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ABSTRACT

The large number of currently available group I intron
sequences in the public databases provides oppor-
tunity for studying this large family of structurally
complex catalytic RNA by large-scale comparative
sequence analysis. In this study, the detailed second-
arystructures of 211 group I introns in the IE subgroup
were manually predicted. The secondary structure-
favored alignments showed that IE introns contain
14 conserved stems. The P13 stem formed by long-
range base-pairing between P2.1 and P9.1 is con-
served among IE introns. Sequence variations in
the conserved core divide IE introns into three
distinct minor subgroups, namely IE1, IE2 and IE3.
Co-variation of the peripheral structural motifs with
core sequences supports that the peripheral ele-
ments function in assisting the core structure
folding. Interestingly, host-specific structural motifs
were found in IE2 introns inserted at S516 position.
Competitive base-pairing is found to be conserved
at the junctions of all long-range paired regions,
suggesting a possible mechanism of establishing
long-range base-pairing during large RNA folding.
These findings extend our knowledge of IE introns,
indicating that comparative analysis can be a very
good complement for deepening our understanding
of RNA structure and function in the genomic era.

INTRODUCTION

Group I introns represent a large family of structurally com-
plex catalytic RNA. The self-splicing activity of a group I
intron consists of two consecutive transesterification reactions
which result in the precise intron excision and exon ligation
(1). Although the self-splicing activity was first revealed in
study of the Tetrahymena intron (2) and was then confirmed by
a number of studied group I introns, some group I introns can

only undergo the same reactions in living cells, presumably
because the requirement of protein factors for assisting the
folding of the native structure of these introns (3–6).

Group I introns interrupt the coding sequence of rRNA
genes, tRNA genes and mRNA genes in lower eukaryotes
and bacteria, with the major population being located in
the rRNA genes. Over 2000 group I introns are currently
available in the Comparative RNA Website (CRW) database
[http://www.rna.icmb.utexas.edu, (7)], which are classified
into 5 major subgroups and 10 minor subgroups according
to the conservation of the core sequences and structural motifs
(8,9). The major subgroups include IA, IB, IC, ID and IE, and
the minor subgroups are IA1, IA2, IA3, IB1, IB2, IB3, IB4,
IC1, IC2 and IC3. Comparative sequence analysis reveals a
common secondary structure for group I introns, including
nine base-paired regions designated P1, P3–P10 (8,10). P1
and P10 helices constitute the substrate domain that contains
the 50 and 30 splice sites, while the other conserved helices
constitute the catalytic core structure organized by two sep-
arable helical domains P4–P6 and P3–P9 (8,11–12).

In addition to the conserved core helices, at least one,
usually multiple variable peripheral base-paired regions are
present in each group I intron. Although not conserved in
sequence or structure, the universal presence of peripheral
elements suggests its importance in the biological function
of group I introns (13). Many peripheral elements are pre-
dicted to form tertiary interactions among themselves or with
the conserved structural elements, establishing an extensive
network of peripheral interactions for each subgroup of group I
introns (14). Study of the Tetrahymena group I ribozyme,
belonging to IC1 minor subgroup, showed that many peri-
pheral interactions significantly contribute to the ribozyme
activity at the physiological magnesium concentrations
through stabilizing the ribozyme core structure (8,15–17).
Some peripheral interactions were shown to modulate the
folding pathway of the Tetrahymena ribozyme (17–19).

Although folding environments, such as temperature and
ions, modulate the folding pathway of a group I intron, accu-
mulated data lead to a view that the differences in the folding
pathway of group I introns are intrinsic to the intron structure
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(20–23). Recent resolved crystal structures of several different
group I introns display the similar ribozyme core structure,
while the peripheral interactions are significantly different
among these introns (24–27). Our study of the folding of
a group I intron (subgroup IE) from the 26S rRNA gene of
Candida albicans has demonstrated essential differences
between folding of this group I ribozyme and that of the
Tetrahymena group I ribozyme. This difference is attributed
to the substantial differences in the peripheral interactions and
in the tendency of mispairing of the P3 stem of those two
introns (28–30). Consistently, an IC3 intron Azoarcus group
I intron sharing a similar core sequence, but containing very
different peripheral interactions from the Tetrahymena intron,
folds very fast to the native structure, in contrast to the slow
folding of the Tetrahymena intron (8,24–26,31).

Both biochemical and crystallographic study support that
the major function of peripheral elements is to assist the
formation and stabilization of the core structure of group I
introns (13–15,26–27). Therefore, differences in the peripheral
elements may reflect the difference in the intron core
sequence, and/or in the splicing factors specifically interacting
with the peripheral elements to assist intron folding in the host
organisms. This study aims to understand the structure and
folding of group I introns, as well as the relationship between
the core sequence and peripheral elements, by systematic ana-
lysis of all 211 group I introns in the major subgroup IE.
IE introns were first discriminated from other introns by
their core sequence variation (9); the secondary structure of
some IE introns have been proposed (7,9,32). Denotation of
these introns from the GenBank nucleic acid sequence data-
base is available on CRW (7). The 218 IE introns indicated
in the CRW site were reduced to 211 because of the unavail-
ability of two intron sequence in GenBank, misclassification
of four IC1 introns and a non-group I intron sequence. Detailed
secondary structures, including all conserved and variable
regions, were proposed. Reliable alignments of all these
introns were deduced as well. All the secondary structures
and alignments are now available at http://www.rna.whu.
edu.cn and are also provided as Supplemental Material of
this paper.

The secondary structure of a large number of IC1 introns
was analyzed before; however, the study was restricted to
the introns in the order Bangials and was more focused on
the phylogenetic analysis (33). The present study covers all
IE introns denoted before July 2003, which distribute in
4 kingdoms and 67 genera. Although the sample number is
not huge, the abundance of the analyzed sequences should be
suitable for producing some statistically convincing data,
which in turn gives a comprehensive description of the struc-
tural characteristics of IE introns.

MATERIALS AND METHODS

Sequence source collection and extracting
the intron sequences

The accession numbers of the GenBank DNA sequence
records containing IE introns were retrieved via the RDBMS
system of the Gutell lab’s CRW (http://www.rna.icmb.utexas.
edu) (Supplementary Table S1). This information was used
for downloading the sequence records from GenBank. The

sequence files were downloaded in GenBank format. Then
the intron sequence and their flanking 10 nt exon sequences
were extracted following the insertion site information pro-
vided by the CRW database. Biochemical studies prove that
group I introns are always cut out after a U at the 50 splicing
site, and after a G at the 30 splicing site (1). This rule was
employed during intron extraction in this study. Although the
annotations for these introns in GenBank records do not
always comply with it, no violation of the splicing site rule
was found in the final sequence alignment, proving that the
basic splicing mechanism is applicable to all IE introns.

Secondary structure prediction

In predicting the secondary structure of the group I intron,
a divide-and-conquer strategy was used. The known secondary
structure of Candida group I intron, Ca.LSU, was used as a
starting reference (29). The sequence segments P70 and J8/7
showed high conservation in preliminary examination of the
intron sequences; prediction for a new sequence began with a
search for P70 and J8/7, respectively. The starting searching
pattern for P70 was the CGTGCC of Ca.LSU. The search
pattern was expanded to CGTGCT and other less prevalent
patterns as more patterns became available along with the
deposition of newly predicated structures. Then the J8/7 seg-
ments were inspected to ensure the correctness of the P70

prediction. Lying 50–80 nt upstream of P70, the P7 segments
were identified by their complementarities with P70. The
P3 and P30 segments were also identified by their conserved
sequences. Definition of P3 and P7 paired regions divided
the whole sequence into four segments containing no pseudo-
knot structure, whose secondary structures were predicted by
the software RNAstructure version 3.71 (34). All P1’s were
defined by finding the appropriate complementary sequence of
the 50 exon, known as the internal guiding sequence (IGS).

Secondary structure-favored alignment and
refinement of the secondary structure prediction

Sequences in the paired regions of the predicted secondary
structure of each intron were marked at each position. The
alignment began with aligning the bases occupying the same
position of different introns. For example, the second paired
bases in P4 were aligned together. The sequence similarities
are considered as the secondary criterion in aligning operation.
G,A and U,C are considered to be more compatible than
G,C, G,U, A,C and A,U when they are aligned to a
same position, for two reasons. First, the transition mutations
are more likely to happen in genome replication process than
the transversion mutations. Second, the former mutations have
less effect on altering the helical conformation or base-pairing.
Introns inserted at positions corresponding to 516, 1199 and
989 of the small subunit rRNA and all in the large subunit
rRNA of E.coli were aligned separately, and four alignments
instead of one were thus generated.

After the alignments were produced, sequences in each
alignment were further checked to identify conserved patterns.
The unfit sequences in the alignment were rechecked for their
secondary structure prediction. The secondary structure and
alignment were iteratively adjusted to improve the structure
prediction and alignment.
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Computation of the distance matrix

To compute the phylogenetic distance of core sequences, the
sequences in the segments P3–J3/4–P4, P40–P6 (partial),
P60(partial)–J6/7–P7–P3–P8 (partial) and P80(partial)–J8/
7–P70 corresponding to 95–112, 208–223, 250–282 and
296–312 sites of the sequence of group I intron from the
large subunit rRNA of T.thermophilia were calculated.

Distance matrices were calculated using the DNAdist
program in PHYLIP package (35), which takes nucleotide
substitution rates as sequence distance measures. The dis-
tances between the core sequences of 211 introns constituted
a 211-dimensional space. A Principle Component Analysis,
using the Statistic Toolbox of MATLAB 6.5, reduced the 211
dimensions to 3 principle dimensions, which cover >90% of
the variations in the distance matrix. Then the distances were
plotted to a 3D Euclidean space to visualize the relation of the
core sequences.

Computing mutual information

Mutual information is defined (in nits) as: M x‚yð Þ ¼P
ðf bxby

Þ lnðf bxby
=f bx

f by
Þ, for all bases bx and by, where bx

and by refer to the identities of each possible base at positions
x and y (A, G, C, U or gap corresponding to the ambiguous
bases). f bx

and f by
are the frequencies of each base at each

position, and f bxby
is the frequency of each possible pair

of bases at x and y (36). When two sites co-vary, a large
mutual information number should be observed.

Mutual information was computed by using both a C pro-
gram and the mutual information function in the program
BioEdit (37). The resulting matrices were plotted to a 2D
planar graph, in which the coordination of a dot are two
sites in the alignment, and the darkness represents the level
of mutual information between these two sites.

Supplementary Table S1 summarizes the general informa-
tion of all IE introns analyzed in this study.

RESULTS AND DISCUSSION

The conserved secondary structure and tertiary
architecture

According to CRW (7), all 211 IE introns are from the rRNA
genes of lower eukaryotes, predominately in fungi; 92.4% of
these introns are located in the small subunit rRNA gene and
7.6% in the large subunit rRNA gene. These IE introns insert
at 6 and 4 positions on the small and large subunit rRNAs,
respectively; these positions correspond to S516, S568, S651,
S989, S1201, S1199 and L1923, L1926, L2066, L2563 of the
16S rRNA and 23S rRNA of E.coli. The number of IE introns
at those sites are 82, 1, 1, 21, 1, 89, 4, 2, 6 and 4, respectively,
demonstrating a strong insertion bias to positions S516, S1199
and S989. Introns inserted into the same rRNA site tend to
share common structural features. Our preliminary examina-
tion of the secondary structure of each intron revealed
four classes of IE introns, i.e. S516 introns, S989 introns,
S1199 introns and LSU introns. Note that the S568 intron
and S651 intron were classified into S516 intron and S1201
intron into the S1199 one, based on the observed structural
similarity.

Iterative adjustment of the secondary structures and align-
ments of these 211 introns yielded a reliable secondary struc-
ture for each individual intron and high-quality alignments
for each class of IE introns (see http://www.rna.whu.edu.cn;
Supplementary 2nd Structures and Supplementary Align-
ments). Mutual information computed from the alignments
of IE introns indicated 14 conserved base-paired regions,
which include P10–P1–P2–P2.1, P4–P5–P6, P8–P3–P7–
P9–P9.1–P9.2 that form three separable domains of group I
introns (Figures 1 and 2). The common secondary structures
for IE introns were deduced according to the alignments
(Figure 2A–C). Four of the conserved stems formed by
long-range base-pairing were predicted; among which P3,
P7 and P10 are conserved among all group I introns and
P13 is shown to be conserved among IE introns. Interestingly,
four peripheral stems including P2, P2.1, P9.1, P9.2 that
are highly variable among other subgroups are exclusively
conserved among IE subgroup, suggesting the importance
of these peripheral elements in the function of IE introns.
These conserved peripheral elements might endorse a tertiary
architecture specific for IE introns. For example, the recently
published crystal structures of Azoarcus tRNA intron (IC3) and
a phage Twort intron (IA2) demonstrate very different overall
architectures due to the significantly different peripheral inter-
actions, although the core structures are similar (26–27).

Base pairs between nucleotides that are remote in the
secondary structure contribute significantly to the stabilization
of RNA tertiary structure in the large ribosomal subunit (38).
The most striking feature of IE introns is the highly conserved
P13 paired region (Table 1), a 6–8 bp stem resulting from
long-range base-pairing of the two remote peripheral elements
P2.1 and P9.1 (Figures 2 and 3) (14). Two incomplete S516

Figure 1. Mutual information computed from the alignment of 211 IE introns.
Mutual information is defined (in nits) as M x‚yð Þ ¼

P
ðf bxby

Þ lnðf bxby
=f bx

f by
Þ;

the higher M(x,y) indicates that the two corresponding sites are more likely to
interact. Mutual information was computed for each pair of two sites in the
alignment, and the resulting matrix was plotted in a 2D map, with the M(x,y)
value being represented by the density of darkness. Mutual information was
computed using the program BioEdit (37).
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Figure 2. Predicted structures of IE introns. The common secondary structures of IE1 (A), IE2 (B) and IE3 (C) introns are shown. The highly conserved core
sequences used in the distance computation are shaded in purple. The conserved sequences (90% or over) of each minor subgroup are indicated. When two or three
bases collectively respond for the conservation at one site, they are denoted using degenerate codes: R: A/G; W: A/U; Y: C/U; M: A/C; S: C/G; K: G/U; B: not A;
V: not U; H: not G; D: not C. Non-conserved sequences are denoted as circles. (D) The outlined tertiary structures. Upper row shows the models for IE1 and IE2
introns: (a) front view and (b) back view. Lower row shows the models for IE3 introns: (c) front view and (d) back view.
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introns were found in viridiplantae, one completely lacking
P3–P9 domain and one lacking P7–P8–P9 region. The acces-
sion numbers for these two introns are #185 and #191 in this
study, respectively. Interestingly, although these two introns
lack P9.1 structure, the remained terminal loop of P2.1 stem
contain conserved sequences capable of pairing with the
normal L9.1 (Supplementary 2nd Structures). The strong
conservation of the P13 stem formed by base-pairing of
two remote peripheral elements P2.1 and P9.1 indicates the
importance of this tertiary interaction in forming the native
structure of these introns.

Tertiary interaction between P5 and P9 stems is conserved
among group I introns including subgroups IA, IB, IC and
ID, either through a GNRA loop/helix interaction (L9/P5)
or through forming new stem P17 by Watson–Crick base-
pairing (14,39). We found that most IE introns from fungi are

capable of forming the standard L9/P5 tetraloop–receptor
interactions, in which the L9 terminal loop predominately
consists of GAAA sequence and the receptor stem P5 contains
the typical GNRA receptor motif (Supplementary Figure S1).
Interestingly, most L9 loops of the viridiplantae IE introns
contain >4 nt. Nonetheless, most of these loops contain a
typical GNRA sequence, and nucleotides flanking the GNRA
sequence are capable of forming an A–U pair. This A–U pair
closes a typical L9 GNRA tetraloop, with the nucleotides
adjacent to the A–U pair being purines that are capable
of forming non-canonical base pair. On the other hand,
the P5 stems of these viridiplantae introns contain the
typical GNRA receptor motifs. Therefore, we suggest that
these larger P9 loops form an isoform of the canonical
GNRA tetra loop, and the L9/P5 interaction establishes in
these introns (Figure 4).

Table 1. Statistic analysis of the structural motifs present in different classes of IE introns

Conserved pattern Location Examples Frequency of occurrence
LSU S516 S989 S1199

A-bulge P3 16/16 82/84 20/21 88/90

A-bulge P6 16/16 82/84 21/21 90/90

P13 P2.1, P9.1 16/16 80/84 21/21 88/90

GNRA loop P6 8/16 46/84 0 4/90

GYNRCG loop P6 0 0 20/21 82/90

P2.1a/P2.1b P2.1 0 0 20/21 85/90

AGGAAAUG loop P9.2 8/16 32/84 0 0

UANG loop P20 5/16 41/84 0 0
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In the view of organizing the compact tertiary structure of
IE introns that exerts the splicing function, the conserved
tertiary interactions established between P2.1 and P9.1, P5
and P9 represent two important domain–domain interactions
that bring three domains to a close proximity. The base triples
formed between J3/4 and P6, J6/7 and P4 are highly conserved
(Figure 2A–C), further tethering domains P4–P5–P6 and
P8–P3–P7–P9–P9.1–P9.2. Formation of P3 by long-range
base-pairing brings the domain P10–P1–P2–P2.1 close to the
domain P8–P3–P7–P9P9.1–P9.2. These interactions reveal the

outlined tertiary architecture of IE introns, which is illustrated
in Figure 2D.

The conserved A residues not participating in the regular
helix formation are more abundant than other bases in the
23 rRNA; these conserved A residues participate in A-minor
motif interactions (40). The A-minor motif represents the most
abundant tertiary structure interaction in 23 rRNA, signific-
antly contributing to the structural stability of this extremely
large structural RNA (40,41). Interestingly, an extremely
high occurrence of the A-bulge motif separating the paired

Figure 3. Phylogenetic evidence for the conserved long-range interaction P13 established by base-pairing between P2.1 and P9.1. Extracts from the alignments of IE
introns inserted at SSU516 (A) and SSU1199 (B). The sequences participating in P13 base-pairing are shaded.
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regions was observed among IE introns. In P3 and P6 stems,
the conserved first 4 bp immediately followed by a single
A-bulge, dividing these stems into two parts. This ‘4 bp
stem-single A bulge-stem’ motif is exclusively conserved in
the P3 and P6 helical regions of IE introns, with a few excep-
tions. In these few exceptions, an A-bulge motif containing
multiple unpaired A was frequently observed. The ‘4 bp stem-
single A bulge-stem’ motif also occurs frequently in P2.1 stem;
in some cases, the single A bulge is replaced by an AU bulge.
Moreover, base pairs abutting the A-bulge are usually G–C
pairs (Table 1). The conserved A-bulge motifs might establish
the A-minor tertiary interactions with the corresponding recep-
tor helices, thus playing an important role in stabilizing the
tertiary structure of IE introns. This prediction is consistent
with the report of rich A-minor interactions in the Azoarcus
group I ribozyme (25).

Another noteworthy feature of the secondary structure of IE
introns is the relatively long P10 stem that is essential for
precise ligation of the 50 and 30 exons. The P10s of IE introns
are predominately 6–8 Watson–Crick base pairs. The typical
P10 stem is present in the two naturally occurring incomplete
IE introns (#185 and #191 in Supplementary 2nd Structures).
However, the mechanistic reason for such a long P10 stem
could not be readily proposed.

Variation in the core sequences divides IE introns
into three distinct minor subgroups

Group I introns vary greatly in their sequences, however, the
nucleotide sequences in the core region of group I introns
are relatively conserved, which include stems P3, P4, P7,
a part of the stems P6, P8, and four joint segments J3/4,
J6/7, J7/3 and J8/7. As expected, crystal structures of three
group I introns demonstrate that these conserved core seg-
ments constitute the structure core as well (24–27). Nonethe-
less, the core sequences vary among the subgroups of group I
introns, which is a major criterion used to categorize group I
introns into different subgroups (8,9). On the other hand,
most known minor subgroups are more distinguishable by
the signature structural motifs but not by core sequence
conservation (8).

Multiple sequence patterns in the conserved core of IE
introns were noticed (Figure 5). Interestingly, when the nuc-
leotide sequences in the core were calculated to compute the
phylogenetic distance of IE introns, it was found that almost all
IE introns fell into one of the three well-separated clusters
(Figure 5A), representing three minor groups, namely IE1,
IE2 and IE3. Therefore, we demonstrated ambiguously that
the core sequence variation could be used as a criterion to
distinguish the minor subgroups. The similar approach of
minor subgroup classification has been used previously,
which did not yield such a distinct separation of minor sub-
groups probably due to the lack of sufficient sequences to
generate good statistical data (8). In the following section,
we describe the relationship between the signature structural
motifs and core sequence identity.

Co-variation of the peripheral structural motifs
with the core sequences

The hypothesis that the major function of peripheral elements
is to assist the folding of the core structure of group I introns
predicts co-variation of the core sequences with the peripheral
elements. Consistent with this prediction, IE introns, whose
core sequence significantly diverges from that of the other
major subgroups of group I introns, contain a number of
characteristic peripheral elements. For example, the P13 stem
formed by long-range base-pairing between the peripheral
elements P2.1 and P9.1 is highly conserved among IE introns.
In addition, the peripheral elements P2 and P9.2 are also
conserved among IE introns (Table 1). Because IE1, IE2
and IE3 are distinctly different in their core sequences, we
were interested to know if there are any signature structural
motifs for each minor subgroup.

Interestingly, we noticed that a branched P2.1 is conserved
among IE3 introns, with the large bulge within the P2.1a stem
that participates in base-pairing with L9.1 to form P13 stem
(Table 1). On the other hand, IE1 and IE2 introns contain a
non-branched P2.1, in which the terminal loop participate
in the P13 stem formation. Concomitant with the branched
P2.1 motif, almost all IE3 introns contain a GYNRCG terminal
loop at P6 stem. Nevertheless, conserved base-pairing between
these two conserved motifs was not observed. Because the
tertiary structural feature of GYNRCG loop has never been
reported, it is difficult to predict the interaction site of L6 in
IE3 introns. We suggest that the branched P2.1 stem does not
directly interact with L6 because of the spatial restriction

Figure 4. Predicted isoforms of canonical GNRA tetraloops presented in L9
and L9.2 of some IE introns. Standard base-pairing resulted in the loops (left).
If non-canonical A–G base pair and bulges are allowed, the loops in (A) and
(C) become GNRA tetraloops, while that in (B) turns to GAUAA. See Figure 2
and Supplementary Figure S1 for the receptor structure of the L9 GNRA loop,
which is located in P5.
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Figure 5. Sequence variation in the core region divides IE introns into three minor subgroups. (A) The core distance matrix was plotted to a 3D space (a) (b) (c), or a
2D planar graph (d). Each dimension in (d) represents the 211 introns; the lighter dots are the crosses of those sequences having higher similarity. (B) Sequence
conservation for the core region of all IE introns and for each minor subgroup. For each group, the upper lines show the conserved sequence. The lower stacked bars
show the frequency of each nucleotide (or gaps) observed in each site. The conventions used for defining the consensus sequence are from (47): an uppercase letter
designates >90% conservation of the particular nucleotide; a pair of lowercase letters indicates that 2 nt frequently occupy a position and together account for >90%
of the sequences; and an ‘n’ in a position indicates that no nucleotide is conserved at the level of these criteria.
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imposed by base-pairing of L9.1 and L2.1a (Figure 2D).
Strikingly, the GYNRCG terminal loop and branched P2.1
motifs are excluded from IE1 and IE2 introns inserted at
position 516 of the small ribosomal rRNA and the large ribo-
somal rRNA, indicating that those structural motifs are only
required for folding of the core structure of IE3 intron. On the
other hand, co-occurrence of a L6 GNRA tetraloop and a
UANG bulge at P2 were conserved among most IE2 introns
(Table 1). No distinct structural motifs were found for IE1.
These results are consistent with our hypothesis that variation
of the core sequences requires the concomitant change in the
peripheral structures.

As a frequently observed structural motif, GNRA tetraloop
plays important roles in stabilizing the RNA tertiary structure
(42,43). Co-occurrence of GNRA terminal loop in P6 and a
UANG bulge in P2 dominates S516 IE2 introns, suggesting a
possible tertiary interaction between L6 and P2.

Host-specific structural motifs

It was noticed that all IE3 introns are inserted at S1199 and
S989 positions of the small subunit rRNA, and no other IE
introns are found at these positions. On the other hand, exam-
ination of CRW database revealed that all except for a few of
the 111 introns inserted at those two sites belong to IE3 sub-
group. Such a strong restriction of intron type by the insertion
site on rRNA suggests an intimate relationship between the
intron core structure/folding and the neighboring rRNA struc-
ture/folding. In contrast, the position S516 harbors 84 of IE1
and IE2 introns, and 107 of IC1 introns, indicating that the
interaction between the intron core and the folding context
around S516 is much less intimate than that of the introns at
S1199 and S989. Such a loose interaction may offer oppor-
tunities for trans-acting cellular factors to interact with the
intron core to assist intron folding. This hypothesis is consist-
ent with our finding that the core sequence and peripheral
structural motifs of the S516 IE introns strongly correlate
with the host species. First, all of the 30 S516 IE introns in
viridiplantae belong to IE2 minor subgroup. Correspondingly,
the structural motifs including a GNRA terminal loop in the
P6 stem, a UANG bulge in P2 and a GNRA tetraloop motif
in P9.2 are highly conserved in these viridiplantae introns
(Table 1 and Supplementary 2nd Structures). The terminal
loop sequence of P9.2 is highly conserved as AGGAAAUG,
which contains a GAAA tetraloop abutted by the G–U
and A–G pairs (Figure 4C). Interestingly, the conserved
L9.2 motif is also found in 5 out of 6 non-Ascomycota fungal
IE2 introns, but not in any Ascomycota fungal IE2. In contrast,
co-occurrence of the GNRA terminal loop in P6 and a UANG
bulge in P2 is present in 7 out of 18 fungal IE2 introns, in spite
of the host species. These results led us to conclude that the
L9.2 AGGAAAUG motif is more host-specific than the L6
GNRA and P2 UANG motifs.

The observation that the L9.2 AGGAAAUG sequence
motif is strongly excluded from all Ascomycota IE2 introns,
but highly conserved among non-Ascomycota IE2
introns suggests that this motif is specifically required for
intron splicing in non-Ascomycota hosts. The L9.2 motif
might exert its function through interaction with specific
cellular factor(s) that promote intron folding. Although
the mechanism is unknown, the presence of host-specific

structural motifs suggests an intimate interaction between
the intron RNA and host-specific cellular factors.

Competing base-pairing in formation of the long-range
paired helices

Long-range base-pairing is frequently used in nature to organ-
ize the structurally complex ribozyme RNAs, and pseudoknot
structure is a frequently observed long-range base-pairing
(14,38,44–46). The P3–P7 pseudoknot is essential for forma-
tion of the core structure, while the P1–P10 pseudoknot con-
taining the 50 and 30 splice sites is important for the precise
ligation of exons of group I introns. Here, we showed that the
P13 stem formed by long-range base-pairing of P2.1 and P9.1,
is highly conserved among IE introns, indicative of its import-
ance in the function of these group I introns.

Sequence analysis revealed that one or two bases at both
ends of the P13 paired region are also capable of forming base
pairs in P9.1 and/or P2.1, which is highly conserved among IE
introns. Therefore, unwinding of at least 1 bp in P9.1 or P2.1
stems is usually required to form additional base pairs of P13
stem, which we named as competitive base-pairing (Figure 6).

Figure 6. Competitive base-pairing at the junctions of distantly paired stems
and local stems. (A) Competitive pairing at P1–P10 junction; (B) Competitive
pairing at P3–P8 junction; (C) Competitive pairing at P2.1–P13–P9.1. Shaded
regions indicate nucleotides participating in competitive base-pairing.
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Such a competitive pairing at the junctions of P13 was repor-
ted previously (14). Competitive base-pairing is also present at
the junction of P1 and P10, where the IGS sequence pairing
with the first nucleotide of the intron in P1 is also capable of
pairing with the first nucleotide of 30 exon in P10; P10 some-
times is capable of extending one more pair by unwinding one
P1 pair (Figure 6). Conserved competitive base-pairing takes
place in the junction of P3 and P8 as well. The last 2 bp in P8
close to this junction are U–C, A–U or U–G, A–U pairs; these
P8 pairs are supposedly opened during P3 formation and sub-
sequently converted to C–G, A–U pairs of P3 stem (Figure 6).

The conserved competitive pairing at the junctions of long-
range base-pairing regions of IE introns leads us to understand
the mechanism of large RNA folding from a different aspect.
Folding of the large RNAs to the 3D functional structure often
requires distant tertiary contacts, such as helix–helix contact,
tetraloop–helix receptor contact and long-range base-pairing.
All these tertiary contacts should be established after the
local secondary structure formation. Study of the folding of
Tetrahymena intron in vitro has proven that rapid formation of
some tertiary contacts results in metastable intermediates that
fold to the active structure very slowly (17,18,21), leading to a
view that a slower formation of the long-range base-pairing
than the local one may prevent the ribozyme from entering
the kinetically trapped folding pathway. Consistent with this
hypothesis, the stability of the long-range base-pairing is
usually less stable than or equivalent to that of the neighbor-
ing local base-pairing (Figure 6). We proposed a model for
formation of a stable helix by long-range base-pairing. During
large structural RNA folding, local stem–loop structures form
rapidly; while long-range base-pairing contributing to tertiary
structure formation and stability form relatively slowly.
After the latter base-pairing is established, further tertiary
stability may be achieved by forming extra base pairs through
replacing the adjacent base pairs in the abutted local helices
(Figure 6). This hierarchical folding strategy by competitive
base-pairing may ensure that the intron RNA folds into the
native tertiary structure without being trapped in the misfolded
intermediates.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at NAR Online.
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