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Functions arising from cooperation between protobiopolymers have fueled the chemical emergence of
living matter, which requires a continuous supply of energy to exist in a far-from-equilibrium state. Non-
equilibrium conditions imparted by available energy sources have played critical roles in the appearance
of complex co-assembled architectures, which exploit the properties of different classes of biopolymers.
Such co-assemblies formed from mixtures of nitrogenous heterocycles as protonucleobases and
peptide precursors might have acted as early versions of catalytic machinery, capable of sustaining
chemical reaction networks. Herein, we show the generation of catalytic non-equilibrium networks from
a mixture of a nitrogenous heterocycle, an amino acid and a cofactor driven by an aromatic substrate.

The cooperation, a result of supramolecular interactions between different components, rendered the
Received 3lst January 2025 bli ble of activating the cofactor towards oxidative degradation of the substrate, which
Accepted 20th March 2025 assemblies capable of activating the cofactor towards oxidative degradation of the substrate, whic
resulted in autonomous disassembly (negative feedback). Furthermore, utilising promiscuous hydrolytic

DOI: 10.1039/d55c00827a capability, the transient co-assemblies could metabolise a precursor to generate additional amounts of
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Introduction

Living matter requires a continuous supply of energy to
sustain it in a far-from-equilibrium state and displays
remarkable cooperation between biopolymers, such as nucleic
acids and proteins. This collaboration is beautifully man-
ifested in the ribosome, the universal cell organelle.® Ribo-
nucleoprotein, a supramolecular complex composed of>* RNA
subunits and as many as 70 ribosomal proteins, exploits the
properties of both nucleic acids and proteins to exemplify
biopolymer collaboration.'*** Such cooperation, manifested
in the form of multicomponent supramolecular assembly, was
crucial for the generation of proto-biocatalysts.*a?**7
Furthermore, such early catalysts were required for the com-
plexification of reaction networks and protometabolism
operating out-of-equilibrium (Fig. 1a).”** Under non-
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the substrate, enhancing the lifetime (positive feedback) of the assemblies.

equilibrium conditions, early biopolymer cooperation was
facilitated as available energy sources drove the polymeriza-
tion of simple building blocks, leading to supramolecular
catalytic entities capable of facilitating biochemical reactions
networks.'** Designing catalytic reaction networks based on
simple precursors of biopolymers, such as proto-
nucleobases®*** and amino acids,?”” along with the prebioti-
cally plausible porphyrin-based co-factors*’* that can show
functional collaboration, can build on our understanding of
the principles leading to complex functions arising from
simple molecules during early chemical evolution. However,
protocellular forms that preceded the emergence of primitive
catalytic machinery possibly did not have the advantage of
even short peptide sequences or nucleic acid fragments. From
the context of a primitive yet diverse chemical inventory, it is
intriguing to conceive that a simple nitrogenous heterocycle (a
plausible protonucleobase), peptide precursors and low-
molecular-weight cofactors could have coexisted and com-
ixed under non-equilibrium conditions to access supramo-
lecular architectures with catalytic capabilities.”** The
bottom-up approach of creating catalytic reaction networks
under non-equilibrium conditions with co-assembled simple
building blocks can contribute towards our understanding of
the emergence of living matter like properties.?®*** Herein, we
report that a mixture of low-molecular-weight building blocks,
i.e., a heterocycle (model protonucleobase), a single amino
acid (precursor of proteins) and a cofactor in the presence of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Possible collaboration between peptide fragment and short

nucleotides towards primitive catalytic machinery. (b) Generation of

dissipative assemblies via co-assembly of a mixture of heterocycle (T, triazine protonucleobase), cofactor (Cf) and single amino acid (AA), driven
by AR in an oxidising environment (H,O,). The cooperation between the components leads to peroxidase activity that subsequently degrades AR,

leading to autonomous disassembly (negative feedback).

an aromatic substrate, can lead to the generation of catalytic
non-equilibrium networks (Fig. 1b). The heterocycle (T) and
aromatic acid (AR) co-assemble to create the structural
framework of the assemblies, which non-covalently bind the
amino acid (AA, Fig. 1b) and the cofactor (Cf, hemin) to display
emergent peroxidase-like activity. The catalytic co-assembly
subsequently degrades the substrate, leading to disassembly
and hence, autonomously controls its own lifetime (negative
feedback, Fig. 1b). The supramolecular assembly of such
simple building blocks related to extant biopolymers, that
activate a bound cofactor to demonstrate catalysis and dissi-
pative self-assembly, is an unprecedented observation. Apart
from oxidation, the presence of AA in the assembled state
helped in the realization of a chemical reaction network by
catalyzing a secondary hydrolysis reaction, thereby expanding
the catalytic diversity.®® The latent hydrolytic activity
benefitted the assemblies by generating more substrate from
a precursor. Since the substrate played an important role in
inducing co-assembly, regeneration of the substrate thus
induced further assembly formation, and increased the life-
times and mechanical strength of the assemblies and installed
positive feedback into the system.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Results and discussion

We started with a triazine amine (Fig. 1b, argued to be
a possible protonucleobase, T)**** and to drive its assembly, an
equimolar (50 mM) concentration of an organic acid was added
(AR). Hydroxybenzoic acids have been shown to form co-
assemblies with heterocycles such as melamine (T) through
hydrogen-bonding interactions.*® The methoxy group in AR
made the substrate electron rich and subsequently more prone
to oxidation. Further, the substrate has been shown to be oxi-
dised by peroxidase enzymes.*” Next, a non-enzymatic yet
intrinsic catalytic pathway was installed by adding a single
amino acid (methyl acetyl-i-histidinate, AA, 10 mM, where the
carboxy group was methylated to impart hydrophobicity) along
with a low-molecular-weight cofactor (Cf, 150 uM) (hemin,
a prosthetic group of modern peroxidases, Fig. 1b; the intrinsic
peroxidase activity of hemin in water is miniscule®). We ex-
pected that in the mixture, T and AR would rapidly interact to
provide the structural framework of the supramolecular
assemblies and would imbibe AA and Cf on the surface of the
assemblies.?® In the assembled state, AA would coordinate with
Cf to restrict the dimerization to a certain extent and possibly
activate it for catalysis (in the presence of H,0,, 30 mM). In an

Chem. Sci., 2025, 16, 7838-7846 | 7839
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oxidizing environment, this would lead to the catalytic degra-
dation of the electron-rich substrate AR and would help in
accessing the (dis)assembly of organized structures via negative
feedback. The mixture of T, AR, AA, Cf and H,0, showed rapid
self-assembly, which eventually turned to a light-brown-
coloured self-supporting gel in ~2 min (Fig. 2b, pH ~ 5.1,
1.5% (v/v) DMF in H,0, Cf is brown in colour). Interestingly, the
co-assembled gel showed a slight intensification of the brown
colour with time, which suggested ongoing oxidation. In the
next ca. 2.5 h, an autonomous transition to a sol was witnessed,
suggesting dissipative assembly (Fig. 2a—c). The autonomous
(dis)assembly was visualized with time-resolved transmission
electron microscopy (TEM), which showed the temporal
formation and rupture of fibrillar networks (Fig. 2d-f), yet
leaving some Kkinetically trapped fibres. Atomic force micros-
copy (AFM) also suggested the presence of fibrillar nano-
structures for the assembled state with an average height of ~2-
8 nm (Fig. S11). Controls done in the absence of either AA or Cf
led to kinetically stable co-assemblies with no noticeable visual
changes over time (Fig. 2g, S2 and S3t). This suggested the
importance of the cofactor-amino acid combination for the
emergence of catalysis that led to the realization of the dissi-
pative assembly. As expected, a mixture of T and AR alone led to
a kinetically stable gel (Fig. S4t). Further, the omission of T or
AR resulted in free-flowing solutions (Fig. 2g, S5a and bt),
whereas a mixture of T, AR, AA, and Cf without H,0, led to
a kinetically stable gel (Fig. 2g and S5ct). These observations
underline the importance of the substrate-driven generation of
catalytically active non-equilibrium networks. Furthermore,
variation of the concentration of the four components (T, AR, Cf
and AA) and pH led to modulation of the lifetime of the co-
assembly, presumably due to different oxidation rates
(Fig. S61). In the present system, the optimum oxidizing activity
at pH 5 led to the realization of transient assemblies.**** The
generation of a dissipative assembly via cooperation between
the building blocks was also evident from time-dependent
rheological studies, which revealed an initial rise in the

150 min
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storage modulus (G') followed by a decline (Fig. 3a and S771).
Controls in the absence of Cf or AA registered a similar increase
in G, but did not show an autonomous decline over a prolonged
time, which suggested the role of catalysis in temporally
controlling the mechanical properties (Fig. 3b, ¢, S8 and S91). A
higher maximum G’ was observed in the absence of AA
compared to that in the presence of AA, presumably due to an
ongoing oxidation process in the latter case. Temporal genera-
tion of networks was further probed with the hydrophobic dye
rhodamine 110, which showed an increase in fluorescence
intensity for up to 1 h upon binding to a hydrophobic envi-
ronment, followed by a gradual decline, while controls without
AA or Cf did not show any temporal changes (Fig. 3d and S107).
To elucidate the interactions leading to the structural frame-
work of the assemblies, Fourier transform infrared spectros-
copy (FTIR) of the co-assembled system (T + AR + AA + Cf +
H,0,) and the individual components were done. The inter-
molecular hydrogen bonding between T and AR was evident
from the spectra, as peaks at 3000-3500 cm ™" corresponding to
N-H vibrations (of T) were significantly broadened in the
assembled state (Fig. 3e). A similar effect was observed for
kinetically stable assemblies in the presence of T and AR alone,
which underpinned the role of both components in the
formation of the structural backbone of the assemblies. The
dissipative assemblies were next investigated with 'H NMR-
based studies. Interestingly, AR showed peak broadening in
the gel state due to the reduced transversal relaxation time (T2),
which subsequently resulted in signal suppression (Fig. 3f and
S11;+ T does not have any non-exchangeable protons). As
a function of time, the peaks became sharper, which reflected
the temporal (dis)assembly process of the supramolecular
framework (Fig. 3f and S11}). Next, NMR spectra of the co-
assembled system at varying concentrations of AR were recor-
ded. At lower concentration (<10 mM), due to negligible
aggregation, the total AR present in the system was equivalent
to the amount being observed, whereas beyond 10 mM, the
amount observed was significantly lower than the actual

g) SINo T AR AA Cf H202; Observation
1 + + + + + Dissipative
assembly
2 + + + _ 4 Kinetically Stable
assembly
3 + + — + + | Kinetically Stable
assembly
4 — + + + + No Aggregation
5 + - + + + No Aggregation

Kinetically Stable
assembly

Fig. 2 Representative images of vials (a—c) and TEM micrographs (d—f) of a system containing T, AA, Cf and H,O, at different times after the
addition of AR. (g) Table showing the final observations of different systems.
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(a—c) Time-dependent storage moduli of different systems. (d) Time-dependent fluorescence intensities of Rhodamine 110. (e) FT-IR

spectra of different systems. (f) Time-dependent *H NMR of the dissipative self-assembled system (T + AR + AA + Cf + H,0O5). (g) Plot of observed
concentration (as determined by NMR) against the total concentration of AR, and (h) selective *H NMR spectra of the dissipative system (T + AR +
AA + Cf + H,0,) using different concentrations of AR. Error bars represent the standard deviation of triplicates.

amount, which confirmed that AR was incorporated into the co-
assemblies (Fig. 3g, h and S127).>** Powder X-ray diffraction
(PXRD) of the co-assembly showed d-spacings of 3.24 A and 4.45
A, which suggested an ordered arrangement of the building
blocks through w7 interactions (Fig. 4a). PXRD of the stable
assemblies consisting of T and AR alone showed peaks at 3.22 A
and 4.35 A, again indicating that the heterocycle and the
aromatic acid were the main components for the self-
assemblies (Fig. 4a). Additionally, density functional theory
(DFT) studies at B3LYP/D3BJ/def2-TZVP/CPCM (water) were
performed to gain a more detailed understanding of the
packing arrangements in assemblies comprising T and AR. Two
computational models with two distinct H-bond interaction
modes between T and AR were explored: the first one featuring -

© 2025 The Author(s). Published by the Royal Society of Chemistry

CO---H-N H-bond interaction was preferred (binding energy of
—9.9 keal mol™") over the second, having -OMe as the H-bond
acceptor (binding energy of —8.3 kcal mol ') (Fig. S137).
Furthermore, parallel stacked-dimer models (Fig. S13c and df)
emphasized a preference for the synergistic -CO---H-N H-bond
and extended 7-stacking interactions at an interplanar distance
of 3.28 A, in agreement with the powder X-ray diffraction (PXRD)
studies (d-spacing of 3.22 A) (Fig. 4b, S13c and df). We
hypothesize that this leads to the extended H-bond network
between T and AR forming a cyclic rosette structure (Model A,
Fig. 4c and S14t) responsible for catalytic activity. Next, we
investigated the role of the assemblies in recruiting highly
soluble AA, which can consequently install catalytic potential
from the assembled state. For this, the assemblies were

Chem. Sci., 2025, 16, 7838-7846 | 7841
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(@) PXRD of different systems. (b) Optimized geometries of the computational model of the T and AR dimer and (c) the cyclic rosette

model. (d) Concentration of bound AA from HPLC. (e) Change in concentration of AA with time, obtained from time-dependent *H NMR of the
dissipative system (T + AR + AA + Cf + H,05). (f) Change in absorbance of Cf in the presence of the assemblies and AA alone (enlarged in the
inset). (g) Consumption of AR with time in different systems. * represents the systems with 300 uM Cf (the concentrations of the other
components were the same). (h) Variation in lifetime and oxidation percentages of the co-assembled system with different compositions. The
kinetically stable co-assembly shown with a fading bar implies a lifetime of more than 48 h. Error bars represent the standard deviation of

triplicates.

centrifuged at different times and the supernatant was sepa-
rated, with the hope that only the unbound AA would be there in
the supernatant, from which the amount of bound AA could be
estimated. HPLC of supernatants as a function of time showed
that the extent of binding of AA was significantly higher at ca.
10 min (3.9 + 1.2 mM, ~39%, Fig. 4d and S15; see ESIf for
details) compared to the disassembled states, i.e., at the
beginning and at ca. 600 min. The concentrations shown in
Fig. 4d are the concentrations of bound AA, which were calcu-
lated by subtracting the amount observed from HPLC at each
time point from the total amount added. Further, the binding of
AA during the formation of the co-assembly was investigated
with 'H NMR. Notably, time-dependent 'H NMR of the

7842 | Chem. Sci., 2025, 16, 7838-7846

dissipative gel (T + AR + AA + Cf + H,0,) revealed transient
binding of AA to the non-equilibrium assemblies. The concen-
tration of free AA observed from NMR showed a decrease from
10 mM (free AA) to ~7 mM after 2 min, implying a binding of
~30%, which is similar to that observed from HPLC studies
(Fig. 4e and 3f). The concentration of unbound AA showed
a gradual increase to ~9 mM with time, underpinning the event
of disassembly (Fig. 4e, 3f, S11 and S16%). Interestingly, when
AA was added to the kinetically stable gel of T and AR, a similar
binding tendency of the amino acid (~30% entrapment) was
observed, which did not change as a function of time (Fig. S17
and S187). Next, the possible interaction of Cf with AA bound to
the assemblies was investigated via UV-vis spectroscopy. In

© 2025 The Author(s). Published by the Royal Society of Chemistry
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contrast to free Cf in water, an 18 nm red shift of the Soret band
was observed for the assemblies (Fig. 4f). The results suggested
a lower extent of Cf dimerization in the co-assembly and the
subsequent formation of an AA-Cf complex (hemin-histidine
complex), where AA is co-ordinated to Cf.*® Although we did not
observe the sharp bands typically associated with stoichio-
metric binding, the significantly larger shift compared to AA +
Cf alone (a red shift of ~12 nm) suggested binding of the
cofactor to the co-assemblies (Fig. 4f).*® Next, circular dichroism
(CD) showed an induced negative signal of achiral Cf at
~416 nm, which suggested its binding to the chiral microen-
vironment (due to presence of chiral AA) of the co-assemblies
(Fig. S19%). Since the induced CD signal of hemin (Cf) was
measured in the presence of assemblies, the concentration of Cf
was kept high. Controls done without AA or Cf did not result in
the generation of any prominent peak at ~416 nm (Fig. $19t). In
combination, the results confirmed that AA and Cf were non-
covalently bound to the structural framework constituted
from the T and AR co-assembly. Next, catalytic oxidation by the
transient assemblies was investigated. The consumption of AR
over time was used to monitor the progress of the reaction, as
the complexities of multiple oxidation products prohibited their
precise monitoring. Time-resolved HPLC revealed a decrease in
peak area of AR, and suggested the consumption of ca. 8.2 mM
(~16%) in 3.5 h (Fig. 4g, S20 and S21;} in the presence of 30 mM
H,0,). Interestingly, a control done in the presence of 41.8 mM
AR (remaining AR after oxidation; concentrations of T, Cf, AA
and H,0, kept the same) did not result in a self-supporting gel,
indicating that the extent of oxidation observed was sufficient
for disassembly (Fig. S221). Controls done in the absence of
either T, AA or both (the rest of the components were kept the
same) showed ~6%, ~2% and ~6.8% consumption of AR,
respectively (Fig. 4g). Furthermore, the consumption of AR was
observed to be negligible (~1%) when Cf was added externally
into the pre-formed gel (Fig. 4g; even when high concentrations
of Cf were present). This result suggested that the pre-mixing of
T and AR before the addition of Cf diminished the catalytic
activity, presumably due to the fact that the preformed assem-
blies were not able to incorporate the cofactor. Expectedly, there
was no oxidation in the absence of H,0, (Fig. 42). The aromatic
organic acid AR along with the heterocycle T form the substrate-
driven co-assembly that locally increased the concentrations of
AA and Cf. These results strongly confirmed the importance of
the co-assemblies, which could recruit AA and Cf for the
emergent peroxidase activity, that subsequently installed
negative feedback towards its stability. Further, HPLC showed
peaks corresponding to the oxidation products for the transient
assemblies aged for 3.5 h (Fig. S23; 1 oxidation in the presence
of HRP showed similar product formation,*”*' Fig. S24t) while
controls in the absence of T (AR + AA + Cf + H,0,) showed no
prominent peak generation (Fig. S231). HRMS-HPLC investiga-
tions confirmed the presence of one of the oxidation products,
which matched a report in the literature (Fig. S25t).” Such
acceleration of catalytic ability in the aggregated state is
a strategy used in extant living systems to self-regulate non-
equilibrium biopolymers to perform work.**®33e42-45 1mpor-
tantly, the oxidation percentage of AR and the corresponding

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

lifetime could be tuned by varying the concentrations of
different components. Higher concentrations of Cf and AA
showed greater extents of oxidation, which resulted in shorter
lifetimes (Fig. 4h). To check the recyclability of the system, an
additional batch of substrate AR was added when the
mechanical strength of the system showed a decrease. Indeed,
the mechanical strength registered an increase and subsequent
autonomous decline, thus realizing two cycles of (dis)assembly.
However, the system could not be recycled further, possibly due
to accumulation of oxidation products (Fig. S261).

As noted, the capability of the co-assembled networks to
bind small molecular guests might have been beneficial for the
emergence of latent functions: i.e. to promote other biochem-
ical reactions (promiscuity).*® To probe this, the hydrophobic
dye Nile red was chosen, and time-resolved confocal microscopy
was done. Fluorescent networks were observed at ¢ = 10 min,
which gradually dissolved away at ¢ = 2.5 h (Fig. 5a—c and S277).
This suggested the temporal generation of supramolecular
fibrillar structures along with the capability to bind to a diverse
range of guests. One of the downsides of the reaction cycle
realized thus far was the fact that catalysis led to products that
were not beneficial for the co-assemblies.***” Reaction networks
that can exploit recruited guests for feedback loops to self-
regulate and, importantly, can utilize the liberated products
for its benefit, can demonstrate protometabolism. Since the
non-equilibrium assemblies were able to imbibe the histidine-
based building block AA,** we asked whether the assemblies,
despite the minimal building blocks, can utilize promiscuous
hydrolytic activity (i.e. hydrolytic capabilities due to the pres-
ence of AA) to regenerate AR from an ester-based precursor (Pro-
AR, AR was coupled with a hydrophobic aromatic group, 7-
hydroxycoumarin).>*>** This would create a hydrolysis-oxida-
tion cascade reaction, where the hydrolysis reaction would
create additional amounts of AR, while the methyl ester of AA
remains stable throughout the assembly-disassembly cycle and
in turn might help in the further generation of the catalysts
(dissipative assemblies). Since the substrate played an impor-
tant role in inducing the co-assembly, the regeneration of more
substrate thus installed positive feedback towards the assembly
formation (Fig. 5d).* The generation of an excess amount of AR
and subsequently the assemblies, should lead to an increase in
the lifetime and the mechanical strength of the assembled state
compared to the dissipative assemblies in the absence of Pro-
AR. We started with 50 mM T, 50 mM AR and 10 mM Pro-AR
along with AA (10 mM), Cf (150 uM) and H,0, (30 mM) (2.75%
(v/v) DMF in H,O; pH was 5.32; the ester was stable at this pH as
negligible hydrolysis was observed, Fig. S287). Interestingly, the
lifetime of the gels showed an increase from 150 4+ 15 min to
230 + 30 min (from quadruplicate vials, Fig. 5e). Ensemble
measurement, such as the rheological study, also revealed
~41% higher maximum mechanical strength in the presence of
Pro-AR compared to that without the precursor ester (Fig. 5e,
S29 and S307). From HPLC and fluorescence spectroscopy, the
generation of 7-hydroxycoumarin from Pro-AR could be
observed (Fig. 5f and g; the rate calculated from HPLC was 0.50
+ 0.04 uM min ", Fig. $31 and S32+ shows that AA was stable).
Interestingly, in the absence of AR, the storage modulus of the
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Fig. 5
network. (e) Storage modulus and lifetime of different systems. Statistics

(a—c) Representative CLSM images of co-assemblies incubated with Nile red. (d) The promiscuous hydrolysis—oxidation-based reaction

were obtained by ANOVA and Bonferroni post hoc tests, *p < 0.05, **p <

0.01, and ***p < 0.001, n = 3. Time-resolved (f) HPLC chromatograms and (g) fluorescence intensities showing the release of 7-hydrox-

ycoumarin. Error bars represent the standard deviation of triplicates.

mixture (T + AA + Cf + Pro-AR + H,0,) was almost two orders of
magnitude lower compared to samples with AR (Fig. 5e).
Samples with more than 10 mM Pro-AR led to precipitation (in
the absence of AR). Further, the hydrolysis rate of Pro-AR was
found to be dependent on the concentration of AA, which
directly translated to the lifetime of the systems (Fig. S337). To
probe the role of the assemblies in catalysing the ester Pro-AR,
a control without T (AA + AR + Cf + Pro-AR + H,0,) was done.
This free-flowing mixture showed ~4.5-fold lower hydrolytic
activity (0.11 & 0.03 uM min ", Fig. $347). This underlined the
importance of the catalytic microenvironment of the dissipative
networks to catalyse Pro-AR hydrolysis to generate AR and
display positive feedback. In combination, the results suggested
that the locally generated AR, despite its modest amount, played
a significant role in augmentation of lifetime and mechanical
strength (Fig. 5e) and provided positive feedback towards the
formation of the co-assemblies.

Conclusions

Non-equilibrium conditions imparted by available energy
sources played critical roles in the appearance of early versions
of catalytic machinery, possibly via the functional collaboration

7844 | Chem. Sci, 2025, 16, 7838-7846

of nitrogenous heterocycles as protonucleobases and peptide
precursors. This work demonstrates the non-equilibrium
generation of catalytic co-assemblies due to cooperation
between minimal precursors of extant biopolymers. An
aromatic acid drove the triazine heterocycle (a plausible proto-
nucleobase) towards the formation of dissipative networks that
showed emergent peroxidase-like activity by binding a single
amino acid and a cofactor, to subsequently degrade the acid
(negative feedback). Exclusion of any one of the components led
to kinetically stable co-assemblies. Furthermore, through
promiscuous hydrolytic activity, the co-assembly could
replenish the acid substrate from a precursor, resulting in an
increase in its lifetime via positive feedback. The emergence of
function due to such cooperation between simple building
blocks seen in non-equilibrium assemblies opens up possibili-
ties of recruiting diverse guests required to expand the catalytic
repertoire and set the stage for complex reaction networks and
protometabolism.
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