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and membrane bindingt

Nicola De Franceschi, ‘2 Baukje Hoogenberg, Allard Katan ‘2 and Cees Dekker (2 *

Cytoskeletal protein filaments such as actin and microtubules confer mechanical support to cells and
facilitate many cellular functions such as motility and division. Recent years have witnessed the develop-
ment of a variety of molecular scaffolds that mimic such filaments. Indeed, filaments that are programma-
ble and compatible with biological systems may prove useful in studying or substituting such proteins.
Here, we explore the use of ssRNA tiles to build and modify filaments in vitro. We engineer a number of
functionalities that are crucial to the function of natural proteins filaments into the ssRNA tiles, including
the abilities to assemble or disassemble filaments, to tune the filament stiffness, to induce membrane
binding, and to bind proteins. This work paves the way for building dynamic cytoskeleton-mimicking

rsc.li/nanoscale

Introduction

Cells feature a variety of cytoskeletal proteins that arrange into
filamentous structures that are responsible for conferring
mechanical properties to the cell. These systems are key to sus-
taining cellular functions such as cell shape, cell motility,
intracellular transport, and cell division. Examples include
actin,' tubulin,> ESCRT-NI,> and the bacterial Ftsz* and
archaeal Cdv.” All of these form filaments that act as recruiting
hubs for many other proteins that work in concert with the
membrane. A variety of molecular scaffolds have been devel-
oped that mimic such cytoskeletal filaments, for example for
in vitro studies with reconstituted minimal systems. Notably,
in bottom-up synthetic biology, efforts have recently started to
build synthetic cells with various cellular components includ-
ing natural cytoskeletal filaments and mimics thereof.® In
such an approach, the use of natural proteins presents obvious
advantages to create a cytoskeleton but it also has drawbacks
such as a significant burden on the protein translation system
as well as challenges in fine-tuning protein structure and func-
tion and encoding new functionalities. It is therefore of inter-
est to study complementary systems that mimic cytoskeletal
filaments which may provide advantages as substitutes for
mechanical stability and cell division of future synthetic cells.
The development of rationally designed tuneable synthetic
scaffolding systems is of great interest, in particular if these
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systems made out of rationally designed ssRNA tiles that can be transcribed in natural or synthetic cells.

can be functionalized similarly to biological cytoskeletal
systems.

Nucleic acids nanotechnology allows the rational design of
nanoscale objects that are able to self-assemble into program-
mable shapes ranging from smileys” to transmembrane
channels,®*° and rotary motors.">? In mimicking cytoskeletal
systems, a straightforward approach is to assemble synthetic
filaments made of tiles. Such filaments have been obtained
using a number of original designs’®'* and the tiles that
compose them can be made using either multiple strands of
ssDNA™'® or ssRNA,"”” an approach called “RNA
tectonics”."*'® Micrometers-long, stiff filaments'® and lat-
tices'® can be obtained by this approach, which has the
further advantage of including the presence of multiple 3" and
5' free ends. These “sticky ends” allow easy functionalization
of the tiles, for instance with fluorophores and multiple
siRNAs, to achieve controlled delivery.” It is also possible to
control the polymerization of such filaments*' also when
encapsulated inside water-in-oil droplets.*>>* However, such a
design requires both the maintenance of a precise stoichio-
metry of all the strands composing the tiles and their folding
by thermal annealing, which may limit their range of appli-
cations. A different approach is based on self-folded ssRNA
tiles that are formed from a single ssSRNA molecule and that
can interact with each other via kissing loops (KLs).>® This pre-
sents a number of advantages such as the lack of restraints in
terms of stoichiometry and the ability to fold co-transcription-
ally at room temperature. Such ssRNA scaffolds have great
potential to be expanded for a variety of applications, as can
for example be modified to encode a range of curvatures,*®
binding to specific proteins*”*® and can be scaled up to yield
kilobase-sized filaments.?° Moreover, ssRNA molecules can be
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directly transcribed from the genome and thus are fully cell
biology compatible. So far however, only limited attempts have
been pursued to expand their capabilities by functionalizing
the ssRNA scaffolds, e.g. by going beyond static structures by
engineering dynamic filaments that can assemble as well as
disassemble in a controlled way.

Here, we assemble and functionalize ssRNA tile filaments,
and we demonstrate that we are able to tune their stiffness,
control their polymerization, encode direct membrane
binding, and create binding sites for proteins. We introduce
additional designing principles, e.g., we design softer tiles that
allow filament disassembly by strand displacement. Our work
provides a toolbox that paves the way for using ssRNA tile fila-
ments in dynamic cell-like systems.

Results and discussion

Our starting point was previous work by Geary and co-workers
on ssRNA tiles.>® We made a 2-helix sSRNA origami tile design
with “Antiparallel Even” (AE) crossovers by substituting the
120° Kissing Loops (KLs) present at the extremities of each
helix with 180° KLs, so that tiles can polymerize in a linear,
head-to-tail fashion. This initial tile design is hereafter named
T1 and it is detailed in Fig. 1A, whereas we will also introduce
other tiles variants with different modifications and function-
alities. Assuming dsRNA is in A form,*® the designed tile
dimensions were 18.2 nm x 4.8 nm x 2.4 nm (length x width x
height). Tiles were folded by thermal annealing, deposited on
mica and imaged by Atomic Force Microscopy (AFM).

The KL title-tile interactions resulted in the formation of
linear filaments, see Fig. 1B. These filaments featured a sub-
micron length (Fig. 1C) and the height was 1.7 nm + 0.3 nm,
as measured by using dry AFM which provides a lower limit
(ESI Fig. 1Af). T1 filaments exhibited a length of 62 nm
(median; 95% CI: 58-67 nm) and a persistence length of
173 nm (95% CI: 152-194 nm). Representative imaged that
were quantified are presented in ESI Fig. 2.f Residual mono-
meric tiles were not observed, indicating that the tile-tile inter-
action mediated by merely two KLs was very efficient, seques-
tering single tiles away into the filaments. Supramolecular
assembly of tiles were also visible on agarose gel (ESI Fig. 1B})
and required Mg"" to form (ESI Fig. 1CY).

In order to visualize individual tiles within the filaments,
we modified the design by introducing a branching point. In a
previous report, a branching point creating a 90° bend was
demonstrated.’” Here, we introduce a 3-way-junction motif
from the bacteriophage Phi29 DNA packaging motor,** which
forms a rigid branching at a = 60° angle within the helix that
it originates from.*> We inserted this junction so that it will
exit the plane of the tile in a perpendicular fashion. The 3'-5'
junction was also moved along the RNA strand towards the
distal stem in order to avoid having two nick close to each
other. Furthermore, we modified the 3’-end into an A-C rich
sequence, in order to minimize potential aggregation due to
self-dimerization. These tiles, named T2 (Fig. 1D and F) can be
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identified within the filament due to the distinctive spike
created by the 3-way junction (Fig. 1E). This allowed to quan-
tify the number of tiles present in each filament and estimate
an average tile length of 18.8 + 1.5 nm (mean + SD; n = 54),
which is in very good agreement with the expected length of
18.2 nm. T2 filaments exhibited a length of 58 nm (median;
95% CI: 53-64 nm) (Fig. 1G) and a persistence length of 38 nm
(median; 95% CI: 36-41 nm). Notably, the persistence length
of the filaments is greatly reduced, becoming close to that of
dsDNA (~50 nm (ref. 34)). This is likely due to both the inser-
tion of the 3-way junction and the placement of the 3'-5-end
junction closer to the KL.

We sought to increase filament stiffness by modifying the
design with the addition of 2 helices (named T3, Fig. 2A). The
resulting larger tiles formed filaments with a length of 106 nm
(median; 95% CI: 89-127 nm) (Fig. 2B) and with a markedly
higher persistence length of 290 nm (median; 95% CIL:
256-324 nm) (Fig. 2D). Thus, the T3 design allowed to increase
filament stiffness compared to T1.

Next, we engineered a membrane-binding site into the tiles
to induce attachment of the filaments to a bilayer lipid mem-
brane. A common approach to bind nucleic acid nano-
structures to membranes is the use of a short DNA oligomer
that hybridizes to the DNA/RNA nanostructure and that is
chemically functionalized with cholesterol moieties that
anchors to the membrane.*® We initially used this strategy to
bind our filaments to the membrane, by indeed hybridizing a
cholesterol-functionalized oligo to the 5’ end of each RNA tile.
However, while this was partially successful, the filaments
appeared to be only weakly attached to the membrane, as mul-
tiple passages of the AFM tip during imaging drastically
reduced their number (ESI Fig. 3AT). We found that we could
significantly improve the stability of filaments-membrane
binding by engineering a direct interaction between the tile
and the lipid membrane. To this aim, we inserted biotin apta-
mers®® into the T3 tiles, yielding the T4 design (Fig. 3A). T4
tile filaments exhibited very robust binding to membranes (ESI
Fig. 3Bf). Thus, they could be imaged extensively both by
liquid AFM as well as with confocal microscopy (Fig. 3B and C)
upon being fluorescently labelled by 3'-pCp-Cy5. Fig. 3C clearly
show an abundance of filaments on the lipid bilayer, whereas
no filaments were seen to attach to the bare mica. In addition
to simplifying the system, insertion of the biotin aptamer
allowed a tight and close contact between filaments and the
membrane, which mimics cytoskeletal proteins such as the
ESCRT-III complex.®”

A common feature of cytoskeletal systems is their ability to
be regulated by other proteins, which can either promote or
inhibit filament polymerization.*® In order to mimic such a
functionality, we designed “capping tiles” (hereafter referred to
as (“T-cap”) that feature only one pair of KLs (ESI Fig. 4AT).
T-caps should effectively inhibit further polymerization of tiles
T2. Indeed, we found that addition of T-caps completely abol-
ished filament formation (Fig. 4A). Another common feature
of cytoskeletal filamentous systems is the presence of unstruc-
tured sequences that act as recruiting hubs for additional pro-
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Fig. 1 Design of ssRNA tile filaments T1 and T2. (a) Design of a T1 tile. Each bar corresponds to one base. Green bars indicate the 180° KLs. Bars
outside the blue rectangles indicate unpaired bases. The shaded tiles on the sides illustrate how tile—tile interaction is achieved by pairing of the KLs.
(b) AFM scan of T1 tiles that self-assembled into linear filaments upon thermal annealing. (c) Distribution of T1 filaments length. A log—normal fit is
indicated by the blue line. N = 204 filaments. (d) Design of tile T2. The bases forming the 3-way-junction motif are indicates in red. (e) AFM image of
filaments made of tiles T2. Green arrowheads indicate spikes produced by the extra helix. (f) Large-filed view of filaments made of tiles T2. (g)
Distribution of T2 filaments length. A log—normal fit is indicated by the blue line. N = 359 filaments.
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Fig. 2 Tuning the persistence length of ssRNA tile filaments. (a): Design of tile T3. (b) Filaments of tile T3 imaged by AFM. Some additional thinner
filaments are visible which are the ssRNA of unfolded tiles. (c) Quantification of length of T3 tile filaments. N = 337 filaments. (d) Quantification of
persistence length of T1, T2 and T3 tile filaments. N = 204 (T1), 359 (T2) and 337 (T3).

teins that may modify the filament. An example is the linear
C-terminal sequence of ESCRT proteins, which recruits the
AAA ATPases Vps4 and CdvC*”*° which ultimately leads to fila-
ment disassembly. In our tile design, the 3’ extension rep-
resents a convenient site for recruiting enzymes such as heli-

This journal is © The Royal Society of Chemistry 2024

cases, that may be able to act on the filaments. Indeed, we
observed a robust recruitment of the thermophilic helicase
Hel308 to T2 filaments, see ESI Fig. 4B.7

Finally, a crucial aspect of cytoskeletal filaments is their
ability to undergo cycles of assembly and disassembly. While

Nanoscale, 2024, 16, 4890-4899 | 4893
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Fig. 3 Engineering ssRNA tile filaments for membrane binding. (a): Tile T4 design. Biotin-binding aptamers are indicated by red squares. (b) Tiles T4
binding to a giant liposome containing biotinylated lipids. The ssRNA tiles are indicated in green, the lipids in magenta. Single confocal plane. (c)
Tiles T4 binding to lipid bilayer patches containing biotinylated lipids, as imaged by liquid AFM.

tile-tile interactions spontaneously drive filaments towards
assembly in our system, we sought to engineer ways to disas-
semble them as well. Strand displacement is a well-established
approach to disassemble DNA and RNA nanostructures.*® In

4894 | Nanoscale, 2024, 16, 4890-4899

our design, the existing 3’ end can conveniently act as toehold,
since it is longer (Fig. 1A) than 7 nucleotides, which were
shown to be sufficient to disassemble nanotubes composed of
DNA tiles.”! We reasoned that an equimolar amount of reverse

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Inhibition of tile polymerization and filaments depolymerization. (a) Inhibition of T2 tiles polymerization by the addition of T-caps. (b)
Filaments formed by tiles T1 (left-hand panel) did not disassemble upon addition of equimolar amount of the T1 reverse strand (right-hand panel).
(c) Design of “soft” tiles T5. Red bars indicate regions of high GC content that were substituted by AU. Pink circles indicate extra unpaired bases that
were added in between the helices. (d) Disassembly of filaments formed by tiles T5 (left-handed panel) upon addition of equimolar amount of T5
reverse strands (right-handed panel). (e) Quantification of filaments T5 length upon addition of T5_reverse strand. A control where T1_reverse was
added is shown as well. N = 163 filaments (T5 + Tlrev) and 55 filaments (T5 + T5rev).

strand should be sufficient to disassemble filaments. However, (Fig. 4B). Since this may be due to the high GC content of the
we did not observe T1 filament disassembly upon addition tiles which leads to a very stable structure, we modified the
of the T1 reverse strand, even after prolonged incubation original design in order to “soften” the tiles. Regions with
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high GC content (70-83%, indicated in red in Fig. 4C) were
lowered to a GC content of only 26-50%. Moreover, we added
some unpaired bases between RNA helices (purple circles in
Fig. 4C). The resulting tiles (T5) were still able to form fila-
ments, but now the addition of the reverse T5 strand to pre-
formed T5 filaments caused complete filament disassembly
(Fig. 4D and E) at room temperature.

Conclusions

In this paper, we developed a range of functionalities on
ssRNA tiles that facilitates the formation of cytoskeletal-like
filaments. By changing the number of helices, we obtained
filaments of variable stiffness. By branching the RNA sequence
with specific motifs, we could engineer membrane binding via
biotin aptamers, resulting in strong and direct binding.
Moreover, we showed that binding sites for RNA-binding pro-
teins such as helicases can easily be added with minimal
modification of the design. Lastly, we modified the tile
sequence to render them softer to achieve filament disassem-
bly by strand displacement.

The use of self-folded ssRNA tiles presents a number of
advantages over proteins, DNA, or multi-strand RNA tiles. An
obvious advantage of self-folding ssRNA tiles is the possibility of
directly producing them inside natural or synthetic cells by tran-
scription, thus avoiding the need for a protein translation system.
ssRNA tiles are furthermore able to undergo co-transcriptional
folding at room temperature.*® In our experiments we found that
ssRNA tile can also undergo fast spontaneous isothermal refold-
ing without the need to be coupled with transcription (ESI
Fig. 5t). Therefore, if a suitable enzyme-driven pathway for tile
disassembly could be implemented, filaments made of tiles
could in principle undergo cycles of assembly and disassembly
driven by ATP consumption, rather than disassembly driven by
strand displacement. Enzymes such as helicases, which we
showed to be able to bind ssRNA tiles, and our improved “softer”
design that facilitates disassembly, appear to be promising candi-
dates that set the stage to build such system in future research.

In this paper, we showed how the ssRNA tiles design can be
significantly expanded with a number of functionalizations, allow-
ing parameters to be fine-tuned and providing a versatile platform
for mimicking cytoskeletal filaments. Reconstituting the function-
alities of cytoskeletal filaments is an important goal in bottom-up
synthetic biology, where one of the most ambitious aims is the
reconstitution of cell division.” The system we describe here
paves the way for the development of molecular scaffolds that are
programmable, dynamic and compatible with biological systems,
on the route to the development of artificial cells.

Methods

Reagents

DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine), DOPC
(1,2-dioleoyl-sn-glycero-3-phosphocholine), =~ DSPE-PEG(2000)
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Biotin (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[biotinyl( polyethylene glycol)-2000]) and Egg Liss Rhod PE (-
a-Phosphatidylethanolamine-N-(lissamine rhodamine B sulfo-
nyl)) were purchased from Avanti. The dsDNA templates for
tile transcription were ordered from IDT.

Tiles design

The original design from ref. 23 was modified manually by
inserting the number of base-pairs required based on well-
established structural parameters of the RNA duplex. No soft-
ware was used for optimization. The sequence of the different
tiles designs are indicated as the coding strand on the artificial
gene. The promoter region in underlined:

>T1

TAATACGACTCACTATAGGGAAGGAAGTGAGTAGTAGTCCAC
TGAGGGTGAAGAGCCTACGCCCTCGGTGGCGAAGCGACCTGA
AGCTCGCACGGGTCGTTTCGCGCAGGTGGCTGAAGCCTCCAC
GGCCATCTGCCACTGCTACTCGCTTCCGCGAAATGTCAATACGG
ACAGCGACGGTGAAGGAGGCACGCCGTTGCTGTCGACGGAGG
CTGAAGCGAGCACGGCCTCTGTCGGGAGCTCTGCTGAAAGGC
TCACGGCAGGGCTCCCCGTATTGGCATTTCGCAAAAACGTAGC
ATGCACAAAAGTAGCATCGACCCAGAGCAC

>T2

TAATACGACTCACTATAGGGAAGGGTGAAGAGCCTACGCCC
TCGGTGGCGAAGCGACCTGAAGCTCGCACGGGTCGTTTCGCG
CAGGTGGCTGAAGCCTCCACGGCCATCTGCGACTGCTACTCGC
TTCCGCGAAATGTCAATACGGACAGCGACGGTGAAGGAGGCAC
GCCGTTGCTGTCGACGGAGGCTGAAGCGAGCACGGCCTCTGT
CGGATCATCTGCTGAAAGGCTCACGGCAGGTGTGTATGGTGAA
GGTCAAAGCTCACAGAAAGACCTTCACCATACTTTGTCCCGTAT
TGGCATTTCGCGGAAGTGAGTAGTAGTCCACTGATGACAAACAC
ACAAACACAAACACACAAACACCTGTGAGC

>T3

TAATACGACTCACTATAGGGAACTGAACGTCCAACGGCGTCT
GTCGGGTAGCCACGTGGCATCGCGTGGTTACTCCACTGAGGG
TGAAGAGCCTACGCCCTCGGTGGCGAAGCGACCTGAAGCTCG
CACGGGTCGTTTCGCGCAGGTGGCTGAAGCCTCCACGGCCATC
TGCGACTGCTACTCGCTAGAGAGTGAGTAGTAGCCGGACGAGC
CTGAAGCGTACACGGGCTTGTCCCACAGGTTCTGGCTACCCCG
ATATCTCTACACGGTGAGGGTCGTTGAAGTACGCACGACGATCC
TCCCCGTATTGGCATTGTAATGTCAATACGGACAGCGACGGTGA
AGGAGGCACGCCGTTGCTGTCGACGGAGGCTGAAGCGAGCAC
GGCCTCTGTCGGGAGCTCTGCTGAAAGGCTCACGGCAGGGCT
CACGTCGCACGCGGTACGCTGCGTGTGACCGGTGGTCAGGTG
AATGGACGACGCCTGGTGTGTATGGTGAAGGTCAAAGCTCACA
GAAAGACCTTCACCATACTTTGTCGCGTGTAGGGATATCGGGGT
AGTCAGAACTTGTGGACGGACGACAAACACACAAACACAAACACA
CAAACACCTGTGAGC

>T4

TAATACGACTCACTATAGGGAACTGAACGTCCAACGGCGTC
TGTCGGGTAGCCACGTGGCATCGCGTAAGGTCAGGAACAAAAC
CGACCATAGGCTCGGGTATCGAAAAGCCTATGAACAAACCTGAC
CAAGGTTACTCCACTGAGGGTGAAGAGCCTACGCCCTCGGTGG
CGAAGCGACCTGAAGCTCGCACGGGTCGTTTCGCGCAGGTGG
CTGAAGCCTCCACGGCCATCTGCGACTGCTACTCGCTAGAGAG
TGAGTAGTAGCCGGACGAGCCTGAAGCGTACACGGGCTTGTCC

This journal is © The Royal Society of Chemistry 2024
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CACAGGTTCTGGCTACCCCGATATCTCTACACGGTGAGGGTCG
TTGAAGTACGCACGACGATCCTCCCCGTATTGGCATTGTAATGT
CAATACGGACAGCGACGGTGAAGGAGGCACGCCGTTGCTGTC
GACGAAGCTCACCACACAAACCGATCATAGGCTCGGGAACCGAA
AAGCCTATGACACAAGGTGAGCAAGAGGCTGAAGCGAGCACGG
CCTCTGTCGGGAGCTCTGCTGAAAGGCTCACGGCAGGGCTCA
CGTCGCACGCGGTACGCTGCGTGTGACCGGTGGTCAGGTGAA
TGGACGACGCCTGGTGTGTATGGTGAAGGTCAAAGCTCACAGA
AAGACCTTCACCATACTTTGTCGCGTGTAGGGATATCGGGGTAG
TCAGAACTTGTGGACGGACGACAAACACACAAACACAAACACACA
AACACCTGTGAGC

>T5

TAATACGACTCACTATAGGGTATGAAAGAATGATACTCACTTC
AGTGAAATGTCAATACTAAGACAGTGACAGTGAAGTAGTCACACT
GTTACTGTCTACAGAAGTTGAAGTGATCACAACTTCTGTAAAGT
GATCTTTGCTAAAAGATTCATGGTAGAGATTACAGTATTGACATT
TCATTGAGGTGAGTATTATTCCAATTAGATAGAAGAATCTACTATC
TAGTTGAAGAGAAGCTACTTGAAGATCACACGAGTAGTTTCTCT
CATGTAGATGAAGACTACACGTCTAACAAACACACAACCACAAACA
CCCAAACAC

>T5reverse

TAATACGACTCACTATAGGGGTGTTTGGGTGTTTGTGGTTG
TGTGTTTGTTAGACGTGTAGTCTTCATCTACATGAGAGAAACTA
CTCGTGTGATCTTCAAGTAGCTTCTCTTCAACTAGATAGTAGATT
CTTCTATCTAATTGGAATAATACTCACCTCAATGAAATGTCAATAC
TGTAATCTCTACCATGAATCTTTTAGCAAAGATCACTTTACAGAA
GTTGTGATCACTTCAACTTCTGTAGACAGTAACAGTGTGACTAC
TTCACTGTCACTGTCTTAGTATTGACATTTCACTGAAGTGAGTA
TCATTCTTTCATA

>T-cap

TAATACGACTCACTATAGGGACACTGAGGGTGAAGAGCCTA
CGCCCTCGGTGAAAAGCGAAGCGACCTGAAGCTCGCACGGGTC
GTTTCGC

Tiles transcription and folding

The tile templates were fully double-stranded linear DNA con-
taining the promoter region; they were used directly as a tem-
plate for RNA transcription using the T7 RiboMAX™ system
(Promega) and subsequently purified using the RNeasy Micro
Kit (Qiagen). The transcription reactions yielded essentially
pure full-length RNA species of the expected molecular weight,
and no subsequent purification steps were necessary. Tiles
were folded in 40 mM Tris-Acetate (pH 8.0) + 2 mM EDTA +
12.5 mM Mg-Acetate using the following thermal cycle: 5" at
80 °C; from 80 °C to 70 °C, —1 °C min™", 10 cycles; from 70 °C
to 22 °C, —0.2 °C min~", 240 cycles. Folding and AFM imaging
was performed at a tile concentration of 200 nM in 40 mM
Tris-Acetate (pH 8.0) + 2 mM EDTA + 12.5 mM Mg-Acetate.

Production of Giant Unilamellar Vesicles, binding of RNA tiles
and confocal imaging

GUVs were generated by the PVA-swelling method.*® Briefly,
the lipid mix (94.5% DOPC + 5% DSPE-PEG(2000) Biotin +
0.5% Egg Liss Rhod PE) were dissolved in chloroform and
spread on the PVA substrate, air-dried and incubated in
vacuum at room temperature for 20 minutes. Inner buffer
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(40 mM Tris-Acetate (pH 8.0) + 2 mM EDTA + 12.5 mM Mg-
Acetate + 200 mM sucrose) was added on top, and the GUVs
were allow to be generated by swelling for 1 hour. The osmolar-
ity of the outer buffer (40 mM Tris-Acetate (pH 8.0) + 2 mM
EDTA + 12.5 mM Mg-Acetate) was adjusted with glucose until
reaching iso-osmolarity with the inner buffer. GUVs were col-
lected and added to outer buffer in the presence of 1 pM of
tiles directly in the observation chamber. Fluorescence images
were acquired using spinning disk confocal laser microscopy
(Olympus IXB1/BX61 microscope, 60x objective, iXon camera)
with Andor iQ3 software.

Preparation of supported lipid bilayer on mica and binding of
RNA tiles

Small Unilamellar Vesicles (SUVs) were prepared from a lipid
mix composed of 95% DPPC + 5% DSPE-PEG(2000) Biotin by
dissolving the DPPC in chloroform, drying the chloroform
with N, stream and re-hydrating the lipid film with water. The
sample was then vortexed and sonicated extensively to obtain
SUVs. The SUV suspension was deposited on freshly cleaved
mica for 20 minutes at 50 °C in a humid chamber to promote
vesicle rupture on the mica, obtaining patched of supported
lipid bilayer. The mica was washed with buffer (40 mM Tris-
Acetate (pH 8.0) + 2 mM EDTA + 12.5 mM Mg-Acetate) and the
tiles were added at a concentration of 200 nM. The sample was
incubated for 30 minutes at room temperature, washed once
with buffer (40 mM Tris-Acetate (pH 8.0) + 2 mM EDTA +
12.5 mM Mg-Acetate) and imaged by liquid AFM.

AFM imaging

Filaments from the folding reaction were imaged directly
without purification. Samples with high concentrations of fila-
ments were diluted to 10 nM to prevent overcrowding on the
surface. The sample was deposited on freshly cleaved mica
and incubated at room temperature for 30 seconds to
1 minute. The mica was washed with distilled water and dried
using a nitrogen stream. Images were taken with a multimode-
8 AFM from Bruker (Bruker Nano GMbH, Berlin, Germany)
using Scanasyst-Air-HR probes from Bruker. The AFM was
operated using Peak-Force HR mode for imaging in air, with a
tapping rate of 8 kHz, at room conditions. Imaging in liquid
was performed on the same instrument, using ScanAsyst Fluid
+ probes and ScanAsyst mode, with a tapping rate of 4 kHz.

Quantification of filaments height

The height of the filaments was obtained by applying a
threshold mask to the filament image, selecting all contiguous
regions of height larger than 0.3 nm above the background
and larger than 9 pixels (215 nm?). These regions consist of
partial, complete or multiple filaments. The distribution of
maximum heights of these regions was fitted with a normal
distribution to obtain mean and standard deviation.

Quantification of filaments length and persistence length

Image data and processing (plane subtraction and flattening)
was done with Gwyddion software. Quantification of filament
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length and persistence length was done with home-written
Matlab software. Briefly, the filaments are selected by thresh-
olding, and the binary image is skeletonized. From the skel-
eton, a beginning-to-end trajectory is calculated using a
Dijkstra algorithm, with optional correction of the path via
user guidance. These paths are optimized to a smooth sub-
pixel trajectory along the highest points of the filament, via an
algorithm that balances the height with the local bending
radius. Persistence length is calculated based on fitting the
distribution of tangent angles to a Boltzmann distribution,
using a spacing of 50 nm. The histograms were normalized as
probability densities. All fitting and calculations are done in
Matlab R2012b (MathWorks, USA). The code is publicly acces-
sible on TU Delft Gitlab: https://gitlab.tudelft.nl/ajkatan/dna-
contour_public.

Filament disassembly

Pre-folded filaments (T5) were incubated with equimolar
amount (200 nM) of reverse strand (either T1_reverse or
T5_reverse) and incubated at room temperature for 1 hour, de-
posited on mica and imaged.
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