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m Abstract The past few years have seen exciting advances in understanding the
structure and function of catalytic RNA. Crystal structures of several ribozymes have
provided detailed insight into the folds of RNA molecules. Models of other biologically
important RNAs have been constructed based on structural, phylogenetic, and biochem-
ical data. However, many questions regarding the catalytic mechanisms of ribozymes
remain. This review compares the structures and possible catalytic mechanisms of
four small self-cleaving RNAs: the hammerhead, hairpin, hepatitis delta virus, and in
vitro—selected lead-dependent ribozymes. The organization of these small catalysts is
contrasted to that of larger ribozymes, such as the group | intron.
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INTRODUCTION

Seven naturally occurring classes of catalytic RNA have been identified to date,
all of which catalyze cleavage or ligation of the RNA backbone by transesterifi-
cation or hydrolysis of phosphate groups. The hammerhead, hepatitis delta virus
(HDV), hairpin, andNeurosporavarkud satellite (VS) ribozymes are small RNAs

of 50-150 nucleotides that perform site-specific self-cleavage (1-7). Found in vi-
ral, virusoid, or satellite RNA genomes, they process the products of rolling circle
replication into genome-length strands (8). The general mechanism of these ri-
bozymes is similar to that of many protein ribonucleases in which@aygen
nucleophile attacks the adjacent phosphate in the RNA backbone, resulting in
cleavage products with &-cyclic phosphate and Biydroxyl termini (Figure 1).
Unlike protein ribonucleases, however, ribozymes cleave only at a specific loca-
tion, using base-pairing and tertiary interactions to help align the cleavage site
within the catalytic core. The evolutionary maintenance of these sequences may
be due to their site specificity and to the simplicity and efficiency of genome
self-cleavage.

Group land Il introns and ribonuclease P (RNase P) are larger, more structurally
complex ribozymes several hundred nucleotides in length (9—11). RNase P cleaves
precursor RNA substrates at specific sites to generate functiotexindini (12),
and group | and Il introns catalyze two-step self-splicing reactions (13-15). In
these large ribozymes, the nucleophile and the labile phosphate are located on
different molecules or are greatly separated in sequence. Thus, the complex folds
of these RNAs serve to orient the nucleophile and phosphate to ensure accurate
cleavage or splicing.
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Figure1 RNA cleavage by acid-base catalysis and two-metal ion catalysis. :B is a general
base and H-A is a general acithick dashed lineshow direct inner-sphere coordination
between divalent cations Mand Mg and oxygen atoms. N represents a purine or pyrimidine
base and R denotes chain continuation.
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In the last several years, crystal structures of the hammerhead, hepatitis delta
virus, and group | ribozymes have been determined, providing detailed views of
the tertiary folds of these RNAs. The crystal structure of an in vitro—selected
self-cleaving ribozyme called the leadzyme has also been determined. Models of
the hairpin ribozyme have been constructed based on nuclear magnetic resonance
(NMR) structures of separated domains and biochemical data. Furthermore, recent
results suggest that the mechanisms used by RNA catalysts are more varied than
previously thought. In this review we compare and contrast the overall organiza-
tion of these ribozymes and discuss their catalytic mechanisms. This review does
not cover RNA tertiary structural motifs, which have been extensively reviewed
elsewhere (16-19).

RIBOZYME CATALYSIS

The notion that RNA could be catalytic was initially surprising since it lacks
the diversity of functional groups characteristic of protein enzymes. Additionally,
whereas protein secondary structure puts amino acid side chains on the outside of
a-helices an@-sheets, optimally located for tertiary contacts, in RNA the unique
chemical groups of the bases are largely on the interior of base-paired duplexes.
Thus, RNA packing into stable tertiary structures was thought to be difficult be-
cause of the limited number of bases available for tertiary contacts, and the high
density of negative charges and flexibility of the phosphate backbone. Despite
these potential challenges, RNA enzymes are capable of accelerating phosphoryl
transfer reactions by ?0to 10''-fold over background rates (20-23). In addi-
tion, ribozymes selected in vitro can accelerate a variety of reactions related to
phosphate transesterification, including acyl transfer (24—29).

How do ribozymes accomplish significant rate enhancements? RNA hydrolysis
by protein ribonucleases such as RNase A occurs via acid-base catalysis in which
one histidine imidazole group, acting as a general base, abstracts a proton from the
2 hydroxyl nucleophile while a second histidine, acting as a general acid, donates
a proton to the 5hydroxyl leaving group (Figured. The penta-coordinated
phosphate of the transition state is thought to be stabilized by the positive charge
of a nearby lysine side chain (30). It is the precise positioning of these groups
and the ability of the protein to modulate the jskof the reactive histidines that
are responsible for the rate acceleration by RNase A. In contrast, RNA lacks
functional groups with pks near physiological pH, potentially precluding similar
mechanisms of acid-base catalysis (31). Sincé™Ma other divalent cations are
essential for the folding of many RNAs (32, 33), and RNA structures often contain
specific binding sites for divalent ions (for examples see 34-36), ribozymes may
carry out metal-ion—assisted catalysis that is similar to the action of several protein
enzymes which catalyze phosphate chemistry (Fighy€33, 37—-39).

Divalent metal ions, particularly Mg, could play several roles in catalysis. A
metal ion coordinated to a hydroxide might activate a hydroxyl or water nucle-
ophile by deprotonation, or a divalention might directly coordinate the nucleophilic
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oxygen, making the oxygen more susceptible to deprotonation by hydroxide ions.
Metal ions also might stabilize the transition state by direct inner-sphere coordi-
nation to the pentavalent scissile phosphate group and might stabilize the leaving
group by protonating or directly coordinating the leaving oxygen atom. Finally,
metal ions might also stabilize the transition state structure by donating positive
charge.

Alkaline phosphatase and DNA polymerase | use two divalent cations posi-
tioned about 42 apart in catalysis, the first to activate the nucleophile and the
second to stabilize the transition state and leaving group (37, 38). It has been pro-
posed that a similar two-metal ion mechanism occurs in RNA catalysis (Figure 1
(33, 39). This proposal has been tested in several systems by switching the metal
ion specificity of phosphate groups in the RNA backbone, particularly at the labile
phosphates. Sulfur substitution of phosphate oxygens reduces catalytic activity
when the corresponding oxygen forms a critical hydrogen bond or binds a magne-
sium ion by direct inner-sphere coordination (40). Rescue of less active mutants
by addition of a thiophilic metal ion such as ffnindicates that the corresponding
oxygen atom directly coordinates a structurally or catalytically importamttMg
ion (40). These experiments have allowed detection of magnesium binding sites in
the catalytic cores of several ribozymes (41-57). However, direct coordination of
metal ions to nucleophilic, transition state or leaving group oxygens has not been
inferred in all systems, suggesting that some ribozymes may catalyze phosphate
chemistry through different mechanisms, as discussed below.

SMALL SELF-CLEAVING RNAs

The first X-ray crystal structure of a catalytic RNA was that of the self-cleaving
hammerhead ribozyme (58,59). Recently the crystal structure of the genomic
strand HDV ribozyme (60) and solution and crystal structures of the in vitro—
selected leadzyme motif (61, 62) have been determined. Furthermore, structures
of the isolated domains of the hairpin ribozyme have been determined by solution
NMR (63, 64), and models of the hairpin active site have been developed using a
combination of NMR and biochemical data (65, 66). Below we review the structure
and catalytic mechanism of each of these ribozymes.

Hammerhead Ribozyme Structure

The hammerhead ribozyme was initially discovered as a self-cleaving sequence
within small RNA satellites of plant viruses (4, 6, 7). The minimal functional RNA
consists of three short helices and a universally conserved junction sequence and
can be made from two or more separate RNAs for cleavageais (Figure 2)
(5,67,68).

Two crystal structures of noncleavable variants of the hammerhead ribozyme
have been solved, one with a DNA substrate strand and the other with an RNA
substrate containing d @-methyl group at the cleavage site (58, 59). Both show
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Figure 2 Secondary and tertiary structure of a hammerhead ribozyme. Universally conserved
bases are shown as letters and those referred to in the text are nuniteesiedd lines and dots
show non—Watson-Crick interactions between bas#i] linesrepresent Watson-Crick base pairs.
The site of cleavage is marked with arrow. (Adapted from Reference 58.)

the three helices arranged a Y shape, as predicted by fluorescence and na-
tive gel electrophoresis data (Figure 2) (69, 70). Stems Il and Il are essentially
coaxial, while helix | lies at a sharp angle to helix Il. Backbone distortions at
the junction of helices Il and Il force nucleotide C17 to stack on stem | rather
than on stem lll, placing it in the active site pocket at the three-helix junction.
The scissile phosphate on thé ssde of C17 lies above a hairpin turn of the
backbone formed by the C3-A6 sequence. This CUGA turn is strikingly sim-
ilar to that found in the anticodon loop of tRN’ which serves as a metal
binding pocket (71). Although both structures revealed unforeseen details of the
RNA fold, the mechanism of hammerhead catalysis remains unclear, as discussed
below.

Hammerhead Ribozyme Catalysis

Many experiments have been performed to determine the mechanism of hammer-
head self-cleavage and the role of divalent cations in the reaction. Sulfur substi-
tution for the scissile phosphate oxygens showed that there is inversion of con-
figuration about the phosphate during the reaction, indicating that the reaction
proceeds by in-line attack of the nucleophile (42,72, 73). Further, in most of the
experiments in which sulfur was substituted for the prol-lﬁpnbridging oxygen

1Phosphate groups in the RNA backbone are pro-chiral, and the two nonbridging oxygen
atoms of these groups are termed the pro-Rp and the pro-Sp oxygens. The pro-Rp oxygen
is easily substituted with sulfur by in vitro transcription of RNA in the presence of sulfur
containing nucleoside triphosphates. Substitution of the pro-Sp oxygen with sulfur requires
chemical synthesis and is thus rarely performed.
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of the scissile phosphate, the reduced activity was rescued by addition of a thio-
philic metal ion, suggesting that a metal ion directly coordinates this oxygen in the
transition state (41-43, 45, 46, 73). The reaction rate increases linearly with pH,
indicating that the nucleophile is activated by a hydroxide ion (74). Either a metal
ion hydroxide deprotonates thél®droxyl directly, or a metal ion coordinated to

the 2 hydroxyl increases the acidity of thé &ygen, rendering it susceptible to
attack by a hydroxide ion from solution (74, 75). The ion coordinated to the pro-Rp
phosphate oxygen could perform either of these functions (Figyrdfthe ham-
merhead uses a two-metal ion mechanism for self-cleavage, then an additional
directly coordinated ion should stabilize the leaving group oxygen (Figbye 1
(33, 39). While sulfur substitution for the leaving group oxygen has failed to iden-
tify such a metal ion, other observations support its existence (44, 75, 76). Thus,
there is debate over the number of divalent cations directly involved in ham-
merhead catalysis. Strikingly, recent experiments demonstrate that the ribozyme
can function in the complete absence of divalent cations at extremely high ionic
strengths (77). This result shows that divalent cations are not essential cofactors
in the reaction, though at least one directly coordinated magnesium ion appears to
be involved in catalysis under most conditions in vitro.

Unfortunately, determination of the hammerhead crystal structure did little to
settle the debate over the role of metal ions in catalysis. While several divalent
metal ions were identified by soaking ktinto hammerhead ribozyme crystals
(58, 59), none of these ions was close enough to the scissile phosphate to play
a direct role in catalysis without requiring a precleavage conformational change.
Therefore, the crystal structure of an unmodified hammerhead was determined by
cryo-cooling the crystals to trap the ribozyme just prior to catalysis. This structure
revealed a metal ion directly coordinated to the pro-Rp nonbridging oxygen of the
scissile phosphate, as expected from biochemical data (78). However, no metal ion
was found near the leaving group in any subsequent structure.

Several observations strongly suggest that the original crystal structures repre-
sented an initial ground state of the ribozyme that must undergo a conformational
change before catalysis. A number of catalytically important base and backbone
functional groups identified by mutagenesis make only limited contacts in the
crystal structures (79). Furthermore, one of the metal binding sites located near
the three-helix junction was subsequently found to inhibit catalysis when occupied
(80). Finally, previous studies demonstrated that the reaction proceeds by in-line
attack of the 2oxygen nucleophile, but the labile phosphate in both the original and
freeze-trapped crystal structures was not correctly oriented for nucleophilic attack
(42,72,73,78). To visualize the hammerhead ribozyme in a reactive conforma-
tion, a mutation was introduced adjacent to the leaving oxygen atom to kinetically
trap the ribozyme immediately prior to bond breaking (81). In the crystal structure
of this modified RNA, a rotation of the scissile phosphate and base C17 was ob-
served, consistent with an in-line attack mechanism. There was also a change in
the conformation of the A9 phosphate, consistent with the observation that a metal
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Figure 3 Secondary structure of the
GA in vitro—selected leadzyme motif. Two
C G Watson-Crick helices flank an internal

5 L1 (|3 c|> [ ]| 3 loop containing the cleavage site (at
1 L G A G G —— 5 arrow). Conserved bases are shown as
letters

ion coordinated to this phosphate binds with higher affinity in the transition state
than in the ground state (82). Strikingly, the architecture of the three-helix junc-
tion was not grossly perturbed by the backbone rotation at the cleavage site. This
result demonstrates the high degree of flexibility within the hammerhead active
site.

Leadzyme Motif Structure and Catalysis

The observation that a lead-hydroxide ion cleaves tRNA at a specific site led to
the use of in vitro selection to define the leadzyme, a small, lead-dependent self-
cleaving RNA (83-85). The leadzyme consists of two short Watson-Crick duplexes
flanked by an internal loop that accelerates site-specific RNA cleavagé ®§0-

fold (Figure 3) (84, 85). The reaction is highly specific foPPbns and proceeds

by a cleavage mechanism similar to that of other self-cleaving RNAs (86-88).
The lead-hydroxide ion is proposed to activate thénalroxyl nucleophile by
deprotonation (86). Both NMR and crystal structures of this motif have recently
been solved (61, 62). While the conformation of the internal loop varies, the labile
phosphate is not positioned for in-line attack by the nucleophile in either structure.
NMR studies also demonstrated that the internal loop is dynamic (89). Thus, like
the hammerhead ribozyme active site, the leadzyme active site is conformationally
flexible.

Hepatitis Delta Virus Ribozyme Structure

The biological function of the HDV ribozyme, like that of the hammerhead ri-
bozyme, is to cleave rolling circle replication products into genome-length units
(2,3). HDV replication produces multimers of antigenomic and genomic RNAs,
both of which contain similar ribozymes. The HDV ribozyme is the fastest natu-
rally occurring RNA catalyst, capable of self-cleavage at a rat60-fold faster

than that of the hammerhead (90, 91). This ribozyme has a number of unusual
properties compared with other self-cleaving RNAs. It is extremely stable, with an
optimal reaction temperature of about’65 and is also reactive at temperatures

as high as 80C and in buffers containg5 M urea or 18 M formamide (90-92).
Furthermore, the substrate strand upstream of the cleavage site is not base-paired
to the ribozyme. Thus, cleavage depends only on the presence of a single nu-
cleotide 50fthe labile phosphate. Finally, though the presence of divalent cations is
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Figure 4 Secondary and tertiary structure of the hepatitis delta virus genomic cleavage product.
Important bases are shownlatiersand those referred to in the text anembered. P1-Pdenote
base-paired stemk,denotes loops, antidenotes joining regions between two helices. (Adapted
from Reference 60.)

required for catalysis, self-cleavage is efficient with a variety of different ions and
at much lower concentrations than those required for the activity of other catalytic
RNAs (77,92, 93).

The crystal structure of the genomic cleavage product revealed the basis for the
extreme stability of this ribozyme (60). The HDV ribozyme is folded into a dou-
ble pseudoknot containing five helical stems, P1-P4 (Figure 4). The P1 duplex is
coaxially stacked upon P1.1 and P4, while P2 is stacked on P3. The two stacks are
positioned side by side, linked by five strand crossovers and further constrained by
the P1.1 pairing. Intriguingly, no well-ordered metal ions were detected either in
the electron density maps from the original experiments or in maps calculated using
data measured from crystals soaked in’M(60, 94). This observation suggests
that specifically bound divalent cations are not required to stabilize the structure
of the cleavage product. Unlike the hammerhead ribozyme and the leadzyme, in
which the active site is solvent exposed, thbysroxyl leaving group of the HDV
ribozyme is deeply buried within the fold, surrounded by functionally important
residues from the P3 stem and the L3, J1/3, and J4/2 segments (Figure 4). The ob-
servations that only a single nucleotideobthe scissile phosphate is required for
catalysis in this ribozyme, and that functional groups determined to be important
through cross-linking and mutagenesis studies surround’thgdsoxyl leaving
group in the crystal structure, indicate that the product and transition-state struc-
tures are similar (56, 90, 95-98). In addition to biochemical data, the burial of the
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active site and lack of metal ions in the crystal structure provide hints that the HDV
cleavage mechanism may be distinct from that of the hammerhead ribozyme and
leadzyme.

Hepatitis Delta Virus Ribozyme Catalysis

The observation that low concentrations of divalent cations are required for HDV
ribozyme function indicates that they play an important role in folding or catalysis
(77). Yet several lines of evidence suggest that their catalytic role is different from
that in the hammerhead ribozyme. First, sulfur substitution reveals that only two
nonbridging pro-Rp phosphate oxygens, at the scissile phosphate and at C22, are
critical for catalysis. Both mutations are insensitive toaphowever, implying
that these oxygens are not directly coordinated to metal ions but make other key
interactions (56). In fact, the pro-Rp phosphate oxygen at C22 participates in a
network of hydrogen bonds to the catalytically important base C75 in the crystal
structure (60). Second, the pH dependence of the reaction suggests that an RNA
functional group, rather than a hydroxide ion, activates the nucleophile (see below)
(98-100). Third, the rate of self-cleavage is equivalent witfFMand C&*+, and
is also efficient in MA™ and even Stt. This suggests that divalent cations bind to
a site with flexible geometry and thus low affinity (56). The presence of a metal
ion at the active site of the ribozyme is implied by studies of the cleavage ffa 2
modified phosphate linkage (101). Binding sites for divalent ions were recently
identified in the J4/2 section of the genomic HDV ribozyme (102) and the P2 stem
of the antigenomic ribozyme (103), but there is no evidence that these ions play
direct roles in catalysis.

The HDV ribozyme crystal structure reveals that a base might play a key role in
the reaction mechanism. Cytosine 75 is located extremely close tolilgdroxyl
leaving group in the structure. This base is excluded from solvent in a region of low
electrostatic potential, surrounded by several negatively charged phosphate groups.
This could increase the pkof C75, normally~4 for the N3 imino group. Thus it
has been proposed that C75 acts as a general base to activdtexjgeh nucle-
ophile, or as a general acid to protonate the leaving group oxygen (see Fyure 1
(60, 94). In support of this hypothesis, mutation of C75 to any other base is the
most severe HDV ribozyme mutant, completely abolishing catalysis (96). In the
case 6 a C to Umutation at the corresponding position in the antigenomic ri-
bozyme, functionality is rescued by addition of imidazole, which may function
as a general acid or base (100). Furthermore, the pH dependence of the reaction
indicates that an RNA functional group with pKf ~6 is important for catalysis
(100).

Hairpin Ribozyme Structural Models and Catalysis

The hairpin ribozyme, like the hammerhead ribozyme, is found within RNA satel-
lites of plant viruses, where it performs a reversible self-cleavage reaction to
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Figure 5 Secondary structure of a minimal hairpin ribozyme construct. Conserved nu-
cleotides within domains A and B alettered The cleavage site is at terow. Thedashed

line at the junction of the two domains can vary in sequence and length. Tertiary fold-
ing causes the two helical domains to pack side by side, stabilized by tertiary interactions
between the conserved nucleotides in the internal loops. The cleavage site is proposed to
pack against portions of the domain B internal loop, rendering it inaccessible to solvent.
(Adapted from Reference 66.)

process the products of rolling circle genome replication (7, 104-106). Models
of the catalytic core of the hairpin ribozyme have been developed based on exten-
sive mutagenesis, chemical probing, and NMR structures of the isolated helical
domains (63-66). Chemical footprinting, cross-linking, and fluorescence experi-
ments show that the two domains of the hairpin catalytic core interact side by side
to create a buried active site, as seeninthe HDV ribozyme (Figure 5) (65, 107, 108).
However, in the hairpin ribozyme the helix-helix interaction is mediated by tertiary
contacts between the domains rather than by covalent strand crossovers, and thus
is likely to be more flexible.

Several lines of evidence suggest that divalent cations may not play a central
role in catalysis for the hairpin ribozyme. Changes in pH and substitution of sul-
fur for either of the nonbridging oxygens of the scissile phosphate have minimal
effects on the rate of the reaction under a wide variety of conditions (53, 54, 109).
The reaction also proceeds efficiently in cobalt hexammine, an ion similar in size
to a fully hydrated magnesium ion but which cannot directly coordinate RNA func-
tional groups. All of these results strongly suggest that neither a metal hydroxide
nor a directly coordinated metal ion is required for activity under most conditions
(53,54, 109). Furthermore, the hairpin ribozyme can also function when supplied
with monovalent cations alone (77). Perhaps in the hairpin ribozyme, as is ap-
parently the case in the HDV ribozyme, nucleotide bases play critical catalytic
roles.
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Organization of Small Self-Cleaving RNAs

Examination of the ribozyme structures discussed above reveals two general trends
in the organization of self-cleaving RNAs. The hammerhead ribozyme and lead-
zyme active sites are exposed to solvent and coated with divalent cations, some
of which may play direct roles in catalysis. The RNAs are flexible, allowing for
conformational changes during the reaction. Since the solution and crystal struc-
tures of these RNAs are not in active conformations, it is likely that the most active
conformers of these ribozymes are not the most thermodynamically stable and
thus are present only transiently in solution. Although conformationally dynamic,
the hammerhead ribozyme is an effective catalyst in part because the three-helix
junction of the cleavage product is more flexible than that of the ground state, al-
lowing entropy to drive the reaction forward by preventing religation of the product
strands (21).

In contrast, the HDV ribozyme active site is buried from solvent within a com-
pact fold stabilized by covalent attachment of the two helical stacks. The struc-
tural rigidity of the ribozyme might restrict the orientation of the labile phosphate,
thereby allowing for a faster rate of catalysis. The reaction rate may be further
augmented by the direct involvement of an active site cytosine in the catalytic
mechanism. The hairpin ribozyme shares several organizational features with the
HDV ribozyme. The active site is buried within a set of helices stacked side by side
(65,107, 108). However, the hairpin ribozyme fold is probably more dynamic than
that of the HDV ribozyme since it is stabilized by tertiary contacts rather than by
covalent attachments. The catalytic mechanism does not appear to involve directly
coordinated divalent metal ions and could perhaps directly involve one or more
bases.

ARCHITECTURE OF A COMPLEX RIBOZYME: The
Tetrahymena thermophila Group I Ribozyme

Group | introns are considerably larger and more structurally complex than any
of the self-cleaving RNAs. They are found in precursor mRNA, tRNA, and rRNA
transcripts in a variety of organisms and self-splice in two steps to ligate flanking
5 and 3 exons, producing mature RNA transcripts (see Figure 7). Several hun-
dred examples have now been identified, all of which share a common secondary
structure and presumably a common reaction mechanism.

The Tetrahymena thermophil&NA intron was the first group I intron discov-
ered and is the best characterized (110). It is 421 nucleotides long, composed of
a universally conserved catalytic core of roughly 200 nucleotides surrounded by
several less conserved peripheral segments (Figure 6) (111). The ribozyme de-
rived from the intron performs the first step of self-splicing with multiple turnover
using an oligonucleotide to mimic thé &xon (Figures 6 and 7). Thé 8xygen
of an exogenous guanosine serves as the nucleophile. Experiments in which key
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Figure 6 Schematic diagram of th@trahymena thermophilgroup | ribozyme sec-
ondary structure. The, L, andJ nomenclature is as described for Figure 4. The universally
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oxygens were substituted by sulfur or nitrogen provided strong evidence that three
directly coordinated Mg ions participate in the catalytic mechanism to activate
the nucleophile and stabilize the leaving group (Figure 7) (49-51, 112).

Structural Models of the Tetrahymena Ribozyme

A variety of experiments showed that tiietrahymenaibozyme is folded into a
compact, globular structure and revealed important tertiary interactions within
the catalytic core. Footprinting with hydroxyl radicals, which cleave solvent-
accessible riboses in the RNA backbone, demonstrated that large segments of
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the core are buried from solvent (32, 113). Phylogenetic comparison, combined
with footprinting data, was used several years ago to construct a model of the
arrangement of helices within the group I intron core (111). In this model the
catalytic core is composed of two universally conserved helical stacks called P5-
P4-P6 and P7-P3-P8, which form a cleft along which the P1 substrate helix binds
(Figure 6). Mutagenesis and cross-linking experiments extended this model by
independently locating the P1 and guanosine substrate binding sites and identify-
ing tertiary interactions between the P5-P4-P6 and P7-P3-P8 segments (114-123).
Further mutagenesis experiments and theﬁQcSystaI structure of the P4-P6 do-
main (comprising the P5-P4-P6 stack and the P5abc peripheral region), revealed
interactions between the core and peripheral elements leading to a model of the
entire intron (120, 124).

Recently, a crystal structure of tHetrahymenaibozyme core was solved at
5-A resolution (125). The crystallization construct included the entire catalytic core
of the ribozyme but lacked the P2-P2.1 and P9.1-P9.2 peripheral regions as well
as the P1 substrate helix (Figure 6). The overall architecture of the ribozyme in the
crystal structure is similar to that proposed in the phylogenetic models (111, 120).
A model for the interaction of P1 and the catalytic core was developed from this
structural data, in which P1isin close proximity to the guanosine binding site on P7.

A detailed model of th@etrahymenaibozyme active site has also been cre-
ated using nucleotide analog interference mapping (Figure 8) (126). These assays
identified tertiary contacts between the P1 helix and the flanking J4/5 and J8/7
regions (122, 127). The model constructed from these data also incorporates pre-
viously identified tertiary contacts between J8/7, part of a universally conserved
pseudoknot (128) at the center of the catalytic core, and helices P4 (121), P1 (115),
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Figure 8 Active site of theTetrahymenaroup | intron, showing the close positioning of
several secondary structural elements. (Adapted from Reference 122.)

and P3 (111, 123). In the model, the J8/7 strand helps tightly pack the P5-P4-P6
and P7-P3-P8 helical stacks and forms an extensive triple-helix interaction with
P1 (Figure 8) (122). Thus, P1 is tightly docked into the core in close proximity to
several other elements of secondary structure.

Several of the tertiary contacts identified biochemically are not present in the
5-A crystal structure. In particular, interactions between J8/7 and P1 are not com-
patible with the structure (115, 122), and a functionally critical base triple con-
necting J8/7 and P3 is absent, suggesting that the P3 helix in the structure must
move 20—25A toward the P5- P4-P6 stack to achieve a conformation consistent
with activity (123). Two possible explanations are thak Besolution is insuffi-
cient to resolve nucleotide positions in the active site, or that the structure in the
crystal represents a less active conformation. Thus, the P1 helix and P2-P2.1 and
P9.1-P9.2 peripheral segments may be critical for proper organization of the active
site, as discussed below.

Peripheral Elements and Maintenance of the Active Structure

Most group | introns contain at least one large structural element flanking the
catalytic core, such as the P5abc, P2-P2.1, and P9.1-P9.2 segmentEsitiahg-
menaintron (Figure 6). These external appendages, termed peripheral elements,
vary considerably in size, structure, and location, and can even be replaced by
proteins (111,120, 129). Despite this variability, the nearly universal presence
of peripheral elements underscores their importance. Deletion of these segments
generally reduces but does not eliminate self-splicing, suggesting that they are
important but not essential for group I intron function (130-132).
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The P5abc, P2-P2.1, and P9.1-P9.2 segments interact with each other to wrap
around the outside of theetrahymenaatalytic core (120). Results from chemical
footprinting experiments show that deletion of one or more of these peripheral
elements destabilizes the core, but deletion of segments of the core does not sig-
nificantly affect the folding of the peripheral segments (133-135). Thus, these
elements buttress a less stable catalytic core at the center of the globular fold.

The consequences of deletion of the P5abc peripheral element have been exam-
ined in detail (129-132, 136, 137). Data from footprinting experiments show that
at nonphysiological concentrations of kg removal of P5abc does not grossly
perturb the global structure of the ribozyme. However, the catalytic core of a
P5abc-deletion mutant ribozyme requires highefigoncentrations to fold and
has subtle structural differences from the wild-type ribozyme core (136, 137).
These differences are concentrated in the P7-P3 region near the substrate binding
sites, on the opposite side of the catalytic core from the P5abc binding interface.
Furthermore, the affinity of the guanosine and P1 substrates is severely compro-
mised (137). Thus, the P5abc-deletion mutant ribozyme assembles into one or
more less active structures. These results suggest that P5abc not only stabilizes
the group | ribozyme core but also acts as an allosteric effector to organize the
detailed architecture of the core from a distance, preventing the accumulation of
misfolded structures.

COMPARATIVE ORGANIZATION OF CATALYTIC RNAs

The hammerhead, HDV, and group | ribozyme structures illustrate three different
strategies to overcome the challenges of packing RNA into functional structures.
The self-cleavage reaction is simple enough to allow an efficient catalyst to be
created from a small RNA with a solvent-exposed active site, such as the hammer-
head ribozyme. The three helices of this ribozyme do not pack closely except at
the junction region, where they are correctly oriented by base-stacking and tertiary
interactions involving a number of universally conserved bases. The structure of
the leadzyme further demonstrates that a self-cleaving ribozyme does not require
atrue tertiary structure with closely packed RNA helices. However, the more rigid
HDV ribozyme appears to enhance catalysis further by placing the active site
between two helices packed side by side.

Group | introns catalyze a two-step reaction that requires positioning of two
distinct substrates in the active site. Furthermore, a different set of substrates
is used for each step of the reaction. The group | catalytic core must be stable
enough to create high-affinity binding sites for each substrate, yet flexible enough
to displace and reposition substrates between the two steps of the reaction. A rigid
structure such as that of the HDV ribozyme would be incompatible with such
a complex reaction. Instead, to stabilize and correctly position tertiary contacts
between the elements of the catalytic core, group | introns contain a series of
peripheral appendages that form a network of buttresses on the outside of the core.
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Thus, group | introns consist of a loosely organized interior cinched together by a
belt of exterior structural helices. Examination of the structure of group Il introns
and RNase P RNA suggests that these large ribozymes also contain core and
peripheral domains similar to those in group | introns (138-140). The observation
that group | peripheral elements can be replaced by proteins (129, 141) hints that
an early role of proteins may have been to structurally support complex RNA
enzymes such as a primitive ribosome. Indeed, recent structures of the ribosome
and its components suggest that a major role of ribosomal proteins is to stabilize
and orient critical sections of the RNA (142-147).
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