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METHODS

Cell culture and stable expression of TAP=TERT: The huniai cell lines 2937,
MOF7Z, Heba, Heba 83 and YA-13 were maintained in DMEM supplemented
with 10% heat-inactivated: FBS, BY filroblasts were caltared as described ™.
Amphotropic: retroviruses were- created asdescribed ™™ using: the vectors
pWZL Blast-N-TTag/HA-TERT: (for Hela-S3 TAP=TERT) pBABE-pure-or
pli;\lﬂi-pmo STERT. After infection, cells were <Lluud with blasticidin’ $
(opeml='y for Sdavs or with pufomyein (2 g mlHy for 3 days:

Purification of TERT complexés and cloning of RNAs. Hela $3°¢ells 127 10%)
expressing oy Jacking (control) TAP=TERF were ysed in 3 ml of lysis butfer A
(20mM Triss HEE pH 7.4, 150 mAE NaCl 005% NP=40, 0.0mdt dithiothreitol
(DT and incubated for 30min on jee, The Ivsate wis then pelleted by cent:
rifugation (16.000g1 for 20 minat4 C. The supernatant wadincabated with anti-
Flag (M2} antibody-conjugated ‘agarose overnight at 47 € The beads were
washed three times withy Iysis buffer A and cuted with 34 FPlag peptide
(Y30 ng pd 71y The resaling dution was incobated with Protein A Sepharose
beads and an ami- HA antibody (87 Santa Crazg for $havd G The beads were
washed three timves with Ivsis boffer A, and, RNA wassisolated using: TRIzol
{Invitrogen s, RNA samples prepared. in this manner were analvsed: usingin
Experion capillary dectrophoresis deviee {Bio-Rad) to visualize RNA species:
For RNA: cloning and the sequencing, the sanie samples ivére separated using a
7N urea/13% polvacrylamide gel, and RNAs recovered fromegel were doned
using a sniall RNA-doning Kit {CFaKaRa)

RNA preparation for immunoeprecipitation RT-PCR. RNA samples that were
pupmd ﬁ om the HLI a W cdk L\'}wx'cssixmk'l"\l’ 'I'FR'I'%' de :crihgd carlier were
unnph,\cs, cells (1107 ) were lvsed in" 600l of !ysss huftu A, snnmtcd .md
precleired with 15 ul of 30% slarry of Protein’ A Sepharose. (Picrce) for 2 hiat
4°C. The pre=cleared 1otal cell lysate was incubated with a rabbit polvclonal anti-
TERTantibody (Rockland; 2 i) for 3hiatd G followed by incubation with 30 il
of 50% slurry of Protein’ A Sepharose overnight at 4.7 C. After binding, the beads
were washed: three times for 30 min with lysis buffer’ Ay RNA derived from a
single immunoprecipitation was isolated: frony the Protein A: Sepharose using
TRIzol (Invitrogen) followed by RT=PCR with primers specific for TERC, RMRP,
ot RNuse: P, Although - other RNAs “also: co-purified. with: humian: TERT
(9uppkmu\tm> Table 1) we failed'to cnnﬁm the imu.wtinn of Alir sequences
RT——PCR nnd qnanmahve RT-PCR. h:thcx total cellular RNA o RNA' from
immunoprecipitation was isolated using TRIzol (Invitrogen) and subjected to
RT=PCR.: The following: primers: wére: used: TERC (43F, 53'-TCTAACCC
TAACTGAGAAGGGCGT-3" and 163R, 5= TGCTCTAGAATGAACGGTGGA
AGG-3"), RMRP-(F5, ' 53-TGCTGAAGGCCTGTATCCT-3" and: R257, 5!+
TGAGAATGAGC CCCGIL: T237), - RNase P (F50,.53-GTCACTCCACTCC
CATGTCC-3"and R318, 3-AATTGGGTTATGAGGTCCC:3 ), and the human
B-actin gene {also known'as ACTHY (5-CAAGAGATGGCCACGGCTGCT-3!
and 3 -TCCTTCTGCATCETGTCGGCA-3" ) The veverse transcription reaction
was performed: for 60 min: at 42°C using: the recovered RNA-and PCR was
immediately performed (22 eycles for 2937 cells, and 26 cycles for HeLa cells:
947G 308607 C308:72°C 305).

Quantitative’ RT-PCR (gRT=PCR) was performed with a LightCycler 480 11
{Roche) according o the manufacturer’s protocols. The expression levels of
RMRP were detected using the f'ullm\inn primers and probe; forward primer;
SHGAGAGTGCCACGTGCATACG- 3, reverse primer, 3'-CTCAGCGGGATA-
CGCTTCTIT-3 VIC:-Iabelled - TagMan MGB probe, 5'~ACGTAGACATT-
CCCC-3" B-actin was used asa reference

Total RVIRP: was: detected - using - primers (F5, 0 3 -TGCTGAAGGCC
TGTATCCT-3 and R257, 5“TGAGAATGAGCCCCGTGTY-37) that amplify
both endogenous and ectopically introduced RMRP. Tn Fig. -h‘ for VA=13, B}
and: MCF7 cells; reverse transcription: was performed using random hexamers
(GE Healthcare) and: ectopically expressed” RMRP was detected: with vector-
specific primers (F5, 5 -TGCTGAAGGCCTGTATCET-3" and LKO.I-RT, 5/~
ACTGCCATTTGTCTCGAGGT-3"): For Hela cells; reverse: transcription: was
performed: with: pQC3% (3*AAGEGGETTCGGCCAGTAACGTTA-3Y) “and
PCRowas performed with: the primors F3 (3"-TGCTGAAGGCCTGTATCCT-
3y and R257- (8- TGAGAATGAGCCCCGTGT-3"). Northern: blotting: and
gRT=PCR experiments (Supplementary Fig. T4} confirmedithat the differences
in RMRP levelsthat were observed using the RT=PCR conditions used in Fig. 4a
dccurately. reffect RMRP Jevels: Signal intensity was. measured: with: hinage]
software.

Telomerase activity reconstituted in vitro and TRAP assay. iz vifro yeconstitu-
tion of telomerase activity (telonicre-specific reverse transcriptase activity) was

in the TaT T7-Coupled: Reticulocyte Lysate System: (Promega) following ‘the
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manufacturer’s instructions. Purified FERC or RMRP was included in the in
vitrg transcriptionftranslation reactions. The tddomeric repeat aniplification pro-
tocol CIRAPIT . was used 1o detect telomeresspecific reverse’ transcriptase
activity.

Affinity; purification of recombinant GST-TERT fusion proteins. GST-
TERT H/\ GST-TERT-HT U and GST=TERT-DN in the pGENKYZ expression
veetor” were provided by 8 Murakami. Bacteria (BL21-Coldy coptaining these
vectors were plated at 300 C overhight and then a single colony was picked to
inoculate Jiquid cultares, which were incubated’at 37 C overnight. Thereafter
1 mlb of this cultire wits re-inoculated hito, 100 ml of 1 uria- Bertani: medium,
incubated at 37 C for 4 h without isepropyl- i-p-thiogalactaside (PTG induc-
tion, collected by centrifugations suspended v a Ivsis boffer (200mN Tris-HCL
pH 7.4, 130 mM NaCl 0.53% NP-40, 000 mM DT, 10 mNE: phenylmethy] sul-
phonyl fluoride (PMSER proteinase inhibitor t Nacalai Tesquct) and sonicated
twice for 10 atd s CoAfter centrifugation off the sonicated Tesates; the super:
matints weres passed” through: DESE-Sepharoses and-the GST-fusion: proteins
wererecovercd: tsing glotathione-Sepharose 48 beadss The resins was witshed
with Ivsic butfer Aat Jeast three tinvesi and the GST-fusion: proteins wwere: then
cluted with glutathione at -1 G oe Th R220mN glatathione fredaced formj) in
chation buffor (30 mN Tris HCE pH S8 T30 mAENaCE 0235 NP-40; 0.1 mM
DT 10mA PNISE proteinase inhibitor (Nacalai Tesquein: Supplementary Fig. 6
shows thatawild tvpe and TERT=DN were produced atsinular Tevels using: this
micthoduand the effecis of incubation time and IPTG enyield. Theaverage vicld for
this method 18 300 ng (Sig pl 2 of active form of TERT from 100 m colture,
RARP assay. Theaftinitv purified recombinant GST=TERT fusion protein (10 ng)
was incubated with Vg of full length RARP RNA or truncated RMRP products
{RMRP1=200, RMRP =120 and RMRP =60 for: Fig: 21y transcribed i vifro
(SPaYin 200 mM-KCL 30-mM U TrissHEE pH 830 10mM DT 30 mM - MgCly,
S0 M rATP, 50 M rG TP 50 M rCTPand 2 pCiof [4-“PJUTP at32 *Clor 2 h.
Toperform the experiments underlow salt conditions, 20 p 0f 0.2 SSC was then
added ta adjost' final salt concentration to' 15 mM NaCl and’ 1.5 mM sodium
citrate; whereas: 20 of 4 X SSC was added (o adjust final salt concentration to
300mM NaCl and 30 mM sodiunt citrate toachieve high salt conditions. These
mixtures were incubatedat 37 C for a further 1 by Resulting products were treated
with proteinase K to stop the reaction and purified with phenol=chloroform, To
ensure that RNA products were completely dematured; we performed both con-
ventional formamide treatment (with 95% formamide/20 mM EDTA gel-loading
bufferat 95 C for 3 min) and a further reatment with: 1 M de-ionized glvoxalat
65:C for 15min:

Toanalyse double:stranded RNA produced by the TERT=RMRP coniplex, we
performed this RARP assay and treated the products with bacterial RNase 111
(E; coli; Ambion; 30 mM NaCL 10 mM: Tris-HCL pH 7.9, VoM DT, 10 mM
MgCl) or RNase: TE (Roche; 50 mM: Tris-HCL pH 83,7300 mM NaCl and
30mM sodium: citrate).

Northern blotting. Total RNA and small RNAs (<200 nucleotides in length)
were isolated Using a mirVana miRNA Isolation: Kit (Ambion) according to the
manufacturer’s protocol: Total RNA or small RNA (10 pg): was separated on
denaturing polvacrylamide gels, then blotted onto Hybond- N+ membranes (GE
Healtheare) using: a - Trans-Blot SD: Semi-Dry - Transfer: Cell- { Bio-Rad);
Hybridization was performed  in Church: buffer (()‘S M NaHPO,, pH7.2,
FmM EDTA and 796 SDS) containing 10%c.p.m. ml ™ Mof each 2 P-labelled probe
for 14 h. The membranes were washed in 2 X SSC, and the signals were detected
by autoradiography.

Identification of short RNA species derived from RMRP. Using ten conse-
cutive probes:corresponding to. the, RMRP sequence; we found that the simall

“ RNAs derived fromy RMRP shown in Figs de=g and 5a were detected by probes

containing the complementary sequences’ 1o nucleotides 2140 of RMRP. To
determing the function of these RNIRP-derived small RNAs, we purchased a
chemically: synthesized siRNA- targeting this’ 20-nucleotide portion of the
RMRP sequence (siIRNA: 5'-GGCTACACACTGAGGACTC-37; Dharmacon)
and transfected this SIRNA into HeLa, 2937 and MCF7 colls plated onsix-well
dishes using Lipofectamine 2000 (lnvmogcn) according to the manufacturer’s
protocols

RNase protection assay. RMRPRNA was transcribed with SP6 RNA polymierase
in the presence of {=7PJUTP tsing RiboMAX Large Scale RNA' Production
Systeny(Promega). Total cellular RNA (30 pg) was hvbridized overnightat 60°C
with equal amounts of “P-labelled RMRP sense probe. Hybrids were digested
with RNase: A and RNase. T1 The protected fragments were separated by PAGE
under denaturing conditions and visualized by autoradiography.

Analysis of the chemical structure of the ends of small RNAs. To determing the
phosphorylation status-of the. termini of small: RNAs, 30 g of simall RNA
(<200 nucleotides in length) was treated with calf intestinal alkaline phospha-
tase (CIP: TaRaRa) for 2 at 37.°C CIP was inactivated by phenol—chloroform
extraction, Part of the CIP-treated RNA was then treated with T4 polynucieotide
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kinase (TaKaRa} sopplemented with TmM ATP for 2hat 37°C, and phienol=
chloroformy extraction was performed. Small RNA (15 ig) was treated with 14
polynucleotide kinase without ATP for 2h at 37 - C. The reaction was inactivated
by phenol-chloroform extraction. After overnight sodium acetate-cthanol pre-
cipitation at =207 C, the treated RNAs wereresolved by 209 denaturing poly-
acrylamide/urea gel dectrophoresis and then analysed by northern bloning =,

To further analvse the 3 end of these small RNAg we performed oxidation
and B-climination reactions: Specifically, the NalQ, reaction was performed by
adding 20 jig of small RNA in water to 5% borate buffer (148 mM borax-and
148 mM boric acidi pH 8.6) and freshly dissolved 200mM NalOyto create a final
concentration of 1> borate buffer' and 25 mM NalOy. The mixtures were incu-
bated for 10:minat-20° C: Glicerol was added to quench remaining NalOy,ind
the sumples were incubated for a furthey 10 min at 207 Cl For B-climination,
small RNAs were dried by eentrifugation and evaporation and dissolved in 50 pl
of 1% borax buffer{30 mM borax, 30 mM boric acid and 50 mM NaOH. pH 9.5}
and incubated at 43 C for: 90'min.: Nuclei¢ acids were recovered: by sodium
acetate=cthanol precipitation at: =20 C overnighty and the treated RNAS were
resolved by 20% denaturing 7 M urea PAGE and analysed by northern blotting ™.
Stable expression” of - shRNA: We used the pLKO::puro: vector and- the
sequiences described bcfow torcreate shRNA vectors specific for TERT, Dicer
and GEPL These vectars were used 1o make amphotropic rétroviruses and- poly-
clonal cell populagions were purified with selection with puronyein (2gml ).
The sequences used for the “ indicated: short: hairpin: RNAs are shown
below where: the capitalized Jetters: represent the: targeting sequences: TERT.
shRNAT 5 -GGAAGACAGTGGTGAACTTCCetcgag GGAAGTTCACCACTGT
CTTCCuttt-3"and: 5'-aattcananaGGAAGACAGTGGTGAACTTC CetegapGG
AAGTTCACCACTGTCTTCC-3/; TERT shRNA2, 5 -GGAACACCAAGAAGT
TCATCTetegagAGATGAACTTCTTGGTG TTCC Cuitee-3" and 5-anttcanaanGGA

nature

ACACCAAGAAGTTCATC etegagAGATCGAACTTCIT GGTGCTTCC 3 Dicer
sequences: Dicer shRNAT, 3'-GCTCGAAATCTTACGCAAAT ActegagTATITG
CCTAAGATTTCGAGCuntg-3" and 5-aattcanaanGCTCGAAATCTTACGCA
AATACkepag TATTTGCGTAAGATITCGAGC-3"; . Dicer shRNAZ, 3-CCACA
CATCTTCAAGACTTAAcegag TTAAGTCTTGAAGATGTGTGGriug-3" - and
5’ -aaticananaCCACACATCTTCAAGACTTAACtegag TTAAGTCTTGAAGATG
TGTGG-3%

Immunoprecipitation of human AGO2 complexes. Hela or 2937 cells were
Jysed in Jysis baffer A and fimmunoprecipitation: was. performed: using pre-
immune serd or anti-AGO2 antibodies™ (provided by H. Siomiand M. C,
Siomi); RNA was isolated using TRIzol fromi the protein & beadsand resolved
by electrophoresis on 7 M urea 20% PAGE. Small RNAs were detected by north-
ern blotting with an-antisenise probe; @ sénse probe derived from nudleotides
21=40 of RMRP; or a miR=-16-specific’ probe (5-CGCCAATATTTACGTGC
TGCTA-3").
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P53 phosphorvlation at Ser46 following DNA damage is important for preferential transactivation of
proapoptotic genes. Here, we report that ataxia-telangiectasia mutated (ATM) Kinase is responsible for Ser46
phosphorylation of p53 during early-phase response to DNA damage. To elucidate the direct phosphorylation
of p53 at Ser46 by ATM, an ATM mutant (ATM-AS) sensitive to ATP analogues was engineered. /n vitro kinase
assays revealed that p53 was phosphorylated at Serd6 by ATM-AS, even when ATP analogues were used as
phosphate donors, although this phosphorylation site is not in an SQ motif, a consensus ATM site. Further-
more, Serd6 phosphorylation by ATM was dependent on the N- and C-terminal domains of p53, unlike Serl5
phosphorylation. Immunofluorescence analyses showed that Ser46-phosphorylated p53 was observed as foci in
response to DNA damage and colocalized with y:H2AX or Ser1981-phosphorylated ATM. These results suggest
that ATM phosphorylates a noncanonical serine residue on p53 by mechanisms different from those for the

phosphorylation of Ser15.

The (umeor suppressor protein p33 activates the transcription
of numerous target genes involved in cell cvcle arrest, apopto-
sis, and DNA repair (5, 15, 35). Upon various cellular stresses;
p53 is phosphorylated and acetylated at multiple sites to acti-
vate downsiream larget genes (13, 31, 30).

Phosphorylation of p53 at Ser15 leads to the dissociation of
MDM2, an E3 ubiquitin ligase; from p53 to prevent MDM2-
dependent p53 degradation (36). We have previously shown
that Serd46 on p53 is phosphorylated following DNA damage
and that this phosphorylation contributes to the expression of
p53-regulated apoptosis-inducing protein 1 (p33AIP1) (33).
Serd6 phosphorylation also contributes to the preferential
{ransactivation of other proapoptotic genes, such as Noxa and
PUMA, to prevent tumor formation (18, 27). Although p38
mitogen-activated protein (MAP) kinase, protein kinase C &
(PKCS), homeodomain-interacting protein kinase 2 (HIPK2),
and dual-specificity tyrosine phosphorylation-regulated kinase
2 (DYRK2) have been reported to phosphorylate p53 at Serd6
in response to UV or adriamycin (ADR), a radiomimetic
DNA-damaging agent, these enzymes are controversial candi-

dates for direct kinases for Serd6 phosphorylation occurring in -

early phase (within 1 h) in response to ionizing radiation (IR)
(6, 11, 16, 41, 49).
Alaxia-telangiectasia mutated (ATM) is a meniber of the
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phosphatidylinositol 3-phosphate kinase (P13-K) family and is
crucial for the initiation of signaling pathways following: expo-
sure to IR. Functional defects of the gene encoding ATM
cause the human genetic disorder ataxia-telangiectasia (A-
T): The major hallmarks of A-T are neurodegeneration,
immunodeficiency, genomic instability, and cancer predis-
position (26). Following exposure to IR, ATM phosphoryl-
ales Ser/Thr-Gln (S/T-Q) sequences on numerous proteins
participating in DNA damage responses (29). Among these
proteins, pS3 phosphorylation at Ser15 is a well-known tar-
get of ATM (3, 7, 21).

Here, we found that ATM directly phosphorylates p53 at
Serd6 as well as Serl5 and that ATM is required for acute
DNA damage response to induce Serd6 phosphorylation. Un-
like Serl5 phosphorylation; the Serd6 phosphorylation by
ATM requires both proline-rich and C-terminal domains of
p53. Furthermore, Ser46-phosphorylated p53 is partially co-
localized with IR-activaied ATM that is known 1o localize at
DNA double-strand break (DSB) sites. Interestingly, Serd6
phosphorylation by IR-activated ATM is induced within 1 h
and - ATM is required for early-phase résponse to DNA
damage.

MATERIALS AND METHODS

RNA interference (RNAI): experinients and RT-PCR. For the expression’of
short hairpin RNA (shRNA); oligonucleotides containing sequences: homolo:
gous 10 ATM (3 -GATCCCCAAGCTATCAGAGAAGCTAATAAATTCAAG
AGATITATTAGCTTCTCTGATAGCTITITITIGGAAA:S! ‘and 5-AGCTT
TTCCAAAAAAAGCTATCAGAGAAGCTAATAAATCTCTIGAATITATT
AGCTICICTGATAGCTTGGG-3) or.to HIPR2 (§-GATCCCCGAAAGTA
CATTTICAACTGTTCAAGAGACAGTIGAAAATGTACTTITCTITITIGG
AAA-3 and SEAGCTTTTICCAAAAAGAAAGTACATTTTCAACTGTCICT
TGAACAGTIGAAAATGTACTTITCGGG-3!) (10) were sviithesived and: the
duplex oliponucieotide DNA was inserted into the pSUPER retro vector (Oligo-
engine) (o generate pSR-ATM and: pSR-HIPK2, respectively.: These plasmids
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were digested to obtain DNA fragments containing the HI promoter and DNA
coding for sShRNA, and these DNA fragments were inserted into plentin2 V5.
DEST (Invitrogen) to generate pL-shATM and pL-shHIPR2, respectively, Len-
tiviruses were produced in“accordamce with the manulucturer's instructions (In-
vitrogen) and used to infect MCF7 or U208 cells, To'generale stable cell lines,
infected cells were sclected with blasticidin (Invitrogen). The sequences of prins-
ers for reverse transeription-PCR (RT-PCR) were as follows: 5-GGCCTCAC
ATGTGCAAGTTTTC-3" and 5 TTIGGTAGGTATCAAGGAGGCTC-3"; for
HIPKZ and 3-TCCACAGTCTTCTGGGTGGCAGTGA-3" and 5-GGGGAG
CCAAAAGGGTCATCATCTC-3' for glyeeraldehyde-3-phosphate: dehvdroge-
nase: (GAPDH).. For. cxperiments. with: short: interfering ' RNA (sIRNAJ,
Allstars negitive-control siRNAand: Hs O ATMUS_HP validated: SiIRNA were
purchased frony Qiagen.. Scquences of siRNAs and: primers: for RT-PCR' for
HIPK2 and DYRK2 are described by Hofniann et al. and Taira et al;; respee:
tively (17,41}, For p53 knockdown. siRNA- described previously was used (12).
Each: 100 pmol of siRNA was {ransfected with: HiPerfeet: trimsfection reagent
(Qiagen) and RNAIMax transfection reagent (Invitrogen) into MCF7 or U208
celle (277107 cells) AU4S hiafter transfection: cells were ‘vsed for assavs.

Lmmunaoblotting analysis. To prepare whole-cell lysates, cells were collected
and stored’ at, -~ 80°C.: The cells were thawed  inchilled 1P150 buffer (50 mM
HEPES [pH 7.0}, 150 mM NaCl, 1 "M EDTA; 2.5 mM EGTA, 107 glycerol, 1

mM - dithiothreitol [DTT}, 1 mM Na;VO3, and 5:mM NaF) confaining 0.1%
NP-40'and a profease inhibitor cocktail consisting.of 10 pg/ml pepstatin A;:10
wg/ml antipain; 10 wg/ml chymostatin, 10 ug/ml feupeptin, 10 pg/ml E-64; and 10
g/ml phenylmethylsulfonyl fuoride. (PMSF). The lysates were centrifuged for
15 min; in'a microcentrifuge at 4°C, and the supernatants were collected and
boiled in sodium dodecyl suifate (SDS) samiple bufler. The samples were scpa-
riated on: SDS-PAGE gels and blotted onto Immobilon-P transfer menibrane
(Millipore). The membranes were blocked with blocking solution containing 5%
nonfat dry milk: in phosphate-buffered saline: (PBS) containing 0.1 Tween 20
(PBS-T) for I h at room temperature and then incubated with primary antibodies
diluted: in: Can: Get: Signal Solution. I (Toyobo): overnight at 4°C. Affer: threc
washes with: PBS-T, the membranes were incubated for 1:h with secondary
antibodies in PBS-T containing 19 nonfat dry milk at roon témperature. Im:
munoblots were visualized by chemiluminescence: (Western: Lightning: Perkin-
Elmer). Anti-ATM antibody (2C1) was purchased from GeneTex, Inc;; anti-p53
antibody (9282), anti-phospho-Ser15-0f-p53 antibody (9284). and anti-phospho-
Thr68-0f-Chk2 antibody (2661) were from Cell Signaling Technology; anti-phos-
pho-Ser1981-ot-ATM antibody (10H11.E12) was from Rockland Inc.; anti-glu-
tathione . S-transferase. (anti-GST) . antibody - (BI4) was  from: Santa® Cruz
Biotechnology; and. anti-FLAG (M2} antibody was from Sigma. Antibodies 1o
phospho-Ser392 of p53 were described previously (28, 33, 40). Anti-phospho-
Serd6-of-pS53 mouse monoclonal antibody was generated with a synthetic phos-
phorylated peptide (Lab of Monoclonal Antibody Co.; Inc.). Signals from im-
munoblots were quantilied by Multi-gauge v.3.0 (Fujifilm).

Plasmids and purification of recombinant proteins. An expression construct
of FLAG-{agged wild-type ATM was a pift fron1' M. Kastan. To consiruct ex-
pression vectors for the mutant ATM, parts of the FLAG-tagged wild-tvpe ATM
were: mutated using a QuikChange site-directed muingenesis kit (Stratagene).
Cells transiently transfecied with constructs were thawed in IP150 bufier supple-
mented with 0.3% Nonidet P-40, followed by centrifugation. ATM was purified
using anti-FLAG M2 agarose (Sigma) and.then eluted into IP150 bufler with 3
FLAG peptides (Sigma) after two washes with IP150 buffer with 0.3% Nonidet
P-40, two wishes with 1P500 buffer containing 500 mM NaCl with 0.3% Nonidet
P-40. and: two washes with IP150 bufler without detergent. For kinase assays
using ATM-AS, a series of ATMs, including ATM-WT and ATM-KD; were
prepared in IP150 or IP500 supplemented with 0.03% Nonidet P-40. GST fusion
proteins were expressed. in Exelierichia coli BL21 cells from pGEN-AT-1 or
pGEX:-6P-1 vectors (GE Healthcare).

In-vitro Kinase assay. ATP was purchased from Cell Signaling Technology, and
all ATP analogues were from Biolog. [ vino kinase assays were performed in
kinase bufler: (9802} (25 mM Tris-HCl [pH 7.5], 5 mM B-glvcerophosphate; 2
mM:dithiothreitol; 0.1 mM Na;VO,, and 10 mM MgCl.) (Cell Signaling Tech-
nology) supplenented with 10mM MnCl; and 0.1 mM ATP or ATP analogues,
at: 30°C for 30 or 60 min. Reactions were stopped by the addition of SDS sample
bufler followed by boiling. Reaction products were subjecicd to immunoblotting.

Confocal imminolluorescent: microscopy. Cells were fixed with 3.7 formal-
dehvde in PBS for 10 min at room temperatore, permeabilized with (.55 Triton
X:100:in PBS: for 10 min at room: temperature; and then blocked with PBS
containing 3% bovine serum albumin (BSA) and 0.1% goat serim for I hat
rooni temperature. Cells: were incubated with: primary antibodies overnight at
4°C and then with secondary antibodies (Alexa Fluor 488 goat anti-rabbit 1gG or
Alexa Fluor 594 goat anti-mouse IgG; Invitrogen) for 1 h at room temperature.

RAPID p53 PHHOSPHORYLATION AT Scrd6 BY ATM: 1621

Veetashicld with DAPI (4'.6-diamidino-2-phenvlindole: Veetor Laboratorics
Inc.) wars used as the mounting medium, The primary antibodivs used for im-
munostaining were anti-p33 (Ab-6; Calbiochem), anti-phospho-Ser 1981 of ATM
(JOHILEIZ Rockland Inc:) anti-phospho-SeriS: of psS3. (40). anti-phospho-
Sc¢ra6 of ps3 (33), anti-phospho-Thr6s of Chk2 (2661; Cell Signaling Technol-
ogy),: anti-phospho-Ser957 of SMCT (NB100-2035; Novus Biologicals), anti-y-
H2AX (JBW103; Upstate Biotechnology Inc.), and ami-PML antibody (PG-M3;
Santa: Croz-Biotechnology).“All primaiy. antibodies were diluted in Can Get
Signab' A {Toyobo). These immunostained ohjects were ohserved under a con-
facal immunofluorescent microscope using & Zeiss LSMS Exciter system
equipped with: Zen software (Carl Zéiss Inc.). For preestraction experiments,
cells were extracted with 0.2% Triton X-100 for 3 min at room temperature prior
1o 3.7% formaldchyde fixation, followed: by the: same pracedures described
above: Fluorescence resonance energy transfer (FRET) signals were obtained as
described previously (23). In brief, cells were exposed to'488-nm light 1o excite
Alexa: Fluor 488 (donor fluorescence). and’ the emission of ‘Alesa Fluor 568
(acceptor molecules) was scanned o detect FRET,

RESULTS

ATM is required for p53 phosphorylation at Serd6 following
exposure to IR but not to UY. It was reported that Serd6
phosphorylation of p53 is abrogated following exposure 1o IR
in A-T lymphoblasts (38). To identify the kinase that phos-
phorylates p53 al:Serd6 in response (o IR, we first assessed
whether ATM isrequired for this phosphorylation in other cell
lines. Human mammary carcinoma MCF7 cells were infected
with 'lentiviruses' cncoding. a short hairpin RNA (shRNA)
against ‘ATM to pgencrate stable cell lines devoid of ATM
expression (pl-shATM) (Fig. 1A). The phosphorylation at
Scrd6 as well as Ser15 (3, 7, 21) was delayed and attenuated in
ATM-depleted cells (Fig. 1B). Similar results were obtained
using human osleosarcoma U20S cells depleted of ATM (Fig.
1C and D). On the other hand, downregulation of ATM ex-
pression had no effect on phosphorylation at Ser392 of p53 in
cither MCF7 or U20S cells (Fig. 1B and D). In contrast,
depletion of ATM had little eflect on phosphorylation at Serd6
or Serl5 after exposure to UV (Fig. 1E and F). We also
performed immunoblotting (o assess Serd6 phosphorylation at
various doses of IR. Serd6 phosphorylation was obviously de-
tected at a high dose of IR compared to Serl5 phosphoryla-
tion, consistent with previous reports (33) (Fig. 2). These find-
ings suggest that ATM is responsible for the phosphorylation
of p53 at Serd6 after exposure to IR but not to UV.

ATM phosphorylates p53 at Serd6 in virro. To examine
whether ATM associates with kinases that phosphorylate p53
at Serd6, FLAG-tagged ATM t(ransiently expressed in 293T
cells was purified by immunoprecipitation with anti-FLAG an-
tibody and used for in vitro kinase assays using full-length p33
fused to GST (GST-p53) as a substrate (Fig. 3A). When wild-
type ATM (ATM-WT) was mixed with GST-p53, ATM-WT
phosphorylated p53 at Serd6 as well as at Serl5, although
neither a kinase-dead ATM mutant (ATM-KD) nor cluates
from cells transfected with an empty vector (control) produced
the same phosphorylation patterns (Fig. 3A). On the other
hand, p53 phosphorylation at Ser392 by ATM was not de-
tected, as shown in Fig. 3A. Given that ATM purified from
293T cells contains the kinase activity to phosphorylate p53 at
Serd46, similar experiments were carried out using diflerent cell
lines, including human lung carcinoma H1299 and MCE7 cells.
Recombinant ATM purified from these cells also phosphory-
lated p53 at Serd6 as well as Ser15 (Fig. 3B and C), suggesting
that the Ser46 kinase activity in the immunoprecipitates was
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FIG, 2. Dose- and time-dependent accumulation of p53 and Scrd6
phosphorylation. (A) Time kinetics of accumulation and phosphoryla-
tion of p53 in MCF7 cells after exposure to IR of the indicated doses.
Cell lysates were subjected lo immunoblotting as described for Fig. 1B,
(B and C) Time Kinetics of accumulation and phosphorylation of p53
in' MCF7 cells and its derivatives after exposure 1o IR of 2 Gy (B) ot
4-Gy (C). Cell lysates. from the above stable cells were subjected 10
immunoblotting as described for Fig. 1B. The expression level of ATM
is shown'in Fig, 1A. :

not a cell-line-specific phenomenon. Moreover, an in vitro ki-
nase assay with- GST-p33 carrying an ‘alaninie substitution at
Serl5 (S15A) or Serd6 (S46A) showed that each phosphory-
lation event is mutually independent (Fig. 3D). The effect of
ATM kinase inhibitors, wortmannin and KU-55933, on Serd6
kinase activity was assessed. p53 phosphorylation at Serd6 was
blocked by both- ATM kinase inhibitors as efficiently as that at
Serl5 (Fig. 3E and F), suggesting that Serd6 kinase activity in

RAPID p53 PHOSPHORYLATION AT Scrd6 BY ATM 1623

the immunoprecipitate was dependent on ATM, consistent
with the result that ablation of ATM caused impaired IR-
induced Scrd6 phosphorylation (Fig. 1B and D).
Construction of ATM sensitive to ATP analogues. It is he-
lieved that the S/T-Q motif is important for the phosphoryla-
tion of substrates by ATM (22, 34), and ATM phosphorylates
a typical SQ motif in p53 at Ser15 (3, 7, 21). On the other hand,
the Ser46 phosphorylation site is not in the SQ motif and
therefore is a noncanonical ATM site (data not shown). To
assess whether ATM kinase dircctly phosphorylates Serd6, a
combined chemical and genelic approdch was adopted. This
strategy involved the alteration of a conserved bulky residue in
the: ATP-binding pocket of kinase to small amino acids. The
resulting mutant with an cnlarged ATP-binding pocket was
able to bind ATP analogues that wild-type kinase cannol ac-
cept. This method has allowed the search for bona fide sub-
strates of various kinascs, including the Src family kinase (39),
stress-activated protein kinase/Jun N-terminal kinase (SAPK/
JNK) (14), and cyclin-dependent kinase 1 (cdk 1) (43). The
N-ray crystallographic structure of ATP-bound PI3-Ky belong-
ing to the PI3-K family showed that the Tyr867 residue on
PI3-Kvy contacts the N® position of the adenine ring of ATP
(45). The sequence alignment of ATP-binding pockets among
members of the P13-K family showed that this tyrosine residue
is conserved and corresponds: to Tyr2755 in' ATM (data not
shown). To engineer ATM sensitive 10 ATP analogues (ATM-
AS), a Tyr2755 residue in ATM was replaced with alanine." An
ATM-AS molecule was expressed and could be immunopre-
cipitated with anti-FLAG antibody similarly to ATM-WT, Im-
portantly, Tyr2755 is deep in the ATP-binding pocket and far
from the substrate binding site in order not 1o alier the sub-
strate specificity of the kinase. To assess whether ATM directly
phosphorylates  p53 at: Ser46, ‘in vitro Kinase assays: with
ATM-AS were performed (Fig. 4A). Natural ATP or various
NC-substituted ATP analogues were used as phosphate donors,
and ATM kinase activity was determined using a phospho-
Serl5-specific: antibody. ATM-WT phosphorylated p53 at
Serl15 in the presence of natural ATP; however, when bulky
ATP analogues were used, ATM-WT was not able to. transfer
a phosphate group to Ser15 (Fig. 4A), suggesting that the ATP
analogues used did not associate with ATM-WT On the otlier
hand, ATM-AS exhibited markedly improved specificity for
NSsubstituted ATP analogues (Fig. 4A). When NS-1-methyl-
butylated-ATP (1-MeBu) was used as a phosphate donor, the
kinase activity of ATM-WT was minimal and ATM-AS phos-

FIG, 1.'ATM is required for the phosphorylation of p53 at Serd6 in responsc o IR but not UV, (A and C) Expression level of ATM. MCF7

cells (A) or U2OS cells (C) were infected with-control lentivirises (pLivec)

or lentiviruses encoding shRNA (o' ATM (pL-shATM), and cell lysates

frony the selected stable cells were subjected to immunoblotiing; Coomassie brilliant bhue (CBB) staining is also shown as a loading control. (B
and D) Time kinetics of accumulation-and phosphorylation of p53 in MCE7 celis and its derivatives afier exposure to IR of 10. Gy (B) or in U208
cells and its derivatives after exposure 10.I1R of 20 Gy (D). Cell lysates [rom the above stable cells were analyzed:by immunoblotting with antibodies
against pS3 (a-p53), phospho-Serl5 (a-p-Serl5), phospho-Serd6 (a=p-Serd6), and phospho-Ser392 (a-p-Ser392) of p53.CBB st aining shows the
amount of total protein applied to cach lane: (E and F) Time kinetics of accumulation and phosphoxquzuion of p53 in MCF7 cells and its derivatives
after exposure to UV of 20:3/m” (E) or in derivatives of U20S cells alter exposure 10 UV of 30 J/m* (F). Cell lysates from the above stable cells

were subjected 1o immunoblotting as described for panel B. The expression level of ATM is shown i panels A and C. The immunoblofs in Fig;
1B and D to F were scanned to'compare the amount of phosphorylation at Ser46 or Ser392 in ATM-depleted cells (pL-sBATM) and in MCF7 or
U208 cells. The amount of phosphorylated p53 at-each residue was calculated by dividing the value of phosphorylated P33 by that of total p53

at that time point,
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FIG. 3. ATM phosphorylaies p53 fused to GST (GST-p53) at Serd6 i vitro. (A) Kinase: activity of ATM. HEK 293T cells were transicntly
transfected with an emply veclor (control) or an expression construct of FLAG-ATM wild-type (ATM-WT) or kinase-dead ATM (ATM-KD). The
kinase activity of ATM purified with an anti-FLAG antibody was analyzed by an in vityo kinasc assay using GST-p53 as a substrate. Phosphorylated
p53 was detected by immunoblotting with the indicaied antibodics. ATM in the reaction mixture was also detected by anti-ATM antibody. Cell
Iysates from MCF7 cells treated with 3 iM ADR are used for positive controls (p.c.) of antibodies. (B and C) Kinase activity of ATM in lysates
from different cell-lines. H1299 (B) or MCE7 (C) cells were transiently transfected with an emply vector (control) or an expression construct of
FLAG-ATM:-WT. The kinase activity 'of ATM purified with an anti-ELAG antibody was analyzed by an /i virro kinasc assay using GST-pS3 as a
substrate. Phosphorylated ps3 was detecled by immunoblotting as described for panel A. (D) GST-p53 carrying an alanine substitution at Serl5
(SI5A) orat Serd6 (S46A) was subjected 10 the in vitro kinase assay asin panel A. (E) Effect of an ATM kinase inhibitor on the Serd6 kinase activity
of ATM. The in vitro kinase assay was performed as in panel A with diflerent concentrations of wortmannin. DMSO, dimethy! sulfoxide. (F) Effect
of KU:55933 on the Serd6 kinase activity of ATM. The in virro Kinase assay was performed as in panel A with or without 10 M KU-55933. «;
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phorylated p53 at Ser15 more cfficiently than ATM-WT (Fig.
4A, row IV).

Kinase domain of ATM directly phosphorylates Serd6 of
p53. To explore whether ATM itself directly phosphorylates
Serd6 on p53, i vifro kinase assays using ATM-AS and No-1-
MeBu-ATP were performed. If ATM directly phosphorylates
Serd6 on p53, ATM-AS would phosphorylate Serd6 as well as
Serls with N°1-MeBu-ATP. If ATM activales a separale
Serd6 kinase that is contained in the ATM immune complex,
ATM-AS would phosphorylate Serl5 but not Serd6 with N6
1:-MeBu-ATP, as unmodified kinasés cannot use ATP ana-
logues as a phosphate donor. The in vitro kinase assay revealed
that the phosphorylation pattern of Serd6 was quife similar 1o
that of Serl5 (Fig. 4B).- ATM-AS phosphorylated both serine
residues more efficiently than normal ATP even when N°I-

MeBu-ATP was used (Fig. 4B, lanes 8 and 9). In contrast;
ATM-WT phosphorylated both Serl5 and Serd6 of p33 only in
the presence of normal ATP (Fig. 4B, lanes 5 and 6). These
phosphorylations were not due to contamination of ATP as-
sociated with the immunoprecipitates because the immunopre-

cipitate complex did not phosphorylate p53-in the absence of
phosphate donors (Fig. 4B, lanes 1, 4, 7, and 10). These find:
ings supgest that ATM itself directly phosphorylates Serd6
without any effector kinase.

ATM requires N- and C-terminal domains of p53 for Ser46
phosphorylation. To investigate how ATM phosphorylates a
noncanonical target such as Serd6 on p53; the efliciency of
Serd6 phosphorylation was analyzed using various deletion
‘mutants of p53. The consensus sequences required for phos-
phorylation by ATM were identified using a short peptide
library (22,°34). However, there is a possibility that ATM might
require the whole structure of substrates for sufficient: phos-
phorylation. Therefore, the phosphorylation efficiency between
full-length p53 and a short peptide containing Ser15 or Serd6
was compared {o evaluate whether Ser46 phosphorylation is‘a
conformation-dependent event, ATM was able to phosphory-
late SerlS on short peptides as efficiently as full-length: p53
(Fig. 5A,; left). In contrast, no Ser46 phosphorylation was de-
tected on a short peptide (Fig. SA, right); indicating that the
whole struciure of p53 is required for Ser46 phosphorylation.
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FIG. 4. 'ATM directly phosphorylates Serd6 of p53 using a mechanism diflerent from that for Seri5. (A) Recombinant ATM was purified from
293T cells expressing FLAG-tagged ATM using anti-FLAG antibody and detected by immunoblotting with anti-:ATM antibody. Kinase activity of
ATM-WT or an ATM mutant sensitive to ATP analogues (ATM-AS and ATM-Y2755A) was measured by i virro kinase assays using GST:p53.
In this assay, natural ATP or various N:substituted ATP analogues (row I, ATP: row II, No-benzyl ATP [NS-Bn-ATPJ; row 111, NS-phenylethyl
ATP [N®-PhEI-ATP]; row 1V, N°i-methylbutyl ATP [N%1-MeBu-ATP); row V, N°2-methylbutyl ATP [N%-2-MeBu-ATP]) were used as
phosphate donors, and the kinase activity was determined using o-p-Serl5 of p53 antibody. (B) /it viiro kinase assays of ATM-WT, ATM-AS, and
ATM-KD using GST-p53 as the substrate. Immunoprecipitates from 293T cells transfected with emply vector (control) were also subjecied 1o the

same assay. ATP or N*-1-MeBu-ATP (1-MeBu) was used as a phosphate donor for the kinase reaction. “— indicates a sample without a phosphate

donor in the reaction mixture. o, anti.

To exclude the possibility that Ser46 was not exposed because
asmallregion of p53 was fused to'a larger GST protein, ir vifro
Kinase assays using chemically synthesized p53 peplide were
performed (data not shown). Dot blot analysis showed that
ATM did not phosphorylate short peptides containing Serd6

without GST (data not shown). Furthermore, antibodies spe- -

cifically. recognized chemically synthesized phosphorylated
forms -of corresponding short peptides (data not shown),

Taken together, these data suggest that the entire p53 struc- -

ture. is required for Ser46 phosphorylation.

To map other regions that may be required for Ser46 phos-
phorylation, various deletion mutants of p53 were used (Fig,
SB). Deletion of the proline-rich (APro) or C-terminal (AC)
domains of p53 caused decreased Serd6 phosphorylation in
vitro (Fig. 5C). In contrast, deletion of the N-terminal TAD1
domain had little or no effect on Ser46 phosphorylation.
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FIG. 5. ATM requires the whole structure of pS3 for Serd6 phosphorylation. (A) Comparison experiments of phosphorylation by ATM between
p53 full-length and short peptides containing Serl5 (lefi panel) or Serd6 (right panel) from p53. Full-length p53 and short peptides were produced
as GST fusion proteins and used for in virro kinase assay. To compare the phosphorylation efficiencies, full-length p53 and short peptides were
mixed and the mixtures were subjected to immunoblotting with indicaled antibodies. Specificity of a-p-Serd6 antibody was examined using peptides
phosphorylated or not on Serd6 (data not shown). (B) Schematic representation of deletion mutants of p53. Various deletion mutants of p53 were
used:for (he experiments shown in panels C and D. ATAD! corresponds (0 the deletion of amino acids 1 o 39 of p53, APro corresponds. (o the
deletion of amino acids 64 to 92, and AC corresponds fo the deletion of amino acids 292 10393, (C and D) Phosphorylation of p53 deletion mutants
in virro (C) or i vivo. (D). (C) In vitro kinase assays using deletion mutants of p33 fused to GST as the subsirates. Immunoblotting with anti-GST
antibody shows the amount of each substrate in the reaction mixture. (D) Deletion mutants of p53 were transiently expressed in H1299 cells; and
at 24 h after (ransfection, cells were exposed to 0 Gy () or 10 Gy (+) of IR. The phosphorylation of p53 at 1 I after IR was detected by

immunoblotting: «, anti,

To confirm the effect of the deletion of p53 on Ser46 phos-
phorylation in vivo, the deletion mutants of p53 used for in vitro
kinase assays were expressed transiently in H1299 cells and the
transfected: cells ‘were exposed o IR. The proline-rich and
C-terminal domains were required for IR-dependent Serd6
phosphorylation (Fig. 5D), which was consistent with in vifro
data shown above. These findings imply that the whole struc-
ture of p53 is required for Serd6 phosphorylation by ATM,

although ATM is directed to Serl5 by amino acid sequences

surrounding it.
ATM phosphorylates Serd6-of p53 at the sifes of DSBs.
After exposure to IR, activated ATM is recruited to DSBs and

phosphorylates various substrates, including Chk2, SMC1, and
H2AX (4, 24, 47). To investigate where ATM phosphorylates
Serd6 on p33; antibodies specific for detection of SerlS- and
Serd6-phosphorylated p53 were used for immunolluorescence
analyses. The specificity of these antibodies was confirmed by
immunofluorescence with p33 mutants bearing a niufation at
Serl5 or at Ser46 and by immunoblotting with samples from
cells with or without DNA damage (data not shown): Follow-
ing exposure of cells to IR, p53 accumulated i the nuclei (Fig.
6A and B) and Serl5-phosphorylated p53 (Fig. 6A and C)
exhibited a difluse nuclear distribution.:On the other hand,
confocal immunofluorescent microscopic analyses with an an-
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FI1G. 6. Serd6, but not Serl5; of p53 is colocalized with activated ATM at DSB sites. (A and B) At 48 h after transfection with either control
or p53 siRNA, MCE7 cells were exposed (0.0 Gy (=) or 10 Gy (+) of IR and subjected 1o confocal immunolliorescent analysis at 30 min after
irradiation. (A) Immunofluorescence with anti-phospho-Serl5-of-p53 (green) and anti:p53 (red) antibodics, (B) Immunofluorescence with
anti-phospho-Serd6-of-p33 (green) and anti-p53 (red) antibodies. (C) Immunofinorescence with anti-pliospho-Serl5-of-p53 (green) and anti-v-
H2AX (red) antibodies. (D) Immunofluorescence. with anti-phospho-Serd6-of-p53 (green) and anti-y-H2AX (red) antibodies. (E) Release of
Serd6-phosphorylated p33 from chromatin by preextraction of a dctergeq( prior to formaldch.ydp fixation. MCE7 cells were exposed 16 0 Gy (=)
or 10 Gy (+) of IR and subjected to confocal immunofluorescent analysis 30 min after irradiation, To assess whether activated ATM (Ser1981:
phosphorylated ATM), Serd6-phasphoiylated p53, or y-H2AX is tightly associated with DSB; preextraction (PE) before fixation was pqrformcd.
(F) Immunofluorescence with anti-phosplio-Ser46-of-p53 (green) and anti-y-H2AX or anti-PML (red) antibodies. Nuclei were stained with DAPI
(bhue). FRET signals occurring because of colocalization between: Serd6-phosphoiylated p53 and y-H2AX or PML are showi (bottom pancls).
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FIG. 7. Dose- and time-dependent accumulation of phospho-Ser46 foci. (A) MCE7 cells were exposed 1o 0 Gy (=) or 10 Gy (4 )of IR and
subjected to confocal immunofluorescent analysis at 1 or 2 h after irradiation. Immunofluorescence with anti-phospho-Serd6-of-p53 (green) and
antizv-H2AX (red) antibodies. DAPI (blue). is also shown. (B) MCE7 cells were exposed to the indicated doses of IR and subjected to confocal
immunofluorescent analysxs at 30 min after irradiation. Immunofluorescence with anti-phospho-Ser46-of-p53 (green) and anti-y-H2AX (red)

antibodies. DAPI (blue) is also shown. o, anti.

tibody against phospho-Ser46 of p53 showed that Ser46-phos-
phorylated p53 was observed as foci (Fig. 6B) that partially
colocalized with v-H2AX (Fig. 6D) and Ser1981-phosphory-
lated ATM (Fig. 6E) but not the PML body (Fig. 6F), which
has been known to form another nuclear focus. The foci of
fluorescence signals from phospho-Ser46-of p53 in immuno-
fuorescence were confirmed fo be p33itself by RNAi-directed
ablation of p53 expression (Fig. 6A and B). Dose dependency
of IR and time kinetic experiments showed: that foci of phos-
pho-Serd6 gradually increased in a dose-dependent manner
and - were observed even in cells irradiafed at a lower dose (2

Gy, 30 niin) (Fig. 7), at which Serd6 phosphorylation was not
detected by immunoblot ‘assays. The reason why phospho-
Ser46.was not detected in immunoblots may be explained by
Serd6-phosphorylated p53 in cells being diluted to perform
immunoblot assays, whereas phospho-Serd6 concentrates as
foci; subsequently observed by immunofiuorescence. We also
conducted fluorescence resonance energy transfer (FRET) ex-
periments to show colocalization of phospho-Ser46 with DSB
sites. ‘As shown in:Fig. 6F, a FRET signal was delected in
immunofluorescence with “anti-phospho-Serd6 - and. anti-y-
H2AX antibodies; whereas FRET from immunofluorescence
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FIG. 8. Release of other ATM substrates from chromatin by preextraction of a detergent prior 1o formaldehyde fixation. MCFE7 cells were
exposed to 0 Gy (=) or 10 Gy (+) of IR and subjected to confocal immunofiuorescent analysis 30 min after irradiation. To asséss whether activated
ATM. (Ser1981-phosphorylated ATM) or protein phosphorylated by ATM (Thr68-phosphorylated Chk2, Ser957-phosphorvlated SMCI, or
y-H2AX) is tightly associated with DSB, preexiraction (PE) before fixation was performed. o, anti.

with anti-phospho-Ser46 and anti-PML antibodics was not ob-
seived, confirming that Ser46: phosphorylation indeed colocals
ized with DSB'sites. Furthermore,; we assessed whether DSB
foci (v-H2AX) colocalizes with: Chk2 and SMCI1. Immunofiu-
orescent analyses: showed. that phosphoforms of Chk2 and
SMC1 were partially colocalized with DSB foci (Fig. 8), as seen
in: phospho-Serd6-p53/y-H2AX (Fig. 6D). We also assessed
the effect of permeabilization of cells on the phospho-Ser46
focus formation. When cells were (reated with a detergent
(0.2% Triton X-100) prior to fixation with formaldchyde, most
p53 molecules; including focus-associated p53, were washed
out (Fig. 6E). Thesc observations are similar to previous find-
ings that focus-associated Chk2 immediately dissociates from
chromatin alter activation by ATM-mediated phosphorylation
(4). These data demonstrate that Serd6 phosphorylation of ps3
by IR-activated ATM occurs at the sites of DSBs, and it scems
that some ATM substrates such as p53 and Chk2 are caught
and imniediately released on ATM-associated foci.

Serd6 is preferentially phosphorylated by ATM in the early
inductive phase of response to DNA damage. Although several
protein kinases thal are capable of phosphorylating Serd6 have
been identified; HIPK2 and DYRK2 are the mos! prominent
kinases responsible for Serd6 phosphorylation (6, 9, 33, 41, 49).
According to previous reports, HIPK2 phosphorylates Serd6
following exposure (o UV (16), but it is controversial whether
this kinase actually responds to double-sirand breaks because
Taira et al. have reported that HIPK2 is a specific kinase
serving in'a UV-mediated pathway (9, 16, 41). Another Serd6
kinase, DYRK2, phosphorylates  following  treatnient with
adriamycin (ADR), a radiomimetic DNA-damaging reagent
(41). Although Serd6 phosphorylation observed in this report
was obtained at late-phase response (0 DNA damage, a kinase
responsible for Serd6 phosphorylation occurring at early-phase
response {o IR remains unidentified. Thercfore, we next inves-
tigated whether ATM is required for Ser46 phosphorylation
occurring. at early-phase response to IR. In ATM-deficient
ATIKY cells, Serd6 was not phosphorylated at early-phase
response (o DNA damage but became phosphorylated at late
phase (Fig.-9A). To define the relation between ATM and
other Serd6 kinascs, Ser46 phosphorvlation was assessed over
24 h under conditions of more than 80% reduction of ATM,

DYRK?2, and HIPK2 expression (Fig. 9B to E). Ser46 phos-
phorylation rapidly occurred after exposure (o IR in HIPK2-
depleted cells as well as in control cells; and it peakedat 2 h
after IR treatment (Fig. 9C). In conirast depletion of ATM
causes decreased Serd6 phosphorylation occurring at early-
phase response. However, Ser46 phosphorylation was detected
after 24 h at a steady-state level and a significant eflect on
Serd6 phosphorylation by depletion of HIPK2 was not de-
tected by immunoblotting with anti-Ser46 antibody, Thus, al-
though HIPK2 was reported 1o be responsible for Ser46 phos-
phorylation observed at 24 h after IR in MCE7 cells 9,
HIPK2 knockdown did not alter Serd6 phosphorylation (Fig.
9C). Damage response following treatment with ADR was also
assessed using SiRNAs (Fig. 9D and E) because DYRKZ was
reported to phosphorylate Serd6 at 24 h after exposure: 10

- ADR in human osteosarcoma U208 cells (41). Treatment of

U20S cells with ADR induced rapid p33 phosphorylation: at
Serd6, and it continued over 24 h in control cells (Fig. 9E). In
cells transfected with siRNA for ATM (siATM), Ser46 phos-
phorylation induced by ADR was significantly attenuated in
carly phase (Fig. 9E), but it gradually recovered. In contrast, in
cells devoid of DYRKZ, Ser46 phosphorylation:was not af-
fected during early response times (ie., 6- and 12-h time
points), but levels decreased by 24 h as expected (Fig. 9E).
Again, HIPK2 knockdown using siRNA did not alter Serd6
phosphorylation and had only a marginal eflect on Ser46 phos-
phorylation (Fig, 9E). On the other hand, upon UV treatment,
Serd6 phosphorylation is severely aflected by HIPK2 knock-
down (Fig. 9F), suggesting that HIPK2 seenis 10 be a kinase
directed by UV irradiation, at least under our conditions.
These observations suggest that ATM is selectively responsible
for Ser46 phosphorylation in early-inductive-phase response to
DSBs.

DISCUSSION

Here, we found that Serd6 on p53 is directly phosphorylated
by ATM in response to IR. Although ATM preferentially
phosphorylates S/T-Q sequences (22, 34), the current experi-
ments revealed that Serd6 is phosphorylated by ATM in a
conformation-dépendent manner; although this siteris an S-P
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FIG. 9. ATM prefercntially phosphorylates p53 at Serd6 in carly-phase response {0 DSBs. (A) Time kinetics of accumulation and phosphor-
ylation of p53 in human fibroblast TIG7 cells or AT2KY cells, human fibroblast cells derived from an A-T patient, treated witls 3 pM ADR for
indicated periods. Cell lysates were assayed as described for Fig. 1B. Stars indicate bands specific to antibodies. (B and C) ATM is required for
Serd6 phosphorylation of p53 in early-phase response (0 1R (B) Expression of ATM or HIPK2 in MCE7 cells infected with control lentiviruses
(pL-control) or lentiviruses encoding shRNA 10 HIPK2 (pL-shHIPK2) or ATM (pL:shATM). Expression of ATM was examined by immuno-
blotting. Expression of HIPK2 was examined by RT-PCR. Coomassie brilliant blue (CBB) staining and RT-PCR of GAPDH are shown for loading
controls. (C) Time kinetics of accumulation and phosphorylation of p53 after cellular exposure o IR of 10 Gy. Cell Iysates were assayed as
described for Fig. 1B. (D to F) ATM is required for Scrd6 phosphorylation of p53 in early-phase response to ADR, (D) Expression of ATM,

DYRK2, or HIPK2 in U208 cells transfected with either control siRNA (siCoitrol), siRNA to ATM (siATM), DYRK2 (siDYRK2), or HIPK2
(siHIPK2). The expression level of ATM was defermined by immunoblotting, and expression Ievels of DYRK2 and HIPK2 were deternined by
RT:PCR. As loading controls, CBB staining and RT:PCR of GAPDH are also indicated. (E and F) Accumulation:of p53 and Ser46 phosphor-
ylation occurred in early-phase response (o ADR or UV irradiation, U208 cells fransfected with indicated siRNAs were treated with 0.5 pM ADR
(E) or 30 J/m" UV (F) for indicated periods, and cell lysates were assayed as described in Fig. 1B. The amount of Ser46-phosphorylated p33 was
caleulated by dividing: the value of phosphorylated p53 by that of fotal p33 at that time point.

1630

0102 ‘Sz Aey U0 HIINTD NVD NSLIHNMOM 18 10 wse gow wo)j papeojumod



Vor. 30, 2010

sequence (data not shown). Analyses with deletion mutants of
P53 revealed that the proline-rich and C-terminal regions of
p33, but not the TAD1 domain, are required for the Serd6
phosphorylation by ATM (Fig. 5C and D). Since the proline-
rich domain, but not the TAD1 domain; is reported to be
indispensable for pS3-mediated apoptosis (44, 406), the current
finding that the proline-rich domain is required for Scrd6 phos-
phorylation may reflect the sclectivity of p33-induced apopto-
sis. Again, ATM also requires the C-terminal region of pi3to
phosphorylate Serd6 (Fig: 5C and D), although DYRK2 can
phosphorylate: Serd6 on GST-p53(1-92) (41). There are an
increasing number of reports:that-ATM phosphorylates non-
S/T-Q sequences such as Ser1893 (S-E) on ATM (25) and
Serl189 (S-P) or Ser1452 (S-G) on Breal (8), although in nonc
of these: cases has it been demonstrated that ATM directly
phosphorylates these sites. ATM may phosphorylate these
non-5/T-Q sequences by recognizing the whole or partial struc-
ture-of these proteins,

In this study, an ATP analogue-accepting ATM mutant
(ATM-AS) system was constructed by alanine substitution for

Tyr2755 on ATM to confirm that ATM directly phosphorylates
Ser46 on p53 (Fig. 4B). Since Tyr2755 on ATM is conserved in
the PI3-K family: (data not shown), this substitution could he
applicd 1o search for direct targets of not only ATM but also
other P13:Ks,
- ATM attenuated Scr46 phosphorylation following exposure
o IR or ADR but not to UV (Fig. 1). This is consistent with
previous reports that ATM is activated by DSBs (19). Immu-
nofluorescence: analyses showed that Ser46-phosphorylated
p53 colocalized with y-H2AX and IR:activated ATM at [oci of
DSBs (Fig. 6D and E); in contrast, Ser15-phosphorylated p53
was diflusely distributed in the nuclei (Fig. 6A and C). Several
groups showed that SerlS on p53 may be phosphorylated: by
ATM prior to the recruitment of IR-activated ATM to DSBs,
because phosphorylation of Ser15 on p53 does not require the
recruitment'of ATM (o DSBs and this occurs in the initial step
of ATM activation (2, 20, 24). Regarding the subnuclear local-
ization of phospho-Ser15 of p53, there is a diflerent report that
Serl5-phosphorylated p53 does not form foci at DNA damage
sites (4), in agreement with our data reported here, In contrast,
it has also been reported that p53 phosphorylated at Ser1S, but
not bulk p53, formed foci that colocalized with y-H2AX (1).
Why does such a discrepancy happen? One possible explana-
Lion is that it may be dependent on cell lines used. The focus
formation of phospho-Ser15 of p53 may be observed in normal
diploid fibroblasts but not cancerous cell lines such as U208
and MCE7 cells used in our assay. In addition, it Temains
enigmatic how damaged cells decide their fate: to repair and
live or to die. The current observation that Ser46 is phosphor-
ylated by ATM at DSBs may explain the previous report that
phosphorylation of Ser15 on p53 is much more sensitive (o cell
damage and occurs rapidly compared (o phosphorylation at
Serd6, which is important for induction of apoptosis (33).
Time course experiments revealed that depletion of ATM
sclectively interfered with Serd6 phosphorylation at early
phase (Fig. 9C and E). In response (o IR, Serl5 is sequentially
phosphorylated by ATM at an earlier inductive phase and by
an A-T and Rad3-related (ATR) kinase at a later steady-state
phase (Fig. 10) (42). Our data also suggest (hat Serd6 is se-
quentially phosphorylated by ATM and other kinascs at dil-
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FIG. 10. A proposcd madel for contribution of kinases to p53 phos-
phorylation. In response 10 DNA damage, Scr1S is reported to be
sequentially phosphorylated by ATM at aiy carlier inductive phase and
followed by ATR at a Jater Stcady-state phase. Serd 6 is also. sequen-
tially ‘phosphorylated: by ATM: and’ other: kinases' at different 1ime
Kinetics to maintain the level of Serd6 phosphorviation.

p53
phosphorylation

ferent time kinetics to maintain the level of Serd6 phosphory-
lation (Fig. 10), and presumably apoptotic signals triggered by
strong DNA damage would be transduced into damaged cells
so that they can efficiently die. I{ has been reported  that
DYRK2 translocates into the nucléus 1o phosphorylate Serd6
in response to ADR (41) and that HIPK2 is stabilized by IR or
treatment with ADR to phosphorylate Serd6 (37, 48). More-
over, it has recently been reported that Siah-1 binds to HIPK2
to degrade it and that the phosphorylation of Siah-1 at Ser19
by ATM causes the disruption of Siah-1-HIPK2 interaction (o
stabilize HIPK2 (48). However, these kinases are unlikely to be
responsible for Ser46 phosphorylationin early phase because
the depletion of ATM selectively interfered with Serd6 phos-
phorylation at carly phase and that of DYRK?2 did at late
phase in response 1o (reatment with ADR in our present study
(Fig. 9E). Following exposure (o IR, depletion of ATM signif-
icantly abrogated rapid Serd6 phosphorylation at early phase,
but we observed only a marginal effect of HIPK?2 on Serd6
phosphorylation under conditions in which HIPK2 knockdown
causes impaired Ser46 phosphorylation directed by UV irradi-
ation (Fig. 9C, E, and F). Moreover, i{ has been reported that
HIPK2 is phosphorylated in response to UV but not gamma
irradiation (16) ‘and in most reports that HIPK2 is a Serd6
kinase and activated by UV irradiation (11,16, 41). Our data
presented here support the latter abservation (11; 16, 41) that
HIPK2 is a Ser46 kinase, specifically serving in'a UV-mediated
pathway. Regarding ATM dependency of DYRK2, DYRK?2
accumulates in nuclei more tan 8 h following ADR ftreat-
ment (41), but Serd6 of p53 is phosphorylated within 6'h
after DNA double-strand breaks under our conditions. Such
a- discrepancy may be due (0 a higher sensitivity of anti-
Serd6 antibody used in our study. Therefore, probably,
DYRK2 seems to be dependent on ATM and may be re-
quired for Ser46 phosphorylation occurring at late-phase
response of DNA doublesstrand breaks.

In our present study, IR-activated ATM is partially colocal-
ized with Ser46-phosphorylated p53 in responsc {0 DNA dam-
age, suggesting that p33 phosphorylation at Serdé is required
to trigger early apoptotic signals to damaged cells. The reason
why Serd6-phosphorylated ps3 is recruited to DSB sites is still
unclear. It has been reported that Chk2 is phosphorylated by
ATM ncar DSB sites and that activated Chk2 releases from
DSB sites to function during G, and G, checkpoints (30, 32).
Similarly, activated ATM phosphorylates-p33 at Serd6. near
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DSB sites and Serd6-phosphorylated p53 may release from
DSB sites to promole transcription of proapoptotic genes, Un-
der various stresses, including UV o and IR, DYRK2 .and
HIPK2 may work together with ATM to phosphorylate p53-at
Serd6, leading (o apoptosis to ensure that severcly damaged
cells are completely killed; though further investigations: arc
needed (o clucidate the molecular mechanisms of ATM-(rig-
gered p53-mediated apoplosis.

In conclusion, our present study strongly supports the idca
that ATM directly phosphorylates p53-at Ser46 and is required
for Serd6 phosphorylation occurring in carly-phase DNA dam-
age yesponse. The direet link of ATM: (o Serd6 phosphoryla-
tion of p533 provides new insights:inlo ATM-mediated p53-
dependent apoptosis; though it cannot be ruled out that ATM
may require adaptor proteins for Serd6 phosphorylation near
DSB sites to facilitate its phosphorylation. Here; we show that
ATM is likely to directly phosphorylate Serd6. of p53, but the
kinase - activity for Serd46 may be dependent on: unidentified
posttranslational modifications of ATM in response Lo severe
DNA damage. In addition, it is quite difficult to determine
bona fide in vivo kinascs responsible for Serd6, so we cannot
exclude the possibility that ATM is indirectly involved in the
phosphorylation of Ser 46. Therefore, further studies are re-
quired 1o clarify whether ATM is a bona fide in vivo kinase
responsible for Ser46 phosphorylation:
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The p33 pathway is activated in response to various cellular stresses to
protect cells from malignant transformation. We have previously shown
that clathrin heavy chain (CHC), which is a cylosolic prolein regulating
endacylosis, is present in nuclei and binds to p33 to promote pa3- “mediated
tmnscnptmn However, details of the binding interface between pa3 :md
CHC remam unclear. Here, we report on the bmdmw mode between pd3
and CHC using mutation analvses and a structural model of the interaction
generated by ‘molecular dynamics. Structural modcling analyses pwdrct
that an Asn1288 residue in CHC is crucial for bmdmw to pa3. In fact,
substitution of this Asn {o Ala of CHC diminished its abiht_\ to interact with
P53, leading to reduced activity to transactivate pb3. Surprisingly, this
mutation had little effect on leceptm -mediated. endocytosis. Thus; the
function-specific mutation of CHC will clarify phy blolog*ual roles of CHC in
the regulation of the p53 pathway.

©2009 Elsevier Ltd. All rights reserved.

Keywords: clathrin heavy chain; p33; structural modeling; transcription;
tumor suppressor
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Introduction

The tumor suppressor P53 protein is a transcrip-
tion factor that protects cells from malignant
transformation. The p33 pathway is activated in
response to various cellular stresses such as DNA
damage, oncogene activation, and hypoxia. Upon
activation, p53 exerts its tumor suppressor activity
by inducing cell-cycle arrest, apoptosis, or sene-
scence.”” Because mutations in the P33 gene have
been found in around 30% of human cancers and
most mutations of p33 in tumors are located in the
- central DNA-binding domain, transcriptional regu-
lation by p33 is thought to be most important for
prevention of tumorigencsis.” Thus, analysis of p33-
mediated transcriptional mechanisms is indispens-
able for elucidation of tumorigenesis and develop-
ment of new antitumor drugs. Although many
factors that contribute to the regulation of p33
activity have been reported,’ ™" detailed mechan-
isms remain to be ejucidated.

We have previously reported that clathrin heavy
chain (CHC), which is a cytosolic protein involved in
receptor-mediated endocytosis and intracellular
trafficking and recycling of receptors,” % is present
in nuclei and enhances p53-mediated trans-
cription.”” The presence of CHC in nuclei and nuclear
matrices was confirmed by other groups.'™ !> We
have also shown that p53 interacts with CHC not
only in nuclei but also in cytosol and regulates
clathrin-mediated endocytosis through the associa-
tion with CHC.'" :

In the clathrin-mediated endocytic pathway,
clathrin is composed of a trimer of CHC and is
associated with each clathrin light chain (CLC),
called triskelion, and they further assemble to form a
polvhedral cage-like structure.'” Polyhedral clathrin
is recruited to the plasma membrane and promotes
the internalization and recycling of receptors partic-
ipating in signal transduction events.!® CHC con-
sists of an N-terminal p-propeller domain that is
necessary for binding to adaptor proteins for the
mternalization  of various molecules; followed by
seven a-helical repeat structures named ‘clathrin
repeats’." Inaddition, it has been reported that
CHC plays a role in mitosis.”” In the C-terminus,
CHC possesses a trimerization domain essential for
stable formation of the polvhedral clathrin structure
and CLC-binding domain.™ We have recently
reported that CHC bearing residues from 833 to
1406 (CHCS833-1406) lacking trimerization and
CLC-binding domains interact with p53 and en-
hance pa3 transactivation.”! Thus, the oligomeriza-
tion of CHC, which is critical for endocytosis and
mitosis,” "> has not been necessary for p33-
mediated transcription, supporting our proposition
that CHC has an alternative function as a co-
activator for pb3 and an additional _role in the
regulation of endocytosis and mitosis.”! However,
although our findings support that CHC functions
as: a co-activator of pd3, there is a limitation 1o
investigate the physiological roles of CHC in the
pb3-mediated pathway because CHC ablation in

examining the impact on p33 transactivalion may
cause some effects on vesicle transport and endocy-
tosis. Therefore, the exploration of funclion-specific
mutations of CHC for the p33 pathway is important
for clucidation of mechanisms by which CHC
transactivates p33.

We have previously found that there is a consid-
erable similarity belween p33 and CLC in the CHC-
binding region.” However, the detailed binding
interface between pa3 and CHC remains to be
determined.. Thus, the construction: of ‘a- structural
model of the p33-CHC interface provides further
insights into regulation of p53 transactivation by
CHC. In this study, we show that conserved
hydrophobic residues between pa3 and CLC are
important for p33 transactivation and that p33
function correlates positively with the interaction
with CHC. Moreover, in silico structural prediction of
the interface betiveen p33 and CHC reveals that the
Asnl288 residue in CHC is essential for binding to
p53. Interestingly, the substitution of this Asn to Ala
(CHC-N128SA) diminishes its ability to transactivate
P33 without any effect on receptor-mediated endo-
cyticactivity,

Results

Conserved residues between p53 and CLC are
required for the interaction with CHC to enhance
p53 transactivation

We have previously reported that the N-terminal
region of pa3 is required for binding to CHC using
various deletion mutants of p53."**' In our previous
report, we noticed a significant similarity of the N-
terminal transactivation domain of p53 to the CHC-
binding region of CLC and that various hydropho-
bic residues are conserved in human p53 (Fig. 1a).1®
To assess whether these conserved residues are.
required for the interaction with CHC, we generated
four p53 point mutants (L43A, 150A, L43A /1504,
and W53R) as glutathione S-transferase (GST) fusion
proteins and carried out an in vitre binding assay
using “'S-labeled CHC as described previously.'® A
GST pull-down assay showed that the CHC-binding
affinity of all p53 proteins bearing mutations in
conserved residues is lower than that of wild-type
p53 (Fig. 1b). Furthermore, we assessed the effect of
p53 mutations on the binding to endogenous CHC
in cells. FLAG-tagged p53 proteins were expressed
in p53-null cells, and cell lysates were immumopre-
cipitated with anti-FLAG antibody followed by
immunoblotting with indicated antibodies. Immu-
noprecipitation assay shows that these mutations
cause reduced interaction with CHC (Fig. 1c).

To examine the effect of these p53 mutants on p53
transactivation, we performed reporter assays using
promofers of p33-target genes. Reporter assays
using various p53 mutants show that mutations of
P53 at N-terminal conserved residues cause marked
reduction of transactivation of p53-target genes such
as pS3AIPT (Fig. 2a) and p21 (Fig. 2b). To confirm
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Fig. 1. Conserved residues in p53 are required for the interaction with CHC. (a) Alignments of the CHC-hinding
region of human p53, CLCa, and CLCD. (b and ¢) Conserved residues in p53 are required for interaction with CHC. (b) 7S
labeled full-length CHC yas synthesized by an i vilro transcription-coupled translation system using rabbit reticulocy'te
lvsates. Lysates containing “?S-labeled CHC were mixed with GST or GST-p53 derivatives immobilized on glutathione-
Sepharase 4B beads for binding assay (tipper panel). GST and GST-p53 proteins used for binding assay were stained by
CBB (middle panel). The graph represents the ratio of bound CHC to GST or GST-p53, as quantified by Image: ]
densitometry (lower panel). () H1299 cells were transfected with each FLAG-p33 constiuct. FLAG-p&3 proteins in cell
lysates were immunoprecipitated by anti-FLAG M2 agarose, and eluates were separated by SDS-PAGE, followed by
immunoblotting with indicated antibodies.

| the effect of substitutions of: these conserved  — mutated p33 proteins was strikingly reduced coni-
| residues on p53 transactivation, we examined the  pared with that of wild-type p33 (Fig. 2c). These
| induction of endogenous pb3-target genes by  results suggest that the ability of p33 to bind to CHC
immunoblotting. Although the expression level of  correlates with p53 transactivation and indicates
mutated p53 proteins was the same as that of wild- . that conserved hydrophobic residues between p53
tvpe p53, the induction of p53-responsive genes and CLC are important for the transcriptional
such as p21 and Mdm2 by ectopic expression of  activity of p53 as well as binding to CHC.
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Fig. 2. pd3 transactivation correlates with the ability of p53 to bind CHC. (2 and b) Conserved residues in p53 are
required for pd3 transactivation. H1299 cells were transfected with each p53 construct and the pS3A1P] reporter plasmid
(a) or p21 reporter plasmid (b), and Juciferase activity was measured 24 h after transfection. (¢) HI1299 cells were
transfected with each p53 construct, and whole-cell Iysates were analyzed by immunoblotting using the- indicated
antibodies: Actin was used as a Joading control.
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Structural model of p53 and CHC interaction

Identification of residucs important for interaction
between p33 and CHC helped us to model the
binding interface between the two proleins using
molecular dynamics. For this purpose, we first tried
to determine tertiary structure of the p33-CHC
complex by X-ray crvstallography and nuclear
magnetic resonance (NMR) techniques, but unfor-
tunately, it was quite difficult to prepare samples of
this complex due to little ervstallization and to low
solubility under the conditions necessary: for anal-
vsis by X-ray crvstallography and NMR. Therefore,
a multi-conformation simulated annealing pscudo-
carystallographic refinement (MCSA-PCR) method
was used to predict p33-CHC interface.™  This
method is based on the computational simulation
of repeated cvcles of heating and cooling of the
interacting proteins together with structural con-

straints to converge their structures. 1t has previ-
ously been reported that this molecular dynamics
approach was used for preliminary modeling of the
interface between CHC and CLC. To model the
pa3-CHC inlerface, we used tertiary structures of
the CLC-binding region of CHHC™ and N-terminal
transactivation domain of p33-" as starting materi-
als. During MCSA-PCR, all side-chain atoms of p33
were free to move, and backbone C" atoms in the
second a-helix of P33 (residue 46-36) were weakly
restrained (3 kcal mol ' A %) to the corresponding
residues of CLC (residue 97-107). For the first a-
helix of p33 (residue 35-40), the distances of the p33
backbone carbonyls and amides were also weakly
restrained to 28651 A in order (o pramote the
helicity of p53 but allowing for deviation from the
original helix structure. No restraints or constraints
derived from the current empirical data are applied
on-the side chains of the residues studied in this
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Fig. 3. Structural prediction of p53-CHC interaction. (a) A view of p53 binding to CHC at the interface predicted by
molecular dynamic simulation. p53 is in cyan and CHC is in green. The aromatic side chain of Trpd3 of pa3 mediates the
interaction with an aromatic side chain of Phel327 in the hvdrophobic cleft of CHC, The side chain of Leuds of ps3
interacts with the aromatic side chain of Phe1296 of CHC through hydrophabic interaction. (b) Structural modeling
revealed that the side chain of Asn1288 of CHC is close to the side chaim of GIna8 of P53: (¢) Asn 1288 in CHC is conserved
inmulticellular organisms from mammals to flies, but this amino acid residue is not present in unicellular organisms such
as yeasts and fungi.




