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DNA origami

Han, Dongran et al., Science, 2011, 332 (6027), 342-346. 
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Gerling, Thomas et al., Science, 2015, 347 (6229), 1446-1452.

Scaffold: long ssDNA 
Staple: short (17~50 bp) ssDNA, 
            connecting different parts.

Video credit: Shawn Douglas
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fraction of scaffold strands that were incorporated into monomeric
species after folding varied from 7% to 44% for these targets as
estimated by ethidium-bromide fluorescence intensity. Gel-purified
particles were generally observed to be monodisperse with a homo-
genous shape (Fig. 2f); defect analysis for a series of related objects
can be found elsewhere21.

The five objects displayed in Fig. 2 demonstrate the generality of this
honeycomb-pleated origami approach in approximating various
three-dimensional shapes. Figure 2a shows a structure resembling a
monolith, assembled in the form of a honeycomb-pleated block as in
Fig. 1, except with ten layers instead of three. Particles display the
predicted pattern of holes and stripes consistent with a honeycomb
lattice of cylinders. Figure 2b shows a square nut, the cross-section of
which is a block of the honeycomb lattice with an internal pore shaped
like a six-pointed star. Figure 2c shows a structure that resembles a
bridge with hand rails. This shape demonstrates that different cross-
section patterns can be implemented along the helical axis. Figure 2d
shows a slotted cross, a structure composed of two honeycomb-
lattice-based domains that sit at 90u to one another. One domain is
H-shaped, the other is O-shaped. The centre of the H-domain passes
through the slot of the O-domain, and the two domains are connected
by a pair of Holliday-junction crossovers derived from the scaffold
strand. The 90u angle between domains is enforced by steric collisions
between the ends of helices on the H-domain and the sides of helices
on the O-domain. The fifth particle image for the slotted cross in
Fig. 2d shows a defective particle, where the slot in the O-domain
can be seen clearly. Figure 2e shows a stacked cross, where again
two domains sit at 90u to one another. One domain is C-shaped,
the other domain resembles a pod with a cavity. The pod domain
consists of four sub-modules that are each connected to the
C-shaped domain by a Holliday-junction crossover derived from
the scaffold strand. Upon folding, the sub-modules connect to each
other by staple linkages, enforcing a rotation to yield the complete pod
domain oriented 90u to the C-module.

For the monolith, an effective diameter of 2.4 nm (60.1 nm standard
deviation, s.d.) per individual double helix was observed (Fig. 2g, h),
while for the square nut an effective diameter of 2.1 nm (60.1 nm s.d.)
per individual double helix was observed (Fig. 2i, j). Assuming an
unhydrated helical diameter of 2.0 nm (although the hydrodynamic

helical diameter has been estimated22 as 2.2–2.6 nm), this observation
suggests the presence of inter-helical gaps produced by electrostatic
repulsion8 of the order of 0.1–0.4 nm, significantly less than the
1.0 nm gap size estimated for Rothemund flat origami. This discre-
pancy is probably related to the roughly twofold higher density of
crossovers present in the honeycomb-pleated origami. Differences in
effective helix diameter between architectures may originate in part
from staining artefacts (for example, cavities where large amounts of
positively charged stain accumulate, or flattening).

Three key determinants for folding of honeycomb-pleated origami
were investigated: duration of thermal ramp, divalent-cation concen-
tration, and monovalent-cation concentration. Folding with short
thermal ramps (Fig. 3b, lefthand lanes), low concentrations of MgCl2
(Fig. 3d, lefthand lanes), or high concentrations of NaCl (Fig. 3f,
lefthand lanes) yielded a slowly migrating species upon agarose-gel
electrophoresis and grossly misshapen objects as observed by transmis-
sion electron microscopy (for example, see Fig. 3c). In contrast, week-
long thermal annealing at higher concentrations of MgCl2 combined
with low concentrations of NaCl yielded a fast-migrating species upon
agarose-gel electrophoresis and well-folded particles as observed by
electron microscopy (Fig. 3e), along with lower mobility bands corres-
ponding to multimerized and aggregated objects. The apparent trend
was that increasing agarose-gel mobility correlated with improvement
of quality of folding as observed by transmission electron microscopy,
suggesting that correctly folded structures tend to be more compact
than misfolded versions.

Divalent cations thus appear to accelerate the rate of proper folding
and increase the amount of undesired aggregation whereas monovalent
cations appear to decelerate the rate of proper folding and decrease the
amount of undesired aggregation. Many of the structures require week-
long thermal ramps for proper folding, even under idealized divalent-
and monovalent-cation concentrations. Divalent cations may accel-
erate target folding by specific stabilization of Holliday-junction cross-
overs23 and by nonspecific stabilization of compact DNA24 folding
intermediates, although they may also stabilize nontarget aggregates
by a similar mechanism. Monovalent-cation binding might compete
with divalent-cation binding, and thereby antagonize both target
compaction and nontarget aggregation, analogous to how such bind-
ing inhibits multivalent-cation-induced DNA condensation25. Folding
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Figure 1 | Design of three-dimensional DNA origami. a, Double helices
comprised of scaffold (grey) and staple strands (orange, white, blue) run
parallel to the z-axis to form an unrolled two-dimensional schematic of the
target shape. Phosphate linkages form crossovers between adjacent helices,
with staple crossovers bridging different layers shown as semicircular arcs.
b, Cylinder model of a half-rolled conceptual intermediate. Cylinders

represent double helices, with loops of unpaired scaffold strand linking the
ends of adjacent helices. c, Cylinder model of folded target shape. The
honeycomb arrangement of parallel helices is shown in cross-sectional slices
(i–iii) parallel to the x–y plane, spaced apart at seven base-pair intervals that
repeat every 21 base pairs. All potential staple crossovers are shown for each
cross-section. d, Atomistic DNA model of shape from c.
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Computer-aided design of DNA origami 
with caDNAno (Shih group, Harvard U.)

of simpler DNA-origami structures such as the six-helix-bundle nano-
tube is much more robust to variations in annealing conditions (Sup-
plementary Note S1); the Rothemund flat origami and these simpler
nanotube structures could be folded with 72 min ramps. Presumably,
multilayered structures must traverse more difficult kinetic traps,
perhaps owing in part to the larger density of crossovers, in part to
issues of local folding and unfolding in the confined space between two

or more layers of DNA helices, and in part to the difficulties in reaching
a high density of DNA in the final folded object, similar to that found in
high-pressure virus capsids26.

One of the target shapes presented in Fig. 3 — the genie bottle
(strand diagram in Supplementary Note S2) — was folded with two
different scaffold sequences. Its full size takes up only 4,500 base pairs.
One scaffold sequence used for folding was a modified M13 genome

ig

fedcba

Distance (nm) Peak index Distance (nm) Distance (nm)

In
te
ns

ity
 (a

.u
.)

P
ea

k 
po

si
tio

n 
(n
m
)

N
um

be
r o

f e
ve

nt
s

In
te
ns

ity
 (a

.u
.)

0 1 2 3 4 5 6 7 8 9

10
20
30
40
50
60

0

10

30

20

4 3 48 12 16 20 240 4 8 12 16 20 24 28 32 36 40

jh

Figure 2 | Three-dimensional DNA origami shapes. The first and second
rows show perspective and projection views of cylinder models, with each
cylinder representing a DNA double helix. a, Monolith. b, Square nut.
c, Railed bridge. d, Slotted cross. e, Stacked cross. Rows three to seven show
transmission electron microscope (TEM) micrographs of typical particles.
For imaging, samples were adsorbed (5 min) onto glow-discharged grids pre-
treated with 0.5 M MgCl2, stained with 2% uranyl formate, 25 mM NaOH
(1 min), and visualized with an FEI Tecnai T12 BioTWIN at 120 kV. f, Top,
field of homogeneous and monodisperse stacked-cross particles. Bottom,
expanded view of boxed area from above. g, Left, typical monolith particle.
Right, integrated-intensity profile (red) of line orthogonal to the
longitudinal axis of typical monolith particle, with expected profile (grey)
assuming a simple homogeneous cylinder model. h, Left, gaussian-fitted
mean peak positions (circles) in such integrated-line profiles for twenty

different monolith particles as a function of peak index. The observed mean
peak-to-peak distance was 3.65 nm (60.2 nm s.d., 60.01 nm standard error
of the mean, s.e.m.). This peak-to-peak distance should correspond to 1.5
times the effective diameter d of individual double helices in the monolith
structure, hence d 5 2.4 nm. Solid line is a linear fit with a slope of 3.65 nm
from peak to peak, corroborating equidistant arrangement of helices across
the entire particle width. Error bars (red) indicate mean width of the peaks.
Slightly higher variations in peak width at the edges of the particles are most
likely due to frayed edges (compare with particles in a and g). i, Analysis as in
g repeated for the square-nut shape. j, Histogram of gaussian-fitted peak-to-
peak distances as found for the square-nut particles, with the mean value at
3.18 nm (60.2 nm s.d., 60.01 nm s.e.m.), indicating an effective diameter of
2.1 nm per individual double helix. a.u., arbitrary units. Scale bars:
a–e, 20 nm; f, 1mm (top), 100 nm (bottom).
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Transmission electron microscopy 
and/or atomic force microscopy 

validates the designCryo-EM 
reconstruction, the 
only experimentally 
derived structural 

model

caDNAno



All-atom molecular dynamics simulations 
of DNA nanostructures

Massive parallel computer
Blue Waters (UIUC): ~200,000 CPUs

Atoms move according to 	
  
 classical mechanics (F= ma) 

Interaction between atoms is 	
  
defined by molecular force field

Time scale:  ~ 0.1-100 µs
Length scale:  10K - 100M	
  atoms or (< 50 nm)3

Time resolution:  2 fs
Spacial resolution: 0.1 A ACS Nano 9:1420-1433 (2015) 
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✴ CHARMM36 force field 
✴ Explicit water 
✴ [MgCl2] ~ 10 mM 
✴ NAMD 
✴ 1 to 3M atoms 
✴ 500 to 1,000 CPUs
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z
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From caDNAno to all-atom

• caDNAno returns topology (json) and 
sequence (csv) information.


• cadnano2pdb.pl combines json and 
csv files into a PDB file.

Jejoong	
  Yoo	
  



All-atom MD simulation  
of L-shape DNA origami
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Structural dynamics



Structural fluctuations reveal local mechanical 
properties
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Persistence length 
of DNA origami 

MD trajectories allow us to compute 
natural bending and torsion as well as 
persistence length

Our simulations predict higher 
rigidity for honeycomb-lattice 

design.

- Chicken wire frame represents center line of helices & 
junction

- Inter-DNA distance in color map

Yoo  and  AA,  PNAS  110:20099  (2013)
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MD simulation of DNA origami conductivity

PDMS

5 
nA

150 ms
caDNAno

all-atom
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DNA 

Mg(H2O)62+ 

H2O 

K+ 

Cl-

PDMS

5 
nA

150 ms

MD simulation of DNA origami conductivity

Electric 
field

Li, Chen-Yu et al. ACS Nano 9:1420-1433 (2015) 
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PDMS

5 
nA

150 ms

MD simulation of DNA origami conductivity

Instantaneous current: 



500mV

12

Factors affecting ionic conductivity of DNA origami
Number of DNA layers: Lattice type:

500mV

More layer -> less leakage current

SQ2 has lower projected DNA 
density and a higher leakage 

current

Nonlinear 
because of the 

edge effect
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Effect of Mg2+
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Higher [Mg2+] makes DNA origami 
less conductive.

Higher [Mg2+], higher current drop.

SQ2, m13 
sequence

~2 times less 
conductive than 

0 M [Mg2+]
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Mechanism of Mg2+
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Anisotropic conductivity
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Programmable ionic conductivity of DNA origami

Number of DNA layers

Lattice type

Structural design

Nucleotide content

Ionic environment
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Cryo-EM reconstruction versus all-atom 
simulation

Bai et al, PNAS 109:20012 (2012)



Cryo-EM reconstruction versus all-atom 
simulation

Bai et al, PNAS 109:20012 (2012)



Cryo-EM reconstruction versus all-atom 
simulation

Bai et al, PNAS 109:20012 (2012)



MD simulation of the cryo-EM object 
starting from a caDNAno design

7M atom solvated model
130 ns MD trajectory

Bai et al, PNAS 109:20012 (2012)



7M atom solvated model
130 ns MD trajectoryBai et al, PNAS 109:20012 (2012)

MD simulation of the cryo-EM object 
starting from a caDNAno design



7M atom solvated model
130 ns MD trajectory

Bai et al, PNAS 109:20012 (2012)

MD simulation of the cryo-EM object 
starting from a caDNAno design



Preliminary analysis indicates excellent 
agreement between the two methods

Cryo-EM reconstruction All-atom MD simulation
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Ion	
  channels

\

Locking	
  	
  
nanocontainers

Ongoing projects

DNA	
  bricks
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