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Abstract

We introduce pathway complexity on a multicomponent systems level in chemically fueled
transient DNA polymerization systems, achieving autonomous evolution over multiple structural
dynamic steady states from monomers to dimers, oligomers of dimers to randomized polymer
structures before being ultimately degraded back to monomers once the fuel is consumed.

The enabling key principle is to design monomer species having kinetically selected molecular
recognition in the structure-forming step and which are reconfigured in an enzymatic reaction
network. 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 perform work by dissipating
energy stored in ATP or GTP. 1-4 Pathway complexity plays a pivotal role to associate

those dynamic structures and thus realize a living system. For instance, intracellular
signaling networks involve multiple steps of ATP/GTP-powered phosphorylation and
enzyme activation for downstream regulations. 5-8 Thus far, synthetic systems with fuel-
driven transient properties are developed in the fields of systems chemistry, materials science
and synthetic biology. 4 9-12 Synthetic systems requiring continuous energy influx have
extended the features and functions of present-day functional materials. 13-14

Most presently existing fuel-driven systems show single trajectories of their non-equilibrium
states, such as helical structure switching, 1° supramolecular polymerization, 14- 16
nanoreactors, 13: 17 transient hydrogels, 18-19 and photonic materials. 20 On the contrary, in
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classical supra-molecular chemistry, pathway complexity is regularly exploited to transiently
pass energetically downhill from metastable structures to equilibrium. 21-22 A relevant
example showing multiple states in an autonomous fashion is the case of supramolecular
helicity switching coupled to hydrolysis of environmental ATP to ADP, AMP, and to
adenosine. 1° 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. 23 Critically, pathway-controlled uphill fuel-driven systems involving multiple
building blocks with an autonomous 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 system 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 in supramolecular chemistry. 24-26 On the contrary, DNA shows great potential
to program reaction networks and pathways for self-assemblies in a systems chemistry
approach. 27-29

Herein, we demonstrate pathway complexity in ATP-fueled transient DNA polymerizations
from a species pool realizing autonomous and transient multiple DySS structures (Figure
1a,b). Our systems build on our recently reported ATP-fueled DySS polymerization of
DNA nanostructures using an uphill-driven dynamic covalent DNA bond orchestrated by an
enzymatic reaction network (ERN) of concurrent ligation and cleavage of double-stranded
DNA (dsDNA) building blocks (Figure 1d). 30 Importantly, the molecular recognition

for ligation can be programmed by sticky-end length, enabling distinct complementary
recognition pairs and kinetically selected pathways in the starting species pool.

Our species pool contains monomers with 1 nucleotide (nt) and 4 nt sticky ends and
combinations of those (Figure 1c). The 1 nt sticky ends in M1 have lower stickiness and

thus slower ligation than the 4 nt sticky ends in M2. M1 and M2 have orthogonal molecular
recognitions. 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. Subsequently, uniformization of the sticky ends occurs in the ERN due to
BamHI restriction.

We first demonstrate lag times for the DySS DNA polymers by shortening the ligatable
sticky ends from previously 30 used 4 nt to 1 nt (M1) (Figure 1d; Figure S1). Agarose gel
electrophoresis (AGE) analysis shows the length distributions of the DySS DNA polymers.
M2 displays 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, the transient polymerization of M1 does not show any 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, during which the 1 nt sticky-end overhangs are
increasingly converted to 4 nt sticky-end overhangs to promote ligation efficiency. This is
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increasingly achieved after ca. 1 h of transient polymerization, yet, only after 5 h, there

is an obvious gel band shift to higher molecular weights. After four days, the DySS DNA
polymers are degraded and both systems decompose to the monomer state; M2 in both
cases. The DySS DNA polymers from M1 show ca. 1000 bp lower average mass-weighted
chain length (bp,,) ) than the DNA polymers from M2 (Figure 2b,d), which is attributed

to a continuous evolution of M1 to M2 at the DySS and thus slowed down ligation. In
addition, a 2 nt or 3 nt overhang cannot induce an obvious lag time for the transient DNA
polymerization (Figure S3).

Next we discuss higher levels of pathway complexity of the fuel-driven self-assembly by
designing and using two asymmetric dsDNA tiles bearing 1 nt and 4 nt overhangs on their
terminal parts, M3 and M4 (Figure 3). Due to the lag time for 1 nt overhang ligation,

first, a dimer state (DySS1) forms by the ligation of the 4 nt overhangs. Subsequently,
oligomers of dimers (DySS2) form by the polymerization of dimers via the ligation of 1
nt overhangs, being representative of a different fuel-driven uphill localized minimum in
the energy landscape. Afterwards, M3 and M4 evolve in the ERN to standard tiles with

4 nt overhang due to cycles of dynamic ligation and cleavage. Thus, the sequenced DNA
oligomers with even numbers of monomers from DySS1 and DySS2 are scrambled in this
long-lasting conversion phase, enabling the formation of DNA polymers with randomized
numbers of initial monomers in DySS3. Different DySSs only indicate the majority states
of the system. All DNA polymers degrade to 4 nt overhang dsDNA tiles 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 with three consecutive and different DySSs (Figure 4a-c). For instance, by
fueling with 0.3 mM ATP, the system consecutively stays at DySS1 and DySS2, each for
ca. 30 min, and then autonomously enters DySS3. Gray scale profiles extracted from AGE
at 0.6 mM ATP show more direct evidence for the sequential sequencing and scrambling
effects (Figure 4d). Below 30 min, the gel band only shifts to the position for dimers.

Then at 1 h, the gray scale profile shows sharp peaks for oligomers of dimers. After 5 h,
new peaks for the oligomers with odd numbers of monomers appear between the peaks for
oligomers of dimers, and elongation into polymers takes place. The system fueled with 0.3
and 0.6 mM ATP show a plateau of bp,, at ca. 1700 bp. Increasing the ATP concentration to

0.9 mM further promotes the bp,, by ca. 400 bp in a sustained DySS polymerization (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 the lifetime for DySS3 is
almost doubled when increasing the ATP level from 0.3 mM to 0.6 mM. Further increasing
the ATP concentration to 0.9 mM only slightly shortens the lifetime for DySS1 by 5 min,
but the lifetime for the whole process, which is defined by the point where the bp,, declines

below half of the p,, of the DySS plateau, is further increased to ca. 5 days (Figure 4f). The

reason for the insensitivity of the lifetimes of DySS1 and DySS2 to the ATP concentration is
because the sequencing process is programmed by the lag time of 1 nt overhang ligation and
evolution of M3 and M4 to M2 in the ERN, which mainly correlates to the BamHI cleavage
kinetics in the ERN (independent of ATP). The linear evolution of the lifetimes is indicative
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of a relatively stable enzymatic activity with limited side product (AMP, PPi) inhibition,
which we discuss in Figure S4 and Supplementary Notel. 30-33

Next we show how to disrupt the transient sequencing in binary systems by adding M2 to
the reach a ternary M2/M3/M4 system. Compared to the system without M2 (M3:M4:M2 =
1:1:0, Figure 4b), the introduction of 16.7 mol% M2 (5:5:2) allows DySS2 and DySS3 to
compete with each other to a greater extent and DySS2 is greatly suppressed. The lifetime
of DySS1 decreases by 10 min and a swift transition into polymers occurs (Figure 5a).
Although the introduced M2 can promote the ligation, M3 and M4 in the system act as
terminators for the ligation of M2, hence hindering the formation of longer oligomers. After
20 min, the increasing reconfiguration of 1 nt overhangs to 4 nt overhangs and free M2

lead to elongated oligomers. Gel bands corresponding to DySS2 and DySS3 overlap with
each other in the time region from 30 min to 1 h. A further increase of M2 to 33.3 mol%
significantly speeds up the polymerization process (Figure 5b) and the lifetime of DySS1 is
further decreased by 20 min. A rather smooth but much slower evolution into the DySS3
occurs as compared to for instance using M2 alone (Figure 2b; Figure S2b).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 oligomers 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 M2 content (Figure 5d). The addition of M2 also promotes the
bp,, to higher values in a sustained DySS polymerization as well as fast polymerization after

DySS1 (Figure 5e).

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-state
transition lifecycle are mainly correlated to the ATP fuel level. The system without M2
shows a slightly longer lifetime due to the slower overall ligation kinetics related to the
relatively higher ratio of 1 nt sticky-end overhangs (Figure 5f).

In summary, we introduced an energetically uphill driven autonomous 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 multicomponent
systems chemistry approach to chemically fueled pathway complexity contrasts earlier
work on classical supramolecular pathway complexity (oriented towards equilibrium) and
comparably simple one-component chemically fueled systems that only have limited
ability for structural reconfiguration. This strategy allows to reconfigure building blocks
to approach complex trajectories in space and time. The autonomous reconfiguration
mechanism shows general potential in the assembly of versatile DNA functionalized
building blocks, such as nano/micro particles, DNA origami, and proteins. It also serves
as an inspiring starting point to think how fully synthetic systems with similar ability

for reconfiguration could be designed. It paves new avenues for non-equilibrium systems
with structurally evolving 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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Figure 1. Pathway complexity in AT P-powered transient multi-state systems.
(a) Schematic illustration of pathway complexity in ATP-driven DNA polymerization. (b)

ATP-driven autonomous multiple transient DySSs. (c) Building blocks with varied length of
sticky ends. (d) Schematic illustration of transient polymerization of 1 nt and 4 nt sticky-end
dsDNA tiles. Note the reconfiguration of the 1 nt ends into 4 nt ends.
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(a,b) Time-dependent AGE and (c) development of bp,, for the transient polymerization of

M1 and M2 by fueling with 0.6 mM ATP. Lines are guides to the eye.
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