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What can oxDNA do?
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Capture biophysical processes

1 Structural
2 Thermodynamic
3 Mechanical
4 Can be simulated on

diffusive time-scales

Quantitative reproduction of
phenomena not fitted

1 Kinetics of toehold mediated
strand exchange

2 Overstretching force of
duplex DNA

Insight into dynamic processes

1 hybridization
2 strand exchange
3 hairpin formation

Response to mechanical stress

1 stretching
2 twisting
3 bending
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The model treats DNA as:
1 A string of rigid nucleotides
2 Which interact through

potentials
3 Which depend on the

position and orientation of
the nucleotides
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The interactions are:
1 Sugar-phosphate backbone

connectivity,
2 Excluded volume,
3 Hydrogen bonding,
4 Nearest-neighbour stacking,
5 Cross-stacking between

base-pair steps in a duplex,
6 Coaxial stacking.
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The form of internucleotide potential:

VoxDNA =∑
<ij>

(Vb. b. + Vstack + Vexc′) +
∑

i ,j /∈<ij>
(VHB + Vcr.st. + Vexc + Vcx.st.)
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to predict. Stacking is partly driven by the hydrophobic char-
acter of the bases, but correctly describing hydrophobicity is far
from straightforward and is known to often have a strong
entropic component.76 Therefore, it would be unsurprising if
an entropic component to the stacking would be required to
account for the contribution from hydrophobicity.

The second issue that needs careful consideration when
designing a coarse-grained model is the detailed forms used to
describe the interactions, with physically sensible choices of
these forms being a prerequisite for a good model. Here, we
highlight what we think are key aspects of any model.

One important feature is the origin of the helicity of dsDNA
and the flexibility of ssDNA. Of course, all models should have
the double helical B-DNA geometry as the global free-energy
minimum of complementary strands below their melting point.
One way to achieve this is to have the B-DNA geometry as the
minimum of all the individual interactions. However, this
choice may have significant consequences for the structure of
ssDNA. In particular, this approach can lead to a backbone
torsional potential that imposes helicity on a single DNA
strand, and hence to an unphysically rigid helical geometry
for ssDNA.53,55,56 In fact, DNA’s helicity results from the com-
bined constraints of the backbone and the stacking interaction,
and, in particular, the difference in distance between the
separation of stacked bases (3.4 Å) and that typical for the
separation of nucleotides along the DNA backbone (approxi-
mately B6.5 Å), with a (double) helix being the most favour-
able way of satisfying both.77 Thus, a model that achieves
duplex helicity through these two distance scales has the
advantage that ssDNA when unstacked is flexible and can kink
sharply, although it can still also adopt a helical geometry when
stacked.

Interestingly, a recent coarse-grained model for dsDNA that
was derived by rigorous fitting to extensive all-atom simulations
indicated that the individual interactions are not all optimally
satisfied in the B-DNA structure.39 The ‘‘frustration’’ that
results may be key to explaining non-local effects of sequence
on the double helical structure,39 and may also be important to
capture the thermodynamic destabilization of the duplex that
arises from mismatches.68

A second important feature is to capture the anisotropic
nature of the interactions between bases, both for stacking and
hydrogen bonding. As noted already, if a base is represented by
a single site without orientational degrees of freedom, there is
the potential problem that it will be hard to capture the entropy
loss associated with stacking. Furthermore, Watson–Crick
base-pairing interactions should be able to occur to one other
base, when the bases are coplanar and the chains are anti-
parallel. However, if the description of the hydrogen-bond
interaction between base sites is isotropic,53,55–57 there is the
possibility that the ‘‘single-valent’’ nature of Watson–Crick base
pairing can be broken. For example, this is exactly what
Florescu and Joyeux found to occur for the 3SPN model of de
Pablo and coworkers53,55,56 for a polydA–polydT duplex. The
two strands spontaneously slip by half a base-pair rise with
respect to each other so that each base can bind two bases on

the complementary strand.78 Note that this effect is normally
prevented by the heterogeneity of a sequence.

In summary, although there are now a considerable number
of coarse-grained DNA models available, most are less suited to
studying the self-assembly processes associated with DNA
nanotechnology, because either they do not meet all the
requirements set out at the beginning of this section or their
behaviour has not yet been sufficiently well characterized. Of
course, this is not to say that these models do not have their
own domains of applicability where they can be productively
used. OxDNA, the coarse-grained model created in our groups
in Oxford, was developed with such nanotechnological applica-
tions explicitly in mind, and it is our contention that it is
currently the most well-suited model for simulating DNA
nanotechnology; it is also the model that has been applied to
the most DNA nanotechnology systems.25,30,31 Therefore, for
the rest of the article we focus on this model.

Nevertheless, we note that if one is only interested in the
structural properties of DNA nanotechnology systems, other
simulation approaches can potentially be used. For example, if
the system is sufficiently small it may be possible to use all-
atom simulations, as has been done for a few examples.79,80

Also for structures in which all the bases are hybridized, coarse-
grained models that describe the double-helical structure well
could potentially be applied, as long as the effects of junctions
can be incorporated into the model. For example, the rigid
base-pair model of ref. 33 has been adapted to probe the
structure of DNA origamis,81 and the CanDo package, which
assumes that double helices behave like elastic rods, is a
useful resource for predicting DNA origami structure and
flexibility.82,83

3 The oxDNA model

In the oxDNA model each nucleotide is represented by a rigid
nucleotide that consists of a set of collinear interaction sites
and a vector that is perpendicular to the notional plane of the
base (see Fig. 1(a)). The aim of the vector is to capture the
planarity of the base through the orientational dependence of
the interactions rather than through additional sites. This
orientational dependence allows the model to represent the

Fig. 1 (a) A representation of the rigid nucleotides that are the basic unit of the
oxDNA coarse-grained model. The bases are represented by an ellipsoid to reflect
the orientational dependence of the interactions. (b) Three strands in an 11-base-
pair double helix with stabilising interactions indicated in the inset. All nucleo-
tides also interact through short-ranged excluded-volume repulsions.
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oxDNA Model1

1Thomas E Ouldridge (2012). “Coarse-grained modelling of DNA and DNA self-assembly”. In: url:
http://www.lavoisier.fr/livre/notice.asp?id=2XKW32AOARXOWE.
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Figure 2.3: Illustration of the variables used to parameterize the potential. Not shown in this diagram are
the chirality inducing terms cos(�1), cos(�2), cos(�3) and cos(�4), which are discussed in detail in Sections
2.4.2 and 2.4.2. It is convenient to define each pairwise interaction as if one nucleotide (coloured red in this
picture) is being influenced by the other (coloured black): this allows each angle to be well-defined when
calculating forces and torques. When calculating the energy, of course, the final result does not depend on
the labelling of nucleotides. I define ✓2, ✓5 and ✓7 as being measured with respect to the orientation of the
red nucleotide, and ✓3, ✓6 and ✓8 with respect to the orientation of the other nucleotide.
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defined by the cross product of the normal and backbone-base vectors of the labelled and

unlabelled nucleotides respectively.

• Labelled nucleotide in the 50 direction: cos(�1) = y.�r̂backbone, cos(�2) = ỹ.�r̂backbone.

• Labelled nucleotide in the 30 direction, cos(�1) = �y.�r̂backbone, cos(�2) = �ỹ.�r̂backbone.

When the stack forms in a right-handed fashion, cos(�1) and cos(�2) will be negative (this

result relies on the fact that stacking normals must point in the 30 to 50 direction).

Hydrogen bonding

DNA bases can undergo hydrogen bonding with each other, most commonly along the

‘Watson-Crick’ faces (the edge of the base furthest from the sugar group), with the planes

of the bases approximately antiparallel. When taken in conjunction with stacking, the result

is the famous B-DNA double helix. The model reproduces base-pairing through the VHB

term, which incorporates a radial term dependent on the separation of hydrogen-bonding

sites, �rHB. This interaction is modulated by terms that encourage the co-linear alignment

of all four backbone and hydrogen-bonding sites (quantified by the angles ✓1, ✓2, and ✓3).

A further factor is included to encourage the planes of bases to be antiparallel (measured

by ✓4). Finally, terms are included that penalize pairs in which the separation of bonding

sites is far from orthogonal with the base normals (these angles are ✓7 and ✓8). This final

term tends to have only a small role for correctly formed base pairs, but is important in

minimizing hydrogen bonding between bases that are not opposite each other in the helix.

VHB = f1(�rHB, ✏NB, aHB, �r0
HB, �rc,low

HB , �rc,high
HB , �rlow

HB , �rhigh
HB )

⇥ f4(✓1, aHB,1, ✓
0
HB,1, �✓?HB,1) f4(✓2, aHB,2, ✓

0
HB,2, �✓?HB,2)

⇥ f4(✓3, aHB,3, ✓
0
HB,3, �✓?HB,3) f4(✓4, aHB,4, ✓

0
HB,4, �✓?HB,4)

⇥ f4(✓7, aHB,7, ✓
0
HB,7, �✓?HB,7) f4(✓8, aHB,8, ✓

0
HB,8, �✓?HB,8).

(2.17)

Cross-stacking

Vcross stack represents cross-stacking interactions between a base in a base pair and nearest-

neighbour bases on the opposite strand, providing additional stabilization of the duplex [133,

134]. Here it is incorporated through a potential which is a function of the distance between

29

• The radial part of the stacking and hydrogen-bonding potentials:

f1(r) =

8
>>><
>>>:

VMorse(r, ✏, r
0, a) � VMorse(r

c, ✏, r0, a)) if rlow < r < rhigh,

✏Vsmooth(r, b
low, rc,low) if rc,low < r < rlow,

✏Vsmooth(r, b
high, rc,high) if rhigh < r < rc,high,

0 otherwise.

(2.7)

• The radial part of the cross-stacking and coaxial stacking potentials:

f2(r) =

8
>>><
>>>:

Vharm(r, k, r0) � Vharm(rc, k, r0) if rlow < r < rhigh,

kVsmooth(r, b
low, rc,low) if rc,low < r < rlow,

kVsmooth(r, b
high, rc,high) if rhigh < r < rc,high,

0 otherwise.

(2.8)

• The radial part of the excluded volume potential:

f3(r) =

8
><
>:

VLJ(r, ✏, �) if r < r?,

✏Vsmooth(r, b, r
c) if r? < r < rc,

0 otherwise.

(2.9)

• The angular modulation factor used in stacking, hydrogen-bonding, cross-stacking and

coaxial stacking:

f4(✓) =

8
>>><
>>>:

Vmod(✓, a, ✓0) if ✓0 � �✓? < ✓ < ✓0 + �✓?,

Vsmooth(✓, b, ✓
0 � �✓c) if ✓0 � �✓c < ✓ < ✓0 � �✓?,

Vsmooth(✓, b, ✓
0 + �✓c) if ✓0 + �✓? < ✓ < ✓0 + �✓c,

0 otherwise.

(2.10)

• Another modulating term which is used to impose right-handedness (e↵ectively a one-

sided modulation):

f5(�) =

8
>>><
>>>:

1 if x > 0,

Vmod(x, a, 0) if x? < x < 0,

Vsmooth(x, b, xc) if xc < x < x?,

0 otherwise.

(2.11)

2.4.2 Interactions

The functional forms of Section 2.4.1 are combined to produce a potential for model DNA:

V =
X

nn

�
Vbackbone + Vstack + V 0

exc

�

+
X

other pairs

�
VHB + Vcross stack + Vcoaxial stack + Vexc

�
.

(2.12)

Here the sum over nn runs over consecutive bases within strands. For illustrations of the

degrees of freedom to which the potential is applied, refer to Figure 2.3.
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• The radial part of the stacking and hydrogen-bonding potentials:

f1(r) =

8
>>><
>>>:

VMorse(r, ✏, r
0, a) � VMorse(r

c, ✏, r0, a)) if rlow < r < rhigh,

✏Vsmooth(r, b
low, rc,low) if rc,low < r < rlow,

✏Vsmooth(r, b
high, rc,high) if rhigh < r < rc,high,

0 otherwise.

(2.7)

• The radial part of the cross-stacking and coaxial stacking potentials:

f2(r) =

8
>>><
>>>:

Vharm(r, k, r0) � Vharm(rc, k, r0) if rlow < r < rhigh,

kVsmooth(r, b
low, rc,low) if rc,low < r < rlow,

kVsmooth(r, b
high, rc,high) if rhigh < r < rc,high,

0 otherwise.

(2.8)

• The radial part of the excluded volume potential:

f3(r) =

8
><
>:

VLJ(r, ✏, �) if r < r?,

✏Vsmooth(r, b, r
c) if r? < r < rc,

0 otherwise.

(2.9)
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>>><
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Vsmooth(✓, b, ✓
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Vsmooth(✓, b, ✓
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approximately 3.4 Å) and one unit of energy is equal to E = 4.142⇥10�20 J (or equivalently,

kT at T = 300 K corresponds to 0.1E).

2.4 The potential

2.4.1 Functional forms

The potential used to model DNA consists of a sum of terms designed to represent physical

interactions, such as excluded volume, base-stacking and hydrogen bonding. These terms

are constructed from the functions given below:

• FENE spring (used to connect backbones):

VFENE(r, ✏, r0, �) = � ✏

2
ln

✓
1 � (r � r0)2

�2

◆
. (2.1)

• Morse potential (used for stacking and H-bonding):

VMorse(r, ✏, r
0, a) = ✏

�
1 � exp (�(r � r0)a)

�2
. (2.2)

• Harmonic potential (used for cross-stacking and coaxial stacking):

Vharm(r, k, r0) =
k

2

�
r � r0

�2
. (2.3)

• Lennard - Jones potential (used for soft repulsion):

VLJ(r, ✏, �) = 4✏

✓⇣�
r

⌘12

�
⇣�

r

⌘6
◆

. (2.4)

• Quadratic terms (used for modulation):

Vmod(✓, a, ✓0) = 1 � a(✓ � ✓0)2. (2.5)

• Quadratic smoothing terms for truncation:

Vsmooth(x, b, xc) = b(xc � x)2. (2.6)

These functional forms are combined to give the following truncated, smooth and di↵er-

entiable functions:
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Structural Properties
pitch, base-pair rise and radius, propeller twist, and distinction
between major and minor grooves (new! see example in oxDNA
folder MAJOR MINOR GROOVING)
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to predict. Stacking is partly driven by the hydrophobic char-
acter of the bases, but correctly describing hydrophobicity is far
from straightforward and is known to often have a strong
entropic component.76 Therefore, it would be unsurprising if
an entropic component to the stacking would be required to
account for the contribution from hydrophobicity.

The second issue that needs careful consideration when
designing a coarse-grained model is the detailed forms used to
describe the interactions, with physically sensible choices of
these forms being a prerequisite for a good model. Here, we
highlight what we think are key aspects of any model.

One important feature is the origin of the helicity of dsDNA
and the flexibility of ssDNA. Of course, all models should have
the double helical B-DNA geometry as the global free-energy
minimum of complementary strands below their melting point.
One way to achieve this is to have the B-DNA geometry as the
minimum of all the individual interactions. However, this
choice may have significant consequences for the structure of
ssDNA. In particular, this approach can lead to a backbone
torsional potential that imposes helicity on a single DNA
strand, and hence to an unphysically rigid helical geometry
for ssDNA.53,55,56 In fact, DNA’s helicity results from the com-
bined constraints of the backbone and the stacking interaction,
and, in particular, the difference in distance between the
separation of stacked bases (3.4 Å) and that typical for the
separation of nucleotides along the DNA backbone (approxi-
mately B6.5 Å), with a (double) helix being the most favour-
able way of satisfying both.77 Thus, a model that achieves
duplex helicity through these two distance scales has the
advantage that ssDNA when unstacked is flexible and can kink
sharply, although it can still also adopt a helical geometry when
stacked.

Interestingly, a recent coarse-grained model for dsDNA that
was derived by rigorous fitting to extensive all-atom simulations
indicated that the individual interactions are not all optimally
satisfied in the B-DNA structure.39 The ‘‘frustration’’ that
results may be key to explaining non-local effects of sequence
on the double helical structure,39 and may also be important to
capture the thermodynamic destabilization of the duplex that
arises from mismatches.68

A second important feature is to capture the anisotropic
nature of the interactions between bases, both for stacking and
hydrogen bonding. As noted already, if a base is represented by
a single site without orientational degrees of freedom, there is
the potential problem that it will be hard to capture the entropy
loss associated with stacking. Furthermore, Watson–Crick
base-pairing interactions should be able to occur to one other
base, when the bases are coplanar and the chains are anti-
parallel. However, if the description of the hydrogen-bond
interaction between base sites is isotropic,53,55–57 there is the
possibility that the ‘‘single-valent’’ nature of Watson–Crick base
pairing can be broken. For example, this is exactly what
Florescu and Joyeux found to occur for the 3SPN model of de
Pablo and coworkers53,55,56 for a polydA–polydT duplex. The
two strands spontaneously slip by half a base-pair rise with
respect to each other so that each base can bind two bases on

the complementary strand.78 Note that this effect is normally
prevented by the heterogeneity of a sequence.

In summary, although there are now a considerable number
of coarse-grained DNA models available, most are less suited to
studying the self-assembly processes associated with DNA
nanotechnology, because either they do not meet all the
requirements set out at the beginning of this section or their
behaviour has not yet been sufficiently well characterized. Of
course, this is not to say that these models do not have their
own domains of applicability where they can be productively
used. OxDNA, the coarse-grained model created in our groups
in Oxford, was developed with such nanotechnological applica-
tions explicitly in mind, and it is our contention that it is
currently the most well-suited model for simulating DNA
nanotechnology; it is also the model that has been applied to
the most DNA nanotechnology systems.25,30,31 Therefore, for
the rest of the article we focus on this model.

Nevertheless, we note that if one is only interested in the
structural properties of DNA nanotechnology systems, other
simulation approaches can potentially be used. For example, if
the system is sufficiently small it may be possible to use all-
atom simulations, as has been done for a few examples.79,80

Also for structures in which all the bases are hybridized, coarse-
grained models that describe the double-helical structure well
could potentially be applied, as long as the effects of junctions
can be incorporated into the model. For example, the rigid
base-pair model of ref. 33 has been adapted to probe the
structure of DNA origamis,81 and the CanDo package, which
assumes that double helices behave like elastic rods, is a
useful resource for predicting DNA origami structure and
flexibility.82,83

3 The oxDNA model

In the oxDNA model each nucleotide is represented by a rigid
nucleotide that consists of a set of collinear interaction sites
and a vector that is perpendicular to the notional plane of the
base (see Fig. 1(a)). The aim of the vector is to capture the
planarity of the base through the orientational dependence of
the interactions rather than through additional sites. This
orientational dependence allows the model to represent the

Fig. 1 (a) A representation of the rigid nucleotides that are the basic unit of the
oxDNA coarse-grained model. The bases are represented by an ellipsoid to reflect
the orientational dependence of the interactions. (b) Three strands in an 11-base-
pair double helix with stabilising interactions indicated in the inset. All nucleo-
tides also interact through short-ranged excluded-volume repulsions.
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Features

1 Molecular and Brownian dynamics
2 Monte Carlo simulations
3 Regular Metropolis Monte Carlo simulations
4 Additional interactions: oxDNA can be extended to simulate

additional pairwise potentials.
5 External forces: In order to favor motif formation or to mimic

different external environments, different kind of forces can be
applied to nucleotides or points in space.

6 Standalone single- and double-strand generator
7 Output converter
8 Cadnano converter
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“Introducing improved structural
properties and salt dependence into a
coarse-grained model of DNA.”,2015

1 “Coarse-graining DNA for simulations of DNA
nanotechnology.”,2013

2 “Introducing improved structural properties and salt dependence
into a coarse-grained model of DNA.”,2015

Differences between oxDNA2 and oxDNA

3 Usage
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Differences between oxDNA2 and oxDNA

oxDNA
1 The interactions for the different bases are identical except for

the hydrogen-bonding term (only Watson-Crick base pairs).
2 For thermodynamics, uses SantaLucia2 for melting of short

duplexes

oxDNA2
1 Different widths for major and minor grooves.
2 Including term for salt-dependent interaction
3 Differentiating between AA and TT stacking interaction

(instead of fitting using SantaLucia). Evidence that
contiguous AA are much stiffer than TT.

2John SantaLucia and Donald Hicks (2004). “The thermodynamics of DNA structural motifs.” In: Annual
Review of Biophysics and Biomolecular Structure 33.1, pp. 415–440. doi:
10.1146/annurev.biophys.32.110601.141800. url:
http://www.annualreviews.org/doi/abs/10.1146/annurev.biophys.32.110601.141800. 12 / 34

http://dx.doi.org/10.1146/annurev.biophys.32.110601.141800
http://www.annualreviews.org/doi/abs/10.1146/annurev.biophys.32.110601.141800


Differences between oxDNA2 and oxDNA
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The interactions are:
1 Sugar-phosphate backbone

connectivity,
2 Excluded volume,
3 Hydrogen bonding,
4 Nearest-neighbour stacking,
5 Cross-stacking between

base-pair steps in a duplex,
6 Coaxial stacking.
7 Electrostatic interactions via

Debye-Huckel-like term
(DH)

234901-8 Snodin et al. J. Chem. Phys. 142, 234901 (2015)

FIG. 5. Deviation of oxDNA’s value for ��F from experiment at 295.6 K, as
a function of ✏AA/✏avg. The grey region contains the zero-deviation points for
every curve. The experimental results are shown in Fig. S5, and details of the
experimental setup can be found in Sec. III of the supplementary material.69

states separately and therefore the free energies can be calcu-
lated in an e�cient manner. The results for the di↵erence in
��F between oxDNA and experiment as a function of ✏AA for
the hairpins with 21- and 31-base loops are shown in Fig. 5; the
value for the AA stacking strength that minimises this di↵er-
ence is found to be ✏AA ⇡ 1.075✏avg (corresponding to ✏TT
⇡ 0.925✏avg), which is not too dissimilar to the preliminary
value suggested in Ref. 60. We note that this value gives satis-
factory predictions for ��F for a wide range of salt concentra-
tions down to 0.05M.

VII. THE oxDNA2 MODEL

In summary, the oxDNA2 potential can be written as

VoxDNA2

=
X

nearest
neighbours

(V ⇤backbone + V ⇤stack + V 0exc)

+
X

other
pairs

(V ⇤HB + Vcross stack + Vexc + V ⇤coax stack + V ⇤DH),

(12)

where a V ⇤x indicates that the term is either modified for
oxDNA2 or, in the case of V ⇤DH, new in oxDNA2. The modified
parameters for oxDNA2 are compared with those for oxDNA
in Table S1, and a full account of the changes is given in Sec. I
of the supplementary material.69 All other parameters remain
the same as in the original model.

We emphasise that, after all the relevant changes to the
potential were made, the hydrogen bonding and stacking
parameters were modified to ensure that the close agreement
to experimental duplex melting temperatures achieved for the
original model was retained with oxDNA2 (this was done
immediately after the changes to Vbackbone, as described at the
end of Sec. V).

VIII. PHYSICAL PROPERTIES OF oxDNA2

The structural, mechanical, and thermodynamic prop-
erties of DNA for the new version of oxDNA presented in this
paper, which we call oxDNA2, are slightly di↵erent from the
properties for the original oxDNA model. We briefly highlight

FIG. 6. (a) Rise and (b) pitch of a 60-bp duplex as a function of salt concen-
tration in oxDNA2. For each salt concentration, the duplex was simulated for
at least 3⇥109 MD steps. The error bars, which are narrower than the plot
markers, show the standard error on the mean given by averaging over 10
independent estimates for each data point.

the most important of these changes here; in addition, these
properties are given as a function of salt concentration as this
is now possible with the new model. We note that all of the
results described in this section were computed using the final
version of the oxDNA2 model as summarized in Sec. VII. The
details of the simulations used to compute these results are
given briefly in the figure captions and in detail in Sec. II C of
the supplementary material and Table S3.69

The structural properties of the new model, specifically
the pitch and rise of double-stranded DNA, are presented in
Fig. 6. As might be expected, the rise increases with decreas-
ing salt concentration, due to the greater repulsion between
backbone sites. The pitch also increases with decreasing salt,
consistent with the measured increase in rise and slight de-
crease in neighbouring backbone-backbone distance measured
as salt concentration is decreased (the duplex radius remains
approximately constant). Although there is not much experi-
mental evidence to compare this with, there is some indication
that the pitch is roughly constant for low salt concentra-
tions (0.162M and below).50 As mentioned earlier, the pitch
is chosen (by modifying the bonded neighbour backbone-
backbone interaction) so that the global twist of origami struc-
tures agrees with experimental measurements. Specifically,
we set the backbone-backbone interaction so that the helix
bundle designed to have no global twist has no global twist
in the model at [Na+] = 0.5M. This results in a pitch of
roughly 10.55 bp/turn at this salt concentration, compared to
10.36 bp/turn in the original model, and experimental values of
around 10.45 suggested by cyclisation experiments,50,53 albeit
in the presence of some divalent salt.

The thermodynamics of duplex formation are shown in
Fig. 7. The transition width for the yield curve of a 10-bp
duplex at 0.5M [Na+] in oxDNA2 is largely unchanged from
the original oxDNA, and the transition widths depend weakly
if at all on salt in oxDNA2. The free-energy profiles for
duplex formation in oxDNA2 show that the free-energy cost
of forming the first base pair decreases with increasing salt,
presumably due to the reduced energetic cost of bringing the
two single strands close together as the electrostatic repulsion
between backbone sites becomes more short-ranged. The slope
of the bound region of the free-energy profile also becomes

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
152.3.43.178 On: Mon, 31 Aug 2015 17:25:37



Input Files

Files
1 Configuration

1 general information (timestep, energy, box size)
2 orientation, positions of each nucleotide

2 Topology: backbone-backbone bonds between nucleotides in
the same strand
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Input Files

Files
1 Configuration

1 general information (timestep, energy, box side)
2 orientation, positions of each nucleotide

2 Topology: backbone-backbone bonds between nucleotides in
the same strand

15 / 34

File relaxed.conf under
oxDNA/EXAMPLES/CADNANO INTERFACE/TILE

t = T
b = Lz Ly Lz
E = Etot U K



Input Files

Files
1 Configuration

1 general information (timestep, energy, box size)
2 orientation, positions of each nucleotide

2 Topology: backbone-backbone bonds between nucleotides in
the same strand

16 / 34

File topology.dat under
oxDNA/EXAMPLES/CADNANO INTERFACE/TILE

N Ns
S# B 3′bond 5′bond



Output: Energy File Layout

17 / 34

MD Simulations
1 time (steps * dt)
2 potential energy
3 kinetic energy
4 total energy

Note
Potential, kinetic and total
energies are divided by the total
number of particles.

Example MD

0.0000 -1.032758 0.413539 -0.619219
500.0000 -0.664228 0.359874 -0.304355
1000.0000 -0.651344 0.321058 -0.330286
...



Output: Energy File Layout
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MC simulations
1 time (steps)
2 potential energy
3 acceptance ratio for translational moves
4 acceptance ratio for rotational moves
5 acceptance ratio for volume moves

Example MC

0.0000 -1.032758 0.413539 -0.619219
500.0000 -0.664228 0.359874 -0.304355
1000.0000 -0.651344 0.321058 -0.330286
...



Output: Energy File Layout
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VMMC simulations
1 time (steps)
2 potential energy
3 acceptance ratio for translational moves
4 acceptance ratio for rotational moves
5 acceptance ratio for volume moves
6 if umbrella sampling enabled: [order parameter coordinate 1]

[order parameter coordinate 1] ...
[order parameter coordinate n] [current weight]

Example VMMC

0.0000 -1.032758 0.413539 -0.619219
500.0000 -0.664228 0.359874 -0.304355
...



Usage

https://dna.physics.ox.ac.uk/index.php/Documentation
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To generate the topology and configuration files from a specific
sequence, we use generate-sa.py under oxDNA/UTILS/:

1 Box side (ensuring no change in number of particles)
2 Input sequence

Example Sequence File

DOUBLE AGGGCT
CCTGTA

Generate
generate-sa.py 3 sequence file



Usage

To generate the topology and configuration files from a specific
sequence, we use generate-sa.py under oxDNA/UTILS/:

1 Box side
2 Input sequence

21 / 34

Example Sequence File

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
Generate
generate-sa.py 20. sequence file



Usage

Input File

topology = generated.top
conf_file = generated.conf
trajectory_file = trajectory.dat
#log_file = log.dat
print_conf_interval = 1000000
time_scale = linear
external_forces=0

Generate Trajectory

oxDNA inputfile
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Usage

Visualization
Under UTILS:

traj2vis xyz trajectory file topology file

Analyze bonds
Under UTILS:

output_bonds input file trajectory file [count]
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Input File

Syntax

1 case-sensitive
2 options in the documentation are in form of key = value
3 arbitrary spaces
4 leading # for comments
5 pipe — sign between values separates alternative values
6 default value is right after equal sign

24 / 34



Input File

Generic Options

interaction_type = DNA | DNA2 | RNA | patchy | LJ

Simulation model
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Input File

Generic Options

sim_type = MD | MC | VMMC

Molecular Dynamics, Monte Carlo, or Virtual Move Monte Carlo
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Input File

Generic Options

backend = CPU | CUDA

CUDA backend is only supported by sim type=MD.

27 / 34



Energy File

Energy File Layout
The energy file layout for MD simulations is
[time (steps * dt)] [potential energy] [kinetic energy] [total energy]

Note
Potential, kinetic and total energies are divided by the total
number of particles.

28 / 34



Example: Hairpin Formation

VMMC simulations
1 Sequence-averaged (SA) model.
2 Sequence-dependent (SD) model.
3 SA model in which two base pairs are connected by mutual

traps

Monte Carlo
Repeatedly randomly sample a volume in d-dimensional space to
obtain an estimate of an integral at the price of a statistical error.

29 / 34



MC

Monte Carlo methods
Repeated random sampling of a volume in d-dimensional space to
obtain an estimate of an integral at the price of a statistical error.

General pattern for pseudocode

1 Define a domain of possible inputs.
2 Generate inputs randomly from a probability distribution over

the domain.
3 Perform a deterministic computation on the inputs.
4 Aggregate the results.

30 / 34



VMMC

• Problem: sequential updates of particles (which leads to low
acceptance rates when attractions are strong, leading to
strong suppression of collective motion).

• Algorithm avoids this problem by proposing simultaneous
moves of collections “clusters” of particles according to
gradients of interaction energies.

31 / 34



Sequence-averaged (SA) model

32 / 34

Stacking Parameters

• For stacking energies in
ssDNA, uses the
thermodynamic results in Jill
A Holbrook et al.,1999, with
the exception of AA and TT
stacking not distinguished
(in oxDNA)

Files
Input: inputMD

HB energy: hb energy.dat
Energy: energy.dat

Trajectory: trajectory.dat
Last Trajectory File: last conf.dat

Log file: log.dat



Sequence-dependent (SD) model
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Files
Input: inputMD seq dep

HB energy: hb energy seq dep.dat
Energy: energy seq dep.dat

Trajectory: trajectory seq dep.dat
Last Trajectory File: last conf seq dep.dat

Log file: log seq dep.dat



SA model in which two base pairs are
connected by mutual traps

34 / 34

Files
Input: inputTRAP

HB energy: hb energy trap.dat
Energy: energy trap.dat

Trajectory: trajectory trap.dat
Last Trajectory File: last conf trap.dat

Log file: log trap.dat
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