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The derivative of the previously reported hexagonal DNA

ABSTRACT: Here, we report the direct visualization of origami unit* was used with an incorporation of cholesterol-
the assembly/disassembly processes of photoresponsive TEG modified staples (Figure 1a). Six cholesterol moieties
DNA origami nanostructures which can be placed on a were introduced to the same face (bottom-face) of the origami
lipid bilayer surface. The observation relies on controlled in symmetrical positions so that each domain has one
interactions between the bilayer components and choles- cholesterol moiety. Two pseudocomplementary photorespon-
terol moieties introduced to the hexagonal origami sive short oligodeoxynucleotides(ODN’s), Azo-ODN1 and Azo-
structures, one of whose outer edges carries Azo-ODNG. ODN2, containing different numbers of trans-form azobenzene
The bilayer-placed hexagonal dimer was disassembled into moieties were also introduced to the staples on the outer ‘d-
monomer units by UV irradiation, and reversibly edge’ of the hexagonal DNA origami structures (Figure 1a,b).
assembled again during visible light irradiation. These These Azo-ODNs form duplex in trans-form under vis
dynamic processes were directly monitored with high- irradiation and dissociate in cis-form under UV irradiation by
speed atomic force microscopy. The successful application reversible trans—cis photoisomerization.''™'* Hence, the
of our approach should facilitate studies of interactive and assembly and disassembly of the dimer of hexagonal structure
functional behaviors of various DNA nanostructures. at the d-edge can be controlled by appropriate photo-

irradiation.* Two monomer units Hx1 and Hx2 were created
by modifying their d-edge with four Azo-ODNI strands and
A_ programmed self-assembly of nanostructural units into four Azo-ODN2 strands, respectively (Figure 1b). Each of the

organized structure is a fundamental key process for the Azo-ODNI1 strands carries three azobenzene molecules, while
bottom-up construction of nano/microscale products.'™> For each of the Azo-ODN2 strands contains four azobenzene
the precise construction of such products in a programmed molecules.
fashion, analysis of the assembling and disassembling processes First, we analyzed the constructed cholesterol-modified
is required. The assembled products are now commonly hexagonal structures on a bare mica surface. AFM images of
visualized by atomic force microscopy (AFM) or electron the monomer units (Hx1 and Hx2) revealed a clear hexagonal
microscopy (EM) with nanoscale resolution. However, these shape and homogeneity of the assembled structures without
imaging techniques rely on an immobilization of pre-assembled aggregation (Figure 1lc, see also Figure S1). The hexagonal
samples onto a substrate surface. Thus, direct visualization of dimer was assembled by annealing Hx1 and Hx2 from 50 to 15
the interactive behavior of the nanostructural units remains a °C at a rate of —0.5 °C/min. Gel electrophoresis analysis
major challenge. revealed that the Hxl and Hx2 effectively interacted one
In this study, we aimed to directly visualize assembly/ another to form the dimer (Figure S2). AFM imaging of the
disassembly processes of photoresponsive DNA origami annealed mixture showed large population (~80%) of
nanostructures® using high-speed atomic force microscopy interlinked two hexagonal structures (Figure 1d, see also
(HS-AFM) imaging technique.5’6 Success in time-lapse imaging Figure S1). Relative orientation of the hexagonal units in the
by HS-AEM requires conditions which satisfy two conflicting linked structure was distinguishable by the positions of the
requirements: (i) adsorption of structures of interest onto a small rectangle at the inner side of e-domain (Figure 1d). In the
substrate surface, and concurrently, (i) assuring sufficient highly magnified image, four short connecting duplexes were
mobility of the structures to allow their function-related clearly visualized in between the d-edges of the hexagons,
conformational/morphological changes. To achieve those representing the pseudocomplementary hybridization of

conditions, we here employed sphingomyelin (SM)-enriched ODNs. Thus, it is conceivable that imaged structures are not

domains in a phase-separated bilayer’ ' as imaging substrates,
on which cholesterol-TEG modified DNA nanostructures can Received: October 28, 2013
be adsorbed with moderate mobility. Published: January 15, 2014
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Figure 1. Photoresponsive hexagonal DNA origami structure. (a) Design of the hexagonal unit (top view). Four azobenzene-modified
oligonucleotides (Azo-ODN) are introduced into the outer d-edge in counterclockwise order. Each domain (a—f) carries one cholesterol- TEG
modified staple strand (red filled circle). Cholesterol moieties are placed on the bottom-face of the origami. (b) Schematic illustration of the
reversible photoresponsive assembly and disassembly of the hexagonal dimer. (c) AFM images of the assembled monomer. The orientation marker
at the inner e-edge was indicated by orange triangle. (d) AFM images of assembled dimers. Two different facing orientations of two monomers result
in two different types of dimer. The facing orientations of two monomers are distinguishable by the position of the markers (orange triangles).

the hexagonal units just absorbed adjacent to each other on the
mica surface but the dimer selectively connected at the d-edges
by photoresponsive ODNS. As reported in our previous paper,*
two types of hexagonal dimer [i.e., the dimer in the same facing
orientation (+/+) and that in the relatively opposite orientation
(+/-)] were obtained. Furthermore, population changes in
dimer and monomer upon a set of UV/vis irradiation showed
clear responses (Figures S2, S3 and Table S1), which are also
comparable to our previous results for noncholesterol-modified
Note that any considerable changes in the
appearance of the monomer unit were not observed in the
AFM images for the UV-irradiated sample (Figure S3),
implying that the photoirradiation conditions used in this
study is weak enough to avoid damage to the DNA origami
structure. Taken together, these results indicate that the staple
modification with cholesterol has no effect on the formation of
the hexagonal dimer and its reversible photoresponsive
behavior.

We next investigated distribution features of the constructed
Hx1—Hx2 dimers on a phase-separated supported lipid bilayer
which comprised of SM-rich (liquid-ordered) and diolroyl-
phosphatidylcholine (DOPC)-rich (liquid-disorderd) phases.
AFM imaging of the prepared bilayer revealed a smooth layer of
thickness ~4 nm, as expected for a single bilayer (Figure 2a)."
Furthermore, areas raised ~1 nm above the level of the bilayer
were observed, representing a previously reported SM-rich
domains.” Because sphingolipids typically have long saturated
acyl chains that facilitate close packing, SM enriched domain in
a bilayer becomes thicker than areas enriched in more fluidic
unsaturated lipids, such as DOPC.
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Figure 2. Adsorption of cholesterol—modified hexagonal dimers onto
a mica supported lipid bilayer (SLB). Typical AFM image of a SLB
either (a) before or (b) after addition of the hexagonal dimers. (Lower
panels) Section through the bilayers taken at the positions indicated
(lines).
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The predimerized Hx1—Hx2 structures were then loaded
onto a preformed bilayer. After incubation and subsequent
washing step to remove excess volume of origami structures,
the bilayer surface was imaged by AFM. Hexagonal shapes
preferably appeared on the SM-rich domains (Figures 2b and
S4). A section through the origami revealed a height above the
SM-rich domain of ~2 nm (Figure 2b) which is consistent with
the expected value for DNA origami. Both (+/+) and (+/—)
orientations were observed on the bilayer because at least one
of the cholesterol modified faces can be in contact with the
bilayer surface even in the (+/—) orientation (Figure S4).
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Figure 3. Reversible photoresponsive behavior of hexagonal origami units on a SM-rich domain of a SLB. Time-lapse images were obtained at 1
frame/s, using high-speed AFM. Disassembly/reassembly events were monitored by alternating UV and vis irradiation. The images for the area
indicated by dashed line in the first frame are enlarged and shown in lower panels. (a) Disassembly of the hexagonal dimer upon UV irradiation. (b)
Reassembly of the hexagonal dimer under vis irradiation. (c) Disassembly event imaged upon second UV irradiation. Image size = 755 nm X 573 nm
(upper panels) and 360 nm X 300 nm (lower panels). For the complete movie, see Movie S2.

We first tried to follow UV-induced disassembly process of
the (+/+)-dimer. Figure SS shows a series of time-lapse AFM
images of a (+/+)-dimer that were observed to dissociate into
two monomer units after UV irradiation (see also Movie S1).
The dimer unit located on a SM-rich domain was in expected
facing-up orientation. After the irradiation with UV at 9 s, the
interface of the two d-edges was observed to split, indicating
UV-induced dissociation of Azo-ODNs. Before being clearly
separated at 62 s, two monomer units were imaged to be
adjacent to each other, changing their relative positions. This
result shows that both the facing-up units can stay on the SM-
rich regions but retain enough mobility on there to allow
observation of UV-induced dissociation.

Considering the interaction features of a (+/—)-dimer, in
which only one of the units is anchored to the SM molecules,
UV irradiation of the (+/—)-dimer trapped on the SM-rich
domain would result in the release of the one diffusive
monomer. Thus, we next focused on a (+/—)-dimer to capture
its dynamic disassembly/reassembly processes. Consecutive
HS-AFM imaging successfully monitored this photoresponsive
disassembly of a hexagonal dimer (Figure 3a, see also Movie
$2). Triangles in initial and second frame of Figure 3a shows
the adsorbed dimer is in the (+/—) orientation. At 4 s, the
imaging area was irradiated with UV, resulting in the
disassembly of the dimer. The monomer unit which indicated
by blue arrow was observed to dissociate at 6 s and diffused
away from the imaging area, while the other unit (red arrow)
remained on the almost same position. Note that the unit
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which remained was in facing-up orientation, suggesting its
cholesterol-mediated anchoring to the bilayer.

Reassembly process was also captured by subsequently
irradiating the same imaging area with visible light (Figure 3b).
The vis irradiation was started from 29 s. At 53 s, the monomer
unit indicated by green arrow came into the imaging area and
contacted with the remained unit (white arrow). From 54 to 56
s, the two units were seen to be touching each other at the
corners between d- and e-edges of the hexagonal shape. In the
subsequent few frames, the angle between two d-edges was
getting narrower. Then, at 60 s, the two units were observed to
be connected at the d-edges to form (+/—)-dimer, indicating
the photoresponsive dimerization mediated by pseudocomple-
mentary hybridizations of Azo-ODNl1s and Azo-ODN2s.
Because collision of two units at around d-edges is prerequisite
for the dimerization, imaging of the assembly process required
longer observation time to catch such occasional events.

The second round of the UV irradiation from 64 s again
resulted in the separation of this dimer into monomer units
(Figure 3c). Similarly to the result of the first UV irradiation,
the unit in facing-up orientation (red arrow) stayed almost in
the same area, while the other unit in facing-down orientation
(green arrow) was relatively mobile on the surface. These set of
results clearly demonstrate that disassembly and reassembly of
photoresponsive hexagonal dimer can be directly monitored on
the lipid bilayer surface.

In conclusion, we have successfully visualized the dynamic
processes of the light-inducible assembly/disassembly of
azobenzene-modified DNA origami units using the high-
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speed AFM imaging technique. To our knowledge, this is the
first report on the real-time imaging of the nano/mesoscale
interactive behaviors of 2D DNA origami nanostructural units.
It is also noteworthy that the assembly/disassembly of the
photoresponsive DNA nanostructures can be regulated on a
lipid membrane surface. Recently, a variety of lipid-anchored®
or membrane-spanning DNA nanostructures'’~'” have been
demonstrated. We add the photocontrollable DNA origami
system to this growing list. Our primary results would open up
broad perspectives not only for visualization of self-assembly
processes but also for construction of functional DNA
nanodevices that can be placed on cell membrane surfaces.
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Experimental procedures, additional figures and movies. This
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