
The mechanism of chromosome 
segregation during cell division  



Cell division 

A most fundamental biological process for cells 



In each division, chromosomes have to be segregated 
EQUALLY into daughter cells 
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Maternal chromosomes 
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Sister chromatid segregation 



How are chromosomes segregated during cell division? 



Microtubules pull kinetochores 

Centrosome 

Kinetochore 

Microtubule 

Spindle microtubules drive chromosomes to segregate 

into opposite poles 

Chromosomes move 
to the spindle equator 

Microtubules segregate 
chromosomes into daughters 

Kinetochore-microtubule 
attachment 



Chromatid 

Microtubule 

A minimum device that moves a chromosome 

Kinetochore 



A current view of kinetochore-microtubule attachment 
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Gonen et al, Nat Str Mol Biol 2012 



How are kinetochores attached by microtubules 
from opposite poles? 

Pull into opposite sides! 



How are kinetochores attached by microtubules 
from opposite poles? 

“Biorientation” 

Today’s Question 



1. Kinetochore geometry 
2. Kinetochore tension 
3. Chromosome spatial arrangement 

“Biorientation” 
3 mechanisms so far proposed: 
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Kinetochore geometry 

Back-to-back 
geometry 

distorted 



Kinetochore geometry 

Back-to-back 
geometry 

Molecules 
that fix the 
geometry? 





Centromeric cohesion visualized by excision 

Centromeric DNA 
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Cohesion-mediated kinetochore geometry? 

Back-to-back 
geometry 

Cohesins 



Importance of kinetochore geometry 



Before  
kinetochore-microtubule  

attachment 

After 
kinetochore-microtubule  

in Monastrol 

Back-to-back  
kinetochore geometry 

Distorted 
kinetochore geometry 

Kinetochores 

Remove 
kinetochore-microtubule  

by Nocodazole 

Remains distorted 



1. Create distorted 
       kinetochore geometry 
       by Monastrol (-35 min) 

2. Remove existing 
       kinetochore-microtubule  
       attachments  
       by Nocodazol (-34 min) 

3.    Restart kinetochore-microtubule  
       attachments by washout (0 min) 

Errors in chromosome segregation 
with distorted kinetochore geometry 



Kinetochore geometry 

Back-to-back 
geometry distorted 

Increases the likelihood of initial attachment from opposite poles 



1. Kinetochore geometry 
2. Kinetochore tension 
3. Chromosome spatial arrangement 

“Biorientation” 
3 mechanisms so far proposed: 



What happens if 
initial attachment is wrong? 

Kinetochore geometry increases  
the likelihood of initial correct attachment, 
but we still see many wrong attachments in cells! 

Monotelic Syntelic Merotelic Amphitelic 



A mechanism to sense the tension  
    across kinetochores? 

Monotelic Syntelic Merotelic Amphitelic 

Tension No tension 



Cells are capable of sensing tension 
between kinetochores 



Nicklas’ experiment 

(reviewed in Nezi & Musacchio,   
   2009 Curr Opi Cell Biol) 

The cell somehow senses 
the tension across the kinetochore pair 



Tension between kinetochores 
is sufficient to achieve correct attachment 

Chromosomes in normal cells 
achieve biorientation 

? 
How about this engineered 
chromosome? 



A plasmid-based minichromosome 

- 2 Centromeres 
- No Replication origin 
- Labeled by GFP 

Tension suffices for 
chromosome  
biorientation ! 



Aurora kinase (Ipl1 in yeast) is required for 

sensing tension across kinetochores 



What is the target of Aurora B? 



Biochemical approach to assay kinetochore-microtubule attachment  



Phosphorylation of kinetochore components 

by Aurora B weakens microtubule binding affinity 



How does Aurora B “sense” tension between kinetochores? 

Aurora B-specific FRET sensor 



kinetochore 

Aurora B 

Monastrol Mg132 

Kinetochores 
under tension 

Kinetochores 
with no tension 



No tension 

kinetochore 

Aurora B has no 
access to 
kinetochores 

Aurora B Aurora B P 

Attachment 
destabilization 

Under tension 

Stable 

Aurora B senses changes in kinetochore geometry 
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