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I
ntermolecular interactions of DNA are
highly specific and readily program-
mable through Watson�Crick comple-

mentarity. This complementarity, together
with its high chemical and physical stability,
can be used to design systems in which
single strands self-assemble from double
strands to more complex motifs. For this
reason, the DNA strands represent the ideal
molecule for the design of self-assembling
structures.1�5 Successful strategies for syn-
thesis of simple synthetic DNA substrates to
be used for enzyme analyses,6�8 as well as
more complex 2D DNA structures for both
scientific and technological purposes, have
been presented.9�13 Assembly of 3D DNA
structures, however, has proven more
difficult,14�19 and a better understanding of
the behavior of DNA structures in 3D is nec-
essary for future progress. Seeman and
co-workers14,15 have been the first to com-
plete the building of a cube and a truncated
octahedron DNA structure, although these
were hampered by a low yield of about 1%.
Later, an octahedron was elegantly folded
with high yield from a single DNA fragment
by the Joyce group.16 The design of this
structure, however, compromised the possi-
bilities for covalent closure. Goodman and
co-workers17 have synthesized tetrahedrons
characterized by both high yield (95%) and
covalent closure, and an elegant new ap-
proach of using relatively simple building
blocks for the efficient assembly of more
complex 3D structures including cubic, pen-
tagonal, and hexagonal prisms was pre-
sented by Aldaye and Sleiman.19

Recently, a covalently closed and effi-
ciently assembled 3D DNA structure with a

complexity exceeding that of the tetrahe-
dron presented by Goodman and co-
workers17 has been produced.20 This struc-
ture is built from eight oligonucleotides and
has the connectivity of an octahedron as
defined by its double-stranded regions (Fig-
ure 1A,B). The structure has the form of a
DNA cage composed of an outer lattice
with apertures smaller in diameter than
the central spherical cavity, as confirmed
by cryo-transmission electron microscopy
(cryo-TEM) and small-angle X-ray scattering
(SAXS).20 The structure and stability of DNA
nanostructures can be useful probed by
molecular dynamics (MD) simulations, as
shown in the case of paranemic
crossovers21�23 and nanocircles.24,25

In this paper, an MD simulation of the
octahedron nanocage has been carried out
with the aim of understanding the rules that
confer stability to this complex DNA nano-
structure. Analyses indicate that the B-DNA
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ABSTRACT A DNA nanocage has been recently characterized by small-angle X-ray scattering (SAXS) and cryo-

transmission electron microscopy as a DNA octahedron having a central cavity larger than the apertures in the

surrounding DNA lattice. Starting from the SAXS data, a DNA nanocage has been modeled and simulated by

classical molecular dynamics to evaluate in silico its structural properties and stability. Global properties, principal

component analysis, and DNA geometrical parameters, calculated along the entire trajectory, indicate that the

cage is stable and that the B-DNA conformation, also if slightly distorted, is maintained for all the simulation time.

Starting from the initial model, the nanocage scaffold undergoes a contraction of the thymidine strands,

connecting the DNA double helices, suggesting that the length of the thymidine strands is a crucial aspect in the

modulation of the nanocage stability. A comparison of the average structure as obtained from the simulation

shows good agreement with the SAXS experimental data.

KEYWORDS: molecular dynamics simulation · SAXS spectroscopy · DNA nanocage
structure · DNA flexibility and geometrical parameters · principal component analysis
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double helix structure is maintained in spite of a change

in the helix axis curvature. Furthermore, a key role is ob-

served for the thymidine strands that, assembling

through hydrophobic interactions, induce a nanocage

contraction.

RESULTS
Root Mean Square Deviations and Fluctuations. Figure 2 rep-

resents the all-atoms rmsd, from the starting structure

as a function of time, for the entire nanocage structure

(black), for all the double helices (dark gray), and for all

the thymidine strands (light gray). The rmsd values

reach a stable value within the first nanosecond (Fig-

ure 2), with the double helices being more stable than

the thymidine strands. The stability of the nanocage

structure is confirmed also by the time evolution of
the gyration radius (Figure 3) that assumes an average
value of 6.5 nm (SD � 0.03) and confirms the high sta-
bility of the double helices. In line, the rmsd of each
single double helix oscillates between 0.2 and 0.4 nm
(Figure 1 of Supporting Information) and that of the
thymidine strands between 0.2 and 0.8 nm (Figure 2 of
Supporting Information), indicating that the unstruc-
tured thymidine strands undergo a larger deviation
from the initial structure.

All of the following analyses were carried out over
the last 10 ns to guarantee an investigation over a well-
thermalized system. The rmsf values averaged over
each nucleotide of the DNA strands maintain values un-
der 0.3 nm, excluding the 3= and the 5= base pairs di-

rectly connected with the thymidine single strand
(Figure 3 of Supporting Information), confirming
the stability of DNA double helices in the nanocage
structure. The thymidine strands reach rmsf values
up to 0.4 nm (Figure 4 of Supporting Information)
and can be considered as flexible connectors of the
stable double helices.

DNA Geometrical Analysis. All of the geometrical pa-
rameters that characterize the standard B-DNA
have been monitored and averaged along the tra-
jectory to accurately analyze each possible geo-
metrical deformation of the 12 DNA double helices.

The average values with their standard devia-
tions are shown in Tables 1 and 2, in comparison
with the standard B-DNA geometrical parameters.
The averaged calculated parameters are close to
the typical B-DNA geometrical parameters, indicat-
ing a good stability and a regular geometry of the
double helices that is maintained over all the simu-

Figure 1. (A) View of the DNA nanocage starting structure. The nucleotides are shown in blue, while the sugar�phosphate backbone is
represented in yellow. The picture was produced using the VMD program.45 (B) Schematic view of the truncated octahedron geometry of
the DNA nanocage highlighting the 12 DNA double helices (from DH1 to DH12). The edges of the square polyhedron faces represent
the thymidine strands.

Figure 2. DNA nanocage rmsd from starting structure of all atoms (black),
DNA double helices (dark gray), and thymidine strands (light gray). The gray
box indicates the trajectory fraction not considered in the analyses.
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lation time. In DH9, two nucleotides are locally
unfolded at the connection with the thymidine
bridge DH7�9 that, duplicating its buried sur-
face (Figure 5), exceptionally steers one extrem-
ity of DH9. These nucleotides have been ex-
cluded from the calculations shown in Tables 1
and 2. The slide parameter (first column of Table
1 in the lower panel) that in all of the helices
reaches an average value of 3.4 Å, against the 0
value typical of a standard B-DNA, determines
the slight double helix curvature (of about 30°)
occurring in each helix (Table 2).

Principal Component Analysis. The principal com-
ponent analysis (PCA), or essential dynamics,26

has been applied to the nanocage trajectory.
The analysis is based on the diagonalization of
the covariance matrix, built from the atomic
fluctuations after the removal of the transla-
tions and rotations by fitting the trajectory on
the first structure saved after the thermalization

phase, and permits the identification of the main 3N di-

rections (eigenvectors) along which the majority of the

motion is defined. The analysis, carried out on the phos-

phorus atoms of the DNA backbone,27 indicates that

the motion is dispersed over 1800 eigenvectors, but

about 90% of the motion depends on the first 20 eigen-

Figure 3. Time evolution of the DNA nanocage gyration radius of all atoms (black),
DNA double helices (dark gray), and thymidine strands (light gray). The gray box
indicates the trajectory fraction not considered in the analyses.

Figure 4. Tube representation of the motion projections along the first eigenvector for the nanocage structure. The width
of the ribbon, generated by the flanking tubes, indicates the amplitude of the motion, the direction going from the red to
the blue. This picture was produced using the VMD program.45
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vectors (Figure 5 of Supporting Information), while the
three graphs showing the projections of the first, sec-
ond, and third principal components are shown in
Figure 6 of the Supporting Information, as usually found
in many different systems.27�29 The convergence of
the simulations has been probed measuring the cosine
content of the first principal component that shows a
value of 0.004, indicating a good convergence of the
simulation.30

Projection of the phosphorus atoms along the first
eigenvector, which contain about 50% of the total mo-
tion (Figure 5 of Supporting Information), permits one
to describe the main component of the motion as de-
picted by the cage reported in Figure 4, where the
width of the ribbon is proportional to the amplitude of
the motion, the direction going from the red to the
blue. The nanocage shows a distinctive motion gener-
ated by two main features: the stacking of the thymi-

dine hydrophobic rings and the rotation of the double
helices. The thymidine rings, connecting the DNA
double helices, stack to maximize their hydrophobic in-
teractions, inducing a reduction of the strand length
and a variable rotation/inclination of each double helix
composing the nanocage. The rotation of the double
helix occurs over an axis parallel to the central axis and
tangent to the DNA backbone (Supporting Information
movie file).

The stacking of the thymidine rings can be appreci-
ated for each thymidine strand by plotting the buried
surface of the hydrophobic rings averaged over the MD
trajectory, compared to the same surfaces in the start-
ing model. The buried surface of every thymidine strand
is about 500 Å2 in the starting nanocage structure (Fig-
ure 5 black bars) and becomes about 600 Å2 during the
MD simulation (Figure 5 dot-filled bars). The thymidines
in the bridge can aggregate with different orienta-

TABLE 1. DNA Parameters of the 12 DNA Double Helices Compared with the Standard B-DNA Values (Standard Deviations are
Indicated in Parentheses)
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tions, generating a hidden surface of different sizes
that summed together generate the observed buried
surface increase.

The rotational motion of the double helices can be
appreciated by calculating for each helix the rmsf of
each nucleotide over the direction of the first eigenvec-
tor (Figure 6). For each helix strand, the rmsf has a sinu-
soidal trend. The nucleotides close to the rotation axis,
which differs in position and inclination compared to
the helix axis, are characterized by a low fluctuation
value and the nucleotides far from this axis by a large
fluctuation value.

Single Elements Cross Correlations. Interesting results con-
cerning the relative flexibility and communication of
the nanocage can be obtained by looking at the corre-
lated motions between different strand regions of the
nanocage. A correlation map31 has been calculated
measuring the average correlation over the entire thy-
midine strands and the entire single strands forming
the double helices considered as independent ele-
ments (inset of Figure 7). In the map (Figure 7), a spot
represents a correlation between two elements whose
intensity follows the colored scale depicted in the
figure.

The map shows three kinds of correlation: (I) large
squares representing correlations between two single
strands composing a double helix; (II) small squares rep-
resenting correlations between two different thymi-
dine strands; (III) rectangles representing correlations
between a thymidine strand versus any double helix
single strand.

The gray spots represent positive correlations be-
tween elements, close in the nanocage structure be-
cause covalently or non-covalently linked, that move
in the same direction. The cyan spots describe nega-
tive correlations between two far away elements, such
as two thymidine strands (cyan small
square spots) or a thymidine strand and
the single double helix strand (cyan
rectangular spots).

The negative correlations are the
most interesting ones since they occur
between elements located far away and
indicate that the cage is contracting, in
agreement with the nanocage motion
described by the first eigenvector (Fig-
ure 4, and Supporting Information
movie file) and the increment of thymi-
dine strand buried surface (Figure 5).

Comparison of the MD Model with Small-
Angle Scattering Data. For the comparison
with the SAXS data, 20 configurations
have been extracted from the trajectory
with a time step of 0.5 ns. The theoreti-
cal intensity and pair distance distribu-
tion function, p(r), which is a histogram
of pair distances inside of the particle,

for each model is shown in Figure 8. The intensities

and p(r) functions are very similar for the 20 models,

which shows that the fluctuations in the simulations in-

duce only small changes in the theoretical scattering in-

tensities and p(r) functions. On the basis of this result,

TABLE 2. Curvature Degree of the 12 DNA Double Helices Compared
with the Standard B-DNA Valuesa

aThe central column indicates the sequence of one strand. The standard deviations are indicated
in parentheses.

Figure 5. Histogram representing the buried hydrophobic surface of each thymidine strand
averaged over the trajectory (dot-filled bar) compared to the starting value (black bar).
The standard deviation is reported at the top of each MD bar.
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it is a reasonable approximation to use the average
scattering intensity (solid line in Figure 8) for the com-
parison with experimental results.

The inset of Figure 8 displays the radius of gyration
RG and maximum particle dimension DMAX for each con-

figuration extracted from the simulation. The averaged
values, RG � 6.47 � 0.04 nm and DMAX � 16.2 � 0.3 nm,
are in good agreement with the ones obtained from
the experimental data: RG � 6.7 � 0.3 nm and DMAX

�16.5 nm.20

Figure 6. Average per nucleotide rmsf for each of the two strands of the 12 DNA double helices (from DH1 to DH12), calculated over
the first eigenvector. Black and gray filled circles indicate the two strand nucleotides. The DNA sequence of each double helix is shown
in the lower side of each panel.

Figure 7. Correlation map for the nanocage DNA single-strand elements represented by blue bars (double helix strand) and
yellow bars (thymidine strand). These strands are also shown in the inset representing the nanocage. The intensity and sign
of the correlation are represented by the colored scale bar.
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Using the averaged form factor
(solid line in Figure 8), we compared
the averaged theoretical intensity of
the cage with the experimental data.
As already mentioned in the previous
work,20 in the experimental solution,
some aggregation occurs. The scatter-
ing at higher q is dominated by the
scattering of the single cage,20 and
therefore, in order to compare the
simulation data with the single cage
scattering, some points of the data set
at low q were omitted.

The simulation results are in good
agreement with the experimental
data, as shown in Figure 9. The scatter-
ing from the random component has
an RG value of 4 � 1 nm and can prob-
ably be attributed to random parts of
some nonperfectly assembled cages.
The difference in the position of the

oscillations after 0.40 nm�1 indicates

that the average size of the cages in the SAXS sample

is slightly larger than the structures obtained by MD,

likely because of the nonperfect assembly of some of

the cages.

CONCLUSION
The results obtained in this work demonstrate that

the DNA double helices, composing the nanocage
structure, are very stable (Tables 1 and 2) and that the

thymidine strands give a significant contribution to

the organization of the scaffold geometry. The average

structure obtained from the MD simulations is in good

agreement with the experimental SAXS data for DNA

cages in solution, some deviation occurring only in the

position of the oscillations after 0.40 nm�1 and is likely

due to a nonperfect assembly of some of the cages in

the experimental solution.

The total rmsd (Figure 2) and the gyration radius

(Figure 3) show that the starting truncated octahedron

geometry, also if slightly distorted, is maintained along

the entire trajectory. The comparison between the rmsd

values of the double helices (Figure 1 of Supporting In-

formation) and rmsd values of the single thymidine

Figure 8. Theoretical scattering form factor (right) and pair distance distribution func-
tion (left) for the 20 MD extracted from the trajectory every 0.5 ns. The solid lines in both
graphs are the average curve, and the error bars are the standard deviations. The inset
shows the values of the radius of gyration (RG) and maximum dimension (DMAX) for the
model obtained in each of the 20 configurations.

Figure 9. Comparison of the MD simulation results and the
experimental SAXS data. Circles: experimental SAXS data.
Solid line: scattering intensity calculated for the MD cages
using formula 2. Dashed line: scattering from the MD cages
without random component. Dashed-dotted line: scattering
from random component.

TABLE 3. Size of the Simulated Systema

total atoms 392955
DNA atoms 19080
bases 600
water molecules 124425
Na� ions 600
simulation box side X (Å) 171
simulation box side Y (Å) 158
simulation box side Z (Å) 161
saved configurations 24000

aSize, box dimensions, and number of damped configurations of the simulated
system.

TABLE 4. System Thermalization Schemesa

time (ps)b procedurec number of
steps and �T

position restraint
valued (kcal/mol Å)

0 EM1 30000 500 (all the nanocage)
12.5 MD1 25000 of 0.5 fs 500 (all the nanocage)

0 EM2 15000 500 (double helices only)
25.0 MD2 25000 of 1.0 fs 500 (double helices only)

0 EM3 10000 20 (all the nanocage)
40.0 MD3 20000 of 2.0 fs no position restraints

aThermalization scheme of the simulated system. bExecution time. cEM indicates an
energy minimization procedure and MD a molecular dynamics procedure. dValues of
used position restraints.
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strands (Figure 2 of Supporting Information) indicates
that, in the global structure, the larger displacement is
experienced by the thymidine strands. The local stabil-
ity of every double helix is confirmed by the low rmsf
values of the bases (Figure 3 of Supporting Information)
and by the constancy of DNA helix geometrical param-
eters that are quite close to the typical B-DNA structure
parameters (Table 1). The only parameter deviating
from a typical B-DNA structure is the slide parameter
that is related to the relatively large curvature observed
in the DNA double helices (Table 2). The curvature is
likely due to the constraints over the helices generated
by the closed octahedral cage and by the stacking of
the thymidines that collapse, one over the other, to

maximize the buried hydrophobic area, as shown in Fig-
ure 5. The main global motion evidenced by the PCA
analysis (Figure 4 and Supporting Information movie
file) indicates a small contraction of the cage, in line
with the negative correlation displayed by the thymi-
dine strands or the helices’ strand not directly linked
(Figure 7).

As a final result derived from the simulations, the
global nanocage scaffold undergoes a contraction and
the length of the thymidine strands seems to be the
crucial aspect in the modulation of the nanocages’ sta-
bility. In this context, we propose that decreasing the
number of the thymidines would confer a higher rigid-
ity and stability to the DNA nanocage.

METHODS
Molecular Modeling. The DNA nanocage starting structure was

built by molecular modeling using the program Sybyl (TRIPOS,
http://www.tripos.com/) (Figure 1A). Prebuilt 12 DNA double he-
lices (DH1�DH12), each composed by 18 base pairs, were placed
to satisfy the truncated octahedron polyhedral geometry re-
vealed by the SAXS analysis20 (Figure 1B). The 12 double helices
were connected by 24 thymidine single strands, each composed
by seven thymidines, in random conformation. Initial unfavor-
able interactions between the double helices and the thymidine
strands were removed by local minimization through the SYBYL
ANNEAL module.

MD Simulation. The system topology was obtained with the
AMBER 8.0 leap module32 and modeled with the all-atoms AM-
BER03 force field.33,34 The DNA nanocage was immersed in a
truncated octahedral box filled with TIP3P water molecules35

(Table 3), 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 electrostatic fa-
vorable positions. The final system consisted of 392 955 atoms
(see Table 3). Optimization and relaxation of the entire system
was initially performed through energy minimization and MD
simulation of the solvent and the ions, keeping the solute at-
oms constrained to their initial positions with a 500 kcal force
constant. Thereafter, the thymidine strands were equilibrated
through energy minimization and MD simulation, restraining the
atoms of DNA double helices with a 500 kcal force constant.
The whole solute was minimized imposing a 20 kcal force con-
stant and finally simulated using MD for 40 ps with a 2.0 fs time
step, without any restrain, at a constant temperature of 300 K us-
ing the Berendsen’s method36 and at a constant pressure of 1
bar. After this procedure (Table 4), the system was simulated for
12 ns.

Pressure and temperature coupling constants were 0.4 ps.
The atomic positions were saved every 250 steps (0.5 ps) for
the analysis. The system was simulated in periodic boundary
conditions, using a cutoff radius of 9.0 Å for the nonbonded in-
teractions and updating the neighbor pair list every 10 steps. The
electrostatic interactions were calculated with the particle mesh
Ewald method.37,38 The SHAKE algorithm39 was used to constrain
all bond lengths. The calculations were carried out at CASPUR
(Inter Universities Consortium for Supercomputing Applications)
Rome, Italy, using 64 cores on the MATRIX cluster composed by
258 nodes, each with two AMD Opteron quadcore CPU, for a to-
tal of 2064 cores.

Analyses. The gyration radius, the root-mean-square devia-
tion (rmsd), and root-mean-square fluctuation (rmsf) analyses
were carried out using the GROMACS MD package version 4.0.2
program.40 The DNA curvature and the geometrical parameters
were calculated using the program CURVES.41

The buried hydrophobic surface of each thymidine
strand was computed taking into consideration only the

thymidine rings. The overall solvent-accessible surface (SAS) of
each strand was computed by the formula

where TS (thymidine surface) � SAS of a free thymidine ring, SS
(strand surface) � SAS of the overall strand. Both TS and SS were
calculated by iteratively using the naccess program42 on each
trajectory frame.

The correlation map31 of each DNA backbone phosphorus
atom was calculated using the g_covar utility of the GROMACS
MD package version 4.0.2 program.40

To simplify the complexity of the correlation map, the full
oligonucleotide sequences composing the nanocage were di-
vided into two elements considered as independent units,
namely, the thymidine single strands and the single strands
forming the double helices. The correlation reported on the
map refers to the correlation over the entire elements.

Small-Angle X-ray Scattering. The obtained MD model was com-
pared with experimental SAXS data from a previous publica-
tion.20 The SAXS results were obtained on laboratory-based SAXS
equipment located at the Department of Chemistry in the Uni-
versity of Aarhus.43 The experiments were carried out on self-
assembled DNA cage structures with the same characteristics as
the ones simulated. The scattering data are given as the inten-
sity versus the momentum transfer modulus, q (q � 4� sin �/�,
where 2� is the scattering angle and � is the X-ray wavelength).

The comparison with experimental data was done by scal-
ing the theoretical intensity obtained from the MD simulation
models to the experimental data using an overall scale factor. It
turned out that the agreement between simulation and experi-
ment was significantly improved if a contribution describing a
disordered random component was included together with a
constant background term:

where Sc1 and Sc2 are scale factors, P(q) is the average form fac-
tor obtained from the MD models, Ppolym(q) is the a disordered
random component, and Back is a constant background. Ppolym(q)
was taken as the scattering from Gaussian chains:

where x � RG
2q2 and RG is the average gyration radius of the dis-

ordered random component. The form factor P(q) of the cages
was calculated from the atomic coordinates obtained from the
MD using the Debye formula:

overall strand SAS ) (7TS - SS)/2 (1)

I(q) ) Sc1P(q) + Sc2Ppolym(q) + Back (2)

Ppolym(q) ) 2[exp(x) - 1 + x]

x2
(3)

Pmodel(q) )
Fsphere(q, Rbead)2

N2 ∑
i,j)1

N
sin(qrij)

qrij

(4)
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where Fsphere(q, Rbead) is the form factor of a sphere of radius
Rbead, and rij is the distance between the centers of the ith and
jth subunit. To speed up the calculations, we used only the C2*
sequence to describe the DNA structure using Rbead � 0.7 nm,
which we have already shown to be a reasonable approxima-
tion for the resolution of SAXS experiments.20 The parameters
were optimized using a least-squares procedure.44
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Supporting Information Available: Figure 1: All-atoms rmsd of
the 12 double helices (from DH1 to DH12). Figure 2: All-atoms
rmsd of the 24 thymidine single strands connecting the 12 DNA
double helices. The connections are indicated in the upper side
of each panel. Figure 3: Average per nucleotide RMSF for each of
the two strands, defined by the black and gray filled circles, of
the 12 DNA double helices (from DH1 to DH12). Figure 4: Aver-
age per nucleotide rmsf of the 24 thymidine single strands, con-
necting the 12 DNA double helices. The connections are indi-
cated in the upper side of each panel. Figure 5: Cumulative
fluctuation as a function of the eigenvector index for the nano-
cage structure. Only the first 20 eigenvectors are reported.
Figure 6: Graphs showing the projections of the first, second,
and third principal components. Movie (MPEG format) represent-
ing the animation of the projections along the first eigenvector
for the DNA nanocage. The DNA backbones of the eight fila-
ments composing the DNA nanocage are represented by differ-
ent colors. This video has been produced using the VMD pro-
gram.45 This material is available free of charge via the Internet
at http://pubs.acs.org.
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