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3D DNA origami pincers that multitask on giant

unilamellar vesicles

Pengfei Zhan'?t, Juanjuan Yang?*>t, Longjiang Ding*?, Xinxin Jing®3, Katharina Hipp*,

Stephan Nussbergers, Hao Yan®, Na Liu®3*

Proteins self-assemble to function in living cells. They may execute essential tasks in the form of monomers, com-
plexes, or supramolecular cages via oligomerization, achieving a sophisticated balance between structural topology
and functional dynamics. The modularity and programmability make DNA origami unique in mimicking these key
features. Here, we demonstrate three-dimensional reconfigurable DNA origami pincers (DOPs) that multitask on
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giant unilamellar vesicles (GUVs). By programmably adjusting their pinching angle, the DOPs can dynamically
control the degree of GUV remodeling. When oligomerized on the GUV to form origami cages, the DOP units interact
with one another and undergo reorganization, resulting in the capture, compartmentalization, and detachment of
lipid fragments. This oligomerization process is accompanied with membrane disruptions, enabling the passage of
cargo across the membrane. We envisage that interfacing synthetic cells with engineered, multifunctional DNA
nanostructures may help to confer customized cellular properties, unleashing the potential of both fields.

INTRODUCTION

Proteins participate in almost every process of cellular life. They
maintain the cell shape, catalyze chemical reactions, regulate cargo
transport, and coordinate cell signaling pathways (I). Intriguingly,
protein subunits are often oligomerized into cage-like superstruc-
tures, which are strongly guided by symmetry (2). These so-called
protein cages with diversified morphologies support critical cellular
functions, providing the predominate means of building complexity
in living systems (3). Although the working mechanisms of most
proteins are beyond what scientists can now replicate, the enthusi-
asm to construct their synthetic equivalents with reduced complex-
ity is everlasting (4, 5). Such efforts may have great significance for
the development of new biomaterials (6), nanomedicine (7), drug
delivery (8), and vaccine (9) and for the fundamental understanding
of the origin of life (10).

DNA nanotechnology has been used to create engineered struc-
tures that mimic the key features of biological systems (11-18). The
success stems from the fact that DNA is a unique genetic and con-
struction material. It affords versatile design and engineering capa-
bilities, as well as enables highly specific and programmed tasks
on the molecular level (19-24). Notably, DNA structures can be de-
signed to work under user-defined interactions and environmental
settings, usually impossible to achieve in complex biological systems
(25-28). These capabilities have made DNA nanotechnology an im-
portant player in synthetic biology, especially providing a mechanis-
tic framework to interact with synthetic cells (29-32). For instance,
Franquelim et al. (33) constructed curved DNA origami inspired by
BAR domain proteins to sculpt lipid membranes. Journot ef al. (34) real-
ized DNA triskelion networks that were reminiscent of clathrin-coated
pits. Grome et al. (35) created dynamin mimics using DNA origami
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spirals to induce membrane tubulation. Furthermore, Birkholz et al.
(36) demonstrated multifunctional DNA nanopores, which could
puncture and remodel lipid membranes. In addition, tension-loaded
DNA clamps were used to drive membrane tabulation and budding,
providing insights into achieving spatiotemporal control over mem-
brane dynamics (37).

Here, we demonstrate three-dimensional (3D) reconfigurable
DNA origami pincers (DOPs) that multitask on giant unilamellar
vesicles (GUVs) for dynamic GUV remodeling, capturing, com-
partmentalization, and subsequent detachment of lipid fragments
from GUVs, as well as transport of molecules across the membrane
by inducing transient pores (Fig. 1). In the monomer state, the
membrane-bound DOPs can dynamically control the degree of the
GUV morphological changes via programmably adjusting their
pinching angle. When oligomerized on the GUV membrane, mul-
tiple DOP units interact with one another and self-assemble into
origami cages with defined topology. During oligomerization, the
reorganization of the DOP units disrupts the GUV membrane. Lipid
fragments captured by the DOP units are compartmented by the
origami cages and subsequently detached from the GUV. The oligo-
merization process induces the formation of transient membrane
pores, enabling the passage of cargo across the membrane.

RESULTS

Programmable GUV remodeling by 3D reconfigurable DOPs
The 3D DOP has three interlinked origami bundles (~50 nm), each
of which contains 14 DNA duplexes packed in a honeycomb lattice
(Fig. 2A and fig. S1). The angle formed between the bundles is con-
trolled by the segment of the single-stranded DNA (ssDNA) scaffold,
which passes twice through them (38). In the relaxed state, the three
bundles are flexible. By adding respective locking strands L120, L90,
L60, or L30, the length of this segment can be altered through
toehold-mediated strand displacement reactions, so that the bundles
can be tightened to establish a defined pinching angle 6 = 120°, 90°,
60°, or 30° (Fig. 2A and figs. S1 to S4). The corresponding transmis-
sion electron microscopy (TEM) images of the DOPs at different 6
states and in the relaxed state after the gel purification are presented
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Fig. 1. Schematic of 3D DOPs that multitask on GUVs. The red structures represent DNA origami pincers (DOPs), and the green vesicles represent giant unilamellar
vesicles (GUVs). The reconfigurable DOPs can remodel the GUV morphology in a programmable manner by changing the pinching angle 6. Oligomerization of the DOPs
on the GUV leads to the capture, compartmentalization, and detachment of lipid fragments, as well as the formation of transient membrane pores for cargo transport
across the membrane. Note that the schematic provides a hypothetical representation, in which the DOPs and GUVs are not depicted to scale.
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Fig. 2. Programmable GUV remodeling by 3D reconfigurable DOPs. (A) Schematic of the DOPs transiting from the relaxed state to different 0 states by the addition of
corresponding locking strands (L120, L90, L60, or L30) to control the degree of GUV remodeling. Note that the DOPs and GUVs are not depicted to scale. (B) Transmission
electron microscopy (TEM) images of the DOPs at different 0 states (120°, 90°, 60°, or 30°). Scale bar, 100 nm. (C) Confocal fluorescence microscopy images of the GUVs, when
the DOPs are at different 0 states. Scale bars, 5 pm. (D) Roundness distributions of the DOP-bound GUVs at different 0 states. r represents the fitted population peak value.

in Fig. 2B and fig. S5, respectively. To enable confocal fluorescence
microscopy, the DOP is labeled with 12 Cyanine5 (Cy5) dyes on its
exterior, four on each bundle (Fig. 2A and fig. S6). For membrane
binding, nine cholesterol-tagged ssDNA handles are extended from
its interior, three on each bundle. Fewer cholesterol anchors result
in a lower membrane affinity of the DOPs (fig. S6). The influence
of the DOP concentration on membrane binding is also investi-
gated (fig. S7). A DOP concentration of 2.5 nM, which does not
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introduce evident GUV deformations, is adopted in the following
experiments.

The DOPs in the relaxed state are first incubated with GUVs [1,2
-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 0.5% 1,2-dio
leoyl-sn-glycero-3-phosphoethanolamine-Atto488 (Atto488-
DOPE)] at room temperature. At equilibrium (~1 hour), the mix-
ture is divided into four equivalent samples. Locking strands L120,
190, L60, or L30 (0.5 pl, 200 pM each; table S1) are added into the
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respective samples to reconfigure the DOPs to 6 = 120°, 90°, 60°, or
30° state accordingly. After incubation at 40° for 1 hour under the
isosmotic condition, the samples are characterized by confocal fluo-
rescence microscopy (figs. S8 to S11). The DOP surface density ¢ at
each angle state is presented in table S2. As shown in Fig. 2C, the
fluorescence signals of the lipids and the DOPs at different O states
colocalize, confirming the successful binding of the DNA structures
on the GUV membranes. In addition, the degree of GUV remodel-
ing is intimately dependent on the pinching angle 6. Specifically, the
smaller the 6, the stronger deformations the GUVs exhibit.

To quantitatively dissect the correlation between deformations
and the pinching angle 6, the roundness (), which measures how
closely an object’s shape approaches that of a perfect circle (r = 1.0),
is calculated from 100 GUVs for each 0 state (Fig. 2D). In the re-
laxed state, the population peak (fitted mean value) is centered
around r = 0.93, revealing that no evident GUV morphological
changes are present. When 0 is locked to 120°, the distribution pro-
file is broadened and r shifts to 0.84. This demonstrates that the
pinching action executed by the DOPs can induce membrane defor-
mations. When the pinching is further strengthened by fastening
the DOPs to smaller 0 states, membrane deformations become
more and more prominent. r eventually decreases to 0.56 at 6 =
30°. As a control, by the addition of nonspecific DNA strands, no
obvious GUV remodeling is observed (fig. S12). It is hypothetical
that the membrane-bound DOPs can effectively sculpt the GUV

morphology by facile control over their pinching angle 6. It signifies
that the conformation changes of the DOPs at the nanoscale can be
directly transduced to the morphological changes of GUVs at the
microscale.

To further explore the programmability of GUV remodeling, the
DOPs are dynamically reconfigured on GUVs among multiple 6
states. After the DOPs transit from the relaxed state to 6 = 90° state
(Fig. 3A), releasing strands (R90) and locking strands (L30) are added
into the sample. While the former releases L90 from the DOPs
through toehold-mediated strand displacement reactions, the latter
locks the DOPs to 8 = 30° state. As evidenced in Fig. 3B and fig. S13,
by successively tightening the DOPs, r decreases from 0.93 (relaxed
state) to 0.75 (6 = 90°) and to 0.66 (8 = 30°). Alternatively, if the
DOPs are first locked to 6 = 30° and then loosened to 6 = 90°
(Fig. 3C and fig. S14), then r first decreases from 0.93 to 0.56, fol-
lowed by an increase to 0.67. In other words, the degree of GUV
remodeling can be recovered in a controlled manner. Particular em-
phasis is placed on the comparison between the statistical results in
Figs. 2 and 3. With one step of reconfiguration from the relaxed state
to B = 90° state, r is 0.74 (Fig. 2C) and 0.75 (Fig. 3B), respectively,
while, from the relaxed state to 6 = 30° state, r shifts to 0.56 in both
cases (Figs. 2C and 3D). After the second step of reconfiguration
from 6 = 90° state to 6 = 30° state, r changes to 0.66 (Fig. 3B).
However, the direct route from the relaxed state to 8 = 30° state
yields r = 0.56 (Figs. 2C and 3D). Similarly, after the second step of

A Relaxed state 6=90° g=30° B
'< >\ +190 +R90 == Relaxed 6 =30°=== 9 =090°
: —> k —> 40
S 3 L30 r=0.75 r=0.93
= ]
@ 30
<
8 i)
z S5 o
< 3 20
e,
=8
- 104
[Te}
3 4
in O Ll r 1 T L Ll T Ll T
o) 04 05 06 07 08 09 1.0
o Roundness
C Relaxed state 6=30° 6=90° D
Ty r = Relaxed = 0= 30° == 6= 90°
£ +130 +R30 w0
—> —>
3 L90 > |
w < k r=0.67 r=0.93
@ 30
e}
< 4
) I
< 5201
B [8)
=3 |
- 10
Q J _
9 | I
&n 0 T T —
o 04 05 06 07 08 09 10
o Roundness

Fig. 3. Reconfiguration of DOPs among multiple 0 states on GUVs. (A) Confocal fluorescence microscopy images of the DOP-bound GUVs for the transition of the DOPs
from the relaxed state, to 6 = 90°, and then to 6 = 30°. Scale bars, 2 pm. (B) Roundness distribution of the DOP-bound GUVs for the transition of the DOPs from the relaxed
state, to © = 90°, and then to 6 = 30°. (C) Confocal fluorescence microscopy images of the DOP-bound GUVs for the transition of the DOPs from the relaxed state, to 6 = 30°,
and then to 6 = 90°. Scale bars, 2 pm. (D) Roundness distribution of the DOP-bound GUVs for the transition of the DOPs from the relaxed state, to 6 = 30°, and then to

6=90°.
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reconfiguration from 6 = 30° state to 6 = 90°, r only increases to 0.67
(Fig. 3D) instead of 0.74 (Fig. 2C). It elucidates that multiple steps of
operations introduce a slight performance degradation (figs. S15
and S16), which could be improved using optimized toehold de-
signs or other external stimuli (39, 40).

Oligomerization of DOPs and formation of transient
membrane pores

Next, we set out to investigate the formation of origami cages by
oligomerization of the DOPs on GUVs (Fig. 4A). The ends of the
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Fig. 4. Oligomerization of the DOP units and formation of transient mem-
brane pores. (A) Schematic of oligomerization of the DOPs (0 = 60°) and formation
of transient membrane pores for cargo transport. Note that the schematic provides
a hypothetical representation, in which the DOPs and GUVs are not depicted to
scale. (B) Transport of dyes (Cy3) across the GUV membrane through transient
pores, resulting from oligomerization of the DOPs by the addition of the DNA link-
ers. Scale bar, 1 pm. (C) Time course of the dye influx and corresponding confocal
fluorescence images at specific times. Scale bars, 2 pm. (D) Statistical data of the
dye influx at the initial and final states, respectively. Scale bars, 2 pm.
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DOP bundles are specifically designed, so that multiple DOP units
can be connected together upon the addition of DNA linkers (41-43).
The topology of the formed origami cages is determined by 6.
With 6 = 60°, four DOP units can self-assemble into a tetrahedron
(Fig. 4A). After incubation of the DOPs (8 = 60°) with GUVs, no
marked membrane deformations are visible (Fig. 4B). This is in con-
trast to the substantial GUV remodeling (r = 0.67) observed in
Fig. 2, in which the DOPs are reconfigured from the relaxed state to
0 = 60° state directly on GUVs. It highlights the close relationship
between the dynamic pinching action of the DOPs and the dynamic
remodeling of the GUV morphology.

Taking one step further, Cy3 (5 pM) dyes are added into the sam-
ple, filling the exterior space of the GUVs (initial state, Fig. 4B).
Upon the addition of the DNA linkers, the normalized fluorescence
intensity difference ({(Ious)—{Lin))/{Iour) of the GUVs is monitored
over time using confocal fluorescence microscopy (Fig. 4C and
movie S1). Fluorescence signals in the GUV interior are detected
within several minutes. The passage of the Cy3 molecules across the
membrane suggests the formation of transmembrane pores during
the DOP oligomerization. The influx reaches an equilibrium around
1 hour, leading to a homogeneous distribution of Cy3 within the
GUV lumen at the final state (Fig. 4, B and C). Alternatively, no
cargo influx is observed by adding nonspecific DNA strands of the
same amount (fig. S17) or linkers that form dimers (fig. S18). The
statistical result of ((Lyy)—{Iin))/{Iou) based on n = 130 GUVs per
initial/final state corroborates the effective molecular transport across
the membrane during the DOP oligomerization (Fig. 4D).

To understand the relationship between the DOP oligomeriza-
tion and the transmembrane pore formation, fluorescence recov-
ery after photobleaching (FRAP) measurements are carried out
on single GUVs bound with DOPs (6 = 60°) at different times
after the addition of the DNA linkers. After 1 hour of oligomeriza-
tion (Fig. 5A), the transported Cy3 molecules are homogeneously
dispersed in the GUV interior. Photobleaching of Cy3 within the
GUV using FRAP leads to an immediate fluorescence intensity
drop, followed by a gradual signal recovery to almost the original
value in 20 min (pink curve in Fig. 5B). After 1.5 or 2 hours of
oligomerization, the fluorescence intensity recovers much slower
and achieves a signal plateau in 30 min (orange curve) or 45 min
(blue curve), which is lower than the original value (figs. S19 and
S20). With oligomerization overnight, the fluorescence intensity
can no longer recover (green curve in Fig. 5B and fig. S21). As a
control, the DOP oligomerization in the absence of GUVs is also
carried out. It shows that, after adding the DNA linkers, origami
tetrahedrons start to partially form in 10 min and become more
and more intact over time (fig. S22). This set of experiments ex-
trapolates that the DOP oligomerization process is accompanied
by the formation of transient pores, which allow transport of Cy3
across the membrane. The influx of Cy3 persists, until the oligo-
merization completes. Afterward, the membrane pores are likely
sealed, inhibiting further transport of cargo. We also carry out the
experiment by adding fully formed tetrahedrons as a control. The
experimental results show that no influx is observed in this case,
indicating the absence of membrane pores (fig. S23). To evaluate
the pore size, a set of influx assays is conducted using Cy3 and
fluorescein isothiocyanate (FITC)-dextran of varying molecular
weights as optical probes. As shown in fig. S24, the formed pores
allow a complete passage of Cy3 (600 Da) across the membrane,
whereas they show partial permeability to 3-kDa FITC-dextran
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Fig. 5. Compartmentalization, detachment, and transmembrane cargo transport. (A) Photobleaching of Cy3 dyes within the GUV, after 1 hour of oligomerization of
the DOPs (0 = 60°). Scale bar, 2 pm. (B) Normalized fluorescence intensities using FRAP after different oligomerization times: 1 hour, 1.5 hours, 2 hours, and overnight.
(€) Schematic of compartmentalization and detachment of lipid fragments by the DOP oligomerization. Note that the schematic provides a hypothetical representation,
in which the DOPs and GUVs are not depicted to scale. (D) TEM image of the GUV membranes and oligomerized DOPs. Scale bar, 300 nm. Inset: Compartmentalization of

lipid fragments by a DOP tetrahedron. Scale bar, 50 nm.

(~3.4 nm) (18, 44). The permeability further decreases in the case
of 10-kDa FITC-dextran (~6.0 nm) and becomes negligible in the
case of 40-kDa FITC-dextran (~11.6 nm). We therefore estimate
the average size of the formed pores is below 10 nm.

Compartmentalization, detachment, and transmembrane
cargo transport

To uncover the nature of the transient pores, we conduct TEM
imaging of the samples after oligomerization overnight from
Fig. 5B. Compartmentalization of lipid fragments by intact or
partial origami tetrahedrons is observed (Fig. 5D and fig. S25).
The DOP units with cholesterol-tagged bundles are bound to the
membrane. During oligomerization, the DOP units reorganize on
the GUV for interconnection among themselves to form origami
cages (Fig. 5C). The reorganization induces surface tension and
membrane disruptions, resulting in transient membrane porations
and compartmentalization of lipid fragments by the origami cages.
The lipid-containing origami cages are subsequently detached
from the GUV. Such membrane disruptions continue, allowing
for the passage of Cy3, until the oligomerization process and the
accompanied cage detachment completely cease. With the closure
of the transient pores, influx of cargo is no longer permitted.
Therefore, after photobleaching, the fluorescence signals cannot
be recovered in the case of oligomerization overnight (green curve
in Fig. 5B).

Zhan et al., Sci. Adv. 10, eadn8903 (2024) 16 August 2024

DISCUSSION

In this work, we have demonstrated that the 3D reconfigurable DOP
monomers can work together to regulate the morphological changes
of GUVs in a programmable manner. Furthermore, the DOP units
can interconnect and self-assemble into origami cages to achieve
both defined topology and functional dynamics on GUVs. The DOP
oligomerization on the GUV induces transient membrane pores,
which allow for the influx of cargo. We envision that, by interfacing
cells with engineered dynamic DNA nanostructures, it may foster
tantalizing opportunities to interrogate interesting biological ques-
tions in the future (45). For instance, by building synthetic equiva-
lents of proteins, one can grasp the basic relation between the structure
and function of proteins in cells, as well as understand when, where,
and how proteins occur to function, at least to some extent. In addi-
tion, given the ease of engineering from the bottom-up, one can har-
ness the simplicity of DNA origami to create complexity by building
artificial systems with nonnatural functionalities. For instance, tak-
ing its ability to position bioactive moieties at the nanoscale, the ex-
terior surface, the interior surface, and the interface between the
origami units can be versatility modified with customer-defined
properties, so that the self-assembled high-order architectures (e.g.,
interconnection of units into cages and interconnection of cages
into cage chains or lattices) may synergistically combine the func-
tions of several protein families, which work independently in bio-
logical cells. Closely related to our work, Dietz and Pinner (46)
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have recently used DNA origami shells on vesicles to induce
membrane budding and mediate scission, opening avenues for the
exploration of membrane mechanics. Despite the limited cognition
of biological systems as of today, the efforts along this line will
add scientific breath for a deeper understanding of cellular life.

MATERIALS AND METHODS

Design, folding, and purification of DOPs

All the DNA structures were designed using caDNAno v.0.2 (47) and
the DNA sequences are provided in table S1. The DNA strands
and the DNA conjugate strands were purchased from Sigma-Aldrich
and Integrated DNA Technologies, respectively. The DOPs were pre-
pared as follows. The folding reaction mixture contained scaffolds of
30 nM and oligonucleotide strands of 300 nM in a tris-EDTA (TE)/
MgZJr buffer [10 mM tris, 1 mM EDTA, 18 mM MgCl,, and 5 mM
NaCl (pH 8)]. A 100-pl solution was annealed using a thermocycler
(Eppendorf) by heating the solution to 90°C and cooling it to 25°C at
a constant rate of 0.18°C min~" for 24 hours. Then, the mixture was
loaded into a 1.5% agarose gel with 0.5x TBE (45 mM tris base, 45 mM
boric acid, and 1 mM EDTA) and 10 mM MgCl, for 2 hours at 5 V/cm.
After the image analysis using a Bio-Rad imager, the fractions con-
taining well-formed monomeric DOPs were combined and concen-
trated using PEG fractionation. The pellet was then dissolved in a TE
buffer containing 12.5 mM MgCl, and stored at 4°C. Before incubat-
ing with GUVs, cholesterol-modified DNA strands and the purified
DOPs were mixed with a ratio of 2:1 for 2 hours at room temperature.

Preparation of GUVs

Chloroform stock solutions of DOPC (18:1; Avanti Polar Lipids)
and Atto488-DOPE (AttoTEC) were mixed at a ratio of 99.5%:0.5%
to yield a 5 mM stock solution. The stock solution (30 pl) was put
onto indium tin oxide (ITO) slides, dried, and desiccated for 20 min.
Afterward, the ITO slides were placed into an electroformation
chamber with 270 pl of 210 mosmol sucrose solution. GUV's were
electroformed using a Vesicle Prep Pro device from Nanion. An ac
electric field with an amplitude of 3 V and a frequency of 5 Hz was
applied at 37°C for 2 hours.

Confocal fluorescence microscopy

Ten microliters of bovine serum albumin (BSA; 2 mg/ml) was added
into a 200-pl chamber (ibidi). After 20 min, the chamber was washed
with an incubation buffer [25 mM Hepes-KOH, 100 mM KCI, and
10 mM MgCl, (pH 7.4)]. Ten microliters of the GUV stock and 10 pL
of the cholesterol-modified DOPs (50 nM) were mixed in 180 pl
of the incubation buffer for 1 hour. The mixture was then dispensed
on the BSA-coated glass and allowed for the GUV sedimentation
on the glass surface for 20 min. To actuate the DOPs for mem-
brane remodeling, 1.5 pl (L30), 3 pl (L60), 4.5 pl (L90), or 6 pl (L120)
(200 pM each; dissolved in double deionized water) was added into
the chamber and incubated for 1 hour at 40°C in each case (see
table S1). Alternatively, the same amount of nonspecific DNA oligo-
nucleotides was added as a negative control. The roundedness was
calculated using MATLAB, following a standard protocol (www.
mathworks.com/help/images/identifying-round-objects.html). To
prepare the dye influx assay, 3 pl of Cy3 dyes (30 pM) were added to
the mixture before being loaded into the chamber. Three microliters
of the linker strands were added to the DOP-bound GUVs and in-
cubated for 1 hour at 40°C.

Zhan et al., Sci. Adv. 10, eadn8903 (2024) 16 August 2024

Fluorescence recovery after photobleaching

For the FRAP experiments, the equatorial plane of the GUV was
chosen. Six images were acquired before the region of interest (ROI)
was illuminated for 90 iterations at the 100% laser power at 565 nm
(for Cy3). Then, the ROI was monitored for up to 60 min to track
the recovery of the fluorescence.

TEM characterization

For TEM imaging, 10 pl of 1 nM DOPs were deposited on freshly
glow-discharged carbon/formvar TEM grids. Before depositing the
DNA structure solution, the grids were treated by negative glow
discharge for 1 min. After 10 min of deposition, the grids were
treated with a uranyl formate solution (2%) for 15 s.
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