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Motivation GUTERHNES

® Semiflexible polymer chains vs.
worm-like chain model (Kratky-Porod model)
chain stiffness, excluded-volume effect

s rod-like - SAW (d=2)
» rod-like - Gaussian coil - SAW (d=3)
® Experimental techniques of single molecule measurements:

tension-induced stretching of biological macromolecules,
dsDNA (£, = 50nm), ssDNA (¢,, = 0.6nm), ...

#® Stretching semiflexible chains
= force-extension curves
theory < simulation
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Worm-like chain model GUTENRERG,

Kratky-Porod model in the continuum limit (. colloid Sci., 4 35 (1949)):
(without considering the excluded volume interactions)

# Mean square end-to-end distance (R?):

(B = 26,{1~ 21— exp(~L/8,)]}

;

L? = (U,Np)? for L < £, (rod — like chain)
\ 20,L = £, N, for L — oo (Gaussian chain)

s L = Npb,. contour length » £,. bond length

s Np: number of monomers s £, persistence length
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Simulation vs. Theory GUTENERG,

R 14
p rod —
L = 1— 21 —exp(—=L/L,)] |[Np* (@) =2£p/b,
20, L L
) L/2¢, = (€Np)/(2¢,) for L K £, (rod — like chain)
1 for L — oo (Gaussian chain)
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Simulation vs. Theory GUTENRERG,

® Flory-type free energy minimization arguments:

Rg . (d) pd L / Cx ’ ‘
AF =~ (elasticenergy) + v, 'R | ———| (repulsive energy)
2% R¢

Netz & Andelman, Phys. Rep. 380, 1 (2003)
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Simulation vs. Experiment GUTENRERG,,
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Simulation vs. Experiment GUTENRERG,,
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Semiflexible SAW model GUTENRERG,

Self-avoiding walk model
on the square (d = 2) and simple cubic (d = 3) lattices

# Bond-bending potential Uy enq(0)
= flexibility of chains

Upena(0) = ep(1 — cos )

;

Ngtr ~ |p: persistence

0 6 = 0° length
= 9 o0’
- 0
\ €b 6 = 90 T_) > T

#® Stretching force f = f#
= deformation of chains
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GUTENRERG

# Partition sum (a walk with Ny, steps and Nyenq l0cal bends):

Z Ny, Noena (qbs b) = Z C(Np, Nbenda, X)qy " b*

config.
g, = e~ (e+/k8T): pending factor, b = ef/¥8T: stretching factor
X' end-to-end distance along +=z-direction (X = xn, — To)

#® Algorithm: Pruned-Enriched Rosenbluth Method
Grassberger, Phys. Rev. E56, 3682 (1997)

s 0 < N, < 25600, short chain «<— long chain
s 0.005 < g < 1.0, very stiff < flexible (SAW)
s 1 < b < 1.6, no force < strong force
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Force-extension curves Ind — 2 SYTENRRRS..
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Force-extension curves Ind — 3 SYTENRRRS..
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Monte Carloresults Ind = 2  SUTENgEAS.

#® Linear response < Pincus blobs L lTh
PN o
1'__/_———:-——— I |
=  freely
2  |o|nted
ains
—1 f
N A
>\§ 107" - I|p
linear : :
response EKratky_—Porod:
regime

 Pincus bjobs.

Ll L Y 1
flo/ks T

(wcra ycr) ~ 0(1)
= scaling factors: C, = (L/£,)%/*, C, = (L/£,)*/*
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Monte Carloresultsind = 2

® Linear response < Pincus blobs
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Monte Carloresults Ind = 2  SUTENgEAS.

® Linear response < Pincus blobs
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Monte Carloresultsind = 2

® Linear response < Pincus blobs
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777777777777777

freely
 jojnted

linear
rgsponse

1~k THls

ichains

Kratky—Porod:
. regime

iPincus b bsi

c
P

108 1072 1 10 10%

flp/ke T

dy

0.4 flexible
0.2 A
0.1
0.05
0.03
0.02
0.01
0.005 dtiff

Semiflexible polymer chains — p. 10



Monte Carloresultsind = 2

® Linear response < Pincus blobs
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Monte Carloresults Ind = 2  SUTENgEAS.
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Monte Carloresults Ind = 2  SUTENgEAS.

#® Pincus blobs < Kratky-Porod (K-P) like regime
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Monte Carlo results ind = 2 <TG,
# Pincus blobs < Kratky-Porod (K-P) Ilke reglme /\ 1=k,

: eely
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» Kratky-Porod model + a force term

fer  3(X) 1 1
ksT ~ 4 L ' 81— (X)/L)2 8

N (X) <( fe,/ kT , small f

L \ 1—1//8fC,/ksT , large f
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Monte Carlo results in d = 2
# Pincus blobs < Kratky-Porod (K-P) Ilke reglme N

GUTENRERG.
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Monte Carlo results in d = 2
# Pincus blobs < Kratky-Porod (K-P) Ilke reglme N
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Monte Carloresultsind = 2  cUTENggRG.,
#® Pincus blobs < Kratky-Porod (K-P) I|ke reglme /\ -t
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Monte Carloresultsind = 2  cUTENggRG.,
#® Pincus blobs < Kratky-Porod (K-P) I|ke reglme /\ -t
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Monte Carlo results in d = 2
# Pincus blobs < Kratky-Porod (K-P) Ilke reglme N
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Monte Carloresultsind = 3 sUTENgrAS.,

® Linear response < Pincus blobs
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Monte Carloresultsind = 3 sUTENgrAS.,

#® Linear response < Pincus blobs 1- K THI,
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Monte Carloresultsind = 3 U\,
#® Linear response < Pincus blobs 1- K THI,
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Monte Carloresultsind = 3 sUTENgrAS.,

#® Linear response < Pincus blobs 1- K THI,
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Monte Carloresultsind = 3 sUTENgrAS.,
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Monte Carloresultsind = 3 sUTENgrAS.,
® Pincus blobs < Kratky-Porod (K-P) like regime
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Monte Carloresultsind = 3 sumngss.,

# Pincus blobs < Kratky-Porod (K-P) like regim

-/ 1\, - =¥
: : Efreely
L : ) e TR, Jointed
107 . A\ flo = elflle™ 5 1 ains
| ' :
X 2 E Ig
10 =1
x P lp
\ i
107 =
| d=3];
10 \Q_/ oo
3 1 10 10

» Kratky-Porod model + a force term T kT
o (X)) 1 1
kT L ' 41— (X)/L)? 4
N (X) - <( 2f¢,/3ksT , small f
L \ 1—1/\/4fe,/ksT , large f

Semiflexible polymer chains — p. 13



Monte Carloresultsind = 3 sUTENgrAS.,
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Monte Carloresultsind = 3 sUTENgrAS.,
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Monte Carloresultsind = 3 sUTENgrAS.,
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Monte Carloresultsind = 3 sUTENgrAS.,
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Monte Carloresultsind = 3 sUTENgrAS.,
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Monte Carloresultsind = 3
#® Kratky-Porod < Kratky-Porod (K-P) like regime
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(Tery Yer) ~ O(1) = scaling factors: C, =1,C, =1
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Monte Carloresultsind = 3

# Kratky-Porod < Kratky-Porod (K-P) Ilke reglme —
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GUTENRERS,.
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Monte Carloresultsind = 3

GUTENRERG,,
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Kratky-Porod model - freely jointed chain) for the
force-extension curves are verified.
#® Evidence for the importance of excluded volume effects
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