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Abstract

How genetic information gained its exquisite control over chemical processes needed to build living cells remains an enigma. Today, the
aminoacyl-tRNA synthetases (AARS) execute the genetic codes in all living systems. But how did the AARS that emerged over three billion
years ago as low-specificity, protozymic forms then spawn the full range of highly-specific enzymes that distinguish between 22 diverse amino
acids? A phylogenetic reconstruction of extant AARS genes, enhanced by analysing modular acquisitions, reveals six AARS with distinct bac-
terial, archaeal, eukaryotic, or organellar clades, resulting in a total of 36 families of AARS catalytic domains. Small structural modules that
differentiate one AARS family from another played pivotal roles in discriminating between amino acid side chains, thereby expanding the genetic
code and refining its precision. The resulting model shows a tendency for less elaborate enzymes, with simpler catalytic domains, to activate
amino acids that were not synthesised until later in the evolution of the code. The most probable evolutionary route for an emergent amino
acid type to establish a place in the code was by recruiting older, less specific AARS, rather than adapting contemporary lineages. This process,
retrofunctionalisation, differs from previously described mechanisms through which amino acids would enter the code.

Graphical abstract

Introduction protein synthesis. Some amino acids were available through

The primordial genetic codes would have looked significantly
different from their contemporary descendants (1,2). Whereas
the genetic codes of today are almost deterministic and include
up to 22 amino acids, the primordial genetic codes would have
been ambiguous due to low translational fidelity (3,4) and
used the limited pool of amino acids initially available for

prebiotic geochemistry and simple metabolic pathways, but
there would be no enrichment of the more complex or less
stable molecules until protocellular metabolism and regula-
tion had advanced sufficiently (5-9). Further, the first genetic
codes were likely geographically regional. Protocellular pop-
ulations may have resided in different parts of the ocean or in
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confined aqueous environments (10,11), but still able to ex-
change genetic material periodically. Under the error minimi-
sation theory, these competing genetic codes were selected for
their ability to dampen the effect of genetic mutation on pro-
tein structure and function (2). With time, translational fidelity
sharpened, the pool of amino acids diversified, and the pairing
between amino acids and anticodons was optimised—offering
the genetic code greater precision, utility and robustness. Pro-
tocellular complexity grew to a tipping point where changes
to the genetic code would become incremental and rare (12),
giving the appearance of a ‘frozen accident’ (13).

In all contemporary living things, genetic coding is ef-
fected by the catalytic action of aminoacyl-tRNA synthetases
(AARS), a large group of enzymes that attach amino acids to
their cognate tRNA. Aminoacylation is a two-step reaction
powered by adenosine triphosphate (ATP). These two steps in-
volve, first, activating an amino acid by attaching it to adeno-
sine monophosphate, and second, charging its cognate tRNA
with the amino acid.

Any comprehensive explanation of the origin of the genetic
code, a subject of considerable debate (see reviews: (1,3)),
must pay close attention to the AARS. The RNA world hy-
pothesis suggests that the genetic code originated in an envi-
ronment where self-reproducing populations of diverse RNA
governed life’s reaction pathways, including aminoacylation
through hypothetical ribozymal aminoacyl-tRNA synthetases
(1,4), which have been synthesised by a number of laborato-
ries (14-16), but have not been observed in nature. Ribozymes
would later be supplanted by proteinaceous enzymes due to
their superior catalytic properties. AARS enzymes are an af-
terthought in the RNA world version of the code’s origin.
Nucleopeptide world challenges this classical theory. It pro-
poses the genetic code originated in an environment which
supported the RNA catalysis of peptide synthesis, and peptide
catalysis of RNA synthesis, with AARS serving the central in-
tegrating role (1,3,17) as these enzymes now do in all three
domains of life — bacteria, archaea, and eukaryota — as well as
mitochondria and chloroplasts.

Contemporary AARS are curious enzymes, rife with id-
iosyncrasies (see review: (18)). They consist of a catalytic do-
main which recognises an amino acid (and ATP), one or more
domains that recognise tRNA (typically its acceptor stem and
anticodon), and sometimes an editing domain that expels mis-
targeted amino acids from the reaction pathway. AARS belong
to two distinct, apparently unrelated, evolutionary groups,
which are designated Class I and Class II. The majority of
within-class diversification likely occurred before the last uni-
versal common ancestor (LUCA) (3,9). Nine of the 22 pro-
teinogenic amino acids are rendered into proteins from tRNAs
charged exclusively by Class I enzymes, eleven by Class II, and
the remaining two amino acids, lysine (19) and cysteine (20),
can be rendered from the products of Class I or II analogs. In
most cases, each AARS attaches a single amino acid type to its
code-cognate tRNA, specified in the naming of that enzyme -
for example alanyl-tRNA synthetase (AlaRS) attaches alanine
onto tRNAAR, However, in some cases, an AARS supplies an
additional amino acid through pretranslational modification
of the original amino acid substrate after its attachment to
tRNA. This is the case for the non-discriminating aspartyl-
and glutamyl-tRNA synthetases (AsxRS and GIxRS), which
attach Asp to tRNA*" and Glu to tRNASM, respectively
(21,22). Similarly, O-phosphoseryl-tRNA synthetase (SepRS)
supplies cysteine for organisms lacking CysRS (20), and SerRS
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supplies both serine and selenocysteine (23). There is also
a discriminating GIuRS that attaches Glu to tRNAS™, rep-
resenting an ancestral midpoint between discriminating and
non-discriminating forms (24,25).

The Class I AARS catalytic domain is characterised by a
Rossmann fold containing a four-stranded parallel B-sheet,
and Class II by a six-stranded antiparallel sheet (18). But while
there are just two evolutionary superfamilies of catalytic do-
mains (Classes I and II), there are several superfamilies of do-
mains that recognise tRNA molecules (26), and these have a
history of exchanging between enzymes as mobile elements
(19,27). Indeed, these domains are often auxiliary to tRNA
recognition elements found in the catalytic domain (28,29),
which are specific to different families (27,30-32). Due to the
central role of the catalytic domain in recognising both amino
acids and tRNA acceptor stems, and the comparatively fluid
nature of tRNA anticodon recognition, we restrict our focus
to the catalytic domains.

We combine information from both sequence and structure
using a phylogenetic method within a Bayesian framework. To
that end, we assembled a taxonomically representative dataset
of AARS structural predictions to recover a ‘snapshot of the
tree of life’. We identified structural elements common to ei-
ther class, and the insertion modules (IM) that characterise
subclasses and families. These insertion modules define a suc-
cession of AARS catalytic domain families. This succession
suggests a piecewise assembly of aminoacyl-tRNA synthetases
through evolutionary time and demonstrates how the model
explains key aspects of genetic code evolution. Although pre-
existing AARS phylogenetic analyses are manifold (26,33-36),
this study stands alone in its use of (i) a comprehensive and
taxonomically representative dataset, (ii) a Bayesian phyloge-
netic method which accounts for changes in both sequence
and structural modules and (iii) an interpretation of the re-
sulting phylogeny that describes the assembly of protein struc-
tures over evolutionary time. We hope this synthesis of modu-
lar and sequence phylogeny will contribute to an eventual un-
derstanding of how protein folding coevolved with the growth
of the coding table itself.

Materials and methods

Building sequence alignments

Annotated AARS sequence entries were searched for on Gen-
Bank using the rentrez library (37), and the taxonomically-
representative samples of each family were selected randomly
from the downloaded sequences. Protein structures were pre-
dicted with AlphaFold v2.3.0 (38) and secondary structures
were defined using DSSP v3.0.0 (39). Protein structures were
displayed using PV (Marco Biasini. (2015). pv: v1.8.1. Zen-
odo. 10.5281/zen0d0.20980). Pairwise structural alignments
were generated by DeepAlign (40). Per-family multiple se-
quence alignments were generated by first aligning the struc-
tures with 3DCOMB (41), followed by a refinement algorithm
that realigned contiguous regions of at least three sites lack-
ing secondary structure, using ClustalW based on primary se-
quence (42). This protocol was especially useful for aligning
the flexible region flanking the Class I KMSKS motif. As exist-
ing structural alignment tools were not always reliable at de-
lineating homologous insertions, alignments were treated to
manual adjustment. To keep the superfamily alignment prob-
lem tractable, only one representative of each family was used
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(see Figure 1), and one alignment was generated per class us-
ing the protocol above, and then the family alignments were
incorporated into the superfamily alignment afterwards.

Bayesian phylogenetic inference

All phylogenetic analyses were performed using BEAST v2.7.3
(43). Two independent Markov chain Monte Carlo chains
were run for each class, and their convergence was assessed
by confirming their effective sample sizes were over 200 us-
ing Tracer v1.7 (44). Trees were summarised using the maxi-
mum clade credibility tree (45) and visualised using UglyTrees
(46). AARS families were identified using the optimised re-
laxed clock (v1.1.1) (47), the OBAMA substitution model
(v1.1.1) (48), and the BICEPS tree prior (v1.1.1) (49). After
the AARS families were identified, they were constrained in all
subsequent analyses by assigning them to protein families (as
opposed to species) in the multispecies coalescent model (50)
implemented in StarBeast3 (v1.1.7) (51). To calculate the an-
cestral frequencies of phase Il amino acids (Figure 5), we used
BEAST 2 to perform ancestral reconstruction, with 4 rate cat-
egories, and gap characters modelled as the 21st amino acid.
This analysis was performed on multiple sequence alignments
of the common elements of the Class I and II catalytic do-
mains, as described in Supporting information. The frequency
of phase Il amino acids for the ancestor of each AARS family
was compared with the empirical frequency averaged across
all extant members of that family.

Insertion-deletion Dollo model

This Bayesian phylogenetic model has two components. First,
IM evolution is modelled as a birth process, followed by ei-
ther loss (a death event) or retention by extant taxa, following
a stochastic Dollo process (52). This approach distinguishes
between IMs lost from ancestral proteins and those never
present, and assumes that all forms of an IM are homologs
of a common ancestor, thus requiring careful identification of
IMs. Second, the amino acid sequence evolves down the tree
originating at the birth event using established substitution
models for protein evolution (48). These module phylogenies
are constrained within a family phylogeny, analogous to the
multispecies coalescent model (53). All parameters, including
trees, IM birth and death rates, and amino acid substitution
parameters, are jointly inferred within a Bayesian framework,
allowing for hypothesis testing and quantification of Bayesian
posterior support.

The posterior density of this model is expressed in Equa-
tion 1, where the protein tree g is constrained within the pro-
tein family tree S. The insertion module data is represented in
a binary form, where M; ; = 1 if taxon j has module i = 1, 2,
-, k, or 0 otherwise. Taxon j has amino acid sequence D; ; if
and only if M; ; = 1, whose sites are assumed to evolve inde-
pendently down tree g under a continuous time Markov pro-
cess (54). The stochastic Dollo model (the module likelihood)
assumes that all 1’s are homologous and were derived from
a common birth event, such that loss of the module is irre-
versible (52). Each node of the family tree S describes a popu-
lation of modules which belong to the same family, constitut-
ing a tree prior distribution governing how module lineages
coalesce within each population of families (53) with effec-
tive population size N, estimated per branch. The estimated
model parameters 0 include a pure-birth protein tree diversifi-
cation rate, and a module birth and death rate - which are all
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relative to the amino acid substitution rate fixed at 1 - as well
as vector N, and other parameters pertaining to the OBAMA
substitution model (48) and family tree relaxed clock (51). 6
also includes module birth times B = (b1, by, -+, by), which
specify the time of the origin of each insertion module. Fur-
ther details can be found in Supporting Information.

Posterior density

Sequence likelihoods Module likelihood
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Results

Families of catalytic domains

Catalytic domain sequences and structures were compared in
order to identify AARS families. Although available experi-
mentally solved AARS structures are manifold, they are of-
tentimes incomplete, harbour solubility-enhancing mutations
or truncations, and are far from a representative sample of
the biosphere, as they tend to be sourced from organisms
that are culturable or have medical or economic significance.
To address these biases, we used AlphaFold to generate 422
taxonomically-representative AARS structural models, which
were structurally aligned so they could be used for phylo-
genetic inference. To validate the reliability of these struc-
tural models, we compared them with closely related solved
structures (Supplementary Figure S3). This experiment con-
firmed that variation within experimentally solved structures
of the same family was similar to the variation between ex-
perimental and AlphaFold structures of the same family (p >
0.1). Moreover, the pLDDT scores of our AlphaFold struc-
tures were large, indicating a high level of confidence, likely
reflecting the preponderance of experimentally solved AARS
structures used to train AlphaFold. The median pLDDT scores
were 96.0% and 96.7% for the Class I and II catalytic do-
mains, and their lower quartiles 93.1% and 93.9%. Low scor-
ing regions (<60%) are invariably confined to short loops on
the surface of the protein, often consistent with prior observa-
tions of flexibility or disorder, such as the flexible area flanking
the KMSKS motif of Class I (55), the flexible small interface
loop downstream of motif 1 in Class IT (56-58), and the flexi-
ble loop found on the surface of CysRS (30). However, disor-
der does not imply low confidence, for instance the disordered
insertion on the surface of the eukaryotic GlyRS (32) has quite
high support (over 85%; Supplementary Figure S24). This
may indicate conditional disorder, where the module adopts a
conformation upon binding (59). For a further breakdown of
pLDDT scores, please refer to Supplementary Figures S4-S39.
Overall, these results provide confidence that the AlphaFold
structures should be informative in comparative analysis.

We identified 36 families of AARS catalytic domains: 15
for Class I and 21 for Class II. Each family meets the follow-
ing requirements. First, there is a minimum of four samples
from four phyla, and where possible, up to eight bacterial
phyla, four archaeal phyla, four eukaryotic phyla, and one
viral phylum, plus two organellar (mitochondrial or chloro-
plast) samples from two distinct eukaryotic phyla. Although
the emergence of eukaryotes and their organelles occurred
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Figure 1. Multiple sequence alignment of Class | (top) and Class Il (bottom) catalytic domains. One AlphaFold-generated representative was randomly
selected from each family, provided that the reference structure contained all of the insertion modules which characterise the family. Helices are
depicted by blue cylinders; (3-strands by yellow arrows; all other secondary structural elements by black lines; and multiple sequence alignment gaps are
left blank. For simplicity, when an extended helix or strand is interrupted by a single secondary structural element (such as a turn or a bend), that

element is omitted from the diagram.

relatively late in evolution (60), the inclusion of their AARS
can assist in inferring the earlier phylogeny, and allow the
identification of further insertion modules. Second, all mem-
bers of a family are predicted to display common aminoacy-
lation activity based on their similarity to functionally char-
acterised homologs. Third, each family is monophyletic, or
monophyletic with a second family contained within it. Fi-
nally, in the event of a family containing a clade that can be
further distinguished by an insertion or deletion of at least 50
amino acids, it was recursively split into two families, pro-
vided that both candidates meet these four requirements. The
families are summarised in Supplementary Table S1.

Families are identified with unique short names. In this
notation, an AARS that is largely restricted to a cer-
tain taxonomy is suffixed accordingly: ‘A’ for archaeal-
like, ‘B> for bacterial-like, ‘E’ for eukaryote-like, and ‘M’
for mitochondrial-like. Most catalytic domain families are
unique in their aminoacylation activity, with the following six
exceptions.

1. The dual forms of LysRS: as anticipated, LysRS belongs
to two families LysRS-I and LysRS-II, one for each class
(19).

2. The dual forms of LeuRS: an archaeal-like form LeuRS-
A and a bacterial-like form LeuRS-B, where eukaryotic
genomes express either one. The two forms differ in the
placement of the editing domain within the catalytic do-
main (61,62).

3. The dual forms of SerRS: the standard SerRS found in
most organisms differs from the SerRS-A form found in
certain archaea (63).

4. The dual forms of AspRS: the standard form AspRS
found in bacteria/archaea and the eukaryotic form
AspRS-E (64). The latter appears to have diversified from
AsxRS post-LUCA.

5. The two forms for GluRS: GluRS-B and GluRS-E. These
discriminating forms arose convergently from the non-
discriminating ancestral GIxRS. The bacterial form is
characterised by a helical anticodon binding domain,
while GluRS-E has a 3-barrel anticodon binding domain
(65).

6. The two forms for GIxRS: GIxRS-A and GIxRS-B. Like
the rest of subclass Ib, the bacterial forms are char-
acterised by a helical anticodon binding domain, and
GIxRS-A by a B-barrel (65).

7. The three forms for ProRS: ProRS-A, ProRS-B and
ProRS-M (66), where ProRS-B is characterised by an
editing domain within the catalytic domain, which is ab-
sent from ProRS-A and most members of ProRS-M.

8. The three forms for GlyRS: GlyRS-A, GIlyRS-E and
GlyRS-B. The first two are dimeric, and the third exists as
a heterotetramer. GlyRS-E is differentiated from GlyRS-
A by the presence of an ~90 amino acid insertion.

9. The five PheRS families: PheRS-Ax, PheRS-AB, PheRS-
Bo, PheRS-Bf and PheRS-M. The PheRS-A and -B forms
are heterotetrameric, but only the « chains display cat-
alytic activity (67). As such, the B chains are omitted
from our main evolutionary model, but have been in-
cluded in Supplementary Figure S2.

These 36 families include the same 24 families identified
by Perona and Hadd 2012 (33), plus an additional 12. The
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24 identified by Perona and Hadd corresponded to the 20
canonical amino acids, plus SepRS and PyIRS, but with two
families of LysRS, and two families of GlyRS. The full list of
accessions and their family assignments can be found in Sup-
plementary Data.

Phylogeny of insertion modules

We examined protein structures from the 36 families to iden-
tify features endemic to each class and the insertion modules
found in specific families (Figure 1). An insertion module (IM)
is defined as a conserved structural element that is contigu-
ous in sequence, with an average length of at least 30 amino
acids in over half the members of a single family, or at least
10 amino acids but with a distinct IM nested within it. These
length requirements improve the reliability of inferring ho-
mology among IMs, but it does mean that some conserved
elements (such as the 1-2 short helices downstream of con-
necting peptide 1 in TrpRS and TyrRS) were not included in
the analysis. Our search was confined to the catalytic domains;
we did not consider IMs in editing or anticodon binding do-
mains for instance. If an editing domain was nested within
the catalytic domain (as in ProRS and ValRS), we considered
the domain as a single IM and did not dissect any IMs within
it. Our analysis identified 15 modules for Class I and 20 for
Class II (Table 1). The elements common to all members of
each class are helices H1-HS and strands S1-S5 for Class I,
and helices H1-H3 and strands S1-S5 for Class II. The final
Class II strand is immediately followed by a helix and hence
denoted as SH1 (which contains motif 3 (68)). Some of these
helices contain a one-residue interruption, such as a turn, and
therefore can be regarded as kinked helices, for example H4
in IleRS.

We developed a Bayesian phylogenetic method to integrate
IMs with amino acid sequence data (see Methods). This model
differs from standard sequence-based phylogenetic methods
because it explicitly accounts for modular insertion and dele-
tion. Under our prior distributions, IMs were assumed to ap-
pear and disappear at characteristic birth and death rates,
which are considerably lower than the rates of amino acid
substitution. The estimated birth/death rates were further in-
formed by the data, which is evident when comparing the
peaked posterior distributions with the flat and uninformed
prior distributions of Figure 2, and Class II was estimated to
have a higher birth rate than Class I (consistent with its higher
count of IMs). In most cases, when an extant protein was lack-
ing an IM, it was explained as lack-of-birth, as opposed to
deletion. But notably, a post-transfer editing domain (Editing
II) appears to have been deleted from the mitochondrial ProRS
after it diverged from the bacterial-like form (Supplementary
Figure S56). This truncated form ProRS-M is phylogeneti-
cally distinct from the Rhodopseudomonas palustris ProRS,
which is also lacking the editing domain (66), however it be-
longs to the ProRS-B clade (Supplementary Figure S2). There-
fore, ProRS-M represents an additional form of ProRS over
the three described by Crepin et al. (66). We examined eight
ProRS-M samples; seven of which are predicted to localise
to mitochondria, and have lost the domain, while the last, in
Candida albicans, is predicted to reside in the cytoplasm, and
has retained the domain (or perhaps lost and reacquired it).
When the editing domain was lost, it left behind an evolu-
tionary scar, in the form of the small cysteine-rich ProRS IM.
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ProRS-M is the only AARS family for which there is no exper-
imentally solved structure.

The catalytic domain phylogenies informed by both IM and
amino acid data are presented in Figure 3. Accounting for in-
sertion modules gave similar phylogenies to standard phylo-
genetic approaches (Supplementary Figures S1 and S2), but
offering structural context to the interpretation. These analy-
ses support splitting off the LysRS-I, ArgRS, and PylRS fami-
lies into singleton subclasses Id, Ie, and Ile respectively, due to
the absence of close relatives or uncertainty concerning place-
ment in existing subclasses. The results provide a number of
insights. First, our placement of HisRS into Ilc, as opposed
to Ila, is incongruent with most studies (18,26,33,34). Many
of these studies placed HisRS into IIa because of its mode of
tRNA binding via an anticodon binding domain, which is ho-
mologous with members of I1a. Here however, we considered
the phylogeny of the catalytic domain in isolation from other
domains, and thus the anticodon binding domain of HisRS
was likely exchanged with that of Ila. Ic and Ilc alike are
structurally simple, are not characterised by any IMs, and they
adenylate some of the larger aromatic amino acids. Second,
we placed PylIRS into its own subclass Ile, which is closely re-
lated to 11b, congruent with a previous sequence-based analy-
sis (36). However, a previous structural analysis placed it with
IIc (35). Given that PyIRS has the same profile of IMs as IIc,
the high structural similarity scores with these families are not
unexpected. Third, our placement of ArgRS and LysRS-I into
singleton subclasses is at odds with some prior studies, many
of which consider the mode of tRNA recognition in their clas-
sifications (26,33,34). The deep phylogenies describing rela-
tionships between subclasses is challenging to resolve, as re-
flected by the comparatively low levels of posterior support on
internal nodes closer to the roots of Figure 3. Our full poste-
rior distributions are summarised in Supplementary Tables S1-
S2.

Discussion

We describe a likely assembly of AARS catalytic domains,
layer by layer throughout evolutionary history (Figure 4). This
model was generated using a Bayesian phylogenetic method
that integrated information from amino acid substitutions
with the presence or absence of insertion modules (Figure 3).
The phylogenetic method is open-source and is readily avail-
able for future use (see Materials and methods). To begin our
discussion, we first provide a brief overview of the origins of
the Class I and II AARS. We then consider possible processes
by which extant catalytic domains were assembled from small
structural modules, which grew progressively on the surface
of the protein, under principles similar to those described by
Petrov et al. (69) for the accretion of RNA onto the ribosome.
This process enabled discrimination between closely related
amino acid side chains and tRNA molecules. Finally, we dis-
cuss the implications of these findings for the interconnected
evolution of the genetic code and metabolism.

Inception of the AARS

One major theory on the origin of the AARS suggests the
two AARS classes arose simultaneously as opposing strands
of a bidirectional gene (17,70,71). This hypothesis, initially
proposed by Rodin and Ohno (70), has prompted a se-
ries of experimental investigations into the reconstructed
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ancestral forms of the two AARS classes. These earliest forms
were likely small, low-specificity, molten globules, known
as protozymes (71). Although model protozymes from both
classes have been experimentally investigated and found to
exhibit adenylation activity (72,73), it is not clear how tRNA
would have been aminoacylated or how the first protozyme
genes originated. In extant proteins, the protozymic region
contains the HIGH motif for Class I, and motif 2 for Class
II (68). However, it is unlikely that the histidine in the HIGH
motif, or the arginine in motif 2, were part of the coding alpha-

bet at this early stage (5,6,74). The Class I protozyme would
later be modified by a second crossover, leading to the Ross-
mann fold, and the Class II protozyme would expand into an
antiparallel B-sheet, giving rise to the Class I and II urzymes,
which have been shown to aminoacylate tRNA (28). These
expansions included the KMSKS motif in Class I and mo-
tif 1 Class II, respectively (68). The subsequent steps intro-
duced nested insertions that differentiated the different AARS
families and would have necessarily decoupled bidirectional
coding into separate Class I and II genes.
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(see Figure 1).

The structures resulting from all of these later steps have
no bearing on whether the urzymes of the two AARS classes
have a common bidirectional origin. Much like the inception
of the AARS, most of these later steps most likely happened
pre-LUCA, with a few exceptions, including the extensive di-
versification events within subclasses Ib and I1b (64,65) and
within PheRS (75).

Class | assembly

The phylogeny of the Class I catalytic domain resembles a
‘caterpillar tree’ with a central lineage providing the trunk
from which extant enzymes emerged. This hierarchy of en-
zymic complexity, the result of gradual modular accretion,

is reflected in the nearly linear progression from struc-
turally simpler enzymes (TrpRS and TyrRS) to intermedi-
ate (ArgRS and GIuRS) to more elaborate ones (ValRS and
LeuRS).

Connecting peptide 1 (CP1) occurred early in Class I his-
tory, wrapping around the core like an exoskeleton (76). Two
lineages diverged from the central Class I AARS lineage: one
giving rise to subclass Ic (TrpRS and TyrRS), and another giv-
ing rise to Id (LysRS-I) with an anticodon binding domain sim-
ilar to GIuRS (19,27). However, it is unlikely that there was
an abundance of tryptophan, tyrosine, or lysine until much
later in evolution of metabolism (6), suggesting that the gene-

sis of Ic and Id may have occurred much later in time than Ia
and Ib.
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The C-terminal of CP1 was later modified by inserting the
Z-fold—an antiparallel B-sheet consisting of three strands Z1,
72 and Z3. ArgRS presents this Z-shaped module in its most
primitive form (Ins-2, (77)), which appears unrelated to the 3-
rich insert found in LysRS-1. This B-sheet provided a platform
for future additions nested between its three strands, notably
a cysteine-rich zinc finger (ZF) at the end of Z1, and a short
two helix bundle (connecting peptide 2, CP2) at the end of Z2.
These two modules characterise subclass Ia and contribute to
aminoacylation (78-80), however the zinc-coordinating cys-
teine and histidine residues are not entirely conserved, and
therefore the ZF region does not always bind zinc (62). The
arrival of these two modules coincided with the extension of
Z1 and Z2 from around 4 to around 10 amino acids in length,
such that it resembled a B-hairpin. A post-transfer editing do-
main provided the means to discriminate between amino acids
with very similar side chains: leucine, isoleucine, and valine.
Interestingly, this module occurs in two distinct positions: be-
tween CP2 and Z3 for LeuRS-B, and nested within the zinc
finger for other enzymes (61,62). It is unclear whether the do-
main originated in one of these two positions or elsewhere in
the proteome. Subclass Ib branched off separately from Ia and
diversified post-LUCA into GInRS and various discriminating
and non-discriminating forms of GIluRS (65). GIuRS, GInRS,
and GIxRS have similar catalytic domain structures, however
the bacterial and archaeal/eukaryotic lineages differ in their
anticodon binding domains (65).

Class Il assembly

The phylogeny of the Class II catalytic domain is much more
balanced, or ‘tree-like’, than that of Class I (Figure 4). This
can perhaps be attributed to the structural plasticity of its an-
tiparallel B-sheet fold, which, much like the smaller antipar-
allel sheet Z of Class I, provided fertile ground for the rapid
proliferation of insertion modules within the loops connecting
consecutive strands. Many of these insertions were stabilised
by the formation of an additional strand running parallel to
the sheet’s C-terminal edge (Table 1). Taken together, it ap-
pears that the Class II fold is more receptive to insertions than
the Class I Rossmann fold.

Early in the history of Class I, a short loop, known as the
small interface (SI) (57), emerged on the surface of the pro-
tein. The N-terminal region of SI works intimately with the
active site through a range of distinct mechanisms, sequence
signatures, and structures, and has been termed the flipping
loop (56), the ordering loop (81), and the helical loop (82).
Together with a strand in motif 1, the C-terminal region of
SI appears at the dimeric interface where it often forms a six-
stranded antiparallel sheet across the two subunits (C2-C3
loop, (58)). This B-hairpin would later acquire nested inser-
tions on three independent occasions: PheRS-A, SepRS, and
SerRS-A. SI emerged only after the divergence of I1d, whose
members oligomerise through mechanisms quite distinct from
the rest of the class, a coiled coil for AlaRS (83) and a three-
helix bundle for the tetrameric GlyRS-B (84).

An unexpected inversion

Elaboration of the successive insertion modules defining the
AARS families has revealed a curious inversion. AARS for the
simplest amino acids have, in general, accumulated more in-
sertion modules. Examining Figure 4, we observe that the cat-
alytic domains of AARS that bind to phase Il amino acids (as
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defined by Wong (6): see below), which supposedly appeared
later in the coding alphabet, have, on average, significantly
fewer insertion modules than those for phase I. This inversion
is most clearly illustrated in tryptophan and tyrosine, which
may have been the last two amino acids to enter the coding
alphabet (5), and yet their AARS did not diverge from those
of the earlier canonical amino acids, such as valine or gluta-
mate, as one might expect. Rather, the genesis of TrpRS and
TyrRS is rooted deep within the Class I phylogeny (Figure 3)
and their catalytic domains are similar to the earliest ancestral
structures (Figure 4).

Two interrelated observations help explain the unexpected
strength of this inversion. First, as Pauling (85) noted, simpler
amino acid side chains are harder to select without error. Re-
jecting small, similarly-shaped side chains required the acqui-
sition of insertions to modulate the basic specificity determi-
nants and eventually facilitate editing of incorrectly activated
or misacylated amino acids. More complex side chains in-
crease the scale of differences, facilitating discrimination with
fewer structural tweaks.

Second, Wong’s coevolutionary model for genetic code ex-
pansion suggests a complementary inference. Wong (6) dis-
tinguished those amino acids produced in abundance through
prebiotic chemistry or simple metabolic pathways as phase
I amino acids. He proposed that these served as metabolic
precursors for more complex phase II amino acids that re-
quired more extensive biosynthetic pathways. Wong arrived
at a similar delineation to previous inferences based on dif-
ferent methods, including Trifonov’s consensus approach (5)
and Brooks’ phylogenetic approach (86). The earliest proteins
were presumably synthesised from a limited pool of phase
I amino acids using promiscuous AARS and an ambiguous
genetic code. With time, the binding specificities of AARS
sharpened by acquiring new modules, allowing them to ster-
ically discriminate between closely related amino acid types.
This then enriched the types of molecules available through
more elaborate metabolic pathways, eventually producing the
amino acids of phase II. These, in turn, became particularly
valuable for catalysis (notably the side chains of histidine,
arginine, lysine, cysteine, and tyrosine (87)). This reasoning re-
cently gained experimental support from a demonstration that
the histidine and lysine side chains in the Class I sequence mo-
tifs contributed little to catalysis, and were in fact inhibitory,
in an ancestral model of the LeuRS-A urzyme which lacked
CP1 (74).

This trend exists across Wong’s and Trifonov’s amino acid
orderings (P < 0.01 and P < 0.02, respectively; Figure 5).
Moreoever, by reconstructing the ancestral sequences of each
AARS family, we showed that the proportion of phase II
amino acids increased through time for each family (Figure 5),
consistent with the experiments performed by Brooks et al.,
which were on different ancient proteins (86). Taken together,
these results are consistent with this inversion being a common
trend, but not universal across all AARS (notable exceptions
include GlyRS-B and AlaRS).

These results highlight the far-reaching question of how an-
cestral AARS protein folding evolved concurrently with the
expansion of the coding table (88). Although the earlier cod-
ing alphabets must have been sufficient to enable protein fold-
ing, it remains unclear how similar ancestral AARS folds were
to those we infer from structures of their present-day de-
scendants. We can, however, cite evidence for likely charac-
teristics of those early folds. Urzymes lacking the insertion
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modules described here show uniformly high catalytic rate
accelerations. Their structural repertoires must therefore in-
clude active-site configurations complementary to the tran-
sition states for amino acid activation and RNA aminoa-
cylation. Preliminary nuclear magnetic resonance evidence
for TrpRS (89) and LeuRS (90) urzymes imply substantially
broader structural variances than those of properly folded
proteins. Both are thus probably catalytically active molten
globules. Enzyme fragments homologous to Class I AARS pro-
tozymes exhibit ligand-dependent folding transitions (91-93).
Early AARS ancestors thus probably resembled contemporary
forms, albeit transiently, as complexes with amino acid and
RNA substrates.

Expansion of the primordial genetic code through
retrofunctionalisation

Suppose that a novel amino acid type, X, were to emerge in
abundance from a new metabolic pathway. A number of sce-
narios could follow, each exerting unique selective pressures
on the protocell and the metabolic pathways that produce the

amino acid. In the event that X were not recognised by exist-
ing AARS to any significant extent, its production would have
no material impact on the genetic code. In a second scenario,
were X to be recognised by existing AARS in a way that in-
terfered with the protein synthetic machinery by perturbing
its products, the production of X would be selected against,
or perhaps there would be selection for AARS to preclude X.
For instance, meta-tyrosine is a toxic amino acid which com-
petes with phenylalanine during protein synthesis, leading to
defective proteins, but PheRS catalyses the removal of mis-
targeted meta-tyrosine through its editing activity (75). The
emergence of amino acid types that react with tRNA, such as
glutamine and homocysteine, may also impose a selective dis-
advantage for the diversification of their cognate AARS (9). In
the third case, a midpoint between these two extremes, sup-
pose X were to be recognised by AARS in a non-disruptive
manner, allowing it to gradually work its way into the genetic
code. By establishing itself as an essential metabolite, X and
the metabolic pathways for its production would be selected.

The least disruptive way to incorporate X into the genetic
code would be through its recognition by a promiscuous, and
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Table 1. Summary of modules and their proposed functional roles
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Class Nr Module Structure Functions Length (aa)
1 1 Protozyme Molten globule Amino acid activation (72,73) 37-56
2 Urzyme 4 stranded Rossmann fold tRNA aminoacylation (28) 87—-110*
3 CP1 Exoskeleton § tRNA binding, dimerisation (76,102) 43-73
4 LysRS-1 3 rich domain (19) 58-90
S Z 3 antiparallel B-strands (77) 16-51
6 ArgRS 3-5 helix bundle (77) 37-113
7 Ib Loop flanked by two helices Acceptor stem recognition (27) 63—100
8 CysRS Partially disordered lasso tRNA binding (30) 30-55
9 CP2 2 helix bundle Amino acid activation and editing (78) 30-39
10 ZF Cysteine-rich zinc finger tRNA aminoacylation (79,80) 19—-44
11 Editing I Large globular domain Post-transfer editing (61,62) 172-318
12 LeuRS-A 1 2 helices (62) 25-74
13 LeuRS-A 2 4 helices (62) 52-76
14 CP3 Cysteine-rich zinc finger (62) 25-77
15 LeuRS-B Several (3-strands, 2 helices (61) 38-87
I 1 Protozyme Molten globule Amino acid activation (72,73) 35-50
2 Urzyme 3 stranded antiparallel fold tRNA aminoacylation (28) 73-88*
3 6 fold 6 stranded antiparallel fold 131-155
4 AlaRS Helical loop 1 tRNA aminoacylation (83,103) 30—-40
5 SI Loop Aminoacylation, dimerisation (56-58) 13-28
6 SepRS Disordered / helical bundle (104) 73-77
7 HisRS Disordered 1 tRNA binding (105) 92—-128
8 PheRS-A 2 helices (67) 28—41
9 Ib 1 Loop flanked by two helices 43-80
10 IIb 2 2 helix bundle 24—46
11 AspRS 1 6-stranded antiparallel fold tRNA interactions (31) 44—-66
12 AspRS 2 See above 45-48
13 SerRS-A Helix-turn-helix Dimerisation (63) 36
14 Ila 3-hairpin 6—18
15 ThrRS Helix-strand { Amino acid activation (106) 35-42
16 ProRS 3-hairpin followed by loop 32-36
17 Editing 11 Large soluble domain Post-transfer editing (66) 147-173
18 GlyRS 1 Zinc ribbon tRNA aminoacylation (32) 44-115
19 GIyRS 2 2 strands and 2—3 helices (32) } 37—-44
20 GIlyRS-E Disordered tRNA binding (32) 86—94

Modules in bold font are ancestral catalytic domains, and those in standard font are insertions. Module length ranges are 95% credible intervals across all
AlphaFold generated structures. {These elements contain a strand which runs parallel to the N-terminal edge of the Rossmann fold (Class I) or the C-terminal
edge of the [3-sheet (Class II). *Universal urzyme structures were constructed from aligned helices and strands, excluding loops, so these values underestimate

the expected lengths (~130 aa).

perhaps low-activity, AARS, as opposed to one of the more
specialised enzymes, which would have evolved more precise
substrate recognition and enabled, for example, discrimina-
tion between leucine and isoleucine, or serine and threonine.
Thus, the most fruitful place to find such an AARS would be
among the ancient lineages, perhaps acquired by exchanging
genetic material with a geographically isolated population at
a different stage of evolution. From there, the specificity of X-
tRNA synthetase could be refined by using the newly available
phase Il amino acids, and their advanced catalytic propensities
(87). This proposed mechanism is a variation on the epistatic
ratchet observed in the evolution of specificity in steroid hor-
mone receptors (94).

Placement of X into the genetic code would be determined
by the anticodons of whatever tRNA molecules were recog-
nised by the adapted X-tRNA synthetase. As demonstrated by
the dynamic phylogeny of tRNA specificity (95), and the sheer
number of AARS modules (Table 1) and domain superfamilies
(26) involved in tRNA recognition, the interaction between
tRNA and AARS has been fairly malleable. Thus, the fluid na-
ture of the pairing between amino acids and anticodons would
enable X to assume a place in the genetic code, while also op-
timising the code’s robustness under the error minimisation
principle (2).

As the code evolved, amino acid types competed for a
place in the parliament of 64 seats. There are several routes
which amino acid types have taken to enter the genetic code.
First, there is subfunctionalisation (96), whereby a promis-
cuous AARS duplicates, and its daughters adapt to discrim-
inate between the amino acids recognised by the parent. This
mechanism has been considered for the ancestor of IleRS and
ValRS (97). Second, through neofunctionalisation, a duplicate
of an existing specialised AARS is co-opted to supply a new
amino acid, and has been suggested for the ancestor of Tr-
pRS and TyrRS (98). Third, pretranslational modification en-
abled unstable amino acids (asparagine, glutamine, and se-
lenocysteine) to enter the coding alphabet without the need
for an AARS duplication event (6,23,26). Lastly, as demon-
strated here, the recruitment of ancient, unspecialised AARS
lineages provided a fourth route. However, much like the third
route, this process does not readily fit into the framework
of specificity-refinement or functional gain among gene du-
plicates, but rather it is a change in environmental condi-
tion (i.e., substrate availability) that enables an unfulfilled ca-
pacity (i.e. recognition of that substrate), dormant within the
broader pool of AARS genes, to manifest as a novel biological
function much later in time. In contrast to neofunctional-
isation, the new function would emerge from a change in
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environment rather than a change in sequence, and in contrast
to subfunctionalisation, the drive for specialisation would not
exist until its function was activated. This process of retro-
functionalisation may have been the point of entry for trypto-
phan, tyrosine, arginine, histidine, phenylalanine, pyrrolysine,
cysteine and methionine, all of which most likely entered the
genetic code quite late, and yet their cognate AARS often have
comparatively primitive catalytic domains. While retrofunc-
tionalisation may be a common trend, especially in Class I, it
is not universal - for example GlyRS-B and AlaRS have prim-
itive catalytic domains but they also recognise simple amino
acids. Further consideration of the mode of operation and de-
tailed effects of this mechanism may help resolve the order
in which amino acids entered the code, irrespective of which
AARS class supplies them for rendering into proteins, and may
also prove useful in attempts to expand the repertoire of the
code.

Limitations and assumptions

These methods and results have limitations. First, the struc-
tures generated by AlphaFold (38) are predictions, and are
no match for experimentally determined structures (99). Al-
though the reliability of these predictions benefits from an
abundance of close relatives in the protein databank, they may
also induce reference biases that obscure true deviations be-
tween structures. AlphaFold structures were not interpreted at
an atomic resolution, but were used for more coarse-grained
purposes: (a) generating sequence alignments and (b) identi-
fying the presence or absence of insertion models. Moreover,
all of the insertion modules described had already been iden-
tified in experimental structures. Therefore, the downstream
effects of any small inaccuracies made by AlphaFold should
be relatively minor. Second, our evolutionary model assumes
that the AARS started as small structures that grew in com-
plexity through time. Insertions are therefore assumed to be
more frequently occurring than deletions and both events are
assumed to be significantly less common than amino acid sub-
stitutions, as reflected in our prior distributions. Third, our
studies were restricted to the AARS catalytic domain, which
has a distinct phylogenetic history from the various editing
and anticodon binding domain superfamilies. Fourth, phylo-
genetic analyses were conducted under the standard assump-
tion made by amino acid substitution models that the amino
acid alphabet remained fixed through time, which is most cer-
tainly false. This assumption is likely to introduce biases in
many places, such as when inferring ancestral amino acid fre-
quencies as we did in Figure 5. This fundamental limitation is
prevalent in all phylogenetic approaches to studying ancient
proteins that predate the modern coding alphabet, as previ-
ously discussed (100,101).

Our proposal of retrofunctionalisation recognises that only
a limited subset of the 20 canonical amino acids were likely
initially available, e.g., those specified by Wong (6) or Trifonov
(5). If all 20 were abundantly available from the onset, then
retrofunctionalisation would not be necessary to explain the
observed phylogeny. Lastly, as is the nature of all historical re-
counts, our models can only be as reliable as the breadcrumbs
of evidence that have survived the passage of time. The discov-
ery of a novel organism or gene, for instance, could necessitate
a revision of the model. Notwithstanding these caveats, we be-
lieve our results are robust and provide a useful framework for
studying aminoacyl-tRNA synthetases and the genetic code.

Nucleic Acids Research, 2024, Vol. 52, No. 2

Conclusion

Many efforts to root the origin of the genetic code in a hy-
pothetical RNA world downplay the role of the AARS, the
enzymes exclusively known to have operated the code in all
known forms of life. AARS phylogeny suggests that the chem-
ical logic of the code was shaped simultaneously by an evo-
lutionary pressure to refine AARS specificities, that is, the
ability to discriminate between amino acids with similar side
chains, and a pressure to expand the coding alphabet by recog-
nising amino acids produced through emergent biosynthetic
pathways. Unexpectedly, the complexity of an amino acid
side chain is inversely related to that of its enzyme’s mod-
ular structure (Figure 4, Supplementary Figure S4). This in-
version suggests that nature crafted specific enzymes for new,
more specialised amino acids from the reservoir of relatively
non-specific ancestral AARS, which served as blank canvases
for expanding the coding alphabet. Following adaptation to
the introduction of a new amino acid, the entrenchment of
orthogonality - exclusivity in AARS-tRNA pair recognition
- gives the code an appearance of it being a ‘frozen acci-
dent’ (13). Widely known regularities in the coding table on
which the error minimisation theory is founded (2) seem to
have arisen from the coevolution of the coding table with the
concurrent elaboration of metabolic pathways for more spe-
cialised amino acid side chains, as advocated by Wong (6).
Increasingly precise genetic coding can only have coevolved
with enhanced control over biochemical pathways. The pro-
cess of retrofunctionalisation is distinct from the three previ-
ously observed mechanisms by which AARS lineages would
differentiate: subfunctionalisation, neofunctionalisation, and
pretranslational modification. Recognising the role of retro-
functionalisation will be especially important in future ef-
forts to characterise ancestral Class I and II aminoacyl-tRNA
synthetases.
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