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The mechanical characteristics of the long-chain double-stranded DNA (dsDNA) molecule under
the axial stretching and lateral unzipping are studied by the clustered atomistic-continuum method
(CACM). The CACM consisted of the clustered atom method (CAM) and the atomistic-continuum
method (ACM). The CAM treats the specific atomic group as the superatom, and the ACM describes
the chemical binding energies between (super)atoms by virtual elements. The Newtonian based
model of the dsDNA includes the superatoms of the backbones/base pairs and the virtual elements
of the stacking energies/hydrogen bonds. The effective properties of the superatoms are numerically
extracted from the single-stranded DNA experiments. Good agreements were achieved between the
dsDNA numerical results and the single molecular experimental results. Via the simulation of
stretching dsDNA, the mechanical responses, including the twisting of the backbone and variation
of the elastic deformation energy and stacking energy, can be elucidated. Moreover, the predictive
capability of the dSDNA CACM model is then examined. Furthermore, the dsDNA model with
sequential information is subjected to the unzipping loading, and the in silico results reveal that the
sliding of the backbones and the sequential dependent mechanical responses. © 2007 American

Institute of Physics. [DOI: 10.1063/1.2715670]

I. INTRODUCTION

The single molecule manipulation techniques to measure
the basic physical properties of single-stranded DNA (ss-
DNA) and double-stranded DNA (dsDNA) were developed
rapidly during the last decade. This technique was successful
in discovering the interaction between dsDNA and
proteins/enzymes.] Smith et al.? have stretched the bacte-
riophage lambda DNA which is immersed in the aqueous
buffer to study the elastic properties of dSDNA by the dual-
beam optical tweezers system. They discovered that stretch-
ing the freely rotating dsDNA has exhibited a sharp struc-
tural transition under roughly 65 pN of tension. Leger et al’
have also discovered that the S-form DNA occurs at the
yielding point of DNA backbone while one stretch the freely
rotating or underwound dsDNA. However, due to the limita-
tion of the experimental resolution, the dynamic mechanical
interaction of the chemical bonds, such as the m-stacking
bonds and the hydrogen bonds, cannot be comprehensively
elucidated by the molecular-level experiments. To overcome
the limitations of the experiments, the molecular biology re-
searchers require an essentially accurate theoretical or nu-
merical model to analyze and predict the mechanical behav-
jor of the dsDNA molecule. Benham® had derived an
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analytical wormlike rod chain (WLRC) model for dsDNA
mechanics and Sarkar er al.’ had improved its accuracy.
These basic WLRC models can predict DNA’s mechanical
response under low stretching force. Zhou et al® proposed
the Zhou-Zhang-Ou-Yang (ZZO) model, which considers
the bending energy and the base pairs stacking energy of
dsDNA. The ZZO model can describe B-S structural transi-
tion under high stretching force, but it is hard to represent the
mechanical response under unzipping loading.
Consequently, we proposed a clustered atomistic-
continuum method (CACM), based on the Newtonian tran-
sient finite element method, to comprehensively investigate
the mechanical behavior of dsDNA under external loading,
as illustrated in Fig. 1. CACM combines the clustered atom-
istic method (CAM) and atomistic-continuum method
(ACM). The CAM treats specific clustered atoms as supera-
toms with feasible characteristic properties. In dsDNA
model, the nucleotides are treated as clustered elements, with
characteristic properties extracted from the ssDNA experi-
ments. The base-stacking energy and the hydrogen bond en-
ergy between the base pairs would be transformed into the
two kinds of virtual finite elements by the ACM. The dsDNA
mechanics behavior was implemented by the LS-DYNA3D
transient finite element system within affordable CPU time.
Compared with the molecule dynamics’ (MD) and the dissi-
pative particle dynamics® (DPD), the CACM could effi-
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FIG. 1. The illustration of the dSSDNA CACM model. (a) is the ACM model.
The stacking energy and the hydrogen bond energy are treated as the virtual
elements. (b) is the CAM model. The backbone and base pair of DNA are
treated as clustered beam-type element (superatoms).

ciently enlarge the numerical time step9 and enhance the geo-
metrical description of the clustered atomic groups
(superatoms) with feasible equivalent mechanical properties.

Il. THEORY

CACM is based on the transient finite element method,
which simulates the mechanical behavior of a deformable
body via minimizing the total potential energy. For a body B
composed of a set of material particles, we assume that the
particle X; occupies the position x; at time #,. Consequently,
the equation x;=X;+ ™u,(X;,t,) holds, where "u, is the defor-
mation of the position x; at time ¢,. Additionally, the balance
of the momentum of the body leads to the Cauchy equation
of motion. do;;/ dx;+f;=pii; holds in body at each time 1,
where the o;; denotes the Cauchy stress tensor, f; is the ex-
ternal force, and p; is the density. Therefore, one can gener-
ate the total potential energy of the body B' as

Ompli, = (OP™ 4 SPN" = 5P _, (1)

where P™ Pk and P! represent internal, kinematical, and
external loading energies. The o represents the virtual quan-
tities. The energy of external loading could be written as
"SPN=[4 AT, 0udA+ [y Af,éudV, where A, and V,, repre-
sent the area and the volume of body B at time ¢,, respec-
tively. The T, and f, denote the surface traction and body
force. Moreover, the internal energy and kinematical energy
could be expressed as “SP"M=[ Vntnaijﬁﬂsijdv and " SPNI
=[y, oup™ii;dV, where the &; denotes the Green-Lagrange
strain tensor.

To express the information of =i+ 1 based on the infor-
mation of r=i, the central difference method can be used.
One could obtain the velocity of t:i+% and the acceleration
of t=i as 1 (112)= (U —uy)/ At and ii;=[dh;, (12~ thi-(1)]/ At,
respectively. However, large Ar can induce the numerical
instability problem. In order to describe the phenomena of
wave propagation, each element should be capable to repre-
sent at least one full wave. Therefore, the upper bound of the
At can be expressed as
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l
Atcrit = min—e N (2)

e

At = oAty

where « is a safety constant, /, is the characteristic length of
the finite element, and c, is the wave speed.

The stacking energy occurs between the complementary
base pairs of the dSDNA molecule. Electron cloud interac-
tions (7-7) between bases in the helical stacks contribute
significantly to the stability of the double helix. The
12-6 Lennard-Jones (LJ) potential weak form with
folding angle is used to describe the stacking energy as
U(r)
=(e/r)[(cos py/cos p)'2=2(cos py/cos p)®], p=0, where &
is the base-stacking intensity, ry is the backbone arc length
between adjacent bases, and p, is the equilibrium distance
between DNA dimer.’ Therefore, based on the Crotti-
Engesser theorem and geometrical assumptions,11

one can
obtain the LJ potential force versus displacement,
£ JU(e) 12AU0(h0+Al cos (p0)7
e hy + Al
|1 <h0+Alcos cpo)6
ho+ Al
ho(1 -
x{ o(1 — cos @) } 3)
h tan @y(hg + Al cos @)

where [y, hy, and ¢, represent the initial specific length, base
pair height, and folding angle of the dsDNA, respectively.
Equation (3) is represented as Fig. 2(a).

The hydrogen bond force is the interaction between
complementary bases. Moreover, the GC base pair has three
hydrogen bonds and AT has two. In the dsDNA CACM mod-
eling, the three/two hydrogen bonds in GC/AT are replaced
by only one virtual element, with the axial, shear, moment,
and torsion stiffness as a function of the distance (R,) and the
angle (6,4;) between the donor and the acceptor. The single
hydrogen bond energy could be expressed as E(R;,0)
=3 AD([5(Ro/R)"*~6(Ry/R;)'*Jcos* 8,;;. Furthermore, we
assume that the distances of the hydrogen bonds are the same
along the dsDNA, the B-form DNA have the lowest hydro-
gen bond potential and D-H-A as a straight line, and the
hydrogen atom always at the center of the hydrogen bond at
initial state. Through the Crotti-Engesser theorem and geo-
metrical assumptions,“ the reaction forces/bending moments
could be expressed as

14
F] = E C(],l)a_E(RO + d.xi, 00 + dﬁi), (4)
i Xi

where i, j, and C; ;) represent the number of hydrogen bonds,
different kinds of reaction forces/bending moments/torque,
and weighting coefficients, respectively. Note that x; is the
displacement along the hydrogen bond direction. The 6, is
the angle change between the donor and acceptor, and 6;
=f;(dx), where f is the specific function with respect to j.
Equation (4) is represented as Figs. 2(b)-2(e).
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FIG. 2. The stiffness of the virtual elements. (a) is the virtual elements of the stacking energy with the folding angle equals 55°. (b) and (c) are the GC and
AT axial and shear stiffness plots, respectively. (d) and (e) are the GC and AT bending and torque stiffness plots, respectively.

Ill. MODELING

The geometry of dsDNA is initially assumed as the
double helix (B-form dsDNA) based on the helix function.
As shown in Fig. 1(a), the force fields of the stacking and the
hydrogen bond energies (Fig. 2) are added into the dsDNA
model as the virtual elements. Moreover, two kinds of su-
peratoms are used in the model. One is the combination of
single phosphated based and five-carbon sugar, and the other
represents the base pair, as indicated in Fig. 1(b). Notably,
the beam-type finite element, with the reaction force of axial,
shearing, moment, and torque, is applied to describe the be-
havior of the backbone and base pair superatoms.

The effective properties of these superatoms can be ex-
tracted from the experimental data of the ssDNA, because
the base-stacking energy and hydrogen bond energy of ss-
DNA are neglectable. To simulate the experimental condition
of stretching ssDNA, one end of the molecule was fixed and
the other end was applied a prescribed displacement, as in-
dicated in Fig. 3(a). For simplicity, the initial geometrical
conformation of ssDNA is assumed as the B-form DNA and
the super coiled behavior is neglected, as indicated in Fig.

(c)

==AT Bending

=BT Torque
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Angle (rad)
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(e)

3(b). The experimental results of ssDNA in phosphate
buffer”'? were chosen as the benchmark to modify the effec-
tive elastic modulus of clustered backbone elements. Regard-
ing to the numerical stability, the time step of the transient
finite element computing is chosen as the smallest time step
through the model at each different state, as shown in Eq.
(2). The two peaks of simulation results which are shown in
Fig. 3(c) occur while the local structural rotation of the ss-
DNA backbone is happening,]2 but the experimental mea-
surement cannot sense these responses because of the reso-
lution limitation.

The experimental and simulated results are shown as the
black and red lines in Fig. 3(c), respectively. The effective
densities, elastic moduli, and diameters for the backbone/
base pair clustered element are 6.25X1073/5.00
X 1073 (g/nm?), 3940/15 000 (pN/nm?), and 0.5/0.5 (nm),
respectively. Besides, the interactions of water and ions onto
the dsDNA molecule are equivalent to the effective param-
eters of the superatoms, and this also causes why the value of
the effective parameters are much larger than the realistic
ones. The mechanical response of the dsDNA and ssDNA

FIG. 3. The ssDNA model and the simulation results.
(a) is the schematic illustration of ssDNA boundary
conditions. (b) is segmental view of ssDNA model. (c)
is the simulation results.
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model which is shown in the previous single molecular ex-
perimental results™>" reveals that the molecules exhibit
similar response under similar environments. Hence, under
similar environments, the effective parameters of both ss-
DNA and dsDNA are assumed to be the same.

IV. STRETCHING dsDNA

The dsDNA CACM model with 147 base pairs is estab-
lished to simulate the dsDNA under the axial stretching
loading,9 and both the freely rotating and both-strands-fixed
boundary conditions are considered.

In the simulation of the freely rotating dsDNA, one end
of specific strand is fixed and a prescribed displacement is
applied to the other end of another strand, as illustrated in
Fig. 4(a). The CACM dsDNA model with proper boundary
and loading conditions is then solved by the transient finite
element solver Ls-DYNA'* based on Eqs. (1) and (2). The
reacted forces, sensed by the bottom fixed point versus the
external applied displacement, are shown in Fig. 4(c). The
extension axis of Fig. 4(c) indicates the ratio of dSDNA de-
formation to the standard B-form DNA. A good agreement
was achieved between the numerical and the experimental
results. Note that we assume that the dsDNA molecule,
which is longer than the persistence length (~147 base
pairs), will exhibit the similar mechanical response. The pe-
riodic boundary conditions are applied at the two ends of
dsDNA model. Also, the information of dsDNA at low ap-
plied forces (<1 pN) is ignored because the mechanical
characteristics at large applied forces (5~ 100 pN) are fo-
cused. Furthermore, the dSDNA model with 147 base pairs is
used because of the issues around the computation time.

(d)

Through the simulation results, we can classify the me-
chanics of the dsDNA under stretching as three main stages
as follows:

 (First stage) When external loading was first applied to
the B-form DNA (B-DNA), the base pairs and hydro-
gen bond transfer the mechanical forces, bending mo-
ments, and torque between the two backbones. Both
the backbone and the base-stacking virtual element in-
herited uniform reactant forces. Additionally, the tor-
sional rigidity of the dsDNA backbones resisted the
twisting of the complementary base pairs. Accord-
ingly, the geometry of the dSDNA remained as B-DNA
in this stage without any structural transition.

e (Seconds stage) As the external force was increased,
the stacking reactant force between the adjacent base
pairs also increased. When the distance between the
adjacent base pairs exceeded the limitation, the base-
stacking virtual element would fail [Fig. 4(d)]. More-
over, the failure order of the stacking virtual elements
will follow the geometrical location of these elements
from loading end to the fixed end, as shown in Fig.
4(d). The B-S transition occurred at approximately
65 pN of tension. Meanwhile, the torque of the ds-
DNA local structure overcame the backbone torsional
rigidity and began untwisting the double helix. The
untwisting started from the base pair nearest to where
the external force was applied, and propagated along
the remaining parts of the dsDNA.

e (Third stage) If the loading further increases, the ds-
DNA would be stretched as the ladder S-form DNA. In
this stage, the base pairs and hydrogen bond transfer
the mechanical forces/bending and moments/torque
between the two backbones. The simulation depicted
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FIG. 5. The both-strands-fixed dsSDNA CACM under the both-strands-fixed
condition and the simulation result. (a) is the schematic illustration the
boundary conditions. (b) is the simulation results.

that the backbones will inherit most of the reactant
axial forces which are induced by the external load-
ings. Moreover, the base pairs will inherit most of the
reactant torques which are induced by the structural
transition (untwisting of the double helix at second
stage).

Moreover, the boundary condition of the both strands
fixed, as illustrated in Fig. 5(a) is then applied to the dsDNA
model. Nodes at bottom of two strands are fixed in all de-
grees of freedom in the both-strands-fixed dsDNA simula-
tion. Figure 5(b) shows the numerical results of the both-
strands-fixed dsDNA, where the extension is defined as the
ratio of the deformed length to the standard B-form DNA,
and the reaction force is extracted from the summation of the
bottom fixed nodes. The experimental results indicated that
the both-strands-fixed dsDNA exhibits a higher plateau about
110 pN than the freely rotating one. Moreover, the simula-
tion results coincide the experimental results with the maxi-
mum difference of the reaction force about 12.6% (at exten-
sion equals 1.33, far away from the plateau). Both the
numerical simulation and the analytical predictions‘13 indi-
cate that the B-S transition would occur during stretching the
both-strands-fixed dsDNA, which is similar to the freely ro-
tating one. Three structural transition stages could be appar-
ently defined as the B-form dsDNA in stretching, B-S tran-
sition, and the S-form dsDNA in stretching.

Due to the fact that the initial configuration of the ds-
DNA model is assumed as B-DNA, both simulation results
of freely rotating and both strands fixed exhibit the similar
response at lower applied force. Moreover, both simulations
[Figs. 4(c) and 5(b)] show differences between the computed
and the measured forces near the beginning of second stage,
and the possible reasons are as follows:

e These fluctuations can be filter by the long chain of
dsDNA and the bead of the optical tweezers. There-
fore, the experimental results did not show the fluctua-
tions during the structural transition stage.

* The mechanical characteristics of backbone and base
pairs, as well as the potential function of stacking en-
ergy and hydrogen bonds, are assumed the same
throughout the simulation of first, second, and third

J. Appl. Phys. 101, 074702 (2007)
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FIG. 6. The boundary and loading conditions of the unzipping dsDNA. (a)
is the illustration plot of the boundary condition of dsDNA. Point A is fixed,
and point B applied a prescribed motion toward to the right hand side. The
reaction force could be sensed by point A, and the numerical results could be
compared with the experimental results. (b) is the simulated deformation of
the dsDNA molecule under the unzipping loadings.

stages. The local chemical/physical variations of ds-
DNA during the structural transition are not presented
in the numerical model.

V. UNZIPPING dsDNA

Based on the aforementioned CACM dsDNA model, we
studied the mechanical characteristics of the unzipping
dsDNA. During gene expression, the base pairs are opened
by the DNA enzyme or protein. Moreover, the opening pro-
cess of the dsDNA is defined as the unzipping process in
vitro. To simulate the unzipping dsDNA experiment, = * we
implemented the boundary conditions as demonstrated in
Fig. 6(a), and the expected deformation of the unzipping
dsDNA is shown in Fig. 6(b). A prescribed motion, which is
strictly proportional to the simulation time, is applied to the
unzipping dsDNA CACM model. To understand the sequen-
tial dependent mechanical response, the GC-rich and AT-rich
dsDNA CACM models are established. Moreover, the con-
tact algorithm is applied onto the backbone to prevent the
numerical penetration of the clustered elements.

The deformation shapes of GC-rich and AT-rich models
are demonstrated in Table I. The maximum prescribed mo-
tion applied onto the model is approximately the length of
the dsDNA model (42 base pairs). The sensed forces at the
fixed point of the GC rich and AT rich are 24.85 and
12.8 pN, respectively, and these numerical results are quite
similar to the experimental ones, which are 20+3 and
9+3 pN.'®

Figure 7(a) reveals the total energy of the GC-rich and
AT-rich molecule, and the results depict that the GC-rich
dsDNA can absorb more energy than the AT-rich one, be-
cause GC has three hydrogen bonds and AT has two. Addi-
tionally, [Fig. 7(a)] in the slope of the first few prescribed
motion (<0.5 nm), two energy curves are overlapped be-
cause the external loadings are mainly absorbed by the back-
bones. Regarding to the stiffness of the virtual elements
shown in Figs. 2(b)-2(e), the axial stiffness of GC and AT is
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TABLE I. The numerical results of the geometrical deformation of GC-rich and AT-rich
dsDNA CACM model in unzipping loading (side view).
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much higher than the others, and this also indicated that the
failure of the hydrogen bond virtual elements can be shear-
ing, moment, and torque. In the energy of the hydrogen
bonds shown in Fig. 7(b), we discover that both the GC can
reserve more energy than the AT. The hydrogen bond energy
of the GC-rich model also depicts that the two plateaus occur
at prescribed motion of approximately 4 and 12 nm [in the
horizontal axis of Fig. 7(b)] because of the sliding of back-
bones. Owing to the fact that AT bond has lower stiffness

- GC-rich
300+ e A T-rich

M
[24]
=
i

200

150+

100+

Total Energy (pN-nmj

o
=
i

0 2 4 6 8 10 12 114 16
Prescribed Motion {nm)

@)

—GC-rich

— AT-rich

oS o~
=1

[}
=] =]

-
[— I

Force sensed at the fixed end (pN)
Ey
=

0 2 4 6 8 10 12 14 16
Prescribhed Motion (nm)

(c)

‘w‘b«; :@_.v )

than GC bond does the AT-rich model also depicts the two
plateaus at prescribed motion of approximately 2 and 6 nm
[shown in the horizontal axis of Fig. 7(b)]. The force re-
sponses which are obtained by the fixed node of GC-rich and
AT-rich dsDNA is illustrated in Fig. 7(c). The simulation
shows that the force AT-rich molecule is stable after the
breaking of the hydrogen bonds. The contact energy plot
[Fig. 7(d)] apparently depicts that both the two backbone of
the GC-rich and AT-rich dsDNA would approach each other
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FIG. 7. The numerical results of unzipping GC-rich and AT-rich dsDNA. (a) is the total energy of the molecule plot. The diagram shows that the GC-rich
molecule can restore more energy. The slope of the first few prescribed motion are the same because the external energy is absorbed by the backbone. (b) is
the energy plot of the hydrogen bond. (c) Reaction force of the fixed end. (d) is the contact energy of the whole CACM model. After the contact occurs, the
energy of hydrogen bond remains stable about 25 and 8.5 pN nm, which is approximately 0.24 and 0.08 eV for GC-rich and AT-rich molecule.
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FIG. 8. The simulation results of dsSDNA of bacteriophage lambda phage sequence. (a) is the opening geometrical plot. (b) is the reaction force (at the fixed
end) vs the prescribed motion. (c) is the hydrogen bond response vs the prescribed motion.

and invoke the contact algorithm during the unzipping load-
ing. The two backbones would not penetrate each other be-
cause of the Pauli’s exclusive principle, however, the simu-
lation depicted that two backbones would slide along each
other. Moreover, the GC-rich dsDNA exhibits higher contact
energy because the breaking of the GC bond favored the
shearing direction more than the axial direction [as shown in
Figs. 2(b) and 2(d)], and this phenomena would drive the
GC-rich dsDNA to rotate and induce the contact of the two
backbones. Mathematically speaking, the unzipping is one of
the linking number releasing processes and the linking num-
ber is the summation of the twisting and writhing number.'
The ratio of the twisting and writhing depends on the struc-
tural rigidity of the molecule. For a short dsDNA fragment
(<20 base pairs), the releasing of the writhing number will
dominate the unzipping process. On the contrary, the linking
number of the long dsDNA will be released by the twisting.

Based on the validated dsDNA CACM model, we
modify the dsSDNA CACM model and import the sequential
information of the bacteriophage lambda phage. The se-
quence we used is CTTTTAAAAG TATTTATCGC
TTTTGGGCGC TCCAGCGGCG G, which follows the
opening direction. The sequence consists of 50% GC/AT
pairs. The said model is subjected to the similar boundary
and loading conditions as unzipping model. The simulated
deformation shape of the sequential dSDNA CACM model
under unzipping loading is illustrated in Fig. 8(a), where the
pink bar represents the failure of the virtual AT hydrogen
bond element. Based on the failure order of the hydrogen
bond virtual elements, we discover that the AT pair fails prior
to the GC pair (the dark yellow bar) after the backbones slide
along each other. Therefore, the hydrogen bond between the

base pairs would fail due to the fact that the combination of
the axial force, shear force, bending moment, and the torque
exceeds the critical criteria. The plot of the sensed force
versus prescribed displacement is shown in Fig. 8(b). The
peak of the force curves at the initial loading is because the
loadings are suddenly exerted on the specific node in the
numerical model. The information of the sensed force curve
comprised the AT/GC pair mechanical response and the me-
chanical characteristic of the opened ssDNA backbone. Fig-
ure 8(c) shows the order of failure of the hydrogen bond as a
function of the prescribed motion, and a sequential breaking
of the AT bond can be observed. The force curve can be
categorized as two plateaus which represent the AT-rich and
GC-rich parts of A-phage sequence as shown in Fig. 8(b).

VI. CONCLUSIONS

The clustered atomistic-continuum method (CACM) is
proposed to simulate the mechanical characteristics of the
dsDNA under stretching and unzipping loading. The CACM
consisted of the clustered atom method (CAM) which treats
the specific atomic groups as the superatoms, and the
atomistic-continuum method (ACM) which describes the
chemical binding energy between (super)atoms. The experi-
mental results of the ssDNA mechanical characteristics are
used to extract the effective parameters of superatoms. The
force fields of hydrogen bond and stacking energies are
transformed into virtual elements. The simulation results of
the freely twisting dsDNA demonstrate good agreements to
the experimental results. Moreover, the structural transition
of the dsDNA can be visualized and can be classified as three
main stages, including B-form dsDNA in stretching, B-S
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structural transition, and S-form dsDNA in stretching. Fur-
thermore, the both-strands-fixed dsDNA is analyzed and
similar mechanical response is discovered.

The dsDNA CACM model is then applied to the unzip-
ping loading to study the mechanical difference between se-
quential information. For GC-rich and AT-rich sequences, the
sensed opening force of dsDNA obtained by the numerical
simulations are 24.8 and 12.8 pN (in average), where the
experimental results are (20+3) and (9+3) pN, respectively.
Moreover, the sliding of the backbones during the unzipping
loading is demonstrated by the simulation. Afterwards, the
mechanical response of dsSDNA CACM model of the bacte-
riophage lambda phage sequence is then studied. The simu-
lation reveals that the sequential difference can induce the
different mechanical characteristics. Therefore, the dsDNA
CACM model has the capability to simulate the dsDNA un-
der various loading/boundary conditions in silico.
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