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In the far from equilibrium state of living matter, energy is consumed to fuel the metabolic networks
of enzymatic reactions. The emergence of protometabolic pathways in primeval earth is intricately
related to the evolutionary journey of modern enzymes. Fundamental understanding of such energy
driven generation of early catalytic systems would help us recognize the conditions required for the
minimal metabolism that predated the chemical emergence of life. Herein, we report substrate
driven generation of a non-equilibrium catalytic machinery from a single amino acid functionalized
fatty acid in presence of a cofactor hemin. The non-equilibrium assembled state showed
acceleration of catalytic potential resulting in degradation of the substrate and subsequently led to
disassembly. Controls that promoted equilibration could not access the three-dimensional
microphases and showed substantially lower catalytic activity. Significantly, the assembled state
showed latent catalytic function by hydrolysing a precursor to yield the same substrate.
Consequently, the assembly was benefitted with augmented lifetime of the catalytic state exploiting
a promiscuous cascade and thus foreshadowing protometabolism. The results contribute towards
our understanding of energy driven generation of primitive catalytic machineries that assisted the
minimal metabolism of early life.
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Living organisms exist seamlessly at an entropically forbidden state that is sustained by a continuous
expense of energy following the principles of non-equilibrium thermodynamics.*® Cell dynamics,
functions and homeostasis are maintained under such non-equilibrium conditions by exploiting
chemical energy stored in the thermodynamically activated molecules via metabolic networks of
enzymatic reactions.”? Extant enzymes and cytoskeleton proteins manipulate energy consumption
pathways as an evolutionary strategy across life forms to drive the functional microphases and carry
out work with remarkable spatiotemporal control.”*° The evolutionary journey of modern enzyme is
intricately related to the emergence of metabolic pathways.'%'*17 Deep phylogenetic analyses have
suggested the presence of highly conserved enzymes for amino acid and lipid metabolism.*® Minimal
metabolic cycles involved with breaking of activated molecules and accessing of self-aggregated
complex structures operating away from equilibrium, could in principle have set the stage for selection
and adaptation. Different models have suggested theories about evolution of metabolic pathways,
from recruitment of catalyst for creating depleted substrates to promiscuous activity.’® From the
context of chemical origin of life working far from equilibrium, it is tempting to investigate mixtures
of simple molecules under a flux of energy and subsequently probe the emergence of primitive
catalytic machineries with latent functions that could be important for early metabolism.**° Herein,
we show substrate driven generation of an artificial peroxidase via the dissipative self-assembly of a
minimal amphiphile in presence of a cofactor (hemin) in an oxidizing environment (Fig. 1). The ordered
non-equilibrium supramolecular assemblies feature kinetic asymmetry in the energy consumption
pathway as a time delayed acceleration of catalytic potential was observed upon assembly that
resulted in deactivation from higher energy state (Fig. 1b). %2326 Sjgnificantly, the higher energy non-
equilibrium state showed promiscuous catalytic function to generate its own substrate featuring a
two-step cascade reaction.

Results and discussion

We started with a combination of a simple amphiphile and a low molecular weight co-factor under an
oxidizing environment (Fig. 1). For amphiphile, single amino acid (L-histidine) installed with a stearic
acid was used (stearoyl histidine, SH, Fig. 1c). Hemin, an aromatic prosthetic group seen in modern
peroxidases and metalloenzymes was used as a cofactor (Fig. 1a showing horseradish peroxidase, HRP
as a representative example). The iron containing porphyrin moiety is featured at the active site of
most heme-proteins and plays critical roles in energetically downhill oxidative processes that is
important for metabolism.332 SH (12 mM) alone or when mixed with hemin (0.15 mM) remained as a
free-flowing solution (30% v/v, DMF/H>0, 22 mM H,0,). We were curious whether the addition of a
substrate could drive the non-equilibrium self-assembly of hemin and SH. We further argued that the
incorporation of a low molecular weight co-factor hemin may facilitate the energy dissipation via
oxidative degradation of the electron rich substrate, resulting in return to equilibrium. Hence, the
selection of the substrate was based on two criteria, firstly, it should be a substrate for extant
peroxidase enzymes and secondly, it should be aromatic as planar moieties are known to induce
assembly of fatty acid based amphiphiles.333* Based on these, planar aromatic molecule 4-chloro-1-
naphthol (CN) was selected (Fig. 1).3% Indeed, addition of CN (14 mM) resulted in the rapid self-
assembly of SH (12 mM) in presence of hemin (0.15 mM) as within ca. 30 min the solution turned into
a self-supporting gel (Fig. 2). Notably, the color of the gel intensified gradually with time suggesting
the onset of oxidation of the substrate in presence of hemin (Fig. 2d-f). Interestingly, after ca. 150 min,
the gel started to show an autonomous transition to sol state (Fig. 2f). It is important to note that in
the absence of folded peptide chains containing proximally located histidine residues, native hemin
has very low intrinsic peroxidase activity (Fig. 1a).32 However, the rapid color change observed in this
case indicated a possible activation of hemin.
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Fig. 1 1 a) HRP displaying a cofactor-binding site. b) Schematic diagram representing the non-
equilibrium dissipative system mimicking the peroxidase activity. The substrate CN drives the non-
equilibrium generation of catalytic microphases which subsequently degrades CN. Enlarged version
shows the interaction of the histidines of the nanofibers with co-factor hemin. The precursor ester of
CN (Pre-CN) could be hydrolyzed to prolong the lifetime of microphases. ¢) Chemical structures of the
involved molecules.

To check the morphological transition of the non-equilibrium system, extensive transmission electron
microscopy (TEM, Fig. 2a-c) and scanning electron microscopy (SEM, Supplementary Fig. 1) were
performed. Time resolved electron microscopy micrographs at different intervals ca. 2 min, ca. 30 min
and finally at ca. 150 min, showed temporal accessing of a nanofibrillar structures. The number of
fibrillar structures seen at ca. 2 min, gradually intensified with aging and accessed three-dimensional
network like microphases at ca. 30 min (Fig. 2a,b). The TEM micrographs of the sol state (at ca. 150
min) showed a substantial decrease of fibrillar networks, thus suggesting the temporal generation of
nanofibrillar microphases (Fig. 2c). Further, SEM demonstrated similar temporal generation of
network like morphologies (Supplementary Fig. 1). Next, fluorescence spectroscopy was executed to
gain insights into the autonomous phase transition. Nile Red was used as a fluorophore (50 UM, Aex =
550 nm and Aem = 650 nm) to monitor the microenvironment of the non-equilibrium self-assembled
state. Nile Red is known to report the hydrophobic environment of self-assembled networks by
showing increase in fluorescence intensity due to inhibition of the non-radiative decay pathways. The
addition of Nile Red from the beginning showed a gradual increase of the fluorescence intensity till
ca. 30 min (Fig. 2j). Expectedly, generation of hydrophobic environment was suggested from the initial
increase of fluorescence intensity. After 30 min, the intensity began to decrease over the next 150
min, suggesting the autonomous process of disassembly. Further, to visualize the autonomous
transition in solution phase, Nile Red stained microphases were imaged at different time intervals with
confocal laser scanning microscopy (CLSM, Fig. 2g-i). Temporal generation of fluorescent
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Fig. 2 | Time resolved TEM images of nonequilibrium dissipative system at a) 2 min (sol), b) 30 min
(gel), €) 150 min (sol). Vial images of d) sol, e) gel and f) sol, show the phase change of the non-
equilibrium dissipative system with time. CLSM images of g) sol, h) gel, i) sol. Temporal change in j)
fluorescence intensity k) Change in mechanical property of the non-equilibrium dissipative system
with time. Condition: SH (12 mM), H.0, (22 mM), Hemin (0.15 mM) and CN (14 mM). Error bars
represent standard deviations of triplicate.

fibrillar microphases were observed with time (Fig. 2g-i). Rheological measurements were performed
to investigate the mechanical properties of the non-equilibrium microphases. Time dependent
rheology revealed the augmentation of storage modulus (G') with time and registered the highest G'
value at around 40 min followed by rapid decline with time, suggesting autonomous loss of mechanical
strength (Fig. 2k).

What surprised us was the rapid formation of colored oxidized product due to degradation of the CN
by the unfunctionalized hemin which is known to have low intrinsic peroxidase like activity. To probe
the interaction of hemin with SH in the assembled state, UV/Vis spectroscopy was performed to
monitor the binding of hemin (Fig. 3a). Free hemin had the Soret peak at 399 nm along with a shoulder
at around 360 nm.*? Further, a low intensity Q-band around 640 nm indicated the presence of p-oxo
bihemin. However, hemin in presence of SH under identical conditions showed a significant red shift
from 399 nm to 406 nm and a weak band at 570 nm (Fig. 3a). These changes in UV/Vis spectrum of
hemin in presence of SH clearly suggested the interaction of hemin with histidine. To further probe
the enhancement of activity, rate of oxidation was followed spectrophotometrically by monitoring the
appearance of peak at 550 nm (Fig. 3¢, Supplementary Fig. 2, see S| for details).>* Indeed, the non-
equilibrium microphases of SH showed rapid peroxidase activity with v; =2.35 £ 0.52 uM/min. Further,
the consumption of CN with time was monitored via HPLC chromatograms (Fig. 3d). To probe that the
higher catalytic activity was generated from the temporally formed amphiphilic microphases, we used
a control system which lacked the C18 chain keeping other parameters identical.
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Fig. 3 | a) Change in absorbance of hemin (0.15 mM) Soret band in presence of SH (12 mM). b)
Schematic diagram of the kinetically trapped gel formation in presence of P IX (0.15 mM) instead of
using hemin keeping all other components same. c¢) Bar diagram showing initial peroxidase rate of
system (SH + hemin), control system (AH + hemin) containing C2 lipidated chain instead of using C18
chain and kinetically trapped system (SH + P IX). d) Time dependent HPLC displaying the consumption
of CN. Error bars represent standard deviations of triplicate.

For this purpose, histidine was installed with an acetyl (C2, AH) group instead of a C18 chain and
expectedly, CN was unable to drive AH to access network like microphases as seen for SH
(representative TEM image in Supplementary Fig. 3). Significantly, AH showed a decline of rate of
almost 7-fold of magnitude (vi= 0.34 £ 0.09 uM/min, Fig. 3c, Supplementary Fig. 4). This suggested
that the dissipative generation of catalytic microenvironment in case of SH was responsible for the
higher catalytic performance (Figs 1b and 4a). Further, we were curious to check whether a non-
dissipative kinetically trapped state can be accessed if we use catalytic defunct congener of hemin.
For this purpose, we used protoporphyrin IX (P IX) which lacked the metal center (Fe) and thus would
lead to the generation of a protoapoenzyme. Indeed, we observed the formation of gel which was
kinetically stable for prolonged time (Fig. 3b). This control experiment underpins the importance of
catalytic degradation of the substrate to dissipate energy aiding the return path to equilibrium. To
investigate the reason for the significant enhancement of catalytic performance and generation of
peroxidase mimic under non-equilibrium conditions (Fig. 4a), the order of addition was altered to
preferentially direct the formation of equilibrium (non-dissipative) assemblies (Fig. 4b). For this
purpose, SH was incubated along with hemin in the absence of CN under identical conditions as used
before. After 12 h of incubation, CN was added to the system (Fig. 4b). We expected, hemin and SH
will equilibrate to access non-dissipative self-assembled structures. Due to the time delayed addition,
the substrate CN will be incapable to drive the non-equilibrium generation of the dissipative fibrillar
networks with catalytic potential. Indeed, CN was unable to drive the formation of self-supporting gel
when it was added to the premixed solution of SH and hemin in oxidizing environment (Fig. 4b).
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Fig. 4 | Schematic diagram of a) non-equilibrium dissipative system, b) equilibrium non-dissipative
system and c) non-equilibrium dissipative system containing Pre-CN. d) Change in absorbance of CN
at 550 nm of the systems. e) Change in storage modulus and the lifetime of the gel in presence and
absence of pre-CN. f) HPLC chromatogram showing the consumption of Pre-CN with time. Error bars

represent standard deviations of triplicate.

Extensive TEM investigations demonstrated the presence of only short fibrils at different time
intervals without any networked morphologies for the equilibrated samples both in presence and
absence of CN (Supplementary Fig. 5). Rheological studies confirmed lack of gel like behavior in the
non-dissipative system (Supplementary Fig. 6). Further, the storage modulus did not show any
temporal change of the viscoelastic property (Supplementary Fig. 6). Hence, the microscopic and
rheological studies suggested that the substrate CN was unable to drive the formation of fibrillar
network like morphology under the equilibrium promoting conditions. Finally, we monitored the rate
of the oxidation for the equilibrated non-dissipative system. Kinetic measurement done at 550 nm
showed a rate of vi=1.34 £ 0.32 uM/min. Importantly, the initial rate for this equilibrated mixture was
found to be ~ 60% of the non-equilibrium dissipative system (Fig. 4d). It is important to note here, it
has been well established that supramolecular systems working under equilibrium conditions show
improved catalytic activities compared to their corresponding building blocks.3>*° However, the data
presented in this work underpins the fact that when a system is driven away from equilibrium,
emergent catalytic microphases can be accessed which are even more proficient than the systems
under equilibrium.?

Biological systems embody metabolic networks featuring numerous reaction cascades that are fueled
by thermodynamically activated esters such as ATP. The evolutionary appearance of enzymes was
preceded by such chemical networks that eventually formed the backbone of existing metabolic
cycles. We were curious to investigate whether an activated precursor molecule can be metabolized
by the present system for generating its own substrate and thus benefitting in terms of improved
lifetime and robustness of the emergent catalytic structures. For this purpose, the CN was esterified



to access the thermodynamically activated ester Pre-CN (Figs 1 and 4c). It was argued that the Pre-CN
ester can be hydrolyzed to CN by the non-equilibrium structures of SH featuring an arrangement of
solvent exposed histidines. The released CN will subsequently be oxidized and the system will
demonstrate catalytic promiscuity with a hydrolase-peroxidase cascade. Indeed, Pre-CN (2 mM) was
rapidly consumed and subsequently generated CN as followed from HPLC with a rate of 12.7 uM/min
(Fig. 4f, Sl for details). Notably, the lifetimes of the gels increased significantly from ca. 2 hto 5 h on
triplicate measurements (Fig. 4e). Further, mechanical strength measurements by rheological studies
supported significant improvement of storage modulus values (Fig. 4e and Supplementary Figs 7-10).
These results underpinned the emergent promiscuity and the protometabolic role of the hydrolase-
peroxidase cascade was facilitating the fitness of the catalytic higher energy states; the hydrolytic step
helping in the generation of the substrate while the oxidation step facilitating the energy dissipation
via oxidation.

Conclusions

Far from equilibrium life is sustained by the continuous expense and dissipation of energy via complex
metabolic networks featuring numerous fuel driven catalytic conversions. Fundamental
understanding about the evolutionary journey of extant enzymes would help us recognize primitive
catalytic machineries and conditions of minimal metabolism predating the chemical emergence of life.
Herein, we have shown a single amino acid-based lipid which in presence of a cofactor hemin can be
driven by simple substrates to access non-equilibrium catalytic self-assemblies. The driven dissipative
state shows emergence of peroxidase activity with enhanced catalytic performance under non-
equilibrium  conditions;  thus, featuring a kinetic asymmetry in the energy
consumption pathway. When a control porphyrin without Fe as a catalytically defunct co-factor was
used, a kinetically trapped assembled state was accessed. This state had significantly lesser oxidation
rates and hence was incapable to dissipative energy which led to prolonged kinetic stability.
Moreover, control systems that promoted equilibration, the three dimensional -catalytic
microenvironment was never accessed and hence had significantly lower catalytic activity. Notably,
the present system of simple building blocks showed crucial advantage in terms of emergence of
catalytic promiscuity for facilitating two step cascade transformations. The hydrolytic role added as a
secondary loop was beneficial for the overall catalysis, as this latent role helped in augmenting the
lifetime of the catalyst for the oxidation reaction. The non-linearity in the different catalytic
conversions’ benefits the emergence of a particular chemical transformation.

The dissipative formation of catalytic peroxidases and the demonstration of the promiscuous cascade
activity provides a functional feedback and sets the stage for the onset of protometabolism with an
opportunity for cooption. The away from equilibrium catalytic microphases generated from simple
precursors have potential for stochastic innovation as a bridge between biotic and abiotic world and
can offer a platform for developing a general theory of chemical evolution that predates an emerging
metabolism.>*> Systems chemistry approach such as these will eventually help us to define the
physical constraints on the argument of chemical emergence of metabolic life.
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