MAE 545: Lecture 19 (4/27)

How proteins find Statistical
target sites on DNA? mechanics of
G Ty e 5O polymers
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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.,
2 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) 4




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 S S
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

5




Example: search time for target site in
bacteria on DNA with 10 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

v

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




Statistical mechanics of polymers and filaments



Statistical mechanics of polymers and filaments

molecular dynamics simulation

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

partition function 7 Z e_Ec/kBT E energy of a given
(sum over all possible - ¢ 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




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,

|0



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
1 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 13



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,

14

L = Na - chain length



Stretching of ideal freely jointed chain

z
|
; 7

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
15
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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,
16 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,

1kgT/nm ~ 4pN Macromolecules 28, 8759-8770 (1995)
17



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)
18




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)

21



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

22



Movement of bacteria

Listeria monocytogenes
moving in infected cells

Julie Theriot (speeded up 150x)
v~ 0.1-0.3um/s

23
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Actin ~— ¥

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




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)

24



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
25




Swimming Swimming of
of sperm Chlamydomonas
cells (green alga)

e

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

neighboring microtubule-like structures
26



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

27 © 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
28



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

29

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

30 Fmax ~ 8pN



Movement of bacteria

Listeria monocytogenes
moving in infected cells

Bacterium

<
<9
Actin f
polymerization 3
Is pushing Caps prevent
bacteria further

3 polymerization
in comet tails

Actin is >
randomly ° & ‘% 9
Julie Theriot (speeded up 150x)  depolymerized ’ *, d

y 01—0 S,um/s in comet tails

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