Cellular organization,
motor transport and the
cytoskeleton




Spatial organization of cells

Centrosome forms and anchors a microtubule
“aster’’.

Molecular motors position centrosome.

Motors position organelles (nucleus, ER, Golgi)
and run the cellular “public transit” system.
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Possible ways of transporting stuff

e Stuff: individual proteins, protein complexes,
lipid rafts, chromosomes, lipid-bound
organelles, etc.

® Transport and organization require energy.

® Best method depends on temporal and
spatial scales.
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Projectile motion for a protein
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Projectile motion for a protein

® Equation of motion: mv’ = —~yw
m ~ 10" ¥g ~~ 60pN s m™*
T~ 107 s
- Protein launch (vg = 20 pm/s):
Az = 107" nm

- Cannon launch (vg = 100 m/s ):

reo

Az =1 nm




Diffusion

10 nm
® Cytosolic protein

- works well for short distance
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10 nm
® Cytosolic protein

- works well for short distance
D =10 pm?s™ ', Az = luym
= 7~ 0.1 sec

- but not so well for longer distance

D =10 pm?s™ !, Az = 10um

= 7 2~ 10 sec
















Diffusion
Pl

2
® Mitochondria . »

\

"~

- Sshort distance
D =0.1 ym?s™ !, Az = 1luym
= 7 ~ 10 sec

- longer distance

D =0.1 pm?s™ !, Ax =101




Diffusion
Pl

2
® Mitochondria . »

\

"~

- Sshort distance
D =0.1 ym?s™ !, Az = 1luym
= 7 ~ 10 sec

- longer distance

D =0.1 pm?s™ !, Ax =101

= 7~ 17 min




Microtubules and molecular motors

Microtubules are polar structures.
Motors read polarity and are unidirectional.

Motors burn ATP and can generate pN scale forces.

They can carry proteins, membrane-bound organelles,
cytoskeletal elements (microtubules, actin), heavy suitcases.
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® Actin is another polymer

with its own set of motors.
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Transporting loads - different models
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Building scaffolds : mitosis

Prophase Metaphase

i Plus-end motor
(kinesin-5)

5- Minus-end motor
@ Centrosome
* Chromosome

with kinetochores

+

Cytrynbaum et al., Mol Biol Cell, 2005. Image from Kapitein et al., Nature, 2005.
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I Inner plate e Centrosome ¢ KLP10#A

— Outer plate lt KLP59C ; Dynein
2| Fibrous corona .2
@900009® |\icrotubule Cenp-E

Metaphase-
anaphase

Civelekoglu-Scholey et al., Biophys J, 2005.




Filament-filament sliding: muscles

Muscle

Bundle of
muscle fibers
D .
: Nuclei
Single muscle fiber f
(cell) Thick
Plasma membrane &7 ’ filaments
(myosin)
Myofibril
/// Z lines Thin
filaments
\ (actin) ==
\ — Z line
= | Sarcomere —-|
= ——— —
¢/ Copyright @ 2008 Pearson Education, Inc., publishing as Pearson Benjamin Gummings.

<~——Sarcomere —

Copyright © 2008 Pearson Education, Inc., publishing as Pearson Benjamin Cummings.




Motor proteins: power-stroke




Motor proteins: power-stroke
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Motor proteins: power-stroke
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Motor proteins: power-stroke
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Motor proteins: power-stroke
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Motor proteins: power-stroke
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Motor proteins: force-velocity

kinetic limit
—>» maximum

velocity




Motor proteins: force-velocity

heavy load
—> ‘“‘release’ before “YANK”
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Motor proteins: force-velocity
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Motor proteins: force-velocity
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Motor proteins: force-velocity
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Motor proteins: force-velocity
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Low resisting force, fast transport




Motor proteins: force-velocity

ey

Low resisting force, fast transport

O—m




Motor proteins: force-velocity

ey

Low resisting force, fast transport




Motor proteins: force-velocity

ey

Low resisting force, fast transport




Motor proteins: force-velocity

ey

Low resisting force, fast transport

N\
2NN




Motor proteins: force-velocity

ey

Low resisting force, fast transport

O—m




Motor proteins: force-velocity

ey

Low resisting force, fast transport




Motor proteins: force-velocity

ey

Low resisting force, fast transport




Motor proteins: force-velocity

ey

Low resisting force, fast transport

N\
2NN




Motor proteins: force-velocity
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Motor proteins: force-velocity

ey

Low resisting force, fast transport

O—m

High resisting force, slow/no transport




Motor proteins: force-velocity
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Motor proteins: force-velocity

simplified motor

real motor

Fstall (1 - >
vfree

Foai~1—10 pN

Vproo =~ 1 — 20 pum g1




Motor proteins: force balance

Fdrag F(U)
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F(v) —vv = ma

Fstall ~ 1 T 10 pN
Vgroo =~ 1 — 20 pum g1

VYVtroo R 10_3pN




Motor proteins: force balance

Fdrag F(U)

_ﬁ

F(’U) —_ f)/fU — O Terminal velocity,

aka steady state

Foon ~1—10 pN
Ufree ~ ]- - 20 ,um S_l

/yvfree ~ 10_3pN
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Motor proteins: force balance
Fdrag F(U) t

D w— — F(U)

| vfree

Fyan =1 —10 pN * A motor easily overcomes

Vnow 2 1 — 20 ym g1 protein drag force.
free ™ T

VYVtroo R 10_3pN




Motor proteins: force balance
Fdrag F(U) t

D w— — F(U)

| vfree
F.

stann &= 1 — 10 pN * A motor easily overcomes

_ rotein drag force.
vfreezl—QO,umsl P &
* In fact, even small organelle drag

VVtroo S 10_3pN force.
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Live images and simulation...
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Live images and simulation...




