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Abstract

The dominant view that genetic heredity arose in an RNA world stems from the ideas of Francis
Crick and Leslie Orgel, who suggested that early nucleotide polymers could act as both
phenotype and genotype and that the genetic code was shaped by a frozen accident. At around
the same time, Carl Woese proposed a different model: that naturally occurring early
translation was biased by weak stereochemical affinities between nucleotides and amino acids,
producing what he called statistical proteins. This alternative was never dismissed on empirical
grounds but fell out of favour as gene-level selection and the idea of an RNA world became
entrenched. This review re-examines these competing models by tracing the origins of their
two central divergences: whether selection first acted on naked genes or whole protocells, and
whether early coding depended on stereochemical interactions. We summarise how these
assumptions arose, how they have shaped theoretical models, and how they constrain
explanations for the emergence of translation. Focusing first on the level of selection, we
outline why models of naked-gene evolution face inherent obstacles related to information
integration, whereas protocell-level models naturally favour the coexistence of sequences. We
then turn to the question of stereochemical interactions in early translation. We consider the
predictions of each hypothesis for the structure of the genetic code and compare these to the
patterns observed today. Finally, we review the experimental evidence for amino acid-
nucleotide interactions and outline the key empirical gaps. Together, these lines of evidence
clarify which assumptions in classical models remain viable and point to the most informative

experiments that can be done to elucidate the origin of heredity.
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1. Introduction

The origin of genetic heredity is arguably the single most puzzling step in the origin of life.
The genetic code and the translation machinery are extremely well conserved across life and
must have been present in the last universal common ancestor (LUCA) (Koonin, 2003,
Ouzounis et al., 2006, Crapitto et al., 2022). But it is hard to conceive how and in what order
the many interacting parts of the genetic apparatus arose (i.e. mRNA, tRNA, the ribosome,
aminoacyl tRNA synthetases, etc.). The paradox at the heart of the problem is that a system as
complex as the genetic apparatus must be a result of evolution, but evolution itself requires a

functional heredity system.

The conventional resolution to this paradox is the idea of an RNA world, an era of prebiotic
evolution where RNA was both genotype and phenotype. RNA has an almost unique ability to
act both as an information carrier and a catalyst (Orgel, 1968, Gilbert, 1986, Rich, 1962). This
makes possible a gradual transition to the extant genetic system without the need for translation
in early evolution. As peptides are better catalysts than RNA, any RNA strands that catalyse
the synthesis of peptides should be favoured. Using this logic, the translational machinery and

the genetic code could, in principle, evolve from an RNA world.

But the RNA world has its own problems. The RNA-world modelling tradition has largely
been devoted to the problem of maintaining information (Eigen and Schuster, 1977, Szathmary
and Demeter, 1987, Zachar et al., 2011). Early work showed that information sequences face
competitive exclusion by selfish sequences (those good at copying themselves) causing
parasitic collapse, as shown in Spiegelman’s classic experiment (Spiegelman, 1970). Some of

these problems are solved by compartmentalisation of RNA sequences within protocells.
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Group-selection at the level of the cell favours the retention of information (Szathmary and
Demeter, 1987). But the current theoretical framework fails to explain how RNA sequences
could foster the evolution of translation while maintaining their own replication and increasing

protocell fitness.

Another possible, albeit less popular, answer lies in the idea of rudimentary peptide synthesis
through naturally occurring nucleotide-peptide interactions (Woese, 1969, Woese, 1965, Lacey
et al., 1984). This could have arisen because some nucleotides (or short polynucleotides) had
weak preferences for certain types of amino acids. Even if most processes in the protocell were
inefficient, any nucleotides capable of templating a mixture of similar peptides could be
selectively favoured in protocells. This loose but biased proto-translation could bootstrap itself
up through selection to more specific and robust translation (Woese, 1965). However, until
recently, the evidence for interactions between nucleotides and amino acids was sparse and
based on unreliable methods (Lacey et al., 1984, Shimizu, 1987, Hobish et al., 1995). The
paucity of robust evidence resulted in the idea being overlooked, and lacking rigorous

theoretical consideration.

This review examines these two major hypotheses for the origin of heredity. Starting with the
foundational models that gave rise to the hypotheses in the 1960s, we discuss the assumptions
underlying them, as well as the historical context that consolidated ideas in the field. The
models differ both in their proposed mechanisms for the evolution of the genetic code and in
their assumptions about the level at which selection operates at the origin of life. Because these
assumptions are not intrinsically linked, we discuss them separately. We summarise the most
influential models for selection at the level of the naked gene and highlight conceptual issues
that arise from this theoretical standpoint. We then summarise the evidence for stereochemical

interactions that might have guided early coding, and discuss patterns present in the universal



85

86

87

88

&9

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

genetic code and how they fit with the competing models. Finally, we point to gaps in the
experimental and modelling data and suggest a line of enquiry that will help clarify the

emergence of genetic heredity.

II.  Seminal models of the origin of the genetic code

Much thinking around the origin of heredity can be traced back to debates in the literature in
the 1960s. These papers were written at the dawn of molecular biology and so were among the
first to approach the origin of heredity with the advantage of knowing how the system worked
in modern cells. The main question at hand was the evolution of the recently discovered genetic
code. Two prominent answers to this question were proposed by Leslie Orgel and Francis Crick
on one hand (Crick, 1968, Orgel, 1968), and Carl Woese on the other (Woese, 1965). These
hypotheses were similar in proposing rudimentary genetic codes that expanded gradually while
increasing the fitness of the protocell. Both attempted to explain why the genetic code is non-
random, and how heredity could evolve in the absence of a heredity system. But they differed

greatly in their underlying assumptions, with very different implications for the origin of life.

(1) Crick and Orgel’s evolution of adaptors and the frozen accident theory

Orgel and Crick proposed that before the advent of the genetic apparatus, nucleotide polymers
were the main players of early evolution (Orgel, 1968; Crick, 1968). According to Orgel there
are only two obvious alternatives for a prebiotic heredity system: “(1) life based on proteins in
the absence of nucleic acids, (2) life based on nucleic acids in the absence of proteins” (Orgel,
1968). Since there was evidence that nucleotide polymers formed secondary structures but no
evidence that proteins could replicate, he concluded that the first cells were most likely

preceded by an era in which heredity was carried solely by nucleotide polymers. Crick reached
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the same conclusion in his companion paper, referring to tRNAs as “Nature’s attempt to make

RNA do the job of a protein” (Crick, 1968).

This idea resolves the paradox of the origin of a heredity system because it assumes that (1)
there must have been some sort of evolution before the advent of the genetic code, and (2) any
early heredity system could be composed solely of genes or proteins, rather than a mix of the
two. That relinquishes the need for a translational apparatus and genetic code from the start,
opening the possibility for individual nucleotide strands to evolve into proto-tRNA structures

and gradually evolve translation.

Importantly, Crick and Orgel both rejected the idea that interactions between amino acids and
nucleotides might have guided early translation (Crick, 1968, Orgel, 1968). Their rejection
most likely stemmed from the recent vindication of Crick’s adaptor hypothesis, the idea that
translation was accomplished through an intermediate molecule that independently recognised
the anticodon and its cognate amino acid. This contrasted with earlier views in the 1950s, which
proposed that a polynucleotide would serve as a direct template onto which amino acids could
bind next to each other to form a peptide (Gamow, 1954). Crick did not accept that nucleotides
could chemically “recognise” amino acids, and suggested that translation must instead be done
using “adaptor molecules” as intermediates (Crick, 1958, Woese, 1970, Woese, 1967, Crick,
1955, Woese et al., 1966). These adaptors would be nucleotide strands forming structures that
preferentially attached to an amino acid, while also containing a specific nucleotide sequence
(later called the anticodon) that would base-pair to a template (later termed messenger RNA)
(Crick, 1958, Crick, 1955). When the discovery of tRNAs (Hoagland et al., 1958) proved
Crick’s adaptor hypothesis correct, the underlying assumption of no chemical recognition

between the anticodons and amino acids was also indirectly supported. Later, the structure of
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tRNA lent strength to this view, as the anticodon sits at the opposite end to the amino acid, and

so was taken not to interact with it, (Kim et al., 1974, Robertus et al., 1974).

Building on this view of translation as adaptor mediated, Crick suggested a mechanism for how
the assignments of proto-tRNAs and amino acids could evolve into the structured genetic code
we have today. He proposed that the early genetic code was highly ambiguous, with all codons
initially assigned to a few amino acids, and other amino acids were gradually added to the code
later (Crick, 1968). For Crick, the process of early codon assignment occurred randomly and
was modified through random mutations to the “activating enzyme” that assigned amino acids
to certain proto-tRNAs. Crick also suggested, in accordance with Orgel’s idea of “life made of
nucleic acids in the absence of proteins” that “the primitive tRNA itself could be its own
activating enzyme”. Given this, the proposed mechanism proceeded as follows. Imagine a
population of protocells with an early genetic code in which all codons (AAA through to UUU)
code for only two amino acids, with half coding for AA1 (amino acid 1) and the other half
coding for AA2 (Figure 1). Consider a random mutation occurs in one of the proto-tRNAs so
that it now picks up AA3, which is chemically similar to AA1 but very different to AA2. If the
mutated proto-tRNA had previously picked up AAIl, this mutant could spread and be
established as it adds to the repertoire of amino acids in peptides with limited disruption to the
existing peptides of that protocell. But if the mutation occurred in a proto-tRNA that currently
codes for AA2 the disruption is likely to great and very likely would reduce protocell fitness
(Figure 1). The incorporation of new amino acids to the code therefore gave protocells a
selective advantage in the longer term at little short-term cost. But as codon assignments
became more specific, further codon reassignments to novel amino acids were less likely to be
beneficial. The gain in catalytic repertoire through adding additional amino acids would
diminish with the number already encoded, which could already produce chemically diverse

peptides. Additional changes in assignment necessarily cascade through multiple “genes” and
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disrupt fitness, to the point that any further changes to the code would be lethal. This is reflected
in the almost complete stasis of evolutionary change in the genetic code across extant life. For
this reason, Crick called this way of conceiving the origin of the genetic code a “frozen accident

theory”.

(2) Woese’s statistical proteins

In contrast, Carl Woese’s hypothesis posited the existence of loose discriminative interactions
between “codons” and amino acids (Woese, 1969, Woese et al., 1966, Woese, 1970). He
proposed that a natural genetic code consisted of groups of contiguous codons (i.e. differing in
one nucleotide) roughly assigned to groups of chemically similar amino acids through weak
stereochemical associations (Woese, 1970). Further evolution of the code would have been

driven by increasing specificity, rather than including new amino acids to the cell’s vocabulary.

Woese argued that the resolution to the paradoxical origins of heredity lay in having naturally
occurring preferences between codons and amino acids. For example, more hydrophobic
nucleobases would tend to associate with more hydrophobic amino acids. In this model,
nucleotide templates would not be translated into specific peptides. Rather, they give rise to a
non-random (but weakly specified) distribution of peptides that he called “statistical proteins”
(Woese, 1965, Woese, 1970). Two protocells containing different nucleotide templates would
therefore contain, on average, slightly different distributions of peptides. Evolutionary change
follows because some nucleotide templates would produce statistical proteins advantageous to
the protocell. A more efficient translational system could then evolve. Suppose that a mutant
template increased the specificity of an amino acid assignment, so the next group of statistical
proteins to be translated was less variable (i.e. had a tighter distribution around the average
sequence). This would improve the fitness of the protocell if it enabled the production of more

advantageous statistical proteins and fewer disadvantageous ones. Any protocell with more
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tightly specified statistical proteins would be favoured by selection (Figure 2). In other words,
if some statistical proteins offer a slight advantage to a protocell, new mutants that improve
translation would be favoured (Woese, 1965, Woese, 1970). Improved translation also feeds
back on itself, as mutations that enhance translation make their own statistical proteins more

specifically.

III. Selection at the origin of life

Returning to Orgel, a somewhat secondary aspect of his hypothesis (at the time) turned out to
be a watershed moment in the field. He posited that early evolution was based solely on how
well single molecules replicated (Orgel, 1968). He distinguished between two phases: an earlier
phase of “natural selection without function”, in which evolution occurred at the level of
individual replicating molecules, followed by “natural selection with function”, when selection
acts on the fitness effects of genes at the level of protocells. This was the first time anyone had
proposed a period when selection operated at the level of the “naked gene” alone. Before
Orgel’s “natural selection without function™ paper, both Crick and Woese’s models for the
origin of the genetic code (and other hypotheses proposed at the same time) had considered
selection only at the level of a protocell (Goldberg and Wittes, 1966, Bryson and Vogel, 1965,
Woese, 1969, Crick, 1968, Orgel, 1968). The idea of selection at the level of the naked gene
was hugely influential, and became the most pervasive framework for the origin of heredity:
the so-called RNA world (Joyce, 2009, Joyce and Orgel, 1993, Robertson and Joyce, 2012,

Bernhardt, 2012, Salditt et al., 2023).
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IV. Modelling the evolution of naked genes: the RNA world

(1) The RNA world

Although Orgel himself was initially agnostic about which genetic polymer (DNA or RNA)
was the early protagonist of life (Orgel, 1968), his model of “nratural selection without
Sfunction” kickstarted what would later be called the RNA world hypothesis. This was bolstered
by the discovery that nucleotide cofactors were almost ubiquitous in metabolism. Despite being
monomers or dimers (rather than longer RNA sequences) these were suggested to be fossils of
an era in life’s history when nucleotides played the main role in catalysis (White, 1976). Orgel’s
explicit identification of selection at the level of the gene (Orgel, 1968) also chimed with the
rebuttal of group selection (Hamilton, 1964a, Hamilton, 1964b, Maynard Smith, 1964) and the
rise of the gene-centred view of evolution (Williams, 1966, Agren, 2016), most popularly
expounded by Dawkins’ The Selfish Gene (1976). These ideas fundamentally changed the way
the field saw evolution, and inevitably had an impact on the theories of the origin of life,
providing fertile ground for the idea that the origin of life involved selection at the level of
genes. In the 1980s, the discovery of the first ribozymes (RNase P, which cleaves precursor
sequences to give a mature tRNA) (Cech et al., 1981, Kruger et al., 1982, Guerrier-Takada et
al., 1983) cemented the hypothesis, and in 1986 Gilbert coined the name RNA world (Gilbert,
1986). He described the now consolidated idea of this world as “containing only RNA

molecules that serve to catalyse the synthesis of themselves”.

(2) The issue of information integration

Much of the modelling work around an RNA world has been devoted to solving the problem
of how genetic information could be maintained before the evolution of the genetic apparatus.

This problem, which we will refer to as “the issue of information integration” can be divided

10
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into three distinct but interconnected problems. They relate to high copying error rates, selfish

RNA strands and the competitive exclusion of sequences in the absence of compartments.

(a) The quasi-species model and Eigen’s paradox

Manfred Eigen’s modelling work is among the most important contributions to the framework
for the evolution of “naked genes” in an RNA world. Eigen’s models were initially concerned
with the conservation of information given the high error rates expected of early copying before
the advent of proof-reading enzymes. He proposed that, given a high copying error, information
could not exist as a single sequence, but rather had to be a distribution of similar sequences
centred around the fittest “master” sequence. This cluster of related sequences he termed a

quasi-species (Eigen, 1971).

In the quasi-species model a particular sequence might be created by its own correct copying,
but it might also be created by the incorrect copying of a similar sequence. The frequency of
an RNA sequence is not only dictated by its own fitness (its ability to self-replicate) but also
by the probability that it can be generated de-novo through incorrect copying of related
sequences in the quasi-species (Eigen, 1971). Modelling the evolution of these distributions
reveals the presence of an error-threshold: if the error rate is too great, even a sequence with
high fitness cannot be maintained in the population because the probability of it being produced
by copying (of itself or similar sequences) is too low, leading to the collapse of the quasi-
species distribution (Eigen, 1971, Swetina and Schuster, 1982). The same phenomenon limits
sequence length. As the number of possible configurations increases with sequence length, it
becomes more difficult for selection to preserve longer sequences, even if they are very fit

(Eigen, 1971, Swetina and Schuster, 1982).

This theoretical demonstration of an error threshold provides the first significant obstacle to

the evolution of a genetic system from “naked genes”. Given the expected error rates for non-

11
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enzymatic copying, the upper limit of sequence that could be reliably maintained at high
frequency was estimated to be ~100 nucleotides (Eigen, 1971, Eigen and Schuster, 1977). To
maintain the information of longer sequences, an error-correcting enzyme must evolve. But
error-correcting enzymes are encoded by significantly more than 100 nucleotides (Maynard
Smith et al., 1983). This catch-22 scenario was later named Eigen’s paradox (Szathmary, 1989)

and many modelling efforts in the field to this day are dedicated to finding ways around it.

(b) Spiegelman’s monsters

Another major obstacle to the evolution of a heredity system was uncovered in the classic
experiment by Sol Spiegelman (Spiegelman, 1970). In the experiment, a long strand of RNA
isolated from the Qs virus, accompanied by its replicase enzyme and the necessary nucleotides,
was allowed to replicate in a test tube. After 74 generations the viral RNA, initially 4500
nucleotides long, had evolved into a 218-nucleotide strand containing only the recognition site
for the replicase. This was the first experimental demonstration of the evolution of a naked
RNA molecule (Spiegelman, 1970). When selection acts at the level of single RNA molecules,
it promotes the evolution of short, fast replicating strands, Spiegelman’s “little monsters”. Like
the error-threshold, selection on RNA strands tends to hinder the evolution of longer sequences

that might code for error-proofing polymerases needed for a heredity system.

(c) Competitive exclusion of sequences

One might think that the two problems demonstrated above are easily solved if the information
needed for an error-proofing polymerase could, instead, be contained in several short RNA
strands coding for different parts of the enzyme. These parts could come together to form the
whole enzyme after translation. This would indeed be the case if these small sequences existed
within a protocell, as their overall function would be selected for together (Szathmary, 1989).

But because the scenario at hand here is the evolution of naked genes, we’re faced with the

12
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third obstacle to information integration. Different sequences cannot coexist in a system with
limited resources. Instead, they compete until only one sequence is left. This is demonstrated
indirectly in both Eigen’s quasi-species model where variation is limited to a cloud of similar
sequencers (Eigen, 1971) and Spiegelman’s experiment where variation is pruned down to a

sequence or sequences with the fastest replication (Spiegelman, 1970).

(3) The hypercycle

Eigen himself proposed an ingenious solution to the problem of information integration, the
hypercycle (Eigen and Schuster, 1979). This is an auto-catalytic cycle where more than one
“master” sequence can coexist, increasing the total amount of information that can be held in
the system. In a hypercycle each sequence codes for a replicase, which specifically catalyses
the copying of another sequence in the cycle. Consider a two-member hypercycle (its simplest
configuration). A sequence I codes for a replicase E; that, in turn, catalyses the copying of
sequence I>; while I encodes a replicase E»> which catalyses the copying of sequence I, closing
the hypercycle (Figure 3). Because the two sequences enhance each other’s replication, they
can exist simultaneously as they have higher fitness (replication rates) than versions of I; and
I that can only self-replicate. The information integration of 11 and I in the hypercycle also
escapes the problem of competitive exclusion, which is inevitable between unlinked genes that

differ in their self-limited replication rates.

Although an elegant solution to the problem of information integration, the hypercycle model
immediately encounters several serious conceptual and evolutionary difficulties. The first
obstacle is the “growth” of an established hypercycle. Hypercyclic growth requires one of its
sequences to duplicate and then diverge from its precursor without disrupting the existing
cycle. This is particularly difficult because this duplicate sequence needs to have a similar

replication rate to the original while it diverges, otherwise it would either replace it or become
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replaced itself. For this reason, Eigen and Schuster argued that a hypercycle cannot grow
incrementally, but must “nucleate”, meaning “the abundant presence of all members of the
hyper cycle seems to be a prerequisite for its origin”. A related problem is that hypercycles are
vulnerable to the evolution of parasites. These sequences benefit from the hypercycle but only
to maximise their own replication. That eventually collapses the productivity of the system.
The more complex the hypercycle, the more elements are subject to parasitic invasion, which

also limits the existence of larger hypercycles.

Other issues arise from the fact that selection in hypercycles acts only at the level of individual
replicating sequence. One problem is that the evolution of “altruistic” functions, which benefit
the hypercycle as a whole, is severely constrained. Consider the case of a “selfish” mutation
Ii' of strand I in the hypercycle shown in Figure 3, which makes it a better target to replicase
E>. As I will be replicated more often than I;, these mutants will increase in frequency in the
population until they become the new “master sequence” (Figure 4a). But a priori this
evolutionary change has done nothing to improve the hypercycle, it simply switched one
version of I; for another. Also note this is not a selfish mutant in the sense of raising its own
fitness at the cost of others (sensu Dawkins, 1976) but is neutral as regards the hypercycle’s
fitness. Now, consider that I;' is an “altruistic”” mutant that codes for more E; (or an improved
replicase E1') that is better at replicating . This leads to more I, which in turn codes for more
E>. That might seem to improve the hypercycle. However, more E» leads to more I;' but also
more I; and all its other mutants. Therefore, I;' is neutral relative to I so is not selectively
favoured (Figure 4b). Eigen and Schuster called these “phenotypic” and “genotypic” mutations
and wrote “’Phenotypic’ advantages, i.e., those variations which are of direct advantage to the
mutant, are immediately stabilized. On the other hand, ‘genotypic’ advantages, which favour
[...] only indirectly the replicative unit in which the mutation occurred, require special

separation for competitive fixation” (Eigen and Schuster, 1979). As a consequence, even
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though hypercycles do allow many sequences to coexist, they do not create a new level of
selection. Hypercycles are not individuals, they are groups of individuals interacting
ecologically (Maynard Smith, 1988). Selection is still at the level of the naked gene, right where

Orgel put it back in the 1960s.

A related important issue is that the original formulation of the hypercycle model made the
significant assumption of RNA sequences being translated adequately into replicases (Eigen
and Schuster, 1979). This was especially problematic as the model set out to solve problems
arising from high copying-error rates in the first place. Because translation is significantly more
error prone than copying (which relies on intrinsically accurate base-pairing) this assumption
was ungrounded. After the discovery of ribozymes, Eigen’s successors proposed hypercycles
of ribozymes (Sardanyés et al., 2017, Boerlijst and Hogeweg, 1991, Sardanyés and Sol¢, 2006).
That solves the problem only by pushing the origin of translation further down the road. As
noted above this is an “altruistic” outcome that cannot evolve from an RNA-only hypercycle.
Translation requires the incorporation of new elements to an established hypercycle, invoking
the “duplication and divergence” logic with the additional requirement that any translational
function must feedback catalytically into the hypercycle. Worse, a hypercycle that maintains
sequences encoding translational machinery is necessarily long, and so is especially vulnerable

to parasitic invasion.

While the question of information integration is important, the focus on it distracted the field
from the bigger question of how complexity evolves. The hypercycle model seems to create
more obstacles than solutions to this bigger question. It is far from clear how a hypercycle in
which individual genes connected by many specific replicases could evolve into a system with

the generalist polymerases and translation seen in extant life. There is no route to the generation
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of adaptor molecules or ribosomes that underpin translation, let alone forms of metabolism

which support the generation of the fundamental molecules needed to build cellular life.

(4) The stochastic corrector

Since many of the problems with hypercycles come from selection being at the level of the
gene, it might come as no surprise that answers to the problem of information integration arise
when genes exist within a compartment or protocell, abandoning the view of selection
exclusively at the level of naked gene initiated by (Orgel, 1968). Protocells have been modelled
as information integrators in different ways (Michod, 1983), including compartmentalising
hypercycles (Boerlijst and Hogeweg, 1991). But the simplest approach is to investigate whether

protocells alone can facilitate the coexistence of multiple RNA sequences.

The most notable protocell model is the Stochastic Corrector (Szathmary and Demeter, 1987).
This consists of protocells each containing small number of different sequences, “replicators”,
that copy themselves at different rates, leading to selection at the level of replicators. Selection
also happens at the level of the protocell. The sequences randomly segregate into daughter cells
on protocell division. Fitness is greater if a protocell maintains a specified ratio between the
types of replicators, and falls to zero if one of the replicator populations is lost. Simulations
show that the stochastic corrector is a reliable information integrator (Zintzaras et al., 2002). It
allows multiple distinct sequences to co-exist in a protocell even if they replicate at different

rates, increasing the information content that can be maintained.

Postulating selection on protocells solves the problem of maintaining diverse sequences that
collectively contribute to function. This occurs in the primitive condition in which sequences
have different replication rates (Szathmary and Demeter, 1987). It also solves the problem of
parasitic takeover by selfish fast-replicating sequences (Spiegelman’s monsters, Spiegelman

(1970)). They can spread within a protocell, but when they take over they substantially reduce
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protocell fitness and so fall extinct. They also can be lost through stochastic segregation at
protocell division allowing selection at the level of the protocell to weed them out (Szathmary
and Demeter, 1987). Another neglected advantage of compartmentalisation is that it removes
the constraints on function introduced by hypercyclic organisation. New functions can evolve
simply in new sequences, without being bound to exist on the complementary strand to a
replicase. Most importantly, altruistic functions are favoured. There are no longer any
theoretical obstacles to the evolution of a general polymerase, a translational system or genes

for metabolism.

V. Interactions between nucleotides and amino acids.

Whilst recognition of selection at the level of the naked gene was a key development, it should
not have diverted attention away from selection at the level of the protocell. The issues arising
from an exclusive focus on gene-level selection distracted attention from an important point of
divergence between the initial models: the degree to which interactions between nucleotides

and amino acids is key to the emergence of coding.

This question arose in the first place because the genetic code is remarkably non-random,
showing patterns in assignment of similar amino acids to related codons. As noted earlier, Crick
proposed that modifications to the structure of the adaptors would assign new amino acids in a
way that minimised disruption to existing proteins (Figure 1). As a result, newly added amino
acids would tend to occupy contiguous codons to chemically similar amino acids, giving rise
to the clustering pattern. According to Crick’s model, the relationship reflects shared ancestry
rather than any persistent stereochemical interactions. Conversely, in Woese’s model of
statistical proteins, amino acids are assigned to adaptors from the beginning. These assignments
are overlapping, and emerge from broad biases in stereochemical preferences between codons

and amino acids. These biases shaped the chemistry of the first statistical proteins. Assuming
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that early proteins conferred some advantage to protocells, there is selective pressure for more
specific assignments (Figure 2). So, this narrowing process occurs on top of the pre-existing
biased landscape rather than erasing it. As specificity improves, the original interactions
become sharper, so the model predicts that correlations in the chemistry of amino acids and

codons should persist in the code today.

(1) The code within the codons

Given these contrasting predictions, how do they relate to the patterns associated with each
position of the codon, the so-called “code within the codons” (Lacey et al., 1984, Taylor and
Coates, 1989, Wong, 2005, Harrison et al., 2022, Copley et al., 2005)? The first position of the
codon has long been known to group cognate amino acids by biosynthetic pathway (Wong,
2005, Tze-Fei Wong, 1981, Wong, 1975, Di Giulio and Medugno, 2000). This observation
gave rise to the coevolution theory of the genetic code, which proposes that the reactions
converting one amino acid into another occurred while the precursor amino acid was attached
to the adaptor molecule. As a result the adaptor molecule becomes assigned to the product
amino acid. The evolutionary forces acting on this assignment are not explicitly addressed in
the work of the proponents of the coevolution theory. As in Crick’s model, the code starts out
as a reduced version of itself and expands as new amino acids are added. But as in Woese’s
model the resulting clustering of similar amino acids to similar codons is not attributed to

shared ancestry but to chemical determinism.

If metabolism is taken to have started from CO; fixation (i.e. an autotrophic rather than
heterotrophic origin of life (Lane et al., 2010, Moody et al., 2024, Xavier et al., 2021, Ouzounis
et al., 2006, Martin and Russell, 2003, Martin and Russell, 2007, Morowitz et al., 1988, Huber
and Wiéchtershduser, 1997), a recent analysis shows that amino acids are not necessarily

grouped by being contiguous in a biosynthetic pathway, but instead by how distant they are

18



414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

from CO; fixation (Harrison et al., 2022) (Figure 5). It is notable that amino acids encoded by
a purine in the first position of the codon are predominantly synthesised “early” in metabolism,
while amino acids encoded by a pyrimidine in the first position of the codon tend to be furthest

away from CO; fixation (Figure 5).

This is an intriguing but as yet unexplained pattern in the genetic code. It suggests that in the
absence of enzymes, proto-metabolism imposed a temporal ordering in the production of amino
acids. Those amino acids produced “early” would have been the first to be recruited to the code
followed by others that emerged as biosynthetic pathways expanded. This view of the genetic
code starting as a reduced version of itself conforms to Crick’s idea of the sequential addition
of amino acids to the code, in this case linked to the ease of biosynthesis or temporal appearance
of amino acids. But why this would entail linkage to purines in the first position of the codon,
followed by pyrimidines remains to be explained (Harrison et al., 2022). Neither the rationale

of a frozen accident nor stereochemical interactions obviously helps to understand this pattern.

(2) The code within the anticodons

A second, widely recognised, pattern in the genetic code relates to its second position. Amino
acids that share the same base in the second position of the anticodon have long been known
to have similar hydrophobicity (Lacey et al., 1984). But new observations show that if amino
acids are grouped by their first codon (as above) the pattern becomes far more revealing. For
“early” amino acids, those with purines at the first position of the codon, the most hydrophobic
amino acids associate with the most hydrophobic bases at the second position of the anticodon,
and vice versa (Harrison et al., 2022). For instance, take only the amino acids that have purines
in the first position of their codons (Figure 6). The most hydrophobic of these amino acids
(isoleucine, I) is encoded by the most hydrophobic nucleotide (A) in the second position of its

anticodon. Conversely the least hydrophobic amino acid, aspartate (D) is encoded by least
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hydrophobic nucleotide (U). For whatever reason, during the expansion of biosynthetic
pathways, the earliest amino acids (coded by a G or A at the first position of the codon) display

the strongest physical associations with their cognate middle anticodons.

These findings fit with what Woese called the “optimization of their energy of interaction”
(Woese et al., 1966). Exactly what relevant properties (or correlates) of “hydrophobicity” are
crucial is yet to be identified and several suggestions remain to be fully investigated (Trinquier

and Sanejouand, 1998, Caldararo and Di Giulio, 2022).

The third position of the codon is often considered to be redundant, with half of all codons
being completely degenerate (Harrison et al., 2022). Yet whether the third position exhibits
redundancy is itself non-random, and relates to the composition of the other positions of the
codon (Lagerkvist, 1978, Harrison et al., 2022). Most relevant to the argument here, when the
third position of the codon is not redundant, it serves as an indicator of the size or “complexity”
of the cognate amino acid. Pyrimidines in the third position of the anticodon code for larger
amino acids, while purines code for smaller amino acids (Lagerkvist, 1978, Harrison et al.,
2022). As double-ringed purine bases are larger than single-ringed pyrimidines, a pyrimidine
third base anticodon (C, U), could provide more space for larger amino acids to bind. This
pattern might indicate a binding pocket for amino acids, which discriminates for both size and
hydrophobicity, though this hypothesis lacks empirical support. But regardless of its existence,
there is a critical point here: these patterns do not simply group similar amino acids with similar
codons, as predicted by Crick. There is a correlation between the physical properties of amino
acids and those of their cognate codons. Crick’s hypothesis specifically predicts no physical
interactions between the anticodon and the amino acid, hence specifically rejects such a

correlation. Its existence therefore suggests an era where interactions between nucleotides and
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amino acids were important in codon assignment, as predicted by Woese in the 1960s (Woese,

1969, Woese, 1967).

(3) Experimental evidence for stereochemical interactions

These patterns in the code suggest ancient stereochemical relationships, which ought to be
experimentally detectable. Most work aiming to identify amino acid-nucleotide interactions
was done in the 1980s and 1990s. The results included preferential interactions between
anticodon dinucleoside monophosphates and their cognate amino acids, detected by UV-vis
(Shimizu, 1987), specific aminoacylation of RNA hairpin loops containing the anticodon with
the correct cognate amino acid in the absence of enzymes (Shimizu, 1995) and association of
amino acids to their anticodons shown by NMR (Hobish et al., 1995). On the face of it, this
work was largely successful in showing preferential interactions with a range of experimental
methods. Yet, despite the overwhelmingly positive results, this literature is often overlooked,
rarely cited, and the field largely abandoned this line of experimental work, possibly reflecting
the rising popularity of the RNA world hypothesis. Perhaps there were also unpublished
limitations and negative results of the work cited above that led others to abandon this

experimental avenue (but we have no evidence for this).

A number of studies have revisited amino acid-nucleotide interactions, giving mixed support.
One study queried amino acid binding sites in existent RNA structures such as riboswitches,
aptamers and RNPs (Yarus et al., 2009). They showed that binding sites for amino acids are
enriched in both codon and anticodon nucleotides more often than expected from random
assignments. This connection is weak, and the most significant results were related to amino
acids synthesised “late” in metabolism, which is puzzlingly the opposite of the patterns in the

code itself (Figure 6). Another study using the computational technique of molecular docking
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showed negative results, with no preferential interactions between amino acids and their

codons or anticodons (Moghadam et al., 2020).

More recently, systematic in silico experiments using molecular dynamics simulations of the
interactions between amino acids and single nucleotides showed that half of all canonical
amino acids interact most strongly with their cognate nucleobase at the second position of the
anticodon, with weaker preference for binding with their cognate nucleobase in the first codon
(Halpern et al., 2023). Experimental data using NMR to detect interactions confirmed the
general trend of these preferences for a selection of amino acids (Halpern et al., 2023). While
these preferential interactions are weak and statistical, this probably reflects the detection
limitations of the methods used. Interestingly, the correlation in hydrophobicity between amino
acids and anticodon middle bases present in the code was not replicated in either the molecular
dynamics or the NRM data (Halpern et al., 2023). This could simply be a reflection of the types
of force field used for the simulations (which generally failed to predict hydrophobic
interactions accurately), but also emphasises the need for further experiments (Halpern et al.,

2023).

The evidence cited above implies the existence of preferential stereochemical interactions
between the anticodon and its cognate amino acid, in accordance with Woese’s model for the
origin of the genetic code. But a key limitation is that it ignores the adaptor context in which
early coding interactions would most plausibly have occurred. Even though the rejection of
stereochemical coding interactions motivated Crick’s adaptor hypothesis, if such interactions
are real they must have existed in the context of an adaptor molecule. Both statistical-protein
and frozen accident hypotheses rely on early RNA adaptors being able to “select” amino acids.
The key difference lies in whether this selection occurs naturally from biases associated with

the anticodons (Woese’s statistical proteins), or evolved in the structure of the adaptor (Crick’s
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frozen accident). Experimental work demonstrates that specific aminoacylation of tRNAs
without enzymes is possible (Giel-Pietraszuk and Barciszewski, 2006, Krzyzaniak et al., 1994,
Krzyzaniak et al., 1998), but it does not resolve the source of this specificity. It is unclear
whether bias arises from interactions involving the anticodon itself, as indicated by studies on
the anticodon alone, or from other as yet unidentified structural features of the adaptor. Further,
studies on simpler adaptor structures (i.e. proto-tRNAs) are needed to establish the source of
bias (anticodon interactions or adaptor structure). Resolving this distinction is needed to

illuminate the decades old debate on the origin of genetic heredity.

V1. Conclusions

(1) Modern theories of the origin of heredity derive from an original disagreement in the
1960s between two opposing hypotheses, associated with Carl Woese on one side and
Francis Crick and Leslie Orgel on the other.

(2) Crick and Orgel suggested that early life was composed solely of nucleotide polymers
without proteins. Translation arose from this scenario through adaptor molecules
structurally matched to specific amino acids (Orgel, 1968, Crick, 1968). In this view the
genetic code started as a reduced version of itself and expanded as mutated adaptors
preferentially bound new amino acids. Selection acted to minimise disruption to existing
peptides.

(3) Woese, on the other hand, proposed that peptides were already present in early life
and were synthesised through rudimentary translation guided by loose stereochemical
interactions between anticodons and amino acids (Woese, 1965, Woese, 1970, Woese,

1967). Selection then acted to make these assignments more specific.
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(4) Two key assumptions differentiate the hypotheses: whether selection happened at the
level of the protocell or the naked gene; and whether preferential interactions between
nucleotides and amino acids led to a coding bias in early translation.

(5) Crick and Orgel’s ideas gained traction and became dominant with the rise of gene-
centred view of evolution, ultimately giving rise to the RNA world hypothesis.

(6) Models stemming from Orgel’s proposal of selection acting exclusively at the level
of the naked gene repeatedly encountered fundamental problems related to information
maintenance, including mutational decay, competitive exclusion of sequences and parasitic
takeover (Eigen, 1971, Spiegelman, 1970).

(7) The hypercycle model was proposed to mitigate these issues (Eigen and Schuster,
2012). But hypercyclic organisation does not introduce a new level of selection and so
remains vulnerable to parasites, while also constraining the evolution of new functions.
(8) A return to protocell-level selection, demonstrated by the stochastic corrector model,
resolves the problems of integrating information and allows for the evolution of new
functions.

(9) The focus on information integration distracted the field from the other key
divergence between models of the origin of heredity: whether stereochemical interactions
guided early translation.

(10) The genetic code is known to be non-random, with similar amino acids being encoded
by similar codons. This could be explained by shared ancestry, as noted in Crick’s model,
or by biases from stereochemical interactions in early coding, as put forwards by Woese.
(11) A new interpretation of the patterns in the genetic code shows correlations between
hydrophobicity and size of amino acid and their anticodonic nucleotides. This is only
compatible with the existence of physical interactions between amino acids and anticodons

(Harrison et al., 2022).
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(12) Experimental evidence for the presence of these interactions is broadly positive but
still sparse; the studies with the strongest and most positive results were conducted in the
1980s and 1990s but have not been replicated since (Shimizu, 1987, Shimizu, 1995, Hobish
et al., 1995, Lacey et al., 1984). More recent work shows some evidence for weak
preferences for interactions between amino acids and cognate nucleotides (Yarus et al.,
2009, Halpern et al., 2023).

(13) Experimental work looking at whether the main source of bias in assignment of
simple adaptor molecules to amino-acids stems from anticodon interactions or structural

features, is still needed to settle the decades old debate.
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Figure 1. Crick’s frozen accident model showing the introduction of a new amino acid
assignment according to Crick’s frozen accident model. The colours of rectangles represent
different codons and of triangles representing assignments to amino acids (AA). These do not
match, indicating that chemical affinity between nucleotides and amino acids is specifically

precluded in this model.
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Figure 2. Woese’s statistical proteins model, showing the introduction of new amino acid
assignments. The colours of the triangles, representing assignments, and rectangles,
representing codons, deliberately match to indicate that this model predicts that codons and

amino acids would have chemical properties that enabled stereochemical interactions.
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Figure 3. A two-member hypercycle. I; and I are nucleotide sequences, E; and E> are the
protein replicases encoded by I; and I, respectively. Round solid arrows show sequence self-
replication, straight solid arrows show sequences coding for a replicase, dashed arrows show

the replicase catalysing the replication of a sequence.
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Figure 4. Hypercycles with (a) “genotypic” mutations that make sequences better target for

replicases, and (b) “phenotypic” or “altruistic” mutations that make replicases better at

replicating their target sequence. Solid arrows show sequences coding for a replicase enzyme,

dashed arrows show the replicase catalysing the replication of a sequence. Stronger catalysis

by replicases is indicated by red dashed lines.
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Figure 5. The structure of protometabolism, illustrating how the autotrophic biosynthesis of
amino acids links to the genetic code. Amino acids are coloured according to the nucleotide
specified at their first codon position. Black arrows indicate synthetic routes common to both
bacteria and archaea, red arrows indicate potentially distinct pathways between the domains.
White and grey lines in the background indicate the number of reaction steps from CO;. Note

this is a conservative map, as glycine, alanine, aspartate and glutamate are a few steps from
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CO: as an initial precursor, but only one step from a synthesis involving CO: fixation (e.g. the
step from pyruvate to oxaloacetate involves fixing CO3). This figure was adapted from

Harrison et al. (2023).

(a) Purine in 1st codonic position (***) (b) Pyrimidine in 1st codonic position (n.s.)
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Figure 6. Plot of amino acid hydrophobicity grouped by codon structure. Circles show mean
amino-acid hydrophobicity across 42 published scales. Vertical bars indicate + 1 standard
deviation, reflecting disagreement in hydrophobicity scales. Amino acids are grouped on the
x-axis by the nucleotide in the second anticodon position (going from most hydrophobic, A, to
most hydrophilic, U). Panels indicate first codon position (purine or pyrimidine). Letters
denote the standard one-letter amino-acid codes (A, alanine; C, cysteine; D, aspartate; E,
glutamate; F, phenylalanine; G, glycine; H, histidine; I, isoleucine; K, lysine; L, leucine; M,
methionine; N, asparagine; P, proline; Q, glutamine; R, arginine; S, serine; T, threonine; V,
valine; W, tryptophan; Y, tyrosine). Asterisks denote the significance of the effect of second-

position nucleotide ordering on amino-acid hydrophobicity, tested using linear mixed-effects
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615  models that account for amino-acid identity and first-position nucleotide. P-values were
616  adjusted for multiple testing;, *** p < 0.001, n.s., not significant. Data based on Harrison et

617  al. (2022).
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