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H2AX Directly Interacts with BRCA1 and BARD1
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Abstract H2AX, a crucial component of chromatin, is implicated in DNA repair, cell cycle check point and tumor suppression.
The aim of this study was to identify direct binding partners of H2AX to regulate cellular responses to above
mechanisms. Literature reviews and bioinformatical tools were attempted intensively to find binding partners
of H2AX, which resulted in identifying two potential proteins, breast cancer-1 (BRCA1) and BRCA1-associated
RING domain 1 (BARD1). Although it has been reported in vivo that BRCA1 co-localizes with H2AX at the
site of DNA damage, their biochemical mechanism for H2AX were however only known that the complex
monoubiquitinates histone monomers, including unphosphorylated H2AX in vitro. Therefore, it is important to
know whether the complex directly interacts with H2AX, and also which regions of these are specifically
mediated for the interaction. Using in vitro GST pull-down assay, we present here that BRCA1 and BARD1
directly bind to H2AX. Moreover, through combinational approaches of domain analysis, fragment clonings and
in vitro binding assay, we revealed molecular details of the BRCA1-H2AX and BARD1-H2AX complex. These
data provide the potential evidence that each of the BRCA1 nuclear localization signal (NLS) and BARD1
BRCA1 C-terminal (BRCT) repeat domain is the novel mediator of H2AX recognition.
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damage response (DDR)O| o)ido] AA wAsA| Hot
A7)o= £4%E DNAF-ES QIste] #5351= DNA
repair system = EQFESH AlE-S VIRl A2 A
SAISl= cell cycle checkpoint®] A3tz 13F 1A
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AR Ho shvte] & FHE o] FE nuclear focid)
HENZ 71KTH(1). o)2I3} foci BAE TheE AEER 713
2 AY *E ATM (Ataxia-Telangiectasia Mutated)2] 243
sle} &gshEl ATMo) gt &3 Fioll EAlsh= H2A
A9 sl H2AX | QAksHE o 24 (y-H2AX) Al
ZHETH2). H2AX 9] C-2tt 712] (C-terminal tail)ol] &4
= serine 1397} 183 214kl e, o213 Wi}
£ damage ¥ 1-3% <o) wj$ w27 dojdth o3
NikshE H2AX 9] 78 Al7ho] AupaA te oy g
HEL 1 B9 o]EY] fociE PAIslY T DNA 5
7174 2 cell cycle arrestS Z3Y3HA] =], ol ThA
] H2AX S B4 248 A9 Als erAAe wf-$-
718 Ao Fa3 I ks RS WSk HHE,
H2AXE Al oA gl H2AX-/- He G4 28
3t B ol (aneuploidy)®] B/dE 719 (3), DSBs&
A48 ionizing radiation (IR)Ol =2%F H2AX-/- A¥E=
G2 phase®} mitosisZ 7= AL arrestd}A] F3lA4] HrH4).

FHT 2 Wz H2AX0) #H I7E9] F42 IR 23]
715 y-H2AX foci @79l o], FA oj= whufdo]
H2AX$} fociol #33heE @221 Mrel1-Rad50-Nbsl
(MRN) complex, Mdcl, 53BP1, BRCAI, Rad51 5& &2
AZA GEE SR Aolglth ol A7t F4) AF
< H2AX0) AAdez A3e 4 e vhide Adsle
A Atk shvkshd, HZ7HA 919 gHEAEL ikstd
H2AX$} co-localizationS Hole 59 w&Ed Y3ich
I Yele, AlE <lollA] H2AXE DNAY| S8R gle
FRE IS AFH o E Afehs DHAE 21 11 V)T
£ dA7she dell o8 ofgRe] Jvkar AR EHY, Adrt
H2AX 9] {14k8} #7191 serine 139 71214+8} (phosphor
mimics) FENQ glutamic acidZ X|3ste] H2AX-/- F
M Eo] FYAZ ZH IR 23 nuclear foci 2 DSB
hypersensitivity7} B-7%A] &9}7] WiEo|ths). A AF
St Tl oA Nbsl, 53BP1, Mdclo] @Al71A] &zl
H2AX0l AFsle AL U453, A9 IO+ 548 o]Fn
At A #19] 3744 @E 2 H2AX el &% DDRSJ
AR s7lolE AI7E T

& &7 DNA B Alw Fg/dol #dd H2AX 9 4
HRo g AT F Jv A2 GELs 2ux) &14ch
WA H2AX 9] M U] 7153 2% Qe Ad oy
AES F8I0H, o] tFAES HEAHRSHE J)&S
ol83ld 715H oz H2AXS 7FE SR EHE 7158 Hol
£ UAES BTt I e dE Tl EE S
olu] H2AX 9} 2l Ao g Hud ASS HiA A7)
1, Fe TAES o g XE71A] BEH H2AX =F
< EUZ A3 1eds el ek A olds 2elst
Frt o] BEAEC] BRCA1Z BARD1 W, o[E3 H2AX
ote] 45 A FAE FHA: olol k] fRAE
< gHsly, S99 RS s H2AXSH 2R
FEE A3 Ay, BT H2AXS 283K Byt Ak

7} H2AX 9] A%l ZH8-381= BRCAL, BARD19] domain
S sk, A% AES 53t daAgol 7hed HE
domain F¥E FH3Tk

H2AX S} 45 A%E 7Ferdol sle ajde +43)
7] 918, A NCBI (National Center for biotechnology
Information)(22) Ao Eo] Ao ‘H2AX’S 483}
Pubmed HoJE{H|0]2~E B3l U2 T =RES EUE
H2AX #d e dEo] FHe} Gene HoJEHO)]2E §
8 AF7HA Rug 2% 2 29 Fede 7 g
5o ARE 319 T3l EBI-Harvester (European
Bioinformatics Insitute)(23) Al|ES 53] H2AX @2}
A5A8E e BdEY JuE Sl ZRHoR
A7) S ST oo SFehs wMaEe
H2AX, ATM, ATR, NBS1, MDC1, TP53, CCND1, CLU,
CHK1, SMCILI, CHK2, BRCA1, BARDI, DNAPK, INK,
PP2A, PPAC, MREI11, RAD50, RAD51, MCPH1, RNEFg,
53BP1, RAP80, TIP60, ARP4, EGFR, ERBB3, ERKI,
ERK2, GLO1, HSP25, HSP70, MAPK1, MAPK3, MAPK14,
PCNA, CDK4, p21, pl6 Z18]3L p21 T & 40707} 3l
HJc} oled S AER H2AXZHY 7154 ERE B
7 g #EAS /AT 9AES 37 GATHER
(Gene Annotation Tool to Help Explain Relationships)(24)
ALOIEE ]88l 919] 407) HAET H2AXS Y8}
ol Yo 273 ez thEH H2AX Y 7159
DNA metabolism, Cell cycle, Cell proliferation, DNA repair,
Meiosis “12]3L Response to DNA damage stimulusg 557
o F #d WlFAES Ao, H2AX S} 753
2 SHEe ddES A8 ti(Fig. 1B).

A gAdES PR A Bad =i
Faste] H2AX 2% @224 s A4S ATM,
ATR, Mdcl, Nbsl, 53BP1(6, 7, 8, 9, 10)$} H2AXl H]
ol&A0] A3l B4& 7R TPS3, Smel, Chkl, Chk2(10)
< AAHeH, F2 dHAES e E V& AR
£ o 7Y H2AX S A% A% 7ol =
BRCA13} BARDI-S A3tk

H2AX$} BRCAL, BARD19] A% #% 2 A #9
228 95 7} thlAdES] el BA1S SMART (Simple
Modular Architecture Research Tool)(25) AICIEE 3
FI9tE H2AX = 72U Q<Y DNA 2% 7152 3=
H2A =9Q 723 C-aete] 1418} motifE 7HA|AL §le
o, H2AX 9] C-Zet FHo] 207)9] oju|:=iielS: 7iets)e]
H2A 9} H2AXS oz H2AX 9 Af H2& 433
o2 A3} om, BRCA1Z BARDIS =HQl #41&
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Z3l frolFE3} (Ubiquitination)o] eddh= RING-finger
(Really Interesting New Gene-Finger) =9Q], NES (Nuclear
Export Signal), NLS (Nuclear Localization Signal) ZL¢]
a1 protein-protein interaction®| #3}= BRCT (BRCAL1
C-Terminus) E7<1E thdo = A¥sle] H2AX Y] At
FEE RS

A 22

H2A, H2AX, BRCA1 % BARDI19)] th3} §-22ke] ORF
EEYE BT A7 AgABRd MEF HeLaBHE o4
29 mRNAZRE FAE cDNAE 5802 Polymerase
Chain Reaction (PCR) 7|H& B3] Meizxog Bl 2
& S35A171 &, pGEX-6p (Amersham Pharmacia, USA)
9] EcoRl (New England Biolabs, USA) site$} pCITE4
(Novagen, USA)] EcoRI, Kpnl, BamHI (New England
Biolabs)ol] AIAIA0ZH o]Fo1F Tk B primer (Bionics,
Korea) AHEE Table 19 Uehjgltt RE 1y AEo
HeF automated DNA sequencingS Eéf 1atHch

Table 1. Primers used for gene cloning

Primer Sequence

H2A-8? GGAATTCCATGTCTGGGCGTGGTA

H2A-AS" GGAATTCCTCACTTGCCCTTGGCC

H2AX-S GGAATTCCATGTCGGGCCGCGGCAAGA
H2AX-AS GGAATTCCTCACGTACTCCTGGGAGGCC
BRCA1-S CGGGGTACCCCGATGGATTTATCTGCTCTTC
BRCA1-AS CGGGGTACCCCGTCAGTAGTGGCTGTGGGGG
BRCA1-1-313-S CGGGGTACCCCGATGGATTTATCTGCTCTTCG
BRCA1-1-313-A8 CGGGGTACCCGGCCAGGCTGTTTCGTTTTATTA

BRCA1-314-1313-S CGGGGTACCCGTTAGCAAGGAGCCAACATAAC
BRCA1-314-1313-AS  CGGGGTACCCGCTGGTGTTTGTATTTGCAG
BRCA1-1314-1864-S CGGGGTACCCGGATCCTTTCTTGATTGGTTG
BRCA1-1314-1864-AS CGGGGTACCCGTCAGTAGTGGCTGTGGGGG
BARD1-§ CGGGATCCCGATGCCGGATAATCGGCAG
BARD1-AS CGGGATCCCGTCAGCTGTCAAGAGGAAGC
BRCA1-314-772-S GGAATTCCGTTCTGTAATAAAAGC
BRCA1-314-772-AS GGAATTCCGACAAATTCTTTAAG
BRCA1-773-1313-3 GGAATTCCGAATCCTAGCCTTCCAAG
BRCA1-773-1313-AS  GGAATTCCCTGGGTGTTTGTATTTG
BARD1-14-189-S GGAATTCCCGCTCCGGGAACGAGCCTC
BARD1- 14-189-AS GGAATTCCTGCAGGAGGACTTGGGGAAAC
BARD1-250-386- S CGGGATCCCGTCCAGTCCTCAGATAAATG
BARD1-250-386-AS CGGGATCCCATCGGACATGTTACTG
BARD1-551-776-S GGAATTCCGTCATCCTCAGCTAG
BARD1-551-776-AS GGAATTCCGCTGTCAAGAGGAA

The numbers mean the site of amino acids. Boldfaces represent
restriction enzyme sites. ?S: sense; "AS: antisense; GGAATTCC:
EcoRI, CGGGGTACCCCG: Kpnl; CGGGAATCCCG: BamHl.

g TX| Y GST 88 CHHE! Al

¥SE %A% ThlEe S methionine (PerkinElmer, USA)
9] &) 3}ell, TnT Coupled Reticulocyte Lysate System

(Promega, USA)S ©|-83}] pCITE4c-BRCAI, pCITE4c-
BARDI, &l&] fragment plasmidsZ5E] 30C o)A 9087+
in vitro 7ol FAE AL pGEX-6p3-H2A 2} pGEX-6p3-
H2AX-S BL21 (Novagen) 5l = 2 A% A7
=, 0.1 mM] isopropyl b-D-thiogalactoside (IPTG)E ©]
B3 Aol M 2A17F B 7HGF O R HANE RSt
ANZ3 SilAs AAXNATE GHE TAE lysis buffer
[30 mM Tris-HCI (pH 7.5), 0.1 mM NaCl, 1 mM DTT,
1% NP40, 1 mM PMSF, 2 pg/mL aprotinin]®l] &&A]|Z1
& sonication IS AR, AEH o ZRE Glutathione
Sepharose 4B Bead (Amersham Pharmacia)g ©]-8-3}q
e duds Btk ©]%, 10 mM glutathione-S
o]83}o] beadollM Az SEE B F, dialysis

¢} ultra-filtration AL AA HF B3¢t

ALREH TN Zlo| ArSTEY &3

o

Jp

A lysis buffer 1 mlol] 7 pl®] glutathione sepharose 4B
bead®} 4= HAE 5 pg GST ¥ GST-AEF Thjd s
Y1 4ColA overnight AJFHTE ¥H3-0] 4% 3 in vitro
binding buffer (1 x PBS, 0.1% NP40, 0.5 mM DTT,
10% Glycerol, 1 mM PMSF, 2 pg/mL aprotinin) 1 mL=
S washingdl U THsample 1). TnT Quick Coupled
Transcription/Translation system o] &3] o ¥s=z
FAH oA 5 32} sample 1= in vitro binding buffer
o Yol & 1 mLe T §, 4ToX 2A12F §REAI AL
Hkgo] T 5 | mL in vitro binding bufferE 3713}
39 washingS A7, 8-15% SDS-PAGE gel & ©]-&
ste] 71952 Aok H719E & gel dryer (Bio-Rad,
USAYE o]&3te] 80 CollA 1AI7F 5k AxFom, o]%
autoradiography 2 A]2}s} 3}t

Znp ¥ nEt

H2AXoll chigt BRCA1at BARD12| &gt 7k

H2AXol A9+ A3 7Vedt i ASS 3yl uigh
AA A WYL Fig. 1A°] AWk WA H2AX <}
NeAo R #HE U= 40719 dNAES AH At
oyt HAES 2EREA| JITHE R/t AA7A
Had m2AXe] 7lsd 7P S3Ee 15709 A=
Zokslit). o§7]oE ATM, ATR, BRCAI, Chkl, Chk2,
PCNA, Mdcl, Nbsl, Rad51, SMC1, TP53, TIP60E°]
F3HETKFig. 1B). ©1F 7180 H2AX S} Ajlsle AR
427 A (ATM, ATR, Mdel, Nbsl, 53BP1)2 #|2|3t &
He AES H2AX ] Aol 7)Z28te 7ijEd K
A =RES 58 HZHY A% /e AS Ad veEs
AABATHAE 2 ).
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Collecting functional related genes
with H2AX from literature reviews

|

Gene ontology and protein binding analysis
using bioinformatical tools

|

Identification of potential proteins
interacting with H2AX

A

lism

ATM, ATR, BRCAT,
CHK1, CHK2, MRE11
MDC1, NBS1, PCNA, DNAPK
RAD50, RAD51,
SMC1L1, TP53,
TIP&0

Cell cycle 'Cell proliferation
ATM, ATR, BRCA1,
CHK1, CHK2, CDK4,
CDKN1A, CCND1, EGFR,
MAPK1, MAPK3, MDC1
MRE11, NBS1, PCNA,

ATM, ATR, BRCA1,
CHK1, CHK2, CDK4,
CDKN1A, CCND1, CDKN2A,
EGFR, MAPK1, MAPK3,

Eunctional |

RAD50, RADS1, Qverlapping. PONA, PADE0, BADS
SMCL1, TP53 genes with H2AX H ! y

SMCL1, TP53

ATM®, ATR®, BRCA1,
CHK1, CHK2, MRE11
MDC1a, NBS1a, PCNA,
DNAPK, RADS0, RAD51,
SMC1L1, TP53,

TIP80

Responseto
DNA dagmage.
stimulus

ATM, ATR, BRCAT,
MRE11, MDC1, NBS1,
PCNA, DNAPK,
RADS50, SMC1L1,
TP53

ATM, ATR, BRCAT1,
CHK1, CHK2, MRE11
MDC1, NBS1, PCNA,

RADS50, RADS51,
SMC1L1, TPS3,
TIP60

Meiosi

ATM, CHK1, MRE11,
RADS50, RAD51,
SMC1L1

B

Fig. 1. Identification of potential interacting proteins with H2AX
by bicinformatical approac.
A, The overall scheme of identification. Its detailed
procedures were described in Result and Discussion.
B, Gene ontology analysis of H2AX related proteins.
3 Known proteins interacting with H2AX.

& 71€3k vie} o], DNA DSBY] ¥h&o ATM,
ATR 712]3 DNAPKE ¥&sh= A @& complex
Eo] EA3l9) o] BAEH kinaseSS £1F DNA &
S B3171918) cell-cycle progressionl] sgshs U#
o] Az AAE 7FsAI71H, o] 2o BRCAl©] #o]
Ho] RaEth12). DNAY] £4}0] 9 BRCAL-E ATM
I} ATRO 9J3] 14kslE]of(12), ©]F Chkl kinaseE %4
sled S phase B G2/M transition®] 1S ZAFTK(13).
At B3 Aol ¢J3hd BRCAI-S DNA damage
Zo] H2AX 9] X8I E A7])= nuclear foci® 2 91X
E HQtH14). S92 HL IR FAF & A71E focis
A% A9}, H2AX focizh 7P W24 Jelton o3
TAH 22 Rad50 (MRN complex ¥9) foci, BRCA1
foci, Rad51 foci7}t EAHo] Byt 18} BRCA13}
MRN®| A DF- A oAt BEAE 0 H, IMRIO HIE
FE 12 Gy IR} =217 F 2A)7F oJUjol]l H2AX foci

7} 100%9] AR F3oll A YERJATE Rad50-2 6-8A17F
Zo]] H2AX foci®} co-localization®] & Eglor, o]}
£ tk2A BRCAI1 focit ZAF 2417 3 Aol o]2H
AF3E7F H2AX foci$d co-localization ® o] #aw vt
X3 Rad51 focis= BRCAL foci®} co-localization 3] &
ZHATE IR A} 2A17F 3 H2AX foci®} Rads1 fociZl 73
T @] RolA] ¢tti14). 3 H2AX 9] a7t dof
W & BRCAI-H2AX, Th2-2.2 Rad50-H2AX S} Rad51-
H2AX co-localization®] ¥oldtha E 4 githk f]dlA
AFE AE &, TP53, Smcl, Chkl, Chk2¥& H2AX7} €1
= JEjol A= DNA damage agentsoll 93] ¥ HIEE
A3t E 0] ti15). 53], Nbs1$} Chk2+= H2AX-/-
M|ZE A ©o]# PIKK-mediated 1AF7F B &84 DSB
oA dojdth(11). ol H2AX ] EAME]1 TGl A
= #HA o] thi Foial AlREe] FEH o7 BRCALS
H2AXd 2%e 5 e HHY BAEZAZ 35t
<=9 A4 A7t BRCAL (3 BRCAI-BARDI complex)
o] 71 & AHAS By

H2AXoil et BRCA1=2t BARD1 Z# &l

BRCA1-S ¢ A #%A} (tumor suppressor gene)ZA],
@ g Rk Ednio|= sl 934 o At
o] &4 e HIZASIE oM7Y, o] & Q1% il Ts
o] Asz ABE APAZITK16). 3L BARDIE FA
2121 tumor suppressor gene©]TH17). BRCA13} BARDI
53] AR A=l gk M3 RS, DNA damage 28|31
cell cycle checkpointsell Ao 1 S 71x17] Y3l 3
WE S0)0A Hed 2 7|l gk A7 @A A
2] importin®l] 2J3}} 3-AZA7F] shuttling®] ©]FFIt}ar
HuE3 JAYE 1 o]F9] DNA damage, DNA repair
o #3}le] genomic stability9} cell cycle checkpoint®l]
203 98 3= H2AR H2AX S Z& 7)1& ) sl
Me 1R 9771 283 Bt

Literature reviews -3l H2AXHH 7] A7
A4 DNA damaget} cell cycle check pointol] =] o]
AIE Yol -8 9JRE Ko, FA]| immunoprecipitation
S B3 H2AX AEHE 29 5 e dAs
2l BRCA13% BARDI-E 443150tk o] f3AES UA
A g vle} o] Al U] DNA repairdl] 10} H2AX 9}
- BHS BAE o)FH 1 9L 3¢ BRCAL
L olui=al o7} 18642 WS- & §HAYL 7AksIe]
Aok BRCA1 1-313, BRCAI 314-1313 18]a BRCAI1
1314-18649] A FE.02 Uro] pCITEAco] 224 31
I, BARDIZ full-length ORFE -2 HE]o)) E21 3},
H2AX9} in vitro binding assay-= 3% 23} H2AX S}
Agsh= o= FRIHTHFig. 2). 5olgt &, H2AXE
BRCA19] 314-1313 F-E3} A3 A7 RING domain
7 NES7} 9= 1-313 #3237, BRCT domain §-E3=
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AR oS Bk FE3F H2AX Ul$k BRCA1#}
BARD194 7&%‘8 H2A ¢} ¥lwa B-5 of, H2AX 9] 5]

e T H9I90 c-dd me] HRo| o] )= ]
Bom H2A 9 H2AX 9} F58 vz M9 F-¢)9} 2%
& 3= Aog BFYUTH

BRCAt BRCA{ BRCA1
1-313 3141313 1314-1864
GST + - + +
GST-H2A

GST-H2AX

BARD1
GST + o -
GST-H2A -t

GST-H2AX i b -~ -+

Fig. 2. H2A and H2AX interact directly with BRCA1 and BARD1
in vitro
In vitro binding of H2A and H2AX to the fragments
(amino acids 1-313, 314-1313, and 1314-1864) of BRCA1
(A) and full-length BARD1 (B). Five pl of the **S-labeled
fragment proteins of BRCA1 and full-length protein of
BARD1 were transcribed and translated in vitro from
each cloned plasmids using the TnT Coupled Reticulocyte
Lysate System and added to 5 ug of GST, GST-H2A
and GST-H2AX fusion proteins (C) and incubated for
2 hr at 4°C. Bound proteins were detected by using
autoradiography. This experiment was performed in
triplicate and the results of a representative experiment
are shown. i, input (30% of total protein in the binding
reaction; b, blank lane.

BRCA12l NLS domainz BARD12| BRCT domain
ofl cist H2AX =& gt 29| &el

BRCA13} BARDI> 3F#©= RING-finger, NLS,
NES, BRCT domaing 7FA|al 121, BARD1-S BRCALI
3} 2] ankyrin-repeat domain-g- 7]—7<]J_ UK Fig. 3). °l&
WA ] 7152 heterodimer AFERS] 5ol whEhA C‘r__
t}. BRCAI-BARDI1 3= A& N-gd 290 ¢

X3¢+ RING-finger domain-g %3] ATHS o] F1 o,

o] QI3 e NES Faite] A Eo] 3] ol mE
Eol 1 7]0 S 3 SH18). EHJHOE o] Hghx ]
replication & S-phase ©@AJoIA] DNA repairell ¥iE
Aol PCNAS} Rad51, Z28i3L DSB7} doft ¥ yv-H2AX
9} co-localizations ©)F0] & 71%5-E A Hnk ohy
E} RNA polymerase 119 BRCA1-C-Ht 3-2](1380-1863)
£ vj7iE Z%3E &, ubiquitination WH-S B39k T8k
polyadenylatlon factor CstF-50== BARDI1-ANK repeat
domaing "7)2 B33k mRNA processing= ASHA|A
ZoF olAof tigt 7142 AFIK19, 20). BRCT domain
£ DNA damage©l] ¥+8-3}4] cell cycle checkpoint 7159l
o] = TSl BRCAL, BARDI, TopBP1, 53BP1
218]3 Mdcl FollA EA3) “‘7:‘%1’4(21) olef sk Thild=
2 9ol WA RXE H2AX 9 DA% WAIE Bolal itk

_lz r1r

313 m 1313 1863

1
sreat [T %8
1
BRCA1 (1-313) i:]]][[j

BRCA1 (314-772)

[l
1
t
1
'
i
1
BRCA1 (773-1313) :
i

BRCA1 (1314-1863)

! NES
v s
:
1

BARD (250-386) B BReT domain

. i
BARDA (14-189) D]]]j ro !
i
{
|
I

BARD1 (551-776)

m m Ankyrin repeat domain
B

Fig. 3. Schematic representation of the BRCA1, BRCA1 mutants
and BARD1
A, Domain structure of the full-length BRCA1 and the
BRCA1 deletion mutants including nuclear localized
signal and BRCT domain deletion mutant (1-131), RING-
finger and BRCT domain deletion mutant (313-772),
RNIG-finger, nuclear export/localized signal and BRCT
domain deletion mutant (773-1313), and BRCT only
domain mutant (1314-1863) used for the in vitro binding
assay. These mutants were cloned into pCITE4 vector and
expressed using TnT Coupled Reticulocyte Lysate System.
B, Diagrammatic representation of the BARD1 and BARD1
deletion mutants. The amino acids encompassing each
domain are indicated and expressed using same
method above.

o7)Me & Yo 7)ol #dsk= NLS, NES 123l
54 F0% MAXS) A 5 o)
slarap o1 H ] H%‘”SP: A A7IMEE AEC] E2Y
3}, in vitro blndmg assay = AAISISITE BRCA1 314-1313
9] 503-615 amino acidsll= NLS7} S=A)8=5|(Fig. 3A),

o] J-RI} H2AXH ZAsh=A] #k1sl7] 9fall U] BRCAL
314-772¢F BRCA1 773-1313 H-E-& E243te] H2AX S}
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in vitro binding assay< A3+ 3}, BRCAI 314-772 H&
I} Agteo] BEEATHFig. 4A). o] F-2ole & U2
oo Bodal= NLST 48k glo], NLS$ H2AX S}
AIS wYth old AWE EU|E BARDIS RING
domain¥} NES F%o] & 14-189, NLS7} Y= 250-386,
2] BRCT domain®| U= 551-776 H-¥{(Fig. 3B)<
E293l H2AX S} in vitro binding assayS 3] 2%
A BE-S FH31E 1 27 BRCALF 2], BARDI
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Fig. 4. H2A and H2AX interact directly with the NLS region of
BRCA1 and BRCT domains of BARD1 in vitro
A, NLS region of BRCA1 mediates interaction with H2A
and H2AX in vitro. 314-772 and 773-1313 fragments
of BRCA1 were cloned into pCITE4 as described in
the Materiais and Methods. Each *S-labeled fragment
added to GST, GST-H2A and GST-H2AX fusion proteins
and incubated for 2 hr at 4°C. The bound proteins
were detected by using autoradiography. B, BRCT
domain of BARD1 interacts with H2A and H2AX in vifro.
Each fragment of BARD1 was created as described
in the Materials and Methods and in vitro binding
assay was performed as mentioned above. i, input (30%
of total protein in the binding reaction; b, blank lane.

2 ¢

2 A7rMe H2AX S AsHEQ Vs B EAHIE
AESE] 717 ajAol digt Bot &g JRE AAS
A}, H2AX 38 ol E-S literature review B AEAR
AQ] 71&g olgstd HA o AY TAAE 400
d&5la, % 7Y AEFE 7VeAdo] =& BRCAI

9} BARD1 Y-S HW3lA in viro ZEHPE 53
o]Z ZWslch olE F /A9 FHAE wEE,
298t 224Yd FAAE o83l F 7ix] deld
S 23 2 ARG o, R AES QXA T2 9
3t A%tsES A7) 98l in vitro binding assayH-S
AXElGITL el A QPR vy A oAl
31 detergent¥ro] X3 AJefollA, FxEH 9 EE]5H
s Al fFE BHY F IA e, BRCAIH
BARD1S 25 H2AX 23S gl ol 43
ANE vigto g Zpzhe) whilol s H2AX9He] #HF
A 92 gohir] S8 & 3949 domaing AEH
RBEtF o2 A5l oo RING domain, NES, NLS 2
BRCT domain®)] s|@sh= #2341 #1-& A2 F243)
o, tHA) in vitro AEEE L AFAA] ) literature
reviewE £ £ AAJg A3y, H2AXE BRCA19]
NLS, BARD1¢} BRCT domain 323 ZA%sl= 2L 3
Q15 H2AXO thek BRCA1# BARD1#9] Age
DNA repairell $1o] BRCA12] NLS9} BARD12] BRCT
domain-g E3] H2AX focid] &3 AX ASAE 714
Z93 932 sl AAHOF genomic stabilityell FF
< vl 7VsAe] 55 oz Alsdrh

& Al

B A7 AARAR AEadaigAld (R-2006-1-
043) 2 w58l 1ER AR ALY (M20706000020-
08MO0600020007}+ 20090078237)91 2j8)] XY oH, oo
A=

A 20094 29 289, A< 1 200013 89 139

REFERENCES

1. Kinner, A., W. Wy, C. Staudt, and G. liakis (2008),
v-H2AX in recognition and signaling of DNA double-
strand breaks in the context of chromatin, Nucleic
Acid Res. 36, 5678-5694.

2. Rogakou, E. P., D. R. Pilch, A. H. Orr, V. S. Ivanova,
and W. M. Bonner (1998), DNA double-stranded breaks
induce histone H2AX phosphorylation on serine 139,
J. Biol. Chem. 273, 5858-5868.

3. Celeste, A., S. Petersen, P. J. Romanienko, O. Fernandez-
Capetillo, H. T. Chen, O. V. Sedelnikova, B. Reina-San-
Martin, V. Coppola, E. Meffre, and M. J. Difilippantonio
(2002), Genomic instability in mice lacking histone
H2AX, Science 296, 922-927.

4. Fernandez-Capetillo, O., H. T. Chen, A Celeste, 1 Ward,



KSBB Journal 409

10.

11.

12.

13.

P. J. Romanienko, J. C. Morales, K. Naka, Z. Xia,
R. D. Camerini-Otero, N. Motoyama, P. B. Carpenter,
W. M. Bonner, J. Chen, and A. Nussenzweig (2002),
DNA damage-induced G2-M checkpoint activation by
histone H2AX and 53BP1, Nat. Cell Biol. 4, 993-997.
Celeste, A., S. Difilippantonio, M. J. Difilippantonio,
O. Fernandez-Capetillo, D. R. Pilch, O. A. Sedelnikova,
M. Eckhaus, T. Ried, W. M. Bonner, and A. Nussenzweig
(2003), H2AX haploinsufficiency modifies genomic
stability and tumor susceptibility, Cell 114, 371-383.

. Lee J. H. and T. T. Paull (2004), Direct activation of

the ATM protein kinase by the Mrel1/Rad50/Nbsl
complex, Science 304, 93-96.

. Burma S., Chen B. P., Murphy M., Kurimasa A.,

and D. J. Chen (2001), ATM phosphorylates histone
H2AX in response to DNA double-strand breaks, J.
Biol. Chem. 276, 42462-42467.

. Stucki M., Clapperton J. A., Mohammad D., Yaffe

M. B,, Smerdon S. J.,, and S. P. Jackson (2005),
MDCI1 directly binds phosphorylated histone H2AX
to regulates cellular response to DNA double-strand
breaks, Cell 123, 1213-1226.

Kobayashi J., H. Tauchi, S. Sakamoto, A. Nakamura,
K. Morishima, S. Matsuura, T. Kobayashi, K. Tamai,
K. Tanimoto, and K. Komatsu (2002), Nbs1 localizes
to gamma-H2AX foci through interaction with the
FHA/BRCT domain, Curr. Biol. 12, 1846-1851.
Ward 1. M., K. Minn, K. G. Jorda, and J. Chen
(2003), Accumulation of checkpoint protein 53BPI
at DNA breaks involves its binding to phosphorylated
histone H2AX, J. Biol. Chem. 278, 19579-19582.
Lukas, C., J. Falck, J. Bartkova, J. Bartek, and J.
Lukas (2003), Distinct spatiotemporal dynamics of
mammalian checkpoint regulators induced by DNA
damage, Nat. Cell. Biol. 5, 255-260.

Cortez, D., Y. Wang, J. Qin, and S. J. Elledge (1999),
Requirement of ATM-dependent phosphorylation of
BRCA1 in the DNA damage response to double-strand
breaks, Science 286, 1162-1166.

Yarden, R. I., S. Pardo-Reoyo, M. Sgagias, K. H.
Cowan, and L. C. Brody (2002), BRCA1 regulates the
G2/M checkpoint by activating Chkl kinase upon
DNA damage, Nat. Genet. 30, 285-289.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.
24,

25.

Scully, R., J. Chen, R. L. Ochs, K. Keegan, M.
Hoekstra, J. Feunteun, and D. M. Livingston (1997),
Dynamic changes of BRCAI subnuclear location and
phosphorylation state are initiated by DNA damage,
Cell 8, 425-435.

Celeste, A., O. Fernandez-Capetillo, M. J. Kruhlak,
D. R. Pilch, D. W. Staudt, A Lee, R. F. Bonner, W.
M. Bonner, and A. Nussenzweig (2003), Histone
H2AX phosphorylation is dispensable for the initial
recognition of DNA breaks, Nat. Cell. Biol. 5, 675-679.
Nathanson, K. N., R. Wooster, and B. L. Weber (2001),
Breast cancer genetics : what we know and what we
need, Nat. Med. 7, 552-556.

Ghimenti C., E. Sensi, S. Presciuttini, I. M. Brunetti,
P. Conte, G. Bevilacqua, and M. A. Caligo (2002),
Germline mutations of the BRCAl-associated ring
domain (BARD1) gene in breast and breast/ovarian
families negative for BRCA1 and BRCA?2 alterations,
Genes Chrom. Cancer 33, 235-242.

Rodriguez J. A., S. Schiichner, W. W. Au, M. Fabbro,
and B. R. Henderson (2004), Nuclear-cytoplasmic
shuttling of BARDI1 contributes to its proapoptotic
activity and is regulated by dimerization with BRCAI,
Oncogene 23, 1809-1820.

Krum S. A., G. A. Miranda, C. Lin, and T. F. Lane
(2003), BRCA1 associates with processive RNA
polymerase II, J. Biol. Chem. 278, 52012-52020.
Kleiman F. E. and J. L. Manley (1999), Functional
interaction of BRCATl-associated BARDI1 with
polyadenylation factor CstF-50, Science 285, 1576-1579.
Canman C. E. (2003), Checkpoint mediators: relaying
signals from DNA strand breaks, Curr. Biol. 13,
488-490.

NCBI, http://www.ncbi.nlm.nih.gov/.

EBI-Harvester http://harvester.embl.de.

Chang J. T. and J. R. Nevins (2006), GATHER : a
systems approach to interpreting genomic signatures,
Bioinformatics 22, 2926-2933. http://gather.genome.
duke.edu/.

Letunic 1., R. R. Copley, B. Pils, S. Pinkert, J.
Schultz, and P. Bork (2006), SMART 5 @ domains in
the context of genomes and networks, Nucleic Acids
Res. 34, 257-260. http://smart.embl-heidelberg.de/.



