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How proteins find target sites on DNA?




Production of new proteins

: - Transcription of DNA DNA
ranscription
factors
& & Coding
: —> Strand
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Template
™ mRNA strand

Transcription factors are proteins, which bind to specific locations
on DNA, and they help recruiting RNA polymerase (RNAP) that
makes a messenger RNA (mMRNA) copy of certain DNA segment.

Note: some transcription factors (repressors) also prevent transcription.
Translation of mRNA

Growi
b ® Amino acid

Polypeptide
Chain of Amino Acids
Peptide Bond tRNA
. ;

Kﬁii-oodon
godm

Translation

mRNA

protein



Protein-DNA interactions

orotein Binding to specific target
- sequence is strong
@ AG® ~ 20 — 25kpT
i BN Binding to nonspecific
O / m\\ sequence is weak
Kot ) AGNS

~ 5 — 10kpT

(Binding free energies can
be modified by changing

. .ATTATGCATGACGATGTGGACAAACACCTGCGT salt concentration, etc.)

target

sequence b= O 34nm
DNA seguence

on rates are off rates depend on
diffusion limited binding strengths
kS, ~ kNS &~ 4mDyb kSg = Ase G RoT « N8 = A emAGT ke T

ko 106
~ 10

NS
koff



How long proteins remain bound on DNA?

Probability that protein unbinds
in a small time interval At :

Tkoﬂ-’ kog At

Probability that protein remains bound for time ¢
and then it unbinds between time ¢t and ¢ + At :

koAt X (1 — kogAt)H/ A

‘l'limit At — 0

p(t) = koge ™ "o

> 1
Average binding time () = / tp(t)dt =
0 koff

Proteins remain bound to specific target sites for minutes to hours,
while they unbind from nonspecific sites after milliseconds to seconds.
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How quickly proteins find target sites on DNA?
Characteristic search time via 3D diffusion

Approximate target site as t"’;?:t protein

absorbing sphere of radius

4 b = 0.34nm
— “— concentration of free proteins
/ \ far from the target site

c(r — o0) = | P]
rate of absorption (see slide 6)
Iy = 47TD3b[P] = Kkon [P]

Kinetics of protein binding/unbinding

k short time binding kinetics for
[P] - [T] i [P—T] initially empty target sites [P-T]=0
Foff d|P-T] P]
d[P-T| o = (an[TDIP] = =

e kon|P]|T] — kog|P-T|

[P-T] concentration of proteins bound to target sites 1
[P] concentration of free proteins ts = (kon|T))
[T] concentration of empty target sites 6

characteristic search time




How quickly proteins find target sites on DNA?

Characteristic search time via 3D diffusion tzri?:t protein

kon — 47TD3b tS — (kOH[T])—l
1917 Smoluchowski theory

Example: characteristic search time
for lac repressor protein in E. coli

b ~ 0.34nm D3 ~ 30um?/s
'T] ~ 1 per cell ~ 107" M

kon ~ 108M g1 t, ~ 10s

Molar concentration
1M =6 x 10%°m—3

in vitro experiments (1970)
kP ~ 1019 M s

A.D.Riggs et al.,
t. ~0.1s J. Mol. Biol. 83, 401-417 (1970)
S °

Why is experimentally observed rate 100 times larger?

v



Berg - von Hippel theory (1980s)

(facilitated diffusion)

1. Proteins diffuse in space and non-
specifically bind to a random location on DNA.

2. Proteins slide (diffuse) along the DNA.

3. Proteins jump (diffuse) to another random
location on DNA and continue this sliding/
jumping process until the target site is found.

b= 0.34nm [, - DNA length
D3 - diffusion constant in space
D1 - diffusion constant along the DNA

How long that is it take to find a target site in this process?

O.G.Berg et al.,
8 Biochemistry 20, 6929-48 (1981)




Berg - von Hippel theory (1980s)

First assume fixed sliding time 714

Number of distinct sites visited
during each sliding event

n — \/16D1’7’1d/(ﬂ'b2)

(valid for n>>1)

Probability that target site is
found during a sliding event

q=nb/L

Probability that target site is
found exactly after Ns rounds

p(Ng) =q(1 —g)"n~"

Average number of rounds
needed to find the target
©.@)

Nr= » Nrp(Nr)=1/q
Ngr=1

b=0.34nm L - DNA length

D5 - diffusion constant in space

D - diffusion constant along the DNA
T3d - characteristic jumping time

Average search time

E:N_R(Tld+73d)

O.G.Berg et al.,
Biochemistry 20, 6929-48 (1981)




Facilitated diffusion

In reality sliding times
are exponentially distributed

NS —ENS
p(T1a) = ko € "o T

(r14) = / dr1g 10 p(ria) = 1/ENS
0

Average number of distinct sites
visited during each sliding b= 0.34nm [, - DNA length

(n) = / dr1qp(T14) \/16D1T1d/ (7b?) D4 - diffusion constant in space
0 e
D - diffusion constant along the DNA
_ 2
<n> o 2\/D1 <Tld> / (b ) T3d - characteristic jumping time

Average probability that target site
Is found during a sliding event

Average search time

(q) = (n)b/L {ts) = (Ng) ({(11a) + T34)
Average number of rounds Ng L
needed to find the target site (ts) = NORCT ((T1d) + T34)
1 1d
(Nr) =1/{q) 10




Facilitated diffusion

Average search time (fs) =

Average sliding length (/) = 2\/ D1 (114)

Optimal search time

<7_1d>opt — T3d

Tag b= 0.34nm [, - DNA length
<t5>opt — D_1 D5 - diffusion constant in space

b‘

D - diffusion constant along the DNA
Search time for jJumps alone

1 % Search time for sliding alone
Typical jump time 75 = ;— NS~ 2705 (t) o~ L?
Concentration of NS| = L/b —— oy
non-specific sites 1% Search time speed up |
average number of jumps — L for facilitated diffusion |
needed to find the target JUIPS =y Iy umps  (Lel) -

_ _ v
ts jumps = LVjumpsT3d = A7 Db

f ()b (e +7sa) f

11




Example: search time for target site in
bacteria on DNA with 106 base pairs

_ 104 _ _ -
T3¢ = 10778 search time for jumps alone % ;umps = (L/b)734 = 300s
Dy = 0.05pum?/s _ o
I, — 1mm average search time (¢,) = o ((T14) + T34)
b = 0.34nm )

average sliding length (¢,) = 2\/D; (114)

1O6§ I I I I T I : | :
s| <+— jumping sliding+ sliding!—»
el jumping |




Simultaneous search for target site by multiple proteins

Interactions and collisions
between proteins are ignored

Search times for target site by individual
proteins are exponentially distributed

1
pi(ts) = e/

(ts)

What is the typical search time for the fastest
of nindependently searching proteins?

(Extreme value distributions)
—1

pn(ts) =N X P1 (ts) X (/ dt/ pl(t/)) — <:> e_nt8/<t8>
ts s

—_— YV Average search time is
probability that one of probability that other n-1 reduced by factor n

target site at time £ to find the target site

13

n proteins finds the proteins take longer time 00 (ts)
/ dtstspa(ts) = —
0 n




Statistical mechanics of polymers and filaments

14



Statistical mechanics of polymers and filaments

molecular dynamics simulation

Note: in equilibrium averaging
over time is equivalent to
averaging over all possible
configurations weighted with
Boltzmann weights!

partition function o —E./kgT energy of a given
(sum over all possible Z = Z € Foc configuration
configurations) ¢
T temperature
expected value of 0y =Y Oce—Ec/kBT kp Bco(::lZ;:I::tn
observables Z

kg = 1.38 x 10723 JK 1

15



Persistence length

correlations between tangents {(s)

(t(s)-t(s+x)) = e~/

tangents become uncorrelated t(s+x)
beyond persistence length!

persistence B B - filament bending rigidity
by, = —— T - temperature
length p P
° kpl’ L - filament length

Short filaments Long filaments
remain straight perform self-avoiding
random walk

L <t e L>1,

16



Examples: persistence length

polyethylene / H o H ) _ B double stranded DNA
p ~
¢, = 2.6nm \E E kgl bp ~ 5nm

! ! ! ! ! 3 single stranded DNA

Persistence length for {, ~ 2nm
polymers is on the order of nm

uncooked spagetthi



End-to-end distance

Short filaments L < ¢, Long filaments L >/,
B
A B
— >
liap A RAp

Over time thermal fluctuations reorient
g filaments in all possible directions! h

<EAB> —0 <}§AB> )
2 T2 — 2B L
Exact result T

— g 4k
<R?43> — 2€pL {1 _ fp (1 o e—L/ep)} Polymers shrink, when

temperature is increased!
Negative thermal
i3 expansion of rubber.




ldeal chain vs worm-like chain

Ideal chain Worm-like chain
N identical unstretchable links Continuous unstretchable rod
(Kuhn segments) of length a with
freely rotating joints B
7
= > A 1taB
Rap

Each configuration C Bending energy cost
has zero energy cost. of configuration C:

E.=0 - d(j>

Each configuration C appears with probability

P, X o—Ec/kpT

L = Na - chain length 19



ldeal chain vs worm-like chain

Ideal chain Worm-like chain
N identical unstretchable links Continuous unstretchable rod
(Kuhn segments) of length a with
freely rotating joints B
7
> B é
= AB
A Bag A

- - 2B L
<R?43>:Na2:aL <R?43>%2€pL: —
kT

End-to-end distance fluctuations can be made
identical if one choses the segment length to be

a = 20,

20

L = Na - chain length



Stretching of ideal freely jointed chain

Z
|
L A

fixed

end -
A Rap
Exact result for end-to-end distance
’
Fa ]-CBT
(x) = Na (Coth {kBT T ) 08!
small force Fa < kT = 0.6
~—
FNCL2 _QFLEP /&3\04

T T
large force I'a> kT
kpT kpT 0
(:c}zNa(l—FB):L<1—2?€> 012345678910
a p Fa,/kBT
21

0.2}




Stretching of worm-like chains

Assume long chains L >/,

5 small force ', < kT large force F/, > kT
- — i
2FLl, F ' kpT

~ = ~ L |1—

T ) \/ AFY,

entropic spring constant

3kpT  3kLT?

k= Ii, = 2LB B - filament bending rigidity

Approximate expression that interpolates between both regimes

Fe, 1( <.51:>>2 1 ()

kgT 4 4 L
J.F. Marko and E.D. Siggia,
22 Macromolecules 28, 8759-8770 (1995)

L




Experimental results for stretching of DNA
L =32.8um

| I T L A R IIIIHi r T - TrETsy |
| 1 H

1.0 —  jdeal Stretching of the
] “ DNA backbone
i % P LK B
_ 4F€p Y
i For DNA

— - £, = 50nm

v~ 500kpT /nm =~ 2nN

Improved interpolation formula
12 —2

b _1(,_ () AT

(z) F

Y

(z) [pm] A
0.0 " 4""| - I|;||‘ EENUTIN L ||-.-:‘ ; L
107° 1072 10" 10° 10

F kT /nm)]

J.F. Marko and E.D. Siggia,

1kpT /nm ~ 4pN Macromolecules 28, 8759-8770 (1995)
23



Random coil to globule transition in polymers
random coil compact globule

R
2 1/3
R~ (d°L)
d - diameter of polymer chain
at high temperature at low temperature
entropic contributions attraction between polymer
dominate chains dominates

Figures from: W.B. Hu and D. Frenkel, J. Phys. Chem. B 110, 3734 (2006)
24




Further reading

OXFORD SCIENCE PUBLICATIONS

INTRODUCTION
10
POLYMER
PHYSICS

SCALING CONCEPTS
IN POLYMER PHYSICS

PIERRE-GILLES DE GENNES




Dynamics of actin
filaments and microtubules

Microtubule

20



Cytoskeleton in cells

Cytoskeleton matrix gives the cell shape
and mechanical resistance to deformation.

Actin filament

Microtubule

(wikipedia)

27



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

28



Movement of bacteria

Listeria monocytogenes
moving in infected cells

Julie Theriot (speeded up 150x)

v~ 0.1-0.3um/s

29

Bacterium

VASP

Actin ~—

L. A. Cameron et al.,
Nat. Rev. Mol. Cell Biol. 1, 110 (2000)




Molecular motors

A Myosin V 9
" Contraction of muscles

Transport of large
molecules around cells

Actin (diffusion too slow)

v~ lpym/s
e

Microtubule

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

https://www.youtube.com/watch?v=FzcTgrxMzZk
30



Cell division

Contractile ring divides
the cell in two

Contractile ring

Segregation of chromosomes

Replicated

chromosome
Spindle pole with sister Kinetochore |
P P chromatids O O

1

Bl ...
i1
|
Y
oooooo o

...... l
..... l
Kinetochore Interpolar @
microtubules microtubules

Microtubules Actin
31




Swimming Swimming of
of sperm Chlamydomonas
cells (green alga)

e

https://sites.tufts.edu/guastolab/movies/
Jeff Guasto Jeff Guasto

v ~ 50um/s v ~ 60um/s
Bending is produced by motors walking on

neighboring microtubule-like structures
32



Actin filaments

Minus end Plus end
(pOinted end) (barbed end)
Persistence length ¢, ~ 10pm
Typical length L < 10pm
Actin treadmilling
Q@
\Hydrolysis of ATP -
o0 ? o 2
o Y, 9 ® o
v @ < ®
‘J" 0. ° & 9
9 e 09 > ¢ 3
W Exchange of 9 > ® o "
ATP for ADP | ® e 0 °®
@ ez -5 ? e L I 9 ® @ ..
® o

0"

» ADP-acun
. ATP-actin

33 © E Shelden, Ph.D.



Actin growth
0
\l lynly‘s of .»’

- AN
. Minus end >

kon
/->

growth of minus end -& %‘W"“P"’”\DP - -6 growth of plus end
dn~ dn™
—— =k M| -k A _ .t
dt on [ ] off dt kon [M] koff
no growth at both ends no growth at
M|~ = Nt v kg
T B M, o
f
Steady state regime |2
=
dn™ dn™ ©
At — At concentration of free
kj Tk actin monomers
(Mg = ké“f kgf ~ 0.17uM
front speed :
dnt ki ko — ko ki » actin shrinks . actin grows
AT ki ke T
34



Actin filament growing against the barrier

effective monomer free energy
potential without barrier

away from
filament

~

k(—)i_n ~ 47TD3a

_I_
koﬁoce

\—

~A/kpT

A

A

attached
" to the tip

35

work done against the
F barrier for insertion of
e new monomer

W = Fa

effective monomer free energy
potential with barrier

4 A
A—W
away from v v attached
filament to the tip

K (F) ~ e o/t

k:ff(F) ~ k;rﬂ-’



Actin filament growing against the barrier

work done against the
barrier for insertion of
new monomer

i

i iSsNOR AT
S g
"

.@ W = Fa
effective monomer free energy by
potential with barrier k3 (F) ~ kT e Fa/ksT
wl kia(F) ~ ki
A Growth speed of the tip
away from Lv attached U+(F) _ dn“‘ (F) _ k+ [M]G_Fa’/kBT B k+
filament to the tip dt on off

Maximal force that can be balanced by growing filament

(stall force) kb o~ 10pM g1
kT L+ M ke ~ 1s~*
v+(FmaX) =0 Frax = Z In ( On_[|_ ]> (M| ~ 10uM
a koﬂ’ a ~ 2.5nm

36 Fmax ~ 8pN



Movement of bacteria

Listeria monocytogenes
moving in infected cells

Bacterium

Actin £ o
polymerization —
Is pushing 5 Caps prevent
bacteria further

233 polymerization
in comet tails

Actin is n

R

randomly
Julie Theriot (speeded up 150x) depolymerized 99‘% 8

. 01— 0 S,um/s in comet tails

L. A. Cameron et al.,
Nat. Rev. Mol. Cell Biol. 1, 110 (2000)

37



Microtubules

Tubulin dimer

a-Tubulin

g’

\J
Cross section M iCI'OtUbUle

4+—p
25nm

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

38



Microtubule dynamic instability

50 &

Catastrophe
Eop
-
‘g’; 30 Disassembly
2
OJ
3 20+ Rescue k
=
-g 10 _Assembly
=
0 | | A | ! J
30 60 90
Time (min)

rescue | lcatastrophe

catastrophe occurs
when protective
cap disappears

< ——
shrinkage

G® GTP-tubulin dimer @® GDP-tubulin dimer

39

Wikipedia



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:

I'res Fcat apgrowth
ot — —T'cat Pgrowth + Tres Pshrinking
apshrinking L o
Vs m ot — T Tcat Pgrowth — Tres Pshrinking
G® GTP-tubulin dimer @® GDP-tubulin dimer pgrowth + pshrinking =3
< " >
Steady state (0p/0t =0):
Typical values in a tubilin solution - Ty
* res * ca
of concentration [T]| ~ 10uM : Porowth = Pshrinking —
BEOW T'res - Tcat SHTEE T'res =+ Tcat

vy = 2um/min - o< [T]
? Average growth speed of microtubules

Vs &~ 20um/min  ~ const

v — * - * . )
Tcat ~ 0.24min_1 ~ const U= pgrowthvg pshrmkmgvs

Tres ~ 3min ! x [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

5 S S S

‘ e ‘ depolymerization
IR NI : J
minus o ) olus
end COOC® g

processive motility —> \

Motors walk at speed
Umot & 3um/min

time

V. Varga et al., Cell 138, 1174-1183 (2009)
41



Density of motors bound to microtubules

[M] concentration "I'. ‘.E.. "I'. ‘.1.. Conservation law for the

of unbound motors number of bound motors

AN
Jbind Tt = Jbind — Jout + Jin
I $ |
& AN (z,t)
I ~ ) e
I : Jout At Kpina|[M] Az
| I _(p($+A$7t) _p(mat))vmot
| I
dpl(a,t) Op(z, )
| | ot — kbmd [M] — Umot Py

Generalized Fick’s law

~ ON(x,1)

pz,t) = — < > Op(x,t) ) d0j(x,t)
. Azx Ot ’ Ox
density of -
bound motors creation/removal

40 of particles



Density of motors bound to microtubules

[M] concentration ‘.!.. ‘T‘ ‘.3; A‘T.

of unbound motors Time evolution for

density of bound motors

Op(z, 1) Op(z, 1)

— kbind [M] — Umot

ot ox

For initially empty microtubule

7 kbind [M]t, T > Umott

Stationary density of
bound motors

i} Fbina | M
pr(z) = — [t |

43



Length dependent depolymerization rate

2.5 Kip3
A OnM

2.0 o 1.7nM
v 3.3 nM
1.5 = 5.8nM

O
U1

depolymerization rate
(um min™")
o

10 12
microtubule length (um)

Depolymerization rate Foina | M|
is proportional to p*(L) = b;nd L
density of Kip3 motors mot

V. Varga et al., Nat. Cell Biol. 8, 957-962 (2006)

44



Controlled length of microtubules

& L [M] concentration
Jo Jo of unbound motors

random binding along length

A A .f. .1'. [T] concentration

depolymerizaton ~ Of free GTP-tubulin

it gL

plus < o® O®
end L o0
on
processive motility — \
< >
L

relative velocity of motors
arriving to the tip

Stationary length

—_— of microtubules
dl ) dL [ ]
—r = kon[T] — ap™(L) [”Umot - E] T kkon [[1];]4]

bind
dL  (akon[T] — ap*(L)vmot)
E — I~ ap (L) T ~ 10,u1\/[_1 1
kon ~ 9uM™"s™ L* ~ 75um

(L) = kvina|M ] I [M] ~ 3nM

Umot kbing & 2AnM " min ! ,um_l

45



Molecular motors

A Myosin V 9
" Contraction of muscles

Transport of large
molecules around cells

Actin (diffusion too slow)

v~ lpym/s
e

Microtubule

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

https://www.youtube.com/watch?v=FzcTgrxMzZk
46



Movement of molecular motors is
powered by ATP molecules

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

Graham Johnson
https://www.youtube.com/watch?v=0HDRIWRZRVI https://www.youtube.com/watch?v=YAva4g3Pkok

47



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~ \

/\/\/\ v
bound ATP no ATP %

actin
filament

&

48



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 49



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) -



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

40
30
20

10

| | | ' | ' | ' | ' |
i - s 5uMATP <
LY - s
9
- 4600 £
= = N
i * s =
~400 ©
LY [ 3 =
- LY c
z * 4200 2
- = s ng
x )
| | | 1 | 1 | 1 | 1 | O =
1 2 3 4 5 6 7
Load (pN) How important is viscous drag
for motors carrying vesicles?
stall force Farag = 6mnRv
”U(FS) — () Farag ~ 67T10_3kgm_1s_1 1pm - Tum/s

Firag ~ 1072 pN

- 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
1 ] Ax
{ —_ A ‘ bead
microtubule N kinesin
I ? 7 — e
= : =

Fixed trap

laser position is is fixed

. AXx
4 Position clamp =
I . bead
S e Fixed trap - .
microtubule . kinesin
L1 1 1 11 I 1 1 L1 1 1 11 I 1 1 L1 1 1 11 I 1 1 _ ﬁ\%&\t\t\t\é\}\t\t\é\t\t\é&&‘&%&\?&}:\&\&\:\?&}t\?&%t
10 100 1,000

Fmax —

ATP concentration (uM)
maximal possible force exerted by motors can
be estimated from energy conservation

AGarp _ 20kpT

a

Y

Snm

~ 10pN

52

K. Visscher et al.,

Nature 400, 184-189 (1999)



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)

plus end of
actin filament

< >

2.2um

53



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!

54



Skeletal muscle contraction is
controlled by nerve cells

Nucleus Muscle fiber

muscle nerve
cells cell

Mitochondrion

Sarcolemma

Electric signal from nerve
cells releases Ca2+from
sarcoplasmic reticulum  <=in Sarcerere

Thin (actin) | I

Thick (myosin)
filament Z disc H zone Z disc

filament

synapses
Low Ca2+, muscles are relaxed High Ca2*, 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.

Actin

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

55



How muscles get ATP energy?

’/ _-;K\'.
o, EN
gl Y|
|' _ ( |
o —Stomach
Liver — |
Small } SN .‘ Pancreas
intestine | [/ | (behind glycogen gjycose Pancreas

stomach)

Stimulates formation

‘ of glycogen
Insulin
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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

A
- Inner L)
"%, mitochondrial <\ \(1111]
> membrane

Mitochondrial
matrix

NAD*

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.

59 https://www.youtube.com/watch?v=CN2XOe_c0iM



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)
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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

aCti n (contain integrins)

-

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

Biology of the Cell o Biology of the Cell



Swimming of sperm cells

outer

L g....::'o.( dynein arm

radial spoke

inner sheath R .
0 [ A .o
.O. ..0 090 : .
central singlet ‘-,".. .,--...\ — nexin
microtubule oq oo, ::.. 3

[d ° ()
..o o:..° *%0 0 "..
plasma o® .t °2d

b il @B inner
memprane V/J \ dynein arm
| (B)

. A microtubule B microtubule
outer doublet microtubule

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

(A)

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