
Wf^W¥$W^WW$'-. REPORTS 

lagenase/dispase (2 mg/ml) and deoxyribonuclease 
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Joining the Two Domains of a Group I Ribozyme 
to Form the Catalytic Core 

Michael A. Tanner and Thomas R. Cech* 

Self-splicing group I introns, like other large catalytic RNAs, contain structural domains. 
Although the crystal structure of one of these domains has been determined by x-ray 
analysis, its connection to the other major domain that contains the guanosine-binding 
site has not been known. Site-directed mutagenesis and kinetic analysis of RNA splicing 
were used to identify a base triple in the conserved core of both a cyanobacterial 
(Anabaena) and a eukaryotic (Tetrahymena) group I intron. This long-range interaction 
connects a sequence adjacent to the guanosine-binding site with the domain implicated 
in coordinating the 5' splice site helix, and it thereby contributes to formation of the active 
site. The resulting five-strand junction, in which a short helix forms base triples with three 
separate strands in the Tetrahymena intron, reveals exceptionally dense packing of RNA. 

C/atalytic RNAs are convenient for inves­
tigating how RNA-RNA interactions de­
termine the global folding of the molecule; 
their structure can be revealed by their 
activity. In group I introns, RNA forms the 
active site and directs the cleavage and 
ligation reactions at the 5' and 3 ' splice 
sites (I). The catalytic core of group I in­
trons consists of two structural domains, 
P4-P6 and P3-P9 (2, 3). A portion of P4-P6 
has been proposed to interact with the sub­
strate helix PI (2,4), which contains the 5' 
splice site, and P3-P9 contains the binding 
site for the guanosine nucleophile (5). 
When provided as separate molecules, the 
P4-P6 and P3-P9 domains of the Tetrahy­
mena group I intron can self-assemble into 
an active structure (6). These domains as­
sociate with nanomolar apparent dissocia­
tion constants, suggesting that they interact 
through multiple tertiary contacts. 

Comparative sequence analysis has been 
valuable for identifying potential long-
range interactions in group I introns (2, 7). 
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Within the transfer RNA (tRNA) subgroup 
of group I introns, there is a weak triple 
correlation between the fifth base pair of P4 
and the fifth base of J8/7 (8) (Fig. 1). All 
but one have an A*C or G*C base pair at 
this position in P4, and a G or U nucleotide 
at ] 8/7-5. The lone exception, Azoarcus, 
has a C*G base pair and a C at ]8/7-5 (9, 

Fig. 1. The secondary 
structure of the Anabaena 
tRNALeu intron with the 
proposed tertiary interac­
tion highlighted. Domain 
organization (27) is shown 
with splice sites marked 
by open arrows; the mu­
tations are shown next to 
the wild-type sequence. P 
stands for paired region; J 
stands for joining region; 
for example, J8/7 joins P8 
and P7. (Right) The rele­
vant portions of the Tetra­
hymena ribosomal RNA 
intron; in this case, P4 
contains a bulged A resi­
due not conserved 
among group I introns. 

10). Although, this single example of co­
variation in the tRNA subgroup is tantaliz­
ing, it does not provide substantial evidence 
for the interaction. Thus, a biochemical 
approach was undertaken. 

The well-characterized tRNA intron 
from the cyanobacterium Anabaena 
PCC7120 (11, 12) was used to test the 
importance of base pair 5 in P4 and J8/7 
base 5 by site-directed mutagenesis (Fig. 1) 
(13). Orientation of the G*C base pair in P4 
was found to be critical because a base pair 
flip resulted in a rate of splicing that was 
2500 times lower (compare Fig. 2, A and 
B). The J8/7-5 G to U change (found in 
many tRNA introns) had wild-type activity 
(14), but a G to C change resulted in a 2200 
times lower splicing activity (Fig. 2C). 
When the double mutant of P4 base pair 5 
(G-C to C-G) and J8/7-5 (G to C) was 
tested for splicing, activity was restored; it 
was only eight times lower than that of wild 
type, a 300-fold rescue (Fig. 2D). The bi-
phasic kinetics of reaction of the double 
mutant indicated that it has a residual fold­
ing problem (Fig. 3). Restoration of most of 
the activity with the double mutation sug-

Tetrahymena 

J8/7"u c 
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gests an interaction between base J8/7-5 splicing activity in vivo, when an Escherich- 
and base pair 5 in P4 in the Anabaena ia cob P-galactosidase gene interrupted by 
intron (Fig. 1). the intron was used (16), or in vitro under 

In the case of the Tetrahymena intron, the standard splicing conditions (30°C) 
changing the identity of the equivalent (Table 1). However, intron circularization, 
bases in P4 and J8/7 (1 5) had little effect on a post-splicing reaction (1 7), was reduced in 

A B C D 
Wild type P4 bp 5 (GGcCG)  J8l7 base 5 (G-C) P4 bp 5 + J8l7 base 5 

Minutes Hours Hours Minutes - 
0 25.5 1 2 5 1020MBO 682024(-) 0 . 5 1 2 ,  1 

Pre-tRNA - - 
Intron 3' exon - '-Om 

lntron - 

tRNA - m u - - -  

Fig. 2. Compensatory mutations rescue splicing of the Anabaena pre-tRNALeU. Precursor was first 
incubated at 50°C in 15 mM MgCI, and 25 mM Hepes, pH 7.5, for 5 min to initiate folding. After being 
cooled to 32"C, reactions were started by the addition of guanosine to 25 pM Splicing reactions were 
stopped by addition of an equal volume of stop buffer containing 30 mM EDTA and products were 
separated on an 8% polyacrylarnidc+8 M urea gel. (A) Reaction of the wild-type intron. During the first 
step of splicing, the guanosine becomes covalently attached to the 5' end of the intron forming the 
intron-3' exon intermediate and the 5' exon (m off the gel). The second step of splicing produces the 
linear intron and the ligated exons (tRNA). A circular intron (C-lntron) appears during the 50°C preliminary 
incubation (12). (B) P4 base pair 5 mutant with G-C changed to C-G. The (-) lane shows precursor 
reacted in the absence of guanosine for 24 hours. (C) J8R-5 G changed to C. (D) The double mutant 
of P4 base pair 5 and J8R-5. 

Fig. 3. Quantitation of splicing of the Anabaena pre-tRNA. 
Splicing conditions were as in Fig. 2. m Wild-type intron, 
k, = 1.1 ? 0.16 min-l. (0)Thedoublemutant P4 base pair 
5 + J8R-5, k,, = 0.14 ? 0.064 min-l. (*.) The single 
mutant of P4 base pair 5, k, = 4.4 (?I .2) x min-l. 
(A) The single mutant of J8R-5, k,, = 5.0 (21.7) X 1 0-4 
min-l. Rate constants were derived from the initial linear 
phase of the reaction, 2SD of three independent determina- 
tions. Reactions quantitated with a Phosphorlmager (Molec- 
ular Dynamics). 0.2 

y. 0 102030405060200 6001OOO14W 
Time (min) 

both the P4 base pair 5 and J8/7-5 single 
mutants, whereas the double mutation of P4 
base pair 5 and J8/7-5 restored intron cir- 
cularization (1 4). This observation suggest- 
ed that these distant sites in the secondary 
structure might be interacting in the active 
molecule. 

We tested splicing under more destabi- 
lizing conditions of higher temperatures; be- 
cause the domains of the Tetrahymmu in- 
tron are probably assembled through multi- 
ple interactions (18), eliminating a single 
interaction may be insufficient to impair 
splicing at low temperature. At  50°C the P4 
base pair 5 and J8/7-5 mutants showed an 
approximately five times reduced activity, 
unlike the situation at 30°C (Table 1). 
More important, the double mutant had ac- 
tivity restored to 68% that of the wild type. 
When the Tetrahymew intron was reacted at 
61°C, the P4 base pair 5 and J8/7-5 mutants 
showed even meater reduction in activitv 
relative to the Lild type, whereas the doublh 
mutation restored activity to near that of the 
wild-type (Table 1 ). 

The specificity of interactions with the 
1817-5 base was tested in Tetrahyrnenu by 
mutation of base pairs adjacent to base 
pair 5 in P4 and measurement of splicing 
at 50°C. In the context of the 1817-5 
mutation, inverting base pair 4 (G-C to 
C-G) gave 1.7-fold recovery of activity 
relative to 1817-5 alone (restoration to 
41% of the wild-type activity) (14). This 
was not as much as-the 2.8 times recovery 
provided by inverting base pair 5 [restora- 
tion to 68% of that of the wild type (Ta- 
ble I)]. Two possible reasons for the par- 
tial compensation at the neighboring base 
pair are (i) the base pair 5 change may 
provide a more favorable context for some 
residual interaction of base pair 4 with the 
mutant 1817 base (20), or (ii) there may be 
enough flexibility in the active site such 
that the J8/7 base can interact productive- 

Fig. 4. (A) Proposed hy- A JW-5 
drogen bonding scheme 
for the base triples be- 
tween P4 base pair 5 
and J W S .  Arrows de- B 5'3' 
note strand polarity. 
(Left) The wild-type corn- 
bination in thehabaena . , 

. H  

intron. (Middle) The wild- 
type combination in the 
Tetrahymena intron; in- 
troduction of this muta- 
tion in the Anabaena in- H 

tron did not impair splic- 
ing. (Right) The compen- P4 base pair 5 P4 

satoly multiple mutationthat restored splicing activity in both mutant introns. The strand junction in the T-ymena intron core. Dotted lines represent base 
H-bonding scheme shown requires nonlinear H bonds. Alternatively, pairing triples: 1, interdomain triple in major groove (this study); 2, triple helical scaffdd in 
could be accomplished with only the dashed or only the dotted H bonds, in which mapr groove (24); 3, A-rich bulge of P5abc extension provides minor groove 
case linearity can be achieved by translation and rotation of the top bases from triples (21). Boxed A's in J4/5, proximity to reaction site helix P1 (4). Circled A in 
the positions shown. (B) P4 coordinates three single strands to form a five- J4/5, proximity to G in G-site (28). G with arrow, G-site (5). 
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Table 1. Spl~cing act~vity of the mutant Tetrahy- 
mena ntrons relatlve to that of the wild type. 
Conditions of splicing were: 5 mM Mg2+, 200 
mM NaCI. 30 mM Hepes, pH 7 5. Tlie guanosne 
triphosphate (GTP) concentration was adjusted 
to keep the rate of splicing within a range tliat 
could be measured with precision. The kinetlc 
parameters at 30°C and 50°C d ~ d  not vary by 
more than a factor of 2 in an Independent deter- 
mination; those at 61 "C are averages of at least 
three experiments. with the double mutant hav- 
ing activity >I@-fold that of either single mutant 
In every experiment. 

Wild type (1 )* ( I )? (1 
P4 bp 5 0.49 0.17 0.031 
J8/7-5 0.73 0.24 0.01 4 
P4 bp 5 0.73 0.68 0.31 

+ J817-5 

'k,,, = 0.79 mln-' (100 pM GTP). tk,,, = 1.9 
mln-' (1 pM GTP). ik,,, = 0.8 mn- '  (3 bM GTP). 

ly with either base pair 4 or -5 of P4. V(1he11 
a G.C to C.G lnutation at  P4 base pair 6 
was combined with the J8/7-5 mutation, 
the resu l t i~~g  RN.4 was n~uc l l  less active 
than either single mutant (14). This sug- 
gested that base pair 6 is involved in a 
different interaction that is also fu11ctio11- 
allv imoortant. , L 

Recently the crystal structure of the P4- 
P6 domain of the Tet~ahymena group I in- 
tron was solved (21), providing structural 
detail of the base pair in P4 postulated to 
interact with base J8/7-5. If we assume that 
this crystal structure accurately represents 
the conforrnatio~~ of P4 within the intact 
i11tr011, the major groove of P4 appears more 
accessible than its minor groove because of 
sorne steric blockage by the P5c region. 

When candidates for isosteric base tri- 
ples in the nlajor groove are considered, the 
set shown in Fig. 4A provides a good fit to 
the mutagenesis data. The equivalence of G 
and U (in J8/7) in binding to the G.C base 
pair is explained (Fig. 4A, left and center) 
as is the requirement for a U to C transitio11 
up011 flipping the G.C pair (Fig. 4.4, right). 
In contrast, the 11onf~1nctional coinbina- 
tions (G.C)C, (C.G)G and (C.G)U are 
ones that would lead to amine-amine reoul- 
SIOII or repulsion between lone pairs of elec- 
trons 011 two carbonvl oxveens. Evidence ,"  
for such an H-bondi& scheme is found in 
DN.4 triples proposed as intermediates in 

ho~nologous reco~nbitlation (22) and in 12 A J. Zaug, M. M. McE\/oy, T. R. Cech, Blochern~sti)/ 
32. 7946 (1993). DNA structures sh0"7ing (G'C)G 13. Polymerase chain reacton (PCR) was used to con- 

base triples (23). Altho~lgh direct hydrogen struct the mutants as ~OIIOWS, C I O ~  ~ A ~ R N A - I  en- 
bonding of the three bases provides an ex- coding theAnabaena pre-tRNA (72) was used as the 

planati;lI for our data, we cannot exclude template for PCR. Oligodeoxynucleot~des con~aning 
ihe appropriate change (or changes) were used as 

indirect interactions mediated by water primers to generate the fu.ength p r e . t ~ N ~  pus  a 
molecules, metal ions, or other nucleotides. T7 promoier. Sequences were confirmed by 

Evidence for triple base colnbina. d~deoxynucleotide sequencng. PCR amplified DNA 
was transcribed with T7 RNA polymerase In ihe 

tions shown with the dashed lines in Fig. presence of [a32p]ATp, and the RNA was gel.puri. 
4A was provided by Michel et al. (24) and fed as descrbed (70). 
Green a i d  Szostak (25) for the  ort ti on of 14 M. A. Tanner and T. R. Cech, unpublished data 
the llelical in t h e L S t m ~  and 15. The Tetrahymena ntron mutants were constructed 

by PCR as before and cloned into the pBGST7 vec- 
Tetrahrmena i~ltrons that i~lvolves base tor (16) at the unique restriction sites Sph I ( n  P2j and 
pairs 2 and 3 of P4 pairing with J6/7 (Fig. Nhe 1 ( ~ n  P9). Preparation of precursor RNA was the 
1). This triple helix in the major groove of Same as 'Or (I3). 

16. J. V. Price and T. R. Cech, Science 228, 71 9 (1 985). 
the bOttO1n P4 provide stack- M. D. Been and T. R. Cech, Cell47, 207 (1986). 
i11g interactions to stabilize the base t r i ~ l e  17. A. J. Zaua. P. J. Grabowski. T. R. Cech, \Nature 301. 
with J8/7, essentially the triple 578 (1983): K. Ehr~nman et a/., P~Gc.  i11atI. Acad. 

llelix. We therefore propose that P4 is a Sci. U.S.A. 83, 5875 (1 986); H. F Tabak et a/.. Cell 
48. 101 (1987). 

structural 0rgaIIiiatioII Center for the entire 18, The Tetr,-hv",ena intron contains extra senuence el- 
core (Fig. 4B), simultaneously interacting 
with J6/7 and J8/7 in its major groove and 
(in the Tetrahymena subclass of group I 
introns) binding the P i a  A-rich bulge in its 
minor groove (2 1 ). 

W e  have provided experimental support 
for a long-range base triple that bridges the 
two dolnai~ls in the core of tn70 different 
group I introns. Group I1 introns, riboliu- 
clease P RNA, and ribosomal R N A  are also 
cornposed of domains of tertiary structure, 
and interdolnainal interactio~ls are being 
identified (26). V(r11ether base triples, orig- 
inallv found in the structural core of tRNA, 
provide a comnlon solution to the problem 
of packing domains together to assemble 
R N A  active sites remains to be seen. 
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