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Ataxia telangiectasia mutated (ATM) phosphorylates
p53 protein in response to ionizing radiation, but the
complex phenotype of AT cells suggests that it must
have other cellular substrates as well. To identify sub-
strates for ATM and the related kinases ATR and DNA-
PK, we optimized in vitro kinase assays and developed a
rapid peptide screening method to determine general
phosphorylation consensus sequences. ATM and ATR
require Mn2*, but not DNA ends or Ku proteins, for
optimal in vitro activity while DNA-PKCs requires Mg?™",
DNA ends, and Ku proteins. From p53 peptide mutagen-
esis analysis, we found that the sequence S/TQ is a min-
imal essential requirement for all three kinases. In ad-
dition, hydrophobic amino acids and negatively charged
amino acids immediately NH,-terminal to serine or thre-
onine are positive determinants and positively charged
amino acids in the region are negative determinants for
substrate phosphorylation. We determined a general
phosphorylation consensus sequence for ATM and iden-
tified putative in vitro targets by using glutathione S-
transferase peptides as substrates. Putative ATM in
vitro targets include p95/nibrin, Mrell, Brcal, Radl7,
PTS, WRN, and ATM (S440) itself. Brca2, phosphatidyli-
nositol 3-kinase, and DNA-5B peptides were phosphoryl-
ated specifically by ATR, and DNA Ligase IV is a specific
in vitro substrate of DNA-PK.

Ataxia telangiectasia (AT)! is a complex human autosomal
recessive disease characterized by a pleiotropic phenotype in-
cluding neuronal degeneration, oculocutaneous telangiectasias,
immune dysfunction, cancer predisposition, and premature ag-
ing (1). Cells derived from AT patients exhibit a variety of abnor-
mal responses to ionizing irradiation (IR), such as checkpoint
alterations in the G;, S, and G, phases of the cell cycle and
radiosensitivity with increased chromosomal breakage and te-
lomere fusions (2, 3). The G, checkpoint abnormality results from
a quantitative defect in p53 induction (4—6), but the molecular
mechanisms underlying the radiosensitivity and the S-phase and
G, phase checkpoint defects have not yet been elucidated.
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The gene that is mutated in AT, ATM (ataxia telangiectasia,
mutated), encodes a 370-kDa protein with a carboxyl-terminal
sequence homologous to the catalytic domain of phosphotidyli-
nositol 3-kinases (7). Although ATM is predominantly located
in the nucleus (8-11), a fraction of ATM protein also appears in
cytoplasmic vesicles in certain cell types (10, 12) where it
associates with B-adaptin (13). A family of gene products with
similar sizes and sequences has been identified, including the
yeast proteins rad3p, Meclp, Tellp, Torlp, Tor2, and the mam-
malian proteins mTor/FRAP, DNA-PKcs (DNA-dependent pro-
tein kinase), ATR (ataxia telangiectasia and rad3-related ki-
nase) and TRAP (7, 14). In mammalian cells, ATR and DNA-PK
also appear to be involved in DNA-damage response pathways
(15-17). For example, several lines of evidence suggest primary
roles of DNA-PK are in DNA-repair and V(D)J recombination
(17). ATR is considered the mammalian counterpart of yeast
rad3 and Meclp, two proteins involved in DNA damage
responses (18).

We had previously demonstrated that ATM deficiency re-
sults in suboptimal increases in p53 protein levels after IR and
that ATM is required for optimal IR-induced (but not UV-
induced) phosphorylation of serine 15 of p53 protein (4, 19, 20).
The ability to express the full-length ATM ¢cDNA in mamma-
lian cells and construction of a kinase-dead ATM mutant led to
the demonstration that ATM is a bona fide protein kinase that
is capable of phosphorylating serine 15 of p53 protein (20).
Interestingly, IR and the DNA strand-breaking agent, neocar-
zinostatin, but not UV irradiation, enhances the specific activ-
ity of the ATM kinase (20, 21). These results are consistent
with a model in which ATM acts as a kinase upstream of p53 in
the response of mammalian cells to DNA strand breakage.
However, p53 dysfunction cannot account for the majority of
the phenotypic abnormalities in AT patients and AT cells (2).
Indeed, radiation sensitivity and the defects in S phase and
Go/M checkpoint control in response to IR in A-T appear to be
independent of the p53 regulation by ATM (2, 22-24).

Given the pleiotropic features of AT and the apparent cell-
type specificity in subcellular localization of ATM, we were
interested in identifying additional physiologic substrates for
the ATM kinase. In order to better understand the kinase, we
first examined cofactor requirements for optimal ATM kinase
activity and compared these requirements to those of the re-
lated mammalian protein kinases, ATR and DNA-PK. Subse-
quently, we compared and contrasted the in vitro substrate
sequence specificity of these three kinases using GST-linked
peptides and mutagenesis analysis. A general consensus motif
for ATM was thus developed and several new putative sub-
strates were identified from protein data base searches. Puta-
tive targets identified included Brcal, Rad17, PTS, and p95
(nibrin). Thus, characterization of the ATM kinase and eluci-
dation of in vitro targets will lead to further insights into ATM
function and AT biology.

This paper is available on line at http://www.jbc.org
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EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—293T cells were cultured in Dulbec-
co’s modified Eagle’s medium supplemented with 10% fetal calf serum.
GMO0536 lymphoblast cells were grown in RPMI medium containing
15% fetal calf serum. Transfections were performed by the calcium
phosphate method.

Plasmids and GST Fusion Protein Production—For GST fusion pep-
tide expression vectors, complementary oligonucleotides encoding de-
sired peptides (14 amino acids) were cloned into the BamHI/Smal site
of pGEX-2T (Amersham Pharmacia Biotech). The constructs were con-
firmed by restriction enzyme digests and DNA sequencing. The GST
peptides were expressed in BL2/(CDE3). After isopropyl-B-D-thiogalac-
toside induction for 3 h (1 mm final concentration), GST peptide fusion
proteins was recovered by binding to glutathione-Sepharose beads (Sig-
ma) and eluted with 20 mM glutathione in 50 mm Tris/HCI, pH 8.0.
Eluted protein pools were dialyzed against 20 mum Tris/HCI, pH 8.0, and
concentrated by Centricon-10 (Amicon Co.).

Western Blotting, Immunoprecipitation, and in Vitro Kinase As-
says—In vitro kinase assays for ATM and ATR were performed as
described earlier (20). Briefly, cell extracts were prepared from 293T
cells which had been transfected with 10 pg of either ATM or ATR by
resuspending cells in modified TGN buffer (50 mm Tris, pH 7.5, 150 mm
NaCl, 1% Tween 20, 0.3% Nonidet P-40, 1 mM sodium fluoride, 1 mm
Na,;VO,, 1 mM phenylmethylsulfonyl fluoride, and 1 X protease inhib-
itor mixture from Roche Molecular Biochemicals). Cleared superna-
tants were immunoprecipitated with anti-Flag M2 antibody (Sigma)
and protein A/G-agarose, the beads were washed with TGN buffer
followed by TGN buffer plus 0.5 M LiCl, and two washes with kinase
buffer (20 mm HEPES, pH 7.5, 50 mm NaCl, 10 mm MgCl,, 1 mMm
dithiothreitol, and 10 mM MnCl,). Finally, the immunoprecipitant was
resuspended in 50 ul of kinase buffer containing 10 uCi of [y-**P]ATP
and 1 pg of GST fusion substrate. The kinase reaction was conducted at
30 °C for 20 min and stopped by the addition of SDS-polyacrylamide gel
electrophoresis loading buffer. Proteins were separated on SDS-poly-
acrylamide gel electrophoresis and transferred to nitrocellulose. Immu-
noprecipitated Flag-ATM or Flag-ATR was confirmed by Western blot-
ting with a-Flag M2 monoclonal antibody. Radiolabeled proteins were
visualized and quantitated on PhosphorImager (Molecular Dynamics).
In some reactions, either supercoiled (pBluescript IT KS, Stratagene) or
linearized DNA (pBluescript II KS cut with EcoRI) was added. For
endogenous ATM kinase reactions, endogenous ATM was immunopre-
cipitated with ATM monoclonal antibody (D16.11) in M buffer (phos-
phate-buffered slaine, 10% glycerol, 0.2% Tween 20, 0.3% Nonidet P-40,
1 mM sodium fluoride, 1 mm Naz;VO,, 1 mM phenylmethylsulfonyl flu-
oride, 1 X protease inhibitor mixture). After washing with M buffer and
kinase buffer, in vitro kinase reactions were carried out according to
procedures described above. The purified DNA-PKcs and Ku70/80 were
generous gifts from Dr. S. Yoo and Dr. W. S. Dynan, Medical College of
Georgia. The DNA-PK in vitro kinase reaction was performed as de-
scribed previously (25).

RESULTS

Cofactor Requirements for ATM, ATR, and DNA-PK—In or-
der to elucidate potentially distinctive biochemical properties
of the ATM, ATR, and DNA-PK kinases, we examined the
cofactor requirements for their optimal activities. It had been
previously reported that ATM and ATR required exogenous
Mn2* for optimal in vitro kinase activity (20, 21). In contrast,
DNA-PK has been reported to require Mg?* as well as the
presence of DNA ends and the DNA-binding proteins Ku70 and
Ku80 for optimal activity (25). However, since ATM specific
activity increases in cells following exposure to ionizing radia-
tion (20) or introduction of double strand DNA breaks (21), it
was possible that ATM or ATR kinase activities are enhanced
by the presence of DNA ends and that this dependence was
absent in our in vitro assays. For example, it was conceivable
that the use of Mn?" in these assays decreased the dependence
of ATM and ATR on DNA ends. Conversely, it was conceivable
that the requirement of the use of DNA ends and/or Ku pro-
teins in DNA-PK activity assays abrogated a need for MnZ*
addition in these in vitro assays.

In order to test these possible scenarios, in vitro kinase
assays with all three enzymes were performed using epitope-
tagged ATM and ATR immunoprecipitated from transfected
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Fic. 1. Co-factor requirements for ATM family members. A,
ATM and ATR require Mn?* for optimal activity. Wild-type (w?) or
catalytically inactive (kd) ATM or ATR were immunoprecipitated with
anti-Flag antibody and were used in an in vitro kinase assay with 10
wCi of [y-*?P]JATP and 1 ug of GST-p53 (1-101) in the presence of 10 mm
MgCl, and various concentration of Mn?" as indicated. Use of equiva-
lent amounts of Flag-tagged ATM or ATR in the different lanes was
confirmed by immunoblotting with anti-Flag antibody (¢op panel). The
amount of radiolabeled ATM or ATR (middle panel) and substrate
(lower panel) in the reaction was assessed. B, DNA ends do not enhance
the activity of ATM and ATR kinases. Kinase reactions for ATM, ATR,
and DNA-PK were performed with addition of varying amount of su-
percoiled or linear DNA: no DNA (lanes I and 6); 0.2 pg of DNA (lanes
2 and 7); 0.5 pg of DNA (lanes 3 and 8); 1 pug of DNA (lanes 4 and 9); and
2 ug of DNA (lanes 5 and 10). C, endogenous ATM depends on Mn?", but
not on DNA ends, for its activity. ATM was immunoprecipitated from
GMO0536 lymphoblasts and preincubated on ice for 15 min with either 1
g of linearized DNA or 100 pug of ethidium bromide prior to addition of
substrate and [y-*?P]ATP. The reaction contained 10 mm MgCl, and 0
(=) or 10 (+) mM MnCl, as indicated. D, Mn?®" does not affect DNA-PKcs
or DNA-PK activity. In vitro kinase assays were performed with 20 ng
each of purified DNA-PKcs or DNA-PK (20 ng of DNA-PKcs premixed
with 20 ng of Ku70/80). 10 mMm MnCl, or 1 ug of linearized DNA was
added as indicated.

cells and biochemically purified DNA-PK as the kinase sources
and GST-p53 (1-101) recombinant protein as a substrate. Ki-
nase-inactive forms of ATM and ATR were used as controls in
the assay to ensure that these activities were intrinsic. ATM
and ATR kinases were dependent on the addition of exogenous
Mn2* (Fig. 14), while DNA-PK activity was not altered by the
addition of Mn2* (Fig. 1D). The addition of supercoiled or
linearized DNA to these reactions did not alter the activity of
ATM or ATR, but consistent with previous observations (25),
the double strand DNA ends provided by linearized DNA sig-
nificantly enhanced the activity of DNA-PK (Fig. 1B). The
addition of either of these exogenous DNA sources did not
relieve the dependence of ATM and ATR on exogenous Mn?"
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(data not shown).

It remained theoretically possible that these overexpressed
ATM and ATR proteins had different cofactor requirements
than would be seen for the normal endogenous proteins be-
cause of changes in molar ratios of ATM/ATR and cofactors. In
addition, it was possible that immunoprecipitated ATM/ATR
could be already contaminated with DNA or might have lost
cofactors such as Ku proteins during immunoprecipitation.
Therefore we re-examined both the Mn?" dependence and
DNA-end dependence using endogenous ATM. In order to cir-
cumvent the concerns about potential loss of cofactors or prior
DNA contamination, we also immunoprecipitated the endoge-
nous ATM under very mild conditions without stringent wash-
ing (0.5 M LiCl,) and assessed the kinase activity either in the
presence of added linearized DNA or with the addition of
ethidium bromide, a DNA intercalator which is known to in-
terfere with protein-DNA interaction (26, 27). The activity of
endogenous ATM was still dependent on the addition of exog-
enous Mn2* and neither the exogenous addition of DNA ends
nor the presence of ethidium bromide to inactivate potential
contamination from endogenous DNA had any effect on its
activity (Fig. 10).

DNA-PK activity is enhanced by the presence of DNA ends
via Ku-dependent association with the DNA and Mn?" is not
required for its activity in in vitro kinase assay (25). To further
clarify potential distinctions between ATM/ATR and DNA-PK
and to rule out the possibility that Mn2" might replace the
requirement of DNA-PK activity for DNA ends or for the
Ku70/80 cofactors, the in vitro activities of purified DNA-PKcs
or DNA-PK holoenzyme containing Ku components were re-
examined. Although DNA-PKcs alone has a basal level of ac-
tivity toward GST-p53 (1-101), this activity was not enhanced
by the addition of either Mn2* or DNA ends (Fig. 1D). In
contrast, the activity of the DNA-PK holoenzyme was remark-
ably enhanced by DNA ends (approximately 10 times of basal
level) and the addition of Mn?®" had no effect on the DNA-PK
activity either in the presence or absence of exogenous DNA.
Thus, ATM and ATR kinases are distinguishable in vitro from
DNA-PK in their lack of dependence on DNA ends and their
requirement for Mn?* for optimal activity.

Consensus Sequence Elucidation via GST-p53 Peptide Mu-
tagenesis Analysis—Studies on other kinases have suggested
that the nature and sequence of the amino acids surrounding
the target phosphorylation site can play a critical role in mod-
ulating recognition of a substrate by a kinase (28). We wished
to clarify amino acids that affect the ability of ATM to phos-
phorylate a substrate and to then use this information to try to
identify other physiologic substrates. Short peptide sequences
containing target amino acids have commonly been used as in
vitro substrates for kinases. We had previously found that
linkage of a short peptide sequence to a GST tag provided a
better in vitro substrate for ATM than a short peptide alone
(data not shown). This approach also provided an easy way to
generate and purify the peptide of interest. Thus, beginning
with the known in vivo and in vitro target, serine 15 in p53, we
attempted to determine which amino acids surrounding Ser-15
in p53 were important modulators of phosphorylation by ATM.
Wild type and mutated GST-conjugated p53 peptides contain-
ing 14 amino acids surrounding Ser-15 were generated and
used as in vitro kinase substrates for ATM, ATR, and DNA-PK.

Changes in some of the amino acids surrounding serine 15
had a dramatic effect on the ability of these kinases to phos-
phorylate the GST-p53 peptides, while others had little effect
(Fig. 2, A and B). For example, peptides in which glutamine at
position 16 was replaced with alanine, glycine, or asparagine
were very poor substrates for all three of these kinases. Thus,
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Fic. 2. Phosphorylation of GST-p53 mutant peptides (amino
acids 9-21) by ATM, ATR, and DNA-PK in vitro. In vitro kinase
assays with immunoprecipitated, transfected flag-tagged ATM (A) or
ATR (B) or purified DNA-PK (B) were performed with GST-p53 pep-
tides containing the amino acid substitutions indicated.

as has previously been reported for DNA-PK (29), this result
suggests that a glutamine adjacent to the target serine is also
critical for substrate recognition by ATM and ATR. When the
target serine at position 15 was mutated into threonine, the
amount of phosphorylation was reduced to 13, 53, and 36%
compared with the wild-type sequence for ATM, ATR, and
DNA-PK, respectively. Thus, all three kinases appear to have a
preference for phosphorylating serine over threonine. All three
kinases poorly phosphorylated peptides with the substitutions
Asp-12, Arg-12, Lys-12, Lys-13, Lys-14, and Arg-14, while the
GIn-12, Ala-12, Ala-13, Ala-14, GIn-14, and Asp-14 peptides
were efficiently phosphorylated. These results indicate that
hydrophobic amino acids at positions N—3 and N—1 and neg-
atively charged amino acids at N—1 are positive determinants
for substrate recognition by these kinases. In contrast, posi-
tively charged residues (Lys-11, Lys-12, Arg-12, Lys-13, Lys-
14, Arg-14, Lys-17, and Lys-19) surrounding the SQ appear to
have a significant negative influence on substrate
phosphorylation.

Although many of the amino acid substitutions had similar
effects on all three of these kinases, some of the target manip-
ulations resulted in differential effects. Peptides with Gln-10,
Lys-17, Leu-17 substitutions remained relatively good sub-
strates for ATM and ATR, but were very poor substrates for
DNA-PK (Fig. 2). These observations suggest that the positions
N-5 and N+2 are more important for substrate recognition by
DNA-PK than for ATM and ATR. Most of the amino acid
substitutions had similar effects on ATM and ATR, although
the substitutions Ala-12, Ala-13, Gln-14, and Asp-14 appeared
to result in differential quantitative effects on in vitro ATM and
ATR activity (Fig. 2). One exception to this was the virtual
abrogation of ATM activity by valine substitution for leucine at
N-—1 with no obvious affect on ATR activity (data not shown).
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Fic. 3. Phosphorylation of candidate targets of by ATM, ATR,
and DNA-PK in vitro. GST peptides containing the putative target
sequences were used as substrates for the kinase assay. The amino acid
sequences of the GST peptides are as indicated in Table 1.
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Thus, ATM, but not ATR, may discriminate between valine and
other hydrophobic amino acids at the position N—1. Further
validation of this putative general consensus target sequence
for ATM came from examination of a previously reported in
vitro substrate for ATM, Phasl (21). An amino acid sequence
around Ser-94 in Phasl contains hydrophobic amino acids at
N-3 and N—1 as well as an SQ motif. As predicted, a GST-
Ser-94 Phasl peptide proved to be an excellent in vitro sub-
strate for ATM (Fig. 3). From the above results, we defined
(P/L//M)X(I/I/D/E)SQ as a preliminary phosphorylation site
motif of ATM for screening of putative substrates.
Identification of New Putative Substrates of the ATM Fami-
ly—Using the preliminary consensus sequence generated from
the p53 Ser-15 peptide mutational analysis and the Ser-94
sequence of Phasl, we searched a protein data base for poten-
tial ATM substrates. Since the occurrence of this motif is not
uncommon, many potential targets were identified. We ini-
tially evaluated the ability of ATM, ATR, and DNA-PK to
phosphorylate the peptide sequences of 36 proteins (Table 1),
many of which were chosen because of potential physiological
relevance to the AT phenotype. Only a fraction of the peptides
tested were highly phosphorylated in vitro (Fig. 3). These in-
cluded Rad17, p95, Mrell, Brcal, Phasl, WRN, ATM (Ser-440,
a potential autophosphorylation site), and a recently cloned
sequence localized to an LOH site on chromosome 3p21.3
(which we call PTS for “putative tumor suppressor”). Using

TABLE I
Amino acid sequences and relative phosphorylation by ATM kinase family members of the GST peptides tested in Fig. 3

The sequences and accession numbers of the peptides studied are listed and the amounts of substrate phosphorylation relative to the Ser-15
phosphorylation of p53 by each kinase are shown.

Accession

Relative phosphorylation

number Protein name Amino acid sequences Serine No. ATM ATR DNAPK
%
p04637 p53 SVEPPLSQETFSDL 15 100 100 100
p53 VLSPLPSQAMDDLM 37 9 31 132
NP 004086 4EBP1 (Phasl) EPPMEASQSHLRNS 94 78 66 10
NP_002476 P95 TPGPSLSQGVSVDE 343 19 31 45
p49959 Mrell(SQ1) QQLFYISQPGSSVV 264 20 48 10
Mrell(SQ2) FSVLRFSQKFVDRV 386 <1 17 <1
Mrel1(SQ3) RARALRSQSEESAS 531 <1 13 <1
Mrell(SQ4) SASRGGSQRGRAFK 590 <1 ND« ND
Mrell(SQ5) SSSKIMSQSQVSKG 648 <1 ND ND
NP 001265 Chk1(SQ1) NVKYSSSQPEPRTG 317 14 58 2
Chk1(SQ2) VQGISFSQPTCPDH 345 11 73 20
AAC36334 Rad17(SQ1) TWSLPLSQDSASEL 646 81 733 97
Rad17(5Q2) ASELPASQPQPFSA 656 91 1065 25
AF091214 Wrn (SQ1) TIGMHLSQAVKAGC 1292 10 33 5
AF091214 Wrn (SQ2) EKAYSSSQPVISAQ 1141 25 49 14
U76308 ATR TVEPISQLVTVLL 1333 <1 10 <1
X16416 c-Abl YPGIDLSQVYELLE 446 <1 8 <1
NP_000042 ATM PLLMILSQLLPQQR 440 33 55 7
ATM YKVVPLSQRSGVLE 2761 3 22 <1
746973 PI-3K DLLMYLSQLVQALK 397 <1 150 <1
U64105 pl115-RhoGEF RLRPLLSQLGGNSV 899 <1 15 <1
L13939 B-Adaptin CRAPEVSQHVYQAY 935 5 22 2
U43746 Brca2 KVSPYLSQFQQDKQ 2156 <1 132 <1
M81735 DNA PoL-8 LPCLEISQSVTGFG 717 <1 17 <1
U87269 pl120E4F APEPPVSQELPCSR 355 11 30 2
U14680 Brcal(SQ1) SASLFSSQCSELED 1298 2 38 6
Breal(SQ2) DCSGLSSQSDILTT 1387 42 35 36
Brcal(SQ3) SSEYPISQNPEGLS 1466 8 33 12
L07590 PP2A LLHIPVSQFKDADL 61 <1 34 <1
D79987 Cutl GASPVLSQGVDPRS 1615 9 20 5
AF040703 PTS (123F2) WETPDLSQAEIEQK 61 111 40 33
X63071 DNA 5B QPEPPVSQSEISEP 72 3 145 15
X83441 DNA LIG-IV DLKLGVSQQTIFSV 132 5 36 48
U24186 RPA34kD (SQ1) FPAPAPSQAEKKSR 33 <1 5 <1
RPA34kD (SQ2) IVPCTISQLLSATL 52 <1 31 <1
RPA34kD (SQ3) TGNVEISQVTIVGI 72 <1 8 <1
U81504 B3A adaptin ELKPVLSQG 1092 6 22 44
U72066 CtIP DPGADLSQYKMDVT 664 12 12 2

“ND, not determined.
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P53 s15 SVEPPLSQETFSDL
PTS s61 WETPDLSQAEIEQK
P95 s343 TPGPSLSQGVSVDE
Radl7 S646 TWSLPLSODSASEL
Radl7 S656 ASELPASOPQPFSA
Phas-I S94 EPPMEASOSHLRNS
ATM S440 PLLMILSQOLLPQQOR
Brcal S1387 DCSGLSSOSDILTT
WRN S1141 EKAYSSSOPVISAQ
Mrell S264 QQLFYISQPGSSVV

ATM consensus motif
B'(P/M/Y/F/G)-x-B(S/A/D/E)-S/TQ
Fic. 4. Candidate ATM target sequences and a general phos-

phorylation site motif for ATM kinase. Sequences of selected pro-
teins that were highly phosphorylated by ATM in vitro kinase reaction
are shown. Based on the in vitro kinase assays with the mutant GST-
p53 peptides and the candidate target GST peptides, it appears that
hydrophobic amino acids at N—1, N—3 are preferred, although some
exceptions (P/M/Y/G/F and S/A/D/E at N—3 and N—1, respectively)
were found as indicated. The glutamine at N+1 is an essential amino
acid for substrate recognition by ATM kinase. Positively charged resi-
dues (K, lysine; R, arginine) around the target SQ negatively inhibit
substrate recognition by ATM. B* indicates hydrophobic amino acids.

ATM kinase-inactive form as a negative control, we confirmed
that the phosphorylations of these substrates are intrinsic
(data not shown). Since some peptides containing sequences
which fit the general consensus sequence were not phosphoryl-
ated, other amino acid sequence determinants must also be
involved in determining the substrate specificity for the ATM
kinase and continued characterization of these substrates
should allow further refinement of the recognition sequence.

We also tested the ability of DNA-PK and ATR to phospho-
rylate these GST peptides and several distinctions between
substrates recognized by these three kinases were apparent in
the assays (Fig. 3). In general, ATM and ATR tended to recog-
nize the same substrates, although quantitative differences
were apparent in most cases. For example, even though ATR
appears to be a much weaker kinase than ATM for most sub-
strates tested (~10-20-fold lower activity), ATR exhibited
greater activity than ATM for two sites in Rad17 and also
demonstrated good activity against sites from Brca2 and DNA-
5B. The latter two peptides were very poor substrates for both
ATM and DNA-PK and the second SQ in Rad17 was not a good
substrate for DNA-PK (Fig. 3). Conversely, peptides containing
sequences from ligase IV and the region surrounding Ser-37 of
p53 were highly phosphorylated by DNA-PK, but were not good
substrates for ATM. From these approaches, we have devel-
oped a preliminary consensus target sequence which is recog-
nized by ATM and we have identified a group of proteins
containing good in vitro target sites for ATM which warrant
further investigation as potential valid in vivo targets of ATM
(Fig. 4).

DISCUSSION

Identification of physiologic substrates for cellular kinases is
a daunting, but critically important, aspect of understanding
biological processes. It had previously been demonstrated that
p53 protein is a physiologic target of the ATM kinase (20, 21),
but most of the physiologic abnormalities in AT patients and
AT cells are not attributable to defects in signaling to p53.
Thus, it is clear that there must be other physiologic targets of
this kinase. Building upon our previous work (20), we clarified
the optimal conditions for in vitro measurements of ATM ki-
nase activity. These experiments demonstrated significant dif-
ferences in the co-factor requirements of ATM and ATR com-

ATM Kinase Family Substrates

pared with the related kinase, DNA-PK. In particular, ATM
and ATR require Mn?", but not DNA ends or Ku proteins, for
optimal in vitro activity while DNA-PKcs requires Mg?", DNA
ends, and Ku proteins. Optimization of in vitro conditions to
evaluate these three kinases allows us to then use these in vitro
assays for initial screening of potential physiologic targets of
these enzymes.

To determine a phosphorylation consensus motif and identify
new putative substrates of kinases, we developed a GST pep-
tide screening method which allows us to easily make a lot of
peptides to test. There are several advantages to the method we
used. First, it appears that the GST peptides are much better
than small synthetic peptides as in vitro substrates and it is
easier and less expensive to make the oligonucleotides and
clone them into the GST plasmid than to synthesize every
peptide of interest. Second, easy alteration of the sequence of
the oligonucleotides attached to the GST linker allows us to
quickly and easily define a general consensus target motif and
simultaneously identify the putative phosphorylation site for
each target. Third, comparing the abilities of the three related
kinases to phosphorylate each of these substrates in vitro can
provide unexpected clues about how they differ in in vivo func-
tion and provides potential distinctions between the enzymes if
inhibitors of these kinases are to be developed. As examples of
insights which were not predictable a priori, our in vitro data
suggests that Rad17 may be a physiologic substrate for ATR
and not DNA-PK and that ligase IV may be a physiologic
substrate for DNA-PK and not ATM or ATR. This latter possi-
bility is particularly intriguing because of the recently de-
scribed role for ligase IV in V(D)J recombination events that
also involve DNA-PK (30). Building upon the preliminary con-
sensus target sequence for ATM generated from the p53 Ser-15
mutagenesis work, we were then able to identify some new
potential substrates for ATM, ATR, and DNA-PK including
Rad17, Brcal, Brca2 p95, PTS, Phasl, WRN, DNA-5B, and
ligase IV. These targets represented the first screen of poten-
tial substrates and additional proteins with reasonable ATM
target sites are continuing to be evaluated. It should be noted
that the consensus target sequences we characterized should
be considered as guidelines rather than concrete rules. How-
ever, it does appear that glutamine at position N+1 appears is
absolutely required for activity of this kinase family and that
nearby hydrophobic amino acids, especially at positions N—3
and N—1, are important determinants. It is noted that since
substitution of threonine for serine had only a quantitative
effect on phosphorylation by all three enzymes, it is entirely
conceivable that threonine could replace serine as the targeted
amino acid in certain protein targets.

AT, with mutations in the ATM gene, and NBS, with muta-
tions in the p95/nibrin gene, share many phenotypic abnor-
malities, including chromosomal instability, radiation sensitiv-
ity, and defects in cell cycle checkpoints in response to IR (31,
32). In this report, we showed that ATM phosphorylates a p95
peptide (Ser-343) and a Mrell peptide (Ser-264) in vitro, sug-
gesting that ATM may regulate the function of p95-Mrell-
Rad50 repair complex in response to DNA damage. Other po-
tential targets that we identified in our screens such as Breal,
could uncover other roles for ATM in DNA repair processes.
Patients with heterozygous germline mutations in the BRCA1
gene have a markedly increased risk of developing breast can-
cer (33, 34) and it has been suggested that heterozygous germ-
line ATM mutations also increase breast cancer risk (35-38).
Additionally, it appears that Brcal participates both in tran-
scription as a transcription factor and DNA repair through
association with Rad51/Brca2 (39, 40). It is noteworthy that
Brecal can form foci with the p95-Mrell-Rad50 complex after
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ionizing radiation and formation of these foci is dramatically
reduced in HCC1937 breast cancer cells carrying a homozygous
mutation in Breal (41). The function of the mammalian Rad17
protein is currently unknown, but data from yeast implicate
this protein in DNA damage checkpoint control (42—44). Elu-
cidation of whether this is a physiologic target of either the
ATM or ATR kinases may shed additional light on regulation of
mammalian DNA repair processes. Finally, since ATM kinase
activity is enhanced by DNA breakage (20, 21), whether the
potential ATM autophosphorylation site (Ser-440) that we
identified contributes to regulation of its activity will be of
interest.

This in vitro peptide screening method will prove most useful
if it results in the identification of valid in vivo targets of these
kinases. Several of the peptide substrates described above have
been further evaluated as large peptides (greater than 100
amino acids). A number of these larger peptides remained
excellent in vitro substrates, including the sites identified in
Rad17, Brcal, and p95 (data not shown). The putative target
site in p95 has been further demonstrated to be a valid in vivo
target of the ATM kinase.? This demonstrates that the screen-
ing approach elucidated herein can identify valid kinase tar-
gets and follow-up in vivo studies of these in vitro targets may
identify further bona fide targets of this kinase family. Such
studies would provide invaluable insights into understanding
AT and signaling pathways that potentially involve ATM and
related kinases.
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