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Ribozyme catalysis: not different, just worse
Jennifer A Doudna1 & Jon R Lorsch2
Evolution has resoundingly favored protein enzymes over RNA-based catalysts, yet ribozymes occupy important niches in
modern cell biology that include the starring role in catalysis of protein synthesis on the ribosome. Recent results from structural
and biochemical studies show that natural ribozymes use an impressive range of catalytic mechanisms, beyond metalloenzyme
chemistry and analogous to more chemically diverse protein enzymes. These findings make it increasingly possible to compare
details of RNA- and protein-based catalysis.

With apologies to Jeremy Knowles and his seminal review, “Enzyme catalysis:
not different, just better” .
(Nature 350, 121–124, 1991).

The emergence of efficient and highly specific catalysts for biochemical
reactions was key to the evolution of living systems. Although protein
enzymes dominate modern cell biology, discoveries of catalytic RNA
molecules, called ribozymes, fueled the suspicion that nucleic acids were
key to the origin of biocatalysts, in part because RNA plays central roles
in the fundamental process of protein biosynthesis in all cells. According
to the ‘RNA world’ hypothesis, RNA once served as both the genetic
material and the principal biocatalyst in living systems. As this primitive
RNA-based metabolism evolved, requirements for more sophisticated
enzymes with superior catalytic powers are thought to have stimulated
the transition to protein-mediated catalysis. It seems possible that naturally occurring ribozymes present in organisms ranging from bacteria to
humans are in fact remnants from this envisioned RNA-dominated era.
If this is true, at least some of the catalytic functions of modern enzymes
were originally carried out by ribozymes.
A decade’s worth of in vitro selection and evolution experiments have
proven that ribozymes are indeed capable of catalyzing a broad range
of chemical reactions and can provide rate enhancements respectable
enough, perhaps, to have sustained basic life forms on the early Earth. As
researchers have studied both naturally occurring and in vitro–evolved
ribozymes, an underlying question has persisted: is ribozyme catalysis
the same as or different than protein catalysis? On the face of it this
question seems reasonable; proteins and nucleic acids are very different macromolecules, after all. Proteins have a variety of functional
groups available for use in catalyzing reactions and in folding into stable,
complex structures. In contrast, ribozymes have only four bases, all of
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plex shapes, it is not clear that nature can fine-tune their structures with
quite the same precision as the diverse array of amino acid side chains
allows. But is the question really reasonable? At a chemical level, how
different could RNA-based catalysis be from protein-based catalysis?
If one strips away the macromolecule from the catalyzed reaction,
there are only a limited number of mechanisms through which a reaction can be catalyzed. The overall goal is to stabilize the transition state
of the reaction relative to the ground state. To do this, the catalyst can
pay for the cost of entropy lost in achieving the transition state by positioning the substrates in the appropriate configuration1–3. The catalyst
can also make stronger interactions with the transition state than with
the ground state, thus lowering the enthalpic difference between the two
states. Acidic and basic groups can participate in lowering the transition
state energy by stabilizing developing charges4. Acids and bases can also
be used to provide necessary pathways for protons to move into and
out of the active site during the course of the reaction5. In many reactions untenably large energy barriers would occur if facile pathways for
proton movement from one atom to another did not exist1 and thus
creating these pathways is necessary for a macromolecule to be able to
get on with the business of stabilizing the transition state of the reaction
relative to the ground state. If the ground state of the reaction of interest is the enzyme–substrate complex, the reaction can be accelerated by
decreasing the stability of this state without a corresponding decrease in
transition state stability. A catalyst can also break the reaction pathway
into new steps by covalently altering the substrate, thereby chopping one
barrier into several smaller ones and possibly making the rate-limiting
transition state(s) easier to stabilize.
The mechanisms described above are general and make no assumptions about the nature of the molecule catalyzing the reaction. Although
it is not necessary that a certain class of macromolecular catalysts use all
of the above strategies, it is certain that these catalysts will use a subset of
them, and it seems very unlikely (we would like to submit unimaginable)
that they will invent any new ones. Thus once again with ribozymes, as
with so much else, the Ecclesiastes principle holds: “There is nothing
new under the sun.” So far, the best studied classes of ribozyme-catalyzed
reactions—self-cleaving ribozymes, self-splicing introns and the ribosome—demonstrate this principle. This review highlights new insights
into ribozyme catalysis as well as some of the many remaining challenges
to understanding detailed mechanisms of action of RNA enzymes.
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Figure 1 Comparison of proposed mechanisms for RNA strand scission
catalyzed by the protein enzyme RNase A and the HDV ribozyme. In
each case, the reaction involves nucleophilic attack of the 2′ hydroxyl on
the adjacent phosphorous atom and produces products with 2′,3′-cyclic
phosphate and 5′-hydroxyl termini. In this and subsequent figures, general
bases are blue and general acids are red. (a) Mechanism of catalysis by
RNase A, in which two histidine side chains function as general base and
general acid, respectively. (b) Two proposed mechanisms for HDV ribozyme–
mediated cleavage: top, C75 acts as a general acid; bottom, C75 acts as a
general base. Not all known or proposed interactions are shown; squiggly
lines represent connections to the rest of the RNA chain. (c) Precursor and
product states of the ribozyme determined by X-ray crystallography31,48;
note that in the precursor, the 5′-oxygen leaving group coordinates to a
hydrated magnesium ion, whereas in the product state, it is within hydrogen
bonding distance of the N3 of C75. Figure 1c was prepared by A. Ke using
VMD (http://www.ks.uiuc.edu/Research/vmd/).

RNA strand scission
Nature has produced an abundance of protein enzymes and five known
classes of naturally occurring ribozymes that promote phosphodiester
cleavage in RNA substrates (Fig. 1). Protein enzymes that catalyze
nucleophilic attack at a phosphate within RNA or a ribonucleotide use
a variety of chemical mechanisms. For example, mammalian adenylyl
cyclases function by a two-metal-ion mechanism6, ribonuclease A uses
two histidines for general acid-base catalysis7 (Fig. 1a), and the anthrax
adenylyl cyclase exotoxin uses one histidine and a coordinated metal
ion to activate the attacking nucleophile and stabilize the leaving group,
respectively8. Interestingly, structural and mechanistic studies show
that self-cleaving ribozymes also catalyze phosphodiester bond scission by a variety of mechanisms, demonstrating a breadth of catalytic
potential surprisingly analogous to proteins (Table 1). Three of these
ribozymes are small, ∼40–120-nucleotide RNAs for which multiple
crystal structures are available in each case. The hammerhead, hepatitis
δ virus (HDV) and hairpin ribozymes all catalyze site-specific self-cleavage
resulting in products with 2′,3′-cyclic phosphates and 5′-hydroxyl
termini during rolling circle replication of the viral or virusoid RNAs
in which they reside. Although these ribozymes promote the same
chemical reaction as many protein ribonucleases (Fig. 1), they act
only at specific phosphodiester bonds by using base-pairing and other
interactions to align the cleavage site within the RNA active site. The
evolutionary maintenance of these sequences may result in part from
the relative ease of evolving efficient and site-specific self-cleaving
RNA motifs9,10.
The hammerhead ribozyme mediates rolling circle replication
within circular virus-like RNAs that infect plants. Although the
hammerhead can be trimmed to a tiny ∼40 nucleotides, natural ham-
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merhead ribozymes include additional nonconserved sequences that
stabilize the active conformation at physiological magnesium ion
concentrations11–13. The simplicity of the minimized hammerhead
secondary structure lent itself to the design of two-piece constructs in
which the strand containing the cleavage site was separated from the
rest of the self-cleaving RNA. By treating one strand as the substrate
and the other as the enzyme, multiple-turnover cleavage occurred
with a typical rate of 1 molecule per minute in vitro, consistent with
a 106-fold rate enhancement over uncatalyzed nonspecific RNA
hydrolysis14 (for comparison, RNase A accelerates the same reaction
>1012-fold; ref. 15. The discovery that a catalytic requirement for
magnesium was obviated at high (4 M) monovalent salt concentrations16–18 suggested two distinct possibilities: these ribozymes use
a different catalytic mechanism in the presence of high, nonphysiological concentrations of monovalent salts, or the divalent metal
ion requirement at low salt concentration serves a structural rather
than a chemical function.
Despite an abundance of crystal structures of ‘minimal’ and catalytically active hammerhead ribozymes19–25, the positions and functions
of bound divalent metal ions have remained elusive. Although several
divalent ions were unambiguously identified in these structures, they
were not situated close enough to the site of catalysis to support a direct

Table 1 Ribozyme mechanisms
Crystal structure(s) Catalytic strategies
Hammerhead

Yes

Substrate orientation; metalloenzyme?

Hairpin

Yes

Electrostatic transition state
stabilization; general acid-base?

HDV

Yes

General acid-base; metalloenzyme

Group I introns

Yes

Metalloenzyme; substrate orientation,
approximation

Group II introns

Parts

Ribosome

Yes

Metalloenzyme
Substrate orientation, approximation;
substrate-assisted catalysis
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Figure 2 Comparison of proposed mechanisms for hydrolysis of phosphodiesters catalyzed by 3′,5′-cyclic nucleotide phosphodiesterase 4 (PDE4) and
the group I intron. (a) Two metal ions, a Mg2+ and a Zn2+, in the active site of PDE4 (ref. 103) coordinate either a hydroxide ion or a water molecule
(or conceivably an oxide104) and, along with an aspartate, are thought to orient the OH– or H2O and promote its attack on the phosphorus of the cyclic
nucleotide. The metals also serve to orient and polarize the cyclic phosphate group. A histidine is proposed to act as a general acid, protonating the leaving
group (3′ oxygen). (b) PDE4 active site as determined by X-ray crystallography105, with substrate in orange and oriented as in a. (c) A mechanism involving
three metal ions has been proposed for the group I intron based on extensive sulfur and amino group substitution of active site oxygens71–73. Not all known
or proposed interactions are shown. (d) X-ray crystallographically determined active sites of the (i) T. thermophila (3.8 Å resolution), (ii) Azoarcus (3.1 Å
resolution) and (iii) Twort (3.6 Å resolution) group I introns show the precursor, intermediate (poised to initiate the second step of self-splicing) and postcleavage states, respectively79–81; scissile bond in (ii), yellow; metal ions, purple (A in c) and pink (C in c); ωG, white (i–iii). Note that the substrate strand in
the 3.1 Å Azoarcus structure contained all 2′-deoxy residues; in this structure, the metal ion in pink was a potassium ion, whereas a related structure at lower
resolution (3.7 Å) with a single 2′-deoxy substitution at the cleavage site contained a magnesium ion at the equivalent position79. Figure 2b,d was prepared
by A. Ke using VMD (http://www.ks.uiuc.edu/Research/vmd/).

role in RNA cleavage. Site-specific substitution of phosphate oxygens
with sulfur atoms was used to disrupt divalent metal ion–binding sites
potentially involved in catalysis, coupled with attempted ‘rescue’ of
catalysis by these derivatives using thiophilic metal ions26–28. Results
from these experiments suggested direct simultaneous coordination of
a single metal ion by the scissile phosphate and a second phosphate
oxygen located 20 Å away in the crystal structure27,29. It was proposed
that the crystal structures might represent the ‘ground state’ conformation of the hammerhead ribozyme and that before catalysis the RNA
conformation changes substantially but transiently to bring the critical
catalytic metal ion proximal to the cleavage site. Molecular modeling
and kinetic analysis of the hammerhead cleavage reaction in the presence of monovalent versus divalent salts support the alternative idea
that divalent metal ions are not essential to the catalytic step but instead
stabilize the active ribozyme structure17,18,24,30.
The HDV ribozyme and the hairpin ribozyme catalyze the same
chemical reaction as that of the hammerhead, and they are likewise
responsible for cleaving intermediates generated during rolling circle
replication of a human pathogen and a plant virus satellite RNA, respectively. Crystal structures of these ribozymes showed that in each case the
RNA forms an enclosed cleft in which strand scission takes place31,32.
The unexpected possibility that RNA might use general acid-base chemistry, in which nucleobases directly contribute to catalysis by donating
or accepting protons during the chemical step of the reaction, was first
suggested by the structure of the self-cleaved form of the HDV ribozyme
(Fig. 1b,c). In this structure, the single most catalytically critical residue,

a cytidine (C75), is located in a metal ion–free cleft near the reaction
leaving group. Likewise, in an inhibitor-bound form of the hairpin ribozyme, four functionally critical active site purine bases line the active site
cavity and one, G8, makes hydrogen bonds to the scissile phosphate32.
Could these nucleobases play direct roles in ribozyme catalysis? Although
protein side chains with near-neutral pKa values can act as general acids
or bases readily in vivo5, the lack of RNA functional groups with pKa
values near physiological pH (6–7) means that for RNA to function in
this way, one or more of its functional groups must have a pKa substantially shifted toward neutral2 or a group with a nonoptimal pKa must be
used33. Substantial pKa shifts have been documented for A and C residues
within small functional RNAs, where the structural environment of the
nucleotide favors protonation of a ring nitrogen of the base34–38.
Proving whether and how general acid-base catalysis might work in
the HDV and hairpin ribozymes remains an outstanding challenge.
Mutation of C75 slows the rate of HDV ribozyme catalysis by ∼105fold (ref. 39), similar to the effect of mutating either of the general
acid-base catalytic histidines in ribonuclease A40. More modest but
substantial 10–350-fold catalytic rate reductions occur in hairpin ribozymes lacking G8, A9 or A10 (ref. 41). In the HDV ribozyme, a network
of potential hydrogen bonds to C75 is consistent with stabilization of
a protonated form of the base that might allow it to donate or accept
a proton at some stage during catalysis31. This feature could be very
useful for mediating catalysis by pulling a proton off the attacking
2′-oxygen nucleophile, or by providing a proton to the 5′-oxygen
leaving group (Fig. 1b). But does this in fact occur? Imidazole and
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nucleotide analog rescue of ribozymes with mutations at C75 (ref. 42),
correlation of reaction pKa values with those of various imidazole
analogs43, kinetic isotope effects and detailed analysis of metal ion
contributions to catalysis44–46 support a direct role of C75 in proton
transfer during catalysis. However, the pKa of the active site C is not
substantially shifted in the ground state47, and its precise catalytic role
remains elusive. More recently, structures of the precursor form of
the HDV ribozyme showed that a hydrated magnesium ion binds the
active site in the precleaved state, coordinated directly or through a
water molecule to the leaving group oxygen48. In the precursor active
site, C75 is positioned near the 2′-hydroxyl nucleophile, suggesting
possible general-base function to initiate the reaction by deprotonating
the 2′-hydroxyl nucleophile (Fig. 1c).
The situation is murkier still for the hairpin ribozyme. Both singlemolecule and ensemble kinetic studies have shown that the rate of the
reaction is dependent on pH under conditions where no large scale conformational changes are rate-limiting, and these curves give an apparent pKa for a group (or groups) in the reaction of ∼6.5, consistent with
a general acid or base being at work33,49,50. In crystal structures of the
ribozyme, several purine bases—G8, A9, A10 and A38—are close enough
to the site of chemistry to play a role in acid-base catalysis (possibly
mediated by a bridging water molecule)32,51. Nucleobase rescue experiments have argued against a role for G8 as an acid or base, however41,49,
and pH-dependent nucleotide analog interference experiments cast doubt
on the proposed use of A38 as a general acid-base, although this study did
suggest that ionization of A10 is important in the mechanism of action of
the ribozyme52. Regardless of whether a general base or acid is at work,
the lack of a requirement for divalent metal ions during hairpin ribozyme
cleavage implies that it uses a metal ion–independent mechanism53,54.
The crystal structure of the ribozyme bound to a transition state analog
suggested that the hairpin uses multiple hydrogen bonds to stabilize the
transition state and thus catalyze the reaction51. It has also been suggested
that the pH-dependence of the reaction may reflect the use of a protonated base to electrostatically stabilize developing charge in the transition
state, rather than actual proton transfer to the reacting molecule(s)49,52.
And of course, pH studies being what they are, the possibility that the
pH-dependence arises for more byzantine reasons, such as a small, hardto-detect proton-accelerated conformational change or the composite
effects of multiple titrating groups, cannot at this point be excluded.
For at least two of these small ribozymes, the hammerhead and the
HDV, it has proved difficult to correlate structural information with all
of the information derived from biochemical studies of the mechanisms
of catalysis. These discrepancies can be explained if the structures determined for these small ribozymes do not represent the structures that
actually stabilize the transition states for the reactions, perhaps because
conformational changes must take place during the reaction cycle to
attain the active states. A considerable body of evidence supports the
notion that the small ribozymes undergo conformational rearrangements during the course of catalysis25,48,55–58. For example, Blount et
al. showed that attaching bulky groups to the 2′ positions of several
bases in the hammerhead markedly reduced the rate of the catalyzed
reaction, even though the crystal structures indicated that these modifications should be easily accommodated, suggesting that the added
groups interfere with a required conformational change56. In larger
ribozymes such as the group I intron, peripheral domains outside of
the catalytic core help to stabilize the active structure of the RNA59–61.
In fact, it has recently been found that structures in viroid RNAs outside
of the hammerhead catalytic domain greatly enhance catalysis by the
ribozyme, possibly by stabilizing the active state11,62. Determination of
the structures of these extended hammerhead ribozymes could prove
very enlightening.
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RNA splicing
Distinct from RNA strand scission or self-cleavage, splicing involves the
excision of an intervening sequence, or intron, from precursor transcripts with concurrent ligation of the flanking sequences, or exons,
to form a mature RNA. Introns, perhaps the remnants of an ancient
mechanism for increasing the information content and adaptability of
RNA, occur widely within precursor transcripts of eukaryotic, and a few
viral, messenger RNAs. Splicing of these intervening sequences is catalyzed by the spliceosome, a large and dynamic RNA–protein complex.
However, two different classes of autocatalytic introns interrupting genes
for rRNA, tRNA and mRNA in protozoan nuclei, fungal mitochondria,
algal chloroplasts, bacteria and bacteriophages are capable of selfexcision. The group I class, defined by nine base-paired elements (P1–P9),
accomplishes splicing by a two-step transesterification mechanism
initiated by an exogenous guanosine nucleoside or nucleotide. In a
reaction chemically analogous to that catalyzed by phosphodiesterase
(Fig. 2a,b), the 3′ hydroxyl of the bound guanosine substrate attacks the
5′-splice site phosphate and attaches to the 5′ end of the intron (Fig. 2c).
In a second step, the 3′ OH of the 5′ exon attacks the phosphate at the
3′-splice junction, ligating the exons and excising the intron. In contrast,
the group II class of introns share a different, generally larger secondary
structure and a distinct splicing mechanism. Here, the 2′ OH of an
internal adenosine within the intron serves as the initiating nucleophile,
cleaving the 5′-splice site phosphodiester bond and forming a 2′-5′ linkage with the end of the intron. Subsequently, the 3′ OH of the 5′ exon
attacks the 3′-splice junction phosphate, ligating the exons and releasing the branched ‘lariat’ intron. Though much has been made of the
mechanistic similarity between group II introns and the spliceosome, it
remains unclear whether the two are evolutionarily related and whether
the spliceosome is fundamentally a ribozyme. Although models of group
II intron architecture63,64 and molecular structures of limited regions of
the intron65,66 are available, detailed mechanistic insights await further
structural and biochemical investigations.
Much more is known about group I intron catalysis, based on both
X-ray crystallographic structure determinations and painstaking functional group substitutions and kinetic and thermodynamic analyses. The
excised intron retains the active site for transesterification and can thus
be redesigned to create a true catalyst that cleaves or ligates exogenous
substrate molecules. Using the Tetrahymena thermophila version of this
RNA enzyme together with oligonucleotide substrates containing various chemical modifications, the reaction pathway has been dissected
in detail67,68. The ribozyme recognizes a double-stranded RNA substrate containing the 5′-splice site through interactions with specific
2′ hydroxyl groups, positioning it for attack by the 3′ hydroxyl of the
bound guanosine cofactor. After splice site cleavage with inversion of
stereochemical configuration69,70—consistent with an associative SN2type reaction—products are released and the ribozyme is ready to bind
to a new substrate molecule.
Analogous to protein enzymes that promote phosphoryl transfer reactions, catalysis by group I introns requires divalent metal ions.
Considerable effort has thus focused on determining the locations and
identities of catalytically important metal ions in the ribozyme active site.
By substituting individual phosphate or ribose oxygen atoms with sulfur
or with an amino group, and then testing for a metal ion specificity change,
three magnesium ions were proposed to contribute directly to catalysis71–73. In this model (Fig. 2c), one metal ion (A) stabilizes the developing
negative charge on the leaving group oxygen in the transition state and also
destabilizes the bound substrate in the ground state74,75. The second metal
(B) helps deprotonate the 3′ oxygen of the G nucleophile, and the third (C)
may aid both precise substrate positioning and, along with metal ion A,
stabilization of the trigonal bipyramidal transition state73 (Fig. 2a).
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Figure 3 Possible mechanism for peptide bond formation catalyzed by the large subunit of the ribosome. (a) The amino group of an aminoacylated substrate
tRNA in the ribosomal A site attacks the carbonyl carbon at the terminus of the tRNA esterified to the growing peptide chain in the ribosomal P site,
producing an new amide (peptide) bond and an alcohol (the deacylated tRNA). The end of the spent tRNA previously in the P site moves into the E site and
that of the tRNA containing the growing peptide chain moves into the P site. In the mechanism shown, the 2′ OH at the end of the P-site tRNA acts as an
intermediary to donate a proton to the leaving group 3′ oxygen. (b) A view of the active site of the ribosome106 (PDB entry 1KQS). The A and P loops (purple
and brown, respectively) interact with the 3′ ends of the substrate tRNAs (gray), orienting the attached amino acid (highlighted by red arrow) and peptide
(not shown) for bond formation. The active site residues A2451, U2506, U2585 and A2602 are all positioned near the site of chemistry. However, mutation
of these bases has no effect on the rate of peptide bond formation with intact tRNA substrates98. Figure 3b was prepared by S. Dorner using Ribbons
(http://sgce.cbse.uab.edu/ribbons/).

The first detailed view of a group I intron was provided by the
T. thermophila P4-P6 domain crystal structure, the first crystal structure to
show how RNA-RNA and divalent cation-mediated contacts stabilize a
globular fold with a solvent-inaccessible interior76. Although comparative phylogenetic analysis77 and a modest-resolution crystal structure of
a truncated ribozyme78 gave insights into the global architecture of the
intact intron, crystal structures of group I introns from T. thermophila,
Azoarcus and the Twort phage have now revealed in exciting detail
how the active site is arranged79–81 (Fig. 2d). All the structures show
that binding of the essential guanosine c-factor is achieved through
interactions within a specific binding pocket created by five conserved
residues within the P7 stem. The Azoarcus structure at a resolution of
3.1 Å of a ‘trapped’ complex containing 2′-deoxy residues in the substrate
strand to prevent splicing also reveals binding sites for two divalent
metal ions located tantalizingly close to the site of action (Fig. 2d,
middle). Although consistent with earlier predictions of a two-metalion mechanism similar to those of polymerases82, these structural
data are seemingly at odds with the three-metal-ion model derived
from thiophilic metal ion rescue experiments. In the structure at a
resolution of 3.6 Å of the phage Twort group I intron in complex
with a product analog, only one metal ion is observed in the active
site, corresponding to the biochemically identified metal ion A81
(Fig. 2d, right). The failure to observe other metal ions may be the
result of the high Li+ concentration required for crystallization.
In contrast to the Azoarcus structure, both metal ions B and C can
be modeled into the active site of the Twort structure in positions
appropriate for the metals’ proposed roles in catalysis and consistent with their putative ligands on the ribozyme. There are subtle
differences in the conformations of the guanosine-binding sites in
the Azoarcus and Twort structures, which may lead to the discrepancy in the positions of the bound metals. These differences might be
due to the lack of a 2′ hydroxyl on the guanosine in the binding site in
the Azoarcus structure, because this group seems to make structurally
important contacts in the Twort structure that induce a more open
conformation in the active site. In the T. thermophila structure, crystallized in the absence of its RNA substrate, the single metal ion observed
in the active site is located between the positions of the two metals seen
in the Azoarcus structure, implying possible conformational adjustments upon substrate docking80 (Fig. 2d, left).

Though crystallographic structures can reveal the precise locations
and identities of metal ions within a molecule, a single structure does
not reflect all of the states of a reaction cycle. Chemical substitution
and thiophilic metal ion rescue experiments are a powerful method for
probing the locations and functions of catalytic metal ions, but they run
the danger of creating non-native ion-binding sites83. Thus, resolution
of the group I intron reaction mechanism awaits further structures and
biochemical analyses to sort out these possibilities. Whatever the answer,
one thing is clear: the ribozyme field seems to be learning what the
protein enzymology community has long known—that threedimensional structures are extremely valuable, but very rarely close
a chapter, let alone the whole book, on the mechanism of action of
an enzyme.
Peptide bond formation
According to the RNA world hypothesis, ribozymes that once dominated
a primitive metabolism were largely supplanted by more efficient protein
enzymes in the course of evolution. Intriguingly, however, the catalyst
still responsible for synthesizing nearly all proteins in cells is in fact
a ribozyme. Though a few specialized peptides, mostly antibiotics,
are made by protein enzymes84–86, the vast majority of proteins are
synthesized by the ribosome, a ribonucleoprotein machine that conducts
information-directed protein synthesis in all of life. Biochemical evidence
for a primary role of the RNA in this activity87–91 was bolstered by the
discovery of an all-RNA active site in the peptidyl transferase center of
the large ribosomal subunit92. This exciting finding focused attention
on the chemical mechanism of peptide bond formation because for the
first time it was possible to interpret the catalytic consequences of small
changes in the ribosomal active site.
The ribosome translates the information contained in a template
mRNA into the encoded polypeptide using two different substrate
tRNAs, one with the growing peptide chain attached by an ester linkage to its 3′ hydroxyl (the P site or peptidyl tRNA), and the other with
a single amino acid esterified to its 3′ hydroxyl (the A site or acceptor
tRNA). During peptide bond formation, the amine on the A-site aminoacyl tRNA attacks the carbonyl carbon of the P-site peptidyl tRNA to
produce an amide and an alcohol (Fig. 3). To accelerate this reaction by
the observed ∼107-fold above the uncatalyzed rate93, the ribosome could
use a variety of different strategies, from general acid-base catalysis to
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simply orienting the substrates in the appropriate configuration93 to
achieve the transition state.
One approach to determining the catalytic mechanism of the ribosome was to cocrystallize the peptidyl transferase–containing 50S subunit of the ribosome with a small molecule inhibitor of the ribosome,
an analog of the anionic tetrahedral intermediate in amide bond formation94. The proximity of the inhibitor to conserved active site nucleotides
led to the hypothesis that A2451 acts as a general base to abstract an
amino proton from the incoming amino acid94,95.
One of the challenges in studying the molecular mechanism used by
ribosomes in catalyzing peptide bond formation is the presence of multiple genes encoding ribosomal RNAs in bacterial cells, which, coupled
with the requirement of functional ribosomes for life, made it impossible
to make pure populations of ribosomes with deleterious mutations in
their rRNAs96. This problem was partially circumvented by purifying
mutant ribosomes from a strain also expressing the wild-type version
and then deconvoluting the contribution of the wild-type and mutant
ribosomes to pre-steady state kinetic data. In this manner, it was
shown that changing A2451 to a U reduced the rate of peptide bond
formation with the A-site tRNA analog puromycin and shifted one of the
two observed pKa values derived from rate versus pH profiles, consistent
with the proposed role of A2451 in acid-base catalysis97.
More recently, techniques have been developed for purifying rRNA
affinity-tagged mutant ribosomes. Using this approach, ribosomes
bearing all possible single mutations at the four nucleotide positions
surrounding the catalytic site were purified and studied98. Pre-steadystate kinetic analysis of the reaction between a P site–bound dipeptidyl
tRNA and puromycin showed that all but 1 of the 12 mutants that were
studied caused a substantial (30–9,400-fold) reduction in the rate of
peptide bond formation. Strikingly, however, none of these mutant ribosomes showed any defect in the rate of peptide bond formation when
the A-site substrate was instead an intact aminoacyl tRNA. Though in
principle the chemical step with the natural A-site tRNA substrate might
be faster than the rate-limiting step of the reaction, masking direct effects
of the mutations on catalysis, this would imply rates of peptide bond
formation that are 104-fold faster than the rate of polypeptide elongation
in vivo99. Although no defects were observed in peptide bond formation
in this assay, mutations of several of the universally conserved nucleotides were found to diminish the rate of peptide chain release during the
termination phase of protein synthesis. Thus the role of these active site
residues may not be to facilitate the relatively easy attack of an amine on
an activated ester during peptide bond formation, but may instead be to
activate water for the more difficult hydrolysis of the completed protein
from the final P-site tRNA. The rate defects observed with puromycin
probably reflect deficiencies in the positioning of this weakly bound
substrate analog, arguing that orientation of the reactive groups is a
critical aspect of catalysis by the ribosome.
In addition to substrate positioning, the P-site tRNA substrate itself
might contribute to catalysis of peptide bond formation. Evidence for
an active role for the tRNA comes from recent experiments in which the
2′ hydroxyl on the last nucleotide of the P-site tRNA was substituted with
a hydrogen or fluorine atom100. In either case, the substitution reduced
the rate of peptide bond formation by ≥106-fold under conditions in
which the chemical step of the reaction (rather than substrate binding
or a conformational change) is thought to be rate-limiting. This could
mean that this single 2′ OH group contributes the lion’s share of catalysis
on the ribosome, either directly or by bringing in another group such as
a metal ion or water. As usual, however, there are alternate possibilities
to explain these observations. For instance, the modifications might
cause the substrate to bind in a nonproductive mode or the 2′ hydroxyl,
although not contributing directly to stabilization of the transition state,
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might be part of a required pathway for proton movement into or out
of the active site and blocking this pathway would create a new, very
large energy barrier.
Conclusions
The growing number of high-resolution ribozyme structures, coupled
with detailed biochemical studies, has shed much light on the basis for
RNA-mediated catalysis, although many shadows and dark corners
remain. Perhaps the most general, and in hindsight not surprising,
point that emerges from this impressive body of work is that ribozymes
catalyze reactions in the same ways that proteins do: they form substratebinding sites to decrease the entropic cost of attaining the transition
state, they have more favorable interactions with the transition state
structure than with the ground state, they facilitate the movement of
protons during the reaction, and they can even raise the energy of the
bound substrate relative to the transition state. In contrast to what had
been proposed about them early on, ribozymes are not limited to using
only metal ions as functional groups in catalysis, but can also use nucleotide bases, sugar hydroxyls and even the phosphate backbone. Because
of their limited side chain repertoire and possibly also their tendency
to flop around, ribozymes are, in the end, not as adept at catalyzing a
wide variety of reactions as are protein enzymes, and thus nature has
favored amino acid–based catalysts over RNA-based ones. Nonetheless,
ribozymes are still extant and the lives of all organisms seem to depend
on them. The recent discoveries of ribozymes involved in regulating gene
expression in both bacteria and eukaryotes (riboswitches) highlight their
continued importance in modern biology101,102.
Understanding the specific roles of metal ions in ribozyme catalysis,
the prevalence (or scarcity) of general acid-base catalysis by RNA and
the relative contributions of various catalytic strategies to observed ribozyme rate enhancements will make it increasingly possible to compare
the details of RNA- and protein-based catalysis. Such comparisons will
help illuminate the reasons that ribozymes occupy indispensable niches
in modern biology as well as provide insight into the catalytic roles RNA
may play within complex ribonucleoproteins such as the spliceosome.
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