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Abstract. Form and function are intimately linked—a guiding principle across both biology12

and engineering. While evolution and human ingenuity have shaped this landscape through13

function-driven form selection, AI-driven generative design expands it beyond natural and14

intuitive geometries, enabling the exploration of structure-driven functionalities that were15

previously inaccessible. At the nanoscale, however, realizing such non-intuitive architectures16

remains a key challenge, limiting the development of multifunctional nanostructures across17

biology, chemistry, and materials science. To address these constraints, we introduce an18

algorithmic design paradigm that enables DNA helices to follow non-planar 3D trajectories,19

thereby supporting the structural and functional outcomes required for advanced capabilities.20

We implemented this paradigm in ENSnano, a software platform that integrates mathemati-21

cal models to automate structural design in 3D space without the need of human interven-22

tion. This framework allows us to rapidly generate DNA nanostructures with key functional23

features such as curvature, encapsulation, and hierarchical organization—reminiscent of nat-24

urally occurring biological architectures. As a key application, we demonstrate an automated25

pathway from biological to engineered structures by designing and experimentally assem-26

bling Vault-like cages directly derived from the emPDB model of the Vault protein, marking27

a step forward in biomimetic DNA nanostructure design.28

One-sentence summary. Algorithms enable accurate design of DNA origami nanostructures with com-29

plex 3D curvature and torsion.30

Introduction31

The interplay between form and function is a32

unifying principle across natural and engineered33

systems. In engineered gears, specific geome-34

tries optimize force transmission, while in archi-35

tectural arches, curvature and torsion enhance36

structural rigidity and stability1,2. Many of en-37

gineered designs draw inspiration from biology,38

where evolution has refined structural forms to39

achieve specific functional outcomes3. Advances40

in artificial intelligence and generative design41

now enable the creation of structural designs that42

depart from both evolutionary precedent and hu-43

man intuition, thereby expanding the accessible44

form–function landscape4.45

Translating these functional forms to the46

nanoscale presents a significant challenge, re-47

quiring molecular-level precision to ensure func-48

tion, an essential step toward the development49

of smart materials, synthetic biological systems,50

and precision therapeutic devices. Structural51

DNA nanotechnology addresses this challenge by52

redefining nucleic acids as programmable build-53

ing blocks for encoding functional shapes at the54

nanoscale5.55

Among self-assembly strategies, DNA56

origami6 has become the benchmark for con-57

structing accurate nanoscale architectures. It en-58

ables precise control over geometry, site-specific59

chemical functionalization, and dynamic me-60

chanical properties7,8,9,10, while producing bil-61
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lions of copies in a single-pot reaction. In this62

approach, a long single-stranded DNA scaffold is63

folded into a target shape by hundreds of short64

oligonucleotides through sequence-specific base65

pairing. This programmable assembly method66

has facilitated the creation of diverse nanostruc-67

tures, advancing both biological research and68

materials science by encoding functional form at69

the molecular scale11,12,13.70

However, current design strategies remain71

largely restricted to geometries composed of72

straight segments14,15,16 and planar arcs17,18.73

This constraint arises from the conventional DNA74

origami approach, which models helices as near-75

rigid cylinders connected by crossovers at fixed76

spacing. The reliance on fixed crossover spac-77

ing cannot accommodate the non-integer helical78

twist of DNA19,20, which is approximately 10.4479

base pairs per turn21,22,23. Furthermore, classi-80

cal geometric approaches24 often introduce un-81

intended helical twist when mapping DNA onto82

non-planar curves. As a result, current frame-83

works support only planar arrangements of he-84

lices and break down when non-planar trajecto-85

ries involving both curvature and twist are re-86

quired. Yet such trajectories are essential for87

expanding the accessible design space, as many88

functional structures in biology and materi-89

als science exhibit non-planar three-dimensional90

curves and twisted geometries1,2.91

Here, we introduce an algorithm-driven de-92

sign framework that enables the construction93

of DNA origami structures with helices ar-94

ranged along non-planar trajectories in three-95

dimensional space. This approach allows pre-96

cise crossover placement and promotes uniform97

strain distribution across helices while mini-98

mizing torsional stress. Our approach inte-99

grates three core elements (Fig. 1): a nu-100

cleotide positioning algorithm for non-planar 3D101

curves, automated computation of helix trajec-102

tories to cover target shapes, and structural op-103

timization routines to relieve strain in the de-104

sign. This algorithmic workflow—automating105

the most time-consuming aspects of curved106

DNA nanostructure design18—is fully integrated107

into our open-source software, ENSnano25,26.108

Using this framework, we designed and as-109

sembled previously inaccessible nanostructures,110

including curved helical bundles in three-111

dimensional space, twist-rich hollow architec-112

tures, and nested spherical shells connected by113

narrow tunnels. These structures demonstrate114

key functional attributes—such as mechanical115

robustness, molecular encapsulation, compart-116

mentalized reactivity, and channel-like features117

that regulate inter-compartmental transport and118

flow—commonly observed in biological systems.119

As a direct application, we designed an ar-120

tificial nanostructure that mimics the geometry121

and dimerization behavior of the Vault protein122

by generating a DNA origami nanocage with123

geometry automatically derived from the pro-124

tein’s atomic model in the Protein Data Bank125

(PDB). This biomimetic construct demonstrates126

how computational control over nanoscale cur-127

vature and twist enables the rational design of128

functional, bioinspired architectures that tran-129

scend the geometric constraints of conventional130

DNA origami.131

Results132

Algorithmic nucleotide positioning along ar-133

bitrary 3D curves. Mapping a DNA helix onto134

a non-planar 3D curve requires defining a mov-135

ing frame along the curve. The classical Frenet136

frame approach24 fails in this context, as it ro-137

tates erratically under the influence of torsion in138

non-planar curves, introducing unwanted twist139

into the mapped helix. To address this, we devel-140

oped a custom algorithm that computes a lazily141

rotating moving frame along the curve (algo-142

rithm SA1). We then use the computed frame143

to map the DNA helix onto the curve using the144

best-known structural parameters for DNA22 (ta-145

ble ST1 and fig. S1). Figure S2 illustrates the al-146

gorithm in action, while Figure S3 compares the147

classical Frenet frame to our approach. The com-148

parison demonstrates that our algorithm avoids149

unnecessary frame rotation, producing a mini-150

mally twisted DNA helix with a more regular151

twist, closer to its canonical value in the straight152

conformation.153

We validated our DNA model by simulating a154

nucleosome, a key example of DNA curvature in155

biology. In the nucleosome, the DNA helix un-156

dergoes significant bending, wrapping approxi-157

mately 1.65 turns around the histone octamer to158

form a left-handed superhelix27. Figure S4 com-159

pares crystallographic data (2CV5.PDB) with the160

output of our algorithm for a DNA helix wound161

around a nucleosome. Our model accurately re-162

produces nucleotide positions with an RMSD of163

0.54 ± 0.23nm, and phosphate with an RMSD of164

0.44± 0.22nm (figs. S5 and S6).165

DNA helix bundle non-planar curvature pro-166

gramming. DNA helix bundles are a funda-167

mental component of the DNA origami design168

toolbox. Early design strategies14,18 laid the169

groundwork for a wide range of applications,170

including nuclear pore complex mimics28, lipo-171

some templating29, membrane shaping11, spring-172

loaded nanodevices30, and targeted drug deliv-173

ery systems13. Here we present an algorithm that174
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Figure 1: Algorithm-driven conceptual framework for DNA nanostructure design. (a) The target shape is defined
using Bézier curves and geometric descriptors, such as the revolution surface tool. (b) The algorithm automatically
computes helix trajectories that cover the target shape at an appropriate scale for the chosen scaffold strand, posi-
tioning nucleotides along their (possibly non-planar) 3D paths. A series of automated optimizations is applied to
relieve structural strain. (c) The designer places scaffold and staple strand crossovers between helices. (d) Staple
strand sequences are exported for assembly and imaging. Shown here is a negative-stain 2D TEM class average of
the resulting self-assembled DNA nanostructure, box size is 80→ 80 nm.

enables the design of curved helix bundles in full175

3D space, with continuously varying radii of cur-176

vature.177

In our approach, a DNA helix bundle is de-178

fined by attaching a grid (square or honeycomb)179

to a Bézier curve t →↑ M(t). Each helix, located180

at coordinates (i, j), follows the path t →↑ Pij(t)181

of the grid point at coordinates (i, j) in the mov-182

ing frame F(t) centered on M(t) (fig. S7). This183

construction ensures that the trajectories of the184

helices remain uniformly spaced along the en-185

tire length of the bundle. DNA helices are then186

mapped in real time onto their respective paths187

Pij(t) using the previously described DNA model.188

A core feature is that, since all helices in the bun-189

dle evolve along the common parameter t, we190

introduced an adaptive 2D view of the structure191

in ENSnano software. In this 2D representation,192

the width of each nucleotide’s cell is automati-193

cally adjusted based on t, ensuring that all nu-194

cleotides at the same cross-section appear verti-195

cally aligned (fig. S8). As a result, nucleotides el-196

igible for crossovers are naturally aligned in the197

2D view, eliminating the need for manual inser-198

tions or deletions. For closed curves, the rise199

and helicity of each DNA helix are automatically200

adjusted to ensure an integer number of helical201

turns. In practice, these adjustments are minimal202

(only a few ‰) and remain well within estab-203

lished precision limits. This optimization helps204

to evenly distribute mechanical strain along each205

DNA helix (figs. S9 to S12). All calculations are206

performed in real time, enabling the designer to207

interactively fine-tune the curve, either to pre-208

cisely position functional groups or to ensure an209

exact match with the scaffold length.210

Then, we proceed to position the crossovers211

by first placing a single crossover between adja-212

cent helices. Next, we apply our auto-roll algo-213

rithm, which rotates neighboring helices to min-214

imize crossover lengths. Once the helices are ro-215

tationally aligned, a standard scaffold and staple216

pattern is applied, with crossover positions visu-217

ally adjusted in both 2D and 3D views of the de-218

sign to optimize their length and orientation.219

To explore the effectiveness of our method220

we designed a four-loop DNA origami structure,221

referred as ⌘-origami. The ⌘-origami consists222

of a 6-helix bundle programmed with four pre-223

cise 270-degree looped bends (figs. S13 to S18).224

The crossover patterns were selected to mini-225

mize structural strain by 1) spacing the scaf-226

fold crossovers approximately every 100 base227

pairs, and 2) reducing the occurrence of dou-228

ble crossovers for the staples. The scaffold lay-229

out follows a “leaf” pattern (fig. S19), where230

each domain or “leaf” averages around 86 base231

pairs in length. Staples follow the classic C-shape232

(fig. S20), with domains typically ranging from233

15 to 20 base pairs in straight regions. To ac-234
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commodate curvature, staple domains on the in-235

ner side of the curve may be shortened by a full236

turn while those on the outer side may be ex-237

tended by a full turn – adjusting lengths by ap-238

proximately 8 to 12 bps depending on curvature.239

These modifications are guided by inspection of240

the 3D nucleotide mapping in the interactive 3D241

view. In our design, staple domains range from242

7 to 30 base pairs, with staple strand lengths be-243

tween 19 and 60 base pairs. Crossover lengths244

range from 0.65 nm and 1.7 nm according to our245

model. After optimizing folding conditions via246

agarose gel electrophoresis and negative-stain247

TEM (ns-TEM) particle analysis, optimal folding248

was achieved by mixing the scaffold with sta-249

ple oligonucleotides at a 10-fold molar excess, in250

the presence of 20mM MgCl2, and following a251

42-hour temperature annealing protocol (Fig. 2252

and figs. S21 to S23). ns-TEM particle analy-253

sis yielded 2D class averages that closely match254

the intended four looped bends, each forming255

a precise 270-degree angle, confirming success-256

ful folding of the structure. To further assess257

the fidelity of curvature programming conferred258

by the global crossover pattern, we introduced259

several structural variants: (1) opening a sec-260

tion of the 6-helix bundle by splitting the sta-261

ple strands joining the scaffold at its termini262

(fig. S24), and (2) splitting the vertical staples263

linking the top and bottom scaffold domains at264

the four crossover points—designated NW, SW,265

SE, and NE—to decouple the vertical connection266

(fig. S25). Each variant yielded folded struc-267

tures consistent with the degrees of freedom in-268

troduced by the respective modifications, with269

shape outcomes analogous to those achievable by270

a flexible plumbing pipe making four 270° turns271

(see section S2.5 and figs. S26 to S35).272

Optimization of helix torsion and trajecto-273

ries in hollow shapes. Designing DNA origami274

in capsule-like shapes is crucial for advancing275

nanotechnology, offering a protective barrier be-276

tween the internal volume and the external en-277

vironment. These 3D DNA nanostructures are278

finding applications in areas such as mimicking279

natural capsids for antigen presentation, virus280

trapping, low-volume reactors, templated assem-281

bly, molecular transport, and drug delivery31,13.282

Optimal functionality in these applications of-283

ten depends on the creation of curved 3D hol-284

low shapes. Previous methods for designing such285

structures typically involved slicing them into a286

stack of parallel concentric circles18,17. However,287

this approach has two main drawbacks18: First,288

the angles between adjacent layers are limited to289

the multiples of ↓ 34→, corresponding to the an-290

gle between two consecutive nucleotides. Sec-291

ond, the perimeter of each DNA ring must cor-292

respond to an integer number of full DNA helix293

turns. Moreover, this technique is only applicable294

to simple revolution surfaces17.295

One of the most challenging steps in hollow296

DNA origami design is determining the trajecto-297

ries of the DNA helices. A small miscalculation in298

helix placement or torsion can lead to significant299

deviations in the structure, affecting both its sta-300

bility and functionality. This task involves solving301

a multicriteria optimization problem that deter-302

mines the appropriate number of helices and the303

scale of the shape, ensuring that the helices are304

uniformly spaced (with an average interdistance305

of 2.65 nm6,32), minimally curved or twisted,306

and that their total length matches the target size307

of the scaffold. This step was highlighted as the308

most time-consuming in previous approaches18.309

To address this, we introduce a spiral-based al-310

gorithm for slicing a revolution surface (possibly311

twisted) into curved, equally wide stripes. This312

method overcomes both of the aforementioned313

limitations of using concentric circles in two key314

ways, as detailed in the supplementary text (sec-315

tion S3). By allowing the curvature radius to vary316

continuously along the trajectories, our method317

enables a continuous range of crossover angles318

between adjacent helices. Moreover, since only319

a few long spirals (only 2 in our designs) are320

needed to assemble the shape, adjusting the helix321

parameters by a few negligible ‰ allows for con-322

tinuous rescaling (figs. S36 to S38). This results323

in an automatic computation of the ideal scale for324

the target shape, optimizing the use of every sin-325

gle nucleotide in the scaffold. Finally, the use of326

spirals allows for seamless design of tubular por-327

tions with inner radii as small as 4.3nm within a328

larger shape.329

Our method is integrated in ENSnano soft-330

ware as an automatic pipeline. We proceed by331

specifying the surface and spirality parameters.332

The surface is given by its section curve, the num-333

ber of twists, and its revolution radius. The spi-334

ral parameters include the number of spirals cov-335

ering the surface, the winding parameter which336

dictates the rate at which the spirals coil around337

the surface and controls their inclination and tor-338

sion (figs. S39 and S40), and the target scaffold339

strand length. Our algorithm calculates the spi-340

ral trajectories for the helices using a dedicated341

spring system which keeps them as straight and342

evenly spaced as possible, minimizing their tor-343

sion along the way, as demonstrated in fig. S41.344

The algorithm scales the shape (section and rev-345

olution radius) until the distance between ad-346

jacent helices and the total helix length match347

the desired crossover distance and target scaffold348

length. The entire process is completed in a few349
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Figure 2: Spiral design algorithm for intricate hollow shapes. (a) Design workflow for a curved DNA origami composed
of a 6-helix bundle with four programmed loops. In ENSnano, the bundle’s Bézier path is first drawn and adjusted
by the user, followed by algorithmic nucleotide mapping and crossover placement to produce the final assembly.
(b) Design workflow for a half-twisted torus, defined in ENSnano as the surface generated by rotating a 2→ 1 ellipse
by half a turn around the revolution axis. A spring-based system then optimizes helix trajectories and iteratively
scales the surface until the total length matches the target scaffold length (here, 7560 bases), enabling automated
nucleotide mapping and crossover placement. (c) Progressive increase in overall twisting complexity from T2 to
T6, with schematic representations followed by algorithmic DNA helix routing, nucleotide mapping, and crossover
placement. Below each TEM micrograph: Left: local torsion; Right: curvature radius along helices (color scales:
0 nm↑1 [pink] to 0.2 nm↑1 [dark blue] for torsion; and 4nm [pink] to 30nm [dark blue] for curvature). (d) Class
averages from single particles observed with cryo-TEM and 3D reconstruction of T6 from 72 684 particles. For each
structure, a 1% agarose gel (post-folding) and TEM micrographs are shown, alongside reference-free class averages
from single particles (particle sets available in figs. S82, S86 to S88 and S92). White bars represent 200 nm; box
sizes for projections and class averages are 112→ 112 nm for the four-loop DNA origami and 99→ 99 nm for the Tori.

seconds.350

Inspired by the prevalence of twisted fea-351

tures in nature33, we investigated the robust-352

ness of our spiral routing algorithm by design-353

ing a series of six toroidal structures referred as354

T1,. . . ,T6 with progressively increasing torsion.355

The surface of Tk is obtained by rotating a 2-356

by-1 ellipse around a revolution axis while ap-357

plying k half-turn twists to the section, as de-358

picted in Fig. 2. Our algorithm generated, for359
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each of them, a pair of spiraling helices that are360

evenly distributed across the surface, and whose361

total length precisely matches the target scaf-362

fold size (7560 nucleotides). By selecting ap-363

propriate winding parameters, we minimized the364

torsion of the resulting helices, yielding smooth365

and uniform trajectories throughout the struc-366

tures (figs. S41 and S42). The resulting helices367

complete 7 (T5 and T6), 8 (T3 and T4), 9 (T2),368

and 10 coils (T1), while maintaining an interaxis369

spacing of 2.65nm ± 10% relative to their coun-370

terparts.371

As for the ⌘-origami, we optimized the sta-372

ple and scaffold crossover placements using the373

3D and 2D live-editable views provided by our374

algorithms (figs. S43 to S78).375

We studied the assembly of T1 by combin-376

ing 20nM scaffold with a 10-fold excess of staple377

oligonucleotides, varying magnesium concentra-378

tions (2–30mM) over a 42-hour folding ramp.379

Agarose gel electrophoresis (fig. S79) identified380

12mM as the optimal magnesium concentration.381

ns-TEM particle analysis yielded 2D classifica-382

tions in close agreement with the T1 structure383

model (Fig. 2). We optimized the self-assembly384

protocol for each structure T2 through T6, as de-385

tailed in the supplementary text. Agarose gel386

electrophoresis, ns-TEM particle analysis, and 2D387

class averaging revealed uniform particle distri-388

bution and orientation, consistent with simulated389

2D projections, and demonstrating proper fold-390

ing relative to the predicted shapes (Fig. 2 and391

figs. S80 to S92). We further validated the T6392

design using cryo-TEM imaging, generating a393

3D electron density map through single-particle394

cryo-TEM analysis (Fig. 2 and figs. S84 and S85).395

The map revealed the characteristic six twists per396

ring, confirming the structural integrity of the de-397

sign.398

Algorithmic surface design with curvature in-399

version and tunnels. We further tested the ro-400

bustness of our algorithms by designing an ad-401

ditional structure, double sphere DS, which ex-402

plores novel architectural possibilities. This de-403

sign features two nested spheres in a convex-404

concave configuration, interconnected by narrow405

channels. The resulting structure includes a her-406

metic compartment between the inner and outer407

spheres, as well as an internal open compartment408

regulated by tunnel diameters.409

Our algorithms computed evenly spaced, spi-410

raling helices that span this structure, which411

were defined as the revolution surfaces gener-412

ated by rotating a -shaped section around an413

axis. DS consists of two twisted DNA helices414

forming an outer sphere (41 nm diameter) con-415

nected by two 10nm-wide channels to an inner416

sphere (29 nm diameter). The design was auto-417

matically adjusted to match the scaffold length418

(8,064 nucleotides) (Fig. 3 and figs. S93 to S98).419

The helices form 17 coils each. After optimiz-420

ing folding conditions (see supplementary text421

and fig. S99), optimal assembly was achieved422

with 30mM MgCl2 over 42 hours, confirmed by423

agarose gel electrophoresis and ns-TEM analy-424

sis. 2D classifications revealed a homogeneous425

particle distribution, distinct contrast between426

spheres, and clear channel structures (Fig. 3 and427

fig. S100).428

Biomimetic DNA origami design. We ex-429

plored the bio-inspired applications of our algo-430

rithms, by designing a DNA origami that mimicks431

the shape of the vault protein, a barrel-shaped ri-432

bonucleoprotein complex found in the cytoplasm433

of eukaryotic cells. The vault protein can dimer-434

ize to form a closed cage34,35,36. Its unique ar-435

chitecture and potential applications in targeted436

drug delivery and nanomaterial scaffolding have437

attracted considerable interest in nanotechnol-438

ogy37.439

To create the design, we began by modelling440

the cross-sectional curve of the vault protein PDB441

model 4V60 as a Bézier curve and applied our442

spiraling algorithm to generate the correspond-443

ing revolution surface. The shape was scaled444

automatically by a factor of 1.4 horizontally and445

1.3 vertically, to match the target scaffold size of446

8064 nucleotides, resulting in a structure 53 nm447

in width and 42 nm in height. Two inner hems448

were included at the top and the bottom of the449

structure to conceal the blunt ends of the he-450

lices and stabilize the 8.6 nm-wide tight hole at451

the top. The resulting two helices make 13 coils452

each. Additionally, the bottom of the design was453

equipped with six equally spaced 18-nucleotide454

anchor strands to facilitate homodimerization.455

The resulting design, referred as vault origami456

(figs. S101 to S106), was then validated through457

direct comparison with the Vault protein model,458

imported in our software as an STL file generated459

by Chimera from the PDB file (Fig. 4).460

We optimized folding of the vault monomer461

using agarose gel electrophoresis and ns-TEM,462

identifying 20mM MgCl2 as optimal (fig. S107).463

As detailed in the supplementary text and464

figs. S108 to S112, optimal dimerization was465

achieved by incubating gel-purified monomers at466

37°C for 15 hours, yielding dimer structures con-467

sistent with the design, as confirmed by ns-TEM468

and 2D class averaging (Fig. 4 and fig. S112).469
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Figure 3: Spiral-based design for spherical surfaces. (a) Schematic illustration and staple design of DS. (b) Left:
curvature radius along the two twisted DNA helices in DS. Right: local torsion. Color scales: 4 nm [pink] to 30
nm [dark blue] for curvature and 0 nm↑1 [pink] to 0.2 nm↑1 [dark blue] for torsion. Graphs show the evolution
of curvature radius (in nm) as a function of the number of turns along each helix. (c) 1% agarose gel after folding
and TEM micrographs of the purified band (green star), with representative projections from 3D PDB model and
reference-free class averages from single particles (particle sets available in fig. S100). Scale bar represents 200 nm.

Discussion470

Detailed analysis of our designs reveals that471

crossover spacing does not correlate with either472

local curvature radius or helix torsion, as shown473

in figs. S113 to S120 and further detailed in Sup-474

plementary Section S8. This observation high-475

lights a critical limitation of classical rule-based476

design strategies19,18, which rely on fixed pat-477

terning that cannot accommodate the geometric478

complexity of non-planar curved structures.479

As DNA nanostructures evolve to encode in-480

creasingly sophisticated forms and functions, ex-481

isting design constraints call for more advanced482

algorithmic strategies. Our algorithm-driven483

paradigm addresses this challenge by enabling484

non-planar curvature within DNA helix bundles485

and single-layer architectures, without requiring486

human intervention, thereby supporting greater487

functional intricacy. It also enhances planar488

designs by reducing reliance on iterative post-489

experimental adjustments20, and paves the way490

for the scalable assembly of larger functional491

structures with fewer components than multi-492

layered composites12. This design framework493

is available through our open-source software,494

ENSnano38, which integrates algorithmic control495

of helix geometry with intuitive 2D and 3D visu-496

alization, real-time editing, and a user-friendly497

interface. ENSnano is designed for continuous498

development, with planned extensions to sup-499

port hybrid architectures—including DNA/RNA500

and DNA/protein systems—further bridging nat-501

ural and engineered nanoscale assemblies. Fi-502

nally, just as the design of a rectangle21 in503

caDNAno allowed refine the pitch of straight504

helical DNA from 10–11 bp/turn to the now-505

standard 10.44 bp/turn, our framework provides506
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Figure 4: Bio-inspired vault protein-like design. (A) Bézier curve aligned to the cross-sectional profile of the vault
protein, PDB model 4V60. (B) Spiral-based method applied to the revolution surface of the vault monomer. (C)
Staple design, 1% agarose gel after folding, and TEM micrographs with reference-free class averages from single
particles (particle sets available in fig. S109). (D) Schematic illustration of the dimer assembly strategy, 1% agarose
gel after dimerization, and TEM micrographs with reference-free class averages from single particles (particle sets
available in fig. S112). (E) Curvature radius along helices. Color scale from pink (4nm) to dark blue (30nm). White
bars represent 200nm.

a design environment for investigating the phys-507

ical principles, structural properties, and func-508

tional behavior of curved and twisted DNA he-509

lices—both as they occur in biological systems,510

with implications for genome organization, gene511

regulation, and the structural physics of nucleic512

acids in health and disease, and as components513

of engineered nanodevices.514
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Materials and Methods655

DNA strands Desalted staple strands were pur-656

chased from Integrated DNA Technologies (IDT)657

in water in 96-well plates at a concentration of658

100µM each. The staple strands were pooled659

and diluted with water to a working concentra-660

tion of 400 nM each. The different scaffolds used661

(M13 8064, M13 7560, M13 7249) were pur-662

chased from Tilibit Nanosystems. The scaffold663

(5 nM to 20 nM) and staples ten times in ex-664

cess were combined in a one-pot reaction with665

a buffer of 5 mM Tris-HCl, pH=8.0, 1mM EDTA,666

different concentrations of MgCl2 depending on667

the origami (12 mM to 20 mM). The thermal668

annealing ramp was spanned over a time-period669

from 3.5 hours to 63 hours. The scaffold, concen-670

trations of the components and thermal anneal-671

ing ramps used for each origami (if not otherwise672

noted) are described in table T1.673

Agarose gel electrophoresis DNA nanostruc-674

tures visualized by Electron Microscopy were pu-675

rified from 1% agarose gels (0.5X TBE, 45mM676

Tris-borate, 1mM EDTA, pH 8.3) supplemented677

with 11mM MgCl2 and 0.5mg · ml↑1 Sybr SAFE.678

Samples were migrated on the gel for 3h with a679

running buffer of 0.5X TBE, 11mM MgCl2 2.85V ·680

cm↑1 at room temperature. Bands correspond-681

ing to properly folded DNA origami were excised682

and transferred to a DNA gel extraction spin col-683

umn (Merck, France) centrifuged at 5,000 g for684

5 min at 4→C.685

Transmission Electron Microscopy - Negative686

staining Purified origami were visualized by687

adsorption onto glow-discharged carbon-coated688

grid (Quantifoil Micro tools GmbH, Germany),689

stained for 60 s with a 2% (w/vol) aque-690

ous uranyl acetate (Merck, France) solution,691

and then dried with ashless filter paper (VWR,692

France). Observations of EM grids were carried693

out on a JEM-1400Flash Tungsten microscope694

working at 120kV, equipped with a GATAN One695

View camera. Two-dimensional class averages696

were computed using EMAN2.697

Cryo-EM sample preparation The purified698

and concentrated T6 samples were incubated 5699

minutes twice to glow-discharged grids with an700

ultrathin carbon film supported by a 2/2 carbon701

film on a 200-mesh copper grid (Quantifoil Micro702

tools GmbH, Germany). Plunge freezing in liquid703

ethane was performed with a ThermoFisher Mk-704

IV Vitrobot with a blot time of 3 s, a blot force of705

0 at 15°C and 100% humidity.706

Cryo-EM image acquisition Selected grid of707

T6 was transferred under cryogenic conditions708

into the TFS Titan Krios TEM with acceleration709

voltage of 300 kV. Micrographs were acquired710

in two sessions on the Falcon4i camera under711

low-dose condition with a total flux of 40 e-/Å2.712

Data were collected with underfocus values rang-713

ing from -0.7 µm to -4.1 µm in nominal reso-714

lution of 1.2 Å/px. Automated data acquisition715

was recorded into 40 individual frames. The716

forty-frame movies were then globally and lo-717

cally (5x5 patches, 20% patch overlap) aligned718

to compensate for drift and beam-induced mo-719

tion using program motioncor240. The resulting720

dose-weighted sum of aligned frames was used721

for subsequent image processing steps, except for722

estimating the contrast transfer function (CTF)723

parameters, which were estimated from aligned,724

non-dose weighted micrographs using the pro-725

gram ctffind441,42,43.726

Cryo-EM image processing Data processing727

was done using SCIPION 3.0.9 package44.728

15,127 dose-weighted micrographs of T6 were729

used for the processing. The SPHIRE-crYOLO45
730

protocol was used for particle picking from a set731

of 3x binned micrographs. The particles were732

subjected to three rounds of RELION 2D classi-733

fication46,47,48,49 to remove falsely picked grid734

contaminations and damaged particles, high-735

quality 2D class averages were selected and736

duplicated particles with Xmipp3-remove dupli-737

cates50,51 with 80px radius, leaving a set of738

142,198 particles. Relion initial model46,47,48,49
739

was used for generating the initial 3D volume.740

First, a 3D refinement without any symmetry741

(and with the initial model filtered down to742

120Å) was applied, producing a 3D map at 26Å743

and confirming the presence of the expected D6744

symmetry. Following this initial refinement, a se-745

ries of 3D refinements with progressively tight-746

ening masks and 3D classifications46,47,48,49 were747

applied to get a final set of 72,684 particles, sub-748

jected to a final 3D refinement46,47,48,49 with D6749

symmetry, effectively reaching 13Å with a global750

mask.751

Dimerization of the Vault-like origami Each752

Vault-like monomer was designed to display six753

anchor staples at its bottom to enable dimeriza-754

tion. Two different versions of the 6 anchor sta-755

ples A and B were designed with 18-base parts756

complementary to each other. The sequences of757

these staples are described in tables T2 and T3.758

The sequences annealing inside the monomers759

are in black, the sequences designed to be out760

of the monomers are in red (two T and the761

sequence to enable the annealing of staples A762
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Object
Denaturation

phase
(15 min) (°C)

Temperature ramp
Hold

temperature
(°C)

Folding ramp
time period (h)

Magnesium chloride
concentration (mM) Scaffold

Scaffold
concentration

(nM)

Staples
concentration

(nM)

⌘ 65 60°C to 40°C: -1°C/2h 10 42 20 M13 7249 20 200

T1 65 60°C to 40°C: -1°C/2h 10 42 12 M13 7560 20 200

T2 65 1) 60°C to 55°C: -1°C/10min
2) 55°C to 25°C: -1°C/1h 25 33 18 M13 7560 20 200

T3 65 1) 60°C to 55°C: -1°C/10min
2) 55°C to 25°C: -1°C/1h 25 33 18 M13 7560 20 200

T4 65 1) 60°C to 55°C: -1°C/10min
2) 55°C to 25°C: -1°C/1h 25 33 18 M13 7560 20 200

T5 65 60°C to 40°C: -1°C/10min 10 3.5 18 M13 7560 5 50

T6 65 1) 60°C to 55°C: -1°C/10min
2) 55°C to 25°C: -1°C/1h 25 33 18 M13 7560 20 200

DS 65 60°C to 40°C: -1°C/2h 10 42 30 M13 8064 20 200

Vault 65 60°C to 40°C: -1°C/3h 10 63 20 M13 8064 20 200

Table T1: Final folding conditions for each origami.

• Staple no. 1: 5’ TTGTTTAACGTCACATT CATTACAAAATGAAAA TT AGTATATAGATAATTAAA 3’
• Staple no. 2: 5’ TAACGAGCGTCGATTGCC TT AGTATATAGATAATTAAA 3’
• Staple no. 3: 5’ CGACATTCAACCGATCACCGTCAC TT AGTATATAGATAATTAAA 3’
• Staple no. 4: 5’ CGGGAACGGATAACCTCCAGTCACGACGTTGT GCCATTC TT AGTATATAGATAATTAAA 3’
• Staple no. 5: 5’ CTGGTAATGGGTAAAGGTTTCTTTTTTCGCA TT AGTATATAGATAATTAAA 3’
• Staple no. 6: 5’ ATGCCAACGGGAAAGGCTGGCCAGCACCGTCG TT AGTATATAGATAATTAAA 3’

Table T2: Version A of the six staples enabling the dimerization.

• Staple no. 1: 5’ TTTAATTATCTATATACT TT TAGCAGCAACTGAACACCCTGA 3’
• Staple no. 2: 5’ TTTAATTATCTATATACT TT GTGGTGCGTTACCTGCA 3’
• Staple no. 3: 5’ TTTAATTATCTATATACT TT AGGCTGCACTCCAGCCAGCTTTCCGGAACCCGTCGGATTCT 3’
• Staple no. 4: 5’ TTTAATTATCTATATACT TT GTTCCGGCAAACGCGGTGTGTACATCGACATAA 3’
• Staple no. 5: 5’ TTTAATTATCTATATACT TT CGACTTGACCGTAATCAGTAGCGACAGAATCA 3’
• Staple no. 6: 5’ TTTAATTATCTATATACT TT CTCAATCCGCCG GAGCACATCCTCATAACAGCGGATCA 3’

Table T3: Version B of the staples enabling the dimerization.

with staples B, leading to the dimerization of the763

vault-like origami).764

The monomers of the Vault-like origami with765

staples A and staples B were folded according to766

the conditions detailed in Table T1. Then, they767

were purified by agarose gel electrophoresis. Fi-768

nally, they were assembled in equal concentra-769

tion for 15 hours at 37°C with 100 mM MgCl2.770
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at the LBMC lab (ÉNS de Lyon) for granting859

access to the lab bench, and Catherine Koer-860
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