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Folding and catalysis by the hairpin ribozyme
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Abstract The hairpin ribozyme undergoes a site-specific
transesterification cleavage of the phosphodiester backbone.
The natural form of the ribozyme is a four-way helical junction,
where two arms contain unpaired loops. This folds by pairwise
coaxial stacking of helical arms, and a rotation into an
antiparallel conformation in which there is close association
between the loops. This probably generates the local conforma-
tion required to facilitate the trajectory into an in-line Sn2
transition state. Folding is induced by the cooperative binding of
at least two divalent metal ions, which are probably distributed
between the junction and the loop-loop interface. The junction
forms the structural scaffold on which the geometry of the
ribozyme is built, and structural perturbation of the junction
leads to impaired catalytic activity.
© 1999 Federation of European Biochemical Societies.
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1. RNA-mediated catalysis

RNA can behave like an enzyme and accelerate chemical
reactions [1]. Perhaps the simplest examples of ribozymes are
the small RNA self-cleaving nucleases found in plant viroids
[2,3], the transcript of newt satellite DNA [4], tobacco ring
spot virus satellite RNA [5,6], Neurospora VS RNA [7] and
the hepatitis delta virus [8]. These ribozymes are self-cleaving
motifs that function in the processing of RNA produced by
rolling-circle replication. They undergo site-specific cleavage
of the backbone by a transesterification reaction, the only
exogenous requirement for which is the presence of certain
metal ions. The products of the phosphodiester bond cleavage
are 5'-hydroxyl and 2’,3’-cyclic phosphate termini [9,10], and
the reactions proceed with inversion of configuration at the
phosphorus [11]. This indicates that the reaction occurs by
attack of the 2’ hydroxyl on the 3’ phosphorus in an SN2
mechanism. The structure of A-form RNA does not provide
the alignment of 2" oxygen-3’ phosphorus-5" oxygen required
for the transition state of an Sy2 mechanism, and therefore
conformational distortion is likely to play an important role
in the catalytic mechanism. Ribozymes might therefore be
expected to fold into a conformation that achieves a pre-acti-
vation of the phosphodiester bond. Given the polyelectrolyte
nature of RNA, metal ions are likely to be important in this.
Metal ions held in the folded RNA structure generated are
also likely to participate directly in the chemistry of bond
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scission, although this aspect is currently somewhat contro-
versial [12-15].

2. The hairpin ribozyme

The negative strand of the satellite RNA of the tobacco
ring spot virus is cleaved by the hairpin ribozyme [5,6,16],
and a similar self-cleaving sequence is used in other plant
viruses [17]. The hairpin ribozyme undergoes site-specific
self-cleavage in the presence of magnesium ions; it also cata-
lyses the ligation reaction [16], generating a circularised RNA
species [18] and leading to an equilibrium between cleavage
and ligation [19]. As with the other nucleolytic ribozymes such
as the hammerhead, the reaction mechanism is clearly Sn2,
and an important component of the rate enhancement is likely
to come from structural distortion in order to facilitate
achieving the correct alignment of O,’, P3’, and Os’ in the
transition state. For this reason we have explored the folding
of the hairpin ribozyme, and its dependence on the presence
of metal ions.

The secondary structure of the satellite RNA around the
region of ribozyme cleavage is shown in Fig. 1. The scissile
phosphodiester bond is contained in a formally unpaired loop
(the A loop), which is located on one arm of a four-way
helical junction. The minimal active form of the ribozyme
consists of two loop-containing duplexes, that containing the
cleavage site and the adjacent helix containing another loop
(the B loop). Most of the functional groups that are essential
for catalytic activity lie in the two loops and it seemed prob-
able that the active form of the ribozyme becomes generated
when these loops interact. This was generally supported by a
number of experiments in which the loop-containing duplexes
were connected in a variety of non-natural ways with reten-
tion of activity [20], and by experiments studying the cleavage
activity of RNA modified by the introduction of 2’'-2" disul-
phide crosslinks [21].

We felt that the four-way helical junction would act as a
structural scaffold on which the ribozyme is built, and that its
conformation would be a significant factor in the activity of
the ribozyme. We showed that a construct comprising all four
arms is active as a ribozyme, cleaving at the same site as the
hinged form and with very similar kinetics [22].

3. The conformation of the four-way junction

We have demonstrated previously that four-way helical
junctions in RNA are always found in a conformation formed
by pairwise helical stacking of arms [23,24]. These can exist in
one of two possible conformers that differ in stacking partner
choice. For the majority of junctions, the axes of the two pairs
of stacked helices are approximately perpendicular in the ab-
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Fig. 1. Secondary structure of the hairpin ribozyme. A: Schematic
to show the secondary structure of the tobacco ring spot virus satel-
lite (—) RNA around the site of self-cleavage indicated by the ar-
row. The RNA adopts a four-way helical junction, consecutive arms
of which contain the A and B loops. B: The base sequence around
the four-way junction and the loop-carrying arms. We refer to the
arms as A and B (containing the A and B loops respectively), con-
tinuing to C and D in a circular manner. The arrow shows the
point of ribozyme cleavage in the A loop. C: The minimised form
of the hairpin ribozyme. This form consists of the A and B arms
held together by the continuity of one strand. The resulting nick
forms a hinge in the structure.

sence of divalent cations, but rotate in the direction of an
antiparallel structure on addition of sufficient magnesium or
calcium ions. If we place the two loops of the hairpin ribo-
zyme onto such a junction, then in order to bring them to-
gether to create an active ribozyme it is necessary that they
are located on different stacked helical pairs, and that the
structure of the junction is antiparallel.

Initial studies of the isolated junction of the hairpin ribo-
zyme (i.e. in the absence of the loops) by comparative gel
electrophoresis showed that it is folded by the pairwise stack-
ing of the loop-carrying arms onto the remaining two arms,
placing them on different axes [22]. This means that they can
potentially interact given an antiparallel rotation, and this is
just what happens with addition of magnesium or calcium
ions in the millimolar range of concentration. Thus the junc-
tions have the required conformational propensity to permit
loop-loop interaction. These conclusions were supported and
extended by FRET studies [22,25] (Fig. 2). Fitting the fluo-
rescence data indicated the rotation of the junction into a
symmetrical antiparallel conformation was induced by the
binding of a single magnesium ion. The same conformational
transition was induced by calcium or manganese ions, but
monovalent sodium ions were totally ineffective.

4. The conformation of the hairpin ribozyme in its natural
four-way junction form

We have studied the global conformation of the hairpin
ribozyme in its natural junction form using FRET [22,26]
(Fig. 3). In order to prevent ribozyme cleavage occurring dur-
ing the analysis, we use a deoxyribose substitution at the
cleavage site, thus removing the attacking nucleophile. Like
the isolated junction, the arms of the hairpin ribozyme are
coaxially stacked. The choice of stacking partners remains
the same as that of the junction. This pattern of stacking (A
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on D and B on C) places the loops on opposite helical stacked
pairs, making them potentially able to interact given an anti-
parallel rotation. In the absence of added metal ions, the arms
adopt a slightly parallel disposition, placing the two loops far
apart, but with the addition of low concentrations (e.g. 10
uM) of divalent ions the axes rotate to become close to per-
pendicular. Under these conditions the loops must still be held
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Fig. 2. Global folding of the four-way junction of the hairpin ribo-
zyme, studied by FRET. The six different end-to-end vectors have
been prepared by 5’ labelling with donor and acceptor fluorophores,
and FRET efficiency (Eprgr) measured by steady-state fluorimetry.
The values of Eprgr are plotted for the six end-to-end vectors as a
function of ionic conditions. The vectors are named according to
the labelled arms, in the order donor-acceptor. A: Epgrpr values in
the absence of added divalent ions. The pattern of efficiencies is
consistent with the schematic model of the global structure shown
on the right, in which there is coaxial stacking of A on D and B on
C arms, with the two axes mutually perpendicular. The resulting
structure has four end-to-end distances (A-B, D-B, D-C and A-C)
that are slightly shorter than the remaining two (D-A and B-C),
thus explaining the smaller Eprgr values for the DA and BC vec-
tors. B: Epgrpr values in the presence of 10 mM magnesium ions.
Under these conditions the efficiencies can be described by
DC=AB>DB=AC>DA=BC. These values are consistent with
an antiparallel stacked structure based on coaxial stacking of A on
D and B on C stacking as indicated schematically on the right. In
this structure the lengths of the end-to-end vectors are described by
D-A=B-C>A-C=D-B>A-B=D-C. The handedness of this struc-
ture has not been determined, and this is drawn arbitrarily. C:
Folding of the junction over the range 0-10 mM magnesium ions
followed by the change of Errgr for the short vector BA. The ex-
perimental data (@) were fitted by regression to a simple binding
model where the binding of » ions to the RNA induces a global
structural change from the square structure to the antiparallel struc-
ture. These data show that the transition to the antiparallel struc-
ture is induced by the binding of a single magnesium ion.
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Fig. 3. Global folding of the complete hairpin ribozyme, studied by
FRET. The six different end-to-end vectors have been prepared by
5" labelling with donor and acceptor fluorophores, and FRET effi-
ciency (Eprgr) measured by steady-state fluorimetry. The values of
Ergrpr are plotted for the six end-to-end vectors as a function of
ionic conditions. A: Eprgr values in the presence of 10 uM magne-
sium ions. Under these conditions all six values are relatively low,
indicating an extended structure. The slightly lower values for AD
and CB are consistent with a 90° crossed structure based on A on
D and B on C stacking (indicated right). B: Eggrgr values in the
presence of 10 mM magnesium ions. Under these conditions the
structure has clearly changed, with BA exhibiting highest efficiency.
This is consistent with the formation of an antiparallel structure in
which the end-to-end vector for helices A and B is the shortest such
distance. However, the structure is clearly less symmetrical than that
of the simple junction (Fig. 2), and the relative values of Egrgrgr are
consistent with the structure indicated (right) where there is close in-
teraction between the A and B loops that distorts the overall global
structure. C: Folding of the hairpin ribozyme over the range 0-
100 uM magnesium ions followed by the change of Eprgr for the
short vector AB. The shape of this curve is quite different from that
exhibited by the simple junction (compare with Fig. 2C), indicating
a cooperative binding of magnesium ions. Fitting the experimental
data (@) to a simple binding model suggests that the transition is in-
duced by the binding of two ions.

apart. However, with the addition of divalent ions such as
magnesium to a concentration =100 uM, there is a further
rotation of the axes into a pronounced antiparallel geometry.
In contrast to the loop-free junction, the full ribozyme is sig-
nificantly distorted, with the closest end-to-end distance being
that between the two loop-carrying arms (A and B). This
indicates a strong interaction between the loops that pulls
these arms together, apparently distorting the entire global
structure of the ribozyme.
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The rotation of the hairpin ribozyme is induced by magne-
sium, calcium or strontium ions, all of which lead to cleavage
activity [26]. Manganese ions induce a global structure that is
indistinguishable by FRET analysis, yet the ribozyme is inac-
tive under these conditions. Monovalent ions such as sodium
are completely incapable of folding the hairpin ribozyme, but
hexammine cobalt(IIl) ions and spermidine induce a global
folding that is indistinguishable from that in the presence of
the divalent ions. Corresponding results have been recently
obtained for the hinged form of the ribozyme [27]. In contrast
to the isolated junction, the magnesium ion-induced folding
indicates a more complex binding model. The simplest model
producing an acceptable fit to the fluorescence data consists of
the cooperative binding of two ions, with an association con-
stant in the region of 10° M2 [22,26]. This apparent affinity
corresponds to the micromolar range of magnesium ion con-
centration for the transition, in contrast to the isolated junc-
tion which requires millimolar concentrations to induce fold-
ing [25].

5. Junction conformation and the activity of the hairpin
ribozyme

The four-way junction has the properties of a scaffold on
which the structure of the hairpin ribozyme is built, and the
conformational characteristics of the junction are likely to
determine the facility with which the two loops can interact.
This has been confirmed experimentally in the following ex-
periments.

The kinetics of cleavage for the junction form of the hairpin
ribozyme were very similar to those of the minimal hinged
form [22]. We changed the sequence around the four-way
junction with that of a different junction (junction 3).
Although the resulting sequence is quite different, the confor-
mational preferences of this junction should be unaltered from
the natural hairpin sequence [23,24], i.e. the stacking of arms
A on D and B on C and thus the overall structure should be
preserved. Loop-loop interaction should therefore still be pos-
sible in this conformer, and the result was found to be a
hybrid ribozyme with a very similar rate of cleavage to the
natural sequence [28]. In another experiment we left the nat-
ural sequence of the junction untouched, but rotated the po-
sitions of the arms about the central junction in a cyclical
manner. This should lead to a tendency to adopt the alterna-
tive stacking conformer, and in this form the two loops are
now located on helices that are coaxially stacked. Loop-loop
interaction would require disruption of this structure in some
manner, and the result was a significant reduction in the rate
of cleavage [22]. Lastly, we replaced the sequence of the junc-
tion by that of the Ul snRNA. This was done in such a way
that it should preserve the correct stacking conformer. How-
ever, the Ul junction has a marked tendency to remain in the
90° crossed structure, thus hindering rotation into the antipar-
allel structure [23,24]. Even though the stacking conformer is
correct for loop-loop interaction, contact would be expected
to be impaired due to the reluctance of this junction to under-
go ion-induced rotation. We found that this change also led to
a significant reduction in cleavage rate [28].

The junction of the hairpin ribozyme can be replaced with
one of different sequence, but so long as this has the same
conformational properties, ribozyme cleavage is largely unaf-
fected. However, if the conformation is altered, either by
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changing the choice of stacking partner (thus placing the
loops onto the same pair of stacked helices) or by interfering
with the rotation that brings the loops together, the activity of
the ribozyme is reduced. Clearly the conformation of the junc-
tion has a major influence on the function of the ribozyme.
However, it should be noted that the resulting activity of the
conformationally impaired ribozymes remains significant.
This is probably because the loop-loop interaction is suffi-
ciently strong that it can partially overcome the conforma-
tional preferences of the junction, perhaps pulling the equi-
librium towards the A on D conformer in the case of the
rotated junction, and forcing the rotation in the case of the
U1 junction. The relatively asymmetrical global structure of
the ribozyme (see Fig. 3) compared to the simple junction [25]
also suggests a strong interaction between the loops.

6. Further ion-induced conformational changes in the activation
of the hairpin ribozyme

The transition of the global structure of the hairpin ribo-
zyme into the antiparallel structure (with loop-loop interac-
tion) occurs largely in the magnesium ion concentration range
0-100 uM, and the FRET analysis suggests cooperative bind-
ing, possibly of two ions (Fig. 3C) [22,26]. However, this is
quite different from the concentration range required for acti-
vation of ribozyme activity, which becomes maximal in the
millimolar range [28]. The kinetic data suggest that the cleav-
age rate is sensitive to the non-cooperative binding of a single
ion. We conclude that the FRET and the cleavage experi-
ments are therefore detecting the consequences of different
binding events. Since no change in FRET efficiencies is de-
tected during titration of magnesium ion over the millimolar
range of concentration, any structural effects must be local
such that the global shape of the ribozyme is essentially un-
affected. It is possible that the additional metal ion is required
to participate directly in the chemistry of the transesterifica-
tion cleavage of the phosphodiester backbone. However, dem-
onstration of cleavage activity in the presence of the substitu-
tionally inert hexammine cobalt(III) complex [12-14] or high
concentration of monovalent ions [15] appears to exclude a
direct role for the metal ion as either a Lewis acid or in
general base catalysis. This seems to leave only a structural
role for the additional ion. Since the effect of its binding is not
detectable by FRET, it seems probable that it produces a local
change in conformation that is a prerequisite for cleavage.
Since the ribozyme is inactive in manganese ions, despite ap-
parently folding the RNA normally [26], it seems likely that
the transition metal ion behaves similarly to magnesium in
terms of the overall folding, but it is unable to participate
in this local manner.

7. The distribution of structural metal ions in the folding of the
hairpin ribozyme

The simplest interpretation of the ion-induced, FRET-de-
tected folding of the hairpin ribozyme is that the cooperative
binding of two magnesium ions is required to bring about the
folding into the form with close interaction between the loops.
When we remove the loops to leave an isolated junction, the
folding becomes induced by the non-cooperative binding of a
single magnesium ion [25]. We have also obtained point mu-
tations in the loop sequence with very similar folding proper-
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ties (Z. Zhao and D.M.J. Lilley, unpublished data). If we
remove the junction, to leave a form equivalent to the mini-
mal hinged ribozyme, this junction-free form of the RNA also
folds by the non-cooperative binding of a one magnesium ion
(F. Walter, A.LH. Murchie and D.M.J. Lilley, unpublished
data). Putting these observations together suggests that in the
full ribozyme two ions bind cooperatively to bring about the
folding, and these are distributed between the junction and the
loop-loop interface. Uranyl ion-induced photocleavage has
revealed ion binding at the point of strand exchange of the
four-way DNA junction [29], and selective phosphate neutral-
isation by substitution with methyl phosphonates [30] suggests
that charge screening at the point of strand exchange is essen-
tial. Hexammine cobalt(IIT) binding has recently been ob-
served at the corresponding position in the crystal structure
of a hybrid RNA-DNA junction [31]. While most multivalent
metal ions fold the complete hairpin ribozyme into the global
structure observed in the presence of magnesium ions, a novel
structure is induced by cadmium ions. In this case the results
can be interpreted in terms of close loop-loop interaction in
the absence of a correctly folded junction [26], suggesting that
this ion can bind at the loop interface but not the junction,
and has thus separated the two functions.

8. Generation of catalytic activity

The folding of the hairpin ribozyme is quite different from
that of the hammerhead ribozyme. In the latter case we ob-
serve two sequential single-ion-induced transitions that can be
associated with the formation of different features within the
overall structure [32,33]. Nevertheless, both the hammerhead
and hairpin ribozymes exhibit ion-induced conformational
changes associated with folding into their active forms, and
RNA structure is the key to catalytic activity. Conformation
is probably the single most important factor in the generation
of site-specific transesterification rate enhancement, facilitat-
ing the molecular trajectory into the transition state in which
there is alignment of [O,’-P3’-Os’]. By contrast, the direct role
of metal ions in the chemistry appears to be dispensable [12—
15], although current data do not preclude a role under nor-
mal circumstances. Thus RNA conformation is almost cer-
tainly the major player in the action of the small nucleolytic
ribozymes, and in the case of the hairpin ribozyme the four-
way junction provides the scaffold that facilitates the forma-
tion of the tertiary structure required to achieve the catalyti-
cally competent conformation.
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