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Unraveling the mechanisms that ensure the fidelity of homologous recombination
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The mismatch repair (MMR) system protects genetic information by handling mispairs arising from DNA
replication errors and homology-directed repair between divergent sequences. Replication errors are corrected by the
MMR system in a strand-specific manner to restore original genetic information. In contrast, homologous recombination
between divergent sequences is rejected through the unwinding of recombination intermediates. Genetic studies in yeast
have shown that this process, called antirecombination or heteroduplex rejection, depends on the Msh2—Msh6 (MutSa)
mismatch recognition complex and the RecQ homolog DNA helicase Sgsl. However, the mechanistic detail of
antirecombination remains still ambiguous, especially in vertebrates, partly due to the lack of biochemical model systems.

In this study, we set up a single-strand annealing (SSA) model system in Xenopus egg extracts and found that
sequence divergence between two repeating units significantly delays the annealing reaction and reduces the efficiency of
SSA. Immunodepletion experiments showed that this reduction of SSA is mediated by MutSa and the Werner helicase.
MutSa and the Werner helicase were also important for the fidelity of SSA. In addition, we found that the MutLa
endonuclease, which plays a critical role in replication error correction, counteracts the Werner helicase during
antirecombination. These data suggest that MutSa activates the Werner helicase during divergent SSA to improve the
selectivity of recombination pairs and a balance between MutLa and the Werner helicase regulates the fidelity of SSA in

Xenopus egg extracts.

HREM

FEFIRASE 2 13 DNA —EHSHUIWREGE 2 BRI 2 HE
272 DNA BHERE TH Y | £ OBERBITHTE X B R
(Z X D HRSERROSITEAFT 5, —F T, FicH
MRRE D XD T2 ) DY A ADOREWNEYD T )
LT, 2EOBELESNDFET S, HEESIM O
FRIFAEIR Z 13T 7 D OHR, N EERE BT b7
D AEWTFRLIEA IR O R [FFRHEL 2 2 6l 5 A
= A LTS ETE T,

RS OFRE AL 2 #lE, 30 AL RTINS
77 U7 TH A Sz (Rayssiguier et al., Nature,
1989), #3277 U 7 CiX DNA G DR Y ZEHT 5
I A= v FEHE (MMR) [K1-#E (MutS, MutL, UvrD,
MutH) D4 TH3, FLIEH M OFF [EHLHR 2 S

HET 5 (Rayssiguier etal., Nature, 1989 72 &), HHBRE
N2 &I, MMR ¥ A7 A5 DNA SRLDFE Y 518
FTOBRCIEI A~ v FHRIEEEH] > THAKT 2 DI
*F L. FEEIE S O AR 2 2 306 25 BRI,
A~y FHEE GO PREZHI D AT DT
W72 < BI&EFN L, 1E LWFARISE O FEEETR & T BE
THEBEZLNLTWD, T O IE, anti-
recombination (FUfHHL X &) & L < I heteroduplex
rejection (7 = “HEHS [ E S LS) LTS
D AR TIPSR A SIS THR—7T %, Tk, B
BAPNCE N TEH, MMR KT ITKAF L7 i
FOS33 B & 7= (Datta et al., Mol Cell Biol, 1996 7
E) o BEAMICRT 5 ZORE 0/ A =7 1%, Jim
Haber (Brandeise Univ) . Eric Alani (Cornel Univ). Sue



Jinks-Robertson (Duke Univ) . Richard Kolodner (UCSD)

HTHY . FEIT 1990 FAREED S 2000 FARATHC
DT CEEARMER IR, BRENC &2, %
SO D . B4 TIE, DNA ARUICHED T A
~ v FHRIEOBEIE &L Gkl 2 ROSIE, RE<ERD
R FREARAF T D 2 £ Ry nh-> T&E 7= (Sugawara et
al., PNAS, 2004 72 &), BARAJIZIZ, BEEADIZE D
T DNA GROFRY Z1EH T 5 MMR KB 1%
MutS oo . MutL o, Exol, PCNA 72 X' C &; VSV 71 i)
¥z BOSIZIE Exol =2 PCNA OFE L (TITITEL
NMLa@%51\£%ﬁ_%WT¢6#Mm&x;
D H/hSV, F IR OHU# X SURIE, RecQ
T7IV =~V I—ETHD Sgsl ~U1—EE
L5, ZDOKFIE DNA ARORE Y DEEIC
FARETHD, ZNDHOEFET, BEEEMICBITD
I RAv y FEIEOEE LUz JOGIE, ThEh
KRELSBRADFAD=ZALZ L > TERBEIEND =
L ERIET D,

N7 T T Oz =5 —HEIC W TR
7o o CREVE N R S (Tham et al., Mol
Cell, 2013), MutS & MutL 23##a x FRIAICHEA L
TLENT S, UuD ~ U I —E RN Z R EIE
TREDETAPRIN TS, L LATRO X
NI T VT L EEY TIIEET 2R FREDN K
L RS TEY SUSHERE S K& < B2 5 ATRetE
DE, FFIC MutL o OFGITIEEAEM T/ha <,
ZORTRI TV T OET NVEBEEAWICEAT 5
ZEIFEE L, BN TOME— O AALEMRTIX
¥ MutS « 72 D-loop #EIEH D I A~ v F & ik E&T
x5 L THD (Honda et al.,, PNAS, 2014), Z D L

(ZARGT B D AL FRIET I ZIE R I SL BRI TN D
N, X7 T YT O/F%E (Tham et al., Mol Cell, 2013)
DR K DI, BT RRERAE NSRSy TR BR AR O
7v~7zw~a&é&%ﬁéﬂé

Tex OFTRETIX, ¥ AT VIIORE Tk
(NPE) % &7 /L %2, MMR it % & Tekf 4 72 DNA
AZRY X LB G & SR N CTHEL, f#T LT
X7z, ARBFZETIE, Fox 230N L2 AL R BLR
ZHAWT, THEEMW OPHRIRZ BUSD 5 F A =X
LT LT TS5,

R AR
AV OFRFASR RIS, RIGEA =X LR
PERIDIEND B WL ODH T L OB ER

BB THZENTED, 20OH95HLO—>, —K
$H7 =— VU 7 #& (Single-strand annealing, SSA) 13,
Z T BT A TEARRSEI O HIIC DNA (B EH T
5 (DSB) A UBRIZIEE G RETH D | Filifk
2RI X HHEEERMO T =—V v 7&K T,
H%W@ﬂf~@ﬁ~oﬁokF%%éuéoz@
P& (2 A AT VIR E R A VTR
ﬁéﬁﬁﬁéﬂfné(%maMJcmBmzmﬂ

Z ZTAMZETIE, SSA LA ET VRIC, i
2ﬁm@ﬁ%§W%Tka\_n%%wtﬁ%%
MO Z B L7,

FIHA UL, 420 bp OFERIFEELZ » 7 AR
7T A RDNA 2L, 2z MW T SSA O
Blaak iz, HiIREESR 2 IV CRIREISEIR O [ 2 BT
L. ZHENPEIZMXToE 2 A, 40%FEEDFEMIC
BWT, MEIMFEEA 2 28— b 1 a2 — (2 L
TWe, —J5C. MIFSEE O SME % BIEF L C NPE (2
MZ7=bOTiE, Z OMEIFEEI D Lo EwiTae
SBIZEINR Doz, TRHORRNDG, REERR

IZBWTRBLEE SRR O = B — 3 b LT
@%i\$Aﬁ%;ioT$LtE%f%é&%z
ST, LB, Z DFEW & SSATFEM & L THD 9,

WIZHE~ X, 2 a8 —OHAFEEDO S B, 13t
— OHIEES A2 2 . FFEIMEZE 96%3 LT 92%F T
RN S HEZER LTz, 2 EMIRFEEOM T
Gl L CNPEIZIN 2 72 & 2 A FREHEDIR FIZ 0,
SSA FEMIDZFE LW DR ST, 51T, NPE
MHIA TP —ThHsD MutS a & aEkrE
L7=E 25, 96%B LT 92%D kRN 2> RE IS
BWTH, BHE R SSA FEMABIZ LT-, 2D DOff
Bid, AAFZETHESE L 7= SSA EBGRIT, FRRIBCSIM
OFREME, 3 LT MutS o 12 L 5l 2521 552 R
R

Fex T 6z, FHEELAIH SSA O 245 O [+
%W?Lkomﬁﬁﬁ’ﬁwTiIMQ77:U~
DO~V —BTH D Sgsl MNPURAHLZ ST MZE T
HLENREIN TS (Sugawara etal., PNAS, 2004) ,
FHEEMWI BN TIZSFED RecQ 77 I U—~U 7
—ERHOEND, 2D HDNL DMNIT OV THRR
HIHURDVERL 27 7x, NPE 7 B5afEkRE 217> THL
FEH 2 S~ DB % ~T- & Z A, Werner (Recq3)
DEFEREIC L - T, Pl 2 IEmENE L <4
BT EWNGy o T, Werner X~V 1 —EOEMIZN
2. TXYX 7 LT —POEELEOEAIEETH



5, EmMila SO & AW THEL, KR L 72 Werner ¥
VRYEIE, Werner DIEFREIC K D HUkH 2 T5 M
DIE T A AHETH > 7-, Tz FVTHRH 2
TEPEIC LB Werner DAL ZRAGIEMEZ G L7z &
Z A, X7 LT —E/KIE Werner IZHUAHL 2 TH M A 4R
L TW=olzxt L, ~VU I —EXKH#E Werner IZHi#H
Wz IEIE 2 52Tk > TV, 2D OFfERIE, SSA
ZET VR E LUl 2 SUSIE, MutS o OIEHEIC
Mz T Werner O~V h—ViEMEEVEL AL
oY, AU, Fex IXERRDOFER S DNA
BAHRORY ZEET HHETTHDH MutLa =2 KX
7 L7 —EBIXSSA Z#FE & U7 P 2 SOSICAE
ThorZ LbRWELT,

Fex T & bz, “FEEO DNA EE A
% LT, IEf#7e SSA & RIEfEZR SSA & 77, Hih
S, SSA DOIEfEME WAL 2 FEBR A LT,
ZDOEBREHANT MutS o, MutL o, Werner 73 1E

Te72 SSA X7 OFBNC R I-THKEN EMat LT 2 A,

FALE —F L. MutS « . Werner D5J%ERZ=1% SSA D
EMEEZE LS T ENghote, & AN,
BLERVRN 2 &2 MutL o ORE R 21T SSA O EfErE
Z.OTHTEHLIN, L LAN ESE, S56IZ,
Werner OFHHL 2 &% /327 & % NPE |ZIWFEIZINZ 5
& SSA DIEfEMENH BT A Z L b ahol, T
D OFERIT, MutSa O TR TEI< L& 265 =D
DHFEF, MutL o & Werner 78, HUfH#L 2 s loxt LT
HT2EREZFF>Z &, BLXO, 20X~ IH
BEDNRT VAKX DI LT, SSA OIEHENE%
ERRECTH D Z & ZoRT,

R

Fex ORFFRIZ Lo T, ERAEMOGURLEL X k%
FBLT 2 AL FER RN, R TYIO TR S
Teo N7 T VT OBSET HRBRENET VRO
(2 &K o THHMHR R SUS D53 A T1 = X LB R &
< Fii L 72 (Tham et al., Mol Cell, 2013) , AFEERR 1L,
BEREW), B REEIIZ 1 D TR RS D4y
F AN = XL SRENLDZ E RIS LD,
AMTRIZE T, ZhFEFTELS Do TRk
7o FHEENM OHURLI 2 SUS OBEEE N 532> TE T2,
Ay TR —THD MutS a ix, HIERERE L (A
FRICHUR X SOSICMB TH T2, £z, THEEY
DS5FED RecQ 77 IV —~VA—BDI L, D
< &% Werner I SSA % 3VE & 3 A Huk#L 2 SIS

WIHETHD Z LNy ol D 4FED RecQ 7 7
RV =AU I —EOFHIZONWTTBED L Z AR
B CdH 5753, Werner O BIMERENZ X - THUHHHL 2 X
JERKRE RIS Z BB 2 T MO RecQ ~
U 1—E7D Werer & Wil L CTHUREL X SOUSITE) <
AREMEIX SN TV D O D, 5N EAM
THUHL X SOSIZ A TH D rTREMEIRIZIE 2V, T
EEBRNOIX, b9 — 2D FH 7 RecQ ~U I —
B CToH % Bloom (22D Tld, DSB KimDH| Y IAIZ
W THDZ ENy-oTW5D, Bloom ZFRET D
& DSB HI D IAZ D T THAET % SSA bIHEF S L
%72, Bloom DSHURHAE 2 SGIZRT= T RENZDOU
TR CTEAehoTe, ZORITSHOBETH S,

AR TIE, S OICHEBFHOREEZIRGT 52
& TIEfE7: SSA & RNIEMEZR SSA A S, SSA
DIEMEEZ RFES 2 FEBRZME L 72, T OEHR
IR TREITEN TR Y DT 2%DFARIPEDIX
TTH-TH, THITKD SSA DA T A% fpid
HZEMARETH T, ZOREHNT, Fxid,
Werner & MutL a 73 Z 3L Z PR 2 S OEE,
WHNITT=H L EEZ DD F LR LT, MutL «
EI Ay FHEEDEEIEH OITR L, frfliiz
PORIE R A=y FRIEDEEZFRIFNICHEE L
WEFHEEI TS (Sugawara et al., PNAS, 2004),
L7235 T, MutSa @ Rt TI A~ v FEEG &
POl 2 BOGH I U, S iiny 722 BfRIC
bHLBEZDE, BIEHRE O EHHTHZ LN
T&E 5, D DOREEOFEHRIMRIL, iz
BB OFEREIRAHE 2 N B FF SRRV DITHRE L,
BB ZHN TR R AR TOI A~y F 2 Ete
M ZDRME L SIND Z L EXIET 2000 LiL7Zen,
A% ORI X0 . FHIERLR 2 O IEREME & EARMEA
BT DA A 1 = X AORFDB BN D &
FIhd,

Bk

Datta A, Adjiri A, New L, Crouse GF, Robertson SJ. 1996.
Mitotic crossovers between diverged sequences are
regulated by mismatch repair proteins in
Saccaromyces cerevisiac. Mol Cell Biol 16: 1085—
1093.

Honda M, Okuno Y, Hengel SR, Martin-Lopez JV, Cook
CP, Amunugama R, Soukup RJ, Subramanyam S,

Fishel R, Spies M. 2014. Mismatch repair protein



hMSH2-hMSH6 recognizes mismatches and forms
sliding clamps within a D-loop recombination
intermediate. Proc National Acad Sci 111: E316-E325.

Rayssiguier C, Thaler DS, Radman M. 1989. The barrier

to recombination between Escherichia coli and
Salmonella typhimurium is disrupted in mismatch-
repair mutants. Nature 342: 396-401.

Sugawara N, Goldfarb T, Studamire B, Alani E, Haber JE.

2004. Heteroduplex rejection during single-strand
annealing requires Sgs1 helicase and mismatch repair
proteins Msh2 and Msh6 but not Pms1. Proceedings of
the National Academy of Sciences of the United States
of America 101: 9315-9320.

Tham K-C, Hermans N, Winterwerp HHK, Cox MM,

Wyman C, Kanaar R, Lebbink JHG. 2013. Mismatch

repair inhibits homeologous recombination via

coordinated directional unwinding of trapped DNA
structures. Molecular Cell 51: 326-337.

Yan H, McCane J, Toczylowski T, Chen C. 2005. Analysis

of the Xenopus Werner syndrome protein in DNA
double-strand break repair. The Journal of Cell Biology
171: 217-227.

WMEDHE
BTER T

1.

Takahashi T, Regulation of the fidelity of homology-
directed repair in Xenopus egg extracts., The 11th
quinquennial conference on DNA repair, Egmond aan
Zee, The Netherland, 3/28/2022 (Invited)

&Rl Regulation of the fidelity of homology-
directed repair in Xenopus egg extracts., [E &5
WEZEAT - WPJEse s T EHERIIER ), &
i) U = 557, 7/4/2022 (Invited)

Takahashi T, The mechanism of a chromatin-
remodeling reaction associated with replication error
correction., Chromosome Replication in the New Era
- Old and New Questions in Life Science -, Mishima,
Shizuoka, Japan, 11/11/2022 (Invited)

= A% 3 B, The mechanism of a chromatin-
remodeling reaction associated with replication error
correction., 5 45 [8] H K5y FAEW)FRFR, TEHE
W2, 12/1/2022



