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An Exit Cavity Was Crucial to the Polymerase Activity
of the Early Ribosome

George E. Fox] Quyen Tran! and Ada Yonath?

Abstract

The emergence of an RNA entity capable of synthesizing peptides was a key prebiotic development. It is
hypothesized that a precursor of the modern ribosomal exit tunnel was associated with this RNA entity (e.g.,
“protoribosome” or “bonding entity”) from the earliest time and played an essential role. Various compounds
that can bind and activate amino acids, including extremely short RNA chains carrying amino acids, and
possibly di- or tripeptides, would have associated with the internal cavity of the protoribosome. This cavity hosts
the site for peptide bond formation and adjacent to it a relatively elongated feature that could have evolved to
the modern ribosomal exit tunnel, as it is wide enough to allow passage of an oligopeptide. When two of the
compounds carrying amino acids or di- or tripeptides (to which we refer, for simplicity, as small aminoacylated
RNAs) were in proximity within the heart of the protoribosome, a peptide bond could form spontaneously. The
growing peptide would enter the nearby cavity and would not disrupt the attachment of the substrates to the
protoribosome or interfere with the subsequent attachment of additional small aminoacylated RNAs. Ad-
ditionally, the presence of the peptide in the cavity would increase the lifetime of the oligopeptide in the
protoribosome. Thus, subsequent addition of another amino acid would be more likely than detachment from
the protoribosome, and synthesis could continue. The early ability to synthesize peptides may have resulted in
an abbreviated RNA World. Key Words: Ribosome—RNA World—Prebiotic synthesis—Chirality—Ribosomal
RNA. Astrobiology 12, 57-60.

IT IS WIDELY ACCEPTED that the modern ribosome originated Although missing most of the features that enhance and
in an RNA World that predates the last universal common characterize the modern ribosome, the pocket-like symmet-
ancestor of life. This reflects the fact that the peptidyl trans-  rical region is not devoid of all features other than the cata-
ferase reaction has been shown to be catalyzed by the large lytic site. This early bonding entity, which may have become
ribosomal subunit RNA at a location known as the peptidyl the symmetrical region of the modern ribosome, includes the
transferase center (PTC), which is devoid of protein. A region  entrance to what would later be the exit tunnel, Fig. 1. This,
of a semi-2-fold symmetry that has a pocket-like structure coupled with a recent breakthrough discovery that a four-
and includes the PTC and its environs has been described in  base RNA can be readily aminoacylated by a five-residue
detail (Bashan et al., 2003; Agmon et al., 2005). The three- ribozyme (Turk et al., 2011), has led us to hypothesize that an
dimensional structure of the RNA backbone fold of this re- exit cavity was a key feature of the prebiotic bonding ma-
gion, and almost all of its primary sequence, are virtually chine that led to the eventual development of the modern
unchanged in the large subunit structures seen in the ar- ribosome.

chaeon Haloarcula marismortui, the eubacteria Escherichia coli, Our hypothesis is as follows. Activated amino acids (e.g.,
Thermus thermophilus, and Deinococcus radiodurans, as well as ~ possibly bound to compounds that existed in the RNA
the mitochondria and the eukaryote Saccharomyces cerevisite World, such as extremely small RNAs) approach the ancient
(Krupkin et al., 2011). The suggestion based on this findingis RNA bonding entity (called here the protoribosome) and
that an RNA comprising just the pocket-like symmetrical associate with it. If two such substrates are present at the
region may be capable of catalyzing peptide bond formation = same time and properly juxtaposed, a peptide bond could be
if provided with activated amino acids, which would make formed and stay on the protoribosome as an activated di-
it the RNA World progenitor of the modern translation peptide. If the dipeptide dissociates from the protoribosome
machinery. before the now naked RNA leaves and another activated
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FIG. 1. Pocket-like symmetrical region as defined by Agmon et al. (2005) showing the entry to the exit tunnel with and
without aminoacylated RNAs present. Nucleotides 2058-2079, 2241-2258, 2430-2463, and 2487-2501 comprise the portion of
the ribosome that accommodates the 3" end of the P-site tRNA, while nucleotides 25022522 and 2543-2610 comprise the
portion of the ribosome that accommodates the 3’ end of the A-site tRNA, with the former colored lime and the latter slate.
The entrance of the tunnel is the darker version of the colors. The entrance nucleotides are 2061-2064, 2439, 2441-2442, and
2450-2452 from the P site and nucleotides 2505-2506 and 2585-2587 from the A site. All numbers follow the E. coli numbering
convention. The coordinates were taken from structures 2DWK and 2DWL for the Thermus thermophilus ribosome and
rendered using PyYMOL. The apparent smaller hole near the bottom left does not exist in the modern ribosome. (A) The
protoribosome is shown without aminoacylated RNAs. (B) The protoribosome with hypothetical aminoacylated RNAs
attached. Aminoacylated RNAs representing the last three residues of a modern tRNA are shown in association with what
are the A and P sites of the modern ribosome. The RNA portion of each substrate is rendered as sticks, while the amino acid

moiety is shown as spheres. The A site substrate is colored in yellow and the P site substrate is red.

amino acid arrives, a successive reaction will not occur.
However, if the dipeptide remains for an extended period of
time, then a new aminoacylated RNA may join with the re-
sult that a second reaction may occur and produce a tri-
peptide. The presence of the exit cavity would be the
deciding factor in that the newly formed dipeptide would
immediately enter the cavity adjacent to its active site. This
would occur due to the favorable architecture that accom-
modates the components of the amide bond in an orientation
that dictates entry into the cavity. Being partly in this cavity,
the dipeptide may stay longer within the pocket possibly due
to space limitations and stabilizing interactions with the
cavity edges, which might be dependent on the type of
amino acid. Alternatively, and perhaps most importantly, by
placing the extended peptide deep within the core of the
protoribosome, its interactions would be maintained; hence
the probability of the dipeptide remaining associated within
the pocket would be enhanced. As the oligopeptide chain
grows, it would be positioned deeper into the cavity; hence
the lifetime of its association with the protoribosome may be
increased further. Although we expect that the presumed
protoribosome will ultimately be shown to have catalytic
ability, the argument described above is not changed if a
larger portion of the modern RNA is required for its catalytic
activity as long as a portion of the exit cavity is present.
Likewise, no change is necessary for cases when the carriers/
activators are short RNAs if one of them is carrying a di- or
tripeptide (Turk et al., 2011), as the preexisting small peptide
could enter the tunnel cavity prior to the first synthesis step.

Although small RNAs seem to be an appropriate carrier
and activator, the protoribosome and tunnel hypothesis
presented above does not actually require that the amino

acid be brought to the bonding entity by RNA. This might
actually be accomplished by an alternative carrier such as
ribose or phosphoribose, though the presence of the RNA
bases might facilitate attachment to the protoribosome by
noncovalent interactions, including Watson-Crick base pairs
between the nucleoside components of activated amino acids
and the protoribosome, in a fashion similar to that which
occurs in the PTC of the contemporary ribosome between the
C and CC bases of the tRNA 3" ends. In addition, it should be
appreciated that it is the growing peptide that is actually the
entity of interest. It has to remain associated with the tunnel,
regardless of whether it is still bound or already detached
from its carrier/activator, which may or may not be RNA.
Finally, it should be noted that the hypothesis is not based on
some ultimate biological advantage to RNA-catalyzed pep-
tide synthesis. Rather, what is proposed is simply a compe-
tition between two states where the one that is longer-lived is
more likely to dominate (Lukes et al., 2011). Entities con-
taining such a primitive protein synthesizing systems would
be properly regarded as progenotes (Woese and Fox, 1977).

The importance of the exit tunnel in modern ribosomes
has not gone unnoticed. It is involved in protein biosynthesis
stalling that occurs in association with cellular events, and
antibiotic sensitivity is caused by blockage of the tunnel
(Nakatogawa and Ito, 2002; Lu and Deutsch, 2005; Yonath,
2005; Ito et al., 2010; Ramu ef al., 2009, 2011; Chiba et al.,
2011). In addition, the modern ribosome provides an opti-
mized center for its polymerase function (Yonath, 2009). In
particular, in the modern ribosome, the 3" end of the A-site
tRNA rotates into the P-site while the peptide bond is being
formed (Gindulyte et al., 2006). The PTC is configured in such
a manner that this rotary motion places the tRNA that is now
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carrying the nascent peptide into a configuration that is ap-
propriate for the next biosynthetic step. In conjunction with
this rotation, the nascent peptide is directed into the exit
tunnel (Bashan et al., 2003; Yonath, 2003, 2009; Zarivach et al.,
2004; Agmon ef al., 2005). In the absence of the tunnel, for
example, when it is blocked, the modern machine stalls, as
the nascent peptide does not have anywhere to go.

The exit cavity hypothesis proposed here has significant
implications for the origin of life. In particular, the proposed
mechanism offers the first detailed hypothesis for the emer-
gence of the modern protein-synthesizing machinery from a
predecessor RNA World. It also provides an alternative
model for the synthesis of peptides in the late prebiotic
world. In this regard, it is noteworthy that despite the con-
siderable effort that has been undertaken (Rode, 1999; Leman
et al., 2004; Brack, 2007; Fitz et al., 2008), no clear prebiotic
mechanism for peptide synthesis has yet been demonstrated.

The emergence of the protoribosome would have greatly
enhanced the level and possibly the size of peptides produced
in the prebiotic world. How long would they have been?
Structural examination of the portion of the exit tunnel within
the proposed pocket-like protoribosome indicates it could
initially protect 3-5 residues. Moreover, because it is relatively
wide, the tunnel could accommodate a large variety of short
peptides composed of any of the standard amino acids with
little likelihood of stalling in the tunnel. Although only a small
portion of the emerging peptide would be protected, in a
prebiotic world without modern enzymes the product pep-
tides might have remained stable even as they exited the
primitive tunnel. If so, they could have grown to an extended
length and potentially contributed to the maintenance and
function of entities in the RNA World.

Being random, noncoded, and likely lacking complex
structures, what function might these peptides perform? The
obvious possibility is stabilization of the structure of any
RNA that might have been present in the RNA World, in-
cluding that of the protoribosome itself (Fox and Naik, 2004;
Belousoff et al., 2010), which would have resulted in further
increased lifetime and hence greater survival potential. In
the modern ribosome, key proteins have extended regions
that lack the common protein secondary structure features
and enter deep into the ribosome, where they apparently
stabilize the rRNA (Ramakrishnan and Moore, 2001; Hsiao
et al., 2009).

Although it is conceivable that short mixed chirality pro-
teins may be able to stabilize RNAs, it may be necessary to
have largely chiral peptides to achieve significant enzymatic
activity. The protoribosome active site and the tunnel en-
trance adjacent to it would have provided the stereochem-
istry that would have allowed for peptide bond formation
and led to the formation of dipeptides. The direction of these
dipeptides into the tunnel entrance may be assisted by the
chirality of the system. However, deviations may occur so
that the chirality of the product will not be kept and/or its
position within the protoribosome will dictate other direc-
tionality. Rather short products would be preferred, owing
to the limited size of the surface of the tunnel entrance that is
available for stabilizing the products within the protoribo-
some. If chiral preference exists in the attachment of the
amino acid to its carrier, then the combined effect may pro-
duce peptides that are sufficiently chiral to act as catalysts
(Fox, 2010).
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Finally, another key implication is that the emergence of
the protoribosome may have provided for an abbreviated
RNA World. The recently described aminoacylated RNAs
and the extremely small ribozymes that produce them (Turk
et al., 2011) are highly consistent with the RNA World. The
pocket-like protoribosome proposed previously (Davidovich
et al., 2009; Krupkin et al., 2011) is as small as 120-180 nu-
cleotides and might actually be constructed by hybridization
of several smaller pieces as well as by ligation or duplication
of RNA chains. It is also possible that an even smaller RNA
entity could provide the same core functionality as the
modern version, which is clearly an optimized ancient entity
(Yonath, 2009). Importantly, efforts to demonstrate the ex-
istence of an RNA-based RNA replicase have been difficult,
with the best working models (Lincoln and Joyce, 2009;
Wochner et al., 2011) no less complex than the pocket-like
protoribosome considered here. In addition, these en-
gineered ribozymes have yet to synthesize RNAs compara-
ble to their own size (Yarus, 2011), as a true replicase must.
Moreover, there is no clear evidence of the prior existence of
such a prebiotic entity in extant organisms. An alternative
possibility is that the peptides produced by the protoribo-
some may have acquired the ability to replicate RNA before
RNA-based RNA replicases could evolve in the RNA World.
Alternatively, an RNA-peptide complex may have been the
first to accomplish the task. In either case, the transition from
the RNA World to an RNA-Protein World may have oc-
curred much more rapidly and easily than is traditionally
thought.
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