and modified AIF using purified 1.65 kb DNA probe. The results showed that 
modified AIF has decreased DNA binding activity compared to AIF at the same 
concentration. 

 

The attachment of ADP-ribose molecules increases the negative charges of a 

protein, which is expected to alter the DNA binding properties of the modified proteins. 

To determine whether ADP-ribosylation influences the DNA binding activity of AIF, we 

purified in vitro modified AIF (m-AIF) and compared its DNA binding ability to that of 

unmodified AIF. Figure 4-6A showed that AIF binds to the DNA ladder, and appears to 
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prefer longer DNA, which may be attributed to the positive charges on its surface. Using 

a purified 1.65 kb DNA probe, we found that AIF bound to DNA in a dose-dependent 

manner. Complete binding was achieved by AIF at 21 ng, while modified AIF had 

decreased activity and only partially bound the DNA probe at 21 ng (Figure 4-6B). The 

results demonstrated that the poly(ADP-ribosyl)ation reduced the DNA binding activity 

of AIF, suggesting that this covalent modification alters the DNA binding properties of 

AIF. 

3.5 Mitochondrial ADP-ribosylation  

Several pieces of evidence indicated that PARP activity is not confined in 

nucleus. More specifically, poly(ADP-ribosyl)ation and mono(ADP-ribosyl)ation have 

all been observed in mitochondria (34-47). If PARP and AIF are indeed colocalized in 

mitochondria, then mitochondrial poly(ADP-ribosyl)ation could play a role in AIF 

translocation.  The following studies were designed to verify mitochondrial ADP-

ribosylation activity. ADP-ribosylation of proteins was monitored by SDS-PAGE after 

the incubation of mitochondrial and nuclei protein extract with 32P-NAD+. Covalent 

modification of proteins was then visualized by autoradiography as shown in Figure 4-7. 

Nuclear protein extract showed a strong band at around 110 kD (Figure 4-7, lane 8), 

similar to the modified PARP-1 itself (Figure 4-7, lane 1, 11), indicating the existence of 

nuclear PARP activity and poly(ADP-ribosyl)ated PARP-1.  To exclude the possibility of 

intrinsic NADase activity, we added 5 mM 3-amino-benzamide (3-ABA) into the 

reaction.  Figure 4-7, lane 9, showed no obvious decrease of ADP-ribosylation when 

cellular NAD glycohydrolase (NADase) activity was inhibited by 3-ABA.  
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Figure 4-7. Detection of mitochondrial enzymatic ADP-ribosylation activity. 
Mitochondrial protein extract (5.55 µg, lane 2-7) and nuclear protein extract (21.15 µg, 
lane 8-10) were incubated with 25 µM 32P-NAD+ in 20 µl PARP assay buffer for 15 min 
at RT in the presence of compounds indicated below. Pure PARP protein and GDH were 
used as controls. After reactions, each sample was loaded onto 12% SDS-PAGE gel. The 
autoradiograph of the gel is shown. The molecular masses of the marker proteins (in kDa) 
are shown at the left.  Lane 1, 22 ng PARP + 10 ug GDH; lane 2, 10 mM DTT; lane 3, no 
DTT; lane 4, 5 mM 3-ABA; lane 5, 400 µM DHIQ; lane 6, 2 mM EDTA; lane 7, 2.5 mM 
MgCl2; lane 8, 10 mM DTT; lane 9, 5 mM 3-ABA; lane 10, 400 µM DHIQ; lane 11, 44 
ng PARP + 10 µg GDH. 
 

For mitochondrial protein extracts, the incorporation of labeled NAD+ into a 

protein at approximately 32.5 kDa was observed (Figure 4-7, Lane 3). This putative 

protein acceptor is much smaller than glutamate dehydrogenase (GDH), which is an 

established specific acceptor for enzymatic ADP-ribosylation in mitochondria (41) 

(Figure 4-7, see lanes 1 and 11). Similar to the nuclear protein extract, the addition of 3-

ABA did not affect the modification of this unknown protein (Figure 4-7, lane 4).  The 

addition of 2 mM EDTA seemed to have no effect on mitochondrial ADP-ribosylation 

(Figure 4-7, lane 6), whereas the NADase was almost inactive under these conditions 
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(42). The addition of 2.5 mM MgCl2 had no effect on ADP-ribosylation; however, the 

ADP-ribosylation was hardly detected in mitochondria with the addition of 10 mM DTT 

(Figure 4-7, lane 2). The nature of the incorporated label needs further characterization. 

3.6 Effect of various MPT pore opening inducers on mitochondria swelling  

The mitochondrial permeability transition (MPT) pore is a cyclosporine A-

sensitive, high-conductance channel formed at contact sites between the mitochondrial 

inner and outer membranes (57, 58). It is generally believed that the MPT pore can act 

minimally at two different levels of conductance and reversibility. At low level of 

conductance (MPT is permeable to H+ and Ca2+ but not to saccharose), the MPT pore 

opening is reversible and does not entail large amplitude swelling of the mitochondrial 

matrix, although it does cause a collapse of the mitochondrial membrane potential 

(ΔΨm). At high level of conductance (MPT is permeable to molecules up to 1.5 kDa), the 

MPT pore opening is irreversible and culminates in large amplitude swelling of the 

mitochondrial matrix (58). In vitro, mitochondria undergo permeability transition in 

response to various inducers, including Ca2+, phosphate, the adenine nucleotide 

translocase (ANT) inhibitor actractyloside, and prooxidants such as tert-

butylhydroperoxide (tBHP) (58, 59). In this section, the effect of various MPT pore 

opening inducers on mitochondrial swelling was studied. In particular, we are interested 

to determine if oxidative damage (e.g. tBHP) and DNA alkylating reagents (e.g. MNNG) 

can induce MPT, and consequently, the release of AIF and cytochrome c.  

Mitochondria were freshly isolated from mouse liver (3.8 mg/g liver ~ 8.6 mg/g 

liver), and the integrity of isolated mitochondria was assessed by anti-Cyt c and anti-AIF 

Western blots (Figure 4-8). Cytochrome c and AIF exist in whole cell extract isolated 

mitochondria, and mitochondrial pellet (Figure 4-8, lane 4, 6, and 8), but not in cytosol or 
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the mitochondrial supernatant (Figure 4-8, lane 5 and 7), indicating that the isolated 

mitochondria were intact.  

 

 

 

 
 
 
Figure 4-8. Western blot to determine the integrity of the isolated mitochondria. Lane 1, 
50 ng AIF; lane 2, 45 ng Cyt c; lane 3, marker; lane 4, 10 µg whole cell; lane 5, 10 µg 
cytosol; lane 6, 10 µg mitochondria; lane 7, supernatant from mitochondria; lane 8, pellet 
from mitochondria. 
 

Opening of the permeability transition pore (PTP) causes mitochondrial swelling, 

the latter is conveniently assayed by monitoring the decrease in light scattering (and thus 

absorbance) of a mitochondrial suspension. The FAD-linked substrate (succinate plus 

rotenone) was added to the mitochondrial suspension as a respiratory control, driving the 

uptake of Ca2+ to induce MPT.  Figure 4-9A shows that 0.2 mM Ca2+ (trace b) induced an 

abrupt mitochondrial swelling within 5 min followed by a slower phase of swelling, 

while tBHP (0.1 mM and 0.25 mM, traces c and d) induced a dramatic mitochondrial 

swelling within 20 min. Mitochondria treated with 0.1 mM MNNG (Figure 4-9A, trace e) 

displayed a similar trend to that of the control sample (Figure 4-9A, trace a) with a 

general stable phase within 30 min treatment, but a fast permeability transition between 

30-40 min, and a slower phase after 40 min treatment. We observed mitochondrial 

swelling for the control after 30 min, possibly because prolonged exposure of 

mitochondria to conditions favoring the reversible low conductance function of the MPT 

pore leads to the periodic influx of ions and water into the mitochondrial matrix. 
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Figure 4-9. Kinetics of mitochondrial swelling was followed by the decrease in light 
absorbance at 540 nm (A540). A, untreated mitochondria at 0.5 mg/mL protein (trace a) 
showed permeability transition within 1 h. PTP opening was also induced by the addition 
of 0.2 mM Ca2+ (trace b), 0.1 mM tBHP (trace c),  0.25 mM tBHP (trace d), and 0.1 mM 
MNNG (trace e). The inhibition of mitochondrial swelling by CsA was observed in B, C 
and D. Trace a, b, c, d and e refer to the same treatments described in experiments of A; 
trace a', b', c', d' and e' refer to the incubation of mitochondria with 1 µM CsA for 5 min 
before adding the same PT inducers. 
 

The mouse liver mitochondrial swelling we observed was mediated by the MPT 

pore, because it could be inhibited by 1 µM cyclosporine A (Figure 4-9B-D), although to 

a different extent. In Figure 4-9D, 1 µM CsA could completely inhibit the mitochondria 

swelling in the control mitochondria and MNNG treated mitochondria for as long as 1 h. 

Similarly, 1 µM CsA reversed mitochondrial swelling induced by tBHP (0.1 mM and 

0.25 mM) to different levels (Figure 4-9C, trace c' and d') as compared to that for the 

control mitochondria (Figure 4-9C, trace a'). The inhibition of mitochondrial swelling 
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induced by Ca2+ showed a different trend, where an inhibition took effect for the first 20 

min with a contraction phase, but continued with delayed mitochondrial swelling. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-10. Dynamic light scattering measurement of mitochondria treated with 
inducers. A, control mitochondria at 0.5 mg/mL was measured at 25 min after 
preparation; B, mitochondria at 0.5 mg/mL treated with 0.2 mM Ca2+ was measured at 50 
min after treatment. The correlation function (top panel) and lognormal distribution of 
size in nm calculated accordingly (bottom panel) are shown respectively. See 
experimental methods for detailed data analysis.  
 

We next investigated the correlation of mitochondrial sizes and mitochondrial 

swelling mediated by MPT at the end of the inducer treatment. Instead of using 

traditional method of electronic microscopy, we employed dynamic light scattering 

(DLS) as a more convenient, faster, real time measurement of mitochondrial sizes. The 

hydrodynamic diameters of mitochondria treated with different inducers were obtained 

by calculating the Stokes radius (Table 4-2).  Figure 4-10 A and B showed two examples 

of the NNLS analysis of control mitochondria (818 ± 27 nm, Table 4-2) and 

mitochondria treated with 0.2 mM Ca2+ (1640 ± 101 nm, Table 4-2). Our results revealed 

that incubation with 0.2 mM Ca2+ doubled the mitochondrial volume. The control 

A B
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mitochondria at 50 min didn’t show significant volume increase as those treated by Ca2+ 

and tBHP, however, the relatively large error may reflect heterogeneous distribution of 

the mitochondrial population. Similarly, 0.1 mM MNNG treatment for 50 min did not 

provoke a large amplitude increase in the volume of mitochondria, although 

mitochondrial swelling assay (Figure 4-9A) showed an obvious decrease in A540. This 

apparent paradox indicated that mitochondrial swelling mediated by MPT does not 

necessarily correlate with the volume change of mitochondria.  On the other hand, when 

mitochondria were treated with 0.2 mM Ca2+ and 0.1 mM tBHP, the large hydrodynamic 

diameters calculated from DLS are in agreement with the mitochondrial swelling assay. 
 
 
Table 4-2.  Mitochondrial size measurement performed by dynamic light scattering 

3.7 Correlation between MPT-induced mitochondrial swelling and AIF and Cyt c 
release 

Together with the mitochondrial swelling assay, we used Western blots to test the 

release of AIF and Cyt c, and more specifically, the sequence of AIF and Cyt c release 

accompanying mitochondrial swelling. After treatment with inducers, mitochondria were 

separated by centrifugation into supernatant and pellet fractions. Those factors that were 

released could be detected in the supernatant and those remaining inside mitochondria 

should appear in the pellet fraction. In accordance with mitochondrial swelling data, both 

Cyt c and AIF were observed to be released within 1 h of treatment with MPT inducers, 

Sample Inducers Treated time Size 

1 none 25 min 818 ± 27 nm 

2 none 50 min 747 ± 215 nm 

3 Ca2+, 0.2 mM 50 min 1640 ± 101 nm 

4 tBHP, 0.1 mM 50 min 1082 ± 187 nm 

5 MNNG, 0.1 mM 50 min 649 ± 5 nm 
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evidenced by anti-AIF and anti-Cyt c bands in the supernatant of treated mitochondria 

(Figure 4-11A), therefore expanding and confirming the idea that AIF is released as a 

consequence of large amplitude swelling. Meanwhile, when CsA was used and MPT was 

inhibited, most AIF and Cyt c were retained in mitochondria, as visualized by bands in 

the pellets.  However, a small amount of Cyt c was released with the treatment of Ca2+ in 

the buffer, consistent with the delayed swelling observed for CsA treated Ca2+ induced 

mitochondrial swelling assay (Figure 4-9B). As similar phenomenon was observed by 

Sten Orrenius and coworkers, they found that mitochondrial Cyt c release may occur 

during mitochondria swelling regardless of permeability transition (60).  

 

 

 

 

 

 

 

 
 
 
 
 
Figure 4-11. Effect of MPT inducers and CsA on Cyt c and AIF release. Mitochondria 
(0.5 mg protein/mL) were incubated at room temperature for 1 h in buffers containing the 
indicated reagents. Mitochondrial supernatant and pellet were prepared by subsequent 
centrifugation. The content of AIF and Cyt c in each fraction were detected by Western 
blots. A total of 100 ng AIF and 50 ng Cyt c were used in each Western blot. In B, 
mitochondria were incubated with 1 µM CsA for 5 min before adding the indicated 
reagents.  Lane 1, control mitochondria; lane 2, 0.2 mM Ca2+; lane 3, 0.5 mM Ca2+; lane 
4, 0.1 mM tBHP; lane 5, 0.25 mM tBHP; lane 6, 0.1 mM MNNG; lane 7, 0.4 mM 
MNNG. 

 

Anti-Cyt c

M AIF Cyt c  1    2     3     4     5     6    7

A   -CsA
Ca2+ tBHP MNNG

Cyt c AIF M    1     2     3     4     5     6    7    

Cyt c AIF M    1     2    3     4     5     6    7

M AIF Cyt c  1    2    3     4     5     6     7

Ca2+ tBHP MNNG

Anti-AIF

S

Anti-AIF

Anti-Cyt c

P

B   +CsA

M AIF Cyt c  1   2     3     4     5      6     7

Ca2+ tBHP MNNG

M AIF Cyt c  1    2    3     4     5     6     7

Ca2+ tBHP MNNG

Cyt c AIF M    1    2     3     4     5     6    7

Cyt c AIF  M    1     2     3     4     5     6    7

S

Anti-AIF

Anti-Cyt c

P

Anti-AIF

Anti-Cyt cAnti-Cyt c

M AIF Cyt c  1    2     3     4     5     6    7

A   -CsA
Ca2+ tBHP MNNG

Cyt c AIF M    1     2     3     4     5     6    7    

Cyt c AIF M    1     2    3     4     5     6    7

M AIF Cyt c  1    2    3     4     5     6     7

Ca2+ tBHP MNNG

Anti-AIF

S

Anti-AIF

Anti-Cyt c

P

Anti-Cyt c

M AIF Cyt c  1    2     3     4     5     6    7

A   -CsA
Ca2+ tBHP MNNGCa2+ tBHP MNNGCa2+ tBHP MNNG

Cyt c AIF M    1     2     3     4     5     6    7    Cyt c AIF M    1     2     3     4     5     6    7    

Cyt c AIF M    1     2    3     4     5     6    7Cyt c AIF M    1     2    3     4     5     6    7

M AIF Cyt c  1    2    3     4     5     6     7

Ca2+ tBHP MNNG

M AIF Cyt c  1    2    3     4     5     6     7

Ca2+ tBHP MNNGCa2+ tBHP MNNG

Anti-AIF

S

Anti-AIF

Anti-Cyt c

S

Anti-AIF

Anti-Cyt c

P

B   +CsA

M AIF Cyt c  1   2     3     4     5      6     7

Ca2+ tBHP MNNG

M AIF Cyt c  1    2    3     4     5     6     7

Ca2+ tBHP MNNG

Cyt c AIF M    1    2     3     4     5     6    7

Cyt c AIF  M    1     2     3     4     5     6    7

S

Anti-AIF

Anti-Cyt c

P

Anti-AIF

Anti-Cyt c

B   +CsA

M AIF Cyt c  1   2     3     4     5      6     7

Ca2+ tBHP MNNG

M AIF Cyt c  1   2     3     4     5      6     7

Ca2+ tBHP MNNGCa2+ tBHP MNNG

M AIF Cyt c  1    2    3     4     5     6     7

Ca2+ tBHP MNNG

M AIF Cyt c  1    2    3     4     5     6     7

Ca2+ tBHP MNNG

M AIF Cyt c  1    2    3     4     5     6     7

Ca2+ tBHP MNNGCa2+ tBHP MNNG

Cyt c AIF M    1    2     3     4     5     6    7Cyt c AIF M    1    2     3     4     5     6    7

Cyt c AIF  M    1     2     3     4     5     6    7Cyt c AIF  M    1     2     3     4     5     6    7

S

Anti-AIF

Anti-Cyt c

S

Anti-AIF

Anti-Cyt c

P

Anti-AIF

Anti-Cyt c

P

Anti-AIF

Anti-Cyt c



 194

We found from Western blots that Cyt c release precedes AIF release on samples 

taken at a much earlier time from the mitochondria treated with inducers. As shown in 

Figure 4-12, when mitochondria were treated with 0.2 mM Ca2+, 0.1 mM tBHP, and 0.1 

mM MNNG for only 20 min, Cyt c was observed to be in the supernatant, although this 

consists only a small ratio of the total mitochondrial Cyt c (anti-Cyt c Western blot, lane 

5, 7 and 9), but no AIF was released (anti-AIF Western blot, lane 5, 7 and 9). This 

indicates that AIF release might occur downstream of Cyt c release under the current 

experimental conditions where Ca2+, oxidative stress (tBHP) and alkylating agent 

(MNNG) were used for isolated mitochondria. 
. 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 4-12. AIF release from mitochondria is downstream of Cyt c with the treatment of 
0.2 mM Ca2+, 0.1 mM tBHP, and 0.1 mM MNNG. Mitochondria at 0.5 mg/mL were 
treated for 20 min with the inducers indicated on the figure and submitted to Western 
blot.  In anti-Cyt c Western blot, lane 1, marker; lane 2, 50 ng Cyt c; lane 3, 100 ng AIF; 
lane 4, supernatant of control mitochondria; lane 5 (supernatant) and lane 6 (pellet) of 
mitochondria treated with 0.2 mM Ca2+; lane 7 (supernatant) and lane 8 (pellet) of 
mitochondria treated with 0.1 mM tBHP; lane 9 (supernatant) and lane 10 (pellet) of 
mitochondria treated with 0.1 mM MNNG. In anti-AIF Western blot, lane 1, 100 ng AIF; 
lane 2, marker; lane 3, 50 ng Cyt c; lane 4-10, same as that in anti-Cyt c Western blot. 

4. DISCUSSION 

An understanding of PARP-1 dependent AIF mediated cell death requires the 

elucidation of how AIF is released from mitochondria and what occurs after it enters the 
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nucleus. In this chapter, we studied the direct modification of AIF by PARP-1 and the 

possible alterations of the intrinsic activity of AIF after the modification. Furthermore, 

we explored the possible mechanisms of mitochondria controlled AIF release, more 

specifically, the causal effect of various MPT inducers on AIF release relative to PARP-1 

activation. 

4.1 AIF acts as an in vitro substrate for PARP-1 

The function of PARP-1 largely relies on its target substrate proteins. More than 

thirty PARP-1 substrates have been identified in vivo and in vitro, which are generally 

nuclear proteins including histones (1-4), p53 (61), topoisomerases(62), DNA repair 

enzymes (63), transcription factors (64) and PARP-1 itself (1). Interestingly, we observed 

from our in vitro studies that AIF, a mitochondrial protein, could also serve as a substrate 

for PARP-1, although the length of the polymers and the sites of attachment to AIF 

require further characterization (Figure 4-2 and Figure 4-3). If AIF is indeed an in vivo 

substrate for PARP-1, this represents a new category of substrate for PARP function. 

Though glutamate is the common amino acid residue where poly(ADP-ribosyl)ation 

takes place on a protein, no conserved sequence has been identified in PARP-1 substrates 

so far. It will be interesting to study the identity of both “non-native” and native PARP-1 

substrates. Considering that the majority of poly(ADP-ribosyl)ation activity is in the 

nucleus and the nuclear localization of PARP-1, the modification of AIF could possibly 

take place in nucleus after its translocation.  

AIF has dual roles of redox activity and apoptogenic activity (15, 56, 65). 

Mutagenesis studies have shown that the redox activity is not essential for its apoptogenic 

activity (12, 66). To study the effect of poly(ADP-ribosyl)ation on AIF’s activity, we 

discerned no obvious difference between modified AIF and AIF regarding the redox 

activity (Table 4-1, Figure 4-5). AIF has a vital function in bioenergetics, including a role 
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in normal mitochondrial respiration (67). One interesting question is why do 

mitochondria induce apoptotic cell death through the release of a redox protein? One 

speculation is that in the nucleus, AIF might oxidize NADH to produce NAD+. NAD+ in 

turn becomes the substrate for poly (ADP-ribosylation) by PARP-1, which uses it to 

polymerize AIF and may in this manner create a regulation cycle. However, a recent 

discovery showed that cytosolic DNA binding of AIF-M2, a cytosolic ortholog of AIF in 

human, could prevent the binding of NAD(P)H to AIF-M2 and therefore suppress the 

redox activity of AIF-M2 (68). It is not known if mitochondrial AIF will behave 

similarly.   

Along with the redox activity, we examined how poly(ADP-ribosyl)ation affects 

the DNA binding activity of AIF, which is a critical step leading to apoptosis. Indeed, we 

observed decreased DNA binding after AIF modification (Figure 4-6), presumabably due 

to the electrostatic repulsion effect by negatively charged PAR. Though AIF may interact 

directly with DNA (18, 56), AIF itself is not a nuclease. Studies of the AIF homolog in C. 

elegans implicate cooperation between AIF and Endonuclease G (EndoG) that promotes 

DNA degradation (69-72). It is probable that EndoG alone is not sufficient, but other 

nucleases (73) or cofactors are required. Therefore, the study of AIF’s association with 

DNA and the functional link with other proteins will be useful to elucidate chromatin 

degradation and apoptosis pathway. 

4.2 Mitochondrial poly(ADP-ribosyl)ation 

Dawson and coworkers first demonstrated the PARP-1-dependent AIF release and 

cell death induced by MNNG and H2O2 in fibroblast cells, and N-methyl-D-aspartate 

(NMDA) in cortical neurons (18). More specifically, AIF was released from 50% of the 

cells 15 min after treatment with NMDA (74). Recently, they found that PAR could serve 

as death signal for AIF-mediated neuronal death. At 30 to 60 min after NMDA receptor 
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stimulation,  nuclear PAR was observed to be localized in the cytosolic fraction, as well 

as mitochondrial fraction, where it may act to induce AIF release (22). Regarding the 

rapid response of AIF release from mitochondria and the relatively slower PAR export 

from nucleus to mitochondria, we speculate if there is any PAR synthesized inside 

mitochondria that directly induces AIF release.  

According to Kun and Kirsten (75), ADP-ribosylation proceeds through both 

enzymatic and non-enzymatic ADP-ribosylation (38). The latter was conducted by NAD 

glycohydrolase (NADase), which cleaves NAD+ and liberates ADP-ribose for covalent 

attachment to proteins via a schiff base type of reaction (76). Therefore, in our ADP-

ribosylation activity assay, stringent conditions (5 mM 3-ABA, 400 µM DHIQ, and 2 

mM EDTA) were used to inhibit NADase activity (Figure 4-7). Our results demonstrated 

that the observed ADP-ribosylation is independent of the NADase activity. It should be 

pointed out that inhibitors, such as 3-ABA, have also been used to inhibit poly(ADP-

ribosyl)ation, however, they proved to be more effective for inhibition of NADase as 

opposed to PARP-1 activity (37, 38, 41). Consistent with this notion, the ADP-

ribosylation activity in protein extract from HeLa cell nuclei could still be detected 

(Figure 4-7, lane 9 and 10). Under these conditions, reactions with mitochondrial protein 

extract led to the specific modification of one protein with the apparent molecular weight 

of approximately 30 kDa (Figure 4-7, lane 3-6). These results coincide with early studies 

where two unknown proteins of 50 kDa and 30 kDa were found to serve as oligo ADP-

ribosylation acceptors inside mitochondria (37, 38). However, it is not clear why the 

mitochondrial ADP-ribosylation could be inhibited by 10 mM DTT (Figure 4-7, lane 2), 

as opposed to nuclear protein extract, where no inhibition was observed (Figure 4-7, lane 

8). Whether the observed ADP-ribosylation in our case is a mono-ADP-ribosylation or 

oligomer ADP-ribosylation is not known. Further studies are needed to identify the 
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acceptor protein and the nature of the ADP-ribosylation. Alternatively, transgenic PARP-

1 expression in mitochondria could provide a new stategy to study the effect on PAR 

formation and AIF release.   

4.3 Mitochondrial swelling mediated by MPT as a pathway for AIF release 

While mitochondrial-nuclear translocation of AIF is caspase-independent in some 

types of cell death (11, 18, 77), there also exists data supporting an interaction between 

AIF and the caspase cascade. Activated caspases (caspase-8 and caspase-2) and the 

caspase-activated protein t-Bid can initiate the release of AIF from mitochondria (78-80). 

Caspase inhibitors can suppress or delay AIF release from certain cell lines treated with 

staurosporine or actinomycin D (81). AIF also acts partially in a caspase-dependent 

manner in C. elegans as observed in genetic studies (68). All these data suggest that AIF 

release from mitochondria could occur in both caspase-dependent and caspase-

independent mechanisms and are dependent on cell type and death stimulus (16, 82). In 

this study, we also explored possible mechanisms other than PARP-1-dependent caspase-

independent AIF release triggered by Ca2+, tBHP and MNNG in isolated mouse liver 

mitochondria. Our data suggested that Ca2+ and tBHP induced large amplitude swelling 

occurring as a consequence of MPT, which leads to the subsequent release of the 

intermembrane proteins Cyt c and AIF. In contrast, MNNG induced Cyt c and AIF 

release does not involve the volume-dependent mechanism. 

Increase intracellular Ca2+ is a common phenomenon in ischemia/reperfusion 

injury. Reperfusion of ischaemic tissue leads to the overproduction of superoxide anions 

(O2-) and H2O2. Reperfusion-induced oxidative stress can be mimicked by addition of 

tBHP to cell cultures. Ca2+ is also a fundamental MPT pore activator. Accordingly, we 

observed rapid mitochondrial swelling within 5 min of treatment (Figure 4-9A, trace b) 

and obvious Cyt c release after 20 min (Figure 4-12, lane 5). Both Cyt c and AIF release 
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from the supernatant fraction were observed at 1 h (Figure 4-11A). tBHP (0.1 mM and 

0.25 mM) triggered relatively delayed mitochondrial swelling within 20 min of treatment 

(Figure 4-9A, trace c and d) and apparent Cyt c release (Figure 4-12, lane 7). The 

mitochondrial swelling under all of the treated conditions could be inhibited by the MPT 

inhibitor CsA (Figure 4-9B, C and D) to a different extent, confirming the MPT mediated 

pathway.  

Recently, MNNG was shown to activate multiple apoptogenic pathways. W. Kim 

et. al. found that MNNG can trigger apoptosis in human lymphoblastoid cells in the 

presence of PARP-1 inhibitors, indicating that PARP activity was not required during 

MNNG triggered apoptosis in this cell type (83). Moreover, studies from the Fabio Di 

Lisa group revealed that MNNG at low concentrations (up to 0.1 mM) in combination 

with a Ca2+ pulse caused MPT pore opening  in the presence of carbonyl cyanide 4-

(trifluoromethoxy)phenylhydrazone (FCCP) and inhibited FCCP stimulated respiration at 

high concentrations (above 0.5 mM) (84). In our results, MNNG (Figure 4-9A, trace e), 

unlike Ca2+ and tBHP, did not induce obvious mitochondrial swelling within the time 

scale (20 min) that was observed for Ca2+ and tBHP. However, Western blots showed 

that Cyt c was released from MNNG treated mitochondria as early as 20 min (Figure 4-

12, lane 9). Therefore, although we observed no direct evidence of mitochondrial 

swelling mediated by MPT induction for MNNG treatment, alternative mechanisms 

might exist upstream or in parallel with PARP-1 dependent AIF release and apoptosis. 

By studying Cyt c and AIF release at different time point treated with Ca2+, tBHP, 

and MNNG, we observed that AIF release is downstream of Cyt c in our model (Figure 

4-12), a different kinetics compared to PARP-1-dependent AIF release. In order to 

examine if mitochondrial ADP-ribosylation, if it occurs, also plays a role in AIF and Cyt 

c release, we analyzed the supernatant and pellet of treated mitochondria by anti-PAR 
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Western blot. Surprisingly, we observed clear PAR bands at about 60 kDa in the 

supernatant fractions of each treated mitochondrial fraction at 1 h using monoclonal 

antibody that specifically targets poly(ADP-ribose) and not mono-ADP-ribose. The PAR 

band was also visible in the supernatant of control mitochondria at 1 h, but not at 0 h. 

Further experiments are needed to exclude the possibility of any contamination from 

nuclear or cytosolic fractions. 

Apart from these details, our data reinforce the link between mitochondrial 

regulation and cell death and thus confirms the hypothesis initially formulated by 

Skulachev (85, 86) that mitochondria have a major impact on cell demise, in both 

physiology and pathology. Understanding the mechanisms of mitochondrial AIF release 

will be useful to develop therapeutic strategies such as small molecule inhibition to 

attenuate cell death. 
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