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Crystal Structure of a Group I 
Ribozyme Domain: Principles of 

RNA Packing 
Jamie H. Cate, Anne R. Gooding, Elaine Podell, Kaihong Zhou, 

Barbara L. Golden, Craig E. Kundrot, Thomas R. Cech,* 
Jennifer A. Doudna* 

Group I self-splicing introns catalyze their own excision from precursor RNAs by way of 
a two-step transesterification reaction. The catalytic core of these ribozymes is formed 
by two structural domains. The 2.8-angstrom crystal structure of one of these, the P4-P6 
domain of the Tetrahymena thermophila intron, is described. In the 160-nucleotide 
domain, a sharp bend allows stacked helices of the conserved core to pack alongside 
helices of an adjacent region. Two specific long-range interactions clamp the two halves 
of the domain together: a two-Mg2+-coordinated adenosine-rich corkscrew plugs into 
the minor groove of a helix, and a GAAA hairpin loop binds to a conserved 11 -nucleotide 
internal loop. Metal- and ribose-mediated backbone contacts further stabilize the close 
side-by-side helical packing. The structure indicates the extent of RNA packing required 
for the function of large ribozymes, the spliceosome, and the ribosome. 

r v N A can both encode genetic informa
tion and catalyze biochemical reactions. 
T h e paradigm for genetic coding is the for
mation of a double helix involving Watson-
Crick base pairs. R N A catalysts, however, 
form more complex three-dimensional 
structures whose folds remain a mystery. 
Even in the well-studied class of ribozymes 
called group I self-splicing introns, only a 
handful of non-Watson-Cr ick contacts 
have been identified. These introns, de
fined by a common secondary structure and 
reaction pathway (1,2) (Fig. 1), form an 
active site for consecutive phosphodiester 
exchange reactions that produce properly 
spliced RNAs. Evidence for a globular con
formation and a relatively solvent-inacces
sible core came from free-radical cleavage 
experiments on the group I intron from 
Tetrahymena thermophila (3-5). Divalent 
metal ions play a direct role both in the 
formation of this structure and in catalysis 
(3,5-8). 

Using comparative sequence analysis, 
Michel and Westhof modeled the con
served core of group I introns as two sets of 
coaxially stacked helices juxtaposed to cre
ate the active site (9). In the Tetrahymena 
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intron, these helices reside in two domains 
of about equal size, P4-P6 and P3-P9 (Fig. 
1). Chemical protection experiments sug
gested that the P4-P6 region of the Tetra
hymena intron folds as an independent unit 
(3 , 5) (Fig. 1). W h e n separated from the 
other half of the intron, the P4-P6 R N A 
adopts the same secondary structure and 
higher order folding that it has in the intact 
intron (10-12). Furthermore, the P4-P6 do
main assembles in trans with the remaining 
regions of the intron to form a catalytically 
active complex (13). T h e P4-P6 domain is 
also the first higher order structure to form 
on the kinetic folding pathway of the intron 
(14). 

T h e Tetrahymena P4-P6 domain con
tains roughly half of the active site of the 
intron—base-paired (P) segments P4, P5, 
and P6 and joining (J) regions J3/4, J6/7, 
and J4/5. These conserved elements are 
found in the catalytic cores of all group I 
introns (15-17) (Fig. 1). T h e P4-P6 domain 
also contains the P5abc extension (P5a, 
P5b, and P5c) found only in the IC1 and 
IC2 subclasses of group I introns (9, 18). 
Group I introns containing the extension 
require it for efficient catalysis, whereas 
those without it typically have either addi
tional structural elements not found in the 
Tetrahymena-like introns or essential pro
tein cofactors that bind in the P4-P6 region 
(19). Deletion of P5abc from the Tetrahy
mena intron abolishes splicing activity ex
cept in the presence of high concentrat ions 
of magnesium ions (20). Splicing activity is 
restored at low ionic strength by supplying 
the PSabc region in trans (21). These re

sults are consistent with the idea that the 
P5abc extension stabilizes the active con
formation of the R N A through interactions 
near the core. Indeed, a model of the do
main, built on the basis of site-specific mu
tagenesis and chemical probing, predicted a 
sharp bend in J5/5a (Fig. 1) to allow the 
P5abc extension to lie alongside P4, P6, and 
P6a (10). 

T h e detailed structures of group I introns 
are unknown, although a few specific ter
tiary contacts have been identified on the 
basis of site-directed mutagenesis, chemical 
protection, and phylogenetic comparisons 
(17). Modeling efforts are limited by the 
small number of atomic resolution R N A 
structures available. T h e crystal structures 
of several transfer RNAs [~76 nucleotides 
(nt)] have been known for many years (22-
26). More recently, two crystal structures of 
hammerhead ribozymes (—50 nt) have 
been determined (27, 28), and the solution 
structures of several R N A motifs have been 
investigated by nuclear magnetic resonance 
(NMR) (29). Our knowledge of the three-
dimensional structure of R N A has come 
from these few examples of relatively small 
molecules. 

W e present here the x-ray crystal struc
ture of the 160-nt P4-P6 domain from the 
Tetrahymena group I intron at 2.8 A reso
lution. T h e structure reveals various long-
range interactions required to stabilize large 
RNAs such as group I and group II introns, 
RNase P RNA, and ribosomal and spliceo-
somal RNAs. These include contacts in
volving noncanonically paired or "bulge" 
regions interspersed between helices, back
bone-backbone interactions, metal binding 
sites, and interactions involving a G A A A 
tetraloop. T h e structure shows how RNA, 
though limited to four rather similar build
ing blocks, can nevertheless assemble to 
produce a complex globular fold. 

S t ruc ture determinat ion and overview. 
P4-P6 R N A was synthesized in vitro with 
the use of T7 R N A polymerase and purified 
by gel electrophoresis (30). Crystals of the 
R N A were grown in 60 mM potassium ca-
codylate (pH 6), 30 mM magnesium chlo
ride, 0.3 mM spermine, and 0.2 to 1.0 mM 
cobalt hexammine chloride by vapor diffu
sion with methylpentanediol as a precipi
tant. T h e crystals belong to space group 
P212121 (30) with two P4-P6 molecules in 
the asymmetric unit and diffract anisotropi-
cally (2.8 to 2.5 A resolution). T h e crystal 
structure of the P4-P6 domain R N A was 
solved by multiwavelength anomalous dif
fraction (MAD) and single isomorphous re
placement (SIR) with the use of an osmium 
derivative (Table 1). Crystals soaked in so
lutions containing 0.2 to 0.4 mM osmium 
hexammine triflate (31) produced an osmi
um derivative as identified by standard dif-
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ference Patterson methods. Two data sets 
measured from an osmium derivative crystal 
at wavelengths near the osmium LIII ab- 
sorption edge were combined with data 
from a cobalt hexammine derivative crystal 
to calculate the initial electron density 
maps. The final experimental map was gen- 
erated with phases from the above data sets, 
followed by density modification. The high 
quality of this map allowed correct position- 
ing of the nucleotide sequence during mod- 
el building. The register of the sequence was 
later confirmed by difference Fourier anal- 
ysis of 5-iodouracil derivatives at nucleo- 
tides 241, 253, 258, and 259 (32). The 
current model consists of 154 nt in mole- 
cule A, 154 nt in molecule 3, and a total of 
28 metals and six waters (33). A full ac- 
count of the structure determination and 
refinement will be published elsewhere (34). 

The secondary structure of the P4-P6 
domain (Fig. 1) is color coded to highlight 
areas of functional interest, and the crystal 
structure with the same color coding is 
shown in Fig. 2. Of the paired regions in 
Fig. 1, only P6 is not formed as predicted in 
the secondary structure. Throughout the 
molecule, altered major and minor groove 
widths characterize regions of interhelical 
contact as well as segments of non-Watson- 
Crick pairing. Only helices P6b and P5b 
have uninterrupted canonical A-form ge- 
ometry (35). 

The molecule comprises two helical re- 
gions that pack side by side with over%ll 
dimensions of about 110 by 50 by 25 A. 
Helices P6b, P6a, P6, P4, and P5 form a 
straight column on one side of the mole- 
cule, and helices P5b and P5a are stacked 
on the other. A bend of -150" between 
helices P5 and P5a allows the P5abc exten- 
sion to interact with one helical face of the 
conserved core region. The three-way junc- 
tion of helices P5a, P5b, and P5c is but- 
tressed by an adenosine-rich motif referred 
to as the A-rich bulge. The P5c region 
protrudes from the plane of the helical 
stacks (Fig. 2, B and C).Two major sets of 
tertiary interactions stabilize packing of the 
P5abc extension against helices of the con- 
served core. These two contacts can be 
viewed as a clamp on the back of the core 
that presents P4 and P6 to the rest of the 
RNA in the intact intron. The first of these 
occurs between the minor groove of the P4 
helix and residues in the A-rich bulge. The 
second links the minor groove of J6a/6b and 
P6a to the GAAA tetraloop at the end of 
P5b. The overall fold seen in the x-ray 
crystal structure is in agreement with previ- 
ous biochemical studies, as described below. 

A-rich bulge bridges two parallel helical 
stacks. Group I intron subclasses IB and IC 
often contain an asymmetric A-rich bulge 
in P5a (9) (Figs. 1 and 2). The size of the 

bulge and its distance from P4 are con- 
served (18). Within the A-rich bulge se- 
quence, A184 and A186 are invariant, and 
A183 is highly conserved. Structural inter- 
actions involving the bulge are critical to 
the folding of the entire P4-P6 domain. For 
example, deletion of the A-rich bulge or a 
point mutation of A186 to U disrupts the 
global structure of the domain (10, 36). 
The A-rich bulge nucleates folding of a 
substructure within the molecule, which in- 
cludes the bulge and the three-helix junc- 
tion of P5a, P5b, and P5c (10, 36). Base- 
pair substitutions in the third base pair of 
P4 decrease intron splicing activity; this has 
been ascribed to disruption of a tergiary 
interaction between this base pair and 
A183 or a neighboring base in the A-rich 
bulge (37). 

In the cmstal structure. the backbone of 
the A-rich bulge makes a corkscrew turn 
(Fig. 3, A to C). Its bases are flipped out and 
interact with adjacent residues of the P4 
helix on one side and the three-helix junc- 
tion on the other. The four adenosines of 
the bulge are involved in stacking interac- 

tions and an intricate network of hydrogen 
bonds (Table 2). Phosphates in the back- 
bone of the bulge are packed unusually 
close together, with 3 A between the closest 
phosphate oxygens. These phosphate oxy- 
gens directly coordinate two magnesium 
ions, clearly visible in the experimental 
electron density map (Fig. 3, A and C). The 
metals form an approximate axis of helical 
symmetry with respect to the backbone, 
extending from A183 to A187. 

Whereas the first two adenosines bind 
the minor groove of P4, the last two bind 
in pockets at the three-helix junction. 
Critical to the stability of the P4-P6 do- 
main, A186 is nestled in a pocket formed 
by the minor groove face of the 
C137sG181 base pair in P5a and residue 
G164 at the top of P5b (Fig. 3D). All four 
2'-hydroxyl groups are involved in hydro- 
gen bonds in this 4-nt interaction. In ad- 
dition, A186 stacks on two sheared G-A 
base pairs at the top of P5b, and these base 
pairs contribute to the conformation of 
the three-helix junction. 

The observed interactions agree well 
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Fig. 1. The P4-P6 domain is a central 
component of the self-splicing group I in- 
tron from Tetrahymena thermophila. A 
schematic representation of the intron is 
shown above, with the phylogenetically 
conserved catalytic core shaded in gray. 
Helical regions are numbered sequentially 
through the sequence; P, paired region: J. 
joining region. Arrows indicate 5' and 3' 
splice sites. The sequence of P4-P6, en- 
larged at left, includes 160 nt that fold in- 
dependently of the rest of the intron. Two 
guanosine nucleotides were included at 

A-U the 5' end of the RNA to permit in vitro 
c 4  transcription with T7  RNA polymerase. 

. .  A A-U 
e c  Nucleotides are highlighted as follows: in 

light blue and in red, part of the conserved 
core: in orange, the A-rich bulge required 
for proper P4-P6 folding; in gold, the GA4A 

tetraloop: in green, the conserved 11 -nt tetraloop receptor; and in gray, P5c. The P5a, P5b, and P5c 
helices are referred to as the P5abc extension, and the junction of these three is abbreviated 3HJ. 
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with biochemical data for the P4-P6 do- Site-directed mutaeenesis and chemical in the P4 helix contacts either A183 or a 
main alone and within the intact intron. protection studies (37) indicated that G212 neighbor in the A-rich bulge; the observed 

interaction is with A184. Methylation of 
the N1 of adenosine by dimethyl sulfate 
occurs at A183 and A187. consistent with 

Fig. 
struc 
core 
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the exposure of these bases in the structure 
(10). Most significantly, the extreme sensi- 
tivity of global domain structure to muta- 
tions in the A-rich bulge (10, 36) is ex- 
plained by the network of hydrogen bonds 
that cross-stitch the two helical halves of 
the domain in this region. 

Tetraloop interaction with 1 l-nucleo- 
tide tetraloop receptor. Large structured 
RNAs, including ribosomal RNA and self- 
splicing introns, frequently contain hairpin 
loops of sequence GNRA (N, any nucleo- 
tide; R, purine nucleotide) (38). Costa and 
Michel (39) observed that the GAAA sub- 
class of these loo~s  is often found toeether 
with an 11-nt moiif, and they demonsirated 
specific interaction between these two ele- 
ments in self-splicing introns. The canoni- 
cal 11-nt tetraloop receptor is found in the 
P4-P6 domain. Centered in J6a/6b, it con- 
sists of two adjacent C-G base pairs, a 5-nt 
internal loop, and a G-U base pair (Fig. 1). 
Previous chemical protection and mutagen- 
esis studies (10) suggested an interaction 
between the bottom CG pair of P6a and 
the last A of the GAAA loop. 

The P4-P6 crystal structure now pro- 
vides an atomic-resolution view of the 
GAAA loop-receptor interaction (Fig. 4, A 
and B). The conformation of the tetraloop 
is virtually identical to that observed by 
NMR (40) and in the crystal structure of a 
hammerhead ribozyme (41 ), suggesting that 
it is a relatively rigid unit. All of the loop 
nucleotides are in the anti conformation. 
The loop docks in the minor groove with 
the P5b and P6a helices at an approximate 
30" angle. The three adenine bases are 
stacked on the bases on the 5' side of the 
tetraloop receptor helix. Stacking is facili- 
tated by adjacent adenosines in the receptor 
internal loop that stack across the helix, 
forming an adenosine platform motif (42). 
This unusual side-by-side configuration of 
adenosines results in a kink in the ribose 
backbone that opens up the minor groove 
of the tetraloop receptor. Although the tetra- 
loop receptor is an asymmetric internal 
loop, which might have been predicted to 
result in a kink or bend, its structure pro- 
vides nearly coaxial alignment of the flank- 
ing helices. 

In addition to stacking, each adenosine 
in the GAAA loop makes specific hydrogen 
bonds to the tetraloop receptor. This re- 
veals why the loop-receptor interaction is 

- .  - -  
(green) and the ~ ' t & r a l o o p  (gold). (6) View of k e  'struc&e from the side, facing the'core. ' ~ h e  So sequence-s~ecitic: each A 0t the tetra- 
domain is about one helix thick in this dimension (-25 A), except for the P5c helix and loop (gray). (C) loop is involved in hydrogen bonds specific 
Stereo representation of the structure from the opposite side (1 80" from Fig. 2A). This and subsequent to the adenine base. The first A of GAAA 
figures, except where stated, were generated with RIBBONS (67). is part of an A-USA triple (Fig. 4C). The U 
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Jips into the pla~-ie of the two allenines anLl 
makes a reverje-Hiiogstee~~ pair \\-ith the 
aiiel-iil-ie of the recept~Jr. T h e  two acienine\ 
L)rm a 57-mmetric h.A pair as ilescril~eii for 
an  ~n te rna l  loop of tlie HIV-1 Rev resp~in- 
sive e l e~ l l e~ i t  (41-45). Tlie seco~lil A 
( G A A A )  stacks o n  top of this triple and 
l-ilakes three r11:ose-mediatell c i i ~ ~ t a i t s  jF1g. 
4D).  T h e  thiril A ( G A A A )  h r m s  a t r~p le  
n l t h  tlie preLilcteil C.G bclse pair ( I ? )  in 
addition to its zheareii G.A pairlng to the G 
of the  tetraloop (4C. 41 ) (Fig. 4E). hlodel- 
ing of G in place of the se ionJ  or third A of 
the loop introduces steric clashes \\-it11 the 
tetrdlc~op receptor, ~ l i i c h  is c l i ~ i s ~ s t e ~ l t  \\-it11 
the obserx~ed destabiliring effects of these 
ml l t a t io~~s  (IL?).  Llany of the contacts 1.e- 
t\veen the tetralooLi and the l-ilinor groove 
~ ~ - i ~ - o l v e  2'-hi-droxyl groups, a. ohserl-eLl 
in an  intermolecular c~ in tac t  betn.een a tetr,l- 
loop anii a lnlnor groove in a ham~l - i e rhsa~~  
riboryme crystal (41 ) .  

Close packing of helices tnediated by 
rihoses and metals. T h e  A-rich 1:lllge and 
G A A A  tetraloop Interactions ilescr~bed 
abol-e 1.ring the tv-i) helical halves of the 
P4-P6 domain into close p r o s i m ~ t ~ - .  Tlie re- 
sult is remarkably snug p,lcki~lg of the rihose- 
phospliate l~ackl-ones. A 1-ium1:sr of ri1:oses 
of the isolated P4-P6 i1omai1-i are inaccessll>le 
to Fs(I1)-EDTh cleax-age (35. 45).  T h e  C4 '  
atoms protected trom free ralilcal reaction lie 
OII the ~nslcie of the surLlce formed 1yy the 
tn.o halves L)f the i io~l ia l~l  anii 111 the re?iL)n 
of the A-rich l?ulge where the hac1;bone is 
buried (Jark blue sphere<, Flg. 5.4). 111 c o ~ l -  
trast, the C 4 '  aton-is that are Fe(11)-EDTA- 
accesjihle in solutio~l (reJ a~i i i  light lllue 
req~ol-is) cover the clutsicie surface of the 
ir\-stal structure. T h e  liyht blue regions are 
prutectell in tlie intact intron. 

There 1s good correlcltion 1:etn.eel-i the 
bclckhone accessihil~ty ~ie ter ln~nei i  hi+ 
chemicallv and c r ~ s t a l l ~ g r a ~ l ~ i c a l l v  (Fig. 
5B). T h e  m,ljclr exceptio~i occurs in the L ic  
I~airpin loop, where interactiol-i. bet\\-een 
~niilecules in the asymmetric ~ l n i t  of the 
crystal cause i~lternali:atio~-i of the back- 
l~one .  111 sc>lution, t h ~ s  region is not priitect- 
ed from Fe(I1)-EDTA cleavage 111 the  so- 
lated Jomain, altllo~lgli it protect- 
eLi in the intact ~~- i t ro~- i .  

The  is>-stal structure re\-eals in Jetail h o ~ v  
a siil~-e~it-~~~~~ccessil\le mc>lccul,lr ~nterior ccln 
be constr~~ctsd from ril~onucleotiilej. Interdig- 
itateil r l1~i . j~ '  line the rcgl~)ns of c1i)sest con- 
tact l~e t~veen  the helical stilcks, Pairs of rlho- 
s e ~  interact by hyllroge~~ l:onillng, fiir~ni~-ie 
"ribose rippers" in the A-rich bulge and tlie 
GA.4.4 tetraloop l o n ~ - r a ~ l ~ e  contacts. For es- 
ample, the 1-acl;ba~lcs iif the A-rich b u l y  anil 
the P4 liel~x interact through the 1'-11y- 
iirosvls of tn-a staggereLl ri1:osea ( F I ~ ,  5C). 
The rilxse :ipper is c11aracter1:ed by sl-iareLl 
hydriqen bonds between the 2'-l~yiiroxyl anLl 

pyrimidi~~e 0 2  (purine Ki) of one base and 
the 2'-h\-drosil ot its partnfr, At  least one 
.iLie of a rll3ose ripper has non-A-form qeom- 
etry (47).  An intermolecular ver\ii)n a 
rihose rlprer 1s r:rese~-it in a crptal i~)~- i tact  
betn-een adjacent tetraloopi of the hammer- 
liead r i l~or~.me (41, figure 1, D anJ  E). 

T h e  close packing of phosphates fro111 
adjacel-it helices is meiiiateil by hy~ l ra te~ l  
m , ~ g n e > i ~ ~ m  ~ol-is. Experilne~ital electron 
liensitv, located ahout 4 A iron1 the nearest 
L~liclsphate osygens, 1s consistent with o l~ te r  
sphere magnesium ion complexes occllrri~lg 

i~etveel-i P4 al-i~l J6/6a, l,et\veen P5 and PSa, 
anLi between PSI: and P6a (Fig, 5D). T h e  
ilistance het\veen phosphate ox\-gens acri12s 
the l-ilajor groove in each helix is 8 to 9 A, 
as n.ol11d 1:s expecteJ for A-form RNA.  
Between ,hel~ceq, the phosphate oxygens are 
7 to 6 A apart anll aliqnecl to h ~ n d  the 
h\-dratecl metal. These c o o r d ~ n a t i i i ~ ~  sites 
rex.eal one o t  tlie ~na jo r  role. long susLxcted 
for Jix-alel-it ~neta ls  111 the i;)lciing of large 
RKA 11-iiilecl1lej (5. A ,  8.  LI8-5C:). 111 these 
cases the metal l~ridges tlie pllospllate hack- 
b o ~ ~ ~ ,  e~ial ' l i~i? c1~)se approach <if adjacent 

Table 1. Summary of crystallograph~c data. Crystals \!')ere grown f r o ~ r  methypentanedol (MPD! as 
descrbed (30). \.:ith subsequent ~ r o d f c a t o n  (34) Crystals were transferred to a soluton containing 25 
percent MPD, 100 r rM potassum cacodyate (pH 6.01, 50 r M  magnesuln chlorde. 0.5 1nM sperliine. 
10 percent sopropancl, and 0.035 to 0.07 r M  cobalt hexammne chloride The osmum dervatve was 
prepwed by substtutng osmilm hexamrne tr~flate (31) for the ccbalt hexam~iine chorde. Crystals 
were flash- froze^! n liqild propane cooled ivitl- I q u d  nirogen, n i t a  Patterson maps were calculated 
f r o r  data to 5.0 A resc l~ t  on collected at 1 6 0 ' C  cn an R-AXIS I i rragng plate area detector equpped 
\.:i~th foc~s ing mrrcrs. Ttie data set Cohex2, ccllected on a MacScence DIP2000 area detector 
eq~ ipped \.:ith focils ng mrrors \.:ias ~ s e d  n cacuatng the f rst traceable electron densty lraps This 
data set ivas later replaced ivith a hgher reso1,lticn cobalt data set (Cohex 1) collected at Corne High 
Energy Synchrctrcti S o ~ r c e  (CHESS) beatnne A-1 . Tlie o s m u r  dervat\!e data \,:iel-e ccllected (I) at the 
peak (h l )  and ( I )  at the frst nfectot i  pont ( 4  of the oslr L r  abso~.ptoti edge at the X-4A beamlne of 
the National Synchrotron Light S o ~ r c e  at Brookha\!en Natona Laboratory. All data sets \!')ere processed 
wt l i  DENZO and scaled iv th  SCALEPACK. Heavy-atotn stes Lvere reined, and multiple isomorphc 
replacernetit (MRi and ano~nalous phases were camp-lted uslng MLPHHPE (63). ln~t~al MAD-SIR 
phases \.:iere lnproved by densty r rodfcaton \!5)1th DM (64). A rotarer library for ribose pc~ckerng 
confor~nations (34) In the nteract\!e mode b t ~ l d n g  was used for program 0 ( 6 3  Pefnerrent of the 
r rcde ayanst the Cohex 1 data set \,:ias carred o ~ t  w th  X-PLOP 3 8 (G6) 

Data set Oshex (XI)  Oshex (h2) Cohexl Cohex2 

Resolut~on (A) 
Reflect~ons 

U n q ~ l e  
Redundancy 
% Comolete 

RS~, , n A  
Phasng: (A1 = nati\;e) 

R,(sc! ac. c'l- 
R (ant!::: 
I u(/! 

Phasing power? 
6.5-5.1 A 
s o  ac, c 
Hno 

Overall 
s o  ac, c 
Atic 

Mean FOM~! 
6 3-3.1 A 
Overall 

Ref~nement 
Reso l~~t~ot i  (A) 
Reflections 

LVorking set (IV) 
Test set (,V) 

Nurber  of atoms (IV) 
R-factoFT 
R-free 
rms= bond (A) 
.Ins ange ( - )  

0 7. 0.6 
0 9 0 6 
DM-ref~tied parameters 
0 65 
0 42 
Cchexl 
5 0-2.5 

After f n a  round of DM 
0 90 
0.71 

, , = ; - i I -iR,(isor. Cu Is Y rato of lack 3f cosu~e to isomo~plio~~s clffe~e~ice. $!*gtiel.e c IS cent~c data 
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strands, as seen in shorter range interactions 
in transfer RNA (51). The details of other 
metal binding interactions in the P4-P6 
RNA are not yet completely known (52). 

The phylogenetically conserved core. 
The sequence of the P4-P6 domain includes 
the J3/4 5' of P4 nucleotides and the J6/7 
nucleotides 3' of P6. In the crystal struc- 
ture, the J6/7 nucleotides interact in the 
major groove of P4, while the J3/4 nucleo- 
tides interact in the minor groove of P6, 
forming a triple helix in the core (53). 
Models of the intron core (9, 54) predicted 
the J3/4 and J6/7 strands to lie in the minor 
and major grooves, respectively, as seen in 
the structure. However, the details of the 
predicted interactions differ substantially 
from the structure. A crystal contact occurs 
between P4-P6 molecules just below P6, 
perhaps widening the helix in this region. 
Furthermore, an unnatural G in J3/4 (in- 
cluded to facilitate transcription of the 
RNA; Fig. 1) base pairs with C217 below 
P6, which may also alter native folding. 
Thus, it is not yet clear whether the de- 
tailed structure in this region is one that is 
relevant to ribozyme function. 

The J4/5 region, a conserved internal 
loop above P4, was predicted by Michel and 
Westhof to interact with the P1 substrate 
helix in the intron core (9). Experimental- 
ly, adenosines in J4/5 crosslink to the G 
that forms a functionally important and 
highly conserved G-U wobble base pair in 
the P1 substrate helix (55). The guanosine- 
nucleophile binding site in P7 (56) is in 
close spacial proximity to J4/5 (57), leading 
to the suggestion that the J4/5 internal loop 
may orient the nucleophile relative to the 
scissile phosphate in PI. Consistent with 
this model, mutation of A1 14 or A207 in 
J4/5 drastically decreases k,,,/K,,., for ri- 
bozyme catalysis (58). 

The crystal structure reveals J4/5 as a 
helical segment in which adjacent ad- 
enosine~ form sheared homopurine base 
pairs (Fig. 6A). This pairing scheme causes 
the N1 and N3 positions of A1 14 and A207 
to protrude into the minor groove, distort- 
ing it away from ideal A-form geometry 
(Fig. 6, A and B). Molecules in the crystal 
lattice interact through asymmetric con- 
tacts between their respective J4/5 regions. 
The minor grooves are opened up and 
packed against each other at an -60" angle, 
with the 2'-hydroxyl of A114 in one mol- 
ecule forming hydrogen bonds to the 2'- 
hydroxyl and N3 positions of A114 in the 
neighboring molecule. Packing of the back- 
bones is mediated by intermolecular hydro- 
gen bonds between residue A210 of one 
molecule and residues A117 and A118 of 
the other. 

This intermolecular docking suggests 
two possible modes of P1 substrate binding 

in the intact intron. In one model, we position occupied by G22 in the P1 helix of 
suppose A114 of one molecule to be at the the intron. The critical 2-amino group of 

Table 2. A-rich bulge hydrogen bonds. 

A-rich bulge H-bond partner A-rich bulge H-bond partner 

'd and a refer to hydrogen bond donors and acceptors, respectively. 
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the G (59) would then be equidistant be- In a second model, we suppose A1 14 of the in the intron. In this case, the 2'-hydroxyl 
tween the N3 positions of A114 and A207. other molecule to be at the position of G22 of G22 would bridge the 2'-hydroxyl and 

Ig. 4 . ' b  &MA tetraloop-rtxqtor interac- 
an. (A) Overall view of the re f id  strucRuB of 
?e loop and receptor superimposed on the 
alvent-flattened axgerimental electron densi- 
( map amtoured at 1.4 u above ths mean. 
lie loop is show in gad; the tetraloop recep- 
3r, in green. (B) Schematic diagram of W 
draloop-meptw interaction. The ad- 
vwsines of the tetraloop stack on nucleotides 
i one strand of the tetraloop receptor; 
tacked nwkotides are indi ted by a dashed 
ne. Hydrogen bonded contacts are indicated 
iy arrows. The 5 ' - m t  ademsine of the loop 
lakes a triple base interaction with a U-A re- 
erse Hoogsteen base pair in the receptor. 
he second adenosine interacts between 
ese pairs via 2'-hydroxyl contacts, whereas 
w third adenosine is part of a quadruple base 
rteraction with the G of the tetrakmp and a 
;-G base pair of the receptor, as indicated. A 
ackbone contact occurs between 2'-hy- 
lroxyls of the base pair above thetetraIoop and the tc5p CQ base pair of the tetraloop receptor. (C) Triple 
lase interaction &etween the first adenasin9 of t h e w  loop and a reverse Hoogsteen USA base pair 
t the tetraloop receptor. The two adenosine bases are coplanar, whereas the uridine base is rotated 
-a0 out of the plane. (D) The second adenosine (0 of the tetrakmp inferacts primariiy through 2'- 
ydroxyl contacts to the U-A reverse Hoogsteen pair and the C G  base above it in the tetraloop 
War. (El The third adenosine (WAAJ of the tetralaop makes a quaduple base interaction with the 
;of the loop and the indicated CG baEe pair of ttw receptor. I 

N3 positions of A1 14 on the first molecule. 
Its 2-amino group would be equidistant be- 
tween the 2'-hydroxyl and N3 positions of 
A207. These possibilities can now be tested 
biochemically. 

Catalysis by protein enzymes requires a 
globular molecule with a well-defined ac- 
tive site cleft, capable of precisely orienting 
substrates for reaction. It has long been 
thought that catalysis by RNA would also 
require a closely-packed structure, very dif- 
ferent from the classical view of a stringlike 
messenger RNA (60, 6 1 ). The crystal struc- 
ture of the 160-nt P4-P6 domain now pro- 
vides a detailed view of the compactness of 
RNA folding. 

As predicted, metal-phosphate coordi- 
nation is abundant, bringing polyanionic 
helices into close ~roximitv. Most of the 
bases are involved in base pairs (either 
Watson-Crick or noncanonical) and manv 
participate in base triples and even quad- 
ruples. Base stacking, long known to make 
a major contribution to helix stability, 
mediates interactions between separate 
helical regions. The defining functional 
group of RNA, the 2'-hydroxyl, is a ubiq- 
uitous donor and acceptor of hydrogen 
bonds to phosphates and bases and to 
other 2'-hydroxyls, in some places forming 
ribose zippers. Thus, whereas single- 
stranded DNA may have some catalytic 
potential (62), it may be difficult to con- 
struct a highly efficient active site in nu- 
cleic acids without the use of 2'-hydroxyls. 

Since the P4-P6 domain includes only 
half of the group I ribozyme active site, 
insights about catalysis are necessarily indi- 
rect. Intermolecular interactions in the 
crystal have provided some clues as to how 
the 1415 internal loop, with its opened mi- 
nor groove, may organize the substrate helix 
in the active site of the ribozvme. The next 
step is to test these ideas biochemically and 
crystallographically. 
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