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Translation is carried out by the most conserved assemblies in biology. Among these
assemblies, the ribosome and RNase P are central players. These ancient ribonucleo-
protein complexes achieved structural and functional maturity by the last universal
common ancestor (LUCA) of life. In prior work, we reconstructed the evolutionary
history of the ribosome using its three-dimensional structure, based on accretion
and molecular fingerprints that date back to life’s earliest stages. Here, we extend our
structural phylogenetic framework—based on the accretion model—to RNase D, a
ribonucleoprotein responsible for processing pre-tRNAs. By sampling RNase P RNA
(RPR) sequences and structures across phylogeny and partitioning them into RNA
fragments based on insertion fingerprints, we characterize the state of RPR at LUCA
and reconstruct the chronology of its emergence. The chronology reveals that RNase
P, like the ribosome, accreted modular RNA elements over evolution, while preserving
the structure of preexisting elements, thus maintaining a structural record. We used
interactions with tRNA to link and unify the evolutionary trajectories of RPR and
rRNA. These results support the view that RNase P and the ribosome coevolved as
part of a functionally integrated system. The ancestral catalytic sites of rRNA and
RPR formed by the same process, fusion of two stem—elbow—stem elements. Analysis
of these two coevolving RNAs also suggests that some of their accreted elements
share common ancestry. Application of the accretion model requires correct secondary
structures and was successful for RPR only when the traditional secondary structure
was corrected by reorganizing a pseudoknot.

RNA evolution | tranlsation | origin of life

Translation—the final step of the central dogma—is carried out by the most conserved
assemblies in biology (1). As a keystone of cellular function, translation provides a rich
source of information about the emergence of the molecular machinery of life and its
early evolution (2—4). The ribosome, a key component of this system, achieved structural
and functional maturity by the time of the last universal common ancestor (LUCA) (1).
The structure of the ribosome provides a basis for a fine-grained chronology of rRNA
evolution before LUCA. In previous works, we reconstructed the evolutionary history of
the ribosome from its three-dimensional structure (4-7), tracing molecular records back
to the earliest stages of evolution.

Ribonuclease P (RNase P), a ribonucleoprotein essential for tRNA maturation, is func-
tionally integrated into the translation system and appears to be as ancient as the ribosome
itself (8-12). Evolutionary studies have advanced ideas about how RNase P emerged (13)
and have revealed correlations between acquisition and loss of RNA and protein over evo-
lution (11). Other work has revealed how RNase P diversified near the root of the tree of
life (14) and in specific lineages (12). Together, RNase P and the ribosome form a coordinated
system central to gene expression. Here, we extend our structural phylogenetic approach to
explore the early evolution of RNase P and its coevolution with the ribosome.

Our ancestral reconstructions of RNAs use the accretion model (6, 7). In this model,
ancient RNAs evolved through sequential growth, with new segments added onto preex-
isting RNA scaffolds without altering underlying structure. Initial support for this model
came from comparative analyses of three-dimensional structures of rRNAs, which revealed
clear patterns of expansion over phylogeny. Sites of expansion are marked by characteristic
structural features referred to as insertion fingerprints (Fig. 14). Inserted lineage-specific
RNA segments are referred to as expansion segments (ES). A key finding, allowing infer-
ence of deep evolution, was the observation of insertion fingerprints in the universally
conserved ribosomal core. Their identification enabled characterization of ancestral expan-
sion segments (AESs) (Fig. 1B), found within the common core, which predate LUCA.
ESs and AESs are independent folding elements characterized by coaxial arrangement of
base pairs with continuous stacking interactions and are separated from each other by
insertion fingerprints (6, 15). ESs and AESs can be excised at the locations of the insertion
fingerprints without perturbing the underlying structure.
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Fig. 1. rRNAand RPR both contain insertion fingerprints that mark positions of expansions. (4) An insertion fingerprint indicates the known site of insertion of a
eukaryotic expansion on the rRNA of the common core. The double-headed arrow indicates the site of expansion. rRNA of the common core is blue (Escherichia
coli) (16) or red (Saccharomyces cerevisiae) (17). ES 19 is green. S. cerevisiae contains ES 19 and E. coli does not. (B) An rRNA insertion fingerprint indicates a site
of expansion within the common core of the ribosome. The older AES is red, and the more recent AES is green. (C) An insertion fingerprint indicates the site
of a bacterial expansion on the RPR common core. Common core RPR (AES5) is blue (Bacillus subtilis) (18) or red (Thermotoga maritima) (19). ES 5.3 is green
(T. maritima only). (D) An insertion fingerprint within the common core of RPR (T. maritima). The older trunk AES 4 is red, and the more recent branch AES 7 is
green. Labels of expansion segments match their colors; helical elements are labeled in black.

Chronologies of AES incorporation are based on their topolog-
ical connectivities, and the assumption that accretion proceeds as
a continuous and recursive process. Chronologies are further
refined using constraints derived from structural dependencies
(20) between expansion segments (6), the accretion of AESs con-
taining autonomous structural elements [e.g., RNA helices of
A-minor motifs (21)] are inferred to precede AESs that are
dependent on the autonomous structures (e.g., flipped adenines
that interact within the minor grooves in A-minor motifs).

RNase P has much in common with the ribosome and is an attrac-
tive target for analysis by the accretion formalism. Like the ribosome,
RNase P is an ancient multiple turnover ribozyme (22) that was
mature and fully functional by LUCA (11, 23, 24). Like the ribo-
some, RNase P is a cog in the translation machinery. Like the core
of rRNA, the core of RNase P RNA (RPR) is largely conserved across
the tree of life in both secondary and three-dimensional structure
(11, 25). Like in the ribosome, in RNase P, the protein components
exhibit substantial variability across the tree of life (24, 26).

Here, we apply the accretion model to RPR and construct an
evolutionary trajectory. AESs were defined and ranked into an
accretion timeline based on the primary sequence, secondary
structure, and three-dimensional structure of bacterial, archaeal,
and eukaryotic RNase P (57 Appendix, Table S1, and FigShare Files
S1and S2 (27)). Special care was required in making these assign-
ments in the context of a pseudoknot found in RPR (28), as its
detection and annotation have historically been a source of ambi-
guity (29-31). We establish correlations between evolution of
rRNA, tRNA, and RPR providing a detailed view into evolution-
ary processes, nearly 4 billion years ago, at the dawn of biology.

https://doi.org/10.1073/pnas.2518495123

Results

We applied the accretion formalism, which we used previously to
describe the pre-LUCA evolution of rRNA (6, 7), to model the
pre-LUCA evolution of RPR. We identified insertion fingerprints
at sites of known, lineage-specific expansion (Fig. 1C) and within
the common core of RPR (Fig. 1D). We partitioned RPR struc-
tures into AESs and ESs and identified universal and nearly uni-
versal AESs and clade-specific ESs. Finally, we assembled the
resulting expansions, representing the evolution of RPR as a
chronological accretionary process.

The Traditional RPR Secondary Structure Is Incompatible With
the Accretion Model. Using the traditional secondary structure
(Fig. 24) (8, 28), we partitioned RPR into expansion segments
and attempted to establish a chronology of accretion. However, the
traditional assignment of P2 as a secondary interaction and P4 as a
tertiary interaction (pseudoknot) is incompatible with the accretion
model (87 Appendix, Fig. S1). The resulting AES chronology
violates continuity of accretion, forming entanglements of helices
P1, P4, P5, and P15 (S Appendix, Fig. S1C). The incompatibility
of the traditional secondary structure of RPR with the accretion
process is discussed further in the ST Appendix, Text.

A revision of the secondary structure of RPR, in which P4 is a
secondary element and P2 is a tertiary element, removes the entan-
glement and is consistent with previous experimental results (29)
and modeling studies (30). RPR folding kinetics demonstrated
that P2 folds after P4. We therefore revised the secondary structure
of RPR (Fig. 2B) and demonstrated that accretion of RPR is
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Fig. 2. (A) The traditional secondary structure of the RNase P RNA (RPR) from T. maritima. In this structure, P2 is assigned as a secondary structural element

(highlighted in red), while P4 is a tertiary structural element that forms a pseudoknot. (B) A revised secondary structure of the same RPR. In this model, P4 is
reclassified as a secondary element (highlighted in green), and P2 is assigned as a tertiary element that forms a pseudoknot. Paired regions of RPR are labeled
according to Ref. 8. The revised structure is consistent with experimental data on folding kinetics (29). (C) A schematic depiction of pseudoknot formation via
accretion, adaptation, and strand invasion: A local duplex melts and one strand disrupts and invades another duplex, forming tertiary base pairs (a pseudoknot).

possible only within the framework of the revised secondary struc-

ture (S/ Appendix, Fig. S1B).

life. We mapped secondary structural elements onto a previously
constructed phylogenetic tree (32) derived from ribosomal protein
sequences, analyzed the distribution of structural elements across
lineages, and derived the most parsimonious estimate of RPR
at LUCA. The helical elements within RPR at LUCA, which
is composed of AESs (SI Appendix, Table S2), are either fully
conserved in the archaeal and bacterial set (P1, P4, P5, P7, and
P9) or are present in the majority of lineages across multiple phyla
including deeply rooted species (P2, P3, P6, P8, P10, P11, P12,

Reconstructing RPR at LUCA. We modeled the ancestral state of
RPR at LUCA using secondary structure information inferred
from complete RPR sequences of 298 archaeal and 337 bacterial
species (Fig. 3 and SI Appendix, and FigShare Files S1-S4
(27)). This modeling also incorporated information from three-
dimensional RPR structures from the three primary domains of
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Tree scale: 1
—— Derived from metagenome

Fig. 3. Phylogenetic distribution of RPR secondary structure elements. Secondary structure elements from 298 archaeal and 337 bacterial RPRs were mapped
onto a maximume-likelihood tree of archaeal and bacterial lineages. Pink branches denote metagenome-derived sequences. Tree topology is adapted from
Moody et al. (32). Helical elements are labeled on the Left, and the corresponding ESs and AES to which they belong are labeled on the Right. A mapping onto
the tree with the complete topology across 349 archaeal and 350 bacterial species is shown in S/ Appendix, Fig. S2.

P16, P17, and P19). We also mapped lineage-specific helical
elements.

No single RPR for which a 3D structure is known contains all
the AESs in our model of RPR at LUCA. The closest representative
structure is the RPR of 7 maritima (3Q1Q). The T maritima
RPR lacks helix P19, which is represented in various clades of
archaeal and bacterial species (Fig. 3), indicating its existence in
the RPR of LUCA. However, P19 is present in RPR of Geobacillus
stearothermophilus (2A64). Thus, the reconstruction of the RPR
at LUCA is based on the 3D structures of RPR from 7. maritima
and G. stearothermophilus. P19 is of variable length over phylogeny
and extends the stacking of pseudoknot P2.

The Accretion Model of RPR. The accretion model describes a
phenomenological stepwise process of evolutionary growth
of RNAs. The rules of the accretion model are agnostic to
evolutionary framework, causality, driving force, function, and
selective processes. The model of RPR evolution establishes
temporal correlations between structure and function without
building functional assumptions into the rules of the accretion
process. While functional considerations are not used to build the
accretion model, we do use the functions of structural modules in
extant macromolecular complexes to infer their functions at the
time of their incorporation into evolving RPR molecules.

The accretion model, based on RPRs from the three domains
of life, is depicted in Figs. 4 and 5. In this model, RPR started
with the fusion of AEST and AES2, a precursor of the full catalytic
domain (18, 33, 34), which matured and expanded to ultimately
acquire the specificity domain. Then, additional AESs contributed
to overall stabilization. Specific steps in the accretion process are
provided below as well as in S/ Appendix, Table S3, and FigShare
File S5 (27). After LUCA, RPR was elaborated with lineage-specific
acquisitions of ESs and deletions throughout the RPR (87 Appendix,

https://doi.org/10.1073/pnas.2518495123

Table S4, and FigShare File S5 (27)). The RPR at LUCA is com-
posed of AESs that form the catalytic core (AES1-AES3), the
specificity domain (AES4-AESG), and AESs that reinforce the
overall structural integrity of the assembly (AES7 and AESS).

The Catalytic Domain. The first accretion event involved the
joining of AES1 and AES2 (Fig. 5A), two preexisting stem-elbow-
stem motifs (35). Their association established the seminal RNA
ancestor of RNase P. This RNA contained structural elements
essential for catalysis and binding of the acceptor stem with the
3’ CCA tail and 5’ leader of pre-tRNA.

AESI is composed of coaxially stacked helices P1, P4, and P5
(Figs. 2B, 4A, and 5A). AES] is the most conserved element of
RNase P Unlike all other AESs, it is not lost or substantially
reduced in any known RPR sequence (Figs. 3 and 4; SI Appendix,
Fig. S2, and FigShare Files S3 and S6 (27)), and is highly con-
served in sequence (SI Appendix, Fig. S4). In the extant RPR,
AES] participates in catalysis by coordinating catalytic metal ions
at the active site as determined by both functional (36, 37) and
structural (19, 38) studies, and it binds to the acceptor stem of
the pre-tRNA (positions 1 to 3 of mature tRNA numbering),
directly adjacent to the cleavage site. AES2 is composed of helices
P15 and P16, one strand of P2, and helix P19. These three regions
of AES2 are contained within a single coaxial structure with nearly
continuous base stacking (Fig. 5A4). Coaxial stacking within AES2
suggests that in its original form it was a continuous double helical
element, containing P15 and P19. AES2 interacts with the 5’
leader of pre-tRNA (Fig. 54, inset), and includes the structural
element J5/15, which stacks on the terminal base pair of the accep-
tor stem. AES2 also encompasses Loop 15, which contributes to
substrate recognition by binding to the pre-tRNA 3" CCA tail
(9,19, 39). A construct containing Loop 15 with helices P15 and
P16 has also been shown to support catalysis in vitro when isolated
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Fig. 4. Revised secondary structures of RPRs, annotated with AESs and ESs. (A) T. maritima RPR, annotated with helices (paired regions). (B) G. stearothermophilus
RPR (with P19 labeled, other helices as in panel A). (C) Methanocaldococcus jannaschii RPR. (D) Homo sapiens RPR. Each expansion segment is highlighted by a
specific color. Additional secondary structures are provided in S/ Appendix, Fig. S3, and FigShare File S6 (27).

from the rest of the RPR (9), demonstrating its potential to con-
tribute directly to catalysis along with P4 (19, 38), although Loop
15 is not essential for catalytic activity in the extant RNase P (40,
41). Thus, with the catalytic and recognition elements of extant
RPR localized within AES1 and AES2, we infer that the accretion
of these stem-elbow-stem fragments generated a (functional) syn-
ergy; either by establishing the initial catalytic function, or by
enhancing preexisting catalytic function of the individual AESs.
In the accretion model, insertion of AES3 leads to the forma-
tion of pseudoknot P2, which integrates the core of the catalytic
domain. AES3 accretes into AES1, then adapts and invades AES2
to form P2, which contains base pairs between nts 298 to 304
(AES2) and 12 to 18 (AES3), using the numbering scheme of

PNAS 2026 Vol.123 No.10 2518495123

1. maritima (Fig. 2B) (31). The pseudoknot is critical for shaping
evolution of the catalytic domain of RNase P and helps explain
its overall architecture by fostering coaxial stacking interactions
between P3 and P19 and disrupting the stacking continuity
between P15 and P19 (SI Appendix, Text).

A pseudoknot contains a tertiary interaction and cannot form
through accretion alone; its formation requires an initial accretion
event followed by remodeling of base-pairing interactions
(Fig. 2C). We previously described a similar multiple-step mech-
anism of pseudoknot formation within rRNA (6, 7). After accre-
tion, the incoming ES or AES (the invader) adapts its conformation,
interacts with and ultimately disrupts another helix (the invaded)
and pairs with one strand of it. The resulting pseudoknot is

https://doi.org/10.1073/pnas.2518495123 5 of 11
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The initial accretionevent

P2 pseudoknot

Fig. 5. The accretion model of RPR emergence mapped onto the structures of RPRs of T. maritima (expansions AES1, AES4-AES8) and G. stearothermophilus
(expansions AES2 and AES3). (A) Union of AEST and AES2 forms the catalytic site of RPR, which is depicted in the inset in panel A. (B) Addition of AES3 integrates
the catalytic domain by forming the pseudoknot P2. (C) the catalytic domain is extended by AES4, which interacts with tRNA's T¥C-stem. (D) AES5 enhances
interactions with tRNA. (E) Incorporation of AES6 results in the formation of a platform (together with AESS) that interacts with the tRNA elbow; catalytic and
specificity domains are structurally integrated by (F) AES7 via A-minor interactions and (G) AES8 via an additional pseudoknot P6. (H) Alteration of the RPR
core by lineage-specific T. maritima expansions and deletions. Expansion segments are highlighted in various colors using the coloring scheme in Fig. 4. The
corresponding elements are also mapped onto the revised secondary structure of RPR and colored by matching the 3D colors of AESs. Discontinuities in the

secondary structures indicate the locations of future insertions.

characterized by a tertiary helix between the invader and the
invaded (schematically depicted in Fig. 2C). For example, in the
18S rRNA, part of es6 accretes then invades es3 and pairs to form
a pseudoknot. This pseudoknot stabilizes the body region (42, 43)
of the SSU and integrates the 5" and C domains. Differentiation
of secondary and tertiary interactions is key to correct definition
of expansion segments but is sometimes nontrivial.

Our AES definition of the catalytic domain here is in essential
agreement with the experimental data. This domain contains all
elements that directly participate in catalysis of pre-tRNA cleav-
age. The catalytic domain interacts only with the acceptor stem
of tRNA and lacks many recognition elements of mature RPR

https://doi.org/10.1073/pnas.2518495123

(SI Appendix, Fig. S5). Structural elements in AES1 and AES2
make independent contributions to both substrate recognition
and catalysis, with AES3 integrating these elements.

The Specificity Domain. RPR underwent an additional series
of expansions that enhanced its recognition of pre-tRNA (33,
44, 45). AES4 accretes onto AES1, embracing the T¥C-stem
of pre-tRNA. AES4 is formed by the coaxially stacked helices
P7, P10, and P11, and makes a sharp turn from the stacking
interactions in AES1. AES4 is elaborated by AES5, which extends
beyond the elbow of pre-tRNA and interacts with the T-loop
(Fig. 5D). The interaction between AES4/AES5 and the T-loop
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of pre-tRNA is enhanced by accretion of AESG6 (Fig. 5E), which
is structurally dependent on preexisting AES5. AESG is a small
protrusion (patch) at the junction between AES4 and AES5, that
forms tertiary base pairs with AES5. AES6 and AES5 form a
highly conserved motif that interacts with the tRNA elbow via
the stacking interactions with the G19:C56 platform of tRNA.
The AES5/AES6 module is nearly identical to a module within
the L1 stalk of LSU rRNA (45) (8] Appendix, Fig. S6 and Text).

Integration of the Domains. AES7 and AESS integrate the cores
of the specificity and catalytic domains, providing global stability
to RPR. AES7 accreted onto AES4 (Fig. 5F), where it bridges
the specificity and catalytic domains by interacting with AES1
by two A-minor interactions: i) between the terminal loop of P9
and the minor groove of P1 (11, 46), and ii) between the terminal
loop of P8 and the minor groove of P4 (SI Appendix, Fig. S4 and
Table S6). AES7 of some species (as seen in the M. jannaschii
structure and inferred for G. szearothermophilus) forms contacts
with pre-tRNA elbow via helix P9.

AES8 extends AES2, making a sharp turn and forming tertiary
base pairing contacts (invading the boundary of AES1 and AES4,
forming pseudoknot P6) and providing additional structural
integrity of AES1 and AES2 near the catalytic site (Fig. 5G). We
note that while chronologically AES1-6 appear in a linear pro-
gression as specified above by their indices, the chronology of
emergence of AES7 and AES8 is not well constrained except that
neither of them could appear before AES4. With the accretion of
AES7 and AESS, the universal core of RPR was established.

Evolution of RNase P Beyond LUCA. Like that of rRNA, the
common core of RPR (87 Appendix, Fig. S7A) grew by acquisition
of AESs and was elaborated by lineage-specific acquisition of ESs.
Unlike the rRNAs, RPR underwent significant deletions in many
lineages. In bacterial RNase B, the RPR evolved to be larger in
size, on average (SI Appendix, Fig. S8), than the archaeal and
eukaryotic versions, while the archaeal and eukaryotic versions
incorporated several additional proteins resulting in larger overall
RNP complexes (11, 12). In some bacterial lineages, deletions
within the RPR core were tolerated due to the presence of ESs
that compensate for losses (e.g. within the Bacilli-Mollicute lineage
described below), whereas deletions to RPR in the archaeal/
eukaryotic lineage appear to have been tolerated because of the
presence of multiple RNase P proteins that accumulated in those
lineages.

Variable Expansions and Deletions in Bacteria. Lineage-specific
expansion segments, ES2.1 and ES5.3, are broadly distributed
across most bacteria (Figs. 3 and 5H) and were likely present in the
RPR of the last bacterial common ancestor (LBCA). Accretion of
ES2.1 introduced P18, which provides interdomain stabilization
between the catalytic and specificity domains by forming an
A-minor interaction with P8 in AES7 (SI Appendix, Table S6).
Similarly, ES5.3 introduced P14, which provides intradomain
stabilization within the specificity domain via an A-minor
interaction also with P8. Additional expansions, which occurred
post-LBCA, include ES1.1 (P5.1), ES2.1.1 (P18.0) (S] Appendix,
Fig. S9), and ES4.2 (P10.1) (Figs. 3 and 4B and SI Appendix,
Table S4). All of these expansions were accreted distal to the RPR—
tRNA interface (SI Appendix, Fig. S7B), where they stabilize the
RPR structure, but do not interact directly with the substrate.
Several bacterial lineages have lost RPR elements present at
LUCA. These deletions often coincide with and were likely facil-
itated by the addition of ESs. For example, in the Bacilli-Mollicute
lineage, all of AES8 and part of AES2 are lost. This deletion
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resulted in the loss of the P6 pseudoknot, which formed a struc-
tural bridge from AES2 in the catalytic domain to the boundary
of AES] and AES4 at the interdomain junction. This deletion
coincided with the accretion of P18.0 as part of ES 2.2.1 and P5.1
as part of ES1.1 (Fig. 4B). A tertiary interaction between P18.0
and P5.1 provides an alternative structural bridge between the
catalytic domain and the interdomain junction, which likely facil-
itated the loss of P6 in this lineage. Several additional deletions
are observed among bacterial RPRs, including multiple, independ-

ent losses of P6 and P19 (SI Appendix, Text).

Variable Deletions and Expansions in Archaea and Eukarya. RPR
underwent extensive proteinization in the archaeal/eukaryotic
lineage, compared to in the bacterial lineage. The last archaeal
common ancestor (LACA) acquired five proteins (Rpp21, Rpp29,
Rpp30, Pop5, and Rpp38; SI Appendix, Fig. S7C) (41), with
additional proteins appearing later within the eukaryotic branch
(47). These proteins provide structural stabilization to the RPR
and are located on the proximal side of RPR (where tRNA binds),
where four of them (Rpp21, Rpp29, Rpp30, Pop5) interact
directly with the substrate (S Appendix, Fig. S7D). The five
archaeal proteins were likely exapted into RNase P structure from
homologs that emerged during the evolution of translation and
transcription machineries at the origins of LACA (SI Appendix,
Texr and Fig. S10). The acquisition of proteins at LACA may have
provided overall stability and robust performance to the archaeal
RNase B, enabling deletions in RPR. These deletions occurred
independently along evolutionary trajectories across multiple
archaeal lineages. As with bacteria, AES8 and AES2 are frequent
sites of deletion resulting in the loss of P6, but these deletions
are generally much more substantial compared to bacteria, often
including all of P16 and P17 (Figs. 3 and 4C), and in some cases
all of P15 (Figs. 3 and 4D). Unlike in bacteria, these deletions in
general do not coincide with the additions of ESs, and are likely
tolerated due to the presence of RNase P proteins (41), which
provide alternative mechanisms for structural stabilization (11). As
with bacterial lineages, P19 is sporadically lost among the Archaea
and eukaryotes. In some organisms (species of Halobacterium class
within Methanotecta superclass of Archaea) loss of P19 coincides
with enhanced growth in P12.1/P12.2 (SI Appendix, Fig. S11).
Additional deletions include P3 from AES3, P2 from AES2
observed within Nanoarchaeales (Nanopusillaceae) (SI Appendix,
Fig. $12), and P8 from AES7 (Figs. 3 and 4C). In extreme cases
observed within Thermoproteaceae, most of the specificity domain
has been lost, including the entirety of AES5 and AES6 (48).

Although reduction is common in the evolution of archaeal/
eukaryotic RPRs, expansions are also observed. Common expan-
sions include ES5.1 and ES5.2 (Figs. 4 C and 4 D), which are
frequently inserted into the tip of P12; and ES 3.1, which intro-
duces an internal loop and an additional helix to the end of P3
(Fig. 4D). In both cases, these insertions provide additional bind-
ing sites for RNase P proteins (40, 41, 49).

Discussion

We describe an evolutionary model of the origins and evolution
of the RNA of RNase P (RPR). In this model, RPR originates as
a primitive RNA that gains mass by accretion, and matures to a
near-final RPR catalytic domain. The mature catalytic domain
incrementally acquires the specificity domain. The two domains
are further elaborated to integrate the overall structure forming
the RPR common core. The accretion hierarchy is consistent with
the experimental observations of independent folding of the two
domains (38, 50). Together with related findings, this model
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allows us to begin reconstructing the coevolution of RNase P,
tRNA, and the ribosome. Our approach is based on information
drawn from sequences, secondary and three-dimensional struc-
tures obtained from organisms across the tree of life (4-7).

Key findings here are: i) RPR expanded by accretion during
pre-LUCA evolution; ii) the common core was built by accretion
of Ancestral Expansion Segments (AESs) which were recursively
inserted without remodeling basal structures; iii) sites of AES
insertion are marked in three-dimensions by characteristic finger-
prints; iv) insertion chronology is reflected in structural depend-
encies; and v) RPR, unlike rRNA, experienced post-LUCA
deletions in some lineages. We infer significant similarities and
important differences in the histories of rRNA and RPR.

RNase P, tRNA, and Ribosome Coevolution. We used tRNA as a
molecular clock to link and unify the evolutionary trajectories of
RPR, tRNA, and rRNA. tRNAs form direct molecular interactions
with both RPR and rRNA. The evolution of those interactions
provides chronological reference points for expansion of both
RPR and rRNA. The underlying assumption is that the sequential
acquisition of interactions with tRNA occurred concurrently in
RPR and rRNA (Fig. 6 and SI Appendix, Fig. S5).

As described previously (7), the ribosomal common core evolves
in six phases, each of which involves insertions of many AESs. The
unified rRNA/tRNA/RPR model here suggests commonalities and
correlated evolution at the level of phases. The accretion model
begins with a selection of folding competent precursors of these
molecules (minihelices or stem-elbow-stem fragments) from the
pool of short RNA fragments based on their folding and metal
binding affinities that enhanced resistance to RNA degradation or
due to the emergence of catalytic activity (phase 1). The coevolu-
tionary model of RPR, tRNA, and rRNA posits early recognition
of a tRNA minihelix by RPR and rRNA catalytic ancestors (phases
2 and 3) (7, 51, 52). Early catalysis is followed by accretion of the
anticodon stem onto the tRNA minihelix to form a boomerang-
like proto-tRNA (53) (phase 4). Additional elaboration of tRNA
involves maturation of the D and T loops to form the contemporary
structure with a characteristic elbow, which structurally integrates
the acceptor and anticodon stems (phase 5). The relationship
between RPR AESs and phases as well as their color representations
are provided in SI Appendix, Table S3 and Fig. S13.

The ancestral catalytic sites of rRNA and RPR form by a common
process of fusion of two stem-elbow-stem elements (Phase 2) (52,
54). Catalytic sites of both RPR and rRNA interact with the 3’ tail
and acceptor stem (minihelix) of proto-tRNA (Fig. 6, phases 2 &
3). Contacts of later rRNA and RPR states (phase 4) are with the
TWC-stem of tRNA. And finally, contacts with the tRNA elbow
are only present in the mature states of rRNA and RPR (phase 5).

The accretion models for rRNAs and RPR are generally self-
consistent and are supported by previous observations that both
RNase P (51) and the ribosome (55) can use simple minihelices
composed of an acceptor stem and 3 tail as substrates. In the earliest
stages (Phases 1 to 3), expansions of RPR and rRNA may not be
tightly coupled. These phases represent accretion events within indi-
vidual LSU, SSU, and RNase P systems, before acquisition of the
subunit interface of the ribosome. During the later phases (Phases
4 to 6), the coevolution of all three RNA components of the trans-
lation machinery may have been tightly correlated.

A striking example of this correlation is provided by the emer-
gence of an identical tRNA-elbow recognition motif in RPR and
rRNA (44, 45). Tt is located within the L1 stalk of LSU rRNA and
within the specificity domain of RPR (AES5 & 6). In both, this
motif is used to recognize the tRNA elbow. It positions and stabilizes

the elbow of the E-site tRNA in rRNA and the elbow of pre-tRNA
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in RPR (87 Appendix, Fig. S6). It stacks on the tRNA elbow through
the same G19:C56 platform in both RPR and rRNA. The reverse
evolutionary process (degeneration and disintegration of these com-
ponents) is observed in mitochondria. tRNA of metazoan mito-
chondria lacks the elbow (56). The loss of the tRNA elbow coincides
with the complete loss of the tRNA-elbow recognition motifs via i)
reductions of L1 stalk of LSU, and ii) complete replacement of RPR
with an evolutionarily unrelated, fully proteinaceous form (57). This
correlation provides additional support for coupling of evolution
between rRNA, tRNA, and RNase P,

The presence of a common structural solution for tRNA elbow
recognition in RPR and rRNA is not easily explained by chance
or convergence. We suggest that the elbow recognition motif arose
once and was transferred—either from RPR to rRNA, from rRNA
to RPR, or from a common ancestral source. This single-origin
hypothesis of the elbow recognition motif is supported by several
observations: The motif is large and complex, it appears nearly
simultaneously in both rRNA and RPR, it performs essentially
the same function in RPR and rRNA; and RNA elements are
mobile (58) and commonly inserted into larger RNAs. In light of
these considerations, a previously proposed model that the elbow
recognition motif arose independently in rRNA and RPR through
convergent evolution (44, 45) appears less plausible.

Differential Reduction RPR and rRNA Evolution. The results here
indicate that RPR and rRNA evolved by similar precepts. Like
tRNA (6, 7), RPR expanded over evolution by accretion, developed
a common core that is generally conserved over the tree of life, and
retained evidence of ancestral structure and function. However, the
model also demonstrates remarkable differences between RPR and
rRNA. The common RPR core is more malleable over evolution
than rRNA. rRNA contains essentially all ribosomal AESs in nearly
all lineages, except small deletions in some obligate pathogens.
In contrast, RPR is reduced beyond the common core in many
lineages, and in some organisms has been cast away and replaced
by an entirely proteinaceous enzyme (12, 57).

Bacterial and archaeal RNase Ps followed divergent evolutionary
trajectories. In bacteria, with RNase P containing a single protein
component, diversification largely occurred through the acquisi-
tion of additional RNA expansions. In Archaea, the recruitment
of extra proteins was associated with extensive RNA reduction.
The additional proteins provided structural robustness, allowing
archaeal RNase P to retain only the RNA elements essential for
catalysis and critical interactions with tRNA.

Generality of the Accretion Model. The results here demonstrate
the general utility of the accretion model for understanding the
origins and evolution of ancient RNAs. The accretion model
offers a phenomenological, layer-based framework in which
the evolutionary growth of large RNAs can be rationalized and
visualized. It establishes a set of rules and constraints inferred from
the three-dimensional structures of extant molecules, providing a
plausible path from primordial fragments to the mature complexes
observed in modern biology. Multiple in vitro selection experiments
show that evolutionary paths that lead to novel core structures
are rare for functional RNAs (59-62) and that elaboration upon
conserved RNA structures readily leads to enhanced fitness (62, 63).
It therefore appears that a tendency to evolve through accretion,
i.e., growth through elaboration that does not significantly alter
preexisting core structures, is intrinsic to RNA evolution.

The accretion model captures the logic of stepwise coevolution-
ary growth of RNAs in three dimensions, disfavoring fusion of
large preexisting RNA modules (13). Our model is agnostic to
specific chemical mechanisms of RNA expansion. Initial AES

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2518495123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2518495123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2518495123#supplementary-materials

Downloaded from https://www.pnas.org by 136.55.6.30 on March 2, 2026 from | P address 136.55.6.30.

Class aaRs,
catalytic domain

Complex
alpha-helical
and alpha-
beta domains

PO

Class il aaRs,
catalytic domain

Simple
beta-sheet
domains

RNA chaperoned
peptides with
secondary
structures

Random coil
depsi-peptides

& Short
dep5|peptldes/
© o ®0 58

@ @ @ \ minihelices

Amino acids &
hydroxy acids

\ proto-CCA

ancestral RNA

proto-mRNA

A

Proteinizing Structurally ™
the ribosmal stabilized =
common core commion core

of RNase P

integration of
catalytic & specifftity
domains

Coding & ﬂ Common %
translocating core RNase P £

& efficient
catalysis
replacement maturation of tRNA
of peptide casts elbow & precise
by coded proteins substrate binding

Elaboration _

of RNaseP N3
Integrating 4 accomodatesS Fy
stuctute enhanced =
unction pre-tRNA
substrate

Correlated || co-evolution
of LSU, SSU,||RNase P & tRNA

minihelix expansion

LsU &ssU A &orinigins of the
post association speciffeity domain

Meeting up

Enhanced
catalysis

LSU & SsU ®
pre-association
formation of
pseudoknot &
completion of
uncorrelated catalytic domain
\ evolution of
| pre-LSU&

} pre-SSU

/ Catalysis &

dynamnics @ Ccatalysis

First accretion || events result in
emergence of ||various catalytic functions

Folding &
cﬁer'rﬂ?a| 1 RNA folding &
stability selection

pre-minihelix

Phile

ancestral RNA
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association can be noncovalent (13, 64) or covalent, and insertion
can be catalyzed by ribozymes or occur nonenzymatically (65-67).
Accretion provides a general sampling mechanism where new ele-
ments are either selected for function (folding and resistance to
degradation, metal binding, and/or catalytic activity) or accreted
through nonadaptive processes (68, 69), as described for rRNA
(70, 71) and RNase P evolution (11).

PNAS 2026 Vol.123 No.10 2518495123

The Significance of Secondary and Tertiary Interactions. Primary,
secondary, and tertiary structures of RNA are objective elements
of molecular organization. The primary structure is the linear
nucleotide sequence. The secondary structure is composed of
regions of base pairing. The tertiary structure consists of a distinct
subset of molecular interactions that form post hoc to secondary
structure, both in folding pathways and over evolutionary time.
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During RNA folding, secondary interactions form first, followed
by tertiary interactions (72, 73). The same rules govern RNA
evolution: Secondary interactions are incorporated through
the accretion of AESs, with tertiary interactions between AESs
emerging subsequently (6, 7). Tertiary structure is necessarily
dependent on secondary structure. The converse is not true.
This hierarchy reflects a self-consistent and predictive model of
structure, stability, and evolution of RNA structure.

Recognition of P4 as a secondary structure element is based in
part on experiments that indicate that P4 forms before P2 during
RPR folding (29). Additional support for P2 as a tertiary element
comes from examination of archaeal (Fig. 3) and mitochondrial
(mt)-RNase P (74) RPRs, some of which lack P2 (e.g., some RPRs
within Nanopusillaceae and mt-RNase P RPRs from ascomycete
fungi, SI Appendix, Fig. S11). By contrast, P4 is universally con-
served. The presence of P4 in the absence of P2 is consistent with
the independence of secondary from tertiary structure. P2 is not
a structurally essential component of RNase P. Indeed, Westhof
and coworkers argued previously for the P4 secondary/P2 tertiary
assignment (Fig. 2B) (30).

In the traditional secondary model of RPR (18, 28, 41, 75) helix
P2 is represented as a secondary element and helix P4 as a tertiary
element (pseudoknot) (Fig. 24) (76); or, in the case of wire sche-
matics (75), P2 and P4 are represented equally. In those cases, P4
is still frequently referred to as a tertiary element. Computational
approaches to pseudoknot resolution were unable to unambiguously
identify which element is the tertiary element in RPR (31).

We used both the folding-based and the traditional secondary
structural models separately to model the evolution of RPR by
accretion (Fig. 4 and SI Appendix, Fig. S1 and Texz). An evolution-
ary trajectory based on the traditional P2 secondary/P4 tertiary
structure explodes into many poorly restrained possibilities and an
entangled region (S/ Appendix, Fig. S1A). By contrast, an evolution-
ary trajectory based on the folding-based P4 secondary/P2 tertiary
structure converges into a well-defined evolutionary trajectory.
Thus, correct partitioning of RNA secondary and tertiary elements
is necessary to determine correct evolutionary trajectories.

Conclusions

RNase P has much in common with the ribosome. Both are multiple
turnover ribozymes, both perform functions required for translation,
both are RNA—protein complexes that evolved through accretion,
and they share common structural motifs (45, 77). The data support
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a model of coevolution of RPR, tRNA, and rRNA reflecting
shared functional constraints and evolutionary pressures in a com-
mon milieu. By sampling RPR sequences and structures across
the phylogeny and partitioning the structures into the accretionary
elements, we can estimate states of RNase P prior to LUCA, at
LUCA, and after LUCA. The data support a model in which
stepwise evolution of RPR was followed by lineage-specific dele-
tions and accretions post-LUCA. The accretion model reveals how
AESs evolved to create structures that recognize pre-tRNA and
catalyze the cleavage of the 5’ leader.

The model presented here supports the accretion process as an
intrinsic feature of evolution of structural RNA molecules at the
dawn of life. Application of the accretion model requires correct
partitioning into secondary and tertiary elements. The model pro-
vides blueprints for future experimental work for evaluating
changes in structure, activity, and specificity along specific, pre-
dicted evolutionary paths. Ancestral elements of RNase P pro-
posed in the current study should be probed for folding, assembly,
and catalytic activity with pre-tRNAs and alternative substrates
(78,79).

Methods

We used a combination of structural analysis and visual inspection, phyloge-
netic, and statistical approaches to investigate the structure and evolution of
RNase P and its behaviors across the tree of life. We incorporated data from
RNA and protein components of bacterial, archaeal, and eukaryotic RNase P.
As described in detail in the S/ Appendix Text, our approaches incorporated
the accretion model and analysis of crystal and cryo-EM structures; multiple
sequence alignments and tree construction; mapping of structural elements
onto phylogenies; statistics and clustering of evolutionary trends; generation,
revision and analysis of secondary structural models, and searches for homologs
of protein components. We also performed ancestral reconstructions of RNase
P at LUCA.
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