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The mammalian genome is continually subjected to chemical and environmental
modifications that are repaired by base excision, and when excessive, may lead to
apoptosis. Interestingly, the chromosomal enzyme poly(ADP-ribose) polymerase-1
(PARP-1) appears to modulate both mechanisms, either facilitating DNA repair and/or
modulating cell death. In this dissertation project, experiments were performed to address
the regulatory potential of PARP-1 in base excision repair (BER) and specifically on
DNA polymerase B (pol B) function. Activity gels were used to measure the DNA
polymerase activity of pol p following protein—(ADP-ribosyl)ation. However, the fraction
of pol B molecules poly(ADP-ribosyl)ated was never 100% under the reaction conditions
employed. In fact, similar results were observed in activity gels specific for PARP-1,
even under conditions where this polymerase is the primary nuclear acceptor for
poly(ADP-ribose). Here, I also describe a newly developed electrophoretic-mobility-
shift-assay (EMSA) to monitor for the specific binding of pol B to a custom-made five-
nucleotide gapped DNA duplex. However, while specific for pol B, this assay was
inefficient to monitor the effects of covalent poly(ADP-ribosyl)ation on pol B activity.
Mofeover, I also observed the specific molecular association of PARP-1 with pol B by
co-immunoprecipitation experiments, followed by reciprocal immuno-blotting for the
protein partner. Knowing that during apoptosis endogenous PARP-1 is specifically

proteolyzed into two peptide fragments by caspases, conditions were established for the



efficient proteolysis of PARP-1 by either caspase-3 and/or caspase-7. Experimental
results indicated that caspase-3 was more efficient than caspase-7 at splitting unmodified
PARP-1 into two peptide fragments. By contrast, caspase-7 appeared best suited for the
proteolysis of covalently auto-poly(ADP-ribosyl)ated-(PARP-1). Interestingly, both of
the caspase-generated peptide fragments of PARP-1 specifically associated with pol B as
supported by co-immunoprecipitation/immuno-blotting experiments. Taken together, the
experimental results presented here support the hypothesis that a molecular mechanism
exists that involves interaction(s) of PARP-1 with pol B that may help to facilitate the
decision making process between cell survival and cell death. Thus, upon proteolytic
degradation of PARP-1 into a 24-kDa amino-terminal fragment and an 89-kDa carboxy-
terminus, each truncated peptide, separately, retains physical association with pol B, and
inhibits DNA repair associated pol B activity to irreversibly switch the fate of the cell

from BER toward chromatin degradation and, eventually, programmed cell death.
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CHAPTER 1

INTRODUCTION

Opening statement:

Eukaryotic cells are subject to insults that structurally damage the genetic
material. Highly specialized pathways repair the DNA damage that involves chemical
modification of bases [24]. One of these biochemical pathways is the mismatch repair
system to correct improperly paired bases resulting during physiological DNA
replication. Nucleotide excision repair corrects covalent base modifications that result in
substantial structural irregularities within DNA. Conversely, repair of minor structural
aberrations in DNA result from base excision repair (BER). This system is responsible
for the repair of abasic (AP) sites. Interestingly, these AP sites are the most common
form of DNA damage with an estimated frequency of 100,000 bases lost per cell per day
[40]. Indeed, cells deficient in BER are highly inefficient at repairing abasic sites and are
highly sensitive to alkylating and oxidative DNA damage. Excessive or unrepaired DNA
damage by base alkylation or oxidation results in cell death. Therefore, a cellular
requirement exists for a fully functional BER system and when impaired cell death

predominates.



- In this doctoral dissertation, a research project was developed to investigate some
‘of the biochemical and molecular signals involved in regulating a switch between the
opposing mechanisms DNA repair and cell death. Both are clearly required for protection
against carcinogenesis [7]. However, a concise introduction to these highly sophisticated

biochemical systems is provided first.



Base excision repair:

As expected, repair of DNA damage by the BER system involves a highly
coordinated biochemical pathway. BER relies on multiple protein-protein interactions
between several key DNA-metabolizing enzymes. This cascade of events may be
visualized as a relay race with the runners (proteins) passing a baton (DNA), one to the
next, without dropping it [80] (figure 1). Selection of the BER pathway is dependent on
two variables: 1) the chemical nature of the DNA within the lesion site and 2) the enzyme
initially recognizing the modified base. DNA glycosylases are first responsible for
recognizing covalently modified bases [21]. DNA glycosylase recognition leads to the
formation of an apurinic/apyrimidinic site by the hydrolysis of the N-C1 glycosidic bond
between the modified base and the deoxyribose residue. Alternatively, spontaneous base
loss can also lead to an apurinic or apyrimidinic site. The abasic site may then be
processed by apurinic endonuclease 1 (APE1) [47]. APE1 catalyses a cleavage reaction
that localizes 3’ to the abasic site within the ribose-phosphate backbone. The result of
these two initial reactions is the formation of a single strand break or lesion site. This
lesion presents with both a 3’-hydroxyl (OH) and a 5’-deoxyribose phosphate (dRP)
residue. DNA polymerases catalyze the transfer of a deoxynucleotide triphosphate
(ANTP) to the terminal 3’-OH within the lesion in a template spéciﬁc manner. The 5°-
dRP residue is cleaved off to leave an intact 5’-phosphate group. DNA ligases are then
responsible for rejoining the strands for completion of the BER pathway [77].

Single nucleotide repair, as presented, is the predominant BER pathway [58].

However, under distinct conditions, this repair system can also proceed via a long-patch



pathway. This occurs by either DNA glycosylase activity or the presence of alternate
DNA chemistry within a lesion site. In contrast to single nucleotide BER, the long-patch
repair pathway may result in the polymerization of 2-10 nucleotides [53]. This pathway
requires the presence of the protein proliferating cell nuclear antigen (PCNA) [25].
Though PCNA is required for long-patch BER, both pathways démonstrate a strict
dependence on the functional presence of DNA polymerase B (pol B) [EC 2.7.7.7]
[57,58]. This unique polymerase is responsible for the synthesis of DNA within a lesion

site by either of these two similar, yet distinct BER pathways.



Figure 1. The biochemical pathways of base excision repair. Two distinct pathways exist
for BER and are classified as either single nucleotide or long-patch. Selection of repair
.pathway is dependent on either the chemical structure of the lesion site or the enzyme
that initially recognizes the genetic damage. To provide further clarification, single
nucleotide excision repair is presented as three separate pathways. From left to right they
are: 1) Single nucleotide BER 2) Repair of an abasic site by single nucleotide BER and 3)

Single nucleotide BER that involves a bifunctional DNA glycosylase.
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DNA polymerase B:

This enzyme is a key component of the mammalian enzymatic multi-protein
complex responsible for repair of genetic lesions by BER. In fact, pol B is required for
short patch and initiation of long patch DNA synthesis. [57,58]. This enzyme is the
smallest eukaryotic DNA polymerase containing 3k69 amino acids and is a modular
protein with two primary peptide domains (figure 2). Each domain is independently
associated with a specific catalytic function. A hypersensitive protease region of 14
amino acids connects these two domains [37]. Controlled digestion with a non-specific
protease can be performed to separate these domains and has expedited the understanding
of the role(s) this protein plays in DNA repair. Limited proteolysis by these techniques
results in the generation of an 8 kDa N-terminal fragment that possesses a dRP lyase
activity [42]. This peptide preferentially binds a 5’-dRP or a 5’-Phosphate (PO,4) group
within DNA [59,60]. Further, this fragment preferentially binds single stranded DNA
although it is capable of double stranded DNA binding [31]. However, and interesting to
note, interaction with DNA is not sequence specific.

Techniques that utilize proteolytic digestion of pol B result in the generation of a
unique 31 kDa C-terminal fragment. This peptide is capable of
deoxynucleotidyltransferase  activity [36]. In fact, the associated pol
deoxynucleotidyltransferase activity is completely contained within the 31 kDa fragmeht.
This peptide does not possess significant DNA binding ability by itself in this form.
Experiments that utilized additional protein degradation techniques indicate that the N-

terminal proximal portion of the C-terminal fragment does however possess DNA



| binding capability [11]. These results suggest that the DNA binding ability contained
within the 31 kDa fragment and present within the intact protein can be masked. It is
likely that a conformational change leads to such protein-DNA interactions.

With respect to intact pol B, the enzyme binds a lesion site as dictated by the 8
kDa domain. This interaction results from conformational changes that are lesion size
dependent [30]. Differences in lesion size are accommodated by alternate pol p folding
mechanisms. Conformational changes facilitated by the 8 kDa domain drive the correct
placement of the C-terminal deoxynucleotidyl transferase domain.

As the smallest eukaryotic DNA polymerase, pol B has been crystallized and its
three dimensional structure resolved [65,4]. In fact, crystal structures have also been
resolved for pol B when bound to DNA substrates [55] (figure 3). Data of this nature
indicate that the C-terminal 31 kDa domain is anatomically comparable to a “right hand”.
The palm region binds DNA with an interface that is not sequence specific yet selective
for double stranded DNA. The thumb region forms half of a peptide loop that encircles
the DNA at a point before the lesion site. The N-terminal domain is positioned off the
fingers. To complete the formation of a peptide loop, this domain physically interacts
with the thumb region of the 31 kDa domain. The trans domain interaction site is
localized 5’ to the DNA lesion. Both the N-terminal domain and the thumb region bind
DNA through a helix-hairpin-helix (HhH) motif that is Mg’ dependent [54,56]. The
binding of pol B to damaged DNA therefore results in a protein conformation that

positions the 3’-OH moiety near the catalytic center of the 31 kDa domain. This



placement is primarily dependent on the HhH motif of the N-terminal 8 kDa domain yet
is supported by the HhH motif in the thumb.

DNA polymerase B is active as a monomer and capable of a distributive
deoxynucleotidyltransferase activity in the presence of single nucleotide gapped double
stranded DNA. However, this polymerase can also synthesize DNA in a processive
manner in the presence of DNA gaps formed by the absence of up to 6 nucleotides [67].
Indeed, the DNA involved in formation of .the lesion site affects pol P activity.
Interestingly, the presence of other polypeptides identified as components of the BER
machinery can also effect changes in pol B activity. For example APE1 when bound to
DNA, physically interacts with and stimulates the dRP lyase activity of pol B [5]. This
- activity of pol B is identified as the rate-determining step of most BER pathways [72].
Flap endonuclease 1 (FENI1) also functionally interacts with pol B and stimulates
processive pol B activity and the generation of a flap structure by non-template 5’ strand
displacement. This flap structure is then recognized and further processed by FEN1 [61].
.In addition, pol B may physically interact with either DNA ligase I or the X-ray cross
complimenting group factor 1 (XRCC1)/DNA Ligase III complex to facilitate the ligation
step of BER [63,34,49]. 1t is likely that pol B remains bound to the lesion site and
therefore remains unable to polymerize DNA within another lesion until this ligaiion
occurs. Clearly multiple protein-protein interactions are involved in regulating pol B

activity.



It has also been shown that pol B activity is attenuated in the presence of poly
(adenosine diphosphate ribose) polymerase-1 (PARP-1) [EC 2.4.2.30] in a PB-
nicotinamide adenine dinucleotide (BNAD") dépendent manner [51]. Yet, in the absence
of PARP-1 protein, pol B dependent BER is highly inefficient. PARP-1 is a highly
abundant and constitutive chromatin protein enzymatically activated by DNA strand

breaks and a component of the multi-protein BER complex [71,6].
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Figure 2. The domain structure of DNA polymerasé B. Pol B is a modular protein that is
comprised of two distinct domains. The dRP lyase domain of the human pol B is 115
‘amino acids in lengtﬁ (8 kDa). The deoxynucleotidyltransferase domain is 240 amino
acids long (31 kDa). A linker region of 14 amino acids joins these two domains. When
this DNA polymerase is in a native form, the linker region is hypersensitive to proteolytic

digestion.
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DNA Polymerase B:
369 Amino Acids

Linker
N-Terminal Domain  Region C-Terminal Domain

115 Amino Acids 14 Amino 240 Amino Acids
8kDa Acids A 31kDa
Deoxyribosephosphate Protease Deoxynucleotidyltransferase Activity
Lyase Activity Hypersensitive Structure Compared to a Hand
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Figure 3. A 3-D wire representation of DNA polymerase B. A structural representation of
pol B is presented in a complex with 5 nucleotide gapped doubie stranded DNA (Green)
[55]. The positions of two Na' ions are also indicated (Grey). The linker region is
highlighted in yellow at the lower left position of the ﬁrotein structure. The
deoxynucleotidyltransferase domain is on the top and the dRP lyase domain on the

bottom right.
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Poly (ADP-ribose) polymerase-1:

Poly adenosine diphosphate ribose (pADPr) was discovered ‘in the lab of Paul
Mandel in Strasburg France, over 40 years ago [12]. Later investigations into the
synthesis of this nucleic acid lead to the discovery of the protein PARP-1 [9]. PARP-1 is
the original member of a family of eukaryotic polymerases capable of synthesizing
PADPr [48]. This specialized polymerase has been detected in all eukaryotic organisms
with the notable exception of yeast cells. The expression levels of PARP-I protein in the
thymus, spleen, testes and brain are higher than other tissues [46]. PARP-1 localizes to
the nucleus and is second in protein concentration only to histones. In fact, to provide an
additional relation, PARP-1 molecules possess a stoichiometry of one molecule per every
1000 base pairs of DNA. Histones possess a stoichiometry of one molecule per 200 base
pairs of DNA.

PARP-1 catalyzes the synthesis of pADPr with a strict dependence on the
presence of DNA strand breaks. During this reaction, pADPr is chemically synthesized
from the substrate BNAD". Synthesized ADPr polymers are covalently bound to acceptor
proteins, with PARP-1 itself serving as the primary acceptor molecule [10]. Therefore,
PARP-1 bound pADPr is the result of automodification. Unlike most enzymes however,
PARP-1 performs at least three distinct chemical reactions. PARP-1 initiates a chain of
pADPr by the transfer of a single residue of ADPr to a glutamate residue within an
acceptor protein. PARP-1 can also, by successive transfer of additional ADPr, elongate
protein bound ADPr or pADPr to generate a linear homopolymer. PARP-1 catalytic

activity may form polymers in excess of 200 residues in length with a branching
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frequency of one every 40 ADPr residues. Therefore, PARP-1 can synthesize highly
elongated and branched pADPr in the presence of DNA strand breaks.

Interestingly, the automodification reaction occurs via a catalytic homodimer.
Thus, PARP-1 automodification takes place intermolecularly [44]. Further,
heterodimerization can also affect protein-protein interactions of PARP-1 with other
chromatin forming polypeptides [13].

Due to its nuclear abundance, PARP-1 has' been suggested to be involved in
multiple chromatin functions including DNA replication, transcription and DNA damage
repair. The linear structure of PARP-1 and its unique subdomain structure lend itself to
involvement in these chromosomal functions (figure 4). Though the native conformation
of PARP-1 is globular, the linear structure indicates that it is a modular protein. PARP-1
can be separated into three distinct domains by proteolytic digestion. Each of these
domains possesses a distinct function that is associated with the intact protein [33]. The
N-terminal 46 kDa domain contains a DNA binding ability (DNA binding domain -
DBD). Positioned within this domain are two zinc-ﬁnger (ZF) motifs and a bipartite
nuclear localization signal (NLS). The two ZFs are involved in binding the enzyme to
DNA strand breaks. The N-terminal proximal ZF (ZF1) is required for double strand
breaks while the C-terminal proximal ZF (ZF2) is required for binding to single strand
breaks [43,27]. Characterization of ZF motifs suggests that they are common to DNA
binding proteins involved iﬁ non-sequence specific interactions. PARP-1 binding of
nucleic acids is however not limited to DNA as it may bind mRNA under specific

conditions [79].
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The 54 kDa C-terminal domain of PARP-1 contains the catalytic activity
associated with this enzyme (catalytic domain - CD). Within this region, a block of 50
amino acids comprises the established “PARP-1 signature”. This signature peptide
sequence is highly conserved between plants and animals and houses the BNAD" binding
sité [78,41]. The CD, down to 40 kDa of the C-termini, is capable of a limited ADPr
transferase activity in the presence of BNAD" [66]. This activity is similar to the basal
activity detectable from non-activated PARP-1.

The central 22 kDa domain or automodification domain (AD) of PARP-1 contains
the initial ADPr acceptor sites. From this, at least four acceptor sites exist within the
complete linear sequence of the protein and it is likely that the AD is covalently targeted
first [45]. Interestingly, this domain also contains a Breast Cancer gene 1 C-terminus
(BRCT) motif. This motif is identified as common to proteins involved in DNA damage
repair [8].

A highly complex mechanism of PARP-1 protein-protein interactions is clear
when considering that N-terminal DNA binding for C-terminal catalytic activation must
be transduced through the AD. This suggests that protein-protein interactions of PARP-1
are likely to depend on the étate of this molecule. This is important for several reasons.
The first is that PARP-1 is a required component of the mammalian DNA BER complex
[17,39]. Second, the bipartite NLS resides N-terminal to the AD and contains a
proteolytic site that is recognized and cleaved ‘during apoptotic cell death. This
proteolytic event results in the physical separation of the DBD from the AD and CD and

formation of two peptide fragments of 29 and 85 kDa. The separation of these domains

17



during apoptosis may lead to two novel and functional peptides that negatively affect
BER and facilitate cell death.

In support, the 85 kDa fragment of PARP-1 is selectively removed from nucleoli
during apoptosis while the 29 kDa fragment remains throughoutv the nucleoplasm [3].
Additionally, the resulting PARP-I apoptotic fragments retain domain specific activity.
The 85 kDa peptide selectively interact with DNA damage response related proteins [38].
In contrast, the N-terminal fragment demonstrates a high affinity for DNA strand breaks
[70]. In fact, binding of the 29 kDa fragment to DNA ends serves as a competitive
inhibitor of intact PARP-1 [16].

Due to the physiological significance of PARP-1 catabolism during cell death, a
significant body of work has been generated to elucidate the cell biology of this event in
DNA-damaged cells over the past few years. As presented below, two highly specific
apoptotic proteases, that belong to a family of proteins called caspases, ﬁave been

identified as the executioners of PARP-1 demolition.
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Figure 4. The domain structure of poly(ADP-ribose) polymerase-1. The DNA binding
domain is 42 kDa and N-terminal to the bipartite nuclear localization signal. Within this
domain are two ZF structures required for DNA strand end binding. The AD (16 kDa) is
central to the polymerase. This domain contains protein-protein interaction motifs and
acceptor sites for ADP-ribose. The C-terminal 55 kDa of PARP-‘I is the catalytic domain
and contains the BPNAD' binding site within an established “PARP Signature”.
Proteolytic digestion of the intact polymerase by caspases generates two peptide

fragments of 29 and 85 kDa from the N and C-termini respectively.
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Caspases:

At the molecular level, the execution phase of apoptosis is characterized by the
proteolysis of key proteins, chromatin condensation and DNA fragmentation. These
metabolic events of apoptosis require the activation of a group of proteins from a family
of proteases called caspases [19]. Activation of these enzymés is required for the
coordinated dismantling of the cell. A cellular presence of active caspases is in fact an
indicator of apoptosis as they reside in zymogen forms in the cytoplasm of non-apoptotic
cells. Activation from a proenzyme state is ultimately the result of a highly organized
pathway. Caspases involved in this pathway are separable into two main groups
depending on their hierarchical position. Initiator caspases are responsible for auto and
heteroproteolysis of zymogens, e. g. caspase-9. Executioner caspases are responsible for
effecting the initial cellular destruction associated with apoptosis. Together, caspase-3
[EC 3.4.22.-] and caspase-7 [EC 3.4.22.-] are considered the two primary executioners of
apoptosis [67]. Both proteases are activated by caspase-9 [69]. Redundancy in substrate
specificity is displayed by these executioner caspases and suggests the imponance and
complexity of a hierarchical proteolytic pathway of key cellular proteins [75,29,68].
- Included in this redundancy is the proteolysis of the abundant nuclear enzyme PARP-1.
Differences in the ability of these caspases to proteolyze PARP-1 may affect the
progression of apoptosis.

The primary structure of human caspase-7 is 57% homologous to human caspase-
3. 4In fact, it is 73% homologous with respect to amino acid composition and appears to

differ by only 3 amino acid gaps (1%) (Blast Search). Each polypeptide possesses the
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critical caspase signature with an amino acid sequence of QACRG that is identified as the
domain responsible for substrate binding during proteolysis [20,32]. This peptide
sequence possesses the required cysteine residue that caspases derive their name from
(cysteine dependent aspartate specific proteases). Caspase-3 resides in the cytoplasm in a
zymogen form as a 32 kDa protein and is processed into 16.6 and 12.9 kDa fragments
during apoptosis to form the active protease [50]. Caspase-7 is 34.3 kDa in the zymogen
form and also resides in the cytoplasm to be proteolytically activated into 19 and 13 kDa
fragments [21]. Caspase-3 is active as a heterotetramer comprised of two copies of a
heterodimer. The heterodimer is formed from one copy each of the two proteolytic
fragments [64] (figure 5). Interestingly, this is believed to be the functional form of other
caspases. The high level of homology between these executioners of apoptosis is
supportive of their ability to proteolyze identical substrates. In support, the biochemical
effects of pH, salt concentration and buffer composition are almost identical for the two
caspases [73]. However, caspase-3 displays the greatest affinity for a protein substrate
possessing a DQMD'G sequence. By contrast, caspase-7 shows preferential affinity for a
DQVD'G sequence [75]. With regards to tissue expression, caspase-3 is detectable in all
tissues and (-/-) mice are viable up to 1-3 weeks post-partum yet display abnormal
development only in the brain [35]. Interestingly, the mRNA coding for Caspase-7 is not
detectable in murine brain tissue [32]. Therefore, it appears that the function of each
caspase may be tissue-specific with regards to cell death regulation. |
From a mechanistic point of view in the presence of DNA, caspase-3 displays a

reduced ability to proteolyze PARP-1 [15]. Following PARP-1 automodification in the
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presence of low concentrations of BNAD®, Caspase-3 again displays a reduced
proteolytic capability for PARP-1 [26]. Caspase-3 also possesses a slightly higher affinity
over caspase-7 for the tetrapeptide DEVD. Though this sequence is recognized within
PARP-1 by these caspases, this is only a limited observation of the enzyme-substrate
interactions that are likely to result. Following DNA damage initiated apoptosis PARP-1
may not be present within the nucleus in a monomeric form. In contrast to caspase-3,
caspase-7 possesses an affinity for protein free pADPr. Furthermore, caspase-7 is capable
of proteolyzing PARP-1 automodified in the presence of 200 uM BNAD" [26].
Considering the fact that pADPr is a nucleic acid and similar to poly-adenylic single-
stranded DNA it is likely that PARP-1 when present in chromatin is a substrate for
caspase-7. In support, caspase-7 unlike caspase-3 possesses dense patches of lysine and
arginine residues with 13.2% and 12.59%. Caspase-7 is likely the protease responsible
for fragmentation of PARP-1 when present in active form. A careful analysis of the
mechanistic aspects of the cellular degradation of PARP-1 is important to help clarify the

cell death program under DNA damage conditions at the biochemical level.
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Figure 5. The domain structure of caspase-3. This caspase is present in the cytoplasm in a
zymogen form. The prodomain is initially cleaved off during proteolytic activation with
the remaining peptide hydrolyzed into two proteins. A heterotetramer is formed by

interactions between these two proteins to result in an active caspase molecule.
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Research prospectus:

The covalent modification of bases in DNA induced by either alkylation,
oxidative stress or spontaneous base loss activates cellular DNA damage repair
responses. As indicated previously, the primary DNA repair system responsible for
correcting these prevalent genetic forms of damage is BER. An efficient cellular BER
system requires the DNA repair polymerase pol B. This biochemical requirement is for
the deoxynucleotidyl transferase activity associated with the enzyme. The absence of pol
P in eukaryotic cells or extracts due to either gene knockout or immunodepletion results
in a severely deficient BER system.

The DNA damage-dependent enzyme PARP-1 also appears to be essential for a
competent BER system. Similar to pol B, the absence of this enzyme in extracts or intact
cells also severely impairs the BER system. The biochemical reasons for this dependence
are not completely understood at present. One possibility resides in the fact that PARP-1
is physically engaged in the BER complex. This physical participation by PARP-1 might
provide for sensing of pivotal DNA intermediates formed during BER. Thus specific
physical interactions between PARP-1 and other BER proteins sense and facilitate the
progress of BER mediated by BER. As a mechanism to protect the integrity of the
genome during BER, PARP-1 and pol P protein-protein, as well as protein-DNA
interactions may provide a means to stabilize and facilitafe multiple steps in the repair
process and when repair is not progressing efficiently serve as a cellular switch to cell

death.

26



Not surprisingly, these proposed roles for PARP-1 are under intense investigation
worldwide with a wide variety of molecular and biochemical techniques are being
employed. In most instances, the focus is placed on DNA damaged cells involved in a
struggle for survival. In apoptotic cells however, a shift from survival to death by
apoptosis coincides with PARP-1 proteolyzed into the apoptotic fragments of 29 and 85
kDa. This proteolysis results from caspase-3 and caspase-7 functioning synergistically to
- cleave and inactivate PARP-1 molecules. The resulting peptides are currently considered
biochemical hallmarks of the execution phase of apoptosis. Therefore, in this research
project, an experimental approach has been developed to investigate the molecular and
biochemical interactions of PARP-1 and its apoptotic fragments with pol B in regard to
the BER system.

Since the apoptotic fragments of PARP-1 retain domain specific activities, they
are likely to, during execution of apoptosis, serve functional roles that facilitate cell
death. For example, these roles would be reflected by a change in protein-protein
interactions. Since PARP-1 physically interacts with pol B, association is expected to be
retained during apoptosis, yet altered, due to the proteolysis of PARP-1 into peptide
fragments. This interaction may also be a key factor to prevent unwanted DNA repair in
the presence of fragmented chromatin that is generated duﬁné apoptotic cell death. |

As shown below, this dissertation project describes experimental results that‘
support the hypothesis that pol B non-covalently and specifically interacts with the
physiologically relevant caspase generated peptide fragments of PARP-1. To accomplish

this, PARP-1 fragments were first generated by proteolysis with either caspase-3 or
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caspase-7. Both apoptotic enzymes displayed similar kinetics of proteolysis when using
purified PARP-1 as a substrate, yet differences were observed when incubated with the
active form of this polymerase. Results are also presented to demonstrate that both
PARP-1 peptide fragments immunoprecipitate with pol B when using a reconstituted

system or cell extracts, therefore suggesting that both apoptotic fragments physically and

specifically interact with this DNA polymerase.
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CHAPTER I
MATERIALS AND METHODS

Materials. Radiolabeled **P-BNAD" was obtained from ICN, Radiochemicals Division,
Irvine, CA.' Radiolabeled o-*?P-TTP was obtained from PerkinElmer Life Sciences Inc.,
Boston, MA. Caspases were obtained frorﬁ Pharmingen, San Diego, CA. DNA
- polymerase B was obtained from Trevigen, Gaithersburg, MD.

Purification of PARP-1. Recombinant Human PARP-1 protein was purified to
homogeneity and was described in detail by Beneke et al., 2000 [5]. In short, Human
PARP-1 c¢DNA was ligated into the baculoviral recombination plasmid pVL1393
(Pharmingen) and transfected into Spodoptera frugiperda Sf9 cells by the instructions
providéd with the Baculogold kit (Pharmingen). Infection of Sf9 cells was performed
with a multiplicity of infection of 3 for production of recombinant protein. Purification of
Mmet Human PARP-1 protein was carried out at 4°C during all steps. Sf9 cells
- were lysed with protamine sulfate and proteins precipitated by first a 30 and then 70%
ammonium sulfate cut. After 70% ammonium sulfate precipitation the pellet was
dissolved in buffer B (100 mM Tris-HCI (pH 7.4), 10% glycerol, 0.5 mM EDTA, 12 mM
B-mercaptoethanol and 1 mM PMSF). Sephadex columns were prepared by suspension of

1 g of Sephadex G-100-50 superfine (Sigma-Aldrich, St. Louis, MO) in buffer C [50 mM

29




Tris-HCl (pH 8.0), ImM EDTA, 200 mM KCl, 1 mM DTT and 10 mM B-
mercaptoethanol]. This suspension was loaded into a 60-mL glass syringe plugged with
glass wool and washed once with 2 volumes of buffer D [50 mM Tris-HCI (pH 8.0), 0.5
mM EDTA, 5 mM MgCl,, 5% glycerol, 12 mM p-mercaptoethanol and 1 mM PMSF].
Cell lysate samples were loaded on the column and eluted with 10 sample volumes of
buffer D. Eluted PARP-1 protein was followed by western blotting and activity assays.
Fractions containing the enzyme were pooled and used for oligo-dT/poly-A-cellulose
- column purification. These columns were loaded with 3 mL of eluted material, washed
with 10 mL of buffer D, 2 mL of buffer D supplemented with 0.28 M KCl and 0.5 mL
buffer D supplemented with 2.8 M KCl. Elution was performed by addition of 1.5 mL
buffer D supplemented with 2.8 M KCI and immediately followed by the addition of
glycerol to a final concentration of 20% (v/v). Samples were then applied to a Centn'prep-
50 cartridge (Amicon, Houston, TX) to concentrate the enzyme and then stored at -70°C.
Purity was checked by 8% SDS-PAGE and followed by either Coomassie blue or silver
staining.

Isolation of rat liver chromatin. Rat liver chromatin was isolated from freshly excised
rodent tissue as described by Alva:ez-Gonzalez, 1994 [2]. In short, rat livers were excised
and washed with buffer A [10 mM Tris-HCI (pH 7.4) and 150 mM NaCl]. Minced tissue
was homogenized in buffer B (12% (w/v) sucrose, 10 mM Tris-HCI (pH 7.8), 2.5 mM
EDTA and 1 mM PMSF). The homogenate was filtered through cheese-cloth and
centrifuged at 660xg for 5 min over 15% sucrose (w/v) in buffer C [10 mM Tris-HCI (pH

7.8), 10 mM NaCl and 1 mM PMSF]. Crude nuclear pellets were washed with 12%
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sucrose (w/v) in buffer C, and then twice with 0.2% Triton X-100 (v/v) in buffer C,
followed by pelleting over 15% sucrose (w/v) in buffer C. Pellets were further washed
with 12% sucrose (w/v) in bﬁffer C. Nuclei were resuspended in buffer C (pH 7.0) at a
concentration of 1-6 mg of DNA/ml. Nuclei were placed on ice after the addition of
EDTA (2.5 mM). The nuclei suspension was stirred gently for 15 min and then
centrifuged at 12,000xg for 10 min. The supernatant was collected as chromatin.

Cell culture. Hela cells were maintained in 1500 mm? surface area dishes. Culture
conditions involved incubation at 37°C in a humidified 5% CO, environment. Culture
media was Dulbecco’s minimal Eagle’s medium (Sigma-Aldrich) that was supplemented
with 10% fetal bovine serum (Sigma-Aldrich). Cells were supplied with fresh culture
media every 24 hours. Cell harvesting was performed by removal of culture media
followed by three successive washes in PBS solution [S0 mM phosphate and 150 mM
NaCl (pH 7.2)]. PBS was removed and adherent cells were proteolytically released by 10
- min mcubatlon in PBS solution that contained trypsin (Atlanta Blologlcals Inc, Norcross
GA). Cells were pooled, gently centrifuged, then resuspended and washed three times in
PBS. Cell proliferation was monitored by light microscopy where adherent cells were
counted in 5 separate 1 mm? areas to provide means to calculate cell number. This was
repeated at the designated times until 78 hours of culture was reached where by cells
were harvested for further experimentation or for sub-culturing. Sub-culturing was
performed with the seeding of 10,000 cells to each new culture dish

Comet assay. For this technique, Hela cells were incubated with N-Methyl-N'-nitro-N-

nitrosoguanidine (MNNG) prior to subjection to the Comet assay. In short, cells were
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either incubated with or without 100 uM MNNG for 30 min while in culture. Cellular
activity was halted by the removal of the MNNG containing solution and addition of ice-
cold 10% trichloroacetic acid. Adherent cells were harvested by tryptic digestion as
described previously then resuspended and washed three times in PBS. 1% low melting
point agarose was added to the pellet to 1% (W/v) to resuspend cells. Immediately prior
to use, microscope slides were dipped in a 1% normal melting point agarose (W/v)
solution and allowed to dry followed by a second dipping. Once dry slides presenting
with an even coat of agarose were selected. The agarose-cell solution was then painted
onto these slides. Agarose painted slides were allowed to gel at 4°C for 1 hour. Following
this period of time, cells on slides were lysed during a 1 hour incubation in lysis buffer
[2.5 M Na(l, 10 mM Tris-HCl, 100 mM EDTA, 1% Triton X-100 (v/v) and 200 mM
NaOH]. Slides were then placed in a vertical electrophoresis chamber and subjected to a
constant voltage of 200 V for 1 hour. Following electrophoresis, slides were held for 1
hour in a sealed container filled with calcium sulfate. Slides were treated with the
fluorescent dye SYBR green diluted 1:10,000. This dye was excited by exposure to light
with a wavelength of 497 nm and visualized by confocal microscopy by filtering for
emitted light at 520 nm.

Auto-poly(ADP-ribosyl)ation of PARP-1. PARP-1 was automodified under in vitro
conditions by the catalytic transfer of the ADP-ribose moiety from BNAD" while
incubated in automodification buffer that contained activated calf thymus DNA. This

reaction involved 5 min incubation at 37°C in automodification buffer [100 mM Tris-HCI

(pH 7.8), 10 mM MgCl,, 1 mM dithiothreitol and 20 pg/mL of activated calf thymus
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DNA (Sigma-Aldrich)] with the indicated concentration of BNAD" (radiolabeled >2P-
BPNAD" where indicated). Additional reactions with caspases were performed where
indicated. Following these incubations, proteins were separated by 10% SDS-PAGE. Wet
gels were processed for Coomassie blue staining, silver staining or for the activity gel
assay where indicated. When utilized, incorporation of radiolabeled substrate was
visualized by autoradiography following the drying of gels.

Actiﬁty gels. Protein samples were electrophoresed by 10% SDS-PAGE polymerized in
the presence of 50 pg/mL of activated calf thymus DNA (Sigma-Aldrich). The gel slabs
were washed four times for 15 min each at 37 °C w1th 100 mL of buffer A [10 mM Tris-
HCI (pH 7.5) and 0.5 mM B-mercaptoethanol] to remove SDS. Tﬁe gels were then
incubated for 30 min at 37°C in 100 mL of buffer B [S0 mM Tris-HCl (pH 7.5), 0.5 mM
B-mercaptoethanol and 1 mM EDTA] supplemented with SM gﬁanidine HCL. Gels were
then washed in 250 mL of buffer B four times for 1 hour each at 4°C. Next, the gels were
pre-incubated for 1 hour at 4°C in 90 mL of DNA polymerization reaction buffer [70 mM
Tris-HC1 (pH 7.5), 7 mM MgCl;, 10 mM DTT and a mixture of the required
deoxynucleotide triphosphates each at an initial concentration of 15 uM]. The DNA
polymerase activity of pol B was assayed by incubation fqr 12 hours at 37°C in 10 mL of
reacﬁon buffer supplemented with 112 pCi of a-*?P-dTTP as an activity tracer. The
poly(ADP-ribosyl)ation activity of PARP-1 was assayed by incubation for 12 hours at
37°C in 10 mL of reaction buffer supplemented with 100 uCi of *P-BNAD" as the

activity tracer. Reactions were terminated by incubation of gels for 1 hour at 37°C in 250
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mL of 5% trichloroacetic acid supplemented with 100 uM pyrophosphate tetrasodium.
Gels were then washed seven additional times at 1 hour each at 37°C in the previously
detailed TCA solution to reduce the presence of unincorporated substrates prior to drying.
The in situ synthesis of vnucleic acids was then visualized by the autoradiographic
exposure of the dried gel.

Proteolytic Digestion of Proteins by Caspases. PARP-1 or chromatin extracts were
subjected to sequence specific proteolysis by incubation with either Human caspase-3 or
caspase-7 to generate apoptotic specific fragments of PARP-1. In these assays, substrate
protein and either caspase-3 or caspase-7 were co-incubated at a 1:10 molar ratio (in
extracts, PARP-1:caspase ratio was calculated with this polymerase assumed to be 1% of
nuclear protein) for the indicated times in a protease buffer [20 mM PIPES (pH 7.2), 100
mM NaCl, 10 mM dithiothreitol, 1 mM EDTA, 0.1% CHAPS (w/v) and 10% sucrose
(w/v)] at 37°C. Proteolytic reactions were terminated by boiling samples at 100°C for 5
min in Laemmli buffer. The generated peptide fragments were fractionated by 10% SDS-
PAGE and were subsequently visualized by silver staining, Coomassie blue staining,
| autoradiography or further processed by activity gels where indicated. Percent proteolysis
for each lane was calculated by taking densitometry readings of the 85 kDa bands and the
respective control lane. The 85 kDa band readings were then normalized to controls.
Co-immunoprecipitation of PARP-1 peptides with DNA polymerase . Where indicated,
PARP-1 or chromatin extracts were first subjected to caspase-3 or caspase-7 proteolytic
digestion as detailed above. Next, either the PARP-1 protein mixture or chromatin

extracts were incubated with an equimolar amount of pol P for 30 min at 4°C in
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immunoprecipitation binding buffer [10 mM Tris—HCl (pH 8.0), 150 mM NaCl and 0.1%
Nonidet P-40 (v/v)]. Protein complexes were then incubated at 4°C for 1 hour with goat
polyclonal anti-pol B antibodies (Santa Cruz Biotechnology Inc., Santa Cruz, CA).
Immune complexes were subsequently incubated with protein-G agarose beads and then
gentle rocking for 1 hour at 4°C. Protein complexes were sedimented by centrifugation at
12,000xg and resuspended three times in immunoprecipitation binding buffer. The
supernatant was collected and pooled following each centrifugation step. Precipitates and
supernatants were boiled at 100°C for 5 min prior to fractionation by 10% SDS-PAGE.
Gels were then transferred to nitrocellulose membranes for western blotting.

Western blotting. Proteins were immobilized on nitrocellulose membranes and probed
with either goat anti-PARP-1 or goat anti-pol B polyclonal antibodies and visualized by
chemiluminescence. To accomplish this,.membranes were incubated for 1 hour at 37°C in
a blotting buffer [i mM Tris-HCI (pH 8.0), 150 mM NaCl and 0.05% Tween-20 (v/v)
with 5.0% non-fat milk (w/v)]. Where indicated, either anti-PARP-1 or anti-pol B
antibodies (Santa Cruz Biotechnology Inc.) were added with a final dilution of 1:1000
followed by 1 hour incubations at 37°C. Membranes were then washed three times in
blotting buffer for 10 minutes at 37°C. Finally, membranes were incubated for 1 hour at
37°C with mouse derived anti-Goat IgG secondary antibodies conjugated to horse-radish
peroxidase (Sigma-Aldrich). Secondary antibodies were diluted 1:1000 in blotting
solution. Nitrocellulose bound protein-antibody complexes were visualized by enhanced
chemiluminescence as suggested in the ECL Plus chemiluminescence kit obtained from

Amersham Pharmacia, Piscataway, NJ.

-
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Electrophoretié mobility shift assay. A probe for pol B was designed with each singl;a
stranded DNA molecule synthesized by Integrated DNA Technologies, Coralville, IA.
The 5’ end of the primer strand (P1) was selectively radioactively labeled. To achieve
this, P1 was annealed to the template strand (Tm) by combining equamolar amounts of
each in annealing buffer [250 mM KCl and 50 mM Tris-HCI (pH 8.0)]. This mixture was
heated to 65°C and then incubated for 10 min in a sequential manner in Water baths of the
following temperatures: 65, 37, 22 and 0°C. The resulting complexes were incubated
with T4 DNA polynucleotide kinase (United States Biochemical Corp., Cleveland, OH)
in the presence of [y->’P]JATP in kinase buffer [50 mM Tris-HCl (pH 7.5), 10 mM MgCl,
and 10 mM B-mercaptoethanol] for 30 min at 37°C. This mixture was heated to 95°C for
5 min. The non-primer strand (P2) was added at this point equimolar to P1 and Tm. As
before, the DNA samples were sequentially transitioned from 65 to 0°C to permit
annealing. The primary structure upon annealing of single stranded DNA molecules is
presented in figure 7. Once generated, 10 ng of the probe was incubated with purified pol
B or chromatin extracts for 30 min in binding buffer [20 mM Tris-HC1 (pH 8.0), 60 mM
KCl, 5 mM MgCl;, 1 mM dithiothreitol, 0.05% Nonidet P-40 (v/v) and 10% glycerol
(v/v)] for 20 min at 27°C. These samples were electrophoresed at 4°C in a 5%
polyacrylamide gel that contained 17.8 mM tris-borate and 0.4 mM EDTA. The gel was
then dried and visualized by autoradiography.

Tryptic digestion of DNA polymerase . Pure pol B protein was incubated with trypsin
(Atlanta Biologicals Inc.) to .generate peptide fragments of this DNA polymerase.

Incubations were in digestion buffer [25 mM Tris-HCI (pH 7.5), 25 mM NaCl and 1 mM
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EDTA]. Substrate to enzyme ratios were as indicated with incubations for 1 hour at 24°C.
Boiling samples in Laemmli buffer terminated the proteolytic reactions. Resulting

peptides were separated by 15% SDS-PAGE and then stained with Coomassie blue. Gels

were then dried.
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CHAPTER Il
RESULTS

The Comet assay

An initial objective of this project was to establish a routine assay that would
allow for the quantification of pol B mediated DNA synthesis. For this, the Comet assay
was employed. This procedure permits sampling of individual cells and is ideal to
‘ quantify the density of DNA excision sites per the cell genome [76]. Subjecting cells to
the Comet assay results in migration of DNA and formation of an image similar to a
‘comet’ when the genetic material is fluorescently labeled and visualized. DNA fragment
migration can then be correlated to the extent of genotoxic insults incurred by the cell
with increased fragmentation resulting in increased migration. This technique is also

. called single cell gel electrophoresis.

Human cervical cancer cells were selected for the Comet assay. Cells were
cultured until logarithmic growth and then harvested for counting [28]. Results of growth
curves were graphed as cell number on the y-axis and time of cﬁlture on the x-axis (graph
1). The number of cells counted for each time point was averaged and standard deviations
calculated. By determining the point of intersection for the midpoint in logarithmic

growth with the x-axis, a time was established for harvesting of cells. As indicated by the
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blue vertical line in graph 1, 78 hours of culture was repeatedly used to provide similar

harvesting conditions.

Cultured Hela cells were subjected to DNA damage by incubation with N-methyl-
N‘-nifro-N-nitrosoguanidine (MNNG). Following MNNG treatment, cells were prepared
for the Comet assay as described previously. In figure 6A, a representative image of an
untreated cell is shown. The electrophoretic migration of DNA was indicated by a
fluorescence signal within the boundary of the membrane. However, this migration was
minimal when compared to MNNG treated cells. Figure 6B is a representative image of
cells treated with 100 pM MNNG for 30 min. The migration distance of DNA from these
cells was noticeably greater than untreated cells. The difference in ﬂﬁorescence
intensities was attributed to an increase in DNA strand breaks since fluorescent labeling

was specific for DNA strand ends.

The Comet assay permits detection of both single and double strand breaks
formed during DNA repair metaboliém and is therefore highly suited for break detection
following cellular exposure to DNA damaging agents. Repair activity was, however,
recently determined to not be exclusive to pol B or the BER system. As an example, DNA
strand breaks may form as a result of other nuclear functions, ie topoisomerase activity.

The Comet assay was abandoned for these reasons to establish biochemical assays

specific for pol B activity.
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Experimental design to generate a DNA substrate for DNA polymerase f binding

DNA polymerase B recognizes specific DNA intermediates formed during BER
metabolism. The design of a molecule specific for pol B binding. involved the
independent synthesis of three distinct DNA fragments. A template strand was identified
as Tm. It consisted of 27 nucleotides of poly-deoxyadenosine and was bordered on both
ends by a single deoxyguanosine. A primer strand was labeled P1. It possessed a free 3°-
OH group required for pol  deoxynucleotidyltransferase activity. P1 also consisted of 11
bases of poly-deoxythymidine and was bordered on the 5’ end by a single deoxycytidine.
The third strand was labeled P2 and consisted of 11 bases of deoxythymidine. It was
bordered by a single deoxycytidine on the 3’ end. P2 also possessed a single phosphate
moiety on the 5’ end. Upon annealing of both the P1 and P2 oligos to Tm, a primary
product was formed that was double stranded and 27 bases in length. This molecule
possessed a 5-nucleotide gap between the P1 and P2 strands. Thus, the gap of this
engineered DNA molecule was bordered by a 3’-OH and a 5°-P(O,). The structure of this

pol B substrate is presented in figure 7.

Electrophoretic mobility shift assays specific for DNA polymerase

Highly purified human recombinant pol B was subjected to electrophoretic
mobility shift assays (EMSA) using the probe described previously. The DNA duplex
was first radioactively labeled with T4 polynucleotide kinase as detailed previously. Pure

pol B was subsequently incubated with an excess of probe in annealing buffer. The
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sample was then electrophoresed under noﬁ-denaturing conditions to monitor the protein-
DNA complexes formed. Gels were then dried and subjected to autoradiography.

As indicated by results presented in lane 1 of figure 8, unbound probe
electrophoresed to the bottom of the gel. In lane 2, we observed the presence of a single
band at the top of the gel indicating that pol B efficiently bound the probe.. To address
binding specificity, an additional incubation was performed. Rat liver chromatin extract

‘was incubated with radiolabeled probe instead of purified pol B protein. Figure 8, lane 3
presents results to suggest that no more than two different protein-DNA complexes form
following incubation of chromatin extracts with this DNA duplex. Unbound probe was
again detected at the bottom of the gel. The gel-shift nearest the bottom of the gel in lane
3 is an unidentified complex at this time. In addition, another shift was detected at the top
and positioned similar to the shift formed by the binding of pure pol B protein to
radiolabeled probe.
| Additional experiments were also performed to address the effects of PARP-1
automodification on the formation of pol h—DNA complexes using this technique. This
involved a prior incubation of chromatin extracts with BNAD" to generate poly(ADP-
ribosyl)ated proteins. The molecules generated were then incubated with pol B and
radiolabeled DNA substrate then subjected to EMSA. The results from these experiments
were not however conclusive enough to indicate a change in pol B affinity for this
molecule. Apparently, in the presence of polymer free and ADP-ribosylated proteins an

,électrophoretic smear resulted. Though demonstrating an ability to utilize pol B by
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EMSA, this technique was not used further due to absence of clear results generated in

the presence of activated PARP-1.

DNA polymerase B specific activity gel assay

As an alternate experimental approach to determine if pol B is regulated by
PARP-1, we subjected this DNA polymerase to PARP-1 poly(ADP-ribosyl)ation
conditions and then assayed for pol B activity. This was achieved using pol B specific
activity gels prepared with activated calf thymus DNA. A representative flow chart of the
technique is presented as figure 9. Purified pol B protein was assayed for DNA synthesis
by activity gel initially. To test for enzymatically active pol § molecules by in situ DNA
synthesis, gels were incubated in activity buffer containing radiolabeled deoxythymidine
triphosphate. Unincorporated nucleotides were washed from the gel prior to drying. Dried
gels were then subjected to autoradiography.

Panel 10A, lane 1 are pure pol B and PARP-1 proteins separated by 10% SDS-
PAGE followed by Coomassie blue staining. In addition, lane 2 are electrophoretically
separated chromatin proteins also Coomassie blue stained. These lanes were excised prior
to the activity gel assay. The results demonstrate the banding patterns formed by
electrophoresis of pure and chromatin proteins as well as the abundance of polypeptides
within the chromatin extracts. From the results presented in figure 10B, a single band was
detectéd when pure pol B protein was assayed by DNA polymerase activity gels. This
experiment was then repeated with rat liver chromatin extracts even though multiple

DNA polymerases are known to be present in these crude isolates. The results shown in
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figure 10C indicate that a single band was observed and corresponded to the established

electrophoretic position of pure pol B indicating that this technique is selective for DNA

synthesis by this polymerase .

DNA polymerase f activity gels following protein-poly(ADP-ribosyl)ation

Next, the question of whether PARP-1 mediated poly(ADP-ribosyl)ation
regulates pol B activity was addressed. Experiments described below only addressed the
deoxynucleotidyltransferase activity of pol B. Protocols were repeated as described
previously following with an additional incubation. Prior to electrophoresis, either pol B
or chromatin extracts were incubated under poly(ADP-ribosyl)ation conditions at the
specified BNAD" substrate concentrations. The results presented in figure 11, lane 1
indicated the expected position of pure pol B within the activity gel. DNA polymerase B
was incubated in automodification buffer in the absence of PARP-1 prior to assaying by
activity gel. Figure 11, lane 2 shows that no detectable change results when compared to
the control lane (lane 1). We then subjected pol B protein to PARP-1 automodification
conditions prior to activity gels. Results presented in figure 11, lanes 3 and 4 indicated
that under these conditions pol B activity was independent of the BNAD" concentration

used for protein-poly(ADP-ribosyl)ation.
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DNA polymerase f activity gels with chromatin extracts following covalent poly(ADP-
ribosyl)ation

In addition to results presented in figure 11, experiments were performed with
~chromatin extracts. DNA polymerase p and PARP-1 were indicated to be present within
these extracts (PARP-1 results presented in figure 14). Initially, chromatin extracts Were
incubated in the presence of enzymatic buffer components prior to electrophoresis and
the activity gel procedure. The results from this experiment provided a control activity
level and expected electrophoretic position of pol B when using rat livér chromatin
proteins (figure 12, lane 1). Additionally, chromatin extracts were incubated under
poly(ADP-ribosyl)ation conditions with the indicated concentration of radiolabeled
BNAD" prior to the activity gel procedure. The results presented in figure 12, lane 2

indicated that detected pol B activity is comparable to the control lane.

Poly(ADP-ribosyl)ation of chromatin proteins

To demonstrate that protein-poly(ADP-ribosyl)ation takes place in chromatin
extracts, samples were subjected to poly(ADP-ribosyl)ation conditions at thé indicated
BNAD" concentrations. The addition of radiolabeled BNAD" facilitated the identification
of poly(ADP-ribosyl)ated proteins. Panel 13A, lanes 1 and 2 are chromatin proteins
separated by 10% SDS-PAGE and Coomassie blue stained following incubation with
BNAD" at the indicated concentrations. Panel 13B, lanes 1 and 2 are autoradiogram

results of the same gel presented in panel 13A. Present within panel 13B, lane 1 are
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radiolabeled ADP-ribosylated proteins with molecular masses of 114, 85, 65, 50, 40, 32,
29, and <15 kDa. An absence of migration for these proteins was observed when the

~ concentration of BNAD" was increased from 0.20 to 100 puM (lane 2).

PARP-1 activity gel assay

Specific activity gels were also performed for PARP-1. These experiments were
carried out to generate additional reéults with this technique when using a polymerase
that is also a substrate for ADP-ribose polymers. Initially, highly purified human
recombinant PARP-1 was assayed for in situ enzymatic activity. Pure protein was
electrophoresed under denaturing conditions utilizing a polyacrylamide gel that was
polymerized in the presence of nicked calf thymus DNA. Activity from renatured
proteins was assayed by incubating gels in an activity buffer that contained radiolabeled
PNAD". Gels were dried and autoradiographed to detect PARP-1 activity.

Results presented in figure 14A, lane 1 demonstrate that enzymatic activity of
renatured PARP-1 was detectable in situ. A single radioactive band was formed at an
expected 114 kDa electrophoretic position. To determine if this assay was selective for
PARP-1, we repeated the experiment with rat liver chromatin extracts. PARP-1 was
detected using identical activity gel assay conditions as mentioned above (14A, lane 2).
This was apparent by the presence of a single band of 114 kDa that co-localized to a
position identical to pure PARP-1 (lane 1). Also, no alternate bands were detected in lane

2.
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Next, chromatin extracts were subjected to protein-poly(ADP-ribosyl)ation prior
to assaying by activity gels. This involved an additional incubation of chromatin protein
with the indicated concentrations of PNAD" under poly(ADP-ribosyl)ation conditions.
As presented in panel 14C, the results demonstrate that no detectable change in activity

occurred when comparing the control lane (lane 1) and the experimental (lane 2).

Co-immunoprecipitation of PARP-1 with DNA polymerase 8

Physical interaction between pol B and PARP-1 was also investigated since the
former is a substrate for the covalent addition of ADP-ribose polymers. To examine if
molecular interactions between these two polypeptides are sufficient for co-
immunoprecipitation to occur, highly purified human recombinant PARP-1 and pol B
were added at equimolar quantities in binding buffer. Inmmunoprecipitation reactions
were performed as presented previously. Proteins immobilized on nitrocellulose were
probed for the presence of either pol B or PARP-1. DNA polymerase B western blotting
involved polyclonal antibodies that recognize the N-terminal 20 amino acids of this
protein. Probing for PARP-1 was performed with polyclonal antibodies that recognize a
20 amino acid N-terminal fragment of this protein. Bound antibodies were detected by
chemiluminescence using secondary polyclonal antibodies conjugated to horse-radish

peroxidase.

46



The results presented in figure 15A show that pol B was able to be
immunoprecipitated then detected by western blotting. Western blotting with anti-PARP-

1 antibodies indicated that this protein was also present in the precipitated material (15B).

Proteolysis of PARP-1 with caspases

The proteolysis of PARP-1 with caspases was investigated with the intent of
establishing a procedure to generate the specific apoptotic peptide fragments of this
polymerase. To accomplish this, the executioner caspases 3 and 7 were co-incubated with
pure PARP-1 protein. Incubations were carried out in caspase proteolysis buffer. The
protein substrate was added in solution with a 10-fold molar excess to either caspase-3 or
caspase-7 as the enzyme. The time of incubations for proteolysis are indicated on the
legend (figure 16). Resulting peptides were then electrophoresed under denaturing

conditions and the gels were stained with silver.

The results presented in figure 16A indicated that the kinetics of PARP-1
proteolysis by caspase-3 were complete within 30 minutes. This degradation generated
the two expected PARP-1 fragments with the 85 kDa peptide shown. Continuation of this
incubation for 240 minutes did not result in additional proteolysis of PARP-1. As a
control, 80 ng of intact PARP-1 was electrophoresed in lane 1. Comparing the band
intensities in lanes 2-4, where 200 ng of PARP-1 was utilized, we estimated that gréater
" than 80% of the caspase substrate was degraded. When comparing these results to

experiments that involved caspase-7, minor differences were observed. Although the
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kineﬁcs of proteolysis were similar, less product was formed by use of caspase-7. Again,
comparing band intensities, product to the control lane, we estimated that greater than
50% of PARP-1 was converted into the apoptotic fragments. To provide a semi-
quantitative analysis of proteolytic efficiency for each caspase, densitometric readings
were obtained for each time point and controls. Readings obtained from times of
proteolysis were normalized against the control lanes to permit calculation of percent
proteolysis. Values are therefore provided as the percent proteolysis at each time and

presented in figure 16.

Proteolysis of PARP-1 with caspase-3 following poly(ADP-ribosyl)ation
Next, experiments were performed to .address whether caspase-3 can proteolyze
“poly(ADP-ribosyl)ated PARP-1. For these experiments, the polymerase was subjected to
automodification conditions prior to incubation with caspase-3. PARP-1 poly(ADP-
ribosyl)ation was carried out at the indicated BNAD" concentrations. Gels were stained
with Coomassie blue to visualize only the peptide species. The results presented in figure
17 show that, as the concentration of BNAD+ was increased, proteolysis of PARP-1 was
less detectable. A PARP-1 control (lane 1) was electrophoresed without prior incubation
with caspase-3. In addition, nonmodified PARP-1 was efficiently proteolyzed by
caspase-3 as shown in the control in lane 2. Lanes 3 and 4 show results that as the

fiNAD+ concentration was increased, the presence of PARP-1 fragments decreased. |

However, as previously demonstrated, protein-poly(ADP-ribsoyl)ation with 100 pM
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BNAD" results in a loss of electrophoretic migratioh for modified species. The absence of

bands in lane 4 may then be attributed to proteins remaining at the origin of the gel.

Proteolysis of chromatin proteins with caspases following protein-poly(ADP-
ribosyl)ation

To further investigate if either caspase-3 or caspase-7 proteolyze PARP-1,
additional experiments were carried out using a reconstituted chromatin environment.
Chromatin extracts were subjected to poly(ADP-ribosyl)ation in the presence of
radiolabeled BNAD" prior to the addition of either exogenous caspase-3 or caspase-7.
Poly(ADP-ribosyl)ation conditions were performed w1th the indicated concentrations of
BNAD". The resulting samples were electrophoresed under denaturing conditions. Gels

were then dried, stained with Coomassie blue and subjected to autoradiography.

The results presented in figure 18A, lane 1 show chromatin proteins incubated
with 0.20 uM BNAD" and are presented as a control. Lanes 2-4 of figure 18A are results
from experiments performed with chromatin proteins following poly(ADP-ribosyl)ation
with increasing concentrations of BNAD"as indicated. Co-incubation of caspaise-3 with
chromatin extracts did not result in detectable proteolysis of PARP-1. These experiments
were repeated with caspase-7 and presented as figure 18B. The results in figure 18B, lane
1 indicated that caspase-7 co-incubation results in detectable proteolysis of poly(ADP-
ribosyl)ated PARP-1. However, as the BNAD" concentration was increased (compare

18A, lanes 3 and 4 to 18B, lanes 2 and 3), co-incubation with caspase-7 did not result in,
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the detectable presence of proteolysis of modified PARP-1 molecules as was presented
for caspase-3. At these BNAD" concentrations, radiolabeled proteins smeared within each
lane or remained at the origin of the gel. Coomassie staining of gels did not however
indicate that proteiné were smeared within each lane at these higher BNAD"
concentrations. In addition, these results provided an internal control to ensure loading of

equal amounts of protein for each lane. Therefore, bands formed by histone H1 are

provided as figures 18C and D.

Non-specific proteolysis of DNA polymerase 8 with trypsin
| Next, we wanted to perform experiments to determine if pol B could be
proteolyzed into domain specific peptide fragments to be used for additional experiments
addressing interaction between this polymerase}and PARP-1. These experiments however
utilized the non-specific protease trypsin and therefore generated non-physiological
fragments of pol B. DNA polymerase B proteih was incubated with trypsin for 30 minutes
over a range of enzyme:substrate ratios. Peptide fragments generated were
electrophoresed under denaturing conditions by 10% SDS-PAGE. These gels were then
stained with Coomassie blue.
Results of proteolytic digestions are presented in figure 19. Lane 2 shows a tryptic
digestion of pol B with a ratio of 1:1000 that did not result in detectable peptide fragment
generation. However, proteolysis of this protein substrate with a ratio of 1:10 did result in

two primary products with molecular weights of 31 and 8 kDa. These results are
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presented in figure 19 lane 3. The molecular weights for the top and bottom bands
correlated with the established molecular weights of the C and N-terminal domains of pol
P respectively. Alternate bands were detected when proteolysis of pol B was performed
with the molar ratio of 1:10. These bands are visii)le in lane 3 at 27 and 22 kDa. Due to

the presence of alternate peptidcs following trypsin digestion, we determined that this
technique was not sufficient for peptide interaction studies yet did support previously

published data relative to the domain structure of this polymerase.

Co-immunoprecipitation of PARP-1 apoptotic ﬁagments with DNA polymerase [

To investigate if PARP-1 apoptotic fragments interact with pol B in situ, co-
immunoprecipitation experiments were performed. These experiments were identical to
those conducted with intact proteins, except that pure PARP-1 was subjected to caspase-3
proteolysis for 1 hour prior to immunoprecipitation. Caspase-3 was selected to proteolyze

PARP-1 following results generated with pure components and presented in figure 16.
The results presented in figure 20A and B indicated that each PARP-1 apoptotic
fragment was detectable in the immunoprecipitated material. As a negative control,
immunoprecipitation was also carried out in the absence of anti-pol f antibodies (lane 1).
Collected supernatant material was electrophoresed and is presented as results in lane 2.

Lane 3 are the results from the co-immunoprecipitation experiment as presented above.
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Co-immunoprecipitation of PARP-1 apoptotic peptide fragments with DNA polymerase f8
Jfrom chromatin extracts

To further examine if the apoptotic fragments of PARP-1 physically interact with
pol B in situ, co-immunoprecipitation experiments were conducted with chromatin
extracts. No exogenous PARP-1 or pol B proteins were therefore added. To perform these

experiments, we first subjected chromatin extracts to caspase-7 proteolysis. This protease

was selected based off of results presented in figure 18.

The results presented in figure 21A and B suggested that PARP-1 apoptotic
peptide fragments were immunoprecipitated with pol B. Lanes 1 and 2 are results carried
out in the absence of anti-pol B antibodies. From these control experiments, neither
PARP-1 fragment was observed in the precipitated material (panel A & B, lane 1).
However, the 85 kDa fragment was observed in the supemnatant as presented in panel A
& B, lane 2. When this experiment was performed as mentioned above and in the
presence of anti-pol B antibodies, each PARP-1 polypeptide was detected in the
precipitated material (panel A and B, lane 3). Only the 85 kDa PARP-1 fragment was

detected in the supernatant material (lane 4).
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Graph 1. Hela cell growth curve. Cells were plated, grown and counted at the indicated
times. The growth curve was generated from repeated cell counts at the indicated times to
provide a means to establish a midpoint in logarithmic growth. The period of 78 hours

was used as the exact time of culture for cells prior to harvesting.

53



Py

Hela Cell Growth Curve

450
400 +
350
Yy
E 300
g 250
E 200
Z 150
>
© 100
50
0
24 48 72 120
Incubation Time (hours)
54




Figure 6. The Comet assay. Cells were assayed following treatment without (6A) or with
100 pM MNNG for 30 min (6B). In figure 6A, DNA migrated with an electrophoretic
front just beyond the cell membrane of control cells (indicated by curved red 1ine).
However, MNNG treatment resulted in a distinct migration pattern for DNA such that

labeling of this nucleic acid produced a fluorescent image reminiscent of a comet.
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Figure 7. A selective EMSA probe for DNA polymerase B binding. A DNA duplex with
a five nucleotide gap was producéd to investigate specific binding to pol B. A poly-A
template strand (Tm) was 3’ and 5’ capped with G to coordinate primer strand (P1) and
non-primer strand (P2) annealing. The P2 strand contained a 5’-P(O4) group to facilitate
pol B binding. The DNA probe was radiolabeled only at the 5> end of the P1 strand with

T4 polynucleotide kinase as indicated in the materials and methods section.
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Figure 8. A selective EMSA for DNA polymeraée B binding. Pure radiolabeled DNA
probe (figure 7) was electrophoresed in a 5% non-denaturing gel (lane 1). Pure pol B
protein was incubated with this radiolabeled substrate for 30 min at 27°C and then

subjected to non-denaturing electrophoresis (lane 2). Rat liver chromatin extracts were

also incubated with the probe and electrophoresed into a 5% non-denaturing gel (lane 3).
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Figure 9. The activity gel technique.
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Figure 10. DNA polymerase B activity gels. Pure pol p and PARP-1 were separated by
10% SDS-PAGE and Coomassie blue stained (panel A, lane 1). Chromatin proteins Were
also electrophoresed and stained under identical conditions (lane 2). Pure pol P was
subjected to the activity gel technique. In 10B, pol B was electrophoresed by 10% SDS-
PAGE and assayed by activity gel. In panel IOC, extracted chromatin proteins were also

subjected to the activity gel technique following separation by 10% SDS-PAGE.
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Figmé 11. Changes in DNA polymerase 8 activity. as a result of co'valent poly(ADP-
ribosyl)ation of PARP-1. Pure pol B protein was subjected to covalent poly(ADP-
ribosyl)ation conditions followed by activity gel assays. Lane 1 displays a single band
that indicated the position and enzymatic activity level of control pol B protein. A prior
incubation of pol B in buffer containing 100 pM BNAD" did not result in a change in
DNA polymerase activity (lane 2). The addition of PARP-1 for incubations with either

0.20 uM (lane 3) or 100 uM (lane 4) BNAD" are also presented.
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Figure 12. DNA polymerase B activity gels with chromatin extracts following covalent
poly(ADP-ribosyl)ation. Chromatin proteins were subjected to DNA polymerase activity
gel assays. Rat liver chromatin proteins were resolved by 10% SDS-PAGE and assayed
for activity using the activity gel technique (lane 1). Chromatin proteins were also
 subjected to covalent protein-poly(ADP-ribosyl)ation with 100 pM BNAD' prior to

assaying for pol B activity (lane 2).
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Figure 13. Poly(ADP-ribosyl)ation of chromatin protéins. Chromatin proteins were
subjected to poly(ADP-ribosyl)ation conditions at the indicated PNAD" concentrations.
Samples were electrophoresed by 10% SDS-PAGE, stained with Coomassie blue (13A)
and autoradiographed (13B). Incubation with 200nM BNAD" resulted in the covalent
ADP-ribsoylation of multiple proteins including the primary acceptor PARP-1 and
histones (13B, lane 1). With a 100 pM BNAD" concentration, modified proteins were
unable to enter the gel as indicated by the presence of a single band at the origin of the

gel (lane 2).
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Figure 14. PARP-1 activity gels. Pure PARP-1 protein was electrophoresed and assayed
by the activity gel technique. Panel 14A, lane 1 is a radioactive band that results from
electrophoresis of PARP-1 by 10% SDS-PAGE and in situ renaturation. Lane 2 is activity
from renatured PARP-1 following electrophoresis of chromatin proteins by identical
conditions as for lane 1. Panel 14B is an autoradiogram of chromatin proteins following
incubation with radiolabeled BNAD" and 10% SDS-PAGE. Panel 14C, lane 1 is
chromatin extract that was subjected to protein-poly(ADP-ribosyl)ation conditions in the

presence of 0.20 pM radiolabeled BNAD" prior to assaying for PARP-1 activity. Lane 2

are results from performing an identical experiment as before yet with 100 uM BNAD".
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Figure 15. Co-immunoprecipitation of PARP-1 with DNA polymerase f. Pure pol B
protein was subjected to immunoprecipitation followed by SDS-PAGE and western
blotting using the previously mentioned antibodies (panel 15A). In addition to pol B,
PARP-1 was detected in the immunoprecipitated material by western blotting using

PARP-1 specific antibodies (panel 15B).
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Figure 16. Proteolysis of PARP-1 with caspases. Pure caspase-3 and 200 ng of PARP-1
were co-incubated for the indicated times with a molar ratio of 1:10. This incubation was
followed by 10% SDS-PAGE and silver staining with results presented in panel 16A. In
panel B, identical incubations were performed using caspase-7. In both panels, the first
lane is 80 ng of PARP-1 protein ﬁot subjected to proteolysis by either caspase and

electrophoresed as a control.
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Figure 17. Proteolysis of PARP-1 with caspase-3 following poly(ADP-ribosyl)ation.
Lane 1 is PARP-1 protein electrophoresed by 10% SDS-PAGE and Coomgssie blue
stained. PARP-1 protein was incubated with caspase-3 at a molar ratio of 1:10 for 1 hour
and electrophoresed and stained as mentioned before. Lanes 3 and 4 are again identical to
lane 2 except for the addition of an initial incubation to automodify PARP-1 at the

indicated BNAD" concentration prior to caspase-3 proteolysis.
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Figure 18. Proteolysis of PARP-1 in chromatin extracts with caspases following protein-
poly(ADP-ribosyl)ation. Lane 1 of panel A is provided as a control where chromatin
proteins were incubated with 0.20 uM BNAD+ and then electrophoresed by 10% SDS-
PAGE, dried and subjected to autoradiography. Panel A shows caspase-3 incubations
with chromatin extracts following poly(ADP-ribosyl)ation at the ’indicated radi.olabled
BNAD" concentrations. Panel B are results from identical incubations except with
caspase-7. Panels C and D are Coomassie blue stained histone H1 to show equal loading

of lanes.
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Figure 19. Non-specific proteolysis of pol B with trypsin. Lane 1 corresponds to pure
native pol B that was electrophoresed by 10% SDS-PAGE and Coomassie blue stained as
a negative proteolytic control. Lane 2 is an incubation of trypsin with pol P at a ratio of
1:1000 that did not result in any detectable fragment generation. However, as presented
in lane 3, decreasing the enzyme:substrate ratio to 1:10 resulted in tryptic digestion of pol

B into two primary fragments of 31 and 8 kDa.
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Figure 20. Co-immunoprecipitation of PARP-1 apoptotic peptide fragments with pol B.
~ Pure pol B protein was incubated with caspase-3 generated peptide fragments and then
subjected to anti-pol B immunoprecipitation in the absence of antibodies as a negative
control (lane 1). This experiment was performed again in the presencev of anti-pol B
antibodies. The supernantants were collected and are presented as results in lane 2.
Immunoprecipitated material were electrophoresed as lane 3. Western blotting for PARP- -
1 indicated that indeed the 85 and 29 kDA peptides were present in the

immunoprecipitated material. (w/o= without antibodies, w/a=with antibodies)
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Figure 21. Co-immunoprecipitation of PARP-1 apoptqtic peptide fragments with pol f in
crude chromatin extracts. Following caspase-7 proteolysis, immunoprecipitation with
anti-pol B antibodies was performed followed by 10% SDS-PAGE and western blotting‘
for PARP-1 peptide fragments. Lanes 1 (supernantant) and 2 (precipitate) were
performed in the absence of pol B antibodies. This experimemt was performed again in
the pfes'encc of anti-pol B antibodies and resulted in a detectable presence of both PARP-
1 apoptotic fragments as well as the intact protein in immunoﬁrecipitated material (lane

3). (w/o=without antibodies, w/a=with antibodies)
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CHAPTER IV

DISCUSSION

In this dissertation results from experimenté demonstrate that both caspase-
generated peptide fragments of PARP-1 physically interact with pol B. These molecular
interactions were significant enough to permit co-immunoprecipitation of both PARP-1
degradation products with pol B when using an in vitro system .involving purified
components (figure 20, lane 3). The ability of pol B to bind each PARP-1 peptide
fragment appears to be distinct from results generated with other proteins identified to
interact with this DNA polymerase [38]. These results also support the notion that PARP-
1 peptide products originating from caspase degradation may physically interact with pol
p during the execution phase of apoptosis. Therefore, a mechanism likely exists where
inhibition of pol B function(s) results by interaction(s) with the 85 or 29 kDa PARP-1
fragments during apoptotic cell death.

| Nonetheless, it must be pointed out that these results generated vwith co-
immunoprecipitation experiments require caution. For example, protocols described
above were carried out with non-physiological protein ratios. Co-incubation of these two
polymerases was pérformed with a molecular stoichiometry of 1:1. Under these
conditions, PARP-1 co-immunoprecipitation was clearly observed (figure 15B).

Surprisingly, the quantity of precipitated PARP-1 protein was sufficient for detection by
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western blotting (vide supra). Co-immunoprecipitation of pure PARP-1 with pol B was
not previously demonstrated by published data, except when using GST;tagged mutant
proteins [17]. It cannot be assmned however, that a similar stoichiométry exists between
each PARP-1 fragment and pol B following incubations with caspase-3. Since
degradation of PARP-1 was calculated to result in nearly 90 percent conversion to
product, we also calculated that a 1:1.1 ratio results between pol B and both PARP-1
fragments. Residual caspase substrate (intact PARP-1) was also present at a ratio of 1:10
(enzyfne:substrate). Thus, intact PARP-1 may also physically interact with pol B (as
shown in figure 15B) yet may remain undetected in precipitated material following
incubation with caspase-3 (Figure 20). These findings can be explained in a number of
ways. First, the amount of precipitated PARP-1 may be insufficient for detection under
the conditions employed here. Alternatively, PARP-1 may compete for pol B binding
with either the 85 or 29 kDa fragments. The possibility then exists that competition
occurs between intact PARP-1 and the apoptotic peptide. Further, the presence of
caspase-3 in solution during immunoprecipitation may provide additional complexities
that cannot be éxplained at this time. For example, it cannot be ruled out that pol B is not
a substrate for caspases even though no results are currently available to suggest this.
Nonetheless, the lack of intact PARP-1 does not contradict the notion that pol P
physically interacts with both apoptotic peptide fragments. Thus observations here
provide for interesting speculations that support the previously proposed mechanism

where PARP-1 peptide fragments inhibit pol B during the execution phase of apoptosis.
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When co-immunoprecipitation experiments were performed with a rat liver
chromatin extract, the results again supported the conclusion that physical interactions
between pol B and PARP-1 and both apoptotic fragments occurs (figure 21). Though
within a chromatin milieu association between these proteins is sﬁggested, as presented in
figure 21, other possibilities do exist. Intact PARP-1, both of the fragments and pol p are
capable of binding DNA. Therefore, precipitation of pol B could also bring down a
chromatip complex and result in detection of PARP-1 related proteins by western
blotting. In addition, other proteins are capable of forming physical interactions with both
PARP-1 and pol PB. This fact may provide a polypeptide scaffold and therefore
artifactually induce indirect interactions. An additional complication may also arise when
using chromatin extracts since under these conditions the protein ratios were not known
prior to experimentation. Nonetheless, prior to proteolytic degradation of PARP-1, a
stoichiometry of 1:175 of pol  to PARP-1 was estimated (personal communication with
Wilson SH lab, NIEHS, NC). This is a significant difference when compared to
incubations performed with purified components. In addition, owing to this estimated
physiological ratio, reciprocal co-immunoprecipitations were not performed.

With the proposed model, a situation arises where intact PARP-1 may compete
with the 85 or 29 kDa peptides for interactions with pol . Caspase proteolysis of PARP-
1 could then serve as a molecular switch to regulate pol B function(s). In the absence of
active capases, intact PARP-1 would facilitate repair of damaged DNA. However,
following proteolysis of PARP-1 by caspases, peptide fragments may mhibit pol B

activity and also modulate chromatin fragmentation.
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It is also important to mention that when PARP-I was proteolyzed into peptide
fragments by caspase 3 or 7, experiments were run to determine the best conditions for
protein digestion. From these results, both proteases were capable of degrading PARP-1
efficiently in an in vitro reconstituted system (figure 16, A and B). Although these
proteases demonstrated similar kinetics, caspése—3 seems best suited to proteolyze PARP-
1 under purified conditions in solution. Therefore, co-immunoprecipitation of pure pol
in the presence of PARP-1 fragments was performed following incubation with caspase-
3. In contrast, caspase-7 was determined to. be best suited for proteolysis of PARP-1
when using chromatin extracts (figure 18). Experiments involving chromatin extracts and
PARP-1 proteolysis were therefore performed following incubations with caspase-7. |

Initially, an in vitro proteolysis assay for caspase-3 was developed. Using
homogeneously pure PARP-1, in the absence of synthesized ADP-ribose polymers, gels
were stained with silver (figure 15). This technique provided a high level of sensitivity as
required to detect the nanomolar amounts of substrate protein that were used in each
reaction. However, when PARP-1 was incubated under automodification conditions prior
to caspase proteolysis, silver staining was not used because this procedure results in
significant background staining by detection of nucleic acids, including ADP-ribose
polymers. Therefore, gels were stained with Coomassie blue as needed to detect protein
only (figure 17). When the intent was to address caspase proteolysis of poly(ADP-
ribosyl)ated PARP-1, use of radiolabeled BNAD" showed very sensitive detection
conditions by autoradiography (figure 18). It should be stated though that when using

radiolabeled BNAD®, the results generated by autoradiography only indicated the position
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of poly(ADP-ribosyl)ated proteins. In other words, a change in the electrophoretic
mobility of non-modified proteins was not visible.

Also, this dissertation project initially intended to address the proposed hypothesis
from a cellular physiology approach. Therefore, a functional Comet assay was used and
cells were treated with an alkylating agent (MNNG) (figure 6). The difference in DNA
migration in these experiments was directly related to the increased amount of strand
breaks present within the MNNG treated cells. The assay was first presented in 1984 [52]
as a procedure to compare the extent of DNA damage in individual cells and was not
previously performed in this lab. This method of detecting DNA damage in cells
presented a number of shortcomings however. At the time this procedure was performed,
measurements were primarily done by hand, thus representing a potential source of error.
In addition, a large population of cells must also be sampled. During the course of this
study, other DNA polymerases were reported as potential participants in BER [74,23,57].
Alternatively, chemically modified bases may also be repaired, to a lesser extent, by other
DNA repair systems (nucleotide excision repair). For these reasons, it was décided that a
study addressing PARP-1, pol p and BER required a more direct biochemical approach. |

Biochemical assays to detect pol B binding first involved the generation of an
EMSA specific for this DNA polymerase. Therefore, a technique was developed to.
monitor pol B’s ability to bind a specific DNA substrate under carefully controlled |
experimental conditions. Since this enzyme has been the most studied eukaryotic
polymerase in DNA repair, it was feasible to design a specific DNA substrate for pol B.

This was accomplished by the synthesis of three independent DNA fragments. First, a
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template strand (Tm) consisting of 27 nucleotides was capped on both ends by single
guanine residues. Second, primer (P1) and non-primer strands (P2) were also constructed
with 11 thymines. In these DNA strands the 5° and 3’ ends were capped with cytosine
respectively. This capping permitted proper orientation during annealing. The DNA
molecule designed also contained a 5-nucleotide single stranded gap between the 3’ end
of P1 and the 5’ end of P2. Further, the 5’ end of P2 possessed a phosphate group to
facilitate pol B binding to the gapped DNA substrate. To ensure that this residue was
retained during radiolabeling, the reaction was carried out with only P1 annealed to Tm.
Under these condifions, the DNA substrate was resistant to 5’ labeling of Tm by T4
polynucleotide kinase. Obviously, this was facilitated by the kinase requirement for a
blunt double stranded DNA end for phosphate residue transfer. Incubation of this DNA
probe with pure pol B, followed by electrophoreses under .non-\denatm'ing conditions
demonstrated the formation of a bimolecular protein-DNA complex (figure 8, lane 2).
When this incubation was repeated with chromatin extracts, only two complexes were
visible (figure 8, lane 3). Considering the protein compogitidn of these extracts (figure
10A, lane 2); these results were quite surprising. In fact, it was expected that binding of
this radiolabeled probe by pol B would not be observable in the presence of chromatin-
forming proteins such as histones. The presence of only two bands suggests that indeed
pol B interacts with this DNA substrate in a very selective manner. It should be
mentioned that the complex formed with chromatin extracts (figure 8, lane 3) was
observed at a slightly different electrophoretic position. This variance is likely due to the

human recombinant form of pol B expressed and purified from E. coli and used in lane 2.
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A moré likely explanation is the fact that the human géne for pol B encodes a protein with
a molecular weight of 41 kDa [1]. This is slightly different when compared to 39 kDa for
the rat gene [18].

Although this EMSA technique was not used to address the affects of poly(ADP-
ribosyl)ation on pol' B binding of the DNA molecule, a number of other issues can be
explored. In addition to pol B, the fact that another polypeptide binds this S-ﬁucleoﬁde
gapped probe presents an interesting possibility. When considering that the BER pathway
appears to progress as a sequence of chemical reactions, with the DNA lesion handed
from one enzyme to the next, ’the unidentified band may involve another enzyme of this
repair system. This would mean that the substrate generated here is not specific for pol B,
but selective. Nonetheless, with the combination of DNA molecules that could be
engineered, one might contemplate a study to identify proteins complexing with DNA
lesions of different chemical structures known to form during the BER pathway. As an
example, a mechanism likely exists that selects between single nucleotide and long patch
BER. DNA polymerase B is capable of both single nucleotide incorporation and an
uncommon DNA polymerization at an abasic site that results in 5’ non-template strand
displacement [62]. This alternate BER pathway involving incorporation of multiple
nucleotides by pol p may be performed by other DNA polymerases though. The reason
for a shift to a polymerase other than pol p is unknown. With this technique, two different
probes, engineered to possess different DNA chemical structures, could assist in

identifying proteins that bind these nucleic acids from a chromatin milieu. Further, this
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technique would be reasonable for application with mﬁtated pol B proteins to determine
changes in affinity for a DNA substrate.

Also in this dissertation project, similar activity gels were performed with
specificity for either pol B or PARP-1. Though this technique requires the denaturation of
polypeptides prior to electrophoresis, sufficient protein was chemically renatured in situ
to form conformationally active enzymes capable of polymerizing nucleic acids. This
characteristic provided a technique to select for either enzyme from a myriad of
chromatin proteins. In addition, the absence of a visible change in activity levels for pol B
following poly(ADP-ribosyl)ation of chromatin proteins suggested that only a small
percentage of this polymerase was covalently modified by the polymer. Another
possibility is that within a chromatin environment, pol B is not a substrate. Either
situation provides for interesting questions to be addressed. To illustrate, if pol B is not an
acceptor for poly(ADP-ribose) in this chromatin environment, under what conditions is it,
or is the in vitro results previously generated within this lab artifactual? This latter
statement is however unlikely for a number of reasons and refutable by results presented
in figure 13B, lane 1 where the radioactive band at 40 kDa is likely to be pol B.

In summary, this dissertation project exaﬁined the effects of poly(ADP-
ribosyl)ation on pol P activity. These results were not in disagreement with prévious
work performed by other labs [51,17]. However, the number of pol B proteins covalently
modified by PARP-1 is believed to be only a small fraction of the total when poly(ADP-
ribosyl)ated under the conditions used here. This is in agreement with results generated

when .assaying for PARP-1 activity by the same technique. However, further
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experimentation is required to determine the role of PARP-1 in regulating the function(s)
of pol B at the biochemical level. PARP-1 was also demonstrated to co-iinunoprecipitate
with pol B. Interactions between pol B and the caspase generated PARP-1 peptide
fragments were also shown. These results provide for the prqposal of a mechanism that
might facilitate apoptosis. Updn activation of caspases 3 and 7, PARP-1 is proteolyzed.
This proteolysis occurs primarily by caspase-3 degrading non-(ADP-ribosyl)ated PARP-
- 1. In addition, caspase-7 proteolyses those PARP-1 molecules present in a modified form.
The resulting PARP-1 peptide fragments interact with pol f and inhibit DNA repair that
would stand in opposition to apoptosis related chromatin degradation. PARP-1 is then
part of a cellular switch facilitating DNA repair yet serving to irreversibly favor apoptosis
(figure 22). ThlS control by PARP-1 of cell death may reside in protein-protein

interactions with key DNA repair proteins such as pol § [7].
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Figure 22. Proposed model for PARP-1 as a switch between DNA repair and cell death.
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CHAPTER V
CONCLUSIONS

PARP-1 modulates BER and appears to also alter the progression of apoptosis toward an
irreversible state. This regulatory role for PARP-1 in DNA damage repair, and possibly
apoptosis, is likely to reside in the regulation of pol 8. To test this hypothesis,
experiments were performed to address the effects of PARP-1 mediated protein
poly(ADP-ribosyl)ation on the pol 8 DNA synthesis activity. The results of this

investigation support the following conclusions:

1. ;I’hough pol B is a substrate for PARP-1, this ADP-ribose polymerase is the primary
acceptor for covalent addition of poly(ADP-ribose). This finding suggests that
automodification of PARP-1, as opposed to heteromodification of pol B, are the primary
chemical reactions catalyzed by PARP-1 to modulate BER activity. These findings are
important because DNA polymerase P is responsible for the rate limiting enzymatic
reaction in BER with associated regulatory mechanisms possibly providing a target to
effect changes in repair proficiency. Additional studies are required to address the role of

poly(ADP-ribose) in BER.
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2. PARP-1 is a substrate for both apoptotic caspases-3 and 7. This conclusion requires
further explanation though. Upon catalytic activation in the presence of DNA strand
breaks PARP-1 molecules also serve as covalent acceptors for poly(ADP-ribose). This
chemical modification results in a heterogeneous population of PARP-1. The results of
this investigation indicate that caspase-3 and caspase-7 serve in a similar fashion to
proteolyze PARP-1 molecules tﬁat, respectively, may be free of ADP-ribose polymer or
covalently modified. This finding is important because a fraction of PARP-1 molecules
are believed to possess poly(ADP-ribose) at any given time. Accordingly, PARP-1
}cleavage requires either a single protease capable of recognizing multiple substrates or
multiple proteases, the later being the case. Taken further, this overlap in caspase
function clearly supports the cellular importance of the proteolytic degradation of PARP-
1 during the execution phase of apoptosis and necessitates a more intensive biochemical

investigation of these apoptotic caspases with PARP-1 substrate molecules.

3. The caspase-generated peptide fragments of PARP;I ihdependently retain the ability to
physically associate with pol . PARP-1 proteolysis is a hallmark event signaling cellular
entry into the irreversible and final stage of apoptosis. Both peptide fragments of PARP-1
are known to retain domain-specific functions associated with the intact enzyme. These
interactions are then relevant to understanding how a cell transforms from supporting
genome integrity toward promoting chromatin degradation, and may reside in activity
retained within the PARP-1 peptide fragments. In regard to this investigation, this is

exemplified by changes in physical association with pol B. Further research is then
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required to determine if other mechanisms exist that facilitate an irreversible cellular

switch to apoptosis.

The results presented here support a proposed mechanism that may serve to mediate this
irreversible switch of a cell from repair directed, to an apoptotic state. Following
excessive DNA damage PARP-1 promotes DNA repair by automodification. Should
apoptotic pathways predominate and caspase proteolysis ensue, PARP-1 degradation
occurs, and as a result, synthesis of ADP-ribose polymer would be attenuated. By
physical association of the resulting peptide fragments of PARP-1 with pol B, the cell is
shifted from pro-survival, with DNA repair, to pro-death, with chromatin fragmentation.
This switch results from changes in protein-protein interactions for PARP-1 with pol £.
Thus, the results of this investigation implicate PARP-1 key mediator in effecting a

cellular switch toward an irreversible apoptotic state.
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