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Structural DNA nanotechnology[1, 2] and the technique of
DNA origami[3] enable the rapid generation of a plethora of
complex self-assembled nanostructures.[4–6] Since DNA mol-
ecules themselves display limited chemical, optical, and
electronic functionality, it is of utmost importance to devise
methods to decorate DNA scaffolds with functional moieties
to realize applications in sensing, catalysis, and device
fabrication. Protein functionalization is particulary desirable
because it allows exploitation of an almost unlimited variety
of functional elements which nature has evolved over billions
of years.[7] The delicate architecture of proteins has resulted in
no generally applicable method being currently available to
selectively couple these components on DNA scaffolds, and
thus approaches used so far are based on reversible antibody–
antigen interactions,[8, 9] aptamer binding,[10, 11] nucleic acid
hybridization of DNA-tagged proteins,[12, 13] or predominantly
biotin–streptavidin (STV) interactions.[14–19] We demonstrate
here that DNA nanostructures can be site-specifically deco-
rated with several different proteins by using coupling
systems orthogonal to the biotin–STV system. In particular,
benzylguanine (BG) and chlorohexane (CH) groups incorpo-
rated in DNA origami have been used as suicide ligands for
the site-specific coupling of fusion proteins containing the
self-labeling protein tags O6-alkylguanine-DNA-alkyltrans-
ferase (hAGT), which is often referred to as “Snap-tag”,[20] or
haloalkane dehalogenase, which is also known as “Halo-
Tag”.[21] By using various model proteins we demonstrate the
general applicability of this approach for the generation of
DNA superstructures that are selectively decorated with
multiple different proteins.

To realize orthogonal protein immobilization on DNA
origami using self-ligating protein tags, we chose the Snap-tag,
developed by Johnsson and co-workers,[20] and the commer-
cially available HaloTag[21] system. The respective small-
molecule suicide tags (O6-benzylguanine (BG) and 5-chlor-
ohexane (CH)) for both self-labeling protein tags are readily
available as amino-reactive N-hydroxysuccinimide (NHS)
derivatives (BG-NHS and CH-NHS; Figure 1a). Complete
derivatization of alkylamino-modified oligonucleotides was
achieved by coupling with 30 molar equivalents of BG-NHS
or CH-NHS, as indicated by electrophoretic analysis (Fig-
ure 1b). To gain access to fusion proteins bearing the
complementary Snap- and Halo-protein tags, we constructed
expression plasmids by genetic fusion of the genes encoding
the protein of interest (POI) and Snap-tag or HaloTag (see
the Supporting Information). As model POIs we chose the
fluorescent proteins enhanced yellow fluorescent protein
(EYFP)[22] and mKate,[23] the enzymes cytochrome C perox-
idase (CCP)[24] and esterase 2 from Alicyclobacillus acid-
ocaldarius thermos (EST2),[25] to which the self-labeling tags
were fused at the C terminus (POI-Snap or POI-Halo,
respectively). In addition, the bispecific Halo-Snap fusion
protein “covalin”,[26] a chimera which specifically reacts with
both BG and CH, as well as monovalent STV (mSTV),[27]

were used in this study. The fusion proteins were overex-
pressed and purified by conventional procedures (see the
Supporting Information). The coupling of BG- and CH-
modified oligonucleotides to the protein was analyzed by
using covalin as the initial model to simplify the electro-
phoretic characterization. It is shown in Figure 1c that both
BG- and CH-modified single-stranded DNA (ssDNA) oligo-
nucleotides couple effectively to generate the corresponding
DNA–covalin conjugates in nearly quantitative yields. DNA
coupling of the aforementioned POI fusions, namely mKate-
Snap, EST2-SNAP, mKate-Halo, CCP-Halo, and EYFP-Halo
occurred in a highly specific manner (Figure 1d), and neither
Snap or Halo nor mSTV revealed cross-reactivity for the
orthogonal-tagged DNA oligomers.

We then used SARSE software to aid in the design of
face-shaped DNA origami to demonstrate the selective
immobilization of protein on DNA nanostructures.[28] Correct
folding of M13mp18 ssDNA through the use of 236 staple
strands was analyzed by atomic force microscopy (AFM;
details of the sequence design as well as experimental
procedures are reported in the Supporting Information).
Figure 2a illustrates that the face-shaped DNA origami was
obtained in high purity, and high-resolution AFM clearly
revealed the proposed ears, neck, and seam features of this
structure. As an initial test for protein decoration, we selected
23 staple strands, which were biotinylated to create eyes (2 � 6
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strands), a nose (4 strands), and a mouth (7 strands) on the
facelike origami (Figure 2b and see Figure S3 in the Support-
ing Information). Subsequent to assembly, the biotinylated
DNA origami was adsorbed onto mica and mSTV was
allowed to bind. AFM analysis revealed the expected smiley
face structures in addition to unmodified structures in
approximately equal amounts (Figure 2c and see Table S9
in the Supporting Information). The presence of both fully
modified and unmodified structures results from an equally
favored face-up and face-down orientation (Figure 2e, upper
and lower panel, respectively) during adsorption of oligobio-
tinylated structures on mica substrates. However, since
polyanionic DNA structures have a higher affinity for mica
than STV (isoelectric point, pI� 6), modification of the
structure with mSTV in homogenous solution, followed by
their adsorption onto mica, led almost exclusively to face-up-
oriented nanostructures (Figure 2d).

To investigate whether incorporated BG-, CH-, and
biotin-derivatized staple strands can be used for orthogonal

protein decoration of the origami we assembled a face-shaped
origami of similar design as depicted in Figure 2b, in which
the eyes, nose, and mouth features were encoded by two times
three CH-, four biotin-, and four BG-bearing oligomers,
respectively (Figure 3 and see Figure S4 in the Supporting
Information). Subsequent to assembly, the origami was
incubated with CCP-Halo (Figure 3a), mSTV (Figure 3 b),
mKate-Snap (Figure 3c), or covalin (Figure 3d). AFM imag-
ing of the resulting structures clearly indicated that protein
binding occurred exclusively at the positions containing the
complementary small-molecule tags. We also demonstrate
that orthogonal protein binding can be achieved by consec-
utive binding events. The BG-, CH-, and biotin-bearing
origami (Figure 3e) was initially labeled with mKate-Snap,
thus giving rise to the mouth feature (Figure 3 f). This origami
was then allowed to bind CCP-Halo, which led to appearance
of the eye features (Figure 3 g). Finally, treatment with mSTV
led to formation of the fully decorated smiley face structure
(Figure 3h). Stepwise addition of different proteins to the

Figure 1. a) Schematic representation of chemical coupling of amino-modified DNA oligonucleotides with benzylguanine (BG) or chlorohexane (CH) groups
as orthogonal tags for modification of proteins of interest (POI) genetically fused with Snap-tag or HaloTag, respectively, at the C termini. b) Complete
reaction of the amino-modified DNA oligomers with BG and CH is demonstrated by electrophoresis on a 20 % denaturing polyacrylamide gel.
Electrophoresis on 10% polyacrylamide gels shows the selective coupling of BG- or CH-modified oligomers with c) chimeric Snap-tag/HaloTag fusion
covalin or d) POI-Snap-tag and POI-HaloTag fusions. n.d. =not detectable. For additional protein binding studies see Figure S2 in the Supporting
Information.
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origami was also confirmed by gel electrophoretic analysis
(see Figure S5 in the Supporting Information). Statistical
analysis of various AFM images indicated that average
coupling efficiencies were about 60% for both mSTV and
Snap-tag fusion proteins and 35 % for HaloTag fusions (see
Table S9 in the Supporting Information).[29]

To illustrate how the scope of our approach can be
broadened further we demonstrate that orthogonal tags can
also be installed on both sides of the quasi two-dimensional
plane of DNA origami. We designed a Janus face by taking
advantage of the helical-twist color code provided by the
SARSE software (see Figure S6 in the Supporting Informa-
tion), in which our initial design (Figure 2b) was modified to
present additional biotin groups arranged in stripes on the
reverse side of the smiley face. While theoretical design
predicted the formation of two clearly distinguishable protein
patterns on the two sides of the origami (see Figure S7 in the
Supporting Information), AFM analysis revealed that many

structures indeed showed
both patterns on one side
(see Figure S8 in the Sup-
porting Information).
Closer inspection of the
helical-twist color code of
the SARSE representation
and comparison with three-
dimensional models sug-
gested that the SARSE
color coding does not
always correspond to real
orientations of individual
nucleotides within the
folded origami. An adjust-
ment of the design (see Fig-
ure S9 in the Supporting
Information) then enabled
assembly of the desired
Janus origami, with the
expected two different
faces observed in the AFM
analysis (Figure 4a–c).

To demonstrate orthog-
onal protein decoration of
the two Janus faces we
assembled two different ori-
gami structures that pre-
sented STV molecules on
either their front or the
reverse side (denoted as
m-CH,BG,4 bf or j-
CH,BG,9 bb, respectively;
see Figures S4 and S10 in
the Supporting Informa-
tion, respectively), in addi-
tion to mKate-Snap and
EYFP-Halo proteins instal-
led on the front side of the
structures (Figure 4d). We
expected that STV-medi-

ated binding to biotinylated surfaces should orient the two
superstructures such that mKate-Snap and EYFP-Halo
proteins are pointing either towards the surface (m-
CH,BG,4 bf) or the solution phase (j-CH,BG,9 bb). Conse-
quently, the accessibility of mKate-Snap and EYFP-Halo for
immunological detection should differ significantly for the
two different origamis. This assumption was tested by
immobilizing approximately equal amounts of m-
CH,BG,4 bf and j-CH,BG,9 bb in microplates coated with
biotinylated bovine serum albumin. Immobilized origami was
quantified by the polymerase chain reaction (qPCR), using
primers specific for the M13mp18 DNA backbone of the
origami (blue bars in Figure 4d). Comparison with a control
origami lacking any STV molecules clearly indicated that
both m-CH,BG,4 bf and j-CH,BG,9 bb were capable of specific
binding to the biotinylated surface (see Figure S11 in the
Supporting Information). The accessibility of mKate-Snap
and EYFP-Halo proteins was tested by probing the immobi-

Figure 2. a) AFM characterization of the unmodified DNA origami. The inset shows a magnified structure,
which reveals a less-defined and floppy region at the bottom of the head which corresponds to the 44-
nucleotide-long hairpin loop of the M13mp18 scaffold, as well as the central seam of the structure.
b) Schematic representation of the DNA-origami design. The circular M13mp18 scaffold and staple strands
are represented by red and green/blue strands, respectively. Yellow circles represent positions in which biotin,
BG, or CH tags were incorporated. Structures containing 23 biotinylated staples were coupled with STV either
c) subsequent to the adsorption of origami onto mica or d) in homogeneous solution, followed by adsorption
of the origami onto mica. While the former procedure leads to equally distributed face-up- or face-down-
oriented arrangements presenting the biotin groups to the solution phase or surface, respectively (upper and
lower panel in (e), respectively), the latter method produces almost exclusively face-up-oriented structures
(scale bars = 100 nm).
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lized origami with specific IgG antibodies from rabbit
(denoted as a-Snap AB or a-EYFP AB, respectively; Fig-
ure 4d) and a secondary reagent for immuno-PCR (IPCR)
detection of rabbit IgG[30] (CHI-rabbit conjugate, Chimera
Biotec). Comparison of the IPCR and qPCR signals (blue and
red bars, respectively, in Figure 4d) clearly shows that the
IPCR signals are significantly greater in the case of the Janus
origami (j-CH,BG,9bb) than those obtained from the origami
presenting all proteins on one side (m-CH,BG,4 bf), although
this origami was immobilized in equal (a-Snap AB detection)
or even larger amounts (a-EYFP AB) than the Janus origami.
To the best of our knowledge, this is the first demonstration
that DNA origami can be specifically decorated with proteins
on both sides of its quasi-two-dimensional plane and that this
approach is useful for the directional immobilization of DNA
nanostructures.

In conclusion, we demonstrate here that self-labeling
fusion proteins can be used for the site-selective decoration of
DNA nanostructures. As a consequence of its orthogonal
specificity, this protein labeling technique holds the potential
for the use of unpurified proteins from crude cell lysates.[20,21]

We therefore anticipate that the approach will allow DNA
superstructures to be readily decorated with complex patterns
of arbitrary proteins. This orthogonal protein coupling will
open up ways to control the accessibility and reactivity of
distinctive protein arrangements presented on selected sur-
face areas of DNA scaffolds.
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Figure 3. Schematic representations and AFM images of orthogonal modified DNA origami. Examples of monofunctionalized DNA–origami conjugates are
shown for a) CCP-Halo, b) mSTV, and c) mKate-Snap. d) The binding of covalin leads to modification of both the eye and mouth features. Consecutive
orthogonal protein binding is demonstrated by incubation of e) CH-, biotin-, and BG-bearing origami with f) mKate-Snap (indicated by violet spheres),
g) CCP-Halo (yellow spheres), and h) mSTV (blue spheres). The binding of these proteins led to decoration of the origami with features resembling a
mouth, eyes, and a nose, respectively. Magnifications of representative origami structures are shown as insets. The yields obtained in the sequential
formation of the target structures are given with respect to the total of well-formed structures (see also Table S9 in the Supporting Information). Scale bars
are 100 nm.
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CH,BG,4bf or j-CH,BG,9bb, respectively), as well as mKate-Snap and EYFP-Halo proteins installed at
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