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DNA Extension under the Action of an External Force

Alexander Vologodskiit

Department of Molecular and Cell Biology, University of California,
Berkeley, California 94720

Received March 23, 1994, Revised Manuscript Received July 11, 1994®

ABSTRACT: We computed the extension—force dependence for the wormlike model of a polymer chain.
The dependence that we obtained differs essentially from the corresponding well-known dependence for the
freely jointed chain when the extension exceeds half of the chain contour length. We used the computed
results to analyze the measurements of extension of individual DNA molecules under the action of force made
recently (Smith, S. B.; Finzi, L.; Bustamante, C. Science 1992, 258,1122). We took intoaccount the electrostatic
interaction between DNA segments for a very low salt concentration. The theoretical dependencies obtained
are in very good agreement with the experimental data.
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I1. Models and Methods of Computations

A polymer chain composed of n Kuhn statistical
segments was modeled as a chain consisting of mn rigid
i f equal size. The el of the

chain, Ey, was computed as

[t}

o i
8 is the sngulm' duphcemen! of segment ;. nlmve to
othat

m. Theaverage

segment i + 1. The
The Kb statstical lengts x:oneipnm‘ls tom rlgld seg-
ments.$ Thismodel is ransformed into the wormlike chain
model as m approaches infinity.

‘To simulate the extension of the model chain, we fixed
one of ts ends at point 0 and applied a force, F, directed
along the x axis, to the second end. The total energy of
a particular conformation, E, was:

E=E,-sF @

‘where.x is the z-coordinate of the second end of the chain.

F values were constructed by lhe Me!mpolls procedure.”

h
nrblunry number of ud;lcent lemenu is rotated by a
domly chosen angle, ¢', around the straight line
cnnnectmg ‘the vertices bo\lnd\ng the subchain. In tl
second type, a subchain containing an arbitrary number
of segments and including the free end of the chain is

Ay boplompebeto ettt
particular set.

For the very low salt concentration, 104 M NaCl, we
introduced the electrostatic interaction to the model in
terms of the Debye-Hickel approximation. Although in
general this approximation s not accurate enough 1o
describe the electrostatie contribution to DNA bending
igidity*?at 10 M NaClthe approximation issatisfactory

e term E, which we added to the chain energy was

o exp(onr) dr,dr,
P 3 i o

where vis the effective linear d\arge dmmy of DNA, xis
s the

constant of water, and 7 s 8 pointof chain segment 7,
=rir;. Thesum hereisover all couples o chainsegments,
and the integrals should be taken along the segments
and j. For [NaCl = 10 M, the u alue should be very

3 0.14e/A 80

orented lne pasing through the ihtornal end of the
ubchain. The values of ¢* were uniformly distributed
over intervals, (~dq*,po"), chosen so that about half of the
‘proposed moves of each type were accepted.

Most of the calculations were done for model chains
consisting of 10 Kuhn statistical segments, but when
checked, results were the same for 5 and 50 segments. For
accuracy, up to 10% elementary displacements were

O]

The hzndmg rigidity constant corresponded to b = 100

nm. Changing this constant up t0 30% did not alter the
s slq’mf:anﬂy because the electrostatic interaction

prm/ldes the mancontrbution tothe enling gty st

ost of result

his model were obtained for 7 = 100 and ehain longth
000 nm. A total of 10° elementary displacements were

produced for each point.

(b)

o

i-1 i
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FIC, 1. A of Mt Curk) e, (8 ol i s
displacement and (b) global, random axis rotatior

(c) Jian 1997
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A Brownian Dynamics Program for the Simulation of Linear and Circular
DNA and Other Wormlike Chain Polyelectrolytes

Konstantin Klenin, Holger Merlitz, and Jorg Langowski
Division Biophysics of Macromolecules, German Cancer Research Center, D-69120 Heidelberg, Germany

ABSTRACT For the interpretation of solution structural and dynamic data of linear and circular DNA molecules in the kb
range, and for the prediction of the effect of local structural changes on the global conformation of such DNAs, we have
developed an efficient and easy way to set up a program based on a second-order explicit Brownian dynamics algorithm. The
DNA is modeled by a chain of rigid segments interacting through harmonic spring potentials for bending, torsion, and
stretching. The electrostatics are handled using precalculated energy tables for the interactions between DNA segments as
a function of relative orientation and distance. Hydrodynamic interactions are treated using the Rotne-Prager tensor. While
maintaining acceptable precision, the simulation can be accelerated by recalculating this tensor only once in a certain number
of steps.
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spring model (2
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FIGURE 1 o g st s e
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The ststching enerey is defined for each segment -
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D Program for Linar and Gicuar DNA -

The tvist exerey i defined for each sdjacent segment pi:

between p, 2

T chosen uch that e o
changes by more than *-
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o o e g

e v —r,
5 j&,L‘ -

‘The integraton s done along.

b

S i Lagh, ik s
50 that () is approximately equal o the variance of the
cegment langth disbution

o ety
alla

DVALEnqun\pm = 261, where A = 034 mmis the
tance betw -

a5 1) e
o

3 smaller value i order to enue the co
2) the ntes

voume effct:

e}
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engthisequal o
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B by ©
where

J7cos psin exp(—a )8
T TomBep-aBIdB

(cos )

(a)

" Eiophysical doumal

density v in such 2 way that the known solution of the
Debye Hickel aquation for 2 srsght thin line with charge

Vokama 74 Fabruary 1006

. 3nd v, svs it vectos oreated in 7uch 3 way
= 2l (5, X 0+ (53 X v

otegeal (Eq §) snd esch of it parial deratve: was
o order to save computaion tme, 3 tabulsion of e consucted rumerical unne
doubl (Eq. 5) was used. For simpl we assume linear interpolz obtain the values. ul(vrvm)
i e egmet o o s e b For ek sopment (009D, D770, G539 ¢ pbe ot of e 5,
2 vector R, Y. e
points of the e egment. Then the muual position of e the values of . wecos 3, sz 7, 3nd w000z - bad
- dfined by the following four dmencion.  constant mcrement. The fabltion range for ., . 554
les: parameters: 15 [~1.1]. The range of p. [P Psc]: 20d the table size for
RN ————— e ————r
R}
center-to-center ditance in Ly, (60)
vi= (Wpe R,
tltangle cosine for the ith segment,  (66)
Cl=y=1
Y=~ Un)e R,
segment, (69
~ ‘memory, including all partial derivatives of Eq. 8).
1=y, W shold o, bowererhat even i b corepaen-
s for leciosatic repulion n DNA 2n be spphed
(@ xR)-(g X R) ‘many cases to predict staistical propertiez of DNA to good

TexRJoxR]
vt agle cosine, ~1 <o, =1 (&)
Equation 5 can be rewritten in the form:

B
= e o) [0}

where a, = v1,kTD d
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FIGURE 3
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Kot s D Program for Linar and icuar DNA -

with its nd toward the segment joint that is closest to the
st

(6~ 1k segment and also lies i the bend plane:
F. Jmf

Bxe asa)

—(eble] (%)

for 3 et
ok s B 14 s 15t s vt it
ymmetic with respect o resumbering the vertices in op-

or e foresand s o . s sepment obined b
diffarentiating Eqe. 1.2, 4,30 7

Stretching force

T g i 6 i 08
one i paallel o the 22

Fo s—b
B wT ®
el g e e s e e
Rl +Fie a3

Bending force
The contribution of the energy stored in the bending angle
B, to the bending force actng on the it vertex from he
-+ 1th one is perpendicular tothe #th segment and lis in

14

g

foraentjont e 5 X 5,50 dathy
B e e

he bending force sting on
(he v o o 1 D o b el 3

those for the unbent jont upon substiuting b, — o,
ending force for the it vertex i

P =R + e + F — R, (16)
Bending torque

The torque on segment f induced by bending is for 3 bent
joint

an

For sa usbeat joint, this torque is aqual o 3850

Twisting force.
The force on the i vertex from the ( + 1) one induced
by mutual twising of he (7 — 1)th and ih segments by an

angle i he plane of the it bend:
. Cowa
BRI g eren a9

The symmetric expression for the twistng force acting on
the # vertex from the (F — L)th one &

, C s

A-erep 19

R RGP
The ol ising force for the i vetes is then
B = —F e + B + B~ Flonpes QO
Twisting torque
The torquecn th s segment mduce

by g e D
oy an sl 7, espct o the 1 one 5

c
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Electrostaic force
The contibuion of the lachosatc nercion betwsen
ogment 1 08t the frc scting o te et &
1S
e
L/
o o
there £, = £(p,, v, % 7). An analogous relationship is
i o e e i s o e D e
egment ;. We ssume
Sime

£ F} ni=jor
et o B 8 s s
25 described above. The expressions for the denvatives of

]
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By
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The partial derivatives are hus:
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T e et e o s
e ken b By, % 9 > 0, s oo
b
toal slectostatc force acing on the ih vertex 5

b ?x ) an

The bousdary conditions for the force expreszions, Ex
1231, are differnt for linear and.

conditon: e m effsct, such that al idices have fo be
taken modulo .

Hydrodynamic interactions.
In oder to model amic interactons defined be-

e phencalaiect, 3 buxd i s o s tached
to each chsin vertex With N' = N + 1 beads for s inesr
by ey e s o
bydvodynsmie interscton between beads f ad by 33 % 3
Rome Prager

n-n g s, 23]
i on=a P4 G2)
D, n“[(pm

if n=2a itj; G)
D.=DJ 62)
7y = i) Dy = kT, s the st

wherer, = 7,
viseosiy, T 3 unit 3 % 3 matvs, and r @7 desotes 3 matrc
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ODE is Copyright 2001-2004 Russell L. Smith. All rights reserved.

Moteurs de jeu/de physique : Open Dynamics Engine

Body 1 Anchor

Body 2
(a) joint ball

(b) joint hinge
Axis 2
~ Body 1

Body 1

Normal [

Contact point
F-dir 1
Axis 1

(c) joint universal
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(d) joint de contact
FIGURE: Les joints dans ODE (R. Smith) sont des contraintes holonomiques.
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Modele mécanique d'ADN

. Cylindre de longueur [ et de rayon r
. Rayon effectif d* = dc + Ip
re = 1 nm rayon crystallographique de I'ADN, /p longueur de Debye

N

. Dynamique de Langevin-Euler optimisée pour des corps rigides
r_ (E) 1 I pdW
L=F+r [ (1-555) - 1] £t + \/Frc

o1

. Dynamique de Langevin-Euler optimisée (vidéo)

6. Couples de courbure et de twist ', ; = gpt; X to + % (t1 + t2)
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Calibration des longueurs de persistance
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N

WLC fit to exp (10 mM salt)

—— analytical WLC
Lona =300%10 bp
analytical FIC
Lona =10 %300 bp

+

B

(a) Force extension

2(0)

Lona =1 pm/Mosconi 100 mM (2009)

10 4 = =035 pNA=2.0 nm

A 120.50 pNr=2.0 nm
+ =061 pNIr=2.0 nm
X £=0.74 pNIr=2.0 nm
1=0.91 pNIr=2.0 nm
v =113 pNir=2.0 nm
1=1.42 pNIr=2.0 nm
f=1.80 pNIr=2.0 nm

(b) Extension rotation

FI1GURE: Parametres des simulations p = 50 nm, t = 95 nm, et Lypy = 1 pm



Instabilité de buckling

Extension, rotation en fonction du temps
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(a) Couple rotation

|
M-

(b) Extension, rotation en

fonction du temps

FIGURE: Parameétres des simulations p = 50 nm, t = 95 nm, et Lapy = 1 pm.



Pinces magnétiques et fibre de chromatine

Force and torque

Magnetic bead

Spacer 600 bp

Nucleosome array

Spacer 600 bp
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Modéle géométrique coarse-grained du nucléosome

(a) Luger 1998 (b) Structure  crystallographique (c) Tétrasome
1KX5.pdb

(d) Nucléosome fermé (e) Nucléosome ouvert

FIGURE: Vue schématique du modeéle de nucléosome. L’ADN nucléosomale est enroulé & gauche. (Rouge et
jaune) diméres H2A-H2B. (Bleu et vert) diméres H3-H4, HmfA et HmfB pour les archaea. (Noir)
Four-Helix-Bundle. L'énergie de liaison des SHLs 6.5 est de I'ordre de I'agitation thermique.
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(a) Filament de 10 tétrasomes (b) Filament de nucléosomes avec plectonemes

Mélange (vidéo)

Réversome : force de traction f = 3.0 pN, couple ' = 25 pN - nm (vidéo)
Fibre : force de traction f = 0.3 pN, couple [ = 6 pN - nm (vidéo)

Fibre : force de traction f = 0.3 pN, couple [ = 10 pN - nm (vidéo)
Fibre de 10 nucléosomes : force de traction f = 3 pN (vidéo)
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