
ARTICLE IN PRESS+ MODEL
Research in Microbiology xx (2009) 1e6
www.elsevier.com/locate/resmic
The evolving ribosome: from non-coded peptide bond
formation to sophisticated translation machinery
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Abstract
Structural analysis supported by biochemical, mutagenesis and computational evidence, revealed that the contemporary ribosome’s active site
is a universal symmetrical pocket made of ribosomal RNA. This pocket seems to be the remnant of the proto-ribosome, a dimeric RNA assembly
evolved by gene duplication, capable of autonomously catalyzing peptide bond formation and non-coded amino acid polymerization.
� 2009 Elsevier Masson SAS. All rights reserved.

Keywords: Ribosome; Evolution; Proto-ribosome; Peptidyl transferase center
1. Introduction

Contemporary translation is a complex process performed
by the ribosome, a naturally occurring ribozyme that outlived
the transition from the prebiotic era to modern life. These
universal catalytic machines are riboproteins of molecular
weights ranging from 2.5 MDa for eubacteria and archaea to
4 MDa for early eukaryotes and highly developed mamma-
lians. Remarkably, despite the size difference, the functional
regions of ribosomes, the decoding center and the peptidyl
transferase center (PTC) from all life domains are composed
solely of highly conserved ribosomal RNA (rRNA).

Approaches that have been used for the identification of the
predecessor of the contemporary ribosomes include compar-
ative sequence analysis [35], synthesis of RNA constructs
exposed to in vitro selection [4], investigation of the interac-
tions of the peptidyl transferase center (PTC) with its neigh-
boring proteins [51], analysis of all internal ribosomal
interactions [9], dissection of the molecular anatomy of the
PTC [42] and analysis of selected functional steps in the three
domains of Life [33]. However, until recently [3], none of
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these studies was focused on the spontaneous appearance of
prebiotic machinery for peptide bond formation.

Here we discuss biochemical evidence supporting the
existence of an ancestral dimeric proto-ribosome, as well as of
materials that could serve as its substrates, i.e. amino acylated
mono-, di- and three-nucleotides. These include the develop-
ment of structural tools for approaching one of the key ques-
tions in evolution, namely: did the ancient translation
apparatus survive selection pressure and are its vestiges
embedded within the modern ribosome?
2. A symmetrical site for peptide bond formation

The PTC, i.e. the site of peptide bond formation, is located
at the heart of the contemporary ribosome in the midst of
a symmetrical ‘pocket-like’ structure [1e3,6] (Fig. 1), an
unusual feature within the otherwise asymmetric ribosome.
This region exists in all known ribosomes high resolution
structures [5,23,29,48,49,59] and its inner part displays resis-
tance to mutations [47]. It encompasses 180 nucleotides of
which the backbone folds, irrespective of the nucleotide
sequences, are related by pseudo two fold symmetry.

Each half of this symmetrical ‘pocket-like’ region hosts one
of the ribosome’s substrates, namely the amino acylated and
the peptidyl tRNA molecules. Furthermore, the elaborate
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Fig. 1. Top: the symmetrical region within the large ribosomal subunit. The

A-region is shown in blue, the P-region in green, and the substrate position is

indicated by the orange object. Bottom: the GNRA tetramer and the A-minor

interaction between the A-region (blue) and the P-region (green).
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architecture of this structural element provides the framework
for the ribosome catalytic contribution, as it positions the
ribosome’s substrates in favorable stereochemistry for peptide
bond formation [1,2,6,8,22,36,58] and for substrate-mediated
catalysis [57,64,65,7]. Additionally, by encircling the PTC it
confines the void required for the motions involved in the
translocation of the tRNA 30 end, which, in turn, is necessary
for the successive peptide bond formations, enabling the
amino acid polymerase activity of the ribosome [1e3,7].

All of the rRNA entities of the symmetrical region possess
the common stem-elbow-stem (SES) structural motif, and are
believed to be capable of self-assembly and dimerization [2,3].
Based on the above observations we have proposed that the
ancient machinery that could form peptide bonds was made
exclusively from RNA molecules, utilizing substituents
available in the primordial soup, such as short RNA chains that
could acquire conformations that are sufficiently stable to
survive changing evolution stresses. The assumption of a self
assembled ribosomal active site, which is still implanted in the
modern ribosome, triggered experiments aimed at revealing
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self folding of RNA chains, as well as their tendency to
dimerize and to acquire the structural elements necessary for
amino acid polymerization (see below).

3. Origin of proto-ribosome entities in the prebiotic era

The existence of RNA oligomers in the prebiotic era is
widely accepted [26,27,39,54]. Support for this assumption is
the non-enzymatic synthesis of activated pyrimidine ribonu-
cleotides in prebiotically plausible conditions [43,53], and the
demonstration that RNA oligomers can be obtained non-
enzymatically from such activated RNA precursors [40].
Among the pool of potential RNA structural elements existing
in the RNA world, it is widely assumed that the SES motif was
a common structural element, as it is the main building block
of RNA functional molecules, such as gene regulators, ribos-
witches, RNA polymerases, ribozymes catalyzing the phos-
phodiester cleavage, RNA processing and RNA modification
[13], believed to be relics from the prebiotic world.

It is likely that owing to self complementarity, RNA chains
composed of SES motifs could self fold and that these self-
folded RNA chains formed stable molecules [45]. Conse-
quently, RNA chains of SES motifs and lengths sufficient for
the construction of basic elements of the modern ribosome
active site, could have existed in the prebiotic period [15,17].
Importantly, the SES motif appears also in many contempo-
rary RNA molecules, some of which are believed to co-evolve
with the translation machinery, such as tRNA [11,12,15,
34,37,46,56,62]. Moreover, the possible localization of the
proto-ribosome or its remains within the symmetrical region of
the contemporary ribosome hints that the proto-ribosome was
formed by dimerization of self folded SES chains, as observed
for similar systems [10,28,29,44,52].

Dimerization in a symmetrical manner of self folded SES
motifs of identical, similar or different sequences could have
occurred spontaneously and could have resulted in a ‘pocket-
like’ structure formation. Stabilization of such dimers could be
achieved by various tertiary interactions, among them the
common GNRA (N stands for any base, R stands for a purine,
G and A are guanine and Adenine) scheme [41], which
includes the abundant and ubiquitous structural motif called
‘A-minor’ (Fig. 1) [9,10,26,38] that stabilizes RNA tertiary
and quaternary structures, similar to the interaction within the
‘pocket-like’ entity in the contemporary ribosome. Based on
the presumed capability of the prebiotic ‘pocket-like’ entity to
host substrates such as spontaneously produced amino-acids
conjugated with single or short oligonucleotides [21,25,30,31]
and to catalyze peptide bond formation [1e3,6], it is suggested
that the symmetrical region of the modern ribosome originated
from a symmetrical proto-ribosome.

Among these ‘pocket-like’ molecular dimers, the most
stable constructs might have survived under various environ-
mental conditions. Those entities that could accommodate
suitable substrates at stereochemistry enabling peptide bond
formation might have been evolutionarily favored, since in
addition to the inherent ability of RNA to replicate, these
specifically functioned as proto-ribosomes in the prebiotic era
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and later became the ancestor(s) of the active site of the
contemporary ribosome. It is likely that some of these entities
originated by fusion of two different or identical sequences,
resembling a gene elongation event: a type of gene duplica-
tion-fusion particularly important for the accretion of gene
size [18,19]. Among the entities that survived the evolution
pressures, those possessing catalytic abilities or capable of
performing other supporting functions, e.g. stabilizing the
proto-ribosome entity, were selected.

The feasibility of existence of a dimeric proto-ribosome
capable of peptide bond formation is being assessed by testing
various RNA chains that may acquire the SES general motif
(Fig. 2) for their tendency to dimerize and for their ability to
form peptide bonds. In particular, experiments aimed at deter-
mining the dimerization tendency of various RNA chains
designed to posses the main structural motif of the suggested
proto-ribosome, namely the SES motif, were conducted in our
laboratory on several RNA sequences. Data obtained indicate
that some, albeit not all, RNA chains with sequences resembling
those observed in the current ribosome, are capable of forming
dimers that may adopt a ‘pocket-like’ structure (Fig. 3). Poly-
acrylamide gel electrophoresis, performed on various
constructs under non-denaturing conditions showed a relation-
ship between the tendency to dimerize and the sequence of the
RNA chain, in accordance with previous data [24]. Slowly
migrating bands, indicative for the presence of dimers, were
detected for pairs that had been selected to mimic natural
sequences as well as for RNA entities expected to posses the
SES motif constructed with non-natural sequences.

Indications for a compact ‘pocket-like’ structure formation,
rather than an extended structure formed via loopeloop
interactions, were obtained by a series of deletions/insertions
of base-pairs, resulting in slightly shortened or extended
helices. Thus, whereas in the case of dimerization by loope
loop interactions, which should lead to extended structures, the
lengths of the stems should hardly affect the level of dimer-
ization, the structural nature of the pocket-like entity is
expected to be dependent on the lengths of the stems
composing it. Further functional experiments, exploring the
Fig. 2. Left: general design of the RNA oligomers that adopt the stem-elbow-
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peptidyl transferase (PT) activity as well as the stabilization
properties of a large variety of the RNA dimers are being
carried out along with their structural analysis. The potential
involvement of A-minor interactions in the stabilization of the
proto-ribosome dimer was demonstrated by obtaining
a significantly higher dimer concentration when a GNRA tetra
loop was incorporated instead of the CUUCGG loop, which
connects RNA stems that protrude out of the region and that
have been suggested to represent the proto-ribosome within
the contemporary ribosome. Further modifications, such as
mutations in which the third nucleotide of the GNRA motif
was replaced, did not yield dimers, thus implying the existence
of functional selection at the molecular level (Davidovich
et al., to be published).

4. Discussion

In the early terrestrial environment, the genetic information
that was embedded in the RNA sequences could lead to self
replication and to phenotypes with catalytic properties
[14,15,16,31,32,40,50,54,60,61,63]. In the case of the proto-
ribosome, it is likely that the more efficient and more stable
RNA dimers that functioned as proto-ribosomes by positioning
the substrates in a spatial arrangement similar to the modern
one, could have autoreplicated. Thus, the surviving ancient
pockets became the templates for the ancient ribosomes. In
a later stage these molecular entities underwent optimization
from non-genetic peptide bond formation towards performing
genetically driven translation.

The transition from a molecule forming peptide bonds to an
elaborate apparatus capable of decoding genetic information
seems to be coupled with the evolving genetic code and the
proto-ribosome substrates. A higher level of efficiency could
have been achieved by the increase of the proto-ribosome size
by the creation of a supporting environment alongside the
elongation of the substrates form the minimal mono- or
oligonucleotide/amino acid conjugates, towards the modern
tRNA. The conversion into longer compounds with a contour
that can complement the inner surface of the reaction pocket
stem (SES) motif. Right: 3-Dimensional representation of the SES motif.

om non-coded peptide bond formation to sophisticated translation machinery,



Fig. 3. Schematic representation of ‘pocket-like’ proto-ribosome formation from an SES RNA precursor, showing simple catalytic peptidyl transferase activity.
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occurred concurrently with proto-ribosome mutational opti-
mization, aimed at accurate substrate positioning, which in the
modern ribosome is governed by remote interactions between
the RNA and the cavity leading to the PTC [6,64]. This
pathway is in accordance with the fact that in the contempo-
rary ribosome the symmetry is related to the backbone fold
and not to the nucleotide sequence, thus emphasizing the
superiority of functional requirement over sequence
conservation.

A substantial increase in the catalytic rate could be
obtained by the inclusion of peripheral elements, as observed
for other ribozymes [55]. These additionally recruited struc-
tural elements could have been RNA chains or elongated
Fig. 4. A feasible route in the optimization of the evolving PTC: superpositions of t

striking overlap of the backbones of the two subregions, indicating the high level of

indicated by the differences in the orientations of the non base-paired bases of the

underwent in order to fit the specific task of each site.
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oligopeptides that interacted with the proto-ribosome and its
surroundings in a manner resembling the protein-RNA inter-
actions in the modern ribosome. These could contribute to the
suitability of the apparatus to act as an efficient machine and
to support the emergence of genetic code translation. Muta-
tional optimization that facilitated distinction between the two
sides of the active site allowed differentiation between the two
substrates. Besides functional optimization the nucleotide
identities and conformations evolved for enhancing the
stability of the symmetrical region. Consequently, the orien-
tations of a large fraction of the RNA bases of the contem-
porary symmetrical region violate the internal symmetry
(Fig. 4). Thus, with selection pressure for increased stability
he rRNA in the A- and the P-subregions (in blue and green, respectively). The

symmetry, is shown on the left. Deviations from the symmetrical arrangements,

two subregions, are suggestive of the optimization that each half of the PTC
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and efficiency, the proto-ribosome evolved into an entity that
can provide all the activities required for nascent protein
elongation in the modern ribosome. As such, the modern
ribosome could have evolved gradually around the symmet-
rical region until it acquired its final shape and could perform
programmed translation, either hierarchically [9] or by another
mechanism (e.g. [20]).

5. Conclusions

The emergence of Life required an apparatus for synthe-
sizing polypeptides capable of performing catalytic or other life
supporting tasks, i.e. the ribosome. The proto-ribosome, which
served as the precursor for the modern translation machinery by
its capacity to autonomously catalyze peptide bonds forming
non-coded amino acid oligo- or polymers, is suggested to have
appeared by spontaneous dimeric assembly of two self-folding
RNA chains. These pocket-like dimers offered a catalytic site
for favorable positioning of the substrates involved in peptide
bond formation and simple elongation. Our studies show that it
is likely that the proto-ribosome is still embedded in the core of
the modern ribosome, and that the tendency for dimerization of
the proto-ribosome, a prerequisite for obtaining the catalytic
center, is intrinsically linked to the sequences and the folds of its
two components, thus indicating functional selection at the
molecular level in the prebiotic era.
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