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Abstract: A DNA-based platform was developed to address
fundamental aspects of early stages of cell signaling in living
cells. By site-directed sorting of differently encoded, protein-
decorated DNA origami structures on DNA microarrays, we
combine the advantages of the bottom-up self-assembly of
protein—-DNA nanostructures and top-down micropatterning
of solid surfaces to create multiscale origami structures as
interface for cells (MOSAIC). In a proof-of-principle, we use
this technology to analyze the activation of epidermal growth
factor (EGF) receptors in living MCF7 cells using DNA
origami structures decorated on their surface with distinctive
nanoscale arrangements of EGF ligand entities. MOSAIC
holds the potential to present to adhered cells well-defined
arrangements of ligands with full control over their number,
stoichiometry, and precise nanoscale orientation. It therefore
promises novel applications in the life sciences, which cannot
be tackled by conventional technologies.

Surface-based bioanalytical methods are of utmost impor-
tance for fundamental and applied biomedical research. For
example, owing to the high degree of miniaturization and
multiplexing capabilities, DNA! and protein microarrays,”
or combinations thereof,®! are widely applied in high-
throughput assessment of biological processes. While the
fabrication of such microarrays is usually conducted by so-
called “top-down” methods, such as ink-jet and microcontact
printing or (photo)lithography, to create micrometer-sized
patterns of biomacromolecules, nanometer-sized arrays of
molecules can be efficiently generated by “bottom-up”
approaches, which take advantage of molecular self-assembly.
As a prime example, Seeman’s groundbreaking developments
of “structural DNA nanotechnology”¥ and subsequent
advancements through Rothemund’s scaffolded origami
technique® have made available a large repertoire of
methodologies for the ready access of well-defined nano-
meter-sized scaffolds. Importantly, these can be used as
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molecular pegboards for the precise arrangement of proteins
or other components with a lateral resolution of approx-
imately six nanometers.” This structuring capability would be
tremendously useful for bioanalytical applications, which
address native biomolecular assemblies of similar size, such as
the supramolecular clusters of tens to thousands of mem-
brane-associated molecules found in the membrane of living
cells. These typically reveal ultrastructural features in the
regime of five to hundreds of nanometers and are assumed to
play a crucial role in the final outcome of signaling events and
thus the development of the cellular phenotype.” While it
seems possible to address these biological phenomena with
designed DNA architecture, the implementation of protein-
decorated DNA origami structures into surface-based tech-
niques is currently not well developed.

DNA origami nanostructures have been patterned by
adsorption onto chemically modified® or lithographically
structured® solid supports and onto lipid bilayer mem-
branes."” However, to take full advantage of the multiplexing
capabilities of surface-based analytical methods, the site-
directed immobilization and sorting of sets of differently
encoded, protein-decorated DNA origami structures on
suitably patterned surfaces would be required. We here
report the development of MOSAIC (multiscale origami
structures as interfaces for cells), an innovative DNA-based
platform which combines top-down micropatterning of sur-
faces and the bottom-up assembly of nanoscaled protein
arrangements for the investigation of membrane-associated
processes in living cells. To gain control over the spatial
orientation of protein-decorated origami nanostructures with
respect to the solid substrate, we used origami constructs with
single-stranded tags to facilitate their site-directed sorting on
surface patterns encoded with a set of complementary DNA
oligonucleotides (Figure 1). The resulting patterns provide
stable interfaces for cell culturing. Using origami constructs
presenting the epidermal growth factor (EGF) as ligand for
the cellular epidermal growth factor receptor (EGFR), we
demonstrate that the nanoscaled architecture of this
MOSAIC system specifically affects EGFR activation in
adhered MCF7 cells.

To establish the site-directed sorting of origami nano-
structures on microarrays (Figure 1 A,B), we designed 54 x
91 nm? rectangular origami constructs from the 5438 nt
template 109Z5 (nt=nucleotide),"! which are equipped
with nine single-stranded DNA (ssDNA) binding tags,
protruding from one side of the plane of the quasi-2D
nanostructure (details of the origami design and a full list of
oligonucleotide sequences are given in the Supporting
Information). The binding tags’ 22-mer coding sequence
was appended to the origami rectangle through a dTy spacer
sequence (Figure 1C). We chose three different previously
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Figure 1. Site-directed sorting of DNA origami nanostructures on
microarrays. A) Schematic illustration of origami sorting through
specific hybridization with surface-bound complementary capture oli-
gonucleotides. A mixture of two different origami constructs, 1-DON<?
and 5-DON®”, labeled with Cy3- (green) or Cy5- (red) modified staple
strands and containing either the cF1 or the cF5 single-stranded DNA
(ssDNA) binding sides protruding from the rectangular structure of
the origami construct, respectively, bind to their complementary,
surface-bound capture oligonucleotides F1 (green) and F5 (red),
respectively. The fluorescence image in B) shows a representative
result of this experiment (scale bar=50 um). The influence of the
length of the ssDNA binding tags on the hybridization efficacy was
investigated with an array of capture oligomers of different lengths.
The schematic illustration and obtained signal intensities are shown in
(C) and (D), respectively (see text for details).

optimized oligonucleotide sequences (cF1, cF5, cF10)!'? for
the binding tags to encode the three different DNA origami
nanostructures 1-DON, 5-DON, or 10-DON, respectively,
which were assembled under standard conditions and char-
acterized by gel electrophoresis and AFM (see Figure S1 in
the Supporting Information). We initially investigated how
the length of the double helix formed upon hybridization
between DONSs and surface-bound capture strands affects the
efficacy of DON immobilization (Figure 1 C,D). To this end,
arrays of capture oligonucleotides of different lengths (F1, F5,
F10, 3-22 nt) were prepared by ink-jet printing on chemically
activated glass surfaces!™ and Cy3-labeled DONs were
allowed to hybridize. Fluorescent signals with a high signal-
to-noise ratio exclusively occurred on the spots encoded with
the complementary capture oligonucleotides as a clear indi-
cation for highly specific binding (see also Figures S2-S5).
The length of capture oligomers significantly affected the
hybridization efficacy of the DON (Figure 1D). Interestingly,
the three different capture systems F1, F5, and F10 revealed
distinctively different and highly reproducible profiles of
length-dependent binding (Figure S3). These sequence-spe-
cific profiles were slightly affected by the hybridization
temperature (25 or 45°C, see Figure S4) and most likely
correlate with the formation of secondary structures in the
single-stranded binding sites of the DONs and/or capture
oligomers (Figure S5). Since the 12-mer capture oligomers of
the three different sequences revealed similar hybridization
efficacy, this particular length was used for all further studies.
As expected, reducing the number of binding sites tethered to
the DONSs led to a decrease in surface binding (Figure S6).

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Furthermore, the site-specific sorting of a mixture of two
differently labeled origami constructs, 1-DON®* and 5-
DON®*, also worked perfectly fine with microarrays of
smaller capture features (ca. 5 um diameter) prepared by
polymer-pen lithography (PPL)!“" (Figure 1B) instead of
ink-jet printing (ca. 150-200 pm diameter spots).

We then investigated the site-selective immobilization of
protein-loaded DONs on DNA microarrays. To this end, we
initially assembled Cy5-labeled 1-DON variants which con-
tained either 3 or 15 biotinylated staples (DON%-bs, 1-
DON.by;) to facilitate the binding of Cy3-labeled strepta-
vidin (STV) molecules (Figure 2 A, see also Figure S7). The
resulting constructs, 1-DON®S, 1-DON®*.STV;, and 1-
DON®-STV,; were allowed to bind to microarrays which
contained 100 spots of the complementary F1,, and, as control
for specific binding, 40 spots of the non-complementary F9
capture (Figure 2B). An additional control, in which the Cy3-
labeled STV was blocked with free biotin prior to binding to
the 1-DON-bs proved that no non-specific binding occurred
in this experiment (array IV, in Figure 2B). Indeed, exclu-
sively site-specific binding was clearly evident from the
observed Cy3 signals. As detectable from the Cy5 signals,
attachment of STV molecules led to slight decrease in origami
binding, as compared to unmodified DONs. We speculate that
the decrease might stem from electrostatic or steric repulsion
between the protein-decorated origami structure and the
solid surface. The efficient sorting of protein-loaded con-
structs was further demonstrated in a three-color experiment
using a mixture of three different DONs (1-DON, 5-DON, or
10-DON) ecach loaded with 15 differently fluorescence-
labeled STV molecules (Cy3, Cy5, FAM, respectively, Fig-
ure 2C). We also demonstrated the accessibility and func-
tionality of surface-immobilized STV-loaded 1-DON®*-b,
constructs through binding of biotinylated immunoglobulin G
(IgG) molecules and detection with a Cy3-labeled secondary
antibody (Figure 2D, see also Figure S8). All these experi-
ments clearly indicated that the DNA-directed immobiliza-
tion of protein-decorated origami nanostructures functioned
well with exquisite site selectivity.

We then carried out a proof-of-concept study to demon-
strate that the microarray-immobilized DONs can be applied
as an interface to study membrane-associated processes in
living cells. We used origami constructs presenting the
epidermal growth factor (EGF) as ligand to activate the
cellular epidermal growth factor receptor (EGFR) in adhered
MCEF7 cells. A series of Cy3-labeled 1-DON constructs was
decorated with either 4, 5, 8, or 12 STV molecules which also
varied in their nanoscaled architecture (Figure 3). Specifi-
cally, the STV molecules were either arranged evenly
distributed (“far”) or densely clustered (“close”) on the
surface of the origami structure, as indicated by the schematic
illustration and AFM images of the constructs 1-DON-4f, 1-
DON-5f, 1-DON-8f, 1-DON-12f, or 1-DON-4¢, 1-DON-5¢,
1-DON-8¢, 1-DON-12c¢, respectively, in Figure 3. The various
DON constructs revealed comparable surface occupancies
with STV molecules and hybridization efficacies (Figures S9,
S10). After coupling biotinylated EGF to the constructs, they
were immobilized on PPL microarrays bearing dense patterns
of the F1,, capture oligomer (spot size ca. 5 um diameter).
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Figure 2. Immobilization of protein-loaded DONs. A) Schematic illustration of DON designs with respective AFM images. B) Immobilization of
Cy5-labeled 1-DON®* (red) containing different numbers of Cy3-labeled STV (green; NC = negative control in which the Cy3-labeled STV was
blocked with biotin prior to incubation with 1-DON®-b,5). Mean fluorescent signals of the arrays, normalized against Cy5 reference spots (white
arrow), are shown in the histograms. All arrays contained 40 control spots with non-complementary capture F9 (bottom) in addition to the

complementary F1,, capture (top).

C) Sorting of a mixture of three different DONs, each loaded with 15 differently labeled STV molecules, on

a microarray containing 4x4 spots (ca. 200 pm diameter) of three complementary (F1, F5, F10) and one non-complementary (F9) capture
oligomer. D) STV-loaded 1-DON*-b,; (red) was immobilized on F1 microarrays (configured as in B) and coupled with biotinylated 1gG (blgG).
Bound blgG was detected with a Cy3-labeled anti-lgG antibody (a.lgG™?, green). Arrays | and |l are controls in which either the STV or the blgG
was omitted, respectively. Normalized mean fluorescent signals and standard deviations are shown in the histograms. As indicated by the Cy5
signals (red bars in B and D), protein loading and washing steps decrease the amount of immobilized origami construct.

Owing to their Cy3-labels, the immobilized constructs were
visible as regular patterns by fluorescence microscopy in the
green channel (image II, in Figure 3). Human MCF7 cells
expressing the EGF receptor genetically fused to enhanced
green fluorescent protein (eGFP-EGFR) were then allowed
to adhere on those surfaces for 45 minutes. After fixation, the
cells were clearly visible by their eGFP fluorescence (violet
channel, image IV in Figure 3) and DAPI-stained nuclei (blue
channel, image V). Activated EGFR is phosphorylated at
tyrosine 1068, which was detected by staining with a specific
Cy5-labeled antibody, visible in the red channel (image III).
Visual inspection of the fluorescence micrographs clearly
revealed activated EGFR (red) features co-localized with the
immobilized 1-DON (green) features (imageI, see also
Figure S11 in the Supporting Information).

To analyze whether the nanostructural features of the
immobilized EGF-DONs affect the activation of EGFR in
the adhered MCF7 cells, we carried out a statistical analysis
where the average numbers of red spots underneath an
adhered cell were determined for the eight different DON
constructs (Figure 3, for statistical details, see also Table S1,
Supporting Information). The obtained box-whisker plots
clearly indicate that both stoichiometry and spatial arrange-
ment of the DON-EGF constructs quantitatively influence
EGFR activation. While no activation occurred in the
absence of EGF-STV entities on the origami structure or
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the presence of free, soluble EGF in the medium (Figure S11),
increasing numbers of ligands led to an increased activation,
which leveled off at eight ligands per origami construct. In the
case of 4 or 5 EGF-STV entities per DON, constructs with
evenly distributed (“far”) ligands revealed a significant larger
receptor activation than their complementary analogs, con-
taining the same number of ligands in densely clustered
(“close”) arrangements. This effect of the spatial distribution
of the ligand was less pronounced with 8 and with 12 ligands
per origami construct (see also Figure S12).

Taking into account the size of the 53 amino acid EGF
ligand and the presence of an about 1 nm spacer between
EGF and the biotin, we estimate that a single EGF-STV entity
on the surface of the origami construct typically contains two—
three molecules of EGF. Hence, each entity should be capable
to bind two EGFR molecules in the plasma membrane of the
cell, such that EGFR dimerization can occur to enable ligand-
induced EGFR autophosphorylation.'*!l Since the uncer-
tainty in the relative EGF-to-STV stoichiometry is averaged
out in all the experiments shown in Figure 3, it cannot be
responsible for the observed differences between low num-
bers of distributed or clustered ligand entities (e.g., 1-DON-
4f vs. 1-DON-4¢, or 1-DON-5f vs. 1-DON-5¢). Instead,
many different biological processes could account for the
observed differences. These include a restricted availability of
EGFR in the plasma membrane because of limited local

www.angewandte.de

Chemie

16041


http://www.angewandte.de

Angewandte

16042

Zuschriften

1-DON®3-STV-EGF

aP-EGFR-IgGS¥s

merged

16

4 A s7
I % %

arrangements of EGF
ligands. We believe
that MOSAIC has sig-
nificant  advantages
over conventional
techniques for the
study of  ligand-

eGFP-EGFR

DAPI

14

induced receptor pro-
cesses, such as the use

of surfaces patterned
with supported bilayer

1-DON-4c  1-DON-4f = ]

1-DON-8c  1-DON-8f

patches and
scaled mobility barri-

nano-

- - ) :

78% 81% n

—

X

ers to present geomet-
rically constrained
ligands to adhered
cells. 81 Since these
approaches have lim-
ited lateral resolution
and multiplexing capa-
bilities, they cannot

76%

1-DON-12f

1-DON-12c

close far
Ry
P

4 5 8

79% DON-EGF construct

74%

Figure 3. The nanostructural features of MOSAIC affect the response of adhered MCF7 cells. A series of Cy3-labeled
1-DON constructs was prepared decorated with different numbers and arrangements of EGF-modified STV entities,
as indicated by the schemes and corresponding AFM images (250x 250 nm? scans, average surface occupancies of
the DONs with STV molecules listed underneath, see also Figure S9). The constructs were immobilized on DNA
microarrays, thus leading to the 5 um spot patterns, visible in image Il of the upper row of fluorescence
micrographs, obtained from experiments with construct 1-DON-5 f. MCF7 cells expressing an eGFP-tagged EGF
receptor (eGFP-EGFR) were allowed to adhere to the patterned DON surfaces and then fixed. The fluorescence of
eGFP-EGFR and DAPI staining (images IV and V, respectively) allows one to identify individual cells. Activated EGFR
was detected by staining with a specific Cy5-labeled antibody (P-EGFR®?), visible as red spots (marked by white
arrows in image I11). The average numbers of red spots underneath an adhered cell, determined for the eight
different EGF-DON constructs are indicated as box-whisker-plot histograms (see also Figures S11, S12). Note that
all constructs with evenly distributed (“far”) EGF-STV entities lead to a larger receptor activation than their
complementary analogs, containing densely clustered (“close”) arrangements of the same number of ligands.

concentrations and lateral diffusion, geometric constraints
originating from specific arrangements of EGFR with the
actin cytoskeleton, biochemical factors originating from
components of downstream signaling, receptor internaliza-
tion, or others. While our initial findings call for in-depth
studies to unravel the biological response mechanisms, the
here presented results clearly demonstrate that a) the surface-
patterns of EGF-decorated DONs were stable under cell
culture conditions, b) the presented ligands were able to bind
to and activate their cognate EGF receptor, and c) the ligand
architecture at the nanometer length scale influences the
response of the adhered cells.

In conclusion, we here demonstrated for the first time the
site-directed sorting of differently encoded, protein-deco-
rated DNA origami structures on DNA microarrays. The
combination of bottom-up self-assembly of protein-DNA
nanostructures and top-down micropatterning of solid surfa-
ces enabled the creation of multiscale origami structures as
interface for cells (MOSAIC). In a first proof-of-concept, we
applied this technology to investigate the activation of EGF
receptors in living MCF7 cells through distinctive nanoscale
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control the absolute
number, stoichiome-
try, and precise nano-
scale orientation of
different ligands.
While arranging vari-
ous ligands with dis-
tances in the critical
range of biomolecular
assemblies  (ca. 5-
100 nm) has been ach-
ieved with soluble
DNA-tethered ligand
dimers and trimers to
affect transmembrane
receptors,!"”] these
soluble assemblies do
not offer the advantages of surface-based techniques: the
rational tailoring of nano-to-microscale geometries and the
implementation of multiplexed high-throughput applications.
MOSAIC combines the advantages of the two complemen-
tary approaches. We believe that further miniaturization of
the encoded surface patterns (e.g., by AFM nanografting)®
and/or the assembly of larger origami structures,”! will even
enable to fully control absolute numbers and nanoscale
architecture of ligands on surfaces.”? Furthermore, the
refinement of effective protein-DNA conjugation chemis-
tries’®! and the implementation of microfluidic techniques to
enable simultaneous manipulation and analysis of cultured
cells™! will deploy the full potential of MOSAIC to create
artificial biointerfaces useful to explore and exploit basic
processes of cellular signaling and communication.
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