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Dynamic instability
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Mitosis (segregation of chromosomes before cell division) in Drosophila Embryo




Search and Capture
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Unbiased model

Optimal unbiased ‘Search and Capture’ is not fast enough:

Experiment with Hela cells:
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Numerical experiment: "7 UN Contrdl OF CA DN
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l Chromosomes € Kinetochores — Microtubule ‘Search and Capture’
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Optimal biased ‘Search and Capture’ is fast enough:

Experiment with Hela cells:
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1000 Searching MTs

mean 48 (min) mean 11 (min)
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The model inspired two recent studies:

Lenart et al, 2005:

at large centrosome-chromosome
distances, “Search&Capture” is
not efficient, and actin-myosin
“fishnet” mechanism works first
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Caudron et al, 2005:
Ra n g rad |e n tS eXI St a n d Approximate/relative distance from chromosomes to the spindle site

Fibroblast 5-10 um

bias microtubule asters Mammalian oocyte ~ 30-40pm  —
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Multiple parts of the spindle are involved in g
stochastic, yet robust and predictable ‘dance’ @. Syoplasmic

Force-balance model; Chaaiime
Motors switch on and of f Arm

at times that are tightly
regulated




Balance of dynein (outward) and ncd (inward) forces explains pole separation and
transient steady state in interphase - prophase

A.
Interphase-prophase

T 8

37

Q

3 8

D 5,

o

Q 4.

=

e 3

o

o &

< 4 v ' ' . Nucleus

0 168 336 504
Time (s) Key
dS ) #* Centriole ™= Microtubule ‘.Cyloplasmic Dynein
= F —-F x8 ® Ncd *.4 Dynactin + Cortical Network
dyn ned
dt u

Cytrynbaum et al., 2003, 2005
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Distance [um]

Quantitative measure of mitotic progression

Pole — Pole distance s over time
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Force velocity relation
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Chromokinesin MT
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3. Forces on microtubule population
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4 types of microtubule populations

Chromokinesin MT
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Forces on the spindle and dynamic equations

dS 2(F + Ly, + L Ect)

aster

dt tu pole
dD _ 2 (F kt E:hrk - E:ohesion )

dt Au’ chr

ooy 2 ((1

ias
ple 0 dt

Solve for single
microtubule (v»f)

Integrate for
microtubule
population (f»F)

pole-pole distance [wm)

Integrate for entire
spindle (F—v)

50 700 5
Tirme from prrrl[




Impossibility of systematic scanning of the parameter space
(~ 50 parameters)
So: genetic algorithm based optimization

Subpopulation |  Subpopulation Il
1. Start with random |

population of solutions |

score
(less=better)

3

2. Evaluate goodness of | 2

. 18
solutions.

3. ‘Survival of the fittest’ . .
v
4. Mutation

v

5. Recombination

_t




Examples of good models
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We have 10,000+ more examples...




Bewildering variety of the ‘perfect’' models: switches
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Bewildering variety of the ‘perfect’ models: forces
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Outwards: Dynein, Chr-Arms

Kinesin-5 Kinesin-13
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Outwards: Dynéinr-Ghrmdrms Inwards:
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Qutwards: Chr-Arms Inwards:

Kinesin-5 Kinesin-13, KT-dep
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Qutwards: Chr-Arms Inwards:

Kinesin-5 Kinesin-13, KT-dep

Kinesin-14
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Qutwards: Chr-Arms Inwards:

Kinesin-5 Kinesin-13, KT-dep

Kinesin-14
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Qutwards: Chr-Arms Inwards:
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Total Force [pN]

Final Model
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Model prediction:
estimates of the mechanical parameters

Kinetic / mechanic properties of participating motors

In agreement with
_ in vitro biochemical study:
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Design principle: Balance of large forces

Typical drag ~ 100 [pN sec/um]

Response
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General paradigm for system level analysis of mechanical (and other) systems

Kinetochore MT

Chromokmesm MT
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General paradigm for system level analysis of mechanical (and other) systems




General paradigm for system level analysis of mechanical (and other) systems
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[Future challenge: add biochemical regulation
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General principles of complex systems' design:

Robustness, Redundancy
Open system, consuming lots of energy
Multi-objective optimization: speed and accuracy

Inter-connectedness, impermanence




