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The chemical versatility of RNA
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The ability of RNA to both store genetic information and catalyse chemical reactions has led to the
hypothesis that it predates DNA and proteins. While there is no doubt that RNA is capable of stor-
ing the genetic information of a primitive organism, only two classes of reactions—phosphoryl
transfer and peptide bond formation—have been observed to be catalysed by RNA in nature. How-
ever, these naturally occurring ribozymes use a wide range of catalytic strategies that could be
applied to other reactions. Furthermore, RNA can bind several cofactors that are used by protein
enzymes to facilitate a wide variety of chemical processes. Despite its limited functional groups,
these observations indicate RNA is a versatile molecule that could, in principle, catalyse the
myriad reactions necessary to sustain life.
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1. INTRODUCTION
The information content of the cell is contained in
DNA, which codes for proteins that carry out the
majority of cellular functions. However, the discovery
of catalytic RNA led to the RNA world hypothesis:
at one point, RNA could have been both the infor-
mation carrier and the functional molecule [1]. At
first the main function would be self-replication, but
as more complex RNAs evolved, they would need to
synthesize their precursors, store and use energy, and
isolate their reaction products from the environment.
Eventually, RNA would have to transition towards
modern biology, where proteins play most of the cata-
lytic roles. This would involve the increasingly
complex task of message-directed protein synthesis,
including the specific activation of amino acids to be
incorporated.

Is RNA up to the task? For the first two decades after
the discovery of catalytic RNA, only one RNA-catalysed
reaction was observed in nature—phosphoryl transfer.
Furthermore, the functional groups in RNA are limited,
with none having an unperturbed pKa near neutrality
that could be easily implicated in catalysis (figure 1).
Early speculation was that RNA functioned primarily
by recruiting divalent metal ions to the active site.
While metal ions are useful for catalysis and remain
important for many protein enzymes, this strategy
could not be wholly responsible for catalysing all the
necessary reactions in an RNA world.

It is now known that natural ribozymes use a variety
of catalytic mechanisms, even for phosphoryl transfer.
Furthermore, RNA regulatory elements, called ribo-
switches, have been shown to bind a variety of
cofactors, small molecules which expand the repertoire
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of modern protein enzymes. In addition to phosphoryl
transfer ribozymes, the RNA component of the ribo-
some is responsible for catalysing protein synthesis.
This is the key reaction required to transition from
RNA to protein as functional molecule. These obser-
vations indicate the versatility of RNA in catalysing
chemical reactions, an essential characteristic for the
RNA world.
2. PHOSPHORYL TRANSFER REACTIONS
The majority of natural ribozymes catalyse phosphoryl
transfer: the cleavage and/or ligation of the RNA phos-
phodiester backbone (figure 2). The fastest ribozymes
increase the rate of reaction by approximately 1012-
fold when compared with the uncatalysed reaction,
in the same range as protein enzymes such as ribo-
nuclease (RNase) A [3]. An enzyme, whether made
of RNA or protein, could catalyse this reaction in sev-
eral ways. A general base could assist in deprotonation
of the nucleophile, which is either water or a ribose
hydroxyl. A general or Lewis acid could help protonate
the 50-oxygen leaving group. A positively charged
moiety could stabilize the build-up of negative charge
on the non-bridging oxygen atoms in the transition
state. Finally, positioning of the nucleophile will also
contribute to catalysis since the reaction occurs fastest
when the nucleophile and leaving group are in an
inline conformation.

RNA can form specific, high-affinity binding pock-
ets for divalent metal ions, with ribose hydroxyls and
negatively charged phosphate oxygens often serving
as ligands. Since positively charged metal ions are
suited for all of the catalytic roles above, it was postu-
lated that all phosphoryl transfer ribozymes would be
metalloenzymes. A direct role for RNA bases was dis-
favoured, as no functional group has a pKa near
neutrality and RNA lacks positively charged moieties
to stabilize the build-up of negative charge.
This journal is q 2011 The Royal Society
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Figure 1. The functional groups of RNA. Primary sites of
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One example of a metalloribozyme is the group I
intron, which catalyses two phosphoryl transfer reac-
tions during the process of self-splicing. It was
proposed that the intron would use a two-metal ion
mechanism, analogous to protein phosphoryl transfer
enzymes [4]. Metal-specificity switch experiments
demonstrated that several functional groups near and
including the scissile phosphate coordinate divalent
metal ions [5]. Furthermore, structures of the complete
intron show two magnesium ions bound 3.9 Å apart,
consistent with the proposed two-metal ion mechanism
(figure 2b) [6,7]. One metal ion is in position to depro-
tonate the nucleophile, the second to stabilize the
negative charge on the leaving group and both can
stabilize the negatively charged non-bridging oxygens.

Later, the structure of the group II intron showed
that it also uses the two-metal ion mechanism [8].
The RNA components of other phosphoryl transfer
enzymes—RNase P and the spliceosome—also bind
divalent metal ions important for catalysis [9,10].
Clearly, RNA is suited for recruiting divalent metal
ions, which can be used for a variety of catalytic roles.

The large ribozymes are all metalloenzymes, but
surprisingly, the hairpin, Varkud Satellite (VS) and
hammerhead ribozymes are active in the absence of
divalent metal ions [11]. Each of these ribozymes,
along with the hepatitis delta virus ribozyme (HDV ),
catalyse self-cleavage and ligation reactions as part of
processing genome replicants.

The hammerhead ribozyme is perhaps the most
extensively studied small ribozyme, and the wealth of
biochemical and structural data support a catalytic
mechanism dependent on RNA functional groups
(figure 2c). Although early crystal structures of a
minimal hammerhead construct conflicted with bio-
chemical data, this has been reconciled by the
structure of a full-length, fully active construct [12].
The N1 of G12 is positioned to abstract a proton from
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the 20-oxygen nucleophile, and the 20-OH of G8 is
near the 50-oxygen leaving group. Further evidence sup-
ports a role for both of these groups in acid–base
catalysis. Mutation of G8 reduces catalysis 104-fold,
but this effect is rescued if the bridging oxygen of the
scissile phosphate is replaced with a sulphur leaving
group, alleviating the need for a general acid [13]. In
another study, a bromoacetamide group was attached
to the 20-oxygen nucleophile, which would produce a
covalent adduct if a general base were in the vicinity
[14]. Indeed, G12 becomes covalently linked to the
nucleophile in this case. pH-dependence and muta-
tional studies are also consistent with G8 being the
general acid and G12 the general base [15].

This appears to be a common strategy for the small
ribozymes. Similar experiments implicate nucleobases
in acid–base catalysis for the hairpin, HDV and VS
ribozymes [16–19]. This is unexpected because no
RNA functional groups have unperturbed pKas near
neutrality. It is possible that some of these bases are par-
ticipating in hydrogen bonds instead of full acid–base
catalysis. Alternatively, the bases could be functioning
as alternate tautomers, especially for guanine, which
has been repeatedly observed in position for acid–base
catalysis [19–22]. Metal ions may also play an indirect
role in altering the pKa of a nucleobase so it may act as
a general acid or base [14]. Protein enzymes commonly
have pKa shifts of several units; it appears that RNA is
capable of the same.

A third strategy for catalysis is demonstrated by the
glmS riboswitch. In response to high concentrations of
glucosamine-6-phosphate, this riboswitch catalyses its
own cleavage, which results in subsequent nuclease
degradation of the mRNA (figure 2d). The pKas of
glucosamine-6-phosphate and several analogues track
closely to the observed reaction pKas of the ribozyme,
suggesting a direct role in catalysis [23]. Glucosamine-
6-phosphate binds in the active site, in position to
donate an amino proton to the leaving group [20]. It
is also possible that the positively charged amino
group stabilizes the negatively charged transition
state. In either case, recruitment of a small molecule
cofactor expands the functional groups available for
catalysis. Aided by this cofactor, glmS can reach rates
as high as 5 s21 [24].
3. FUNCTIONAL COFACTORS BOUND BY
RIBOSWITCHES
Riboswitches are conserved gene elements generally
found in the 50-untranslated region of mRNAs. Each
riboswitch binds a ligand and in response regulates
expression of its associated mRNA. Riboswitches for
more than 10 ligands have been identified by bioinfor-
matic techniques [25]. Interestingly, several of these
ligands are cofactors for protein enzymes (figure 3).
Catalytic RNA could use these cofactors to increase
the range of chemistries available, as protein enzymes
do. The glmS riboswitch is a precedent for the use of
a cofactor in RNA catalysis. Although it is the only
riboswitch of this type discovered to date, it is reason-
able to speculate that cofactors similar to those bound
by other riboswitches could be used by ribozymes to
aid in catalysis.
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Riboswitches that bind S-adenosylmethionine
(SAM), tetrahydrofolate (THF), flavin mononucleo-
tide (FMN), thiamine pyrophosphate (TPP) and
adenosylcobalamin (AdoCbl) have been identified.
Each of these small molecules is ubiquitously
employed by protein enzymes. What chemistry could
ribozymes achieve with these cofactors?

Five classes of SAM riboswitches have been ident-
ified. These riboswitches are found upstream of
genes involved in SAM, cysteine and methionine syn-
thesis [26]. SAM is the second most common protein
cofactor (after ATP) and the most common methyl
donor [27]. In addition to its use as a regulatory
signal, methylation often plays a functional role in
RNA. Both the sugar and nucleobase of tRNA and
rRNA are a frequent target of methylation aided by
SAM [28]. Methylation of the 20-oxygen in particular
would stabilize an RNA against degradation, poten-
tially increasing the lifetime of an RNA copy and
allowing larger genomes. SAM is also a source of
other synthetic building blocks, including amino, ribo-
syl and aminoalkyl groups [29]. It is also noteworthy
that SAM is a relatively simple molecule, containing
a single nucleotide and a single amino acid. Such
a molecule could have been one of the first to be
synthesized and bound by RNA.

The THF riboswitch is found upstream of genes
encoding folate synthesis and uptake [30]. THF is a
Phil. Trans. R. Soc. B (2011)
carrier of single-carbon units in a variety of oxidation
states [31]. These units are used for the synthesis of
purine nucleotides and the amino acid methionine.
This cofactor would expand the ability for a primitive
ribozyme to provide building blocks initially for
nucleic acids and then proteins. THF also provides
the 5-methyl group which differentiates the DNA
nucleotide thymine from its RNA counterpart, uracil.
It is strongly associated with two other cofactors
bound by riboswitches: it provides the methyl group
needed to recycle SAM, and is kept in an active
form itself by a form of vitamin B12 (related to
AdoCbl, below).

The FMN riboswitch is found upstream of genes
involved in the biosynthesis and transport of riboflavin,
a precursor to FMN [32]. Flavin is a redox active chro-
mophore, with oxidized flavin able to be reduced by
one or two electrons [33]. Flavin-dependent enzymes
are involved in photosynthesis, pyruvate oxidation
and nitrogen fixation [34,35]. A flavin-dependent
ribozyme could carry out important reactions allowing
it to harness energy from its environment, a key com-
ponent of complex life. Interestingly, flavin-dependent
enzymes are also involved in nucleic acid repair.

The TPP riboswitch, associated with genes for thia-
mine biosynthesis, phosphorylation and transport, is
the only riboswitch to be identified in all three
domains of life [36,37]. TPP-dependent enzymes
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catalyse the reversible cleavage of carbon–carbon
bonds. These reactions are essential in the pentose
phosphate pathway, Calvin cycle of photosynthesis
and the tricarboxylic acid pathway [38]. These path-
ways store energy and create precursors to nucleic
acids and aromatic amino acids. TPP is also involved
in the production of ethanol by anaerobic fermentation
in fungi. The ability of this cofactor to make and break
carbon bonds would greatly expand the reactions that
could be catalysed by RNA, both for biosynthesis and
energy production.

The AdoCbl riboswitch regulates genes for the syn-
thesis and import of AdoCbl, a form of vitamin B12
[39]. AdoCbl is a source of free radicals used to cata-
lyse isomerization reactions [40]. These isomerizations
would allow a primitive ribozyme to use alternative
carbon sources, as some anaerobic bacteria do today.
Ribonucleotide reductases also use AdoCbl, although
they use an active site cysteine [41,42]. This functional
group is lacking in RNA and would have to be pro-
vided by a second cofactor (possibly a free amino
acid similar to cysteine). This reaction would be part
of the pathway from RNA to DNA as carrier of genetic
information.
4. PROTEIN SYNTHESIS
It is necessary but not sufficient for the RNA world to
be self-perpetuating: it must also have given rise to
current biology featuring protein enzymes. The details
Phil. Trans. R. Soc. B (2011)
of this transition are purely speculative, but it may have
included the recruitment of amino acids or short pep-
tides as enzymatic cofactors. Clearly, RNA is capable
of specifically binding these ligands and could use
them to assist in chemistry. Interestingly, many of the
cofactors discussed above contain a nucleic acid
element [43], suggesting that molecules like them
may have been selected in part for their ability to
bind to RNA. As peptides became more complex,
the chances of encountering them randomly in sol-
ution would drop precipitously, and machinery for
specifically synthesizing them would have to be devel-
oped. Eventually, this could become the mechanism
for protein synthesis.

Since the machinery for making proteins would
have to predate proteins, the RNA world hypothesis
predicts such machinery would be made of RNA. In
all extant organisms, protein synthesis is carried out
by a large nucleoprotein complex, the ribosome. Strik-
ingly, the active site for peptide bond formation is
composed entirely of RNA [44,45]. This is possibly
the single most significant piece of data supporting
the RNA world hypothesis.

The ribosome manufactures proteins by linking indi-
vidual amino acids through peptide bonds (figure 4).
As in phosphoryl transfer, this reaction may be catalysed
by deprotonating the nucleophile, protonating the leav-
ing group and stabilizing build-up of charge in the
transition state. Substrate positioning is expected to
play a large role, as it does for all bimolecular reactions.
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This could be as general as bringing the two substrates in
close proximity (essentially increasing the diffusion
constant) or inorienting functional groups for productive
chemistry.

Does the ribosome use similar strategies to the
phosphoryl transfer ribozymes, or some novel strategy?
Structural and biochemical data have mostly ruled out
a significant role for metal ions or ribosomal functional
groups [46]. No metal ions have been observed in any
high-resolution crystal structures of the active site
[47]. Furthermore, the only ribosomal functional
group to have any effect on the rate when deleted is
the 20-hydroxyl of A2451 [48]. The effect is only
10-fold, consistent with it helping to position the
nucleophile, but not making an important transition
state hydrogen bond or assisting in proton transfer.

It could be that substrate positioning is then the
only contribution of the ribosome to catalysis—it
serves as an inert scaffold on which the substrates
bind. It is easy to imagine such a molecule arising
during the RNA world. However, it does appear that
the ribosome plays a significant role in altering the
reaction pathway, as many reaction parameters differ
from similar uncatalysed reactions [49–51]. It may
be that the ribosome uses a strategy made famous by
protein enzymes—drastically altering the environment
of the substrates by creating a fully enclosed active site
largely devoid of water. This increases the entropy of
the reaction (consistent with biochemical data [52]),
and allows the reaction to proceed by pathways that
are unlikely in bulk solvent.

The ribosome takes advantage not only of the versa-
tility of RNA as a catalyst, but also its versatility as a
substrate. For many phosphoryl transfer reactions,
RNA provides its own nucleophile, the 20-hydroxyl,
greatly accelerating the reaction (hence the drastic
Phil. Trans. R. Soc. B (2011)
difference in stability of DNA and RNA). For peptide
bond formation, the ribosome may use the 20-hydroxyl
to aid in proton transfer or in strong transition state
hydrogen bonds; deletion of this functional group
significantly reduces activity [49]. This allows the reac-
tion to progress even with limited water molecules
available to accept and donate protons. In the case of
the ribosome, this is a different role for the 20-hydroxyl
group from similar uncatalysed reactions, where the
20-hydroxyl has a small effect [53].

It is unknown (and perhaps unknowable) what a
more primitive ribosome looked like, and at what
point aminoacyl adenylates were used as substrates.
Although a small ribozyme has been developed by in
vitro selection which can form a peptide bond between
two aminoacyl adenylates [54], message-directed
synthesis requires a more complex system with decod-
ing abilities. Nevertheless, the modern ribosome is
a vivid demonstration that RNA has the catalytic
properties necessary to begin protein synthesis.
5. CONCLUDING REMARKS
Only two reactions are observed to be catalysed by
RNA in nature. However, the diversity of catalytic
mechanisms for these reactions implies that RNA
may be capable of much more. This is supported by
the success of in vitro selection to develop ribozymes
for RNA ligation [55], carbon–carbon bond formation
[56], glycosidic bond formation [57] and other activi-
ties. Furthermore, in vitro-selected ribozymes can
use catalytic cofactors, demonstrated by an alcohol
dehydrogenase [58].

If the RNA world hypothesis is correct, then almost
all ribozymes have been replaced by protein counter-
parts. Why then do some ribozymes persist in the
presence of proteins, while others do not? First,
the lower reaction rate could be compensated for by
the increased effective concentration, since most ribo-
zymes exist in nature as cis-acting elements, and not
true trans-acting enzymes. In fact, the deficiency of
many ribozymes compared with protein enzymes is
not in the catalytic rate, but in binding the engineered
substrate. Further, some ribozymes are mobile genetic
elements, which benefit from requiring as little
exogenous protein as possible (and, in fact, introns
often contain their own open reading frames) [59].
Many ribozymes are found in viruses, where they
may confer a selective advantage by requiring fewer
resources—compare the genetic cost of the hammer-
head (approx. 50 nucleotides) with even a small
protein, such as RNase A (approx. 400 nucleotides,
plus the machinery to translate mRNA to protein).

On the other hand, the ribosome is an extremely
complex machine, consisting of three RNA molecules
and 34 proteins in prokaryotes with a total mass
around 2.5 MDa. In addition, it requires numerous
tRNAs and synthetases to provide activated amino
acids, and another set of proteins for initiation and
elongation. It may be that by the time protein enzymes
were fully developed, the functional role of RNA
in the ribosome was too interwoven and complex to
be replaced.
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It is unlikely that any other massive, complex ribo-
zymes such as the ribosome will be discovered. Instead,
unidentified ribozymes are likely to be low-cost alterna-
tives to proteins, while still maintaining high catalytic
activity. The versatility of RNA indicates a wider range
of ribozymes fitting this description may be possible.

Work described in this review was supported by an NIH
post-doctoral fellowship to D.A.H. and NIH grant 054839
to S.A.S.
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