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Abstract: We report a synthetic biology-inspired approach for
the engineering of amphipathic DNA origami structures as
membrane-scaffolding tools. The structures have a flat mem-
brane-binding interface decorated with cholesterol-derived
anchors. Sticky oligonucleotide overhangs on their side facets
enable lateral interactions leading to the formation of ordered
arrays on the membrane. Such a tight and regular arrangement
makes our DNA origami capable of deforming free-standing
lipid membranes, mimicking the biological activity of coat-
forming proteins, for example, from the I-/F-BAR family.

Living cells are compartmented by lipid membranes. Their
controlled and dynamic transformation is essential for
numerous physiological processes, including cell motility,
endocytosis, and secretion. Recently, it has become evident
that specific proteins recognize and sustain such membrane
transformations to organize cellular processes in space and
time.l'! A major class of membrane-sculpting proteins found
in all eukaryotic cells is the BAR (Bin-Amphiphysin-Rvs)
domain superfamily.”)’. BAR domains are highly helical
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dimers, which typically bind membranes through their
highly charged curved interface.”! Contrary to curvature-
recognition, membrane sculpting requires high surface den-
sities, that is, the formation of staggered coats, of the BAR
subunits.! The propagation of membrane deformations is due
to the oligomerization of BAR domains into tightly packed
scaffolds held together mostly by lateral interactions.! This
feature, together with the geometry of the membrane-binding
interface, determines the ability of those domains to generate
either membrane invaginations (BAR and most F-BAR),
protrusions (I-BAR) or even stabilized planar membrane
sheets (PinkBAR).! Curiously, the unique membrane-
deforming activity of the latter protein derives from its flat
lipid-binding interface and formation of sheet-like oligomers
in crystals as well as in solution.™! Although huge effort has
been put on identifying the general features responsible for
curvature generation, the detailed description of the phys-
icochemical origin of curvature induction is still missing. We
try to fill this gap with a synthetic biology approach”! using
DNA origami nanostructures.

The DNA origami technique allows folding of long,
single-stranded “scaffold” DNA into custom-shaped nano-
scale objects by a large number of short “staple” oligonucle-
otides that bind to defined segments of the “scaffold”
strand.”™ This enables to construct two-*" and three-dimen-
sional arrays® of helical DNA structures with predesigned
curvature or twist.'"”! Moreover, each staple strand can be
independently functionalized using various chemical groups,
which allows precise three-dimensional placement of func-
tional moieties!'"! such as lipids or other hydrophobic
compounds.'” By using such anchors, several groups
showed the ability of distinct DNA origami nanostructures
to bind to lipid membranes.'”! Recently we created highly
elongated DNA origami nanorods, which readily bind to lipid
membranes using cholesteryl anchors and showed switchable
liquid-ordered/liquid-disordered partitioning.'"! Selective flu-
orescent labeling and fluorescence correlation spectroscopy
allowed to elicit the rotational and translational diffusion of
the nanorods on the membrane. While increasing the density
of the rods, an isotropic-nematic transition was observed.!”!
Similar membrane-mediated self-organization of strongly
elongated protein molecules into nematic domains is sup-
posed to be the initial step of membrane shape transformation
in cells."*!

Here, we undertook the challenge to reconstruct molec-
ular events leading to large-scale membrane deformation
driven by the oligomerization of nanoscopic lipid bilayer-
anchored molecules of defined geometry. Stiff 3D DNA
origami platforms, mimicking the subunits of a flat sheet-like
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membrane-sculpting scaffold (Figure 1) were assessed to bind
and deform model membranes. We introduced two units to
better control the interactions between individual molecules
and spatial arrangement of membrane-binding sites during
oligomerization, which are critical factors in protein-assisted
membrane deformation.

The 3D shape of our DNA origami platform resembles
a monolith, with a lower flat facet of roughly 50 nm x 40 nm in
size and a smaller top face (Figures 1A-B and S1 in the
Supporting Information). They were assembled as previously
described” and their correct folding checked by transmission
electron microscopy (TEM) imaging (Figure 1C and Sup-
porting Information). The structures contained three differ-
ent functional modifications: i) nine cholesteryl-triethylene
glycol (TEG) modified staples at the bottom side of the lower
facet to promote binding to the membrane, ii) ten Alexa-
Fluor-modified staples at the top facet (construct A with
Alexa 488 and construct B with Alexa 647) to support fluo-
rescence detection, and iii) six single-stranded overhangs (11
nucleotides each) at each of two opposing lateral sites (on
each DNA monolith construct complementary lateral over-
hangs were introduced), which enables them to oligomerize as
displayed in Figure 1D. Individually, constructs A and B were
not capable to self-oligomerize (Figures 1C and S2); yet, in
combination, they form highly ordered oligomers in solution
(Figures 1 E and S2) that resemble a brick-like wall, where
each brick layer is composed of one kind of structure.
Analysis using gel electrophoresis further corroborates these
findings (Figure S3).

We first started to visualize the binding of amphiphilic
constructs A and B separately to giant unilamellar vesicles
(GUVs) using fluorescence imaging and performed fluores-
cence correlation spectroscopy (FCS) measurements. Both
constructs readily bind to free-standing lipid membranes and
undergo Brownian motion on the membrane surface. At low
surface densities (< 4 particlespm™) a value of D=2.5+
0.2 um*s~' was retrieved for the translational diffusion of
both structures (Figures 2 and SS5). Thus, the translational
diffusion coefficient is about a factor 1.6 larger than the
reported values for elongated DNA nanoneedles.!"*!”!

Further on, we analyzed combined interaction and
oligomerization of both constructs on model membranes at
different surface density ranges. The diffusion coefficients
measured by FCS (Figure S5) were substantially lower for the
oligomerizing monoliths when compared to the non-interact-
ing species. At intermediate DNA monolith surface densities
(5 to 10 particles um ), large immobile origami patches were
observed by confocal imaging, the shapes of which were
identical in both fluorescence channels. This suggests that
construct A (in green) and B (in red) are equally present in
these patches and are oligomerized into larger superstruc-
tures (Figure 3A). This is in agreement with lateral inter-
actions between individual DNA origami monoliths in the
plane of the membrane, as expected from the multimerization
design displayed in Figure 1D. Similar partial vesicle cover-
age has been reported in reconstitution studies involving
scaffold- and coat-forming proteins."®

The oligomerization of constructs A and B on free-
standing membranes was also investigated at lower surface
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Figure 1. Amphipathic DNA origami monoliths. A-B) Schematics of
helix bundle arrangement of the two structures (structure A) distin-
guished by attached fluorescent molecules (Alexa 488: green) and
“sticky” oligonucleotide overhangs (orange). Cholesteryl-TEG anchors
(yellow) are located at the surface opposite to fluorescent dyes.

C) Representative TEM images of individual DNA origami structures
(scale bar: 50 nm). D) After mixing construct A (green) and con-
struct B (red) both structures interact with each other because of
interactions of complementary “sticky” oligonucleotide overhangs.
E) Representative TEM images of the resulted scaffolds (scale bar:
100 nm).
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Figure 2. Origami DNA monoliths attached to free-standing mem-
branes. Representative confocal images (transmitted light and fluores-
cence) of GUVs at low surface densities (<4 particles um?) of origami
DNA nanostructures together with representative normalized FCS
autocorrelation curves (calculated diffusion coefficient, D, is

2,5+0,2 um?®s™") for construct A (A) and construct B (B). Scale bars:
10 pm.

densities (5.4 & 1.3 particlesum >, 1% of the membrane sur-
face covered by the structures) using a quantitative dual-color
fluorescence  cross-correlation  spectroscopy  (FCCS)
approach. Figure 3B-C illustrates typical autocorrelation
and cross-correlation curves for the combined interaction of
constructs A and B on GUVs, but also of non-interacting
analogs of A and B that lack the lateral oligonucleotide
overhangs (AC) and B")). The increased cross-correlation
amplitudes observed for constructs A and B, in combination,
give evidence that they co-diffuse at the membrane interface,
unlike the combination of AC) and B©). A detailed analysis of
the full set of dual-color FCCS data enabled to calculate the
average CC,,,, value (see the Supporting Information), which
was 65% +13% (n=6) for the constructs with overhangs
(A+B) and always below 20% for constructs without
overhangs (AT +B)). Thus, these results support the
presence of nanoscale oligomers of constructs A and B on
top of the model membranes. Moreover, the shape of the
correlation curves for combined A and B constructs indicates
the formation of higher-order oligomers reflected by large
distortions of the curves at longer times (> 0.1 s; Figure 3B).
Such contributions from slowly diffusing species are much less
pronounced for membranes bearing A and B (Fig-
ure 3C).

We next investigated whether constructs A and B in
combination are able to scaffold giant vesicles at a larger
scale. High DNA origami membrane surface densities
(> 10 particlesum™) resulted in full coverage of GUVs by
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Figure 3. Oligomerization of origami DNA monoliths with “sticky”
overhangs on free-standing membranes. A) Z-stack projection of the
upper half of a GUV at intermediate surface densities of a mixture of
constructs A and B, which results in a partially scaffolded membrane
surface (left and central panel represent signal from constructs A and
B, respectively; right: merged channels). B) Representative FCCS
curves for mixed constructs A+ B at low (approximately 5 parti-
clespum™?) membrane surface densities. C) FCCS curves for mixed
non-interacting constructs A and B, which lack sticky oligonucleo-
tide overhangs, at comparable surface densities. FCCS curves are in
black. D) FRAP of a GUV fully covered with oligomerizing constructs A
and B at equatorial plane, only the green channel (construct A) was
bleached (dashed rectangle), the red channel is construct B. Scale
bars: 10 um.
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both of our nanostructures. The formation of a compact
2D lattice of DNA origami was indicated by a qualitative
fluorescence recovery after photobleaching (FRAP; Fig-
ure 3D). In analogy to recent evidence of the reduced
mobility of several membrane-sculpting BAR proteins on
membranes!'” as well as lateral crosslink of proteins during
assembly of the autophagosomal membrane coat,'®! limited
fluorescence recovery of the combined membrane-bound
oligomerizable DNA nanostructures was detectable. This is in
agreement with the decrease in mobility reported in Fig-
ure S5. Thus, the monoliths form a dense immobile layer on
top of the free-standing membranes indicating subunit
oligomerization and the formation of a rigid lattice of DNA
origami monoliths scaffolding the GUV. Notably, diffusion of
fluorescent lipid analogs (i.e. DiD) within the covered
membranes is not affected by the cholesteryl-TEG-anchored
DNA origami structures, as shown previously.!'*!

To finally test whether the proposed synthetic approach
ultimately can lead to membrane deformations as they are
observed for biological peripheral membrane protein scaf-
folds, we evaluated the shapes of GUVs at high membrane
surface densities of our DNA origami constructs. In the
absence of DNA monoliths, nearly all vesicles were spherical
in shape (Figures 4 and S4). Similar results were obtained for
GUVs covered with constructs A and B (without lateral
overhangs). Interestingly, in the presence of constructs A and
B (having lateral complementary overhangs), for which the
subunits are able to self-oligomerize in the lateral direction,
more than half of the vesicles assumed non-spherical shapes,

typically characterized by planar deformations (Figures 4 B—
D and S4; Figure 3D depicts GUVs belonging to the non-
deformed spherical subset). The coverage of the membrane
surface by our structures (> 10 particlespum 2, membrane-
binding area per single molecule of approximately 2000 nm?)
in this experiment is similar to coverages of amphiphysin
BAR domain (> 1000 particles um *, membrane-binding area
per amphiphysin dimer of approximately 45nm? PDB:
4ATM) that are required to deform GUVs. Crowding
effects®” cannot be the sole justification, since the deforma-
tion is correlated with the presence of interactions between A
and B monomers (Figure 4C). Similar planar deformations
on model membranes have been documented for the flat
PinkBAR domain, the F-BAR protein Nervous Wreck,?!!
the autophagosomal coat complex,'® and two-dimensional
streptavidin crystals.”?! There, the scaffolding subunits were
capable of building large lattices on lipid bilayers, analogous
to what we report for a mixture of constructs A and B. A
distinct property of the vesicles that were deformed by the
oligomerizing constructs A and B is that they were much
more resistant to spontaneous collapse at the bottom of the
observation chamber as most of them survive for 3-5 days
instead of collapsing after one day as observed for GUVs with
the non-interacting DNA origami constructs. Furthermore,
the form of the membrane deformations observed here can be
correlated with the shape of the individual DNA origami
subunits, as described for PinkBAR domains./®! Though the
individual oligonucleotide bridges between structures A and
B may be rather flexible, the overall 2D assembly is likely

c 1
(2
>
-}
O
805
@
<
Q.
M .
o
<o
S
RO B oo
P e

Figure 4. Oligomerization-driven deformation of membranes induced at high surface densities of origami DNA monoliths with “sticky” overhangs.
A) 3D reconstruction of a GUV without origami DNA on its surface. A similar morphology was observed for GUVs bearing constructs A™) and

B lacking “sticky” oligonucleotide overhangs. B) 3D morphology and D) confocal projection in the equatorial plane of a GUV scaffolded with
constructs A and B, both with “sticky” overhangs, at surface densities > 10 particles um~2. C) Quantification of the ratio of deformed GUVs (for
A+B n=54; for AU+ B} n=50; for bare vesicles n=282). The yellow channel represents membrane labeled with the fluorescent lipid analog

Dil; green: construct A and red: construct B. Scale bars: 10 um.
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very stable, which may arise from the large number of
oligonucleotide bridges at the monolith sites and stacking
interactions between structures at the DNA helix ends. The
DNA monoliths bind to lipid membranes from their flat side
(Figure 1) and their concerted lateral oligomerization sup-
ports a two-dimensional planar arrangement, which interferes
with the shape of the membrane deformations. The impor-
tance of these structural features during membrane remodel-
ing has been, for example, extensively addressed to describe
the mode of action of several protein membrane coats.['>32]

In conclusion, we built a synthetic DNA scaffold capable
of membrane sculpting. It is based on two versions of a planar
3D DNA origami structure that were able to attach to
membranes and undergo planar multimerization when
added together. Only DNA origami monomers that laterally
bind to neighboring monomers were shown to co-localize and
co-diffuse on top of giant vesicles. At high surface densities,
those constructs formed a scaffold and even promoted
extensive planar deformations, according to the flat geometry
of the DNA origami membrane-binding interface and the 2D
coordination of lattice formation. A similar concerted molec-
ular mechanism based on self-assembly of subunits has been
generally assumed to trigger membrane deformations by
BAR domains,®* other scaffolding elements,™® and even
viral proteins.” Our work mainly focused on mimicking the
oligomerization steps of biological membrane scaffolding
proteins that drive the membrane deformations, which is
a basis to explore the importance of physicochemical proper-
ties of scaffolding proteins. However, a more detailed view of
such properties requires design of curved DNA structures,
ideally with molecular shapes and dimensions resembling
those known from scaffolding proteins. Another challenging
task is to reconstitute into DNA origami nanostructures the
mixed charge—charge/hydrophobic mode of membrane inter-
actions known from those proteins.

Keywords: diffusion - lipid membranes -
membrane deformation - oligomerization -
origami DNA structures
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