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The field of prebiotic chemistry has been dedicated over decades to finding abiotic routes towards the
molecular components of life. There is nowadays a handful of prebiotically plausible scenarios that enable
the laboratory synthesis of most amino acids, fatty acids, simple sugars, nucleotides and core metabolites
of extant living organisms. The major bottleneck then seems to be the self-organization of those building
blocks into systems that can self-sustain. The purpose of this tutorial review is having a close look, guided
by experimental research, into the main synthetic pathways of prebiotic chemistry, suggesting how they
could be wired through common intermediates and catalytic cycles, as well as how recursively changing
conditions could help them engage in self-organized and dissipative networks/assemblies (i.e., systems
that consume chemical or physical energy from their environment to maintain their internal organization
in a dynamic steady state out of equilibrium). In the article we also pay attention to the implications of this
view for the emergence of homochirality. The revealed connectivity between those prebiotic routes
should constitute the basis for a robust research program towards the bottom-up implementation of
Received 28th July 2023 protometabolic systems, taken as a central part of the origins-of-life problem. In addition, this approach
DOI: 10.1039/d3cs00594a should foster further exploration of control mechanisms to tame the combinatorial explosion that typically
occurs in mixtures of various reactive precursors, thus regulating the functional integration of their
rsc.li/chem-soc-rev respective chemistries into self-sustaining protocellular assemblies.

Key learning points

(1) The construction of a complete ‘protometabolic’ map will facilitate the task to identify and classify the different control mechanisms that could emerge from
subsets of interconnected prebiotic reaction pathways and transformation processes, leading to ‘minimal metabolic systems’.

(2) Putting together a protometabolic network from these highly interconnected prebiotic chemistries would require that some reactions are run in both the
forward and reverse directions, channelling the exploration of the available chemical space in ways that reinforce complex, non-equilibrium states/mixtures.
(3) Non-enzymatic reaction networks could have provided, from a set of central protometabolic cycles, the adequate conditions for the emergence of oligomer/
polymer catalysts and replicators.

(4) Energetic funnelling, enabled by the coupling of multiple catalytic cycles under dissipative conditions, would represent a transition towards systems and
networks with increasing robustness (partly expressed as ‘dynamic kinetic stability’).

(5) The establishment of auto- and cross-catalytic loops, together with the self-assembly of non-equilibrium supramolecular structures from some network
components, would open evolutionary possibilities towards protocellular assemblies with a higher stability and adaptability. These phenomena could also have
striking consequences for the amplification of small enantiomeric excesses of building blocks in the resulting protocells.

1. Introduction Earth or somewhere else, will require understanding the con-
straining mechanisms that enable prebiotic reaction pathways

Unravelling how life could have emerged from a set of inter- to get organized into self-maintaining systems.'® These
connected out-of-equilibrium chemistries, on the primitive mechanisms imply different types of self-assembly (e.g., phase
separation, spatial heterogeneity, compartmentalization), auto-
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biomolecules, biopolymers in particular (e.g., proteins and
nucleic acids), but it is reasonable to make the hypothesis that
precursor species like oligonucleotides and peptides, with the
assistance of organic (lipid) interfaces, mineral surfaces and/or
cofactors, could have carried them out, as well.'™*3 The field of
prebiotic chemistry has been dedicated, over decades, to finding
synthetic routes to generate those (precursor) biomolecules,
including an explanation of their remarkable homochirality.
There are nowadays multiple known possibilities to synthesize
in the lab most amino acids,'*" fatty acids,'® simple sugars,"”
nucleobases,®*° nucleosides, nucleotides,?® and core metabolites

of extant life,”! under aqueous conditions that are compatible
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with different early Earth geochemical scenarios.”* Their oligo-
merization and self-assembly processes have also been extensively
studied.”® It could be argued that, although some important
synthetic challenges remain (in particular, concerning the effi-
ciency, selectivity and compatibility of the conditions under which
the aforementioned processes take place), there is almost cer-
tainty about the availability of the main biological molecules at
the onset of life, as well as a good number of possible mechan-
isms by which they could have been enantiomerically enriched.
The major bottleneck then seems to be the organization of
those building blocks into systems (i.e., non-reducible combi-
nations of molecules and transformation processes) that
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sustain themselves in non-equilibrium conditions. This requires
the establishment of recurrent control and feedback loops
(autocatalytic cycles, kinetic and energetic couplings between
common intermediates, compartmentalization through mem-
branes or liquid-liquid phase separation to form condensates/
aggregates like microdroplets) by which higher-level functional
networks and assemblies harness the synthetic pathways that
produce their own components.>* As it has been pointed out by
Ruiz-Mirazo and co-workers,”® there is in that kind of organiza-
tion a double-way causal connection, upwards and downwards,
between the endogenously created control mechanisms and the
pathways to synthesize the system’s functional molecules. That
basic hierarchical relationship defines the minimal condition for
a network of reactions to be considered a metabolism (in its
most elementary sense), suggesting that the application of an
organizational/metabolic perspective is crucial in the search for
prebiotic ‘systems principles’.

Different conceptual frameworks have been proposed to this
end,>*>! but often with little support from experiments,
remaining at a rather abstract level. Nevertheless, in the last
two decades, various experimental lines have been initiated
towards the demonstration that central metabolic pathways
(e.g., glycolysis, the pentose phosphate cycle, the citric acid
cycle, and the glyoxylate scenario) can be run in the absence of
enzymes.>> All these recent approaches are setting a solid base
for research on the key transition between protometabolic
reaction networks and ‘minimal metabolisms’ (relatively more
intricate, but still infra-biological self-sustaining systems). Still,
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the scope of such experimental approaches is limited, to a
significant extent, by the complexity of the biochemical pathways
they aim to mimic. In addition, this complexity makes the
analysis related to the homochirality of the involved molecular
species more difficult. Although biological inspiration is
obviously necessary to guide research on the origins of life,>*"**
extant life features/signatures could also be misleading in cer-
tain aspects, as chemical pathways to the first protobiological
systems may not need to be identical to those of current
biochemistry.

In this regard, it would be useful to build a map, as complete
as possible, of the available prebiotic routes towards the main
biological monomers, with the aim to identify common inter-
mediates and links of other kinds between them, including the
possibility that intermediates of one route act as catalysts or fuels
in others, and species from different routes can be grouped
together in autocatalytic subsets, to be able to project to subse-
quent transitions in the process. Finding that type of inter-
connected feedbacks requires thinking out of the ‘biochemical
box’, taking up a bottom-up strategy that relies on the rules of
chemistry and the space of molecular structures that they allow to
explore, and not only in open aqueous conditions but also in
more heterogeneous and dynamic environments - in which the
presence of interfaces (soft interfaces, in particular) may enhance
and make compatible some of the processes involved.”® In the
context of these complex systems, the question about whether
homochirality was a requirement for or a result of establishing
protometabolic networks becomes really pertinent.

Theoretical and computational investigations into this pro-
blem will be capital, and various cheminformatic tools are
starting to be used for the purpose, including simulation plat-
forms that deal with chemistries taking place in diverse reac-
tion domains simultaneously®”*® or the particularly interesting
and promising rule-based algorithmic methods.>*™*' Yet the
purpose of this review is to have a closer look, guided mostly by
experimental research, into the earliest stages of the process of
origins of biological complexity, stemming from the combi-
nation of chemical and physical transformations and con-
straints. This means, in practice, dealing with compounds of
ca. 5-6 carbon atoms maximum, which are at the core of the
main prebiotic chemistries (i.e., the formose reaction, HCN
oligomerization, formamide chemistry, the cyanosulfidic and
the glyoxylate scenarios) that already show multiple possible
links and couplings (see Scheme 1). Realizing the high degree
of connectivity between these main prebiotic synthetic routes
could set the basis for further exploration of control mechan-
isms that tame the otherwise expected combinatorial explosion
of compounds and reactions, helping to regulate their grouping
into self-sustaining networks and assemblies.

Thus, the structure of the review is divided in sections that
first describe previous work on the main pillars of prebiotic
chemistry, and then delineate strategies that combine them
into more complex networks and self-sustaining systems. This
effort leads to the construction of a ‘prebiotic metabolic map’,
which facilitates the task of identifying and classifying the
different physicochemical processes and control mechanisms

Chem. Soc. Rev,, 2023, 52, 7359-7388 | 7361
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Scheme 1 Scheme showing the deep interconnection that could exist between the main prebiotic synthetic routes, most likely through non-enzymatic
reactions converting one- and two-carbon atom species with different reactive functional groups into each other. This type of reactions could also be
established at higher levels of structural complexity (i.e. with three- to six-carbon atom molecules). Importantly, they may proceed in a reversible manner
depending on the conditions and if additional recurrent processes operate in the system (e.g., wetting-drying or freeze—thaw cycles, oscillations in
concentration for certain compounds, periodic phase transitions, etc.). Under such circumstances, complex networks could be established where there
is a flow of matter towards increasing complexity, provided that there is a supply of energy and substrate materials. In red, we have marked compounds
with special relevance as reactive intermediates in possibly ancient protometabolic pathways/cycles, and in blue key one-carbon feedstock molecules of
the main prebiotic routes. Note: Some of the processes depicted have been found to occur under prebiotic conditions. Others occur in biology and may
have a prebiotic counterpart. In some cases, the selected intermediates could be produced through other pathways. So, this scheme must just be

considered as a suggested hypothesis of possible interconnections that require further research in the field.

that could emerge from such a set of interlinked reaction
pathways. While we proceed, a number of experimental chal-
lenges for the field will be highlighted, in particular those related
to the emergence of homochirality and non-equilibrium
chemical systems in heterogeneous conditions.

2. Main prebiotic synthetic pillars

Most prebiotic chemistries originate from simple one-carbon
atom feedstock precursors, including formaldehyde, hydrogen
cyanide (HCN) and formamide.”” Apart from these highly
reactive carbon sources, ammonia and hydrogen sulfide could
be considered as the ultimate sources of nitrogen and sulfur,
respectively, while water mediates in most prebiotic reactions.
With these six reactive species in hand, and some inorganic
phosphate source,*>** it should be possible to build most of
the structural complexity comprising the main biological mole-
cular components. In particular, the formose reaction (a in
Scheme 1),"” which uses formaldehyde as starting material,
allows generating dozens of sugars, in what has been called an
‘oxygenous’ chemistry. The ‘nitrogenous’ oligomerization of
HCN, in turn, can lead to purine and pyrimidine nucleobases
(b in Scheme 1).** Both reactions present, however, similar

7362 | Chem. Soc. Rev,, 2023, 52, 7359-7388

problems: the formation of intractable mixtures, yielding an
extremely complex mixture of tetroses, pentoses and hexoses,
with little abundance of the most interesting ones (e.g., ribose),
in the former, or large amounts of an insoluble polymer and
little of the nucleobases, in the latter.

If both types of chemistries are combined, for example
through the Strecker reaction of aldehydes (the simplest one
being formaldehyde) with cyanide (the conjugate base of HCN)
in the presence of ammonia, aminonitrile precursors of amino
acids are obtained,"* in a process that is likely behind the high
abundance of these protein constituents in Miller-type experi-
ments (based on the application of high-energy spark dis-
charges to gas atmospheres simulating that of the prebiotic
Earth)"® and carbonaceous meteorites (i.e., chondritic meteorites
that have shown to contain a significant proportion of organic
compounds).*® From the simple idea of merging both oxygen- and
nitrogen-based highly reactive substrates, in combination with the
reducing power of hydrogen sulfide and the assistance of phos-
phate buffering in some key steps, the group of Sutherland,***®
and later that of Powner,”” have built a complex set of synthetic
routes towards both purine and pyrimidine activated nucleotides,
plus a number of amino acids, sugars and lipid precursors
(c in Scheme 1). A similar scenario emerges from the chemistry
of formamide, which is indeed related with HCN through a

This journal is © The Royal Society of Chemistry 2023
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dehydration process, and can be a source of carbon monoxide and
ammonia, and of formaldehyde, through different catalytic degra-
dation processes.*® This explains why the chemistry of formamide
(d in Scheme 1), in the presence of mineral surfaces, has led to
amino acids, acyclonucleosides, sugars and biologically relevant
carboxylic acid derivatives, as it will be shortly revised below. In
addition to the above approaches, there is an important body of
work that proposes synthetic routes towards di- and tricarboxylic
acids, which constitute core metabolites of the tricarboxylic acids
(TCA/XTCA) cycle, also called the (reductive) Krebs cycle (e in
Scheme 1).*>*° These pathways seem to start from glyoxylate and
pyruvate, which in turn can be transformed through reductive
amination or transamination reactions into the amino acids
glycine and alanine, respectively.”

Besides the obvious common products that are shared by
the above synthetic routes, one could hypothetically expand the
available prebiotic chemical space by deconstructing them into
their basic constituent transformations, and letting each transfor-
mation operate over any product that is a compatible substrate for
it in such space. On this premise, in this review we have classified
the ‘toolbox’ of possible prebiotic reactions into two sets. The first
one accounts for so called ‘constructive reactions’, that is, trans-
formations that contribute to increase the structural complexity of
molecules through elongation of their skeleton (Scheme 2). The set
of ‘interconversion reactions’, on the other hand, contribute to
connect the constructive synthetic pathways through functional
group transformations (Scheme 3). Both groups of reactions may
be seen as a more detailed expansion of the 6 main types of
reactivities that were considered by Vijayasarathy and Morowitz to
explain the origins of metabolism.*® Establishing a proto- or
minimal metabolic network out of these highly interconnected
chemistries would require, however, that they can in principle be
run in both the forward and reverse directions, so that exploration
of the available chemical space leads to amplification of the most
favourable ones. Of course, the conditions are what determines in
which direction (forwards or backwards) each reaction should
progress at a particular moment, and not all them could occur
in a certain environment. In this context, please note that there are
plenty of possible prebiotic scenarios involving conditions that
range from very mild (e.g:, a warm little pond, as claimed by
Darwin) to quite harsh (e.g, hydrothermal vents), and different
physical processes and interactions between those environments
that could help cycling them. Here, favourable then does not
necessarily imply higher thermodynamic stability of the products.
Instead, it could refer to some sort of ‘dynamic kinetic stability”*
or, more precisely, the emergence of certain functional beha-
viours, provided that some cyclic organization is established
within the mixture (by means of autocatalytic subsets, oscilla-
tory networks, etc.).">

Indeed, equilibrium disruption by cyclic (recursive) pro-
cesses is the most promising way to assemble chemical systems
in the out-of-equilibrium dynamic state that characterizes
biological phenomena.’** This includes chemical replication
but also other physical-chemical processes, such as compart-
mentalization, phase separation, wetting-drying or freezing-
thawing cycles. Some of the reactions needed for this purpose

This journal is © The Royal Society of Chemistry 2023
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Scheme 2 Set of ‘constructive reactions’ that contribute to increase the
structural complexity of the skeleton of molecules, inferred from the main
prebiotic synthetic routes pointed out in Scheme 1. To favour complexity
growth, they should be favourable in the forward direction, yet the back-
wards reaction is also possible under suitable conditions. In a prebiotic
context, the ultimate starting materials for these reactions are HCN,
formaldehyde, ammonia and acetylene. In the chemical structures, dashed
lines represent (single or double) bonds with H or C (or N or O if they are
on C atoms). The three dimensional view of the structures is not repre-
sented. The involved chemistries have been classified, in turn, in three
main subgroups, depending on whether they are based on nitrogenous
(red), oxygenous (green) or mixed compounds (orange). Of course, these
are just selected examples, and there are other possible transformations
with prebiotic relevance.

imply, for example, interconversion between functional groups
with different oxidation states (see Scheme 3), for which a
crucial issue would be to recycle in the reaction medium the
redox agents that allow those transformations. Different species,
both organic and inorganic, could play this role, including iron
sulfide minerals, hydrogen peroxide as an oxidant, hydrogen
sulfide as a reducing agent, organic cofactors, or just the network
molecular components, which have different redox levels and
will present oscillating concentrations due to the recursivity of
some physical processes. Other reactions that could transform
core metabolites of Scheme 1 are hydrolytic or dehydration
reactions. Their occurrence, and the concomitant alternation
between different states of those equilibria, would be highly
favoured in the presence of alternating wetting-drying events,
which could act as a recurrent cycling force driving the network
out of equilibrium. Similar processes could enable carboxyla-
tions (e.g, with formate or formaldehyde in oxidative conditions)
and decarboxylations, or aminations (with ammonia) and dea-
minations, coupled in many cases to redox events (e.g., oxidative
decarboxylations, reductive aminations, etc.). In addition, a more
heterogeneous reaction medium (highly probable in natural
prebiotic conditions) including soft, organic interfaces, liquid-
liquid phase separation processes or the presence of lipid

Chem. Soc. Rev., 2023, 52, 7359-7388 | 7363
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Scheme 3 Set of ‘interconversion reactions’ that contribute to connect different constructive synthetic pathways through interchange of functional
groups, inferred from the main prebiotic synthetic routes indicated in Scheme 1. These reactions are preferably considered in both directions, as they are
normally reversible (depending on the conditions). In the chemical structures, dashed lines represent (single or double) bonds with H or C (or N or O if
they are on C atoms). The involved chemistries have been classified, in turn, in four main subgroups: hydrolytic/dehydration processes (blue), oxidation/
reduction transformations (green), imine/enamine chemistry, and other important reactions (red). Of course, these are just selected examples, and there

are other possible transformations with prebiotic relevance.

domains (like micelles or vesicles) could also contribute to
enhance chemical reactions that would be highly improbable
in open aqueous solution, at the same time as it provides a
natural scaffolding for the spatial organization of the system.

In sum, the hypothesis underlying the present perspective
review is that all those chemistries and physicochemical con-
straints are interconnected, and that such interconnection is
key to promote the establishment of protometabolic relationships
leading to both (i) the production of functional biomolecules and
(ii) their collective organization into non-reducible complex sys-
tems that distinguish themselves from the environment and, at
the same time, couple with it to self-maintain in non-equilibrium
conditions. On these lines, having introduced the general context
of prebiotic systems chemistry, in the next subsections we will
briefly revise its five main pillars, illustrating with specific, care-
fully chosen examples some of the processes sketched in the
above paragraphs and their potential for developing functional
constraints (control mechanisms) in emergent protometabolic
systems.

As a matter of fact, some of the physicochemical processes
mentioned above (e.g., the establishment of some form of
autocatalysis together with crossed inhibition events or non-
equilibrium self-assembly processes) could have assisted in the
amplification of either deterministic or stochastic imbalances
generated by certain chiral forces or chemical polarizations.
The topic of absolute asymmetric synthesis has been exten-
sively revised in the past,”®®® and it obviously connects to the
contents of the present tutorial review. A number of individual
reactions have been investigated under this perspective (see
Section 4.3), yet with rather limited prebiotic relevance. In the
context of chemical networks, their analyses are usually carried
out with chromatographic techniques that do not allow looking
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at enantiomeric excesses of the molecules obtained. This is the
reason why, in spite of its importance, most of the studies
revised in Sections 2 and 3 do not pay much attention to the
problem of homochirality. In the schemes within these two
sections, we have thus opted for representing most structures
without drawing their precise stereochemistry (with the excep-
tion of those in which it was specified in the original works).

2.1. The formose reaction

Sugars are an essential part of extant life, as we know it on Earth.
Formaldehyde is their most plausible prebiotic precursor,®* due
to its capacity to yield a variety of carbohydrates in a one-pot
process known as the formose reaction, discovered by Butlerow
in 1861.°” This simple precursor can be synthesized by electric
discharges or photoreduction of CO,.*> The formose reaction
then takes place under alkaline conditions, in presence of
catalysts that accelerate the polymerization of formaldehyde at
moderate temperature. Hydroxides of divalent metal ions (e.g.,
Ca”") are the typical catalysts for this transformation, and result
in a combinatorial explosion where dozens of linear and
branched aldoses and ketoses are generated.®* Hexoses are
normally the major products, although different minerals and
clays can be used to drive the formose network towards ampli-
fication of key pentoses, ribose among them.®*”

Concerning kinetics, the reaction is rather complex, and
possess an autocatalytic nature.®®®® The first step, ie., the
dimerization of formaldehyde into glycolaldehyde (compound
1 in Scheme 4A), implies an umpolung of the former, which
makes it very slow. When glycolaldehyde is condensed, however,
a cascade of other transformations is initiated, where homologa-
tion occurs mostly through aldol additions and aldose-ketose
isomerizations, accelerated by both the alkaline medium that

This journal is © The Royal Society of Chemistry 2023
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assists in the enolate generation, through proton abstraction,
and coordination of the intermediate enolates by the divalent
metal ions. Importantly, the alkaline medium also favours retro-
aldol reactions (like that from compounds 5/6 in Scheme 4A),
feeding back the network with the lowest molecular weight
sugars (mostly glycolaldehyde and its enolate), in autocatalytic
cycles like the one depicted at the centre of Scheme 4A
(the Breslow’s cycle). Apart from these general considerations,
different mechanistic insights into the reaction have been
elucidated recently.””°

An autocatalytic cycle is a set of reactions and intermediates
that form a cycle, in such a way that when the cycle operates
over the substrates at the required stoichiometric ratios the
amount of at least one of the intermediates increases over time.
The presence of autocatalytic cycles has important implications
with regards to the potential for self-organization of this
sugar chemistry. Indeed, it was recently shown that its inherent
high complexity could be tamed via recursion with mineral
environments.”" In a later paper, the group of Huck demonstrated
that the formose process actually leads to a network-like organiza-
tion that allows the control of the generated chemical complexity
in response to changes in environmental conditions such as
feedstock molecules (in this case, formaldehyde, glycoaldehyde
and dihydroxyacetone) and catalysts availability.”* In principle,
the recursive iteration of the limited number of reactions involved
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in the formose chemistry can lead to a wide set of synthetic
pathways and product compositions. However, by applying graph-
based clustering methods for pathway analysis, Huck and co-
workers found that, depending on the environmental conditions,
the process is directed to only a subset of all possible pathways.
This ‘selection’ of reaction pathways results in a restriction of
the typical combinatorial explosion that otherwise leads to tar
mixtures. On the contrary, well-defined compositions of a limited
number of products can be obtained under certain conditions.
Scheme 4A, shows the dominant pathways, as revealed by time-
resolved analysis of the propagation of periodically changing
environmental inputs, pointing out that the Breslow’s cycle is
crucial among them, as it restores the C2 building blocks while
off-cycle formaldehyde chain-growth reaction pathways start from
its other constituents.

The above results demonstrate that the formose network
can display a collective response to environmental conditions.
Of course, it is not known for sure whether this chemistry could
be connected with the current metabolic route for sugars
synthesis (i.e., gluconeogenesis).”* Gluconeogenesis starts from
pyruvate (Pyr in Scheme 4B), and it is therefore connected to
the acetyl-CoA pathway (the most ancient CO, fixation route,
which produces pyruvate) and the rTCA cycle (where pyruvate is
one of the starting products).** Then, it progresses through two
phosphorylated glycerate intermediates to give glyceraldehyde-
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3-phosphate (G3P) and its isomer dihydroxyacetone phosphate
(DMAP), whose non-phosphorylated versions are present in the
formose reaction (compounds 2 and 3 in panel A). Some
authors sustain that non-enzymatic primordial versions of
these transformations could be possible (see Scheme 4B).”*
The Ralser’s group has for example found a primitive version of
the aldol reaction between G3P and DMAP (both unstable) that
proceeds at freezing conditions (—20 °C), yielding fructose-1,6-
bisphosphate (F1,6BP) and from there fructose-6-phosphate
(F6P), both core metabolites of that anabolic pathway.”® There
are indeed catalytic versions of this reaction with glycine and
lysine as catalysts. In any case, no matter which sugar inter-
mediates were involved in the synthesis of pentoses and
hexoses at the prebiotic era, it seems clear that their chemistry
should have been subject to the establishment of self-organized
autocatalytic networks like those described for the formose
process, for them to become sustainable under constantly
changing environmental conditions.

2.2. The HCN oligomerization

HCN is ubiquitous in the universe, as it has been detected in
different kinds of extraterrestial environments (interstellar clouds,
interplanetary dust, meteorites, comets, the atmosphere of some
solar system satellites, etc.).”® On the Earth, it is abundant in
volcanic eruptions and hydrothermal vents, so it is assumed to
have been also present in the prebiotic times. Interestingly, there
is an extensive literature about its oligo- and polymerization in
aqueous alkaline solutions,"®”””® preferably between pH 8 and
10, meaning that in most cases the monomer is cyanide, rather
than its conjugate acid.” In any case, such reactions can occur
under a variety of conditions, the main requirement being that
the monomer concentration is above 0.1 M, otherwise hydrolytic
processes compete with oligomerization (between 0.01 and 0.1 M)
or are the dominant pathways (below 0.01 M)."

As a result of that, HCN oligomers and polymers constitute a
variety of highly complex, pretty much insoluble organic sub-
stances, with colours ranging from yellow to black depending
on the degree of polymerization and cross-linking, which upon
hydrolysis can yield different groups of biomolecules.*® Key
intermediates in this process are the HCN trimer aminomalono-
nitrile, the open-chain tetramer diaminomaleonitrile (DAMN)
(and its geometrical stereoisomer diaminofumaronitrile), and
the two possible cyclic tetramer derivatives aminoimidazole car-
bonitrile (AICN) and aminoimidazole carboxamide (AICA).*'"%?
From them, it is possible to obtain nucleobases, both purines
and pyrimidines, certain amino acids (e.g, glycine, from the HCN
trimer, through hydrolysis and decarboxylation), precursors of
cofactors such as pteridines, long chain carboxylic acids and other
carboxylic derivatives that are members of the rTCA cycle (see
Scheme 5). All this chemistry has been extensively explored and is
well-reviewed in ref. 19 and 78-80.

The main problem with this chemistry, however, is the
enormous complexity and insoluble character of the polymers
that can be generated, which has not been fully characterized
yet. This is in part due to the absence of oxygen-containing
functional groups in their structures. The most obvious way to
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Scheme 5 Main intermediates in the route for HCN oligomerization,
which after hydrolytic processes lead to a variety of molecular compo-
nents of the three main subsystems (for compartmentalization, informa-
tion storage/processing and metabolism) of living entities.®°

incorporate oxygen into this chemistry is through hydrolysis of the
obtained polymeric materials. The simplest possible hydrolytic
product from the HCN chemistry is formamide, which indeed
also leads to a very rich prebiotic chemistry,** worthy of analysis
before inspection of more complex scenarios (see next section).
Interestingly, a computational exploration of the chemical space
of HCN oligomerizations, carried out by Andersen et al. with a
model based on graph grammar rules, allowed to identify various
subnetworks that are autocatalytic precisely in formamide.®> The
existence of autocatalytic sets when this chemistry involves oxyge-
nous compounds would certainly help alleviating the combina-
torial explosion that is inherent to the chemistry of this prebiotic
monomer.

2.3. The formamide chemistry

As prebiotic building blocks, formamide and HCN are intimately
related, both being one-carbon precursors that differ by the
presence of an oxygen atom and two additional hydrogens in
the former. Their methods of synthesis, abundance in the
universe and reactivities are actually similar, mostly because
they are interconnected through a hydrolytic/dehydration pro-
cess (see Scheme 6),°® which could have allowed alternating
between both through some kind of cycling physical process
(e.g., wetting-drying cycles as a consequences of geological
events). Formamide presents, however, specific physical proper-
ties and stability features that makes it especially suitable as a
universal prebiotic starting material.*»®” First, unlike HCN, it
already contains in its structure the four universal atomic
elements that constitute living organisms: H, C, N and O.
Second, it allows different mechanisms for concentration in
aqueous solution, which is crucial to favour condensation/oligo-
merization reactions rather than hydrolysis.®® For example, the
high boiling point of formamide (>200 °C), with no formation
of an azeotrope in combination with water, enables its concen-
tration through evaporation. Further concentration can be

This journal is © The Royal Society of Chemistry 2023
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dashed red circle), under hydrothermal conditions and different mineral catalysts, to a wide variety of biomolecules (outside the circle

favoured by different mineral surfaces, e.g., through adsorption
in the interstitial layers of montmorillonite and other clays.
Indeed, the chemistry of formamide at high temperatures and
in the presence of mineral surfaces has led to the production
of biological building blocks ranging from amino acids, sugars,
acyclonucleosides, condensing agents, long chain carboxylic
acids and core metabolic intermediates of the glyoxylate
and TCA cycles (Scheme 6, compounds outside the dashed
circle).®%°

In comparison to the chemistry of HCN, the reasons why
formamide yields a wider variety of prebiotic biomolecules are
diverse.®*®° The presence of oxygen in its structure allows an
interplay of oxygenous and nitrogenous reactive species that is
not possible in the HCN oligomerization alone. The hydrolysis
of formamide leads for instance to formic acid and its ammo-
nium salt,”* which could engage in other synthetic pathways to
increase structural complexity. With the assistance of metal
oxides at high temperature, formamide can also dehydrate into
HCN, closing the potentially reversible linear pathway of hydro-
lysis/dehydration events that interconnect the species at the
middle row of Scheme 6 (inside the dashed circle).?® Other
mineral-assisted degradative transformations of formamide

This journal is © The Royal Society of Chemistry 2023

) 87,89

can generate carbon monoxide and ammonia, formaldehyde,
and highly reactive species such as HCNO (Scheme 6, bottom
reactions inside the circle).®* The formamide-minerals scenario
can thus afford, through decomposition, the necessary sub-
strates that are required to establish classical prebiotic trans-
formations such as the formose reaction towards sugars, the
Strecker synthesis of amino acids, the HCN oligomerization or
the Fischer-Tropsch process to give biogenic fatty acids,
explaining why formamide lies at a central position (yet with
certain debate) in the efforts to find routes towards the main
biological components under the same compatible conditions.

The formamide framework lacks, however, a proper mecha-
nistic explanation of how all those pathways are inter-
connected, probably because its reactions normally take place
at high temperatures (most commonly, around 160 °C), which
makes difficult to detect and identify low molecular weight
intermediates. Overall, the chemistry of formamide supports
the occurrence of various interconnected pathways leading to a
pool of stable, biologically relevant structures. These processes
can be fine-tuned with different mineral catalysts but, on top of
that, purine is always obtained, no matter which conditions are
employed. This fact suggests that its formation may involve
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some kind of autocatalytic loop in formamide,”® of a similar
type as that of Breslow’s cycle in the formose reaction, which
has actually been predicted through computational analysis of
the chemical space of HCN-polymer hydrolysis (see previous
section).®> A proper understanding of this phenomenon is
however still missing, likely due to the harsh conditions
employed in this chemistry. In the early 2000s, an alternative
scenario started to arise, that involves reactions at much milder
conditions, and which therefore enables to study the whole
complexity of intermediate steps leading to the main biomo-
nomers from HCN and formaldehyde.

2.4. The cyanosulfidic scenario

It has been discussed in the literature why, in spite of the fact
that Miller-type experiments produce, together with multiple
amino acids, feedstock molecules that could lead to the
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assembly of ribonucleotides, the latter were never found in
those experiments."* The reasons for having separated chemis-
tries leading to ribose and nucleobases are broad, but the major
issue is probably the implausible formation of the glycosidic
bond that allows connecting them.”® The severe problems that
characterize the formose reaction and the HCN oligomerization
have also been discussed abundantly, and makes many
researchers question their prebiotic relevance.”® The merging
of their feedstock substrates, formaldehyde and HCN, into a
productive chemistry that leads to both types of biological
components under the same conditions is not obvious, mostly
because they react readily to yield glyconitrile (8), in a process
that is fast and thermodynamically favoured (Scheme 7, red
transformations).”® Glyconitrile then polymerizes but not into
the products arising from the separate formose and HCN
chemistries.”® Other difficulty that arise in this context is the
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possible intramolecular imidolactone formation (10) by larger
cyanohydrins (from parent triose, tetrose and pentose sugars;
e.g., 9), which conduces to their consumption and hydrolysis
into the homologous carboxylic acids (12) (Scheme 7, inbox).®”

In order to overcome these limitations, Powner, Sutherland
and coworkers have developed during the last 15 years an
alternative chemistry that supports the geochemical scenario so
called cyanosulfidic.>***°”%® This scenario relies on two main
monomers, formaldehyde and HCN, to produce glyconitrile, plus
the action of schreibersite ((Fe, Ni) 3P), hydrosulfide (HS™) as
reducing agent, copper and ultraviolet light, to promote the
homologation to higher cyanohydrins (e.g;, 13 in Scheme 7, black
transformations).”® These successive homologation steps occur by
photochemical reduction of the nitrile group into the corres-
ponding aldehyde, making use of hydrated electrons (e (aq)
and/or H*, followed by addition of another HCN moiety.'*® The
reduction reaction is equally efficient when taking place with
bisulfite as reducing agent and ferrocyanide mineral as catalyst."*"
In any case, the consequence is that glycoaldehyde and glycer-
aldehyde can be produced through an umpoled equivalent of the
otherwise very unfavourable formaldehyde dimerization.

One of these aldehydes, glyceraldehyde, is an important
precursor not only in the formose reaction but also in the
synthesis of glycerine (14), a lipid precursor,'®® for instance
through an isomerization step followed by reduction with SH,
(Scheme 7, orange transformation). Glyceraldehyde is also the
starting product in a sequence of reactions that produce
through intermediates 15-18 both purine and pyrimidine
(deoxy)ribonucleosides (Scheme 7, green transformations).'*®
Importantly, phosphate buffering is crucial to tame the for-
mation of intractable mixtures of cytidine-like products in this
scenario, and to allow phosphorylation of the nucleoside
precursors,'®* while UV light irradiation is necessary in the last
step to photodegrade wrong stereoisomers.'® Finally, this chem-
istry is compatible with the production of a wide variety of amino
acids (purple in Scheme 7), as the cyanohydrins produced from
all possible a-hydroxyaldehydes are, if ammonia is present in the
medium, in equilibrium with their aminonitriles, and the irre-
versible hydrolysis of the latter can shift the process towards the
monomers of current peptides and proteins.*®®

3. Protometabolic scenarios

The cyanosulfidic scenario represents an impressive synthesis
of all previous prebiotic pathways towards different groups of
biomolecules, i.e., sugars, nucleobases, amino acids and car-
boxylic acid derivatives. In a way, it shows the realm of what is
possible to make with an organic chemistry-based approach,
yet it is still strongly based on the typical workflow in most
synthetic labs: a succession of reaction and isolation/purifica-
tion steps. How all this intricate network of reactions would
operate under the same environment is for the moment
unknown, and so this chemistry cannot be really invoked as
protometabolic. It is indeed possible that various feedback and
inhibition events could happen when running the whole set of

This journal is © The Royal Society of Chemistry 2023
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reactions that constitute the cyanosulfidic chemistry simulta-
neously in ‘one pot’, which could actually funnel the mixture
towards formation of only certain subgroups of molecules,
based on either their relative stabilities or more complex
organizational principles (autocatalytic loops, amplification
by templated processes, etc.).

The first one to point in this direction was Eschenmoser,"*”
suggesting the likely existence of cooperative interactions when
combining HCN and aldehydes as starting prebiotic products.
For example, the production of the HCN-tetramer DAMN could
be catalysed by aldehydes,'*® defining a catalytic cycle that
could in principle be iterated, enabling multiple current meta-
bolites and biological building blocks to arise from it through
functional group transformations (mostly hydrolytic and redox
processes). It was proposed by Eschenmoser that the main
connection between that type of cycles and the set of bio-
molecules arising from this chemistry would be o-ketoacids,
the simplest one being glyoxylate.'®® This prebiotic scheme was
thus coined the ‘glyoxylate scenario’, and has been extensively
researched with experiments by the group of Krishnamurthy at
Scripps.''® In the next paragraphs, we then try to schematize
the glyoxylate scenario in a different way, showing in a single
network multiple reactions that can interlink, at least formally,
the members of one of those catalytic cycles (purple in
Scheme 8) to different biomolecular transformations. Even if
some of these processes are not possible under the same
conditions, the resulting analysis evidences the high intercon-
nection between the pillars of prebiotic chemistry that have
been analysed in the previous section, and helps understanding
the efforts carried out later on by the groups of Krishnamurthy
and Moran to experimentally reconstruct protometabolic cycles
(see next section).

For the case of the simplest possible aldehyde substrate
(formaldehyde) as an example, the first (heterodimer) intermedi-
ate would be glyconitrile (8), the thermodynamically favoured
product of the reaction between HCN and formaldehyde. A
subsequent hydrocyanidation would lead to the o-iminonitrile
19. In both intermediates, one can formulate successive hydro-
lysis steps of the nitrile group, to render the corresponding
amide (not shown) and carboxylic acid derivatives. In the case
of 8, glycolic acid (22) would be the product, which could be
converted into glycoaldehyde (1) through reduction of the car-
boxylic group, or by direct photochemical reduction from glyco-
nitrile under conditions characteristic of the cyanosulfidic
scenario (see above). Hydrolysis could also transform the imine
group of 19 into its ketone, and the nitrile group into the
carboxylic acid. Further reduction of the ketone into an alcohol
and/or the carboxylic/nitrile group into an aldehyde would also
be possible under certain conditions, defining additional cycles.
This chemistry should in principle be considered as reversible,
provided that adequate oxidative/reducing power is present in
the medium. One could even expect cyclic chemical or physical
processes by which hydrolysis/dehydration and oxidation/
reduction events could be alternated.

From compound 19, it is possible to assume two further
HCN additions that yield 20 and 21 in consecutive steps. The
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Scheme 8 Schematic representation of the catalytic cycle (depicted with purple arrows) by which aldehydes (herein, formaldehyde) catalyse the
formation of a HCN tetramer (DAMN). According to Koch et al., larger aldehyde derivatives are also catalysts of this process.2°® Hence, if some of those
aldehydes can be produced through hydrolytic (marked with blue arrows)/redox (marked with green arrows) reactions from DAMN or some of the cycle
intermediates (e.g., 19, 20 or 21), as proposed by Eschenmoser and shown in the side pathways arising from the catalytic cycle, different autocatalytic
loops could be established.’?”1%° Some of the potential aldehyde catalysts for this chemistry could be generated by the network itself (acetaldehyde,
glycoaldehyde, glyceraldehyde), and analogues with 4 and 5 carbon atoms would also be possible to obtain from intermediates 20 and 21. Other
reactions are also included in the scheme, such as decarboxylations or retro-aldolizations, which could be responsible for reducing the number of

carbon atoms of some network members.

catalytic cycle could then be closed by a retroaldolization from 21,
which allows recovering the aldehyde catalyst while producing the
HCN tetramer DAMN. Interestingly, DAMN is a precursor of both
purine and pyrimidine nucleobases, as shown in Scheme 5. More-
over, DAMN and the cycle intermediates 20 and 21 are susceptible
to the same type of redox and hydrolysis chemistries as shown in
the right part of Scheme 8, opening the way to subsequent layers
of molecular complexity with 3-5 carbon-atom derivatives. In this
scenario, going upwards through the layers implies hydrocyanida-
tion reactions, while going down occurs through retroaldoliza-
tions. Interestingly, in the new layers of larger structures, upon
hydrolysis of the nitrile groups, there are compounds that present
at least two carboxylic acid functionalities, potentially linking this
chemistry to the constituents of the TCA cycle. Examples of some
possible a-ketoacid products that would be formed in this way
(from the hydrolysis of DAMN) are shown on the left side of
Scheme 8, as well as the subsequent decarboxylation, reduction
and reductive amination processes that could take place from
them, leading to important 2- and 3-carbon-atoms metabolites
of extant living organisms (acetate, glyoxylate, glycoaldehyde,
pyruvate, glyceraldehyde). Reductive reactions could also lead to
different aldehydes with a number of carbons between 2 and 5
(e.g., compounds 1, 2, 27 and 28). Since these aldehydes are also

7370 | Chem. Soc. Rev., 2023, 52, 7359-7388

catalysts of the central purple cycle depicted in Scheme 8, their
formation from the cycle intermediates, or from DAMN, may lead
to autocatalytic loops.

All the above suggests that the merging of HCN chemistry
with that of aldehydes (the presence of which is ensured by the
copper-catalyzed photochemical reductions of nitriles, which
was later demonstrated by Sutherland)®*®'*° could have facili-
tated the establishment of autocatalytic cycles, allowing to
navigate a wide chemical space comprised by the most preemi-
nent 2-5 carbon-atoms prebiotic compounds. However, this view
has not yet been sufficiently embraced by the most important
experimental research lines that are being conducted to eluci-
date the prebiotic origins of current central metabolic pathways,
as we are summarizing them in the next section.

3.1. Experimental reconstruction of protometabolic cycles

Modern approaches postulate that non-enzymatic reaction net-
works could have provided, from this type of central protome-
tabolic cycles, an environment from which polymer replicators
could then emerge.>*'"! One of the main lines of research to
understand the metabolic origins of life focuses on the chem-
istry of the citric acid cycle (TCA), also known as the Krebs
cycle.*® In this regard, Moran and coworkers have reported that

This journal is © The Royal Society of Chemistry 2023
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pyruvate and glyoxylate react in warm iron-rich water to pro-
duce most of the intermediates and biological pathways of the
TCA cycle, in addition to some amino acids.>' The reactions
were carried out at 70 °C under an inert atmosphere to simulate
a mild hydrothermal environment. This context has a prebiotic
geochemical relevance, as it is well known that ferrous iron
(Fe**) was abundant in the Archaean crust and waters.""
Samples generated under such conditions were analysed by
GC-MS and NMR, revealing a significant production of acetate,
pyruvate, malate, fumarate, succinate, a-ketoglutarate, isocitrate
and aconitate (Scheme 9). In the presence of hydroxylamine, as a
prebiotically plausible nitrogen source, and metallic iron (Fe®)
under the same reaction conditions, four amino acids were also
detected: glycine, alanine, aspartate and glutamate. These amino
acids could be generated through transamination®" or reductive
amination'*® from the corresponding o-ketoacids. The presence
of aspartate and malonate also points to the formation of
oxaloacetate in the mixtures, maybe transiently, as it was not
detected by GC-MS/NMR. Indeed, the same group has shown
that hydrogen drives part of the Krebs cycle, from oxaloacetate to
succinate, assisted by rhodium or meteorite catalysis.'** Overall,
this work has led to the formation of 9 out of 11 TCA inter-
mediates and 5 universal metabolic precursors. Such molecular
complexity has emerged from a limited set of reaction types:
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aldol/retro-aldol, hydrations/dehydrations, oxidative decarboxy-
lations and reductions/oxidations.

The group of Krishnamurthy has reported, in turn, on two
similar abiotic cycles, the HKG and malonate cycles, which are
connected through a common intermediate, oxaloacetate, and
together constitute the glyoxylate scenario.>® Importantly, both
cycles share some common di- and tricarboxylic acid derivatives
with the TCA cycle,"">'** as well as the occurrence of similar
reactions, including the decarboxylation of B-ketoacids and
oxidative decarboxylations of o-ketoacids, all under plausible
prebiotic conditions (Scheme 10). Both abiotic cycles use glyox-
ylate as carbon source, and hydrogen peroxide to favour oxida-
tive steps, while they operate in a pH range between 7.0 to 8.5 at
a temperature <50 °C. This chemistry alternates aldol-type
additions of key metabolites (pyruvate, oxaloacetate, malonate)
to glyoxylate with the decarboxylation of oxalomalate and oxida-
tive decarboxylations from HKG, malate, oxaloacetate and 3-
carboxymalate.'®'"” Additionally, in presence of ammonia the
malonate cycle leads, through the carbinolamine of glyoxylate, to
the formation of aspartate and glutamate, in a reductive amina-
tion process from the corresponding o-ketoacids.'®

What the above two approaches have in common is that they
find plausible routes to synthesize, under mild conditions,
most of the molecular constituents of existing metabolic cycles,
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-promoted synthesis and breakdown of 9 out of 11 members of the TCA cycle, and of the 5 universal metabolic precursors, as reported

by Moran's group. Adapted with permission from ref. 21. Copyright 2019 Nature Publishing Group.
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Publishing Group.

or analogues, which have been proposed that could be ancient
based on phylogenetic analyses and other top-down strategies.
Similar non-enzymatic versions of the glycolysis and pentose
phosphate pathways have been investigated by Ralser’s”>"'%'2°
and Powner’s"*"""**> groups, yet in this case they would not lead
to a protometabolic cycle but to linear anabolic routes. All these
efforts point to the likelihood that, if the molecular species of
those ancient cycles were readily available on the prebiotic
Earth, the establishment of protometabolic networks should
have been feasible and may have played a key role in supporting
other chemistries - like the emergence of peptide and oligo-
nucleotide replicators, or of new catalysts to couple and make
more efficient the required reactions (see below, Section 4). There
are, however, a series of thermodynamic and kinetic bottlenecks
that still need to be overcome if this proto-metabolic chemistry is
to be turned into a feasible (minimal) metabolism, and these
cornerstones are revised in the following section.

3.2. Robustness in transition: combining kinetics and
thermodynamics

Although the above experimental lines to synthesize the con-
stituents of potential protometabolic cycles have brought pre-
biotic chemistry relatively close to some of the main extant
metabolic pathways, being able to form the cycle intermediates
is not the same as making the cycle operate in the right sense,
either with an anabolic or a catabolic purpose (i.e, to build up
further molecular complexity or to liberate high-energy molecules,
which could, in turn, act as chemical fuels to drive endergonic
processes). An additional requirement in this regard would be
that the protometabolic cycle becomes a self-sustaining system.
This means that, with the help of fuelling molecules to promote
the endothermic steps, together with catalysts to facilitate the
slowly running ones, the kinetics and thermodynamics of the
different reactions constituting the cycle should be coupled, in
such a way that allows adapting the matter and energy balance of

7372 | Chem. Soc. Rev., 2023, 52, 7359-7388

the system to the state of its close environment.">** In this
direction, a revolution is taking place in the capacity of
chemists to manage out-of-equilibrium self-assembled systems
and networks,"””*” which makes this challenge potentially
solvable in the future. A pertinent question, however, is whether
the complexity of the TCA or the glyoxylate cycles would enable
achieving an efficient dynamic coupling of their constituent
transformations, in order to be run out of equilibrium. In the
paragraphs below, we use the scheme applied in ref. 126 to the
study of out-of-equilibrium chemical systems for the analysis of
how metabolic cycles could be similarly fuelled.

According to Prins and coworkers,'*® the key for being able
to populate a high-energy non-equilibrium state (step a in
Fig. 1, left top cycle) from a lower one is to use a chemical fuel
(F) that templates the reaction of the initially stable substrate
A (in a low-energy state) into its activated form B* (step b).
This activated species can undergo a transformation process
(schematized in the figure as step c¢) that could not happen
through pathway a, yielding C*. The asterisk (*) in this scheme
means that the compound is in an energy-rich state and there-
fore remains reactive. From C*, final detachment of the fuelling
fragment, through a process that converts it into a waste (W),
renders the initially target lower-entropy structure (D, step d).
These consecutive steps constitute a thermodynamic cycle that,
when run in the right sense (anticlockwise), is able to dissipate
energy (see the right diagram in Fig. 1), using it to maintain
the thermodynamically unfavoured product D. Such control in
the cycle directionality can be enabled through establishment
of a kinetic asymmetry in certain steps. The occurrence of low
energy barriers for the template coupling in step b and the
waste liberation in step d, and high energy barriers for the
reverse processes, would make those steps kinetically favoured
in the forward direction and the cycle operative in an anti-
clockwise sense. Importantly, the occurrence of reactions
between B* and the waste, or D and the fuel, would make the

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Dissipative cycle of reactions where the thermodynamically unfavourable transformation of substrate A into product D occurs through a
kinetically asymmetric cycle, sustained through the consumption of a chemical fuel (F) with the concomitant production of waste (W). B* and C* are
reactive species produced by activation of A with the fuel. The left top panel shows the smallest possible cycle of this kind, as inspired by Prins and
coworkers.*?® The left bottom cycle shows how that type of cycle could be expanded by incorporation of intermediates I}« and I, formed from B* and D
through rapid equilibria. Finally, the right panel presents the different energetic levels involved in the top left cycle.

cycle run in the opposite direction, and so they need to be
assumed kinetically hindered (light grey arrows in the figure).

This type of kinetically controlled energy-dissipating cycles
(i.e., cyclic chemical processes that consume energy to be
driven in the thermodynamically unfavourable direction) have
been proposed for the oligomerization of amino acids and
nucleotides,"*® the self-assembly of dynamic micellar/vesicular
compartments>® or DNA nanostructures,'*® and the establish-
ment of autocatalytic networks."! In general, the experimental
approaches towards this end have involved molecules with a
sufficiently complex structure, so that their spontaneous pre-
biotic emergence cannot be taken for granted. On a theoretical
basis, the same scheme (thermodynamic cycles running out of
equilibrium through dissipation of a chemical fuel) could be
applied to protometabolic cycles, precisely to trigger their
unfolding into more complex systems/organizations. From this
perspective, the TCA, HKG or malonate cycles that are currently
being investigated in relation to present day central metabolic
pathways appear to be too large and complex and, thus, the
rather fine-tuned kinetic asymmetry that would be needed
to run them under dissipative conditions in heterogeneous
prebiotic mixtures (i.e., starting from scratch) does not look
too tenable as a work-hypothesis. The alternative scenario we
put forward here favours simpler (proto-metabolic) reaction
cycles that get soon *functionalized’ (in a naturalized sense: i.e.,
they autonomously develop functional parts), bringing about
systems in which chemical transformations and control
mechanisms of diverse types (kinetic, spatial, energetic) are
coupled, in line with some of our previous hypotheses."?

The underlying assumption is that the TCA cycle, or related
ones, were probably selected for the robustness of the chemical

This journal is © The Royal Society of Chemistry 2023

pathways leading to their intermediates, perhaps based on
their relative stabilities compared to other derivatives, but in
order to be viable from a kinetic point of view, they should have
been initially supported by a network of interconnected smaller
dissipative cycles. For example, from the cycle depicted in the
left top panel of Fig. 1, a reasonable hypothesis is that it could be
enlarged by integration of fast and reversible intermediate steps
between b and d (Fig. 1, left top cycle), after formation of either
the activated species B* (leading to intermediate I,*) or of the
product D (leading to intermediate I,). Various of those steps
could indeed be added, provided that they are all faster equili-
brium processes than the forward reactions in b and d, leading
to energy-dissipating cycles of gradually increasing sizes.

Being able to establish multiple interconnected (ideally
catalytic) cycles, under dissipative conditions like those described
above, would provide a means for the potential transition towards
networks with increasing dynamic kinetic stability (DKS).>® This,
combined with the heterogeneity of the reaction medium, self-
assembly and phase separation processes, together with compart-
mentalization events, would enrich the space of possibilities for
the emergence of the first self-sustaining autonomous systems
(in a biological/metabolic relevant sense - see again ref. 12
and 24). In the context of this tutorial review, where various small
cycles with prebiotic relevance have been discussed (see Schemes
4, 8 and 10), the networks resulting from their integration could
be seen as a funnel that drives energy from abundant, constantly
produced and highly reactive one-carbon precursors (formalde-
hyde, HCN, formamide) into self-sustaining protometabolic cycles
of gradually increasing complexities (Fig. 2). This scenario
also implies that the most robust cycles, considering both the
synthetic yields of their member species and their turnover

Chem. Soc. Rev,, 2023, 52, 7359-7388 | 7373
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kinetics, would finally be favoured. This could be the case for the
ancient and biologically widespread TCA cycle.

To make the scenario depicted in Fig. 2 a possible one, a
cornerstone would be to ensure that enough energy-rich
carbon-based substrate materials are provided to the smaller
cycles, to thermodynamically drive the complexity enhancement
associated with the population of increasingly larger cycles. This
requires some kind of carbon fixation mechanism, as it occurs
in modern archaeal and bacterial cells with the acetyl-CoA
pathway.'®® The first step in this pathway is the endergonic
reduction of CO,, to yield successively formate, acetate and
pyruvate. Some researchers are working on an abiotic analogue
and possibly evolutionary predecessor of the acetyl-CoA pathway,
utilizing for that purpose iron-based mineral solids as catalysts
under alkaline hydrothermal-vent conditions."***® Submarine
hydrothermal vents are geochemical reactive habitats that hold
complex microbial communities.'®” It has been proposed that a
crucial feature of such rich life-sustaining environments is their
capacity to generate electrochemical gradients across different
iron mineral structures."*® Serpentinization is one of those
ancient geochemical processes in which water reacts with iron
minerals and produces hydrogen. Various research groups have
studied how hydrogen generation in those conditions can be
coupled with CO, fixation, utilizing minerals such as greigite
(Fe;S,), magnetite (Fe;S,),"*® awaruite (NizFe),"*® iron oxyhydrox-
yde (FeO(OH))"** or Fe(Ni)S precipitates,"** in the latter case
aided by a pH gradient. These processes lead to different
organics (from one- to three-carbon-atoms) that could feed the

View Article Online

Chem Soc Rev

cycles schematized in Fig. 2. Besides, other researchers are
working on possible links between acetyl-CoA pathway inter-
mediates and the prebiotic synthesis of ATP, through iron-
catalysed phosphorylation of AMP with acetyl phosphate,"*® and
in the generation of pH-gradients in synthetic protocells."*® All
these approaches evidence the importance of looking into the
energetics sustaining a potential primordial protometabolism, yet
much research is still required to completely clarify how they
could be coupled with the reaction network underlying it. In the
next section we explore some of the aspects involved to this end.

4. Towards ‘minimal metabolisms’

The possible emergence of auto- and cross-catalytic feedback
loops (i.e., systems in which a product catalyses its own for-
mation or two products mutually catalyse each other’s synthesis,
respectively) in the - relatively simple but increasingly complex -
reaction networks resulting from the chemistries reviewed in
previous sections, combined with the self-assembly of non-
equilibrium supramolecular structures formed from some of
the network components, is bound to reinforce their trend
towards functionally integrated, self-sustaining systems. One
likely consequence of the establishment of those types of cycles
and self-assembly events is the amplification of small chiral
imbalances, mostly through Frank-type mechanisms."*" Yet,
for these complexification steps to be accomplished, a number
of different processes and molecular components should
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Fig. 2 Schematic cartoon of how the coupling of multiple small dissipative cycles, like the ones depicted in Fig. 1, would allow funnelling energy for the
sustainment of larger cycles with increasing complexity, leading to the construction of protometabolic networks where the cycles that are more robust,
with regards to both the prebiotic synthesis of their members and from the kinetic perspective, would finally be favoured (for instance, the TCA cycle).
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co-develop within the same prebiotic setting (thus, be amenable
to ‘one-pot chemistry’ approaches). More specifically, the assis-
tance of short oligomers (peptides and/or oligonucleotides)
with enhanced catalytic properties should facilitate a more
efficient control of the kinetic asymmetry that cycles - like the
ones shown in Fig. 1 - may run into when they operate out-of-
equilibrium, opening the route to larger ensembles with higher
robustness (see Fig. 2). The possibility that these oligomers
became enantiomerically enriched at this stage would have
certainly improved efficiency in their synthesis (e.g., avoiding
cross-inhibition during the oligomerization process) and func-
tionality. In addition, it is quite reasonable to consider that the
self-assembly of supramolecular structures and phase separation
processes would lead to a diversity of soft interfaces and reaction
domains in which water can be partially excluded, providing
micro-environments (compartmentalized spaces) where those
asymmetries can be further extended, and where spatial control
mechanisms may start coordinating the diverse transformations
in progress.

One of our main hypotheses of work is precisely that diverse
synergetic effects should appear in that kind of situation. In
particular, the synthesis and amplification of oligomeric cata-
lysts, if it is to have any biological relevance, cannot take place
without a network of interconnected and dissipative catalytic
cycles, including the self-assembly processes supporting them,
which would also favour the reinforcement of homochirality.
Similarly, quasi-equilibrium supramolecular structures cannot
transform into growing and potentially reproducing systems
unless they are coupled with chemical reaction networks, which
take those structures further away from equilibrium. Therefore,
although in this section of the review our attention will be
focused on previous approaches to the prebiotic synthesis of
peptides and oligonucleotides, on their potential replication
dynamics, and on diverse compartmentalization and global-
system reproduction processes, the final ‘take-home message’
will be that the most promising way of dealing with such
‘complexification chemistries’ should not be to try them in
parallel but in various combinations. In other words, we
reinforce here a view of ‘minimal metabolism’ that goes beyond
that of a network of reactions that ‘mysteriously’ acquires the
capacity to self-sustain (typically considering the network in
homogeneous solution conditions), conceiving it, rather, as a
set of reactions intimately linked to the phenomena and physi-
cochemical aspects (physical heterogeneity, self-assembly, com-
partmentalization, energy gathering) that actually assist in its
configuration and sustenance on the way to cellular organiza-
tion. In the sub-sections below we revise some of those aspects
that can help bringing a protometabolic reaction network into a
minimal metabolism.

4.1. A systems perspective on the prebiotic synthesis of
peptides and oligonucleotides

Peptide bond formation is unfavorable in aqueous solution under
reasonable conditions, for which the polymerization of amino
acids in water only yields ridiculously small amounts of short
peptides (di- and tripeptides) and dimeric cyclic anhydrides

This journal is © The Royal Society of Chemistry 2023
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(diketopiperazines).”> A similar argument can be used for the
oligomerization of ribonucleotides to give phosphodiester bonds
and the concomitant nucleic acids. Often, a ‘catalytic‘ effect of
mineral surfaces is invoked to overcome this conundrum, but this
is misleading: the problem is not only kinetic but also
thermodynamic.'*'*>'** In this respect, mineral surfaces have
been shown to promote the formation of both peptides and
oligonucleotides, thanks to the adsorption free energy that over-
comes the energetic cost required to link their monomers in the
presence of water.'**'**> Montmorillonite, in particular, and other
clays such as layered double hydroxydes, comprise the most
interesting minerals with regards to prebiotic chemistry, because
they have shown to promote different processes, including the
ligation of activated nucleotides/amino acids, and of their dimers/
trimers, as well as the self-assembly of vesicles as protocell
models."*® Key in these processes is that the clay can concentrate,
align and act as adsorption template of the monomers (Fig. 3A),"*”
subsequently promoting bond formation if sufficient energy is
provided to the system.'*® In combination with mineral surfaces,
the use of energetically activated forms of the monomers
(e.g., amino acid N-carboxyanhydrides -NCAs- or aminoacyl inter-
mediates for the synthesis of peptides, and 5’-phosphorimida-
zolide, phosphoramidate ester or 2’-3’ cyclic nucleoside mono-
phosphate derivatives for the synthesis of RNAs) is
common."**™**" Prebiotically plausible coupling agents such as
cyanimide, carbonyl sulfide, 2-aminoimidazole or pyrophosphate
are typical energy-rich species that could react with amino
acids and nucleosides, making them more reactive towards the
polymerization reaction.'”>'** Quite remarkably, using these
approaches, either with mineral surface catalysts and/or activating
agents to promote condensation reactions, some researchers have
also reported the stereoselectivities obtained in the synthesis of
oligopeptides™*">> and oligonucleotides."”>**® An interesting
alternative for chirogenesis in the oligomerization of peptides
was that proposed by Lahav and occurring on supramolecular f3-
sheet templates.’>*'® Overall, all these approaches have been
extensively reviewed in the literature and, thus, the present review
will not go through them in detail. On the contrary, the aim here
is to focus on recent work that helps to start looking at the
problem from a ‘systems-metabolic’ perspective.

A crucial aspect to be considered is how the resulting
peptides and oligonucleotides could get assembled into
chemical systems that self-maintain in the non-equilibrium
dynamic state that characterizes biology. We assume that
mechanisms for equilibrium disruption through recurrent/
periodic environmental processes should be quite prominent
in this context. We mean physical-chemical processes such as
wetting-drying cycles®® or freezing-thawing cycles,'®" periodic
changes in pH, or osmolarity, oscillatory reaction networks,
phase separation, etc. One interesting example is the iterative
ligation cycle developed by Powner and coworkers, which in
the same process allows a chemoselective activation of chain-
growing o-aminonitriles into a-aminothioacids (through thio-
lysis and hydrolysis) followed by subsequent coupling with
another o-aminonitrile monomer (Fig. 3B).'% In a later devel-
opment, this reaction was adapted to the case of cysteine,
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whose aminothiol is in principle not compatible with nitriles,
leading to a process where different cysteine derivatives are
at the same time the substrate and the catalyst for peptide
ligation."®® Another way to reach non-equilibrium conditions
is through thermal gradients in mineral rock environments,
which can produce heated gas bubbles in rock pores or dew on
surfaces."”™® This type of physical phenomena has shown to
enrich certain prebiotic processes by subjecting all kinds of build-
ing blocks (RNA precursors, lipids, ribozymes and oligonucleotides)
to wetting-drying cycles. Among the viable consequences of this
recursivity are the occurrence of RNA phosphorylation, the increase
of ribozymes activity, and the formation of supramolecular assem-
blies such as hydrogels, crystals, coacervates and vesicles that can
undergo subsequent fission (Fig. 3C)."*® The group of Braun has
also suggested that dew on rock surfaces could drive the first stages
of Darwinian evolution, promoting the replication of long DNA and
RNA strands over short, faster replicating ones.'®®

Concerning all these recent approaches with a ‘systems’
motivation, it is important to point out that, whatever the
mechanism, chemical recursion has the potential to impose a
selection pressure on the network of reactions involved, as well as
on the consequently changing boundary conditions, imparting
a historical character to the successive generations of cyclic
reactions: in other words, the result of one cycle will always be

7376 | Chem. Soc. Rev,, 2023, 52, 7359-7388

influenced by the previous ones.”> In absence of such ‘pro-
grammed chemical historicity’, a combinatorial explosion would
occur, given that each species in the network may react with the
others in more than one possible way. The establishment of
feedback loops, most likely through auto- and cross-catalysis,
has actually been demonstrated with relatively simple sets of
peptides and nucleic acids. Since these would be crucial to induce
functionality and evolutionary capabilities in the transition from
chemical protometabolic networks towards biological minimal
metabolisms, we now continue with a closer look into experi-
mental works that have reported replication capacities of
those types of molecules, before addressing a possible origin for
homochirality and, finally, the question of compartmentalization
and reproduction of more complex chemical organizations
(protocells).

4.2. Peptide and oligonucleotide replication networks

Replication networks, as they have been described in the
literature,*®**”* may be interpreted as reminiscent of a proto-
metabolism, in the sense that they allow selecting for certain
features and could in principle become self-sustaining if the
necessary substrates, chemical energy and compartmentaliza-
tion are provided. However, experiments up to now were based
on the external supply of ingredients to sustain the network,

This journal is © The Royal Society of Chemistry 2023
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given that current replication systems lack the kinetic, ener-
getic and spatial control functions to actually provide them
endogenously. When designing replication systems, the use of
peptides or oligonucleotides is widely spread because of their
inherent biological (and pre-biological) interest, which includes
their potential to implement a variety of additional roles (not
just replication, per se), which could help precisely to transition
in the direction of developing further capacities within the
network.'”? In this sense, peptide-based systems®*'®*'7® show
potential for a high diversity of functions and accessible
structures (e.g., catalytic activity and the capacity for specific
molecular recognition), great kinetic stability due to amide
bonds, and were prebiotically available from amino acids.
Oligonucleotides,®® in turn, have a simplified DNA/RNA-like
structure that allows them to behave as templates, precursor
carriers of information (through base pairing) and, although
their prebiotic plausibility is not so widely recognized, impor-
tant advances were made in that sense in the recent past
(see, for instance, Sections 2.4 and 4.1). These characteristics
have led both types of molecules to be central components of
protobiological replication networks. Some researchers are also
working with hybrid systems that possess components from
both kinds of biopolymers.'®®*"* Different network topologies
can be achieved by combining these biomolecular components
into synthetic replicators, as it is illustrated in Fig. 4. Impor-
tantly, in all these examples (and others revised below), homo-
chiral systems were employed, clearly because that maximizes
their functional role (e.g., the potential for well-defined self-
assembly and/or catalysis). Of course, that cannot be given for
granted at this stage of chemical evolution. Whether homo-
chirality emerged prior to the establishment of self-replication
capacities with prebiotic oligomers or not (i.e., whether it is
actually a consequence of such evolutionary implementation)
remains a critical open question, which will be addressed in the
next section, once the different mechanisms that exist to
establish replication networks are considered.

An interesting function to implement in replicating systems
would be the ability to catalyze multiple processes at the same
time. Otto’s group has developed, for example, synthetic peptide-
based building blocks that form hexameric macrocycles upon
oxidation."” These macrocycles are capable of catalyzing their
own formation through self-assembly, and in parallel two other
chemical transformations that are different from the replication
reaction, that is, the system shows catalytic promiscuity. Apart
from this replicator, other less complex architectures based on
the same type of building blocks arise in the system, resulting in
a competing population of replicators. Nevertheless, if the
system is fed with a chemical fuel, only the most complex
structure (i.e., the hexamers) prevails, even in the case when its
formation process is slower (Fig. 4A)."”° Another feature that can
be added to these networks is a cofactor that accelerates the rate
limiting process of replicator formation (the oxidation of mono-
mers), for instance through the action of light."”* This use of an
external energy source to synthesize the precursors of the self-
replicating species from certain substrate molecules could be
seen as a form of protometabolism, although it still lacks a way
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to store that energy and to use it in the promotion of an
endergonic reaction that is useful for the system.

Another functional aspect that has been accomplished in
synthetic replication networks is bistability, which provides cells
in nature with a mechanism for long-term memory storage,
namely the ability to integrate a transient molecular stimulus
into a sustained molecular response.'” In a bistable dynamic
regime, a change in internal variables, organization parameters
or external conditions can lead a system to switch, abruptly,
between two (stable) states. This typically provides cells with a
mechanism for memory storage, namely the ability to integrate
a transient molecular stimulus into a sustained molecular
response. In practice, the Ashkenasy lab designed a dynamic
reaction network that, depending on initial thiodepsipeptide
concentrations, leads to one of two distinct steady-state concen-
tration distributions.'”® By applying physical (heat) or chemical
stimuli, the system can be switched from one state to the other.
Nevertheless, a continuously fueled reducing environment is
crucial for preventing the bistable system from falling into less
defined states (Fig. 4B)."” Interestingly, coupling this type of
dynamic bistable network to the formation and self-assembly of
gold nanoparticles has enabled to mimic an additional network-
building biological function, i.e., signaling.'”®

With regards to DNA/RNA replication, function is inherent
to nucleic acid structures but, so far, two issues have limited
the non-enzymatic replication of these molecules. First, the
template inhibition problem, related to the impossibility of
binding to existing product strands of new substrate molecules,
due to the high duplex stability, which blocks the template for
further replication cycles. Second, the higher survival of the
shortest sequences in mixtures of competing replicators because
of their faster kinetics, which causes a loss of information. On
these matters, progress has been made in the recognition of
potential prebiotic scenarios where both replication and preva-
lence of longer oligonucleotides could have taken place.'”® Hud’s
group, for example, proposed that thermal heating cycles
combined with a viscous environment could have provided a
mechanism for denaturing the formed nucleic acid duplex into
its two strands.'®® Later on, they showed that concentrated
solutions of urea and acetamide in water (both plausibly pre-
biotic) may have assisted in this task.'®' In addition, Braun’s
group put forward submerged rocks with open pores as ancient
sorting machines capable of excluding short oligonucleotides
from a constant size-mixture flow, setting up the system for
replication of longer strands.'®® This machinery would have
worked with the aid of a heat flux across it, which could let
the molecules be swept along by the flow inside the pore (via
thermophoresis), causing the largest ones to accumulate in it
while the smallest ones leave. In this way, a common setting on
the early Earth like an open pore could provide an interesting
non-equilibrium habitat for the recursive feeding, replication
and positive length selection of genetic polymers.

Concerning nucleic acid replication, we would like to finish
clarifying that longer sequences of nucleic acid analogues with
ribozyme/polymerase activity have also been developed for
exploring the chemistry of genetic information storage and
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Chemistry.

propagation,'®>'® yet they are not revised here, as their length

or backbone structure usually get out of what could be con-
sidered prebiotically plausible, and so that type of approaches
would fit better as possible routes of early biological evolution.

A critical issue when designing replication networks is
whether some of the components can be selected based on
the environmental non-equilibrium conditions surrounding
the system, and how such conditions affect the network com-
position. This issue somehow provides a way to assess the
protometabolic character of a given network, as it is known that
there are always ecological and evolutionary consequences of
environmental changes on metabolisms.'®® Interestingly, the
Ashkenasy and de la Escosura groups reported on a network of
nucleopeptide systems where nucleobase interactions between
complementary sequences facilitate control on different auto-
and cross-catalytic pathways (Fig. 4C)."°® When the system is
set out of equilibrium in a CSTR flow reactor, the network is
biased, through functional synergy between the nucleobase

7378 | Chem. Soc. Rev, 2023, 52, 7359-7388

sequences and the peptide fragment inducing self-assembly,
pushing the systems towards the most prominent replicator.
Semenov’s group, in turn, has described a network based on
dimeric thioesters of tripeptides displaying non-selective auto-
catalysis, which can be driven by simple mechanisms such as
the formation of strongly nucleophilic species (e.g., thiolate) or
catalytically active ligands.'®” Braun’s group has also studied
mixtures composed of short oligonucleotides that form longer
ones by random templated ligation, leading to the simulta-
neous elongation and sequence selection of oligomers.'®® The
product strands showed highly structured sequence motifs,
which inhibited self-folding and built templated reaction net-
works. By reduction of the sequence space, the kinetics of
duplex formation increased and led to a faster replication
through the ligation process.

These findings imply that the elementary binding properties
of nucleotides can lead to an early selection of sequences even
before the onset of Darwinian evolution. An important question

This journal is © The Royal Society of Chemistry 2023
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relates, indeed, to whether this type of collective network
behaviors could appear with simpler sequence replicators. In
this respect, the group of de la Escosura has shown that
collective adaptability would be possible in a replication net-
work of synthetic minimal nucleobase sequences - yet not
based on canonical nucleic acid structures (Fig. 4D)."”"

4.3. A plausible protometabolic origin of homochirality

During this tutorial review, the topic of how molecules consti-
tuting protometabolic/replication networks could have been
enantiomerically enriched has been mentioned, but left quite
aside. This is not due to the lack of importance of this problem,
but to the lack of a solid body of evidences and knowledge to
explain this phenomenon in a prebiotic context. In this section, we
try to summarize some of the approaches that have been examined
around the question of the emergence of homochirality. Our
revision of such topic does not intend to be comprehensive
but focussed on examples and models that present special
relevance in the context of protometabolic networks. For an
in-depth insight, there is in the literature a number of reviews
that cover the substantial amount of work that has dealt with
processes and mechanisms accounting for the accumulation
and amplification of small initial chiral imbalances into homo-
Chiral systems.56—60,159,187,188

The role of chiral forces and chemical polarizations to
induce spontaneous mirror symmetry breaking (SMSB),>® gen-
erating small enantiomeric excesses from racemic mixtures,
and the subsequent chiral amplification of those excesses, is
well known from a theoretical perspective.>”°>*%° The classical
and most compelling (Frank-type) models to explain the
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asymmetric amplification of an initial imbalance, either sto-
chastic or caused by deterministic chiral forces, normally
involve autocatalytic reaction systems.'®® Fig. 5A shows for
instance the system originally proposed by Frank,'°’ which
involves the autocatalyzed synthesis of a chiral compound, in
its two enantiomeric forms, from an achiral one, together with
an irreversible reaction that destroys such chiral product and
an implicit flow of matter required to maintain the symmetry
breaking. Frank’s model constitutes a minimalistic system
from which other related models were later derived, in order
to account for chiral amplification in different experimental
systems."*™®° In the original model the involved reactions
were considered irreversible, but they can also be described
as reversible, which allows the system to evolve back to the
equilibrium symmetric state when the flow of matter is
disrupted.'®® For a review on this topic and for deeper math-
ematical insights about it, see ref. 190 and 197, respectively. In
any case, there is scarce evidence about the abiotic scenarios
that could facilitate this type of processes, the stage of chemical
evolution at which symmetry breaking took place, and its actual
relevance for the emergence of life.'*®

Two requirements are crucial for a chemical process to lead
to homochirality according to Frank-type models: (i) that each
enantiomer is able to catalyse its own production, and (ii) that
they also inhibit the other enantiomer formation (what Frank
called ‘mutual antagonism’ and can occur through different
types of reactions/interactions), enabling a non-linear growth
during the autocatalytic reaction they emerge from (Fig. 5A4)."*"
Another necessary feature is that these non-linear growth
dynamics must occur in non-equilibrium steady states. It is
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Fig. 5 (A) Schematic representation of the processes implicit in Frank's original model:*** in which the autocatalytic formation of a chiral product (from
an achiral substrate) leads, in an open stationary system, to the amplification of one of the enantiomers. (B) Scheme showing the asymmetric
amplification via autocatalytic self-replication and ‘'mutual antagonism’ that occurs in Frank-type models. (C) Scheme of an example of the Soai
autocatalytic reaction.2°! (D) Coupled catalytic cycles proposed by Blackmond, in which amines and aldehydes can act as both substrates and catalysts,
possibly allowing for the establishment of autocatalytic replication and subsequent amplification of enantiomeric excesses. Adapted with permission
from ref. 60. Copyright 2020 American Chemical Society.
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the continuous flow of energy that maintains the system out of
equilibrium what actually drives the ongoing flow of reactions,
allowing several possible steady states. When the matter flow
becomes important enough (ie., above a critical value), and
thanks to the autocatalytic and mutual destruction reactions,
the racemic state can be destabilized. The system then sponta-
neously evolves into one of the two possible non-racemic states
through a process like the scheme depicted in Fig. 5B. Such state
remains stable as long as the non-equilibrium regime persists,
and can counteract different destructive phenomena, thus resist-
ing against the ‘calamity of racemization’.'®® Interestingly, we
have seen that autocatalysis out-of-equilibrium, in its different
forms (autocatalytic reactions, cyclic or network autocatalysis, and
template replication),'”® is a fundamental feature for chemical
evolution to proceed towards protometabolic systems with the
capacity to self-sustain and replicate themselves. Consequently,
herein we assume the hypothesis, suggested by Ribo, Hochberg
et al.,>® that the emergence of homochirality would have run in
parallel to the establishment of networks and assemblies with
those catalytic, self-sustaining and replication features.

The problem is that, leaving aside crystallization and supra-
molecular polymerization processes, the number of autocataly-
tic covalent reactions that behave according to Frank-type
models is very limited. The asymmetric autocatalytic dialkyl-
zinc alkylation of certain aromatic aldehydes, known as the
Soai reaction (Fig. 5C), is actually the only autocatalytic trans-
formation that fulfils the above criteria, and it has no prebiotic
relevance.”"*°* Strong efforts have been made to find examples
that are meaningful in a prebiotic context, mostly among reac-
tions that present a sigmoidal kinetic behaviour,?* albeit with no
real success. The Breslow’s cycle, for instance, produces glycoal-
dehyde autocatalytically in the formose reaction, but this sub-
strate is achiral and so it cannot lead to chiral amplification (see
Scheme 4A),°® while only modest enantioselectivities in glyceral-
dehyde are obtained when the formose reaction is run in presence
of chiral amino acids as asymmetric catalysts.>®**°*?% The synth-
esis of amino acids by hydration of aminonitriles reported by
Commeyras and coworkers, on the other hand, is not truly
autocatalytic but a product-autoinductive process, since the
catalyst is a carbonyl compound (acetaldehyde or acetone) formed
by degradation of the starting aminonitrile.*’® Thus, given that
the catalyst total concentration is limited by the amount of
starting material in the reaction, it cannot increase exponentially
with the product - so the asymptotic emergence of homochirality
predicted by Frank-type models is not feasible.

In order to overcome this elusive search for prebiotic reac-
tions that present autocatalysis/replication with chiral amplifi-
cation, as suggested by Blackmond,’® the key may lie in the
establishment of self-organized connected catalytic cycles,>”’
i.e.,, in the type of protometabolic networks reviewed above.
Indeed, there are various experimental findings of aldehydes
catalyzing reactions from substrates that involve amines (e.g.,
the hydrolysis of HCN oligomers and aminonitriles in Strecker-
type syntheses)'®” or amines (mostly from aminoacids) catalyzing
reactions with aldehydes as substrates (e.g., proline-catalyzed
Mannich reactions),”*® in which significant enantiomeric excesses
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are obtained (e.g,, when asymmetric amino acids catalyse the
formose reaction)."**>** All this indicates that amines and alde-
hydes can act as both substrates and catalysts, and so they could
be coupled in potentially autocatalytic cycles and networks
through the formation of hemiaminal intermediates (Fig. 5D).*
Introducing asymmetry into these systems may allow Frank-type
behaviours for enantiomeric enrichment throughout subsequent
turnover of the cycles.

The previous scenario may have provided building blocks
with moderate but sufficient ee (enantiomeric excess) values
for the onset of informational polymers capable to establish
template replication mechanisms, somehow initiating a rudi-
mentary version of Darwinian evolution.*® Rib6 et al., however,
have raised objections to the assumption that the assembly of
informational polymer replicators would have required solving
the problem of homochirality at a previous stage, arguing
that such a singular event scenario lacks the mutualistic and
competitive character of evolution, even at its chemical
stage.>’° How to prevent for example the problem of racemiza-
tion, necessarily significant when long geological timescales
are considered? In contrast to that, they propose a gradual
model for chiral enrichment in life-like systems, which runs
parallel to chemical evolution, from the simplest molecular
building blocks of life to the complexity of protocellular systems
(Fig. 6). According to such a scheme, SMSB would have occurred
at the stage of formation of condensation polymers, for which
they could facilitate an ever more efficient chiral amplification
mechanism at different evolutionary phases. For instance,
Viedma deracemization®® should have been possible during
the initial random polymerization events.>'’ The onset of tem-
plate replication could have enhanced the amplification of
chirality through the establishment of mutualistic networks
(see previous section).*™" Finally, fully homochiral systems would
have been the result of an engagement of replicators in a sort of
instructed metabolism,'? thanks to the emergence of new
catalytic functions enabling different channeling pathways.

Within this scenario, Frank-like mechanisms would have
operated at early-stages of chemical evolution, amplifying small
ee values from asymmetric inductions over simple reactions>'?
e.g., when monomers get integrated into functional polymers.
This view is clearly a ‘systems’ one, in the sense that it
considers the problem of the emergence of homochirality
intimately linked to the mechanisms by which the first mini-
mal metabolisms could get assembled from self-sustaining
networks of simple replicators and protocellular structures.
Considering the importance of compartmentalization for the
functioning of protometabolic networks,>'*>'? in general, and
for chiral enrichment itself,?** next we summarize how all these
aspects could be integrated into protocellular assemblies.

4.4. Compartmentalized chemistries: coupling reaction
networks with protocell compartments

Although it is in principle an open research question whether
‘minimal metabolisms’ could be implemented as reaction net-
works in open and homogeneous (well-mixed) aqueous solution,
compartmentalization events, which could be triggered through

This journal is © The Royal Society of Chemistry 2023
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direct phase separation (e.g., coacervation) or supramolecular
self-assembly of amphiphilic molecules (e.g., vesicle or micelle
formation) seem quite important, since they involve spatial con-
straints and mechanisms that potentially control the diffusion/
transport of molecules, in and out of the system, leading to
individual protocellular organizations (for a definition of protocell,
see the glossary at the end of the review).”"” All known meta-
bolisms, in fact, take place under cytoplasmic conditions, which
are very complex environments, spatially speaking: apart from
condensates and lipid membranes, ‘molecular crowding’ effects
have been demonstrated as very relevant for many aspects of
biochemistry and cell physiology.”***'® Furthermore, the energetic
viability of any extant metabolism depends both on soluble
‘molecular currencies’ (like ATP or GTP) and ‘chemiosmotic’ ones
(electrochemical gradients of H' or Na'*), so the vectorial character
of metabolic processes®**?*! could be a critical aspect to consider
also in their first emergence.”*>**

The scenario that we are putting forward in this review as
the most tenable prebiotic setting provides ample room for the
presence of soft interfaces and heterogeneity in the reaction
medium, with changes in the temperature, ionic strength, pH,
etc., as natural driving forces already operating during the first
steps of the origins-of-life process, so this is perfectly coherent
with an early development of protocellular systems. One should
be aware that this added initial complexity can nevertheless be
a source of difficulties, not only for the researcher (the analysis
of samples in messy or colloidal conditions is typically harder)
but also for the actual chemistry to be explored. Many chemical
reactions that proceed without any problem in water solution
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mechanisms at the different stages of chemical evolution. Adapted with
permission from ref. 200. Copyright 2017 Royal Society of Chemistry.
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tend to be perturbed - or even totally inhibited - if the aqueous
medium loses homogeneity.>® For instance, oscillatory beha-
vior is marginal in real metabolisms (except for rare cases, like
glycolytic oscillations) probably due to the heterogeneity of the
cytoplasmic environment.>”* Furthermore, when some chemistry
is encapsulated by lipid membranes (e.g., within vesicles), the
access of fresh reactants into the internal micro-environment
becomes an issue, so diverse transformation processes could be
suffocated simply by scarcity of nutrients — unless the bilayer is
permeable enough.””® However, at the same time, chemistries that
look dull or would hardly run in homogeneous water solution, may
become much richer and dynamic in a heterogenous context,
especially if they couple with self-assembly processes, or if they
are part of a volume-changing compartment.**® The key will
probably be, as usual, finding a suitable combination of reactive
components and boundary conditions that opens an unexpected
window of possibilities, in terms of complex dynamic behavior. If
the phenomenon that emerges from there contains aspects of
biological significance, the search should continue on similar lines.

A number of authors within the so-called ‘protocell camp’
have tried to overcome the nuances of heterogeneous media and
pushed in this direction in the last decades. The motivation
behind has been to deal with the problem of individuation and
encapsulation at a stage when it is hard, but still tractable.??”:*?%
In this context, the advent of ‘liposome technologies’, after the
pioneer work of Bangham and colleagues,”*® was instrumental
to move beyond the first approaches to prebiotic compartments,
based on Oparin’s ‘coacervate’ hypothesis,**® and to start imple-
menting more elaborate ‘vesicle models’ in which the properties
of simplified bio-membranes (e.g., fatty acid bilayers) and their
potential prebiotic role could be more directly addressed.?**
Nevertheless, recent discoveries highlighting the importance of
liquid-liquid phase separation and biomolecular condensates
for various cell functions, have revived the coacervate idea, as
perhaps a simpler (two-phase) compartmentalized system of
relevance for the origins of life.”** Most of the recent literature
on these different experimental protocell models (vesicle and
coacervate systems, including tentative ‘hybrids’***) has been
extensively reviewed in specialized articles.”>*****> A large part
of that work, though, has focused on demonstrating that rela-
tively complex biomolecules (polymers, typically) and biochem-
ical processes of different kinds can operate in vitro, under those
simplified compartmentalized conditions.

The lines of protocell research that best combine with a
metabolic/organizational way of approaching the initial stages of
the process of origins of life are those that concentrate on how
relatively simple chemistries could couple with compartment
self-assembly processes. Supramolecular structures in biological
systems are much more dynamic than the quasi-equilibrium
aggregates that they constitute under standard laboratory con-
ditions (where they tend to lack, precisely, the coupling with an
underlying chemistry that would take them away from equili-
brium, inducing a much more dynamic behavior - like growth
and potential reproduction). Yet, the investigations started by
Luisi’s group at the end of last century**®**” established a
tradition in the field that tackles this issue upfront (a tradition
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that was later followed - in part, at least — by Szostak and
coworkers**® and, more recently, by groups like Devaraj’s®*® or
Fletcher’'s®*®?*!), In particular, Fletcher's lab has recently
described a replication cycle that works autonomously and leads
to an oscillatory behaviour, playing precisely with the following
four ingredients: (i) an autocatalytic reaction that leads to a
synthetic lipid amphiphile (29) from the disulfide exchange
between a reactive hydrophilic disulfide (30) and a lipophilic
thiol (31); (ii) the self-assembly of this amphiphile into transient
micelles that catalyze the amphiphile synthesis; (iii) the micelles
decay due to degradation of the amphiphile, and (iv) the
regeneration of disulfide 30 with an oxidant chemical fuel
(H,0,) (Fig. 7).>** Interestingly, the reaction occurs in two
phases, with rapid stirring, which is crucial to adjust the kinetics
of both the autocatalytic micelles formation and their destruc-
tion. The latter process is actually slowed down due to phase
separation, as the lipidic thiol 31 that depletes disulfide 29
constitutes the organic phase and is not easily mixed with the
micelles and compounds that are dispersed in the aqueous
medium. Therefore, this work represents an excellent example
of how investigations from the bottom-up can lead to processes
of complexification, illustrating one of our main themes in this
review. The implementation of various couplings within the
same experimental setting leads to a chemical system in which
a number of key biologically-relevant features are successfully
combined: replication (variability control), adjustment by stirring
and self-assembly/phase separation (spatial control) of the reac-
tion rates of the different steps in the replication cycle (kinetic
control), and the fueling with hydrogen peroxide to regenerate the
reactive disulfide substrate (energetic control), all contributing to
the maintenance of the system out of equilibrium.

Formation

annnne §7

31

H,0
o
20
H20,

Autocatalysis
(negative feedback) San
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Let us finish this section (and, somehow, prepare the terrain
for the conclusions) by noting that the advantage of coupling
reaction networks and compartments in synergetic ways (like it
is achieved in the works above) is not simply the triggering of
growth dynamics and reproduction events that involve the whole
system, but the actual constitution of a ‘self’: i.e., an ‘individual’
which is different from its environment and can build its own
components, including the components of its boundary. Indeed,
this transition from ‘self-assembly’ (of some molecular building
blocks into a supramolecular structure) to ‘self-production’ (of a
system that performs the synthesis of its own components,
establishes a clear ‘in/out’ asymmetry and has potential for
growth and reproduction as such a system) is an excellent
opportunity to consider whether the ‘network complexity’ that
we usually associate with the idea of metabolism (when we have
in mind extant living organisms) could be significantly reduced
at prebiotic stages, by focusing on much simpler reaction net-
works, but provided that the latter are closely linked to the
constitution and dynamic properties of the system’s boundary.
Anyway, the complete implementation of ‘proto-organisms’
(understood as ‘basic autonomous systems’),">** may still
require additional functionalities (in particular, endogenously
synthesized energy control mechanisms - like the ones being
explored by Mansy’s group>*® - more tightly integrated with the
spatial and kinetic ones). Therefore, it calls for further research,
ideally making use of prebiotically plausible components.

5. Summary and conclusions

In this tutorial review, we have carried out an in-depth analysis
of the main pillars of prebiotic chemistry, demonstrating the

Autocatalysis 30
(positive feedback)

When 30 is
present

Qs
29 S
O
Qs
HOOCD/SH
O,N
SJ\I\N\/\I

3B s
W%s’sw

When 30 is
depleted

Thiol release o2

Fig. 7 Schematic representation of the oscillatory self-replication cycle in which an amphiphilic disulfide replicator (29) is built from the lipophilic thiol
31 and the hydrophilic disulfide 30. The amphiphile forms micelles the uptake thiol and accelerate their own formation, leading to a replication process.
The rate of decay of the micelles by reaction with the lipophilic thiol (in its thiolate form) is in principle avoided through phase separation, but it can be
adjusted by rapid stirring. The initial hydrophilic disulfide is then regenerated from 32 using hydrogen peroxide as fuel, which allows maintaining the
system out of equilibrium. Adapted with permission from ref. 242. Copyright 2022 Nature Publishing Group.
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multiple interconnections that exist among them and the great
possibilities that these provide to establish a solid and highly
promising research program towards the bottom-up recon-
struction of metabolic systems, taken as a central part of
the origins-of-life problem. The theoretical framework we sug-
gest for that challenging task distinguishes between ‘proto-
metabolisms’ (initial sets of coupled physical-chemical
processes and non-equilibrium boundary conditions leading
to biologically relevant synthetic pathways) and ‘minimal meta-
bolisms’ (more complicated chemical systems that synthesize
their own functional components and put together a spatial,
temporal and energetically viable organization). This key con-
ceptual distinction is aimed to guide the strongly-needed
empirical exploration of control mechanisms that, being an
endogenous product of the reaction system, should tame the
combinatorial explosion that would otherwise happen in such a
complex, compositionally diverse and heterogeneous context.
Those control mechanisms would also allow the functional
integration of the involved molecular ingredients and transfor-
mation processes, which should bring forward a collection of
‘self-sustaining’ (and potentially ‘self-reproducing’) systems,
and with them the amplification of small chiral imbalances
into homochiral systems.

Towards that end, the construction of a complete protome-
tabolic map of prebiotic reactions will facilitate the task of
identifying and classifying the different feedback and control
mechanisms that could come up from subsets of intercon-
nected reaction pathways. Establishing a protometabolic net-
work out of these highly engaged chemistries would require,
however, that some key reactions could be run in both the
forward and reverse directions, so that the exploration of the
available chemical space leads to amplification of the most
favorable pathways. In this context, energetic funneling,
enabled by the establishment of interlinked catalytic cycles
under dissipative conditions, must have brought forward a
transition to systems and networks with increasing dynamic
kinetic stability. It is likely that this type of non-enzymatic
reaction networks provided, from a set of central proto-
metabolic cycles, an environment from which polymer replica-
tors and catalysts could thrive. Homochirality stands out as
another probable consequence of the emergence of this type
of polymeric systems. Finally, auto- and cross-catalytic
loops in those networks, together with the self-assembly of
non-equilibrium supramolecular structures from some of the
network components, would open evolutionary possibilities
towards protocellular assemblies with increasingly higher
robustness.

The difficulties of this research program are of course many,
not just finding the right chemical precursors and the condi-
tions under which those phenomena may emerge, but also
developing the adequate analytical tools to perform a precise
and scientifically sound characterization of the systems imple-
mented and their complex dynamics. In this regard, the design
of experimental setups in which non-equilibrium chemistries
can be thoroughly explored, both in aqueous and more hetero-
geneous (soft, interface-rich) reaction environments, including

This journal is © The Royal Society of Chemistry 2023
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time-resolved analyses of specific features like the chirality of
the species involved or their catalytic effects, looks rather
critical. In addition, theoretical modelling and computer simu-
lations should complement empirical research (each giving
continuous and mutual input/feedback to the other - as we
commented in the introduction), but the territory to investigate
is so foreign and arduous that experiments should lead the way
(among other things, because we lack knowledge about
potential ‘first principles’ that could be operating in non-
equilibrium and non-homogenous conditions).

Finally, it is very important to highlight, before concluding,
that we were concentrating here only on the early stages of the
problem. In other words, the origins-of-life question would not
be solved even if we managed to implement in the lab genu-
inely autonomous protocell populations (i.e., in the terminol-
ogy we used above, families of ‘minimal metabolisms’). The
road from that stage to the first living organisms (i.e., cells with
a ‘genetically-instructed’ metabolism) could be long and wind-
ing, with very narrow bottlenecks that only natural selection
and evolutionary dynamics taking place at much larger time-
scales would allow to overcome. We are quite convinced that
the minimal ‘complexity threshold’ for life involves systems
roughly similar to LUCA (or to the top-down constructs that
some research groups have been able to obtain in the lab),***
which would thus require the bottom-up development of a
genetic code and all the translation apparatus (a huge problem
that we did not cover, at all, in this contribution). Nevertheless,
our basic work assumption on these lines is that genetic
mechanisms would lack any reason for existence without a
metabolic context that provided not only the material and
energy resources for their highly demanding synthesis and
maintenance, but also the framework within which molecular
sequences may have some relevant biological meaning. There-
fore, in line with some hypotheses already put forward in the
literature,>*>2*® we consider that the transition towards cells
based on DNA and proteins, linked through a translation code,
was relatively late in the context of abiogenesis and should be
conceived as a ‘co-evolution’ process between the synthetic
pathways of minimal metabolisms and the establishment of
reliable hereditary mechanisms. In any case, we believe that the
research approach to the problem proposed herein, which is
significantly different from previously considered ones, will
shed light on novel links between top-down and bottom-up
strategies that study the interfaces between chemistry and
biology, and will definitely span various subareas including
not only origins-of-life research but also systems chemistry and
synthetic biology.

Glossary

Dissipative networks/assemblies - Systems that consume
energy from their environment to maintain their internal
organization in a dynamic steady state out of equilibrium.

Control - (Including feedback mechanisms but also other
dynamic/structural constraints) - that part of the molecular/
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material composition or internal organization of a chemical
network that brings forward/maintains a system property or
steady state associated with it, despite eventual perturbations.
Energy-dissipating cycles — Cyclic chemical processes that con-
sume energy to be driven in the thermodynamically unfavour-
able direction.

Chemical fuel - Energy-rich compound whose exergonic degra-
dation can be coupled to run thermodynamically unfavourable
transformations and self-assembly processes.

Autocatalytic cycles - Set of reactions and intermediates that
form a cycle, in such a way that when the cycle operates over the
substrates at the required stoichiometric ratios the amount of
at least one of the intermediates increases over time.
Protocell - A self-assembled compartment (typically a supra-
molecular structure, like a lipid vesicle) linked to chemical
processes taking place around or within it, aimed at explaining
how more complex biological cells or alternative forms of
cellular organization may come about.

Protometabolism - A set of reaction and transformation pro-
cesses that need to couple in order to maintain themselves in
non-equilibrium conditions.

Minimal metabolism - A set of physical-chemical transforma-
tion processes that synthesize diverse material constraints
(molecular mechanisms) that control their behaviour and
ensure their dynamic robustness and adaptability.
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