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All-atom molecular dynamics simulations: 
the computational microscope

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 fieldTime scale:  ~ 0.1-100 µs

Length scale:  10K - 200M atoms or (< 100 nm)3

Time resolution:  2 fs
Spacial resolution: 0.1 A

All-atom molecular dynamics simulations: 
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All-Atom Molecular Dynamics Simulation of DNA Condensates

Classical Force Field
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4⇡✏0rij }Partial charges 

from quantum 
mechanics

Add 64 DNA helices

Add polyamine cations (+4) 

Add 150 mM NaCl

Add explicit water

Solve the equation of motion 
(F= ma) under periodic 

boundary condition in all 
directions

DNA-confining wall of radius R
Apply a half-harmonic wall 

potential only to DNA
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15-ns MDCross-sectional view of MD using CHARMM27 Na

Standard CHARMM & AMBER Force Fields Are Not Perfect for 
the Simulation of DNA Condensates
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Long-lasting contact ion pairs (CIP) between 
Na+ and phosphate stabilize contact DNA pairs.

2

4

1
2

4

10
2

4

100

Pr
es

su
re

 (
ba

r)

3028262422
DNA-DNA distance (Å)

 Todd et al.
 AMBER99
 CHARMM

[spermine] = 2 mM

Todd et al.

CHARMM27

AMBER99

Due to excessive CIP 
formation, the simulations 

underestimate both inter-DNA 
distance and pressure in DNA 

array systems.

[Na] = 250 mM outside

Yoo & Aksimentiev, JPCL 2012

Harmonic 
wall

Rau et al, PNAS 1984 Todd et al, BJ 2008



Champaign-Urbana Non-Bonded FIX (CUFIX): Improved 
Lennard-Jones Parameters for CHARMM & AMBER

" “Much of what is known about association and 
dissociation of solutes and ions comes from 
measurements of colligative properties” — 
Molecular driving forces by Dill & Bromberg.
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Hud lab @ gatech

Bridging Ions Govern DNA Condensation

" `

Yoo & Aksimentiev, NAR 2016
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(Todd et al. BJ 2008)

250 mM Na (Rau 
et al. PNAS 1984)
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DNA-DNA forces in array!
are pair-wise

Orientation of DNA helices!
is azimuthally correlated

Electrostatics, not hydration!
produces DNA condensation

H

Inter-DNA friction depends!
mostly on DNA—DNA distance

 Yoo and AA, Nucleic Acids Research 44: 2036-2046 (2016)



Human nucleus

23x2 chromosomes of 12 billion 
DNA are highly condensed and 
highly bent to form 3D structures.

Lieberman-Aiden et al., Science (2009)

~10 µm

3D Organization of Human Chromosomes

DNA
2 nm

10 nm (~200-bp DNA)
Nucleosome

Human nucleus

Sub-million nucleosomes form a chromatin fiber.

DNA

2 nm

Lieberman-Aiden et al., Science 2009

" How are the chromosomes organized? 

" What are the fundamental forces that define 
the chromosome organizations?



Chromosome’s Mega-Domains Can Recognize One Another

in
this
w
ay
by
using
principalcom
ponentanalysis.

For
all
but
tw
o
chrom
osom
es,
the
first
principal

com
ponent(PC
)clearly
corresponded
to
the
plaid

pattern
(positive
values
defining
one
set,negative

valuesthe
other)(fig.S1).Forchrom
osom
es4
and

5,
the
first
PC
corresponded
to
the
tw
o
chrom
o-

som
e
arm
s,butthe
second
PC
corresponded
to
the

plaid
pattern.The
entries
ofthe
PC
vectorreflected

the
sharp
transitions
from
com
partm
ent
to
com
-

partm
ent
observed
w
ithin
the
plaid
heatm
aps.

M
oreover,the
plaid
patterns
w
ithin
each
chrom
o-

som
e
w
ere
consistent
across
chrom
osom
es:
the

labels
(A
and
B
)
could
be
assigned
on
each

chrom
osom
e
so
that
sets
on
different
chrom
o-

som
es
carrying
the
sam
e
label
had
correlated

contactprofiles,and
those
carrying
differentlabels

had
anticorrelated
contactprofiles
(Fig.3D
).These

results
im
ply
that
the
entire
genom
e
can
be
par-

titioned
into
tw
o
spatial
com
partm
ents
such
that

greaterinteraction
occursw
ithin
each
com
partm
ent

ratherthan
across
com
partm
ents.

T
he
H
i-C
data
im
ply
thatregionstend
be
closer

in
space
if
they
belong
to
the
sam
e
com
partm
ent

(A
versus
B
)than
ifthey
do
not.W
e
tested
this
by

using
3D
-FISH
to
probe
fourloci(L1,L2,L3,and

L4)on
chrom
osom
e
14
thatalternate
betw
een
the

tw
o
com
partm
ents
(L1
and
L3
in
com
partm
entA
;

L2
and
L4
in
com
partm
entB
)
(Fig.3,E
and
F).

3D
-FISH
show
ed
thatL
3
tends
to
be
closer
to

L
1
than
to
L
2,despite
the
factthatL
2
lies
be-

tw
een
L
1
and
L
3
in
the
lineargenom
e
sequence

(Fig.3E).Sim
ilarly,w
e
found
thatL2
is
closer
to

L4
than
to
L3
(Fig.3F).C
om
parable
results
w
ere

obtained
for
fourconsecutive
locion
chrom
osom
e

22
(fig.S2,A
and
B
).Taken
together,these
obser-

vations
confirm
the
spatialcom
partm
entalization
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Fig.
3.
The
nucleus
is
segregated
into
two
com
partm
ents
corresponding

to
open
and
closed
chrom
atin.(A
)M
ap
ofchrom
osom
e
14
ata
resolution

of
1
M
b
exhibits
substructure
in
the
form
of
an
intense
diagonal
and
a

constellation
of
large
blocks
(three
experim
ents
com
bined;range
from
0

to
200
reads).Tick
m
arks
appearevery
10
M
b.(B)The
observed/expected

m
atrix
shows
loci
with
either
m
ore
(red)
or
less
(blue)
interactions
than

would
be
expected,given
their
genom
ic
distance
(range
from
0.2
to
5).

(C)
Correlation
m
atrix
illustrates
the
correlation
[range
from
–
(blue)
to

+1
(red)]between
the
intrachrom
osom
alinteraction
profiles
ofevery
pair

of
1-M
b
loci
along
chrom
osom
e
14.
The
plaid
pattern
indicates
the

presence
oftwo
com
partm
ents
within
the
chrom
osom
e.(D
)Interchrom
o-

som
al
correlation
m
ap
for
chrom
osom
e
14
and
chrom
osom
e
20
[range

from
–0.25
(blue)to
0.25
(red)].The
unalignable
region
around
the
cen-

trom
ere
of
chrom
osom
e
20
is
indicated
in
gray.
Each
com
partm
ent
on

chrom
osom
e
14
has
a
counterparton
chrom
osom
e
20
with
a
very
sim
ilar

genom
e-wide
interaction
pattern.(E
and
F)W
e
designed
probes
for
four

loci(L1,L2,L3,and
L4)thatlie
consecutively
along
chrom
osom
e
14
but

alternate
between
the
two
com
partm
ents
[L1
and
L3
in
(com
partm
entA);

L2
and
L4
in
(com
partm
entB)].(E)L3
(blue)was
consistently
closerto
L1

(green)
than
to
L2
(red),despite
the
fact
that
L2
lies
between
L1
and
L3

in
the
prim
ary
sequence
ofthe
genom
e.This
was
confirm
ed
visually
and

by
plotting
the
cum
ulative
distribution.
(F)
L2
(green)
was
consistently

closer
to
L4
(red)
than
to
L3
(blue).(G
)
Correlation
m
ap
of
chrom
osom
e

14
at
a
resolution
of
100
kb.
The
PC
(eigenvector)
correlates
with
the

distribution
of
genes
and
with
features
of
open
chrom
atin.(H
)
A
31-M
b

window
from
chrom
osom
e
14
is
shown;
the
indicated
region
(yellow

dashes)
alternates
between
the
open
and
the
closed
com
partm
ents
in

GM
06990
(top,eigenvector
and
heatm
ap)
but
is
predom
inantly
open
in

K562
(bottom
,
eigenvector
and
heatm
ap).
The
change
in
com
partm
en-

talization
corresponds
to
a
shift
in
chrom
atin
state
(DN
AseI).
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" How is such a long-range recognition possible? 

" Can DNA recognize neighbors’ AT contents without 
mediating proteins? Lieberman-Aiden et al., Science 2009 

Imakaev et al., Nature Methods 2012

GC-rich domains form an 
open architecture.

Inter-chromosomal mega-
domain interactions

Chr14: 107 Mb ~ 36 µm 
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Hi-C contact correlation map revealed long-range 
contacts between AT-rich mega domains.

in this way by using principal component analysis.
For all but two chromosomes, the first principal
component (PC) clearly corresponded to the plaid
pattern (positive values defining one set, negative
values the other) (fig. S1). For chromosomes 4 and
5, the first PC corresponded to the two chromo-
some arms, but the second PC corresponded to the
plaid pattern. The entries of the PC vector reflected
the sharp transitions from compartment to com-
partment observed within the plaid heatmaps.
Moreover, the plaid patterns within each chromo-
some were consistent across chromosomes: the

labels (A and B) could be assigned on each
chromosome so that sets on different chromo-
somes carrying the same label had correlated
contact profiles, and those carrying different labels
had anticorrelated contact profiles (Fig. 3D). These
results imply that the entire genome can be par-
titioned into two spatial compartments such that
greater interaction occurswithin each compartment
rather than across compartments.

TheHi-C data imply that regions tend be closer
in space if they belong to the same compartment
(Aversus B) than if they do not. We tested this by

using 3D-FISH to probe four loci (L1, L2, L3, and
L4) on chromosome 14 that alternate between the
two compartments (L1 and L3 in compartment A;
L2 and L4 in compartment B) (Fig. 3, E and F).
3D-FISH showed that L3 tends to be closer to
L1 than to L2, despite the fact that L2 lies be-
tween L1 and L3 in the linear genome sequence
(Fig. 3E). Similarly, we found that L2 is closer to
L4 than to L3 (Fig. 3F). Comparable results were
obtained for four consecutive loci on chromosome
22 (fig. S2, A and B). Taken together, these obser-
vations confirm the spatial compartmentalization

A B C D

E F G H

Fig. 3. The nucleus is segregated into two compartments corresponding
to open and closed chromatin. (A) Map of chromosome 14 at a resolution
of 1 Mb exhibits substructure in the form of an intense diagonal and a
constellation of large blocks (three experiments combined; range from 0
to 200 reads). Tick marks appear every 10 Mb. (B) The observed/expected
matrix shows loci with either more (red) or less (blue) interactions than
would be expected, given their genomic distance (range from 0.2 to 5).
(C) Correlation matrix illustrates the correlation [range from – (blue) to
+1 (red)] between the intrachromosomal interaction profiles of every pair
of 1-Mb loci along chromosome 14. The plaid pattern indicates the
presence of two compartments within the chromosome. (D) Interchromo-
somal correlation map for chromosome 14 and chromosome 20 [range
from –0.25 (blue) to 0.25 (red)]. The unalignable region around the cen-
tromere of chromosome 20 is indicated in gray. Each compartment on
chromosome 14 has a counterpart on chromosome 20 with a very similar

genome-wide interaction pattern. (E and F) We designed probes for four
loci (L1, L2, L3, and L4) that lie consecutively along chromosome 14 but
alternate between the two compartments [L1 and L3 in (compartment A);
L2 and L4 in (compartment B)]. (E) L3 (blue) was consistently closer to L1
(green) than to L2 (red), despite the fact that L2 lies between L1 and L3
in the primary sequence of the genome. This was confirmed visually and
by plotting the cumulative distribution. (F) L2 (green) was consistently
closer to L4 (red) than to L3 (blue). (G) Correlation map of chromosome
14 at a resolution of 100 kb. The PC (eigenvector) correlates with the
distribution of genes and with features of open chromatin. (H) A 31-Mb
window from chromosome 14 is shown; the indicated region (yellow
dashes) alternates between the open and the closed compartments in
GM06990 (top, eigenvector and heatmap) but is predominantly open in
K562 (bottom, eigenvector and heatmap). The change in compartmen-
talization corresponds to a shift in chromatin state (DNAseI).

www.sciencemag.org SCIENCE VOL 326 9 OCTOBER 2009 291
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AT-rich domains form a 
closed architecture.

Intra-chromosomal mega-
domain interactions

Nuclear envelop
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AT-rich segments form clusters better because 
they share polyamines with neighbors

13
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Human nucleus

23x2 chromosomes of 12 billion 
DNA are highly condensed and 
highly bent to form 3D structures.

Lieberman-Aiden et al., Science (2009)

~10 µm

Human body has ~200 cell types, 
Roadmap Epigenomics

DNA Methylation Enhances CondensationMethylation

G C

Identical sequence, 
identical structure, 
identical function?

DNA reprogramming
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respectively) freely diffused in the nucleus, whereas
2,000-kDa dextrans were essentially immobile65.
Fluorescence recovery after photobleaching (FRAP)
experiments (BOX 1) indicate ‘homogeneous’movement
of proteins at all nuclear sites, including bleached CTs60.
This finding clearly indicates that proteins can move
‘through’CTs. The IC concept requires that individual
nuclear proteins or small protein complexes roam the
entire interchromatin space (IC plus the interior of
compact chromatin domains). By contrast, diffusion of
larger (sub-) complexes should be constrained to the IC.
Interchromatin channels that expand through CTs28

should even allow channelled movements of such com-
plexes through the CTs. Experiments based on fluores-
cence microscopy at present lack the resolution to 
support or disprove the IC concept.

The CT–IC model
Chromosome territories and the IC provide the funda-
mental components of the CT–IC model of a functional
nuclear architecture.We first consider the essential fea-
tures of this model and then (circumstantial) supporting
evidence.The hypothesis that partial transcription com-
plexes are pre-established in, and that their diffusion is
restricted to, the IC has an important consequence: to
fulfil its role as a functionally defined compartment, the
IC requires a specific topology of transcriptionally active
genes. Regulatory and coding sequences of these active
genes can interact with the transcription machinery only
when they are positioned at the surface of chromatin
domains that line the IC, or on chromatin loops that
extend into the IC (FIG. 1e,f). The argument can be
extended to genes that are subject to short-term inactiva-
tion, the expression of which needs to be rapidly upregu-
lated. By contrast, long-term or permanently silenced
genes should be located within the interior of compact
chromatin domains that are inaccessible to the transcrip-
tion machinery,according to this model. In more general
terms, genes that require long-term silencing should be
physically separated from permanently active genes to an
extent that allows their positioning in different chro-
matin compartments. Chromatin remodelling events
that result in the positioning of genes into proper
nuclear compartments are considered an essential part
of gene-activation and gene-silencing mechanisms.

So much for the predictions of the CT–IC model.
What about experimental evidence to support the
model? In a first version of the CT–IC model, CTs were
considered as compact objects with a smooth envelop-
ing surface and it was assumed that an interchromatin-
domain compartment expanded between these smooth
CT surfaces and was excluded from the entire CT inte-
rior66. Accordingly, it was predicted that genes could
only be transcribed when they were located at the CT
periphery in contact with the IC. However, contrary to
this prediction, transcription and splicing was observed
not only at the periphery but also in the interior of
CTs27,67,68. Concomitantly, more detailed experimental
studies of CT architecture showed that CTs have a com-
plex, folded structure that results in a largely expanded
surface with IC channels that penetrate into the CT

branches between ~1-Mb and ~100-kb chromatin-loop
domains (FIG. 1 and see below).We propose that surfaces
of compact chromatin domains provide a functionally
relevant barrier, which can be penetrated by single pro-
teins or small protein aggregates, but not by larger
macromolecular complexes above a certain threshold
size. The IC (by definition) does not comprise the addi-
tional interchromatin space present between chromatin
fibres in the interior of compact chromatin domains
(FIG. 7c, see below).We further propose that spliced RNA
can be complexed with proteins and exported to the
nuclear pores in the IC space, thus preventing the
entangling of RNA that is produced in the interior of
compact chromatin domains.

A critical evaluation of the IC concept requires a
detailed analysis of the movements of macromolecules
and complexes in the nucleus. The kinetic and thermo-
dynamic aspects of these studies support passive diffu-
sion as the decisive mechanism that is responsible for
the movement of factors and factor complexes60,62. The
conditions that influence these movements (such as
transient binding to immobile obstacles) have not yet
been fully determined63,64. Microinjection of size-frac-
tionated fluorescein isothiocyanate (FITC) dextrans
into HeLa cell nuclei showed that 70- and 580-kDa dex-
trans (equivalent to DNA sizes of 106 and 878 bp,

CHROMATIN FIBRES
These 30-nm fibres are
produced by the compaction 
of 10-nm nucleosome fibres.
Nucleosome fibres are visible
under the electron microscope
after treatments that unfold
higher-order chromatin
packaging into a ‘beads-on-a-
string’10-nm diameter form.

MICRODISSECTION PROBES
DNA probes established from
microdissected chromosomal
subregions. The probes are
useful for the labelling of
chromosome arms and bands.
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Figure 3 | Features of human chromosome territories. a | Two-colour painting of the p-arm
(red) and the q-arm (green) of human chromosome 1 in a lymphocyte metaphase spread. 
b | Visualization of the two arms in a light optical section through a human diploid fibroblast
nucleus (bottom) shows two distinct, mutually exclusive arm domains20. ( Image courtesy of
Steffen Dietzel). c | Painting of the human X chromosome (red) and several distal bands of its
p-arm and q-arm (green) using MICRODISSECTION PROBES20. d | Visualization of the active and
inactive X-chromosome territories (Xa and Xi, respectively) together with the respective distal-
band domains in a light optical section through a female human fibroblast nucleus. (Image
courtesy of Joachim Karpf and Irina Solovei). e | Three-dimensional reconstructions of the Xa
and Xi territories from a human female fibroblast nucleus (Reproduced with permission from
REF. 22). The three-dimensional positions of the ANT2 and ANT3 (adenosine nucleotide
translocase) genes are noted as green and blue spheres, respectively. Note that active ANT
genes can be seen at the territory surface (two on Xa and one on Xi). The white box provides 
a transparent view of the Xi territory (pink), indicating the location of the inactive ANT2 gene in
the territory interior. f | Three-dimensonal reconstructions of two chromosome-17 territories,
established from light optical serial sections through a human diploid fibroblast nucleus, 
show complex territory surfaces. (Image courtesy of Irina Solovei.)
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functions.



smFRET experiment confirms the prediction

Hajin Kim Taekjip Ha

FRET: Fluorescence Resonance Energy Transfer
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DNA attraction controlled by methylation pattern
J. Yoo, H. Kim, A. Aksimentiev and T. Ha. Nature Communications 7:11045 (2016)
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Driving force for phase separation of nuclear DNA?
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Epigenetic modifications control flexibility of DNA

RNA polymerase 
reads DNA sequence.reads DNA sequence.

Loose binding:

Tight binding:

flexibility of DNAflexibility of DNA

Ngo, et al., Nature Communications (2016)

DNA reading 
begins

DNA reading 
can’t start



DNA looping assay 

Ø exibility, whereas 5-fC or 5-hmC increases DNA Ø exibility, and
the magnitude of the effects is the largest for 5-fC and smaller for
5-hmC or 5-mC.

Structural fluctuations result in DNA flexibility change. To
determine the mechanism of DNA Ø exibility modulation by
cytosine modiÆ cations, we carried out molecular dynamics
simulations of the central 70-bp fragment of the experimental
DNA construct in 1 M NaCl solution at room temperature
(Fig. 1b). In total, Æ ve systems were built: four systems each
featuring eight copies of 5-mC, 5-hmC, 5-caC or 5-fC
modiÆ cations, and one system without any modiÆ cations. Each
system was simulated for B250 ns and the instantaneous
coordinates of each system were recorded every 4.8 ps. The
ensembles of the atomic coordinates were analysed using the
3DNA programme39, to characterize the DNA conformations in
terms of the inter-base-pair (roll, tilt, twist, slide, shift and rise)
and intra-base-pair (shear, stretch, stagger, buckle, propeller and
opening) structural parameters. For all base pairs in all DNA
constructs, the distributions of the instantaneous structural
parameters were Gaussian. Cytosine modiÆ cations shifted the
peak position and width of the distribution (Fig. 2a). In general,
broadening of a distribution would indicate an enhanced
Ø exibility of the molecule, however, precise mechanistic
interpretation depends on the type of the structural parameter.

Out of the 12 parameters, roll (an inclination angle between
two stacked base-pair planes) and twist (a relative torsion of two
stacked base pairs with respect to the helical axis) are closely

related to bending40. Thus, one explanation for the modulation of
the looping probability on cytosine chemical modiÆ cation is a
change in the intrinsic curvature of the DNA molecule, which
would manifest itself as a change of the twist and roll
parameters40. In our simulations, the 5-fC, 5-hmC, 5-caC and
5-mC modiÆ cations increased the roll by 5!, 2!, ! 1! and 1! at
CpG steps, respectively (Fig. 2b). The effects of cytosine
modiÆ cations on the twist (Fig. 2d) and on other parameters
(Supplementary Fig. 2) were even less signiÆ cant or negligible,
suggesting that the chemical modiÆ cations do not induce
signiÆ cant static structural deformation.

Another explanation is that cytosine modiÆ cations change the
looping kinetics by increasing or decreasing the amplitudes of
Ø uctuations around the average structure26. Bulky nonpolar
methyl groups can suppress local structural Ø uctuations of DNA
by limiting the stochastic motion of the polar bases22. Conversely,
bulky but polar hydroxymethyl groups can enhance local
Ø uctuations if the increased polarity of the modiÆ ed bases
overcompensates for their larger steric footprint26. Formyl group,
which is much more electron withdrawing compared with the
hydroxymethyl group, can be expected to enhance the local
Ø exibility of DNA even more due to reduced base-pairing ability.
Compared with the formyl groups, the additional negative
charges of the carboxylate groups can be expected to increase
the internal electrostatic repulsions within DNA and thereby
reduce its Ø exibility.

The results of our molecular dynamics simulations support this
conjecture. For example, the s.d.' s of both roll and twist increase
on introduction of 5-fC at the CpG sites (Fig. 2c,e). The effects of
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Figure 1 | Effect of cytosine modifications on DNA flexibility. (a) Schematic representation of single-molecule DNA cyclization assay. DNA fragments are
immobilized on a microscope slide. A FRET pair is incorporated at the two sticky ends of DNA. High-FRET population is monitored over time to quantify the
fraction of looped DNA. If DNA is more flexible, it takes less time for loop formation. (b) DNA sequence used. Modified CpG sites are underscored. The
locations of cytosine modifications in the constructs containing multiple modifications are indicated as black dots. (c) Fraction of looped molecule as a
function of time for unmodified DNA and DNA containing four copies of 5-fC, 5-hmC, 5-caC and 5-mC. (d) Looping time versus the number of
modifications per construct. Error bars represent the s.e.m. (nZ3).
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Taekjip Ha

Measure average looping 
time

Cloutier and Widom, Molecular Cell 2004!
Vafabakhsh and Ha, Science 2012

Questions: 
" How does DNA sequence program such a 

broad range of flexibility?

Extremely 
flexible

Extremely 
stiff

For example, for a 91-bp initial dsDNAwith 10-
nucleotide (nt) overhangs, looping was nearly
irreversible and the looped high FRET state
accumulated to saturation within about 20 min
(Fig. 1, C and D). In this case, the looping rate

R could be determined by fitting the time evo-
lution of the looped population with a single ex-
ponential function (Fig. 1D).

We measured R for a series of DNA mole-
cules with a 10-nt overhang on each end and

with the circular size ranging from 67 to 106 bp
(the circular size is the circumference of the DNA
circle formed after looping and is therefore the
sum of the initial dsDNA length and the over-
hang length). The measured looping time, 1/R,
varied from less than 10 min to more than 200
min (Fig. 2A, black squares). This 20-fold change
in the looping times is smaller than expected; we
expected that DNA much shorter than the per-
sistent length would take considerably longer
to form a loop. However, the result is qualitatively
consistent with the observations that short DNA
loops induced by the lac repressor and AraC
protein can form efficiently in vivo and in vitro
(2, 20ñ 22), which suggests that the protein-
induced looping may use the intrinsic flexibility
of the DNA. Also, our result is consistent with a
recent study which predicted that bending ener-
gy for short DNA loops would be independent
of the loop length (13). In addition to the length
dependence, a variation in looping rate depend-
ing on the angular phase between the two cohe-
sive ends would be expected. Indeed, our data
displays oscillation in R with a period of about
one helical turn (see data points between 93 and
106 bp).
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Fig. 3. (A) Representative fluorescence intensities (top, green for donor and
red for acceptor) and corresponding FRET efficiency (bottom, blue) time traces
measured from a single DNA molecule in 750 mM NaCl. The DNA has 91-bp
initial dsDNA with 8-nt single-stranded overhangs. The arrow indicates a direct
acceptor excitation to verify that the acceptor has not photobleached. (B) Loop-
ing and unlooping rates as a function of [NaCl]. The DNA has 91-bp initial
dsDNA with 8-nt single-stranded overhangs. (C) kon measured as shown in
fig. S2 shows the same 3-fold increase as the looping rate with increasing

[NaCl]. Data are means T SEM (n ≥ 300 molecules). (D) The model to relate
R, kon, and apparent j factor. (E) j factor for surface-tethered DNA (black
squares) and vesicle-encapsulated DNA (red circles). (F) Measured j factor for
surface-tethered DNA (black squares) and vesicle-encapsulated DNA (red
squares). Solid black curve is the Shimada-Yamakawa prediction for DNA
cyclization. Dashed line and dotted line are the WLC predictions for the j
factor of DNA circles with free boundary condition and for DNA molecules
with 5-nm capture radius, respectively. Error bars indicate T SEM; n ≥ 3.
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Ø exibility, whereas 5-fC or 5-hmC increases DNA Ø exibility, and
the magnitude of the effects is the largest for 5-fC and smaller for
5-hmC or 5-mC.

Structural fluctuations result in DNA flexibility change. To
determine the mechanism of DNA Ø exibility modulation by
cytosine modiÆ cations, we carried out molecular dynamics
simulations of the central 70-bp fragment of the experimental
DNA construct in 1 M NaCl solution at room temperature
(Fig. 1b). In total, Æ ve systems were built: four systems each
featuring eight copies of 5-mC, 5-hmC, 5-caC or 5-fC
modiÆ cations, and one system without any modiÆ cations. Each
system was simulated for B250 ns and the instantaneous
coordinates of each system were recorded every 4.8 ps. The
ensembles of the atomic coordinates were analysed using the
3DNA programme39, to characterize the DNA conformations in
terms of the inter-base-pair (roll, tilt, twist, slide, shift and rise)
and intra-base-pair (shear, stretch, stagger, buckle, propeller and
opening) structural parameters. For all base pairs in all DNA
constructs, the distributions of the instantaneous structural
parameters were Gaussian. Cytosine modiÆ cations shifted the
peak position and width of the distribution (Fig. 2a). In general,
broadening of a distribution would indicate an enhanced
Ø exibility of the molecule, however, precise mechanistic
interpretation depends on the type of the structural parameter.

Out of the 12 parameters, roll (an inclination angle between
two stacked base-pair planes) and twist (a relative torsion of two
stacked base pairs with respect to the helical axis) are closely

related to bending40. Thus, one explanation for the modulation of
the looping probability on cytosine chemical modiÆ cation is a
change in the intrinsic curvature of the DNA molecule, which
would manifest itself as a change of the twist and roll
parameters40. In our simulations, the 5-fC, 5-hmC, 5-caC and
5-mC modiÆ cations increased the roll by 5!, 2!, ! 1! and 1! at
CpG steps, respectively (Fig. 2b). The effects of cytosine
modiÆ cations on the twist (Fig. 2d) and on other parameters
(Supplementary Fig. 2) were even less signiÆ cant or negligible,
suggesting that the chemical modiÆ cations do not induce
signiÆ cant static structural deformation.

Another explanation is that cytosine modiÆ cations change the
looping kinetics by increasing or decreasing the amplitudes of
Ø uctuations around the average structure26. Bulky nonpolar
methyl groups can suppress local structural Ø uctuations of DNA
by limiting the stochastic motion of the polar bases22. Conversely,
bulky but polar hydroxymethyl groups can enhance local
Ø uctuations if the increased polarity of the modiÆ ed bases
overcompensates for their larger steric footprint26. Formyl group,
which is much more electron withdrawing compared with the
hydroxymethyl group, can be expected to enhance the local
Ø exibility of DNA even more due to reduced base-pairing ability.
Compared with the formyl groups, the additional negative
charges of the carboxylate groups can be expected to increase
the internal electrostatic repulsions within DNA and thereby
reduce its Ø exibility.

The results of our molecular dynamics simulations support this
conjecture. For example, the s.d.' s of both roll and twist increase
on introduction of 5-fC at the CpG sites (Fig. 2c,e). The effects of
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Figure 1 | Effect of cytosine modifications on DNA flexibility. (a) Schematic representation of single-molecule DNA cyclization assay. DNA fragments are
immobilized on a microscope slide. A FRET pair is incorporated at the two sticky ends of DNA. High-FRET population is monitored over time to quantify the
fraction of looped DNA. If DNA is more flexible, it takes less time for loop formation. (b) DNA sequence used. Modified CpG sites are underscored. The
locations of cytosine modifications in the constructs containing multiple modifications are indicated as black dots. (c) Fraction of looped molecule as a
function of time for unmodified DNA and DNA containing four copies of 5-fC, 5-hmC, 5-caC and 5-mC. (d) Looping time versus the number of
modifications per construct. Error bars represent the s.e.m. (nZ3).
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DNA Minicircle as a Model System for Quantifying DNA Flexibility

Luger et al. Nature 1997 | Cloutier and Widom, Molecular Cell 2004 
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DNA Sequence Programs Preferential Register Angle of Minicircles

" The presence of the preferential register angle suggests a non-flat free 
energy landscape.
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Preferential Register Angle Is the Global Minimum of Free 
Energy Landscape

" We change the register angle #, from 

0° to 360° with 32° increment. 
" In this movie, rotation is accelerated for 

visualization purpose.  
" At a given angle, we compute the average 
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Base pair s

Base pair s+1
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Why Is Free Energy Landscape Non-Flat?

" To minimize the free energy, avoid bending stiff dinucleotides: mechanical minimal 
frustration. 

" Then, which dinucleotide steps are stiff and which are flexible?

E(�) =
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Sequence-dependent 
dinucleotide bending sti"ness

Bending of dinucleotide step is non-
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Constructing Dinucleotide Bending Sti"ness Matrix Through 
High-Throughput MD Simulations of DNA Minicircles

mC & mG: C and G of methylated CpG sites

Optimize Dinucleotide Bending Sti"ness Matrix 
using the free energy landscapes.

29 Dec 2016 including 004[4-8]
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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
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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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DNA origami structures

that adheres to the cis side of the membrane.
Adhesion to the lipid bilayer is mediated by 26
cholesterol moieties that are attached to the cis-
facing surface of the barrel (Fig. 1A). The stem
protrudes centrally from the barrel and consists
of six double-helical DNA domains that form a
hollow tube. The interior of this tube acts as a
transmembrane channel, with a diameter of ~2 nm
and a length of ~42 nm, that runs through both
stem and barrel (Fig. 1, B and C).

Transmission electron microscopy (TEM) im-
ages taken from purified structures (Fig. 1D) con-
firmed that the intended shape is realized (text S1

and figs. S1 and S2) (10). Experiments with uni-
lamellar lipid vesicles show that the synthetic
DNA channels bind to lipid bilayer membranes
(Fig. 1, E to G, text S2, and figs. S4 to S8) in
the desired orientation in which the cholesterol-
modified face of the barrel forms a tight con-
tact with the membrane and the stem appears
to protrude into the lipid bilayer (Fig. 1F and
fig. S9).

These observations suggested that the syn-
thetic DNA channels could formmembrane pores
as designed. Because the energetic cost for in-
sertion of the charged DNA structure into the

hydrophobic core of the lipid membrane would
be prohibitively high, membrane penetration is
thought to involve reorganization of the lipid bi-
layer around the charged stem structure, with the
hydrophilic lipid head groups oriented toward the
DNA structure (see text S3).

To demonstrate the electrical conductivity
of the resulting membrane pores, we performed
single-channel electrophysiological experiments
(11) using an integrated chip-based setup (fig.
S14) (12). We added synthetic DNA channels at
low concentrations (~200 pM) to the cis side of
the setup and applied voltage pulses to facilitate

Fig. 1. Synthetic DNA membrane channels. (A) Schematic illustration of the
channel formed by 54 double-helical DNA domains packed on a honeycomb
lattice. Cylinders indicate double-helical DNA domains. Red denotes transmem-
brane stem; orange strands with orange ellipsoids indicate cholesterol-modified
oligonucleotides that hybridize to single-stranded DNA adaptor strands. (B)
Geometric specifications of the transmembrane channel. Length L = 47 nm, tube
diameter D = 6 nm, inner diameter d = 2 nm. The length of the central channel
fully surrounded by DNA helices is 42 nm. The star symbol indicates the position
of a 7-base strand extension acting as a “defect” in channel “mutants” [l=15nm
for mutant M1 and l = 14 nm for mutant M2; see text S6 and caDNAno maps

(figs. S22 to S24)]. (C) Cross-sectional view through the channel when incor-
porated in a lipid bilayer. (D) Averaged negative-stain TEM images obtained from
purified DNA channel structures (class averages obtained from raw images
displayed in figs. S1 and S2). (E and F) Example TEM images of DNA channels
adhering to small unilamellar vesicles (SUVs) made from POPC (1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine) lipids. More images and a statistical analysis
of vesicle size distribution and binding efficiency are found in text S2 and figs. S4
to S9. (G) TEM image of DNA channels binding to an extended lipid bilayer in the
upper right part of the image. DNA channels are found predominantly on lipid-
covered areas or sticking to SUVs (see text S2).

www.sciencemag.org SCIENCE VOL 338 16 NOVEMBER 2012 933

REPORTS

that adheres to the cis side of the membrane.
Adhesion to the lipid bilayer is mediated by 26
cholesterol moieties that are attached to the cis-
facing surface of the barrel (Fig. 1A). The stem
protrudes centrally from the barrel and consists
of six double-helical DNA domains that form a
hollow tube. The interior of this tube acts as a
transmembrane channel, with a diameter of ~2 nm
and a length of ~42 nm, that runs through both
stem and barrel (Fig. 1, B and C).

Transmission electron microscopy (TEM) im-
ages taken from purified structures (Fig. 1D) con-
firmed that the intended shape is realized (text S1

and figs. S1 and S2) (10). Experiments with uni-
lamellar lipid vesicles show that the synthetic
DNA channels bind to lipid bilayer membranes
(Fig. 1, E to G, text S2, and figs. S4 to S8) in
the desired orientation in which the cholesterol-
modified face of the barrel forms a tight con-
tact with the membrane and the stem appears
to protrude into the lipid bilayer (Fig. 1F and
fig. S9).

These observations suggested that the syn-
thetic DNA channels could formmembrane pores
as designed. Because the energetic cost for in-
sertion of the charged DNA structure into the

hydrophobic core of the lipid membrane would
be prohibitively high, membrane penetration is
thought to involve reorganization of the lipid bi-
layer around the charged stem structure, with the
hydrophilic lipid head groups oriented toward the
DNA structure (see text S3).

To demonstrate the electrical conductivity
of the resulting membrane pores, we performed
single-channel electrophysiological experiments
(11) using an integrated chip-based setup (fig.
S14) (12). We added synthetic DNA channels at
low concentrations (~200 pM) to the cis side of
the setup and applied voltage pulses to facilitate

Fig. 1. Synthetic DNA membrane channels. (A) Schematic illustration of the
channel formed by 54 double-helical DNA domains packed on a honeycomb
lattice. Cylinders indicate double-helical DNA domains. Red denotes transmem-
brane stem; orange strands with orange ellipsoids indicate cholesterol-modified
oligonucleotides that hybridize to single-stranded DNA adaptor strands. (B)
Geometric specifications of the transmembrane channel. Length L = 47 nm, tube
diameter D = 6 nm, inner diameter d = 2 nm. The length of the central channel
fully surrounded by DNA helices is 42 nm. The star symbol indicates the position
of a 7-base strand extension acting as a “defect” in channel “mutants” [l=15nm
for mutant M1 and l = 14 nm for mutant M2; see text S6 and caDNAno maps

(figs. S22 to S24)]. (C) Cross-sectional view through the channel when incor-
porated in a lipid bilayer. (D) Averaged negative-stain TEM images obtained from
purified DNA channel structures (class averages obtained from raw images
displayed in figs. S1 and S2). (E and F) Example TEM images of DNA channels
adhering to small unilamellar vesicles (SUVs) made from POPC (1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine) lipids. More images and a statistical analysis
of vesicle size distribution and binding efficiency are found in text S2 and figs. S4
to S9. (G) TEM image of DNA channels binding to an extended lipid bilayer in the
upper right part of the image. DNA channels are found predominantly on lipid-
covered areas or sticking to SUVs (see text S2).

www.sciencemag.org SCIENCE VOL 338 16 NOVEMBER 2012 933

REPORTS

Dietz and coworkers,  
Science (2012)

Dietz and coworkers, Science (2015)

position and orientation of individual DNA ob-
jects within larger complexes, we designed four
multilayer DNA origami bricks (Fig. 1C and figs.
S1 to S7) that form the subunits of a tetrameric
complex. The embossed surface of brick A fits
precisely into the recessed surface of brick B and
likewise for combinations of B with C and C
with D. Bricks B, C, and D exhibit characteristic
asymmetric features that helped identify their
orientation when the bricks were imaged with
transmission electronmicroscopy (TEM). Negative-
stain TEM image data and an electrophoretic
mobility analysis confirmed the successful as-
sembly of the designed overall bricklike objects
(fig. S7, A and B), as well as the self-assembly
into all possible multimeric complexes as they
are prescribed by the designed shape comple-
mentarity, including dimers, trimers, and a te-
tramer (Fig. 1D; fig. S7, B to F; and figs. S8 to S21).
To illustrate the ability of the click-in shape

recognition scheme for precisely defining con-
formational states within a multidomain DNA
object, we designed a switchlike DNA object con-
sisting of two rigid beams connected by a pivot
(Fig. 1E and fig. S22). The switch can dwell either
in an ensemble of open states or in a closed state.
The structure of the closed state is prescribed by
shape-complementary patterns of double-helical
DNAdomains that can click into each other when
the two beams draw together (Fig. 1E, right).
Direct imaging by negative-stain TEM confirms
that the switch adopts open and closed confor-

mations, where the closed conformation is struc-
turally well defined (Fig. 1F).

Structural switching

Our RNAse Pñ inspired shape recognition scheme
creates a tiered hierarchy between intradomain
stability and interdomain interaction because it is
based on few nucleobase stacking interactions,
rather than the many nucleobase pairing inter-
actions that stabilize entire DNA objects. As in
RNAse P (25, 26), the conformational equilibrium
of objects that utilize such shape-complementary
interactions is sensitive to the concentration of
counterions in solution because of repulsions
between the negatively charged surfaces of the
DNA binding partners. These two properties, the
tiered interaction hierarchy and the repulsive
interfaces, create rich opportunities for adjusting
the conformational equilibrium, and changing it
reversibly and rapidly, by global parameters such
as cation concentration and solution temperature.
We test these options in detail using ensemble and
single-molecule fluorescence resonance energy
transfer (FRET) experiments, as well as TEM im-
aging and electrophoretic mobility analysis per-
formed as a function of cation concentration and
temperature with the switch object and for a di-
meric brick complex. For both the switch and the
dimeric bricks, increasing the cation concentra-
tion shifted the conformational equilibrium from
the open or monomeric states to the closed or
dimeric states, respectively (Fig. 2, A and B, and

figs. S12 to S14; S23, A to D; S24 to S29; and S30,
A and B). This process occurred in the presence
of bothmonovalent and divalent cations, but only
when attractive stacking bonds or even stronger
hybridization-based interactions were included
(Fig. 2B, supplementary text S1, and figs. S23, B
to C, and S31 to S40), thus pointing against
unspecific counterion-induced condensation ef-
fects. The transitions were reversible upon cyclic
changes in the concentration of cations (fig. S23E).
The isothermsgeneratedby cation titration agreed
wellwith the predictions of a two-statemodelwith
a free-energy term that depends linearly on the
concentration of cations (Fig. 2B and fig. S30B).
Single switch particles sample the designed open
and closed states on the time scale of fractions of
seconds (supplementary text S2 and figs. S23, F
to I, and S41 to S49). Increasing the concentra-
tion of cations shifts the equilibrium toward the
closed state by predominantly reducing the av-
erage time that the switch dwells in the open state
(fig. S23I).
The greater the strength of the designed in-

teraction between the shape-complementary
interfaces of the switch, the lower the cation con-
centration necessary for stabilizing the closed
state (Fig. 2B and fig. S23, B and C). In the switch
version with 16 stacking bonds, the transition
occurred over a narrow concentration interval
ranging from 6 to 12 mM MgCl2. For stronger
hybridization-based interactions at all comple-
mentary sites instead of the minimal stacking
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Fig. 4. Reversibly reconfigurable non–base pairing multistate DNA devices
with arbitrary shapes. (A) Top row: schematic representations of a reconfig-
urable gear in a fully open state (left), in a partially compacted intermediate
state (center), and in a fully closed state (right). The states can be cyclically
prepared by adjusting, e.g., the cation concentration. Bottom row: average
negative-stain TEM micrographs of the gear, acquired at 100 mMMgCl2 (left)
and at 20 mM MgCl2 (center and right). The cation-dependent operation
principle opening or closing is reversed with respect to, e.g., the switch (Figs.
1 and 2) due to additional cation-dependent attractive surface interactions
with the TEM support grid that “pull” the gear open. (B) Top row: schematic
representation of a nanobook in three states. Bottom row: averaged negative-
stain TEM micrographs acquired at 5 mM (left) and at 50 mM (center and
right) MgCl2. (C) Schematic representation of a heterotrimeric reconfigurable

nanorobot (15 MD) that can be reversibly reconfigured in three different con-
formational states: disassembled, and assembled with open or closed arms,
respectively, by calibrating the concentration of cations in solutions. Average
negative-stain TEM micrographs of the nanorobot were acquired in the pres-
ence of the indicated MgCl2 concentrations. MgCl2 concentration increase
was achieved by adding MgCl2 stock solution; concentration reduction was
achieved by diluting with Mg-free buffer. (See figs. S99 and S100 for TEM
images from a complete assembly, opening, closing, disassembly cycle.)
(D) Top row: schematic representation of two shape-complementary multi-
layer DNA origami objects in square-lattice packing (all other objects in this
work were honeycomb-lattice packing). Bottom row: average negative-
stain TEM micrographs in two distinct views of the heterodimeric complex
at 50 mM MgCl2. Scale bars, 25 nm.
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model parameters. We expect our method for
generating DNA shapes with tunable bending to
be generally applicable for a wide range of bun-
dle cross-sectional architectures, as long as ex-
treme deviations from canonical B-form DNA
twist density (less than 6 bp per turn or more than
15 bp per turn) are avoided.

To illustrate the diversity of curved shapes
now accessible, we designed a DNA bundle bear-
ing three “teeth” that is programmed to fold into a
half circle with a 25-nm radius (Fig. 4A; also see
fig. S19 for design details and fig. S5 for ad-
ditional zoom-out image data). Using hierar-
chical assembly, two of these bundles can be
combined into a circular object that resembles a
nanoscale gear with six teeth. The teeth exhibited
a greater frequency of folding defects than the
body, at a rate of about one defective tooth out
of three, perhaps related to their small size (only
42 bp long per double helix). About one-third of
multimeric complexes were observed to be the
target cyclic dimers, versus noncyclic dimers and
higher-ordermultimers. By adjusting the gradient
of insertions and deletions, the bundle can be
tuned to fold into a quarter circle with a 50-nm
radius (Fig. 4B; see also fig. S20 for design
details). By connecting four of these quarter cir-

cles, a gear with 12 teeth can be manufactured. In
this case, only about a tenth of the multimeric
complexes were observed to be the target cyclic
tetramers. In the future, target cyclization may be
improved for objects designed with taller inter-
faces that resist out-of-plane bending and that are
more tolerant of folding defects.

3D spherical shapes can be created as well
(Fig. 4C). We designed a 50-nm-wide spherical
wireframe object that resembles a beach ball by
programming six interconnected vertices, each
composed of two crossed six-helix bundles, to
bend so that a projection of the edges of an octa-
hedron onto a circumscribing sphere is com-
pleted (see fig. S21 for design details). We further
designed a concave and a convex triangle (Fig. 4,
D and E; see figs. S22 and S23 for design details)
and a spiral consisting of six segments of a six-
helix bundle that are each programmed to bend
into a half circle with increasing radii of curvature
(Fig. 4F; see fig. S24 for design details). The
convex triangle is designed as a hierarchically
assembling homotrimer. For this design, about
one-third of multimeric complexes were ob-
served to be the target cyclic trimers (additional
image data on all objects shown in Fig. 4 is
provided in fig. S6).

Precisely arranged bent DNA and associated
DNA-binding proteins play an important role in
transcriptional regulation and genomic packag-
ing (24–26). Programmable DNA bending might
prove useful as a probe to study the propensity of
such proteins to bind pre-bent DNA substrates
and also to probe the propensity of different DNA
sequences to adopt specifically bent conforma-
tions (27).
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Fig. 4. Bending enables the design of intricate nonlinear shapes. Red
segments indicate regions in which deletions and insertions are installed.
Scale bars, 20 nm. (A) Model of a 3-by-6–helix DNA-origami bundle
designed to bend into a half-circle with a 25-nm radius that bears three
non-bent teeth. Monomers were folded in separate chambers, purified,
and mixed with connector staple strands to form six-tooth gears. Typical
monomer and dimer particles visualized by negative-stain TEM. (B) 3-by-
6–helix bundle as in (A), modified to bend into a quarter circle with a 50-nm
radius. Hierarchical assembly of monomers yields 12-tooth gears. (C) A

single scaffold strand designed to fold into a 50-nm-wide spherical wireframe
capsule resembling a beach ball and four typical particles representing
different projections of the beach ball. The design folds as six bent crosses
(inset) connected on a single scaffold. (D) A concave triangle that is folded
from a single scaffold strand. The design can be conceptualized as three
3-by-6 bundles with internal segments designed to bend by 60°. (E) A convex
triangle assembled hierarchically from three 3-by-6 bundles designed
with a 120° bend (Fig. 3E). (F) A six-helix bundle programmed with varying
degrees of bending folds into a spiral-like object.
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In the final steps, a long single-stranded scaf-
fold (7249 nts for the typical M13 scaffold, the
cyan strands in Fig. 1, C and D) is wound so that
it comprises one of the two strands in every helix;
each time the scaffold moves from one ring to the
next, a “scaffold crossover” is created. Watson-
Crick complements to the scaffold (staples, the
colored strands in Fig. 1, C and D) are sub-
sequently designed to serve as the second strand
in each helix and create the additional crossovers
that maintain structural integrity (19). Each staple
is generally 16 to 60 nts long and reverses di-
rection after participating in a crossover, resulting
in stable antiparallel crossover configurations (5).
Once the folding path, crossover pattern, and
staple position are determined, a list of staple se-
quences is generated (19). Several additional
factors, including the ideal conformation of DNA
double helices, must be considered to complete
the design process.

The conformation of each double-helical ring
(10 bps/turn) shown in Fig. 1, C and D, closely
resembles B-formDNA (10.5 bps/turn), andwhile
the concentric ring structure demonstrates in-
plane bending of nonparallel helices, maintaining
~10 bps/turn sacrifices a certain level of design
control. For example, sustaining ~10 bps/turn re-
stricts the number of concentric rings that can be
added to a structure. As the radius of a ring in-
creases, additional crossover points are required
to constrain the double helix to a 2D ring (i.e., 70
bps between crossovers is not expected to main-
tain the required level of rigidity). Consider add-
ing a fourth, fifth, and sixth ring to the concentric
ring structure in Fig. 1, C and D: The fourth ring
would have 250 bps with five crossovers (50 bps
between crossovers), the fifth ring would have
300 bps with five crossovers (60 bps between
crossovers), and, following the same pattern, the
sixth ring would have 350 bps with five cross-
overs (70 bps between crossovers). To stabilize
the outer ring would most likely require at least
one additional crossover, and the resulting double
helix would no longer conform to 10 bps/turn.

DNA has been shown to be flexible enough
to tolerate non-natural conformations in certain

DNA nanostructure arrangements (18). To deter-
mine the range of DNA conformations amena-
ble to our current design, we constructed a series
of three-ring structures (fig. S11) with different
numbers of bps between adjacent crossovers and
evaluated their stability (19). We found that a
wide range of DNA conformations are compat-
ible with DNA origami formation, as confirmed
by the atomic force microscopy (AFM) images in
fig. S13. As expected, structures in which the
DNA most closely resembles its natural confor-
mation (10 and 11 bps/turn) formed with the
highest yield (>96%), and those with the largest
deviation from 10.5 bps/turn (8 and 13 bps/turn)
formed with the lowest yield (fig. S14). The
results suggest that it is not necessary to strictly
conform to 10.5 bps/turn when designing DNA
origami structures, and the flexibility in this de-
sign constraint supports more complex design
schemes.

With each of these parameters in mind, we
designed objects with more complex structural
features. Figure 2A illustrates a more intricate
concentric ring design, with nine layers of double-
helical rings (fig. S26). The design is based on a
Dc of 50 bps, and the number of bps/ring ranges
from 200 in the innermost to 600 in the outermost
ring (with an increment of 50 bps/ring). As the
ring size increases, the outer layers need addi-
tional crossovers between helices to stabilize the
overall structure and preserve the circular shape.
The number of crossovers between adjacent heli-
ces is five for the two innermost rings, and 10 for
the remaining outer rings. Table 1 lists the spe-
cific details of each concentric ring layer. The
conformation of double-helical DNA in the nine-
layer concentric ring structure ranges from 9 to
11.7 bps/turn, with several different distances be-
tween successive crossovers. The AFM images
in Fig. 2A and fig. S16 reveal that the nine-layer
ring structure forms with relatively high yield

(~90%), despite the various degrees of bending in
each of the helices and inclusion of non–B-form
DNA (19).

A modified square frame (Fig. 2B) was de-
signed to determine whether sharp and rounded
elements could be combined in a single structure
(figs. S31 to S33). Each side of the modified
square frame is based on a conventional helix-
parallel design scheme, whereas each corner cor-
responds to one-fourth of the concentric ring
design. The AFM images (Fig. 2B and fig. S18)
confirm that several design strategies can in fact
be used to generate intricate details within a sin-
gle structure (19). Several additional 2D designs
with various structural features were also con-
structed (fig. S15). An “opened” version of the
nine-layer ring structure was assembled (fig. S27),
as well as an unmodified square frame with four
well-defined sharp corners (figs. S28 to S30), and
a three-point star motif (fig. S34).

To produce a complex 3D object, it is neces-
sary to create curvatures both in and out of the
plane. Out-of-plane curvature can be achieved by
shifting the relative position of crossover points
between DNA double helices (Fig. 1, E and F).
Typically, two adjacent B-form helices (n and
n + 1) are linked by crossovers that are spaced
21 bps apart (exactly two full turns), with the two
axes of the helices defining a plane. The cross-
over pattern of the two-helix bundle and those
of a third helix can be offset by any discrete num-
ber of individual nucleotides (not equal to any
whole number of half turns, which would result
in all three helices lying in the same plane), and
in this way, the third helix can deviate from the
plane of the previous two. However, with B-form
DNA, the dihedral angle (q)—the angle between
the planes defined by n and n + 1, and n + 1 and
n + 2—can not be finely tuned, and ~34.3°/bp
is the smallest increment of curvature that can
be achieved.

Table 1. Design parameters for the nine-layer
concentric-ring structure. The number of bps in
each ring, number of crossovers between adjacent
helices, conformation of the double helical DNA in
bps/turn, and radius are listed, respectively.

Ring no. bps No. of
crossovers

bps/turn Radius
(nm)

1 200 5 10 10.3
2 250 5 10 12.9
3 300 10 10 15.5
4 350 10 11.7 18
5 400 10 10 20.6
6 450 10 9 23.2
7 500 10 10 25.8
8 550 10 11 28.4
9 600 – 10 30.9

Fig. 3. DNA nanostructures with complex 3D curvatures. (A) Schematic representation of the hem-
isphere. (B) Schematic representation of the sphere. (C) Schematic representation of the ellipsoid. (D) TEM
images of the hemisphere, randomly deposited on TEM grids. The concave surface is visible as a dark area.
(E) TEM images of the sphere, randomly deposited on TEM grids. Due to the spherical symmetry, the
orientation can not be determined. (F) TEM images of the ellipsoid. The outline of the ellipsoid is visible.
Scale bar for the TEM images in (D), (E) and (F) is 50 nm. (G) Schematic representation of the nanoflask.
(H) AFM images of the nanoflask. Scale bar is 75 nm. (I) TEM images of the nanoflask, randomly deposited
on TEM grids. The cylindrical neck and rounded bottom of the flask are clearly visible in the images. Scale
bar is 50 nm.
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nonparallel helices. The relation between adja-
cent linear helices (the angles formed by their
theoretical intersection) between adjacent linear
helices was varied. Some 3D gridiron structures
that contain curvature were also achieved, such
as the sphere shown in Fig. 4B. The helices in
concentric ring and radial spoke layers are stretched
in the center and shrunk at the edges, forming a
latitudinal and longitudinal framework, respec-
tively. This is realized by progressively adjusting
the distance between junctions in latitudinal di-
rections. Additional modifications to the basic struc-
tural motif can be used to produce other complex
structures. In the screw structure (Fig. 4C), the
polarity of the DNA strands in the square unit
motif differs from what is illustrated in Fig. 1B
(where adjacent scaffold helices have an antipar-
allel polarity in one direction and the same polar-
ity in the other direction). The scaffold strand is
arranged in an antiparallel configuration to form
a wireframe cylinder structure (11 helices are ar-
ranged axially) and subsequently wraps around
the cylinder (analogous to a left-handed screw)
until the two ends meet. The distance between
adjacent axial helices is 21 bp, the interthread
distance is 42 bp, and the AFM and TEM images
display the expected left-handed conformation.

The design principles of creating gridiron
units allow scaffold strands to travel in multiple
directions, which represent an important depar-
ture from certain aspects of the previous DNA
origami methods. Traditional Holliday junctions
do not naturally adopt conformations that would

allow them to be connected in such a way, and it
was unexpected to find that these motifs could
(within a larger network of crossovers) endure a
150° rotation of one of the arms while simulta-
neously maintaining their integrity. Indeed, the
flexible and dynamic behavior of these motifs
may have excluded these types of junction con-
formations for consideration in scaffolded struc-
tures. Yield analysis from agarose gel and TEM
images shows that the structures, even without
purification, formwith reasonably high yield (from
~36% for the gridiron tweezers to ~85% for the
gridiron screw, estimated from agarose gels; from
~51% for the gridiron sphere to ~89% for the
four-layer gridiron, estimated from TEM images;
see supplementary materials for yield analysis).
The ability to engineer DNA gridirons that are
analogous to vector-based objects, where a series
of points with defined positions in 3D space are
connected by lines, is an important milestone in
the development of synthetic nucleic acid struc-
tures. In particular, this opens up new opportunities
to implement the design of complex wireframe
structures (see discussion in supplementarymate-
rials) that are amenable to dynamic controls. A
future challenge in DNA origami is to achieve
true folding, starting from a 2D sheet (miura ori),
rather than the 1D M13 scaffolds commonly
used in traditional DNA origami construction.
The loose 2D networks and freely rotating hinges
between different planes of DNA gridirons pro-
vide the design features necessary to implement
Miura ori type of origami.

References and Notes
1. N. C. Seeman, Annu. Rev. Biochem. 79, 65 (2010).
2. P. W. K. Rothemund, Nature 440, 297 (2006).
3. S. M. Douglas et al., Nature 459, 414 (2009).
4. H. Dietz, S. M. Douglas, W. M. Shih, Science 325, 725 (2009).
5. D. Han et al., Science 332, 342 (2011).
6. C. Mao, W. Sun, N. C. Seeman, J. Am. Chem. Soc. 121,

5437 (1999).
7. S. M. Miick, R. S. Fee, D. P. Millar, W. J. Chazin,

Proc. Natl. Acad. Sci. U.S.A. 94, 9080 (1997).
8. S. A. McKinney, A. C. Déclais, D. M. J. Lilley, T. Ha,

Nat. Struct. Biol. 10, 93 (2002).
9. T. J. Fu, N. C. Seeman, Biochemistry 32, 3211 (1993).

Acknowledgments: We thank N. Seeman and R. Sha from
New York University for helpful discussions. This work is
supported by NSF grant 1104373, Office of Naval Research
grant N000140911118, Army Research Office grant
W911NF-11-1-0137 to H.Y. and Y.L. and Army Research
Office Multidisciplinary University Research Initiative award
W911NF-12-1-0420 and National Science Foundation of China
grant 21028005 to H.Y. H.Y. and Y.L. are part of the Center
for Bio-Inspired Solar Fuel Production, an Energy Frontier
Research Center funded by the U.S. Department of Energy,
Office of Science, Office of Basic Energy Sciences under award
no. DE-SC0001016. H.Y. is supported by the Presidential
Strategic Initiative Fund from Arizona State University.
The DNA sequences for the nanostructures and additional
data described in this work can be found in the online
supplementary materials.

Supplementary Materials
www.sciencemag.org/cgi/content/full/339/6126/1412/DC1
Materials and Methods
Supplementary Text
Figs. S1 to S96
Tables S1 to S17

1 November 2012; accepted 31 December 2012
10.1126/science.1232252

Fig. 4. Schematics (left), AFM (middle), and TEM images (right) of (A) an
S-shaped structure, (B) a sphere, and (C) a screw. All scale bars indicate 200 nm,
and all zoom-in images (images without scale bars) are 200 by 200 nm. In (B)

and (C), the diameter and the width, respectively, appear to be larger in the AFM
images compared with the TEM images. This difference is probably a result of
flattening of the 3D objects into two-layer structures and AFM tip convolution.
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Viral genome, the program of 
infection

Cryoem reconstruction with concentric rings 

(Evilevitch et al, UIUC)
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Herpes virus (HSV)

Open questions:
- What is the 3D structure of the genome?

- How genome ejection is triggered and sustained?

- Can it be used as a drug target?
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Packaging viruses with ARBD

ARBD: Atomic Resolution Brownian Dynamics (multi-resolution)

Package DNA (CG) with ARBD, into CryoEM reconstruction of a HK97 bacteriophage capsid. !
A cryoEM map of the portal is fitted into the original capsid reconstruction, and DNA is 

packaged through the portal.

Smooth, purely repulsive grid-based potential obtained 
by blurring cryoEM density and adding the portal



K48B/,%&=84B=)!7#*L#(')(!3&:;<!9',4&%&

Kush Coshic et al. to be published



M)1%,)#8!7,%&&4,%!34,')(!7#*L#(')(

NOPressure (atm)

Pe
rc

en
t o

f D
N

A
 

ou
ts

id
e 

ca
ps

id
, % Evilevitch et 

al, PNAS 

Kush Coshic et al. to be published



J=$7#,'&=)!1=!&1,4*14,#8!3#1#

NP

Simulation Experiment
J. Mol. Biol. (2009) 391, 471-483, Hendrix et al

Cryo-electron microscopy

q [Å−1]

experiment 
simulation

I(
q)

[a
.u

.]

Small Angle X-ray 
Scattering

Experiment: !
        Journal of  molecular  biology, !
         408: 541 (2011)

Simulation SAXS data were generated from CRYSOL, using an atomistic 
PDB of the protein coat and packaged DNA

Kush Coshic et al. to be published



Conclusions	and	outlook

62

The length and time scale of an all-atom MD allows for 
adequate sampling on DNA-DNA interactions in complex 
environment 


All-atom force field is accurate enough to make quantitative, 
experimentally testable predictions


A multi-resolution representation can expand the time and 
length scale of processes amenable to all-atom MD approach
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