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10-50 �m

MAPs: Microtubule Associated Proteins

 1-1

2

 

(Schiff and Horwitz, 1980)

5

(Heald et al., 1997; Mayer, 1999)
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10 7 MAPs

 

MAPs  1-2 (Walczak 

et al., 1998; Loughlin et al., 2008; Manning and Compton, 2008)

(Moore and Wordeman, 2004)

(Sawin and Mitchison, 1991a)

3 �m/min

(Sawin and Mitchison, 1991a)  

GTP ATP

GTP ATP

 

5 4 2

2

(Kapitein et al., 2005) 5
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(Ohi et al., 2007; Loughlin et al., 2011; Petry et al., 2013)

5 1 2

(Roostalu et al., 2011)

5

(Uteng et al., 2008)

(Svoboda and Block, 1994; Dogterom and Yurke, 1997; Oguchi et 

al., 2011)
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1

2

2  

1

30 4%

(Itabashi et al., 2009; Shimamoto et al., 

2011)
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(Dumont and Mitchison, 2009; Itabashi et 

al., 2009; Gatlin et al., 2010; Shimamoto et al., 2011)

3.4  

2 Xkid

Xkid

(Antonio et al., 2000; Funabiki and Murray, 2000) Xkid

Xkid 1

1

(Yajima et al., 2003)

Xkid

Xkid (Yajima et al., 2003)

(Brugués et al., 2012)

 1-4

Xkid

Xkid
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Xkid 4

3

Xkid

4 Xkid

Xkid

2 3

4 Xkid
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2

3 10 - 20 �m

3

3
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Xkid Qdot

Xkid Qdot Qdot

Xkid  

3

3 L W V

M

���= W/ L aspect ratio� � (= V/ LW2) D (M/ V)

L M

L3 = M/ D�2� � � D L

M L 2

2 1

10 s

2 5

1 3 1

20 20

2

2 1
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(2 

�m/s) 4 nN/�m

Zener 2

0.5

2  

4 Xkid

Qdot

Xkid Xkid

Xkid Qdot Xkid-Qdot

5 �m 17 �m

Xkid-Qdot

Xkid-Qdot

Xkid
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5 Monastrol

1 7 8

Xkid-Qdot

Xkid-Qdot

Xkid
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 1-2  

(chromosome) RanGTP

Katanin

(Spindle pole)

Kinesin-13 MCAK XKIF2 Dynein (Dynein-Dynactin 

complex)

Kinesin-5 Eg5 Dynein 2

(astral microtubule)

Dynein (congression) (alignment)

(oscillation) (kinetochore) Kinesin-13
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CENP-E Kinesin-10

Xkid Kinesin-4 Xklp1
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2.2  

2.2.1  

Hyman (Hyman et al., 1991)
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TAMRA Alexa 488

Succeinimidyl Ester (SE)  

   

5(6)-TAMRA-SE Molecular Probes  C-1171 

Alexa Fluor 488-SE Molecular Probes  A-20000 

Oregon Green 488 carboxylic acid, SE 5-isomer Molecular Probes  O-6147 

CMNB-caged Carboxyfluorescein-SE Molecular Probes  C-20050 

 

 

 

 

2 03-3471-3371

10  

GRX220 2 CP70MX 2 3  

1  

 

 

 

(2 ) (500 ml)2  

MQ 500 ml  

GRX220 500 ml 4  

75 ml 25 ml  
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P11 Cellulose Phosphate 100 g Whatman  

 

NaOH HCl PC 

2 Whatman  

1. NaOH 500 ml 10 g

5  

2. MQ pH pH11

 

3. HCl 500 ml 5  

4. MQ pH pH 3

 

5. MQ  

6. 4 Buffer A NaOH pH 6.8

 

7. 

8-9  

8. PC

200 ml PC 1
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2  

1. 2 cold MQ Washing buffer ATP GTP Leupeptin

PMSF DTT PMSF on ice

 

2. Ice Box  

3. 

RB 500ml Leupeptin (10 mg/ml) 100 �l PMSF (0.2 M) 1 ml DTT (1 M) 500 

�l RB 500 ml 300 ml + ATP 3 ml 200 ml(+ GTP 2 ml)

cold MQ

Washing buffer

RB-ATP 300ml

Low 25 500 ml

RB-ATP  

GRX220 500 ml2 6.3 K 2 40’  (8,900 g 40’) 

75 ml 4 500 ml  

500ml 75 ml

4  

CP70MX 75 ml4   36 K 2  50’ 

37  

500 ml 1  

 

4. 500 ml 0.1 M 

ATP 3 ml Glycerol 1/3 volume 300ml  
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5. 37 40 ( )

 

75 ml 37  

75 ml 6  

6. 75ml 6  

CP70MX  75 ml 6 36 K 37  60’  (190,000 g 60’) 

5 25 ml 2

 

7. RB-GTP 5 ml 5

30 5

 

8. 1 50 ml Glycerol 1/3

 

CP70MX  75 ml 2 36 K 2  50’  (190,000 g 50’)  

75 ml 37  

75 ml 2 ATP  

Glycerol  

9. 75 ml 1 0.1 M ATP 750 �l

Glycerol 75ml 1/3 vol 37 30

 

 

75 ml (37 )  

25 ml  
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10. Glycerol  

CP70MX  75 ml 2 40 K 37  60’  (190,000 g 60’) 

25 ml 2  

11. 32 ml RB-GTP 30

5 -80

 

3  

12. 25 ml 2 30  

CP70MX  25 ml 2 43 K 2  40’   

25 ml 2 ATP    

13. 25 ml 0.1 M ATP 0.25 ml

Glycerol 37 30

 

25 ml 37  

 

14. CP70MX  25 ml 2 43 K 37  60’  (190,000 g 60’) 

 

PC 300 ml 0.1 M GTP 1.5 ml  

15. PC-GTP 200 ml 15 2.2

 

70  

 

Channel speed 5, Range 10, Fraction 20.0,  

Control Unit: 0.5 AU 
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PERISTA: 15, 1, R 

16. PC+GTP 10 ml

PC-GTP  

 

MQ795 �l Biorad 200 �l  

Amicon 10 No.4321 2 10ml MQ  

MQ GRX220 Amicon2 3000 g 4  20’  TA-22  

17. 

Buffer B 100 �l 0.1 M GTP 10 �l  

18. Biorad 5 �l 595 nm

 

(mg/ ml) = 3.55 

Amicon1 MQ  

GRX220 amicon2 3000 g 4  45’  

9 ml 37  

 

2Gly-PB 20 ml 0.1 M GTP 400 �l  

19. 2 Gly-PB-GTP 10 ml 37  30  

60  Gly H-pH buffer  

9 ml 2  

9ml (37 )  

20. 9 ml 2 60 Gly H-pH buffer 4 ml
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5ml  

21.  

CP70MX  9 ml 2 65 K 37  38’  

40 % Gly H-pH buffer H-pH buffer  

100K 37  

100K 4  

  

22. H-pH buffer 40 % Gly H-pH buffer100

200 �l  

23. 37 100 mM TMR-SE 1/10 vol 10  

 

24. 100 (37 )  

25. L-Glutamic acid  

26. 60 Gly H-pH buffer 100K 2 1.5-2.0 ml

 

27.  

CS120 100 K 2  70 K 37  30’  

PC-GTP 10 ml  

 

28. PC-GTP 100 �l PC-GTP Glycerol  

29. 60  

PC-GTP NAP5  

NAP5 NAP5

PC-GTP 3  
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8  

30. PC-GTP NAP5

6 PC-GTP

7 Biorad

 

31. -80 
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2.2.2  

Murray (Murray, 1991) (Xenopus laevis)

 

 

 

 

 

1. 3 2

0.25 ml(100 U/ml) PMSG Gonadotropin from pregnant mare serum

0.125 ml(1000 U/ml) hCG (Chorionic gonadotropin human)  

2. ( 20 min)

 

3. MMR(50 mM Na-Hepes pH 7.8, 0.1 mM EDTA, 0.1 M NaCl, 2 mM KCl, 1 mM MgCl2, 2 mM 

CaCl2)

MMR 3  

4. NPB 2 NPB

 

5. NPB 2 ml 3 mm  

NPB 250mM Sucrose
15mM HEPES pH7.4 KOH at 15mM pH7.4 KOH
1mM EDTA pH8.0 pH8.0
0.5mM Spermidine trihydrochloride Sigma S-2501
0.2mM Spermine tetrahydrochloride Sigma S-1141
1mM Dithiothreitol Sigma D-0632
10μg/ml Leupeptin
0.3mM PMSF Sigma P-7626

Lysolecithin 10mg/ml Sigma L-4129 50μl
BSA 10%(w/v) pH7.6 KOH (water) Sigma A-7906(fraction )

2 NPB(Sucrose, Hepes, EDTA ) 25ml -80
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6. 8 NPB 8 ml

(3000 rpm 10 min)  

7. NPB 8 ml (3000 rpm 10 min)  

8. NPB 1 ml Lyxolecithin (10 mg/ml) 50 μl

5  

9. NPB + 3 % BSA 10 ml 3000 rpm 10 min  

10. NPB + 3 % BSA 5 ml (3000 rpm 10 min)  

11. NPB(- PMSF + 0.3 % BSA + 30 %(w/v) Glycerol) 1 ml

(3-10) 107 /ml

-80 2-3  
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2.2.3  

(Xenopus laevis) S (http://www.kiwi-us.com/~terema/

(http://www5d.biglobe.ne.jp/~zoushoku/top.htm)

90~120g 2

1

 

 

(http://www.suiso.jp/

 

 

2 3 1
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1 16 20

1

16

MMR

 

 

(XL No. 3 ) 2 1

1

 

 

Kapoor 4

2

4
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2

 

 

7 20

 

 

MMR (50 mM Na-Hepes pH 7.8, 0.1 mM EDTA, 0.1 M NaCl, 2 mM 

KCl, 1 mM MgCl2, 2 mM CaCl2)

HP (http://www.sci.hokudai.ac.jp/~st/shinka3/xenopus/disease.html)

1-2

 

 

( 1/100 v/v) 15

WWF HP (http://www.wwf.or.jp/activities/2009/09/615914.html)  
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2.2.4  

Murray Desai (Murray, 1991; Desai et al., 1999)

Hannak

(Hannak and Heald, 2006)  
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AMPPNP (Sigma A2647)
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Xenopus Egg Extracts Preparation in Ishiwata Lab <Modified by Takeshi Itabashi> 

 Priming 

1. Injection with 0.5 ml of PMSG (100 U/ml stock at -20 ˚C freezer) on Day 1. 

2. Injection with 0.25 ml of PMSG (100 U/ml stock at -20 ˚C freezer) on Day 3. 

*Primed frogs can be induced to lay eggs for 1-2 weeks after the second priming. 

 Day before Extract Preparation 

1. One h before hCG injection, store 2 primed frogs in a 16 ˚C incubator. 

2. Sixteen to 18 h before extract preparation, inject 0.5 ml of hCG (1000 U/ml stock at 4 ˚C freezer) into 

2 frogs. 

3. After hCG injection, store frogs in the 16 ˚C incubator for 2 h. 

4. Prepare 2 new buckets for frogs, containing 2 liters MMR (80 ml of 25 × MMR stock at RT + 

Milli-Q water) at 16 ˚C. 

5. Two h after hCG injection, put frogs individually into buckets (STEP 4), and store overnight in the 16 

˚C incubator. 

6. Store rotor (P28S) and 4 liters of Milli-Q water in the 16 ˚C incubator. 

7. Reserve Centrifuge (CP70MX). Make the Dicty room at 18 ~ 20 ˚C. 

 Setup for Extract Preparation 

1. Rinse out 2 liters, 1 liter, 500 ml, 250 ml, and 100 ml cylinders with Milli-Q water. 

2. Rinse out crystallization dish and 500 ml beaker with Milli-Q water. 

3. Store 1 tube of Gelatin (150 �l,100 �g/ml stock at -20 ˚C freezer) at 30 ~ 37 ˚C to thaw.  

4. Make 2 liters MMR with the cool Milli-Q water (16 ˚C).  

a) Add 80 ml of 25 × MMR stock. 

b) Mess up to 2 liters with the cool Milli-Q water. 
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c) Mix well. 

5. Make 1 liter XB. 

a) Add 50 ml of 20 × XB stock salts (stock at 4 ˚C room). 

b) Add 17.1 g Sucrose. 

c) Add 10 ml of 1 M K-Hepes (pH 7.7, stock at 4 ˚C room). 

d) Add ~ 100 �l of 10 N KOH (stock at RT) and adjust pH to 7.7. 

e) Mess up to 1 liter with the cool Milli-Q water (16 ˚C). 

f) Mix well. 

6. After XB is made, make 250 ml of CSF-XB. 

a) Add 2.5 ml of 0.5 M K-EGTA (stock at RT). 

b) Add 0.25 ml of 1 M MgCl2 (stock at RT). 

c) Mess up to 250 ml with the XB (prepared at STEP 5). 

d) Mix well. 

7. Transfer 90 ml of this CSF-XB to the 100 ml cylinder (CSF-XB+PI). Do not add PI to the 

CSF-XB+PI cylinder now. 

8. Coat crystallization dish and 500 ml beaker with Gelatin: Add ~20 ml of MMR to dish. Add 70 �l of 

Gelatin (STEP 3) and mix immediately. Coat all parts of the glassware (coat the bottom well). 

9. Repeat STEP 8. 

10. Rinse crystallization dish and 500 ml beaker once with 100 ~ 200 ml of MMR. 

11. Fill 500 ml beaker with 100 ml of MMR and crystallization dish with ~ 200 ml of XB. 

12. Make 400 ml of Cysteine (Dejellying Sol.). 

a) Add 20 ml of 20 × XB stock salts. 

b) Add 8 g of cysteine. 

c) Add the cool Milli-Q water (16 ˚C, adjust to 399 ml). 
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d) Mix well until all cysteine is dissolved. 

e) Add ~ 1 ml of 10 N NaOH (stock at RT) to adjust pH to 7.7. 

f) Mix well. 

13. Take a BREAK! Clear mind!! 

 Procedure for Extract Preparation 

*Handle eggs gently and avoid mechanical shock to eggs during handling the eggs. 

1. Bring following items to the Dicty room: 

a) LPC (100 �l, 10 mg/ml stock at -20 ˚C freezer). Cyto-D (50 �l, 10 mg/ml stock at -20 ˚C 

freezer). Thaw. 

b) Rack with 2 new centrifuge tubes. 

c) Wide mouth pipettes with pipette bulb. 

d) Pipetman: 20, 200, 1000 �l. Tips 

e) Falcon tubes and Forceps. 

f) Stop watch. 

g) Bucket for waste solution. 

2. Remove frogs from MMR buckets. 

3. Rinse eggs once with fresh cool MMR (STEP -4). 

4. Select, pick up poor eggs with wide mouth pipette, and rinse the best eggs with fresh MMR. Garden 

and clean all eggs carefully. Do not LOSS the eggs of good quality. 

5. Repeat STEP 3 5 ~ 6 times. 

6. Pool all eggs in 500 ml beaker (STEP -11). 

7. Rinse with the remaining MMR. 

8. Remove as much MMR as possible. 

9. Start Dejellying: 2 min × 3 times; make sure total time has not exceeded 8 min 



2.2  

39 
 

a) 0 min: Add ~ 200 ml of Cysteine Sol.(STEP -12) and start TIMER. 

b) 0 ~ 2 min: Add 90 �l of LPC to 90 ml of CSF-XB+PI(STEP -7) and mix. 

c)   ~ 2 min: Remove 1st Cysteine Sol. and add new ~100 ml of Cysteine Sol. 

d) 2 ~ 4 min: Add 1 ml of CSF-XB+PI(STEP b) to each centrifuge tube. 

e)   ~ 4min: Remove 2nd Cysteine Sol. and add remaining Cysteine Sol. 

f) 4 ~ 6 min: Add 10 �l of Cyto-D to each centrifuge tube (Swirl tube during addition and flick the 

tube). 

g) 6 ~ 8 min : If eggs are completely dejellyed, remove 3rd Cysteine Sol. as much as possible. 

10. Transfer dejellyed eggs GENTLY to the crystallization dish containing ~ 200 ml of XB (STEP 

-11). 

11. Immediately remove all buffer. Rinse 3 ~ 4 times with XB. 

12. Add ~ 50 ml of CSF-XB (STEP -6), wash and remove buffer. 

13. Repeat STEP 12 twice. 

14. Add 30 ml of CSF-XB+PI (STEP 9-b), wash and remove buffer. 

15. Repeat STEP 14 twice.  

16. Transfer the eggs to centrifuge tube (STEP 9-f) with wide mouth pipette. 

17. Aspirate excess bugger from the top of the eggs. 

18. Transfer each tube to Falcon tube for Clinical centrifugation with forceps. 

19. Spin at Speed 1,500 rpm for 1 min exactly. 

20. Aspirate off, very gently, all the buffer. Do NOT suck out the eggs. 

21. Spin at Speed 2,000 rpm for 1 min and then at 3,000 rpm for 30 sec. 

22. Aspirate off, very gently, all the buffer. 

23. Place in 16 ˚C rotor. 

24. Spin at 3,000 rpm for 3 min and then 10,000 rpm for 12 min at 16 ˚C (PROG# 01). Crush the eggs. 
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25. Prepare ice bucket, a 1 ml syringe, purple 16 G needle and 1 eppendorf tube. 

26. Thaw 20 × Energy-MIX (stock at -20 ˚C freezer). 

27. After 10k centrifugation, place tubes in ice bucket. 

28. Wipe the wall of the tube with 70% ethanol. 

29. Syringe out CSF-extract gently near the bottom of the middle layer with 16 G needle. 

30. Estimate volume of extract, remove the needle off, and place extract in eppendorf tube. 

31. Add 1/20 (v/v) Energy-MIX (STEP 26), 1/1000 (v/v) of LPC (STEP 9-b) and 1/1000 (v/v) of Cyto-D 

(STEP 9-f). 

32. Mix gently and flick tube. Extract in now ready. Store at 0˚C on ice. 

33. Clean up and take care of frogs (typically, let them lay all eggs for at least 24 hrs post injection and 

then return them to the tanks). 

 CSF Spindle Assembly to test the quality of CSF-extract 

1. Thaw Sperm (stock at -80˚C freezer) and Rhodamine - Tubulin (stock at -80 ˚C freezer). 

2. Remove 20 �l of CSF-extract to new eppendolf tube. 

3. Add 0.5 �l of Sperm and 0.4 �l of Rhodamine - Tubulin. Mix. 

4. Place this tube at 16 ~ 18˚C (water bath). 

5. Start TIMER. 

6. At 30 min, fix 1 �l of extract with 3 �l of Fixation Buf. (Half spindles). 

7. At 45 ~ 60 min, fix 1 �l of extract with 3 �l of Fixation Buf. (Half and bipolar spindles). 

Bipolar spindles / the total structures:     ~ 10 %  very poor CSF-extract  

     40 ~ 60 % typical CSF-extract 

     90% ~  best CSF-extract 
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 Cycled Spindle Assembly 

1. Thaw Sperm (stock at -80 ˚C freezer), Rh-Tubulin (stock at -80˚C freezer) and Ca2+ Sol. (stock at 

-20˚C freezer). 

2. Remove 20 �l of CSF-extract to new eppendolf tube. 

3. Add 0.5 �l of Sperm and 0.4 �l of Rh-Tubulin. Mix. 

4. Add 1.5 ~ 2.0 �l of Ca2+ Sol. (4 mM in Sperm dilution buf) to the eppendolf tube (final conc. ~ 0.4 

mM Ca2+) and mix. 

5. Place this tube at 16 ~ 18˚C (water bath). 

6. Start TIMER. 

7. At 80 min, fix 1 �l of extract with 3 �l of Fixation Buf. (Nucleus in Interphase) 

8. Add 20 �l of CSF-extract to an eppendolf tube (dilute calcium and proceed to Metaphase) and mix. 

9. At 140 min, we will get cycled spindles! Fix 1 �l of extract with 3 �l of Fixation Buf. (Bipolar 

spindles). 

10. Thaw DAPI (1 mg/ml stock at -20˚C freezer) and dilute with Sperm Dilution Buf. (stock at -20˚C 

freezer) to 1/20. 

11. Add ~ 1 �l of diluted DAPI to ~ 50 �l of extract in metaphase. 
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2.2.5 Xkid-GFP  

Full length Xkid-GFP (Xkid-GFP-FL)

DNA Xkid-GFP (Xkid-GFP-�DB) ATP

T125N PCR mutagenesis (TOYOBO)

DNA PureLink HQ Mini Plasmid DNA Purification Kit 

(Invitrogen, K2100-01) mRNA mMessage mMachine SP6 Kit 

(Ambion, AM1340)  

mRNA CSF 1/10 16 3

Xkid-GFP (Funabiki and Murray, 2000) Xkid-GFP

CSF -20 GFP

 4-1 Roche  
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2.2.6 GFP Qdot  

GFP Qdot Qdot Antibody Conjugation Kit (Q22021MP, Invitrogen)

Qdot SMCC DTT GFP

Sodium azide Sodium azide

4 3 3 Qdot

1 Qdot 4 GFP GFP

Roche 1814460 GFP Qdot

1-2 �M  

Q22021MP SiteClick Qdot 655 Antibody Labeling Kit 

(S10453, Invitrogen) Invitrogen HP

 

 

Create a perfectly labeled antibody with the SiteClick™ Qdot® 655 Antibody Labeling Kit. 

This kit replaces the conventional Qdot® 655 Antibody Conjugation Kit (Q22021MP). Unlike the 

conventional amine-thiol crosslinker method, SiteClick™ labeling specifically attaches the label to 

the heavy chains of an IgG antibody, ensuring that the antigen-binding domains remain available for 

binding to your antigen target. This site selectivity is achieved by targeting the carbohydrate domains 

present on essentially all IgG antibodies regardless of isotype and host species. In addition, no harsh 

reduction steps are required, and the labeling is consistent and reproducible each time it’s performed. 

Depending upon the label, the resulting SiteClick™-labeled antibody can be used in flow cytometry, 

fluorescence imaging, or Western blot detection. 

(http://products.invitrogen.com/ivgn/product/S10453?ICID=search-product)  
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2.3  

2.3.1  

2  2-1  

1. IX 70 Olympus) 

� 40× UplanFLN lens (0.75NA, dry, Olympus) 

� Hamamatsu ORCA AG cooled charge-coupled device (CCD) camera 

(Hamamatsu Photonics K. K.) 

� Metamorph (Molecular Devices) 

� (USH 102D, USHIO) 

2. IX 71 Olympus) 

� 40× UplanFLN lens (0.75NA, dry, Olympus) 

� Electron multiplying charge-coupled device (EM-CCD) camera (iXon EM+, 

Andor Technology) 

� iQ (Andor Technology) 

� (USH 102D, USHIO)  
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2.3.2  

2  2-1  

1. IX 70 Olympus) 

� 60× UPlanSApo (1.35NA, Oil, Olympus), 100× UplanFI (1.30NA, Oil, 

Olympus) 

� Hamamatsu ORCA AG cooled charge-coupled device (CCD) camera 

(Hamamatsu Photonics K. K.) 

� Metamorph (Molecular Devices) 

� CSU10 (YOKOGAWA) 

� ArKr 488/568 (CSU10 ) 

2. IX 71 Olympus) 

� 60× UPlanSApo (1.35NA, Oil, Olympus), 40× UPlanFLN (1.30NA, Oil, 

Olympus) 

� Electron multiplying charge-coupled device (EM-CCD) camera (iXon EM+, 

Andor Technology) 

� iQ (Andor Technology) 

� CSU10 (YOKOGAWA) 

� ArKr 488/568 (CSU10 ) 

 

2.3.3  

MC-35A, NARISHIGE

MLW-3, NARISHIGE

EMM-3NV, NARISHIGE P-841.20, PI Japan Co., Ltd.
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2.3.4  

1 mm (Narishige G-1000) (PC-10

Narishige) 2 step 1 step 79.8 2 step 75.1

Step 9 mm 1

1 �m  

1 nN/�m 1 

mm (Narishige G-1000) (PC-10 Narishige 1 step 86.8

2 Step 100.9 Step 4.8 mm 2 step

1 step 1 step

1

(Narishige MF-900) 1 �m

nN/�m ( 45 

�m) 1 nN/�m

(MF-900 Narishige)

 

nN/�m

 

Sigmacote (Sigma-Aldrich)

Sigmacote
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Pluronic F-127
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2.3.5  

NEO MICRO COVER GLASS (24 × 60 mm, Thickness No.1, 0.12-0.17 

mm, MATSUNAMI)

Pluronic F-127

Pluronic F-127

Pluronic F-127

3

1-2 100

3 10

Pluronic F-127  

 

1. +Pluronic F-127 

Gatlin (Gatlin et al., 2010)  

 

 (Fluka, 80430-500G-F ) 

® F-127 (Sigma Aldrich, P2443-250G) 

 (Wako) 

 

Milli-Q water  

↓ 

0.5 N KOH Sonication 15 30  
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↓ 

Milli-Q water  

↓ 

Sonication (15 ) 

↓ 

Sonication (15 ) 

↓ 

 

↓ 

0.05 % 3  

↓ 

Sonication (5 3 ) 

↓ 

Milli-Q water Sonication (5 3 ) 

↓ 

 

 

 

XB with 1% Pluronic F-127  (20 ) 

↓ 

Milli-Q water  

↓ 
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2. +Pluronic F-127 

MATSUNAMI (24 × 60 mm, Thickness No.1, 

0.12-0.17 mm) Milli-Q water XB with 1 % Pluronic F-127 20 Milli-Q water
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2.4  

2.4.1  

TMR-labeled tubulin

Alexa-488 labeled tubulin 200 nM

15-25 �M (Verde et al., 1992; Parsons and Salmon, 1997)

DAPI Sytox-Green Hannak

(Hannak and Heald, 2006)  

 

 

CSF ( ) 20 �l 0.3 �l  

~3 mg/ml 0.3 �l 4 mM CaCl2 1.0-1.5 �l  

 

16  80 min  

 

 

CSF 20 �l 16  60 min  

 

 

 

 

4 mM CaCl2 1.5 �l   
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3

Open chamber Xkid-Qdot Closed chamber

5

 

2.3.5

Movie 1 2007 (Petry et al., 2013)

Spindle matrix

 

20 ± 2 22

2
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1. Open chamber 

Xkid-Qdot 24 mm x 60 mm

(Press-to-seal, Invitrogen)

5 �l

(Simga-Aldrich, M-5310) 70 �l

 

Open chamber

Closed chamber

 

 

2. Closed chamber 

Xkid-Qdot 4 �l

Valap (Vaseline, Lanolin, Paraffin

)

4 �l 8 mm

12.3 �m  

Closed chamber

Open chamber

5 Closed chamber

(Miyamoto et al., 2004) Open 

chamber Closed chamber  
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3.  

1 �l Fixation buffer (60 %(v/v) Glycerol, 1×MMR, 1 μg/ml DAPI, 10 % 

Paraformaldehyde) 3 �l  

 

2.4.2  

1�m

z xy

(1 nN/�m ) 1 

�N/�m 2

 

2

60
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 2-2C

(Gatlin et al., 2010; Shimamoto et al., 2011)

 2-3

 2-2A-B

(Gatlin et al., 2010)  

(Shimamoto and 

Kapoor, 2012)  

 

2.4.3 1  

 3-18D Zener

3.4.1.3

L dL/dt = 

Fex (L L0) L0

� k1 k2  

��� = ��(� − ��) + 	 
����
 �1 − exp �−��(� − ��)
	 ������ ��    

 1 

dL/dt 3 Fex

(L L0)  3-18C  1
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2.4.4 2  

Zener

 3-22

 

 

 

4Si
2 = Li

2 + Wi
2 

Fex;  

FW;  

FS;  

	;  (= 0.44 n = 78 spindles ) V = 	LW2

	 = 0.52  

 

 

(Fex)

 

�� = 2 �� 
 �2 �
 

���  =   2 �� 
 �2 �
 

Fex  

��� = �� 
 ��
 

Fex L W FW Zener

dW/dt  
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�� = ���(�� − �) − 	� 
���� 
 �1 − exp ����(�� − �)
	� ����� � �� 

 2 

dW/dt  3-20B

 3-22C kW1 = 0.10 nN/�m kW2 = 1.51 nN/�m

�W = 27 nN s/�m.  

 

 

dS/dt  

�� = ���(� − ��) + 	� 
����
 �1 − exp �−���(� − ��)
	� ������ ��  

dS/dt  3-20B  

3-22C kS1 = 0.45 nN/�m kS2 = 21.52 nN/�m �S = 

97 nN s/�m.  

 

 

v dL/dt  

�� − ���(�� − �) = − 	���� 
����� + (��� + ���) ���� 
  
�� − ���(� − ��) = 	����  
����� + (��� + ���) ����
 

�� = �� W�   
4�� = (�� + ��)� + ��  

��[0] = 0, ��[0] = 0, �[0] = ��, �[0] = �� 
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Fex 

f = 0.5, 1.75, 5.0 nN

 

�� − ���(�� − �) = − 	���� 
����� + (��� + ���) ���� 
  
�� − ���(� − ��) = 	����  
����� + (��� + ���) ����
 

�� = �� W�  

��� = �� ��  
��� = � exp �− 10�!� " 

4�� = �� + �� 

 ��[0] = 0, ��[0] = 0, �[0] = ��, �[0] = �� 

Mathematica (Wolfram, version 8.0.4.0)  

 

2.4.5  

Eg5 ( 5) Monastrol 

(Sigma-Aldrich) ATP AMPPNP(Sigma-Aldrich)

Hexylene glycol (( )-2- -2,4- , Sigma-Aldrich)  

 

Monastrol 

Monastrol Monopolar spindle

(Mayer, 1999) Monastrol

Eg5 ( 5) Eg5

Polewards microtubule flux 2-3 
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�m/min) 0.5-1.0 �m/min (Miyamoto et al., 2004; Yang et al., 2008)

Eg5 Monastrol ATP

Monastrol Eg5

(Crevel et al., 2004; Krzysiak et al., 2006; Kwok et al., 2006; Lakämper et al., 2010)  

Monastrol

Monopolar spindle (Kapoor et al., 2000) Monastrol (10 mM in DMSO

20 ) 200 �M Eg5

~400 nM (Kapoor and Mitchison, 2001) Monastrol

Polewards microtubule flux

(Kapoor et al., 2000; Miyamoto et al., 2004) Monastrol

80 (Brugués et al., 2012)  

Monastrol Monopolar spindle 3

3

Closed 

chamber z Xkid-Qdot

Closed chamber  

Monastrol

CSF 20 �l

Monopolar spindle Monastrol

Monastrol

30 30
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Monastrol 15 30 Bipolar spindle

Monopolar spindle (Kapoor et al., 2000)  

2 Monopolar spindle Monopolar spindle

 4-13 Xkid-Qdot

4.2.3  

Monastrol DMSO DMSO

5 Aster

(Stearns and Kirschner, 1994) Monastrol (10 mM) 200 �M

DMSO DMSO 2 %

DMSO DMSO 2.5 %

Aster Monastrol

 

 

AMPPNP 

ATP AMPPNP 1.0-3.0 

mM Polewards microtubule flux (Sawin and Mitchison, 1991b; 

Shimamoto et al., 2011)

Polewards microtubule flux Eg5 (Miyamoto et al., 2004)

AMPPNP Eg5 AMPPNP

Dynein ATPase

AMPPNP (rigor) AMPPNP (

50 mg/ml in Sperm dilution buffer (5 mM K-Hepes, pH 7.7, 1 mM MgCl2, 100 mM KCl, 

150 mM Sucrose) -80 ) 1.0 mM 1.5 mM

1.0 mM 10
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(Sawin and Mitchison, 1991b; Shimamoto et al., 2011) AMPPNP

5 AMPPNP

Sigma-Aldrich HP -70 3

1 AMPPNP

 

 

Hexylene glycol 

Hexylene glycol

(Mitchison et al., 2005) Hexylene glycol 3% (v/v)

Aster 2

~1.7 

�m/min  4-14a (Mitchison et al., 2005) Yang (Yang 

et al., 2007) Hexylene glycol 20% (v/v) in water 2%

5  

 

2.4.6 DMSO aster 

DMSO (Dimethyl sulfoxide) Taxol

�-tubulin (Verde et al., 

1991; Stearns and Kirschner, 1994; Heald et al., 1997) DMSO 5% (v/v)

DMSO aster Monastrol

Monopolar spindle (Sawin 

and Mitchison, 1994; Heald et al., 1997) DMSO Sigma-Aldrich 2.5



2  

62 
 

5.0% (v/v) CSF 16 30

DMSO aster  4-15

DMSO DMSO aster

 

 

2.4.7 FSM (Fluorescent Speckle Microscopy)  

Polewards microtubule flux

Caged (Sawin and Mitchison, 1991b) FSM

(Maddox et al., 2002, 2003; Yang et al., 2007) Caged

Caged Cage

flux

flux 1 1

60-90 s flux

FSM

Speckle 1 1

Caged

1 1

 

FSM Speckle
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Rhodamine-labeled tubulin 10 nM

Alexa488-labeled tubulin 200 nM

2 Time lapse

Binning Speckle

600-1000 ms

Speckle

Rhodamine-labeled tubulin  

Kymograph

Kymograph

G-Track G-Angstrom 2

2

Kymograph ImageJ 

(National Institutes of Health) Multi stack regulation Plugin

Plugin

Speckle

(Alexa488-labeled tubulin)  

G-Track
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Speckle

Xkid-Qdot

PTA (Particle Track and Analysis) ImageJ Plugin

PTA

(PTA

Acknowledgement )   
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2.4.8 3  

3

2

3

3

 

3

2.48 �m/s 200 ms (Streaming)

(496 nm/frame) ~3mg/ml Rhodamine-labeled 

tubulin Alexa488-labeled tubulin ~200 nM 3

Rhodamine-labeled tubulin

Alexa-488 tubulin

10 mW

 

z ( ) FocalCheck (Invitrogen)

zFWHM


 n NA  

z#$%& = 2'*-.�  

 = 568 nm n = 1.518 NA = 1.35 zFWHM = 946 nm
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40 nm

zFWHM = 576 nm 3

496 

nm

 

3

Huygens Essential (version 4.1.0p8, Scientific Volume Imaging)

Classic maximum likelihood estimation

1.5
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1.5

1.5

 2-4

 

3 3

Voxel (74×74×496 nm3) (FICyto). 1.5

Voxel FITh FITh  

 �/35 = 1.5 �/89:; 

i Voxel FIi Voxel v V  

< = � ∗ ∑ 1@ABC@ADEF , 

M

 

G = H I�/F − �/J9:;K@ABC@ADE

F  

 

L = G<  

 

3

Salmon

(Salmon et al., 1984) Voxel 1 3 t

FIt 3 FI0 3
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FI∞ 1 3

 

�/: = �/� + (�/M − �/�) 
1 − N� :O
  
 3 

� t FIt 3

� = 63 s (n = 11)  2-5 FIt 

FIt 1 1

Caged 75-100 s

(Sawin and Mitchison, 1991b)

3

 

   

  



2.4  

69 
 

2.4.9 Xkid-Qdot  

Xkid-GFP GFP Qdot

15 �l Xkid-GFP CSF

GFP Qdot 0.2-1.0 �l (2-10 % v/v) 0.3 ��l (20-40 nM)

Xkid-GFP CSF Xkid-GFP

Xkid-GFP GFP Qdot

~5min Qdot Xkid-GFP

Movie 16

Qdot 1 Xkid-GFP  

1 Qdot Xkid-GFP 4 1 Qdot 4

Xkid-GFP GFP Qdot

(15-30 min)

Qdot

Xkid-GFP CSF Qdot 1

1 Xkid-GFP Qdot

PBS 40 �l 1.0 �l

Qdot Xkid-GFP

 

Xkid-GFP Xkid-GFP

30 Xkid-Qdot Closed chamber 

+Pluronic F-127 Xkid-GFP GFP Qdot

5

Xkid-Qdot Xkid-Qdot
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Xkid-Qdot

Xkid-GFP GFP Qdot

Xkid-GFP Xkid-GFP

 

Xkid-GFP (Axio Image, Carl Zeiss)

; 40×, 0.75 NA, Carl Zeiss, ; AxioCam MRm, Carl Zeiss)  

Xkid-Qdot (IX71, 60× ) Time-lapse (2 )

(~20 mW) Xkid-Qdot 488 nm

TMR-labeled tubulin 568 nm

488 nm Xkid-GFP Qdot 568 nm

Qdot Qdot

 

Xkid-Qdot 2

G-Track G-Angstrom ImageJ Plugin PTA (Particle Track and 

Analysis

Acknowledgement ) 2.4.7FSM (Fluorescent Speckle 

Microscopy) PTA

 

2.4.7FSM 

(Fluorescent Speckle Microscopy)

2

Kymograph ImageJ (National 
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Institutes of Health) Multi stack regulation Plugin

2.4.7FSM (Fluorescent Speckle Microscopy)

 

Xkid-Qdot t = tk Xkid-Qdot

(xtk, ytk) 2

x x = 0 x y y = 0 x

Monastrol Monopolar spindle 2.4.5

Monastrol

2 2 Aster y y

x x = 0 y

 

Instantaneous velocity (Ins. Vel.) Time-lapse ��(� = tk+1 – tk) 

 

Ins. Vel. (�Q) = R(S:QT� − S:Q)� + (U:QT� − U:Q)� 2 X  

Instantaneous direction (Ins. Dir.)  

Ins. Dir. (�Q) = Z\^_`�ab      when |S:QT�| − |S:Q| < 0dafN              when |S:QT�| − |S:Q| > 0   
Monastrol Monopolar spindle  

Ins. Dir. (�Q) = jk_�m`b�      when  R(S:QT�)� + (U:QT�)� − R(S:Q)� + (U:Q)� > 0dafN                when  R(S:QT�)� + (U:QT�)� − R(S:Q)� + (U:Q)� < 0   
Monastrol 2  

Ins. Dir. (�Q) = Zk_�m`b�      when |S:QT�| − |S:Q| < 0dafN               when |S:QT�| − |S:Q| > 0   
 

(Dir. (tk)) Ins. Dir. (tk)  

Ins. Dir. (�Q) = Ins. Dir. (�QT�) = Ins. Dir. (�QT�) 
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Dir. (tk) 

E-P (O-P) Xkid-Qdot Dir. (tk) 

 

Dir. (�Q��) ≠ Dir. (�Q) = Dir. (�QT�) = ⋯ = Dir. (�QTt) ≠ Dir. (�QTtT�) (f ≥ 1) 
Run length Lifetime

 

Run length (�Q ~ �QTt) =   R(S:QTt − S:Q)� + (U:QTt − U:Q)�   
Lifetime (�Q ~ �QTt) =   �QTt − �Q, 

Xkid-Qdot Total run length Total lifetime 1 Xkid-Qdot

Run length Lifetime  

Run length Lifetime Excel (Microsoft)

VBA

Origin 8.1 (Originlab)  

 

2.4.10 EB1  

EB1 (Bieling et al., 2007)

EB1

EB1

1 1 EB1

(Tirnauer et al., 2002, 2004)  

10 Alexa488-labeled EB1 10 �g/ml (340 nM)

CSF EB1

~8 �g/ml (~270 nM) (Tirnauer et al., 

2002) EB1 EB1
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2.4.11  

Origin 8.1 (Originlab)  

Paired two-tailed Student’s t-test Xkid-Qdot

Unpaired two-tailed Student’s t-test Xkid-Qdot Run length Lifetime

Mann-Whitney U test  

Pearson r

r p
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2.5  

 

 2-1  

 

CSU10  
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 2-2 

 

10 �m

1.0 �m/s A

Pluronic F-127 B

C

2.4.2   
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 2-3  

2

DNA 10 �m
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 2-4 3  

3 10 �m

1.5

2  
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 2-5  

1 2 3 n = 11

2 1 70 270

 ± SD 2 D 1

(D0) 1

 3

 

  



3.1  

79 
 

3  

3.1  

(Wühr et al., 

2008; Hara and Kimura, 2009)

(Heald et al., 1996; Budde et al., 2001; Gaetz and Kapoor, 

2004; Mitchison et al., 2005; Kaláb et al., 2006; Ohi et al., 2007; Houghtaling et al., 2009; Loughlin 

et al., 2011)

(Ohi et al., 2007) katanin

(Loughlin et al., 2011)

RanGTP (Kaláb et 

al., 2006)

(Goshima et al., 2005; 

Burbank et al., 2007; Wollman et al., 2008; Brust-Mascher et al., 2009)

(Dumont and Mitchison, 2009; Itabashi et al., 

2009)

 

katanin
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(Vernos et al., 1995; Andersen, 2000; Budde et al., 

2001; McNally et al., 2006) Eg5 dynein

(Sawin et al., 1992; Merdes et 

al., 1996; Gaetz et al., 2006; Rubinstein et al., 2009; Hara and Kimura, 2013)

 

3

3.2 3.3  

(Itabashi et al., 2009; Gatlin 

et al., 2010)

(Shimamoto et al., 2011)

 

3.4

 

 

  



3.2  

81 
 

3.2  

3.2.1  

 

3  3-1 Movie 2

 3-1A Length (L) Width (W)

Volume (V) 3 2.4.8

3

2.4.8 3 L W V

34.1 ± 5.3 μm 18.0 ± 4.0 μm (5.56 ± 3.81) × 103 μm3  ± SD, n = 78

L W  3-1B W = -0.57 L – 1.3 Pearson correlation 

coefficient; r = 0.74, p < 0.05) V L 3   3-1B V = 0.035 L3.4)

M  3-1C n = 78

M = (2.0 ± 3.2) × 10-3 L4.0 ± 0.4 (R2 = 0.53) M = (4.1 ± 2.7) × 10-5 W3.1 ± 0.2 (R2 = 0.75) M = (0.61 ± 

0.02) × V (R2 = 0.93); ± SEM )  

 

 

30

 3-2A

1

 3-2B  3-3

6 78

 3-2B SD

 3-2B SD
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 3-2  3-1

 

 

 

 3-4  3-2

Aspect ratio � (= W/L) � (= V/LW2)

� � L   3-4A; n = 78 Pearson correlation 

coefficient; r = 0.057 (p > 0.05) 0.337 (p < 0.01); � = 0.53 ± 0.08 � = 0.44 ± 0.06 ± SD

3 ; � 

= 0.52 ;��� = 0.26)  

D M/V (D = 0.53 ± 0.16 AU/μm3 (  ± SD n = 78))

Length (L)  

��  = GLα�	   
 4 

 4  3-5 D

L  3-4B Pearson correlation coefficient; r = 0.227 p < 0.05

 4 � � D L

M L  
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3.2.2  

3

3

3

1

3.3

(Nicklas and Gordon, 1985; Dinarina et al., 2009)

 

Caenorhabditis elegans Embryo Aspect ratio (Hara and 

Kimura, 2013)

1  4
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3.3  

3.3.1  

D � � L  4 M L

D � � M

M L

�

�

�  3-6  3-7
 Movie 3

��

�

 3-9

�

�

 3-7
 � �

� ��  3-7�  3-8
 M = (0.24 

± 0.12) × 104 AU M = (0.074 ± 0.058) × 104 AU  ± SD, n = 10

n = 20 �

��  3-7�  3-8
 L = 34.1 

± 3.9 �m W = 16.4 ± 2.2 �m V = (4.6 ± 1.6) × 103 �m3  ± SD n = 10

L = 27.1 ± 4.3 �m W = 12.1 ± 2.7 �m V = (1.9 ± 1.0) × 103 �m3  ± SD

n = 20 L M

 3-8
 � �
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 3-7B  3-8B,C � = 0.48 ± 0.05 � = 0.48 ± 0.03

 ± SD n = 10 � = 0.45 ± 0.11 � = 0.46 ± 0.09  ± SD n = 20

 3-7B  3-8B,C D = 0.50 ± 0.16

 ± SD n= 10 D = 0.37 ± 0.13  ± SD n = 20

p < 0.01 25% 70

 4 L M

 

2

M 2  3-10A 15 2 1

Movie 4 2

1 (Gatlin et al., 2009) 

M 2

 3-10B

 3-11A M = (0.069 ± 0.056) × 104 AU

L = 26.2 ± 3.4 �m W = 12.0 ± 2.8 �m V = (1.8 ± 1.0) × 103 �m3  ± SD n = 18

M = (0.18 ± 0.094) × 104 AU L = 29.9 ± 3.8 �m W = 16.9 ± 3.9 �m V = (4.3 ± 2.4) × 

103 �m3  ± SD n = 9 �

Aspect ratio  3-10B  3-11B,C � = 0.46 ± 0.09 � = 0.46 ± 

0.11 D = 0.36 ± 0.13  ± SD n = 18 � = 0.47 ± 0.04 � = 0.57 ± 0.15 

(p < 0.01) D = 0.43 ± 0.14 (p < 0.01)  ± SD n = 9

L M  3-11A

 



3.3  

87 
 

3.3.2  

 3-12

 4

 

(Goshima et al., 2005; Burbank et al., 2007; Loughlin et al., 2011; Reber et al., 2013)
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3.4  

3.4.1.1  

2

 3-13 2.4.2

0.1–10.0 �m/s 2 ~4 

�m L  3-14A Movie 5

(Shimamoto et al., 2011) L W

W

10%  3-14B

~4%  3-2  3-1

 3-14B

W

3.4.1.4

~8% 300 300
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3.4.1.2  

10%  = 1.0–5.0 �m/s

 3-15A Movie 9 L W

L W 300

L = 36.5 ± 7.2 �m W = 18.4 ± 3.4 �m L = 36.3 ± 7.3 �m W = 18.1 ± 3.9 �m

 ± SD n = 5  3-15B-C

 

8%  = 1.0–5.0 �m/s

L W  3-16A

Movie 10 W L L

W 200  3-16B

W W W0  3-16C-D

W/W0 = 0.94 ± 0.06  ± SD n = 13 p < 0.05 W L

L

 

3

M V D = M/V

 3-17A 2.4.8 3

8% 3

M V D

V D 240  3-17B Movie 11

M V D
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W V D

L W

 

 

3.4.1.3  

 3-18A Movie 12-14

1

 = 0.1 �m/s 2.0 �m/s 5.0 �m/s

2.4.2

0.1 �m/s 2.0 �m/s

 3-18B-C  3-19

5.0 �m/s 2.0 �m/s

 3-18C  3-18D Zener

Zener (1)

(2)

2

Zener  3-18C 3
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Zener

2.4.3 1 k1 

= 0.4 nN/�m k2 = 5.2 nN/�m � = 41 nN s/�m  

Zener

k1 = 0.08 nN/�m, k2 = 0.78 nN/�m, � = 7.5 nN s/�m (Shimamoto et al., 2011)

(2.69 nN/�m)

(1.19 nN/�m) 2 (Itabashi et al., 2009)

 

 

3.4.1.4  

0.1 μm/s, 1.0 μm/s and 10.0 μm/s

 3-20  3-21 Movie 6-8 W

0.1 

μm/s L/L0 =1.055 W/W0 = 0.92 ± 0.05 (  ± SD, n = 8)

1.0 μm/s L/L0 =1.055 W/W0 = 0.75 ± 0.11 ( ± SD, n = 7)

3.4.1.2

 

 3-21B

S  
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� = 12 R�� + �� 

 5 

(1.0 μm/s 10.0 μm/s) S

 3-20 S

S

S

dS/dt = 0.55 ± 0.33 μm/min ( ± SD, n = 8)

2-3 �m/min  

3.4.1.3

 3-18C  3-22

Fex

(Fex)W (Fex)S  

(���)� = ���  
�� 
 

 6 

(���)� = ���  
��
 

 7 

 3-18C  3-22C

3.4.1.3 Zener  3-22D

Zener

FW, FS (Fex)W = - FW (Fex)S = 
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- FS

2.4.4

Zener kW1 

= 0.10 nN/�m kW2 = 1.51 nN/�m �W = 27 nN s/�m

k1 = 0.08 nN/�m k2 = 0.78 nN/�m �1 = 7.5 nN s/�m

(Shimamoto et al., 2011)

Zener

kS1 = 0.45 nN/�m

kS2 = 21.52 nN/�m �S = 97 nN s/�m  

2.4.4

 3-21A  

 3-23A

2.4.4 Zener

Zener Maxwell

 3-23A
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Zener

 

 

3.4.2  

(Itabashi et al., 2009; Shimamoto et al., 2011)

 

(Merdes et al., 1996; Barr and Gergely, 2007; Lüders 

and Stearns, 2007) Eg5

(Burbank et al., 2007; Yang et al., 2007)

(Charlebois et al., 2011)
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3 �m 10%

1 �m/min flux 2-3 �m/min

(Yang et al., 2008) flux

 

5

15 20

Sliding
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4 nN/�m

2.69 nN/�m

(Itabashi et al., 2009)

Zener

Zener

 

(Shimamoto et al., 2011) Zener

Zener Maxwell

Maxwell  3-23
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L/L0 = 1.08 2.1 ± 0.8 ( ± SD, n = 13)

0.5

3 (Lynch, 2003)

0.5

(Itabashi et al., 2012)
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3.5  

3

3
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3.6  

 

 3-1  

(A) 2 DNA 3

10 �m  

(B) n = 78 L W V

W = -0.57 L – 1.3 R2 = 0.54 V = 0.035 L3.4 R2 =0.63 V = 0.51 LW2 -630 R2 = 0.97  

(C) M M = 2.0 × 10-3 L4.0 

(R2 = 0.53) M = 4.1 × 10-5 W3.1 (R2 = 0.75) M = 0.61 × V R2 = 0.93  

Movie 2  
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 3-2  

(A) 30 L W V n = 4  

(B) (A) 4

SD 1
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6

78

78 SD

SD  
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 3-3  

 3-2A n = 4

1  
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 3-4  

78 Aspect ratio (�) � (= V/LW2) D ( Length 

(L) Width (W) Volume (V))

 3-2  
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 3-5  

 4 L

M L 3 � � D

L M  
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 3-6  

2 2

2

 

Movie 3  
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 3-7  

(A) 10 �m

2~3 2  

(B) M

3 1 L W

V Aspect ratio � � (= V/LW2) D

20
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 3-8  

(A) L M n = 20 

n = 10 78

L M

 

(B) – (C) L Aspect ratio (�) � (= V/LW2) D

n = 10 n = 20

B 78

SD  
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 3-9  

DNA 10 �m
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 3-10  

(A) 10 �m

2  3-7A

2 1  

(B) 2 1

M

M

L W V Aspect ratio � � (= V/LW2)

D 20

 

Movie 3   
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 3-11  

(A) L M n = 9

n = 18

78 L M

 

(B) – (C) L Aspect ratio (�) � (= V/LW2) D

n = 18 n = 9

B 78

SD Aspect ratio �
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 3-12  

M

M L

W V Aspect ratio � � (= V/LW2)

M
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 3-13  

XY

XZ 2
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 3-14  

(A) 10 �m

1.0 �m/s

 

(B) n = 21

Lmax L0

SD t

p < 0.05

10 %  

Movie 5  
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 3-15  

(A) 

10 �m

1.0 �m/s  

(B) L W L W

 

(C) L W  (n = 5)

 

Movie 9  
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 3-16  

(A) 

10 �m

5.0 �m/s  

(B) L W L

W

W L

L  

(C) L W SD n = 13

L0 W0

t p < 0.05  

(D) L W n = 13

 

Movie 10   
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 3-17 3  

(A) 3

10 �m

1.0 �m/s

 

(B) V M D SD n = 13

V0 M0 D0

t p < 0.05

 

Movie 11  
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 3-18  

(A) 

1 nN/�m

10 �m  

(B) L

0.1 �m/s n = 5 2.0 �m/s n = 14 5.0 �m/s n = 4  

(C) SD L0

0.1 �m/s n = 5 2.0 �m/s n = 14 5.0 �m/s n = 4

Zener

SD 0.1 �m/s

5.0 �m/s

2.0 �m/s  

(D) Zener  

Movie 12-14   
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 3-19  

(A) SD

0.1 �m/s n = 5 2.0 �m/s n = 14 5.0 �m/s n = 4  3-18C

 

(B) L W 0.1 �m/s n 

= 5 2.0 �m/s n = 14 5.0 �m/s n = 4 W
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 3-20  

(A) 

10 �m  

(B)  

(C) 

S

 

Movie 6-8   
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 3-21  

(A) L W ± SD, n = 8  = 0.1 

�m/s  n = 5  = 1.0 �m/s n = 6  = 10.0 �m/s) L0 W 0

2

S  

(B)  
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 3-22  

(A) 

1 nN/�m

10 �m  

(B)  

(C) ( ) ± SD, n = 14 (

2.0 μm/s ( )) n = 5 0.1 μm/s ( ) W0 

0.5 SD ( )

± SD, n = 14 ( 2.0 μm/s ( )) n 

= 5 0.1 μm/s ( ) W0 

0.5 SD  

(D) 2   
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 3-23  

(A) 2 Fex L W

Zener ( ) Maxwell ( ) 20 Zener

Maxwell  

(B) Zener
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 3-1  

  

a;  3-2B SD

 

b; 30 SD  3-2

 

  

  Mean ± SD 

  Length (�m) Width (�m) Volume (�m3) 

Single time pointa No. of 

spindles 

   

Extract 1 22 37.5 ± 3.9 21.4 ± 4.4 8910 ± 4750 

Extract 2 12 31.5 ± 2.6 15.0 ± 1.8 3224 ± 890 

Extract 3 5 38.1 ± 6.5 20.1 ± 2.8 7660 ± 3480 

Extract 4 4 36.2 ± 4.0 19.7 ± 2.1 6970 ± 1840 

Extract 5 25 29.8 ± 3.6 16.0 ± 2.8 3380 ± 1840 

Extract 6 10 37.5 ± 4.5 17.3 ± 2.6 4770 ± 1740 

Average 78 34.1 ± 5.3 18.0 ± 4.0 5560 ± 3810 

Time variationb     

Spindle 1  29.4 ± 1.3 12.1 ± 0.6 1760 ± 250 

Spindle 2  30.4 ± 1.1 14.4 ± 0.6 3180 ± 330 

Spindle 3  39.8 ± 1.4 19.1 ± 0.7 7000 ± 800 

Spindle 4  31.2 ± 1.4 16.7 ± 0.5 4650 ± 380 

Average 4 32.7 ± 1.3 15.6 ± 0.6 4150 ± 440 
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 3-2 r Pearson correlation coefficients  

  

n = 78 L W V M Aspect ratio � � = V/LW2 D  

* p < 0.05 

** p < 0.01 

p r � � D L

L W V M

 

  

L W V M �� �� D 

L  0.741** 0.786** 0.704** 0.057 0.337** 0.227* 

W 0.951** 0.856** 0.707** 0.407** 0.355** 

V 0.924** 0.563** 0.554** 0.372** 

M 0.516** 0.573** 0.647** 

�� 0.213 0.305** 

�� 0.335** 

D 
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4 Xkid  

4.1  

(Scholey et al., 2003; Rajagopalan and Lengauer, 2004)

Chromokinesin

(Rieder and Salmon, 1994; Walczak et al., 

2010) CENP-E

(Kapoor et al., 2006) Bi-orientation

2 2

(Kitajima et al., 2011; 

Magidson et al., 2011) Bi-orientation

 

kinesin-4 Kid (kinesin-10) Chromokinesin

(Levesque and Compton, 2001; 

Perez et al., 2002; Mazumdar and Misteli, 2005; Castoldi and Vernos, 2006; Ohsugi et al., 2008; 

Wandke et al., 2012) kinesin-4

Kid (Stumpff et al., 2012) kinesin-4

Kid Polar ejection force

/ Kid

(Funabiki and Murray, 2000; Perez et 

al., 2002) Kid in vitro

(Yajima et al., 2003; Bieling et al., 2010) 2

Kid Kid
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Xkid Xenopus laevis Kid

Xkid

 

 

4.2  

4.2.1 Xkid-Qdot  

Xkid-GFP Full length 3

 4-1 Xkid-GFP

Full length Xkid-GFP  4-2

Xkid-GFP Xkid C DNA

(Xkid-GFP-�DB)

 4-2

Kid (Perez et al., 2002; Tokai-Nishizumi et al., 

2005)  

Xkid ATP

(Xkid-GFP-FL-T125N)

Xkid

 4-2 ATP

Xkid-GFP-�DB-T125N  4-2

Full length Xkid-GFP ATP

 

Xkid

44.8 ± 1.6 μm ( ± SEM, n = 9) Xkid-GFP GFP Qdot

Xkid Qdot
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4 Xkid-GFP Full length Xkid Xkid-GFP-FL Xkid-Qdot

Xkid-Qdot

 4-3 Movie 15 Xkid-Qdot

Xkid-GFP-FL

GFP Qdot

GFP Qdot

Xkid  4-4 Movie 16 in vitro

Kid non-processive

Gliding assay

(Yajima et al., 2003; Bieling et al., 2010) Xkid-GFP

Xkid-Qdot GFP Qdot Xkid

 

Xkid-Qdot  4-5 2.4.9 Xkid-Qdot

Xkid-Qdot

Xkid-Qdot

Total run length  Total lifetime 17 μm 180 s

Xkid ~45 μm

Total run length Total lifetime Single exponential

5.4 �m 35 s  4-5

Xkid-Qdot

 

Xkid-Qdot

Equator mode Pole mode

E-P mode 2.4.9 Xkid-Qdot
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mode Single Gaussian

 4-6 136 ± 1 nm/s Equator mode  

125 ± 1 nm/s Pole mode 92 ± 2 nm/s E-P mode Equator mode Pole mode

in vitro Kid (human) Xkid (Xenopus laevis)

140-160nm/s flux ~43 nm/s (Yang et al., 2008)

3  

2

mode ~60 nm/s ~140 nm/s ~60 nm/s

flux  4-7 Xkid-Qdot

flux

E-P mode ~60 nm/s

mode flux flux

(Yang et al., 2007, 2008)

Xkid-Qdot

3

Time-lapse 2 

 

Run length Lifetime 1–2 μm 10–17 s Equator mode

Pole mode  4-6 30-50 �m

(2–15 μm) (Brugués et al., 2012) Equator mode

Xkid-Qdot Run length (2.32 ± 0.18 μm ( ± SEM))

2.4  1.0 μm (Brugués et al., 2012)

Xkid-Qdot
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4.2.2 Xkid-Qdot  

Xkid-Qdot  4-8 2

Xkid-Qdot

Xkid-Qdot  4-9

 4-10

Xkid-Qdot Xkid-Qdot

Xkid

Xkid-GFP-�DB Xkid-Qdot Xkid-Qdot

 4-11 Full length Xkid

Xkid-Qdot Full length

�DB Xkid-Qdot Xkid

Xkid-Qdot

Xkid-Qdot Xkid

Xkid-GFP-�DB Qdot

Xkid-GFP-�DB  4-2 Xkid

Qdot Xkid-Qdot 

 

Xkid-Qdot Xkid

Xkid-Qdot

Xkid-Qdot  4-9  4-10

Equator mode Equator mode Pole mode
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Equator mode

Pole mode Run 

length Lifetime Xkid-Qdot Run length

Lifetime  

10 μm

70

(Heald et al., 1997; 

Brugués et al., 2012) Xkid-Qdot

10 μm 83 Equator mode/ (Equator mode + Pole 

mode) (%) Xkid-Qdot Equator mode Pole mode

Xkid-Qdot Xkid-Qdot

Equator 

mode Equator mode

Xkid-Qdot

Qdot Xkid

2

Run length

Lifetime Xkid-Qdot

Run length Lifetime Xkid-Qdot
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4.2.3 Xkid-Qdot  

Xkid-Qdot Eg5

Monastrol

Monastrol 200 �M 2.4.5

80  4-12

Movie 18 (Brugués et al., 2012) Xkid-Qdot

Outward mode Pole mode

 (Movie 21) Xkid-Qdot

Outward mode or Pole mode O-P mode

Xkid-Qdot

 

Monastrol 2

2  4-13

2

 4-13

Movie 19 2 Xkid-Qdot

Outward mode Xkid-Qdot  4-13

Movie 22

Xkid-Qdot

Xkid-Qdot 3  4-13

Movie 23  

2 Xkid-Qdot Run length Lifetime

O-P mode Eg5

Xkid-Qdot
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O-P mode Run length Life time

Monastrol

1 1

Xkid-Qdot

Run length Lifetime  

 

4.2.4 Hexylene glycol Xkid-Qdot  

Hexylene glycol

(Mitchison et al., 2005; Yang et 

al., 2007) Xkid-Qdot Hexylene glycol

2.4.5

2% Hexylene glycol  4-14 1

1 Xkid-Qdot

Xkid-Qdot

Xkid-Qdot  4-14 Movie

24 Hexylene glycol

Xkid-Qdot

Hexylene glycol

Xkid-Qdot  
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4.2.5 DMSO aster Xkid-Qdot  

DMSO

DMSO aster (Stearns and Kirschner, 1994; Heald et al., 1997) DMSO 

aster Monastrol

 4-15 Movie 20

nucleation

Xkid

DMSO aster Xkid-Qdot  

Xkid-Qdot DMSO aster

 4-15 Movie 25

Xkid-Qdot
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4.3  

(Kapoor et al., 2006; 

Kitajima et al., 2011; Magidson et al., 2011)

2

(Walczak et al., 2010; Dumont and Desai, 

2012; McIntosh et al., 2012) Xkid-Qdot

Chromokinesin Polar ejection force

(Rieder et al., 1986) Xkid-Qdot

Prometaphase belt  4-16 (Kitajima et al., 

2011) Metaphase plate( )

Chromokinesin (Kitajima et al., 2011; Magidson et 

al., 2011) Prometaphase Metaphase Chromokinesin

 

 4-16 Chromokinesin

(Brugués et al., 2012)

(Walczak and Heald, 2008; Shimamoto et al., 2011; McIntosh et al., 2012; Meunier and 

Vernos, 2012)
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4.4  

 

 4-1 CSF Xkid-GFP Xkid-GFP GFP Qdot

 

(a) Full length Xkid DNA Xkid  

(b) Xkid-GFP Xkid-Qdot  

(c) Xkid-GFP mRNA CSF 2

Roche GFP Xkid-GFP  
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 4-2 Xkid-GFP  

Xkid-GFP Xkid-GFP-FL, Xkid-GFP-FL-T125N, Xkid-GFP-�DB, Xkid-GFP-�DB-T125N

Xkid Rhodamine-labeled tubulin

4',6-diamidino-2-phenylindole (DAPI) DNA

10 μm  

Xkid-GFP Full length �DB Full 

length ATP Xkid-GFP-FL-T125N
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 4-3 Xkid-Qdot  

(a) Xkid-Qdot Xkid-Qdot

Pole-to-pole axis

Kymograph Kymograph

Kymograph ImageJ Z-projection

10 μm 100 s Kymograph Xkid-Qdot

 

(b) Xkid-Qdot Xkid-Qdot

 

Movie 15   
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 4-4 Xkid-GFP GFP Qdot  

GFP Qdot GFP

Qdot 10 �m  

Xkid-GFP GFP Qdot

Xkid  

Movie 16  
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 4-5 Xkid-Qdot  

(a) Xkid-Qdot Xkid-Qdot

(Equator mode) (Pole mode)

(E-P mode)

2.4.9Xkid-Qdot  

(b) Xkid-Qdot (n = 2 Qdots; , Equator mode; , 

Pole mode; , E-P mode) Xkid-Qdot mode

 

(c) Xkid-Qdot Total run length Total lifetime (n = 9 spindles, 170 Qdots) ± SEM

Single exponential bin
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 4-6 Xkid-Qdot  

(a)-(c) Xkid-Qdot Instantaneous velocity, a Run length (b) Lifetime (c)

(n = 9 spindles, 170 Qdots) ± SEM Single Gaussian

Run length Lifetime ± SEM Single exponential

Run length 2 bin Lifetime bin

 

(d)  Xkid-Qdot Instantaneous velocity Run length Lifetime ± SEM

Instantaneous velocity t Run length Lifetime

Mann-Whitney U 0.05 Run length

Lifetime Equator mode Pole mode  
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 4-7 Xkid-Qdot Instantaneous velocity  

Instantaneous velocity Single Gaussian 2

Gaussian mode 60 nm/s 140 nm/s

(a), (b) bin E-P mode

flux ~40 nm/s

Xkid-Qdot E-P mode

Xkid-Qdot

E-P mode Xkid-Qdot
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 4-8 Xkid-Qdot  

Xkid-Qdot Instantaneous velocity, a Run length (b) Lifetime (c)

(n = 9 spindles, 170 Qdots) ± SEM Single Gaussian

Run length Lifetime ± SEM Single exponential

Run length Lifetime bin
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 4-9 Xkid-Qdot  

(a) Xkid-Qdot 0 1

Xkid-Qdot

( , Equator mode; , Pole mode; , E-P mode) (n = 9 spindles, 170 Qdots, 5,234 

time points) DNA Sytox-green

( ± SEM.; n = 7) DNA

Xkid-Qdot Xkid-Qdot

Xkid-GFP-�DB

 4-11  

(b) ( , Equator mode; , Pole mode; , E-P mode; n = 9 spindles, 170 

Qdots) 100 time points Equator 

mode Pole mode Equator mode

 

(c)-(d) Instantaneous velocity, a Run length (b) Lifetime (c) (  ± 

SEM , Equator mode; , Pole mode; , E-P mode; n = 9 spindles, 170 Qdots)

 4-2  
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 4-10 Xkid-Qdot  

 4-9

Run length Lifetime  4-9

Xkid-Qdot

Xkid-Qdot Run length Lifetime
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 4-11 Xkid-GFP-�DB-Qdot  

DNA Xkid

Xkid-GFP-�DB GFP Qdot Xkid-Qdot

(a) (  ± SEM; n = 5) (b) (b) DNA  

4-9 10 μm  

DNA Xkid Xkid-GFP-�DB Qdot

Xkid-GFP-�DB  4-2

Xkid-Qdot Xkid

Xkid-Qdot DNA

 

  



4 Xkid  

148 
 

 

 4-12 Monastrol Xkid-Qdot  

(a) 200 �M Monastrol Monopolar spindle

Xkid-Qdot Kymograph Kymograph

Kymograph Xkid

10 μm 100 s  

(b)-(f) Xkid-Qdot n = 12 spindles, 569 Qdots, 12,362 

time points Outward mode Pole mode O-P mode

± SEM Total run length Total lifetime Single exponential

2 bin Instantaneous velocity Single Gaussian

 4-1 Instantaneous 

velocity t-test Run length Lifetime Mann-Whitney U test

0.05  
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Xkid-Qdot  

Movie 21   
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 4-13 Monastrol 2 Xkid-Qdot  

(a) 200 �M Monastrol 2 Xkid-Qdot

Kymograph Kymograph

Kymograph Xkid

10 μm 100 s  

(b) 2 Xkid-Qdot n = 1 spindle, 518 

Qdots, 13,792 time points Outward mode Pole mode O-P mode

Xkid-Qdot 2  

(c) 2 Xkid-Qdot

Outward mode Pole mode O-P mode Outward 
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mode Pole mode Outward mode

 

(d) 2 EB1 Kymograph Kymograph

10 μm 100 s EB1 2

2

 

(e) 200 �M Monastrol 3 Xkid-Qdot Xkid

2 Xkid-Qdot

10 μm  

(f)-(h) 2 Xkid-Qdot n = 1 spindle, 518 Qdots, 13,792 time 

points Outward mode Pole mode O-P mode

± SEM Total run length Total lifetime Single exponential

bin Instantaneous velocity Single Gaussian

 4-1 Instantaneous velocity

t-test Run length Lifetime Mann-Whitney U test

0.05  

Movie 22-23  
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 4-14 Hexylene glycol Xkid-Qdot  

(a) Hexylene glycol 2% (v/v)

10 μm  

(b) Hexylene glycol Xkid-Qdot Xkid-Qdot Xkid-Qdot

Hexylene glycol

10 μm  

Movie 24  
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 4-15 DMSO aster Xkid-Qdot  

(a) DMSO aster Xkid-Qdot Xkid DMSO 2.5

CSF 2 DMSO aster Xkid-Qdot

DMSO aster 10 μm  

(b) DMSO aster Xkid-Qdot Xkid Kymograph

Kymograph

Kymograph 10 μm 100 

s  
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(c), (d) DMSO aster Xkid-Qdot Xkid-Qdot

DMSO aster Xkid-Qdot

 

Movie 25   
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 4-16 Prometaphase belt  

(a) Prometaphase belt

DNA 3 YZ

YZ XY 3

Projection DNA Sytox-green

10 μm

Prometaphase belt  

(b) Xkid-Qdot Xkid-Qdot

Xkid-Qdot
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 4-1 Monastrol 2 Xkid-Qdot

 

 

Mode average s.e.m. n 

Meiotic spindle 

Total run length (nm)  5353 324 170 

Total lifetime (s)  35.4 2.4 170 

Instantaneous velocity (nm s-1) 

Equator 136 1 2497 

Pole 125 1 1178 

E-P 92 2 1670 

Run length (nm) 

Equator 2315 182 245 

Pole 1299 141 170 

E-P 275 5 341 

Lifetime (s) 

Equator 17.4 1.3 245 

Pole 10.8 1 170 

E-P 2.2 0.1 341 

Mode average s.e.m. n 

Monopolar MT structure 

Total run length (nm)  2450 162 569 

Total lifetime (s)  20.6 0.8 569 

Instantaneous velocity (nm s-1) 

Outward 127 2 6566 

Pole 123 3 2437 

O-P 96 5 4454 

Run length (nm) 

Outward 1766 86 674 

Pole 1098 81 349 

O-P 361 13 804 

Lifetime (s) 

Outward 12.1 0.3 674 

Pole 6.8 0.4 349 

O-P 5.9 1.1 804 

 Mode average s.e.m. n 

Bipolar MT structure 

Total run length (nm)  1547 59 518 

Total lifetime (s)  20.7 0.7 518 

Instantaneous velocity (nm s-1) 

Outward 102 2 3481 

Pole 94 3 2421 

O-P 81 4 7890 

Run length (nm) 

Outward 637 19 581 

Pole 433 21 452 

O-P 324 7 1177 

Lifetime (s) 

Outward 4.6 0.1 581 

Pole 4.1 0.2 452 

O-P 2.3 0.3 1177 
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 4-2 Xkid-Qdot  

 

 
* p < 0.1; ** p < 0.05; *** p < 0.01.  

Instantaneous velocity 

  Distance from equator (AU)   

Distance from 

equator (AU) 
Mode 

0-0.25 0.25-0.5 0.5-0.75 0-0.25 0.25-0.5 0.5-0.75 0-0.25 0.25-0.5 0.5-0.75 mean ± s.e.m. 

(nm s-1) 
n 

E E E P P P E-P E-P E-P 

0-0.25 E  0.000  0.000  0.000  0.098  0.446  0.284  0.203  0.177  119 ± 3 789 

0.25-0.5 E ***  0.056  0.976  0.002  0.053  0.000  0.000  0.105  143 ± 2 1057 

0.5-0.75 E *** *  0.175  0.001  0.058  0.000  0.000  0.053  142 ± 1 510 

0-0.25 P *** 0.042  0.219  0.000  0.000  0.270  128 ± 1 623 

0.25-0.5 P * *** *** **  0.855  0.047  0.048  0.796  121 ± 2 427 

0.5-0.75 P * * 0.357  0.355  0.807  113 ± 6 100 

0-0.25 E-P  *** *** *** **   0.777  0.114  89 ± 3 746 

0.25-0.5 E-P  *** *** *** **    0.120  94 ± 2 630 

0.5-0.75 E-P   *       98 ± 3 236 

Run length 

Distance from equator (AU) 

Distance from 

equator (AU) 
Mode 

0-0.25 0.25-0.5 0.5-0.75 0-0.25 0.25-0.5 0.5-0.75 0-0.25 0.25-0.5 0.5-0.75 mean ± s.e.m. 

(nm) 
n 

E E E P P P E-P E-P E-P 

0-0.25 E  0.937  0.071  0.007  0.130  0.009  0.000  0.000  0.000  2306 ± 293 111 

0.25-0.5 E   0.070  0.002  0.150  0.005  0.000  0.000  0.000  2839 ± 440 88 

0.5-0.75 E * *  0.862  0.563  0.253  0.000  0.000  0.000  1516 ± 218 38 

0-0.25 P *** *** 0.264  0.242  0.000  0.000  0.000  1420 ± 238 73 

0.25-0.5 P      0.060  0.000  0.000  0.000  1664 ± 494 71 

0.5-0.75 P *** *** * 0.000  0.000  0.000  719 ± 168 23 

0-0.25 E-P *** *** *** *** *** ***  0.062  0.004  217 ± 7 147 

0.25-0.5 E-P *** *** *** *** *** *** *  0.079  247 ± 15 129 

0.5-0.75 E-P *** *** *** *** *** *** *** *  546 ± 56 53 

Lifetime 

Distance from equator (AU) 

Distance from 

equator (AU) 
Mode 

0-0.25 0.25-0.5 0.5-0.75 0-0.25 0.25-0.5 0.5-0.75 0-0.25 0.25-0.5 0.5-0.75 mean ± s.e.m. 

(s) 
n 

E E E P P P E-P E-P E-P 

0-0.25 E  0.920  0.063  0.070  0.132  0.009  0.000  0.000  0.000  17.5 ± 2.1 111 

0.25-0.5 E   0.069  0.065  0.154  0.009  0.000  0.000  0.000  19.2 ± 1.4 88 

0.5-0.75 E * *  0.727  0.510  0.280  0.000  0.000  0.000  10.5 ± 1.4 38 

0-0.25 P * * 0.658  0.077  0.000  0.000  0.000  13.9 ± 3.9 73 

0.25-0.5 P      0.060  0.000  0.000  0.000  14.1 ± 2.5 71 

0.5-0.75 P *** *** * * 0.000  0.000  0.000  6.3 ± 0.9 23 

0-0.25 E-P *** *** *** *** *** *** 0.851  0.752  2.7 ± 0.3 147 

0.25-0.5 E-P *** *** *** *** *** ***   0.855  4.9 ± 0.6 129 
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10 �m  

1. 

Speckle  

2. 3 DNA 2  

3.  

4.  

5. DNA 1.0 �m/s  

6. 10.0 �m/s  

7. 1.0 �m/s  

8. 0.1 �m/s  

9. 1.0 �m/s  

10. 5.0 �m/s  

11. 3

 

12. 0.1 �m/s ~1 

nN/�m  

13. 2.0 �m/s ~1 

nN/�m  

14. 5.0 �m/s ~1 

nN/�m  

15. Xkid-Qdot Xkid-Qdot  

16. GFP Qdot Qdot GFP-Xkid

Qdot  

17. EB1  

18. 200 �M Monastrol Monopolar EB1  

19. 200 �M Monastrol 2 Bipolar EB1  

20. 2.5 % DMSO (v/v) DMSO aster EB1  

21. 200 �M Monastrol Monopolar Xkid-Qdot

Xkid-Qdot  
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22. 200 �M Monastrol 2 Bipolar Xkid-Qdot

Xkid-Qdot  

23. 200 �M Monastrol 3 Tripolar Xkid-Qdot

Xkid-Qdot  

24. 2 % Hexylene glycol Xkid-Qdot

Xkid-Qdot  

25. 2.5 % DMSO (v/v) DMSO aster Xkid-Qdot

Xkid-Qdot  
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microtubule MT  

tubulin  

MAPs microtubule associated proteins  

molecular motor  

kinesin  

Dynein  

Xkid: 10 Xenopus Kid X Xenopus  

spindle  

spindle pole  

centrosome  

centriole  

chromosome  

DNA (deoxyribonucleic acid ) 

equatorial plane  

astral microtubule  

interphase prophase prometaphase metaphase

anaphase  

GTP (guanosine triphosphate) 

ATP (adenosine triphosphate) 

Monastrol : 5 (Eg5)  

Qdot (quantum dot ) 

GFP (green fluorescent protein) 

Xenopus laevis  
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