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We develop an elastic-isotropic rod model for twisted DNA in the plectonemic regime. We account for
DNA elasticity, electrostatic interactions and entropic effects due to thermal fluctuations. We apply our
model to single-molecule experiments on a DNA molecule attached to a substrate at one end, while sub-
jected to a tensile force and twisted by a given number of turns at the other end. The free energy of the
DNA molecule is minimized subject to the imposed end rotations. We compute values of the torsional
stress, radius, helical angle and key features of the rotation-extension curves. We also include in our
model the end loop energetic contributions and obtain estimates for the jumps in the external torque
and extension of the DNA molecule seen in experiments. We find that, while the general trends seen
in experiments are captured simply by rod mechanics, the details can be accounted for only with the
proper choice of electrostatic and entropic interactions. We perform calculations with different ionic con-
centrations and show that our model yields excellent fits to mechanical data from a large number of
experiments. Our methods also allow us to consider scenarios where we have multiple plectonemes or
a series of loops forming in the DNA instead of plectonemes. For a given choice of electrostatic and entro-
pic interactions, we find there is a range of forces in which the two regimes can coexist due to thermal

motion.

© 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The mechanical and electrostatic properties of DNA directly
affect various cellular processes, such as replication, transcription,
compaction and protein-DNA binding. This is the motivation
behind this study of DNA supercoils, which are also known as
plectonemes. Plectonemes in DNA molecules are manipulated by
several molecular machines during key processes, such as tran-
scription and DNA repair [1]. In several scenarios, the action of
these molecular machines or enzymes on DNA has been found to
depend on the mechanical stress present in the molecules [2,3].
Consequently, DNA supercoiling remains a subject of study for
theorists and experimentalists alike.

Experimentally, DNA supercoiling has been investigated using
several biochemical and biophysical methods, including single-
molecule experimental techniques, where individual DNA mole-
cules can be stretched and twisted under physiologically relevant
conditions [4-8]. In these experiments, it is possible to apply a
force and/or moment parallel to the filament axis of a DNA mole-
cule, and to measure the elastic response in terms of elongation
and angle of twisting about the filament axis. In rotation-extension
experiments, the vertical extension of the DNA filament and the
external moment are recorded as a function of the number of turns.

* Corresponding author. Tel.: +215 898 3870; fax: +215 573 6334.
E-mail address: purohit@seas.upenn.edu (P.K. Purohit).

It is a well-known feature of the experimental curves that there is a
regime, corresponding to the formation of plectonemes, where
there is almost a linear relationship between the DNA extension
and the applied number of turns. Also, as shown in te recent exper-
iments of Forth et al. [4], Lipfert et al. [5] and Mosconi et al. [6], the
external moment is approximately constant in the plectonemic
regime.

Plectonemes have been studied theoretically as elastic rods by
many authors [9-14]. In order to interpret single-molecule
experiments, Purohit [15,16] accounts for the effects of thermal
fluctuations as well as electrostatics in plectonemes and straight
portions of DNA, and shows that many features seen in the recent
experiments of Forth et al. [4] can be qualitatively reproduced using
an elastic rod model. Furthermore, as seen in Fig. 5 in Purohit [16],
his theoretical results for the slope of the linear region in vertical
extension of the DNA vs. number of turns of the bead are around
twice the value of those found in experiments by Forth et al. [4].
One of the goals of this paper is to address this problem and get
more quantitative agreement with single-molecule experiments.
Our approach follows those of van der Heijden et al. [14] and Clauv-
elin et al. [17,18], who use a variational formulation to solve for the
geometry of the plectoneme. The analysis in van der Heijden et al.
[14] considers only the elastic energy of the filament, but Clauvelin
et al. [17,18] and other authors [19] consider electrostatic interac-
tions together with the elasticity, and are able to reproduce some
of the features of the rotation-extension experiments. In agreement
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with Purohit [16], Clauvelin et al. [18] reach the conclusion that
electrostatics plays a minor role compared to the elasticity of the
DNA in these experiments. Contrary to this conclusion, recent sin-
gle-molecule experiments and molecular simulations have shown
that the results of the rotation-extension experiments depend
strongly on the salt concentration of the solution [20,21]. For this
reason, we carefully consider electrostatics in this paper and pres-
ent an analytical model that captures the behavior of DNA in rota-
tion-extension experiments and simulations for a variety of DNA
lengths, applied loads and salt concentrations. We also apply our
model to a novel set of DNA experiments with a mixture of mono-
valent and multivalent salts, and show that we can predict the re-
sults of these experiments.

Other key variables that are affected by the salt concentration
are the discontinuities in extension and torque during the super-
coiling transition [20]. These discontinuities have been studied re-
cently by Forth et al. [4] and Daniels et al. [22]. Purohit’s models
[15,16] capture these discontinuities or jumps qualitatively, but
he does not comment on the salt dependence of the jumps. We
use our model to provide estimates for the number of turns at
which the DNA makes a transition from a straight to a supercoiled
configuration, and for the jump in the extension and moment as a
function of DNA length and salt concentration. Furthermore, we
contemplate the possibility of the formation of multiple plecto-
nemes and other forms of DNA compaction (loops and plecto-
nemes coexistence) due to energetic reasons.

2. General description of the model

We proceed with a model of the plectonemic region of the DNA
molecule based on the framework of Clauvelin et al. [18], but we
account for thermal fluctuation effects, confinement entropy and
an end loop model. The DNA in the experiments is modeled as a
Kirchhoff inextensible elastic rod of length 2l (with —I<s <],
where s is the arc length along the centerline of the rod). The Kir-
chhoff theory of rods models the centerline as a curve in space r(s)
endowed with mechanical properties which are assumed to be
suitable averages over the cross-section of the rod [23,24]. The
configuration of an inextensible, unshereable rod is defined by
r(s) and an associated right-handed orthonormal director frame
dy(s), i=1,2,3. For convenience, the vector ds; =r'(s) is taken to be
tangential to the rod. The kinematics of the frame are encapsulated
in the director frame equations d; = u x d;, where the components
of u=u;d; are measures of the strain, usz describes the physical
twist, and u; and u, are associated with bending such that the
square of curvature is given by x? = u? + u2. We assume a linear
constitutive relation between the stresses and the strains, so that
the moment m = Kyu,d; + Kyu,d, + Kusds, where K, is the bending
modulus and K; is the twisting modulus. The rod is made up of
three regions (see Fig. 1):

e In the linear regions the tails are, on average, aligned with the
vertical axis. The tails are not completely straight and the
centerline follows a writhing path due to thermal fluctuations
in the DNA molecule. An analysis of fluctuating polymers

e rp’(s) n r
., = e
s Tails
L)connccling
. region
Tails

Fig. 1. Sketch representing single-molecule experiments, where a DNA molecule is
fixed at one end while the other end is subjected to a pulling force F and twisted by
a given number of turns n.

subjected to tension and twist in the straight regime has been
carried out in detail by Moroz and Nelson [25,26], where
expressions for the twist and writhe have been provided. In
our model we will use their expressions.

o In the plectonemic region the position vector r,(s) and the tan-
gent vector ry,(s) describe the superhelix. Note that each helix is
itself a piece of double-stranded DNA molecule. So, in the liter-
ature, DNA plectonemic geometrical variables (angle and
radius) are often referred to as supercoiling or superhelical, to
distinguish them from the intrinsic helical nature of the base
pair structure. Due to the symmetry of the problem, it is conve-
nient to introduce cylindrical coordinates (r, , z) for the posi-
tion vector:

Ip(S) = xre, + zes (1)

where ej3 is the axis of the helix that wraps around the cylinder and
e, = cosyse; + siny/e,. The tangent to the position vector is:

l./

»(S) = sinfe, + cos ey (2)

ino
l//:}{g,z’:cose, O<0<g

where the chiriality y = 1 stands for the handedness of the helix:
x =1 for a right-handed helix and y =-1 for a left-handed one
[17]. The other filament of the plectoneme is obtained by a rotation
of 7 about the helical axis es. The plectonemic region is character-
ized by the helical radius r and the helical angle 0, which are
assumed to be independent of the arc length s. The complement
7/2 — 0 of the helical angle is often referred to as the pitch angle.
Both r and 0 may depend on the loading. Geometric impenetrability
of the helices implies that 0 < m/4 [27,28]. Note that the external
moment M., applied in the upper tail of the DNA molecule is equiv-
alent to a total moment M about r,, at the beginning of the plecto-
nemic region. By the arguments of conservation of torque about the
body axis of an isotropic rod, m - d3 = K;u3 = M3 is a constant [24],
implying that the twist us is constant in the helical region.! One
consequence of the use of the expressions given by Moroz and
Nelson [26] is that the twist us in the tails is different from that in
the plectoneme even though the twisting moment M, = M3 is the
same, since the effective twist modulus is different in each region.

e At the end of the plectonemic region there is a loop. This end
loop is formed in the transition from the straight configuration
to the plectonemic configuration. In order to model the loop, we
propose an approximation based on the localizing solution of an
elastic rod [29,30], ignoring thermal fluctuations [31]. For
details we refer the reader to Section S.1 of the supplementary
data.

The molecule contour length spent per tail is denoted by
I (L; = 21;), the contour length in the loop is denoted by L, and
the contour length per helix is denoted by I, (L, = 2I,). The sum
of the length of all regions is given by L =L, +L; + L,. The equilib-
rium configuration of the rod is fully specified by the centerline,
through the variables r, 0 and Ms. In what follows, we compute
these parameters as a function of the loading (the pulling force,

! At the transition point going from an initially straight state to a plectonemic state
there is a jump in the external torque. We define Meyt = Mgyiticar @S the twisting
moment in the straight configuration right before the transition (no plectonemes
formed), while M= M3 is defined as the twisting moment when plectonemes
(helices) are present and 6 M = Miticat — M3 as the jump in the twisting moment at
the transition (see Section 3.1). We use the notation M,y in Section 2 for the external
torque. When plectonemes are present, the equations describing the DNA tails can be
used by replacing M, with M3. When there are no plectonemes in the straight state
right before the transition, the equations describing the DNA tails can be used to
describe the entire molecule by replacing Mey, With Miticar-
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F, and the number of turns, n) by minimizing the free energy of the
system.

The experiments are performed under imposed end rotations;
therefore, the energy minimization will be performed under the
constraint that the number of turns n imposed on the bead at
one end of the DNA is equal to the excess link Lk, of the DNA mol-
ecule in the helical region, the excess link Lk, in the tails and the
excess link Lk, in the loop:

n = Lk, + Lk, + Lk, (3)

where the link Lk, in the helical region corresponds to the classical
partition into twist Tw and writhe Wr [32]:

Mey _ sin 2()}
P

L, = {ZnKt L4y (4)

At this point, we note that clockwise rotations n about the e;
axis, corresponding to a positive external moment M.y, generate
a left-handed helix, with y = —1, while a negative external moment
generates a right-handed helix, with y = 1. We also note that, in the
presence of thermal fluctuations, there is a writhe contribution
from the tails which can be accounted for by using the results of
Moroz and Nelson [26]:

 Mew(L—L, — L) (1 1 =
Lk, = o @ + IK,K +0(K™) (5)
where
\/KoF — M2, /4
K= bie’“/ (6)

I(BT
kg is the Boltzmann constant and T is the absolute temperature. The
link in the end loop can be approximated as (see Section S.1 of the
supplementary data):
MEX[‘LO

Lo =57k

+ Wr, (7)
where Wr, ~ 1 is the writhe present in the loop.
2.1. Potential energy of the system

It is convenient to express the total potential energy of the DNA
filament as:

L
V= /0 r(57 97 qi)ds = Vtails + Vlaap + Vhelices (8)
where q; are variables like Ms,r,. .. independent of s. The free energy

in the case of fixed force F and fixed-torque M., in the tails (straight
portion) is given by [26]:

M? .
E = (F o Gﬂu>Lt (9)
where the last term is a correction due to thermal fluctuations:

(kT (11 3
G = K, K(1-7¢ Y. +0(K™)

where K is given by Eq. (6). The extension with thermal fluctuations
taken into account is given by 9E,/0F = pL;, where

1 1 KkaT
pP= 1- j M2
L (KbF - T)

(10)

(11)
I<bF ngt 1

217 adr? 32

Slope of the rotation-extension curve after the formation of
plectonemes can be obtained from constraint Eq. (3) together with

2 The given formula for p includes corrections as detailed in Moroz and Nelson [25].

Eq. (11). The extension of the filament is given as Az = p(L —
L, — Lp). Noting that L is constant, L, is approximately constant
and p is independent of n, the overall slope of the rotation-exten-
sion curve is given by:

d d

- (82) = —p - (Ly) (12)

In what follows, we drop the negative sign and simply refer to
the slope as p(d L,/dn). The end rotation conjugate to M,y is given
by —(;,’V,—E'r = 2mlk.. To get the free energy of the system under im-
posed end rotations Lk,, we apply a Legendre transform:

Vmils = Et + 2nthMext (13)

The free energy of the loop will be approximated under the
assumption that the bending and twisting energy decouple (see
the supplementary data). The twisting moment M., is a constant
along the molecule and therefore the twist energy per unit length
is a constant too. The expression for the bending energy per unit
length E,_peng and the length of the loop L, are obtained from the
expressions given by Kiilic et al. [30] in the absence of twist:

MZ
Vloop = (2_1?[ + Eabend) Lo

where L, = 4/K;,/F and E, peng =F.

The free energy of the plectonemic region can be divided into
elastic energy V" and the energy due to internal interaction
vielices The elastic energy is given by:

; K M?
helices __ [ b .2 ext
Va™ = (2 * +21<t>L"

(14)

(15)

where « = sin?0/r is the curvature of a uniform helix [24]. Eq. (15)
captures the elastic behavior of the rod in response to the applied
loadings; it is zero in the straight and twist less the (natural) config-
uration of the rod. The electrostatic and entropic interactions pres-
ent in the plectonemic region V2 = U(r, 6, x;)L, will be described
in more detail later; here x; represents any auxiliary parameters or
internal variables that may appear in the free energy of the system
depending on the model picked to describe the electrostatic and
entropic parts of the energy. The potential energy can be written
by separating the terms that contribute along L, and those that con-
tribute only along L, and L,. We introduce a Lagrange multiplier / to
account for the constraint Eq. (3) and define:

K, sin* 6 M
10,7, Ms) = 5 =5 +FHUr0.%) = Gu = g
/Mgy . sin26
+E<W T) (16)

such that the final expression for the potential energy of the system
subject to the constraint Eq. (3) is given by:

My . M
V =1(0,r,Ms)L, + <TQ_F+Gﬂ”+4I<bI< L

MZ
’ <E°be"d FE G 41<fo<> -
ol Med (11N
& 21 \K, ' 4K,K

2.2. Internal energy: entropy and electrostatics

MexLo _
8mKpK

Wro}

In the previous section we introduced the term U(r,0,x;) as a
general expression to account for the internal interactions and con-
figurational entropy cost in the plectonemic region. The term
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U(r,0,x;) represents the undulation-enhanced free energy per unit
length plus the electrostatic energy [33]. We split the internal en-
ergy of the plectoneme U(r,0,x;) into the configurational entropy
cost contribution Ug.,(1,0,X;) and the purely electrostatic interac-
tions between the charged helices in ionic solution Ug(r,0,x;), such
that U= Uconf+ U,

2.2.1. Electrostatics

At moderate length scales, electrostatic interactions between
phosphate groups in two different molecules and between phos-
phate groups and counterions (positively charged) and coions
(negatively charged) are present in the solution. Theoretical analy-
sis of electrostatic interactions between polyions in solution has
been done by Kornyshev et al. [34] and Parsegian and co-workers
[35,36]. To date, DNA-DNA interactions are still not clearly under-
stood. We studied the effects of some variants of the internal en-
ergy models available in the literature that have been used to
model DNA single-molecule experiments in Section S.2 of the sup-
plementary data. One of the electrostatic models shown in Section
S.2 is the Ubbink and Odjik [33] model derived for supercoiled
DNA. This analytical model is based on the leading asymptotic con-
tribution of the Debye-Huckel potential around two charged line
segments (helices). The other model shown in Section S.2 of the
supplementary data is the Marko and Siggia [37] electrostatic
model. This model corresponds to a uniform approximation of
the superposition of the potential in two limiting forms - the elec-
trostatic potential independent of 0 and the electrostatic potential
independent of r. As noted by Ubbink and Odjik [33], this is less
accurate. More importantly, since, in our problem, we are minimiz-
ing the free energy of the system, we are interested in the deriva-
tives of the electrostatic potential. However, the Marko and Siggia
superposition model underestimates the value of the derivative
[33]. Finally, the Ubbink and Odjik model includes undulation
enhancement effects due to thermal fluctuations. For these rea-
sons, together with the results summarized in Section S.2 of the
supplementary data, we have used the expression given by Ubbink
and Odijk [33]:

[om 2%
Uy = UPB(T, o,dr) = %I{BTVZIBg(O) ADTTE@ 5 LD,
(0) = 1+ 0.83 tan?(0) + 0.86 tan*(0) (18)

where d, represents the small undulations of the helix in the radial
direction and leads to a correction in the electrostatic interaction
energy due to the thermal fluctuations. The Bjerrum length I
(nm) is defined as the length scale at which thermal energy is equal
to coulombic energy, and is approximately 0.7 nm in water at 300 K
[38]. The Debye length /p (nm) and the effective linear charge v
(nm~') depend on the monovalent salt concentration. It is impor-
tant to note that no consensus has been reached on the exact value
of v [18,21]. The Debye screening length in water can be obtained
from /p = 0.305[nm]/+/c,[M], where c,[M] is the monovalent salt
concentration in molar units [38].

2.2.2. Configurational entropy

The fluctuation free energy is kgT per correlation region [37],
and the free energy of entropic confinement per unit length of
the strand in the plectonemic supercoil may be written approxi-
mately as a superposition of two fluctuating modes due to radial
(d;) and longitudinal (pr) displacements [33,39]:

kBT Cp Cr
Ucony (dy, 0) = {WJFF] (19)

where A = Kp/(kgT) is the persistence length of the fluctuating rod.
The term 27p is the pitch of the helix and is given by p = rcoto.

The terms ¢, and ¢, are in general unknown constants. For a
worm-like chain confined in a harmonic potential, ¢, = ¢, = 3(2783)
in one dimension [33], but, as noted by van der Maarel [39], it is
not clear whether these values can be adopted for the supercoiled
configuration. In our calculations in Section 3 we will use
Cr=Cp= 2783 which are empirically optimized constants [39].

2.3. Variational formulation

Once the DNA has transitioned from the straight configuration
into the plectonemic state, the external moment M,,, plateaus. Re-
call that we define M, = M3 as the external moment present in the
molecule in the plectonemic state. To minimize the energy, we
need to equate the following partial derivatives to zero [16-19,33]:

{av v oV v 8V}70

which yields:

) =271Ms +O(K?) (20)
(K,, 5:3114 0 augr, 0\, si2nr§0> L0 21)
(Kb 2 singr(z) cos0 8U(g;, 0, M co.;20> L= (22)
1(0,r,Ms) =0, (23)
%{;dr) -0 %)

where I(0,r,M3) is given by Eq. (16). Note that we minimize with re-
spect to the external moment M3, which is constant along the DNA
molecule, instead of minimizing with respect to the twist us [17,18],
which is different in the tails and helices, depending on the magni-
tude of thermal motion. Because of the manner in which we treat
fluctuations in the energy expressions, our results for the equilib-
rium supercoiling variables 0,r,M3 do not depend on the value of
K;, unlike the case in the full solution in Neukirch and Marko [19].
We are interested in the non-trivial solution L, 0, which corre-
sponds to the minimum energy configuration when n > 0. The re-
sults obtained in this section for the plectonemic state of the DNA
molecule can also be obtained under the assumption that L, < [,
when the loop size is neglected in comparison to the length of the
tails and plectoneme.

3. Comparison with experiments and predictions: the complete
model

We begin with a short review of the experiments. In Forth et al.
[20], Brutzer et al. [4] and Mosconi et al. [6] the response of single
DNA molecules to externally applied forces and torques was directly
measured using an angular optical trap or magnetic tweezers. The
end-to-end extension of the DNA molecule was monitored as a
function of the number of turns n applied at the unconstrained
end. Ma eo et al. [21] completed the data sets of the slopes in the
experiments in Brutzer et al. [20] for 30, 60, 170 and 320 mM mono-
valent salt. Forth et al. [4] reported direct measurements of the
external torque M3 using optical traps, while Lipfert et al. [5] used
a novel method to directly measure the torque in single-molecule
experiments using magnetic tweezers. Both Brutzer et al. [20] and
Mosconi et al. [6] provided indirect measurements of the external
torques Ms. Besides the experimental results, Ma eo et al. [21] also
provided the external torque, radius and slopes of the rotation-
extension curves from Monte Carlo simulations. The experimental
data of the slopes from Brutzer et al. [20] matched quantitatively
with the Monte Carlo results. Thus, Ma eo et al. [21] concluded that,
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within a cylinder approximation, DNA-DNA interactions can be
described only by a significantly reduced DNA charge. Ma eo et al.
[21] derived a simple model which neglected the entropy due to
thermal fluctuations in the DNA molecule and accounted for the
electrostatic interactions using the Debye-Huckel equation for a
point charge over two line segments (helices), where the effective
linear charge v is fitted to be 0.42 times the bare DNA charge (see
the supplementary material in Ma eo et al. [21]).

The data sets from Brutzer et al. [20], Maffeo et al. [21] and Mos-
coni et al. [6] provide consistent slope values over the entire force
range. The slopes from Forth et al. [4] are consistent with the rest
of the data sets for moderate forces, but differ in magnitude at
low forces, as shown in Figs. S.2.2 and S.6.1 of the supplementary
data. In general, the experimental results confirmed that the slopes
of the rotation-extension curves and the torques M3 are both lower
at higher salt concentrations. However, the various data sets show
greater disagreement in the torque values (see Fig. S.6.2 of the sup-
plementary data). The torque data sets from Forth et al. [4], Lipfert
et al. [5] and Brutzer et al. [20] provide rather high M3 values that
do not agree quantitatively with the Monte Carlo simulations as
functions of the salt concentration c,. For instance, the indirectly
measured torque Ms for the 320 mM series reported by Brutzer
et al. [20] differs by about 20% from the ones obtained in the Monte
Carlo simulations carried out by Ma eo et al. [21]. The torque mea-
surements from Mosconi et al. [6] are the lowest and can be made
consistent with the Monte Carlo simulations with a 1.5 pNnm offset.
The indirect torque measurements of Mosconi et al. [6] and the force
dependence of the slopes satisfy the “Maxwell’-type relation
derived by Zhang and Marko [40], as do the simulations and our the-
ory (see Section S.4 of the supplementary data). The values of M3
reported by Forth et al. [4] at 150 mM are larger than the 50 mM ser-
ies reported by Mosconi et al. [6] by more than 20% at low forces.
This contradicts the general trend that at larger ionic concentrations
the external torque should be lower [20,21], and provides an oppor-
tunity to determine what trends are predicted by theory.

In this section we compare our theoretical predictions to the
different sets of data mentioned above. Since the electrostatics in
DNA-DNA interactions is not completely understood and the dif-
ferent models in the literature have not reached consensus on
the value of the effective linear charge v, we will let it be a fitting
parameter. Based on the work of Stigter [41-43], values ranging
from 0.42 to 1 of the bare DNA charge (of a uniformly charged
rod with radius ae[1,1.2]nm) are found in the literature
[19,21,37]. Besides Stigter, Ubbink and Odjik|33] and Vologodskii
and Cozzarelli [44] have also provided v values for a charged cylin-
der with a = 1.2 nm. Our values of v for each salt concentration lie
within the range of values used by other authors. The effective lin-
ear charge v used in our calculations (for each salt concentration) is
presented in Table 1.

We show the results of our model, including the effect of
undulations along the radial direction in the internal energy
U(r,0,d,) = Upg(,0,d;) + Uconf(0,d,). The values of Ms,r and 6 as func-
tions of the external force F are obtained by solving the system of
equations given by Egs. 20, 21, 2, 23, 24. The slope can be obtained
by combining Eqgs. (3) and (12):

-1

daz _
dn

{sin 20 M3 (25)

4nr  8mK,K

We have obtained solutions for F in a range of 0.4-3.5 pN, for
which the Moroz and Nelson [26] formulae apply. In Figs. 2 and
3 we show the results of the present model under the conditions
of the experiments in Brutzer et al. [20] and Ma eo et al. [21] for
a DNA template of 1.9 kbp. In our calculations we use the bending
modulus K, =50ksT nm as used by Brutzer et al. [20]. As seen in
Figs. 2 and 3, the quantitative predictions of our model for

M3,dAz/d n and r consistently match with the Monte Carlo simula-
tions and experimental data in Ma eo et al. [21]. For low salt con-
centrations and high forces, the predictions of our theoretical
model overestimate the external moments by only about 1 pNnm.
It is reassuring that our theoretical model matches almost exactly
the three variables M3,dAz/d n and r with only one fitting parame-
ter v. We also found that the ratio of the undulations d, to the
superhelical radius r is about 30% which is consistent with the
ratios reported by Ubbink and Odijk [33]. Similarly, in Fig. 2 we
compare our theoretical predictions for the slope of the rotation-
extension curves to some of the experimental data series reported
by Mosconi et al. [6] for a DNA template of 15.9 kbp. As before, we
pick v to be a fitting parameter and use K}, = 50ksT nm. Fig. 2 shows
excellent quantitative agreement between the direct measurement
by Mosconi et al. [6] and our theoretical predictions. Our fitting
values of v (see Table 1) are consistent with each other and follow
the expected trend by increasing as the salt concentration
increases. Using the present internal energy model with the config-
urational entropy coefficients cr=cp=2’8/3 produces theoretical
predictions for M3 that follow the qualitative trend of the indirect
measurements by Mosconi et al. [6] but differ quantitatively by
about 2.5 pN (a possible reason for this discrepancy is given in
Section S.4 of the supplementary data).

3.1. The transition point and jump estimates

It is known that at the transition from the straight to the plec-
tonemic state there is a jump in the value of M3 and the vertical
extension of the DNA molecule [4,20,22]. The jump in the vertical
extension means that a section of the initially straight DNA
becomes a writhed supercoiled structure immediately after the
transition. We define én as the amount of twist from the straight
configuration (right before the transition) which is transferred into
writhe in the supercoiled configuration (after transition). Brutzer
et al. [20] suggest, using a simple model to fit their data, that in
the transition the amount of twist énwhich is transferred into
writhe is larger than Wr, ~ 1 by a significant amount (at F=3 pN
and ¢,=0.32M én=1.6£0.1 turns for the 1.9 kbp DNA template
and on = 3.4 £ 0.2 turns for the 10.9 kbp DNA) [20]. This conclusion
would suggest that the jump in their data corresponds to the for-
mation of an initial loop and some helical turns. Hence, the jump
in the end-to-end distance is not just the size of the end loop
[20,22]. Strick et al. [45] show a measurement of the critical torque
at the transition point based on the minimization of energy in an
initial loop model. This calculation of Msgick = (2K,F)'/? is approx-
imate since it ignores the thermal fluctuations in the loop and
assumes that the loop is circular. As noted by Marko [46], the value
of Ms,ic, overestimates the plectonemic torque data extracted from
their MC simulations by 25%. Here we propose a different
approach. The jump in the external moment is denoted by the dif-
ference 5 M = Miricat — M3. We can estimate the critical number of
turns nNeieicq for which the transition occurs, the size of the jump in
the end-to-end distance dz, and the jump éM by noting (i) that at
the transition the energy of the straight configuration and plecto-
nemic configuration are equal and (ii) that the linking number
n=Lk is a topological invariant that must be continuous at the
transition between the two configurations. The energy of the
straight configuration just before the transition is given by Eq.
(13), replacing Mey: = Myiticq and Ly = L:

7 M ?n‘tical 0 M ?ritical
Vs = <F+ 2K, + Gpys + KK, L (26)
where K and G, ; are given by Egs. (6) and (10) evaluated at
Mext = Meritical- The energy of the plectonemic configuration just after
the transition is given by Eq. (17), replacing My, = Ms:
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Fig. 2. Slope dAz/dnas a function of the external force F. Lines represent our
predictions and markers the experimental data. The upper graph shows the
experimental data in Brutzer et al. [20] and Ma eo et al. [21]. The values of the linear
effective charge v used are 2.83, 3.80, 6.16 and 10.00 nm~' for 30, 60, 170 and
320 mM salt concentration respectively. The lower graph shows the experimental
data in Mosconi et al. [6], and the values of the linear effective charge v used are
3.73, 5.32, 7.71 and 14.31 nm™’ for 50, 100, 200 and 500 mM salt concentration
respectively.

v _M K, sin* 0
PT2K T\2

+ U) L; + Eo—bendLo

. M3 :
* (Gﬂ” Takk, F ) (-1~ L) 27)

where K, and G, , are given by Egs. (6) and (10), evaluated at
Mex: = M3. The length eaten by the helices during the transition
due to the dynamic jump is L. Setting \7p = V,, we get an equation
with two unknowns Mcriicar and L,. We get a second equation by
using the continuity requirement of n = Lk. In the straight DNA con-
figuration, the critical number of turns n._s before the transition is
given by:

_ Mitical 1 1
R T (E + 41<b1<s> (28)

In the plectonemic configuration, the critical number of turns
Nc_p just after the transition is:

6 D. Argudo, P.K. Purohit/Acta Biomaterialia xxx (2012) xXX-XXX
Table 1
Effective linear charge v used in our calculations as a function of the monovalent salt concentration c,(mM). The third column shows the fraction
&= V[Vpare, Where vpq. has been computed as in Refs. [19,41-43] for a = 1 nm. For salt concentrations in the range 30-500 mM, the value of the charge
Vpare €an be approximated by a linear fit with R? > 0.99 (the linear fit predicts 99% of the variance on the fitted variable). Based on this idea, we
performed a linear fit to the value of v we used and obtained ¥ = 2.46 + 2.38 x 10~2c,, with R?>>0.99 and c, in mM units. A linear fit to ¢ gives
#it=0.73 — 2.7 x 10~*c,. The fourth column shows the fraction & = V/Vpare, Where Vpqr has been computed using a = 1.2 nm as in [21]. Note that for
large salt concentrations (c, ~ 0.32 — 0.5[M]) &~ 0.42 is equal to the charge adaptation factor used in Maffeo et al. simulations [21].
Co [mM] v [nm~] &=Y[Vbare (a=1nm) & =V/Vpare (@=1.21m)
30 2.83 0.70 0.61
50 3.73 0.75 0.63
60 3.80 0.71 0.59
100 5.32 0.75 0.62
150 5.93 0.67 0.53
170 6.16 0.62 0.50
200 7.71 0.71 0.54
320 10.00 0.64 0.46
500 14.31 0.60 0.42
' ' 0.03M
*Maffeo et al. (2010) & Brutzer et al. (2010) 0.03m*
70 —e— 0.06M 401
= o 0.06M*
= == =017M
§ B o0.17m* E 30}
350 g
© =4
2201
m
=
10F / “Maffeo et al. (2010)
1 2 3 F N 4 L L N
[PN] 1 2 3 F [pN] 4
707 ' ' 0.05M
*Mosconi et al. (2009) 0.05M*
—o—0.1M
. ® 0w
1S
£ 50
C
R
3
30
1

1 2 3 F [pN] 4

Fig. 3. External moment M5 and superhelical radius r theoretical predictions for the
different salt concentrations in Brutzer et al. [20]. The lines are our predictions and
the markers are the data points corresponding to the values of r and Ms in
the Monte Carlo simulations of Ma eo et al. [21]. The values of v used are shown in
Table 1.

" 7M3L+M3(L7L;7L°)
“P T 2nK, 81K,K,

+Wr (29)

where Wr ~ 1 + sin(20)L,/(47nr) accounts for the writhe present in
the loop and the helices. Our second equation to solve for Myisical
and L, is given by n._p = n._s. The amount of link (twist) that is con-
verted into writhe is readily given from Eqs. (28) and (29) as the
writhe after the transition minus the writhe before the transition:

on =

Ms(L-L +1L 3
( » ) B {Mmt,m,L} oML 30)

871KyK, 8TK,Ks| 27K,

From Eq. (30), if on ~ Wr ~ 1, then we can conclude that only an
end loop is formed and L, ~ 0. Otherwise the jump in the end-to-
end distance would correspond to the formation of an end loop
and a plectonemic region of length L;. Finally, the jump in the ver-
tical extension is given by:

oz=pL—p, [L - (L; +LO)] -0, <L; +LO> +(ps — py)L (31
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where ps; and p, correspond to Eq. (11) for p evaluated at
Mext = Meriticat and Moy = M3 respectively.

Next we show the results for the transition variables obtained
using K, = 95kgT, which is an accepted value of the twisting modu-
lus [15,26]. Our theoretical model predicts that the size of the jump
at the transition strongly depends on the length of the DNA mole-
cule and the salt concentration c,. We find that the jump in the
external moment M decreases with increasing DNA length and
the jump in the end-to-end extension z increases with increasing
DNA length. We conclude that, as ¢, decreases, SM and 6z decrease
too. The experimental data in Forth et al. [4], Daniels et al. [22] and
Brutzer et al. [20] agrees with our conclusion. Fig. 4 shows a com-
parison between the theoretical predictions and experimental
measurements of ng.scq as a function of F, where we plot the solu-
tion for ngqicq accounting for an end loop. We also plot the solution
obtained by ignoring the loop, by setting Lk, = Lk, = 0 in Eq. (3) and
L,=L,=0 in Eq. (5) such that the critical number of turns is given

by Lk, :M3L[K[1 +(4K,,Kp)’]}/(2n), similar to Clauvelin et al.

[18]. The predicted ngisicq in the end loop model agrees very well
with the data points from the experiments of Forth et al. [4] and
Brutzer et al. [20], while ignoring the loop underestimates the val-
ues of Ngiticar. In Fig. 5 we show the comparison between the exper-
imental measurements in Brutzer et al. [20] and Forth et al. [4]
with our predictions for the jump in the end-to-end extension Jz.
Our qualitative predictions for the transition jump in the extension
agree with experimental data, meaning that, as the DNA length L or
C, increases, so too does dz. As seen in Fig. 5, the experimental data
from Brutzer et al. [20] and Forth et al. [4] show different trends as
a function of the applied force F. We note that our theory predicts a
relatively constant value of 6z as a function of F for ¢, =320 mM
(qualitatively similar to the experimental value) and describes
qualitatively the decrease of 6z as a function of F for ¢, =150 mM.
In Section S.3 of the supplementary data we present a comparison
of the predicted values of Mgsic With experimental data and also
estimates of the torque jump JM.

We note that the numerical calculations of ngisicar, L; and Mitical
when comparing the energy of the two states ignore the fluctuation
due to thermal kicks. An estimate of the fluctuations of n can be
obtained within the Einstein approach for fluctuations[47,48]:

(anty = 9101
2T OMext |1 ¢

(32)

By so doing, we can approximate the change in the number of
turns An ~ /(An?) due to the thermal kicks. Therefore the transi-
tion for a given force F takes place over nfr’l.‘g;, ~ Neritical = An. For the
cases presented in Fig. 4, An ~ 0.5 — 1 turns.

3.2. Coexistence of loops and plectonemes

Our methods also allow us to consider scenarios where we have
a series of loops forming in the DNA instead of plectonemes. When
only loops and no superhelical structures are present, the applied
number of turns n = Lk is distributed in the form of twist through-
out the entire molecule, writhe due to thermal fluctuation in the
straight regions [26] and writhe in the loops (Wr,~ 1 per loop
formed). This happens when the energetic cost of forming a loop
is lower than that of forming a writhed superhelix, and leads to a
different slope of the rotation-extension curve. However, for a
given choice of electrostatic and entropic interactions, we find that
there is a range of forces in which the two regimes can coexist due
to thermal motion.

The free energy per unit turn (excess link) in the plectonemic
regime (see Eq. (17)) is:

dL, [K_b M2

Vprum = g |54+ F+U = Gy, — } = 27, (33)

3
4K, K,

where d L,/d n= p~'(dAz/dn) given by Eq. (25). Since Wr, ~ 1, the
free energy per unit turn for a series of loops using the model
described in the Section 2.1 is approximately:

M3
B 41<b1<} (34)

Votum =~ Lo |:2F - G;lu

Fig. 6 shows the regimes in which the free energy analysis would
lead to the formation of either plectonemes or loops, or both. For
moderate-to-high salt concentrations, V,_tym < Vo_qm for a range
of external force [0.4,4] pN. As the salt concentration decreases,
Vp—turn = < Vo_rurn, and, due to thermal fluctuations, the two states
could coexist. We have plotted the results for ¢, =150 mM and
c, =60 mM. The lines on either side of the lower curve show the
range tkgT at T = 300 K. If the upper curve is within +kgT of the lower
curve, transitions between loops and plectonemes could occur.
Recall that in our end-loop model we ignore self-contact, electro-
statics and twist stored in the loop. Consequently, we expect that

o
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© Brutzer et al. (2010)
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Fig. 4. Critical number of turns ng.ricq as function of the external force. The lines represent our predictions and the markers show the experimental data. The experimental
results were taken from Brutzer et al. [20] at ¢, = 320 mM and Forth et al. [4] at ¢, = 150 mM. For ¢, = 150 mM we have used v = 5.93 nm ™. Including the contribution of the
end loop to compute ngiicq gives consistent results with the experiments. The thin continuous lines show the solution for ngicq  An (including the end loop), where An is an

estimate of the fluctuations in n during the transition.
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Fig. 5. Comparison of the extension jump 6z from our theory with the experiments in Brutzer et al. [20] for 1.9 and 10.9 kbp DNA templates at c, = 320 mM and the data in
Forth et al. [4] for 2.2 and 4.2 kbp DNA templates at ¢, = 150 mM. Our model predicts that, as the DNA length L or ¢, increases, so does ¢ z.

our analysis of the free energies per unit turn will give us only an
estimate of the coexistence state of loops and plectonemes. We
expect that, for moderate-to-high salt concentrations, plectonemes
will be the favorable state, while for low-to-medium salt concentra-
tions there might be a region of coexistence or even formation of
only loops. Our predictions regarding the transition between the
two states agree with the qualitative conclusion of Brutzer et al.
[20].

3.3. Multivalent ions

In this section we extend our plectonemic DNA model to make
predictions for DNA single-molecule experiments in the presence
of multivalent ions. We consider the limiting case of a high concen-
tration of monovalent ions and a low concentration of multivalent
salt, as this is the case used in several experimental studies on DNA
aggregation [49-51] and more recently in DNA single-molecule
experiments (Q. Shao et al., private communication). These exper-
iments show that the addition of small quantities of multivalent
salt, such as spermidine Sp>* or spermine Sp**, to a solution with
a high monovalent salt concentration (0.2 M KCl) can modify the
pitch and twist of the DNA plectoneme significantly. When the
polyions are added to the solution the experiments yield more
compact plectonemes, which start forming at lower values of the
supercoiling density ogiticai ® 3.54(Neriticai/L). The Debye length
accounting for the different salts is given by [49]:

Jp_m{nm) = 0.435[( + £)Cpu[M] + 2¢,[M]] "

35)
where c¢,,,[M] and c,[M] are the multivalent and monovalent salt
concentrations in molar units, respectively, and ¢ stands for the
multivalent ion’s valence. In the experiments of Dunlap and
co-workers the control corresponds to a ~3 kbp DNA template at
room temperature in a 0.2 M KCI salt solution. The experiments
were performed with different concentrations of Sp>* or Sp** added
to the control. We have used K}, = 55kgT as measured in the experi-
ments and K; = 95kgT. To compare with the experimental data, we
fit the effective linear charge v to the 0.6 pN point for each salt con-
centration and use it to predict the results for other values of the

200

¢, = 150mM =21
E 150 = -
2
=Y 2z
= = —— Vo turn
=100 z
= = - ==Vt

;2 — 4kpT
;
50827
1 2 3 F[pN] 4

force. Note that the experimental slopes of the rotation-extension
curves from the 0.2 M KCl series of Dunlap and co-workers and
the 0.2 M NaCl series in Mosconi et al. [6] do not agree quantita-
tively (see Fig. 7). In DNA molecular dynamic simulations by Save-
lyev and Papoian [52], qualitative differences in Na* and K*
condensation patterns were observed, suggesting that ion-specific
modeling is required to describe electrostatics at short distances.
In our plectonemic DNA model we account for the effects of ion-
specific differences by the fitted value of v. Table 2 shows the effec-
tive linear charge v used in the calculations for a set-up consisting
of ¢, =0.2 M KCI buffer with added multivalent salt (Sp>* or Sp*")
concentration Cpy,.

Fig. 8 shows the comparison of our theoretical model and the
experiment for Sp>*, where we have plotted dAz°/do as a function
of the applied force F. dAzf[do is the slope of the graphs showing
the effective extension Az®=Az/L as a function of the degree of
supercoiling ¢ o n. As the multivalent salt is increased, the plecto-
nemes become more compact. This can be explained by better
screening of the DNA charge by the salt solution (smaller v value).
The reduction in the value of v with increased polyvalent salt has
also been explained by the reduction in the electrophoretic charge
value. The effective linear charge is proportional to « (electropho-
retic charge value), as given by Stigter and co-workers [42,43]. For
monovalent salt solutions, the value of o remains constant for a
large range of concentrations [43], but this is not the case for poly-
valent ions [54,55] or for mixtures of multivalent ions with mono-
valent salts [51].

For ¢,y =5 mM and ¢, = 10 mM, we found that, as the force Fis
increased, the supercoiling diameter approaches the interaxial dis-
tance ~3 nm found in hexagonally packed Sp**-DNA aggregates
[49,53]. In aggregation and condensation experiments, the DNA
formed close-packed hexagonal arrays, where the interaxial dis-
tance corresponded to an equilibrium spacing due to competition
between the attractive and repulsive forces [53] that arise due to
effects such as hydration, van der Waals forces, London-like disper-
sion forces and counter-ion fluctuations [54,53]. We expect that, as
the polyvalent salt increases and the supercoiling diameter
approaches 3 nm, these effects will become important and domi-
nate the interactions, leading to compact DNA plectonemes with

200 s
¢, = 60mM 2>
— - z >
Z
E 150 oS
. Z
= 2>
= > .
A 2 —— Voturn
> 100 ;2 Y
,l p—turn
7> ——— +kpT
,/
50¢
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Fig. 6. Energy per unit turn. Using our model, we can get some idea of the preferred state: if Vo_gym > V., plectonemes are favored; if Vj,_qym > Vo um, loops are favored;
and if Vo =V}, there is a coexistence of loops and plectonemes. We expect that, for moderate-to-high salt concentrations, plectonemes will be formed, while for low-
to-medium salt concentrations there might be a region of coexistence or even the formation of only loops.
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Fig. 7. Dunlap and co-workers performed two series of experiments corresponding | . A ¥ """ T ----X
to the control set-up (c, = 0.2 M KCl), one for spermidine Sp>* (circles) and the other 15
for spermine Sp** (triangles). We fit the value of v to get the slope of the rotation- 12 = 1[mM]
extension curve at F= 0.6 pN for the control set corresponding to Sp>* (circles) and o = A
got v=4.12 nm™". Our prediction with v = 4.12 nm™" is shown by the solid line. The 9 o _
data from Mosconi et al. [6] shown by the cross markers corresponds to the 15 - X
Co = 0.2 M Nadl series.
12 cmu = 2[mM]
9 X\O fffff B X
Table 2 02 04 06

Effective linear charge v for ¢,=02M KCl buffer and added multivalent salt
concentration ¢p,. For only the monovalent salt ¢,=02M KCl we used
v*=4,12nm"". As the multivalent salt concentration is increased, the value of v
obtained from the fit decreases. This can be explained by a better screening of the
DNA charge by the salt solution and the varying electrophoretic charge value in
multivalent ion solutions. The Sp>" values of v are fitted well by the curve
Vit =1°(1 4 ¢,/1.07)7" (R* > 0.97), and the Sp** values of v are fitted well by the
curve Vi =1°(1+¢,/0.07)"" (R* > 0.99). The curve fits were obtained using the
least squares method, with a fitting function of the form f{x) = a(b + x)“.

Cmu [MM] (SP") v[nm] Cmu [MM] (Sp™) v[nm™']
0 412 0.2 2.72
1 3.35 05 2.02
2 275 0.75 1.76
5 2.20 1 1.66
10 2.10 2 1.34
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Fig. 8. Predictions for the slope of the rotation-extension curves in the presence of
multivalent ions. Crosses are data points from Dunlap and co-workers for a mixture
of ¢,=02M KCl and different c,, concentrations of spermidine Sp>'. For
Cmu=5mM and ¢, =10 mM, as F increases the supercoiling diameter decreases
and approaches the interaxial spacing distance ~3.0 nm for spermidine [49,53]. The
dot in the bottom two panels shows the point where 2r reaches the limiting
interaxial distance, and from there on the dashed line shows the solution where
r=1.5nm is assumed to be constant.

Fig. 9. Predictions of the slope of the rotation-extension curves in the presence of
multivalent ions. Crosses are data points from Dunlap and co-workers for a mixture
of c,=0.2M KCl and different ¢, concentrations of spermine Sp**. For cp, >
0.5 mM, as F increases the supercoiling diameter approaches the interaxial spacing
distance ~2.9 nm of spermine [49,53]. As in Fig. 8, the dot shows the point where 2r
reaches the interaxial distance value, and the dashed line shows the solution where
r=1.45nm is assumed to be constant.

a diameter approximately equal to the interaxial spacing. In Fig. 8
the dot shows the point where 2r=3 nm, and from there on the
dashed line shows the solution for a constant r = 1.5 nm. Remark-
ably, our predictions with constant r match the experimental point
at F=1 pN for larger ¢y, concentrations.

Fig. 9 show the results obtained when using spermine Sp**. For
Sp** we have only fitted the value of v to the experimental point
F=0.6 pN for the control set-up and ¢;;,, = 0.2 — 0.75 mM concen-
trations, and obtained a curve for v as a function of c¢,,. For
Cmu =1 mM and c¢,,, =2 mM, we have extrapolated the value of v
from the curve obtained from the previous fitted values. As before,
the dot shows the point where 2r is equal to the interaxial spacing
~2.9 nm for Sp*" (Raspaud et al. [53], Todd et al. [49]), and from
there on the dashed lines correspond to the solution with
2r~2.9 nm. Our results for both types of polyvalent ions show
good quantitative agreement with the experimental values. In Sec-
tion S.5 of the supplementary data we show that our results are in
good agreement with experimental measurements of the super-
coiling density o iricar at which the DNA molecule makes the tran-
sition from the straight to the supercoiled configuration. The
theoretical predictions of the plectonemic moment M3 and super-
coiling radius r can also be found in Section S.5 of the supplemen-
tary data.

4. Conclusions

We have analyzed the mechanics of plectoneme formation,
where a twisted DNA molecule in the plectonemic regime has been
modeled as an elastic-isotropic rod. Here we give a short summary
of all the results we have obtained. We have used a variational
approach to solve the energy minimization problem that corre-
sponds to angular optical trap (or magnetic tweezers) experiments
on a DNA molecule attached to a substrate at one end, while sub-
jected to a tensile force and twisted by a specific number of turns n
at the other end [4-6,20]. Our model description is symmetric, in
that over-twisting and under-twisting the rod under tension give
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the same results. However, this is not the case in DNA for a large
number of turns n (or supercoiling density o). Stretching and
under-twisting DNA at low-to-moderate values of ¢ leads to dena-
turation, as is known from experiment [45] and atomistic simula-
tions [56]. Therefore, our model is valid in the over-twisting regime
only for moderately large values of ¢ (before a structural transition
into P-DNA [57]), where the Moroz and Nelson [26] formulae are
valid and the DNA can be modeled with constant elastic properties
along the entire molecule. We have minimized the energy with
respect to the dependent variable M., rather than its conjugate
n, since we are modeling rotation controlled experiments. We do
not minimize with respect to the the twist us, since M,y is constant
along the DNA molecule while us3 is different in the tails and the
helices, depending on the magnitude of thermal motion. An inter-
esting, and possibly experimentally verifiable, result of minimizing
with respect to M, is that the equilibrium supercoiling variables
0,r and M5 are only functions of the bending modulus K}, but are
independent of the twisting modulus K.

In our one-dimensional continuum description of the DNA mol-
ecule we account for DNA elasticity, DNA-DNA interactions, fluctu-
ations and configurational entropy in the tails and helices. As
mentioned before, there is no consensus on the electrostatic mod-
els in the mechanics of DNA. We thus used our theoretical frame-
work to test several models of DNA-DNA electrostatic interactions
and configurational entropy in the plectonemic region (see Section
S.2 of the supplementary data). Understanding the effects of each
of the models and approximations ultimately led us to pick the
U(r,0,d,;) model of Ubbink and Odijk [33], with the entropic param-
eters ¢, = ¢, given by van der Maarel [39]. The electrostatic contri-
bution to K, is rather small for the physiological range (0.1-0.5 M)
of salt concentrations [58,59]. Therefore, both the bending and
configurational entropy energetic costs are independent of the salt
concentration. Hence, for a given monovalent salt, the plectonemic
configuration as a function of F is dictated by v. So, as noted by Ma
eo et al. [21], single-molecule experiments can be used to deter-
mine the appropriate effective linear charge v for plectonemic
DNA. Here we give simple analytical formulae for v as a function
of salt concentration for both monovalent and some multivalent
salts (in low concentrations) that result in strong agreement of
our analytical model with the different sets of experimental data
and Monte Carlo simulations over a wide range of forces. Our qual-
itative results agree with the conclusions obtained in previous
works [15-19,21], and the values of v are within the range previ-
ously obtained by others. As the salt concentration increases, the
charge adaptation factor v/vp.. decreases (see Table 1), and the
reduced effective linear charge v approaches the values used in
the simulations of Maffeo et al. [21].

In our model we have also accounted for the presence of the end
loop. This allows us to compare the energy of the straight DNA con-
figuration and the plectonemic DNA, and leads to a method to ob-
tain analytical estimates of the jumps in the external torque M
and end-to-end extension 6z of the DNA molecule at the transition.
Our predictions of the jump variables and the critical number of
turns at which the transition occurs agree with those observed
experimentally. If the energetic cost of forming a loop is lower than
that of forming a helix, then we will have a series of loops, and this
will lead to a different slope of the rotation-extension curve. How-
ever, there is a range of ionic concentrations and forces at which
the two regimes can coexist due to thermal motion. We have con-
cluded that at moderate-to-high salt concentrations the most
favorable state is the plectoneme, but as the salt concentration de-
creases the energy difference between a loop and a plectoneme
also decreases. In our model we have assumed that the plecto-
nemes can be modeled as uniform helices with constant radius
and curvature. This does not have to be the case, and softening
the constraints in the model might lead to a better understanding

of the problem. For instance, allowing the helical axis of the plec-
toneme to bend could lead to more complicated structures. Fur-
ther, since constant curvature solutions require special boundary
conditions, we consider it important to analyze the more general
case of variable curvature solutions [60]. Variable curvature solu-
tions can provide theoretical insight into the formation of multiple
plectonemes because for two (or more) interwound helices there is
a geometrical lock-up helical angle [27].

Finally, we have shown that our model for plectonemic DNA
including the end loop can reproduce experimental data from sin-
gle DNA molecule experiments in the presence of polyvalent ions.
The theoretical estimates of the slopes and critical number of turns
(Neritical X O criticar) Match experiments (D. Dunlap, private communi-
cation) where low concentrations of multivalent salts are added to
a high concentration of monovalent salt solution. In the presence of
multivalent ions, it is well known that DNA forms toroidal conden-
sates in bulk [61], and recently toroids have been suspected to
form when DNA is subjected to a tensile force [62]. A potential field
of study is complex DNA condensates due to polyvalent ions in the
presence of forces and torsional constraints, where there could be
formation of plectonemes and toroids alike.
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S.1: The end loop; S.2: Testing the Internal Energy models; S.3:
Critical Torque Mcritical and the jump M Mcritical M3; S.4: Indi-
rect method for calculating external moment; S.5: Multivalent
Ions; S.6: Experimental and simulation data. Supplementary data
associated with this article can be found, in the online version, at
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S.1 Theendloop

At one end of the plectoneme there is a loop. The end loop mddrin the transition from the
straight DNA configuration to a plectonemic DNA configuratidn the classical theory, the loop
is formed when a rod subjected to tension and twist (appliedber of turns) undergoes local-
ized buckling at a critical torque\ZK,F [1-3] up to a point where there is a dynamic jump into
self-contact. The localized solution to the equilibriunuations of the rod is unstable, and con-
sequently the perturbed rod jumps dynamically either testheght rod or the loop configuration
with self-contact [2, 4]. Formulations of the rod with cocitoints have been studied for both
closed and open rods with applications to DNA supercoilgs]. As pointed out by Daniels et
al.[7]in the DNA case, the transition happens due to freeggnminimization and not due to insta-
bility or buckling. Due to thermal fluctuations the system @& perturbed sufficiently to go from

the straight configuration into a lower and stable energeéite, which for a given applied torque

*To whom correspondence should be addressed



Mext (number of turns), we predict to be the plectonemic state. So a DNA strancestdyl to ten-
sion and controlled number of turns does not reach the cllssiitical buckling torque 2KyF,
and hencégritical < 2v/KpF. The jump in the external moment can be characterized asftae d
encedM = Mcritical — M3, whereMs is the torque in the plectonemic state. Strick et al.[8] slaow
measurement of the critical torque at the transition poasdal on the minimization of energy of
an initial (circular) loop model. This calculation Mcitical = (2KbF)1/2 is approximate since it
neglects the thermal fluctuations in the loop and assumesudar geometry. We propose a better
approximation to account for the end loop based on a locagjigolution of the rod. To our knowl-
edge the energy stored in the loop derived from an analysisdimg bending, twist and thermal
fluctuation has not yet been carried out. Coyne [1] analyhedfdrmation of loops in twisted
semi-infinite rods, providing expressions for the energthefbuckled-loop configuration without
self-contact. In the limit wheiMey = O, the Coyne expressions reduce to the expressions given
by Kdulic et al.[9] without thermal fluctuations. We will agse that thermal fluctuations are neg-
ligible in the end loop [10]; this is a good approximation wtée loop has small average radius
of curvature. In the case of the planar homoclinic loop unidesion with no moment applied at
the ends, Kdlic et al. [9] show that the expressions for the #nergy in the straight plus loop and
straight configurations differ by an amount equal to thetelanergy present in the loop. Their
result is given below and takes into account both the beneleggy and the work against the end

forceF:
Eioop = (Eo—bend+ F) Lo = 8y/KyF = 2FL, (S.1.1)
K . . .
wherel, = 44/ Fb' In the absence of thermal fluctuations, but including tvitst free energy of

the loop E0op) is given by [1, 3]

MZ
ElOOp: (2—|Z(t+Eobend+ F) Lo, (812)

where

1/2
Ky ngt

Eo_ =F Lo=4/—=(1- .
o—bend s 0 F ( 4KbF



The expression for the writhe present in the loop is [3]:

2 Mext
Wr, = =cos? o). 1.
lo ncos (2\/Kb—F) (S.1.3)

The expressions fdE,_peng aNdW r, that we pick have to satisfy the condition that the number of
turns 2m s conjugate to the applied torqiay. We see thaitVr, = 1 only forMey; = 0, becoming

a planar homaoclinic loop as in the case analyzed by Kulic €94l Based on this idea we will
approximate the energy of the loop by decoupling the bendimytwisting energy, such that the
Eo_bend @ndL, are given by Kdlic et al. [9] formulae and the twist energy lod toop is the first

termin (Eq. (S.1.2)).

S.2 Testingthelnternal Energy models

In Clauvelin et al. [11] the mechanical description is condal with different analytical theories
of DNA-DNA interactions that can be found in literature. Twerk in Clauvelin et al. [11] picked
two well established models. The firstisg, derived by Ubbink and Odijk [12] from the Poisson-
Boltzman equation; the secondUg., derived by Manning [13] and is based on the counterion
condensation theory. According to the results obtainedanlin et al. [11], an approximation of
Upg(r, 8) provided better agreement with experiment. When the utidukin the radial direction
are not restrained by electrostatics but only by the streatfithe plectoneme, the variatdewill

not appear in the electrostatic expressip(r, ) [11]:

1 ADTT _ 2
Ups(r,8) = ékBTvZ|Bg(e>,/%e o,

g(6) = 1+ 0.83tarf(6) + 0.86tarf(8). (S.2.1)



Similarly r will replaced, in the configurational entropy expression given by Ubbind @dijk

[12] as done in Marko and Siggia[14]:

1 1

keT
(pn)2/3 + r2/3

Ucont—ms(r, 0) = ALT3

, (S.2.2)

where the constants = cp = 1. Additionally, Marko and Siggia [14] developed an anaigti
model for the electrostatic interactions that has also lbeed in the study of DNA single molecule
experiments [15, 16]. The expression for the Marko and @iggctrostatic modélys(r, 0) is:

Uws(r, 8) = lgkaT V2 lKo G—;) +Ko (mcme)}, (S.2.3)

whereKo(x) is the modified Bessel function of the second kind. TablelSsimmarizes the
different models used to described the internal energyant®ns in our calculations, showing the

figures where each one of them has been used in this sectiba 8upporting Information.

Table S.2.1: Internal Energy Models

Label Model Figures

Ug Ups(r, 8) +Ucont-ms(r, 6) Figure S.2.1, Figure S.2.2
Uz Uwms(r, 8) +Ucont—ms(r, 8) Figure S.2.1
Us  Upg(r, 71/6) +Ucont—ms(r, T1/6) Figure S.2.1
Usg Upg(r, 8,dr) +Ucont(6,dr) Figure S.2.2,Figure S.2.3
Us Upg(r,0) Figure S.2.2

We obtain theoretical results under the experimental ¢mmdi of Forth et al. [17]. The ex-
periments were performed in phosphate buffered saline #8mM NaCl at 235°C. Numerical
calculations resembling the experiments were performsdramgKy = 50kgT andK; = 95kgT.

The values used for the electrostatic parameters are:
e The Bjerrum length i$g ~ 0.715 nm [12].
e The Debye lengtiAp ~ 0.8 nm.

e The effective charge = 8.06 nnT1, where an interpolation of values listed in Table 7 in

4



Ubbink and Odijk [12] has been used. In the main text the &ffedinear charger is treated

as a fitting parameter.

Internal energy models. effects and comparison
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Figure S.2.1Comparison between the solutions based on different iatemergy models under the experimental
conditions of Forth et al. [17]. The black solid line usés= Upg(r,0) + Uconi—ms(r, 8), the red dotted line uses
Uz =Uws(r, 8) +Ucont—ms(r, 8) and the blue dashed line udés= Upg(r, 11/6) 4+ Ucont—ms(T, 7T/6) which is a function
only of r. The value of the effective linear charge used#8.06 [nn11].

We show in Figure S.2.1 a comparison of the results obtaisgdjiMarko and Siggia¥(r, 8)
electrostatic model with variants of the Poisson-Boltzmarodel:U4(r, 8) andUs(r, 77/6).

The helical anglé, using théJ; andU, models, increases slightly as a function of the applied
forceF and it is approximately equal tw/6 for large forces, while the helical radiuglecreases
as a function ofF and approaches the crystallographic radius 1nm (not sho®mce8 does
not vary dramatically as a function of the applied force nibigt the curves obtained using the
approximatiorlJs(r) = Upg(r, 11/6) + Ucont—ms(r, 7T/6) are very close to those obtained from the
internal energy models wité dependence. Using = 0, where the angle dependence is neglected

as done in Clauvelin et al.[11, 18] and Neukirch and Markd J@@/ers the predicted values of

M3 anddAz/dn (not shown). The analytical prediction of the slagz/dn usingUs(r) and the
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Figure S.2.2:Comparison between the solutions based on different iateenergy models under the experi-
mental conditions of Forth et al. [17]. The black solid lingsegU; = Upg(r, 8) 4+ Ucont(r, 8), the blue dashed line
uses the internal energy model where the radial fluctuafiotise plectoneme are constrained by the electrostatics
Us = Upg(r, 8,dr) +Uconi(r, 6,dr) [12] and the red dotted line uses a model that neglects thiggcwational entropy
contribution to the free enerdys = Upg(r, ). The qualitative behavior dfl; anddAz/dn are independent of the
internal energy models we have used, but the quantitatikeeagent with experimental data strongly depends on the
choice of configurational entropy model. The value of theetife linear charge usedis=8.06 [nm1].

prediction usindJs(r,0) are almost identical to each other. It is clear from the gsabiat the
three approaches produce consistent results for the valubl although theU, model gives
slightly larger values oMj3 for F >~ 2.5pN. The difference between thé, model and theéJ;
model at moderate and largeis more evident in the predicted valuesd#fz/dn, where theJ,
model predicts larger slopes. We also performed calculatior different salt concentrations and
observed similar trends (not shown).

In Figure S.2.2 we compare the solution obtained by usif(g, 6) with the solution obtained
by using the undulation-enhanced free energy maldét, 6, d;) with empirically optimized co-
efficients by van der Maarel[1%}, = ¢, = 2-8/3_ Figure S.2.2 also depicts the solution obtained
by pickingUs(r, 8) = Upg(r, 8) with ¢, = ¢ = 0 such that the configurational entropy effects are
neglected as done in Clauvelin et al. [11]. It is clear frogufe S.2.2 that the final qualitative

behavior of the curves is the same, but the quantitativecageat strongly depends on the choice

of the internal energy, in particular, of the configuratioaatropy model and coefficients. When



comparindJ; andUs we can see that neglecting the entropy effects reducestdr@@h energy,
increases the value oiAz/dn (mainly at low force= <~ 2pN) and reduces the predicted value
of M3 (in the whole range of). TheUs model neglecting entropy effects used by Clauvelin et al.
[11] matches the slope predictions using themodel, but the theoretical results figl; usingUs

are lower than the ones predicted usinglthenodel.

Now we are in position to understand how combining differgpproximations and assump-
tions can counteract each other. Starting withilhenodel, if we next neglect the entropic effects
as inU = Uyg(r, 8), we get larger slopes at low forces (matching qualitatibaiter the shape of
the experimental trend in Figure S.2.1), but we still oveéneste the values of the slopes at larger
F. This assumption also decreases the predicted valuds.olf we further assum& = Uys(r)
where there is no angle dependence, the values of the slofeswholeF range would decrease
giving better quantitative agreement with experimentahdsd the slopes in Figure S.2.1, and it
will decrease the predicted values Mg even more. Therefore using thi,s(r) model would
'seem’ to accurately match the experimental slopes butlitumderestimate the values bf3 for
the whole range of, especially at low values ¢f <~ 2pN.

As mentioned in the main text although the data sets for thgesl from different experimental
groups and MC simulations agree quantitatively [17, 20-2#$ is not the case for the direct and
indirect measurements of the torgulg. The indirect torque measurements in Mosconi et al. [22]
are significantly smaller than the direct measurementsitagd~orth et al. [17], Lipfert et al.[23]
and the MC simulations in Maffeo et al. [21]. Thks(r) model combined with a mechanical
description in Neukirch and Marko [16] seems to give goockagrent with the indirect measure-
ments of the torqudls in Mosconi et al. [22], specially at large forces and acalyatiescribe
the slope data of the same experimental group. In Maffeo. §24) the authors provide also an
analytical model that matches the experimental data in Bluset al. [22], but does not match
the predictedViz andr from their MC simulations. In their supplemental materMhffeo et al.
discuss the reasons for the success of their approach aaswdl disadvantages and limitations

of neglecting fluctuations and entropic terms. They corelindt the reason why their analytical



predictions ofMs are lower by~ 1.5pNnm than their MC simulations is due to neglecting con-
figurational entropy and fluctuation effects. They show theglecting the entropic effects and
undulation enhancement decreases significantly the thiegineredictions oMs, while the effects

in the theoretical slope predictions is not so drastic. Tdeson for the drastic increase in the
analytical values oMz computed in Maffeo et al. [21] when using the entropic modeppsed
by Ubbink and Odijk [12] lies in the fact that the authors hagedcy, = ¢ = 3/28/3, which in-
creases the entropic contribution by 3 times compared t@dhstants used in olWwpg(r, 8,d;)
model in the main text. The constamts= ¢, = 3/28/3 were derived for a one dimensional worm-
like chain confined in a har! monic potential. In the main text have decided to use the values

cp = & = 278/2 as van der Maarel [19] has suggested.
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Figure S.2.3:Experimental data for the slope of the rotation-extensiave for two DNA templates taken from
Forth et al. [17] for a 150mM salt concentration. We have used5.93nm 1.

From Figures S.2.1 and S.2.2 we see that the experimenpesstd Forth et al. [17] are better
described qualitatively by using the internal energy madigl, 6,d;), and that the theoretical
predictions ofM3 usingU, underestimate the experimental measurements of Forth 73l
Using v < 8.06nnT 1 in Uy(r, 8,d;) gives better quantitative agreement for the slopes, sodn th
main text we have used the effective linear charge as a fittangmeter. Figure S.2.3 shows the
results ofdAz/dnfrom our theoretical model using= 5.93nn7 L.

This survey of some of the internal energy models used toysRMA single molecule ex-
periments leads to the conclusion that a careful choice bpitc and electrostatic parameters
is needed to quantitatively match the experimental datah&ve found that including angle de-

pendence, configurational entropy and undulation enhasetfedts due to thermal fluctuations

8



in the helices are essential to have an accurate and comptatel of plectonemic DNA. The

Uy(r,8,dr) = Upg + Uconf [12] model used in the main text provides the best resultafaide

range of experimental data.

S.3 Critical torque Mgiticar @and the jump M = Mgitical — M3
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Figure S.3.1Experimental data for two DNA templates taken from Forth gl&] for a 150mM salt concentration.
The experimental data of the plectonemic torque in Forth 1 3] agrees qualitatively with our predictions but seems
to match quantitatively our predicted valuesMyiica . We have usedt = 5.93nm 1.

— M3
=== Meritical
e Lipfert et al. (2010)

! 2 FpN]

Figure S.3.2External torquéVz and critical torquéViical @s a function of the external for€efor a 7.9 kop DNA
template in &, = 150mM salt concentration using the same parameters astng=8j2.3. The data points correspond
to the experimental values for the 'buckling’ torque repdrin Lipfert et al. [23].

The experimental data in Forth et al. [17] shows the jump$iémertical extension but does
not show a clear jump in the torque, and consequently theme idear distinction between the
torque before and after the transition. As shown in Figu@1Sthe experimental data of the

plectonemic torque in Forth et al. [17] agrees qualitayiweith our twisting moment predictions

M3, but seems to match quantitatively our predicted valueb®ttitical torqueMcyitical- Lipfert

9



et al. [23] performed single molecule measurements in PBf@iat c, ~ 150mM using a 7.9 kbp

DNA template. The data in Lipfert et al. [23] does not showtthesition jumps in either torque or
extension. Lipfert et al. [23] just report a ‘buckling toegjiy not making a distinction between the
torque before the transitiaditical @nd the plectonemic torquds. Figure S.3.2 shows excellent

agreement between our predicted valueMgiiica and the ‘buckling’ torq! ues in Lipfert et al.

[23].
o — E—
P o o }
gsir" o 1
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Figure S.3.3Comparison of the the torque jundd from our theory with the experiments in Brutzer et al. [20] at
Co = 320mM. Our model predicts that as the DNA lengtimcreasedM decreases while &g decrease8M decreases.

We have used = 10.00nnT ! as in the main text.
In Figure S.3.3 we show the comparison betw@d from the indirect measurements in

Brutzer et al. [20] and our theoretical predictions. Simgaalitative trends are found in the indi-

rect measurements oM in Daniels et al. [7].

S.4 Indirect method for calculating external moment

Mosconi et al. [22] provide not only the direct measuremeftie slopesiAz/dn of the rotation-
extension curves of a single stretched and twisted DNA nuideasing magnetic tweezers, but
also an indirect measurement of the plectonemic todyge The theoretical predictions for the
slopesdAz/dn presented in the main text match the experimental resultéosconi et al. [22],
but there seems to be constarB@Nnm offset between our theoretical predictions/gfand their

reported indirect measurements. The process used by Masicah [22] computes the external

10



torqueMs from equation (23) in Zhang and Marko[24]:

1 (F/dpL .
M3(F,n)=M3(Fo,n)—ZT/F (%)ﬁdF, (S.4.1)

whereF, is the force corresponding to the initial reference rotatxtension curve. (Eq. (S.4.1))

is based on the ‘Maxwell’ type relation:

_ LapL
21 0n

_ OMex

Il (S.4.2)

n

The method to compute the external torque described in ZhadgViarko [24] assumes the ex-
istence of an equilibrium ensemble. So equation (23) in gheamd Marko [24] is valid in both
the straight and plectonemic states. But, at the transgant the system undergoes a dynamic
jump from the straight to the plectonemic state or vice-aerslence, the method described by
Zhang and Marko [24] can not be properly used since the finstateves of the free energy be-
come discontinuous at the jump. The process carried outrtgoate the external torques in the
plectonemic regime in Mosconi et al. [22] neglects the presef these jumps. The resolution of
the experiments in Mosconi et al. [22] is such that the dyigmocess at the transition point be-
tween the extended DNA configuration and the plectonemitigaration is not apparent. So, the
rotation-extension experimental curves do not show a jumtpe extensioz and consequently
the external torque curves reported by Mosconi et al. [2Bjowsa smooth transition as a function
of the degree of supercoiling (I n. Accounting for the jumps precludes the use of (Eq. (S.44))
done by Mosconi et al. [22].

We note, however, that the method described in Zhang andda# is valid in the plectone-
mic regime, as long as there is no dynamic jump. For a set af dattaining rotation-extension
curves at different values of appliéd (for a fixed salt concentration), (Eq. (S.4.1)) can be used
to compute ahangein M3 by holdingn constant and integrating with respectRo In figure 1
of Mosconi et al. [22] the change in torqi#; between points A and B can be computed using

(Eq. (S.4.1)), but a referen@bsolutevalue of the torque cannot be obtained using (Eg. (S.4.1))

11



due to the presence of the jump discontinuity. Since the atktiescribed in Zhang and Marko
[24] can give the change M3 in the plectonemic regime, in Figure S.4.1 we compare ow-the
retical predictions of the external torgive with the indirect measurements of Mosconi et al. [22]
after adding a constant value a6pNnm to the experimental data. The agre! ement is excellent
Another possible explanation for the disagreement amoageported theoretical and exper-
imental values of the external moment could be that the gatdi®l3 in the plectonemic regime
are a function of the length of the DNA template, which is aapagter that is not captured in the

existent theoretical models including our formulation.
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Figure S.4.1External torquéVz as a function of the external foréefor the different salt concentrations in Mosconi
et al. [22]. We show the experimental values from Mosconil €f22] after adding a shift of+2.5pNnm. We have
usedv values from Table 1 in the main text.

S.5 Multivalent ions

In the main text we have explained how our model can be extetmléhe case of mixtures of
high concentration of monovalent salt and low concentratibpolyvalent salt. Here we present
further comparison of the theoretical model with the expents of Dunlap and co-workers (pri-
vate communication) and show the behavior of the plectonemieisr and plectonemic torque
M3 as a function of the applied forde. In our calculations we have usedvalues from Table

2 in the main text. Figure S.5.1 showsndMs values when using differemt;,, concentrations
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Figure S.5.1:Spermidine:M3 andr. The dashed lines correspond to the limiting value of theratial spacing
which is 2 = 3.0nm for spermidine. We have usedralues from Table 2 in the main text.
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Figure S.5.2:Spermidine: the black solid curve shows the prediction efdlopedAz®/do when 2 is larger than
the interaxial spacing 3nm. The black dot shows the pointresBe= 3nm, and from there on the black dashed line
shows the prediction of the slope for 2onstant. The red dashed line shows the solution wihen 2nm is allowed

to vary.

of spermidine Sp". As cmy increases the supercoiling radius decreases, yielding cmnpact
plectonemes. Fary,, = 5mM andcy,,, = 10mM the value of reaches the limiting interaxial spac-
ing value~3nm as given in Todd et al.[25] and Raspaud et al.[26]. AsarpH in the main text
we expect that due to a balance of attractive and repulstegactions the plectoneme diameter
stays approximately constant when it reaches the limitmgraxial spacing value. The values of

M3 decrease as a function of,,. The dashed lines in Figure S.5.1 shbly as a function ofF

for cmy = 5mM andcy,y = 10mM usingr ~ 1.5nm after the plectoneme diameter has reached the
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limiting interaxial spacing value. The theoretical sabutiof M3 for ¢,y = 5mM andcy,, = 10mM
whenr is not assumed to be constant does not dif! fer significamtignfthe solutions plotted in
Figure S.5.1. The theoretical solution of the slafde®/da, for ¢y, = 5mM andcyy = 10mM,
whenr is not assumed to be constant differs considerably from ahgisns plotted in the main
text in Figs. 7 and 8 wherneis constant after reaching the interaxial spacing valugr. i$ allowed
to become smaller than the interaxial distance, the prediistopesiAz®/do underestimate the

experimental data & = 1pN as shown by the red dashed line in Figure S.5.2.
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Figure S.5.3:Spermidine: critical degree of supercoiling.

In Figure S.5.3 we present the critical degree of super@ticriticar 0 Neritical When using
different cmy concentrations of Sp. As stated before the dashed lines in thg = 5mM and
cmu= 10mM cases represent the solution whemeaches the interaxial spacing value.

Figures S.5.4 and S.5.5 show the results obtained when gpemgnine Sp". For S+ we
have only fitted the value of to the experimental poirft = 0.6pN for the control and,,= 0.2 —
0.75mM concentrations and obtained a curvevas a function oty (see entries in Table 2 in
the main text.). Focm,= 1mM andcy, = 2mM entries in Table 2 shown in the main text we have
extrapolated the value of from the curve obtained from the previous fitted values. Asiige the

dashed lines for thM3 and ggiticas function correspond to the solution whenig approximately
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constant and equal to the interaxial spacin@.9nm for S (Todd et al. [25], Raspaud et al.

[26]). Our results show good quantitative agreement withetkperimental values.
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Figure S.5.4SpermineMjz andr. The dashed lines correspond to the limiting value of theratial spacing which
is 2r = 2.9nm for spermine.
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Figure S.5.5Spermine: critical degree of supercoiling.
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S.6 Experimental and Simulation Data

In this section we present the data from all prior experimemtd simulations in a few plots so
as to compare them independently of our model. A discusdiontahese plots can be found in

the section titled ‘Comparison with experiments and prigals: the complete model’ of the main

text.
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Figure S.6.1Experimental data for the slopdaz/dnfor different salt concentrations. Triangles representBzr

et al. [20] data presented in reference [21]. We have derrtetzer et al. data with next to the salt concentration
value in the legend of the graph. Circles represent Mosdaali §22] data, which have been denoted witmext to

the salt concentration value in the legend. Squares raprEseth et al. [17] data for two different values of the DNA
length. The data sets from Brutzer et al. and Mosconi et alvige consistent slope values for the entire force range.
The slopes from Forth et al.[4] are consistent with the réthi@data sets for moderate forces.
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Figure S.6.2Experimental and Simulations data for the torque measuresivg for different salt concentrations.
Triangles represent Maffeo et al. [21] simulations data. hA%e denoted Maffeo et al. data witimext to the salt
concentration value in the legend of the graph. Circlesesgmt Mosconi et al. [22] data, which have been denoted
with ** next to the salt concentration value in the legend. Squam®sent Forth et al. [17] data for two different
values of the DNA length. The various data sets show disaggatin the torque values.
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