
A Preorganized Active Site in 
the Crystal Structure of the 

There has been an effort in recent years to 
study structure-function relationships, in the 
group I introns using x-ray crystallogra- 
phy.The structure of one of the domains of 
the Tetvahvnzenu rRNA intron, P4-P6. was 
solved 2 years ago and revealed interactions 

Tetrahymena Ri bozyme that allow large RNAS to form closely packed 
structures (12). To build upon this result, we 

Barbara 1. Colden,* Anne R. Cooding, Elaine R. Podell, designed an RNA that encompasses both the 
Thomas R. Cech* P4-P6 and P3-P9 domains of this intron, 

thereby completing the group I catalytic core 
Croup I introns possess a single active site that catalyzes the two  sequential (13). This molecule also includes wG, which 
reactions of self-splicing. An RNA comprising the two  domains of the Tetra- serves as an internal guanosine nucleophile. 
hymena thermophila group I intron catalytic core retains activity, and the 5.0 The resulting RNA is catalytic: it binds the 
angstrom crystal structure of this 247-nucleotide ribozyme is now described. P1-P2 domain purely through tertiary interac- 
Close packing of the two  domains forms a shallow cleft capable of binding the tions and, using oG,  cleaves the P1 duplex at 
short helix that contains the 5' splice site. The helix that provides the binding positions that are consistent with the activity 
site for the guanosine substrate deviates significantly from A-form geometry, of the full-length intron. By systematic muta- 
providing a tight binding pocket. The binding pockets for both the 5' splice site tion of peripheral regions of the molecule, we 
helix and guanosine are formed and oriented in the absence of these substrates. were able to introduce a crystal contact and 
Thus, this large ribozyme is largely preorganized for catalysis, much like a thereby obtain crystals that diffract isotropi- 
globular protein enzyme. cally to -5 A. 

Global architecture. The crystal struc- 
A group I intron contains an active site that formational change must then occur, in which ture of this 247-nucleotide group I ribozyme 
allows it to excise itself from a precursor the exogenous guanosine exits the active site was solved at 5.0 A resolution using three 
RNA and ligate the flanking exons, generat- and is replaced by a conserved guanosine heavy-atom derivatives (Table 1 and Fig. 1B) 
ing an intact messenger RNA, transfer RNA, (wG) at the 3 '  terminus of the intron (10, 11). (14). At this resolution, there is clear density 
or ribosomal RNA (rRNA) (I).  This self- The 5' exon can then attack at the 3 '  splice for the backbone and some indication of 
splicing reaction is efficient and accurate, and site in a transesterification reaction that is where the monomeric units are positioned 
it requires only sufficient magnesium ion (-2 chemically equivalent to the reverse of the (Fig. 2). Stacked bases are often seen as 
mM) to fold the RNA and a guanosine nu- first step of splicing. This ligates the exons continuous tubes of density. Atomic-level in- 
cleoside cofactor (I).  The structure of group I and releases the intron. teractions such as hydrogen bonding cannot 
introns has been extensively investigated by 
comparative sequence analysis of phyloge- 

Table 1. Phasing statistics. Crystals of the ribozyme core were prepared as previously described (13). The 
netically distinct members (2, 3, and crystals belong to the space group P4,2,2 and have unit-cell dimensions a = b = 179.0 A, c = 199.3 A. 
by site-specific mutagenesis (4) .  These stud- For data collection, crystals were cryostabilized for 24 to 48 hours in 15% ethanol, 25% 2,5-methylpen- 
ies identified a series of conserved elements tane-diol (MPD), 50 mM potassium cacodylate, 50 mM KCI, 50 mM MgCI,, and 0.5 mM spermine. 
of secondary structure (designated P1 Lanthanide derivatives were prepared by cocrystallization with 0.2 mM Sm(Ac), or EuCI, and cryosta- 
through p9 in ~ i ~ ,  1 ~ )  organized into three bilization with 0.2 to 0.4 mM lanthanide. Osmium hexammine derivatives were made by cocrystallization 

domains, P4-P6, and P3-P9 (3, j), The with 0.5 mM cobalt hexammine followed by exchange into 0.5 to 1.0 mM osmium hexammine in 
cryostabilization buffer (15). Crystals were flash frozen in propane and mounted in an Oxford cryostream 

'Ore is located at the junction of the (100 K) for data collection. Data were collected at the National Synchrotron Light Source, Brookhaven 
P4-P6 and P3-P9 domains. The 5' splice site National Laboratory, beamline X25 using the Brandeis B4 charge-coupled-device detector, and were 
is found in the PI-P2 or substrate domain. indexed and scaled using the HKL package (42). The lanthanide positions were determined by manual 
Nonconserved peripheral elements. such as inspection of Patterson maps. Osmium hexammine sites were located in difference Fourier maps. Phase 
the ~ 5 ~ b ~  extension in the ~~~~~h~~~~~~ t ~ e v -  calculations and solvent flattening were performed using PHASES (43). Both MlRAS and MAD data 

[treated as a special form of MIR (44)] were used to calculate electron density maps. Most of the phasing 
mophila rRNA intron' lJrovide sta- power is contributed from the anomalous data. Model building was accomplished with the program 0 
bilization of the active structure (6). (45). The CNS package was used for rigid-body refinement and energy minimization of the model (46). 

The 5' splice site phosphate follows a Crystallographic refinement is not feasible at this resolution. Iso./disp., isomorphous or dispersive; Anom., 
uridine recognized in the context of a UeG anomalous. 
wobble pair within the short hairpin duplex. 
P1. Docking of P1 into the ribozyme core Rrnerge (%I Phasing power? 

Reso- Com- 
involves the 5415 and 5817 joining regions of Dataset A (A) lution pleteness R5ym* 

the intron (3, 7-9). The guanosine-binding ( 4  (%) ( %  Is0.1 
disp. Anom. 

site (within P7) binds a guanosine nucleoside disp. 

and activates its 3 '  hydroxyl for the first ~~~i~~ 1.0000 5.00 99.2 5.2 - - - - 

transesterification reaction, which liberates EUCI, 1.7748 5.50 94.9 5.6 15.2 6.3 1.34 2.20 
the 5' exon and links the guanosine substrate SmAc 1.8438 5.70 99.1 6.1 10.4 7.2 1.34 2.03 
to the 5' end of the intron. An obligate con- OSHex 1.1403 5.00 98.4 5.5 11.4 5.2 1.14 2.23 

SmAc ( h l )  1.8433 5.50 93.2 7.3 - - - - 
SmAc (h2) 1.8439 5.50 94.4 6.5 6.6 6.5 0.13 1.45 

Howard Hughes Medical Institute, Department of SmAc b 3 )  5.50 93.2 6.8 6.4 4.4 0.63 1.34 
Chemistry and Biochemistry, University of Colorado, OsHex (h l )  1.1407 5.00 99.4 4.6 - - - - 
Boulder, CO 80309-0215, USA. OsHex(A2) 1.1400 5.00 99.3 5.0 4.1 6.8 0.16 2.50 

OsHex (A3) 1.1 190 5.00 99.3 4.6 4.6 4.1 
*To whom correspondence should be addressed. E- 

1.08 2.70 

mail: bgolden@petunia.colorado.edu (B.L.C.); Thomas. Overall figure of merit: 0.603. * R  = 1 - 1 1  I *Phasing power is F,IE for the isomorphous or 
Cech@colorado.edu (T.R.C.). dispersive case and 2F,IE for the anomalous case. 
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be defined at this resolution. However, spatial 
proximities can be determined and used to 
propose specific interactions that can be test- 
ed in the future. 

Within the ribozyme crystal structure, the 
P4-P6 domain appears largely unchanged 
from the previously determined 2.8 A struc- 
ture of the isolated domain (12). This is ap- 
parent from the preservation of heavy-atom 
binding sites (Table 2) (15) and from the 
experimental electron density map (16). The 
P4-P6 domain is hairpin shaped, consisting of 
two coaxially stacked helical regions separat- 
ed by a sharp bend (Fig. 3A). The mainte- 
nance of the three-dimensional (3D) structure 
of this RNA domain in two different molec- 
ular contexts (as a free domain and as a 
portion of an active ribozyme) and in com- 
pletely different crystal packing arrange- 
ments is encouraging for the field of large 
RNA crystallography. 

The P3-P9 domain, which had not been 
crystallized previously, wraps around the P4- 
P6 domain. It makes an extensive and inti- 
mate interface with P4-P6, completing the 
active site of the intron (Fig. 3). Within the 
folded structure, the surface area buried by 
this domain-domain interaction was calculat- 
ed to be -1475 A2 (1 7). P3-P9 is composed 
of five helices. In the structure, four of these 
(P8, P3, P7, and P9.0) are coaxially stacked 
to form a bent pseudocontinuous helix. The 
bend, localized between the P3 and P7 helices 
and within P7 itself, is -50". The P9 helix is 
not coaxial with the others, making a -90" 
bend to interact with the minor groove face of 
P5 within the P4-P6 domain. Of the helical 
elements within the P3-P9 domain, only P8 
lacks a significant interface with the P4-P6 
domain. 

The ribozyme is much wider than a 
single A-form helix in every dimension. 
The height of the ribozyme is the same as 
that of the isolated P4-P6, - 1 10 A tall (12). 
The ribozyme is about 65 A wide at the 
junction of the two domains. The P3-P9 
domain is -95 A tall and one helix wide 
throughout its most of its length, although 
the bends give it a larger width overall. As 
a comparison, the restriction endonuclease 
Eco RI, which also recognizes a nucleic 
acid duplex, is a dimer with dimensions of 
only -40 to 60 A in each direction (18). 
The size difference between the enzyme 

Table 2. Interatomic distances between heavy 
atoms (in angstroms). 

RN A ELI-Osl ELI-Os2 Osl-0s2 

P4-P6 (75) 25.8 32.4 30.7 
Molecule A* 25.7 33.2 30.5 
Molecule B* 24.1 32.3 30.6 

'The two 247-nucleotide ribozymes in the asymmetric 
unit. 

and the ribozyme suggests that it may be except at the very 3' terminus. The close 
possible to build an active site more effi- similarity of the core of these two molecules 
ciently using amino acids than nucleotides. in spite of different crystallographic environ- 

The crystals contain two molecules of the ments suggests that the active-site structure is 
ribozyme per asymmetric unit. The confor- stable and not very susceptible to deforma- 
mation of these molecules is nearly identical tion. One molecule (molecule A) has wG 

U - A  
C - G  

-A - u 
P6b;:; 

A - U 
G - c-240 
G '  A 

A G 

Fig. 1. Secondary structure and crystal 
structure of the Tetrahymena ribozyme. 
(A) The base sequence identifies nucleo- 
tides present in the crystallized RNA, 
numbered according to the full-length in- 
tron. Conserved helical (paired) elements 
are designated P I  through P9.2, and join- 
ing regions are designated with a "J". The 
5' splice site (asterisk) resides in the P I  
helix, which is not present in the crystal- 
lized ribozyme. Other helical elements 
not shown are indicated by a dashed line. 
There are two regions of non-native se- 
quence: nucleotides 235 to  239 have 
been replaced with a GAGA tetraloop, 
and nucleotides 322 to  326 have been 
replaced with the sequence CGAAA in an 
attempt t o  stabilize the P9 hairpin (47). 
(B) Crystal structure of the Tetrahymena 
rRNA intron viewed down the 'edge" of 
the P4-P6 domain. The helices and loops 
are colored as in (A). In this orientation, 
the helices on the right side of the sec- 
ondary structure in (A) are closest to  the 
front, and the elements on the left in the 
secondary structure are farther away. Ex- 
cept where indicated, molecular struc- 
tures were generated with Insight II (Bio- 
sym Technologies, San Diego, California). 

9 OCT 'OBER 1998 VOL 282 SCIENCE www.sciencemag.org 



docked in or near the guanosine-binding site eight residues form a double helix with a pied and places wG in the vicinity of the P1- 
in P7, as expected. In the second molecule symmetry-related molecule via perfect Wat- biding site of the ribozyme. 
(molecule B), the last nine nucleotides are in son-Crick complementarity. This leaves the Organization of the interdomain junc- 
a non-native conformation; the penultimate guanosine-binding site of the molecule unoccu- tion. Inspection of the secondary structures 

of group I introns shows that the junction of 
thettwo domains involves the close approach 
of the P4, P6, P3, and P7 helices (Fig. 1A). 
Assembly of these helices into a catalytic 
conformation is mediated in part by base 
triules involving 5314 and 5617 (19, 20). In the 
ribozyme structure, the electron density for 
the RNA backbone supports the presence of 
the expected triple helical array. This is in 
contrast to the crystal structure of the isolated 
P4-P6 domain, where this scaffold of base 
triples is not formed as predicted (12), due in 
part to a crystal contact. Independent evi- 
dence for this change in structure is the loss 
of an osmium hexammindinding site in- 
volving nucleotides A256 and G257 in going 
from the isolated domain (15) to the ri- 
bozyme. This suggests that these ligands to 
this heavy atom have shifted position. 

The three residues of the 5314 segment 
link the two domains of the ribozyme core. 
The first residue, A104, stacks directly upon -... .. 

Fig. 2. The solvent-flattened experimental electron density map (pink net) in the vicinity of helix the ~3 helix and is in a position to fo& a 
P5b, calculated at 5 a resolution and contoured at 1 a. Atoms are colored as follows: green, carbon; 
blue, nitrogen; red, oxygen; violet, phosphate. potential quartet with A270, C2 17, and A256, 

thereby bridging the P3-P9 and P4-P6 do- 
mains. The final two, A105 and U106, appear -- -.. ---- 

to be involved in the minor groove G l e s  
predicted by comparative sequence analysis 
of phylogenetically distinct RNAs (Fig. 1A) 
(19). 

The P3 helix stacks directly beneath the 
J314 linker and is oriented by minor groove 
interdigitation with J616a in the P4-P6 do- 
main (Fig. 4). J616a is double-helical, pre- 
sumably held together by non-Watson-Crick 
base pairs. It has a widened minor groove that 
appears to facilitate its interaction with P3. A 
U-U base pair in P3 provides a constriction in 
this helix that may accommodate the close 
approach of backbones in this region. The 
structure of J616a within the ribozyme differs 
from its structure in the isolated P4-P6 do- 
main where the J616a internal loop is in- 
volved in a crystal contact, forming a base 
platform that allows the non-native tertiary 
contact (21). 

A series of interactions contributes to ori- 
entation of the P7 helix. The minor-groove 
base triples involving J314 help to bridge the 
interaction between P7 and P4. The 5' strand 
of P7 and residues 104 through 107 within 
5314 and P4 are characterized by a very close 
approach of phosphate groups of the RNA 
backbone. The conformation in this region is 
reminiscent of the structure seen in loop E of 
5 s  rRNA (22), where well-ordered magne- 
sium ions bridge the close approach of the 
backbone. Although we cannot place magne- 
sium ions with confidence at this resolution, 
there is density in IF, - F, I maps for poten- 
tial magnesium ligands at several of these 
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positions. Additionally, at many of these nu- 
cleotides, substitution of phosphorothioates, 
which disrupts Mg2+ binding, is inhibitory to 
catalysis (23). 

Base triples involving the 5617 region of 
the intron also help to orient the P7 helix. The 
5617 region is a three-nucleotide spacer that 
must span the length of P7 (Fig. I), and thus 
limits the orientation of the guanosine-bind- 
ing site with respect to P4-P6. The first two 
nucleotides in 5617 are involved in major 
groove triples to P4 (19). The last nucleotide, 
A261, bridges the gap to the top of P7. 

An interdomain strut. Tetraloops are a 
recurring motif in RNA secondary structure 
and can often mediate tertiary interactions (3, 
12, 24, 25). In the current structure, the L9 
tetraloop is located in proximity to P5. L9 
was modeled as a standard GAAA tetraloop 
(25, 26). The resulting orientation has the 
tetraloop docked into the minor groove of P5 
at base pairs G 1 18 through C203 and G 1 19 
through U202, in accordance with a previous 
prediction (3). The importance of this inter- 
action is supported by site-specific disruption 
of this interdomain tertiary contact (27), 
which significantly destabilizes the intron. 
Protection of P5 by P9 occurs as an early step 
in the folding of the P3-P9 domain (28), 
suggesting this interaction may be important 
for the kinetic folding pathway as well as the 

erate magnesium ion concentrations, does not 
restore full catalytic activity (29). This sup- 
ports the notion that the hinge region, as well 
as the base pairs in P5, serve to form a more 
complex "receptor" for L9 than previously 
predicted. Buttressing of minor groove-tetra- 
loop interactions by additional tertiary con- 
tacts may be a common theme in highly 
structured RNAs. 

The two substrate-binding sites. The 
guanosine-binding site (G site) of the intron 
is located within the P7 helix, where hy- 
drogen-bonding promotes nucleophile rec- 
ognition (10). The adjacent A265-U310 base 
pair has also been implicated in guanosine biid- 
ing (30). In the crystal structure, it is apparent 
that the P7 helix deviates significantly from 
A-form geometry (Fig. 6A). This is likely due, 
at least in part, to A263, which is currently 
modeled as unpaired and stacked within the P7 
helix. The orientation of this nucleotide, and 
thus the conformation of P7, is probably stabi- 
lized by backbone-backbone interactions with 
P4 in the vicinity of U106 and U107. The 
distortion results in compression of the major 
groove and provides a snug binding site for the 
guanosine substrate (31). This finding may ex- 
plain a previous conundrum: if guanosine bind- 
ing only required two specific base pairs in a 
helix, many double-stranded regions of RNA 
would be high-affinity guanosine-binding sites. 

pair and places A306 well within the G site. 
This also explains the strong conservation of 
A306 and residues at the bottom of P7 (in- 
cluding U307 and A308) which are adjacent 
to the guanosine substrate in the 3D structure. 
The resulting geometry also places A261 
quite close in space to the other partner in the 
"gateway." 

The second substrate of the group I ri- 
bozyme is the 5' splice site, located within 
the P1 duplex. P1 is not present in the ri- 
bozyme that was crystallized. However, a 
model for the interaction of P1 and the 5415 
region of the ribozyme has been proposed on 
the basis of functional group substitution data 
(9), and superposition of this model on the 
crystal structure of the ribozyme now pro- 
vides a preliminary view of Pl's interaction 
with the ribozyme core. The ribozyme pro- 
vides a concave binding site for an A-form 
duplex (Fig. 6B). The "sides" of this pocket 
are 5415 and P3, and the "floor" is 5817. Thus, 
while the ribozyme core structure would be 
expected to be that of the "open complex" 
with P1 undocked (32), little reorganization 
of the core is required to accommodate bind- 
ing ofP1. 

The connecting strand 5817 is also in- 
volved in binding P1 (8), and its conforma- 
tion in the crystal is consistent with it con- 

stability of the fblded structure. Instead, we see that the P7 helix has a special A j*.%?ti's 
In the ribo7yme crystal structure, there is structure that we propose contributes to binding 6 ;  

A& 

potential for additional interactions between affinity. 
L9 and the hinge region of P4-P6 (Fig. 5). In From the crystal structure, A306 and 
particular, A125 is in a position to stack upon A261 are identified as forming a "gateway" 
the tetraloop. It has been noted that replace- to the G site. A306 of the 5817 single-stranded 
ment of the P4-P6 hinge region with oligouri- region is stacked beneath residue 307, poten- 
dine is somewhat destabilizing and, while tially forming a sheared pair with A269. This 
sufficient to fold the P4-P6 domain at mod- effectively extends the P7 helix by one base 

_. 4. The ribozyme core is formed by the j u ~  n of four helices, P3 (orange), P4 (yellow), P6 
(pink), and P7 (green). P4 and P6 are coaxially stacked, but there is a bend between P3 and P7. Thus, 
while P3 and P6 are nearly perpendicular, there is only a -30" angle between P7 and P4. The 1314 
segment (dark blue), which is involved in minor-groove base triples to  P6, mediates the interaction 
between P7 and P6, thereby helping t o  orient the guanosine binding site (within P7) with respect 
to  the P4-P6 domain. The second linker, 1617 (violet, on the far side of P7), makes base triples within 
the major groove of P4 and also helps to  define the conformation of P7, perhaps stabilizing the 
bend within this helix. 

Fig. 5. Schematic (A) and 3D (B) representa- 
tions of the model for the interaction between 
P5 and P9. The CAAA tetraloop (blue) that caps 
P9 (violet) interacts with nucleotides 118 and 
119, and 202 and 203 of P5 (green). This te- 
traloopminor groove interaction is similar to  
that seen in the hammerhead crystal structure 
(25), but it is buttressed by additional interac- 
tions such as stacking with A125 (pink). 
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tributing to such a binding site. The first three 
nucleotides of 5817 (nucleotides 300 through 
302) are stacked with nearly A-form geome- 
try. This conformation is stabilized by inter- 
actions between two adenosine bases in J817 
(nucleotides 301 and 302) and the backbone 
of P3 (near A269). This base-backbone inter- 
action may be mediated by a magnesium ion, 
which is supported by solution-probing data 
(33). Following residue 302, a sharp bend 
points the bases of residues 303 and 304 out, 
toward P1. The next J817 base, U305, is then 
in position to make the major-groove triple 
with base pair 5 of P4, as proposed from 
site-specific mutational analysis (34). In this 
model for the PI-ribozyme interaction, the 
phosphate that defines the 5' splice site is 
well-placed with respect to the binding site 
for the guanosine nucleophile (Fig. 6A). 

Group I introns are metalloenzymes and 
require divalent metal ions, Mg2' or Mn2+, 
for catalysis (35). Even at 5 a resolution, it is 
tempting to speculate which functional 
groups within the active site could bind to the 
metals that participate in catalysis. There are 
four phosphate positions-A306, A261, 
A207, and C208-that span the "gateway" to 
the guanosine-binding site. These phosphate 
groups have previously been identified as 
sites of phosphorothioate interference (23). 
When P1 is docked as described above, these 
four groups surround the phosphate at the 5' 
splice site. These are excellent candidates for 
ligands to catalytic metals, and further bio- 
chemical analysis will test this proposal. 

Comparisons with previous data. All of 
the helices that were predicted to form by phy- 
logeny and mutational analyses (3, 4) could be 
modeled into the experimental electron density 
map. Furthermore, many of the positions along 
the backbone that are sensitive to phosphoro- 
thioate substitution (23) are at the domain in- 
terface. Electron microscopy of the I11-length 
Tetrahymena intron revealed a globular mole- 
cule with a diameter of -1 16 A (36). Consid- 
ering that the P1-P2 domain and helices P9.1 
and P9.2 are deleted, the dimensions of the 
ribozyme in the crystal structure are consistent 
with the electron micrographs. Introns in which 
P6b and P8 were extended by -80 base pairs 
were also visualized by electron microscopy 
(3 7). This allowed the angle between these two 
helical elements to be estimated as -90°, in 
agreement with the angle measured in the crys- 
tal structure. 

It has been proposed that modeling of 3D 
structure from sequence information might be 
more successful for RNA than for protein 
because of the hierarchical nature of RNA 
folding: sequence determines a very stable 
secondary structure, which is then maintained 
when tertiary structure forms. Michel and 
Westhof constructed a model of the Tetrahy- 
menu ribozyme core based mainly on com- 
parative sequence analysis and stereochemi- 
cal constraints, with biochemical testing of 
certain proposed interactions (3, 38). The 
overall architecture of the Michel-Westhof 
model agrees extremely well with the crystal 
structure; local interactions sometimes differ, 

Fig. 6. (A) The model for Pl's interaction with the ribozyme juxtaposes the guanosine-binding site 
and the 5' splice site. The nuclear magnetic resonance structure of P1 (48) was positioned relative 
to J415 using the model of Strobel et al. (9). The resulting model places the 5' splice site in close 
proximity to the guanosine substrate-binding site within P7. The P7 helix (green) is represented as 
a surface with the G264-C311 base pair highlighted in darker green. One of the "gateway" 
nucleotides, A306, is also rendered in dark green. For reference, a guanosine molecule has been 
placed within hydrogen-bonding distance of C264 (lo), although its precise orientation, and 
therefore the distance between the guanosine 3'-hydroxyl and 5 '  splice site, is not well determined 
at  this resolution. The PI duplex is shown in blue, and the phosphate at the 5' splice site is shown 
as a pink CPK (Corey-Pauling-Koltun) atom. (8) A shallow cleft on the ribozyme forms the P l  
binding site. The molecular surface of the ribozyme was created using GRASP (77), and the contacts 
to PI [modeled as in (A)] are highlighted. Red represents direct contacts, and green represents the 
surface within 3 A of PI. 

especially in the regions where the sequence 
is highly conserved or where the interactions 
are not Watson-Crick pairing. The overall 
agreement should be considered a real tri- 
umph for RNA modeling: it is possible to 
predict a 3D fold of an RNA in the absence of 
any solved structure of a related molecule. 

A continuing concern in RNA crystallog- 
raphy is crystallization of a conformation that 
deviates significantly from the catalytically 
relevant structure (39). This concern arises 
both from solution studies that reveal RNA 
enzymes to be much more dynamic than their 
protein counterparts (40) and from crystallo- 
graphic investigations that reveal native sec- 
ondary, but not tertiary structures (41). It is 
therefore encouraging to see that the crystal 
structure of the Tetrahymena ribozyme core 
is consistent with a large body of biochemical 
data. The relevant structure is retained in the 
absence of the P1-P2 domain, and, in the case 
of molecule B, in the absence of bound 
guanosine. Thus, in contrast to the small ri- 
bozymes, such as the hammerhead RNA, 
group I introns appear to be largely preorga- 
nized to bind their substrates. 
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