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Chapter 1

Introduction

1.1 Outline

The stability and integrity of a genome depends on how accurately the genetic
information is ·passed on to each daughter of a dividing cell. This accuracy is
compromised when the genome is exposed to various stressful conditions, including
ionizing radiation (IR), radiomimetic agents such as bleomycin, neocarzinostatin, and
etoposide, free radicals generated from metabolic processes, and also errors during
replication. The effect is DNA damage resulting in potentially lethal double-strand ~reaks
(DSBs). The causes are as follows: DSBs are also created as intermediates during
specialized recombination processes, such as V(D)J recombination, immunoglobulin
class switching and somatic hypermutation [1-3].
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The causes and consequences of a DNA break are outlined in Figure 1.1. The
. :occurrence of double-strand breaks· induces. cell-cycle arrest [4]. The breaks may be
-correctly repaired in which case the cells resume normal growth
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Figure 1.1 Causes and consequences_ of double strand.breaks

If they are not repaired, the :cells may undergo apoptosis. If they are incorrectly

repaired,. the results may ~e chromosomal translocation, genomic instability, and cancer
[5-7]. ·
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The double-strand DNA breaks need to be repaired with a high degree of
precision and accuracy. Organisms have evolved with specialized repair pathways to
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Figure 1.2 Homologous recombination and non homologous end joining pathways of
DNA double-strand break repair

repair these breaks - the two important repair pathways being Homologous
Recombination (HR) and Nonhomologous End Joining (NHEJ) (Figure 1.2).

HR is genetically and biochemically well studied in yeast and mammals [8-10).
First, the DNA ends are resected in to create 3' single-strand tails. The 3' single-stranded
tails invade the double helix of a homologous, undamaged partner DNA. They are
extended by the activity of DNA polymerase that copies information from the partner
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[11]. In contrast, NHEJ requires neither an undamaged homolog nor any other
sequence homology. The NHEJ pathway catalyzes repair of DSBs by joining together
and ligating two free DNA ends with very limited homology (microhomology) [12,13] or
-two DNA ends with no homology" [14]. Ciften, the two ends are li$ated quickly and
efficiently with only limited loss of sequence at the break site [ 1].

The relative importance of HR and NHEJ in mammalian DSB repair is
.

'

.

controversial, but it is believed that the HR process is predomin~nt during meiosis and
when sister chromatids are available during late Sand G2 stages of the cell cycle. NHEJ
is predominant during Gl and early S stages. The cells presumably use an error-prone
process because of the difficulty in bringing a homologous sequence from a distant site in
the nucleus (r_evie_~ed in [15-17]). Another line of evidence suggests that the kind of
DNA ends encountered by the protein also influence the choice in the pathway [18,19].
Hence, it is generally accepted that NHEJ is a pathway of choice in higher eukaryotes due
to the need for efficient recognition, processing and joining of DNA with varying end
structures.

Deficiencies in DSB repair in proteins are associated with hereditary diseases
including Nijmegen breakage syndrome, Ataxia telangiectasia, and Bloom's syndrome.
Deficiencies in DSB repair also predispose individuals to, breast cancer [20-23]. Cells
defective in NHEJ display various chromosomal aberrations including translocations,
telomeric fusions and deletions [24,25]. Somatic cell genetic studies, mouse models and
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in vitro studies have dire9tly linked this defect in_NHEJ to- defects in the expression of
proteins involved in this process. Deletion or mutations of NHEJ genes also result in high
sensitivity to ionizing radiation.

One reason that it is important to understand the NHEJ mechanism is to be able to
manipulate the process for cancer therapy. For instance, the ability to increase IR
sensitivity could be exploited to improve the efficacy of radiation therapy for cancer. A
recent study has shown that one of the essential repair factors, the DNA-dependent
Protein Kinase catalytic subunit (DNA-PKcs) is a suitable molecular target for gene
therapies such as siRNA and anti-sense RNA. DNA-PKcs is also a potential target for
novel inhibitory small molecules [26].
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1.2 Statement of the problem and overall specific aims

In humans, IR-induced DNA double strand breaks (DSBs) are repaired predominantly by
nonhomologous end joining (NHEJ). Reconstitution of the NHEJ reaction from purified
proteins is an important approach for investigating the mechanism and regulation of DSB
repair, which would otherwise be difficult to access in the complex milieu of a whole
cell. There are at least five polypeptides that participate in mammalian NHEJ - the two
subunits of Ku, which bind to DNA ends; DNA ligase IV (L4) and XRCC4 (X4), which
form a comp!ex that catalyzes strand ligation; and the DNA-dependent protein kinase
catalytic subunit (DNA-PKcs), which regulates the reaction. Previous studies in our
laboratory show that these five known polypeptides are insufficient to reconstitute
regulated, high efficiency DNA end joining in a cell-free reaction. The addition of a small
amount of nuclear extract to such a reaction, however, greatly increases its efficiency,
'

.

suggesting the presence of additional DSB repair factors in the extract. Based on ,this my
overall hypqthesis of the dissertation is,

"Nuclear extracts contain one or more additional factor(s) that are essential for
efficient DNA end joining''
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The following are the specific aims of the project:

1.2.1 Aim 1

To reconstitute a DNA-PKcs-dependent end-joining system with a minimal s·et of
essential factors

Observation: The system 'requires an additional factor to stimulate efficient in vitro end
joining. The factor directly interacts with DNA and promotes inter-molecularHgation of
DNA ends.

1.2.2 Aim ·2

To identify the additional factor and demonstrate the requirement for efficient end
joining.

Observation: The factor was identified as a complex of Polypyrimidine tract binding
protein associated splicing factor (PSF) and a 54 kDa nuclear RNA binding protein
(p54(nrb)). This complex has DNA pairing activity and is present in the same functional
pre-ligation complex of Ku70•Ku80.

21

1.2.3 Aim 3

To test whether PSF•p54(nrb) complex directly stimulates pairing of opposing
DNA ends and whether- the, prese1:1-ce of another _repair protein complex,
Ku70•Ku80, influences this activity. This work also involved the development of
a rapid protein-DNA binding and DNA synapsis assay.

Observation: PSF•p54(nrb) binds to DNA both alone or together with Ku70•Ku80
without apparent cooperativity. Both Ku70•Ku80 and PSF•p54(nrb) promote synapsis of
opposing DNA ends, and the effects of the protein together are approximately additive.
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1.3 Literature Review

1.3.1 Evidence for requirement of essential factors for
Nonhomologous End Joining in a mammalian system

Identification of the requirement of the essential factors for nonhomologous end joining
is based on results in an in vitro system, somatic cell genetic studies and knockout mouse
models.

1.3.1.1 Ku Heterodimer

NHEJ in mammals requires the DNA-dependent protein kinase (DNA-PK) - a multisubunit serine/threonine kinase consisting of an approximately 470 kDa catalytic subunit,
DNA-PKcs, and a DNA binding component called Ku [15]. Ku is itself a heterodimer of
two subunits, termed Ku70 (69 kDa) and Ku80(83 kDa). Ku was first identified as an
autoimmune antigen in patients with scleroderma-polymyositis overlap syndrome [27].
The cloning of cDNAs. and genes for Ku subunits from a variety of species has now taken
place and has revealed that both Ku70 and Ku80 exist in organisms ranging from yeast to
man [28J. Cell genetics and in vitr~ studies have characterized the binding of Ku
heterodimer to DNA. The figure below shows a model of Ku binding to the DNA ends.
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Ionizing radiation induces DNA double
strand breaks

Ku bctcrodimcr recognizes and binds to

broken DNA ends

Figure 1.3 High affinity binding of Ku heterodimer to the DNA

Ku binds with high affinity to the DNA ends regardless of their sequence or
structure of the ends (blunt, recesses, or hairpin), and it can only enter and exit DNA
molecules at the end [15]. Ku has the ability to bridge two DNA ends [29] and this
ability accounts for the high-fidelity repair pathways seen in cell extracts [30,3 1].
Targeted Ku80 mutation in mice resulted in the arrest of B and T cell development
resulting in deficient V (D) J recombination. Both coding-joint and signal-joint
formations were found to be defective. Though the mice were viable and able to
reproduce, considerable reduction in growth was observed [32,33]. The Ku70 knockout
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mice exhibited a phenotype similar to the Ku80 knockout with an addition of defective
DNA end-binding activity, suggesting that Ku heterodimer is stable only if both Ku70
and Ku80 are present [34].

1.3.1.2 DNA-dependent protein kinase catalytic subunit (DNA-PKcs)

DNA-PKcs was first identified as a nuclear protein component (p350) that was
consistently purified along with-DNA-PK activity [35,36]. During purification, the DNAPK holoenzyme was separated into two fractions, one of which contained Ku and the
other contained p350. The kinase activity was reconstituted when these two fractions
were mixed. Nearly at the same time, DNA-PKcs cDNA was cloned by screening a HeLa
cDNA library[37]. This investigation provided evidence that DNA-PKcs belongs to the
PI-3kinase family, is capable of phosphorylating Spl, and may phosphorylate various
other substrates. Studies of the DNA binding properties of DNA-PK (the regulatory
component, Ku heterodimer and catalytic subunit, DNA-PKcs) indicated that these
components specifically bind to the DNA ends and are activated in the presence of DNA
[38-40]. This suggested a role for this protein in DNA repair, cell-cycle control and DNA
damage response. The figure below shows a model for DNA-PK binding to DNA
[41,42].
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Figure 1.4 Recruitment ofDNA-PKcs to the DNA ends and inward translocation of Ku

Somatic cell genetics showed evidence that DNA-PKcs/p350 is absent in cells
obtained from SCIO (severe combined immuno deficient) mice and that this absence is
correlated with defective double strand break (DSB) repair and V(D)J recombination [4345]. Also, murine ES cells, with a targeted disruption in the kinase domain of DNAPKcs, exhibited deficiency in V(D)J recombination [46] . The V(D)J recombination
process results in the formation of signal joints; joining of normal blunt ends and coding
joints and processing of closed hairpin ends before joining. The truncated ES cells were
able to form the signal joints but unable to form coding joints. Further studies were
performed on Xenopus eggs and mammalian cells to confirm this observation. Extracts of

Xenopus eggs were shown to join duplex DNA ends successfully [47,48]. In an
experiment where, oxidatively modified, blunt and cohesive 3 ' phosphoglycolate DNA
ends was treated with Xenopus egg extracts, the end joining was inhibited by kinase
inhibitors such as wortmannin and dimethylaminopurine [49]. This suggested a highly
specialized DNA end-joining process, which could be mediated by specific
phosphorylation events and DNA-PKcs, being a phosphorylating enzyme. A positive
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correlation between the inhibition of DNA-PK activity and inhibition of end joining
was obtained [50]. DNA-PKcs-targeted null-mutant mice, exhibited a phenotype more
similar to SCIO mice. Also, no effect on growth was observed. Further, elevated levels of
circulating T lymphocytes were observed in DNA-PKcs mutant mice, when compared to
SCIO mice [46,51].

1.3.1.3 DNA Ligase IV•XRCC4

The DNA Ligase IV and XRCC4 (L4•X4) complex is a functional complex th~t ligates
two juxtaposed DNA ends during NHEJ. Both these polypeptides are of vital importance
to organisms, since deficiency of either Ligase IV or XRCC4 leads to embryonic )ethality
in knock-out mice [34,52,53]. The purified complex has a molecular mass of
approximately 300 kDa, thus is a tetramer that contains two molecules of each subunit
[54]. XRCC4 can be phosphorylated by DNA-PKcs in vitro[55], thus decreasing its
affinity for DNA, suggesting that protein-DNA interaction of the complex or the
individual subunits are regulated by DNA-PKcs [56].
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Figure 1.5 DNA Ligase IV•XRCC4 recruited to the site of breaks to ligate the ends.

1.3.2 Requirement for kinase activity and substrates

The previous section provided an introduction to the protein factors involved in assembly
of a basic DNA end joining machinery. In this section, I describe the importance of the
kinase domain in the NHEJ process. An in vitro cell-free end-joining system based on
human cell-free extracts provided an important lead to study the mechanism of DNA endjoining in mammalian cells [30). The extracts were immunodepleted using serum
antibodies to Ku and DNA-PKcs. Addition of a constant amount of purified exogenous
Ku at varying amounts of DNA-PKcs showed a dose dependent increase in end-joining
activity. This study provided a strong evidence for the involvement of DNA-PKcs in
DNA end joining in mammalian cells. The DNA-PK holoenzyme itself occupies a central
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position in the NHEJ process because it recognizes and binds damaged DNA. The role
of DNA-PK complex is evaluated on two grounds: Does this complex serves as a
'scaffold' to dock other repair factors at the site of the break or do they 'alter the activity'
of other repair factors via its serine/threonine phosphorylation ?

There are several lines of evidence that demonstrate DNA-PKcs kinase activity in
NHEJ. The DNA-PKcs is a large 470 kDa subunit composed of 4127 amino acids. The
sequence contains an open reading frame (ORF) of 12,228 base pairs [38]. The carboxyl
terminus of the protein is highly related to the carboxyl catalytical domains of the
proteins that fall under the PI3kinase superfamily, with conserved DXXXXN and DFG
motifs. Cross-linking studies have shown that after Ku binding to the DNA ends, DNAPKcs is positioned at the DNA ends interacting and translocating Ku further inwards
[57]. To resolve the DNA-PKcs-DNA interaction, CryoEM imaging was carried out,
which provided a 3D structure for DNA-PKcs [41,42]. This enzyme has an open cagelike conformation comprising of a crown at one end and a base at the other with a gap inbetween, which is large enough to allow the passage of a B-form double-strand DNA
molecule [58].

1.3.3 Functional importance of kinase domain

The requirement for DNA-PKcs in higher eukaryotes, but not in yeast suggests a need for
-

more s.tringent regulation of the repair process due to a large genome size. DNA-PKcs
occupies a central position, making sure that all events occur in proper sequence, all
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proteins are in place and a synapsis is established between the opposing ends.: This
process is especially important because it introduces branches in the repair pathw.ay such
as recruitment of other essential processing enzymes, diverting to a productive alternate
pathway, or even cell death. This diversion to alternate outcome is important in
maintaining the efficiency of the end-joining process.

In DSB repair, diversion to alternate pathways often occurs through protein
phosphorylation events: undergoing autophosphorylation as we have evidence in the case
of DNA-PKcs or phosphorylating other substrates. To understand the functional
importance of this kinase domain, a recombinant protein expression system was
developed in mammalian cells [59]. A full-length, functional cDNA was expressed in a
human and rodent DNA-PKcs mutant cell line. Four different mutations were introduced
'

'

in the kinase domain by site-directed mutagenesis, and these mutant. cDNAs were
expressed in the cells to determine whether this kinase domain is required for the kinase
activity and DNA double-strand break rejoining activity. The serine/threonine kinase
activity was determined using a modified phosphorylation assay. The absence of
substrate phosphorylation in the cells expressing mutant cDNAindicated that the kinase
domain is vitai for kinase activity of DNA-PKcs ..·Further, _ the cells were subjected to
ionizing radiation and assayed for survival and J?NA double-strand break repair. The
results indicated that none of the_ cells expressing the mutant cDNA of the DNA-PKcs
was able to restore the radiation-resistant phenotype like the cells expressing wild-type
cDNA. This strongly suggested that _kinase activity of DNA-PKcs is involved in DNA
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DSB repair. A key experiment was performed where several endogenous proteins in
Xenopus egg extracts were phosphorylated in the presence of linear DNA [50].

Interestingly, kinase inhibitors suppressed the phosphorylation in a dose-dependent
manner that paralleled inhibition of DNA end joining. This implicated a role for DNA-·
PKcs in an early, essential, local phosphorylation event during end joining of DNA
double strand breaks in vitro.

Several studies were carried out to understand the exact mechanism of kinase
activation and the physiological targets. There is evidence that single- and double-strand
DNA stimulates kinase activity of DNA-PKcs [60]. Efficient kinase activation required
DNA larger than 12 bp based on the structural information known. Earlier studies on
identifying t~~_DNA-PK complex showed that this kinase phosph~rylated the carboxyl
terminal domain (CTD) of RNA polymerase II and the phosphorylated form contained
phosphoserine and phosphothreonine, suggesting that it is a serine/threonine kinase [61].
Ku is an in vitro substrate for DNA-PKcs. Ku has a high affinity to the DNA ends and
enhances the kinase ,activity of DNA-PKcs. The phospho-acceptor sites are present both
in the C-terminal and N-terminal regions of the Ku heterodimer [62]. When induced by
ionizing radiation, DNA-PKcs can also phosphorylate XRCC4 [63]. Recent studies in our
lab suggested that the N-terminal and C-terminal region of caspase cleavage site in
XRCC4 has the potential phosphorylation sites ofDNA-PKcs.
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1.3.4 Autophosphorylation of DNA-PK and synapsis of opposing DNA
ends

Autophoshorylation is another interesting mechanism that has been shown to be involved
in regulation of kinase activity and is also a requ~rement for DNA end-joining activity.
DNA-PKcs undergoes autophosphorylation in vitro, and this event correlated with the
reduction in the kinase activity by dissociation of DNA-PKcs from the DNA ends [64].
This reduction in the kinase activity was restored by the addition of purified exogenous
DNA-PKcs. There are at least seven in vitro autophosphorylation sites identified [65]
using solid-phase protein sequencing, mass spectrometry and phosphospecific antibodies
in DNA-PKcs: Thr609 , Ser612 , Thr

2620

,

Ser624 , Thr638 , Thr647 , and ser3205 . Cells

-·•

expressing DNA-PKcs with mutations in six of the seven autophosphorylation sites
(T2609A, S2612A, S2620A, S2624, T2638A and T2647A) were more radiosensitive than
cells that lacked DNA-PKcs and had a severely impaired ability to repair co~ing and
signal ends in vivo in extrachromosomal V(D)J recombination assays [64,66]. Also,
DNA-PKcs is autophosphorylated at sites Thr2609, Ser2612, Thr2638 and Thr2647 in
okadaic acid-treated human cells. Au~ophosphorylation at these sites could be an
important mechanism to regulate NHEJ.

As we have discussed before, there are five gene products required for NHEJ in
mammalian system. Ku; the DNA binding subunit, DNA-PKcs; the catalytic subunit, and
L4/X4 with the ligase activity. The DNA-PKcs focused considerable attention, because
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the binding to DNA ends activated the kinase. Hence this kinase activity in some way
contributes to the latter steps of the· pathway. There is a requirement for the proteins to
assemble and form a synaptic complex at the DNA ends. Initial studies showed that Ku
binds to the DNA and recruits DNA-PKcs to the DNA ends [67]. Photo crosslinking
experiments using modified DNA probes showed that Ku upon binding to the DNA,
orients itself to one face of the helix, allowing DNA-PKcs to contact the DNA [68].
Electron microscopic evidence of DNA-PKcs-DNA showed that DNA-PKcs plays a key
role in bringing DNA ends together in a synaptic complex. This strongly suggested that
this initial synapse formation is essential for kinase activation and this kinase activation
modulates the later steps of NHEJ [69]. This study demonstrates that the complex we
have identified from purifcation of HeLa cell nuclear extarct, PSF•p54(nrb) could
stabilize this -~ynaptic complex. Based on recent studies, a model is provided for the role
of DNA-PKcs autophosphorylation in end joining. Autophosphorylation is stimulated
when two ~nds of the same DNA molecule are brought together in a synaptic complex
[70]. followed by dissociation ofDNA-PKcs [71]. The two synapsed DNA termini do not •
dissociate· after DNA-PKcs autophosphorylation suggesting that there is an a~ditional
factor that is responsible for holding the ends together. This may result in remodeling of
the complex allowing access to processing enzyme as well as DNA ligase. The ends are
held in such a way that only an intermolecular ligation reaction is favored, presumably in
the presence of L4• X4. Since PSF•p54(nrb) demonstrates a strong evidence for
promoting intermolecular ligation, we believe that this could be the complex that
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stabilizes the DNA ends prior to ligation. A model for autophosphorylation-mediated
.

..

dissociation ofDNA-PKcs is shown in Figure lE

Figure :t6 Autophosphorylation-~ediated dissociation of DNA-PKcs from DNA
ends in the presence of additional factors ~enoted by dotted oval.

. Antibodies developed· against one or. more potential phosphorylation .sites is a
.

.

.

.

..

.

.

valuable tool in assessing the· associati_on between certain phosphorylation events· and the
presence of DNA-PKcs in vivo [72]. Artemis and Werner proteins are also potential
targets for phosphorylation by DNA-PKcs. Artemis,· a DNA DSB repair V(D)J
.

.

· recombination protein was first identified to be mutated in human SCID. It has been
· implicated to be involved in hairpin-opening activity during NHEJ and V(D)J
recombination [73,74]. Werner (WRN),. the helicase protein that is found to be deficient
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in Werner syndrome, has been implicated to be involved in DSB repair. WRN is
phosphorylated by DNA-PKcs in a Ku-dependent manner [75].

There is significant importance for the presence of kinase activity during this
assembling process. One rationale for the requirement of kinase activity is that this kinase
could act as a "reaction checkpoint." It could be involved in checking if the proteins
assemble in an ordered sequence and the process is complete before the nuclease
remodeling of DNA occurs. It could be the point where a reaction halts in its pathway
and decides on a correct direction whether to obtain its product or assume a diverse route,
a branched pathway. The decision that the kinase takes would be more dependent on the
substrates it encounters. Phosphorylation of the specific substrate could be an important
factor in determining the next step of the reaction. In our system, the DNA break has to
be inspected and decide where it has to be repaired, thus proceeding in the end-joining
pathway, or cannot be repaired, thus going to the apoptotic pathway. A number of papers
discusses on more common cellular process like DNA replication, RNA splicing and
protein translation, that describes about different pathways, which the system could
decide to adopt, for maintaining a balance between efficiency and accuracy.

1.3.5 Non-homologous end joining in a yeast system

DNA DSBs are induced by exposure to IR and treatment with radiomimetic drugs. These
DSBs are also formed as intermediates during recombination events in both prokaryotic
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and eukaryotic cells_. One of the representative examples is yeast Saccharomyces

cerevisiae, the genetics of which has been studied extensively to . understand the
mechanism of DNA DSB repair in lower eukaryotes. It was known that DSB ·repair in
yeast is mediated by activities of the RAD52 epistasis group, RADS0-RAD57 gene
products. Rad52 mutation in .cells resulted in reduced frequency of m_ating-type switching
event, improper meiotic segregation and defect in mitotic recombination events. .

Later, a new DNA binding protein, called HDF was identified and purified. It i~ a
stable heterodimer with two polypeptides, 70 and 85 kDa. The 70 kDa subunit, termed
HDFl, has significant homology to human Ku70 [76]. Mutation studies were performed
on these genes to explain the phenotype. Both hdfl and rad52 double mutants s.howed a
cumulative effect on the sensitivity to bleomycin, a radiomimetic antibiotic, suggesting
that hdfl is located downstream of rad52 and is involved in DSB repair and successful
completion of the recombination events [77]. The hdfl mutants showed decreased rate of
illegitimate recombination or NHEJ and are not involved in homologous recombination
[78]. Also the yeast hdfl mutant was less sensitive to UV and ionizing radiation than its
mammalian homologue, Ku70. Also, during G 1 phase the haploid ·cells in yeast were
more sensitive to ionizing radiation indicating that a homologous DNA molecule is
required for DSB repair [79]. These results suggested that in yeast, homologous
recombination plays a major role and hdfl-dependent illegitimate recombination plays a
minor role, unlike the mammalian system where Ku dependent NHEJ process plays a
major role in DSB repair.

I
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Two groups identified the yeast homologue ofKu80, yKu80p/HDF2, nearly at the
same time [80,81]. They found that HDFl itself cannot bind DNA but requires the
presence of HDF2. This shows that HDF2 is the DNA binding subunit of the complex
and HDFl stabilizes this binding. In order to understand the functional characteristics of
this heterodimer HDF 1/HDF2 or yKu70/yKu80, null mutants were generated where
either or both genes were disrupted for functional.analysis. DNA end-binding assay with
immunodepleted and immunoprecipitated proteins showed that these two proteins are coexpressed and are present in the same DNA end-binding complex. Also, from in vivo
studies it was clear that yeast Ku is needed for efficient and precis'e end joining in yeast
cells [82]. Double mutants of Ku80 and rad52 exhibited more sensitivity to ionizing
radiation rather than single rad52 mutants, suggesting that these genes act in two 'different
repair pathways. The role of yeast Ku proteins in telomeric maintenance was further
investigated [83]. _In yeast there is a phenomenon called telomere position effect, where
the genes placed near the telomere are subjected to transcriptional repression. Some of
the best-characterized genes are SIR2, SIR3 and SIR4 (silence information regulator
complex). Disruption of these genes resulted in a drop in plasmid rejoining similar to that
seen in Ku disruption suggesting that they_ are involved in Ku dependent NHEJ pathway,
and also these proteins act at the same stage ~f NHEJ process' as that of Ku.

S. cerevisiae does not possess a clear homologue for DNA-PKcs. However a

protein called tel 1p, showing a slight homology, was also investigated for its participation

37
in NHEJ. Analysis of the NHEJ product from mutant tellp yeast showed complete
rejoining with no deletions suggesting that this protein is not a component of Kudependent NHEJ in yeast.

Yeast Mre 11 along with Rad50 and Xrs 2 form a complex and are localized to
sites of double-strand DNA breaks [84]. This complex assumes different roles, including
DSB repair in Saccharomyces (reviewed in [85]). LIG4 in yeast is a homologue of
mammalian DNL IV [86,87]. A double mutant of Lig4/Rad50 showed an increase in
sensitivity to ionizing radiation compared to the rad52 single mutant alone, suggesting
that LIG4 acts independently of Rad52. Also, lig4/yku70/rad52 triple mutants were no
more sensitive than lig4/rad52 or yKu70/rad52 mutants, suggesting that LIG4 functions
in Ku-depende~t NHEJ pathway. LIFl is the yeast homologue of the human ligase IV
interacting protein,.XRCC4 [88]. LIFl targets LIG4 to the chromosomal DNA DSBs in
the presence of Ku.

Studies show that S.cerevisiae DNA polymerase POL4p an~ the flap_
endonuclease FENl p participate in microhomology-mediated NHEJ events that require
nucleotide processing and gap-filling before joining of ends [89]. The POL4p specifically
interacts with LIF4p/LIG4p and enhances the catalytic activity of these enzymes,
providing a mechanism for gap filling and end joining. There are several stuoies that
characterized NHEJ in another yeast, Schiwsaccharomyces pombe. S. pombe showed
1

Ku70 and LigaseIV- dependent NHEJ [13]. Unexpectedly, Rad32 and Rad50 (homologue
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for Mrel.1 and Rad50 respectively) are not required for NHEJ. Also, the Ku70 is
required for transcriptional silencing and is present throughout the nucleus rather than
concentrated near the telomeres.
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1.3.6 Other repair factors - Involvement in NHEJ ·in a
mammalian system

There are a number of additional repair proteins implicated to be involved in various
stages of the DNA repair process.

In mammals, the Rad50•Mrell•NBS1 complex is localized to the end of the
DNA, where Mrel 1 is involved in microhomology mediated joining of DNA ends [13].
In yeast, S.cerevisiae, deletion in respective homologues, Rad50•Mrell •Xrs2 causes ·a
nearly 100-fold reduction in non homologous end repair of HO-induced DSBs. In
mammals, the role for this complex is difficult to access because deletion of one· or more
of these proteins results in loss of function that affects normal cell growth. Recent studies
in our lab showed that in vitro end-joining activity in a cell-free system co-purified with
Mrel l•Rad50•Nbsl implicated an intrinsic role for these proteins in the mammalian
nonhomologous end-joining pathway.

Artemis is another recombination and repair gene product that was identified. A
mutation of Artemis in human, results in hypersensitivity to DNA DSB inducing agents
and absence of T and B lymphocytes (RS-SCIO phenotype) [72]. Artemis forms a
complex with DNA-PKcs and can open hairpins generated by the RAG proteins .. During
V(D)J recombination, hairpin-opening activity precedes the nonhomologous DNA endjoining pathway [73].

40

BRCAl was first identified as a tumor suppressor gene, and its inactivation could
result in development of breast, ovarian and other malignant tumors [90]. It seems to
associate with at least with two other proteins, BARD 1 and RAD5 l, and appears to
relocalize to replicating DNA structures after DNA damage. This preferential recruitment
to abnormal DNA structures suggests a possible role for this protein in DNA damage
sensing_and repair function [91]. Interestingly, B~CAl· co-localizes with hRAD50 in a
complex that contains hRAD50/Mrel 1/NBS 1 [91]. Non-homologous end-joining :activity
was deficient in cell-free extracts from BRCA-1 null fibroblasts, and addition of partially
purified BRCAl in association with Rad50•Mrell•NBS1 complemented the NHEJ
deficiency [12,92].

The Rad51 protein of S.cerevisiae is a structural homolog of th~ E.coli
recombination enzyme recA. In yeast, Rad51 protein is important for mitotic and: meiotic
recombination and also for the repair of double-stranded DNA breaks [93]. Cultured
human cells were treated ·with different DNA-damaging ·agents and intracellular
distribution of Rad51 was analyzed. Interestingly, many hundreds of Rad51 focal sites
were distributed throughout the nucleus, suggesting that these sites represent repair
domains where the protein .could assemble in functional complexes and damage be
repaired.
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Wemer syndrome is a recessive autosomal disorder leading to premature aging.
WRN was first identified as a gene product that is defective in W emer syndrome that
posses both exonuclease and helicase activities. WRN seems to interact with K.u70•80
and also DNA-PKcs. The cells defective in WRN are mildly sensitive to ionizing
radiation. These results strongly suggest that WRN could be involved in NHEJ [94].

p53 binding protein 1 (53bpl) is a protein proposed to function as a
transcriptional co-activator of the p53 tumor suppressor. Upon exposure to ionizing
radiation, 53bpl is-localized to discrete foci within the nucleus. This represents: sites of
DNA DSB processing. Interestingly, this protein co-localizes with y-H2AX, Mrel 1 and
Nbs 1 foci. This suggests a specific role for this protein in the cellular response to DNA
DSBs [95].

There is evidence that protein kinase chk2 forms distinct nuclei foci in response to
ionizing radiation [96]. DNA polymeraseµ is another protein that has been recently
implicated to be involved in the NHEJ pathway because it forms distinct nuclear foci
after ionizing radiation [97]. It seems to interact with Ku and XRCC4•DNA Ligase IV to
form a stable complex on DNA in vitro.

H2AX is one of the three types of histone H2A molecules that have been
implicated to be involved in the first cellular response to the introduction of DSBs.
Immediately after DNA damage, H2AX is phosphorylated at S139. Antibody specific to
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the phosphorylated form of H2AX (y-H2AX) was generated recently. It has been
shown that this protein localized in.large chromatin domains ·at the site. of DNA damage,
which makes it one of the candidates forqour investigation [98-100]

High mobility group protein (HMO) 1 and 2 are abundant, ubiquitously expressed
non-histone chroI?osomal proteins consisting of a repeated DNA-binding domain A and
B and an acidic carboxyl terminal region. The molecular weight is about
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kDa.

Previously HMO proteins 1 & 2 ~ere implicated to be involved in RAG 1- and· RAG2mediated cleavage at a V(D)J recombination signal. Interestingly, it seems to enhance
both intramolecular and intermolecular ligation reactions of DNA DSBs by increasing
DNA-PK activity in preparations containing DNA-PKcs and Ku protein. This strongly
suggests the involvement of HMO proteins in DNA end joining [101,102].

1.3.7 Development of a cell-free system

An in vitro cell-free system was developed over a decade ago, using cell extracts from
Xenopus laevis, human lymphoblasts and human HeLa cell nuclei. I have included here a
synopsis of key papers listed chronologically that lead to the development of an efficient

in vitro system.

1. Petra Pfeiffer and Walter Vielmetter, 1988, Joining of non-homologous DNA

double stranded breaks in vitro: Nucleic Acids Research, 16,907-924.
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This is one of the earliest papers known to report reconstituting end-joinin~ in vitro
using extracts of Xenopus laevis eggs. This extract provided a self-contained in vitro
system, which could join non-homologous termini of duplex DNA. The substrate
DNA was generated by restriction digestion of a plasmid DNA using :specific
restriction enzyme to make cuts that provided different ends for study. Tl;le DNA
sequences of the junction products from this substrate DNA were studied ext~nsively.
Efficient joining was achieved in blunt ends and four-nucleotide-long 3' and 5'
protruding single-strand (PSS) termini. The reactions were carried out at 13° C and
for 30 min.

2. Micaela P.Fairman, Andrew P. Johnson and John Thacker, 1992, Multiple
components are involved in the efficient joining of double stranded DNA breaks
·in human cell extracts. Nucleic Acids Research, 20,4145-4152.

Here they describe a cell-free system for the repair of DSBs in nuclear extract of
human 293 cells, an embryonic kidney cell line transformed with adenovirus DNA.
They described the initial attempts to separate crude extract into various fractions.
They identified tw_o fractions, one with break-rejoining activity and another that
enhances ligation activity. This paper showed the first evidence that the activity in a
fraction can be separated during fi-a~tionation and can be reconstituted if frfl,ctions
containing two different activities are mixed together. They also conclude that
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factors, in addition to DNA ligases, are involved in the process of joining DSBs in
human nuclear extracts.

3. Xiao-Yan Gu, Micheal A.Weinfeld and Lawrence F, Povirk,1998. Implication of
DNA-dependent protein Kinase in an early, essential, local phosporylation event
during end-joining of DNA double-strand breaks in vitro. 37, 9827-9835.

This is one of the key papers in this field that strongly implicated the involvement of
DNA-PK in the DNA break-rejoining process. This work lead to the development of
DNA-PK-mediated double-strand break repair in an in vitro system. Here a 3'
phosphoglycolate (PG) DNA substrate was used for the end-joining reaction.
Xenopus egg extract was able to join the DNA ends very efficiently and also had the

ability to modify these ends prior to joining. Interestingly, this end-joining reaction
was suppressed when an inhibitor of DNA-PK was added to the reaction. Thus, this
data provided strong evidence for the critical requirement of a phosphorylation event
mediated by DNA-PK in an end-joining process in vitro.

4. Paul Labhart, 1999. Ku-Dependent Nonhomologous DNA End joining in
Xenopus Egg Extracts. Mol.Cell.Biol, 19, 2585-2593.

This paper shows that one of the components of the DNA-PK complex, Ku
heterodimer, is indeed essential for non homologous end joining catalyzed by
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Xenopus egg extracts and Barn.HI-digested DNA substrate. The results showed two

independent experiments, antibody inhibition and immunodepletion, to confirm the
requirement of Ku in the system. Hence, fractionation of extracts and reconstitution
of activity using purified extract became a versatile technique for identifying the
protein components required to reconstitute efficient end-Joining.

5. Peter Baumann and Stephen CWest, 1998, DNA end-joining catalyze~ by human
cell-free extracts. PNAS, 95,14066-14070. ·

This is one of the key papers that validated reconstitution as an efficient way to
restoring end-joining activity and an important method for identifying the requfl"ements _
of NHEJ. They used mammalian cell-free extracts derived from human lymphoblastoid
cell lines, and developed an in vitro system based on it. The end-joining reaction
occured very accurately without nucleotide loss or addition, and is catalyzed by
XRCC4/LigaseIV, Ku70/80 and DNA-PKcs. Interestingly, when they purified these
l

extracts to identify if any additional factors are responsible other than the factors
needed for the basic end-joining reaction, it resulted in three individual fractions.
Though the bulk of known factors were found in one fraction, the addition of another
fraction promoted efficient end-joining. Later, they found that this particular fraction
contains a compound known as Inositol Hexakisphosphate (IP6), which was
responsible for enhanced activity. This component specifically interacted with Ku
heterodimer.
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6. Kyung-Jong Lee, Juren Huang, Yoshohiko Takeda, and William S.Dynan, 2000
DNA ligase IV and XRCC4 form a'. stable mixed tetramer that functions
synergistically with other repair factors in a cell-free end-joining system.,
JBC,275, 34787-34796.

In our laboratory, we have expressed and purified a complex of two proteins, XRCC4 and
DNA ligase IV, that are critical for double-strand DNA break repair. The complex by
itself did not have substantial ability to join the double-strand DNA fragments, whereas it
synergistically interacted with other components such as Ku, DNA-PKcs, and other
repair factors present in HeLa cell extracts in an in vitro end-joining system. The high
specificity of this complex to Ku heterodimer provided an efficient way to reconstitute
the complex biological reaction in an in vitro system.

7. Juren Huang and William S.Dynan, 2002, Reconstitution of the mammalian DNA
double-strand break end-joining reaction reveals a requirement : for . an
Mrell•Rad50•Nbsl-containing fraction. NAR, 30,667-674.

This is one of the key papers that provided a basis for my study. Here, members of my
laboratory have carried out biochemical fractionation and in vitro reconstitution in order
to identify if additional factors, other than the known factors, are responsible for efficient
mammalian DNA end-joining system. The cell-free end-joining system used here showed
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a faithful dependence to Ku, DNA-PKcs and other proteins in the HeLa cell nuclear
extracts. They were able to identify a factor activity that co-purified with Rad50, Mrel 1
and NBSl.

1.4 Rationale
My project involved identifying additional repair factor(s) that could play an essential
role in DNA-PKcs-mediated nonhomologous end joining. The rationale behind this study
was derived from the paper mentioned above. During the attempt to reconstitute end
joining in a highly purified system, the reaction became independent of the presence of
DNA-PKcs. Adding back exogenously purified DNA-PKcs into the system formed an
inhibitory complex that inhibited the end-joining reaction. This was different from the
behavior of immunodepleted crude extract, where addition of purified DNA-PKcs
restored the end-joining reaction. This lead us to form a hypothesis that certain additional
proteins are required to mediate the DNA-PKcs-dependent end-joining reaction. These
proteins could have been separated from the fraction that contains DNA-PKcs and could
be active only in the presence of DNA-PKcs. Hence, reconstituting the activity by mixing
different fractions in a purified in vitro end-joining system would provide an efficient
way to identify these additional proteins.

One concern in reconstitution of reactions iti an in vitro system is the interference
with pathways other than the DNA-PKcs-mediated NHEJ pathway. Hence, use of a
purified system would increase the efficiency of reconstituting a more specific reaction

48
pathway that could help us identify other additional proteins that contribute to that
particular pathway. There are different criteria to reconstitute a "faithful" cell-free
system. The system should closely resemble the in vivo system, and should be able to
show efficient end joining in physiological conditions such as optimal salt concentration,
and temperature. The conditions of the system should permit protein-protein interactions
or any kind of protein modifications. The end-joining reaction should depend on the basic
protein components that are known to be essential to reconstitute the reaction, such as
Ku, Ligase IV/XRCC4, and DNA-PKcs. The system should exhibit sensitivity to specific
inhibitors or activators of the essential protein components.

Since there is a strong need for a purified system in order to identify the
additional proteins, we carried out a serial chromatographic purification of HeLa cell
nuclear extract. Depending upon the need for scaling ·up, 100-400 liters of HeLa cells
were used to prepare nuclear extract. We receive the commercially grown cells as pellets,
which are then treated with four packed cell volumes of 10mM KCl in hypotonic lysis
buffer and maintained at pH 7.9. The KCl concentration inside the cells is 150 mM,
which is a much higher molarity than outside in the buffer. When the lysis buffer was
added and incubated for 20 min, the cell membranes disrupted. Since cellular proteases
could pose a serious problem, the buffers used in the extraction procedures contain a
mixture of protease inhibitors. Further, the cell membrane is disrupted by
homogenization using Dounce Homogenizer to obtain a lysis efficiency of about 90%.
The lysed sample can be checked under a microscope using a hemocytometer, where the
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intact nucleus can be seen. Then it is subjected to centrifugation, where the cytoplasm
gets separated in to the supernatant and the nucleus forms a ~bite compact pellet. The
nuclei pelletis resuspended in extraction buffer containing 0.42 M KCl arid incubated for
30 min with constant stirring. This makes the nuclear membrane permeable, thus
releasing its contents. The extraction buffer also has 10% sucrose, which helps during
centrifugation to separate the nuclear extract into the supernatant and the nuclear matrix
into the pellet. Then the supernatant is collected and subjected to (NH4) 2SO4 precipitation.
Ammonium sulfate takes up the water molecules around the protein, exposing
hydrophobic sites on the protein. Because hydrophobic groups prefer to be together, the
proteins will aggregate and thus come out of solution. This procedure will yield a nuclear
extract that will be devoid of contamination. When centrifuged, the nuclear extract will
be pelleted, which can be washed and dialyzed against a suitable buffer. The nuclear
extract thus obtained is used for further .fractionation. Also, the nuclear extract thus
obtained will be clear of any chromatin structure. Although in many instances chromatin
structures play essential roles in double-strand DNA break repair, it is less needed in our
system at this point. We are focussing on an in vitro cell-free system that involves the
joining of two cohesive double-strand DNA ends in the presence of purified proteins.
This joining process efficiently occurs with very little or no processing at the chromatin
level.

Chapter 2

Distinct Pathways ofNonhomologous End JoiningDifferential ~egulation by DNA-PK Mediated
Phosphorylation

This work was published under the title, 'Distinct Pathways of :Nonhomologous End
Joining That Are Differentially Regulated by DNA-dependent P~otein Kinasemediated Phosphorylation', J Biol. Chem., Vol.278, 43, pp.41631-41635, 2003. The
candidate and Dr. Catherine L. Bladen are joint first authors in this publication. -The
principal investigator, Prof. William S.Dynan presented this work as an invited
lecture at 12th International· Co~gress -~f Radiation R~search, _2003, Bri'sbane,
Australia.

2.1 Overview
Nonhomologous end joining is the most common mechanism of DNA double-strand
break repair in human cells. Here we show that NHEJ can occur by two biochemically
distinct path'Yays. One requires a fraction containing the Mrel l •RadS0•NBS l complex.

so
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The other requires a fraction containing a novel, ,...,200 kDa factor th~t does not
correspond to any of the previously described double-strand break repair proteins. The
two pathways converge, sharing a common requirement for the DNA ligase IV/XRCC4
complex to catalyze the final step of phosphodiester bond formation. Whereas the
Mrel 1/Rad50/NBS1-dependent pathway does not require, and may be inhibited by,
DNA-dependent protein kinase-mediated phosphorylation, the new pathway depends on
this phosphorylation for release from a DNA-dependent protein kinase~mediated reaction
checkpoint. The existence of two distinct pathways, which are differentially regulated by
the DNA-dependent protein kinase, provides a possible explanation for the selective
repair defects seen in DNA-dependent protein kinase-deficient mutants.

2.2 Introduction

DNA double-strand breaks (DSBs) mediate the cytotoxic effects of ionizing radiation.
Two different repair mechanisms protect against these effects (reviewed in [103,104]).
Homologous recombination,. predominant in Saccharomyces cerevisiae and in the G2
phase of the vertebrate cell cycle, uses a second, intact copy of a DNA as a template for
repair of sequences spanning the break.

Nonhomologous end-joining (NHEJ),

predominant under most conditions in vertebrates, relies on direct ligation of DNA ends
by a DNA ligase IV/XRCC4 (L4/X4) complex. The L4/X4 complex requir~s accessory
factors for its activity, including the two subunits. of Ku protein (Ku70 and K~80), which
bind tightly to DNA ends to form an initial complex.

~
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In Saccharomyces cerevisiae, NHEJ also requires the M/R/X complex, composed
of MREl lp, RAD50p, and XRS2p (reviewed in [105]). This multifunctional complex
remodels and aligns broken DNA ends. The role of the M/R/X complex in other
organisms is uncertain.

The equivalent complex is not essential for NHEJ in

Schizasaccharomyces pombe [106]. In vertebrates, the equivalent complex is essential

for cell viability in the absence of DNA damage, so its specific role in NHEJ is difficult
to assess [107-109]. Naturally occurring mutant alleles of two proteins in the complex,
Mrel 1 and NBS 1 (functional equivalents of yeast MREl 1p and XRS2p, respectively) do
not cause specific NHEJ defects, although they are associated with human genetic
instability syndromes [110-112].

In vertebrates, NHEJ requires several proteins with no apparent orthologs in lower
eukaryotes. These include the DNA-dependent protein kinase catalytic subunit (DNAPKcs), which interacts with Ku and DNA to form an active protein kinase complex, and
Artemis, which processes DNA hairpin ends. Human NHEJ also requires a new, as yet
unidentified gene, which apparently does not correspond to any of the genes identified in
yeast [112]. The requirement for additional proteins in vertebrates may reflect the larger
genome size, where the increased likelihood of multiple, simultaneous breaks demands a
more efficient NHEJ system. In yeast, NHEJ is a secondary mechanism of repair that
comes into play only when homologous recombination is disabled.
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Understanding the relationship between vertebrate-specific NHEJ proteins,
especially DNA-PKcs, and the more primitive NHEJ system in lower eukaryotes is a
central challenge in the field. Do all of the proteins cooperate in a single pathway, or are
there multiple pathways involving distinct sets of proteins, perhaps targeted at repair of
different types of DSB 's? It is notable that phenotypes of mutants in vertebrate NHEJ
components vary in severity. Targeted disruption of murine L4 and X4 genes causes
death in utero [113,114]. Disruption of Ku genes produces viable mice that exhibit
radiation sensitivity, defective V(D)J recombination, progeria, and dwarfism [115,116].
Disruption of the DNA-PKcs gene produces mice that are normal except for radiation
sensitivity and selective repair defects [117,118]. The graded severity of mutant
phenotypes is consistent with idea of branched NHEJ pathways with some requirements
that are distinct and others that are common.

Here we apply biochemical tools to investigate the relationship between proteins
required for vertebrate NHEJ. We show that in vitro end joining catalyzed by the L4/X4
complex occurs by two biochemically distinct pathways.

One is the

Mrel 1/RadS0/NBS 1-dependent pathway originally defined in yeast, the other involves a
novel factor. The two pathways differ with respect to their requirement for DNA-PKcs
mediated phosphorylation, but converge on a common requirement for the L4/X4
complex.
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2.3 Materials and Methods

2.3.1 Protein Purification

Recombinant L4/X4 complex and Ku heterodimer were prepared as described [119].
Extract from 50-100 L of HeLa cell culture was applied to a 40 ml heparin-agarose
column (Sigma) pre-equilibrated with 0.1 M KOAc in DB buffer (20 mM Tris-HCl pH
7.9, 0.5 mM EDTA, 20% glycerol and protease inhibitors) [119]. The.column was eluted
stepwise with 0.1, 0.2, 0.4, 0.6, 0.8, and·1.o M KOAc in DB buffer. DNA-flKcs was
purified from the 0.6 M fraction, dialyzed and ·purified using a 20 ml Q-Sepharose HP
column (Amersham Biosciences) eluted stepwise with 0.1, 0.2, 0.3,- 0.5, 0.85, and 1.0 M
KOAc in DB buffer. The 0.5 M fraction was concentrated and subjected to Superdex 200
gel chromatography (HR 16/60 column, Amersham Biosciences). DNA-PKcs-containing
fractions, which elute near the void volume, were pooled and stored at -80 °C. Endjoining factors were purified from the 0.4 M KOAc heparin-agarose fraction by QSepharose chromatography as above, and the 0.3 M fraction was concentrated and
subjected to chromatography as above. Immunoblotting was carried out as described
[ 119] except that membranes were developed using ECF substrate (Amersham
Biosciences). Anti-Artemis was raised in rabbits against an internal peptide. Antibodies
to 53 BPI and HDAC4 were a gift of G. Kao (University of Pennsylvania). Anti-DNAPKcs (mAb 18-2) and anti-Ku (mAb 111 and N3H10) were from Neomarkers. Ot~er
antibodies were from commercial sources (M/R/N complex, SMCl, Rad51, WRN, Novus

55
Biologicals; Rad21, Neomarkers; MDCl, gift from S.J. Elledge, Bayl_or College of
Medicine).

2.3.2 DNA End Joining Assay

Assays were performed using 0.5 ng/µl radiolabeled linearized plasmid DNA with
product analysis by SDS-agarose gel electrophoresis [119]. Gels were 0.6% agarose
unless otherwise indicated.

2.4 Results

2.4.1 A. Novel L4/X4 Stimulatory Activity Obtained from HeLa
.

Cell Extracts

Extraction of proteins from HeLa cell nuclei and initial column fractionation were as
described [119]. Fractions were assayed for the ability to stimulate purified L4/X4,
which is otherwise inactive with linear duplex substrates. Consistent with previous
results, a fraction that eluted from heparin-agarose at 0.4 M KOAc strongly stimulated
end-joining activity (Fig. 2.1).
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Figure 2.1 Fractionation scheme. Nuclear extract (NE) was applied to indicated
columns and eluted with DB buffer containing indicated concentrations of KO Ac.
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Further.chromatography on a Q-Sepharose .anion exchange-column resolved two
activities, one eluting at 0.2 M-0.3 M and the other at 0.85M KOAc (Fig. 22)~_ Although
the 0.2 Mand 0.3 M fractions displayed· some endogenous DNA ligase activity, much
higher levels of activity were seen w~en the reactions were supplemented with exogenous
L4/X4 complex (Fig.2.3, compare lanes 5 and 7 with 6 and 8, respectively). The 0.85 M
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f.raction showed almo~t complete dependence on exogenous L4/X4 for activity·
(compare lanes 11 and 12). The requirement for L4/X4 demonstrates that end joining in
this assay reflects bona fide· NHEJ, as L4/X4 is the enzyme that.catalyzes NHEJ in vivo.
Moreover, the synergistic interaction of the fractions with exogenous L4/X4 indicates
that the fractions contain primarily a stimulatory activity, rather than .a DNA ligase per
se.

Hepar.inQ-Sepharose
agarose
fraction: . - . 0.1 --0~2- 0.3 . 0~5 0.85 1.0: .0.4 NE
' L4/X4: - + - + -~ +
+ - + - + --· + -- + - +·
Ku: + + + +: +. + + + + + + + + + - -:-- - -

-----------

product{
sub.sJrate ►

lane no: t 2 3 4 5 6 7 89101112·13141.516171.8
Figure 2.3 End-joining assays. Fractions were assayed for their ability to
stimulate DNA end-joining in the absence or presence of purified L4/X4 (100 ng)
and exogenous. Ku (25. ng) as· indicated.
Previous 'York: has shown that the ligase stimulatory activity of the 0.85 M
fraction is attributable, in part, to the _presence of. the Mrel 1/Rad50/NBS 1 (M/R/N)
complex [119]: Immunoblotting confirmed the presence of, the M/R/N complex in the
0.5 1VCand 0~85 M KOAc fractions. However, this complex, as well as its individual
components, were absent from the 0.2 Mand 0.3 M fractions (Fig. 2.4). Stimulatory
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activity of the 0.2 Mand 0.3 M fractions must therefore be attributable to a different
factor or factors.
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Figure 2.4 lminunoblotting. Fractions from Q-Sepharose column were analyzed
with indicated antibodies.

Immunoblotting was performed to detect other known DSB repair proteins in the
Q-Sepharose fractions. We prqbed with antibodies to the Werner syndrome gene product
(WRN), which interacts with Ku in vitro [120,121], Artemis; which is required for NHEJ
of hairpin-ended DNAs [122], and 53BP1, HDAC4,
and MDCl/NFBDl,
which localize
r
to.OSB sit~s in vivo [123-128]. We also probed with antibodies to the SMCl and Rad21
subunits of cohesin,

a protein implicated in DSB repair [129], and to Rad51,

a protein

required for homologous recombination [130]. Except fo:r traces of Rad51 in the 0.3 M
· fraction, none· of these proteins was detectable in the 0.2 M-0.3 M region of the QSepharose column profile. All of these proteins were detectable in unfractionated nuclear

59
extract (Fig. 2.4). Results suggest that activity of the 0.2 M-0.3 M fractions is not
attributable to known NHEJ proteins.

-2.4.2 Differential Regulation by DNA-PKcs Phosphorylation

One of the goals of our study_was to investigate the regulation of end-joining by DNAPKcs. DNA-PKc:s·- phosphorylati_on dependence is a distinguishing 'feature that
differentiates vertebrate NHEJ from the simpler process in S. cerevisiae and other model
organisms. End.joining was performed with various fractions in the presence and absence
.

.

of a ONA-PKcs inhibitor, L Y294002. :End joining with the hep~n-agarose 0.4 M KOAc
fraction was· partially inhibited by LY294002 (Fig. 2.5, lanes 12-13). The activities that
eluted_in different regions of the Q-Sepharose profile, however,.are oppositely regulated
by L Y294002. With only minimal levels of endogenous DNA-PKcs present, L Y294002
partially inhibited activity of the 0.3 M fraction (lanes 4-5), and actually stimulated
.

.

activity of the 0.85 M fraction (lanes 8-9). With addition of exogenous DNA-PKcs,
inhibition of the 0.3 M fraction was more pronounced (lanes 6-7), whereas the effect on
the 0.85 M fraction was unchanged (lanes 10-11 ).

I...

Re_sults indicate· that the new pathway,: defined by the· 0.2-0.3 ·M fractions, is
significantly dependent on phosphorylation. In c'ontrast, the M/R/N-dependent activity is
not phosphorylation-dependent, consistent with previous results [119]. The ability of ·
L Y294002 to stimulate activity in the presence of the 0.85 M fraction, which was
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somewhat variable between experiments, could reflect suppression of a competing,
phosphorylation-dependent pathway~
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Figure 2.5 Dependence of end joining on DNA-PKcs-mediated
phosphorylation. Lanes 1-3, End joining reactions performed as described in
Experimental Procedures, in the absence of stimulatory factors. End-joining
assays in the presence of indicated Q~Sepharose fractions (laries 4-ll), or 0.4 M
KOAc heparin-agaros·e fraction (lanes 12-14), or nuclear extract (lane 15).
Reactions contained .recombinant Ku (25 ng), L4/X4 complex (100 ng), and
purified DNA-PKcs (21 ng) as indicated. LY294002, when present, was at a
concentration of 250 µM.
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2.4.3 Further Purification of the Novel Activity
Because the 0.3 M fraction was contaminated with traces of DNA-PKcs and may have
contained other interfering proteins, it was further purified by size exclusion
'

'

'

'

'

'

· chrornatography. A peak of stimulatory activity eluted at a positio_n corresponding to
~200 kDa (Fig~ 2.6), well separated from the void volume. The products in this
experiment were primarily dimer and trimer products,.·altholigh in other preparations,.
where the factor was more concentrated, higher-order multimers were also present (See
Fig. 2.9). · -·
Superdex 200

C'.>.

----------------------Cl)
c:i

fractions: 25 21293·1 33 35 37 39 41 43 45 47 49 51 53· 55 57 59 61 63 o
L4/X4:. . + + + + .+ + + + + +· + + + + + + + + + + +
Ku: + + + + + + + + + + + + + + + + + + + + +

-

products[;:
substrate ►

Lane no: 1 2 3 4:·s 6 1·
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Figure 2.6 Novel end-joining factor elutes at -200 kDa on Superdex 200 gel
filtration column. ·Fractions from Superdex 200 sizing column (lanes 1-20) or
column onput (Q-Sepharose.0.3 M fraction, lane 21) _were assay_ed for end-joining
activity as in Fig. 2.5.
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Fig11re 2.7 Quantitation of results in Fig. 2.6. Arrows denote position of elution of

molecular weight standards.

The position of elution of activity on the gel filtration column effectively
eliminates the possibility of cross-contamination with M/R/N or DNA-PKcs at levels
below the threshold detectable by immunoblotting, as both proteins elute at or near the
void volume under conditions used [119,131]. Results also rule out the involvement of
other large complexes, such as BASC, a super-complex of BRCAl-associated proteins
involved in DNA repair [132] .. We were thus able to evaluate the requirement for
physical presence of DNA-PKcs separately from the requirement for DNA-PKcsmediated phosphorylation.
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2.4.4 DNA-PKcs Establishes a Reaction Checkpoint

The novel end joining factor was seen in .the absence of DNA-PKcs and this activity was
. unaffected by LY294002 (Fig. 2.8, lanes 6-7). DNA-PKcs was separately purified from
HeLa cell extracts (Fig. 2.1) and added to the reconstituted reactions .. There was a small
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Figure 2.8 Purified DNA-PKcs sensitizes end-joining reactions to effect of
DNA-PKcs· inhibitor. End-joining assays were performed in the presence of
fraction 35 from the S,uperdex 200 column, purified DNA-PKcs (30 or 60 ng),
recombinantKu (25 ng) and L4/X4 complex (100 ng) as indicate~. Activity in the
presence and absence .of 250, µM L Y294002~ Figures at bottom indicated fold
difference in activity in bracketed lanes.
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'

. decline in basal activity, and reactfons became strongly sensitive to L Y294002 inhibition
(lanes 9-12). Thus, physical presence of DNA-PKcs is not required for end joining, but
when present, DNA-PKcs restricts the reaction, such that phosphorylation is required for
·further· progression.· We term this restriction a "reaction checkpoint" because it
represents a point in the reaction pathway where traffic can poteritially be halted or
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diverted (see "Discussion"). This experiment also shows that end-joining activity with
the more purified fraction is completely dependent on Ku and L4/X4 (lanes 3-4), thus
eliminating any potential concerns about co-purification of endogenous ligases with the
stimulatory fraction. A similar end-joining experiment performed in the absence _and
presence of wortmannin, a different DNA-PKcs inhibitor, confirmed that phosphorylation
activity is partially required whenever DNA-PKcs is physically present in the reaction
(Fig. 2.9).

2.4.5 Mechanism of Action of the Novel Stimulatory Factor

Previous work has shown that human RadS0/Mrel 1 directly tethers DNA ends to each
other in vitro [133]. This tethering provides a potential mechanism for the stimulatory
effect of the M/R/N complex on L4/X4-catalyzed DNA ligatjon. It was of interest to
determine whether the novel 200 kDa repair factor shared·a similar.mechanism of action.
If the factor interacted directly with ONA, one prediction is that it might stimulate the

activity of other ligases, in addition to L4/X4.

Fig. 2.10 compares the effect of the 200 · kDa repair factor on end joining
catalyzed by L4/X4 versus a homologous ATP-dependent DNA ligase encoded by
bacteriophage T4. Consistent with previous experiments, the factor stimulated L4/X4
activity more than 10-fold (compare lanes 1-2). The effect of the factor on T4 ligase
activity was more modest (a 2-4 fold stimulation). However, there was a striking
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Figure 2.10 Novel end-joining factor alters the distribution of intramolecular
versus intermolecular reaction products.·. End-joining fractions were
performed• in the presence of Superdex 200 fraction containing novel repair
factor, recombinant Ku (25 ng), L4/X4 complex (100 ng), and indicated dilutions
of T4 DNA ligase (400 U/µl; New England Biolabs, Beverly, MA) as indicated.
Products were analyzed on a 1.0 % SDS-agarose gel containing 1.0 µg/ml
ethidium bromide. Inclusion of ethidium bromide permits resolution of covalently
closed circular DNA from other forms. CC, covalently closed circular DNA; OC,
open circular.DNA Figures at bottom indicate fold difference in activity.
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redistribution of the products in the T4 ligase reaction. In the absence of factor, T4
ligase produced a preponderance of circular intramolecular ligation pr<?ducts, as expected
at the low concentration of substrate DNA used in the reaction. In the presence of the
factor, T4 ligase produced a ~adder of concatenated product. more typical of the
eukaryotic end joining reaction. Thus, the mechanism of action of the factor appears to
involve, in part, direct interaction with DNA, in addition to or instead of specific
interaction with L4/X4.

The effect of this interaction with DNA is to favor

intermolecular over intramolecular ligation.

2~5 Discussion

We show that human NHEJ can occur by two biochemically distinct pathways that differ
in their factor requirements and in their regulation by DNA-PKcs-mediated
phosphorylation, but converge on a common requirement for L4/X4 to catalyze the final
step of phosphodiester bond formation. Results indicate the existence of a novel factor
that does not correspond to previously defined NHEJ proteins. The current study also
provides what is, to our knowledge, the first demonstration of DNA-PKcs
phosphorylation-dependent end joining in a system reconstituted from individual protein
components.

Surprisingly, we found that phosphorylation was required if and only if DNAPKcs was physically present in the reaction. DNA-PKcs appears to arrest the reaction
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until phosphorylation occurs, establishing what may be termed a "reaction
checkpoint." The checkpoint is released upon receipt of some internally generated signal.
Perhaps this signal is· generated by the synapsis of opposing DNA ends, which triggers
activation of DNA-PKcs in vitro [134] . .Activation of DNA-PKcs could release the
complex from its arrested state through phosphorylation of DNA-PKcs itself, XRCC4, or
other targets within the repair complex [135,136].

.

,

.

.

.

A more subtle issue is why ·_a p~osphorylation-dependent checkpoint should occur
at. all in the NHEJ pathway. The existence of a checkpoint implies the possibility of
alternate fates .. It may be that a delay.in phosphorylation,.or phosphorylation of different
.

'

targets within the repair complex, can divert the ·complex to a different DSB repair
pathway ... In this respect, it has been sho~n that the structure of DNA ends can influence
the protein substrate specificity of DNA-PKcs [137] . .It will .be·

or interest to learn if ends

that require processing before joining influence DNA-PKcs substrate specificity in such a
way as to activate accessory factors required for that processing (such as Artemis,
required for hairpin ends) or to divert repair to the. M/R/N-dependent or homologous
· . recombin·ation pathways.

The novel 200 ·kDa repair factor produces a striking change in its ability to alter
the distribution of intermolecular versus intramolecular products as seen with T4 ligase.
In general, the rate of formation of intermolecular ligation products is· directly
proportional to molar DNA end concentration. In contrast, the rate of formation of
intramolecular products is determined by polymer chain statistics, and in the range of
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interest declines with increasing DNA length [138].

It may be that the factor

accelerates intermolecular DNA end joining by increasing the effective DNA end
concentration. This could occur if the factor tethered DNA ends to each other, like the
Mre 11/Rad50 complex. An alternate possibility is that the factor alters the ratio of
different products by inhibiting the intramolecular reaction. This could occur if binding
of the fa~tor stiffens the DNA chain, altering its conformation and causing it to behave as
if its length were greater.

The active polypeptides in the novel 200 kDa fraction have yet to be identified.
Because the factor is not yet pure, we cannot rule out the possibility that more than one
component contributes to its activity. In particular, ·we cannot be certain that the
compone~t responsible for re~istribution of T4 ligase products is the only,factor required
for stimulation of L4/X4 activity.

Although th~ identification of these active

component( s) will be required to demonstrate relevance of the factor to DSB repair in

vivo, the ability of the factor to stimulate L4/X4, the dependence on Ku, and the
regulation by DNA-PK.cs all argue that the factor is likely to be physiologically relevant.

One significant difference between the in vivo and in vitro results remains,
however. In vivo, DNA-PKcs not only regulates end joining but also increases its
efficiency. Physical absence of DNA-PKcs, as seen in null mutants, leads to a deficiency
in DSB repair. Specifically, such mutants are impaired in the ability to rejoin radiationinduced DSBs and to form V(D)J coding joints,·although they remain competent to form
V(D)J signal joints and to repair etoposide-induced DSBs [115,139]. In contrast, physical
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absence of DNA-PKcs in the simplified in vitro system did not affect overall endjoining efficiency. It may be that DNA-PKcs increases efficiency in vivo by recruiting
processing enzymes required to join certain types of breaks, or by antagonizing negative
regulators that are absent from the purified sy·stem. Since cohesive 5 '-phosphory1 ends,
used here, require no processing, and potential negative regulators have been removed by
chromatographic fractionation, these functions might become dispensable in vitro. Data
presented here may explain the phenotype of DNA-PKcs deficient mice. Coding joint
formation may require DNA-PK kinase activity to process the hairpin coding ends
(probably with Artemis) while signal joint formation involves simple blunt-end ligation,
for which DNA-PKcs may be dispensable.

Chapter 3

Identification of the Polypyrimidine Tract Binding
Protein-associated Splicing Factor·p54(nrb)
Complex as a Candidate DNA Double-strand Break
Rejoining Factor

This work was published under the title, 'Identification of the Polypyrimidine
Tract Binding Protein-associated Splicing Factor•p54(nrb) Complex as a
Candidate DNA Double-strand Break Rejoining Factor', J Biol. Chem.,
Vol.280, 7, pp.5205-5210, 2005. Portions of this work have been presented at
University of Georgia, Athens, GA, February 2004; at Radiation Research
Society (RRS), St. Louis, MO, May 2004; and at American Society for
Biochemistry and Molecular Biology (ASBMB), Boston, MA, June 2004.
This work was performed in collaboration with Drs. Catherine L. Bladen, and
Yoshihiko Takeda. The candidate and

pr. CL.Balden are joint first authors _in

this publication.

71

72

3.1 Overview
The biological effects of ionizing radiation are attributable, in large part, to induction o,f
DNA double-strand breaks. We report here the identification of a new protein factor that
reconstitutes efficient double-strand break rejoining when it is added to a reaction
containing the five other polypeptides known to participate in the human nonhomologous
end-joining pathway. The factor is a stable heteromeric complex ofpolypyrimidinetractbinding protein-associated splicing factor (PSF) and a 54-kDa nuclear RNA-binding
protein (p54(nrb) ). These polypeptides, to which a variety of functions have previously
been attributed, shar~ extensive homology, including tandem RNA recognition motif
domains. The PSF·p54(nrb) complex cooperates with Ku protein to form a functional
preligation complex with substrate DNA. Based on structural comparison with related
proteins, we propose a model where the four RNA recognition motif domains in the
heteromeric PSF·p54(nrb) complex cooperate to align separate DNA molecules.

3.2 Introduction

Living organisms are exposed to ionizing radiation from many sources. Biological
effects of ionizing radiation include cell death, mutation, and transformation. The
principal radiation target is DNA, and the most potent DNA lesions are double-strand
breaks (DSBs), caused when an ionization track creates clustered damage that affects
both strands [140]. DSBs disrupt the physical integrity of the chromosome. If not repaired
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prior to cell division, they are often fatal to the cell. Also, incorrect joining of DSBs
creates translocations and other chromosomal aberrations, leading to genetic instability,
oncogene activation, and cancer.

A main pathway of DSB repair in mammals is nonhomologous end joining
(NHEJ). At least five polypeptides participate in mammalian NHEJ (reviewed in Refs.
[141,142]). They include the two subunits of Ku, which bind to DNA ends; DNA ligase
IV (L4) and XRCC4 (X4), which form a complex that catalyzes strand ligation; and the
DNA-dependent protein kinase catalytic subunit (DNA-PKcs), which regulates the
reaction. It is likely that additional NHEJfactors remain to be discovered. The five known
polypeptides are insufficient to reconstitute regulated, high e,fficiencyDNA end joining in
a cell-free reaction [143]. The addition of a small amount of nuclear extra~t to such a
. reaction, however, greatly increases its efficiency, suggesting the presence of additional
DSB repair factors in the extract. The factors may accelerate the reaction by aligning
separate DNA ends; such activity is likely to be crucial in vivo to prevent diffusion and
reassortment of ends when multiple DSBs occur simultaneously. Although Ku and DNAPKcs can hold separate DNA molecules together in vitro, such complexes are only
marginally stable [29,69,144,145], suggesting the involvement of additional proteins.

To identify the repair factors present in nuclear extracts, we established a
functional assay in which biochemical fractions, derived from HeLa cell nuclear extracts,
were tested for their ability to stimulate end joining in the presence of recombinant Ku
and L4·X4. In previous work, we identified two different stimulatory fractions [143,146].
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One fraction contains a >500-kDa complex of human Mrell, Rad50, and NBSl
polypeptides. These proteins, and their Saccharomyces cerevisiae homologs, have
previously been implicated in DSB repair [89,147-149]. The other fraction contains a~
200~kDa factor that does not cross-react with antibodies against any of a variety of
candidate proteins previously implicated in DSB repair. Only the latter fraction is capable
of cooperating with DNA-PKcs to establish a phosphorylation-regulated end joining
reaction [146]. The two factors appear to participate in alternative, parallel pathways of
DNA ligase IV-dependent end joining.

We report here the identification of the .:.:200-kDa factor as a

complex of

polypyrimidine tract binding protein-associated splicing factor (PSF) and p54 nuclear
RNA-binding protein (p54(nrb)). These related polypeptides each contain tandem. RNA
recognition motifs (RRMs), together with conserved, homologous flanking sequences
[150,151]. Previous studies have suggested multiple functions for the PSF·p54(nrb)
complex, including DNA recombination and RNA synthesis, processing, and transport
(Refs. [152-155]; reviewed in Ref. [156]). We show here that the PSF·p54(nrb) complex
strongly stimulates DNA end joining in vitro, binds directly to the DNA substrates of the
end joining reaction, and cooperates. with Ku to establish a functional preligation
complex.
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3.3 Materials and Methods

3.3.1 DNA End Joining Assays

DNA end joining assays contained recombinant L4·X4 complex [54] and non-His-tagged
Ku heterodimer [68]. Some reactions also contained DNA-PKcs, which was purified
using an affinity column containing 5 mg of a C-terminal Ku80 peptide (KGSGEEGGDVDDLLDMI) [66]. The column was equilibrated with buffer A (25 mM
HEPES-KOH (pH 7.5), 10% glycerol, 1 mM dithiothreitol, 0.1 mM EDTA) containing
0.05 M KCl. Nuclearextracts from i2.5 liters of HeLa cell culture [143] were passedover
the column, which was eluted with a 0.05 to 1 M KCl gradient in buffer A. DNA-PKcscontaining fractions were further purified using a 1-ml Mono S ion exchange column preequilibrated with buffer DB (0.1 M KOAc, 20 mM Tris-HCl (pH 7.9), 1 mM EDTA, 1
mM dithiothreitol, and 20% glycerol) and protease inhibitors

(10 µg/ml

phenylmethylsulfonyl fluoride and 1 µg/ml each of pepstatin A, soybean trypsin inhibitor,
leupeptin, andaprotinin). The column was eluted with a 0.1 M to 0.5 M KOAc gradient in
buffer DB.

End joining reactions were performed in a volume of 20 µl and contained 50 mM
triethanolamine-HCl, 10 mM Tris-HCl (pH 7.9), 65 mM KOAc, 0.25 _mM EDTA, 0.5
mM dithiothreitol, 10% glycerol~ 1.0 mM Mg(OAc)2, 100 ng/µl bovine serum albumin, 1
mM ATP, 0.5 ng/µl substrate DNA (BamHI-linearized pUC 19 plasmid, 5' end-labeled
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with polynucleotide kinase and [i- P]ATP), and proteins as indicated in the figure
legends. The reactions were assembled without DNA and preincubated for 5 min at 37 °C,
DNA was added, and incubation was continued for 30 min at 37 °C. The products were
analyzed as described.[143].

3.3.2 Purification of D~A End Joining Stim.ulatory Factors

The factors were purified using nuclear extract from 50 liters of HeLa cell culture.
Heparin-agarose, Q-Sepharose (0.3 M KO Ac eluate), and Superdex 200 chromatography
were performed as described [146]. Active fractions from the Superdex 200 column were
pooled and loaded onto a 10-ml single-strand DNA-agarose column (GE Healthcare,
Piscataway, NJ), and eluted with a linear gradient of 0.1 to 1 M KOAc in Buffer DB. The
active fractions were pooled, loaded onto a 1-ml Mono S column, and the column was
eluted with a linear gradient of 0.1 to 1 M KOAc in Buffer DB. The active fractions were
pooled and dialyzed against 0.1 M KOAc in Buffer DB.

3.3.3 Two-dimensional Difference Gel Electrophoresis and
Mass Spectrometry

Proteins were subjected to controlled labeling at lysine residues with Cy3 or Cy5 dyes. A
Cy3 and a Cy5 labeling reaction was mixed and subjected to co-electrophoresis. Separate
images of Cy3 and Cy5 fluorescence were collected and compared to identify
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polypeptides that were differentially abundant in each fraction. Spots of interest were
excised and subjected to in-gel tryptic digestion. The peptides were analyzed by matrixassisted laserdesorption and ionization (MALDI) mass spectrometry.

3.3.4 Immunoprecipitation

Coupled in vitro transcription-translation reactions were performed using the TNT in
vitro transcription/translation kit (Promega, Madison, WI). Metabolic labeling was
performed as described previously [ 157]. Immunoprecipitation was performed as
described [157] in IPP buffer (10 mM Tris (pH 7.4), 0.5 M NaCl, and 0.1 % Nonidet P40). For immunodepletion, protein A-Sepharose beads (GE Healthcare) were loaded with
antibody (specified in the figure legends) overnight at 4 °C. The beads were washed with
IPP. buffer and then with Buffer DB. Q-Sepharose 0.3 M KOAc eluate was added (30 µl),
and incubation was continued for 2 h. Supernatant was used for end joining assays.

3.3.5 Electrophoretic Mobility Shift Assays

The reactions (10 µl) contained buffer DB, DNA substrate as in end joining assays, and
PSF·p54(nrb) and Ku as indicated in the figure legends. Protein-J?NA complexes were
resolved by native PAGE and visualized by Phosphorlmager analysis.
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3.4 Results

3.4.1 Purification and Characterization of a Novel End Joining
Factor

We have described previously a biochemical complementation assay for the identification
of NHEJ factors [157]. Two active fractions were obtained, one of which contains a

Qi:

200-kDa factor that is not antigenically cross-reactive with any of a number of candidate
proteins [146]. Further. purification of this factor was performed (Fig. 3.1 ).
Activity resolved as a single peak on single-strand DNA-agarose (not shown) and
. ',

~

Mono S columns (Fig. 3.2). SOS-PAGE analysis sh(?wed two major polypeptides with
mobility corresponding to ~ss and 100 kDa that co-eluted with peak stimulatory activity
(Fig. 3.3).
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Figure 3.1 Purifi~ation scheme. Factor was purified through five sequential
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Figure 3.2 Activity profile from final ·Mono S column. The reactions contained 8 nM Ku,
16 nM L4·X4 and 3 µl of the indicated column fractions. The products were analyzed on a
0.6% SDS-agarose gel and visualized by Phosphorlmager analysis. Linear substrate
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Figure 3.3 SDS-PAGE analysis of Mono S fractions. The proteins were
analyzed on a 4-12% gradient gel with silver staining. The arrowheads at right,
labeled A and B, denote polypeptides subsequently identified as ·psp and p54(nrb),
respectively. The arrowheads at left denote polypeptide size markers (kDa).

We examined the dependence of factor activity on the other NHEJ proteins in the
reaction. Consistent with our previous results, very little activity was seen with Ku and
L4·X4 alone under the conditions used [146]. In the presence of the factor, DNA end
joining activity was absolutely dependent on L4·X4 (Fig. 3.4, compare lanes 2 and 5),
excluding the possibility that the factor itself has DNA ligase activity. End joining was
also substantially dependent on Ku (compare lanes 3 and 5). Quantification of these
results showed that activity in the presence of Ku and the stimulatory factor together was
-~5-fold greater than the sum of the activity in reactions with either protein alone (lane 5
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compared with sum of lanes 3 and 4). This synergy suggests that Ku and the new factor
have different functions in the end joining reaction.

·factor:
Ku:
L4•X4:

+
+

+
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+
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products:

substrate ►

.lane no:

Figure 3.4 Dependence _of end joining activity on Ku and L4·X4. End joining

assays were performed as in Fig. 3.2. Individual components were omitted from
some reactions as indicated.

DNA-PKcs was not required for end joining in the reconstituted system. Rather,
the addition of DNA-PKcs consistently led to a modest inhibition of activity (Fig. 3.5, _
compare lanes 3, 5, and 7). The· addition of DNA-PKcs also sensitized the reactions to
L Y294002, a small molecule inhibitor of DNA-PKcs and other phosphatidylinositol 3kinase family members [158]. In the absence of DNA-PKcs, LY294002 had no effect
(Fig. 3.5, lane 4), whereas in the presence of 2.4 and 3.6 nM DNA-PKcs, it decreased
activity by 2.0·- and 4.6-fold, respectively (lanes 6, 8). The results are consistent with
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previous findings using partially purified factor [146]. They are also consistent with a
model [159] where DNA-PKcs regulates the end joining reaction by binding to and
blocking the free DNA ends and is then released by autophosphorylation. Inhibition by
DNA-PKcs in the absence of LY294002 suggests that the intrinsic efficiency of this
release is less than 100%. However, the addition of the inhibitor, together with DNAPKcs, clearly led to a further decline in end joining activity.

DNA-PKcs(rlM): 0 2.4

2.4
3.6
_,
+:
+
+ + + + + +

0
----.LY294002.:
+

purified factor:
products

·substrate: .
. lane no:

1

2· . 3

4

5. 6 7

8

·2.0-foJd 4.6...foJd
· Figure 3.5 Regulation of end joining activity by DNA-PKcs. The reactions were

performed as for Fig. 3.4 except in the presence of 2.4 or 3.6 nM DNA-PKcs and
250 µM of the DNA~PKcs inhibitor LY294002 as indicated. All of the lanes in
this figure are from the same experiment.
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3.4.2 Identification of the Factor as a Heteromeric Complex of
PSF and p54(nrb)

The polypeptides in the active fractions were analyzed by two-dimensional difference gel ,
electrophoresis ("Experimental Procedures"). Two major spots (labeled A and B in Fig.
3.6, left panel) are seen in the active fraction 17. These correspond in molecular mass to

fraction 17
(peak activity)
pH 10

fraction 24
(inactive)
pH 6

pH 10

pH 6

.,~ A

'ti.·

B4i>~

.·-··· ,;.·
,~C,.c~~.

Cys·.
Figure 3.6 Two-dimensional difference gel electrophoresis. Peak activity fraction
. from Mono S chromatography (fraction 17) and an inactive trailing fraction from the
same gradient (fraction 24) were subjected to ·controlled labeling at 1-3% of available
lysine residues with reactive Cy3 or Cy5 dyes, respectively. After labeling, the
fractions were· mixed and separated by isoelectric focusing in the first dimension (pH
6-10 linear gradient) and 8% SOS-PAGE · in the second. The gel was scanned to
detect Cy3 and Cy5 Fluoresecence separately as indicated.
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the major polypeptides in the one-dimensional SDS-PAGE analysis (Fig. 3.3). The
two-dimensional difference gel electrophoresis method allows comparison of two
sai;nples, labeled with different fluorophores, run in the .same gel-[160]. The comparator
sample here was an inactive trailing fraction from the Mono-S column, fraction 24. Spots
A and B were markedly less abundantin this fraction than in the peak fraction (Fig. 3.6,
compare left and right panels). A three-dimensional rendering of this region of the gel
makes the magnitude of the difference clear (Fig. 3.7).

Spot A

Spot B

Figure 3. 7 Three-dimensional rendering of paired Cy3 and Cy5 images of
indicated spots from Fig. 3.6. Note_ enrichment of spots A and B in Cy3 image
relative to Cy 5.

Polypeptide A migrated as a basic protein of 100 kDa. The three-dimensional
rendering (Fig. 3.7) shows that it migrates as a single peak, with some material trailing to
the basic side. Polypeptide B migrated as a basic protein of 55 kDa. It runs as twin peaks,
both of which were later shown to contain• the same tryptic peptides. Spots corresponding
to polypeptides A and B were excised and digested extensively with trypsin, and the
products were analyzed by mass spectrometry. Good peptide coverage was obtained for
both spots (Fig. 3.8). Comparison of the tryptic fingerprint patterns with the nonredundant
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protein data base identified Spot A as polypyrimidine binding PSF (SwissProt
accession number P23246 [GenBank] ) and spot B as p54(nrb) (SwissProt accession
number Q15233 [GenBank] ). Although PSF has a predicted molecular mass of 74 kDa, it
has previously been shown to migrate at a position corresponding to 100 kDa in SDSPAGE [153]. The observed mobilities of the two polypeptides are otherwise consistent
with the prediction based on the. sequence.
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Figure 3.8 Schematic diagram of PSF and p54(nrb). The domain structure is

indicated, as described in the text. The thick bars denote tryptic fragments detected
by MALDI mass spectrometry.

Conserved sequence motifs identified in PSF and p54(nrb) are diagrammed in Fig.
3.8. The central and C-terminal regions of the two polypeptides are related with 59%
identity and 72 % similarity overall. Both polypeptides contain RRM domains, which are
also present in a variety of other RNA and single-strand DNA-binding proteins (reviewed
in Ref. [161]). The RRMs are embedded within a longer Drosophila behavior, human
splicing motif shared by these and several other proteins [150]. A region of similarity
between PSF and p54(nrb), not shared by other family members, extends beyond this
motif to the C termini. Predicted coiled-coil regions, within and adjacent to the
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Drosophila behavior, human splicing motif, coincide with a region previously shown to
mediate dimerization [162].

3.4.3 Immunodepletion of PSF·p54(nrb)
To characterize antibodies for use in an immunodepletion experiment, we
immunoprecipitated PSF and p54(nrb) produced by in vitro transcription and translation
of cDNA clones (Fig. 3.9) or by [35S]methionine metabolic labeling in human cells (Fig.
3.10). When PSF and p54(nrb) were translated separately in vitro, monoclonal antibody
(mAb) targeted against each polypeptide precipitated only that polypeptide, with no
detectable cross-reactivity (Fig. 3.9B, lanes 1, 2, 4, and 5). When PSF and p54(nrb) were
co-translated, antibody against each polypeptide co-precipitated the other (lanes 3 and 6).
Neither polypeptide was precipitated by control, nonspecific mouse lgGl (lanes 7-9). We
note also that two smallerproducts were visible in the p54(rirb) in vitro translation andcoimmunoprecipitation experiments (Fig. 3.9A, lanes 2 and 3, and B, lanes 3, 5, and 6).
These presumably arise from premature termination or the use of alternative initiation
codons in thep54(nrb) gene and have not been investigated further.
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Figure 3.9 lmmunoprecipitation and immunodepletion of PSF and p54(nrb). (A)

· in vitro transcription and translatio~. 35 S-Labeled in vitro translation products were
analyzed by SOS-PAGE and visualized by Phosphorlmager analysis. The arrowheads
at left denote· polypeptide size markers (kDa). The p54(nrb) translation consistently
produced bands that migrated ahead of full-length product, which are presumably
attributable to premature termination or use of alternative initiation codons in vitro.
'(B) co-immunoprecipitation of in vitro translated PSF and p54(nrb). PSF and p54(nrb)
were translated separately or together as indicated. lmmunoprecipitation (IPP) was
performed using the indicated antibody (mAb to PSF, clone B92 from Sigma; mAb to
p54(nrb) from BO Biosciences, San Jose, CA). Immune complexes were collected and
analyzed by SOS-PAGE. The size markers are as in (A).
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Figure 3.10 Co-immunoprecipitation of [35S]methionine-labeled endogenous
PSF·p54(nrb) complex. lmmunoprecipitation was performed with the indicated
serum or antibodies. Control, protein A beads incubated with normal human serum
and washed. Immune complexes were analyzed by SOS-PAGE and visualized by
Phosohorlmager analysis. The size markers are as in Fig. 3.9.

When cell, lysates containing endogenous PSF·p54(nrb) were used in an
immunoprecipitation reaction, anti-PSF mAb co-precipitated a polypeptide corresponding
in size to p54(nrb) (Fig. 3.10, lane 2~, and anti~p54(nrb) mAb co-precipitated a
polypeptide correspo_nding in size to PSF (lane 3)·. The ·identity of the co-precipitated
polypeptides was· confirmed in separate experiments by immunoblotting (data not
shown). These results confirm a previous. report that PSF and p54(nrb) form·· a highly
stable complex in vivo and in vitro [162].
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lmmunodepletion experiments were performed using these antibodies to confirm
that the PSF·p54(nrb) complex was the active component -ip. tlie end-joining factor
.

:

.

prepara~ion. The PSF·p54(nrb) complex was partially purified to separate it from the
other stimulatory activity (the Mrell·Rad50·NBS1-associated factor) that is present in
crude cell extracts [143]. This preparation, corresponding to the Q-Sepharose 0.3 M
KOAc eluate (see Fig. 3.1), was subjected to immunodepletion with anti-PSF mAb or
· anti-p54(nrb) mAb. Immunodepletion reduced end joining activity to background (Fig.
3.11, lanes 6 and 8). Control immunodepletion with nonimmune mouse IgG 1 had no
effect (lane 4). The addition of highly purified PSF·p54(nrb) restored full activity to the
depleted extracts (lanes 7 and 9) but had little effect on control extracts (lanes 3 and 5).
The results demonstrate that stimulatory activity is either intrinsic to the PSF·p54(nrb)
complex or resides in a tightly associated protein.
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Figure 3.11 Immunodepletion of the PSF·p54(nrh) complex and reconstitution
of activity with purified fraction. End joining reactions were performed as
described under "Experimental Procedures." The reactions contained 0.3 M QSepharose eluate subjected to mock immunodepletion (lanes 2 and 3) or
immunodepletion with the indicated antibodies. Purified PSF·p54(nrb) (estimated
5-10 nM) was present as added to some reactions as indicated. All of the reactions
contained 8 nM exogenous Ku and 16 nM exogenous L4· X4. All of the panels are
from the same gel.

3.4.4 PSF·p54(nrb) Binds Substrate DNA

The DNA binding properties of PSF·p54(nrb) were characterized in an electrophoretic
mobility shift assay using the same DNA as in the end joining assays (Fig. 3.12). The
addition of increasing amounts of protein resulted in progressively more slowly migrating
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complexes (lanes 1-4). Ku alone formed a different complex with DNA (lane 5). The
addition of a small amount of Ku with PSF·p54(nrb) resulted in formation of distinctive,
slowly migrating complexes that differed in mobility from those formed with either
protein alone (lanes 6-8). The results were similar whether Ku was held constant and
PSF·p54(nrb) concentration varied or vice versa (lanes 9-16). The re·sults indicate that Ku
and PSF·p54(nrb) are capable of binding DNA both separately and together.

0
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Ku (nM):
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Figure 3.12 Binding of PSF·p54(nrb). to DNA. Electrophoretic mobility shift

assay. Binding reactions contained PSF·p54(nrb) and Ku as indicated with 0.05
nM linearized plasmid DNA

To determine whether complexes formed by Ku, PSF·p54(nrb), and DNA were
functional intermediates in the pathway toward ligation, we preincubated combinations of
separately purified Ku and PSF·p54(nrb) with either of two substrates, which differed in
length but had compatible ends (Fig. 3.13). We determin~d whether preincubation of
PSF·p54(nrb) resulted in "commitment" to ligate that substrate in preference to a second
substrate, added later. The results are shown in Fig. 3.14. Lanes 1-6 are control reactions,
showing the pattern of ligation products generated by each of two different substrates
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alone. Characteristic ladders of ligation products were seen with each substrate (lanes 2
and 4). As expected, little activity was seen in reactions where PSF·p54(nrb) or Ku were
omitted (lanes l, 3, 5, and 6). Lanes 7-12 show the substrate commitment experiment.
The key result is seen by comparing lanes 10 and 11, where a DNA substrate that was
preincubated with PSF·p54(nrb) complex and Ku, together, was ligated in preference to
another fragment that was preincubated with Ku alone. Thus, preincubation w~th
PSF·p54(nrb) and Ku resulted in formation of a committed, preligation complex. A_
control reaction was performed where both substrates were preincubated, separately, with
PSF·p54(nrb) and Ku, then mixed, and assayed (lane 12). A mixed ladder of products was
seen. A similar result was obtained when the two DNA substrates were mixed at the
outset (lane 13).

L4•X4

-----~.....-JP.!
30 min
Mix A - to min
)
37 oc_
_3_7_o_c_ __,, ,..___-.--------"""'►
•terminate
MixB ·
Figure 3.13 De~ign· of commitment assays. Preincubation mixes contained Ku (0

or 8 nM), purified PSF·p54(nrb) (0 or 6 nM), and one of two DNA substrates (0.5
nM). After 10 min at 37 °C, the preincubation mixes were in some cases
combined. Purified L4·X4 (16 nM), ATP, and other reaction constituents were
added; incubation was continued; and the products were analyzed by 0.6% SDSagarose gel electrophoresis.
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Reactions were also performed where one substrate was preincubated with
PSF·p54(nrb) alone and the other with Ku alone. Preincubation with PSF·p54(nrb) alone
resulted in substrate commitment (lanes 8 and 9), but total activity was much lower than
in lanes 10 and 11. This indicates the PSF·p54(nrb) and Ku cooperate only when present
in cis on the same DNA; they do not cooperate in trans.
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Figure 3.14 Results of commitment assays. Lanes 1-6, single-substrate
reactions. Lanes 7-12, two-substrate reactions. Indicated preincubation mixes were
combined prior to the addition of L4·X4 and ATP. Lane 13, two-substrate control
reaction. All of the components were mixed prior to the start of preincubation.
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3.5 Discussion

We present three lines of evidence that establish the PSF·p54 (nrb) complex as a
candidate DNA end-joining factor: (a) PSF and p54(nrb) are principal components of an
end-joining stimulatory fraction, which was purified solely on the basis of its activity with
,;

"

no prior assumptions about its active constituents. (b) Absorption of a crude stimulatory
fraction with monoclonal antibodies to PSF and p54(nrb) depleted end joining activity.
Activity was restored by the addition of purified PSF·p54(nrb) complex. (c) The
PSF·p54(nrb) complex cooperated with the other proteins known to participate in NHEJ
in vivo~ Activity was dependent on Ku and L4·X4 and was regulated by DNA-PKcs
phosphorylation. PSF·p54(nrb) also formed a committed preligation complex with Ku
and DNA substrate.

Previous work has identified multiple functions for the PSF·p54(nrb) complex in
the cell nucleus. It binds U5 small nuclear RNA and may participate in splicing .[162]. It
also retains hypereditedheterogenous nuclear RNAs and unspliced lentiviral RNAs in the
nucleus [154,155], and it modulates nuclear receptor activity [153]. We propose that the
PSF·p54(nrb) complex has an additional, previously unrecognized function in NHEJ.
Precedent for dual function in RNA biogenesis and NHEJ is provided by Ku protein itself,
which associates with transcribed regions of chromatin in vivo and influences
transcription by both direct [163] and indirect [164] mechanisms. There are also
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examples of proteins with dual functions in transcription and base or nucleotide ·
excision repair [165-168].

As previously shown by our laboratory and others, isolated L4·X4 is highly active
on homopolymeric model substrates in the absence of stimulatory factors [169,170]. In
comparison, activity on natural double-strand DNA fragments is much lower, particularly
under conditions used here where DNA substrate concentration is low (0.5 ng/µl).
Presumably, the function of both the PSF·p54(nrb) and the Mrell ·Rad50·NBS1
stimulatory factors is to increase the 1/ffective concentration of pNA ends by stabilizing
pairing in a preligation coniplex. NHEJ enables mammalian cells to withstand doses of
radiation (in the range of 1-4 Gray) that induce dozens of breaks simultaneously.
Although repair begins within minutes, it does not reach completion for several hours
[ 171]. Establishment of a preligation complex may stabilize the genome during this
crucial interval.

A model for how PSF·p54(nrb) might stabilize paired DNA ends is provided by
the structure of another tandem RRM-containing protein, hnRNP Al, in a complex with
single-strand telomeric DNA [172]. In this co-crystal structure, tandem RRM domains of
two hnRNP Al monomers are paired in a side-by-side, rotationally symmetric
arrangement (Fig. 3.15A). Two anti-parallel segments of single-strand DNA cross the
protein complex perpendicular to the protein dimer interface. Thus, the hnRNP Al dimer
facilitates pairing of DNA segments (Fig. 3.15B, styled after Ref. [172]).

hnRNP A1
(homodimer)

hnRNP A1
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Figure 3.15 Tandem RRMs promote DNA pairing. (A) binding of hnRNP Al RRMs to

single-strand telomere DNA, based on crystal structure (39). Protein binds as a dimer; DNA
strands are anti-parallel ·and cross perpendicular to the protein dimer interface, such that
each strand contacts one RRM in each protein monomer. (B) hnRNP Al RRM domains
promote pairing of DNA segments. Topology of paired DNAs is one of several that have
been proposed based on.crystal structure (39).

The four RRM domains of the PSF·p54(nrb) complex potentially bind DNA in a
similar way. In general, RRM domains bind preferentially to single-strand nucleic acids.
In the model shown in Fig. 3.16, we have drawn PSF·p54(nrb) as binding to an induced
single-strand segment proximal to the DNA ends, with Ku having translocated to an
internal position. We have also drawn PSF·p54(nrb) as binding in trans to two DNAs
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simultaneously. Although the model shown is consistent with available data, we note
that the detailed geometry of the Ku·PSF·p54(nrb)·DNA complex has yet to be
investigated experimentally.

A cell or animal model lacking PSF or p54(nrb) function has yet to be
characterized. In preliminary experiments, small interference RNA-mediated knock-down

PSF p54(nrb)

•n

Ku

======:!!'Ill====-

t\U

Figure 3.16 Model for preligation complex. PSF·p54(nrb) binds to free end of
_substrate DNA via paired RRM domains (one in each subunit). Formation of a region of
single-strand DNA near the end may facilitate binding. Two of four RRM domains in
the PSF·p54(nrb) complex remain up.occupied and potentially stabilize pairing with a
second DNA substrate. Coiled-coil interactions between subunits (not shown) may
further stabilize the PSF:p54(nrb) complex.
.

.

.

of p54(nrb) in human somatic cells was incompatible with long term survival in a
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clonogenic assay, which precluded the use of such assays to measure radiation
sensitivity. The apparent loss of cell viability may arise because of the multiple functions
of PSF·p54(nrb), sonie of which are essenti_al for growth. A s1milar requirement of DSB
repair proteins for viability is seen with Ku in human somatic cells and with the
Mrel 1·NBS1 ·Rad50 complex in other vertebrates [147,173,174]. However, as with these
other proteins, it may be feasible to characterize the effect of loss of p54(nrb) and PSF
function on shorter term surrogate endpoints of radiation injury.

Chapter 4
PSF•p54(nrb) Complex Binds to Double-stranded
Nonhomologous End-Joining Substrates and
Promotes Pairing in vitro

4.1 Overview
Northomologous end joining (NHEJ) is a major pathway for repair of ionizing radiationinduced double-strand breaks in mammalian cells. Previously, we identified a complex of
polypyrimidine tract binding protein-associated splicing factor (PSF) and a 54 kDa
nuclear RNA binding protein (p54(nrb)) as a candidate NHEJ factor based on its ability
to stimulate covalent DNA end joining in an in vitro complementation assay. Here, we
establish a potential mechanism for the PSF•p54(nrb) stimulatory activity. We developed
a rapid ELISA to measure binding of PSF•p54(nrb) and other NHEJ proteins, alone or
together, to immoqilized DNA fragments. We show that PSF•p54(nrb) binds to DNA
whether or not a free end is present, in contrast to Ku, which requires a free end for
binding in the same assay. There is no apparent cooperativity between PSF•p54(nrb) and

100

101
Ku binding. Binding of either PSF•p54(nrb) or Ku to one DNA promotes pairing with
a second DNA in a noncovalent complex. The pairing activities of the PSF•p54(nrb) and
Ku proteins, together, are additive. Results are consistent with a model where
PSF•p54(nrb) and Ku70•Ku80 recognize different structural features of DNA and
cooperate to stabilize a synaptic complex between opposing DNA ends. _

4.2 Introduction

DNA double-strand breaks are an exceptionally potent form ·of DNA damage. They are
created by ionizing radiation, specialized recomb_ination processes, and, to a lesser extent,
by other endogenous and exogenous DNA damaging agents [3-5]. DSB repair can occur
by homologous recombination (HR) or nonhomologous end _joining (NHEJ) pathways
[2,6]. In mammalian cells, the NHEJ pathway is favored prior to DNA replication,
whereas HR is favored following replfoation, when a sister chromatid is available to serve
as a repair template [1,175].

Mechanistic studies suggest that NHEJ may be divided into three phases [7,1517]: (i) double-strand break detection and assembly of an initial complex containing Ku
and DNA-PKcs pr9teins, (ii) assembly of a pre-ligation complex consisting of opposing
DNA ends and additional repair proteins, and (iii) enzymatic processing· and ligation of
DNA ends. The latter reaction is catalyzed by DNA Ligase IV•XRCC4 complex.
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In an attempt to define the minimal set of proteins required for NHEJ in vitro,
we previously established an in vitro complementation assay containing purified or
recombinant Ku, DNA ligase IV•XRCC4, and in some cases DNA-PKcs [143]. This
combination of proteins had only minimal end-joining activity under the conditions used.
Activity was greatly stimulated, however, by addition of small amounts of HeLa cell
nuclear extract. We isolated two stimulatory factors from these extracts based on their
activity. One contained the Mre•Rad50•NBS1 complex [143], which has previously been
implicated in alignment and processing of DNA ends [149]. The other contained a novel
factor, consisting of a heterodimer of two RNA recognition motif (RRM)-containing
proteins, polypyrimidine tract binding protein associated splicing factor (PSF) and 54
kDa nuclear RNA binding protein (p54(nrb)) [146,176]. PSF•p54(nrb) binds directly to
the double-stranded DNAs used as substrates in the end-joining assays. It selectively
promotes intermolecular over intramolecular ligation [146]. Interestingly,_ it does so even
with a heterologous ligase, suggesting that it influences end joining, in part, through
direct DNA interaction, rather than by protein-protein interaction alone.

Inspection of the primary sequence ·of PSF and p54(nrb) suggests a possible
mechanism for the· stimulatory activity [176]. Each polypeptide cont~ins _two tandem
RRM domains, and the heterodimer thus contains four such domains. Cryst_allographic
studies of a different heterodimer containing fo:ur RRM domains, hnRNP Al, suggest that
the four domains align in the protein-DNA complex to promote pairing of distant DNA or
RNA sequences [172]. It is attractive to speculate that PSF•p54(nrb) might promote
pai~ing in the same way. In terms of the three phases of NHEJ discussed above,
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PSF•p54(nrb) would then contribute to the middle phase: assembly of a noncovalent
paired DNA complex.

To investigate whether PSF•p54(nrb) contributes to formation of such a paired
complex, we developed a new approach for assaying NHEJ in vitro. Assays were
performed in a 96-well format. Each well was loaded with a substrate DNA fragment,
with one end tethered to the support and the other free to participate in NHEJ. Various
amounts and combinations of NHEJ proteins were added, and in some cases a second
DNA fragment was added. After incubation, wells were washed and bound ligands were
detected either indirectly, by ELISA, or directly, based on radiolabeling. In addition to
the high throughput afforded by the 96-well format, the assay has the advantage that each
phase of NHEJ, including assembly of an initial complex, formation of a paired
preligation complex, and covalent joining, can be measured using the same assay
platform.

We used the new assay to confirm that PSF•p54(nrb) binds directly to substrate
DNA. We found that, unlike other NHEJ proteins, PSF•p54(nrb) does not require a free
end for binding. In addition, once bound, PSF•p54(nrb) promotes pairing of the
immobilized DNA with a second DNA present in solution. Ku has a similar ability to
promote such noncovalent pairing, consistent with prior findings [68,177]. We find that
PSF•p54(nrb) and Ku, together, promote more pairing than either one alone.
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4.3 Materials and Methods

4.3.1 Preparation of s·ubstrate DNA

The plasmid vector pUC19 (2,686 bp; Invitrogen, Carlsbad, CA) was digested with Hind
III, leaving 5' protruding ends. Following phenol: chloroform extraction and ethanol
precipitation, the DNA was resuspended and incubated with 40 -µM biotin-7-dATP, 100
µMeach of dTTP, dCTP, and dGTP, 50 mM Tris-HCl pH 7.9, 10 mM MgCl2, 100 µM
DTT, and 50 µg/ml BSA, and 2 U of Klenow fragment DNA polymerase, at 37 °C for 1
h. The reaction was terminated by heating at 70 °C for 20 min. The biotinylated DNA
product was isolated using a 050 Sephadex spin column (Roche Diagnostics Corp,
Indianapolis, IN). The biotin labeling was confirmed by performing an electrophoretic
mobility shift assay in the presence and absence of streptavidin (data not shown) [178].
The biotinylated DNA was digested with Barn HI or Pst I, or Sea I, to create a 5'
protruding terminus, 3' protruding termini, or blunt terminus r~spectively, at one end.
The other end has the biotin moiety still intact. The DNAs were gel purified prior to use.

In DNA capture assays a second, radiolabeled DNA fragment was used. pUC19
plasmid (Invitro gen) was digested with Barn HI and 5' end labeled with polynucleotide
kinase and [y- 32P]ATP.
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4.3.2 Rapid ELISA Based Binding Assay

The assay was adapted from [179]. It was performed using Reacti-BindT
streptavidin-coated polystyrene strip plates with Super BlockT (Pierce Biotechnology,
Rockford, IL). Wells were blocked.by incubation with 3% bovine serum albumin (Fisher
Biotech, fraction V), in 1 X b~ffer DB (100 mM KO Ac, 20 mfyl Tris HCl, pH 7 .9, 0.5
mM EDTA, 10 % glycerol and 10 µg/ml PMSF, 1 µg/ml each of Soybean Trypsin

Inhibitor, Aprotinin, Leupeptin, Pepstatin A) for 2 hat room temperature with shaking.
Wells were washed 3 times with buffer DB. Biotinylated substrate DNA (0.12 pmol) was
added to each· well and allowed to bind for 1·h. For generating streptavidin blocked ends,
the reaction was further incubated with 0.5 µg streptavidin for 30 min. After washing 3
times with buffer DB, proteins were added to the wells at concentrations indicated in the
Figure Legends, and incubation was continued for 1· h. Primary antibody, diluted in
blocking buffer (1 % bovine serum albumin, 0.02% y-globulin in Buffer DB) was added,
and incubation was continued for 3 h at room temperature or overnight at 4 °C (little
difference was noted between results obtained with 3 h versus overnight incubation).
Wells were washed 3 times with Buffer DB containing 0.05% Tween 20. Secondary
antibody was added and incubation was continued for 2 h. Secondary antibody was either
alkaline phosphatase-conjugated anti-mouse IgG (Sigma chemicals, St.Louis, MO),
diluted 1:30,000 in blocking buffer, or alkaline phosphatase-conjugated goat anti-human
IgG (Sigma chemicals, St.Louis, MO) diluted 1:30,000 in blocking buffer. Wells were
washed 3 times with: Buffer DB containing 0.05% Tween 20, and again washed 2 times
with Buffer DB without Tween 20. Freshly prepared solution of 100 µl KPL Bluephos
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microwell phosphatase substrate was added (Kirkegaard and Perry Laboratories).
Incubation was continued for 30 min and OD was measured at 595 nni. Assays were
performed in duplicate, and error bars indicate the range.

4.3.3 DNA Capture Assay

Streptavidin-coated microwells were blocked and loaded with DNA as described in
section 2.2. Separately, a mixture of proteins and a second radiolabeled DNA in Buffer
DB was prepared. This mixture was transferred into the microwell and incubated for 30
min at room temperature. The sample was removed, and the plate was washed three times
with 0.5 X Buffer DB. The retention of radiolabel was measured by liquid scintillation
counting.
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4.4 Results

4.4.1 Design of a rapid protein-DNA interaction ELISA

We developed a novel assay platform for studying DNA end joining (Figure 4.1 and 4.2).
A DNA fragment was prepared with biotin nucleotides incorporated at both ends, then
cleaved and purified"to obtain a DNA with biotin at only one end (Figure 4.1)

DNA fragment
Parent fragment
(doubly biotin labeled)

5' Protruding end

Sructure

s~
.B
3'

5'

B.
3'
5'

3' Protruding end

Blunt end
Capture :substrate
(5 -32p labeled, no biotin)
1

B

3~
5'
8.
3~

i

3'
~

-----------
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-----------·-2653 bp

---------- ... --
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.3'

B

~J

3'

!5'
3'

~·
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-------5'
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--►

---·-------2686... --bp

3'

P5,

Figure 4.1 DNA binding substrates used in the· experiments. A 2686 bp parent
DNA fragment was labeled with biotin at both ends. Fragments_with_nonbiotinylated
5' protruding, 3' protruding, and blunt ends were generated by restriction enzyme
digested as indicated.
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The DNA was similar in length and sequence to the substrate previously used in
our functional in vitro end joining assay °[146]. This DNA was allowed to bind to the
surface of a stteptavidin..:coated microwell, via the biotin group (Figure.4.2 ).
biotin DNA substrate

I1:====-========•·
I
I
1

streptavidin..coated microwen

test protein(s)

"

,'

~
,.··

':

primary antibody
detection

l

I
radiolabeled capture DNA

alkaline phosphatase
conjugated secondary
antibody detection

Figure 4.2. Schematics of protein DNA interaction ELISA and DNA capture
assay using the DNA fragments in Figure 4.1. See text for details.
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To measure formation of initial NHEJ complexes, various amounts and types
of repair proteins were incubated in the well, removed~ and the well was washed. Bound
protein was detected by· ELISA. To measure formation of paired preligation complexes,
the biotinylated DNA fragment was also allowed to bind to the microwell and a mixture
of repair proteins and a second radiolab~led DNA was then added. Following incubation,
the well was washed and the retention of the second DNA was measured by liquid
scintillation counting. Whereas the first assay simply measures protein-DNA binding, the
second assay tracks the formation of a complex in which opposing DNAs are stably
paired.

4.4.2 Ku70·Ku80 and PSF·p54(nrb)- DNA.Binding

We first validated the rapid protein-DNA interaction ELISA by using it to characterize
the well-studied binding of Ku to DNA [180]. A fixed amount of singly biotinylated
DNA was loaded in each well of a multiwell streptavidin-coated plate and the reactions
were performed as indicated in Materials and Methods. Varying amounts· of Ku protein
ranging from O to 4 pmol were added. Following incubation the wells were washed and
protein binding was detected by ELISA.

The Ku binding (Figure 4.3 A) was concentration dependent and approached
saturation at the 1.4 pmol per reaction. Figure 4.3B shows a comparable binding curve
with PSF•p54(nrb). Binding again was concentration dependent. At present, we are not
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able to prepare stocks of PSF•p54(nrb) that are as concentrated as Ku and we were
therefore limited to exploring binding in the range of 0-0.6 pmol input. Binding increased
.linearly with protein concentration over this range.

One of the advantages of the protein-DNA ELISA is that it allows us to measure
the binding of each protein separately in a mixure. We investigated whether
PSF•p54(nrb) influenced the binding of Ku to DNA and vice versa. Figures 4.4 and 4.5
show reactions where a constant amount of PSF•p54(rb) were incubated with DNA in the
presence of varying amounts of Ku, whereas experiments in Figure 4.6 and 4.7 shows
reactions where a constant amount of Ku with incubated in the presence of varying
amounts of PSF•p54(nrb). Concentration-dependent binding of Ku was essentially
unaffected by the presence of PSF•p54(nrb) (compare panels A of Figure 4.3 and Figure
4.4). PSF•p54(nrb) binding was nearly constant as Ku increased. There was a slight
stimulation at the lowest Ku concentration tested, which progressively diminished as Ku
increased, perhaps reflecting a slight c·ompetition.

Detection Abs: (A) anti-Ku (B) anti-PSF
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Figure 4.3 Binding of Ku and PSF•p54(nrb) individually to DNA substrate.
(A) Ku binding to DNA. DNA substrate (3' protruding end) was immobilized, and
binding reactions were -performed with varying amounts o,f Ku as described in
Materials and Methods. Protein binding was measured by ELISA and plotted as a
percent of maximum. (B) Binding of PSF•p54(nrb). Reactions were performed as
in panel A, except with varying amounts of PSF•p54(nrb) as indicated.
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Figure 4.4 Detection of Ku binding with anti-Ku.

Similar results were obtained using a constant amount of Ku and varying amounts
of PSF•p54(nrb) as shown in Figures 4.6 and 4. 7. Ku had very little effect on the
concentration dependent binding of PSF•p54(nrb) to DNA (comparing Figure 4.3B and
4.7). Ku binding was nearly constant as PSF•p54(nrb) increased, with slight inhibition of
Ku binding at the higher concentration tested. Together these results suggest that Ku and
PSF•p54(nrb) binds to DNA more or less independently, with no apparent cooperativity.
In Figures 4.3-4. 7, assays were performed in duplicate~ and error bars indicate range.
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DetecUon antibody :PSF•p54(nrb)
1i00

PSF•p54(nrb)(pmo.1):
Ku70~Ku80(pmol):.

0.4

0.48

o:.4

o

0.4 0.4 0.4
0.14 0_4a. 1.4

.0.4
4.0

Figure 4.5 PSF•p54(nrb) binding to varying Ku. Similar reactions of Fig. 4.3A
were performed with a fixed amount of PSF•p54- (nrb) and varying amount of Ku.
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Figure 4.6 Detection of PSF•p54(nrb) binding with anti-PSF. Experimental
procedure is essentially the same as Figure 4.4.
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Figure 4.7 Binding in the presence of fixed amount of Ku and varying amounts of
PSF•p54(nrb)
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4.4.3

Binding characteristics

of Ku70•Ku80

and

PSF•p54(nrb) to DNAs with different end structures

The finding that PSF•p54(nrb) and Ku bind independently to DNA suggests that they
recognize different structural features of the DNA. It is well established that Ku binding
is specific for DNA ends [177,180,181]. Prior work has shown that Ku recongnizes 5'
protruding, 3' protruding and blunt end substrates equally well. In addition, binding is
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Figure 4.8 Influence of type of DNA.end on protein-DNA interaction. Wells
were loaded with equal molar amounts of indicated DNAs and Ku (0.48 pmol)
binding was measured by ELISA.
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efficiently blocked by a biotin-streptavidin complex [68]. We wanted to determine if
the same results would be obtained with the ELISA. Wells were loaded with DNA
substrates that had 5'-protruding, 3'-protruding, blunt or streptavidin blocked termini. Ku
was added and after incubation the wells were washed and the ELISA was performed.
Results are shown in Figure 4.8. Ku bound approximately equally to the 5' protruding, 3'
protruding, and blunt ends, but.the binding to the DNA that was blocked with the biotinstreptavidin complex was reduced by 80%. No binding was seen in control wells lacking
DNA. Results confirmed the requirement for free ends for Ku-DNA binding in this assay.

100·

DNA
Figure 4.9 Influence of type of DNA end on protein-DNA interaction.-Wells
were loaded with equal molar amounts of indicated DNAs and PSF•p54(nrb)(0.2
pmol) binding was measured by ELISA.
The PSF•p54(rirb)_ complex has previously been shown to bind to both double
stranded and single stranded DNA [151,176,182]. However, the requirement for DNA
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ends for binding has not been previously tested. Figure 4.9 shows the binding of

PSF•p54(nrb) to the same DNA fragments as were tested with Ku in Figure 4.8.
PSF•p54(nrb) bound to all four O:NA fragments. Binding to the fragment with a 3'
protruding end was about two-fold more efficient than to the others. Blocking the DNA
ends with a biotin-streptavidin complex did not affect the binding of PSF•p54(nrb),
relative to the comparable blunt end substrate. This result demonstrates that unlike Ku,
PSF•p54(nrb) does not require free ends for binding.

4.4.4 PSF·p54(nrb) and Ku70•Ku80 Promote DNA Pairing

Prior work has shown that binding of Ku to immobilized DNA fragments promotes
capture of a second DNA in solution. The presence of tandem RRM domains in PSF and
p54(nrb) suggests that these proteins could have a similar DNA pairing activity. A cocrystal structure of a homologous protein, hnRNPAl, bound to DNA[172] suggests a
specific mechanism by which this might occur.

We investigated the ability of Ku and PSF•p54(nrb) to promote DNA pairing
using the same assay format as for the protein-DNA binding ELISA. DNA fragments
were loaded in the wells of· a 96-well plate. Various amounts and combinations of
proteins were added, together with· a secqnd DNA that was radiolabeled, but not
biotinylated. After incubation and washing, we measured capture of the second DNA in
each well.
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Figure 4.10 Radiolabeled DNA capture assay. Wells were loaded with the first
DNA fragment, and a DNA capture assay was performed as described in Materials
and Methods. The binding reactions were perfor~ed in the presence of the
indicated proteins and a second radiolabeled fragment with a cohesive 5'
protruding end. The retention of radiolabeled DNA after washing is plotted.
Assays were performed in duplicate and error bars indicate range.

Results are shown-in Figure 4.10. As expected, increasing amounts of Ku result in
increasing capture of a second DNA, confirming previous findings in the new assay
format. A similar result was seen with PSF•p54(nrb), which also showed a concentrationdependent ability to capture a second DNA.

119
We tested the activity of Ku and PSF•p54(nrb) in combination. Increasing
amounts of the two proteins were incubated in a fixed molar ratio of 3.8:1, reflecting the
ratio standardly used in functional enzyme assays. Measurement of activity of two
species at different concentrations, but in a fixed ratio, is an established and sensitive
method to determine whether the interaction is synergistic, additive, or antagonistic
[183]. In .this case, the activity of Ku70•Ku80 and PSF•p54(nrb) was greater than either
protein alone, and the interaction appeared to be approximately additive.

4.5 Discussion

We describe here the development of a new assay platform that :anows individual steps of
the NHEJ pathway, including recruitment of various repair proteins and a second DNA,
to be measured. We demonstrate the utility of the platform by using it to characterize the ·
activity of PSF•p54(nrb) toward NHEJ substrate DNAs. We show that PSF•p54(nrb),
unlike other NHEJ proteins, binds to DNA independently of free ends. Once bound,
PSF•p54(nrb) is able to recruit a second DNA into a stable, noncovalent, paired complex.
Presumably, this pairing activity accounts for the ability of PSF•p54 to stimulate DNA
end joining in vitro.
The structural basis of PSF•p54(nrb) interaction has yet to be characterized.
Structures of DNA-bound Ku and DNA-PKcs, are available, and in both cases the
structure helps explain the requirement for free ends for interaction[42,177]. No structure
of PSF•p54(nrb) is available, although several other RRM-containing proteins have been
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investigated. A cocrystal structure of hnRNP Al suggests one arrangement by which
four RRM domains can stabilize pairing of distant sequences, without requiring a free
end[ 172]. Possibly, PSF•p54(nrb) stabilizes pairing by an analogous mechanism.
However, an important distinction is that the structure of hnRNP Al contains singlestranded nucleic acids. PSF and p54(nrb) have been reported to have single-stranded
nucleic acid binding capability, and some data indicate sequences required for single- and
double-stranded nucleic acid interaction are distinct [156,184]. Clearly, further work,
including development of system for co-expression of PSF and p54(nrb) in recombinant
form, will be helpful in dissecting the structural basis of PSF•p54(nrb) interaction with
DNA.

Although this is, to our knowledge, the first direct demonstration that
PSF•p54(nrb) promotes pairing of two double-stranded DNA fragments, the present
findings are consistent with certain prior evidence. Notably, PSF•p54(nrb) promotes
facilitated transfer _of topoisom~rase I between DNA substrate molecules, an activity that
probably reflects formation of a transiently paired complex [185]. In addition, the isolated
PSF component of the PSF•p54(nrb) complex has activity in a "pairing on membrane"
assay[152], which measures the ability to promote formation of a complex between
single-stranded DNA and a double-stranded fragment with homologous sequence.

In addition to characterizing the interaction of isolated PSF•p54(nrb) with DNA,
we also characterized its interaction with DNA in the presence of Ku protein. The results
show that although both PSF•p54(nrb) and Ku bind to DNA, binding of each is
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unaffected by the presence of the other. This independent binding is consistent with
recognition of different molecular features in the DNA. Given that PSF•p54(nrb) does not
require free ends but Ku does, it may be that these two proteins are involved in long
distance and local pairing interactions, respectively. In vivo NHEJ occurs within a
domain of modified chromatin that averages about 1000 kb on either side of the break,
much larger thaJ1 the ~2.5 kb substrates used in vitro. The existence of complementary
mechanisms for assuring long distance and local pairing may be particularly important
when it is necessary to establish interaction over the very long distances seen in vitro.
Atomic force and electron microcopy have allowed visualization of paired DNA
complexes formed in the presence of Ku, DNA-PKcs, and the Mre•11-Rad50•NBS1
complex. Such approaches may be useful in discriminating the function of PSF•p54(nrb)
from that of these other repair factors.

The concluding phase of the NHEJ reaction is the enzymatic processing and
covalent ligation of the DNA strands. Although we have not yet extended the new assay
platform to study this phase of the reaction, it should be po~sible to do so. Experiments
would be performed as in the pairing assay, but with the addition of an incubation step
using purified DNA.ligase IV•XRCC4, followed by a high-stringency wash at the final
step to discriminate between noncovalent and covalent complexes. With this
straightforward extension, the same assay platform could be used to study each step of
the NHEJ pathway, from initial recognition of DNA damage through its final resolution.
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It has been si:igge.sted by several authors that inhibition, of NHEJ may provide
.

.

a mechanism to augment. the benefits of cancer radiotherapy. In particular, delay of repair
until rapidly cycling tumor cells had completed at least one round of cell div1sion might
be able to increase the differential effects of radiation on tumor versus normal tissue. The
availability of an NHEJ assay in multiple well format, capable of measuring each step in
the pathway separately without a need for isolation of products or analysis by gel
electrophoresis, should accelerate the process of drug discovery considerably.

Chapter 5
Conclusions and Future Directions .

5.1 Overview

This chapter presents a summary of the dissertation work. It identifies novel scientific
and technical developments and discusses possible future directions for the work.

5.2 Summary and Conclusion

The overall goal of this dissertation was to establish a cell-free DNA end-joining system
based on purified components that mimics the behavior of DNA double-strand break
repair in vivo. This goal was achieved in the following manner: (a) development of an in-

vitro end-joining complementation assay based on purified and recombinant end-joining
proteins, (b) use of this assay to identify and characterize a novel end-joining stimulatory
factor, and ( c) development of a rapid DNA-protein interaction assay to further
investigate the mechanistic role of the new factor.
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In our initial studies to develop the complemen~ation assay we observed that
cell extracts contain two different factors that stimulate end joining. End joining in the
presence 9f the two factors is differentially regulated by DNA-PKcs-mediated
phosphorylation. One of the factors cooperates with DNA-PKcs to regulate endjoining,
the other apparently does not We. defined the first of these factors as a protein that
directly interacts with DNA and that favors inter-molecular over intra-molecular ligation
ofDNAends.

In the next phase of the work, we further purified and identified the factor as a
complex of two polypeptides: polypyrimidine tract binding protein associated splicing
factor (PSF) and its binding partner, a 54 kDa nuclear RNA binding protein (p54(nrb)).
This complex has previously identified roles in DNA recombination and RNA synthesis,
processing, and transport. _In this work, we provide- evidence for a novel role of this
complex in DNA repair. The purified complex strongly stimulates DNA end joining in

vitro, binds directly to the DNA substrates _of the. end-joining reaction, and cooperates
with Ku to establish a functional pre-ligation compiex.

In the final phase of the work, we established a potential mechanism for the
PSF·p54(nrb) stimulatory activity. We have developed a rapid ELISA to measure the
binding of PSF·p54(nrb) and other repair factors, alone or together, to immobilized DNA
fragments. PSF·p54(nrb) binds to DNA independently of the presence of free ends,
unlike Ku heterodimer, which requires free ends for binding in the same assay. We
observed a lack of cooperativity between PSF·p54(nrb) and Ku70·Ku80 binding to DNA.
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Using a capture assay we detected DNA pairing activity: PSF·p54(nrb), when bound
to one DNA, promotes pairing with a second DNA in a noncovalent complex, Ku also
promotes pairing, and the activity of the two proteins together is approximately additive.
Our results support a model where Ku and PSF·p54(nrb) recognize different structural
features of DNA arid cooperate to stabilize a synaptic complex. Based on this we have
proposed a model as shown below

PSF•p54(nrb) complex clamps two DNA together prior to ligation

PSF•p54(nrb)

Ku heterodimer

Ligation
end

Fi2ure 5.1 A model for PSF•p54(nrb) promotin2 DNA pairin2

Overall, in this dissertation we demonstrated, for the first time, the requirement
for DNA-PKcs phosphorylation-dependent end joining in a system reconstituted from
purified protein components. The phosphorylation-dependent regulation was observed
only if DNA-PKcs is physically present in the system. Prior work has suggested that
synapsis of DNA opposing ends is part of the signal that activates DNA-PKcs in vitro.
Consistent with this, we found that PSF•p54(nrb) stabilizes DNA pairing in a synaptic
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complex. As the final part of this dissertation, we developed a high throughput assay
in a 96-well plate format to investigate the phases of NHEJ, including assembly of initial
complex, formation of a paired, noncovalent complex~ and covalent joining of the paired
DNA.
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5.3 Future directions

The fundamental challenge in promoting an efficient DNA end ligation is proper
alignment of opposing DNA ends in a synaptic complex. With model substrates, where
DNA ends are aligned by base pairing, L4• X4 is highly active in the absence of
additional factors. On natural DNA fragments, however, L4•X4 requires additional
factors for activity, including PSF•p54(nrb). One hypothesis is that PSF•p54(nrb)
promote alignment of DNA ends in synaptic complex thus accelerating the intrinsic rate
of the end-joining reaction. I propose some possible future directions for this project.

(a) Further develop the multiwell plate-based DNA end joining assay platform. It
should be possible to substitute a non-radioactive labeled probe for the 32P-labeled
second DNA in the capture assay, allowing convenient detection in an antibody or
fluoresecence-based assay. By varying the stringency of the final wash, it should
also be possible to discriminate between non-covalent pairing and DNA-Ligase
catalytic covalent end joining. A high-throughput assay system for DNA end
joining would have a variety of application in research and drug discovery.

(b) Test the ability of recombinant PSF•p54(nrb) to stimulate DNA end joining. Is it

equivalent to the native protein? This experiment would provide a rigorous test of
whether PSF and p54(nrb) polypeptides are sufficient for full activity (excluding he
possibility, however unlikely that active fractions contain an additional protein
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component). In addition, assuming that the protein is expressed in a non
mammalian system, the experiment would address whether mammalian-cell
specific post-translational modifications are required for activity.

(c) Identify what regions of PSF•p54(nrb) are critical for its function. Mutagenesis
would provide more insight into the functional requirement of these proteins.

(d) Investigate the effect of PSF•p54(nrb) on DNA-PKcs autophosphorylation.
Preliminary evidence (Appendix A) using partially purified PSF•p54(nrb) suggests
that the factor promotes autophosphorylation of DNA-PKcs in a solution assay. It
will be of interest to determine if this autophosphorylation leads to the release of
DNA-PKcs from the DNA ends.

(e) Visualize the geometry of Ku•PSF•p54(nrb)•DNA complex. Since this
PSF•p54(nrb) interacts directly with DNA, it would be interesting to study this
interaction by visualizing the protein-DNA complexes using atomic force
microscopy (AFM). This might give further insight into the DNA pairing activity.

(f) Investigate whether PSF.•p54(nrb) is required for DNA repair in cells. This can
be tested by using small interfering RNA (siRNA) technology to knock down the
expression of PSF or p54(nrb), then determining whether this treatment increases
sensitivity to radiation

Chapter 6
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Appendix A
PSF • p54(nrb) PromotesAutophosphorylation ofDNA-PKcs
Based on the observation that the activity of PSF•p54(nrb) is regulated by DNAPKcs phosphorylation, one of our goals was to investigate if PSF•p54(nrb) is a substrate
of DNA-PKcs. DNA-PKcs kinase assay was performed using the components as
indicated in the figure. Each 20 µl reactions were performed in the presence and absence
oflO nM DNA-PKcs, in the presence of 10 nM Ku70/80, 0.5 mM excess unlabeled ATP,
32
Y

P-ATP (specific activity 6000 Ci/mmol), and 10 nM linearized pUC19 plasmid DNA.

The samples were resolved by 10% SOS-PAGE and visualized by Phosphorlmager
analysis. Lane 1 shows minimal autophosphorylation of DNA-PKcs in the absence of
PSF•p54(nrb ). In the presence of PSF•p54(nrb) significance increase in the
autophosphorylation of DNA-PKcs is observed (lanes, 2-4). Lanes 5 is a control lane
without DNA-PKcs showing no phosphorylation activity. Hence, PSF•p54(nrb) is able to
promote autophosphorylation of DNA-PKcs in kinase assay in solution This observation
is consistent with the model that a novel factor is required for autophosphory lation
dependent dissociation of DNA-PKcs from DNA ends prior to repair. This study can be
further investigated using rapid ELISA plate assay developed in this project.
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