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Abstract

The detection and repair of double-stranded DNA breaks (DSBs) is crucial to the
functioning of the cell and the integrity of the genome. In higher eukaryotes, the non-
homologous end joining (NHEJ) pathway is the more widely used mechanism for repairing
DSBs. The NHEJ pathway is initiated by the binding of Ku to the DSB. Ku is a ring-shaped
heterodimer that binds to DNA with high affinity by threading the DNA through its central
pore. Current models of the NHEJ pathway suggest that as repair proceeds, Ku is pushed to
the interior of the DNA, away from the ends. According to these scenarios, upon repair of
the break Ku would be trapped on the ligated DNA without a means of dissociating from the
DNA once repair is completed. PARP1 is member of the poly(ADP-ribose) polymerase
(PARP) enzyme family, and is believed to be involved in the resolution of DSBs. When
active, PARP1 transfers and polymerizes ADP-ribose polymers to target nuclear proteins,
which in turn, alters their activity. The enzymatic activity of PARP1 is stimulated by the
binding of PARP1 to DNA breaks and strand interruptions. Recent work has suggested a
functional interaction between Ku and PARP1 in DNA repair. Given reports that PARP!
can affect the affinity of Ku for DNA and the enzymatic role of PARP1, I have developed
the hypothesis that PARP1 stimulates the release of Ku from DNA. My work in this thesis
has shown that the release of Ku from DNA is dramatically accelerated by the addition of
PARP1 under ADP-ribosylation permissive conditions. This release is dependent upon the
enzymatic activity of PARP1 rather than the presence of PAR polymers. The PARP-
mediated release of Ku from DNA is not dependent upon the presence of free ends as Ku
was no longer detected on closed circular DNA after incubation with PARP1. PARP1 ADP-

ribosylates three glutamate residues within the C-terminal SAP domain of the Ku70 subunit
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of the heterodimer, and mutation of these residues abrogates the effect of PARP1 on Ku.
The ribosylation of Ku by PARP1 is necessary for an appropriate DNA damage response in
vivo, as mutation of these residues resulted in an increased sensitivity to DNA damaging
agents and a prolonged retention of Ku at repair sites. In addition to the deficiencies in
responding to DNA damage the mutations resulted in dramatically reduced V(D)J
recombination potential and defects in the formation of signal joints. The findings from the
current study provide a novel and significant insight into the importance of ribosylation in
regulating Ku function in DNA repair, and imply a further significance for ribosylation in

regulating other roles of Ku.
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1. Introduction
1.1 DNA damage and repair

Double stranded DNA breaks (DSBs) result from a number of cellular processes,
including errors in replication, immunoglobulin gene diversification or meiosis; they can
also arise from exogenous sources, such as ionizing radiation (IR) and exposure to some
chemicals (1). Compared to other types of DNA lesions which affect only one strand of the
DNA double-helix, DSBs affect both strands of the DNA duplex and therefore prevent use
of the complementary strand as a template for repair, which makes them the most dangerous
form of DNA lesions to the cell. If not repaired quickly and appropriately, DSBs can have
hazardous effects on the integrity of the genome, the functioning of the cell, and the health of
the organism; accumulation and misrepair of DSBs can lead to DNA sequence insertions or
deletions, and chromosomal recombinations that can result in harmful mutations (1). As a
result, cells have evolved groups of proteins that function in signaling networks that sense
DSBs or other DNA damage, arrest the cell cycle, and activate DNA repair pathways. The
rate of detection and the efficiency of the subsequent repair is dependent upon many factors,
including the cell type, the age of the cell, the cell cycle, cellular repair factors, and the
extracellular environment (1; 2; 3).

In eukaryotic cells, DSBs are predominantly repaired by one of two repair pathways,
non-homologous end-joining (NHEJ) and homologous recombination (HR). These
pathways are distinct and function in complementary ways to effectively repair DSBs.
Homologous recombination primarily uses the undamaged sister chromatid as a DNA
template allowing for accurate repair of the lesions. Alternatively, NHEJ is an error-prone

joining of DNA ends that requires the use of little or no sequence homology and plays a



major role in the repair of IR-induced DSBs, especially when sister chromatids are not
available (4). Which of the repair pathways is used to repair the DSB is dependent on the
type of break, the stage in the cell cycle at which the break occurs, and the availability of the
sister chromatid and repair proteins. Simple eukaryotes, such as yeast, rely mainly on HR to
repair DSBs, while in higher eukaryotes NHEJ predominates, with HR being restricted to the
late S/G2 phase of the cell cycle (4; 5). In addition to NHEJ and HR, there is evidence for
addition “back-up” repair pathways, but these pathways provide lesser contributions to the

repair of DSBs compared to HR and the NHEJ process (6; 7; 8; 9).

1.1.1 Regulation of the DNA damage response

Almost as important as the repair of DSBs is the regulation of the repair pathway
used to repair the breaks. Although the two DSB repair pathways could act in parallel, it is
suggested that the NHEJ pathway predominates the repair of DSBs in most higher
eukaryotes, and it is the initial binding of repair factors to the DNA break may affect the
choice of repair mechanism. Within eukaryotic cells the repair pathways are thought to
compete for the repair of the DSBs, with each pathway being given preference depending on
the cell cycle, type of break, or availability of repair enzymes.

Mammalian cells have been described as having a cell cycle bias towards DSB repair
with NHEJ repairing the majority of DSBs during GO, G1 or early S-phase, while HR is
restricted to late S/G2 phase (10; 11). The cell cycle restriction of repair pathways may be
the most appropriate way of preventing unwanted NHEJ-mediated chromosomal
translocations, while utilizing HR when homologous templates are locally present in the

form of sister chromatids (10; 11). In addition to a cell cycle regulation, other systems must



be in place to regulate the repair of DSBs and the choice of repair pathway is suggested to be
influenced by the availability and interaction of the repair proteins themselves, and this may
be best illustrated through the differences in NHEJ bias between mammalian cells and other
eukaryotic cells. Yeast and chicken cells repair the majority of DSBs by HR (12; 13),
whereas mammalian cells predominantly utilize the NHEJ repair pathway. This NHEJ bias
in mammalian cells is reflected in the sheer abundance of the NHEJ repair proteins within
the nucleus in mammalian cells as compared with other higher eukaryotes cell (14; 15).
Upon induction of DSB, the Ku heterodimer is recruited to DSBs more rapidly than HR
factors (16), implying that NHEJ could interfere with HR but not necessarily vice versa. In
fact, NHEJ is not always the preferred method for repairing DSBs, and under conditions
where HR is the preferred method of DSB repair, the presence of Ku at the break site has
been shown to have an inhibitory effect on HR (17). In such instances, there must be a
mechanism to either prevent Ku from binding to the ends in the first place, or to remove Ku

from the DNA ends after binding has occurred.

1.1.2 Homologous recombination

Homologous recombination is considered a more accurate mechanism for DSB repair
because the repair machinery uses homologous sequences elsewhere in the genome as a
template to prime repair synthesis at the broken ends and can resynthesize gaps or lost
information. However repair templates are often not perfectly homologous, which can result
in gene conversion (18). The fact that HR repair is predominately restricted to the late S/G2-
phase in mammalian cells can be reconciled by the availability of the sister chromatids, a

perfectly homologous template for HR, which are readily available during this stage of the



cell cycle. Most of the initial studies defining the HR process were performed in bacteria
and yeast in which HR constitutes the main mechanism for DSB repair. The proteins
identified through these studies are largely conserved evolutionarily, and homologues for
each have been identified in most eukaryotes. In eukaryotes, the protein complexes involved
in the HR process include the Rad51 complex (which includes RAD51, RAD52, RAD54,
RADSS, RADS57, RADS59), the MRN complex (which includes MREI11 (Meiotic
Recombination-11), RAD50 and NBS1 (Nijmegen Breakage Syndrome-1)) and RPA-
1(Replication Protein-A) (19).

The HR repair process has four steps: resection, strand invasion, D-loop formation,
repair synthesis and resolution of D-loop structure (Figure 1). The initial steps in HR DSB
repair is believed to be the nucleolytic resection of the DSB in the 5’ to 3 direction to
produce 3' single-stranded (ss) DNA tails which acts as a substrate for the follow steps of
repair. Next, in a process called strand invasion, one of the ensuing ssDNA tails are then
bound by the Rad protein complex forming a presynaptic filament. The Rad51
nucleoprotein filament then searches the undamaged DNA on the sister chromatid for a
homologous repair template. Once the homologous DNA has been identified, Rad51
catalyzes strand exchange events in which the damaged DNA strand invades the undamaged
DNA duplex displacing one strand, forming a structure called a D-loop (with a shape
resembling the letter 'D'). After strand invasion, a DNA polymerase extends the invading 3'
strand using information from the undamaged partner, and the ends are ligated by DNA
ligase I which results in a Holliday junction (20). Finally, after migration, the Holliday

junctions are resolved by cleavage and ligation to yield two intact DNA molecules.



Figure 1. Schematic model of DSB repair by homologous recombination. Homologous
recombination can conceptually be divided into four stages: resection, strand invasion, D-
loop formation, repair synthesis and resolution of the D-loop structure. During the resection
stage, 5’ end of the DSB are recognized and processed to a 3'-OH ending single-stranded
tail. In strand invasion, the ssDNA tails are bound by the Rad51 complex to generate a
presynaptic filament, which invades the sister chromatid in search of a homologous
template. The invasion of the homologous DNA and displacement of one strand generates a
D-loop structure. After the homologous DNA template is found, a DNA polymerase extends
the invading strand and the ends are ligated by DNA ligase I. This results in the formation
of a Holliday junction. Finally after migration and ligation, the Holliday junction structures
are resolved by a resolvase, cleaving the DNA at the junction and religating the DNA,
resulting in either non-crossover or crossover products. Figure modified from (21).
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1.1.3 The non-homologous end joining repair pathway

Non-homologous end joining can mediate repair of DSBs whether or not homology
between the broken ends is present. In instances where there is no homology between the
broken ends, the NHEJ apparatus is able to process the DNA ends and repair the breaks,
which leads to the introduction of mutations ranging from loss of nucleotides at the break
site to the joining of non-matching termini resulting in translocations. It is for this reason
that NHEJ-mediated repair is referred to as “imprecise repair” or “error-prone repair” (10).
However, when the broken ends are compatible, NHEJ-mediated repair can ligate the ends
without the loss of nucleotides.

The NHEJ apparatus is comprised of a group of proteins that bind and bring together
the DNA termini and repair the break through a complex series of ordered events (Figure 2).
The core components of the NHEJ apparatus are DNA-dependent protein kinase (DNA-PK),
Artemis and DNA ligase IV/XRCC4 (22). DNA-dependent protein kinase is a trimeric
nuclear serine/threonine kinase composed of a large catalytic subunit (DNA-PK.) and a
heterodimeric DNA-targeting protein called the Ku heterodimer (Ku). The activity of the
core NHEJ components can be supplemented by a variety of other factors, including
Cernunos and others, however the extent of their involvement has yet to be fully elucidated
(23).

The initiation step of NHEJ is the recognition and binding of the DSB by the Ku
heterodimer which facilitates recruitment of the DNA-PK¢s to the DSB. Upon binding of
DNA-PKcs, the Ku heterodimer moves approximately 10 bp inward, but remains closely
associated with the catalytic subunit (24; 25). The simultaneous and specific binding of both

Ku and DNA-PK¢s to DNA ends activates the serine/threonine kinase activity of



Figure 2. Schematic model of DSB repair through NHEJ. NHEJ is initiated by the
recognition and binding of the Ku protein to the broken DNA ends. Ku binds to the broken
DNA ends and recruits DNA-PK,,, which mediates synapsis of the ends. Upon recruitment
and binding of DNA-PKs, Ku migrates inward on the DNA providing other proteins access
to the DNA lesion. XRCC4, DNA ligase IV and Artemis are assembled at the synaptic
complex. DNA-PK phosphorylates Artemis activating its endonuclease activity. DNA-
PK.s undergoes autophosphorylation and moves away from the DNA ends. XRCC4 and
DNA ligase IV process the ends into a compatible substrate and complete the joining
reaction. Figure modified from (27).
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DNA-PKcs. In cases where the DNA ends require further processing, the Artemis protein
binds to form a complex with DNA-PKcs, which activates the endonuclease activity of
Artemis in an ATP dependent manner (26). The DNA-PKcs—Artemis complex processes the
complex breaks and open hairpin structures (22). Once processing of the ends is complete
the DNA ligase IV/XRCC4 complex is recruited to and ligates two adjacent DNA ends
during NHEJ. In addition to facilitating the binding of the ligase [IV/XRCC4 complex to
DNA fragments, Ku has been shown to increase the ligation efficiency of ligase IV/ XRCC4
by 20-fold (28).

Although there has been a great number of studies focused on resolving how the
NHEJ machinery assembles and process the DSB, very few studies have examined how the
machinery is disassembled following repair. Once the DNA has been repaired a number of
cellular processes need to take place to reestablish cellular functions (i.e. transcription,
replication, or re-establishment of heterochromatin) and in order for these processes to occur
the repair machinery needs to be cleared from the DNA. For the majority of the repair
components, mechanisms for their disembarkment from the repair site have either already
been established, or are insinuated through identified modifications. However there is little

information suggesting a means for the release of the Ku heterodimer following repair.

1.2 The Ku heterodimer

The Ku heterodimer (Ku) is an abundant nuclear protein comprised of a 70-
kiloDalton (kDa) subunit (Ku70) and an 82 kDa subunit (Ku80), with approximately 4 x 10°
copies of the dimer per human cell (14; 15). The human Ku70 subunit is composed of 609

amino acids and has a molecular weight of 69,851 Da. The Ku80 subunit consists of 732



amino acids and has a molecular weight of 82,713 Da. The Ku heterodimer is highly
conserved amongst eukaryotic organisms, with mice and humans sharing over 80% amino
acid identity between the Ku70 subunit, and 78% amino acid identity between Ku80 subunit.
Within the nucleus, the Ku heterodimer forms an intricately folded ring-shaped heterodimer.
The dimerization of the Ku70 and Ku80 subunits stabilizes each monomer, and artificially
decreasing protein levels of one subunit results in a concomitant decrease in the levels of the
other (29). The destabilization of the subunits when expressed individually is reflected in
the proteins half-life (T,/) in the nucleus; in the absence of Ku70, the Ku80 monomer has a
T\, of 1.5 hours, but when dimerized the T, of Ku is over 16 hours (30).

Ku is a versatile DNA binding protein, binding in a specific orientation to double-
standed (ds) DNA ends, DNA nicks, gaps, and single-to-double-strand transitions in DNA
(15; 24; 31). Given its high affinity for DNA ends, Ku has been implicated in multiple
nuclear processes, including the detection and repair of DSBs by NHEJ (32; 33), V(D)J
recombination during lymphocyte development (34; 35; 36; 37; 38), DNA replication (39,
40; 41), transcriptional regulation (42; 43), telomere maintenance (44; 45), and stabilization
of the genome (46; 47; 48).

Given the numerous roles and pathways that Ku is proposed to be involved in, it is
not surprising that there are no reported cases of Ku-deletions in humans and the loss of
Ku80 was lethal in human somatic cells (48). However the loss of Ku is not lethal in all
organisms, as Ku-deficiencies have been characterized in mice, hamsters and a number of
isolated cell lines (29; 46; 49; 50). While each of the deficiencies associated with the loss of
Ku can be attributed to the individual roles of Ku in the cell, the majority of the deficiencies

can be directly attributed to defects in DSB repair. Ku80-deficient x-ray sensitive mutant 6



(xrs-6) cells, Ku80-deficient Chinese hamster ovarian (CHO) fibroblasts XR-V15B from the
XRCCS5 (X-ray cross complementing group 5), and Ku70-deficient mouse embryonic cells
all exhibited increased radiosensitivity (35; 49; 51; 52; 53; 54). Both mice and cells
deficient for either Ku70 or KuSO were also compromised for V(D)J recombination (49; 55).
Double stranded DNA break repair by NHEJ maintains chromosomal stability throughout
the cell cycle, and Ku70” mouse embryonic fibroblasts (MEFs) exhibited spontaneous
fragmentation of chromosomes and nonreciprocal translocations involving two or more
chromosomes (47). Similarly, Ku80”" mouse cells displayed chromosomal breakage,
translocations and aneuploidy (46).

Interestingly, the loss of Ku also results in growth defects and premature entry into
cellular senescence as Ku70- or Ku80-deficient mice were significantly smaller than their
wild-type littermates (49; 56) and isolated fibroblasts from these mice underwent premature
senescence (49). Additionally human somatic cells containing a targeted disruption in Ku80
only survived 8 to 10 cell doublings and, compared with its wild-type counterparts, Ku80*"
cells demonstrated slowed cell proliferation (48). Although these studies suggest that the
growth defects observed in the mutant cells are probably due to a deregulation of the roles of
Ku beyond DSB repair, these studies did not investigate further the mechanism by which the

senescence was stimulated (49).

1.2.1 Domain structure of Ku
The Ku70 and Ku80 subunits share the same basic three domain topology: an N-
terminal von Willebrand factor A-like (vWA) domain, a central f—barrel Ku core domain,

and a helical C-terminal arm (Figure 3) (57). Both the central —barrel Ku core domains and
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Figure 3. The modular structure of the Ku70 and the Ku80 subunits of the Ku
autoantigen. (a) The Ku70 subunit consists of 609 amino acids and has a three domain
topology comprised of a central f—barrel Ku core domain, an N-terminal von Willebrand
factor A-like (vWA) domain, and a helical C-terminal arm. The domain from amino acid
residues 257 to 482 is involved in heterodimerization with Ku80 (59; 63; 64; 65; 66).
Amino acid residues from 572 to 609 form the so-called SAP (SAF-A/B, Acinus and PIAS)
domain, which corresponds to the carboxy- (C-) terminal Ku-80 independent DNA binding
domain and contains a helix-loop-helix (HLH) structure (67). The nuclear localization
signal (NLS) is localized in amino acid residues from 539 to 556 (60; 61). The von
Willebrand factor A-like (VWA) domain covers amino acid residues from 37 to 260 (57; 68).
(b) The larger Ku80 subunit consists of 732 amino acids and shares the same basic three
domain topology as the Ku70 subunit. The DNA end binding domain covers amino acid
residues from 210 to 531 (63; 66). Ku80 also contains a vVWA-like domain from amino acid
residues 9 to 235 (57). The NLS spans from amino acid residues 561 to 569 (60; 61).
Amino acid residues from 261 to 492 are involved in heterodimerization with Ku70 (59; 63;
64; 65; 66). The C-terminal 28 amino acid residues are involved in interaction with the
catalytic subunit of DNA-PK (DNA-PKcs) (58; 64). The numbers indicate the positions of
amino acid residues in each subunit of the Ku autoantigen. Figure was modified from (69).
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the VWA domains of Ku70 and Ku80 are required for the heterodimerization of the Ku
antigen (58; 59). While each subunit of the Ku autoantigen contains its own NLS (60; 61;
62), it is unclear whether the subunits translocate to the nucleus separately, each utilizing
their own NLS, or whether they are translocated together as a heterodimer (62).

The vWA domain of each subunit is proposed to be involved in the protein-protein
interactions, however the set of proteins and function of these interactions differs between
the two subunits. The vWA domain of Ku70, specifically the a-helix 5, is proposed to be
involved in mediating protein-protein interactions with other members of the NHEJ
apparatus since mutations within a-helix 5 of Ku70 greatly impaired NHEJ function (33).
The vWA domain of Ku80 is required for telomere silencing and mutations in the a-helix 5
resulted in disruption of telomere silencing but did not effect NHEJ function (33).

The DNA binding activity of the Ku heterodimer is attributed to the central B-barrel
domain in each subunit, which constitutes a heterodimer-dependent DNA binding domain.
The C-terminal arm of Ku70 constitutes an additional DNA binding domain which is
suggested to promote Ku80-independent binding (67). Upon formation of the heterodimer,
the central B-barrel domain forms a symmetrical round barrel in each subunit and the two B-
barrel domains together form a relatively flat base that holds approximately two turns of
DNA (65).

The C-terminal domains of Ku70 and Ku80 mediate DNA recognition and protein-
protein interactions, respectively. The C-terminal arm of the Ku70 subunit has been
characterized as the SAP domain, named after SAF-A/B, Acinus and PIAS motifs (67). The
SAP domain is a nucleic acid binding motif which has been identified in RNA-processing

factors, scaffold attachment factors, and a variety of DNA repair and chromosome
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maintenance proteins, such as PARPI, and is suggested to be involved in the sequence- or
structure-specific RNA/DNA binding of these proteins (70). Upon binding of Ku to DNA,
the SAP domain translocates from the base of the heterodimer to a come in contact with the
DNA, potentially stabilizing Ku on the DNA. Meanwhile, the C-terminal region of Ku80 is
implicated in protein-protein interactions, specifically in the recruitment of DNA-PK to
sites of DNA damage (71). Additionally it has also been shown to interact with the Werner's
syndrome protein (64; 71).

The Ku70 subunit also contains a putative poly(ADP-ribose) (PAR) binding zinc
finger motif, which is present in proteins that have been shown to bind free PAR polymers in
solution (72; 73). This domain was identified in a number of proteins involved in the DNA
damage response and checkpoint regulation and binding to PAR is believed to regulate
functioning of the protein (73). In isolation this domain was shown to bind purified PAR
polymers, and its presence within Ku70 suggest that Ku may be able to bind PAR polymers

in solution (72; 73).

1.2.2 The DNA binding activity of Ku is complex

The Ku heterodimer was originally identified as an autoantigen in the sera of patients
with the scleroderma-polymyositis overlap syndrome and was characterized as a DNA end
binding protein (14; 15; 74). By examining the binding properties of Ku it was been shown
that the minimum length of DNA to which a single Ku may bind to is 14 base pairs (bp) (25;
75), while a minimum of 50 bp has been shown to be the required to accommodate two Ku
protein molecules (76). Ku is a versatile DNA binding protein: it binds non-specifically to

ds DNA ends (14; 15), DNA nicks, gaps or bubbles, and to single-to-double strand
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transitions in DNA (31; 75). Ku has also been shown to preferentially bind specific DNA
sequences such as the negative regulatory element 1 (NRE1) in the long terminal repeat of
mouse mammary tumor virus (77), the early-replicating origin-enriched sequences (ors) (40;
78), and the GATA motif of the Glycophorin B (GPB) promoter (79). Once bound to DNA,
Ku is able to translocate along DNA in a Mg*"-dependent manner, stalling at internal sites of
DNA molecules, possibly these preferential binding sites, in a so-called “bind-and-slide”
mechanism (80; 81; 82). While the binding of Ku to these specific sequences has been
shown to affect the transcriptional regulation of the genes associated with these sequences
(77, 78; 79), the mechanism by which the Ku protein recognizes the sequences has yet to be
determined.

Crystallographic analysis of the Ku heterodimer both in the presence and absence of
DNA has provided insight into how Ku binds to DNA ends (Figure 4a). Crystallographic
structure studies of a truncated form of the Ku protein indicated that Ku loads onto DNA by
threading the DNA through the central cavity of the ring-structure, with the Ku70 N-terminal
vWA domain oriented toward the DNA terminus, and the vWA domain of Ku80 oriented
internally (33; 65; 83). While the crystallographic structural studies show Ku binds to DNA
in a specific orientation, they also show that the truncated form of Ku does not form specific
contacts with any bases of the DNA duplex, and there are limited contacts with the DNA
backbone (65; 84; 85). While these initial crystallographic studies were performed with a
truncated form of Ku, which lacked the C-terminal helical arm of both Ku70 and Ku80 (65),
further studies have since been performed with the complete Ku heterodimer both in the

presence and absence of DNA (Figure 4b). Upon binding to DNA, the C-terminal SAP
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Figure 4. The structure of the Ku heterodimer bound to DNA. (a) The crystal structure
of the Ku heterodimer bound to a structured 14 bp duplex DNA molecule. The Ku
heterodimer binds to DNA in a specific orientation, with the Ku70 subunit oriented toward
the free end of the DNA, at outward face of the heterodimer, while the Ku80 subunit is
oriented toward the interior of the DNA. The orientation of the heterodimer on the DNA
correlates with the proposed roles of each subunit. The Ku70 subunit is proposed to be
required for the involvement of Ku in DNA repair, while the Ku80 subunit and the inward
face of the heterodimer is proposed to be involved more in the telomeric functioning of the
heterodimer. The view from the free end of the DNA helix is shown on the left and the side
view on the right. Ku70 is shown in red and Ku80 in yellow and the duplex DNA in gray.
The crystal structure was resolved without the C-terminal domains of either the Ku70 or
Ku80 subunit. (b) The globular structure of the Ku heterodimer free in solution and bound
to DNA. Upon binding to DNA the SAP domain of Ku70 translocates from the base of the
heterodimer to come into contact with the DNA. Ku70 is shown in red and Ku80 in blue and
the duplex DNA in yellow. The crystal structure model (a) was adapted from (65) and the
globular structure (b) was modified from (83).
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domain of Ku70 appears to move away from the base of the dimer to being proximal to the
ring closing the central cavity and interacting with the DNA, potentially stabilizing the
binding of Ku to the DNA and favoring interaction with other DNA repair proteins, such as
DNA-PK(67; 83). The significance of the presence of a separate DNA binding domain in
the C-terminus in Ku70 remains to be established.

The structure of the DNA-PK complex (containing both the Ku heterodimer and
DNA-PK) on DNA has been resolved using transmission electron microscopy (83; 86; 87).
These studies have provided evidence confirming the previous models of NHEJ which
suggest that upon recruitment of DNA-PK to the DNA end, Ku shifts to the interior of the
DNA, allowing access to the end. However, a major question which has continuously
resonated throughout the NHEJ process and is amplified by these crystal structures is that of
how the threaded Ku complex becomes dissociated from the DNA once the DNA has
religated. The crystal structure does not indicate the presence of a hinge-region in the
dimerization interface of Ku, nor is there a sequence within either Ku subunit that bears
resemblance to a hinge-region, that could readily allow for the release of Ku when it has
encircled the DNA. The Ku heterodimer is very stable, both free in solution and bound to
DNA, and the crystal structures of Ku in its DNA-free and DNA bound forms are highly
similar. However, the structural evidence directly showing that Ku translocates to the
interior of the DNA upon recruitment of DNA-PK., suggests that an active mechanism
should exist to allow the removal of Ku from the DNA once repair has been accomplished.
This mechanism would seem to require at least a temporary structural rearrangement of the

protein, to allow for the escape of the heterodimer from the threaded DNA molecule.
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1.3  Ku is integral to V(D)J recombination during lymphocyte development
1.3.1 An overview of V(D)J recombination

In addition to its roles in DNA damage repair, the NHEJ apparatus is utilized in
V(D)J recombination, the process by which the antigen receptor genes, immunoglobulins,
and T-cell receptors are assembled in the vertebrate immune system (88). The NHEJ
apparatus works in collaboration with two lymphocyte-specific recombination gctivating
gene (RAGs) proteins, RAG1 and RAG2, during the V(D)J recombination process (89; 90;
91). This site-specific recombination reaction generates a diverse repertoire of T cell
receptor (TCR) and immunoglobulin (Ig) molecules that are necessary for the recognition of
diverse antigens from pathogenic invaders and from dysfunctional cells, such as tumor cells.
This process is essential for acquired immunity, and animals without it have severe
combined immune deficiency (SCID) (32; 92).

This process couples "variable" (V), "diversity" (D), and "joining" (J) coding
segments which when assembled together create the variable domain exon of a B-cell
immunoglobulin or T-cell receptor genes (Figure 5). Since this variable region encodes the
binding pocket for antigens, error-prone repair in V(D)J recombination is beneficial in that it
maximizes diversity in the coding sequence of these genes. Thus the utilization of NHEJ
contributes to the diversity in the resulting coding sequence.

Within the genome there are multiple copies of the V, D, and J coding segments,
each flanked by a conserved recombination signal sequence (RSS). The RSS is comprised
of a conserved heptamer sequence (CACAGTG), a conserved nonamer sequence
(ACAAAAACC) and a spacer sequence (Figure 5). The spacer sequences are either 12- or

23 bp in length and recombination will only occur between a 12 and 23 spaced RSS, which
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Figure 5. Schematic representation of V(D)J recombination and the enforcement of the
12/23 rule. (a) V(D)J recombination brings together the variable (V), diversity (D), and
joining (J) gene segments and follows the strict 12/23 rule. Each gene segment is flanked by
a recombination signal sequence (RSS) comprised of a conserved heptamer sequence, a
conserved nonamer sequence, and a spacer region. The heptamer sequence (CACAGTG)
and nonamer sequence (ACAAAAACC) are highly conserved and 5°->3’ directionally
oriented. The spacer region is either 12 or 23 bp long, and recombination will only occur
between a 12-spaced RSS and a 23-spaced RSS, hence the 12/23 rule. (b) The V(D)J
pathway. RAGI1/2 recognizes and binds to the nonamer of the recombination signal
sequences (RSS) and nicks DNA at the coding region 5° of the RSS heptamer. The exposed
3’-hydroxyl group then attacks the other strand with the formation of hairpin-ended coding
ends and blunt-ended signal ends. The hairpin-ended coding ends are opened by Artemis
following activation by DNA-PK. The coding ends and signal ends are subsequently
ligated by the NHEJ apparatus including Ku70/80, DNA-PK.;, XRCC4, and DNA ligase IV
with the formation of coding joints and signal joints, respectively. Figure has been modified
from (100).
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is referred to as the 12/23 rule. Although the sequence of the spacer is not conserved, the
length of the spacer sequence is conserved. The length represents one or two turns of the
DNA double-helix, and in turn position the heptamer and nonamer on the same face of the
DNA allowing for the enforcement of the 12/23 rule (93; 94; 95). Because V(D)J
recombination involves the cleavage and reassortment of genes within the genome, it is
important that the process be tightly regulated such that rearrangements occur only within
desired cells at desirable times. Restricting V(D)J recombination to lymphoid cells is
achieved by restricting the expression of the RAG1 and RAG?2 proteins, as well as restricting
the accessibility of the RSSs of Ig gene segments (96; 97; 98; 99). Throughout the
development of the lymphocytes the levels of RAG2 protein fluctuate in a cell cycle
dependent manner, accumulating in the Go/G; phase, coordinating with the initiation of
V(D)J recombination, and is degraded at the transition from G1 to S phase (101; 102; 103;
104; 105; 106).

Recombination is initiated by RAG1 and RAG2, which form a complex with the
ubiquitously expressed HMGB1 (High mobility group B1) protein, forming a complex that
binds to the heptamer/nonamer sequences of a 12- or 23-RSSs. Once bound, the RAG
complexes bring together the bound RSSs and nick the DNA at the 5 end of the RSS, and
the RAG complex uses the 3’-hydroxyl of the V, D, or J coding end to carry out a
nucleophilic attack on the anti-parallel strand to create a hairpin at the coding end, thereby
resulting in a blunt signal end that has a 5’-phosphate and 3’-hydroxyl (Figure 5) (107).

The resolution of the V(D)J intermediates can be broken down into two substeps, one
that is specific for coding ends and one that is specific for signal ends. The evidence for this

is that signal ends almost invariably are joined together in a head-to-head fashion without the
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loss or addition of even a single nucleotide while coding ends are often highly modified,
with the loss or addition of 1 to 10 nucleotides (108). The opening of the coding end
hairpins requires components of the NHEJ apparatus, including Ku, Artemis and DNA-PK
(26). Further evidence of the roles of the NHEJ apparatus in V(D)J recombination continues
to mount, as more and more reports continue to suggest that NHEJ factors, Ku and DNA-
PK, specifically, are present and modulate the cleavage step of V(D)J recombination (38;

69).

1.3.2 The Ku protein is integral to V(D)J recombination

The Ku heterodimer plays an obligatory role in V(D)J recombination as loss of either
subunit results in decreased recombination efficiency and accuracy. In Ku70” mice, the
formation of signal joints and coding joints were each reduced 10- to 100-fold when
compared with the wild-type (WT) counterparts and those signal joints recovered were
imprecise (29; 49). While in Ku80” mice over 80% of thymocytes were arrested at the
double negative stage and B cells from the bone marrow were arrested at the immature pro-B
cell stage (56). Of the few coding joints formed in Ku80” mice, 90% displayed sequence
homology suggesting that HR, or another backup repair pathway, was employed for the
resolution of the recombination products (109). Furthermore, when in vivo transient V(D)J
recombination assays using extrachromosomal recombination DNA substrates were
performed in Ku80-deficient xrs-6 cells or in V15B fibroblasts, signal and coding joints
were rarely formed and of the signal joints recovered from these cells, over 80% were
imprecise with large deletions from both RSSs; furthermore, no coding joints were recovered

(35; 51; 52; 110).
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Although Ku has primarily been implicated in being involved in V(D)J
recombination as a component of the NHEJ apparatus, its role does not appear to be limited
to the NHEJ apparatus as DNA-PK.-deficient cells exhibit a distinct and less severe
phenotypes from that of Ku70- or Ku80-deficient cells. In both DNA-PK s-null mice and
DNA-PK-deficient malignant glioma cell lines M059J, the formation of signal joints
occurred at WT levels while no coding joints were detected (54; 111; 112; 113; 114). The
severe phenotypes observed in Ku70- or Ku80-deficient cells suggest that the role of the Ku
heterodimer extends beyond its functioning within the NHEJ apparatus. It has previously
been shown that the Ku heterodimer is able to interact with RAG1/2 and this interaction may

facilitate the cleavage of the RSS by RAG1 (69).

1.4  Involvement of the Ku heterodimer in telomere maintenance

Paradoxically, while Ku is required for double-stranded break repair by non-
homologous end-joining, in many organisms Ku is also associated with telomeres whose
function is to protect chromosomes from end-to-end fusions, a process that is promoted by
Ku and NHEJ (44; 45; 115; 116). While located at telomeres, Ku appears to play several
important roles, including: regulating telomere addition (117; 118; 119), protecting
telomeres from recombination and nucleolytic degradation (120), transcriptional silencing of
telomere-proximal genes (119; 121) and nuclear positioning of telomeres (122). The
importance of Ku in maintaining telomeres is illustrated by the various morphological
abnormalities observed in the chromosomes and telomeres of Ku-deficient cells such as

telomere shortening, telomere fusions, and chromosomal translocations (115; 123).
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The Ku heterodimer is localized to human telomeric DNA repeats independently of
DNA-PKs (124; 125). Instead its telomere localization is mediated by its interactions with
the telomeric-repeat binding factor 1 (TRF1) (126; 127; 128). In addition to the protection
of telomeres, Ku recruits telomerase to telomeres and promotes telomerase-mediated
lengthening of telomeres by stabilizing the association of TLCI1 telomerase (129). This
stabilization is mediated through the binding of the stem-loop region of the TLC1
telomerase-associated RNA by the Ku heterodimer (129).

The presence of Ku on the telomere is dynamic, and the levels of Ku associated with
the telomere fluctuate with the cell cycle, with Ku being absent from the telomeres during
late G2/M phase (129). The disruption of this fluctuation and the persistent residency of Ku
on the telomeres during the alignment and separation of sister chromatids has been shown to
result in telomere fusions and missegregation of chromosomes (130). Interestingly, while
chromatin immunoprecipitation (ChIP) results show that the presence of Ku on the telomeres
decreases during late G2/M phase, immunofluorescence (IF) studies show that the net local
Ku content does not change (129; 131). This would suggest that Ku is removed from the
telomeric DNA through a mechanism which allows Ku to remain in the local environment,
without altering the total amount of Ku. Again the exact mechanism by which Ku is

removed from the telomeres has yet to be elucidated.

1.5 Poly(ADP-ribosyl)ation and poly-ADP ribose polymerases
Poly(ADP-ribosyl)ation is a post-translational modification catalyzed by a family of
conserved cell signaling enzymes called poly-ADP ribose polymerases (PARPs). To date 18

proteins have been classified as members of the PARP family, with the central feature being
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Figure 6. The domain architecture of the 17 members of the poly(ADP-ribose)
polymerase (PARP) superfamily and of poly(ADP-ribose) glycohydrolase (PARG). The
central uniting feature of the PARP superfamily is the presence of a conserved catalytic
PARP domain (residues 859—908 of PARP1) that mediates the polymerization of ADP-
ribose polymers. Of all the PARP family members, PARP1 and PARP2 are the only
members that have been identified as being involved in DNA repair and are the only PARPs
whose catalytic activity is dependent upon the protein being associated with DNA. The
catalytic activities of other PARPs remain to be fully characterized. The DNA binding
activity of PARP] is direct through two N-terminal zinc (Zn) finger-motifs, while a DNA
binding domain (DBD) of unknown structure mediates the DNA binding in PARP2. The
remaining members of the PARP family have been shown to catalyze mono- and poly(ADP-
ribosyl)ation reactions but may not all be able to carry out the branching reaction, as has
been described for PARP1. Of the remaining 15 PARP family members PARP5a and
PARPSb (which are also described as Tankyrase-1 and Tankyrase-2, respectively) are the
best understood. These two PARPs are active at the telomeres, regulating telomere
associated proteins (130; 131; 137). Although not a member of the PARP family,
poly(ADP-ribose) glycohydrolase (PARG) is the only identified enzyme which can
catabolize the PAR polymers formed by the PARP enzymes. Although splicing variants are
known for several members of the PARP family only one variant is illustrated. For complete
list of identified domains and their proposed function see Reference (138). Figure has been
modified from (138).
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the presence of a conserved catalytic domain that for some family members mediates the
polymerization of ADP-ribose polymers (Figure 6) (132).

When active, PARP enzymes cleave nicotinamide adenine dinucleotide (NAD") into
nicotinamide and ADP-ribose moieties, and subsequently bind the ADP-ribose to acceptor
proteins (Figure 7) (132; 133). Glutamate, aspartate and carboxyterminal lysine residues of
target proteins are covalently modified by the addition of an ADP-ribose subunit, via
formation of an ester bond between the protein and the ADP-ribose residue (134; 135).
Subsequently PARPs can also catalyse the elongation and branching of PAR chains using
additional ADP-ribose units from NAD" of moieties onto existing protein-bound ADP-
ribosyl moieties (136).

The metabolism and catabolism of PAR polymers are dynamic processes and while
several enzymes are known to catalyze the synthesis of PAR polymers, there is only one
known to catalyze the hydrolysis of PAR to free ADP-ribose: poly(ADP-ribose)
glycohydrolase (PARG) (139; 140; 141). PARG exhibits both endoglycosidic and
exoglycosidic activity, cleaving the glycosidic bonds between ADP-ribose subunits and
degrading both free- and protein associated-PAR polymers into free ADP-ribose (Figure 7,
green arrows). While the glycosidic activity of PARG is able to degrade polymers of PAR,
it is unable to remove the protein-proximal ADP-ribosyl group from the acceptor protein
(133). This primary ADP-ribosyl group is removed by ADP-ribosyl protein lyase, which
functions only on mono(ADP-ribose) groups (142). Because of the proficient glycosidic
activity of PARG, the PAR polymers have a rather short lifespan, from a few seconds to

several hours, and therefore the accumulation of PAR polymers is a transient event (143).
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Figure 7. Metabolism and catabolism of poly(ADP-ribose). In the event of DNA breaks,
PARP1 binds to the free DNA ends and becomes catalytically active. Once active, PARP1
hydrolyzes NAD" to polymerize poly(ADP-ribose) chains onto specific amino acid side
chains of the target protein, with the associated release of nicotinamide. The metabolism of
poly(ADP-ribose) and ribosylation of target proteins by PARP1 occurs in the three steps of
(red part of the cycle): (1) mono(ADP-ribosyl)ation of the glutamate or aspartate residue of
the target protein; (2) elongation and (3) branching of the poly(ADP-ribose) chain.
Branching occurs on average every 20-50 ADP-ribose units (153). The negatively charged
poly(ADP-ribose) has a short half-life owing to PARG (green side of the cycle) that is
activated by an increase in the cellular concentration of poly(ADP-ribose). PARG carries
exo- and endoglycolytic activities that cleave the glycosidic bonds between ADP-ribose
subunits (green arrows) (142; 154). Figure modified from (155).
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Many nuclear proteins have been identified in vitro and in vivo as being modified by
PARPs, with the autoribosylation of PARP1 itself being the primary target for ribosylation
(144). The proteins which have been shown to be ribosylated including histones (134; 135),
DNA polymerases (145), DNA repair enzymes (146; 147), topoisomerases (148; 149), DNA
ligases (150), and transcription factors (151). As opposed to many other post-translational
modifications, ribosylation can greatly vary in its chain length and its complexity, with
chain lengths extending up to 200 units and with multiple branch points (152). The
functionality of ribosylation is not only mediated through the sheer size of the complex PAR
chains, but also with the ensuing accumulation of negative charges which in turn will result

in alterations in the activity of the ribosylated target protein, or its association with DNA

(133).

1.5.1 PARP1

Of the PARP family members, PARP1, is the most abundant and catalyzes over 90%
of the PAR synthesis that occurs in response to DNA strand breaks (156). PARPI is a
113 kDa protein, with three functional domains: an N-terminal DNA binding domain
(DBD), a central automodification domain, and a C-terminal catalytic domain (Figure 6)
(132). In addition to the two zinc fingers, the DBD of PARP1 contains helix-turn-helix
(HTH) motifs that are suggested to bind secondary structures in DNA (132; 136; 138).
PARP1 contains an NLS which is located within the DBD, between the zinc fingers and the
HTH motif. The C-terminal catalytic domain, the common domain of all members of the
PARP family, is required for the formation of branched ADP-ribose polymers from NAD".

The automodification of PARP1 occurs mostly in the central region of the enzyme that

26



contains 15 conserved glutamate residues (155; 157). In addition to being the site of
automodification, this central region also contains a BRCT protein-protein interaction motif,
which has been shown to interact with the BRCT domain of XRCC1 (147).

PARP1 binds to single- or double-strand DNA breaks via two amino-terminal zinc
finger domains, which in turn stimulates its catalytic activity 500-fold (144). It is the
induction of this robust catalytic activity that has implicated PARP1 and the formation of
PAR polymers in many roles in the cell: regulation of transcription, genome stability,
initiation of apoptosis, chromatin remodeling, and DNA break repair and protection (136;
158). PARP1 may transduce DNA strand break signals to downstream effectors by
translating and amplifying the damage signal into an array of protein-bound PAR polymers

(159).

1.5.2 PARPI1 and DNA damage response

Of the 18 PARP family members, only PARP1 and PARP-2 have been shown to be
stimulated by the presence of DNA breaks or strand interruptions (132; 159). Although
PARP1 has been implicated as having multiple roles in the cell, its primary physiological
role appears to be in DNA damage response. PARPI is highly efficient in detecting DNA
nicks, breaks and strand interruptions through its two zinc fingers domains and upon
detecting these various forms of genotoxic stress PARP1 activity is robustly induced. This
activation of PARPI1, and the resulting synthesis of PAR, is believed to: 1 — relax the
chromatin fibers and increases the access to breaks through ribosylation of histones H1 and

H2B (134; 135) 2 — relay the signal of the occurrence and the extent of DNA damage so that
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the cell can establish an adaptive response according to the severity of the injury (136; 160),
and 3 — promote the recruitment of repair factors to the site of the lesion (161; 162).
Although loss of PARP1 is not lethal, chemical inhibition of PARPI activity or
dominant negative mutations within PARP1 compromise the repair of DNA damage (17;
156; 163). Additionally, PARP1 defective DT-40 cells show reduced levels of HR (164),
and PARP1 knockout mice show an increased sensitivity to IR, an increased number of gene
conversions and sister chromatid exchanges; which also highlights the importance of PARP1
in HR (165; 163). The deregulation of HR in PARP1 knock-out cells was restored by
mutating components of the NHEJ pathway, including the Ku heterodimer (17; 164). These
studies have lead to the suggestion that PARP1 plays a regulatory role in HR, directing DSB
repair towards HR, however it is not clear whether PARP1 could also have a direct

facilitatory role in NHEJ (166; 167).

1.6  Interaction of PARP1 and Ku

Given the high affinity that both PARP1 and Ku have for DNA strand breaks, their
numerous overlapping roles in the cell (from DNA repair to chromatin maintenance), and
their subcellular co-localization (matrix attachment regions, telomeres and DNA breaks), it
is speculated that the interaction of the two proteins may be important for their functioning
(168; 169), and there also may be some functional overlap between the two (17; 169; 170).
Biochemical studies have shown that following DNA damage, PARP1 and Ku may compete
for binding of DNA ends (17), and PARP1 and Ku co-immunoprecipitate from mammalian
cell extracts (171; 172; 173). Several studies have shown that PARP1 and Ku co-localize to

matrix attachment sequences suggesting a potential role in chromatin maintenance (171;
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172). In PARPI1 knock-out cells, the binding of Ku to DSBs prevents HR proteins from
accessing and repairing the break site, and the ectopic expression of PARP1 re-establishes
HR-mediated repair (17). While the concomitant decrease in binding affinity suggests
ribosylation of Ku could mediate the release of DNA bound Ku, and the absence of PARP
activity results in Ku-directed deregulation of repair, there has been no evidence showing
that PARP1 is able to directly affect the presence of Ku at DSBs. Taken together these
studies suggest that PARP1 and Ku interact in vivo in several cellular pathways, which is
highlighted by the observation that mice containing a double mutant in both PARP1 and
Ku80 die during early embryonic development, and cultured blastocysts display increased
levels of apoptosis (169; 170).

While there is clearly a functional significance of the interactions between Ku and
PARP1, little is known about the molecular nature of these interactions. In vitro studies
using purified components in solution were able to show that PARP1 is able to ribosylate Ku
(174; 175), and this ribosylation causes a decrease in the binding affinity of Ku (174). It is
possible that one component of the interaction between PARP1 and Ku is the regulation of
the DNA binding activity of Ku through ribosylation; however these studies did not address

this possibility.

1.7  Principal objectives of the current research project

In vitro, Ku bound to DNA forms a very stable complex, remaining intact for over
24 hours (176; 177), however in vivo studies show that Ku on DNA ends is in a dynamic
equilibrium with the Ku heterodimers in solution, cycling on and off the end with a half-life
of 2 minutes (178). Additionally, in the presence of magnesium (Mg>"), Ku is able to slide

inward on the DNA, and can be entrapped on the DNA following ligation of the ends (81;
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177, 77). When entrapped on closed circular DNA (ccDNA), these Ku:ccDNA complexes
are very stable, even in the presence of 2M NaCl (81). Together these results suggest that
Ku on its own is not sufficient to leave DNA and that a mechanism exists to remove Ku
from the DNA — either when Ku is at the DNA ends, or when Ku is on the interior of DNA
after ligation of the ends has occurred. Currently, there is no evidence describing a
mechanism for either scenario, however the reports that PARP1 may influence the affinity of
Ku for DNA suggests the potential for the involvement of PARP in the removal of Ku from
DNA.

It is my hypothesis that: 1 - dissociation of Ku from DNA during NHEJ is a
facilitated process and; 2 — ribosylation of Ku by PARP1 regulates the interaction of Ku with
DNA.

My first objective was to determine whether the DNA-bound Ku could be released
from the DNA by the activity of PARP1 in vitro, through electrophoretic mobility shift
assays (EMSAs). This would be the first detailed investigation into the regulation of the
DNA binding activity of Ku by another protein and should reveal whether PARP1 can
regulate the association of Ku with DNA through ribosylation.

The second principal objective was to identify the mutations within the Ku
heterodimer that abrogated the PARP1-mediate release of Ku from DNA and to determine
the effect of these mutations on various roles of Ku in vitro and in vivo. This identification
and characterization was performed through mutational analysis of the Ku subunits in
concert with EMSASs, in vitro **P-NAD" ribosylation assays, and in vitro binding assays.
The generation of a novel binding assay allowed the analysis and manipulation of Ku on

closed circular DNA, and should reveal whether PARP1 can regulate binding Ku in the
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absence of a free DNA end. The in vitro characterization of the PARP1 insensitive mutants
of Ku heterodimer will provide further information on the effect of PARP1 on the
association of Ku with DNA.

The third principal objective was to determine the significance of the association of
Ku with DNA in vivo. By utilizing the in vitro characterized mutations that prevent the loss
of Ku from DNA, it will be possible to examine the in vivo effects of these mutations on the
global functioning of Ku within the cell, with particular focus on the cell proliferation, cell
survival following genotoxic stress, the retention of Ku at sites of DNA damage, and the

ability of Ku to efficiently and accurately perform V(D)J recombination.
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2. Materials and Methods
2.1  Chemicals, reagents and antibodies

The anti-Ku (p70/p80) Ab-3 (clone 162) antibody, used for immunoprecipitation,
was purchased from Lab Vision Corporation (Fremont, CA). The anti-Ku80 Ab-2
(clone 111) antibody and the anti-Ku70 Ab-4 (clone N3H10) antibody, used for western blot
analysis, were also purchased from Lab Vision Corporation (Fremont, CA). The anti-
phospho-histone HyAX (ser139), used for western blot analysis and immunofluorescence,
was from Upstate Cell Signaling Solutions (Lake Placid, NY). The anti-GFP polyclonal
antibody used for immunofluorescence was from Clontech (Mountain View, CA).

The PARP inhibitors 4-amino-1,8-naphthalimide (4-ANI) and 3-aminobenzamide (3-
AB) were bought from Sigma-Aldrich (St-Louis, MO). Purified PARP1 and PARG were
purchased from Trevigen (CAT#4668-100-01 and CAT#4680-096-01, respectively). The
transition from 3-AB to 4-ANI was reflective of the transition from in vitro studies to in vivo
studies. While 3-AB is a good inhibitor of PARP activity, the benzamide class of PARP
inhibitors show limited intracellular accumulation and exert some non-specific actions.
Therefore the concentration of 3-AB required to produce an adequate inhibitory effect on
PARP would be overshadowed by the non-specific actions of the drug.

As an alternative I decided to use 4-ANI for the in vivo studies. In living cells, 4-
ANI is about 1000-fold more potent at inhibiting PARP activity compared with 3-AB.
Additionally, 4-ANI is less toxic than 3-AB. It was previously shown 4-ANI showed 3-4
fold more inhibitory potency against PARP1 than against other members of the PARP

family.
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2.2 Oligonucleotides, PCR primers, plasmids and vectors
2.2.1 Oligonucleotides and PCR primers

The oligonucleotides and PCR primers used in the experiments were purchased
through Invitrogen as a lyophilized powder and were resuspended in TE buffer (10 mM Tris-
HCI], 0.5 mM EDTA, pH 7.4) to a final concentration of 150 uM. The primer sequences,

along with their annealing temperatures are listed in Appendix I and II.

2.2.2 Plasmids

The extrachromosomal recombination DNA substrates pJH200 and pJH290, were
generously provided by Dr. M. Gellert (National Institute of Health, Bethesda, MD, USA),
and are previously described (179; 180) as well as elsewhere in the text. Following
amplification in Escherichia coli (E. coli) DH5a (Invitrogen, Cat#18258-012), large scale
preparations of plasmids were purified using QIAgen Maxi prep Kit (QIAgen, Cat#12163)

as per the manufacturer’s instructions.

2.2.3 Expression vectors

The bicistronic bacterial expression vector pPET70H80 encoding both the Ku70 and
Ku80 subunits of the human Ku heterodimer, was a generous gift provided by Dr. L.A.
Hanakahi (Johns Hopkins University, Baltimore, MD, USA). The mammalian expression
vector EGFP-Ku70 was made previously in the laboratory (181). The EGFP-Ku70%*
expression vector was generated using EGFP-Ku70 as a template for Stratagene’s PCR
mutagenesis kit (CAT#200518), as described in detail elsewhere in the text; the PCR primers

designed for the site directed mutagenesis are listed in Appendix 1. The EGFP-Ku70
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expression vectors were propagated in E. coli DHS5a and large scale plasmid DNA was
purified using QIAgen Maxi prep Kit (QIAgen, CAT#12162) as per the manufacturer’s
instructions.

The mammalian expression vectors pRAG1 (M2CD7) and pRAG2 (R2RCD2)
encoding the full-length murine RAG1 and RAG2, respectively, were previously described
and kindly provided by Dr. M.A. Oettinger (Harvard University, Boston, MA, USA). These
expression vectors were grown in E. coli MC1061/P3 (Invitrogen, CAT#C663-03) and large
scale plasmid DNA was prepared by using alkaline lysis followed by cesium

chloride/ethidium bromide gradient centrifugation (182).

2.3  Expression and purification of recombinant proteins
2.3.1 Bacterial expression and purification of Ku

The expression and purification of the Ku heterodimer in BL21(DE3)pLysS Rosetta
E. coli (Novagen, Cat#70956) cells was previously described (183). Briefly, Rosetta E. coli
transformed with the pET70H80 construct were plated on Luria-Bertani (LB) broth plates
containing ampicillin (Amp; 100 pg/mL) and chloramphenicol and grown at 37°C overnight.
Single colonies were chosen to inoculate a large-scale culture (1 L) of LB containing Amp
which was grown at 37°C until the culture reached ODgoy 1.0. Expression of the Ku
heterodimer was induced at 25°C with 0.3 mM IPTG and cultured for 18 hours. Cells were
harvested by centrifugation at 4°C for 15 min at 8000 g. The resulting cell pellet was
resuspended on ice in 25 mL of ice cold lysis buffer (50 mM Tris, pH 8.0, with 1 M NaCl,
0.4 M (NH);OAc, 10 mM imidazole and 2 mM 2-mercaptoethanol (BME), 5% glycerol and

1 mM phenylmethanesulphonyl fluoride (PMSF)) per gram of cells. The cell slurry was
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sonicated with a Branson Sonifier 450 (20% output at 25% duty cycle 5 x 30 sec.) and
insoluble material was removed by centrifugation at 4°C for 30 min at 25000 g. A Talon
metal-affinity resin (Clontech, CAT#635501) column was prepacked and precleared with
lysis buffer prior to addition of lysate. Lysate was passed through column at 4°C. After
binding, the column was washed twice with lysis buffer followed by two washes with wash
buffer (50 mM Tris, pH 8.0, 50 mM NaCl, 5% glycerol, 1 mM PMSF) at 4°C. Bound
proteins were eluted from the column with 5 volumes of elution buffer (50 mM Tris, pH 8.0,
50 mM NaCl, 0.5M imidazole, 5% glycerol and 1 mM PMSF). The eluted protein was
loaded directly onto a 1 ml Hi-Trap heparin column (GE, CAT#17-0406-01) that had been
equilibrated in HEq buffer (50 mM Tris, pH 8.0, 50 mM NaCl, 0.5 mM EDTA, 5% glycerol,
1 mM PMSF and 1 mM 1,4-dithiothreitol (DTT)) then eluted with HElu buffer (50 mM Tris,
pH 8.0, 1 M NaCl, 0.5 mM EDTA, 5% glycerol, ] mM PMSF, and 1 mM DTT). Peak
fractions were pooled and dialyzed against buffer containing 50 mM Tris, pH 8.0, 50 mM

NaCl, 0.5 mM EDTA, 20% glycerol, ] mM PMSF and 1 mM DTT.

2.3.3 Generation of Ku deletions and point mutants

Deletions and point mutants within the Ku70 subunit were generated using
Stratagene’s PCR mutagenesis kit (CAT#200518) and using the pET70HS80 construct as a
template. The primer pairs employed are listed in Appendix 1. Briefly, primers were
designed for both DNA strands containing the desired mutation and 5’ and 3’
complementary sequence. Each reaction contained 125 ng of each primer, 50 ng of the
template plasmid, 100 uM dNTP mix (0.2 mM of each dNTP), PfU reaction buffer, and

2 units (U) of the Pfu polymerase. Following completion of the PCR reaction, 10 U of Dpn 1
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was added directly to each reaction and incubated at 37°C for 1 hour, to digest away the
reaction template. The remaining PCR product was then transformed by electroporation into
competent DHSa E. coli. In all cases, clones were screened using restriction enzyme digests
to confirm the insert orientation followed by DNA sequencing. Upon sequence
confirmation, mutant constructs were transformed and expressed in BL21(DE3)pLysS

Rosetta E. coli as described previously.

2.4 Cells, infections and transfections
2.4.1 Cell culture

Human embryonic kidney 293T/17 cells (ATCC CRL-11268), and Chinese hamster
ovary (CHO) fibroblasts Ku80” V15B (ATCC CRL-2349) were maintained in Dulbecco's
Modified Eagle's medium (DMEM) (Gibco-BRL) supplemented with 10% fetal bovine
serum (FBS) (JRH Biosciences), penicillin and streptomycin, at 37°C with 5% CO,. Cells
were passed at confluency in 1 to 4-8 dilutions for 293T cells and 1 to 8-12 dilutions for
V15B fibroblasts.

Mouse embryonic fibroblasts (MEFs) and Ku70-/- MEFs were a generous gift from
Dr. Matsuyama (184). Mouse embryonic fibroblasts (MEFs) were maintained at 37°C with
5% CO, in DMEM supplemented with 15% FBS in the presence of 50 uM BME (Sigma)
and 1x antibiotic cocktail mixture (containing penicillin (50 pg/mL), streptomycin
(100 pg/mL), and fungizone (100 pg/mL); Invitrogen). Cells were passed at confluency in 1
to 4-8 dilutions. Stably transfected MEFs were maintained in the presence of 1.0 pg/mL

puromycin (Sigma).
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2.4.2 Transient transfection of MEF cells

For transfection, MEFs were seeded at a density of 4.0 x 10° cells per 60 mm tissue
culture dish and cells were transfected the following day. For the in vivo V(D)J
recombination assays, MEF cells were co-transfected at 60 to 70% confluency with pRAGI,
pRAG2, and either pJH200 or pJH290, in 6-well dishes using Lipofectamine 2000
Transfection Reagent (Invitrogen, CAT#11668-019) according to the manufacturer’s
instructions. Lipofectamine Transfection Reagent was used in a ratio of 3 pl of the reagent
to 1 pg of total plasmid DNA. Briefly, 24 pl of Lipofectamine 2000 Transfection Reagent
was added to 200 pl of serum-free DMEM and, after gently mixing, 2 pg of each plasmid
were added followed by incubation for 20 min at room temperature. Thereafter, the mixture

was transferred drop-wise to the tissue culture dish followed by 2 days of incubation at

37°C.

2.4.3 Transient transfection of 293T cells

For transient transfection of 293T cells with EGFP-Ku70 and EGFP-Ku70°®
constructs, transfection reaction was prepared as described above (Section 2.4.2) using 2 pg
vector DNA and substituting FuGENE transfection reagent for the Lipofectamine 2000.
Following transfection, 293T cells were washed twice with DMEM and incubated at 37°C

for 18 hours, after which cells were split onto 18 mm cover slips.

2.4.4 Retroviral propagation and infection
Replication incompetent pPBABE-puro-based (Clontech) retroviruses were generated

by transfection of Phoenix Ampho (ATCC SD3443) packaging cells. Phoenix cells were
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seeded at a density of 1.0 x 10° cells per 60 mm dish. The following day cells were
transfected with 10 pg of the retroviral vector using FuGENE transfection reagent (Roche,
CAT#1-814-443). In a 1.5 mL microfuge tube, 6 pl of FUGENE reagent was added to 94 pl
room temperature serum-free DMEM, making sure that the undiluted FuGENE did not touch
the walls of the microfuge tube. After incubating the FuGENE/DMEM mixture at room
temperature for 5 min, 2 pg of vector DNA was added. The tube was mixed by tapping and
the mixture was incubated at room temperature for 20 min. The mixture was added drop-
wise onto the Phoenix cells. The cells were returned to the incubator for 18 hrs after which
the media was changed. The following day the viral supernatants were collected and filtered
through a 45 uM syringe filter. In 10 cm dishes, 1-2 x10® Ku70” MEF cells (20-30%
confluent) were infected overnight using 1 ml of viral supernatant mixed with 4 ml of media
containing 4 mg/ml polybrene. The infection was stopped by adding 6 ml of media to the
plate. After 48 hr of infection the cells were selected in media containing 2.0 pg/ml

puromycin for 10 days prior to ensure expression in all cells.

2.5 Preparation of whole cell extracts

Cells were rinsed twice with ice cold PBS and scraped in 500 ul PBS into 1.5 mL
microfuge tubes using a rubber policeman. Cells were pelleted by centrifugation at 4°C for
5 min at 4000 g. For immunoprecipitation or direct Western analysis, cell pellets were
resuspended in 100 ml of IPH buffer (50 mM Tris pH 7.4, 150 mM NacCl, 0.5% Nonidet P-
40, 5 mM EDTA, 1 mM DTT, complete protease inhibitor cocktail). Cells were allowed to
swell on ice for 10 min and were then sonicated for 10 s at a 30% duty cycle. Cell extracts

were centrifuged at 13000 g for 5 min at 4°C to pellet cellular debris and the supernatants
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were transferred to fresh tubes. For release assays, cells were resuspended in 300 pul whole
cell lysis (WCL) buffer (25 mM N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid
(HEPES) pH 7.5, 300 mM NacCl, 1.5 mM MgCl,, 0.5 mM EDTA, 5% glycerol, 0.5% Triton-
X 100, 2 mM DTT and protease inhibitor cocktail) and allowed to swell on ice for 10 min.
Extracts were produced using three cycles of freezing in methanol and dry ice followed by
thawing at 37°C and vortexing. Cell extracts were centrifuged at 13000 g for 5 min at 4°C to
clear cellular debris and the supernatants were transferred to fresh tubes. In both cases the
concentration was determined using a Bradford Assay kit (BioRad; CAT#500-0006).

Extracts were aliquoted and stored at -80°C for future use.

2.6  Electrophoretic mobility shift assays

Electfophoretic mobility shift assays (EMSAs) were performed using purified
proteins and *?P-labeled 30-mer oligonucleotides were used as a DNA probe (sequences are
listed in Appendix I). The oligonucleotides were radiolabeled at 37°C for 30 min with [y-
2P)-ATP by T4 polynucleotide kinase (New England BioLabs) in a 20-pl reaction
containing 50 mM Tris-HCI (pH 7.5), 10 mM MgCl,, 10 mM dithiothreitol (DTT), 1 mM
ATP and 25 pg/ml bovine serum albumin (BSA) and purified using ProbeQuantT G-50
Micro columns (GE Healthcare, CAT#28-9034-08). DNA binding was performed in a 20 pl
reaction mixture consisting of 21 ng of purified Ku was incubated with 2-5 pmol **P-labeled
DNA probe (generally 10 000-30 000 c.p.m.) in EMSA Binding (EB) buffer (100 mM Tris
pH 8.0, 5 mM MgCl,, 6% glycerol, 50 mM NaCl, and 2 mM DTT) at room temperature for
30 minutes. Sheared calf thymus competitor DNA (200 ng; 200-500 bp), 150 pM of NAD",

and 3-AB (2.5 mM) were included wherever described.
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2.6.1 Release assays

Following prebinding incubation of Ku to DNA, dialyzed V15B extract (5 pug) or
purified PARP1 (15 ng) was added to reaction mixture and the reactions were incubated at
30°C for indicated time. The reactions were separated on 5% non-denaturing
polyacrylamide (29:1 Bis:Acrylamide) using 0.5x TBE running buffer. Following
electrophoresis, the gel was dried on a gel dryer apparatus (BioRad; Model 583) and exposed
to Phosphorlmager screen (Molecular Dynamics) for 1 hour and retarded bands were

quantified using IMAGEQUANT software (Molecular Dynamics).

2.6.2 Autoribosylation of PARP1

For assays performed with autoribosylated PARP1 purified PARP1 (50 ng) was
incubated at 30°C with 200 ng unlabeled sheared calf thymus DNA in EB buffer containing
150 pM of NAD" for 30 minutes. Following the autoribosylation reaction, any further
PARP activity was inhibited by the addition of 2.5 mM 3-AB and incubation at room
temperature for 5 minutes. The autoribosylated PARP1 was then added to the Ku:DNA
complex mixture and the reaction was incubated at 30°C for the indicated time. The
reactions were separated on 5% non-denaturing polyacrylamide and the gel was dried and

exposed to Phosphorlmager screen and retarded bands were quantified using

IMAGEQUANT software.

2.6.3 Rebinding reaction with PARG

Following prebinding incubation of Ku to DNA, purified PARP1 (50 ng) was added

to the reaction mixture and the reactions were incubated at 30°C for 60 minutes. Further
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PARP activity was inhibited by the addition of 2.5 mM 3-AB. PARG was then added to the
reaction and the reaction was incubated for an additional 30 minutes at 30°C. For supershift
of the complex, anti-Ku (p70/p80) Ab-3 (clone 162) antibody, was added following PARG
treatment. The reactions were separated on 5% non-denaturing polyacrylamide and the gel

was dried and exposed to a Phosphorlmager screen and retarded bands were quantified using

IMAGEQUANT software.

2.7  Invitro ribosylation of proteins

In vitro ribosylation assays were performed as described previously (185) with minor
modifications. Briefly, purified proteins (1.5 png) were incubated in the reaction buffer (100
mM Tris pH 8.0, 5 mM MgCl,, 6% glycerol, 50 mM NaCl, and 2 mM DTT) with 0.5 pg of
purified PARP1 (Trevigen, Gaithersburg, MD), 200 ng of sonicated calf thymus DNA, and
15 uCi **P-NAD" for 30 min at 30°C. Following incubation, the reaction mixtures were
analyzed on 6% polyacrylamide-SDS gels then transferred to PVDF membrane. Membranes
were exposed to Phosphorlmager screen for autoradiography analysis and the resultant bands
were quantified using IMAGEQUANT software. Membranes were subsequently used for

western blot analysis.

2.8  Release of Ku from closed circular DNA
2.8.1 Binding and release reaction

To maximize the loading of Ku on the DNA, the binding reactions were performed
with a 2:1 molar ratio of Ku to DNA ends. DNA binding was performed in a 20 pl reaction

mixture consisting of 156 ng (1 pmol) of purified Ku incubated with 1 pg (0.5 pmol ends =
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1 pg) of linearized DNA in binding buffer (100 mM Tris pH 7.5, 2 mM ATP, 10 mM MgCl,,
6% glycerol, 50 mM NaCl, 150 pM of NAD" and 2 mM DTT) at room temperature for
30 minutes. To the binding reaction, 10 U of T4 DNA ligase were added and the reactions
were incubated at room temperature for 90 minutes. Following ligation reaction, purified
PARP1 (50 ng) and sheared calf thymus DNA (200 ng; 200-500 bp) were included wherever
described, and reactions were incubated at 30°C for 1 hour. Reactions were stopped by the

addition of 3-AB, and were placed on ice until later use.

2.8.2 Immunoprecipitation and co-immunoprecipitation

Binding/release reactions were diluted in IP buffer (12 mM HEPES pH7.9,
25 mM KCl, 0.5 mM EDTA, 6% glycerol, 0.1% NP-40, 0.2 mM DTT, complete protease
inhibitor cocktail) to a final volume of 500 pl to which 10 mg of the anti-Ku (p70/p80) Ab-3
(clone 162) antibody was added and allowed to incubate at 4°C with rotation for 2 hrs.
Following incubation with antibody 60 pl of Protein G sepharose beads (Sigma,
CAT#P7700), equilibrated in IP buffer, were added to the reactions and the reactions were
returned to 4°C with rotation for 1 hr. Immunoprecipitates were washed twice by collecting
the beads after centrifugation at 2000 g for 2 min at 4°C, and gently adding 1 ml of wash

buffer (50 mM Tris pH 7.4, 300 mM NaCl, 5 mM EDTA, 0.1% Triton X-100).

2.8.3 PCR analysis

One tenth of the recovered immunoprecipitation productions and one tenth (~2 pL)
of the reactions (pre-immunoprecipitation) were employed for PCR analysis. DNA Taq
Polymerase (Invitrogen) was utilized for all PCR reactions. The control primers set

(Appendix I) amplified a region located approximately 2 kb from the DNA ends and
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generated a 256 bp fragment regardless of ligation. The ligation primer set (Appendix I) was
homologous to the regions flanking the ends of the linear DNA and amplified the region
spanning the ligation site and would only generate a 550 bp fragment following ligation of
the ends. The primer sets were employed within the same PCR reaction allowing the
concurrent evaluation of both the immunoprecipitation and ligation reactions. The PCR was

run for 25 cycles of 95°C for 10 sec, 58°C for 0.5 min and 72°C for 1 min followed by

incubation at 72°C for 10 min. The PCR products were resolved on 2% agarose gels stained
with Sybr Green (Sigma, CAT#S9430) and visualized with the GelDoc system (BioRad) and
analyzed using IMAGEQUANT software (Molecular Dynamics). Typically, % of each

sample was analyzed in each PCR reaction.

2.9  Cell replication and survival assays
2.9.1 Cell replication assays

Stably transfected MEFs were passaged into 24-well dishes with 2,000 to 4,000 cells
per well and were grown for 16 hours at 37°C and 5% CO, in growth media (DMEM
supplemented with 10% FBS and antibiotic cocktail mixture). Cells were tryspinized and
counted at 24 hours after initial plating. Cell counting was performed using hemocytometer,
and counts were performed in triplicate. Cell counts for the 24 hour period following initial
plating were used as the “Day 0” time point and remaining growth measurements were
compared to that time point. Cell counts were repeated at each time point by trypsinizing
cells, and counting total cell numbers using hemocytometer.

To examine the cell stage, asynchronous cells and cells which had been serum

starved for 48 hours were trypsinized, then sent for FACS analysis at StemCore Laboratories
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(Sprott Center, Ottawa, ON). All analysis was performed by the technicians at the StemCore

Laboratories.

2.9.2 Cell survival assays following DNA damage

Stably transfected MEFs were passaged into 24-well dishes with 2,000 to 4,000 cells
per well, and were grown for 16 hours at 37°C and 5% CO, in growth media (DMEM
supplemented with 10% FBS and antibiotic cocktail mixture). For bleomycin treatment,
bleomycin was added at various concentrations to each well in series, and cells were
returned to the incubator for 1 hour. Following treatment, each well was washed twice with
fresh DMEM, then 500 pl of growth media. Cells were recovered for 5 days in the incubator
at 37°C and 5% CO,, with growth media being replaced as necessary. Hydrogen peroxide
(H207) and camptothecin (CPT) survival assays were performed similarly with treatment
times lasting for 30 minutes and 1 hour, respectively.

To asses the survival of the cells following the 5 day recovery, CellTiter 96® Assay
(Promega, CAT# G4000) was performed as per the manufacturer’s instructions. The
CellTiter Assay is a modified MTT colorimetric assay described by Mosmann (186).
Following two washes with sterile PBS, 250 pl of the dye solution was added to cells. Cells
were incubated for 5 to 10 minutes, after which the dye solution was transferred to 96-well
dish and absorbance at 570 nm was measured using plate reader (Multiskan Spectrum;
Thermo Electron Corporation). Survival was expressed as the percent activity compared to

undamaged cells.
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2.10 Immunofluorescence analysis of GFP-Ku following DNA damage

To visualize the mobility of Ku within the nucleus following DNA damage, 293T
cells transfected with GFP-Ku or GFP-Ku’® were grown on 18 mm cover-slips in DMEM
supplemented with 10% FBS at 37°C and 5% CO, for 24 hours. To induce DNA damage,
3.0 pg/ml of bleomycin was added to each well and cells were returned to the incubator for
1 hour. Following treatment, each well was washed twice with fresh DMEM, then 1 ml of
growth media and was recovered for indicated amount of time in the incubator at 37°C and
5% CO,.

Cells were processed for immunofluorescence staining as previously described
(178). Briefly, cells were washed twice with ice cold PBS and permeabilized by washing
with PBS containing 0.1% Triton X-100 for 2 minutes. Cells were fixed at room
temperature with PBS containing 4% paraformaldehyde and 0.75% Triton X-100. Cover
slips were washed four times with PBS containing 0.1% Triton X-100 and then incubated for
30 minutes at room temperature with PBS+ (PBS containing 5% normal goat serum (NGS)
and 0.1% Tween-20). Cells were incubated at room temperature with primary antibodies to
phosphorylated histone H,AX (yH,AX) (Upstate Biotechnology) and polyclonal anti-GFP
(LivingColors; Clontech) in PBS+ for 90 min at room temperature. After three washes with
PBS with 0.1% Tween-20 and one with PBS+, coverslips were incubated for 30 minutes
with secondary antibodies in PBS+. Excess antibody was washed away by two 10-min
washes with PBS containing 0.1% Tween-20, and cells were mounted with Vectashield
including DAPI (Vector Laboratories, Burlingame, CA). The cells were examined with an
inverted fluorescence microscope (Zeiss Axiovert 135). GFP signals were obtained with an

FITC-fluorescence filter set (Zeiss 09, excitation 450-490 nm, beam splitter 510 nm,
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emission filter >520 nm). Microphotographs were taken using a 63x oil immersion

objective.

2.11 Invivo V(D)J recombination assay
2.11.1 Transfection and recovery of recombination vectors

For in vivo transient V(D)J recombination assays, MEFs were transiently transfected
as described above (Section 2.4.2). Two days following transfection, DNA recombination
substrates were recovered using a QIAgen Miniprep kits (CAT# 27104), and were dissolved

in 20 pl of TE buffer (pH 7.4).

2.11.2 Analysis of recombination efficiency

Electrocompetent DHSa E. coli were transformed with 20% of the abovementioned
recombination substrates and plated on agar plates containing either 100 mg/ml of
ampicillin, or 100 pg/ml of ampicillin and 50 pg/ml of chloramphenicol. Ampicillin plates
were incubated at 37°C for 16 hours, while ampicillin + chloramphenicol plates were
incubated at 37°C for 24 hours. Colonies on each plate were counted and recombination
efficiency was calculated by comparing the number of colony forming units (CFUs) on the
ampicillin + chloramphenicol plates with the CFUs on the ampicillin plates. These values

were expressed as a percentage compared with the WT transformed bacteria.

2.11.3 Transfection and recovery of recombination vectors
One tenth of the recovered recombination substrates (section 2.11.1) were employed

for PCR analysis. The primer set R3-200 and R14-200 as previously described (187)
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(Appendix I) amplified the region spanning the signal joints in pJH200 generating a 460 bp
fragment in the absence of RAG1 and RAG2 and an additional 256 bp fragment in the
presence of RAG1 and RAG2. The primer set R3-290 and R14-290 (Appendix I) amplified
the region spanning the coding joints in pJH290 generating a 1.8 Kb fragment in the absence
of RAG1 and RAG2 and an additional 1.5 Kb fragment in the presence of RAG1 and RAG2.
The control primer set R7 and R8 generated a 308 bp fragment more than 3 kb away from
either the coding or joining segments and amplified both recombined and unrecombined
vectors. The primer set was employed to confirm that equivalent amounts of DNA
substrates were transfected into and recovered from MEF cells. When the R3 and R14
primer set was employed, PCR was run for 25 cycles of 95°C for 10 sec, 55°C for 0.5 min
and 72°C for 1 min followed by incubation at 72°C for 10 min. When the primer set R7 and
R8 was used, PCR was performed by incubating at 94°C for 5 min followed by 25 cycles of
94°C for 1 min, 58°C for 1 min and 72°C for 1 min with additional incubation at 72°C for 5
min. The PCR products were resolved on 2% agarose gels stained with Sybr Green (Sigma,
CAT#S9430) and visualized with GelDoc system (BioRad) and analyzed using
IMAGEQUANT software (Molecular Dynamics). Typically, %> of each sample was

analyzed in each PCR reaction.

2.11.4 Sequence analysis of recombination products

Sequence analysis of the recombination products was performed by subcloning the
amplified PCR product of the recombination site. PCR products were resolved on 2%
agarose gels stained with Sybr Green. Amplified bands were excised and gel purified using

QIAquick Gel Extraction Kit (QIAgen, CAT# 28704). Using the TA cloning kit (Invitrogen,
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CAT#K2000-01), PCR products were cloned into a TA cloning vector. Positive
transformants were selected, amplified and plasmids were sequenced at StemCore

Laboratories (Sprott Center, Ottawa, ON).
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3. Results
3.1  PARPI1 accelerates the off-rate of Ku from DNA ends
3.1.1 PARPI1 causes the rapid release of Ku from DNA ends

Upon binding DNA, the Ku heterodimer threads the DNA end through the central
channel and in vitro, this Ku:DNA complex is very stable, remaining intact for over 24 hours
(176). However, the in vivo turn-over of Ku and repair processes occurs within 30 minutes
(178), which suggests that a mechanism exists to remove Ku from the DNA. Although there
is no direct evidence of a mechanism for the removal of Ku from either free ends or
internally on DNA, there are indications from previous studies that would suggest PARP1 as
a primary candidate for the release of Ku from DNA.

In order to determine whether it was possible to promote the release of Ku from
DNA, electrophoretic mobility shift assays (EMSAs) were performed using purified Ku
heterodimer and V15B whole cell extracts (WCE). For this work recombinant Ku was
expressed in and purified from bacteria as described previously (183). V15B cells are
deficient in Ku80 and do not produce functional Ku. Using extracts from these cells made it
possible to manipulate the amount of interacting protein factors in the reaction without
introducing additional Ku (Figure 8a, lane 3). Additionally, dialysis of the extracts ensured
that the small molecules present were removed and the fluctuations in the amount of Ku
bound to the DNA could be attributed solely to the proteins in the extract. The reactions
were performed with 100-fold molar excess of unlabeled sheared calf-thymus DNA, driving
the binding equilibrium to a single Ku bound per DNA molecule. Purified Ku was pre-

bound to the **P-labeled oligonucleotides for 30 minutes (Figure 8a, lane 2). After the initial
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Figure 8. PARP1 mediates the release of Ku from DNA. (a) Purified Ku heterodimer
(21 ng) was pre-bound to **P-labelled double stranded oligonucleotide at room temperature
for 30 minutes, then incubated with V15B cell extracts (WCE; 50 pg) or purified PARP1
(10 ng) for an additional 60 minutes at 30°C. Reactions were performed in the presence or
absence of NAD'; the PARP inhibitor 3-AB was included in reactions where indicated.
Following the incubation reactions were resolved on 5% native polyacrylamide gel and
visualized by exposing the dried gel to Phospholmager. (b) PARP1-mediated release of Ku
from DNA is rapid. After 5 minutes of co-incubation with PARP1, 20% of the Ku remained
bound to DNA and less than 5% of the Ku remained bound after 120 minutes. Release
reactions were repeated as described above. Following addition of PARP1, reactions were
incubated for indicated time (min.), then resolved on 5% native polyacrylamide gel and
visualized by exposing the dried gel to Phospholmager. Resultant bands were quantified
using ImageQuant software.
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binding of Ku to the labeled oligonucleotides, the V15B WCE and unlabeled DNA were
added to the Ku:DNA complexes and the reactions were incubated for an additional
60 minutes. Incubation of the Ku:DNA complex with the V15B WCE did not affect the
amount of Ku bound (Figure 8a, lane 6). However, when the extracts were supplemented
with NAD", the substrate for PARPs, and incubated with the Ku:DNA complex, Ku was lost
from the labeled DNA, as the corresponding Ku:DNA complex was absent from the.EMSA
(Figure 8a, lane 9). To confirm that the loss of Ku from the DNA was the result of PARP
activity, the PARP inhibitor 3-aminobenzamide (3-AB) was included in the reaction.
Addition of 3-AB prevented the release of Ku from the DNA suggesting that one of the
members of the PARP family was facilitating the release of Ku from DNA (Figure 8a,
lane 11).

To determine whether PARP1 was able to elicit the release of Ku from the DNA,
purified PARP1 was used in place of the V15B WCE, the release experiments were
repeated. As seen in the reactions with the V15B extracts, purified PARP1 was able to cause
the release of Ku from the DNA and this release was dependent on the presence of NAD*
(Figure 8a, lane 7), and was prevented by the addition of the 3-AB inhibitor (Figure 8a,
lane 12). Although i)revious studies have shown through EMSAs that PARP] is able to bind
DNA ends (188; 189), in my assays the DNA binding activity of PARP1 was not detectable
under the conditions used (Figure 8a, lane 4). As compared to the conditions used here, the
binding conditions of the previous studies did not contain Mg®" and contained lower
concentrations of Tris (tris(hydroxymethyl)aminomethane; 10 to 20 mM compared to the
100 mM used here).  These alterations would increase the stringency of the binding

conditions and could explain the absence of PARP1 binding in my reactions.
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One of the limitations of EMSAs is that they provide only a snapshot in time of the
reaction status and cannot portray the entire cycle of the reaction. Additionally, the presence
of excess unlabeled DNA in the reactions prevents the detection of rebinding events.
Consequently under the conditions used, it is not possible to determine whether the PARP1-
mediated loss of Ku from the DNA is a transient state and Ku rebinds the unlabeled
competitor DNA or whether PARPI is altering the DNA binding ability of Ku. To address
this problem, I examined the effect of PARP1 on Ku binding to the radiolabelled
oligonucleotides in the absence of cold competitor DNA. The release of Ku from the DNA
was rapid, with only 20% of the Ku remaining bound to DNA after 5 minutes of incubation
with PARP1 (Figure 8b). Over time, Ku continued to be released from the DNA, so that less
than 5% remained bound after 1 hour. Taken together, these results suggest that PARP1
induces the loss of Ku from DNA in a NAD" dependent manner and following its release

from DNA, Ku does not rebind to the same or related DNA molecules.

3.1.2 PARPI-mediated release of Ku is dependent upon the activity of PARP and not
its ribosylation status

Structurally, the polymers of PAR show some similarity to the structure of ssDNA
(153), to which Ku is readily able to bind (176). Additionally, the Ku70 subunit contains a
putative PAR-binding motif which is present in proteins that were shown to bind PAR
polymers (72; 73). When PARP1 undergoes autoribosylation, multiple PAR polymers are
added to the protein and it is possible that these PAR polymers act as an outlet for Ku and
lure it away from the DNA. Therefore 1 tested whether it is the Ku-directed enzymatic

activity of PARPI1, or presence of the PAR polymers formed during the autoribosylation of
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PARP1 that provokes the loss of Ku from DNA. PARPI was first autoribosylated by
incubating purified PARP1 with unlabeled linear DNA and NAD" for 30 minutes. The
autoribosylation reaction, and the activity of PARP1 was stopped by the addition of 3-AB,
and the autoribosylated PARP1 was then added directly to the Ku:DNA complex. Following
incubation with the autoribosylated PARP1 the Ku:DNA complex was still present
(Figure 9) which suggests that the mere presence of PAR polymers is not sufficient to cause
the release of Ku from DNA, but rather it is the enzymatic activity of PARP1 in the presence

of Ku that is required for the release of Ku from DNA.

3.1.3 The release of Ku from DNA by PARP1 is reversible by PARG treatment

Like many other post-translational modifications, the ribosylation of target proteins is
a non-permanent modification and can be removed by PARG allowing the ribosylated target
proteins to return to their original status (167). If the DNA binding affinity of Ku is
compromised because of its ribosylation by PARP1, then incubation of the ribosylated Ku
with PARG might be expected to restore the DNA binding ability of Ku. In order to test this
hypothesis, purified PARG was added to the previously performed release experiments in
the absence of cold-competitor DNA (Figure 10). As in the previous experiments Ku was
first bound to radio-labeled DNA (Figure 10, lane 2), then incubated with purified PARP1
for 60 minutes. As shown previously, the incubation of the Ku:DNA complex with PARP1
caused the release of Ku from the DNA (Figure 10, lane 3). Following the incubation with
PARP1, 3-AB was added to the reaction to prevent further PARP activity (Figure 10, lane 4

confirms that PARP1 activity is blocked by the addition of 3-AB as the inhibitor was added
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Figure 9. The release of Ku from DNA is dependent on the enzymatic activity of
PARP1 and not the ADP-ribosylation of PARP1. Purified PARP1 (10 ng) was incubated
with NAD" and sheared calf-thymus DNA (1 pg) at 30°C for 30 minutes. Meanwhile,
purified Ku (21 ng) was pre-bound to *?P-labelled double stranded oligonucleotide at room
temperature. After incubation, the ribosylated PARP1 was added to the Ku:DNA complex
in the presence of the PARP inhibitor 3-AB. After the indicated time (min.), samples were
resolved on 5% native polyacrylamide gel and visualized by exposing the dried gel to
Phospholmager. Resultant bands were quantified using ImageQuant software.
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Figure 10. DNA binding is restored after PARG treatment. Double stranded
oligonucleotide was **P-labelled (lane 1) and incubated with purified Ku (21 ng) (lane 2),
then incubated with purified PARP1 (PARP; 10 ng) in the presence of NAD" for 30 minutes
at 30°C (lane 3). The PARP inhibitor, 3-AB, was added to the reaction followed by purified
PARG enzyme (25 ng) and the reaction was incubated for an additional 30 minutes at 30°C
(lane 5). Ku specific antibody was added to confirm that the shifted complex was the result
of Ku rebinding (lane 6). Inclusion of the PARP inhibitor (3-AB) prior to the addition of
PARPI prevented the loss of Ku from the DNA (lane 4). All samples were resolved on 5%
native polyacrylamide gel and visualized by exposing the dried gel to Phospholmager.
Resultant bands were quantified using ImageQuant software.
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to the reaction prior to the purified PARPI). Following the addition of 3-AB, purified
PARG was added to the reactions and they were incubated for an additional 30 minutes. The
addition of PARG to the reactions re-established Ku binding to the radio-labeled
oligonucleotide (Figure 10, lane 5) and the addition of a Ku-specific antibody supershifted
the complex (Figure 10, lane 6), confirming that it was Ku which had rebound the DNA.
Together this supports the idea that PARP1 ribosylates Ku in order to release it from DNA
ends and treatment with PARG removes the ADP-ribose modifications on Ku and re-
establishing the DNA binding activity of Ku. Whether this loss of binding is mediated
through a change in Ku’s affinity for DNA or through an alteration of the structure of the
heterodimer is yet to be determined. The amount of Ku rebinding DNA following PARG
treatment represented only 30% of the total Ku binding prior to treatment with PARPI,
suggesting that although PARG can restore the DNA binding activity of Ku, the restoration
is incomplete. Since the PARG enzyme is unable to remove the protein-proximal ADP-
ribosyl group from the acceptor protein (133), this would suggest that the Ku could still have
a mono-ADP-ribosyl group associated with it, which may reconcile the incomplete

restoration that was observed.

3.2  PARPI1 ribosylates the Ku70 subunit of the heterodimer in vitro

Previous studies have shown that PARP1 is able to ribosylate the Ku heterodimer
(174; 175), however these studies were performed with Ku in solution, not bound to DNA.
All of the evidence presented herein provides a strong indication that PARP1 is able to
ribosylate the Ku heterodimer when bound to DNA, and this ribosylation diminishes the

DNA binding capabilities of the Ku heterodimer. To test whether DNA-bound Ku is a direct
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enzymatic target of PARPI1, in vitro ribosylation reactions were performed using purified
Ku, PARP1 and *P-NAD". Purified Ku was prebound to linear DNA for 30 minutes, after
which purified PARP1 and 15 uCi *>P-NAD" were added and the reactions were incubated at
30°C for indicated time. Following co-incubation there were three distinct bands present on
the autoradiograph (Figure 11a). The predominant band in each reaction corresponded to
full length PARPI, which is consistent with previous findings showing that the
autoribosylation of PARP1 is the preferred ribosylation target (132; 144). In addition to the
PARP1 band, there were two additional bands, 70 kDa and 80kDa in size, present in the
reactions containing WT Ku. The corresponding western blot analysis identified these two
radiolabelled bands as the Ku70 and Ku80 subunits. The *?P-NAD" incorporation of the
Ku70 and Ku80 subunits was present after five minutes of co-incubation with PARP1 and
continued to increase over the course of the reaction. Quantification of the *2P-NAD"
incorporation into each of the Ku70 and Ku80 subunits represented about 5% of the total
*P_-NAD" incorporation after 1 hour. These results demonstrate that DNA bound Ku is an
enzymatic target of PARP1, which is consistent with previous studies that showed that both

subunits of the Ku heterodimer are ribosylated by PARP1 (174; 175).

3.3  Ku70 amino acid requirements for Ku release from DNA ends and ribosylation
3.3.1 The SAP domain of Ku70 is required for PARP1-mediated release

In order to determine the region of the Ku heterodimer that is ADP-ribosylated by
PARP1 in vitro, mutational analysis was performed. Although PARPI is known to target

glutamate and aspartic acid residues of target proteins, there is no identified consensus
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Figure 11. PARP1 ribosylates the Ku70 subunit. (a) Purified Ku (1.5 pg) was bound to
DNA then incubated with purified PARP1 (250 ng) in the presence of *2P-NAD" (1 uCi) at
30°C for indicated time. Reactions were separated on 6% SDS polyacrylamide gel and
transferred to PVDF membrane. Radiolabelled bands were visualized by exposing membrane
to Phospholmager sceen. Resultant bands were quantified using ImageQuant software.
(b) Corresponding western blot with antibodies specific for Ku70 and Ku80.
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sequence for ribosylation. Given that the crystal structure of the Ku heterodimer bound to
DNA is known, it was used to identify regions of the Ku heterodimer that could provide
potential targets for ADP-ribosylation by PARP1. The crystal structure of the Ku
heterodimer bound to DNA identifies the Ku70 subunit being oriented toward the free end of
the DNA, while the Ku80 subunit is positioned towards the interior of the DNA (65; 87).
Additionally the Ku70 subunit contains a putative PAR binding motif that on its own was
shown to bind free PAR polymers (72; 73). It is for these reasons that the Ku70 subunit was
the primary focus for the mutational analysis.

Using an in silico based approach three domains were identified as being potential
target sites for PARP1 based on their proposed function and their accessibility when the Ku
heterodimer was bound to DNA. These domains were the SAP domain, the proposed PAR
binding domain, and o-helix 5 (Figure 12a). As previously described the SAP domain
constitutes a potential DNA binding domain that contacts the exposed DNA end when Ku is
bound to DNA and stabilizes the binding of Ku on the DNA end (67), and so the ribosylation
of the SAP domain could conceivably destabilize its interaction with DNA and destabilize
the binding of Ku to the DNA end. The PAR binding domain has been described as a
conserved motif present in proteins that have been shown to bind free PAR polymers in
solution (72; 73). Additionally, this motif has been shown to be targeted for ribosylation in
two checkpoint proteins, APLF (aprataxin PNK-like factor) and CHFR (checkpoint protein
with FHA and RING domains), which resulted in the abrogation of their functioning (73).
The ribosylation of this domain in the Ku heterodimer could function in the same manner
and abolish the DNA binding activity of Ku, especially since the domain is located within

the Ku80-dependent DNA end binding domain of Ku70 (Figure 3a). The third domain,
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Figure 12. Deletional analysis of the Ku70 subunit. (a) Schematic representation of the
Ku70 subunit and the deletion mutations created. The a helix-5 (a.a. 180-196; green box),
putative PAR binding motif (a.a. 244-265; red box), and SAP domain (a.a. 572-609; yellow
box) were each deleted separately from the Ku70 subunit as described. (b) Deletion of the
SAP domain prevents PARP1-mediated release of Ku. The described deletion mutants were
expressed in E. coli and purified. After it was confirmed that the each deletion mutants were
able bind DNA, they were used in the previously described release experiment. Each mutant
was bound to *?P-labelled double stranded oligonucleotide then incubated with purified
PARP!1 in the presence of NAD". Following incubation at 30°C for 60 minutes, samples
were resolved on 5% native polyacrylamide gel and visualized by exposing the dried gel to
Phospholmager. Resultant bands were quantified using ImageQuant software.

60



wt Ku70 (1-196) |
1

-
st

AaH5 (A180-196) |

APAR (A244-265) [

m m ="
<

ASAP (A572-609) |

571

wi.Ku APAR AogHS  ASAP
PARPI = 4+ + =+ 4+ = + + = + +
Time (min) 60 0 60 60 0 6060 0 60 60 0 60




o—helix 5 was described as the portion of Ku70 that interacts with other members of the
NHEJ complex at the DNA end (44). Upon the recruitment of the NHEJ apparatus, Ku is
proposed to undergo and inward translocation on the DNA, and the ribosylation of a—helix 5
might influence this inward shift of Ku disrupting the activity of Ku. Additionally, as with
the PAR binding motif, a—helix 5 is also located within the Ku80-dependent DNA end
binding domain of Ku70.

Deletion mutants for each of the Ku70 domains were created, expressed in bacteria
together with WT Ku80, and purified. After it was established that deletion of the domains
did not significantly influence the ability of Ku to bind to DNA, the mutants were used in the
release experiment with purified PARP1. Deletion of either the PAR domain or of a-helix 5
did not affect the release of Ku from the DNA after incubation with PARP1 under release
permissive conditions (Figure 12b). Deletion of the SAP domain (ASAP) however, did
prevent the release of Ku from DNA after incubation with PARP1. Even after 60 minutes of
incubation with PARP1 over 80% of the ASAP mutant remained bound to the DNA
(Figure 12b).

The SAP domain is a highly conserved 35 amino acid domain located at the C-
terminal end of the human Ku70 monomer and is conserved in the Ku70 sub-unit across
higher eukaryotic species with 84% amino acid similarity (Figure 13a). Within the SAP
domain of human Ku70 there are three glutamate residues, E583, E598, E601, which are
conserved across species, and any variations are aspartate substitutions — the alternative
target residue for PARP1 ribosylation (Figure 13a). In Ku the SAP domain is proposed to
stabilize the dimer at the end of the DNA, capping the central cavity of Ku while coming in

contact with the DNA (65).
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Figure 13. Conserved glutamate residues within the SAP domain of Ku70 are involved
in PARP1 regulation of Ku:DNA binding. (a) Sequence alignment of SAP domain from
Ku70 of various species reveals three aspartate/glutamate residues (underlined) that are
conserved across all species. (b) Point mutants were tested for resistance to PARPI-
mediated release from DNA. The glutamate residues of the human Ku70 were mutated
individually, and in combination with each other. The point mutants were expressed in
E. coli and purified as described previously. Each of the point mutants were tested for their
ability to be released by purified PARP1 through the release assay described. Following
incubation with PARPI, samples were resolved on 5% native polyacrylamide gel and
visualized by exposing the dried gel to Phospholmager. Resultant bands were quantified
using ImageQuant software. (c) Mutation of all three residues (Ku70°%) confers resistance to
PARP1-mediated release and remains bound to the DNA for up to 60 min. Time course
analysis was performed with the Ku70°® mutant by incubating the DNA bound Ku with
PARPI for increasing amount of time (min), as indicated. Samples were resolved on 5%
native polyacrylamide gel and visualized by exposing the dried gel to Phospholmager.
Resultant bands were quantified using ImageQuant software. (d) Comparison of the binding
profile of the wild-type (black diamonds), ASAP mutant (blue circles) and Ku70°* mutant
(green triangle) following incubation with purified PARP1. In the absence of PARP1, wild-
type Ku remains bound to DNA for the duration of the experiment (open diamonds).
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The three glutamate residues within the SAP domain of Ku70 were mutated to
alanine residues, individually and in combination, using site-directed mutagenesis. The
point mutants were expressed, purified and used in the previously described release assay
with purified PARP1. Mutation of individual glutamate residues did not confer resistance to
PARP1-mediated release since after 60 minutes the Ku was no longer bound to DNA
(Figure 13b). Similarly, pairing the point mutations did not affect Ku retention and binding
was abolished after 60 minutes of incubation with PARP. However, mutating all three
glutamate residues within the SAP domain (Ku70°%) prevented the release of Ku from DNA
ends after incubation with PARP1 (Figure 13b).

As compared with the WT Ku, which is released after 5 minutes and continues to be
released over the hour incubation of co-incubation with PARP1, the Ku70°t mutation
remains bound throughout the incubation (Figure 13¢). Indeed both the ASAP and Ku70°F
mutants show resistance to PARP1-mediated release throughout the co-incubation, and after
1 hour about 80% of either mutant remains bound (ASAP - 87%; Ku70’t - 78%,
Figure 13d). This all-or-none requirement is consistent with previous results for the
ribosylation of p53, which showed that mutation of individual target residues was not
sufficient to prevent ribosylation of p53 by PARP1, but mutation of all target sites within

p53 prevented ribosylation (185).
3.3.2 Mutation of the SAP domain prevents ribosylation of Ku70 in vitro

To determine whether the Ku70°® mutations prevent ribosylation of Ku, the

previously described **P-NAD" in vitro ribosylation reactions were repeated with purified
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Figure 14. Mutation of conserved glutamate residues within the SAP domain of Ku70
prevents ribosylation by PARP1. (a) Purified wild-type Ku or purified Ku70°F were
subjected to in vitro **P-NAD* ribosylation assay as described in Figure 11. Reactions were
separated on 6% SDS polyacrylamide gel and transferred to PVDF membrane.
Radiolabelled bands were visualized by exposing membrane to Phospholmager screen.
Resultant bands were quantified using ImageQuant software. (b) Corresponding western
blot with antibodies specific for Ku70 and Ku80.
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Ku’* and purified PARP1 (Figure 14). Consistent with the previous *P-NAD" ribosylation
reactions, the predominant band on the resulting autoradiograph corresponded to the
autoribosylation of PARP1. In the reaction containing purified Ku70°® there were no 70 kDa
bands present on the resulting autoradiograph, whereas there was a distinct band present in
the reaction containing WT Ku. Additionally, there also appeared to be a reduction in the
amount of **P-NAD" incorporation around the 80 kDa position as compared to the WT Ku
reaction. Together this suggests that the Ku70°® mutations prevent not only the ribosylation
of the Ku70 subunit, but may also reduce the overall ribosylation of both subunits of the Ku

heterodimer.

34 PARP1 treatment promotes the release of Ku from closed circular DNA
Previous studies have shown Ku can slide inward on the DNA in an Mg**-dependent
manner (81; 177; 77), independent of DNA-PK,. Utilizing this ability of Ku to translocate
inward on the DNA, it was shown that Ku-bound linear DNA can be circularized by the
addition of T4 DNA ligase (31; 81), entrapping the Ku on a covalently closed circular DNA
(ccDNA) molecule. This Ku:ccDNA complex is very stable and it remains intact even in the
presence of 2M NaCl (81). Similarly, the current model of NHEJ proposes that Ku
translocates to the interior of the DNA upon recruitment of DNA-PK to allow the other
proteins of the NHEJ apparatus access to the DNA end and to repair the DNA break (24; 25;
190; 191). This model implies that following NHEJ, free DNA ends would no longer be
present and this may jeopardize the ability of PARP to release the entrapped Ku. To date,
there have been no reports demonstrating the release of Ku from either ccDNA, or from

DNA following ligation.
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All of the previously described experiments performed in this thesis were performed
with linear DNA and it is possible that the ribosylation of Ku by PARP1 is causing Ku to
slide off the free end of the DNA. While the current experiments explain the dissociation of
Ku from DNA ends, they do not in their present form offer a comment on whether, or how
Ku may be released from DNA in the absence of a DNA end as is perceived to occur during
NHEIJ. In order to address whether PARP1 plays a role in promoting the release of Ku from
DNA in the absence of a free DNA end, an in vitro assay was developed which would allow
the detection and measurement of the release of Ku from ccDNA (Figure 15a).

In this assay purified Ku was first bound to a 5kb linear DNA fragment for
30 minutes. To maximize the loading of Ku on the DNA, the binding reactions were
performed with a 2:1 molar ratio of Ku to DNA ends. Following the loading of Ku onto the
DNA, T4 DNA ligase was added to the reactions to entrap Ku on the DNA. The Ku:ccDNA
complex was incubated with PARP1 and additional linearized DNA, to permit PARP
activation, in ribosylation permissive conditions for 60 minutes. After incubation, Ku was
immunoprecipitated from the reactions, and using the DNA that was associated with the Ku
as a template, PCR reactions were performed. Two unique primer sets were used in the PCR
reactions; one set of primers amplified a control region on the DNA backbone 3 kb away
from the ligation site and was used to detect the total DNA, and the second set of primers
were specific for regions flanking the ligation site and only amplified a product following
ligation. These experiments were performed using the previously described purified WT

Ku, as well as the ASAP Ku, and Ku®F mutants.
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Figure 15. Ku is released from closed circular DNA by PARP1. (a) Schematic of the
experimental progression. Purified Ku (1.5 pg) was pre-bound to linearized DNA (500 ng)
for 30 minutes. Following Ku binding, T4 ligase (10 U) was added and the reaction was
incubated at room temperature for 90 minutes. After ligation of DNA ends, Ku:DNA
complex was incubated with PARP1 (50 ng) in the presence of NAD" and additional linear
DNA for 60 minutes at 30°C. After incubation, Ku was immunoprecipitated as previously
described. (b) DNA which was associated with Ku after immunoprecipitation was used as a
template for PCR reactions to detect the DNA backbone and successful ligation. Reaction 1:
DNA ligated with T4 ligase; Reaction 2: Ku bound to linear DNA; Reaction 3: Ku bound to
linear DNA followed by PARPI1; Reaction 4: Ku entrapped on closed circular DNA;
Reaction 5: Ku entrapped on closed circular DNA and incubated with PARP1. PCR
template derived from input reaction is designated as “In”, while PCR template derived from
immunoprecipitation reaction is designated as “IP”.
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To confirm that the products from the PCR reactions were amplified from the DNA
that was associated with Ku and not from excess unbound DNA, the reaction was performed
in the absence of the Ku heterodimer. When Ku was omitted from the reactions, the PCR
reactions failed to amplify either the control or ligation product following
immunoprecipitation (Figure 15b, lane 1). To establish that the immunoprecipitation of Ku
did not destabilize the Ku:DNA complex and cause dissociation of Ku from the linear DNA,
the KuwDNA complex was immunoprecipitated and analyzed through PCR.
Immunoprecipitation of Ku did cause Ku to dissociate from the linear DNA as the “control”
PCR fragment was present when the immunoprecipitation reaction was used as a template
(Figure 15b, lane 2).

The addition of PARPI to the Ku:linear DNA complex caused the release of the WT
Ku from the DNA, as no products were formed from the PCR reaction, whereas both of the
ASAP Ku and Ku’*, remained bound to the linear DNA, as indicated by the control fragment
from the resulting PCR reaction (Figure 15b, lane 3). These results were consistent with the
previous results from the EMSAs and confirm the results seen therein.

To determine whether Ku could be trapped on ccDNA, the Ku:DNA complex was
incubated with ligase, and Ku was immunoprecipitated. When the PCR products from these
immunoprecipitation reactions were analyzed, both the control and the larger “ligation” PCR
product were present indicating that the ligated DNA had immunoprecipitated with Ku
(Figure 15b, lane 4). Similarly, both the ASAP Ku and Ku’® mutants were entrapped on
ccDNA as indicated by the presence of the “ligation” PCR product. As compared to the

reactions performed in the absence of Ku, both the WT, ASAP Ku and Ku*® mutants reduced
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the ligation efficiency of the assay similarly (data not shown); however this was
compensated for by performing the reactions with additional ligase.

In order to address whether PARP1 plays a role in promoting the release of Ku from
DNA in the absence of a free DNA end, the Ku:ccDNA complex was incubated with PARP1
(Figure 15b, lane 5). When WT Ku entrapped on ccDNA was incubated with PARP1, no
PCR products were detected, indicating that in addition to causing the release of Ku from
linear DNA, PARPI1 can initiate the release of Ku from ¢cDNA. This is the first such
demonstration of release of Ku from ccDNA. By contrast, both the ASAP Ku and Ku'®
mutants remained entrapped on the ccDNA following incubation with PARP1 as the
subsequent PCR reactions yielded both the “control” and “ligation” products. This shows

that the mutants are resistant to the release of PARP1 from both linear and ccDNA.

3.5  Characterization of the Ku70 mutants in vivo
3.5.1 Establishment of Ku mutations in MEFs

While the in vitro results describe a novel mechanism for regulating the DNA
binding activity of Ku, it was necessary to establish the effect of the mutations on Ku
functioning in vivo by examining the impact on 1 - growth rate, 2 - NHEJ/DSB response,
and 3 — fidelity of recombination through V(D)J recombination. To validate the in vitro
results mouse embryonic fibroblast (MEF) cells that were Ku70-deficient were stably
restored with either the WT human Ku70 subunit or either of the Ku70 SAP mutants
(Figure 16a). The restoration of Ku70 with WT, or the mutant forms of Ku70 in the Ku70-

deficient MEF cells resulted in expression levels comparable to the WT MEFs and resulted
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Figure 16. The restoration of SAP mutants in Ku70” MEFs reduces cell proliferation.
(a) Using replication incompetent retroviruses Ku70”~ MEFs were restored to stably express
wild-type human Ku70 (WT), or either the ASAP Ku70 or Ku70°® mutant. Equal levels of
Ku were detected in all restored cells as determined by DNA pull-down assays. (b) Cells
that were stably expressing the mutant forms of Ku70 displayed reduced growth rates as
compared to the WT-restored MEFs. Cells (3 x 10*) were seeded in 6-well plates and grown
in DMEM plus 10% FBS. Cell proliferation was evaluated by counting cells following
trypsinization and was plotted on log scale. Day 0 cell counts were performed 24 hours after
initial plating of cells. All cell counts were normalized to Day 0. Data are means from three
independent experiments, each carried out in quadruplicate and standard deviation are
shown. * indicates P=0.01.
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in the stabilization of the Ku80 subunit, which was undetectable in the Ku70-deficient MEFs
prior to restoration (Figure 16a).

Previous studies showed that Ku-deficient cells display growth defects, slowed cell
proliferation and premature entry into cellular senescence (29; 48; 49; 56). Although these
studies suggest that the growth defects observed in the mutant cells was likely due to a
deregulation of the roles of Ku beyond DSB repair, they did not investigate further the
mechanism by which the senescence was stimulated (49). To examine the effect of the
mutations on growth rate, the cell proliferation of the stably transfected MEF cells were
analyzed (Figure 16b). Consistent with previous findings, the Ku70”~ MEFs had a slower
proliferation than their WT counterparts, with a growth rate that was about 5 times slower
than the WT MEFs (P=0.01). Growth of the WT Ku70 restored MEFs was comparable to
the WT MEFs, suggesting that the restoration of WT Ku70 in these cells was able to rescue
the growth defects in these cells. The MEF cells that were stably expressing either ASAP
Ku70 or Ku70°® had slower proliferation and 4 times slower growth rate than the WT-
restored MEFs. Examination of asynchronous and G1 arrested cells did not identify any
differences between the cells lines (data not shown). Further studies are needed to examine
whether all of the cell types progress through the cell cycle at a similar rate, or if the mutant

cells are progressing slower or are stalled at a certain stage of the cell cycle.

3.5.2 Mutations in the SAP domain of Ku70 sensitizes cells to DNA damage
To examine the ability of the restored cells to respond to DSBs, cells were treated
with DNA damaging agents, such as bleomycin, hydrogen peroxide (H,0,), and

camptothecin (CPT). While all of these chemical agents have been shown to induce both
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double stranded and single stranded DNA breaks, bleomycin- and H,Os-induced breaks
induce NHEJ-mediated repair (192) while CPT-induced breaks are repaired through NHEJ-
independent processes, such as HR (164; 193; 194). Bleomycin is the most potent DSB
inducing agent, with double-strand DNA lesions constituting 10-20% of the induced breaks
(195; 196). Bleomycin mediates the production of superoxide and hydroxide free radicals
which cleave DNA, producing both ss- and ds-DNA breaks (192; 197; 198).  Similarly,
H>0; induces both ss- and ds-DNA breaks through the production of reactive oxygen species
(197, 199; 200). Camptothecin induces replication-dependent DNA lesions by stabilizing
the topoisomerase I/DNA complex and preventing religation of the DNA (201).
Topoisomerase I relaxes super-coiled DNA generated through replication by binding to and
cutting one strand of the DNA helix, permitting the helix to unwind. Once relaxed,
topoisomerase 1 reconnects the broken strands. However in the presence of CPT,
topoisomerase I cannot religate the DNA and the DNA that was cleaved is processed into
DNA breaks and lesions as a consequence of encounters with replication forks (201). The
repair of CPT-induced breaks and lesions is typically HR-directed and the involvement of
the NHEJ apparatus during the processing of CPT-induced breaks is suggested to be
detrimental to the repair process (193).

To examine the survival of the mutant cells in response to NHEJ-dependent DSBs,
cells were treated with increasing doses of either bleomycin (Figure 17a) or H,0O,
(Figure 17b), and, following recovery, an MTT assay was performed to measure cell
viability. Treatment of both the ASAP and Ku70°® mutants with either bleomycin or H,0,
resulted in a dose-dependent reduction of survival that was intermediate between the WT-

restored and Ku70” MEFs. This sensitivity was immediately visible at relatively low doses
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Figure 17. Inhibition of Ku ribosylation results in increased sensitivity to DNA damage.
Ku70-restored MEFs were treated with increasing doses of (a) bleomycin for 1 hour, (b)
hydrogen peroxide (H,0O,) for 30 minutes, or (c) camptothecin (CPT) for 1 hour. Following
treatment with DNA damaging agent, cells recovered for 5 days and survival was determined
via an MTT proliferation assay. Survival was normalized to untreated cells. The means of
four independent experiments and standard deviation are shown. * indicates P=0.05.
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of both agents. Following bleomycin treatment the WT Ku70-restored MEFs show a median
lethal dose (LDsg) of 0.75 pg/mL, while the ASAP mutants show an LDsg of 0.3 pg/mL, and
the Ku70°® mutant had an LDsy of 0.48 pg/mL. Treatment of mutant cells with H,O,
resulted in a dose dependent decrease in cell survival compared with the WT-restored cells,
with the Ku70™ cells displaying the greatest sensitivity (LDso = 0.05 mM). The WT Ku70-
restored cells showed an LDsy of 1.6 mM. Both of the mutant-restored cell lines show
similar sensitivity to H,O, with ASAP-restored cells having an LDsy of 0.3 mM, and the
Ku70°E-restored cells had an LDsg of 0.4 mM.

To examine whether the Ku mutations influence the survival of the cells in response
to NHEJ-independent DSBs, cells were treated with increasing doses of CPT. Consistent
with previous studies that showed NHEJ-deficient cells were insensitive to CPT induced
damage (17; 202), the Ku70 knockout cells were insensitive to CPT treatment showing only
24% reduction in survival at the highest doses used (Figure 17¢). By contrast, the WT-
restored cells were significantly more sensitive to CPT treatment than the Ku70™ cells,
displaying a dose dependent decrease in cell survival, with 87% reduction in survival for the
WT-restored MEFs at the highest dose of CPT used. The Ku70-mutant-restored cells were
similarly sensitive to the CPT treatment with an 81% and 76% reduction in survival at the
highest dose of CPT used for the Ku70°*- and ASAP- restored MEFs, respectively. The
survival of the mutant-restored MEFs was significantly less (P=0.05) than the observed
survival of the WT-restored MEFs.

To confirm that the reduced survival of the SAP mutants - following bleomycin or
H>O, treatment - was due to preventing the ribosylation of Ku by PARP1 and not due to the

inhibition of additional functions of Ku, cells were treated with the PARP1 inhibitor 4-ANI
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(4-Amino-1,8-naphthalimide) prior to-, during-, and for the first 24 hours following
treatment with bleomycin. In the absence of DNA damaging agents, the inhibition of PARP
activity with 4-ANI reduced the survival of all cells by 15-20%, representing the basal
toxicity for 4-ANI treatment (Figure 18). Following treatment with 4-ANI and bleomycin,
the WT-restored MEFs displayed recovery levels below those observed at the same dose
points of bleomycin alone. Interestingly, the Ku70”" MEFs showed a similar response until
survival decreased below 10% when the cell survival was equal to that of bleomycin alone.
By contrast, inhibition of PARP activity in the SAP mutant MEFs did not markedly affect
their recovery following bleomycin treatment. Together these results establish a role for
PARP1 in modulating Ku function in response to DSBs and this role is dependent on the

SAP domain of Ku70.

3.5.3 Ku70°® mutants are proficient in YH,AX signaling

One of the central roles of PARP1 is to act as a signal relay, amplifying the DNA
damage signal to other co-factors within the cell, eliciting an appropriate damage response.
H;AX is one of several histone 2A variants and becomes phosphorylated on serine residue
139, then called YH,AX, in response to DSBs (203). The yH,AX is commonly used as a
marker for the signaling and repair of DNA damage (203). It is possible that the reduction in
cell survival observed in the ASAP- and Ku70*E-restored MEFs is due to inadequate
signaling of the DNA damage to other repair factors and processes. To determine whether
the Ku70°F are able to elicit an appropriate yH,AX response, the YH,AX signal in the Ku70-

restored MEFs was analyzed following bleomycin treatment (3 pg/mL; Figure 19). Both the

75



Figure 18. Inhibition of PARP activity with 4-ANI sensitizes wild-type Ku70 MEFs to
bleomycin induced DNA damage. PARP activity was inhibited in Ku70-restored MEFs by
treating the cells with 4-ANI prior to, during, and following treatment with bleomycin for
1 hour. Following treatment with bleomycin, cells recovered for 5 days and survival was
determined via an MTT proliferation assay. Survival was normalized to untreated cells.
Solid markers treatment with bleomycin; open markers were treated with 4-ANI and
bleomycin. The means of four independent experiments and standard deviation are shown.
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Figure 19. Ku70°® mutation does not impair YH>AX signaling. Restored MEFs were
treated with bleomycin (3 pg/mL) for 1 hour, then allowed to recover for indicated time
(hours). Following recovery, cell extracts were resolved on 15% SDS polyacrylamide gel
and transferred to PVDF membrane. Western blot analysis was performed using YH,AX and
histone 4 (H4) specific antibodies. Undamaged cells (U) were analyzed as a background
control while histone 4 was used to control for variations in sample loading.
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WT- and Ku70’E-restored cells show induction of YH,AX immediately following treatment
with bleomycin, and the YH,AX levels remained elevated for 4 hours following treatment.
This data suggests that DNA damage signaling is not overly compromised by the mutations

within the SAP domain.

3.6 Ku70 SAP domain mutants display increased retention at foci following DNA
damage

The use of concentrated localized damage — laser scissors, ionizing radiation induced
foci (IRIF), low-/high-LET (high linear energy transfer) y-radiation — in live cells has
provided other groups the opportunity to examine the sequential recruitment of repair factors
to sites of DNA damage, and subsequently delineate the order of their departure (16; 178;
204; 205). Other groups have tracked the coordinated arrival and leaving of repair factors at
damage sites by examining their retention at heterochromatic foci following mild nuclear
extractions (206). By using either of these methods, groups have determined that Ku is
recruited to the damage sites immediately following the formation of DSBs and is retained at
the site of DNA damage for over 2 hours, but is dispersed from the break site after 4 hours
(16; 207). If the ribosylation of Ku by PARPI1 contributes to the release of Ku from the
DNA during or following repair of the break then the described SAP mutations might be
expected to show an alteration in the rate at which Ku is released from sites of DNA damage.

To examine whether the SAP mutations cause a delayed retention at damage sites
293T cells were transfected with GFP-tagged WT Ku70 or GFP-tagged Ku70°c. Once it was

determined that the transfection efficiency of the two constructs was similar (data not
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shown), the transfected cells were treated with bleomycin for 1 hour, at a dose sufficient to
cause significant nuclear retention of Ku following a mild nuclear extraction, and then
recovered (R;) for up to 4 hours (Figure 20a). The retention of GFP-Ku in the nucleus was
tracked by using a mild nuclear extraction followed by immunofluorescent staining using
GFP-specific antibodies, and counterstained with 4'-6-diamidino-2-phenylindole (DAPI) to
detect nuclei (Figure 20a).

In naive cells, the WT-Ku70 and Ku70°% were retained in fewer than 5% cells
following the mild nuclear extraction (Figure 20b). Following treatment of the cells with
bleomycin, the amount of Ku retained in the nucleus increased immediately in both cell
types, reaching a maximal level after 1 hour of recovery from damage. Immediately
following bleomycin treatment, both the WT and Ku70°" transfected cells displayed nuclear
retention of Ku, with both reaching a maximal number of positive cells (cells with
significant nuclear staining of GFP-Ku) after 1 hour of recovery (Figure 20b). After 1 hour
of recovery, 59.1% of the cells transfected with WT GFP-Ku70 and 66.8% of the cells
transfected with GFP-Ku70°" showed nuclear retention of Ku.

The nuclear retention of Ku following recovery from bleomycin treatment was also
examined. As the recovery progressed, the staining of the nuclear retained Ku in the cells
transfected with WT Ku70, transitioning from a punctate nuclear stain to a diffuse pan-
nuclear stain, with only 16% of the cells having a detectable Ku signal within the after
4 hours of recovery (Figure 20c). While the amount of nuclear retained Ku in the Ku70*t
cells also decreased, the nuclear retention of WT-Ku was lost almost twice as fast as that of
the Ku70°E. After 4 hours of recovery, 39.8% of the Ku70°® cells had detectable levels of

nuclear retained Ku, with some cells still having Ku localized to a punctate nuclear stain.
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Figure 20. Ku70%* is retained in the nucleus longer following bleomycin treatment.
(a) The nuclear retention of Ku was examined by immunofluorescence (scale bar =2 pum) in
293T cells transfected with GFP-Ku70 or GFP-Ku70°®. Transfected cells were treated with
3.0 pg/mL bleomycin for 1 hour, and then allowed to recover for indicated time (Ry; hours).
After recovery, cells were permeabilized with 0.1% Triton-X then fixed with
paraformaldahyde.  Using GFP-specific antibodies, immunflourescent staining was
performed. Cells were counterstained with DAPI. (b) The number of cells with Ku retained
in the nucleus increased to a maximal after 1 hour of recovery and was similar for both the
WT-Ku70 and Ku70°E. The nuclear retention of Ku was evaluated by counting the number
of fluorescent positive cells and normalized against total number of cells as determined by
DAPI stain. (c) The Ku70%F is retained in the nucleus longer than WT-Ku. The nuclear
retention of Ku was evaluated as in (b) over the course of 4 hours post-damage. Retention
was normalized to 1 hour post-damage, the maximal retention for both WT-Ku70 and
Ku70%E. The means of four independent experiments and standard deviation are shown.
* indicates P=0.05.
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These results show that while the Ku70*® mutation does not compromise the recruitment of
Ku to the DSB, it does cause Ku to be retained at the DSB for almost twice as long as WT
Ku, this prolonged retention could have a negative effect on cell survival following DNA

damage.

3.7 Invive V(D)J recombination
3.7.1 Mutation of SAP domain reduces recombination efficiency

In addition to its roles in DNA damage repair, NHEJ plays a critical role in V(D)J
recombination. A functional NHEJ apparatus is required for the processing and ligation of
the V(D)J recombination products and dysfunction in the NHEJ apparatus leads to
immunodeficiency (32). Previous work in our lab and others has demonstrated that Ku plays
an essential role in V(D)J recombination, as Ku-deficient cells display reduced
recombination efficiency and accuracy (38; 69). In Ku-deficient mice, the formation of
signal joints has been shown to be reduced up to 100-fold and those recovered show massive
deletions of the joined RSS sequences (29; 49). Thus, in order to test the functionality of the
SAP mutations in V(D)J recombination, a vector-based in vivo V(D)J recombination assay
was employed that would provide a direct measurement of the V(D)J products and in turn,
the efficiency and accuracy of recombination.

The in vivo V(D)J recombination assay is a vector-based RSS system, whereby a
vector containing two RSSs is transfected into cells in conjunction with plasmids encoding
RAG1 and RAG2 (Figure 21a). Following transfection and expression of the RAGs, the
recovered recombination vector is transformed into E. coli then grown on LB plates in the

presence of either ampicillin or ampicillin and chloramphenicol. The recombination vector
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Figure 21. Mutation of the SAP domain causes errors in V(D)J recombination. (a) The
schematic representation of the extrachromosomal recombination substrate pJH200 used in
the V(D)J recombination assays. pJH200 contains a 12RSS cassette in the orientation of the
nonamer-12 bp spacer-the heptamer and a 23RSS cassette in the orientation of the heptamer-
23 bp spacer-the nonamer. In the presence of the RAG1/2 protein, pJH200 can undergo
deletional recombination with the intervening sequences between the two heptamers deleted
from the plasmid substrates. The primer set R7 and R8 generates a 308 bp fragment more
than 3 kb from the 12RSS or 23RSS and amplifies both unrecombined and recombined
pJH200. The primer set 200-R3 (R3) and 200-R14 (R14) generates by PCR a 460 bp
fragment spanning the region containing the 12RSS and 23RSS before recombination and a
256 bp fragment containing the fused RSSs in the configuration of the nonamer-12 bp
spacer-the heptamer-the heptamer-23 bp spacer-the nonamer after recombination (187). The
pJH200 vector contains a gene encoding chloramphenicol acetyltransferase (CAT). The
CAT gene is interrupted by the intervening sequences between the two heptamers and upon
RAG-mediated deletional recombination the CAT gene can be functionally expressed. The
pJH200 vector also contains an ampicillin resistance gene. Thereby, recombination
efficiency can be determined comparing the growth of E. coli transformed with the pJH200
vector on LB plates containing either ampicillin or chloramphenicol and ampicillin. (b)
Ku70 restored MEFs were transfected with pJH200 V(D)J recombination assay plasmid,
and/or RAG1 and RAG2. After 48 hours, plasmid was isolated and recombination
efficiency was examined as previously described. (c) To analyze the recombination sites the
recovered pJH200 vector samples were amplified by PCR using the primer set 200-R3 and
200-R14 or the primer set R7 and R8. The amount of recombined template DNA (Input
DNA) used for individual PCR reactions was standardized based on the recombination
efficiency (b). The PCR products were resolved on a 2% agarose gel stained with Sybr
Green. (d) Aberrant signal joint structures from stably transfected MEFs. The amplified
recombination products from the signal joints were subcloned into TA cloning vector and
individual clones sequenced. On average, 30 recombination products were sequenced for
each cell type; frequency of each recombination event is indicated.
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contains resistance markers for both ampicillin and chloramphenicol, however the
chloramphenicol acetyltransferase (CAT) gene is only expressed after recombination
removes a transcriptional terminator (179). Thus, the recombination efficiency can be
assessed by comparing growth on the two selectable plates.

There are two separate vectors available for this analysis which allows the analysis of
either the signal or coding joints following recombination. The pJH200 vector retains two
signal joints following recombination, with the coding gene segments being removed.
Alternatively, the pJH290 recombination vector retains the coding gene segments while the
signal joints are lost following recombination. These two recombination vectors allow a
thorough analysis of both of the products of V(D)J recombination. The recombination
analysis was performed using the previously described restored MEFs and both pJH200 and
pJH290 recombination vectors.

When the recombination efficiency of the WT Ku70-restored MEFs was examined,
the vector containing signal joints recovered 1.5% recombination, while 0.8% of the
recovered coding joint vector was recombined. These values were standardized as 100% for
the remaining analysis (Figure 21b). Consistent with previous studies, each of the recovered
vectors from the Ku70” MEFs had almost 100-fold reduction in the recombination
efficiency, with 1 % recombination efficiency for the coding joints and 2 % efficiency for
the signal joints, as compared to the WT MEFs. When the transformants from the ASAP and
Ku70°* MEFs were analyzed, there was a reduction in the recombination efficiency for both
mutants as compared to the WT MEFs. The Ku70°® mutants showed 25% recombination
efficiency for the signal joints and 16% recombination efficiency for the recovered coding

joints. The recombination efficiency in the ASAP MEFs was even further reduced with 19%
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recombination efficiency for the signal joints and 9% recombination efficiency for the
recovered coding joints. Although both mutants had a greater recombination efficiency as
compared with the Ku70-deficient cells, suggesting they were able to complete
recombination, the amount of recombination was severely impaired as indicated by their

reduced recombination efficiency as compared to the WT-restored MEFs.

3.7.2 V(D)J recombination in SAP mutants is imprecise

The reduced recombination efficiency in the mutant cell lines compared with the WT
cells could result from the failure to form a functional NHEJ complex. By understanding
whether those recombination events that did occur were occurring accurately, it may be
possible to discern where in the process the efficiency of recombination was deteriorating.

Although NHEJ is an error-prone mechanism of DNA repair, often processing the
DNA ends prior to ligation, it can directly ligate compatible ends, like blunt ends, without
any processing. Serendipitously, the cleavage of the RSS to generate the signal ends results
in the formation of blunt ends, to which the NHEJ apparatus repairs without the need for
processing, to form the signal joints. This direct ligation of the signal joints provides a
means for measuring the accuracy of recombination. By utilizing PCR primers which bind
to the signal joint recombination vector (pJH200) and amplifying both RSSs and the region
between them (Figure 21a) it is possible to measure the accuracy of recombination. If
recombination has occurred, the region between the RSSs will be removed and the PCR
reaction will yield a 256 bp “recombined” fragment. In the event recombination does not
occur, a larger 460 bp “unrecombined” fragment will be produced as the region between the

two RSSs will be present and amplified. In order to standardize the amount of recombined
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template used for individual PCR reactions, the amount of recombined template DNA added
to each reaction was adjusted based on the recombination efficiency.

PCR analysis of the recovered recombination vector from WT Ku70-restored MEFs
yielded only the unrecombined fragment when transfected with the recombination construct
alone. When the constructs encoding RAG1 and RAG2 were co-transfected with the
recombination vector both the unrecombined and recombined fragments were amplified
(Figure 21c). Regardless of the presence or absence of RAG1 and RAG2, PCR analysis of
recovered recombination vector from the Ku70-deficient MEFs did not produce the 256 bp
recombination fragment and only amplified the larger unrecombined fragment. When the
ASAP MEFs were co-transfected with the recombination vector and the RAG1 and RAG2
constructs, the resulting PCR products from the recovered vector contained the larger 460 bp
unrecombined fragment, but also contained smaller products of various sizes, as a smear was
present when the reactions were resolved, with the average size of the amplified product
being approximately 200 bp — 56 bp shorter than the 256 bp recombined fragment. The PCR
analysis of the recovered recombination vectors from the co-transfected Ku70°® MEFs
yielded the recombined fragment, and did not appear to differ noticeably in size from the
predicted 256 bp.

In order to characterize the nature of the recombination products, the amplified
recombination products were subcloned into a TA cloning vector, and individual clones were
sequenced. Sequence analysis indicated that accurate recombination had occurred in 96% of
the clones recovered from the WT Ku70-restored MEFs (Figuré 21d). A minor fraction of

the sequences analyzed (4%) contained deletions of one or two nucleotides.
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Sequence analysis of the recombination products recovered from the ASAP MEFs
showed large egregious errors present in all of recombination products analyzed, with
deletions present in 77% of the recombination products while the remaining 23% of the
recombination products analyzed contained translocations and other rearrangements
(Figure 21d). While the deletions ranged from short deletions of both heptamers to almost
the entire deletion of both RSSs, larger deletions that removed 12 nucleotides (or more) of
either RSS constituted the majority of the sequences analyzed (57%). In addition to the
deletions in the RSSs, 23% of the recombination products analyzed contained
rearrangements of the recombination vector itself and in some instances (3), the translocation
of chromosomal DNA.

Sequence analysis of the recombination products of the Ku70*® MEFs also identified
deletions in 70% of the samples analyzed, however these deletions were less severe than
those recovered from the ASAP MEFs, often with no more than 15 nucleotides deleted, and
there were no translocation events detected.

Altogether the examination of the V(D)J recombination events in MEF cells restored
with the ASAP and Ku70°® mutations suggest that although these cells can process
recombination events, these events are rare and those that do occur contain errors in the
rejoined products. Assuming that the cleavage of the RSS by the RAGs occurs equally
between cell types, the errors observed in the rejoined products must be the result of a
deficient NHEJ process. Given the previously shown in vitro and in vivo data that shows the
described mutations in Ku70 affect the ability of Ku to respond to ribosylation by PARPI,

then these effects within V(D)J recombination may be the result of this inability of the Ku
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heterodimer to respond to PARP1. This is the first description of PARP1 having an effect on

a component of the NHEJ apparatus in the V(D)J recombination process.
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4. Discussion

The structure of the Ku heterodimer provides an elegant solution to recognizing and
binding DNA breaks. The intricate folding of the two subunits results in the formation of a
central cavity in which the DNA is threaded through, providing for a stably bound
protein:DNA complex. Ku binds to DNA in a specific orientation to DNA ends with Ku70,
which is suggested to be the subunit required for the involvement of Ku in DNA repair,
oriented toward the free end of the DNA, and Ku80, which is suggested to be the subunit
involved in protein-protein interactions, oriented toward the interior of the DNA (33; 65;
83). The formation of a Ku:DNA complex is highly stable and is able to remain intact for
over 24 hours in vitro (177). Following binding to the DNA, Ku is able to slide inward on
the DNA in a so-called “bind-and-slide” mechanism stalling at internal sites of DNA
molecules (80; 81; 82). This complex, yet elegant method that Ku employs to bind DNA has
been described in numerous studies yet only a of them few studies have investigated the
manner in which Ku is removed from the DNA once repair has been completed. The data
presented herein is the first known description of an active dissociation of Ku from DNA,
independent of free DNA ends. I have demonstrated that PARP1 is able to mediate the
active dissociation of Ku from DNA regardless of the presence of DNA ends. Mutation of
specific glutamate residues within the C-terminal SAP domain of Ku70 results in the
inhibition of Ku ribosylation and the PARP1-mediated release from DNA. Furthermore, the
mutation of these residues in vivo results in the prolonged retention of Ku at sites of DNA
damage, increased sensitivity to bleomycin and H,O,, and a decrease in the proliferation and
growth rate of cells. Given its abundance within the cell and the numerous roles it

undertakes, understanding the fundamental mechanisms regulating the DNA binding of Ku
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provides a more robust knowledge about the functioning of the heterodimer. The results
presented in this study suggest that the deregulation of the DNA binding activity of Ku

impacts several aspects of the function of Ku in the cell, and ultimately the cell’s survival.

4.1  PARP1 ADP-ribosylates the SAP domain of Ku70

Previous studies have suggested that aside from the autoribosylation of PARPI itself,
the predominant targets for ribosylation by PARP1 are DNA bound proteins, such as
histones (134; 135), DNA repair factors (146; 147), DNA ligases (150), and DNA
polymerases (145). Consistent with this trend, in vitro studies using purified components in
solution were able to show that PARPI is able to ribosylate Ku (174; 175), and this
ribosylation causes a decrease in the binding affinity of Ku (174). While these studies
showed that Ku in solution was able to be ribosylated by PARP1, they failed to ascribe the
ribosylation to a specific domain within the heterodimer. In addition to confirming that
PARP1 is able to ribosylate both subunits of the Ku heterodimer in vitro, 1 halve also been
able to identify mutations within the SAP domain of Ku70 that prevent ribosylation of the
Ku heterodimer. Interestingly, while these mutations were within the Ku70 subunit of the
heterodimer, they appear to prevent the ribosylation of both the Ku70 and Ku80 subunits.
The results of the present study cannot address whether the ribosylation of Ku80 is
dependent upon the ribosylation of Ku70, or the mutations in Ku70 are directly inhibiting the
ribosylation of Ku80. In order to address this, mutations within the Ku80 subunit which
prevent its ribosylation by PARP1 would need to be identified. The same candidate domain
approach used here could be applied to the Ku80 subunit, identifying domains in the Ku80

subunit which, given their location in the Ku heterodimer bound to DNA, could be
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accessible and targeted by PARP1. While the mutations in the SAP domain were shown to
prevent the release of Ku, it is possible that this retention was not a result of preventing the
ribosylation of Ku70 directly, but moreover an effect of preventing the ribosylation of the
entire heterodimer. The active release of Ku from DNA by PARPI might require the
ribosylation of both subunits, and identifying the mutations within the Ku80 subunit that
prevent its ribosylation would provide a more detailed description of how PARP1 mediates

the active dissociation of Ku from DNA.

4.2  PARP-1 manipulates the interaction of Ku with DNA

The in vitro and the immunofluorescence data presented here show that the inhibition
or prevention of the ribosylation of Ku results in prolonged residency of Ku on DNA. The
SAP domain of Ku70 is defined as a DNA binding domain that, upon binding of Ku to
DNA, transitions from the base of the heterodimer to being proximal to the central cavity
and interacting with the DNA, potentially stabilizing the binding of Ku to the DNA (67, 83).
The accumulation of negative charges associated with ribosylation has been shown to
influence the association of proteins with DNA (133), and it is possible that the ribosylation
of the SAP domain specifically, destabilizes the binding of the SAP domain to the DNA,
permitting Ku to slide more freely on the DNA. If the loss of ribosylation results not only in
the retention of Ku on DNA, but also in an impediment of the inward translocation of Ku on
the DNA, then this may help reconcile the errors V(D)J attributed to a defective NHEJ
apparatus. Previous studies have shown that the DNA ligase IV-dependent ligation is
stimulated by Ku independent of DNA-PK;, but requires the inward translocation of Ku on

DNA (31; 212). Additionally, Ku has been shown to inhibit HR repair at I-Scel-generated
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DSBs in PARP1 deficient DT-40 chicken cells (17), at RAG-generated breaks in mouse
embryonic stem cells (213), and at telomeres (214). Taken together, these results suggest
that if the ability of Ku to be removed from the DNA end (either by inward translocation or
by dissociation) is inhibited, then Ku at the DNA end prevents either HR- or NHEJ-mediated
repair from occurring by restricting access to the DNA ends; which is the suggested role that
Ku plays while located on the telomeres. The ribosylation of Ku by PARP1 would cause the
removal of Ku from the end — either through the inward translocation on DNA or the
altogether loss of Ku from the DNA — and in turn, providing the repair proteins access to the
ends.

It was previously shown that the Ku heterodimers on DNA ends in vivo is in a
dynamic equilibrium with the Ku heterodimers in solution, cycling on and off the end with a
half-life of 2 minutes (178). This however is in stark contrast to the in vitro observations
that the Ku heterodimer is stable on linearized DNA for over 24 hours, and does not transfer
between DNA molecules (81; 176; 177) with the measured dissociation constant (kq) of Ku
ranging in the nano- to picomolar range (31; 76; 215; 216). This in vivo cycling of Ku
molecules on the DNA end observed by Mari er al. (178) could result from the turn-over of
the Ku resident on the DNA end through ribosylation, and subsequent deribosylation. The
glycosidic activity of PARG is highly proficient and ir vivo PAR polymers have a rather
short lifespan and the accumulation of PAR polymers is a transient event (143).
Additionally, I have shown in vitro that following treatment with PARG the DNA binding
ability of ribosylated Ku was restored. Taken together this supports the notion of PARP1
accelerating the turn-over of Ku at the DNA end, and the same molecule of Ku could rebind

the DNA end following catabolism of the PAR chains by PARG. Alternatively, given the
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abundance of Ku within the nucleus it is conceivable that the release of one Ku molecule
would be immediately replaced by another. Either case would suggest that the mutations in
the SAP domain of Ku70 that prevent PARP1-mediated release of Ku from the DNA would
also prevent the shuttling observed by Mari and colleagues (178).

While it is conceivable that the ribosylation of Ku increases the mobility of Ku on the
DNA, allowing Ku to translocate to the interior of the DNA or slide off the free end of the
DNA, this mechanism is not sufficient to explain the observations that PARP1-mediated
release of Ku also occurs in the absence of DNA ends. Therefore the release of Ku is likely
to involve alterations in the heterodimer that extend beyond translocation of the SAP
domain, involving an opening of the heterodimer and possibly the dissociation of the Ku70
and Ku80 subunits. The extent to which the two subunits progress from an opened state that
slides freely on the DNA, to a complete dissociation of the Ku from the DNA may be a
function of the amount of ribosylation imposed on the heterodimer, suggesting that the
ribosylation of Ku may progress in a step-wise fashion (Figure22). As discussed
previously, this is supported by the in vitro ribosylation experiments which show that both
subunits of the heterodimer are ribosylated by PARP1, and mutation of the SAP domain
prevents ribosylation of the entire heterodimer. Additionally, the rebinding experiments
with PARG would suggest that removal of the PAR groups would allow Ku to re-establish
its “closed” structure and rebind the DNA.

It appears contradictory that the role of PARP1 (whose enzymatic activity is
stimulated by its binding to DNA) is to help initiate the inward translocation of Ku from the

DNA end by ribosylating the SAP domain of Ku70, and yet Ku, localized to the DNA ends,
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Figure 22. Model of PARP1-mediated regulation of Ku binding activity. (1.) Following
formation of DSB, (2.) Ku binds to the free DNA ends and is stabilized by the translocation
of the SAP domain which binds to the threaded DNA. (3.) PARP1 is recruited to the DNA
end and ribosylates the SAP domain of Ku70. (4.) Ribosylation of the SAP domain
destabilizes its association with the DNA and causes the SAP domain to move away from
the DNA. (5.) This repositioning of the SAP domain places the heterodimer in the “open”
position and allowing it to move more freely on the DNA, either translocating inward away
from the end, or sliding off of the end itself. (6.) Further ribosylation of the heterodimer
(Ku80 in particular) is possible, which could cause additional structural alterations to the
heterodimer resulting in the release of Ku from the DNA, regardless of DNA ends.
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prevents access of other proteins to the DNA. However, these apparent conflicting
observations may be reconciled by further examining the structure of the Ku heterodimer
bound to DNA. As mentioned previously, the Ku heterodimer forms a cradle-like structure,
with a relatively flat base that holds the DNA, while a bridge-like structure encircles the
DNA (Figure 4a). Much of the DNA surface facing away from the cradle base is exposed
except the 3 to 4 bp of DNA encircled by the bridge-like structure (217). This arrangement
with the bulk of the Ku protein on one side of the DNA helix allows other proteins access to
the contralateral, exposed surface of the DNA helix (24), and may provide a solution to how
PARPI becomes activated at DNA ends occupied by Ku.

In order to form a functional NHEJ complex, Ku at some point must be stable on the
DNA end so that DNA-PK, can be recruited and NHEJ can proceed. The recruitment of
DNA-PK to the damage site may alter the ribosylation of Ku, either by preventing the
initial ribosylation from occurring, or by stabilizing the ribosylated Ku on the DNA. The
recruitment of DNA-PK,; to the site of DNA damage occurs within minutes of the damage
occurring (213), which is similar to the recruitm‘ent 'of PARPI1 to DSBs (16). If DNA-PK;
prevents the ribosylation of Ku by PARPI, then a competition between DNA-PK, and
PARP1 for Ku at the DNA end may exist, and the outcome of this competition would
determine the mechanism of repair. This idea is supported by the observations that by
preventing procession through NHEJ by either inhibiting the catalytic activity of the early
components (DNA-PK,;) (205) or deleting the latter components (XRCC4, DNA ligase IV)
(178) the assembled DNA-PK complex (containing both Ku and DNA-PK;) is stable on the

DNA end and is retained at the DSB. This stalled repair complex diminishes the repair

capability of the cell, and the DNA lesions remain unrepaired. Conversely, cells lacking
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DNA-PK,s, the repair of DSBs through NHEJ is compromised, however repair is not absent
and under these conditions HR or a back-up NHEJ (NHEJ-b) repair is suggested to repair the
breaks (178). In both instances, Ku would be present at the DSB, however it may suggest
that in cells lacking DNA-PK.;, PARP1 is able to remove Ku from the DNA ends and other
mechanisms can attempt repair. On the other hand, in cells where DNA-PK,; is present but
lacks its catalytic activity, DNA-PK binds to Ku blocking it from PARP1 and preventing
the ribosylation of Ku; as a result, a non-functional DNA-PK complex occupies the DNA

preventing any form of repair from occurring.

4.3 Consequences of Ku70 ribosylation

The loss or inhibition of proteins involved in the detection and repair of DSBs
consistently results in cells with an increased sensitivity to DNA damage. Studies have
shown that cells lacking PARP1 are deficient in DSB repair and display increased sensitivity
to ionizing radiation and alkylating agents (17; 157; 208; 209), while the loss of either
subunit of the Ku heterodimer renders cells deficient in DSB repair and more sensitive to
DNA damage (29; 49; 210). Interestingly, the experiments performed here show that cells
expressing the mutant forms of Ku which are unable to be ribosylated by PARP1 in vitro
also display an increased sensitivity to DNA damage. The MEF cells expressing either the
ASAP or Ku70°® mutants had a significantly increased sensitivity to bleomycin- or H,O,-
induced DNA damage compared with the WT cells, however these cells were not as
sensitive as Ku70-deficient cells. While this increased susceptibility to DNA damage was
noticeable at all dose points, the intermediate phenotype of the SAP mutants was most

noticeable at the highest doses used. This suggests that at low doses of DNA damage, the
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mutant forms of Ku70 are able to elicit a DNA damage response and repair some of the
breaks, however at higher doses of DNA damage this response is insufficient and results in
an increased sensitivity to DNA damage as compared with the WT-restored cells. While this
could be the result of a failure to activate proper repair pathways, such as HR, it may also be
the result of the prolonged residency of Ku on the DNA following repair ultimately leading
to a disruption in the post-repair processes. The reduction in survival and prolonged
retention during the nuclear retention assays are not able to address whether these
observations are the result of lower levels of repair, or a slower rate of repair. Further
studies will be required to delineate exactly the how much repair is occurring and what
stages of the NHEJ repair process are defective, however it may be possible to suggest at
which stages the defects in repair may be occurring given the results obtained through the
YH,AX signaling and V(D)J recombination experiments. The induction of YH,AX signaling
and the immediate localization of Ku to foci following bleomycin treatment would argue that
the initial repair signals are intact, while the aberrations observed in the V(D)J
recombination assays suggest that errors occur later in the repair process, possibly during the
processing of the break. Taken together, these results would suggest a novel role for PARP1
in the resolution of DSBs repaired through the NHEJ pathways. To date, PARP1 has not
been suggested to play an active role in NHEJ but is believed to be important for the
regulation of the repair pathway choice (17; 211). However, the results presented here
implicate PARP1 as playing a more direct, active role for in NHEJ-mediated repair. It is my
hypothesis that the role of PARP1 in NHEJ-mediated repair is to facilitate the translocation

of Ku from the DNA end, and ultimately the release of Ku from the DNA.
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Previous studies have shown that the presence of Ku at DNA ends inhibits the HR
repair process, and this inhibition can be overcome by the deletion of various members of
the NHEJ apparatus. DNA lesions formed by treatment with CPT are typically HR-directed
and the involvement of the NHEJ apparatus during the processing of CPT-induced breaks is
suggested to be detrimental to the repair process and the survival of the cell (193).
Consistent with these studies, the Ku-restored MEFs (both WT and mutant forms) had a
significantly reduced survival compared with the Ku-deficient MEF cells. Interestingly, the
WT cells were the more sensitive to CPT exposure than the ASAP- and Ku70*E-restored
cells. Given that it is proposed that the presence of Ku and the NHEJ apparatus is
detrimental to the recovery from CPT exposure by preventing HR from accessing the DSB,
it might have been expected that the SAP mutants would have been more sensitive to CPT
than the WT cells as they would bind to the DNA breaks and reside longer on the DNA than
the WT Ku. This longer residence could be expected to make the mutant Ku a more potent
inhibitor of HR than the WT Ku. However, the observed differences in survival may not
reflect the true sensitivity to CPT-induced DNA damage, but may be suppressed by the
differences in the growth rates between the WT and mutant cells. Double stranded DNA
breaks induced by CPT are derived from the collision of the ongoing replication fork with
the topoisomerase I-cleaved DNA complex (201; 219). If the WT-restored cells proliferate
faster, then they will “experience” more CPT-induced DSBs for the same dose than the
slower growing ASAP and Ku70°" cells. Therefore it may be that the mutant Ku is more
detrimental to the repair of CPT-induced breaks, yet fewer breaks occur in these cells as a

result of their reduced growth rate, compensating for the reduced repair.
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4.4 The involvement of PARP1 in V(D)J recombination

V(D)J recombination is the process of introducing controlled, site-specific DSBs for
the recombination of the genes involved in generating the diverse repertoire of T cell
receptor (TCR) and immunoglobulin (Ig) molecules. The requirement of the Ku heterodimer
and the NHEJ apparatus in V(D)J recombination has been well established and is involved in
the resolution of both the coding ends and signal ends. Cleavage of the RSS to form the
signal ends results in the formation of blunt ends which the NHEJ apparatus treats as a
simple DSB, which the NHEJ apparatus can ligate together without the loss of nucleotides
(108). However, cells with deficiencies in either the Ku heterodimer or in DNA-PK
display reduced recombination efficiencies and imprecise recombination events of the signal
sequences (29; 49; 56; 109). Consistent with these previous studies, the Ku70°E and the
ASAP mutant cells had decreased V(D)J recombination efficiency and display errors in the
recombination products, with deletions of either the 12- or 23-RSS, vector rearrangements,
and chromosomal translocations all taking place. While V(D)J recombination was not
completely absent, these irregularities suggest a deregulation of the processing of the break
and appear to be suggestive of erroneous cleavage events, which could suggest a defective
NHE]J apparatus.

The role for PARP1 in V(D)J recombination is less defined and there are
contradictory studies suggesting that PARPI facilitates the resolution of coding end
resolution (146), or acts as an antagonist to V(D)J recombination in DNA-PK-deficient
cells (218). Interestingly, the evidence presented in the current study may bridge these two
seemingly contradictory results by suggesting that the role of PARPI in V(D)J

recombination reactions is in the regulation of Ku on the DNA; a function that is more a

98



characteristic of PARP1 function in NHEJ than in V(D)J recombination specifically. The
proposed role for PARP1 in NHEJ repair is to mitigate the movement of Ku from the DNA
end by ribosylating the DNA bound SAP domain. I have been able to show that preventing
the ribosylation of Ku results in the prolonged residency of Ku on the DNA. The presence
of an immobile Ku on the DNA following cleavage by RAGs is detrimental to the resolution
of the breaks, as illustrated by the drastically reduced recombination efficiencies in the SAP
mutant MEFs. In order to circumnavigate the immobile Ku on the DNA and repair the
RAG-induced breaks, the repair apparatus could utilize the nuclease activity of Artemis, a
protein known to be involved in V(D)J recombination (219; 220; 221; 222), to cleave the
DNA occupied by Ku. Therefore, for appropriate V(D)J recombination to proceed, PARP1
regulates the association of Ku at the RAG-induced breaks. Inhibition or prevention of this
regulation results in the prolonged residence of Ku at the repair site, which in turn inhibits

the repair of the break.

4.5  Alternatives to ADP-ribosylation for regulating Ku binding?

Despite structural variations, the Ku heterodimer is functionally conserved in all
eukaryotes. The conservation and the variations of the Ku heterodimer between species may
reflect the differences between the roles and regulation of Ku in each organism.
Homologous recombination-mediated repair dominates the DSB repair process in yeast, and
while the NHEJ process exists, its roles, along with the roles of Ku, are minor in comparison
to their mammalian counterparts.

Postow and colleagues have recently described the ubiquitylation of the Ku80

subunit as a mechanism for regulating the binding of the Ku heterodimer, specifically
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directing Ku toward ubiquitin-mediated degradation (223). Under cellular conditions the
subunits of the Ku heterodimer are always associated with each other within the nucleus;
however the in vitro experiments presented by Postow and colleagues are focused primarily
on the Ku80 subunit and not on the activity of the entire heterodimer. As opposed to the
data presented within this thesis, the experiments presented by Postow were performed
entirely in the presence of DNA ends. Their data did not address the instances where Ku
was located on the interior of the DNA, nor did they examine significance of the
ubiquitylation on the role of Ku in DSB repair.

However, the implication of ubiquitylation regulating Ku’s association with DNA
may still be valid, especially in cases where PARP activity may be compromised or absent,
as it is in yeast. To date, no homologs for any of the PARP family members have been
identified in yeast. Interestingly, the yeast homolog of Ku70 lacks both the PAR binding
motif and the SAP domain, and these variations between species may reflect the differences
between the regulation of Ku binding in each organism. Although the absence PARP and
the Ku70 SAP domain may merely be coincidental, it does however suggest that an
alternative mechanism for regulating the DNA binding of Ku exists in yeast with

ubiquitylation being a possible candidate.

4.6  Future Studies

The data presented here describes the regulation of Ku binding through ribosylation
by PARP1 and describes the in vivo implications of deregulating Ku binding, however this
study is just the initial investigation into the role of Ku ribosylation and there is still a

number of questions left to be answered. Future experiments are required to expand on the
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findings presented here, as well as to address some questions which were raised as a result of
these findings.

While this study has shown that the ribosylation of Ku will abolish its DNA binding
ability and cause Ku to be released from both linear and ccDNA, the timing of the
ribosylation was not investigated. The binding of Ku to DSBs is not a static event and
although the initiation of NHEJ repair involves the binding of Ku to the DNA, other factors
are recruited to the break site and Ku transitions to the interior of the DNA so that NHEJ
may proceed. Although this study has shown that PARP1 regulates the DNA binding of Ku,
it is important to further understand the impact of this interaction and modification in the
context of the biologically relevant system. In order to do this, it would be interesting to
reconstitute a complete in vitro NHEJ repair system to determine what influence the other
members of the NHEJ apparatus, DNA-PK; in particular, have on the ribosylation of Ku;
and to understand the timing of Ku ribosylation. The ccDNA release assay described within
this study (Section 3.4) would provide an in vitro assay to which it would be possible to
assess the impact of the NHEJ apparatus on the ribosylation and release of Ku during the
NHEJ process. By supplementing the described system with purified components of the
NHEJ apparatus, and then examining the ribosylation status of Ku it would be possible to
determine when in the repair process Ku was being ribosylated.

The idea of dissociating subunits is supported by the results presented in the
rebinding experiments performed with PARG, whereby Ku that had been ribosylated and
released from DNA, was able to rebind DNA following treatment with PARG (Figure 10).
In those experiments, the treatment of PARG allowed the rebinding of Ku to the DNA,

however the amount of Ku that rebound the DNA represented only 30% of total amount of
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Ku available in the reaction. Although it is possible that the catabolism of PAR by PARG
was incomplete, it is also possible that the ribosylation of Ku causes a dissociation of the
heterodimer. Since the formation of the heterodimer requires an intricate folding of the
subunits, the reformation of the heterodimer may not have been complete in these reactions,
thus the amount of rebound Ku is less than the total amount of Ku in the reaction. In order
to test whether the ribosylation of Ku causes a complete dissociation of the heterodimer
further experiments need to be conducted. These experiments could include immobilizing
Ku on a resin by tagging one subunit of the heterodimer. Following ribosylation of the
immobilized protein, western blot analysis of the untagged subunit would determine the
extent of heterodimer dissociation.

The Ku70°® mutants were more sensitive to DNA damaging agents, which could
reflect deficiencies in repair. Also the IF assays showed that the Ku70°F mutations remained
at repair sites longer than their WT counterparts. While this result does not directly address
whether the Ku70°® mutants are proficient in DNA repair, or whether the Ku is residing at
internal sites on the repaired DNA, it does suggest that there are differences in the repair
process. However the fundamental question as to whether Ku is proficient in DNA repair
when its ribosylation is prevented remains to be addressed. Previous studies have examined
the proficiency of repair by transfecting cells with linear DNA with non-compatible ends,
and following transfection, examined the joined products through ligation mediated PCR
(ImPCR), or through double selection in bacteria (224; 225). By transfecting the restored
MEFs with various forms of linear DNA, it would be possible to evaluate their efficiency of
repair. While some of the previous studies have shown distinguishable differences in repair

following the transfection of linearized DNA, other studies have shown that the ligation of
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the linearized DNA does not require a competent repair apparatus (224). If no notable
differences are detected in the MEFs, it may be worthwhile to perform a modified ChIP
assay, using the transfected DNA as a template following immunoprecipitation of the Ku.
These assays would be an in vivo extension of the ccDNA release assays.

The V(D)J recombination process involves the introduction and repair of controlled,
site-specific breaks in the genome, to which NHEJ is intimately involved. The Ku
heterodimer is believed to have a critical contribution in the V(D)J recombination process, as
illustrated by studies which showed that the loss of either subunit of the Ku heterodimer
results in a severely reduced efficiency and proficiency of V(D)J recombination. The data
presented herein suggests that the DNA binding activity of Ku greatly influences the V(D)J
recombination capabilities of the cell and implicates a role for PARP1 in the resolution of
the products of V(D)J recombination. While the mechanism by which PARP] is involved in
regulating the V(D)J process is unclear, there are a number of studies which continue to
implicate the involvement of PARP1 in V(D)J recombination. Ongoing studies within our
lab may provide some insight into the role that PARPI play in regulating the involvement of
Ku in V(D)J recombination. Through in vitro GST-pull-downs and in vivo IP assays, we
have shown that RAG1 interacts with Ku and we have mapped this interaction to the SAP
domain of Ku70. The significance of the interaction between RAG1 and the SAP domain of
Ku70 needs to be further investigated and it is possible that PARP1 plays a role in
modulating the Ku-RAG1 interaction. The recovered recombination products from the
ASAP and Ku*® mutants would suggest that the ribosylation of Ku may be effect the
interaction between Ku and RAG1. As an initial investigation towards understanding these

roles, it would be beneficial to determine whether the ribosylation of the SAP domain
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distupts the interaction of RAG1 and Ku70. Additionally, to further investigate the
involvement of PARP1 in V(D)J recombination the in vivo recombination assay could be
repeated in PARP1-deficient cells, or in the presence of PARP inhibitors.

Although it is necessary to develop a further understanding of the role that
ribosylation plays in regulating Ku during DNA repair, it would be valuable to extend some
of the future studies into examining whether ribosylation is involved in regulating other
functions of Ku. This study has shown that rescuing Ku70 knock-out cells with Ku70°E or
ASAP Ku results in differences in the growth rates compared to the WT Ku. As previously
suggested, these differences may be due to the other roles of Ku within the cell, specifically
the functioning of Ku at telomeres. Given the previous findings that suggest that by
maintaining Ku’s association with telomeric DNA results in shortened telomeres and

0°F would have

telomere fusions (44), this may suggest that cells expressing ASAP or Ku7
telomere aberrations. It would be interesting to study the effect of these mutations on Ku’s
telomere function. Although there are countless experiments which could be used to
examine the integrity of the telomeres in the Ku70°F MEFs, these studies may include PCR

based length analysis of telomere length, or fluorescent in situ hybridization (FISH) to

identify telomere fusions.

4.7 Summary and Conclusions

The regulation of DNA repair pathways is believed to be directed by the binding of
the initiation factors to the DNA ends, and it is the competition for the DNA ends and the
interaction of the initiation factors at the DNA that ultimately determines which repair

pathway is used for the repair of the break. Two key moderators in the regulation of the
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repair processes in higher eukaryotes are PARP1 and the Ku heterodimer, and studies have
shown that in some cell types, it is the competition between PARP1 and Ku for binding to
the DNA ends that determines the pathway which is utilized (17; 188). The data presented
here suggests that in addition to the competition for binding PARP1 can directly regulate
Ku’s binding to DNA by ribosylating the SAP domain of Ku70, and this regulation may
ultimately influence the choice of repair pathway. The current study has shown that the
ribosylation of Ku causes its release from DNA, either from the interior of DNA or at the
DNA ends. The data presented in this study is the first demonstration and characterization
of the regulation of Ku binding to DNA, and constitutes the first study showing the release
of Ku from interior positions of DNA. The data contained within this study suggests that
disrupting the ribosylation of Ku, and in turn preventing its release from DNA, impacts all of
Ku’s functions, including its retention at repair sites, and V(D)J recombination. These
impacts need to be studied further to determine their magnitude as this initial work suggests

that the interaction between Ku and PARP1 may extend beyond DSB repair.
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Appendices

Appendix I. Primers and oligonucleotides used in this study and primer-specific PCR
conditions.

Oligonucleotides for EMSAs

Primer Name Sequence
NS-23-For. 5’ -CCCTCGAGGTCGACGGTATCGAT-3’
NS-23-Rev. 5’ - ATCGATACCGTCGACCTCGAGGG-3’

Ku70 PCR mutagenesis primers:

Primer Name Sequence Tm (°C)
APAR For 5’ -CGGCAACAGGTCTTCTAGCTTGC-3’ 59.0
APAR Rev 5’ -GCCGATATAGTGATCTCTGTGGGC~3' 59.0
AHelix 5 For 5’ -CGGGTCATTGCCATGGGGGTTG-3’ 60.0
AHelix 5 Rev 5’ ~-GCCGGCATCTTCCTTGACTTGATG-3’ 61.3
ASAP For 5’ - CGGCGTACCCTTGCTGATGTGG-3’ 60.2
SAP Mutl F 5’ ~CCATGCTGAAAGCGGCCTGCCGGGCTTACG-3" 70.0
SAP Mutl R 5’ ~CGTAAGCCCGGCAGGCCGCTTTCAGCATGG-3" 70.0
SAP Mut2 F 5’ ~GAAGAAGCAGGCGCTGCTGGCAGCCCTCACC-3 73.3
SAP Mut2 R 5’ -GGTGAGGGCTGCCAGCAGCGCCTGCTTCTTCAGC -3 73.3

Covalently closed circle PCR primers:

Primer Name Sequence Tm (°C)
Control For. 5’ -AAGTTCATCTGCACCACCGGCAAGC-3’ 63.9
Control Rev. 5’ ~-CAGCACGGGGCCGTCGCCGATGGG-3 68.6
Ligation For. 5’ -GCTGTGGAATGTGTGTCAGTTAGGG-3’ 63.5
Ligation Rev. 5’ -AGATCATCCTGATCGACARGACCGG-3’ 64.5

V(D)J recombination analysis PCR primers:

Primer Name Sequence Tm (°C)
R3-200 5’ ~TGTTCCAGTCTGTAGCACTG-3" 58.2
R14-200 57 ~TCCAGCTGAACGGTCTGGT-3" 60.3
R3-290 5’ ~CAGCTGGCACGACAGGTTTCC-3’ 67.5
R14-290 5’ -TCCGGATGAGCATTCATCAGGC-3’ 68.8
R7 5/ -TTACGGGACTCTCGGCAGAAGCTA-3' 67.2
RS 5/ ~ATCCCGCCATGGTATCAACG-3' 60.5
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Appendix II. Amino acid sequence of human Ku70 subunit

001
061
121
181
241
301
361
421
481
541
601

* The GeneBank accession number for the amino acid sequence of human Ku70 subunit is

MSGWESYYKT
DMSIQCIQSV
QFKGQQGOKR
AKASRARTKA
DLLRKVRAKE
RTENTSTGGL
YLRPSLFVYP
DDQKIQVTPP
PVLOQHFRNL
TKRKHDNEGS
EALTKHFQ

EGDEEAEEEQ
YISKIISSDR
FQDMMGHGSD
GDLRDTGIFL
TRKRALSRLK
LLPSDTKRSQ
EESLVIGSST
GFQLVFLPFA
EALALDLMEP
GSKRPKVEYS

EENLEASGDY
DLLAVVFYGT
YSLSEVLWVC
DLMHLKKPGG
LKLNKDIVIS
IYGSRQIILE
LFSALLIKCL
DDKRKMPFTE
EQAVDLTLPK
EEELKTHISK

KYSGRDSLIF
EKDKNSVNFK
ANLFSDVQFK
FDISLFYRDI
VGIYNLVQKA
KEETEELKRF
EKEVAALCRY
KIMATPEQVG
VEAMNKRLGS
GTLGKFTVPM

LVDASKAMFE
NIYVLQELDN
MSHKRIMLET
ISIAEDEDLR
LKPPPIKLYR
DDPGLMLMGF
TPRRNIPPYF
KMKAIVEKLR
LVDEFKELVY
LKEACRAYGL

SQSEDELTPF
PGAKRILELD
NEDNPHGNDS
VHFEESSKLE
ETNEPVKTKT
KPLVLLKKHH
VALVPQEEEL
FTYRSDSFEN
PPDYNPEGKV
KSGLKKQELL

Domain

Nucleotides

Amino Acids

a-Helix

PAR BINDING MOTIF
SAP DOMAIN

540 to 598

730 to 795
1717 to 1821

180 to 196
244 to 265
572 to 606

P12956.

** Underlined amino acids correspond to identified glutamate residues targeted by PARP1
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Appendix III. Amino acid sequence of human Ku80 subunit

1 MVRSGNKAAVVLCMDVGEFTMSNSIPGIESPFEQAKKVITMEFVQRQVFAEN
51 KDETALVLEFGTDGTDNPLSGGDQYONITVHRHLMLPDEFDLLEDIESKIQP
101 GSQQADFLDALIVSMDVIQHETIGKKFEKRHIEIFTDLSSRFSKSQLDII
151 IHSLKKCDISLQFFLPFSLGKEDGSGDRGDGPFRLGGHGPSFPLKGITEQ
201 QKEGLEIVKMVMISLEGEDGLDEIYSFSESLRKLCVFKKIERHSIHWPCR
251 LTIGSNLSIRIAAYKSILQERVKKTIWTIVVDAKTLKKEDIQKETVYCLNDD
301 DETEVLKEDIIQGFRYGSDIVPFSKVDEEQMKYKSEGKCFSVLGFCKSSQ
351 UQRRFFMGNQVLKVFAARDDEAAAVALSSLIHALDDLDMVATVRYAYDKR
401 ANPQVGVAFPHIKHNYECLVYVQLPFMEDLRQYMFSSTLKNSKKYAPTEAQ
451 LNAVDALIDSMSLAKKDEKTDTLEDLFPTTKIPNPRFQRLFQCLLHRALH
501 PREPLPPIQQHIWNMLNPPAEVTITKSQIPLSKIKTLFPLIEAKKKDQVTA
551 QEIFQDNHEDGPTAKKLKTEQGGAHFSVSSLAEGSVTSVGSVNPAENEFRV
601 LVKQKKASFEEASNQLINHIEQFLDTNETPYFMKSIDCIRAFREEAIKFS
651 EEQRFNNFLKALQEKVEIKQLNHFWEIVVQDGITLITKEEASGSSVTAEE
701 AKKFLAPKDKPSGDTAAVFEEGGDVDDLLDMI

* The GeneBank accession number for the amino acid sequence of human Ku80 subunit is

NP_066964.
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Appendix IV. Amino acid alignment of human and yeast Ku70 sequences.

Score = 56.2 bits (134), Expect = le-05

Identities = 112/513 (21%), Positives = 201/513 (39%), Gaps = 57/513 (11%)

HKU70 1 MSGWESYYKTEGDEEAEEEQEENLEASGDYKYSGRDSLIFLVDASKAMFE 50
— L MRV INA PN S e BNy DGR DL L s 44
HKU70 51 SQSEDEL-TPFDMSIQCIQSVYISKIISSDRDLLAVVFYGTEKDKNSVNF 99
YKU70 45 B DLEYKSPLL BT LS DS YR T AT COY P YRR A REsT 54
HKU70 100 KNIYVLQELDNPGAKRILEL--—--——-—-———- DQF----KGQQGQKRFQD 133
YKU70 05 VELFPLADINAPEUKKI NOLLEDLSSGRISLYDYFMPOOTCSEKOVALSY 144
HKU70 134 MMGHGSDYSLSEVLWVCANLFSDVQFKMSHKRIMLFTNEDNP-HGNDSAK 182
— 145 LETEILDLEE e POk SNKRYLET D DRPORAGDIDE 185
HKU70 183 ASRARTKAGDLRDTGI---~~ FLDLMHLKKPGGFDISLFYRDIISIA--- 224
YKU70 186 RA;LRRLTIglFéNKVNFATFé;é——YADé;——Lé ;EéiSéiLQLGSHT 230
HKU70 225 -EDEDLRVHFE~ESSKLEDL----LRKVRAKETRKRALSRLKLKLNKDIV 268
Yku70 231 NENTOLDSEEDGRSTER I DAKY TKOR T LRKKEY-KRIMPOCPLILORKEY 279
HKU70 269 ISVGI-=—~—m=me———— YNLVQKALKPPPIKLYRETNEPVKTKTRTFN 304
Yk070 260 BIVGVKGYTMYTHEKAGYRYKLVYE- e HEDIRORAYSKRKFIN 320
HKU70 305 TSTGGLLLPSDTKRSQIYGSRQIILEKEETE---ELKRFDDPGLMLMGEFK 351
YKU70 121 TGRS DN OO EA IOk O Lk b 369
HKU70 352 PLVLLKKHHY---LRPSLFVYPEESLVIGSSTLFSALLIKCLEKEVAALC 398
YKU70 570 S SRS LY FNN DRSS T Y POEAKY B TR RS DL LKA 417
HKU70 399 RYTPRRNIPPYFVALVPQEEELDDQKIQVTPPGFQLVFLPFADDKRKMPF 448
— 516 WORDKSNSHPSIT ISP emo SSUKDYNEGFYLYRVPFLORIRKEP. 459
HKU70 449 TEKIMATPE-—-—~—- QVGKMKAIVE-—=--- KLRFTYRSDSFENPVLQQH 486
- 460 -1 LSYDDOSEHKL DY DNMKKVTOS INGY FLRDGYNPS DFRNPLLOKE 507
HKU70 487 FRNLEALALDLMEPEQAVDLTLPKVEAMNKRLGSLV---DEFKELVY-~-— 530
Y70 508 YRVLHDYELG oo P DENE PN ORMREDDSLRKLYY TR 550
HKU70 531 ——=~=m=—= PPDYNPEGKVTK~=~—~—~ RKHDNEGSGSKRPKVEYSEEELK 565
YKU70 551 KILESEKSEDPYIORLNKYVKIHNMEYKKENDONT S KERRKPEDKKP—— 598
HKU70 566 THISKGTLGKFTVPMLKEACRAYGLKSGLKKQELLEALTKHEQ 608

YKU70 599 ~mm—mmm——— ;;ﬁ; 602
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