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ABSTRACT: We introduce pathway complexity on a multicom-
ponent systems level in chemically fueled transient DNA polymer-
ization system. The systems are based on a monomeric species pool
that is fueled by ATP and orchestrated by an enzymatic reaction
network (ERN) of ATP-powered ligation and concurrent cleavage.
Such systems display autonomous evolution over multiple struc-
tural dynamic steady states from monomers to dimers, oligomer of
dimers to ultimately randomized polymer structure before being ul-
timately degraded back to monomers once the fuel is consumed.
The enabling key principle is to design monomer species having
kinetically selected molecular recognition with respect to the struc-
ture-forming step (ATP-powered ligation) by encoding different
sticky-end overhangs into the ligation area. However, all formed
structures are equally degraded, and the orthogonal molecular
recognition of the different starting species are harmonized during
the constantly occurring restriction process, leading in consequence
to a reconfiguration of the driven dynamic nanostructures on a
higher hierarchical level. This non-equilibrium systems chemistry
approach to pathway complexity provides new conceptual insights
in fuel-driven automatons and autonomous materials design.

Nature relies on non-equilibrium structures and processes to per-
form work by dissipating chemical energy stored in ATP or GTP.!-
4 Pathway complexity plays a pivotal role to associate those dy-
namic structures and thus realize a living system. For instance, in-
tracellular signaling networks involve multiple steps of ATP/GTP-
powered phosphorylation and enzyme activation for downstream
regulations.>’ Inspired from ubiquitous processes in nature where
energy-driven assembling structures offer a variety of intriguing
possibilities,® synthetic systems with fuel-driven transient proper-
ties are developed in the fields of systems chemistry, materials sci-
ence and synthetic biology.* °'? Synthetic systems requiring con-
tinuous energy influx have extended the features and functions of
present-day functional materials.'34

Although several non-equilibrium systems have been reported so
far, as for instance for helical structure switching,!® supramolecular
polymerization,'* !® nanoreactors,'> 7 transient hydrogels,'®-"* and
photonic materials,?’ such fuel-driven structures mostly show sin-
gle trajectories of their non-equilibrium states. On the contrary, in
classical supramolecular chemistry, pathway complexity is regu-
larly exploited to transiently pass from one metastable structure
into the next one.?!?2 Therein, however, all systems follow down-
hill equilibration. A relevant example showing multiple states in an
autonomous fashion is the case of supramolecular helicity switch-
ing coupled to hydrolysis of ATP to ADP, AMP, and to adeno-
sine.!> The consecutive, but indirect switching in this dissipative
environment system is programmed via consecutive degradation of
an environmental signal. In directly chemically driven systems,

Boekhoven and coworkers recently showed that small fuel amounts
allowed the formation of reversibly assembling transient clusters,
while large fuel amounts lead to a trapping of aggregates in a non-
transient fashion.?® Critically, pathway-controlled uphill fuel-
driven systems involving multiple building blocks with an autono-
mous structural reconfiguration of multiple dynamic transient
states have not been shown by any previous report. Such a concept
would however be very valuable to promote a further integration of
systems chemistry concepts with reaction networks and dissipative
and transient structure formation.

The difficulty in implementing such a concept in synthetic sys-
tem is related to the need for highest levels of programmability and
ability for deterministic autonomous reconfiguration leading to
multiple transient dynamic steady-state (DySS) structures, which is
a profound challenge to achieve in supramolecular chemistry
field.?*?¢ Contrary to classical supramolecular building blocks,
DNA shows prominent programmability concerning the hybridiza-
tion interactions, which provides great opportunities to program re-
action networks and pathways for self-assemblies in a systems
chemistry approach.?’-?

Our system builds on our recently reported ATP-fueled DySS
polymerization of DNA nanostructures using an uphill-driven dy-
namic covalent DNA bond orchestrated by an enzymatic reaction
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Figure 1. Pathway complexity in ATP-powered transient multi-state
systems using a species pool of reconfigurable elements. (a) Schematic
illustration of pathway complexity in ATP-driven DNA polymerization.
(b) ATP-driven autonomous multiple transient DySSs. (¢) Building
blocks with varied length of sticky ends. (d) Schematic illustration of tran-
sient polymerization of 1 nt and 4 nt sticky-end dsDNA tiles. Note the
reconfiguration of the 1 nt ends into 4 nt ends.



network (ERN) of concurrent ligation
by T4 DNA ligase and BamHI-con-
trolled cleavage of dsDNA building
blocks bearing sticky-end overhangs
(Figure 1d).*° Importantly, BamHI
constantly generates a standard 4 nu-
cleotide (nt) self-complementary
sticky end, 5’-GATC-3’. In striking
contrast, the molecular recognition for
the ATP-powered ligation at the re-
striction zone can in fact be changed
in its length, which implies that differ-
ent complementary recognition pairs
from the starting species pool can be
kinetically selected. We hypothesized that combinations of tiles
with sticky ends of different length can induce different pathways
by distinct recognition and binding strength, and then a reconfigu-
ration occurs via uniformization of the sticky ends in the ERN as
time progresses (Figure 1d; Figure S1).

Lag time

Building on this hypothesis, we demonstrate pathway complex-
ity in ATP-fueled transient DNA polymerizations via the combina-
tion of species containing 1 nt and 4 nt sticky ends (or combinations
of those), aiming to achieve autonomous and transient mulitple
DySS structures (Figure 1a,b). Figure 1c shows the species pool for
this study. Specifically, the 1 nt sticky ends in M1 show lower stick-
iness than the 4 nt sticky ends in M2. M1 and M2 cannot be ligated,
thus providing orthogonal molecular recognition. Additionally, the
kinetics for the ligation of M1 are much slower than that for M2.
The tiles with combined 1 nt and 4 nt sticky ends, M3 and M4,
serve as the key for pathway complexity in the system due to the
kinetically selective sequential ligation of these sticky ends (4 nt
ends faster than 1 nt ends). Subsequently, uniformization of the
sticky ends occurs in the ERN due to BamHI.

We first demonstrate the basic principle of the concept by pro-
gramming lag times into the autonomous lifecycles of the DySS
DNA polymers by shortening the ligatable sticky ends from previ-
ously® used 4 nt to 1 nt (M1), aiming for a lag time before the
transient state due to much lower stickiness of 1 nt sticky end and
lower efficiency of the ligation (Figure 1d). Agarose gel electro-
phoresis (AGE) of time-dependent aliquots visualizes the transient
nature of the formed DySS DNA polymers regarding their length
distributions. As expected, 4 nt sticky-end tiles, M2, display a fast
and direct growth phase. The chains rapidly grow to ca. 800 bp
within 10 min and reach a DySS plateau at ca. 9000 bp after 15 min
(Figure 2c; Figure S2). In striking contrast, for the transient
polymerization of M1 there is no significant chain elongation for
the first hour (Figure 2a). This system can only enter the growth
phase after substantial completion of the M1 conversion phase, dur-
ing which the 1 nt sticky-end overhangs are increasingly converted
to 4 nt sticky-end overhangs (hence become M2) to promote liga-
tion efficiency. This is increasingly achieved after ca. 1 h of transi-
ent polymerization, yet, only after 5 h, there is an obvious gel band
shift to higher molecular weights.

Upon reaction progress the mutual feedback of both processes in
the ERN leads to a balance in the DySS and to a constant frequency
of ligation and restriction. Once the ATP fuel is increasingly con-
sumed, the ligation process seizes and the kinetic balance shifts to-
wards the degradation. After four days, the DySS DNA polymers
are degraded and the both systems decompose to the monomer
state; M2 in both cases. A quantification of the AGE allows to cal-
culate the average mass-weighted chain length in base pairs (bpw)
from the mass-weighted distribution. The DySS DNA polymers

from M1 show ca. 1000 bp lower bpw than the DNA polymers from
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Figure 2. Sticky-end length controlled lag time in ATP-driven, dynamic covalent DNA assembly. (a,b)
Time-dependent AGE (2 wt. %, 90 V, 2 h) and (c) development of bpw for the transient polymerization of M1
and M2 by fueling with 0.6 mM ATP. Line are guides to the eye. Conditions: 25 °C, 1x Promega Buffer E, 0.05
mM M1 or M2, 0.46 WU(Weiss Unit)/uL T4 DNA ligase, 10 units/uL. BamHI, and 0.6 mM ATP. Lane assign-
ment: 1: 0 min, 2: 5 min, 3: 10 min, 4: 15 min, 5: 20 min, 6: 30 min, 7: 40 min, 8: 1 h, 9:5h, 10:9h, 11:1d, 12:2d,
13:3d, 14:4d, 15:6d, 16:8d, 17:10d.

M2 (Figure 2b,d), which is attributed to a continuous evolution of
M1 to M2 at the DySS and thus slowed down ligation. Overall, the
implementation of a conversion phase allows to implement a lag
time control for the transient DNA polymerization by shortening
the ligatable overhangs from 4 nt to 1 nt. It is worth noting that a 2
nt or 3 nt overhang cannot induce an obvious lag time for the tran-
sient DNA polymerization (Figure S3).

Next we investigated higher levels of pathway complexity of the
fuel-driven self-assembly. From above, it is evident that 4 nt sticky-
end double-stranded DNA (dsDNA) tiles can be ligated much faster
than 1 nt sticky-end dsDNA tiles. Hence, we designed two asym-
metrical dsDNA tiles bearing 1 nt and 4 nt overhangs on their ter-
minal parts, M3 and M4 (Figure 3). The 1 nt overhangs on M3 and
M4 are complementary to each other (5°-G/C-3’) while the 4 nt
overhangs on M3 and M4 are the same and self-complementary
(5’-GATC/GATC-3’). We assumed that temporally selective liga-
tion of the overhangs on these asymmetrical dsDNA tiles will hap-
pen during fueling of the ERN with ATP. Due to the lag time for 1
nt overhangs ligation, first, a dimer state forms by the ligation of
the 4 nt overhangs, leading to a DySS1. Then, the dimers act as new
monomers for the temporally secondary polymerization of the
DNA tiles connected by 1 nt overhangs ligation, resulting in a sec-
ond DySS of oligomers of dimers (DySS2), being representative of
a different fuel-driven uphill localized minimum in the energy land-
scape. Subsequently, M3 and M4 evolve in the ERN to standard
tiles with 4 nt overhang (M2) after one complete cycle of dynamic
ligation and cleavage. Thus, the sequenced DNA oligomers from
DySS1 and DySS2 are scrambled in this long lasting and
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Figure 3. Schematic illustration of pathway-controlled sequencing and
scrambling for autonomous multiple transient DySSs Polymerization of
dsDNA tiles bearing 1 and 4 nt overhangs leads to sequencing of the system
to dimers via ligation of 4 nt overhangs and afterwards oligomers of dimers,
which are scrambled after tiles evolution in the ERN.
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conversion phase, enabling the formation of DNA polymers with
randomized numbers of initial monomers in DySS3. All DNA pol-
ymers degrade to 4 nt overhang dsDNA tiles (M2) after the ATP is
consumed. Hence, this concept demonstrates pathway-controlled
sequencing and scrambling that leads to the formation of multiple
transient DySSs.

Indeed, AGE visualizes the transient multi-state nature of the
systems fueled by 0.3, 0.6 and 0.9 mM ATP being driven consecu-
tively into three different DySSs (Figure 4a-c). For instance, by
fueling with 0.3 mM ATP, the ligation brings the monomers into a
dimer state (DySS1), showing a lifetime of ca. 30 min as defined
by the time when longer oligomers appear. Then the system is in
DySS2 by chain extension of the dimers from DySS1, leading to
the formation of oligomers of dimers, and the system stays in
DySS2 for ca. 30 min. Afterwards, the system leaves the conver-
sion phase and autonomously enters the DySS3, polymer phase
with scrambled oligomers. Gray scale profiles extracted from AGE
at 0.6 mM ATP show more direct evidence for the sequential se-
quencing and scrambling effects by transient polymerization of M3
and M4 (Figure 4d). Below 30 min, the gel band only shifts to the
position for dimer. Then at 1 h, the gray scale profile shows sharp
peaks for all the oligomers with even numbers of monomers. After
5 h, new peaks for the oligomers with odd number of monomers
appear between the peaks for oligomers with even number of mon-
omers and elongation into polymers takes place. The system fueled

with 0.3 and 0.6 mM ATP show a plateau of bpw at ca. 1700 bp.
Increasing the ATP concentration to 0.9 mM further promotes the
bpw by ca. 400 bp in a sustained DySS polymerization due to larger
availability of the ATP concentration (Figure 4e). The lifetimes for
DySS1 and DySS2 do not significantly depend on the fuel level,
because there is a significant excess of ATP in the beginning, yet

a m:m=1:1

DySS3

the lifetime for DySS3 is almost doubled when increasing the ATP
level from 0.3 mM to 0.6 mM. Further increasing the ATP concen-
tration to 0.9 mM only slightly shortens the lifetime for DySS1 by
5 min, but the lifetime for the whole process is further increased to
ca. 5 days (Figure 4f). The reason for the insensitivity of the life-
times of DySS1 and DySS2 to the ATP concentration is because
the sequencing process is programmed by the lag time of 1 nt over-
hangs ligation and evolution of M3 and M4 to M2 in the ERN,
which mainly correlates to the cleavage kinetic in the ERN. Thus,
ATP concentration shows very limited effect on the lifetimes for
DySS1 and DySS2.

Afterwards, we investigated whether it would be possible to dis-
rupt this sequencing effect by adding a,® telechelic 4 nt-overhang
dsDNA tiles (M2) to the above transient polymerization system
with asymmetrical tiles (M3 and M4) to further influence the tran-
sient structural evolution. We performed the experiments the same
as above (Figure 4b; 0.6 mM ATP), except using different ratios of
M3:M4:M2 (1:1:0, 5:5:2, and 1:1:1). Compared to the system with-
out M2 (1:1:0, Figure 4b), the introduction of 16.7 mol% M2
(5:5:2) completely eliminates DySS2, and the lifetime of DySS1 is
decreased by 10 min (Figure 5a). Although the introduced M2 can
promote the ligation, M3 and M4 in the system can act as termina-
tors for the ligation of M2. Since the amount of M2 is comparably
low, homopolymerization of M2 is not pronounced by blocking
with M3 and M4, hindering the formation of longer oligomers. Af-
ter 20 min, the increasing conversion of 1 nt overhangs to 4 nt over-
hangs leads to elongated oligomers. However, the system does not
enter a distinct DySS2, but directly goes to DySS3, because M2
tiles are available to produce odd numbers. A further increase of
M2 to 33.3 mol% significantly speeds up the polymerization pro-
cess (Figure 5b) and the lifetime of DySS1 is further decreased by
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Figure 4. ATP-powered autonomous multiple transient DySS structures. (a-c) Time-dependent AGE (2 wt. %, 90 V, 2 h) for the transient DySS polymer-
izations of M3 and M4 by fueling with (a) 0.3, (b) 0.6, and (¢) 0.9 mM ATP. (d) Gray scale profiles from AGE for the system in (b). (e) Development of the
bpw with time for the systems (a-c). Lines are guides to the eye. (f) The lifetimes are controlled by the ATP concentration. Error bars are standard deviations
of duplicate measurements. Conditions: 25 °C, 1x Promega Buffer E, 0.025 mM M3, 0.025 mM M4, 0.46 WU/uL T4 DNA ligase, 10 units/uL BamHI, and
varied concentration of ATP. Lane assignment: 1: 0 min, 2: 5 min, 3: 10 min, 4: 15 min, 5: 20 min, 6: 30 min, 7: 40 min, 8: 1 h, 9:5 h, 10:9h, 11:1d, 12:2d,

13:3d, 14:4d, 15:5d, 16:6d, 17:8d, 18:10d.
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Figure 5. Disruption of programmable transient multi-states. (a-b) Time-dependent AGE (2 wt. %, 90 V, 2 h) for transient polymerizations of M3, M4,
and M2 with a ratio of (a) 5:5:2 and (b) 1:1:1:1 by fueling with 0.6 mM ATP. (c-d) Gray scale profiles from AGE at (¢) 20 min and (d) 1 h for transient
polymerization of M3, M4, and M2 with varied ratios ( 0.6 mM ATP). (e) Development of bpy with time for transient DySS polymerizations of M3, M4. and
M2 at different ratios (0.6 mM ATP). Lines are guides to the eye. (f) Lifetime control in the disrupted systems for DySS1 and DySS1-3. Error bars are standard
deviations of duplicate measurements. Conditions: 25 °C, 1x Promega Buffer E, 0.05 mM dsDNA with different ratios for M3, M4, and M2, 0.46 WU/uL
T4 DNA ligase, 10 units/uL BamHI, and 0.6 mM ATP. Lane assignment: 1: 0 min, 2: 5 min, 3: 10 min, 4: 15 min, 5: 20 min, 6: 30 min, 7: 40 min, 8: 1 h, 9:5

h, 10:9h, 11:1d, 12:2d, 13:3d, 14:4d, 15:5d, 16:6d, 17:8d, 18:10d.

20 min. A rather smooth but much slower evolution into the DySS3
occurs as compared to for instance using M2 alone (Figure 2c; Fig-
ure S2b). Gray scale profiles extracted from AGE visualize the dis-
tribution of the transient DNA polymers. The gray scale plots at 20
min visualize the chain elongation efficiency with increased M2
ratio (Figure 5c). After the dimer state, the polymerized DNA oli-
gomers from M3, M4, and M2 show both even and odd number of
monomers. The signals of DNA oligomers with odd number of
monomers increase with the increase of M2 ratio (Figure 5d). The
addition of M2 also promotes the bpw to higher values in a sus-
tained DySS polymerization as well as fast polymerization after
DySS1 (Figure Se).

A comparison of the lifetimes of the DySS1 shows an inverse
linear relationship with the M2 concentration (Figure 5f). However,
the whole lifetimes for the autonomous multi-sates transition are
mainly correlated to ATP fuel level. The system without M2 shows
a bit longer lifetime due to slower overall ligation kinetic by the
relatively higher concentration of 1 nt sticky-end overhangs (Figure
51).

In summary, we introduced an energetically uphill driven auton-
omous switching of multiple transient DySS structures in a fuel-
driven system, whereby multiple building blocks from a species
pool are reconfigured in a pre-programmable fashion. This pathway
complexity on a systems chemistry level has been enabled by pro-
gramming the recognition and stickiness of the ligation positions in
the ATP-powered ligation step (structure forming process), while
the BamHI-controlled restriction (structure degradation) homoge-
nizes them. The building blocks with ligatable overhangs of differ-
ent stickiness show sequential ligation and recognition overhang
evolution in the ERN. The set building blocks evolve autono-
mously into different driven states by reconfiguration of the sticky
ends to trigger different assembly scenarios.

This multicomponent systems chemistry approach to chemically
fueled pathway complexity contrast earlier work on classical supra-
molecular pathway complexity (oriented towards equilibrium) and
comparably simple one-component chemically fueled systems, that
only have limited ability for structural reconfiguration. It paves
new avenues for non-equilibrium systems with structurally evolv-
ing multiple transient DySS states for higher levels of functions in
emerging chemically fueled non-equilibrium systems, automatons
and dynamic molecular materials.
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Materials and methods

HPLC purified oligonucleotides were supplied by Integrated DNA Technologies Inc.. T4 DNA Ligase (HC, 20 Weiss
Units (WU)/uL, recombinant E. coli strain) and BamHI (HC, 80 units/uL, Bacillus amyloliquefaciens H) were
supplied by Promega. 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 1k bp and 50 bp DNA ladders (ready to use) were ordered
from Thermo Scientific. Ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA, biology grade) was
supplied by CALBIOCHEM. Sodium chloride (NaCl, 99%) was ordered from ABCR. Tris
(hydroxymethyl)aminomethane hydrochloride pH 8.0 (Tris-HCI) and trizma base 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.

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.

BamHI Storage Buffer (Promega): 10 mM Tris-HCI (pH 7.4), 300 mM KCI, 5 mM MgCl,, 0.1 mM EDTA, 1 mM DTT,
0.5 mg/mL BSA, 50% glycerol.

Restriction Enzyme 10x Buffer E (Promega): 60 mM Tris-HCI (pH 7.5), 1 M NaCl, 60 mM MgCl,, 10 mM DTT.
Annealing Buffer: 10 mM TRIS-HCI (pH 8.0), 50 mM NaCl.

TAE Buffer: 40 mM TRIS, 20 mM acetic ccid, 1 mM EDTA.

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

Supplementary Table 1: Oligonucleotide sequences. Sequences in red indicate the sticky ends for ligation.

ID Oligonucleotide sequence #nt Purification
D, 5’-/5Phos/CCCTTACGGTGAATGGAATTCTCATGCGAATAGAGGAT-3' 38 HPLC
M1 D, 5’-/5Phos/GATCCTCTATTCGCATGAGAATTCCATTCACCGTAAGG-3’ 38 HPLC
Ds 5’-/5Phos/GATCCCTTACGGTGAATGGAATTCTCATGCGAATAGAG-3’ 38 HPLC
M2 D, 5’-/5Phos/GATCCTCTATTCGCATGAGAATTCCATTCACCGTAAGG-3’ 38 HPLC
1 Ds 5’-/5Phos/TCCCTTACGGTGAATGGAATTCTCATGCGAATAGAGGA-3’ 38 HPLC
D, 5’-/5Phos/GATCCTCTATTCGCATGAGAATTCCATTCACCGTAAGG-3’ 38 HPLC
Ds 5’-/5Phos/ATCCCTTACGGTGAATGGAATTCTCATGCGAATAGAGG-3' 38 HPLC
€ D, 5’-/5Phos/GATCCTCTATTCGCATGAGAATTCCATTCACCGTAAGG-3’ 38 HPLC
M3 Ds 5’-/5Phos/CCCTTACGGTGAATGGAATTCTCATGCGAATAGAG-3’ 35 HPLC
D, 5’-/5Phos/GATCCTCTATTCGCATGAGAATTCCATTCACCGTAAGG-3’ 38 HPLC
Dy 5’-/5Phos/GATCCCTTACGGTGAATGGAATTCTCATGCGAATAGAGGAT- 41
M4 3 HPLC
D, 5’-/5Phos/GATCCTCTATTCGCATGAGAATTCCATTCACCGTAAGG-3’ 38 HPLC
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Oligonucleotides:

All DNA strands were HPLC purified and were used as received, to which certain amounts of annealing buffer
were added to make stock solutions and the concentrations were calculated via UV-VIS spectroscopy. The double-
stranded (ds) DNA tiles in this study were annealed from two complementary single-stranded (ss) DNA with the
same stoichiometry at room temperature overnight. The annealed stock solutions were stored at -20 °C for
further use. In more details, M1 was annealed from D; and D,. M2 was annealed from Dz and D,. C1 was annealed
from D4 and D,. C2 was annealed from Ds and D,. M3 was annealed from Ds and D,. M4 was annealed from Dy

and D,.

Definition of Activity Units of both Enzymes

Definition of the Weiss Unit to describe the activity of T4 DNA ligase (Promega): 0.01 Weiss Unit [WU] of T4
DNA Ligase is the amount of enzyme required to catalyze the ligation of greater than 95% of 1 ug of A/Hindlll
fragments at 16 °C in 20 minutes.

Unit definition to describe the activity of BamHI (Promega): One Unit [U] is defined as the amount of enzyme
required to completely digest 1 ug of lambda DNA in one hour at 37 °C in 50 ulL assay buffer containing acetylated
BSA added to a final concentration of 0.1 g/L.

Transient polymerization of M1 and M2 for lag time investigation

The experiment was performed at 25 °C in 1x Promega Buffer E with 0.05 mM M1 (or M2), 0.46 WU/uL T4 DNA
ligase, 0.1 mg/mL bovine serum albumin (BSA), 10 units/uL BamHI, and 0.6 mM ATP. At different time intervals,
6 uL aliquots of the reaction solution were collected and quenched by 8 uL of quenching buffer. The aliquots were
then analyzed by 2wt.% agarose gel electrophoresis (AGE) at 90 V for 2 h run time. The results were recorded by

a transilluminator (Analytik Jena, Germany).

Control experiments of transient polymerization of tiles with 2 nt and 3 nt overhangs

The experiments were performed the same as above except 0.05 mM C1 (or C2) was used for the transient
polymerization. 6 pL aliquots of the reaction solution were collected were collected and quenched by 8 L of
qguenching buffer after different time intervals for the first 5 h to check the kinetics of the transient

polymerizations. Afterwards, the collected samples were analyzed by AGE (see above). Results in Figure S3.

Pathway-controlled transient polymerization for transient multi-states

The experiments were performed at 25 °Cin 1x Promega Buffer E with 0.025 mM M3, 0.025 mM M4, 0.46 WU/uL
T4 DNA ligase, 0.1 mg/mL bovine serum albumin (BSA), 10 units/uL BamHlI, and 0.3, 0.6, or 0.9 mM ATP. At
different time intervals, 6 L aliquots of the reaction solution were collected and quenched by 8 uL of quenching
buffer. The collected samples were analyzed by AGE (see above).

Disruption of dynamic steady-states for programmable transient multi-states

The experiments were performed at 25 °C in 1x Promega Buffer E with 0.05 mM dsDNA tiles (M3, M4, and M2 in
different ratios; 1:1:0, 5:5:2, and 1:1:1), 0.46 WU/uL T4 DNA ligase, 0.1 mg/mL bovine serum albumin (BSA), 10
units/pL BamHI, and 0.6 mM ATP. At different time intervals, 6 pL aliquots of the reaction solution were collected
and quenched by 8 uL of quenching buffer. The collected samples were analyzed by AGE (see above).
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Figure S1. Evolution of sticky ends during the fuel-driven operation of the ERN. (a) Schematic illustration of transient polymerization of
1 nt sticky-end dsDNA tiles. Reconfiguration of the 1 nt ends into 4 nt ends occurs. (b) Schematic illustration of transient polymerization of

4 nt sticky-end dsDNA tiles. No reconfiguration of the sticky ends occurs.
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Figure S2. Length of the sticky ends controls the lag time in ATP-driven, dynamic covalent DNA assembly. (a-b) Gray scale profiles from
AGE for the first 5 h of transient DySS polymerization of (a) M1 and (b) M2. The results further show the kinetics of the band shifts for
both polymerizations. The polymerization of M1 is not obvious at the first hour, and the elongation of the DNA polymer is very slow. Only
after 5 h, there is obvious gel band shift. However, the chains for the M2 system rapidly grow to ca. 800 bp within 10 min and reach a DySS

plateau at ca. 9000 bp after 15 min.
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Figure S3. Lower lag times and less pronounced lag phases for 2 nt (C1) and 3 nt (C3) sticky ends on dsDNA monomers. AGE analysis for
the transient DySS polymerization of (a) 3 nt and (b) 2 nt-overhang dsDNA tiles. Standard dsDNA tiles in the enzymatic reaction network
have an overhang of 4 nucleotide (nt) for ligation (5’-GATC/GATC-3’), which has 10 pairs of hydrogen bonds. When the overhang is
shortened to 3 nt (5’-ATC/GAT-3’) and 2 nt (5’-TC/GA-3’), that have 7 and 5 pairs of hydrogen bonds, respectively, there is no obvious lag
time as compared to the building blocks having an overhang of 1 nt (5’-C/G-3’) with 3 pairs of hydrogen bonds. (Figure 2 in the main MS).
Thus 1 nt overhangs were used throughout this study for significant lag time and pathway control. Conditions: 25 °C, 1x Promega Buffer
E, 0.05 mM dsDNA (C1 or C2), 0.46 WU/uL T4 DNA ligase, 10 units/uL BamHI, and 0.6 mM ATP. Lane assignment: 1: 0 min, 2: 5 min, 3: 10
min, 4: 15 min, 5: 20 min, 6: 30 min, 7: 40 min, 8: 1 h, 9:5 h.
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