
NANOANDES 2017, November 22-29, Buenos Aires, Argentina 61 

Dedicated softwares for DNA origami designs 

DAEDALUS (http://daedalus-dna-origami.org/) 
à  independent to M13 ssDNA 
à generates dedicated DNA scaffolds (450-3,400 bases) 



NANOANDES 2017, November 22-29, Buenos Aires, Argentina 62 

Dedicated softwares for DNA origami designs 

DAEDALUS (http://daedalus-dna-origami.org/) 
à  independent to M13 ssDNA 
à generates dedicated DNA scaffolds (450-3,400 bases) 

 
  

Fig. 1. Top-down sequence design procedure for scaffolded DNA origami nanoparticles of arbitrary 
shape. Specification of the arbitrary target geometry is based on a continuous, closed surface that is 
discretized using polyhedra. This discrete representation is used (step i) to compute the corresponding 3D 
graph and (step ii) spanning tree. The spanning tree is used (step iii) to route the single-stranded DNA 
scaffold throughout the entire origami object automatically, which then enables (step iv) the assignment of 
complementary staple strands. Finally, (step v) a 3D atomic-level structural model is generated assuming 
canonical B-form DNA geometry, which is validated using 3D cryo-EM reconstruction. 
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DNA nanotechnology offers the ability to synthesize highly 
structured nanometer-scale assemblies that in principle 
could rival the geometric complexity found in natural 
protein and nucleic acid assemblies. The past decade has 
witnessed dramatic growth in the diversity of structured 
DNA assemblies that can be programmed from the bottom-
up to self-assemble into target shapes using complementary 
Watson-Crick base pairing (1–7). Scaffolded DNA origami is 
a particularly powerful means of synthesizing structured 
DNA assemblies, offering full control over both molecular 
weight and intricate nanometer-scale structure, with near 
quantitative yield of the programmed product that relies on 
a single-stranded DNA template (2, 5, 8, 9). Wireframe 
topologies based on the scaffolding principle have further 
demonstrated highly versatile control over 2D and 3D 
spatial architecture (10–13). 

Similar to the challenge of structure-based protein se-
quence design, which seeks to infer the amino acid sequence 
needed to fold a target protein structure of interest (14, 15), 
achieving a general strategy for structure-based design of 
synthetic DNA assemblies represents a major challenge as 
well as opportunity for nanotechnology. While numerous 
computational design tools exist to aid in the bottom-up, 
manual programming of scaffolded DNA origami (16), 
which requires complex scaffold routing and staple design 
to realize a target geometry based on Watson-Crick base 
complementarity, only one approach offers a solution to the 
inverse problem of sequence design based on specification 
of target geometry (13). However, this approach is only 

semi-automated and relies on single duplex DNA arms and 
multi-way-junctions to represent polyhedral geometries, 
which may result in compliant and unstable assemblies that 
are unsuitable for many applications. Moreover, pro-
grammed geometries must be topologically equivalent to a 
sphere, significantly limiting its scope. 

As an alternative, here we introduce the fully automatic 
inverse design procedure DAEDALUS (DNA Origami Se-
quence Design Algorithm for User-defined Structures) that 
programs arbitrary wireframe DNA assemblies based on an 
input wireframe mesh without reliance on user feedback or 
limitation to spherical topologies. We apply our procedure 
to design 35 Platonic, Archimedean, Johnson, and Catalan 
solids, six asymmetric structures specified using surface ge-
ometry alone, as well as four polyhedra with nonspherical 
topologies. Designed sequences are used to synthesize ico-
sahedral, tetrahedral, cuboctahedral, octahedral, and rein-
forced hexahedral structures using the asymmetric PCR 
(aPCR) for facile production of single-stranded scaffolds of 
custom length and sequence. Programmed objects are con-
firmed using cryo-electron microscopy (cryo-EM), folding, 
and stability assays, to be both high fidelity structurally as 
well as stable under low-salt buffer conditions important to 
biological as well as in vitro applications. These results 
demonstrate the broad applicability of our design and syn-
thesis strategy for numerous potential applications in bio-
molecular science and nanotechnology including 
nanoparticle (NP) delivery (17, 18), photonics (19, 20), inor-
ganic NP synthesis (21, 22), memory storage (23–25), and 
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Fig. 2. Schematic illustration of the preparation of AuNP–DNA conjugates with a divalent thiolate-Au linkage and their employment in the self-assembly of DNA origami.
Reproduced with permission from Ref. [75]. Copyright 2008. American Chemical Society.

Fig. 3. (a) Schematic illustration of the self-assembly process of six-AuNP linear structures and representative SEM and TEM micrographs. The scale bars in the SEM and TEM
micrographs are respectively 200 nm and 50 nm. Adapted with permission from Ref. [14]. Copyright 2010. American Chemical Society. (b) SEM micrographs of different fused
metallic nanostructures. All scale bars are 500 nm. Reproduced with permission from Ref. [96]. Copyright 2011. American Chemical Society.
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Through altering position of the fourth AuNP, left- and right-
handed structures were obtained. TEM micrographs taken at dif-
ferent tilting angles verified the preconceived 3D geometrical
structures of the four AuNSs and the measured circular dichroism
(CD) signals were in accordance to the theoretical model. Using the
similar strategy, Pilo-Pais et al. [96] succeeded in positioning sev-
eral 5 nm AuNSs onto rectangular DNA origami at specific loca-
tions. Then through electroless deposition of silver, the metal
nanoparticles were fused together and predesigned metallic nano-
structures such as rings, pairs of parallel bars, and H shapes were
created (Fig. 3b). This research successfully demonstrated a new
strategy to fabricate complex components for nanoelectronic and
nanophotonic applications.

Bottom-up self-assembly technique offers high spatial resolu-
tion and precision for the arrangement of various components in
microscopic dimensions, while top-down fabrication such as litho-
graphic patterning affords visual control at the macroscopic and
mesoscopic scale. Combining the two techniques enables both
large-area addressability and orientation control of the plasmonic
assemblies. Noteworthily, the size of DNA origami structures is
usually about 100 nm, approximating the size that can be routinely
manipulated by lithography technology. This means DNA origami
technique may bridge the microcosm to the macrocosm. It is be-
lieved that integration of the top-down fabrication and bottom-
up self-assembly will advance the nanodevice fabrication signifi-
cantly. Kershner et al. [97] reported the DNA origami-shaped bind-
ing sites could be created on technologically useful materials such
as SiO2 and diamond-like carbon through electron beam lithogra-
phy and dry oxidative etching. After that, the DNA origami struc-
tures in buffer with 100 mM Mg2+ adsorbed efficiently to the
binding sites with high selectivity. This technique offers a possible
approach to place individual molecule or a defined number of mol-
ecules (or nanoparticles) that were assembled to DNA origami in a
pattern on a solid surface. Subsequently, Hung et al. [98] assem-
bled 5-nm AuNSs with DNA origami structure and then deposited
the DNA origami–AuNSs conjugates onto the lithographically pat-
terned substrates. AFM images confirmed the AuNSs were success-
fully assembled into large-area, spatially ordered, 2D arrays.

Based on 2D origami structures, 3D helical architectures of me-
tal nanoparticles can also be created. Shen et al. [99] presented a
strategy to obtain 3D plasmonic helix architecture of AuNSs via
transformation of 2D rectangular DNA origami sheet (Fig. 4). First,
rectangular DNA origami structure was designed with fifteen bind-
ing sites. The binding sites were distributed along two linear chains

on one side of the origami template with well-controlled spacing.
Simultaneously, the sequences of the two long sides of the rectan-
gular origami template were modified to be complementary to
those of the folding DNA strands (panel I). Then, 10 nm or 13 nm
AuNSs fully covered with thiolated DNA strands were attached to
the binding sites and displayed 2D parallel configuration (panel
II). Upon the addition of the folding strands, the rectangular ori-
gami sheets were rolled up, resulting in the formation of hollow
DNA origami tube with 3D helical geometry of the AuNSs (panel
III). TEM micrographs (Fig. 4b) and the significant circular dichro-
ism signals (Fig. 4c) around the plasmonic resonance of the AuNSs
demonstrated the formation of plasmonic chiral structures.

In addition to 2D DNA origami sheet, 3D DNA origami architec-
tures were also utilized to organize metal nanoparticles. Kuzyk
et al. [100] designed a 24-helix DNA origami bundle for the high-
yield production of left- and right-handed nanohelices consisting
of nine AuNSs. The helical structures obtained exhibited defined
CD signals and optical rotatory dispersion effects at visible region,
which were in agreement with the theoretical predictions [101].
Furthermore, electroless deposition was used to grow a thin layer
of Ag shell on the assembled AuNSs. Strong coupling effect and reg-
ulated CD in the blue spectral region corresponding to surface plas-
mon frequency of Ag were achieved because the Ag coating
generated enlarged particles and reduced spacing between parti-
cles. Zhao et al. [102] succeeded in encapsulating AuNSs into a
3D honeycomb-pleated DNA origami nanocage with an outer
dimension of 41 nm ! 30 nm ! 21 nm and an inner dimension of
10 nm ! 10 nm ! 21 nm (Fig. 5). Both of the 5 nm and 10 nm AuN-
Ss covered with 15-nucleotides single strand DNA (ssDNA) were
readily accommodated into the inner cavity bearing three or four
capture strands, with the yield higher than 90%. When the size of
the AuNSs reached up to 15 nm that was larger than the theoretical
size of the inner cavity, the encapsulation efficiency was about 68%.
The successful encapsulation of 15-nm AuNP into the cavity indi-
cated the inherent flexibility of the DNA origami structures. Be-
sides the inner cavity of the DNA origami nanocage, the outer
surface designed with capture strands could also be utilized to
assemble AuNSs. TEM micrographs demonstrated one to four AuN-
Ss were well organized by virtue of the inner and outer surfaces of
the nanocage.

Recently, Acuna et al. [103] reported a DNA-directed self-
assembled nanoantenna that was made up of a DNA origami pillar
with one or two AuNSs (Fig. 6). The DNA origami was composed of
a pole of 12-helix bundles and a base formed by three 6-helix

Fig. 4. 3D Helical AuNPs array constructed via 2D rectangular DNA origami. (a) Schematic representations of the system. (b) TEM micrographs of the 3D AuNPs helices after
rolling up. All scale bars are 10 nm. (c) Circular dichroism signals of the plasmonic chiral helical structures. Adapted with permission from Ref. [99]. Copyright 2012. American
Chemical Society.
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platforms for the analysis of protein–protein interactions and
the creation of enzyme cascades.

2.1. Approach to spatial positioning of proteins

DNA origami tiles have been used for the precise positioning
of proteins.[15] One example is the use of a rectangular DNA or-
igami tile to assemble thrombin and protein derived growth
factor (PDGF) by using protein specific aptamers (Figure 2 A).
Linear and “S”-shaped arrangements of aptamers afforded
such controlled assembly, and provide a route to dictate dis-
tance-dependent protein–protein interactions. Site-specific
protein assembly on DNA origami tiles has also been achieved
through the incorporation of benzylguanine (BG) and chloro-
hexane (CH) groups[16] to staple strands involved in the forma-
tion of the origami tile (Figure 2 B). These groups were used to
bind fusion proteins containing Snap-tags (O6-alkylguanine-
DNA-alkyltransferase)[17] or Halo-tags (haloalkane dehaloge-
nase)[18] respectively. Placement of proteins at specific points
was demonstrated by using a face-shaped DNA origami tile de-
signed to contain the modified groups at positions represent-
ing the eyes (two sets of three CH-modified strands), nose
(four biotin-modified strands) and mouth (four BG-modified
strands).[16] Protein coupling strategies such as this provide a
way to create desired protein arrangements on a DNA scaffold.

Another strategy to recruit proteins to specific locations on
DNA origami scaffolds uses zinc-finger proteins (ZFP) as adap-
tors (Figure 2 C). ZFPs are DNA-binding proteins that can be

designed to bind to specific DNA sequences.[19] In one such
example, DNA origami tiles with rectangular cavities at the
center were designed to contain sequences at specific sites
within the cavities in order to bind ZFPs.[20] Proteins specific to
these ZFPs are recruited to particular locations within the cavi-
ties on the tile. This can also be achieved by conjugating the
protein of interest to ZFPs, and the fused complex can then be
positioned at specific locations on the origami tile (those that
contain the 10-nt DNA sequence specific to the respective
ZFP).

2.2. Reversible protein arrangements

DNA nanostructures not only allow the site-specific arrange-
ment of proteins but also offer the flexibility of reversible
attachment of proteins or other functional molecules. One ex-
ample is the reversible attachment of streptavidin on DNA ori-
gami tiles containing nanoscale wells.[21] This “punched DNA
nanotape” was designed to contain wells that were tagged
with biotin groups. Addition of streptavidin resulted in recruit-
ment of the protein molecules to the wells, thereby leading to
a protein array with a positioning resolution of approximately
28 nm (the distance between biotin-tagged wells). By using
a toehold-mediated strand-displacement process, the attached
proteins can be triggered to leave the origami tile. For exam-
ple, a toehold-containing biotin-modified staple strand in the
punched DNA nanotape was removed by the addition of
“unset strands”.[22] In this process, toehold-mediated strand dis-

Figure 2. Origami-based protein arrangements and interactions. A) Aptamer-based positioning of proteins.[15] B) Site-specific coupling of fusion proteins on an
origami tile with chemical ligands.[16] C) Protein assembly using zinc-finger-binding proteins.[20] D) Reversible protein assembly based on toehold-mediated
strand displacement.[22] E) Analysis of distance-specific aptamer–protein interaction.[23]
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Single-Molecule Protein Encapsulation in a Rigid
DNA Cage**

Christoph M. Erben, Russell P. Goodman, and
Andrew J. Turberfield*

Herein, we demonstrate the encapsulation of a single
molecule of cytochrome c within a rigid tetrahedral cage
made of DNA. Encapsulation can be used to exert control
over a guest molecule:[1] confinement within chaperone
complexes promotes protein folding,[2] while synthetic cages
have been used to stabilize reactive intermediates,[3] catalyze
reactions,[4] and influence the conformation of peptides.[5]

Containers on all scales down to the molecular level have
been used to protect and target the delivery of drugs.[6]

Capsules that could contain single proteins include multi-
meric fusion proteins,[7] viral capsids,[8] and DNA poly-
hedra.[9–11] DNA polyhedra are cagelike structures with
edges formed from rigid double helices connected by
branch junctions;[12] their dimensions are comparable to
those of proteins and protein complexes. DNA tetrahedra
are particularly attractive candidates for the encapsulation of
other molecules: they can be made rapidly and in high yield
by self-assembly, their braced architecture confers structural
stability, and they can be opened by breaking bars of the
cage.[11]

DNA tetrahedra were made by self-assembly of four
oligonucleotides as described by Goodman et al.,[11a] and their
structure is illustrated in Figure 1a. Each edge of a tetrahe-
dron is a 20-base-pair double helix and is linked to the two
edges that it meets at a vertex through unpaired single-
nucleotide spacers: this double connection prevents rotation
of the edge about its axis. The assembly process is stereose-
lective and forms the diastereomer that has the major grooves
facing inwards at the vertices.[11a] Each oligonucleotide runs
around one face. Four of the six edges of the tetrahedron
contain nicks where the ends of an oligonucleotide meet:
these nicks can be ligated or used as sites for chemical
modification. We estimate that the central cavity of the
tetrahedron could accommodate a sphere of radius of
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approximately 2.6 nm, corresponding to a globular protein
with a molecular weight of roughly 60 kDa.[13] A model of the
tetrahedron with a molecule of cytochrome c (12.4 kDa)[14]

inside the cavity is shown in Figure 1b.
Horse-heart holo-cytochrome c was conjugated to the

5’ end of oligonucleotide s1 through a surface amine before
assembly of the tetrahedron. This protein–DNA conjugate
was then combined with oligonucleotides s2–s4 to form
tetrahedra with the protein attached to one edge (see
Experimental Section and Supporting Information). The
position of the protein relative to the cage was controlled
by altering the sequence of s1: when one nucleotide is
transferred from the 3’ end of s1 to the 5’ end, then the
attachment point of the protein—the nick in the edge formed
by s1 and s4 where the ends of s1 meet—moves 0.34 nm along
the double-helical edge of the tetrahedron and rotates
clockwise by about 358 about its axis. As the edge is not
free to rotate as a result of the double connection to
neighboring edges, the attachment point of the protein on
the edge determines the position of the protein relative to the
tetrahedron cage. This makes it possible to choose whether

the protein is held on the inside or on the outside of the
tetrahedron. For the diastereomer that is selected by the
assembly process,[11a] the attachment point is on the inside of
the tetrahedron for conjugation at nucleotide 8 and on the
outside at nucleotide 13 (counting in the 5’ to 3’ direction,
with the unpaired nucleotide at the vertex as zero). The
stereoselectivity of the synthesis[11a] is essential to the success
of our strategy, as an attachment point that is on the inside of
one diastereomer would be on the outside of the other.

Polyacrylamide gel electrophoresis (PAGE) was used to
compare a group of 11 tetrahedra with cytochrome c con-
jugated at consecutive positions along one edge from the 5th
to the 15th nucleotide (see Figure 1c). The control lane
labeled “T” contains a tight band corresponding to a DNA
tetrahedron without protein: this band is present in all other
lanes (as a result of the presence of residual unconjugated
oligonucleotides s1) and serves as a reference marker. A
slower band corresponding to protein-conjugated tetrahedra
is also visible; this band is broader, consistent with a
distribution of conformations of the flexible DNA–protein
linker. The mobility of the conjugate varies approximately
sinusoidally with attachment position: the mobility difference
between the conjugate and the unmodified tetrahedron is
maximal for conjugation at nucleotide 13 and minimal for
conjugation at nucleotide 8, that is, five bases further along
the helix corresponding to approximately 1808 rotation about
the edge. When the protein is attached at nucleotide 8, the
conjugate band is not separated from the nonconjugated
control. The mobilities of the constructs with protein attach-
ment at nucleotides 5 and 15, which are separated by one turn
of the double helix, are approximately equal. This pattern is
consistent with the expected helical trajectory of the attach-
ment point along the edge.

To confirm this interpretation tetrahedron T13+, with
cytochrome c conjugated at nucleotide 13, the corresponding
unmodified tetrahedron, T13! and T8+/T8! (not resolved on
non-denaturing gels), were purified on gel and analyzed on
both non-denaturing and denaturing gels (Figure 2a and b).
These tetrahedra differ from those shown in Figure 1c only in
that the unmodified oligonucleotides s2–s4 had been ligated
after assembly of the tetrahedron to form linked circles.
Denaturation of T13! (band C) produces the expected frag-
ments of unmodified tetrahedra: linked circles and single
unmodified linear oligonucleotides (unligated s2–s4 or
unmodified s1; see Supporting Information). Tetrahedron
T13+ (band B) contains one additional band corresponding to
s1 conjugated to cytochrome c, thus confirming that this slow-
migrating construct is the protein conjugate as identified
above. Denaturing gel analysis of T8+/T8! (band D) also
reveals the presence of s1 conjugated to cytochrome c, thus
confirming that T8+/T8! , which is unresolved from an empty
tetrahedron on a non-denaturing gel, is not simply an empty
tetrahedron but does contain the protein.

We conclude that when the protein is attached at
nucleotide 13, it is positioned on the outside of the tetrahe-
dron where it decreases the electrophoretic mobility of the
construct. When it is attached at nucleotide 8, it has minimal
effect on mobility as it is encapsulated within the tetrahedral
cage.

Figure 1. Positioning a protein within a DNA tetrahedron. a) Tetrahe-
dron made from four oligonucleotides s1–s4. The black arrow indicates
the protein attachment site at the 5’ end of s1. b) Molecular model
which shows that cytochrome c can fit inside the tetrahedron.
c) Native polyacrylamide gel showing the variation in electrophoretic
mobility with the position of the attachment site. Control T: unmodi-
fied tetrahedron.
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lanes (as a result of the presence of residual unconjugated
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ment at nucleotides 5 and 15, which are separated by one turn
of the double helix, are approximately equal. This pattern is
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ment point along the edge.
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T13+ (band B) contains one additional band corresponding to
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« Particles below 25 nm are subject to filtration in the kidney or uptake in the liver, and 
particles above 150 nm experience increased filtration in the spleen and phagocytosis 
by macrophages » => DNA nanocages are the perfect « nanovehicles » 
 

nanostructures. The activation of receptors of the innate immune sys-
tem by unmodified DNA nanostructures has, however, not yet been
studied in literature. Although IFN-α levels in the blood appear to be un-
affected by DNA origami [62] a better understanding of the interactions
of DNA nanostructures with receptors of the innate immune system
should be of great interest to the field considering the increasing de-
ployment of DNA nanostructures in living cells and animals.

4. Crossing the cell membrane

If DNA nanovehicles survive the travel to their target cells they face
another crucial biological barrier: the cell membrane. It consists of a
phosphor-lipid bilayer containing various lipids, carbohydrates and
membrane proteins, which gate the entry of small and large molecules
into the cell. From extensive research in plasmid and siRNA delivery,
respectively, we know that nucleic acids are seldom taken up by cells
in the absence of transfection agents, due to their size and charge. None-
theless, several DNA nanostructures have been reported to be taken up
by cells, although themechanism of uptake is not clear [55,67,68]. Liang
and coworkers have proposed that tetrahedrons are taken up through
caveolin-dependent receptor mediated endocytosis [69]. The responsi-
ble receptor(s) for this uptake have yet to be identified. In C. elegans,
Krishnan and her team previously reported that it is anionic ligand-
binding receptors that facilitate DNA nanostructure uptake [59].

One of the key strengths of DNA nanovehicles is the ability to pre-
cisely control spatial and stoichiometric arrangement of cell ligands
conjugated to the surface of the structure. Targeting of specific receptors
using cell ligands was first demonstrated byMao and his team using fo-
late to target the folate receptor — a common target in drug delivery.
They found that the amount of folate on DNA nanotubes correlated
with the efficiency of uptake in KB cells [70]. Similarly, Lee and his col-
leagues later showed that at least three folate molecules are required
to efficiently transfect the DNA tetrahedron into KB cells [61]. Using a
2D DNA origami structure, Mikkilä and colleagues were able to control
the conformation of the origami structure by tuning the loading of the
viral capsid proteins from cowpea chlorotic mottle virus. They also
found a positive relationship between the loading of viral capsid pro-
teins and the uptake of the DNA origami structure in HEK293 cells
[71]. Krishnan and her team have showed that transferrin can be used
to shuttle a dynamic DNA complex into IA2.2 cells by interaction with
the transferrin receptor [72], and we recently described a correlation
between number of transferrin molecules attached to a 2D origami
and its cellular uptake [73]. These examples demonstrate that cellular
uptake of DNA nanovehicles can be strongly induced by receptor medi-
ated uptake.

5. Delivery of payload

Once inside the cell, DNA nanovehicles must deliver their therapeu-
tic cargo. This often requires endosomal escape of the nanovehicles
or cargo to enter the cytoplasm. DNA nanostructures, delivered by
receptor-mediated uptake, usually do not escape the endosomal com-
partment [67]. This can be exploited to target the DNA nanovehicles to
endosomal components as reported by Takakura and coworkers who
targeted the endosomal Toll-like receptor TLR9. By incorporating highly
immunogenic unmethylated CpG motifs in a Y-shaped DNA structure
they were able to trigger an innate immune response in RAW 264.7
cells [74]. This particular macrophage cell line takes up unmodified
DNA nanostructures within minutes. Interestingly, the Y-shaped

Fig. 4. The DNA tetrahedron loadedwith drug-likemolecules. a) The DNA tetrahedron is assembled by annealing of 4 ODNs. It consists of three 20 bp sides and three 30 bp sidesmaking it
approximately 7.5 nm or 10.5 nm high depending on the orientation [90]. b) CpG ODNs attached to the vertices of the tetrahedron [77]. c) siRNA attached to the sides of the tetrahedron
[61]. d) doxorubicin interchelates dsDNA of the tetrahedron. Panel a) is reprinted with permission from the publisher.

Fig. 5. Encapsulation of a DNA origami octahedron [63]. A DNA origami is encapsulated by
a lipid bilayer modified with PEG. TEM images show the DNA octahedron inside
liposomes.
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a)  The DNA tetrahedron is assembled by annealing of 4 ODNs. It consists of three 20 bp 
sides and three 30 bp sides making it approximately 7.5 nm or 10.5 nm high  

b)  CpG ODNs attached to the vertices of the tetrahedron  
c)  siRNA attached to the sides of the tetrahedron  
d)  Doxorubicin interchelates dsDNA of the tetrahedron  
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tration of a-thrombin can be sufficient to appreciate a differ-
ent pattern of union of this protein to the TBAs and methyl-
TBA-containing origami.

Based on these preliminary studies, we designed a DNA
origami in which some of the staple strands were modified by
the insertion of TBA1 and TBA2 in the middle, protruding
from the DNA origami surface[17] (see the Supporting
Information, Table S1, for sequences). The staple strands
were arranged asymmetrically along the length of the origami
in a way that allowed the differentiation between methylated/
non-methylated, to enable the observation and quantification
of a-thrombin interaction with the aptamers. For this purpose,
we built a dual-aptamer system composed of two lines of five
TBA1 and TBA2 doublets placed at a distance of about
5.8 nm from each other, increasing the recognition probabil-
ities by at least 10-fold as reported by Rinker et al.[17] The
right double line corresponds to the unmodified dual system,
and the left dual-aptamer line consists of 15 mer methylated-
TBAs and non-modified 29 mer TBAs (Supporting Informa-
tion, Scheme S1). The formation of the DNA origami with the
modified TBA staple strands was performed successfully,
confirming that the addition of a methylated sequence does
not affect its assembly (Supporting Information, Figure S4).

Afterwards, the complex formation between a-thrombin
and the non-methylated/methylated TBA modified origami
was studied. In Figure 1, the asymmetric interaction can be

observed. As expected (Scheme 1a), the complex was only
formed with the native TBAs, whereas in the left line no
interaction was reported, confirming that a-thrombin is not
able to bind the disrupted quadruplex. The study of the
profiles and pixel distribution (Figure 3b) confirms that the
height of the dots in the dual-aptamer is in agreement with the
expected size of a-thrombin (ca. 4 nm in diameter) in
comparison with the height of the origami control (Fig-
ure 3a). We observed that more than 95% of the chemically
modified origami tiles faced pointing towards the solution, in
agreement with data reported by Voigt et al.[4c]

This result is a clear confirmation that the complex
between the dual-aptamer system and a-thrombin is only
formed with the non-methylated TBA, and confirms the

ability of our design to discern between the methylated and
non-methylated state.

To explore the efficiency of our design, we performed
a quantitative study of the binding location of a-thrombin.
From the 160 well-formed DNA origami studied, around
20% of them contained all five a-thrombin molecules in
positions coinciding with unmodified TBA and almost none in
the methylated line. In all, more than 93% of the DNA arrays
contained at least 1 a-thrombin attached to the unmodified
TBAs (see the Supporting Information).

We then intended to repair the O6-methylguanine of the
TBA-containing staple strands by hAGT. For this purpose,
the methyl-TBA-staple strands were incubated with hAGT.
hAGT was removed and the resulting strands were used to
assemble the DNA origami (see Materials and Methods in the
Supporting Information). The recovery of the chair-like
structure of the now demethylated 15mer was expected,
leading to the binding of a-thrombin to both dual-aptamers,
as the two of them contain the native 15 and 29mer TBAs.

The binding of a-thrombin in both dual-aptamers is shown
in Figure 2, confirming the repair of the alkylated guanine by
hAGT. Upon quantitative exploration of the binding, we can
conclude that a-thrombin binds with equal contingency in
both lines of the origami, with no significant tendency (p<
0.5) for any of the dual systems composed by TBA1 and
TBA2. The study of the height profiles corroborated the
theoretical height of the a-thrombin on both dual-aptamers
(Figure 3c). Furthermore, we titrated hAGT (0 to 10-fold
origami:hAGT; see the Supporting Information) against
methyl-TBA staples and incorporated these staples into the
DNA origami. The results showed that a-thrombin binding to
the methylated/repair side was clearly dependent on hAGT
concentration (Supporting Information, Figures S10 and
S11).

In summary, we have developed a new method to study
the DNA repair activity of hAGT. To the best of our

Figure 1. a),b) AFM images (scale bars 200nm (a), 100 nm (b)) of the
interaction of a-thrombin with the origami. The interaction can be
observed as white aligned dots deposited over the origami surfaces.
The complex was only formed with the native TBAs (right line; see
inserts in (a) for more details), whereas in the left line, in which the
15mer TBA carried an O6-methylguanine, no interaction was observed.

Scheme 1. a) Representation of the asymmetric binding of a-thrombin
to TBA aptamers of methylated DNA origami. b) Methyl-TBA repair by
hAGT, thus allowing G-quadruplex formation. c) Representation of the
symmetric binding of a-thrombin to the repaired DNA origami quad-
ruplexes.
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knowledge, this is the first time the enzymatic activity of
hAGT has been visualized on an origami platform. This study
combines the capabilities of the a-thrombin recognition/
binding to TBA and the single-molecule features of the DNA
origami applied to the detection of DNA repair. The system
appears to be extremely effective and reliable, and the results
are clearly visualized by AFM. Their consistency suggests that
our system could be further evolved to design hAGT activity

assays for the identification of potential inhibitors as chemo-
therapy enhancers and for the study of other DNA repair
enzymes. The application of the DNA origami as a platform
for single-molecule recognition opens the door for the
development of new biosensors for the detection of a variety
of complexes and the activity of other proteins. Finally, it can
also contribute to the study of other DNA lesions that affect
G-quadruplexes. This in turn would increase our knowledge
on the effect of DNA damage in biologically relevant G-
quadruplex structures.[18]

Experimental Section
Standard oligonucleotides were purchased from Sigma. Modified
staple strands were synthesized on a DNA synthesizer following
standard methods. All of the oligonucleotides sequences are detailed
in the Supporting Information. Full-length hAGT was overexpressed
and purified as previously described.[10e] A mixture of the modified
staple strands containing the methylated 15-mer TBA sequence were

left to react with hAGT. DNA origami tiles
were assembled following the method devel-
oped by Rothemund.[1] A sufficient amount of
a-thrombin was added and left to equilibrate
before imaging. Images were acquired in
tapping mode in liquid environment using
triangular-shaped AFM probes and their anal-
ysis was performed using NanoScope Analysis
Version 1.40. All of the experiments were
performed in triplicate. Statistical compari-
sons of the binding performance were done
according to Student!s t distribution.
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Figure 2. Symmetric binding of a-thrombin to the origami after the
repair of the methylation in the TBA1 (left line). The bottom-right
panel shows the 3D profile of an origami with all its binding positions
occupied by a-thrombin.

Figure 3. Distribution of heights, corresponding AFM images, and their cross-sections. a) TBA-
origami. b) a-thrombin methyl-TBA origami complex. c) a-thrombin complex with demethylated
TBA origami.
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for single-molecule recognition opens the door for the
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Figure 2. Symmetric binding of a-thrombin to the origami after the
repair of the methylation in the TBA1 (left line). The bottom-right
panel shows the 3D profile of an origami with all its binding positions
occupied by a-thrombin.

Figure 3. Distribution of heights, corresponding AFM images, and their cross-sections. a) TBA-
origami. b) a-thrombin methyl-TBA origami complex. c) a-thrombin complex with demethylated
TBA origami.
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spatial addressability of DNA origami in 
combination with the change of 
conformation of a DNA G-quadruplex to 
visually detect by AFM the change in its 
binding affinity to a-thrombin.  
 


