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Materials

Instrumentation: ThermoMixer (Eppendorf), thermocycler Tpersonal (Analytik Jena), INTAS CHEMOSTAR touch
fluorescence imager (INTAS Science Imaging), gel electrophoresis chambers (biostep), Enduro power supply 300 V
(Labnet International, Inc.), ScanDropR UV-VIS spectrometer (Analytik Jena), confocal laser scanning microscopy
(Leica TCS SP8, Mannheim), and Spark® multimode microplate reader (Tecan).

Reagents: T4 DNA ligase (HC, 20 Weiss units (WU) uL™, recombinant E. coli strain) was supplied by Promega and
Bsal-HF°v2 (20 units (U) uL, NEB #R3733) and 10x CutSmart® Buffer were ordered from New England Biolabs
(NEB). ATP solution (10 mM in 1 mM Tris-HCI pH 7.5) was purchased from Invitrogen. Agarose low EEO was
supplied by PanReac AppliChem. Gene ruler 50 bp DNA ladder (ready to use), and DNA gel loading dye (6x) were
supplied by ThermoFisher Scientific. Ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA, biology
grade) was supplied by CALBIOCHEM. Sodium chloride (NaCl, 99%), hexadecane (99%), tris
(hydroxymethyl)aminomethane hydrochloride pH 8.0 (Tris-HCl), trizma base, magnesium chloride solution (2 M
in H>0, BioUltra), BRAND® cover glass (0.13-0.17 mm, No. 1, L x W 24 mm x 60 mm, rectangular), and 24-well
silicone isolators (press-to-seal, 2 mm diameter, 0.6 mm depth) were ordered from Sigma-Aldrich. Acetic acid
glacial (ACS, Reag. Ph. Eur. Analytical reagents) was supplied by VWR Chemicals. RotiR-GelStain (1,1'3,3',5,5'6,6'-
Octamethyl-2,2'-spiro(2,3-dihydro-1H-Benzimidazol) was supplied by Carl Roth. All oligonucleotides purified by
high-performance liquid chromatography were supplied by Integrated DNA Technologies Inc., and the sequences

and modifications are shown below.

Buffer compositions

T4 DNA Ligase Storage Buffer (Promega): 10 mM Tris-HCI (pH 7.4 at 25 °C), 50 mM KCI, 1 mM dithiothreitol (DTT),
0.1 mM EDTA, 50% glycerol.

Bsal-HF°v2 storage buffer (NEB): 10 mM Tris-HCI, 200 mM NaCl, 1 mM DTT, 0.1 mM EDTA, 200 pg/mL BSA, 50%
glycerol.

NEB CutSmart® Buffer: 50 mM potassium acetate, 20 mM Tris-acetate, 10 mM magnesium acetate, 100 pg mL™
BSA.

Annealing Buffer: 10 mM Tris-HCI (pH 8.0), 50 mM NaCl.

TAE Buffer: 40 mM Tris, 20 mM acetic acid, 1 mM EDTA.

Quenching Buffer: 200 mM EDTA, 10 mM Tris-HCI (pH 8.0), 50 mM Nacl.

Tris Acetate-EDTA (TAE)/Mg?**: 40 mM Tris, 20 mM acetic acid, 1 mM EDTA, 12.4 mM MgCl,, pH 8.0.

Milli-Q water was used throughout of this study.
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Supplementary Table 1: Oligonucleotide sequences used, with their name in individual Figure, the sequence codes used for ordering at
IDT.

Name Oligonucleotide sequence (5’-3’) #nt
CATGAGAATTCCATTCACGGTCTCT 25
Fig. 2-4,6, 7, S2 Complex 1
/5Phos/GATTAGAGACCGTGAATGGAATTCTCATG 29
CGGATTGGTATTGTATTA 18
Substrate 1
/5Phos/AATCTTTAATACAATACCAATCCGATT 27
Fig. 2-4
Input 1 /5Phos/AATCAATCGGA 11
Input 2 GTATTAAA 8
/51AbRQ/CGGATTGGTATTGTATTA/3Cy5/ 18
Fig. 2 Substrate 2
/5Phos/AATCTTTAATACAATACCAATCCGATT 27
TTGGTATTGTC/3Cy5/ 11
Fig. 3 Substrate 3
/51AbRQ/GACAATACCAATCCG 15
CGGATTGGATCTATTGTATTA 21
Substrate 4
/5Phos/AATCCTTTAATACAATAGATCCAATCCGATT 31
TTGGATCTATTGTC/3Cy5/ 14
Fig. S2 Substrate 5
/51AbRQ/GACAATAGATCCAATCCG 18
Input 3 /5Phos/AATCAATCGGAT 12
Input 4 TGTATTAAAG 10
Fig.4,6,7 S1 CTCAGTGGACAGCCGTTCTGGAGCGTTGGACGAAACT 37
Fig. 4 S2 TTGGTATTGTCTGGTAGAGCACCACTGAGAGGTA 34
S3 /5ATTO488NN/TCCAGAACGGCTGTGGCTAAACAGTAACCGAAGCACCAACGCT 43
Fig.4,6,7 S4 CAGACAGTTTCGTGGTCATCGTACCT 26
S5 CGATGACCTGCTTCGGTTACTGTTTAGCCTGCTCTAC 37
Inhibitor 1 GACAATACCAATCCG 15
Activator CGGATTGGTATTGTATTA 18
Fig. 4
(=Output 1)
Deactivator /5Phos/AATCTTTAATACAATACCAATCCGATT 27
S2%* /5Phos/AATCTTATGTTTGTATTGTCTGGTAGAGCACCACTGAGAGGTA 43
Fig. 6,7 Inhibitor 2 GACAATACAAACAT 14
Input 5 AAACATAA 8
S 1-#2 ACGGATCCTGATAGCGAGACCTAGCAACCTGAAACCA 37
S 2-#2 /5Phos/AATCGTATGTTTGTATTCTGTCCTACTCGTGGATCCGTGGTAT 43
S 3-#2 /5ATTO647NN/AGAATTGCGTCGTGGTTGCTAGGTCTCGCTATCACCGATGTG 42
Fig. 7 S 4-#2 GACAGTGGTTTCACCTGAACGATACC 26
S 5-#2 CGTTCAGGACGACGCAATTCTCACATCGGACGAGTAG 37
Inhibitor 3 CAGAATACAAACAT 14
Input 6 AAACATAC 8
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Supplementary Fig. 1. ATP-fueled transient DSD. (a) Time-dependent yield of Complex 2 in the ATP-fueled
transient DSD quantified from AGE data using the equation above. Line is a guide to the eye. (b) Illustration of
data treatment for determine the lifetime for ATP-fueled transient DSD. Fl represents fluorescence intensity. (c)
ATP-fueled DSD for transient allosteric switch triggered by Input 1 or Input 2. Conditions: (a) 25 °C, 20 uM Complex
1, 5 uM Substrate 1, 10 uM Input 1, 10 pM Input 2, 0.8 WU pL™ T4 DNA ligase, 1.5 U pL Bsal, and 40 uM ATP. (c)

25 °C, 20 uM Complex 1, 5 uM Substrate 2, 0.8 WU pL™* T4 DNA ligase, 1.5 U pL™ Bsal, 40 uM ATP, and 10 pM
Input 1 or 10 uM Input 2.
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Supplementary Fig. 2. ATP-fueled transient DSD cascades at 37 °C. (a) Schematic representation of ATP-fueled
transient DSD cascades. (b) Time-dependent FI for monitoring ATP-fueled transient DSD cascades by substrate 5
with one equivalent amount of quencher strand. Conditions: 37 °C, 20 uM Complex 1, 5 uM Substrate 4, 1 uM
Substrate 5 (with one equivalent amount of quencher strand), 10 uM Input 3, 10 uM Input 4, 0.8 WU pL™ T4 DNA

ligase, 1.5 U uL* Bsal, and 40 uM ATP.
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a S1
CTCAGTGG ACAGCCGTTCTGG AGCGTTGG ACGAAACT
TGTCGGCAAGACC TCGCAACC TGCTTTGA CAGAC active tile 1

=l
S3 AltO,g,

CTCAGTGG ACAGCCGTTCTGG AGCGTTGG ACGAAACT
GGCTAAACAGTAACCGAAGCA GGTCATCG TACCT TGTCGGCAAGACC TCGCAACC TGCTTTGA CAGAC
GCCT AACCATAA CAG CATCTCGT CCGATTTGTCATTGGCTTCGT CCAGTACG sS4 7—\'{to
188

ibi ive ti S5
Inhibitor 1 Inactive tile 1 GGCTAAACAGTAACCGAAGCA GGTCATCG TACCT

CATCTCGT CCGATTTGTCATTGGCTTCGT CCAGTACG

Activator +
CGGA TTGGTATT GTATTA

CGGA TTGGTATT GTATTA
GCCT AACCATAA CA
[

CTCAGTGG ACAGCCGTTCTGG AGCGTTGG ACGAAACT
TGTCGGCAAGACC TCGCAACC TGCTTTGA CAGAC

Ao TTAGCCT AACCATAA CATAAT TTCTAA
- Deactivator
GGCTAAACAGTAACCGAAGCA GGTCATCG TACCT
GCCT AACCATAA CAG  CATCTCGT CCGATTTGTCATTGGCTTCGT CCAGTACG
Inactive tile 1
+
CGGA TTGGTATT GTATTA
TTAGCCT AACCATAA CATAAT TTCTAA
CTCAGTGG ACAGCCGTTCTGG AGCGTTGG ACGAAACT
TGTCGGCAAGACC TCGCAACC TGCTTTGA CAGAC
=1
Alto,,
GGCTAAACAGTAACCGAAGCA GGTCATCG TACCT
GCCT AACCATAA CAG  CATCTCGT _CCGATTTGTCATTGGCTTCGT _CCAGTACG
Inactive tile 1
active tile 1
Activator CTCAGTGG ACAGCCGTTCTGG AGCGTTGG ACGAAACT
CGGA TTGGTATT GTATTA TGTCGGCAAGACC TCGCAACC TGCTTTGA CAGAC
= |
+ | Alto,,,,
§ GGCTAAACAGTAACCGAAGCA GGTCATCG TACCT
R R CATCTCGT _CCGATTTGTCATTGGCTTCGT _CCAGTACG
Complex 2
P +
AMP
+ PP, Bsal CGGA TTGGTATT GTATTA
GCCT AACCATAA CA

Ligase ol

ATP c
TTA GCCT AACCATAA CATAAT TTCTAA CTCAGTGG ACAGCCGTTCTGG AGCGTTGG ACGAAACT
- TGTCGGCAAGACC TCGCAACC TGCTTTGA CAGAC
Input 1 Input 2 Deactivator =
P - — Atto,,
. GGCTAAACAGTAACCGAAGCA GGTCATCG TACCT
— ST GCCT _AACCATAA CAG CATCTCGT _CCGATTTGTCATTGGCTTCGT _CCAGTACG
Complex 1 =
Substrate 1 Inactive tile 1
+
—_ CGGA TTGGTATT GTATTA
seorrertey = TTA GCCT AACCATAA CATAAT TTCTAA

Supplementary Fig. 3. lllustration of reversible tile activation and deactivation reactions. (a) Schematic
representation of Inactive tile 1 annealed from S 1,S 2, S 3, S 4, S 5, and Inhibitor 1, and its activation and
deactivation by Activator and Deactivator, respectively. (b) Schematic representation of ATP-powered ligation
induced tile activation and later on Bsal restriction induced tile deactivation.
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a Add activator strand b ATP-fuled ligation only C Dynamic ligation

Supplementary Fig. 4. Zoomed-out confocal laser scanning microscopy (CLSM) images of assembled DNA
nanotubes (DNTs) to shower larger field of view. (a) Representative CLSM image of DNT self-assembly activated
by adding Activator strand (30 min reaction time at 25 °C). (b) Representative CLSM image of DNT self-assembly
triggered by ATP-fueled ligation only (2 h reaction time at 25 °C). (c) Representative CLSM image of DNT self-
assembly in an enzymatic reaction network of concurrent ATP-powered ligation and restriction (2 h reaction time
at 25 °C). Scale bar = 10 um.
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Supplementary Fig. 5. Histograms of nanotube length measured from CLSM images. Time-dependent length
distribution of the ATP-fueled transient DNTs. <L> indicates mean nanotube length.
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Supplementary Fig. 6. Zoomed-out CLSM images of ATP-fueled transient DNT self-assembly. Time-dependent
representative CLSM images of ATP-fueled transient DNTs. Scale bar = 10 um. Conditions: 25 °C, 0.5 uM Inactive
tile 1 (0.5 uM tile + 1 pM Inhibitor), 20 uM Complex 1, 5 uM Substrate 1, 10 uM Input 1, 10 uM Input 2, 0.8 WU
UL T4 DNA ligase, 1.5 U pL* Bsal, and 40 uM ATP. At 24 h, another 40 uM ATP was added to initiate the second

transient lifecycle.
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CTCAGTGG ACAGCCGTTCTGG AGCGTTGG ACGAAACT
TGTCGGCAAGACC TCGCAACC TGCTTTGA CAGAC

=l
Atto,

488

CATGAGA/ CCATTCACGGTCTCTAATC TT GGCTAAACAGTAACCGAAGCA GGTCATCG TACCT
STACTCTTAAGGTAAGTGCCAGAGATTAG  TACAAACATAA CAG CATCTCGT CCGATTTGTCATTGGCTTCGT CCAGTACG

AATACAAA Input 5
[ 7
AMP + PP, ATP
GAGAATTCCATTCACGGTCTCT
CTTAAGGTAAGTGCCAGAGATTAG
S ATP e
Complex 1 Inactive tile 2
CTCAGTGG ACAGCCGTTCTGG AGCGTTGG ACGAAACT AMP + PP
TGTCGGCAAGACC TCGCAACC TGCTTTGA CAGAC i

=l
S3 Atto,, |

AATCTT GGCTAAACAGTAACCGAAGCA GGTCATCG TACCT g4
TACAAACATAA CAG  CATCTCGT _CCGATTTGTCATTGGCTTCGT _CCAGTACG
Inhibitor 2 S5 CTCAGTGG ACAGCCGTTCTGG AGCGTTGG ACGAAACT
TGTCGGCAAGACC TCGCAACC TGCTTTGA CAGAC
=1
Alto,5,
SAATTCCATTCACGGTGTCTAATC TT GGCTAAACAGTAACCGAAGCA GGTCATCG TACCT
TTAAGGTAAGTGCCAGAGATTAG AA TACAAA CATCTCGT CCGATTTGTCATTGGCTTCGT CCAGTACG
+ Active tile 2
TACAAACATAA CAG
AATACAAA CTCAGTGG ACAGCCGTTCTGGAGCGTTGG ACGAAACT
TGTCGGCAAGACC TCGCAACC TGCTTTGA CAGAC €
=l
Atto, g | |
AATCTT GGCTAAACAGTAACCGAAGCA GGTCATCG TACCT

TACAAACATAA CAG CATCTCGT CCGATTTGTCATTGGCTTCGT CCAGTACG

Supplementary Fig. 7. lllustration of temporal tile activation via direct ATP-powered transient ligation on tile.
Schematic representation of Inactive tile 2 annealed from S 1, S 2*,S3,S 4, S 5, and Inhibitor 2, and its activation

by two consecutive steps ligation with Complex 1 and Input 5. The Bsal restriction can simultaneously deactivate
the activated tile to regenerate Inactive tile 2, Complex 1, and Input 5.

S10



ATP

30 min

a 2
b A

30min T 4 h

<[>=1.18+0.79 pm 0.36 <L>=214+1.83 ym
0.5 n=423 0.324 n =560
0.28
0.4
5 5024
g 03 @ 0%
[N - 0.16
0.2 0.12{
o1 0.081
0.04
0.0 0.00
0 2 4 6 8 0 2 4 6 8 10 12

Length (um)

Length (um)

0.32
0.281
0.24

C
S 0.20
o
® 0.16

[T
0.121
0.08
0.04
0.00 4

. 6h

6h
_ ] <L>=0.96 +0.61 ym <L>=0.68
<L>=221+1.96 ym 0.6 "
n=618 : n =203 0.8 +0.42 pm
05 n=34
] é 04 é 0.6
[} [}
1@ o
C 0.3 IC 0.4
0.2
0.2
0.1
0.0 A
0 2 4 6 8 10 12 0 2 4 6 0 2 4 6
Length (um) Length (um) Length (um)

Supplementary Fig. 8. ATP-fueled transient DNT by direct ATP-powered transient ligation on assembling tile.
(a) Time-dependent representative CLSM images of ATP-fueled transient DNTs. Scale bar = 10 um. (b) Time-

dependent length distribution of the ATP-fueled transient DNTs measured from CLSM images. <L> indicates mean
nanotube length. Conditions: 25 °C, 1 uM Inactive tile 2 (1 uM tile + 1 uM Inhibitor), 5 uM Complex 1, 5 uM Input
5, 0.8 WU pL' T4 DNA ligase, 1.5 U uL* Bsal, and 8 uM ATP.
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Active tile 2

a DNT-A
‘9\5‘@ CTCAGTGG ACAGCCGTTCTGG AGCGTTGG ACGAAACT
%, TGTCGGCAAGACC TCGCAACC TGCTTTGA CAGAC
\ ﬁ, =)
Atto,,,
AATCTT GGCTAAACAGTAACCGAAGCA GGTCATCG TACCT
TTAG AA TACAAA CATCTCGT _CCGATTTGTCATTGGCTTCGT _CCAGTACG
+ Active tile 2
TACAAACATAA CAG
DNT-B 4 Active tile 3
\9@@ ACGGATCC TGATAGCGAGACCTAGCAACC TGAAACCA
% ACTATCGCTCTGGATCGTTGG ACTTTGGT GACAG
\ 4/
Atto,,,
T TTCCATT STCTCTAATC GT CCGATGTG AGAATTGCGTCGT CCTGAACG ATACC
TTAG CATACAAA GATGAGCA GGCTACAC TCTTAACGCAGCA GGACTTGC
AMP + PP,
€ +
TACAAACATAA GAC
ATP
Inactive tile 2
AATACAMA CTCAGTGG ACAGCCGTTCTGG AGCGTTGG ACGAAACT
TGTCGGCAAGACC TCGCAACC TGCTTTGA CAGAC e
=l
Atto,,
RATCTT GGCTAAACAGTAACCGAAGCA GGTCATCG TACCT

TACAAACATAA CAG CATCTCGT CCGATTTGTCATTGGCTTCGT CCAGTACG

CATACAAA S1#2 Inactive tile 3
Input 6 ACGGATCC TGATAGCGAGACCTAGCAACC TGAAACCA
ACTATCGCTCTGGATCGTTGG ACTTTGGT GACAG
4“%534:2
AATC GT CCGATGTG AGAATTGCGTCGT CCTGAACG ATACC S4-#2
TACAAACATAA GAC GATGAGCA GGCTACAC TCTTAACGCAGCA GGACTTGC
Inhibitor 3 S5-#2
TTAG
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Supplementary Fig. 9. ATP-fueled transient self-sorting DNTs. (a) lllustration of ATP-fueled transient activation
of Inactive tile 2 and Inactive tile 3 for the assemblies of DNT-A and DNT-B, respectively. Inactive tile 2 was
annealed from S1,S2%*,53,5S4,S5, and Inhibitor 2. Inactive tile 3 was annealed from S 1-#2, S 2-#2, S 3-#2, S 4-
#2, S 5-#2, and Inhibitor 3. (b) Histograms of nanotube length measured from CLSM images show the time-
dependent length distribution of the ATP-fueled transient DNTs. The green and red histograms represent the
nanotube length of DNT-A and DNT-B, respectively. <L> indicates mean nanotube length. Conditions: 25 °C, 1 uM
Inactive tile 2 (1 uM tile + 1 uM Inhibitor), 1 uM Inactive tile 3 (1 uM tile + 1 uM Inhibitor) 10 uM Complex 1, 5
UM Input 5, 5 uM Input 6, 0.8 WU uL™ T4 DNA ligase, 1.5 U uL* Bsal, and 16 uM ATP.
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