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Abstract

DNA double-strand breaks (DSB), particularly those induced by ionizing radiation (IR), are complex lesions that
can be cytotoxic if not properly repaired. IR-induced DSB often have DNA termini modifications, including
thymine glycols, ring fragmentation, 3’-phosphoglycolates, 5-hydroxyl groups, and abasic sites. Non-
homologous end joining (NHE]) is a major pathway responsible for the repair of these complex breaks. Proteins
involved in NHE] include the Ku 70/80 heterodimer, DNA-PKcs, processing proteins including Artemis and
DNA polymerases u and k, XRCC4, DNA ligase IV, and XLF. We will discuss the role of the physical and
functional interactions of DNA-PK as a result of activation, with an emphasis on DNA structure, chemistry, and
sequence. With the diversity of IR induced DSB, it is becoming increasingly clear that multiple DNA processing
enzymes are likely necessary for effective repair of a break. We will explore the roles of several important
processing enzymes, with a focus on the nuclease Artemis and its role in processing diverse DSB. The effect of
DNA termini on both DNA-PK and Artemis activity will be analyzed from a structural and biochemical view.

Antioxid. Redox Signal. 14, 2531-2543.

DNA Double-Strand Breaks

NA DOUBLE-STRAND BREAKS (DSB) and their contribu-

tion to genomic instability, chromosomal translocations,
carcinogenesis, and cell death have been extensively studied
over the years. These breaks can arise from both endogenous
and exogenous sources. Endogenous DSB can occur from
reactive oxygen species that create dual single-strand break
lesions in close proximity to each other (Fig. 1A). DSB may
also arise from replication fork stalling that leads to fork col-
lapse or attempts to replicate past a nick in a leading strand
template (Fig. 1B) (47). In addition, certain genomic recom-
bination events, including V(D)] recombination, induce DSB
through endonuclease processing (24). Finally, endogenous
DSB can result from physical stress that occurs during sepa-
ration of chromosomes in mitosis (22). DSB can also be pro-
duced from a variety of exogenous DNA damaging agents,
such as ionizing radiation (IR) and certain chemotherapeutic
agents like bleomycin and camptothecin (Fig. 1C) (75).

lonizing Radiation-Induced DNA Double-Strand Breaks

DNA double-strand breaks produced by ionizing radiation
typically do not have blunt unmodified termini. Instead, the
DNA termini can have a variety of end modifications and base
damages. It has been suggested that many of these DNA

modifications can occur in a clustered region, potentially near
the site of the initial break, and the presence of these multiple
lesions increases the mutation rate that arise from IR (32, 85).
Identified DNA modifications include thymine glycols, ring
fragmentation, 3'-phosphoglycolates, 5-hydroxyl groups,
and abasic sites. Regions of single-strand DNA that arise from
strand breakage can also occur at a DSB, leaving a single-
strand overhang region at the site of the break. This diversity
of damage and structures at the site of DNA DSB are likely to
impact rate and accuracy of repair. As the structural com-
plexity found at the site of DSB increases, the ability of repair
decreases (74). It is becoming increasingly apparent that the
assortment of secondary DNA lesions found at the site of an
IR-induced break presents challenges for their repair. Due to
the complexities in the DNA lesions produced by IR, one
could imagine that different enzymes or pathways would be
required to process different types of DNA lesions found at
termini towards the joining or resolution of DNA DSB.

Repairing DNA DSBs

Two major pathways have evolved that catalyze the repair
of DNA DSB, homology directed repair (HDR) and nonho-
mologous end joining (NHEJ). HDR only occurs in S or G2
phase of the cell cycle in mammalian cells, as it requires a
homologous template. Importantly, specific DNA damage
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FIG. 1. DNA double-strand breaks (DSB). (A) Single-
strand breaks (SSB) arising from reactive oxygen species
(ROS) that are located in close proximity to each other in the
genome can lead to a DNA DSB. SSB locations are indicated
by red circles. (B) DNA polymerase-driven attempts to rep-
licate past a nick in the leading strand template of DNA can
result in a DNA DSB. Nicks are indicated by red circles and
newly replicated DNA is indicated by red strands. (C) Exo-
genous DNA damaging agents like ionizing radiation (IR)
produce DNA DSB with a variety of end modifications and
various forms of DNA damage around the DNA terminus.
(To see this illustration in color the reader is referred to the
web version of this article at www.liebertonline.com/ars).

may be retained in HDR and require further repair or pro-
cessing following initial HDR. NHE] repairs DSB by simply
joining the two DNA ends together in the absence of a ho-
mologous template, and is therefore capable of occurring
throughout the cell cycle. While in theory a simple mecha-
nism, continuing research is showing that the joining of two
nonhomologous DNA ends by NHE] is, in fact, a sophisti-
cated and complex mechanism of DNA repair.

NHE] can be divided into four specific steps; DNA termini
recognition, bridging of the two DNA ends to be joined, also
known as formation of the synaptic complex, DNA end pro-
cessing, and finally DNA ligation (Fig. 2). After a DSB occurs,
Ku, a heterodimer composed of Ku70 and Ku80, binds to
the end of the break. Once Ku is bound, it recruits the
465kDa DNA-PK catalytic subunit (DNA-PKcs). Together,
these proteins make up a heterotrimeric complex called the
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FIG. 2. The Non-Homologous End Joining (NHE]) path-
way. Following a DNA DSB induced by IR, the hetero-
dimeric Ku (Ku 70 depicted in light blue and Ku 80 depicted
in dark blue) complex is recruited to the DNA terminus, binds
to the DNA, and recruits the DNA-dependent protein kinase
catalytic subunit (DNA-PKcs). DNA-PKcs forms a hetero-
trimeric complex with Ku and its serine/theonine protein
kinase activity is activated once bound to the DNA terminus.
Autophosphorylation and phosphorylation of other target
proteins occurs. Artemis, in the presence of DNA-PK and
ATP, becomes active and is able to endonucleolytically
cleave DNA termini that require processing. Ligase
IV/XRCC4/XLF complex is recruited to DNA termini and
catalyze ligation of the DNA DSB. (To see this illustration in
color the reader is referred to the web version of this article at
www.liebertonline.com/ars).

DNA-dependent protein kinase, or DNA-PK. The formation
of this complex may aid in stabilizing the two DNA ends at
the site of the break, forming a synaptic complex that secures
the two DNA termini together. The catalytic activity of DNA-
PK is activated once bound to DNA, and this unique serine/
threonine protein kinase phosphorylates downstream target
proteins needed for completion of the pathway.

As mentioned earlier, IR does not frequently produce clean
blunt-end breaks, and in fact regularly produces a number of
complex breaks that contain DNA discontinuities at the ter-
minus that require processing before proper ligation can oc-
cur. Artemis is the main nuclease known to process DNA
termini in NHE] by degrading DNA single-strand overhangs
with its 5'-exonuclease and 5'- or 3'-endonuclease activity, and
when defective, cells have been shown to possess some ra-
diation sensitivity (49, 52, 73). Polymerases responsible for
adding bases at the termini include pol f3, u, and /. Pol u is of
particular interest, as its level is increased after IR and it is
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found to be in a complex with Ku and the Ligase IV/XRCC4
complex (56). The discussion of polymerases in NHE] will be
covered in another article in this Forum (70).

After processing of the DNA termini, DNA ligase IV is
responsible for ligating the DSB that contain incompatible or
compatible overhangs, as well as blunt-ends (27, 51), making
it the perfect ligase for a repair pathway that does not require
homology. DNA ligase IV is found in a complex with XRCC4,
and the flexibility of this complex is apparent by the fact that
the complex can ligate one strand even if the second strand
cannot be ligated (perhaps because of a 5-OH) (28). XLF
(Cernunnos), a recently discovered protein found to be in-
volved in NHE]J (2, 8), was determined to interact with Ligase
IV/XRCC4 (LIV/X4) and is also required for optimal NHE].
More recent evidence has shown XLF in a complex with
LIV/X4, and is believed to be required for stimulating the
catalytic activity of LIV /X4 (26). PNKP has also been found to
associate with XRCC4, and may be responsible for phosphate
replacement at damaged DNA termini (40, 42).

Ku 70/80

Ku, initially discovered as an autoantigen and found to be
extremely abundant in the cell, is one of the first proteins to
bind to DNA at a double-strand break (62). This DNA binding
protein exists predominantly as a stable heterodimer made up
of 70 and 86 kDa subunits (3, 29). Ku can also form a hetero-
trimeric complex with the 465 kDa DNA-PKcs when bound to
DNA, forming the ~610kDa DNA-PK complex. Overall, Ku
has been implicated in other cellular pathways, including
telomere regulation and apoptosis (20). Very recent work
from the Ramsden laboratory has also shown that Ku has
5'-AP lyase activity, although interestingly, it is suggested that
this activity is still used in NHE]J (not BER) to remove AP sites
near DSB (72). Overall, the ultimate role of Ku has been shown
to be crucial to NHEJ-mediated DNA repair in eukaryotes.
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Ku and DNA Binding

Ku binds with a high affinity to double-stranded DNA
termini in a sequence-independent fashion and can translo-
cate inward along the length of DNA in an ATP-independent
manner (50). This movement is thought to coincide with the
recruitment of DNA-PKcs to the site of the break, and is re-
quired for DNA-PK to gain access to the end of the DNA
substrate (53, 93). Interestingly, discontinuities in the DNA
structure, such as bulky cisplatin lesions, do not diminish Ku
binding capacity significantly, but can inhibit translocation of
Ku along the length of DNA (81). This impairment of Ku
movement along the DNA was also found to inhibit LIV /X4
stimulated ligation, presumably because without transloca-
tion of Ku along the DNA, the ligase complex is unable to
efficiently bind to the DNA (45). A more recent study has
addressed the issue of Ku translocating on DNA when the
DNA is coated in histones and other DNA binding proteins.
Such bulky proteins could prevent the ring-like structure of
Ku from sliding onto the end of DNA and moving along the
length of it, as suggested by numerous in vitro experiments
over the years. Roberts and Ramsden provide data demon-
strating that Ku is capable of peeling away as much as 50 base-
pairs of DNA from around the histone octamer structure
found at the terminus of a double-strand break, thus allowing
for DNA-PK to slide along the DNA without the need for
chromatin remodeling (71).

Ku Structure

The structural features of Ku as revealed by various
methods support much of the biochemical evidence gathered
about Ku over the years. The two Ku subunits have a great
deal of sequence similarity and both contain regions that
contribute to the main DNA binding domain of the hetero-
dimer (23) (Fig. 3). High resolution structural analysis of Ku
reveals a ring-like shape that does not appear to undergo any
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major change in conformation after binding DNA (83). This
ring-like structure allows for Ku to slide onto the end of a
DNA duplex and it is shown that 1.5-2 turns of DNA can fit
through the channel in this ring-like structure, but the shape
and relative rigidity of the molecule renders it difficult if not
impossible to bind to and interact with DNA in the absence of
a free end. The nonspecific interactions between the sugar-
phosphate backbone of DNA and the amino acids of the Ku
ring structure support binding in a sequence-independent
manner (83). Ku 70 and Ku 80 also share homology in that
each contain a von Willebrand Factor A (vWA) domain N-
terminal of the DNA binding domain (Fig. 3). In addition,
each contains C-terminal extensions, a SAP domain in the case
of Ku 70 and a less well-conserved extension in the case of Ku
80. The structure of the C-terminal region (CTR) of Ku 80, too
flexible for X-ray crystallography and so left out of the het-
erodimer solved structure, has been solved by solution-based
NMR (36). This work has revealed a long flexible linker region
with a cluster of six alpha helixes, with the final 12 amino
acids largely disordered. This region is important for inter-
action with DNA-PKcs, and is discussed in detail later in this
review.

DNA-PK

The 469kDa DNA-dependent protein kinase catalytic
subunit (DNA-PKcs) is the largest protein kinase in the cell
reported to date. Sequence analysis places DNA-PKcs as
a member of the phosphatidylinositol-3 (PI-3) kinase-like-
kinase (PIKK) super-family (along with ATM, ATR, mTOR,
SMG-1, and TRRAP). Grouped together because of their
similar catalytic domains, the PIKKSs catalytic domains share
homology with the phosphoinositide (PI) 3-kinase catalytic
domains (Fig. 3). However, the PIKKs phosphorylate proteins
on serine or threonine residues rather than lipids. DNA-PKcs,
like its family members, has a C-terminus kinase domain that
is relatively small compared to the rest of the polypeptide
(5%—-10%), and is flanked by a FAT and FAT-C domain, whose
roles are not yet clearly understood (Fig. 3). The N-terminal
region is not well conserved, but is predicted to have multiple
alpha-helical HEAT repeats (1).

DNA-PKcs binds to the site of a DSB following binding of
Ku, and binding affinity of the catalytic subunit is increased
100-fold in the presence of Ku (91). The C-terminal region of
Ku 80 is thought to participate in this Ku-DNA-PKcs inter-
action, discussed in greater detail later in this review. Once
bound to DNA, DNA-PKcs is able to phosphorylate substrate
proteins, targeting serines and threonines that are often fol-
lowed by a glutamine, although as other sequences have been
demonstrated to be phosphorylated by DNA-PK this calls
into question the definition of a true consensus sequence. (57).
This DNA-dependent kinase activity has been shown to be
required for efficient DNA end joining (43). In addition,
DNA-PK kinase activity plays a significant role in the DNA
damage checkpoint signaling pathway and/or damage
signaling to the apoptosis pathway (38).

DNA-PK Structure and Activation: The Role of DNA

One of the biggest challenges in the field remains the de-
termination of the molecular mechanism that drives activa-
tion of DNA-PK by DNA. Biochemical and structural studies
support the hypothesis that DNA-PK activation is driven by
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direct contact with DNA, including a study showing the im-
portance of a leucine-rich region of DNA-PKcs that appears to
be at least partially responsible for the direct interaction be-
tween the kinase and the DNA (31). Significant structural and
biochemical advances with DNA-PK are aiding our under-
standing of kinase activation.

The DNA terminus resulting from an IR-induced DSB can
vary in structure, size, and chemistry, each of which may play
an important role in DNA-PK activation. Like the DNA
binding activity of Ku, it has been shown that DNA-PK ki-
nase activity is strongest with full duplex DNA, while hairpin
structures or supercoiled plasmids result in little or no kinase
activity (80). Furthermore, DNA-PK is preferentially acti-
vated by DNA with 3'-pyrimidine-rich termini, but activity is
severely inhibited by terminal cisplatin-DNA adducts (65).
These results are attributed to the catalytic subunit of DNA-
PK, as there is no strong evidence for sequence-bias or strand
bias of Ku DNA binding activity alone, nor are cisplatin le-
sions thought to inhibit Ku binding (see above in Ku section).

Interestingly, chemical structures attached to DNA, such as
biotin, do not inhibit kinase activity (16, 65). A large amount of
information regarding the activation of the catalytic subunit
has previously been determined in vitro in the absence of Ku.
Such studies were made possible because DNA-PKcs can
bind to DNA in vitro, specifically in low salt and high mag-
nesium buffers (33). Under these conditions in a Ku-inde-
pendent reaction, this assay technique results in interesting
data, indicating that DNA-PKcs is preferentially activated by
single-strand DNA ends (34). These Ku-independent results
were also observed in another lab. Furthermore, studies have
suggested that melting of the DNA terminus may be neces-
sary for DNA-PK to bind in a stable complex with DNA, and
lead to optimal activation of the kinase (39). More recently,
similar studies with the heterotrimeric complex, DNA-PK,
have been performed with the more physiologically relevant
form of DNA-PK, as there is no evidence that DNA-PKcs
binds to or is activated by DNA in the cell in the absence of Ku.
Studies from our lab have revealed that DNA-PK is prefer-
entially activated by 3'-pyrimidine-rich sequences, and this
supports the theory that single-strand ends of DNA may play
an important and differential role in NHE] catalyzed repair of
DSBs (65). Building upon this work we have discovered that
DNA-PK is preferentially activated by substrates containing
5'-single-strand overhangs compared to 3'-single-strand
overhangs (66). These combined results suggest that indi-
vidual DNA termini play an important role in activation of
DNA-PK.

Advances in structural studies have complemented and
extended our understanding of DNA-PK with respect to
the role of DNA in activation of the kinase. Electron crystal-
lographic studies have shown an open channel in the
DNA-PKcs structure that can plausibly interact with double-
stranded DNA (48). More recently, higher resolution recon-
struction (7A) of DNA-PKcs was achieved and work shows
that DNA-PKcs displays handedness, with a head and base
region containing two side connections that create a tunnel-
like hollow channel within the protein that is the proposed
binding site for DNA (35). Docking experiments revealed that
the kinase domain could fit in either the head or base re-
gions, although homology docking work done with PI3Ky as
a model indicate that the base region is the more plausible
position. Within the central opening is an alpha-helical like
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protrusion, a likely candidate for direct interaction with DNA.
The authors propose that approximately 1 turn or 10 base-
pairs of the dsDNA would need to enter this channel to
interact with this alpha-helical region. Interestingly, what
appears to be a smaller cavity, only large enough to fit single-
strand DNA, is located above the larger central channel (89).
A crystal structure of DNA-PKcs has resulted in a structure of
DNA-PKcs with the highest resolution yet accomplished, at
6.6A, where the overall fold of the catalytic subunit is dis-
cernable. This reveals that an alpha helical region of HEAT
repeats result in a bending of the protein structure into a
hollow circular structure, like that described by the cryo-EM
data discussed above. Interestingly, these authors place the
catalytic domain in the top portion, or head region, of this
circular structure, and show that there is a small HEAT repeat
region inside the structure that is thought to bind DNA. This
higher resolution structure supports the model of DNA
threading through the kinase (76). In fact, data showing
that the kinase has alpha-helical HEAT repeats scattered
throughout the polypeptide and distributed around the
structure indicate that the DNA could also interact in various
positions on the periphery of the kinase, which could result in
activation of DNA-PKes by DNA. Additional research has
suggested that once a double-strand DNA is threaded
through the kinase, it can fray to expose a certain length of
single-strand DNA, each of which can then be inserted into
what are potentially seen in the structural data as two cavities
(16, 48). Alternatively, there may be only one cavity on
the perimeter of the molecule that may be an active site with
dimensions to accommodate single-strand DNA (89). Acti-
vation of DNA-PK by a DNA terminus could be happening in
either a cis or trans fashion, meaning the strand necessary for
activation could interact with the same DNA-PK molecule
through which it is threaded (Fig. 4, cis activation) or could
interact with a separate DNA-PK molecule bound to the other
DNA terminus (Fig. 4, trans activation). All of this structural
and biochemical data suggest that DNA is in fact impor-
tant for activating the kinase, probably through a direct
interaction that involves threading of the DNA through the
circular structure of DNA-PK followed by insertion of a
DNA terminal strand into an active site within the kinase.

(Fig. 4).

DNA-PK Activation:
The Role of Protein—Protein Interactions

While the role of DNA is crucial as the name implies, pro-
tein—protein interactions are also necessary for DNA-PK
activation and are predominantly provided by the Ku het-
erodimer. Two regions of Ku were not observed in the crystal
structure, the C-terminal regions (CTR) of both Ku 80 and Ku
70. Ku 80 CTR has been shown to play an important role in
DNA-PK activation. As noted above, the favored model is
that Ku binds first to a DNA DSB and then recruits the DNA-
PKcs, which becomes active once bound to DNA. Kinetic
analysis has shown that DNA-PKcs undergoes an extreme
increase in activity when bound to a Ku-DNA complex as
compared to just DNA alone, suggesting that a Ku-DNA-
PKcs interaction is necessary for optimal activation of the
enzyme. Interestingly, incubating DNA-PKcs with Ku mole-
cules devoid of the C-terminal region of Ku 80 results in sig-
nificantly reduced DNA-PK kinase activity, and it has been
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FIG. 4. DNA-PK activation and Artemis-mediated
cleavage. DNA threads through the ring-like structure of the
Ku heterodimer and through a channel in DNA-PKcs. Fol-
lowing threading of the DNA, strand separation occurs and
the 3'-strand (depicted in green) drives homology-mediated
interactions with the opposite 3'-strand, aiding in formation
of a synaptic complex between the two DNA termini. The
purple shadow in the top panel indicates the region of magni-
fication in the bottom panels. Cis activation of DNA-PK
occurs by the 5'-strand (depicted in blue) interacting with an
active site that can accommodate single-strand DNA on the
periphery of the same DNA-PK molecule that is bound to
the DNA terminus. Artemis interacts with DNA-PK and
cleaves DNA in a trans fashion by cleaving a single-strand
overhang on the opposite DNA terminus. Trans activation
occurs by 5'-single-strand DNA interacting with the active
on the DNA-PK molecule bound to the opposite DNA ter-
minus. Artemis interacts with DNA-PK and cleaves DNA in
a cis fashion by cleaving a single-strand overhang on the
same terminus with which DNA-PK and Artemis are inter-
acting. (To see this illustration in color the reader is referred
to the web version of this article at www liebertonline
.com/ars).

shown that only the final 12 amino acids of Ku80 are required
for an interaction with DNA-PKcs (23, 77).

Despite results revealing the Ku 80 CTR both physically
interacts with DNA-PKcs and is needed for optimal kinase
activity, it is still unclear if this region promotes activation
through recruitment of DNA-PKcs to the DSB or through
direct contact with the DNA-PKcs polypeptide to activate the
kinase. Initial in vivo studies showed that DN A-PKcs does not
accumulate at DNA DSB in cells that are Ku 80 null, indicating
that perhaps the CTR of Ku 80 is needed for recruitment of
DNA-PKcs to the DSB (82). Interestingly, studies also re-
vealed that Ku 80 CTR truncations result in a level of radio-
sensitivity in cells that is similar to that seen with DNA-PKcs
null cells, and this Ku 80 truncation mutant phenotype is
postulated to be from lack of recruitment of DNA-PKcs to the
site of a break (77). However, controversial and more recent
in vitro and in vivo studies show that DN A-PKcs is recruited to
the site of a DSB in the absence of the CTR of Ku 80 (but with
the remaining heterotrimeric protein intact) (87). These results
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indicate that deletion of the Ku 80 CTR does not disrupt re-
cruitment of DNA-PKcs to a DNA terminus. Although this
same group reported only a 50% decrease in kinase activation
with mutant Ku that was missing the CTR of Ku 80, our
laboratory has data suggesting that DNA-PK kinase activity
is severely inhibited by loss of the Ku 80 CTR, with kinase
activity near background level when incubated with trun-
cated Ku. This would indicate that while recruitment of
DNA-PKGcs to the site of DSB is not dependent on Ku 80 CTR,
kinase activation, and therefore repair of DSB, is Ku 80 CTR
dependent. Interestingly, new structural data using small
angle X-ray scattering (SAXS) suggests that the Ku 80 CTR can
extend considerably from the remainder of the Ku hetero-
dimer, and is attached to the core by the disordered, flexible
region. The considerable flexibility coupled with the distance
of the C-terminal region from the core suggests this region
could easily recruit and then retain interaction with DNA—-
PKcs at the site of a DSB. It is also possible that this disordered
region interacts with other parts of the Ku molecule to induce
a conformational change that could in turn activate the ki-
nase. These possibilities raise the question of whether the
C-terminal region of Ku 80 is responsible for DNA-PKcs re-
cruitment, retention, and activation, or potentially plays a role
in all three (35). Clearly, further studies need to be done to
determine the exact role of Ku 80 CTR.

Protein—Protein and Protein—DNA Interactions:
Juxtaposition of a DNA DSB

Successful repair of a double-strand break requires that the
two ends of the DSB are brought together to allow for ligation
by Ligase 4/XRCC4/XLF. Emerging data over the years have
indicated that NHE] proteins must bind to DNA in order to
bring the two ends together into a synaptic complex to allow
for the ligation reaction. Ku and DNA-PKcs are recognized as
the first proteins to bind to the site of the damage and may be
responsible for the recruitment of other proteins in the path-
way. This leads to the hypothesis that this protein complex
could be responsible for bringing the two ends of DNA to-
gether and maintaining them in a synaptic complex at the site
of a DSB.

A large amount of data exists to suggest that Ku, DNA-
PKcs, or the heterotrimeric complex play a crucial role in
synapses of DNA ends. Atomic force microscopy revealed a
complex of Ku and the two DNA ends of a linearized plasmid,
suggesting that Ku holds the two termini together in a
synaptic complex (63). Data showing that Ku can transfer
between two strands of DNA, whether they contain homol-
ogous or nonhomologous sequence regions, also suggest that
Ku is responsible for the juxtaposition of DNA ends (4, 13)
More recent electron microscopy, as well as two-photon
fluorescence cross-correlation spectroscopy, have revealed
that two DNA ends are in fact brought together by two DNA—
PKcs molecules into a synaptic complex and biochemical
analysis revealed that kinase activation occurs following for-
mation of the complex (16, 60). Higher resolution structural
work suggests that dimeric complexes made up of Ku/-DNA-
PKcs/DNA interact within the HEAT repeat regions (79).

SAXS structural data suggest that both the DNA-PKcs and
Ku molecules play a role in stabilizing two DNA termini in a
synaptic complex, as the Ku 80 CTR is made up of a dynamic
arm that is significantly extended from the core of the mole-
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cule such that it could interact with a DNA-PKcs molecule,
and furthermore shows that DNA-PKcs can form head-to-
head dimers (35). The SAXS work shows that the dimensions
coupled with the extreme flexibility of the C-terminal region
of Ku 80 are ample enough to allow interactions with both the
DNA-PKcs bound at the same DSB terminus, as well as across
the DSB to a DNA-PKcs molecule bound to the opposing
terminus, contacting the molecule in a trans fashion. This
would suggest that the CTR of Ku 80 indeed is responsible in
some way for retaining DNA-PKcs at the site of a break,
perhaps through a tethering mechanism that retains the ki-
nase in a synaptic complex at the DSB site. Recent biochemical
data out of our lab and structural SAXS data also suggest that
the CTR of Ku 80 can form a dimer. Our laboratory generated
the 16 kDa Ku 80 CTR fragment indicated to be important for
DNA-PK activation, and cross-linking data show a homo-
dimer being formed with this mutant protein. SAXS data
suggests that the Ku 80 CTR can interact with the remainder
of the Ku polypeptide in a total of five possible positions (35).
This Ku80 CTR homodimerization may facilitate tethering of
the two DNA termini at a DSB to enhance synaptic complex
formation and end-joining activity (Fig. 5).

As discussed above, protein—protein interactions play an
important role in formation and stabilization of a synaptic
complex. Protein-DNA and DNA-DNA interactions may
also play a role in synaptic complexes at the site of a DSB.
Recent work analyzing the Mycobacterium tuberculosis DNA-
PK suggests that the 3'-ends of DNA at each terminus of a

FIG. 5. Ku 80 C-term interactions. The Ku 80 CTR (de-
picted in dark blue and extending out from the Ku molecule)
is a highly flexible region with a cluster of six o-helical re-
peats at the terminus. Ku 80 CTR can interact with regions of
the Ku heterodimer, including itself, and this CTR-CTR in-
teraction may promote synaptic complex formation. Inter-
actions between Ku 80 CTR and DNA-PKcs can also occur
and may also play a role in synapsis of the DNA termini. (To
see this illustration in color the reader is referred to the web
version of this article at www liebertonline.com/ars).
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double-strand break are important in maintaining a synaptic
complex consisting of the NHE] machinery. The authors
propose that the 3'-ends protruding from each LigD molecule
can pair together, thus bringing each LigD-bound DNA ter-
mini into proximity of each other in a synaptic complex (7).
This work is consistent with observations in our laboratory,
where a greater than additive level of DNA-PK activation
was observed when mixing two substrates containing regions
of microhomology in a 3’-overhang region, while substrates
with complementary 5'-overhangs did not display this syn-
ergistic activity (66). This work suggests that the 3'-end of
DNA is important for searching for an opposing strand on the
opposite side of the break, particularly for a DNA end with
microhomology, thus assisting in synaptic complex formation
(66) (Fig. 4). It is becoming increasingly clear that the synaptic
complex is a crucial step in NHE], and that Ku, DNA-PKcs,
and the DNA strands all play an important role in the
formation.

Impact of DNA-PK Autophosphorylation
on Protein—Protein and Protein—-DNA interactions

As it appears that the main role of active DNA-PK is in
NHE], considerable work has been done to map DNA-PK
dependent phosphorylation sites of the core NHE] protein
machinery and uncover the in vivo relevance of these phos-
phorylation events. While several of the key NHE] players are
phosphorylated in vitro by DNA-PK (18, 41, 84, 94) only two
proteins have been demonstrated to be regulated by phos-
phorylation, DNA-PKcs and Artemis (58). Artemis, a DNA
nuclease implicated in end processing in the NHE] pathway,
gains endonucleolytic activity on DNA substrates following
DNA-PK phosphorylation (54, 55). The other DNA-PK
dependent phosphorylation substrate that has been shown to
have in vivo relevance is DNA-PK itself through autophos-
phorylation.

Early studies with DNA-PK revealed that autopho-
sphorylation of DNA-PKcs resulted in decreased protein
kinase activity (12). This loss of activity was linked with dis-
sociation of the DNA-PK catalytic subunit from Ku and
DNA bound complex, or the “active” complex. These studies
demonstrate the dynamic complex that forms at a DNA DSB,
and reveals a physiological role for DNA-PK autophos-
phorylation (61). Further experiments mapped the autopho-
sphorylation sites within DNA-PKcs and initially identified a
cluster of six sites within residues 2609-2647, dubbed the
ABCDE cluster (19). Interestingly, mutational analysis of
these residues revealed that autophosphorylation of any one
of the sites alone is not necessary for NHE], as determined by
radiosensitivity assays. However, when all six of the serine or
threonine residues were mutated to alanine, cells displayed
similar high levels of radiosensitivity as cells that were DNA-
PKcs null (61). When mutated, this cluster was also unable to
efficiently repair IR-induced DSB (5). Several more autopho-
sphorylation sites have been identified, and to date the
ABCDE mutant and the PQR mutant (6, 14) are the clusters
that appear to be the most functionally relevant. Interestingly,
each of these mutant clusters display severe radiosensitivity,
but still maintain full phosphorylation activity and can asso-
ciate with and dissociate from DNA DSB. The major defect
exhibited by the two mutants described is a disruption in
DNA end processing during NHE]. Further studies have
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shown that autophosphorylation at the ABCDCE sites ren-
ders DNA termini accessible for end processing, but not by
DNA-PK dissociation. Instead, it is proposed that following
autophosphorylation of ABCDE, DNA-PK remains bound
but undergoes a conformational change so that DNA ends are
now made accessible to end processing factors and the ligase
complex, and DNA-PK remains in position on the DNA
termini to support a synaptic complex This model is further
supported by recent evidence showing that autopho-
sphorylation of DNA-PKcs occurs in trans, both in vitro and
in vivo (59). This is consistent with the formation of a synaptic
complex, thus allowing for trans autophosphorylation be-
tween two DNA-PK molecules located at each termini of the
DNA DSB. Furthermore, this synaptic complex could protect
ends from processing until autophosphorylation occurs and
alters the complex formation, liberating ends for processing
(58). Recent in vivo photobleaching studies (82) and in vitro
structural work support the model that autophosphorylation
does render DNA termini accessible for processing, and this
occurs because of a conformational change in DNA-PKcs
following autophosphorylation. SAXS data revealed dramatic
conformational changes throughout the phosphorylated
DNA-PKcs structure, including an opening up of the head
and palm regions that have previously been postulated to
encircle the DNA that most likely results in dissociation of
DNA-PKcs from DNA. While additional work needs to be
done to understand more clearly the mechanism of DNA-
PKcs dissociation and define the residues involved, it is clear
that DNA-PK autophosphorylation plays two important
roles, one involved in DNA termini accessibility and the other
in dissociation (35).

End Processing Events

Once DNA termini have been recognized, bound, and
stabilized by DNA-PK, processing of DNA to create ligatable
ends occurs. While a single I-SCE1 break is extremely useful
for analysis of DNA DSB signaling response, the processing
necessary for IR-induced breaks is likely to be considerable
more complex. In attempts to induce more complex events,
asymmetric I-SCE1 has been used to show that processing can
occur in these systems, though the specific enzymes and
mechanisms required to process these types of ends remains
to be determined (86). To recapitulate these events more ac-
curately will require complex lesions that more closely mimic
damage induced by IR. Depending on the complexity of the
DNA discontinuity, an assortment of different processing
enzymes may be required to remove DNA damage at the site
of the break to allow for ligation. Numerous enzymes have
been implicated in DNA processing and include but are not
limited to, FEN-1 (90), polynucleotide kinase-phosphatase
(PNKP) (40), Werner protein (44, 68), MRN (46), DNA poly-
merase pand /4 (52), and the nuclease Artemis (55). While all of
these enzymes have been implicated in NHE], specific roles of
certain enzymes like MRN remain unclear. Further research
may reveal that a subset of these enzymes, along with yet
unknown molecules, play a role in DNA DSB signaling.

NHE]J is proficient in joining blunt termini or two DNA
ends that have nonhomologous overhang regions. Fre-
quently, joining of overhangs requires some sort of removal or
addition of nucleotides at the site of the break (9). Despite the
term “nonhomologous” end joining, it has been shown that
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there can be a greater tendency to join two broken ends that
contain sequences with 1-4 nucleotides that are complemen-
tary (88), dubbed more recently as areas of microhomology. It
is suggested that to align these ends of DNA at regions of
microhomology, processing that results in the loss or addition
of nucleotides must occur. While often characterized as error-
prone, NHE] when presented with a break that does not
require processing can efficiently join the termini with high
fidelity (9; 30). When necessitated by the complexity of the
breaks being joined, additions are carried out by family X
polymerases (70) and we will focus on the loss of nucleotides,
which are carried out by nucleases, including Artemis.

Artemis

The nuclease Artemis is involved in cleaving hairpins
generated during V(D)J recombination and has been shown to
play a role in NHE] repair of IR-induced DNA DSB. The im-
portance of Artemis participation in NHE] is based on in vivo
data demonstrating that Artemis null cells are more sensitive
to IR than wild-type counterparts (73). Artemis has been
found to possess 5'-3-exonucleolytic activity on single-strand
DNA (this activity is explored further in this section), DNA-
PK, and ATP dependent endonuclease activity on DNA
hairpin structures, and DNA-PK ATP dependent endonu-
clease processing of 3'- and 5'-single-strand overhangs, with
preferential cleavage at the dsDNA/ssDNA junction (55).
Artemis has also been shown to remove 3'-phosphoglycolate
groups from DNA termini, like those generated by IR (69).

Artemis is a member of the f-CASP family, a relatively new
group of the metallo-f-lactamase fold superfamily made up of
enzymes acting on nucleic acids (10). All f-CASP family
members to date are enzymes that process nucleic acids and
have two major structural domains, the metallo-f-lactamase
domain and the -CASP domain (which is embedded in the
metallo-f-lactamse domain). Artemis also has an extended C-
terminal region following the f-CASP domain, which appears
to be fairly disordered (data not shown). The metallo-f-
lactamase domain is made up of a four-layered f-sandwich
that is flanked by a-helices, with zinc coordination sites
located in the sandwich region (11). Artemis hydrolyses the
phosphodiester backbone of DNA, and recent work has re-
vealed a histidine residue within the f-CASP domain that is
critical for the catalytic activity of Artemis (in vitro and in vivo)
(15). Higher resolution structural data is needed for a greater
understanding of how this enzyme is activated and regulated,
but extensive biochemical analysis has answered some ques-
tions regarding Artemis nuclease activity.

Artemis has been shown to be phosphorylated by DNA-
PK in vitro (54) and in vivo (78). It has been suggested that the
stimulation of endonuclease activity of Artemis requires
binding and phosphorylation by DNA-PK that causes a
conformational change in the C-terminal region of Artemis,
resulting in relief of Artemis autoinihibition of the endonu-
clease active site (54). DNA-PKcs activation has also been
suggested to be necessary for Artemis to retain association
with DNA-PK/DNA complex at the site of the break (21).
Other research has suggested that autophosphorylation of
DNA-PK results in a conformational change in the DNA-
bound kinase which in turn alters the conformation of DNA
such that it can be easily recognized and cleaved by Artemis
(25, 92). While each model differs slightly in mechanism, both
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models suggest that Artemis endonuclease activity is DNA-
PK and ATP dependent.

Despite the biochemical data gathered, many questions
remain regarding DNA-PK-dependent Artemis endonucle-
ase activity. It is clear that Artemis requires DNA-PK and
ATP for endonuclease activity, but it is unclear if this activa-
tion by DNA-PK is through a cis or trans mechanism (Fig. 6).
Several laboratories have performed in vitro nuclease assays
with a radiolabeled overhang substrate, but include un-
lableled double-strand DNA to increase DNA-PK activity,
arguing that this increases Artemis nuclease activity. How-
ever, it is hard to imagine an in vivo scenario at the site of
a DSB where DNA-PK is acting in trans to activate Artemis
(Fig. 6). In fact, work by Povirk’s group has shown that
Artemis nuclease activity is not increased in the presence of a
double-strand DNA stimulus (69), and Lees-Miller’s group
sees robust endonuclease activity in the absence of stimulat-
ing DNA (25). Rather, an alternative is that DNA-PK is bound
to the site of a DSB, Artemis is recruited to this same DNA
end, and Artemis is activated in cis by this DNA-PK molecule.
Once DNA-PK dependent Artemis-catalyzed endonuclease
cleavageis activated, cleavage events could also be happening
through a cis or trans mechanism. The DNA/DNA-PK/
Artemis complex described could be envisioned to stimulate
trans endonucleolytic cleavage. That is, just as trans auto-
phosphorylation of DNA-PK occurs, Artemis too could be
bound to one terminus in a complex with DNA-PK and act
catalytically across the synaptic complex to cleave DNA on
the opposite terminus (Fig. 4). As a DNA DSB induced by IR
can be very complex, with a variety of DNA discontinuities
on either terminus at the site of the DSB, it is possible that
Artemis cleaves a DNA terminus in trans that needs to be
processed, even if the side it is bound to doesn’t require
processing. It is also possible that Artemis cleaves a DNA
strand in cis (Fig. 4), similar to DNA-PK being activated
in cis.

The specifics of DNA cleavage by Artemis have yet to be
fully elucidated. It appears that in vitro, DNA-PK depen-
dent Artemis endonuclease activity preferentially cleaves
single-strand overhang DNA around the SS/DS junction

FIG. 6. Activation of Artemis endonuclease activity.
Artemis endonuclease activity is dependent on DNA-PK
and ATP, and this activation event could occur in trans by a
DNA-PK molecule bound to a different DNA terminus than
the terminus Artemis is cleaving. (To see this illustration in
color the reader is referred to the web version of this article at
www liebertonline.com/ars).
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on synthetic oligonucleotide substrate. Biochemical studies
performed with DNA substrates containing a 21 basepair
double-strand region with a 15 base 5'-single-strand overhang
result in endonuclease activity at the SS/DS DNA junction,
generating a 15 base single-strand cleavage product (and a
blunt double-strand product). Paradoxically, work from the
Lees-Miller laboratory with a similar substrate (25 basepair
double-strand substrate with a 15 base 5'-single-strand over-
hang) resulted in 24 and 26 nucleotide excision fragments,
indicating that DNA-PK dependent Artemis activity can
cleave DNA at the n+1 and n-1 positions at the SS/DS junc-
tion (25). 3'-Overhang substrates (21 basepairs of double-
strand DNA with a 15 base single-strand overhang) are
preferentially cleaved in the SS region, reducing the 15 base
overhang to a 4-5 single-strand overhang (55). According to
Yannone and Povirk, single-strand overhang length impacts
the cleavage position on 3'-overhangs, with longer single-
strand overhangs (15 base and 13 base) trimmed to leave
a 5-base overhang while a 9-base overhang was trimmed to
a 4-base overhang (69). This group also observed endonu-
clease activity on plasmid substrates, albeit somewhat
decreased compared to longer overhang substrates, with 4-, 5-
, and 6-base overhangs, resulting in 2—4 base cleavage prod-
ucts. Detailed biochemical studies with purified Artemis and
DNA-PK further suggest that in the presence of active DNA-
PK, Artemis can make small endonuclease cleavage products,
or “trim”, DNA termini on both the 3’ and 5 strand. The
authors point out that this versatile activity of Artemis would
allow the enzyme to process a variety of DNA structures and
chemistries that might exist at a DSB, thus setting the break
site up for polymerase-mediated extension and ultimate
ligation of the DSB (92). Artemis has also recently been shown
to possess DNA-PK dependent endonuclease activity on
single-strand DNA, with a sequence preference favoring
cleavage of thymidines.

As mentioned earlier, it has been suggested that Artemis
has 5'-3'-exonuclease activity on single-strand DNA. How-
ever, our lab has recently separated the 5-3'-exonuclease ac-
tivity of Artemis from the DNA-PK dependent endonuclease
activity with little to no loss of overall protein or endo activity,
which strongly suggests that the exonuclease activity is not an
intrinsic component of the Artemis polypeptide (67). This
work is supported by studies done by several other labora-
tories in an attempt to map the active site of Artemis. While
the Artemis endonuclease active site has been successfully
mapped, mutational analysis throughout the protein has been
unable to disrupt the exonuclease activity of Artemis (15, 37,
64). Furthermore, metallo-f-lactamase fold enzymes have
been classified as only having one active site that has been
shown to be the functional catalytic site for all activity (17).
While it appears that the exonuclease activity originally as-
sociated with Artemis is a contaminant of some sort, it is still
possible that this exonuclease is endogenously associated
with Artemis and plays a significant role in NHE]. Additional
work needs to be done to identify this exonuclease and define
its role in NHE].

While the biochemical studies of Artemis to date clearly
indicate that more research needs to be done to understand
the molecular mechanism of DNA-PK and Artemis-mediated
DNA cleavage in NHE], combined results from the field
suggest a model for DNA-PK and Artemis interactions with
DNA ends. DNA strand polarity clearly plays a role, as 3’ and
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5" cleavage of single-strand overhangs varies slightly, with
a 3'-overhang getting cleaved to within 4nt of the double-
strand junction while 5-overhangs are cleaved predomi-
nantly at the double-strand junction with minor cleavage
events atn+1, n-1. Our laboratory and others have also shown
that a 3'-overhang results in a more heterogeneous cleavage
set, with the n+4 position being cleaved slightly more pre-
dominantly but additional cleavage of surrounding nucleo-
tides up to two in either direction as well. This differs from
the homogenous cleavage pattern of a 5'-overhang resulting
in predominant cleavage at the double-strand junction. It is
possible that this variation can in part be explained by altered
geometry of loading DNA-PK and Artemis, where the
Ku70/80 complex loads from the end with the same geome-
try, 80 distal to the end and 70 proximal while DNA-PKcs
displays overhang orientation dependent on loading to the
terminus. It is more likely that this variation is a product of
DNA positioning as driven by DNA-DNA-PK interactions.
Data demonstrate that 5-overhangs may be crucial for acti-
vation and thus may possess more defined interactions with
the DN A-PKcs subunit, which creates a uniform alteration in
the DNA structure to allow more precise cleavage by Artemis
at the single-strand-double-strand DNA junction (Fig. 7A). 3’
overhangs do not necessarily have such a defined interaction
with DNA-PKcs, as Artemis is forced to interact with DNA
overhangs in a stochastic manner, creating a more random
cleavage pattern that results in cleavage products of assorted
sizes (Fig. 7B).

FIG. 7. Artemis endonuclease activity on single-strand
overhangs. DNA-PK dependent Artemis-mediated cleavage
of overhangs varies based on strand polarity. (A) Artemis
cleaves 5-overhangs in a homogeneous, with cleavage
mainly occurring at the single-strand /double-strand junction
and a few cleavage events occurring at the n+1 or n-1 po-
sitions. (B) Artemis cleaves 3'-overhangs in a heterogenous
manner, with cleavage products occurring at the n+6, n+5,
n+4, n+3, and n+2 positions. All of these potential cleavage
products result in a 3'-overhang remaining at the DNA ter-
minus. (To see this illustration in color the reader is referred
to the web version of this article at www liebertonline
.com/ars).
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Conclusion

IR-induced DNA DSB are complicated and can vary in
many different ways at each break site, with the potential for
one terminus of the DSB to have a different DNA structure
than the opposite terminus. As research progresses in the
NHE] field, it becomes more evident that there are many
proteins involved in the processing of this large variety of
damage found at the DNA DSB. With the variety of proteins,
including polymerases, nucleases, and kinases, it is becoming
apparent that the processing steps are not adequately ac-
complished by just one protein. Rather, it is likely that not
every DNA DSB is processed the same way, and that only a
subset of the processing proteins are required to repair any
individual break. It is not known how the correct protein
needed to process a specific DNA discontinuity at the termi-
nus is recruited. However, it is clear that this is a dynamic and
complicated process that is likely to involve a variety of pro-
teins, some of which may not yet have been identified.
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Abbreviations Used

DNA-PK =DNA dependent protein kinase
DNA-PKcs =DNA dependent protein kinase catalytic
subunit
DSB = double-strand break
dsDNA = double-strand DNA
HDR = homology directed repair
IR =ionizing radiation
Ku 80 CTR =Ku 80 C-terminal region
LIV/X4 =ligase IV / XRCC4
NHE] =non-homologous end joining
nt =nucleotides
PIKK = (PI-3) kinase-like kinases
PNKP =human polynucleotide kinase-
phosphatase
Pol = polymerase
SAXS =small angle X-ray scattering
ssDNA = single-strand DNA
SS/DS junction = single-strand /double-strand junction
vWA =von Willebrand Factor A
XLF = XRCC4-like factor
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