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ABSTRACT
In the upcoming field of DNA nano-science, DNA is used as an entity for building
higher order self-assembled structures rather than for storage of genetic information. The
application of DNA as a building block relies, like its biological blueprinting function, on
the specific pairing between bases holding pairs of DNA molecules together. However,
the complexity involved in building even simple DNA architectures is usually so high
that designing structures from more than a few base sequences makes the use of computer
programs indispensible. Moreover, synthetic DNA nano-structures are often timeconsuming and expensive to build and their structures can be difficult to validate.
Therefore, atomistic simulations, which can predict assembly efficiency and physical
properties of the designed structures are of great value for both the processes of design
and characterization. In this article we summarize examples of computational tools for
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the design and characterization of DNA nano-structures with particular emphasis on a
three-dimensional truncated octahedral structure.

INTRODUCTION
During recent years the number of presented two- (2D) or three-dimensional (3D) DNA
nano-structures has exploded. The field of DNA nano-science was initiated in the early
1990´s by Seeman, who presented the design and construction of a DNA nano-structure with
the connectivity of a cube (Chen and Seeman1991). Since then a tremendous amount of DNA
nano-structures including 2D origamis (Yan et al., 2003, Rothemund, 2006, Andersen et al.,
2008a, Voigt et al., 2010) and tiles (LaBean, et al., 2000, Mathieu et al., 2005) or 3D
polyhedra (Andersen et al., 2008b, Goodman et al., 2005, Shih et al., 2004, He et al., 2008,
Bhatia et al., 2009, Aldaye and Sleiman., 2007), origami-based honeycomb or box shapes
(Douglas et al., 2009a, Andersen et al., 2009) and crystals (Zheng et al., 2009) have been
published. All these structures are based either on reciprocal exchange of DNA strands
exemplified by the PX motif used for origami folding (Yan et al., 2003, Rothemund, 2006,
Andersen et al., 2008a, Voigt et al., 2010) and by the Holiday junction motif of several 3D
polyhedra (Chen and Seeman, 1991, Andersen et al., 2008b, Goodman et al., 2005) or on
synthetic branching of helices exemplified by prism structures branched by amidite
derivatives (Aldaye and Sleiman, 2007). Regardless the branching motif of the structures,
they all rely on self-assembly directed by the specific base pairing (G-C or A-T pairs) of
DNA. The key to successful construction is to design the DNA sequences not only so that
they are able to form the intended product but also so that no other product will be
competitive to the target. To achieve this goal it is necessary to estimate the thermodynamics
of all possible pairings of DNA sequences and select the sequences so that the desired product
is by far the most thermodynamically favourable one. Obviously, the complexity of doing so
even when designing rather simple structures, involving more than a few DNA strands, by far
exceeds the capacity of the human mind. Therefore, in most cases the design of DNA
sequences for the construction of nano-structures relies on more or less sophisticated
computational tools in order to rule out sequence combinations prone to form unwanted
structures. For some purposes generic tools, such the NCBI blast program etc., may suffice.
However, when many DNA sequences are to be matched to form more complicated structures
such programs are inadequate. In line with this, custom-made software developed specifically
with the design of a particular type of DNA structure in mind are increasing in number.
Examples of such software are programs dedicated for design of 2D or 3D DNA origami
structures (Andersen et al., 2008a, Douglas et al., 2009b) or for minimizing unwanted
annealing of DNA strands in general (Deaton, et al., 2003, Goodman, 2005).
Common for all DNA nano-structures presented until date is that they rely at least to
some extent on synthetic DNA oligonucleotides, which makes their construction rather
expensive. This fact, taken together with some of the common analysis techniques, such as
Small Angle X-ray Scattering (SAXS) and Cryo-Transmission Electron Microscopy (CryoTEM) requiring quite large amounts of material (Oliviera et al., 2010, Andersen et al., 2008b,
Shih et al., 2004, Kato et al., 2009, Andersen et al., 2009) pose a serious challenge to the
validation of the structures. Thus, to counter such obstacles atomistic simulations, which can
predict the likelihood of successful assembly as well as structural properties of DNA nano-
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structures before experiments, are of great value. This statement is supported by atomic-level
simulations of some of Seeman´s DNA nano-structures (Maiti et al., 2006) and, as will be
described in more detail below, of our truncated octahedral DNA cage (Oliviera et al., 2010,
Falconi et al., 2009). Both sets of simulations are validated by experimental data. Moreover,
by joining geometric modelling and sequence optimization Kumara et al., succeeded in
developing new and efficient assembly pathways for double crossover motifs (Kumura et al.,
2008). Pointing towards the future, the software package GIDEON allows 3D modelling and
simulation of DNA nano-structures (Birac et al., 2006).

COMPUTATIONAL TOOL (MIOS) FOR DESIGN OF DNA
NANO-STRUCTURES
Structural designs: Here we describe the simple program MIOS (MInimizing Oligo
Similarities) as an example to illustrate the basic requirements for programs designated for
the design of 3D polyhedral DNA nano-structures. Based on the number and length of
annealing sequences in a DNA nano-structure of a chosen 3D geometry, MIOS searches for
sequence sets with minimal unwanted base pairing of two types: i) annealing between
different sequences (and their reverse complementary counterparts) and ii) self-annealing
(hairpin formation).
To demonstrate the capabilities of MIOS we have used the program to design DNA
oligonucleotide sequences for one-step assembly of a tetrahedron, a cube and an octahedron.
The basic design of these structures (see schematic folding models, figure 1) relies on the
same structural framework as our previously published octahedral DNA nano-cage
(Andersen, et al., 2008b, Oliveira et al., 2010, Falconi et al., 2009), with edges consisting of
18 base pairs double-stranded DNA and truncated corners consisting of three-thymidine long
single-stranded stretches. All the presented 3D structures are assembled from linear
oligonucleotides designed in such a way that the ends of each oligonucleotide are brought
together by the specific base pairing. This circularization allows covalent sealing of all DNA
ends upon assembly by the T4 DNA ligase ensuring thermal and physical stability of the
resulting nano-structure.
As shown in figure 1-I, the designed tetrahedron is assembled from four oligonucleotides
(labelled 1t to 4t), each containing three three-thymidine stretches spacing three edge-forming
sequences (1t A, 1t B, 1t C, 2t A, etc.), which should each match specifically to one and only
one complementary sequence on a partner oligonucleotide (for example the sequence of 1t B
should match the sequence of 2t B and only that sequence) to allow efficient tetrahedron
assembly. Hence, in total, the tetrahedron contains 4x3=12 base pairing sequences that should
be pairwise complementary, and consequently six (since the sequence of one strand
automatically determines the sequence of the complementary strand, the number of sequences
is calculated by (4x3)/2) 18 nucleotides long sequences should be chosen and optimized using
MIOS.
The cube (figure 1-II) is composed of six oligonucleotides (labelled 1c to 6c) each
containing four three-thymidine stretches spacing four edge-forming sequences (1c A, 1c B, 1c
C, 1c D, 2c A, etc.), which should base pair specifically with complementary sequences on
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partner oligonucleotides. Hence, 12 ((6x4)/2) 18 nucleotides long sequences should be
optimized by MIOS to allow assembly of this structure.
The octahedron (figure 1-III) consists of eight oligonucleotides (labelled 1o to 8o), each
containing three edge-forming sequences (1o A, 1o B, 1o C, 2o A, etc.) spaced by threethymidine stretches. Thus, for the octahedron assembly 12 ((8x3)/2) 18 nucleotides long
sequences should be chosen and optimized using MIOS. Note, that since both the cube and
octahedron require 12 pairs of complementary sequences (a total of 24 pairwise
complementary base pairing sequences) the same output sequences from MIOS were used for
designing the oligonucleotides for assembly of both these structures.

Figure 1. Folding models of a tetrahedron, a cube and an octahedron with truncated corners: All three
structures consist of 18 base pair double-stranded edges interrupted by single-stranded stretches
constituting the truncated corners. I, The tetrahedron consists of four oligonucleotides, 1 t to 4t, each
containing three edge-forming sequences (A, B and C). II, The cube consists of six oligonucleotides, 1 c
to 6c, each containing four edge-forming sequences (A, B, C and D). III, The octahedron consists of
eight oligonucleotides, 1o to 8o, each containing three edge-forming sequences (A, B and C). The
oligonucleotides are shown in red with the arrowheads designating their 3‘end.

Optimization of DNA sequences: MIOS was written in ―Python‖ and uses a greedy
algorithm to create an optimized set of sequences for the design of oligonucleotides for onestep DNA nano-structure assembly by minimizing i) the sequence similarity between
individual stretches of bases (as for example in the tetrahedron design, between the stretch of
bases in 1t A (see figure 1) and any other stretch of bases (e.g. 1t B, 1t C, 2t A, etc. in figure
1)) as well as ii) the presence of complementary sequences within the same stretch of bases
(for example within 1t A, figure 1). As input to MIOS the desired number, length, and GC
content of sequences are defined. Based on this input information, the software creates a
random starting set of sequences. Thereafter, it identifies the worst sequence (with regards to
points i) and ii) mentioned above) and replaces it with a better sequence if possible. MIOS
repeats this process iteratively according to a user-defined threshold. In other words, the
greedy algorithm replaces the worst sequence with the first random sequence that is found to
have a lower maximum similarity to the rest of the sequence set than its predecessor. The
software terminates when it has not decreased the global maximum similarity or global
average similarity of the entire set of sequences in a specified number of iterations. MIOS
outputs the progress of the run as well as the initial and optimized sets of sequences.
For each of the three structures experimentally tested below, three independent MIOS
runs were carried out and the best set of sequences was chosen. The MIOS input
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configurations of the edge forming sequences for the three structures were: the tetrahedron, 6
sequences, length = 18 base pairs, GC content = 0.5; the cube and the octahedron, 12
sequences, length = 18 base pairs, GC content = 0.5. For all runs, a threshold of 100,000
iterations without decreased similarity (i.e. improved annealing specificity) was chosen. For
comparison to random guessing, one million random sequence sets were sampled for all three
structures.

Figure 2. Graphical representation of MIOS optimization from a randomly guessed starting point. The
MIOS run for the ―cube/octahedron‖ sequences is shown in blue, with a starting point at 13.7 (average
similarity, abscissas) and 14.0 (maximum similarity, ordinate). Within a few hundred iterations the
algorithm decreases the maximum and average similarities to 13.0. After further iterations the
algorithm finally reaches the endpoint at 12.0 for the maximum and average similarities. A million
random guesses (red dots) all have much higher average and maximum similarities. The random
guesses have been spread out in order to visualize the density.

As shown in figure 2 for optimization of sequences for the cube/octahedron nanostructures, the MIOS output sequence sets were all highly optimized when compared to the
distribution of one million random guesses and the software quickly achieved both a
maximum- and an average similarity lower than the best of the million guesses. The
optimization of sequence sets for the three structures resulted in the output sequences shown
in table 1 (note the sequence sets used for the cube and the octahedron construction were
identical). Sequences complementary to the output sequences were generated manually and
the composition of each oligonucleotide for the assembly of the three structures with regards
to their edge-forming (optimized sequences) and corner-forming (three thymidines)
sequences determined using the folding models (Figure 1). The resulting oligonucleotide
sequences used for the assemblies are shown in table 2.
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Assembly and analysis of tetrahedral, cubic and octahedral DNA nano-structures built
from oligonucleotides based on MIOS optimized sequences: The specific one-step assembly
into tetrahedral, cubic, or octahedral nano-structures from oligonucleotides based on MIOS
optimized sequences was tested by analyzing the products obtained when annealing and
ligating increasing numbers of equimolar amounts of the designed oligonucleotides (table 2)
in 5% native polyacrylamide gels essentially as described previously (Andersen et al., 2008b,
Oliveira et al., 2010). As evident from figure 3 successive addition of oligonucleotides,
designed to form each of the structures, to the assembly reaction resulted in specific products
with decreasing mobility in the native gel. This electrophoretic pattern supports the formation
of a tetrahedron, cube or octahedron using oligonucleotides based on MIOS optimized
sequences.
Table 1. MIOS output sequences and the inverse complements used for the assembly of
the tetrahedron, cube and octahedron. The name (seq name) of each MIOS output
sequence (third column) was chosen to match the nomenclature of figure 1. Hence,
sequence 1t Bop is the MIOS optimized version of sequence 1t B of figure 1 and so on.
The sequences shown in the fifth column are the complementary partners of the
sequences shown in the third column
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Table 2. Oligonucleotide sequences for assembly of the tetrahedron, cube, and
octahedron. Based on the folding models shown in figure 1, the MIOS output sequences
of table 1 were combined to the oligonucleotide sequences shown in the third column.
The corner-forming three-thymidines stretches are underlined. The names of the
oligonucleotides (OL name) were chosen to match the nomenclature of figure 1. For
example oligonucleotide 1t for the tetrahedron structure is named 1t op to denote that
this particular oligonucleotide has sequences optimized by MIOS

Figure 3. Gel-electrophoretic analyses of the partly and fully assembled DNA nano-structures: Lanes 1
and 20 show the mobility of a molecular marker consisting of 1000, 900, 800, 700, 600, 500, 400, 300,
250, 200, and 100 base pair double-stranded DNA fragments. Lanes 2-5 show the results of subjecting
assembly reactions containing oligonucleotides 1t op, 1t op and 2t op, 1t op -3t op or 1t op -4t op to analysis in a
native polyacrylamide gel. Lanes 6-11 show the results of subjecting assembly reactions containing 1 c
c
c
c
c
c
c
c
c
c
c
op, 1 op and 2 op, 1 op -3 op, 1 op -4 op, 1 op -5 op or 1 op -6 op to analysis in a native polyacrylamide gel.
Lanes 12-19 show the results of subjecting assembly reactions containing 1o op, 1o op and 2o op, 1o op -3o op,
1o op -4o op, 1o op -5o op, 1o op -6o op, 1o op -7o op or 1o op -8o op to analysis in a native polyacrylamide gel. The
gel-electrophoretic products corresponding to the fully assembled structure are marked by asterisks.
The sizes of selected marker bands (in base pairs (bp)) are shown to the left and right of the gel-picture.
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As estimated from the gel-electrophoretic mobilities, the products in figure 3, lanes 5, 11,
and 19 (marked by asterisks) represent fully assembled tetrahedron, cube and octahedron,
respectively. The assembly yields of the three structures were estimated to 25%, 33%, and
33%, respectively, by quantification of the fully assembled products, relative to the unspecific
high and/or low mobility products in the gels.

ATOMISTIC MODELLING FOR VALIDATION OF DNA
NANO-STRUCTURES
Atomistic modelling such as energy minimization and molecular dynamics (MD)
simulation may be of great value for validating DNA nano-structures with respect to
assembly probability and structural properties before experiments. The structure of any DNA
configuration can be optimized by energy minimization and/or MD simulations mainly
because of the development of reliable molecular force fields, as the Amber 99 (Cheatham et
al., 1999) implemented with the parmbsc0 corrections (Perez et al., 2007) that permits the
evaluation of the energetic contribution of any atoms belonging to a DNA molecule.
Energy minimization as a tool to predict assembly of octahedral DNA nano-cages: The
approach of energy minimization optimizes the stability of the analyzed structure and
identifies, at the atomistic level, the interactions responsible for possible instabilities. The
power of the method has recently been demonstrated by determining the relative stability of
octahedral DNA nano-cages, engineered using the structural framework outlined in figure 1,
and differing one from another only by the length of the single-stranded thymidine stretches,
which bridge the DNA double-helical edges of identical length (Oliveira et al., 2010). In this
example the atomistic model was built by placing the center of 12 double-stranded DNA
helices at an identical distance from the center of a hypothetical octahedron. The relative
orientations of the helices were optimized by minimizing the distance of the terminal atoms of
the helices to the value corresponding to the length of the single-stranded thymidine stretches
that bind to them and that vary depending on the number of thymidines (see figure 4). Once
the optimal DNA helix orientations were reached, the thymidine linkers were manually added
using the program SYBYL (TRIPOS, http://www.tripos.com/), removing the clashes through
the SYBYL anneal module. Subsequently, each cage structure was optimized through several
steps of energy minimization (using the generalized Born solvent model (Hawkins et al.,
1996) implemented in the program AMBER 9.0 (Case et al., 2005) using the AMBER03
Force Field (Ponder and Case, 2003). The structure and energy of the final cages were then
compared. Analysis, through the program deform_energy (http://3dna.rutgers.edu) (Lankas et
al., 2003), of the hydrogen bond deformation energy between each base pair in all the 12
double-stranded arms forming the different octahedral cages, permitted measurements of the
deformations induced by the minimization algorithm. An optimal value was reached in each
considered cage for the base pairs located in the middle part of the double-stranded helices.
The results of this analysis showed that in the cages with three-, five- or seven-thymidine
stretches the extremities of the double-stranded arms are slightly deformed showing average
deformation energies of about 2.0 kcal/mol, whereas in the cage with two-thymidine stretches
the extremities are much more deformed, reaching an average deformation energy of about
7.0 kcal/mol, with some peaks higher than 15.0 kcal/mol. This result indicated that the weak
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point of this nano-structure is localized at the extremities of the double-stranded helices
where a high local distortion does not permit the assembly of the two-thymidine stretch nanocage. This is actually what was experimentally observed (Oliveira et al., 2010). Such a high
deformation is not present in the nano-cages having longer thymidine stretches providing an
energetic explanation for the reasonably high experimental yields (30%) observed for these
cages. Hence, the length of the thymidine stretch appears to be the crucial parameter for
efficient assembly of the DNA octahedral cages, with three nucleotides being the minimum
length required for an optimal pairing of the base pairs in the double-stranded helices.

Figure 4. 3D arrangement of the 12 double-stranded helices in an octahedral geometry. The dashed
lines represent the single-stranded thymidine stretches, of which the length modulates the inter-helices
distance.

The value of MD simulations in DNA nano-science: The link between structure and
dynamics of DNA nano-structures can be obtained by extensive classical MD simulations
enabling the exploration of the conformational energy landscape accessible to the investigated
structures. The complexity of biological model systems studied by MD simulations has
increased dramatically since the first reported simulation of a small protein (McCammon et
al., 1977), allowing the exploration of many of the fast phenomena that occur within proteins
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and DNA at the atomistic level. As a matter of fact, MD simulation of proteins in a water box
has become a relatively routine approach and reliable results have been obtained for the past
20 years. In the case of DNA, reliable MD simulations have been carried out for a decade
(Bonvin et al. 1998, Castrignanò et al. 2000) permitting scientists to obtain detailed
description of protein-DNA recognition at the atomic level. Although the technique has only
recently been applied to the descriptions of syntethic DNA nano-structures, it is predictable
that the wealth of information provided by MD simulations on such structures most likely
will make it a commonly used tool in DNA nano-science.
MD simulation has been used to evaluate the structure and stabilty of several paranemic
crossover DNA structures, where analysis of the vibrational mode has permitted the
identification of the most stable structure (Maiti et al., 2006). A more recent application
concerns the study of the previously described octahedral DNA nano-cage with seventhymidine single-stranded stretches. The simulation of this nano-structure was done on an
atomistic model immersed in a truncated octahedral box filled with TIP3P water molecules,
imposing a minimal distance between the solute and the box walls of 10.0 Å. The system was
neutralized through the AMBER leap module, adding 600 Na+ ions in electrostatically
favorable positions. The final system consisted of 392,955 atoms. After relaxation of the
entire system through energy minimization and MD simulation of the solvent and the ions,
the thymidine stretches were equilibrated through energy minimization and MD simulation,
restraining the atoms of the DNA double-stranded helices with a 500 kcal force constant. The
whole solute was minimized by imposing a 20 kcal force constant and finally simulated for
40 ps with 2.0 fs time steps, without any restraint, at a constant temperature of 300 K, using
the Berendsen‘s method, and at a constant pressure of 1 bar. After this procedure the system
was simulated for 12 ns. Analysis of the simulation indicated that the DNA double-stranded
helices, composing the edges of the nano-cage structure, are very stable and that the singlestranded thymidine stretches give a significant contribution to the organization of the scaffold
geometry. Taken together, the results of the MD simulation suggest that the global scaffold of
the nano-cage undergoes a contraction and that the length of the thymidine stretches is the
crucial aspect in the modulation of the nano-cage stability (Falconi et al., 2009). Hence, from
the MD simulations it was concluded that modulation of the length and nucleotide
composition of the single-stranded stretches connecting the double-stranded helices
determines the rigidity of the DNA nano-cages, giving the opportunity to engineer cages with
varied flexibility.
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