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1. Designs and sequences of DNA monomers and DNA origami termini

1.1 RE and SE nanotube monomer designs and sequences
1

4 <GCTTCTI"\CI"\ GGTCAGCC AGATGCC TTTACA GGTTATGC 2

RE

3

> >
CAGA CGAAGATGT CCAGTCGG' cy3TCTACGG AAATGT CCAATACG GCAT
ACAGAATA CTAACTA AGACGG

ACACTTCC TGGT

_CGTA AGGTGATGG,
-

4 <CTCM!.!\GCJ& GGTTGCGA GGTCTTG CCGACA  GGTGACIC 2

SE

ACCA GAGTTTCG'I)(CCAACGCT' cy3CCAGAAC GGCTGT) CCACTGAG AGGT

3
TCCA TGCTACTGG, ACGAAGCC AATGACA AATCGG/ \ ACGAGATG GTCT
|

Table S1: Monomer strandsequencesAll strandswvere orderedfrom Integrated DNA Technologies, Inc (ICSt)ands 1, 2, 4,
and 5were orderedPAGHBurified and strand 3 was ordered HPLC purifiglhdifications marked with / / are labghs defined

by IDT.

Strand name Sequence

RE- 1 CGTATTGGACATTTCCGTAGACCGACTGGACATCTTCG

RE - 2 TGGTCCTTCACACCAATACGGCAT

RE - 3 /5Cy3/ TCTACGGAAATGTGGCAGAATCAATCATAAGACACCAGTCGG
RE - 4 CAGACGAAGATGTGGTAGTGGAATGC

RE- 5 TCCACTACCTGTCTTATGATTGATTCTGCCTGTGAAGG

SE- 1 CTCAGTGGACAGCCGTTCTGGAGCGTTGGACGAAACTC

SE - 2 TCTGGTAGAGCACCACTGAGAGGT

SE - 3 /5Cy3/ CCAGAACGGCTGTGGCTAAACAGTAACCGAAGCACCAACGCT
SE - 4 ACCAGAGTTTCGTGGTCATCGTACCT

SE - 5 ACGATGACCTGCTTCGGTTACTGTTTAGCCTGCTCTAC




1.2 Design of DNA origami termini

The design of the DNA origataimini wasadopted from previous studi€'s Each terminugs composed
of a scaffold strand (M13mp18 DNA (7,240 bases) purchased from New England Bldistag)le
strands, 18 adapter strands, and 2 activation strafstinds on the adapters thatresentthe
monomersticky end sequences3taples that link the top and bottom of thews of theterminusin the
diagram below arshown in coloia darker shadéhan the other staplesor clarity. The staple strand
sequencesre the same as those used in a previously Wankd include hairpin domains (not depicted
in the diagram below) that faoutward after cyclizationand were added to contrghe direction of
cyclization so that théirection of curvaturevould match that of the nanotube$The A and B termini
are foldedfrom different domainsof the M13 DNA scaffold as shown below. To prepare Aiteythe A
staples and A adaptestrandswere mixed with M13 scaffold strand and annealethjle to preparethe
Btermini, Bstaples and B adaptetandswere mixed with the M13 scaffold strand and annealed. Excess
staples and adapters were removed aftemealing via filtration, preventing creassembly lethods).

The origamitermini were fluorescently labeleds describegreviously® Briefly, theportion of M13DNA
that was not used for folding either of the termiwasused as binding gsfor one hundred unique

DNA strands (labeling strands). Each labeling stietamplementary to ainique 25base regiorof the
unf ol ded M13 adtheadommoBbl5b &anal saeqiu dirac e abhse sefjuences ’
at the 3' end of each |l abeling strand served
fluorescent tag 488orhato&7 idthis studyd Thé labelindhseamdda t t o
fluorescent strandequenceare the same for both A and B termini
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1.3 Sequences of A termini

A termini
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Table S2: Sequences of A termini staplé&hese strands were uséd assembleall of the Atermini. All staplestrandswere
ordered unpurified fromiDT. Numbers beside strand names correspond to the nuralidentifying individuastaples in the
diagram above. Aim previous nanotubaseed designshairpins (highlighted in red) were incorporatiedo the staples to induce
a directional preference for cyclizatién

Strand Name Sequence

(2) T5R2E_HP 56 ACAAACAACRGCCEATITGCGTCGTGMCGGAACCTGAGA
2 TSR4E_HP 56 TCGGCATTCCQGXTECUTGCAGCGAETCATTGATGATAT
3 TSR6E_HP 56 ATTGAGGGASTEARTRAITGTGCTCCGUGACAGACGTTTT
4 T5R8E_HP 56 GAAGGAAA/CKTAGZCGAIWTCGCTAGGAMITCATATTTCAAC
(5) T5R10E_HP 56 CTTTACAGTCETICETMGATUTCACGAGCCGTGAAGCCCAGTTAC
(6) T5R12E_ CYC HP |56 CCTCAAGATCGUIGAGCTITITGCTCCACCNAATAAGATAGCA
@) T5R2F_HP 5 6 AATGCCCCATAAATCCTCGGACTTTTGTCCGAGTTATTAAAAGAACCARB 6

(8) TS5R4F_HP 5 6 CACCAGAGTTCGGT&BCGAGCGTTTTCGCTCGGAXCCCCCTCGATARCO

9 T5R6F_HP 5 6 AGCACCGTAGGGAAGGGAGGCTTTTGCCTCCGRAAATATTTTATTTTGS3 6
(10) T5R8F_HP 5 6 TCACAATCCCGAGGARGGTGGCTTTTGCCACCABTCGCAATAATGAAATA 6
(11) T5R10F_HP 5 6 GCAATAGCAGAGAATBGCAGGCTTTTGCCTGCCGAIATAAAAACAGCCAT 6
(12) T5R12F_CYC_HP 5 6 ATTATTTAGAAGGATICCATCGCTTTTGCGATGGAGGATTAGAAACAGTT 6
(13) T3R2E_HP 5 6 GGAAAGCGGTAACATIGGCAGCTTTTGCTGCCAGTTCCGTATCGGGGTBTO
(14) T3R4E_HP 5 6 GTTTGCCACCTCAGAGCAGGCGTTTTCGCCTGBITGCCACCGCCAGAARTO
(15) T3R6E_HP 5 6 TTATTCATGTCACCA?*CTCGCTGIMTCAGCGAGCTGAAACCATTATTAGES 6
(16) T3R8E_HP 5 6 ATACCCAAACACCACGTACCGCTTTTGCGGTAGGAARTAAGTGACGGAAADL
(17) T3R10E_HP 5 6 GCGCATTAATAAGAGUGGACGCTTTTGCGTCCABAGAAACAATAACGGA O
(18) T3R12E_CYC HP | 5 6 TGCTCAGTGCCAGTEGATGGTCGTTTTCGACCACCAAAATAAACAGGGARAD
(19) T3R2F_HP 5 6 TGCCTTGACAGTCTGTCGGTGCTTTTGCACCGAGAARTTTACCCCTCAG?2 6

(20) T3R4F_HP 5 6 GCCACCACTCTTTTCAGTCGGCTTTTGCCGACCTAATCAAATAGCAAGS 0
(21) T3R6F_HP 5 6 CCGGAAACTAAAGGIBCCTGGCTTTTGCCAGGTAATTATCATAAAAGAR 6
(22) T3R8F_HP 5 6 ACGCAAAGAAGAACTGEGCTCGTTTTCGAGCCGBTATGATTTGAGTTAA 6
(23) T3R10F_HP 5 6 GCCCAATAGACGGEAEGAGGCGTTTTCGCCTGTAATTAACTTTCCAGAG 6
(24) T3R12F_CYC_HP | 5 6 CCTAATTTACCAGGTGGGAGCGTTTTCGCTCCGBATAAGTGGGGGTCAR®




Al terminus adapters 1
GGAGAATT ATGAAAGT CGAGACAG AGCGATG GACGCA GAACCGAC 2
M13 DNA « — N
S]_ CCTCTTAA TACTTTCA GCTCTGTC' TCGCTAC 3 CTGCGT CTTGGCTG GCAT' RE
GATAATAA GACTTTGT CACCTGGA GTGGTAG GCTGCT GTGCTCGT TGGT 2
r &
£
>
CTATTATT CTGAAACA GTGGACCTSCACCATC CGACGA CACGAGCA '??b?)
TCCGGTTA GCAGACTG ACCGATGG CAGGATG CGAAGC TGAGGCAC
- . .
2 AGGCCRAT CGTCTGAC TGGCTACCV GTCCTAC GCTTCG ACTCCGTG AGGT' S
AS E
GTCCTCCA ACTCCGTC GTCAGGTC GTAGTGG TTCCAG CGAGCCGT GTCT ®
r 2
» G
CAGGAGGT TGAGGCAG CAGTCCAG CATCACC AAGGTC GCTCGGCA W
x4
GCGATGTC AGACTGCG GAGGTTGC GTTCTGG TACGGC GAACCGAC
* I >
AS3 CGCTACAG TCTGACGC CTCCAACG CAAGACC ATGCCG CTTGGCTG GCAT
RE
TAGTTCAA ACGGAAAT GTGGCTTT CGCTCCT ACTCCA GTGCTCGT TGGT 2
r C,
>
2,
ATCAAGTT TGCCTTTA CACCGAAA GCGAGGA TGAGGT CACGAGCA '57@@
Cid
ACAGCGGG AAAACAGA CCTCTAGC CAGTGAC GGCATC TGAGGCAC
B
- > >
AS4 TGTCGCCC TTTITGTCT GGAGATCG GTCACTG CCGTAG ACTCCGTG AGGT
SE
CCAAATGG TCGCGGTT CGACACCA ACACGGA GCACTC CGAGCCGT GTCT &
> 2
L (o)
GGTTTACC AGCGCCAA GCTGTGGT TGTGCCT CGTGAG GCTCGGCA (\?’O
x4
AACAAGCC GATAGACG CTTCACGC TCAGGAC ACCTTG GAACCGAC
&
b . .
TTGTTCGG CTATCTGC GAAGTGCG' AGTCCTG TGGAAC CTTGGCTG GCAT'
AS5 RE
AAARAATTC TTTTCATT GCGAGCTA CCGCAGA GCACCA GTGCTCGT TGGT 2
> &
» 2,
TTTTTAAG AAAAGTAA CGCTCGAT GGCGTCT CGTGGT CACGAGCA ‘9‘%@3
AARAGTAAA AACTGCAA GGACAGAC TGAGCAT CGGAAC TGAGGCAC
&
B . .
TTTCATTT TTGACGTT CCTGTCTG' ACTCGTA GCCTTG ACTCCGTG RGGT'
AS6 SE
TTTGCTAA AAAACAAA GCTCGTCA CCACTCA CGCCAG CGAGCCGT GTCT o
> 2
» Q.
AAACGATT TTTTGTTT CGAGCAGT GGTGAGT GCGGTC GCTCGGCA OQO
x4

Table S3: A1DNA origami terminus adapter stranddl strandswvere ordered unpurified fromDT.

Strand Name Sequence

Al AS1 RE 1 5 6 CAGCCAAGACGCAGGTAGCGAGACAGAGCTGAAAGTATTBRAGGAGG
Al_AS1_RE_3 56 TCGCTACCTGCGTTCGTCGGATGGTGAGGTCC
Al AS1 RE 5 5 6 CTATTATTCTGAAACAGTGGACCTCACCATCCGACGACACGAGCA

Al AS2 SE_1 56 CACGGAGTCGAAGCGTAGGACGGTAGCCAGTC
Al AS2 SE 3 56 GTCCTACGCTTCGGACCTTGGTGATGCTGGAC
Al AS2_SE 5 56 CAGGAGGTTGAGGCAGCAGTCCAGCATCACCA
Al AS3 RE 1 56CAGCCAAGCGGCATGGTCTTGCGTTGGAGGCGT
Al AS3 RE_3 56 CAAGACCATGCCGACCTCATCCTCGCTTTCGG
Al AS3 RE 5 56 ATCAAGTTTGCCTTTACACCGAAAGCGAGGAT
Al AS4 SE_1 56 CACGGAGTCTACGGCAGTGACCGATCTCCAGA
Al AS4 SE 3 56 GTCACTGCCGTAGCTCACGAGGCACAACCACA
Al AS4 SE 5 56 GGTTTACCAGCGCCAAGCTGTGGTTGTGCCTC
Al AS5 RE 1 56 CAGCCAAGGTTCCACAGGACTCGCACTTCGCA
Al AS5 RE_3 56 AGTCCTGTGGAACACCACGAGACGCCATCGAG
Al AS5 RE 5 56TTTTTAAGAAAAGTAACGCTCGATGGCGTCTCG
Al AS6_SE 1 56 CACGGAGTCAAGGCTACGAGTCAGACAGGAAC
Al AS6 SE_3 56 ACTCGTAGCCTTGGACCGCACTCACCACTGCT
Al_AS6 SE 5 56 AAACGATTTTTTGTTTCGAGCAGTGGTGAGTG
Activation strands

Al _AS135 RE_2 56 TGTATCTTGGTTGCTCGTGCTTGGCTGGCAT
Al AS246 SE 2 56 ACTCGTGTCTGTGCCGAGCACTCCGTGAGGT
Inactivation strands

Al AS135 RE inact 5 6 ATGCCAGCCAAGCACGAGCAACCAAGATBATA

Al AS246_SE_inact 5 6 ACCTCACGGAGTGCTCGGCACAGACACGAGT

6




A2 terminus adapters 1

ACCGAGAC 2

M13 DNA GGAGAATT ATGAAAGT CGAGACAG AGCGATG  GACGCA
CCTCTTAR TACTTTCA\ / GCTCTGTC TCGCTAC _ CTGCGT TGGCTCTG GCAT RE

AS1 GATAATAA GACTTTGT) CACCTGGA GTGGTAG  GCTGCT CGCCTGCT TGGT N

CTATTATT CTGAAACA GTGGACCT CACCATC CGACGA GCGGACGA %%
_TCCGGTTA GCAGACTG  ACCGATGG CAGGATG  CGRAGC GGAAGCGT

. = .

AGGCCAAT CGTCTGAC)( TGGCTACC GTCCTAC GCTTCG)( CCTTCGCA AGGT SE

ASZ GTCCTCCA ACTCCGTC GTCAGGTC GTAGTGG TTCCAG AGCGTCCT‘ GTCT o,

CAGGAGGT TGAGGCAG  CAGTCCAG CATCACC  AAGGTC TCGCAGGA %@
GCGATGTC AGACTGCG  GAGGTTGC GTTCTGG  TACGGC ACCGAGAC
CGCTACAG TCTGACGC CTCCAACG CAAGACC  ATGCCG TGGCTCTG GCAT

AS3 TAGTTCAA ACGGAAAT) GTGGCTTT CGCTCCT  ACTCCA CGCCTGCT TGGT O RE

ATCAAGTT TGCCTTTA CACCGAAA GCGAGGA TGAGGT GCGGACGA %Oc\
_ACAGCGGG ARAACAGR  CCTCTAGC CAGTGAC  GGCATC GGAAGCGT
TGTCGCCC TTTTGTCT GG}\GATCG; GTCACTG  CCGTAG CCTTCGCA AGGT:

. CCAAATGG TCGCGGTT)(CGACACCA ACACGGA GCACTC)( AGCGTCCTL GTCT o, SE
GGTTTACC AGCGCCAA GCTGTGGT TGTGCCT CGTGAG TCGCAGGA' %QO
AACAAGCC GATAGACG CTTCACGC TCAGGAC  ACCTTG ACCGAGAC
TTGTTCGG CTATCTGC GAAGTGCG AGTCCTG TGGAAC TGGCTCTG GCAT

ASS AAAAATTC TTTTCATT) GCGAGCTA CCGCAGA GCACCA CGCCTGCT TGGT 0‘2 RE
TTTTTAAG AAAAGTAAR CGCTCGAT GGCGTCT  CGTGGT GCGGACGA %@

‘AAAGTAAA AACTGCAA GGACAGAC TGAGCAT CGGAAC GGAAGCGT
A TTTCATTT TTcmccrrr)(m;b ACTCOTA  GooTo ) [ COTTCGCA AGST
S6 TTTGCTAA AARACAAA /\ GCTCGTCA CCACTCA  CGCCAG ( AGCGTCCIL GTCT o SE
AAACGATT TTTTGTTT CGAGCAGT GGTGAGT GCGGTC TCGCAGGA’ %{x

Table S4: A2 DNA origami terminus adapter stranéd of the _3 strandbave the same sequenceas thecorresponding
strandsof the Al terminusAll strandswvere ordered unpurified fromDT.

Strand Name Sequence

A2_AS1_RE_1 506CAGAGCCAACGCAGGTAGCGAGACAGAGCTGAAAG
A2_AS1_RE_3 50 TCGCTACCTGCGTTCGTCGGATGGTGAGGTCCAC(
A2_AS1_RE_5 56 CTATTATTCTGAAACAGTGGACCTCACCATCCGA
A2_AS2 SE_1 50 TGCGAAGGCGAAGCGTAGGACGGTAGCCAGTCAG(Q
A2_AS2 SE_3 50GTCCTACGCTTCGGACCTTGGTGATGCTGGACTGT
A2_AS2 SE_5 50 CAGGAGGTTGAGGCAGCAGTCCAGCATCACCAACQ
A2_AS3 RE_1 506 CAGAGCCACGGCATGGTCTTGCGTTGGAGGCGTZ(
A2_AS3 RE_3 560 CAAGACCATGCCGACCTCATCCTCGCTTTCGGTZ(
A2_AS3 RE_5 56ATCAAGTTTGCCTTTACACCGAAAGCGAGGATGAG
A2_AS4 SE_1 50 TGCGAAGGCTACGGCAGTGACCGATCTCCAGACA
A2_AS4 SE_3 560 GTCACTGCCGTAGCTCACGAGGCACAACCACAG(C
A2_AS4 _SE_5 506 GGTTTACCAGCGCCAAGCTGTGGTTGTGCCTCGT,
A2_AS5 RE_1 56CAGAGCCAGTTCCACAGGACTCGCACTTCGCAGAT
A2_AS5 RE_3 56 AGTCCTGTGGAACACCACGAGACGCCATCGAGCQ(H
A2_AS5_RE_5 56 TTTTTAAGAAAAGTAACGCTCGATGGCGTCTCGT
A2_AS6_SE_1 506 TGCGAAGGCAAGGCTACGAGTCAGACAGGAACGT
A2_AS6_SE_3 56 ACTCGTAGCCTTGGACCGCACTCACCACTGCTCG
A2_AS6_SE_5 56 AAACGATTTTTTGTTTCGAGCAGTGGTGAGTGCA(

Activation strands

A2_AS135_RE_2
A2_AS246_SE_2

(6216

Ina ctivation

strands

A2_AS135_RE _inact
A2 _AS246_SE_inact

(&)

0 CGTTATCTGGTTCGTCCGCTGGCTCTGGLCAT
0 CGTTATCTCTGTCCTGOBATTCGCAGGT 3 6

0 ATGCCAGAGCCAGCGGACGAACCAGATBACG
0 ACCTTGCGAAGGTCGCAGGACAGAGATAALG

7



A3 terminus adapters 1

GGAGAATT ATGAAAGT

CGAGACAG AGCGATG GACGCA GAATAGAA 2

M13 DNA < — _
CCTCTTAA TACTTTCA GCTCTGTC TCGCTAC 3 CTGCGT CTTATCTT GCAT
AS1 RE
GATAATAA GACTTTGT/ \ CACCTGGA GTGGTAG  GCTGCT TATGTGCC _TGGT
> Q,
= 2,
CTATTATT CTGAAACA  GTGGACCT _CACCATC  CGACGA ATACACGG %@»
TCCGGTTA GCAGACTG  ACCGATGG CAGGATG  CGAAGC GAAATCCA
- S >
5 AGGCCAAT CGTCTGAC\ [ TGGCTACC GTCCTAC  GCTTCG CTTTAGGT AGGT SE
GTCCTCCA ACTCCGTC/ \ GTCAGGTC GTAGTGG TTCCAG GTTTACTT GTCT
r "
3
fo)
CAGGAGGT TGAGGCAG CAGTCCAG CATCACC  AAGGTC CARATGAA 02»0
dg
GCGATGTC AGACTGCG GAGGTTGC GTTCTGG  TACGGC GAATAGAA
= »
AS3 CGCTACAG TCTGACGC CTCCAACG CAAGACC  ATGCCG CTTATCTT GCAT
RE
TAGTTCAA ACGGAAAT/ \ GTGGCTTT CGCTCCT ACTCCA TATGTGCC TGGT
= O,
> 2,
ATCAAGTT TGCCTTTA  CACCGAAA GCGAGGA  TGAGGT ATACACGG '921%
ACAGCGGG AAAACAGA  CCTCTAGC CAGTGAC  GGCATC GAAATCCA
<
- - -
TGTCGCCC TTTTGTCT GGAGATCG GTCACTG CCGTAG CTTTAGGT AGGT
AS4 SE
CCAAATGG TCGCGGTT / \ CGACACCA ACACGGA  GCACTC GTTTACTT GTCT
>
2
GGTTTACC AGCGCCAA  GCTGTGGT TGIGCCT CGTGAG CAAATGAA QQ%O
¢
AACAAGCC GATAGACG CTTCACGC TCAGGAC  ACCTTG GAATAGAA
<
il .
TTGTTCGG CTATCTGC\ /GAAGTGCG AGTCCTG TGGAAC CTTATCTT GCAT
ASS5 RE
AAAAATTC TTTTCATT /\ GCGAGCTA CCGCAGA  GCACCA TATGTGCC TGGT ,,
> ,
= 2
TTTTTAAG AAAAGTAA  CGCTCGAT GGCGTCT  CGTGGT ATACACGG &"’o
e
AAAGTAAA AACTGCAA  GGACAGAC TGAGCAT  CGGAAC GARATCCA
<
- 3 =
TTTCATTT TTGACGTT CCTGTCTG ACTCGTA GCCTTG CTTTAGGT AGGT
AS6 SE
TTTGCTAA ARAACAAA /\ GCTCGTCA CCACTCA CGCCAG GTTTACTT GTCT
r 3
AAACGATT TTTTGTTT CGAGCAGT GGTGAGT GCGGTC CAAATGAA &
<§

Table S5: A3 DNA origami terminus adapter strand$e activation strands for this terminus were designed to have no
predicted secondary structuré&@pportingSections). All of the _3strandshave the same sequences as the corresponding
strandsof the A1 and A2 terminiTwo sets ofactivationstrands were orderedone set that werainpurified andanother set

that were PAGE purified from IDT.

Ather strandswere ordered unpurified fromDT.

Strand Name

Sequence

A3_ASI_RE_1
A3_AS1 _RE_.
A3_AS1 R
A3 _AS2_S
A3_AS2_S
A3 _AS2_S
A3_AS3 R
A3_AS3 R
A3_AS3 R
A3 _AS4 S
A3_AS4_S
A3 _AS4 S
A3_AS5_R
A3_AS5 R
A3_AS5_R
A3_AS6_SE_1
A3_AS6_SE_3
A3 _AS6_SE 5

3
5
1
3
5
1
3
5
1
3
5
1
3
5

mrnmrnrnrnrnrnmrnmrnm

Activation strands

A3_AS135_RE_2
A3 AS246_SE_2

5 6 AAGATAAGACGCAGGTAGCGAGACAGAGCTGAAAGTATTRAGAGG
58TCGCTACCTGCGTTCGTCGGATGGTGAGGTCCACG
5 6 CTATTATTCTGAAACAGTGGACCTCACCATCCGACGAATAGALGG

5 6 ACCTAAAGCGAAGCGTAGGACGGTAGCCAGTCAGACGATBGEGCCT

506 GTCCTACGCTTCGGACCTTGGTGATGCTGGACTA(
5 6 CAGGAGGTTGAGGCAGCAGTCCAGCATCACCAAGGTCCABATGAA

5 6 AAGATAAGCGGCATGGTCTTGCGTTGGAGGCGTCAGACTGTAGCG

56 CAAGACCATGCCGACCTCATCCTCGCTTTCGGTG(
5 6 ATCAAGTTTGCCTTTACACCGAAAGCGAGGATGAGGTATABACGG

5 6 ACCTAAAGCTACGGCAGTGACCGATCTCCAGACAAAAGGBGIGACA

56 GTCACTGCCGTAGCTCACGAGGCACAACCACAG(C
5 6 GGTTTACCAGCGCCAAGCTGTGGTTGTGCCTCGTGAGCARATGAA

5 6 AAGATAAGGTTCCACAGGACTCGCACTTCGCAGATAGCCGAACAA

56 AGTCCTGTGGAACACCACGAGACGCCATCGAGCQ(G
5 6 TTTTTAAGAAAAGTAACGCTCGATGGCGTCTCGTGGTATAGAL GG

5 6 ACCTAAAGCAAGGCTACGAGTCAGACAGGAACGTCAAAARTGAAA

56 ACTCGTAGCCTTGGACCGCACTCACCACTGCTCQ(G
586 AAACGATTTTTTGTTTCGAGCAGTGGTGAGTGCGGTCCAAATGAA

5 6TGTATCTTGGTCCGTGTATCTTATCTTGGAD
5 6ACTCGTGTCTGTTCATTTGCTTTAGGTAGEY

8



1

GGAGAATT ATGAAAGT CGAGACAG AGCGATG GACGCA caAccGac 2
M13 DNA < — _
CCTCTTAA TACTTTCA GCTCTGTC TCGCTAC _ CTGCGT CTTGGCTG GCAT
AS1 3 RE1
GATAATAA GACTTTGT/ \CACCTGGA GTGGTAG GCTGCT GTGCTCGT TGGT
+
CTATTATT CTGAAACA  GTGGACCT _ CACCATC CGACGA CACGAGCA
TCCGGTTA GCAGACTG  ACCGATGG CAGGATG  CGAAGC TGAGGCAC
<
> >
52 AGGCCAAT CGTCTGAC TGGCTACCV GTCCTAC GCTTCG ACTCCGTG AGGT'

A SE1
GTCCTCCA ACTCCGTC/ \GTCAGGTC GTAGTGG TTCCAG CGAGCCGT GTCT
CAGGAGGT TGAGGCAG CAGTCCAG CATCACC AAGGTC GCTCGGCA
GCGATGTC AGACTGCG  GAGGTTGC GTTCTGG  TACGGC ACCGAGAC
<
< > >
CGCTACAG TCTGACGC CTCCAACG CAAGACC  ATGCCG TGGCTCTG GCAT

AS3 RE2
TAGTTCAA ACGGAAAT / \ GTGGCTTT CGCTCCT ACTCCA CGCCTGCT TGGT

>
+
ATCAAGTT TGCCTTTA  CACCGAAA GCGAGGA  TGAGGT GCGGACGA
ACAGCGGG AAMAACAGA CCTCTAGC CAGTGAC GGCATC TGCGAAGG
<
il - .
AS4 TGTCGCCC TTTTGICT GGAGATCG GTCACTG CCGTAG ACGCTTCC AGGT
SE2
CCAAATGG TCGCGGTT CGACACCA ACACGGA GCACTC AGCGTCCT GTCT
r~
>
GGTTTACC AGCGCCAA  GCTGTGGT TGTGCCT CGTGAG TCGCAGGA
AACAAGCC GATAGACG  CTTCACGC TCAGGAC  ACCTTG CTGCCAAC
<
> >
TTGTTCGG CTATCTGC [,‘AA[,'TG(::_;' AGTCCTG TGGAAC GACGGTTG GCAT
AS5S RE3
AAAAATTC TTTTCATT/\ GCGAGCTA CCGCAGA  GCACCA TTCGGACT TGGT
>
TTTTTAAG AAAAGTAA CGCTCGAT GGCGTCT CGTGGT AAGCCTGA
AAAGTAAA AACTGCARA GGACAGAC TGAGCAT CGGAAC GCTGCGAC

> >

S6 TTTCATTT TTGACGTT CCTGTCTG’ ACTCGTA GCCTTG CGACGCTG AGGT

A SE3
TTTGCTAA AAAACAAA GCTCGTCA CCACTCA CGCCAG TAGGCACG GTCT
AAACGATT TTTTGTTT CGAGCAGT GGTGAGT GCGGTC ATCCGTGC

Table S6: AO DNA origami terminus adapter stranédl strands were ordered unpurified frofDT.

Strand Name Sequence

AO_AS1_RE_1 50 CAGCCAAGACGCAGGTAGCGAGACAGAGCTGA
AO_AS1_RE_3 56 TCGCTACCTGCGTTCGTCGGATGGTGAGGTCC
AO_AS1_RE_5 50CTATTATTCTGAAACAGTGGACCTCACCATCCG
AO0_AS2_SE_1 56 CACGGAGTCGAAGCGTAGGACGGTAGCCAGTC
AO_AS2_SE_3 50 GTCCTACGCTTCGGACCTTGGTGATGCTGGAC
AO0_AS2_SE_5 56 CAGGAGGTTGAGGCAGCAGTCCAGCATCACCA
AO_AS3_RE_1 5 8 CAGAGCCACGGCATGGTCTTGCGTTGGAGGCGTCAGACT&BAGCG
AO_AS3 RE_3 56 CAAGACCATGCCGACCTCATCCTCGCTTTCGG
AO_AS3_RE_5 5 0 ATCAAGTTTGCCTTTACACCGAAAGCGAGGATGAGGTGCGGACGA
AO_AS4 SE_1 5 0 GGAAGCGTCTACGGCAGTGACCGATCTCCAGACAAAAGGBOBGACA
AO0_AS4 _SE_3 56 GTCACTGCCGTAGCTCACGAGGCACAACCACA
AO_AS4_SE_5 5 8 GGTTTACCAGCGCCAAGCTGTGGTTGTGCCTCGTGAGTCBTAGGA
AO_AS5 RE_1 5 6 CAACCGTCGTTCCACAGGACTCGCACTTCGCAGATAGCCGBAACAA
AO_AS5_RE_3 50 AGTCCTGTGGAACACCACGAGACGCCATCGAG
AO_AS5 RE_5 5 6 TTTTTAAGAAAAGTAACGCTCGATGGCGTCTCGTGGTAAGBG@IGA
AO_AS6_SE_1 5 6 CAGCGTCGCAAGGCTACGAGTCAGACAGGAACGTCAAAABRTESAAA
AO0_AS6_SE_3 56 ACTCGTAGCCTTGGACCGCACTCACCACTGCT
AO0_AS6_SE_5 5 80 AAACGATTTTTTGTTTCGAGCAGTGGTGAGTGCGGTCATCB®@IGC
Activation strands

AO_AS1_REL_2 5 0 TGGTTGCTCGTGCTTGGCTGGGBAT

AO0_AS2 SE1_2 5 6 TCTGTGCCGAGCACTCCGTGAGGI

AO0_AS3 RE2_2 5 8 TGGTTCGTCCGCTGGCTCTGGGAT

AO0_AS4 SE2_2 5 6 TCTGTCCTGCGAACGCTTCCAGGT

AO0_AS5_RE3_2 5 8 TGGTTCAGGCTTGACGGTTGGGAT

AO0_AS6 _SE3_2 5 6 TCTGGCACGGATCGACGCTGAGGT
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1.4 Sequences of B termini

LN N

Labeling strand —r Fluorescent strand

B termini
[r = = = e e e = e e e e e e em e e e e S mm e e m S S m e S m e e e e e e e e e e e e e e e e e e e e e e -
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1 { ]
1 1
A% r 1 r 11—

l e e ii L 18 ii 12 E

] e ———
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e ——
1 —_— !
1B activation [/x & T [ ] 2 |8 14|l 21 X |
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| S | maf— 3 “ 1015 “ 2 0 I
1 — 1
! S i — == :

—
1 i - - 1
: S| mni— s (12 | 17 || 24 | !
]
: .
1 1
1 ]
1 1
1 1
' I

Table S7: Sequences ahe B termini staples. These strands were usedssemblell the Btermini. Allstaplestrandswere
ordered unpurified fromiDT. Numbers besidéhe strand names correspond the numbered staples in the diagram above. As
previously described, hairpins (highlighted in red) were incorporated into the staples to induce a directional preference for

cyclizationt

Strand Name Sequence

(2) T_5R2F_HP 5 6 TGAGTTTCAAAGGABCCCACCGTTTTCGGTGGARATTAAAGATCTCCAA 6
2 T_5R4F_HP 5 6 AAAAAAGGCTTTTGCGBGGGTCCGTTTTCGGACCAGGATCGTCGGGTAGBA
3) T_5R6F_HP 5 6 ACGGCTACAAGTACBRCGGCACTTTTGTGCCGAGGEGAGATTCGCGACQTH
4 T_5R8F_HP 5 6 GCTCCATGACGTAACBGATCGCTTTTGCGATCCAAGCTGCTACACCAGAL
(5) T_5R10F_HP 5 6 ACGAGTAGATCAGTTGCCGCTGTTTTCAGCGGTAGATTTAGCGCCAAAR b
(6) T_5R12F CYC_HP | 5 6 GGAATTACCACCACGUAGGCGTTTTCGCCTCAQTATTTTCCGTAACAG 6
(7) T_5R2E_HP 5 6 GAGAATAGGTCACGCAGGAACCGTTTTCGGTTCCEBACAAACTCCGCCACED
(8) T_5SR4E_HP 5 6 AAAGGCCGCTCCAABBGTGGCGTTTTCGCCACGEGAGCCTTAGCGGAGTO
(99 T_5R6E_HP 5 6 GCGAAACAAGAGGUTGCTGCGTTTTCGCAGCATEAGGACTAGGGAGBTO
(10) T_BR8E_HP 5 6 CCAAATCATTACTTAEGCTGGCTTTTGCCAGCBITGGAACGTACCAAGD
(11) T_5R10E_HP 5 6 AAAGATTCTAAATTGEBEACGGACTTTTGTCCGTCGTTTGAGATTCATTARB 6
(12) T_5R12E_CYC HP | 5 6 CTCAGAGCGAGGCAIRCTCCGCTTTTGCGGAGCENAAGAGCACAGGTA0
(13) T_3R2F_HP 5 6 TGTAGCATAACTTTCASCATCCGTTTTCGGATGCACAGTTTCTAATTGTA 6
(14) T_3R4F_HP 5 6 TCGGTTTAGGTCGOFEGTGACGCTTTTGCGTCAGAGGCTTGCAAAGACTY 6
(15) T_3R6F_HP 5 6 TTTCATGATGACCCBCCAGCCGTTTTCGGCTGEBAGCGATTAAGGCGCAGS
(16) T_3R8F_HP 5 6 ACGGTCAATGACAAGBGAGGCGTTTTCGCCTCCAOUGGATATGGTTTAR 6
(17) T_3R10F_HP 5 6 TTTCAACTACGGAACACGCTGCTTTTGCAGCGABCATTATTAACACTA®R 6
(18) T_3R12F CYC_HP | 5 6 CATAACCCACCGCQAUSGCTCGTTTTCGAGCCAGTTCAGAAACAACGCCH
(19) T_3R2E_HP 5 6 TGCTAAACTCCACAGACAGTGCTTTTGCACTGGCAGCCCTCTACCGCQGAS
(20) T_3R4E_HP 5 6 ATATATTCTCAGCTTGCGTCCGCTTTTGCGGACGTIMTCGAGTGGGATTI 6
(21) T_3R6E_HP 5 6 CTCATCTTGGAAGTTIEGATGGCTTTTGCCATCCGTATTAAACATAACCG 6
(22) T_3R8E_HP 5 6 AGTAATCTTCATAAGGTGGTCGTTTTCGACCAGGRACCGAACTAAAACA 6
(23) T_3R10E_HP 5 6 ACGAACTATTAATCAIGCACCTGTTTTCAGGTGCUGTGAATTTCATCAAG 6
(24) T_3R12E_CYC_HP 5 6 CCCTCAGATCGTTTAGCTTGCGTTTTCGCAAGCCAGACGACTTAATAAA 6
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Bl terminus adapters

1
%4 M13 DNA
g

TGGGCTTG CTATCCCT
TATCCTTG GGTACATG
Q%b ACTGAGGTAG AGCTGCCA TGTCGTT CCAGTG AATAATAA GCGTTAAG
)
.
td ACCA GACTCCATC TCGACGGT' ACAGCAA GGTCAC TTATTATT CGCAATTC
‘TCCA TGGTGTTGG ACAGCGGA TCACGGT TGACGC AAAAAGT GCAACTTT
hal -
ACCACAACC TGTCGCCT AGTGCCA ACTGCG TTTTTTCA CGTTGAAA'
%
> TTTCGCTG CTGAGGGT
CTGTCGTA GCCTTGCT
Q.
4& CTGAGGTAG CGAAGCGT AGAGCAT GGCAAC TAGTCCGC TACTATGT
.
QQ» ACCA GACTCCATC GCTTCGCA® TCTCGTA CCGTTG ATCAGGCG ATGATACA
‘TCCA TGGTGTTGG GTGCAGCC GATCCAG ATGACC TTTAACAC AGCTTTAG
il .
ACCACAACC CACGTCGG CTAGGTC TACTGG AAMATTGTG TCGAAATC'

RN

CCTTATTC ACTGAATG
RE AS5
GAACGGGA CTGCTCTT
Q.
Q%,  CTGAGGTAG TCAGCCGA CTAGGAG TAGCCA CAACTTAC ACCATAAG
— »
» ACCA GACTCCATC AGTGCCGT = GATCCTC ATCGGT GTTGAATG TGGTATTC
SE AS6
JTCCA TGGTGITGG IGTCCGAG CGTGGAR GCGAAC TTACGTC TATGTATT
<

>
ACCACAACC ACAGGCTC GCACCTT CGCTTG TAATGCAG ATACATAA'

Table S8: B1 DNA origami terminus adapter stran@dl strandsawvere ordered unpurified fromDT.

Strand Name Sequence

B1 AS1 RE 1 506 AGGGATAGCAAGCCCACAACGTGAGGACACTTG(
B1_AS1 RE_ 3 56 TGTCCTCACGTTGCTGGATGCCGATCCTACGACH
B1 AS1 RE 5 56 TGCTCTGCCTGTCGTAGGATCGGCATCCAGATAC(
Bl _AS2 SE_1 56 GAATTGCGAATAATAAGTGACCTTGCTGTACCG]
B1 AS2 SE 3 56 ACAGCAAGGTCACCGCAGTTGGCACTAGGCGAC/H
B1_AS2 SE 5 56 ACCACAACCTGTCGCCTAGTGCCAACTGCGTTTI
B1 AS3 RE_ 1 56 ACCCTCAGCAGCGAAACGAGTACGGCAACACGGT
B1 AS3 RE_3 56 GTTGCCGTACTCGACTGGTCACGAACGTCTCCA/
B1 AS3 RE 5 56 TGCTCTGCCTTGGAGACGTTCGTGACCAGTGAC/H
Bl AS4 SE 1 56 TGTATCATCGCCTGATCAACGGTACGAGATGCGH
B1_AS4 SE 3 56 TCTCGTACCGTTGCCAGTAGACCTAGCCGACGT(
B1 AS4 SE 5 56 ACCACAACCCACGTCGGCTAGGTCTACTGGAAAT
B1_AS5 RE_ 1 56 CATTCAGTGAATAAGGACGCTATGCCTATCGCT(
B1 AS5 RE_3 56 ATAGGCATAGCGTTGCTCCAGTCTGCTGCTCAG(
B1_AS5 RE_5 56 TGCTCTGCCCCTGAGCAGCAGACTGGABGACTTC(
B1 AS6 SE 1 56 GAATACCACATTCAACACCGATGAGGATCACGG(
B1_AS6 _SE_3 56 GATCCTCATCGGTCAAGCGAAGGTGCGAGCCTGT
B1 AS6 SE 5 56 ACCACAACCACAGGCTCGCACCTTCGCTTGTAAT
Activation strands

B1 AS135 RE 4 56CAACAATCAGACCGTAGGCTGGCAGAGCAATGC 3
Bl AS246_SE 4 56 CAACAATACCAGACTCCATCGGTTGTGGTACCT
Ina ctivation strands

Bl AS135 RE inact 5 6 GCATTGCTCTGCCAGCCTACGGTCTGATTGBTAa G

Bl _AS246_SE_inact 5 6 AGGTACCACAACCGATGGAGTCTGGTATTG@TAG
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B2 terminus adapters

%4 (CCICTCCAG  GGRGGTTC ACAGGAG TGCAAC ACCCGAAC GATAGEGA 13 DNA
R >
> CAGA CCAGAGGTC CCTCCAAG TGTCCTC ACGTTG TGGGCTTG CTATCCCT
RE 3 AS1
CGTA AGGTGCTGA ACAGCATC CTAGCCG TAGGTC, CATCCTTG GGTACATG
TCCACGACT TGTCGTAG GATCGGC ATCCAG ATAGGAAC CCATGTAC'
)
Q‘,‘ ‘CGTGAGACA AGCTGCCA TGTCGTT CCAGTG AATAATAA GCGTTAAG
< = >
> ACCA GCACTCTGT TCGACGGT ACAGCAA GGTCAC TTATTATT CGCAATTC
SE AS2
‘TCCA TCAGTGCGA ACAGCGGA TCACGGT TGACGC GT GCAACTTT
bl Y
AGTCACGCT TGTCGCCT AGTGCCA ACTGCG TTTTTTCA CGTTGAAA
>
EN (CCICTCCAG  GAGTGGCA CRACGGC ATGAGC ARAGCGAC GACTCCCA
() =
> CAGA CCAGAGGTC CTCACCGT GTTGCCG TACTCG TTTCGCTG CTGAGGGT
RE AS3
_CGTA AGGTGCTGA/ \AACCTCTG CAAGCAC _ TGGTCA/ \CTGTCGTA GCCTTGCT
bl =
TCCACGACT TTGGAGAC GTTCGTG ACCAGT GACAGCAT CGGAACGA
2
@‘?’ ‘CGTGAGACA CGAAGCGT AGAGCAT GGCAAC TAGTCCGC TACTATGT
< = =
> ACCA GCACTCTGT GCTTCGCA™ TCTCGTA CCGTTG ATCAGGCG ATGATACA
SE AS4
‘TCCA TCAGTGCGA GTGCAGCC GATCCAG ATGACC TTTAACAC AGCTTTAG
il .
AGTCACGCT  CACGTCGG CTAGGIC  TACTGG  AAATTGTG TCGAAATC
2
O 4CCICTCCAG  GATCTCGC TATCCGT  ATCGCA  GGAATAAG TGACTTAC
() =
> CAGA CCAGAGGTC CTAGAGCG ATAGGCA TAGCGT CCTTATTC ACTGAATG
RE ASS
_CGTA _AGGTGCTGA/ \GGACTCGT CGTCTGA _ CCTCGT/ \GAACGGGA CTGCTCTT
<

>,
&,
4

SE

Table $9: B2 DNAorigam

TCCACGACT CCTGAGCA GCAGACT GGAGCA CTTGCCCT GACGAGAA

 CGTGAGACA TCAGCCGA CTAGGAG TAGCCA CAACTTAC ACCATAAG
+

2

AS6

re
ACCA GCACTCTGT) (AGTGCCGT' GATCCTC ATCGGT) CTTGI\ATG TGGTATTC

J'CCA TCAGTGCGA TGTCCGAG CGTGGAA GCGAAC TTACGTC TATGTATT
%

o
AGTCACGCT ACAGGCTC GCACCTT CGCTTG TAATGCAG ATACATAA

i terminus adapter strandall of the _3 strandbave the same sequencestas corresponding

strandsof the B1 termini. All strandswere ordered unpurified fromDT.

Sequence

5OAGGGATAGCAAGCCCACAACGTGAGGACACTTGGA
TGTCCTCACGTTGCTGGATGCCGATCCTACGAC/
TCCACGACTTGTCGTAGGATCGGCATCCAGATAC(
GAATTGCGAATAATAAGTGACCTTGCTGTACCGT
ACAGCAAGGTCACCGCAGTTGGCACTAGGCGAC/
AGTCACGCTTGTCGCCTAGTGCCAACTGCGTTTT
ACCCTCAGCAGCGAAACGAGTACGGCAACACGGT
GTTGCCGTACTCGACTGGTCACGAACGTCTCCA/
TCCACGACTTTGGAGACGTTCGTGACCAGTGAC/
TGTATCATCGCCTGATCAACGGTACGAGATGCG/
TCTCGTACCGTTGCCAGTAGACCTAGCCGACGT(
AGTCACGCTCACGTCGGCTAGGTCTACTGGAAAT
CATTCAGTGAATAAGGACGCTATGCCTATCGCT(
ATAGGCATAGCGTTGCTCCAGTCTGCTGCTCAG(
TCCACGACTCCTGAGCAGCAGACTGGAGCACTT(
GAATACCACATTCAACACCGATGAGGATCACGG(
GATCCTCATCGGTCAAGCGAAGGTGCGAGCCTG]
AGTCACGCTACAGGCTCGCACCTTCGCTTGTAAT

Qoo o1o1o101 010101010101 01
DO ODODODODODDODOODDODODODOODO OO O OO

TTATCATCAGACCAGAGGTCAGTCGTGGAATGC
TTATCATACCAGCACTCTGTAGCGTGACTACCT

o1 a1
o O

Strand Name

B2 AS1 RE 1
B2_AS1_RE_3

B2 AS1 RE 5

B2 _AS2 SE_1

B2 _AS2 SE 3
B2_AS2 SE_5

B2 _AS3 RE_1

B2 AS3 RE_3
B2_AS3_RE_5

B2 AS4 SE 1
B2_AS4 SE_3

B2 _AS4 SE 5
B2_AS5_ RE 1
B2_AS5 RE_3
BZ_ASS_RE_S

B2 _AS6_SE 1
B2_AS6_SE_3

B2 _AS6_SE_5
Activation strands
B2 _AS135_RE_4
B2_AS246_SE_4
Ina ctivation strands
B2_AS135_RE_inact
B2_AS246_SE _inact

5 8 GCATTCCACGACTGACCTCTGGTCTGATGARTAA
5 6 AGGTAGTCACGCTACAGAGTGCTGGTATGATAA
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1.5 DNA origami terminus labeling strands

Table S10: DNA origami terminus strands for fluorescent labelislyjlabeling strandsvere ordered unpurified fromDT.
Fluorescent strands were ordered HPLC purified from IDT

Strand Name

Sequence

Fluorescent strands

atto647 strand
atto488 strand

Labeling strands

Unused_m13mpl8_01
Unused_m13mpl8_02
Unused_m13mpl18_03
Unused_m13mpl8 04
Unused_m13mpl8_05
Unused_m13mpl8_06
Unused_m13mpl8_07
Unused_m13mpl8_08
Unused_m13mpl8_09
Unused_m13mp18_10
Unused_m13mp18_11
Unused_m13mpl8_12
Unused_m13mp18_13
Unused_m13mpl8_14
Unused_m13mpl8_15
Unused_m13mp18_16
Unused_m13mpl8_17
Unused_m13mp18_18
Unused_m13mpl8_19
Unused_m13mp18_20
Unused_m13mpl8_ 21
Unused_m13mpl8_22
Unused_m13mpl8_ 23
Unused_m13mpl8_24
Unused_m13mpl8_25
Unused_m13mpl8_26
Unused_m13mpl8_27
Unused_m13mpl8_28
Unused_m13mpl8_29
Unused_m13mp18_ 30
Unused_m13mpl8_31
Unused_m13mp18_32
Unused_m13mpl8_33
Unused_m13mpl8 34
Unused_m13mpl8_35
Unused_m13mpl8_36
Unused_m13mpl8_37
Unused_m13mpl8_38
Unused_m13mp18_39
Unused_m13mp18 40
Unused_m13mpl8_41
Unused_m13mpl8_42
Unused_m13mpl8_43
Unused_m13mp18 44
Unused_m13mpl8_45
Unused_m13mpl8_46
Unused_m13mpl8_47
Unused_m13mpl8_48
Unused_m13mpl8_49
Unused_m13mp18 50
Unused_m13mp18_51
Unused_m13mpl8_52
Unused_m13mpl8_53

/SATTOB647NN/AAGCGTAGTCGGATCTE 6
/SATTO488N/AAGCGTAGTCGGATCTG 6

5 6 AAATTCTTACCAGTATAAAGCCAACTTTTGAGATCCGACTAGG
5 0 GCCTGTTTAGTATCATATGCGTTATTTTTGAGATCCGACTAWG
5 6 ACACCGGAATCATAATTACTAGAAATTTTGAGATCCGACTAGG
5 0 GATAAATAAGGCGTTAAATAAGAATTTTTGAGATCCGACTAGC
5 6 TTTAATGGTTTGAAATACCGACCGTTTTTGAGATCCGACTAGG
5 0 TTAGTTAATTTCATCTTCTGACCTATTTTGAGATCCGACTACE
5 6 ACGCGAGAAAACTTTTTCAAATATATTTTGAGATCCGACTAWG
5 0 GATGCAAATCCAATCGCAAGACAAATTTTGAGATCCGACBAE
5 0 TGGGTTATATAACTATATGTAAATGTTTTGAGATCCGACTAGEG
5 8 ACTACCTTTTTAACCTCCGGCTTAGTTTTGAGATCCGACTAGC
5 0 AATTTATCAAAATCATAGGTGAGTTTTGAGATCCGACTACEG

5 0 TTAAGACGCTGAGAAGAGTCAATAGTTTTGAGATCCGACBAL
5 0 TCCTTGAAAACATAGCGATAGCTTATTTTGAGATCCGACTAGG
5 0 TCGCTATTAATTAATTTTCCCTTAGTTTTGAGATCCGACTACE
5 0 AGTGAATAACCTTGCTTCTGTAAATTTTTGAGATCCGACTAWG
5 0 GAAACAGTACATAAATCAATATATGTTTTGAGATCCGACTAGWG
5 0 ATTTCATTTGAATTACCTTTTTTAATTTTGAGATCCGACTAB®C
5 0 AGAAAACAAAATTAATTACATTTAATTTTGAGATCCGAGTACH

5 8 CAAAAGAAGATGATGAAACAAACATTTTTGAGATCCGACTAG(C
5 0 GCGAATTATTCATTTCAATTACCTGTTTTGAGATCCGACTAGEG
5 8 AATACCAAGTTACAAAATCGCGCAGTTTTGAGATCCGACBAL(
5 0 CAATAACGGATTCGCCTGATTGCTTTTTTGAGATCCGACTAG(C
5 8 TAACAGTACCTTTTACATCGGGAGATTTTGAGATCCGACTAG(C
5 0 CAGGTTTAACGTCAGATGAATATACTTTTGAGATCCGACTAG(
5 86 CAGAAATAAAGAAATTGCGTAGATTTTTTGAGATCCGACTREG
5 0 CCATATCAAAATTATTTGCACGTAATTTTGAGATCCGACTAGEG
5 0 TCTGAATAATGGAAGGGTTAGAACCTTTTGAGATCCGACBAE
50
50
50
50
50
506
50
50
50
50
50
50
50
50
56
50
56
50
56
50
56
50
56
50
56
50

TATAATCCTGATTGTTTGGATTATATTTTGAGATCCGACTACES

GATTATCAGATGATGGCAATTCATCTTTTGAGATCCGACTAG(
AAGGAGCGGAATTATCATCATATTCTTTTGAGATCCGACTAGC
CATTTTGCGGAACAAAGAAACCACCTTTTGAGATCCGACBAE

TAATTTTAAAAGTTTGAGTAACATTTTTTGAGATCCGACTAZDG(
GTATTAAATCCTTTGCCCGAACGTTTTTTGAGATCCGACTAGG
TAGACTTTACAAACAATTCGACAACTTTTGAGATCCGACTAGG
ATAATACATTTGAGGATTTAGAAGTTTTTGAGATCCGACTAGG
CAACTAATAGATTAGAGCCGTCAATTTTTGAGATCCGACTAG(
TATCTAAAATATCTTTAGGAGCACTTTTTGAGATCCGACTAGG
ACTGATAGCCCTAAAACATCGCCATTTTTGAGATCCGACTAL(
GAATGGCTATTAGTCTTTAATGCGCTTTTGAGATCCGACTHC({
AGAATACGTGGCACAGACAATATTTTTTTGAGATCCGACTAG(C
ATAGAACCCTTCTGACCTGAAAGCGTTTTGAGATCCGACSBAL

ATAAAAGGGACATTCTGGCCAACAGTTTTGAGATCCGACBAT
GCAGATTCACCAGTCACACGACCAGTTTTGAGATCCGACTAC
ATCGTCTGAAATGGATTATTTACATTTTTGAGATCCGACTAGG
ATGGAAATACCTACATTTTGACGCTTTTTGAGATCCGACTAGG
CCAGCCATTGCAACAGGAAAAACGCTTTTGAGATCCGACIAC
CTGGTAATATCCAGAACAATATTACTTTTGAGATCCGACTAGG
GTAGAAGAACTCAAACTATCGGCCTTTTTGAGATCCGACBAE

TGATTAGTAATAACATCACTTGCCTTTTTGAGATCCGACTAGG
AAATTAACCGTTGTAGCAATACTTCTTTTGAGATCCGACTAWGS
CCGAGTAAAAGAGTCTGTCCATCACTTTTGAGATCCGACBAE

GAAGTGTTTTTATAATCAGTGAGGCTTTTGAGATCCGACTRAG(
GACAGGAACGGTACGCCAGAATCCTTTTTGAGATCCGACITAC
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Unused_m13mpl8 54
Unused_m13mpl8_55
Unused_m13mpl8_56
Unused_m13mpl8_57
Unused_m13mpl8_58
Unused_m13mpl8_59
Unused_m13mpl8 60
Unused_m13mpl8_61
Unused_m13mpl8_62
Unused_m13mpl8_63
Unused_m13mpl8 64
Unused_m13mpl8_65
Unused_m13mpl8_66
Unused_m13mpl8_67
Unused_m13mpl8_68
Unused_m13mpl8_69
Unused_m13mp18 70
Unused_m13mpl8_ 71
Unused_m13mpl8_72
Unused_m13mpl8_ 73
Unused_m13mpl8_74
Unused_m13mpl8_75
Unused_m13mpl8_76
Unused_m13mpl8_77
Unused_m13mpl8_78
Unused_m13mpl8_79
Unused_m13mp18 80
Unused_m13mpl8_ 81
Unused_m13mpl8_82
Unused_m13mpl8_ 83
Unused_m13mpl8 84
Unused_m13mpl8_85
Unused_m13mpl8_86
Unused_m13mpl8_87
Unused_m13mpl8_88
Unused_m13mpl8_89
Unused_m13mp18 90
Unused_m13mpl8_91
Unused_m13mp18_92
Unused_m13mpl8_93
Unused_m13mp18 94
Unused_m13mpl8_95
Unused_m13mpl8_96
Unused_m13mpl8_97
Unused_m13mpl8_98
Unused_m13mpl8_99
Unused_m13mp18 100

AACAGGAGGCCGATTAAAGGGATTTTTTTGAGATCCGACIALC
TCCTCGTTAGAATCAGAGCGGGAGCTTTTGAGATCCGACIAC
GCTTTGACGAGCACGTATAACGTGCTTTTGAGATCCGACIALC
CGCCGCTACAGGGCGCGTACTATGGTTTTGAGATCCGAGTA(
TAACCACCACACCCGCCGCGCTTAATTTTGAGATCCGACIAC]
TGGCAAGTGTAGCGGTCACGCTGCGTTTTGAGATCCGAGTA(
AAGCGAAAGGAGCGGGCGCTAGGGCTTTTGAGATCCGABI A
CGAACGTGGCGAGAAAGGAAGGGAATTTTGAGATCCGAGTR\
GATTTAGAGCTTGACGGGGAAAGCCTTTTGAGATCCGACT AC
TAAATCGGAACCCTAAAGGGAGCCCTTTTGAGATCCGACTAC
TTTTGGGGTCGAGGTGCCGTAAAGCTTTTGAGATCCGACTAC
TACGTGAACCATCACCCAAATCAAGTTTTGAGATCCGACTBAE(
AAACCGTCTATCAGGGCGATGGCCCTTTTGAGATCCGACIT AC
ACGTGGACTCCAACGTCAAAGGGCGTTTTGAGATCCGAGIAC
TTTGGAACAAGAGTCCACTATTAAATTTTGAGATCCGACTAGG
CCGAGATAGGGTTGAGTGTTGTTCCTTTTGAGATCCGACIAL
AAATCCCTTATAAATCAAAAGAATATTTTGAGATCCGACTRGEH
TGTTTGATGGTGGTTCCGAAATCGGTTTTGAGATCCGACBAL
CTGGTTTGCCCCAGCAGGCGAAAATTTTTGAGATCCGACTAC
TGAGAGAGTTGCAGCAAGCGGTCCATTTTGAGATCCGACIAC
AGCTGATTGCCCTTCACCGCCTGGCTTTTGAGATCCGACIAC
TTTCTTTTCACCAGTGAGACGGGCATTTTGAGATCCGACTBAL(
GTTTGCGTATTGGGCGCCAGGGTGGTTTTGAGATCCGAGTA(
GAATCGGCCAACGCGCGGGGAGAGGTTTTGAGATCCGAE BA
GAAACCTGTCGTGCCAGCTGCATTATTTTGAGATCCGACSBAL
TGCGCTCACTGCCCGCTTTCCAGTCTTTTGAGATCCGACIAL
GAGTGAGCTAACTCACATTAATTGCTTTTGAGATCCGACTAG(C
TAAAGTGTAAAGCCTGGGGTGCCTATTTTGAGATCCGAC3AC
TTCCACACAACATACGAGCCGGAAGTTTTGAGATCCGACIALC]
CTGTGTGAAATTGTTATCCGCTCACTTTTGAGATCCGACTAG(
ATTCGTAATCATGGTCATAGCTGTTTTTTGAGATCCGACTAGG
TAGAGGATCCCCGGGTACCGAGCTCTTTTGAGATCCGAGTAC
CAAGCTTGCATGCCTGCAGGTCGACTTTTGAGATCCGACTAC
ACGACGTTGTAAAACGACGGCCAGTTTTTGAGATCCGACIAC
TTGGGTAACGCCAGGGTTTTCCCAGTTTTGAGATCCGACIAL]
AGGGGGATGTGCTGCAAGGCGATTATTTTGAGATCCGAGTAC
CTCTTCGCTATTACGCCAGCTGGCGTTTTGAGATCCGACSAL
CTGTTGGGAAGGGCGATCGGTGCGGTTTTGAGATCCGAGTA
GCGCCATTCGCCATTCAGGCTGCGCTTTTGAGATCCGAGITAC
CGCTTCTGGTGCCGGAAACCAGGCATTTTGAGATCCGAGIA(C
ATCGCACTCCAGCCAGCTTTCCGGCTTTTGAGATCCGACIAC
GACGACGACAGTATCGGCCTCAGGATTTTGAGATCCGAGIA(C
GTAACCGTGCATCTGCCAGTTTGAGTTTTGAGATCCGACSBAT
GGTCACGTTGGTGTAGATGGGCGCATTTTGAGATCCGAGIA(
AAACGGCGGATTGACCGTAATGGGATTTTGAGATCCGACIT AC
ACAACCCGTCGGATTCTCCGTGGGATTTTGAGATCCGACTAC
TTCATCAACATTAAATGTGAGCGAGTTTTGAGATCCGACTAGC
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1.6 Design of Y-shaped termini for step-wise assembly of hierarchical nanostructures

The Yshaped DNA origami termini used hene identical to those presented‘iexcept for thesticky
end adapter strandswhich present dbase sttky ends instead of the originaldase sticky ends in order
to match the monomer system used in this paper. The staples, labelling strands, and labelling
attachment strands all match those presented in Jorgeretaad.* Thesticky end adapter strandsre
presented below in Table S11.

Table S11: Aysticky end adaptestrands. All strands were ordered unpurified froBiT.

Strand Name Sequence

Arm 1

Ay AS1 RE_2 56 TGGTCGATCCACGCTTGGCTGCAT 350
Ay _AS3_RE 2 5606 TGGTTGAGCGTTAGTACCGAGCAT 3590
Ay AS5 RE 2 56 TGGTCACCGCTGCGTCTCCAGCAT 360
Ay AS2 SE 2 50TCTGGACACTGCACCTTCAGAGGT 36
Ay AS4_SE_2 56 TCTGGCACGAGTACAAGTCGAGGT 3590
Ay AS6_SE_2 56 TCTGGTCTGCCGAGTGTCCGAGGT 3590
Arm 2

Ay AS1 RE 2 5 6 TGGTCGCTCACGTCCTCGCTGGAT

Ay AS3 RE 2 5 6 TGGTGTCAGGAACCTGAGTGGGAT

Ay _AS5 RE 2 5 6 TGGTCTCCGCATTGTGGACTGGAG

Ay AS2_SE 2 5 6 TCTGTGTTCCGTGCCGAGTCAGET

Ay AS4 SE 2 5 6 TCTGGCGAGCAATCGGATACAGGT

Ay _AS6_SE_2 5 6 TCTGCGAGACACGATTGGCGAGGT

Arm 3

Ay AS1 RE 2 5 6 TGGTTCACTCCATGCCATTAGC2D

Ay AS3 RE 2 5 6 TGGTCATGGCAACTGGTTCAGGAG

Ay _AS5 RE 2 5 6 TGGTCGATAGGAGCCTCATGGGAT

Ay AS2 SE 2 5 6 TCTGTGGTTAGCACTTCCAGAGED

Ay AS4 SE 2 5 6 TCTGTCAAGCGATAGCCTCAAGGH

Ay AS6_SE_2 5 6 TCTGAGTGCGACAGCGAGCCAB®BT
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2. Experimental details

2.1 Concentrations and times of addition of activation and inactivation strands

Theconcentrations of the activation and inactivation straridat were added to nanotubes and the
times they were addedre tabulated belowior all the experimentsThe time of action reflects the
amount of time that had passed since the start of the experiment. Each experiment started with the
addition of the purified termini to the annealedonomermixtures.Imaging refers to the removal of a
sample of the reactiomixture from the Eppendorf tube to a slide, which was then imagad
fluorescence microscopy (Method$)or steps with both imaging and strand additions, the imaging was
conducted first and then the strands were added.

Main text results

Table S12: Details of the experimentthat producedthe resultsshownin Figure2 of the main text and Supporting Figug2.
Final concentration refers to the final concentrationtbé strands that were added in thenanotube solutionAla and Ali refer
to the RESE activatiomndinactivation strands, respectively, for the Al terminus. For steps with both imaging and strand
additions, the imaging was conducted first and then the strands were added.

Figure2a and Supporting Figurg2a

Action Final concentration Time of action
Imaging / Ala addec 50 nM each 6 hours

Imaging NA 21 hours

Figure2b and Supporting Figur&b

Action Final concentration Time of action
Imaging / Ali added 100 nM each 22 hours

Imaging NA 26 hours

Action Final concentration Time of action
Imaging / Ala added 50 nM each 9 hours
Imaging / Ali added 100 nM each 21.5 hours
Imaging / Ala added 200 nM each 25 hours

Imaging NA 45 hours

Table S13: Details of the experimentthat producedthe resultsshownin Figure4. Final concentration refers to the final
concentration of the strands that were added in thenotube solution Ala and Ali refer to the REE activatioand

inactivation strands, respectively, for the Al terminus. Bla and B1i refer to ftf&ERdfivationandinactivation strands,
respectively, for the B1 terminus. For steps with both imaging and strand additions, the imaging was conducted first and then
the strands were added.

Figureda,b

Action Final concentration Time of action
Imaging / Ala added 50 nM each 2 hours
Imaging / Bla addec 50 nM each 7 hours
Imaging / Ali added 100 nM each 20 hours
Imaging / Bli added 100 nM each 24 hours

Imaging NA 43 hours




Table S14: Details of the experimenthat producedthe resultsshownin Figures. Final concentration refers to the final
concentration of the strands that were added in thanotube solution Ala and Ali refer to the REE activatiomand

inactivation strands, respectively, for the Al terminus. B2a andeB&i to the RESE activatiomndinactivation strands,
respectively, for the B2 terminus. A2a and A2i refer to theSEEactivatiomndinactivation strands, respectively, for the A2
terminus. For steps with both imaging and strand additions, the imagasyconducted first and then the strands were added.

Figureb
Action Final concentration Time of action
Imaging / Ala added 50 nM each 2.5 hours
Imaging / B2a addec 50 nM each 21.5 hours
Imaging / Ali added 100 nM each 27.5 hours
Imaging / A2added 50 nM each 31 hours
Imaging NA 54.5 hours

Table S15: Details of the experiments that produced the results shown in Figure 6 in the main text. Final concentration refers to
the final concentration of the strands that were added in the reaction mn&xtAli refers to the Al inactivation strand.

Figure 6 |
Action Final concentration Time of action
Imaging Y structures N/A 21 hours

Imaging / B2 added 5pM 20.5 hours
Imaging AiB1 structures N/A 33.5 hours
Adding Ali 100 nM 34.5 hours
Combire A1-B1+Y structures | 12:1 excess AB1 structures 34.5 hours
Imaging NA 82.5 hours

Supporting Information results:

Table S16: Details of the experimentthat produced theresultsshownin Supporting-igureS3. Final concentration refers to the
final concentration of the strands that were added in the reaction mixture. Ala and Ali refer to tERIEtivatiomnd
inactivation strands, respectively, for the Al terminus. For steps with both imaging and strand additions, the imaging was
conducted first ad then the strands were added.

SupportingFigureS3a,b
Action Final concentration Time of action
Imaging / Ali added 100 nM each 6.5 hours
Imaging / Ala addec 200 nM each 10.5 hours
Imaging NA 23 hours

Table S17: Details of the experimentthat producedthe resultsshownin Supporting=igureSh. Final concentration refers to the
final concentration of the strands that were added in the reaction mixture. Bla and Bli refer toA8& RE&ivatiomand
inactivation strands, respectively, for the B1 terminus. For steps with both imaging and strand additions, the imaging was
conducted first and then the strands were added.

Supporting Figur&ba,b

Action Final concentration Time of action
Imaging / Bli added 100 nM each 23 hours
Imaging / Bla addec 200 nM each 27 hours

Imaging NA 45 hours

Supporting Figur&bc,d

Action Final concentration Time of action
Imaging / Bla added 50 nM each 9.5 hours
Imaging / Bli added 100 nM each 24 hours
Imaging / Bla added 200 nM each 29 hours

Imaging NA 48 hours
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Table S18: Details of the experimenthat producedthe resultsshownin Supporting=igureS5. Final concentration refers to the
final concentration of the strands that were addidthe nanotube solutionA2a and A2i refer to the REE activatiomand
inactivation strands, respectively, for the A2 terminus. For steps with both imaging and strditidras] the imaging was
conducted first and then the strands were added.

Supporting Figur&a,b

Action Final concentration Time of action
Imaging / A2i added 120 nM each 16 hours
Imaging / A2a addec 200 nM each 20 hours

Imaging NA 40 hours

Action Final concentration Time of action
Imaging / A2a added 50 nM each 7 hours
Imaging / A2i added 100 nM each 23.5 hours
Imaging / A2a added 200 nM each 29.5 hours

Imaging NA 45 hours

Table S19: Details of the experimenthat producedthe resultsshownin Supporting=igureS7. Final concentration refers to the
final concentration of the strands that were addednianotube solution B2a and B2i refer to the REE activatiomnd
inactivation strands, respectively, for the B2 terminus. For steps with both imaging and strand additions, the imaging was
conducted first and then the strands were added.

Supporting Figur&7a,b

Action Final concentration Time of action
Imaging / B2i aded 120 nM each 16 hours
Imaging / B2a addec 200 nM each 20 hours

Imaging NA 40 hours

Action Final concentration Time of action
Imaging / B2a added 50 nM each 7 hours
Imaging / B2i added 100 nM each 23.5 hours
Imaging /B2a added 200 nM each 29.5 hours

Imaging NA 45 hours

Table S20: Details of the experimentthat producedthe resultsshownin Supporting=igureSB. Final concentration refers to the
final concentration of the strands that were added in ti@notube solution Ala and Ali refer to the REE activatioand
inactivation strands, respectively, for the Al terminus. Bla and B1i refer to ft&ERiEtivatiomnd inactivation strands,
respectively, for the B1 terminus. For steps with both imagingsarahd additions, the imaging was conducted first and then
the strands were added.

Supporting Figur&a,b

Action Final concentration Time of action
Imaging / Ala added 50 nM each 2 hours
Imaging / Bla addec 50 nM each 11.5 hours
Imaging / Ali added 100 nM each 23.5 hours
Imaging / Ala added 200 nM each 27.5 hours

Imaging NA 49.5 hours
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2.2 Termini concentrations and fluorescence labeling schemes

Theconcentrations of théermini structuresin each experiment wermeasured aftetheir assembly
and purificationusinga previously established heuristihat relates the number of termini per field of
view of a fluorescence micrograph of a sample in a termewscentration.The mean number of
termini per field of view were used to determine the termini concentrations for a given sample at a
specific timepint. Sincethe solution used for imaging aach timepoint for a giveeamplewas paced

in its own tube, the termini concentratiomaeasured for the solutions correspondingath timepoints

of aparticularsample(i.e. a set of timepoints)wverethen averaged to obtain the concentrations
tabulated inSuppoting Table 32.

Table S21: Labeling schemésr termini in different experimentsFor termini labeled with both atto488 and atto647, 500 nM of
each fluorophore modified DNA stranceve added beforeannealing.

Labeling dye

Main text ‘ Al term. Bl term. A2 term. B2 term. Ay term.
Figure 2 atto488 N/A N/A N/A N/A
Figure 4 atto488 atto647 N/A N/A N/A

Figure 5 atto647 N/A atto488 atto488+atto647 | atto488
Figure 6 atto488+atto647 atto647 N/ A N/A N/A
Figure 7 atto647 N/A N/A N/A N/A
Supporting Figure S1 atto488 N/A N/A N/A N/A
Supporting Figure S2 atto488 N/A N/A N/A N/A
Supporting Figure S3 atto488 N/A N/A N/A N/A
Supporting Figure S4 atto488 N/A N/A N/A N/A
Supporting Figure S5 N/ A atto488 N/A N/ A N/ A
Supporting Figure S6 N/ A N/ A atto488 N/ A N/ A
Supporting Figure S7 N/ A N/ A N/ A atto488 N/A
Supporting Figure S8 atto488 atto647 N/A N/A N/A

Table S22: Concentrationsof terminiin experimentsA final concentration of pM was desired; however, slightly different
concentrations were obtained with each purification and from subsequent pipetting of the termini into each sample.
Terminus concentrations

Main text \ Al terminus B1 terminus A2 terminus B2 terminus
Figure 2a Al: 3.86 pM N/ A N/ A N/ A
Figure 2b Al:5.22 pM N/ A N/ A N/ A
Figure 2¢,d 11.54 pM N/ A N/ A N/ A
Figure 4a,b 5.14 pM 3.99 pM N/ A N/ A
Figure 5 7.69 pM N/A 10.42 pM 8.51 pM
Supporting Figure S2a Al0:3.20 pM N/ A N/ A N/ A
Supporting Figure S2b Alo: 4.38 pM N/ A N/ A N/ A
Supporting Figure S3a,b 17.84 pM N/ A N/ A N/ A
Supporting Figure S5a,b N/ A 7.67 pM N/ A N/ A
Supporting Figure S5,d N/ A 2.40 pM N/ A N/ A
Supporting Figure S6a,b N/ A N/ A 9.65 pM N/ A
Supporting Figure Séc,d N/ A N/ A 4.99 pM N/ A
Supporting Figure S7a,b N/ A N/ A N/ A 15.57 pM
Supporting Figure S7c,d N/ A N/ A N/ A 7.54 pM
Supporting Figure S8a,b 9.80 pM 10.28 pM N/ A N/ A
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3. Additional Al termini activation experiments

a Annealed with Ala

b

Fraction 24 hr
Nanotubes with termini: 0.76 = 0.04
Termini with nanotubes: 0.63 + 0.04

100 nM Ala

24 hr

0.83 +
0.49 +

0.05
0.05

0 nM Ala

24 hr
0.00 % 0.00
0.00 % 0.00

Supporting Figure S1: Alterminus activation can be triggered after 24 hours and there is low unseeded nanotube growth with
inactive termini a) Representative fluorescence micrographs after activation of the Al terminus with different activation strand

concentrationsb) Fractiors of nanotubes with termini and termini with nanotubes after activation of the Al ternjuasitified

from the experiment in (a)Errasrepresent 95% confidence intervals of proportions. The activation strands (Ala) were added to
the final concentrationsabove the micrographsis soon as the purified termini were added to the monomer mixes. The

“Anneal ed” sampl e

served as

a positive

control wher e

t he

samples were imaged after incubating 24um®with the activation strands. Al termini were at 3 pM for all samples. Experiments
were otherwise conducted as described in the Methods of the main text.

a Alo Activation b Alo Inactivation
Inactive Al Active Alo
— [Srr———————— A
/1 ) | Ml | ey
———; Inactive o et P[
P
. Al . =~ =
" o
e¥ L e a*
f* ::\' or \1*
o* b Ala-o g b* Ali
h* h d¥\*
Active Alo Active Alo
e o J ~/ e -——— C h
s | p Alo i i Alo.$ .
-— e
it | el
Fraction Pre-act Ala-o Fraction Pre-inact Ali
Nanotubes with Al termini: 0.0 £ 0.0 0.82 + 0.07 Nanotubes with Al termini: 0.80 + 0.04 0.72 + 0.05
A1l termini with nanotubes: 0.0 £ 0.0 0.44 £ 0.06 A1l termini with nanotubes: 0.55 + 0.04 0.46 + 0.04

Supporting Figure S2: Al terminus activation and inactivatiomsing activation strands without-b as e 5’

toehol d

Schematic of terminus activation (a) or terminus inactivation (b) with representative fluorescence micrographs of results. Th

fractions of nanotubes with termini and termini with nanotubare tabulatd below. Preact refers to the incubation period

before the activation strands (Ala) were added.-Pact refers to the incubation period before the inactivation strands (Ali)
were addedSee Supprting Table 32 for further experimental dets. Errors represent 95% confidence intervals of proportions.

Scale bars: 10 pm.
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Supporting Figure $3: Al terminus inactivation and reactivatioa) Schematic of an experimeirt which termini were annealed
in their active state. After nanotubes were grown from these active termini, the termini \wexetivaed then reactivaed.
Representative fluorescence micrograpaseach stage of therocess are showrb) Fractions of nanmbes with termini and
termini with nanotubes for the experiment ib). See Supportinfiable Sé for further experimental details. Error bars represent

95% confidence intervals of proportions. Scale bars: 10 um.
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Supporting Figure S4: Nanotule joining afterterminus inactivation decreases the fraction eérmini with nanotubes after
reactivation.a) Fractions of nanotubes wittermini and termini with nanotubes duringsequential terminusnactivation and
reactivationof termini with adapter sticky end strands with (Al) and without (Alo) the sisflendedinactivationtoehold
domains Error bars represent 95% confidence intervalsMean number of nanotubes ahtermini per field of viewfrom the
images collected for this expenent. Error bars represent standard deviation across the imagesng the incubation period
after terminusinactivation the mean number of nanotubes per fietd viewin the sample(Al)where thetermini are removed
from the nanotubegiuring theinactivation stepdecreases by about a factor of twla contrast, he mean number of nanotubes
does not chang@ the Alosample(termini missingthe-b ase 5° toehol d do maiwherotinetetmimie act i va
are not removed from the nanotubdsy inactivation strandsThis suggests that the number of nanotubes can decrease in the
sample when both ends are exposed, presumably becauseierdd joining can happen in this cas@he decrease in the
number ofnanotubes in the A1 sample pestactivationmeans that fewer nanotubes are available to attach to the termini after
re-activation. Given that the number of termini is the same or largenttiee number of nanotubes, the decrease in the number
of nanotubes availabldowers the fraction of termini attached to nanotubes pestactivation than prenactivation c)
Fluorescence micrographs of samplasthe reaction solution after the differenttages ofthe experiment.Far fewer DNA
nanotubeswere observed in the imaged the A1 sampl@ostinactivationthanin pre-inactivationimages The nanotubes in the

Al samplgpostinactivation (where théermini wereremoved from the nanotubesyere also visibljonger than the nanotubes

in the Alo sample (wherermini werenot removed from the nanotubesgonsistent with the endo-end joining ofhanotubes

in the A1 sampleuring the period when the termini were inactive and both nanotube ends viree2 Alo termini were present

at 10.23 pMand Al termini were as described for the experiment in Fi@uoéthe main text The Al terminus datéop three
images)s also presented in FiguBof the main text.Scale bars: 10 um.
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4. Activation and inactivation of B1, A2, and B2 termini

Note: in all the experiments in this section, the fraction of ternfiaving attachedanotubes
after the second sequential activation step is lower thae fraction of termini having attached
nanotubesafter the first activation stepThe difference in these fractions may be caused by
nanotube joining which wouldower the number of nanotubes aftahe termini were
inactivaed (SupportingFigure$d).
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Supporting Figure S5: B1 terminusactivation and inactivationa) B1 terminus inactivation and reactivatioperformed in
sequencewith representative fluorescence micrographs. Initially active termini were used to grow nanotubes and subBequent
inactivated by the addition of inactivaticstrands BLli), thenreactivatedby activation strandsgla).b) Fractions of nanotubes
with termini and termini with nanotubefrom (a). Pre-inact the incubation period beforeaddition of inactivation strandsc)
SuccessiveB1lterminus activationjnactivation, and reactivation with representative fluorescence microgrdpim each step

d) Fractions of nanotubes with termini and termini with nanotuliesm (c). Pre-act the incubation period beforeddition of
activation strang. B1 termini attachd to nanotubes are labeled for claritgee Suporting Table 37 for further experimental
details. Error bars represent 95% confidence intereélsroportions Scale bars: 10 um
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Supporting Figure S6: A2 terminus activation and inactivatiom) A2 terminus inactivation and reactivatioperformed in
sequencewith representative fluorescence micrographs. Initially active termini were used to grow nanotubes and subsequently
inactivated by the addition of inactivation strand&2) then reactivaed by activation strandsA?2a). b) Fractions of nanotubes

with termini and termini with nanotubefrom (a). Pre-inact the incubation period beforeaddition of inactivation strandsc)
SiccessivéA2 terminus activation, inactivation, and reactivation witkpresentative fluorescence micrograpfiem each step

d) Fractions of nanotubes with termini and termini with nanotuliesm (c). Pre-act the incubation period beforeddition of
activation strang. A2 termini attached to nanotubes are labeled for dlarBee Suporting Table 38 for further experimental
details. Error bars represent 95% confidence intergélsroportions Scale bars: 10 pum.
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Supporting Figure S7: B2 terminus activation and inactivatiom) B2 terminus inactivation and reactivatioperformed in
sequencewith representative fluorescence micrographs. Initially active termini were used to grow nanotubes and subsequently
inactivated by the addition of inactivation strand32) then reactivatedby activation strands&2a). b) Fractions of nanotubes

with termini and termini with nanotubefrom (a). Pre-inact the incubation period beforeaddition of inactivation strandsc)
SiccessiveB2terminus activation, inactivation, and reactivation with repeagative fluorescence micrograplfiiom each step

d) Fractions of nanotubes with termini and termini with nanotulieem (c). Pre-act the incubation period beforeddition of
activation strand. B2 termini attached to nanotubes are labeled for clarge Suporting Table 29 for further experimental
details. Error bars represent 95% confidence intergélsroportions Scale bars: 10 pum.
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Supporting Figure S8: uccessive assembly, disassembly, and reassembly of @1 Adrminated nanotub architecture.a)
Schematic othe experimentwith representative fluorescence micrographfier each stepb) Fractions of nanotubes with
termini and termini with nanotubes for the experiment i) (The yield of doubly terminated AB1 architecturegSupporting
Section 6.3aretabulatedin Supportingrable S3. See Supportingjable 80for further experimental detailError bars represent
95% confidence intervalScale bars: 10 pum.
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5. Activation strands concentration titrations with strands designed without secondary structure

SupportingFigure®a,b show the results of NUPACHalysis of secondary structure for the activation
strands of the A1, A2, B1, and B2 termini af@0This analysis reveals that most of these activation
strands have significant secondary structure in the regions wttene are supposed to bind to their
target termini, which could explain why the concentration of activation strandsireddor significant
activation was much higher than expectédgure 6 of the main textSupporting-iguredc shows the
activation strands for the A3 terminus, which were designed with NUPACK to have no secondary
structure at 20°C.

SupportingFigureSLO shows the activation yields of A1 and A3 termini with different concentrations of
their activation strands. Fahe A3 termini, both unpurified and PAGE purified strands were tested. The
PAGE purified A3 activation strands that have no predicted secondary structure result in the highest
activation yields, producing >35% of termini with nanotubes after long incubétioes.
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Supporting Figure S9: Predicted secondary structures of activation strands for A1 and A2 tera)jrB{ and B2 terminbj, and

for an A3 terminus that was specifically designed so itisatctivation strands would ndiavesecondarystructure €). Secondary
structures were predicted using NUPA@Ith the default settingst 20°C. Color coding of the bases represents the probability
that a given base will be in the depicted conformatioreqtilibrium. The gray dashed lines labeled ASBS* are the domains of
activation strands that hybridize to the activator strand binding sites (ASBS) on the termini. For the A1, A2, B1, anihiB2 ter
the ASBS* domains all have some predicted structure wdocid lower their binding affinity for their target termini.
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Supporting Figure S10: Activation strands designed tbave no secondary structure can activate termini at much lower
concentrations than activation strands wisignificant amounts gbredicted secondary structure, Fractions of nanotubes with
termini and termini with nanotubes after activation of the #drminus (Ala) or ABerminus using unpurified/A3a)or PAGE
purified activation strands (A3a purified) from LOEFror bars represent 95%enfidence intervalef proportions The activation
strands were addetb the final concentrations listed on theaxes of the plotsas soon as the purified termini were added to the
monomermixes T h e N A's asmgnlect as positive contr®lthese termini were annealed with th@ activation strands
present. The samples were imaged after incubatimgm for 24 hours with the activation strand¥he fraction of termini with
nanotubes is also presented in Fig@ef the main text.b, Fractions of nanotubewith termini and termini of the samples
activated 0.1 nM of activation strands after 24 and 115 hotlihe fraction ofA3termini that are activatedncreases significantly
with longer incubation time. Error bars represent 95% confidence intenfafgoportions Terminiwere at 3 pM across the
samplesExperiments were otherwise conducted as described in the Methods of the mairAtetérmini fluorescently labeled
with atto488.Adapter and activation strand sequenaa® listedin SupportingSection 1.3.
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6. Image analysis

The fluorescence micrograpb$nanotubes and/otermini were processed using custom MATLAB
scripts for quantitative analysis. Three to five images were typically processed and analyzed for a specific
sample at a given timepoint. Below is the workflow for the image analysis process.

Detecting objects

A fluoresence micrograph of DNA nanotubes ancbrresponding fluorescence micrograph of DNA
origamitermini were imported simultaneously for analysis. Canny edge detettias used to detect

the edges of objects in both the DNA nanotube image and the DNA ottigamii image and produce

binary images of the object edges. The detected o
bwmorph( )function. No further praessing was done to the DNA origaerminiimage.

For the DNA nanotube image, mor phol lomnorgh@)l oper ati
function to skeletonize all the detected objects to be 1 pixel in width. This processed image was used for

the quantification of the fraction otermini with nanotubes (referred to as @wN below Supporting

FigureSll).

6.1 Analysis of samples with termini only labeled with a single fluorophore
Quantification of fraction ofermini with nanotubes

To quantify the fraction afermini with nanotubes, the locations of the endpoints of each object in the
gFTwN image were determined. A radius (typically 2 to 4 pixels) around each of these endpoint locations
was searched in the processed DNA origammini image and if aerminuswas found in the search

radius this terminuswas counted as having a nanotube attadho it (Supportind-igureSL1, middle.

The fraction otermini with nanotubes was then calculated as the total numbeidehtified termini

that had a nanotube attached to thedivided bythe total number ofterminiin all the images

processed for a giveset of conditions (experiment and timepoinfhe totalnumber ofterminiin each
imagewas determinediy counting all tie individual objects in the processed DNA origamini

image. Error bars for the fraction tdrmini with nanotubes represent the 95% confidence intervals of
proportionsfor large sample¢Eq. 1)

(P 00 pRoonp nje
Quantification of fraction of nanotubes witermini

To quantify the fraction of nanotubes witbrmini, the objects in the gRvN nanotube image that
extended past the boundary of the image were remowead is not possible to determine what types of
termini (if any) are preserdt boththe ends ofa nanotube that extend past the image boundaryVe

will term this processed nanotube imagath the nanotubes that extended past the boundaries
removedgFNwT below. 1 determine the fraction of nanotubes witletmini, the locations of the
endpoints of eacmanostructure m the gFNW image were determined. A radius (typically 2 to 4 pixels)
around each of these endpoint locations was searched in the processed DNA d¢egamusimage

and if aterminuswas foundin the search radiys nanotube with derminuswascounted (Supporting
FigureSl1, right). The fraction of nanotubes was then calculated as the total number of nanotube
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endpoints that had apecificterminusattached to them over the total number of hanotubes across all
the images processed for a given sample at a specific timepoint. Since some nanotubes cross over in the
images and result in branched objects with more than two endpoints in the processeddnihg total
number of nanotubes in an image was calculated as:
L  JJIETQEQNE QE O
¢ WQQu
q
Where ceil(x) rounds to the lowest integer greater than or equal to x. So, an object with two endpoints
would be counted as a single nanotube, an objeith three or four endpoints would be counted as two

nanotubes, an object with five or six endpoints would be counted as three nanotubeEkreichars for
the fraction oftermini with nanotubes represent the 95% confidence intervals of proport{&usl).

6.2 Analysis of samples with termini labeled with two fluorophores

For samples with termini that were labeled with twldferent fluorophores (Figure 6 of the main text),
adjustments to the aalysis in Supportin§ection 6.1 were made t@ccount for termini labeled with two
fluorophores First, terminiabeled with two fluorophores were identifidoly identifying image locations
wherethe pixels of an object in the processed atto488 binary micrograph overlapped more than 50% of
the pixels & an object in the processed atto647 binary micrograpécond, e total number of termini
labeled with only a single fluorophome each image werthen quantified by counting all the individual
objects in the processegrmini binarymicrograph of a sigle fluorophoreand subtracting from that
guantity the total number of identified termini labeled with two fluorophoreé@nce the number and
location of all the different termini we located the fraction of nanotubes with termini and termini with
nanotubescould be calculated as deflzed in Supportingection 6.1Supporting Figur&L1b shows
representative processed images from this analysis.

6.3 Quantification of yields of doubly terminated nanotubes

In experiments where both an A terminus and a B terminus were activitedjeld of nanotubes
attached to both an A and B terminuss calculatedWe termed such nanotubes witermini on both
ends doubly terminated nanotubedhe yield of formingloubly terminated nanotubesvas determined
by analyzinghe gFNWT processed nanotube imageThe yield vasthen calculatedas the total number
of nanotubesattachedto both the termini of interestlivided bythe total number of nanotubein all
the imagesgrocessed for a given sample at a specific timep(iot 3)

MEONEEODOTDD €YD W

o ——— T
O OIHAO WE € 006 WQI

where T is the terminus that was activated first angdi3 the terminus that was activated second in the
experiments.

Yields were also calculated loyviding by thenumber of nanotubes attached to eithei @r T, (Egs. 4
and 5) For examplefor the results inFigure 5b the yielavith respect toAl nanaubes is the number of
nanotubesto both and Al and B1 terminwkvided by all the nanotubes attached am Al terminus
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Table 82-S21 showthe yields from all relevant experiments.

Table S22: Yields of doubly terminated1-B1nanotubearchitecturesfrom the experimentspresented in Figurd of the main
text. The yields werealculatedas the total number of nanotubes in an 81 architecture divided by either all nanotubes, the
nanotubes attached to Al termini, or the nanotubes attached to B1 ter(&igs.3 — 5, respecively). Errorsrepresent95%
confidence intervalsf proportions N represents the number of nanotubes counted for each calculation (used as the
denominator in either EB, 4, or5). Note thatthe number of nanotubes attached to Al termafter Aliadditionis low, which
results in a relatively high AB1 yield when considering only A1 nanotubes compared t8AYields considering all nanotubes
or only B1 terminated nanotubes.

Eq.3:
Eq.4:
Eq.5:

Al -B1 yields (%)

A1l - B1 yields (%)

A1l - B1 yields (%)

All: 45.7 +4.4 (N=127)
AL 50.0+4.6(N=116)
:67.4+50 (N=86)

Al:7.4+2.9 N=81)
AL 50.0+14.4 N=12)
:12.8+4.9 N=47)

All:0.0(N=59)
Al:0.0 N=6)
:0.0 N=3)

After addition

After Ali addition

After addition

Table S23: Yields of doubly terminated ARB1 nanotube architecturesom the experimentspresented in SupportingigureS3.
The yields werealculated as the total number of nanotubes in arBllarchitecture divided by either all nanotubes, the
nanotubes attached to Al termini, or the nanotubes attached to B1 termini @&¢S, respectively)Errorsrepresent95%
confidence intervalsf proportions. N represents the number of nanotubes counted for each calculation (used as the
denominator in either EB, 4, or5). Note that the number of nanotubes attached to Al termini after Ali addition isvguch
results in a relatively high AB1 yield when considering only A1 nanotubes compared t82A¥%ields considering all nanotubes
or only B1 terminated nanotubes.

Al - B1 yields (%) A1l - B1yields (%) A1l - B1yields (%)
Eq.3: [ All: 41.9+6.3 (N=62) All: 15.0+ 3.6 (N=100) All: 464+4.7(N=112)
Eq.4: | A1: 47.3+6.7 (N=55) Al 682+9.9(N=22) 1 58.4+52 (N=78)
Eq.5: | B1: 780+7.1 (N=233) :19.0+44 (N=79) Al 667 +5.3(N=89)

After addition After Ali addition After Ala addition

Table S24: Yields of doubly terminated AB2 and B2A2 nanotube architecture$rom the experimentspresented in Figuré of
the main text The yielddor A1-B2 structuresvere calculated as the total number of nanotubes in anBRlarchitecture

divided by either all nanotubes, the nanotubes attached to Al termini, or the nanotubes attach@ddmini (Eqs3 -5,
respectively)The yielddor B2A2 structuresvere calculated as the total number of nanotubes in an/&2architectue divided
by either all nanotubes, the nanotubes attached to B2 termini, or the nanotubes attached to A2 tdEmam represent95%
confidence intervalsf proportions N represents the number of nanotubes counted for each calculation (used as the
denominator in either EB, 4, or5). Note that the number of nanotubes attached to Al termini after Ali addition iswguch
results in a relatively high AB2 yield when onsidering only A1 nanotubes compared to-B2yields considering all nanotubes
or only B terminated nanotubes.

Al - B2 yields (%)

Al - B2 yields (%)

B2 — A2 yields (%)

Eq.3: [ All: 50.9+4.7 (N=114) All: 16.8 +3.6 (N=107) All: £25+4.7(N=113)
Eq.4: | AL 586+5.0(N=99) AL 64.3+9.1(N=28) AL NA

Eq.5: | B2: 853+ 4.3 (N=69) B2 20.7 +4.3 (N=87) B2 51.6+5.2 (N=93)
Eq.5: | A2 N/A A2 N/A A2 750+54 (N=64)

After B2a addition

After Ali addition
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Overlaid processed binary images of Overlaid processed binary images of

Overlaid fluorescence seeds and nanotubes to quantify the seeds and nanotubes to quantify the
micrographs of seeds and fraction of termini with nanotubes fraction of nanotubes with termini
nanotubes to be processed (qFTWN) (qFNwT)

Single terminus
experiment

Three terminus
experiment

Supporting Figure S11: Representative images from the MATLAB image analysis algosthpbeft: Theoverlaidfluorescence
micrographs of the image to be processed. Nanotubes are gMietdle: Theoverlaidbinary image output that was analyzed by
MATLABd quantify the fraction oferminiwith nanotubesRight:Theoverlaidbinary image output that was analyzed by MATLAB
to quantify the fraction of nanotubes wittermini. Note that nanotubes at the edge of the image have been remolethe
single terminiexperiment, he blue squares indicate th&l terminithat the algorithm identified as being attached to a nanotube.
In the three termini experiment, the boxes indicate termini that the algorithm identified as being attached to a nanotlibe; ye
box: Alterminus, white box: B2 terminus, cyan box: A2 terminus.
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