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ABSTRACT: Ku is a heterodimeric protein composed of ~70- and ~80-kDa subunits
(Ku70 and Ku80) originally identified as an autoantigen recognized by the sera of patients
with autoimmune diseases. Ku has high binding affinity for DNA ends and that is why
originally it was known asa DNA end binding protein, but now it is known to also bind the
DNA structure at nicks, gaps, hairpins, aswell asthe ends of telomeres. It has been reported
also to bind with sequence specificity to DNA and with weak affinity to RNA. Ku is an
abundant nuclear protein and is present in vertebrates, insects, yeast, and worms. Ku
contains ssDNA-dependent ATPase and ATP-dependent DNA helicase activities. It is the
regul atory subunit of the DNA-dependent protein kinase that phosphorylates many proteins,
including SV-40 large T antigen, p53, RNA-polymerase |1, RP-A, topoisomerases, hsp90,
and many transcription factors such as c-Jun, c-Fos, oct-1, sp-1, c-Myc, THIID, and many
more. It seems to be a multifunctional protein that has been implicated to be involved
directly or indirectly in many important cellular metabolic processes such as DNA double-
strand break repair, V(D)J recombination of immunoglobulins and T-cell receptor genes,
immunoglobulin isotype switching, DNA replication, transcription regulation, regul ation of
heat shock-induced responses, regulation of the precise structure of telomeric termini, and
it dso plays anovel rolein G2 and M phases of the cell cycle. The mechanism underlying
the regulation of al the diverse functions of Ku is still obscure.

KEY WORDS: V(D)J recombination, DNA-protein kinase, telomeres, helicase, ATPase,
immunoglobulin isotype switching, double-strand break repair.
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|. INTRODUCTION

Ku isaheterodimeric protein originally
identified as an autoantigen recognized by
sera from patients with autoimmune dis-
eases (Mimori et al., 1981; Mimori et al.,
1986; Francouer et al., 1986; Reeves, 1985)
Patients with systemic lupus erythematosus
(SLE), Sjorgen’s syndrome, scleroderma,
and polymyositis have been reported to have
some levels of anti-Ku antibodies (Reeves,
1992). The name‘Ku’' derivesfrom the sur-
name of the first Japanese patient. Ku is
present in various mammalian systems and
variously termed as nuclear factor IV (NF
V), transferrin receptor promoter element
binding factor (TREF), proximal sequence
element 1 (PSE 1), end binding protein
(EBP), and human DNA helicase Il (HDH
I1) (deVriesetd., 1989; Stuiver et al., 1990;
Roberts et a., 1989; Knuth et al., 1990;
Falzon et a., 1993; Tutega et a., 1994).
Since its discovery in 1981, very little was
known about Ku protein. However, in the
last few years extensive studies have been
undertaken to understand the structural and
functional aspects of Ku.

Ku is an abundant protein (estimated
4 x 10° copies per HeL acell nucleus) found
in most human cells studied so far (Mimori
et a., 1981; Francouer et a., 1986). Homo-
logues of Ku have also been reported in
monkeys (Paillard and Strauss, 1991),
Xenopus laevis (Higashiura et al., 1993),
yeast (Feldmann et al., 1993; Feldmann et
al., 1996), Drosophila melanogaster (Jacoby
and Wensink, 1994), and rodents (Porges et
al., 1990; Kim et a., 1995; Errami et a.,
1996; He et al., 1996; Lee et a., 1996),
although in rodents the concentration of Ku
protein is not as high as humans. Ku from
plants has not been isolated yet. However,
the antibodies against human Ku70 and
Ku80 recognize the homol ogous proteinsin
pea nuclear extract on Western blotting
(Tutgja et al., unpublished observations).

These findings show that Ku or Ku-like
protein must be existing in plants.

Initial studies into the mechanism of
interaction of Ku with DNA showed that
Ku binds to the ends of double-stranded
DNA fragments without any preference for
the nature of ends: Ku does not seem to
discriminate between blunt ends and ends
with either a5' or 3' overhang (Mimori and
Hardin, 1986; deVries et al., 1989; Griffith
et al., 1992; Blier at al., 1993; Falzon et al.,
1993). It has a much lower affinity for cir-
cular DNA, denatured DNA, yeast transfer
RNA and poly (rA).poly (dT) (Mimori and
Hardin, 1986). The DNA binding character-
istics of Ku suggested arole for this protein
in V(D)J recombination and DNA repair.
TheKu playsanintegra rolein mammalian
DNA double-strand break repair asthe DNA
binding component (or regulatory subunit)
of the DNA-dependent protein kinase (DNA-
PK) complex (Jeggo et al., 1995; Anderson
and Carter, 1996). The yeast homol ogues of
Ku proteins (yku) were identified and aso
shown to becritical for joining endsof DNA
(nonhomologous end-joining) consistent
with the results from mammalian cells
(Boulton and Jackson, 1996a; Boulton and
Jackson, 1996b; Milne et a., 1996). Ku is
also known to be required for immunoglo-
bulin isotype switching (Casellas et al.,
1998). Ku acts as a potential transcription
factor for RNA polymerase Il (Kuhn et al.,
1993). It has been shown to play an impor-
tant role during the G2 and M phases of the
cell cycle (Munoz et a., 1998). Two inde-
pendent groups found that yku70 and yku80
mutants have abnormally short telomeres
(Boulton and Jackson, 1996b; Porter et al.,
1996), implying that Ku helps to maintain
the telomere structure. Severa recent re-
ports reinforce the view that Ku isan active
player at telomeresin yeast and suggest that
the protein participates in telomere replica-
tion as well as silencing (Shore, 1998).
Recently, it has been shown that the Ku and
Sir (silencing information regulators) pro-
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teins residing at telomeres relocalize in re-
sponse to DNA damage, and this processis
under the control of the cell’sDNA damage
check point genes (Martin et al., 1999;
Haber, 1999).

Direct and indirect evidence imply that
Ku is not only a DNA binding protein, but
in fact it is a multifunctiona protein and a
member of a multigene family. This article
attemptsto describe the structural and func-
tional aspects of Ku in detail. It also covers
all the associated or intrinsic activities of
Kuthat clearly indicate that Kuismorethan
a DNA binding protein.

Il. STRUCTURE OF THE KU
PROTEIN

The Ku protein of amost al the sys-
tems studied so far has been reported to
consist of two subunits of ~70- and ~80-
kDa polypeptides referred to as Ku70 and
Ku80, respectively (deVries et al., 1989;
Knuth et al., 1990; Falzon et ., 1993). The
cDNAs for both the subunits have been
cloned and sequenced from a variety of
species (Dynan and Y 00, 1998). It has been
shown that p70 consists of 609 amino acids
with an estimated molecular weight of
69,581, whereas p80 contains 732 amino
acids and an estimated molecular weight of
81,914. Both the subunits have periodic re-
peats of leucinesor leucinesaternating with
serines similar to the leucine zipper struc-
tural motif described for a family of DNA
binding proteins that are involved in the
regulation of transcription (Landschulz et
al., 1988; Reeves and Sthoeger, 1989;
Yanevaet al., 1989; Wu and Lieber, 1996).
The human gene coding for Ku p70 mapsto
chromosome 22¢13 (Cai et al., 1994) and
Ku p80 gene maps to 2g33-2934 (Cai et dl.,
1994; Blunt et al., 1995b). Based on cross-
hybridization and protein sequencing data,
it has been suggested that the human
Ku70 protein might be part of agenefamily

(May et a., 1991; Oderwald et al., 1996).
Recently it has become apparent that ho-
mology exists between Ku70 and Ku80, sug-
gesting that they arose through the duplica-
tion and subsequent divergence of a single
polypeptide that presumably functions as a
homodimer (Dynan and Yoo, 1998). The
sequences of the two subunits of Ku protein
aremoredivergent from each other in higher
eukaryotes than in yeast and the relation-
ship between the subunits was not apparent
until yeast, and other lower eukaryotic se-
guences became available.

Both the subunits Ku70 and Ku80 con-
tain domains that typically mediate protein/
protein and protein/DNA interactions. Weak
ATPbinding site homol ogies are a so present
in the sequences of both Ku70 and Ku80,
which may be essential for the proposed
ATPase and helicase functions of Ku (Cao
et a., 1994; Tutgja et a., 1994). However,
the significance of the ATP-binding motif
is not clear because mutation of these have
not affected Ku function in vivo (Jin and
Weaver, 1997; Singleton et a., 1997). Stud-
ies conducted to map the regions of the Ku
subunits that make contact with one another
and with DNA have shown that a carboxy-
terminal region of ~150 amino acid residues
in both Ku70 and Ku80 are essentia for
dimerization, and larger regions of both
proteins are required for effective interac-
tions with DNA ends. The results define a
minimum domain of 28 amino acids from
the central region of Ku80 (residues 449 to
477) that is required for Ku70-Ku80 inter-
action (Wu and Lieber, 1996; Jin and
Weaver, 1997; Osipowich et a., 1997; Cary
et a., 1998; Wang et a., 1998).

lll. ACTIVITIES ASSOCIATED
WITH KU

The following activities are known to
be present in the Ku molecule.
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A. DNA-Binding Activity of Ku

The DNA-binding propertiesof Ku have
been characterized extensively (Paillard and
Strauss, 1991; Griffith et a., 1992). The
early studies on DNA binding by Ku re-
vealed that it takes place with high affinity
and that end binding is independent of the
structure or sequence of the end (Mimori
and Hardin, 1986; Paillard and Strauss, 1991;
Falzon et al., 1993). Studies on the mecha-
nism of interaction of the Ku protein with
DNA showed that it binds to the termini of
double-stranded DNA (dsDNA) and that
when additional molecules bind the protein
dlides along the termini (like beads on a
string) with a 25 base pairs periodicity and
without an energy requirement (Mimori et
al., 1986; Toth et al., 1993; Blier et al.,
1993; Woodgett, 1993; Tuteja et al., 1994).
Several lines of evidence indicate that Ku
binds to the ends of dSDNA without speci-
ficity for particular nucleotide sequences or
end configurations, that is, binding occurs
to blunt ends, to ends with 5" and 3’ over-
hangs, and to hairpin ends (Mimori and
Hardin, 1986; Griffith et a., 1992); how-
ever, it doesnot bindto closed circular DNA.
Ku protein can also bind to the chemically
heterogeneous ends produced by ionizing
radiations (Pang et al., 1997), or the ends of
cisplatin-damaged DNA (Turchi and
Henkels, 1996).

Further supporting evidence from our
unpublished observations and others
(Griffith et al., 1992) show that Ku was
highly effectiveininhibiting the conversion
of linear blunt end DNA with cohesive ends
into covalently closed circles. The function
of prokaryotic ligase in these reactions is
inhibited due to the presence of the Ku pro-
tein on the ends of linear DNA. In contrast
to the above findings, it has been shown in
a recent study that Ku protein stimulates
DNA end joining by mammalian DNA li-

gases (Ramsden and Gellert, 1998). This
stimulation of ligation by Ku is probably
due to the ability of Ku to bridge two DNA
molecules and stabilize an intermolecular
association. This stimulation is observed
only with eukaryotic ligases, indicating that
the ability to interact with the bridged inter-
mediate is specific to eukaryotic ligases.
The structure of Ku-bridged DNA ends may
be such that eukaryotic ligases can ‘fit’ in
and perform ligation, but prokaryotic ligases
cannot (Ramsden and Gellert, 1998).

The affinity of this protein for blunt or
staggered ends is approximately the same,
although the binding increases proportion-
ately with the increase in the number of
dsDNA ends (Griffith et al., 1992). Further
studies have shown that Ku protein can in-
teract with DNA by atwo-step mechanism,
where Ku protein first recognizes the DNA
ends, then translocates to internal sites
(Paillard and Strauss, 1991; deVries et a.,
1989; Zhang and Yaneva, 1992). In vitro,
many Ku complexes bind to and translocate
on a single DNA fragment, thereby cover-
ing the fragment with protein. This allows
binding of multiple Kumoleculesto asingle
DNA fragment. The resulting complexes
can be visualized by electrophoretic mobil-
ity shift assay, by protection assays, and by
electron microscopy. Each Ku molecule
makes contact with 13-21 base pairsof DNA
and successive Ku molecules bind at 25-30
base pairs intervals when present in a
multimeric array (deVries et al., 1989). In
addition, atomic force microscopy studies
have revealed the existence of internal as
well as DNA end bound DNA-protein ki-
nase complexes and have shown that Ku
can juxtapose two DNA ends via a DNA
looping mechanism (Cary et a., 1997).

The DNA binding activity of human Ku
autoantigen using linear duplexes is shown
in Figure 1 S-Z*. Binding to duplex DNA
was much higher (60%, Figure 1 S-X and
Z) when compared with ssDNA (<5%, Fig-
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DNA helicase and DNA binding activities of Ku/HDH Il with different substrates. For
helicase, 90 ng of pure Ku and 1 ng of substrate, whereas for DNA binding, 4 ng of pure Ku and
0.2 ng of substrate were used. The asterisks denote the 32P-labeled end. Each panel shows the
structure of the substrate used, an autoradiogram of the gel, and the percentage unwinding (A-R)
or percentage binding (S-Z*). From (A) to (R), lane 1 is control without enzyme, lane 2 is reaction
with enzyme, and lane 3 is heat-denatured substrate. From (S) to (Z*), lane 1 is reaction with
enzyme, and lane 2 is control without enzyme. (Reproduced by permission of Oxford University
Press and EMBO journal [Tuteja et al., 1994].)
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ure 1 Y and Z*). The binding was higher
and higher after increasing the duplex length.
For the 101 basepairs duplex DNA the dis-
sociation constant of Kuwas~1 nM and for
25 base pairs duplex it was ~2 nM, which
were almost similar to the previous obser-
vations (Blier et al., 1993). The difference
was in accordance with the fact that 25 base
pairs contained only one binding sitefor Ku
(Blier et al., 1993), whereas the longer du-
plex contained more.

Ku has also been reported to recognize
single-strand to double-strand transitionsin
DNA and to bind to a variety of additional
structures, including gapped and nicked
molecules and closed DNA hairpins (Blier
et a., 1993; Falzon et a., 1993; Tutgja et
al., 1994). It has also been shown that Ku
can actually transit directly from one linear
DNA molecule to another if the termini of
the two DNAS are capable of base pairing
(Bliss and Lane, 1997). There are reports
that indicate that the Ku protein binds to
single-stranded DNA with very low affin-
ity, whether it is an oligonucleotide or an
M13ssDNA circle(Blier etal., 1993; Tutgja
et a., 1994). The dissociation constant for
duplex DNA is 1 to 2 nM, whereas for
single-stranded DNA the affinity of Ku is
much lower with a dissociation constant of
~300 nM (Tuteja et al., 1994). Direct and
indirect evidences indicate that binding to
nicks and ends may occur by identical
mechanisms (Blier et a., 1993; Tutgjaet al.,
1994).

DNA binding studies using recombi-
nant protein have shown that full activity,
defined as an ability to form stable com-
plexes in an electrophoretic mobility shift
assay, requires both subunits of Ku protein
(Griffith et a., 1992; Ono et al., 1994; Wu
and Lieber, 1996; Ochem et al., 1997). It
was shown that the renatured Ku70 subunit,
by itself, binds DNA that is attached to the
nitrocellulose membranes (Allaway et al.,
1990). Both Ku70 and Ku80 make contact

with DNA, although it appears that Ku70
makes the more intimate interactions, with
a carboxy-terminal stretch of 73 amino ac-
idsresiduesin the Ku70 having been shown
to make contact with DNA by Southwest-
ern blot analysis (Chou et al., 1992). These
data suggest that amino acids 536 to 609 of
Ku70 may comprise a core DNA binding
domain in the Ku70 subunit. It has been
shown that Ku70 and Ku80 are functionally
dependent on each other, neither subunit
alone can bind DNA effectively (Wu and
Lieber, 1996; Ochem et a., 1997). Studies
using in vitro-translated Ku protein show
that slightly more than half of each subunit
isrequired for DNA binding in the electro-
phoretic mobility shift essay, that is, the
C-terminal 40 kDa of Ku70 and the C-ter-
minal 45 kDa of Ku80 (Wu and Lieber,
1996). A core region within Ku80 (amino
acids 210 to 531) has been identified re-
cently that is necessary for binding of Ku to
DNA ends (Osipovich et al., 1999). It has
been shown that the protooncogene vav as-
sociateswith Ku70. Thisinteraction requires
only the 150-residue carboxy-terminal por-
tion of Ku70, which bindsto the 25-carboxy-
terminal residues of the carboxy SH3 do-
main of vav (Romero et a., 1996).

In Drosophila melanogaster, the Ku
homologue, yolk protein factor 1, bindsto a
31 base pairs sequence located a short dis-
tance downstream from the transcription
initiation site of the yolk protein 1 gene
(Mitsis and Wensink, 1989; Jacoby and
Wensink, 1994). The heterodimer of alpha
and betayolk protein factor 1 bindsto DNA
and both subunits make contact with DNA
(Jacoby and Wensink, 1994; Jacoby and
Wensink, 1996).

The DNA binding properties of a re-
lated protein, EPB-80, have been studied in
detail, and it was shown that it binds effi-
ciently to linear double-stranded DNA frag-
ments, DNAs with single-stranded tails,
DNAswith bubbles and gaps, and to dumb-
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bell structures (Falzon et a., 1993). The
ability of Ku protein to recognize a diver-
sity of structures in vitro leaves open the
possibility that it could have some role in
recognizing all types of DNA damage. It
can be hypothesi zed that, due to the nonspe-
cific DNA binding activity of Ku, it acts as
an ‘anchor’ to which other subunits of re-
pair machinery bind.

B. Sequence-Specific DNA-
Binding Activity of Ku

Ku has been reported on many occa-
sions to bind DNA in a sequence-specific
manner. Putative binding sites for Ku pro-
tein or Ku protein-containing complexes
have been identified in a variety of genes,
often in association with transcriptional regu-
latory elements. Binding of Ku has been
reported to the negative regul atory element-
1 (NRE-1) inthelong terminal repeat of the
mouse mammary tumour virus (Giffin et
al., 1996) and human T-cell leukemia virus
(Okumura et a., 1994; Okumura et al.,
1996). Besides these, a number of other
genes have been studied for sequence-spe-
cific binding. These include a mouse
retroviral-like element (Falzon and Kuff,
1989; Falzon et ., 1993), transferrin recep-
tor (Roberts et a., 1989; Roberts et d.,
1994), U1lsn RNA (Knuth et al., 1990),
T-cell receptor beta chain (Messier et al.,
1993), parathyroid hormone (Chung et al.,
1996), collagen IV (Genersch et al., 1995),
c-myc (Giffin et a., 1997), immunoglobu-
lin octamer motif (May et a., 1991), the
AP-1 binding element (Quinn and Farira,
1991), heat shock element (Kimet a., 1995),
sequence containing a replication origin
(Toth et al., 1993), and a sequence corre-
sponding to a BCL2 major breakpoint
(DiCroce et al., 1995). These studies have
not resulted in determining a general con-

sensus recognition sequence for Ku bind-
ing. It might be possible that some of the
earlier studies used preparations of Ku pro-
tein purified on DNA affinity columns, and
these preparations may have been contami-
nated with small amounts of other sequence-
specific DNA binding proteins. It now ap-
pears that in most cases this was artifactual
and resulted from the high abundance of Ku
and its unigue end-binding properties.

At least for the case of Ku binding to the
NRE-1 element in the long terminal repeat
of the mouse mammary tumour virus, it
appears that this example of sequence spe-
cific binding by Ku does have some func-
tional basis (Giffinet a., 1996). In arelated
study, it has been reported recently that the
activation of catalytic subunit of DNA-PK
(DNA-PKcs) and the repression of mouse
mammary tumor virus transcription from
NRE-1 are dependent on Ku conformation,
the manipulation of DNA structure by Ku
and the contact of Ku80 with DNA (Giffin
et a., 1999).

C. RNA-Binding Activity of Ku

There are very few studies that show
that Ku proteininteractswith RNA, although
thisinteraction has been lesswell character-
ized than the interaction with DNA. Ku is
localized in both the nucleoplasm and
nucleolus of mammalian cells as docu-
mented by immunostaining (Reeves, 1985).
It has been shown that association of Ku
protein with the nucleolus is RNA-depen-
dent because it is sensitive to RNAse treat-
ment (Reeves, 1985). Ku protein binds
very weakly to total HelL a cell RNA, but it
binds selectively to RNA containing the
HIV transactivation response element
(Kaczmarski and Khan, 1993). It shows no
binding totRNA (Mimori and Hardin, 1986).
Recently, RNA binding properties of Ku
antigen have been characterized by expo-
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nential enrichment technology (Yoo and
Dynan, 1998). Many RNAs were identified
that bound to Ku protein and competed with
DNA for acommon binding site in Ku pro-
tein. The identification of diverse RNAs
that bind to the Ku proteinis consistent with
the idea that natural RNAs may serve as
modulators of DNA-PK activity (Yoo and
Dynan, 1998).

D. Ku as ATPase and Helicase

Enzymes catalyzing the hydrolysis of
ATPin aDNA-dependent manner has been
isolated from both prokaryotes and eukary-
otes (Kornberg and Baker, 1991). Many
reactions in DNA transactions such as re-
combination, repair, transcription, and rep-
lication are driven by chemical energy de-
rived from the hydrolysisof ATP. A protein
with ssDNA-dependent activity has been
reported from Hel a cells and was shown to
stimulate the DNA polymerase a primase
activity (Vishwanathaand Baril, 1990). L ater
the same protein was identified as Ku
autoantigen (Cao et al., 1994).

At the same time it was also reported
that Ku is not only the ssDNA-dependent
ATPase, but it also contains ATP-depen-
dent DNA unwinding activity that was clas-
sified as human DNA helicase Il (HDH 11)
(Tutga et a., 1994). The DNA helicase
activity of Ku/HDH 1l using a variety of
different DNA and RNA substratesis shown
in Figure 1 A-R. The Ku prefers to unwind
DNA duplexes containing fork-like struc-
ture of the substrate (Figure 1 A-C) when
compared with the substrate without fork or
hanging tail (Figure 1 D). The substrate
with a5’ tailed fork was preferred (Figure 1
B) to the 3' tailed one (Figure 1 C). If the
length of the duplex was increased, the un-
winding activity of Ku decreased (Figure 1
D-F). Ku failed to unwind the blunt ended

duplex (Figure 1 G) that shows that for
helicase activity Ku needs free sSDNA as a
loading zone adjacent to the duplex. How-
ever, for DNA binding activity, asdescribed
before, Ku can use blunt ended duplex DNA
as a substrate. Ku was unable to use small
linear DNA substrate for its unwinding ac-
tivity (Figure 1 H-M). Ku cannot unwind
DNA from nicks (Figure 1 1). However, it
can bind to the nicks (Figure 1 T). The
direction of translocation of Ku/HDH |1 was
exclusively 3 to 5 (Figure 1 N-P). The
efficiency of unwinding by Ku increased if
the 3' to 5' direction-specific substrate had
a5 end tal (Figure 1 P). Ku failed to un-
wind DNA-RNA or RNA-RNA substrates
(Figure 1 Q and R) (Tutga et al., 1994).
Both the subunits of Ku bind to ATP as
shown by its UV mediated photo-cross-
linking with a®P ATP (Vishwanatha and
Baril, 1990; Tutgjaet a., 1994). The ATPase
activity of Ku has been shown to be
upregulated by its phosphorylation with
DNA-dependent protein kinase (Cao et d.,
1994).

Several DNA-interacting anti-cancer
drugs have been tested on the DNA-depen-
dent ATPase and ATP-dependent DNA
helicase activities of Ku, and it was ob-
served that actinomycin C1, daunorubicin,
nogalamycin and ethidium bromide were
inhibitory to both the activitiesof Ku (Tutgja
et a., 1997). Thisinhibition could be due to
binding of these drugs to DNA, thereby
impeding the movement of Ku helicase for
unwinding reaction that could be the drug’s
most important pharmacological function
against cancer cells (Tutga et a., 1997).

It is important to know whether sepa-
rate subunits of Ku contain enzymatic ac-
tivities. It has been shown that the DNA
helicase activity resides in the smaller sub-
unit (i.e,, Ku70). On the other hand, the
ATPase activity was present in both the
separate subunits as well as in the hetero-
dimer (Ochem et al., 1997).
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E. Ku As a Regulatory Subunit
of the DNA-Dependent Protein
Kinase

1. Discovery and History

So far, only one modifying enzyme has
been found that requires DNA to function,
namely, the double-stranded DNA-depen-
dent protein kinase (DNA-PK). The DNA-
PK has been purified from HelLa nuclei
(Carter et al., 1988; Carter et al., 1990).
Initially, a 300- to 350-kDa protein was
isolated and shown to phosphorylate sev-
eral proteins in vitro in a DNA-dependent
manner, including hsp90, SV40 large T
antigen, p53, and human autoantigen Ku
(Carteretal., 1990; Lees-Miller et al., 1990).
It was noticed that two smaller proteins
copurified with the 350-kDa protein and
peptide sequencing identified one of these
as the Ku autoantigen (Lees-Miller et al.,
1990). Later it was shown that Ku is the
component of DNA-PK that confers bind-
ing to DNA (Dvir et a., 1992; Dvir et a.,
1993; Gottlieb and Jackson, 1993; Morozov
et al., 1994). Biochemica and genetic data
have shown DNA-PK to be composed of a
large catalytic subunit, termed DNA-PKcs,
and the regulatory factor termed Ku. In re-
cent years, mammalian DNA-PK has been
shown to beacrucial component of both the
DNA double-strand break repair machinery
and the V(D)J recombination apparatus
(Smith and Jackson, 1999). In addition, re-
cent work has implicated DNA-PK compo-
nentsin avariety of other processes, includ-
ing the modulation of chromatin structure
and telomere maintenance.

2. The Structure of DNA-PK

Cloning of the DNA-PKcs cDNA re-
vealed that it corresponds to a ~470-kDa
polypeptide, and with 4127 amino acidsit is
among the largest polypeptides in the cell.
The amino-terminal ~3500 amino acid resi-

dues do not have significant homology to
other characterized proteins (Hartley et al.,
1995). The human gene maps to chromo-
some8qll (Sipley etal., 1995). DNA-PKcs,
however, appears to be restricted to higher
eukaryotes, clear homologues have been
identified in mouse (Araki et a., 1997),
horse (Shin et al., 1997) and Xenopus laevis
(Labhart, 1997), but it is not present in the
genome of Saccharomyces cerevisiae and
has not been identified in the genomic se-
quences available for Caenorhabditis
elegans. The carboxy terminal residues be-
tween amino acids 3719 to 4127 of DNA-
PK cs comprise a catalytic domain that falls
into the phosphatidylinositol-3 kinase fam-
ily (Hartley et al., 1995; Poltoratsky et a.,
1995). Theavailable evidenceindicatesthat
DNA-PK has protein but not lipid kinase
activity (Hartley et al., 1995; Smith et al.,
1999).

Outside the kinase domain, DNA-PKcs
haslittle or no similarity with other proteins
and besides the presence of a putative leu-
cine zipper motif, which is required for in-
teractions with the high-affinity DNA bind-
ing protein C1D (Yavuzer et al., 1998), it
has no clear features that might hint at its
molecular functions. Sequences near the
kinase homology domain, between amino
acids 3002 and 3850, have been reported to
interact withthe Ku protein (Jinetal., 1997).
The structure of DNA-PKcs has been re-
solved at a resolution of ~20 A and 22 A
(Chiu et a., 1998; Leuther et al., 1999).
Biochemical analysis based on these struc-
tures suggests that activation of the kinase
requires interactions with both double- and
single-stranded DNA (Suwa et a., 1994,
Leuther et al., 1999).

3. Ku and Mechanism of Action
of DNA-PK

In vitro, DNA-PK has been shown to
phosphorylate several nuclear, DNA-bind-
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ing, regulatory proteins such as p53, SV40
large T antigen, RNA polymerase |1, serum
responsefactor, RP-A, topoi somerases, BPV
E2 protein and transcription factors like c-
Jun, c-Fos, oct-1, sp-1, c-myc, CTF/NF-1,
TFIID etc. (Anderson, 1993). These obser-
vations suggest that DNA-PK may have a
role in regulating transcription, replication,
recombination or DNA repair. DNA-PK aso
‘autophosphorylates’ the 350-kDa catalytic
subunit and both Ku70 and Ku80 proteins
are phosphorylated in a DNA- and ATP-
dependent manner. Autophosphorylation
inhibits kinase activity (Lees-Miller et d.,
1990; Chan and Lees-Miller, 1996). A few
non-DNA-binding proteins can a so be phos-
phorylated by DNA-PK, including heat
shock protein 90 (hsp90) and microtubule-
associated tau protein (Wu et al., 1993).
The sites phosphorylated by DNA-PK have
been identified in only a few substrates,
including hsp90, the SV40 large T antigen,
Jun, and the serum response factor (Ander-
son and Lees-Miller, 1992; Bannister et al.,
1993; Liu et al., 1993). In these substrates,
DNA-PK primarily phosphorylates serines
or threoninesthat are followed immediately
inthelinear peptide sequence by glutamine.

The DNA-PKcs/Ku complex has been
shown to phosphorylate proteins most ef-
fectively when it is bound to the same DNA
molecule as DNA-PK itself, indicating that
part of the activation produced by DNA is
through the juxtaposition of DNA-PK and
its target (Gottlieb and Jackson, 1993).
However, DNA also stimulates the ability
of DNA-PK to phosphorylate non-DNA-
binding peptide substrates, implying that
binding to DNA must directly or indirectly
induce an activating conformational change
in DNA-PKcs.

Theimpact of Ku deficiency on the sen-
sitivity of anti-cancer drugs has been tested
inarecent study (Kimet al., 1999). Ku-null
mutant cell lines Ku70-/- and Ku80-/- were

highly sensitive to anti-cancer drugs com-
pared with their wild-type cells. Ku-defi-
cient cellsweremore sensitive to bleomycin-
induced DNA fragmentation and exhibited
a higher level of c-jun NH,-kinase/stress-
activated PK activity than wild-type cells,
whereas R7080-6 cells overexpressing both
human Ku70 and Ku80 were resistant to
bleomycin-induced apoptosis and exhibited
a lower level of c-jun NH,-kinase/stress-
activated PK activity. These data suggest
that Ku can affect the susceptibility to anti-
cancer drug-induced apoptosis (Kim et al.,
1999).

It has been shown recently using ATP
as noncompetitive inhibitors of DNA-PK
that such a conformational change is un-
likely to correspond to an unmasking of the
ATP-binding site of DNA-PK (Izzard et dl.,
1999). DNA-PKcs appears to make direct
contact with DNA in the active complex, as
evidenced by its UV cross-linking proper-
ties (Gottlieb and Jackson, 1993). Consis-
tent with this idea, DNA-PKcs activity can
be stimulated to some degree in vitro by
DNA in the absence of Ku (Yanevaet a.,
1997, Hammersten and Chu, 1998; West et
al., 1998), but Kuislikely to berequired for
stabilization of DNA binding by DNA-PKcs
in vivo (Hammarsten and Chu, 1998). It has
been shown recently that the DNA-PK cata-
lytic activity regulates DNA end processing
by means of Ku entry into DNA (Calsou et
al., 1999). It was a so shown that addition of
Ku protein stimulated activity 5- to 10-fold
over that attained with the addition of DNA
alone (Yanevaet a., 1997). According to a
recent study the carboxy terminus of Ku80
is responsible for activation of the DNA-
dependent protein kinase catalytic subunit
(Singleton et al., 1999). Based on these stud-
ies, it can be postulated that Ku protein
stimulates the DNA-PK activity by two
mechanisms. Ku recruits DNA-PKcs to the
DNA, when the concentration of DNA ends
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is low and the other mechanism by which
Ku stimulates DNA-PKcs is through direct
protein-protein interactions.

The function of DNA-PKcs can be
modulated by other proteins that affect the
activity by altering the ability of the Ku
protein to interact with DNA-PKcs. High-
mobility group (HMG) protein 1 and 2
have been shown to be capabl e of stimulat-
ing DNA-PK activation in vitro, suggest-
ing the possibility that DNA-PK activation
in vivo is influenced by chromatin context
(Watanabe et al., 1994; Yumoto et al.,
1998). Another protein-protein interaction
implicated in regulating DNA-PK function
is that between DNA-PKcs and the Lyn
tyrosine kinase, which is capable of dis-
rupting the DNA-PK cs/Ku complex invitro
(Kumar et al., 1998). The interactions be-
tween heat shock transcription factor 1
(HSF1) and Ku and weaker interactions
between HSF1 and DNA-PKcs also result
in stimulation of DNA-PK activity invitro.
These findings suggest that HSF1 could
cooperate with Ku and DNA PKcs possi-
bly through stabilizing interactions between
the DNA-PK holoenzyme and DNA
(Peterson et al., 1995; Huang et al., 1997).

It has been shown recently that poly
(ADP-ribose) polymeraseand Ku autoantigen
bind to matrix attachment sequences with
high affinity and specificity in an end-inde-
pendent manner (Galande and Kohwi-
Shigematsu, 1999). It has been demontrated
that poly (ADP-ribose) polymerase and Ku
autoantigen form a molecular complex in
vivo and in vitro in the absence of DNA and
as afunctional consequence their affinity to
base unpairing regions are synergisticaly
enhanced. These results provide amechanis-
tic link toward understanding the functional
overlaps of poly (ADP-ribose) polymerase,
Ku autoantigen, and DNA-PK and suggest a
novel rolefor these proteinsin theregulation
of chromatin structure and function (Galande
and Kohwi-Shigematsu, 1999).

Human Ku80 autoantigen-related pro-
tein (KARP-1) is only present in primates,
is expressed from the Ku80 locus, and cor-
responds to a 9-kDa amino-terminally ex-
tended derivative of Ku80. It has been pro-
posed that this protein regulated DNA-PK
in a manner distinct from ordinary Ku80
(Myung et al., 1997; Myung et a., 1998).

IV. ROLE OF KU AND DNA-PK IN
DOUBLE-STRAND BREAK
REPAIR

Genetic and biochemical evidence sug-
gest that Ku DNA -end-binding protein com-
plex (which includes DNA-PK aso) isin-
volved in double-strand break repair events
occurring following ionizing radiation (IR)
damage or asaresult of Band T cell V(D)J
recombination in progenitor stages of im-
mune system development (Jinet al., 1997).
The use of the same recombination factors
in different processes is clearly illustrated
in SCID (severe combined immune-defi-
ciency) mice, which are radiosensitive as
well as having immune defects (Fulop and
Phillips, 1990). Their immune deficiency
relatesto aninability of their precursor lym-
phocytes to perform correct V(D)J DNA
recombination (Malynn et al., 1988; Lieber
et al., 1988), the accompanying radiosensi-
tivity is caused by inefficient rgjoining of
X-ray-induced double-strand DNA breaks
(Biedermann et a., 1991).

Analysis of a specific series of mutant
rodent cell lines showed the involvement of
Ku and DNA-PK in double-strand break
repair. Early studies into these cells found
them to be hypersensitive to ionizing radia-
tion and radiomimetic agents with little or
Nno cross-sensitivity to other types of DNA-
damaging agent and showed them to be
defectiveintherepair of chromosomal DNA
double-strand breaks (Zdzienicka, 1995).

Copyright® 2000, CRC Press LLC — Files may be downloaded for personal use only. Reproduction of this material

without the consent of the publisher is prohibited.

RIGHTS

aa



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 117.215.129.173 on 08/01/11

For personal use only.

Subsequent cell fusion studies alowed these
cellsto be placed into three distinct comple-
mentation groups, termed IR4, IR5, and IR7,
and the human genes complementing them
are called XRCC (X-ray cross-complement-
ing) (Thompson and Jeggo, 1995; Zdzienicka,
1995).

Mammalian cells that are deficient in
catalytic subunit of DNA-PK or Ku protein
show highly characteristic defects. The most
noticeable of these is sensitivity to ionizing
radiation that induces double-strand DNA
breaks (Taccioli et a., 1994; Rathmell and
Chu, 1994a; Rathmell and Chu, 1994b;
Smider et a., 1994; Gettsand Stamato, 1994;
Boubnov et a., 1995; Kirchgessner et d.,
1995; Lees-Miller et al., 1995; Blunt et al.,
1995g; Peterson et al., 1995b; Li et d., 1995).

Direct evidencelinking double-stranded
break repair, V(D)J recombination and
DNA-PK came from two directions. Mem-
bers of IR group 5 mutants were shown to
lack a DNA end-binding activity that corre-
sponded to Ku (Getts and Stamato, 1994,
Rathmell and Chu, 1994b). Parallel studies,
aimed at cloning the gene defective in xrs
cells, localized a complementing human
gene, designated XRCC5 to theregion 2g33-
2035, which included the Ku80 gene (Cai et
a., 1994; Hafezparast et al., 1993). The
ability of Ku80 cDNA to complement the
radiosensitivity and V(D)J recombination
defects of xrs mutants provided confirma-
tion that Ku80 is the product of XRCC5
(Boubnov et a., 1995; Smider et al., 1994;
Taccioli et a., 1994; Blunt et a., 1995b).
Xrs mutants were also shown to lack DNA-
PK activity, which was restored in xrs cells
bearing the Ku80 gene, suggesting that Ku
represents the predominant mechanism for
activation of DNA-PK (Finnieet a., 1995).

Consistent with this, a radiosensitive
human cell line (MO59 J) was found to be
defective in DNA-PKcs expression and
DNA-PK activity (Lees-Miller et al., 1995).
Subsequent work showed cells of IR5 and

IR7 to harbor inactivating mutations in the
genes for Ku80 and DNA-PKcs, respec-
tively. These results revealed that the inac-
tivation of Ku80 leads to a dramatic desta-
bilization of both itself and Ku70 (Errami et
al., 1996; Errami et al., 1998a; Errami et al .,
1998b; Blunt et a., 1996, Danska et a.,
1996; Araki et a., 1997; Singleton et al.,
1997, Peterson et a., 1997; Fukumaraet a.,
1998; Priestley et al., 1998). It wasinterest-
ing to note that none of the original rodent
cell lines was defective in Ku70, but it was
assumed that cells lacking it would have a
similar phenotype to those in IR4-7. This
has been further confirmed by targeted dis-
ruption of the genefor Ku70in mouse cells,
allowing such cells to be designated IR6
and the gene for Ku70 to be designated
XRCC6 (Guetal., 1997a; Gu et al., 1997b).
According to arecent study, the Drosophila
melanogaster DMRAD54 gene plays acru-
cial role in double-strand break repair after
P-element excision and acts synergistically
with Ku70 in the repair of X-ray damage
(Kooistra et a., 1999). The relative contri-
butions of recombinational repair and
nonhomol ogousend joining in double-strand
break repair were investigated in a double
mutant, DmRad54(-/-)/DmKu70(-/-). Com-
pared with both single mutants, a strong
synergisticincreasein X-ray sensitivity was
observed in the double mutant (Kooistra et
al., 1999).

Mammalian Kumay also beinvolvedin
the heat shock response, as suggested by its
interaction with the chaperone protein hsp70
(Kim et al., 1995) and heat shock transcrip-
tion factor 1 (HSF1). Yeast cells that are
defective in the Ku70 or Ku80 subunits are
temperature sensitive (Huang et al., 1997)
for growth and sensitive to various DNA-
damaging treatments (Boulton and Jackson,
1996a; Boulton and Jackson, 1996b; Milne
et al., 1996; Feldmann et al., 1996; Barnes
and Rio, 1997; Mageset a ., 1996). Because
yeast have an efficient recombinational re-
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pair pathway, the radiation-sensitive pheno-
type of Ku mutants is much more evident
when this aternative pathway isinactivated
(Boulton and Jackson, 1996a; Boulton and
Jackson, 1996b; Milne et a., 1996; Mages
et a., 1996; Siede et al., 1996).

V. ROLE OF KU AND DNA-PK IN
V(D)J RECOMBINATION

As stated previously, DNA-PK clearly
functions in the repair of the site-specific
breaksintroduced during V (D)J recombina-
tion. V(D)Jrecombination consistsof aDNA
cleavage reaction catalyzed by RAG1 and
RAG2, followed by an end-joining reaction
that utilizes the cells double-strand break
repair machinery.

There is now strong evidence that indi-
catesthat the first half of V(D)J recombina-
tion produces DNA intermediates with two
types of DNA ends. First, blunt DNA ends
adjacent to RSSs (recombination signal se-
guences) were detected in wild-type mouse
thymocytes, which actively undergo V(D)J
recombination of T-cell receptor loci (Roth
et a., 1992; Grawunder et al., 1996). Sec-
ond, hairpin coding ends were detected in a
pre-B cell lineinduced to undergo very high
levels of V(D)J recombination (Ramsden
and Gellert, 1995).

The end-joining reaction in V(D)J re-
combination requires the action of the cells
DNA double-strand break repair machinery
(Chu, 1996; Rathmell and Chu, 1996). This
was first recognized when cellsfrom severe
combined immunodeficiency (scid) mice
were found to have defectsin V(D)J recom-
bination also (Lieber et a., 1988) that were
associated with deficient coding joint for-
mation. Subsequent screening of additional
IR-hypersensitive hamster cell linesrevealed
that other cells defective in double-strand
break repair were also defective in V(D)J

recombination (Pergolaet al., 1993; Taccioli
et a., 1993). XRCC4 and XRCC5 mutant
cellswere severely defective in both coding
and signal joint formation. XRCC7 mutant
cells, which include scid and V3 were se-
verely defective in coding joint formation
but only mildly defective in signal joint
formation (Lieber et al., 1988). DNA-PK is
essential only for coding joint formation in
V(D)J recombination (Kulesza and Lieber,
1998). The importance of Ku is further
strengthened by the fact that transfection of
XRCCS5 cells with an expression vector for
Ku86 restored the V(D)J recombination
activity (Smider et al., 1994; Taccioli et al.,
1994). Furthermore, mutations in the Ku80
gene leading to an internally deleted or
frame-shifted protein product have been
found in XRCC5 cells (Errami et al., 1996).
Finally, Ku80 knockout mice were immu-
nodeficient due to an absence of B and T
cells (Nussenzweig et a., 1996; Zhu et al.,
1996). These data suggest that Ku80 isiden-
tical to the XRCC5 gene, which isrequired
for the formation of both coding and signal
joints. Analyses of Ku80 knockout mice
revealed that coding and signal ends accu-
mulate and fail to be efficiently processed
into coding and signal joints, causing a pro-
found failure of lymphocyte development
(Nussenzweig et al., 1996; Nussenzweig et
a., 1997; Zhu et a., 1996). These mice are
also dwarfed and their fibroblasts have pro-
longed doubling times and abnormal 1oss of
proliferating cells in vitro (Nussenzweig et
al., 1996), implicating Ku80 in growth con-
trol. Ku70 knockout mice are impaired in
immunoglobulin rearrangements but not T
cell receptor rearrangements (Ouyang et al.,
1997).

It has been suggested that Ku can bind
to hairpin structures that arise directly at
coding ends following endonucleolytic
cleavage and Ku binding is an early event,
serving to stabilize the ends and prevent
nucleolytic degradation (Jeggo et a., 1995).
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Consistent with thisidea, linear DNA trans-
fected into IR5 cells is more susceptible to
end degradation than in control cells(Liang
and Jasin, 1996), and the rare products that
are generated in mammalian or yeast cells
lacking Ku have generaly suffered large
deletions of terminal sequences beforeliga-
tion has taken place (Taccioli et al., 1993;
Boulton and Jackson, 1996b). However,
V(D)Jrecombinationintermediatesarerela-
tively stable in the absence of Ku or DNA-
PKcs, indicating that in this case at least Ku
or DNA-PKcs are not required for DNA
end stabilization (Zhu et al., 1996). Another
way that Ku/DNA—PKcs could potentiate
end ligation is by tethering two DNA ends
together. It has been shown that Ku is able
to promote interactions between two DNA
termini (Cary et a., 1997) and can enhance
end ligation by eukaryotic DNA ligases in
vitro (Ramsden and Gellert, 1998).
Ramsden and Gellert (1998) have sug-
gested that the introduction of a double-
stranded break would result in arecruitment
of a Ku heterodimer to each end. Subse-
guent association of the two heterodimers
would stabilize the interaction between the
two ends. If the broken ends are compatible,
ligation would be rapid and efficient. How-
ever, if the ends are not a competent sub-
strate for ligation, such as hairpins from
V(D)J cleavage, one or both of the Ku
heterodimers could translocate internally,
continuing to stabilize the intermolecular
association of the ends but permitting pro-
cessing to occur until a substrate that is
competent for ligation is produced. Accord-
ing to their model, processing of ends and
ligation are competitive; Ku actsto increase
the frequency of accurate end joining prin-
cipally by increasing the rate of ligation,
rather than by protecting ends from degra-
dation (Ramsden and Gellert, 1998).
According to the hypothesis put for-
ward by Smider and Chu (1997), Ku helicase
activity plays an important role in V(D)J

recombination. They suggest that Ku
helicase unwinds the hairpin-coding end,
making it accessible to a hypothetical hair-
pin endonuclease. Disruption of the Ku or
DNA-PKcs genes would result in loss of
this helicase activity, thus explaining the
persistance of hairpin ends in thymocytes
from scid or Ku80 knockout mice (Ramsden
and Gellert, 1995; Zhu et a., 1996). After
the hairpinisopened, N-nucleotide addition
may occur, either enzymatically by termi-
nal deoxynucleotide transferase or nonen-
zymatically by nucleotide capture.

Ku helicase activity may unwind the
open DNA ends to facilitate a search for
regions of microhomology in the two cod-
ing ends. The search may be coordinated by
a second DNA binding site on Ku. After
occupying both the ends, the ends are juxta-
posed by two Ku molecules in conjunction
with a helicase-dependent search for
microhomology. As a result, the end-join-
ing reaction is regulated nicely by the bind-
ing of Ku to one DNA end and the activa-
tion of helicase activity by the opposing
DNA end. The regions of microhomology
are annealed, joining the two coding ends
by hydrogen bonds (Smider and Chu, 1997,
Gottlich et a., 1998). It has been shown that
Ku is required for signal joint formation
also, because XRCC5 cells have a severe
defect in signal joint formation. The process
of signal joint formation appearsto be slower
than coding joint formation, because signal
ends are only detectable in wild-type thy-
mocytes (Roth et a., 1992). Therate differ-
ence between signal and coding joint for-
mation may arise from the coupling of Ku
binding to RAG cleavage. After nicking the
DNA, the RAG complex may remain bound
to the recombination signal sequences, so
that when Ku binds to the nicked DNA,
steric interference forcesiit to translocate to
the coding side of the nick. When the cleav-
age is completed, Ku may already bind the
hairpin-coding end, but signal end would be
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naked and would need to be bound by Ku
before end joining could occur. This addi-
tional step results in delaying signa joint
formation (Smider and Chu, 1997). Thesig-
nal joint reaction has now been reported in
a cell-free extract (Cortes et al., 1996).

According to a recent study, Ku80 is
also required for immunoglobulin isotype
switching (Casellas et al., 1998). Isotype
switching isthe DNA recombination mecha-
nism by which antibody genes diversify
immunoglobulin effector functions. During
an immune response, B lymphocytes main-
tain their antigen-binding specificity but can
change the antibody constant region sub-
class they produce by a DNA recombina-
tion process known as class switching
(Lorenz and Ravruch, 1996; Stavnezer,
1996; Shimizu et a., 1982). Developing B
cellsin micethat carry mutationsin double-
strand break repair gene fail to complete
V(D)J recombination and lymphocyte de-
velopment is arrested at early precursor
stages (Bosmaet al., 1983; Zhu et al., 1996;
Nussenzweig et a., 1996; Nussenzweig et
al., 1997; Ouyang et a., 1997); therefore,
there are no mature B cells.

To reconstitute the B-cell compartment
in Ku80 -/- mice, prearranged Vb1-8 DJH,
(mi) and V3-83 DJK, (Ki) geneswereintro-
duced into the Ku 80 -/- background (Sonoda
et a., 1997; Pelanda et a., 1996). The re-
sultant mice develop mature migM+ B cells
but are unable to produce immunoglobulins
of secondary isotypes and fail to complete
switch recombination. These observations
suggest that Ku80 is essentia for switch
recombination in vivo, suggesting a signifi-
cant overlap between the molecular machin-
ery that mediates DNA double-strand break
repair, V(D)J recombination, and isotype
switching (Casellas et al., 1998).

Ku70 is aso required for late B cell
development and immunoglobulin heavy
chain class switching (Manis et a., 1998).
Theresultsfrom these class-switching stud-

ies raise the possibility that the Ku is also
involved in other genomic rearrangements
and related events in eukaryotes. In line
with this, work in Drosophila has revealed
afunction for Kuin P-element transposition
(Beall and Rio, 1996; Beall et a., 1994).

VI. ROLE OF KU IN TELOMERE
MAINTENANCE

Recently, Ku has been shown to be a
likely component of the telomeric complex
inyeast, suggesting the possiblity of asimi-
lar role for Ku at mammalian telomeres
(Boulton and Jackson, 1998; Gravel et d.,
1998). Telomeres — the physical ends of
eukaryotic chromosomes — are composed
of simpletandem repeats, generally bearing
short runs of guaninesin the strand that runs
with 5’ to 3' polarity toward the tip of the
chromosome (e.g., 5 -TTAGGG-3' in ver-
tebrates). Telomeresarereplicated by aspe-
cial reversetranscriptase, called telomerase,
which can synthesize the tracts of short re-
peat sequences (TG1-3inyeast, T2ZAG3in
most higher eukaryotes) that mark the ends
of eukaryotic chromosomes (Shore, 1998).
Telomeres carry out at least two primary
functions. First, through the action of
telomerase, they circumvent the replicative
problem of linear DNA ends (Greider, 1996).
Second, they protect the ends of the chro-
mosome from being treated as broken ends
by the double-strand break repair pathway
(Sandell and Zakian, 1993; vanSteensel et
al., 1998).

In addition to functioning in the mainte-
nance of chromosome integrity, yeast te-
lomeres exert profound influences on the
transcription of adjacent genes. Thus, genes
placed within or near to telomeres are sub-
ject to transcriptional repression as a result
of the phenomenon termed the telomere
position effect (TPE) (Gottschling et al.,
1990; Aparicio et al., 1991; Shore, 1995).
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The yeast Ku homologs (YKU70 or
HDF1 and YKUS80 or HDF2) play some
role in telomere metabolism because it has
been discovered that yku70 and yku80 mu-
tants have abnormally short telomeres
(Boulton and Jackson, 1996; Porter et a.,
1996). Hdf1p/Hdf2p may be an integral
component of the yeast telomeric complex.
HDF1 and HDF2 affect telomeric position
effect, which isdependent on amultiprotein
complex that includes Sir2p, Sir3p, and Sirdp
(Grunstein, 1997). Loss of HDF1 or HDF2
has a dramatic effect on telomere position
effect, equivalent to impairment of SIR2,
SIRS, or SIR4 (Nugent et al., 1998; Boulton
and Jackson, 1998; Laroche et al., 1998).
An attractive explanation for the available
data on telomeric silencing is that Ku helps
to establish the transcriptionally silent het-
erochromatin-like state that normally exists
in yeast telomeric DNA. However, because
of the interaction of Hdflp with Sir40 in
yeast two-hybrid assays (Tsukamoto et al.,
1996; Tsukamoto et al, 1997), it is possible
that in yeast the interaction of Ku with the
telomere is mediated by protein-protein in-
teractions. Sirdp formsacomplex with Sir2p
and Sir3p, and through associations with
Rapl1p and the amino termini of histonesH3
and H4 can establish aheterochromatin-like
structure at the telomere (Grunstein, 1997).

Although the precise function of Kuin
telomeric functions is as yet unclear, Ku
does appear to be associated physically with
telomeric DNA and regulates the precise
structures of telomeric termini, possibly
via controlling the access of nucleases
and recombinases (Gravel et al., 1998;
Polotnianka et a., 1998). It has been shown
that mutations in either Ku subunit lead to
enhanced instability of elongated telomeres
by increasing their sensitivity to either
degradation or recombination reactions
(Polotnianka et al., 1998).

Significant differences exist between
yeast and mammalian telomeres. Mamma-

lian telomeresterminatein long (130 to 270
base pair) single-stranded G-rich overhangs
(Wright et al., 1997; McElligott and
Wellinger, 1997, Makarov et a., 1997),
whereas long (720 base pairs) overhangs
occur at yeast telomeres only briefly in late
S-phase (Dionne and Wellinger, 1996;
Wellinger et a., 1996). Thus, differencesin
the requirements for telomere end binding
activities might exist in the two organisms.
In particular, the G-rich tails found at the
mammalian telomeres might adopt G-G base
paired conformations, such as G-quartets,
that might prevent Ku from recognizing
telomeric ends and thus offer a mechanism
to sequester the telomere from the prevalent
double-strand break repair pathway in mam-
mals. Recently, it has been shown that Ku
binds to mammalian telomeric DNA ends
in vitro, and G-quartet conformations are
unable to prevent Ku from binding with
high affinity tothe DNA (Bianchi and Lange,
1999).

There are recent studies (Martin et al.,
1999; Mills et a., 1999) that suggest that
the Ku and Sir proteins residing at telom-
eresrelocalize in response to DNA damage,
and this process is under the control of the
cells DNA damage checkpoint genes. Im-
munofluorescent marking of yku80p con-
firms that it co-localizes with Sir proteins
and Raplp at the severa clusters of telom-
eres at the periphery of the yeast nucleus
(Martin et al., 1999). They have shown by
guantitative chromatin precipitation analy-
sis that the Ku proteins are found along the
silenced adjacent regions, similar to the Sir
proteins. The absence of Ku proteinsresults
in the loss of telomere-associated Sir pro-
teins. This gives Ku proteins a more promi-
nent role in heterochromatin assembly at
telomeres. Thereis cytological and molecu-
lar evidence to confirm that both Ku and Sir
proteins respond to the presence of even a
single double-stranded break, by delocaliz-
ing from telomeres and binding to the ends
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of double-strand breaks. As aresult of this
delocalization, genes near telomeres that
were epigenetically silenced by Sir and Ku
proteins are now more strongly transcribed,
but genes with adjacent silencer sequences,
located moreinternally on the chromosome,
becomemorerepressed (Martinet a., 1999).

VII. ROLE OF KU IN CELL
CYCLE REGULATION

Asfar aslocalization of Ku during cell
cycleisconcerned, it has been shown that it
is localized in the nucleoplasm and aso in
the nucleoli of interphase cells (Reeves,
1985; Francoeur et a., 1986). A very little
amount of Ku is present in the G1/S bound-
ary, while a moderate amount of Ku is re-
ported to accumulate at late Sand G2 phases
of cell cycle, which resultsin the disintegra-
tion in prophase and suggested a possible
role of Ku in the nucleolar disintegration
process (Li and Yea, 1992). In yeast Ku70
(HDF-1)-deficient strain the cell cycle is
reported to be blocked at G2 phase, indicat-
ing the potential role of Kuintheregulation
of cell cycle (Feldman and Winnacker,
1993). Ku is aso present in the S-phase of
cell cycle in nucleoli of human interphase
cells that strengthens the observation that
Ku actsaspotential RNA polymerase| tran-
scription factor (Higushira et al., 1992;
Zhang and Jacob, 1990). Ku isalso reported
to belocalized in the nucleus and nucleolus
in quiescent lymphocytes and in early G1,
late G1, S and G2 phases the Ku was only
present in the nucleoplasm (Yaneva and
Jhiang, 1991). The differences in localiza-
tion of Ku in different studies might be due
to the different antibodies and/or different
methods used for its detection.

The subcellular localization and nuclear
localization signal of Ku70 have been stud-

ied (Koike et a., 1999). Ku70 staining was
distributed throughout both the nucleus and
the cytoplasm in late telophase to early G1
phase cells. The nuclear localization signal
of Ku70 was located at the region com-
posed of 18 amino acid residues (position
539 to 556). The Ku 70 nuclear localization
signal consisted of two basic subregions
and anonbasicintervening region. Thestruc-
ture of the Ku70 nuclear localization signal
resembled the consensus of a bipartite-type
nuclear localization signal. The Ku70
nuclear localization signal was mediated to
target to the nuclear rim by two components
of the nuclear pore-targeting complexes
(Koike et al., 1999).

In Drosophila the expression of Ku70
(YPF1p) is reported to be developmentally
regulated with maximum expression in the
ovary (Jacoby and Wensink, 1994). A pro-
longed cell cyclewasreported in fibroblasts
from Ku80-deficient mouse embryos
(Nussenzweig et a., 1996), and the growth
of DNA-PK defects in SCID mice (where
Kuwasnormal) was affected (Nussenzweig
et a., 1996). Therefore, it can be said that
Ku is involved in cell cycle and growth
control.

Recently, Munoz et d. (1998) have dem-
onstrated that topoisomerase 11 (topo II)
mediated functions were inhibited at sig-
nificantly lower doses of topo Il inhibitor
(ICRF-193) in Ku86-deficient Chinese ham-
ster cell lines than in wild-type cells. This
difference was not observed when DNA-
PKcs-deficient cells were analyzed. The
ICRF-193 inhibits DNA topo Il activity
without inducing double-strand breaks
(Tanabe et al., 1991). Mutant cells were
blocked in G2 at ICRF-193 drug doses,
which had no effect on wild-typecells. These
data suggest a novel role for Ku antigen in
the G2 and M phases of the cell cycle, arole
that was not related to itsrole in DNA-PK-
dependent DNA repair (Munoz et al., 1998).
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VIIl. OTHER POSSIBLE ROLES
OF KU

Because Ku isamember of amultigene
family and it is abundant in different cell
systems, it also belongs to multifunctional
protein family. Some of its other functions
might be involvement in replication, tran-
scription, and cell signaling.

A. Replication

Because Ku binds to the DNA ends
during S-phase, Paillard and Strauss (1991)
predicted a possible role of Ku in replica-
tion forks movement during DNA replica-
tion. Ku is al'so known to interact with hu-
man DNA containing replication origin and
an active gene promoter (Toth et a., 1993).
It also binds to origin of replication of type
2 adenovirus (deVries et a., 1989). In Sac-
charomyces cerevisiae the origin binding
factor 2 (a Ku-like protein) was reported to
be required in vitro for the assembly of a
stable multiprotein complex at a eukaryotic
origin of replication (Shakibai et a., 1996).
The findings suggested that the Ku protein
might have an important role in the initia-
tion of DNA replication at eukaryotic ori-
ginsof replication. Kuisasubunit of DNA-
PK and an additional role of DNA-PK in
DNA replication has been suggested by its
ability to phosphorylate replication protein
A (Pan et a., 1994).

Thisis the indirect evidence for itsrole
in DNA replication; however, a direct evi-
dence is still necessary.

B. Transcription

The transcriptional regulation of differ-
ent genes by Ku or Ku-like proteins has

been shown in many studies. Some examples
are mentioned below:

1. U1 gene transcription was activated
by Ku-like protein PSE-1 (Knuth et
al., 1990).

2. The TREF may be involved in tran-
scriptional regulation because it is
known to bind to transferrin receptor
promoter (Roberts et al., 1994).

3. Ku-like protein E1BF binds to the rat
rRNA gene promoter, rat rRNA gene
non-repeat enhancer, and rat rDNA
repeat enhancer and is shown to stimu-
late RNA polymerase | transcription
(Zhang and Jacob, 1990; Hoff and
Jacob, 1993). When E1BF was puri-
fied from cells grown in serum-free
media then it acted as a repressor of
rDNA transcription; this effect could
be due to posttranslational modifica-
tion (Niu and Jacob, 1994).

4. The inhibition of RNA polymerase
I-directed transcription in mouse by
Ku hasalso been reported (Kuhnetal.,
1993). However, DNA-PK (Ku+DNA-
PKcs) was shown to be more potent
inhibitor of RNA polymerase-directed
transcription than Ku alone (Kuhn et
al., 1995).

5. Ku-related CHBF (constitutive HSE-
binding factor) binds to the HSE (heat
shock element) of heat shock genes
and acted as a negative regulator of
heat shock genes in vivo (Li et al.,
1995).

6. A Ku-related protein, CTCBF (CTC-
box binding factor), is known to bind
tointernal CTC-box of human collagen
gene and thereby is involved in the
control of its transcription (Genersch
et a., 1995).

7. TheTATA-box binding proteinisaso
known to be associated with Ku in the
CTCBF complex and possibly plays a
role in combination with Ku and other
factors in the transcription complex.
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10.

11.

12.

13.

14.

Ku isreported as a transcription factor
that recruits DNA-PK directly to nega-
tive regulatory element 1 specific se-
quence (-394 to -381 in the long termi-
nal repeat of mouse mammary tumour
virusMMTV) and represses glucocor-
ticoid-induced MMTYV transcription
(Giffin et d., 1996).

In Drosophila melanogaster the Ku-
related yolk protein factor 1(YPF 1)
bindsto a31 base pair sequencewithin
the tranglated region of yolk protein-1
(yp-1) and acts as a positive trans-
activator in the transcription of YPF 1
(Jacoby and Wensink, 1994).

In Chironomous polytene chromosome
the Ku-related antigenswere known to
be associated with the transcription-
ally active loci (Gorab et a., 1996).
Ku is involved in negatively regulat-
ing the transcription of the calcium-
responsive element-bearing human
parathyroid hormone gene (Chung et
al., 1996).

Ku is reported to abind to U5-respon-
sive element of the human T-cell leu-
kemia virus type 1 long termina re-
peat and thereby represses its basal
transcription (Okumura et a., 1994).
It has been shown that hypermethyl-
ation of metallothionein-I-Promoter
and its resultant silencing occur in re-
sponse to overexpression of the large
subunit of Ku autoantigen in a rat fi-
broblast cell line (Mgumdar et al.,
1999).

Ku associates with Tyl virus-like par-
ticlesin Saccharomyces cerevisiaeand
potentiates retrotransposition. Specifi-
caly by using a gaactose-inducible
Tyl system, it has been found that in
vivo Ty1 retrotransposition rates were
substantially reduced in the absence of
Ku. Theseresults suggest that Ku might
function in the life cycle of retro-
elementsin other systems (Downs and
Jackson, 1999).

C. Cell Signaling

Both the subunits of Ku (Ku70 and
Ku80) contain sequences that make them
hydrophobic in nature and help to insert
into the membrane. The Ku70 was detected
on the plasma membrane of human cells
(Prabhakar et al., 1990), and Ku80 was
present at the surface of human T-cells
(Dalzidl et al., 1992). It could be predicted
that the Ku protein might beinvolvedin cell
signaling. In fact, Ku is reported as an im-
portant component of signal transduction
pathways based on its response to different
external stimuli, for example, Vira infec-
tion, TGF- treatment and Ca&* and serum
deprivation (Fewell and Kuff, 1996).

Ku regulates the DNA-PK activity and
the DNA-PK belongs to the phospha-
tidylinositol-3 kinase superfamily that is
reported to play an important role in signal
transduction pathway (Hartley et al., 1995).
DNA-PK could aso interact with other com-
ponents of the intracellular signal transduc-
tion machinery. DNA-PK interacts physi-
cally and functionally with the c-Abl
protooncogene product that suggested its
role in intracellular signalling (Kharbanda
et al., 1997). In addition, Ku protein binds
to the p95vav oncoprotein, which contains
motif characteristic of signal transduction
proteins (Romero et al., 1996).

IX. CONCLUSION AND FUTURE
PROSPECTS

The involvement of Ku protein in vari-
ous metabolic reactions in the cell might
have many implicationsfor general interest.
Many essential structural and functional
roles of Ku are mainly due to its DNA-
binding property. Theinvolvement of Kuin
recombination, repair, and transcription sug-
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gest that these events are coordinated to
each other. Especially the possible link be-
tween the repair and recombination func-
tion of Ku is an efficient way for the cell to
repair the double-stranded breaks induced
by ionizing radiation or by radiomimetic
chemicals or oxidative radicals or during
meiosis, V(D)J recombination, and mating
type switching. Whether specialized do-
mainswithin each subunit perform different
functions of Ku still needsto be confirmed.
However, how these multifunctionsareregu-
lated appears to be a major question facing
Ku research as well as much of biology. A
great deal of work still needsto addressthis
question. Ku being a regulatory subunit of
DNA-PK is also phosphorylated by DNA-
PK. The effect of phosphorylation of Ku on
its ATPase and DNA helicase or other ac-
tivities has not been studied yet. The
multifunctionality of Ku may be due to its
interactions with several different protein
factorsin the cell. There is a need to study
the expression of the Ku and its modifica-
tion during cell cycle for a better under-
standing of itsrole. Furthermore, cloning of
the genomic DNA of Ku and the character-
ization of its promoter and other cis-acting
elementswill answer the questions about its
regulation. It isalso required to identify the
various K u-interacting proteinsthat may give
some clues regarding the mechanism be-
hind its involvement in many diverse cellu-
lar functions. Additional studies are also
needed to ascertain itsrolein DNA replica-
tion.

Further insights are expected from three-
dimensiona structural studies of the indi-
vidual subunits and their complexes with
therespectiveligandssuch asDNA or RNA.
Electron microscopy and other more so-
phisticated approaches such as mutational
analysis, transient expression studies, and
in vivo crosslinking are likely to reveal the
nature of the assembly of Ku with other cell
components. It is important to study the

possiblelink of al the main functions of Ku
in different cell systems that will help to
answer the intriguing question of genera-
tion of autoantibodies against Ku in various
autoimmune diseases like systemic lupus
erythematosus, scleroderma, polymyositis
syndrome, and rheumatoid arthritis. Asmost
of the functions of Ku are not directly re-
lated to each other, the evolutionary history
of this protein might be chalenging. The
future also lies in understanding the nature
and function of Ku in other systems espe-
cialy in plants and its role in growth and
devel opment.
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