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Summary

Illegitimate recombination (Nonhomologous recombination) occurs between nonhomologous
sequences or short homologous sequences at two different sites of DNA (s), and results in chromo-
some rearrangements including deletion, duplication, insertion, or translocation. We have devel-
oped an i vitro system for elucidating the molecular basis of illegitimate recombination using an
in vitro packaging mixture for phage A DNA that consists of lysates of induced lysogens of E. coli,
and found that the recombination is catalyzed by DNA gyrase, E. coli DNA topoisoerase 11, and

| does not require short homology. Subsequently, we developed an iz vivo assay system for the
| quantitative analysis of illegitimate recombination during the formation of specialized transduc-
ing Abio phage in E. coli, and found that the short-homology-independent illegitimate recombina-
tion (SHIIR) also occurs i vivo in oxolinic acid (an inhibitor for DNA gyrase A subunit) -treated
E. coli cells and in temperature-sensitive gyzA mutants. On the basis of these results, we proposed
that SHIIR is mediated by subunit exchange between DNA gyrase. On the other hand, short-
homology-dependent illegitimate recombination (SHDIR) was enhanced by ultraviolet (uv)
: light-irradiation. With regard to the manner in which UV light-irradiation induces SHDIR, we
proposed a model in which DNA double-strand breaks (DSBs) occur dependent upon UV light-
related DNA damage. We searched for factors which participates in the process, and found that
UV light-induced illegitimate recombination is dependent on RecJ protein and suppressed by
RecQ protein. To examine the mechanism of illegitimate recombination in eukaryotes, we deve-
loped a plasmid system for quantitative analysis of deletion formation in S. cerevisiae, and found
that Rad50, Mrell, Xrs2 proteins are involved in this process. Moreover, Hdf1 protein, a yeast
homologue of Ku70, and its interacting factor, Sir4 protein are responsible for the end-joining
process, thereby suggesting that Hdfl protein and silencing factors alter broken DNA ends to
create an inactivated chromatin structure, which is necessary for the re-joining of DNA ends.

; Keywords : illegitimate recombination, short-homology-dependent and -independent, type II
: DNA topoisomerase, Abio transducing phage, silencing factors
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Fig.1 Illegitimate recombination that occurs during formation of Adio transducing phages. Most of
Abio phages have defects in the red-gam region of A DNA, and these phages can form plaques
on a lawn of E. coli P2 lysogen (Spi phenotype).
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B, S FIFLBIETREN, ZOEREETFOR
% (deletion) R £# (duplication), 1§ A (insertion), #z
F¥ (translocation), #fi (inversion) 7c & & v - 724
BEECL-THIESRIZINBEI LN b T &7, Hi
2, BB OBIEREILE 5] &4 2 Tt kB 1
VAo 7 4 —EDHE, 20213, BREETTH
% DMD (duchnne muscular dystrophy) i&{zF o Kk 2
REBICLZ20DTH S, 72, DRiL ) EEMHILICE
WTIIRBREEIBEIND I L5 5N T w722,
&1 3 0% (CML=chronic myelogenous leu-
kemia) DJFRHEETFH, 5 9 BYefath & & 22 Rifefafk
DFHIRFEI L ) 1K & 5 BCR-ABL Bh A 5&12 ¥ T
HHZENFRBINTLLR, TIELBEEL AEICS
T, HEL DRABRIETPHRESH, &5, FERME
i# (£ 1 X 15 78 (HNPCC=hereditary nonpolyposis
colorectal cancer) D i E&E T4, KEHICHE VT
DNA SR DRI - TR A T 38R, 85 DNA
D—EHHPEUINTIRAELLREZEETLZ [T 2y

il

12

FEE] ICRELBETTH D mutS HAETS° mutM
BIEFORER I THLIEHFHALPIZENS I W
D, LD T, POEREFRERTRE. 22 E05hh
> T &/,

Mebld, oL hfpakBENRRK &% 5 [JEHE
RIFTRASR 2 | 75, SEAMRRIGIERE R 2 Y OBED 2 b L
AR E->TIHESINS Z &% RAHTLJkeda et al,
1995 ; Onda et al., 1999), %5 FHHEDIEM % KA
TWd, K@RXICBWTHABIR, FTHOIE, 2ok
DLREDZ PV RIT L - THE I 2 IEHFIAN 2
D FRREICONTEET 2.

1. FHERNERZ EEaH

[SEAREIEIRAS 2 | 2132, DNA FOE%L 2 372508
AL BT, MHEHED 7 B R0, &2 5 bp D4
HEED & 2 BERSNOM TR 2412 THY, En
MIRMED & 2 WHEF O TR S 5 [HFEFH %R 2
(homologous recombination) | ¥ (3IMFBIITH 2 X
) BIR TIEHF A 2 (nonhomologous recombina-
tion) & RIS,
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JEAR R B AR 2 13, [9EIE HEHUAL R X (llegitimate
recombination) ] & RN 545, £ b Z L T DEHEID,
Ak, X7 F ) TIRERILLIZA 77 —-IFEFREIND
Sz ISR ENS, 207 AD—EF A T 7
—UHkD, L5 —EHN7FY THEKD DNA» L%
LR 7 7 — VOEBGBRICB W GEZ MR 215
LTHWwWLNEETH 5 (Fig. D"

#12 Franklin (1966) i3, /X7 7 ) TOREMKRIZE T S
KER, FTRRISHBEEAT 7 —VDOBERD &
12, ¢ N T, T b oH(haphazard) % “genetic
event” # “unusual recombination” XIF-UF, I
“normal recombination” (3% b HAHRIRIALIRZ) & (3
BN, Wb b rec BIEFOBBIEKELLZWI LR
sRL72, Siic kD, JEtERIMAE L L HREINHERRZ &
13, BE L% 557220 DNA S0 FES O FEED
DED AT 5, FORBDF THED 7R %->T
WBZ NS T2,

2. REFREIIHEENELEZ

b MBI AR EREE ORI, Rtk BEHEIRN
Dbk -Tbsd3n, At MEICHERE T -
72, & b ORI T S (48 BLATIE L\ 47 3
DIE L %58 5 x530) 13, sEEia 2 #et e L TR
D, whws MLOKLEl 2EHLLYITLI LI
LT, HERDNT 7 4 YIREIC L DBEINTW
Jegafiff & 0 b PHRE e ta iR & SEISEE T IS T 5 2
YHETEL LI, FoRkEE A (Tiio and
Levan, 1956), #%:< 1958 4¢, Ford & »*RAR7% HEET
Turner IEERHED #E S RIICIIRIETH 555, DR
DRBEALERL, U LITERER I % £ ) DY
ik 45 T, Xfefatkz 1EL2ALTWEnI 2
SRYIZW2 D, b oY AR E OIS DL 7,

20k, 1960 123, b FORMMERILT, £
DEPIEEING ) vosskEEEL, FoORAMHEEHE
TAHEFEREN, I ki3, BrORERERED
JER 7 s kB EORRAEL, 356123, EFA
DPARDBEIC L B, Yefafko ZRIRIMER KRN R
B2 L0 L & 5ITEAT, 1970 4£RUCiE, Bk
PESROEBIR DO/ NV FICYed T 5 & F S ok
Bl fFbNa Lok, LS RED, HREYR
B L T 2 YRR E % fREICT 5 DA%
5, PERREOREWAORE, T4 b bR
LHAEAWALOFEE FWREIC LT,

252, EEDG FEMENTEORREIL, NET
SHANEE T IS I N kRS DR L~V TD

TR TREIC L722S, SHUCk -, B MCBWTHEE
ENDYPERBREORED, 7T IVTRT77—VICB
WCBIE R N2 FEMIRIRIMIR 2 DFEYORE L kB L T
VBRI ENBLPIC T, LT, SN2 TNTR
77— VI BT 5 IAARIRIMR 2 D5 FHED IR
b oYtk R E O REMEOMUICEIRT 5 2 L%
ZoNbEHici o7z,

3. JEMERMNEIRZ D FEEBORBDEM
—IEBODNA hRFZA VAL —A(K
BE DNA Y+ 4 L—2X)[Ck> THIER
SNDIEENEIRZ DFR—

DNA #8625 7% Y, o> DNA BRI I, 3F
AR AR 2 D5 FEEDRAA L LR T WD,
Franklin (1966) 258 ~<72 & 5 12, SOREH, < [%
N1, [Thod]ITRIZIDTHHD, RPN
WTH-72 b Thb, Thbbh, KIRDIEZ 5 HEN
WIS 2T, COREH, EEEL L LIEOD
DNA iR Ic B VAR 2 L ZE 22§, DNA Lk
DB EDH LW BT 57280, E—7kRKICEDH
BLNLDPT2DTHD.

Zucxt LT 5 (1981) 13, T TICFEL SN T Wz
A7 F—=VDin vitro Xy —VRERMHL, in vitro
ICBW IR 2 2 HET A LI L2 A
TP —VD invitro 7Sy r—VFREZ, A 77— VR
D in vitro FRERZ N Z L TH Y, KEWITERLL T
WBATP—VERRINLIEICI > THE LM
Rk e (A B 2 Fv, A»5nz 72 ADNA 2 &
EHOBL T r~y FERE) Ty r—v &, B
HOH277—VHFEBLIELEN)LNTHS, HHL
(1981) 13, MMk RIS, ADNA X (3MFEED W7
52 3 FpBR322 %#/mz %%, ADNA »—EA»REL,
7 IZpBR3RFHEASINIE ) LHEELFD
DNA, # & L < “hybrid genetic structure” (Campbell,
1962) %% ) LET BT 7 —VHHREIND T LiTHD
WeDTH 5.

ORIk T 5 E S DNA Vv 4 L — 2 (KiE
BDNA FET7A VAL —RI)TH B EEMLPIT
L7zods, UTFTOERTHS, WHS (198D, 9%k
IeBWT, DNA Vx4 L—RADMERDO—FETH 5F
¥V UEBEREICMZ S ZLICL-T, HiRZHE
NI rERM L, YR XYV ) CEROENIEZ
DNA Vx4 L —ZAD%i2oDH7T2=y DV EDT
52 GyrA BALEZ LN T 2D T(ZNDk, DNA +

s T r—UERHWIIE, 7T TOREETEMD S TY)TIZEAT S EHRTEBIERPL, DL %
77*?&(%%%%@%77-9J&@@ﬂ6.&H,Cmmmdﬂ%mu,:®i5&77*9®f/A?
WA < b “hybrid genetic structure” EPFEATZE.
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RTAVAV—ZANDRAIE T, AFV Y VBHFE A7 THEF) VXL VBICTHIE L R gyrd BETFO |
DERZ LN ETIEATHEI LML -7 ZER (nalA 26) 7 & MR R 2 08 L 7288 40
(Kato etal., 1992)), # %V 1) B3 GyrA ZHI2/EH A XYY VERIC L - TIIMHIBEZ IMEE I b - 7o,
T52 LT L o TIMAMMAIRZ KGR EE I LT WD 2D, DNA VX4V —2DL ) VLoD Ta=y
TENFEZ LN, KR, AV ) BRI S FTH% GyrB BEHORERD—FETH L7 v~vL L
LS THBADFHEINS 2 EARIN, DBER”H
DNAPV %A V—RZNAKIZ L > THEINL 2 &
NEE 7,
EER, HMRINIDNA Vo4 L —2 % KIBKICM2
AL THIMRMEEZI NS Z & (Ikeda et al.,
- g;g}jgig acid 19840), BLUF ¥V ) o BBEA T COMMPLEME 1
Cleavage h._ HU protein T L7245, DNA ¥+ 4 L—2ic & 5 DNA 0U)1F
v et xv ) VBB & - THES N5 IRFFRNHETE 2 o
BOSED ORI 2 EAH L —FH% L T2 2 & (Ikeda
et al, 1984b)TMLPIZZA BITVY, ZDRIED
DNAYV» A V=R s> TMIEIN LI LRI N
Assembly * 7.
‘ DNA ¥ % 4 v —2X1{3, —7F " DNA 8412~ F 417
ZEAL, 20O %E L 5 —F D DNA $4% 88 =, YIHF
() == - e L7:DNA K # HUSEA S #2322 L1k > <, DNA
‘‘‘‘‘‘‘‘‘‘‘‘‘‘ T DY > X 7REHRMS L LEREFHO I L bY
DNA Y% 4 v — 212 & » T & 15 AR AL 2
KD 5r TR LT, M5 (1982) 13, w2
BAZN/T2DNASE DNA Vv f L —2HEA LIk
WEES, b2 [Z7) =T arT Ly 22| b
MNLIZ ST DAL, WEDHE W ICESE, #5A L7121,
BUREET D08, 7 2=y FOZRWEAHRI ), EEL
LTERENDY 722y MTHA LTw72 DNA 850
TP DI LI L > CHMADHEZ 2 £, 20
ETNE [DNAVr L —X - H 72z P RHREF
NIETRATE(Fig. 2). %V Y VBRI T E SN A A
7. DNA SO FREADBEZHET 22 Lz kb,
CDEI BTNV =TI 22Ty 7 25EHEIE2
Fig.2 DNA gyrase subunit exchange model for S EHRENTRBNT, DNA 2 x £ 1 —2iz & 5l
- illegitimate recombination (Ikeda et al., RAPBIRBT 24XV Y ‘/E’;‘E@ﬁiﬁﬁﬁ'ﬁj%(i, e

1982). A DNA gyrase cleaves DNA (b), and CCDIZN=NTN » a7y 7 ADKEWMEE 2
the gyrase-DNA complex, cleavable com- CLICHDBEHPT LI ENTES,

plex, assembles with another complex, form-

ing the tetrameric structure (c). The dissoci-

ation of the tetrameric form results in

subunit exchange that leads to the exchange

of DNA strands (d).

(a)

(b)

PATPHETFTIZBWT, HEFLYVMBL T2 E R, VX I REBRBASRBEIEICLSTHD R — 14—
TANVEEAL, BICEEFEVHICZ == 4N L TR E R, Vo ks VPRERASEE 2 LictoT
DNA % 5ti#% 3¢ 2 (Kataoka et al., 1996). DB, RISO8HISIZRINEE ICKE L TEILL, k DEETE
FVBERA=7N—af VL, J)HBTREVMET 22 LIRS NT v 3 (Kataoka et al., 1996). Z D&,
BRI E 5272 L EOKBGHEMIED DNA DR —¥—a 4 ) o ZDE{L e HHT 2 3 DT H 5 (Ogata et al.,
1994) .
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4, TBEODNA RRPAIYAL—RICK
S>THiEEND, HERIIZDEELE
WIEEERHEEEZ A in vive [CBWLTiE
BT DI —EERNEER ZEE
MICHET D in vivo 7YV EA - VAT
LDFE EEBEDRSH ODIRE—

CNETHMEINTER, 2T TORGERT S
Z 3 R7%E, in vive 2B W TR S 1L 5 JEFEIRI IR 2
13, T, YEEEEH ISV (4—10 bp) FHEMED B B
DNA DR THEZ - Tz b D TH - 72 (Farabaugh
et al., 1978 ; Studier et al., 1979 ; Pribnow et al.,
1981 ; Albertini et al., 1982 ; Jones et al., 1982
Marvo et al., 1983 ; Lopez et al., 1984 ; Yi et al,
1988 ; Kumagai and Ikeda, 1991), Z#icxL, ET
W72 i vitro 12 BV TRIEH DNA Y% 4 L —RIZ &
STHBEI N, 3V YBEIR L - TEES L2 IR
A e 2. 13, FEEMED %0 v (1—3 bp) DNA S8R THE 2
- T\ 72 (Naito et al., 1984). L724°->T,DNA ¥ % 4
L— 202 & o THE S N2 IEHRIMAIRZ (X, ThET
REIS N T WL DTH B, in vivo 1B\ TIIEER
IS 52 WIS TH B WREMEAH 2 b7z,

Z 2T, WH S (1995) 13 in vivo 128 W TIEFRIFIAL
2R EBNICRET 2T vk A - A7 A (ASpi” T v
AR ERAT, FOEBIL, BRALTHS 1
77— VHHERE NS BICIARRFERALIR 2 1T & - T
BB Abio BRI EHEA 77—V EERL, 77—
UEIZH T B Abio B EBEAT 7 — VROB A E R
B, FOME b - TIERINEIRZ OBE L EFRT 5,
Y LnThB(Fig. 1), rbio FHREEEAT7 7 —¥
(ASpi~ 77 —¥) ki, ADNA O—#f & KiGHREBRE
DNA 0 —f (bio EIET 2 #EEv— A — & LTRHD)D
L2 AT7T)y FDNA R/ LT 5677—V2R
kL, #0i12& A XL, ADNA @ attL Effic<y 7’3
N5 red BIZF & gam BIEFLOMBEEZRRLTS
(Abio™ red” gam™). ZD &5 HERET77—Vid, BE
77— VHERTHIENTELVP2 77— Vi
BWLO) IZ L BT 22 A TE L7225, WLIS DHE
BrEESTEREM FICTS— 7 2ERT LI EHTE
3. %7, TITHWTWS A 77—V (A cI857) 13,
el )Ty byt —HREREREIC T o> T b 720, FR
BEPBOUETNIIESICA 77—V EFREIEL L
BT EDEBR). LT, BARCLIVERLR
77 —VERW, P2 77 —YERILL TR WK
B (Ymel) 248 REE LTI — 27 2 R IE, £DEK
RERIT A LICE > TR TP —VEERELT 55,
WL 245 RE s LT 77 —7 %K 3E, ASpi~
7r—UBREPENL, MENLERD, ASpim 77—V

@Hﬁiﬁﬁagt Lf:.

CDLS Y RT ARV, in vive 2817 5 IEAEE
M2 CKT 24X V) VEBOMRERF L2 2
5, FXV ) UEBICE - THIEZMEEI NS LD
# - 7> (Shimizu et al., 1995). L& b, T & &z
DEMEBTT 5 &, HHREECEE8bP) D H 5
DNA OB T - T 5 L DDMIS, in vitro IZB W
TDNA Vv A4 L—RICE > TSN, XV ) V&
12 & - TR 2 15 MR 2 [RER, MR Zw»
(FF#7 1 bp) DNA SN TR > T 2 b DHHFLEL T
Wiz, i, XV ) VEERT ) VXV UBRICEHER
SR gyrA BREBK(nalA26) T, XV ) VEICLS
M2 DR IBEI N2 -7, L2d"> T, DNA
Va4 L— 212 & BIEMFEIMER 213, in vivo IZBWT
LERICGEIARIBTH Y, INEFTHLENTWED-
EF LI A TOMEEZTH S LRSI,

B, I=F7923I &2~ LTHWLETS
23 F v w7 ) 7% (Kato and Tkeda, 1996) i< &
D syBE L7 gyrA SEIE T OWBERZAEE RO L 12 F
X ) VEBIEGIE T T ASpi” 7 7 — VO MBBES b
B4 23 0WEEEET 5 2 LA RE & 725 (Shimi-
zu et al., 1997 ; Ashizawa et al., unpublished), <1l
LOEEMIIERICHE T DNA CZEHIM 2 ZAT
BILIITETY, FREASHLIEDTELRVWKRTH
~ 72 (Ashizawa et al., unpublished). & 5HiZ, K&
oA BEFORETEDERBHEL, ZAHDEAD
DNA 22— ¢—a4 ) ¥ 7iEENHEZRAALE IS,
IR GyrA ERORKISEMO 12, FHER GyrA &H
DS ITBRE S e, EHK DNA 2R S 1
7~ (Ashizawa et al., unpublished). 56 D#FERIT,
Flsksz [DNA Vv 4 V=R %7 2=y FRRET
N EEBTELOTH->T, KR GyrA EAVFET
%, & H\IZFFER GyrA EADEEY, A XV ) VIR
BT Y, HEEFETTETELE LT, DNA KR
FHRUIWTASEA SN T L FREA I N v &) ZREAH
w7k X, DNA Vv A4 L—RIC LBz 5FEIN
2B bbb (Fig. 2).

DNA ¥+ 4 L—Z2®» DNA 2 —s¥—2a4 ) ¥ 7k
PEERE2EABRFE LTI, EX M UREBRDD
roTH2 HUEKHMG D77 v 7 v at i TF
v 7’) (Yang and Ames, 1990) %, 57f3 v+ X1y D—
HMTHLBY 3 v 7 EA DnaK(E K hsp 70 KE T )
(Ogata et al., 1996) 2" f# 5 % 2%, HU HADRKER
B2 DNA ¥ % 4 L — ZRIED IEF R HIHEL e 2 AT
43 2 £ Hb» D (Shanado et al., 1998), DNA ¥ x4
L— 202 & o TRUMES LB IR Z 2% in vivo ITB W THE
BRIZHEE > T b o A fErO LN E L LIT, £DF
FHEREDRII N DD H B,

CHLS hMIRLE, T4 77—V DDNA FKTA
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Y #A b —2Z (Ikeda et al., 1986) R E %D DNA + #7 4
VAV —X1I(Bae et al., 1988) THAEI 112 = & »
By, TORBIETANRIZE LSS EKIZW 5
ETHELRFEEINTVEILDTHII LD EL LA
5. EREE, DNA FERTA VAL —2 11 2481 &3 2 %]
BRIOHFEEG I L), BIMER & L CAaM A MK (ALs=
acute leukemias) VBRI N I EH LT W B 2,
CDE) RBMAMBOBEDY »SERTIL, B 11 B
BN D DR (11 q 23) KIS, DS &% 2
BRER RS L L) L MEEE S HE S HES 1L
5. DL E, COEMICHERT 5 MLL &Y (ALLI
BIETF)DEEERNTT 2 &, 20RO IC T
DNA FRT7A Y 2 v =R N DEAEATEEL TV S
Z LA > 72 (Negrini et al., 1993 ; Gu et al., 1994).
L72#>T, HEDDNA FERPAVAL—R2E 5T
I N, ZOREHRIC & - TERAE S 412 JEFFIRTALHR
ZH, EFDOERATIRI > TWET EpmINs L
Ih o, IR XiZvbiE, KEESLE P owne
2ETHBIZEI ZREBENBIE W2 57555,

0. BARVERRYE, BUEBRLE, B
BOANLRICL>THEHEEND, &L
MRS ZVEL T DHFHEENBEIRS

FHATBR7Z2DNA Yo 4 L —RIT L > TRE S L2 3E
FHRIREE 2 2, ZDOMAERTHEA XYY L EBBIZ L -
TRESNLGZ DS, HEBERTIIEENZ ML 22
SO THFEINLIEMANMBRE EEZL 2 L TED
(XYY VBRI 2 v 7 &R SOS &7 ¥ o %
MU RREEZFETIEAITHEI M LN TV S),
A2 B3, FHREEEA7 7 — VORISR 3 I
IR Z 2R T 2 in vivo 7w 4 « ¥ 2F ADFE
SMOBRRITB VT, SR Y, hoBEoZ L2y
IR 2 28T 52 L # %R L 72 (keda
etal,1995). 7272L, ZoO#AlZ, DNA Vv [ L—2x
W&o TS N2 MMM R R0, i
[RIECS & W% & 3 5 44 2 T & - 72 (Yamaguchi et al.,
1995). L7225 T, EMREGHIRZ 1213, 189 DNA
FRTAVY AV =212k > TR N, ZoHERIC X
S>TEHE S NS, MFEIZVEE Liws LT L, %
SR EDBIEDZA ML 22 L 5> Tl N 2, 40
FED 62 TldZe v, FHaMHRE 2 BEE 2947
EPHAET DI LWL I -7,

FIMRIC & > THE I N 2 IR Z DR RO
#iZ, LUTFo@) THs, ASpi™ 7 vt A4 IZBWTIL,
A7 7—VEBEICILOICHRBIRAFHL W2
P, ST, SSTHWTWR A 77—V (A 87)D
V7 vy —RERZETHB2OTHDL, A 7
TYRFERITLHELE LTS, IC L EARIRE I

16
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Stimulation of illegitimate recombination by UV
light-irradiation (Ikeda et al., 1995). E. coli HI1162
(as 594 except 1 ¢I857 ind™) or HII243 (as HI1162
except recAl) was grown to 2X10°8 cells/m! at 30°C
in AYP broth, and the culture was irradiated to UV
light for various periods in a glass dish. Induction of
the prophage was carried out by incubation at 42°C
for 15 min, and the culture was then incubated at
37C for 2 hr. The number of plaques on Ymel was
defined as the concentration of total phages and the
number of plaques on P2 lysogen WL95 was defined
as the concentration of Spi~phages. The frequency
of illegitimate recombination was defined as the
ratio of the concentration of Spi~phage to the con-
centration of total phages.

Recombination frequency (x10-7)

Fig. 3

SoTHERESCDIFEDNDH LY, 22 THWTWE AT
T =YD ind BIEFIIERZE OO, EIMNRRENC L
ST 77 —VEFERILDIILIITER W, —,
ol BET & ind BIZT EHPHFERTHL AL 77—V %
BEAL7 7=V L LTRAIL, S0MGRSHIZ L >T A 7
TV ERHREE, FHREEEAT 7 — U0 N 2
MELIZEZA, ZOBERR, BB ->TA 77—
PEFRIEDIT v AL c VRF AL S THIEI LS
FREEA 7 7 — VO BRI N, JE%ICE Wl
PRI IRV,
INLEBT2ODT v L XFLDENE, L7 7 —
COFFEDIEHIET DT, ENRBEOREIT, L
TT—VDFERNDAL LT, WM FDLODEHEIZ D
HLEDOTE LW LEZ, L, 25 THo%45(T,
BILIIC L > T A 77 —VRBHRIELIT v L%
TAIZBWTY, SIMEE BT IUTHEEZ OHEE»S
K2R TTHL, B, COTv+tL - 22520108
VT, BRS L 2280 MR DR R ITRAE L TRl 2 DB DS
EHAL, 2ol MBS LT A 77— 25
RIEET v « VAT AIRE->THESINl L1
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IZR LA ZRT 2 &b - 72 (Fig. 3 ; Ikeda et al.,
1995). 2 DEESEIREHC L - THE 3 1 5 IEFER A
2%, recA BIEFOERBTHRRICBEEINLDT,
RecA BEAREICHRTT T 2 AHRITHAIR 2 D REY 2 Mt L T
WBHLDOTIEL WL, Rec A7 77 —Y¥20EET S
SOS WEDHER, I BARIBTD w,

FNTIE, £ U TERIMNERIHC & - THRZ 2R
BNDDPPMEE % 505, EREEHC X - TDNA
F I v FA 2R EDBEEIEL, ZOBREEEDE
BTHl-oERIFRYAZNEI T, BEIAEL
B EFHILNTWEDT, SIS, BREE2FHR
T5 L0 HED, MR ICEES LT ahEr# 2
bl bLEFITHLL oI, BIMRUCBELTRES
FRITDIDTHDLu 61T, T05 MR 25HET
RETH D, EE BOLERFHATHE= av 7
T=DrRT7T 75 XLy B2 & » TIHEMRERMMERZ
DHEED FHT 5 Z & b7r-72(Ikeda et al., 1995).
L72ht T, S0@f2i2i3, DNA DEEFVETH L S
EhHRE I N,

FLC & EEBECO VT WA, KEH% 8Bt
IKKARTUHT B L, ASpi™ 7 v [ i2BWT, JEMRE
i 2 DHEER ERTAHZ b - 72(0Onda et
al., 1999). HFMEEEICL > TAHEL S DNAEEE LT
3, 84XV I T =ML NTWwAY, ZOEEICHES
T % mutM BEEFOREERERTIE, MR OHED
EHIZERTHNT, BEBEICL > THFEI NS
B Z b 72, DNADEEFICL-> T &I 3N
52H0rBEbiS,

6. REDANLRICK>THEEEND, &
WWERI 2 E &9 SIFHERIERZ D
D FHIEDERER

FNTEBREN R b LRI L - THEX NS IEFRIEY
MIBZIIED L) LA FRIBETEIZ2DE5 5 7.
ASpi~ 7 v A ITB W TR S L5 JEFARI AR 2 13,
ADNA O RE & KIEHYREE DNA DFATH 5. KK
1203, ST DDRL L5 TRESHEREL, D DI3HHE
&7 5 DNAO—E»E3INT, IRDNASE»rLZD
WaPHEHETEI LI ->TRIZIDTH S, KRN
R 78 ici, LI LIZIER MO REEH 2D 5
nNapzehs, 2oL KBS EHBICRDELE, DNA
RNV AV—=ZADA) v THRIDDTHA) EHEZ LN
T3,

L) D EDDRRDGTHRER, ZOTAY N RS
NEILICE->TERIZLDTHS, ASpi~ T vt A
I3, WHIZADNADEFELYH ML ERETSEL0T
HY, Lihr->T, TITEIABRERITUHMLIZLS
bOTHZ GHYHLICLEZREDEWMOERIL,

ADNA & KIBE AR DNA & iz ZF N EHYINT
HPEAINSZ DT (Fig. 1), fi72 b, E/MHERET
Ik o THIRZATTEIN DI, FIMHETL->TID
I T EBEUMPREEINE L TII W EE R
72,

L L7%es o, EAMRIE y B L 3RL ), DNA I
EHEMICZEHRYZBEA T L3I &0, Kl
EN2TT777—VDDNAEBW7zin vitro I8}
HERIZL > THRENT W 2(Smith and Hanawalt,
1969). ZALcxt LT, BEBESLHBMAMBEENTE LN
KIBEOERBRISEINNE L B L 721R, S LK BEZ
A vFax— a3y LA, Rakofiifisig s
D, 51720 DNARAPBEIN ki3I N
Twb N T(Wang and Smith, 1986), in vivo 128\
TIHENRIC L - T DNA ZEgHUNr»#HEINL 2 &
PEZ LIS,

T CIZERMERETC X - THE L 72 DNA OEESHM T
3B 7 + — 7 DEITHPERT L EPMLENT VDD
T (Rupp and Howard-Flanders, 1968), f.72% 3, %
DI, 8 & 7o > 72 DNA S0 — AR & 7 5720, YT %
RIIRTL L 50TR W EHEZ2, LY blF, ¥
FRHETC X - THFHE S N2 ERIMM A3 2 DY %
¥ 2e, SHEEICHABRIIFRI Z2EAORy b XK
v M) ORI, 72 LT Em & RAERS AE L T
W72 T (Yamaguchi et al., 1995), %! DNA $§ic4:
URBBESM TR 7 + — 7 DBITICT Vv —F 250
D, ZOMBICHAT 5 EE ERERSTRY v 7L,
BRDNAMABHM T A2 It > THE UL —FEY
DNA DN—7"%, D L 5 k& 2R RIEERL, U
W3 a2 27vT7—Xrglie s2 &Iz &> T EHEYIW
BRI NDLNDIZS ) &8 272 (Fig. 4 ; Yamaguchi et
al., 1995). 2512, ZOHDWENTIZLY, Ky b XK
v MEEICIE, #9140 bp D #im & O RKAZEH S EAE L
TWwWaZ eFbroiz, WaE REES 28/ D>— 48
DNA (3, RT L N—7RINL T+ —LEEN LS &
Kk T RER 2R T LI LML NTWEDT,
T DNA SO EEHM CHRE 7+ — 7 05l L2 L &,
CDE ) HTREEVERI N, FEOEMTYINE X
F, ZEEUIAOEREINLZLEEZLND, WT
ek, BbDETNIE, BET x— 7 OETHIEE
AL CERET L E2AIIRE LTWBEDT, FIHRIEST
& - TEEE S L5 DNA ZEHYINTIc DNA oM
EREFLEPE» #MEE L 2 T UE % 6720w, BN
EIRLE L TIE, dnaB BIERTFOREBRZEERKTIE
HLAFBE RO EMFEMHABRLOBEEFETYT 2
(Yamashita et al., unpublished) & & %IF 6 L 9.
DA, dnaB EIZ T DNA BEOBEERIEO LR
(Ra— R by 7 72/ 247 %RT) TIIHEIT
L, WEBRBOBEEK(IZA v - A vy T 72/%
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Arrest *

AN

—_— —>

Break *
A

9 » O’r
Processing *

Annealing *I—— RecQ

Ly
Short homology

Ligation *4— DNA ligase

A proposed mechanism of UV light-irradiation-
induced illegitimate recombination. A lesion is in-
duced by UV light-irradiation (a), and DNA replica-
tion occurs with the damaged DNA as a template
(b). The progression of replication folk arrests at
the lesion (c), and the template DNA is broken
enzymatically (single-strand break), resulting in the
formation of double-strand break (d). The ends of
DNA is processed (e), annealed (f) and ligated (g).
DnaB protein is involved in the step of the progres-
sion of replication forks, and RecJ protein per-
ticipates in either the step of the formation of
double-strand breaks (d) or the processing of DNA
ends (e). Annealing is dependent on short homology
(f), and this step is suppressed by RecQ protein.
Ligation is carried out by DNA ligase.

AT ERT)THRDD 5D T, 7% L LEIMERETIC
& o THFES N2 IR AIZ 1213 DNA oM
BRSSP LETH S, DNA#EHOMER G DNA —
HEUMOEEBRIIFLGE LT 200 Mk wn
(Fig. 4).

KIZ, SINRREHT L - CTHE 3 1 5 IEHHRER 2.
O THIELRHAT 272012, ZoBRICES T8
TELHFEZBEFCHRET 52 & 2RhA, 2D,
FERIBAL R 2 ICBY 59 2 BIZ TP, JEMRIMHNE 2
WCOBGT B BIZFOHET AR 2H 2, rec R
WD 70 P ITERIMR RS, IR OBESN ER Lo w X
I bDPFET EHhEP R Lz, ZO%E, HF
fIkH# 2 D RecF &= RecE BRI 53 % rec &
RFOBEERTIE, FIMRE BET L T Ok 2 A{EES
NZenwZ EHR3E Nz (Ukita and Tkeda, 1996). &5
iZ, rec BRI B W TIRBE 2256 22 242
FEMERNT L72E 25, ZOTIZ, TFAEKCEWTHE
WINLMBMZDT Y b« ZEy PPBREI LWL
Whrotz, L=, rec 5815 T- DS RRETAIC
Ry b ARy b TR S IFMERIMRZ ITBETH 2
S EMIRINTIz, BRI Nz Recd EAIZ, —4&485 DNA
75 K6 3 REDFEIZHET 2 DNA =% Y X
7 V7 —YiEMEE2F DD T(Lovett and Kolodner,
1989), JEMAMIMIAHIRZ I281F 2 Rec] EEHOKE| & L
T, SESMEREHC & - TUIWF% 21772 DNA g0 K%
GETHILICLY, EYMREES %8> DNAK D
A ZRESE TV D AREMELH 2 517z (Rec] EA
7 DNA Z“EH UM Ot Ic B < & § % R 3 (Fig.
4 ; Ukita and Tkeda, 1996). —7J7, RecJ ZEAV /MG
Mgt DNA ZHEEHWF O BFRICEH 5§ 5 WRetE & #
2. 6N 35D T (Rec] EHY DNA " EEHTINr D ks
< & T ARG, BAEC DIRKELE BEE L T 3 (Fig.
4),

—75, recJ BIZF L FEFRICHIRIFIAEH 2 D RecF B#
X RecE BEIZE 5§ 5 recQ BIEFDHEER T,
rec WRERR L 1381, SRIMRIBETE, Mk 2 D FPAERRL
Lzt d 5 2 AR E itz (Hanada et al., 1997). 7=
2L, ZOWMTIE, SFIMEIERITGT L MR AEHEE
2 2 2 DT, RecQ AL, #EIMERFIOAICEH S
3, FEMRIMMEIRZ 2 L T3 2 e b o7z, K
BIN/2RecQEAIE, AR DNA Z 3 KigHh 55
KD FANICHREET 2 DNANY & — G220
T, 2OW®RICEIT S RecQ ZEHNEE & LT, RecQ &
Hs, %2 5> DNA SR+t oiEA 2 L T
W3 ZEeHHEZ L5 (Fig. 4 ; Hanada et al., 1997).
BOE, WAERT 27N — MEBRRECRER L LTS
N5 7 = v —IEBRRD R K EIR 12 recQ BIZT DR
EORTTH DI EFHLPITINA, D EDDATREM:
LT, weReEi, AR 2 IH 2 T,
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KB ESFEZRTLIL
|78

o, ZOBEICESTAHEF L LT, DNADTY
i F i < Fis &A= IHF & H (Shanado et al., 1997)
ZEPRBENTED, A%IIINSERFHICHES
N7EAZERL, EIMERHICL > THES LM
FIEHIR 2 2 in vitro CBWTHEER T 2 L1244 -
T, #NFNOEADEENZHL ML T ERWES
ZTW5,

7. BEREVICH T DIFERNBIRZ DT T
G

KIBH 2 E L THWTH S22 LT & IR
M2 05 FHREDS, BEAYICLIRBTH LN,
B b TS T P RO T A LI, B
@Wﬁ% DM TILEE TRESEL, Z2bh Y, &K

WA PHMT ) 2 TEETHH, £27T, %$

G%GMiJ%&%HﬂtLTWVg77z\b
é#ﬁ@%ﬁ%i%%%%ﬁ@&?%thm7vk
4« VRFLAFRWEN LT, ZORMIE, A= rEy
7oAt I FEnS LD 0EFISHE 2 R T B
2, FNEFNOERICHT HBZEZLLLTILZOD
BEF (CANI BEF & CYH2 EIZT) 2D &bEI
o752 FYCpL2)2EALT(ZHTFAIF
BREOBRIEIAF N EY T uAXY I FERDER
HICIIou=— 2T LI LIETELW), IN6H4
rODBIETFERIBHCRELICE ) BT IR F2RD
B (Cn LI 7SR FeFoiHz s x=rk
U~ Y I FEEOEREHICHF I = -2 EK
THIENTEDL L)% D) BRI, ZOMBHEZ
b TIHMFRMNMEZ OBE L EET L LI DTH
3,29 LTHH R L2 RKIL, WiREED DNA ${DfR I
sGHEE(Q—5bp) EFE LI L6, W
e RBEET 5547 OIERMEHRIZICIDEI S22
bOTHDLZ D broiz,

kg,;mﬁFL%%T HFE2RZET S EEH
LT, KIBHICBIT 25 5MRIBSH 20 JEFHR AR 2
Zxt LT rec ?E@ﬁ]%%*ﬁﬁ L7k, BRhcB
2 AR IR 2 oM F IR B OB SR OB ICE 2 55
RIS 2 IR EEEFOEROMEL R Lz, £
DFER, Z0BFRIZ RAD50, RAD52, MREIL, B &

&k TEEZ 2D, %

O XRS2 EAZT#BIE- L Tw 5 2 Lamd L7z (Tsu-

kamoto et al., 1996 a). I 5 DEML T DEEI L L »
CF A7, I OMBICEWZYCPL2 77 A3 F
Ity buX T (BRR) 2RI R R R
B L 72 (Tsukamoto et al., 1997a), TN7 7 X I K
PREDFICEAT Sk, ilasZoBicEnfhot s b
2 X T A TRRICT] 58 5N 5 72812 DNA " EHYINT
2 AFFTRID, HRZPFEINDLDT, JEAHEREI

W2 OBHOEETSH 5 DNA “EHUINIILE TR %
¢, BBOBETH S DNA KRofEA (s F-Yad
= NDAERBT A2 ENTE B, ZOKNE
RADS2 EIETUSMNMIT Y F - U af = v 7OBRICH
5 LTwaZ LHHLH»IT%h - 72 (Tsukamoto et al.,
1997 a). Mre 11 A (3—A$8 DNA % 3’ Kb H 5 K
PO FEICHET 2 DNAZX Y X7 VT — G2
% (Paull and Gellert, 1998), #»> Rad 50 &H & Xrs2
BEALC=BHAKELERT 52 & (Johzuka and
Ogawa, 1995) 516N TV 50T, ZRHN&EAD, 1
Wik 21F T4 L 72 DNA Rz oL, —4${DNA %
BEHEEEI LTIy F e YVa = 7EEES
HTWBIENHEZLNAE, —7, Rad 52 BHIZMIFIIN
Mz IcEET 50T, COBEAIL, HRMEHRZ I
D, “BENTIRI FEERSE, SL0onkr b
ATEFEOTSRINRELIRDLIILICLY, HEN
IR Z ICH 5T 502 b\ »,

SO Y, HAS (1996 b) 13, k7 v 7)) »VEES
DFHREFISE S 2 V(D)J #5212 B5-9 5 Ku 70 &
HOEERE € v 2 (HAf 1) 2 EMRAAHR 2 (2B E LT
Waak, O b, Aok I XTERD
YCpL 2 nfi#faz 5T 52 b, CORANL Y
Fevaf=vro@fBclsyasl e lliLz. Ku
ZE1H12 DNA RKEHICHEAT AHEERF > b, 2O
EAE, DNAKSRL2BEI VLI LICE Ty
Feoaf=r ZRREIETWIIEEZLND,
X piz, HAf 1 EQ EHAEMERAT2HRFLLTRIZELR
Sir4 BEE=, SirdER L & L@ Sir24A & Sir3
EALER, R Va A= ICBET 52 L AW
& 2 - 72 (Tsukamoto et al., 1997b). Hdf 1 &A
A%, Sir2, Sir3, B LU SIrd EARE R F v L EAKE
B LTTFaX PHEML Y2 ELEEI (AL
Iy MNEEET S L, DNADUIR 22T & &
Hdf1 E@aronsH 4 vy 7R+ & & 512 DNA
Fir AFLL, =R Va2 72 BEIETH

W RE M AT 2 5 L A (Fig.5; Tsukamoto and
Ikeda, 1998). L& L%&H s, ALy v Z7RFOKR
iz onTl, 4LV ey CRFPEARRERET
ORBEAIFITEZ LIk > TR F - VaAg
=275 LT w5 &) Bi(Astrom et al., 1999 ;
J. Harber, #M2) b 0, B, RETHTH 2.

%72, KIBH RecQ ZEHE, ZOBERER I TH
% Sgs1EHD T/, IAHFEMMIBZ 2HHIL T w52
b7z (Yamagata et al., 1998). FiZd~<7z L5
12, 7 = L —REERERR 7V — LGERRE O R RE(E T (£
nFEN WRN, 8 LU BLM) DiEYE RecQ RE 0 7%
DT, FNFNH Sgs 1 EANRK DN 2B & /7L 0EHED
BREEL72L 25, sgsl EETEBIEL, £ofb) i
FAERIY WRN, B L0 BLM &5 FE#fA LT
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(a)

(b)

(c)

(d)

Fig.5 A putative model for DNA end-joining (Tsukamoto et al., 1997b ; Tsukamoto and Ikeda, 1998).
Hdf1 protein and Ku80 homologue bind to broken DNA ends (b) and then recruite silencing
factors (c), resulting in formation of heterochromatin-like structure, which is necessary for

rejoining of the DNA ends (d).

i3, SFAEFERIIRZ DBEIX ER- Lar o7, Lichi-
T, WRN&HAXR BLM EAHIEAHRA#HER 2 % #05) L
TWE I EDMLPITHh 572, 7 2 VF — RS T
— LRI BB OMINE TIZ, Ytk RN E M Ho LR
INdY, ZNREKIZT WRN EZEG% BLM A 0## 2
MHBRED RIBIZH 5 B2 b5,

¥ B

RNGHCEERE e &, Bl 2R & LT, B
0, o WCELENFEEZHV22 212k Y, JEER
MR Z D FHRBO—IREHLPICT B EHTE
2. ZORRELT, EMZBWTEEIN L YRR
FOREMBEHMT 2 L0 mREE L), DwTitt
P OBIETIRBRMAL, BILE Vo Bk RIS %
Tx b, Rz DA L 72 IR AR 2 0 2 TR 12
FVMRT LI ENTEB L) T ST,

LD DT, LEPRMLERENZ L RIZL)H
BIN D IEMFIMIE 2 DI, folf, BEEZ-T
WAHBIEERICL AL FORBEMRT 5 2 THEEL
%HTHA.
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