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A study on the regulatory mechanism of spindle structure:
Mechanical properties of the vertebrate meiotic spindle
and dynamic behavior of molecular motors
for chromosome congression

AR 1M
Jun TAKAGI

WEL T RS BB SEBRAE M BRI S

2013 4 11 A



ARFZED BB, FIBRD OB R 20 5 | BEER & X 5 85y 1
SR OREEN, EOLIIHENTWANEZHALNCT L2 Thb, iR
AIZIE, WEERIZIR O TR ORIE & | Yotk Z2 it 3 50+t — 4 —Xkid O
WISERNIZE T D ENEDBIER 21T > T,

FHEERIT, UNE (Fa—T UV EMEND X LR EREAE L T T,
PRHEIREGIR) Z2FKE L, T 2I0Ex 2O T — 4 —MINVER & ¥ v
RIEPMETHZ & THOHMBEMIZER SN D, KE S 10-50 um OS5 14
ARTH D, FIESZIICA > THEENRES D & RO NMGE D,
SR TICHISERIZ T 7 B — R — LR OTIR & 72 v | RS- et R385 8
ROMFRERNEESNT 5, DHBHICAD &, ERISZRAMRIT 25583 T 2
DDORFIRAMG L SN D, Y IROFGEEAMA~DOEENBE L T LIES <
T 5L, WEEROEE G ~OME & A ElCBT D IHEER O, i
SYENKEZ Y . 2 OIS RT D Z LI ko THIKAS AN T+ 5, AT
ZE I, DHEPHCBWTHIEEERD 7 7 B —R— /VIROIBIRN ED K 5 12l <
TS0, Ytk ED X 9 2 CHISER O FRE RN EES | L TV D0, 2
D2 FIZER LT,

INETOMEIZELY ., BNEZ T U, HEREOTRICE DL D% 72551
INFFIE ST & 7o, AHSEIR OREE 13 FHEEIR O Reith 7 Al ZHE O D 258 DFS/INE 3
k&2 RO B — X — MU INERE S X VNIV RO A Z L TTE
TW5, FEERIT, EAREDANTE TR FEFICEMNR2EED CTH D,
WISEIR DB CTH DB NEITHEICES L RES (HE LB 280K L T b,
T, FRVURLA =R O —IIUNE IS L. UNVE A
T35 2 LT, PfRkH R EEREIET D, ETFA =0 RBLIFEOF RV
NE2AROWNEEZE L, S BICUNE EESRMTTH 2 LT MUMNERI L& A
T4 RKEED, 72, WINEEZREASELIF R UMb TND, 20X
(2, SRR DB TH DI INE SCHISER ORI D 5 5y 1 — % — O 7a
BIZL 0, $sEAROMEE L IEF BN b D Lo TV D, FHFEROEN 72 MEE
DIRE 72 BDIE, GTP L ATP 2 E DX 7 LA F RIZEZ LN R LXF—Th
%o BUNEIZGTP D= RN X —ZHANWTEAL, HFE—F—IFATP D= R/L
XF—Z2 AW THUNE LOBRITOMNE ORES 2 EZ1TH, TNHDOT R LF—
WESC, MINEEBRT DT a—7 Vv SrE—F =Nl I < FE
T5 2 LT, WISEROBIEENEESL N TV D,

HEEE DO N E TOMIEIZ LV . FEFEROTRIFINEN S DI LY KX
SEWREZTTH, LI T5E@) ORIZHE LZELT 52 L3 0ho
2o = ZTAMIZETIZE BT, HIREOTRZHIET 237 A —F DEH | £3
T A =X OVEE OFH, KRR D S ORE &8 LT, SRR OARZE ENE
DA N =R D]~z

No.1



AW T, T HHBSER O T A — X OB E1T - 72, #idERE 3
WOLMINCBIEET 5 Z & ¢, FhitfkoRx s (Bih (D). & (W), & (V)
EHuNERE (M) ZREL., BEERORE S EMUNEREORICHBERH D Z &
R L7, £z, MR T ORI IDIXLOXD, lx OFEEAOKEZ D
FEEMRIX 62 LD b REWVWZ 0D, fHlx OFERDNZNENEAEOKE I
EROZEERA L, £l2, BEET /T A—Xa (= W L. aspect ratio) Ly (=
VI LW2), & U CHUINEETE D (M MIZZENZESR LIZX 502 ERGn0 .,
INHDNRT A= EWUNER MER\WDZ LT, L3=M Doy b\ BfRA%
BN, ZOXHFTlla, yo DAALICEBRNWZ END, BUNERE M Z22bS
TH L, Bl LAZTISE U TELT D 2 LR Sz, £2 T, 2 KDOMUN
7T AetE AW TR$EAR 2 BEIZI > T 2 DUl 2 & T, 1 2OfEEMH
720 OUNE B E JIFIIC, LR OBIE (~10 s) TEHLUTICED S
iz, UIMHRIEIZ L > TA U 2 DOFEERKT T IT R E AT D08, EhTh
5 W UNICIER RICIEE Lz, Wi 1 25720 OfUINE &L, BIWRI O 8E AR
OW/NETED 3 3D 1 FBET, Wi ORE S LUIMHTOMEERE D /S 720
OIWitR 20 SIEEBE LB THASVEETH T, WiFIcoNT, kx &
WNEROBMREFRTZE 2 A, YINRTOREERIZIS T 2 BAfR & F UBIfR %2 £
ZEMGIroT, WRIZ2ODW &, 7 At TEEN L T8 5 &
2 OOWRITRE L, 1 SDOREEERE R o7z, T OMGIEEORUNERIL, B
ORNERLED $E <, ZNERRHCRE S BUTF LD bRE < ARorz, B -
A R OFE R 2 E BT 5720, B, MNEBEICO W THIRZE 2
A, M INE B XU - BE ORIE THE VL LN ERghote, D
FV ., BEEERORE ST, BOMNEBE TR, BUNEREHEBERSH . Gl
%L ZOBRARY T LD T ERShoT,

RIS, Al 2 OFFERE DT ED L DITHIH SN TV D& RD 20, BUh
T A g I THESER D )R 2 AT, WHEBEIRIZ 2 RO T T A gt &AL,
R DH T AetE RO R I > TE LTV & H T AEHDBHHER
AT TEl 23005, SHICH T AEHE@ET & MHEERS T mIcE L,
ZALE FIRFZEE NI 72 D, SHEEARDMRIZET 5 /) 2 HIE UltER 4 RAE S
STzl T A, T AE & )R- (2 um/s)E ) L7z & &1 4 nN/um F2E TH -
Too FTo. WISERITREEMEA R FEZ RS, MEEEZ L THEICET S HE
WE L& Z A, BREGFIANZOW T OREHMERFREIT Zener £T VTR T Z &0
T&Te, A7 YT 2REL D (HMRICEY, BENNSLSRD), TLkd
DT TS0, BT 72 EOME (K7 Y v ~0.5) Lid K& Bipsr L
Wahole, i, MREHBTT A4 EE L, H#EARL R LIREETREFFLT
BLE, BAICEENITOMICES Z LSS, 22 CHESN, Ktk
(ROFF RGN MBS0, R DEIE & W o ToBERED . BRI R D2 E M
FHHELTWDHZ ENEZOND, ZNHDORERIZHOWNT, 2 RITH 72 k5T T
IVEREGE LT,

No.2



AWED 2 O5HDOT—~ & LT, REAEROBEICEDLS, JalkiEax v
> Xkid OFFSEANICEH T 2 EMEAZBIZR L=, Xkid XA RICEA L. AL
RIETHUNE L2795 2 & T, PR EMFERORERICES ST 5 LB %
bR TW5S, ZRETOMEICE D, Xkid ZHIE ) HRET D &, ko
BN L WL D T ERMBENTWD, T2, Wi T Xkid OEE)HEL
BENTEY, 1 OFTHEHBNE EEIEE A B0, BED 21—
LE (22X 1 5O —X BTG+ FES) NE Ea RV EEGES) 3
HTENMBENTWD, LnL, ##EANT Xkid N ED L H ITHEE L WD
IZOWTI Do TW oo 7o, BUNEIZIIFRER S 0 | Xkid (FNED 75
AT Do CTIEBT 5, FHEERNTIX, UNED RIS 2 —ED DN &
D, 7T AU ESEAOSRE R S RN, <A T A& SRR S Iz mi TV S
WNEDOEIGNZ N, DFE D | KRR ORUINE O 5 AE O S5 AR 3R E & B A
TEARNC>TWD, DOV AT LOFF RSN, F#EIAN 2 #E#) 4 5 Xkid
DOENREIZED L D 2B % 52 D E T,

ARFFETIL, EHEE 2 OIBAOK Z 5720 Qdot & FRIEIN 5 H 6k + %
Xkid (2GS 5 2 &, Xkid OFEE) 2 $h8EAN CRIFFBIZE T2 2 L2k
L7z, Xkid O#ES L= Qdot (Xkid-Qdot) 1E#5EEMA T DM NE DO (K
M) 2o T, BTmE 2 ZE 2 N6 RV CFYT5 um, &K T 17 um)
HEE L7, EEOMmE &, HEEANICEBIT S Xkid-Qdot DOfLE DR Z i~ 7= &
Z A, KRR T, ARE T~y TEBId % Xkid-Qdot DEIENZ N
W IoTe, TSR L, REEAT OB T, EEL W OBSITIZFE A
Thol-, MFHETIE, 26 REmMITIIERDHNE OFIE N <, FREm
FHETIE, WUNE DT MENEIT 2 THDH Z &b, Xkid ITF5EEAN T, F5E
RN OB INE T NE A & BB U 7B 2 LD 2 RS Sz, o2k
NSO D120 . HEERIERR DBz %> > 5 DORHER|ITH 5 Monastrol 211
T, HMEOHEM 2R STz, Z OFED T TIE 1 DORh b3 INE DY i
RICIERTE D, T 8EOWINE DR BAMA & O FANZIERT WD, T O Hif
MAEEN T Xkid-Qdot DIEEIZ B LI L Z A, UNEO F M2 k5 X 9
WU E & A ED Xkid-Qdot 23 HLA BAMA X IEE) L7z, 21D OFERN S | Xkid
ARG EEIR TR DR INE O T T A & K LT E B2 L Cnb k. LT, 20
FEMEIC K TYRARIIHISER O FRERICHSE S TS Lism S iz, SV kx
% & JREHE & A CIEA R NE OIS WISERNIZIS T 5 Yt
REHD LT H2WEOEEDOSIETE LTEIN TN D Z EBNRE T,

No.3



No.

BB L (%) FAHRFE HRERS

K 4 &k # (Fp
(2014 £ 1 H HifE)
i H B4 R - FATHRREES L - FEITHEH HAE (REFEET)
2A,
(aiii]
(OJun Takagi, Takeshi Itabashi, Kazuya Suzuki, Tarun M. Kapoor, Yuta Shimamoto, and Shin’ichi
Ishiwata.
Micromechanics of the vertebrate meiotic spindle revealed by stretching along the long axis.
Biophysical Journal, in press.
OJun Takagi, Takeshi Itabashi, Kazuya Suzuki, Tarun M. Kapoor, Yuta Shimamoto, and Shin’ichi
Ishiwata.
Using micromanipulation to analyze control of vertebrate meiotic spindle size.
Cell Reports 5:44-50. (2013).
OJun Takagi, Takeshi Itabashi, Kazuya Suzuki, and Shin'ichi Ishiwata.
Chromosome position at the spindle equator is regulated by chromokinesin and a bipolar
microtubule array.
Scientific Reports 3, 2808. (2013).
Takeshi Itabashi. Jun Takagi. Kazuya Suzuki. and Shin'ichi Ishiwata.
Responses of chromosome segregation machinery to mechanical perturbations.
BIOPHYSICS 9:73-78. (2013).
B &8, gak foth, @K B, A F—
AR D 15 FH
BB 49:250-251. (2009).
Takeshi Itabashi, Jun Takagi, Yuta Shimamoto, Hiroaki Onoe, Kenta Kuwana, Isao Shimoyama,
Jedidiah Gaetz, Tarun M. Kapoor and Shin’ichi Ishiwata.
Probing the mechanical architecture of the vertebrate meiotic spindle.
Nat Methods. 6:167-72. (2009).
RHE Kazuya Suzuki, Jun Takagi, Takeshi Itabashi, Shin’ichi Ishiwata.

(EERF2

Symmetrical shape of the meiotic spindle is dynamically balanced.
The Biophysical Society 57th Annual Meeting, Philadelphia, USA, Feb 2013, Poster.

Jun Takagi, Takeshi Itabashi, Yuta Shimamoto, Tarun M. Kapoor, Shin'ichi Ishiwata.
Parameters that regulate size and shape of the vertebrate meiotic spindle.
The Biophysical Society 56th Annual Meeting, San Diego, USA, Feb 2012, Poster.

Jun Takagi, Takeshi Itabashi, Yuta Shimamoto, Tarun M. Kapoor, Shin'ichi Ishiwata.
Probing the force-balancing mechanism of the meiotic spindle in Xenopus egg extracts.
The Biophysical Society 54th Annual Meeting, San Francisco, USA, Feb 2010, Poster.




No.

BRERT #t (BF) PFAHFE HREEEE

il RN FEFR - FATHRHGES | FEFR « FEATHA EAE (HEEEET)

Shin'ichi Ishiwata, Yusuke Oguchi, Sergey V. Mikhailenko, Madoka Suzuki, Katsuhiko Sato,
Masako Ohtaki, Yuta Shimamoto, Kazuya Suzuki, Jun Takagi, Takeshi Itabashi.

Self-organization in biomotile systems - molecular motors, auto-oscillation (SPOC) in muscle and
meiotic spindle -.

1st POSTECH Workshop on Physics of Self-Organization in Bio/Nano-Systems, Korea, Jan 2010,
Oral.

Takeshi Itabashi, Jun Takagi, Yuta Shimamoto, Hiroaki Onoe, Kenta Kuwana, Isao Shimoyama,
Jedidiah Gaetz, Tarun M. Kapoor, Shin’ichi Ishiwata.

The size transition of the vertebrate meiotic spindle by mechanical perturbation.

The American Society of Cell Biology 48th Annual Meeting, San Francisco USA, Dec 2008,
Poster.

Jun Takagi, Takeshi Itabashi, Yuta Shimamoto, Jedidiah Gaetz, Tarun M. Kapoor, Shin’ichi
Ishiwata.

Direct observation of self-reorganization processes of the mitotic spindle.

NTU-WU Joint Symposium 2008 on Bioscience and Biomedical Engineering, Nanyang Avenue,
Singapore, Mar 2008, Oral & Poster.

Jun Takagi, Takeshi Itabashi, Yuta Shimamoto, Jedidiah Gaetz, Tarun M. Kapoor, Shin’ichi
Ishiwata.

Micromanipulation techniques provide a new insight into self-organization mechanism of the
mitotic spindle.

Joint Meeting of the Biophysical Society 52nd Annual Meeting and 16th I[UPAB International
Biophysics Congress, Long Beach, USA, Feb 2008, Poster.

Takeshi Itabashi, Jun Takagi, Yuta Shimamoto, Hiroaki Onoe, Kenta Kuwana, Isao Shimoyama,
Jedidiah Gaetz, Tarun M. Kapoor, Shin’ichi Ishiwata.

Mechanical architecture of the mitotic spindle in Xenopus egg extracts.

Joint Meeting of the Biophysical Society 52nd Annual Meeting and 16th IUPAB International
Biophysics Congress, Long beach USA, Feb 2008, Oral.

Jun Takagi, Takeshi Itabashi, Yuta Shimamoto, Jedidiah Gaetz, Tarun M. Kapoor, Shin’ichi
Ishiwata.

Real-time observation of self-organization processes in the mitotic spindle.

The 5th 21st century COE symposium on Physics of Self-organization Systems, Tokyo, Japan,
Sep 2007, Poster.

Takeshi Itabashi, Jun Takagi, Yuta Shimamoto, Jedidiah Gaetz, Tarun M. Kapoor, Shin’ichi
Ishiwata.

Effects of the external perturbation on the dynamic properties of the metaphase spindle.

7th HFSP Awardees Annual Meeting, Sunshine Coast, Australia, Jul 2007, Poster.

AR A, PGS, geARF, BAB K, Tarun M. Kapoor, f1{Ef5 —
([E W 5 | TR D TRBIE A 71 = X 2 DR
2 2013 AEAEREENFE S RIPERRE, IRk, 2013451 A, HEH




No.

BRERT #t (BF) PFAHFE HREEEE

il RN FEFR - FATHRHGES | FEFR « FEATHA EAE (HEEEET)

AR, EAT, HIEEE. AIEE—
Meiotic spindles maintain the symmetrical shape by propagating structural changes to the
opposite side.

B50 M AAREMWETYS AR 2012489 A, DEH
BMEE, FAE, AT, BBES, AR

Contribution of the microtubule dynamics to the robustness of the mitotic spindle.

F48n HALEMWELFS, IH, 201049 H, RAX—

g, mATE, PUEES, AEE—
Probing the mechanical properties of spindle poles at metaphase.

048 [H AALEYMFEFES . (IE. 201049 A, OEE - R AKX —

A, RS ES, BHAEAN Tarun M. Kapoor, (5 —
Regulatory mechanism of the shape and size of the vertebrate meiotic spindle.

%485 HALEYWMFZS, (IH. 201049 A, HEE - AR X —

g Foth, EA . G EmE. A F—
EERIRTZAR DA RITFMENC SN T« FERTRE T 69 2 ik
2010 4 AEMEIEARIISH. WA, 201041 A, K88

gAR Futh, EOK . s A, AW
ST & 2 SRR D A2 A5 FE BRI A
%478 BAREVMWETZS, (EE. 2009410 A, HEH - RAX—

mA M., & Ei&. Tarun M. Kapoor, A [E—

WISEIR DR S XA F 2w 7 IR TAR IR O it
%46 0] HARAEMMERT S, @i, 20084 12 H, KA X —

A M. i B, B #k. BA  BK. Tarun M. Kapoor, A& {5—

SRR D 77 5
2008 - EMEEMFEA RIS, (UH. 2008 4-1 A, HEA

EmA M., HiE EE. BA B, Jedidiah Gaetz, Tarun M. Kapoor, #i% 15—

WERIRIZI0T 5 B Ok (L O B HE 52
%45 ] B ARAYWETS . Bk, 2007412 ., QI « RA X —

it 3 {4




