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Significance 

RNase P is an ancient RNA– 
protein complex essential for 
tRNA maturation and thus 
protein translation. We present 
a model for the origins and 
evolution of RNase P. We 
incorporated phylogenetic data 
and 3D structures into the 
accretion formalism, where 
RNA evolves through stepwise 
addition of identifiable expansion 
segments. The results help 
visualize the emergence and 
development of RNase P at a 
molecular level. We deduce 
progression to a catalytic domain, 
which adds a specificity domain, 
then a conserved core, and finally 
lineage-specific expansions. We 
offer a molecular-level scenario 
for the coevolution of the 
ribosome, tRNA, and RNase P. 
Our findings reveal important 
steps in the emergence of life 
on Earth and patterns in RNA 
evolution, structure, and function. 

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 P, a  
ribonucleoprotein responsible for processing pre-tRNAs. B y 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. 1 A). 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. 1 B), 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. rRNA and RPR both contain insertion fingerprints that mark positions of expansions. (A) 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. 

Chr onologies 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). 

RN ase 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 (SI A ppendix, Table  S1, and FigShare Files  
S1 and 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. 

Results 

2 of 11  pnas.org 

 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. 1 C) 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. 2A) (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 (SI  Appendix, Fig.  S1). The resulting AES chronology 
violates continuity of accretion, forming entanglements of helices 
P1, P4, P5, and P15 (SI Appendix, Fig. S1C). The incompatibility 
of the traditional secondary structure of RPR with the accretion 
process is discussed further in the SI 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. 2 B) and demonstrated that accretion of RPR is 

 https://doi.org/10.1073/pnas.2518495123
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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 (SI A ppendix, Fig. S1 B). 

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 

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, 
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Fig. 3. Phylogenetic distribution of RPR secondary structure elements. Secondary structure elements from 298 archaeal and 337 bacterial RPRs were mapped 
onto a maximum- 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 SI 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 T. 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 T. 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 AES1 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 SI Appendix, Table S3, and FigShare 
File S5 (27). After LUCA, RPR was elaborated with lineage-specific 
acquisitions of ESs and deletions throughout the RPR (SI Appendix, 

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-AES6), and AESs that reinforce the 
overall structural integrity of the assembly (AES7 and AES8).                      

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.

AES1 is composed of coaxially stacked helices P1, P4, and P5 
(Figs. 2B, 4A, and 5A). AES1 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, 
AES1 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. 5A). 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. 5A, 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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A B  

C D  

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 SI 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  

T. 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 
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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 AES1 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 TΨC- stem. (D) AES5 enhances 
interactions with tRNA. (E) Incorporation of AES6 results in the formation of a platform (together with AES5) 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 

(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 TΨC- stem 
of pre-tRNA. AES4 is formed b y 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  D
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of pre- tRNA is enhanced by accretion of AES6 (Fig. 5E), which 
is structurally dependent on preexisting AES5. AES6 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) (SI Appendix, Fig. S6 and Text). 

Integration of the Domains. AES7 and AES8 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. stearothermophilus) 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. 5 G). 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 AES8, the universal core of RPR was established.  

Evolution of RNase P Beyond LUCA. Like that of rRNA, the 
common core of RPR (SI 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 P, 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) (SI 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 

resulted in the loss of the P6 pseudoknot, which formed a struc-
tural bridge from AES2 in the catalytic domain to the boundary 
of AES1 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. 4 B). 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 A ppendix, 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 (SI  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, 
Text and Fig. S  10). The acquisition of proteins at LACA may have 
provided overall stability and robust performance to the archaeal 
RNase P, 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. S12), 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. 4 D). 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 A ppendix, 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 pr oto-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 A ppendix, Table S3 and F ig. 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  
TΨC-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 corr elation is provided by the emer-
gence of an identical tRNA-elbow recognition motif in RPR and  
rRNA (44, 45). It 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  

in RPR (SI A ppendix, 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  
rRNA (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 frame work 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 accr etion 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 
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Fig. 6. Unified chronology of evolution of RNase P, LSU and SSU rRNAs, and rProteins. The AESs of RPR, LSU, and SSU rRNAs were grouped into six corresponding 
phases as inferred from the accretion model and interactions of these complexes with tRNA (SI Appendix, Fig. S5). Correlations are indicated across RNA (7) and 
protein (5) components. A portion of this Figure was previously published in ref. 7 and is excluded from the Creative Commons license of this article. 

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). 

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. 

PNAS  2026 Vol. 123 No. 10 e2518495123 https://doi.org/10.1073/pnas.2518495123 9 of 11 
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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 A ppendix, 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. 2 B) (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. 2 A) (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 A ppendix, Fig.  S1 and Text). An evolution-
ary trajectory based on the traditional P2 secondary/P4 tertiary  
structure explodes into many poorly restrained possibilities and an  
entangled region (SI A ppendix, 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  

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 SI Appendix  Text, our approaches incorporated  
the accretion model and analysis of crystal and cryo-EM structur es; 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. 

Data, Materials, and Software Availability. Sequences, alignments, genomic  
and phylogenetic data, secondary structures, and 3D representations of evolution-
ary models associated with this manuscript have been deposited in the FigShare 
repository (https://doi.org/10.6084/m9.figshare.29545817) (27). 

ACKNOWLEDGMENTS.  We thank Professors Eric Westhof, Craig Zirbel, Franz 
Lang, and Elena Rivas for helpful discussions. This work was supported by NASA  
Grant 80NSSC24K0344 to L.D.W. and A.S.P., NSF Grant 2243706 to A.S.P., the 
Royal Society Newton International Fellowship NIF\R1\231037 to C.A.- C., and 
by NASA Planetary Science Division Research Program to M.A.D. 

1. C. R. Bernier, A. S. Petrov, N. A. Kovacs, P. I. Penev, L. D. Williams, The universal structural core of life. 
Mol. Biol. Evol. 35, 2065–2076 (2018). 

2. K. Vetsigian, C. Woese, N. Goldenfeld, Collective evolution and the genetic code. Proc. Natl. Acad. Sci. 
U.S.A. 103, 10696–10701 (2006). 

3. C. R. Woese, G. E. Fox, Phylogenetic structure of the prokaryotic domain: The primary kingdoms. 
Proc. Natl. Acad. Sci. U.S.A. 74, 5088–5090 (1977). 

4. J. C. Bowman, A. S. Petrov, M. Frenkel-Pinter, P. I. Penev, L. D. Williams, Root of the tree: The 
significance, evolution, and origins of the ribosome. Chem. Rev. 120, 4848–4878 (2020). 

5. N. A. Kovacs, A. S. Petrov, K. A. Lanier, L. D. Williams, Frozen in time: The history of proteins. Mol. Biol. 
Evol. 34, 1252–1260 (2017). 

6. A. S. Petrov et al., Evolution of the ribosome at atomic resolution. Proc. Natl. Acad. Sci. U.S.A. 111, 
10251–10256 (2014). 

7. A. S. Petrov et al., History of the ribosome and the origin of translation. Proc. Natl. Acad. Sci. U.S.A. 
112, 15396–15401 (2015). 

8. E. S. Haas, J. W. Brown, C. Pitulle, N. R. Pace, Further perspective on the catalytic core and secondary 
structure of ribonuclease P RNA. Proc. Natl. Acad. Sci. U.S.A. 91, 2527–2531 (1994). 

9. E. Kikovska, S. Wu, G. Mao, L. A. Kirsebom, Cleavage mediated by the P15 domain of bacterial RNase 
P RNA. Nucleic Acids Res. 40, 2224–2233 (2012). 

10. D. Evans, S. M. Marquez, N. R. Pace, RNase P: Interface of the RNA and protein worlds. Trends 
Biochem. Sci. 31, 333–341 (2006). 

11. H. D. Phan, L. B. Lai, W. J. Zahurancik, V. Gopalan, The many faces of RNA-based RNase P, an RNA-
world relic. Trends Biochem. Sci. 46, 976–991 (2021). 

12. C. J. Daniels, L. B. Lai, T.-H. Chen, V. Gopalan, Both kinds of RNase P in all domains of life: Surprises 
galore. RNA 25, 286–291 (2019). 

13. M. W. Gray, V. Gopalan, Piece by piece: Building a ribozyme. J. Biol. Chem. 295, 2313–2323 (2020). 
14. S. C. Walker, D. R. Engelke, Ribonuclease P: The evolution of an ancient RNA enzyme. Crit. Rev. 

Biochem. Mol. Biol. 41, 77–102 (2006). 
15. A. S. Petrov et al., Secondary structure and domain architecture of the 23S and 5S rRNAs. Nucleic 

Acids Res. 41, 7522–7535 (2013). 
16. J. A. Dunkle et al., Structures of the bacterial ribosome in classical and hybrid states of tRNA binding. 

Science 332, 981–984 (2011). 
17. A. Ben-Shem et al., The structure of the eukaryotic ribosome at 3.0 Å resolution. Science 334, 

1524–1529 (2011). 
18. A. V. Kazantsev et al., Crystal structure of a bacterial ribonuclease P RNA. Proc. Natl. Acad. Sci. U.S.A. 

102, 13392–13397 (2005). 
19. N. J. Reiter et al., Structure of a bacterial ribonuclease p holoenzyme in complex with tRNA. Nature 

468, 784–789 (2010). 
20. K. Bokov, S. V. Steinberg, A hierarchical model for evolution of 23S ribosomal RNA. Nature 457, 

977–980 (2009). 
21. P. Nissen, J. A. Ippolito, N. Ban, P. B. Moore, T. A. Steitz, RNA tertiary interactions in the large 

ribosomal subunit: The A-minor motif. Proc. Natl. Acad. Sci. U.S.A. 98, 4899 (2001). 
22. C. Guerrier-Takada, K. Gardiner, T. Marsh, N. Pace, S. Altman, The RNA moiety of ribonuclease p is the 

catalytic subunit of the enzyme. Cell 35, 849–857 (1983). 
23. O. Esakova, A. S. Krasilnikov, Of proteins and RNA: The RNase P/MRP family. RNA 16, 1725–1747 (2010). 
24. S. Altman, Ribonuclease P. Philos. Trans. R. Soc. Lond., Ser. B 366, 2936–2941 (2011). 
25. J. C. Ellis, J. W. Brown, The RNase P family. RNA Biol. 6, 362–369 (2009). 
26. B. P. Klemm et al., The diversity of ribonuclease p: Protein and RNA catalysts with analogous 

biological functions. Biomolecules 6, 27 (2016). 

10 of 11  pnas.org  https://doi.org/10.1073/pnas.2518495123

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 1
36

.5
5.

6.
30

 o
n 

M
ar

ch
 2

, 2
02

6 
fr

om
 I

P 
ad

dr
es

s 
13

6.
55

.6
.3

0.

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
http://www.pnas.org/lookup/doi/10.1073/pnas.2518495123#supplementary-materials
https://doi.org/10.6084/m9.figshare.29545817


 

       

     
  

       

    
  

   
  

  
  

    

      
 

     
  

 
  

    
  

      
  

   
 

     

    
 

  
  

    
       

   
   

  
  

     
 

   

   

      
  

   
 

 
  

  
  

      
  

   
  

 
   

  
   

   
    

 
    

    
 

  
  

  
 

     
 

  
    
   

    
 

    

   
    

 
        

   

    

    
 

   
      

  
  

 
     

   
   

   

27. A. S. Petrov, C. Alvarez-Carreno, L. D. Williams, M. A. Ditzler, Data from “SI Files for Co-evolution of 
the Ribosome and RNase P.” Figshare. https://doi.org/10.6084/m9.figshare.29545817. Deposited 9 
December 2025. 

28. B. D. James, G. J. Olsen, J. Liu, N. R. Pace, The secondary structure of ribonuclease P RNA, the 
catalytic element of a ribonucleoprotein enzyme. Cell 52, 19–26 (1988). 

29. P. P. Zarrinkar, J. Wang, J. R. Williamson, Slow folding kinetics of RNase P RNA. RNA 2, 564–573 
(1996). 

30. C. Massire, L. Jaeger, E. Westhof, Derivation of the three-dimensional architecture of bacterial 
ribonuclease P RNAs from comparative sequence analysis. J. Mol. Biol. 279, 773–793 (1998). 

31. S. Smit, K. Rother, J. Heringa, R. Knight, From knotted to nested RNA structures: A variety of 
computational methods for pseudoknot removal. RNA 14, 410–416 (2008). 

32. E. R. R. Moody et al., An estimate of the deepest branches of the tree of life from ancient vertically 
evolving genes. eLife 11, e66695 (2022). 

33. A. Loria, T. Pan, Domain structure of the ribozyme from eubacterial ribonuclease p. RNA 2, 551–563 
(1996). 

34. A. S. Krasilnikov, Y. Xiao, T. Pan, A. Mondragón, Basis for structural diversity in homologous RNAs. 
Science 306, 104–107 (2004). 

35. I. Agmon, C. Davidovich, A. Bashan, A. Yonath, Identification of the prebiotic translation apparatus 
within the contemporary ribosome. Nat. Preced. 4, 1031 (2009). 

36. E. L. Christian, N. M. Kaye, M. E. Harris, Helix P4 is a divalent metal ion binding site in the conserved 
core of the ribonuclease P ribozyme. RNA 6, 511–519 (2000). 

37. S. M. Crary, J. C. Kurz, C. A. Fierke, Specific phosphorothioate substitutions probe the active site of 
bacillus subtilis ribonuclease P. RNA 8, 933–947 (2002). 

38. A. V. Kazantsev, A. A. Krivenko, N. R. Pace, Mapping metal-binding sites in the catalytic domain of 
bacterial RNase P RNA. RNA 15, 266–276 (2009). 

39. L. A. Kirsebom, S. G. Svärd, Base pairing between Escherichia coli RNase P RNA and its substrate. 
EMBO J. 13, 4870–4876 (1994). 

40. J. Wu et al., Cryo-EM structure of the human ribonuclease P holoenzyme. Cell 175, e1311 
(2018). 

41. F. Wan et al., Cryo-electron microscopy structure of an archaeal ribonuclease P holoenzyme. 
Nat. Commun. 10, 1–13 (2019). 

42. G. Alkemar, O. Nygård, Secondary structure of two regions in expansion segments ES3 and ES6 
with the potential of forming a tertiary interaction in eukaryotic 40S ribosomal subunits. RNA 10, 
403–411 (2004). 

43. A. M. Anger et al., Structures of the human and drosophila 80S ribosome. Nature 497, 80 (2013). 
44. J. Zhang, A. R. Ferré-D’amaré, The tRNA elbow in structure, recognition and evolution. Life 6, 3 

(2016). 
45. J. Lehmann, F. Jossinet, D. Gautheret, A universal RNA structural motif docking the elbow of tRNA in 

the ribosome, RNase P and T-box leaders. Nucleic Acids Res. 41, 5494–5502 (2013). 
46. M. Marszalkowski, D. K. Willkomm, R. K. Hartmann, Structural basis of a ribozyme’s thermostability: 

P1–L9 interdomain interaction in RNase P RNA. RNA 14, 127–133 (2008). 
47. N. Jarrous, V. Gopalan, Archaeal/eukaryal RNase p: Subunits, functions and RNA diversification. 

Nucleic Acids Res. 38, 7885–7894 (2010). 
48. L. B. Lai et al., Discovery of a minimal form of RNase P in Pyrobaculum. Proc. Natl. Acad. Sci. U.S.A. 

107, 22493–22498 (2010). 
49. P. Lan et al., Structural insight into precursor tRNA processing by yeast ribonuclease P. Science 362, 

eaat6678 (2018). 
50. A. S. Krasilnikov, X. Yang, T. Pan, A. Mondragón, Crystal structure of the specificity domain of 

ribonuclease p. Nature 421, 760–764 (2003). 
51. F. Liu, S. Altman, Requirements for cleavage by a modified RNase P of a small model substrate. 

Nucleic Acids Res. 24, 2690–2696 (1996). 
52. T. Bose et al., Origin of life: Protoribosome forms peptide bonds and links RNA and protein 

dominated worlds. Nucleic Acids Res. 50, 1815–1828 (2022). 

53. H. Hartman, T. F. Smith, Origin of the genetic code is found at the transition between a thioester 
world of peptides and the phosphoester world of polynucleotides. Life 9, 69 (2019). 

54. C. Davidovich, M. Belousoff, A. Bashan, A. Yonath, The evolving ribosome: From non-coded peptide 
bond formation to sophisticated translation machinery. Res. Microbiol. 160, 487–492 (2009). 

55. N. Y. Sardesai, R. Green, P. Schimmel, Efficient 50S ribosome-catalyzed peptide bond synthesis with 
an aminoacyl minihelix. Biochemistry 38, 12080–12088 (1999). 

56. S. Steinberg, D. Gautheret, R. Cedergren, Fitting the structurally diverse animal mitochondrial 
trnasser to common three-dimensional constraitns. J. Mol. Biol. 236, 982–989 (1994). 

57. W. Rossmanith, P. Giegé, R. K. Hartmann, Discovery, structure, mechanisms, and evolution of 
protein-only RNase P enzymes. J. Biol. Chem. 300, 105731 (2024). 

58. E. V. Koonin, The origin of introns and their role in eukaryogenesis: A compromise solution to the 
introns-early versus introns-late debate?. Biol. Direct 1, 22 (2006). 

59. A. D. Pressman et al., Mapping a systematic ribozyme fitness landscape reveals a frustrated 
evolutionary network for self-aminoacylating RNA. J. Am. Chem. Soc. 141, 6213–6223 (2019). 

60. K. L. Petrie, G. F. Joyce, Limits of neutral drift: Lessons from the in vitro evolution of two ribozymes. 
J. Mol. Evol. 79, 75–90 (2014). 

61. A. Plebanek et al., Big on change, small on innovation: Evolutionary consequences of RNA sequence 
duplication. J. Mol. Evol. 87, 240–253 (2019). 

62. M. Popović et al., In vitro selections with RNAs of variable length converge on a robust catalytic core. 
Nucleic Acids Res. 49, 674–683 (2021). 

63. V. Saksmerprome, M. Roychowdhury-Saha, S. Jayasena, A. Khvorova, D. H. Burke, Artificial tertiary 
motifs stabilize trans-cleaving hammerhead ribozymes under conditions of submillimolar divalent 
ions and high temperatures. RNA 10, 1916–1924 (2004). 

64. M. W. Gray, Organelle evolution, fragmented rRNAs, and Carl. RNA Biol. 11, 213–216 (2014). 
65. S. O. Rogers, Integrated evolution of ribosomal RNAs, introns, and intron nurseries. Genetica 147, 

103–119 (2019). 
66. R. Hieronymus, J. Zhu, S. Müller, RNA self-splicing by engineered hairpin ribozyme variants. Nucleic 

Acids Res. 50, 368–377 (2022). 
67. B. A. Smail, N. Lehman, “Ribozyme-catalyzed RNA recombination” in Ribozymes (2021), pp. 

419–438. 
68. A. Stoltzfus, On the possibility of constructive neutral evolution. J. Mol. Evol. 49, 169–181 (1999). 
69. M. Lynch, The frailty of adaptive hypotheses for the origins of organismal complexity. Proc. Natl. 

Acad. Sci. U.S.A. 104, 8597–8604 (2007). 
70. M. W. Gray, J. Lukeš, J. M. Archibald, P. J. Keeling, W. F. Doolittle, Irremediable complexity? Science 

330, 920–921 (2010). 
71. A. S. Petrov et al., Structural patching fosters divergence of mitochondrial ribosomes. Mol. Biol. Evol. 

36, 207–219 (2019). 
72. P. Brion, E. Westhof, Hierarchy and dynamics of RNA folding. Annu. Rev. Biophys. Biomol. Struct. 26, 

113–137 (1997). 
73. I. Tinoco, C. Bustamante, How RNA folds. J. Mol. Biol. 293, 271–281 (1999). 
74. E. R. Seif, L. Forget, N. C. Martin, B. F. Lang, Mitochondrial RNase p RNAs in ascomycete fungi: 

Lineage-specific variations in RNA secondary structure. RNA 9, 1073–1083 (2003). 
75. A. Torres-Larios, K. K. Swinger, A. S. Krasilnikov, T. Pan, A. Mondragón, Crystal structure of the RNA 

component of bacterial ribonuclease P. Nature 437, 584–587 (2005). 
76. I. Kalvari et al., Rfam 14: Expanded coverage of metagenomic, viral and microRNA families. Nucleic 

Acids Res. 49, D192–D200 (2021). 
77. A. Lescoute, E. Westhof, The interaction networks of structured RNAs. Nucleic Acids Res. 34, 

6587–6604 (2006). 
78. A. M. Weiner, N. Maizels, tRNA-like structures tag the 3’ ends of genomic RNA molecules for 

replication: Implications for the origin of protein synthesis. Proc. Natl. Acad. Sci. U.S.A. 84, 
7383–7387 (1987). 

79. M. C. Marvin, D. R. Engelke, Broadening the mission of an RNA enzyme. J. Cell. Biochem. 108, 
1244–1251 (2009). 

PNAS  2026 Vol. 123 No. 10 e2518495123 https://doi.org/10.1073/pnas.2518495123 11 of 11 

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 1
36

.5
5.

6.
30

 o
n 

M
ar

ch
 2

, 2
02

6 
fr

om
 I

P 
ad

dr
es

s 
13

6.
55

.6
.3

0.

https://doi.org/10.6084/m9.figshare.29545817

	Coevolution of RNase P and the ribosome
	Significance
	Results
	The Traditional RPR Secondary Structure Is Incompatible With the Accretion Model.
	Reconstructing RPR at LUCA.
	The Accretion Model of RPR.
	The Catalytic Domain.
	The Specificity Domain.
	Integration of the Domains.
	Evolution of RNase P Beyond LUCA.
	Variable Expansions and Deletions in Bacteria.
	Variable Deletions and Expansions in Archaea and Eukarya.

	Discussion
	RNase P, tRNA, and Ribosome Coevolution.
	Differential Reduction RPR and rRNA Evolution.
	Generality of the Accretion Model.
	The Significance of Secondary and Tertiary Interactions.

	Conclusions
	Methods
	Data, Materials, and Software Availability
	ACKNOWLEDGMENTS
	Supporting Information
	Anchor 31


	6.pdf
	Coevolution of RNase P and the ribosome
	Significance
	Results
	The Traditional RPR Secondary Structure Is Incompatible With the Accretion Model.
	Reconstructing RPR at LUCA.
	The Accretion Model of RPR.
	The Catalytic Domain.
	The Specificity Domain.
	Integration of the Domains.
	Evolution of RNase P Beyond LUCA.
	Variable Expansions and Deletions in Bacteria.
	Variable Deletions and Expansions in Archaea and Eukarya.

	Discussion
	RNase P, tRNA, and Ribosome Coevolution.
	Differential Reduction RPR and rRNA Evolution.
	Generality of the Accretion Model.
	The Significance of Secondary and Tertiary Interactions.

	Conclusions
	Methods
	Data, Materials, and Software Availability
	ACKNOWLEDGMENTS
	Supporting Information
	Anchor 31






