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ABSTRACT

The low thermal stability of DNA nanostructures
is the major drawback in their practical applica-
tions. Most of the DNA nanotubes/tiles and the DNA
origami structures melt below 60◦C due to the pres-
ence of discontinuities in the phosphate backbone
(i.e., nicks) of the staple strands. In molecular biol-
ogy, enzymatic ligation is commonly used to seal the
nicks in the duplex DNA. However, in DNA nanotech-
nology, the ligation procedures are neither optimized
for the DNA origami nor routinely applied to link the
nicks in it. Here, we report a detailed analysis and
optimization of the conditions for the enzymatic lig-
ation of the staple strands in four types of 2D square
lattice DNA origami. Our results indicated that the
ligation takes overnight, efficient at 37◦C rather than
the usual 16◦C or room temperature, and typically re-
quires much higher concentration of T4 DNA ligase.
Under the optimized conditions, up to 10 staples lig-
ation with a maximum ligation efficiency of 55% was
achieved. Also, the ligation is found to increase the
thermal stability of the origami as low as 5◦C to as
high as 20◦C, depending on the structure. Further,
our studies indicated that the ligation of the staple
strands influences the globular structure/planarity
of the DNA origami, and the origami is more compact
when the staples are ligated. The globular structure
of the native and ligated origami was also found to be
altered dynamically and progressively upon ethidium
bromide intercalation in a concentration-dependent
manner.

INTRODUCTION

The structural DNA nanotechnology (1,2) has attracted
much attention during the past one and a half decades due

to the addition of the scaffolded DNA origami method (3)
to the field. This method has enabled the synthesis of DNA
nanostructures with the dimension of ∼100 nm in diam-
eter, whereas the initially prepared non-scaffolded struc-
tures were ∼10–20 nm in size (4–6). Since the invention
of scaffolded origami, various two- (2D) (3) and three-
dimensional (3D) (7–9) DNA origami have been synthe-
sized, and also self-assembled further to create even larger
structures (10–13). The formation of DNA origami can
also be controlled by using the external signals such as
cationic comb-type copolymers/polyvinyl sulphonic acid
(14) and DNA-binding dendrons/reducing agents or light
(15). Origami materials can also be lyophilized and stored
for future applications (16). These structures have been used
as novel scaffolds for nanopatterning of various nanopar-
ticles (17,18) and quantum dots (19), attachment of car-
bon nanotubes (20), immobilization of biomolecules such
as proteins (21) and viral capsids (22), carriers of drugs (23),
platform for the analysis of single molecular reactions and
processes (24), and so on.

One major issue with these nano-biomaterials is their un-
satisfactory stability that prevents them from the applica-
tions in a wide range of conditions to withstand the ther-
mal, mechanical and chemical modifications. For instance,
the DNA origami structures that use most of the staples
of length 32 bases melt below 60◦C (25). Similar to the
non-scaffolded DNA tube (26), the 3D DNA origami struc-
tures such as cuboid may also break open when deposited
on mica or scanned by force-based methods (27) such as
atomic force microscopy (AFM) (28), and also disintegrate
in deionized water (26,29). As recently reviewed (30,31), sev-
eral strategies have been employed to improve the stability
of origami under application-specific conditions. These in-
cluded the protective coatings, encapsulation of origami in
protective shells, covalent modifications of DNA strands,
and alterations in DNA phosphate backbone. One major
reason for the stability issues of the origami structures is
the presence of breaks in the phosphate backbone, the so-
called nicks, in the staple strands. For example, a typical
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2D DNA origami synthesized using 226 staples contains the
same number of nicks in the phosphate backbone. Increas-
ing the staple length would improve the thermal stability,
but at the same time will lead to practical difficulties such
as increased cost of synthesis, decreased product yield and
purity, and limitations on the maximum length of synthetic
oligo DNAs.

We have previously reported a method to stabilize
the DNA origami structures by photo-cross-linking of 8-
methoxypsoralen (8-MOP), found in a variety of vegetables
and it is a commonly used drug to treat dermatoses, by UVA
irradiation (25). Another method is the UVB light-induced
cyclobutane pyrimidine dimer (CPD) formation by plac-
ing thymidines in a close proximity within DNA origami
(29). The advantage with our method is the long wavelength
UVA treatment (25) which neither induces DNA lesions
nor significantly damages the DNA origami structure even
at doses of 200 kJ/m2 (32). Whereas, UVB and UVC ir-
radiations lead to the formation of CPD and degrade the
origami even at the low radiation doses of 20.3 and 8.3
kJ/m2, respectively (32). Despite their advantages, these
methods are not suitable where native-like DNA is antici-
pated, as they introduce chemical cross-links to the DNA
strands. The alternative method is the enzymatic ligation of
the nicks, the method that is routinely used in molecular
biology. Enzymatic ligation was also applied for the small
DNA nanostructures such as the DNA nanotubes with the
size of ∼10 nm in diameter that contains only five nicks (26)
or only two sticky ends (33), DNA triangles containing dou-
ble crossover molecules (34), four-arm DNA junctions (35),
and the DNA triple crossover complexes (36). Among these
structures, the short DNA nanotube was ligated with the av-
erage efficiency of 68–77% (26), while no ligation yield was
reported for other structures. Also, enzymatic ligation is not
widely applied for the scaffolded DNA origami. There are
only few reports exist in which the enzymatic ligation was
carried out on DNA origami without optimizing the condi-
tions (20,37–41). For example, a ligated rectangular DNA
origami was used to encapsulate a virus capsid protein (CP)
and further used for the cellular delivery (38). The other re-
ports in which the origami was ligated include the evalua-
tion of origami staple redesign (37), self-assembly of carbon
nanotubes on origami (20,39), the dielectrophoretic trap-
ping (40), and the AC impedance spectroscopic analysis of
origami (41). But, in all these reports, the ligation was not
characterized and no evidence was provided to support the
success of the enzymatic ligation on origami. DNA origami
structure is a bundle of tightly packed anti-parallelly ori-
ented multiple duplexes, and thus, the enzymatic ligation on
that is expected to be very different from that of a simple
duplex DNA or non-scaffolded DNA nanostructures con-
sisting of relatively few ssDNAs (26,33–36). Crystal struc-
tures of ligases suggest that the enzymes completely encircle
the nicked DNA to ligate the nick (42). The tightly packed
DNA origami may restrict the access to the ligase, and thus,
optimization of the conditions and well characterization of
the ligation are necessary.

Here, we report a detailed characterization of the liga-
tion of staple strand nicks in DNA origami carried out by
T4 DNA ligase to establish optimized conditions for DNA
nanostructures. In addition, the structural changes caused

by the ligation of staples, and also the intercalator ethidium
bromide (EtBr)-induced dynamic and progressive confor-
mational changes in native and ligated origami were evalu-
ated. The investigation on the access of the nick sites to the
ligase enzyme and the ligation reaction in a tightly packed
environment, such as the one in DNA origami, would pro-
vide a new insight on the structural features of origami from
the mechanistic aspect of ligase reaction.

MATERIALS AND METHODS

Materials

Reagents for buffers such as tris(hydroxymethyl)aminom
ethane (Tris-base), ethylenediaminetetraacetic acid dis-
odium salt (EDTA.2Na), HCl, acetic acid, boric acid,
NaCl and MgCl2, and materials for the gel electrophore-
sis such as EtBr, agarose, acrylamide (monomer), N,N’-
methylenebisacrylamide, ammonium persulfate (APS), and
N,N,N’,N’-tetramethylethane-1,2-diamine (TEMED) were
purchased from Nacalai Tesque, Inc. (Kyoto, Japan).
Adenosine triphosphate (cold ATP) was obtained from
Sigma Aldrich (USA). The � -32P-ATP (hot ATP, stock
concentration 1.66 �M, 10 mCi/ml) was received from
PerkinElmer. T4 polynucleotide kinase (PNK) was pur-
chased from TaKaRa Bio (Kyoto, Japan). Single-stranded
M13mp18 viral DNA was received from Guild Biosciences
(Dublin, USA). T4 DNA ligase was obtained from New
England Biolabs Inc. (Ipswich, MA). The staple strands
for the preparation of DNA origami were purchased from
ThermoFisher Scientific (Tokyo, Japan). Proteinase K was
received from Wako Pure Chemical Industries, Ltd. (Osaka,
Japan). The empty gel-filtration column (to pack S-300 or S-
400) and Micro Bio-Spin 6 column were obtained from Bio-
Rad Laboratories Inc. (Hercules, CA). Sephacryl S-300 and
S-400 were purchased from GE Healthcare UK Ltd. (Buck-
inghamshire, UK). All the chemicals and reagents used were
molecular biology grade. Water was deionized (specific re-
sistance >18.0 M� cm at 25◦C) using a Milli-Q system
(Millipore Corp., Bedford, MA).

Design of DNA origami

As shown in Figure 1 (and Supplementary information Fig-
ures S1–S4), we have adapted four different DNA origami,
namely rectangle (Rec) (3), and 1 (1WF) (43), 3 (3WF) (44)
and 5 well frame (5WF) (45) origami. The theoretical di-
mensions are 98 × 83 nm, 98 × 111 nm, 141 × 76 nm, and
98 × 111 nm respectively for Rec, 1WF, 3WF and 5WF.
The choice of these 2D origami structures is based on the
following facts: (i) in the frame-shaped origami, the ligase
may have more access when the number of wells is increased,
while it is possibly reduced in the rectangle origami. Thus,
the access-dependent ligation can be probed and (ii) the
length of the staple strands is mostly 32 nucleotides in Rec
and 1WF, while longer in 3WF (up to 64 nucleotides) and
5WF (up to 72 nucleotides, see Figure 1B). Therefore, the
staple length-dependent ligation and structural changes in
DNA origami can be probed. Note that the number of sta-
ples indicates the number of nick sites in each origami.
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Figure 1. (A) Schematic outline of the rectangle (Rec), 1 (1WF), 3 (3WF),
and 5 well frame (5WF) origami that are used in this study. The dimension
of each origami is given. (B) Length distribution of the staple strands of
all the four origami. The number of staples above the length of 32 bases,
maximum length, and total number of the staple strands are indicated in
each case.

Buffer conditions

1× PNK buffer: 50 mM Tris–HCl, 10 mM MgCl2 and 5
mM DTT (pH 7.5). 1× origami buffer: 40 mM Tris-base,
20 mM acetic acid, and 12.5 mM MgCl2 (pH 8.2).

Annealing conditions

PNK reactions were carried out at 37◦C for 30 min, dena-
tured at 70◦C for 10 min, and then rapidly cooled down to
4◦C. For DNA origami preparation, the solutions were in-
cubated at 95◦C for 1 min, rapidly cooled down to 53◦C, in-
cubated for 30 min, and finally rapidly cooled down to 4◦C.
For ligase reactions, the solutions were incubated overnight
(or as indicated) at 4, 16◦C, room temperature (RT), 37,
42 or 47◦C.

Confirmation of phosphorylation

The synthetic staple strand oligomer DNAs lack the 5′-
phosphate that is necessary for the ligation. Thus, before the
ligation reaction, it is necessary to phosphorylate the staple
strands. Prior to the kinase reaction, all the staple strands
used in this study were buffer exchanged into Tris–HCl (10

mM, pH 7.5) containing NaCl (20 mM) by using Micro
Bio-Spin 6 column to get rid of the kinase inhibitors such
as ammonium and phosphate salts. The 5′-phosphorylation
was performed by using a mixture of 1WF staple strands
and � -32P-labelled ATP. For this purpose, a mixture of non-
labelled cold ATP and � -32P-labelled hot ATP were used in
a ratio of 10 000:1, respectively. In our case, a typical DNA
origami synthesis of 10 nM concentration requires 4-times
higher amount of the mixture of staple strands, i.e. 10 nM
× 4-times × 226 staples = ∼9 �M of total strand concen-
tration. Both 1:1 (i.e. each 9 �M) and 1:2 ratio of staple
strands:ATP mixture were tested using 5–30 U of PNK. In
typical reactions, the staple strands and ATP mixtures were
taken in 1× PNK buffer. The indicated amount of PNK was
added to the reaction mixtures and the reaction was carried
out by following the PNK annealing conditions mentioned
above. The samples were then analyzed by 15% denaturing
polyacrylamide gel electrophoresis (PAGE) as described be-
low.

Enzymatic ligation

At first, the staple strands were phosphorylated at the 5′-
end as described above. In a typical origami synthesis of 30
nM, we have taken the mixture of staple strands (120 nM
of each strand) in 1× PNK buffer that contained 54 �M
of ATP (1:2 ratio of staple:ATP). Though 10 U of PNK
is sufficient (estimated for 10 nM origami synthesis), 20 U
of PNK was constantly used to ensure the complete reac-
tion. The PNK reaction was carried out as described above.
M13mp18 ssDNA (30 nM) was then added to the reaction
mixture and annealed the solution from 95 to 4◦C. After the
origami folding, the solution was purified (to get rid of the
excess staples and PNK) and buffer exchanged into Tris–
HCl (10 mM, pH 7.5) containing NaCl (20 mM) by using
sephacryl S-300 (Rec, 1WF and 3WF) or S-400 (5WF) gel
filtration columns. The absorption of purified DNA origami
was then measured by NanoDrop-2000 spectrophotometer
(ThermoFisher Scientific), and the concentration was cal-
culated using the estimated molar absorption coefficient of
the origami at 260 nm (ε = 12.4 × 107 M–1 cm–1). From the
known concentration of purified sample, 15 nM of DNA
origami was taken in 1× PNK buffer (Note: We used the
same buffer for both PNK and ligase reactions as their com-
position is the same) that contained 0.5 mM ATP (unless
otherwise noted in specific cases). T4 DNA ligase (400–4800
U, as indicated in each case) was added to the ligation reac-
tion mixture, and then incubated overnight (or as indicated)
at the mentioned temperature. For comparison, the non-
ligated origami was also prepared and treated under sim-
ilar conditions but without ligase. After the ligation reac-
tion, 40 nM of the non-phosphorylated staple strands were
added to the reaction mixture (necessary for better recovery
of DNA origami), and purified and buffer exchanged into
1× origami buffer by using sephacryl column. The purified
samples were quantified once again by using NanoDrop.
Once the phosphorylation and ligation were optimized, the
following optimized conditions were used for any further
analysis: PNK reaction: 1× PNK buffer, 1:2 ratio of sta-
ple:ATP, 20 U of PNK, and 37◦C for 30 min. Ligase reac-
tion: 1× PNK buffer, 0.5 mM of ATP, 15 nM (or as men-



Nucleic Acids Research, 2021, Vol. 49, No. 14 7887

tioned) of purified origami, 2400 U of ligase, and overnight
incubation at 37◦C. Note that the kinase and ligase reac-
tions were carried out in a reaction volume of 50 �l, and
the concentration of enzymes in unit (U) is related to this
volume.

UV-melting analysis

UV-visible spectrophotometer (UV-1700 PharmaSpec, Shi-
madzu) was used to measure the melting patterns of the
non-ligated and ligated origami samples. Typically, a 4 nM
(100 �l) of the purified sample was taken in 1× origami
buffer. The 8 series micro multi-cell (10 mm path length)
was used for the parallel analysis of multiple samples. The
1× origami buffer was used for the blank correction. The
melting was carried out from 25 to 95◦C with the heating
rate of 0.5◦C/min, and the data was collected at every 0.5◦C.
The obtained melting curves were analysed using OriginPro
2020 software. The hypochromicity values were calculated
using the following equation: % hypochromicity = [(ANative
– ALigated)/ANative] × 100, where ANative and ALigated are the
absorbance of the native and ligated origami at 260 nm, re-
spectively.

Native agarose gel electrophoresis (AGE)

Typically, a 3 nM (final concentration) of origami was
mixed with orange G (final concentration of 1×) and loaded
into a 1% agarose gel. The gel was run by using 1× TBE
running buffer at 100 V and 4◦C. The gels were then stained
using EtBr in 1× TBE for 30 min, and the images were
recorded on a Pharos FX Molecular Imager (Bio-Rad).
Proteinase K treatment (Figure 5B): After the ligation reac-
tion, Proteinase K (10 �g) was added into the samples and
incubated at 37◦C for 1 h. Then the reaction mixture was
purified by using sephacryl S-300 and buffer exchanged into
1× origami buffer. The AGE analysis was then performed
as described above. Only for the experiments in Figure 7A–
D bottom panels, EtBr (0.5 or 1 �g/ml) was added both to
the gel and running buffer prior to the gel running. For the
experiments presented in Figure 8, the indicated amount of
EtBr was added to each sample before loading them into
the gel. The relative retention factor (Rf) of each band in
the AGE was calculated in reference to the relative migra-
tion of the non-ligated native origami from the sample load-
ing well, by using the following equation: Rf = (LLigated –
LNative)/LNative, where, LLigated and LNative are the length of
migration of the ligated and native origami bands, respec-
tively from the sample loading wells. Only for Figure 7: Rf
calculations were in reference with the migration of the na-
tive Rec.

Denaturing PAGE

EtBr staining: The samples were freeze-dried on a
lyophilizer (Asahi Life Science), dissolved in Milli Q wa-
ter, and formamide was added to the final concentration of
80–90% (v/v). Then the samples were denatured at 95◦C
for 10 min and rapidly cooled down on ice. The dena-
tured samples were then loaded into a 12% PAGE contain-
ing 8 M urea. Low molecular weight DNA ladder (NEB,

England) was also denatured similarly (without lyophiliza-
tion) and loaded into the gels. The gels were run by using
1× TBE running buffer at 150 V and RT. The gels were
then stained using EtBr in 1× TBE for 20 min, and the
images were recorded on a Pharos FX Molecular Imager.
32P-labelled experiments: The 32P-labelled experiments were
carried out similarly as mentioned above, except that a mix-
ture of hot and cold ATPs was used for the PNK reaction.
The lyophilization step was not carried out as the signal
from 5′-32P-staples was sufficient to detect. EtBr staining
was not performed as it is unnecessary. The gels were im-
aged on a Storm 860 Molecular Imager (Amersham).

AFM imaging

AFM images were recorded using a Sample Scanning-Nano
Explorer AFM system (SS-NEX, RIBM, Tsukuba) with
a silicon nitride cantilever (resonant frequency: 1.5 MHz,
spring constant: 0.1 N/m, Olympus) under the tapping
mode. Before imaging, the samples were purified [to get rid
of the ligase, ATP, and staple strands (if any)] and buffer-
exchanged into 1× origami buffer using sephacryl column.
Then, the purified samples were incubated discretely from
25 to 90◦C for 10 min, and rapidly cooled down and stored
on ice until AFM images were recorded. A 2 �l of sample
(1–2 nM) was incubated on a freshly cleaved mica surface
(� 1.5 mm) for 5 min at RT, the surface was gently washed
using 1× origami buffer, and images were recorded in the
same buffer.

RESULTS

Phosphorylation of staple strands

At first, we have characterized the 5′-phosphorylation of the
staple strands. This is necessary because incomplete phos-
phorylation was hypothetically reasoned for the incomplete
ligation of non-scaffolded DNA nanotubes in a previous
study (26). The phosphorylation was carried out by using
PNK and the mixture of 1WF staple strands. The results
indicated that a 30 min reaction was incomplete with 5 U
of PNK, while the reaction goes to completion with 10–30
U of PNK (Figure 2A). Further, the reactions with double
the amount of ATP indicated that there is no back reac-
tion, i.e. from 5′-32P-staples into inorganic phosphate (32Pi),
as the amount of the 32Pi produced (∼10%) as a result of
the degradation of � -32P-ATP was constant (Figure 2B).
Though 10 U of PNK is sufficient, here after, 20 U of PNK
was constantly used for any further experiments, as in some
cases we needed to prepare higher amounts of up to 8-fold
of DNA origami.

Optimization of enzymatic ligation in DNA origami

We then performed the enzymatic ligation of the 1WF
origami and characterized the ligation by thermal melting
using an UV–visible spectrophotometer. Initially, the lig-
ase concentration-dependent analysis was carried out by
the overnight ligation at 4◦C. As shown in Figure 3A, the
native origami started to melt at ∼56◦C and the melting
was saturated at ∼80◦C. Due to the presence of 226 sta-
ples with different sequences and lengths (most of them
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Figure 2. Denaturing PAGE images of the characterization of 5′-
phosphorylation of the mixture of 1WF staple strands by using � -32P-ATP
and PNK. The 1:1 (A) and 1:2 (B) ratio of staples:ATP were used for the
reactions. The appearance of inorganic phosphate (32Pi) is due to the de-
composition of � -32P-ATP. [Staple strands] = 9 �M (total strand concen-
tration); [Cold ATP] = 9 �M (for 1:1 ratio) or 18 �M (for 1:2 ratio); [Hot
ATP] = 0.0009 �M (1:1 ratio) or 0.0018 �M (for 1:2 ratio); [PNK] = 0–
30 U; [PNK buffer] = 1×, pH 7.5; PNK reaction: 37◦C for 30 min; PNK
denaturation: 70◦C for 10 min; Denaturing PAGE: 8 M urea, 15% PAGE,
1× TBE running buffer, 100 V and ran at RT.

are 32 bases, but not all are the same in length, see Fig-
ure 1B), the 1WF melting curve exhibited multiple transi-
tions that are hard to disintegrate. Thus, estimation of the
exact or a single melting point is not possible, while there
are at least two phases with the melting points roughly esti-
mated at ∼60 and ∼64.5◦C (see Supplementary Figures S5–
S7 and Supplementary Table S1 for a detailed analysis of
melting points). This observation is consistent with our pre-
vious study by using a jigsaw-shaped origami tile (25). Irre-
spective of the ligase concentration, the ligated origami also
started to melt at the same temperature (∼56◦C) with that of
the native origami. However, no distinct saturation point of
the melting was observed at higher temperature, and thus,
the estimation of the accurate melting point is difficult. In-
terestingly, above 60◦C, all the ligated samples exhibited
hypochromicity when compared to the absorbance of native
origami, and such a hypochromicity was maintained un-
til the maximum tested melting temperature of 95◦C. Fur-
ther, the hypochromicity was more pronounced when the
amount of ligase was increased from 400 to 2400 U, while
slight increase in the absorbance was observed for the ligase
concentrations of 3600 and 4800 U. The hypochromicities
were highest at ∼77◦C and the maximum hypochromicity
of ∼39% was observed for 2400 U of ligase (see Figure 3A).
A complete ligation would result in a distinct increase in the
melting point, and its absence indicates that the ligation is
incomplete. The observed hypochromicity further indicates
that the ligation yield was not 100%, and thus, possibly the
staples with various lengths are present in the semi-ligated
origami. Due to the wide distribution of the staple lengths,

the shorter staples such as the non-ligated 32-mer melts at
lower temperature of ∼56–65◦C, while the ligated longer
staples melt at relatively higher temperatures. This leads to
a continuous melting without a distinct transition and satu-
ration point, and possibly, the longer staples (over 100-mer)
was difficult to fully melt even until the maximum tested
temperature of 95◦C. This heterogeneous multi-state melt-
ing collectively leads to the observed hypochromicity. These
results clearly indicate that the absolute and distinct melt-
ing point commonly observed with two-state systems is not
a good measure of the ligation of DNA origami that follows
multi-state melting, while the hypochromicity is a better in-
dication of the ligation. From the above-mentioned obser-
vations, the ligase concentration of 2400–3600 U seems to
be optimum.

The ligase concentration-dependent analyses were also
carried out at RT and 37◦C (all overnight reactions, Fig-
ure 3B, C). Similar melting patterns with that of the liga-
tion at 4◦C were observed in these higher temperature lig-
ations. The hypochromicity was more pronounced for the
ligation at RT and 37◦C, when compared to the 4◦C lig-
ation (Figure 3A–C). Irrespective of the ligation temper-
ature, the ligation seems to be saturating between the lig-
ase concentrations of 2400–3600 U. A slight increase in the
absorbance was observed with the ligase concentration of
4800 U. This small increase might have originated from the
trace of enzyme remaining in the sample after the gel fil-
tration particularly when the enzyme concentration is dif-
ferent. Also, this increase in absorbance was in the range
of 0.008–0.011 which falls within the sensitivity of the UV-
visible spectrophotometer, and thus, this small difference
cannot be treated quantitatively. Alternative reasons of the
ligation-induced structural changes in origami (as discussed
below) and light scattering during UV-visible measurements
are unlikely, and are not reasonable to expect only in the
case of 4800 U of ligase. In addition to the hypochromic-
ity, the melting point of the lower melting phase between
56 and 65◦C (Figure 3A–C, indicated by horizontal arrow)
was keep increasing when the ligation temperature was in-
creased from 4 to 37◦C. This is an additional indication that
the ligation proceeds with higher efficiencies at higher tem-
perature, as a result, the amount of 32-mer staples is de-
creasing and the ligated staples are melting at a relatively
higher temperature.

AGE analyses of ligated 1WF

Along with the UV-melting analysis, an aliquot of each
sample was taken and analyzed by means of the native
AGE. From the AGE analysis, it is clear that the native 1WF
migrates slower than the M13mp18, while the ligated sam-
ples migrate faster than the native origami (Figure 3D–F).
Irrespective of the ligation temperature, the relative migra-
tion depends on the amount of ligase with the higher the
amount of the ligase the faster the migration that was ob-
served. Above the ligase concentration of 2400 U, only a
slight increase in migration was observed, indicating that
the ligation saturates around this enzyme concentration.
The AGE data correlates well with the UV-melting analy-
ses, and relative migration of the bands indicates the rela-
tive yield of the ligation, i.e. the faster migration of a band
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Figure 3. UV-melting analysis (top panel) and native AGE (bottom panel) of the native and ligated 1WF origami. The ligase concentration-dependent
studies at 4◦C (A, D), RT (B, E), and 37◦C (C, F) are shown. The y-axis label and the colour schemes are the same for A–C. The estimated % hypochromicity
at 77◦C are tabulated below the UV-melting curves. The estimated Rf values are given below the AGE images. [1WF origami] = 4 nM (UV-melting) and 3
nM (AGE); ligation reaction time = overnight; Native AGE: 1% agarose, 1× TBE, 100 V, and ran at 4◦C.

means a better ligation efficiency. The Rf values were esti-
mated and listed below each AGE image. The highest Rf
values were obtained for the ligation temperature of 37◦C in
which the ligated bands migrated even faster than the M13
(Figure 3F).

Analysis of ligation at various temperatures

In addition to the above-mentioned ligation temperatures,
the ligation was also carried out at 16◦C, and higher
temperatures such as 42 and 47◦C. As shown in Figure
4A, the maximum hypochromicity was observed for 37◦C.
The absorbance was significantly increased when we in-
creased the ligation temperature any further and resulted
the hypochromicity of ∼28 and 24% for the ligation tem-
peratures of 42 and 47◦C, respectively. The AGE analysis
in Figure 4B also indicated that the maximum Rf of 0.51
was obtained for the ligation temperature of 37◦C, and af-
ter such a temperature, the 1WF exhibited relatively slower
migration. Based on these observations, we concluded that
the ligation temperature of 37◦C is optimum. At a relatively
higher temperature of 37◦C, the origami structure is possi-
bly loosened and the nicks in the staples may be optimally
exposed to the ligase to access and react. Hence, this leads
to a better ligation efficiency than the ligation at relatively
lower temperature of 4, 16◦C and RT. The alternative rea-
son for the optimum ligation temperature of 37◦C could be
the enzyme having its maximum activity at this tempera-
ture (46). At the ligation temperatures of 42 and 47◦C, the
ligase may be less stable that in turn leads to the relatively
lower ligation efficiency. The previous report on the reduc-

Figure 4. Effect of ligation temperature analyzed by UV-melting analysis
(A) and native AGE (B). [1WF origami] = 4 nM (UV-melting) and 3 nM
(AGE); [Ligase] = 2400 U; ligation reaction time = overnight.
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Figure 5. Native AGE images of the non-ligated and enzymatic ligated
1WF origami. (A) The influence of various molecules such as ATP (0.5
mM), PNK (20 U) and ligase (2400 U) on the relative migration of the
1WF. (B) The effect of proteinase K (10 �g)-treatment on the relative mi-
gration of ligated samples. The time-dependent ligation reactions from 0
to 12 h (C) and 12 to 36 h (D). Except the last lane in D) in which 1 mM
of ATP was used, in all other lanes, 0.5 mM of ATP was used for ligation
reaction. [Ligase] = 2400 U; ligation reaction time = overnight (for A &
B); ligation temperature = 37◦C (for A, C & D).

tion in ligation efficiency for a nicked circular DNA at ele-
vated temperatures above 37ºC supports our observations
(46). Note that the ligation temperature of 4◦C is often used
for the blunt end ligation, 16◦C is often recommended by
the commercial vendors to make sure that the ligase is in ac-
tive form, and RT ligation is often used for a quick ligation
reaction. The reason for the faster migration of the ligated
1WF when compared to the native 1WF is hard to explain
at this stage. However, once the detailed analyses are car-
ried out on all four origami structures listed in Figure 1A,
a clear picture of the ligation-induced structural changes in
the origami and its influence on the relative migration in
AGE can be obtained. This is explained in detail at the later
stage of this article.

Influence of other factors on the relative migration of bands
in AGE

The influence of the ATP, PNK and ligase on the relative mi-
gration of the 1WF was also analyzed. As shown in Figure
5A, the faster migration was observed only when all these
molecules necessary for the ligation are coexisted in the

reaction mixture. This clearly indicated that the observed
faster migration was only due to the ligation of the nicks in
the staples and not due to the mere presence of any of these
molecules. Another way to check the effect of DNA bind-
ing enzymes such as PNK and ligase on the relative migra-
tion of the bands is to treat the samples with Proteinase K
which can digest these enzymes. As shown in Figure 5B, the
proteinase K-treated 1WF after ligation still migrates faster
and the migration is exactly the same for both proteinase K-
treated and untreated 1WF after ligation (with �Rf of zero).
This confirms our interpretation that the enzyme binding is
not the reason for the observed faster migration in case of
ligated origami. This data further indicated that the migra-
tion of native origami had no temperature dependence (Rf
is zero for 4–37◦C), while ligated origami exhibited strong
temperature dependence on the migration in AGE, indicat-
ing the relative ligation efficiencies with better ligation at
37◦C.

Optimization of ligation time

The time-dependent ligation shown in Figure 5C indicated
that the ligation was not completed within 5 h and requires
overnight/12 h. The extended period of ligation from 12
to 36 h indicated that the reaction saturates in 12 h and
prolonged ligation does not improve the ligation efficiency
(Figure 5D). In all the experiments reported so far, double
the amount of ATP when compared to the staples was used
during the kinase reaction, and a constant amount of 0.5
mM of ATP was used during the ligation reaction, unless
otherwise noted. Increasing the amount of ATP to 1 mM
seems not improving the efficiency of ligation as the relative
migration of the 1WF is nearly the same (Rf of 0.47 versus
0.49) when both 0.5 and 1 mM of ATP were used (third and
last lanes in Figure 5D).

Characterization of ligation in Rec, 3WF and 5WF

Next, we have analyzed the UV-melting profiles and the
relative migration patterns in AGE of the native and lig-
ated Rec, 3WF and 5WF origami. Due to the same num-
ber and nearly the same length distribution of the sta-
ple strands (Figure 1B), the native Rec origami exhibited
similar melting profile with that of the 1WF. The melting
started at ∼57◦C and saturated at ∼80◦C, and melting tem-
peratures for the two phases were roughly estimated to be
∼61.5 and ∼65◦C. As in the case of 1WF, the hypochromic-
ity was observed for the ligated samples, and the esti-
mated hypochromicity percentages are given below the UV-
melting curves (Figure 6A). The maximum hypochromic-
ity was observed at ∼81◦C, and the highest difference of
∼38% was observed for the ligation temperature of 37◦C.
Since the 3WF and 5WF contains relatively longer staple
strands and the length distribution of the staples is much
wider than Rec and 1WF, the melting patterns observed
for the former two origami were somewhat different from
the latter two. The melting transitions were not so sharp
for 3WF and 5WF and the absorbance at the saturation
above 80◦C decreased even for the native 3WF and 5WF
when compared to Rec (Figure 6A–C). This indicates that
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Figure 6. UV-melting analysis (top panel) and native AGE (bottom panel) of the native and ligated Rec (A, D), 3WF (B, E) and 5WF (C, F) origami. The
y-axis label and the colour schemes are the same for A-C. [Ligase] = 2400 U; ligation reaction time = overnight; [Origami] = 4 nM (UV-melting) and 3
nM (AGE).

the duplexes of longer staples in native 3WF (up to 64 bp)
and 5WF (up to 72 bp) do not melt easily. Though in all
the cases the hypochromicity was observed for the ligated
samples, the effect is decreasing in the order of 1WF ≈ Rec
> 3WF ≈ 5WF. Notably, the 3WF and 5WF samples lig-
ated at 37◦C exhibited a slightly lower hypochromicity when
compared to 4◦C. The observed differences fall within the
sensitivity of the UV–visible spectrophotometer, and when
this experiment was repeated we could find the maximum
hypochromicity for the ligation temperature of 37◦C (Sup-
plementary Figure S7D).

The AGE images with estimated Rf values are given be-
low each UV-melting curve (Figure 6D-F). The native Rec
origami migrates slower than the M13 which is quite similar
to the migration of the 1WF. The native 3WF migrates al-
most the same speed with that of M13, while it is faster than
M13 for the native 5WF. This observation clearly indicates
that the relative migration of different types of origami cor-
relates well with the length of the staple strands with slow
migration observed for the shorter staples. The same pattern
of migration was also reflected in the ligated samples, as the
ligation leads to the longer staples that in turn lead to the
faster migration of the origami. Another interesting obser-
vation is that the relative migration upon ligation was not
increased significantly for 5WF (the maximum obtained Rf
value was only 0.08), whereas for Rec (Rf of up to 0.37) and
1WF (Rf of up to 0.55, Figure 3F) it was increased drasti-
cally. The 3WF exhibited moderate migration with Rf value
of up to 0.21. The staple strands are already longer enough
to induce the structural changes, such as rigidity and com-
pactness, in 5WF, and thus, it migrates faster than the M13.
The ligation of these staples into further longer staples does
not influence the structure much, and thus, the Rf value is
not increased so much.

Gel mobility shift of all the native and ligated origami

To better understand the relative migration, all the four
origami before and after ligation were ran in a single AGE
(Figure 7A, top panel). Even in the absence of ligation, dif-
ferent origami structures had different migrations under the
same conditions with the Rf values in the order of 5WF >
3WF > 1WF = Rec. The native origami with longer sta-
ples migrated faster. The ligation results in further longer
staples, and thus, the ligated structures migrated faster than
the respective native origami. Further, once ligated, all the
origami migrated with similar Rf values (0.49–0.57). This
indicates that once ligated, all the origami possibly attain a
very similar, rigid and compact globular structure, and thus,
they all migrate with similar Rf values.

Effect of EtBr on the migration of native and ligated origami

Unless otherwise stated, all the AGE images presented in
this article were recorded after running the EtBr-free gel
and then staining with EtBr. When the intercalator EtBr is
added to the gel and running buffer during the separation of
DNA fragments by AGE, the relative migration of the DNA
fragments changes, because it changes the charge, weight,
conformation, and flexibility of DNA molecules (47). Thus,
to see such a difference in the relative migration of all the
four origami before and after ligation, AGE experiment was
also carried out in the presence of EtBr both in the gel and
running buffer. As shown in Figure 7A, bottom panel, the
relative migration of the bands was significantly different
when the samples were analyzed using EtBr-containing gel.
Even in the absence of ligation, the native origami had quite
different migration in the EtBr-containing gel when com-
pared to the EtBr-free gel. Though the migration of native
Rec is almost insensitive to the presence of EtBr, all other
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Figure 7. Native AGE images of the non-ligated and enzymatic ligated origami. The gel and running buffer contained no salt (A), 5 mM NaCl (B), 1 mM
MgCl2 (C) and 5 mM MgCl2 (D). The gel and running buffer contained salt only (top panel), or salt and EtBr (bottom panel). For each lane in the bottom
right image, only the Rf value of the fastest migrating band is presented. [Ligase] = 2400 U; ligation reaction time = overnight; ligation temperature =
37◦C.

native origami migrated notably slower than in the EtBr-
free gel. The relative migration of the native origami and the
Rf values followed the order Rec = 3WF > 1WF = 5WF.
The ligated origami also exhibited such a slow migration
with the Rf in the order of 3WF > Rec = 1WF = 5WF.
These observations indicated that the EtBr-binding to the
origami significantly alters the globular structure, confor-
mational rigidity/flexibility, and the size of the origami.

Influence of charge of cationic EtBr

In order to further confirm whether EtBr-binding alters the
globular structure of the origami or it is the charge of the
cationic EtBr which alters the origami migration in AGE,
similar experiments were also carried out by adding NaCl or
MgCl2 in both gel and running buffer. It is because the effect
of charge of cationic EtBr may become negligible in agarose
gel containing Na+ or Mg2+. In the presence of 5 mM NaCl
(Figure 7B) or 1 mM MgCl2 (Figure 7C), though minor dif-
ferences in the band migration were observed, the relative
migration of the bands resembled with the one observed
in the absence of any salt. Likewise, irrespective of the ab-
sence or presence of salts, the band migrations were quite
similar for the EtBr-containing gels (Supplementary Figure
S8). Thus, eliminating the effect of EtBr charge and con-
firming our predictions that it is the effect of EtBr interca-
lation which changes the globular structure of the origami.
It is noteworthy that the band migrations were notably dif-
ferent when we used 5 mM MgCl2. Particularly, the simulta-
neous presence of 5 mM MgCl2 and 1 �g/ml EtBr resulted
in the bands that correspond to mono-, di-, tri-, tetra- and

even multi-mer (Figure 7D, bottom image). Since higher
amount of Mg2+ is known to facilitate the formation of
higher molecular weight origami (48), this condition is not
suitable to distinguish the effect of EtBr intercalation on the
globular structure of origami vs the charge of the EtBr on
the band migration in AGE.

EtBr concentration-dependent structural changes

One additional factor needs to be confirmed is the EtBr
concentration-dependent conformational changes in both
native and ligated origami. A constant amount of 3 nM of
origami was titrated with increasing amount of EtBr. Two
concentration ranges of EtBr were chosen, i.e. one in the
low concentration range of 0.2 to 2 �M (Figure 8A-B, left
images) and another from 2 to 100 �M (Figure 8A-B, right
images). As shown in Figure 8A, the native 1WF migrated
faster for the EtBr concentration of 0 to 6 �M, then the
bands started to migrate slower until 40 �M of EtBr. From
40 to 100 �M, the bands migrated again slightly faster.
As can be seen from Figure 8B-C, similar conformational
changes were also observed for the ligated origami, except
that a slight decrease in the band migration was initially ob-
served until 1.2 �M of EtBr. After such a concentration,
the similar conformational changes with that of the native
1WF were seen for the ligated 1WF. For the EtBr concen-
tration of 1.4–4 �M, the bands migrated faster, from 4 to 40
�M the bands migrated slower, and finally slight increase in
band migration was observed above 40 until the maximum
tested concentration of 100 �M. These observations clearly
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Figure 8. Native AGE images of the EtBr concentration-dependent dynamic and progressive changes in conformation of (A) native and (B) ligated 1WF.
The dotted cyan lines are drawn to indicate the relative migration of the bands. (C) The plot of the EtBr concentration vs the retention factor. The three
different conformers are indicated by C1, C2 and C3.

indicate that the EtBr-induced conformational change in
origami is concentration-dependent.

Analysis of the length distribution of ligated staples

We then performed the denaturing PAGE to visualize the
ligated staples and their length distribution. As shown in
Figure 9A, the shorter staple strands (24,32,34,36,40 and
44 nucleotides) of native 1WF origami can be clearly seen.
The slowest migrating band near the well is due to the M13
scaffold. Apart from these bands, no other distinct band
was observed for the native 1WF. The ligated samples ex-
hibited wider staple distribution with the lengths of 64, 96,
128, 160, 192, 224, 256, 288 and 320 nucleotides. The pres-
ence of these longer staples indicated that up to 10 staples
were ligated in the origami. Based on the 1WF origami de-
sign, theoretically ligation of a minimum of 2 and a max-
imum of 32 staple strands could be possible. In the dena-
turing PAGE, the percentage of the ligated bands reflect the
ligation yield which was calculated to be 55% for 1WF. Fur-
ther, the ligation at 37◦C seems to be optimum as the longer
staples over 200 bases in length were absent when the lig-
ation was carried out at 4◦C and RT. As shown in Figure
9B, the denaturing PAGE analysis was also performed us-
ing the 32P-labelled staples, and a similar pattern with that
of the EtBr stained gel was observed. The extremely fainted
slow migrating bands in the sample loading wells in Figure
9B indicated the extremely low amount of staple strands in
the wells, which confirms the successful denaturation of the
origami. This also confirmed that the slow migrating band
in the EtBr stained gel (Figure 9A) is exclusively due to the
M13 scaffold. Thus, the estimation of the ligation yields
based on the fast migrating bands are reliable. A similar
pattern was also observed for Rec, 3WF and 5WF (Supple-
mentary Figure S9). The estimated ligation efficiencies for
all the four origami are tabulated in Figure 9C. The best lig-
ation efficiencies were obtained when the ligation was per-
formed at 37◦C. The PAGE analysis of the time-dependent
ligation reactions indicated that overnight reaction yields
better ligation efficiency (Supplementary Figure S10). The
ligation efficiency followed the order 1WF > Rec > 5WF >
3WF, indicating that there is no significant relationship be-
tween the number of wells in the origami and ligation yield.
Ligation yields of the 3WF and 5WF might be underesti-

mated as some of the ligated and native staples overlap in
the PAGE. Further, we hypothesize that the ligation might
be saturated due to the ligation-induced structural changes
in the origami rather than the restricted access of the en-
zyme to the nicks. Besides, the ligation efficiency of 55% is
reasonable as the ligation efficiencies reported for the short
DNA tiles with only five nicks were as low as 46% and as
high as 85% (in average 68 to 77%) (26). In fact, out of the
five nicks in that DNA tile, only the four corner nicks were
ligated, and the core nick was unable to ligate.

Evaluation of the thermal stability of ligated origami by AFM

Finally, the melting patterns of all the native and ligated
origami were investigated by using AFM (Figure 10 and
Supplementary Figures S11–S14). The significant results
were obtained with the 5WF in which the native origami re-
tained the well-folded structure only until 40◦C and started
to show visual damages at 45◦C (Figure 10B). Though the
folded topology and the duplex structures of the origami
were seen until 60◦C, increasing temperature resulted in the
increase in damage. At 65◦C, most of the anti-parallel du-
plex assembly was lost and the 5WF melted almost com-
pletely after this temperature. Surprisingly, the ligated 5WF
retained the well-folded structure until 60◦C, started to
show major damage in the topology at 65◦C, retained some
duplex assembly until 80◦C, and melted almost completely
after this temperature. The estimated increase in melting
point (�Tm) for 5WF after ligation was 20◦C. Similar re-
sults were also observed for other origami and the estimated
�Tm was 5◦C for both Rec and 3WF, and 10◦C for 1WF
(Figure 10 and Supplementary Figures S11–S13).

DISCUSSIONS

Phosphorylation

In a previous study, incomplete phosphorylation was hypo-
thetically reasoned for the incomplete ligation of DNA nan-
otubes (26). However, our studies clearly indicated that the
phosphorylation goes completion and is not the reason for
the incomplete ligation. Alternatively, optimization of the
conditions leads to the complete phosphorylation of the sta-
ple strands in our case, while such an optimization was not
carried out in the previous study.
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Figure 9. Denaturing PAGE analysis of the native and ligated 1WF. (A) EtBr stained and (B) 32P-labelled. The enzymatic ligation was carried out at 4◦C,
RT and 37◦C. The numbers in the image indicate the length of the marker (left most lane) or staple strands. [Ligase] = 2400 U; ligation reaction time =
overnight. (C) The estimated ligation yields are tabulated.

Figure 10. Representative AFM images of the native and enzymatic ligated 1WF (A), and 5WF (B). [Ligase] = 2400 U; ligation temperature = 37◦C;
ligation reaction time = overnight; and AFM imaging buffer = 1× origami buffer, pH 8.2.

Ligation-induced structural changes in origami

From the observations in Figure 7A, we can imagine the
structural changes in origami when the staple length is in-
creased by ligation, and also when we go from shorter
(around 32-mer) to longer (72-mer or above) staples in na-
tive origami. The faster migration of the ligated origami
when compared to the native origami band indicates the

structural changes in the ligated origami into relatively a
compact form. Though the presented data alone are insuf-
ficient to predict the exact structural changes, we anticipate
that the possible structural changes could be the twisting
or the self-folding along helical side into a tube-like con-
formation or it could be even the combination of multiple
structural changes. For simplicity, we adopt the model of
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twisting along the helical side to explain the compact and
rigid form of the ligated origami. Our hypothesis is also sup-
ported by the structural design of the origami, as discussed
below.

Here, the design of the origami leads to a crossover pe-
riodicity of 10.67 bp/helical turn, while it is 10.5 bp/turn
in a native B-form DNA. This periodicity leads to an ex-
tra 0.5 bp/3 turn in origami which will lead to a twist of
∼17◦/3 turn (or 5.7◦/turn). Thus, the design by itself may
impose a minor twist to the duplexes in the DNA origami.
Increasing the staple length from 32 bases to 64, 96, 128
bases, and so on will not change the crossover periodicity.
However, ligation of the staple nicks could significantly al-
ter the inter-helical gap between two staple crossover points
in a DNA origami (Figure 11A). At the crossover points,
the duplexes are in close proximity, while in between the
two crossovers, the duplexes are relatively far. This leads
to a wider inter-helical gap with relatively flexible duplexes
in the non-ligated origami. Once the staple nicks are lig-
ated, a near uniform inter-helical gap is anticipated, which
may lead to a tight and compact duplex arrangement with
shorter inter-helical distance. This in turn is expected to
change the globular structure of the origami, for example,
a twist along helical side as graphically depicted in Figure
11B. This ultimately leads to the faster migration of the lig-
ated origami in AGE. Since the faster migration is due to
the increased length of the staples, the native 3WF and 5WF
with longer staples migrate faster than the native Rec and
1WF that have shorter staples (Figure 7A, top panel).

EtBr-induced static changes in origami structure

The relatively faster migration of the ligated origami when
compared to the native origami is reverted by the addition
of EtBr in both gel and running buffer (Figure 7A, bottom
image). The intercalator EtBr is known to unwind the du-
plexes by 26◦ per intercalation (49). Such an unwinding will
expand the duplexes along the helical axis and will lead to
an elongated origami, as schematically explained in Figure
11C. This elongation along with possible structural change
in reverse direction may compensate the above-mentioned
structural compactness that was originated from the liga-
tion of the staples and also from the origami design. In this
way, the EtBr-bound structure will return to the size which
is quite comparable to the native origami, as observed in
the AGE (Figure 7). The effect of cationic charge of EtBr
on the relative migration of the origami is ruled out as
the migration patterns were quite similar when EtBr con-
taining gel and running buffer were supplemented with the
mono or divalent metal cations. The observations in Fig-
ure 7A further indicates that the staple-length or ligation-
dependent changes in globular structure are reversed by the
EtBr-binding, while a small difference in the relative migra-
tion observed is mainly governed by the relative dimensions
of the origami (Figure 1A). The width of the 3WF is the
shortest (∼76 nm) among all the four origami, and thus,
both native and ligated 3WF still exhibit slightly faster mi-
gration than other origami. The 1WF and 5WF occupy rel-
atively a larger volume due to the presence of the wells, and
thus migrate slower.

Dynamic and progressive nature of EtBr-induced changes in
origami structure

In addition to the static changes in origami conforma-
tion, the dynamic and progressive nature of the structural
changes were observed by EtBr-concentration dependent
AGE analysis. Interestingly, the dynamics of the twisting
was observed in a previous study by EtBr or meso-tetra(N-
methyl-4-pyridyl)porphine (TMPyP4) intercalation to a
polymerized ribbon and an origami shaft with two flags
(50). In this study, the origami design-induced twist was
reverted by the EtBr-binding leading to a planar origami.
Further, the presence of excess amount of intercalator was
reported to over-compensate the origami and lead to the
twist in the opposite direction. By considering this previ-
ous report and present observations, we characterize that
the structural changes lead to three conformers (Figures
8C and 11D). At first, let’s consider the native origami in
which the initial faster migrating bands are due to the for-
mation of conformer-1 (C1). The EtBr intercalation will ex-
pand the size of the origami along the helical axis and it
supposed to retard the origami migration in AGE. In con-
trast to our expectation, the observed faster migration indi-
cates that the EtBr-bound origami may also adopt compact
structure possibly by twisting (Figure 11C). Since faster mi-
gration was also observed by the ligation, the direction of
the structural change in C1 and ligated origami might be
the same (twist towards bottom with respect to the plane of
origami). Because the conformer-2 (C2) migrates slower, the
initial structural change might be reversed, and the origami
becomes relatively planar and flexible in this conformer.
The structural change seems to be saturating at 40 �M
of EtBr, while further increase in the amount of EtBr re-
sults in a slight conformational change possibly in the op-
posite direction (above the plane of origami) and leads to
the conformer-3 (C3). As we have observed similar patterns
in the ligated bands, the above-mentioned conformational
changes and the formation of three different conformers
might be the same even for the ligated origami. One ex-
ception observed with the ligated origami was the slightly
slow migrating band at the initial concentration range of
0.2–1.4 �M of EtBr. At this low concentration range, the
origami might have slightly reversed its conformation and
approaching towards C2. Note that the EtBr-induced static
structural changes observed in Figure 7 resembles the one
in C2. Interestingly, the change in band migrations and Rf
values are more abrupt for the native origami than the lig-
ated one with a factor of 2.1 (calculated from the maximum
differences in Rf, Figure 8C). This indicates that the native
origami is more flexible and readily undergoes conforma-
tional change while the ligated one is rigid and relatively re-
luctant for such a conformational change induced by EtBr.
Alternatively, the EtBr intercalation is relatively weak for
the ligated origami when compared to the non-ligated na-
tive one. The possible reasons for this could be the com-
pact structure of the ligated origami, reduced inter-helical
gap, and reluctant for the unwinding caused by EtBr in-
tercalation. Because of this weak intercalation, the confor-
mational changes may not be so abrupt when compared to
the native origami. This interpretation is well supported by
our AGE analysis in which the ligated origami often exhib-
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Figure 11. (A) Schematic explanation of the inter-helical gap between two staple crossover points in a DNA origami. Top: before ligation, and bottom:
after ligation. (B) Graphical outline of the possible structural changes in 1WF when the staples are ligated. (C) The EtBr intercalation-induced structural
elongation along the helical axis and further twisting of the 1WF origami along the helical side are graphically depicted. (D) Schematic outline of the EtBr
concentration-dependent dynamic and progressive conformational changes in 1WF. Images are not drawn to scale.

ited weak EtBr fluorescence (used for staining the gel) than
the native one under similar conditions (see Figures 3D,
5B and 6D–F). Note that the EtBr intercalation-induced
origami elongation along helical axis seems to be not a
dominant factor in the relative migration of the origami in
AGE, while the twisting or structural folding seems to in-
fluence strongly. The alternative reason of the twisting itself
caused by the origami elongation in case of EtBr binding is
unignorable. Apart from these observations, more detailed
structural analyses are necessary to unravel the actual struc-
tural changes in 2D DNA origami.

The effect of intercalators, such as EtBr, 9-aminoacridine,
proflavine, doxorubicin, and PEG-tris-acridine, during the
multilayer DNA origami folding on the assembly yield was
previously investigated (51). In this study, the measured
lengths of the EtBr-bound origami were longer (2–18 nm
depending on the origami design) than the expected lengths
of EtBr-free origami. This supports our interpretation on
the change in globular structure caused by EtBr, the rela-
tive sizes of the native, ligated, and EtBr-bound origami,
and also the trends in Figure 7. In another study, the EtBr
and SYBR Green I-induced twisting was reported for a 420
nm long origami that included two independent six-helix
bundles linked together by nine double crossovers (52). In
contrast to our observation that the ligation-induced twist
is reversed by the EtBr binding, the reported twist in this
case was unidirectional and no reversal of the twist was ob-
served. This could be possibly due to the longer length of
the six-helix bundles and different design of the origami,
i.e. honeycomb in the previous study vs square lattice in our
case. One significant difference between the previous stud-
ies and the current report is the direction of the changes
in origami that leads to the globular twist. In the previous
studies, the crossover periodicity along the helical axis (de-
fined as x-axis) induced the globular twist to the origami,
whereas in our case, the ligation leads to the change in the

staple length and the inter-helical gap along the helical side
(y-axis) which resulted the globular twist.

The change in globular structure of the origami was
also reported previously for the rectangular origami when
anchored onto substrates under a localized electric field
(40,41). It is worth mentioning here that when a ligated
rectangle origami was used to encapsulate a virus CP, the
origami was bent into a tube-like conformation (38). When
the ratio of CP to origami was increased, the origami folded
further, and a round and chunky complex was observed.
The CP binding to the origami was reasoned exclusively for
the observed folded structure. However, our current study
indicates that we cannot ignore the structural changes in
origami induced by the staple ligation. Thus, ignoring such
a fundamental investigation will lead to a misinterpretation
of the results at least to some extent. Further, our predic-
tion of change in globular structure is supported by a pre-
vious study in which the change in global twist of a single-
layer rectangular origami of different crossover periodici-
ties (10.44, 10.55 and 10.66 bp/turn) was investigated by
small-angle X-ray scattering (SAXS) (53). This study indi-
cated that the origami with crossover periodicity of 10.55
bp/turn is nearly planar, while a slight change in crossover
periodicity to 10.44 or 10.66 bp/turn leads to a global twist
of 180◦. Though, in our case, the ligation of the staples does
not change the crossover periodicity, the ligation-induced
change in inter-helical gap leads to a similar global twist to
the single-layered DNA origami. Our studies further indi-
cate that a simple native AGE analysis provides an extent of
such an information on structural changes in DNA origami
which parallels to the results obtained by sophisticated tech-
niques such as SAXS.

The change in globular conformation of origami was also
reported by the UVB and UVC treatment for the irradiation
doses of 6.8 and 2.5 kJ/m2, respectively, while increasing
the doses about 3 times led to the visible defect to the DNA
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origami structures (32). In contrast, the origami conforma-
tion was shown to be insensitive to UVA treatment, while
when combined with a suitable photo-responsible molecule
the conformational transition was achieved. One problem
with this conformational trigger is the UV light-induced
formation of DNA lesions, leading to a non-native DNA
structure.

In a previous study using scaffold-free DNA tetrahedron
with 20 bp edges, the restriction reaction of DdeI was car-
ried out on both the non-ligated and ligated nanostructures
(54). In this case, the ligated structure exhibited increased
resistance to the restriction digestion when compared to the
non-ligated structure in a position-dependent manner. This
report predicted that the overall rigidity of the tetrahedron
increases following ligation which strongly supports our in-
terpretation on the ligation-induced structural changes. The
restriction reactions on the ligated full-length DNA origami
would provide more insights on the ligation-induced struc-
tural changes and such an investigation is underway.

Enhanced thermal stability of ligated origami

The enzymatic ligation of the origami improves the melt-
ing point about 5–20◦C depending on the structure of the
origami. By considering the maximum ligation efficiency of
∼55%, the stabilization of 5–10◦C is reasonable. The higher
stabilization of 20◦C observed for 5WF could be possibly
due to the lower stability of the native structure, particu-
larly near the wells. Further, this stabilization is interpreted
in terms of significant visual damages in the structure rather
than the complete collapse of the folded topology, because
the folded structures could be seen for the native origami
even until 55–60◦C. In contrast, due to the absence of wells,
the Rec origami is already stable enough and exhibits only
slight improvement in the melting point upon ligation. Due
to the presence of a large well, the 1WF exhibits moder-
ate stabilization of 10◦C which lies in between the Rec and
5WF. Overall, enzymatic ligation of the origami leads to a
moderate stabilization when compared to the photo-cross-
linking with 8-MOP that increased the melting point ∼30◦C
(25). The UV-light induced CPD formation method stabi-
lizes the 3D origami up to 90◦C (�Tm of ∼40◦C) (29). The
enzymatic ligation performed previously on a 2D triangu-
lar origami resulted in a thermal stability of ∼8◦C under
denaturing conditions with 6 M urea, while no studies were
reported on the native conditions after ligation (37).

In the AFM images of the ligated origami, images sug-
gesting the structural changes illustrated in Figure 11B have
not been observed. Also, the estimated dimensions of the
1WF origami from the AFM images before and after liga-
tion are quite similar (Supplementary Figure S15). Hence,
we anticipate that the structural changes happen only in the
solution-state that are well reflected in the AGE analysis.
However, when deposited on mica for AFM analysis, the
origami structures might be forced to stay planar because
of the charged interactions between the negatively charged
origami-Mg2+-negatively charged mica and the actual glob-
ular structure/topology change was not observed. Our find-
ing is corroborated with the previous studies in which the
structural changes such as global twist (53) and curling (55)
of origami were unable to probe using AFM.

Structural features of DNA origami from the mechanistic as-
pect of ligase reaction

The previous reports on the crystal structure of T4 DNA
ligase indicated that the enzyme consists of three struc-
tural domains namely the N-terminal DNA-binding do-
main (DBD), nucleotidyl-transferase (NTase) domain, and
oligonucleotide-binding (OB-fold) domain (42). The NTase
and OBD constitute the catalytic core of this enzyme. The
three domains are connected through short linkers and the
entire enzyme wraps around the nicked DNA substrate with
C-shaped protein clamp. In this binding assembly, each of
the domains positioned primarily over the minor groove of
the substrate DNA, making the extensive backbone con-
tacts. A salt bridge between Lys384 of OBD and Asp112
of DBD completes the encircling of substrate DNA by T4
DNA ligase (42). By considering these structural features,
the NTase-OBD catalytic core and the DBD would bind
roughly on the opposite surfaces of the DNA. On the 2D
DNA origami this would lead the catalytic core to bind on
the top surface and the DBD on the bottom surface of the
origami, or vice versa. However, due to the tightly packed
anti-parallelly oriented assembly of multiple duplexes, such
a binding pattern is unlikely in DNA origami. Thus, the co-
operativity between the catalytic core and DBD, and the
complete DNA wrapping through C-shaped protein clamp
and salt bridge would be lost on the DNA origami. This
in turn may force the two domains to interact with the
origami individually. If the DBD alone interacts on one sur-
face of the origami, the catalytic reaction would be lost sig-
nificantly; alternatively, if the catalytic core alone interacts
on the other surface, the binding affinity of the ligase to
the substrate would be low. This ultimately demands higher
amount (2400 U) of the ligase and longer reaction time
(overnight) for sealing the staple nicks in DNA origami,
as we have observed. The NTase-OBD catalytic core was
shown to bind nicked DNA with higher binding affinity
(Kd) of 23 �M than the isolated DBD with the Kd of 138
�M (42). This indicates that the enzyme can still bind to
the nicked DNA with fair affinity even when the DBD is not
effectively interacting with the DNA. As shown previously
(42,56), during the course of the nick ligation, the initially
adenylated catalytic core of the enzyme forms covalent in-
termediate through a pyrophosphate linkage between the
adenylated enzyme and 5′-phosphate of the nick site. This
could be another reason for the binding of the enzyme with
fair affinity to the nicked DNA even when the DBD is un-
able to bind effectively and provide additional binding affin-
ity.

The better ligation efficiency at a relatively higher tem-
perature of 37◦C, indicates that the duplexes in the origami
slightly open up to conveniently accommodate the enzyme,
or more specifically the catalytic core, at the nick site. The
alternative reason of the enzyme having its maximum ac-
tivity at 37◦C could not be ignored (46). Besides, a detailed
analysis on the correlation of origami loosening or the tem-
perature effect on the ligase enzyme to the ligation efficiency
is needed to fully understand the mechanism of temperature
dependency (57).

If the enzyme binding to the nick site is not signifi-
cantly restricted by the tightly packed arrangement of DNA
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origami, then the ligation reaction can proceed without fur-
ther difficulties. Therefore, the enzymatic ligation is not in-
hibited by the structure of the DNA origami. Nevertheless,
as the ligation goes on, the origami structure becomes rigid
and compact (Figure 11), which may ultimately influence
the enzyme binding to the nick site and further ligation re-
action. Thus, the ligation reaction saturates at some point
and yields moderate reaction efficiency. Further, the en-
zyme binding to the nicked DNA distorts and deviates the
DNA from B-form conformation, slightly underwounds,
and bends 16◦ (42). Such a DNA distortion and bending
would be possible in the initial stages of the origami lig-
ation, while the ligation-induced rigid and compact struc-
ture may resist any further structural alterations, and thus,
the reaction saturates. Another reason for the saturation of
the ligase reaction and obtained lower ligation yields could
be the heterogeneity of the ligase-origami interactions at
different sites. As shown by the reactions of restriction en-
zymes (58) and DNase I (59) on DNA origami, different
sites on origami exhibit different reactivity, indicating that
the enzyme-origami interaction is not uniform throughout
the structure and strongly depends on the local and global
structural features. The coarse-grained molecular dynamic
simulations also supported these experimental observations
(60). These studies further indicated the influence of the ad-
jacent duplexes on the enzyme-target site interactions, sup-
porting our interpretations in Figure 11A.

Among the various structural features of nicked DNA-
T4 ligase interactions, one important aspect is the number
of amino acid residues and nucleic acid bases involved in the
extensive contacts between the interacting species. There are
55 amino acid residues from all three domains and 18 bp
region centered on the nick were shown to involve in the
binding event (42). In all the four origami designs used in
this work, 8 bp each on both up and down streams of the
nick site are continuous, after which the staple crossover
comes (Figure 12). This design would allow the enzyme to
interact with 16 bp region, which is 1 bp shorter at each
end of the nick site when compared to the crystal structure.
If we assume that the DBD is not effectively involving in
the enzyme binding on origami, then 16 bp may approxi-
mate the interactions observed in the crystal structure. The
above-mentioned DNA-enzyme contacts were found to oc-
cupy a surface area of 2503 Å2 (42). In the origami design,
the length of 16 bp DNA is ∼54.4 Å (length = 16 bp × 3.4
Å/bp = 54.4 Å), thickness of the DNA duplex is ∼20 Å,
and the average inter-helical distance at both the sides of a
nicked DNA is ∼15 × 2 = 30 Å (width = 20 + 15 + 15 =
50 Å). In such a design, the surface area of ∼2720 Å2 (area
= length × width = 54.4 × 50 = 2720 Å2) would be the-
oretically available for the DNA-enzyme contact, which is
in close approximation with the dimension estimated from
the crystal structure. Hence, the nick site in origami may
provide tight but mere sufficient space to accommodate the
enzyme, or at least the catalytic core.

CONCLUSIONS

The enzymatic ligation of the staple nicks of four different
2D DNA origami was carried out. The UV-melting analy-
sis indicated that the melting point is not a good measure to

Figure 12. Schematic explanation of the duplex arrangements in a DNA
origami and the T4 DNA ligase binding at a nick site. The three domains
of the ligase enzyme, and the estimated surface area of the DNA-ligase
contact are shown. Image is not drawn to scale.

investigate the enzymatic ligation, while the hypochromic-
ity is a good indication of the ligation. The ligation-induced
mobility changes of the origami are well characterized by
AGE analysis. The ligated origami with longer staples devi-
ates from the near/moderately planar structure, and adopts
rigid and compact topology. This in turn leads to their
faster migration in AGE when compared to the non-ligated
origami with shorter staples. The conditions for the PNK
and T4 DNA ligase reactions were optimized. For a typical
origami synthesis of 10–40 nM, double the amount of ATP
when compared to the concentration of staples and 10–30
U of PNK are sufficient for a 30 min reaction at 37◦C. The
ligation reaction takes overnight incubation at 37◦C to satu-
rate, and requires 0.5 mM ATP and 2400 U of T4 DNA lig-
ase. Under these optimized conditions, the estimated liga-
tion yields ranged from 38 to 55%. Denaturing PAGE anal-
ysis indicated that up to 10 staple strands are ligated under
the optimized conditions. The melting analysis carried out
by AFM indicated that the ligation increases the melting
point of origami about 5 to 20◦C, depending on the struc-
ture. The dynamic and progressive nature of the conforma-
tional change in DNA origami caused by EtBr intercalation
are well characterized. Overall, our results are useful to un-
derstand the optimized conditions for the enzymatic liga-
tion of DNA origami structures, ligation-induced structural
rigidity and compactness, the access of ligase enzyme in a
tightly packed environment, and the nature of EtBr binding
and its influence on the conformational change in origami.
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