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ABSTRACT

Recent advances in DNA nanotechnology led the
fabrication and utilization of various DNA assem-
blies, but the development of a method to control
their global shapes and mechanical flexibilities with
high efficiency and repeatability is one of the re-
maining challenges for the realization of the molecu-
lar machines with on-demand functionalities. DNA-
binding molecules with intercalation and groove
binding modes are known to induce the perturbation
on the geometrical and mechanical characteristics of
DNA at the strand level, which might be effective in
structured DNA assemblies as well. Here, we demon-
strate that the chemo-mechanical response of DNA
strands with binding ligands can change the global
shape and stiffness of DNA origami nanostructures,
thereby enabling the systematic modulation of them
by selecting a proper ligand and its concentration.
Multiple DNA-binding drugs and fluorophores were
applied to straight and curved DNA origami bundles,
which demonstrated a fast, recoverable, and con-
trollable alteration of the bending persistence length
and the radius of curvature of DNA nanostructures.
This chemo-mechanical modulation of DNA nanos-
tructures would provide a powerful tool for reconfig-
urable and dynamic actuation of DNA machineries.

INTRODUCTION

The understanding and application of geometrical and
mechanical responses of DNA with binding ligands have
been one of the major challenges for decades (1,2). Small
molecules non-covalently interacting with DNA have multi-

ple binding mechanisms including intercalation and groove
binding (3), and have been used for pharmaceutical (4), bi-
ological (5) and fluorescence applications (6). The underly-
ing binding mechanisms of such ligands and corresponding
nanomechanical characteristics of DNA have been widely
studied by tweezer-based force spectroscopy (7-14) and
atomic force microscope (AFM) imaging (15-17). However,
most studies so far mainly focused on the response of an un-
structured long DNA strand (7-13,15), while the remark-
able recent advance of structural DNA nanotechnology en-
abled the utilization of structured DNA assemblies (18). A
number of DNA nanostructures with planar (19) to 3D (20)
shapes have been constructed and used as intracellular de-
livery carriers by containing DNA-binding drugs (21-23).
Chemically-activated dynamic and reconfigurable mecha-
nisms have also been utilized as nanomechanical compo-
nents (24-26), molecular sensors (27) and connectors for
higher-order assemblies (28—30). While chemo-mechanical
actuation can provide a fast (up to seconds at strand level
(2)) and repeatable geometric response to DNA assemblies,
it is difficult to select a proper DNA-binding ligand and
predict its working range for a targeted function of DNA
nanostructures.

In this study, we used three intercalators, ethidium bro-
mide (EtBr), doxorubicin (DOX) and dimeric cyanine
dye oxazole yellow (YOYO-1), and two groove binders,
4’ ,6-diamidino-2-phenylindole (DAPT) and bisbenzimide H
33258 (H33258), to investigate how these DNA-binding
molecules affect the mechanical and geometrical charac-
teristics of structured DNA assemblies. Increased mechan-
ical flexibility of the bundles in bending was commonly ob-
served for all binders, but the softening effect was different
depending on their intrinsic binding modes. EtBr and DAPI
showed a substantial recovery of modulated flexibility by a
simple buffer exchange process, thereby enabling repeatable
chemo-mechanical actuation. Also, their ability to control

*To whom correspondence should be addressed. Tel: +82 2 880 1647; Fax: +82 2 883 0179; Email: dnkim@snu.ac.kr
fThe authors wish it to be known that, in their opinion, the first two authors should be regarded as Joint First Authors.
Present address: Young-Joo Kim, Center for Nanomedicine, Institute for Basic Science (IBS), Seoul 03722, Korea.

© The Author(s) 2021. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work
is properly cited. For commercial re-use, please contact journals.permissions@oup.com


https://orcid.org/0000-0002-7969-4345
https://orcid.org/0000-0002-8137-8878
https://orcid.org/0000-0003-1791-3466
https://orcid.org/0000-0002-6438-2699

12592 Nucleic Acids Research, 2021, Vol. 49, No. 21

the structural deformation was demonstrated for bent struc-
tures. Furthermore, we found that the bending stiffness of
DNA origami bundles could be systematically varied by us-
ing ethidium intercalation together with engineered defects
(31) (via short single-stranded gaps). Computational stud-
ies revealed a potential mechanism of how ethidium inter-
calation make the structured DNA bundles flexible.

MATERIALS AND METHODS
DNA materials and reagents

M13mpl8 ssDNA (7249-nt-long) was purchased from
Guild BioSciences (FOUNDATION MI13mpl8). Staple
DNA oligonucleotides were provided from Bioneer Cor-
poration (www.bioneer.co.kr). The yield and molecular
weight of all staple strands were verified by matrix-assisted
laser desorption/ionization time-of-flight mass spectrome-
try (MALDI-TOF) from the provider. EtBr (0.5 mg/ml),
Doxorubicin hydrochloride (solid), DAPI (1 mg/ml) and
H33258 (1 mg/ml) were purchased from Sigma-Aldrich,
and YOYO-1 iodide (1 mM) was purchased from Ther-
moFisher Scientific. Other reagents including DI wa-
ter, Tris-Aacetate-EDTA (TAE) and magnesium chloride
(MgCl,) solution were purchased from Sigma-Aldrich.

Self-assembly and purification

100 ul of a folding mixture containing 20 nM of scaffold
DNA, 100 nM of each staple strand, 1x TAE buffer (40
mM Tris-acetate and 1 mM EDTA) and 20 mM of MgCl,
was prepared. The mixture was subjected to the following
temperature gradient by using a thermocycler (T100, Bio-
Rad): heated up to 80°C at 1°C/s; 80°C to 65°C in one
hour (2 min per —0.5°C); 65°C to 25°C in 40 h (30 min
per —0.5°C); cooled down and hold at 4°C. Excessive sta-
ple strands were removed by centrifugal filtration (32), using
Amicon Ultra Centrifugal Filter Units with 50 kDa cut-off
filters (UFC505096, Merck KGaA). The concentration of
the purified structures was set to 10 nM using a UV-VIS
spectrophotometer (NanoDrop One, ThermoFisher Scien-
tific).

Incubation of the samples and AFM measurement

DNA origami structures with 10 nM concentration con-
taining folding buffer of 1x TAE and 20 mM MgCl,
(FOB20) were mixed with 1:19 ratio with DNA-binding
molecules dissolved in FOB20 buffer to make 0.5 nM struc-
ture concentration with target binder concentration.

After 10 minu of incubation at room temperature, the
prepared sample was deposited on a freshly cleaved mica
substrate (highest grade V1 AFM Mica, Ted-Pella Inc.),
and subsequently incubated for 5 min. The substrate was
washed with DI water by three times and gently dried by N,
gun (<0.1 kgf/cm?) immediately. AFM images were taken
by NX10 (Park Systems) by using a PPP-NCHR probe hav-
ing a spring constant of 42 N/m (Nanosensors). The non-
contact mode was used to measure typically 5 pm x 5 pm
of the sample area in 1024 x 1024 pixel resolution by using
SmartScan software. All measured images were flattened
with linear and quadratic order using XEI 4.1.0 program
(Park Systems) prior to further analysis.

Analysis of AFM images

Calculation of contour length and persistence length of
DNA origami monomers from AFM images were done by
custom scripts using MATLAB R2017b software (Math-
Works Inc.). Refer to the previous report for a more detailed
procedure (31). Briefly, collected individual monomer struc-
tures were converted into binary images to be thinned and
skeletonized to obtain their contours. A parametric spline
was used to fit the contour of each individual structure. The
persistence length was measured with characteristic points
of the fitting spline from every well-folded structure using
a modified version of the open-source software tool Easy-
worm (33). Using the WLC model, the mean-square end-
to-end distance ((R?)) in two dimensions as a function of
the distance along the contour (I.) can be expressed as

(R*) = ALyl [1 —2L,/I. (1 — exp (—1e/2Ly))]

where L, is the persistence length. Typically, the correla-
tion coefficient of the data fitting is above 0.99 for each case.
The standard deviation of the persistence length was calcu-
lated by a bootstrap method with subsets of randomly cho-
sen contours with the same number of collected monomers
with replacement and 1000 times of the repeating process.

Molecular dynamics (MD) simulation

The starting atomic structure of the 6HB design was gener-
ated using caDNAno (34) and SNUPI (35). Each atomic
structure was explicitly solvated using the TIP3P water
model (36) with a distance >15 A from the structure and
boundary. It results in approximately 100 A x 100 A x 320
A of cubic water box and neutralized to an ion concentra-
tion of 20 mM MgCl,. MD simulation was then performed
using NAMD (37) with the CHARMM 36 force field (38),
periodic boundary conditions, the integration time step
of 2 fs, and short-range electrostatic potentials with 12 A
cut-off. The long-range electrostatic interactions were com-
puted using the Particle-Mesh-Ewald (PME) scheme (39)
with the grid size of 1 A. The potential energy of each sys-
tem was minimized using the conjugate gradient method.
Each structure was simulated >300 ns under the isobaric-
isothermal (NPT) ensemble, and trajectories of the final 100
ns were used for further analysis. For the process of cross-
sectional analysis and principal component analysis, refer
to our previous report (31).

Finite element (FE) model and analysis

To predict the equilibrium shape and bending stiffness of
DNA origami bundles, FE analysis was performed based
on the modified CanDo (40) model. In brief, a dSDNA he-
lix was modeled as beam elements having the regular B-
form DNA geometry (diameter of 2.25 nm, axial rise of 0.34
nm and helicity of 10.5 bp/turn) and mechanical proper-
ties (stretch modulus of 1100 pN, bending rigidity of 230
pN nm?, and torsional rigidity of 460 pN nm?). The effect
of different sequences, nicks, and gaps was not considered.
Inter-helix crossovers were modeled by a beam element that
connects two nodes that belong to two adjacent helices, re-
spectively. To consider the effect of flexibility of crossover,
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their mechanical stiffnesses were defined by multiplying a
scale factor to those of DNA duplex instead of using rigid
beams (41). Normal mode analysis was performed at the
equilibrated configuration to compute the bending stiffness
of DNA origami bundles. Refer to the previous report for a
detailed procedure (31).

RESULTS AND DISCUSSION

Molecules interacting with double-stranded DNA (ds-
DNA) can change the geometric and mechanical char-
acteristics of structured DNA assemblies, which usually
have a complex strand pathway and structural motifs (Fig-
ure 1). For example, scaffolded DNA origami, one of
the most widely used techniques for folding DNA into a
nanostructure, typically uses an M13mp18 circular single-
stranded DNA (ssDNA) consisting of 7249 nucleotides (nt)
as a scaffold and up to 200 short oligonucleotides (sta-
ples) which have complementary sequences to the scaffold
(19,40). There exist multiple Holliday junctions (crossovers)
and backbone breaks (nicks) in order to arrange DNA
strands in a given pathway with inter-helical crosslinks to
form a structure. Various curved and twisted structures
can be constructed through designing lattice-packing rules,
crossover intervals, and cross-sectional shapes (20,42,43). In
this study, a simple six-helix-bundle (6HB) designed on a
honeycomb lattice was selected to investigate the chemo-
mechanical response to various DNA-binding molecules.
Its geometric and mechanical characteristics have been well
studied (Supplementary Figure S1) (31,44,45), and its slen-
der profile is appropriate to measure the equilibrated shape
and calculate the bending flexibility (31). First of all, we
tested five representative DNA-binding molecules having
different binding mechanisms to study the mechanical re-
sponse of the 6HB reference (6HB-Ref) design (Figure 2).
Assembled 6HB structures were diluted to 0.5 nM with fold-
ing buffer containing 20 mM MgCl, and targeted binder
concentration (Materials and Methods). Images of individ-
ual 6HB monomers incubated with different binders and
concentrations were collected using AFM, and their me-
chanical flexibilities were characterized by measuring the
bending persistence length from the extracted contours
(Figure 2A—F Supplementary Figures S2-S44, and Supple-
mentary Tables S1 and S2). Kurtosis values for representa-
tive 15 cases were converged to theoretical value of 3 im-
plying that the deposited structures were equilibrated in 2D
(Supplementary Figure S45) (33,46).

In order to confirm that the samples in our measurement
condition are fully equilibrated in 2D substrate, we calcu-
lated the kurtosis, which is the ratio between the fourth mo-
ment and the square of the second moment for the angle dis-
tribution (46). Kurtosis around the value of 3 indicates that
the angle distribution is Gaussian, therefore the structure is
fully equilibrated in 2D. We performed this analysis to 15
cases with different DNA-binders and concentrations, and
concluded that the kurtosis values were generally around 3
within a contour length range.

EtBr is a common DNA-binding fluorophore and known
to increase the contour length, unwind the twist angle and
decrease the persistence length of dsDNA by intercalation
(7,10,47,48). We observed a gradual reduction in the bend-
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ing stiffness of the 6HB-Ref design throughout the exper-
imental ranges, and the maximum stiffness reduction was
calculated as 67.3% in 32 WM concentration (Figure 2A
and F, and Supplementary Figures S2-S11). The persis-
tence length of DOX-intercalated 6HB-Ref showed a very
similar trend with EtBr-intercalated cases (Figure 2B and F,
and Supplementary Figures S12-S20). DOX is a type of an-
thracycline antibiotic and anticancer drugs, and known as
an intercalating-dominant DNA binder. Geometrical per-
turbation by its intercalation is similar to that with EtBr
(47), even though a complex force-dependent behavior re-
garding the persistence length was reported (49).

Besides the mono-intercalators, green-fluorescent DNA
staining dye YOYO-1 was chosen as an example of bis-
intercalating molecules (6). Due to the characteristics of
bis-intercalation, its effect on elongation and unwinding
of DNA are known to be stronger than that of mono-
intercalators although contradictory results were reported
regarding its effect on the persistence length (13,50). We
observed a more drastic reduction in the bending stiffness
up to 82.4% in only 1 puM YOYO-1 concentration. This
is possibly due to the higher binding affinity of YOYO-
1 than EtBr, and more significant extension and unwind-
ing of dsDNA strands induced by bis-intercalation (Fig-
ure 2C and F, and Supplementary Figures S21-S25) (2,13).
Highly stacked configurations by forming long chains were
appeared in 2 wM concentration. Intermolecular crosslink-
ing induced by YOYO-1 might be the reason for polymer-
ization since the ratio of dye to DNA bp (~1:1.8 in 2 pM
concentration) largely exceeds the known maximum value
(1:4) (6,51).

Lastly, the effect of minor groove binders was investi-
gated. DAPI and H33258 are reported to preferentially in-
teract with AT-rich regions, but the intercalative binding
mode is also known to exist with GC-rich or mixed se-
quences (52-56). In general, minor groove binding mode
of ligands is known to induce no significant geometric per-
turbation, but additional intercalating mode at different
sites can influence the changes in geometrical and mechan-
ical characteristics of dsDNA (3). To investigate the re-
sponse by such effects at the DNA structure level, DAPI
and H33258 were treated to the 6HB-Ref design. The re-
sults showed that the persistence length of DAPI-bound
6HB decreased slowly until 4 uM concentration, and then
rapidly dropped at higher concentration levels (Figure 2D
and F, and Supplementary Figures S26-S35). Unlike the
intercalator-incubated samples, some of the structures in-
cubated with DAPI at a higher concentration (>8 pM)
have locally curved regions, which contribute largely to a
drastic decrease of the bending persistence length (Figure
2D and Supplementary Figure S26). Meanwhile, H33258-
bound 6HB maintained a similar level of persistence length
until 8 WM, and then was getting slowly softer at higher
concentrations (Figures 2E, F, and Supplementary Figures
S36-S44).

Interestingly, EtBr, DAPI and H33258 ligands have al-
most no effect on the contour length of the bundle across
the tested concentration range, whereas DOX and YOYO-
1 showed its increase up to 19% and 22% in 32 and 1
wM, respectively (Figure 2G and Supplementary Table S1).
Though it has been known that mono-intercalator EtBr
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Figure 1. Schematic illustration of the chemo-mechanical response of a DNA origami nanostructure with DNA-binding ligands. DNA-binding molecules
such as ethidium can induce the deformation and the softening of DNA duplexes, leading to the changes in the flexibility and the geometry of an assembled
structure. Gray and pink boxes indicate the equilibrated dsDNA without and with ethidium intercalation, respectively.

tends to increase the contour length of dSDNA (10,47), that
of our 6HB structure was not significantly changed by it.
More confined configuration of dsDNA in the structured
assembly might cause this difference.

The reversibility of chemo-mechanical modulation was
tested for four DNA-binding molecules (Figure 2H and
Supplementary Figure S46). Binder-incubated sample solu-
tions were exchanged to pure folding buffer by three times
during the centrifugal filtration (Materials and methods)
(32). The recovery efficiency defined as the ratio between
the average persistence lengths of initial and recovered 6HB
monomers was measured. EtBr and DAPI showed a rela-
tively high recovery rate (78.6% and 91.1%, respectively),
whereas DOX and YOYO-1 showed an incomplete, partial
recovery (36.1% and 47.5%, respectively). The recovery rate
might be closely related to the binding affinity with DNA.
It was reported that DOX-intercalated DNA origami struc-
tures could contain DOX up to few hours (21), and YOYO-
1-DNA complex could maintain stable binding (13,51). One
thing to note here is that the binding affinity and corre-
sponding mechanical characteristics of DNA with binding
ligands are reported to be influenced by surrounding buffer
conditions as well (13). In contrast to many single-molecule
experiments that use buffers with monovalent cations such
as sodium chloride and sodium phosphate, divalent cations
such as magnesium are typically used in DNA origami
within 10 to 20 mM concentration range (40). Therefore,
a careful selection of the type and concentration of binding
ligands might be necessary depending on the purpose and
working condition of DNA nanostructures.

In addition to the mechanical flexibility, the effect of
DNA-binders on the geometry of structured DNA assem-
blies was investigated by using a curved 6HB (6HB-Arc) de-
sign (Figure 3). The semi-circular geometry of the 6HB-Arc
structure was designed by insertions and deletions of bps
to the straight 6HB-Ref design (Supplementary Table S3)
(43). When incubated with EtBr, structures with a smaller
radius of curvature were observed in 0.5 wM concentra-
tion (Figure 3A and E). As the EtBr concentration increases
(>1 M), however, most structures were reconfigured into
non-circular helical coils. It is because the gradual unwind-
ing of constituting dsDNA strands due to the ethidium in-
tercalation induces a cumulative out-of-plane rotation of
the entire structure (Figure 3A and D, and Supplementary
Figure S47). On the other hand, 6HB-Arc structures incu-

bated with groove binders showed quite distinctive behav-
iors. The radius of curvature of DAPI-incubated 6HB-Arc
gradually reduced up to 32% in 8§ wM concentration with-
out noticeable out-of-plane deformation, resulting in the
formation of closed circles as shown in AFM images (Fig-
ure 3B and D-E, and Supplementary Figure S48). Similar
to the decrement in the bending persistence length of DAPI-
incubated straight 6HB structures, we attribute this behav-
ior to the additional intercalating mode of DAPI that ap-
pears in higher molecular concentrations as well (57). In-
creased portion of the non-circular structures observed in
32 wM concentration supports this hypothesis that an in-
creased amount of intercalation might have a negative im-
pact on the structure to maintain its planar geometry (Sup-
plementary Figure S48). The decreased radius of curva-
ture of DAPI-incubated 6HB-Arc structures was success-
fully reverted by buffer exchange, though some of the highly
distorted monomers seemed to fail to recover their origi-
nal shapes (Supplementary Figure S49). On the contrary,
H33258 did not induce the change in the radius of curva-
ture until 8 wM concentration, as similar to its effect on the
bending persistence length of the straight 6HB-Ref struc-
ture (Figures 3C-E and Supplementary Figure S50). But a
large amount of non-circular structures was also observed
in 32 wM concentration (Supplementary Figure S50).
Next, we explored the possibility of modulating the me-
chanical stiffness of these bundles by both chemical (via
binding molecules) and physical (via engineered defects
(31)) modifications (Figure 4, Supplementary Figures S1
and S51-S74, and Supplementary Tables S2 and S4). In ad-
dition to the 6HB-Ref structure, four-helix-bundle designed
on a square lattice (4HB-Ref) was tested (Supplementary
Figure S1). Flexible versions of these structures achieved us-
ing multiple 5-nt-long single-stranded gaps (or engineered
defects (31)) were included in the test (indicated as 6HB-
Gap and 4HB-Gap) (Figure 4A). As we increased the con-
centration of EtBr, a similar trend of stiffness reduction was
universally observed for both regular and defect-engineered
structures, indicating that chemical and physical modula-
tions can be used simultaneously (Figures 4B—E). Normal-
ized bending stiffness, defined as the ratio of the persistence
length to that of the unmodified structure, showed a similar
rate of stiffness reduction for all cases (Figure 4F). Com-
bined with engineered defects and EtBr intercalation, the
maximum amounts of reduction in the bending stiffness
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Figure 2. Mechanical response of DNA origami bundles with different DNA binders. Chemical structure of binders, representative AFM images, and
120 aligned monomer contours of 6HB-Ref bundles incubated at the different concentrations with (A) EtBr, (B) DOX, (C) YOYO-1, (D) DAPI and (E)
H33258. Refer to Supplementary Figures S2-S44 and Supplementary Table S1 for the results of the entire concentration range. Scale bars in the AFM
images are 200 nm. Scale bars and ticks in the monomer contour graphs are 100 nm. (F) Calculated bending persistence lengths of the 6HB structures with
different binders and concentrations. The molecular concentration of 6HB monomers was maintained at 0.5 nM for all cases. The dotted lines indicate the
exponential fitting curves of experimental data for each case. Error bars indicate the standard deviation. (G) Measured monomer contour lengths of the
6HB-Ref bundles with different binders and concentrations. Error bars indicate the standard deviation. (H) Recovery test using buffer exchange method.

Refer to Materials and Methods for details.

were 90.8%, and 85.6% for 6HB and 4HB, respectively (Sup-
plementary Table S1). These values are above the range of
maximum softening effect that could be achieved using only
engineering defects (67.5% and 70% in 6HB and 4HB, re-
spectively) (31).

To understand the structural effect of DNA-binding
molecules on structured DNA assemblies, we performed
the MD simulation for 105-bp-long 6HB structure (Figures
SA-F and Supplementary Figures S75-S77). Considering
the uncertainty of ethidium-binding positions on the DNA

origami bundle, 60 ethidium molecules were initially dis-
tributed into the bundle structure in three different ways;
all ethidiums to dsDNA region (Et-dsDNA), all ethidi-
ums to crossover region (Et-Cross), and 30 ethidiums to
dsDNA and 30 ethidiums to crossovers (Et-Mixed) (Fig-
ure SA). According to the previous report (24), this corre-
sponds to approximately 3 wM EtBr concentration when
0.5 nM DNA bundles exist in solution. During the equi-
librium process, nine, four, and five ethidium molecules fell
out from their initial positions in Et-dsDNA, Et-Cross, and
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Figure 4. Systematic modulation of bending persistence length using EtBr with different cross-sections and defect-engineered bundles. (A) Schematic
illustration of defect-engineering. For 6HB-Gap and 4HB-Gap design, 5-nt-long ssDNA gaps were inserted in every nick position. Refer to Supplementary
Figure S1 for details. (B) Representative 120 aligned monomer contours of 6HB-Gap bundles with different EtBr concentration. Ticks and scale bars: 100
nm. (C) Representative 120 aligned monomer contours of 4HB-Gap bundles with different EtBr concentration. Ticks and scale bars: 100 nm. (D) Calculated
bending persistence lengths of 6HB-Ref and 6HB-Gap structures with different EtBr concentration. Error bars indicate the standard deviation. Refer to
Supplementary Figures S51-S58 for detailed results. (E) Calculated bending persistence lengths of 4HB-Ref and 4HB-Gap structures with different EtBr
concentration. Error bars indicate the standard deviation. Refer to Supplementary Figures S59-S74 for detailed results. (F) Normalized bending persistence
lengths of all cases showing the decreasing behavior of bending persistence length as the increase of EtBr concentration.

Et-Mixed cases, respectively. The structure without interca-
lated ethidium was also simulated (indicated as Ref in Fig-
ure 5). For all cases, molecular trajectories of final 100 ns
were used in analysis.

The structural integrity of the bundles was analyzed
from the coordinates of bps located at five cross-sectional
planes with 21-bp-interval (Figures 5A, B). With ethid-
ium intercalation, an increased amount of fluctuations was
observed possibly due to the weakened basepairing inter-
action. Also, the root-mean-square deviation (RMSD) of

ethidium-intercalated cases was higher than that of the ref-
erence (Figure 5C). The normalized bending persistence
length was calculated using the eigenfrequency of the first
bending mode from principal component analysis (Fig-
ure SD and Supplementary Figure S78). Et-dsDNA, Et-
Cross and Et-Mixed structures were 51.7%, 33.6% and
35.4% less stiff in bending, respectively, than the reference
one without EtBr. From experiments, the corresponding re-
duction values ranged from 43% to 48% in 2-4 pM EtBr
concentration, suggesting that ethidium might be bound to
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Figure 5. MD simulation and computational analysis of ethidium-intercalated DNA origami bundles. (A) Cadnano (34) diagrams of 105-bp-long 6HB
designs with different ethidium positions. For each case, ethidium molecules are initially located in dsDNA regions, crossovers, or evenly distributed in both
regions, respectively. Refer to Supplementary Figures S75-S77 for MD simulation snapshots. (B) The time-average cross-sectional shape of five planes of
6HB structures with and without ethidium intercalators. The colored regions indicate the bp coordinates at each vertex. Refer to Supplementary Methods
for the detailed process (ticks: 20 A). (C) Root-mean-square deviation (RMSD) of MD trajectories for the whole simulation time. (D) Normalized bending
persistence lengths of the ethidium-intercalated 6HBs calculated from PCA of MD trajectories. Refer to Supplementary Methods and Supplementary
Figure S78 for more information. (E) Distribution of time-averaged inter-plane distance values. (F) Distributions of the time-averaged rotation angle
between plane 1 and plane 5. A negative value indicates the counterclockwise rotation. (G) Schematic illustration of the first bending mode shape of
the untwisted and twisted 6HB model. 210-bp-long 6HB was used for FE analysis. (H) The normalized persistence length of 6HB with respective to the
normalized twist angle of dSDNA. (I) Schematic illustration of the first bending mode shape of the twisted 6HB models with different dSsDNA bending
stiffnesses. (J) The normalized persistence length of 6HB with respect to the normalized persistence length of dsSDNA. P.L.: persistence length. Tw: twist

angle.

both dsDNA and crossover regions. According to the equi-
librated shapes at the final time step, the inter-plane dis-
tance was increased for all three ethidium-intercalaed cases
(Figure 5E). However, Et-dsDNA structure was left-twisted
whereas Et-Cross design showed a right-handed twist (Fig-
ure 5F). Et-Mixed case showed almost no cross-sectional
rotation, as the same number of ethidiums were intercalated
to dsDNA and crossover regions in simulation. Since the
portion of normal dsDNA regions is usually larger than
that of crossovers in DNA origami designs, left-handed
twist and coiling of ethidium-intercalated DNA origami
bundles were reported in other experiments (24,58).
Coarse-grained simulation based on FE analysis was per-
formed to see the effect of global twist of the bundle on

its bending persistence length (Figure 5G-J) (41). First, we
calculated the bending persistence length by changing the
intrinsic twist angle of dsDNA to induce various levels of
global twist while all the other geometric and mechanical
properties were maintained. Overall, the bending stiffness
decreased with the intrinsic twist angle of dsDNA (Fig-
ure 5G and H), implying that the global twist reduces the
bending stiffness of the bundle. In addition, we changed the
bending rigidity of dsDNA. Its effect on the softening of
the bundle was bigger for more twisted bundles (Figure 51
and J). This result indicates that two effects of ethidium in-
tercalation on dsDNA, geometric unwinding and mechani-
cal softening, might synergistically increase the flexibility of
structured DNA assemblies.
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In summary, we investigated the chemo-mechanical re-
sponse of structured DNA assemblies to DNA binding
molecules, providing a simple and effective method to
chemo-mechanically control the geometric and mechanical
characteristics of DNA nanostructures. All intercalative lig-
ands generally induced the softening of DNA origami struc-
tures in bending, while bis-intercalator YOYO-1 exhibited
a more drastic effect. Minor groove binders showed a rel-
atively irregular decreasing pattern than intercalators. In
terms of controlling the curved shape, DAPI could be used
to decrease the radius of curvature with suppressed out-of-
plane deformation. Since EtBr and DAPI showed a good
recovery rate of bending stiffness after buffer exchange, sys-
tematic and repeatable modulation of the shape and flexi-
bility of structured DNA assemblies could be achieved by
using them. Also, by exploiting the compatibility of chemo-
mechanical modulation with the physical defect design, the
controllable range of mechanical flexibility could be further
expanded.

We expect that many other molecules including drugs,
metal ions, and peptides that can interact with DNA
and change its geometrical and mechanical characteris-
tics, could be utilized as chemo-mechanical modulators of
DNA nanostructures as well. Understanding and utiliza-
tion of chemo-mechanical response of structured DNA as-
semblies may advance the method for the design and actua-
tion of molecular machines and chemo-responsive nanome-
chanical components. Structural deformation and stiffness
modulation induced by DNA-binding molecules can realize
the unique working mechanism distinguished from DNA
strand-based actuation system. For example, we recently
demonstrated the threshold-based chemo-mechanical re-
configuration of the DNA origami ring structure (58). Cu-
mulative internal stress induced by DNA-binding molecules
were stored within a structure, and the structure was trans-
formed to the other programmed state when the stress is
over the threshold level. The results shown in this work can
be utilized to develop more advanced reconfiguration mech-
anisms and control the working range of them. Also, our
findings can provide an important information for the de-
sign of DNA-based molecular containers or DNA hydro-
gels that can be utilized to various biological and medical
applications.
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