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1 Supplementary Notes

1.1 Supplementary Note 1: Tube formation with controlled mean diameters

Motivated by our observation that larger Dipid designs (XL, XXL) preferentially form elongated
assemblies, we adapted the monomer design to deliberately produce open tubes with controlled
diameters. Since tubes can be tiled by a simple hexagonal lattice, we simplified the Dipid interac-
tion profile to use only one of the two six-fold binding axes, reducing the number of binding strands
from 30 to 18. We implemented the two principal tube curvatures x, = r_;. and k| = 0 by com-
bining two planar and four conical binding strand subsets with orthogonal sticky domains (Extended
Data Fig. 5a). Applying a straightforward geometric correction factor, we could use our list of bind-
ing strands, originally designed for closed containers, to generate tubes with 62 unique target tube
diameters diube = deontainer €0s (30°) (Extended Data Fig. 5a). As for the containers, we chose six
Dipid designs at random (XS, S, M, L, XL, XXL) and analyzed the resulting assemblies using nega-
tive stain TEM and confocal microscopy (Extended Data Fig. 5b-e). We also observed the expected
increase in polydispersity with increasing tube diameters (Fig. 3g) [1, 2]. In the initial growth phase,
the Dipids assemble into a curved sheet that statistically closes into a tube seed at one point. The
polydispersity of the larger tube sizes is the result of the larger fluctuations of the initial sheets. Due
to these fluctuations, a curved sheet can close back on itself to form a tube before, during, or after
accumulating the ‘correct’ number of monomers for its target diameter. Notably, tubes may form with
different chiralities, depending on whether the tube is closed precisely along the direction defined by
the curvature of the monomers or with a slight shift. Under the TEM, we consistently observed achi-
ral tubes as well as left-handed tubes with varying degrees of shift (Extended Data Fig. 5f and 6)
and associated Moiré patterns. We also encountered other growth irregularities such as branching,
bending, and the growth of structures from defects, potentially leading to multi-layer tubes (Extended
Data Fig. 5g). Aggregation or interconnection of several tubes might result from the incorporation of
occasionally occurring DNA origami dimers or due to salt-mediated electrostatic attraction between
tubes (Extended Data Fig. 5g). If tight geometry control is required for a specific application, the poly-
dispersity and defect frequency of tubular assemblies might be reduced by increasing the number of
distinct monomers, at the cost of assembly time [3, 4]. Unlike previously reported tube-forming DNA
origami assembled via end-to-end stacking of reconfigurable rings, which offer virtually no variation
in diameter [5], or hexagonal tile-based assemblies that yield only seven distinct diameters between
approximately 166 nm and 710nm after correction to three-dimensional geometry [6], our lateral,
side-to-side assembly strategy uniquely enables formation of tubes spanning a broader diameter
range from 88 nm to 767 nm and provides considerably finer resolution with more than 60 predicted

intermediate diameters.



1.2 Supplementary Note 2: Cryo-ET-based pore size calculation script

The custom Python script was developed using several open-source libraries, including PyVista for
3D mesh manipulation and visualization, Shapely for 2D geometric operations, SciPy for numerical
analysis, and NetworkX for graph-based neighborhood analysis. The script extracts isosurfaces from
MRC volumes using a marching cubes algorithm and applies 3D transformations to position each
mesh according to the particle coordinates and Euler angles parsed from the RELION STAR files.
The script accepts STAR particle files after picking or template matching, as well as STAR files after
refinement as input. For each group of particles, the local 3D configuration is projected onto a best-fit
plane to create a 2D polygonal representation of the interparticle space. Pentagons and hexagons
are automatically detected by the script. It also allows the creation of user-defined custom particle
groups in the form of an array with the list of desired particles. The pore size was then estimated by
calculating the area of the largest inscribed circle within this gap polygon. In the case of pentagons,
there is only one inscribed circle. In the case of hexagons with a central particle, there are 6 inscribed
circles formed by each trimer of particles. For custom groups, the script differentiates between trimers
or subgroups with more particles to best adjust the size of the inscribed circles. For each automatically
detected or specified polygon, the script generates a 2D representation of the polygon, a 3D view
of the scene with the polygon and only the particles involved, as well as their neighbor at rank N+1.
For each coordinate file, a CSV file is generated with all the surfaces, distances, and dimensions of

each particle group and polygon.

1.3 Supplementary Note 3: HIV assembly inspired simulation code

We rescaled the dimensions of the original triangular prisms to represent the center-to-center dis-
tances in Dipid trimers, which depend on the specific cone angles. The main simulation loop first
checks whether the container has closed. If the container remains open, the code assesses for clo-
sure events (e.g., pentagon closures). If none are detected, then in 95% of cases, a new prism is
added at the boundary position with the smallest opening angle between monomers. In the remain-
ing 5%, the prism is added at a random boundary position. The system is equilibrated by performing
batches of Langevin simulation steps without noise. We evaluated equilibration by measuring the
energy drift per node between batches; once the drift dropped below a preset relative threshold, the
system was considered equilibrated. Finally, the simulation ensures valid network connectivity. This

process repeats until the container is closed or the maximum number of simulation steps is reached.

2 Supplementary Tables

2.1 Supplementary Table 1: HIV inspired simulation statistics



Table 1: Overview of simulation runs per agin,. These data, as well as the

per-simulation data, are available as CSV files on our GitHub repository

alpha sim |random #sims #sims con- | #sims non- | mean median std aspect
placement tainer closed aspect aspect ratio
prob object ratio ratio container

container |container

4.0 0.05 4.0 0.0 4.0

4.3 0.05 4.0 0.0 4.0

4.4 0.05 4.0 0.0 4.0

4.6 0.05 4.0 0.0 4.0

4.8 0.05 4.0 0.0 4.0

5.0 0.05 4.0 0.0 4.0

5.2 0.05 4.0 0.0 4.0

5.4 0.05 4.0 0.0 4.0

5.6 0.05 4.0 0.0 4.0

5.8 0.05 4.0 0.0 4.0

6.0 0.05 14.0 0.0 14.0

6.1 0.05 38.0 0.0 38.0

6.2 0.05 39.0 0.0 39.0

6.3 0.05 51.0 1.0 50.0 3.53 3.53

6.4 0.05 48.0 3.0 45.0 2.18 2.26 0.23

6.6 0.05 50.0 21.0 29.0 1.92 1.88 0.41

6.8 0.05 87.0 43.0 44.0 1.72 1.75 0.32

7.0 0.05 54.0 36.0 18.0 1.48 1.48 0.25

7.2 0.05 54.0 42.0 12.0 1.61 1.5 0.79

7.4 0.05 54.0 43.0 11.0 1.36 1.27 0.27

7.6 0.05 57.0 53.0 4.0 1.29 1.22 0.22

7.8 0.05 59.0 48.0 11.0 1.25 1.2 0.17

8.0 0.05 78.0 70.0 8.0 1.25 1.19 0.17

8.5 0.05 48.0 48.0 0.0 1.13 1.12 0.09

9.0 0.05 30.0 30.0 0.0 1.1 1.09 0.06

10.0 0.05 30.0 30.0 0.0 1.11 1.08 0.09

11.0 0.05 30.0 29.0 1.0 1.1 1.09 0.04

12.0 0.05 30.0 30.0 0.0 1.11 1.1 0.07

13.0 0.05 30.0 28.0 2.0 1.09 1.08 0.06

14.0 0.05 30.0 29.0 1.0 1.1 1.09 0.05

15.0 0.05 40.0 40.0 0.0 1.1 1.09 0.06

16.0 0.05 30.0 30.0 0.0 1.09 1.08 0.07



https://github.com/ckarfusehr/DNA_origami_membranes

alpha sim |random #sims #sims con- | #sims non- | mean median std aspect
placement tainer closed aspect aspect ratio
prob object ratio ratio container
container | container
17.0 0.05 30.0 30.0 0.0 1.08 1.09 0.05
18.0 0.05 30.0 30.0 0.0 1.1 1.12 0.05
19.0 0.05 30.0 30.0 0.0 1.07 1.06 0.03
20.0 0.05 30.0 30.0 0.0 1.08 1.08 0.03
21.0 0.05 20.0 20.0 0.0 1.07 1.07 0.04
22.0 0.05 20.0 20.0 0.0 1.1 1.09 0.04
23.0 0.05 20.0 20.0 0.0 1.06 1.03 0.06
24.0 0.05 20.0 20.0 0.0 1.11 1.1 0.04
25.0 0.05 19.0 19.0 0.0 1.1 1.09 0.04
26.0 0.05 20.0 20.0 0.0 1.15 1.17 0.07
27.0 0.05 20.0 20.0 0.0 1.13 1.15 0.05
28.0 0.05 20.0 20.0 0.0 1.13 1.11 0.06
29.0 0.05 20.0 20.0 0.0 1.11 1.09 0.08
30.0 0.05 20.0 20.0 0.0 1.08 1.07 0.06
31.0 0.05 20.0 20.0 0.0 1.1 1.07 0.06
32.0 0.05 20.0 20.0 0.0 1.08 1.06 0.04
33.0 0.05 20.0 20.0 0.0 1.07 1.06 0.04
34.0 0.05 20.0 20.0 0.0 1.07 1.05 0.03
35.0 0.05 20.0 20.0 0.0 1.07 1.05 0.04
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