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Abstract We normally think of enzymes as being proteins; however, the RNAworld hypothesis
suggests that the earliest biological catalysts may have been composed of RNA.One of the oldest
surviving RNA enzymes we are aware of is the peptidyl transferase centre (PTC) of the large
ribosomal RNA, which joins amino acids together to form proteins. Recent evidence indicates
that the enzymatic activity of the PTC is principally due to ribose 2′-OHs. Many other reactions
catalyzed by RNA and/or in which RNA is a substrate similarly utilize ribose 2′-OHs, including
phosphoryl transfer reactions that involve the cleavage and/or ligation of the ribose-phosphate
backbone. It has recently been proposed by Yakhnin (2013) that phosphoryl transfer reactions
were important in the prebiotic chemical evolution of RNA, by enabling macromolecules
composed of polyols joined by phosphodiester linkages to undergo recombination reactions,
with the reaction energy supplied by the phosphodiester bond itself. The almost unique juxta-
position of the ribose 2′-hydroxyl and 3′-oxygen in ribose-containing polymers such as RNA,
which gives ribose the ability to catalyze such reactions, may have been an important factor in
the selection of ribose as a component of the first biopolymer. In addition, the juxtaposition of
hydroxyl groups in free ribose: (i) allows coordination of borate ions, which could have provided
significant and preferential stabilization of ribose in a prebiotic environment; and (ii) enhances
the rate of permeation by ribose into a variety of lipid membrane systems, possibly favouring its
incorporation into early metabolic pathways and an ancestral ribose-phosphate polymer. Some-
what more speculatively, hydrogen bonds formed by juxtaposed ribose hydroxyl groups may
have stabilized an ancestral ribose-phosphate polymer against degradation (Bernhardt and
Sandwick 2014). I propose that the almost unique juxtaposition of ribose hydroxyl groups
constitutes the root of both biological catalysis and the RNAworld.
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Of all the evidence in favour of an ancestral world dominated by RNA, perhaps the most
compelling is the likelihood that the vast majority of proteins that have ever existed were made
by one – an RNA, that is. And the evidence from ribosome X-ray crystallography that this
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remains the case (Nissen et al. 2000) emphasizes the continuing indispensable role of RNA
catalysis in the biological realm. Logically, coded ribosomal protein synthesis must have
preceded the appearance of complex proteins, and therefore the ribosomal peptidyl transferase
centre (PTC), which catalyzes peptide synthesis, is one of the most ancient enzymes that we
know of (Steitz and Moore 2003), despite the fact that we usually think of enzymes as being
proteins. As such, the way in which the PTC catalyzes peptide synthesis potentially provides
us with a window into the origins of biological catalysis. After more than three billion years of
evolution, has the modern PTC retained any features of the ancestral catalytic mechanism?

The PTC catalyzes peptide bond formation between amino acids attached to the ribose 3′-
OHs of the adenosine A76 residues of the A and P site tRNAs. Although some controversy still
remains, there is a growing consensus that catalysis by the PTC is mainly due to its ribose 2′-
OHs (Erlacher et al. 2006; Trobro and Åqvist 2005). Substrate-assisted catalysis by the ribose
2′-OH of A76 of the P site tRNA also plays an important part (Zaher et al. 2011; Rodnina 2013);
the critical roles of the juxtaposed 2′/3′-OHs of the tRNA A76 in all aspects of translation have
been reviewed previously (Weinger and Strobel 2006; Safro and Klipcan 2013). What is more,
the importance of ribose hydroxyls appears to be a general theme in RNA catalysis beyond the
PTC, and more generally in reactions in which RNA is a substrate, including substrate-assisted
catalysis in a number of other RNA enzyme-catalyzed reactions (Smith and Pace 1993) and
even in cases where the principle catalyst is a protein enzyme (Minajigi and Francklyn 2008).

Substrate-assisted catalysis would seem like a sensible place to look for the origins of
biological catalysis, as preprogramming by substrate chemistry would have reduced the
requirement for a complex active site in a prebiotic environment; in fact, Safro and Klipcan
(2013) have proposed that the activity of the juxtaposed 2′/3′-OHs of the tRNA A76 ribose
qualifies tRNA as a ribozyme. However, in the modern reactions in which substrate-assisted
catalysis by ribose hydroxyls plays a role – and the PTC is a good example of this –
such catalysis still occurs within a highly complex active site. Is catalysis possible in the
absence of such complexity, as would appear to have been necessary in the prebiotic situation?
A possible answer to this question is provided by phosphoryl transfer reactions – the most
common reactions catalyzed by contemporary RNA enzymes – which involve the cleavage
and/or ligation of the RNA phosphodiester backbone. The active site of such reactions often
consists of no more than a single RNA strand, with the sole requirement being the juxtaposition
of the ribose 2′-hydroxyl and 3′-oxygen (Oivanen et al. 1998 and references therein). Yakhnin
(2013) has proposed that phosphoryl transfer played a critical role in the chemical evolution of
RNA, by enabling recombination reactions that resulted in selection of the most stable
phosphodiester bond-containingmolecules. AlthoughYakhnin has proposed that such reactions
could have been catalyzed by hydroxyl groups belonging to a range of different polyols, it
seems likely that ribose has been performing this function from the beginning, due to the
catalytic ability of its juxtaposed 2′-hydroxyl and 3′-oxygen (Bernhardt and Sandwick 2014).

In addition to the important contribution of the ribose 2′-OH to catalysis, the juxtaposition
of hydroxyl groups in free ribose may have played a critical role in stabilizing it against
degradation, as well as in enabling its faster permeation of prebiotic lipid vesicles. The
prebiotic synthesis of ribose is generally thought to have occurred from formaldehyde via
the formose reaction pathway; however, this pathway produces a myriad of products, of which
ribose is only one of many (Benner et al. 2012). The five-membered ring form of ribose
(ribofuranose) can adopt two conformations, with the 1′-OH pointing either above or below the
plane of the ring, termed β- and α-conformers, respectively. In α-ribofuranose, the 1′-OH
points below the plane of the ring in the same direction as the 2′- and 3′-OHs, with the result
that the three hydroxyls point in the same direction (Fig. 1a). This arrangement of hydroxyl
groups allows the coordination of borate ions by either the 1′/2′- or 2′/3′-OHs, with the former
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beingmore energetically favourable (Chapelle andVerchere 1988). Benner and colleagues have
shown that the presence of borate-containing minerals is both compatible with ribose synthesis
by the formose reaction, and also protects ribose from degradation for 2 months at 45 °C and
pH~12 (Ricardo et al. 2004), suggesting borate may have played a critical role in the prefer-
ential stabilization of ribose in a prebiotic environment. In addition – and again as a result of the
juxtaposition of its hydroxyl groups – ribose could have more quickly permeated a variety of
prebiotic vesicles. In work carried out by Sacerdote and Szostak (2005), ribose was shown to
permeate a range of different lipid membrane systems 3- to 10-fold faster than xylose and
arabinose, two similar pentoses. Free ribose in aqueous solution normally adopts predominantly
the six-membered ring (ribopyranose) conformation, of which the lowest energy and most
populated conformer is the β-ribopyranose 4C1 chair conformation (Franks et al. 1989) in
which the 1′-OH points slightly above the plane of the ring. Wei and Pohorille (2009) have
shown using molecular modeling that the four ribose hydroxyls in this conformation are able to
form an intramolecular chain of hydrogen bonds (Fig. 1b) that reduces the effective hydrophi-
licity of the hydroxyl groups, increasing the solubility of ribose in the lipid phase and enabling it
to traverse lipid membranes more quickly than other pentoses. This difference appears to be due
to the fact that, in xylose and arabinose, the 2′- and 3′-OH groups point in opposite directions,
making formation of a similar chain of hydrogen bonds impossible (Wei and Pohorille 2009).

We have previously proposed that RNA evolved from an abasic ribose-phosphate polymer
by a process of chemical evolution occurring through a series of spontaneous (nonenzymatic)
reactions at the ribose C1 carbon, which ultimately produced the purine nucleobases, with the
pyrimidine nucleobases evolving later (Bernhardt and Sandwick 2014). In a ribose-phosphate
polymer with 5′–3′-phosphodiester linkages, the 5′-phosphate constrains ribose into the
ribofuranose conformation. Similarly, ribose-5-phosphate in aqueous solution exists as an
equilibrium mixture of mainly α- (~36 %) and β- (~64 %) ribofuranose (Pierce et al. 1985),
with the α-conformer having the 1′-OH pointing below the plane of the ring in the same

Fig. 1 The role of juxtaposed ribose hydroxyl groups in the coordination of borate and in hydrogen bonding
interactions, with carbon skeletons and hydrogen bonds between numbered hydroxyls indicated (a) α-
ribofuranose coordinating borate (black) (b) β-ribopyranose in 4C1 chair conformation with proposed intramo-
lecular chain of hydrogen bonds (c) α-ribofuranose as part of a proposed ancestral ribose-phosphate polymer;
some ribose hydrogens have been omitted for clarity. Based on naked ribose zipper nIL (Tamura and Holbrook
2002) from PDB 1S72 (Klein et al. 2004)
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direction as the 2′- and 3′-OHs, the same conformation that coordinates borate (Fig. 1a). We
have proposed that evolution of the purine nucleobase precursors was driven by their ability to
progressively stabilize the ribose-phosphate backbone to which they were attached, with the
earliest stabilizing interactions possibly consisting of hydrogen bonds between ribose 1′- and
2′-OH groups, analogous to naked ribose-zipper interactions that occur between ribose 2′-OH
groups in modern RNA (Tamura and Holbrook 2002; Ulyanov and James 2010). The fact that
the 1′ and 2′-OHs point in the same direction in the α-ribofuranose conformation potentially
would have allowed the formation of two hydrogen bonds by each ribose as part of the
proposed ribose-phosphate polymer. If this bonding provided sufficient free energy for duplex
formation (as depicted in Fig. 1c), this could have stabilized the proposed abasic ribose-
phosphate backbone against degradation, as has been shown to be the case for RNA, where
duplexes are much more resistant than single stranded regions to phosphodiester bond
cleavage (Mikkola et al. 2001).

Somewhat ironically, the way in which our understanding of the catalysis of protein
synthesis has developed over the last 30 years appears to mirror the evolution of biological
catalysis, only in reverse. With the demise of the belief that a histidine residue belonging to a
ribosomal protein catalyzed the reaction (Sumpter et al. 1991), it was next assumed that an
adenine nucleobase with an altered pKa must be responsible (Muth et al. 2000), until finally we
have arrived at the concept of catalysis by ribose 2′-OHs (Erlacher et al. 2006; Trobro and
Åqvist 2005). In addition to its critical role in catalysis, the almost unique juxtaposition of
hydroxyl groups may have stabilized ribose against degradation through coordination of
borate, and enhanced its movement across membranes in a prebiotic environment. In turn,
and somewhat more speculatively, the faster permeation of ribose into prebiotic lipid vesicles
may have been utilized serendipitously by its conversion to a charged or polymerized
derivative, possibly ribose-5-phosphate or even a ribose-phosphate polymer in which the
juxtaposition of ribose 1′- and 2′-hydroxyls and 3′-oxygen may have enabled both catalysis
of recombination reactions as well as the formation of a lattice of hydrogen bonds that
stabilized the ribose-phosphate backbone against cleavage, ultimately leading to the evolution
of RNA as the first biopolymer of life. It seems that, in discovering the catalytic mechanism of
the PTC, we may have stumbled upon the roots of biological catalysis and the RNA world,
which, as is often the case, was in the last (and seemingly most unlikely) place that we looked.
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