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Supplementary Figures

Supplementary Figure 1: DNA bundles at high DNA nanotube concentra-

tions
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Supplementary Fig. 1: Increasing amounts of DNA nanotubes (formed from 10 nM, 100 nM,
1000 nM DNA tiles) were incubated at room temperature with 500 nM starPEG-(KA7),-TAMRA
in 1x PBS and 10 mM MgCl,. The DNA nanotube bundling correlates with the ratio of crosslinker
concentration to DNA nanotube concentration. The laser settings were kept the same at all
conditions. Scale bar: 30 um.



Supplementary Figure 2: Colocalization intensity of TAMRA-labeled syn-
thetic peptides
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Supplementary Fig. 2: Mean pixel colocalization intensity ¢, of TAMRA-labeled synthetic
peptides. (a) Confocal image of 30 nM DNA nanotubes (yellow, Atto633, ¢« = 640Nnm) in
presence of 500 NM starPEG-(KA7)4 ( ex = 561 nm). Scale bar: 2 um. The image was analyzed
with ImageJ ((Fiji Is Just) ImageJ 2.3.0/1.5q; Java 1.8.0_322 64-bit) [9] and thresholded via
the method Otsu (b) and the binary image was processed further with the Plugin Skeletonize
(c) to reduce the location of the DNA nanotube bundle to the central line. Pixel values O and 1.
(d) Confocal image of the same bundle in the starPEG-(KA7), channel (cyan, ¢« =561nm).
Pixel values from O to 255. (e) starPEG-(KA7), pixel intensity at the central line of the DNA
nanotube bundle, calculated by the ImageCalculator function ’AND’. Pixel values from O to
255. (f) Colocalization intensity of TAMRA-labeled synthetic peptides ( ¢x = 561 nm) with the
DNA nanotubes (mean =+ standard deviation (SD), n = 9 analysed DNA nanotube bundles per
condition). As expected, the colocalization intensity of starPEG-(KA7), is the highest with 51.3
+ 12.5. The colocalization is significantly lower for KA7 and starPEG-(DA7), (16.7 &+ 3.3 and
14.1 £+ 1.6, respectively).



Supplementary Figure 3: Colocalization of DNA nanotubes and starPEG-
(KAT)4
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Supplementary Fig. 3: Colocalization of DNA nanotubes (top) and starPEG-(KA7)4 (bottom).
The mix contained starPEG-(KA7),-TAMRA (cyan) at varying concentrations (0, 50, 100, 200,
500 nM), DNA nanotubes (yellow) formed from 30 nM DNA tiles, 1x PBS and 10 mM MgCl,.
After incubation at room temperature for one hour the samples were imaged at the confocal laser
scanning microscope with the same laser settings for all conditions. Scale bar: 10 um.



Supplementary Figure 4: Transmission electron micrographs for bundle
thickness analysis

Supplementary Fig. 4: Transmission electron micrographs of DNA nanotube bundles. DNA
nanotubes from 30 NM DNA tiles are bundled in the presence of 0, 25, 50, 200 and 500 nM
starPEG-(KA7)4 in 1x PBS and 10 mM MgCl,. Bundles of different thicknesses were analyzed
and the corresponding data is shown in Fig. 2c. Per condition the thicknesses were measured at
ten different positions in each of a total of ten images. Scale bar: 500 nm.



Supplementary Figure 5: Colocalization intensity over time
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Supplementary Fig. 5: Colocalization intensity over time. DNA nanotubes formed from 30 nM
DNA tiles were left to incubate with 500 nM starPEG-(KA7),-TAMRA at room temperature. The
sample was imaged at 0; 7:5; 15; 22:5 and 30 min after adding 500 nM starPEG-(KA7)4-TAMRA.
The laser settings were kept the same at all time points. For each condition 10 overview images
were analyzed (Mean+SD).



Supplementary Figure 6: Yield of DNA rings
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Supplementary Fig. 6: Yield of DNA rings per pL for different starPEG-(KA7)4 concentrations,
30NnM DNA nanotubes in 1x PBS and 10 mM MgCl,. Per condition 10 overview images
(101:41x101:41 um?) were acquired and rings were counted 1h (a) and 24 h (b) after sample
preparation. The numbers of DNA nanotube rings per microliter are averaged over all images and
their standard deviation has been calculated. Volumetric densities were calculated by measuring
the chamber height (97 um) and the image area. The displayed values are therefor shown as
(Mean+SD).



Supplementary Figure 7: Microscopic structure of DNA nanotube rings

Supplementary Fig. 7: Microscopy images reveal structure of rings formed from DNA nanotube
bundles.30nM tiles and200 nM starPEG-(KA7) are mixed in ¥ PBS andl0 mM MgCl,.
Confocal (upper row) and STED (lower row) microscopy images of DNA rings without (a) and
with (b) 2:5 kDadextran. Scale bar8um. (c) Transmission electron micrographs of DNA rings

without dextran. Scale barg&um.



Supplementary Figure 8: DNA ring size dependence on MgGland DNA
tile concentration

Supplementary Fig. 8: DNA ring size dependence on M@t DNA tile concentration.a
Ring diameter at different buffer conditions containihé or 10 mM MgCl, and50 nM DNA

tiles while maintaining the starPEG-(KAZPNA tile ratio of 10:1 600 nMstarPEG-(KA7))

in 1x PBS. p) DNA ring diameter for different DNA nanotube concentrations maintaining a
starPEG-(KA7):DNA tile ratio of 10:1 andlO mM MgCl, and Ix PBS. Per condition 30 single
rings were imaged and ring diameters are plotted as M&ih



Supplementary Figure 9: DNA ring diameter is time-independent

Supplementary Fig. 9: DNA ring diameter is time-independent. DNA nanotube ring diameter
at room temperature aft€ and 15 min of incubation as used for the temperature increase
experiments (Mean SD,n = 29; 31 DNA nanotube rings per condition).



Supplementary Figure 10: Analysis of the circularity of DNA rings

Supplementary Fig. 10: DNA ring circularity for DNA nanotubes formed fra®mM DNA
tiles, 500 nM starPEG-(KA7) in 1x PBS andLO mM MgCl, and according molecular weights
(2 50035 00970 00250 000 500000¢gmol) of dextran at25wt% (Mean SD,n =
(32; 32 31; 32 31; 30) DNA nanotube rings analysed per condition).



Supplementary Figure 11: DNA ring contraction with Methylcellulose

Supplementary Fig. 11: DNA ring contraction with Methylcellulo28.nM DNA nanotubes and
250 nMstarPEG-(KA7) are mixed in ¥ PBS and mM MgClI, and varied concentrations of
Methylcellulose. Per conditior},00pL sample solution is freshly mixed and pipetted into a well
slide (ibidi §u-Slide 18 Well, glass bottom)a) 30 rings are then imaged and analyzed using
ImageJ [9] and the ring diameter is plotted (Me&D, n = 30; 30; 30, 30, 30; 30; 29; 29, 29
DNA nanotube rings per condition)o) The ring diameter data fromis tested for signi cance.

The corresponding p-values are obtained performing an unpaired non-parametric Mann-Whitney
test.



Supplementary Tables

Supplementary Table 1: List of DNA sequences

| Name | DNA sequence
SE1 CTCAGTGGACAGCCGTTCTGGAGCGTTGGACGAAACT
SE2-DIAG GTCTGGTAGAGCACCACTGAGAGGTA
SE3 CCAGAACGGCTGTGGCTAAACAGT .
AACCGAAGCACCAACGCT(-6-FAM/Atto633/Biotin)
SE4-EE10 CAGACAGTTTCGTGGTCATCGTACCT
SE5 CGATGACCTGCTTCGGTTACTGTTTAGCCTGCTCTAC

DNA sequences from 5' to 3' for single-tile DNA nanotubes, adapted from Rothemund et al. [8].



Supplementary Notes

Supplementary Note 1: Theory of bundle contraction

We present additional details of the theory of bundle contraction.

We consider a toroidal DNA nanotube bundle with radilusnd a roughly circular cross
section containingd DNA nanotubes resulting in a total lendth,y = ND . The total length is
xed as we assume a xed number of DNA nanotube monomers throughout contraction. This
length can change by depolymerization or polymerization processes of DNA nanotubes. The
bundle has a bending rigidity,(N ), which is related to the bending energyf individual DNA
nanotubes viay,(N) = N ,with =1 for decoupled sliding DNA nanotubes and- 2 if
crosslinking resists shear [4]. We assume an adhesion eg@eylength for the DNA nanotubes
inside the bundle. For roughly circular cross sections, there shoid beasN =2 out of N
DNA nanotubes at the bundle surface with a geometric faatof order unity (in principle, it is
possible to consider a wider class of bundle cross section geometries along the lines of Schnurr

et al. [10]). This results in an effective DNA nanotube length
Li = Lot asN =2p (1)

at the interior of the DNA nanotube bundle, which is the length that is fully accessible to the
attraction of strengtly. Contraction of toroidal bundles can then be described by the total free

energy

F = Epenat Eaat Fe (2)

=2 H(N)D ' gL+ Fe(L)); (3)

which is the sum of bending energy, adhesion energy at the interior and the entropic free energy

F. of the crosslinker gas at the interior of the bundle, which will arise if crosslinkers are mobile.



We neglect the entropy of DNA nanotube shape uctuations because we focus on the bundled
state; this entropy is relevant, however, for the process of bundle formation [5].

In the bundled state, the entropy of the quasi-one-dimensional dés@bsslinkers dis-
tributed over the accessible bundle lengthbecomes relevant. We approximdigby the
(entropic) free energy of a Tonks gashNv§ non-overlapping particles of crosslinker slzen a

one-dimensional volume of length with a line density ofl=h of possible binding sites,

Fce(Li) = ks TNcIn & ) 4)

I-i Ncb:
Minimizing F with respect tdD gives the equilibrium diametdd of the toroidal DNA
nanotube bundle,

— dEbend+ dEad+ ch_

0 dD dD dD° ®)

We minimize at xedLy, i.€., usingN (D) = L= D ; the effective interior bundle length to

use in minimization becomes
Li(D)= Liw  FPasli’ D (6)

The bending energy will favor large

dEbend -
dD

1+ 2% LoD 2<o0 @

Adhesion energy and crosslinker entropy favor ring contraction via increasing the overlapping

interior lengthL; of the bundle. The crosslinker gas increasgby exerting an ideal gas pressure



onto the boundaries of the overlapping region,

d Ead dL i 1 1=2 1=2 1=2
= = — >
= — 8b
dD L; N dD (8b)
1 1=2 kB T Nc 1=2 1=2
= = - > U
> aSLi N Lt D 0 (8c)

Neglecting prefactors of order unity, the minimization condition (5) leads to the equilibrium

diameter (Eqg. (3) in the main text)

D 2+ L1 1 1
2 L1 0%, ; ©)
L tot LiotNe ksT 1 h=d

whered, = Li=N;. L=N. is the average distance between crosslinkers (wWhile their
minimal possible distance) ard, = =kgT is the persistence length of individual DNA

nanotubes.
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