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Abstract

Group Il introns are large autocatalytic RNAs found in
organellar genomes of plants and lower eukaryotes, as
well as in some bacterial genomes. Interestingly, these
ribozymes share characteristic traits with both spliceo-
somal introns and non-LTR retrotransposons and may
have a common evolutionary ancestor. Furthermore,
group Il intron features such as structure, folding and
catalytic mechanism differ considerably from those of
other large ribozymes, making group Il introns an attrac-
tive model system to gain novel insights into RNA biology
and biochemistry. This review explores recent advances
in the structural and mechanistic characterization of
group Il intron architecture and self-splicing.
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Introduction

Self-splicing introns are large RNA molecules that are
able to catalyze their own excision from a pre-mRNA
while at the same time covalently joining the flanking
exonic sequences. Group Il introns represent one of the
major classes of these autocatalytic RNAs, which also
include group | and recently discovered group I-like ‘cap-
ping’ introns (Cech, 1990; Nielsen et al., 2005). They are
found in bacteria and the organelles of various euka-
ryotes (mostly fungi and plants), but are absent from ani-
mal genomes. Their total number is difficult to gage, but
a recent database search yielded almost 600 mitochon-
drial group Il introns (Lang et al., 2007), and a website
dedicated to bacterial introns lists over 100 eubacterial
and 14 archaeal group Il introns (http://www.fp.ucal
gary.ca/group2introns/). Despite their very diverse pri-
mary sequences, group Il introns are defined by a highly
conserved secondary structure. This generally consists
of six domains radiating from a central wheel (Figure 1).
Domain 1 (D1), the largest of all intronic domains, serves
as a scaffold for assembly of the other domains and is
indispensable for exonic substrate recognition (Qin and
Pyle, 1998; Pyle and Lambowitz, 2006). D2 and D3 are
not absolutely required for group Il intron function (Koch

et al., 1992), but their presence enhances the catalytic
efficiency (Qin and Pyle, 1998). D4 is the most variable
region of the intron. In some introns it contains an open
reading frame coding for a multifunctional intron-encod-
ed protein (IEP) that facilitates splicing (maturase func-
tion) and copies and inserts the intron sequence into a
new DNA target site (mobility function) (Qin and Pyle,
1998; Lambowitz and Zimmerly, 2004). D5 is the catalytic
center of the intron, while D6 provides the bulged aden-
osine residue that serves as the branch point in the
branching pathway of splicing (Qin and Pyle, 1998; Leh-
mann and Schmidt, 2003). Based on structural charac-
teristics and their IEPs, group Il introns can be further
subdivided into families; the three main group Il intron
families are IIA, 1IB and IIC (Michel et al., 1989; Toor et al.,
2001).

Similarities in the splicing mechanism suggest that
group Il introns and nuclear spliceosomal introns may
share a common evolutionary ancestor (Michel and Ferat,
1995). In addition, their ability to act as autonomous
mobile elements strongly suggests that group Il introns
are predecessors of modern non-LTR retrotransposons
(Lambowitz and Zimmerly, 2004; Robart and Zimmerly,
2005). For an in-depth discussion of group Il intron evo-
lution and their role as mobile elements, we would like to
direct the reader’s attention to recent reviews on these
topics (Lambowitz and Zimmerly, 2004; Robart and Zim-
merly, 2005; Pyle and Lambowitz, 2006). In this article,
we focus on the aspects of group Il intron splicing per
se.

Splicing mechanisms

Group Il introns generally excise from pre-mRNA as a
lariat, a lasso-like structure that is also adopted by spli-
ceosomal introns (van der Veen et al., 1986). This makes
them a valuable model system to examine the splicing
mechanism in detail (Jacquier, 1990). While in vivo stud-
ies have supplied important information on group Il intron
biology and mechanism, the most enlightening results
were derived from biochemical analysis of their catalytic
activity in vitro. In these experiments, group Il introns
need unphysiologically high salt concentrations and tem-
peratures for efficient catalytic activity (see section ‘Fold-
ing of Group Il introns’ below), but none of the available
data suggest chemical or mechanistic differences
between in vitro and in vivo reactivity once the intron is
folded.

Forward splicing

Group Il intron splicing proceeds through two sequential
transesterification reactions (Peebles et al., 1987; Jarrell
et al., 1988). It is initiated by the 2’-hydroxyl group of a
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Secondary structure and long-range tertiary contacts in a group Il intron.

Most of the information is based on results obtained from the ai5vy intron. Long-range tertiary contacts are color-coded and labeled
by small Greek letters. Proximity contacts identified by UV crosslinking are labeled by Greek capital letters and shown as dotted
lines. The folding control element is highlighted by a green oval. Boxed letters denote the AGC triad in D5 and the branch-point

adenosine in D6.

highly conserved bulged adenosine within D6. The
nucleophile attacks the phosphate at the 5-end of the
intron, and in a typical S,2 reaction (Padgett et al., 1994)
releases the 5’-exon while forming a lariat structure. This
intermediate consists of an RNA circle with a 2'-5' linkage
at the branch-site adenosine, and a 3'-tail still covalently
attached to the 3'-exon. Since the released 5-exon is
bound to the intron through base pairing interactions, its
free 3'-OH is then positioned correctly to attack the 3'-
splice site in the second step of splicing. In the ensuing
S\2 displacement reaction (Padgett et al., 1994; Podar
et al., 1995b), the 5’- and 3'-exon are joined together, and
the lariat intron is released (Figure 2).

Reverse splicing

Both steps of splicing are reversible reactions (Augustin
et al., 1990; Morl and Schmelzer, 1990). The rate con-
stants for the forward and reverse reactions of the first
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Figure 2 Mechanisms of splicing-related reactions catalyzed
by group Il introns.

Lines represent the intron RNA, rectangles the exons (white,
5'-exon; black, 3'-exon; gray, free 5'-exon in trans).

step of splicing are comparable (Chin and Pyle, 1995). It
was hypothesized that one reason for this ready revers-
ibility was an inherent proofreading mechanism (Chin and
Pyle, 1995), but recent experiments with branched RNA
molecules mimicking mis-spliced intermediates demon-
strated that this is not the case (Wang and Silverman,
2006). Typically, the second step of forward splicing is
much faster than the branching reaction, making the first
step rate-limiting (Daniels et al., 1996). The reverse reac-
tion is considerably slower, so that reverse splicing is
typically an inefficient process. However, certain reaction
conditions or subsequent coupled reactions (e.g., reverse
transcription) can render the backward reaction rather
efficient (Muller et al., 1991; Aizawa et al., 2003). Remark-
ably, however, this reaction is not limited to RNA sub-
strates, but also works efficiently with DNA targets (Morl
et al., 1992; Griffin et al., 1995). This exceptional versa-
tility in substrate choice is biologically relevant in intron
mobility, in which reverse splicing into the target DNA is
a crucial step of the homing reaction.

Hydrolytic splicing

Early in vitro studies of group Il intron splicing suggested
that, in addition to the lariat splicing pathway, the intron
can excise via an alternative pathway: water or a hydrox-
yl ion is used as a nucleophile in the first splicing step
(van der Veen et al., 1987; Jarrell et al., 1988; Daniels
et al., 1996). The second step then proceeds as in the
branching pathway of splicing, and the products of this
reaction are ligated exons and a linear intron (Figure 2).
The balance between branching and hydrolytic splicing
is strongly influenced by the choice of monovalent cation
in the reaction (Daniels et al., 1996). Therefore, it was not
clear at first whether the hydrolytic pathway was just an
in vitro artifact, but in 1998 it was shown in vivo that
introns with branch-point mutations retain splicing activ-
ity through this pathway (Podar et al., 1998a). The dis-
covery of introns that naturally lack a branch-point



adenosine and are still active has revealed that hydrolytic
splicing is an important, biologically relevant variation of
group Il intron splicing (Vogel and Bérner, 2002).

Unusual splicing reactions

While the classical lariat excision pathway is fairly well
characterized, alternative and unusual splicing pathways
and their significance in vivo have recently begun to
attract more attention.

Spliced exon reopening In vitro characterization of
the splicing reaction also led to the observation of an
additional side reaction, spliced exon reopening (Jarrell
et al., 1988; Daniels et al., 1996) (SER, Figure 2). Here
the excised intron (either in its lariat or linear form) recog-
nizes the ligated exons and hydrolyzes them exactly at
the 5'-3' splice site junction. This reaction appears to be
specific to group IIB introns; it is hardly observed in
group lIA introns, even under optimal conditions
(Schmidt et al., 1990; Hebbar et al., 1992). The biological
relevance of this reaction is not yet clear, but it has been
speculated that it might be involved in the generation of
intron circles (see below).

Circle formation  The formation of circles during splic-
ing was first described over 20 years ago (Osiewacz and
Esser, 1984): initially it was thought that circles rather
than lariats were the product of splicing. With the dis-
covery of lariat structures (van der Veen et al., 1986), cir-
cles were almost forgotten, but recently they have been
rediscovered as byproducts of splicing reactions.

The first detailed characterization of group Il intron cir-
cles utilized group Il intron mutants lacking the branch-
point adenosine (Murray et al., 2001). Both in vitro and
in vivo, RNA circle formation was observed. Recently,
however, several wild-type introns in both bacteria (Moli-
na-Sanchez et al., 2006) and plant mitochondria (Li-
Pook-Than and Bonen, 2006) have been shown to
naturally form circular splicing products in vivo, suggest-
ing that circle formation is not a random artifact of a few
intron species, but a conserved side reaction with an
unknown function.

The circular molecules usually consist of the complete
intron sequence and seem to be linked by a 2’-5" bond
at the cyclization junction (Murray et al., 2001; Molina-
Sanchez et al., 2006). Therefore, they must be generated
by a mechanism different from the well-established cycli-
zation mechanism of group | introns, which takes place
after splicing, cleaves off the 5-end of the intron and
leads to a 3'-5' linkage at the cyclization site (Zaug et al.,
1983). The proposed mechanism for group Il introns
(Murray et al., 2001) involves attack of the 3'-junction by
a free 5'-exon (possibly generated by SER) in trans. The
resulting 5’-exon/intron intermediate undergoes an intra-
molecular transesterification reaction, with the 2’-hydrox-
yl group of the 3'-terminal nucleotide attacking the
5'-splice site (Figure 2). However, intron RNA circles
could also be derived from linear excision products gen-
erated by the hydrolytic pathway and then circularized by
a host-encoded RNA ligase. This notion is corroborated
by the observation of intron circles that have non-encod-
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ed nucleotides or missing nucleotides at the supposed
circularization site (Li-Pook-Than and Bonen, 2006).

Intriguingly, when RNA intron circles are observed in
vivo, DNA intron circles can usually also be detected
(Murray et al., 2001; Molina-Sanchez et al., 2006),
although it is still unknown how they are produced and
what their function might be. In this context, it is inter-
esting that circular intron DNA molecules in Podospora
anserina have been shown to increase in abundance in
senescent cells (Osiewacz and Esser, 1984).

Aberrant/alternative splicing Recent findings have
identified the possibility that the fidelity of splicing is not
always as high as observed for the well-characterized
introns ai5y and LtrB. For example, the bacterial group
IIB3 intron Rmint1 displays unexpected in vitro activities
that are thought to originate from interaction of exon
binding site 1 (EBS1) with an alternative intron binding
site 1 (IBS1) a few bases downstream of the 3'-intron/
exon junction (Costa et al., 2006a). In addition, EBS2 of
the same intron seems to be capable of interacting with
both the canonical IBS2 and an adjacent alternative
upstream site, a feature conserved in related bacterial
introns (Costa et al., 2006b). The bacterial IIC intron
B.h.I1 from Bacillus halodurans represents the first exam-
ple of a group Il intron using 5’-splice sites upstream of
the canonical intron structure (Toor et al., 2006). As a
caveat it should be mentioned that the reactions
described above were all conducted in vitro, and so far
have not been observed in vivo. They might therefore be
artifacts only occurring under unusual salt conditions and
in the absence of the cognate IEP. However, intron B.c.l14
from Bacillus cereus naturally splices 56 nucleotides
downstream of the expected canonical 3'-splice site
(Tourasse et al., 2005). There is a high probability that
more unusual splicing reactions will be found as more
and more introns are biochemically characterized.

Structural organization of group Il introns

Each of the six intronic domains has a specific role in
folding, conformational rearrangements or catalysis. The
native conformation of a group Il intron is sustained by
intra- and interdomain long-range tertiary interactions,
which are critical either for folding of the intron to the
native state or for its catalytic activity. The specific func-
tions of the intronic domains and all identified tertiary
contacts are discussed below.

Domain 1

It has been long known that D1 is absolutely essential
for catalysis (Michel et al., 1989; Michel and Ferat, 1995).
It serves as a scaffold for assembly of other domains into
the catalytically active structure. D1 is indispensable for
exonic substrate recognition and is involved in several
tertiary interactions critical for catalytic function (Qin and
Pyle, 1998; Pyle and Lambowitz, 2006).

Exonic substrate recognition and splice site selection
Typically, D1 contains two 5'-exonic substrate recogni-
tion sequences (EBS1 and EBS2), which interact with
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corresponding complementary regions at the 3’-end of
the 5-exon (IBS1 and IBS2) and help to define the 5'-
splice site (Qin and Pyle, 1998; Pyle and Lambowitz,
2006). The mechanism of 5'-splice site recognition and
substrate specificity of group Il introns has been studied
in detail by taking advantage of group Il intron modularity.
A series of ribozyme constructs comprising different
intron domains was provided in trans to a short RNA oli-
go containing the last 17 nucleotides of the 5'-exon
(including both IBS1 and IBS2) and the first seven nucle-
otides of the intron (Michels and Pyle, 1995; Xiang et al.,
1998; Su et al., 2001). Fluorescence studies have dem-
onstrated that an energetic penalty is paid upon binding
of the 5’-exonic substrate by D1, which greatly increases
the substrate specificity of group Il ribozymes (Qin and
Pyle, 1999). Mutational analysis of EBS1-IBS1 and
EBS2-IBS2 interactions revealed that even a single mis-
match may result in a significant decrease in substrate
hydrolysis efficiency (Xiang et al., 1998). It has been
hypothesized that the cleavage site is determined by the
nucleotide paired with the 5'-terminal residue of EBS1
(G329 in the ai5vy intron) (Jacquier and Jacquesson-Breu-
leux, 1991). (Please note that nucleotide numbers refer
to the ai5v intron.) However, further studies showed that,
instead of recognizing specific nucleotides at the cleav-
age site, the EBS1 region attempts to form the most ther-
modynamically stable duplex with the exonic substrate.
Cleavage then occurs at the junction between the single-
stranded and double-stranded regions (Su et al., 2001).
Interestingly, some group Il introns (class 1IC) do not have
an EBS2 site and appear to rely solely on EBS1 for 5'-
splice site recognition (Toor et al., 2001; Toor et al., 2006).
These ancient bacterial introns are generally located
downstream of transcriptional terminator motifs, and for
at least one of the IIC introns (B.h.l. 1 from Bacillus halo-
durans) the stem-loop terminator motif participates in
defining the 5’-splice site, thus partially compensating for
the absence of EBS2-IBS2 interaction.

In addition to 5’-exonic substrate recognition sites, D1
also contains elements that contribute to recognition of
the 3’-exonic substrate by interacting with the first nucle-
otide of the 3’-exon [EBS3-IBS3 interaction (subgroup
IIB) or 3-8’ interaction (subgroup Il1A), Figure 1] (Jacquier
and Jacquesson-Breuleux, 1991; Costa et al., 2000).

Tertiary contacts involving D1 that are critical for
catalysis  Phylogenetic analysis and nucleotide analog
interference suppression (NAIS) studies identified three
tertiary interactions between D1 and the ‘catalytic center’
of the intron, D5: {-{’' and k-k’, which are important for
D5 docking (Costa and Michel, 1995; Boudyvillain and
Pyle, 1998), and \-\’, which positions D5 in close prox-
imity to the 5’-splice site and is directly involved in catal-
ysis (Boudvillain et al., 2000; Figure 1). Multiple studies
have demonstrated that the intradomain interaction e-¢’
(Figure 1), which was identified by phylogenetic analysis,
is also important for the catalytic function of the intron
(Jacquier and Michel, 1987, 1990).

Interestingly, the e-¢’ nucleotides exhibit strong nucle-
otide analog interference effects in the sugar-phosphate
backbone, suggesting that there may be a third com-

ponent of this interaction elsewhere in the intron (Boud-
villain and Pyle, 1998). Another phylogenetically identified
long-range tertiary interaction, a-o’, has been implicated
in facilitating binding of the 5’-exonic substrate (Qin and
Pyle, 1998); however, it also plays an important role in
intron folding (Waldsich and Pyle, 2007). It has been sug-
gested that the tetraloop-receptor interaction 6-6' (Figure
1) plays a role in structural stabilization of the native
structure rather than being directly involved in catalysis
(Costa et al., 1997). This interaction is also important for
recruiting the catalytic effector D3 and the phylogeneti-
cally conserved interdomain joiner J2/3 into the active
site (Fedorova et al., 2003). However, the precise nature
of its interaction with D3 or J2/3 remains unknown.

Docking site for D6 D6 is critical for the branching
pathway of the first step of splicing, which is common to
both group Il intron and spliceosomal splicing (Lehmann
and Schmidt, 2003; Pyle and Lambowitz, 2006). Both
branch-point recognition and splice-site selection are
very accurate (Chu et al.,, 2001), suggesting that the
branch-point adenosine must be precisely positioned in
the active site of the intron. Surprisingly, neither phylo-
genetic analysis nor NAIM/NAIS studies have been
successful in determining local surroundings of the
branch-point adenosine in the ribozyme active site. This
was achieved by site-specifically incorporating crosslink-
ers at or near the branch point in chemically synthesized
RNAs containing D5 and D6, and reacting them with the
rest of the intron (exD123 RNA) (Hamill and Pyle, 2006).
The docking site for the branch point has been identified
in the asymmetric loop in D1 (‘coordination loop’) (Hamill
and Pyle, 2006) (Figure 1), which also contains residues
involved in positioning of the 3'-splice site (EBS3-IBS3
interaction; Costa et al., 2000). Mutational analysis con-
firmed that the coordination loop is important for branch-
ing (Hamill and Pyle, 2006), but the exact nature of the
interaction between this substructure and the branch
point remains enigmatic. It has been hypothesized that
the branch point is recognized not by means of conven-
tional hydrogen bonding, but via a network of van der
Waals’ contacts and stacking interactions that are sen-
sitive to the shape of the branch-site region (Liu et al.,
1997; Hamill and Pyle, 2006). A similar hypothesis has
been proposed for spliceosomal branch-site recognition
by protein components of the spliceosome (Schellenberg
et al., 2006; Spadaccini et al., 2006).

Structural elements in D1 that are critical for intron
folding  Over the past 10 years, multiple studies have
demonstrated that D1 folding is independent of other
intronic domains (Qin and Pyle, 1997). Furthermore,
recent studies have shown that folding of D1 is a rate-
limiting step in the folding of the entire intron (Su et al,,
2005). Strikingly, NAIM studies using group Il ribozyme
compaction as a selection step have conclusively dem-
onstrated that most of the functional groups critical for
intron compaction and folding are clustered in a relatively
small substructure designated as a folding control ele-
ment (Waldsich and Pyle, 2007). This substructure har-
bors docking sites for D5 (k- and {-elements) and D6
(coordination loop) (Figure 1), implying that compaction



and folding of the intron hinges on proper formation of
the docking site for the catalytic domain, thus ensuring
specificity and accuracy of group Il ribozyme catalysis
(Waldsich and Pyle, 2007). In addition, the formation of
a-a’ and B-B’ contacts are important for ribozyme com-
paction (Waldsich and Pyle, 2007), although it was pre-
viously shown that B-B’ is dispensable for group Il intron
function (Chu, 2000).

Protein-binding sites  The i-stem of D1 in some group
Il introns contains a large insertion, hypothesized to be a
potential protein-binding site (Adamidi et al., 2003). It has
recently been shown that this insertion in maize group Il
intron atpF is indeed a binding site for the protein co-
factor CRS1 (Figure 4), suggesting that this may also be
the case for other group Il introns with a similar feature
(Ostersetzer et al., 2005). Chemical probing data have
identified potential LtrA maturase-binding sites in D1 of
the L. lactis LtrB intron. It is proposed that these are
located in the c2 and d4 substructures and represent a
secondary binding site for this protein, with the primary
binding site located in D4 (Figure 4; Matsuura et al.,
2001).

Domain 2

D2 forms two essential long-range tertiary contacts with
D1 (8-6', see above) and D6 (n-r) (Chanfreau and Jac-
quier, 1996; Costa et al., 1997). The latter is a tetraloop-
receptor interaction that is structurally conserved
between different IIA and IIB introns (Costa et al., 1997).
Interestingly, in group llA introns the tetraloop is located
in D2 and the receptor in D6, whereas in group IIB introns
the location of the tetraloop and the receptor is reversed:
the tetraloop is in D6 and the receptor is in D2 (Costa
et al., 1997). It has been proposed that the n-n' inter-
action serves as a conformational switch between the
two steps of splicing (Chanfreau and Jacquier, 1996).
However, recent UV crosslinking studies have suggested
that all intronic elements important for both steps of
splicing are located in close proximity before the first
step occurs, thus implying that both steps likely have a
single active site and that no significant conformational
rearrangement between the two steps is required (de
Lencastre et al., 2005). Since little is known about the
functionalities required for the second step of splicing,
further studies are necessary to shed more light on this
issue.

Domain 3

D3 is generally referred to as a catalytic effector (Qin and
Pyle, 1998; Pyle and Lambowitz, 2006). It is not strictly
required for catalysis (Koch et al., 1992), but its presence
remarkably enhances reaction rates of group llI-derived
ribozyme constructs (Griffin et al., 1995; Xiang et al.,
1998; Fedorova et al., 2003). D3 binds the rest of the
intron with relatively high affinity (Podar et al., 1995a), and
some of its regions are highly protected against hydroxyl
radicals (Swisher et al., 2001), suggesting that it forms
an extensive network of tertiary interactions with the rest
of the intron. However, there is no phylogenetic co-vari-
ation between D3 and other domains, suggesting that
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these contacts do not involve Watson-Crick base-pairing
or simple and easily identifiable tetraloop-receptor inter-
actions. Early chemical probing and modification inter-
ference studies suggested that the basal stem, internal
bulge and pentaloop of D3 are important for catalysis
and may be involved in tertiary contacts with D5 and oth-
er domains (Jestin et al., 1997). The first tertiary contact
between D3 and D5 (u-p') has recently been identified
by NAIS analysis (Fedorova and Pyle, 2005). This inter-
action, which is very different from a conventional tetra-
loop-receptor interaction, involves two adenosine
residues from the D3 pentaloop and the 2’-hydroxyl
group of G844 in D5, which was previously shown to be
important for catalysis (Fedorova and Pyle, 2005). The
most conserved part of D3 is the internal bulge (Michel
and Ferat, 1995). Recent NAIM studies have suggested
that bulged nucleotides form tandem sheared trans-
Hoogsteen-sugar edge base pairs, which may be
involved in a tertiary contact (Fedorova and Pyle, 2005).
This non-canonical pairing is phylogenetically conserved
and may be part of a larger structural motif. However, its
potential interaction partner is still unknown.

Domain 4

In some introns, D4 contains an open reading frame cod-
ing for the maturase protein that facilitates intron splicing
under physiological conditions and is required for intron
mobility (Lambowitz and Zimmerly, 2004). D4 also con-
tains the primary binding site for the maturase protein
(Matsuura et al., 2001; Singh et al., 2002; Watanabe and
Lambowitz, 2004) and other intron-specific splicing fac-
tors (Ostersetzer et al., 2005). As it is located on the sur-
face of the folded intron, it likely plays a more general
role as a protein-binding element and may interact with
various protein co-factors, facilitating intron splicing and
mobility.

Domain 5

D5 is the second intronic domain absolutely required for
group |l catalysis besides D1. This small (34 nt) stem-
loop structure is the most phylogenetically conserved
part of the entire intron (Michel and Ferat, 1995). It con-
tains many functionalities critical either for its binding to
D1 or for catalysis (Chanfreau and Jacquier, 1994; Bou-
langer et al., 1995; Costa and Michel, 1995; Peebles et
al., 1995; Abramovitz et al., 1996; Schmidt et al., 1996;
Boudbvillain and Pyle, 1998; Konforti et al., 1998; Boud-
villain et al., 2000). The atoms and functional groups
involved in D5 docking lie on one side of the molecule
(binding face), and functionalities involved in catalysis are
located on the chemical face of D5 (Abramovitz et al.,
1996). D5 docks to the D1 scaffold via two tetraloop-
receptor interactions: {-{' (Costa and Michel, 1995) and
k-’ (Boudvillain and Pyle, 1998), both of which involve
the binding face of D5. In two major classes of group I
introns, IIA and IlIB, {' is a canonical GNRA tetraloop
(Michel and Ferat, 1995; Toor et al., 2001). However, in
IIC introns it is an unusual GAAC tetraloop. The {-recep-
tor in IIC introns is also non-canonical (Toor et al., 2001,
2006), suggesting that the {-{' interaction in IIC introns
does not belong to any known type of tetraloop-receptor
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interaction. Another D1-D5 interaction (A-\') brings the
chemical face of D5 and the 5'-splice site together
(Boudvillain et al., 2000). It was also recently shown that
D5 directly interacts with the catalytic effector D3 via p.-
' contact, which possibly helps to anchor D3 in the
catalytic core of the ribozyme (Fedorova and Pyle, 2005).
One of the regions in D5 which is extremely important for
catalysis is the dinucleotide bulge (Schmidt et al., 1996).
Terbium cleavage studies suggested that it harbors a
magnesium ion-binding site that may be important for
catalytic activity (Sigel et al., 2000). Importantly, a mag-
nesium binding site at the same location was also found
in the structure of U6 RNA, and is believed to contribute
to spliceosomal catalysis (Yean et al., 2000).

Neither phylogenetic analysis nor NAIS studies were
successful in identifying its interaction partner. UV cross-
linking data suggest that this area lies in close proximity
to the two most phylogenetically conserved residues
(G588 and A589) in the linker between D2 and D3 (J2/3)
and the & region (nucleotide C4), which are also impor-
tant for the catalytic function of the intron (de Lencastre
et al., 2005). Recent NMR studies by Sigel et al. (2004)
suggest that the dinucleotide bulge forms a new RNA
folding motif: U823 is paired neither with A838, as sug-
gested in early publications (Michel et al., 1989), nor with
G840, as first proposed by Michel and coworkers (Costa
et al., 1998) and later by crystallographic studies (Zhang
and Doudna, 2002). Instead, the four nucleotides of the
bulge (U823, A838, C839 and G840) are unpaired and
three of the four form stacking interactions with the heli-
cal nucleotides. The fourth, G840, has an unusual syn-
conformation and is flipped out into the major groove,
which would make it accessible for long-range tertiary
interactions with other intronic elements. The differences
between the NMR and X-ray structures in this case may
be attributed to the bulge nucleotides forming intermo-
lecular lattice contacts in the crystal. However, since both
studies deal with free D5 without its interaction partners
within the intron, it still remains to be confirmed whether
either of the two proposed conformations is adopted in
the context of the fully formed active site.

One of the most conserved regions in D5 is the AGC
triad, also frequently referred to as the ‘catalytic triad’
(Figure 1), in which G is an invariant residue critical for
both in vivo and in vitro splicing (Boulanger et al., 1995;
Peebles et al., 1995; Konforti et al., 1998). X-Ray studies
suggested that this region is dynamic and somewhat dis-
ordered (Zhang and Doudna, 2002); however, the NMR
structure does not support this observation (Sigel et al.,
2004). This trinucleotide has also been shown to harbor
a magnesium-binding site, which has been proposed to
mediate D5 binding to D1 (Gordon and Piccirilli, 2001;
Sigel et al., 2004). The AGC triad is a feature that group
Il introns share with U6 snRNA from the spliceosome.
However, the precise role and interaction partners of the
catalytic triad are still unknown.

Domain 6

D6 provides the bulged adenosine residue (Figure 1) that
serves as a branch point in the branching pathway of
splicing that is predominant in vivo (Lehmann and
Schmidt, 2003; Pyle and Lambowitz, 2006). Multiple

studies have demonstrated that branch-site selection by
group Il introns is generally very precise. For example,
introducing a base-paired rather than a bulged A does
not result in cryptic branching (Chu et al., 1998). Para-
doxically, however, this important domain does not
appear to be phylogenetically conserved (except for the
branch-point adenosine) (Michel et al., 1989; Michel and
Ferat, 1995; Toor et al., 2001). Recent NMR studies have
shown that the branch-point adenosine is not flipped out,
but resides within the helical structure, where it is partially
stacked between flanking GU pairs (Erat et al., 2007),
although this is somewhat controversial (Schlatterer
et al., 2006). Two studies report that mutating the branch-
point adenosine to a different nucleotide results in a dras-
tic decrease in splicing efficiency, although there appears
to be a disagreement on whether such mutations result
in cryptic branching (Gaur et al., 1997; Liu et al., 1997).
Systematic chemical mutagenesis of the branch-point
adenosine followed by kinetic assay in a cis- or trans-
branching construct (Liu et al., 1997) suggested that the
ribozyme recognizes an exocyclic amino group of the
adenine residue and sterically excludes non-adenine fea-
tures of other nucleobases (Liu et al., 1997). Further stud-
ies have demonstrated that the exceptional accuracy of
branch-site selection by group Il introns is ensured by a
combination of several partially redundant structural
determinants, including the 4-bp basal stem of D6, the
3-nt linker between D5 and D6 in |IIB introns, and a G-U
pair upstream of the branch-point adenosine (Chu et al.,
2001). None of these features is absolutely required for
branching accuracy, but their combination guarantees
proper branch-point selection (Chu et al., 2001). Redun-
dancy of structural determinants for branch-site selection
may explain why group Il introns are more specific than
spliceosomal splicing (Ruskin et al., 1985; Query et al.,
1994).

Domain 7

Recently an unusual type of group Il introns has been
identified in Bacillus cereus. The B2-like intron B.c.l4
splices 56 nucleotides downstream of the expected
canonical 3'-splice site (Tourasse et al., 2005). Notably,
in this case the ‘canonical’ 3'-splice site (three nucleo-
tides after D6) can form neither y-y' nor EBS3-IBS3 ter-
tiary contacts, but both interactions are formed by the
actual downstream 3'-splice site. However, branching still
occurs at the normal site in D6 (Stabell et al., 2007),
which is in good agreement with previous results sug-
gesting that selection of the branch site and choice of
the proper 3'-splice site are decoupled. The extra 56
nucleotides form a stem-loop structure that does not
seem to have an important role in splicing. The intron
appears to have adapted to the extra substructure, which
could be referred to as D7.

Interdomain joiners

Most nucleotides comprising the central wheel of a group
Il intron are highly conserved and play an important role
in group Il intron catalysis, although their function is not
completely understood. A combination of phylogenetic
and mutational analyses, as well as NAIM and NAIS stud-



ies, has demonstrated the importance of the nucleotides
at the beginning of the intron: residues G3, C4 and G5
have been shown to be involved in catalytically critical
e-¢’ and \-\' tertiary contacts, respectively (see above).
Multiple studies underscored the important role of joiner
J2/3 between D2 and D3 in group Il catalysis (Podar et
al., 1998b; Mikheeva et al., 2000; Fedorova et al., 2003;
de Lencastre et al., 2005; Fedorova and Pyle, 2005). It
harbors two of the most conserved nucleotides in the
entire intron, G588 and A589, which have been proposed
to be important for both the first step and the second
step of splicing (Mikheeva et al., 2000; Fedorova and
Pyle, 2005). Recent studies have placed these two nucle-
otides in proximity with the catalytically critical 2-nt bulge
of D5 (de Lencastre et al., 2005). A587 is involved in a
phylogenetically conserved tertiary contact with the last
nucleotide of the intron (y-v'), which is particularly impor-
tant for the second step of splicing and accurate 3'-
splice site selection (Jacquier and Michel, 1990; Jacquier
and Jacquesson-Breuleux, 1991). Intriguingly, the cata-
lytic function of J2/3 strictly depends on its physical con-
nection to the basal stem of D2, which implies that the
D2 stem may facilitate formation or positioning of the
J2/3 structure (Fedorova et al., 2003).

The 3-nt linker between D5 and D6 is one of the deter-
minants for branch-site selection by group IIB1 introns
(Chu et al., 2001). This feature is shared by IIC introns,
but is absent in IIA and chloroplast-like class 2 introns
(Toor et al., 2001). Either it is not a branch-site selection
determinant in the latter two groups, or there are com-
pensatory changes in the branch-point docking site.

Structural differences of group Il intron families

Although all group Il introns share the basic six-domain
architecture, there are characteristic differences defining
families lIA, IIB and IIC. The IlA and IIB families differ in
the location of the EBS2 site, the length and composition
of interdomain joiners, and the positioning of tertiary
interactions involved in recognition of the 3'-splice site.
The latter function is fulfilled by the 3-8’ contact in group
IIA introns and the EBS3-IBS3 interaction in the group
IIB family (Figure 1) (Toor et al., 2001). In addition, the
two families have some differences in secondary struc-
ture (e.g., in lIB introns the ¢’ and \ nucleotides are locat-
ed in a small asymmetric bulge, but they are part of a
much larger single-stranded region in IlIA introns) (Toor
et al., 2001).

The IIC family is believed to be the most ancient and
is possibly ancestral to other group Il families (Pyle and
Lambowitz, 2006). Introns from this family are smaller
and differ significantly from IIA and IIB families: the most
conserved element of any group Il intron, D5, is lacking
two base pairs, has a different 5’-sequence, and is cap-
ped by an unconventional tetraloop. In addition, IIC
introns are missing some of the common group Il intron
features, such as the C2 substructure in D1 or the EBS2-
IBS2 interaction, and they have a very different &'-\’
region compared to other families (Toor et al., 2001).
There are also substantial differences in 5'-splice site
recognition by IIC introns in comparison with the II1A and
IIB families. For a detailed phylogenetic analysis and
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classification of group Il introns, see Michel et al. (1989),
Michel and Ferat (1995), and Toor et al. (2001).

Folding of group Il introns

To properly perform all catalytic functions, group Il intron
RNAs must adopt the correct native conformation. Fold-
ing of group Il introns has been extensively studied using
the ai5+y intron-derived ribozyme D135 (Su et al., 2001)
as a model system (Swisher et al., 2001, 2002; Su et al.,
2003, 2005). For a detailed review about the group Il
intron folding mechanism in comparison to other RNAs,
see Pyle et al. (2007). Here we concentrate on the most
recent findings.

Folding under conditions optimal for in vitro
catalysis

Monitoring the evolution of hydroxyl radical footprints as
a function of magnesium ion concentration or time sug-
gested that solvent-inaccessible regions consistent with
the established native tertiary contacts are formed in a
concerted manner. The rate of their formation is equal to
the rate of global compaction of the D135 ribozyme,
which was determined by analytical ultracentrifugation
and native gel analysis (Swisher et al., 2002; Su et al.,
2005). In addition, urea denaturation studies have shown
that unfolding and folding of the D135 ribozyme have
similar thermodynamic parameters and that unfolding
from the native state is fully reversible (Swisher et al.,
2002; Su et al., 2003). These data suggest that the D135
ribozyme folds by an apparent two-step mechanism.
Further folding studies with other ai5vy-derived ribozyme
constructs have shown that folding of D1 is a rate-limit-
ing step in folding of the D135 RNA, and that it requires
as much Mg?* as folding of the whole D135 RNA (Su et
al., 2005). Taken together, these results suggest the for-
mation of a transient on-pathway intermediate in D1 (Fig-
ure 3).

It has long been thought that folding of a large RNA is
unavoidably hindered by formation of stable misfolded
structures, usually referred to as ‘kinetic traps’ (Treiber
et al., 1998). Acceleration of folding to the native state in
the presence of subdenaturing concentrations of urea is
generally considered a hallmark of a kinetic trap (Treiber
and Williamson, 1999). In this case, the rate-limiting step
in the folding pathway is escape from a kinetic trap, and
folding is slow (Treiber and Williamson, 1999). This phe-
nomenon has been observed for both Tetrahymena and
RNase P ribozymes (Pan and Sosnick, 1997; Woodson,
2000, 2005). In contrast, folding of the C-domain of the
RNase P ribozyme (Fang et al., 2002; Sosnick and Pan,
2003) and a smaller group | ribozyme from Azoarcus
(Pan et al., 2000; Rangan et al., 2003; Perez-Salas et al.,
2004) is devoid of kinetic traps and occurs on a much
faster time scale.

One of the most puzzling features of D135 ribozyme
folding is the combination of the slow rate (1 min-") (Swis-
her et al., 2002) and the lack of experimental evidence of
a kinetic trap (Swisher et al., 2001, 2002). One hypothesis
is that folding is slowed by high contact order, i.e., the
need to form long-range tertiary contacts between
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Figure 3 Folding pathways of ribozymes derived from the ai5y group Il intron under high-salt (top) and near-physiological (bottom)

conditions.

regions located far apart from each other in the second-
ary structure (Swisher et al., 2002). Recently, a NAIM
study using compaction of this RNA as a selection step
was used to identify atoms and functional groups in the
D135 ribozyme that are critical for compaction (Waldsich
and Pyle, 2007). Regions involved in intra-domain a-a'
and B-B’ tertiary contacts and stem-loop a, as well as
the three-way junction connecting the c, c1 and c2 stems
of D1, also contain functional groups important for ribo-
zyme compaction (Waldsich and Pyle, 2007), although
some of these regions have previously been shown to be
dispensable for catalysis. Surprisingly, the largest cluster
of functionalities critical for D135 compaction has been
located not in the areas forming long-range tertiary con-
tacts, but in a small region of D1 that contains docking
sites for D5 and D6 (the folding control element; Waldsich
and Pyle, 2007). This result indicates that proper folding
and/or positioning of this element likely triggers compac-
tion and folding of the entire intron.

These NAIM data suggest that high contact order is an
unlikely reason for the slow folding of the group Il intron.
As the folding rate is not affected by denaturant and the
compact D1 intermediates and native structures require
unusually high magnesium concentrations (Swisher et al.,
2002; Su et al., 2005), folding could be governed by con-
solidation around magnesium ion-binding sites, as pre-
viously proposed for some large RNAs unburdened by
kinetic traps (Sosnick and Pan, 2003). However, addi-
tional studies are required to determine the nature of the
rate-limiting step in D135 ribozyme folding.

Folding under near-physiological conditions

It has been shown for other RNAs, especially the Tetra-
hymena ribozyme, that changing ionic conditions and/or
temperature can affect the folding pathway (Woodson,
2005). Therefore, we cannot assume that under near-
physiological conditions (30°C and low Mg?" concentra-
tion) the ai5y-derived ribozyme will follow the same
pathway as under high-salt and temperature conditions.
In addition, it has been proposed that under near-physio-

logical conditions the ai5y folding pathway is rugged
(Mohr et al., 2006). Interestingly, instead of reaching rapid
equilibrium between unfolded and compact states, at
30°C the ribozyme reaches complete compaction, even
at low magnesium concentrations (3 mm), which has not
been observed at 42°C (Fedorova et al., 2007). However,
compaction under these conditions is two orders of mag-
nitude slower than under optimal conditions. Under all
conditions tested, addition of subdenaturing urea did not
increase the rate of compaction, suggesting that the fold-
ing pathway may be free of kinetic traps (Fedorova et al.,
2007). Furthermore, it has been shown that the compact
state formed at low Mg?* concentrations is an on-path-
way folding intermediate (the near-native state, Figure 3),
which can be easily chased to the native state by
increasing the magnesium concentration. The near-native
state contains most of the D1 structural elements (except
for the e-¢' and 6-6’ interactions), but D5 and D3 are
undocked (Fedorova et al., 2007). This is in good agree-
ment with data previously obtained at 42°C and suggests
that the near-native state at 30°C is structurally similar to
the transient intermediate formed at 42°C.

Urea titration experiments demonstrated that the com-
pact intermediate is not very stable at low Mg?* concen-
trations. However, after the native state is formed at high
magnesium concentrations, dilution of magnesium to
much lower concentrations results in the formation of
only the compact intermediate, but not an unfolded state.
In addition, as mentioned above, compaction is extreme-
ly slow at low magnesium concentrations. The combi-
nation of these results suggests that the compact
intermediate has kinetic stability due to a large energy
barrier between unfolded and compact states, that is,
compaction occurs under kinetic control (Fedorova et al.,
2007).

In conclusion, under near-physiological ionic condi-
tions the ribozyme has two major folding problems: first,
formation of the near-native intermediate is very slow,
and second, the native state is not stable and requires
additional stabilization by either high salt concentration
or a protein co-factor.



Protein-assisted splicing

As mentioned above, most in vitro experiments on group
Il intron mechanism and folding suffer from the fact that
they have to be executed under non-physiological con-
ditions to observe reactivity. In vivo, various proteins have
been found to assist group Il intron splicing. Some of
these act indirectly and unspecifically, e.g., the mito-
chondrial membrane proteins Mrs2p and Lpe10p that are
assumed to assist group Il intron splicing in yeast mito-
chondria by raising the intraorganellar Mg?* concentra-
tions (Gregan et al.,, 2001; Weghuber et al., 2006).
However, even with this activity, mitochondrial
magnesium concentrations are still one to two orders of
magnitude lower than the amounts typically used for in
vitro experiments. Clearly, other factors are required to
promote splicing in vivo, e.g., other ions, small molecules
or proteins. A wide variety of proteins are known to inter-
act directly (and often specifically) with group Il intron
RNA and promote splicing by stabilizing the catalytically
active RNA structure or by enabling the RNA to fold
properly (chaperone function) at low magnesium
concentrations.

Maturases

Maturases are proteins that have been acquired by
introns and are usually encoded within D4 of the intron
sequence. These multifunctional proteins specifically
bind their own mRNA, promote the formation of critical
tertiary RNA contacts, and thus enable splicing (Matsu-
ura et al., 2001). In addition, maturases also play a crucial
role in retrohoming and retrotransposition through target-
primed reverse transcription, the replication mechanism
of group Il introns: they usually contain an endonuclease
(EN) domain that recognizes and cleaves the antisense
strand of the cognate DNA target. Moreover, after reverse
splicing of the intron RNA into the sense strand, the
maturase-encoded reverse transcriptase (RT) domain
uses the free 3'-end of the cleaved target as a primer to
synthesize the intron cDNA (Lambowitz and Zimmerly,
2004).

While EN and RT are easily identifiable domains with a
phylogenetically conserved sequence, the regions
responsible for maturase function are more diffuse.
Mutational studies and threading (Cui et al., 2004) have
shown that the RT X domain, in conjunction with other
RNA binding regions of the RT, seems to be responsible
for maturase function (Mohr et al., 1993). The N-terminal
domain of the LtrB maturase specifically binds group I
intron RNA in a region of D4 that overlaps with the 5'-
end of its coding sequence (Cui et al., 2004; Blocker
et al., 2005). Through additional contacts, it then stabiliz-
es the correctly folded intron structure (Figure 4) (Mat-
suura et al., 2001). Careful biochemical analysis of the
intron/maturase interaction revealed that the active ribo-
nucleoprotein particle (RNP) contains a maturase dimer
and is formed by mutual stabilization of the RNA and the
protein component (mutually induced fit model; Rambo
and Doudna, 2004). A recent study on the Rmint1 intron
(Molina-Sanchez et al., 2006) suggests that the maturase
may also promote formation of the correct IBS/EBS inter-
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A generic group Il intron structure is schematically shown in
gray. Colored ovals represent the intron-associated proteins LtrA
(yellow), CRS1 (blue) and Cpn60 (green). Arrows indicate inter-
actions with secondary binding sites.

action, and even implicates it as a regulator controlling
the balance between lariat and circle formation.

Host-encoded splicing factors

Many group Il introns lack a functional open reading
frame and thus do not encode their own maturase. Fre-
quently, these introns do not use |IEPs from other introns,
but recruit host-encoded proteins in order to splice effi-
ciently. A number of proteins have been implicated in
group Il intron splicing. Some are degenerate maturase
proteins with mutated and/or lost RT and EN domains
that presumably have retained their maturase function
(e.g., matK, nMat; Vogel et al., 1999; Mohr and Lambo-
witz, 2003). However, proteins identified as splicing
factors often seem to be derived from different host-
encoded proteins. Group Il intron splicing in chloro-
plasts illustrates the wide variety of proteins that have
been ‘adopted’ by different introns in various organisms
to ensure efficient and specific splicing: For example,
psaA mRNA in Chlamydomonas reinhardtii is known to
require at least 14 nuclear genes for splicing of its two
introns (Girard et al., 1980; Goldschmidt-Clermont et al.,
1990). Only a subset has been characterized so far. This
includes Rat1 and Rat2, proteins that show homology to
poly(ADP-ribose) polymerases (Balczun et al., 2005),
Raa2 (previously called Maa2), which is derived from a
pseudouridine synthase (Perron et al., 1999), and Raail,
a bifunctional protein in which two distinct domains are
responsible for splicing of two different introns (Meren-
dino et al., 2006). Despite their general importance for
splicing, however, it is still unclear whether any of these
factors act directly or indirectly on the intron RNA.

It has been proposed that Cpn60 is a general splicing
factor in C. reinhardtii based on its specific binding to the
heterologous mitochondrial intron rl1 (Bunse et al., 2001).
It resembles a heat shock protein with two GroEL-like
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ATPase domains and has been shown to bind both
homologous and heterologous group Il intron RNA in a
region narrowed down to D4-D6 (Figure 4). However, its
mechanism of action is not yet clear (Balczun et al.,
2006). Similarly, it has been shown that cNAPL, a protein
resembling nuclear nucleosome assembly proteins, inter-
acts with group Il intron RNA (Glanz et al., 2006), but
neither its binding sites nor its function have been con-
clusively examined to date.

CRS2 is a maize protein derived from tRNA peptidyl
hydrolases (Jenkins and Barkan, 2001) and co-sediments
with group Il intron RNA. However, it does not exhibit
specific intron binding activity, but instead interacts with
two proteins, CAF1 and CAF2, which convey selectivity
for individual introns (Ostheimer et al., 2003, 2006). The
latter proteins belong to a family defined by the RNA
binding module CRM (chloroplast RNA splicing and ribo-
some maturation) (Barkan et al., 2007). Another important
member of the CRM family is CRS1, a splicing factor that
specifically promotes splicing of the intron atpF by bind-
ing and compacting the RNA. CRS1 interacts with the
region in D4 that is homologous to the maturase binding
site in LtrB, and makes additional specific contacts to an
insertion in D1 (Figure 4). Interestingly, atpF RNA does
not appear to fold properly in vitro, even under high-salt
conditions, indicating that in this case, the host protein
not only lowers the magnesium requirements, but is
absolutely required for proper folding (Ostersetzer et al.,
2005).

None of the proteins mentioned above appears to be
able to stimulate splicing in vitro, indicating that they are
not sufficient to promote splicing and require additional
co-factors. Indeed, many of these proteins were identi-
fied as components of RNP complexes as large as
1700 kDa (Jenkins and Barkan, 2001; Rivier et al., 2001;
Till et al., 2001; Perron et al., 2004). Recently, however,
it was shown that two closely related DEAD-box proteins
(Cyt19 from Neurospora crassa and Mss116 from Sac-
charomyces cerevisiae) alone are sufficient to stimulate
group Il intron splicing in vitro under near-physiological
conditions (Mohr et al., 2006; Solem et al., 2006; Halls
et al., 2007). It has long been known that Mss116 is
essential for splicing in vivo (Tzagoloff et al., 1975; Faye
and Simon, 1983; Huang et al., 2005). The phenotype of
an Mss116 knockout mutant of S. cerevisiae could be
rescued by overexpression of Cyt19 (Huang et al., 2005),
indicating that both proteins use a similar mechanism to
promote splicing. A new in vitro assay allowed exami-
nation of this mechanism. Cyt19- and Mss116-promoted
splicing is dependent on ATP hydrolysis (Mohr et al.,
2006; Solem et al., 2006; Halls et al., 2007) and thus
differs substantially from the maturase mechanism that
acts through ATP-independent RNA binding and stabili-
zation. Since both proteins belong to the family of DEAD-
box helicases, and Mss116 has demonstrated helicase
activity in vitro (Solem et al., 2006; Halls et al., 2007), it
was first thought that these proteins promote splicing by
unwinding kinetic traps (Seraphin and Rosbash, 1989;
Mohr et al., 2006; Halls et al., 2007). Surprisingly, how-
ever, subsequent experiments with Mss116 mutants that
are unable to unwind, but still retain their ATPase func-
tion, indicate that unwinding activity is not required to

promote splicing (Solem et al., 2006). Still, the mecha-
nism by which these proteins act on group Il introns is
far from being elucidated. Unexpectedly, the S. cerevisiae
DEAD-box protein Ded1, a translation initiation factor
that is not implicated in intron self-splicing, was also
shown to stimulate splicing in vitro (Solem et al., 2006;
Halls et al., 2007). Mss116, Cyt19 and Ded1 rather un-
specifically facilitate splicing of a number of non-cognate
introns (both group | and group Il), but yield variable
results under specific assay settings (Halls et al., 2007).
Together, these findings indicate that, in spite of their
complicated secondary and tertiary structure, group I
introns do not necessarily require a specific protein for
activity. Further characterization of these protein-RNA
interactions will soon allow new insights into group Il
intron folding and reactivity.
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