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DNA force-extension curve under uniaxial stretching
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Single-molecule experiments indicate that a double-stranded DNA (ds-DNA) increases in length if put under tension greater
than 10 pN; beyond this point, its conformation can no longer be described using an inextensible worm-like chain model. For
this purpose, a general sequence-dependent elastic model for tensions greater than 10 pN and for both single-stranded (ss)
and ds-DNA is proposed, and the effective elastic bending and torsional rigidities are determined from experiments to
characterise their deformation. The key to this progress is that the bending and torsional deformations of the DNA
backbones, the base-stacking interactions and the hydrogen bond force between the complementary base pairs are
quantitatively considered in this model. Moreover, this simple elastic model can be used to globally fit to the abrupt B—S
experimental transition data over a wide range of DNA molecule extensions. Based on this robust model, further study may
be warranted on the mechanical response of ss- and ds-DNA molecules.

Keywords: double-helical DNA structure; mechanical properties; single-molecule manipulation; base-stacking

interactions; hydrogen bond forces

1. Introduction

The DNA molecule is the primary genetic material of most
organisms. It is a double-helical biopolymer in which two
chains of complementary nucleotides (the subunits whose
sequence constitutes the genetic message) wind (usually
right-handedly) around a common axis to form a double-
helical structure [1]. Because of this unique structure, the
elastic property of DNA molecules is a fundamental
problem in biological systems [2], and in many of their
processes, DNA bending is of particular importance [3]. In
fact, a thorough investigation of the deformation and
elasticity of DNA will enable us to gain a better
understanding of many important biological processes
concerned with life and growth [4].

DNA molecules can be stretched by various means
including electrostatic, hydrodynamic or magnetic forces.
Entropic constrictions have also been employed to stretch
DNA molecules by electrostatic forces [5]. To use a
magnetic force, magnetic tweezers [6] that use magnetic
fields and beads are necessary. Stretching by
hydrodynamic force was performed either with free
molecular ends or with one end immobilised to a solid
surface [7—9]. Most DNA stretching experiments involve
anchoring one end of the DNA molecules onto an
electrode, bead or other solid surface and stretching the
molecule using some type of force. The pioneering
experiments by Smith et al. [10] on the mechanical
stretching of DNA in a solution indicated that the elasticity
of DNA cannot be characterised by the freely jointed chain

(FJC) model that comprises stiff inextensible segments,
free to rotate about the joints. Following this, Marko and
Siggia [11] introduced their classic elastic model that
interpolates between the inextensible worm-like chain
(WLC) model and an extensible model for weak and
strong extension forces, respectively. A so-called sub-
elastic-chain (SEC) model [12] has recently been
proposed, considering the development and discussion of
more general semiflexible polymer models. Recent
experiments supported SEC over WLC as an appropriate
model [13]. In another research, Smith et al. [14] examined
the elastic properties of single- and double-stranded DNA
(ss-DNA/ds-DNA) by stretching the immersed A-DNA
(48 kbp) in the aqueous buffer using the dual-beam optical
tweezers system. They observed a sharp structural
transition of tension under roughly 65pN of the freely
rotating ds-DNA. It was also revealed that the S-form
DNA occurs at the yielding point of the DNA backbone
while the freely rotating ds-DNA is stretched [15]. In
another study, an analytical worm-like rod chain model for
predicting the DNA mechanical response under low
stretching force was proposed [16], and its accuracy was
then improved in a study by Sarkar et al. [17] by
considering free energies of the five DNA states
experimentally. The Zhou, Zhang and Ou-Yang model
[4], which considers the bending energy and the stacking
energy of ds-DNA, can successfully describe the S-form
DNA, under high-level stretching, but is not able to
represent the structural transition from the B-form DNA to
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the P-form DNA due to its limitation of geometric
assumptions [18]. Additionally, all these models neglect
the effects of the double-stranded nature of the DNA
structure and sequence effects on the ds-DNA mechanics
where they should be extremely important to its elastic
properties.

Recently, Keten and Buehler [19] reported a simple
model that explains the physical mechanism that leads to
the breakdown of the WLC idealisation in experiments by
using only two generic parameters of the protein domain,
the H-bond energy and the protein backbone’s persistence
length. They showed that a rupture initiation condition
characterised by the free energy release rate of H-bonds
characterises the limit of the WLC entropic elasticity of
[B-sheet protein domains and the onset of rupture. Their
theoretical framework was quantified and validated for the
AFM experiments on 127 [20] (see figure 3 in [19]). They
showed that the Bell model [21-25] can be used to predict
the strength of subcritical H-bond cluster sizes, as it can
also be used to link energy barriers to peak force values
(see figure 4 in [19]). However, using the Bell model to
calculate force peaks of large clusters of H-bonds requires
a homogeneous rupture assumption, which is physically
impossible and would indeed lead to excessively high
force peaks that approach the strength of covalent bonds.
They resolved this controversy by using the energy
balance concept from fracture mechanics and applied it to
the free energy competition between H-bonds and entropic
elasticity of the protein backbone. It was shown that the
WLC model alone cannot be used to describe the entire
deformation range of protein domains, which is very
similar to the problem that we are facing in the study of
DNA molecules’ elasticity.

In this work, we have studied the parameters affecting
DNA elastic mechanical properties considering base-
stacking interactions originated from the weak van
der Waals attractions between the polar groups of
DNA adjacent nucleotide base pairs and the hydrogen
bond force between the complementary bases. We have
postulated that the double-stranded nature of the DNA
structure should be extremely important to its elastic
properties, and therefore we have constructed a general
elastic model in which this characteristic is properly taken
into account. The elastic property of long ds-DNA
molecules has then been studied based on atomic force
microscopy DNA stretching experiments. Quantitative
results have been obtained, and an excellent agreement
between theory and the experimental observations has
been attained.

2. Elastic model of the DNA molecule
2.1 ss-DNA molecule

As already stressed, the DNA molecule is a double-stranded
biopolymer. Its two complementary sugar—phosphate chains

twist around each other to form a right-handed double helix.
Each chain is a linear polynucleotide consisting of the
following four bases: two purines (A and G) and two
pyrimidines (C and T) [1,26]. The two chains are joined
together by hydrogen bonds between pairs of nucleotides
A-T and G-C. Hereafter, we refer to the two sugar—
phosphate chains as the backbones, and the hydrogen-
bonded pairs of nucleotides as the base pairs. In this section,
we discuss the energetics of such an elastic system for the
ss-DNA molecule. First, the energy of the backbones of
such double-stranded polymers will be considered; then we
will discuss energy terms related to base-stacking and
hydrogen bonds.

A general elastic model for the ss-DNA molecule is
proposed in Figure 1 (inset), and a structural angle « is
introduced to characterise its deformations. The geometry
of the DNA backbone is initially assumed based on the
B-DNA helix function. For a ss-DNA molecule having
radius R, at any point A on the backbone (Figure 1, inset),
the force P produces a bending moment My = PR sin «
and a torque M; = PRcos a about the axes n; and n,,
respectively. We will consider the extension of the ss-DNA
molecule on the assumption that it is fixed at the lower end
and loaded by an axial load P at the upper end (Figure 1,
inset). An element ds between two adjacent points at A is
twisted by the torque M, through the angle

M
dg = —ds, (1
T

where 7 is the torsional rigidity of the DNA molecule.
Owing to this twist, the upper portion of the DNA
backbone rotates about the tangent at A through the
angle d¢,. This small rotation is represented in Figure 1
(inset) by the vector n, along the tangent. It can then be
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Figure 1. Experimental [14] and theoretical results of single-
stranded \-DNA in blue and red lines, respectively. To match the
theoretical and experimental data, the effective elastic bending
and torsional rigidities were set to Oy.pna = 3.93 pNnm?
and Ty pna = 5.24pNnm?, respectively. (Inset) Schematic
representation of the ss-DNA parameters used in this paper.
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resolved into two components: (1) a rotation n, cos « about
a horizontal axis and (2) a rotation 7, sin « about a vertical
axis. The latter does not produce any extension at the end
B. Because of rotation n, cos «, point B is displaced to C
and we have BC = ABnycosa. Then, the vertical
component of this displacement is

. _—R
BD = BC— = Rnj cos a. 2)
AB
Then, the total extension of the end B due to the twist is

s
Ex, = J Rn; cos a, 3)
0

in which the summation is taken along the total length,
S = 217RN /cos a, considering the DNA of N base pairs
and helical repeat of 10.5 bp, of the ss-DNA from the lower
fixed end O to the upper end B.

The extension due to bending can be calculated in the
same manner. The angular deflection due to the bending of
the element ds by the bending moment M,, is

M,
dgy, = —2ds, (4)
g

where o is the bending rigidity of the DNA molecule. The
corresponding rotation of the upper portion of the DNA
backbone is shown in Figure 1 (inset) by the vector ;. In
the same manner as for the extension caused by torque M,,
it can be shown that only its horizontal component n; sin ¢
contributes to the vertical extension of the end B, and that
the magnitude of this extension is

s
Ex, = J Rny sin a. @)
0

By adding Equations (3) and (5), the total extension of
the end B becomes
s
Exy = Ex; + Exp, = J R(nycosa+ nysinw).  (6)
0

Substituting Equation (1) for n, and Equation (4) for n,
we obtain

S (M, M, .
Exi = | R| —cosa+ —sina |ds. @)
0 T g

In order to obtain the value of « at a given stretching
force, the discrete persistent chain (DPC) model [27] is
used having the following Hamiltonian:

J .
H= Z {5 07 — bP-t,] . )

Here, 7; is the ith bond orientation, b is the (fixed) bond
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length, ®; ;4 is the angle between the ith and (i 4+ 1)th
bonds (i.e. cos®;;1; =12%4;) and P is the external
stretching force. Interestingly, two other common WLC
and FJC models can be obtained from DPC Hamiltonian,
by taking limits of zero bond length (WLC) or zero
coupling J (FJC). Here, we consider a generalised DPC
model that considers the torsional angles per nucleotide of
the backbone conformation of ss-DNA and the valent
angles having values different from 180°, which is not
considered in the WLC and traditional DPC models. For
this, a chain whose ground state is in a zigzag (all-trans)
configuration is introduced as

J . -
= Z [§(®i‘i+l + (= 1)@ cos ¥, ;11)* — bP4i|. (9)

Here, P, is the torsional angle associated with the rotation
of the ith bond. For simplicity, we assign the same
preferred angle ®, to each bond pair.

In order to simplify the problem of the ‘zigzag’ chain,
we map the model back onto the DPC model, with
renormalised parameters. Let us consider a chain
consisting of only odd (or only even) nodes of the zigzag
(e =" ="142"—=%+4"—-.). The ground
state of this chain is a straight line, but the bond length
(even without thermal fluctuation) is a function of the
applied force: b* = 2bcos 6%, where 0™(f) is the preferred
bond orientation angle 6;, with respect to the direction of
P. Therefore, Equation (9) can be rewritten as

H= ZB(ze* — 0¢)> — fbcos 0" |. (10)

In the ground-state configuration (i.e. zigzag,
0; = (—1)'0"), the value of 6" may be obtained by
minimising the Hamiltonian at a given stretching force as

0*(P) = (Pb)"'P[6J0¢ + 2£'/21'/3 + (8] + 2Pb)
X (Pb) " *3[—6J0@y 4 2£'/7171/3, 11
where &= —128P 'b~1J3 — (96 — 90})J> — 24PbJ —
2P2b? and J = (kT)b~'l, can be determined by measuring

the experimentally observable persistence length I,
Therefore, Equation (7) can be rewritten as

S PS?sin?0" [sin?0*  cos?O*
Exg = +

ds. (12
o 44172N? )s (12)

Tss-DNA  Oss-DNA

The experimental results of ss-DNA in the phosphate
buffer [14] were used as a benchmark to determine the
unknown effective parameters of the elastic backbone.
The experimental and theoretical results are shown as the
blue and red lines in Figure 1, respectively. The same
parameters as in the traditional WLC models were
assumed: b (which is fixed at its physical value of a
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typical chemical bond length, 0.1nm) and ss-DNA
persistence length [, = 0.85nm (extracted from the
moderate force stretching behaviour). To match the
theoretical and experimental data, the effective bending
and torsional rigidities and the preferred angle to each
bond pair were set to g pna = 3.93 pN nm?, TpNA =
5.24pNnm? and ©®, = 50°, respectively. These effective
parameters are slightly larger than the expected ones,
which are mainly due to the effects of the buffer solution
and the ions on the ss-DNA molecules stretching. To check
the sensitivity of the proposed ss-DNA model with respect
to the parameters that feed into Equation (12), degrees-of-
freedom adjusted R-square criterion is used. The residual
degrees of freedom is defined as the number of response
values minus the number of fitted coefficients estimated
from the response values. Therefore, it shows the number
of independent pieces of information involving the data
points that are required to calculate the sum of squares.
Note that if parameters are bounded and one or more of the
estimates are at their bounds, then those estimates are
regarded as fixed. The adjusted R-square statistics can
take on any value less than or equal to 1, with a value
closer to 1 indicating a better fit. For example, for a set
of Owpna = 3.93pNnm?, Typna = 5.24pNnm? and
Oy = 50°, adjusted R-square value of 0.9996 is obtained,
which means that the fit explains 99.96% of the
total variation in the data about the average.
However, considering two very near sets of
Ogs-DNA — 3.92 pN nmz, Tss-DNA — 5.23 pN nmz, @0 = 50°
and og.pna = 3.94pN nm?, T pna = 3.24 pN nm?, Q) =
50° will lead to the adjusted R-square values of 0.9537 and
0.9641, respectively. This shows that small amounts of the
total variation in the data are about the average, indicating
that the values of o.pna and 7e.pna Should be determined
quite carefully.

2.2 ds-DNA molecule

Before constructing the ds-DNA mechanical model, we
should discuss another kind of important interactions;
namely, the base-stacking interaction between adjacent
nucleotide base pairs [1,26] and hydrogen bond interaction
between the complementary bases [28].

2.2.1 Base-stacking interactions between the base pairs

Base-stacking interactions originate from the weak van der
Waals attraction between the polar groups in adjacent
nucleotide base pairs. Such interactions are short-ranged,
and their total effect is usually described by a potential
energy of the Lennard-Jones form (6—12 potential [1]),
which contributes significantly to the stability of the
double helix. In a continuum theory of elasticity, the total
base-stacking potential energy can be converted into the

form of the integration [4]:

Se sin ap 2 sin ap ©
0 0
Ubs = — < -2 ; dS,
070 sin « sin «

for a = /2, (13)

where ro = S/N is the backbone arclength between the
adjacent bases; « is related to the equilibrium distance
between a DNA dimer (rysinay = 3.4 A) and ¢ is the
base-stacking intensity which, in the average sense, can
be considered as a constant, with € = 14.0kgT averaged
over quantum mechanically calculated results on all the
different DNA dimers [4]. Figure 2(a) shows the
Lennard-Jones form of base-stacking energy and
stiffness, kps = 02Uy /01%, via the Crotti—Engesser
theorem [29].

2.2.2 Hydrogen bond force between the complementary
bases

The hydrogen bond force is the interaction between the
complementary bases. Moreover, the GC base pair has
three hydrogen bonds and AT has two. In the ds-DNA
mechanical modelling, the three/two hydrogen bonds in
GC/AT are replaced by only one virtual spring, with the
axial and torsional stiffness as a function of the distance
(R) and the angle (6;5) between the donor and the
acceptor. The single hydrogen bond energy could be
expressed by the CHARMM-like potential [28,30,31],
which slightly underestimates the overall experimentally
measured values [32] as

E(R;, 6) = ZADO[ (Ro/R;)" 6(R0/R,-)10}c0s40,yj,

(14)

where D, represents the hydrogen bond energy intensities.
Furthermore, we assume that the distances of the hydrogen
bonds are the same along the ds-DNA molecule, the
B-form DNA has the lowest hydrogen bond potential,
D—H-Ais a straight line and the hydrogen atom is always
at the centre of the hydrogen bond at the initial state.
Through the Crotti—Engesser theorem [29], the axial and
twisting stiffness due to the reaction forces and bending
moments could be expressed as

k—Zc,, E(Ro+dx,,oo+de>, (15)

where i, j and C;; represent the number of hydrogen bonds,
different kinds of reaction forces/bending moments/
torques, and weighting coefficients, respectively. The x;
and 6; are the displacement along the hydrogen bond
direction and the angle between the donor and the
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Figure 2. The stiffness of the virtual elements. (a) The base-stacking energy and stiffness of the virtual springs between the
complementary base pairs of the ds-DNA molecule. (b)—(d) The AT and CG hydrogen bond axial and torsional energy and stiffness plots.

acceptor, respectively. Equation (13) is presented as
Figure 2(b)—(d).

2.2.3  Mechanical model

Considering the effects of base-stacking interactions and
hydrogen bond forces, the total energy of a ds-DNA
molecule under the action of an external force (Figure 3(a))
is expressed as

Ugs = Upackbone T Ups + Uanp + Uthp, (16)

where
S
Ubackbone = J (PZSZCOSZCY/1764772N2)(0082a/TdS_DNA
0

+ SiIl2 a/ O'ds-DNA)dS

is the ds-DNA backbone energy; U, is the total base-
stacking potential energy along all the adjacent nucleotide
base pairs and can be expressed as

Exgs/(N—1)
Ups = J DUy &N — DAE, (17)
0

where ¢ is the distant change between two adjacent
nucleotides and Exg; is the total extension of the ds-DNA
molecule. Furthermore, the total hydrogen bond energy

caused by the variations in distance and angle between the
donor and the acceptor can be defined as

af—ap

Rf*R()
th == 4NGC |:J kA-GCR‘ dR + J kT_Gdea}
0 0

af—ap

kT—ATa'da:| ;
(18)

Rt —Ro
+ 4N a7 [J ka-aTR-dR + J

0 0

where Ngc and Narare the number of GC and AT base pairs
in the ds-DNA sequence, respectively. Ry, Ry, a and oy are
the initial and final values of ds-DNA radius R and structural
angle «, respectively, and kA—GCs kT—GC’ kA—AT and kT—AT are the
axial and torsional GC and AT hydrogen bond stiffnesses,
respectively. Since sin @ = /S, where [ is the length of the
ds-DNA molecule, one can obtain

l
ada = [(§* — 1% "sin~! S dl. (19)

Moreover, from 217RN = S cos «, we have

-1

RAR= ——
44172N?

dl. (20)
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Figure 3. (a) Schematic representation of the ds-DNA geometry and loading conditions. (b) The location of virtual springs in the ds-
DNA mechanical model. Springs parallel and perpendicular to the DNA axis represent the equivalent base-stacking and hydrogen bond
interaction forces between the complementary bases along the ds-DNA double helix, respectively, and (c) good agreement was achieved
between the theoretical (red line) and the experimental (blue line) results [14] for the applied forces larger than ~ 10 pN via considering
the effective elastic bending and torsional rigidities as oys.pna = 210 pN nm? and 74 pna = 370 pN nm?, respectively. From 10 pN and
up to about 80 pN, DNA stretches elastically as does any material, i.e. following Hooke’s law. At about 65 pN, a surprising cooperative
transition occurs and the DNA stretches to about 1.8 times its crystallographic length with a small change in applied force P.

Based on Equations (18-20), we can write that
1 Exqgs
Uap =———— Ngce/N)ka.
- 11072NJ; [(Nae/Nkace

+ (1 = Nac/N)ka ar)l1dl 21
and

Exqy
Urthb ZJ [(Nockt.ce + (1 = Ngo)kT.aT)
0

X (4(5% — 1%)"%3sin~ 1 (1/8)1dl, (22)

where Uapp, and Uryy, are the axial and torsional components
of the total hydrogen bond energies caused by the variations
in distance and angle between the donor and the acceptor,
respectively. Because the GC and AT base pairs have three
and two hydrogen bonds, respectively, the ds-DNA sequence
information has been embedded into the ds-DNA mechan-
ical model based on Equation (16). From the analysis made
up to this point, the total energy of a ds-DNA molecule under
the action of a stretching force can be expressed as

S P2(52 _ 12) S2 _ 12 12
Uss = 202N 2 +
0 [ 17647°S°N* \ T4sDNA ~ OdsDNA
+£ S'sin a 12_2 S'sin o
ro l /

Exqs
+ aJ [<4N(S2 — 1%)7%sin"1(1/5))

0

Nac Nac l
— k. 1 —— |kt —_
<N TGC+( N)TAT)+110772N

Ngc Ngc
RSP 1— 29 ) kanr ) 1 dr Vds.
<N A“+( N)A”ﬂ }q (23)

To obtain the average extension of the ds-DNA central
axis, the Green equation, 95Q([;S) = MQ(;S), for a
polymer whose energy is expressed in the form of
Equation (23), is considered, where (/;S) is the wave
function and

— Exqgs
M=J { (6N(82 — 1) A+1S*—1%)""sin~1(1/9))
0

Ngc Ngc
X | ——kT. 1—— )kt
(N TGc+( N ) TAT>
1 Ngc Ngc -
——ka- 1—— |ka. dl 0
+73772N{K N AGC+( N> AAT>:| } !

PZ(SZ _ 12) <SZ _ 12 12 )
_l’_

 1764(kg T)m2S2N2 \ Tas0nA | TdsDNA

R S sin 12_ S sinay 6
S S N

is Hermitian and can be diagonalised by unitary matrix.
Therefore, the total free energy of ds-DNA chains can
be expressed as

E¢ = S(kgT)m, (25)

where 7 is the ground-state eigenvalue of the above-
mentioned Green equation, ds{)(/; S) = MQ(/; S), and can
be obtained numerically through the standard diagonalisa-
tion method. Consequently, the averaged dielectrophoretic
extension of a ds-DNA can be calculated as

(Exqs) = 0pEs = S(kgT)dpm. (26)

Turning to the experimental data shown in Figure 3
and to match the theoretical stretching results with those of
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experiments, the effective bending and torsional rigidities
of the ds-DNA molecule were set to Oy.pna =
210 pNnm? and 7g.pna = 370 pNnm?, respectively, hav-
ing an adjusted R-square value of 0.9748. It should be
noted that slight changes in the values of oyspna and
Tas.ona Will lead to the smaller adjusted R-square values
and, consequently, less amounts of the total variation in the
data will be about the average.

As it can be seen from these calculations, the double
helix structure of ds-DNA makes it a very stiff molecule
with base pairs stacked in a highly ordered manner. In
contrast, ss-DNA is a far more flexible polymer creating a
much tighter random coil configuration that leads to strong
intramolecular interactions; further, ss-DNA presents
unpaired bases, which can bind both locally, to create
hairpins, or with distal regions, creating complex higher-
order structures.

To obtain a more detailed understanding of the
sequence-dependent mechanical properties of DNA
molecules, we investigated synthetic constructs of
double-stranded poly(dG-dC) as well as poly(dA-dT)
and combinations with different Ngc/Nar ratios. Con-
sidering Equation (26), the extension traces were recorded
where the molecules having the same total number of base
pairs (N) but different ratios of Ng¢ /Nt ranging from 0 to
o were stretched up to about 1.8 times of their
crystallographic lengths (Figure 4). The different
sequences exhibit pronounced differences in their
conformational transitions. For double-stranded poly(dA-
dT) (Ngc/Nat = 0), the B—S transition occurs at 35 pN
(nearly 50% of that of \-DNA), which is due to the fact
that the mechanical energy deposited in the double strand
during stretching reaches the backbone torsional energy at
lower forces due to the lower energy absorbance capacity
of AT base pairs. However, as the ratio of Ngc/Nat
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Figure 4. The mechanical compliance of DNA strongly
depends on the specific base pairing in the double helix. For
double-stranded poly(dA-dT) DNA, the B—S transition occurs at
35pN, nearly half of that of A-DNA (Ngc/Nat = 1), while in
poly(dG-dC) the force of the B—S transition is raised to 75 pN,
which is slightly larger than that for \-DNA.
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increases towards infinity, AT base pairs are replaced with
GC ones and base pairs will be capable of absorbing larger
part of the mechanical energy, and therefore the B—S
transition occurs at higher applied forces (e.g. 55 pN for
Ngc/NAT = 05, 65 pN for NGC/NAT =1.0 ()\-DNA
molecules); 70pN for Ngc/Nar =2.0 and 75pN for
Ngc/Nat = ), as can been seen from Figure 4.

3. Results and discussion

In the simulation, a prescribed displacement is applied to
the free end of the freely rotating ds-DNA molecule. The
mechanical ds-DNA model is then solved based on
Equation (26) (Figure 3(c)). A good agreement was
achieved between the numerical and the experimental
results [21], considering that the information of ds-DNA at
low applied forces (under ~ 10 pN) is ignored because the
mechanical characteristics at large applied forces
(10-80pN) are focused. When the applied forces are
lower than ~10pN (entropic regime), the molecule
behaves as an ideal (WLC) polymer of persistence length
[, = 50nm. Its elastic behaviour is purely due to a
reduction of its entropy upon stretching. From 10 pN and
up to about 80 pN, DNA stretches elastically as does any
material (Figure 3(c)), i.e. following Hooke’s law: F =
Exqs; (Where Exq; = [ — [ is the increase in the length of
the molecule of initial length /). However, at about 65 pN,
a surprising transition occurs, where DNA stretches to
about 1.8 times of its crystallographic length. This
transition is highly cooperative, i.e. a small change in
force results in a large change in extension. To address the
possible structural modification in the results of DNA
molecule stretching, three stages are considered here.
When the external applying force is in the range of
10-65 pN (first stage), the energy required for twisting the
complementary base pairs is higher than the backbone’s
bending and torsional energies, and part of the work done
by the external force acting on the chain is accumulated in
the base-stacking and hydrogen bond’s virtual springs
(Figure 3(a),(b)). As the applied force is more increased
(second stage), the virtual base-stacking springs release
most of their absorbed energy because the distance
between the adjacent base pairs exceeds the limitation.
This will enforce the base pairs and the backbones to store
more energy, which causes the torque of the ds-DNA local
structure to overcome the backbone torsional rigidity and
the B—S conformational transition occurs. The exact
structure of the new ds-DNA molecule, which is indeed
~80% longer than B-DNA, depends on which extremities
of the DNA are being pulled (3’ — 3’or 5’ — 5'). If both 3’
extremities are being pulled, the double helix unwinds
upon stretching, but in the case of pulling both 5 ends, the
helical structure is preserved and characterised by a strong
base pair inclination, a narrower minor groove and a
diameter of roughly 30% less than that of B-DNA [33].
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In both cases, if the loading further increases (third stage),
the backbones are forced to absorb more energy by
stretching as an S-form DNA double helix in a linear
manner (Hooke’s law). Rupture of the molecule (by
unpairing of the bases) has been predicted to occur, as the
extension is more than twice that of B-DNA [34,35].

4. Conclusions

In this paper, we constructed an elastic mechanical model
for both the ss- and ds-DNA molecules through
experimental single-molecule manipulation. The key
to this progress was that the bending and torsional
deformations of the DNA backbones, the base-stacking
interactions and the hydrogen bond force between the
complementary base pairs were quantitatively considered
in this model. A general sequence-dependent elastic model
for both single- and double-stranded biopolymers was
proposed, and the effective bending and torsional rigidities
were determined to characterise their deformation. Based
on this robust model, further study may be warranted on
the mechanical response of ss- and ds-DNA molecules.
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