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Abstract: The development of synthetic active matter
requires the ability to design materials capable of
harnessing energy from a source to carry out work.
Nature achieves this using chemical reaction cycles in
which energy released from an exergonic chemical
reaction is used to drive biochemical processes.
Although many chemically fuelled synthetic reaction
cycles that control transient responses, such as self-
assembly, have been reported, the generally high
complexity of the reported systems hampers a full
understanding of how the available chemical energy is
actually exploited by these systems. This lack of under-
standing is a limiting factor in the design of chemically
fuelled active matter. Here, we report a minimalistic
synthetic responsive reaction cycle in which adenosine
diphosphate (ADP) triggers the formation of a catalyst
for its own hydrolysis. This establishes an interdepend-
ence between the concentrations of the network compo-
nents resulting in the transient formation of the catalyst.
The network is sufficiently simple that all kinetic and
thermodynamic parameters governing its behaviour can
be characterised, allowing kinetic models to be built that
simulate the progress of reactions within the network.
While the current network does not enable the ADP-
hydrolysis reaction to populate a non-equilibrium com-
position, these models provide insight into the way the
network dissipates energy. Furthermore, essential design
principles are revealed for constructing driven systems,
in which the network composition is driven away from
equilibrium through the consumption of chemical en-
ergy.

Introduction

Non-equilibrium behaviour is a key feature of life;[1,2]

biological systems perform work, exploiting high-energy
structures that consume energy to persist.[3] Commonly,
biological systems use phosphoanhydride (e.g. adenosine

triphosphate (ATP)) hydrolysis as an energy currency within
a chemical reaction cycle to drive biochemical processes
away from equilibrium.[4] The emergence of such dissipative
cycles is not fully understood, though they must have played
a crucial role in the origin of life as they are essential in the
transition from inactive to active matter.[5–7] The eventual
outcome of evolutionary selection on these energy dissipat-
ing reaction cycles, is the formation of activated structures
that perform non-equilibrium functions, such as movement
(e.g. kinesin) or the formation of high-energy structures (e.g.
microtubules), driven by catalysing the reaction of high-
energy substrates (fuel) to low-energy products (waste).[8]

One way to gain insight in the emergence of driven
biochemical reaction networks is the creation of artificial
minimal dissipative chemical reaction cycles that control
self-assembly using non-biochemical methods, where each
step can be studied and understood in chemical detail. To
develop such a minimal cycle, there are two basic require-
ments that must be fulfilled: firstly, the proportion of
unassembled and assembled building blocks within the
chemical reaction network must change upon the addition of
the substrate, adapting to the altered conditions; and
secondly, the network must mediate (i.e. catalyse) the
substrate to product reaction. This corresponds to ‘Class 3’
(dissipative) or ‘Class 4’ (driven) self-assembly,[2] where a
network mediates the dissipation of energy via catalysis. In
both classes, the presence of two-way feedback between
substrate concentration and network composition, allows
the system to display preprogrammed and intrinsic adaptive
behaviour.

The difference between these two classes is that Class 4
systems possess kinetic asymmetry which enables the system
to harness the energy released by the catalytic conversion of
fuel to waste to drive the formation of non-equilibrium
structures.[2] Despite the ability of Class 3 systems to display
transiently altered concentrations of components, potentially
giving the impression of a non-equilibrium composition,
these effects can only emerge from batchwise operation in
which the changing conditions alter the equilibrium concen-
trations. Under chemostatted conditions, Class 3 systems
can never show a non-equilibrium distribution.[2,9,10] It has
been rigorously shown that under chemostatted conditions
chemical reaction networks cannot be driven away from
equilibrium without kinetic asymmetry and cannot transduce
energy (e.g. from a chemical reaction) in order to store
energy or perform useful work.[9–12] The presence of kinetic
asymmetry in reaction networks such as in Figure 1,
establishes a so-called information ratchet mechanism,[9–15] in
which a stochastic process can be rectified by controlling the
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relative rates at which different species within a network
react.[16]

In the last decade, much progress has been made in
understanding energy storage and release in (bio)molecular
systems and this knowledge has inspired the development of
artificial structures with similar properties.[2,13,17–27] However,
despite the fact that numerous ‘fuelled’ systems have now
been reported, it has hitherto proven difficult, outside of the
context of molecular pumps,[28,29] to understand whether the
energy released from the fuel-to-waste reaction is effectively
(partially) stored in the system.[30] It can be very difficult to
tell whether altered concentrations of network components
in response to a stimulus indicate a kinetically controlled
non-equilibrium state (Class 4) or a thermodynamically
controlled equilibrated adaption (Class 3). This analysis is
hampered by the complexity that originates from the
numerous kinetic parameters that govern such cycles. Yet, a
full understanding of the chemical, functional and organisa-
tional principles that define dissipative reaction cycles is
essential for comprehending the origin of life and for the
development of active synthetic matter.

Here, we show a minimalistic chemical reaction network
in which adenosine diphosphate (ADP) induces the forma-
tion of a catalyst for its own destruction. The formation of a
hydrazone bond between a hydrazide (1) and an aldehyde
(2), each bearing a 1,4,7-triazacyclononane (TACN)·Zn(II)
moiety, forms the divalent catalyst (3). The hydrazone

condensation is accelerated by the addition of ADP which
removes electrostatic repulsion between the reagents, stabil-
ising the transition state.[31] ADP binding also stabilises
hydrazone 3 with respect to 1 and 2, biasing the equilibrium
towards the product. As well as binding ADP more strongly,
hydrazone 3 is a better catalyst for ADP hydrolysis
compared to the starting compounds 1 and 2, resulting in a
more rapid formation of adenosine monophosphate (AMP)
and phosphate. As these waste products do not stabilise 3 as
effectively as ADP, a spontaneous reduction in the concen-
tration of 3 was observed upon ADP depletion. The
minimalistic nature of this system enabled the determination
of all kinetic parameters within the chemical reaction
network, which permits an analysis of the energy transfer
between components of the system. The kinetic model
indicates that despite the presence of kinetic asymmetry in
the system, the non-equilibrium currents remain below the
experimental detection limits. However, the full knowledge
of all kinetic parameters allowed us to identify the reason
for the low efficiency of the system. Rapid (diffusion
limited) exchange of ADP and AMP between the bound
and unbound state establishes kinetically preferred pathways
that decouple ADP hydrolysis and hydrazone bond forma-
tion. The result is that, despite involving some of the same
intermediates, these two reaction pathways are independent
of each other, so that energy released from ADP hydrolysis
is not used to drive the hydrazone reaction to a non-

Figure 1. A simplified schematic representation of the key reactions involved in the reaction network. ADP binds to the TACN·Zn(II) head-group
(blue) on hydrazide 1 and aldehyde 2 (bottom left to top left, green) which removes electrostatic repulsion between the reactants and templates
the formation of hydrazone 3 (top left to top right). ADP hydrolysis is catalysed by TACN·Zn(II) (top right to bottom right, green) and cooperative
catalysis makes hydrazone 3 more catalytically active than the reactants. The blue circular arrow and green reaction arrows indicate the forward
pathway of the ADP hydrolysis/hydrazone bond formation coupled cycle, red arrows indicate the backward coupled pathway and the grey circular
arrows indicate the futile reaction cycles where ADP is hydrolysed with no effect on hydrazone bond formation. The species 1+2-ADP is
representative of both species 1 and 2 individually binding ADP and is not used in the full reaction Scheme (see Figure 3 and Supporting
Information Section S2).
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equilibrium composition. Based on this insight, we propose
key design principles for the realisation of driven self-
assembly systems.[2]

Results and Discussion

Experimental design: We recently described the formation
of a hydrazone bond driven by an energy ratchet mechanism
between hydrazide 1 and aldehyde 2, both equipped with a
TACN·Zn(II)-complex.[31] The addition of ATP was used to
accelerate the reaction and to stabilise the hydrazone bond.
ATP hydrolysis was mediated by an enzyme and installed a
kinetically stable state in which the concentration of
hydrazone 3 was higher than at equilibrium, storing some of
the energy released by ATP hydrolysis in a high-energy non-
equilibrium state.

Follow up studies of this system revealed that when
raised to an elevated temperature (70 °C), hydrazone 3 itself
catalysed the hydrolysis of ATP. The observation of
spontaneous catalysis by the system, i.e. without an enzyme,
is of key importance as it demonstrates that the phosphoan-
hydride hydrolysis is mediated by the network as a whole,
which is essential for developing a dissipative or a driven
network.

The formation of 3 was studied at 70 °C (D2O, pD=7.4)
by 1H NMR, in the presence and absence of ADP (Figure 2),
which was used instead of ATP to reduce the complexity of
the system, since ADP only contains a single phosphoanhy-
dride bond. A 50-fold acceleration in formation was

observed compared to the untemplated reaction and the
conversion of 1+2 to 3 was more than doubled from 21%
to 44% (Figure 2a, Supporting Information Section S5.1).
The effect of the waste mixture (AMP+Pi) on hydrazone
formation was also studied. While the waste both stabilised
3 and accelerated its formation, the magnitude of the effects
was smaller than with ADP, showing a 9-fold increase of
rate compared with the untemplated reaction and a yield of
34% (Figure 2a, Supporting Information Sections S4.5). The
increased activity of ADP can be explained by its stronger
multivalent effect compared to AMP, the larger charge
providing greater stabilisation to hydrazone by more
effectively removing electrostatic repulsion between head
groups.

1H NMR titrations (D2O, 70 °C, pD=7.4) showed a
binding affinity between ADP and both 1 and 2 in the order
of 105 M� 1 (Supporting Information Section S3.1). Direct
quantification of the binding strength of 3 with ADP was
not possible due to the high affinity, however the 1 :1
association constant can be inferred from the relative
stabilisation of 3 compared to 1 and 2 in the presence of
ADP, owing to thermodynamic consistency rules (Support-
ing Information Section S3.3). This analysis revealed that
the binding constant between ADP and 3 is an order of
magnitude higher than the constants measured for 1 and 2,
resulting in an affinity in the order of 106 M� 1. Further
titrations showed that the affinity between 1, 2 and 3 with
AMP+Pi mixtures is at least ~2 orders of magnitude lower
than for ADP (in the order of 103 M� 1 for compound 1 and 2

Figure 2. Kinetic experiments for determining the rate of hydrazone formation and ADP hydrolysis a) Graph representing the concentration profile
of hydrazone 3 over time after heating an equal mixture of 1 and 2 (0.5 mM) at 70 °C, pD=7.0 (HEPES buffer, 10 mM) with ADP (red), AMP+Pi
(green) and untemplated (blue). b) Partial 1H NMR spectra showing the equilibrated (top) and initial (bottom) signals corresponding to the
hydrazide 1 (hollow square) and hydrazone 3 (filled square) of the untemplated reaction (blue), reaction with AMP+Pi (green) and reaction with
ADP (red). The different chemical shifts are caused by the ADP or AMP binding. c) Concentration profile of AMP over time after heating ADP
(0.5 mM) at 70 °C, pD=7.0 (HEPES buffer, 10 mM) with 1 (1 mM, orange), 2 (1 mM, turquoise) and 1+2 (0.5 mM each, red). d) Partial 1H NMR
spectra showing the rate of ADP hydrolysis (triangles) and AMP production (circles) over time. Fittings were obtained by kinetic models (see
Supporting Information Section S4 and S5).
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and in the order of 104 M� 1 for compound 3 (Supporting
Information Sections S3.2, S3.3)).

The phosphoanhydride bond in ADP and ATP is known
to be very stable under physiological conditions,[4,32] but it
has been reported that phosphoanhydride hydrolysis is
catalysed at higher temperatures in the presence of
azacrown macrocycles[33,34] or metal cation complexes,[35]

similar to the TACN·Zn(II) complexes used here. Since
TACN·Zn(II) catalysts are known to exhibit cooperativity
when catalysing (P-centred) hydrolysis reactions,[36–38] it was
expected that ditopic hydrazone 3, with two TACN·Zn(II)
residues, would function as a better catalyst than either
monotopic species 1 or 2. Catalysis of ADP hydrolysis by
TACN·Zn(II)-containing molecules 1–3 with a constant
head-group concentration of 1 mM was studied by 1H NMR,
following the chemical shift of ribose (δH =5.90 to 5.95 ppm,
Figure 2d). Even in the presence of a catalyst, ADP
hydrolysis is slow, so an elevated temperature (70 °C) was
used to achieve ADP hydrolysis on a reasonable timescale.
Because the phosphoester bond is much more stable than
the phosphoanhydride bond, <5% conversion of AMP into
adenosine+Pi was observed after 141 hours which could be
safely neglected in kinetic models (Supporting Information
Section S5.2). Hydrolysis mediated by 1 and 2 occurs at a
similar rate, k1hyd=2.03×10� 6 s� 1 and k2hyd=1.95×10� 6 s� 1

(Figure 2c, Supporting Information Sections S4.2 and S4.3).
ADP hydrolysis mediated by pure hydrazone 3 at 70 °C was
not possible to follow since hydrazone equilibration 1+2**3
occurs on a shorter timescale (kobs�7×10� 5 s� 1) than ADP
hydrolysis. Instead, 1, 2 and ADP were mixed all at 0.5 mM
concentration and the hydrolysis of ADP was followed, to
extrapolate the rate constant for catalysis by 3 alone. A 2.8-
fold increase in the rate constant for 3-catalysed ADP
hydrolysis was found compared to the reaction catalysed by
1 and 2 with a k3hyd=5.56×10� 6 s� 1, as determined from a
fitted kinetic model (Figure 2c, Supporting Information
Section S5.2). These experiments indeed demonstrate an
autonomous system where ADP enables the synthesis of a
transient catalyst, i.e. hydrazone 3, that is a more efficient
catalyst towards phosphoanhydride hydrolysis compared to
the starting building blocks 1 and 2.

The way in which the reaction system adapts to the ADP
concentration and makes itself more suitable for ADP
hydrolysis is reminiscent of the responsive behaviour seen in
natural metabolic cycles that are the basis for controlling
responses to stimuli and performing homeostatic or self-
regulating processes.[39] Faster catalysis of ADP hydrolysis
by hydrazone 3 functions as ‘chemical gating’ (i.e. a differ-
ence in the rate of a reaction (e.g. ADP hydrolysis) as part
of a forward or backward pathway) and can be used to help
realise a kinetically asymmetric reaction network and hence
an information ratchet mechanism.[9–14]

Kinetic modelling: A transient increase in concentration
of 3 was seen upon addition of ADP, however it was
unknown whether this was the result of a kinetically
controlled driven system (Class 4) with consequent energy
storage,[10,30,40] or a thermodynamically controlled adaptation
of the system towards a changing ADP concentration, with

all species equilibrated according to the concentration of
templating anions (Class 3).[2]

Compared with biochemical reaction networks,[4,39] fu-
elled self-assembly processes and other artificial responsive
systems,[17,18,27,19–26] the present reaction system is relatively
simple, making it well suited to quantification of reaction
parameters. Accordingly, a mass action kinetic model was
built describing the chemical reaction network (Figure 3a),
based (as far as possible) on independently measured or
quantified rate constants (black lines, Figure 2a,c—see
Supporting Information Sections S2–S5 for details). Not
only does fitting such a model to experimental data test
whether the reaction network is understood, but it also
provides a tool to perform simulations in which specific
parameters can be altered to predict the behaviour of the
system under new conditions.[9–14]

The fitted constants indicated the presence of kinetic
asymmetry in the network, due to the relative stabilisation
of hydrazone 3 by ADP, more rapid hydrolysis of ADP
when bound by 3, as well as the statistical preference for
ADP to bind either 1 or 2 (Supporting Information
Section S8). However, the model also showed that for the
entire duration of the experiment the concentrations of 1, 2
and 3 remained equilibrated (within error) with respect to
the transient ADP concentration (Supporting Information
Section S6.5), indicating that the increased hydrazone con-
centration was a result of thermodynamic stabilisation rather
than kinetic selection. That is, despite the presence of kinetic
asymmetry in the reaction network, energy consumption
does not lead to non-equilibrium concentrations. This
suggests that the ADP hydrolysis/hydrazone bond formation
coupled cycle (blue circular arrow in Figure 1) is not the
primary reaction cycle in control of the chemical processes
occurring in the network. Therefore, further analysis of the
kinetic model was required to study the interdependence
between the driving (ADP hydrolysis) and driven (hydra-
zone formation) reactions.

Tagged molecule simulations: Despite the minimalistic
features, the system still involves a very high level of
complexity as a result of the many non-covalent interactions
between the reaction components (Figure 3a). To facilitate
analysis, we considered the reaction cycle from the point of
view of a single ‘tagged’ molecule which can react and move
between different species (sites) within the reaction
(sub)network via a stochastic Markov jump process (Fig-
ure 3b,c).[41–44] The approach considers only the reactions in
which the tagged species can participate, so the ‘tagged 1’
and ‘tagged 2’ methods provide slightly different viewpoints
of the overall reaction network. At steady state, the
concentrations of all species are constant, so the jump rate
constants for the tagged molecule can be deduced from the
fitted rate constants for each reaction and the steady state
concentrations of the species within the network. This allows
the flux across each reaction jump to be calculated, and in
turn the net current. Considering only one molecule
significantly simplifies the analysis and makes it possible to
inspect the behaviour of reaction networks at the level of
individual transitions, whereas traditional methods require
the consideration of the network as a whole. This is
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especially useful where non-equilibrium behaviour may only
be seen in some subnetworks and may not be as apparent
across the entire reaction network.[45]

The model was constructed using the kinetic constants
obtained from experimental measurements and fitting the
mass action kinetic model. We particularly focused on the

ideal case of steady state conditions with chemostatted
concentrations of ADP, AMP and phosphate (Supporting
Information Section S6.4), which ensures that any non-
equilibrium concentration must originate from an informa-
tion ratchet. Following the path of single molecules in this
manner highlights the link between the stochastic dynamics
at the single molecule level, which enables the exploration
of the molecular ratcheting phenomenon from the point of
view of a ‘molecular reporter’, and the deterministic, mass
action kinetics commonly used to describe such processes.
From the tagged molecule simulations, currents can be
extracted which express the average net number of times the
tagged molecule undergoes a given reaction within the
network (e.g. ADP templated hydrazone bond formation)
per unit time. In the absence of dissipation (e.g. at
equilibrium), the current is inherently zero as forward and
backward processes are balanced.

It was found that, under simulated chemostatted con-
ditions, the net current across the ADP templated hydra-
zone formation reaction, which reports the current within
the forward coupled cycle (Figure 1 green arrows) less that
of the backward coupled cycle (Figure 1 red arrows), has to
be taken as zero in practice: numerically it was found
<10� 10 s� 1, in the order of the spurious currents in the
equilibrated system (Supporting Information Section S6.4).
Indeed, the coupled cycles (blue circular arrow, Figure 1)
are almost completely suppressed by the presence of
uncoupled ‘futile cycles’ (grey circular arrows, Figure 1) in
which ADP hydrolysis is catalysed without altering the state
of the hydrazone equilibrium. Hence, the simulations reveal
that the experimentally observed transient change in
hydrazone concentration is an adaptation to the changing
ADP concentration and the building blocks (1 and 2) and
product (3) remain almost equilibrated throughout (Class 3
behaviour). The reason for this is that ADP and AMP
exchange in the equilibria (1+2)+ADP/AMP**(1+2)-
ADP/AMP and 3+ADP/AMP**3-ADP/AMP are rapid
compared to ADP hydrolysis, precluding the development
of non-equilibrium concentrations upon energy dissipation.
The presence of these rapid transitions establishes ‘slip
cycles’ which involve thermodynamically controlled hydra-
zone formation without ADP hydrolysis. The presence of
these slip cycles tends to reduce the directionality of the
network (for a more detailed discussion see Supporting
Information Section S8).[9–15,45]

Exploration of other kinetic regimes: To test the
hypothesis that the fast (diffusion limited) ADP/AMP
association/dissociation is culpable for preventing the system
from reaching a non-equilibrium composition through the
presence of rapid futile and slip cycles, we used simulations
to investigate the effect of slowing down host–guest
exchange without altering any of the other parameters of
the system, such as the binding constants or the kinetic
asymmetry. This is schematically illustrated by the introduc-
tion of hypothetical capsules around the Zn(II) binding sites
(Figure 4, bottom) which solely generate a kinetic barrier
for anion exchange. For each chosen value of the exchange
rate, the current was calculated for all reactions from the
viewpoint of tagged 1 or 2 (Supporting Information

Figure 3. a) The full reaction scheme used for modelling the behaviour
of the network with a tagged molecule analysis. Colours show various
species within the network to which a ‘tag’ can be applied. Parentheses
are used to indicate that water is treated as implicit in the kinetic
model due the high concentration relative to other species.The network
can be qualitatively simplified into the reaction cycle shown in Figure 1.
b) The network available to tagged 1 and c) the network available to
tagged 2 are shown with coloured transitions indicating the jumps in
which the tagged molecule participates, while grey transitions are
unseen. Different aspects of the network are seen by different tagged
molecules, so each provides a different perspective on the network.
The arrows indicate the direction of transitions that are especially
exergonic (ADP hydrolysis) and so can be considered to proceed
almost entirely in the direction depicted. All other transitions
experience significant flux in both directions.
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Section S6.4). The net current on the coupled cycle (Fig-
ure 4, red points) was given by the current across the ADP
templated hydrazone formation reactions, since the coupled
cycle is the only way of generating a non-zero net flux in this
reaction at steady state. The total rate of ADP hydrolysis
(Figure 4, green points) was calculated using mass action
kinetics and the simulated steady state concentrations of
each species, normalised to the maximum theoretical
concentration of 3. The efficiency of the network (Figure 4,
blue points) is defined as the proportion of ADP hydrolysis
events that contribute to the net forward coupled cycle and
so drive the system to a non-equilibrium composition. This
is the ratio of the current of the coupled cycle with respect
to the overall ADP hydrolysis rate and can be found by
considering the ratios of currents in a tagged molecule
approach, or from the relative rates of the overall ADP
hydrolysis and the net forward coupled cycle.

As the ADP and AMP exchange rates are slowed
(moving from right to left on the graph in Figure 4), below a
rate constant of ~100 M� 1 s� 1 for ADP and AMP binding,
the overall rate of ADP hydrolysis begins to decrease. This
corresponds with the point at which exchange starts to

become the ‘rate limiting’ step for futile cycles shifting the
kinetic preferences from the futile to the coupled cycle. At
this rate, species also start to move away from their
equilibrium concentrations (Supporting Information Sec-
tion S6.5). Despite the decreasing overall rate, the rate of
the coupled cycle initially increases even as anion exchange
is slowed. This is because the coupled pathway is not
affected as strongly by decreasing the exchange rates as the
futile and slip cycles, so suppression of the coupled cycle no
longer occurs. The rate of the coupled cycle reaches a
maximum with association rate constants of ~1 M� 1 s� 1 after
which it also decreases as anion exchange becomes rate
limiting for the coupled cycle as well as the futile and slip
cycles. However, the coupled cycle allows access to both the
faster rate of ADP hydrolysis catalysed by 3 and the faster
rate of anion exchange by 1 and 2, so as the rate slows even
further, the coupled cycle becomes kinetically preferred
over the futile cycles.[46] Consistently with theory,[40,47] the
highest efficiency, peaking at around 70%, is found to be in
the regime in which catalysis is slowest, which occurs at the
lowest exchange rates. The high efficiency originates from
the suppression of the futile and slip cycles under these

Figure 4. Plot showing the simulated effects at steady state of ADP/AMP exchange rate on the current in the driven ADP templated hydrazone
forming reaction, and hence the coupled cycle (red), overall rate of ADP hydrolysis per TACN pair (green) and the efficiency (blue) with unbound
ADP, AMP and phosphate chemostatted at 0.005 mM and with the initial concentrations of 1 and 2 at 0.5 mM. The current in the driven reactions
is found using tagged molecule simulations following either 1 or 2, and summing relevant contributions, ADP hydrolysis rate is identified using
mass action kinetics and normalised according to the maximum theoretical concentration of 3, while the efficiency, the ratio between coupled
current and ADP hydrolysis rate is found to be the same following either mass action methods or a tagged single molecule approach (see
Supporting Information Section S6.5). A trade-off between the efficiency and the overall rate of ADP hydrolysis is required to maximise the rate of
the ADP-hydrazone coupled cycle. The exchange rate could potentially be controlled by the formation of full or partial capsule structures which
would kinetically control the rate of exchange between bound and solution phase ADP/AMP. Note that the hypothetical blue capsules are for
illustrative purposes only, to indicate slower exchange through steric restriction.
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conditions. However, future applications will require a
trade-off between highest efficiency and faster rates to be
practical.[48]

Conclusion

In conclusion, we have developed a system in which ADP
stabilises and accelerates the formation of a hydrazone
bond, to produce a species which is more catalytically active
towards fuel hydrolysis compared to the starting reactants.
This system acts as a chemical reaction network where two
orthogonal reactions, ADP hydrolysis and hydrazone bond
formation, mutually affect each other.

Our system reproduces a phenomenon that is frequently
observed in chemically-fuelled self-assembly processes:
namely that the batch-wise addition of the chemical trigger
results in the transient formation of a structure. The
minimalistic nature of our system permitted a full kinetic
analysis which revealed that the observed transient increase
in hydrazone concentration originates from an adaptation of
the equilibrium reaction to the changing ADP concentra-
tions. An out-of-equilibrium state (i.e. a ratio of building
blocks 1 and 2 to product 3 that does not correspond to the
equilibrium composition) cannot be experimentally detected
inside the network because almost all of the energy is
dissipated through uncoupled non-productive futile cycles
which do not involve hydrazone bond formation. Impor-
tantly, the analysis also showed that the presence of kinetic
asymmetry in the coupled cycle is by itself not sufficient to
drive the system away from equilibrium. Simulations under
steady state conditions indicated that the high ADP/AMP
exchange rates compared to the rate of hydrazone hydrolysis
is responsible for the suppression of the coupled cycle and
the dominance of the futile cycles at steady state.

Despite the absence of efficient energy transduction with
the experimentally determined rate constants, the availabil-
ity of a kinetic model provides a valuable tool to evaluate
the importance of key kinetic parameters in the system.
Indeed, simulations show that by simply reducing the
exchange rate by different orders of magnitude, a current
and a non-equilibrium composition emerged in the system.
It is of interest to notice, that this is reminiscent of biological
systems in which the substrate/product exchange is not
governed by diffusion but is kinetically controlled by
conformational selection (sometimes referred as chemical or
kinetic gating).[3,9,10,13] For example, in microtubules, the
archetypal biological example of a dynamic out-of-equili-
brium structure, the binding and release of fuel and waste is
all but prevented by conformational restriction introduced
during polymerisation.[2,49,50] Despite the composition of the
reported reaction network being purely governed by
thermodynamics, it demonstrates an important element for
the future development of autonomous systems based on
ratchet mechanisms. To create non-equilibrium systems
driven by non-covalently catalysed reactions, in addition to
kinetic asymmetry, tight kinetic control over exchange rate
must be achieved to suppress futile and slip cycles.[9–14] This

poses an interesting challenge in the design of life-like self-
assembly systems with catalytic properties.

Supporting Information

The authors have cited additional references within the
Supporting Information.[51–56]
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Materials that consume chemical energy
are fundamental to the development of
synthetic active matter, yet the complex-
ity of their reaction cycles hinders under-
standing how energy is used. The crea-
tion of a fully characterised minimalistic

metabolic cycle based on the adenosine
diphosphate (ADP) driven assembly of
building blocks has allowed insight to be
gained into the way energy is dissipated
by the network and uncover general
design principles for driven systems.
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