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Supplementary Note S1: Nanotube tile sequences

The DAE-E tile motif design was used as the building block for all nanotubes in this
study. The tile design and sequences are adopted from Rothemund et al!l The
homogeneous nanotube nunchucks have diagonally striped nanotubes made up of two
types of DNA tiles, REd and SEd, on both arms presented. The heterogeneous nanotube
nunchucks have a REs single tile nanotube on one arm and a SEs single tile nanotube on

the other.
CTTCTACA GGTCAGCC AGATGCC TTTACA  GGTTATGC
A3 S
CAGAC GAAGATGT) /CCAGTCGG' /Cy3/TCTACGG AAATGT) [ CCAATACG GCATT RE d
CGTAA  GGTGATGG/ \ACAGAATA CTAACTA AGACGG/ \ ACACTTCC TGGTC
~
'TCARAGCA ~ GGTTGCGA GGTCTTG CCGACA  GGTGACTC
— > >
ACCAG AGTTTCGT) fCCAACGCT’ /Cy3/CCAGAAC GGCTGT\ [ CCACTGAG AGGTA SEd
,TCCAT GCTACTGG/\ ACGAAGCC AATGACA AATCG ACGAGATG GTCTG
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AY AN
TGGTC GAAGATGT)/CCAGTCGG’ /cy3/TCTACGG AAATGT) [ CCAATACG GCATT * RE
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Supplementary Figure S1: Schematic showing the architecture of the REd, SEd, REs and
SEs tiles. Different colors with a single tile show different strands. Black triangles
indicate crossover points. Arrowheads indicate 3’ ends.



REdSEd nanotube tile sequences:

RE-1:
RE-2EEQ1:
RE-3Cy3:
RE-4:
RE-5:

SE-1:
SE-2DIAG:
SE-3Cy3:
SE-4DIAG:
SE-5:

CGTATTGGACATTTCCGTAGACCGACTGGACATCTTC
CTGGTCCTTCACACCAATACGGCATT
/Cy3/TCTACGGAAATGTGGCAGAATCAATCATAAGACACCAGTCGG
CAGACGAAGATGTGGTAGTGGAATGC
CCACTACCTGTCTTATGATTGATTCTGCCTGTGAAGG

CTCAGTGGACAGCCGTTCTGGAGCGTTGGACGAAACT
GTCTGGTAGAGCACCACTGAGAGGTA
/Cy3/CCAGAACGGCTGTGGCTAAACAGTAACCGAAGCACCAACGCT
ACCAGAGTTTCGTGGTCATCGTACCT
CGATGACCTGCTTCGGTTACTGTTTAGCCTGCTCTAC

/Cy3/ denotes a Cy3 fluorophore covalently attached to the 5’ end of the DNA.

REs nanotube tile sequences:

RE-1:
RE-2s:
RE-3_A647:
RE-3_A488:
RE-4s:
RE-5:

CGTATTGGACATTTCCGTAGACCGACTGGACATCTTC
GACCACCTTCACACCAATACGGCATT
/5ATTO647NN/TCTACGGAAATGTGGCAGAATCAATCATAAGACACCAGTCGG
/5ATTO488N/TCTACGGAAATGTGGCAGAATCAATCATAAGACACCAGTCGG
TGGTCGAAGATGTGGTAGTGGAATGC
CCACTACCTGTCTTATGATTGATTCTGCCTGTGAAGG

/SATTO647NN/ denotes an ATTO647N fluorophore covalently attached to the 5 end of
the DNA. /SATTO488N/ denotes an ATTO488 fluorophore covalently attached to the 5’
end of the DNA.

SEs nanotube tile sequences:

SE-1:
SE-2DIAG:
SE-3Cy3:
SE-4s:
SE-5:

CTCAGTGGACAGCCGTTCTGGAGCGTTGGACGAAACT
GTCTGGTAGAGCACCACTGAGAGGTA
/Cy3/CCAGAACGGCTGTGGCTAAACAGTAACCGAAGCACCAACGCT
CAGACAGTTTCGTGGTCATCGTACCT
CGATGACCTGCTTCGGTTACTGTTTAGCCTGCTCTAC



Supplementary Note S2: Design and sequences of nunchuck seeds

We used the seed design presented in the paper Mohammed et al/”/ shown in
Supplementary figure S2. Sequences are also typed in list form in the above work.

A nunchuck seed consists of two origami seeds each having a linker strand that is
partially complementary to itself and that also binds to the nanotube seed on the end of
the seed’s cylindrical structure opposite to where the adapter strands attach. The adapter
strands bind to the right edge of the structure as diagramed in Supplementary Figure S2
(Supplementary Figures S4-S6). The linker strands attach to the single stranded
M13mp18 region on the left of Supplementary Figure S2 as shown in Supplementary
Figure S3.

o DNA Hairpins > Unused M13mp18 scaffold strand left single stranded

Supplementary Figure S2: Detailed staple map of origami seeds showing individual
staples, location of hairpins, adapter strands and linker strand binding sites.

Adapter strands attach to the scaffold here



1 TCCCTATC GTTCGGGT'
2 GTACATGG GTTCCTAT,
3 CTTAACGC TTATTATT

TTTCAACG TGAAAAAA,

ACCCTCAG CAGCGAAA

T rceeacTc YeTceeTTT

TCGTTCCG ATGCTGTC,

T
T
T
T

T

'I“T TTTCGCTG CTGAGGGT

T
GGAGACACGG, ATAGGCCAAAAAAGCATTGCTTATCAATTTGTTGCAAC GTGATCGGTG

TGGGCTTG CTATCCCT

TATCCTTG GGTACATG 2

TTATTATT CGCAATTC

AAAAAAGT GCAACTTT

AAAGCGAC GACTCCCA

CTGTCGTA ,GCCTTGCT

<

AGCAAGGC TACGACAG

ACATAGTA GCGGACTA
GATTTCGA CACAATTT

7
8

9 GTAAGTCA CTTATTCC

10 TTCTCGTC AGGGCAAG

CTTATGGT GTAAGTTG

11
12 TTATGTAT CTGCATTA
Seed (A)

CCTCTGTGCC

TATCCGGTTTTTTCGTAACGAATAGTTAAACAACGGTG \CACTAGCCAC

10bp

TF Binding Domain (38 bp) 10 bp

? GACAGCAT CGGAACGA

ATCAGGCG ATGATACA

TTTAACAC AGCTTTAG

CCTTATTC ACTGAATG
GAACGGGA CTGCTCTT

GTTGAATG TGGTATTC

11

ATTACGTC TATGTATT

12
Seed (B)

Linker 1
58 bp linker -> 58 (bp) /10.5 (bp/turn) = 5.5 helical turns

Linker 2

Supplementary Figure S3: Schematic showing linker binding to individual seeds and
linker hybridization. Gray strands represent M13mp18 scaffold strands of the two
individual seeds comprising a nanotube seed nunchuck.

Linker strand sequences:

Linker-1:

GTGGCAACAAATTGATAAGCAATGCTTTTTTGGCCTATCCGTGTCTCCGACAGCATCGG

AACGAACCCTCAGCAGCGAAATTTTGGAGACACGG



Linker-2:

ATAGGCCAAAAAAGCATTGCTTATCAATTTGTTGCAACGTGATCGGTGGACAGCATCGG
AACGAACCCTCAGCAGCGAAATTTTCACCGATCAC

Adapter strand designs:

(GGAGAATT ATGARAGT ~ CGAGACAG AGCGATG  GACGCA GAACCGAC
1 - S S
CCTCTTAA TACTTTCA cerereré  TCGCTAC CTGCGT CTTGGCTG GCATT RE d d t
adapter
P GATAATAA GACTTTGT/ \CACCTGGA GTGGTAG  GCTGCT GTGCTCGT TGGTC
N\
7
CTATTATT CTGAAACA  GTGGACCT CACCATC  CGACGA CACGAGCA
TCCGGTTA GCAGACTG ~ ACCGATGG CAGGATG  CGRAGC TGAGGCAC
3 A N\ AN
AGGCCAAT CGTCTGAC\ /[ TceecTacé GTCCTAC — GCTTCG ACTCCGTG AGGTA
SEd adapter
4 GTCCTCCA ACTCCGTC / \ GTCAGGTC GTAGTGG  TTCCAG CGAGCCGT GTCTG
(D)
S GCGATGTC AGACTGCG ~ GAGGTTGC GTTCTGG  TACGGC ACCGAGAC
-+ 5 > S S
g ceeTacac TeTGAcGe \/ cTccaacé CAAGACC — ATGCCG TGGCTCTG GCATT
2 REd adapter
3 6 TAGTTCAA ACGGAAAT/ \ GTGGCTTT CGCTCCT  ACTCCA CGCCTGCT TGGTC
— N\
4
8 ATCAAGTT TGCCTTTA  CACCGAAA GCGAGGA  TGAGGT GCGGACGA
=
o ACAGCGGG AAAACAGA ~ CCTCTAGC CAGTGAC  GGCATC TGCGAAGG
C 7 < S N
E‘ teTcGecC TTTTGTCT \ [ GGAGATCE GTCACTG  CCGTAG \ / ACGCTTCC AGGTA SE d d t
adapter
~ CCAAATGG TCGCGGTT / \CGACACCA ACACGGA  GCACTC AGCGTCCT GTCTG P
-| 8 s
8 GGTTTACC AGCGCCAA  GCTGTGGT TGTGCCT  CGTGAG TCGCAGGA
wn BACAAGCC GATAGACG ~ CTTCACGC TCAGGAC  ACCTTG CTGCCAAC
9 D N\ AN
TTGTTCGG CTATCTGC GaAGTGed  AGTCCTG TGGAAC GACGGTTG GCATT RE d d t
adapter
10 AAAAATTC TTTTCATT / \GCGAGCTA CCGCAGA  GCACCA TTCGGACT TGGTC
AN
7
TTTTTAAG AAAAGTAA  CGCTCGAT GGCGTCT  CGTGGT AAGCCTGA
BAAGTAAA AACTGCAR ~ GGACAGAC TGAGCAT  CGGAAC GCTGCGAC
11¢ S N
TTTCATTT TTGACGTT \ [/ ccrereré ACTCGTA  GCCTTG CGACGCTG AGGTA SE d d t
adapter
L,I 2 TTTGCTAA AAAACAAA J\ GCTCGTCA CCACTCA  CGCCAG TAGGCACG GTCTG P
A
7
AAACGATT TTTTGTTT  CGAGCAGT GGTGAGT  GCGGTC ATCCGTGC

Supplementary Figure S4: Structure of assembled REASEd adapter tiles. The gray strand
represents the M13mp18 scaffold.



REASEd adapter tile sequences

ADIREd 1:
AD1 2REd 3:
AD1 2REd 5:
AD2REd 2:

AD3SEd 1:
AD3 4SEd_3:
ADA4SEd 5:
AD3 4SEd 2:

AD5REd 1:
AD5 6REd 3:
AD6REd 5:
AD5 6REd 2:

AD7SEd 1:
AD7_ 8SEd 3:
AD8SEd 5:
AD7_ 8SEd 2:

AD9REd 1:
AD9 10REd 3:
AD10REd 5:

AD9 10REd 2:

AD11SEd_1:
AD11_12SEd 3:
AD12SEd 5:

AD11_12SEd 2:

CAGCCAAGACGCAGGTAGCGAGACAGAGCTGAAAGTATTAAGAGG
TCGCTACCTGCGTTCGTCGGATGGTGAGGTCCACGCTCTGTC
CTATTATTCTGAAACAGTGGACCTCACCATCCGACGACACGAGCA
CTGGTTGCTCGTGCTTGGCTGGCATT

CACGGAGTCGAAGCGTAGGACGGTAGCCAGTCAGACGATTGGCCT
GTCCTACGCTTCGGACCTTGGTGATGCTGGACTGTGGCTACC
CAGGAGGTTGAGGCAGCAGTCCAGCATCACCAAGGTCGCTCGGCA
GTCTGTGCCGAGCACTCCGTGAGGTA

CAGAGCCACGGCATGGTCTTGCGTTGGAGGCGTCAGACTGTAGCG
CAAGACCATGCCGACCTCATCCTCGCTTTCGGTGCTCCAACG
ATCAAGTTTGCCTTTACACCGAAAGCGAGGATGAGGTGCGGACGA
CTGGTTCGTCCGCTGGCTCTGGCATT

GGAAGCGTCTACGGCAGTGACCGATCTCCAGACAAAAGGGCGACA
GTCACTGCCGTAGCTCACGAGGCACAACCACAGCGGAGATCG
GGTTTACCAGCGCCAAGCTGTGGTTGTGCCTCGTGAGTCGCAGGA
GTCTGTCCTGCGAACGCTTCCAGGTA

CAACCGTCGTTCCACAGGACTCGCACTTCGCAGATAGCCGAACAA
AGTCCTGTGGAACACCACGAGACGCCATCGAGCGGAAGTGCG
TTTTTAAGAAAAGTAACGCTCGATGGCGTCTCGTGGTAAGCCTGA
CTGGTTCAGGCTTGACGGTTGGCATT

CAGCGTCGCAAGGCTACGAGTCAGACAGGAACGTCAAAAATGAAA
ACTCGTAGCCTTGGACCGCACTCACCACTGCTCGCCTGTCTG
AAACGATTTTTTGTTTCGAGCAGTGGTGAGTGCGGTCATCCGTGC
GTCTGGCACGGATCGACGCTGAGGTA



GGAGAATT ATGAAAGT ~ CGAGACAG AGCGATG  GACGCA GAACCGAC
1 D N N
cCTCTTAA TACTTTCA\ [ gerereré TCGCTAC — CTGCGT CTTGGCTG GCATT REs adapt
S adapter
2 GATAATAA GACTTTGT/ \CACCTGGA GTGGTAG  GCTGCT GTGCTCGT ACCAG p
A'Y
7
CTATTATT CTGAAACA  GTGGACCT CACCATC  CGACGA CACGAGCA
TCCGGTTA GCAGACTG ~ ACCGATGG CAGGATG ~ CGAAGC TGAGGCAC
3 A > AN
AGGCCAAT CGTCTGAC TGGCTACC GTCCTAC GCTTCG ACTCCGTG GCATT RE d t
S adapter
— GTCCTCCA ACTCCGTC / \ GTCAGGTC GTAGTGG TTCCAG CGAGCCGT ACCAG p
v| 4
S
>
e
g GCGATGTC AGACTGCG ~ GAGGTTGC GTTCTGG  TACGGC ACCGAGAC
— 5 A N S
"J; cceracac TerTeacee \/ creccancé CAAGACC  ATGCCG TGGCTCTG GCATT RE d
—_ s adapter
o TAGTTCAA ACGGAAAT/ \ GTGGCTTT CGCTCCT  ACTCCA CGCCTGCT ACCAG p
S| 6 -
'E ATCAAGTT TGCCTTTA  CACCGAAA GCGAGGA  TGAGGT GCGGACGA
< ACAGCGGG AAAACAGA  CCTCTAGC CAGTGAC — GGCATC TGCGAAGG
S| 7€ > >
O TGTCGCCC TTTTGTCT | "GGAGATCG GTCACTG  CCGTAG \ [ ACGCTTCC  GCATT
C REs adapter
o 8 CCAAATGG TCGCGGTT / \CGACACCA ACACGGA  GCACTC AGCGTCCT ACCAG
q_) S
7
% GGTTTACC AGCGCCAA  GCTGTGGT TGTGCCT  CGTGAG TCGCAGGA
AACAAGCC GATAGACG ~ CTTCACGC TCAGGAC  ACCTTG CTGCCAAC
9 > N S
TTGTTCGG CTATCTGC caacTGed  AGTCCTG TGGAAC GACGGTTG GCATT RE d
S adapter
1 O AAAAATTC TTTTCATT / \GCGAGCTA CCGCAGA  GCACCA TTCGGACT ACCAG p
N\
7
TTTTTAAG AAAAGTAA CGCTCGAT GGCGTCT CGTGGT AAGCCTGA
AAAGTAAA AACTGCAA ~ GGACAGAC TGAGCAT  CGGAAC GCTGCGAC
11¢ N N
rrrcarTT TTGACGTT \ [ ccrercré ACTCGTA  GCCTTG CGACGCTG GCATT RE d ¢
S adaapter
L.I 2 TTTGCTAA AAAACAAA /\ GCTCGTCA CCACTCA  CGCCAG TAGGCACG ACCAG p
A
7
AAACGATT TTTTGTTT CGAGCAGT GGTGAGT  GCGGTC ATCCGTGC

Supplementary Figure S5: Structure of the assembled REs adapter tiles. The gray strand
represents the M13mp18 scaffold.



REs adapter tile sequences

ADIREd 1:
AD1 2REd 3:
AD1 2REd 5:
AD2REd 2:

AD3REd_1:
AD3 4REd 3:
AD4REd_5:
AD3 4REd 2:

AD5REd 1:
AD5 6REd 3:
AD6REd 5:
AD5 6REd 2:

AD7REd 1:
AD7_ 8REd 3:
ADSREd 5:
AD7_ 8REd 2:

AD9REd 1:
AD9 10REd 3:
AD10REd 5:

AD9 10REd 2:

AD11REd 1:
AD11_12REd 3:
AD12REd 5:

AD11_12REd 2:

CAGCCAAGACGCAGGTAGCGAGACAGAGCTGAAAGTATTAAGAGG
TCGCTACCTGCGTTCGTCGGATGGTGAGGTCCACGCTCTGTC
CTATTATTCTGAAACAGTGGACCTCACCATCCGACGACACGAGCA
GACCATGCTCGTGCTTGGCTGGCATT

CACGGAGTCGAAGCGTAGGACGGTAGCCAGTCAGACGATTGGCCT
GTCCTACGCTTCGGACCTTGGTGATGCTGGACTGTGGCTACC
CAGGAGGTTGAGGCAGCAGTCCAGCATCACCAAGGTCGCTCGGCA
GACCATGCCGAGCACTCCGTGGCATT

CAGAGCCACGGCATGGTCTTGCGTTGGAGGCGTCAGACTGTAGCG
CAAGACCATGCCGACCTCATCCTCGCTTTCGGTGCTCCAACG
ATCAAGTTTGCCTTTACACCGAAAGCGAGGATGAGGTGCGGACGA
GACCATCGTCCGCTGGCTCTGGCATT

GGAAGCGTCTACGGCAGTGACCGATCTCCAGACAAAAGGGCGACA
GTCACTGCCGTAGCTCACGAGGCACAACCACAGCGGAGATCG
GGTTTACCAGCGCCAAGCTGTGGTTGTGCCTCGTGAGTCGCAGGA
GACCATCCTGCGAACGCTTCCGCATT

CAACCGTCGTTCCACAGGACTCGCACTTCGCAGATAGCCGAACAA
AGTCCTGTGGAACACCACGAGACGCCATCGAGCGGAAGTGCG
TTTTTAAGAAAAGTAACGCTCGATGGCGTCTCGTGGTAAGCCTGA
GACCATCAGGCTTGACGGTTGGCATT

CAGCGTCGCAAGGCTACGAGTCAGACAGGAACGTCAAAAATGAAA
ACTCGTAGCCTTGGACCGCACTCACCACTGCTCGCCTGTCTG
AAACGATTTTTTGTTTCGAGCAGTGGTGAGTGCGGTCATCCGTGC
GACCAGCACGGATCGACGCTGGCATT



(GGAGAATT ATGAAAGT  TGAGCAGG CTGTTCG  TGAGGA TGGCACCA
1 D N\ AN
ccTcTTAA TACTTTCA\ [ actceTcé GACAAGC — ACTCCT ACCGTGGT AGGTA SE d t
s adapter
2 GATAATAA GACTTTGT/ \GGTCGAGT CAGCGTA GTCCTG GAGGTACG GTCTG
N\
7
CTATTATT CTGAAACA CCAGCTCA GTCGCAT CAGGAC CTCCATGC
TCCGGTTA GCAGACTG ~ CATCGCTC GTACTGC ~ GACTTC ~ TGGAACAG
3 A N\ AN
AGGCCAAT CGTCTGAC\ [/ eracccaé CATGACG — CTGAAG ACCTTGTC AGGTA
SEs adapter
—_ GTCCTCCA ACTCCGTC/ \TCCGTTGG CACGAAG  GCAAGC TCAGCCGT GTCTG
vl 4
S
3 A A A A A AA A A
e
g GCGATGTC AGACTGCG ~ TCCAGAGA CTCGTGC — TTGGAT GTCGGAAG
— 5 A3 > S
";; CGCTACAG TCTGACGC AGGTCTCT GAGCACG  AACCTA CAGCCTTC AGGTA
i SEs adapter
© TAGTTCAA ACGGAAAT / \ GACCGCTG CTCGCTA  GTGGTG TGAGGTTC GTCTG
vl 6 S
_E ATCAAGTT TGCCTTTA  CTGGCGAC GAGCGAT  CACCAC ACTCCAAG
E 7 ACAGCGGG AAAACAGA ~ CTCACCTG CATCTGC ~ ACTGGA GTACGACA
—_— < S S
L>)\ TGTCGCCC TTTTGTCT GAGTGGAC GTAGACG TGACCT CATGCTGT AGGTA
—= SEs adapter
o 8 CCAAATGG TCGCGGTT / \GTGCTTCA GAGCGTA  GCTTGG CGATAGGC GTCTG
Q) S
L4
% GGTTTACC AGCGCCAA  CACGAAGT CTCGCAT  CGAACC GCTATCCG
AACAAGCC GATAGACG ~ GAGTACCA CCACAGG ~ ATACCG TCCGTGCC
9 A N\ AN
TTGTTCGG CTATCTGC cTCATGGT GGTGTCC TATGGC AGGCACGG AGGTA
SEs adapter
,I 0 AAAAATTC TTTTCATT / \GCTCAGTG GAGCTGA  AGGTAG TGCGGAAC GTCTG
N\
7
TTTTTAAG AAAAGTAA CGAGTCAC CTCGACT TCCATC ACGCCTTG
ARAGTAAA AACTGCAA  CGGAACGA TGAGCGT  CACACT CCTACGAG
R S N
TTTCATTT TTGACGTT GCCTTGCT ACTCGCA  GTGTGA GGATGCTC AGGTA
SEs adapter
.I 2 TTTGCTAA AAAACAAA J \ TGCTGATC CTGTCTC CATGCC TAGTCGGT GTCTG
N\
7
AAACGATT TTTTGTTT ACGACTAG GACAGAG GTACGG ATCAGCCA

Supplementary Figure S6:

represents the M13mp18 scaffold.

Structure of assembled SEs adapter tiles. The gray strand



SEs adapter tile sequences

ADISEs_1:
AD1 2SEs_3:
AD1 2SEs_5:
AD2SEs_2:

AD3SEs_1:
AD3 4SEs_3:
ADA4SEs_5:
AD3 4SEs_2:

AD5SEs_1:
AD5 6SEs_3:
AD6SEs_5:
AD5 6SEs_2:

AD7SEs_1:
AD7_8SEs_3:
AD8SEs_5:
AD7_8SEs_2:

AD9SEs 1:
AD9 10SEs_3:
AD10SEs_5:
AD9 10SEs_2:

AD11SEs_1:
AD11 12SEs_3:
AD12SEs_5:

AD11_12SEs_2:

ACCACGGTAGGAGTGCTTGTCGGACGAGTTGAAAGTATTAAGAGG
GACAAGCACTCCTGTCCTGATGCGACTGAGCTGGACTCGTCC
CTATTATTCTGAAACACCAGCTCAGTCGCATCAGGACCTCCATGC
GTCTGGCATGGAGACCGTGGTAGGTA

GACAAGGTCTTCAGCGTCATGCTCGCTACGTCAGACGATTGGCCT
CATGACGCTGAAGCGAACGGAAGCACGGTTGCCTGTAGCGAG
CAGGAGGTTGAGGCAGAGGCAACCGTGCTTCCGTTCGAGTCGGCA
GTCTGTGCCGACTACCTTGTCAGGTA

GAAGGCTGTAGGTTCGTGCTCAGAGACCTGCGTCAGACTGTAGCG
GAGCACGAACCTAGTGGTGATCGCTCGTCGCCAGAGGTCTCT
ATCAAGTTTGCCTTTACTGGCGACGAGCGATCACCACACTCCAAG
GTCTGCTTGGAGTCAGCCTTCAGGTA

ACAGCATGAGGTCACGTCTACGTCCACTCAGACAAAAGGGCGACA
GTAGACGTGACCTGGTTCGATGCGAGACTTCGTGGAGTGGAC
GGTTTACCAGCGCCAACACGAAGTCTCGCATCGAACCGCTATCCG
GTCTGCGGATAGCCATGCTGTAGGTA

CCGTGCCTGCCATAGGACACCACCATGAGGCAGATAGCCGAACAA
GGTGTCCTATGGCGATGGAAGTCGAGGTGACTCGCTCATGGT
TTTTTAAGAAAAGTAACGAGTCACCTCGACTTCCATCACGCCTTG
GTCTGCAAGGCGTAGGCACGGAGGTA

GAGCATCCTCACACTGCGAGTAGCAAGGCAACGTCAAAAATGAAA
ACTCGCAGTGTGACCGTACCTCTGTCCTAGTCGTGCCTTGCT
AAACGATTTTTTGTTTACGACTAGGACAGAGGTACGGATCAGCCA
GTCTGTGGCTGATGGATGCTCAGGTA

10



Supplementary Note S3: Comprehensive protocol for the synthesis of homogeneous
nanotube nunchucks

1. We prepared two mixtures containing seed staples, a linker strand, M13mp18 scaffold,
REdSEd adapter strands in TAE Mg”" buffer (40 mM Tris-Acetate, | mM EDTA and
12.5 mM magnesium acetate) in the amounts shown in the table below. The two mixtures
differ only in the linker strand type included: the first mixture contained Linker strand 1
and second mixture contained Linker strand 2. When preparing the samples, we mixed
each DNA stock solution (except the M13mp18 stock) by vortexing before drawing
solution from the stock tube and adding it to the assembly mixture. The M13mp18 strand
solution was mixed by pipette to avoid fragmentation due to shearing. We separately
annealed these two mixtures, “Seed A” and “Seed B”, from 90°C to 20°C at a cooling
rate of 1°C/min.

Final desired Amount of

concentration (nM or Stock concentration stock added
Seed A (or B) fold) (nM or fold) (nl)
H.O - - 61.8
Seed staples mix 100 1389 7.2
Linker strand 1
(or 2) 10 1000 1.0
M13mpl8 10 100 10.0
REdSEd
adapter strand
mix 100 1000 10.0
10x TAE Mg** 1x 10x 10.0
Total 100.0

Seed staple mix: Mixture containing all 72 seed strands in equal concentrations. Mixing
individual seed staple strands (each stock at 100 uM) in equal volume makes the final
concentration of staples in the mixture to be 1.389 uM per strand (100 uM/72).

REASEd adapter strand mix: Mixture containing all REASEd adapter strands (see
Supplementary Figure S4) at a concentration of 1 uM each, except the strands with sticky
ends [AD2REd_2, AD3_4SEd_2, AD5_6REd_2, AD7_8SEd_2, AD9_10REd_2, AD11_12SEd_2] which
are at 2 M.

2. Following this anneal, we raised the temperature of each sample to 32°C and combined
both solutions into the same tube, mixing well. This new sample remained at 32°C
overnight.

3. We prepared a 100 ml 1% agarose gel containing ethidium bromide at a concentration
of 1.25 pg/ml. We added 6X loading dye (Bromophenol Blue) to the sample, at a ratio of
I mL to every 5 mL of sample, to dilute to a final concentration of 1X loading dye. We
loaded this sample into the agarose gel immersed in pre-chilled TAE Mg*" buffer and ran
electrophoresis at a constant voltage of 100 V for 1 hour. After 30 minutes, we removed

11




the TAE Mg*" buffer and added new chilled buffer to prevent the chamber from

overheating.

Supplementary Figure S7: Gel image showing nunchuck seeds (within rectangle).

4. Once the dimer and monomer bands could be easily resolved (~ 1 hr at 100 V), we
extracted the dimer band with a blade. We added this section of the gel to a Freeze N’
Squeeze DNA Gel Extraction Spin Column (Biorad). We allowed this container to chill
in a freezer for 5 minutes, and immediately centrifuged it at 13,000g for 3 minutes. The
collection tube contains the gel-purified nunchucks.

5. We then prepared a nanotube growth mixture containing BSA-Biotin, REd-SEd
adapters, REdSEd tiles, seed labeling attachment strands mix, ATTO647 strand in TAE
Mg*" buffer. We annealed this mixture from 90°C to 34°C (90 to 45°C at 1°C /min; held
at 45°C for 1 hour; 45°C to 34°C at 0.1°C /min), adding the gel-purified nunchucks when

the mixture reached 40°C.

REdSEd nunchuck nanotubes Final desired Stock Amount of
concentration (nM, fold stock
(nM, fold or units | or units | added (nl)
as listed) as listed)
H.O - - 67.0
BSA-Biotin (mg/ml) 0.15 5 3.0
REdSEd adapter strand mix 0.4 100 0.4
REdSEd tiles (Cy3 labeled) 40 400 10.0
Seed labeling attachment strands mix 0.6 100 0.6
Labeling strand ATTO647 50 1000 5.0
10x TAE Mg** 1x 10x 10.0
Gel-purified nunchucks 0.04 1 4.0
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Total 100.0

Seed labeling attachment strands mix: Mixture containing all 100 labeling attachment
strands (see Supplementary Note S6) at a concentration of 100 nM for each strand.

REASEd tiles (Cy3 labeled): Mixture containing all 10 strands that make up the REdSEd
nanotube tiles (Supplementary Note S2). Similar to the tile mixture in Mohammed et
al” | the short strands (with sticky ends) [RE-2EE01, RE-4,SE-2DIAG, SE-4DIAG] were

at twice the concentration of the long strands (without sticky ends) to ensure all tiles have
sticky ends.

6. The mixture is then held at 34°C for 15 hours to complete nanotube growth.
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Supplementary Note S4: Comprehensive protocol for synthesis of
heterogeneous nanotube nunchucks

1. We prepared two mixtures containing seed staples, a linker strand, M13mp18 scaffold,
adapter strands in 1X TAE Mg”" (40 mM Tris-Acetate, ] mM EDTA and 12.5 mM
magnesium acetate). The two mixtures differ in the linker strand and the type of adapter
strands. For “Seed A” and “Seed B”, we added REs and SEs adapter strands respectively.
When preparing the samples, we mixed each DNA stock solution except M13mp18 well
by vortexing before pipetting it from the stock solution into the seed solution. The
M13mp18 solution was mixed by pipetting to avoid fragmentation due to shearing.

Amount
Final desired Stock of stock
concentration concentration added
Seed A or B (nM or fold) (nM or fold) (nl)
H.O - - 13.2
Seed staples mix 100 1389 1.8
Linker strand (1 or 2) 10 100 2.5
M13mp18 10 100 2.5
REs or SEs adapter strand mix 100 1000 2.5
10x TAE Mg++ 1x 10x 2.5
Total 25.0

REs adapter strands mix: Mixture containing all REs adapter strands for Seed A (see
Supplementary Figure S5) at a concentration of 1 uM except the strands with sticky ends
that are at 2 pM.

SEs adapter strands mix: Mixture containing all SEs adapter strands for Seed B (see
Supplementary Figure S6) at a concentration of 1 uM except the strands with sticky ends
that are at 2 pM.

2. We separately annealed these two mixtures, “Seed A” and “Seed B”, from 90°C to
20°C at a rate of 1°C/min. Following this anneal, we raised the temperature of each
sample to 32°C and combined both of them into the same tube, mixing well. This new
sample remained at 32°C for 4 days.

3. We prepared a 100 ml 1% agarose gel containing ethidium bromide at a concentration
of 1.25 pg/ml. We added a 6X loading dye (Bromophenol Blue) to the sample, at a ratio
of 1 mL to every 5 mL of sample, to a final concentration of 1X loading dye. We loaded
this sample into the agarose gel that is immersed in pre-chilled TAE Mg* buffer and
placed the apparatus on ice. Electrophoresis was performed at a constant voltage of 100
V for ~1 hour.
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4. Once the dimer and monomer bands could be easily resolved (~ 1 hr at 100 V), we
extracted the dimer band with a blade and sliced the band into smaller pieces. We added

this section of the gel to a Freeze N’ Squeeze DNA Gel Extraction Spin Column

(Biorad). We allowed this container to chill in a freezer for 5 minutes, and immediately
centrifuged it at 13,000g for 3 minutes. The collection tube contains the gel-purified

nunchucks.

5. We prepared a new mixture containing BSA, REs adapter strand mix, SEs adapter

strand mix, REs tiles (ATTO488 labeled), SEs tiles (Cy3 labeled), seed labeling

attachment strands mix, labeling strand ATTO 647 in TAE Mg*" buffer. We annealed
this mixture from 90°C to 34°C (90°C to 45°C at 1°C /min; held at 45°C for 1 hour; 45°C
to 34°C at 0.1°C /min), adding the gel-purified nunchucks when the sample reached

40°C.
Stock
concentration | Amount
Final desired (nM, fold or of stock
REs-SEs Hetero- concentration (nM, fold units as added
nunchuck nanotubes or units as listed) listed) (nb)
H.O 3.75
BSA (in mg/ml) 0.15 1 3.75
REs adapter strands mix 0.4 100 0.1
SEs adapter strands mix 0.4 100 0.1
REs tiles (ATTO488
labeled) 50 400 3.125
SEs tiles (Cy3 labeled) 50 400 3.125
Seed labeling attachment
strands mix 1.8 25 1.8
Labeling strand ATTO
647 150 1000 3.75
10x TAE Mg++ Ix 10x 2.5
Gel-purified nunchucks 3
Total 25

REs tiles (ATTO488 labeled): Mixture containing all 5 strands that make up REs
nanotube tiles (Supplementary Note S1). The short strands (with sticky ends) [RE-2s,
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RE-4s] were at twice the concentration of the long strands (without sticky ends) to ensure
all tiles have sticky ends.

SEs tiles (Cy3 labeled): Mixture containing all 5 strands those make up SEs nanotube
tiles (Supplementary Note S2). The short strands (with sticky ends) [SE-2DIAG, SE-4s]
were at twice the concentration of the long strands (without sticky ends) to ensure all tiles
have sticky ends.

6. The mixture is then held at 34°C for 15 hours to complete nanotube growth.

16



Supplementary Note S5: Guard strands to prevent further tile assembly

In our experiments, we grew nanotube nunchucks at 34°C. However, it was much easier
to characterize the assembled nanotube nunchucks via fluorescence microscopy and AFM
at room temperature. However, at room temperature, the critical concentration of free
tiles is lower than at 34°C, so if the solution were cooled, nanotubes would continue to
grow during imaging. Further, unseeded nanotube nucleation can occur readily at room
temperature at the tile concentrations used in this study. Spontaneous nucleation of new
nanotubes at room temperature could interfere with the visualization of nanotube
nunchucks and bias yield statistics. To prevent continued nanotube nucleation and growth
during room temperature imaging, we added ‘guard strands’®! to the reaction mixture at
34°C before cooling the mixture to room temperature. Guard strands are designed to stop
the assembly reaction. They have sequences complimentary to the sticky end strands
(strands 2 and 4 of each tile type). When guard strands are mixed with tiles, the guard
strands are expected to bind to exposed sticky end strands and remove them from the tiles
via a tochold-mediated strand displacement process”), thus preventing these tiles from
assembling further (Supplementary Figure S8). Because free tiles and nanotube facets
that have reacted with guard strands do not react, the addition of guard strands to the
reaction mixture before imaging resulted in cleaner background images and presumably
also prevented new nanotubes from nucleating during the imaging process. Tiles within
nanotubes react with guard strands much more slowly because their sticky ends are not
exposed and thus do not present a toehold that can enable quick displacement of the 2 and
4 strands.

For homogeneous nanotube nunchucks composed of REASEd nanotubes, we used a
mixture of 4 guard strands: RE-2EE01C, RE-4C, SE-2DIAGC and SE-4DIAGC in equal
concentrations (sequences below). Each guard strand inactivated one corresponding
sticky end strand. Together the 4 guard strands inactivated all of the sticky end strands on
the two tiles we used. This guard strand mix was added to the reaction mixture at 34°C
such that the final concentration of guard strands in the reaction mixture was 400 nM (10
times the concentration of tiles, 40 nM) and incubated at 34°C for 1 min before imaging.

For heterogeneous nanotube nunchucks composed of REs and SEs nanotubes, we used a
mixture of 4 guard strands (2 guard strands for each tile type): RE-2sC, RE-4sC, SE-
2DIAGC and SE-4sC in equal concentrations that also reacted with all of the sticky end
strands in that system (sequences below).

Guard strand sequences for REASEd nanotubes:

RE-2EEO1C: AATGCCGTATTGGTGTGAAGGACCAG
RE-4C: GCATTCCACTACCACATCTTCGTCTG
SE-2DIAGC: TACCTCTCAGTGGTGCTCTACCAGAC
SE-4DIAGC: AGGTACGATGACCACGAAACTCTGGT

Guard strand sequences for REs nanotubes:

RE-2sC: AATGCCGTATTGGTGTGAAGGTGGTC
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RE-4sC: GCATTCCACTACCACATCTTCGACCA

Guard strand sequences for SEs nanotubes:

SE-2DIAGC: TACCTCTCAGTGGTGCTCTACCAGAC
SE-4sC: AGGTACGATGACCACGAAACTGTCTG

,CTTCTACA GGTCAGCC AGATGCC  TTTACA GGTTATGC
<

AN AN
+ CAGAC GAAGATGT)(CCAGTCGG’ /Cy3/TCTACGG AAATGT) (CCAATACG GCATT

CGTAA  GGTGATGG
<

ACAGAATA CTAACTA  AGACGG ACACTTCC TGGTC

REd

Incubate at 34°C for 1 mins

~ GACCAGGAAGTGTGGTTATGCCGTAA

« GCATTCCACTACCACATCTTCGTCTG
y

7
AN

,CTTCTACA GGTCAGCC AGATGCC  TTTACA GGTTATGC

. AN
(CCAGTCGG' /Cy3/TCTACGG AAATGT)

ACAGAATA CTAACTA  AGACGG

no sticky ends

CTGGTCCTTCACACCAATACGGCATT ~
,GACCAGGAAGTGTGGTTATGCCGTAA

GCATTCCACTACCACATCTTCGTCTG
CGTAAGGTGATGGTGTAGAAGCAGAC

y4
N\

Supplementary Figure S8: REd tile inactivation by guard strands. Similar tile inactivation
mechanism for SEd, REs and SEs tiles via addition of the corresponding guard strands
prevents further tile assembly at room temperature.
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Supplementary Note S6: Labeling seeds with fluorophores

To confirm that nanotubes grow from seeds, we used different fluorescent labels for
nanotube tiles and nanotube seeds (Supplementary Figure S9). Nanotube seed structures
were labeled with ATTO647N fluorophore dyes. The labeling system consists of 100
attachment strands that bind partly to the unused section of the M13mp18 scaffold. The
reminder of the attachment strand binds to an A77TO 647N labeling strand that has an

ATTOG647N fluorophore dye on one of its ends.

Note: ATTO488 dye instead of ATTO647N was used to label the seeds in heterogeneous
nunchuck nanotube experiments.

A

ATTO 647n labeling strand

Unused M13mp18 scaffold

S ¢

((;‘
Ak
O

Attachment strand

\\.ULLTL ("
gd

A1

\

/ 71\@@11‘&7@’10@\

Seeds/ATTO 647N filter Nanotubes/Cy3 filter Composite

Supplementary Figure S9: (A) Schematic showing labeling of seeds with ATTO647N
fluorophore dyes. (B) Fluorescence microscopy images showing seeds (in ATTO 647n
filter), nanotubes (in a Cy?3 filter) and composite from left to right. Scale bar: 5 pm
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Labeling strand sequences

Labeling strand ATTO0488 /5ATTO0488N/AAGCGTAGTCGGATCTC
Labeling strand ATTO647N /5ATTO647NN/AAGCGTAGTCGGATCTC

Attachment strand sequences

Unused _ml3mpl8_ 01
Unused_ml3mpl8_ 02
Unused _ml3mpl8_ 03
Unused_ml3mpl8_ 04
Unused _ml3mpl8_05
Unused _ml3mpl8_ 06
Unused_ml3mpl8_ 07
Unused _ml3mpl8_ 08
Unused _ml3mpl8_ 09
Unused _ml3mpl8_10
Unused ml3mpl8_11
Unused _ml3mpl8_ 12
Unused ml3mpl8_13
Unused _ml3mpl8_ 14
Unused _ml3mpl8_15
Unused _ml3mpl8_16
Unused _ml3mpl8_ 17
Unused _ml3mpl8_18
Unused _ml3mpl8_19
Unused _ml3mpl8_ 20
Unused _ml3mpl8_ 21
Unused_ml3mpl8_ 22
Unused _ml3mpl8_ 23
Unused_ml3mpl8_24
Unused_ml3mpl8_25
Unused_ml3mpl8_26
Unused_ml3mpl8_ 27
Unused _ml3mpl8_ 28
Unused _ml3mpl8_ 29
Unused _ml3mpl8_30
Unused _ml3mpl8_31
Unused_ml3mpl8_ 32
Unused _ml3mpl8_33
Unused_ml3mpl8_34
Unused_ml3mpl8_35
Unused _ml3mpl8_36
Unused_ml3mpl8_ 37
Unused _ml3mpl8_38
Unused _ml3mpl8_39
Unused _ml3mpl8_ 40
Unused ml3mpl8 41
Unused_ml3mpl8_ 42
Unused ml3mpl8_ 43
Unused _ml3mpl8_44
Unused _ml3mpl8_45
Unused _ml3mpl8_46
Unused_ml3mpl8_ 47
Unused _ml3mpl8_ 48
Unused _ml3mpl8_ 49

AAATTCTTACCAGTATAAAGCCAACTTTTGAGATCCGACTACGC
GCCTGTTTAGTATCATATGCGTTATTTTTGAGATCCGACTACGC
ACACCGGAATCATAATTACTAGAAATTTTGAGATCCGACTACGC
GATAAATAAGGCGTTAAATAAGAATTTTTGAGATCCGACTACGC
TTTAATGGTTTGAAATACCGACCGTTTTTGAGATCCGACTACGC
TTAGTTAATTTCATCTTCTGACCTATTTTGAGATCCGACTACGC
ACGCGAGAAAACTTTTTCAAATATATTTTGAGATCCGACTACGC
GATGCAAATCCAATCGCAAGACAAATTTTGAGATCCGACTACGC
TGGGTTATATAACTATATGTAAATGTTTTGAGATCCGACTACGC
ACTACCTTTTTAACCTCCGGCTTAGTTTTGAGATCCGACTACGC
AATTTATCAAAATCATAGGTCTGAGTTTTGAGATCCGACTACGC
TTAAGACGCTGAGAAGAGTCAATAGTTTTGAGATCCGACTACGC
TCCTTGAAAACATAGCGATAGCTTATTTTGAGATCCGACTACGC
TCGCTATTAATTAATTTTCCCTTAGTTTTGAGATCCGACTACGC
AGTGAATAACCTTGCTTCTGTAAATTTTTGAGATCCGACTACGC
GAAACAGTACATAAATCAATATATGTTTTGAGATCCGACTACGC
ATTTCATTTGAATTACCTTTTTTAATTTTGAGATCCGACTACGC
AGAAAACAAAATTAATTACATTTAATTTTGAGATCCGACTACGC
CAAAAGAAGATGATGAAACAAACATTTTTGAGATCCGACTACGC
GCGAATTATTCATTTCAATTACCTGTTTTGAGATCCGACTACGC
AATACCAAGTTACAAAATCGCGCAGTTTTGAGATCCGACTACGC
CAATAACGGATTCGCCTGATTGCTTTTTTGAGATCCGACTACGC
TAACAGTACCTTTTACATCGGGAGATTTTGAGATCCGACTACGC
CAGGTTTAACGTCAGATGAATATACTTTTGAGATCCGACTACGC
CAGAAATAAAGAAATTGCGTAGATTTTTTGAGATCCGACTACGC
CCATATCAAAATTATTTGCACGTAATTTTGAGATCCGACTACGC
TCTGAATAATGGAAGGGTTAGAACCTTTTGAGATCCGACTACGC
TATAATCCTGATTGTTTGGATTATATTTTGAGATCCGACTACGC
GATTATCAGATGATGGCAATTCATCTTTTGAGATCCGACTACGC
AAGGAGCGGAATTATCATCATATTCTTTTGAGATCCGACTACGC
CATTTTGCGGAACAAAGAAACCACCTTTTGAGATCCGACTACGC
TAATTTTAAAAGTTTGAGTAACATTTTTTGAGATCCGACTACGC
GTATTAAATCCTTTGCCCGAACGTTTTTTGAGATCCGACTACGC
TAGACTTTACAAACAATTCGACAACTTTTGAGATCCGACTACGC
ATAATACATTTGAGGATTTAGAAGTTTTTGAGATCCGACTACGC
CAACTAATAGATTAGAGCCGTCAATTTTTGAGATCCGACTACGC
TATCTAAAATATCTTTAGGAGCACTTTTTGAGATCCGACTACGC
ACTGATAGCCCTAAAACATCGCCATTTTTGAGATCCGACTACGC
GAATGGCTATTAGTCTTTAATGCGCTTTTGAGATCCGACTACGC
AGAATACGTGGCACAGACAATATTTTTTTGAGATCCGACTACGC
ATAGAACCCTTCTGACCTGAAAGCGTTTTGAGATCCGACTACGC
ATAAAAGGGACATTCTGGCCAACAGTTTTGAGATCCGACTACGC
GCAGATTCACCAGTCACACGACCAGTTTTGAGATCCGACTACGC
ATCGTCTGAAATGGATTATTTACATTTTTGAGATCCGACTACGC
ATGGAAATACCTACATTTTGACGCTTTTTGAGATCCGACTACGC
CCAGCCATTGCAACAGGAAAAACGCTTTTGAGATCCGACTACGC
CTGGTAATATCCAGAACAATATTACTTTTGAGATCCGACTACGC
GTAGAAGAACTCAAACTATCGGCCTTTTTGAGATCCGACTACGC
TGATTAGTAATAACATCACTTGCCTTTTTGAGATCCGACTACGC
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Unused_ml3mpl8_50
Unused _ml3mpl8_ 51
Unused_ml3mpl8_ 52
Unused _ml3mpl8_ 53
Unused_ml3mpl8_ 54
Unused_ml3mpl8_55
Unused _ml3mpl8_ 56
Unused_ml3mpl8_ 57
Unused _ml3mpl8_ 58
Unused _ml3mpl8_ 59
Unused _ml3mpl8_ 60
Unused _ml3mpl8_ 61
Unused _ml3mpl8_ 62
Unused _ml3mpl8_ 63
Unused _ml3mpl8_ 64
Unused _ml3mpl8_65
Unused _ml3mpl8_66
Unused_ml3mpl8_ 67
Unused ml3mpl8_ 68
Unused _ml3mpl8_ 69
Unused _ml3mpl8_70
Unused _ml3mpl8_71
Unused_ml3mpl8_ 72
Unused _ml3mpl8_73
Unused_ml3mpl8_74
Unused_ml3mpl8_75
Unused _ml3mpl8_76
Unused_ml3mpl8_ 77
Unused _ml3mpl8_78
Unused _ml3mpl8_79
Unused _ml3mpl8_80
Unused _ml3mpl8_ 81
Unused_ml3mpl8_ 82
Unused _ml3mpl8_ 83
Unused_ml3mpl8_84
Unused_ml3mpl8_85
Unused _ml3mpl8_86
Unused_ml3mpl8_ 87
Unused _ml3mpl8_88
Unused _ml3mpl8_89
Unused_ml3mpl8_ 90
Unused _ml3mpl8_ 91
Unused_ml3mpl8_ 92
Unused _ml3mpl8_ 93
Unused_ml3mpl8_ 94
Unused_ml3mpl8_95
Unused _ml3mpl8_ 96
Unused_ml3mpl8_ 97
Unused _ml3mpl8_ 98
Unused _ml3mpl8_ 99
Unused _ml3mpl8_100

AAATTAACCGTTGTAGCAATACTTCTTTTGAGATCCGACTACGC
CCGAGTAAAAGAGTCTGTCCATCACTTTTGAGATCCGACTACGC
GAAGTGTTTTTATAATCAGTGAGGCTTTTGAGATCCGACTACGC
GACAGGAACGGTACGCCAGAATCCTTTTTGAGATCCGACTACGC
AACAGGAGGCCGATTAAAGGGATTTTTTTGAGATCCGACTACGC
TCCTCGTTAGAATCAGAGCGGGAGCTTTTGAGATCCGACTACGC
GCTTTGACGAGCACGTATAACGTGCTTTTGAGATCCGACTACGC
CGCCGCTACAGGGCGCGTACTATGGTTTTGAGATCCGACTACGC
TAACCACCACACCCGCCGCGCTTAATTTTGAGATCCGACTACGC
TGGCAAGTGTAGCGGTCACGCTGCGTTTTGAGATCCGACTACGC
AAGCGAAAGGAGCGGGCGCTAGGGCTTTTGAGATCCGACTACGC
CGAACGTGGCGAGAAAGGAAGGGAATTTTGAGATCCGACTACGC
GATTTAGAGCTTGACGGGGAAAGCCTTTTGAGATCCGACTACGC
TAAATCGGAACCCTAAAGGGAGCCCTTTTGAGATCCGACTACGC
TTTTGGGGTCGAGGTGCCGTAAAGCTTTTGAGATCCGACTACGC
TACGTGAACCATCACCCAAATCAAGTTTTGAGATCCGACTACGC
AAACCGTCTATCAGGGCGATGGCCCTTTTGAGATCCGACTACGC
ACGTGGACTCCAACGTCAAAGGGCGTTTTGAGATCCGACTACGC
TTTGGAACAAGAGTCCACTATTAAATTTTGAGATCCGACTACGC
CCGAGATAGGGTTGAGTGTTGTTCCTTTTGAGATCCGACTACGC
AAATCCCTTATAAATCAAAAGAATATTTTGAGATCCGACTACGC
TGTTTGATGGTGGTTCCGAAATCGGTTTTGAGATCCGACTACGC
CTGGTTTGCCCCAGCAGGCGAAAATTTTTGAGATCCGACTACGC
TGAGAGAGTTGCAGCAAGCGGTCCATTTTGAGATCCGACTACGC
AGCTGATTGCCCTTCACCGCCTGGCTTTTGAGATCCGACTACGC
TTTCTTTTCACCAGTGAGACGGGCATTTTGAGATCCGACTACGC
GTTTGCGTATTGGGCGCCAGGGTGGTTTTGAGATCCGACTACGC
GAATCGGCCAACGCGCGGGGAGAGGTTTTGAGATCCGACTACGC
GAAACCTGTCGTGCCAGCTGCATTATTTTGAGATCCGACTACGC
TGCGCTCACTGCCCGCTTTCCAGTCTTTTGAGATCCGACTACGC
GAGTGAGCTAACTCACATTAATTGCTTTTGAGATCCGACTACGC
TAAAGTGTAAAGCCTGGGGTGCCTATTTTGAGATCCGACTACGC
TTCCACACAACATACGAGCCGGAAGTTTTGAGATCCGACTACGC
CTGTGTGAAATTGTTATCCGCTCACTTTTGAGATCCGACTACGC
ATTCGTAATCATGGTCATAGCTGTTTTTTGAGATCCGACTACGC
TAGAGGATCCCCGGGTACCGAGCTCTTTTGAGATCCGACTACGC
CAAGCTTGCATGCCTGCAGGTCGACTTTTGAGATCCGACTACGC
ACGACGTTGTAAAACGACGGCCAGTTTTTGAGATCCGACTACGC
TTGGGTAACGCCAGGGTTTTCCCAGTTTTGAGATCCGACTACGC
AGGGGGATGTGCTGCAAGGCGATTATTTTGAGATCCGACTACGC
CTCTTCGCTATTACGCCAGCTGGCGTTTTGAGATCCGACTACGC
CTGTTGGGAAGGGCGATCGGTGCGGTTTTGAGATCCGACTACGC
GCGCCATTCGCCATTCAGGCTGCGCTTTTGAGATCCGACTACGC
CGCTTCTGGTGCCGGAAACCAGGCATTTTGAGATCCGACTACGC
ATCGCACTCCAGCCAGCTTTCCGGCTTTTGAGATCCGACTACGC
GACGACGACAGTATCGGCCTCAGGATTTTGAGATCCGACTACGC
GTAACCGTGCATCTGCCAGTTTGAGTTTTGAGATCCGACTACGC
GGTCACGTTGGTGTAGATGGGCGCATTTTGAGATCCGACTACGC
AAACGGCGGATTGACCGTAATGGGATTTTGAGATCCGACTACGC
ACAACCCGTCGGATTCTCCGTGGGATTTTGAGATCCGACTACGC
TTCATCAACATTAAATGTGAGCGAGTTTTGAGATCCGACTACGC
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Supplementary Note S7: Biotin-BSA prevents DNA nanotube seed adsorption to
PCR tubes

In initial fluorescence microscopy images of labeled seeds on glass slides, a very low
density of seeds was observed (<10 in 87 um x 87 um field of view for 6 pul of 40 pM
seeds deposited on a 18mm x 18mm glass cover slip) as compared to what we should
expect based on our calculations (~3000 seeds in 87 um x 87 um field of view). We
hypothesized that few seeds were observed because the majority of the seed structures
were adsorbed to the walls of PCR tubes. Other studies suggest the use of BSA to prevent
sticking of cells or peptides to glass/lab plasticware."! To test whether BSA could reduce
nanotube seed absorption to PCR tubes, we annealed labeled seeds in the presence and
absence of BSA. Because it was what we had on hand at the laboratory, we used BSA
with conjugated biotin. We mixed labeled seeds and BSA—Biotin (A8549, Sigma
Aldrich) in two types of PCR tubes: standard V'WR flat top PCR tubes and MAXYMum
Recovery'™ PCR tubes that Axygen Scientific claimed to have low binding of DNA to
them. We found that the presence of BSA-Biotin prevents DNA absorption to the walls
of the VR flat top PCR tubes (Supplementary Figure S10). MAXYMum Recovery ™
PCR tubes did not show significant improvement as compared to V'WR flat top PCR tubes
in the absence of BSA- Biotin. We further examined DNA adsorption in the presence of
non-biotinylated BSA from various stocks (B4287 and A0281, Sigma Aldrich). These
BSA stocks did not reduce DNA adsorption to PCR tubes as compared to solutions
without any BSA or BSA-Biotin.

In the experiments described in this paper, we annealed our samples in the presence of
BSA- Biotin protein unless mentioned otherwise.
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VWR flat top VWR flat top MAXYMum RecoveryTM

PCR tubes PCR tubes flat top PCR tubes
All tubes have:
M13mp18 strand, staples,
labeling mixture in
1XTAE Mg++
no BSA 0.25 mg/ml BSA-Biotin no BSA

90°C to 20°C

‘ Annealed all PCR tubes from
and Imaged

Seeds that do not
adsorb to PCR tubes

| LA b '.. ," b
30 pm field of view

Added 0.25mg/ml BSA-Biotin
‘ in 1XTAE Mg++ to all tubes

Annealed all PCR tubes from
90°C to 20°C and Imaged

Seeds that were intially
adsorbed to PCR tubes
walls were recovered
with BSA-Biotin

30 pum field of view

Supplementary Figure S10: Addition of BSA-Biotin prevents the adsorption of seeds to
the walls of VR flat top PCR tubes.
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Supplementary Note S8: Finding the optimal temperature at which pre-annealed
seeds can be added to tiles

Nanotube nunchucks were grown by adding pre-assembled, purified nunchuck seed
structures to a mixture of nanotube tiles at 34°C, a temperature at which nanotubes are
stable, but nanotubes nucleate and grow without seeds relatively rarely at the tile
concentrations used here. The addition of seeds allows nanotubes to grow by providing a
template on which nanotubes can grow with a small nucleation barrier.

To maximize the yield of nunchucks, we performed a series of experiments in which we
varied when nunchuck seed structures were added to the tile mixture during the anneal.
For each temperature where the seeds were added, we measured the seed efficiency,
defined as the percentage of seeds from which nanotubes grow.

The tile annealing protocol was as follows:
90°C — 5 mins

90°C to 45°C - 1°C/min

45°C — 60 mins

45°C to 34°C - 0.1°C/min

Hold at 34°C for 15 hours

MRS

We added seeds at 60°C, 50°C, as soon as the sample reached 45°C (i.e. the beginning of
step 3), 40°C and 34°C and measured the seed efficiency for each assembly process
(Supplementary Figure S11).
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Supplementary Figure S11: Fluorescence microscopy images of seeded nanotubes when
pre-formed purified seeds were added to annealing tile mixture at different temperatures.
The highest percentage of pre-formed purified seeds having nanotubes is observed when
seeds were added to tile anneal at 40°C.
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Supplementary Note S9: Interference of SEs adapters with REs seeded nanotube
nucleation and vice versa due to adapter swapping.

Nanotube nunchucks were synthesized by adding pre-assembled, purified nunchuck seeds
to a mixture of nanotube tiles and excessive adapter strands. Additional adapter strands
were included with the mixture of tiles as we found their presence increased the yield of
homogeneous nanotube nunchucks. One reason that adapters could increase yields is that
excess adapters could bind to sites were adapter tiles fell off seeds during the purification
of nunchuck seed structures. During the synthesis of heterogeneous nanotube nunchucks,
excess adapters for both of the growth fronts were provided.

While the presence of additional adapters during the growth of homogeneous nunchucks
results in higher nanotube nunchuck yield, a similar addition of excess adapters during
heterogeneous nanotube nunchuck growth could result in poor nucleation yields from the
nunchuck seed structures because adapters for one type of nanotube nucleation site could
swap or bind to the adapter attachment site of the other type of nanotube. We called this
phenomenon adapter swapping.

SEs adapters Rearranged REs-SEs adapters

|
X REs adapters | /
e .““"-\
I

Imperfect heteronunchuck seed structure
with hybrid adapter site presentation
Supplementary Figure S12: Schematic illustrating the possibility of having imperfect
nucleation sites on a heterogeneous nunchuck seed due to rearrangement of the individual
REs or SEs adapters on the two seeds with the excess REs or SEs adapters in solution.

Ideal heteronunchuck seed structure

To test whether adapter swapping might decrease the nucleation rate of nanotubes from
seeds when more than one set of adapter strands is present, we grew REs (and SEs)
nanotubes in the absence and presence of a different set of adapters and compared yields
when multiple sets of adapters were present with yields when only one set of adapters
was present. In order to make these experiments directly relevant to understanding the
low yields presented by heterogeneous nunchuck seeds, the seeds were purified using
agarose gel in these experiments similar to our protocol for nunchuck seed structures
before being mixed with tiles and adapters for growth. The seed concentration used in
these adapter swapping experiments was 40 pM. Excess adapters were added to the
reaction mixture to a final concentration of 0.4 nM, following the general methods in
other nunchuck nanotube experiments. Micrographs were taken after 15 hours incubation
at 34°C.

For both REs and SEs seeds and nanotubes, nanotube yields increased when excess
adapters of the corresponding type of nanotube were mixed with tiles. Conversely,
growth yields from seeds decreased slighted when excess adapters of the opposite type of
nanotube were mixed with tiles (Supp. Fig. S13). However, changes in yield were small,
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and the adapter switching observed in these experiments does not account for the low
observed yields of heterogeneous nanotube nunchucks.

o
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Fraction of seeds that
nucleate nanotubes

o
N

excess REs + SEs adapters ——

excess REs + SEs adapters

No excess adapters
excess REs adapters
excess SEs adapters
No excess adapters
excess REs adapters
excess SEs adapters

REs nanotubes SEs nanotubes

Supplementary Figure S13: The fraction of seeds that nucleate nanotubes in the absence
of excess adapters, presence of excess REs adapters, presence of excess SEs adapters and
presence of both REs and SEs adapters for REs nanotubes and SEs nanotubes.
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Supplementary Note S10: Minimal crosstalk between REs and SEs tile nanotubes.

We synthesized heterogeneous nanotube nunchucks by growing both REs and SEs
nanotubes simultaneously. This involved incubating both types of nanotubes tiles
together with nunchuck seed structures. For reliable results, this assembly process
requires minimal crosstalk between the REs and SEs nanotubes.

To test for crosstalk between REs and SEs nanotube tiles, specifically whether such tiles
would interact by co-assembling, we characterized how these two types of tiles would
assemble into nanotubes in the absence of seeds. We mixed REs tiles labeled with
ATTOG647N dye and SEs tiles labeled with Cy3 dye in one mixture along with TAE Mg**
buffer. We then annealed the solution using the previously described annealing protocol
(Supp. Note S8) but cooled the solution to 20°C instead of 34°C to so that homogeneous
nucleation was rapid, allowing nanotubes to grow efficiently in the absence of seeds.

If REs and SEs tiles could co-assemble, we would expect to observe hybrid nanotubes
consisting of both REs and SEs tiles. However, fluorescence microscope images of the
co-annealed REs and SEs mixture showed no significant overlap of between ATTO647N
and Cy3 dye channels (Supp. Fig. S14).

Supplementary Figure S14: Fluorescence microscopy images of REs and SEs nanotubes
co-annealed in one pot. ATTO647N dye shown in red and Cy3 dye shown in green. Scale
bars: 5 um.
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Supplementary Note S11: Additional images of nunchuck nanotube seeds,
homogeneous nanotube nunchucks and heterogeneous nanotube nunchucks.

Supplementary Figure S15: (A) Sample AFM images of individual nunchuck nanotube
seeds Scale bars: 50 nm. (B) Typical wide field AFM images of nunchuck nanotube
seeds. Scale bars: 200 nm.
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Supplementary Figure S16: Sample AFM images of homogeneous nanotube nunchucks.

The samples were prepared according to the protocol described in Supplementary Note
S3.
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Supplementary Figure S17: Sample AFM images of heterogeneous nanotube nunchucks.
The samples were prepared according to the protocol described in Supplementary Note
S4.
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Supplementary Figure S18: Sample fluorescence microscopy images of homogeneous
nanotube nunchucks. The samples were prepared according to the protocol described in
Supplementary Note S3. Scale bars: 5 ym
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Supplementary Figure S19: Sample fluorescence microscopy images of heterogeneous
nanotube nunchucks. The samples were prepared according to the protocol described in
Supplementary Note S4. Scale bars: 2 ym
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Supplementary Note S12: Nanotube nucleation rates from yield measurements

Because nanotube nucleation is a stochastic process, it is possible for nunchuck seed
structures to nucleate both, only one, or neither of the two-nanotube types. To determine
the rate of nanotube nucleation on these constructs, fluorescence micrographs of both
homogeneous and heterogeneous nunchuck samples were taken at 10 randomly selected
locations.

Homogeneous nanotube nunchucks:

The observed proportions of homogeneous nunchucks were:

Species Fraction observed
2-arm 0.50 £ 0.05
1l-arm 0.45 +£0.05
0-arm 0.05+0.02

Taking T to be the probability for nanotube nucleation from one seed, the probability of
forming each of the structures is

2-arm-nunchuck: T-T
l-arm-nunchuck: 2-T-(1-T)
empty-nunchuck: (1-T)-(1-T)

Setting these probabilities equal to the observed proportions and solving the resulting
three simultaneous equations gives a best fit of T=0.70+ 0.03. Although this fit is close to
our direct measurement of T = 0.78 + 0.02, there is a small but significant difference
between the two values.

Two possible explanations for this discrepancy are 1) nucleation from seeds in nunchuck
form occurred at a lower rate than nucleation from seed monomers, and 2) some seeds in
the nunchuck mixture were in monomeric rather than dimeric form, which could arise
due to either incomplete purification or spontaneous dissociation. To explore this second
possibility, we assume the rate of nucleation from the nunchucks is the same as from
monomeric seeds and define P as the proportion of seeds in the monomeric state. Then,
the probability of forming each of the structures is

2-arm-nunchuck: T-T-(1-P)
l-arm-nunchuck: 2-T-(1-T)-(1-P)
empty-nunchuck: (1-T)-(1-T)-(1-P)
l-arm-monomer: T-P
empty-monomer: (1-T)-P

Because nunchuck seeds and monomer seeds are not distinguishable in the fluorescence
images, the expected probability of the three observable structures is
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2-armed nunchuck: T-T-(1-P)
seeded nanotube: [2-T:(1-T) - (1-P) + T-P]
empty seed: [(1-T)-(1-T)-(1-P) + (1-T)-P]

Setting these probabilities equal to the observed proportions and solving the resulting
three simultaneous equations for the two unknowns yields T=0.89 and P=0.36. These are
not likely to be the correct values because (i) they are not consistent with our direct
measurement of T =0.78 £ 0.02, and (ii) the analysis performed fails to account for
uncertainties in the observed proportions.

To include these constraints in the analysis, we instead solve for P as a function of T and
the observed proportions:

P = (1 — Nog/T?)
P = (Nigm + 2T(T-1))/ (T + 2T(T-1))
P = (Nempty — 1 + 2T = T2/ (T - T?)

Supplementary Figure S20 plots the three functions above with their 68% confidence
intervals. From the overlap of the confidence intervals for the three different functions
P(T) with each other and with the that of T, we find P = 0.16 + 0.02.
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Figure S20: Possible values of P and T allowed by the observed proportions of
seeds with two arms (green), one arm (red) and no arms (blue). Shaded regions
indicate 68% confidence intervals. Given the probability of nanotubes nucleating
from single seeds, T = 0.78 + 0.02, which was observed independently under
similar conditions (yellow, vertical), we find the 68% confidence interval for P =
0.16 = 0.02 (yellow, horizontal).
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Heterogeneous nanotube nunchucks:
Heterogeneous nanotube nunchucks consist of two different types of nanotube arms (REs
and SEs), one on each seed of the nunchuck seed structure.

The observed fractions of seeded species in the synthesis of heterogeneous nunchucks
were:

Species Fraction observed
RS-nunchuck 0.30+£0.03
RR-nunchuck 0.025 £ 0.007
SS-nunchuck 0.015 £ 0.005
Seeded R nanotubes 0.28 £ 0.03
Seeded S nanotubes 0.29+£0.03
empty seeds 0.09+£0.01

Taking R to be the probability for REs nanotube nucleation on an R-type seed, S to be the
probability for SEs nanotube nucleation on an S-type seed, the probability of forming
each of the structures is

2-arm-nunchuck: R-S
one REs-arm-nunchuck: R-(1-S)
one SEs-arm-nunchuck: (1-R)- S
empty-nunchuck: (1-R)-(1-S)

Setting these probabilities equal to the observed proportions and solving the resulting
four simultaneous equations gives R = 0.61 = 0.03 and S = 0.62 + 0.03. These values are
in good agreement with direct measurements of nucleation yields when nunchuck seeds
are exposed to only a single tile-type: R =0.67 £ 0.06 and S = 0.60 + 0.05. However,
these yields are much lower than those observed on monomeric seeds: R =0.87 + 0.03
and S = 0.90 £ 0.02. The presence of a small number of homogeneous nunchucks in the
heterogeneous preparation indicates that adapter strands on the two facets of the
nunchucks are in dynamic equilibrium with adapter strands in solution. We therefore
attribute the reduced yield of nucleation in the presence of heterogeneous nunchucks at
least in part to the exchange of adapter strands, as discussed in the main text.
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