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Abstract: Darwin’s theory of evolution by natural selection was revolutionary because it provided a
mechanism by which variation could be selected. This mechanism can only operate on living systems
and thus cannot be applied to the origin of life. Here, we propose a viable alternative mechanism for
prebiotic systems: autocatalytic selection, in which molecules catalyze reactions and processes that
lead to increases in their concentration. Crucially, this provides a driver for increases in concentrations
of molecules to a level that permits prebiotic metabolism. We show how this can produce high levels
of amino acids, sugar phosphates, nucleotides and lipids and then lead on to polymers. Our outline
is supported by a set of guidelines to support the identification of the most likely prebiotic routes.
Most of the steps in this pathway are already supported by experimental results. These proposals
generate a coherent and viable set of pathways that run from established Hadean geochemistry to the
beginning of life.
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1. Introduction

How did life begin on Earth? We have made good progress towards answering
this question. Once something like a cell exists (with some kind of genetic material,
macromolecular catalysts, and a cell membrane), then a broad outline of a pathway is clear.
There are also plausible suggestions as to how the conditions on an early Hadean Earth
could have produced usable concentrations of tricarboxylate cycle (TCA) intermediates.
However, there is a large gap between these two and no clear way of identifying how
to bridge it. Two leading researchers have commented, “Origin of life studies is a field
with an extraordinary diversity of proposals, but few good ways to systematically judge
the framing of questions and the prioritization of evidence” [1]. In other words, we do
not know how to ask good questions, or how to recognize good answers [2]. Here, we
propose a set of guidelines (see also [3,4]), and use these to outline a plausible scenario,
relying heavily on the novel mechanism of autocatalytic selection. We use these guidelines to
propose routes leading from simple starting materials to sugar phosphates, lipids, amino
acids, nucleotides, and their polymers (in particular, proteins). In each case, autocatalytic
selection suggests a different original function for these metabolites than those that are now
more familiar to us, which supports a buildup in their concentrations.

Below, we set out the guidelines and then suggest possible mechanisms for autocat-
alytic selection of the major classes of metabolites. However first, we outline a route that
could have generated TCA intermediates on an early Earth based on alkaline thermal vents.
This is only one of several possibilities (some others being panspermia [5], Urey/Miller-
type environments [6–9], and various subaerial environments such as Darwin’s classic
“warm little pond”, as well as other thermal vents such as the more familiar black smokers)
but serves to introduce some important concepts and to bring us to a suitable starting point.

The early Hadean Earth is widely supposed to have been warm and reducing, with
very low amounts of free oxygen [1,3,10]. There must have been frequent meteorite impacts,
which may well have brought a wide range of organic precursors, as well as water. However,
the general view is that for life to begin, the environment should be fairly stable over long
periods of time to allow pre-metabolite concentrations to build up gradually. It has been
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cogently argued that in order to drive suitable prebiotic chemistry, it is necessary to have
a continuous energy source [11]. One such energy source is an alkaline hydrothermal
vent [12–16]. These are undersea regions where water seeps into the Earth’s crust and reacts
with the hot rocks there, including the mineral olivine (roughly Mg1.6Fe0.4SiO4), to produce
hydrogen and CO2 [17], which react together to produce methane plus other hydrocarbons
and CO, in a process called serpentinization (after the mineral serpentine, also produced in
this reaction) [18,19]. These vents are warm rather than hot (40–90 ◦C), which is consistent
with the genetic evidence on the origins of life [20,21]. The emerging gases have a wide
range of pH, but where they emerge away from the crustal ridge (such as the region
known as the Lost City in the mid-Atlantic [18]), they are alkaline with a pH of 9–11. The
significance of this process is that it produces large volumes of gas and has been running
continuously probably for millions of years [22–24], thus providing an environment that is
stable (although far from equilibrium) over very long periods of time. These vents contain
rocks rich in Fe2+, Ni2+ and other metals such as molybdenum and sulfides, and are good
heterogeneous catalysts for a wide variety of reactions [25]. A further feature of these
alkaline vents (as seen now and presumably earlier also) is that the chimneys that are
produced contain very large amounts of microscopic compartments. They thus present a
large surface area (suitable for surface catalysis) and are a good environment for trapping
and retaining chemicals [26]. It has been pointed out that one of the most phylogenetically
widespread enzymes, and therefore an enzyme likely to have been present in the earliest
living organisms, is ferredoxin, which contains an Fe,S cluster [27]. This supports the
idea of Fe(Ni)S catalysts as important for prebiotic chemistry. A related argument is the
observation that many of the cofactors for the most deeply rooted biosynthetic pathways
use cofactors such as pterins, which have metal thiols at their centers, further strengthening
the case for metal thiols as catalysts for early chemistry [28].

A leading proponent of the iron sulfide scenario was Wächtershäuser, who developed
extensive experimental evidence that iron sulfides could catalyze important prebiotic
reactions [4,29]. He also noted that all of the molecules thought to be fundamental to
prebiotic chemistry (components of the tricarboxylic acid cycle, acetate, thioacetate, and
sugar phosphates) are negatively charged at neutral or alkaline pH and proposed that this
would be useful for keeping them close to the positively charged metal sulfide surface,
therefore preventing them from diffusing away [8,29]. Green rust (a mixed iron oxide) may
also have played a similar role [30,31].

Serpentinization fixes CO2 into a range of small organic molecules like methane, acetic
acid and thioacetic acid. It has been pointed out that in modern organisms, there are six
routes for carbon fixation, of which the simplest is the Wood–Ljungdahl pathway, which is
well established as a primitive pathway [20,32]; the chemistry involved in this pathway is
similar to serpentinization, supporting the idea that this may have been a major route for
carbon fixation under Hadean conditions [26,33].

Following the initial fixation of carbon, one next needs reactions that incorporate the
carbon into a range of metabolites. It has been argued that the best way to do this is via
one or more autocatalytic cycles: a cyclic series of reactions, in which one turn around the
cycle regenerates the original members, with an increased amount of one member [34].
In this way, repeated turns around the cycle lead to increases in the concentrations of
all the members of the cycle. This will only happen if leakage from the cycle via side
reactions does not drain away metabolites. In order to avoid such leakage, one requires
(a) continual input of energy to drive the reactions around the cycle, which is provided by
the continuous serpentinization process, and (b) side reactions should be limited in extent,
or should give products that are in equilibrium with cycle members. The most widely
discussed such autocatalytic cycle is the tricarboxylic acid cycle (TCA cycle, also known
as the Krebs cycle) [1]. In present-day aerobic or microaerobic organisms, this is generally
an oxidative process, liberating two CO2 on every turn around the cycle and generating
energy. However, originally, in a reductive environment, it would have run in the reductive
direction. This requires energy input (not a problem close to a hydrothermal vent) and
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incorporates CO2 to build new metabolites: it is an autocatalytic cycle, continually being
fed precursors by the serpentinization process (Figure 1) [35].
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Figure 1. A possible prebiotic reductive TCA cycle. The acids shown here differ in some places
from those in a standard TCA diagram and are drawn such that diametrically opposite acids and
the reactions that convert them are homologous. Homologous reaction types are indicated in
different colored italic fonts, while the three reactions in black font are not homologous. The figure
also indicates possible input to the cycle from CO and hydrogen catalyzed by iron pyrite (green)
and an alternative route from pyruvate to oxaloacetate that goes via phosphoenolpyruvate (blue
arrows), which functions to link the TCA cycle to pathways involving phosphosugars. Many of these
compounds are the starting points for important modern biosynthetic pathways, supporting their
inclusion in an early autocatalytic cycle: α-ketoglutarate for amino acids (and via glutamine for the
nitrogen in all amino acids); acetate for fatty acids and isoprenoids (i.e., all lipids in all three branches
of life); pyruvate for sugars and alanine; oxaloacetate for aspartate and pyrimidines; and succinate
for pyrroles. We note that the steps from oxaloacetate to succinate are chemically identical to the
modern route for fatty acid synthesis. Diagram based on Figure 4.1 in [1]. There is also a similar
diagram in [28].

This reductive TCA (rTCA) cycle has a number of useful features. Many of the
reactions are close to equilibrium and so can run backward as well as forward, catalyzed
by Fe/S [36]. The cycle, as usually described, has internal duplication of reaction types, as
indicated by the colors in Figure 1, meaning that it would require relatively few types of
catalytic mechanisms to help drive it. Most of the reactions indicated in Figure 1 have been
shown to be possible under potential prebiotic conditions [28,37].

The rTCA autocatalytic cycle can produce high concentrations of the metabolites
shown in Figure 1. However, it is much less clear how the other metabolites necessary for
life could have appeared. Below, we set out four guidelines and then show how the fourth
of these (autocatalytic selection) provides a mechanism for the production of metabolites.
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2. Guidelines
2.1. Guideline 1: Specificity Increases over Time

The earliest chemical systems must have lacked specificity: they will have produced
multiple products, lacked control, and only acquired specificity (for example, catalysts to
produce specific products) very gradually. This is far from being a new proposal [38] but
has some important implications:

1. Early synthesis of a polymer with a defined sequence is so specific as to be highly
unlikely. This rules out any scenario in which sequence-specific RNA-like polymers
control reaction pathways [28,39,40].

2. More specifically, it implies that a primitive genetic code (that is, a relationship
between specific nucleotide groups and specific amino acids [41–44]) must have
emerged before the existence of genes and thus that the genetic code was determined
largely by chemistry, well before the requirement for genes.

3. In the early stages, we should not expect to find pathways that exist in order to produce
individual compounds (for example, a pathway leading specifically to glucose or
ribose). Rather, we expect nonspecific reaction types that generate a common pool of
equilibrating metabolites (e.g., a set of reactions that produce a collection of sugars in
equilibrium). Any pathway that requires a specific reaction or product is inherently
unlikely.

2.2. Guideline 2: Reactions That Resemble Current Biochemical Reactions Are Inherently
More Likely

There is no law that says that current enzyme-catalyzed reactions must resemble the
earliest prebiotic reactions. However, enzymes act by increasing the rate of the nonenzymic
reaction, which means that enzymes generally are recruited and evolve to increase the rate
of a nonenzymic reaction [28,38]. This implies that in most cases, enzymes perform similar
chemistry as in nonenzymic reactions, in turn implying that the early prebiotic reactions
will not be radically different from the current reactions [45], though they are of course
likely to be less specific [46]. Some authors have described this as a parsimonious approach,
i.e., that we should not consider reactions that are dramatically different from the current
ones without very good reason [14,35,47]. It also implies that photosynthesis is unlikely to
have been important in the early stages of prebiosis [48].

2.3. Guideline 3: No Teleology

This is a fundamental tenet of any kind of evolutionary scheme (except creation science)
and requires every development to yield an improvement on what was there before, or
at least not a decrease in fitness. We cannot anticipate future benefits. Therefore, for
example, amino acids are important current metabolites because they form the monomers
for proteins. However, a prebiotic environment cannot anticipate the production of proteins,
implying that there must have been some other different need for amino acids. This is one
of the key chicken-and-egg problems for origin of life research: how and why would a
prebiotic environment produce significant amounts of amino acids or nucleotides if there
was no current use for them?

2.4. Guideline 4: Autocatalytic Selection

This is the mechanism to solve the problem posed in Guideline 3, and is the only one of
these guidelines that contains significant novelty. In a prebiotic environment, there can be
no Darwinian natural selection, because there is no competition. To replace natural selection,
we propose autocatalytic selection: a chemical entity will increase in concentration if it acts
as a catalyst for a reaction that (directly or indirectly) produces more of it [49]. Once its
concentration has built up, it can be used for something completely different. This type of
change in function is very common in evolution; for example, the ear probably developed
as a modification of fish gills [50], and bacterial flagella started as protein-export systems
and then developed into adhesion devices before becoming a means of propulsion [51].
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Below, we propose that amino acids, nucleotides and lipids all increased in concentration
initially not for the functions that they currently have, but for other reasons, and then
became co-opted into their current functions later, once their concentrations had become
sufficiently high to be useful.

These four guidelines have directed the proposals below.

3. Proposals for Autocatalytic Origins of Key Metabolites
3.1. Phosphosugars and the Pentose Phosphate Pathway

The challenge set out in the Introduction is that hydrothermal vents and rTCA together
can credibly produce useful concentrations (in the mM range) of TCA intermediates.
However, in order for biochemistry to begin, we also need amino acids, nucleotides,
sugars and lipids. Where do they come from? Our proposals begin with sugars and
specifically phosphosugars.

As noted above, alkaline hydrothermal vents generate H2 and CO2 in large quantities,
which go on to produce methane, methanol, CO, CH3SH [52], and then CH3COSH, an acti-
vated form of acetic acid, which can feed into the rTCA [53]. As shown in Figure 1, the rTCA
produces pyruvate, which can be converted under prebiotic conditions to phosphoenolpyru-
vate (PEP). PEP is a gateway into phosphosugars and the pentose phosphate pathway
(PPP). The addition of phosphate to sugars requires an available source of phosphate. In
modern environments, this is difficult, but recent evidence suggests that phosphates may
have been available at much higher concentrations in Hadean conditions [54–56]. Phospho-
rylation is not an easy reaction. There have been several proposals of how phosphorylation
could have taken place in prebiotic conditions, including polyphosphates [57] and surface
catalysis in aqueous microdroplets [58].

The reactions of the PPP are mainly aldol and retro-aldol reactions, which take place at
reasonable rates even uncatalyzed [59]. Some of the reactions are redox reactions (oxidative
when the PPP runs in its standard direction, or reductive when it runs in the reverse
direction), which can be catalyzed by iron sulfides [60]. Thus, a reductive PPP (rPPP) has
been proposed as occurring in prebiotic conditions [4,35]. In keeping with Guideline 1, the
rPPP should not be seen as a pathway for producing glucose phosphate, but as a set of
reactions for interconverting phosphosugars and for fixing carbon by reductive additions.
It could become cyclic by adding a few simple aldol reactions, in which case it would be an
autocatalytic cycle that uses reducing power and CO2 to generate increasing concentrations
of sugar phosphates.

All the sugars in the PPP are phosphorylated, which is important because phospho-
sugars are much less prone to degradation and side reactions than unphosphorylated
sugars [8,59,61,62], are easier to synthesize in a Hadean environment [63], and are nega-
tively charged and thus adhere to a positively charged surface catalyst such as iron pyrite [8].
Morowitz has pointed out that all sugars in intermediary metabolism are phosphorylated,
further emphasizing the importance of phosphorylated sugars [64]. The scenario outlined
above implies an important role for positively charged metal sulfide surfaces as catalysts,
increasing the importance of negatively charged metabolites.

The rTCA and rPPP both require a similar set of conditions and energy sources, and
thus can easily co-exist. They are interconnected via phosphoenolpyruvate (Figure 1). This
interconnection is beneficial for a prebiotic environment because it creates a larger pool of
pre-metabolites and provides a salvage mechanism for side products. Everything in PPP is
phosphorylated, and everything in the standard rTCA is not. However, parallel reactions
could use either [1].

Because rTCA and rPPP can both form autocatalytic cycles, it is not unreasonable
that the concentrations of their constituents could increase gradually to mM levels, driven
by serpentinization. As our first application of the guideline of autocatalytic selection,
we propose that the environments in which phosphosugars were produced were able
to generate even higher concentrations of metabolites (compared to environments that
did not have so much phosphosugar) because the phosphosugars “catalyzed” further
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increases in rTCA and rPPP metabolites and thus led to the selection of these environments.
Specifically, we propose that phosphosugars could have provided a credible precellular coat.
Phosphosugars are negatively charged. They therefore bind to positively charged surfaces
such as iron pyrite. Phosphosugars can be chelated by metal ions [65] and stabilized
by intermolecular hydrogen bonding. The negatively charged aggregates would adhere
to the iron pyrite surface, repel the negatively charged metabolites of the TCA and PPP
trapped inside the coat, and hinder their loss by diffusion. Such a function would lead to
autocatalytic selection because a coat would permit the buildup of greater concentrations
of pre-metabolites inside the coat. These environments are thus “selected for” not by any
Darwinian process but because the chemistry allows them to retain higher concentrations
of metabolites, leading in turn to higher concentrations of phosphosugars.

Modern-day cells are surrounded by a lipid membrane coat. This membrane is not
made of fatty acids in all species; in archaea, the cell membrane is composed of isoprenes,
which have a completely different chemical origin. However, in all three kingdoms of life,
the membrane is built on a platform of glycerol phosphate, a reduced sugar phosphate.
Thus, the common feature of all cell membranes is not fatty acids, but glycerol phosphate,
indicating the early importance of glycerol phosphate as a barrier to diffusion. In bacteria,
the cell membrane is surrounded by a peptidoglycan wall, which is typically decorated by
an extensive array of sugar phosphates, such as the capsule, teichoic acids and lipopolysac-
charides. We suggest that this layer preceded the lipid membrane; that is, the original cell
envelope was made of sugar phosphates and not of lipids. This proposal removes some of
the key difficulties of lipid membrane biogenesis (discussed below), in particular by being
less impermeable than lipid membranes. In this context, it is worth noting that glycerol
phosphate is not only the common core of all membranes but also the repeating backbone
of wall teichoic acids in bacteria like Bacillus subtilis and thus an important constituent of
two different bacterial coats [66].

When sugar phosphates polymerize, they become even better coats. Such polymers
would be abundant, highly negative, and stickier than monomers and therefore good at
limiting diffusion, particularly of negatively charged pre-metabolites, which we argue
above made up the vast majority of early prebiotic metabolites. They would thus be
effective semi-permeable barriers, allowing entry to neutral molecules, such as CO2 and
hydrogen, and exit to (mostly unwanted) non-negatively charged chemical products but
limiting the exit of negatively charged products. There has been much debate over how
condensation reactions could have occurred in aqueous solution, and several solutions
have been proposed, such as wet/dry cycles [3,67]. We propose another below. Another
possible route could be via polyphosphates, which could make condensation reactions more
energetically feasible [57]. We note later that metabolism will require the polymerization
of amino acids and nucleotides; it is not unreasonable to propose that the conditions that
make sugar polymerization possible can be adapted later to support the polymerization of
amino acids and nucleotides.

3.2. The Autocatalytic Origins of Lipid Membranes

Lipid membranes are a big problem in any discussion of the origins of life. A lipid
membrane is an excellent barrier to stop cell contents from dispersing and to prevent
the mixing of cell contents with the extracellular medium. It is also fundamental to all
current life because transmembrane gradients provide the energy to drive metabolism.
However, it also blocks the entry of nutrients and the exit of waste. To allow this, in modern
organisms, there are channels, which are complex polypeptides and must therefore have
arisen much later than membranes (Guideline 1). This therefore makes an early adoption
of lipid membranes inherently unlikely (Guideline 3). Alternatively, the lipid membrane
could have been leaky, but a leaky lipid membrane provides little obvious advantage to a
proto-cell. How, then, can lipid membranes arise in gradual steps?

We have proposed above that sugar phosphates could have acted as barriers and
removed the need for early lipid membranes. However, fatty acids are likely to have been
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produced in the Hadean environment because the chemistry needed to produce a fatty acid
from a β-keto acid is virtually identical to that needed to go from oxaloacetate to succinate
in the rTCA (Figure 1) and is thus a likely prebiotic process. Hydrocarbon chains, as seen
in fatty acids, are an “over-reduced” metabolic product—too highly reduced to be of much
metabolic use to a Hadean economy, where there is no oxygen to oxidize them. We therefore
propose that hydrocarbons may have accumulated as waste products of reductive prebiotic
chemistry and then gradually been co-opted as platforms for the storage and delivery of
other metabolic products. The biochemistry of lipid II is an interesting modern example
(Guideline 2) [68]. Lipid II is the precursor for the formation of bacterial peptidoglycan cell
walls. It is made of a disaccharide diphosphate, to which is attached an isoprenoid lipid and
a peptide. Lipid II is synthesized intracellularly, inserted into the cell membrane, and then
flipped to face out of the cell, after which the disaccharide is linked to newly synthesized
peptidoglycan to build it up further, the peptide is crosslinked, and the lipid is removed.
This unusual process is surprising—unless one sees the lipid anchoring as a way to “park”
precursor molecules close together in a hydrocarbon platform. The close proximity of
disaccharide precursors raises their effective local concentration and makes it quicker and
more favorable to link them together. We thus propose that lipids were adopted as a device
for assembling monomeric precursors for the cell wall that were anchored to micelles or
vesicles, grew in concentration by autocatalytic selection, and then gradually became useful
as membrane components. Their association with sugar phosphates in cell walls would
provide a driver for their later adoption as part of a cellular barrier. Unicellular organisms
and plants have retained the external polysaccharide cell coat, while for multicellular
organisms, we suggest that it proved a hindrance and was therefore discarded. In summary,
we propose that lipids accumulated because they increased the rate of polymerization of
sugars and thus strengthened the cell wall. Their adoption as membrane components came
much later.

3.3. The Autocatalytic Origins of Amino Acids

The compounds discussed so far contain C, H, O and P (and probably S too in the
form of thioesters) but no N. In order to get anywhere close to modern biochemistry, we
need to add N to make amino acids and nucleotide bases; in other words, we need to fix
nitrogen. Several possible fixation routes have been proposed [69,70]. Once we have a
source of nitrogen, amino acids can be made by transaminations of available ketoacids by
ammonia, catalyzed by FeS or Fe(OH)2 [70,71].

However, the key question is, why would a Hadean environment accumulate amino
acids if they are not immediately useful? We propose that amino acids were useful initially
because they were catalysts. Specifically, as shown by 2021 Nobel prizewinning chemists
List and MacMillan [72,73] and others [74,75], they catalyze the synthesis of sugars and
deoxysugars [76]. We suggest that if a prebiotic community had the appropriate envi-
ronmental conditions to produce small amounts of amino acids by transamination from
TCA/sugar precursors, then those amino acids would have catalyzed more specific sugar
syntheses with fewer side reactions, and thus the autocatalytic accumulation of sugars
was faster in that environment. These sugars provided more precursors for amino acid
synthesis, and thus an increase in amino acid concentration was autocatalytic. These envi-
ronments were selected not by competition but because the concentrations of precursors
were higher. The increase in amino acid concentration was driven by the energy flow that
produces sugar turnover and growth (primarily rPPP); it became gradually more specific
in its chemistry, it was autocatalytic, and the amino acids produced remained close to their
catalytic origins because of their negative charges (Figure 2).

In passing, we note that iron pyrite crystals are chiral. It is conceivable that the
synthesis of amino acids on a chiral surface could produce chiral amino acids [77], which
would then catalyze the production of chiral sugars and form the source of chirality in
biology [78]. Once a chiral excess has formed (by chance?), it may be promoted because
homochiral oligomers appear to be better catalysts than ones of mixed chirality [79].
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Figure 2. Autocatalytic selection of the amino acid alanine. The autocatalytic cycle for the synthesis
of sugar phosphates (a simplified version of the pentose phosphate pathway, running in the reductive
direction) generates a range of products, one of which is pyruvate. We propose a reaction that
transaminates pyruvate to produce alanine; the alanine then acts as a catalyst to increase the rate
and specificity of the sugar-phosphate cycle (green arrow) and thus leads to the production of more
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3.4. The Autocatalytic Origins of Nucleic Acids

In origin of life research, we suggest that a nucleotide is best seen as fundamentally a
sugar phosphate, with a base attached. In other words, the base is an “add-on” to existing
sugar phosphates, with interesting chemical functionality, rather than a fundamentally
new category of biomolecule. It is not a credible piece of genetic information without
extensive cellular machinery, creating a chicken-and-egg problem over its origins. The
ideas presented above, in particular autocatalytic selection, imply that nucleic acids could
not have been selected because of their ability to base pair; they must have had (and
possibly therefore still have) alternative functions. We can obtain clues about what these
may be from a number of sources.

Firstly, Guideline 1 implies that the original functions of nucleotide bases must have
been fairly non-specific. In other words, they would have been useful to a prebiotic
economy not for any very specific chemical property (i.e., something that adenine can
do but guanine cannot) but more for general properties shared by many bases. There
are three obvious such properties. They are bases (i.e., they are good at removing acidic
protons)—which is useful but, in an alkaline environment, probably not critical because
there are other bases present; they are nucleophiles; and some of them are good leaving
groups. This third property is interesting and is explored in more detail below. Specifically
when compared to primary and secondary amines, they are less basic, they are unable to
form Schiff bases (blocking off a range of interesting but unwanted reactions), and they
are much better as leaving groups, especially at high pH. This implies that they are able
to act as nucleophilic catalysts, in a way not open to primary or secondary amines. We,
therefore, propose that the driver for increases in the concentration of nucleotide bases and
their analogs was that they were the best available nucleophilic catalysts [15].

Secondly, for similar reasons, the class of “nucleic acid bases” should be expanded
to include chemicals with similar composition, structure, function and biosynthesis to
the canonical adenine, guanine, thymine, cytosine and uracil. Therefore, we should also
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include, for example, nicotinamide and pterins [80]. We note that this class, therefore,
includes the majority of the enzyme cofactors, further strengthening the case that the reason
for their existence was catalysis. In turn, this implies that the concentrations of these
compounds must have reached high levels in prebiotic conditions.

Thirdly, the conclusion so far is that there must have been a supply of available
nitrogen and that this must have allowed the synthesis of a wide range of nitrogenous
bases. Guideline 4 (autocatalytic selection) suggests that the concentrations of these bases
increased because they were useful catalysts, but for what? There has been an interesting
suggestion that nitrogenous bases might act as catalysts for the formation of more amino
acids—most obviously by forming a Schiff base with a ketoacid and, thus (in a reductive
environment), eventually leading to a primitive transamination (Figure 3) [41]. This is an
attractive idea, not least in that it provides physical interactions between specific bases and
specific amino acids and thus points towards a possible origin of the genetic code [41]. This
is, therefore, an idea worth considering carefully, but it suffers from the major disadvantage
that no reactions like this occur in living systems.

Life 2024, 14, x FOR PEER REVIEW 9 of 18 
 

 

not open to primary or secondary amines. We, therefore, propose that the driver for in-
creases in the concentration of nucleotide bases and their analogs was that they were the 
best available nucleophilic catalysts [15]. 

Secondly, for similar reasons, the class of “nucleic acid bases” should be expanded to 
include chemicals with similar composition, structure, function and biosynthesis to the ca-
nonical adenine, guanine, thymine, cytosine and uracil. Therefore, we should also include, 
for example, nicotinamide and pterins [80]. We note that this class, therefore, includes the 
majority of the enzyme cofactors, further strengthening the case that the reason for their 
existence was catalysis. In turn, this implies that the concentrations of these compounds 
must have reached high levels in prebiotic conditions. 

Thirdly, the conclusion so far is that there must have been a supply of available nitro-
gen and that this must have allowed the synthesis of a wide range of nitrogenous bases. 
Guideline 4 (autocatalytic selection) suggests that the concentrations of these bases in-
creased because they were useful catalysts, but for what? There has been an interesting sug-
gestion that nitrogenous bases might act as catalysts for the formation of more amino ac-
ids—most obviously by forming a Schiff base with a ketoacid and, thus (in a reductive en-
vironment), eventually leading to a primitive transamination (Figure 3) [41]. This is an at-
tractive idea, not least in that it provides physical interactions between specific bases and 
specific amino acids and thus points towards a possible origin of the genetic code [41]. This 
is, therefore, an idea worth considering carefully, but it suffers from the major disadvantage 
that no reactions like this occur in living systems. 

 
Figure 3. Possible mechanism for the origin of nucleotides. A phosphosugar (ribose is shown here, but 
any sugar would be possible) has an amine function attached at the anomeric position (N). This could 
be as simple as an amine but will eventually be elaborated to make a nucleotide base (e.g., adenine). It 
reacts with a ketoacid (from the rTCA) to make an ester. The amine then carries out an intramolecular 
reaction to make a Schiff base. In a series of reactions, this is reduced and hydrolyzed to make an amino 
acid and regenerate the phosphosugar. This is an autocatalytic cycle; it catalyzes the transamination 
reaction to make the amino acid from the ketoacid, which will then go on to be a catalyst for the syn-
thesis of more sugar phosphates (Figure 2) and, therefore, enables more sugar amines to be produced. 

It is, therefore, sensible to ask what current reactions involve nitrogenous bases. The 
results are interesting: 

Figure 3. Possible mechanism for the origin of nucleotides. A phosphosugar (ribose is shown here,
but any sugar would be possible) has an amine function attached at the anomeric position (N). This
could be as simple as an amine but will eventually be elaborated to make a nucleotide base (e.g.,
adenine). It reacts with a ketoacid (from the rTCA) to make an ester. The amine then carries out an
intramolecular reaction to make a Schiff base. In a series of reactions, this is reduced and hydrolyzed
to make an amino acid and regenerate the phosphosugar. This is an autocatalytic cycle; it catalyzes
the transamination reaction to make the amino acid from the ketoacid, which will then go on to be
a catalyst for the synthesis of more sugar phosphates (Figure 2) and, therefore, enables more sugar
amines to be produced.

It is, therefore, sensible to ask what current reactions involve nitrogenous bases. The
results are interesting:

• The vast majority of current reactions that involve molecules with nitrogenous bases
do not actually involve the base in the reaction at all. For example, in the reactions in
which ATP or GTP is a substrate for phosphoryl transfer, the base is not involved—the
entire phosphoribosyl nucleotide is an elaborate leaving group to facilitate phosphoryl
transfer, with the remaining diphosphate coordinated to Mg2+ to make it a better
leaving group. For reactions involving NAD(P) or FAD in redox reactions, again, the
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base is not involved in the reaction. In all these cases, the base is used as a “handle”
rather than a reactant.

• UDP-glucose acts as a carrier for glucose (Figure 4a); the Mg2+:diphosphoribosyl
nucleotide is simply a leaving group [81]. In a similar way, NAD is a substrate for
reactions involving poly(ADP-ribosyl) transferases (PARPs), where the nicotinamide
ring is a leaving group facilitating the transfer of phosphoadenosylribose to a range of
nucleophiles (Figure 4b) [82]. Significantly, in both these reactions, the product is a
polymer; the function of the nucleotide diphosphate is to “deliver” a new monomer.

• In folic acid derivatives such as tetrahydrofolate (Figure 4c), the nitrogens act as
ligands to bind and release a carbon atom and therefore function as carriers for 1C
moieties in a range of oxidation states; they are able to act both as nucleophiles and as
leaving groups (i.e., as nucleophilic catalysts).

• There are many nitrogenous compounds, such as NAD(P), FAD and molybdopterins,
where the nitrogen-containing ring acts as a cofactor for redox reactions (equivalently,
it is a carrier for hydride ions) [83].
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Figure 4. Some functions of nitrogenous bases and related compounds. (a) UDP-glucose consists of
glucose attached to diphosphoribosyl uridine. It is the substrate for a range of reactions in which
glucose is attached to nucleophiles (where X is usually O but could also be N or S). Base-catalyzed
nucleophilic attack of the nucleophile leads to displacement of the nucleotide, which forms a good
leaving group thanks to the divalent coordinating metal (typically Mg2+ or Mn2+). Other substrates
can also be used—frequently aminosugars or even phospholipids. This reaction is the major route
to polymeric sugars. The SN2 mechanism shown here is used by GT-A fold enzymes; the GT-B fold
enzymes use a different mechanism in which the nucleotide probably leaves prior to the nucleophilic
attack, further emphasizing the need for a good leaving group. (b) NAD+ (nicotinamide adenine
dinucleotide) is the substrate for poly(ADP-ribose) transferase (PARP). Nucleophiles attack at the
anomeric position, displacing the leaving pyridine ring. (c) Tetrahydrofolate acts as a 1-carbon carrier,
by coordinating the carbon using a pair of nitrogens. In all of these examples, the base is a carrier,
sometimes being directly involved in the chemistry, and sometimes only as a handle. We therefore
propose that this was the original function of the nitrogenous bases—to catalyze biosynthetic reactions
and thereby stimulate autocatalytic selection [84]. The most interesting of these reactions are those
exemplified by UDP-glucose and PARP, where the base is a catalyst promoting the polymerization of
a (phospho)sugar. As noted above, this is likely to have been important in the formation of viable cell
walls and potentially in the biosynthesis of nucleic acid polymers. Such roles are clearly autocatalytic.

We noted above that the ubiquity of nitrogenous bases and, in particular, their com-
mon use as a handle rather than directly as a reactant implies that they must have been
present at high concentrations. We therefore require a simple synthetic route. In modern
organisms, the synthesis of nucleotide bases and related compounds is remarkably compli-
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cated, i.e., much more elaborate and specific than routes for sugars or amino acids, using
aspartate, glutamate, glutamine, glycine, dihydroxyacetone phosphate and phosphoribosyl
pyrophosphate as precursors [28,63]. Some also use tryptophan, although because tryp-
tophan is suggested to be a very late arrival to the canonical set of 20 amino acids [85],
this is unlikely to have been the original starting material. It is relevant to note that the
major route for the biosynthesis of most bases is via salvage pathways where possible.
Guideline 2 suggests that current biosynthetic routes are therefore late replacements for a
different original pathway.

The bases each contain several nitrogen atoms, implying the need for a plentiful supply
of nitrogen at their origin. As noted above, there is so far no convincing long-term source of
nitrogen identified for prebiotic development. An interesting suggestion is that the Hadean
earth may have had much more intense UV radiation from the young sun than now, which
may have powered the conversion of atmospheric N2 to a range of nitrogen oxides—a route
that is no longer viable because of a reduction in UV intensity [86]. Volcanic lightning could
have also contributed significant amounts of nitrogen oxides [87]. There are, however, still
no obvious routes from such nitrogen oxides through to bases (which in general have a low
oxygen content and therefore do not look like products of nitrogen oxides).

As an alternative, several elegant chemical routes to bases have been proposed that
start from hydrogen cyanide (HCN) [61,88,89]. The problem with this idea is that HCN
is present now in very low concentrations, and (possibly as a consequence) there are
virtually no extant biochemical pathways that use HCN. This does not rule out such
pathways–after all, we have just suggested that nitrogen fixation may have occurred origi-
nally by a route that is no longer used—but it certainly makes them less likely proposals
(Guideline 2) [59,90]. However, it is possible that the Hadean earth had much higher
concentrations of hydrogen cyanide than anything possible now, maybe because of me-
teorite impacts [91]. It has even been suggested that HCN could have kickstarted rTCA
metabolism [92]. However, plausible alternative routes have been suggested in alkaline
vents that only require ammonia as a nitrogen source [15,90]. The remarkably complicated
biosynthetic pathways to modern purines and pyrimidines certainly support the proposal
that Hadean conditions used a different route than those used now.

3.5. The Autocatalytic Origins of Proteins

Arguably the most primitive macromolecular catalysts still found in modern biology
are the RNA catalysts. The best characterized of these is the ribosome. There are other
examples of ribonucleoproteins, including snRNPs (involved in RNA splicing) and the
signal recognition particle (SRP), which guides nascent proteins onto and through mem-
branes. These all have an RNA function at their heart, with the protein forming a protective
coat. This has been shown convincingly for the ribosome, of which the most primitive
part is the peptidyl transfer center [93], which consists of a small piece of RNA, with a
markedly non-globular protein stabilizing it (Figure 5a). Similar arrangements are found in
snRNPs (Figure 5b) and the SRP [94]. It, therefore, seems likely (following Guideline 2) that
the earliest proteins were simple polypeptides that stabilized RNA-like catalysts and later
acquired catalytic functions as cofactors [95]. They would gradually acquire more defined
sequences and functions—another example of autocatalytic selection.
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Figure 5. The original role of proteins was to stabilize RNA, rather than to act as enzymes. (a) The
peptidyl transferase center of the Escherichia coli ribosome [96]. The figure shows the RNA that forms
the catalytic site, as identified by [97], with the three proteins that form the closest association with
it: the large subunit proteins L2 (red), L4 (green) and L15 (magenta). All of these have substantial
non-globular parts, which are the parts in contact with the RNA. The catalytic center is in the middle
of the RNA helix. (b) The human 17S U2 snRNP involved in the first step of RNA splicing [98],
showing the RNA core and the protein most closely associated with it (splicing factor 3b). Again, the
part of the protein in contact with the RNA is lacking in regular secondary structure.

4. Discussion

The guidelines set out here have provided guidance for how the major categories
of modern metabolites came into being. The major additional step needed for life is the
development of a genetic code and genes, on which there is a large literature [41–43,99].
There remain some significant gaps in our understanding, but the steps proposed here form
a largely coherent pathway, with no deus ex machina required. The key innovation in these
proposals is that prebiotic chemistry used not Darwinian natural selection but autocatalytic
selection, which explains how the concentrations of pre-metabolites could have increased
to a stage where the molecular pool became large enough to support metabolic processes.
In each case, the original function of the metabolite was different from the one it has
now, forcing us to consider new possibilities for prebiotic development. As set out here,
these lead to a coherent and plausible route to life. It is worth noting that these proposals
provide essentially all the metabolites needed for basic modern pathways, at reasonable
concentrations. Thus, there is no fundamentally new chemistry required from here on.

Historically, the biggest debate in prebiotic evolution has been over the question
of which came first, genes or proteins. Our solution is that neither came first—sugar
phosphates came first—and that for all the other major groups of modern metabolites,
the original function was not the function that it now has, thus allowing autocatalytic
selection to operate (Figure 6). This conclusion illustrates a key benefit of the guideline of
autocatalytic selection—it forces us to see development not as a smooth linear route but as
a series of opportunistic steps and then to go and identify those steps.

Francis Crick considered that the origin of life appeared “almost a miracle” [100]. If
that is true, it implies that life in the universe may be extremely rare. On the other hand, if
life is not rare, then the chances of our being able to identify recognizable life elsewhere
are much greater. Many of the scenarios for the origins of various important molecules
proposed to date have indeed been very unlikely and frequently rely on one unlikely set
of conditions, followed by a second completely different and equally unlikely set. In this
work, we set out to formulate proposals for and identify the most likely conditions for
life. We will never know with confidence exactly what path life took. However, given
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that it took “only” a few hundred million years for life to arise on this planet, plausibility
is an important criterion. The pathways proposed here are sufficiently plausible to be
possible within this timescale. The concept of autocatalytic selection provides a mechanism
for producing such plausible pathways. Our suggestions are in most cases supported
by experimental evidence. There remain significant gaps, many of which are open to
experimental investigation (Table 1).
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Figure 6. A possible timeline for the events described here. The diagram is not intended to present
an indication of the length of time between events, but the events are intended to proceed in order.
All of these processes require similar conditions such as a reducing environment, FeS surfaces, and a
source of energy, most likely a geothermal vent. We suggest that currently the least obvious of these
are the fixation of nitrogen and generation of nucleotide bases, both of which possibly arose from an
abundant Hadean supply of hydrogen cyanide.
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Table 1. Key gaps in understanding that require experimental investigation.

Lipid vesicles able to catalyze (phospholipid) sugar polymerization?
Do phosphosugars form a barrier to diffusion of negatively charged pre-metabolites?
Polyphosphates as a route for producing sugar diphosphates.
Can HCN be produced in large amounts in Hadean conditions?
Are nitrogenous bases able to act as general nucleophilic catalysts?

We conclude that prebiosis requires simply a reducing atmosphere, a sustained energy
source, such as a hydrothermal vent, and some common chemicals, such as water, hydro-
gen, CO, CO2, iron sulfide surfaces, and a source of nitrogen, but no obviously “special”
conditions, with no dramatic changes in conditions required to progress all the way to life.
It would therefore seem likely that life could have appeared on many other planets and
that it could well have similar biochemistry to ours [10].

Funding: This research received no external funding.

Data Availability Statement: No new data were created in this study.

Conflicts of Interest: The author declares no conflicts of interest.

References
1. Smith, E.; Morowitz, H.J. The Origin and Nature of Life on Earth; Cambridge University Press: Cambridge, UK, 2016.
2. Lane, N.; Xavier, J.C. To unravel the origin of life, treat findings as pieces of a bigger puzzle. Nature 2024, 626, 948–951. [CrossRef]
3. Brunk, C.F.; Marshall, C.R. ‘Whole organism’, systems biology, and top-down criteria for evaluating scenarios for the origin of

life. Life 2021, 11, 690. [CrossRef] [PubMed]
4. Wächtershäuser, G. Evolution of the first metabolic cycles. Proc. Natl. Acad. Sci. USA 1990, 87, 200–204. [CrossRef]
5. Schlesinger, G.; Miller, S.L. Prebiotic synthesis in atmospheres containing CH4, CO, and CO2. 1. Amino acids. J. Mol. Evol. 1983,

19, 376–382. [CrossRef] [PubMed]
6. Pascal, R.; Pross, A.; Sutherland, J.D. Towards an evolutionary theory of the origin of life based on kinetics and thermodynamics.

Open Biol. 2013, 3, 130156. [CrossRef] [PubMed]
7. Nicolis, G.; Prigogine, I. Self-Organization in Nonequilibrium Systems: From Dissipative Structures to Order through Fluctuations; Wiley:

New York, NY, USA, 1977.
8. Wächtershäuser, G. Before enzymes and templates: Theory of surface metabolism. Microbiol. Rev. 1988, 52, 452–484. [CrossRef]

[PubMed]
9. Benner, S.A.; Ricardo, A.; Carrigan, M.A. Is there a common chemical model for life in the universe? Curr. Opin. Chem. Biol. 2004,

8, 672–689. [CrossRef] [PubMed]
10. Camprubí, E.; De Leeuw, J.W.; House, C.H.; Raulin, F.; Russell, M.J.; Spang, A.; Tirumalai, M.R.; Westall, F. The emergence of life.

Space Sci. Rev. 2019, 215, 56. [CrossRef]
11. Branscomb, E.; Russell, M.J. Frankenstein or a submarine alkaline vent: Who is responsible for abiogenesis? Part 2: As life is now,

so it must have been in the beginning. Bioessays 2018, 40, 1700182. [CrossRef]
12. Martin, W.F.; Sousa, F.L.; Lane, N. Energy at life’s origin. Science 2014, 344, 1092–1093. [CrossRef]
13. Cody, G.D.; Boctor, N.Z.; Filley, T.R.; Hazen, R.M.; Scott, J.H.; Sharma, A.; Yoder, H.S. Primordial carbonylated iron-sulfur

compounds and the synthesis of pyruvate. Science 2000, 289, 1337–1340. [CrossRef] [PubMed]
14. Harrison, S.A.; Rammu, H.; Liu, F.; Halpern, A.; Palmeira, R.N.; Lane, N. Life as a guide to its own origins. Annu. Rev. Ecol. Evol.

Syst. 2023, 54, 327–350. [CrossRef]
15. Martin, W.; Russell, M.J. On the origin of biochemistry at an alkaline hydrothermal vent. Philos. Trans. R. Soc. B-Biol. Sci. 2007,

362, 1887–1925. [CrossRef] [PubMed]
16. Colín-García, M.; Heredia, A.; Cordero, G.; Camprubí, A.; Negrón-Mendoza, A.; Ortega-Gutiérrez, F.; Beraldi, H.; Ramos-Bernal,

S. Hydrothermal vents and prebiotic chemistry: A review. Boletín Soc. Geol. Mex. 2016, 68, 599–620. [CrossRef]
17. Drobner, E.; Huber, H.; Wächtershäuser, G.; Rose, D.; Stetter, K.O. Pyrite formation linked with hydrogen evolution under

anaerobic conditions. Nature 1990, 346, 742–744. [CrossRef]
18. Martin, W.; Baross, J.; Kelley, D.; Russell, M.J. Hydrothermal vents and the origin of life. Nat. Rev. Microbiol. 2008, 6, 805–814.

[CrossRef] [PubMed]
19. Sleep, N.H.; Bird, D.K.; Pope, E.C. Serpentinite and the dawn of life. Philos. Trans. R. Soc. B-Biol. Sci. 2011, 366, 2857–2869.

[CrossRef] [PubMed]
20. Weiss, M.C.; Sousa, F.L.; Mrnjavac, N.; Neukirchen, S.; Roettger, M.; Nelson-Sathi, S.; Martin, W.F. The physiology and habitat of

the last universal common ancestor. Nat. Microbiol. 2016, 1, 16116. [CrossRef]

https://doi.org/10.1038/d41586-024-00544-4
https://doi.org/10.3390/life11070690
https://www.ncbi.nlm.nih.gov/pubmed/34357062
https://doi.org/10.1073/pnas.87.1.200
https://doi.org/10.1007/bf02101642
https://www.ncbi.nlm.nih.gov/pubmed/6417344
https://doi.org/10.1098/rsob.130156
https://www.ncbi.nlm.nih.gov/pubmed/24196781
https://doi.org/10.1128/mr.52.4.452-484.1988
https://www.ncbi.nlm.nih.gov/pubmed/3070320
https://doi.org/10.1016/j.cbpa.2004.10.003
https://www.ncbi.nlm.nih.gov/pubmed/15556414
https://doi.org/10.1007/s11214-019-0624-8
https://doi.org/10.1002/bies.201700182
https://doi.org/10.1126/science.1251653
https://doi.org/10.1126/science.289.5483.1337
https://www.ncbi.nlm.nih.gov/pubmed/10958777
https://doi.org/10.1146/annurev-ecolsys-110421-101509
https://doi.org/10.1098/rstb.2006.1881
https://www.ncbi.nlm.nih.gov/pubmed/17255002
https://doi.org/10.18268/BSGM2016v68n3a13
https://doi.org/10.1038/346742a0
https://doi.org/10.1038/nrmicro1991
https://www.ncbi.nlm.nih.gov/pubmed/18820700
https://doi.org/10.1098/rstb.2011.0129
https://www.ncbi.nlm.nih.gov/pubmed/21930576
https://doi.org/10.1038/nmicrobiol.2016.116


Life 2024, 14, 590 15 of 17

21. Reysenbach, A.L.; Shock, E. Merging genomes with geochemistry in hydrothermal ecosystems. Science 2002, 296, 1077–1082.
[CrossRef]

22. Kelley, D.S.; Karson, J.A.; Blackman, D.K.; Früh-Green, G.L.; Butterfield, D.A.; Lilley, M.D.; Olson, E.J.; Schrenk, M.O.; Roe, K.K.;
Lebon, G.T.; et al. An off-axis hydrothermal vent field near the Mid-Atlantic Ridge at 30◦ N. Nature 2001, 412, 145–149. [CrossRef]

23. Kelley, D.S.; Karson, J.A.; Früh-Green, G.L.; Yoerger, D.R.; Shank, T.M.; Butterfield, D.A.; Hayes, J.M.; Schrenk, M.O.; Olson,
E.J.; Proskurowski, G.; et al. A serpentinite-hosted ecosystem: The lost city hydrothermal field. Science 2005, 307, 1428–1434.
[CrossRef] [PubMed]

24. Karson, J.A.; Früh-Green, G.L.; Kelley, D.S.; Williams, E.A.; Yoerger, D.R.; Jakuba, M. Detachment shear zone of the Atlantis
Massif core complex, Mid-Atlantic Ridge, 30◦ N. Geochem. Geophys. Geosyst. 2006, 7, Q06016. [CrossRef]

25. Preiner, M.; Igarashi, K.; Muchowska, K.B.; Yu, M.; Varma, S.J.; Kleinermanns, K.; Nobu, M.K.; Kamagata, Y.; Tüysüz, H.; Moran,
J.; et al. A hydrogen-dependent geochemical analogue of primordial carbon and energy metabolism. Nat. Ecol. Evol. 2020, 4,
534–542. [CrossRef] [PubMed]

26. Russell, M.J.; Martin, W. The rocky roots of the acetyl-CoA pathway. Trends Biochem. Sci. 2004, 29, 358–363. [CrossRef] [PubMed]
27. Lane, N. Transformer; Profile Books: London, UK, 2023; p. 390.
28. Muchowska, K.B.; Varma, S.J.; Moran, J. Nonenzymatic metabolic reactions and life’s origins. Chem. Rev. 2020, 120, 7708–7744.

[CrossRef] [PubMed]
29. Wächtershäuser, G. Groundworks for an evolutionary biochemistry: The iron-sulphur world. Prog. Biophys. Mol. Biol. 1992, 58,

85–201. [CrossRef] [PubMed]
30. Russell, M.J. Green rust: The simple organizing ‘seed’ of all life? Life 2018, 8, 35. [CrossRef] [PubMed]
31. Duval, S.; Branscomb, E.; Trolard, F.; Bourrié, G.; Grauby, O.; Heresanu, V.; Schoepp-Cothenet, B.; Zuchan, K.; Russell, M.J.;

Nitschke, W. On the why’s and how’s of clay minerals’ importance in life’s emergence. Appl. Clay Sci. 2020, 195, 105737.
[CrossRef]

32. Xavier, J.C.; Gerhards, R.E.; Wimmer, J.L.E.; Brueckner, J.; Tria, F.D.K.; Martin, W.F. The metabolic network of the last bacterial
common ancestor. Commun. Biol. 2021, 4, 413. [CrossRef]

33. Martin, W.F. Older Than genes: The acetyl CoA pathway and origins. Front. Microbiol. 2020, 11, 817. [CrossRef]
34. Xavier, J.C.; Hordijk, W.; Kauffman, S.; Steel, M.; Martin, W.F. Autocatalytic chemical networks at the origin of metabolism. Proc.

R. Soc. B-Biol. Sci. 2020, 287, 20192377. [CrossRef] [PubMed]
35. Braakman, R.; Smith, E. The emergence and early evolution of biological carbon fixation. PLoS Comput. Biol. 2012, 8, e1002455.

[CrossRef] [PubMed]
36. Keller, M.A.; Kampjut, D.; Harrison, S.A.; Ralser, M. Sulfate radicals enable a non-enzymatic Krebs cycle precursor. Nat. Ecol.

Evol. 2017, 1, 83. [CrossRef] [PubMed]
37. Stubbs, R.T.; Yadav, M.; Krishnamurthy, R.; Springsteen, G. A plausible metal-free ancestral analogue of the Krebs cycle composed

entirely of α-ketoacids. Nat. Chem. 2020, 12, 1016–1022. [CrossRef] [PubMed]
38. Noda-Garcia, L.; Liebermeister, W.; Tawfik, D.S. Metabolite-enzyme coevolution: From single enzymes to metabolic pathways

and networks. Annu. Rev. Biochem. 2018, 87, 187–216. [CrossRef]
39. Kim, K.M.; Caetano-Anollés, G. Emergence and evolution of modern molecular functions inferred from phylogenomic analysis of

ontological data. Mol. Biol. Evol. 2010, 27, 1710–1733. [CrossRef] [PubMed]
40. Fry, I. Emergence of Life on Earth: A Historical and Scientific Overview; Rutgers University Press: New Brunswick, NJ, USA, 2000.
41. Copley, S.D.; Smith, E.; Morowitz, H.J. A mechanism for the association of amino acids with their codons and the origin of the

genetic code. Proc. Natl. Acad. Sci. USA 2005, 102, 4442–4447. [CrossRef]
42. Halpern, A.; Bartsch, L.R.; Ibrahim, K.; Harrison, S.A.; Ahn, M.; Christodoulou, J.; Lane, N. Biophysical interactions underpin the

emergence of information in the genetic code. Life 2023, 13, 1129. [CrossRef] [PubMed]
43. Kim, Y.; Opron, K.; Burton, Z.F. A tRNA- and anticodon-centric view of the evolution of aminoacyl-tRNA synthetases, tRNAomes,

and the genetic code. Life 2019, 9, 37. [CrossRef]
44. Pak, D.; Du, N.; Kim, Y.; Sun, Y.; Burton, Z.F. Rooted tRNAomes and evolution of the genetic code. Transcription 2018, 9, 137–151.

[CrossRef]
45. Lipmann, F. Attempts to map a process evolution of peptide biosynthesis. Science 1971, 173, 875–884. [CrossRef] [PubMed]
46. Wächtershäuser, G. The origin of life and its methodological challenge. J. Theor. Biol. 1997, 187, 483–494. [CrossRef] [PubMed]
47. Benner, S.A.; Ellington, A.D.; Tauer, A. Modern metabolism as a palimpsest of the RNA world. Proc. Natl. Acad. Sci. USA 1989, 86,

7054–7058. [CrossRef] [PubMed]
48. Lyons, T.W.; Reinhard, C.T.; Planavsky, N.J. The rise of oxygen in Earth’s early ocean and atmosphere. Nature 2014, 506, 307–315.

[CrossRef] [PubMed]
49. Meléndez-Hevia, E.; Montero-Gómez, N.; Montero, F. From prebiotic chemistry to cellular metabolism: The chemical evolution of

metabolism before Darwinian natural selection. J. Theor. Biol. 2008, 252, 505–519. [CrossRef] [PubMed]
50. Brazeau, M.D.; Ahlberg, P.E. Tetrapod-like middle ear architecture in a Devonian fish. Nature 2006, 439, 318–321. [CrossRef]

[PubMed]
51. Beeby, M.; Ferreira, J.L.; Tripp, P.; Albers, S.-V.; Mitchell, D.R. Propulsive nanomachines: The convergent evolution of archaella,

flagella and cilia. FEMS Microbiol. Rev. 2020, 44, 253–304. [CrossRef]

https://doi.org/10.1126/science.1072483
https://doi.org/10.1038/35084000
https://doi.org/10.1126/science.1102556
https://www.ncbi.nlm.nih.gov/pubmed/15746419
https://doi.org/10.1029/2005gc001109
https://doi.org/10.1038/s41559-020-1125-6
https://www.ncbi.nlm.nih.gov/pubmed/32123322
https://doi.org/10.1016/j.tibs.2004.05.007
https://www.ncbi.nlm.nih.gov/pubmed/15236743
https://doi.org/10.1021/acs.chemrev.0c00191
https://www.ncbi.nlm.nih.gov/pubmed/32687326
https://doi.org/10.1016/0079-6107(92)90022-x
https://www.ncbi.nlm.nih.gov/pubmed/1509092
https://doi.org/10.3390/life8030035
https://www.ncbi.nlm.nih.gov/pubmed/30150570
https://doi.org/10.1016/j.clay.2020.105737
https://doi.org/10.1038/s42003-021-01918-4
https://doi.org/10.3389/fmicb.2020.00817
https://doi.org/10.1098/rspb.2019.2377
https://www.ncbi.nlm.nih.gov/pubmed/32156207
https://doi.org/10.1371/journal.pcbi.1002455
https://www.ncbi.nlm.nih.gov/pubmed/22536150
https://doi.org/10.1038/s41559-017-0083
https://www.ncbi.nlm.nih.gov/pubmed/28584880
https://doi.org/10.1038/s41557-020-00560-7
https://www.ncbi.nlm.nih.gov/pubmed/33046840
https://doi.org/10.1146/annurev-biochem-062917-012023
https://doi.org/10.1093/molbev/msq106
https://www.ncbi.nlm.nih.gov/pubmed/20418223
https://doi.org/10.1073/pnas.0501049102
https://doi.org/10.3390/life13051129
https://www.ncbi.nlm.nih.gov/pubmed/37240774
https://doi.org/10.3390/life9020037
https://doi.org/10.1080/21541264.2018.1429837
https://doi.org/10.1126/science.173.4000.875
https://www.ncbi.nlm.nih.gov/pubmed/4937229
https://doi.org/10.1006/jtbi.1996.0383
https://www.ncbi.nlm.nih.gov/pubmed/9299293
https://doi.org/10.1073/pnas.86.18.7054
https://www.ncbi.nlm.nih.gov/pubmed/2476811
https://doi.org/10.1038/nature13068
https://www.ncbi.nlm.nih.gov/pubmed/24553238
https://doi.org/10.1016/j.jtbi.2007.11.012
https://www.ncbi.nlm.nih.gov/pubmed/18160077
https://doi.org/10.1038/nature04196
https://www.ncbi.nlm.nih.gov/pubmed/16421569
https://doi.org/10.1093/femsre/fuaa006


Life 2024, 14, 590 16 of 17

52. Heinen, W.; Lauwers, A.M. Organic sulfur compounds resulting from the interaction of iron sulfide, hydrogen sulfide and carbon
dioxide in an anaerobic aqueous environment. Orig. Life Evol. Biosph. 1996, 26, 131–150. [CrossRef] [PubMed]

53. Huber, C.; Wächtershäuser, G. Activated acetic acid by carbon fixation on (Fe,Ni)S under primordial conditions. Science 1997, 276,
245–247. [CrossRef]

54. Brady, M.P.; Tostevin, R.; Tosca, N.J. Marine phosphate availability and the chemical origins of life on Earth. Nat. Commun. 2022,
13, 5162. [CrossRef]

55. Schwartz, A.W. Phosphorus in prebiotic chemistry. Philos. Trans. R. Soc. B-Biol. Sci. 2006, 361, 1743–1749. [CrossRef] [PubMed]
56. Rasmussen, B.; Muhling, J.R.; Suvorova, A.; Fischer, W.W. Apatite nanoparticles in 3.46-2.46 Ga iron formations: Evidence for

phosphorus-rich hydrothermal plumes on early Earth. Geology 2021, 49, 647–651. [CrossRef]
57. Kornberg, A.; Rao, N.N.; Ault-Riché, D. Inorganic polyphosphate: A molecule of many functions. Annu. Rev. Biochem. 1999, 68,

89–125. [CrossRef] [PubMed]
58. Nam, I.; Lee, J.K.; Nam, H.G.; Zare, R.N. Abiotic production of sugar phosphates and uridine ribonucleoside in aqueous

microdroplets. Proc. Natl. Acad. Sci. USA 2017, 114, 12396–12400. [CrossRef] [PubMed]
59. Ralser, M. An appeal to magic? The discovery of a non-enzymatic metabolism and its role in the origins of life. Biochem. J. 2018,

475, 2577–2592. [CrossRef] [PubMed]
60. Stincone, A.; Prigione, A.; Cramer, T.; Wamelink, M.M.C.; Campbell, K.; Cheung, E.; Olin-Sandoval, V.; Grüning, N.-M.; Krüger,

A.; Alam, M.T.; et al. The return of metabolism: Biochemistry and physiology of the pentose phosphate pathway. Biol. Rev. 2015,
90, 927–963. [CrossRef] [PubMed]

61. Sutherland, J.D. The origin of life—Out of the blue. Angew. Chem.-Int. Ed. 2016, 55, 104–121. [CrossRef] [PubMed]
62. Müller, D.; Pitsch, S.; Kittaka, A.; Wagner, E.; Wintner, C.E.; Eschenmoser, A. Chemistry of α-aminonitriles. Aldomerisation of

glycolaldehyde phosphate to rac-hexose 2,4,6-triphosphates and (in presence of formaldehyde) rac-pentose 2,4-diphosphates:
Rac-allose 2,4,6-triphosphate and rac-ribose2,4-diphosphate are the main reaction products. Helv. Chim. Acta 1990, 73, 1410–1468.
[CrossRef]

63. Yadav, M.; Kumar, R.; Krishnamurthy, R. Chemistry of abiotic nucleotide synthesis. Chem. Rev. 2020, 120, 4766–4805. [CrossRef]
64. Srinivasan, V.; Morowitz, H.J. Analysis of the intermediary metabolism of a reductive chemoautotroph. Biol. Bull. 2009, 217,

222–232. [CrossRef]
65. Dias, H.B.; Krause, G.C.; Squizani, E.D.; Lima, K.G.; Schuster, A.D.; Pedrazza, L.; Basso, B.d.S.; Martha, B.A.; de Mesquita, F.C.;

Nunes, F.B.; et al. Fructose-1,6-bisphosphate reverts iron-induced phenotype of hepatic stellate cells by chelating ferrous ions.
Biometals 2017, 30, 549–558. [CrossRef] [PubMed]

66. Swoboda, J.G.; Campbell, J.; Meredith, T.C.; Walker, S. Wall teichoic acid function, biosynthesis, and inhibition. Chembiochem 2010,
11, 35–45. [CrossRef] [PubMed]

67. Damer, B.; Deamer, D. The hot spring hypothesis for an origin of life. Astrobiology 2020, 20, 429–452. [CrossRef] [PubMed]
68. Kumar, S.; Mollo, A.; Kahne, D.; Ruiz, N. The bacterial cell wall: From lipid II flipping to polymerization. Chem. Rev. 2022, 122,

8884–8910. [CrossRef] [PubMed]
69. Dörr, M.; Kässbohrer, J.; Grunert, R.; Kreisel, G.; Brand, W.A.; Werner, R.A.; Geilmann, H.; Apfel, C.; Robl, C.; Weigand, W. A

possible prebiotic formation of ammonia from dinitrogen on iron sulfide surfaces. Angew. Chem.-Int. Ed. 2003, 42, 1540–1543.
[CrossRef] [PubMed]

70. Huber, C.; Wächtershäuser, G. Primordial reductive amination revisited. Tetrahedron Lett. 2003, 44, 1695–1697. [CrossRef]
71. Barge, L.M.; Flores, E.; Baum, M.M.; VanderVelde, D.G.; Russell, M.J. Redox and pH gradients drive amino acid synthesis in iron

oxyhydroxide mineral systems. Proc. Natl. Acad. Sci. USA 2019, 116, 4828–4833. [CrossRef] [PubMed]
72. Northrup, A.B.; MacMillan, D.W.C. Two-step synthesis of carbohydrates by selective aldol reactions. Science 2004, 305, 1752–1755.

[CrossRef] [PubMed]
73. List, B.; Pojarliev, P.; Biller, W.T.; Martin, H.J. The proline-catalyzed direct asymmetric three-component Mannich reaction: Scope,

optimization, and application to the highly enantioselective synthesis of 1,2-amino alcohols. J. Am. Chem. Soc. 2002, 124, 827–833.
[CrossRef]

74. Messner, C.B.; Driscoll, P.C.; Piedrafita, G.; De Volder, M.F.L.; Ralser, M. Nonenzymatic gluconeogenesis-like formation of fructose
1,6-bisphosphate in ice. Proc. Natl. Acad. Sci. USA 2017, 114, 7403–7407. [CrossRef]

75. Piedrafita, G.; Varma, S.J.; Castro, C.; Messner, C.; Szyrwiel, L.; Griffin, J.L.; Ralser, M. Cysteine and iron accelerate the formation
of ribose-5-phosphate, providing insights into the evolutionary origins of the metabolic network structure. PLoS Biol. 2021, 19,
e3001468. [CrossRef] [PubMed]

76. Steer, A.M.; Bia, N.; Smith, D.K.; Clarke, P.A. Prebiotic synthesis of 2-deoxy-D-ribose from interstellar building blocks promoted
by amino esters or amino nitriles. Chem. Commun. 2017, 53, 10362–10365. [CrossRef]

77. Wächtershäuser, G. Biomolecules: The origin of their optical activity. Med. Hypotheses 1991, 36, 307–311. [CrossRef] [PubMed]
78. Breslow, R.; Cheng, Z.-L. L-amino acids catalyze the formation of an excess of D-glyceraldehyde, and thus of other D sugars,

under credible prebiotic conditions. Proc. Natl. Acad. Sci. USA 2010, 107, 5723–5725. [CrossRef] [PubMed]
79. Weber, A.L.; Pizzarello, S. The peptide-catalyzed stereospecific synthesis of tetroses: A possible model for prebiotic molecular

evolution. Proc. Natl. Acad. Sci. USA 2006, 103, 12713–12717. [CrossRef] [PubMed]
80. Menor-Salván, C.; Burcar, B.T.; Bouza, M.; Fialho, D.M.; Fernández, F.M.; Hud, N.V. A shared prebiotic formation of neopterins

and guanine nucleosides from pyrimidine bases. Chem.-A Eur. J. 2022, 28, e202200714. [CrossRef] [PubMed]

https://doi.org/10.1007/bf01809852
https://www.ncbi.nlm.nih.gov/pubmed/11536750
https://doi.org/10.1126/science.276.5310.245
https://doi.org/10.1038/s41467-022-32815-x
https://doi.org/10.1098/rstb.2006.1901
https://www.ncbi.nlm.nih.gov/pubmed/17008215
https://doi.org/10.1130/g48374.1
https://doi.org/10.1146/annurev.biochem.68.1.89
https://www.ncbi.nlm.nih.gov/pubmed/10872445
https://doi.org/10.1073/pnas.1714896114
https://www.ncbi.nlm.nih.gov/pubmed/29078402
https://doi.org/10.1042/bcj20160866
https://www.ncbi.nlm.nih.gov/pubmed/30166494
https://doi.org/10.1111/brv.12140
https://www.ncbi.nlm.nih.gov/pubmed/25243985
https://doi.org/10.1002/anie.201506585
https://www.ncbi.nlm.nih.gov/pubmed/26510485
https://doi.org/10.1002/hlca.19900730526
https://doi.org/10.1021/acs.chemrev.9b00546
https://doi.org/10.1086/BBLv217n3p222
https://doi.org/10.1007/s10534-017-0025-y
https://www.ncbi.nlm.nih.gov/pubmed/28639108
https://doi.org/10.1002/cbic.200900557
https://www.ncbi.nlm.nih.gov/pubmed/19899094
https://doi.org/10.1089/ast.2019.2045
https://www.ncbi.nlm.nih.gov/pubmed/31841362
https://doi.org/10.1021/acs.chemrev.1c00773
https://www.ncbi.nlm.nih.gov/pubmed/35274942
https://doi.org/10.1002/anie.200250371
https://www.ncbi.nlm.nih.gov/pubmed/12698495
https://doi.org/10.1016/s0040-4039(02)02863-0
https://doi.org/10.1073/pnas.1812098116
https://www.ncbi.nlm.nih.gov/pubmed/30804197
https://doi.org/10.1126/science.1101710
https://www.ncbi.nlm.nih.gov/pubmed/15308765
https://doi.org/10.1021/ja0174231
https://doi.org/10.1073/pnas.1702274114
https://doi.org/10.1371/journal.pbio.3001468
https://www.ncbi.nlm.nih.gov/pubmed/34860829
https://doi.org/10.1039/c7cc06083a
https://doi.org/10.1016/0306-9877(91)90001-f
https://www.ncbi.nlm.nih.gov/pubmed/1809848
https://doi.org/10.1073/pnas.1001639107
https://www.ncbi.nlm.nih.gov/pubmed/20231487
https://doi.org/10.1073/pnas.0602320103
https://www.ncbi.nlm.nih.gov/pubmed/16905650
https://doi.org/10.1002/chem.202200714
https://www.ncbi.nlm.nih.gov/pubmed/35537135


Life 2024, 14, 590 17 of 17

81. Lairson, L.L.; Henrissat, B.; Davies, G.J.; Withers, S.G. Glycosyltransferases: Structures, functions, and mechanisms. Annu. Rev.
Biochem. 2008, 77, 521–555. [CrossRef] [PubMed]

82. Kraus, W.L. PARPs and ADP-ribosylation: 50 years. . . and counting. Mol. Cell 2015, 58, 902–910. [CrossRef] [PubMed]
83. White, H.B. Coenzymes as fossils of an earlier metabolic state. J. Mol. Evol. 1976, 7, 101–104. [CrossRef] [PubMed]
84. Walsh, C.T.; Tu, B.P.; Tane, Y. Eight kinetically stable but thermodynamically activated molecules that power cell metabolism.

Chem. Rev. 2018, 118, 1460–1494. [CrossRef]
85. Fournier, G.P.; Alm, E.J. Ancestral reconstruction of a pre-LUCA aminoacyl-tRNA synthetase ancestor supports the late addition

of Trp to the genetic code. J. Mol. Evol. 2015, 80, 171–185. [CrossRef]
86. Airapetian, V.S.; Glocer, A.; Gronoff, G.; Hébrard, E.; Danchi, W. Prebiotic chemistry and atmospheric warming of early Earth by

an active young Sun. Nat. Geosci. 2016, 9, 452–455. [CrossRef]
87. Aroskay, A.; Martin, E.; Bekki, S.; Le Pennec, J.-L.; Savarino, J.; Temel, A.; Manrique, N.; Aguilar, R.; Rivera, M.; Guillou, H.; et al.

Geological evidence of extensive N-fixation by volcanic lightning during very large explosive eruptions. Proc. Natl. Acad. Sci.
USA 2024, 121, e2309131121. [CrossRef]

88. Oró, J. Synthesis of adenine from ammonium cyanide. Biochem. Biophys. Res. Commun. 1960, 2, 407–412. [CrossRef]
89. Wu, L.-F.; Sutherland, J.D. Provisioning the origin and early evolution of life. Emerg. Top. Life Sci. 2019, 3, 459–468. [CrossRef]

[PubMed]
90. Harrison, S.A.; Lane, N. Life as a guide to prebiotic nucleotide synthesis. Nat. Commun. 2018, 9, 5176. [CrossRef]
91. Ferus, M.; Kubelík, P.; Knížek, A.; Pastorek, A.; Sutherland, J.; Civiš, S. High energy radical chemistry formation of HCN-rich

atmospheres on early earth. Sci. Rep. 2017, 7, 6275. [CrossRef] [PubMed]
92. Yadav, M.; Pulletikurti, S.; Yerabolu, J.R.; Krishnamurthy, R. Cyanide as a primordial reductant enables a protometabolic reductive

glyoxylate pathway. Nat. Chem. 2022, 14, 170–178. [CrossRef]
93. Petrov, A.S.; Gulen, B.; Norris, A.M.; Kovacs, N.A.; Bernier, C.R.; Lanier, K.A.; Fox, G.E.; Harvey, S.C.; Wartell, R.M.; Hud, N.V.;

et al. History of the ribosome and the origin of translation. Proc. Natl. Acad. Sci. USA 2015, 112, 15396–15401. [CrossRef]
94. Williamson, M.P. How Proteins Work; Garland Science: New York, NY, USA, 2011; p. 464.
95. Söding, J.; Lupas, A.N. More than the sum of their parts: On the evolution of proteins from peptides. Bioessays 2003, 25, 837–846.

[CrossRef]
96. Dunkle, J.A.; Wang, L.; Feldman, M.B.; Pulk, A.; Chen, V.B.; Kapral, G.J.; Noeske, J.; Richardson, J.S.; Blanchard, S.C.; Cate,

J.H.D. Structures of the bacterial ribosome in classical and hybrid states of tRNA binding. Science 2011, 332, 981–984. [CrossRef]
[PubMed]

97. Petrov, A.S.; Bernier, C.R.; Hsiao, C.; Norris, A.M.; Kovacs, N.A.; Waterbury, C.C.; Stepanov, V.G.; Harvey, S.C.; Fox, G.E.; Wartell,
R.M.; et al. Evolution of the ribosome at atomic resolution. Proc. Natl. Acad. Sci. USA 2014, 111, 10251–10256. [CrossRef]
[PubMed]

98. Zhang, Z.; Will, C.L.; Bertram, K.; Dybkov, O.; Hartmuth, K.; Agafonov, D.E.; Hofele, R.; Urlaub, H.; Kastner, B.; Lührmann, R.;
et al. Molecular architecture of the human 17S U2 snRNP. Nature 2020, 583, 310–313. [CrossRef] [PubMed]

99. Harrison, S.A.; Palmeira, R.N.; Halpern, A.; Lane, N. A biophysical basis for the emergence of the genetic code in protocells.
Biochim. Biophys. Acta-Bioenerg. 2022, 1863, 148597. [CrossRef] [PubMed]

100. Crick, F. Life Itself: Its Origin and Nature; Simon & Schuster: New York, NY, USA, 1981.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1146/annurev.biochem.76.061005.092322
https://www.ncbi.nlm.nih.gov/pubmed/18518825
https://doi.org/10.1016/j.molcel.2015.06.006
https://www.ncbi.nlm.nih.gov/pubmed/26091339
https://doi.org/10.1007/bf01732468
https://www.ncbi.nlm.nih.gov/pubmed/1263263
https://doi.org/10.1021/acs.chemrev.7b00510
https://doi.org/10.1007/s00239-015-9672-1
https://doi.org/10.1038/ngeo2719
https://doi.org/10.1073/pnas.2309131121
https://doi.org/10.1016/0006-291x(60)90138-8
https://doi.org/10.1042/etls20190011
https://www.ncbi.nlm.nih.gov/pubmed/32002470
https://doi.org/10.1038/s41467-018-07220-y
https://doi.org/10.1038/s41598-017-06489-1
https://www.ncbi.nlm.nih.gov/pubmed/28740207
https://doi.org/10.1038/s41557-021-00878-w
https://doi.org/10.1073/pnas.1509761112
https://doi.org/10.1002/bies.10321
https://doi.org/10.1126/science.1202692
https://www.ncbi.nlm.nih.gov/pubmed/21596992
https://doi.org/10.1073/pnas.1407205111
https://www.ncbi.nlm.nih.gov/pubmed/24982194
https://doi.org/10.1038/s41586-020-2344-3
https://www.ncbi.nlm.nih.gov/pubmed/32494006
https://doi.org/10.1016/j.bbabio.2022.148597
https://www.ncbi.nlm.nih.gov/pubmed/35868450

	Introduction 
	Guidelines 
	Guideline 1: Specificity Increases over Time 
	Guideline 2: Reactions That Resemble Current Biochemical Reactions Are Inherently More Likely 
	Guideline 3: No Teleology 
	Guideline 4: Autocatalytic Selection 

	Proposals for Autocatalytic Origins of Key Metabolites 
	Phosphosugars and the Pentose Phosphate Pathway 
	The Autocatalytic Origins of Lipid Membranes 
	The Autocatalytic Origins of Amino Acids 
	The Autocatalytic Origins of Nucleic Acids 
	The Autocatalytic Origins of Proteins 

	Discussion 
	References

