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DRUG SCREENING SYSTEMS AN ASSAYS

The present invention relates to assays and drug screening systems
involving components of the non-homlogous end joining (WILET} pathway,
and to soreening systems which make uge of the protein kinase known a3
DNA-PK {DNA-dependent profein kinase) and related protein kinases such
as ATR, ATM and FRAP. The invention also rolates to inositol
hexakisphosphate  {IPg), inositel peniakisphosphate (IPs), inositol
tetrakisphosphate (IPy), diphosphoinosital pentakisphosphate ([P7) and bis-
diphospheinositel tetrakisphosphate (TRg).

The repair of double strand breaks {DSBs) in DNA is essential for the
maintenance of genemmic stability. Taihre to re_f!air DSBs can result in the
loss of penetic tnformation, chromasomal translocations and cell death.
Twao mechamisms for the repair of DSBs have been described, invalving
cither homologows recombination or non-homologous end-joining (NILEJ).
Homologous recombination is particulatly effective in S-phase when the
break can be repaired using genetic information from a sister chromatid,
whereas NHET is thought fo be effective at all times in the cell cycle (Essers
et al, 2000; Takata er g, 1998). NEE] alzo plays an important tole in DSB
repair during V(D)J recombination (Blunt ef af, 1995, Taccioli et al, 1993).

The repair of double-strand liweaks by non-homolagons end jeining requires
the products of the XRCCY, XRCCS, XRCCS and XRCC7 genes (reviewed
by (Chu, 1997; Critchlow and Jackson, 1998; Weaver, 1996}. XRCCH4
encodes a protein (XRCC4) that forms a heterodimer with DNA ligase TV,
ARCCS and XRCCS encode the 70 and 80 kDa snbunits of the DNA. end-
binding protein Kun, and ARCC7 encodes the catalytic subunit of the DINA-
dependent protein kinase DNA-PK,.. Although the precise targets of TINA-
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DK, are unknown, it has been shown to phoapherylate XRCC4 in vitro and
to modulaie ils DNA binding activity (Leber ef al, 1998; Modesti et o,
195%).

DNA-PE,, is a large protein (~3500 amino acids, M, ~465 KDa) (Smith and
Jackson, 1899), the carboxyl erminus of which contains a catalytic domain
that is related to that found in the phosphatidylinositol 3 (PI 3)-kinase
family (Hartley ef af, 1995). This similarity initially sugpested that DNA-
PE,; wight be capable of phosphorylating inositol phospholipids, but no
such activity has been detected. Instead, DNA-PK,; was shown to be a
serine/threoning protein kinase. Other members of the PI 3-kinase rclated
family include ATM, a protein deficient in Ataxia telangiectasia, and ATR,
defects in which lead to an AT-related disorder (Keith and Schreiber, 1995;
Smith and Jackson, 1999). Why these proteins should have retained the
pratein motifs characteristic of a phosphatidylinosito] kinase temains a

mystery,

WO 90/00057 relates to a methed for moderating the rate of cellular mitosis
in a living mammalian tissue having 2 pathologically elevated rate of
collular mitosis, which compriscs perfusing the tissue with inesttol
hexaphosphate (or salt) and a source of inositol {or salt) to moderate the
clevated rate of cellular mitosis. The methed allegedly is wseful in human
and mammalien diseascs wherein NK. cell activity is altered, eg tumours,
ather cancers including leukaemia, Immunnsuppressed individuals, and in

viral, fimgal or protazoal infections,

WO 95/05380 relates to a method of modulating selectin by adininistering
an effective amount of inositol polyanion (including iuositol hexakis-

phosphate) which binds to the selectin,  Selectin binding is apparently
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associated with infection with o microorganism, malignancy or other

disorders including inflammation and autoimnunity.

WO 9830902 telajes fo modulation of the NHEJ system via regulation
{using proiein and/or natural or synihetic compounds) of the interactions of
XRCC4 and DNA ligase IV, and XRCC4 and DNA-PK. to effect celhilar
DNA repair activity. It also relates to screens for individuals predisposed to
conditions in which XRCCS andfor DINA ligase TV are deficient.

WO 99/04266 relates to the interaction of p33 with, and 1fs phosphorylation
by, ATM and rclated protein kinases such as ATR and DMA-PK. The
activity of ihe proteins is shown to increase in the presence of DNA. Assays
for modulators of phosphorylation by the interaction between the proteins
and 53 or ather proteins having similar phosphorylation sites are provided,
Methods of purifying ATM or ATR are alsa claimed.

WO 00/00644 relates to a method for mercasing the susceptibility of a cell
to DNA-damaging agents by using an antisense cligonucleotide so as to
prevent expression of a DMA dependent pretein kinase subunit. This
invention also relates to a method of treating a tumour in a subjeci,
comprising administering to the subject an antisense DINA-PK

oligonucleotide.

Ishikawa ef a7 (1999) Anticancer Res. 19, 3749-3752 suggests that when IPg
ia given to mice orally it reduces initiation of skin cancer development but

not its promotion.
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Sarkaria et af (1998) Cancer Res. 58, 4375-4382 describes the inhibition of
phosphoinesitide 3-kinase related kinases (such as DNA-dependent protein
kinase, ATR and ATM) by the radioscnsitizing agent, wortmannin,

Karanjawala et al {1999} Curv, Biol 9, 1501-1504 shows that NIEJ is
important for ¢hromosome stability in primary filbroblasts,

Hoeksira (1997 Curr. Opinion (Gen. Develop. 7, 170-175 reviews the
rosponses to DNA damage and regulation of cell oycle check points by the
ATM protein kinase farnily. -

Hall-Tackson et af (1999) Oncogene 18, 6707-6713 shows that ATR is a
caffeine-sensitive, DNA-activated protein kinase with & substrate specificity
distinct from DMNA-PK.

Gao ¢f gl (2000) Nature 404, 897-900 describes the interplay of p53 and

XRCC4 in turnourigenesis, genome stability and development,

Featherstone & Jackson (1999) Br, J Cancer 80, 14-19 review DNA-PK

and its role in repairing DNA and maintaining genomic integrity.

A scheme for non-howalogous cnd-jeining is shown in Figwe 1, Tt is
thought that broken termini are recognized by the Ku heterodimer, which
then recruits DNA-PK,,, fhereby activating iz kinase aclivily. This large
complex serves to protect the DNA ends from nuclease attack, while also
facilitating the recruitment of the ¥RCC4/DNA ligase TV heterodimer.
Alhough it is not at present clear how end-bridging is achieved, these
Teactions result in the religation of the DSB restoring the integrity of the
DMA.

JP 2004-500849 A 2004.1.15
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In an attempt to define in molecular deail the mechanism of NHEEJ, an i
vifro systom for end-jeining was recently developed (Bawmann and West,
1998). The rcactions exhibited an apparent requirement for DMA-PK,
Eu7/30, XRCC4 and DNA ligase IV, consistent with the in vive
requirements.  Prelimmary fractionation and complementation assays,
however, revealed that these factors were not sufficient for efficient end-
joining, and that other components of the reaction remained to be identified,
Tn the work described here, an /» vitro complemcntation assay has been
used to purify an additional component of the NHEJ reaction. The terps
Ku70/Ku80 and Ku70/80 arc used interchangeably to dencte the

heferodimer between Ku70 and Ku80 unless the context suggests otherwise,

Using a combination of phosphorus NMR, mass spectroscopy and strong
anion exchange chromatography, we identify (his factor as inesito]
hexakispbosphate (1Pg). Purified 1Py specifically stimulates DNA-PK-
dependent end joining and is bound by DNA-PK. The involvement of
inosiiol phosphate in DNA-PE. dependent NHEJ is of particular interest
sines the catalytic domain of DNA-PE,, iz similar to that found in the
phosphatidylinositol 3 (PI 3)-kinase family.

Thus, in our continned investigations of NHEJ of DNA we have
sutprisingly found that highly phosphorylated inosito]l derivafives, such as
mosita]l  hexakisphosphate ([P} and  inositol  pentakisphosphate
pytophosphate (IP5), stimulate NHEJ. Aithough not wishing to be bound by
any theory as to what mediates the stimulatory effect on the NHEJ of DNA,
our resulls suggest an invoivement of DNA-PE, such as a conformational
change in DNA-PX that resulis in the stimulation of NHEJ at least in vizro.
In particular, our work shows that IPs and IP; bind the Ku70/80 heterodimer

JP 2004-500849 A 2004.1.15
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which, in combination with the catalytic subunit of DNA-PE {DNA-PK),
makes up DNA-PK. IPg has no effect on T4 DMNA ligase activity. It is
poésib]o that 1P binds the Kn70 subunit or the Xn80 subumnit.

The present invention makes use of these observations in order to develop
further methods of performing NHEJT and assays of NHEJ; screening assays
for compounds which may modulate WHEJ] and which may bo
therapeutically useful; screening assays for compound which may modulate
DNA-PE and related protein kinases and which may be therapeutically
usefill; compositions and kits of part which may be useful in performing the
assays and methods; and methods of medulating NHET.

The prescnt invention also relaies to methods of medulating NHET of DNA
and therapeutic methods wherein NIHEJ of DMNA is erhanced or reduced.
The present invention also rtelaies to methods of msasuring TPg or other
stimulatory inositol phosphates in an individual in order to determine
whether the individual may have, or be susceptible to, a defect in DNA
repair or cell eycle checkpoint contral.

A first aspect of the inveniion provides a method of stimulating non-
homologous  endjoining (NHEI} of DNA the method comprising
pesforming NHET of DNA in the presence of inositol hexakisphosphate
(IPs) or other stimulatory inositol phosphate. Typically, 1P or other
stimulatory inositol phosphate is added to & NIIEJ reaction in order to
stimulaie jolning of DNA.

“Non-homologouns end-joining™ is the ligation of DNA termini, typically
intermolecular ligaiton. Tt includes the joining of DNA ends which exhibit

little or no complementarity to each other {and so, typically, cach end does

JP 2004-500849 A 2004.1.15
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not hybridise to the other) and, in any event, is a term. well known in the art
as js evidenced by its use In mary of the papers and patent applications
referred o berein, all of which are incorporated berein by reforence.
Typicaily, a NHE] reaction tequires a suitable DNA. substrate, and suitable
components for the reaction of joining the DNA ends to proceed.  Suitable
DA subsirates are those that typically, are linear DNA molecules the
length of which need only be large enough to accommodate the factors
which participate in NHEJ. Conveniently, each DNA fragment to be joined
is, independently, at least 50 bp, praferably at least 70 bp, more preferably
at least 100 bp but may be bigger. In relation to the obsetvation of a NITEF
reaction, parficularly in 2 screening assay, one or both of ihe DMA
malecules (or DNA ends) to be joined are detectably labelled such as with
radiolabelled phosphorus or with floorescent labels.  Although it is
convenient to use two separate DMNA molccules o be joined in the NHEJ,
two ends of the same molecule can be joined such as the ends of a linsarised
plasmid. NHE] typically takes place in 2 eukaryotic cell, such as a
vertebrate cell focluding mammaliar cell: {although it can also occur in
some circumstances in prokaryotes) but, as is described in detail in
Baumann & West (1998) Proc. Natl Adead. Sci US4 95, 14066-14070, it
can alse oceur in cell-free extracts, such as those obtained from human cells
as therein described. Intermolecular ligation in this cell-free system was
found to be ascurate and to depend on DNA ligese IV, XRCC4 and DNA-
depeadent protein kinase (DNA-PK; this is a heiercirimer made up of a
catalytic subunit DNA-PKes {encoded by the XRCC7 gene) and two further
subunits which are believed to be involved in DNA binding, namely Ku70
and Ku80 sabunits (\a:'hich are encoded by the XRCC6 and XRCCS genes,
respectively). Llowever, it is possible to get a low level of NHET with DNA
ligase IV and XRCC4 in the absence of DNA-PE, but a greater extent of
NHEJ 18 obtamned when DNA ligase IV and XRCC4 are present with Ku70
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and Ku0, and still further NHET is achieved when the catalyiie subunit of
DNA-PK is present. Following the inventors present work, it has now been
shown that NHEY is far better in the presence of [P, and even beiter in the

presence of [P,

By “stimulating NHEJ” we include the meaning that the rate of NHET of
DNA is ivcreased by the presence of IP; in @« NHEJ rcaction mixure
compared to the rate when 1Py is not present and the reastion mixture is
otherwise the same. [t wiil be appreciated that the stimulation will reach a
thrasheld level and that, typically, stimuwlation according to the method is
achieved when IP; or other stimulatory inositol phosphate is included in a
NHEJ reaction fo which no 1Py or ather stimulatory inositol phosphate has
been added previously. Although not being bound by any theory, it is
possible that the preseace of IPg or cther siimulatory inositol phosphate is
essential for NHEJ and so the presence of IP, or other siimulatory inogital
phosphate may stimulate 2 NHET reaction from there being no joining to
there being some joining of substrate DNA. Ti is noted that homan coll-free
extracts ¢em perfonm NHEJI in the prescnce of a suitable substrate, as
described in Baumann & West (1998) FProc. Na#l, Acad. Sci. US4 95,
14066-14070, without the addition of IP;; however, In this instance it is
possible that the cell-free exiract atready contains a small amount of TP, or
other stimulatory inosite] phosphate. 'We bave now shown that when {his
cell-free exiract is fractionsted during partial purification it Joses its ability
to carry out NHEI cfficiently despite contaiming the relevant protein
cornponents. Addition of TP or IF'; or 1Py to the fmetion {termed “PC-C” in
Example 1) derived from the human cell-free extract has been shown to
stimulate WHET of DINA.  Although not being bound by any theory, it is
believed that, by its chemical nature, IP; (and other inositol phosphates)
flow through the phosphocellulose column used in the preparation of the
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PC-C fraction scparating it from DMA-PK, XRCC4 and DMA. Jigase TV (see
Example 1).

Thus, in a preferred embodiment the NHET reaction mixture contafns a
semi-purified cell extract which contains the necessary protein components
but from which mny nataral stimulatory inositol phosphates bave been
temoved.  This semi-purificd cell exiract is then supplemented with a
suitable amouni of a stimulatory inesitol phosphate, such as [Py, in order to
stimulate NHEJ.

By “other stimulatory inositol phosphates” we inchide any other inosital
phosphates or derivatives of inositol phosphate (such as derivatives with
one or more pyrophosphates) which have an effect on the stimulation of
NHEJ which is qualitatively the same as the effect of IPs on the stimulation
of NHEJ as defined using the reaction conditions in Example 1. Typically,
the stimulatory inositel phosphate will have at least 2% of the stimulatory
activity of TP, and preferably at least 5% or at least 10% of the smulatory
aclivity of IPs on a molar basiz under the same conditions as described in
Example 1. Certain stimnilatory inositol phosphaies may have yreater
stimulatory activity than IPg; thus, the stimulatory inositol phosphate may
have sbout the same stimulatory activity as IPg or it may be greater, such as
150% or 300% or 500% or even 1000% of the stimulatory aciivily of IP;.
Experiments described in the Examples show that IP; (that is to say inosito]
wherein five positions are occupied by phosphate residves, and one by a
pyrophosphate residue) is befter at stimulutory NHEJ than iPs 1P (ie
inositel wherein four positions are oceupied by phosphate residues and twa
by pyrophosphate residues) are also included as “stiulatory inositol
phosphates”.

JP 2004-500849 A 2004.1.15
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The stimulatory inositol phosphate ts typically an inositol polyphosphate (ic
it has several phosphate groups}. The mositol phosphate may be an
cligomer or polymer of inositol phosphate moieties wherein the inesitol
phosphate moicties arc joined by a suitable linker. The olipomer or
polymer may be a hemo-oligpomer/pelymer in which case each inositol
phosphate moiety is the same, or it may be a heiero-oligomer in whick case

at least some of the inosiiol phosphate motetias may be different.

It is possible to use & mixivre of stimulatory inositol phasphates in order to
stimulaic NHEJ.

The “stimlatory inositol phosphate™ may be an jnositol phosphatc
derivative wherein one or mors of the phosphate groups have been replaced

by phosphonate groups.

Tt is possible that TP, when interacting with DNA-PK is modified or further
phosphorylated {eg to a pyrophosphate form).  Any such modification, if it
leads to a stimulatory inositol phosphaie as defined is included within the

scope of the invention.

Derivatives of inositel phosphate include derivatives in which an inesitol
phosphate moisty is aifached to another mofety, for example by linkage
through a free hydroxyl position (if present) or through phosphate,

Typically the stimulajory inosite] phosphate is & naturally-occurring inositol
phosphate or derivative thereof.  Preferably, the stimmalatory inositol
phaosphate is any one of 1P, IP;s ot [Py,

JP 2004-500849 A 2004.1.15
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By “IPy" we include any stereoizomer of inosite]l hexakisphospbate. Tt is

preferred that the IPg is myo-inositol 1,2,3,4,5,6-hexakisphosphate.

By “IPs” we include any stereoisomer of inositol pentakisphosphate. It is

preferred that the IPj is myo-inositol 1,3 ,4,5,6 pentakisphosphate,

By “IPy” we include any steresisomers of inositol tetrakisphasphate, 1t s
preferred that the IP, is D-mye-inosito] 1,3 ,4,5-tetrakisphosphate,

As noted, the stimulatery inositol phosphate may be TP; or IP; or an inositol
phosphate with further pyrophosphate residues.

By “IPy” we include any stereoisomer of  diphospheinositol
peniakisphosphaie. It is preferred that the IP; is myo-5-diphosphoinositol
1,2,3,4,6-pentakisphosphate (IP;-pp5) or mye-6-diphosphoinesitol 1,2,3,4,5-
pentakisphosphate (IP>-pp6).

By “IPy' we include any stercoisomer of bis-diphosphoinositol

tetraldsphosphate.

These compounds are widely available from chemical suppliers such as
Sigma and Calbiochem. Shears et of (1995) J. Biol. Chem. 270, 10489-
10497 discloses the synthesis of bis-diphosphoinositol tetrakisphosphate.
Fulck et af {1993) J. Am, Chem. Soc. 117, 12172-12175 and Reddy et af
(1887) Tetrahedron Letters 38, 4951-4952 disclose the synthesis of various
isomers of IP;. Radiolabelled inositel phosphates are available from
CuPont-NEN.
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Other inositol phosphates, particularly those which have four, five or six
phosphate groups may have substantiaily the same stimulatory effect in
NHET as myo-inositol 1,2,3,4,5,0-hexakisphosphate and the skilled person
will be able to determine this using the methods described in the Examples.

The methods and assays of the inveation therefore include the use of such
inositol phosphates with substantially the same stimulatory effect. For the
avoidance of doubt, and for the purposcs of the invention, mys-inositol
1,3,4,5,6 pentakisphosphate and D-myo-inositol 1,3,4,5 tetrakisphosphate
ure considered to have sabstantially the same stinmlatery offsct as myo-
inositol 1,2,3,4,5,6 hexakisphosphate, although they are not as effective in
stimulating NHEJ as the particular 1P, IF; is more effective than the
particular 1Py in stimulating NHE].

Inositel hexasulphate (I36) is unable to stinulate end-joining; myo-inosiiol

1,4,5-trisphosphate was shown to inhibit ead-joining.

A sceond aspect of the invention provides an assay of non-homologous end-
joining {NHEI) of DNA wherein the assay comprises inositol
hexakisphosphate (1Ps) or other stimualatory ineeito] phosphate.

The assay confains sufficient components in order to carry out NHEJ of
DNA., In particular, typical assays of NHEI are those which can be
performed #n vitro such as described in Baumann & West supra. NHEJ in
cell-free systems is also described in Labhart (1999) Eur. J. Biochem. 265,
849-861, incorporaied horein by reference. Reconstitution of NHET may be
achigved by using recombinantly cxpressed protein components (such ag
expressed using a baculovimus syster); typically, such a reconstituted
gystem includes DMA-PK, XRCC4, DNA ligase IV, a suitable DMNA
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subsiraie and a stimulaiory inosifol phosphate such as IPs. The assay may
also be carried out in vivo using DNA substrates which, for example, are
designed to observe V(D)J joining (see Smith er al (1998) J. Mol. Biol. 281,
B15-825 for an example).

1t is preferred for the method of the first aspect of the invention or the assay
of the second aspect of the invention (and indeed for all aspects of the
invention which rely on IPs or ather stimulatory inositol phosphate in an
assay of meihod) that the IP; or other stimmulatory inositol phesphate is
added exogenously, although it is possible that the IP; stimulatory inosiiol
phosphate is released from a source presemt in a cell or cell extract.
Typically, the IP; or other stimulatory inositol phosphate is added at the
stari of a WHEJ reactior. FPreferably, the concentration of stimulatory
inositol phosphate in the reaction is between 10 nM and 50 pM; more
preferably between 50 oM and 10 pM; still more preferably between 100
M and | pM. These ranges are partioularly preferred for [Fg.

Treferred ranges for 1T are between 0.1 and 1 M.

Although the method of the first aspect of the invention ot the assay of the
second aspect of the invention muy be carried out in wivo, it 1s preferred 1f it
is carried out in vitro, in vitro methods are particularly suitable for fhe drug

scroening methods described o more detail below.

The NHEJ of DINA in the method of the first aspect of the invention and in
the assay of the gecond aspect of the invention typically make use of a
NHE]J reaction mixture which includes DN A-dependent protein kinase (and
preferably all componerts theteof, pamely DNA-PKes, K70 and Ku80),
HRCCH, TINA ligase IV and a suitable DNA subsirale. Preferably, the

JP 2004-500849 A 2004.1.15
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NI1EJ reaction contains all of these components. It may also include other
components which are required for, or enhance, the reaction or make
detcetion of the joined DNA preducts more readily detected.  Such
components include ATP and Mg™ as is described in Example 1. The
presence of deoxynuclectides (dNTPs) is required in NHEJ reactions in
which non-complementary DNA termini were used since some processing

would bs expected prior to rejoining,

Amino acid and nucleic acid sequences of polypeptides useful in various
aspecis of the invention are availabie from GenBank under the following
Accession Nos: human Ku70 - J04611; haman ¥ul0 - M30938; uman
DMNA ligasc TV - X83441; human XRCC4 - U40622; human DNA — PEcs -
U47077; S, cerevisipe Ku7Q - X7037%; 5. cerevisiae Ku8 - Z49702; S
cerevisiga DNA ligase IV - 274913,

It will be appreciated that this tnformation may be used to produce the
encoded proteins using standard recombimant methods as well known in the
art.  Thus, the methods and assays which employ a reconstituted NETET
reaction mixiure may suitably make use of recombinantly produced

polypeptide compenents which are readily available.

Systems for cloning and expression of a polypeptide in a variety of different
host cells are well known. Suitable host cells include bacteria, eukaryotic
cells such as mammalian and yeast, and baculovirus systems. Mammalian
cell Tines available in the art for expression of a heterologous polypeptide
include Chinese hamster ovary cells, HeLa cells, baby hamster kidney cells,
COS cells and many others. A common, preferred bacterial host is F. cofi.

JP 2004-500849 A 2004.1.15
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Suitable vectors can be choscn or constructed, containing appropriate
regulatory sequences, including proroter sequences, ferminator fraginents,
polyadenylation sequences, enhancer sequences, marker genes and other
sequences as appropriate.  Vectors may be plasmids, viral eg *phage, or
phagermid, as appropriate. For further details see, for example, “Molecular
Cloning: 2 Laboratory Manual™: 2™ edition, Samibrook ez of, 1989, Cold
Spring Harbor Laboratory Press, Mauy known techniques and protocols for
magipulation of nucleic acid, for example in preparation of nucleic acid
constructs, mutagenesis, sequencing, introduction of DNA, into cells and
gene exprossion, and analysis of proteing, are deseribed in detail in Current
Protocals In Molecular Biology, Ausubel et of, eds. Tohn Wiley & Sons,
1592

Polypeptides can be purified and isolated from the host cclls using
fechnigues well imown m the art.

Although it is preferred that the polypeptide components of the NHES
reaction mixture are human (for example extracted from human cells or
produced by recombinant techniques from human coding sequences,
whether or not expressed in human cells), it will be appreciated that they
may be fom any saitable sonree, for example from other mammals or other
vertchrates,  Because of the conserved nature of the MHEF reaction in
eukaryotic cells, the components may come from lower enkaryotes such as
Saccharomyces cerevisiae or Schizosaccharomyces pombe. Although it is
preferred that all of the palypeptide components in a given NHEJ reaction
mixture are from the same source (eg all are human), it may be possible w©
“mix and mafch” the componenis, for example by using a DNA ligase IV
from one source and a DNA-PKcs from enaother source, provided that the

compoenents are able to perform WHEJ of DNA.

JP 2004-500849 A 2004.1.15
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Tt will be appreciated that the polypeptide components of the NHE] reaction
mixture may have the same amino acid sequence as the polypeptide as
found in patare or it may be a variant thercof which retains the necessary
activity for 1wse in a WHEY rcaction. When discussing protein kinases
(below) variants are ones which retain their protein kinase activity (ie
catalyiic activity and/or ability to intoract with another eomponent),
Variants include variants in which one or more amino acids have been
mserted, deleted or replaced. A particularly useful vatiant is a fusion of the
pelypeptide  with  apother peptide or polypeptide which  facilitates
purification.  Such a polypeptide is the well known ghitathione S-
iransferase. Unless the context indicates otherwise, a reference to 2
polypeptide includes & reference to a variani as defined. For the avoidance
of doubt, the term variant included a fragment which retains a defined
activity. In relation to protein kinases, in particular the PI 3-kinase related
kivascs described below, suitable fragments include those which retain the
doinain, such as a C-terminal domain, homeologous to P1 3-kinase. The
position of the PI 3-kinase-related domain in this family of proteins is
detailed in Feathersione & Jackson (1999) Br. J. Cuncer 80 {Suppl 13, 14-
19.

It will be appreciated that the inventicn also inclndes aquecus compositions
that contain af least one of DNA-PK.cs, Ku70, Kus{, XRCC4, DNA ligase
IV and a suitable DNA substrate (and preferably all of these) in addition to
IP; or other stmulatory inosito]l phosphate wherein the IP; or other
stimulatory jpositol phosphate is at & concentration of at least 10 oM,
preferably at Ieast 50 oM, more preferably at least 100 nM, still more
preferably at least 1 pM, At least with components derived from humans, a

erude estimate of the Ky for IPg is 1 pM and so, conveniently, to saturate the
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system 10 uM IPs may be used. At this Ievel, increases in 1Py do not appear
to result in further increasc in NHEJ. The estimate of the Ky for IPy is

100 1M and saturation occurs at 1 pbd.

3t #s particularly prefemed if the polypeplide components of the aqueocus
composition cunsist only of the specific components for the NHEJ and does
not include other polypeptide components, such as those derived from a vell
extract, which are not required for or enhance NHEJ.

It is preferred that each palypeptide compenent of the aqueons compesition

is recombinantly produced and purified.

A third aspect of the invention provides the usc of 1P or other stimmlatory
inositol phosphate for stimulating non-homologous end-joining of DNA. It
will be pppreciated that before the present invontion, and despite the
extensive study of NHE], it was not realised that TPs or other stimulatory
inasitol phosphate could stimulate (or may even be essenfial for) NHEJ.
The invention also provides the use of I or other stimulatory mositol
phosphate in assays for compounds which modulate NHES by whatever
mezns, and n methods which modufate WHEJ by whatever means. The
assays may involve changes in NHE] activity, changes in the recognition of
substrates by the NEHRJ components and/or changes in subcellular
Iocalisation of components of the NHEJ reaction such as DNA-PK, XRCC4
or DA ligase IV,

In order to carry out the methods and assays of the invention sa far
desenbed, it is convenient 1o make cembinations of [P or other stimulatory
inositol phosphates with other components which are used in an NHEI.

Thus, a fourth aspect of the invention provides a kit of parts comprising IP;

JP 2004-500849 A 2004.1.15
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or other sfimulatory inositol phospbate and one or more of a DNA-
dependent protein kinase (or its constituent parts DNA-PKcs, Ku70 and
Kugl), XRCC4, DMNA ligase 1V and s suitable DA substrate.  Typically
the kit of parts comprises [Py or other stimulatory inositol phosphate and
each of a DNA-dependent protem kinase, XRCC4, DNA ligase [V and a
sujfable DNA substrate, The kit of parts may also include other
components that are required io camry owt an NHEJ assay such as ATP,

Mg2+ and, in some circnmstances, dNTPs.

Typically, the DNA-dependent protein kinase, XRCC4 and DINA. ligase 1V
are provided as a fraction from s cell free extract, such as the fraction as is
described in Example 1. They may also be provided by expression of the
individual componenis by recombinant means. This method is particulacly

preferred when the NHET is to be reconstituted from purified components.

Tn carrying out the methods and assays of fhe invention described so far, it
is also convenient to provide 1P; ot other stimulatory inositol phosphate in
combination with recombinant cells which express polypeptide components
required for a NHET reaction. Thus, a fifih aspect of the invention provides
a kit of parts ocomprising inositol hexakisphospbate (IPs) or other
stimulatory inositol phasphates and a host cell expressing one or more of a
DNA-dependent protein kinase, XRCCH and TNA ligase. The host cells
oxpressing one or more of the polypeptide components of the NIHEJ
reaction mixfure as said may be produced usging standard recombinent
metheds and the appropriate genss/cDNAs encoding the components as is
well known in the art.

In addition to showing that IP,, IPg, IPs and TP, stimulates NHEJ, we have

also shown thai, surprisingly, TP; and IP; inferact with, and may modulate
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the activity of, proiein kinases. As far as we are aware, it has not boen
shown previously that [Py and TP, (or indeed apy other stimulatory inositol
phosphates as defined) has thiz effect, As is described below, combinations
of IP; and other stimulatory inosito] phosphates such as IP; or IP; with a

profein kinase are useful in drug screening assays and the fike.

A sixth aspect of the mvention provides an assay of a protein kinase
whezein the assay camprises 1P or other stimulatory inositol phosphate, An
assay of a profein kinase contains ihe said protein kinuse and, when the
catalytic activity of the protein kinase i3 being measured, a suitable
phosphorylatable substrate {such as the target of the said protein kinase or a
phosphorylatable peptide thercfrom) and & suitabie phosphate donor such as
ATP or an analogue thereof which has a transferable y-phosphate group,
When the ability of the said protein kinase to bind to anather
macromolecular component (such as another proten or DMA) is being
assayed, the assay contains the protein kinase and the other component.
Protein kinascs are knmown to interact with their protein substrate and with
other components. These other components may be allosteric effectors and

they may be macromolecular components such as other proteins or DA,

A seventh aspect of (he invention provides a kit of parts comprising a
protein kinasc and IP; or other stimulatory inositol phosphates. Typically,

the protein kinase is expressed from a recombinant DNA molecule.

In the assay in the sixth aspect of the invention, and the kit of parts n the
seventh aspect of the inventien it is preferred that the protein kinesc 18

substantially free of other components with which it is naturally associated.
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The invention. also includes aqueous compositions that contain at least onc
protein kivase {proferably substantially free of other componenis with
which it is naturally associated, for example as produced by recombinant
expression) and a stimulatory inositol phosphate such as IP; or TP;.
Preferably, the protein kinase included in an assay, kit of paris ar aqueous

composition is substantially pure (eg at least 90% pure).

An eighth aspect of the invention provides a kit of parie comprising IP; or
other stimulatory inositol phosphate and a hosi cell expressing a protein
tinase,

Protein kinases can be expressed recombinantly as is well known in the art.
For example, the cloniag, expression and isalation of protein kinases can be

cartied out using the methodology described above.

‘We have shown that DMNA-PK binds IP; and IP; but not TPy, More
particuiarly, we have shown that TP and I, hinds the Ku70/80 heterodimer
portion of DNA-PK. IPy or [Py may bind to the Ku70 subunit or to the
Ku80 subunit. The presence of the cafalytic subunit (DNA-PK..) is not
required for binding of IPs or IP; to Ku70/20. DNA-PK along with ATM,
ATR und FRAP beiomg to a family of related protein kinases wherein the
profein kinase is a protein kinuse which has a dorain, preferably a
C-terminal  domain, with similarity to the catalytic domain of
phosphatidylinesitol 3-kinase. DNA-PE, ATM, ATR and FRAP have an
mositol bead group binding domain, Other members of the family include
the Sazecharomyces cerevisiee gene products Tellp, Meclp, Torlp and
Tor2p, and the Schizosaccharemyces pombe gene product Rad3. Tt is

preferred that ihe protein kinase in the sixth, seventh or eighth aspects of the
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invention is a member of this family, most preferably cne of DNA-PK,
ATR, ATM or FRAP.

ATM is the protein encoded by the gene mufated in human ataxia-

telangiecstasia (or equivalent genes i other specics),

Sequence analysis reveals that the human ATM gene cncodes a ~350 kDa
polypeptide (Savitsky er af (1993) Svience 268, 1749-175; Savitsky =t af
(1995) Hum. Mal. Genet. 4, 2025-2032).

As noted above, included in the family are Saccharomyces cerevisiae Torlp
and Tor2p and fbeir mammalian homologue FRAP, which control
progression into S-phase and, at Jeast in part, function by regulating
translation (Brown and Schreiber (1996) Celf 86, 517-520). Also in this
family is the DNA depondent protein kinase (DNA-PK) catalytic subunit
{DMA-PKes), defects in which lead to sensitivity to TR and an inability to
perform site-specific V(D) recombination {reviewed in Jackson and Jeggo
(1995) Trends Biochem, Sci 20, 412-415; Jacksen {1996) Cuwrr. Opinion
Genet, Dev. 6, [9-25. Other members of the ATM sub-group of the P3 3-
kinase family that have been identified include S cerevisiae Tellp and
Meclp, together with the Meclp homologues of Schizosaccharomyces
pombe (1ad?), Drosephila melanagasier (mei-41) and humans FRPIJATE;
{Keith and Schreiber (1995) Seience 270, 50-51; Zakian (1995} Cell 82,
685-687; Jackson {1996) Curr. Opinion Genet. Dev. 6, 19-25). As with
ATM, defects in these proteins lead to genomic instability, hypersensitivity
towards DNA damaging agents and defests in DNA damage-induced cell

cycle checkpoint controls.
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The Gen Bank Accession Mos for cDMAs encoding various of these protein

kinases is as follows:

FRAP human cDNA NM_004958

ATR human ¢cDINA NM_001184 and U76308
ATM human cDNA NM_000051

TEL1 5. cerevisive 235849 Y13134

MEC1 §. cerevisize J31109

MEI-41 Drosophila U34925

RAD3 8. pombe U76307

WC 99/04266, incorporated herein by reference, describes mefbods of
purifying ATM and ATR.

It is believed that members of the family {which may be termed PI3 kinase
related kinases) share, in their C-terminal domain at least 25% amino acid
sequence ideniity with the C-terminal domains of DNA-PKes, more
preferably at least 30% or 35% or 40% or 30% or 70% or 90% sequence
identity. “When compared with the PI3-kinase domain of ATM, DNA-PK
shows 28% homoelogy, and RAD3 shows 39% {se¢ Hunter (1993) Ceff 83,
1-4). The carboxy termini of the relevant proteins ere compared in Kcith &
Schreiber (1995) Science 270, 50-51.

The percent sequence identity between two polypeptides mmay be determined
using suitable computer programs, for cxample the GAP program of the
University of Wisconsin Genetic Computing Group and it will be
appreciated that percent identify is calonlated in relation to polypeptides

whose sequence has been aligned optimally.
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The alignment may alternatively be carried out using the Clustal W program

(Thompson ef gl., 1994), The parameters used may be as follows:

Fast pairwise aligmment parameters: K-tuple(word) size; 1, window sizg; 3,
gap penaity; 3, number of top diagonals; 5. Scoring methed: x percent.
Multiple alignment paramciers: gap open penalty; 10, gap extension
penalty; 0.05.

Scoring matrix: BLOSUM.

NHEJ is involved in many important biological processes, and meodulation
of NHET has been proposed in relation to a number of medical practices.
Compounds that modulate thess processes may be useful as potential drugs
ot for further studies on NHEL Thus, these compounds may be useful for

any of a variety of purposcs.

(e iz anti-tumowr or anti-cancer therspy, panicularly augmentation of
radiotherapy or chemotherapy. Jonising radiation and radiomimetic drugs
are commonly nsed to treat comeer by inflicting DNA damage. Cells
deficient in DNA rcpair are hypersensitive jo ionising tadiation and
madiomimetics, Chemotherapy includes the use of topoisomerase II poisans
and other compounds invatved in DNA control. Another is the potentiation
of gene targeting and gene therapy. Modulation of NHEJ may be used to
increase ctficiencies of genc targeting, of intersst and ultimate use in gene

therapy.

The frequency of spontaneous allelic recomnbination in higher cukaryotic
cells is extremely low, and poses & major limitation to its therapeutic
potential. Gene therapy by in vivo or ex vive gene targeting may therefore

remain impractical unless dramatic improvemerts in targeting efficiency
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can be achieved, For many gene therapy applications, it is desirable to be
able to target the integration of the transgene in a specific locus of the host
genome. Enhancing the frequency of homologous reccombination in the
target cells, through inhibition of NHEI, may prepare the cells for targeted

gene istegration by homologous recombivation.

A further, related, purpose is in anti-tetroviral therapy, since DNA repair
pathways such as involving the components XRCC4 and DNA ligaze IV are
involved in effeciing retroviral and reitotransposon integration inte the
genome of a bost ¢cll, Retrovimses ate of considerable risk to the health of
humans und animals, causing, infer glia, AIDS, various cancers and human
adult T-cell leukaemia/lymphoma, Tntegration of retroviral DNA info the
genome i3 essential for efficient viral propagation and may be targeied by

inhibition of DN A repair pathway components.

Additionally, modulators of WHET may he used in modulation of imnune
system function, since such factors are required for generation of mature
immunoglobulin  and T-cell receplor genes by sile-specific V()T

recombination.

Thus, fucther methods for identifying such compounds are useful for the

pharmaceutical industry.

A nioth aspect of the invention provides a method of identifying =
compound which modulates or mimics the effect of inositol
hexakisphosphate  (IPs) or other stimulatory  inosito]l phosphate  in
stimulating non-homologous end-joining (NHET) of DNA the method
comprising performing NHEJ of DNA in the presence of inositol

JP 2004-500849 A 2004.1.15
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hexakisphosphate (IPg) or other stimulatory inositol phosphate and
determining the effeet of a test compound on the NHET of DNA,

Typically, the method is carried out in vitre, for example, using a svitable
fraction from a cell-free cxtracis as deseribed in Example 1, or by using
reconstitnted systems for NHIET as described above. The method may also

be carned out # vive as described above.

Typically the WHEJ of DNA is cermied out in a NHEJ reaction mixture
which includes DMA-PE, XRCC4, DNA tigase TV and a 3uitble DNA
substrate. Preferably, DNA-PK, XRCC4 and DNA ligase TV are the only
polypeptide cornponents of the sreaction mixture. Preferably, the DNA-PE,
XRCC4 and DNA ligasc TV are cach substantially pure {eg at least 90%

pure) befors combination,

in a preferred embodiment, NHEJ is measured using the methods described
in Example 1. In paricular, the DNA swbstratcs which are jomed by the
NHEI reaction are preferably radicactively labelled and the joming is
measured by size-separating the DNA, and for cxample by agarose gel
electrophoresis, and the DNA detected by phosphorimaging.  High
throughput sereening assays may be developed, and an example is given in
Example 2.

Typically, the NHEJ is based on the igation of twa Jinear DINA. molecules
(although ligation/recirculavisation of a linearised plasmid may be
measured). High throughput screens may be based on the detection of the
retention of a labelled (eg radiolabelled or fluotescently labelledy DMA
molecule on a solid suppert {eg microtiire well) following ligatiom ta a

second DNA molecule imuncbilised on the solid support.  PCR
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amplification across the ligation junction (hence producing a product only

Tollowing ligation) may also be used.

Typicaily, a scries of reactions are carried out which assess the effzct of the
test compound in order to confirm (or deny) that it is a compound which
specifically modulates or mimics the effect of the stimclatory inositol
phosphate on the WHET of DNA, rather than a compound which has a non-
specific effect. Thus, for example, the test compound may be added to the
NHETJ reaction either before or after the addition of TP, or other stimulatory
inositol phosphate such as IP; to determine whether the order of addition
bas an effect on the NMEJ reaction. Alternatively, or additionaily,
comparisons may be made between a reaction which contains the test
compound and contains 1P; or other stimulatory inositol phosphate and
reactions which do not contain 1Pg or other stimulatory inositol phosphate or

do not coniain the test compound.

Compounds which specifically enhance the effect of the stimmlatory inositol
phosphate in the NHET typically lead to increased NMHE] activity, whereas
compounds which specifically reduce the effect of the stimulatory inositol
phosphate in the NHEJ typically lead tc decreased NHEJ activity,
Compounds which mimic the stimulatory inosito] phosphate in a stuctsral
zemse may increase the NHED activity if the mimic is a fimctional analogue

but may decrease NHEJT activity if the mimic is not a fusctional analogue.

The methods of the ninth aspect of the invention are svitable for identifying
compovnds which madulate or mimic the effect of IPg or other stimulatory
inositol phasphate on the catalytic (e DNA. joining activity) of the NHEJ
reaction. The invention aiso inchdes the identification of compounds that

medulaie the interactions between components of a NHED reaction whether
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or ot such modulation leads directly to a change in INA joining activity.
Thus, a tenih aspect of the invention provides 2 meihod of identifying a
cornpound  which modulates or mimics the effect of inositol
hexakisphosphate (IPs) or other stimulatory inositol phosphate in
stinmilating  nen-homologons cnd-joining (MHED) of DNA the method
comprising determining, in #he presence of inositol hexakisphosphate (TP)
or other stimulatory inositol phosphate, the effect of a test compound on the

mteractions between the components NEET 1eaction.

In a preferred embodiment of the invention the compaonents of the NHET
reaction between which an interaction iz measured is any one or more of a
DNA-dependent protein kinase (or its components ie DNA-PK,., Ku70 and
KuB0), XRCC4, DNA ligase IV and a suitable DNA substraie.  Other
interactions include interaction of any one of XRCC4, DMNA Tigase IV and
the DMA substratc with any one of Mrell, NBS and RadS0 which
themselves form a complex (Mrel 1/NBS/Rad50). The Mreli/NBS/Rad50
complex is believed fo net act upstream of DNA-PK in the processing of
DNA ends. Further details of the Mre11/NBS/Rad50 complex ate found in
Labhart {1999) Eur. J. Biochem, 2635, 849-86].

Since we have detormined in Example 4 that [P; and other stimulaiory
inositol phosphates such as IP; bind to the Ku70/80 heterodimer of DNA-
PK, it is particularly preferred that ihis heterodimer is present and that
interactions between it and other NHEJ components are measured, The
interaction between Ku 70/80 and DNA-PK., may be measured, as may the
inferaction between Ku 70/80 and DNA. Some of these interactions afso
require the presence of DNA. For example, Ku70/30-IP; and DNA-PK.,

may require DNA to form a supercomplex (see Figure 10). The interaction
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between the Ku70 and EKu30 subunits in the heterodimer may also be

measured.

Details of methods of measuring interactions between components, such as
protein - profein interactions, protein - DNA interactions and protein - small
molecule interactions arc described below following the discussion of the
aspect of ibe inveniion relating to other protein kinases. However, in
relation to the present aspect of the invention, conveniently a scries of
measurements are made which assess the effect of the test compound in
order to confirm (or deny) that it is a compound which specifically
modulates or mimics the effect of IP; or other stimmlatory nositol
phosphate en the interaction between components of a NHET reaction rather
than a cc;mpound which has a non-specific effect. Thus, for example, the
test compound may be added to the sample cortaining components of the
NEE] reaction whose interaciion is to be measured either before or after the
addition of [P or other stimulatory inositol phosphate to determine whether
the order of addition has an effect on the interaction between components.
Alternatively, or additionally, comparisons may be made between (he
interactions in a sample containing componenis of the NHEJ reaction whose
nteraction is to be measured which sample contains the test componnd and
IP; or other stimulatory inositol phosphate with equivalent samples (in
terms of the NHEJ composents) which do not contain [Fg or other
stimulatory inositol phosphate or de not contain the fest compound.

Compounds which mostulate or mimic the effect of the stimulatory inositol
phosphate can be selected by their activity to modulate or mimic the
interactions of the components wheon in the presence of the stimulatory

nositol phosphate.
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Prefered embodiments of this aspsct of the invention measure the

" interaction (in the presence of IPs or other stimulatory inositol phosphaie)
between DNA-PK and its DINA effector; DNA-PE and a cosubstrate {such
as ATP); DNA-PK and XRCC4; DNA-PK and DNA ligase 1V; XRCCA and
DNA ligasc TV; and DNA ligase IV and its DNA substrate and/or a co-
- subsirate such as ATP. Further preferred emabodiments of this aspect of the
invention measure the interaction (in the presence of P or other
stimulatory inoesitol pbasphate) of Ku70/80 with DIWNA-PK ., and the
interaction hetwesn Ku70 and Ko80 (whether or not in the presence of
DNA-PK,). The inferaction between Kn70/80 and DINA-PK,; taay reqiure
DNA.

Interactions between any one of these cowponents and any one of the

components of the Mrel 1/INBS/Rad 30 complex may also be measured.

The measurement of intcractions between certain of these components is
described in WO 98/30902 and these measurement techoiques are
incorporated herein by reference. It should be noted that, as discussed
above, there is no rtealisation in WO 98/30902 of the Importance of IPg or
other stimulatory inositol phosphate in NHEJ of DNA or in the interaction
hetween components required for NHEI. In tlis aspect of the invention, it
is particularly preferred if the method is used to identify compounds which
modulate or mimic the effect of IPg or other stimulatory inositol phosphate
in stimulating MHET by altering the interaction of DNA-PK. with another
component (such as its effector DINA or DNA ligase TV or XRCC4 or its
coghate DNA or a subsirate or cosubsirate) or by altering the interactions
between the components of DNA-PK. (ie DMA-PKes and Ku70 and/or
Kug0).
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An eleventh aspect of the jnvention provides a method of identifying a
compound  which modalates or  mimics  the effect of inositol
hexakisphesphate (IPg) or other stimulatory inositol phosphate on a protein
kinase the method comprising determining, in the presence of TP; or other
stimulatory inositol phosphato, the offect of a fest compound on the catalytic
activity of the protein kinase or on the ability of the protein kinase to

interact with another camponent.

Protein kinases phospherylate, generally in 2 specific manner, proteins in
hydroxyl-containing amine acid residues (sefine, threonine or tyrosine), by
transferring the y-phosphate group from ATP to the protein. The sebstrate
for the protein kinase is typically the cognate protein but, conveniently, it
may be a syntheiic peptide derived from the protein and which contains the
phosphorylaiable amine acid residue, Protein kinases are also able to

antophosphorylate.

Typically, the protein kinasc is a protein kinase which has a domain,
preferably a C-terminal domain, with similasity to the catalytic domain of
phosphoinositide 3-kinass.  Convenicntly, the protein kinase is a protein
kinasc involved in the maintenance of genome stability, such as those which
are involved in a DNA repair response. Preferably, the protein kinase is any
one of o DNA-dependent protein kinase, ATR, ATM, FRAP, or the
Saccharomyces cerevisiae gene products Tellp, Meclp, Torlp or Tor2p, or
the Schizosaccharomyces pombe gene product Radd, Tt is particulardy
preferred if the protein kinase is any cne of DNA-FE, ATR, ATM or FRAP,
and most preferred if the protein kinase is DNA-PE.

DNA-PK is known to phosphorylate XRCC4 which is, therefore, s suitable
substrate. Peptide portions of XRCC4 may also be sujtable as substraies.
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Each of DNA-PK, ATR, ATM and FRAF can phosphorylate ps3 in vitro.
This phosphorylatton has been mapped to Serl5 in p33 for ATM, ATR and
DNA-PE. 50 an N-terminal peptide of p33 may be used as a substrate {Hail-
Jackson ef al (1999) and references cited therein). Yarosh et ol (2000} J,
Devert, Dermeiod. 114, 1003-1010 shows that FRAP is a DNA-dependent
protein kinase which is associated with UV-induced damage. FRAP also
phosphorylates PHAS-1 {Bruon et af (1997) Science 277, 99-101).

Catalytic activity of a protein kinase, such as DNA-PK, ATR, ATM or
FRAP, can readily be determined using methods well known in the art, such
as by measuring the incorporation of a radiclabelled phosphate group in the
substrate following transfer from ATP. Typically, a serics of reactions are
carried out which assess the effect of the test compound in order to confinn
(or deny} that it is a compound which medulates or mimics the effect of 1P
or othet stimulatory inositol phosphate on a protein kinase rather than a
corppound which has 2 non-specific effect. Thus, for examples fhe tesi
compound may be added to the protein kinase reaction cither before or after
the addition of IPg or other stimulatery inositol phosphate to determine
whether the order of addition has an effect on the calalytiv activity.
Alternatively, or additionally, comparisons may be made between 2 reaction
which contains the test compound and 1Pg or other stimulatory inositol
phosphate and reactions which do aot contain IPs or other stimulatory

mositol phosphate or do not contain the test compound.

The catalytic activity of the protein kinasc can be assessed by the transfor of
the y-phosphate from ATP to a substrats (which may include itselfl ie
autophosphorylation). Typically, the y-phosphate is radiolabelled and so
phosphorylation of the substtaic can be detected by detecting the
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radioactivity (eg by sciptillation counting, autoradiography or
phosphorimaging).  Alternatively, it can be detected by separating the
phosphorylated substrate from non-phosphorylated substrate, or by using

phosphoprotein specific antibodies, for example by fluorescence.

When e effect of a test compound on the interaction between a protein
kinase and another component is determined, it is particularly preferred if
the protein kinase is the catalytic subunii of DNA-PK (jc DNA-PKcs) and
the other component is any one of Ku70, K0, DNA ligase IV, XRCC4 or
a snitable DNA effector thereof. Preferably, when the protein kinase is
DNA-TK, the other component is XRCC4.

The protein kinases ATM and ATR, like DNA-PK, are activated by DNA.
FRAP can be stumulated by a DMA damage response. Thus, in a further
preferred embodiment, the protein kinase is DNA-PK, ATM, ATR or FRAP
and the interaction with its effector DNA is determincd.

TFypically, & serics of measurements are made which assess the effect of the
test compound in order to confirm (or deny) that it is a compound which
specifically ‘modulates or mimics the effect of IP; or other stimulatory
imositol phosphate on the profein kinase rather than a compound that has a
non-specific effect. Thus, for example, the test componnd may be added to
a sample containing the protein kinase and a compound with which it
inleracts (such as its substrate but in the absence of ATP or such as an
effeclor DNA as is the case with DNA-FK or ATR or ATM or FRAF)
before or after the addition of TP, or other stimulatory inosito] phosphate to
determine whether the order of addition bas an effect on the interaction
between componeats. Aliematively, or additionally, comparisons may be

made between the interactions i a sample containing the protein kinase and
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a component with which it interacts which sample coutfains the test
compound and IP; or other stimulatory inosiiaol phosphate with equivalent
samples {in terms of protein kinase and inferacting component) which do
not contain TP, or other stimulatory inositel phosphate or do not contain the

test compound,

A component with which a protein kinase interacts includes ATP or an
apalogue thereof, such as a non-hydrolysable analogue as is well known m
the art.

A further aspect of the invention provides a method of identifying a
compound which medvlates the binding of TP, or other stimmlatory inositol
phosphate to a protein kinase, the method comprising defermining whether
a test compound reduces or increases the binding of TP; or other stimulatory

inositol phosphate to the said protein kinase or a subumit thereof,

It is particularly preferred that the subunit of the protein kinase is the
Ku70/Kus0 heterodimer of DNA-FK.

The interaction (association) of the stimulatory inositel phosphate (such as
[P¢) with, and dissaciation from the pratein kinase or subunit thereof imay be
measured using methods well known in the art.  Typically, the protein
kinase is immobilised and the binding of detectably-labelled stimulatory
inositol phosphate is measured.  Typically, the sbmulatory imositol
phosphate, swch as IP;, s radiolabelled or {horcscently labelled.
Scintillation proximily assays, as described below, are particularly useful in

binding assays.

PCT/GRINAN IR0
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We havs shown that TP, and IP; binds to DNA-PE. More particularty, 1P,
and IP'; have been shown to bind to the Ku70/80 heterodimer which forms
part of DNA-PK. Thus, it is particalarly preferred that the protein kinazc is
a protein kinase which has a domain, preferably a C-termisal domain, with
similarity to the catalytic domein of phosphoinositide 3-kinase. The protein
kinase is preferably any one of the members of this family of protein
kinases as discussed above, Tt is particularly preferved if it is DNA-PK. As
noted DNA-PK is made up of three subunits, The binding assay may use
any one of DNA-PK,, Ku?0 or Kugl or, as noted above, any functional
variants (eg fragmenis) thercof which retain the binding site for the
stimulatory inositol phosphate such as 1P Preferably, the binding assay
uses the Kn70/Kug) heterodimer.

A still further aspect of the invention provides 2 methed of identifying a
compound which modulates the binding of IP; or other stinulatory inositol
phosphate to the Ka70/Kugd hetcrodimer of DNA-PK or Ku7) subunit
thereof or KuB0 subunit thereof, the method comprising determining
whether a test compound reduces or increases the binding of 1P, or ather
stimulatory inositol phosphate to the said Ku70/Ka80 heterodimer or the
Ru70 subunit thereof or the Ku80 subunit thereof.

Preferably, the Kn70/Ku80 heterodimer is used.

In on¢ embodiment the inositol phosphate (for example, TPs or IP; or IP;) is
immobifised onto & solid snbstrate (such as the floor and/or wall of a
microtitte plate) and the Ku 70/80 helerodimer is bound rtherete, A
competition biuding assay is earricd out with test compounds. The

Ku 70/80 used may be suitably detectably labelled so that the presence or
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abaence (or deplotion) of Ku 70/80 bound to the inositol phosphate cen
readily be detected.

Additienally or aliematively, a detectably labelled aptibody which
seleotively binds to Ku 70/80 {or to either component thereof) may be used
to detect the presence or absence {or depletion) of Ku 70/30 bound to the
inositol phosphate.  Suitable antibodies are commercially available from
Neo Markers, LabVission Corporation, 47790 Westinghouse Drive,
Fremont, CA 94539, USA. '

It will be appreciated that in this aspect of the invention the Ku70/80
heterodimer or Ku70 subunit thereof or Kug0 subunit thereof do not requue
the presence of DNA-PK,,. The Ku protein (independent of DNA-PE,,) is
imvolved in telomere biology and, in pariicular, Peterson ¢ al (2001) Natwre
Genet. 27, 64-67 indicate that the function of a stem-loop in telomerase
RMNA iz linked to the DNA repair protein Ku, Thus, compounds which
modulaie the binding of IPs or other stimulatory inosilo]l phosphate to
Ku70/80 heterodimer or Ku70 subunit thereof or Ku0 subunit thereof may

modulate teleomeres or telomerase function.

Preferably, the compound is one which modulates the binding of [P, or
other stimulatory inositol phosphaie to the Ku70/8¢ heterodier.

A still forther agpect of the Invention provides a method of identifying a
compound which modulates the binding of IPs or other stimulatory inesitol
phosphate to XRCC4 or DNA ligase IV, the method comprising
deicrmining whether a test compound reduces or increases the binding of
1P or other stimnlatory inositol phosphate to the said XRCC4 or DNA
higase IV,
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Binding of the stimulatory inositol phosphate to XRCC4 or DNA ligase TV

can be done usg analogous methods as for binding to prajein kinases.

The amount of test cotpound or substance which may be added to a
screening method or assay of the invention will normally be determined by
trial and crror depending on the type of comipound or methed used.
Typically, the test compound may be used at a conceniration of around 0.01
nm to 100 uM. Compounds which may be used as test compounds may be
natural or synthetic compounds. Extracts of planis which may contain
several characterised or uncharacterised compounds may also be used and

are considered “lest compounds™.

It will be appreciated that screening assays which are capable of high
throughpat operation will be particularly preferred. Examples may mclede
cell based assays and protoin-protein binding assays.  An SPA-based
(Scintillation Proximity Assay; Amersham Internztional) system may be
used. For example, an assay for identifying a compound capable of
modulating the activity of a protein kinase may be performed as follows.
Beads comptising scintillant and a polypepiide that may be phosphorylated
way be prepared. The beads may be mixed with a sample comprising the
protein kinase and “P-ATE ar “P-ATP and with the test compound.
Conveniently this is done in a 96-well format. The piate is then counted
using a suitable scintillation counter, using known parameters for 2P or ¥
SPA assays. Only P or ¥'P that is jn proximity to the scintillant, i.e. only
that bound to the polypeptide, is detected. Variants of such an assay, for
example in which the polypeptide is immoebilised on the scintillant baads

vig binding to an antibody, may also be used.
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Methods of detecting polypeptide/polypeptide  interactions  inchxde
ultrafiltration with ion spray mass spectrozcopy/HPLC metheds or other
physical and analytical methods. Fluorescence Energy Resonance Transfer
(FRET) methods, for example, well known to those skilled in the art, may
be uvsed, In which binding of two fluorescent labelled entitted may be
measured by measuring the interaction of the fluorescent labels when in

close proxamity to each other.

Alternative methods of detecting binding of a polypepiide to
macromolecules, for cxample DNA, RNA, proteins ‘and phospholipids,
include a surface plastnen resonance assay, for cxample as described in
Plant ef gl (1995) Anali Biochem 226(2), 342-348. Methads may make use
of a polypeptide that is labelled, for example with a radioactive or

fluorescent label.

The yoast two-Iybrid system may be nsed to detect interactions betwesn
polypeplides.

An example of the use of the yeast two-hybrid sysiem is the use of two
compouads, such #s two components of the NHEJT reaction mixture, and,
which interact fo form a complex involved in NHEJ, te facilitate the
identification of compounds that modulute NHEJ. These compounds are
detected by adapling yeast two-hybrid expression systems known in the arl
for use as described herein. These systems which allow detection of protein
interactions via a transcriptional activation assay, are generally described by
Gyuris e al, Cell 75:791-803 {1993) and Ficlds & Song, Nafre 340:245-
246 (1989), and are commercially available from Clontech (Palo Alio, CA),
The yeast two-hybrid assay is carried ont in the praseunce of 1P in order to

identify compounds which modulate ar mimic the effect of [Pg on NHEJ,
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In this approach, a region of, for exampls, DNA-PKcs, which interacts with,
for cxample, Ku70, is fused fo the GAL4-DNA-binding domain by
subcloning a DNA. fragment cncoding this into the expression vector,
pGBTY, provided in the MATCHMAKER Two-Hylwid System kit
commercially available from Clontech (eafalogue number K1603-1). A
fusion of the GAL4 activation domain with the region of Ku70 {which
interacts with the region of DNA-PEcs) is generaied by subcloning the
Ku70 domain-encoding DMNA fragment into the expression vector,
PGAD424, alse provided in the Clontech kit. Analagous oxpression vootors
may &lso be used. Yeast transfornations and coleny lift filter assays arc
carricd ouf according to the methods of MATCHMAKER Two-Hybrid
System and vadous methods known in the art. Prior to the colony filter
assay, transformed yeast may be treated with candidate compounds and, as
appropriate, with 1P, or ather stimulatory inositol phogphate being sereencd
for the ability to modulate NFIEJ. The interaction results obtained using the
_candidate compound in combination with the yeast system may then be
compared fo those results abserved with the yeast system not treated with
the candidate compound {or not ireated with TPy, all other fectors (eg cell
type and culture conditions) being equal. A compound capsble of
modnlating MHET is able to alter the inferaction between DMA-PKcs and
Ku70,

In another embodiment of this approach, a compound capeble of decreasing
NHE] by disrupting the binding of DNA-PKcs to the Ku70 may be isolated
using the modified yeast two-hybrid system deseribed above, in which the
reporter gene encedes a profein, such as ricin, that is toxic to yeast. Yeast
cells containing such a ricin reporter die unless the binding of DNA-PKcs to

Ku70 is disrupted. Yeast cells treated with a compouad that disrupts the
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DINA-PKos/Ku70 interaction form viable colonies, and from this result it
way be inferred that the compound is capable of decreasing, and possibly
inhibiting, NHEJ, Again, the agsay is camied out, as appropriate, with I[Py or
other stirulatery inositol phosphate to determing that the componnd is one
which modulates or mimics the effect of IPs or other stimulatory inositol
phosphate on NHEJ.

It will be appreciated that analogous reactions ¢an be carried out with

respect to protein kinase mieractions with other components.

Tt will be appreciated fom the foregoing thai the present inveniion relates to

screening methods for drugs or lead compounds.

It will be appreciated that in the methods desciibed herein, which may be
dmg gereening methods, a term well known to those skilled in the art, the
compourd sctected following the screer may be a drug-like compound or

lead compound for the development of a drug-like compound.

The term “drug-like cotnpound” is well known to those skilled in the art,
and may include the meaning of u compomd that has characteristios that
may make it snitable for use in medicire, for cxample as the active
ingredient in a medicament. Thus, for example, a drug-like compound may
be a molecule that may be synthesised by the techniques of organic
chemistry, less preferably by techniques of molecular biology or
biochemistry, and is preferably a small moleeule, which may be of less than
5000 daltens and which may be water-soluble. A drug-like compound may
additionally exhibit features of selective interaction with a particular profein
or proteins and be bioavailable and/or able to penetrate target cellular

membranes, but it will be appreciated that fhese features are not sssential,
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The drug-like compound may have increased stability and fower toxicity
than, for example, IPs. It may alse have an improved stimulatory profile

compared to IPg.

The term “lead compound™ is similarly well known to those skilled in the
art, and may include the meaning that the compound, whilst not itself
suitable for usc as a drug (for example because it is oaly weakly potent
against its intended target, non-selective in its action, unstable, poarly
soluble, difficult to synthesise or has poor bioavailability) may provide a
siarting-point for the design of other compounds that may have more

desirable characteristics,

While not being bound by any theory as to the chemical nature of
compounds which may be found in the screening methods of the invention,
itis preferved if the test componads are inosite] derivatives, more preferably
inosiiol phosphates.  Tn particular, the test compounds may be
phosphoinositides or analogues of IP;. The test compounds may be any test
compounds, provided that they can be introduced into a suitable assay.
Librariss of test compounds may be designed by reference to the general
structure and charge distobution of [P, ard libraries of compounds may be
synthesised using combinatorial cheristry techniques as are well known in
the art. It will be appreciated that the test compound is not the stimulatory
inasitol phosphate present in the assay. It may be possible to select test
compounds for screening in ihe assays and methods of the invention, for
example by using computer aided design to select compounds which eg

have a similar spatial strusturs andfor charge distribution to 1P,

The compounds identified in the screening assays of the invention may

themselves be useful in medical treatment or may be useful in developing
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agents for medical treatment. In particular, the compounds identified by the
screening methods of the invention maybe useful in develaping apents for
the treatment of conditions where there is abnormal or mappropriate non-
homologous end-joining of DNA. It is envisaged that the compounds may
be uscfol in the development of agents for treating cancer, angmenting
cancer radiotherapy andor chemrotherapy regimes, improving gene therapy
regimes, enhancing  homologouz  recombination, treating  tetroviral

infections, and modulating the immme system.

Compounds which, following the sereening metbod of the ninth and tenth
aspeots of the invention, are oncs which mimic or modulate the effect of IP;
or other stimulatory inositol phosphate in a NHEJ reaction are selected for
further study. Compounds which modulate the binding of the stimulatory
inositol phosphate (such as IPg) to DNA-PK (or a subunit thereof) or

H¥RCC4 or DNA Hgase IV may also be scleciod for furthor study. -

Convenicntly, these compounds are then tested furiher in another screen
whick is designed for the selection of compounds whick are suitable for
teating cancer, augmenting cancer radiotherapy and/or chemotherapy
regimes, improving gene therapy regimes, enbancing homologous
rscompbination, treating retroviral infections, or modulating the immunc
system. TEypically, the screens are ones which invalve ceil-hased assays
which look at end-peints relevant to the condition in question, The sorcens
may also involve animal models of the relevant condition. Cell-based
scrcens and animal models are available for at least some of cancer,
augmentation of cancer radiotherapy andfor chemotherapy, gene fherapy,
homologous recombination, retroviral infections and immume systom

modulation.
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Compounds which, following the sercening method of the eleventh aspect
of the invention, are ones which mimic or modulate the effect of IPy or other
stimulatory inositcl phosphate on protein kinases. Convenlently, these
compounds are then tested in apother sereen which is desipned for the
sclection of agents which modulate protein kinase or its interactions. In a
preforred cmbodiment of the invention, the protein kinase is any one of
DNA-PK, ATM, ATR or FRAP and the methed of the invention is used to
identify compounds which may be useful in developing agents which
modulate cell eycle checkpoint control.  Conveniently, further screens for
compounds selected in the method of the cleventh aspect of the ivention
include screens specifically designed to identify agents which modulate cell

cyele checkpoint control.

A twelfth aspect of the jnvention pravides a cowpound identifiable by the
screening methods of the invention. A thirteenth aspect of the invention
provides a compound identified by the screening methods of the invention.
Such compounds are useful in medicing, particniarly In the conditions
mentionsd above, The compounds may be packaged and presented for use
in. medicine, or may be used in the manufacture of a medicament for
treating conditions in which the patient may benefit from modulation of
non-homolagous end-joining of DNA or ffom moedulation of protein kinase
fimction. For example, compounds obtained in the screens may disrupt
DMNA-PK-1P; imteraclion and thereby sensitise cells to therapy {og cancer
chemo- or radiotherapy) by disrupting NITEJ.

A fourteenth aspect of the invention provides a roethod of reducing non-
homologous end-joining (NHEJ) of DNA the method comprising reducing

the amount of, or inhibiting the stimulatory effect of inositol
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hexakisphosphate (1Pg) or ather stimulatory inositol phosphate in a NHEJ

reaction.

As nated above, myo-inositol trisphosphate (1F3) is indibitory i a NHE?
and may be vaed to reduce NEET

A fifieenth aspect of the invention provides a method of enhancing non-
homelogous end-joining (NHEJ} of DINA the methed comprising increasing
tho amount of, or enhancing or mimicking the stimuiatory effect of, inositol
hexakisphosphate (IPs) or other stimulatory inositol phosphate in a 'NHEJ

reaction.

The methods may be used #r vitre, but it is particularly prefarred if they are
used fz vivo, for example tu 2 cell where it iz desirable to reduce or enhance
NHEJ of DNA. Tt is preferred if the cell where reduction or cnhancement of
NHET of DNA takes place according to the method of the invention is 2 cell
in a human or animal in necd of reduction or echancement of NHEJT of
DNA. As noted above, conditions where reduction of NHET of DNA in an
animal or human may be desired include cancer, augmeniation of cancer
radiotherapy  and/or  chemotherapy, gene therapy, homologous
recombination, retroviral infections and immune system modulation. Thus,
the invention includes a method of treuting these conditions or canying out
these procedores, the method comprising administering 1o the patient an
effective amount of & compound which reduces the amount of, or enhances
the stimulatory effect of, 1P; or other stimulatory inosito]l phosphate in
NHEJ reaction. The invention also includes the 1se of a compound which
reduces the amourt of, or enhances the stimulatory effect of, IP; or other

stimulatory inosito] phosphate in MHEJ reaction in the manufacture of a
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medicament for treating a condition where reduction of NHEJ of DNA 1s
desired.

It is desirable o reduce NHEJ in order to enhance double-stranded break
repair by homologous recombination, leading to more cfficient gene

targeting,

Histanine has been shown to affect 1P, levels in cells {Sakuma er of (1988)
Phayrmacol Exp. Ther, 247, 466-472).

Aunti-inosito] phosphate antibodies may be used to reduce the amount of, or
inhibit the stimulatory effect, of the stimulatory inositel phosphate, such as
IPs.  Anti-inositol phosphate antibodies may be made using mcthods well
knowm in the art usmp the inosito] phosphate as an Dnmunogen (or hapten)
or by using it 10 screen synthetic antibody-display libraries (eg phage
display libraries). By “antibody” we include antibody-like molecules such
as antigen binding fragments of antibodics or synthetic antibodies. Thus,
the term antibody includes Fab, Fv, ScFy, dAb and the like as are well
known in the art. Antibodizs to 1Py are described in Shich & Chen (1995)
Biochem, J. 311, 1003-1014 and Goa e ol (1994) Biory. Medicinal Chem.
2, 7-13 and antibodies to I may be made by analogous methods,

The screening methads af the invention may be used to identify high
affinity [P; analogues which may specifically compete with 1P for the
DNA-PK binding site.

TPs levels in the cell may be up- or downregulated by targeting the synthetic
enzyme (eg IPKL in Seccharomyces cerevisiae) or enzymes invalved in [T

tumnover (2g phosphatases). Antisense compounds, which are well kmown
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m the art and may be designed by reference to a particular aucleotide
sequence {eg to the mRRNA o gene encoding the IP; synthetic enzyme or to
an IP; phosphatase), may be used.

Enhancement of NHEJ may be desirable in patients whe are cancer prone or
who are immuno-compromised. It may also be desirable in A-T patients.
Thus, the invention also includes a method of treating these conditions, the
metbod comprising administering to the patient an offective amount of a
compound which incresses the amount of, or cnhances or mimics the
stimulatory effect of, 1P or other stimulatory inositol phosphate in a NHEJ
reaction. The invention alse includes the use of a compound which
increases the amount of, or enhances or mimics the stimulatory effect of, IP;
or other stimulatory inositcl phosphate in a MNHEJ reaction i fthe
manufacture of a medicament for treating a condition where enhancement
of NHEJ of DNA iz desired.

As noted above, histamine has been shown to alter 1P, levels in a cell, and
antibodies may be used ta reduce the amount of, or inhibit the stimulatory
effect of the stimulatory inositol phosphate.

A sixtecnth aspect of the invention provides a mefhod of modulating the
activity or interaction of a protein kinase the method comprising changing
the zmeuni of inositel hexakisphosphate {IPs) or other stimulatory nesito}
phosphate present with the protein kinase, or inbibiting or enhancing the
effect of 1P, or other stinsulatory inositol phosphate on the protein kinase.

Typically, the protcin kinase is a protein kinase which has a domain,
preferably a C-terminal domain, with similarity to the catalytic domain of
phosphatidylinositel 3-kinase.
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The method may be used in vifro, but it is particularly preferred if it 1s used
in vivo, for example in a cell where it is desirable to modulate the activity or
interaction of the protein kinase, Typically, the modulation of the protein
kinase takes place in a cell in a human or animal body, in oeed of such

modulaticn,

In a preferred embodiment of this aspect of the invention, the profein kinase
i3 any cne of DNA-PK, ATR, ATM or FRAP and the method is for

muodulating cell cycle checkpoint control,

In a further preferred embodiment the protein kinase is ATM or ATR.
Modulators of ATM or ATR, as identified herein, may be nseful for treating
any of a varjcty of purposcs such as in therapy of ataxja-telangicctasia {A-
T}); modulation of the immune system (ATM appears to be required for the
generation of a fully functional immune system); modulating teleomere
length (cells of A-T patients loge their telomeres more quickly than normal
individualsy — this may be useful ageing, ATDS and other conditions:
tumour/cancer therapy; and in augmentivg of cancer radiotherapy or

chemotherapy,

The aforementioned compounds of the invention or a formulation thereof may
be administered by eny conventional method including oral and parenteral (eg
gubcutancous or intravwsoular) injection. The treatment may consist of a

single dose or a plurality of doses aver a period of time.

Whilst it is posstble for a compound of the invention fo be administzred alons,
it is preferable to present it as a phanmaceutical formulation, together with one

or more acceptable carriers. The carrier(s) must be “acceptable” in the sense
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of being cotnpatible wilh the compound of the invention and not deletericus to
the recipients thereof. Typically, the carriers will be water or salinc which

will be sterile and pyrogen free.

A seventeonth aspect of the invention provides a method of determining
whether an individial has or is predisposed to a defect in DNA repair or cell
cycle checkpeint eonteol, the method comprising the steps of (1} cbtuining a
sample from the patient, (2) determining the concentration of, or subcellular
localisation of, inosito! hexakisphosphatz (IP;) ot other stimulatory inositel
phosphate in the sample, and {3) comparing the result with a standard.

The sample obtained from the patient may be any suitable sample.
Typically the sample is & sample of a tissue in which DNA. repair or cell
cycle checkpoint control defects are kmowm to oeanr, such as skin and in
tumour sampies. The concentration, or snbeeliular localisation, of TP or
other stimulatory jnositol phosphate may be determined by any suitable
method. For example, anti-IP; antibodies may be made nsing methods well
known in the art which may be used to quantify [P, and also to detect its
sub cellular location, for example by using suitable staining aod
microscopic techmiques such as confocal microscopy, immunoflvorescence
microscopy and by immunohistochemisity, Alternatively, TP and other
stimulatory inositol phosphates as defined can be measure by suitable
analytical techniques snch as BLISA. Subcellular localalisation can be
compared, for example, by measuring P in a nuclear extract compared to a

cytoplasmmc exiract

The invention may also be considered to relate to a methed of modulating

DMA repair activity comprising performing DNA repair in the presence of
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an offective roodulating amount of an inesitol phosphate, or isomer therzof,

Preferably, the inositol phosphate is TP,

As used herein, when reference is made to any inositol phosphate it includes

reference to a salt thereof, particularly a physiologically acceptable salt.

The inventicn will now be described in more detail by reference to the

following Example and Figures wherein:

Figure 1. Repair of double-sirand breaks by non-homologous end-joining.
Tn this schematic model DSBs, cauged by either irradiation or chemical
assault, are bound by the Ku heterodimer (Ku70/80) and the catalytic
subunit of the DNA-dependent protein kinase, DNA-PE,,. Binding protects
the free ends from cuclease attack while simultancously initiating the
assembly of the NHEJ apparatus. Through an as yet undefined procoss,
DNA ends arc bridged, and the XRCC4/DNA ligase IV complex is
recruited to the DSB where it effects repair.

Figure 2, Punfication of SFA. A, Schematic rcpresentation of the
chromatographic sieps faken io purify SFA from HeLa cytoplasmic exiracts.
B, Complementation of DNA end-joining by the addition of nnditoted
DEAE fractions to PC-C. Samiples were analyzed by gel elecirophoresis
and *P-labeled DNA visualized by autoradiography. €. Fractions eluting
from mono Q were diluted 1:50 in L buffer and assayed for the ability to
complement end-joining by PC-C. End-joining by PC-C alone (-), and a
salected tegion of each column elution profile ia shawn, Mobilitics of

linear, dimer and trimer DINA species are indicated,
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Figure 3, Physical characteristice of 3FA. A, Proton decoupled
phosphorus spectra revealed four peaks (ratic 1:2:2:1) close to the
phosphoric acid reference at 1.4909 ppm (intensity 2.582), 1.0003 ppm
(intensity 5.465), 0.5554 ppm (intensity 6.002) and -0.0850 ppm (intensity
2.927), suggesting phosphate groups and showing ne evidence of
phosphorus-phosphorus coupling. B. Proton phosphorus coupled spectrum
revealed phosphorus praion doublots consistent with the phosphorus being
linked to a carbon hydrogen bond. C. lon-trap spectrum revealed a mass of
660.9 Da, which represents the [mass +1]"-ien or [659.9 + 11™-ien
follewed by a series of related sodium salts at 682.9 Da (+1Na"), 704.9 Da
© (+2Na"), 726.9 Da (+3Na").

Fignre 4, Stmnlation of DNA-PE dependent end-joining by inositol
phosphates. A. Schematic representation of [Pg. B. Complementation of
PC-C by IFs. End-joining assays were ocarmied out using PC-C
complemented with increasing amounts of IPs. C. Effect of inositol
phosphates on DNA-PK dependent NHE]  Inositol hexakisphosphate (1Pg),
inositel pentakisphosphete (IPs), inositol tetrakisphosphate (IPy), inositol
trisphosphate (1P3) or inositol hexasulphate (IS;) were agsaved for their
ability to stimulate DNA. end-joiming by PC-C.

Figure 5. SFA and IPs co-fractionate by strong ation exchange
chromatography. A trace amount (¢ nM) of *H-IPg was added to a 1 ml
alicuot of SFA. The resulting sample was applied to AG 1-X8 resin and
cluted as described in Matertals and Methods. Top, elution profile of *H-1P,
as measired by scintillation counting. Bottom, elution profile of SFa,

determined by the complementation of PC-C mediated end-joining.
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Fignre 6. Specificity of [IP; for DNA-PK. mediated end-to-end ligafiom. A.
DNA end-joining reactions catalyzed by PC-C were analyzed in the
presence or gbsence of 2 uM IPs;, B, Similar reactions carried out using T4
DINA ligase {0.1 u/pl) in place of PC-C.

Figure 7. Binding of TPy by DNA-PK. A. Schematic representation of
DNA-PEcs. The grey bar represents the C-terminal 350aa wﬁich share
sequence similarity to the catalytic domain of the PI 3-kinases (Hartley et
af, 1993) and the black box indicates the location of the putative inositol
phosphate headgronp binding domain of the PI 3-kinascs (Wymann and
Pircla, 1998). The lysinc (E) residue believed to be the target of
wortimangin interaction is shown as are the two aspartate (D) residues
believed to be located m the ATP binding active site of the protein kinase.
B. Gel filtration analysis of *H-IPq binding by DNA-PK. Top, elution
profile of *H-IPs in the presence of non-sprcific profeing (1.8 mg/mi).
Middle, eluticon profile of 3H-IP; in the presence of DNA-PK.  Bottom,
elution profile of IINA-FK kinase activity of fractions shown in B, middlc.
C. Gel filtration anzlysis of *H-IP; binding by DNA-PE. Top, elution
profile of *H-IP; with protein size standards (1.8 mg/ml). Middle, elution
profile of H-IP; with DNA-PK. Bottom, elution profile of DNA-FK. kinase

activity of fractions shewn in C, middle.

Figure § shows that both IP7-pp5 and IP;-ppé stimulate NHET by PC-C and
that this stimulation is approximately 10-fold better than that achieved by
1P,

Figure 9 shows that IS5 does not compete with IP; ia binding to DNA-PK.
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Figure 10 shows the distribution of *[-1Py; along a gel filiration column
under various conditions. Superdex 200 gel filiration, 50 ul fractions, sciat.
counting 20 ulfraction 100 nM *H-1B,, 100 nM Ku, 100 oM DINA (200 oM
DNA ends), 100 nM PK,,. Running buffer: 50 mM HEPES, plt 8.0, 40
mM KOAe, 10% Glycerol, 0.1 M XCl, 1 mM DTT.

Figure 11 is an overlay of the Kn + *H-TP, and Ku + DNA-PK,, + *H-IPs
curves from Figure 10 which emphasises that the presence of DNA-PR,
does ot alter the mobility of the Ku-2H-1P; curves from Figure 10 which
cmphasises that the presence of DNA-PX. does not alfer the maobility of the
Ku-T1-IPs complex along the gel filtration column.

Figure 12 shows the result of gel filtration carried out on DNA-FK + *H-1P;

in the presence or absence of DNA.

Figure 13 shows the result of competfition analysis of IP; hinding by Ku
using 1P;, IPg and [Py,

Figure 14 shows the tesults of specificity trials using the spin column
inethod,

Example 1: Stimulation of DNA-PK dependent non-homologous end-

joining by inosifol phosphate

Results

JP 2004-500849 A 2004.1.15
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Purtfication of a facter that stimulates DNA, end-joining in vitro

In previous studies, cell-fres exiracts capuble of promoting DNA end-
joining were fractionated by phosphocelinlose chromatography {Baumann
and West, 1998). One fraction {designated PC-C7), which contained all
components known to be required for WHET in vive (Ku70/30, DNA-PK..,
XRCC4, DNA ligase I'V), showed ouly limited ability to join DNA ends in
vitro. The ghility fo promote end-joining, however, could be restored by
addition of a second fraction (designated PC-A). This complementation
assay provided the basis for the purification of the stimulatory factor in PC-

A, which we now designate Stimulatory Factor A (SFA).

Subcellular fractionation of HeLa cells into nuclear and cytoplastuic
fractions, showed the eytoplasm to be rich in SFA (data not shown). By
comparison, relatively low levels of SFA were detected in muclear extracts.
The presence of sheared chroinosomal DNA in the nuclear cxtracts, which
¢onld cormpete for the factors involved in NHEJ, hawever, made it difficuli
to acenrafcly asscss the relative levels of SFA in these two subcellular
compartments,  Given that the removal of nuclel would minimize the
amount of contaminating DNA, we chose to prepare SFA from the
cyloplasmic fraction of 300 L of HeLa cells,

Preliminary binding trials showed that cation-exchange resins such as mone
S or 8P-sepharose failed to bind SFA. Therefore, anion-exchange resins of
various strengths were used throughaut the purification scheme (Figure 2).
During purification, we were somewhat surprised fo discover that SFA was
heat-stable, insensitive to treatment with phenol, and inscluble in CHCL;.
UV absorbance spectroscopy demonstrated that a sample of concentrated
S8FA did not absorb at 280 nm, indicating a lack of aromatic amine acids
(data not shown). All attemipts 1o degrade SFA using proteases (trypsin, V8

JP 2004-500849 A 2004.1.15
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protease and proteinagse K + SDS) failed (3ata not shown). Taken fogether,
these obacrvations snggest that SFA, previously assumed to bo a protein

participant in NHEJ, is not a polypeptide.

To investigate the possibility that SFA might be a nucleic acid {RNA. or
DNA), SFA was freated with cither RNAse A, Na(¥F (0:1-1.0 M at 60°C),
DNAssz T or micrococeal nuclease. These (reatments had no effect on the
ability of 8FA to stimulate end-joining (data not shown). UV absorbance
speciroscopy demonstrated that a sample of concentrated SFA did uot
absorb at 260 om, indicating a lack of purine or pyrimidine moieties in the
sample (data not shown). ‘These data demonstrate that SFA is not a nucloic

acid.

Chemical analysis of SFA

To identify the active component in SFA, the sample was subjected to NMR
and mass spectroscopy. Profon decoupled phosphorus NMR spectra (Figure
3A) revealed four peaks {ratio 1:2:2:1) close to the phosphoric acid standiard
suggesting six phosphate groups, The 1:2:2:1 ratio of peak intensitics
suggests two independent sets of equivalent phosphates as well as two non-
equivalent individval phosphates. Proton phosphorus coupled spectra
(Figure 3B) revealed phosphorus proton doublets, consistenl with each of
the phosphate groups being linked fo a carbon participatmg in a carbon-
hydrogen, bond. These data suggest that the SFA sample contains an
organophosphornes compound containing 6 phosphates, each divecily linked

1o a (~CH) group.

The malcoular mass of SFA was determined by mass speciroscopy (Fignre
3C). While no significaut signal was cbserved in the range commonly

associated with macromolecules, pelypeptides or polymeric nucleic acids,
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the SFA sample was found to contain a number of species of low molecular
mass, Although the SFA sample was found to be heterogeneons, a clear
peak was detected at 2 mass of 660.9 Da. Additionally, an array of peaks
which differed from the original 660.9 Da peak by 22 Da (the mass of
sodium Na*) were observed downsiream of the 660.9 Da peak. These
masses appear to coespond 1o the +1 (Na'}, +2 (Na”) and +3 (Na") salts of
the 660.2 Da species.

Identification of the active component of SFA as IPg

Tnositol is a fully hydroxylated six-carbon ring which is found in a number
of phorphorylation states ranging from mono- thraugh hexakisphosphate.
[nosifol hexakisphosphate ([Pg) (Figure 4A) shares the same molecular
weight as SFA (659.9 Da) and has the same phosphorus content. The
presence of six phosphates in IPy and their conformeation in aqueous solution
{Barrientos and Murthy, 1996; Costello et al, 1975; Bmsley and Niazi,
1981) is in keeping with the obtained proton-decoupled *'P NMR specira of
SFA (Figure 3A) which matches the proton-decoupled P spectrum for the
mono-ionic form of 1P, Furthermere, each phosphate group of 1P; is linked
to a carbon participating in o carbon-hydrogen bond, which is in accord
with the proton coupled phosphorus NMR spectrum {Figuze 3B). These
results indicate that the 660.9 Da species detected by mass spectroscopy is
the protonated form of 1Pg ([659.9 + 1]+| Pa), and that the above described
array of peaks represent the sodium salts that would readily form with 1P,
To confiom that the active component in SFA is indeed 1P, commercially
available [P, was assayed for its ability to stirmulated end-joining by PC-C.
As shown in Figure 4B, IP; stimulated end-joining at concentrations in the

region of 100 nM and stimnlation was maximal at 1 pIv.
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To assess the specificity of NHEJ for IPg, we compared the ability of TP, to
stimulate end-joining with other mosital phosphates (IPs, 1P, and IP;). In
addition, inositol hexasulphate (185} — an inesito] compoand which would
provide a charge distribution similar to that of IPs, while presenting sulfate
rather than phosphate groups - was also assayed. It was found that IS, was
unable to stimulate end-joining, demovstrating & clear requirement for
rhosphate groups (Figure 4C). Indeed, we found that IPs proved fo be the
most effective nosito] phosphate compound of those tested, 1Ps and 1Py
were also able to stimulate end-joining, boi the efficiency of this stimulation
was teducen relative (o IPs. These datn show that end-joining requires a
phosphorylated inositol species, and that the stimulation of NHEJ is direcily
related to the extent of phosphorylation.

Forther evidence that 1P, is the active component in SFA was obtained by
strong anion exchange (SAX) chromatography, using a resin that is
commaonly wilized to separate highly charged molecules such as the inositol
phosphates. To determine whether the NHEI stimulating activity in SFA
co-fractionated with 1P;, an aliquot of SFA was spiked with a trace amount
of *H-1P; (4 nM), and the mixture was chromatographed on AG {-X8 resin.
Complementation ussays were performed to detect the presence of SFA, and
the *H-IP, content was assessed by scintillation counting. As shown in
Figure 5, the peaks of SFA and H-1P; were coincident.

Although 1P; is of small molccular size (660 Da), its high charge to mass
ratic and the hydrogen boading observed between phosphute proups
(Emsley and Miazi, 1981) rceults in a larger apparent molecular size in
ugueous solulions at Jow jonic strength. This has been observed by the
retention of TP by dialysis membranes at low ionic strength, and the

passage of IF¢ through the same membrane at high ionic strength (dafa not
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shown). Equilibrium dialysis trisls were performed to compare the
movement of SFA and *HJP; scross a dialysis membrane (12-14 kDa
cutoff). Both SFA and *H-IP; were rctained during equilibrivm dialysis at
low ionic strength, and at high jonic strength both SEA and *H-IP; passed
through the dialysis membrane {data not shown), These observations add to
the list of physical properties shared by S8FA and TP,

Specificity of IP; for DNA-PK dependent end-joining

The data presented above show that the stimulatory factor purified from
HeLa cells is inositol hexakisphosphate (IPs). Because many substances (eg
PEG, PV A) have non-specific siimulatory effects on the efficiency of DINA
ligases in vitro, we next defermined whether IPg was specific for NHE}
mediated by DNA-PK. To do ihis, we compared the ligation efficiencies of
PC-C and T4 DNA ligase in the presence or absence of IPg. It was found
that 125 stimwlated end-joining by PC-C, whereas the efficiency of ligation
by T4 DNA ligase was unaffected (Figure 6).

Binding of *H-TP; by DNA-PK

The eatalytic domain of DNA-PK,, is related to thai found in the PI 3-
kinases which phosphorylate inositol phosphelipids. Previous studies have
shown, that in the PI 3-kinases recognition of e inositol phosphate
headgroup is mediated by defined sequences within this conserved domain
(Figure 7A) (Bandeva er af, 1998). Given that NHEJ g dependent upen
DNA-PK and is stimulated by the addition of IP; it was plausible that this
stimulatory effect is duc ta a physical interaction betwoen IP; and DNA-PK.

Gel filtration analysis using “H-IP; and purified DNA-PK was camied out to
assess the ability of DNA-PK (o interact with IP;. As shown in Figure 7B
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[1.1P; was retained by the gel filiration media in the absence of DNA.DK
and ohserved in fractions late in the elution profile. In this experiment the
retention of “H-IPs was observed in the presence of protein size standards
which serve to cstablish the quality of the elution profile and provide a
selection non-specific proteins which have no effect on the mability of *H-
1B, In the presence of DNA-PK *H-IP; was also observed in carly fractions
of the elution profile which correspond 1o the pesk of DNA-PK activity.
The altered retention of *H-IPg by gel Rliration media in the presence of
DINA-FPK and the coftactionation of *H-IPg and DNA-PK. activity indicate
that DNA-PK is capable of binding IP;.

To asscss the specificity of IPs binding by DMA-PE we oxamined the
ability of DNA-PE to bind another nositol phosphate. Given that 1Py does
not stimulate NHEJ (Figure 4C) we selected *H-IP, for this comparison, In,
contrast with *H-TP;, the retention of *H-IP; by the gel filtration mairix is
nat altered by the presence of DNA-PK (Figure 7C). Turthermore, ihe
fractions which show substantial DNA-PK. activity contain only background
levels of *H-IP;. This argues against the possibility (hat the observed
binding of IP; by DNA-PK (Figure 7B} might be due to non-specific
interactions between DNA-PK and the wultiple phosphate groups of 1P;.
Taken together the data presented in Figure 7 demonstrate a physical
inferaction between DNA-PX. and 1P which does not exiend to =ll of the

inositol phosphates.

Discussion

‘We have isolated a factor that stimulates NHEY in vitra, and have identifisd
this factor as inositol hexakisphosphate {IPg), What is the role of IPg in
NHEJ? IP; has been shown to function as a phosphatase inhibitor at
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concentrations of 10 pM or greater {Larsson ef of, 1997). Given that 1P; is
capable of stimulating NIZEY at 1% of this concentration it is vnlikely thai
P, functiens in NHEJ as an inhibitor of phosphatases. The inability of IPs
to enhance end-joining by T4 DNA ligase argues againet the possibility that
[P; stimulates NHET via a nen-specific mechanism such as macromolecular
crowding by volume exclusion. More likely, the low concenfration at
which IP; can stimulate end-joining {100 uM) indicates that stimulation
results from the fnteraction of IP;, cither directly or indirectly, with some

component of the end-joining apparatis.

The ability to stimulate NHET does not appear to be resiricted to 1Py,
because we found that 1Ps and 1P, were also able (o stimulate end-joining,
though to a lesser extent, Indeed, the efficiency of stimulation appears 1o be
directly propertional o the degree of phosphotylation of the inositol
phosphate. This correlation fits a model in which [P; functions as a Hyand
and is bound by a ligand binding species. In swch a model, small aitcrations
in the stincture of the ligand (in this case changes from 1P to IP5 or to IP,)
would be predicted to result n incremental decreases in the affinity or
stability of the ligand binding interaction. If ligand binding is essential for
end-joining, then these small alterations in ligand structure would be
apparent as tncrerental decreases in end-joining efficiency. The important
prediction made by this model is that & spoeies which both binds [Pg and
participates in NHET must be present in the PC-C faciion. We have
identified this [P binding species as DNA-PK.

The apparent tequirernent for JP; in NHEJ sugpests that DNA-PK 15 in
some way NHEJ-inactive in the unbound state, and that there is a transiticn

upon Ligand (IPs) bindicg resulting in an NHEJ-active species.
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Additionally, binding of 1Py may influence the ability of DNA-TK fo

interact with other components of the NHE] apparatus,

The consequences of IP; binding by DNA-PK. might be structural in nature,
possibly due to an allosieric shift upon association with IPs. Alternatively,
binding of IPg could simply alter the surface charge distribution of DINA-
PK. Such an alteration of local electrostatic potential has been observed in
the binding of IP; to phosphoglycerate mutase (Rigden et 2l, 1999). Tn this
cage, ligand binding was mediated by both hydrogen bonding interactions
and by the strong positive electrostatic potential of the aciive site clefi.
Oceupancy of this highly charged cleft by IP; exposes several phosphates to
the selvent, which has a pronounced effect on the local elecirostatic
potential relaiive to the unbound state. An alieration of this kind wonld
rosult in a more passive transition from the NHEJ-inactive to the NHEJ-
active state of DNA-PK. Of course these two possibilitics are nal mutually
exclusive and both mechanisms might influence the substrate specificity of
DNACLPK. as well as its potential to participate in extensive protein

complexes.

As far as we are aware, DNA-PK is the only protein known to patticipate in
WHET that lyas been demonstrated to bind 1P, DNA-PK is a member of the
phosphatidylinositol 3-kinase {PI3K)-reinted kinase family, as are ATM and
ATR. All three proteins exhibit a strong scquence homalogy to the PT 3-
kinases, especially in the catalylic core domain that binds and
phosphoryiates the phosphoinositol headgroup of phosphatidylinositel.
However, no phosphorylatien of lipid substrates has been observed by
DNA-PK.,, or by other members of this PI3K-related family of kinases
(Carprenter and Centley, 1996; Hunter, 1995, Keith and Schreiber, 1995;
Wymann and Firola, 1998).
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Tt is tempting fo postulate ihat the PI3K-telated kinases are derived fiom a
comumon sncestor that possessed both protein kinase and lipid limase
functions. Mutation of the PI3K. catalytic domain could result i loss of
lipid kinase activity, while retatning an affinity for the phosphoinositol
headgroup. This hypothesis 15 supported by the work by Bondeva et of
(Bondeva er al, 1998) demonstrating fhat substitufion of the putative
phosphoinesito! headgronp interaction site of PI3Ky can alter or abort lipid
kinage activity in vitro, while leaving protein kinase function upaffected.
Clearly an importani next step in the invesiigation of both WHE] and the
PI3EK -related kinases will be to chatacterize the intcraction between DINA-

PK and 1P; and to examine the consequences of this bindiug event.
Experimental Procedures

Materials

myo-inositol  1,4,5-trisphosphate  (IP;),  D-myo-inositol  1,3,4,5-
tetrakisphosphate ([Ps), mye-inositol 1,3,4,5,6-pentakisphosphate (1Fs) and
inositol Lexasulphate (IS;) were purchased fom Sigma.  mye-inositol
1,2,3,4.5 6-hexakisphosphate (IP;) was purchascd from Sigma and also
from Calbjochem, *H-18; (10-30 Ci/mmol) was purchased fiom NEN.

Preparation of PC-C and complementation assay

HeLa whole cell extracts were prepared and fractionated step-wise over
phosphocelizlose ag described {Baumann and West, 1998). Fraction PC-C
was dialyzed for 2 hours against L buffer (20 mM Trs-HC) pH 8.0, 25 mM
KOAc, 0.5 mM EDTA, 10% glycerol, 1 mM DTT) and stored at —80°C.,
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End joining reactions (10 pl) were carried out in 50 mM HEPES pH 8.0, 40
md KQAe, 0.5 mM M(OAc);, 1 mM ATP, 1 mM DTT, 0.1 mg/ml BSA,
contained 2-3 pl (3-5 pg) of PC-C and HindIl-linearized 5-7P-labeled
pDEA7Z DNA (30 ng). Incubation was for 1 hour at 37°C. #2p_labeled
DNA products were deprefeinized and analyzed by electropheresis through
0.6% agarose gels followed by autoradiography. Quantification of joining
efficiency was carried ount by phosphorimaging and the data are presented as
(% total ends-joinedampe) - (% total endsjeinedscc) unless otherwise
stated. For assays of inositol phosphates, agqueous solutions were added
directly to the end-joining reaciions. For the screening of column fraciions;

0.5-1 pl of dituted (in L buffer) or undiluted column fractions were added.

Preparation of cytoplasmic extracts

300 L of HeLa cells were cultured in suspension i a density of § x [{°
cells/ml, harvested by centrifugation, washed twice with PBS, flash-frozen
o liquid nitrogen and stored at -80°C. When required, 2 packed cell
volumes of hypotonic lysis buffer (10 mM Tris-HC1 pH 8.0, 1 mM EDTA,
1 mbI DTT) was added and the cclls were beld on ce for 20 min, The cells
were opened by dounce homogenizalion (35 strokes with a “B” pestlc) in
the presence of protease inhibitors (1 mM PMSF, 2.2 ng/ml eprotini, 1
ng/ml lewpeptin, 1 ng/ml pepstatin A and [ rg/ml chymostatin). The
resnlting homogenate was centrifuged for 30 minutes at 10,000 pm to
peller membrancous cellular debris and intact nuclei.  The resulting
cytoplasmic fraction was disfyzed for 2 hours at 4°C against L buffer and
then centrifuged for 45 min at 45,000 rpm at 4°C in a Beckman Ti43 rotor.
All dialysis steps were carried out in tubing with a molecular weight cutoff
of 12-14 kDa.

Purification of SFA
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Cytoplasmic extracts (from the equivalent of 100 £ cultured cells) were first
batch fractionated by absorption to 1/3 vol phosphocellulose (Whatman P-
11) by gently rocking for 30 min at 4°C. Following centrifugation, the
unbound fraction was reserved, The resin was washed twice with an equal
volume of L buffer. The unbound fraction and the 2 washes were pooled,
and spun for 45 min at 45,000 rpm at 4°C in a Beckman Ti45 rotor. The
supernatant was then loaded onfo a 5 x 10 tm phosphocctlulose column
equilibrated in L buffer. The flow thuough passed directly onte a 3 x 10 om
affigel blue column (Bio-Red) equilibrated in the same buffer. The flow
through was loaded onic 2 1.6 x 39 cm DEAE Fast Flow column
(Pharmacia) equilibrated in L buffer, which was eluied with 135 ¢olumn
valumes of a §-0.5 M KC1 linear gradient in L buffer. Active fractions
eluting between 0.2-0.25 M KCl were pooled (designated DEAE SFA) and
stored at -80 °C until all 300 L equivalent of HeLa cell cytoplasm bad been

fractionated.

DEAE-SFA fractions wore heat denatured by boiling for 15-20 minutes,
then centrifuged for 45 min at 45,000 tpm at 4°C in. a Bockman Tid5 rotor
to remove insoluble aggregutes. The supernatant was dialyzed for 6 howrs
against L buffer, applied to a 2.6 x 37 cm affi-gel heparin column (Bio-Rad)
equilibrated in the same buffer, then eluted wifh a 15 column volame 0-1.0
M E.CI linear gradient in L buffer. Active fractions eluting between 0.28-
0.33 M KCt were pooled, dialyzed for & hours against L buffer, then loaded
onte a Mono P Hr 52¢ column (Pharmacia). The colummn was washed with
3 column volumes of L buffer, then with 14 volumes of polybuffer 74-HCI1
(pH 4.0 and finally clated with a 50 colamn volume 0-2.0 M KCI linear
gradient. Active fractions eluting between 1.2-1.35 M KCl were pooled,
extracied with phenol/CHCL,, dialyzed for & hours againat E. buffer, loaded
onte 2 Mono @ Hr 5/5 column (Fharmaciz) equilibrated in L buffer, and
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then eluted with a 30 colurm volume 0-1.0 M ECI linear gradient in L
buffer. Active frachons eluting from the column between 0.18-0.23 M KCl
were pooled, diadyzed overnight at 4°C against dH,O and stored at -20°C,

Strong anion exchange chromatography

AG 1-X8 resin (200-430 mesh, formate form, Bio-Rad) was washed with 5
volurmes of 1.0 M fonmic acid, then with 15 column volumes of dH;O. SFA
was dialyzed against dIT;O overnight at 4°C. A irace (4 nM) amount of n-
1P was added, and the sample was applied to 2 1.0 x 1.3 em AG 1-X8
columa equilibrated with dH;O. The column was washed with 10 column
volumes of dH.O, then ehted with a 30 columm volume 0-2.75 M

ammoaium formate linear gradient in 0.1 M formic acid.

Mass spectrometry

SFA sodivm salt was acidified with 1M HCl to approximately pH 2.0,
diluted with 1 equivaleni of 70% methanol/30% formic acid and a 103
samnpls was loaded into a carbon coated namo spray capillary needle
(Protana) and the molecular weight determined by mass spectromeiry using
an ion-trap (LCQ Thermoquest).

NMR

SFA was lyophilized and resuspended in ;0. Measutements were cartied
oul using a Broker AC-300 pulse Fourier tramsform MMR specirometer
operating 2t 300,13 Mhz for protons P spectroscopy (5 mm sample in 10
mm broad band probe), and at 121.497 Mhz with broad band proton
decoupiing (composite pulse). Reference *1p signals were detected in a +-

S0ppm window.

Equilibrium dialysis

JP 2004-500849 A 2004.1.15
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For analysis at Jow ionic strength, samples (1 ml) were dialyzed against 0.5
L dif;0 for 21 hours at 4°C with stirring. For high ionic strength, samples
were dialyzed againat 0.25 L of 2.5 M NaCl for 48 hours at 4°C. Dialysis

tubing with a molecular weight cutoff of 12 - 14 kDa was used.

T4 DNA ligation assay

Reactions (10 ul) containing T4 DNA ligase {NEB) were carried out in 1x
T4 DNA ligase buffer (NEB) at 23°C in the presence and absence of
inositol phosphates.  Reactions were stopped, deproteinized and the
products analyzed by agarose gel electrophoresis.

Gel filtration analysis of *H-1P; bindin g by DNA-PK

Binding reactions (55 pl) were carried out in 25 mM HEPES pH 7.5, 50
mM KCL, 10 mM MgCly, 1 mM DTT, 10% glycerol, 0.1% NP-40 with 5000
nnits of DNA-PK. (Promega) or 1.8 mg/ml of protein size standards for gel
filtration (BicRad) end 100 oM H-IP; or *H-IP; at 4°C' for 20 min.
Complexes were resolved on a Superose 12 PC3.2/30 column tun in 30 mM
HEPES pII 8.0, 40 mhf KOAc, 0.1M KCl, 10% glycerol, 1 mM DTT at 40
wlimin. 50 pl fractions were collected; 20 pl samples of each fraction were
used for *H scintilation counting {10 min/sample in 5 ml EcoscintA) and
10p! were agsayced for DNA-PK kinase activity using the SignaTECT DNA-

PK. assay system (Promega).
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Example 2: High throughpui sereening assay for NHEJ
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A microtiter-plate (96-wells) assay which would work Tike an ELISA assay
is used. A ““target” duplex IINA is adhered 1o the plate (call the sequence
aligos 1 and 2 which are complementary and have an exposed, unmodified
termimus). Cell extracts are mixed with a “detection” duplex DNA (linear
duplex — oligos 3 and 4 which are complementary — which have one
exposed, unrmodified terminus (which will be ligated to the target DINA) and
the other terminus is both 57 and 3” blocked by biotin; oligo 3 is 5°
biotinylated, oligo 4 is 3’ bioiinylated. Tho biotin moieties serve twao
fonctions: 1) block the end of the DNA and prevent additional ligation
which would result in multimerization and non-lineer report of achivity and
2) for detection. NHEJ reaction compenents, including IPg, are incubated in
the plate (which presents the target duplex) in the presence of the detection
DNA (and buffer and Mg'" and ATP). The plats is washed to remove
proteins and cxcess deteciion DNA. The only way for the detection DNA to
remain en the plate is by ligation with the target DNA. The presence of the
detection duplex indicated NHEJ — this reicntion should be quantitative,
Detection/quantification of the biotin may be carried out as with an ELISA
assay — using avidin coupled enzymes and a chromogenic enzyme substrate.

JP 2004-500849 A 2004.1.15
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Example 3: TP, stimulates NHEJ better than TP,

IP; can be additionally phosphorylated to IP;. This resulis in a species that
is pyrophosphorylated at ene carbon of the inogitol ring. We tested IP,pp5
and IPs-pp6 to sec if these polyphosphorylated inositols would stinmlate
end-joming by PC-C.  As shown in Fig 8 both 1P, species do stimulaic
NHET by PC-C and this stivaulation is approximately 10-fold beiter than
that achieved with TPs. These dafa suggest that, while TP is highly effective
at stirmulating NHEJ, IP; may not be the only biologically relevant effector
of NHET among the inositol polyphosphates.

Example 4: The Ku70/8) heterodimer of DNA-PK binds IP; with
specificity

As previously described, DNA-PK (composed of the K 70/80 heterodimer
and PI-3-like kinase DINA-PK.) binds IPg with specificity. We have
determined that within this heterodimer the Ku 70/8¢ heterodimer is
responsible for this binding aciivity, Furibermore, the Ku-IPs complex is
capable of binding DNA forming a higher-order complex. Finally, a super-
complex can be formed that contains Ku, [P, DNA-PX.; and DNA,

The specificity of IPg recognition by DNA-PK was assessed by competition
trials using inositol hexasulphate (IS;). As shown in Fig 9, tritiated
IP; (°H-IP;) is not bound by any of the molecular weight standards used to
calibtate the gel Sliration column {#amonds, STDs) and is detecied in the
far-inchided volume which elutes late in the column profile. Addition of
DNA-PK. resulis in an increase in the mobiity of the *H-1P; indicating
complex formation. IS, presented in 10- and 100-fold malar excess have
no effect on the amount of *I-TP; bound by DNA-PK. These data, when
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taken together with binding trials using *H-1P,, indicate spesific binding of
1P by DNA-PE.

Ku 70/80 and DNA-PE,, were purified to homogeneity and nsed to examine
the binding of IP; by DNA-PK. *H-1P; was used in these binding
experiments and the curves presented in Fig 10 represent the distribution of
*H-IP; along 2 gel filtration column under various conditions. *H-IP;
observed in a peak below 17 kD represents unbound *H-IPg. Tn the presence
of purified Ku 70/80 (z DNA-PK,,} 1P, elutes early from the column
near the 150 MW point. These curves have been overlaid in Fig 11 to
emphasize the fact that the presence of DNA-PK, does not alter the
mability of the Ku-"H-TP; complex along the gel filiration column. This
suggests that 1} Ku binds *H-1P and that 2) DNA-PE,, does nat interact
with ither the *H-TP or the Ku-TP; complex. It is believed that DNA-PK
assembles on DNA and that in the absence of DNA that Eu and DNA-PI,
are separate in solotion. The addition of DNA to the Ku-*H-IP, complex
resulis in a shift in the elution profile from the gel filtration column — the
peak is broader (possibly owing to the mobility of the DNA) and has an
earlier start point. This data suggesis that a Ku-H-1P;-DNA complex can
be formed in solution. Finally, the addition of DNA-PEK,, to the Ku-IPs-
DNA complex resulis in an additional increase jn mobility along the gel
Gluation column. The species appears very large — nwar 670 kD — which is
consistent with it containing Ku 70/80, *H-IP;, DNA-PK,, and DNA.

Gel filtration was carmied out on DNA-FK + *H-IP¢ in the presence or
absence of DMA to generate the curves in Fig 12, Western blot analysis of
these fractions was performned (o detect the presence of DNA-PK,; or Ku
70/%0 in column fractions. As shown in Fig 11 the peak of *H-IP; is
coincident with the peak of Ku 70/80, but not with the peak of DINA-PE,.

JP 2004-500849 A 2004.1.15
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However, i the presence of DNA zll 3 peaks (EH-IP& Ku 70/80 and
DNA-PK,) are coincident which is consistent with a supercomplex
containing Ku 70/80, *H-1Pg, DNA-PK,, and DNA.

The specificity of 1P; binding by Fu was examined by competition analysis
{Fig 13) using I, IPg and [Py, As shown in Fig 13, one molar equivalent of
¥ or IP; resulied in an approximate 50% loss in 3‘I~I-1Pt; binding, while a 3-
fold molar excess of IP; had no effect.  These data indicate that Ku
specifically recognizes IPe. In addition, that IP; and IP; are recogmized
equally by Ku indicates that the binding of an inositol polyphosphate (IP)
by Ku is not the source of the 10-fold increase in INHEF stimulation
chserved with IP;. These findings may be extended to postulate that, while
1Ps is bound by Ku, that the stimulatory effect of IPs on NHEJ probably
regults fiom additional interactions that may be regulated by formation of

the IP;-Ku complex.

Example 5: Spin columnus used to examine inositide phosphate binding

species

While gel filtration cap provide a wealth of information regarding complex
foomation it is time-constming sed limited to the cxamination of single
saraples, To facilitate the study of Ku-IP intcractions a spin-column method
based on the work of Kavran ef ol (1998) S Biol. Chem. 273, 30497-30503
was developed. The high charge-to-mass ratio of 1P, gives it a large
apparent molecular size in aqueous solubion. As such, this method uses the
Bio-Gel P-30 resin {BigRad) which bas a molecular exclusion size of 40
kD The results of specificity trials using this spin column method are

presented m Fig 14. Clearly, the level of specificity ohserved using these
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spin-colunms is identical to that presented in Figs @ and 13. This method

will facilitate the examination of IP binding species.

JP
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CLAIMS

A method of stimulating non-homologous end-joining (NITEI) of
DNA. the method comprising parforming NHET of DNA in the
presence of inositol hexakisphosphate (IPg) or other stimulatory

inositol phosphate.

An assay of non-homologous end-joining (NHEJ) of DNA whercin
the assay comprises inositol hexakisphosphate (IPs) or other

stimalatory inasitol phosphats.

A method accerding to Claim 1 or assay according to Claim 2
wherein the 1B or other stioulatory inosilo] phosphate is exogenaus

TP or other stimulatory inositol phosphaie.

A method or assay according to any one of the preceding claims

wherein the NHE] is performed in vitro.

A method or assay according to any one of the preceding claims
wherein the NHEJ of DNA, is performed in a NHET reaction mixfure
which includes DINA-dependent pretein kinase, XRCCA, DNA ligase
1V and a suitable DNA substrate.

Use of 19, or other stimulaiory inositol phosphate for stimulating

non-homologeus end-joining of DNA.

A kit of parts comprising IPg or other stimulatory inosito] phosphate
and ane or more of a DNA-dependent protein kinasc, XRCC4, DNA
ligase 1V and a sujtable DNA substrate.

JP 2004-500849 A 2004.1.15
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12,

13.

14

15.

14

A kit of parts comprising inositol hexakisphospbate (IPg) or other
stimulatory inositol phosphate and a host cell expressing one or more

of a DNA-dependent protein kinase, XRCC4 and DNA ligase TV.

A kit of parts according to Claim 8 wherein one or more of a DNA-
dependent protein kinase, XRCC4 and DNA ligase IV are expressed

from a recombinant nucleic acid molecule.

An assay of & profein kinase wherein the assay comprises inositol

hexakisphosphate (1P5) or other simulatory mositol phosphate.

A kit of paris comprising a protein kinase and  inositol
hexakisphosphate (TPg) or other stimulatory inositol phosphate.

A kit of parts according to Claim 11 wherein the protein kinase is

expressed from a recombimant nucleic acid molecule.

An assay according to Clarm 10 or a kit of parts according to Claim,
11 further comprising a substrate for said protein kinase.

A kit of parts comprising inosito]l hexakisphosphate {IPs) or other
stimulatory inositol phosphate and a host cell expressing a protein
kinase.

An assay zccording to Claim 10 or a kit of parts aceording to any onc
of Claims 11 to 14 wherein the protein kinase is a protein kinase
which has a domain with similarity 1o the catalytic domain of

phosphatidylinosital 3-kinase.

JP 2004-500849 A 2004.1.15
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20.

75

An assay or kit of paris according to Claim 15 wherein the protein
kinase is any one of a DNA-dependent protein kinase, ATR, ATM,
TRAP, or the Seccharomyces cerevisize gene products Tellp,
Meelp, Torlp or TorZp, or the Schizosaccharomyces pombe gene
product Rad3,

A metkod of identifying a compound which modulates or mimics the
effect of mesitol hexakisphosphate (IPg) or other stimulatory inositol
phosphate in stimulating nog-homologous end-joining (NHEJ) of
DMNA the method comprising performing WHEJ of DNA in the
presence of inositol hezakisphosphate (IPg) ot other stimulatory
inasital phosphate and determining the effect of a tast compound on
the NHET of DNA.

A method according to Clsim 17 whercin the NHET of DNA is

pertormed in wiro.

A rosthod according to Claim 17 or 18 wherein the NHEF of DNA is
performed in a NHEJT reaction mixture which includes DNA-
dependent protein kinase, XRCC4, DNA ligase IV and a suitable
DNA subsirate.

A method of identifying a compound which modulates or mimics the
cffect of inositol hexakisphosphate (TPg) ot other stimulatory inositot
phosphate in stimulating nen-homologous end-joining (NHETY of
DNA the mefhod comprising determining, in the presence of inositol
hexakisphosphate (EPg} or other stimulatory inositol phosphate, the

JP 2004-500849 A 2004.1.15
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24.
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effeci of a fest compound on the inferactions between ihe

components in the NHET reaction mixture.

A method according to Claim 20 wherein the components of the
NHET reacticn are a DNA-dependent protein kinase (or a component
thercof such as the Ku 70/80 heterodimer or a subunit thereof),
XRCCA, DNA ligase IV, a suituble DNA substrate, ATP and M gi *,

A method of identifying a2 compound which modulates the non-
bomologous  cad-jeining of DNA, the method comprising
defermining the effect of an inositol phosphate or derivative thereof

on non-homologous end-joining of DNA.

A method of identifying a componnd which modulates or mimics the
effect of inosttol hexakisphosphate (IPs) or other stimulatory inositol
phosphate on a protein kinase the method comprising determining, in
the presence of IP; or other stimulatory inosite]l phosphate, the effect
of a fest compound on the catalytic aciivity of the protein kinase or
on the ability of the profein kinnse to interact with another

componeat,

A method of identifying a compound which medulates the binding of
IFs or viher stimulatory inositol phosphate to a peolein kinase, the
method comprising determining whether a test corupound reduces or
incteases the binding of TP; or other stimulatory inositol phosphate to

the said protein kinase or a subunit thereof,

JP 2004-500849 A 2004.1.15
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A method according to Claim 23 or 24 whetein the protein kinass is
a protein kinase which has a domain with similarity to the catalytic

domain of phosphatidylinosiiol 3-kinase.

A method according to Claim 25 wherein the profein kinase is any
one of a DNA-dependent protein kinase, ATR, ATM, FRAF, or the
Sacchoromyces cerevisige gene products Tellp, Meclp, Torlp or

TorZp, or the Schizosaeccharcmyces pombe gene product Rad3,

A method according o any one of Claims 23 to 26 wherein the
protein kinase is a DNA-dependent protein kinase.

A method according te Claim 23 whersin the effect of a fest
compound on the interaction between the caialytic subunit of a
D A-dependent protein kinase and any one of Ku70, Kus0, DINA
ligase IV, XRCC4 or a suitable DNA substrate thereef is detenmined.

A method according to Claim 24 wherein the subunit is the Ku 70/80
heteradimer of DNA-PE or the Ku70 subunit thereof or the Kug0

subuait ibereof,

A method of identifying a compound which modulaies the binding of
IP; or other stimulatory inositol phosphate to the Ku 70/80
hefevodimer of DNA-PK or the Ku70 subunit thereof or the Ku8¢
subunit thereof, the method comprising detenmining whether a test
compound teduces or inercase the binding of 1Py or other stimulatory
inosifol phosphate to the said K 70/Ku 80 heterodimer or the Ku70

subunit thereof or the Ku80 subunit thereof.

JP 2004-500849 A 2004.1.15
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A method of identifying a compound which modulafes the bindmg of
1P or other stimulatory juosito]l phosphate to XRCC4 or DNA liguse
TV, the method comprising determining whether a test compound
reduces or incrcases the binding of [P, or other stimulatory inositol
phosphate to the said XRCC4 or DNA ligase [V,

A method according to any one of Claims 17 to 31 wherein the iest

compound is an inositol derivative.

A method according to any one of Claims 17 to 31 wherein the test
compound is a phosphomositide or an analogue of inositel
hexakisphosphate (IPg) or analogue of another stimulatory mositol

phosphate,

A method according to any one of Claim 17 to 33 wherein a test
cornpound  which mimics or modulates the effect of inositol
hexakisphosphate {1Ps) or other stimulatory inositol phosphate is
selected for further study,

A methed according to any one of Claims 17 to 22 and 28 to 31
wherein the suethod is used for ideatifying corepounds which may be
useful in developing agenis for trealing cancer, augmenting cancer
radiotherapy and/or chemotberapy regimes, improving gene therapy
yegimes, enhancing homologous recombination, treating retroviral

mfections, and modulating the immune systern.

A methed according to any one of Claims 17 to 22 and 28 1o 31
comprising the further steps of selecting a test compound which

mimies or modulates the effect of inositol hexakispbosphate (TPg) or

JP 2004-500849 A 2004.1.15
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38,

39.
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41.

42.
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other stimulatory inesitol phosphaie and testitig it in a further sereen
for its suitability as an agent for treaiing cancer, augmenting cancer
radiotherapy andfor chemotherapy regimes, improving gene therapy
regimes, enhancing homologous recombination, treating retroviral

infections, or modulating the immune system.

A method according to any onc of Claims 23 io 28 wherein the
method iz used for identifying compounds which may be uwseful in
developing agents for modulating protein kinase activity or

interactions,

A method according to Claim 37 wherein the protein kinase is any
one of DNA-PE, ATM, ATR ar FRAP and the method is used for
identifying compounds which moduolate cell cycle checkpoint

cantrol.

A compound identifiable by the method of any one of Claims 17 to
38.

A compound identified by the method of any one of Claims [7 te 38.
A compound according fo Claim 29 or 40 for use in medicine.

A method of redacing non-hemologous end-joiuing (NHET) of DNA
the method comprizing reducing the amount of, or mhibiting the

stimulaiory effect of, inosito] hexakisphosphate (IP;) or other

stimulatory inositol phosphate in a NHET reaction,

JP 2004-500849 A 2004.1.15
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A method of enhancing non-homologous end-joining (NFEJ) of
DMNA the method comprising increasing the amount of, or eshancing
or mimicking the stimulatory effect of, inositol hexakisphosphate
{IPs) or ofher stimulatory inositol phosphate in a MHEJ reaction.

A method aceording to Claim 42 whersin the reduction of NHE] s in

acell.

A method according to Claim 44 wherein the cell is in a human or
animaul in need of reduction in NHEJ of DNA.

A methed according to Claim 435 for treating canccr, augmeniing
cancer radiotherapy andfor chemotherapy regimes, improving gene
therapy regimes, enhancing homologous recombination, treating

retroviral infections, or modulating the immunc system.

A method according to Claim 45 wherein the enhancement of NHEJS

15 in a cell.

A method according to Claim 47 wherein the cell is in a human or

animal in need of enbancement in NHET of DNA.

A method according to Claim 48 for treating patients who are
immunocompramised or susceptible o camger due to impaired

checkpoint cell cycle control.

A method of modulating the activity or interaction of a protein kinase
the method comprsing changing the amount of inositol

hexakisphosphate (IPg) or other stimulatory inositol phosphate

JP 2004-500849 A 2004.1.15
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present with the protein kinase, or inhibiting or enhsacing the offect
of [P or other stinlatory inositel phosphate on the protein kinass.

A method according to Claim 46 whercin the proiein kinase is a
protein kinase which has a domaim with simdlarity to the catalytic

dorpain of phosphatidylinositol 3-kinase.

A method according te Clarm 50 wherein the protein kinase is in a

cell.

A method according to Claim 52 wherein fhe cell is in a human or

animal in need of modulation of protein kinase activity or interaction.

A method according to Claim 53 wherein the protein kinase is any
one of DNA-PK, ATM, ATR or FRAP and the method is for

modulating cell eycle checkpoint control,

A method of determining whether an individual has or is predisposed
to a defect in DNA repair or cell cycle checkpoint control, the
method comprising the steps of ([} obtaining a sample from the
patient, (2) determining the concentration of, or subgellular
localisation of, incsitol hexakisphosphate (IP) or other stimulaiory
inositel phosphate in the sample, and (3) comparing the result witk a

standard.

Any povel screcning assay or methed of modulating nou-

hotnologous end-joining of DNA as herein deseribed.

JP 2004-500849 A 2004.1.15
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