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Mechanisms underlying the spatiotemporal activation of separase
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The two key events underlying chromosome segregation are the removal of cohesion
between sister chromatids and the subsequent poleward movement of disjoined sisters. How cells coordinate
these two processes is_not well understood. We aimed to address this question, by setting out a probe for
separase activity in living cells. Our probe found that separase undergoes an abrupt activation shortly
before anaphase onset, specifically in the vicinity of chromosomes. This activation profile depends on
securin, to inhibit separase®s protease activity and target it to chromosomes. We surprisingly found
that, subsequent to its proteolytic activation, separase then binds to and inhibits a subsert of cyclin
B1-Cdkl, which antagonizes Cdkl-mediated phosphorylation on chromosomes and facilitates poleward movement
of sisters in anaphase. Therefore, separase coordinates two key processes to achieve simultaneous and
abrupt separation of sister chromatids.



B X C—19, F—19,.

1. WFZEBse S0 5

(1) MERIX 2 BR U, B L - et ff e —
ﬁb\%h%ﬁﬁW@ﬁt%%Kiofio
DRSBTS D, ZO—BDOT v 2Dy
TA~ w7 A%, PHIFRE T AT YR
2 TV o F WD) WARIZ A > CTEj X .,
yBEOBR) T D, &AM, YRR
FEHRICOBET 2 BRI BTN D

HLOD, DRI DWW TEIERND
AT L&D & LIz U<, BB
ZRDTNWDEA D= ALDER, E5I1TIT
Yeta R BED R Z 2 AW FRE

IARHTH -T2,

(2) PERSEORIL, 2D 1 54 TRE
SHEE L, 2000 iR, MY 7 migicE
LCWo Bl D, Fric, ik
DfEGHEH ) 2 —v A W KOO =
t—v a7 7T —EThDLE
NU—ZADRREREE LT, THUNE &)
FURDFER KR T = » 7 R A > MigbR
% LR+ APC/C OIFEMHAL—>EF 2 U
VO N — ADTEM Lo —
/@ﬂmaﬁ%mé MERDOREE OfRER] LW
é% YRSy THERED, EMTEAE LT
WICFEET 5 2 LA, BREEEFOEIC
D, ASNMZENTZ (Review in Nasmyth,
2000) , DFV ., ZOSEOKGA, YR
R I N BUL S PAS VI ) S g Pl
HhFHmE LTS TV,

(3) Yufa K43k D /L —2

BA 2T ERE %

LTWH A=A Histone H2B  mCherry |@
RN W ‘Sm -

F. bbb

P R —ZD

1EMEAL 2 ATRAL T

Z IRV AT, XL — 2GRS
(Hauf et al., 2001) % & e Sccl HIRD~T'F
KOs, fk (GFP) & 7Rfh (mCherry)
DOENEEME L, Zhice A M H2B (F
721X CENP-B) ZftMM45Z&T, 7=
— T ERAREE (i bax7) |
BliE L7, B L —2ADIEMHEABIZAE S Sccl
DXTF ROYr 4, GFP Oz, >FE bV
ek, 3] (R+H8R) DOIRSOEEE R

Z—19 (Gm

)

HY 2, /L —RDEETOT 7 AIL
ok Y —% Chromosome Ea
FNTREMT U 724G

K, AL —RIE
ko 7m 7 7 A
NERD T EITRR
yjbf:o :h&:i -300 -200 -100 0 100
HE, BAL—R PRGN SORE @)

DIEMEIX, metaphase D HVN7EH, (EMED T
flENTEY . FEAKOHFEENEZ 559 0
RCZe - T, 2RICIEM bS5 2 &3]
L7 () ., 2L T, EEEOBEHE &
fa X7 T, EHEDZ A I v TICHE R E
i3, BN — R FREERBIE T o F
MITEMAET D Z LR ST,

<Gk >

Nasmyth K, Peters JM, Uhlmann. (2000)
Splitting the chromosome: cutting the ties that
bind sister chromatids. Review. Science
288:1379-1385.

2. MO B

DIVOIUTEATERT, EXL—2 kU H
—Z M, B =R o, FZTE
PHALT B O E BT Z EICB Lz (%1
Shindo et al . 2012 \ZTHF) ., DT 77
ANAMBE, 78, Bxa Y ropfiEsik
£ metaphase D HW\EH | /XL — X DEM:
25N TWD D0 TED X 5 2k <,
Pt KDETD RAAL T, AR, 2k
L ZHET 200 T L—RI12L D
ab— YW, SRR YR B D B
W75l & &7 D) Enolz, SHIZHE
REEMMNEE IR, 2T, ZhbD%
M ~DFRE % RO, ABFETIX, KD 3 DD
FREEICER D T Z L2 HAD & LTz,

(1) metaphase TE/NL—ATEERI X 557
BREWBMNIT 5,

(2) B —RAORAMBIRIEEALZFHET DA
VN A e

(3) Gtk
bB— //@@J[—ﬁj@n_n

Biralte L —Rizks=
BHEPMICTD

INODOMEREAED D Z LI2X D K&



FIE, GeEIRBEOBRM ZHE L T\ 55
THEO RGN T 5, FERRIDIT
UTIZHDEED, BN —R 2P —(TEoT
AL —=AEHALD T BTy AV T HLIRDD,
5y S D R RS e v e IO T AR AL SR RO AT
R DRI EATOERG I B2 LR LT,

3. WDk

(1) metaphase TE/SL—RiEMEZHZ 545
BRIZONT

FATOFER T, Mlad =0 D514 % R
bolclZAh, BEXxa R L—2L0
W (~1 0fFLL L) fFETDHZ LRFLT
L TWzD T, B —20MHIICE 5
L7pntexa ) URNBERNICHREZIT 5
AREME A RETT 5, FODIT, BN —R
EREALTHD s LTWnhenteEXxa ) oz
ALEILD moiety D FRENREZ B 62T 5,
o7 24 ol B fh K % metaphase 2> B
anaphase £ T, fEEFRHEIY (—~10 53 [FIFR) (ZFH
L, ZTRESEL T, 2T 10, i
[ZOWT, A FERICHT T 2, £z, A~H
fR7pZ LI, BEX 2V D/ v I T UL
TA (HDWIEE D~ T AR OMREHELEM
fa) 1 ZAEAFRTRE T, Yt fREhRE o S 1T B8R
éhfn&wo:@;&i\k#:)/k@
RFIZIE, EAUCREET D HlE O FTED 58 < 7R~
WBINDd, EOfEME LTI, cyclin B 12X
LN —AOMEINE X HNTEDOT, £
AlREMEZ T D,

(2) BV —R2ADRMERIEHLEFHET D
A B = X BN HONT

AN =X OEML L IR, B Uk
(autocleavage) 35 Z L3 HNTW5D, L
ML, ZOUIEE, BEREOIEMHRGICHEZR
WO T—EnHY . ACUIBOERIID
STWRY, ABFZETIE, £T. Zabot)
Wrs, MBI OV Z D00, BV —
ADIEMEAL & BIE L TW AU S D Db,
ERETT D, IRWT, ENENOIELIMIALZ
BRAEERLC, QR RIC BT 2 RELE
L. BNV —ROEMET e T 7 A Iz ON
T, IA T -/ A A=V T RV —
A e —ICK VTS, BNV —2D
ABFIFH DR BL A 155 12012, BAC;
Bacterial Artificial Chromosomes (Z &5 7/ A

DNA OEANEITH, DF V| 3 HFTOUIWHE
ALZDONWT, BNk 92T 5 mERY
BAC EOE/NL—RABIEFIZAND Z ET
ERKREERT S, AREOE AL —R1T
RNA THIEICL T/ v 7 XD LT AR
A & R LT & AT 5,

TR —2OKEar — v d, Ytk
F1ET 2 W5y O AU S, mé%_ffb
RN EYIM AR Z T e, ORI, Y
KL CIEE R L — ZADIEERE Z 57220
ZERTFHIEHR, BERAL—Z - UV —%H
faN O S & S EREALICHELE L TRETT 5.
Thbb, B —ANRGAKRICRHET D D
EN, FORIERIEMALD =D O MBERMAD
—OThDHIENHRIND, bLH, T
Thit, B —2OR@EERES D XA F
T ABPAR, Yt AR~ O RIERITET 5 A A
= ALDFHEHNY LT5,

(3) YetafkirBEIC BT D B/ L — A DIEME
b DEZREZWMHIZT D

ZHEBEICABITH D & DB 2N — R
NH LRV, L TE D TiEARWn
(Oliveria 2010), falli7e &, Yetalko 43 BfELC
X, BNV —XI|Z
L5 [ae—Ug
v OfifkR] &

K-fiber (EhJFUAIZ
EET DMUNE)

W2k o &5 o
AaLFAI. EVnI2
DDEZNH Y |
YR BN <= =
SlEEEd oI, T

L A1%FE OBEID

KeEnwtEBbhns

NHETHD (MDakb), X L—2DE
PEAIX, B rBEOR 9 O PRIICE Z 2 |
EWVWIHIT—HEY LIZEETL, B —
2L Babe— UL, YRy EED

%@®#OT@%6%®@\%h®AT
WXV ATREME R 2 BT,

(%5 oA 51 1%, K-fiber DA /28
FEIZ L - THEbINDDON, ZHIZiE Cdkl
EHEOAR TR, TOHELLTIEIEETH
5, BERETIE, Cdkl LT D74 A7 7 X
—F® Cdcld 73, XL —RIZ X - TiEHAL
SN, TOFEF INCENP iV v gfb3 2 &

(a)

Cohesion
release

Spindle
pulling-force



WD BB, T OBUNE DBYREZEALIZ D Do
STWAZ ENMBILTWD (Pereira and
Schiebel, 2003), & k OHIFLTIL, Cdel4 D
RRIICHRFEIZR 7 4 27 7 2 —EBid7e <, £
XL —ZA0, PP2A 7 AT 7 X —B Lk
ALTWD N HmELH D, £ T, Aif
ZE TR, B — ANEHE Cdk 1 {EEO 2R
TICBES LTV A aTREEZ B L, ke
BARGTEED 7y T R 2 IR 5,

<5 H3CHR >

Oliveira RA, Hamilton RS, Pauli A, Davis I,
Nasmyth K. (2010) Cohesin cleavage and Cdk
inhibition trigger formation of daughter nuclei.
Nat Cell Biol 12: 185-192.

Pereira G, Schiebel E. (2003) Separase regulates
INCENP-Aurora B anaphase spindle function
through Cdc14. Science 302: 2120-2124.

(1) /8L —ADRMERIEVERHEIT, SR

FEXFa ) oREARL—2 L L TREIC

FIETDHZENEET, BERNL—REREEL
TWARWgFIZ X oEEIR L R Lz, &
N —2ADEWET 0 —7 2 /MNO S £ 8

FRMEBIIBWZE Z A, IEMEIER A TE
WBREESND Z L0 hoT-, IS %Y
~OBATH 2 A LT L& 2 A, B
R ECIEL LIS — 2%, ST
427U B LR LT Cdkl OWEM:Z I3
DS, oFED, BAAL—R T T
TT—E L L TEW%IZ, Cdk GO ]
K125 U C, PefafioiEa e L Tnsd 2

EPHIBALT, 2 HIMBERFAPC
nNoOBELY SAC -

R — 2 DTEM G ¥ W
fbix, faliskyeta sy ‘E'Eﬂs

TR DA O Rk

& h R IR 7|:|-.r7—1i —> Cdkifa=
D AR~ 5]

et
mé% YHED 2o

WEREMARE SRR
=) SIEHEER)

ES=idob)

DUSFEA HEE) S
L 24 yF) &
LTHREL TV D
ZEMHBMNE T (KD,

(2) BEANL—RIZ, 3HFTOHE CEIMEA &

BHL, 20952 A0, NIk
(intra-molecular cleavage) T D DIZkl L,
1P, 4y M 8)Wr (inter-molecular
cleavage) Th D &\ 9 THHIRE R &2 157,
BRI, e 77 —BREEER O 'S
U —AERRZ M CTREL L TR ToR
izt 2 A, B2 tiz, B/L—2R
D 3 @O B YA (FhEhnET X/
Kk WA, B, CALEMEAT) 55, B
BLOCHAHOUMITIRONRL 2oTcb D
DO, AMOEIEHIIEKIR L LCllgEs Tk, &
ZAN, NRMEDE AL —2% ) v 7 H
L& ZAh, Aol R ohnz ol
ZDZ LD AN OIS T YN Td
HTEBRBINT, ORI O&E
Z. ANLOIEUIWIAERIKIZ L » T~ E 2
A, ZOERKTIIE AL —ADRMERIEE
B2 Z 57, +oRIEMHIZE L RNzl
=T UNEIND Z o THREAKRSEET T
WCEBEDZ Eoyole, ZOTZ B, B
L — A 35 - FEIEIETIC K - TRB 75 b
EHELTWD EZZ DI,

(3) BN —R4FREUIK & BEFI DR S L

— Z{EMEAEERE (BN — X OmMGiI Y g
EBLNEF 2 L OE) L OB K
L7z, Tz, 20U CEBAER % R
BPTHZ DR EZERR L, Y BT D
EHIBN T TND) XA I T B E D
Ay br ) EBRMIERTOE L —ZXDTEMAL
NRONAFEHIC BT D RN o7,
Flot¥a ) oA bRERIC, BN —X
DIEMACDE A I T —F L, BN L—X
DU ENT-%iITExa ) A LeL

RHZEDSMhotz, DFD, BRXL—D
EHEEIZB W T, BN —20 8, iV
VRb, BX 2 U D OfREED =3F O RG
DFEICBET B & B2 bz, BIfE, TD
REBRZ B ST, ZNENDORIG
ZETHERKICE D2MET 2D TV D,

5. TR ILE
(WFFEREH EHENTIEE I PR & fl L 72)

CeRERm ) (B 1 9 1)

(O Nagasaka, K., Hossain, JM., Roberti, M.,
Ellenberg, J., Hirota, T. (2016) Sister
chromatid resolution is an intrinsic part of
chromosome organization in prophase.




Nat Cell Biol. 18: 692-699.
doi: 10.1038/ncb3353.

Abe, Y., Hirota, T. (2016) System-level
deficiencies in Aurora B control in cancers.
Cell Cycle. In-press.

doi: 10.1080/15384101.2016.1185850

Abe, Y., Sako, K., Takagaki, K., Hirayama,
Y., Uchida, KSK., Herman, J., DeLuca, JG.,
Hirota, T. (2016) HP1-assisted Aurora B
kinase activity prevents chromosome
segregation errors. Dev. Cell. 36: 487-497.
doi: 10.1016/j.devcel.2016.02.008

Takahashi, M., Tanaka, K., Wakai, T.,
Hirota, T. (2016) Phosphoproteomic analysis
of human mitotic chromosomes identified a
chromokinesin KIF4A. Biomed Res. 37:
161-165. doi: 10.2220/biomedres.37.161.

Nagasaka, K. and Hirota, T. (2015)
Clarifying the role of condensins in shaping
chromosomes. News and Views. Nat Cell
Biol. 17: 711-713 doi: 10.1038/ncb3183

Minamino, M., Ishibashi, M., Nakato, R.,
Akiyama, K., Tanaka, H., Kato, Y., Negishi,
L., Hirota, T., Sutani, T., Bando, M.,
Shirahige, K. (2015) Escol acetylates
cohesin via a mechanism different from that
of Esco2. Curr. Biol. 25: 1694-706.

doi: 10.1016/j.cub.2015.05.017.

ANV AE RaE B JRE F (2015) G
BARAZEME DRI, M 47 (5): 5-8.

Gallego-Paez, LM., Tanaka, H., Bando, M.,
Takahashi, M., Nozaki, N., Nakato,R.,
Shirahige, K., and Hirota, T. (2014)
Smc5/6-mediated replication progression
contributes to chromosome assembly in

human cells. Mol. Biol. Cell. 25 (2): 302-317.

doi: 10.1091/mbc.E13-01-0020.

e, EEREA, JSH F (2014)7
AT I A A= TR N
MR TS A A=k D
i S M 0D By 22 T O AT SR BR
Ji&.Surgery Frontier, 21 (2): 205-209.

Ando, K., Ozaki, T., Hirota, T., Nakagawara,
A. (2013) NFBD1/MDC1 is phosphorylated
by Plk1 and controls G2/M transition
through the regulation of Topoisomerase 11
alpha-mediated decatenation checkpoint.
PLoS One. 8 (12): e82744.

doi: 10.1371/journal.pone.0082744.

Itoh, G., Sugino, S., Mizuguchi, M., Kanno,

S., Amin, MA., lemura, K., Ikeda, M., Yasui,
A., Hirota, T., Tanaka, K. (2013) The
nucleoporin Nup188 is required for
chromosome alignment in mitosis. Cancer
Sci. 104(7): 871-879.

doi: 10.1111/cas.12159.

HERREA . R (013) M o1t
FAATIE D - Ge RSy BED - —[EHR
separase DV D w1 & 1E AT O iR
AL G A R A F AR —,
71 (3): 229-233

Shindo, N., Kumada, K., Hirota, T. (2012)
Separase-sensor reveals dual roles for
separase coordinating cohesin cleavage and
cdkl inhibition. Dev. Cell 23: 112-123.
doi: 10.1016/j.devcel.2012.06.015.

Deardorff MA., Bando, M., Nakato, R.,
Watrin, E., (34 4444 W) , Hirota, T., Krantz
ID., Shirahige K. (2012) HDACS8 mutations
in Cornelia de Lange syndrome affect the
cohesin acetylation cycle. Nature 489:
313-317. doi: 10.1016/j.devcel.2012.06.015.

(FRREEK] G2 5144)

@

Toru Hirota “A system level deficiency of
the chromosomal passenger complex in
cancer cells” The 74th Annual Meeting of
the Japanese Cancer Association (JCA)
Nagoya, 2015.10.08

Toru Hirota “An origin of chromosome
missegregation in mitosis” The 27th
International Conference of the Korean
Society for Molecular and Cellular Biology,
Seoul (Korea), 2015.09.21-23

JH TR AR BT B Ye A4
VAT AOfEKE A Shvo o b DY
AL EMND Sy 1 5 FFIRem - 2
AAIFFE 3 B D RS % B & 2 7 SRR
B - AT R YT A, B, 2015.09.09

ISE % (34 & Yeafk) 570 FH A
A 2 A R 2 B 2 —,
1, 2015.09.06

Toru Hirota “Dynamic deformation of
kinetochores controls mitotic progression”
The 4th Dynamic Kinetochore Workshop,
Copenhagen (Denmark) 2015.05.18-22.

JLH  F “HP1-assisted Aurora B kinase
activity prevents chromosome segregation
errors” [EFRmEMZEPIIIIE T 0 Y = T
blru~vForrFa—Fq407] RS,
AR, 2015.03.20



Toru Hirota “Control of chromosome
structure outside mitosis” 2014 Asia
GenomeCheck Conference, Suwon (Korea)
2014.03.07.

Toru Hirota “An origin of chromosome
missegregation in mitosis” The 37th Annual
Meeting of the Molecular Biology Society
of Japan, Yokohama, 2014.11.27.

Toru Hirota “A molecular lesion of
chromosome missegregation in mitosis” The
73rd Japanese Cancer Association, Annual
Meeting, Yokohama, 2014.09.26.

EH = (54T kBl A RA—D0 T
NHTOTNAMEDOHER] 8115
HABREZS D 7 7 LA, fiETH,
2014.08

Toru Hirota “Smc5/6-mediated regulation of
replication progression contributes to

mitotic chromosome assembly” The 18th
IMCB Symposium: SMC from molecule to
disease, Tokyo, 2013.11.29.

Toru Hirota “Cell cycle regulation of
chromosome structure that maintains
genomic instability” The 72nd Annual
Meeting of Japanese Cancer Association,
Yokohama, 2013.10.03.

Toru Hirota “What makes kinetochores so
dynamic?” The 3rd Dynamic Kinetochore
Workshop, Porto (Portugal), 2013.05.14-17.

JKHE O TRAMIEIZ T D B ED T
EFERNEE XS] B8 BRI E L
RIS, BB, 2013.03.23.

Toru Hirota “How cells ensure separation of
sister chromatids in mitosis” The 1st
International Symposium on Molecular
Medicine. Suwon (Korea), 2013.02.28.

Toru Hirota “How cells ensure separation of
sister chromatids in mitosis” CNRS Jacques
Monad Conference on Cell cycle, Roscoff,
France, 2012.09.07.

Toru Hirota “How chromosomes are
assembled in mammalian cells” Symposium
on sisiter chromatid cohesion, Vienna,
2012.08.24.

Toru Hirota “Dual functions of separase
ensure switch-like initiation of anaphase”

Joint Spring Meeting of BSCB/BSCB/JSDB.

Coventry (United Kingdom), 2012.04.17.

(E] Gt 31F)
Uchida, KSK, and Hirota, T. (2016)
Spindle assembly checkpoint: its control and
aberration. DNA Replication, Recombination and
Repair - Molecular Mechanisms and Pathology.
Hanaoka and Sugawasa ed. pp 429-447. Springer

(P £ A PEHE)

ORI GF1#0)

Z%R HP1 OMEREIZEH LTI AR DR
U —= 2 7 E R O R

A JAHE =, P

FERIE ¢ A b

FHXE « BT

&5 K5FE 2016-035505
HFEFEHH - Fpk2 82 H 26 H
EWNsOR] : EN

ORI (BF11#0)

L MREERAEE T e —T7 KON a il
H3 25k

AR JAH . EREEUA, ARl E
FERIE ¢ A b

FHXE : BT

5 HFHE 2014-010635

B AH . FRk2641H26H
EWNsOR] . EN

(& D)

B— R —=NZ LB RRDOFRE

DS AT S BRI B - IS PSR R
http://www.jfcr.or.jp/tci/exppathol/

S AUBIFIER DS AT SEFT
http://www .jfcr.or.jp/laboratory/index.html

7 U N —FIEH)

O FioEamRt L#HEE I —
(3 A &Ytk Rk 2 7429 A 6 H

@ HEHSLH LA ER - MR R
[Guto fRENRE O 4 & & DRkHE |
R 2 THET7T A 2 3 H

@ WA @ 5 AR AN FE SR
ML DO AR GRS 5Ty
ERk2 541 1H13H

@ THEREREMTY~—RA7 —L
[MABE] T2 54E7H25H

6. WFTHERR

(1) WFgeaks

JisF = (Hirota, Toru)

N EE NS AFIE S
DARRSERT - SEBRIRERES - HRE
MIEE RS 50421368

(2) TEHEIF 2T

#EjE  #10 (Shindo, Norihisa)
NI EE NS AFIE S

D ARRSERT - SEBRIRERES - PSR
s E 5+ 00512253



