MAE 545: Lecture 20 (5/2)

Growth dynamics of
actin filaments and
microtubules

Dynamics of
molecular motors
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Actin growth
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Actin filament growing against the barrier

effective monomer free energy
potential without barrier
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Actin filament growing against the barrier

work done against the
barrier for insertion of
new monomer
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Movement of bacteria

Listeria monocytogenes
moving in infected cells

Bacterium

Actin £ o
polymerization —
Is pushing 5 Caps prevent
bacteria further
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L. A. Cameron et al.,
Nat. Rev. Mol. Cell Biol. 1, 110 (2000)




Microtubules

Tubulin dimer

a-Tubulin
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Persistence length /, ~ 1mm
Typical length L < 50pum



Microtubule dynamic instability
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Simple model of microtubule growth

Vg growth Let’s ignore all molecular details and assume
that microtubules switch at fixed rates
between growing and shrinking phases

rescue ‘ ‘catastrophe Master equation:
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Vs &~ 20um/min  ~ const
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Fres A2 3Min 7 ox |T] ; v ~ 0.4 ym/min



How cells control the total length of microtubules

Special kinesin-8 motors bind to
microtubules and then walk towards
the plus end, where they help detach

(depolymerize) tubulin dimers

kymograph
Umot = 3um/min

random binding along length
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‘ e ‘ depolymerization
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processive motility —> \

Motors walk at speed
Umot & 3um/min

time

V. Varga et al., Cell 138, 1174-1183 (2009)
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Density of motors bound to microtubules

[M] concentration "I'. ‘.E.. "I'. ‘.1.. Conservation law for the
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Density of motors bound to microtubules

[M] concentration ‘.!.. ‘T‘ ‘.3; A‘T.
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Length dependent depolymerization rate
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V. Varga et al., Nat. Cell Biol. 8, 957-962 (2006)
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Controlled length of microtubules

& L [M] concentration
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Molecular motors

A Myosin V Q

Transport of large
. molecules around cells
(diffusion too slow)

Actin v~ lpm/s

Contraction of muscles

Microtubule

A.B. Kolomeisky, J. Phys.: Condens. Harvard BioVisions
Matter 25, 463101 (2013)
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Movement of molecular motors is
powered by ATP molecules

Myosin motor walking Kinesin motor walking
on actin in muscles on microtubule

: / - . 4 T .
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Graham Johnson
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Molecular motors vs
Brownian ratchets

Myosin motor Brownian ratchet

ATP driven process net movement of particles is
drives molecular motors achieved by periodic modulation of

along the filaments asymmetric external potential

potential energy aATP  motor
along the filament x~ \

bound ATP no ATP

actin
filament




ATP concentration dependent speed of motors

ATP]
VRV
e [ATP] + K4
Kinesin motor on microtubules
103
Vmax
Vinax/ 2 Maximal speed

g 10° Umax = 0.6 yum/s
5‘2 ] ATP concentration at
w10

half the maximal speed
Kg ~ 50 uM

e Schnitzer and Block data
Michaelis-Menten fit

107" 100 10 K, 102 103
[ATP] (uM)

R. Phillips et al., Physical Biology of the Cell 13



Motors carrying the load

Force exerted on kinesin motors carrying plastic
beads can be controlled with optical tweezers

>
>

F ~ LkAx

Effective spring constant

bl

I E bead k depends on the bead
l 0 v size, refractive indices of

- : : ¢ the bead and surroundin
microtubule ; kinesin J

medium, and the gradient

— gwm&&& of laser intensity

focused How motor speed depends
laser beam on the loading force?

K. Visscher et al., Nature 400, 184-189 (1999) o



60

50

Velocity (nm s71), 5 uM ATP

K. Visscher et al., Nature 400, 184-189 (1999)

Motor velocity dependence on the load
kinesin walking on microtubules
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”U(FS) — () Farag ~ 67T10_3kgm_1s_1 1pm - Tum/s

Firag ~ 1072 pN

20 Note: viscous drag is negligible



ATP concentration dependent stall force

b ~

kT
a

In|ATP]

kinesin walking on microtubules

motor step length
a ~ 3nm

Stall force (pN)

4

Position clamp
laser follows the bead

and keeps fixed force
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be estimated from energy conservation
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Skeletal muscle contraction by myosin motors

Nucleus

Mitochondrion

Blood vessel

Sarcolemma

30 Mm Light |

Perimysium band

Myofibril

Fascicle Sarcoplasmic Sarcomere
(wrapped by reticulum |
perimysium)

Thin (actin) |
filament Z disc H zone

Thick (myosin)
filament

Endomysium
(between
fibers)

Tendon

Bone

T3 GRS

TN Ny M O D O -

nebulin actin (thin filament)
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Skeletal muscle contraction by myosin motors

sarcomere
2.2um
< ,U >
Z disc titin _ _ _ Z disc
M line myosin (thick filament) \

tropomodulin

)] ), ) 'g )‘ )’
SRS IR

XXE ‘-~ .
nebulin minus end actin (thin filament)

plus end of
actin filament

~300 myosin
motors per bundle

Muscles contract at twice
the speed of myosin motors

~ 0.1-1um/s

Estimated force generated
by myosin motors

2pN
7(30nm )?

300 x ~ 20N /cm?

Muscles may contract by
5%-45% per second!
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Skeletal muscle contraction is
controlled by nerve cells

Muscle fiber

Nucleus

Mitochondrion

Sarcolemma

muscle nerve
cells cell i
‘ N\ . ) i . band
‘ Electric signal from nerve
cells releases Ca2* from
Sarcoplasmic Sarcomere

sarcoplasmic reticulum S Thin oty | |

Thick (myosin)

filament Z disc H zone Z disc filament

synapses

| band A band | band M line

High Ca?+, muscles are contracted

(b) When a calcium ion binds to troponin, the troponin-
tropomyosin complex moves, exposing myosin binding sites.

Low Ca?*, muscles are relaxed

(a) Tropomyosin and troponin work together to block the
myosin binding sites on actin.

Calcium ion Troponin-tropomyosin complex, moved

binding sites
(blocked)
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How muscles get ATP energy?
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How muscles get ATP energy?
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Blood

Muscle
glycogen

glucose \

glucose pyruvate

OH

o —

How muscles get ATP energy?

Glycolysis Aerobic respiration

Anaerobic respiration

jous

(muscle fatigue)

CH,OH
@)

OH OH

OH
OH

Aerobic respiration

Glycolysis . Formation . Citric acid _ Electron transport
of cycle and
acetyl coenzyme A chemiosmosis
Glucose e
"f;"_,_.—--"' Mitochondnion = /4 Note:
’ Acetyl &/ Citric ) . itri i
LY Ao A S W), Eleckion tnspon) Citric acid cycle
/ A . cycle/ “chemiosmosis =
— 2ATP ¢ : =\ AP G < 32ATP-
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0/27 C6H1206 + 609 =— 6CO5 + 6H50 + 36ATP

no O CgH120g = 2 Lactic Acids + 2ATP

= Krebs cycle



Electron transport chain

Mitochondrion

- Inner vl
"%, mitochondrial <\ \(1111]
- membrane

NADH dehydrogenase Cytochrome b-c, Cytochrome ATP
complex complex oxidase complex synthase

NADH products of the Cytric acid cycle are ATP synthase
used to pump H+ to the space between
outer and inner mitochondrial membrane.

Gradient of H* concentration drives the ATP
synthase motor that converts ADP to ATP.

Note: ATP synthase can run in reverse and
use ATP to pump H+ at low concentrations.
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Energetics of ATP hydrolysis

How much energy is released during ATP hydrolysis?

@& — = -
AG = papp + Up — UATP

$

AG = piapp + pp — Harp + kpTln (

ADP]||P;] ) |
[ATP]C()

Ve _— g
—

—12.5k5T
Under physiological conditions: AG ~ —20kgT

Chemical potentials are typically defined
relative to concentration co ~ 1 M.

ps(cs) = ps(co) + kT In(cs/co)

29



Crawling of cells

Actin
@ ilin ;

Zone of actin
polymerization .

Immune system:
neutrophils chasing bacteria

B A = p 3
Neutrophil Ghasmg Bacterna

F—

Direction of

migration * Tail

migration of skin cells during
wound healing

spread of cancer cells during
metastasis of tumors

David Rogers, 1950s

amoeba searching for food v~ 0.1pm/s
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Crawling of cells
fish skincell v =0.2um/s

actin cortex lamellipodium  substratum

_ actin polymerization at
cortex under tension plus end protrudes

lamellipodium

mm=) PROTRUSION

movement of unpolymerized actin

myosin |l

ATTACHMENT AND

contraction TRACTION

=

focal adhesions
(contain integrins)

-

1 um

R. Phillips et al., Physical Alberts et al., Molecular

Biology of the Cell N Biology of the Cell



Swimming of sperm cells

outer

.""..3--.‘/ dynein arm
radial spoke S BN K
inner sheath ) I’.:.:...;:
central singlet ‘-,m,- 5.-..:\ ..! nexin
microtubule -..{}m., :3....::
i\~ . : ‘ \\ o - g0 }.o:
a4 :.'\ .\“ 2 w . > ‘ / > 0%
".\.'%" B . G N :o .:...Ll..' 00q &.:.\
W R plasma TS ey :
\ p 8 LI 1) L) (] [
M S 4 membrane qe%, o inner
e V/J \ dynein arm

100 nm . A microtubule B microtubule |
outer doublet microtubule

Bending is produced by motors walking on
neighboring microtubule-like structures

linking N
+ proteins
Jeff Guasto +ATP
—_—
v ~ 50pum/s
isolated
doublet _ normal
microtubules flagellum

32 R. Phillips et al., Physical Biology of the Cell
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