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m X EH

H} ZF 8% & Saccharomyces cerevisiae CIZ B 7 R ICH I 2 JHE »F
100-1000f5 LA 5, COMBZIEHETREE 283 (BB X DK b
AvERy M) IZIIDNAD —EHHYIMAEL S, Fe4id, HE2 IR 22
T ESEDNAYIRT(DSB)A A U 2 BB OB HS, M2 RGOHH L EBHT 5
FURPDEGEZBEEZ, BESBEHMBZICHRNIIDSBEERETLE
HEhkrad50S% FiVy, BESHEPHBZOFy PR YRy FTHDHARG4#H
{ZF D EHER £ YCRA7/ YCR48D 7T E — ¥ —fHIRICOWVT, BESE
HIBAR L BABROGRERESHEL. ROZRICOWTHEIT L,

(1) DSBDA U % & % IEFEICDNA RS EiciE L. VIl E D
RS CERENH D 1 ED 2, o, EEOEERFICHERI D B b
2HRE L7, _

(2) DSBOAEULANEND 0~ F iEEZBIE L., DSBOWAMEL 7
u~xF UHEEDORS, ¥, etk Ty VY VT4 T %475 T, DSB
WCHRENICHESTA2RTFIFEETEINEI PERF L2, ZFOEE.
DSBAE U % fif Bidsouthern blot TR H & N 7-5HIEA 1T, DNA LTI »
Fid ). ZOUMOE L B MNBOEEEFNFEREII L. URb 75y
VamR ANy VTR EETEETTH oz, DSBidZ 0 ~F U &% HL
LRWEEBIZEL A, X7 —RIZHBERMICEREHE 258 Liz—
BLTWhdrol, “EHFDNAYIBFPMICHERN L7y T ¥ MBI
SN, DSBEAICKHRNET OG- I7RRE N7,
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BEMEYORBSZIIAEBBCEEB T 2RI 2EELBETH 5,
COMBERYRT. ZBE0F ) Mx—EBhE B2, 0L XHFE L
2 ROLaAITF N FRITIZE] 4 OB TR CHE S h, BEBSRE
DEURBEORELEHE ko T b, T2, BESEY Ttk lan 2
ICHRTHBZEENX1O00E»S1000BICb ERTH, 2OD°OD
O FRIIEWICHTY L2 0TI . BESRHER 2 IARREAED L
LR ICLELBBETHLIIE b o TS, Lz > THEIRELE
PIERRIC AR EN 5 72D I B ek L VO MRS ORI, &
(ZRHR Z I L ADNALNIVOM B ORI KX IRET 5
EEZLND,

HiZFBERE Saccharomyces cerevisiae 13, BERHVEIT, 0 TEMENTEDY
HBEERC LD Cbha I bd b, EEAEWIC IR 2RI B %
ABEOMEIEAL, THETIZELOMERRIBEL N TS, FITR
BB FRAICEI AP ZER Cky FAKy FEE) 1T, ®
BB OABEBENADNAD 2EHUE (DSB) 3. 20#%0OM
W2 BEOHFELTH) ETRELZFENFDID 5 272(Sun et al, 1989; Cao, et
al,, 1990)0 FDOREND—2IF, &y PAv Ry MAKICAE L ADSBOEA
EEDMEE, MBZADNAKWHF OBRHELZELL/-Z & T, BESZH
X ORMEBEZDNAL NVERTELZ L IR LA ETH B, BE
SEHDEITT BT, D 2EHEDNAYIKIIHIML, £05° Kin
POBREZITTVBEIEIbh o, EHLICEKEES & 2 EHWINIIH
L. 20RDY, ZoOREIFBEEIN, HB 2 AL 2o 7-DNAKH IR
HERS XH1Z% 5B (Cao, et al, 1990; Sun et al,, 1991; Fig. 1) o RIZEfE
MR 2 ITRIBOD 2R, HEICDSBOE A, M A2 KB ICKRIER
ROERMROTEETH D, TNLOEREMROBI NG, BRESELIMEE 2
W3R EDRIODATF Y TIIHITITERABZIENTEBL LI oT,
FOELIATY T2 2 ESDNAYIMF 2 EA T 58 DSB)TH H . BE S
SRR 2 OFE, KRR ZBBO S HBE IS S A RIBERKDIZ
EAEIE. CO2EHUMEHETAEZ LR LRV, FE2DAT v 7iF
YWD 5° KEWPOIELIIHET HHEETH S (processing) o TDH
BICBE5 3 5 #1ETI2IZRAD50. MRELLASH 5 LT V> 5 %%(Alani, et al.
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1990; Cao, et al., 1990; Johzuka, K.; personal comm.), Z 5 DHEIETFDRE
HTIXDSBAEATELR WA, HERKDD S D TIIDSBAHEML .,
L2dZFORBFHEEENLEWT, BESRAZELTERT S, $72.
FEI A TODNA 2 ESHUMBEOBEICORBLZRT, HEDX
v Sz A% T 5 8% (recombinant formation) T&H 5%, 2D
BRI HEEY 85T & L TRADS1. RAD52, RADSSZR ENH D, ThbH
DREERR TIIDSBIZ KIGAT & HIC AR E L, Be#hy 22 M 2 AR5 Bk
S 72V (Shinohara, et al., 1992; Ogawa, T., et al., 1994; Ogawa, T.;personal
comm.)o = HNDERRIIEHBSHRBOMBIIBRIZCHORBZRT, £

2. BESEMBFEENRIN L L TRDMCIEEFIIOATEY, 20
P B IZIRAD5 1 & EF I T V> B (Bishop, et al, 1992)s D X I (ZHHEER
Tid, MBI RKEOERKRT2EHEUM L CORWROKT ZHL I LT,
BES B Z OBBEFHALPIZSINTE L,

DNA 2 EZ#UINPRBES ZHB ORBEARE TH 2 L b ho 72
—F. FOBBIIOVTIRIZLA EBHA IR TV 2w, BT EHYN
PRITXILT7—ELREIREFABENRTVWRV, 2D X % 2EHY)
MIAER Er28EE2 Ry ARy MEBEHE > THETHHEKRIT. XD
2HIIH B, 20 1 D3 2EHYWHEBOMMAFREN ED L) 28T
RESTVBEREN)Z L THE, MBADFKY PARy METHVHE
BT2EHUNIE 2 BEIrsEBTCENE, T2E2FIPD L LTHA
BZOHMBELEBTIFIPIIBROLONDIEERD, F2RBEGTE
ORI 5 ZESHYINOE AOHI B & BN EE» b 5158
A, ED L RBBTREMEENIOEALINEV) TETH D, M
BRNT2EZEHUM LAy ARy MEZTENMII. REGSEHIZOASF
ETHEICHRHENRTVWBETTHS, L L IhT TICTEHYKO
HEACHESTZBEFLEL TE R LA TV H5RAD50. MRELL,
XRS2(Alani, et al. 1990; Ivanov, et al., 1992; Johzuka, K.; personal comm.)iZ
HHIRODNABEDBEIC B T3, 2F ), RESEPOZEHY)
WA \CHE RN BB Tl v, T, B SR Mz OF%RERE
FLLTHLRATWA DI, BEFORHAREEOHEIIEST5 D
D, FTLRERBEOERICES T2 LEFAMLATVS, 2%
A2 AR RS B R 2 REARREORMICIEEALTY
HLEZOLNA,
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2EMYUM OBMIERBIZELT, ChITOMELLEL MR
DNTEFLOTHAS, ARGLBETFOTUE—Y—HIIIH S 2 HHY)
WL FRY PR YRy VO EZ, COFHEBOWA VA LRREERKT
RS-l &, ARIZIDSBAAE U WDNARIC 2 BHEAUIM AR 5 = L A8
£2 X 1172 (de Massy and Nicolas, 1993), Z #Lid, FENLREERIIZ X -
TDSBOBEAPREIN TR WIESEZR LTS, BERSE 3 Fetathko
TOE—F—DMELEBRBSBEMO_EHUINOBAFHEL DL, #
CWHEA LHE OS5 ZLPBEINTWE, /o, BHOAETF I 1
E—F—FRIE IO~ F UHENT, $ICDNase IR EDX 7 L7 —¥ITxt
LTERTHERE LTRIESNRTWAE R, FO L) LMD E AL
X 2ESHUIMDBTIER I NDE Z EATRENT W B, HlZ, PHOS BT T
OE—4F —FBEDX 7 LAV — LEELHEL TDNase ] D BRRSZHEHIE %
BILEELE, ZRIHEST2EHBUMAITERE WA HEBIELTEZ &
AR EN TV 5 (Wu and Lichten, 1994) ZHLDFERIZ, 70 F U #&
ECTHBWA -7 2., FIZIEX 7 LT7—EET7 7 A LR TWVER
ZTHERICII2EHUNPIEIAZLERLTWVS, LPL. Wu and
Lichten (1994)I3 3,357 244 % 18 L TDNase 1D BREZHMHIRIIK & 221
BELLZWVOT, XZ7VFAV—AaERT Y ary2Ziicid, 2EHUMOBE
SEPOBEBIZIOVWTIEHHETELZWELTWS, LAPL, BEHHE
AR, RZLAV—A Lt OvF VEEOELAEN &\ I
L FE2v, TDEHIC, 2EHUMPTBEBST BEHICHRENICB Z 5l
I OWTORMBEEEIZEL 2V,

AEFFRIX. B3, 2ESUMEM AEREEN Eic~wy U7 L, YIE
MICHERNZEERNSH LD 0, £l QYA B BN 2
DNAHENDH B PEHO NPT EI E2RA T, FORE. 2 EHUNTE
L TSouthern blot TRIZEENA DX, DO =v 75— BHIZEL,
2ESFYVIMATE LTV B WEESITRE N 82122 0WIE, X b
VAREE LTV LR WHEBRO, BEOWMICHFLET S, LIrL, FOE
SUMTEBALIZX 7 L7 — EERZHHA LEEREH ETIE—R L Twiwn
CEFbhol, {EoT2ESEDNAYIRNIZ, BICX 7 L7 —EDERZHIC
HEEE 25X 70xF  BETRILIOTIIRL ., Blo 28R
RS H AR ER L, BIZ, X2V T7—E2YK T u—-7IcL7:
FIIv 279 b ITNrFAyTECEY, 2EHYUKEARICBIIADN



A-ZBHBOHEERABE LA, LA IZEBE7Yy P T2 b
X 2EHUNMTMN OB BB IR, FLLA M ATEELT
WRWEIRIZ, L2d 2 ESHYIMBMVISEHEBINAEHIC7y VY 2 b
PEHEIN, CO7y b)Y MR THEEABERTFOBXIIOWTEER
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Materials and methods

Strains and plasmids

Strains used in this study are NKY278 (MATa/a, ho::.LYS2/ho:.LYS2, lys2/lys2,
ura3/ura3) and NKY1181/1183 (MATa/a, ho::.LYS2/ho:LYS2, lys2/lys2, ura3/ura3,
leu2::hisGlleu2::hisG, his4X: LEU2/Mis4X::LEUZ, rad50-KI81::URA3/rad50-
K181::URAS3). (Alani, et al. 1987; Bishop, et al., 1992). They are diploids of SK-1
derivatives gifted from Nancy Kleckner's laboratory.

DNA fragments from two plasmids, pUC(ARG4) and pSG315, were used for
Southern analysis (Southern, 1975) to detect double strand break (DSB) sites and
nuclease hyper-sensitive (HS) regions of ARG4 and YCR47c/YCR48w promoter
region, respectively. pUC(ARG4) contains a Sall-Hindlll fragment of ARG4 region
(Beacham, et al.,1984) and pSG315 has an about 7 kb fragment of YCR47c/YCR48w
promoter region and THR4 gene (Goldway et al., 1993). Sequence informations used

in this study can be obtained from data bases.

Meiotic time course analysis

Yeast cells were grown vegetatively in YPD medium (1% yeast extract, 2%
Bacto-peptone, 2% glucose) and YPA medium (1% yQast extract, 2% Bacto-peptone,
1% potassium acetate). Cells were sporulated in synchronous meiosis as follows:
The fresh colonies on YPD solid media (YPD with 1.5 % agar) was innoculated into
50 ml YPD, pregrown to saturation at 30 °C, diluted into 1 liter of YPA md’eium, in
which the concentration of the cell is about 0.2 ODg00, and incubated for about 15 hr
at 30 °C. Cells were harvested, washed with water twice and transferred to 1 liter of
SPM (1% potassium acetate, 0.02 % raffinose). Sporulation was carried out at 30 °C

with vigorous shaking.



Southern blot analysis and indirect end labeling metod

About 5 ug of yeast chromosomal DNA was used for detection of DSBs or
nuclease HS regions by Southern blot analysis. The DNA was digested with a
restriction endonuclease and run on a 0.7% or 1.5% agarose gel. Southern transfer
was performed as described (Sambrook et al., 1989, Church and Gilbert, 1984) using
Nytran membrane (Schieicher & Schuell). Randomly primed 32pP-labeled probes
were made and hybridization was carried out as described (Cao, et al., 1990).

To detect the nuclease HS regions by Southern analysis, | used a short DNA
fragment (about 200 bases) as a probe located on the terminus of the restriction DNA

fragment of interest. This is called as indirect end labeling method.

32p Labeling of oligonucleotides

The oligonucleotides for primers are 5' end-labeled by T4 polynucleotide
kinase in the presence of gamma-32P-ATP. This reaction mixture contains 4.5
pmoles of oligonucleotide and 75 uCi ( = 4000 Ci / mmole) gamma-32P-ATP.
After incubation at 37 °c for 2hr, the labeled oligonucleotide is purified by BioGel
P-100 (BioRad) spun column chromatography, phenol / chloroform extraction and
ethanol precipitation with sodium acetate. The specific activity of primers can be

2 2000 Ci / mmole in this reaction.

Nuclease partial digestion of yeast chromatin for genomic
footprinting

Protocol of deoxyribonuclease | (DNase |; TAKARA) or micrococeal
nuclease (MNase; Boeehringer) partial digestion is a modified version of
Huibrestse and Engelke (1991), Hull et al. (1991) or Roth and Simpson (1991).
Genomic DNA from about 6x109 yeast cells (mitotic or meiotic) was used in one

assay. After harvesting from meiotic culture, the pellet of yeast cells was
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suspended with 30 ml of 50 mM EDTA, 90 mM 2-mercaptoethanol. Incubation at
room temperature for 5 min was followed by the centrifugation. Cells were
completely suspended with 30 ml of 1 M sorbitol, 1 mM EDTA, 3 mM 2-
mercaptoethanol, and 50 pl of 100 mg / ml Zymolyase 100T (Seikagaku Kogyo)
was added to the suspension. After 20 min incubation at 30 °C with vigorous
shaking, sheroplasts were collected by centrifugation. To disrupt the cell
membrane, cell pellets were suspended with 22 ml of lysis buffer (10 mM Tris-
HCI(pH 7.4), 10 mM MgCl2, 5 mM 2-mercaptoethanol) for digestion by DNase | or
digestion buffer (10mM Tris-HCI(pH 7.5), 0.5 mM MgCl2, 0.05mM CaCl2) for
digestion by MNase. After adding 50 mM (final) of NaCl, complete cell lysis was
carried out with 5 strokes of a Dounce homogenizer with a loose paste. In the
case of MNase, no salts were added to the lysate.

Cell nuclei in the resulting whole cell lysate were expected to be intact. The
partial digestion with nuclease was performed by adding the eniyme directly to
the lysates. The optimal concentration of DNase | for the following assays in this
condition is 200 Kunitz units / 5.5 ml lysate. The reactions with both 1.4 times
higher and lower enzyme concentration were carried out together. The
incubation for 10 min. at 18 °C was followed by addition of 5.5 ml of stop buffer
(50 mM Tris-HCI (pH 7.6), 2% SDS 50mM EDTA) to terminate the reaction. The
optimal concentration of MNase partial digestion is 360 units / 5.5 ml lysate. The
reactions with 3 times higher and lower concentration of MNase should be
performed together. The incubation of 5 min at 37 °C was foliowed by adding 5.5
ml stop buffer. The resultant suspension is incubated at 55 °C for 2 hr with 80 yg
/mi of proteinase K(Merck). The most of the proteins were supposed to be
denatured during this incubation. Further purification step is described in the next

section.



Preparation of yeast chromosomal DNA for primer extention
assay

Primer extention assay requires highly purified chromosomal DNA because
the unknown inpurities inhibit the polymerase reaction which confers intolerant
background signals (data not shown). Spheroplasting of cells and cell disruption
is described above, but without nucleolytic enzyme digestion.

Completely lysed yeast cell suspension was prepared with the incubation in
stop buffer. Each round of phenol, phenol-chloroform, or chloroform extraction
with equal volume was followed by overnight incubation at 37 °C with 20 yl of 10
mg / ml R‘Nase A. Chromosomal DNA was further purified by extractions with
phenol and chloroform and precipitated by adding 6 ml 7.5 M ammomium acetate
and 9 mi of 2-propanol. After the centrifugation, the precipitated DNA was
suspended completley with 1.5 mi of 10 mM Tris-HCI (pH7.5), 1 mM EDTA. This
sample was subject to CsCl-ethidium bromide density gradient centrifugation
after adding 1.45 g of CsCl and 75 pl of 10 mg / ml ethidium bromide. The DNA
band of chromosomal DNA was recovered after centringation at 100,000 RPM-
for 3.5 hr by HITACHI RP100 vertical roter. Removal of ethidium bromide with
NaCl-saturated 2-propanol extraction was followed by ethanol precipitation, and
chromosomal DNA was resuspended with 4 mi of 10 mM Tris-HCI (pH7.5), 1 mM
EDTA and reprecipitated with 50 pl of 3 M sodium acetate (pH5.2) and 900 pl of
ethanol. The DNA sample was suspended with about 50 ul of 10 mM Tris-HCI
(pH7.5).

Primer extention for detection of DSB sites or nuclease hyper
sensitive sites
Cycling reaction with a thermostable DNA polymerase is advantageous for the

detection of DSB sites or nuclease HS sites. The genomic DNA was digested with an



appropriate restriction enzyme which did not cut the region of interest. This step was
necessary to produce the stronger signals in this assay. The reaction mixture (30 ul)
contained about 0.3 pmoles of 32P-labeled oligonucleotide as primer (5 to15 x105
cpm), chromosomal DNA from 2x108 cells and also 10mM Tris-HCI (pH 8.9), 3 mM
MgCl2, 80 mM KCI, 500 pg /.ml BSA, 0.1 % sodium cholate, 0.1% TritonX-100, 200
UM each of dATP, dCTP, dGTP or dTTP. An enzyme, delta Tth DNA polymerase, was
purchased from TOYOBO. Condition of the thermocycle reaction was 5 min.
preincubation at 94 °C for denaturing the chromosomal DNA, followed by 30 cycles of
84 °C 1min., 60-70 °C (depending upon primers) 2 min., and 75°C 3 min. The
products were purified by extraction by pheno! / chloroform and ethanol precipitation
with sodium acetate. The sample was suspended with 7.5 ul of water, and mixed with
an equal volume of urea dye (8 M urea, 0.5 % BPB, 0.5 % XC). After heating (5 min.
at 95 °C ) and chilling (5 min. on ice) of the samples, aliquots were subject to DNA
sequencing gel (6 % polyacrylamide, 8 M urea, 1x TBE) electrophoreses.
Phosphoimage analysis (Fuji BAS2000) and autoradiography were performed for
identifying the exention products.

The DSB sites or nuclease HS sites were determined by compairing of bands of
the products to dideoxy sequence ladder extended from the same primers. A DNA
fragment with dideoxy terminus runs half base faster than corresponding DNA with
deoxy terminus in a sequencing gel. Furthermore, since delta Tth DNA polymerase
has a 3'-terminal transferase activity that adds one nucleotide to a synthesized DNA
(Clark, 1968), the extented DNA has one base longer than a run-off product from the
opposite template strand with a cutting site. According to the above criteria, the DSB
sites or nuclease hyper-sensitive (HS) sites were mapped exactly on a nucleotide

level.
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OF ¥ EICL B 2EHYIMOMNIEBERE

BESEEB I OFRY PARY MIAEL S 2 HHUN L DN AEILE
FIEICHRET A720, BEGEPFRN L 2 BEHUMTME LTHOHTH
EENh, BEFEROERY PARY PELTHOLNTWAARG 4EEF
H7aE—F—5% (LFARG 47%%) (Nicolas et al, 1989; Sun et al,
1989: Fig. 2)% EERIZH 2, TOARG 4 50183 2 ESHUBTEAICBE T 5
AR D X {HEATBEBY, Southern blolEIZ & » THIMFERAIZB B £ U2
HBDSNTWVAS(Sun et al, 1991) F/-E=FRBAKTHR L EET IS
kb rax7HlOYCR47c—YCR4 8wlBZF 7 UE—F—
#i T 47C—4 SWHER) (Fig 2)I3E=FHBATHRD 2 EHUIK
DEHEICEE S LA MIE(Zenvirth et al., 1992; Goldway M. et al,, 1993)T
o0, EEEYET2EHDWBMLRET S EZ BT TV E
BAEZLIHFETEDL, IRLDOUBHPMNEZRET 572010, ZEHHETIN
IR SN BD, BEKRERELRD ., ZOYMERISHERLBELZITT,
BRESHMPET L TILELTRAZ DI oTWwAradb0SE
BB DN A Z#H L7, (Cao, et al, 1990; Sun et al,, 1991) AR -
G4FBICOVWTIRTTIIT Y EY 7ENRTEY, ARG4ADI—F 1~
TERHOEHEMIZ] 8 5X—A»H 20 0X—ADHHAICH A LRI N
TWh(Sunetal,1991)e 4 7c—4 SWwHEBICBELTIZX h o I THAK
DNA%ZREL., 15%7 2 — A VERKBTHEELAHE, Af 111
—Sal IWH%Z 79 —7IZ L TSouthern Blot =TT L7-, Fig. 2I2Z
DFEIRD B FREEFE H S & Southern Blot DFEREZRT SOy ELFIZLo
T47c/ 4 8wHHIRD 2 EHYMIZ4 7c L 4 SwilBETOMIZHAC
l a IBMA2AS80bpBEE4L SWwEBETRICBIAZ L7, LD
Lo 2EHUMICE o THELANY FIZBORWZ 05, YIkRR
XI—HR T e TFEEIN,

077 A~ —fHREDHRE

2 ESYINHIROFE THLNIRERZ b LT, YIMNRA & kRS |k
CHRET 2 L EBICHVD T FA v — 2B LT, RREToTWVIREICT
74 ==& LTHWRIEERS L £ DMEBORRD, ZOEBRE R SE
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H7DIEBEETHALI EHIHHALL. 794 —NODNASH Z MR L 72,
T34 —DMEIPOHE 0 RX—ADREINY 2 7577 FAEL, EM
hF— ¥ —%B5-DICI3EE R\, #EoT, 794 I3 L2V
B h L5 0R—AEMNINEBICRETALEFH D, £/, 7
54 v —DEFREFNAKRET IR LY 7P VIS L EERIT O
WS, FRASRARLVFIRICEBCENL RS, TREDTIAY—EID
TS BTH S, BB LTI FHIARTRTH LD, 7747
DiREILD B BRERTHBIVETH 077, THODERZEL T, 40
DM HERA LAY TX VLA F R I5A~— DB L ZOME%Fig 4
[

T'F 4 = —HERIEIC X B T ESHYIMEIRORELEOFMIE. EBITEIC

T H DAY, Fig 5ICFDEBEZHEICE L7, radb0SERK L BE

SECEAL, EAE# (0h r) RESEHICA - TEHRYIMNH
LU (85h 1) OYAEADNAZSEEL, 2P CHRFE#R L /o4
JIX2LAF FHRLDNAKRY X 5 —FIZ X ADNASMERIEZIT2 72,
—EEYIMEA TIIDNAS R OSBRI EL 25 DT, ZOWMMTERA L
TEYHFERT S, COUMERTHES N brun-of EFME 6 %7 7 V) IV
FPIFDY—FVASNTHEL, A= VAT T7FB3A4A-DT
FISAF—THRELTHEN L. 0 h TIIHRHBEENT, 85h r THDIAS

STF VR EEMMERM L R LT, COFETIX, —BIOERT, I
FOYEDOYIWAIBEIRIETEX LI LT 50, BMEBELBRTIRAFOHD
YWD 5’ FAICHEETATRTOYM2BEETAZLICR), DNAZE
SHEIWFER A DAL . —ASH EIC O ARE U- WM b FIREICRIE X h b, o
T 2EBYIMEAE LTRIET 57201213, WSO 2 -E L

UMD OR CALE. b L LRER—ADROEEICRE S EHEIC,
ZOMMA 2 EFVMHBMNTHLLERELZ

@2 EHYUMBMNDOX I LA F Ky ¥V T

Fig. 6l 794 v —HREICI o THRIEBEENA4 7 ¢ — 4 8 wHIBROUINT
BN OBERER Y, BELE. 94— # 4 THREENBS T FVEW

(watoson) 8OV 7FI, F54~v—#20Fn%C (cric
k) 0V 7 FNEeT B, YRAREIZNY 7T I FICXBRED
285 C72lz, 3RO L7 EBRZITo THRE L,



BONAERLERES IR LD DA Fig 7aTh b, ZDFERIVR
T LI, YT F VW, CHILIOhRYDOEEEL. ZOMNEIX 2
L8 OR=ADEHICHOIo THEIN:, 7794~ —# 2 THXDL
N WVEHIRIC D YIRS DO BFEET A LA, 54— # 4 THLNEW
BOBEEIODLIE, ZOFET, 47c-48wiHIE D 2 EHHUIKT A Southern
Blot L TIZ— 4 FRDYIBGHRAL & L TR S Tw/z25, FEBRIZIZ1I 0 0N
— 2L EDOFEIIC, BIAICELAUMP LB IR TWS ZEPFHL A
2l o72e THITE 21277 L7-Southern Blot #:TEL /2N FOTHNATH
— N FE LTI RS, 2EHYMIBTIIICEETA2DOTId R
WhEEIFEE—B LTV,

M2 T TARG 4 BT 2 BEHURBMEZRE LA - FF T4
75 7 4 —%Fig 812, FORELIERRF LICF LBDH/2H D EFig. 7blIR
Too CCTHTIFTAT—#5THRHUEINZ Y T FNVEWEHDOY 7 )b,
T5AT—# TTHREENEFNZCHDOY T FNEESR, ARGATHIED 2
ESHYIMERAID 4 7 c — 4 SwHREERIC, — VAT TIIEL., HRELY)
WFERAr & LT 3 I AT OYIMTERALASH 2 0 XR— 2 D#EHENICHRE S, L
L. UBEHRMVOBIBEEINLEHLI 4 7 c—4 § wiHEHIZHEXT, &
%L, o, 4TW-ASCHHIBDOYINTASARGATIRD IR L VLK, £
BRICKMR R B D ATW-A48CO FHARGAFEIR L W BV &b, YIRTENL
DOBRP YW 2EED, FRLFROMBZOFy P ARy MEBICAE
U2 2 ESIMOBE L HBZBEELROTWELEZLND,
TOOHIRT 2 EBEMYIMNR Ay ¥ T LR, UEHROY 7
VOEREZZFDFEBEANOYIMr T T—HTRIZ L, BBEITFELTVWAEZ
Ebhot, TNEF—2ODHEBRICHEET A EBEOWKHMLTL., U]
BiAHE Z ABEICENHLAELRLTEY., 2 ESUMICIIDNARE LT
DEMFFREIFELTVWBLILEREL TS, CDL) RFEEMEL T
D5 EMLBBIERRTNC L2 DEEZLNLH, 2 ESYIWTE
MOEREEFNI IR FEEEZ RNET I LI TE o7, T LAYIKIIH
CAHEMOERERFIET V5L TH Y. 2EHYMOTAIFREIIEEE
FIEIZR L2 DFHEBBCHREINL TS EEX LN S,

SEDOTY ¥y TOFERTELN: 2 EHINHMOF T, Yo 7
FUHE LR BN DEFig T F LOTR LA, Thrb 2 YN
WAL TWEE. CHOMIETAEMICL o TAELS WO oEEix—FE
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HTlIn., BT PR RREERT S Z LTS, FIOFM
TIIRHKESER SRS, T2, HIHAHPMNTIIWEH & CHOUBEED
KELBER-oTWVS, DX LERNEBEDOIEIZ, 2 EHHUMICHST
2EEYE BTy FX2L7—¥) IT2AHDNALYIRI 5 DT
B d . —ASDNAICYIMI 2 AND X ) LERE2FOEOETH 5 WHEML
RLTW5,

@ uU~F DNADOXZ L7 —VBIZXBHuAKsHEET ) Iv 77
N7 Y PEOBE

2 EHYIMFIBODNADKIRAT, BEHEE 0L HEERAEZ L
TWAhE,. FI23Iv 27y V7Y v ViR LTRSS (Fig 10) o
SOTIIHEERY A oM EIEC A P O EEICHITTERET S
TEERREART, COFETCRA I F 25—l &B 7y P TV MK
HTEx T, 2E8UMRMS 7 a<TF VBEOLXD XD RERICEEL
TWAOPEBELNITES, $72, FELA P HOTY FTY Y MR
Heixhif, 22 ESHYNSBMICERNZDNA -EHEOMHEEH
PEETHLARL, 2EHUNBBLHOPICT S ETOREZFH
MY e bERI, EROFMIEBRFEICRITH 555, HHEEE BN
ZEUTFOEBYTHD,

BRORA 7207y S5A M2 fMBREEES2VWEIICHENP» Lwhol e
lysated#PANT 2, Th2EEX I LT —EORSIKSELE
LT, READNALZHERTS, 2 ba—)Le LTHREADNAZER
LB X 7 L7 — B TEBIMAKGTBL-bDEERT S, CHHDDNA%
SR L TCHHOEBIIOWT T ISAY—HEETX L7 —F¥IZL 5]
MR RET D, MEDYWINY - 2B LR, 70~<vF Y ATR
FEXNTWAEBENE 7y by e LTHREENSE, ZOLEX 1l ysa
t elcWELR Y XZ LT —F¥EIMATESINATEEZIT) DX, £EIH
OB EFELEL L T7uxF rOPELZ L 5K P RTHELOTH
B, X F)3Iv 27y ) MIEHWEX 2L T —EDEIL, DNA
SF—BICFEH 1 AU T O 2 AnSETHROSMKELZIT) o
Fig. 11ICHB 2 X 2 L7 —EOHIMKGEOERERT, FeBhD
NA%DNasel, ¥7i3. v 4 270avy X2 7—¥ (MNas
e) THEL, 0.7%DT7HI—AFX VEKKETHE#L, =5V 7470

4



I FRBETREL KMEDX 7 L7 —PlBENRT-%. ROIBEL
MEEXGZBX LT —EDBEOREIX, HETADNAZERICT v
FTY Y RRIToTRE L ZOMR. TETIHREBEEDNANZ IS
15k bBEOKRXEITHNIE. MOIBRWVT Y UV NOERFEOLR
LT Ehbhrol, ¥/, MRLEBBRTIABR T O3 F U EESHIES
N2VWTHREENR TV EPOREIZ. DNase IHEICBILTIZARG
4 WAL CRIBE R RECTHELY (Figll) o« 2O i DNaselH
BZHTARIE S L, 7o F UEEMSER TV RV EHET L7,
F7. MNasellZlLTIZXZ2LFAV—20DY) »h—85%2Y 5584
PEWOT, 7uxF U280 L-be, #BIEDNALZ T AT -5 N
BRI THoMET L., B 1 6 0ON—AHNDS F—IBELINS,
CDTF—NBEBREIN-ARZ2 7 u~F VEBEMEEERLTWE
@t*”ﬁﬁ' LfCo

OHEFMEREICLB5DN a s e I BEZHEROKRHE

Wu and Lichten, (1994)i 2 ESHUIMEBALONY FA5, 7 0<F 2 TDN
ase | WHLL-BIISKRIHERE LTRESAZNY FOMNEE—
BTaZ e, 2EHYNBMIIHHSHEME BT 2 e8@ME LA, 22
T34 7c—4 8wiflEODN a s e | BREHEIN L2 WussE & [ URHEEEK
WARrRE 2 VT #R7z25, SREZ B0 5 - 0ICFHR 5 B OHIREERE
MEDEEBINEL 2B L) ICLTHEN LY, rad50SOBRESE
g EADNA L BFEMRDOBE AT REBADNA%DN a s e I TEH4HM
KoEETo7bD%BamHI THEL, AFwi®PBamHI—Xhol

D3 BOR—ADTa =T THHF 7oy heBI kol Fig. 1204
REPRT LT, radb0STHESINS 2EHDWHAIZ, DNa s

e | BRI & IZIZE CHEBICHFET 5245, BFEICIE, DNase l

W A EREMERE L TREIWAZEBRAO—RBTTH 5, £oT,

47 c—4 8 willg? 2 ESUMHMIZ, X7 L7 —XBIlEREZEOIHA
CIRELITIF—FE L\,

O3 /L7 —¥ERZHHM (HSS) & 2 EHYIMEMOMER

¥/ Iv 27y b TYMNEICED, saeF U ETOX LT
—YERBRZHHM (HSS) 2RE L7, BREGSRMICBITLER,IL

1§



2 EHYUMAHESEIEC 2 4RH B FTOM (0. 2. 48/ OBF4ER
HB»rS 20<wFDNAZRB L7, Fig. 13134 7 ¢c — 4 8w 2 E#Y)
W2 DoWT, DNase I Z70—7IZLTHS SZ2EEL//NY —
VERL. FORERBPERREY EICEFEDTHRLZ S DAFig. 141K LT
H5bo

COERIZ. (1) 70<F DNAD 2 EHYKFIBODNa s e 1Y)
Wiy — i3, BRLABREADNAOFREZIZUTEBY ., ZOMHEEI
CHAMIZDNas e [ICX2UMOBEMEIH > T STV, (2)
WoT, 702 F L B LA-DNALTYMWNY - 2 KELSEZBD &
) LEAEOHAIIBEIN R, —F (3) 7Uu<F DNATHE, 2O
YIWT /N5 — v O IS S BEN /- IR T, 2 BESUIMBIg S we
AT, 794 —=#2,. B, 794~ —#4Tru~F IIREN
YT FVBBBENEZEZRLTWVS, COEREILEZT TR, X7
LAV —LDRI Y a r B EICRETE WS, HERmERE:
THEOLN-ERIHERO~R Yy ¥V TOERLDbESL L, ThiTe A b
VEIII—=IZLB T N TY) P THBETFHTES,

DEo##RIZ, 7u~F U HEEOH T2 ESHUMAISE S 2 5 8213 HEA
BICERA Ry F 7 v —2 R ERTELT, fh, bAoA sy <—
PR ENBBEFTICIE2EHIMPE L2V EE2RLTWS, ARG 4
HMIZBWTDNase IlCHTA2HS SZRIELAEY., REOHERD
BohTwWS (Fig 15,16) o BiB. ARG 4580 2 EHTMTADOH
BFC A N7 —LRETH S, ARG 4 HRTIZ 2 EHYIBALIH
2 0R—ZADEWHEIZHTzoTHEINZH, X M 7)) —LBiIEN
EDIRVEBICOIoTWAZ LB N, —/. ARG4 DI
< F UHER, BRI ESORWTSAY—#4DHol7:0, ALY
WCEB 7y b7V FBHBICBR I, X7VLFV—ABERTarlL
TWAERIZIZ 2 BN U v 2RI R E N7z (Fig. 17) o

DNase IlZi$2HSSE 2EHVMHMOBMRIZONTIE, HE
By ECHZFRLT LB LWV Elbhol, COEROERT S
Ztix, DNas e I 2VRTUMOFRIIMAMICLT LD 2 EHUBAA
BOTIE 2w &, F-#I2, 2EHUMISBIAHMUTHDNase I
W LTHSSIZ2o2nw2 & TH5 (Fig 14,16) o H¥lZ, ARG4 D
2 ESYIMEAELICIE, BRELAZ-DNAKRRZW I uF U 5REKRD

16



Nase I3 2HS SHRBNHBICBEEINLD, ZOX) LM
22BN L IILTLI—B|ML T2, TDEHIZ, XZLT7—
YERZHEA (HSS) & 2EHMTMALT L —ER L 23T,
MNase2 o727/ 3Iv 27y b7V FTOIRENTVS (Fig. 18) o
47c—48wHIBOZu~F VIZHENLZMNa s ellXF35HSS
3. DNase I DBAL Y IPEEIHENALDT, ZOYIERAOENIZ
X OBREIC R ENTS 20T UEEOTTHBBNA — T 2o 7-4EE
R, X7V T—F¥IZH LTHS SR THoTH, 2 HBYMAFEL S
EIXRLT. 2ESUMOELAMNBIZERNTHL LHERTES, Th
LOFRII2EHYIMZWAT AHMVOERE BIZITEETAHY FX 7
L7 —¥OUIREAOZRE) RN LERXRENICEAZ2DOTII R, EW
HIE TR T 2DNAKEE. /00, REBLZEODLIRFOHHTLEZRBL
TWwWa,

@2 EFVIMSHMVODNA-FZEHEHEEH

RiZ, 709<F DNALEBBERTFOMEER. fICEe X b &
HELOHEERIIOWT, 47 ¢ —4 8 willlz AW TN L7, Fig
1I8OERPLIDLIBIIIC, TOBMDY /) Iv 77y b TY U MEC
IZIMNased 7a—FIZHELTW/2, Fig. 18T, 47 ¢ —4 8 wHils
DrawF L THRNLZ 7Y VTV MNBEESLSE, FIZ, 51 ~<—
#ATHRHESNABEEL 7Y P72 MI. SOEBRTEDEV: 2 EEY)
BAERALD 2 R—ABICME LTV B, TDEH) %27y 7Y ¥ MIRES
HAZEL T LR, ZO7y 7)) U b 2ERT A EEAERTFIE2
EHHYM O ERBELRET S -0 BF 2. BRESEPICOAY]
WzFETAHHAEATTHELEEZLNS,
20<FORETIIHERLZ-DNA LY L HBNEIMDO Y 7 F L aEsE
DEMICBBEINSL, FIZiIE, 7y P 7)Y FHPBBENSZHMEOT CH
RN EBOIISBE I TWwaAY, ChIEZERESESLTEL
DNABEOEIZIVEL-HHS EEZOND, ZOEZiIZ7OTT
VRN 7y V) U NOEEEIC, 2T UFERERYIRRRA AR
ENBTLILITREND, T2, DX Rru~xF UICBERNEY
7FViE, DNasel A= By il Nl B AV AR Ay AN Ny ) BV ol
YITTHBEEINSD, MNaseDEHICHELZT7Y P 7Y~ MIBE

17



Bohldhol,

PI)Ivr 7y M TN TF 4 v T TBEINS, MNasellX 3 5 EEHE
MORIIZRBSEH OB TET 2 300H 5, T, 47 ¢

— 4 8w 2 EHYIMMHEREMNas e T O -7 L& ZITHHREICEH
BIXN, Z{PMNasellXI3TAHHSSiX, BESHHAD I u~F >
T VYIS 7 F VAR e B A5, SO DOENIZ 2 ESHPIRIERAL DLk
WZELLDIDDHIUE, BICEN-BRICEETAIDLHB, SDLD
R B RSB R e BT, RES RN LR Ok Yy
FPARY Ml b0 @2 DNABEDHFEL B L TV AT HEEL
RLTWREDEZLNSE L, BRESHEHRN L a~F U EEDEA
DHEEEZRLTVWATESLD S, FLBBSRBICOAMREEEINSL T Y
N7 VRS, 2EBYIMEMICDNase IWCXAT7Y FTYSRT
BNz, 5%, IhoORTF OB RIS ZIMEE 2 O RO HIE
RHEERFOLDOEHEICTAIFHEI Y L5 LB LEER D,



£ 8

AFFFRiE. RESRPMEBRZ OFGAETH 5 2 HEHYIMIERL, £
DYIRTEM 2 BERF LTy ¥ T LT, FORKR, [ER—D0D 2 EY
kL L TR ERTW4EIBAIIZ. DN A _EIZIZYIBEA 28 irfr
ELTWABIENbhol, /2, 2EHYNOKEEEIL., FHERER
e Kl EEMETH o720 BIZ, '/ Iv 77y b7 ¥ M X B8
. SO XD % 2 BEHEYIMEAMIEIX 7 L7 - ¥ OERSEEM L I TL
b—B LI E, ruvF  HNT2E BB OLEBEIZT7Y b TY &~
FBIREINAFEERL, 2EFUNIIFROLEMICAEL, ZOFAIC
BHERENLZDNALEAEOHEAR S 2FE 2L, LT,

@ 2 ESHYIMEA L Ry P ARy MEBOHK 2 BE

SREM L7247 c—4 Swiilsil ARG 4 RO oD B2
WzDERy PAv Ry MEBTIX, BRIBEEINTS 2 EHYMTMOKPL, £
DA EBNDH -7 (Fig 4ab) o 4 7 ¢ —4 8 willsk TIIBARRE 2 YT
AL LD ITHMBAIDIIH LT, ARGLFIHTII3 AFDOAD
YW A L e 720 SO0 2 EHYIMEHAMIE, 4 7Tc—4 8w
FHBTIE]L 0 OR—APD LO@HEbI > THREEN DL, ARG4
HHMTIEHRATD 2 OR—ZADAICEEL TV, ThLDFHERIZ, —2
DOHEBZARY PRy Ry MCELAUHEMOER, ZOWMIFET 5
HIROIL EH, 2ESFEUMHEHER, MRZBHELZROHIERTHALI L%
RRLTWS, ZOWEEMIZ. EBIC4 7c—4 SwHBNDFHHIARG 4
FIE LD b 2 EHUNHEIEL . M BEEFIEVEEIEREB(—
BT A EPLEFHEENS(Wu and Lichten, 1994; de Massy and Nicolas,

1993), ®IZ, F—& vy PRAKRy MABAIZH 2YHFMVOM TS, 2 EH
YA BZ2HEICENALNT, o T, TDOL) —D2DOFMTHY)
WD, Ay PARY MERESAOHBZHEICEEL25 2 TWHEE
Zbhb,

@ 2 ESUIMr ORI RS

| E— RN OEEEF] FICHE & h 7 S E SN O VIR 13— Bk
T, X7 LT —ERRZEUMAL 2 EHUMHMAWTL -
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Ly, LAd, EEES EICEOHEEZRETAZILIITET. £h
ZNOYMEA OERENIZITIZS V FLATHo DT, ZEHHEYIBEA
WIS PICEAERUAEE L 2 WRICR X 5, LA L. ZOHFTHIE
ERF I TH B EEZ OIS 2EHUKBMEETLELALL,
WD, —2IZARGAFRTRIVUHITHCBRENLIHMWMNT, 2D
YIWFERAIIZ 1 0 X— A(AATCATGATT)»H %2 5/3) » FO—ABEDT E
BHABICHET S, 1) —2134 7 c—4 8§ Wil Tae d i\ 2 ESHYIMT
BN THE (M6 ?) o ZOWI(CCCCGCCCITA/ TIZEALZZ DI
DH T, BAICG,/ CRAIESE L TWARMNTH b, DL RIEREE
Fl%EODNATIE, ZOMHEHN2 BEHUMITRI D23 25K EE
o TWBORbEINZV, SHEBIK L2005y ARy MEEBE
e, RS ORI 2 ESHUMEMICA/ TOt ract sAPFHEL
TWBZETHD (Fig2) o 4 7c—4 8w 2ESFWMIIMITIZNA L
5%BACHBMICBEEIN,, —FH. ARG4FETIIAL 2 0X— &
NTHEETATIOL,AL4Dt ractsDTTEAFIC2 EHIIME
MDABEELTWAFig. T SDXH2A, b LT OEE LAEIEXD
NABHAREIL, /2, ZOL) REFIRX 7 LAY —2BERZL BT
L AT & 2\ (Thoma, 1992) 2Ty TN &) ZEFIZD D DHFFHFODN
ADKBEBMENEATEY Y a y LTWAX 2LV - 0O EEZT
TR SN2 B hilii T, 2 EHYNPBMOTIMFRBEZREL TS
TR ZEZ b b, |
PHOSEEFNTOE—¥ —FHBICHBREENL X7 LE Y — A ZHE
$2 ., FOERIH /-2 EHYMBALE LB PBE SR TS
(Wu and Lichten, 1994), S DRI, SHIZ, A M7 ¥ —PHE S
TORWERZ HI1F, 23S 2 BEHUNIEREhB EEXAZ L
NTED, LA L., HERS EIC2EFHUMRMLRE LR, X7V
V- LEER L o TVWEWERTY 2EHUMISEC 2 HAL RIS 2
WEL DB B Z Db olz, TOEEIL, 2 EFEYIMIGE Z HEAI,
X2 LAV —AORICHEDPEPEITTREENIDTIILNWI EZRL
TV b, Wu and Lichten, (1994) 2R L-ERIZ, X7 VAV — A28
LT, [A—77ic] LAEERIIC., BRI 2 BSOS MERE2
BT REERA LTSS o2 EZOND, DL LIRSS
DY BB TRESNTVWANIBAEDE ZARHETH 555, S4EOD

20




FIIvr 7y VTN rF4 07T, 2EHBUMERICHERNYZDNA
—EHEOHEERAFEEIN-Z i3, 2 EHUBOLAICIERN 2
DNAEREABEOME N H A Z L 2B TRBLTWS,

@ 2 EHYIMORB S FN A O E
HERBOBEZFIZIE. TOUE—FY—%2 X7 LAV —LDOHICHEESY
PN EEEN T, BERTFOFHEOHF2ELER T, BEEHE
2ITo TV 55D H 5 (Almer et al., 1986), F7z. BEREHTFOFIZiL,
DNAZHA LRI TOE—y —HBDOX 7 LAV - L EEEZRECE
A THEERZEALEES LD LHET S Morse, 1993), BERED 2 EHLIMT
bBEFOTOE—F—FHBISEZ ), LrbYOEABEL 05
—{EEICHBENEH E EEIREIEOLNTVS, oT, BREGHEY D 2
WA = 2 SO A 2 BHEIWFFAINOX 7 LAV — AR HE
SNBLI)BELIEETE S, L2L, ROV /23Iv 27y 7Y
VINOMERTIE, 2ESYINFIRICC A ML BT Y FTY MK
SN hol, T2, MEBERMEREICLAX L7 —FIIH LTERRZ
BHEZ AR TIE, 2 EEUEAICIZIREG B, RS2
O T AN PFELEVWCEEZR L /6oT, X2V FAV—00
RI Y a yOFUIZ L o T 2 ESHUIBIASBE G Z ICRENITEZ 5 L)
LREBEOEEIIEZIZ Vv, |
2ESUMERICEET S X7 L7 —¥ Iy 5 BB I,
BB TEORZHOEBICEAAEZRITMDD 5 Z LIEHE I N,
LPL, DX 2ERZHEHMT 2 EHPMRME LT LI~ LE
PolDT, 2EHUN L OBBRIZTPHELSNTRY, LML, BES
B o TX 2 L7 —YBIlBRZHICR 5 &9 28 tid. BEBGREIC
BENZDNAOHBEDEILZ KL TWAEENH D, Z0 L) 2
EEALPREB A REAICOAR 2EHIMEEC I L HHE L LoTWA3
PHHENL WV,

@2 EHUIMZEL A HEHOREER

BESEMO 2 ZBHUMTICIE. TV FX 2L 7—¥LEICXADNAY
WHEMEDES L TWa EIRE LT, SHO 2 EHUMEMOYY LY 7D

BREAERTLE, BEWX L7 —F¥OEEERTFHETHILIZTE 2\,

2/



Fig. OICYIMFD ¥ 7 F VS WEIRTERALIC DWW T E L 0T, Thb DYJRT
BT, Wi, CHOBBIIcLoTHELS [MhO] Z—EETIZ RV,
35T TIZFEARSAE U2 2 LT &R, JIOHM TIRRHKRD
FHEEND, ZORNERD 5’ FROCHTVBAZY, 37 FRTETHL
D, ZORVH L1 RX—RAThHolzh) 2RX—ATHo/z) —HkThk\,
COERIZ, FE LTV DNAYNMEED, (a) ZESHDNADLIETIC,
RERSERE L TRERWIERSFET S, (b) ERIEI—FFDNAOD
A A YIS B IEMAEIE L. 2 ESYINNIEZ O—RSELIRIAME L Tas
ZEUTHEEESR TR DTH D, OBREDTEEMIEZFE U 2 EHYIK
HATH . W E CHTIYIMORIRIE ) BAUASFEL TVE I LHhDb
LFEHEN D, FRRIC AL YN AEEIHFET 52 01E, WHZMH
HETYHMEINEZENRRHIIEZOND,

@ 2 EPUBTHALICERKZ DN AKESEOE ORE

47c—4 8wWHEHBIZIZ. ¥/ 3Iv 27y VT v NET 2 EHHYIER
MR ADNA-—ZERBHEERAMRE SN, TOT7y 7Y b
2k, RESEMZELTE LAV OL ., BESGRELICHERICRH
XNBLDHHole CODNAKSERAE L 2 EHUWOTMEFRMES
RELTWAI DS, 2 ESINRERZ OHMBEICBESTARTT
AT EI RV, CORFOBEEE LTEZLNALDIZ 2 EHYIMTZE
CFEMORETH D, cOT7V VTV V252 5BHBEEhZa—
F¥ 2 BIEZFORENEDBEZENT A LTLEATH Y, §ROBET
Hbo
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YCR47c DSB YCR48w

——y —
1 =

b. v
DEDS81 DSB ARG4
1 , ]
“Al4 TATA



parent

(2902 bp)

DSB signal
(ca 1100 bp)

rad50S (meiotic)
size markers

parental s
2902 bp
< 1489
DSB & <3 g
<99 =
=
<90 B
3
< 4 3
S
E

< 130




a.

YCR47c ORF

GGTCGAACCC

C CCAGCTTGGG

GTGTACTTGT GTGCTTCGCT
CACATGAACA CACGAAGCGA

ATCATTATAG AAAATCTCCG
TAGTAATATC TTTTAGAGGC

GTGGTGCCAA
CACCACGGTT

CTCCTCAGGA CGTGACAT[A
GAGGAGTCCT GCACTGTAAT

CTGTGTTTCC
GACACAAAGG

CTTCTTCTGC
:thAGAAGACG

smm——-
TGCTCATCTC

ACGAGTAGAG

GAGTGAAAAA
CTCACTTTTT

GTACCGCACC TTTTTAGCAC
CATGGCGTGG AAAAATCGTG

TTCTTCTGCT TTTTTCCTCT
AAGAAGACGA AAAAAGGAGA

TTCTTTTTAT CGATAAAATT
AAGAAAAATA GCTALTTTAA

AAAAAAAAAA TCTGGCTTGG
TTTTTTTTTT AGACCGAACC

TTTCTTCTCT GATATATTTC
AAAGAAGAGA CTATATAAAG

TACTTTTTTA CTATGCTCTT
ATGAAAAAAT GATACGAGAA

pri#2
-]
TTATCACACT ATGTATGTGC
AATAGTGTGA TACATACACG

AGATGGTGTA
TCTACCACAT

GAAAAATGTG
CTTTTTACAC

CCCGGCCGTG
GGGCCGGCAC

CCATCAAATA

DSB site expected

GGTAGTTTAT

EDRDDBANNINABREDEINRNRDBDODND
g

GTTGGACTCG TTTAGCGAAC AATAGCACCC AGCAGACCCT
CAACCTGAGC AAATCGCTTG TTATCGTGGG TCGTCTGGGA

JGGATGATATA AGAAGGACGA GCGTGGTGGA GGAAAGGGGC

CCTACTATAT

CACTCACGCA
GTGAGTGCGT

AGATTGCAAG
TCTAACGTTC

TCTTCCTGCT

GGTGGTTGTT
CCACCAACAA

CGCACCACCT CCTTTCCCCG

CAGCACGGCT TGCAGCAAGA
GTCGTGCCGA ACGTCGTTCT

YCR48w ORF

GGCAACATGC
GGCTTGTACG

GCCATTGGCA
CGGTAACCGT

GCGCCAAAAC
CGCGGTTTTG

TGACGGAG
TACTGCCTC

ACTAAGGATT TGTTGCAAGA
TGATTCCTAA ACAACGTTCT

CGAAGAGTTT
GCTTCTCAAA

N

GCAGACTCAA

TTCCGCAGAA GCCAACAAAC

GGCATTCGGT
CCGTAAGCCA

GAATTCTAGG CGTCTGAGTT AAGGCGTCTT CGGTTGTTTG

pri#4



b.

¥¥ACGTTCCTCC CTCTCTCTAA TTATTCATTG

TGCAAGGAGG GAGAGAGATT AATAAGTAAC

pri#b

TATAACAATA AATGGTTGGC GCAGGCATTT
ATATTGTTAT TTACCAACCG CGTCCGTAAA

AACCCTCTGT
TTGGGAGACA

PATCTGGCCT

ATAGACCGGA

GGTGGTTACT
CCACCAATGA

ACTCACTTTT
TGAGTGAAAA

AAAAGGATTA
TTTTCCTAAT

)
CTTTCTTTAG
GAAAGAAATC

TAACTATATA
ATTGATATAT

TAACGACAAT
ATTGCTGTTA

AGAAACAGTT
TCTTTGTCAA

CATTGGCAGA
GTAACCGTCT

TGGATAAGCT

CAAATAACCT
GTTTATTGGA

TTTTTTTTTC
AAAAAAAAAG

ATTTATTCAA
TAAATAAGTT

AATTTTTCTT
TTAAAAAGAA

GATCTGCCAA
CTAGACGGTT

GATTATTTGT
CTAATAAACA

DSB site expected

ATCCCGAAAA
TAGGGCTTTT

GGCGCAAATT

TCATGATTAG
AGTACTAATC

GAAACATGTG

GAATTAGCGT
CTTAATCGCA

TACTCTTCCA
ATGAGAAGGT

GGCTCCATCA
CCGAGGTAGT

TCGTTCTTGT
AGCAAGAACA

TAGATGAATG
ATCTACTTAC

AAAAARAAAAA

ACCTATTCGA CCGCGTTTAA CTTTGTACAC TTTTTTTTTT

pri#4R

TAAAAGGTCA GCGAAGCACA GAACTCTGAG ATAAGACTAC
ATTTTCCAGT CGCTTCGTGT CTTGAGACTC TATTCTGATG

CTAGGGGAGA ATATTCGCAA TTGAAGAGCT CAAAAGCAGG
GATCCCCTCT TATAAGCGTT AACTTCTCGA GTTTTCGTCC

ARG4 ORF

ACAAGACTAA

GGCAAAC

TG TCAGACGGCA CTCAAAAACT

(

TGTTCTGATT CCGTTTGIAC AGTCTGCCGT GAGTTTTTGA
< —

pri#7

ATGGGGTGGG AGATTCACTG GTGAAACCGA TCCTTTGATG CACCTTTACA
TACCCCACCC TCTAAGTGAC CACTTTGGCT AGGAAACTAC GTGGAAATGT
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d.

W CTTCTTCTGC TTCTTCTGCT
C GAAGAAGACG AAGAAGACGA

TGCTCATCTC TTCTTTTTAT
ACGAGTAGAG AAGAAAAATA

v

GAGTGAAAAA AAAAAAAAAA
CTCACTTTTT EFTTTTTﬂgT

vy VI

GTTGGACTCG TTTAGCGAAC

CRACCTGAGC AARTCGCTTG
YIX

GGATGATATA AGAAGGACGA

CCTACTATAT TCTTCCTGCT

AA

CACTCACGCA GGTGGTTGTT
GTGAGTGCGT CCACCAACAA

TTTTTCCTCT
AAAAAGGAGA

i
SEATAAAATT
GCTATTTTAA

1
TC%LGCTTGG
AGACCGAACC

Y vi

AATAGCACCC
TTATCGTGGG

GCGTGGTGGA
CGCACCACCT

CAGCACGGCT
GTCGTGCCGA

TTATCACACT ATGTATGTGC
AATAGTGTGA TACATACACG

‘Eﬁ Yy i
GAAAAATG AGATGGTGTA
CTTTTTACAC TCTACCACAT

b.

W aacccrereT
C TTGGGAGACA

TATCTGGCCT
ATAGACCGGA

GGTGGTTACT
CCACCAATGA

ACTCACTTTT
TGAGTGAAAA

AAARAGGATTA
TTTTCCTAAT

TAACGACAAT CAAATAACCT
ATTGCTGTTA GTTTATTGGA

AGAAACAGTT TTTTTTTTTC
TCTTTGTCAA AAAAAAAAAG

Y

I
CATTGGCAdk ATCCCGAAAA
GTAACCGTCT TAGGGCTTTT

TGGATAAGCT GGCGCAAATT
ACCTATTCGA CCGCGTTTAA

TAAAAGGTCA GCGAAGCACA
ATTTTCCAGT CGCTTCGTGT

D=2

|
cé‘mc TA
GGTAGTTTAT

Vil
AGCAGACCC

TCGTCTGGGA
AA

GGAAAGGGGC
CCTTTCCCCG

TGCAGCAAGA
ACGTCGTTCT

GATCTGCCAA

CTAGACGGTT

GATTATTTGT
CTAATAAACA

II I
TCATGATTA!

AG?QCTA&TC

GAAACATGTG
CTTTGTACAC

GAACTCTGAG
CTTGAGACTC

11 ylv
C GCCGTG

GGGCCGG??C

GGCAACATGC
GGCTTGTACG

GCCATTGGCA
CGGTAACCGT

GCGCCAAAAC
CGCGGTTTTG

GGCTCCATCA
CCGAGGTAGT

TCGTTCTTGT
AGCAAGAACA

TAGAng!&G
ATCTAC?EAi

AAAAAAAAAA
TTTTTTTTTT

ATAAGACTAC
TATTCTGATG
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d.

ATCﬂGGCTTG

TAGLCCGAAC

TAq_ GCC

ATGGECCGG
V&V

szGGACT TPT

CANCCTGAGCAAA

ACAji:GCACCC

TGTTIATCGTGGG
VIII

ACCazGGC

TGGHAGGC

TGAﬂATAA

ACTA%ATT

I

%11

IX

I

i

v

3¢

b.

GGCAqqAT

CCGTCTTA

ATC qGAT
TAGTACTA

GATTﬂGTAGA

CTAATCATCT

TGﬁ?TGACT

ACTIJCTGA



Deproteinized or

Chromatin DNA

"Naked" DNA with nuclear proteins bound
partial digestion by nucleases
deproteinization
denaturation

CAy

l hybridization with 32 P-labeled oligonucleotide
primer extention
--------------------------------- -4 AN
---------------------------- - T
....................... = temmememecmmmcmmecesssaneann
.................. -<
............. -< .-.--...-..--<
---------- —~g |
) |
denaturation and electrophoresis
autoradiography _
naked chromatin
S wm— % hyper-sensitive site
footprint



SHUN aWOSO8|ONN

‘o ‘o +‘o

aSeNI

e)

uoliba.

SH
[eseNap>

il

ulewolyn

|[9SEN(]

i , E E ; —— S E ol ——

T o " i M -
‘ 0 swAzug

Q) |19SeN( (©)

PSXEN



DNase |
HS
Region

~-@-DSB Site




W strand - + C strand - +

bSérChn g bSé'Chn
GATC+ -024N GATC+ -024 N

"ENZ

>
3
> S
>' 3 !
i
> [/ Z
> % e
ak %
>
<
>
<]




O L LT LT LI O LT LU LU U L LD
GTGGTGCCAA CTCCTCAGGA CGTGACATTA TTTCTTCTCT

CACCACGGTT GAGGAGTCCT GCACTGTAAT AAAGAAGAGA

CTGTGTTTCC
GACACAAAGG

CTTCTTCTGC
GAAGAAGACG

TGCTCATCTC
ACGAGTAGAG

GAGTGAAAAA
CTCACTTTTT

GTTGGACTCG

CAACCTGAGC
=S

GGATGA!QTA

CCTACT?&?T

CACTCACGCA

GTACCGCACC
CATGGCGTGG

TTCTTCTGCT
AAGAAGACGA

TTCTTTTTAT
AAGAAAAATA

ARAAAAAAAAA
TTTTTTTTTT

TTTAGCGAAC
AAATCGCTTG

AGAAGGACGA
TCTTCCTGCT

GGTGGTTGTT

TTTTTAGCAC TACTTTTTTA
AAAAATCGTG ATGAAAAAAT

TTTTTCCTCT TTATCACACT
AAAAAGGAGA AATAGTGTGA

CQKTAAAATT GAAAAAngg
GCTATTTTAA CTTTTTACAC

GATATATTTC
CTATATAAAG

CTATGCTCTT
GATACGAGAA

ATGTATGTGC
TACATACACG

AGAJQ!TGTA

TCTACCACAT

OIS

| — | - [
TCTGGCTTGG CCATCAAATA
AGACCGAACC GGTAGTTTAT

AATAGCACCC AGCAGACCCT

TésKSﬁTGGG TCGTCTGG%‘

GCGTGGTGGA GGAAAGGGGC
CGCACCACCT CCTTTCCCCG

CAGCACGGCT TGCAGCAAGA

CCCGGCCGTG

GﬁﬁiCGGCAC

GGCAACATGC
GGCTTGTACG

GCCATTGGCA

CGGTAACCGT
11

GCGCCAAAAC

GTGAGTGCGT CCACCAACAA GTCGTGCCGA ACGTCGTTCT CGCGGTTTTG
o L T L L LTI CCT UL L DL DR L L EREL TP UL LT LU LU L L LD
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AACCCTCTGT TAACGACAAT CAAATAACCT GATCTGCCAA GGCTCCATCA
TTGGGAGACA ATTGCTGTTA GTTTATTGGA CTAGACGGTT CCGAGGTAGT

BRSNRNRERERRRERRRRRERERRRR AR ERNNE
TATCTGGCCT AGAAACAGTT TTTTTTTTTC GATTATTTGT TCGTTCTTGT
ATAGACCGGA TCTTTGTCAA AAAAAAAAAG CTAATAAACA AGCAAGARACA

GGTGGTTACT CATTGGCAGA ATCCCGAAAA TC;LGATT;L TAGATGgiTG
CCACCAAT ‘a&(;EPI\I\(:(Z(EEB(ZfD TAGGGCTTTT lﬁiiiffjiﬁlfrlji?ff(l ATCTACTTAC

IKKZfBLSZSZZfPfETPTE TGGATAA! GGCGCAAATT GAAACATGTG AAAAAARAAA
TGAGTGAAP& IKCTATTCGA CCGCGTTTAA CTTTGTACAC TTTTTTTTTT

AAAAGGATTA TAAAAGGTCA GCGAAGCACA GAACTCTGAG ATAAGACTAC

TTTTCCTAAT ATTTTCCAGT CGCTTCGTGT CTTGAGACTC TATTCTGATG
ISEERIRRRRRLANRENRANED)

CTTTCTTTAG CTAGGGGAGA ATATTCGCAA TTGAAGAGCT CAAAAGCAGG

GAAAGAAATC GATCCCCTCT TATAAGCGTT AACTTCTCGA GTTTTCGTCC
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Figure legends -

Fig. 1. Meiosis-specific double strand breaks (DSBs) in yeast. (a) A map around
the HIS4-LEUZ2 locus of chromosome lil. The locus is an artificially constructed
hot spot of meiotic recombination (Cao, et al., 1990). The map shows two meiotic
specific DSB sites (site | and Il). Each horizontal line below the map represents
the fragment detected by the probe. (b) Formation, processing and repair of
DSBs of this region. Each DSB at site | or |l is detected as a band of 3.9 kb and
6.2 kb, respectively. DSBs in wild type strain are smear,indicating that termini of
the DSB are processed, whereas those in rad50S mutant are discrete. (c) Three

) steps of meiotic recombination deduced by DSB structures.

Fig. 2. Gene structures with meiosis-specific double strand break (DSB) sites. The
horizontal arrows show an open reading frame predicted by DNA sequence.
Vertical arrows indicate an approximate position of DSB sites. Dotted and
Hatched box represent poly (A) / poly (T) tracts and TATA element, respectively.
(a) YCR47c / YCR48w promoter region on chromosome lil. A sequence
homologous with TATA promoter sequences does not exist in this region. (b)
ARG4 promoter region on chromosome VIII. The regibn including A14 tracts and

) TATA box affects either DSB or gene conversion frequency (Schultes and
Szostak, 1991; de Massy and Nicolas, 1993).

Fig. 3. Mapping of YCR47c / YCR48w DSB sites by Southern analysis. (a) The
restriction site map of 47¢ / 48w region. (b) Autoradiography. The numbers with
arrow on the right of picture represent the length (bp) of marker DNA.
Chromosomal bNA from the rad50S mutant (NKY1181/1183) was digested with

Xho | and run on a 1.5 % agarose gel, Southern blot and hybridization with a

VA,




32p.jabeled Afl I11-Sal | fragment were performed decsribed in Materials &
Methods. The DSBs are observed as discrete signals in rad508 strain which are
not processed or degraded during meiosis (Cao, et al., 1990; Sun et al., 1991;
Fig. A.).

Fig.4. Sequence of oligonucleotide primers and their location on hot-spot region.
The horizontal arrows beside the sequence mean primers. Expected DSB sites
are shown by dashed lines. Open reading frames deduced from DNA sequence
(boxes) are shown together. (a) YCR47c / YCR48w promoter region. (b) ARG4

region.

Fig. 5. Schematic representation of primer extention method. A 32P- labeled
oligonucleotide primer (arrow) is annealed to the site of interest in chromosomal
DNA with or without DSBs. A primer DNA is extended with deita Tth DNA
polymerase and followed by separation on a DNA sequencing gel. As in this
figure, an assay with one primer identifies cutting si'tes on one strand {(.eg., the W
strand). The cutting sites on the other strand (e.g., the C strand in this figure) can
be determined by the same method using appropriate oligonucleotide primers.
Since some nonspecific or background signals exist, 'the DSB sites are
determined by comparing of the results obtained from chromosomal DNA with

DSB (DNA sample from rad50S meiosis) to those without DSB (vegetative).

Fig. 6. Mapping of the DSB sites of YCR47c / YCR48w region (b) ARG4 region at
nucleotide resolution level. The data of the W strand and C strand shown
together. Sequence laddars (G, A, T and C) by dideoxy reaction extended from

the same primer are shown and used as marker. The bands observed at rad50S

4§



meiotic (dsb+) but not at vegetative (dsb-) were determined as the DSB or cutting

sites. The DSB sites were indicated by arrowheads.

Fig. 7 Summary of DSB sites of (a) YCR47c / YCR48w and (b) ARG4 region. The
cutting sites of each the W or C strand are represented by arrowheads besides
the sequence. Size of arrowheads corresponds strength of the signal. The cutting
sites were mapped by compairing to dideoxy sequence ladder extended fom
same primer (see Materials and Methods). The major cutting sites are numbered
as in the figure. Strong signal on the W strand in 47¢/ 48w are numbered with

small letters since the C strand in this region was not analyzed.

Fig. 8. Mapping of the DSB sites of ARG4 region at nucleotide resolution level.
The data of the W strand and C strand shown together. Sequence laddars (G, A,
T and C) by dideoxy reaction extended from the same primer are shown and

- used as marker. The bands observed at rad50S meiotic (dsb+) but not at
vegetative (dsb-) were determined as the DSB or dutting sites.The DNA cutting

sites were indicated by arrowheads.

Fig. 9. Majior meiosis-specific cutting sites in rad50S mutant. (a) YCR47c /
YCR48w. (b)ARG4. Vertical bars mean the cutting sites and horizontal ones the
cohesive termini that are shown by mapping data. While DSBs seem to be

formed on most of the sites, single stranded nicks does in site | at ARG4 .

Fig. 10. Schematic representation of genomic footprinting method of yeast
chromatin. Dotted oval and open box represents a site-specific binding protein
and its binding site, respectively. Chromatin DNA with nuclear proteins bound

was prepared, treated by limited amount of nucleases, purified and used for

Ub



primer extention analyses like as shown in Fig. 4. The parallel assay of purified
chromosomal DNA was necessary to determine whether the digested signals are

chromation specific or not.

Fig. 11. Limited digestion of the chromation DNA by nucleases. (a) DNase |
digestion was performed for two samples, and in this case, the right most is the
appropriate for the following assays. (b) Confirmation of intact chromatin digested
with DNése | by indirect endolabeling method. Southern blot displays the DNase
| HS region at the ARG4 promoter in chromation digests , while not in purified or
"naked" DNA. The chromosomal DNA was digested by Pst |, run on 0.7 %
agarose gel electrophoresis, followed by Southern analysis. The probe DNA is
Hpa I-Pst | fragments. (c) MNase digéstion. Since MNase digests the linker
position besides nucleosome, the digestion of intact chromatin results in the

ladder bands in agarose gel.

Fig. 12. DNase | hyper-sensitive (HS) region and the DSB at 47c / 48w observed
by indirect endlabeling method. Chromosomal DNA was digested by Bam HI and
run on 1.5 % agarose gel electrophoresis. Southern analysis was performed by

the Bam HI-Xho | fragment as a probe.

Fig. 13. Genomic footprinting of YCR47¢ / YCR 48w region by DNase | as cutting
probe. The results of the W strand and C strand are shown together. Thesamples
of sequence laddar (G, A, T and C) and dsb+ samples are obtained by the same
reaction shown in Fig. 6. 0, 2 and 4 are the chromation samples from the time (hr)
from the entry into meiosis, and N shows naked (or purified) DNA. The

arrowheads on the left sides show the DSB sites mapped above. The meiosis

‘7



specific footprints near DSB sites are shown by the hatched boxes. The open

triangles represent the DNase 1 HS sites.

Fig. 14. The footprints detected at the 47c / 48w region. The dotted lines
represent the regions where footprints of nucleosomes (or histones) are
observed. The arrowheads shows the DSB sites showed above. The dashed or
open boxes are the location of footprints ditected by DNase | or MNase ,
respectively. The doted line show the region where the footprints of nucleosomes

(or histone).

Fig.15. Genomic footprinting of ARG4 region by DNase | as cutting probe. The
results of the W strand and C strand are shown together. The marks in this figures

are the same as Fig. 11.

Fig. 16. The DNase | HSS observed at ARG4. Open triangles point the DNase |
 HSS, and arroeheads do the DSB sites. The doted line show the region where

the footprints of nucleosomes (or histone).

Fig. 17. The region of positioned nucleosomes at ARG4 upstream displays the
footprints by DNase |. This is the footprints of meiotic chromatin and the same

pattern as the chromation from vegetative cells .

Fig. 18. Genomic footprinting of YCR47c / YCR 48w region by MNase as cutting
probe. The results of the W strand and C strand are shown together. The
arrowheads on the left sides show the DSB sites. The clear footprints in the DSB
sites are shown by the open boxes. The open triangles represent the MNase HS

sites.
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