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Catalytic RNAs — or RIBOZYMES — provide a window 
into a primordial ‘RNA world’ from which ‘modern’ 
biology might have evolved1. Contemporary roles for 
RNA catalysis in the modern protein world can still 
be found in the regulation of gene expression and in 
protein synthesis2–5. Several recent high-resolution 
structures of self-cleaving and self-splicing RNAs 
have provided close-up views of the active sites of the 
hammerhead6–12, hepatitis delta virus (HDV)13,14 and 
hairpin15,16 self-cleaving RNAs and GROUPI SELFSPLICING 

INTRONS17–20. The structure of the ribosome3 has given 
us a picture of the peptidyl-transferase centre, which 
is the ribosome active site21,22. Numerous mechanis-
tic studies that have been carried out over more than 
20 years since ribozymes were first discovered can 
now be compared and contrasted with the corre-
sponding structures, providing new insights into 
how RNA enzymes use their functional groups 
for catalysis.

Naturally occurring ribozymes catalyse phosphate-
group transfer through two types of chemical reaction 
that differ in their reaction products BOX 1. The small 
self-cleaving RNAs catalyse reversible phosphodiester-
cleavage reactions that generate 5′-hydroxyl and 2′–3′-
cyclic-phosphate termini. Ribonuclease (RNase) P — 
the ubiquitous ribozyme that is responsible for cleaving 
5′-flanking sequences from precursor tRNAs — and 
self-splicing introns catalyse phosphodiester-cleavage 
and -ligation reactions that produce 5′-phosphate and 
3′-hydroxyl termini. Both kinds of phosphoryl-trans-
fer reaction proceed with an inversion of the configu-
ration of the stereochemically distinct nonbridging 

oxygens that are bound to the chiral phosphorus 
undergoing nucleophilic attack, which indicates an 
SN2TYPE INLINE ATTACK MECHANISM BOX 1.

Efforts to understand enzyme reaction mechanisms 
are guided by TRANSITIONSTATE THEORY and the principle 
that a catalyst functions by lowering the energy barrier 
between the transition state and the ground state of 
the reactants. For ribozymes, possible catalytic strat-
egies include: positioning the reactive groups in an 
optimal alignment; GENERAL ACIDBASE catalysis of pro-
ton transfer to activate nucleophilic oxygens or to 
stabilize oxyanion leaving groups; electrostatic catal-
ysis through the stabilization of negative charge that 
accumulates in the transition state; or destabilization 
of the ground state23,24.

Over the years, RNA enzymologists have endeav-
oured to understand which of these catalytic strategies 
are used by RNA enzymes. In contrast to the chemical 
versatility of the amino-acid side chains that comprise 
the active sites of protein enzymes, just four nucleo-
tides are available for the construction of the ribozyme 
active sites. Amino acids can contribute various non-
polar, charged and uncharged polar side chains for 
general acid–base and electrostatic catalysis. In pro-
tein enzymes that catalyse similar phosphate-group 
transfer reactions, positively charged functional 
groups, such as the alkyl amine of lysine, can neutral-
ize the negative charge that accumulates as five elec-
tronegative oxygen atoms transiently form bonds with 
the phosphorus atom in the transition state BOX 2. 
The IMIDAZOLE side chain of histidine ionizes in the 
neutral pH range, and it can therefore function to 
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Abstract | The natural RNA enzymes catalyse phosphate-group transfer and peptide-bond 
formation. Initially, metal ions were proposed to supply the chemical versatility that 
nucleotides lack. In the ensuing decades, structural and mechanistic studies have 
substantially altered this initial viewpoint. Whereas self-splicing ribozymes clearly rely on 
essential metal-ion cofactors, self-cleaving ribozymes seem to use nucleotide bases for their 
catalytic chemistry. Despite the overall differences in chemical features, both RNA and 
protein enzymes use similar catalytic strategies.

RIBOZYME
An enzyme in which 
RNA functions as the 
catalytic component.

GROUPI SELF
SPLICING INTRONS
A group of catalytic RNAs 
that carry out phosphodiester-
cleavage and -ligation reactions, 
which result in the removal of 
noncoding intronic sequences 
and splicing of coding exon 
sequences. Group-I introns 
were the first class of catalytic 
RNAs to be discovered.

SN2TYPE INLINE MECHANISM
The chemical term for a class of 
nucleophilic substitution 
reactions that involve a 
concerted attack of a nucleophile 
and the departure of a leaving 
group.
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TRANSITIONSTATE THEORY
A general chemical theory 
whereby the trajectory of a 
chemical reaction proceeds 
from the starting reagents 
through a high-energy, 
short-lived transition state 
towards the products.

GENERAL ACID OR BASE
A proton acceptor or a proton 
donor that is not the solvent.

either accept a proton from the 2′-hydroxyl nucle-
ophile or donate a proton to the oxyanion leaving 
group at neutral pH.

Although the biochemical and structural features of 
ribonucleotides make them well suited to the storage 
and transmission of genetic information through com-
plementary base pairing, they are not particularly adept 
at catalytic chemistry. Ionization of the nucleotide 
bases and the ribose–phosphate backbone occurs at 
high or low pH BOX 3, which makes it difficult for 
nucleotide bases to participate in general acid or base 
catalysis at neutral pH. At neutral pH, no positively-
charged RNA functional groups are expected to be 
available to function as LEWIS ACIDS to activate a nucle-
ophile, or to stabilize an electronegative transition state 
or an oxyanion leaving group.

Virtually all ribozyme reactions are stimulated by 
divalent cations and, as recently as 1997, these cata-
lytic reactions were all thought to function exclusively 
through the use of metal-cation cofactors. Protein 
metalloenzymes can catalyse similar reactions to 
those catalysed by ribozymes, and divalent metal-
cation cofactors seemed to offer the chemical versatil-
ity that RNA functional groups lack25 BOX 4. Metal 
cations could stabilize oxyanion leaving groups, or 
stabilize the negative charge that develops in transi-
tion states. Metal-bound water could mediate general 
acid–base catalysis by donating protons to oxyanion 
leaving groups or by accepting protons from nucle-
ophilic oxygens. Finally, the binding of metal ligands 
could align ribose and phosphate oxygens appropri-
ately for an SN2-type attack. However, metal cations 
are also required to neutralize the phosphodiester-
backbone charge, and virtually all RNAs require 
counterions for assembly. Care was therefore needed 
to distinguish between nonspecific cation interactions 
that stabilize functional ribozyme structures and spe-
cific metal interactions that contribute directly to 
catalysis BOX 4.

In this review, we discuss the mechanisms that are 
used by the small self-cleaving ribozymes, the group-I 
introns and the ribosome. All of these systems have 
been extensively studied by both mechanistic-enzy-
mology and structural-biology approaches, and a 
number of common themes have emerged from this 
extensive body of work.

Small self-cleaving ribozymes
Hepatitis ribozyme catalysis of RNA cleavage. The 
ribozymes of HDV catalyse a self-cleavage reaction 
that generates products with 5′-hydroxyl and 2′–3′-
cyclic-phosphate termini BOX 1 and that is required 
for the processing of viral RNA replication intermedi-
ates26. Both the genomic and antigenomic strands of 
the circular viral RNA genome harbour self-cleaving 
ribozymes with virtually the same secondary struc-
tures. The 2.3-Å-resolution crystal structure of the 
3′ product of self-cleavage by the genomic HDV 
ribozyme provided an early glimpse into the active site 
of an RNA enzyme13,27 (FIG. 1a). The correlation that 
was found between the effects of functional-group 
modifications on activity and the interactions in the 
crystal structure indicated that the structure reflected 
a functional conformation26.

The 5′ hydroxyl of the G1 nucleotide base, which 
forms part of the reactive phosphodiester in the pre-
cleaved RNA, sits deep in a solvent-inaccessible cleft 
(FIG. 1a). Confounding the conventional wisdom that all 
ribozymes require divalent metal-ion cofactors, the 
structure showed no divalent metal near the terminal 
5′ hydroxyl. Instead, the N3 of the cytosine base at 
position 75 (C75) is located within 2.7 Å of the 5′ oxy-
gen (FIG. 1b). This structure, together with biochemical 
evidence that other self-cleaving RNAs remained func-
tional in the absence of divalent metal cations28–31, 
raised the intriguing possibility that active-site nucle-
otide bases participate directly in catalytic chemistry. 

Box 1 | The reactions of self-cleaving and self-splicing ribozymes 

Self-cleaving and self-splicing ribozymes catalyse two types of phosphodiester-cleavage 
reaction. Self-cleaving RNAs catalyse a reversible cleavage reaction in which the 
2′ hydroxyl is the attacking nucleophile (see figure part a, blue) and the bridging 
5′ oxygen (see figure part a, red) is the leaving group. Phosphodiester-cleavage reactions 
that are mediated by ribonuclease (RNase) P and self-splicing introns involve the 
SN2-type in-line attack of an exogenous nucleophile on phosphorus. The 3′-hydroxyl 
group of exogenous guanosine and the 2′-hydroxyl group of an adenosine in the intron 
are the attacking nucleophiles in the first steps of group-I and group-II self-splicing, 
respectively, whereas water is the attacking nucleophile during the RNase-P-mediated 
cleavage of precursor tRNA (the three possible nucleophiles are represented by ROH 
in the figure part b, and the oxygen nucleophile is highlighted in blue). The bridging 
3′ oxygen (see figure part b, red) is the leaving group, and the new 3′ end of the 5′ exon 
becomes the attacking nucleophile during the second step of splicing.

Both types of phosphodiester-cleavage reaction proceed with an inversion of the 
stereochemical configuration of the nonbridging oxygen atoms that are bound to the 
phosphorus that is undergoing attack. This implies an SN2-type in-line attack mechanism 
with a trigonal bipyramidal transition state, or intermediate, in which five electronegative 
oxygens form transient bonds with phosphorus (see figure, yellow shading). N–1 and 
N+1 are the nucleotide bases on the 5′ and 3′ sides of the reactive phosphodiester, 
respectively. The symbol ‡ indicates the transition states, and (H) represents hydrogens for 
which it is not clear whether, or how closely, they are associated with the oxygens.
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IMIDAZOLE
A small heterocyclic compound 
that contains two nitrogen 
atoms in a five-membered ring. 
Imidazole has chemical groups 
that can serve as a general acid 
or a general base in catalysis. 
The amino acid histidine has an 
imidazole group as its side chain.

LEWIS ACID
Any functional group or 
chemical that can interact 
with unpaired electrons.

pHRATE PROFILE
The measurement of a reaction 
rate as a function of varying 
pH values, which can be an 
indicator of the presence 
of acid or base catalysis.

KINETIC EQUIVALENCE
The principle that underlies the 
fact that it is often not possible 
to determine if either acid- or 
base-catalytic mechanisms 
are operative from the pH 
dependence of a reaction rate. 
This is because different reaction 
mechanisms can give rise to 
identical pH-rate profiles that 
reflect different, but kinetically 
equivalent, rate equations. 

The functional groups on the nucleotide bases could 
accept or donate the protons that must be transferred 
during the course of the cleavage reaction.

The role of ionizable groups in catalysis can be ana-
lysed by studying the pH dependence of the reaction 
rate. The cleavage activity of the HDV ribozyme has a 
bell-shaped pHRATE PROFILE, which provides evidence that 
the activity depends on the protonation state of two 
functional groups that ionize with apparent pKa values 
that are close to 6.5 and 9 REF. 32. Neither of these appar-
ent pKa values matches the pKa value for cytidine ioniza-
tion in solution, which is 4.2 BOX 3. However, C75 
might have a different ionization equilibrium in the 
active site. These considerations led to the model that 
C75 ionizes near pH 6.5 and, in its deprotonated form, 
functions as a general base catalyst to accept a proton 
from the 2′ oxygen, which activates this oxygen for a 
nucleophilic attack on the phosphorus13,32 (FIG. 1c).

Subsequent NMR studies did not find direct evi-
dence for a shifted pKa of ~6.5 for C75 REF. 33. 
However, ribozyme variants with C75 modifications 
showed changes in the pH dependence of cleavage 
rates that correlate with the pKa of the variant nucleo-
tide base32,34. For example, substituting adenine for the 
active-site cytosine changes the apparent pKa of the 
reaction by a value that corresponds to the difference 
between the intrinsic pKa values of cytosine N3 and 
adenine N1 REFS 32,35; BOX 3. Exogenous cytosine, imi-
dazole and nucleotide-base analogues in solution can 
rescue the activity of HDV ribozyme variants that lack 
C75, presumably by using the same mechanism as the 
missing cytosine32,36. Chemical rescue experiments 
with a series of imidazole analogues showed that the 
pH dependence of the rescue reaction correlated with 
the pKa of the analogue. Importantly, the rate of the 
rescue reaction also correlated with the intrinsic basic-
ity of the analogue, as well as with pH-dependent 
changes in the concentration of protonated and unpro-
tonated analogue species36. This correlation with base 
strength would be expected if the rescuing analogue 
participates directly in proton transfer in the transition 

state37. Taken together, these experiments provide 
strong evidence that the cytosine mediates proton 
transfer in the catalytic mechanism of the HDV 
ribozyme.

However, interpreting the pH-rate profiles in terms 
of the specific ionizations that are responsible for 
changes in activity is complicated by the principle of 
KINETIC EQUIVALENCE38. Ambiguity arises from the fact 
that a mechanism that includes a general base (or gen-
eral acid) and a mechanism that includes the combina-
tion of a general acid (or base) and a hydroxide ion 
(or a proton) both give equivalent rate equations. 
Accordingly, the same pH dependence is consistent 
with a second model, in which cytosine is a general 
acid, and a solvated hydroxide ion or a different base 
catalyst activates the 2′-oxygen nucleophile26,35,36 
(FIG. 1d). The hypothesis that C75 functions as a general 
acid catalyst is consistent with the location of C75 near 
the 5′-oxygen leaving group13. Of course, the 2′-oxygen 
nucleophile was missing in the structure of the 
3′-cleavage-product RNA, so the proximity of C75 to 
the nucleophilic oxygen was unknown. Support for the 
second model came from the observation that the pH 
dependence of the activity varied with the divalent-
metal-ion concentration, which indicated that the 
ionization of metal-bound water might contribute to 
the pH dependence35,36,39. These results were consistent 
with the idea that either hydroxide or a solvated metal 
hydroxide accepts a proton from the 2′ hydroxyl to 
activate the nucleophile, and that cytosine, in its pro-
tonated form, functions as a general acid catalyst to 
protonate the leaving group.

Crystal structures were solved recently for full-
length HDV ribozyme RNAs in which the cleavage 
activity was blocked by a C75U mutation14 (FIG. 1b). The 
uncleaved RNAs showed striking differences in the 
organization of the active site, compared with the 
cleaved RNA. The large distance between N3 of U75 
and the 5′ oxygen in the uncleaved RNA indicates that 
the hydrogen bond between C75 and the leaving group 
in the cleaved RNA is absent in the C75U mutant. In 

Box 2 | Concerted general acid–base catalysis by ribonuclease A

Ribonuclease (RNase) A is a protein enzyme that catalyses the same chemical reaction as self-cleaving RNAs. RNase A 
provides a textbook example of concerted general acid–base catalysis90. Residue His12, in its unprotonated form, 
functions as a general base catalyst to remove a proton from the attacking 2′-oxygen nucleophile, whereas His119, in its 
protonated form, functions as a general acid catalyst to protonate the 5′-oxygen leaving group. As shown in the figure, a 
hydrogen-bonding interaction between the positively charged ε-amino group of Lys41 and the nonbridging 
phosphoryl oxygen provides electrostatic stabilization to the transition state (represented by ‡).
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ROLLINGCIRCLE REPLICATION
A replication mechanism 
commonly used by virus-
associated RNAs, whereby a 
circular DNA or RNA template 
is continuously replicated 
around a circle to make a 
concatenated linear polymer of 
genomic copies. Self-cleaving 
ribozymes are often responsible 
for the cleavage of monomeric 
genomic RNAs from the linear 
polymeric strand, and for the 
rejoining of the monomeric 
RNA termini to form circular 
templates for subsequent 
rounds of replication.

PLANT SATELLITE RNA
An RNA that is associated with 
plant viruses and that does not 
itself contain any functional 
open reading frames.

contrast to the cleavage product, in which no metal 
ions were found in the active site, a solvated metal ion 
is present near the 5′-oxygen leaving group of G1 in the 
uncleaved RNA. The same metal cation could not 
interact with the 2′-oxygen nucleophile without a con-
formational rearrangement, which argues against a role 
for such a cation in activating the nucleophile. So, the 
uncleaved RNA structure supports a model in which 
the solvated metal ion carries out general acid catalysis 
by protonating the 5′-oxyanion leaving group, whereas 
cytosine, in its unprotonated form, functions as a gen-
eral base catalyst by deprotonating the 2′-oxygen 
nucleophile14 (FIG. 1c). Further biochemical and struc-
tural evidence will be needed to establish whether the 
metal identified in the structure of the C75U mutant 
also occupies the active site of a functional ribozyme.

Hairpin ribozyme catalysis of RNA cleavage. The hair-
pin ribozyme catalyses the same reversible self-cleav-
age reaction as the HDV ribozymes BOX 1 to process 
intermediates in the ROLLINGCIRCLE REPLICATION of PLANT 

SATELLITE RNAs40. A minimal hairpin ribozyme consists of 
two helix–loop–helix elements (domains A and B) that 
bend at the interdomain junction (FIG. 2a). Minimal 
hairpin ribozymes partition almost equally between a 
functional structure that allows the nucleotides in 
loops A and B to assemble the active site and an 
extended, nonfunctional conformation. Most of the 
disabling modifications of minimal ribozymes shift the 
equilibrium further towards the nonfunctional confor-
mation, which makes it difficult to distinguish whether 
modifications that interfere with activity do so by dis-
rupting structure and/or catalysis41–43. In viral satellite 
RNAs, the A and B domains comprise two arms of a 
four-way helical junction44 (FIG. 2a). Restoring this natu-
ral junction stabilizes the docked structure, and 
ribozymes with a four-way junction retain activity 
despite unfavourable reaction conditions and destabi-
lizing modifications42,43,45–47. The discovery of the sta-
bilizing effect of the natural four-way junction made it 
possible to examine the effects of nucleotide modifica-
tions on catalysis in the context of a functional 
ribozyme structure.

Structures have been solved for hairpin ribozyme 
complexes with: a substrate analogue in which the 
2′-hydroxyl nucleophile of adenosine at the –1 position 
(A–1) was blocked by a 2′-O-methyl group modifica-
tion; a vanadate mimic of the trigonal bipyramidal 
transition state; and a cleavage-product RNA15,16,48 
(FIG. 2b). These structures correlate well with each 
other and with the functional consequences of the 
nucleotide modifications49,50. The crystal structures 
show the reactive phosphodiester in a conformation 
that is consistent with the in-line SN2-type nucle-
ophilic attack mechanism that had been inferred from 
reaction stereochemistry51 BOX 1. Consistent with 
biochemical data that show that hairpin ribozymes 
retain full function in the absence of divalent metal 
ions28–31, no metal ions were seen in the active site.

The structures of the substrate analogue and vanad-
ate complexes place the G8 and A38 nucleotide bases 
close to the reactive phosphate15,16 (FIG. 2b). The N1 ring 
nitrogen of G8 is within hydrogen-bonding distance of 
the 2′ oxygen of A–1, which carries out the nucleophilic 
attack during cleavage and is the leaving group during 
ligation. The N2 exocyclic amine of G8 interacts with 
a nonbridging phosphoryl oxygen. The exocyclic 
amine of A38 interacts with the other nonbridging 
phosphoryl oxygen in the transition-state and cleav-
age-product structures, and its N1 ring nitrogen is near 
the 5′ oxygen of G+1, which carries out the nucle-
ophilic attack during ligation and is the leaving group 
during cleavage.

The similarity between the active site of the hair-
pin ribozyme and RNase A BOX 2 indicated that the 
two enzymes might use analogous catalytic mecha-
nisms15,52. In a general acid–base model for the cata-
lytic mechanism of the hairpin ribozyme, G8 would 
function as a general base to activate the 2′-oxygen 
nucleophile and A38 would function as a general acid 
to donate a proton to the 5′-oxygen leaving group 
during cleavage. However, adenine and guanine seem 

Box 3 | Ribonucleotides and acid–base catalysis

In order to be effective at transferring protons, a general acid or base catalyst has 
to meet two criteria. First, a general acid or base catalyst has to be available in the 
appropriate ionization state — that is, a general acid catalyst has to have a proton 
available to donate and a general base catalyst has to have a deprotonated site available 
to accept a proton. Second, a general acid or base catalyst must be acidic or basic 
enough to donate or accept protons readily. In solution, ribonucleotide functional 
groups have ionization equilibria that are far outside the neutral pH range — the 
dissociation constant of an acid, the pKa, is the pH at which it is half dissociated or 
ionized92–94. So, with pKa values that are 4.2 or lower for cytidine, adenosine and 
guanosine, and 9.2 for uridine and guanosine (see figure), only a small fraction of 
these nucleotide bases would be in the right ionization state to accept protons from 
oxygen nucleophiles or to donate protons to oxyanion leaving groups at neutral 
pH. However, the ionization equilibria of nucleotide bases might vary owing to the 
proximity of charged phosphate groups or cations. For further information on the 
potential role of nucleotide-base ionization in catalytic chemistry, see REFS 52,95,96.
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ABASIC
Lacking a nucleotide base, 
which can occur, for example, 
when a nucleotide is substituted 
with a linker that maintains the 
ribose–phosphate backbone 
but has a hydrogen atom in 
place of the nucleotide base.

PURINE
An aromatic, heterocyclic base 
that consists of a six-membered 
pyrimidine ring fused to a five-
membered imidazole. Adenine 
and guanine are the most 
common purines that are joined 
to ribose in the ribonucleotide 
building blocks of RNA.

PYRIMIDINE
An aromatic, heterocyclic base 
that contains two nitrogen 
atoms in a six-membered 
ring. Uracil and cytosine 
are the most common 
pyrimidines that are joined to 
ribose in the ribonucleotide 
building blocks of RNA.

THIOPHILIC
Attracted to sulphur.

to be unsuitable general acid–base catalysts, unless 
their ionization equilibria change in the active site 
BOX 3. Nevertheless, minimal hairpin ribozymes 
show a shallow, bell-shaped pH-rate profile, which is 
consistent with the idea that their activity depends on 
the ionization of two functional groups, one with a 
very high pKa value and one with a very low pKa value, 
such as those characteristic of the N1 positions of 
guanosine and adenosine, respectively29,40. Further-
more, it can be argued that nucleotide bases could 
carry out reasonably efficient general acid–base catal-
ysis , even with unaltered ionization equilibria, to 
achieve the catalytic rate accelerations that are typical 
of RNA enzymes52.

The interpretation of pH-rate profiles for RNA 
enzymes (particularly minimal ribozymes) is further 
complicated by the fact that nucleotide-base ionization 
can destabilize functional RNA structures at pH 
extremes. The stable four-way junction form of the 
ribozyme does not show the same bell-shaped pH 
dependence as the unstable minimal ribozymes. 
Instead, the activity increases with increasing pH, and 
pH-rate profiles indicate that the catalytic activity 
depends on the ionization state of a functional group 
with an apparent pKa value of ~6 REFS 53,54. The loss 
of G8 significantly inhibits catalysis, as would be 
expected for an important active-site nucleotide 
base54,55, but variants that lack G8 and unmodified 

ribozymes show the same apparent pKa value of ~6 
REF. 54, which indicates that a change in the fraction 
of unprotonated G8 does not account for the pH 
dependence of the activity. By contrast, the loss of A38 
does eliminate the change in activity near a pH of 6, 
which is characteristic of unmodified ribozymes56. This 
indicates that A38, and not G8, is associated with an 
ionization event that affects the catalytic activity either 
directly or indirectly. These data argue against the gen-
eral acid–base model in which deprotonated G8 accepts 
a proton from the 2′-oxygen nucleophile.

Similar to the imidazole rescue of mutant HDV 
ribozymes32, base analogues in solution can restore the 
activity of hairpin ribozymes with ABASIC substitutions 
of G8 and A38 REFS 5456. An abasic substitution 
maintains the continuity of the phosphodiester back-
bone but replaces the nucleotide base with hydrogen, 
which presumably leaves a solvent-filled cavity in the 
active site. A broad survey of heterocyclic amines 
showed that the minimal common element that is 
required for the rescue of abasic variants that lack G8 
or A38 is an amidine — that is, an amino group in the 
α-position to a ring nitrogen. The same element is 
common to the Watson–Crick hydrogen-bonding faces 
of adenine and guanine, indicating that rescue occurs 
through the specific binding of an exogenous base in a 
cavity that was left by the abasic substitution.

The pH dependence of the rescue of an abasic 
ribozyme that lacks G8 varies according to the iden-
tity of the exogenous nucleobase in a way that indi-
cates the rescue requires the protonation of the N1 
position of PURINES or the N3 position of PYRIMIDINES54,55. 
A requirement for the protonation of N1 of G8 was 
also inferred from changes in the pH-rate profiles that 
accompany covalent modifications at this position53. 
These data indicate that interactions with protonated 
G8 stabilize the negative charge that develops in the 
transition state (FIG. 2c,d). Substitutions of A38 with 
nucleotide analogues alter pH-rate profiles in ways 
that implicate A38 ionization in catalysis56. The pH 
dependence of activity is consistent with two models 
in which the functional form of A38 is either proto-
nated or unprotonated (FIG. 2c,d). In the first model, 
protonated A38 would function as a general acid by 
donating a proton to the 5′ oxygen, acting in concert 
with a hydroxide ion that activates the 2′-oxygen 
nucleophile during cleavage, and unprotonated A38 
would function as a general base to activate the 
5′-oxygen nucleophile during ligation (FIG. 2c). In the 
second model, unprotonated A38 accepts a hydrogen 
bond from the 5′-hydroxyl nucleophile during liga-
tion, and accepts a hydrogen bond from a protonated 
bridging 5′ oxygen during cleavage, which provides 
electrostatic stabilization to the developing negative 
charge (FIG. 2d). In both models, a hydrogen bond 
forms between N1 of adenine and the 5′ oxygen, 
which is consistent with the active-site structure 
(FIG. 2b). The amidine group of G8, in its protonated 
form, donates hydrogen bonds to the 2′ and phospho-
ryl oxygens to provide electrostatic stabilization as a 
negative charge develops in the transition state.

Box 4 | Divalent metal-cation cofactors and RNA enzymes

Divalent metal cations, 
such as Mg2+, can interact 
with RNAs through 
inner sphere (direct) 
coordination to phosphate 
and ribose oxygens. In 
this way, they can activate 
nucleophilic oxygens 
during oxygen–phosphorus bond formation or stabilize oxyanion leaving groups 
during oxygen–phosphorus bond breakage, and counter negative charges that develop 
on nonbridging oxygens in transition states. Diffusely associated metal cations also 
interact nonspecifically with RNAs and facilitate the assembly of functional structures 
by neutralizing the phosphate charge (for reviews, see REFS 97,98). Mg2+ is a particularly 
effective counterion for stabilizing RNA structures because of its small size and high 
charge density.

Metal-cation specificity-switch experiments are used to distinguish metal cations 
that stabilize RNA structures from those that participate directly in catalysis. A 
specificity switch reflects the change in affinity for ‘hard’ and ‘soft’ metal cations that 
accompanies the substitution of specific phosphate or ribose oxygens with sulphur 
or nitrogen. Mg2+ is a hard metal ion that interacts efficiently with oxygen, which is a 
hard ligand (see figure, left panel), but Mg2+ interacts poorly with soft ligands, such 
as sulphur or nitrogen. Soft metal cations such as Mn2+ or Cd2+ interact efficiently 
with sulphur or nitrogen ligands (see figure, right panel)99. When the interaction of 
Mg2+ with a particular oxygen ligand participates in catalysis, substituting sulphur for 
the oxygen ligand changes the metal-cation dependence of the reaction. Activity that 
is lost in reactions with Mg2+ is restored by THIOPHILIC Mn2+ or Cd2+ cations. Metal-
cation rescue experiments can be subject to artefacts owing to differences in the size, 
electronegativity and polarizability of sulphur and oxygen, as well as differences in 
their affinity for hard and soft metals100. Sulphur substitutions can also interfere with 
interactions other than metal binding101.
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Figure 1 | Hepatitis delta virus ribozyme structure and mechanism. a | The secondary structure of the hepatitis delta virus 
(HDV) ribozyme26 and the cleavage product ribbon model13. P and L indicate base-paired and loop regions, respectively, and J 
refers to joining regions. The 5′-terminal residue, G1, is in a solvent-inaccessible cleft. The filled red circle represents a ‘wobble’ 
base pair (as opposed to a canonical Watson–Crick pair), whereas the open red circle represents a non-canonical purine–purine 
pair, which is wider than a Watson–Crick pair and opens the minor groove. b | Key interactions in the HDV ribozyme active site 
as seen in two crystal structures. The diagram on the left represents the complex between the substrate and a ribozyme that 
had been inactivated by C75U and deoxy-U–1 substitutions (the ‘substrate complex’). Mg2+ contacts the 5′-oxygen group 
of G1 and the 4-carbonyl group of U75. The diagram on the right represents the complex between the active HDV ribozyme 
and the cleaved product (the ‘product complex’), with U–1 cleaved from the structure. The N3 atom of C75 forms a hydrogen 
bond with the 5′ hydroxyl (OH) of G1. c | General acid–base model for HDV ribozyme cleavage. The N1 group of C75 could 
function as a general base to remove the 2′-OH proton, and a Mg2+-coordinated water molecule (which is shown deprotonated 
in the figure) could serve as the general acid to protonate the 5′-OH leaving group. d | Alternative general acid-specific base 
catalysis model. A weakly associated hydroxide (a SPECIFIC BASE) or Mg2+-coordinated hydroxide could remove the proton from 
the 2′-OH group, and the protonated form of C75 could serve as the general acid to protonate the 5′-OH leaving group. The 
protonation state of the Mg2+-coordinated molecule is unknown (highlighted by (H)), and the base could be either a coordinated 
water molecule or a hydroxide ion). The two mechanisms in c and d are kinetically indistinguishable, and it is possible that C75 
could serve as either a general acid or a general base catalyst. R indicates the nucleotides flanking the U–1 and G1 nucleotides 
that form the reactive phosphodiester, and the symbol ‡ indicates the transition states. The left panel of part a is modified with 
permission from REF. 26 © 2002 Annual Reviews. The right panel of part a is reproduced with permission from Nature REF. 13 © 
1998 Macmillan Magazines Ltd.
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PRORP AND PROSP 
The chemical terms that specify 
the two stereochemically 
distinct nonbridging oxygen 
atoms of a phosphodiester.

Hammerhead ribozyme catalysis of RNA cleavage. The 
hammerhead ribozyme was the first self-cleaving RNA 
to be discovered57,58, the first ribozyme to be crystal-
lized6,7, and has been the focus of more studies than any 
other catalytic RNA. Even so, a complete understand-
ing of its reaction mechanism remains elusive (for 
recent reviews, see REFS 10,5962). Hammerhead and 
hairpin ribozymes are found in opposite strands of the 
same plant virus satellite RNAs, and they catalyse iden-
tical chemical reactions51. Nonetheless, the two 
ribozymes adopt different structures and have different 
biochemical features, including different pH and 
metal-cation dependencies and different proficiencies 
for catalysing RNA ligation40.

A minimal hammerhead contains three base-paired 
helices (helices I, II, and II) around a core of conserved 
nucleotides (FIG. 3a). Nearly identical hammerhead 
crystal structures were determined for both an RNA–
DNA hybrid6 and an RNA complex with a 2′-O-methyl 
group at the cleavage site to block activity7 (FIG. 3b). In 
both structures, the angle between the 2′-oxygen nucle-
ophile and the 5′-oxygen–phosphorus bond is almost 
90° away from the alignment that is necessary for an 
SN2-type attack mechanism63, which indicates that 
crystallization trapped the hammerhead in an inactive 
conformation. Mechanistic and X-ray studies fail to 
give a coherent picture of the active site, in that a 
number of nucleotide modifications that interfere with 
catalysis form no identifiable interactions in the struc-
ture63. Furthermore, quantitative metal-titration stud-
ies with modified hammerhead ribozymes that contain 
sulphur substitutions BOX 4 indicate that the binding 
of a single divalent metal cation to the PRORP nonbridg-
ing oxygens of both A9 in helix II and C17 at the cleav-
age site promotes activity, but the crystal structures 
show that these two ligands are 20 Å apart64,65 (FIG. 3b). 
Crystal structures have also been solved for several 
modified hammerhead ribozymes under conditions 
that are designed to trap reaction intermediates8,9,11, but 
these structures do not resolve all of the structure–
function discrepancies that were noted in the original 
structures. Even so, biophysical and functional studies 
indicate that these crystal structures reflect the domi-
nant conformation in solution and are not artefacts of 
crystallization (for recent reviews, see REFS 61,62). The 
formation of the transition state therefore evidently 
requires a significant conformational rearrangement, 
which limits the mechanistic insights that can be 
gained from inspecting these structures.

The discovery that interactions between loops I and 
II draw helices I and II — the arms of the Y structure 
— close together is likely to be important in this 
respect66,67. Similar to the enhanced stability of four-
way junction hairpin ribozymes, hammerhead 
ribozymes that are stabilized by this tertiary interaction 
are functional under unfavourable reaction condi-
tions68–70. Hammerhead ribozymes with these periph-
eral interactions might prove more tractable than 
minimal hammerheads to mechanistic and structural 
studies. Further characterization of stable hammerhead 
variants might well reveal that some of the biochemical 

features that seem to distinguish the hammerhead 
reaction mechanism from the hairpin and HDV 
ribozyme reaction mechanisms might actually reflect 
a dominant contribution of folding steps to the 
hammerhead reaction pathway.

Group-I intron catalysis of self-splicing
Group-I introns are a broad class of self-splicing RNAs 
with a well-defined core consensus sequence, which 
consists of elements P4–P6 and P3–P9 (FIG. 4a). Group-I 
intron self-splicing occurs in two steps71 (FIG. 4b). The 
first step is the attack of the 3′-oxygen nucleophile of 
an exogenous guanosine cofactor on the 5′-exon–
intron junction, which cleaves the junction and adds 
guanosine to the 5′ end of the intron. 3′-splice-site 
cleavage and exon ligation occurs in the second step, in 
which the 3′ oxygen of the 5′ exon carries out nucleo-
philic attack on the 3′-terminal guanosine of the intron. 
Chemically, the second step is equivalent to the reverse 
of the first step. The chemical reactions that group-I 
self-splicing introns catalyse are also catalysed by pro-
tein enzymes, such as the 3′–5′-exonuclease domain of 
DNA polymerase I, alkaline phosphatase and several 
restriction enzymes.

Structural and biochemical studies support a two-
metal model of the catalytic mechanism for these pro-
tein enzymes (see REFS 25,72 and references therein). In 
this model, one metal cation, MA, interacts with the 
leaving group oxyanion to neutralize the negative 
charge that develops during breakage of the oxygen–
phosphorus bond, whereas another metal cation, MB, 
activates the nucleophilic oxygen by withdrawing elec-
trons (FIG. 4c). Interactions of the same two metal cati-
ons with nonbridging oxygens orientate the reactive 
groups for in-line nucleophilic attack and for displace-
ment of the leaving group, and contribute electrostatic 
stabilization to the transition state.

Support for the idea that group-I introns undergo 
self-splicing through a variation of this two-metal 
mechanism25 has come from metal-cation specificity-
switch experiments73. These experiments are designed 
to identify catalytically important metal-cation interac-
tions based on the different binding specificities of 
hard and soft metal cations for hard and soft ligands 
BOX 4. Substituting sulphur for the 3′ oxygen at the 
5′-exon–intron junction or for the 3′ oxygen of the 
exogenous guanosine nucleophile was shown to inhibit 
activity in reactions with the ‘hard’ Mg2+ cation, but not 
in reactions with more thiophilic Mn2+ or Cd2+ cati-
ons74–78. Rescue by thiophilic metal ions provides strong 
evidence for a direct interaction between the thiophilic 
metal cations and sulphur and, by inference, between 
Mg2+ and the corresponding nucleophilic and leaving 
group oxygens of the unmodified substrate (FIG. 4c). 
Interaction of a third metal cation, MC, with the 2′ oxy-
gen of the exogenous guanosine cofactor was inferred 
from the ability of thiophilic cations to rescue the inhi-
bition that results from replacing the 2′ hydroxyl of 
guanosine with a 2′-amino group (REFS 75,79; FIG. 4c). 
Rescue at each site displayed a unique metal-ion con-
centration dependence, which provided evidence that 
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Figure 2 | Hairpin ribozyme structure and mechanism. a | Secondary structure diagram of the two-way junction and the four-way 
(natural) junction form of the hairpin ribozyme, and the crystal structure of the hairpin ribozyme complex with a noncleavable substrate 
analogue15. Arrows highlight the reactive phosphodiester. The colours highlight: G+1, A–1 and the reactive phosphodiester (yellow); 
domain A (blue); domain B (red); and the extra helices that form a four-way helical junction (purple). With respect to A–1, an adenosine 
is at this non-conserved (N) position in the natural hairpin ribozyme and the RNA used for crystallization. The green spheres represent 
two bound calcium ions. b | Interactions seen in three crystal structures of the hairpin ribozyme. The left panel shows the structure 
of the ‘substrate complex’ that is formed between the ribozyme and the substrate (the substrate had been modified to prevent 
cleavage). The G8 nucleotide base makes two hydrogen-bonding contacts — one with a phosphate oxygen and another with the 
2′ oxygen. The middle panel shows the structure of the ribozyme complex with vanadate, which is a phosphate analogue that mimics 
the trigonal bipyrimidal transition state. In addition to the interactions with G8, interactions between A38 and the vanadate group are 
seen. The right panel shows the structure of the ‘product complex’, which is formed between the ribozyme and the cleaved product, 
and highlights interactions with A38 and G8. c | The proposed mechanism for hairpin ribozyme catalysis comprises general acid 
catalysis by the protonated form of A38 and the electrostatic stabilization of the transition state by G8. d | An alternative mechanism 
proposes that both A38 and G8 directly stabilize the transition state, but that specific acid and specific base catalysis mediate the 
required proton-transfer reactions. A–H is the acid catalyst that donates a proton to the 5′-oxygen leaving group during cleavage, 
whereas its unprotonated form, A–, accepts a proton from the 5′-oxygen nucleophile during ligation. The symbol :B represents the 
base catalyst that accepts a proton to activate the 2′-oxygen nucleophile during cleavage, whereas HB, its protonated form, donates 
a proton to the 2′-oxygen leaving group during ligation. The symbol ‡ indicates the transition states. The right panel of part a is 
reproduced with permission from Nature REF. 15 © 2001 Macmillan Magazines Ltd.
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three discrete metal ions with different binding affini-
ties make individual contributions to catalysis76. 
Extension of this approach led to the conclusion that 
the metal ions that are associated with the 3′-oxygen 
leaving group (MA) and the 2′ hydroxyl of guanosine 
(MC) both also coordinate a nonbridging oxygen, 
whereas the metal ion that is associated with the 
3′-oxygen nucleophile (MB) does not77,78. The complete 
set of metal-cation interactions that have been inferred 
from cation specificity-switch experiments is shown 
in FIG. 4c.

The recent 3.1-Å structure of an Azoarcus spp. 
strain BH72 pre-tRNA intron provided the first 
opportunity to evaluate the three-metal model of 
group-I intron catalysis with a structural view of the 
active site17,19 (FIG. 4d). Activity was blocked using 
2′-deoxy substitutions of four 2′ hydroxyls in the 
active site. This structure represents the state of the 
intron after 5′-exon–intron cleavage, when it is poised 
to carry out intron–3′-exon cleavage and exon liga-
tion in the second step of self-splicing. The 3′ hydroxyl 
of the 5′ exon is aligned for in-line nucleophilic attack 
at the 3′-terminal guanosine of the intron, which, 
again, emphasizes the crucial role of the active-site 
architecture in positioning and orienting the reactants. 
No direct interactions occur between the reactants 
and nucleotide-base functional groups, as were 
observed in the active sites of self-cleaving ribozymes. 
Instead, two metal-binding pockets are found on 
either side of the reactive phosphate (FIG. 4d). One 
pocket, which is comprised of five phosphate oxy-
gens from three interconnected strands, is occupied 
by an Mg2+ cation. This Mg2+ cation, known as M1, 
also interacts with the 3′ hydroxyl of the 5′ exon and 
a nonbridging oxygen of the reactive phosphate, 
which are the ligands that correspond well to those 
that were assigned to MA in metal specificity-switch 
experiments. A K+ cation, known as M2, rather than 
the expected Mg2+ cation, occupies the second 
pocket, which is comprised of three nonbridging 
phosphate oxygens and two water molecules. The K+ 
cation forms a water-mediated interaction with a 
nonbridging oxygen and lies near the expected loca-
tion of the 2′ hydroxyl of guanosine that is missing 
in the construct used to obtain the structure. This 
indicates that M2 might correspond to MC, if the Mg2+ 
specificity was altered by the inactivating 2′-deoxy 
substitution. No evidence of a third metal cation that 
is analogous to MB was found near the 3′ hydroxyl of 
the terminal guanosine.

Further insights into the self-splicing reaction 
pathway have come from a 3.8-Å structure of the 
Tetrahymena thermophila ribozyme, in which the 
3′-terminal guanosine of the intron is bound in the 
active site, but in which the substrate RNA is missing18, 
and also from a 3.8-Å structure of the bacteriophage 
Twort intron complex with a small exon cleavage prod-
uct20. A single metal cation that is in a position inter-
mediate to positions M1 and M2 was found in the 
T. thermophila ribozyme structure that lacks the 
intron–exon junction substrate RNA18. This metal 

cation interacts with both the 2′ and 3′ hydroxyls of the 
terminal guanosine, and could correspond to either MB 
or MC. The bacteriophage Twort intron structure 
reveals details of 2′-hydroxyl interactions that are 
missing in the Azoarcus spp. BH72 structure, but it 
lacks the reactive phosphate. A comparison of the 
electron-density maps that are obtained in the pres-
ence and absence of Mn2+ identified a single divalent 
metal that is close to the 3′ hydroxyl at the 5′ splice 
site, which is consistent with its assignment as MA, but 
no density that corresponded to MB or MC was seen.

Apart from differences that can be attributed to 
sequence differences and the presence or absence of 
substrate RNAs, the three group-I intron structures 
correlate well with each other and with most struc-
ture–function relationships that have been inferred 
from previous biochemical studies17–20. Despite this 
general consistency, the number and position of the 
metal cations that have been identified in these active-
site structures do not correspond perfectly with the 
three-metal model inferred from metal-cation specifi-
city-switch experiments (FIG. 4c). If the biochemical 
tabulation of active-site metals is accurate, and if these 
crystal structures represent functional intermediates 
along the reaction pathway, a conformational rear-
rangement would be required to accommodate three 
metal cations in the transition state.

The ribosomal catalysis of protein synthesis
The ribosome is a ribozyme that catalyses the forma-
tion of peptide bonds in protein synthesis. The chem-
istry of amide-bond formation through the attack of an 
amine nucleophile on an ester bond is distinct from the 
phosphate-group transfer reactions that are catalysed 
by other ribozymes. However, the catalytic require-
ments for transition-state stabilization are quite similar 

Figure 3 | Hammerhead ribozyme structure. a | The 
secondary structure of a hammerhead ribozyme102. Stems I, II 
and III are base-paired helices oriented in a Y shape around 
a core of conserved nucleotides. The arrow indicates the 
reactive phosphodiester. The black filled circles represent 
non-Watson–Crick purine–purine base pairs. Dashed lines 
indicate base pairs that form with just a single hydrogen bond. 
b | The crystal structure of a hammerhead ribozyme102. A9 
(highlighted by the red circle on the left) and the cleavage site 
(right red circle) are located 20 Å apart in the structure, which 
is difficult to reconcile with mechanistic data indicating that 
these ligands are close enough to bind to the same metal 
cation. Part a was reproduced, and part b was modified, with 
permission from REF. 102 © 2000 Annual Reviews. 
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because both reactions involve nucleophilic attack at 
an electropositive centre and a developing negative 
charge in the transition state. In addition, both require 
base functionality to activate the nucleophile and acid 
functionality to protonate the leaving group (FIG. 5a).

Certainly, prior to the identification of catalytic 
RNAs, there was the expectation that the catalysis of 
peptide-bond formation would be carried out by 
ribosomal proteins. Although it was shown that most 
of the large subunit ribosomal proteins are dispensable 
for the formation of peptide bonds in vitro80, it was not 
until the atomic resolution structure of the 50S subu-
nit was solved that the unambiguous role for RNA as 
the catalytic functionality in protein synthesis was 
established. A crystal structure of the Haloarcula 
marismortui 50S subunit in complex with a synthetic 

transition-state analogue of the peptidyl-transferase 
intermediate showed that no protein atoms were 
located closer than 18 Å away from the reaction cen-
tre3 (FIG. 5b). The ribosome active site — the peptidyl-
transferase centre (FIG. 5c) — consists entirely of 
ribosomal RNA, and residue A2451 in Escherichia coli 
rRNA (A2486 in H. marismortui rRNA), in particular, 
makes hydrogen-bonding interactions with the pro-
posed transition state (FIG. 5d). The structure, coupled 
with the observation that A2451 showed an unusual 
pKa that had shifted into the neutral pH range81, led to 
the reasonable proposal that A2451 functions as the 
general base during peptide-bond formation.

As has been the case for the other catalytic RNAs, 
interpreting the structural data and synthesizing the 
kinetic data into a mechanism of catalysis have proved 

Figure 4 | Group-I intron catalysis of self-splicing. a | Secondary structure of the Tetrahymena thermophila group-I intron103. The 
conserved domains P4–P6 and P3–P9 are labelled, and the colours represent different helices. J represents joining regions between 
base-paired helices, and the * symbol indicates the 5′ splice site. The G site in P7 binds the exogenous guanosine cofactor. ωG is 
the 3′-terminal guanosine, and the dashed lines highlight nonconserved regions that have been omitted for clarity. The black filled 
circles represent non-Watson–Crick base pairs. b | The self-splicing pathway for group-I introns18. Binding of a guanosine 
nucleophile initiates the first step by attacking the 5′ splice site. A conformational change places the ωG group at the 3′ end of the 
intron into the guanosine-binding site, which sets up the second step of splicing. Attack of the 3′ hydroxyl (OH) of the 5′ exon results 
in ligation of the exons (shown in purple) and release of the intron (shown in blue). c | The three-metal model for catalysis of 
phosphoryl transfer reactions by the group-I intron76. In this model, one metal cation, MA, interacts with the leaving group oxyanion to 
neutralize the negative charge that develops during breakage of the oxygen–phosphorus bond, whereas another metal cation, MB, 
activates the nucleophilic oxygen by withdrawing electrons. A third metal cation, MC, interacts with the 2′ oxygen of the exogenous 
guanosine cofactor. The black circles represent coordination of the oxygens by the metals. A is the adenosine at the 5′ end of the 
intron. d | The active site in the crystal structure of the group-I intron17 showing the location of two metal ions, Mg2+ and K+. dA+1 and 
dT–1 are the nucleotides outside the intron sequence. ΩdG206 is the 3′-terminal guanosine of the intron, although, in the crystal 
structure, it is a deoxyresidue. The colours show the atoms that coordinate K+ (blue), the atoms that coordinate Mg2+ (orange), and 
the reactive bond and nucleophilic groups (yellow). Part a was modified with permission from REF. 103 © 1998 The American 
Association for the Advancement of Science. Part b was modified with permission from REF. 18 © 2004 Elsevier. Part c was modified 
with permission from REF. 76 © 1999 National Academy of Sciences, USA. Part d was reproduced with permission from Nature 
REF. 17 © 2004 Macmillan Magazines Ltd. 
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P SITE
The site in the peptidyl-
transferase centre of the 
ribosome that binds to the 
tRNA that is attached to 
the growing peptide chain.

PUROMYCIN
An antibiotic compound that 
inhibits protein synthesis and 
that binds to the ribosome as an 
analogue of aminoacyl-tRNA.

A SITE
The site in the peptidyl-
transferase centre of the 
ribosome that binds the 
incoming aminoacyl-tRNA.

challenging. It was quickly shown that mutating A2451 
did not abrogate the peptidyl-transferase reaction82, 
and also that the altered pH-related chemical reactiv-
ity of A2451 was due to a conformational change in 
the active site83. Ultimately, the well-known pH 
dependence of peptide-bond formation could not be 
simply explained by inspecting the crystal structure.

Further insights into the mechanism of peptide-
bond formation came from rapid kinetics experiments, 
which looked at a single turnover of the peptidyl-trans-
ferase reaction using PSITE-bound peptidyl-tRNA and 
PUROMYCIN — which is a minimal antibiotic compound 
that mimics the 3′-acyl-adenosine residue on an ASITE 
aminoacyl-tRNA — as the A-site substrate84. The 
essence of this work is that the ionization of a func-
tional group contributes ~100-fold to the catalytic rate 
acceleration of peptide-bond formation. The observed 
pH-rate profile was consistent with a role for two titrat-
able groups with different pKa values, and one of these 
protonation sites was assigned to the amino-group of 
the puromycin model substrate84. The identity of the 
remaining ionizable group is unknown, although there 
are many candidate nucleotides in the peptidyl-trans-
ferase centre85. The overall rate acceleration for the 
chemical step of peptide-bond formation is ~100,000-
fold. If 100-fold is attributable to acid–base catalysis, 
then ~1,000-fold is presumably attributable to other 
mechanisms that include the precise positioning of the 
reactive groups84,86.

Recent biochemical evidence indicates that the 
2′-hydroxyl group of the terminal nucleotide of the 
peptidyl-tRNA in the P site is the most crucial func-
tional group in peptide-bond formation that has been 
identified so far87. The terminal 2′-hydroxyl group is 
immediately proximal to the 3′-amino-acyl bond, and 
is therefore extremely close to the transition state dur-
ing peptide-bond formation. What is remarkable about 
this group is that it is located on the tRNA P-site sub-
strate rather than on the ribosome itself. Modification 
of this group essentially abrogates peptide-bond for-
mation on the ribosome. Although the terminal tRNA 
2′-hydroxyl group in the P site is clearly crucial, its spe-
cific role in catalysis is not so clear. This group could 
serve as a general acid or base, or it could participate in 
forming the structure that activates the acid or base 
catalytic group.

Much of the detailed analysis of the mechanism of 
peptidyl-transfer activity by the ribosome has been car-
ried out using the A-site analogue puromycin, which 
has allowed rapid kinetics to be measured in the 
absence of the relatively slow delivery of the A-site 
tRNA substrate by the translation elongation factor EF-
Tu. Recently, it has been shown that mutation of the 
four conserved residues that are closest to the peptidyl-
transferase reaction has dramatic effects on the puro-
mycin model reaction, but little or no effect on reac-
tions that use an intact A-site tRNA substrate88. 
Furthermore, these conserved nucleotides have an 
important role in peptide release, during which the 
peptidyl-tRNA acyl bond must be hydrolysed by a 
relatively poor water molecule nucleophile.

Again, the crystal structure of the ribosome gives 
profound structural insights into many aspects of ribos-
ome function, but the details of catalysis remain elusive. 
The peptidyl-transferase active site is part of a larger 
complex active site that must allow significant struc-
tural rearrangements during translocation from one 
codon to the next, and during delivery and loading of 
the tRNA substrates. The conformational flexibility in 
this region further compounds the intrinsic difficulties 
of inferring mechanisms from kinetic data, a problem 
that arises in analyses of all the ribozymes. The ability 
to visualize the organization of the active site does per-
mit hypotheses to be formed and tested using the tools 
of enzymology, and this is an active area of study. The 
picture is still murky, but the waters are clearing.

Concluding remarks
RNA enzymologists are learning that combining struc-
tural and mechanistic studies to deduce catalytic mech-
anisms is an iterative process. The general acid–base 
mechanism of RNase A catalysis was proposed 44 years 
ago, but remains a subject of active investigation and 
spirited debate to this day89–91. History indicates that 
RNA enzymologists are no more likely to get it right 
first time and, in fact, most of the initial mechanistic 
hypotheses for each ribozyme system have been sig-
nificantly revised. To the extent that a crystal structure 
resembles the transition state, it can be invaluable for 
identifying functional groups that are candidates 
for participation in the catalytic chemistry. However, 
no crystal structure represents a true transition state, 
which is the highest energy, least probable structure 
along the reaction pathway that exists only on the 
timescale of bond vibration. Careful mechanistic stud-
ies remain necessary to confirm which groups mediate 
catalysis and how they do this. Of course, models of 
catalytic mechanisms that emerge from mechanistic 
studies must also pass the structural test — functional 
groups that carry out the catalytic chemistry have to 
interact physically with the reactants.

Compared with studies of protein enzymes, the 
application of conventional enzymological approaches 
to understanding ribozymes has turned out to be com-
plicated because of the polyanionic nature of RNA. 
Changes in pH and ionic conditions can have dramatic 
effects on the kinetics of RNA folding and the stability 
of functional RNA structures. We now see that special 
care must be taken to distinguish between the direct 
effects of pH and metal cations on catalytic chemistry 
and indirect effects on the assembly and stability of 
RNA structures. Researchers in the field had expected 
RNA structures to be as insensitive to changes in pH 
across the neutral range as the ionization of nucle-
otides in solution. Indeed, the pH dependence of 
reaction kinetics was taken as evidence that the 
observed rates were monitoring catalytic chemistry 
and not a conformational change. The extent to which 
proximity to charged phosphates and cations can alter 
ionization equilibria is only now being explored, and 
the degree to which changes in pH can influence the 
stability of functional RNA structures has probably 
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Figure 5 | The ribosomal catalysis of protein synthesis. a | Chemical mechanism of peptide-bond formation22. In the first step, 
the nucleophilic amine (NH3

+; red) of the A-site aminoacyl-tRNA is activated by the loss of a proton. Next, the free amine attacks the 
carbonyl carbon of the aminoacyl ester of the P-site tRNA to produce a ZWITTERIONIC tetrahedral intermediate designated T±, which 
then loses a proton to form a different intermediate, T–. In the last step, protonation of the 3′-oxygen leaving group accompanies the 
breakdown of T– to form products. Groups that lose a proton are shown in red and the group that gains a proton is shown in blue. 
The blue and red arrows indicate positions that correspond to the carbonyl oxygen and the nucleophilic amine, respectively, on the 
transition-state analogue that was used to locate the active site (boxed). CpCp represents further nucleotides that mimic the 3′ end of 
the tRNA. b | Structure of the 50S subunit from Haloarcula marismortuii3. The 23S rRNA is shown in red and white spacefill, whereas 
the ribosomal proteins are shown in dark blue spacefill. The lighter blue ribbon structures represent proteins that have been modelled 
from the electron-microscopy density and are not observed in the crystal structure. The peptidyl-transferase centre is located in the 
deep cleft at the centre of the structure. a, archaeal; e, eukaryotic. c | The conserved secondary structure at the heart of the peptidyl-
transferase centre. Position A2451, the nucleotide that forms hydrogen-bonding interactions with the transition-state analogue, is 
shown in bold, and its interacting partners, guanine residues G2061 and G2447, are outlined. Arrows indicate mutations that have 
only minimal effects on peptide-bond formation82. The black filled circle represents a non-Watson–Crick base pair. d | Details of the 
structure of the peptidyl-transferase centre in complex with a puromycin-based transition-state analogue, which is shown in green 
(the other colours are used for contrast only)104,105. The N3 of A2451 (position A2451 of Escherichia coli rRNA is equivalent to A2486 
of H. marismortuii rRNA) is in direct contact with the nascent peptide bond. Part a is modified with permission from REF. 22 © 2002 
Elsevier. Part b is reproduced with permission from REF. 3 © 2000 The American Association for the Advancement of Science. Part c 
is reproduced with permission from Nature REF. 82 © 2001 Macmillan Magazines Ltd. Part d is reproduced with permission from REF. 
105 © 2002 National Academy of Sciences, USA.
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