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The ribozyme community is living
through immensely exciting times. It
becomes ever more clear that RNA catal-
ysis is fundamentally important in bio-
logical function; the recent demonstra-
tion that the peptidyl transferase activity
of the ribosome is RNA catalysed[1] means
that this ribozyme is ancient and funda-
mental to life. Data on thio effects in
mammalian mRNA splicing[2] make it
increasingly probable that this reaction
is also RNA catalysed. Despite the un-
doubted importance of ribozymes how-
ever, we find ourselves in a rather similar
position to that of the enzyme field
around 30 years ago. We have a lot of
pointers, but we still do not really under-
stand the origins of chemical catalysis in
RNA molecules. This provides an exciting
challenge to the chemical biologist. At
first sight RNA seems a rather poor
prospect for macromolecular catalysis,
given its polyelectrolyte character and its
unpromising array of functional groups
compared to the proteins. RNA is there-
fore a comparatively ªstripped-downº cat-
alyst of meagre resources. Yet the relative
simplicity of the ribozymes provides an
opportunity to dissect catalysis in differ-
ent situations, and this could provide new
insight into biocatalysis in general. A new
crystal structure of the hairpin ribozyme[3]

takes us significantly further down that
road.

The hairpin ribozyme[4±6] is one of the
group of small nucleolytic ribozymes that
catalyse site-specific cleavage of the back-
bone of RNA by a transesterification

reaction. Other members of this class
include the hammerhead,[7, 8] hepatitis
delta virus (HDV)[9] and Varkud satellite
(VS)[10] ribozymes, although the reaction
was first observed in the lead ion induced
cleavage of tRNA.[11] The cleavage reaction
proceeds by in-line nucleophilic attack of
the 2'-hydroxy group on the adjacent
phosphorus atom, which leads to the
departure of the 5'-oxygen atom on the
adjacent ribose and the formation of a
cyclic 2',3'-phosphate group (Scheme 1,
left to right). Inversion of phosphorus
chirality indicates that the reaction fol-
lows an SN2 mechanism.[12] The reverse
reaction can also be catalysed in some
cases, whereby a 5'-oxygen atom attacks
a cyclic 2',3'-phosphate group leading to
ligation (Scheme 1, right to left).[4, 13] In the
case of the hairpin ribozyme this is
especially efficient.[14]

We can identify a number of ways in
which the reaction might be catalysed.
Firstly, the normal geometry of A-form
RNA is not aligned correctly for an SN2
reaction, and thus altered local conforma-
tion could potentially facilitate the trajec-
tory into the required transition state. This
is unlikely to accelerate the reaction by
more than 100-fold however, and thus

could not by itself explain the typically
105-fold rate enhancement found for
these ribozymes. Secondly, a stronger
nucleophile could be obtained by remov-
ing the proton from the attacking hydroxy
group, to give an alkoxide ion. A protein
enzyme would achieve this by general
base catalysis, probably by using a histi-
dine sidechain, as in RNaseA for exam-
ple.[15] Thirdly, the charged transition state
could be stabilised by juxtaposition of a
positive charge, and lastly, the departing
oxyanion could be protonated by a gen-
eral acid.

There are two clear candidates as
participants in the reaction. In principle
the nucleic acid bases (nucleobases) could
play a direct role in the chemistry, by
acting as general acids or bases. Adenine
and cytosine can be protonated at the N1
and N3 positions respectively. However,
the pKa values of the free nucleotides (3.5
and 4.1, respectively) are too low to be
effective at close to neutral pH values, and
so these would have to be elevated in the
environment of the folded RNA if they are
to play a useful role. There is good
evidence for the participation of a cyto-
sine base in the HDV ribozyme, where
catalytically defective mutants of the
cytosine can be rescued by addition of
exogenous imidazole.[16] The other poten-
tial players in the catalysis are metal ions,
which are likely to have a number of roles.
They are almost invariably involved in the
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Scheme 1. The cleavage and ligation reactions of the hairpin ribozyme. Like all the small nucleolytic
ribozymes, the cleavage reaction appears to proceed through an SN2 mechanism involving an in-line attack of
the 2'-oxygen atom on the adjacent 3'-phosphorus atom, and departure of the 5'-oxygen atom on the next
ribose. The ligation reaction, which is very efficient in the case of the hairpin ribozyme, should be the reverse of
this reaction.
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folding of the RNA into its active con-
formation, and the hairpin ribozyme re-
quires the cooperative binding of mag-
nesium ions for folding.[17] Divalent ions
may undergo site binding into the folded
RNA structure, whereupon they could
participate directly in the chemistry. Co-
ordinated water molecules could act in
general acid/base catalysis, and the pos-
itively charged metal ions could function
in electrophilic catalysis, as in acids. There
is good evidence for such a role for metal
ions in the hammerhead ribozyme,[18] but
in the case of the hairpin ribozyme the
evidence seems to point in the opposite
direction. In contrast to the hammerhead,
no effect of phosphorothioate substitu-
tion was observed on cleavage rate,
which suggests that direct coordination
of the metal is not required.[19±21] Addi-
tionally, good cleavage rates were ob-
tained in the substitutionally inert hex-
ammine cobaltIII ions; this excludes both
direct coordination and general acid/base
catalysis by the ligand. Moreover, cleav-
age was observed in high concentrations
of monovalent ions,[22] which are unlikely
to exhibit tight site-specific binding to the
RNA. This suggests that there is a general
role for charge stabilisation, but that site
binding is not essential.

The hairpin ribozyme is organised
around a four-way helical junction (Fig-

ure 1). Two adjacent arms have formally
unpaired loops (A and B), which include
most of the essential nucleotides of the
ribozyme[23±25] as well as the cleavage site.
It was therefore presumed that interac-
tion between these loops would some-
how bring about catalysis of cleavage and
ligation, and this was supported by ex-
periments showing that cleavage would
proceed when the loop-carrying arms
were connected together in a variety of
ways.[26±29] Indeed, some activity was even
observed in trans, when the loop-carrying
duplexes are unconnected.[26, 30] A phys-
ical demonstration of an interaction be-
tween the loops was finally obtained
using fluorescence resonance energy
transfer (FRET).[17, 31, 32] Like the majority
of RNA species, the hairpin ribozyme
undergoes folding induced by the bind-
ing of divalent metal ions.[17] In the
absence of such ions the A and B loops
do not interact, as the axes are held apart
at approximately 908. The ribozyme can
be simplified down to the A and B helices,
connected by a single-stranded hinge
point;[33±35] indeed, much of what we
know about this ribozyme comes from
extensive studies on this form, particularly
in the laboratory of Burke and co-workers.
But it is clear that the four-way junction
plays an important architectural role in
the ribozyme;[31] ion-induced folding is

vastly more efficient in this form com-
pared to the simple hinged ribozyme.[36, 37]

Interestingly, the ligase activity of the
ribozyme is greatly favoured over cleav-
age in the junction form.[14]

Rupert and FerreÂ d'AmareÂ [3] have taken
advantage of the greater stability of the
natural junction form of the hairpin
ribozyme to obtain crystals suitable for
structure analysis. They also exploited a
trick used in the earlier crystallographic
study of the HDV ribozyme,[38] in which a
binding loop for the U1A protein is placed
at a site remote from the functional
activity, and the RNA is cocrystallised with
the protein. This aids both the crystallisa-
tion, and the solution of the structure by
means of multiple wavelength anomalous
diffraction (MAD) phasing with seleno-
methionine-substituted protein. With this
approach they have obtained the struc-
ture of the ribozyme at a resolution of
2.4 �.

The overall structure (Figure 2) is very
much what was expected. The junction
stacks in just the way deduced from FRET
and comparative gel electrophoresis,[31]

with the A arm stacked on D, and the B
arm stacked on C. The junction is anti-
parallel, which will facilitate the anticipat-
ed intimate association between the A
and B loops. The junction has one inter-
esting difference from four-way DNA
junctions (reviewed in ref. [39])Ðit is left
handed. Whether the left-handed cross of
axes is intrinsic to RNA junctions or a
consequence of the strong association
between the loops will be interesting to
discover.

Model helices for the A[40] and B[41] loops
had previously been studied by NMR
spectroscopy. These helices presumably
reflect the conformation of the loops prior
to ion-induced interaction, but as one
would expect, the interaction substantial-
ly alters both structures. There are three
noncanonical base pairs in loop A and six
in loop B. The geometry of loop B is
significantly affected by several extra-
helical uridine bases, and a distinctive
turn is formed in the backbone of the
U-rich strand at one point.

The two loops interact along their
distorted minor grooves, to bury 1570 �2

of surface. They are stitched together by a
network of hydrogen-bonding interac-
tions, which include a ribose zipper

Figure 1. The sequence of the hairpin ribozyme. Site specific cleavage occurs at the position shown by the red
arrow. A) The ribozyme is based on four arms (A ± D) that are organised by a four-way helical junction. Arms A
and B contain formally unpaired loops, which were expected to interact to generate the active conformation.
The cleavage and ligation reactions occur in loop A. B) Representation of the sequence and secondary structure
as observed in the crystal. The RNA folds by pairwise coaxial stacking of arm A on D (shown in magenta), and
arm B on C (shown in blue). Some tertiary interactions are indicated, such as the G�1 ´´´ C25 base pair (yellow),
the ribose zipper (green) and the interactions made by U42 (cyan).
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involving the N3 atom of A10 and A24
and the 2'-OH groups of A10, G11, A24
and C25 (Figure 3 A). The zipper was
originally proposed by Earnshaw et al. ,[29]

and its nature was correctly deduced from
functional group modification experi-
ments on cleavage activity[42] and fold-
ing.[43] One of the extruded uridine bases
of loop B (U42) makes extensive hydro-

gen-bonding interactions with nucleo-
tides in both loops. But the most striking
contact between the loops is formed by
G�1, adjacent to the cleavage site. The
entire nucleoside is extruded from helix A,
and inserted into a specific pocket in
loop B. The base is stacked between those
of A26 and A38, and forms a Watson ±
Crick base pair with C25 (Figure 3 B). The

importance of G�1 has been long estab-
lished,[35] and the interaction with C25 was
correctly predicted by complementation
experiments on cleavage activity[44] and
supported by corresponding experiments
on folding.[43] However, a suggestion of
the additional participation of A9 in a
triple-base interaction[44] was evidently
incorrect; the adenine base is wrongly

Figure 3. Tertiary features mediating the interactions of the
A and B loops of the hairpin ribozyme. A) The ribose zipper.
The hydrogen bonds between the C25 2'-oxygen and the A10
N3 and 2'-oxygen atoms, and between the G11 2'-oxygen
and the A24 N3 and 2'-oxygen atoms are indicated. B) The
base pair formed between G�1 and C25. The path of the
backbone is highlighted by the ribbons. Colour coding : A and
D helices�magenta, B and C helices� blue. The view is
approximately down the axis of the B helix, and shows the
close interaction with the minor groove of the A loop. G�1 is
extruded from the A loop and inserted into the B loop where
it makes a Watson ± Crick basepair with C25. G�1 (magenta)
and C25 (blue) are highlighted by a thicker stick size.

Figure 2. Stereoviews of the overall structure of the hairpin ribozyme observed in the crystal.
The loops and U1A protein have been removed for clarity. The path of the backbone is
highlighted by the ribbons. Colour coding : A and D helices�magenta, B and C helices� blue.
The nucleotides of the A and B loops are coloured pink and blue respectively, while the
remaining nucleotides are grey. In these orientations the four-way helical junction is near the
top. A) Face view, with the B and C helices towards the viewer. The distorted trajectory of the
backbone of the B loop is clearly seen in this view. B) Side view, with the B and C helices on the
left. The close association between the A and B loops is apparent in this view. The insertion of
G�1 into the B loop is visible adjacent to the distorted backbone of the B loop. These images
were prepared using the coordinates of Rupert and FerreÂ-d'AmareÂ.[3]
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oriented in the crystal structure, and is 6 �
away from the G�1 ´´´ C25 pair.

The heart of the ribozyme is, of course,
the active site, where the chemical reac-
tion takes place. This is where we would
hope to discover the mechanism of the
rate enhancement. The local structure
around the scissile bond is shown in
Figure 4. No metal ions are resolved at
this position, which may be consistent
with the lack of thio-substitution effects
on cleavage kinetics, as discussed above.
However, some caution is required in the
interpretation of this negative result ; the
putative nucleophilic 2'-OH group of
Aÿ1 was replaced by a 2'-O-methyl
group (to prevent cleavage occurring in
the crystal), which might influence local
ion binding. The situation in the hairpin
structure contrasts with that of the lead-
zyme, where a barium ion was found
bound to the 2'-OH group in the active
centre.[45]

The local conformation around the
cleavage site of the hairpin ribozyme
shows that the 2'-oxygen, 3'-phosphorus
and 5'-oxygen atoms are approximately
colinear, poised to undergo the SN2
reaction. The hammerhead ribozyme
does not exhibit this alignment in its
ground state,[46, 47] although a freeze-trap-
ped, 5'-C-methylribose form of the ribo-
zyme underwent substantial distortion in
this direction.[48] The leadzyme also ex-
hibited a nearly in-line conformation in
the crystal.[45] Apparently the various
ribozymes proceed along the path to an
in-line transition state to differing extents

in their ground states, and the hairpin
ribozyme seems to have gone further
than most. This is largely achieved by the
distortion imposed by the extrusion of
G�1 into the pocket in loop B, which
leads to an altered pucker of the ribose at
the cleavage site.

So finally, what of nucleobase catalysis?
The clear candidate in this role is G8,
which is hydrogen bonded to the nucleo-
philic 2'-oxygen atom through the N1
atom, and to the pro-Rp oxygen atom of
the phosphate group through the exocy-
clic N2 atom. A catalytic role had previ-
ously been suggested for G8,[49] and this
was consistent with the observation that
while a G8U variant was substantially
catalytically impaired, its global folding
was completely unaffected.[43] Guanine is
not the most obvious choice of nucleo-
base to act as a general base since the N1
atom is normally protonated; either ad-
enine or cytosine would seem to be a
more logical choice. It may therefore play
a more significant role in the ligation
reaction as a general acid. As discussed
above, it would take a large change in the
pKa value to make the nucleobase func-
tion in acid/base catalysis at neutral pH
values. However, the highly charged char-
acter of nucleic acids may achieve this in
the environment of a catalytic pocket,
probably more easily than for proteins.
With NMR spectroscopy, altered pKa val-
ues have been measured in the leadzyme,
for example.[50] The charged transition
state may also be stabilised by the hydro-
gen bond formed between the phos-

phate group and G8. Other nearby
nucleobases could also play a role in
catalysis, including A38, A9 and A10. For
example, Rupert and FerreÂ-d'AmareÂ [3] sug-
gest that if either A9 or A10 were proto-
nated, they might participate in electro-
philic catalysis by stabilising the transition
state. However, an A9U variant is not
seriously disabled in the cleavage reac-
tion.[43]

In summary, the loops of the ribozyme
are organised by the four-way junction to
undergo close association, which thereby
creates the local environment in which
catalysis of cleavage or ligation can pro-
ceed. These interactions bring about a
marked distortion of the trajectory of the
ribose ± phosphate backbone at the cleav-
age site, to give an in-line arrangement of
the attacking nucleophile and the scissile
bond. Meanwhile, the base of G8 is poised
in an adjacent position, ready to partic-
ipate in the chemistry of the transester-
ification reactions. Thus, we find ourselves
significantly further down the road of
understanding RNA catalysis. Of course, a
crystal structure is not an endpoint, but a
new beginning. As a result of this work we
are now much better placed to probe the
detailed mechanisms of RNA folding and
catalysis, and we await future develop-
ments with great anticipation.
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