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1 Introduction 

r 

This 10th Anniversary Issue of Nucleic Acids & Molecular Biology provides 
an occasion to look back on progress in understanding group I intron splicing 
and catalysis over the past 10 years. By 1985 the sequential steps in RNA self- 
splicing had been described (Zaug and Cech 1982) and the secondary structure 
common to group I introns had been determined (Davies et al. 1982; Michel et 
al. 1982; Waring and Davies 1984). Furthermore, several fungal mitochondrial 
introns and one from bacteriophage T4 had joined the Tetrahymena rRNA 
intron on the list of self-splicers (Garriga and Lambowitz 1984; Chu et al. 1985; 
van der Horst and Tabak 1985). In 1985, two related questions provided major 
goals for the next decade: (1) What is the three-dimensional structure of the 
catalytic core of the group E intron? (2) How is transition state stabilization 
achieved? While these questions had been articulated (e.g., Cech and Bass 
1986), it was not at all clear how they could be productively approached. let 
alone answered. 

Now. 10 years later. neither'question has been answered, but substantial 
progress has been made on both. (1) A detailed three-dimensional model of 
the group I intron catalytic center was developed in France, and its general 
architecture and many of the proposed specific contacts have withstood the 
test of diverse experiments (see Jaeger et al.. this Vol.). (2) Methods have been 
developed for measuring the thermodynamics and kinetics of individual steps 
in the catalytic RNA (ribozyme) reaction. The kinetic and thermodynamic 
framework derived for the Tetrnhynzena ribozyme has provided a basis for 
understanding the role of specific residues and specific functional groups in 
binding and catalysis, for meaningful comparisons with other group I introns. 
and for deciphering the contributions of protein facilitators. Our current view 
of both structure and mechanism will be summarized in this chapter. 

In addition to these qualitative advances, there has been a quantitative 
advance: we now have -300 group I intron sequences and secondary structures 
to stare at. including the first examples in bacterial genomes (Kuhsel et al. 1990; 
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Xu et al. 1990) and in mitochondrial genomes of multicellular animals (C.T. 
Beagley, N.A. Okada and D.R. Wolstenholme, pers. comm.). Studies of the 
catalytic activity of newly discovered introns have allowed some of the mecha- 
nistic features of the Tetrahymena ribozyme to be generalized, while studies of 
other introns have extended the story in new directions. Selected examples of 
these travels through phylogeny will be summarized in this chapter. 

2 The Tetrahymena Ribozyme 

In nature, the Tetrnhyniena group I intron interrupts a highly conserved region 
of the large subunit ribosomal RNA (Cech and Rio 1979; Din et al. 1979; Wild 
and Gall 1979). The intron binds guanosine or one of its 5’-phosphorylated 
forms, uses it  as a nucleophile to cleave the 5’ splice site, and then completes 
its own excision concomitant with ligation of the rRNA exons (Cech 1990). 
The chemical classification of these reactions is transesterification of 
phosphodiester bonds, the same chemistry seen in mRNA splicing in the 
spliceosome and in DNA transposition and topoisomerase action (Cech 1983, 
1986). It appears that all group I introns use G as a nucleophile (e.g., Garriga 
and Lambowitz 1984; van der Horst and Tabak 1985: Gott et al. 1986; Xu et al. 
1990), and indeed the G-binding site contains some of the nucleotides most 
conserved in group I introns (Michel et al. 1989). 

In RNA self-splicing, the Tetrahymena intron lowers the eoergy barrier 
for two highly specific transesterification reactions. Although the RNA is 
clearly enzyme-like (and hence the name ribozyme, Kruger et al. 1982), i t  does 
not illustrate one fundamental characteristic of enzymes: the ability to catalyze 
the same reaction again and again (Le., multiple turnover). In part to demon- 
strate that the intron‘s active site could act catalytically, it was converted into 
a multiple-turnover ribozyme that cuts and rejoins oligonucleotides in trnns 
(Zaug and Cech 1986). Subsequently, other ribozymes were engineered from 
the Tetrahynzena intron (Zaug et al. 1986,1988; Kay and Inoue 1987; Doudna 
and Szostak 1989; Beaudry and Joyce 1992; Green and Szostak 1992). These 
were instrumental in allowing detailed mechanistic studies of the 
transesterification reaction, as well as implementing the reaction in new ways, 
such as achieving template-dependent RNA ligation or efficient cleavage of 
single-stranded DNA. The principle of separating a self-reacting RNA into a 
catalytic moeity and a substrate portion has proven to be useful in a wide 
variety of RNAs (e.g., Jacquier and Rosbash 1986; Uhlenbeck 1987: Haseloff 
and Gerlach 1988; Hampel et al. 1990; Perrotta and Been 1992; Lorsch and 
Szostak 1994). 

The form of the Tetrahynietin ribozyme that will be discussed here is the 
L-21 ScaI ribozyme (Zaug et al. 1988). The secondary structure of its catalytic 
core is shown in Fig. 1. Also shown is the 3-D structure model developed by 
Michel and Westhof (1990), a model derived from comparative sequence 
analysis of diverse group I introns. The model has been subject to independent 
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Fig. 1. The catalytic core of the Tetrahymena ribozyme. Left Secondary structure 
representation (Saldanha et al. 1993; Cech et al. 1994) with ribozyme in solid line and 
RNA substrate shown as filled circles; arrowheads 5’-to-3’ polarity. Dashed lines periph- 
eral extensions deleted: Pl-P8 paired (duplex) regions conserved among group I in- 
trons; J4/5 and J8/7 joining strands between P4 and P5 and between P8 and P7, 
discussed in text: Go,, guanosine nucleophile bound in P7 (Michel et al. 1989) that 
cleaves S at a site equivalent to the 5’ splice site. Right Three-dimensional model of the 
catalytic core adapted from that of Michel and Westhof (19901, viewed from an angle 
that corresponds to the secondary structure diagram. Green P4P6 domain of ribozyme: 
purple P7-P3-P8 domain: red IGS. the internal guide sequence strand of the P1 duplex 
yellow arrow shows direction of nucleophilic attack by Go,,. (Courtesy of Dr. Luc 
Jaeger ) 

physical tests, including affinity cleavage by a guanosine substrate analog, site- 
specific photocross-linking. and helix extension electron microscopy. and has 
proven to be a robust medium-resolution model (Pyle et al. 1992; Wang and 
Cech 1992; Wanget  al. 1993: Murphy et al. 1994; Nakamura et al. 1995). 

3 -Sequential Steps of Ribozyme-Catalyzed RNA Cleavage 

Determination of k,,, and K, provides a useful quantitative description of how 
well an enzymatic reaction proceeds at different substrate concentrations. 
However, insight into the mechanism requires identification of the elemental 
steps of the reaction, determination of their rate constants, and analysis of how 
the rate constants change as a function of reaction conditions (e.g., pH) or 
alteration of the substrate or ribozyme. 

The sequential steps of RNA cleavage by the Tetrnhyn~enn L-21 ScnI 
ribozyme are shown in Fig. 2. The free RNA substrate (S = 
CCCUCUAAAAA) and free ribozyme (E) interact first by complementary 
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Fig. 2. The catalytic cycle of the Terrnl~?vnena ribozyme ( E )  cleaving a cognate RNA 
substrate (S). Colors as in Fig. 1. Free G. same as G,,,. The designation of the steps that 
are rate-limiting for ( k,,,/K,)S and k,,,(mt) (nu multiple turnover) holds for the Terrdry- 
tnem ribozyme. but is not general for group I introns (see text). (Courtesy of Dr. Luc 
Jaeger) 
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base-pairing to form an E - S complex. The P1 helix (consisting of S base-paired 
to the internal guide sequerce (IGS) of the ribozyme; Fig. 3) then docks into 
the active site cleft (Bevilacqua et al. 1992; Herschlag 1992) via multiple 
tertiary interactions with the backbone and the G - U  pair at the cleavage site 
(see Strobel and Cech 1995 and references therein). Guanosine binding is 
unordered with respect to binding of S (Herschlag and Cech 1990a), although 
there is modest (-1 kcal/mol) energetic coupling between the two (Bevilacqua 
et al. 1993; McConnell et al. 1993). Once the ternary complex (EaG-S) is 
formed, transesterification occurs very rapidly (-300min-1 at 50 "C or 80min-' 
at 30°C; Herschlag and Cech 1990a: McConnell et al. 1993; Herschlag and 
Khosla 1994). Release of the 5'-product fragment, the one held onto the 
ribozyme by base-pairing and tertiary interactions. is so slow that it is rate- 
limiting for multiple-turnover reaction (Herschlag and Cech 1990a). However, 
the slow release of the 5' product. an analog of the 5' exon, makes sense for 
self-splicing. It presumably ensures that the 5' exon is retained long enough to 
allow its ligation with the 3' exon in the second step of splicing (Herschlag and 
Cech 1990b). 

More recent work has suggested that these tertiary binding interactions 
have an additional function that is integral to catalysis of the guanosine- 
addition reaction (Narlikar et al. 1995). The tertiary interactions appear to be 
used to position the oligonucleotide substrate for reaction. thereby lowering 
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a 

Fig. 3, Interactions that stabilize docking of the P1 helix (the reaction site helix) in the 
Terrahytietia ribozyme. Capiral leiiers IGS of ribozyme: loiver case letters substrate: 
arrow site of cleavage by guanosine: linrclied lines with circled riioiihers tertiary interac- 
tions whose enerzetic contributions have been measured: I the G U wobble base pair 
(Knitt et al. 1994: Pyle et al. 1994) positions the exocyclic amine of the G (Strobel and 
Cech 1995). whose interacting partner may be in 5415 resion of ribozyme core (Wang 
et al. 1993): 2 ?'-OH of U-3 (Bevilacqua and Turner 1991; Pyle and Cech 1991: 
H e r s d a g  et al. 1993b). evidence that partner is in 5817 region of ribozyme core (Pyle 
et al. t992): 3.4 two 2'-OH groups on IGS strand (Strobel and Cech 1993). partners are 
proposed to be in 5415 and 5817. respectively 
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the entropic barrier for reaction. These interactions also appear responsible 
for electrostatic destabilization of the substrate, by positioning the electron- 
deficient 3’ bridging phosphoryl oxygen atom at the substrate’s cleavage site 
adjacent to the catalytic Mg ion (see Sect. 4); relief of this destabilization in the 
transition state then contributes to catalysis. Thus, the tertiary binding interac- 
tions are used to pay the energetic cost for positioning and destabilizing the 
substrate. These observations with RNA generalize a fundamental catalytic 
principle previously discussed for protein enzymes: the use of binding interac- 
tions away from the site of bond making and breaking to facilitate the chemical 
transformation (Jencks 1975). 

4 Additional Catalytic Strategies 

Figure 4 shows specific interactions that are thought to stabilize the transition 
state. The 3’ oxygen of the attacking G is depicted opposite to the leaving 3’ 
oxygen of the 5’ exon analog, because the reaction proceeds with inversion of 
configuration (McSwiggen and Cech 1989; Rajagopal et al. 1989). Divalent 
metal ions, which are required for proper folding of the ribozyme to form the 
active site (Latham and Cech 1989; Celander and Cech 1991), also participate 
directly in promoting the chemical step. The role for one catalytic metal ion 
was identified in a study in which the 3‘ oxygen of the leaving group was 
substituted with sulfur. Mg2+. which has a poor affinity for sulfur, could no 
longer support catalysis, whereas thiophilic Mn2* could (Piccirilli et al. 1993). ” 
These results provided strong evidence for the direct metal ion-3’ oxygen 
interaction shown in Fig. 4. The ribozyme functional groups that chelate and 
position this active site metal ion have not been proven. However, the 
phosphorothioate interference analysis of Christian and Yarus (1993) coupled 
with the Michel-Westhof structural model points to phosphates in 5817 (see 
Fig. 1) as strong candidates. The developing negative charge also appears to be 
stabilized by an intramolecular hydrogen bond from the 2’ hydroxyl group 
(Herschlag et al. 1993a). 

Substitution of sulfur for the pro-S, nonbridging phosphoryl oxygen atom 
is greatly inhibitory to activity. providing evidence for an additional interac- 
tion with this phosphoryl oxygen: in contrast, substitution of sulfur for the pro- 
R, oxygen has only the expected modest effect on the rate of the chemical step. 
suggesting no direct contact with this atom (McSwiggen and Cech 1989: 
Rajagopal et al. 1989; Waring 1989: Herschlag et al. 1991). Again, finding the 
ribozyme partners for this active site interaction will require more detailed 
structural information. 

RNA contains no functional groups with pK, values near neutrality, which 
would be optimally suited for general acid and base catalysis. This raised the 
question of how an RNA catalyst stabilizes a leaving group and activates a 
nucleophile. Does RNA, like protein, perturb pK,s to render functional 
groups better general acid and base catalysts? Does RNA use suboptimal 
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Fig. 4. Transition-state model for the Terrahynrena ribozynie reaction. Shown ?re the 
U . G  wobble pair that helps determine the cleavage site. the phosphate that is under- 
going transesterification (ilorretf lines represent bonds partially broken or partially 
formed in the transition state), and the attacking guanosine nucleophile (borronz): 
dashed lines hydrogen bonds and metal ion coordination: shaded line from amino group 
of G. interacting partner is unproven. Evidence for the interactions shown derive from 
extensive kinetic and thermodynamic analysis of alternative substrates and mutant 
ribozymes. typically utilizing "functional group mutagenesis" (see. e.g.. Cech et al. 
1992) 

- general acids and general bases? Or does RNA adopt other strategies to 
stabilize leaving groups and activate nucleophiles? 

In the case of the Termhynzena ribozyme, the answer is that metal ion and 
hydrogen bonding interactions are used instead of proton donation to stabilize 
the developing negative charge on the leaving group. Of the overall -lo1* rate 
enhancement provided by the Tetrahymena ribozyme (Herschlag and Cech 
1990a), roughly 10' can be attributed t o  leaving group stabilization (Piccirilli e t  
al. 1993; Knitt et a]. 1994: Narlikar et al. 1995). Several protein enzymes that 
catalyze phosphoryl transfer also appear to use metal ions to stabilize the 
leaving group oxyanion (e.g.. Freemont et al. 1988: Kim and Wyckoff 1991). In 
the case of the proteins, the energetic contributions of the metal ion interac- 
tions have not yet been assessed. 
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The question next arises: how is the nucleophilic G activated? An initial 
observation of a pK,, of -7 for the ribozyme reaction was consistent with 
general base catalysis by a ribozyme functional group with a perturbed pK,,. 
However, this observed pK,, was shown to arise from a change from rate- 
limiting chemistry below pH 7 to a rate-limiting conformation step above pH 
7 (Herschlag and Khosla 1994). These and additional pH studies indicate that 
a proton is lost prior to the chemical step from a group with pK, > 8, and the 
simplest candidate for this proton is the 3’ OH of G (Herschlag et al. 1993a; 
Herschlag and Khosla 1994; Knitt and Herschlag 1996). In the absence of 
additional data. it is tempting to speculate that a second metal ion promotes 
deprotonation of the nucleophilic G (Herschlag et al. 1993a: Steitz and Steitz 
1993; Yarus 1993; McConnell and Cech 1995.) 

5 Phylogenetic Chemistry 

Having described the pathway of the Tefrntzyr7zenn ribozyme reaction in 
chemical terms. the question arose: how similar is catalysis by phylogenetically 
diverse group I introns? Are other group I ribozymes quantitatively as good at 
RNA cleavage as the Tetrnhj~nietzn ribozyme, or better? Are there qualitative 
differences in the way they catalyze cleavage? 

One participant in this enzymologist’s version of comparative analysis has 
been the Arinbnetin ribozyme. engineered from a self-splicing tRNA intron 
first discovered by Xu et al. (1990). The interest in this ribozyme (Fig. 5 )  stems 
from several considerations: (1) at 241nt it is one of the smallest group I 
ribozynies (cf. -100nt for Tctrnhjv!zena ribozyme): (2) it differs from the Ter- 
ralzjwietin ribozyme in 22 of 63 nt in the catalytic core. which consists of P3. P4. 
P6. P7, and adjacent joining regions; and (3) i t  has an unusually short three- 
base-pair P1 helix (cf. six-base-pair for the Tetrnhyriierzn ribozyme: the range 
is three- to eight-base-pair for group I introns). 

The kinetic analysis of the Annbnerin ribozyme (Zaug et al. 1994) is 
compared to that- of the Terr-n/i!iiiierin ribozyme in Table 1. Under single- 
turnover conditions. the Tetro/z~*iiienn ribozyme is faster than the Annbaeiin 
ribozyme with either saturating S and G (kc, Table 1) or subsaturating S [(kc, , /  
K;JS, Table 11. This latter difference has a complex interpretation. as (kC;,,/K,,Js 
is rate-limited by different steps: the initial binding of S in the case of the 
Termhyrnena ribozyme vs. the actual chemical cleavage step in the case of 
the Atinbnem ribozyme. In a multiple-turnover reaction. on the other hand. 
the Aiinbnentl ribozyme is much faster than the Tefrnli~~mentl ribozyme: be- 
cause of its weaker P1 base-pairing, it is no longer rate-limited by product 
release. Thus. the different reactivity of the Arrnhnenn ribozyme is primarily 
due to its shorter, weaker P1 helix (Figs. 3 and 5 ) .  

In the case of the Terrn/ij*tuejia ribozyme, multiple turnover is faster for a 
mismatched substrate (Herschlag and Cech 1990b) and for mutants with 
weakened tertiary binding interactions (Young et al. 1991). In these cases. _ -  
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The question next arises: how is the nucleophilic G activated? An initial 
observation of a pK,, of -7 for the ribozyme reaction was consistent with 
general base catalysis by a ribozyme functional group with a perturbed pK,,. 
However, this observed pK, was shown to arise from a change from rate- 
limiting chemistry below pH 7 to a rate-limiting conformation step above pH 
7 (Herschlag and Khosla 1994). These and additional pH studies indicate that 
a proton is lost prior to the chemical step from a group with pK, > 8, and the 
simplest candidate for this proton is the 3’ OH of G (Herschlag et al. 1993a; 
Herschlag and Khosla 1994: Knitt and Herschlag 1996). In the absence of 
additional data, it is tempting to speculate that a second metal ion promotes 
deprotonation of the nucleophilic G (Herschlag et al. 1993a; Steitz and Steitz 
1993; Yarus 1993: McConnelI and Cech 1995.) 

5 Phylogenetic Chemistry 

Having described the pathway of the Terrnhynzenn ribozyme reaction in 
chemical terms. the question arose: how similar is catalysis by phylogenetically 
diverse group I introns? Are other group I ribozymes quantitatively as good at 
RNA cleavage as the Termliyr~inin ribozyme, or better? Are there qualitative 
differences in the way they catalyze cleavage? 

One participant in this enzymologist’s version of comparative analysis has 
been the Annhaerzn ribozyme. engineered from a self-splicing tRNA intron 
first discovered by Xu et al. (1990). The interest in this ribozyme (Fig. 5 )  stems’ 
from several considerations: (1) at  241nt it is one of the smallest group I 
ribozymes (cf. 400nt for Terr~l i jwwin ribozyme); (2) i t  differs from the Ter- 
~ - f l h ) ~ ) ? l C ) l f l  ribozyme in 22 of 63 nt in the catalytic core. which consists of P3. P4. 
P6. P7, and adjacent joining regions: and (3) i t  has an unusually short three- 
base-pair P1 helix (cf. six-base-pair for the Terrnliyr7ieiin ribozyme: the range 
is three- to eight-base-pair for Sroup I introns). 

The kinetic analysis of the Annbnenn ribozyme (Zaug et al. 1994) is 
compared to that of the Terrnh!wienn ribozyme in Table 1. Under single- 
turnover conditions. the Terrnh!wienn ribozyme is faster than the Atrabne)in 
ribozyme with either saturating S and G (kc, Table 1) or subsaturating S [(kcJ 
KJS, Table 11. This latter difference has a complex interpretation, as (kc,,/K,)S 
is rate-limited by different steps: the initial binding of S in the case of the 
Terrahynzem ribozyme vs. the actual chemical cleavage step in the case of 
the Ambnenn ribozyme. In a multiple-turnover reaction. on the other hand. 
the Annbnenn ribozyme is much faster than the Terroli!wieno ribozyme: be- 
cause of its weaker P1 base-pairing, i t  is no longer rate-limited by product 
release. Thus. the different reactivity of the Annbnenn ribozyme is primarily 
due to its shorter, weaker P1 helix (Figs. 3 and 5 ) .  

In the case of the Terrnlr~*rirerin ribozyme. multiple turnover is faster for a 
mismatched substrate (Herschlag and Cech 1990b) and for mutants with 
weakened tertiary binding interactions (Young et al. 1991). In these cases. 

k 
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Table 1. Rate constants for RNA cleavage catalyzed by 
group I ribozymes 

Kinetic parameter" Ribozyme 

Terrahymenah Anabaenac 

k, (min-I) 80 4 

(k,,,/K,J (M-' min-I) 3 x 105 1 x loJ 
1.5 x 10-5 K d S  (M) 

(k,,,/K,J (M-I min-' 1.4 x loq 2.9 x 105 ) 

K m G  (mM) 0.3 0.5 

1 x lo-"' 

-0.01 4 k,,,(mt) (min-l)c 

a All values are single-turnover rate constants except 
k,,,(mt), the rate constant for multiple-turnover cleavage at 
saturating S and G. k,, the first-order rate constant for 
reaction of the E.  S a G complex under single-turnover con- 
ditions, has been shown by other experiments to corre- 
spond to the rate constant for the chemical step. 
bValues at 30°C from McConnell et  al. (1993). Value of k, 
measured at pH 5.5 and extrapolated to pH 7.5 using the 
measured pH dependence. Value of KmG refers to reactions 
in which ribozyme is not saturated with S. 
SValues at 32°C from Zaug et al. (1994). 
dThis rate constant is limited by different steps in the two 
cases: the initial binding of S and the chemical step, 
respectively. 
cThis rate constant also represents different steps in the 
two cases: product release and the chemical step. 
respectively. 

* 

faster product release speeds multiple turnover, with product release still 
being rate-limiting. For the Annbnena ribozyme. product release is so fast that 
it does not limit the rate. 

Other mechanistic features are remarkably conserved between these 
two ribozymes. The strength of G-binding, the stereospecificity for an 
R,-phosphorothioate at the cleavage site, and the l W-times slower cleavage 
of a substrate with a deoxyribonucleotide leaving group are properties 
conserved between the two ribozymes. Finally. the reaction rate increases with 
p H  between pH -5 and 7 and then levels off above pH 7, indicative of a 
rate-limiting conformational change (Herschlag and Khosla 1994). Thus these 
two group I ribozymes, differing in the identity of many of their active site 
nucleotides, are nevertheless functionally very similar (Zaug et al. 1994). 
It is reasonable to think of these functional similarities arising from 
structural similarities. but the extent of similarity of the structures remains to 
be determined. 

The same two group I introns can also be compared for their ability to 
carry out self-splicing (Table 2). In the first step of splicing, they have similar 

, 
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Table 2. R a t e  constants for self-splicing a n d  protein-facilitated splicing by selected 
g r o u p  I introns 

-Protein +Protein 

Tetrahymenaa Anabnerinh Neiirospora' Saccharomycesd 

Kinetic parameter 

~~~~ ~~~ 

k,,,, step 1 (min-I)' 0.9 14 0.15 1.1 
Km(; (mM) 0.03 0.24 0.017 0.1 

rate-limiting step 1 2 1 1 
k,,, (overall)' (min-I)' 0.9 0.3 0.15 1.1 

KdG (mM) 0.09 0.24 ND 0.3 
(k,,,/KJG (lO'M-'min-') 2.8 4.6 -1 0.7 

~ ~~~ ~~ ~~ ~ 

, 5mM MgCI?, lOOmM (NH,),SO,, 30mM Tris (pH 7.5). 30°C. guanosine nucleophile, from Cech 
and Bass (1986). except Kd(; for ribozyme form from McConnell et al. (1993). 

15mM MgCI,. 25mM Hepes (pH 7.5). 32 "C. guanosine nucleophile from Zaug et al. (1993). 
LSU rRNA intron complexed with CYT 18 protein: 5 mM MgCl?, lOOmM KCI. 25 mM Tris (pH 

7.5), 3 7 ° C  GTP nucleophile from Saldanha et al. (1995): K," for guanosine nucleophile from 
Kittle et al. (1991); (k,,/K,,JC. is calculated. not directly measured. 
dCytochrome b mRNA intron 5 complesed with CBP2 protein: 7mM MgCI,. 50mM KCI. 20mM 
NaCI. 52mM Hepes (pH 7.6). 35°C. pG nucleophile, from Weeks and Cech (1995a). 

'Although splicing is not a multiple-turnover reaction. k,,, is used in the literature to refer to 
maximum reaction rate at saturating concentration of guanosine substrate. 

Rate constant for the entire splicing reaction. step 1 + 2. 

values of (kCa,/K,,JG: this suggests that both are rate-limited by the same step. 
which is probably the chemical step (Legault et al. 1992; Zaug et al. 1993). 
Their G-binding sites are also similar (KdG, Table 2). but a change in rate- 
limiting step with high [GI for the Tetmhyrnerzn reaction is proposed to result 
in it having a lower k,,, for step 1 of splicing. However, the overall splicing 
reaction is rate-limited by exon ligation for the Anabaena RNA. The maxi- 
mum rate of splicing ends up not very different for the two precursors [see k,,, 
(overall)]. 

6 Protein Facilitation 

Many group I introns have their splicing aided by protein cofactors in vivo 
(rev. by Cech 1990; Lambowitz and Perlman 1990: see also Coetzee et al. 
1994). They still splice by the G-dependent, two-step transesterification 
mechanism characteristic of self-splicing, with the intron providing the G- 
binding site and other active site residues, so the protein components are 
thought to facilitate rather than supplant the RNA-based mechanism. 

One such reaction that has been studied extensively is the splicing of 
Nerirosportl mitochondrial group I introns by CYT-18 protein, the mitochon- 
drial tyrosyl-t RNA synthetase (Akins and Lambowitz 1987). The protein 
forms a stable complex with the RNA. recognizing primarily the P4-P6 region 
(Mohr et al. 1994). It facilitates splicing of diverse group I introns by stabilizing 

_ -  
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the catalytically active structure (Guo and Larnbowitz 1992; Mohr et al. 1992). 
It can also suppress defects in mutant phage T4 thymidylate synthase mRNA 
introns that self-splice at high but not low concentration of MgClz (Mohr et al. 
1992). The  Neurospora pre-rRNA has not been found to undergo detectable 
self-splicing under any condition in vitro. but when complexed with CYT-18 
protein its splicing occurs at a rate and efficiency similar to the protein-free 
reactions of other group I introns (Table 2). 

A somewhat different situation is found with the last intron of the S. 
cerevisiae mitochondrial cytochrome b pre-mRNA. It  self-splices at high 
MgClz concentration in vitro, whereas splicing under physiological conditions 
requires CBP2. a protein known to be required for splicing in vivo (McGraw 
and Tzagoloff 1983; Gampel and Tzagoloff 1987; Partono and Lewin 1988; 
Gampel et al. 1989). Kinetic analysis of the protein-free and protein-facilitated 
reactions has revealed that splicing is accelerated three orders of magnitude by 
saturating CBP2 protein at SmMMgCl, (Weeks and Cech 1995a). At 
40mM MgCI,. which appears to be saturating for self-splicing, the protein 
continues to accelerate the reaction; thus. high Mg2+ fails to compensate com- 
pletely for the CBP2 protein. 

Binding of the CBP2 protein requires that structures comprising the cata- 
lytic core of the intron be intact (Garnpel and Cech 1991). Binding also 
requires that the intron be folded into its active tertiary structure: part of the 
evidence involves the positive coupling between magnesium ion and CBP2 
binding (Weeks and Cech 1995a), one of the models discussed earlier (Gampel 
and Cech 1991). More specifically, CBP2 appears to bind across one face of the 
intron as visualized by hydroxyl radical footprinting. making extensive interac- 
tions with both the catalytic core and the 5’ domain that contains the 5‘ splice 
site. In doing so. the protein facilitates two structural transitions that are 
disfavored in the case of the RNA alone: (1) assembly of RNA secondary 
structure elements to form the active site. and (2) association of the 5’ domain 
(Weeks and Cech 1995b). Thus, the protein assembles RNA secondary struc- 
ture elements while the RNA provides the active site residues responsible for 
lowering the activation energy for splicing. Above and beyond this global 
structural molding. the protein accelerates the rate of the chemical step be- 
yond that seen for the RNA alone (Weeks and Cech 1995a). The end result is 
-to take a reaction that is barely detectable under low Mg’+ conditions and raise 
it to the level of the best self-splicing reactions (Table 2). 

7 Closing Comments 

Will the nest 10 >‘ears match the previous decade in terms of progress in 
understanding of the group I introns and RNA catalysis-structure and func- 
tion? These RNA systems are likely to continue to provide insight about 
principles of energetics and catalysis. Furthermore. they are likely to provide 
fundamental insights into the RNA folding problem and RNA-protein inter- . -  
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actions that will apply to many other RNA systems. Finally, we look forward 
to an atomic-level picture of a group I intron from crystallographic studies. 
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