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The hairpin ribozyme catalyses sequence-speci®c cleavage of RNA. The active site of this natural RNA results from the docking of
two irregular helices: stems A and B. One strand of stem A harbours the scissile bond. The 2.4 AÊ resolution structure of a hairpin
ribozyme±inhibitor complex reveals that the ribozyme aligns the 29-OH nucleophile and the 59-oxo leaving group by twisting apart
the nucleotides that ¯ank the scissile phosphate. The base of the nucleotide preceding the cleavage site is stacked within stem A;
the next nucleotide, a conserved guanine, is extruded from stem A and accommodated by a highly complementary pocket in the
minor groove of stem B. Metal ions are absent from the active site. The bases of four conserved purines are positioned potentially to
serve as acid-base catalysts. This is the ®rst structure determination of a fully assembled ribozyme active site that catalyses a
phosphodiester cleavage without recourse to metal ions.

The hairpin ribozyme is a catalytic RNA derived from the self-
cleaving and ligating domain of the negative polarity strand of the
satellite RNA of tobacco ringspot virus. In vivo, this domain is
responsible for generating unit-length circular satellite RNA during
the course of its rolling-circle replication (reviewed in ref. 1). The
cleavage reaction generates products with 59-hydroxyl and 29,39-
cyclic phosphate termini (Fig. 1a), which are analogous to those
produced by three other natural ribozymes that are part of circular
satellite RNAs: the hammerhead, the hepatitis delta virus (HDV)
and the Varkud satellite (VS) ribozymes. These four ribozymes,
however, are structurally unrelated, and therefore represent inde-
pendent evolutionary solutions to the same biochemical problem
(reviewed in ref. 2). None of these ribozymes require proteins for
activity. They are also quite small, for example the hairpin ribozyme
requires about 50 nucleotides for activity. The hairpin ribozyme is
an ideal experimental system to help understand how a small
catalytic RNA self-assembles and forms an active site.

Biochemical experiments demonstrated that the active site of the
hairpin ribozyme results from the association of two largely helical
segments of the satellite RNA, stems A (one strand of which
contains the scissile phosphate) and B (Fig. 1b). Both contain
nucleotides necessary for catalysis1. The stems can be synthesized
as two separate RNAs and mixed in vitro to reconstitute an active
ribozyme3,4. Most biochemical experiments have been carried out
using constructs where the two stems are connected by a single-
stranded linker. In the satellite RNA, stems A and B are part of a
four-helix junction5. Fluorescence resonance energy transfer
(FRET) measurements demonstrated that the docking of stems A
and B is greatly favoured in constructs that contain the four-helix
junction, compared with systems where the two stems are con-
nected by an extended linker5,6. Docking is facilitated by the
cooperative binding of two molar equivalents of alkaline earth
metal ions, which have disssociation constants of 10-10 to 10-9 M
(refs 5, 7); however, the hairpin ribozyme does not use metal ions to
activate its 29-OH nucleophile. Moreover, it has been shown to be
fully active with cobalt (III) hexammine8±10, which mimics hydrated
Mg2+, but cannot make direct coordination with water or RNA
ligands11. Thus, the RNA itself provides functional groups that
accomplish catalysis, unlike `classical' ribozymes such as the ham-
merhead or the group I intron that use metal ion cofactors1.
Evidence suggests that nucleotide bases with perturbed pKa values

in the active sites of the HDV ribozyme12±14 and the peptidyl-
transferase of the 50S ribosomal subunit15 enable those RNAs to
carry out general acid-base catalysis. Such a mechanism is poten-
tially used by the hairpin ribozyme.

As a step towards elucidating its catalytic mechanism, and to
provide a structural framework for rationalizing the large body of
biochemical information gathered on this catalytic RNA, we have
now determined the structure of a fully assembled hairpin ribozyme
(Table 1 and Methods). We crystallized a four-helix junction form of
the RNA in complex with a substrate strand in which the nucleo-
philic 29-OH group (Fig. 1a) was replaced with a methoxy function
(Fig. 1b). Such modi®ed substrates are competitive inhibitors of the
ribozyme16,17. Crystals were grown in the presence of 20 mM Ca2+,
enough to saturate the structural metal-ion-binding sites. The
cognate site for the RNA-binding protein U1A was grafted onto
the structurally and functionally dispensable1 distal end of stem B,
and the engineered RNA was crystallized together with the basic
protein (see Methods and Supplementary Information). The struc-
ture consists of two independent hairpin ribozyme±inhibitor com-
plexes in different crystalline environments. Although we did not
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Table 1 Crystallographic statistics

Data set Crystal I Crystal II

l1 l2 l3
.............................................................................................................................................................................

Diffraction data
Resolution (AÊ ) 30.0±2.9 30.0±2.9 30.0±2.9 100.0±2.4
Wavelength (AÊ ) 0.9796 0.9793 0.9566 1.1000

Re¯ections

Total/unique* 83,395/44,497 168,452/45,575 168,844/45,520 148,993/41,290
Completeness
(%)

98.2 (89.6) 99.1 (95.0) 99.1 (94.9) 95.6 (73.9)

hIi/hs(I)i 19.7 (1.7) 26.5 (2.3) 24.6 (2.2) 22.8 (2.1)
Rsym (%)² 6.4 (41.0) 8.0 (42.3) 7.7 (43.7) 6.7 (26.1)

Phasing statistics

Phasing power³ 1.26 (0.24) 1.34 (0.36) 1.10 (0.27)
RKraut§ 0.05 (0.20) 0.04 (0.15) 0.04 (0.15)
.............................................................................................................................................................................

Numbers in parentheses refer to the high-resolution shell (3.0±2.9 AÊ for crystal I; 2.5±2.4 AÊ for
crystal II).
* For crystal I data, the Bijvoet pairs were not merged.
² Rsym � SjI 2 hIij=SI where I is the observed intensity and hIi is the statistically weighted absolute
intensity of multiple measurements of symmetry related re¯ections.
³ Phasing power � hjFhi=hjjFp � Fhj2 jFph jji, reported for all acentric re¯ections.
§ RKraut � Sj�jfp � Fhj2 jFph j�jSjFpj, reported for all re¯ections.
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use non-crystallographic symmetry (NCS) restraints, the structures
of the two catalytic cores have a root-mean-square (r.m.s.) differ-
ence of , 0.5 AÊ for all atoms, which is comparable to the precision
of the atomic coordinates (see Methods). The signi®cant agreement

of the re®ned crystallographical model with the results of biochemi-
cal experiments, and the in-line-attack conformation present at the
catalytic site, suggest that this 2.4-AÊ resolution structure accurately
depicts the hairpin ribozyme in an active conformation.

Overview of the structure
The four helical stems that comprise the hairpin ribozyme radiate
from a perfectly base-paired four-way junction. In the crystal
structure, the helices form two coaxial stacks: stem D stacks on A,
and stem C stacks on B. The two stacks cross at around a 608 angle,
and are connected by a pair of anti-parallel crossovers (Figs 1b and
2). The junction allows the central portions of stems A and B to dock
through their minor grooves and form the active site of the
ribozyme. No bound metal ions are observed in the junction. In
the crystal structure of an unrelated four-helix junction formed by a
DNA±RNA hybrid18, a bound metal ion was found in the major
groove of one of the B-form helices. Because the stems of the hairpin
ribozyme are in an A-form conformation near the junction, there is
no equivalent binding site in its structure. Well-ordered metal ions
are observed in the non-canonical moiety of stem B (see below).
These could correspond to the cooperatively bound metal ions
detected by FRET5,7, as tight binding of divalent ions was detected
only in experiments with the intact ribozyme, but not the isolated
fully-base-paired junction19.

The stacking order was correctly predicted on the basis of gel-
mobility shift and FRETexperiments5. It was proposed that the end-
to-end distances of the stems would be in the order AB,CD,BD,
as is observed in the crystal structure (Fig. 2). The structure is
consistent with the results of hydroxyl radical probing experiments,
which found that a solvent-inaccessible core is formed when the
RNA adopts its active structure in the presence of polyvalent
cations20. The ten C49 atoms found to be solvent-inaccessible in
that study (G11±A14, C25±C27, A38 and U42±43) are fully buried
in the structure. Although a model of the hairpin ribozyme
generated on the basis of biochemical data and long-distance
crosslinking experiments21 is substantially different from the crystal
structure (the r.m.s. difference for 66 C19 atoms is 4.3 AÊ ), the
orientation of stems A and B is the same.

Stems A and B of the hairpin ribozyme each consist of two A-
form, Watson±Crick-paired segments ¯anking a stretch of nucleo-
tides that adopt non-canonical conformations (Fig. 1b). The solu-
tion three-dimensional structures of isolated stems A and B have
been determined22,23. As these separate RNAs can be mixed in vitro
to reconstitute a functional ribozyme3,4, the nuclear magnetic
resonance (NMR) structures probably represent the conformation
of the two stems before docking. Comparison with the crystal
structure shows that large conformational rearrangements take
place in both RNA stems on assembly of the active site.

Stem A conformation
In the docked state, the non-canonical moiety of stem A consists of
three single-hydrogen-bond base pairs and two unpaired nucleotides
(Fig. 3a). Of the latter, the conserved, essential nucleotide following
the scissile phosphate, G+1 (see Fig. 1 legend for numbering scheme),
is extruded from the helical stack, and adopts a syn conformation
(Fig. 3b) as proposed previously24. The hairpin ribozyme tolerates any
base at position -1 (ref. 24). In the crystal structure, the N3 atom of
A-1 accepts a single hydrogen bond from A9. This base-pair
geometry is compatible with all four bases, as both purines have
an N3, and both pyrimidines have an O2 atom in the equivalent
position. The geometry of the A-1×A9 pair causes A-1 to make a
cross-strand stack onto G8. This and the conformation of G+1
result in a pronounced broadening of the minor groove (Fig. 3a).

The three non-canonical base pairs observed in the crystal
structure are absent in the isolated stem A. In the NMR structure,
an anti conformation G+1 is accommodated in the helical stack
(Fig. 3c), and forms a sheared pair with A9 (ref. 22). The NMR
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Figure 1 Sequence and reactions catalysed by the hairpin ribozyme. a, Reversible

transesteri®cation reaction catalysed by the ribozyme. Hypothetical acid, base and

positive charge catalytic groups are indicated. b, Sequence and secondary structure of

the crystallization construct. The RNA consists of a 92-nucleotide ribozyme and a 21-

nucleotide substrate strand. In the latter, the 29-OH adjacent to the scissile bond was

substituted with a methoxy to inhibit cleavage. To facilitate crystallization27, a cognate site

for the RNA-binding protein U1A was grafted at the distal end of stem B. This construct

was decided on after screening 21 different RNA±U1A complexes. The RNA is numbered

according to convention1. In the substrate strand, numbers of nucleotides in the 59 and 39
direction of the cleavage site (yellow arrow) are preceded by minus and plus signs,

respectively. Ribozyme-strand nucleotides are numbered starting at the 59 terminus,

skipping the grafted U1A-binding site. Lines with embedded arrows indicate the direction

of the chains at the crossovers. Solid letters, wild-type sequence; outline letters,

nucleotides added for crystallization. Thin lines indicate Watson±Crick pairs; black circles

indicate non-canonical pairs involving at least one hydrogen bond between co-planar

bases. Nucleotides that participate in a ribose zipper25 are connected by dotted lines.

Nucleotides with C29-endo ribose puckers (asterisk), those in the syn conformation

(double asterisk), and the A-1 residue that carries the 29-methoxy modi®cation (triple

asterisk) are indicated. The same nucleotide conformations are present in both molecules

in the crystallographic asymmetric unit.
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construct has a C base at position -1, and this pairs with a
protonated A10. The latter pair is inconsistent with the lack of a
requirement for a particular base at -1 (ref. 22). The minor groove
width of the stem A conformation observed by NMR is considerably
narrower than that of the docked state (Fig. 3c).

Stem B conformation
In the crystal structure, stem B contains six non-canonical base pairs
that stack in an irregular underwound helix (Fig. 4a). A single-
hydrogen-bond A20×C44 pair is followed by the sheared G21×A43
and reverse-Hoogsteen U41×A22 pairs. The latter two pairs conform
closely to the cross-strand purine stack motif 25. In the crystal
structure, U42 is extruded from the helical stack, and its base lies
perpendicular to the plane of the helical base pairs. This arrange-
ment is consistent with the observation that a photo-crosslink can
be formed at high ef®ciency between G21 and/or A22 and U41. A
crosslink to U42 was observed only at high concentrations where the
ribozyme RNA formed a non-functional dimer26.

The bottom of the non-canonical moiety of stem B is stretched
apart by an N1±N1 pair between G36 and A26 (Fig. 4a). This is
followed by an S-turn27, where the direction of the ribose sugars in
the backbone is inverted twice, resulting in extrusion of the U37
base into solvent. A38 lies within the stack in a syn conformation,
and makes a single hydrogen bond with A24. The S-turn is followed
by a second bulged pyrimidine, U39. The bulging of U39 is
consistent with the observation that it can be replaced with a
propyl linker without affecting ribozyme activity28. The combina-
tion of an S-turn with a bulged U and a cross-strand A-stack results
in a broad minor groove into which the bases of A38 and U42
protrude, to participate in the interhelical interface.

Concurrent with the wide minor groove of stem B is a narrow
major groove that seems to be stabilized by the coordination of
several divalent metal ions. Two of these are particularly well
ordered, and engage in both inner-sphere and outer-sphere coordi-

nation (Figs 2a and 4a). In our crystals, their anomalous scattering
identi®es them unequivocally as Ca2+ (see Methods). Either calcium
ion is compatible with a non-selective metal-ion-binding site
identi®ed by backbone hydrolysis with terbium (III) (ref. 29), as
well as a cobalt-hexammine-binding site identi®ed by NMR studies
of the free stem B (ref. 30). Cobalt hexammine can only make outer-
sphere contacts11. As the calcium ions in the crystal structure make
several inner-sphere contacts, this implies that the conformation of
the RNA backbone in the neighbourhood of the bulged S-turn is
somewhat ¯exible.

The conformation of the isolated stem B (ref. 23) differs greatly
from that seen in the crystal structure. Only two of the seven non-
canonical base pairs observed by NMR (A20×C44 and G21×A43) are
retained in the docked conformation. Whereas U41 is extruded into
an S-turn in the undocked stem B, it forms a base pair with A22 in
the crystal structure. Superposition of the two structures (Fig. 4b, c)
demonstrates the pronounced widening of the minor groove of
stem B that takes place on docking.

The rearrangements of stems A and B, involving dramatic
changes in base-pairing schemes and signi®cant alteration of
backbone geometry concomitant with formation of tertiary struc-
ture, are not unprecedented. For instance, NMR studies of the
P5abc domain of the Tetrahymena group I intron have demon-
strated that local changes in secondary structure take place in
that RNA as it undergoes Mg2+-dependent folding31. In contrast,
when Mg2+ is added to the isolated stems A and B of the hairpin
ribozyme in solution, neither undergoes a detectable change in
conformation22,30. Thus, binding energy resulting from assembly of
the active site, not metal ion coordination, initiates the structural
rearrangements described above.

Interhelical interface
The assembly of the hairpin ribozyme buries 1,570 AÊ 2 of solvent-
accessible surface area of the minor-groove faces of the cores of
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Figure 2 Architecture of the hairpin ribozyme. The backbone of the two RNA strands is

depicted as ribbons; the nucleotide bases as sticks (colour code as in Fig. 1). Two tightly

bound calcium ions are represented as green spheres. a, Stereoview of the docked

conformation of the hairpin ribozyme. The scissile bond lies between the two yellow

nucleotides, which are splayed apart. The U1A protein is shown as a grey ribbon.

b, c, Views orthogonal to that in a, showing the path of the RNA chains in the four-helix

junction, the crossing angle between stems A and B, and the approximately 308 bend at

the site of the bulged nucleotides in stem B.
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stems A and B (see Methods). A conventional ribose zipper12,25

stitches together the N3 atoms of A10 and A24, and the 29-OHs
of nucleotides 10, 11, 24 and 25 (Fig. 5a). Because these four 29-OH
groups were found to be important for ribozyme activity17,32,33, two
different proposals for ribose zippers have been made21,33, neither of
which predicted the correct pattern of hydrogen bonds.

U42, which is extruded from the stem B stack (Fig. 4a), packs in
the interface (Fig. 5a). Its base makes ®ve hydrogen bonds with
functional groups of nucleotides in both stem A and B. Previous
studies have shown that abolishing these hydrogen bonds is dele-
terious to ribozyme activity. For example, methylation of the N6
atom of A22 and A23, methylation of the N2 of G11 and deletion of
the 29-OH of U12 all result in reduced activity33. Methylation of O2
of U41 reduces activity to 0.06% of the wild type34. These and other
modi®cation experiments were carried out using minimal hairpin
ribozymes; the effects on activity may be less pronounced for the
more stable construct of the four-helix junction.

The docked conformation of stem B (Fig. 4a) creates a pocket that
binds the extruded syn G+1 nucleotide of stem A (Fig. 3a). Docking
of the two stems through their broad minor grooves enables G+1 to
make a Watson±Crick pair with C25 (Fig. 5a, b). This was correctly

predicted on the basis of compensatory mutations35. A proposed35

base triple between G+1, C25 and A9 is not observed. A38, which is
also in the syn conformation, and A26 form the roof and ¯oor of the
G-binding pocket. In addition to these stacking interactions, G+1
donates a hydrogen bond from its 29-OH to G36, and receives a
hydrogen bond to its N7 from the 29-OH of A38 (Fig. 5b). Thus, the
pocket is highly complementary to the chemical identity of G.
Individual mutations of G+1, C25, or A38 to any other nucleotide
abolish ribozyme activity36,37. Substitutions that would destroy
some of the hydrogen bonds in which G+1 participates, such as
its replacement for inosine or methylation of O6, result in a
complete loss of activity38.

Active site and catalysis
Consistent with biochemical observations that the hairpin ribo-
zyme does not require direct coordination to metal ions for
catalysis8±10, the crystal structure shows that the active site consists
entirely of RNA. Neither MAD nor model-phased electron density
maps show features that could correspond to tightly-bound metal
ions in the vicinity of the scissile bond (see Supplementary Infor-
mation Figs 2 and 3). The extrusion of G+1 from the helical stack of
stem A, presumably stabilized by its burial into its cognate pocket in
stem B, constrains the riboses of both A-1 and G+1 into C29-endo
puckers (B-form-like twists of the furanose rings). The conforma-
tion of these two nucleotides results in an in-line arrangement of the
nucleophile (29-OH of A-1) and leaving group (59-oxo of G+1)
relative to the phosphorus atom at the reaction site (Fig. 5d), as is
expected for this ribozyme as it approaches the transition state of its
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SN2 (substitution nucleophilic, bimolecular) transesteri®cation
reaction39. The in-line arrangement is observed in both molecules
in the asymmetric unit. The nucleophilic 29 oxygen atom is blocked
by a methyl group in our crystallization construct. Even at 2.4 AÊ

resolution, the position of this methyl is de®ned in both MAD and
omit maps (Fig. 5c), establishing unambiguously the RNA back-
bone conformation near the scissile bond.

The splayed substrate strand conformation that is observed in the
active site of the hairpin ribozyme is markedly similar to that of
the dinucleotide mimic UpcA, when bound to ribonuclease-A
(ref. 40). In this structure, His 12 lies close to the nucleophile
(29-OH of U) and serves as a general base. The imidazole ring of
His 119 stacks on the adenine base, and lies next to the leaving group
(59-oxo of A), serving as a general acid41,42. Lysine 41 counteracts the
negative charge that develops in the transition state40. Which RNA
functional groups could carry out catalysis in the hairpin ribozyme?
In the crystal structure, G8 hydrogen bonds to both the pro-Rp
oxygen of the scissile phosphate (through N2: 3.0 and 3.1 AÊ in the
two independent complexes in the asymmetric unit) and the
nucleophilic 29-OH (through N1: 2.9 and 2.7 AÊ , Figs 3a and 5b).
The purine base of A38 stacks on G+1. It does not participate in
hydrogen bonding in the active site of this ribozyme±inhibitor
complex, but if the 59-oxo leaving group were to swing out, it would
be within hydrogen-bonding distance of N1 of A38 (the C59 of G+1
is 3.4 AÊ from N1 of A38 in both molecules). Neither G8 nor A38 can
be mutated to any other nucleotide without abolishing hairpin
ribozyme activity36,37. Replacement of G8 by inosine or 6-methyl-G
impairs ribozyme activity33,38. A38 is held in place by hydrogen
bonding to A24 (Fig. 5b). Deletion of the N6 and N7 involved in this
interaction is deleterious33,38. Two additional purines present in the
vicinity of the scissile bond (Fig. 5d), A9 and A10, have been
implicated in ribozyme activity by mutation and functional-group

substitution33,37,38. In the active conformation, neither residue uses
its N1 to make hydrogen bonds. Instead, the Watson±Crick faces of
these adenines are in van der Waals contacts with surrounding
residues. A cavity43 large enough to hold a single water molecule
exists here, but electron density maps show no evidence that it is
occupied (not shown).

We suggest several catalytic functions for active-site residues that
are consistent with the crystal structure and available biochemical
data. In the ligation reaction, which the hairpin ribozyme favours
over cleavage by a factor of about 30 (ref. 44), G8 and A38 could be
functioning as a general acid and a general base. The positions of G8
and A38 relative to the scissile bond are very similar to those of
His 12 and His 119, respectively, in ribonuclease-A. The A38±G+1
stacking interaction is markedly similar to the stacking of His 119
onto the A base of UpcA. The pKa values of the N1 of guanosine and
adenosine 59-monophosphates are 10 and 3.9, respectively45. Thus, a
considerable change in acidity of these purines would be required
for them to catalyse the reverse cleavage reaction in this manner.
Alternatively, the N1 atoms of G8 and A38 could serve only to orient
the nucleophilic 29-OH and 59-OH in the cleavage and ligation
reactions, respectively. The hydrogen bond between N2 of G8 and
the pro-Rp oxygen would help to relieve the developing negative
charge on the scissile phosphate. If either A9 or A10 were to be
protonated (as a result of a pKa shift) they could have a function that
is analogous to Lys 41 in ribonuclease-A. Such an electrostatic
function would be compatible with their distance from the scissile
phosphorus (the N1±P distances are 6.7 AÊ for A9 in both molecules
in the asymmetric unit, and 8.2 and 8.4 AÊ for A10). Finally, A9 or
A10 (with a shifted pKa value) could activate a water molecule that
would then deprotonate the nucleophilic 29-OH in the cleavage
reaction (or the 59-OH in the ligation reaction). For this to happen,
the ribozyme would have to `breathe' to allow access to solvent.
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The crystal structure of a hairpin ribozyme±inhibitor complex
demonstrates how an RNA that catalyses a transesteri®cation can
align the 29-OH nucleophile and the 59-oxo leaving group of the
reaction, and suggests how this nucleic acid could be carrying out
acid-base catalysis. This structure represents the starting point for
further crystallographic and biophysical investigation of the
mechanism of action of this natural catalytic RNA. Of particular
interest will be the structural determination of a ribozyme±product
complex, to understand how the ligation reaction is catalysed by
the same active site, the elucidation of the roles of G8, A9, A10 and
A38 in catalysis, and the measurement of their pKa values. If, indeed,
the acidity of these purines is shifted, it will raise an important
question: how does the organization of the active site accomplish
this perturbation? M

Methods
Crystallization and data collection

The insert of plasmid pHF16, which encodes the ribozyme studied followed by a VS
cleavage site46, was prepared by PCR from overlapping synthetic DNA oligonucleotides.
RNA and U1A-RNA-binding domain (RBD) preparation have been described27. The
substrate strand RNAwas from Dharmacon Research. Grafting the U1A-RBD-binding site
onto the end of stem B, and binding of U1A-RBD, did not affect catalytic activity, as
judged by comparison with wild-type constructs (Supplementary Information, Fig. 1).
Ribozyme and substrate strands (0.5 mM each) were mixed in 2.5 mM MgCl2, and
annealed (slow cooling from 65±22 8C). RNA was mixed 1:1 with U1A-RBD to a ®nal
complex concentration of 125 mM in 625 mM MgCl2. Drops consisting of 5 ml each of
complex and reservoir solution (20 mM CaCl2, 220±260 mM NH4Cl and 21% MPD) were
pre-equilibrated by vapour diffusion at 22 8C. We obtained single crystals by seeding these
drops with washed fragments of polycrystalline clusters grown at higher MPD concen-
trations. Crystals grew to 600 ´ 300 ´ 300 mm3 in several weeks. Crystals were stabilized in
5 mM spermine, 20 mM CaCl2, 200 mM NH4Cl and 30% MPD, and ¯ash cooled by
plunging into liquid nitrogen. The crystals (space group C2) have unit cell parameters
a = 256.3 AÊ , b = 44.1 AÊ , c = 102.4 AÊ and b = 1098, contain two RNA±protein complexes per
asymmetric unit, have a solvent content of 65%, and are stabilized by a combination of
protein±protein (5% of solvent-accessible surface area buried in crystal contacts),
protein±RNA (30%) and RNA±RNA (65%) interactions. All crystals contained a sub-
strate strand with a 29-methoxy substitution at residue A-1. Crystal I contained
selenomethionine protein. Crystal II contained U1A-RBD with normal methionine, and a
substrate strand with an additional 5-iodo-uracil substitution at position 5. Diffraction
data (Table 1) were measured (MAD data with the inverse-beam method) at 100 K at
beamline 5.0.2 of the Advanced Light Source (ALS, Lawrence Berkeley National Labora-
tory) and reduced with the HKL package47. Data-sets with stronger iodine and calcium
anomalous signals were collected with Cu Ka radiation for crystal II, and a third crystal
that contained 5-iodo-uracil at position 7 (not shown).

Phase determination and structural re®nement

Six selenium sites were located in crystal I data with CNS48, and con®rmed by difference
Patterson maps. Two additional sites were located in difference Fourier syntheses. Heavy
atom parameters were re®ned and phases calculated at 2.9 AÊ resolution using MAD data
from crystal I (Table 1). The mean overall ®gure of merit (FOM) was 0.42 (0.08 between
3.0 and 2.9 AÊ ). Density modi®cation and phase extension48 to 2.4 AÊ resolution against
amplitudes from crystal II produced an electron density map (Fig. 3b; see also Supple-
mentary Information, Fig. 2), into which most of the macromolecule residues could be
built unambiguously (overall FOM = 0.9: 0.99 between 2.5 and 2.4 AÊ ) using program O
(ref. 49). Correct registration of both of the protein chains was con®rmed by the selenium
positions. As the protein±RNA interface structure is known27, this also con®rmed the
register of RNA residues in stem B. Anomalous difference Fourier syntheses with
amplitudes from the crystals with 5-iodo-uracil at positions 5 and 7 in stem A con®rmed
the sequence register of this RNA moiety.

Rounds of manual rebuilding, interspersed with positional, torsion-angle-simulated
annealing, and restrained individual B-factor re®nement48 (restraints adjusted to mini-
mize Rfree), produced the current model (Rfree = 28.9%, Rwork = 24.7%; Rfree = 41.6% and
Rwork = 40.6% between 2.5 and 2.4 AÊ ). Re®nement was against all observed crystal II
amplitudes (37,148 and 4,142 in the work and test sets) and crystal I MAD phase-
probability distributions, using a maximum-likelihood target48. A solvent mask and an
overall B-factor correction were used throughout; NCS restraints were not. The model
contains all RNA atoms for both copies of the ribozyme±inhibitor complex (except for
both 59-g-phosphates, which are disordered), U1A-RBD residues 6±97 for both chains, 48
water molecules, and 17 calcium and 2 chloride ions (6,405 non-hydrogen atoms). The
average B-factor for all RNA atoms in the catalytic core (de®ned as residues -5 to +3, 7±14,
21±27 and 35±43) is 80.1 AÊ 2. Despite this, electron density is well de®ned for the ribozyme
core (Figs 3b and 5c; see also Supplementary Information, Figs 2 and 3). The average real-
space R-factor (in a composite simulated-annealing omit map) for all RNA residues in the
catalytic core is 6.7%. For comparison, the protein atoms have an average B-factor of
49.9 AÊ 2, and have an average real-space R-factor of 4.4%. Ribose puckers were restrained to
either C29-endo or C39-endo to account for residual features in |Fo|-|Fc| syntheses. There
are no breaks in the backbone electron density of the ribozyme core at 0.8 s.d. in a

composite sA-weighted simulated-annealing omit 2|Fo|-|Fc| map. The cross-validated sA
mean coordinate error is 0.51 AÊ . The current model has r.m.s deviations of 0.0114 AÊ and
1.418 from ideal bond lengths and angles. Of the protein residues, 89.9% lie in the most
favoured regions of the Ramachandran plot, with the remainder in additional allowed
regions. Figures 2±5 were prepared (using RIBBONS50) with molecule B, which is the best-
ordered in the ribozyme core. Stems C and D are better ordered in molecule A. The r.m.s.
difference between the two complexes in the asymmetric unit is 1.62 AÊ for all macro-
molecule atoms, and 0.47 AÊ for all RNA atoms in the core. A probe radius of 1.4 AÊ was used
to measure solvent-accessible surfaces.
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