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Abstract This article describes a rare, however extremely
pleasing, scientific study originated by Prof. Louis Massa dur-
ing a friendly discussion, which yielded an insightful under-
standing of one of the two major ribosome functions, namely
peptide bond formation. It demonstrates how elaborate, crea-
tive approach to the investigation of the location of the actual
reaction of the formation of peptide bonds within the ribosom-
al active site was incorporated into scholarly argumentation on
major issues concerning origin of life, including the question:
what was first, the genetic code or its products?

Keywords Structural biochemistry - Quantum
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The central reaction: peptide bond formation

The ribosome is an essential universal cellular apparatus com-
mon to all life forms. It decodes the genetic information at the
decoding region and produces nascent proteins according to
their code, by catalyzing peptide bond formation in a site
called peptidyl transferase center (PTC). All ribosomes are
multi-component molecular assemblies that are built of long
RNA chains (rRNA) and many proteins (rProteins), which are
arranged in two unequal structural independent subunits that
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associate to an active ribosome in order to perform protein
biosynthesis (Fig. 1).

Analyses of all known three-dimensional structures of ribo-
somes and their various complexes revealed that although their
sizes and the number of their components expanded with evo-
lution (i.e., from 2.5 MDa in bacteria to 4 MDa in eukaryotes),
the actual translation process is performed almost identically
by all ribosomes, regardless of their source. Specifically, it was
shown that both primary functions, the decoding and peptide
bond formation, are performed by the ribosomal RNA, at the
same location and in the same manner, indicating that ribo-
some function is hardly affected by evolution.

The non-ribosomal components, involved in this intricate
process, include messenger RNA (mRNA) that carries the
genetic information, namely the genetic code of the protein,
and aminoacylated transfer RNA (tRNA) molecules that carry
the amino acids. All tRNA molecules possess an anticodon
loop that during the creation of the nascent proteins are in-
volved in decoding, and a fully conserved 3’ end (composed
of cytosine-cytosine-adenine (CCA)) to which the cognate
amino acids are bound by acylation (Fig. 1).

In all ribosomes, there are three tRNA binding sites,
termed A-(aminoacylated), P-(peptidyl), and E-(Exit) sites,
each of which resides within both subunits (Fig. 1). While
protein biosynthesis progresses, an aminoacylated tRNA
binds to the A-site and the peptidylated tRNA is located at
the P-site. Each site is composed of two functional parts: the
decoding of the genetic information by codon-anticodon
base-pairing between the mRNA and the tRNA occurs in
the small ribosomal subunit, whereas the formation of pep-
tide bonds between the amino acid of the A-site tRNA and
the growing nascent chain at the P-site is performed within
the large subunit, at the PTC. The newly born proteins
emerge out from the ribosomes through a long internal tun-
nel that spans the large subunit.
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Fig. 1 The assembled bacterial
ribosome (leff). Right—top: a
cartoon showing the translocation
on which the three tRNA binding
sites and the approximate mRNA
path are marked. Bottom: the
typical structure of a tRNA
molecule. The A-region and the
A-tRNA are shown in blue
whereas the P-region and the P-
tRNA in green

X-ray crystallography was exploited for understanding
how ribosomes function. Initial successful attempts to crystal-
lize ribosomes took place in 1980 [1]. The first high-resolution
structures of ribosomal particles and of their complexes with
various substrate analogs and/or inhibitors were reported at
the turn of the century, by us [2—4] and by others who follow-
edus[e.g., 5, 6, 7, 8]. These studies led to atomic portraits of
various functional states of the bacterial translation apparatus,
which provided in-depth understanding, alongside miscon-
ceptions, of the fundamental process of protein biosynthesis.

Notably, initially, it was suggested [6] that peptide bond
formation is catalyzed by a chemical reaction that resembles
the reverse of the reaction catalyzed by serine protease, in
which the rRNA and water molecules play active enzymatic
roles. However, despite the attractiveness and the simplicity of
this suggestion, even trivial chemical considerations proved it
to be wrong. Thus, it ignores the difference between the for-
mation of peptide bonds within the ribosomes, where
aminoacylated tRNA molecules are the main players and no
water molecules are directly involved, vs. peptide bond for-
mation between free amino acids in solution. Furthermore, the
mechanism of the reverse of serine protease reaction does not
provide the means for the progression of the process, namely
for the PTC polymerase activity.

The alternative proposition was based on the exceptionally
high conservation of the various PTC sequences and of their
three-dimensional conformations in all of the available high-
resolution structures of the ribosome . Careful analyses of these
structures indicated that in all ribosomes the positions of the A-
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site and P-site tRNAs (or their mimics) are identical (Fig. 2),
and that the sole catalytic activity of the PTC is positioning the
substrates in stereochemistry allowing for peptide bond forma-
tion, Furthermore, the positioning of the tRNA in the A-site
seems to be followed by a rotatory motion along an internal
path that is ingeniously designed for the progression of the
polymerization of the nascent protein chain (Fig. 2) [9-11].

Positioning reactants in orientation suitable for chemical
reactions is a major part of enzymes activities. Indeed, it is
performed by almost all bio-catalysts [12]. However, different
from enzymes catalyzing a single-chemical reactions, such as
proteases, and similar to polymerases, the ribosome provides
the means not only for chemical reaction (a single-peptide
bond formation) but also for substrates motions required for
the processivity of the reaction, namely for creating nascent
proteins. Thus, similar to other polymerases, a prerequisite for
the formation of nascent proteins is accurate substrate place-
ment, as detected in ribosome-substrate complexes [9-11].

In fact, the initial high-resolution crystal structures of large
ribosomal subunits from the eubacterium Deinococcus
radiodurans complexed with tRNA-mimics indicated that
precise substrate positioning, which is mandatory for efficient
protein biosynthesis with no further conformational rearrange-
ments, is governed by remote interactions of the tRNA helical
features with the rims of the PTC [9-11].

Furthermore, careful examination of the ribosome’s three-
dimensional structures revealed that although the ribosomes
are non-symmetrical assemblies, the conserved pocket-like
feature encapsulating the PTC is a semi-symmetrical region,
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Fig. 2 Top left: the positions of
various substrates in the PTCs of
several ribosomes. The /etters
indicate their PDB accession
codes. Top right: the suggested
rotatory motion of the 3" end of
the A-tRNA into the P-site and
the sideways translocation of the
main part of the A-tRNA. Bottom:
two representations of the rRNA
(in gray) that encapsulate the
ribosomal rotatory path (in cyan)
within the ribosome. Lefi: only
the rRNA main chain is shown.
Right: only the rRNA nucleotides
are shown. The A-region and the
A-tRNA are shown in blue
whereas the P-region and the P-
tRNA in green

comprising of 180 RNA nucleotides, which account for 4—6%
of the entire ribosomal RNA (Fig. 3) [9-11].

Consequently, based on the peptidyl transferase center
(PTC) architecture, on the placement of tRNA molecules (or
their mimics), and on the existence of a structural feature with
a pseudo old related region, a unified mechanism integrating
peptide bond formation and A-to-P-site translocation was pro-
posed. This mechanism implies sovereign, albeit correlated,
motions of the tRNA termini and includes a rotation of the A-
site tRNA-3’ end around an imaginary local twofold rotation
axis.

The detection of the rotatory path highlighted some intrigu-
ing issues. Among them: “When and where is the peptide
bond formed? At the A-site? At the P-site? Anywhere along
the rotatory motion?” This question could not be answered by
the conventional structural biology tools. However, using
quantum mechanics and exploiting the known crystallograph-
ic coordinates of the tRNA substrates located in the PTC,
Lou’s group investigated the mechanism of peptide bond for-
mation [13]. For this phase of his studies, 50 atoms, assumed
to be crucial in the mechanism, were selected. Density func-
tional theory optimized the geometry and the energy of the
transition state (TS) of peptide bond formation.

In this way, Lou and his group members found that the TS
is formed during the rotatory motion and simultaneously with

it (Fig. 4), thus (a) enabling the translocation of the A-site
tRNA 3’ end into the P-site, (b) supporting the formation of
the peptide bond, (c) stabilizing of the transition state, and (d)
triggering the next peptide bond formation, namely the poly-
merase activity of the ribosomes [13].

The optimized geometry corresponds to a situation in
which the peptide bond is being formed while other bonds
are being broken, in a manner releasing the unbound P-site
tRNA. In this mode of action, the P-site tRNA that completed
its task may exit as a free molecule and be replaced by the new
translocating aminoacylated A-site tRNA. Furthermore, at this
TS location, the 2" OH group of the 3" end of the P-site tRNA
(base A76) forms a hydrogen bond with the oxygen atom of
the carboxyl group of the amino acid attached to the A-site
tRNA, consistent with findings of biochemical experiments
[14, 15]. Hence, the rotatory motion not only leads to a con-
figuration suitable for peptide bond formation, it also places
the reactants at a distance reachable by O2' of the P-site tRNA.

On origin of life
The high conservation of the proto-ribosome nucleotide se-

quence is suggestive of its robustness under diverse environ-
mental conditions and hence hints at its prebiotic origin.
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Fig. 3 Left: two views of the
entire rRNA scaffold of the
ribosomal large subunit (side and
top) within which the location of
the symmetrical region is shown.
Top middle and right: the
symmetrical region shown as
space filled (middle) and as IRNA
fold (right). Bottom right: the
pocket-like view of the
symmetrical region (the proto-
ribosome) with its substrates, the
3" ends of the two tRNAs. The
imaginary rotation axis is shown
in red. The A-region and the A-
tRNA are shown in blue whereas
the P-region and the P-tRNA in
green

Based on the findings that RNA chains can replicate and elon-
gate themselves and may possess catalytic capabilities, i.e.,
self-amino-acylation [16] and peptide bond formation [17],
and as it appears that the PTC is located within an RNA
apparatus, which possesses all of the capabilities required for
peptide bond formation, it may be a vestige of the prebiotic
world. Hence, we proposed that this conserved pocket-like
region is a vestige of a prebiotic bonding entity, around which
life has evolved. Hence, it seems that this is the primordial
ribosome, and called the “proto-ribosome” [18-21]. This
seemingly remnant of the prebiotic era is still functioning in
the heart of all of the contemporary ribosomes.

The structure of this pocket, which seems to be ingeniously
built for accommodating the 3’ ends of the A- and P-site
tRNAs, may further suggest that it is the reason for its survival
through evolution. Hence, our hypothesis suggests that the
contemporary ribosome evolved around its prebiotic precur-
sor, the proto-ribosome. Importantly, the idea of the existence
of the proto-ribosome is consistent with observations made
elsewhere by analyzing structures of ribosomes from diverse
phylogenetic disparate regions [22, 23].

To shed more light on the chemical and catalytic properties
of the proto-ribosome, at the second phase of these studies,
Lou and his group investigated the question of whether the
putative proto-ribosome has properties necessary to function
as an evolutionary precursor to the modern ribosome by quan-
tum mechanics and crystal coordinates [24, 25]. For establish-
ing practical and efficient computations, the quantum model
was the density functional theory, implemented in the kernel
energy method [26].
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Moreover, Lou and his group calculated the energies of the
proto-ribosome alone, of the proto-ribosome filled with its two
substrates and of free amino acids. The difference between
these energies correlates with the interaction energies. Hence,
these calculations represent a chemical reaction with reactants
becoming products, and the energy difference of products and
reactants relate to their stability, whereas the rates at which the
A-site versus P-site would be occupied are controlled by the
TS of each of the reactions of binding the A-site or the P-site
tRNAs. These calculations showed that the binding at the P-
site is less stable than that at the A-site. This finding is in
accord with the biological logics of peptide bond formation,
as during this reaction, the P-site tRNA departs from the PTC
while the new A-site tRNA binds to it. Hence, the biological
advantage gained by this relatively smaller interaction energy
at the P-site is clear because the tRNA should be pushed out of
the PTC. Furthermore, these findings are consistent with A-site
accommodation of tRNA, which in the contemporary protein
biosynthesis is a rate-limiting step [27].

In short, this phase of Lou’s studies showed that the neces-
sary conditions that would characterize a feasible functionally
active proto-ribosome, namely energetically structural stabili-
ty and energetically stable/unstable attachment to substrates,
are well satisfied. Likewise, the calculated energy differences
are in accord with biochemical and genetic observations
concerning the rotatory path [28].

Moreover, based on the arguments discussed above, we
propose that the genetic code was developed and optimized
alongside the evolution of the ribosome and the appearance of
the proteins. We envisage this process as progressing from
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Fig. 4 The transition state (TS)
position within the rotatory path
(left) and within the framework of
various substrate positions (right).
The A-region and the A-tRNA are
shown in blue whereas the P-
region and the P-tRNA in green

contingence formation of peptide bonds. Thus, accidental cre-
ation of useful oligopeptides led to the appearance of the ge-
netic code. This idea stems also from RNA dual functionality,
as it can act as a replicase capable of storing and expressing
genetic information as well as acting as an enzyme with some
inherent functions that could have been useful in the prebiotic
world (e.g., bonding, splicing, self-splicing, and replication,
namely synthesis of complementary RNA strands by
template-directed assembly of oligonucleotides [17, 18]).

It is conceivable that some of the initial accidental dipep-
tides produced by the proto-ribosome could have been the
substrates for following reactions of peptide bond formation,
which could have been elongated into oligopeptides [18-21,
29]. The well-performing oligopeptides may have survived
and consequently led to the emergence of the genetic code.
Examples for well-performing oligopeptides are those cata-
lyzing fundamental reactions, such as hypothetical non-
coded “enzymes” that can be useful in the prebiotic world as
metal carriers. Another task that could have been performed
by the oligopeptides is stabilizing the machines producing
them (Fig. 5), namely the proto-ribosome.

Such sequence of events suggests that the genetic code was
created by, or according to its products, which were found fit
and useful—therefore survived. They could have led to the
creation of a primitive genetic code, which co-evolved togeth-
er with its products and the ribosomes. Hence, the prebiotic
creation of the proto-ribosome could be traced.

The proto-ribosome within the contemporary
ribosome

The preservation of RNA activity in performing the extremely
important process of genetic code translation indicates that
RNA is capable of handling the complexity of the current
cellular life, which requires a highly controlled sophisticated
regulatory mechanism. Obviously, translation is much more
complicated than accidental peptide bond formation. We pro-
pose that the kernel of the ribosome function that has been

Fig. 5 The pocket view of the proto-ribosomes (as shown in Fig. 3) in
which the positions that could be stabilized by occasional oligopeptides
are highlighted in red stars. The A-region and the A-tRNA are shown in
blue whereas the P-region and the P-tRNA in green
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transferred from the prebiotic world is aided by the ribosome
components that were added while entering the protein-DNA-
RNA-life era.

Remarkably, within the contemporary ribosomes, the dis-
tances between the regions involved in ribosome’s function
are far beyond the possibility of any direct “chemical talk”
(70-140 A). The symmetrical region is located at the heart of
the ribosome and chemically connects to all of the ribosome
functional centers involved in translation. Hence, it can trans-
mit signals between them.

We suggest that the contemporary ribosomes expanded
around the proto-ribosome. In other words, we suggest that
the origin of the contemporary ribosome is a functionally ac-
tive proto-ribosome, which can be defined as an RNA molec-
ular entity capable of binding substrates and of catalyzing the
formation of chemical bonds. Hence, we propose that the
proto-ribosome was the “molecular kernel” around which
the modern ribosome evolved.

This machinery is consistent with the idea that position-
ing of the reactive groups is the critical factor for catalysis,
but does not exclude assistance from ribosomal or substrate
moieties. Hence, by offering the frame for correct substrate
positioning, as well as for catalytic contribution of the P-site
tRNA 2'-hydroxyl group, it became evident that the ribo-
somal architectural frame governs the positional require-
ments and provides the means for substrate-mediated chem-
ical catalysis.

The preservation of RNA activity in performing ribosomal
functions shows that RNA, which is commonly known to be
rather inefficient enzyme, could become an efficient biologi-
cal machine for producing proteins. Our hypothesis also sug-
gests that the incorporation of ribosomal proteins facilitated
the alteration of the ribosomes from inefficient to highly effi-
cient molecular machine. This notion is in line with the sug-
gestion that the genetic code co-evolved together with the
ribosome as well as its products, the proteins. Hence, from
this point of view, we provide a plausible answer to the
chicken-or-the-egg conundrum.

In short, by identifying the linkage between the universal
internal ribosomal pseudo symmetry and the substrate bind-
ing mode, the integrated ribosomal machinery for peptide
bond formation, amino acid polymerization, and transloca-
tion within the PTC was revealed. Hence, Lou’s studies
support the notion of the existence of an apparatus that
could serve as the proto-ribosome, hypothesized to be a
“pocket-like” RNA pseudo dimer that is capable of peptide
bond formation, peptidyl transfer, and its elongation.
Furthermore, the detection of similar twofold symmetry-
related regions in all known structures of the large ribosom-
al subunit not only indicates the universality of this mecha-
nism but also emphasizes the significance of the ribosomal
template for the precise alignment of the substrates as well
as for accurate and efficient translocation.
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