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Monte Carlo simulations were done to study the conformation of supercoiled DNA confined in a
nanochannel. The molecule has a superhelical density of around −0.05 and is bathed in a
monovalent salt solution with an ionic strength of 2, 10, or 150 mM. The cross-sectional diameter
of the circular shaped nanochannel was varied in the range of 10 to 80 nm. The conformational
properties were characterized by the writhing number and the distribution in the distance between
the two opposing strands of the superhelix. With increasing confinement, as set by a smaller tube
diameter and/or decreased screening of the Coulomb interaction, the supercoil becomes more tightly
interwound and long-range structural features such as branching and the formation of hairpins are
progressively suppressed. Analysis of the energetics shows a concurrent increase in electrostatic
energy and energy of interaction of the supercoil with the wall, but the elastic twisting energy
decreases. Confinement in a nanochannel or otherwise hence results in a decrease in the absolute
value of the twist exerted on the duplex. The bending energy remains approximately constant, which
means that there are no significant deflections from the wall. The simulation results are interpreted
with theory based on the wormlike chain model, including the effects of the wall, charge, elasticity,
and configurational entropy. It was found that the theory is reasonably successful in predicting the
structural response to the confinement at the local level of the diameter and pitch of the supercoil.
© 2008 American Institute of Physics. �DOI: 10.1063/1.2992076�

I. INTRODUCTION

Closed circular DNA usually exists in a supercoiled con-
figuration, in which the duplex is wound around another part
of the same molecule to form a higher order helix. Supercoil-
ing is utilized in many biological functions, examples
include replication and transcription, formation of protein
complexes, and altered primary structures such as
cruciforms.1 The three-dimensional tertiary structure is deter-
mined by topological and geometrical properties such as de-
gree of interwinding and number of interwound branches.
The topological constraint sets the physical extent of the
molecule and determines its excluded volume. Supercoiling
has accordingly been reported to be a major compaction
mode for DNA in a liquid crystal.2–4 In order to be accom-
modated in a congested state, such as in a nanochannel or in
a strong nematic field, supercoiled DNA has to decrease its
physical extent by a change in tertiary structure. It has been
argued that segments of the duplex start to ripple with a
wavelength �deflection length� less than the bending
persistence length.5 The rippling is similar to the undulation
of a linear wormlike polymer confined in a narrow
nanochannel.6–8 The structure of pUC18 plasmid �2686 base
pairs� dispersed in salt solutions has been measured with
small angle neutron scattering.3,4 With increasing DNA con-
centration, prior and covering the transition to the liquid
crystalline phase, the supercoil was seen to decrease its ex-

cluded volume by becoming more tightly interwound with a
change in elastic twisting rather than bending energy.

Besides theoretical analysis based on statistical thermo-
dynamics, information about the tertiary structure can be ob-
tained from computer simulation. Monte Carlo computer
simulations have shown the effects of ionic strength and/or
protein binding on the structure of the supercoil.9–11 Most of
the previous work was concerned with the properties of
single molecules and did not consider the effects of an ex-
ternal potential. An exception is the Monte Carlo simulation
study by Fujimoto and Schurr,12 which showed that the con-
finement of a supercoiled DNA molecule to a plane greatly
changes its tertiary structure. We have employed a similar
approach to explore how the restriction of the configurational
degrees of freedom by a cylindrical potential, which mimics
confinement in a nanochannel, alters certain structural prop-
erties of the supercoil. Our primary aim was to explore the
extent to which supercoiled DNA becomes more tightly in-
terwound and/or rippled when it is compacted in a congested
state. For this purpose, we have carried out Monte Carlo
computer simulations and interpreted the emerging structure
and energetics with the wormlike chain model including the
effects of the hard wall, charge, elasticity, and configura-
tional entropy.

II. WORMLIKE CHAIN MODEL

The gist of the wormlike chain model is that the confor-
mation of the supercoiled DNA molecule is a regular super-
helix. On top of this structure, fluctuations are considered.a�Electronic mail: johanmaarel@gmail.com.
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Furthermore, the effects of the end loops of the supercoil are
neglected. In its original form, the theory includes a super-
position of three contributions to the molecular free
energy.13–15 These three contributions are the elastic bending
and twisting energies of the duplex, the electrostatic interac-
tion energy of the two opposing strands of the superhelix,
and an entropic term coming from the restriction in fluctua-
tions in plectonemic radius and pitch due to the topological
constraint. For a supercoil confined in a nanochannel, we
also need to consider the interaction energy of the duplex
with the wall.

The elastic energy is given by the sum of the bending
and twisting contributions,

Felas

LkBT
= Lb�2/2 + Lt�

2/2, �1�

where the persistence lengths associated with bending and
twisting of the duplex are denoted by Lb and Lt, respectively.
Note that we express all �free� energies per unit contour
length of the duplex L and thermal energy kBT. The bending
and twisting persistence lengths are the corresponding elastic
rigidity constants in units kBT. With the plectonemic radius
rsc and pitch psc, the local curvature �=rsc / �rsc

2 + psc
2 �. The

twist � exerted on the duplex and the writhe Wr are related
to the linking number deficit �Lk according to

� = 2���Lk − Wr�/L . �2�

Wr is the number of signed crossings of the duplex averaged
over all possible views and characterizes the tertiary path.16

In the case of a right-handed plectoneme without end loops,
the writhing number is related to the plectonemic radius and
pitch according to17

Wr = −
Lpsc

2��psc
2 + rsc

2 �
. �3�

For a charged chain, the bending persistence length is modi-
fied by the electrostatic interaction. In the Odijk–Skolnick–
Fixman model, it is given by the sum of the bare and elec-
trostatic parts,18,19

Lb = Lb
° + Lb

e . �4�

The electrostatic persistence length has been derived in the
Debye–Huckel approximation by considering the electro-
static energy cost of bending a wormlike chain and takes the
following form:

Lb
e = �eff

2 lB/�4�D
2 � . �5�

For the electrostatic interaction energy of the two opposing
strands of the superhelix, we use the approximate expression
proposed by Ubbink and Odijk,14

Felec

LkBT
=

1

2
�eff

2 lB� �

�Drsc
�1/2

exp�2�D
2 dr

2 − 2�Drsc�

��1 + 0.207/� + 0.054/�2�, � = psc
2 /4rsc

2 . �6�

Note that the electrostatic interaction energy is renormalized
for fluctuation in rsc with amplitude dr. The third contribu-
tion to the molecular free energy is of entropic origin. Be-
sides radial displacements, a given point on the supercoil

exhibits longitudinal displacements of the order of �psc. For
a superposition of these two fluctuation modes, the free en-
ergy reads,13,14,20

Fconf

LkBT
=

cr

Lb
1/3dr

2/3 +
cp

Lb
1/3��psc�2/3 . �7�

In the case of a supercoil confined in a nanochannel, we
need to consider the energy of interaction of the duplex with
the wall. We use a hard wall potential with interaction en-
ergy,

Fcyl

LkBT
= kcylrsc

10�1 + 45dr
2/rsc

2 � , �8�

and kcyl being a constant to be discussed below. Note that the
interaction energy with the wall has been renormalized for
fluctuation in the radius of the supercoil up to and including
second order with a second moment dr. The central axis of
the superhelix always coincides with the symmetry axis of
the potential and in the wormlike chain model we do not
consider lateral displacements of the whole molecule.
Furthermore, there is no confinement in the longitudinal
direction along the tube of infinite length.

The sum of the molecular free energy and the interaction
energy with the wall,

Ftot = Felas + Felec + Fconf + Fcyl �9�

is then minimized with respect to the plectonemic radius rsc,
the fluctuation in radius dr, and the plectonemic pitch psc.
This was done by numerical means with a multidimensional,
nonlinear Nelder Mead search algorithm in MATLAB �Natick,
MA�. The resulting values of the structural parameters, in-
cluding Wr following from Eq. �3�, and the various energy
contributions will be compared to the corresponding results
obtained from Monte Carlo computer simulation. For a free
unconstrained supercoil without hard wall potential, the pre-
dictions of the wormlike chain model have been reported to
be in excellent agreement with experimental data for the
plectonemic radius and pitch as a function of the superhelical
density as well as ionic strength of the supporting
medium.14,15

III. SIMULATION PROTOCOL

In the Monte Carlo simulation, the DNA molecule was
modeled as a closed circular polygonal space curve consist-
ing of 150 vertices.21 The bonds connecting the vertices are
elastic with a stretching constant ks=17 kBT, which results
in an average bond length �l�=3.1 nm and a contour length
of 465 nm �1.3 kbp�. The bonds cannot bend nor twist. The
twisting and bending flexibility is concentrated at the con-
nection points, i.e., the vertices. The linking number deficit
�Lk=−6, which corresponds with a superhelical density
	=−0.044 for DNA in the B-form with a helical pitch of 3.4
nm. With the commonly used bare bending persistence
length Lb

° =50 nm, the corresponding elasticity constant kb

=Lb
° / �l�=16 kBT. The elasticity constant for twisting of the

duplex is not precisely known. For weakly strained circular
DNA, the experimental values of Lt, as obtained from fluo-
rescence depolarization anisotropy measurements, are around
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50 nm �see Ref. 22 and references therein�. Single molecule
manipulation experiments of linear DNA have given larger
values for Lt in the range of 75–110 nm. Our simulations
were done with Lt=75 nm �kt=1.5 kb�, a value that is often
used in computational and theoretical work. We have
checked, however, that simulations with kt=kb gave qualita-
tively the same results. The vertices interact through the sum
of a hard sphere �diameter 	D=2.4 nm� and an isotropic
screened Coulomb potential,

V�r� = �	D

r
�12

+ lB
2exp�− �Dr�
r

. �10�

Note that this potential includes the short-range electrostatic
repulsion and there is no need to modify the bending persis-
tence length. The strength and range of the electrostatic in-
teraction are determined by the effective number of charges
per vertex 
=�eff�l� and the Debye screening length �D, re-
spectively. We obtained 
=6.0, 8.4, and 30.5 by numerically
solving the nonlinear Poisson–Boltzmann equation for a rod-
like polyelectrolyte of 2.4 nm diameter and dispersed in 2,
10, and 150 mM of a monovalent salt with screening lengths
�D=6.8, 3.0, and 0.8 nm, respectively.15

In order to simulate the effect of confinement, we have
applied a cylindrical external potential,

Vcyl = �kcyl	Drcyl
10 . �11�

This potential is a good approximation of hard wall repulsion
with minimal computational difficulties. The value of kcyl is
determined by the tube diameter Dtube and was chosen so that
the energy of a contact per vertex with the wall equals a unit
kBT. Our computer code for the model Hamiltonian, includ-
ing the interaction with the wall, was programmed using
FORTRAN 90 and it was executed on a cluster of 1.5 GHz
Itanium 2 processors at Singapore’s National Grid Computa-
tion Platform. For each ionic strength, we started with the
simulation of the free supercoil with �=0. The initial con-
formation was a regular ring with zero Wr. Subsequently, a
series of simulations was done with progressively smaller
values of Dtube ranging from 80 to 10 nm. For each tube
diameter, the parameter � was incremented from 1�10−5 to
1 in ten logarithmically spaced steps. This procedure mim-
icks the transfer of the DNA molecule from solution into the
tube.12 In the presence of the confining potential, the initial
conformation was always taken to be the equilibrated con-
formation pertaining to the previous run. We have applied
small random displacements on each vertex as well as dis-
placements that transfer the whole molecule in the transverse
direction of the confining potential. On both types of moves,
an acceptance ratio of 50% was imposed. The simulation was
considered to have reached equilibrium when the radii of
gyration Rg of the DNA molecule pertaining to two consecu-
tive runs with a total of at least 2�106 cycles agreed within
95% confidence level. For a free supercoil in 10 mM
monovalent salt, the convergence of Wr and Rg is illustrated
in Fig. 1. For the other ionic strengths, similar convergence
is observed. The writhing number Wr was obtained by the
evaluation of the Gauss double integral.23 A typical run for
one tube diameter and one ionic strength took about 9 days.

One should bear in mind that there are important differ-
ences between the models employed in the theory and simu-
lation. In the wormlike chain model, the conformation is
assumed to be a superhelix and end loop effects are ne-
glected. The model employed in the simulation is more real-
istic; there is no imposed helical structure �the interwound
structure follows naturally�, end loops are included, and the
supercoil can branch and form hairpins. Furthermore, the
simulation includes moves of the whole molecule in the
transverse direction of the confining potential, which are not
considered in the wormlike chain model. Despite these dif-
ferences, we thought that it is of interest to explore the extent
to which the wormlike chain model is capable to predict the
simulation results because it might provide an efficient and
fast way to evaluate the effects of a confining potential on
the structure of the supercoil.

IV. RESULTS AND DISCUSSION

Typical snapshots of well-equilibrated structures are dis-
played in Fig. 2. In all cases, the DNA molecule takes a
locally interwound conformation. At lower ionic strength
and/or smaller tube diameters, the supercoil is linearly
packed inside the tube. At higher ionic strength and/or wider
tubes, the structure is less regular in the sense that the super-
coil might branch or form a hairpin. In a relatively narrow
tube, the formation of branch points or hairpins requires
sharp bending of one or two DNA duplexes, respectively,
and carries a relatively large bending energy on the order of
a few times kBT. Confinement in the tube also suppresses
branching and hairpin formation for entropic reasons because
of the restriction in the degrees of freedom pertaining to the
configuration of the DNA molecule. Here, we will not pursue
the effects of confinement on the long-range structure, but
focus on the local plectonemic structure in terms of the
writhe Wr and diameter of the supercoil Dsc=2rsc.

We obtained the writhing number Wr by the evaluation
of the Gauss double integral.23 For the interwound section of
the supercoil, Wr has also been obtained with the wormlike
chain model by numerical minimization of the total energy
�Eq. �9�� and the results are displayed in Fig. 3. Overall,
there is excellent agreement between the simulation and the-
oretical results. The minor deviations observed at high ionic
strength for the larger tube diameters are related to branching
and hairpin formation, which are not captured by the worm-
like chain model. With increasing Dtube, Wr first increases
after which it levels off at a constant value determined by the
ionic strength �note that −Wr decreases with increasing
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FIG. 1. �a� Writhe vs the number of Monte Carlo cycles for a free supercoil
immersed in 10 mM monovalent salt. �b� As in panel �a�, but for the radius
of gyration. Convergence is achieved after about 1�106 cycles.
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Dtube�. We have checked that the limiting values of Wr for
large tube diameters agree with the values for the free DNA
molecule without confining potential. The range of the tran-
sition also depends on the salt concentration, in the sense that
Wr takes a constant value at smaller tube diameters with
increasing ionic strength. As we will see shortly, the transi-
tion from a constant to a decreasing value of Wr is caused by
progressive squeezing of the supercoil once the tube diam-
eter becomes less than the diameter of the free supercoil.
Notice that the limiting values of Wr for small tube diameters
do not become smaller than the linking number deficit �Lk
=−6. As shown by the decrease in Wr, the supercoil becomes
more tightly interwound with increasing ionic strength
and/or increasing confinement by a smaller tube diameter.

To illustrate the squeezing of the supercoil by the con-
fining potential, we have obtained the distance distribution
function of the vertices. The results for the lowest employed
ionic strength of 2 mM are shown in Fig. 4. In the case of an
ionic strength of 10 and 150 mM similar results are obtained
�not shown�. In the calculation of the distribution function,
we have excluded the ten nearest neighbors at each side of
the vertex of reference. In this way, correlations over a length
scale on the order of the bending persistence length are ex-
cluded. The position of the maximum then gives the most
probable diameter of the supercoil Dsc.

24 The results for Dsc

are shown in Fig. 5, together with the predictions of the
wormlike chain model as obtained from the minimization of

the total energy �Eq. �9��. Again, there is good agreement,
but the simulation results for an ionic strength of 150 mM
fall a bit below the mark set by the theory. Notice that the
differences between the theoretical and simulation results are
much smaller than the widths of the distribution function.
Furthermore, the widths agree with the fluctuation bandwidth
dr following from the theory �results not shown�.

With increasing tube diameter, the intervertex distribu-
tion function broadens. Concurrently, the position of the
maximum Dsc first increases, after which it levels off at a
constant value depending on the ionic strength. For the high-
est employed ionic strength, the small increase in Dsc, as
predicted by the theory, is not clearly seen in the simulation
results due to limited statistical accuracy. As in the case of
Wr, we have checked that the limiting values of Dsc for large
tube diameters agree with those of the free DNA molecule.
The confining potential has no significant effect on Dsc as
long as Dtube is much larger than the diameter of the free
molecule. For smaller tube diameters, the supercoil is
squeezed as shown by the decrease in Dsc with decreasing
values of Dtube. The transition from a constant to a decreas-
ing value of Dsc occurs in the same range of tube diameters
as for the transition in the writhe. Notice that Dsc already
starts to decrease when the value of Dtube is about twice the
value of the plectonemic diameter pertaining to the free su-
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FIG. 2. �Color� Snapshots of equi-
librated conformations taken after
2�106 Monte Carlo cycles.
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FIG. 3. Writhe vs tube diameter. The symbols and curves are simulation and
theoretical results, respectively. The ionic strengths are 150 �dashed, ��, 10
�dashed dotted, ��, and 2 �solid, �� mM.
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percoil. This is due to the cutoff of the spectrum of fluctua-
tion in the radial direction imposed by the confining poten-
tial.

It is interesting to compare our results with directly mea-
sured experimental data. Hammermann et al.24 investigated
the diameter of pUC18 plasmid with a superhelical density
	=−0.05 and dispersed in monovalent salt solutions with
small angle neutron scattering. Our limiting values of Dsc for
large tube diameters and, in particular, the dependence on the
ionic strength, are in excellent agreement. For the same plas-
mid, but with 	=−0.03, and by using the same methodology,
the dependencies of Dsc and Wr on the density of DNA have
been reported by Zakharova et al.3 In 50 mM NaCl, the
average value of Dsc was seen to decrease from 20 to 10 nm
once the spacing between the molecules is decreased from 39
to 13 nm. This decrease in Dsc with increasing DNA density
is in fair agreement with the results shown in Fig. 5. Za-
kharova et al. also reported a decrease in Wr with increasing
DNA concentration. This observation is in qualitative agree-
ment with the present results because both the simulation and
theory show that the supercoil becomes more tightly inter-
wound with increasing confinement. With increasing DNA
density, the experimental values of Wr become however
smaller than the linking number deficit �Lk. Such behavior
is not observed in our simulations, neither predicted by the
wormlike chain model. This discrepancy is probably related
to complications in the analysis of the scattering data arising
from intermolecular interference. More experimental work in
order to elucidate the conformation of supercoiled DNA in a
crowded and congested state is in progress.

The energetics of the confinement, as obtained from the
simulation as well as the wormlike chain model, is shown in
Fig. 6. The stretching energy of the vertexes is not shown
because it was found constant, irrespective of the value of
the tube diameter. All energies are per unit contour length
and represent relative changes from the energies pertaining
to the free supercoil. The theoretical elastic bending and
twisting energy contributions are obtained from the corre-
sponding terms in Eq. �1� and the values of the structural
parameters following from the minimization of the total en-
ergy �Eq. �9��. In a similar way, the electrostatic energy and
the energy of interaction with the wall are obtained from

Eqs. �6� and �8�, respectively. The relative changes and their
dependencies on the ionic strength are overall well predicted
by the wormlike chain model. At high ionic strength, devia-
tions in the bending energy and the interaction energy with
the wall are observed, but again, this is related to branching
and hairpin formation. With increasing confinement, the
electrostatic energy increases due to the reduced interduplex
distance. With increased ionic strength, the increase in elec-
trostatic energy becomes less pronounced, in accordance
with increased screening of Coulomb interaction. The elastic
bending energy is almost constant, which shows that sections
of the DNA molecule do not start to ripple with increasing
confinement. The elastic twisting energy decreases with de-
creasing tube diameter because according to White’s equa-
tion �Lk=Wr+�Tw the sum of the writhe Wr and total ex-
cess twist �Tw=L� /2� exerted on the duplex is
conserved.16 With increasing confinement, more segments of
the duplex are in close contact with the wall and the corre-
sponding interaction energy increases. The changes in elastic
twisting and wall interaction energies also depend on the
ionic strength and become vanishingly small at high salt con-
centration.

V. CONCLUSIONS

We have analyzed the structure and energetics of a su-
percoiled DNA molecule confined in a cylindrical potential,
both with theory based on statistical thermodynamics as well
as Monte Carlo computer simulation. The value of the super-
helical density around −0.05 is typical for plasmids in the
cytoplasm of bacteria. Simulations were done for a molecule
of 1.3 kbp, which is large enough to exhibit long-range struc-
tural phenomena, and yet, small enough to achieve signifi-
cant results within a reasonable time span. With increasing
confinement, as set by a smaller tube diameter, the supercoil
becomes more tightly interwound and long-range structural
features such as branching and the formation of hairpins are
progressively suppressed. The electrostatic energy and the
energy of interaction of the supercoil with the wall increase,
but the elastic twisting energy decreases. Confinement in a
nanochannel or otherwise, such as in a strong nematic field,
hence results in a decrease in the absolute value of the twist
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exerted on the duplex, which might have biological implica-
tions such as for the transcription, replication, and repair of
the genome. The bending energy remains constant, which
indicates that the duplex does not ripple. In agreement with
earlier work, the supercoil also becomes more tightly inter-
wound with increasing salt concentration.9,10,24 Despite that
the wormlike chain model has some obvious deficiencies, it
is reasonably successful in predicting the structural response
to the confinement at the local level of the plectonemic di-
ameter and pitch. The wormlike chain model can hence be
confidently used for the analysis of experimental results in-
volving the compaction of supercoiled DNA in a crowded
and congested state such as in a liquid crystal or a gene
delivery system.2–4,25 Lithographic methods to produce
nanochannels in cheap polymer based biochips are progres-
sively becoming available.26,27 In our laboratories, the cross-
sectional diameter of such nanochannels is now being
pushed below 80 nm and the study of topologically con-
strained supercoiled DNA confined inside these nanochan-
nels is in progress.

It is interesting to compare the conformational responses
of an unconstrained linear wormlike polymer and a topologi-
cally constrained supercoiled polymer in a cylindrical
nanochannel. If the diameter of the tube is smaller than the
persistence length �for DNA hence less than 50 nm�, the
linear polymer will undulate inside the channel and will only
bend when it bounces off the wall. The deflection length
scales as �def	Dtube

2/3 Lb
1/3 and becomes progressively shorter

than the bending persistence length with smaller tube
diameter.6 For the supercoiled molecule, sections of the du-
plex are expected to undulate if the deflection length is
shorter than the superhelical pitch, i.e., for �def� psc.

5 How-
ever, in the present contribution we have seen that with in-
creasing confinement the supercoil becomes more tightly in-
terwound with a concurrent decrease in superhelical diameter
and pitch. With a physiological value of the superhelical den-
sity around −0.05, the duplex does not ripple and remains
interwound because the pitch is shorter than and stays put
with the deflection length.

ACKNOWLEDGMENTS

We acknowledge the support of “Entropy Driven Liquid
Crystalline Compaction of Supercoiled DNA,” from the
Singapore Ministry of Education under Grant No. R-144-

000-177-112, and the National Grid Singapore Computation
Platform. We thank Dr. Renko de Vries for discussions.

1 V. A. Bloomfield, D. M. Crothers, and I. Tinoco, Nucleic Acids; Struc-
ture, Properties and Functions �University Science Books, Sausilito,
2000�.

2 Z. Reich, E. J. Wachtel, and A. Minsky, Science 264, 1460 �1994�.
3 S. S. Zakharova, W. Jesse, C. Backendorf, S. U. Egelhaaf, A. Lapp, and
J. R. C. van der Maarel, Biophys. J. 83, 1106 �2002�.

4 S. S. Zakharova, W. Jesse, C. Backendorf, and J. R. C. van der Maarel,
Biophys. J. 83, 1119 �2002�.

5 T. Odijk, J. Chem. Phys. 105, 1270 �1996�.
6 T. Odijk, Macromolecules 16, 1340 �1983�.
7 W. Reisner, K. J. Morton, R. Riehn, Y. M. Wang, Z. Yu, M. Rosen, J. C.
Sturm, S. Y. Chou, E. Frey, and R. H. Austin, Phys. Rev. Lett. 94,
196101 �2005�.

8 K. Jo, D. Dhingra, T. Odijk, J. de Pablo, M. Graham, R. Runnheim, D.
Forrest, and D. Schwartz, Proc. Natl. Acad. Sci. U.S.A. 104, 2673
�2007�.

9 A. V. Vologodskii and N. R. Cozzarelli, Annu. Rev. Biophys. Biomol.
Struct. 23, 609 �1994�.

10 J. A. Gebe, J. J. Delrow, P. J. Heath, B. S. Fujimoto, D. W. Stewart, and
J. M. Schurr, J. Mol. Biol. 262, 105 �1996�.

11 J. Huang and T. Schlick, J. Chem. Phys. 117, 8573 �2002�.
12 This procedure is a modification of the procedure for the confinement of

a supercoil to a plane, see B. S. Fujimoto and J. M. Schurr, Biophys. J.
82, 944 �2002�.

13 J. F. Marko and E. D. Siggia, Science 265, 506 �1994�; Phys. Rev. E 52,
2912 �1995�.

14 J. Ubbink and T. Odijk, Biophys. J. 76, 2502 �1999�.
15 J. R. C. van der Maarel, Introduction to Biopolymer Physics �World Sci-

entific, Singapore, 2008�.
16 J. H. White, Calculating the Secrets of Life: Contributions of the

Mathematical Sciences to Molecular Biology �The National Academies,
Washington, 1995�.

17 Under physiological conditions, supercoiled DNA is right handed with
negative values of the linking number deficit and writhing number.

18 T. Odijk, J. Polym. Sci., Polym. Phys. Ed. 15, 477 �1977�.
19 J. Skolnick and M. Fixman, Macromolecules 10, 944 �1977�.
20 We have used the empirically optimized constants cp=cr=2−8/3, see

Ref. 15.
21 R. de Vries, J. Chem. Phys. 122, 064905 �2005�.
22 B. S. Fujimoto, G. P. Brewood, and J. M. Schurr, Biophys. J. 91, 4166

�2006�.
23 K. Klenin and J. Langowski, Biopolymers 54, 307 �2000�.
24 M. Hammermann, N. Brun, K. V. Klenin, R. May, K. Toth, and J.

Langowski, Biophys. J. 75, 3057 �1998�.
25 A. V. Korobko, C. Backendorf, and J. R. C. van der Maarel, J. Phys.

Chem. B 110, 14550 �2006�.
26 L. H. Thamdrup, A. Klukowska, and A. Kristensen, Nanotechnology 19,

125301 �2008�.
27 C. Zhang, F. Zhang, J. A. van Kan, and J. R. C. van der Maarel, J. Chem.

Phys. 128, 225109 �2008�.

165102-6 Lim et al. J. Chem. Phys. 129, 165102 �2008�

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp

http://dx.doi.org/10.1126/science.8197460
http://dx.doi.org/10.1063/1.471966
http://dx.doi.org/10.1021/ma00242a015
http://dx.doi.org/10.1103/PhysRevLett.94.196101
http://dx.doi.org/10.1073/pnas.0611151104
http://dx.doi.org/10.1146/annurev.biophys.23.1.609
http://dx.doi.org/10.1146/annurev.biophys.23.1.609
http://dx.doi.org/10.1006/jmbi.1996.0502
http://dx.doi.org/10.1063/1.1511506
http://dx.doi.org/10.1126/science.8036491
http://dx.doi.org/10.1103/PhysRevE.52.2912
http://dx.doi.org/10.1002/pol.1977.180150307
http://dx.doi.org/10.1021/ma60059a011
http://dx.doi.org/10.1063/1.1846052
http://dx.doi.org/10.1002/1097-0282(20001015)54:5<307::AID-BIP20>3.0.CO;2-Y
http://dx.doi.org/10.1088/0957-4484/19/12/125301
http://dx.doi.org/10.1063/1.2937441
http://dx.doi.org/10.1063/1.2937441

