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A key goal for nanotechnology is to design synthetic objects that
may ultimately achieve functionalities known today only from
natural macromolecular complexes. Molecular self-assembly with
DNA has shown potential for creating user-defined 3D scaffolds,
but the level of attainable positional accuracy has been unclear.
Here we report the cryo-EM structure and a full pseudoatomic
model of a discrete DNA object that is almost twice the size of a
prokaryotic ribosome. The structure provides a variety of stable,
previously undescribed DNA topologies for future use in nano-
technology and experimental evidence that discrete 3D DNA scaf-
folds allow the positioning of user-defined structural motifs with
an accuracy that is similar to that observed in natural macromole-
cules. Thereby, our results indicate an attractive route to fabricate
nanoscale devices that achieve complex functionalities by DNA-
templated design steered by structural feedback.

Natural macromolecular machines have complex 3D shapes
with subnanometer-precise structural features that enable

executing tasks such as signal transduction, molecular transport,
and enzymatic catalysis (1). A key goal for nanotechnology is to
fabricate synthetic objects with similarly precise features to ulti-
mately control tasks known today only from natural “nano-
machines.” Molecular self-assembly with DNA is considered a
candidate route to achieve this goal (2–13). Densely packed 3D
DNA-origami objects (14–18) seem particularly suited for use as
rigid scaffolds to position reactive groups at target locations in
space, and to implement features known from natural macro-
molecular complexes, such as shape complementarity and con-
trolled domain movement. Designing such objects to meet precise
structural specifications will benefit strongly from detailed 3D
structural feedback. Here we present a cryo-EM map of an asym-
metric, densely packed DNA object that comprises 15,238 nt in
164 chains. Combined with prior knowledge about the topology of
chain connectivity, this map provided sufficient detail to construct
a full pseudoatomic model for this particle. Thereby, our results
provide structural feedback on DNA-templated design that will
prove valuable for the design of complex functionalities.

Results and Discussion
DNA-Templated Design and Synthesis.Our DNA object was designed
to be suitable for structure determination by cryo-EM single-
particle analysis, because the choice of a distinctly asymmetric
shape facilitated the recognition of different particle orientations
in electron micrographs (Fig. 1A). The object was designed to
assemble as 82 parallel dsDNA helices of varying length in a
square lattice (17) of 10 columns and 12 rows and comprising
a total of 15,238 nt with a molecular mass of 4.8 MDa (Fig. S1). A
total of 740 nt were distributed among flexible loops at the ends of
the helices to prevent aggregation by blunt-end stacking (19).
Synthesis of the object was based on templated molecular self-
assembly (3) with a 7,249-nt-long “scaffold”DNA strand derived
from M13 bacteriophage and 163 shorter “staple” strands (Table
S1). The object formed overnight in a one-pot reaction with high
yield and few byproducts, such as higher-molecular-weight aggre-
gates. It was purified from excess staple strands by molecular-
weight cutoff filtration, which yielded particle solutions free from
nucleic acid stains and gel matrix residues (Fig. S2).

Cryo-EM Single-Particle Analysis and Model Generation. Imaging of
the sample by cryo-EM revealed monodisperse particles with the
expected dimensions and shape (Fig. S3). The particles showed
suitable contrast in ice and adopted multiple orientations on the
supporting continuous carbon film (Figs. 1 B and C). This allowed
us to calculate a 3D reconstruction (20) from 28,502 individual
particles with an overall resolution of 11.5 Å (Fig. S4). The res-
olution of the map varies with position, with an estimated range of
9.7 Å at the core to 14 Å at the periphery (Fig. 1D; Materials and
Methods). With the exception of a region comprising helices in
row 11 at the periphery of the object and a single cross-over in row
10, all helices and connecting cross-overs are well resolved in the
map. The global shape of the reconstructed density is in agree-
ment with the designed topology of the object. The overall
dimensions of the object and the extent of global twist that results
from a mismatch of B-form DNA helicity and the imposed square-
lattice packing also agree with a prediction (21, 22) when using 2.6-
nm effective helix diameter and 10.44 bp/turn reciprocal twist
density (17) (Fig. S5).
Aided by knowledge of the designed topology of the 164 strands

in the object, we constructed an initial atomic model that consisted
of canonical B-form DNA segments (23) for all expected dsDNA
helices and cross-overs. Flexible fitting of this model inside the
cryo-EM density (24) yielded a pseudoatomic model for the entire
object (Fig. 2 and Movie S1), except for the single-stranded loops
at the boundaries, for which no density was observed. Throughout
the object, the fitted model is in good agreement with the cryo-EM
density, and nearly all residues form expected base pairs. Note that
in the EM density, connections between neighboring helices are
often visible at positions that do not coincide with covalent strand
cross-over (Fig. 3 A–C), suggesting additional contacts beyond the
two covalent strand cross-overs. However, low-pass filtering of
our atomic model to the same resolution as the EM map shows
similar contacts (Fig. S6), indicating that the additional connec-
tions are due to the limited resolution of our map. The quality of
the pseudoatomic model is highest at the core of the object, where
it reproduces the observed major and minor grooves resolved in
the map (Fig. 3B). According to the frequency-dependent decay
of the power in our EM reconstruction (25), the rmsd of the atoms
at the core of the object was estimated to be in the range of 2–3 Å
(SI Text), thus providing experimental evidence that structural
order that approaches that of natural nanomachines may be
attained in discrete DNA objects.
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Analysis of Structural Features. The pseudoatomic model enables
the type of geometrical analysis required for designing objects
with precise structural specifications. For example, in agreement
with default B-form DNA geometry, we find that the average
distance from base pair to base pair midpoints is 3.35 Å as de-
rived from the helical distance between consecutive cross-overs
that are resolved in the cryo-EM density. The design of the ob-
ject assumes parallel double helices packed on a square lattice.
Although the cross-sectional square lattice is indeed realized, we
find that the helices are not parallel: on either side of the ma-
jority of cross-overs they enclose a nonzero angle within, but also
out of the plane normal to the cross-over direction (Figs. 1D and
3 A–D). Globally, this results in a 3D chickenwire-like pattern
whereby individual dsDNA helices form diamond-shaped cavi-
ties in between cross-overs (Fig. 3 E and F). The 3D chickenwire
pattern is also correlated with an unusual geometry of the
377 Holliday junctions that connect the helices in the object
(Fig. 3 G and H). As established by FRET (26, 27) and atomic
force microscopy (AFM) measurements (28), Holliday junc-
tions adopt stacked conformations in the presence of cations
where the two opposite helices are at an angle γ of ∼60°. In
crystal structures, Holliday junctions show similar features (29–
31). However, both the in-plane and the out-of-plane bending
that we find in our structure is absent in the crystal structures
and was also not resolved in the FRET and AFM measurements.
Moreover, the junctions in our object exhibit a left-handed,
rather than a right-handed, interhelical conformation (Fig. S7).
These large conformational differences suggest that Holliday junc-
tions are easily deformed by any ordering scheme, be it through
crystal contacts or scaffolding interactions inside a densely packed

DNA object. In the light of these results, future design of DNA
objects to more precise structural specifications will benefit
from the consideration of more appropriate cross-over models
(Fig. 3 I and J).
We designed the termini of the 163 linear strands in the object

to be mainly located 2 or 3 base pairs away from cross-overs. The
termini result in covalent phosphodiester backbone nicks in
dsDNA helices. We hypothesized that Holliday junction cross-
overs with such nearby nicks might not fully form or that nicked
helices might differ in shape from nonnicked helices. Our map
reveals that this is not the case. Cross-overs with nearby nicks do
not differ in geometry from nonnicked cross-overs (Fig. 3H). We
also did not observe systematic differences when comparing nicked
and nonnicked dsDNA helical stretches in themap. In addition, we
investigated whether the nature of the local sequences at DNA
cross-over positions leads to discernible differences in cross-over
shape but could find no evidence for this.

Previously Unobserved DNA Topologies. The cryo-EM map also
provides structural insights into a library of highly unusual DNA
topologies, some of which can only exist because of the scaffolding
provided by the densely packed design. In row 4, columns 4–9 of
the object, we created a vertical stack of five Holliday junctions
(Fig. 4A; Fig. 3A shows a vertical stack of three Holliday junc-
tions). This motif is stabilized only by the stacking of base pairs
at the junctions in addition to two covalent phosphodiester bonds
at either end of the junction stack. In our map this motif is well
resolved, thus pointing at a surprisingly high degree of structural
order, contrary to what one might have intuited. We speculate
that the systematic use of many of these junction stacks in future

Fig. 1. Cryo-EM reconstruction of a designed, densely packed DNA object. (A) Schematic representation of the designed rectangular lattice comprising 82
parallel dsDNA helices (gray circles). (B) Representative part of an electron micrograph. (Scale bar, 50 nm.) (C) Reference-free 2D class averages. (D) Six or-
thogonal views of the 3D reconstruction, shown as iso-density surface at density level 0.1.
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designs will lead to compaction and confer increased mechanical
rigidity. In row 6, columns 1–6, we created a motif (Fig. 4B) that
may be considered as a synthetic pseudohelix in which one
strand follows a left-handed helical path with base pairs pointing
along the helical direction, rather than orthogonally to the
helical axis as in B-form dsDNA. The left-handed pseudohelix
is stabilized by six short counter-strands of only 5- or 6-nt length.
Again, the motif is well resolved in the EM density, albeit with
less resolution because this motif occurs at the more flexible
periphery of the object. In row 7, column 6, we omitted a single
DNA base pair, which leads to a mismatch in backbone orien-
tation at a cross-over to a neighboring helix in column 7. Pre-
viously, the introduction of many such omissions was used to
design globally curved structures (15). In our map, a single base
pair omission already results in a well-resolved bending defor-
mation of both helices and a cross-over direction rotation (Fig.
4C), confirming that fine-tuning at the level of individual base
pairs may afford precise control over orientation and location
of structural features. Finally, column 0 is illustrative for how
custom crevices may be created by rationally distributing cross-

overs, because dsDNA helices tend to splay away from each
other in the absence of stabilizing cross-overs between them
(Fig. 4D).

Conclusions
Our results demonstrate that designed, densely packed DNA
objects are amenable to detailed structural characterization and
may provide near atomic-level positional control. The range of
topological motifs in our structure illustrates the versatility of
DNA as a material for nanotechnology and highlights the exis-
tence of many unexplored design options for creating richer,
more complex, but also more precise objects. Thereby, our re-
sults support a perspective in which chemical motifs may be
arranged with precise structural specifications through an itera-
tive strategy of DNA-templated design and 3D structural feed-
back. By using chemical groups attached to DNA strands or even
reactive motifs formed by DNA itself, this strategy offers an at-
tractive route to achieving complex functionalities known today
only from natural nanomachines.

Fig. 2. Pseudoatomic model. Six orthogonal views of the pseudoatomic model that was fitted into the EM density map.
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Materials and Methods
DNA-Templated Design and Synthesis. Our object was designed in iterative
cycles of using caDNAno v0.2 (16) for strand routing and CanDo (21, 22) for
estimation of rigidity and global twist. DNA scaffold strands were prepared
as previously described (32). DNA staple oligonucleotide strands (Table S1)
were prepared by solid-phase chemical synthesis (Eurofins MWG) with
Eurofins MWG high purity salt free purification grade. The objects were
synthesized in a one-pot mixture containing 20 nM 7,249-bases-long
M13mp18 phage DNA, 200 nM oligonucleotide staple in a pH = 8 buffer that
included 5 mM Tris·base, 1 mM EDTA, 20 mM MgCl2, and 5 mM NaCl. The
mixture was incubated at 65 °C for 15 min, then annealed from 56 °C to 44 °
C over the course of 12 h, and then stored at 4 °C. Analysis of the reaction
products by agarose gel electrophoresis (Fig. S2) showed that the object
assembled with high yield with negligible formation of byproducts. Purifi-
cation from excess staple strands could therefore be performed using simple
molecular weight cutoff filtration using 100 kDa Amicon filters (Millipore).

Electron Cryo-Microscopy. The purified sample at a concentration of ∼10 nM
in 10 mM Tris buffer (pH 7.6) with 20 mM MgCl2, 5 mM NaCl, and 1 mM
EDTA was heated in a water bath at 37 °C for 1 h before preparing the grids
to resolve multimers formed by blunt-end stacking. Aliquots of 3 μL were in-
cubated for 3 min on glow-discharged holey carbon grids with an ultrathin
carbon film on top (Agar Scientific, catalog no. S187-4), blotted, and plunge-
frozen in liquid ethane using a Vitrobot (FEI Company). Grids were transferred
to an FEI Polara G2 microscope that was operated at 300 kV. Images were
recordedon a back-thinned FEI Falcondetector at a calibratedmagnification of
42,277× (yielding a pixel size of 3.55 Å). The defocus was varied from 1 to 4 μm,
using a dose of ∼10 or 20 e−/Å2. Electron micrographs were evaluated for
astigmatism and drift, and 456 micrographs were selected for further analysis.

Image Processing. Contrast transfer function parameters were estimated
using CTFFIND3 (33), and 28,502 particles were selected manually using the
boxer program in the EMAN package (34). Reference-free 2D class averages
and 3D reconstructions were calculated using RELION (20). The initial model
for 3D refinement was calculated using CanDo (21). To avoid model bias
against false high-resolution features, the initial model was low-pass filtered
to 60 Å before refinement. The data set was split into two separate halves at
the outset of refinement, and two independent models were refined si-
multaneously. This procedure allowed us to prevent overfitting and thereby
obtain a reliable estimate of the resolution based on so-called “gold-stan-
dard” Fourier shell correlation (FSC) (35). The overall resolution of the final
model was estimated to be 11.5 Å, based on the FSC = 0.143 criterion (35)
(Fig. S4A). Low-pass filtering of the atomic model to the same resolution
yielded a density map with similar features as the ones observed in our
experimental map.

Inspection revealed that the density at the core of the object showedmore
high-resolution features than at the periphery. FSC calculations that used
soft masks at different positions throughout the object indicated that the
resolution varied from 9.7 Å at the core to ∼14 Å at the periphery. To op-
timally represent the information content throughout the object, we cal-
culated a composite map by low-pass filtering a sharpened map (with a B-
factor of −2,000 Å2) at different resolution cut-offs in the range of 10–14 Å
and combining these maps, depending on the estimated resolution at
each position.

We confirmed the overall correctness of our structure by performing tilt-
pair validation (36) (Fig. S4B). Using similar grids and microscope settings as
the ones described above, 50 pairs of images were recorded at tilt angles of
0° and 10°, from which 342 particle pairs were selected manually. Alignment
of the particles against the final composite map and analysis of the tilt-pair
transformations were performed in the XMIPP package (37). Apart from

Fig. 3. Analysis of internal geometry. (A) Central slice through the object at row 6, showing the cryo-EM density map (transparent gray) and the fitted
pseudoatomic model as ribbon/slab model. For part of the model, the scaffold is shown in blue and the staples in red. Vertical arrows indicate a vertical stack
of three cross-overs. (B) Close-up of colored area in A, but rotated around the z axis by 180°. White crosses indicate out-of-plane cross-over positions. (C) Side
view of a single cross-over. (D) Top view of the same cross-over as in C. (E and F) Schematic representation of the 3D chickenwire-like pattern found in the
structure, depicting dsDNA helical stretches in gray and cross-overs in red. The pattern was computed using the coordinates of base pair midpoints in the
pseudoatomic model. The midpoints of neighboring dsDNA helices move on average from a minimum distance <dmin> = 18.5 Å at the cross-over to a
maximum distance of <dmax> = 36 Å away from each other. Cross-overs marked in blue indicate scaffold-based strand cross-overs. (G) Definition of the angles
enclosed by the four helical legs of a cross-over. Vectors are computed using the coordinates of base pair midpoints at the cross-over position and 2 bp away
from the cross-over in each leg. The cross-over vector x is computed from the coordinates of the midpoints between the two base pairs in each of the two
helices at the cross-over position and is normal to what we call the cross-over plane. The subscript “jj” indicates vectorial projections into the cross-over plane.
The angle β is also computed as indicated for vectors C and D. (H) Observed distribution of angles between the legs for cross-overs with (light gray) and
without (dark gray) nearby nicks for 377 cross-overs in the structure, where each cross-over contributed two γ, α, and β angle values each. (I) Schematic
representation of a revised cross-over model for DNA nanostructure design. (J) 3D chickenwire-like pattern formed by multiple instances of the revised cross-
over model when rotated and translated according to the square-lattice packing connectivity scheme.
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validating our map, this analysis also indicated that the individual particles
may be aligned with an accuracy of ∼2°.

Model Building. An initial atomic model with the designed topology of
parallel dsDNA helices in a rectangular lattice and with the known nucleotide
sequence was calculated using custom software that relied on 3DNA (23) to
calculate canonical B-DNA for all designed helical fragments. Separate rigid
body fitting of each of the 82 helices in the EM density map yielded
a model that was suitable for flexible fitting using MDFF (24). Because the
MDFF approach was not capable of handling the entire structure (which,
including hydrogens, consists of 460,641 atoms), we split the structure into
multiple substructures, consisting of three neighboring columns of the
rectangular lattice each. Before molecular dynamics (MD) simulation, the
geometry of these models was improved by up to 5,000 steps of energy
minimization, which included hydrogen bond restraints but did not include
restraints toward the EM density. Subsequent MD simulations were per-
formed at 300 K for 200,000 steps using both hydrogen bond and di-
hedral angle restraints and a weight on the EM density (GSCALE) of 0.3 kcal/
mol. After MD, another 2,000 steps of energy minimization were performed

using hydrogen bonds and dihedral restraints and a weight on the EM
density of 1.0 kcal/mol. A final model for the entire object was obtained by
combining the central columns of all substructures. Low-pass filtering of the
atomic model density yielded a map with similar features as the ones observed
in the experimental reconstruction (Fig. S6 A and B). Additionally, FSC cal-
culations between the final model and the reconstruction showed sig-
nificant correlation up to 12 Å, indicating that the quality of the atomic
model reflects the quality of the reconstructed density (Fig. S6C).
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