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A unified understanding of replication error correction and antirecombination
mediated by the mismatch repair system
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The mismatch repair system not only increases the replication fidelity by
correcting replication errors but also improves the recombination fidelity by preventing
illegitimate recombination. To study how these reactions are branched and how illegitimate
recombination is inhibited, we established an in vitro model system that recapitulates the
inhibition of recombination between divergent sequences. We induced single-strand annealing repair
of DNA double-strand breaks by adding DNA substrates into nucleoplasmic extracts of Xenopus eggs and

found that sequence divergence between the annealing units significantly reduces the annealing
reaction. We also found that the mismatch-recognition complex and a RecQ-family helicase prevent
annealing of divergent sequences. This system will be useful to study the recombination
intermediates and factors that are involved in the inhibition of illegitimate recombination.

DNA



¥ X C—19, F—-19—1, Z—19.

1. WFEBRAE SO &

(1) I 2~ v FEHE MR) 1%, DNA A~ F—
ZEE L CEIEEHROERIERME 25D 5
DNA EERK CTH D, mFEWIZBVTIEZE
RO EHDMEROREN NCERET 57
B, MR FEAEIXEE BB AMHIRE L H
%o MMR 1 DNA k= 7 — DIEITIN ., FE
9% D3 A — T 72 WEHI T OFR [FMER AR
B\EMEIT 2720 bERET 5, ZDHA.
¥A{2L DNA [ OSHAHAIZ L » T A~ » FHEE
Xt (~7 v ZEHEH) BEL, TOI ATy T
FEXE R 2 2 3H TR E R D EE D
NTW5D, ZORISIEH M8 X2 KR
(antirecombination) & L CHEIGIL, /N7 T
UT7hbe NETREFESNTWD, Jril#ix
B, DNA ARk 7 —EHE L AT L GEB
RO EMFFICHEE 2 &E 2R,
(George et al., 2012, Jiricny, 2013)

) MR BT BIT D I A~ v FIREDEEIL.

Ay TFRvUY—THD MutS EEKEN
A~y FHIEZR@E, a3 52 & CTHtGT
7. KIS TlE, MutS @ T T MutL A 1K,
UvrD Y I —Be EpE L T2 7 — %25
DNA %15, F-PUH 2 KIS IC b (A
Uty hOKF., MutS, MutL. UvrD 23#HE

DENHOND,

(3) B TIE., MutS AEu 2 ThDH MutS
aBLUOMIS B D oD I 2~ v FRHBHEL
AR5 MR #RBKIZHEBET 5, DNA A= F — D
EERETIE, MutSa (F721FEMutSB) OF
MTMutLa=> X7 L7 —1 Exol =%
X7 LT —EEREL, =T —% & T DNA 85
ERET D, KGEERLRY BEEAY T
Z DIBEFEIZ DNA ~ U B —F¥ DOELIISNE TR
VW, —HTHHREZ SOSIZB N TIE, oD
MutS R"E 1 FJHEEIERO FHE T RecQ A~ 5
—EMERE L. HERIECS M C OAR R AT
EEZMEIT 5 L& 2 5TV 5 (Sugawara
et al., 2004), b MHEMEIL 5D RecQ F=E
a7~ —EBaEEON, ENNHRIR X
FZAERET 2 0T FE AR S L TU R0,

(4) BEEAEMIZBW T, DNA kT 7 — (BT
B 7R IR & UL 2 S T B 2R K] -
MutS ARERr ZUANTRRS Z EIX, T72D5
TODOKISERK S MutS RE B Z O T TS
I35 Z L 2EET 5, ZOnBHEREIL. MR
DD D —ODOKEOHIEEETHY . —o
DEISENETNOFIBRITIELS b o> T 5
THAHI, LIRS, ZOHIERED X
HIRA T = AL TEERM S D IOV T,
T LA ESGho TRV, F7-, Bz X
S ED LD 7 BUGKHERE 2 R CTHERET 200 b
K< o TR, FUll# x SO O FRERE
WHEILRITMNY. L CBH7, T ki —»
DEE2MENIER L TR WEEAD—>T
H5,

2. WD B
() ZNnbOEEZRE 2 AT TIEHTL
Z OGS OENEFFE 35 L OFURHH % 5 & DNA

CK—19 (dtm)

BT T — B O I HERE OfiFIA 2 B 45 L7z,
(2) BARMIZIE, F 3 huki i 2 BSOS 2 3B N
TET /ML L, ST RECE G35 K10
AT ZAREL T D L HELE LT,

(3)DNA &l 7 —EH BOUG OFRERE N B BLR
WEREICHEN . SN TR Y, AFEE S LA IS
INEFHRTLHBRENREBRELTH D,
& ZCIRIZ, DNA &Rk 7 —(E1E & Pukiii 2
St % RO A RE/R RS L, vk
FWT Z oD IE DO I 2 B & 0023 5
ZEEHERLE

3. WFgED ik

(1) 7 A H VIO IR (NPE) 13, 75k
BEHNTHE L DNA AECBE 2 BT 5%
BRZTdh D, ZIETIT, NPE F CHEFFEHL 2
[K¥ Rad51 |\ ZAKAFE L7 ARIEEHA . AN = 5 =
EEMEINTWS (Long et al., 2011),
% Z CAMIZETIL NPE (ICHIPREESE CHIk L7
DNA FEE &Iz, FREMERIFREE O EBRE
WET WL ZE R AT,

4. HFIERE

(1) ZE LB B O FH RN AR T OB 1E % 3 BR A
NERTDH-ODETILHRE LT, AFET
LA =—1U 7 (SSA) #E#&IZ X 5 DNA
T EHYIWHEEIZER L7z, SSA X DNA THE
SHYIWTEAT 2 Bl A C RN A [R] RESE S AT T
DA S < FHEMERIFREER K TH
0 . DNA K DHE| 0 iAZ, MR DT =—
7 DNA R atws oS48 —
NI ESTHETTS (BF K1), SSAD
R Z PEMIT Y ©— MY &2 — DLl B D 72
b, AV PFd DNA ERGITXKBIFRETH
Do Fio, KGR N HE P HEAM CTH D 720D,
RO LA S ThDH EEZ BN, =
TNz, HEFEEREO BARSFAIFRNT 72 5, SSA
R 5 DNA EESHUIEHEE 1, FH R s
MBS DOEWDIFIET D86, MR BREIC
LMl EZ T H2FELRINTVD,
(2)SSAZHILT B0 K117 X 912420
bp OARFIFEI A2 Fi /-7~ 77 2 3 F DNA K0E
PER LT, Zhxd Y B — LTIl L T
NPE 2Nz, —ERFH A > % =2 — | L7zf&,
[ L C A7 VEBERIKENT L 0 fiflT L7 R a
X 2 1279, 8 L 7= DNA — E GBI,
FERERImAE A (NHE]) BEOVSSA 2L~ T
BEINDZ ENRPI/FEIND, EEEIZ, NHEJ
EMEEDND, bEDTTAIRFERUK
X S OFEMIIRS GRS Tz, 51T, SSA
FEMEEND, bEDODTTAI FEELD
H/NE U DNA PEM ARG & I FE L C
WL ERTFBIEL S LT, TNUD DFEMITINZ .
STTO NHE] 50T SSA Ik 5 & Eb
N5HLEMR DNA BB, 2 b DFEY
D DB, EXLSNHE] EW)TH Y E ALY SSA FE
WTHDLINEERNTDHERT, Y LSS
ZHIREERIC I VIR L CHAT LT 2 A,
NHE]J & SSA PEM & E L. HEMEEOBREFE
fb&iB 5 Z LN TE 7=, NHEJ (3 DNA —H#HY)



WHEE OF —RINRE E B2 6Ty, I
WICHWKIETHDZ ERmbend, Zik
SIS Ly NPE IZBWTH 5 23 LA OFO B
/5 NHE] EEM DM ZL S 7=, — 75 T SSA W)
OZEMIT 20 ENLBHEE-TEY ., SSA X
NHEJ IZHEARTBWKISTH B Z &R EInT-,
(ALY s E DA D & NHE] PE
W0t SSA FEMIDO T IMEBATH D Z & AN,
HHLL PO BT, 16> T, SSA = E2D
EEREE &3 D HREMEREREE ORBRE N
HHLREMNLT D2 LN TET,

EcoRV

420 bp 420 bp
3229 bp

2800 bp

X 1:SSAZHIEHT 578D DNA £H

Size marker

& in NPE
o

0 5 10 20 30 40 60 120 240 min

e —

Multimers

(o) mew
| -1
-
Y -
Y - es e e — Linear

- e w wa—C=2=>> NHEJ
- —-c=>> ssA

B 2:NPE G2 2% SSA Rt

Q) ROEEARMEIL, 7T A2 3 ROAA[EHEE
MIZECANOENEZ B A L725A. SSA X ED
Y ONREBEEZ T ENTHoT-, TR
D2, I LESO—HFIZ, # 4% L)
%@%E%ﬁﬁbt;mmm%@%LrWE
WMz 72 & 2 A, SSA PEMDNAZE Y95
TSIl EBIT, SSA DENE DTSN
T/ SSAFEMD AN RELSBENTED,
BWERECII7T =—V 7k s b s
DNA Wrh bl ans, 7=—V 7iZx7
DHEBIX, SWDEIHINE R A E N LT J7 N

WCREDo 1o, SWEREZ LT DEBROIE
UL L BT,
(4)H L WR HRENHEET S5 Z & TrTr
HEM D SSA BHEINS DL MR K1
ZBRE L NPE IZBWTIE~T 1 ZEHEM O
SSA MEET AT THD, ZhnEflbl
D, fEE 72D WR K THDH, MutS HEIERD
IR EET T, BEZEYO MutS RER 7
1Z1E MutS o (Msh2-Msh6) 33 X O MutS 8 (Msh2-
Msh3) D —>DHEA %hﬁﬁ#&ﬁxﬁﬁ g
OBMER LT EOSEAIT—EEI A~y T
NEL D0 \~ﬁ% A<y T BRI
wuﬁ‘é—%) MutS o 75‘3571 ntuﬁ%g {jgg: LT%
BET B & TSN, £ T, Msh6 IZxt79 2%
#%%mwfmﬁa@ &K% NPE 2B REL
7oL Z A, ~Tu HHEMITO SSA 23, FEY)
DL 7o, FEMERD % A X v 7 3
FZZEE L, 512, XFam (TR E
B HAE 2 A CTERR L 72 fiH 2 MutS o A
KERINCR L= Z A, ~T u EHHW O
SSA SFREEMHI STz, T HDOFERIT, NPE
el SNz ~T o ZHEHHHM O SSA 13,
MutS o OFEREIZ L > THIfl S5 FE R LT
Wb, REBRICL - T, HEESIM O FREM:
IRAFRETE 2 MWMR #EAE 92 s (Bui
a2z SO & HEL 5 RS NSRS ENL LT,
(5) HEFEERE TlE RecQ Z A T~V H—ETH
% Sgsl ~VU B —ENPUl#E 2 SO IZHERE
HENRE I TV A (Sugawara et al.,
2004), Y A H )L TIE RecQl 75 RecQb £ T
D5 DD RecQBRETITNIFEL, FDHHD
RecQl, RecQ2 (Bloom). RecQ3 (Werner) (Z-D
WTIE, B MZBWT MutSa & FHAEERTS
T ENHEEINTWS (Pedrazzi et al.,
2003, Doherty et al., 2005, Saydam et al.,
2007), ZNHDIERNG, Y AT L TH B
O BT, HDWITEED RecQ ~V
H—E NP SOGEH D Z E R TR S
7o £ TINDDORTFATKT BHUR % VER
L. EREICLI->TAT éﬁﬁ@sm
WX DELFT L A, BEREI
S THHR X S ZE R D E— Oﬂmbto
HBILE, oD RecQ ~ U B —F T oW THER & itk
w&&@ﬁm\ﬁ@z&/ﬂ7 g2 R L T
RLERZITO LT, RELIEAY —F
PP Z SO 2 ) Z & AFFBH L L 5 LT
W5,

2 B AN

Doherty, K. M., Sharma, S., Uzdilla, L. A., Wilson, T. M., Cui,
S., Vindigni, A, & Brosh, R. M. (2005). RECQ1 helicase
interacts with human mismatch repair factors that regulate
genetic recombination. The Journal of Biological Chemistry,
280(30),28085-28094.

George, C. M., & Alani, E. (2012). Multiple cellular
mechanisms prevent chromosomal rearrangements involving
repetitive DNA. Critical Reviews in Biochemistry and
Molecular Biology,47(3),297-313.

Jiricny, J. (2013). Postreplicative Mismatch Repair. Cold
Spring Harbor Perspectives in Biology, 5(4),a012633—



a012633.

Long,D.T.,Réschle, M., Joukov, V., & Walter,J. C. (2011).
Mechanism of RAD51-Dependent DNA Interstrand Cross-
Link Repair. Science, 333(6038), 84-87.

Saydam, N., Kanagaraj, R., Dietschy, T., Garcia, P. L., Pefia-
Diaz,J., Shevelev, ., et al. (2007). Physical and functional
interactions between Werner syndrome helicase and mismatch-
repair initiation factors. Nucleic Acids Research,35(17),
5706-5716.

Sugawara, N., Goldfarb, T., Studamire, B., Alani, E., & Haber,
J. E. (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(25),
9315-9320.

Pedrazzi, G., Bachrati, C.Z., Selak, N., Studer, 1., Petkovic,
M., Hickson, I. D., et al. (2003). The Bloom's syndrome
helicase interacts directly with the human DNA mismatch
repair protein hMSH6. Biological Chemistry, 384(8), 1155—
1164.

5. ERRIEGHIE
(WFFeA R WFges s R OV 728 1
=Y

CMEREamsC) GG 6 )
(ETHBEDHD)

(D Nucleosomes around a mismatched base
pair are excluded via an Msh2-dependent
reaction with the aid of SNF2-family
ATPase Smarcadl.

Terui R, Nagao K, Kawasoe Y, Taki K,
Higashi TL, Tanaka S, Nakagawa T, Obuse
C, Masukata H, Takahashi TS

Genes Dev. in press

@ Regulation of mitotic recombination
between DNA repeats in centromeres

Zafar F, Okita AK, Onaka AT, Su ],
Katahira Y, Nakayama JI, Takahashi TS,
Masukata H, Nakagawa T

Nucleic Acids Kes., 45, 11222-11235, 2017

@ Sensing and processing of  DNA
interstrand crosslinks by the mismatch
repair pathway

Kato N, Kawasoe Y, Williams H, Coates E,
Roy U, Shi Y, Beese LS, Schirer 0D, Yan
H, Gottesman ME, Takahashi TS, Gautier J
Cell rep., 21, 1375-1385, 2017

@ Radbl and Radb4 promote noncrossover
recombination between centromere repeats
on the same chromatid to prevent
isochromosome formation.

Onaka AT, Toyofuku N, Inoue T, Okita AK,

Sagawa M, Su J, Shitanda T, Matsuyama R,
Zafar F, Takahashi TS, Masukata H,
Nakagawa T

Nucleic Acids Res., 44, 10744-10757, 2017

(® PCNA retention on DNA into G2/M phase
causes genome 1instability in cells
lacking Elgl.

Johnson C, Gali VK, Takahashi TS, Kubota
T, Cell reports

Cell Rep., 16, 684-695, 2016

® MutSa maintains the mismatch repair
capability by inhibiting PCNA unloading.
Kawasoe Y, Tsurimoto T, Nakagawa T,
Masukata H, Takahashi TS

elLife, 5, elblb5, 2016

(3R] Gt 7 )

O HF 35 EYILT —7 2 a v 7«5 16 [l
B S 27 AR

SRR H 1| [ OFF R MR AFRORR IR 2 2 3045
SR O FRERAE N T8

e i A

201712 H 20 B EaEEES

© 2017 FFEA MBI R T2 REFERKRS

In vitro analysis of the mismatch-repair-—
dependent anti-recombination reaction

e s 2 AL
2017512 A 7T R T AR A T

® The 6th US—Japan DNA Repair Meeting
An in vitro model system for functional
interaction of mismatch vrepair with
chromatin assembly and homology—directed
repair

e i 2 AL

201745 H 17 H Berkeley, CA, USA

@ %34 YR — 7 g v 75 15 Al
B A S 27 AR

R A FHEBEIF e ~T v " ESHRIE N
s DFRERE NFRHT 2 A~ FHAEERIEH) 72~
7 v B HARTE S OFRERE N EAT

A AR

20174F 1 A 12 B THERARE T
® 39 [v] H Ay AW FRTR

In vitro analysis of interplay between
chromatin replication, homology—directed
repair, and mismatch repair

e i 2 AL

2016 4F- 12 H 2 B 7)1 AR T

® The 10th 3R symposium
Interplay between DNA synthesis
chromatin assembly, and mismatch repair

RS



2016 4E 11 A 17 H  BREMRITH

(@ At the Intersection of DNA Replication
and Genome Maintenance: from Mechanisms

to Therapy
Chromatin remodeling

mismatches
e i EE A
2016 4E6 H 30 H Trieste, Italy

(ME] G 0 1)
(P PEME)
Otk Gt 0 )

Py
FEHFE
HEFIFE -
TEEH -

FHE
HFEFH B
ENF DR -

Ok Gt 0 )

Py
FEHFE
HEFIFE -
T -

FHE
BASHA A
ENF DR -

(Z Dfh)
R B— U
http://www. biology. kyushu—
u. ac. jp/" chromosome/top. html

6. WA

(D) WFgeRE

=& RS (Takahashi, Tatsuro)
JUMN KA - BREEAIFSERE - HESOR
ffFge &5« 50452420

@) WHFEsr 3
( )

WMREE S

(3) HEERFFEH
( )

MREE S
(4) WF5etn 1174

facilitates
eukaryotic mismatch repair by promoting
the displacement of nucleosomes around

i
W
i
EF

LE2A
4f
¥

g8l

*
#
it

—~ o~ o~ —~

Oda, Satomi)
Kawasoe, Yoshitaka)
Sakazume, Aya)
Terui, Riki)



