MAE 545: Lecture 8 (10/13)

Dynamics of
molecular motors




Molecular motors

A Myosin V ?

Typical motor speeds
v~ 107%-1 ym/s

Microtubule

A.B. Kolomeisky, J. Phys.: Condens.
Matter 25, 463101 (2013)

2



Movement of molecular motors is
powered by ATP molecules

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

-

S e

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 ATPp  motor
along the filament x~ "\

/\/\/\ v
bound ATP no ATP %
| i Y

actin
filament
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Typical rates (timescales)

i 2000s ¢ —1
Actin- 100
_ <«—>  Myosin-ATP <+——>  Myosin-ADP-Pi
Myosin-ATP
1IUM1811 < > 13081
Actln.- A(Etln- A.ctln- |
Myosin 10008~ Myosin-ADP > 100005~ Myosin-ADP-Pi
Microtubule- 5000s ™" Microtubule-
———
Kinesin-ADP-Pi Kinesin-ADP

100811 < > 15051

Microtubule- « 5 Microtubule-
Kinesin-ATP 2uM s Kinesin

timescale=1/rate stepping motion for kinesin: ~100 us

F. Fulga et al., Integr. Biol. 1, 150-169 (2009)
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Internal states are revealed by dwell times

Distribution of time needed for one cycle

Let’s assume that for walking
of myosin V walking on actin at 10 yM ATP

of molecular motors there are

two subprocesses A and B 140
with time distributions _
1 » 120
pa(t) = t—e_t/tA o 100
1 > 80
1 —t/t
=g
(D)
Distribution of time to =
complete both subprocesses =

t
p<t):/dTpA<T)pB<t_T) 0 01 02 03 04 0.5
0

» » dwell time (s)
6_ B __ 6_ A

p(t) = P— R. Phillips et al., Physical
Biology of the Cell




Two state model for molecular motor

ATP bound to
motor head

r — 2a T —a X x4+ a T + 2a
B I I I I I
U1 U2 uy 2wy U2 uy U2 uy
w1 W9 w1 W9 w1 W9 w1 W9 w1
A A | | | |
T — 2a r—a X T+ a T+ 2a

[ATP] ‘.“‘. motorI I

Forward rate u; depends on concentration of ATP
U1 = kon|ATP]
Forward rate u- corresponds to the slow rate limiting process.
Backward rates w; and w2 are assumed to be small but non zero.

What is the speed of molecular motor in such model?

v



Two state model for molecular motor

xr — 2a T —a X x4+ a T + 2a
B I I I I I
U1 U2y 2wy U2 uy U2y
M N M M w1
A 7 | | | |
T — 9 xT—a X T+ a T 4+ 2a

Master equation

Opalx,t
PADD oo — a,) + wips (e, 1) — (u + w)pa(e,
Opp(x,t
pB@(t ) — ulpA(aja t) T UJQPA(SU + a, t) — (uQ + wl)pB(ajv t)
Continuum limit
s, 1 s, 1 2u9 O? 1
pAa(Zj ) = —(u1 + wa)pa(x,t) + (uz + w1)pp(z,t) — aus pBa(; ) + = ;2 pgx(;l? )
Opp(x,t) Opa(x,t)  a*wy O?*pa(x,t)

EYRE —(uz2 + w1)pp(z,t) + (u1 + w2)pa(z,t) + aws 5 T 5 52
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Two state model for molecular motor

xr — 2a T —a X x4+ a T + 2a
B I I I I I
U1 U2y 2wy U2 uy U2y
w1 W9 w1 W9 w1 W9 w1 W9 w1
A 7 | | | |
T — 9 xT—a X T+ a T 4+ 2a
Fourier transform  pa.s(z,t) = /dkdweiwt_ikwﬁA,B(k, w)
z' W — iU — tWa, iwy + ius (1 + ika — k%a?/2) palw, k) \
iug + two (1 — tka — k%a?/2), W — iy — 1w p(w, k) )

Only those Fourier modes are nonzero, that
correspond to the matrix with zero determinant!
(w — tuy — 1ws) (W — tug — twy)
+ (w1 + ua(l +ika — k?a?/2)) (u1 + wa (1 — ika — k*a”/2)) = 0



Two state model for molecular motor

xr — 2a T —a X x4+ a T + 2a
B I I I I I
U1 U2y 2wy U2 uy U2y
w1 W9 w1 W9 w1 W9 w1 W9 w1
A T | | | |
T — 9 xT—a X x4+ a T 4+ 2a

Dispersion relation

w(k) = % (w1 + ug +wy + wa)

:I:%\/(ul + ug + w1 + we)? + dika(uius — wiws) — 2k%a?(urus + wiws) + k*a*usw?

Obtain motor velocity and diffusion
constant by Taylor expansion

w(k) = vk +iDk* + - -
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Two state model for molecular motor

r — 2a T —a X x4+ a T + 2a

B I I I I I
w1 W2 w1 W2 w1 W2 w1 W2 w1

A T | | | |
T — 9 xT—a X T+ a T 4+ 2a

Speed of molecular motor

(Uluz — w1w2)
(w1 + ug + wy + wo)

UV=—aQa

Diffusion constant for molecular motor
D 2 ( (uruz +wiwz) (u1uz — wiws)? )
_ 3

up +uz +wy +wz) (U +uz +wp + we)?

“Einstein force”

P g v Fictitious force
v=pFe D= pukpT E— %55 h acting on the motor
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ATP concentration dependent speed of motors

Ignoring backward

Uq U ATP]

rates and assuming » | v~ a = VUmax
w1 = kon[ATP] (u1 + uz) (IATP] + Kq)
Kinesin motor on microtubules Maximal speed
103 _ ~
v . VUmax = Qo &~ 0.6pm /s
Vinax/2 ATP concentration at
—~ 102 half the maximal speed
£ Ky = ;’”2 ~ 50uM

10!

109
107 100

. Phillips et al., Physical
Biology of the Cell

[ATP] (uM)

Measured constants

e Schnitzer and Block data N
Michaelis-Menten fit a ~ 8nm

Ug = 708_1
kon ~ 1uM™tg™!
K4 102 103
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Motors carrying the load

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

AX
: ’ Effective spring constant
S : bead k depends on the bead
4_:' size, refractive indices of
: the bead and surrounding
medium, and the gradient
of laser intensity

_“,
microtubule Kinesin
_ &&\&\é&&\é&\&\\‘«&%&é&k&*&k&‘é&\ S

&uuuuuu&u&u&& ti‘&‘&t‘&t&‘x‘x‘x‘&‘&u

How motor speed depends

focused on the loading force?
laser beam Note: viscous drag is negligible
Farag = 6mn R

K. Visscher et al., Nature 400, 184-189 (1999) Farag ~ 6710 kgm™'s™" - 1ym - 1pm/s ~ 107 ?pN




Motor velocity dependence on the load

Free energy . Work against motor velocity
profi|e in the % w2 the load force (ulug(F) Wi we (F))
absence of load W = Fa o(F) = a(ul + ug(F) + wy + wo(F))
Assuming forward rate  Assuming backward rate Assuming both rates
affected by the load affected by the load affected by the load

’LLQ(F) _ uze—ozFa/kBT
’LUQ(F) _ w2€—|—(1—a)Fa/kBT

fUA /UA ruA
O<a<l1




Motor velocity dependence on the load

(kon [ATP]Uge_aFa/kBT — w1w26—|—(1—a)Fa/k:BT)

a (kon [ATP] + u2€—ozFa//€BT + wy + w26—|—(1—a)Fa,/k;BT)

Assuming both rates v(F) =
affected by the load

kinesin walking on microtubules

— 1 ' 1 ' 1T ' T ' T ' T T 1
60 )

'<T: 50 -~ - A 5uM ATP <
—ana/kBT = B = X X E
uQ(F)ZUQG : - = 40k 1600 €
ws(F) = wpe tOI/keT 0 T Y
A T 30 F L] )
v ) 4400 @
c ] - ) £
0<a<l £ 20f ) £
> | [ X >
= Y 4200 =
& 10 = = S
() L x ()
> O L | L | L | L | L | L | L | O >

> 0 1 2 3 4 5 6 7

F Load (pN)

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



Stall force | |
maximal possible force

v(Fs) =0 from energy conservation
A 20kgT
_ k‘BT In kon [ATP]UQ Foo— G ATP - O—B ~ 10pN
a W1Wo a Snm

F

Stall force (pN)

kinesin walking on microtubules

Position clamp
laser follows the bead

- } 1 | and keeps fixed force

[ 11 &

I microtubule ; - kinesin

i SEEEEREY X % !
— A
SLEALELLLAELAAELLLELLEE4 S 4044440 LL LS
&kkkk,\\kkk&k\\\\kkkkkk\kkkkkk&kkkk§}

CLELEesee

i SRR

-_ l i I I — Fixec:li trap

i I | laser position is is fixed
4 Position clamp Ax

<>
g H

) e Fixed trap . @ | vexe

1
L el 1 L el 1 L vl 1 1 microtubule ' kinesin
9y &k&k&k\\&\&k\k&&k\\k\\\\\\k\k&k&\k&k&\k\k&\&\\Kf
1

ATP concentration (uM)

. K. Visscher et al., Nature 400, 184-189 (1999)
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Skeletal muscle contraction by myosin motors

Mitochondrion

Blood vessel
Sarcolemma

SOMm Light |

Perimysium band

Epimysium

Dark A band

Fascicle S;icrcolplasmic Sarcomere

wra b r ulum 1

( n':p:fu m‘; Thin (actin) | | Thick (myosin)
pecl Yy filament Z disc H zone Z disc filament

&
- -

"‘7;7.7.‘;.,-‘
-
A

Endomysium
(between
fibers)

R )
R R R ERE
'

Tendon

Bone

| band A band | band M line

Z disc titin Z disc
M line myosin (thick filament) \

tropomodulin

e ERaTEE)
\_\!‘ Y ‘
& <

nebulin actin (thin filament)

plus end of
actin filament

< >

2.2um
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Skeletal muscle contraction by myosin motors

sarcomere
2.2um

Z disc titin Z disc
M line myosin (thick filament) \

tropomodulin

e é‘g’é!s\‘?e!\:\“ef! d
. minus en . L
nebulin 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 nerve e
cells cell

Mitechondrion

Sarcolemma

Electric signal from nerve
cells releases Ca2+from
sarcoplasmic reticulum © \ B - g g

Dark A band

synapses
Low Ca2?+, muscles are relaxed High Ca?*, muscles are contracted
(a) Tropomyosin and troponin work together to block the (b) When a calcium ion binds to troponin, the troponin-
myosin binding sites on actin. tropomyosin complex moves, exposing myosin binding sites.

binding sites Calcium ion Troponin-tropomyosin complex, moved
(blocked)
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Blood
glucose

Muscle
glycogen

glucose

How muscles get ATP energy?

CH;OH

OH

O

G —»

Glycolysis

Aerobic respiration
O: CeH1206 + 605 — 6CO5 + 6H>0 + 36ATP

\ Anaerobic respiration
no O: CeH120g = 2 Lactic Acids + 2ATP

(muscle fatigue)

Pyruvate

Pyruvate

Ul R

pyruvate

OH

Aerobic respiration

Glycolysis Formation Citric acid Electron transport

of cycle and
acetyl coenzyme A chemiosmosis
Glucose S
o, L 4 Note:

|/ Acetyl (/Citric Q) | (Eleciron transpon
> coenzyme mems/ | acid L - Lk |

/ I":'Q\ A '\ \ \CyCle f m ‘s o)
Pyruvate NN gt : =~ 4

N e

Citric acid cycle
= Krebs cycle

ot 2ATP G s ZATP G s S0 AT
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Electron transport chain

Mitochondrion

Inner i
» 8 Mmitochondrial -1“ ‘I‘ 11 \

. » g
membrane L AOO0 ( 2H ( \ 21te ) @

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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Crawling of cells

{a)
Profilin

Zone of actin
polymerization
L.\L;:;.

Leading edge n

L“‘vg\).;??( ‘ o I’\*
Oiwm " Tail
migra ai

‘3’“‘”““ =

migration of skin cells during
wound healing

spread of cancer cells during
metastasis of tumors

amoeba searching for food

Immune system:
neutrophils chasing bacteria

— —

" Neutrabhil Chasing Bacteria

David Rogers, 1950s
v~ 0.1pm/s
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Crawling of cells
fish skin cell v = 0.2pm/s

actin cortex lamellipodium  substratum

_ actin polymerization at
cortex under tension plus end protrudes

lamellipodium

ms) 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 24 Biology of the Cell



Movement of bacteria

Listeria monocytogenes
moving in PtK2 cells

Bacterium

Actin 2
polymerization
Is pushing —
bacteria Caps prevent
further
£+ polymerization
in comet tails
Actin is . BN0¢
randomly $ 9 ‘% ’
(speeded up 150x)

Julie Theriot
v~ 0.1—-03um/s

depolymerized
in comet tails

L. A. Cameron et al., Nat. Rev. Mol. Cell

Biol. 1, 110 (2000)
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Swimming of sperm cells

Sperm flagellum is constructed from microtubules

—

outer =

0000, . = =
 ¥e .oo..‘/ dynein arm = !
) ry €
%0¢® ° I
(L) d T
(N ul
< .
[

radial spoke

inner sheath

central singlet
microtubule

3

plasma . S e i

membrane ."'.V" oot mnner
dynein arm

(A) L—1 (B
| A microtubule B microtubule |
outer doublet microtubule

| linking

W:j proteins
+ATP ‘E

Jeff Guasto
v ~ 50pm/s

isolated
doublet _ normal
microtubules flagellum

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



