
molecular self-organization (sometimes called “chemical evolution”) to the existing laws of
chemistry and physics, both on Earth and elsewhere in the universe.
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Arguably one of the most outstanding problems in understanding the progress of early life is
the transition from the RNA world to the modern protein based world. One of the main
requirements of this transition is the emergence of mechanism to produce functionally
meaningful peptides and later, proteins. What could have served as the driving force for the
production of peptides and what would have been their properties and purpose in the RNA
world? The answer may seem immediately clear; proteins are better enzymes than ribozymes.
However, modern proteins are only useful in their folded stated, whereas peptides need to reach
a critical size and specific amino acid sequence before they fold into a functional biomolecules.
It is more than likely that emerging peptides were not immediately useful as operational
enzymes. Herein we describe two plausible roles that emerging peptides could have played,
firstly support of the pre-existing RNA machinery and secondly as early chemical catalysts.

During the era of the RNA world, protein (or peptide) evolution would have been
strongly coupled to the extant RNA infrastructure development. Thus, the emergence of
peptides as a mechanism for supporting pre-existing RNA machinery, is a sound reason for
peptides to be retained in an RNA world. In this issue we briefly discuss ideas for the
apparatus that would have served as the proto-ribosome (See Bashan et al. this volume),
hypothesized to be a symmetrical ‘pocket-like’ RNA dimer capable of simple peptidyl
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transfer and elongation, in essence non-coded peptide production (Agmon, et al. 2006,
Agmon et al. 2005; Bashan et al. 2003).

What potential role would these early peptides have played? Some clues may surface
from examination of ribosomal proteins in the structure of modern ribosomes, (Figure 1)
where r-proteins are located at the interfaces of A-minor RNA-RNA interactions, namely
Adenine and the minor groove of an RNA double helix (Nissen et al. 2001). It has been
proposed that the bulk of the rRNA evolved via extensions of such A-minor interactions
(Bokov et al. 2009) and it is more than likely that the initial proto-ribosome dimer was held
together by similar RNA-RNA interactions. However, these interactions are mediated by
only 4–6 hydrogen bonds, hence, for efficient function under changing environmental
conditions over a significantly long period additional support can be advantageous. In the
example of L2 and L36 in the 50S subunit of D. Radiodurans, the bulk of the RNA-protein
interactions are mediated by positively charged residues. Interestingly, as with most
ribosomal proteins, L2 and L36 are lysine, arginine and histidine rich, likely due to their
greater propensity to form favorable complimentarity between their positive charge and the
negatively charged phosphate ester backbone.

Fig. 1 A portion of the rRNA and proteins surrounding the peptidyl transferase centre in the
50S ribosomal subunit of Deinococcus Radiodurans, highlighting the stabilization of
the A-minor interactions (in red box) by rProteins L2 and L36. Shown in the lower boxes
is the RNA stabilized by positively charged amino acids side chains. The blue and green
ribbons indicate the RNA backbone, the grey ribbons indicate the C-alpha positions of the
proteins, with selected sidechains visible (PDB entry: 2ZJR) (Harms et al. 2008)
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These clues on stabilizing role that ribo-proteins play, may indicate the driving force for
the production of small peptides in the RNAworld in accord with the observation that even
a small arginine rich peptide portion of the Tat protein (a HIV-1 regulatory protein), bind
with high selectivity and affinity with its cognate RNA partner, the transcription activation
response element (TAR) (Sannes-Lowery et al. 1997).

In a world where replication, metabolism and chemistry is governed by RNA, one of the
survival traits that emerging peptides must have exploited was binding to the agents of their
production. The amino acids most likely to fulfill this role of RNA binding are ones that are
positively charged (e.g. histidine, lysine and arginine), those heavily involved in modern RNA
binding motifs. Furthermore, it has been postulated that it is these amino-acids that have the a
‘higher catalytic propensity’ (Kun et al. 2007), making them the ideal candidates for a dual role
entities, either as naked peptides or as RNA-peptide hybrids. These types of amino-acids bear
chemical functionality that makes them rich in reactivity. For example the imidazole ring in
histidine can act as proton transfer agent, as well as a nucleophilic catalyst (Roth et al. 1998).
Similarly, the guanidine in arginine has the ability to stabilize transition states of certain
reactions such as phosphate ester cleavage (Kim et al. 1991). Conceivably, even short unfolded
peptides rich in ‘lysine’, ‘histidine’ and ‘arginine’ could have served as simple catalysts or co-
factors (Kun et al. 2007), yielding a selection advantage over peptides without these amino-
acids. In support of this claim it has been shown that ‘random’ oligomers and polymers
containing imidazole have catalytic properties for a range of chemical reactions (Okhapkin et
al. 2004; Wulff 2002).

A mechanism that could have ‘super-charged’ the catalytic propensity of these proto-
peptides would have been the formation of transition metal complexes involved in a larger
range of chemical functionality and catalysis. For example short peptides, such as
minimized constructs from avian prions and Amyloid-β peptides bind Cu(II) and Zn(II)
ions with high affinity (Hornshaw et al. 1995; Syme et al. 2004), and Cu(II) and Zn(II)
complexes that are coordinated by ‘histidine’ like moieties are fully functional catalysts for
simple reactions such as manipulation of phosphate esters (Belousoff et al. 2008; Young et
al. 1995) what would have been beneficial in an RNA world. Out of the pool of histidine
rich peptides, it is possible that a certain amount could adopt a geometry enabling
accommodation of transition metal ions, thus forming an ‘active’ site. A proposed example
of a metallo-proto-peptide catalyst is shown in scheme 1, where a Cu(II) bound histidine
rich peptide conjugate would be able to catalyze the hydrolysis of phosphate esters.

Scheme 1 Proto-peptide-metal complex as an early catalyst. A Copper(II)-histidine
complex that could act as a potential phosphatase
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We therefore propose that during the stage of uncoded translation preference for
elongation may have been given to amino acids that were chemically compatible with the
ribozyme reacting with them, as well as with other ribozymes and components in its
immediate surroundings. Thus, suggesting preferred elongation of combinations of
histidines, lysines and arginines in preference to other amino acids. A possible mechanism
for such preference of the positively charged residues by the proto-ribosome could be the
result of both substrate binding and product release. Positively charged amino acids were
likely to fit well within the electrostatic field of the negatively charged RNA-made binding
pocket. On the same principle, short peptides with large portion of positively charged
amino acids could have spent more time in its surroundings before termination occurred. As
at initial stages of the proto-ribosome evolution termination was likely to be a stochastic
process, positively charged peptides probably had higher probability to be longer than
neutral or acidic chains. Interestingly, phylogenetic analysis indicated that many of the last
universal common ancestor (LUCA) peptide motifs are embedded within modern proteins
involved in either RNA processing or nucleotide binding (Sobolevsky et al. 2007; Trifonov
2009; Trifonov et al. 2009). Moreover, LUCA motifs consistently contain a GKT peptide
combination, supporting potential preference for that these amino acids (i.e. H, K, R) were
the first to be incorporated into an early genetic code for coded protein production (Kun et
al. 2007).

While the exact nature of the crossover from uncoded peptide elongation to the
emergence of an amino-acid coding system is shrouded in mystery, evidence about how
proteins interact with RNA in modern life can yield clues as to what sort of peptides
were selected in an uncoded RNA world. If certain peptides were chemically selected
and elongated, the pool of biological molecules available for the ribozymes to interact
with becomes enriched with a smaller subset of amino acids or small peptides,
concurrently opening the door for primitive coding mechanisms (such as coding
coenzyme handles, Szathmary 1993) to emerge in the RNA world as well as providing
rudimentary catalysts.
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