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A model for selection of 3’-splice sites in splicing of RNA precursors containing group I introns is presented. The key 
feature of this model is a newly identified tertiary interaction between the catalytic core of the intron and the 3’-splice 
site. This tertiary pairing would bring the 3’-splice site into the core of the intron, which is known to contain RNA se- 
quences and structures essential for catalyzing the splicing reactions. The proposed tertiary interaction can coexist with 
PIO, a pairing between 3’-exon sequences and the ‘internal guide sequence’ near the 5’-end of the intron. The model pre- 
dicts that three RNA-RNA interactions are important in selection of 3’-splice sites: (i) binding of intron sequences with 
the core; (ii) pairing of exon sequences with the internal guide sequence; and (iii) binding of the terminal guanosine to 

an unknown site within the core. 

RNA splicing; Intron, group I; Splice site; Ribozyme; RNA structure 

In 1982, Davies and co-workers [I] used the se- 
quences of nine group I introns to propose that 
both the 5 ’ - and 3 ’ -splice sites were selected by vir- 
tue of intramolecular base pairing with an ‘internal 
guide sequence’ (IGS) located near the 5 ‘-end of 
the intron (fig. 1). Pairing of the 5’-splice site with 
the IGS is termed Pl, while pairing of exon se- 
quences adjacent to the 3’-splice site with the IGS 
is termed PlO [2]. Since that time, sequences of 
many more group I introns have been reported 
from phylogenetically diverse genomes, including 
nuclear, mitochondrial (mt), chloroplast and 
bacteriophage examples. Comparative analysis 
shows that although there is little conservation of 
sequence, the sequences vary in such a way that Pl 
and PlO base pairing is nearly always maintained 
[3,4]. Such covariation is taken as strong evidence 
that base pairing exists and is functionally impor- 
tant in vivo [5]. 
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Analysis of mutants and second-site revertants 
has proven that Pl is necessary for splicing of the 
Saccharomyces cerevisiae mt COB4 intron in vivo 
[6,7], and for self-splicing of the Tetrahymena 
thermophila nuclear LSU rRNA intron in vitro 
[8,9]. No comparable evidence exists to support 
PlO. Deletion of P10[5’] (the portion of the IGS 
proposed to pair with the 3 ’ exon) did not prevent 
proper utilization of 3 ’ -splice sites, demonstrating 
that PlO is neither necessary nor sufficient for cor- 
rect 3 ‘-splice site utilization in self-splicing of 
Tetrahymena LSU [lo]. Individual and compen- 
satory two-base mutations designed to disrupt and 
restore base pairing of PlO in the same intron have 
very weak phenotypes [l 11. On the basis of kinetic 
and mutational studies [12,13], Cech and co- 
workers have proposed that intron sequences adja- 
cent to the 3 ’ -terminal G of Tetrahymena LSU are 
recognized in splicing and intron cyclization, but 
the location of the sequences with which they 
would interact was not known. 

While it is the only universally conserved base at 
the 3 ’ -splice site, the 3 ’ -terminal G cannot itself be 
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i Proposed tertiary pairing i 
L---------_--_-__~ 

GC----Physarum LSIY~----GC 
GG----N. crassa ND~L----CC 

GA---Podospora NDI, I---UC 

Fig.1. Intron structural model for Tetruhymena LSU. Proposed interactions involved in selection of the 3’-splice site (dotted lines) 
are superimposed on the secondary structure model [2]. Compensatory sequence variations at the site of the proposed tertiary pairing 
are shown for a subgroup of mt introns closely related to Tefruhymena LSU. R, S, Pl, Ll, P7, P9 and PlO are conserved sequences 

and structures characteristic of group I introns [2]. Uppercase, intron sequences. Lowercase, exon sequences. 

sufficient to specify the 3 ‘-splice site. Other Gs 
that are not used as splice sites are frequently 
found nearby. Protein factors may play a role in 
vivo, but 3 ‘-splice site selection in self-splicing in- 
trons must be accomplished by structural features 
of the precursor RNA itself. 

The Physarum polycephalum LSU3 intron is the 
closest known relative of Tetrahymena LSU. Ex- 
cept for a 0.5 kb insertion in Physarum LSU3, the 
sequences are 7 1% identical. More than half of the 
sequence variations are due to compensatory 
substitutions in established internal secondary 
structure elements. The remaining sites were ex- 
amined for covariation consistent with base pair- 
ing, and this was observed between sites 
corresponding to positions 314 and 412 of 
Tetrahymena LSU (fig.1). Extension of this 
analysis to two closely related mt introns [14,15] 
revealed a further compensatory change (fig. 1). 
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These compensatory substitutions provide 
evidence for pairing between positions 314 and 412 
in these four introns. Adjacent bases (G313 and 
C413) are also complementary, although invariant 
in this intron subgroup. Thus, two base pairs 
might form between the bases immediately 
downstream of the conserved sequence element S 
(313-314) and those preceding the terminal G of 
the intron (412-413). 

Sequences of these sites in all available group I 
introns were surveyed (figs 2 and 3). Positions 313 
and 314 are strongly biased towards purines. Posi- 
tion 313 is a purine in 86% of the introns, while 
68% of the bases at position 314 are A. Although 
there is no sequence conservation at positions 412 
and 413, there exists a strong bias against G [4]. 
Strikingly, in each of the four cases where G is pre- 
sent at 413, a C is found as its putative pairing 
partner at 313 (fig.2A). Similarly, in the single case 
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where G is present at 412, a C is found at 314 
(fig.2B). 

At positions 313-413, a Watson-Crick (G * C or 
A - U) or a G-U pair can form in 66% of the in- 
trons examined (fig.2A). The most common pair at 
this site is G.U, followed by A.U and A. 

pombe mt OX3 and A. nidulans mt 0X1, cannot 
form Watson-Crick, G - U or Aa A pairs at either 
site. 

The proposed tertiary pairing is supported by 
results of mutations at position 413 of 
Tetrahymena LSU [13]. The mutation C413A 
results in a 40% reduction in self-splicing activity, 
but does not affect 3 ‘-splice site selection. In the 
proposed tertiary pairing, G3 13-C413 is replaced 
by G313-A413 (fig.4), a change that is expected to 
destabilize but not eliminate the tertiary pairing, 
since G-A pairs at these positions are found in 
three other introns (fig.2A). However, the muta- 
tion C413G results in a switch in 3 ‘-splice site 
selection, causing exon ligation to follow G413 in- 
stead of G414. As indicated above, G is observed 
to precede the 3 ’ -terminal G only when its pairing 
partner in the core is C. The model suggests that in 
the C413G mutant an alternative pairing forms, in 
which G313 and A314 pair with C411 and U412 
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Fig.2. Covariation of sequence at sites of proposed tertiary 
pairing in 56 group I introns. (A) Sequences at position 
corresponding to G313sC413 of Temhymena LSU. (B) 
Sequences at position corresponding to A314.U412 of 
Tetruhymena LSU. Solid circles, A. U, Ci. C and G.U pairs. 

Dotted circles, A. A pairs. 

(fig.4). This altered alignment results in exon liga- 
tion following G413 rather than G414. A predic- 
tion of the model is that the mutation G313C 
would restore exon ligation to the phosphodiester 
bond following G414 in the C413G mutant. 

The proposed tertiary pairing between the core 
(positions 3 13 and 3 14) and intron sequences at the 
3 ‘-splice site (positions 412 and 413) may coexist 
with PlO, the 3’-splice site-IGS pairing (figs 1 and 
5). While pairing between the 5 ’ -splice site and the 
IGS involves sequences which span the splice site, 
pairing between the 3 ‘-splice site and the IGS is 
proposed to involve only the exon sequences im- 
mediately adjacent to the splice site [3]. Thus, in- 
tron sequences at the 3 ’ -splice site are available to 
participate in other interactions, such as the pro- 
posed tertiary pairing. 

Kinetic evidence shows that the terminal G of 
Tetrahymena LSU is specifically recognized and 
bound by an unknown site within the IVS [12,18]. 
Mutations at this site (G414U, G414C) greatly 
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Two base-pairs 

An LSU GA----UUG/ 

Cm LSUl GA----UUG/ 

Cm LSUZ GA----UUG/ 

Cm LSU5 AA----UUG/ 

Cm SSU GA----UCG/ 

Cr LSU AU----AUG/ 

Kt LSU GA----UUG/ 

Mp tRNAL GU----AUG/ 

NC COB2 AA----UUG/ 

NC LSU GA----UUG/ 

NC ND1 AA----UUG/ 

NC ND4L GG----CCG/ 

NC ND5,2 GA----UUG/ 

Pa NDl,l GA----UCG/ 

Pa OX7 AU----AUG/ 

Pp LSU3 GC----GCG/ 

SC COB5 GA----UUG/ 

SC LSU GA----UUG/ 

Sp OX2a AA----UUG/ 

T4 sunY GA----UUG/ 

Tt LSU GA----UCG/ 

FEBS LETTERS 

One base Dair 

An COB GA----AUG/ 

NC ND3 GA----ACG/ 

NC OX2 W_----AUG/ 

SC 0x3 AA_----AUG/ 

SC OX5b AA_----AUG/ 

Zm tRNAL CA----AGG/ 

An OX2 AA----IJAG/ 

Pa ND1,2 AU----AAG/ 

Pa OX9 AU----AAG/ 

SC COB4 AU----AAG/ 

SPOl g31 AG----UBG/ 

Ce LSU5 GC----UUG/ 

Cm LSU3 GA----CUG/ 

Cm LSU4 GA----CUG/ 

NC ATP6,2 AC----CUG/ 

Pa OX8 AC----UUG/ 

Pp LSUl CU----CGG/ 

Pp LSU2 CU----CGG/ 

T4 nrdB GG----ACG/ 

T4 td GC----AUG/ 

Vf tRNAL CA----CGG/ 

July 1989 

An OX3 UA----UUG/ 

NC OX3 CA----UUG/ 

NC OX4 UA----UUG/ 

sp 0x2 UA----UUG/ 

No base Dairs 

Cm psbA1 AA----AAG/ 

Kf ATP9 AF.----AAG/ 

NC ND5,l AA----AAG/ 

SC 0x4 AA-----aG/ 

SC OX5a AA----AAG/ 

Cm psbA2 &C----A&G/ 

NC COB1 AA----ACG/ 

SC COB3 GA----AAG/ 

sp 0x3 GA----CAG/ 

An OX1 GU----UAG/ 

Fig.3. Sequences at positions of proposed tertiary pairing in 56 group I introns. Sequences shown are at positions corresponding to 
(from left to right) G313, A314, U412, C413 and G414 of Tetrahymena LSU. Slashes mark 3’-splice sites. Boldface letters mark A’U, 
G.C and G.U pairs. Underlining, A. A pairs. Standard abbreviations for group I introns [4] are used. To save space, names of 

organisms, introns, and references to sequences are not included here; all can be found in the review by Cech [4]. 

reduce the rate of exon ligation [ 131. Strikingly, ex- 
on ligation proceeds at the normal site in these 
mutants cryptic 3’ -splice sites are not activated. 
This indicates that while a G at the 3 ‘-end of the 

Wild fype C4 i3A C413G 

Fig.4. Effect of mutations at C413 [13] on 3’-splice site 
selection in Tetruhymena LSU. Intron sequences are indicated 
by uppercase letters; the lowercase U is the first base of 
3 ‘-exon. Boldface, G414. Circle indicates binding site for base 
at 3’-end of the intron. Arrow indicates 3’-splice site. For 

further discussion, see text. 
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Fig.5. Model for 3 ‘-splice site structure during exon ligation. 
The sequences and structures shown are those proposed for 
Tetruhymena LSU, but would be similar for most group I 
introns. Uppercase, intron sequences. Lowercase, exon 

sequences. Proposed tertiary pairing is indicated by box. 
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intron is impo~ant for efficient exon ligation, it is 
not an essential determinant of the 3 ’ -splice site in 
self-splicing of Tetrahymenh LSU. 

In summary, I have presented a model in which 
three distinct RNA-RNA interactions participate 
in selection and utilization of 3 ‘-splice sites in 
splicing of group I introns (fig.5). First, intron se- 
quences immediately adjacent to the 3 ’ -terminal G 
may form a tertiary pairing with complementary 
sequences immediately downstream of core se- 
quence element S. Second, the 3 ‘-terminal G is 
recognized by a site whose location is unknown, 
but is likely to be within the highly conserved se- 
quences of the intron core [4]. Third, exon se- 
quences immediately adjacent to the 3’-terminal G 
may pair with an internal guide sequence near the 
5 ‘-end of the intron. Since these three interactions 
involve adjacent bases spanning the 3’-splice site, 
the three binding sites must be in close physical 
proximity. This places significant constraints on 
possible three-dimensional models of group I in- 
tron structure. For example, the binding site for 
the terminal G might lie within the highly con- 
served bases at the 5’-end of element R (fig.5). 

In addition to splicing, the proposed tertiary 
pairing may be important for a number of other 
reactions involving the terminal G of Tetruhymena 
LSU, including intron cyclization, circle reopening 
with CpU, Pans-splicing and hydrolysis reactions. 
The model can be tested by mutational and 
modification-protection experiments, which are 
currently underway. 
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