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RNA catalysis
William G Scott

Our understanding of the relationship between the structure of
RNA and its catalytic activity has advanced significantly in the
past year. These advances include time-resolved
crystallographic studies on the hammerhead ribozyme, as well
as new structures of a group | intron, a lead(ll)-cleavage
ribozyme, a hepatitis delta virus ribozyme, and components of
the spliceosome machinery and the peptidyl transferase center
of the ribosome and, most significantly, the structure of the
ribosome itself.
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Abbreviations

HDV hepatitis delta virus
snRNA small nuclear RNA
VS varkud satellite

Introduction

T'he author of a noted text on enzyme kinetics stated in his
preface that “for all the current and rather silly emphasis
on structural biology, understanding enzymes means
understanding catalysis, and catalysis is concerned with
kinetics, not structure: ... studying the photograph of a
racehorse cannot tell you how fast it can run.” [1]

Perhaps this may be true, but recent advances in time-
resolved crystallography have made it possible to collect a
series of ‘photographs’ or, more accurately, data sets
depicting various states along the enzyme’s reaction coor-
dinate. Although X-ray crystallography is not well suited to
telling us how fast an enzyme can run, it has proven its util-
ity by telling us, in structural terms, how an enzyme can
function. Thus, emphasizing structural aspects of enzy-
mology provides a complementary perspective on enzyme
catalysis that many regard as being more useful than silly;
time-resolved crystallography greatly extends the utility of
the technique.

With the discovery that RNA can act as an enzyme, the fun-
damental question of how ribozymes work has impelled
some enzymologists and structural biologists to focus their
attention upon RNA-mediated catalysis. In addition to the
desire to obtain ‘photographs’ of these new enzymes in the
form of new crystal structures of enzyme-substrate or
enzyme—product complexes, protein crystallographers have
developed techniques for conducting time-resolved crystal-
lographic analyses [2,3] of enzyme mechanisms. These

techniques are proving to be of interest to those of us hoping
to understanding how the structure of a ribozyme mediates
its catalysis. Hence a series of ‘photographs’ will hopefully, as
in the case of protein enzyme-based time-resolved crystal-
lography, help us to understand how a ribozyme can run, if
not how fast it can run.

Francis Crick originally speculated that RNA might be
capable of catalysis when he remarked upon the protein-
like structure of tRNA. When the RNA subunit of
ribonuclease P and the 1.-19 processed group I intron were
shown to be enzymes iz vitro, however, everyone else was
rather surprised by the discovery of RNA catalysis.
Subsequent to these discoveries, a number of other cat-
alytic RNAs, including the group II intron and several
small self-cleaving RNAs derived from satellite virus
RNAs (the hammerhead, hairpin and hepatitis delta virus
[HDV] ribozymes) were added to the list, which continues
to grow slowly [4°].

The first crystal structures of a ribozyme appeared a
decade later, in the form of two hammerhead ribozyme
constructs in which the cleavage site base was altered in
order to prevent catalysis [5,6]. These were followed by a
catalytically active form [7]. The structure of an
autonomously folding domain of the group I intron also
appeared [8] within the year. Crystal structures of the
entire catalytic core of the group I intron [9°°], as well as
one of two structures of the HDV ribozyme [10°°], have
just been reported. An NMR structure of an 2 vitro select-
ed RNA that cleaves in the presence of Pb(Il) is
emerging [11°] and an NMR structure of an RNA compo-
nent of the ribosomal peptidyl transferase center recently
appeared [12°]. The hammerhead ribozyme has been the
subject of time-resolved crystallographic analyses [7,13°°]
aimed towards understanding the structural changes that
must take place between the initial state structure and
structures that are capable of forming the required transi-
tion state for the catalyzed cleavage reaction. This review
focuses upon the new NMR spectroscopy and crystallo-
graphic results listed above.

Ribozyme chemistry

The naturally occurring ribozymes all have RNA substrates
[4°]. The group II intron, in addition to catalyzing RNA reac-
tions, also nicks DNA [14°,15]. If the peptidyl transferase
activity of the ribosome is truly RNA catalyzed [16°,17°°],
the scope of natural substrates will be widened. /7 vitro selec-
tion experiments clearly demonstrate that RNA is, in
principle, capable of catalyzing a wider variety of more com-
plex reactions [18], including peptide-bond formation
[19°,20°] and ester transferase activity [21°]. The simplest
chemical reaction catalyzed by RNA, self-cleavage of the
backbone via phosphodiester isomerization, involves
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The 3 A resolution crystal structure of an uncleaved, unmodified and,
therefore, catalytically active hammerhead ribozyme [7]. The cleavage
site base is positioned within the catalytic pocket, as indicated. The
substrate strand is the dark shade and the enzyme strand is lighter.

nucleophilic attack of the 2' oxygen upon the adjacent phos-
phate. As the bond between the phosphorus and the
5" oxygen is broken (thus cleaving the phosphodiester back-
bone of the RNA), a 2',3'-cyclic phosphate is formed. This
reaction, catalyzed at a specific cleavage site by the hammer-
head, hairpin, HDV and varkud satellite (VS) ribozymes, is
the same reaction that causes spontaneous, random base-cat-
alyzed RNA degradation in unstructured RNA. For this
reason (as well as its small size and well-characterized bio-
chemistry), the hammerhead ribozyme was a reasonable first
choice for structure-based mechanistic studies.

The hammerhead RNA cleavage site is highly specific,
the scissile phosphate being more labile by a factor of
approximately 106 compared to the other phosphates in
the ribozyme, most of which adopt approximately helical
conformations. Moreover, the hammerhead ribozyme-cat-
alyzed cleavage reaction, unlike spontaneous background
cleavage, shows a significant thio effect. Substitution of a
phosphate oxygen with sulfur atom sometimes results in
diminished activity. This is known as the thio effect. In
some cases, the activity can be ‘rescued’ with a soft metal
ion such as Cd2+. This is taken as evidence for the phos-
phate being a divalent metal-ion-binding site. This
indicates that the structure of the transition state that is
stabilized by the hammerhead ribozyme must differ in
some fundamental aspect from the structure of the tran-
sition state of the uncatalyzed reaction. The question as
to how the structure of the hammerhead ribozyme medi-
ates the formation of this unique transition-state
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geometry is therefore of fundamental interest, especially
in light of the structure of the ‘initial state’ of the ham-
merhead ribozyme.

Our understanding of the involvement of divalent metal
ions in ribozyme catalysis has been challenged recently by
some startling new results. Three groups [22°-24°] have
now shown that [Co(III)(NH;)s]3* can substitute for
[Mg(H,0)6]%* in the hairpin ribozyme, indicating that
divalent metal ions are not active participants in the cleav-
age chemistry of the hairpin ribozyme. Subsequent
analyses of the hairpin, hammerhead, neurospora VS and
HDYV ribozymes reveal that with high concentrations of
monovalent cations (such as Li* or even NH,*), metal ions
are expendable in every case except the HDV
ribozyme [25°*]. The initial hairpin ribozyme results are
thus more generalized than was previously believed; at
least three of the ribozymes are not, strictly speaking, met-
alloenzymes. Tb(III) has also been shown to be a potent
inhibitor of the hammerhead ribozyme and is seen to bind
to G5, as well as other significant metal-binding sites in the
crystal structure [26°].

Ribozyme structure

As mentioned, the first ribozyme structures to be solved
were those of the hammerhead ribozyme, including an
unmodified, cleavage-active form. These structures
revealed the ribozyme to be composed of three A-form
helices, one of which (stem II) is extended by noncanoni-
cal, (mostly) conserved base pairs and stacks upon another
helix (stem III). The remaining helix (stem I) is connect-
ed through the cleavage site base, as well as through a
conserved uridine turn, into which this base is positioned
(Figure 1). The conformation of the cleavage site base
itself is intriguing. Despite being sequestered from the
rest of the RNA by being positioned within the pocket
formed by the uridine turn, the scissile phosphate is found
to be in an approximately helical conformation and is
therefore not amenable to the known in-line attack mech-
anism. The requirement for a conformational change in
order to activate the scissile phosphate is therefore univer-
sally acknowledged [4°,5-7,13°%,27,28°,29], but the
magnitude and extent of such a change has been the focus
of debate. A local conformational change, in which the
cleavage site base either ‘flips out’ (as in the case of ran-
dom coil RNA) or moves within the confines of the uridine
turn in order to align the scissile phosphate, was proposed
based on the original crystal structure [5]. More global
rearrangements, whereby the RNA undergoes a transition
from an ‘open’ structure (that observed in the crystal) to a
‘closed’ catalytically relevant structure [30°], mediated by
both additional conserved base interactions and possibly
additional metal-phosphate interactions [31°], have also
been proposed.

In addition to the hammerhead ribozyme structures, other
catalytic RNA structures have just appeared. The structure
of an autonomously folding domain from the group I
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Figure 2

Four panels depicting the various conformational states of the
hammerhead ribozyme catalytic pocket. Panel (a) is a close-up of the
initial state structure shown in Figure 1. Panel (b) shows the ‘early’
conformational change in the cleavage site base and scissile
phosphate captured by freeze trapping the RNA under cleavage active
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conditions [7]. Panel (c) depicts the further conformational change
captured using both freeze trapping and a modified RNA [13°°].

Panel (d) shows a hypothetical structure of the hammerhead RNA just
after cleavage, before further relaxation and conformational changes
take place.

intron, the P456 domain, has been solved and reveals a
large array of new RNA structural motifs. How this struc-
ture facilitates metal binding is the subject of more recent
work [32°]. A 5 A resolution image of the intact catalytic
core of the group I intron represents the next major
advance in our understanding of group I intron structure
and catalysis. The resolution of this structure is somewhat
higher than that used originally to elucidate the structure
of the nucleosome in which the phosphate backbone of the
DNA was visualized. The map indicates that the helices of
the group I intron are disposed in a way that approximates
a predicted structure based on phylogenetic considerations
[9°°,33°]. Crystal structures of the HDV ribozyme ([10°°];

] Wedekind, personal communication) and an NMR-
derived structure of an i vitro selected Pb(II)-based
ribozyme [11°] are now appearing and will shed much
needed light upon the problem of ribozyme-mediated
RNA catalysis and how it relates to RNA structure.

The group I intron structure reveals a compact catalytic
core that is reminiscent of protein enzymes, as does the
published HDV ribozyme structure (the cleavage site
product). The low resolution of the group I intron struc-
ture and the lack of uncleaved substrate (or analog) in the
published HDV structure leave the details of the interac-
tions required for chemical catalysis to be elucidated by



future experiments. The unpublished HDV ribozyme
structure is of a complex with an uncleaved substrate ana-
log and will provide crucial additional information
regarding active site interactions when it appears.
Similarly, improved group I intron crystals of the catalytic
core, as well as in complex both with substrate and with
the protein required for efficient catalysis i vivo, consti-
tute worthy goals of future research. Nevertheless, these
current structures constitute tremendous advances in our
understanding of ribozyme structure and function. In con-
trast, the Pb(II)-based ribozyme NMR structure reveals
that this most simple of ribozymes is not as preorganized to
form a catalytic center as the larger and more structurally
sophisticated ribozymes.

Time-resolved ribozyme crystallography

Protein enzyme crystallographers over the past decade
have developed the techniques of time-resolved crystal-
lography to the point where they can be used to obtain
structure-based mechanistic information regarding
enzyme catalysis. There are several requirements for suc-
cessful time-resolved crystallography experiments:
crystals of an enzyme that permit catalytic turnover of
substrate to take place; a method for synchronizing the
initiation of the reaction throughout the crystal lattice; the
accumulation of a conformational or chemical intermedi-
ate throughout the crystal lattice to high occupancy; and a
method for either rapidly collecting data [2] or physically
trapping the intermediate in the crystal [3].

The hammerhead ribozyme, as the first of the RNA
enzymes to be crystallized, became the first ribozyme to be
studied using the techniques of time-resolved crystallogra-
phy. In this case, active substrate was already bound to the
enzyme, so a single catalytic turnover could, in principle,
be followed once the reaction was initiated by introducing
divalent cations into the crystal while elevating the pH [7].
As the reaction rate is slow compared to that of most pro-
tein enzymes (about 0.4 turnovers per minute), initiation
by soaking crystals was possible [34,35], as was monochro-
matic X-ray data collection using combination freeze
trapping of conformational intermediates. The experi-
ments were therefore simple and straightforward when
compared to many protein enzyme time-resolved studies
and allowed the collection of a series of ‘photographs’ or
structural data sets corresponding to various points along
the reaction coordinate (Figure 2).

Using both an unmodified hammerhead ribozyme
sequence [7] and a sequence in which an additional methyl
group was appended to the 5' carbon of the leaving group
ribose [13°°], several observations relevant to hammerhead
ribozyme catalysis were made:

1. Complete cleavage of the unmodified substrate RNA
occurs at a rate (about 0.4 turnovers per minute) that is sig-
nificantly enhanced relative to the cleavage rate of the same
RNA sequence under the same conditions, but in solution.
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2. Asignificant movement of the scissile phosphate in the
unmodified RNA occurs prior to cleavage.

3. There is a further rearrangement of the cleavage site
nucleotide. The cleavage site base becomes repositioned
in the catalytic pocket in such a way that the ribose 2' oxy-
gen swings outwards and moves into a position relative to
the scissile phosphate that makes the future formation of
an in-line transition state possible. This conformational
change was observed [13°°] using the modified leaving
group in order to create a so-called ‘kinetic bottleneck’ in
the reaction pathway, enabling the accumulation and
observation of what would normally most probably be a
transient conformational intermediate. This is an
approach used with success in protein time-resolved crys-
tallographic experiments [36] (see Figure 2).

Unresolved problems

Although the hammerhead ribozyme is perhaps the sim-
plest and best characterized ribozyme, making it
particularly amenable to biophysical studies, its simplici-
ty appears to render the molecule so fragile as to defy
analysis using conventional mutagenesis. Due to the
highly conserved nature of the 15 nucleotides in the cat-
alytic core, changing an entire base will often destroy
ribozyme activity to the point at which interpretation
becomes problematic [37°]. Instead, a number of mini-
mally changed artificial bases were incorporated at
conserved positions within the catalytic core, revealing
that several functional groups that do not appear to be
involved in structural interactions are nevertheless crucial
for ribozyme activity. In particular, the nucleotides cyto-
sine, guanine and, to a lesser extent, adenine, within the
uridine turn are quite sensitive to single functional group
modifications whose deleterious effects are not readily
explained by either the initial state structures or the two
conformationally changed structures [27,28°,38°]. Since
these modifications do not disrupt the initial state hydro-
gen-bonding network or the K,, of the ribozyme, it has
been suggested that these bases make additional contacts
in the structural rearrangement that is required for forma-
tion of the transition state. The demarcation between
ground state and transition state effects [39] is not always
a clear one, however, complicating the interpretation of
such changes [40,41]. In addition, the binding of a metal
ion to a phosphate located approximately 20 A from the
scissile phosphate appears to influence metal binding to
the scissile phosphate [31°]. As a result of these observa-
tions, more global rearrangements than those observed in
the crystal have been proposed to explain the discrepan-
cies. Given the fact that the crystal lattice slightly
enhances the rate of hammerhead ribozyme cleavage
[13°°] and that more complete cleavage occurs in the
crystal than in solution under otherwise identical condi-
tions, the two sets of results are hard to reconcile. In this
light, a significant conformational change observed in the
NMR structure of the cleaved hammerhead ribozyme is
particularly intriguing [42°].
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Splicing and peptidyl transfer

In addition to the NMR structure of the Pb(II)-based
ribozyme, and crystal structures of the HDV ribozyme and
group I intron catalytic core noted above, progress on many
of the remaining ribozymes is taking place. The most
exciting developments in the field, however, are those per-
taining to the structure and the catalysis that is mediated
by two macromolecular complexes of fundamental impor-
tance — the spliccosome and the ribosome. The
architectural principles of spliceosome assembly have
been revealed by the new structure determination of the
spliccosomal U2A'-U2B" RNA ternary complex with a
small nuclear (sn) RNA fragment of U2 [43°**], in which
both protein—protein and protein—-RNA interactions are
revealed. (Figure 3). As U2 snRNA is involved in the ini-
tial stages of pre-mRNA catalysis, the structure of this
complex represents an important initial step towards
understanding a catalytic RNA reaction of fundamental
importance in eukaryotic organisms.

Perhaps the most fundamentally important problem in
structural biology is that of the ribosome structure. In addi-
tion to being a formidable asymmetric macromolecular
complex whose structural solution represents a tremen-
dous technical challenge, our understanding of the
molecular details of template-directed protein synthesis
will be greatly enhanced by moderate to high resolution
structures of the ribosome. One of the first steps in this
direction was determining the solution structure of an
RNA fragment corresponding to the 23S RNA component
of the ribosomal peptidyl transferase center [12°]. Also,
much progress has been made in recent years with deter-
mining low resolution ribosome structures using electron
microscopy [44°°]. Although crystals of various ribosomes
and ribosomal subunits have existed for many years,
important breakthroughs have just occurred using crystals
of the 50S subunit [45°°] and the 70S subunit (HF Noller,
personal communication). Using electron microscopy-
derived low resolution structures of these particles, two
groups have, for the first time, generated phases that are
accurate enough to enable the location of heavy-atom
derivatives and to allow more detailed features of the ribo-
somes, including density possibly corresponding to
ribosomal RNA, to be visualized. The success of this
approach, where others have long failed, is perhaps the
most significant event in structural biology in several years
and its importance cannot be overestimated.

Conclusions

As our understanding of the structural basis of hammerhead
ribozyme catalysis matures and the difficulties in correlating
the structural results with some of the more enigmatic bio-
chemical findings are overcome, our perception of one of
the simplest catalytic RNAs will come into sharper focus.
Now that the structures of other more complex and inter-
esting ribozymes are emerging, generalities with respect to
RNA structure, function and catalysis will hopefully be dis-
cerned. The field of structural RNA enzymology thus has a

Figure 3

Surface representation of the crystal structure at 2.7 A resolution of
the spliceosomal U2A'-U2B" protein complex bound to a fragment of
U2 snRNA. The U2B" protein has residues conserved in the
homologous U1A protein shown in white and those that are mutated in
U1A protein in medium gray. The U1A’ protein is shown in dark gray.
Reproduced with permission from [43°*].

most interesting future, wherein the ultimate goals will be
understanding two of the most fundamental RNA-mediated
catalytic activities — messenger RNA splicing and polypep-
tide synthesis. The prospect of a high resolution structure of
part or all of the ribosome is particularly encouraging and is
possibly the most important current undertaking in struc-
tural biology. Clearly then, both crystallographic
‘photographs’ of RNA structures, as well as series of ‘pho-
tographs’ from which a ‘motion picture’ of RNA catalysis
can be derived, are of paramount importance to our current
understanding of ribozyme structure and catalysis.

Acknowledgements

I am very grateful for the kindness and support from my colleagues at
Indiana University, in particular D Burke, D Clemmer, M Oakley,
J Richardson, M Stone, 'T" Widlanski and D Zaleski. I thank the editors,
H Noller, ] Murray, S O’Rourke and D Terwey for their advice and help
with this review.

References and recommended reading
Papers of particular interest, published within the annual period of review,
have been highlighted as:

¢ of special interest
*¢ of outstanding interest

1. Cornish-Bowden A: Fundamentals of Enzyme Kinetics. London:
Portland Press; 1995.

2. Cruickshank DWJ, Helliwell JR, Johnson LN: Time-Resolved
Macromolecular Crystallography. Oxford: The Royal Society and
Oxford University Press; 1992.



3. Moffat K, Henderson R: Freeze-trapping of reaction intermediates.
Curr Opin Struct Biol 1995, 5:656-663.

4. Eckstein F, Lilley DMJ (Eds): Nucleic Acids and Molecular Biology,

. vol 10 Catalytic RNA. Berlin: Springer-Verlag; 1997.

A complete and up-to-date text on the various types of catalytic RNAs, with
chapters written by many of those most active in the field.

5.  Pley HW, Flaherty KM, McKay DB: Three-dimensional structure of a
hammerhead ribozyme. Nature 1994, 372:68-74.

6.  Scott WG, Finch JT, Klug A: The crystal-structure of an all-RNA
hammerhead ribozyme — a proposed mechanism for RNA
catalytic cleavage. Ce/l 1995, 81:991-1002.

7. Scott WG, Murray JB, Arnold JRP, Stoddard BL, Klug A: Capturing
the structure of a catalytic RNA intermediate: the hammerhead
ribozyme. Science 1996, 274:2065-2069.

8. Cate JH, Gooding AR, Podell E, Zhou KH, Golden BL, Kundrot CE,
Cech TR, Doudna JA: Crystal structure of a group-I ribozyme
domain — principles of RNA packing. Science 1996,
273:1678-1685.

. Golden BL, Gooding AR, Podell ER, Cech TR: A preorganized

«+ active site in the crystal structure of the Tetrahymena ribozyme.
Science 1998, 282:259-264.

The 5 A resolution map of the ribozyme reveals the backbone fold of the cat-
alytic core of the group | intron, which appears to be consistent with many
of the detailed features presented in the models of the group | intron core
that were deduced by Michel and Westhof [46]. The ribozyme core resem-
bles that of many protein enzymes in that it is compact and globular.

10. Ferré-D’Amaré AR, Zhou K, Doudna JA: Crystal structure of a

e+ hepatitis delta virus ribozyme. Nature 1998, 395:567-574.

This structure of the cleaved form of the HDV ribozyme is intriguing from sev-
eral standpoints. It is the first high resolution structure of a very compact and
organized RNA catalytic site and consists of a nested, double pseudoknot
structure. Crystals were obtained by grafting a U1A protein-binding site onto
a nonessential stem—loop of the ribozyme, in complex with the UTA RNA-
binding protein. Although it appears to be unique among small ribozymes in
its requirement for a divalent metal ion, none have so far been located in the
active site.

11. Legault P, Pardi A: Unusual dynamics and pK(a) shift at the active

. site of a lead-dependent ribozyme. J Am Chem Soc 1997,
119:6621-6628.

The leadzyme NMR-derived RNA structure and its effect upon biochemical

function is emerging. The leadzyme is an in vitro selected ribozyme that cat-

alyzes a two-step reaction, the first of which is similar to that of the ham-

merhead, hairpin, VS and hepatitis delta virus ribozymes.

12. Puglisi EV, Green R, Noller HF, Puglisi JD: Structure of a conserved

. RNA component of the peptidyl transferase center. Nat Struct Biol
1997, 4:775-778.

The structure determination of a conserved hairpin loop involved in peptidyl-

tRNA recognition by 23S RNA reveals that the loop is closed by a novel

G+C base pair and presents guanine residues for tRNA recognition.

13. Murray JB, Terwep DP, Maloney L, Karpeisky A, Usman N,

e Beigelman L, Scott WG: The structural basis of hammerhead
ribozyme self-cleavage. Cell 1998, 92:665-673.

The authors report the structure of a conformational change at the cleav-

age site of the hammerhead ribozyme that appears to be sufficient for the

future formation of a transition state that is compatible with an in-line

attack mechanism.

14. Guo HT, Zimmerly S, Perlman PS, Lambowitz AM: Group Il intron

. endonucleases use both RNA and protein subunits for
recognition of specific sequences in double-stranded DNA.
EMBO J 1997, 16:6835-6848.

The authors describe this unique protein—RNA complex, in which the pro-

tein subunit recognizes and nicks one strand of double-stranded DNA

and the catalytic RNA subunit recognizes and nicks the other. These

reactions are critical to the ‘homing’ replicative behavior observed with

many group |l introns.

15. Giriffin EA, Qin ZF, Michels WJ, Pyle AM: Group-Il intron ribozymes
that cleave DNA and RNA linkages with similar efficiency, and
lack contacts with substrate 2'-hydroxyl groups. Chem Biol 1995,
2:761-770.

16. Green R, Switzer C, Noller HF: Ribosome-catalyzed peptide-bond

. formation with an A-site substrate covalently linked to 23S
ribosomal RNA. Science 1998, 280:286-289.

A covalently linked substrate reacts with a peptidyl-tRNA analog, forming a

peptide bond in a peptidyl transferase-catalyzed reaction. This result places a

conserved loop of 23S rRNA at the peptidyl transferase A-site and suggests

RNA catalysis Scott 725

that peptide bond formation can occur uncoupled from movement of the A-
site tRNA, which the peptidyl-tRNA helps to create.

17. Nitta |, Kamada Y, Noda H, Ueda T, Watanabe K: Reconstitution of

s peptide bond formation with Escherichia coli 23S ribosomal RNA
domain. Science 1998, 281:666-669.

Proof that the 23S RNA subunit of the ribosome is an autonomous catalyst

of the peptide bond-formation reaction has proven to be extremely elusive.

By combining various domains of 23S RNA in vitro, the authors report an

approximately fourfold increase in the rate of peptide bond formation when

the domain that is known to be required for catalysis is present. Further con-

formation that the 23S RNA is in fact a true ribozyme awaits positive identi-

fication of the reaction product as a peptide adduct.

18. Breaker RR: In vitro selections of catalytic polynucleotides. Chem
Rev 1997, 97:371-390.

19. Suga H, Lohse PA, Szostak JW: Structural and kinetic

. characterization of an acyl transferase ribozyme. J/ Am Chem Soc
1998, 120:1151-1156.

In this paper, a previously reported ribozyme that is capable of acyl transfer

reactions is characterized both structurally and kinetically.

20. Zhang BL, Cech TR: Peptide bond formation by in vitro selected

. ribozymes. Nature 1997, 390:96-100.

A ribozyme that is analogous to that developed by Szostak and co-work-
ers [19°] and can carry out peptide bond formation is described in detail.
This result further strengthens the argument that, in principle, RNA can have
peptidyl transferase activity.

21. Jenne A, Famulok M: A novel ribozyme with ester transferase

. activity. Chem Biol 1998, 5:23-34.

A description of another in vitro selected ribozyme that constitutes further
expansion of the catalytic repertoire of RNA.

22. Hampel A, Cowan JA: A unique mechanism for RNA catalysis: the

. role of metal cofactors in hairpin ribozyme cleavage. Chem Biol
1997, 4:513-517.

This first report that the hairpin ribozyme does not require divalent metal ions

shattered the belief that all ribozymes are metalloenzymes. Hampel also orig-

inally characterized the hairpin ribozyme.

23. Nesbitt S, Hegg LA, Fedor MJ: An unusual pH-independent and

. metal-ion-independent mechanism for hairpin ribozyme catalysis.
Chem Biol 1997, 4:619-630.

A careful, independent documentation of the divalent metal ion indepen-

dence of the chemical step of hairpin ribozyme catalytic cleavage confirms

the original observation [22°].

24. Young KJ, Gill F, Grasby JA: Metal ions play a passive role in the

. hairpin ribozyme catalysed reaction. Nucleic Acids Res 1997,
25:3760-3766.

Further confirmation of the hairpin ribozyme result described in [22°,23°].

25. Murray JB, Seyhan AA, Walter NG, Burke JM, Scott WG: The

e+ hammerhead, hairpin and VS ribozymes are catalytically
proficient in monovalent cations alone. Chem Biol 1998,
5:587-595.

The authors demonstrate unambiguously that metal ions are not required for

ribozyme catalysis in at least three of the seven naturally occurring

ribozymes. The fundamental requirement is simply one of a relatively dense

positive charge. Whether this charge is required for catalysis per se or sim-

ply for RNA folding remains to be determined.

26. Feig AL, Scott WG, Uhlenbeck OC: Inhibition of the hammerhead

. ribozyme cleavage reaction by site-specific binding of Tb(lll).
Science 1998, 279:81-84.

Tb(Ill) is shown to inhibit the hammerhead ribozyme by competing with

a single Mg(ll) ion. These experiments were designed in order to corre-

late Tb(lll) binding to the hammerhead ribozyme in solution, as observed

with sensitized luminescence spectroscopy, with binding sites observed

in the crystal when Tb(lll) is soaked in. The correlations are not com-

pletely unambiguous.

27. McKay DB: Structure and function of the hammerhead ribozyme:
an unfinished story. RNA 1996, 2:395-403.

28. Wedekind JE, McKay DB: Crystallographic structures of the

. hammerhead ribozyme: relationship to ribozyme folding and
catalysis. Annu Rev Biophys Biomol Struct 1998, 27:475-502.

A comprehensive and up-to-date review of the hammerhead ribozyme struc-

ture and its biochemical properties.

29. Scott WG, Klug A: Ribozymes: structure and mechanism in RNA
catalysis. Trends Biochem Sci 1996, 246:220-224.

30. Uhlenbeck OC, Pardi A, Feigon J: RNA structure comes of age. Cel/
. 1997, 90:833-840.
A useful meeting summary of the 1997 Santa Cruz RNA Structure symposium.



726 Catalysis and regulation

31. Peracchi A, Beigelman L, Scott EC, Uhlenbeck OC, Herschlag D:

. Involvement of a specific metal ion in the transition of the
hammerhead ribozyme to its catalytic conformation. J Bio/l Chem
1997, 272:26822-26826.

Two phosphates located 20 A apart in the crystal structure appear to inter-
act strongly while the hammerhead ribozyme adopts its catalytically active
conformation; subsequent work (in preparation) appears to suggest a single
metal may bind to both sites, one of which is the scissile phosphate. This
study uses phosphothioate doubly modified RNA, with the thiophilic divalent
metal ion Cd2+ in a background of Mg?+, to ensure folding of the RNA. The
assertion made in this paper that the hammerhead ribozyme mechanism is
slowed significantly by crystal packing is not correct.

32. Cate JH, Hanna RL, Doudna JA: Magnesium ion core at the heart of
. a ribozyme domain. Nat Struct Biol 1997, 4:553-558.

Continued studies on the autonomously folding P456 domain of the group |
intron reveal important details as to how metal ions bind to and stabilize the
group | intron.

33. Golden BL, Podell ER, Gooding AR, Cech TR: Crystals by design: a
. strategy for crystallization of a ribozyme derived from the

Tetrahymena group | intron. J Mol Biol 1997, 270:711-723.
Tremendous effort has gone into intelligently designing and producing crys-
tals of the group | intron catalytic core that diffract to moderate resolution.
This paper represents a tour de force of molecular biology coordinated with
macromolecular crystallization that will make solving the structure of this
important catalytic RNA possible.

34. Makinen MW, Fink AL: Reactivity and cryoenzymology of enzymes
in the crystalline state. Annu Rev Biophys Bioeng 1977, 6:301-343.

35. Stoddard BL, Farber GK: Direct measurement of reactivity in the
protein crystal by steady-state kinetic studies. Structure 1995,
3:991-996.

36. Bolduc JM, Dyer DH, Scott WG, Singer P, Sweet RM,
Koshland DE Jr, Stoddard BL: Mutagenesis and Laue structures of
enzyme intermediates: isocitrate dehydrogenase. Science 1995,
268:1312-1317.

37. Narlikar GJ, Herschlag D: Mechanistic aspects of enzymatic

. catalysis: lessons from comparison of RNA and protein enzymes.
Annu Rev Biochem 1997, 66:19-59.

A thorough review of the similarities and differences between protein and

RNA catalysis. The analysis presented is essentially an application of

Jencks' work.

38. Thomson JB, Tuschl T, Eckstein F: The hammerhead ribozyme. In

. Nucleic Acids and Molecular Biology, vol 10. Edited by Eckstein F,
Lilley DMJ. Berlin: Springer-Verlag; 1997:173-196.

Another useful and very detailed summary of hammerhead ribozyme struc-

tural and biochemical studies.

39. Fersht A: Enzyme Structure and Mechanism. San Francisco:
WH Freeman; 1977.

40. Jencks WP: Binding energy, specificity, and enzymic catalysis -
the circe effect. Adv Enzymol 1975, 43:219-410.

41. Cannon WR, Singleton SF, Benkovic SJ: A perspective on biological
catalysis. Nat Struct Biol 1996, 3:821-833.

42. Simmore JP, Legault P, Hangar AB, Michiels P, Pardi A: A

. conformational change in the catalytic core of the hammerhead
ribozyme upon cleavage of an RNA substrate. Biochemistry 1997,
36:518-525.

The structure of the hammerhead ribozyme in the cleaved state reveals

nuclear Overhauser enhancement contacts between U4 and U7, indicating

a rearranged fold when compared to the fold observed for the uncleaved

hammerhead in the crystal structures. Once cleavage takes place, the extra

degree of freedom in the backbone should, in principle, allow conformation-

al relaxation to a state such as that observed here.

43. Price SR, Evans P, Nagai K: Crystal structure of the spliceosomal

s U2B”-U2A’ protein complex bound to a fragment of U2 small
nuclear RNA. Nature 1998, 394:645-650.

This paper describes the principles of spliceosome assembly in terms of

RNA-protein interactions, as well as protein—protein interactions. It describes

how two U2 spliceosomal proteins coordinate the recognition of an RNA

stem—loop that is similar in sequence and structure to the U1A stem-loop,

making detailed discrimination between similar RNAs possible.

44. Frank J: The ribosome at higher resolution - the donut takes

e» shape. Curr Opin Struct Biol 1997, 7:266-272.

A current summary of the electron microscopy-derived ribosome structures
as the push to better the 15 A resolution limit continues. Many of the most
important structural features are visible at this resolution.

45. Ban N, Freeborn B, Nissen P, Pengzek P, Grassucci RA, Sweet R,
ee  Frank J, Moore PB, Steitz TA: A 9 Angstrom resolution X-ray
crystallographic map of the large ribosomal subunit. Ce// 1998,
93:1105-1115.
Using the electron microscope-derived structure of the 50S ribosomal
subunit, the authors solved the crystallographic molecular replacement
problem and used the resulting low resolution phases to locate heavy-
atom derivatives for subsequent multiple isomorphous replacement phas-
ing. The resulting 9 A electron density map was radically improved,
showing density possibly corresponding to ribosomal RNA and demon-
strates that a higher resolution (i.e. 3 A) structure should be attainable
using this novel approach to phasing an immense, asymmetric macromol-
ecular complex. This paper presents a crucial methodological break-
through that will doubtless be required for solving the various ribosome
crystal structures, eventually leading to a high resolution understanding of
the mechanism of peptidyl transfer.

46. Michel F, Westhof E: Modelling of the three-dimensional
architecture of group 1 catalytic introns based on comparative
sequence analysis. J Mo/ Biol 1990, 216:585-610.



	RNA catalysis
	Introduction
	Ribozyme chemistry
	Ribozyme structure
	Time-resolved ribozyme crystallography
	Unresolved problems
	Splicing and peptidyl transfer
	Conclusions 
	Acknowledgements
	References and recommended reading

	Figures
	Figure 1
	Figure 2
	Figure 3


