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DNA IZIFEBEREWMA a—REINTEY, EIIHKRAREZ U NIENREAETLHZ LI
kv, BE, R EBE, Vo ERBBEND, 2B O DNA NEMIG
X, EOAEMIZTENTHILEIT A 72HAETH D | IR AR (b5 o A=y D HE
FHZB T MRS T TER <, AERIZB O THELS S5 LT 5,

ERDNA X 2 A—FLOEEERELTWDAN, B X X7 X0 HAIE
LI BENXI LAY —LEEY, o 7B LG L Tar 7 b
IR RIS EED 2 L TENICER NI N TS, BEEAMIZEWTX Y LA
YV — A%, DNAL 2O D28 A2 ko H2A-H2B, = L CT4Efkt 2 v H3-H4 E#5ET
HZEIZEDERENTWS, Lizdi> Tl Lz DNA MERG DOBRIE 2 & DN LT
W2, X7 LAY — ADONFREEELZ S LER S D,

VERIRFIZ HAYO DNA IMERG % IEFEICAT 5 72 DIT, Mix e X7 LAY — AR
TOFEENRALN TS, BlxIE, B A MALFEMZ "7 E LT, TEF b
e, AT ALEER, U U BfbBEsE, 28X F ALBERER EDRH S, B A MO N K
I 7 A R C Kl iZ BV T < DALFPERMEALAFZE S TR 0 | Effids L O
Effi, LR DMFEMICEIY ., KISFRAREIE ThLTn5, AT, ik
FEMZ NITEELT, EA MYy RnYy ZuavTF L UET Y T ATPase, X
TFIONTBINAL I RAT—=BREDL I REZ U NTEP, ISR 7 LAY
— AEEEAEHE L T ZERMLNTND, LNLARRL, 2D OIS,
ZEDEZ R TENRRX T VF Y — MMHEER L, FrEB 2 BOS 2 BEHEZHIE L Tv
L0, X7 VA Y — ARG ORBGERRET 2 2 L I3ES TIER, F 7 S5
B ET DX X EMOMEERZHLMNITH7-010E, TO—RESER DO
RSO BT, ZREEOBEND LT T A MNEND D,

UbLZSEAAROIETIZ, ETX7 VA Y —LOHEAHRK T THLE X FITHE
HL., cfif R8I pricky, B85, #R, BHRICEST 2 X b o HaERE%
MBI T AL VI FH LWRIKEICE Y . X7 L4 Y — ARISOMmAEE B L
776

FNT, X7 LA Y=LK FD1>ThHAHE RNy Asfl X X7
BT X 2 EEURA T2 & NS IR A RS DR BT &2 . o & 37 8 & O AE/EH
DBLED BN LT,

X 5T, M OSICR 592 % o7 HOEEEZ EBL OB AN D LB ITT
LHEBT, XTIV FT 77— T AFHRE L RIE RedB & 378 ITELT,
BERAEMIZIHIT S Radb2 # /37 H L ORISR b ONTHERE IR 21T > 72,
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BENZRREREEZRA W2 e X b ooy FREOERRAET

BEAEMICB W TCEBERZHE S DNA I,
8 BIkDaT v AN NEINTZXT LAY
—LfEEEER LTS, aT e R bt 4
RO H3-H4 &, 2 DD 2 &{& H2A-H2B 725
ks 5 (Figure 1) ., a7t X bl
WTIRE L ESEICRFESRTEBY . flxiX
AN HA TR BE MIZEDSETT I
J BRSNS 92%MHFEI CTH D, FDR, AT b
A b OEECHEE L I L 7B s T EE DO FH
i, EEAEMIZB W TIEFITHELL TWD
LEZLND, 75 DNA IR LAY — A
ICEWAICHBEEINTBY , 55 Figure 1. Structure of the nucleosome,
L R E VT DNE BIETE T BIUS  prateins (in cartoon form), Each histone i
ORI EL X 7 A Y — A AEAERIKRF colored according to type, in orange (H2A),
DIER L 70 0) R 7 LAY — BEEE 5 L & 4 pink (H2B), blue (H3), and green (H4).
HUVLEND D,

THETIZ3DDEATDOX 7 LF Y —2HEEARFRRESHTWS, 1) X7
LAY —LEAGRONIHERZITOX I VAT TAI L OREEIND ATP KT
A bhvyvyotmy ?02) SWI/SNF, NIRF DX I RRX I VA —LDDATAT 4V T %
795X 7 LAY —LUET Y 7 ATPase™| 3) B X b OREZ rTHIICHIET 5 &
AR TEFME, BT BT AR O X 5 e e A FALPEMBEE 20T ThDH, Z
NHDOX 7 LAY — MM AEERKRFOBRERERENTIRGRHE BV TR S Tidn
L0, B I OMBEEIZEBIT 220313 & A ST S Tunin,

N R 7 A /W EB T DAL FHEMITE R I BDOIER L ANERLICEE TH L7290

FEHENTEBY ., £< DOAJfge  markingofhistne reading of the code chromatin states cellular events
DIThbivTng *9 Fi,| P -

b b ORI Y &

AR EXT LAY —ANHE CN,” - — 7 i
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Figure 2. Concept of the histone code. Different modifications on histones regulate
association or dissociation of specific histone binding factors and control various
downstream reactions.
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T2 (Figure 2) ", BEAXA hroaTEb o, (bFEMEIT &0, £BH
WX VERGIEMALRFICX 7 b A Y — 2% VET U 735 SWI/SNF HEREZER L2
KRDZERBEDY A L v U T RERT D22 ENMBATND B ZhETO
WFED L N, B A b OILHEMEESLX 7 VA Y — AMAEERRFICEB L,
BEMREIOMANEINTE T, TOEH, W OrOMEREIN TS, E A |
> DREREMEATI TR EIALICIR 5Tz, 2) B A kN BEE-9 B ER5 LIS O BOUG F~
DFENTBHEA TV, NG HE Bl L W72 8725 DNA MERIRICRT L TE
DI AN REEHENGIT LTODEDONIIHOWNWTHR I LTV, Th b,

ERA R EXT LAY —AFEERKRT EOREGIE, Hrxe X7 LAY —LARIED
gL n, Liedho TR D DNA SMERISIZEBWT, FFEMFZEL T D e X
Mo 2 TORMBIROKE ZMIHT L Z L0, 2 E TR - -8 % ffk4 2
T2OICEHETHD, T TCARETIEIX IV LAY —ANIGORAFHEHB LN 1 73 /8%
LAV TOR R N ORI O KRG EMHT L7201, FTxlZaT e A o1
REINMETL2R2TOT IV BRICERZEANL., in vivo IZBWTER % 22BN ST
BT ESEROEBLETE LT,



EBRI7IE

REREA

I U NVEERAWTT T2V ERE T Y, B ARy H2A BX O HIB Bl E D
W27 7 A K (pRS313-HTAI-HTBI) 1% HIS3 Eint % & R~— L —L L TH>, t
ARy HSBEIO H4 &5 T2 DWT7-7F A F (pRS315-HHTI1-HHFI) X LEU2 Y&{s 1
igil~—0—& L THD,

BERkEST7RAIF

AR HA BEXO H2B 2 — R A8 208 L7 FY406 ¥k (MATa A
(HTAI-HTBI) A (HTA2-HTB2) 1ys2-128 6 his3 A 200 ura3-52 pSAB6 [URAS-HTAI-
HTBI]) % F. Winston ME"X 0 ft5 L CIEE, L7z, bR briEfaFE2mEs
HZ LRV BEIEICR D, ORISR FIEKRIT, BARE A b H24 B X O H2B &
1% DY, URAS Bin T %2 BEIN~—H—L L TEST 7 AI K (pSAB6) 2LV L =&
Xa—Ehb, H2A £721F H2B Bt LICAERAZEALZbDEay ha—L L L
THARER 28 A L7277 23 K (pRS313-HTAI-HTBI) % AT FY406 k% EE
B4 7=, 5-fluoroorotic acid (5-FOA) % &de~ L — b _LIZ FY406 fREpH S5
& URA3 &G T-EEW )Y 5-FOA ZMIIN CTHRICEW T 5720, URA3 BT &R T 5
77 A K (pSAB6) ZiBIRMIIZHERRT A Z &N TE, ZHEFIMH LT pRS313-HTAI-
HTBI 77 A ROFZEHAH LI EER L7 (Figure 3) , B A b H3 BIL O H4
a— R4+ 5828 L7 MSYT48 #k (MAT « A (HHTI-HHFI) A (HHT2-
HHF2)his4-912 8 1ys2-128 6 leu2-3, 112 ura3-52 pMS329 [URA3-HHTI-HHFI] ) 1% M.
M. Smith "X HtE L THEW-, ZNALO&GEFIRET, HEMe X v H3 B
FO H4 BIrTZ2DET7, URA3 Bin T2 BIR~—T—& L THD pMS329 2k v L=
Xoa—3ND, HB3FETZITH Bl F RICRERELEALZbDEa fr—LE LTH
AFREIR 2B AN L7277 T A R (pRS316-HHTI-HHFI) % FV~T MSY748 Kk % /& ix
a1l 7c, 5-fluoroorotic acid (5-FOA) Z&de~ L — bk ITT pMS329 A BIRAYIZHERR
U. pRS315-HHTI-HHF17' 7 A X RDHZ A LTtk ZF L= (Figure 3) .

B M

Synthetic complete (SC) #% H1{X0.67% (w/v) yeast nitrogen base without
amino acids. 2% (w/v) glucose. 2% (w/v) bacto agar, 77=>., U7 )L, FD
BT I/ E G, Spt REVBFATICIWTIL, SC Bz ) 28D &
GERVS O A UEE L7z, 6AU, HU, MMS JESZMEMEATIC ISV Tl SC BHTx LT,
ZhZEi1 mg/mL 6AU, 100 mM HU, 0.016% (v/v) MMS ZiFML7=b D& MHEH L7
(Figure 3)

Spt REA I K O FE KRR 52 MEAEAT

Spt REAEATIZE W T, VPV ERRLNICARE SC Hia Av, F7o, A
JEZPEFRNTIC B W TIE, SC iz znE oA 2 G 7 L — b2 HW T, 3 59
FRUTZEREZ ARy LTz, TRENDO ARy MZBWTIE, BX%E 1 x 10°, 3 x



10%, 1 x 10%, 3 x 10°, 1 x 10°, 3 x 10% 1 x 10% 3 x 10' OESZH W=, AR
FL7Z7 L— biE Spt RIEAMNTICB W CIE, 30°CT 3~4 HM., AR MERRTIC
BWTIEL 30°CT 3 HMERE L7z, EBRIX, 2 732170, #EEE D R L3
Ma R L7~ (Figure 3) .
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Figure 3. Experimental design of the construction of mutant strains.
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BEHRERRERTIAT TV —D1ER

AT b AN DENENDT I R OMENREZA LN T A0, X7 L
Y — D OSAREERAT T — # 20, 7 FREICAET S 8 A b2 H2A, H2B, H3,
H4 @ 320 FRIENZONWCTT F = E#fa L7z (Figure 4) . 72720, o FREICALE L T
WTHILA 7T 7 =2 Th HERILITRW T, Eio, SERREEDR LTV N K
TANGED CRERZEM LT, 77 = ICEBHRLZBEBT, MEN/ SNzt
AN UCHEERSE R R 8 EBEREE~DOEE R/ NRIZT 5720 TH D,

A 1 23 92 131
A N-M AGCSAAYA AKAG-core- A A AKATKA -C
oN aC
1 38 106 130
H2B N-MSAKAEKKPASKAPAEKKPAAKKTSTSTDGKKRSKARKE-core-PGELAKHAVSEGTRAVTKYSSSTQA-C
aC
1 59 133 135
H3 N-MARTKQTARKSTGGKAPRKQLASKAARKSAPSTGGVKKPHRYKPGTVALREIRRFOKSTE-core-ERS-C
olN
1 26 95 102
H4 N-MSGRGKGGKGLGKGGAKRHRKILRDNI-core-RTLYGFGG-C
24 91
VGRVHRELLERGNYAORT APVYLTAVLEYLAAFILELAGNAA KTRI] HLOLAIR
ol L1 o2 L2 o3
39 105
B TYSSYIYEVLEQTHPDTGISQKSMSILNSFVNDIFERIATEASKLAAYNKKSTISAREIQTAVRLIL
ol L1 o2 L2 o3
60 132
H3 LLIRKLPFQRLVREIAQDFKTDLRFQSSAIGALQESVEAYLVSLFEDTNLAAIHAKRVTIQKKDIKLARRLRG
ol L1 o2 L2 o3
27 94
H4 QGITKPAIRRLARRGGVKRISGLIYEEVRAVLEKSFLESVIRDSVIYTEHAKRKTVTSLDVVYALKROG
ol L1 o2 L2 VK]

Core histones

Figure 4. (A) Positions of point mutations in the primary structures of histones.
Mutagenized residues are colored in orange (H2A), pink (H2B), blue (H3), and green
(H4). a-helices and loops are indicated by thick and dashed lines, respectively. (B) A
position map of point mutants in the electrostatic surface of each core histone and all
of core histones. Mutagenized residues are colored as in A. The N and C-terminal
regions are not shown because of lack of structural information.



b A bR RARERLTER X O £ TOMAIZ W T Figure 3 1Z/R L2, A8
ERRAERIT DRI, AR XA N 7T A ReliksEs 2 sicky, B4
RTRERKROERE RO, B A NIRRT LE/BEET 8. ZLORE
FARNEIEIC /2D L FPHEL TV, 320 SERKDHI B 8 HAERM (H2A-Y58A,
E62A, R82A. D9IA ; H2B-L109A ; H3-L48A, I51A. Q55A) DAL TH-o7-, T 5 DR
XX 7 LAY — DS FRED 2 DOFEBINIE LT (Figure 5 H19) . 1 DD
1% H3-L48A, I51A, Q55A, H2A-R82A TH Y., ThHIEX 7 LAY — A L& EBHIIC
WATEY (Figure 5 /£) . X7 LAY —AHAY ODOHEFFRCERHICEE L TW\W5 &
RSN, &9 1 DOREMIT. H2A-Y58A, E62A, DI1A, H2B-L109A TH Y . Wk
v F EITfrE LTz (Figure 5 ) . Xenopus X7 LAY — AOfEREEIZIH VT,
Bt X FIXEDO X 7 LA Y —HICBITHE A R HE O N KT A v & OFBAERIC
Ehs ', £, WRPHEBEHALSRRT A LAD LANA X o7 EE B EAERT
5 RBEICKEATH =200 DOERIEITEEREE Xenopus D TREFESNTNS Z &
73»%\ BERELC %b\f%%fztﬁl%@ﬁé’] o TWABEAY EB BT,

D91
E62
Y58

L109]) H2B

L48
H3' [ 151
Q55

H2A

H2A [ R82

Figure 5. (Middle) Maps of residues responsible for the lethality in ribbon diagram for nucleosome.
Histone residues whose mutations display a lethal phenotype are colored in red. Names of
secondary structures of core histones and residues are shown. (Left and right) Enlarged view of
the boxed in middle.

WICHREA[REZs B A b v B BAKZ Huv, RGN & LTI bd suppressor of
Ty (Spt) FHM Y ERE(EMITICEDILD 6-azauracil (6AU) &z M 20, W RUEAT
L LTl D hydroxyurea (HU) J&=% M 21, (E1E T & L’C@Eﬂ/)ﬂé methyl-
methanesulfonate (MMS) J&SZM: 2\ HOWTHSF Lz, 215 OfENTRIL DNA 2154

LRGN E2 3 2 ECIRK R STV D

Spt RERAZRTaT LA N RFREORE

Spt REV DOFEHTIZ, BBE~OEEG 257D fibh s ¥, 5 fklcB T 5 1
fa hZ ARV (AJEEERTO—F) O Tyil/% v hRe S BCAIOFEAN, 5
BRMWAEAN OB EZSI EE T2 T, LB TOREEZHET S L 2FH
LR TH D, Fexr DFEBRRICBWTIL LYS2 EIia ORI BANFEASINTEY,
AR WL LYS2 B FOIRENLESNY VUV ELO T L — MIBWTKRE
T&E72\, —J7 Spt BEAMAERTHERKT, VOV ELOTL— MIBWTHKE
Tx% (Figure 6) ., Z#UE TIZ TBP X° Spt—-Ada—-Genb-Acetyltransferase (SAGA)
WA PIERLX 7 LAY — MDA IR T2 Spt REICLVRIE SN



BU Mz T, EAMCEETIE

H2A & H2B

ZBWT, Thth

SPT11, SPTI2 & LTHOGNTED .,
11 HATDO B A o i B ELN Spt

>
-

Spt ~

Lys2

+1

R EZRTZ ERMEINTND NmnNA

25,17,26

EANCRERKTIAT TV —% ; ;
MWT, Spt KRBT 21T - 724
2, 2 @oqzeks s xmm - +
Z L7c (Figure 7A) . Figure 6. Explanation of the Spt assay. WT strain does not survive in the absence of
lysine in the media because of the LYS2 gene does not express due to the insertion

of the & gene into the LYS2 promoter. In contrast, Spt phenotype strains are able to
grow in the absence of lysine.

growth on
-Lys plate

A
- wT — wr
K4A Ga4A
G5A R49A
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L66A K56A
G99A E59A
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F84A
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192A [~ T
s | SUA :2::
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V114A — Y51A
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T118A
Vi21A
T122A
L s125A

Figure 7. Spt- phenotype of histone point mutants. (A) Results of the genetic
screen. The point mutants showing greater than ten-fold sensitivity are
displayed. WT, +Lys and -Lys stand for wild-type, the media with or without

lysine, respectively.



X7 VF Y — bR G RICyy AL 3 ook (1, T1, TIDIIZ4EHR L TH
95 Enbiolz (Figure 7B), £® 55, SPT-1, 11 (X DNA & OFHAEEMIZE
5324k E LTHLNTWD P, SPT-11E, B A Y H3aN 205 al T2 TE,
ARy Hial B a2 THY, X7 LAY —2OHAY OfFENS DNA (ZH - T
A CTnd (Figure 7TB~D), SPT-1 fEHIKIZH W T Spt XHAZ IR 13 HOT I/

B 3
- SPT-I  SPTI
, ' B K115] H3'
H3 V117 G4
Q120|H3  pa B R4
F84 - o>
$Kkse |H3
H2A = E59
H3 - L61
F26 JH2A'
H2B so3 H2B
192 ]Hza
S90

D SPT-II

K56 1
RS2
¥ R49
G44
R69 J

R36 ]
|- R35
Y51
G48
L49

O

oy

. A 24 E108]H2B
H2A [E65 .& _H
el
H2B [H52 A7

Figure 7. Spt- phenotype of histone point mutants. (B) Locations of Spt phenotypic residues (red) in
the electrostatic surface of the nucleosome core, looking down from the DNA superhelix axis.
Residues of H2A-K4, -G5, H2B-S1, -K3, -E5, -K6 and -K7 in the N-terminal regions are not shown.
The position of each residue which is visible, or is not directly visible, from the viewpoint of B is
indicated by a solid or a dashed line, respectively. (C, D) Side (C) and top (D) view of the same
structure as in B. (E) Ribbon diagram for the structure in B. Two vertical axes (®1, ®2) are
indicated. (F) Crystal contacts between two adjacent nucleosomes. Nucleosomes on the left and
right sides are obtained from E by a —90° rotation around axis ®1 and a +90° rotation around axis
@2, and by a -90° rotation around axis ®1 and a -90° rotation around axis ®2, respectively. (G)
Enlarged view of the interacting region boxed in F. The residues involved in nucleosome-—
nucleosome interactions are colored in cyan for the nucleosome on the left and orange for the
nucleosome on the right. The Spt phenotypic residue that interacts with an adjacent nucleosome is
indicated in a yellow box.
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feD o6, 77 AEMEFFOLOMN 6 lE EIL TV, H3-L61W X Spt REA Z /"7
TERDNroTEY, TxrDT 7= ERKTHRERIC Spt REAZ L % £
SPT-1 % H3-K56 & L61 Z&A, SWI/SNE X7 LAY —LUETF Y v ITEEKY T2
=y bDSnfs DFIEF—F—FE~DY I — kA MIEETLELETHD OB, 2
D b, SPT-1 fHKIX SWI/SNF HAKROER &R0 VET Y 7 X Al %
%Héﬂ%bhﬁ%oMif\%FIKE?%@@EXF/MQEWH4M5R%
G48, 149 1%, 7 uE KA A VAT Bdfl OFERHEIECTCHLH Y, BIFI s -ERICK
Spt FHA G R4 2% SPT-T [ZERFE DT BAf1 OFAIERIC &é%@%%i%héo

SPT-IT #ElkiZ H3-L2 [ o> H3-K115, V117, Q120 @ 3 DDFE LAY DNA |2 - THA L
TW5% (Figure 7B, D), Z OfE#IZIt hdO bt A b v ¥ Xra CCGl-interacting
factor A (CIA) & OMEAEHfEEE L THLNTEY ¥, S cerevisiae I"ER 7 TH
% Asfl OB\ TIE Spt KHMART , B L7z SPT-1 & 1T 1AL TEY .,
SPT-T 1Zi& Bdf1 A% SPT-I1T (21X Asfl 2MEMAT A2 Z e rfEans, 7z, Bdfl &
AsTl1 ZFHEAERT2 P Wy MmAEE 2z EbEL L, MHFIXHHNICX 7 LAY — A
IEABOREI/EH L WD EBZHND,

SPT-TIT fEIKIZEI LT, H2B-Ca~YV v 7 ZADO—8ZW AT 9 HFTDOT X JEEOWT
NN EREEANTHZ LICXY Spt KB Z/R L7 (Figure 7B) , H2B-E108 (%W
BLEXZ VLAY =LA THET I BTHDLZ ENVEEEN LD TED 7,
SPT-III ICHEWZ & E, X7 LAY — AR +EOMEESHBEOHIEIZHEhLTnD Z &
NYEIND (Figure 7TE~G) .

6AU BZMZRT R M TREDORE

6AU XM D GTP A/ AEL, X7 LAF ROBREZK TS5 Z L TG
EAFHEST 2 2, FACT 2, S-IT *, Sptd-Spths *, RNA KU 25— 11 ¥ LLHD
IREMERFICBWT, B rOERIZLY 6AU EZMEERTZENMBLTND,
bR R EAERRIZEB W TIE H2B-K123 2% 6AU M4 = L 3%, H3-K56 M3t % 759
ZEBHEEShTVS T,

t AN UEERKE W T 8 HETD 6AU B ML Rodso 72 (Figure
8A) , X7 LAY —ANiIKEE It~y 73258, EAIICRED &0V BERH - 7=
(Figure 8B), REVUA /R UKD S B 8 7 {8725 H2A/H2B Td % (Figure 8A

A
[~ wt H2A [ L116A
E65A .
2
D73A
i K123A
L86A 1 WT |
1112A I: L97A
[ H113A

Figure 8. The 6AU sensitivity of histone point mutants. (A) Results of the genetic
screen. WT, +6AU and =6AU stand for wild-type, the media with or without 6AU,
respectively.
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~D), ZDZ LiL, ERGAHERFZ H2A/H2B 23RS 2 2 & B RNA R Y 2 7 —8 11 1%
H2A-H2B D7 X 7 LA Y — KNGS LG ZRET D ¥ oM L FE LR,
6AU JE&z M & FEH 125 < 7R L7z H2B-K123 & H2A-F65 D7 7 = ARKICERT D L
INDOERKIIRX 7 VA Y — A mEEFITICB W T, X7 LAY —ARLEOHAEAE
MEMETHEEbN TS ¥ (Figure 8E), H2B-K123 ® = &' F MLIEHMFESE TH
% RAD6 T&fm+ DWEEET 6AU EZMA R4 2 L0, @G5 MER 12 H2B-KI123 o= &
FFUAMEIFICHBEER T2 Z EBREA ENTWD , 20 Z &id H2B-KI123 D ¥
FUABX 7 VA Y — LR EOMBERZEL, BEHEICEH B2 N5,

FIZ, 6AU & Spt B TS 5 &, 2 FRCIEERAZEN S E LN EWN
RSN R S (Figure 8F, G), Spt IX#sGBHAAZ & L NT R 72 DT, B & HE
BT DRI DENEZ TR L TNDHD0 s LILZR,

B C
L116
H113
1112
HeA | L86
D73 E88 Jea:
E65
Ha' [ Lo7 Lo7 ] H4
K123]H2B'

H2B [K123  pem

D E
T128
HZB[G129
L116 H2B (K123
H2A[E65 [
D73
H2B [K123 —§ H2A [E65
H2B [H52
'i
K123]H2B
F Y b
G
SET 6AU
42 8

Figure 8. The 6AU sensitivity of histone point mutants. (B) Locations of 6AU-sensitive
residues (green) in the electrostatic surface of the nucleosome core, looking down from the
DNA superhelix axis. (C, D) Side (C) and top (D) view of the same structure as in B. (E) 6AU-
sensitive residues that are predicted to be involved in interaction with an adjacent
nucleosome are indicated in yellow boxes. Color of each position is the same as in Fig. 7G.
(F) Contrast between the locations of Spt phenotypic (red) and 6AU-sensitive residues
(green). (G) Venn diagram comparing the group of Spt phenotypic residues with that of 6AU-
sensitive residues.
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HURBBEZRTER N FREADRE
HU XV AR 7 LAF RETERZAEFEL, INTP 7— L 2B EE5 2 LT, B
AIET LA L LTHOLRTWS 2, ZhETIZ DNA EEUCEb 5 POLT . MCH2
SN2 PR OERIZE Y HU EZEERTERMONTWD, £/, BERA Y
MREWMﬁ L0 15 BN HU EEZMEZ RTHERNDNA->TND 8 Fx o HU
ZHEREIZB O TIE, 30 O 28 BAKH HU M2 R L7z (Figure 9A) .

A

Y41A
K42A
G44A
T45A
R49A
E50A
R52A
F54A
K56A
H113A
— L126A

H3

H2A

R36A
H4 L97A
Y98A
G99A

WT
H2B R119
K123

Figure 9. The HU sensitivity of histone point mutants. (A) Results of the genetic
screen. WT, +HU and -HU stand for wild-type, the media with or without HU,

respectively.

TSR RIS AR EoS AN B3oD 7 v—F (HI-1~111) (24305 2
LN TE % (Figure 9B~D) , HU-TiXIF & A ESPT-1E &2 D (Figure 9E, G) , — 4,
W{Hcimuﬁﬁ¢’%5?5@1@%%%@U(m@m9FG)O:ngmiﬁ
FERE EHROBRIZBIT X7 LAY —ARISOELUMNEZ RET 250 TH D, Z0
EZIX, Isw2 %E/n\{zti%’ Asfl O XD ICERE L EHBMOW G 2§13 5 27 a~F VK10
SHAEETH L L —8T 5, Friz, ISW2 HEOERAFEST % DNA fElIE, HU-1.
SPT-1 @ DNA #E&fEIE —# L Tz (Figure 9E) . Mz T HU-T 1%, BRICEDH S
LA Ry X ThD CAF-IY LHERBIZEDL v Xu s THDH BAF1¥POIHED
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MHEEREKTHL, 26O D, X7 LAY —AHAY OO H-T BEW
HU-TIT (358 LR O G ICE T 2HEEM THh D EE X B D,

HU-TT (%, H3-H3 #HAAEM Z4H 5 fHi O —H Th V¥, H3-H113, L1263 F i1 D,
HU-TIT (X H2A @ C KB XV H2B aC ORX 7 LAY — ABRPEGEIRICALE T D (Figure
9B) , X7 LAY — LB OMEEIIRM TH - 7208, Fex OFER LY DNA #HRA~
DOBERRIE Tz,

B C
o HU-1 HU-II
K42 = Kd2
! G44 B Gaa
- 3
T4
Rdg | H3 Eso [ H3
E50 R52
] L126 légg
H1131 H3'
i
H2A | - Yog | H4
i N~ G99 A
K123 ]HeB N R119]108
K123JH2
E65
D E93
D73 [H2A'
L1117
p 9116
P4 K56
& R52
Al Y41
AN - R49
1~ T45 | H3
SN K42
NG44
F54
E50 |
R36 ] H4
F
HU SPT
8 ) 14 8 34

Figure 9. The HU sensitivity of histone point mutants. (B) Locations of HU-
sensitive residues (yellow) in the electrostatic surface of the nucleosome core,
looking down from the DNA superhelix axis. (C, D) Side (C) and top (D) view of
the same structure as in B. (E) Comparison between locations of HU-sensitive
(yellow) and Spt phenotypic residues (red). Overlapped residues (orange). (F)
Similarity between locations of HU- (yellow) and 6AU-sensitive residues.
Overlapped residues (light green) which cover all of 6AU-sensitive residues.
(G) Venn diagram comparing the results of three genetic screens.
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MMS BEEZMEZEZRTE RN FREDORE

DNA 7L ALERIETH D MMS I, DNA IC RSB #3FE 35 2 —nE Tz, &
IR 7Tl Rad50 <0 Mrell ., 7 a~<F R TIL CIA "7 ERBETOERIZLY
WS EZMEA RT Z ERME SN TWAS, B A NS EBKITIZHB VTl H2A-S121

A -MMS +MMS -MMS +MMS
- N - v
E57A H39A
E65A R40A
L66A Y41A
D73A K42A
L86A G44A
N90A T45A
E93A V46A
L94A R49A
1103A E50A
G107A R52A
H2A L109A F54A
P110A H3 | ksea
1112A T58A
H113A E59A
N115A L60A
L116A L61A
L117A F78A
S121A R83A
S128A F84A
Q129A E94A
| L131A H113A
| L126A
[ WT
Y43A —  WT
V47A R36A
T91A Y51A
L105A R78A
G107A PR LO7A
H28 E108A Y98A
H112A G99A
Vi14A | Fioon RS
E116A
R119A
| K123A

Figure 10. The MMS sensitivity of histone point mutants. (A) Results of the
genetic screen. WT, +MMS and -MMS stand for wild-type, the media with or
without MMS, respectively.
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S128. Q129, L131, H4-K91 @ 5 {HOEIEDHHLMIC S TG D88 ez H2A-
S128, Q129 L131 (X - AE DNA BEDOEO Y VELIZEE 532 Z &R TV
% Fa D MMS EBIBE O FIZBWTIE, MS ML E LTHabLR TV
%*%%@9%4075»5& 761 O BRE AR EZMEZ R LTz (Figure 10A) |

TR IE DN RS EONMRICIEE T 25 &, MR ERIE = SomEikicEd LT
W5 Z END (MMS-1~111) (Figure 10B~D), B _&x Z L2, MMS J&=Z oD 7
=T 1X HU EZ IR Vv —7 2@ E& L Cnb  (Figure 10E, F)

HU JEAZPEFR LAY MMS 22 7R3 D1, 1) DNA EHRUCRE 59 5 K 23Rz #
F ik DNA OEBICEAR L TWAD Z & ¥ 2) Mecl 2 ELL OHEBDTF = v 7R A v
MZBIDL LT ER L MMS (12X 25 DNA HEOEEZEHE I T TVWDH 2 ENB & L
TEZHN5 Y, £7-. MS 2 X 5 DNA HBEDEME I TITFE R 2 LI [ RS A 72
£, DNA %E;”Q&M%OD DNA ZRE & LTGRO LETH D Z ERMBL TV D, MMS
B MERILICIE, o ERUANOR T EMHAERICLERBEELZEENLTVD
7o, HUEZ M Z R S0V MIS MR EN S 2D EE X D,

WS- 1ZX 7 LAY —AHAY DICfi@E L, Spt-1, HU-1 & &E72% (Figure 7. 9.
10) o MMS-T |X, B A h> H4 @ Bdfl fHAEEREEL * L E22 V. BDFI i1 OMEI
Spt. HU, MMS JE&=Z M Z =4 5%, MMS-II 3 X OV HU-II 123U T, MMS F7-21% HU £8l
TR L2 TOREIZFECTH o7z (Figure 9, 10) , —J5, SPT-1T OFELIE MMS-
IT (HU-TD) i L TV AN e B bk Th -7 (Figure 7, 9, 10) , M&x T,
MMS-TT (& A R H3 & Asfl BAHAEEH T 28 L E22 Y *>° SPT-11 [F4k, ASFI &
BT LY Spt KRB, MMS R° HU 2R3 9%, 2o OfESRIE, WS-T
(HU-I. SPT-1) X ONMMS-IT (HU-II, SPT-II) 73 Bdfl X0 Asfl L\Woizr m~<F o
KF 215, i EEOBRICILBOENSGITIC b Z & 2md 5, £ LT, Bdfl
R AT TR EDISERT R+ EET 52 LIc kY, BAeDRISEHIET 5 &
EZbD,

MMS-TIT i H2B-K123 A& EN TV 5, Anfoi@ v . H2B-K123 13+ 52X 7 LAV
— L OMAEERICEDLL 2L Y, BEOBIZ Rad6 ICX Y 2 FF ofbans & %,
R$H DNA Gl o1EE > &:%&ﬁ@@”é%rﬁ%ﬂ S5NTEY ., ARIORKE T H2B-K123 2% 6AU,
WS AR L2 & L —8T 5, £7- H2B-K123 % HU (2% L T hlEszrtEa2 R L T
W5 Z &, Rad6 1% HU \ZJESZMEZ2 R4 2 D 2 ERLCE H2B-K123 D B % F 1t
NEEHHE L TWDHZ ENTRINT,
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B | c

N115 MMS-I MMS-Il , H113]H3
Lit g S L126 JH3
1112 ras 1 H2A[ S121
P110 R40 Y51
L109 Y41 Ha| Ras
NgO0 T45 |13 R78
Hoa | LB6 G44
%
F78 L97
G107 | F84 YO8
1103 RB3 H4 F100 1§ H3
e Y51 4 G99
R78
ES? G107
iy 511[1)3 H2B s %119
L1 [ N\ V114 H2B'[ va3
H2B| 2o — E116
L K123 MMS-III
D E
MMS-I
H2A'
H2B'
H3
E50
R36 ] H4
F

Figure 10. The MMS sensitivity of histone point mutants. B) Locations of MMS-sensitive
residues (blue) in the electrostatic surface of the nucleosome core, looking down from the
DNA superhelix axis. Residues of H2A-5128, -Q129 and -L131 in the C-terminal region are
not shown. (C, D) Side (C) and top (D) view of the same structure as in B. (E) Comparison
between locations of MMS- (blue) and of HU-sensitive residues. Overlapped residues
(purple) which cover all of HU-sensitive residues. (F) Venn diagram comparing the group of
Spt phenotypic, 6AU-, HU-, MMS-sensitive residues. MMS, blue; SPT, red; MMS and HU,
purple; MMS and SPT, light red;: MMS, HU and 6AU, cyan; MMS and HU, and SPT, light
blue. (G) Comparison among locations of functional residues identified in this study. The left
and right sides of the nucleosome indicated in the “Comparison of the functional surfaces”
section are defined in this view of nucleosome. The region covered with the residues
involved in transcriptional silencing is circled in orange line. Each functional surface is
colored as in F. Residues responsible for the lethality are colored in white green.
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FERER | O LB

RN REREITICE D BRa RBLRRWFERZ RWE Lz, F—I2, 4RO
FBRENT TH O NI R o235 AT X 7 VA Y — A EMOEICH S (Figure 106,
11A) o ZHLE CTOMIEIZEBWTH LI > TWDHIREY A Lo v v ZHilEICEE 55
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Figure 11. Summary of the results of four genetic screens. (A) Maps of the identified residues
in the tertiary structures of core histones. They are corresponding to ones for Spt phenotypic
(red), 6AU- (green), HU- (yellow), MMS- (blue) sensitive residues from the left to the right. (B)

Positions of Spt phenotypic and drug-sensitive residues (filled circle) and residues responsible
for the lethality (open circle) in the primary structure of core histones. The colors of histones

residues are the same as in Figure 4A.
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LEFEIX 7 v Y — Ao mICAET S P (Figure 106) . A Lo v 7
FHZBWTIE, X7 LAY —AE[ANALET D B A k2 H2A, H2B (22D TIEMEAT 23 &
TN Z &y R e LTI B2, DNA KOS ON/OFF IZBWTX 7 LAY —
LDORERER 2V I TV A AREME L ZE 2 b b,

B, KRB AR UIREITT I 7 BES B, W< O ofICERF LTS Z
EnbooTz (Figure 11B) , DO Z &iE, [WLE A M rFuNBEGT 25 DNA SMEK
JRIZEBWT, X7 LAY —AfEERB L OEDO R L o TWDH Z L ERET 5,

=12, DNA 1245 B A by H3-L2 v— 1% Spt HHAIINLETH - 7273,
HU 72 5 ONZ MMS 1213z M2 R & 7o 7= (Figure 12 /2) . XFHRAYICE A b H3-
H3 tHAAEMICE D % H3- a3 DFEIT 4 BK H3-H4 ORI HKETH Y | HU K2 MMS (T
R NAF TN Spt BEANIRE o7 (Figure 12 ), TN OfERNS, HR
EERIZBWTIT 4 &K H3-H4 OGO EE T, #5523 Tl H3-DNA 2 A /EH
LR EEENWIENRDH D Z ENLND, TIUTHEH TR Z 5 KIS B2 5 1E R
BIZHESNTNDEZ EZRIBLTND,

B IO 2235 FTIE H2B-aC Th D, ZOMHEEIIX 7 LAY — AR+ OMEEM
ICBH+% Y, Spt. 6AU, HU, MMS IZEBWTH L 0B BENEEL KIT LT
(Figure 12 £7), Z DI &MnDH, ZOHEKICBW TS, Eill EHEOBRICERD
NF2MERA L, BADRIGHEETX 7 LAY —AEEBNLZ 52 E R THEND,

SPT

Figure 12. Similarity and diversity among the results of four genetic screens.
(Middle) Front view of the nucleosome. Histone chains are colored orange (H2A),
pink (H2B), blue (H3) and green (H4). (Left) Enlarged view of the boxed in middle.
The Spt phenotypic, or HU- and MMS—sensitive residues are colored in red. (Right)
Differences in distribution of residues (blue) responsible for Spt- phenotype and 6AU,
HU or MMS sensitivity in the region boxed in middle.
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AEH e A N RERET AT T —DF A

IR e A b SR RAKIENTIC LD . 42 BRoD Spt FEHAL, 8 Bk 6AU EZ M, 30
RO HU Jgsz e, 61 BRD MMS S M4 7R L, Gt 88 BRD b R b U iR AR DMAT & 722D
FBIAZ in vivo IZBWTRLE, TNETORE A R SR RRFRBBMHT 2B )T
B EOELE LRI SN TR o220, BANSEME L-EED 9 HE 1/9
LGN s TWieroTe, £, REMEZRLTEL OFRENRE LR 5 FIGRIC
BEELTCHEELTWAZ LA/ RLT- (Figure 10F) .

WEDOHIZE TRIE SNT-REREE L OIZIT R THTR A~ OFFTRE R & —F LTz, 3
DD ONWTITERR 5> TV, H3-RE2A IZBFE LA RT EHME S TWAER M, Fx
DFERTITEHE OFRMIZB VTR EZ KT S T, Spt KRB, HU, MMS s
Z: L7 (Figure 7A. 9A, 10A) , H2A-T125A |E LYS2 F'mE—& —|T3\ T Spt # 8l
BAERTEREINTNDEN P, Bx ORERTIIRIM A RIS 0o Tz, KZIZ, H3-
K115A 1% 200 mM HU IZBWTIEZMEZ /R T EHEINTHDE R M, Frxr OEBRICBWT
1L 100 mM HU DSEIFIZB W THE L KT S o lc, TNHOMEZ, fEHLTWS
RO 7 7T 07 v RROEREZMEOE N CICL VAU AREENEZDND,

A2 W Ie RBUEHT OFE R I, 885, #HE L TBEEoEENEBE L TV
HZEERBLTND, LD, EZMEER L EEIT —HomEgicEFR L TEY .,
FIE A N ATHEERT 22 0NV EOERICI VAL LZRBA L —FH L TWDH 1
5Th D, BT, 87 Bk 37 BROBREDNER O R TREZMZ R L TRV, X7 L
F Y —AHAY QI ET B HEECHOX 7 LAY — AR OMEERICE S 58
WTHHZELENERBL TS, THDLOHEBIIX Y LAY — AHEERRK 7O
BRI/ 2 0, IRE, ERl, BEOBRICX 7 LAY — AEEEHNIEOBEOE L
ROTWVDHEMITH L Z ENTHREIND, SHOMITIC LY ZNENOOERIZEE
LTV ZEIFMOERZRICEVTHIEH L TWSRERH LA, AIFEICEE VTR
ST x 7 DNA SUSIZRE S35 8 A F U OEEMEITICE D, EA R RENED
LB DRIEZEIH L TWD D E WD BRSNS ST,

t A b 2% DNA FESUSIC BN T 20 BLEOREEERI 2L AE A I 2 52 1 B 08
NTWDEN O Foxr OFRHBMBEITICBNTIT 5 DOT7 I 7 EEFgi (H2A-K4, S121.
S128, H2B-K123, H3-K56) DOAMNEELZ KIF LT, 2O LT A M D% Db
ERiIFEEN FTHOKSIZBWTHEELTEY ., 47 LHKSICHAETIE RN L 275
B35, FEEE, B A M HE NREGT A VEBICBIT 2 ) VU REOFHEMIL 4 BT
BTIZER A2 NNTZREIZHR WS &S MEZRT T, SRIOFSEIZE N T, B A MUk
B2 R LT3 D 5 5 83 FENMLHEMHIE 22 T 720 &5 2 v, (LB
SN L AHIEOBEEENRIBINT, R M AIEL ODILFEMEZ T DI L5,
BB IEIC O W T LIRS N TV D ) Lo, Fix OFTfERNS, B A B
ANICHERHIEI LIS & Bdfl R0 Asfl RE X7 LAY — A& B &+ Dk A+
EREGTHZLICEYD M X LAY — MEGEEESC, WEEZHIET 5 2 L OB\EEMEN
RE AT,
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ERXRMNOREREKTIA TV —DRE

ASEIDOMFIZENT, AT A N RERKTA 77 ) —2HNT4o0 5
in vivo REVRMNT 24T - 72, ZHETIZ, BRICBW T 70 FEELL EH @ in vivo
ENTIEINHESL L CRB D . ZOHIZiE DNA fﬂ?ﬁ&z% BT ALy Ed, L
MNoT, BARNSEBERIKT AT TV —%HNT, LD in vivo AT RIZEE G 3 55%
BEWASFET D Z EIIAROEERBETH S, £z, SEIOMIRIZIB VD TEEL
MZR LT 8D A b UERAL & BAf1 <0 Asfl 2%, BEREAICREEEMEDN & 5 D Tl R W
MEBZ LN, TALORTFOWBBFHIIZHB N TE X b i B BRI L2 KB
DETHENE I NETRD LT, EBREOBEMEZFHRX T MRS S, Z O,
FHMERLIZE A F o 88 BIEATIZOWT, HEMEZIMET HRMAFE2ERT 5
ZEEF, X7 vAY—2MEEARTEDOR Yy NT—7 ZH LN L TN ETEE
T&» 5 (Figure 13)

EARNCDTREAETIWCAEREZEANLZZ EICEY, a3 kxR LWERZ
%5$ﬂf%\ﬁDV%/ﬂn®t@®ﬁ§@WF%$ﬁﬁbt(ﬁ@ml@oik\
LT o T2 K DI VR B OMEERNZEEZ 1 7V BLVZBWTET 5729
D FH# L LT Global Analysis of Surfaces by Point mutation (GLASP) £ & 4 1)
72. GLASP #£1. #LWICIRGFE SN Z V7B, N R Y FU—27 DOT &7
HE USRI BEORBITICERBE LTS, ZOBIKIZBWTIL, S FREmBELEOARER
BERED RIS L K OMEMERR T B2 5 F vy NI —27 OfFNTNalE L 725,

= GLASP for core histones ~N
i Other comprehensive data % in vivo assays /'— Suppressor screens —\
Spt 6AU o
High-throughput two-hybrid assay \ el |
Synthetic genetic array analysis o\ e Yt /o
Chemical-genetic interaction data + E> o - ‘L\ .
of yeast deletion mutants AR ©
e N
High-throughput mass spectrometric O/ O
protein complex identification !
Other DNA-mediated reactions o
\_ eth (DNA replication, DNA repair, etc.) \_ /
- A

<

Application to other evolutionally-conserved factors
(Actin, Ubiquitin, Tubulin, etc.)

Figure 13. Utilization of the histone point mutant library and application of GLASP to
other hub-like factors. The histone point mutant library is suitable for other assays for
the characterization of DNA-dependent reactions such as DNA recombination and
gene silencing. The mutants identified in the present study are valuable resources for
isolating functionally interacting factors by suppressor screens. Any evolutionarily
conserved factors can be analyzed through the application of GLASP.
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SEEERFE A MR Asfl BE O HiplB FAA 2 /Cac2 C RKIgDEE
1A ST (A #E 3& FR AT

EARrvyXagdarT e A R ACHEAE L, X7 VA Y —AOESETIINES E
BETHH L RIETHD B, 2L DR Ry yXarR’monTBy, BT
Asfl (X7 2V BEECHI N FEZ B 2 TIRAF SN TR Y 59003006 Bk A 2 35\ THERE
‘E)T%T?éﬂfb\é 60,31,63,64,650 Asfl X b % B \/c/,\y,\o‘j 2 CAF7166,67\ HTR®" 68 69 Liuvo
Tkkx s a~F UMABERAKRTERBE L. X7 LY —LAOHEACUNES ZRET
6 6(),31,63,70,71O %O)%’ﬁ'ﬂ:‘:%k L/«c\ ASfl !iié’ff\‘%%ﬁﬁ 69,70,30,72\ "j‘/]’ l/:/‘f/:/ﬁ 59,73,74,75\
DNA {&15 50617677 48l O HHA 2 S Lo 7ok & 72 DNA M ERUGIC B 54 5,

Asfl |Zb & hy H3C RIFEHRAN LT 4 &l 2 Mo H3-HA IfEAT 5 ™%,
NZ$1F D Asfl 1% ASFIA & ASFIB @ 2 2O 7 7 I U —NFEET S, B A > H3
IEAMARE ] S ISR ELT S H3. 1 EMIRE SRR < BT H H.3 D 2 DD 7 7 2
U—MNFAET 2, ASFIA & ASFIB W ho b 2 b B3kt L THEET D, — .
Asfl ITHHEAERT A e A R v Xm > CAF-1 (X &2 ho H3.1 7200454 L. HIRA
Ik 2 b H3.3 DARICHEEST S &, Asfl ITERUKIFERIIC CAF-1 &, BERIFEKFRIC
HIRA WAL CTX 7 LAY — ABESIZEHE % BRAKISICBIT2X 7 LAY —
LRES ORI EE ZH - TS ZENRBENS, T, B b Asfl & HIRA @
B RAA VHEEKROSAKIEENIH LMo ¥, X T, Asfl & OMANERIZLE
72 HIRA D B R A A > EHERLL7=BLH A3 e b CAF-1 EAAY 7 2= h® Cac2 D C K
WIZBWTHHEET S 2 EREFERRIT N RBEIN TS ¥, L LR b,
Asfl & CAF-1 HAEROEEIIMHA I N TE LT, £72, BREICBWTED X 91T Asfl
ZNHIRA & CAF-1 23R L TX 7 LAY —LES. MEAICHEGELTWDEIONE WS [
I 5T 72 - TR U,

AEDORFFEIZ BT, Fox 132 RE Asfl (SpAsfIN; 1-161) il & b ~ HIRA D4y
HWEERFREr 7 Th D Hipl ®B RAA > (HiplB) BILOWDEEERED Cac2 DB KA A
VEE C R¥fEIK (Cac2C) & OBEARIZET DiEMEEMITIC DWW THET 5, b
DOREEFRATE XL VEAL MRS R 6, 3 B O e A b vy RXa X2 NI E
(Asfl, Hipl., Cac2) (2RI HHFHAY72 DNA Kt D HEEERIC >\ CEdR T 5,
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EBRI7IE

TITAI FHEELIEREEA

Sy GUREREFR R AsT1 @ 1-161 7% 5L (SpAsfIN) Z N Kifi6x b AF P2 7L bbb
VYIMHERAL 2 AN U7z pET16b R X — (/XY =) (7 7a—=27 L7, GST
A LI X2 o NIRRT D7 X — pGEX-2T (GE ~/V A7 7 () ) IZ
SpAsTIN fEk AW 77 v —= 2 L7-, Asfl OEZERIT pGEX-2T-SpAsfIN (Zxf L.
QuikChange 11 MAREAT AT A (AT H V=) ZHWTERLE, £2TOR
25 03 DNA B IMEHTIC L 0 RERE L 72,

BRI ERBEIEH

pET15b-SpAsFIN Z JHWT KESHE#E BL21 (DE3) (/ RNV =) ZIBHEEH L, K
JHEIT 37T CITRB W CTHIEIIC /2 2 £ THEZ L, #KIEJE 0. 4mM isopropyl 1-thio—f-D-
galactose pyranoside ZIRINL7-%%. 25 CICC—Muls&E 3452 L CHMZ V"V H%
FELE, KFEZEOEIC TR L%, KA I XYy — 1"y 77— (20 mM
sodium phosphate pH7.4, 0.5 M NaCl, 20 mM imidazole, protease inhibitor) (2T
HEE L, Lo, BOBICTHHEDEZRE, LEE AT ETfFE 2030
B AFRES XD HisTrap HP T & (GE ~V A AT (BE) )Izi@ L7, KA I ¥ —1
Ny T 7 —=IZTCATLEWHELIE, @A IXY =3y 77— (20 mM sodium
phosphate pH7.4, 0.5 M NaCl, 0.5 M imidazole) Z W TCEEAR Z TRV HE
AFDU BT E R RTE R LTz, IRIZ Superdex 75 16/60 775 A (GE ~/JL A
77 (BR) ) EHW, g Ny 77— (20 mM Tris—HC1 pHS8. 0, 0.15 M NaCl, 1mM
dithiothreitol) I|IZTH AJEEER L7z, NERERXAF VX T 2YIMT 5728, b
noEy (VU< THARY vF) BEINML—BOGSE2%, B 2AF VU Z 7RI
INTZHRZ X7 B LUNEYD D AF O X TEX LRI EE5ITHT-0,
HisTrap HP 7 7 M@ L7z, % ICH O Superdex 75 16/60 7 7 LA Z AW TR L 7=,

pGEX-2T-SpAsfIN Z FHWT RIS E#E BL21 (DE3) ZIBEHAHL L 7-, KIBHEIL 37°Clc
BWTHBEEIC/2 A5 F THEREL, LEE 0.4mM isopropyl 1-thio— 8 -D-galactose
pyranoside ZIRM L72% 25CICC—Mits8E T 52 & CHW X VXV EEFHE LT,
GST # U fr& X X7 E%hftE &85 glutathione—-Sepharose 4B 77 & (GE ~JL A
7 (BE) )iz L Ny 7 7 — (phosphate-buffered saline pH7.4 . 1mM
dithiothreitol) IZCH 7 A& Po 7%, 50 mM Tris-HCl pH8.0, 10 mM reduced
glutathione |Z T L7z, KIZ Superdex 75 16/60 717 A& HW TR L7z,

SpAsTIN OFE &1L

L AF B T EERE LT SpAsTIN OfEf{blX 8.2 mg/ml OPRFEET, 24 )X L— |
2, WK (32% PEG 6000, 0.18 M ammonium sulfate, 0.1 MTris—HC1 pH 8.0
) DT, 20CIZBWT, Yy T 47 Ry FARKIERIEEZ W TER L7z, fiabix
WEIT DRI KA DOBWAEIC X G MmaEE 25 <% 30% PEG 6000, 0.18 Mammonium
sulfate, 0.1 MTris—HCl pH 8.0, 10% glycerol Z & TeImIKPIZiR LIzth., BHEH A
TR AL 72 %

SpAsTIN-HiplB X7 F FELSEOFHE L &M

EAFOUB T EERELRE SpASTIN 1 ug BLON 5 20E/LVIEE D4R HiplB
~NT7F R (469~497; IPTKFVQKVTITKEGKKRVAPQLLTTLSA, A > E hua =) ZIEA L.
T 1 MRS L7, AT Superdex 75 16/60 15 A& AW TR L7, FEHl
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L7 AERORERIEIE 4 mg/ml OFRE T, AW (25% polyethylene glycol 3350, 170
mM NHF) O F, 20CIZ8WT, o7 4 7 ey FRKILHBIE THEIME L7, #idmix
10% glycerol Z&IRIRIZIR LTzth, BRI A CTHMHBAI LT,

SpAsfIN-Cac2C X7 F FELSEK OB L &b

EAF U UK T EERE LT SpAsTIN lug 38 KOV 5 5D E /IR D43 &R Cac2C 2
7 F K (493~512; RKVESSKVSKKRIAPTPVYP, A > E hr =) #EA L. EET 1
BRI Lz, EAEROEILIT 4 mg/ml O T, Wik (1.8 M Na'/K*-Po,?
pH8.0) D F, 20CIZB VT, v T 47 Fu vy PRSI EEZ RV CHER L, &
IS AT S I paratone-N A A VTR L2, BED A THBGAEIL T,

T—HINEB I CHEERE

SpAsfIN OEHTF —# 1 — A F A > BL26B1 (Spring-8. #EE) 12 TULEE L. HiplB
X Cac2 L DBEAIRITBWTIIA A=Y 77 L — b X #faias R-AXIS IV++ (U4
7 (BR) ) CTIE L=, 2 TOT — X FMRIESRM T TiT->7=, 7 —# % HKL2000 V7 k
Tx7 P ERWTRI LT, SpAsTIN ORAIOMEEREIL CCP4 ¥ 7 v =7 ¥ o
Molrep 7'm 77 K& W TREA ScAsfl #iEZMRBET V& L TH FEBIEICL VAT
S S AR OREE L, BT LT- SpAsTIN O#EEZETF /L E L THWY FE#HLE
WL VATHoTz, ZDH%, KIE~=aT7 /L TOETIEREIITa 775 0 2fEHL %,
A OHEERFEACILCONS V7 b =T 2 L7 Y, R&eERBElIL CCP4 (2
FIAEN TS Refmach Z iz, & TOREEICEET 2 IHF RO BB 28
FHIEIX Table 1 (ZFC#L L70, A O AR LS BE 3 5 @M% PROCHECK” M L. &
NI-fER 257, 2 TOMEICETAXIZPYMOL ¥ 7 b =7 Z AW TIER L7z,

RS T RXE v LEES R

GST-SpAsfIN % L /X7 /& L HiplB/Cac2C X7’F FOMICBITHFEAIZE T 27 3000
(GE ~nvAT77 (BK) ) #ZH\W T T-o7, FEERIT 25°C, CM5 &> —F » 7' HBS-EP
N> 7 7 — (10 mM HEPES pH7.4., 150 mM NaCl, 3 mM EDTA. 0.005% surfactant
P20) TiT-72, GST-SpAsfIN % CM5 & ¥ —F v IS L, X7 F K& HBS-EP
w77 —AMHE 20 u 1 min ! T L THES A LT,
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RS

Hipl B LW Cac2 @7 I /) BEF| L
Sy SAEERE Astl (262 FEEE) IXFER] CERAEMENIEF I E VY (Figure 14A) . B b HIRA
2URTEIF, FOB RAAL L ENLUTAsTL Zo %7 E L FAENERT S % HIRA ©

—_—
5
=t

A B B i3 pe
Sc _Asfl
60

Sp Asfl
ITL VGPEPG N

Sp_Asfl \ vLE] PH B P sFERID Q
Sc_Asfl / N D3 SILD HJ EMe]lS T \'GPHP EVN
Dm Asfl H J S N FE S:DQ¥LDVGP paa :

——
70

hAsfla 1 i S NI SIARYD QWL DERSAV G PYP H|
hAasflb J 4 S S FE| SERAED QML DEASAVG PGP

Sc_Asfl

Sp Asfl

Sp_Asfl
Sc_Asfl
Dm_Asfl
hasfla
hAsflb

E
EFPRVGYYVNN
EFMRVGY YVNN

EDN E:Fﬁavs\'r\mﬂ
'EF“RVGYYVNN

i SEFMRVGYYVNN
0

i :

Sc Asfl

Sp_Asf1

Sp_Asfl
Sc_Asfl
Dm_Asfl
hAsfla
hAsflb

B Hipl_Sp
Hirl_Sc
HIRA_Dm
HIRA_X1
HIRA_Mm
HIRA_Hs
Nucb_At

C Cac2 Sp SIDDSQDNTAGGPATTTLIPR.K
Cac2_Sc AVAAKNQREAGGIVNMLPVKKIPC
Fas2 At DDEVMTETRHEEENQPLQSKVNTP
Cac2 Ca PNEKSPNSKSDNSKTSIPTIDLFF
pl05 Dm EDIRLVYEDTQEETPKNPTESGPS
P60 Mm 2 KTLQPAGQNMKAPQPRRVTLNTLQ
p60_Hs 2 KTLOPSSQNTKAHPSRRVTLNTLQ
pP60_Mm 1 SAIPAGKSPLPQPSEEKTLQPAGQ
p60_Hs_ 1 SITPAVKSPLPGPSEEKTLQPSSQ

D 460 470 480 490 500

A N R O

Figure 14. Sequence conservation of Hip1 and Cac2. The red and yellow boxes denote strictly
and highly conserved residues, respectively. Numbers below the alignments pertain to the
numbering scheme used in the text to denote conserved residue positions. (A) Sequence
alignment of five AsfIN structural domains from S. pombe (Sp_Asf1), S. cerevisiae (Sc_Asf1),
Drosophila melanogaster Asf1 (Dm_Asf1), human Asfla (h_Asf1a), and human Asf1b (h_Asf1b).
The secondary structural features from the budding yeast structure and the S. pombe structure
(this study) are indicated above the alignments. Blue dashed lines below the alignments indicate
the flexible L1, L2, and L3 helical/loop regions on SpAsfiN. (B) Sequence alignment of the B-
domain regions of HIRA orthologues: Hip1/HIRL from S. pombe (Hip1 Sp); Hir1 from S. cerevisiae
(Hir1 Sc); HIRA from D. melanogaster (HIRA Dm), Xenopus laevis (HIRA Xl), mouse (HIRA Mm),
and human (HIRA Hs); and nucleotide-binding protein from Arabidopsis thaliana (Nucb At). (C)
Sequence alignment of B-domain-like regions from the C termini of CAF-1 Cac2/p60 orthologues:
hypothetical protein SPAC26H5.03 from S. pombe (Cac2 Sp); Cac2 from S. cerevisiae (Cac2 Sc),
and Candida albicans (Cac2 Ca); Fasciata2 from A. thaliana (Fas2 At); p105 from D.
melanogaster (p105 Dm); and p60 from mouse (p60 Mm) and human (p60 Hs). The vertebrate
p60 proteins have two overlapping B-domain-like sequences, denoted as 1 and 2. (D) Sequence
comparison of the S. pombe Hip1 B-domain and the Cac2 orthologue C-terminal region.
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SEEERE (S, pombe) ARET Z T Hipl (932 %3E) TH Y. T 8 D Wh40 v i
L RAA U ZEFD, HiplB KA A > & HERI S A2 5L WD40 0 iR LAY D 6~7 %
H (450~500 #&HL) i@ 5, HiplB K A A HERIGETR 288 & 22 AW fE (2 CEbi L
=LA, BUVMEFEMAZ R Lz (Figure 14B) , FEM CTIRIEM O & 2 @A 483
~489 H: D 6-K/R-K/R-R-V/I-A/T/1-P THh %,

CAF-1 A IRD Cac2/p60 H7 = N HFEERIZ Asfl IZFEAET D Z ERMBbA T
% 60T e SR EMFED Cac2 D C KIRFEILD T I BRI T 5 A A % Figure
14C 127”7, Cac2 @ C KUmfEEIZ HIRA DB R A A > L LTz (Figure 14D) .
F-FHEEIDI B ORI TWS CAF-1 O B RAALVEHIT IA4 A FMEe—FL
T ¥,

SpAsT1IN O T {KHEE

HEERERFICB W T BTN D Asfl ORERE K A AV L MR TH D 0 HBERHCB T 5
Asf1(1-161 #&H) OMEMT 2 B E LT, X U X7 EOREB IO, k.
MG FRAT IR E 21T > 72, SpAsTIN ONLARHEE IXHZFEERE P B LUk b Asf1” &AL
LTEY, 10 fHD B > — MIAWIZ 2 2OWWIT— FRAINNEST-EETH -T2
(Figure 15)0 ﬁﬁﬁ@i :8 4~ B 5~ B 7~ B 8~ B 10 753%5524 ) N Eﬁﬂ@l\i@ < ﬁ/uf?j%f&) 50
WHIZB . B Be MO IND, By— MIBEZBELZ THREFEINTWDLN, B
— MElZD < —78 7~ Bs. Be~ B Bsg— By IR MEME < L BRAKRPES IE A D
EHIIEL, BIXICHBHERD D,

Figure 15. Overall tertiary structure of SpAsfi1N in the apo-and complex
forms. (A) Schematic representation of the apo-form of the SpAsfiN
tertiary structure (blue to red). (B) The C trace of the SpAsf1N structure
is colored in gray for the apo-form, blue for the Hip1 peptide complex
(chain A), green for the Hip1 peptide complex (chain B), and yellow for
the Cac2 peptide complex. The three flexible loop/helix regions are
indicated: loop 4-5 (residues 48-53), loop 6—7 (residues 81-92), and
loop 8-9 (residues 119-134). The N and C termini and the hydrophaobic
front face of SpAsf1N are also indicated.
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SpAsTIN-Hip1B 18 &K o 37 K g &

P2y AR—=A TN =BT DR TR, 1 DOk =y MK L, 2 D
® AsfIN-HiplB #EAEKNHELD (Table 1)  #EEMATICH V- HiplB (469~497 7%
) o926, 1 2041 (protein data bank code 2734 @ chain E) OEEE X
474~494 FRILIZBWTHETH Y . b9 —FH D5+ (chain F) 2B W TIiE, 475~
496 FRILIZBWCTHECTH 72, XTI TF RIEB~TEUHiEEZ LD, 2 DD Asfl O
WZH DI L TRIEREICHAS LTV (Figure 16A)

BATELOMIAY /AL HiplB RAA > ® Gludl2 & i CIRAEMEA &\ G1y483 D
M TohoT-, 476~480 FEH I LN 484~488 FEFE D17 B o — MAEAER 22 E(LIT
S FERD 5 DD EHKFRESC. MISH Thra80 & FHZEFE T L HI84 Glud82 DI
BIFDKEREN B2, SpAsTIN-HiplB #HAAEH OFFEULLL FIZART, HiplB KA A
VR F KL SpAsTIN 12kt L. 77 v F AT — LR S EHKERESE L OWRMERES
MR D, ARTEMEFEEE HiplB @ Pro489 X AsTIN @ B.. B h6 7254 FT-PNER DB /K
D (Val62, Pro64, Pro66. Phe72) IZHE& T %, HiplB @ Vald87 & Leud91 [T H (T
BOKMEDW & O A LZERICTFEST D, R, ETHAKB/EEGOXY N =270
HiplB 0 485~487 jk L & AsfIN61~63 7%AL & O AAEM % . HiplB D 490~493 7% &
AsTINGI~T1 F%H & DRIOMHAEER ZRET 5, MEAES LME ORI TR O TE
V. HiplB-Argd86 & AsfIN-Asp37 |[CBWCHHEREMEN R O, Mz T, FEHEE
D AIREMEAS Hil1B-Lys485 & AsfIN Dfigtt /% F (Aspb8. Glu75, Asp77) B IO Hipl-
Lys484 & Asf1-Glu39 OE]TH - 7=,

SpAsfIN-HiplB R A A > OikAERIT Lt b AsFIN-HIRA AHEAEABER & B L Tz,
ZDOZEIE, T BENNEEIRFIN TV EZENL L TPHILZEY THhoTz

(Figure 14B. 16B).

A

Figure 16. Interactions between SpAsf1N and the Hip1 B-domain peptide. (A) Binding of the
Hip1 peptide (orange) to SpAsfiN (cyan). Relevant residues are labeled in black for the Hip1
peptide and blue for SpAsfiN. Intramolecular hydrogen bonds for the Hip1B peptide are
shown by black dashed lines, and hydrogen bonds and salt bridge interactions between
SpAsfIN and Hip1B are shown as pink dashed lines. (B) Comparison between the Hip1 B
domain peptide binding to SpAsfiN and the human HIRA B-domain peptide binding to
hAsf1a (Protein Data Bank ID: 2132). The peptide and Asf1 structures are shown in orange
and cyan, respectively, for S. pombe and in sky blue and dark gray, respectively, for human.
Conserved peptide residues are labeled according to the numbering scheme in Figure 14 (in
black), and relevant Asf1 residues are labeled in blue.
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SpAsfIN-Cac2C BSOS EEE

I4) AR—=ZA T N—FICBITHHERT 7 it 1 DOIEGFHR2=y MMk L, 8 o
® AsfIN-Cac2C EEKN GRS (Table 1) , ¥ T 2=v MI, 2 DDTN—T N5
% 4 >0 AsfIN-Cac2C HEMER G2 | WATEO L 5 72E T, HIR(ZiE~20 X 15 AD
AN dH 5 (Figure 17C) . BFEBIEIX 2.7 A BETH-728, 8 AL TITHT 55
WETEENE LN, RPNy X ZI2BW TR A on-icbEb o3,

FNZEIASTIN O 2 CTHEELL Tz,

Table 1. Summary of data collection and refinements statistics.

Crystal
Data collection parameters = =
Native Hip1B complex Cac2C complex
Diffraction data
Space group (o] P2, s,
Unit cell parameters (A, °) a =78.62, b = 41.30, a= 6201, b= 48,09, a=b=15151,
c=6721,8=11565 c=63258=9925 c= 14421

Resolution (A) 1.80 230 26
Wavelength (A) 1.00 1.5418 1.5418
Measured reflections 62,387 51,572 3,07,285
Unique reflections 17,836 16,188 50,092

;e ) 7.6 (19.8) 6.9(23.8) 7.2(48.8)
Completeness (%) 97.7 (87.4) 97.6(98.7) 99.9 (100)
Redundancy 35(24) 3.2(32) 6.1 (6.0)
Overall I/ 28.2(5.3) 19.6 (5.0) 25.2(3.9)

Refinement statistics

Resolution range 60-1.80 31-2.40 32-2.70
Working set 16,920 13,543 42,342
Test set (5.0%) 914 736 2,252
Total atoms

Proteins (Asfl + peptide) 1,274 (no peptide) 2,778 10,996

Ligands 10 (PEG)®

Water molecules 248 129 312
R-factor (%) 19.1 19.4 20.8
Rpee (%) 29 25.4 263
Mean B-factor (A?) 26.9 29.6 39.0
rms.d.

Bond lengths (A) 0.025 0.021 0.022

Bond angles (°) 1.966 1.739 1.749
Ramachandran plot (%)

Most favored regions 92.7 90.7 911

Allowed regions 6.6 8.9 85

Generously allowed regions 07 0.3 03

Disallowed regions 0.0 0.0 0.0

“ Numbers in parentheses are values in the highest resolution shell.

® Riperge = Ellps — (D|/Z(]) summed over all observations and reflections.
© PEG, polyethylene glycol.

? Reryst = ZfFobs] = [Featel/Z |Fobsl-

© Ry;eo Was calculated with 5% of the data omitted from refinement.

Figure 17. Binding of the CAF-1 Cac2 C-terminal
peptide to SpAsfiN. (A) The Cac2C peptide (yellow)
binds to the cleft formed between B5 and B6 sheets of

_; ! SpAsfiIN. Pertinent SpAsfIN residues are labeled in
¢ blue, and those in Cac2C are shown in black. Hydrogen

bonding and salt bridge interactions are indicated by
dashed lines. (B) Alternative conformations of residues
508-512 in the Cac2C peptide. Two peptide chains
from the structure are superimposed in order to display
the conformational differences: in yellow (chain N in
Protein Data Bank code 2Z3F) and pink (chain P).
Hydrogen bonds are indicated by dashed lines. (C)
Crystallographic packing of the SpAsfiN-Cac2C
complexes; two such tetramers are found in the
asymmetric unit. The SpAsf1N subunits are rendered in
schematic form, and the Cac2C peptides are shown as
sticks. (D) comparison of the SpAsfiN-Cac2C and
SpAsfIN-Hip1B binding interactions. The Hip1B peptide
is shown in red, the Cac2C peptide in yellow, and the
SpAsf1N structures for the Hip1B and Cac2C complex
forms in gray and dark blue, respectively. The SpAsf1N
protein in the Cac2C complex form is also rendered as
a surface. The crucial peptide residues are numbered
according to the scheme in Figure 14 (in black), and the
pertinent SpAsf1N residues are labeled in blue.

Cac2C X7 F Nk Asf1B; & B DRIDIEIZK L THREEGT 2D (Figure 17A) . 73/
FRECHIELE s T EN7= X 91T, HiplB _XTF R LA TS Asfl OFEE YA k&t
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DIV TNz, Cac2C X7 F RO C REFETNEFEE~ > FI2B W THEIC
ﬁé%ﬁxfé& 493~502 FRFIT R R EEE T VICE TV,
FHKEREBIX AsTIN O 61~63 FEIL L Cac2C @ 503~505 IO I LY, AsfIN
D 69~T1 FEE L Cac2C ® 508~510 FEEDM TR S 77, Cac2C 2BV T, Prob07 1%
Asfl D BiAKMER 47 v b (Val62. Pro64., Pro66. Phe72) IZHLE - T 5, Cac2-
Argh04 X, Asfl-Asp37 & EELRWEEAZ/ED . Cac2-Lysh03 1%, Asfl Asp58 CHEBE/E
BEAED, Cac2 X7 F NIFHOKIEN S 2 DDOFEH (Tyr511, Prob512) (2B WTHA
HIEEET NV E LD —HFOWEET VTV TIE Cac2-Tyrb511 & Asfl- Ile69 Xl
TKEREEDZ MDD EWVHIMENR G- (Figure 17B)

SpAsfIN-HiplB A L SpAsfIN-Cac2C A D 3T (K & HL ik

HiplB X7 F K& Cac2C ~X7F ik AsfIN & O EAFERBERNNZE L EE LTV

(Figure 17D) , HiplB 485~489 #%JLis L OV Cac2C 503~508 &I D HHEILIE T 1242
T L TEHLTEY, I$E HiplB-Lys485/Cac2-Lys503 (AR 3 »-1) . HiplB-
Arg486/Cac2-Arg504 (R > 3 > 0) . HiplB-Pro489/Cac2-Pro507 (AR = L +3)
LRIEETH S, 2 DOEEEHIEICE T DFERIL, Cac2C KimhliE HiplB @ X 5 72
NT UG L DRt TH D, ZORKIIEZEHL Cac2 IZRBWTIX B ¥ —
VEEDBICRNERNWT Uy (R a0-3) ZROVTWVWHIATEEEZLND,
AsfIN & HiplB/Cac2C X7F R OFHANEMRICESG T 5% < OFRENIEFITEREL T
BER o> TV, filskE LT AsF1-61u39 1 Hipl A RIZEB T 5 HiplB-Lys484 @ Jj~
MWV TUWN A, Cac2C EAIKIZIEWTIT Cac2C X7 F R EENT- 2 mIV T -,
DTl Cac2-Lysh02 (RT3 g v-2) IZBITHEBFEENRRNTNLZ L E—
L. Cac2 X7'F NIZEIT 5 N Ko HEE2 A LELL TWD Z & E2RET 5,

SpAsTIN G K L SpAsTIN Bl D 374 & Hhigk
AsfIN & HiplB _X7'F RE721% Cac2 X7 F REAMMHEE & AsTIN BAELE 2 il d
B ENL Oﬁ)®$ﬁ@5ﬁ>ﬁ6ﬂto %’E R AsTIN [Z2B VT j34 Bs. Be— B Bs™
B o DD/ —TIZFNT AsTIN Hl# i & thig L CRERMICEZBERELS B 777 4
— (BERT K TORLIORKNERT) BEn2 L LRI 5 (Figure 15B)
FFlZ AsTIN-HiplB BHAEHESEIZB W TIE, By~ B, DEIONL—TIZBNWTH X7 H
DOHFLEENP D RESHENLTWD, ZOMIEEIE Glyl20 & Lys13s @il L&
LChERIT 5, ZOZD HiplB X7F ROFEAIC L V5| XEZ SN0, HITHE
mHICRB T Ry XTI ié%@f‘%é@i))iﬁﬂﬁﬁfiiﬁb\ BE B FREMEN
B2 AsTIN chain A @ 127~130 38 X O AsfIN chain B {285 120~131 OEF
BEENKRITTEY . 2 OFEBKITR&H 7 AsfIN-HipB ‘ET/W BWTRIMILTW5,
RMSD (root mean square deviation: ¥ > /N7 EEERT DRV XTF KD Ca JEIEIZ
TSN DHEREOEHE TN/ NI WIZE 2 o@T%LﬁJ: DHELLLTWD Z L& EE
a“é) R U, 2 0 AsTIN-HiplB #H A K231 5 AsfIN RMSD (X 0.66 ATH
D, ZREMENE VLT REE A RS & 0.35 A f&;oto F7-. AsfIN Hjli L AsfIN-
HiplB #H A D AsTIN & D HER IV TIZ RMSD 0.61 ATH 7=, XHRAYIZ 8 flid 5
AsfIN-Cac2C #H A AT AsfIN | RMSD 0.29 AT, AsfIN Hijft & AsfIN-Cac2C #H & A
D AsFIN & D HHEIZIBUWTIZRMSD 0.64 ATH - 7=,
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In vitro & fET

AsfIN & HiplB/Cac2C ~X7°F K & OMAANERIZER 7 7 X T o AR I
1Tolz, WAEMB LI OERAZEN LT AsTIN ¥ /87 & 1X GST 57717“%5//\7 &
L TR U7z, AsTIN Z U X7 BICB W T, MEHEEETE R L 0 _TF R L DM
AERICEET LR ONTEROFRLICER ZE A L7 ;D37A, E39A, D58A,
L60A/V62A, E75A. D77A, F7-. B X k> H3C KAk & O AE/EHAICE 54 % Valos |2
SNWTharybho—LE L TT o=@ L, HIZ, AsTIN-HiplB FExIFE S IKIC
BT, KAOBESED AsfIN-Aspl04 1% Hipl-Lys484 & MriEFEA 4% 2 & 525 D104A
HIER LT,

BP AR 35 KOVEZAS BB A GST-AsTIN Z U X271 M5 B o —F v FITHia L.
HiplB X7 F R (469~497 F%HL) & O EIERMNT 21T > 72, BPAEM AsTIN |X
HiplB ~7F RiZkt Lig< #A L, K, 0.80+0.01 uM TdH 7= (Figure 18A) , —J
AsTIN-D3TA IZ52RITHED I E e oT-, DF V. AsFIN-D37A & Hipl-R486 DG A AFE
FITEECTHDH LA LIm, [FAEIC AsFTIN L60A/VE2A IZB W THITEA LA %
Jen, BAKRERICBIT S 7 7 0 F AU — L A OEEWNZ 57T, AsTIN-D58A T K,
6.810.2u M, ASFIN-E39A |Z K, 2.5+£0.1uM TH YV, BpAR Ll U THES IMET
L7z, ©DF Y, AsTIN-D58A/Hip1-K485 5 KL TN AsfIN-E39A/K484 FHAVER IZMiBhAY 7e1%
%J%:%tbm\f;’) EEZ N5, AsFIN-ET5A, D77A 1% HiplB X7 F Nzt LEAA &

v\f*/\jj%:r L. ZHHOFHIE AsTIN-D58 [AARIC HiplB-K484 L 5G9 5 & SLiRHE

HIZBWT TR SN0, AsTIN-D58A ICEBWTOAFEEINMETLTEY, Zhbo
20@?&%@%/\ CHEREEE R LT RWEEZ LN,

800 4
——WT ——WT
il 700
_—— D37A i —e— E482A
A ——E39A
o Vs / ——D58A —— K4B4A
@ P -
o -
.’z/ LB0A/NB2A K485A
I ——E75A
D77A R486A
= V95A . 5 —=— P489A
—o— D104A o
00d 2 4 6 8 10 12 14 16
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Figure 18 In vitro binding studies on WT/mutant SpAsfiN and Hip1B or Cac2C peptides.
For each experiment, GST-Asf1N was immobilized on a CM5 sensor chip, and the analyte
was injected at the indicated concentrations. Following fitting to a 1:1 interaction model, the
apparent dissociation constants (KD) were calculated. R, is a plateau value of each
sensogram in resonance units. (A) WT/mutant Asf1N versus WT Hip1B peptide. (B) WT
Asf1N versus mutant Hip1B peptides. (C) WT/mutant Asf1N versus WT Cac2C peptide. (D)
WT Asf1N versus mutant Cac2C peptides.
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AR GST-AsTIN (Zxf L, ZBRZEA L7z HiplB <7 F K (E482A, K484A, K485A,
R486A, P489A) 1Zxf L CHiEA EREZIT 7= (Figure 18B) ., TAEME Y . Hipl-R486A,
P489A X AsTIN It LIF & A A &k o7=, F£7-. Hipl-K484A 1X K, 16.9+1. 7 u M,
K485A 1% K, 59+20uM THY ., 25D 2 DOREEE AsFIN OFESICEETHLH Z &
Zan LTz, —77, Hipl-E482A |% AsTIN (2K A5G NP AT & R E B LR A5
Lo T,

WIZ Cac2C X7 F REHWTRKROERZIT > 72, BAR AsfIN (X Cac2C X7 F K
(kL TR AEA LT K, 1.46F0.01 uM TH Y, HiplB _XFF NIk 2546 & AR
FETdH o7, AsFIN-D37A, L60A/V62A 1% Cac2C X7 F RICKT HAENKELIETL
77o MZT. AsfIN-D58A 1% K, 5.9+0.2 M, AsfIN-E39A |% K, 3.3+0.1uM TH Y,
AR Ll U CHREA MK T Lz, — 7. AsTIN-E75A, D77A 1% HiplB X7 F RiZxt L
BRI WSS 1 &2k LTz (Figure 18C)

B AT GST-AsTIN (Txf L, ZBEAZE A L7z Cac2C X7 F K (K499A, K502A, K503A.
R504A. P507A) Z W THEA EBRAZ1T -7~ (Figure 18D) . Cac2C-R504 (% AsfIN & ®
fEB A R&E L Ko7z, Cac2C-P507A 1% HiplB-P489A |Z4HY L. HiplB-P489A (28 Tk
AsTIN & DFEAIT KR E BB % RIT S 72035 1278 Cac2C-P507A 1 AsTIN (T4 HFEH
DA AR T L7z, Cac2C-K503A 1 K, 11.50.3uM T AsFIN 1T T B A METF L7,
—J5, Cac2C-K502A % Hip1B-K484A (24024 L, HiplB-K484A (28 Tl AsfIN & OfES
IR & IR % M FE L7278 Cac20-K502A 1% AsTIN (2560 A A NMERE &SN K, 4.5£0. 1
uM Thot-, 20O LII T AEEEIZIBVT, Cac2C-K502A 1%, HiplB-K484A @ AsfIN
R DS AEZ RN TW 2l s b THEEY Tho T,
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5

AEIORFFZIZ BT, Fox X AsTIN Bl AsfIN-HiplB # & A, AsfIN-Cac2C HAK
DG M EMRNT 21T o 72, £z, A5 T 2EEORE 1T o7, AsfIN-HiplB
BEMR, AsfIN-Cac2C EEKROMAAERABERITEHB L THB Y, Wizl T Bk
PEAEA . EHAKERAS. HEMEERRN R DT, AsTIN BiAKMAR 7~ b (Phe28,
Val62. Pro64. Pro66, Phe72) % HiplB/Cac2C D B/KIMFEE S AHA/EMA T 5, AsfIN-
Asp37 1% HiplB-R486 35 L TN Cac2C-R504 & HEIEAVED - O DEEREILTH 58,
AsfIN-Asp58, Glu75, Asp77 IIMHBNIREEITh 5, #EmEEMIT 65 LT A
YERRIE ORI in vitro FHEAERMITICE W T HIHEND b,

AsfIN-HiplB # AL L AsfIN-Cac2C EAERDOEIZCE N THTREWD RS,
Z AL in vivo TR AREREHEI ORE|I O BEEM AR T 5, Bl iX. Asf1-D58A X
Cac2C £V b HiplB IZxTHHERICE Y K& @B % 525 (Table 2) , HANRHEE
5 AsT1-DE8 X B RAA LV KKREF—T7D 2FHDOV Vv (KRyvar-1) ¢EAT
%, F7-. HiplB-K485A (% Cac2C-K503A & Fhii L CTHEFAR ASTIN IS4+ DA E L
S LT, BIZ.B RAL LV KKR EF—7D 1 FEEDY VY (RYva-2) OF
2B W TCIX, AsTIN-HiplB EERDTTAY AsfIN-Cac2C HAERI U b R R EZ &
IZ L7 (Table 2) , ZHHDOFEENS . HiplB BL O Cac2C ITBITART T 3 -1,
2 \NLE T DT AsTIN I T 2B RO EER 2 BN T2 2 BB 2 5T,

Table 2. Calculated K, values for binding between the WT and mutant forms
of SpAsf1N and the Hip1 B-domain peptide or the Cac2 C-terminal peptide.

SpAsfl 5 : Ky g
WT Hipl peptide WT Cac2 peptide
LM
Wild type 0.89 * 0.01 1.46 + 0.01
D37A ND* ND
E39A 2:5:£10.1 3.3 0.1
D58A 6.8 +0.2 59:10.2
L60A/V62A ND ND
E75A 1.55 = 0.04 2.1 £0.06
D77A 1.36 = 0.03 2.4 * 0.05
V95A 0.71 = 0.02 1.2 =08
D104A 0.97 0102 1.59 = 0.04
Hip1 peptide WT SpAsfl
Wild type 1.2 + 0.06
E482A 2.7 X 007
K484A 16.9° % 1.7
K485A 59 + 20
R486A ND
P489A ND
Cac2 peptide WT SpAsfl
Wild type 1.5 *+ 0.04
K499A 3.4 +0.07
K502A 45 *+ 0.1
K503A 11.5 %= 0.3
R504A ND
P507A ND

2 ND, not determined because of weak or absent interaction.
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HiplB & Cac2C 1% AsfIN |Zxt L CH U EAL 2585 T 2 72, fh A 13AH A PEMAY

WZEEZ D, ZOZ EiX, B A M H3-HA EEKD DNA MOE T2 8725 2 DO
(DNA #H8UAF I L O DNA #EUFEKRAE) 23 4T L CMNE LR T s & W 91
G —H LTS ¥ REEERIIFRIC TH 2R KINCEET D % R BITRR Y
BHRURLFRRBRIZB W TIL, Asfl, B X b H3-H4 38 L% CAF-1 MBI, — 7. BRIk
IRIFRRIRIT I TIE, Asfl, B A h o H3-H4 38 X OVHIRA (Hipl) 23M#< .

Hipl 38 L Cac2 @ Asfl (2T DA A MIFELIL TWD 728, HiplB KA A >
BEW Cac2C KLA ORI N THENZND KGR RAAER 3 55500 % 78
TAHVENS S, FlxlE, Hipl B Cac2 OREICEIT HMMOMEEIZE W THEAT
DD Z NI FIZ K o TRISFEE AR L TS O0E LiLu,

AsfIN Hijl . AsTIN-HiplB AR, AsfIN-Cac2C EAMHEEDEIC L v . AsTIN @
EEICBWTHRRIZ 3 2O —T OB HIEICR b7, T D 3 DOMEEITR
HEMBEN OB ONTRIEETH D20, ffaD Ny F o L HENTH D AJHE
MHLEZLND, LILLARNRL, 26D 3 DO)—F 1k 2~ H3-H4 & O EAE
FCREET 5 Z ERH LM >TED, Asfl & H3-H4 ~T a ¥ A ~—FEIRDOIE
BENEEREE B MW THE I TS P Zhbof2ToErERebED &,
H3-H4 ~7 1 XA ~—X HiplB X
O Cac2C =7 F N & 134 < Bl OB CIAinatl
THEA L. AsTIN (0% L CHim o .

AL A2 F =72 (Figure 19) .

LorL, HHT_R&HE LT, Hipl
LHEA LIEBRIC B W T Asfl O
A 2 FF U= 88 L e A b
> H3 FHEMEMICEE D 5 RO
ThbH, —J. Cac2 BHEE LTI
I% Asf1 @ H3 FHAAEHEBALIZ IV T,
SR LN R o notz, £,
BB T{THo 7 b A S BARR
HriZHs W T Z OEITIRS 3 X O
WMEEOM TR DFBENEEL
KIEFLTW5D (—F : Figure 12 Figure 19. The structure of the SpAsfIN-Hip1B complex (PDB

.z D% . Hipl o8 2Z234) and the SpAsfiN-Cac2C complex (PDB 2Z3F) are
E) 2/1;6 ﬂ:%&i\‘ p % *EE superimposed on the human Asf1-H3/H4 complex (PDB 2105)
YER L7=BE L Cac2 MHHEAEAEAH L7Z  with respect to the core region of the Asf1 structures. Note that
AL CIEE A by H3-HA # 4 {kL  the Hipl/Cac2C peptide and the H3/H4 heterodimer bind to

TN opposite faces of the Asfl sandwich domain. The Asf1
Asfl OFEERRENED YD | KISFFE  structures are colored red (PDB 2105), cyan (PDB 2234) and

J LTCTWAZ e ¢ vellow (PDB 2Z3F), respectively. Histones H3 and H4 are
M2 A & Sl colored blue and green, respectively. The Cac2C and Hip1B

WD, peptides are colored magenta and dark blue, respectively.
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NRIFVFT757—VFAF RedBZ N7 E b | Radb2 ML 2 BER B2 BT
H5FV I —FRBIO 1A DINA AL EREEBEEDORE

FRIFREHE 2 & X, MR Z2EL 8 &2 Ff> DNA ORI TN ANBDOIETH D,
X, DNA Y3 X 72 BRICEBIC L0 7 AR ERFFT 2720, £, AN ER
THHROZENMEZ EH T T bbb o el ATH D 5" NI T VAT 57— T
LA Red (recombination deficient) DOFHFEHHEAZ 1L 3 DDj {E?W%ﬁ%)ﬂiéﬂ
exo BI5 11X Reda % /X7, bet BIn 11X Red p ¥ > /X7, gam 15 1-1L Redy#
VRXTBE A — R 5, Redald  Bemmmmmmmmmmemeoeeee e
Fo3TX Y X/ LT —PHEMEE o Redc

. Reda

BbH, 2 KE{DNA 0O B 1 A% 5
{\I%ﬂﬁ'a‘%)o Red ,8 517: 3 ‘—“Efﬁ l Production of ssDNA by 5'—3’ exonuclease activity of Reda
‘ri%f*%%\ 12':@;@:@ DNA c:;,\l:l/a\ 5’:"""""1'l"l"l")" RedB
LA ET ==Y 7352 T
BXES+E&E 30kba DX XY a'a"a"a"a'a C 5
ET 3?) ) (Flgure 20) %O \Redy l ngcggﬁn%fcl;iientglgfn%r:g;ngﬁrmotion of
13753 RecBCD X 7 L7 —¥ %#[H e OOOOL
HEIoZeT N 2RSS Y. - GEEEES B 5
%dmﬁﬁ@zilmﬁnmbi
%U)ﬂ < % 5 i Red B & //\ l DNA synthesis by DNA polymerase |

7 G HAM T TTZJ & AT HE S — —
Thn %,

Figure 20. Model of Red homologous recombination.

Red MIFHEH A TS5 2 & OEEMEIX, 1D VANV AOMBRITVA AVATE
JMEEOEICEDSZE P 2) Vare=71Y /7 recombination-mediated
genetic engineering (recombineering)!'® Ok RICENH>Z & THDH, Var b
=7 V27X Red MFHE X ZF|IH L= LW\ Hw:/&&fﬁf% 0. ERDIE
EITR2D | KRR TA S —a BB EET, V7T U MEBETFREKRE
MEMBIRFZ BACs 2107 n—=0 7T 5BITER STV DA P ZRHvE
EWH MRS TV D, BN RO 2213 Red FRIRKHIR 2 O SOUSBENE 2 5610 12 fig
T 20ERD L,

Red MHAEFAIE 2 ICBH 5T 2K FD 9B, Reda X N7 EIF LT &nTRy 1%
L DNA EAREAEH L2 A R DOSLAE S 522> T D 1% ZHITH LT
Red B % v /X7 BICBAT AMHTITHEA TH O T, MM ZICB T 57 =—V > FHHEILY]
fEIC 72 > TWe\, Fo, EARREEICE LTI e E 2 K v iE A E 1 B EE
transmission electron microscopy (TEM)!'®® °JH 78] /JBEMSE : atomic force
microscopy (AFM)'" % FI\NZfEHT 2> 5 DNA 2AFEE LR WS T TR 11~ 12 BEfkD U~
THEEZTERR L, £O—J7T1 AR DNA FE FIZRB TR v ISR, 55
VIR D RERY U REEZTER T 2 2 ERHED SN TN D 1
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RedB X v N7 ELFFEICIAE DNA 27 =— 1 7354 /37F single
stranded annealing protein (SSAP) (XL LI TW5H, EEEMICEIT H Radb2
ZUNTEBED1IDTHY | Hx RERECHEEMATFZZEI N TS, B b Radb2
ZUNRBEOERIL 418 T JBEENGRY . T EITB X% 46kDa THDH, N K
Ui KA A (1~209 BEO 212) OfEEEENHE S TWD 1% 1 [ Radb2 & X7
BN REBRITEZAEMICBOTRESNTEY 1 HERZ 78RV 1
AHH DNA FESIRMT DFE RS Radb2 Z L/ B DV o FHEE T I WD THEMEIZ B T
I > THEBT D Z EARBEN TN D 108109

77— SSAP X X EOHIT Lactococcus lactis ul36 [(INXNAAA T ~T
4 7 ADFEEHNT Radb2 X U RXIEERICA— =T 7 IV —(Z/T 2D NS
NTEY M, BREMETIZBW TS Radb2 ODRET V' Thb ESbILTND 1218 xtid
I Red B & /X7 &I, Radb2 # U " 7E LT I 7 BESIFHEFEMHEIZE SN LT, £
WHIR 2D A= =T 7 I ) —Z@THEmBEINTHWE M LavL, T4, Erler
SIlcky ZnBMmHZ LRI ED N K DNA FEE B A A VESIOMREMENHE Sz 1,
F7- Lopes HIZ LY Sak, RedB . Erf Z /X&) Radb2 # L /X /E LR U A—/N—
77 IV =BT HEVIMENLREIN M L LR, 2 oD T N—T THIE
SNT=T X BEELSNT T A A MRERITEREAR D | RedB & Radb2 Z[F U A—/—7
IV =L LTHHELTINDE I DIZTHOWTITHARER R & BTN 2 STV,
% Z T, ARFETIE Red . Sak, Rad52 RHZIT 2 PHEMEZ M 5 < MREMEN A
SRR ERZEAL, 1A DNA FEAMITE L OF ) I~ —iE2 iz o
T O 21T > 72,
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EBRI7IE

T BESNT FA4 A

2R Red BB LV k Radb2 @7 I/ BEELHI A VN, EHLZ 4L NCBI NOD RefSeq 7
— Z X=X ZHH L PSI-BLAST 24T\, ZNENDH 37 'F L RO & 2 Bl 5 %2
i L7z, Red BAH[EI & v/ 7 B ¥ L N Rad52 MR & 7 7 B % | 2 12 T-Coffee 7' 11
7T 8ERNCT 2 JBREHT T4 A2 Fafrolz, #lFT2o0DT7 A4 A b
Jalview ZHWWTHA L. N KfEK %A Clustal module {2 THEFI L, W |ZFE)TEAI L
7

Red B Bf=F D SERIER

Red BIEEFIZT LX 77— 4 ) ADNA ZBEAIL L, Pfx DNA R Y A5 —F B LW
FV IX 7 LAF R (57 -TAAMACATATGAGTACTGCACTCGC-3" HBLN5 -
TGCAGGATCCTGTCCGGTGTCATGC-3 ) Z FHVNTHYME L 7=, PCR PEW) % HIPRE% S Ndel 35 &
O BanHT 12 X 0 BT L, pGADT7 X7 Z —(ZHEA L7=%, DNA > — 27 = RfRATIZ L D
DNA BeA &2 HERR LT-, IRIZZ D7 a— 2% Ndel 3 O Banl THIWr L., Z X7 B3
BH~RZ % —pETl4db (N RIZE R F VU X T E2MNT 57 % —) (AL, 77
= EHIE T Red B BT OIERIZ IV Tl Phusion high-fidelity PCR kit (¥ —F
T4y —HY AT 070> (BR) )EHW, £, DNA > — 7 = ZRHTIZ
KV EBOEIAZDOART T = BRI TND Z & 2R LT,

2Ry ERH

bt AF DU I E AR O 13 HO LS Red B8 5T A& W TR EFE BL21
(DE3) a2 BT RN (ma— AT TR A FTH (B ) ZREE#RL
Teo RGBT 0. 1mg/ml 7Y &2 Eie LB RO FIZIBUNT Aggonm ~0. 7 [T
THFETITCTHIEGE LTz, RedB & /7 ERBUIHKIRE 0.4 mM @ isopropyl-j -
D-thiogalactopyranoside Z¥IN$ 5 Z & TR L. 3 RERIFRIEZ IS KIGRE 2 R L7,
EUY L7 K@ A R E A I 4 — "y 77— (20 mM Tris-HC1 pH 8.0, 0.5 M
NaCl, 30 mM imidazole) THMRE L., Y =r—Ta VK VEM LT, B ZEEO
SHEEL. BN FiEE2 e RAF X R EEFEST B HisTrap FF 75 A (GE ~
NWATT (BR) ) 7774 L, Z20%, MIREA IFXY — Ny 77— (20 mM
Tris—HCI1 pH 8.0, 0.5 M NaCl, 265 mM imidazole) IZX VD & RAF TV X LRI EEVE
ML/, RNTTIarv b7 (3HEsF8 10,000) A BTN (A7 I YR
7 (KR ) Ly 77 —A (20 mM Tris-HCl pH 8.0, 0.5 M NaCl) Z MW\ TEiEE A
I = NERWE, ERXAFUUETERSEBWIT, hrEV10U (THT7A4 TR
7 (BR) ) &z, 16 BEf, 20°C T LTz, £ D%, HisTrap FF 1T A E_UH I
CUFF AT A (GE~VATT (BR) ) ERHWTH R EEER L, BRI
YNIEFIRXT Iy T (S 10,000) AE AT AEHWV, Ny 77—
B (20 mM Tris-HCl pH 8.0, 1 mM DTIT. 10% glycerol) {ZEH#id % & & b, k4
L7cth o 7% ACHRAE LIMRDE e iEfmiric inwiz, £/, Ry 77— C
(20 mM Tris—HC1 pH 8.0, 1 mM DTT, 50% glycerol)IZ@E¥a L . EMEL -V 7 -
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0CICIRIE LM DOETOERICHEH Lz, 13HOEER 2 I7EDH L, W82A 12
L CIIRBENIEF D72, ERICHoRENMG NN T,

MR 45 6% (Circular Dichroism; CD)

A% v X7 B ONEEEZ CD AT RVIRITIC X O BRGET Lo, Ry v R0 B
(0.1 mg/ml) % 20 mM potassium phosphate pH6.0 /X 7 7 —HZ B W T K 500~
190nm ME] T Jasco J-720 spectropolarimeter (H A4 (HKE)) ZHWTHIE LT,

Native—-PAGE

RedBZ /378 (10 ug) #u—F 47y 77— (FIEE 62.5 mM Tris-HC1
pH 6.8, 10% glycerol, 0.002% bromphenol blue) &IERA L. 5~20%KU T 7 VLT
IRV (T h— (BR) ) HCERKENZITO) ZLICL VLT, £D%, T ViX
< —7 Y1) N7 L—R250 TYf LT,

TNIEBIa~< T T T 4 —

Red B # /R ERIK (4 mg/ml) 10 pl 27 ViEiE /Ny 77— (20 mM potassium
phosphate pH 6.0, 10 mM MgCl,. 0.15 M NaCl) 7% 5 TR Superdex 200 5/150 7 7 A
(GE ~ 2577 (BK) VMWL Z L THliL7z, mTFEREXFY N (GE ~Vv AT T

) ) IKEENLT7=UF o, TARL—Z, aFAT I, FAALTIvEHN
REfEER L, ThE AW TOTEZEE L,

1 A 84 DNA #&B fRbT

Red B # > 7327 /E (0-100 pM) L. 10nM @ 50 X7 L AF R 1 A DNA (5
TGCGGATGGCTTAGAGCTTAATTGCTGAATCTGGTGCTGTAGCTCAACAT-3", 5’ K% Cy3 12 L 0 #0t
TN D (ARXar A A F T 7 7av—0) )EIREGL, Ny 77— (50 mM
potassium phosphate buffer pH 6.0, 5 mM EDTA, 5% glycerol, 0.1 ug/ul BSA

) T 37TC, 40 MBS S/, KT TV Z LT ILT B REKIRE 0. 1%1272 5 &
IMAx, BWIZ3TC, 20 ST 52 & TCHERERZEINIETZ, Dk, v—T 1
TRy 77— (L rBLO Ve —La2E5T) Mz, 6% RV T 7V LT IR
TN (FGAT7T 7/ mY—X (#R) )H T, 0.5x TBE Ny 7 7 —%& W TESKKE 4
1To7=, ®HT L L7~ DNA X Molecular Imager FX (XA AT RIRT R —X
BR) ) Wi L, Image] IZX VW ER(L LT,

ZIBTEFHEMESE (TEM

RedB Z v /%7 /E % . 20 mM potassium phosphate pH 8.0 /Xv 77— T 4°C., —Wh,
BT HAT o772, RedB Z o378 (10 uM) 250 X7 LAF R1IAEDNA (5 uM) &
Ny 77— (20 mM potassium phosphate pH 6.0, 20 mM MgCl,) H1C 37°C. 40 43[#
IS ®ETe, TO®BRINVENT LT E RERKRE0.6%2705 X oMM, HIZ37C, 20
IR LTate, BNy 7 7 —TCTh SR Uiz, [RFEWHE L7-@Bo STEM 7'V » R
(AT L (BK) ) I 7 E O S 7-%% . 3% phosphotungstic acid pH 6.0 %
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FAWTHR AT ¢ 790 UFEREI S, HE L7 STEM 7Y v RiZiE A E 1 ks
ZHWTEIZ L7 (JEOL JEM-1230 80 kV) .

38



e

Rad52, Sak B X W Red B # V' N7 BORICRIT A7 I 7 BRELHIFE R M
Sak, Radb2 # /X7 EX*NENLDT7 7 2
(CSY Wit s e

1 A8 DNA 582 7/ ETh 5 Red B

U —fiz

Ep_beta 1 MSTALJ\]\.ﬂGXLAEKVCMDSVDPQEL|TYLIQ AFK---G

Mbbeta 1 - MTTALQTLTNKLAERFEMG- -DGSGLVETLKSBAFA---G

Yp_beta 1= MSDNKSLVTRIASRFG---VDTRKFYETLKA AFKQRDG
Redp group Vebera 1 -------- MEKPKLIQRFAERFS---VDPNKLEDTLKARAFKQRDG

Ip_beta 1---=-=-- MSTMLYS[TSQMADKLNlESS NELTLVLKQEVFKTKQG

Bp_beta lMSDIRQVATQRTSLVIKFADK'CA‘AVDANKMLDTLKS J\FRQKED

Abbeta 1 -MNAPANGTLITTQIANVAETLGLYNVNPQELKETLIQRAFRTE-

Hs Rads2 1 MSGTEEAILGGRDSHPAAGGGSVLCFGQCQYTAEENQA--- - 1QKA-[HRQ)
Rad52 group  agse 1o ooiilll MNEIM-DMDEKKPVFG--NHS-ED------- lQ"I'lK LDK

BIFAT7 74 A b&EITHo7= (Figure 21)

G S

o R MSFEQKQHVASEDQGHFNTAYSHEEENF - S8-LTR

SPRUI 1 = mmm e e MGSLPDQSSCE{FTDSQQDKM'[IKLLAH
ul36_Sak 1 PWAMY LAMIMDN 45
il416570401 1 VWAMY LABIVTN 40
Sak group /384183968 1 - FEAYVAPEVDA 40
il384109874 1 IWGKCLAMITS 40
Ep_beta NQQFDGMBFEQONES - - - - - -------- ECRREPF|131
Mh_beta EPQYDGMEFHFTDDYS - -« --n-n-- A GECKK--- 129
¥p_beta HPQYDGVEFVYSDKMVRMQGAKVDCPEW EVYREPF |14
Redp group Ve_beta HDQFDGMBFKTSENKVSLDGAK-ECPEW EVYRPPF|142
Ip_beta HPAFDGMEI SYSDVFATMPSAK-KAPEW EVY- - - - 141
Bp_beta HPQEDGFEFNQAEERTMPEGGKVECPEW EVYRKPF|150
Ab_beta NSNFENCMEFKFSENMVOQMEGAKVAAPEW AECYRAPF 151
Ms_Rad52 ~=-TQQN-VBFVDLNN- - - - - GKFYVGVC-AFVRVQLKDGS - - - YHERVEYEVSEGLK 133
Rad52 group  sc#ads2 ~KSMV-IBFLDERQ- -~~~ GKFSIGCT-AIVRVTLTSGR---YREBIGYG VENER 113
Sp_Rad22 ~RSIN-VBFMDENKEN- - - GRISLGLS-VIVRVTIKDCA---\'H 1GYG 125
Sp_Rril ~QDIH-VBYVEETKE KKFNVGIS-VIVRVTLKDGS - - FHEBIVGYG LEncafiie

a2 L5 (3
ul36_Sak 46 RAVQERFD ENIFGI AGHKNER- - - - KWA-PB----------- G -~ EWVTKWHBIG- AENTQ 96
Sak grou 9il416570401 41 RAIMKRLDDMEGK AGWRNEMRD I PNNGCVIE- - - - - - - - - - - c - - EWVTKWDAAENTQV 93
g p 9il384183968 41 RAIQDRFDEMFE IIK QVSHMEKWEGEKATKCR I S~ - ---ccceeenn- ~--RWISKEDGSEESDY 92
9il384109874 41 RAVQERLD EMCGPBIGWR S ENRKDGDAY LETLS | RMKRDDGS | EWISRTDGADATDK 96
132
L]
Ep_beta |132 - KT-REGREIT-GPRWQSHP KAMIQCARLA NTAVTJ\ERQPERDITFVNDET]MQ 203
Mh_beta [130 - - - - - - - SEP-- - N EK P KNI TRQNN-VVE 187
Yp_beta [145 QGQGRNGA¥TVDGRWQTH MEQASA\NPAIANLPSPSQ vas 218
RedB group Vc_beta [ 143 EGNGKNGPYRVDGPWQTH GOATHIVERS--VI-PPEQ-V¥DD 213
Ip_beta |142 - -QNQRGS¥A- - GRWQTH KD1TSQYEQPAPRMSPAER- I RA 211
Bp_beta [151 KCNGKNGSYTIDGRWQTH ROMGPVEVAN--PVPQPQSREAR 223
Ab_beta 152 K § - - AESGQPIKDVASEVPEGYQAFEDEN 223
Hs Rad52 |134 SKALSLEKARKEAVTDG- [ LTKAKRQDLEPSV 200
Rad52 group  scadsz 116 Rk PAAFERAKKSAVTDA - L NNLFRPTDEISES 182
Sp_Rad22 IZGGKASAFEKCKKKGTTDA L GDLFRKTDPAARE 192
Sp_Ruil KALAYEKCKKEGTTOA LRIMALEN - - - - - - - - - - DNLLRANKRPYAR 183
ul36_Sak AVKGGLSES 155
Sak group 416570401 AVKGGRSGA - - 15
il384183968 - -AVKGGFSNS- 150
9i1384109874 - -SMKGGI SBA-- 154
Figure 21. Comparison of RedB, Rad52 and Sak N-terminal domains. Conserved residues are

highlighted and colored according to the Clustal X scheme, with color intensity denoting the degree
of homology between the three SSAP groups. The green boxed region indicates the stem structure
of Rad52; secondary structure elements (B-B-B-a) in this region are highlighted. The blue boxed
regions correspond to the conserved part of the domed cap region in the hRad52 N-terminal
structure, while pink boxed regions indicate alternative conserved stretches in Redp that flank the
putative stem structure. Residues of Redp mutated to alanine in this study are marked with blue
circles and numbered accordingly. Residues of hRad52 that have been experimentally shown to be
involved in ssDNA binding are indicated by red circles. Sak SSAP from phage ul36 and related
sequences are also shown. Abbreviations and UniProt accession numbers: Ep_beta, Redf3 from

Enterobacteria phage A (P03698);

Mn_beta, bacteriophage recombinase from Mannheimia

haemolytica (ATJWQ9); Yp_beta, DNA recombination protein from Yersinia pestis biovar Orientalis
str. (A41UY1); Vc_beta, putative DNA recombination protein from Vibrio cholerae (Q8KQWO);
Ip_beta, phage recombination protein from lodobacteriophage ¢PLPE (B5AX97); Bp_beta, putative
phage recombination protein from Burkholderia pseudomallei strain 668 (ASNMO0Q); Ab_beta, phage
recombination protein Bet from Acinetobacter baumannii; Hs_Rad52, Rad52 homolog from Homo
sapiens (P43351); Sc_Rad52, Rad52 from Saccharomyces cerevisiae (P06778), Sp_Rad22, Rad22
protein from Schizosaccharomyces pombe (P36592); Sp_Rti1, Rti1 protein from S. pombe (042905);
ul36_Sak, putative translation initiation factor from Lactococcus phage ul36 (QOMC33 9CAUD). The
three additional sequences in the Sak family are identified by Gl accession numbers. The alignment

display was generated using Jalview .
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TW5 Erler & EFEBIL T2 ", BHEAY) Radb2 ¥ VXV BEDNKRAAL X7 7
RU—MTIHEFIZT I VBESNPREFESN TR, 1ARH DNA 7=—1V > FIEMEE FF
S 18I0 X BRERAREE L 2 oD =T b SN TEY %Y | vy ia
N—NZEB L 11 &R0 o IiEETH D, PO s oG (79~156 7%%5)

TV T ORERE 220 | FOREERERE (25~78 FEEL, 157~208 L) 1T F— L DAt
D% LTW5 (Figure 22A) , Redf ¥ /"7 O N K 1~206 FEILIZB VTl e
k Radb2 # L /X7 /E L IB%OMRMETH D2, HBEOERE 2> TV D8I (Red B 77
~152 7HE, #EoPMA)  (Figure 21, 224) 1% 19. % EREMER LV EV, FEAT
X LT, WEDOEBRL S TV AHEBNIZIE RedB X X7 BX W Rads2 77 2 U
—THFBD 2 oD T AL —RRE oo Tz, 1 DITBRAKMED BV Red B 76~82 &AL
@ hhGhDGW (h = BUKMFEIL) THY . 2 SDHIL. HEMENEW Redf # /37 148

hydrophobic
patch

Figure 22. Comparison of hRad52 structure and homology model of RedB. (A) Structure of
undecameric N-terminal hRad52,_,,, (PDB accession 1KNO) showing residues involved in ssDNA
binding. The structure is colored as follows: residues 25-78 (part of the “domed cap”) in light blue,
residues 79-156 (“stem structure”) in green, residues 157-220 (part of the “domed cap”) in dark
blue. The N- and C- termini are also indicated. (B and C) Homology-based maodel showing
sequence conservation between hRad52 and Redp. (B) The hRad52,_,,, oligomeric ring structure
is shown, with the stem region in green, and the flanking regions in pink. One subunit is rendered
in surface view and colored according to sequence conservation between Redp and Rad52
family proteins based on the alignment in Figure 21 (yellow to red, least to highest degree of
conservation), with the aid of the ConSurf server. The basic groove predicted to bind ssDNA is
indicated by a cyan dotted line. (C) Two views of a subunit of the 1KNO structure (truncated to
residues 25-177 for clarity) and colored according to the degree of conservation with respect to
Redp as in (B). The two conserved patches and predicted locations of the Redf3 residues probed
in this study are indicated. Residue V77 is buried and is therefore not displayed.
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~162 ZZJL KRxLR (x = R TOKK) THLH, b 22507 7 A X —|LRadb2 ¥ /X
JEIZBWT I AREDNAFEAICHLETHLZ ENMBNTWS P 7 ZnrF
AL —F Sak Z T FIZE T HRFENE -T2, Radb2 ¥ /X7 B DWW D)
DT K (152, R55, Y65, 166, R70, F79, G80, Y81, N82, W84, K152, R153,
R156, K169) X 1 A8 DNA FiBICHBETH DL Z LR LNITR > TWND 1P
(Figure 21, 22A), Red & Radb2 OREHEMZfEIIT 57, Radb2 ¥ /X7 H LD
TT7A AL FT RedB #2287 FIZHBWTH 1A DNA fEAICEG 45 & PRENT
7 e (Y64, K69, V77, G78. V79, D8O, W82, K148, R149. R152) (Figure
21, 22B) IZBAL T, SAEREZEA L, ZhbDoH 4 DO (678, V79, D8O,
W82) 1% Rad52 # v /37 B DOSLAHEEIZ I TEUKMEFERIC. £ 72, K148, R149, R152
I THE MR REIRIC A S 9% (Figure 22C) , 72, R161 27 7 =i@# L7, RedB I
BWT RI6L 1T 1 AT =—V 75T 52 L0 in vivo THLMNZESH TS
M) R161 1L RedB 7 7 X U — DM THRIFSNTWVDN Radb2 77 I U — & OIZHFE
PIXR BN o72 (Figure 21) , & 51T Radb2 # L /37 B 2B\ T 2 A8 DNA FE A
3 BEAWIEASC DV —7HRICE 5T 25 Z L85 TW\W5D K133 & K169 [2FY
T % Red B K132 & K172 1225\ TH T 7 =& L= (Figure 21)

RedB # VX7 ED CD AT hIVIEHT

FERL L 7= 120D Red BT T = (BHA L L3 7B (Y64A, K69A, VTTA, G78A, VT9A,
D80A. K132A, K148A. R149A. R152A, R161A, K172A) @ " RAEHEIZ-HOWT CD 227 |k
JVARAT 2 BF AT Red B & /8 7 B & LIS L7z, SRS T H % 190~260nm (377
T ROWUETH S, Thbb, FUNTEOEHOaI L T A A=V a U ERB LT
AR MADBEONDHREFERTH S, £/, ¥\ HO _RKEEOGEEHTET
LHEICEDI D, BAT Redp ¥ VX BIZBWTIEINETHRESNTND LS 22
WA 72T VT 7 a-~Y v 7 AR U RTEINET AT MV TE Y &2To
T T =B R BB OTRBEO AT MVERMG LN, O LD,
SERPEASNELERY R BIZBWT S, TR L [FEEO RSN SN
TWaAZ EwpRLT (Figure 23) .

- WT
— Y64A
— K69A

30 1

[0]yrey X 102 (deg - cm?2: dmol)

-20

190 200 210 220 230 240 250

Wavelength (nm)

Figure 23. Far-UV CD measurements of Redp WT and mutant proteins.
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RERICK D 1AKHDNA A ORE
PP Red BB LN 12 HOMER L L7 ED 50 X7 LAF K 1AH DNA (x4
D5 A IEYE % electrophoretic mobility shift assay (EMSA) 2 Xk 0 fig#r L 7=
(Figure 24) . Red B-DNA HAKIZA AT 2N FE L TR SN, BRKETICHE
BURNREEL TWD Z L2 BT S (Figure 24A) . B4 Red B & Hb# LT, Y64A,
K69A SZEF & X7 B ITRS%E D 1 A8 DNA fiEfE4A R~ L= (Figure 24B, C) . —J.
D8OA, KI32A, K148A, RI149A, K172A ,MUE& VoRTEE DNA REETEMEDIR T 2R L,
BRI 3uM ATV, 1 AREH DNA IZHES L7251 40~90% CThH o7z (Figure

A
VT YB4A _ KEA ___ VITA ____ GIBA
.y R Ny T
R149A R152A R161A K172A
B
100 77
- 80
5 E
8 S
< <
g z
7} 0 g B
* A
= ®
20

¥ ¥ v Qh,_;t}* SRR ‘“.\q}*
45*""“ RN RIS AR

[Redp], uM

Figure 24. Binding of Redf WT and mutant proteins to ssDNA. (A) Gel retardation assays
showing binding of Redp WT and mutant proteins to ssDNA. Varying concentrations of Redp (0,
0.09,0.19, 0.38,0.75, 1.5, 3, 6, 12.5, 25, 50, 100 uyM) were mixed with 10 nM 5’ Cy3-labeled 50
mer oligonucleotide as described in the Materials and Methods. Samples were fixed with 0.1%
glutaraldehyde prior to separation on 6% PAGE. (B and C) DNA binding analysis based on
quantification of the gels in (A). The percentage ssDNA bound by Redp proteins at 3 uM is
presented as a bar graph in (C).
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24C) , X BT VTTA, G78A, V79A. R152A, R161A ZHE|TE LS EEE H 2 X370
BE3uM 2B WT, 1 ARSEDNAICHAS LI-EAIX 10~35% Th-o7- (Figure 24C) .

BREBRZ LV RRIBOY T2y iR

FpAER Red B # 2787 L 1 REH DNA #EABITHB W T, RedB X X7 BED Y 7k
NEETHDIAREENREZEZOND, TITHAERY U RIBIZB T DAY I~—Ak
% Native-PAGE (2 X VW MiZE L7-, Figure 25A |Z/R9 X 9 IZB/EA Red B ¥ L7 BB
T OEERZ 7B (Y64A, K69A, VT7A, G78A. V79A. D8OA, KI32A, RIG2A.
K172A) X 1 KROMEAWAY R E L TR SNEXRIKBIOBENEIXFETH 72, i
B2 K148A, RI49A (1B L Cid. LAY ROBEINEL . LW /NS ARESEEE
LTWADZ EWREENT (Figure 25A0) , RIBIA 2B L TIZEE OV R
HENZ enn, BAxRBAREZEHRL TWD Z ENRBINTE, £, REDOX

S A S R R A
A & & & & E @ F & e ¢

.
. Ferritin .
09 440kDay . KX Rist
200 1 o | Aldolase WT 819 kDa
' 158 kDa 678 kDa
o7 1 Conalbumin
" Ovalbumin 75 kDa
150 | o | 44KDa N\
: \ R149A
%" K148A 89 kDa
3 3 05 = 79 kDa
100 - 04 1
0s | ¥ = 0.295x - 0.8362
; R = 0.99503
-~ 021
011
0 0
05 10 15 20 e S
log MW (Da)

Elution volume (ml)

Figure 25. Characterization of the oligomeric structure of Red mutant proteins. (A) Native PAGE
analysis of Redp protein variants. Proteins (10 pg per lane) were separated on a 5-20% gradient
polyacrylamide gel and visualized by staining with Coomassie Blue. (B) Size-exclusion
chromatography of Redp mutants. Proteins (10 pl of 6 mg/ml) were applied to a Superdex 200 5/150
GL gel filtration column in 20 mM potassium phosphate pH 6.0, 10 mM MgCl,, 0.15 M NaCl.
Molecular masses were estimated by constructing a calibration curve from known molecular mass
standards: ovalbumin (44 kDa), conalbumin (75 kDa), aldolase (158 kDa) and ferritin (440 kDa). (C)
Standard curve for estimation of molecular weights using gel filtration chromatography. K,, values
[(V, - VIV, - V,)] against log MW of the known protein standards. The generated linear equation
and the R? values are also indicated. The dotted line indicates extrapolation of the standard curve
used to estimate the molecular weights of the larger eluting species, such as Redf3 WT.
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VNI BEEREIL TWAICHED LT, FERL ANV NI ST, Z oI E 0 kR
H£H D5 WVIEIARLZEADRE ST (Figure 25A)

WIZFNVIER S T 2 HWT, BRY LV ARIVEORREE~DZEEBT LT,
Native-PAGE O B[R4k, B4R Red X U NIV BB I ONEL ORER Y VX 7E
(Y64A, K69A, V77A, G78A, V79A, DSOA, K132A. RI152A, K172A) 1ZB L EFHF & 650
~680 kDa 247 X4, 22 BIEMLL D Z EVRBE N7 (Figure 256B) , ZA#LE T
DN G, 1 DOV o 7iEEN 11~12 BIKRTHDL Z ERMEINTEY, 2 2DV
VIREENLERSND Z ENREZ BT (Figure 25C) , Z O IL Red g # /8
78T X BESIMEFEIMEN R BT 7 — 2 ul36 Sak # X7 HIZEBWT G [AER
DHENZIITND MBI UL 5, KI48A B XY RI49A SR X X7 EITEH
WTIE, 3 EBENORAEEERTH D Z & AURE SN, native-PAGE DOFfE R & —&H+ 5
HLDOTH-o7-, F£72, RIGIA I L TIE, 2 DOTEELREY—7 S, 1 2130+
MRETETCH T LTHEECE RWLEICHI SN Z Enn . —HITEEERAKRZ K
LTWLIENBEXLND, 2 DHOEY—7 3B XZE & 800 kDa & AFED Hiv,
BPARED & XD REREEEREZTERLL TV EE X BT,

TEM f&HT

RZIC, FIRMIC Red B # 2 /N7 EOMEZBILET 5720, 50 X7 LA K DNA D
FEE 72 b NTHEAELE NI\ T TEM g 24T > 72 (Figure 26) ., ZHE TOD TEM B
L OVARM EFTIZ VT, Red B & 2787 B 13 DNA FEFFAE FIZB W TH 11~12 B&IEN D
K25V TSR T D 2 ERRESN TS T e o TEM EFTIZ IV T,
Red B # /X7 EHHEMIZEWCITBEICHREINTWD T A X EFRKOELE 12 nm O

U v 7S S AR Y i EnBlEt S s (Figure 26A) ' 1ZE A EDRARY
VRTBIZBWTHREED ) v IEERS LORREERIEY  IREEN SR ST,
R161A Z > X7 EIZB L Tid, BWARFRRO Y > 7iE L I DXy REhx v
NRUEEERN R bz, —J7, K148A & RI49A ICEAL TiE, V v 7 #EiIR o $
/NS T REE D BLEE S AU, native PAGE R0 VIBIRAENT OFEFR & —F L T\, HIiZ,
PPl Red B 2 /N7 L 1 REIDNA & OEAIRIT 15~18 &IED Y » 7 HEE " B 50
E, U U ZIEENEE L AR S 2 & D FERARE SN TWD ) Fox o TEM fif
Frs FIT B WTi, EE 16nm DY 7GRS LOVE S 2.0~2.5 nm OFEHEIR OIS T,
Red B B DEE & iz L 1 A4 DNA 235 L72BRITIT L 0 K& el s S vz
(Figure 26B) , TN FENDEERZ X7 BIZBWT 7 fEE. Y64A, K69A 1T
B L CIEpAM L AR Td o7, DSOA, KI32A, KI148A, K172A IR L TiX, £ < AAR
FERDY v UGB L OWRHEIR OREIEN B 7z VITA, G78A, VT9A, RI49A, R152A,
R161 (ZEA L Tid, 1 AEH DNA 4 L OSMEOBR EEEDIFIEEL LN b & s
JE-DNA B EENER SN TWRNWT EDURIB SNz, HEHTHREHLE LT,
K148A 1ZB9 LTI DNA 4 L OWRAE T A Y I~ —FREHEE X o oo T -
23, 1 ARBIDNA ICHEG T DHES 103 D 2 & A3 EMSA B X OV TEM 2212 L » TR &z,
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Figure 26. Visualization of Red WT and mutant protein oligomers by TEM.
Images were obtained for proteins (2 uM) alone (A) or in the presence of 1 yM 50
nt ssDNA (B). The scale bars represent 50 nm.
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5

I AREEDNA 7 =— VY T X RIETHD Red B, Sak 72 & N Radb2 [l o B #M: &
FRBAT 2 <, EEOHIENRH F VAT ST 2V Red B Z 37 B IZXF LT 12 A
DT T = IR R (1 AR DNA FER IR B L2 KT+ L Pl S EEE S
te) ZAFRLL . 1 A DNA FEAREICH T D BAMIT L. . TR ED ., 7 /8
BEHDBRIES I TND 2 DD T AZ—N 1 K DNA FESICEETHDL Z E2FEL
T7o 1OFBAKMES A% — (RedB77~82 7KE) THV ., Tt b Radb2 SLikHEE
WZBWTAHY I~—IcBEE L, o FNEICET S, LLaenb, Fkx DER
FEFAZIBNTIE, BRI 7 A Z — D RER S X713 1 RE{ DNA #5612 < P2
DI BELLT, Y I~ —EEICEEL TS ed o7 (Figure 25) , HEHT
REZLIZ, &2FE b Radb2 # U X7 EHIZBW T RO ENRE SN TS 115,
BEOBKMEY 7 A —OERIZE D 1 A8 DNA fEEG~OEEI I KIZE L
EEZ DI, DNA FEEIZE- 72 Red B & /X7 B OREEEIZBE G L Tnd Z E R THR
ENnb, £ N Kt RAAL L DOHDOE b Rads2 IZBW IR ARICBWTAY I<
— BRI B A KT T Z ENRESNTHDE Z 05 15 ¢ RN 4+ ) I~ —Fk
WCLEEMEZE B2 LEERR TRM-STE2ENRBZ LN,

RN Z A% — (Red B148~153 &) ICBIL T, b F Radb2 ¥ /37 EHD N K
Ui R A A NZBT AN EEICBWTY 7 iEEZ AT 5 X )18 1 AR DNA S
THNREINTIEY, Red BIZIIT D RAEREMHTIZ IV FFIZ R152A 2B W TR < L2
PR ENT-, BT KI148A, RI149A (2B L TiE 1 AFHDNA FEAREICIN 2, AV I~ —TERk
WZH RN RE T, R149 ICBAL TlX., B bk Radb2 # v X7 B D N R KA A HEED
NAEIEICR S LabE s L FNEMHEAERICEE T2 2 & HHENITE 728, K148A
R L TIE, O FRENCHIE L TW=, L. Radb2 ONLAAREE i LT 2 MElE
% Red B 1~203 F%FLTH V. Red B DEFIT 261 FE72D T C RKiE) DNA & F Mm%
BoTky, HWEMI IAX I FREIMEL T 2WARBEELEZE XD, &
B, C R A KHB L7c Red BIX L ViR < DNAICHE S35 ', 72, K148A ICBAL T
X, DNA IFEFE L2 WS T ClidA Y I~ — M0 A L7225, 1 K8 DNA OfFTE T IZ
BWTII RGBSRV o VG CHEHEREE S TEM T W TR Sz, 2o Z:h
O, U U 7HEEIT 1 RS DNA K G OERORISIEE L TIMATIERNWZ EDREF X D,

Red B DAREAETE & B2 3 D 6HIL D Y64A & K69A |, E b Rad52 @ Y65, R70A (Z4H
M35, B b Rad52 Y65A & R70A 13 1 AEH DNA FEATRMEICEIL N BN D Z L RHE X
LTV D23, Red BY64A 72 5 TNT K69A Tik, £D X 95 B bixH b o 7z 19915,
—7J7. RedB K132A, K172A {ZBHL TiE Red B 7 7 2 U —NIZB W THREENEWIZ
B &3 1 AREH DNA FEATEMEICIME BN R oz, ZhboikiiTe b Rads2 @
K133 3 L TVKI69 IZHHY L, 2 DDFRI & 12 A8 DNA 56X D-loop FERIZ B 57
LZENMBNTEY, RedB IZBWTHIRERICEE T2 mTREMENE 2 iz,

Red B R161A (2B L Tix, 1 A DNA 7 =—V VU ZiERMEICHEBLZHND Z &2 in
vivo ICBWTHEESNTWD M, LoxLiand, x0T 2 BRESIT 7 A4 A2 M
BAZBWTIL, Rad52 EFARMEN R S 72wy (Figure 25) . Native Page, # /LR,
TEM fi#AT D4 T OFEFR R161 SARIZ L RERBEREZERT L2 L 2REBLTH
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7= (Figure 25, 26) , —&f, TEM ([ZBW TV V" IJHEENR A= DD, HFAERIZ K
DISEENPRE SNTBIEEL LD Z LR EN, e L OMEBICEEREZERETHS Z
EMEZ BN,

VIR FEATRE A L 0 BP AT Red BT 11 KDY 2 OFEE LIz 22 BIEN B 5 2
EWRBENT, ORI Sak X U R BHIZBWTCHRBETH D Z ENME SN T
WBHMWN WP RedBZ o7 FIZBWTIXIINE T FEEZHE LX<, TEM <
AFM OREEBIZZ LD 11~12 BREHERI S Tne, £74EIT- 72 TEM B8 B8\T
HBINETHMEINTWEY VITOREIERARTHSTZ D, 2 DOY IR
ETFICER TS EHHIENTZ, LrLZenb, £EO Radb2 IZBWTITERARD |
RYE = RESOBEERTHL R0 T BEROY U EEE L THEET D Z & b#s
ENTWAD M F7- Radb2 ® N KisfEIkIZB W TIZ 11 BRDO Y  7HETHH = &
DNLEIEERT CH O MR- TRY, 2ROMEE L X2 B D, Rads2 2BV T
1% C REEIEAE <, Radsl R° RPA &£ W72 X U NI ENERT D RAL VAR DL,
FHECFEFEIF 2 (2@ < 0 o2l £FEO Radb2 IZBWTIE RedB LV %
TEHE 7 RO B L OIS S VR 2 ST T2 L B2 b b,

ARIORFFEIZBNT, 1T AR DNA 7 =— U > 7 X 37 /E D Red B, Sak, Rads2 ®
M CHRIESNTZT I VB ERICEERERHZRIZ L TNWDH I &% RedBORERS
VRTBEERND Z LI LD EROIZFER Lo, 70, 1 A8 DNA f5G IS LB e ik Ik
X, AV I —EE LI EE R 2 R TR S B E A, MR X A A g
T5ETCEREZLTEL LT,
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/AN
[

ABFFEIZ BT, Fx 1T DNA S ESS OFIENC B 555 % v /3 7 E ORI L T
SEARKEE D g SR L=,

N TEIET X RS b, BN E CTHHoTE L TH, TV EENAHZ LT
SRS B BWERTNICEE L WA Z ENnNH D, o, Bpb X XU E R L0
HERAT 22 Cilm#EL, RIUKISERETLZERH D, LIzR>oTHHRZ /3
BOWREZ W 5T D ECNREERNT X, 96D —RotH 5 X IR ILRMT Tk
BoONRWEL OFERIEWME 52 5, FH—IL, L =55 >N T, =&k b
DEREFHRE G2 DR THD, Pz, F—HIORLIELDICAFEEORL 5 R b
VRUNRTEICEEREEANL, SONTERAME R LR EE X LAY — 4RI
~ v 7T H LT, BADKISHEICET D ILEOHIEEANOFEE RHTZ LN TE
Do FTZNERIFFICARISRICHET 2R RO 2RI A O TH 2 N TE
Do

5T, NERREEIEAT I IO O BRI W C O EERMA LY 52 5, H HIC
BT, AsfLiTxt U THEURFE S 5 WIZIFKAFICHEBEER T2 2 2R 5 2
NI BEEFNZ U TIRIT AT o 72, ZORER, THHDF X7 B IE, Asf1 ikt L CIHE
RO TREAT 22 LD LT, FEHAL & IXBENL 25T W T AsTLIZ R 72 4
EEERIEL, TORER, B A N UEEELICEET L Z LRI,

E B2, DNA RUSICBA D B & /X7 B Ok L BERE & OFERIICBE T 2 Mg 185 1
THFOGFICBNWTCHEETHD, F-ETITo1NI T IV AT 77— T AF Red B
ZURTEIX LW a—= Tl E L TEASNEZY aryeE=T ) sl v
FHEICER STV, Vare=7 U Zi3tkn s a—= 70 X 5 HIREE#E
SRRRERAL A L EE S LUy, FHA L72U DNA DR SITHIRBAN 22Uy & W o T2 s R & 7l
Hchy, =T AEMEROBRONY7 7 1) 7 N LY (Bacterial Artificial
Chromosome; BAC) ~D 7 n—=2 7 CKE Y7/ LAEEDOBEIZIEH SN TS, Lo
L7emb, Z7a—=V TR RN E VoA I TE Y, 51 T 72 Red
B AT DOREREMNTRE RIS %, Var =TV v 7 Ok R OBIC ST
ZEMEZLND,

ZDIINTE T EDSIAEEERRNT D DDA RITZETH Y | %@ﬂ%i&
S ONHITBITDREEZHZLT, FlziE, AR CIEN X 08
EHEEE D 2 & C, IEHERALICEA T 2L G ORRE N RE L 725, KR mmFA
B RTGRII VA — BFEGH L R, Hix 72 DNA NESUGIZB 59528, LT
L DH L RTE LM EAER LHIESIN TODIEDD, £ OREREMRAT 1 PEHE ~D BBk HIFE
TE 5, BlziX, e A T 2T LR L NI T & F AL &S - O 5L &
BRLTWD, Z2LTCE R NUT EF AABERE L EANL, & 2 FE o [R5 E I %)
KBHY | BROGIZEWTHEMEEGEE S LTI TWS, £, T, EE
BLH D ZAL 2 DTl % bR S D B FEEDEL “m By =T 17
27 WEHEZEOD WD, TEY X T 47 AL, BV 7FXa s 707, fMlaaoi,
DWW T2 AMBRITIELEb->TEY . %O)Elﬂfu;’cﬂﬁ LAY — AEIE DI
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HD, Lizho>T, DNANEMIGIZBE S92 B E V87 EOSLIRESRITIL, £
BEOH - —HEHl LT 5 ETHETE S,

DNA AR 712 X 8B FRBUHIEIL, ek, — kB KOS OBl bR
SNTETZ, LML s DNANTERIGDZ S IE, BEOZ 7 EOMAEERIC X
DESET BT, ZD XK 5 72T CIRBAMRICIRAN R oz, iR L7z X 5 IR %R
TiX. DNA SMTESE & @R Ie b B DRNT T 5 2 & T, WEROIRNT TIdmtA D 2 &2
TERDPST-ZL OMAEET-, LD TR THE LN MR BT FIEIT.
RIZARI T2 B\ DNA I ES G DFERM % 53 7 LUV T LT D720 —8h & 72
HHLDTHD,
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A i

FMRLEELDHICHEY . DEIREAELZFERITFSY, THIZSHEY
THE & L7 AARRFI M OBREBACERIIIR EHH L EF £,
B—REOMEEBITT 2I0HT2 0 . K -T2 T O i E L R 12
THREZBY . WIEOSLR, FERET, fSUERR EATZEE & L TAEZ S0 g
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