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ABSTRACT

In mammalian cells, the Ku and DNA-dependent protein
kinase catalytic subunit (DNA-PKcs) proteins are
required for the correct and efficient repair of DNA
double-strand breaks. Ku comprises two tightly-
associated subunits of ~69 and ~83 kDa, which are
termed Ku70 and Ku80 (or Ku86), respectively. Pre-
viously, a number of regions of both Ku subunits
have been demonstrated to be involved in their inter-
action, but the molecular mechanism of this interaction
remains unknown. We have identified a region in
Ku70 (amino acid residues 449-578) and a region in
Ku80 (residues 439-592) that participate in Ku subunit
interaction. Sequence analysis reveals that these
interaction regions share sequence homology and
suggests that the Ku subunits are structurally
related. On binding to a DNA double-strand break, Ku
is able to interact with DNA-PKcs, but how this inter-
action is mediated has not been defined. We show
that the extreme C-terminus of Ku80, specifically the
final 12 amino acid residues, mediates a highly specific
interaction with DNA-PKcs. Strikingly, these residues
appear to be conserved only in Ku80 sequences from
vertebrate organisms. These data suggest that Ku
has evolved to become part of the DNA-PK holo-
enzyme by acquisition of a protein—protein interaction
motif at the C-terminus of Ku80.

INTRODUCTION

DNA-dependent protein kinase catalytic subunit (DNA-PKcs).
DNA-PKcs is a member of the phosphatidylinositol (P1) 3-kinase-
like (PIKL) protein kinase family (13) and, together with Ku
and DNA, forms a catalytically active DNA-PK complex with
serine/threonine protein kinase activity (14—16). Little is currently
known about how Ku interacts with DNA-PKcs, although the
fact that it is unable to bind DNA-PKcs in the absence of DNA
(16) suggests that DNA binding by Ku induces a conformational
change that permits the DNA-PKcs interaction. It has been
shown that, under certain conditions, DNA-PKcs can bind to
double-stranded DNA ends and become activated in the
absence of Ku (17,18). This suggests that contacts between
DNA-PKcs and DNA play an important role in DNA-PK
activation, even in the presence of Ku.

A breakthrough in the understanding of DNA-PKcs/Ku
function came with the discovery that defects in these proteins
are associated with a subset of mutant mammalian cell lines
that are defective in DNA DSB rejoining, and which are pro-
foundly sensitive to ionising radiation and other agents that
generate DNA DSBs as their principal lethal lesion (reviewed
in 19-21). Furthermore, DNA-PK catalytic activity has been
implicated at an early stage of DNA DSB repairX®nopus
cell-free extracts (22,23). Cells deficient in DNA-PKcs, Ku80
or Ku70 are also severely impaired in V(D)J recombination, a
site-specific genomic rearrangement process that involves the
generation of DNA DSBs, and which is required to generate
the vast antigen recognition capacity of antibody and T-cell
receptor molecules (reviewed in 24,25). Coupled with the
observations that Ku displays a very high affinity for double-
stranded DNA ends vitro, these data suggest that DNA-PK
functions directly in the recognition and resolution of DNA
DSBsin vivo.

Consistent with the Ku-associated DNA DSB repair pathway

Ku is a heterodimeric protein, comprising two tightly associatetbeing highly conserved throughout eukaryotic evolution, Ku is
subunits of ~70 and ~83 kDa, that has been found in manfound inS.cerevisiaand is essential for repair of DNA DSBs
organisms, ranging fror8accharomyces cerevisigeman (1). by the pathway of non-homologous end-joining (reviewed in
Although some information has been obtained regarding th21,26). However, there is no clear orthologue of DNA-PKcs
regions of the Ku polypeptides that interact with one anotheencoded by the fully-sequenc&dcerevisiagenome. Thus, in
(2-8), very little is known about the molecular mechanism ofyeast, Ku carries out DNA-repair functions independently of
this interaction. The most highly characterised function of KUDNA-PK. Although it is possible that the functions of mammalian
at the biochemical level is its ability to bind avidly to certain DNA-PKcs are assumed by other members of the PIKL protein
disruptions of the DNA double helix in a sequence-independerkinase family, such as Meclp and/or Tellp, there is little evidence
fashion, including DNA double-strand breaks (DSBs) and singleto suggest that these interact physically or genetically with Ku.
strand to double-strand transitions (9-12). When complexe8accharomyces cerevisid@ has also been shown to play
with DNA, Ku can interact with an ~460 kDa polypeptide, the important roles in telomere length maintenance, and in the
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transcriptional silencing of genes placed close to telomeri©.05 mg biotin per 1 mg of total protein. Unreacted biotin groups
DNA (27-31). were removed by addition of glycine (0.1 M final) after 1 h. Extracts
Given the importance of DNA-PK in the major pathway of were diluted two-fold in buffer (50 mM Tris pH 8.0, 250 mM
DNA DSB repair in mammalian cells, and our lack of a clearNaCl, 0.1%(-mercaptoethanol, 0.1% Triton X-100, Boehringer
understanding of the protein—protein interactions within theComplete Protease Inhibitors) before use in ‘pull-down’ assays.
enzyme, we have investigated interactions between Ku70 agg .
Ku80, and between the two Ku subunits and DNA-PKcs. Thid ePtides
work reveals that the C-terminal region of Ku80 makes highlyFive peptides derived from the sequence of Ku80 (see Fig. 7)
specific contacts with DNA-PKcs. Furthermore, functionalwere generated with a Ser-Gly-Ser-Gly linker to a biotin
analysis of the Ku subunits, in conjunction with protein moiety at the N-terminus (Khiron Technologies). The biotin
sequence comparisons, suggest that the two Ku subunits ayeup allows these peptides to be captured from solution by
structurally and functionally related to each other. We discusicubation for 15 min with streptavidin-coated para-magnetic
the importance of these results in regard to the structure, physiDynabeads (Dynal), which can then be retrieved using a magnet.

logical functions and evolution of DNA-PKcs and Ku. o
Purification of DNA-PKcs

All steps were performed in buffer D (20 mM HEPES pH 7.6,
MATERIALS AND METHODS 2 mM MgCl,, 0.2 mM EDTA, 10% glycerol) with a specified
Yeast two-hybrid assay concentration of KClI or ammonium sulphate. HelLa cell

: : uclear extract (Computer Cell Culture Centre, Mons, Belgium

Alarge ffagme’?? of Ku70 (corre_spondmg toresidues 2.13‘_599&@5 fractionate(d ovgr columns of Q-Sepharose (Pharr%aciz)i)
was PCREzérggléfleg agd Iclor_led into the yeast t\;vo-_hybrlc_zl hbar']t and heparin—agarose (Sigma). The resulting DNA-PKcs fraction
vectoL_pd. q (E. 50 emés(,))zto genera%zﬁem:i\g USSg'%n V_\{_'L Nevas applied to a column of phenyl-Sepharose (Pharmacia) in
DNA-binding domain Lex202 (Lex-Ku —590). This 4 5\ ammonium sulphate. Under these conditions, 100% of

was transformed into a yeast strain, EGY48, containing g\ a_pKcs is retained by the column, whilst the majority of

genomicl. EU2 gene under the control of three LexA Operato.rcontaminating Ku flows through. DNA-PKcs was eluted with

sites, as well as the plasmid pSH18-34 (S. Hanes) COmainngIinear gradient of 0.4-0 M ammonium sulphate. Peak DNA-
the reporter gene GAL1-LacZ downstream of four LexA operatorSp i s fractions were applied to a 1 ml Mono-S FPLC column

A HeLa cell expression library in the two-hybrid vector pJG4-5 harmacia) as a final purification step. DNA-PKcs fractions

(generated by J. Gyu.ris) was then transformed_into the yea ere dialysed into buffer D containing 50 mM KCI and stored
Yeast were then subjected to a two-fold selection procedur%,t —80C prior to use.

first plating onto medium lacking leucine. Resulting colonies
(530) were picked onto fresh plates containing X-gal to screen
for activation of the GAL1-LacZ reporter. Some of the trans-RESULTS
formation was plated onto non-selective media to calculate the

transformation efficiency at >I@otal transformants. A C-terminal region of Ku80 interacts with Ku70 in the
yeast two-hybrid assay

To investigate protein—protein interactions between the subunits
The Ku70 and Ku80 open reading frames, and fragments aif Ku, we first employed a yeast two-hybrid assay to screen a
these generated by PCR, were cloned in-frame with thbuman HelLa cell cDNA library for proteins that interact with a
glutathione-binding domain of Schistosoma japonicum large fragment of Ku70 (spanning residues 213-590) containing
glutathione Stransferase (GST) by sub-cloning into two putative leucine zipper motifs. Fifty-five positive clones
pGEX2TK-P (a derivative of pGEX2TK Pharmacia). Expressionwere identified and the library plasmids contained within these
from all pGEX2TK-P constructs was carried out in eitherwere then rescued inte.coli. Bacterial colony hybridisation to
DH5a or DS941 strains oEscherichia coli Bacterial cell a radiolabelled Ku80 DNA probe revealed that 40 gave a
extracts were produced by sonication in phosphate-bufferestrong positive signal. These clones were sequenced and all
saline (PBS; 138 mM NaCl, 3 mM KCI, 10 mM phosphate were found to contain a Ku80 partial cDNA. The retrieved
buffer pH 7.4) containing 1% Triton X-100 (Sigma) and plasmids comprised eight distinct Ku80 cDNA clones; all
protease inhibitor tablets (Boehringer). GST-fusion proteingontained the poly(A) tail of the Ku80 cDNA, but differed in
were purified by passing bacterial lysates over glutathionetheir 5' ends. Perhaps surprisingly, the different 5' termini were
Sepharose beads (Pharmacia) and washing in PBS containihighly clustered, all falling to within 27 nucleotides of each
1% Triton X-100 and then in PBS alone. Proteins were storedther. The smallest clone encoded the C-terminal 294 amino
at—-80C prior to use. acid residues of Ku80, defining this region (amino acid residues
439-732) as sufficient for interaction with Ku70 in this assay.

Generation of GST-fusion proteins

Preparation of biotinylated bacterial cell extracts

Ku70 and Ku80 were cloned into pET30a (Novagen) to generat%
an N-terminal hexa-histidine tag, and were expresséidnli
[BL21 (DE3) pLysS]. The soluble protein fraction was preparedn a complementary approach to the yeast two-hybrid technique,
by lysing cells in buffer (50 mM phosphate pH 7.5, 150 mMwe devised ain vitro ‘pull-down’ assay. Ku70 and Ku80 were
NaCl, 0.1%p-mercaptoethanol, 0.1% Triton X-100, Boehringerexpressed as GST-fusion proteinsHrcoli (GST-Ku70 and
Complete Protease Inhibitors). The soluble fraction wassST-Ku80) and purified on glutathione—Sepharose beads.
labelled with biotin (Sigma) by incubating for 1 h on ice with Unfractionated bacterial cell extracts containing low amounts

nalysis of interactions between bacterially expressed
u70 and Ku80 deletion derivatives
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which we have called the primary homology regions (PHRS),

& &

#\H\f’“ o & o occur in the same order and with highly cc_)nserved spacing in

& \;‘z‘_ x_&‘\ X g all of the Ku70 and Ku80 homologues (Fig. 2). A subset of
&F i_s\“*_s*%\a“\'\'“-@%@% - these homologies has been recently identified by Dynan and

& \,_5-'5'6}\@‘{‘ Gc;‘(;-'_.\‘ & Yoo (1). The PHRs contain a number of highly conserved pro-

m(kDa) line and glycine residues (particularly PHR3, PHR4 and
His-Kus( | — —122 PHRS5; Fig. 2), consistent with these being conserved structural

His-Ka70 ey - [35 regions of the Ku subunits.

The sequence conservation and co-linearity of the PHR
41 motifs, suggests that Ku70 and Ku80 may have the same over-

—13] all structure, and might be derived from a common ancestor.
Notably, the separation of PHR2 and PHR3 is between 250 and

284 amino acid residues in all known Ku70 and Ku80

sequences, so perhaps this region is required to achieve a
critical alignment of the PHR1-2 region with the PHR3-4-5
Figure 1. Both Ku70 and Ku80 interact specifically with their heterodimerisation reglon in the tertiary structure of the protein. The reg"?” ,SePa'
partner in GST ‘pull-down’ assays. The figure shows a nitrocellulose membrané@ting PHR4 and PHRS5 contains some weak similarity
probed with streptavidin conjugated to horseradish peroxidase (HRP) to detect bidketween the Ku70 and Ku80 sequences and is conserved in
nylated proteins. Unfractionated, biotinylated bacterial cell extractsy@®0  sjze. The regions between the PHRs may therefore exhibit
expressing histidine-tagged Ku70 and Ku80 (His—Ku70 and His—Ku80) ar

shown in lanes 1 and 5 respectively. Full-length Ku70, expressed as a fusic%trucwral similarities that are not easny detectable in the

protein with GST (GST-Ku70; 1g), and bound to glutathior&epharose ~ Primary amino acid sequence. These regions have there_fore
beads, was incubated for 3 h &CAwith extract containing Hiskug0 (500ug  tentatively been designated secondary homology regions
total protein). The beads were washed in seven changes of NETN buffer (180 m{EHRs) as illustrated in Figure 2. The Ku70 and Ku80

NaCl, 25 mM EDTA, 20 mM Tris pH 8.0, 0.5% NP-40). Proteins retained by ; ; _ A
the GSTKu70 beads in the absence or presence of 0.2 mg/ml ethidium bromidSequences show greatest dlvergence at their C-termini.

(EtBr) are shown in lanes 2 and 3. Similar binding reactions were performe?pecmcany' there is a region of S'mllamy exclusive to the
using GST—Ku80 and extracts containing His—Ku70 (lanes 6 and 7). ContrdkU80 sequences that we have designated the Ku80-specific C-

binding reactions were carried out using beads bound to GRg)(&nd bacterial  terminal region (Ku80-CTR; Fig. 2), and a region of similarity
lysates containing either His-tagged Ku80 (lane 4) or His-tagged Ku70 (lane 8). only between the Ku70 sequences which we have called the
Ku70-specific C-terminal region (Ku70-CTR).
The region we have identified as interacting with Ku70 in the
o i i two-hybrid assay includes SHR2, PHR5, SHR3 and the Ku80-
of histidine-tagged His-Ku70 or His—Ku80 were generateqcTr making these attractive candidates for Ku subunit-interaction
and labelled with biotin (Materials and Methods; expressionyiits, As outlined below, we have used the information from the
conditions were chosen to ensure that His—Ku70 or H'S_KUSQIignment in the construction of a range of Ku70 and Ku80
represented only a small percentage of the total protein in thes|etion mutants that contain one or more of the PHRs/SHRs to

extracts). Interaction assays were then conducted by incubatiagg,dy their potential roles in mediating interactions between
either GST-Ku80 beads with bacterial lysate containing Histhe Ky subunits, and between Ku and DNA-PKcs.

Ku70, or GST-Ku70 beads with His—Ku80 lysate. . . _
As shown in Figure 1, of the large number of biotinylatedAnalysis of the regions of Ku80 and Ku70 required for
proteins present in crude extracts (lanes 1 and 5), only a singleterodimerisation

major species was retained on the beads in ‘pull-downs’ witlyye tested a range of Ku80 deletion derivatives (Fig. 3A) and a
either GST—Ku70 (lane 2) or GST-Ku80 (lane 6). Smallefrange of Ku70 deletion derivatives (Fig. 4A) expressed as
amounts of a few lower molecular weight proteins were, someg ST-fusion proteins, for their abilities to affinity purifiy the
times, also obtained. Identification of the major interactingfy|l-length Ku subunit partner from a crude bacterial extract.
proteins in lanes 2 and 6 as Ku80 and Ku70, respectively, wags shown in Figure 3B, the GST-Ku80 deriviativesA\BlL,
confirmed by quantitative western blotting with anti-Ku goaN2 and 8@N3 all interacted with Ku70, demonstrating
subunit antisera (data not shown). In control binding reactionghat PHRs 1-4 of Ku80 are not required for this interaction
using GST alone, neither Ku subunit was retained from th@lanes 2-4). Furthermore, the Ku80-CTR is also not required,
bacterial lysate (Fig. 1, lanes 4 and 8). The binding of GST-as demonstrated with the derivatives30LC3 and 8AN3C3
Ku70 or GST-Ku80 to its partner subunit in the extract was NOtFig. 3B; compare lane 4 with 7, and lane 8 with 9). Thus, a region
inhibited by ethidium bromide, which has been shown to disrupgf Ku80 comprising SHR2, PHR5 and SHR3 is sufficient to
some protein—-DNA complexes (32), suggesting that this intefmediate interactions with full-length Ku70. Deletion of this region
action is direct. from either the N- or C-terminus, however, rendered the Ku80
Sequence analysis of Ku80 and Ku70 suggests that they are gglaeli;zngég\'l\gag\rﬁ g&?\lljllectz(l)iw ::eiéa(gé/\/ |It:n}égéo ée;r?? f(l)';led by
structurally related Interaction assays performed using GST-Ku70 deletion
To develop a logical approach for constructing Ku deletionderivatives and full-length Ku80 demonstrate that the N-terminal
mutants, we analysed the human Ku70 and Ku80 proteihalf of Ku70, comprising PHR1, PHR2 and SHR1 k)
sequences for candidate interaction motifs. This analysimteracts very poorly with Ku80 (Fig. 4B, lane 2). By contrast,
revealed a number of sequence motifs that are conservele C-terminal region (Z8N1) binds Ku80 efficiently (lane 3).
between all Ku70 and Ku80 proteins. These conserved motif§urther subdivision of the C-terminal region of GST-Ku70
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Figure 2. Alignment of Ku70 and Ku80 protein sequences) Ku70 and Ku80 amino acid sequences can be aligned to reveal five regions of homology which we
have designated PHRs1-5. The program ‘Pileup’ (Wisconsin Package Version 8.1, Genetics Computer Group) was used to generate the alignnesitioit each p

of the alignment, residues identical in >25% of the sequences are background shaded black, those that are functionally conserved between e@s8acdshe s

are background shaded grey. The ‘tick Ku70’ sequence is from the brown eaRhgk¢ephalus appendiculatushe number of residues between the PHRs in

each sequence is indicated, as is the number of residues N-terminal of PHR1 and C-terminal toB)FRREe(natic of the alignment of the full amino acid
sequences of Ku70 and Ku80 homologues used in (A), depicting vertebrate Ku70 and Ku80. The consensus Ku70 and Ku80 sequences are represented by si
bars. The positions of the PHRs are indicated with shading. As indicated in (A), the spacing between the PHRs from Ku70 and Ku80 sequences ar@conserved
addition, some sequence similarities occur between Ku70 and Ku80 sequences in these intervening regions that we have tentatively designs@i@dh&&legiies

contain a Ku80-CTR, and a Ku70-CTR is present in Ku70 homologues, as described in the main text.

revealed that PHR3, PHR4 and the Ku70-CTR are not requiresubstantially deleted derivative of the interaction partner using
for interaction with full-length Ku80, as exemplified by GST ‘pull-down’ or other approaches, including co-immuno-
derivatives 70N2, 7QMN3 and 7@&N1C1, respectively precipitation of Ku derivatives. Therefore, it appears that the
(Fig. 4B, lanes 4, 5 and 8). Thus,A/W3C1, comprising SHR2, Ku subunit interactions we have observed are dependent on
PHRS5 and SHR3, is sufficient to mediate interactions with full-one of the interaction partners being present as a near full-
length Ku80 (Fig. 4B, lane 12). Itis striking that the interactionlength protein, suggesting a requirement for some tertiary
regions we have defined for both Ku70 and Ku80 map tostructure. Consistent with this, it has been reported previously
analogous regions of the proteins (as defined in Fig. 2), botthat Ku70 truncation derivatives are unable to compete with
comprising SHR2, PHR5 and SHR3. This work therefore provideull-length Ku70 for binding to Ku80 (3).
support for a model in which the Ku subunits interact by a , ,
pseudo-homodimerisation mechanism. Ku80 interacts with DNA-PKcs

Perhaps surprisingly, we did not detect strong interactionBrevious studies have revealed that the Ku heterodimer inter-
between these minimal Ku-interaction regions and anycts with DNA-PKcs, and that this interaction is stimulated by
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Figure 3. Defining a region of Ku80 that interacts with full-length Ku70. A

range of Ku80 deletion derivatives (18 of each), expressed as GST-fusion

proteins and bound to glutathione-Sepharose beads, were incubated for 3 hFagure 4. Defining a region of Ku70 that interacts with full-length Ku80.
4°C with biotinylated bacterial cell extracts (5@ protein) expressing Ku70  GST-Ku70 derivatives (~Ag) were incubated, as described in Figure 3, with
(histidine-tagged). The beads were washed in NETN buffer[(Fig. 1) and proteinsiotinylated extracts containing Ku8QAJ Diagram of GSFKu70 deletion
retained by the beads were resolved by SPAGE and transferred to nitrocellulose. derivatives used for these interaction assays. The position of the PHRs within
(A) Diagram of GSTKu80 deletion derivatives used for these interaction each derivative is indicated by shading (seddHig. 2). Full-length Ku70 is repreésente
assays. The positions of the PHRs within each derivative are indicated by shadihy the uppermost baB Nitrocellulose membrane, probed with HRP-conjugated
(see Fig| p). Full-length Ku80 is represented by the uppermost®paNiro- streptavidin, indicating the amount of Ku80 protein retained by each-B8T0
cellulose"membrane, probed with HRP-conjugated streptavidin, showing thdeletion derivative. Ku80 (arrow) is, essentially, the only protein retained by
amount of Ku70 protein retained by each GKu80 deletion derivative. ~ Ku70 derivatives. To control for protein loading the membrane was stained
Ku70 (arrow) is, essentially, the only protein retained by Ku80 derivativeswith Coomassie blue (not shown)CY Coomassie-stained gel of purified
Note that ‘negative staining’ bands can be seen, due to the GST-fusion proteilsSTKu70 deletion derivatives used in these interaction assays.

on the membrane. To control for protein loading, the membrane was stained

with Coomassie blue (not shown)C) Coomassie-stained gel of purified

GST—Ku80 deletion derivatives used in these interaction assays.

DNA (15,16). The basis for the Ku—DNA-PKcs interaction, (lane 1), DNA-PKcs was the only protein retrieved by affinity
however, has not been studied in detail. To investigate possibfaurification with GST-Ku80 beads (lanes 2 and 3). Identification
interactions between the individual Ku subunits and DNA-of the retrieved species as DNA-PKcs was verified by quanti-
PKcs, we performed ‘pull-down’ assays from Hela celltative western blot analyses (not shown). GST—Ku70 beads
nuclear extract using GST-Ku70 or GST-Ku80 bound toalso affinity purified DNA-PKcs, although less efficiently than
glutathione—Sepharose beads. As shown in the silver-stain€dST—Ku80, as well as a second polypeptide of ~116 kDa, the
gel in Figure 5A, of the many proteins in the crude extractidentity of which is the subject of current investigation (lanes 4
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& S treatment (lane 5), indicating that this interaction is dependent

& A &Y A upon protein—DNA interactions. To investigate the possible

A W& ¢ involvement of Ku heterodimer in the nuclear extract, we
EBr - 4 . 4 . probed western blots of proteins bound to the GST—Ku70 or

GST—Ku80 beads with Ku-specific antibodies. These studies
revealed ethidium bromide-sensitive binding of endogenous
200 Ku to GST-Ku70, but only trace amounts of Ku binding to

GST-Ku80 in either the presence or absence of ethidium bromide.
Furthermore, we have found that GST-Ku70, but not GST-Ku80,

DMNA-PRes - e mikDa)

GST-KuB0~ S &~ —116 can interact with purified Ku heterodimer in the presence of
GST-Ku70™ el d DNA and that this binding is inhibited by ethidium bromide.
1 2 3 4 5 6 Taken together, the above data suggest that the interaction
between GST-Ku70 and DNA-PKcs in these assays is dependent
B ® o on DNA and Ku heterodimer.
& _L-;\':"‘“\ .-‘-'SF & To assess the p_otential involvement of other polypeptides in
S S S mediating interactions between GST-Ku80 and DNA-PKcs, we
dsDNA T carried out binding reactions using an essentially homogeneous

EiBr
DNA-PKs =

preparation of DNA-PKcs in place of nuclear extract (NE; this
preparation was found, by quantitative western blotting, to
contain 1 Ku molecule per ~840 DNA-PKcs molecules; data
not shown). Significantly, these interaction studies revealed
that purified DNA-PKcs interacts efficiently with GST-Ku80
(Fig. 5B, lanes 2-4), but not with GST-Ku70 (Fig. 5B,
lanes 5-7) under the conditions employed. Furthermore, we
were unable to detect any endogenous Ku contamination in
these interaction complexes using either polyclonal rabbit sera
or monoclonal antibodies raised against the Ku subunits (data
Figure 5. (A) Interactions between the Ku subunits and proteins in a HeLanot shown). Taken together, the data suggest that there is a

nuclear extract (NE). GST-Kug0 (0fg) or GSTKU70 (0.5ug) bound to— gjrect interaction between Ku80 and DNA-PKcs.
glutathione-Sepharose beads was incubated for 3—4 f@twith 100ug of

HelLa NE in Z' buffer (25 mM HEPES pH 6.7, 120 mM KCI, 12.5 mM MgCl

1 mM dithiothreitol, 0.1% Nonidet P-40, 20% glycerol). The beads wer

subsequently washed extensively in buffer W (25 mM HEPES pH 6.7, 150 mMT'o define which region(s) of the Ku80 polypeptide is responsible

KCl, 2 m'\g Mgdc'z tmbM g'th"’th”;'to" 0-4;’/" NO”'fd‘;t P"I‘O)- P“’te'c’j‘s for the interaction with DNA-PKcs, we performed interaction

remaining bound to the beads are shown in laneS &f this silver-staine . e

SDS—polyacrylamide gel (the GST-Ku70 and GST-Ku80 fusion proteins car"ilssays Wlth_ pur_lfled DNA-PKcs and_a battery of GST-Ku80

also be seen). Lane 1 shows i@ of NE. Ethidium bromide (0.2 mg/ml final) d_e|et|0n derivatives bound to glutat.hlone—Sephar_ose beadsl- A

was added to the binding reactions shown in lanes 3 angl)Siver-stained ~ diagram of the Ku80 deletion derivatives used is shown in

(S()ngflya%rgﬂdsogbel Zhozélr%? )Pf(;:e'n_ fetg"l?d ?n SﬁT-t'%SO_tﬁeadﬂ:igure 6A. We found that sequential deletions from the N-terminus

.5ug) or u eads (0.5ug) after incubation for at°€ wi N ; )

0.4 ug of purified DNA-PKcs in Z' buffer. The beads were washed in buffer W. OT K_uSO (Sle N6) had Ilttle_or_rjo effect n DNA PKCS

Binding reactions for lanes 3 and 6 contained 2Qihgheared genomic DNA  RINdINg (Fig. 6B, lanes 1-5). Significantly, 886 comprises

(dsDNA), those for lanes 4 and 7 contained 0.2 mg/ml ethidium bromideAmino acid residues 595—-732 of Ku80 and corresponds to the

Lane 1 shows 0.1@g of DNA-PKcs. Notably, in binding reactions carriedtou C-terminal region of human Ku80, the Ku80-CTR, that has no

at lower KCI concentrations some binding of DNA-PKcs to GET'70 was hom0|ogy to Ku70 sequences (Fig 2) Analysis of C-terminal

observed (data not shown). The significance of these interactions has n . .y .

however, been investigated further. Yuso protein fragm_ents smaller thanLE}% as GST-fusions was
complicated by difficulties in expressing these small fragments.
Nevertheless, Figure 6B shows interaction of two of these
derivatives, 8AN7 and 8@N8, with DNA-PKcs (lanes 6 and

. . . The expression construct encodind\BIB was designed to
and 5). By contrast, no proteins were recovered using bea press only 23 amino acid residues corresponding to the

containing GST alone (F|g.'5A, lane 6). , .___extreme C-terminus of Ku80, yet it was still able to interact
It has been reported previously that Ku70 is capable of interg e cifically with DNA-PKcs (compare lane 7 with the control
acting with DNA in the absence of a heterodimerisation partnerpu"_downy in lane 8).

(8,33) and that Ku heterodimers bound to DNA are able to specif- T, analyse further the role of the Ku80 C-terminal region in

ically associate with one another (34). The possibility thereforg,e pNA-PKcs interaction, we generated Kus0 derivatives
existed that the interactions we had observed between DNAgpresenting a series of deletions from the C-terminus. Figure 6C
PKcs and the individual Ku subunits were indirect, and mediatedhows the result of sequential deletion of 0, 28, 70, 140, 202 or
by DNA and/or the Ku heterodimer present in the HeLa267 amino acid residues from the C-terminus of Ku80
nuclear extract. To address the potential involvement of DNA(lanes 1-6, respectively). Strikingly, removal of only 28 amino
we used ethidium bromide. Notably, the interaction betweemcid residues rendered the resulting protein unable to bind
Ku80 and DNA-PKcs was unaffected by ethidium bromideDNA-PKcs (compare lanes 1 and 2), and no binding was
(Fig. 5A, lane 3). By contrast, the interaction between DNA-recovered using any of the larger deletions (lanes 3—6). Taken
PKcs and Ku70 was substantially reduced by ethidium bromidgether, these data reveal that DNA-PKcs interacts with the

GST-Ku&=
GST-Ku70+

eThe Ku80 C-terminal region interacts with DNA-PKcs
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A A peptide from the extreme C-terminus of Ku80 is sufficient
Amino Acids to mediate highly specific and efficient interactions with
| Kugl R 1-732 DNA-PKcs
H0ANT . S 338142 To define more precisely the region of Ku80 that interacts with
5”‘"‘;;" e Pl DNA-PKcs, we synthesised a series of peptides (peptides A—E)
§ '\;]J:\ iuj: N whose sequence was deri_\(ed from the extreme C-termin_u_s of
o e Ku80, and which were modified at the N-terminus by the addition
Km::; mq:w of a biotin moiety (Fig. 7A; Materials and Methods). To assess
'M:N rj"['“n; ?nteractions between_ thes_e peptides and DNA-PKCS_, we
| e T 1-'.-'a-|'h incubated each peptide with a homogenous preparation .of
l T B 1.6 DNA-PK_cs then added paramagnetic bead§ c_onjugated _W.Ith
| T | . gtreptayldln to capture t.he pept!de via t_he b|ot|n—streptaV|Q|n
i ACA | 1530 interaction. As shown in the silver-stained gel provided in
[ T0ACS 1 1-465 Figure 7B, peptide E, comprising the final 12 amino acid
residues at the C-terminus of Ku80, interacted directly with
DNA-PKcs at both 50 and 100 mM KCI. In contrast, none of
GST-Ku80 deletion derivative the other peptides (peptides A—D) exhibited significant DNA-
B [y R PKcs binding.
‘g\-*}'-'@rf %Qtv“‘é\é“ @z‘-‘\“%\z‘f‘ @é}' cg* To investigate the specificity of the DNA-PKcs—peptide

DMNA-PEese| — — —

mikDay

GHT-Kugl

derivatives

y
. - e ol
C & OO & SR ‘t?\'

DNA-PKcs-| — i
I

116

.___ e [y
GST-Kuso - o
i Kk —
. u'i S 66
==

derivatives

ey
5

1 2 31 4 6 7 8

mi{kTkz)

interaction, we assessed the ability of each of the five peptides
to retrieve proteins from a crude unfractionated HelLa cell
nuclear extract (Fig. 7C). Strikingly, peptide E was able to
affinity purify predominantly a single protein species of high
molecular weight (Fig. 7C, compare input nuclear extract in
lane 1 with peptide E eluate in lane 6). Western blotting con-
firmed the retrieved protein to be DNA-PKcs, and revealed
that the faint lower band, seen at ~150 kDa, corresponds to a
DNA-PKcs breakdown product (data not shown). Additional
studies have shown that peptide E is able to deplete 60—70% of
DNA-PKcs from HelLa nuclear extract, but that some DNA-PKcs
always remains unbound. Importantly, DNA-PKcs affinity
purified using peptide E was active only with addition of purified
Ku and double-strand DNA ends, demonstrating that DNA was
not present in the ‘pull-down’ binding reactions (data not
shown). Peptides A-D and a variety of control peptides all
failed to retrieve specifically any proteins from nuclear extract
(Fig. 7C, lanes 2-5; data not shown). Together, these results
demonstrate that the extreme C-terminal 12 amino acid
residues of Ku80 are sufficient to mediate a direct and highly
specific interaction with DNA-PKcs.

DISCUSSION

Figure 6. The extreme C-terminus of Ku80 contains a DNA-PKcs interaction )
domain. Homogeneous DNA-PKcs protein (Qug) was incubated wite ~ We have used sequence alignments between Ku70 and Ku80 to

range of GST-Ku80 deletion derivatives (0.5-d) in Z' buffer (Fig| p). The - design Ku subunit deletions in order to investigate functional

beads were washed extensively in buffer W (E]g. B)) A diagram of Ku80 . . . e
deletion derivatives usedB] Silver-stained SDSpolyacrylamide gel showing domains of the two polypeptldes. Thus, we have identified a

DNA-PKcs protein bound by Ku80 derivatives deleted at the N-terminus. Thd€dion in Ku70 (amino acid residues 449-578) and one in
GST—Ku80 derived deletion protein used in each ‘pull-down’ is visible in the Ku80 (residues 439-592) that mediates contact within the Ku
PKcs protein is not bound by Ku80 derivatives deleted from the C-terminu . - .
(lanes 2-6). Lane 1 shows DNA-PKcs retained by full-length Ku80. GST Sreg|ons of the two prOtemS, and share sequence homologies
alone (5ug) is unable to bind DNA-PKcs (lane 7); however, it does bind to a (SHR2, PHRS and SHR3; Fig. 2). These data suggest that the
bacterial protein of ~66 kDa during the expression/purification procedure andKu subunits may have similar structures and interact with one
ihis ba)”d s visible clearly In lane 7 (see 2150 E% 1 lanes ¢ and §|Fig. SCanother through a pseudo-homodimerisation mechanism. The
ane 1). The binding reaction between G&u N1 and DNA-PKCs is . ) . .
duplicated [(B) lane 1: (C). lane 8] for comparison between gels. existence of distinct Ku70 and Ku80 genes in mammals., flies,
nematode worms and yeast suggests that the two proteins may
have arisen through a gene duplication that occurred before the
_ _ _ _ last common ancestor o§.cerevisiaeand metazoa. The
Ku80-CTR, and that the final 28 amino acid residues of thissbsence of clear Ku homologues in the fully sequenced

region are necessary and sufficient for this interaction. genomes of various bacteria and archaea suggests that Ku
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A Furthermore, we have shown that the major DNA-PKcs binding
domain of Ku80 is located at the extreme C-terminus of the

Ku&0 C-terminus ‘?;-% molecule, and that the final C-terminal 12 amino acid residues
% of Ku80 are sufficient to mediate this highly specific interaction.

< FEAKKFLAPKDKPSGDTAAVFEEGGDVDDLLDMI|
#-GSGSEEAKKFLAPKDK
#-GSGSLAPKDEPSGDTA
H-GSGSPSGDTAAVFEEG
#-GSGSAVFEEGGDVDDL
#-GSGSEGGDVDDLLDMI

Indeed, the interaction between DNA-PKcs and the C-terminal
region of Ku80, either expressed as a GST fusion or presented
as a biotinylated peptide, can be used to affinity purify DNA-PKcs
to virtual homogeneity in one step from crude unfractionated
human nuclear extract (Figs 5A and 7C). This novel affinity
purification step will be of use for future analyses of DNA-PK,
B particularly where source material is limited.

Consistent with the DNA-PKcs interaction motif we have

2Daw e

-

kel _ShmM | —— M ) identified being of physiological importance, recent mutational and
Peptide A B C D E A B C D E functional analyses have demonstrated that a region comprising
DNA-PKcs m- Lan 178 residues at the C-terminus of Ku80 is extremely important

for the interaction of the Ku heterodimer with DNA-PKicsvivo
(35). Perhaps surprisingly, we find that C-terminal fragments of
Ku80 in isolation bind to DNA-PKcs independently of DNA.
In contrast, the interaction between the native Ku heterodimer
and DNA-PKcs occurs only in the presence of DNA (15,16).

Bound 1 An attractive model to explain this difference is that the DNA-PKcs

B € D E - Peplide interaction region of Ku80 is masked in the native Ku hetero-
- €DNAPKes dimer and only becomes exposed when a conformational

’ change takes place upon DNA binding. Interestingly, we have

L 200kDa observed interactions between Ku70 and DNA-PKcs in low

salt buffers (<100 mM KCI; data not shown), but the possible
importance of these has not been investigated. It is possible

that DNA-PKcs contacts formed by Ku70 in cooperation with

— 116kDa the Ku80 subunit are of functional significance.

| 97kDa The Ku80-CTR neither participates in homodimerisation

(Figs 3 and 4), nor contributes to the DNA-binding domain,

— 66k Da which comprises the C-terminal approximately two-thirds of

i 4 5 6 17 both Ku subunits (2,7,8,35). In addition, contact between this

region and DNA-PKcs suggests that the Ku80-CTR may

constitute a protein domain exposed on the surface of the Ku
Figure 7. The final 12 amino acid residues of Ku80 are sufficient to bind Eetg(;oglltger. I(tj IS th%lief(;re Ige%pgrjrgR to SpeCUIan[]e that t.he
DNA-PKcs. A) A diagram of the C-terminus of human Ku80, amino acid ' usu- T and possi yt. e Ku/0- ’_00“t6}9t other pr(?telns
residues 699—732, and the sequence of five peptides (peptides A-E) generatétvolved in DNA DS_B repair, or play arole in adqmonal funC.tlonS
with an N-terminal biotin group (asteriskB) Interactions between peptides that have been ascribed to Ku, such as regulating telomeric func-
£ and purified D'P}'A'PKCS-(EagJZ‘ PeIF;“dfe(‘ZLfUl;mo') was incubated fortions and controlling chromatin structure (25,36). Indeed, the
2 h 45 min at 4C with 400 ng (~16'>mol) of purified DNA-PKcs in Z' buffer . .
(Fig.E) containing either 50 mM KCI (first five lanes) or 100 mM KCI (next Caenorhabdlt.ls elegansand .S'CereVI.Slae Kl.J8O-CTRS'
five lanes). Peptides were then captured on streptavidin-conjugated beads afdthough Iac!<|n_g the DNA-PKcs interaction motif, share some
washed in buffer W (Fig.]5) containing the same concentration of KCl as thesequence similarities that may correspond to such protein
binding reaction. Any protein remaining bound to the peptide/beads wagnteraction sites.

eluted in SDS and resolved on a 6% lyacrylamide gel as shown. P :
(C) Silver-stained SDSpolyacrylamide gelssﬁt;ﬁw)i/ng grotein bogund by peptides Slgnlflcantly, g_enes encodlng OrthOIOgueS of DNA-PKcs
A-E following incubation with HeLa NE. Each peptide was incubated for 2 h have been found in human, mouse, hamster, horse(endpus
45 min at £C with 100ug of HeL a cell nuclear extract in Z' buffer containing  laevis(1), but are not evident i8.cerevisiagor in the virtually
50 mM KClI, followed by capture of the peptide onto streptavidin-conjugated complete genome sequence (bfelegans This difference is
beads and washing in Z' buffer (50 mM KCI). Proteins retained by peptidesmjrrored by the state of the C-terminus of Ku80 in these organisms.
A—E are shown in lanes 2-6. An aliquot of 1§ of NE is loaded in lane 1. In Thus, the final 12 amino acid residues of human Ku80 that we
a control binding reaction, magnetic beads alone interacted weakly with a ' . . . 8 o
band migrating just above the 200 kDa marker (lane 7) and this interactiornave identified as interacting with DNA-PKcs are strikingly
was suppressed by binding of biotinylated peptide to the beads suggesting g¢onserved in mouse and hamster Ku80, and in the recently
may represent an interaction with a nuclear protein mediated by streptavidinjdentified Xenopusku80 homologue (37) but are absent from
the C.elegansand S.cerevisiaeKu80 homologues (Fig. 8).
DNA-PKcs and the Ku80 DNA-PKcs interaction motif have,
) ~ therefore, been found only in vertebrates. These observations
evolved subsequent to the divergence of the eukaryotic ang,ggest that Ku may have evolved to function as a subunit of a
prokaryotic lineages. relatively recently evolved activity, DNA-PK, by acquiring a
Previously, little was known about the region(s) of Ku protein—protein interaction domain at the C-terminus of the
responsible for its interaction with DNA-PKcs. We have foundKu80 subunit. What cellular changes might have been linked

that Ku80 makes direct and specific contacts with DNA-PKcsto this event? Perhaps the evolution of DNA-PK was part of a
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H .ft'-‘P.F?H.C PN FLEALMERVEIROLNEFWEIVV O DGMTLI TE:
[l N Tl 1= F LA L E X VE TR LEEFWE IVVQ DG T LI TERER
M. n.usmfus 655 [l SRR

EVEIROLNHEFWEIVVQDG
642 Vi ?
ETT
583

. la
C. elegans
8. cerevisiag

EASGEEVTAEEAKREFLAPKDE D TANRIEEGGDVDDLLDHI
sassVTHEEAQRFLAPK
TLITE] lEJEE!ETIEE}h! KFLAFEDE AFEDT NE

DNA-PKcs
binding region

AK rnﬂ: NEEGGDVDDLLDMI

Figure 8. Multiple sequence alignment of the C-terminal regions of Ku80 homologues showing high sequence conservation between m@nealggriseus
Mus musculusandHomo sapiensandX.laevisku80 homologues in the final 13 amino acid residues. In contras€ iblegansndS.cerevisia®u80 homologues
lack these sequences. The location of the DNA-PKcs interaction motif defined within human Ku80 (the final 12 amino acid residues) is indicated.

development of the DNA DSB repair machinery to carry out11.

specialised end-joining functions in V(D)J recombination, a
process which appeared early in vertebrate evolution (38)1.

Alternatively, the evolution of DNA-PK may be connected to 15

a more fundamental change to DNA-repair processes that
occur in all cells, not just the subset of cells that undergo V(D)J

recombination. This change is a switch in the predominant#

DNA DSB repair pathway, from homologous recombination,
as observed in yeast, to non-homologous end-joining, agg
occurs in mammalian cells.

17.
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