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Ul t ras t ruc tu ra l  changes in the kinetochore of Chinese h a m s t e r  cel ls  in cul ture during the 
success ive  s t ages  of mi tos i s  were  studied with the e lec t ron  m i c r o s c o p e .  In the inact ivated 
s tage the kinetochore e i ther  r e s e m b l e s  a disc (beginning of p rometaphase )  o r  it s inks into 
the substance of the ch romosome  (prophase,  telophase) .  Activation of the kinetochore ,  con- 
nected with the product ion of mtcrotubules  (end of p rometaphase  - metaphase)  or  with move -  
ment  of the c h r o m o s o m e s  (anaphase) is accompanied  by modificat ion into a spher ica l  s t r u c -  
tu re ,  p robably  on account of uncoiling of its component f ib r i l s .  Contradict ions in the de-  
scr ip t ion  of kinetochore organizat ion a re  probably  explained by the study of its s t ruc tu re  in 
different s tages  of functional activity.  

Although there  is now no doubt that  the kinetochore of c h r o m o s o m e s  plays a leading role  in the f o r m a -  
tion of the micro tubules  of the mitot ic  appara tus  [9] and in the anaphase movement  of c h r o m o s o m e s  [10], 
this s t ruc tu re  has st i l l  r ece ived  ve ry  l i t t le  study. It is only recen t ly  that s eve ra l  descr ip t ions  of the kineto-  
chore based  on e l e c t r o n - m i c r o s c o p i c  investigations have been given [2-6]. However,  these observa t ions  a re  
con t rad ic to ry  and a r e  not always comparab le  because they often fai led to take into account the different 
s tages  of mi tos i s ,  and some t imes  they were  made a f te r  adminis t ra t ion  of s ta thmokinet ic  subs tances  induc- 
ing supercoi l ing  of the c h r o m o s o m e s .  

To examine possible  changes in the u l t r a s t ruc tu re  of the Mnetoehore in connection with per iods  of its 
functional act ivi ty  (microtubule production,  movement  of ch romosomes )  changes in its organizat ion were  
studied in the success ive  s tages  of mitotic cell  division. 

E X P E R I M E N T A L  M E T H O D  

A culture of f ib rob las t - l ike  cel ls  of the Chinese h a m s t e r  (clone 237) was used as the t e s t  object .  To 
se lec t  the dividing cel ls  f lasks  with a two-day  culture were  shaken in w a r m  Hanks ' s  solution and cen t r i -  
fuged. The res idue  was f ixed with 2.5% g h t a r a l d e h y d e  in phosphate buffer ,  pH 7.4, for  1 h at r o o m  t e m p e r -  
a ture ,  washed with buffer ,  and postf ixed with 1% OsO 4 in phosphate buffer  for  1 h. It was  then dehydrated in 
acetone (left for  24 h in 70% acetone with uranyl acetate)  and embedded in a mix ture  of Epon and Araldi te  
[12]. Sections were  cut on the Tes la  u l t r amie ro tome ,  s ta ined with lead c i t ra te ,  and examined in the JEM-TA 
and JEM-100B e lec t ron  m i c r o s c o p e s .  

E X P E R I M E N T A L  R E S U L T S  

No s t ruc tu r e s  that could be identified as kinetochores  or  the i r  p r e c u r s o r s  could be found in the in te r -  
phase or  p rophase  cel ls .  The study of the subsequent  dynamics  of the s t ruc tu ra l  changes in the kinetochore 
suggested that at this stage of mi tos is  it sinks into the depth of the ch romosome  and is not demarca t ed  f r o m  
its mat r ix .  At the beginning of p rome taphase ,  immedia te ly  a f t e r  des t ruct ion of the nuclear  m e m b r a n e ,  when 
the kinetochore is st i l l  in an inactive s tate  [1], it cons is ts  of a f i b r i l l a ry  disc 300-350 nm long and 20-30 nm 
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Fig. 1. S t ruc ture  of the kinetochore in the var ious  phases  of 
mi tos i s :  a) beginning of p rome taphase :  kinetochore (K) r e -  
s emb le s  a disc (120,000 • b) p rome taphase :  spher ica l  k ineto-  
chore  e m e r g e s  onto the su r face  of the ch romosome ,  beginning 
of fo rmat ion  of micro tubules  (MT) (60,000 • c) metaphase :  
spher ica l  kinetochore with micro tubules  (70,000 • d) e a r l y  
anaphase:  beginning of separa t ion  of s i s t e r  chromat ids  
30,000 • 

thick; its e l ec t ron  densi ty  is a l i t t le  higher than that of the c h r o m o s o m e  a r m s  (Fig. la) .  Although the disc 
is s epa ra t ed  f r o m  the c h r o m o s o m e  sur face  by a space of up to 60 nm,  a t  its edges its f ibr i ls  a re  dis t inct ly 
connected with the f ibr i l s  of the c h r o m o s o m e .  At this s tage the s i s t e r  kinetoehores  a re  spat ia l ly  sepa ra t e  
but they a re  st i l l  Connected with the micro tubules .  

At the end of p rome taphase  the fo rma t ion  of micro tubules  begins in the kinetochore,  immedia te ly  be -  
fore  migra t ion  of the cen t r io le ,  which de te rmines  the inc rease  in the angle between the ch romosoma l  m i -  
crotubules  and the axis of the c h r o m o s o m e s  and is accompanied  by  a change in the u l t r a s t ruc tu ra l  o rgan i -  
zation of the kinetochore .  In this per iod  of act ivat ion of the kinetochore its disc bends,  reproducing the 
contour of the c h r o m o s o m e ,  and it becomes  l oose r  in s t ruc tu re .  At the s ame  t ime  the f i b r i l l a ry  spher ica l  
fo rmat ion  e m e r g e s  f r o m  under  the disc onto the sur face  of the c h r o m o s o m e  ("sphere emerg ing  f r o m  a 
cup") and l a t e r  it fuses  with the disc (Fig. lb).  It will be noted that the changes in the s t ruc tu re  not only of 
the kinetochores  of different  c h r o m o s o m e s ,  but also of s i s t e r  k ine tochores ,  a r e  not synchronized  [11]. 

In metaphase  as a r e su l t  of act ivat ion of the kinetochore and changes in its s t ruc tu re  it becomes  
spher ica l  and is r a i s e d  above the sur face  of the ch romosome  (Fig. le) .  The s ize  of the kinetochore depends 
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on the plane of sect ion and also,  poss ibly ,  on the size of the ch romosome  [7] and it a t tains a length 
(s t re tched out on the su r face  of the chromosome)  of 450 nm and a thickness  of 380 nm. Loosening of the 
s t ruc tu re  of the kinetochore disc causes  the e lec t ron  density of the kinetochore in metaphase  and anaphase 
to be l e s s  than that of the ch romosome  a r m s .  Differences  in the e lec t ron  density of the kinetochore and 
ch romosome  a r m s  are  connected with the degree  of packing of the kinetochore f ib r i l s ,  which a re  the s a m e  
s ize  as the c h r o m o s o m a l  f ib r i l s .  Since the ch romosome  at tains its maximal  degree  of coiling in metaphase ,  
the cycle of coiling of the kinetochore f ibr i l s  can be p r e sumed  to differ  f r o m  the cycle  of ch romosoma l  co i l -  
ing. 

Fo r  each  kinetochore in metaphase  there  a re  1-6 micro tubules  which penet ra te  into its in te r ior .  In 
some sect ions of kinetochores  both t r a n s v e r s e  and longitudinal sect ions through microtubules  were  ob-  
se rved .  In the opinion of Comings and Okada [8] this observa t ion  is evidence that the micro tubules  in the 
kinetochore run into each  other .  In anaphase,  during movement  of the c h r o m o s o m e s ,  the u l t r a s t ruc tu re  of 
the kinetochore which was st i l l  in an active s ta te  did not differ  s ignif icant ly  f r o m  that  in metaphase  (Fig. ld). 
In te lophase,  with the fo rmat ion  of the nuclear  membrane  an increase  in the e lec t ron  density of the kineto-  
chore was obse rved  and it sank into the substance  of the ch romosome ,  so that it became  indistinguishable 
f r o m  its mat r ix .  Meanwhile the microtubules  of the mitotic appara tus  were  f ragmented .  The nuc lear  m e m -  
brane  in the region of the kinetochores  was fo rmed  l a t e r  than e l sewhere  in the chromat in .  

It can be concluded f r o m  these  r e su l t s  that  the u l t r as t ruc tu ra l  organizat ion of the kinetochore va r i e s  
during mi tos i s .  In the inact ivated s ta te  the kinetochore e i ther  r e s e m b l e s  a disc (beginning of p rometaphase)  
or  it s inks into the subs tance  of the ch romosome  (prophase,  te lophase) .  Activation of the kinetochore,  con- 
nected with microtubule  product ion (end of p r o m e t a p h a s e - m e t a p h a s e )  or  with movement  of  the c h r o m o -  
somes  (anaphase),  is accompanied  by a change to a spher ica I  s t ruc tu re ,  p robab ly  on account of uncoiling of 
its component f ib r i l s .  Contradict ions in the descr ip t ion of kinetochore organizat ion can probably  be ex -  
plained by the fact  that  its s t ruc tu re  was studied in different s tages  of functional activity.  
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