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he ribosome retains interpretable molecular records of a world of
primordial molecules (1) from around 4 billion years ago (2–9).
The records are maintained in rRNA secondary and 3D structures,
which are fully conserved throughout the tree of life, and in rRNA
sequences, which are more variable (SI Appendix, Fig. S1). Here we
use information within ribosomes from each major branch of the tree
of life to reconstruct much of the emergence of the universal
translational machinery.
Large Ribosomal Subunit Evolution
Previously, we reported a 3D comparative method that revealed a
molecular level chronology of the evolution of the large ribosomal
subunit (LSU) rRNA (10). Insertion fingerprints are evident when
comparing 3D structures of LSU rRNAs of various sizes from
various species. These insertion fingerprints mark sites where
rRNA expands, recording growth steps on a molecular level.
Within the common core of the LSU rRNA, insertion fingerprints
were used to identify ancient growth sites. We showed that insertion
fingerprints provide a roadmap from the first steps in the formation
of the peptidyl transferase center (PTC) (10) located in the ancient
heart of the LSU (2–6), culminating in the common core.
Small Ribosomal Subunit, LSU, tRNA, and mRNA Evolution
Here, using the 3D comparative method, we establish a comprehensive and coherent model for the evolution of the entire ribosome.
This model covers the LSU rRNA, small ribosomal subunit (SSU)
rRNA, tRNA, and mRNA. The evolution of each of these components is reconciled at the molecular level to a common chronology.
This evolutionary model, which we call the “accretion model,” is fully
grounded in structural data in the form of insertion fingerprints and
molecular interactions. The model describes iterative accretion of
rRNA fragments in the form of expansion segments. The timeline of
the accretion model initiates in ancient proto-biology in the initial
www.pnas.org/cgi/doi/10.1073/pnas.1509761112

building up of the functional centers, proceeds to the establishment
of the common core, and continues to the development of large
metazoan rRNAs.
Incremental evolution of function is mapped out by stepwise
accretion of rRNA. In the extant ribosome, specific segments of
rRNA perform specific functions including peptidyl transfer,
subunit association, decoding, and energy-driven translocation
(11). The model assumes that the correlations of rRNA segments
with their functions have been reasonably maintained over the
broad course of ribosomal evolution. Therefore the model maps
out the time course of acquisition of function. Breadth of function
increased as the ribosome grew in size.
rRNA Variation
Expansion segments (“ES” indicates LSU expansion segments,
and “es” indicates SSU expansion segments) (7, 8, 12, 13) are
small, folding-competent RNA fragments that are inserted into
common core rRNA over evolution, increasing rRNA length
without substantially perturbing the structure of the common
core. Recursive insertion of expansion segments leads to variation in the length of rRNAs. In extant species, rRNA lengths
vary according to well-defined rules. (i) rRNA length tends to
increase from bacteria/archaea, which approximate the common
core, to protists, to metazoa (9, 10). (ii) Size variation is significantly greater in eukaryotes than in prokaryotes and in LSU
rRNAs than in SSU rRNAs (8). (iii) Variation is focused at a few
specific sites of the common core (7–10, 14, 15). (iv) Variation is
excluded from the interior and from functional regions of the
rRNA such as the PTC, the decoding center, the core of the
subunit interface, and tRNA-binding sites (16). (v) rRNA size
generally increases with organismal complexity (10). Here, we
consider ancestral expansion segments, which are found within
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We present a molecular-level model for the origin and evolution of
the translation system, using a 3D comparative method. In this model,
the ribosome evolved by accretion, recursively adding expansion
segments, iteratively growing, subsuming, and freezing the rRNA.
Functions of expansion segments in the ancestral ribosome are
assigned by correspondence with their functions in the extant
ribosome. The model explains the evolution of the large ribosomal
subunit, the small ribosomal subunit, tRNA, and mRNA. Prokaryotic
ribosomes evolved in six phases, sequentially acquiring capabilities
for RNA folding, catalysis, subunit association, correlated evolution,
decoding, energy-driven translocation, and surface proteinization.
Two additional phases exclusive to eukaryotes led to tentacle-like
rRNA expansions. In this model, ribosomal proteinization was a
driving force for the broad adoption of proteins in other biological
processes. The exit tunnel was clearly a central theme of all phases of
ribosomal evolution and was continuously extended and rigidified. In
the primitive noncoding ribosome, proto-mRNA and the small
ribosomal subunit acted as cofactors, positioning the activated ends
of tRNAs within the peptidyl transferase center. This association
linked the evolution of the large and small ribosomal subunits, protomRNA, and tRNA.

the common core (10) and are denoted as “AES” (LSU) and
“aes” (SSU).
Results
Using a 3D comparative method, we establish the order of acquisition of AES and aes. This chronology assimilates serial AES/aes
accretion at the sites of expansion marked by insertion fingerprints.
Function is acquired commensurate with structural growth.
The SSU from the Common Core to Extant Biology. To illustrate SSU
expansions that took place after formation of the common core, we
use the region of helices 7–10 (Fig. 1 A and B). In the bacterium
Escherichia coli, helices 7–10 are 92 nt in length (17). This region of
the E. coli SSU is a reasonable approximation of the corresponding
region of the common core except for an eight-nucleotide addition
to helix 10. In the archaean Pyrococcus furiosus, helix 9 is expanded
by 11 nt (18) relative to E. coli (Dataset S1). This rRNA is expanded further in eukaryotes by the addition of three helices
constituting expansion segment es3. Helices 7–10 and es3 have a
combined length of 174 nt in Saccharomyces cerevisiae (19). This
segment of the rRNA is maintained at nearly that size in protists,
plants, and invertebrate animals. Helices 7–10 and es3 are expanded
further in mammals, reaching a length of 223 nt in Homo sapiens
(20). Comparison of rRNAs in three dimensions indicates that from
the common core (approximated by E. coli) to mammals this region
of the rRNA increases by serial accretion onto an increasing frozen
core. Each accretion step adds to previous rRNA but leaves the
underlying core unperturbed (Fig. 1C). Sites of eukaryotic expansions are indicated by distinct insertion fingerprints (Fig. 1D). We
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Fig. 1. Accretion of SSU rRNA as illustrated by helices 7–10/es3 from species
of increasing complexity. A four-way junction at the surface of the common
core, formed by helices 7–10, has expanded by accretion. Accretion adds to
the previous rRNA core, leaving insertion fingerprints. (A and B) Secondary
(A) and 3D (B) structures are preserved upon the addition of new rRNA.
(C) Superimposition of the 3D structures highlights how new rRNA accretes
with preservation of ancestral rRNA. (D) A characteristic insertion fingerprint
is shown in red and blue boxes. In all panels, the rRNA that approximates the
common core is blue. An expansion observed in both archaea and eukaryotes is
green. An expansion that is observed only in eukaryotes is gold. An additional
expansion in higher eukaryotes (mammals) is red.
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have used a comparison of S. cerevisiae and E. coli SSU rRNAs to
detect insertion fingerprints of eukaryotic expansions on the surface
of the common core as shown in SI Appendix, Table S1. Thus,
eukaryotic expansions and their insertion fingerprints observed
within the SSU rRNA follow patterns previously established within
the LSU (10).
The model assumes that the rRNA of an ancestor can be
approximated by rRNA components common to its progeny and
typically is most similar to the smaller rRNA among progeny (10, 21).
Although the growth of rRNA by accretion is a general phenomenon,
the progression of increasing size does not hold universally. In rare
cases, homologous expansions occur in parallel, leading to small
uncertainties in the model. In some instances rRNA does not follow
localized monotonic growth in size over evolution. For example, es6
of Drosophila melanogaster (20) contains a helix (21es6b1 as defined
in refs. 22 and 23) which is extended further in Trypanosoma brucei
(15) but is absent in the mammalian SSU.
The SSU from Its Origins to the Common Core. Insertion fingerprints
are found throughout the ancient SSU common core and are
indistinguishable in form from those at sites of recent eukaryotic
expansions. Using these insertion fingerprints, we decompose
SSU rRNA into ancestral expansion segments (Fig. 2A and SI
Appendix, Fig. S2 and Table S2). In the common core we observe
27 aes in the SSU and 59 AES in the LSU (Fig. 2B). Some of the
AES/aes have more tenuous subsequent extensions that are
denoted by suffixes “a” and “b.” Our SSU decomposition is generally consistent with Noller’s pattern of continuity of stacking (24).
The chronology of AES/aes acquisition is generally indicated by
the recursive nature of their accumulation (SI Appendix, Text) and
in some cases is based on the directionalities of A-minor interactions. Bokov and Steinberg (2) reasoned that the donating adenosine in an A-minor interaction is dependent on the accepting double
helix, whereas the accepting helix is less dependent on the
adenosine. If the conformation and structure of the rRNA was
maintained throughout its evolution, the donating adenosine is
the more recent addition.
Chronological relationships between the subunits (Fig. 2 D and E)
are based on the relative ages of the AES/aes that form the intrasubunit bridges and on the directionalities of A-minor interactions
within bridges. For the B3 bridge (Fig. 2C) (25) we infer that the
SSU bridgehead is younger than the complementary LSU bridgehead because here the SSU donates A-minor interactions and the
LSU accepts them. In contrast, the SSU B2a, B4, and B6 bridgeheads are older than the corresponding LSU bridgeheads because
in these cases the LSU donates A-minor interactions to the SSU
(SI Appendix, Fig. S3). This switching of directionalities of A-minor
interactions indicates that the interface grew in size and complexity
after initial association. Protein-independent bridges precede proteinassisted bridges, consistent with the appearance of coded proteins
at later stages of ribosomal evolution.
The Accretion Model. The accretion model describes the origin and
evolution of translation in all living systems. Depending on the
topology of the insertions, the expansion segments are grouped
into four types (X, Y, T, and L). Common core AES/aes have been
grouped into six phases (summarized in Fig. 3) with two additional
phases exclusive to eukaryotes describing the addition of ES/es to
protist and metazoan rRNA. Functions of AES/aes in the ancestral
ribosome are known by functions of the corresponding rRNA in
the extant ribosome (11). The titles of the phases indicate the
major functions acquired during that phase.
Definitions and descriptions of AES/aes, phases, and intersubunit
bridges are provided in our previous work (10) for the LSU and in
the SI Appendix here for the SSU. Where sequence is specified,
as in the context of A-minor interactions, those nucleotides are
universally conserved.
Petrov et al.
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Fig. 2. The accretion model mapped onto SSU and LSU secondary structures of E. coli rRNAs. (A and B) Ancestral expansion segments of the SSU (A) and the LSU (B) are
numbered by order of acquisition. Insertion fingerprints are located at the seams between the AES or aes. AES/aes colors are arbitrary, chosen to distinguish expansion
segments so that no AES or aes is the color of its neighbors. Some ancestral expansion segments appear discontinuous in the secondary structure and so are labeled
multiple times. (C) Ancestral bridges B2b, B2c, and B3 mapped onto rRNA secondary structures. (D and E) SSU (D) and LSU (E) common cores are built by the addition of
ancestral expansion segments in six phases. Each phase contains ancestral expansion segments that are associated in time and function.

Phase 1. RNA Folding.
LSU and SSU structures. AES 1 is a primordial stem–loop from which

the LSU evolved; aes 1 is a primordial stem–loop from which the
SSU evolved.

Petrov et al.

Function. These RNAs fold into defect-laden stem loops (26),
which are stabilized by interactions with metal cations. RNA
folding protects against chemical degradation. The evolution of
LSU and SSU in Phase 1 is uncorrelated.
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Phase 2. Catalysis and Dynamics.
LSU structure. The PTC (AES 1–5) is a stable and static fold. The

P-region is formed by AES 1 and 2. The A-region is AES 3, 4,
and 5. The first two insertions are AES 2 and 3 into AES 1. The
PTC is completed by insertions of AES 4 and AES 5 onto AES 3.
The exit pore is formed by AES 1, 3, and 4 (10).
SSU structure. The initial expansions of the SSU are accretion of
aes 2, 3, and 3a, which produce a quasi-stable fold (aes 1–3a).
SSU termini, which are contained within aes 1, reversibly dissociate (SI Appendix, Table S2).
tRNA structure. Proto-tRNA is composed of a CCA tail (Fig. 3),
which acquires the amino acid acceptor stem and then the T-stem
and T-loop to form a minihelix (27).
Function. The LSU is a crude ribozyme, catalyzing nonspecific,
noncoded condensation of amino acids and possibly oxyacids (28)
by proximity and orientation effects (29). The exit pore/tunnel retains and stabilizes reaction intermediates (10, 30), facilitating the
production of oligomers rather than dimers and inhibiting product
cyclization. Some of the oligomeric products bind back onto the
LSU, conferring advantage. Charged CCA tails and/or minihelices
deliver activated substrates to the PTC. SSU function may involve
association with single-stranded RNA. The evolution and function
of the LSU and SSU are uncorrelated (SI Appendix, Fig. S4).
Phase 3. Meeting up: LSU, SSU, tRNA, and Proto-mRNA.
LSU structure. The PTC is encased and rigidified, and the exit pore

is extended into a short tunnel by AES 6–10. An embryonic
subunit interface is formed by AES 11–15.
SSU structure. The SSU termini dissociate upon accretion of aes 4:
The 3′ terminus remains single-stranded when its complement is
recruited to participate in the central pseudoknot (CPK). The
CPK gains integrity and stability upon accretion of aes 4a, aes 5,
and aes 3b (SI Appendix, Fig. S5). The SSU docks onto the LSU
forming the B3 bridge (25) between aes 1 and AES 15. The directionality of the A-minor interaction indicates that the SSU B3
bridgehead is younger than the LSU counterpart. Several lessspecific magnesium-mediated bridges form (B2b and B2c in Fig.
2C and SI Appendix, Fig. S6). All bridges are protein free.
tRNA and mRNA structure. The proto-tRNA minihelix is extended
by an insertion (Fig. 4) to form prototypes of the bifunctional
L-shaped tRNAs in modern biology. L-shaped tRNAs mediate
interactions between the SSU and LSU over a distance of around
70 Å. The LSU, tRNAs, proto-mRNA, and the SSU form a
noncovalent quaternary complex. Proto-mRNA is a random
population of single-stranded oligomers.
Function. Catalytic efficiency and product length are increased.
Nascent LSU–SSU association is mediated by proto-mRNAs and
tRNAs. The SSU and proto-mRNAs are recruited by tRNA.
tRNA on one end associates with the PTC and on the other end
with proto-mRNA, which in turn binds to the single-stranded
region of the SSU. The SSU and proto-mRNA act as cofactors,
positioning and stabilizing tRNAs in the A- and P-regions of the
PTC. In the LSU, the tunnel is elongated and rigidified. Correlations
in the evolution of the LSU, SSU, tRNA, and mRNA are initiated.
Phase 4. Integrating LSU, SSU, tRNA, and mRNA Structure and Function.
LSU structure. The LSU gains mass distal to the subunit interface

(AES 16–28), assuming a hemispheric shape (SI Appendix, Fig.
S7A). The anisotropy of growth is dictated by constraints
Fig. 3. The first six phases of the accretion model of ribosomal evolution. In
Phase 1, ancestral RNAs form stem–loops and minihelices. In Phase 2, the LSU
catalyzes the condensation of nonspecific oligomers. The SSU may have a single-stranded RNA-binding function. In Phase 3, the subunits associate, mediated
by the expansion of tRNA from a minihelix to the modern L shape. LSU and SSU
evolution is independent and uncorrelated during Phase 1–3. In Phase 4, evolution of the subunits is correlated. The ribosome is a noncoding diffusive
4 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1509761112

ribozyme in which proto-mRNA and the SSU act as positioning cofactors. In
Phase 5, the ribosome expands to an energy-driven, translocating, decoding
machine. Phase 6 marks the completion of the common core with a proteinized surface (the proteins are omitted for clarity). The colors of the
phases are the same as in Fig. 2. mRNA is shown in light green. The A-site
tRNA is magenta, the P-site tRNA is cyan, and the E-site tRNA is dark green.
Petrov et al.
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Fig. 4. Comparison of an ancestral insertion in tRNA with a known insertion in
rRNA. (A) The insertion fingerprint in tRNA points to the site of accretion of the
D-stem and anti-codon stem–loop (green) onto the ancestral minihelix (red). (B) An
insertion fingerprint at the locus of a known expansion (ES 12) in S. cerevisiae. The
rRNA for E. coli (which lacks the expansion) is shown in blue and for S. cerevisiae is
shown in red, except for the expansion rRNA, which is shown in green.

imposed by association with the SSU (SI Appendix, Fig. S7B).
The tunnel is extended and rigidified.
SSU structure. Newly acquired rRNA creates well-defined binding
pockets for tRNAs (SI Appendix, Fig. S8) and a more mature
interface with the LSU. The P-site tRNA is stabilized by domain
3′M (the head), which begins with sequential accretion of aes 6,
8, and 10 onto aes 2. The A-site tRNA is stabilized by domain 5′
(the body), which begins with accretion of aes 7 onto aes 4.
Domain C (the platform) is elaborated, and intersubunit interactions are enhanced by reinforcement of the bridgehead of B2b
as aes 5 is extended by aes 5a. At the end of this phase, primitive
binding sites for elongation factors G and Tu (31, 32) are formed
by the accretion of aes 9 onto aes 7. Additional bridges with the
LSU (B5 and B6) are formed by the elongation of aes 1 (aes 1a).
tRNA and mRNA structure. tRNAs are optimized to form quasistable base-pair triplets with proto-mRNAs, which remain a
population of single-stranded oligomers.
Function. The ribosome is an efficient, noncoding, diffusive ribozyme.
The evolutionary pathways of the LSU, the SSU, proto-mRNA, and
tRNA are strongly coupled. Proto-mRNAs assist the SSU in positioning A- and P-site tRNAs (SI Appendix, Fig. S8), fixing orientation
and proximity within the PTC (33). The subunit interface is well
developed, with numerous RNA–RNA interactions. In the LSU, the
tunnel is further elongated and rigidified, facilitating the production
of longer condensation products by retention and stabilization of
reaction intermediates.
Phase 5. Decoding and Translocating.
LSU structure. The ratcheting system is acquired. The binding sites

for elongation factors G and Tu are established (AES 30) along
with the L7/L12 stalk (AES 32, 32a, and 38) and the central
protuberance (AES 34 and 36) (SI Appendix, Fig. S9). The 5S
rRNA associates with and reinforces the central protuberance.
The tunnel is extended (AES 31, 33, and 35). The LSU embraces
the SSU from each side by A-minor interactions (bridges B2a
and B4 are formed by AES 29 and AES 10a). The B6 bridgehead
is elaborated by AES 37. Bridges B1a and B1b are formed (25,
34). Most of the bridges (SI Appendix, Fig. S3) established at this
phase (including bridges B1a, B1b, B4, B5, and B6) are enhanced
by ribosomal proteins.
SSU structure. Domain 3′ is elaborated, stabilizing the P-site tRNA
(aes 11, 14, and 16). Domain 5′ is elaborated, stabilizing the
A-site tRNA and enhancing the integrity of the SSU (aes 12, 13,
and 15). Short expansions aes 7a and 7b, accreted onto aes 7,
interact with each other via base pairing and form the functional
Petrov et al.

pseudoknot (35), which is involved in decoding (36, 37), translocation, and proofreading (38). Intrinsic flexibility incorporated
into the SSU (39, 40) allows the domains to move relative to
each other (36), providing a mechanical basis for translocation
(SI Appendix, Fig. S10).
tRNA and mRNA. Anticodons in tRNA form specific interactions
with mRNA codons. mRNA is polymeric with a defined sequence. The genetic code begins to optimize and expand.
Function. This transcendental phase of ribosomal evolution marks the
transition from a coordinated diffusive catalytic system to an energydriven, ratcheting, translocating, quasi-decoding machine that initiates the collaboration of functional protein and informational
nucleic acids. Ribosomal evolution from this phase on is a tight
collaboration between RNA and protein. The ribosome achieves
primitive decoding ability. In the LSU, binding sites for elongation
factors G and Tu are finalized (41, 42). Dynamics are incorporated
into LSU function by the flexibility of the newly acquired L7/L12
stalk and central protuberance. Continued extension of the tunnel
facilitates the transition from oligomers to polymers. In the SSU, the
head and body are elaborated, enhancing interactions with tRNAs in
the P- and A-sites. Decoding and translocation of mRNA is achieved
by the acquisition of the functional pseudoknot in the SSU. Relative
motions of the subunits involve ratcheting around B3 (25), the oldest
intersubunit bridge.
Phase 6. Proteinizing the Ribosomal Surface. The rRNA common
core is finalized (SI Appendix, Fig. S11), and the genetic code is
optimized. The ribosomal surface is an integrated patchwork of
rRNA and mature ribosomal proteins. Many AES/aes acquired
here serve as binding sites for the globular domains of ribosomal
proteins. In the LSU, the L1 stalk, responsible for translocation
of tRNA from the P-site to the E-site, is formed by AES 43 and
44 (together with AES 39). The central protuberance is stabilized
by AES 40 and 46. Development of the exit tunnel continues. In
the SSU, domain 5′ is finalized by aes 17, 18, 19, and 26. Domain
3′M and the head and the body are completed by aes 22, 23, and
25. Domain C is completed by aes 20, 20a, 21, and 24. As with
the LSU, these rRNA additions to the SSU surface are integrated with ribosomal proteins. The interaction between the
two subunits is elaborated by bridges B7a, B7b, and B8. An embellishment of bridge B6 is achieved by a final expansion of aes 1
by aes 1b. All these bridges except B7a involve ribosomal proteins
(25). The evolution of Phases 4–6 is summarized in SI Appendix,
Fig. S12.
Phase 7. Encasing the Common Core (Eukaryotes). The ribosome
undergoes substantial expansion in eukaryotes. rRNA develops
eukaryotic-specific rRNA expansions that are stabilized by eukaryotic-specific proteins (43), forming a secondary rRNA–protein shell.
Phase 8. Elaborating the Surface (Metazoans). This phase marks the
origin of metazoa, in which ribosomes are decorated with tentaclelike rRNA elements that extend well beyond the proteinized subunit surfaces (44). These expansions appear to be docking sites for
chaperones and regulatory and auxiliary proteins (9).

Discussion
Using sequences of rRNAs as a telescope in time, Woese and Fox
(1) sketched three primary branches in the tree of life on earth.
Beyond the root of the Woese’s tree lies the origin of life, which
poses some of the most profound and exciting questions in science
and tests our understanding of chemical and biological principles.
Structures of ribosomes in 3D allow one to peer beyond the root of
the tree (3). Here, using structural information, the timeline of life
is visualized far back in time, allowing dissection of primordial
molecules, reactions, and events at the biochemical origins of life.
The accretion model reconciles the histories of ribosomal
components. rRNAs grow by accretion, recursively expanding
PNAS Early Edition | 5 of 6

EVOLUTION

A

and adding successive layers, iteratively growing, subsuming, and
freezing the rRNA. The ribosomal common core evolves in six
phases. The ancient PTC arose from a stem–loop (Phase 1) to
begin noncoded synthesis of peptides and esters in Phases 2–4.
tRNA extended from a minihelix (Fig. 4A) (27) to deliver a
substrate to the primitive LSU while being positioned by the
SSU and mRNA (5, 33, 45). Phase 5 marks the transition from
a diffusive RNA enzyme to an energy-driven decoding machine
that initiates error-prone synthesis via a limited genetic code.
During Phase 6, decoding is optimized. The modern cassette
of amino acids is used to produce accurately coded proteins,
some of which encase the common core. The tunnel is elaborated throughout Phases 1–6 and was central to ribosomal
evolution. In a self-reinforcing cycle, tunnel elaboration allows
the production of longer oligomers, some of which bind back
onto the ribosome, increasing size and stability. Phases 7 and 8
produce tentacle-like rRNA in simple and multicellular eukaryotes. In sum, the ribosome sequentially acquired capabilities for RNA folding, catalysis, subunit association, correlated
evolution, decoding, and energy transduction, giving rise to the
extant collaboration of functional protein and informational
nucleic acids.
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