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Recent findings increasingly suggest the emergence of pro-
teins by mix and match of short peptides, or ‘building blocks’.
What are these building blocks, and how did they evolve into
contemporary proteins? We review two complementary ap-
proaches to tackling these questions. First, a bottom-up
approach that involves identifying putative components of pri-
mordial peptides, and the synthetic routes through which these
peptides may have emerged. Second, searches in protein
space to reveal building blocks that make up the contemporary
protein repertoire; proteins that are not closely related to one
another may nevertheless have certain parts in common,
suggesting common ancestry. Identifying such shared building
blocks, and characterizing their functions, can shed light on the
ancient molecules from which proteins emerged, and hint at
the mechanisms that govern their evolution. A key challenge
lies in merging these two approaches to create a cohesive
narrative of how proteins emerged and continue to evolve.
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Introduction

In our current era, the age-old question of the origin of
life can be cast in molecular terms: How did the com-
plex macromolecules that make up contemporary life
emerge some 3.7 billion years ago? This question seems
to be rooted in a paradox: Genetic information for pro-
tein synthesis is stored in DNA/RNA, which, in turn, is
synthesized by proteins. Nevertheless, and in spite of
arguments in support of an RNA-first hypothesis [1],
recent findings increasingly suggest that a very plausible
scenario for the emergence of proteins, perhaps entan-
gled to the emergence of nucleotides, is by mix and
match of short peptides, or ‘building blocks’ [2—4].
Indeed, Kocher and Dill recently suggested an abstract
kinetic model to this effect, based on formation of
peptides with cooperative autocatalytic activity [5].

What, then, are these building blocks, and how did they
lead to contemporary proteins? We review two comple-
mentary approaches to tackling these questions. First,
drawing from works in prebiotic and organic chemistry,
we describe a bottom-up approach that involves identi-
fying putative components of primordial peptides
(building blocks) and the synthetic routes through which
these peptides may have emerged. The second approach,
promoted by computational structural biologists,
searches in protein space to reveal building blocks that
make up the contemporary protein repertoire [6,7]. We
hope that, ultimately, these two approaches will merge
into a cohesive narrative that reveals how proteins
emerged and continue to evolve (Figure 1).

The organic chemist’s search for primordial
peptides

Identifying abiotically plausible building-block
components for early proteins

Researchers have explored various pathways for abiotic
peptide formation [8] and have studied several plausible
candidates for primordial peptide backbones (building
blocks) (Figure 2a). Monomers that have been consid-
ered as possible components of primordial peptides
include hydroxy acids, mercapto acids, B- and Yy-de-
rivatives of amino acids and of hydroxy acids, and non-
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Figure 1
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Protein emergence and evolution from building blocks. An abstract representation of how proteins might have emerged and continue to evolve
through the mixing and matching of smaller building blocks. The nature of these building blocks may have changed over time, starting from biotic—and
possibly abiotic—compounds to the complex proteins we observe today. The earliest proteins may have been small, with limited stability and minimal
function, just sufficient to be selected for further processes. Over time some of these gradually improved in stability, foldability and function. Integration of
perspectives from prebiotic chemistry and computational biology could ultimately allow replacement of this abstract view with a more realistic scenario.
The annotations at the bottom of the figure indicate a possible interpretation as to the nature of the entities.

proteinogenic amino acids such as a-disubstituted
amino acids (Figure 2b) [9—14]. Other, lesser-studied
candidate molecules, sometimes referred to as xeno-
biological molecules, are closely related to amino acids,
but feature slight modifications such as elongated
carbon chains, cyclic variations, and derivatives lacking
the carboxylic group (Figure 2¢) [15—20]. In what fol-
lows we briefly discuss some of these molecules and the
features that may have enabled them to give rise to the
beginnings of peptides.

Hydroxy acids can readily polymerize into polyesters
under prebiotic conditions [21—24]. In 1971, Rich
proposed that these polyesters may have preceded
polypeptides [25]. Hydroxy-acid-derived polyesters
have various functions, but two features make them
particularly interesting for our context. First, they can
form microdroplets in aqueous solutions. Microdroplets
are small assemblies that resemble vesicles or micelles,
hinting at the emergence of compartmentalization
through encapsulation [26]. These microdroplets can
even encapsulate small molecules, offering the first
clues for the development of self-replicating encapsu-
lated systems [27,28]. Second, hydroxy-acid-derived
polyesters are susceptible to ester-amide exchange re-
actions. These exchange reactions allow peptide bond
formation under abiotic conditions, where peptide bond

formation via direct condensation reactions between
amino acid monomers is kinetically unfavorable. Spe-
cifically, co-oligomerization of amino acids and hydroxy
acids results in the formation of depsipeptides (peptide-
like molecules that contain mixed ester and peptide
bonds in their backbone; Figure 2a, central panel), and
the labile ester linkages are replaced by kinetically
trapped amide bonds over time [8,13,21,29—32]. This
reaction, which mimics peptide bond formation in the
ribosome via ester intermediates (with tRNA), suggests
an early mechanism for the evolution of modern pep-
tides. Depsipeptides are fascinating to study as prebi-
otic protopeptides because they are abundant in today’s
biology and exhibit a variety of functions [33—36]. For
example, they act as antimicrobial agents [34], anti-
cancer compounds [33], and even as structural mole-
cules [35,36]. These properties closely mirror some of
the many functions of contemporary proteins in bio-
logical systems.

Mercapto acids, similarly to hydroxy acids, can readily
polymerize into thioesters in drying reactions [12].
Although thioesters are not as hydrolytically stable as
peptides, they can participate in various reactions that
make them intriguing candidates for proto-peptide for-
mation and proto-metabolites in the context of chemical
evolution. Thioesters can undergo thioester-amide
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Figure 2
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Diverse prebiotic chemical space. (a) Chemical structures of peptides and postulated proto-peptides (depsipeptides, thiodepsipeptides, and poly-
esters), as well as their respective building blocks (b), which are mentioned in this paper. (¢) Structures of several prebiotic molecules mentioned in this

paper.

exchange reactions, similarly to esters, to form thio-
depsipeptides enriched in both thioester bonds and
peptide bonds [12]. Thioester bonds as intermediates
to peptide bonds in prebiotic chemistry are of particular
interest due to their significant role in modern biology.
For example, in contemporary metabolism, acetyl-CoA

acts as a cofactor and initiator of the Krebs cycle, the
primary energy source for most life forms. Acetyl-CoA
uses a thioester bond to deliver an acetyl group to the
Krebs cycle, where it is oxidized to produce energy [37].
Moreover, thioester bonds are utilized in non-ribosomal
peptide synthesis pathways in modern biology, making
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them compelling candidates for research into the
chemical evolution of proto-peptides [15,38,39].

Most contemporary research on proteins is limited to
only the 20 standard o-1.-amino acids. However, 3 - and
v-derivatives of amino acids and of hydroxy acids pre-
sent intriguing avenues for research, as they were
abundant on prebiotic Earth [14,40,41] and exhibit
diverse and noteworthy biological functions [42], for
example in the context of non-ribosomal peptides. B-
and Y-derivatives are capable of polymerization into
peptides, polyesters, and depsipeptide derivatives
[10,13]. Although they exhibit different properties
compared to o-derivatives, including lower rigidity due
to reduced hydrogen bonding density along the polymer
backbone, their flexibility could yield unique and valu-
able structural properties [43]. Furthermore, B- and -
amino acids can serve as modifications in biological
peptides and cofactors, such as the B-alanine of coen-
zyme A, involved in acetyl-CoA metabolism [42]. While
pure B- and Y-oligomers may not be as biologically active
or stable, incorporating them into existing proto-
oligomers could lead to fascinating insights and bring
us closer to understanding the evolution of modern
polymers and the subsequent selection leading to an d-
peptide backbones.

Path forward in the bottom-up search for protein
building blocks

Most research on chemical evolution focuses on study-
ing contemporary biomolecules and attempting to
recreate their chemical space without relying on bio-
logical processes [44]. However, it is possible that life
started with polymers other than those found in extant
life, and that biochemistry might have lost many mole-
cules that were of high importance during prebiotic
chemistry. Hence, it can be illuminating to investigate
non-biological molecules as well [18], encompassing a
wide range of molecules, e.g., cyclic variants of amino
and hydroxy compounds (such as diketopiperazines and
lactones), or amino acid derivatives featuring secondary
amines in place of primary amines. Notably, proline
itself is a unique amino acid in that it is the only
proteinogenic amino acid that has a secondary amine in
its backbone rather than a primary amine.

Moreover, the origin of life may have involved highly
cooperative interactions between diverse classes of
molecules. Given the role of proteins and amino acids in
extant biology as key molecules in the networks
connecting different classes of biomolecules, it is
possible that early molecular evolution was influenced by
the co-evolution of amino acids and primordial proteins
with other classes of organic and inorganic molecules.
Such co-evolution could have involved noncovalent in-
teractions between peptides and other classes of mole-
cules, as well as direct covalent linkages between amino

acids/peptides and their interaction partners. Indeed,
amino acids can form a variety of both covalent and non-
covalent interactions with other molecules.

Understanding the composition and properties of pep-
tides and proteins derived from biological systems pro-
vides significant insights into their synthesis pathways,
selectivity, and biological importance. For example,
more than 70 % of all secreted or membrane proteins are
covalently linked to glycans [45]. Protein glycosylation, a
result of co-translational or posttranslational modifica-
tion, affects protein solubility and folding. Lipidation of
peptides and proteins with long-chain amphiphiles has
been shown to induce membrane association. Such
modifications could have occurred on primordial pep-
tides and further research is necessary to understand
their role and importance in the context of prebiotic
chemistry. It may well be that in the absence of evolved
protein enzymes, prebiotic chemistry had also produced
covalent adducts between amino acids/peptides and
other organic molecules, similar to the common biolog-
ical covalent conjugates of amino acids/peptides. For
example, covalent bonds between amino acids and
nucleic acids have been reported to form in the presence
of condensing molecules [46,47] and dehydration re-
actions [48]. Lipid-amino acid conjugates (lipoamino
acids), which are naturally occurring molecules [48], can
also form abiotically [49—51].

Finally, given that the findings reviewed above establish
that peptides are ‘easy’ to make abiotically, we believe
that the next challenge lies in understanding how the
vast array of possible peptides converged to the
comparably limited repertoire of biological building
blocks that we know today. The underlying assumption
in the field is that the process was guided by evolu-
tionary selection of sort, which can be revealed. One
should keep in mind, though, that the process is sto-
chastic, possibly involving ‘frozen accidents’. The
‘frozen accidents’ explanation is, however, not helpful as
a guide for research.

The computational search in protein space
for protein building blocks

Proteins often share sequence and/or structure similar-
ity [52]. For the most part this redundancy reflects
emergence from a common evolutionary origin, i.e., the
well understood homology; for a recent review see
Ref. [53]. However, even proteins that are not entirely
similar to each other may nevertheless share similar
parts, e.g., the same stretch of amino acids or linear
motif that mediates a specific function. Such short
linear motifs are often recognition sites, e.g., for phos-
phorylation and other post-translational modifications,
or phosphate binding [54]. Likewise, proteins with
different overall sequence and structure may share a
structural motif, like the relatively large DNA-binding
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zinc finger, made of a beta-hairpin packed against an
alpha-helix, or as few as 3—4 amino acids with the right
stereochemistry for coordinating ion binding or enzy-
matic catalysis.

Top-down computational approaches, which cover all
forms of similarities, can provide insights as to how
proteins emerged and continue to evolve. In what fol-
lows, we focus on two aims: (1) identifying ancient en-
tities (building blocks) of the protein world [7], and (2)
revealing mechanistic aspects [53]. As more data accu-
mulate in protein databases, the usefulness of such data-
driven approaches may increase, but suitable method-
ologies for handling it are required. Because compre-
hensive searches in these large databases are
computationally challenging [55], many searches thus
far have focused on defined protein sets, especially ones
that are likely ancient.

Identifying ancient entities

Protein space-wide studies

The best-known form of similarity in protein space is
the domain. Domain databases, like SCOP, CATH,
CDD, and ECOD, segment protein chains into domains
based on sequence and structure similarity [52]. Yet the
details of these segmentations vary, presumably
reflecting different views about the nature of these
shared building blocks as derived from the data available
in the 1990s, when the databases were initiated. "Tivo
important decisions are implemented by all these da-
tabases: (a) an amino acid can belong only to one domain
within a particular protein, and (b) a domain includes
approximately 100 amino acids. The effects of these
decisions are far-reaching because many protein studies
are interpreted in light of domain knowledge.

Building blocks at the sub-domain level, including ones
shared by domains classified in different folds, have long
been recognized [56—58]. Nepomnyachiy et al. devel-
oped algorithmic tools and a computational pipeline to
systematically search for shared protein segments of
various lengths in a representative set of over 20,000
domains [59]. This search revealed shared (‘reused’)
segments of 35—200 amino acids, denoted ‘themes’.
Indeed, reuse is prevalent in protein space and increases
with shorter themes, which could be remnants of more
ancient history. Interestingly, shared themes of 100
amino acids do not stand out, perhaps because domains,
sometimes considered ‘the evolutionary building
blocks’, are only one instance of similarity in protein
space. Even though some domains can be traced all the
way back to the last universal common ancestor
(LUCA), traces in protein space of even earlier events
can be found [59,60].

In an insightful paper, Lupas, Ponting, and Russel
highlighted that shared fragments from domains
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considered of different lineages may be vestiges of
ancient peptides from which these domains evolved [7].
Following this, Alva et al. compared domains of different
folds and identified 40 ancient peptides that could be at
the origins of folded domains [60]. Kolodny et al.
searched for instances of the themes identified in
Ref. [59] in domains of different folds; they denoted
these ‘bridging themes’ [61—63]. Some ‘bridging
themes’ bind ligands, a function that attests to their
functional importance, and likely explains how their
sequences were conserved so that they can be detected.
Indeed, the ancient peptides and bridging themes may
be building blocks left from the emergence of the
earliest protein families.

Insights gained from studying a pre-defined set of
proteins

Several studies identified shared patterns among pro-
teins that still perform ancient interactions, and
reasoned that these patterns may correspond to ances-
tral forms. Narunsky et al. explored protein binding to
the ancient ligand adenine [64]. They found that
adenine binding is often mediated by specific amino acid
segments (themes) that recur across different proteins.
Different themes bind different adenine-containing li-
gands, suggesting that adenine binding has emerged
multiple times throughout evolution. Studying protein
metal binding, Raanan et al. [65] analyzed protein
structures with transition metals or electron transfer-
related cofactors to identify common patterns that may
be at the origin of modern oxidoreductases. Bromberg
et al. [66] tailored a computational pipeline for com-
parison of metal binding sites and showed that even
seemingly unrelated proteins may nevertheless share
metal binding sites that are similar in sequence and
structure. Zheng et al. [54] studied phosphate binding
and showed that even radically different proteins that
undergo the same post-translational modifications often
share similar short linear motifs.

Others focused on deciphering the ancestral building
blocks in a specific class or fold. Gruic-Sovulj et al.
studied HUP domains, a class of ancient enzymes that
includes Class I aminoacyl tRNA synthetases (AARSS),
and enzymes that mediate NAD, FAD, and CoA
biosynthesis [67]. Their analysis suggested that these
domains emerged from a seed Pof fragment and high-
lighted the prominent role of this building block in the
emergence of enzymes. A systematic analysis of phos-
phate binding by Longo et al. also supported the hy-
pothesis that in ancient enzymes, phosphate binding is
often mediated by the N-terminal of the helix in the
Ba.B building block [68]. Studying outer membrane -
barrels (OMBBs)—a major class of outer membrane
proteins from Gram-negative bacteria, mitochondria,
and plastids—Remmert et al. showed that this class
originated from a single, ancestral B hairpin [69].
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Rather than analyzing a single fold, one could search for
a shared building block in several folds to deduce their
shared ancestral core. Longo et al. searched for structure
and sequence elements shared by P-loop N'TPases and
Rossmann folds [63]. The two folds include ubiquitous
enzyme families and are considered particularly ancient.
They found homologous segments that span the first
Baf motif of both lineages, including the phosphate
binding loop and a conserved aspartate at the tip of B2.
It is likely that both lineages emerged from this shared
Baf building block, supporting the key role of this
structural element as a scaffold for chemical function-
ality (e.g., the key aspartate) and, in that way, the
eventual emergence of these broad enzymatic classes.
Alvarez-Carrefio et al. studied the similarities between
SH3 and OB — the most ancient B barrel domains within
the translation system [70]. SH3 and OB domains su-
perimpose structurally well, but are topologically
different [71], requiring sequence permutations to have
evolved one from another. The authors predicted the
structures of these suggested ancestors, and showed
that an SH3-based permutated variant folded into an
OB and owe versa. The structural similarity between
these two domains was examined previously by Mura
et al., within the overall context of structural similarity
between domains of different topologies [72].

The Mura et al. study includes other cases of shared
building blocks, where the N-to-C directionality of the
elements were reversed, cases with alpha-to-beta
interconversion between elements, and significant
changes in the tilt angles between elements (e.g., a pair
of helices) [72]. Their observations of common building
blocks led them to suggest adding the Urfold level to
the hierarchical classifications (where Ur is ‘primitive,’
or ‘ancestral’), specifically between the Architecture and
Topology levels in CATH. Based on the observation that
there are instances where there is different order of
secondary structure that is not necessarily due to a
common evolutionary origin, they proposed that Urfold
be more general and indicative of physicochemical
qualities. Draizen et al. implemented these ideas in
DeepUrfold, an Al model to explore distant protein
structure relationships, that finds many fold similarities,
including at the sub-domain level, which the authors
proposed echo remote homologies [73].

Understanding mechanisms of protein evolution
Protein-space-wide studies

Studies tracing domain architectures, the usage of
domain building blocks, have been conducted since
domain databases were first established and have
revealed much about mechanisms of protein evolution,
including mutations, homologous and non-homologous
recombination, accretion, fusions, and augmentation
[74]. Recently, Smug et al. analyzed usage patterns of
domains, and other fragments, in bacteriophage protein

space to characterize the evolutionary mechanisms used
by viruses [75]. They detected ample recent fragment
shuffling events, e.g., in receptor-binding proteins, often
among viruses of seemingly unrelated taxonomies, and
across ecological boundaries. They suggested that the
ongoing diversification via fragment shuffling is driven
by viral need to overcome emerging bacterial resis-
tance mechanisms.

Nepomnyachiy et al. found recursive patterns akin to
‘Russian nested dolls’, where long themes shared by a
few proteins encompass shorter themes that appear in
more proteins. In other words, relaxing the (arbitrary)
constraints imposed by the domain databases and
allowing an amino acid to belong to a short theme,
shared by many proteins, and to longer themes shared
by fewer proteins reveals a wealth of evolutionary
traces [59]. These traces may be fossils of the
evolutionary process that created the proteins in
which they are found, with the shorter ones perhaps
left from more ancient events that diverged and
lengthened over time. Studying bridging themes
shared by different folds, Kolodny et al. found that
their structures are not necessarily conserved within
different protein contexts [61,62]. This structural
plasticity may underlie the capacity of bridging
themes to fit into different environments. That they
are shared between Rossmann, P-loop, TIM-barrels,
and other ancient folds is a testimony to their evolu-
tionary importance.

To form a stable protein, protein building blocks must
complement each other (to a certain degree) in their
geometrical, stereochemical and other physicochem-
ical qualities. But proteins are dynamic entities that
have to undergo conformational changes for proper
function, e.g., between active and inactive states. With
that in mind, Kutlu et al. [76] studied the correlation
between themes and equilibrium dynamics, approxi-
mated using the Gaussian network model (GNM), a
close relative of normal modes analysis, that allowed
the decomposition of domain motion into dynamic
elements. Analysis of a diverse set of 150 domains
showed that most often the decomposition into dy-
namic elements correlates with the theme decompo-
sition of the domains. Unless it is due to a yet
unknown confounding element, the correlation pro-
vides further support for the role of themes in protein
evolution and highlights the importance of dynamic
match between themes (or other building blocks) in
protein ‘evolutionary design’.

Insights gained from studying a pre-defined set of
proteins

Interestingly, cases of similarities among different folds
can also provide insights into the mechanisms of evo-
lution. Chakravarty et al. computationally analyzed a
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family of ~600,000 DNA-binding bacterial response
regulator proteins [77]. Their analysis revealed an
evolutionary pathway between two DNA-binding
motifs: helix-turn-helix vs. winged-helix. Longo et al.
[78] detected a non-trivial bridging theme linking B-
trefoil and other all-B domains, especially in IgG-like
domains. Although bridging themes often appear in
different environment-dependent conformations, this
purely-sequence based search yielded structures that
superimposed very well, including a water molecule,
considered important for the folding and stability of [3-
trefoils and that was also found in the IgG-like domains.
Thus, the authors suggested an evolutionary mechanism
for the emergence of the relatively recent B-trefoils from
the very ancient IgG-like domains. According to their
model, a bridging theme budded from an IgG-like
domain, and evolved to form a homotrimer, with sub-
sequent monomeric fusions that formed the 3-repeats
B-trefoil.

Analyzing the shared building blocks of small, ancient,
B-barrel folds that have common ancestors also revealed
evolutionary mechanisms. Alvarez-Carreno et al. pro-
posed a ‘creative destruction’ mechanism by comparing
SH3, OB and CLB folds [79]. Creative destruction is
based on gene duplication followed by deletions. It
offers a model where SH3 domains evolved to OB do-
mains, which then further evolved to CLLB domains. Yagi
& Tagami used clever structure-based engineering to
artificially evolve proteins between four contemporary
small B-barrel folds: double-psi B-barrels (DPBBs),
RIFT, OB, and SH3 [80]. A key to the moves that they
implemented is an additional metamorphic fold DZBB.
A major step towards the leap from the original DPBB
fold to the three other folds are alterations that shift the
population of DZBB towards a less populated confor-
mation, and then further engineering led to the other f3-
barrel folds. Conceptually, the engineering was based on
comparison of the building blocks composing the four
folds, with changes mostly in the linkers between them
or removal of a complete building block (even though
the term ‘building blocks’ was not used). Even though
the proposed evolutionary pathway between all four
folds is via DZBB, DZBB itself did not survive, and the
authors discuss possible reasons. As DPBBs are found in
RNA polymerase and the three other beta-barrel folds
are found in ribosomal proteins, they suggested evolu-
tionary pathway links between these two macromolec-
ular machines.

Path forward in the top-down analysis of protein
space

The protein sequence databases are expanding at an
ever-fast pace, and enabled by the dramatic Al success
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in structure prediction, structure databases closely
follow. Within these datasets may lie non-trivial evolu-
tionary pathways, that can indicate how proteins have
emerged. However, the opportunity of mining this data
for hints of the emergence of proteins comes with the
challenge of analyzing such huge datasets. We believe Al
will be a significant contributor in these efforts,
enrolling generative [73] and discriminative models.
Specifically, analyzing embeddings of protein space by
Protein Language Models (PLMs) may reveal non-
trivial relationships and submerged building blocks.

Concluding remarks

Excluding creationist explanations for the origin of life,
the very seemingly possible scenario for the emergence
of proteins is by mix and match of short peptides, or
protein building blocks (Figure 1). We have reviewed
two approaches for identifying these building blocks and
revealing their evolutionary path into contemporary life:
a bottom-up approach, in which prebiotic chemists
explore various means of abiotic peptide formation, and
a top-down approach, in which computational structural
biologists investigate common sequences shared by
seemingly distant proteins. Linking the two approaches,
perhaps using Al, could be key to providing a clear
explanation of the initiation of life.

Uncovering the exact origins of life as they occurred is
an impractical goal, given the countless bits of infor-
mation lost since it has emerged some 3.7 billion years
ago. Instead, the purpose of studying chemical evolution
is to better understand how life may emerge from
chemistry by identifying plausible pathways for its for-
mation. This is not just about recreating the conditions
of Earth’s early history, which we may never fully verify,
but about uncovering universal principles of life’s
emergence in any form. This broader perspective is what
makes  this  fundamental research  question
o interesting.
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