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ABSTRACT: Group II introns are large, natural catalytic RNAs or ribozymes that were discovered
in organelles of certain protists, fungi, algae, and plants and more recently also in prokaryotic
organisms. In vitro, some members were found to self-splice from their pre-RNAs by two consecu-
tive transesterification reactions joining the flanking exons and releasing the intron in a typical lariat
form. Apart from self-splicing, a variety of other in vitro activities have been detected for group II
introns demonstrating their amazing catalytic versatility. Group II introns fold into a conserved
secondary structure consisting of six domains radiating from a central wheel that brings the 5' and
3' splice junction into close proximity. Domain 1 is the largest domain that is assumed to deliver the
molecular scaffold assembling the intron in its active structure, while domain 5 is the phylogeneti-
cally most conserved part that represents the active site of the ribozyme. In vivo, the splicing reaction
of many, if not all group II introns is assisted by proteins either encoded by the introns themselves
(maturases), or encoded by other genes of the host organisms. The host proteins known to date have
additional cellular functions and seem to have been adapted for splicing during evolution. Some of
the protein-encoding group II introns were also shown to act as mobile genetic elements. They can
integrate efficiently into intronless alleles of the same gene (homing) and at much lower frequencies
into ectopic sites (transposition). The mobility process depends on intron encoded protein functions
(endonuclease and reverse transcriptase) and on the intron RNA. This review provides a compre-
hensive survey of the structure/function relationships and the reaction potential of group II introns,
the structurally most complicated, but also most fascinating ribozymes when looking at their
catalytic repertoire in vitro and in vivo.
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. INTRODUCTION At the beginning of the 1980s, two labs could show
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The living cell is a highly complex system, the
function of which depends on innumerable chemical
reactions. Most of these reactions occur spontane-
ously at a very slow rate and have to be accelerated
to support and maintain the processes of life. It was
believed for a long time that biological catalysis de-
pended exclusively on special proteins called enzymes.

One of the most important findings in molecular
biology in the last 25 years was the discovery that
protein-enzymes are not the only biomolecules that
are able to catalyze chemical reactions in living cells.
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independently that RNA molecules can also possess
catalytic activity leading to sequence-specific intra-
or intermolecular cleavage of phosphodiester bonds.

During the analysis of the nuclear gene for the
large ribosomal RNA of the ciliated protozoa Tet-
rahymena thermophila, Thomas R. Cech and co-
workers from the University of Colorado in Boulder
found that the single intron of the gene has an auto-
catalytic splicing activity in vitro. The intron can
excise itself from the pre-RNA and the flanking ex-
ons are joined to the mature rRNA independent of
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proteins or additional energy (Kruger et al., 1982).
Shortly afterward, Sidney Altman and his team from
Yale University showed that the RNA component of
RNase P from Escherichia coli is able to process its
substrate, a pre-tRNA, in the absence of its protein
subunit (Guerrier-Takada et al., 1983). In 1989 Cech
and Altman were awarded the Nobel Prize in chem-
istry for the discoveries on the catalysis of RNA.

An extensive search for further catalytic active
RNAs began soon after the discovery of the first
RNA molecules with catalytic activities. It appeared
that RNA-catalytic processes are widespread in na-
ture, particularly in plants, lower eukaryotes, bacte-
ria, and viruses. RNA catalysis was found in the
genomes of viroids and virusoids, in satellite RNAs
of certain viruses, in different salamander species,
and the filamentous fungi Neurospora crassa, in the
pre-tRNA processing machinery of prokaryotes, as
well as in a couple of group I and group II introns.

Following the term “enzymes” for catalytic ac-
tive proteins, RNA molecules with catalytic activity
are called RNA enzymes or ribozymes. In addition,
most ribozymes have turned out to be typical metal-
dependent enzymes: binding of divalent cations (usu-
ally Mg?*) is crucial to fold into their active state (for
details see Pyle, 1993; Feig and Uhlenbeck, 1999;
Hanna and Doudna, 2000; Pyle, 2002). In general,
naturally occurring ribozymes catalyze in cis, which
leads to their own modification. This characteristic
contradicts the real definition of an enzyme. Never-
theless, the notion of “ribozyme” is justified as the
natural catalytic RNAs can be engineered to specifi-
cally cleave or modify other RNAs in trans without
becoming altered themselves. In some cases, a varia-
tion of the in vitro reaction conditions is already
sufficient for this type of reaction (for examples see
Sections VI.A and VI.C).

The different types of naturally occurring
ribozymes are presented in the next section. The main
part of this review concentrates on a comprehensive
representation of the structurally most complicated,
but also the most fascinating, ribozymes when look-
ing at their various catalytic abilities in vitro and in
vivo: the group II introns.

Il. NATURAL RIBOZYMES — AN
INTRODUCTION

Seven structurally different naturally occurring
types of ribozymes have been identified to date (see
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Table 1; reviewed in Tanner, 1999). However, this
might be not the final number. It is assumed also that
the RNA components of many ribonucleoprotein com-
plexes (RNPs) in the cell also possess autocatalytic
activities, as, for example, the rRNA of ribosomes,
snRNA components of the nuclear spliceosome,
snoRNAs in the rRNA processing machinery, or
guideRNAs needed for RNA editing.

Due to their differences in size and reaction
mechanism, the seven types of ribozymes already
known can be divided into two different groups, the
small and the large ribozymes.

A. Small Ribozymes

The group of small ribozymes includes the ham-
merhead and hairpin motif, the HDV RNA and the
VS ribozyme. These four different catalytic RNAs
were found in a size range from about 40 nt up to 154 nt
(see Table 1).

The hammerhead is the most frequently found
catalytic motif in plant pathogenic viroids, virusoids,
and other satellite RNAs, whereas the hairpin ribozyme
was only demonstrated in some virusoids (reviewed
in Symons, 1997). In contrast, the hepatitis delta virus
is a viroid-like satellite virus of the human hepatitis B
virus (HBV). HDV leads to an exceptionally strong
type of hepatitis in infected patients (Lai, 1995; Gerin,
2001). The appearance of catalytic motifs in viroids
and satellite RNAs is based on their typical replica-
tion mechanism. The monomeric circular molecules
of these RNA species are used as a template for
replication via the “rolling circle” mechanism, which
leads to the formation of long linear transcripts con-
sisting of in tandem joined monomers. These so-
called RNA concatemers are cut into the monomeric
structures by their catalytic motifs and recirculated
for the next round of replication.

The fourth small ribozyme is a 154 nt part of the
881 nt VS-RNA. The VS-RNA is transcribed from the
circular mono- or multimeric Varkud-plasmid local-
ized in the mitochondria of some strains of the filamen-
tous fungus Neurospora crassa (Saville and Collins,
1990; Guo et al., 1993). The resulting multimeric tran-
scripts are cleaved site-specifically, similar to the RNA
concatemers of viroids and satellite RNAs and ligated
to monomeric RNA circles of 881 nt. The RNA mono-
mers are used as a template to synthesize the double-
stranded plasmid by reverse transcription and second
strand synthesis (Kennell et al., 1995).

RIGHTS LI MN Kiy



suoxa pajebl| £/.G 'HO-.€ pue sajolienoid
jeu.| G-,z Uim uonul Bupids U 000€-00S ‘(sejjoueblo) ssjoliexna suou | dnosb
sobeydousioeq
suoxa pajebi} £/.5 ‘HO-.€ pue ‘sojolueyoid ‘(sejjpuebio
uisouenB- .G ypm uoui Buioids U 00S1L-002 ‘snajonu) ssjolieyna suoui | dnoib
SYNY Buidlids-jjes
sajolueyoid
HO.£ pue  Buissaooud ‘(ssjjsuebio ‘snajnu)
sjeydsoyd-.g yym sjonpoid VNI U 06-0FL sejoliexne SYNY d 9SeNY
ajeydsoyd oipfho-¢ ‘2 elipuoyooji
‘HO-S uoneoidas W PGL BsseIO pjodsoinaN swAzogu SA
ajeydsouyd oypho-¢ ‘.2 (uewny)
. ‘HO-G  uopeoydal uog= SNJIA B}jap shijeday NQH
ajeydsoud oipAo-¢ ‘.2
'HO-S  uopeojdal o9 = SYNY aji(sses jueid fow udirey
ejeydsouyd o1pho-¢ ‘.2 Jopueweles ‘S\yYNY
‘HO-G uonesydal oy = ajijjle1es pue spiodiA jued Jnow pesysswiwey
SYNY Buiaesjo-jjes
sjonpouid uopoeal uonoun} ozis 92In0S awAzoqu

251

RIGHTS

r-‘}.

‘sawAzoqiy BuindaQ AjjeinieN jo sadA] juaiapqg uanas ayl
L 8|qeL

*Ajuo asn feucssed Jo4
YT/ET/2T Uo Asieniun Buolceir Ue,1X AQ WOI'9./edy)jeayewlioul wodj papeojumoq ABojoig e ndds|o A pue Asiweydoig ulsmainey eanu



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by Xi'an Jiaotong University on 12/13/14
For personal use only.

Due to their molecular function described above,
the four groups of small ribozymes are also called self-
cleaving RNAs. The cleavage of phosphodiester bonds
seems to follow the same chemical reaction mecha-
nism in all small ribozymes described to date. The
products and the stereochemistry of the cleavage reac-
tion assume a transesterification by a so-called “in-
line” Sy2 mechanism (Figure 1A): The internal 2'-OH
group of the ribose next to the phosphodiester bond to
be cleaved attacks the phosphate, leading to an inver-
sion of the configuration around the phosphorus. The
incoming group is in line with the hydroxyl group in
the transition state leaving the reaction center and the
phosphorus takes up a typical trigonal bipyramidal
geometry. The reaction yield a product with a 2', 3'-

cyclic phosphate and a product with a 5'-OH terminus
(Lilley, 1999b; McKay and Wedekind, 1999).

A more detailed presentation on the structure and
the catalytic characteristics of small ribozymes is
given in reviews by Lilley (1999b), McKay and
Wedekind (1999), and Doudna and Cech (2002). Fur-
thermore, there are also some comprehensive reviews
dealing with one group of small ribozymes like the
hammerhead motif (Scott and Klug, 1996; Birikh et
al., 1997; McKay and Wedekind, 1999; Hammann
and Lilley, 2002), the hairpin motif (Walter and Burke,
1998; Lilley, 1999a; Fedor, 2000; Lilley, 2001), the
hepatitis delta virus (Been and Wickham, 1997; Gerin,
2001; Shih and Been, 2002), and the VS ribozyme
(Collins, 2002; Lafontaine et al., 2002).
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FIGURE 1. Mechanisms of cleavage of phosphodiester bonds by ribozymes. The attack of the nucleophile, the
transition state, and the final products of the reactions of small (A) and large (B) ribozymes are shown. In both cases
the chemical reaction is an “in line” Sy2 nucleophilic substitution with an inversion of the configuration at the phosphate.
For details see the text. (Figure reprinted from Biochimie 78, A. Jacquier, Group Il introns: elaborate ribozymes, pp.
474-487, Copyright (1996), with permission from Elsevier Science.)
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B. Large Ribozymes

The RNA component of ribonuclease P and the
members of the group I and group II intron family
belong to the group of large ribozymes (Cech, 1993;
Tanner, 1999). The molecules vary in size from a few
100 nt up to about 3000 nt (see Table 1).

RNase P is a site-specific endonuclease that pro-
cesses the 5' ends of tRNAs. The endonuclease is an
essential factor for the functional maintenance of the
translation machinery, explaining its ubiquitous dis-
tribution. In almost all organisms investigated so far,
RNase P is a ribonucleoprotein complex with a sig-
nificant lower protein content in prokaryotes as in the
nucleus or in the mitochondria of eukaryotes. In con-
trast, the RNase P from chloroplasts lacks an RNA
component and appears to function as a catalytic
protein.

Interestingly, the RNA component of RNase P
was demonstrated to be catalytically active in only a
few eubacteria. The prokaryotic RNase P consists of
a 350 to 400 nt RNA and a small basic 14-kDa
protein. While the RNA component shows autocata-
lytic activity in vitro under high salt conditions, in
vivo the basic protein is essential for the ribozyme
activity. Apparently, the protein supports the binding
of the RNA enzyme to the substrate by electrostatic
shielding. However, it is yet not clear how the sub-
strate is bound for precise cleavage. Although an
acceptor region and a binding motif was localized on
the ribozyme, the primary sequence seems to be rela-
tively unimportant. It is assumed that predominantly
tertiary interactions between the ribozyme and the
substrate are important for the correct catalytic func-
tion (for details see Frank and Pace, 1998; Altmann
and Kirsebom, 1999; Schon, 1999; Kurz and Fierke,
2000; Thomas et al., 2000; Gopalan et al., 2002; Xiao
et al., 2002).

The two remaining groups of ribozymes belong to
the introns or intervening sequences. Introns are seg-
ments of sequences that interrupt the coding sequence
of a gene, the exons. To ensure the correct expression
of a gene, the introns have to be removed from the pre-
RNA, a process called splicing. Introns can be divided
into five main classes based on the differences in struc-
ture and splicing mechanisms. Apart from group I and
group II introns (reviewed in Saldanha et al., 1993;
Michel and Ferat, 1995; Lambowitz et al., 1999; Bonen
and Vogel, 2001), the introns of nuclear tRNAs
(Abelson et al., 1998), the introns of archaebacteria
(Lykke-Andersen et al., 1997), as well as nuclear

mRNAs (Burge et al., 1999; Reed, 2000) make up their
own class, respectively. However, only a few represen-
tatives of group I and group II introns are known to
catalyze their own excision from the pre-mRNA in
vitro (self-splicing introns).

Group I introns are widely spread ribozymes and
can be found in almost all organisms with the excep-
tion of higher eukaryotes. Although only a few highly
conserved nucleotides and sequence elements are
present, all group I introns show a typical phyloge-
netically conserved secondary structure in their cen-
tral part, which is characterized by the base-paired
regions P1-P10. The mechanism of splicing was first
described for the intron in the gene for the large
rRNA of Tetrahymena (surveys in Cech, 1990; Cech,
1993). This mechanism was principally confirmed
for all group I introns analyzed to date, for example,
the self-splicing reaction of the second intron in the
mitochondrial cytochrome b gene from the filamen-
tous fungus Podospora anserina (bI2) (Schmidt et
al., 1992). In contrast to the small ribozymes de-
scribed above, the catalytic activity of group I introns
is not characterized by only one reaction, but at least
by two consecutive transesterification steps. In the
first step, the 5' splicing site is cleaved by the attack
of an external guanosine co-factor, leading to the
release of the 5' exon and an intron/3' exon interme-
diate with an additional G at the 5' end. In the second
step, the free 5' exon attacks the 3' splicing site,
followed by the ligation of the exons and the release
of the linear intron. In many cases the intron is still
reactive and a third transesterification reaction fol-
lows. A short sequence from the 5' end is cleaved off
leading to a circularization of the intron.

As in the case of group I introns, the catalytic
activity of group II introns is typically characterized
by two transesterification steps. In contrast to group I
introns, the first reaction step is initiated by the attack
of an unpaired intron-internal adenosine, located close
to the 3' end of the intron (A* in Figure 2), on the 5'
splicing site, resulting in a free 5' exon and a branched
intron/3' exon intermediate. In the second reaction
step, the 5' exon attacks the 3' splicing site, leading to
the ligation of the exons and the release of the intron
in a lariat form typical for group II introns (Michel
and Ferat, 1995; Jacquier, 1996). A more detailed
description of the catalytic features of group II in-
trons is given in Section VI of this review.

The three groups of large ribozymes differ from
small ribozymes not only by their catalytic activities,
but also in their chemical reaction mechanisms. As
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described above, the catalysis of RNase P, group I
and group II introns is also a nucleophilic “in line”
S\2 type substitution. However, in contrast to the
small ribozymes the attack is not initiated by an ad-
jacent internal, but by an external or a far distant
internal nucleophile (Figure 1B). In the case of the
hydrolytic reaction catalyzed by RNase P, the attack-
ing hydroxyl is water and products with 5'-phosphate
and 3'-OH ends are formed. Group I introns use the
3'-OH of the free guanosine and group II introns the
2'-OH of the internal adenosine as the nucleophile for
the first splicing step. The second step in both intron
groups is initiated by the attack of the 3'-OH from the
released 5' exon on the 3' splice site. The resulting
products are also carrying 5'-phosphate and 3'-OH
ends (Cech, 1993; Jacquier, 1996).

lll. DISTRIBUTION OF GROURP I
INTRONS

In 1982 the introns of group II were defined for
the first time as an independent structural intron class
using only four known sequences from two different
mitochondrial genes of the baker’s yeast Saccharo-
myces cerevisiae (Michel et al., 1982). The number
of known group II introns has grown to more than
200 members and is still growing rapidly. Group II
introns were found in low frequency in the mitochon-
drial genomes of fungi, sporadically in the organellar
genomes of algae, and are numerous in the organellar
genomes of higher plants (Michel et al., 1989). The
plastid DNA of Euglena gracilis represents a special
case, in which the enormous number of 91 group II
introns could be identified (Doetsch et al., 1998).
Furthermore, group II introns were discovered in
proteobacteria and blue algae, which are regarded as
potential “ancestors” of mitochondria and chloroplasts
(Ferat and Michel, 1993; Ferat et al., 1994; Mills et
al., 1996; Shearman et al., 1996). New data predomi-
nantly derived from different sequencing projects of
prokaryotic organisms show that group II introns are
also surprisingly widespread in the bacterial world
(reviewed in Martinez-Abarca and Toro, 2000a; Dai
and Zimmerly, 2002), including the archaebacteria
(Dai and Zimmerly, 2003).

IV. GENERAL STRUCTURE OF
GROUP Il INTRONS

When group II introns were defined as an inde-
pendent class, a first common secondary structure
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model was established on the basis of the few known
phylogenetic data (Michel et al., 1982; Schmelzer et
al., 1982; Michel and Dujon, 1983; Schmelzer et al.,
1983). This early model was mainly confirmed by
biochemical analysis (Kwakman et al., 1990;
Chanfreau and Jacquier, 1994). The secondary struc-
ture of group Il introns is characterized by six typical
stem-loop structures, also called domains I to VI or
D1 to D6 (Figure 2). The domains radiate from a
central core that brings the 5' and 3' splice junctions
into close proximity. The proximal helix structures of
the six domains are connected by a few nucleotides in
the central region (linker or joiner sequences). Due to
its enormous size, the domain 1 was divided further
into subdomains a, b, ¢, and d.

On the basis of 70 published sequences, some
anatomic and sequence differences of group Il introns
were identified which led to a further division into
subgroups IIA and IIB. Each subgroup could be fur-
ther divided into two subfamilies (A1, A2, B1, B2)
(Michel et al., 1989). With the fast-growing number
of sequenced group II introns, additional structural
diversity became apparent leading to the definition of
four new, less typical classes of bacterial group II
introns. These are classified as A (with group IIA and
IIB features), B (group IIB2-like with many unique
features), C (hybrid intron structure with unusual fea-
tures), and D (group II1B-like with some IIA features)
(for more details see Toor ef al., 2001). Nevertheless,
the classification into the subgroups IIA and IIB will
also be used in the following sections for two reasons:
(1) All group II introns that have been objects for a
detailed functional and structural analysis belong to
one of the two subgroups. (2) The structural differ-
ences of group IIA and group IIB introns reflect
remarkable differences in the autocatalytic splicing
behavior of the introns (see Section VI.A.1 and
VLA.2).

As can be seen in Figure 2, group II introns
possess only a very few conserved nucleotides, and
the nucleotides important for the catalytic function
are spread over the complete intron structure. The
few strictly conserved primary sequences are the con-
sensus at the 5' and 3' splicing site (...JGUGYG...
and ...AYJ...), some of the nucleotides of the central
core (joiner sequences), a relatively high number of
nucleotides of D5 and some short sequence stretches
of D1. The unpaired adenosine in D6 marked by an
asterisk (7 or 8 nt away from the 3' splicing site,
respectively) is also conserved and plays a central
role in the splicing process (see Section VI.A).
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EBS2

group IIB: &'

group IIA and 1IB

3'Exon

group lIA: &'
group IIB: IBS3

FIGURE 2. Structure and consensus nucleotides of a group Il intron. The figure shows the predicted secondary
structure model of a conventional group Il intron patterned after previously published Figures (Schmidt et al., 1998;
Perlman and Podar, 1996). The intron structure is characterized by six major domains (D1 to D6) radiating from a central
wheel. The nucleotides shown (R = purine, Y = pyrimidine, M = A or C, K = G or U) are conserved in both subgroups
(A and 11B). Tertiary interactions important for correct folding or splice site selection are marked by large arrows, broken
lines, or boxes and labeled with Greek lettering (IBS = intron binding site, EBS = exon binding site). The branch-point

A is marked by an asterisk.

This low sequence conservation in combination
with the rare findings of phylogenetic co-variations
has impeded the identification of tertiary interactions
within the intron and the intron and its upstream and
downstream exon sequences. The following interac-
tions have been identified to date (see also Figure 2).
The Watson-Crick pairings between the intron and
the 5' exon via IBS-EBS interactions 1 and 2 (IBS =
intron binding site, EBS = exon binding site). The
pairings of the intron and the 3' exon either via the
8-8' in subgroup ITA or the IBS3-EBS3 interaction in

subgroup IIB. Some pairings within the large domain
1 (0-or', e-€', B-B") and a few tertiary contacts between
different intron domains (y-Y, {-C', n-1', 6-0', x-x'
and A-A") (reviewed in Michel et al., 1989; Michel
and Ferat, 1995; Qin and Pyle, 1998) (for x-x' and
A-A' see Boudyvillain and Pyle, 1998; Boudyvillain et
al., 2000).

The relatively low number of genetically or bio-
chemically provable tertiary interactions, the enor-
mous size of the molecules, as well as the lack of a
compact planar structure compared with other types
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of introns, entail that the overall spatial folding of
group II introns is only partially understood, and a
complete three-dimensional model is not available.
However, excellent biochemical strategies and tech-
niques have been established in the meantime, allow-
ing, for instance, a systematic analysis of the sugar-
phosphate backbone or the identification of unusual
base-base contacts that have led to the development
of first three-dimensional models of the catalytic core
of group II introns (for details see Section VII).

V. DEGENERATED AND TRANS-
SPLICED GROUP Il INTRONS

Most of the group II introns known so far show
the typical structural features described above. How-
ever, some other types of group II intron organization
have been found.

In plant organelles degenerated group II introns
could be detected, in which some of the common
structural elements are completely missing (Michel et
al., 1989). For instance, lots of the group II introns
identified on the plastid DNA of Euglena gracilis are
quite short (< 600 nt), lacking an identifiable domain
1, 2, 3, or 4. The degree of relationship to group II
introns for many of those small introns is even so low
that they have been arranged in a class of their own:
the group III introns. Nevertheless, the degenerated
introns are fully functional. As shown for the degen-
erated Euglena group II and III introns, they seem to
depend on trans-acting factors (RNAs or proteins) for
their splicing reaction. Therefore, these introns are
considered as an evolutionary link between the con-
ventional cis-splicing group II introns and the nuclear
introns that depend on a complex trans-acting splic-
ing machinery, the spliceosome (Christopher and
Hallick, 1989; Copertino and Hallick, 1993; Doetsch
et al., 2001).

It has been shown that some group II introns
from plastid and mitochondrial DNA of higher plants
and chloroplast DNA of Chlamydomonas reinhardtii
reorganize a fully spliceable complete intron struc-
ture from two or more pieces in trans (reviewed in
Butow and Perlman, 1991; Bonen, 1993). The af-
fected discontinuous organized genes consist of ex-
ons spreadout over the genome that are flanked by 5'
and/or 3' regions of group Il introns. It is assumed that
such an arrangement of single parts of genes over the
genome is due to DNA rearrangements within the
group II introns. Most of the trans-spliced introns
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consist of two parts that are joined to functional in-
trons via base pairings in the proximal helical regions
of D3 or D4. In a few cases, for example, the psaA
gene from C. reinhardtii, even a tri-molecular intron-
complex is formed. The intron is assembled by the
exon flanking parts and an independently transcribed
middle part encoded by the tscA gene. The three parts
are joined by base pairings in the proximal helices of
D1 and D4 (Kiick et al., 1987; Goldschmidt-Clermont
et al., 1991).

VI. CATALYTICAL PROPERTIES OF
GROUP Il INTRONS

Despite the large number of known group II in-
trons, only a few splice autocatalytically from their
pre-mRNA in vitro. Although only a few examples of
introns have been published that are not reactive un-
der all detected and optimized in vitro conditions (for
examples see Schifer et al., 1991; Costa et al., 1997a),
it is generally assumed that most of the group II
introns possess only little or no autocatalytic activi-
ties.

Because autocatalysis depends on quite unphysi-
ological reaction conditions (see below), it was pos-
tulated that even introns with an efficient in vitro
splicing reaction depend on proteins in vivo
(Lambowitz and Perlman, 1990). Furthermore, the
actual data of different model organisms show clear
evidence for a protein-dependent catalysis in vivo.
Proteins interacting with intron RNAs seem to sup-
port RNA folding or to stabilize the active conforma-
tion, whereas the catalytic potential is clearly located
in the RNA itself (see Sections VIII and IX). Let us,
however, first answer the question what kind of reac-
tions are catalyzed by the known self-splicing introns
in vitro?

A. The Splicing Reaction

The ability of group II introns to splice autocata-
lytically was first described in 1986 for both the
group IIB introns, al5y and bl1, from the mitochon-
drial genome of the baking yeast Saccharomyces
cerevisiae (Peebles et al., 1986; Schmelzer and
Schweyen, 1986; van der Veen et al., 1986). The
intron al5y is one of up to three group II introns
located in the gene for the first subunit of cytochrome-
C-oxidase (COXI), whereas the intron bl 1 is the single
group II intron in the cytochrome b gene (COB).
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Basically, the in vitro splicing reaction of group II
introns is characterized by two consecutive reaction
steps, the cut at the 5' and the 3" splice site. The first
reaction step can be initiated by two different mecha-
nisms competing with each other (Peebles et al., 1987,
Jarrell et al., 1988b; Daniels et al., 1996). The nu-
cleophilic attack on the 5' splice site in the first mecha-
nism is started by the 2'-OH group of the unpaired
adenosine in domain 6 of the intron (see Figure 2),
resulting in the release of the 5' exon and an intron/3'
exon lariat (branch-point splicing, Figure 3A). The
lariat is created by formation of a 2'-5' phosphodiester
bond that links the first residue of the intron to the
unpaired adenosine. Alternatively, the first splicing
step is initiated by the nucleophilic attack of water or
OH-, resulting in a free 5' exon and a linear intron/3'
exon intermediate (hydrolytic splicing, Figure 3B).
The released 5' exon remains linked to the intron via
base pairings of the intron binding sites (IBS1 and
IBS2) to the exon binding sites (EBS1 and EBS2) of
the intron (for details see Section VII.A). The second
reaction step in both mechanisms is initiated by the
nucleophilic attack of the 3'-OH from the terminal 5'
exon nucleotide on the 3' splicing site, leading to the
ligation of the two exons and the release of the intron
in either a lariat or a linear form. Recent data for
intron al57y show that group II introns can also excise
in a true circular form. However, circle formation
requires the release of the 3' exon from the precursor
by a trans-splicing mechanism. The 2'-OH of the
terminal intron nucleotide attacks the 5' splice site,
and a circle is created by formation of a 2'-5'
phosphodiester bond linking the first and the last
intron nucleotide (Figure 3C) (Murray et al., 2001).
Release of the 3' exon could be initiated by a free 5'
exon that attacks the 3' splice site. The free exon
might be generated by a further well-known intron-
dependent reaction: the hydrolytical cleavage of the
joined exons at their ligation site, the so-called
“spliced-exon reopening” or short SER (Figure 3D).
The SER reaction is independent of the conformation of
the free intron (lariat or linear molecule), and the intron
acts as a true ribozyme leaving the reaction without any
modification (Jarrell ez al., 1988b; Daniels et al., 1996).

As described for most ribozymes, group II in-
trons are also strictly dependent on Mg?*-ions to fold
into the correct tertiary structure and for their cata-
lytic function (reviewed in Pyle, 1993; Pyle, 2002).
Furthermore, an optimum temperature of 45°C is
characteristic for the in vitro catalytic reaction of all
group II introns.

1. Splicing Reaction of the Group IIB
Introns

Interestingly, when looking at the efficiency of
the in vitro splicing reaction, the small introns of
group IIB (£ 1 kb) turned out to be much more
reactive than the large introns of group IIA (= 2.5 kb).
The size difference can be explained primarily by the
presence of a long open reading frame (ORF) in
domain 4 of the known self-splicing group IIA in-
trons (for details see Section VIIL.A). Group IIB in-
trons can be spliced in low-salt buffers with low Mg*
concentrations, even though the reaction is slow and
less efficient. A typical reaction mix, already used in
the first published autocatalytic experiments, con-
tains 10 mM Mg?*, 2 mM spermidine, and 40 mM
Tris at pH 7.6 to 7.8 (Peebles et al., 1986; Schmelzer
and Schweyen, 1986; van der Veen et al., 1986).
Spermidine is a polyamine that stabilizes the tertiary
structure of RNA, similar to Mg?*. Later on it was
shown that the addition of spermidine is not required
when the concentration of Mg?* in the reaction mix is
raised to at least 100 mM (Peebles et al., 1987; Jarrell
et al., 1988b). Using this reaction conditions, all prod-
ucts of the two splicing pathways (transesterification
and hydrolysis), the circularization and the hydrolytic
SER can be observed. As no accumulation of intron/
3" exon intermediates can be detected, the cut at the 5'
splice site seems to be the rate-limiting step of the
reaction. The reaction efficiency of group IIB introns
can be enhanced by high concentrations of a salt with
a monovalent cation. Preferred salts are (NH,),SO,,
NH,CI, and KCl in the range of 0.5 to 1.5 M (Kiick
etal., 1990; Schmidt et al., 1990). The chosen monova-
lent salt determines which of the two splicing path-
ways is preferred: (NH,),SO, yield the highest rate of
transesterification products, KCI the highest rate of
hydrolytic products, while in reactions using NH,CI
all the different products are detectable in similar
concentrations. The hydrolytic cleavage of the ligated
exons can be observed in all buffer systems as well,
but is most strongest with added KCI (Peebles et al.,
1987; Jarrell et al., 1988b; Daniels et al., 1996).

2. Splicing Reaction of Group lIA Introns

Using the reaction conditions mentioned above,
the large introns of group IIA are either nonreactive
or much less reactive when compared with the small
group IIB introns. This was first shown for the group
ITA intron located in the mitochondrial gene encoding
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FIGURE 3. The reaction pathways of group Il introns during self-splicing in vitro. The intron is shown as a solid black
line flanked by the 5' (white box) and 3' exon (grey box). The nucleophilic attacks initiating the different reaction steps
are marked by arrows. The IBS/EBS interactions important for binding of the 5' exon to the intron after the first reaction
step (reactions A and B) are indicated by broken lines. For more details see the text.
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the first subunit of the cytochrome-c-oxidase of the
filamentous fungus Podospora anserina (COXI 11)
(Schmidt et al., 1990). The analysis of intron all, one
out of two group ITA introns in the mitochondrial
COXI gene of the yeast Saccharomyces cerevisiae,
revealed similar results (Hebbar et al., 1992). The in
vitro data for both introns can be summarized as
follows.

Apparently, both introns are not reactive under
low-salt conditions. The splicing reaction depends on
a high concentration of a monovalent salt, for example,
1 M NH,CI or higher. However, even under optimized
conditions, only weak splicing activity can be detected
for the Podospora intron and the 5' splice site is exclu-
sively cleaved hydrolytically. In comparison, the Sac-
charomyces intron is more reactive and products re-
sulting from hydrolysis and transesterification at the 5'
splice site are generated. To facilitate the analysis of
ribozyme activity, the introns were shortened in D4 to
1 kb or 1.5 kb, respectively. In the nonconserved D4,
comprising 78% (!) of the complete intron sequence
of the Podospora COXI 11, the major part of a pro-
tein-coding open reading frame (ORF) is looped out,
a typical feature of many group IIA introns (see also
Section VIII.A). In addition, it was already known
from deletion experiments of group IIB intron al5y
that the removal of D4 down to a short helical struc-
ture connecting D3 and D5 in the central core has no
negative effects on the autocatalytical reaction of the
intron (Jarrell et al., 1988a). The shortened group IIA
introns showed an even better reaction, and further-
more the 5' cut via transesterification and formation
of the intron lariat for the Podospora intron could be
restored with low efficiency. As already observed for
group IIB introns, the reaction mechanism shifts in
favor of hydrolysis at the 5' splice site when using
KCl as the monovalent salt. Under (NH,),SO, condi-
tions favorable for transesterification of group IIB
introns, the introns of group ITA are barely reactive,
although they show a spectra of products similar to
NH,CI reactions.

Moreover, the efficient SER reaction observed
for group IIB introns is only barely detectable for
both the group IIA introns mentioned above. Even
under SER-optimized conditions with high KCI con-
centrations, a free 3' exon can only barely be found
(Schmidt et al., 1990; Hebbar et al., 1992). The free
5' exon has to be regarded as an intermediate of the
hydrolytic pathway, because only the linear intron/3'
exon, but not the intronlariat/3' exon, is detectable.

This observation indicates that cleavage at the 5' splice
site is again the rate-limiting factor of the branch-
point dependent reaction, while, in contrast to group
IIB introns, cleavage at the 3' splice site seems to be
rate-limiting step of the hydrolytic reaction.

3. 5' Hydrolysis In Vivo

When looking at the in vivo splicing reaction of
group II introns, it was assumed for a long time that
the cut at the 5' splice site occurs exclusively via
transesterification preventing any hydrolytic reaction.

Two strongly accumulating intron-specific bands
for every group II intron were detected in mitochon-
drial RNA preparations of Saccharomyces cerevisiae
and Podospora anserina when running denaturing
agarose gels (Bonitz et al., 1980; Halbreich et al.,
1980; Hensgens et al., 1983; Kiick et al., 1985; Zennaro
et al., 1985). Both bands appear as circular and linear
molecules of the same length under the electron micro-
scope (Arnberg et al., 1980; Halbreich et al., 1980;
Hensgens et al., 1983; Schmidt et al., 1987b). Later on,
the typical branched circular structure (with a 2-5'
phosphodiester bond and a free 3'-OH end) could be
determined for the circular form, which seemed to be
responsible for the accumulation of the molecules due
to resistance against cellular nucleases (van der Veen
et al., 1986). Transcript mapping and enzymatic analy-
sis (RNaseH digestion, debranching-assay) of the 2.5-kb
intron all of Podospora anserina leads to the conclu-
sion that the slower-running molecule is the intron
lariat, whereas the faster-running form corresponds to
the linear intron (Schmidt et al., 1987b). At that time
it was generally assumed that the linear species was a
branched linear molecule originating from unspecific
breakage of the lariat form.

Although evidence for a first-step hydrolytic cut
in the in vitro reaction of group II introns was pub-
lished at the same time (Peebles et al., 1987; Jarrell et
al., 1988b) it took until 1996 for Pyle and co-workers
to present for the first time the idea of a 5" hydrolysis
also in the in vivo reaction (Daniels et al., 1996). This
notion was predominantly based on the following
observations:

1. All known in vitro splicing conditions yield
products of the hydrolytic pathway at least to a
certain degree.

2. The intracellular salt concentrations in combi-
nation with other components that support ca-
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talysis (polyamines, cationic peptides) should
provide in vivo reaction conditions similar to
the optimized conditions described for 5' hy-
drolysis in vitro.

3. When digesting the two observed in vivo forms
of the all intron of P. anserina by RNaseH
(Schmidt et al., 1987b), the resulting single
band is not accompanied by a smear that should
be present if the linear species contains only
statistically broken lariat molecules.

4. In some chloroplast group II introns, the un-
paired adenosine at the branch point is missing
(Michel et al., 1989) suggesting in vivo splicing
using the linear, hydrolytic pathway.

Two years later Podar et al. (1998a) could dem-
onstrate that first-step hydrolysis works also in vivo.
They used yeast strains carrying a point mutation at
the branch site of group IIB intron al5y, the terminal
intron of the COXI gene, leading to a strong reduction
or even block of the 5' transesterification reaction.
Under optimized conditions a hydrolytical turnover
of more than 40% of the COXI transcripts could be
measured. Recently, Vogel and Borner (2002) pre-
sented the first evidence for naturally occurring hy-
drolytic group II intron splicing in vivo using the
barley chloroplast trnV intron of tRNAV¥(UAC). The
trnV intron is strongly conserved in all known plant
chloroplast genomes and lacks the typical branch-
point nucleotide in domain 6 important for
transesterification and lariat formation. Following
cirularization of chloroplast total RNA using RNA
ligase and a RT-PCR based approach, it could be
clearly shown that the frnV intron is exclusively re-
leased in a true linear form.

Generally, it is accepted that from the evolution-
ary point of view hydrolysis might be the primordial
reaction mechanism for release of a group II intron.
The reaction center that prefers the more efficient
transesterification was developed later on in evolu-
tion. Thus, the known group II introns that show no
typical branch point nucleotide might belong to a
very ancient form of introns whose splicing reaction
is still initiated via first-step hydrolysis. In addition,
the hydrolytic pathway might be important for regu-
lation of other group Il intron-specific features (Daniels
et al., 1996; Podar et al., 1998a):

1. Many group II introns contain an open reading
frame (ORF) encoding a protein that is involved
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in the splicing reaction and the mobility of the
introns (see Sections VIII.LB and VIII.C) (sur-
veys in Lambowitz and Belfort, 1993; Lambowitz
et al., 1999; Zimmerly et al., 2001). Although
the intron-encoded proteins (IEPs) are thought to
be translated from a pre-RNA, the expression
from an excised, linear intron RNA might be also
possible. However, circular or branched circular
molecules are not translatable (Kozak, 1979;
Konarska et al., 1981), unless they contain spe-
cial internal ribosome entry site elements (Chen
and Sarnow, 1995). Thus, linear translatable in-
tron RNAs resulting from a hydrolytic reaction
could be essential molecules for splicing via
transesterification that depends on an intron-en-
coded protein.

2. For the mobility of group II introns both the
expression of the intron encoded protein and
the lariat structure of the free intronic RNA is
essential (Michel and Ferat, 1995; Bonen and
Vogel, 2001; Belfort et al., 2002). Thus, introns
with a high rate of hydrolytical splicing should
show a low frequency of mobility.

B. The Reverse Splicing Reaction

The reaction potential of group II introns is not
restricted to the findings described above. A number
of other in vitro activities have been discovered for
the more reactive group IIB introns, in particular
demonstrating their catalytic versatility.

In principle, when looking at the chemistry of
phosphodiester transfers during autocatalysis of group II
introns, this reaction should also work in reverse direc-
tion. Shortly after detecting a complete reverse in vitro
splicing reaction for the Tetrahymena group I intron
(Woodson and Cech, 1989), a reverse splicing was also
described for the group IIB intron bl1 of yeast (Augustin
et al., 1990; Morl and Schmelzer, 1990b). The reverse
reaction is initiated by binding the free intron lariat via
the EBS elements (EBS1 and EBS2) located in domain
1 to the IBS elements (IBS1 and IBS2) in the 5' exon
region next to the exon ligation site. The 3'-OH of the
intron attacks the ligation site of the exons and the intron
is integrated via two consecutive transesterifications,
resulting in the original pre-RNA. Furthermore, Morl
and Schmelzer (1990b) found a certain dependence of
the efficiency of the reaction on 3' exon sequences. Later
on, this dependence was confirmed with the detection of
a contact of the first nucleotide of the 3' exon with a
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nucleotide located in subdomain d of domain 1, the
EBS3-1BS3 interaction (see also Section VII.G) (Jacquier
and Jacquesson-Breuleux, 1991; Costa et al., 2000).
Remarkably, the two transesterification reactions can be
separated. When the free intron is delivered in linear
form, only the reversal of the second step leading to the
intron/3' exon intermediate takes place. For reversion of
the first step, the energy of the 2-5' phosphodiester
bond not present in the linear molecule is essential.
When the free intron lariat or the lariat intron/3' exon
intermediate is incubated with the free 5' exon, reversal
of the first step and formation of the pre-RNA can also
be observed (Augustin ez al., 1990; Morl and Schmelzer,
1990b). Moreover, Chin and Pyle (1995) could show
that the forward branching reaction is highly reversible
in the absence of the second splicing step. Their data
indicate that the rapid second step serves as a kinetic trap
to complete the forward reaction, and that the efficient
reversibility provides a potential proofreading mecha-
nism to control the fidelity of 5' splice site selection.

Alternatively, reversal of the first step is also
possible with a linear intron/3" exon carrying a tri-
phosphate at its 5' end. The pyrophosphate is cleaved
off and the energy is used to bind the 5' exon. This
ribozyme-catalyzed condensation of an activated
5' tri-phosphate with a 3'-OH to form a 3'-5'
phosphodiester bond is similar to the reaction of
today’s protein DNA- or RNA-polymerases and there-
fore very interesting from an evolutionary point of
view. This reaction mechanism could have also been
used by a prebiotic RNA-dependent replicase for
polymerization of RNA (Morl et al., 1992).

In contrast to the forward reaction, only buffer sys-
tems with (NH,),SO, as the essential salt component are
useful for the reverse reaction. A concentration of 500
mM (NH,),SO, turned out to be optimal, whereas the
temperature optimum of the reverse reaction is 30°C
compared with 45°C for the forward reaction. The use of
high concentrations of KCI or NH,Cl activates the hy-
drolytic mechanism leading to an exon-reopening of the
ligated exons or to an unspecific intron-internal cleav-
age, respectively (Perlman and Podar, 1996).

C. Other Reactions Catalyzed by Group Il
Introns in trans

It became clear from the analysis of the reverse
splicing reaction that the structural requirements of
an RNA substrate to be converted by a free group II
intron RNA are quite simple. The IBS1, which com-

prises only a few nucleotides, is completely sufficient
as the minimal substrate recognition site for a group II
intron-catalyzed reaction (Jacquier and Michel, 1987).
Additional sequence elements like IBS2 or the IBS3
(0" nucleotides are obviously only responsible for an
increased reactivity and for the reduction of cleavage
at cryptic sites (Mueller et al., 1988; Jacquier and
Jacquesson-Breuleux, 1991; Wallasch et al., 1991;
Su et al., 2001). These simple structural requirements
of a specific substrate/ribozyme interaction suggested
a high potential of group II introns to catalyze other
RNA-dependent reactions.

In addition to reverse splicing, Morl and
Schmelzer (1990b) also demonstrated the complete
integration of the lariat of intron bll into a foreign
RNA in vitro. Integration takes place directly up-
stream of a sequence motif similar to IBS1. The
reaction is reversible, and the intronic RNA can be
removed again from the foreign RNA under standard
conditions of the forward reaction.

Moreover, some activities have been described in
which the intron lariat even acts as a true ribozyme,
that is, the intron molecule reacts with a substrate,
leaves the reaction without any modification, and
repeats the same reaction in multiple cycles (“mul-
tiple-turnover” ribozyme):

RNA recombinase: the intron lariat catalyzes recom-
bination of two different IBS1-carrying RNA-molecules
(RNA 1 and 2). The recombination sites of both mol-
ecules are precisely located downstream of a typical
IBS1 sequence. The 5' region of RNA 1 is joined to the
3' region of RNA 2 and the 5' region of RNA 2 to the
3' region of RNA 1(Morl and Schmelzer, 1990a).

Terminal transferase: when using a substrate con-
sisting of a 5' exon ligated to a mono-phosphate (5'E-p),
the 3' terminal phosphate is transferred to the intron
via the reverse reaction and can (like a 3' exon) be
coupled again to the 3' OH of a free 5' exon using the
forward reaction (Mueller et al., 1991).

RNA polymerase: when incubating the bll intron-
lariat with a short 19-mer oligoribonucleotide which
corresponds to the 3' end of the 5' exon including the
IBS1 sequence (GACAGA), an intron-dependent dis-
proportion of the substrate-RNA at the 3' end takes
place. The resulting molecules are either shortened
by the 3' terminal adenosine or elongated by one or
more adenosine residues. The terminal adenosine of
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the oligoribonucleotide is cleaved off in the presence
of the intron lariat (18-mer) and coupled in a reverse
reaction (like a 3' exon) to the 3' end of the lariat
(intron charging). The charged intron can now react
in a forward reaction (intron-discharging) with a com-
plete 19-mer oligoribonucleotide to give rise to a
molecule elongated by one nucleotide. This cycle of
precise charging/discharging of the lariat can be re-
peated many times also using substrate molecules as
donors that have been elongated already by one ore
more nucleotides. In this case, both the last adenosine
residue of the IBS1 sequence and all other 3'-coupled
nucleotides are transferred. Thus, we deal with a kind
of intron-catalyzed nucleotidyl-insertion leading to a
3'to 5' RNA polymerization (Mueller et al., 1993a).

DNA as a substrate: in contrast to other ribozymes,
group II introns are also able to use single-stranded
DNA as a substrate. Similar to the reverse coupling of
a 5' exon RNA-substrate to the triphosphate activated
end of a linear PPPIVS-3'E RNA, also a 5' DNA sub-
strate can be coupled at the activated molecule; how-
ever, with much lower efficiency. Furthermore, the
lariat and the activated linear molecule (PPPIVS) are
also able to specifically cleave a single-stranded DNA
corresponding to the ligated exons in a reverse reaction
upstream of the IBS1 and to couple the 3' exon DNA
to the 3' end of the intron RNA. However, a complete
integration of the intron RNA into the DNA could not
be demonstrated (Morl et al., 1992). Applying the
standard in vitro reaction conditions, the complete re-
verse reaction only succeeds when using a chimeric
substrate molecule with a 5' exon RNA sequence and
a 3' exon DNA sequence (Mueller et al., 1991).

The fundamental findings described above cul-
minate in the development of a short multiple turn-
over ribozyme consisting of two separated parts (do-
main 1 and 5) of group IIB intron al5y. The new
ribozyme cleaves short single-stranded RNA and
DNA substrates with almost the same efficiency, a
characteristic not known for any other catalytic RNA.
The free domain 1 binds the oligonucleotide sub-
strate and after addition of the free domain 5 as the
essential catalytic component (see Section VILE)
the substrate is specifically cleaved downstream of
the IBS1 sequence (Griffin ef al., 1995; Michels and
Pyle, 1995). The chemical turnover rate of the
ribozyme can be improved by joining domain 3 to
domain 1 via a short hairpin loop. Obviously, do-
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main 3 seems to act as a kind of catalytic effector
(Xiang et al., 1998).

The knowledge that group II introns are able to
specifically cut foreign RNA and even DNA substrates
downstream of a IBS1-like sequence and to integrate
completely at least in RNA in vitro gave impetus to the
evolutionary and molecular biological important search,
if today’s group II introns are also able to transpose
into ectopic DNA sites in vivo. Indeed, some time later
in vivo transposition could be proven for two mito-
chondrial and two bacterial group II intron, as de-
scribed in Section VIII.B.2 (Mueller et al., 1993b;
Sellem et al., 1993; Cousineau et al., 2000; Martinez-
Abarca and Toro, 2000b; Ichiyanagi et al., 2002).

VIl. THE STRUCTURE ELEMENTS OF
GROUP Il INTRONS AND THEIR
CONTRIBUTION TO THE CATALYTIC
REACTION

One of the most critical features when analyzing the
structure/function relationships of group II introns is
their enormous size compared with other ribozymes.
For instance, lots of important sequence stretches and
substructures that are involved in the formation of ter-
tiary interactions have not been recognized in cis using
the complete intron molecule. This problem is caused by
the potentially high degree of redundancy of different
tertiary interactions within the intron. The elimination of
a tertiary contact by mutation might not have any influ-
ence on the overall structure and reaction of the intron,
because other contacts that still exist are sufficient for
correct folding and efficient catalysis. In addition, when
analyzing intron mutations in cis that completely block
the splicing reaction, it is almost impossible to differen-
tiate if the overall tertiary architecture of the intron, the
catalytic reaction itself, or both is affected.

To avoid this problem, partial intron structures
based on the six phylogenetically defined intron do-
mains (D1 to D6) were generated and analyzed in
trans reactions. The six intron domains are transcribed
in vitro as separated molecules that fold into a struc-
ture corresponding to their conformation in the com-
plete active intronic RNA. For instance, the isolated
D5 binds in trans to the rest of the intron or only to
D1 with high affinity (Jarrell ez al., 1988a; Franzen et
al., 1993; Pyle and Green, 1994). When incubating
D5 with a RNA molecule containing the 5' exon and
the intron domains 1 to 3 (exD123), a hydrolytic cut
at the 5' splicing site takes place that is mechanically,
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kinetically, and stereochemically identical to the first
step of the cis-reaction of the intact intron (Pyle and
Green, 1994; Michels and Pyle, 1995; Podar et al.,
1995a). Moreover, when applying the frans-reaction
with mutated intron domains, it can be directly inves-
tigated if a mutation affects binding, catalysis, or both
(Peebles et al., 1995; Abramowitz et al., 1996;
Konforti et al., 1998b). Beside D5, also D1 (Michels
and Pyle, 1995; Podar et al., 1995b) and D6 coupled
to D5 (Dib-Hajj et al., 1993; Chin and Pyle, 1995;
Boudvillain and Pyle, 1998) were tested successfully
in trans-reactions for their functional importance.
More recently, a tri-partite assay system was devel-
oped using a short free S'exon, a linear intron trun-
cated by 6 nt at the 3' end, and a 3' molecule consist-
ing of the last 6 nt of the intron plus a 6 nt 3' exon to
bypass the rate-limiting 5' cut for better studying the
exon ligation at the 3' splice site (Bar-Shalom and
Moore, 2000).

A. Domain 1

Domain 1 (D1) is the largest of all intron do-
mains, when not considering the optional open read-
ing frame (ORF) looped out in domain 4 (D4) of
many group II introns. Due to its large size, the
domain has been divided into the four subdomains a,
b, ¢, and d. D1 contains all the sequence elements
required for the correct recognition of the 5' splice
site in cis (see Qin and Pyle, 1998 for a review).
Moreover, it is also indispensable for recognition and
binding of DNA or RNA substrates in trans or in the
reverse splicing reaction, respectively (Pyle, 1996;
Eskes et al., 1997; Guo et al., 1997). Deletion studies
with yeast intron al5y showed that in vitro D1 and D5
are sufficient for catalytic activity and the cut at the
5' splice site both in cis (Koch et al., 1992) and in
trans (Michels and Pyle, 1995). As substrate binding
of D1 is not influenced by the addition of other do-
mains important for catalysis in trans (D3, DS), it is
assumed that D1 delivers the molecular scaffold of
defined architecture that assembles the intron into its
catalytic active structure (Qin and Pyle, 1997).

In all functional group II introns two exon bind-
ing sites (EBS1 and EBS2), located in different stem-
loop regions of subdomain d, could be identified as
the crucial elements for precise recognition and bind-
ing of the 5' exon (see Figure 2; Jacquier and Rosbash,
1986; Jacquier and Michel, 1987). Both exon binding
sites base pair to the intron binding sites (IBS1 and

IBS2) at the 3' end of the 5' exon creating as the
typical case 10 to 13 Watson-Crick pairings (over-
view in Michel et al., 1989). The important role of
EBS1 could be confirmed for group IIA intron COXI
I1 of the filamentous fungus Podospora anserina. A
change of the spatial orientation of the EBS1 stem-
loop in subdomain d of D1 by deletion of the first
nucleotide of the stem leads to a strong reduction of
the splicing efficiency at the 5' splicing site and a
selection of different cryptic splice sites upstream in
the 5' exon. The cryptic cuts are located at positions
where the typical EBS1/IBS1 interaction can be re-
stored at least partially (U. Schmidt, R. Sdgebarth,
and U. Stahl, unpublished data).

The so-called e-€' interaction is a further structur-
ally essential D1 contact in which nucleotides 3 and
4 of the intron, in most cases a GY (€), base-pair with
two nucleotides RC (¢') of a bulge or internal loop
region of subdomain c1 (see also Figure 2, Y = pyri-
midine, R = purine). This interaction is also critical
for recognition of the 5' splice site and is directly
involved in the correct positioning of the highly con-
served first intron-nucleotide (G1) to facilitate the
nucleophilic attack at the 5' splice site (Jacquier and
Michel, 1990). The molecular nature of the G1 nucle-
otide seems to be important for the required interac-
tions in the catalytic core of group II introns. Substi-
tution of G1 by one of the other three nucleotides C,
U, or A leads to a reduction of the efficiency of both
splicing steps in vitro and in vivo (Chanfreau and
Jacquier, 1993; Peebles et al., 1993; Holldnder and
Kiick, 1999).

The importance of the e-¢' interaction for
transesterification at the 5' splice site was emphasized
by nucleotide analogue interference mapping (NAIM)
of yeast intron al5y (Boudvillain and Pyle, 1998).
Atomic changes in the sugar-phosphate backbone or
in specific functional groups of single bases in both
the € and €' region strongly impair the trans-branch-
ing reaction between a molecule consisting of 5' exon
sequences, intron domains 1, 2, and 3 (exD123 RNA),
carrying the modified nucleotides, and a domain 5
and 6 molecule (D56). The €' region and the unpaired
nucleotides of the A region located immediately up-
stream (see Boudyvillain ez al., 2000 and Section VIL.E
for details) were also identified as a strong binding
site for a divalent metal ion (like Mg?*) that might
contribute to stabilize the intron structure at the cata-
lytically active site (Sigel et al., 2000). Using a differ-
ent approach, Hertweck and Mueller (2001) identi-
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fied an internal loop located upstream of the €'/A
region as one of the most prominent metal binding
sites in intron bIl.

Deletion analyses for group IIB intron bI1 from
S. cerevisiae indicate a certain degree of redundancy
between the three interactions EBS1-IBS1, EBS2-
IBS2, and e-¢' in recognition of the 5' splice site at
least in vitro. Hetzer et al. (1997) found that the 5'
splice site is also precisely cleaved in the absence of
EBSI1; however, the efficiency of the reaction is
strongly decreased when compared with the wild-
type intron.

Footprinting data for the group IIB intron located
in the mitochondrial rRNA gene of the brown algae
Pylaiella littoralis (PL.LLSU/2) indicate that the affin-
ity to bind the 5' exon via the EBS-IBS interactions at
D1 is strongest when the intron is completely folded
and the catalytic core is correctly formed. The bio-
logical sense in preventing premature exon binding
might be that it interferes with the assembly of single
structural components of the intron, causing delays in
or even prevents correct and complete folding into
the active state (Costa and Michel, 1999). These data
are supported by recent kinetic footprinting studies of
a D135 ribozyme derived from intron al5y indicating
that the formation of the catalytic core directly pro-
ceeds to a fully catalytic active intron conformation
(Swisher et al., 2002). Moreover, binding of a full-
length exon substrate (with IBS1 and IBS2) yield a
loss of binding energy that appears to be linked to a
conformational rearrangement of the ribozyme (Qin
and Pyle, 1999).

Apart from interactions predominantly involved
in recognition of the 5' exon some other long range
tertiary interactions essential for the correct folding
and stability of the intron have been localized within
D1. The highly conserved o0 pairing between the
terminal loop of subdomain b and an internal bulge-
loop of subdomain d3 has been recognized by phylo-
genetic analyses (Jacquier and Michel, 1987; Michel
et al., 1989) and was demonstrated to be functionally
important by genetic studies in vitro (Harris-Kerr et
al., 1993). In contrast, the B-B' interaction seems to be
less important. It represents a pairing between two
phylogenetically highly variable loop regions of
subdomains c2 and d2 that when first presented could
only be identified in a few predominantly self-splic-
ing introns (Michel and Ferat, 1995). More recently,
a new D1 internal base-base interaction called §-8'
was demonstrated by comparative sequence analysis
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and chemical footprinting. This interaction is restricted
to intron members of subgroup IIB and might facili-
tate base pairing between the 5' exon and the intron.
The nucleotide immediately 5' of EBS1 (8) can form
a canonical pair with a nucleotide located on the 5'
half of an internal loop in subdomain d (8") (Costa et
al., 2000). Interestingly, in most members of the ITA
subgroup the same & nucleotide base pairs to a com-
pletely different site, the first nucleotide of the 3'
exon. In subgroup IIB, however, the first 3' exon
nucleotides (IBS3) pair to an intron partner (EBS3)
located opposite to the &' nucleotide on the 3' half of
the same internal loop of subdomain d (Costa et al.,
2000) (see also Figure 2 and Section VIL.G).

B. Domain 2

Domain 2 (D2) is a phylogenetically less con-
served region, and particularly when comparing the
two intron subgroups (ITA and IIB) a high degree of
sequence (no conserved nucleotides, high length vari-
ability), and structure variation can be observed
(Michel et al., 1989). Thus, this domain was assigned
as functionally unimportant right from the start of in
vitro analysis of self-splicing group IIB introns.

In a cis-reaction the complete domain can be
removed, leaving only a short hairpin structure (16 nt
for intron bll; 18 nt for intron al5y) as a joiner be-
tween D1 and D3 with minor effects on the autocata-
lytic activity. In contrast to the wild-type introns, the
second splice step is now rate-limiting, as indicated
by accumulation of the typical splicing intermediates
(free 5' exon and intron/3' exon lariat) (Kwakman et
al., 1989; Bachl and Schmelzer, 1990). This observa-
tions can be explained by elimination of the so-called
n-n' interaction identified later on by Chanfreau and
Jacquier (1996). n-1n' is an interaction of two con-
secutive C-G base pairs located on the basis of the
second of three helices starting from an internal loop
of D2 with the endloop GUAA of Domain (D6) (Fig-
ure 2). The disruption of the two C-G base pairs of the
receptor helix in D2 of intron al5y or base substitu-
tions in the D6 GUAA end loop, which do not corre-
spond to the consensus, yield a strong reduction of
the splicing efficiency in the second step in vitro,
while the rate of the first splicing step is even im-
proved (Chanfreau and Jacquier, 1996). Due to the
absence of the interaction more molecules seems to
fold into an active state for the 5' cut, but seems to be
trapped in this conformation. Interestingly, only a
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few of the known group IIB introns can potentially
form this interaction. For the majority of the group
IIB introns, either a different D2/D6 interaction has to
be postulated or the change of the conformation be-
tween the first and the second step does not depend
on this interaction at least in vivo. In this case, for
example, protein factors (chaperons) might compen-
sate for the missing interaction to enable the confor-
mational change.

Four nucleotide loop regions with a GNRA consen-
sus sequence (R = purine, N = every base) are fre-
quently involved in the stabilization of tertiary inter-
actions. First indications came from observations of
phylogenetic co-variations in group I and group II
introns, RNase P RNA as well as ribosomal RNA, in
which a nucleotide substitution in the loop region
was compensated by a second substitution in the
putative receptor helix (Costa and Michel, 1997 and
further citation therein). The existence of interac-
tions mediated by a GNRA tetraloop was confirmed
by biochemical data (for example Jaeger et al., 1994;
Murphy and Cech, 1994; Costa and Michel, 1995;
Abramovitz and Pyle, 1997), crystallographic stud-
ies (Pley et al., 1994; Cate et al., 1996) as well as in
vitro selection of tetraloop receptor regions (Costa
and Michel, 1997). On the molecular level, the con-
tact is stabilized by a complex network of hydrogen
bridges involving 2'-OH groups of the riboses on the
tetraloop and receptor site. Positions 3 and 4 of the
tetraloop dock in the minor groove of the RNA helix
in which the receptor sequences are localized.

On the basis of phylogenetic data, another inter-
action between D2 and D6 similar to -n' was postu-
lated for a number of group IIA introns. Interestingly,
when compared with group IIB the GNRA tetraloop
and the receptor site have exchanged their positions
in group IIA (Costa et al., 1997b). Many group IIA
introns possess a relatively short unbranched D2 with
a typical GNRA tetraloop, while the peripheral re-
gion of D6 is highly variable in size and length, with
only a very few introns carrying a GNRA loop at its
end. In contrast, two consecutive C-G base pairs can
be frequently found in a correct receptor position for
an-n' interaction. The receptor looks different when
the D2 tetraloop is a GAAA. In this case, the receptor
site belongs to a family of sequences corresponding
to a 11 nt motif (CCUAAG..UAUGG) that is well
known to make a highly specific contact only to
GAAA tetraloops (Costa and Michel, 1995).

As described in Section VI.A, group IIA introns
are much less reactive during autocatalysis in vitro
when compared to group IIB introns. The 5' splice

site is predominantly cleaved by hydrolysis and splic-
ing intermediates accumulate (linear intron/3' exon
and free 5' exon) indicative of a less-efficient cut at
the 3' splice site. Interestingly, the rate of 5'
transesterification for group IIA introns is strongly
influenced by the putative m-n' interaction. When
using intron all from the COXI gene of S. cerevisiae
Costa et al. (1997b) could show that enhancement of
the putative -1' interaction almost completely blocks
transesterification, while the elimination of this inter-
action has the reverse effect: 5' transesterification is
much more efficient and hydrolytic products are only
barely visible. Similar results were obtained earlier
for group IIA intron I1 of the COXI gene of the fila-
mentous fungus P. anserina, although no indications
of an interaction between D2 and D6 existed at that
time. An adaptation of the peripheral structure of D6
to the corresponding structure of group IIB introns or
the exchange of the domain with the complete do-
main of intron al5y leads to a substantial improve-
ment of the transesterification reaction at the 5' splice
site (Schmidt ef al., 1993). These alterations remove
the m' receptor structure in D6, the 11 nt motif
(CCUAAG..UAUGG), thereby disrupting the n-n'
interaction with the GAAA terminal loop of D2.

Thus, what is the basic role of the n-1' interaction
during group II splicing? There are a number of bio-
chemical data pointing to the fact that both splicing
steps are catalyzed by a single active site (see
Chanfreau and Jacquier, 1994) that requires a struc-
tural rearrangement of the intron to catalyze the reac-
tion of both successive substrates (5' and 3' splice
site) (Chanfreau and Jacquier, 1993; Steitz and Steitz,
1993). Since both ends of the intron are positioned in
close proximity to each other by covalent binding to
D6 (see Section VIL.F), a minor rearrangement of D6
between the first and the second splicing step should
be sufficient. This rearrangement might be mediated
by a contact of D6 and D2 via the n-1n' interaction.
The experimental data presented above indicate that
in vitro many of the group Il intron containing precur-
sor RNAs accidentally form the n-n' interaction al-
ready prior to the first splicing step. As a conse-
quence, the very reactive group IIB introns show a
reduced transesterification rate, while the less reac-
tive group ITA introns preferentially splices via hy-
drolysis. In vivo, however, the intron molecules could
be trapped into a conformation, for example, by bind-
ing of trans-acting factors (RNAs, proteins) that pre-
vent the formation of the n-n' interaction until the 5'
cut has been completed.
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A further well known tertiary interaction involv-
ing D2 is the so-called 0-0' interaction between D2
and D1 (Chanfreau and Jacquier, 1996; Costa et al.,
1997b). The 6-0' interaction shows similar structural
features as M-1'; however, in contrast to n-1', this
interaction is a permanent existing contact in cor-
rectly folded introns. The presence of 6-0' has been
proven for self-splicing group II introns of both sub-
groups. It is an interaction of the terminal loop of the
cl stem of domain 1 belonging to the GNRA loop
family with an associated receptor sequence in the
basal region of domain 2 next to the central core
structure (Figure 2). As for n-1', the receptor corre-
sponds to the typical 11 nt or a similar motif in group
ITA introns, while the receptor sequence is repre-
sented by the second and third C-G base pair of the
basal stem in group IIB introns.

For the group IIA intron all from yeast, introduc-
tion of a suboptimal 8-8' interaction leads to a reduc-
tion of the overall splicing activity in cis with the
strongest effect observed when substituting the GUAA
loop in c1 by the noncompatible UUCG loop (Costa
et al., 1997b). In contrast, the existence of
0-0' in group IIB intron al5y was demonstrated in a
bimolecular reaction in which an al5y Acl molecule
reacts in trans with the ¢l subdomain of domain 1.
While binding of the cl subdomain depends on the
tetraloop/receptor combination, catalysis is barely
impaired. This result shows that the primary role of
the 0-0' interaction is stabilization of the correct fold-
ing of the catalytic core of the intron (Costa et al.,
1997b). Although a 6-0' interaction is possible for
almost all autocatalytic group II introns, there is a
large number of group II introns that do not show the
typical GNRA tetraloop at the end of the C1 stem. In
these cases the contact between C1 and domain 2 is
possibly formed by other interactions unknown to
date or the active intron structure is stabilized by
other trans-acting RNAs or RNA binding proteins.

C. Domain 3

Domain 3 (D3) is a relatively short stem-loop
structure that is considered as an essential joiner be-
tween the upstream and downstream structural ele-
ments important for catalysis (D1 and DS). The com-
plete deletion of D3 in group IIB intron al5y leads to
strong impairment of in vitro catalysis in cis (Koch et
al., 1992). In a trans-reacting multiple-turnover
ribozyme constructed with the same intron, the
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separated D3 works as a catalytic effector that strongly
improves the chemical conversion rate of the short
oligonucleotide substrates (Xiang et al., 1998). Podar
et al. (1995b) showed that D3 when delivered in trans
binds firmly to other parts of the intron and, when
added to constructs containing D1/D5 strongly im-
proves the rate of splicing. In addition, as shown by
UV-crosslinking studies, D3 folds into its stable ac-
tive structure independently of other parts of the in-
tron. Even after binding to other intron domains, the
stable structure remains unchanged. Two regions of
D3 could be identified that are important for the
function of the catalytically essential DS using modi-
fication interference assays, DMS-footprinting (DMS
= dimethyl sulfate), and NAIM studies (Jestin et al.,
1997; Boudyvillain and Pyle, 1998; Konforti et al.,
1998a).

The principle of the modification interference tech-
nique is to analyze a radioactive labelled RNAT1,
which was modified in a way that statistically only
one modification is present per molecule. DEPC,
hydrazine or phosphorothioates are frequently used
for modification. The labelled and modified RNA1
is now incubated with a RNA2, which is known to
bind in trans to the unmodified form of RNA1. In
the next step, all RNA1 molecules in which modifi-
cation interferes with binding are removed from the
reaction mixture selecting only molecules that were
still able to bind to RNA2. Following cleavage of
the selected RNA1 molecules at there modification
sites and separation on a denaturing polyacrylamide-
gel, the missing bands in the pattern are indicative
for nucleotide positions whose modification led to
the loss of binding.

The nucleotides of the phylogenetically conserved
stem-loop at the base of D3 and some nucleotides of
a nonconserved loop-region on the 5' site of the do-
main are critical for catalysis. The deletion of single
bases in the conserved loop-region leads to a loss in
splicing activity in vivo (Koll et al., 1987; Schmidt et
al., 1998). In contrast, removing distal localized D3
sequences of group IIB intron bll that do not match
the structures mentioned above has no effect on the
splicing reaction in vitro (Bachl and Schmelzer, 1990).
Keeping only the proximal stem-loop structure un-
changed, while the 5' loop region is missing also
results in drastically reduced autocatalytic activity.

Although there is no clear evidence yet that D3
interacts directly with D5, data of Jestin et al. (1997)
and Swisher et al. (2001) imply that the stem-loop
region of D3 might form particularly intimate con-
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tacts with the active site (see also Section VILE). The
important structural role of D3 is also emphasized by
the finding that some elements of the domain also
represent strong binding sites for divalent metal ions
such as Mg?* (Sigel et al., 2000; Hertweck and Mueller,
2001).

All current molecular data indicate that D3 is
packed very close within or near the catalytic active
site of the intron. Thus, even if D3 is not important for
the stabilization of the association of D5 and D1, it
seems to play an important role for the catalytic mecha-
nism of group II introns.

D. Domain 4

As regards to length and sequence, domain 4
(D4) is the least conserved region of all structure
elements present in group II introns. Complete dele-
tion of D4 leads to a reduced splicing activity in vitro
(Bachl and Schmelzer, 1990; Koch et al., 1992); how-
ever, this can be assigned to a lower intron flexibility
and an impairment of the correct spatial orientation of
regions important for catalysis.

Many of the known group II introns encode a
multifunctional protein, whose OREF is located com-
pletely or almost completely in D4 (see Section
VIII.A), resulting in a domain of enormous size. For
instance, D4 makes up more than 75% (!) of the
complete intron sequence in the protein-encoding mi-
tochondrial group IIA intron I1 of the COXI gene
from P. anserina (size: 2539 nt) and all of the same
gene in S. cerevisiae (size: 2448 nt). A reduction of
the size of the Podospora intron in D4 by more than
a half or a substitution of the complete D4 by a 24 nt
stem-loop leads to a strongly improved splicing reac-
tion in vitro (Schmidt et al., 1990; Schmidt et al.,
1993). Reduction of the size of D4 in the S. cerevisiae
intron, a better splicer than the Podospora intron has
no effect on the reaction efficiency in vitro (Hebbar
et al., 1992).

All data indicate that D4 is not required for auto-
catalysis of group Il introns in vitro, as long as a short
stem-loop remains as a flexible joiner between D3
and DS5.

E. Domain 5

Domain 5 (D5) is, together with D1, the only
structural element that is absolutely required for the
catalytic reaction. All known cis- and trans-reactions

catalyzed by group II introns and group II intron
derived ribozymes depend on D5 as an essential com-
ponent of the active site (Michels and Pyle, 1995;
Pyle, 1996; Qin and Pyle, 1998). The central catalytic
role of DS is reflected by its primary sequence and
secondary structure as the phylogenetically most con-
served part of group II introns (Michel et al., 1989).
In general, D5 is a short stem-loop structure of mostly
34 nt, characterized by a 2 nt bulge at the 3' site and
a GNRA endloop. Until 1998, a CG bulge was pre-
dicted at pos. 25 and 26, when an alternative AC
bulge was proposed at pos. 24 and 25 by chemical
probing and an expanded comparative sequence analy-
sis (Costa et al., 1998; Konforti et al., 1998b). The
AC bulge separates the proximal and the distal stem
composed of 9 bp and 5 bp, respectively (Figure 4).

The central role of D5 in group II splicing has
initiated numerous efforts to determine the sequence
stretches, the nucleotides, and their functional groups
important for catalysis and binding. Furthermore, there
have also been a growing number of attempts to
unravel and to understand the complete spatial con-
formation of this domain in the catalytic center of the
intron. Most investigations are based on a detailed
analysis of the effects of extensive molecular and
atomic changes within D5 on the splicing reaction in
vitro, in a few approaches also in vivo. More recently,
these data have been confirmed and completed by
crystallographic studies.

The DS changes analyzed include simple substitu-
tion of single nucleotides, chemical modification of
bases with DEPC, DMS, hydrazine etc. and specific
atomic changes in the sugar-phosphate-backbone or
in single functional groups of the bases. For in-
stance, when analyzing the sugar-phosphate-back-
bone, deoxynucleotides are incorporated to clarify
the influence of the 2'-OH groups or the two oxygen
atoms of the phosphate that are not involved in the
formation of diester-bonds, are substituted by sul-
phur. To investigate functional groups of single bases,
base-analogues like inosine, 2-aminopurine, 2,6-
Diaminopurine or 7-deaza-guanine are incorporated,
leading to modification of single positions in the
scaffold of the bases (for examples see Chanfreau
and Jacquier, 1994; Boudvillain and Pyle, 1998;
Costa et al., 1998; Konforti et al., 1998b; Konforti
et al., 1998a; Gordon and Piccirilli, 2001).

The most highly conserved sequence motif con-
sists of an AGC triad located at pos. 2, 3, and 4 in the
basal stem of the domain, of which the G is com-
pletely invariant (Michel et al., 1989; Michel and
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FIGURE 4. Primary sequence and postulated secondary structure of the 34 nt domain 5 of yeast mitochondrial group
Il intron al5y.
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Ferat, 1995). Consistent with their high degree of
conservation, the three nucleotides are very sensitive
to base changes in vivo (Boulanger et al., 1995). The
substitutions tested result in a complete block of the
splicing reaction, while substitutions of the pairing
nucleotides GUU on the opposite site (position 31-33)
is tolerated (Figure 4). The Watson-Crick pairings at
pos. 2 and 4 seem to be more important than the
identity of the bases themselves. In contrast, the pres-
ence of the G at pos. 3 and the geometry of the G-U
wobble pair is an absolute requirement for the correct
chemical function of D5. In addition, when analyzing
those mutations in vitro, substitutions at pos. G3 and
C4 show the strongest impairments in activity in cis
(Boulanger et al., 1995) as well as in trans (Peebles
et al., 1995). These findings also agree with the data
of different chemical modification analyses, showing
that some of the functional groups of the three con-
served nucleotides are essential for the catalysis of
group II introns (Chanfreau and Jacquier, 1994;
Abramovitz et al., 1996; Boudvillain and Pyle, 1998;
Konforti et al., 1998b). For instance, the analysis of
Konforti ez al. (1998b) revealed that even minor atomic
mutations or modifications at different exo- and
endocyclic positions of the G3 nucleotide yield a
dramatic loss of the trans-activity of D5.

A further important element for D5 function (bind-
ing and catalysis) is the 2 nt bulge at the 3' site of the
domain (Figure 4). For a long time it was proposed
that the conserved but not invariant nucleotides at
pos. 25 and 26 (predominantly C25 or U25 and G26)
form the bulge structure. However, the good accessi-
bility of the conserved A at pos. 24 to chemical
modification under native condition (Costa et al.,
1998; Konforti et al., 1998b), and an expanded com-
parative sequence analysis of group II introns se-
quences has led to the conclusion that the bulge is
formed by nucleotide 24 and 25. Therefore, the
U9-A24 Watson-Crick pair is replaced by the U9-G26
wobble pair (Costa et al., 1998). This new bulge
structure has been also confirmed by recent
cristallographic studies (Zhang and Doudna, 2002).
An extensive mutagenic analysis of the bulge region
of intron al5vy, although performed on the assumption
that C25 and G26 represent the bulge, revealed that
the number of nucleotides is critical for D5 function,
while the exact sequence does not seem to be crucial
for splicing (Schmidt ez al., 1996). Bulges are known
to induce bends in DNA and RNA helices and the
angle of the axial bend was found to increase with the

number of nucleotides in the bulge (reviewed by
Lilley, 1995). Thus, the change of angle of the axial
bend of the complete helix might be responsible for
the weak binding of D5 in the bulge mutants. Alter-
natively, elimination or change of the number of nucle-
otides in the bulge might influence the structure of the
proximal major groove next to the bulge. Bulge- and
internal loop-regions tend to open the major groove
base pairs (Weeks and Crothers, 1991; Portmann et
al., 1996), thereby influencing the local positioning
of the atomic backbone of single nucleotides in and
around those structural elements. Notably, there are a
number of findings showing that some 2'-OH groups,
phosphates, and exocyclic amines of bases in or at the
bulge have important functions for binding and ca-
talysis (Chanfreau and Jacquier, 1994; Abramovitz et
al., 1996; Boudvillain and Pyle, 1998). Thus, the
effect of a single base mutation in the bulge region
could also be assigned to the loss of the functionality
of these atomic groups.

There is also growing amount of information on
the potential contacts of D5 to other intron domains
and on its spatial orientation in the catalytic core of
group II introns. Although no Watson-Crick interac-
tions between D5 and other intron parts could be
detected, it was well known for a long time that the
domain strongly binds to an exD123 molecule in
trans (Franzen et al., 1993; Pyle and Green, 1994;
Peebles et al., 1995). Thus, it was postulated early
that the interaction is not mediated via classic base
pairings. Costa and Michel (1995) succeeded first in
proving an interaction between D5 and its primary
binding site, D1. Using intron al5vy, they were able to
show by base-substitution experiments that the GAAA
endloop of D5 binds to a typical 11 nt receptor motif
(GCUAAG..UAUGC) in subdomain d of domain 1
(Figure 2). This so-called {-C' interaction corresponds
structurally to the n-1' interaction that was postulated
for some group IIA introns as a D2/D6 contact (see
Section VIL.B). The importance of single nucleotides
of the two regions and the functionality of the {-{'
interaction was confirmed by different frans-analyses
with the same intron (Chanfreau and Jacquier, 1994;
Abramovitz et al., 1996; Jestin et al., 1997; Boudvillain
and Pyle, 1998; Konforti er al., 1998a). The first
proof of the {-C' interaction in a cis-molecule, the
spliced intron lariat of the group IIB intron PLLSU/2
from the mitochondrial pre-tRNA of the brown alga
Pylaiella littoralis, succeeded applying the differen-
tial DMS modification assay (Costa et al., 1998).
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Dimethysulfate (DMS) methylates adenine at the
N1 position and, with lower efficiency, cytosine at
the N3 position, provable by a footprinting-assay.
Using the differential DMS modification-assay, the
chemical accessibility of RNA molecules is com-
paratively analyzed under native and semidenaturing
conditions. While adenines, important for spatial
interactions, are protected against methylation un-
der native conditions, a modification is possible under
semidenaturing conditions (Costa et al., 1998). The
RNA to be analyzed in this assay must rapidly form
a homogeneous population of molecules with an
active conformation, as it is characteristic for the
self-splicing intron PL.LLSU/2 from Pylaiella littoralis
(Costa et al., 1997a).

To identify further D5/D1 contacts, Boudvillain
and Pyle (1998) developed a strategy that combines
the already introduced NAIM technique (see Section
VII.A) with the nucleotide analogue interference sup-
pression technique (NAIS).

For nucleotide analogue interference suppression
(NAIS) positions in the RNA molecule are chosen
which show strong interference in NAIM. The intro-
duction of an additional site-directed mutation or
modification at such positions can lead to a loss of
interference at positions in other RNA regions, be-
ing most likely in spatial contact with the first region
(Strobel, 1999). In the case of group II intron D5 it
was analyzed, to what extent single mutations or
atomic changes at carefully selected sites in the
exD123 molecule leads to a suppression of the nucle-
otide analogue interference at specific positions in
the D56 molecule using a trans-assay.

In the x-K' interaction at least two nucleotides of
the basal stem of D5, belonging to two consecutive
C-G base pairs (C4-G31, C5-G30) contact a region of
subdomain d of D1 next to the 11 nt receptor-motif of
the {-C' interaction (Figure 2). The four nucleotides in
D1 proven to be essential for D5 binding are unpaired
nucleotides of a three-way junction representing an
unusual interrupted GAAA tetraloop, in which the
last A is separated from the GAA sequence
(Boudvillain and Pyle, 1998; Konforti et al., 1998a).
Although interrupted by other nucleotides or addi-
tional sequence stretches, those GN,RA loops are
well known to interact with the corresponding recep-
tor motifs (Abramovitz and Pyle, 1997; Massire et
al., 1998). Thus, the k-x' interaction represents a
typical tetraloop/receptor complex, in which the two
contact sites in D1 and D5 have changed position
compared to the {-{' interaction.
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More recently, a third D5/D1 interdomain con-
tact was identified applying the same technique. The
A-A' interaction is a contact of the two consecutive
G-C base pairs located at the base of the distal stem
next to the AC bulge (G10-C23 C11-G22) of D5 with
two unpaired nucleotides (G and A) adjacent to the €'
motif, which brings the two nucleotides into close
proximity to each other. Using kinetic data of trans-
branching and hydrolytic reactions of exD123 mu-
tants Boudvillain et al. (2000) conclude, that in con-
trast to {-C' and x-x' which contributes primarily to
binding, the A-A' interaction influences D1 and D5
functionalities with specific roles in catalysis. The
interaction seems to support the correct orientation of
the e-€' nucleotides that contributes to the selection of
the 5" splice site (see Section VII.A), to regions of D5
essential for catalysis.

Using the coordinates of the crystallographically
determined GAAA tetraloop structure of the ham-
merhead ribozyme (Pley ef al., 1994) and the data of
the current chemical modification studies (Kwakman
et al., 1990; Chanfreau and Jacquier, 1994), Pyle and
co-workers (Abramovitz et al., 1996) developed a
first three-dimensional computer model of D5 of in-
tron al5y. The model was further refined adding new
interference and modification data, without substan-
tially changing the very interesting picture (Konforti
et al., 1998b): strikingly, the functional groups im-
portant for catalysis are all clustered on one site around
a major groove, defining the “chemical face” of D5,
whereas groups important for binding are located at
the opposite site of the domain, defining a continuous
“binding face”. The close spatial arrangement of func-
tional groups of the conserved AGC triad and the AC
bulge critical for reaction chemistry has been con-
firmed in an actual cristallographic study using crys-
tals obtained from a modified D5/D6 construct (Zhang
and Doudna, 2002). More recently, two new models
describing the complex between D5 and D1 have
been developed using the LSU/2 intron of P. littoralis
(Costaet al., 1998) and the alSyintron of S. cerevisiae
(Swisher et al., 2001). Although the two models dif-
fer from each other, each model provides an unique
insight into the architectural organization of the ac-
tive site of group II introns. As discussed by Swisher
et al. (2001), the differences might predominantly
originate from, (1) differences in the secondary struc-
ture of the two introns that makes it difficult to ar-
range some regions similarly, (2) creating the models
from different intron subsections, and (3) differences
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in the preferences and constraints used for model
construction.

As an example, the three-dimensional model of
the al5y intron core is presented in Figure 5 (see also
cover of issue for a color version). The regions of the
two domains used for modeling are arranged in a way
that the major elements of D1 (shown in light grey,
middle grey, and dark grey in the front; cover: green,
blue, and yellow) almost completely surround D5
(shown in dark grey in the back; cover: red). The
model combines the findings of the “D5 only”” model
with the D5/D1 contacts required for the first splicing
step known so far. Thus, the elements of D1 contribut-
ing to binding (in middle grey; cover: green) are orien-
tated toward the binding face of D35, including the {-{'
and k-x' interactions, while the elements participating
in the reaction chemistry (in light grey; cover: yellow)
are located on the opposite site (D5 major groove),
including the A-A', e-¢' and EBS1/IBS1 interactions.
This placement of the contacts for binding and cataly-
sis constrains the surrounding helices in a way that the
five-way junctions of D1 (joining the D1 basal helix

and the helices of subdomain a, b, ¢, and d, see Figure 2)
spans the D5 tetraloop, thereby placing the -0 and
subdomain d (d3) helices along a third interface with
D5 (in dark grey; cover: blue). Notably, this model is
consistent with the results of a hydroxy radical
footprinting study showing a high degree of protection
for most of the regions that seems to be tightly packed
within the intron core (Swisher et al., 2001).

D5 could also be identified as a major binding
site for divalent metal ions for both the chemical
reaction, which is known to depend on Mg?* as an
essential component for both splicing steps (Steitz
and Steitz, 1993; Sontheimer et al., 1999), and for
folding of the intron core. Major sites providing ligands
for metal ions are the 2 nt bulge (Sigel et al., 2000)
and the pro-§, oxygen of the A of the conserved AGC
triad (Gordon and Piccirilli, 2001). In addition, many
of the regions that are closely packed to D5 as well as
regions that play other important structural roles have
also been observed as metal binding sites, like, for
instance, the nucleotides in the joiner region between
D2 and D3 (Sigel et al., 2000). Two of those nucle-

FIGURE 5. Three-dimensional model describing the complex between D5 and D1 of group Il intron al5y. (A) D5 is
shown in dark gray (back), D1 elements that contribute to binding are shown in middle grey (including the {-{' and «-
¥' interactions), and D1 elements that participate in the reaction chemistry are shown in light gray (including the A-\',
e-¢', and EBS1/IBS1 interactions). Helices of D1 that span the binding and the chemical face are shown in dark gray
(front) (including the o-a' interaction). (B) A 90° rotation of the model around the x-axis, looking down from the top of
the D5 tetraloop. (For a color version of the Figure: see the cover of this issue; the Figure is also available for download
in color from the journal’'s website.) (Figure reprinted from: Swisher, J., Duarte, C.M., Su, L.J., and Pyle, A.M.:
Visualizing the solvent-inaccessible core of a group Il intron ribozyme. EMBO J. 20 (8): 2051-2061, with permission

of Oxford University Press)
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otides have been shown to form a crosslink with the
uridines at pos. 32 and 33 in D5 (Podar et al., 1998b).
A third nucleotide of the region forms the y-y inter-
action with the last intron nucleotide, which is impor-
tant for the second splicing step (see Figure 2 and
Section VII.G for more details).

F. Domain 6

The last structural domain of group II introns up-
stream of the 3' splice site, domain 6 (D6), forms a
relatively variable hairpin structure, whose peripheral
part is larger in many group IIA introns when compared
with group IIB introns (see Michel et al., 1989). The
most conserved feature of almost all functional group II
introns is a stretch of several consecutive paired purine
residues on the 5' site at the base of D6 predominantly
composed of guanosines with a fully conserved G at
pos. 4, surrounding an unpaired adenosine on the oppo-
site site (Michel et al., 1989; Chu et al., 2001). The 2'
hydroxyl group of the unpaired adenosine is used as a
nucleophile for transesterification at the 5' splice site,
resulting in a branched molecule, the typical intron lariat,
with a2'—5' phosphodiester bond between the A and the
first intron nucleotide (G1) (see also Section VLA).
Until recently, the branch site was always proposed as a
single nucleotide bulge. However, cristallographic stud-
ies of a modified D5/D6 construct combined with the
analysis of D6 mutations of intron al5y suggest that D6
might contain a two-nucleotide bulge composed of the
adenine and the 3'localized uridine (Zhang and Doudna,
2002).

Deletion of the unpaired adenosine at the branch
point completely blocks 5' transesterification and lariat
formation can no longer be detected for both the two
group IIB introns bll and al5y in vitro (Schmelzer
and Mueller, 1987; van der Veen et al., 1987a) and
for al5y also in vivo (Podar et al., 1998a). The reac-
tion exclusively proceeds via 5' hydrolysis releasing
linear intron molecules. The exchange of the adenos-
ine by another unpaired nucleotide is also critical for
5' transesterification. Cytosine completely blocks 5'
transesterification (Liu et al., 1997; Podar et al.,
1998a), while guanosine or uracil only allows an
extremely low rate of lariat formation (Gaur et al.,
1997; Liu et al., 1997; Podar et al., 1998a). The same
could be observed for intron bl1 when analyzing the
A — C mutation (Schmelzer and Mueller, 1987).

Substitution of the adenosine by a number of
different modified nucleosides (abasic nucleoside,
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naphtyl, inosine, 2-aminopurine, purine, 2,6-
diaminopurine and N7-deaza adenine) revealed that
the atomic structure of the base is essential for the
efficiency of the branching reaction. Although two
independent analyses led to different, and even con-
tradictory, results when looking at the effects of single
atomic changes, the data suggest that the adenine at
this site precisely matches the active center of the
intron, thereby discriminating the binding site against
the functional groups of other bases (Gaur et al.,
1997; Liu et al., 1997).

The local structure flanking the branch point A
seems to be important to guarantee a dynamic and
flexible structure required for effective and correct
branching. Lariat formation is strongly reduced in
vitro when the adenosine is trapped in a Watson-
Crick pairing by adding a uracil on the opposite site
(Schmelzer and Mueller, 1987; van der Veen et al.,
1987b; Chu et al., 1998; Chu et al., 2001) and cannot
be detected at all in vivo (Podar et al., 1998a). In
contrast, when a guanosine is added the self-splicing
efficiency is similar to the wild type (Chu et al., 1998,
2001) by the formation of a more flexible base pair
either a G-A non-Watson-Crick pair with the branch-site
nucleotide or formation of a G-U wobble pair with the
proposed second bulge nucleotide. /n vivo, the reaction
is also efficient; however, accumulation of the intron/3'
exon intermediate indicates a modest defect in the sec-
ond splicing step (Podar et al., 1998a). The importance
of the conformational flexibility of this region is also
underscored by phylogenetic data showing a preference
for a wobble or non-Watson-Crick geometry (predomi-
nantly G-U) to flank the branch point adenosine (Michel
etal., 1989; Chu et al., 2001). Substitution of those base
pairs by G-C base pairs leads to stronger reduction of the
branching reaction as, for instance, the introduction of
the flexible G-A pair at the branch point (Chu et al.,
1998; Podar et al., 1998). Moreover, the crystallographic
data of Zhang and Doudna (2002) suggest that the two
bulge nucleotides of the branch site are stacked creating
a local backbone geometry that exposes the 2' hydroxyl
of the adenosine to solvent possibly facilitating its role
as a nucleophile to attack the 5' splice site.

All available data point to the fact that branching
occurs with high precision at the correct site or it does
not occur at all. Mutants missing a functional branch
point show no lariat formation and splice exclusively
via the hydrolytic pathway (Schmelzer and Mueller,
1987; Liu et al., 1997; Chu et al., 1998; Chu et al.,
2001). Chu et al. (2001) could show by analyzing a
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large set of D6 mutants of intron al5y that the spatial
positioning of the branch site relative to the base of
the D6 stem, the G-U wobble base pair above the
branch site, and the size of the joiner sequence be-
tween D5 and D6 are the major structural determi-
nants for correct branch site selection. These findings
are supported by the modification interference stud-
ies of Boudvillain and Pyle (1998), indicating that
there is not a single substituent within D6 essential
for the correct spatial orientation of the domain and
the branch point adenosine. Obviously, the correct
docking of D5 in the active center of the intron is
crucial for the correct positioning of D6 as well (Dib-
Hajj et al., 1993; Chin and Pyle, 1995). D5 and D6
are separated by a short joiner sequence of mostly
2 nt in group ITA introns and 3 or 4 nt in group IIB
introns (Michel et al., 1989). If D5 is also responsible
for the positioning of D6 changing the length of the
joiner should have an effect on catalysis. Indeed,
mutation analyses of the joiner of intron al57y indicate
that the wild-type length of 3 nt is optimal. A shorter
or deleted joiner results in the loss of the 5'
transesterification, while a longer joiner yield at least
areduced activity (Boulanger et al., 1996; Chu et al.,
2001).

Despite this rather passive role of D6, there are
also data showing that the peripheral structural ele-
ments of the domain could have an influence on the
splicing reaction. For instance, the loop and helix
regions, which are involved in the formation of the
n-n' interaction between D2 and D6 (see Section
VIIL.B) are important for the transesterification at the
3" splice site. Moreover, there are indications that the
loss or change of the stability of peripheral stem-loop
structures distal from the branch point adenosine might
also affect transesterification at the 5' splice site. The
deletion of both peripheral stem-loops of the large D6
of the Podospora COXI 11 intron result in a complete
loss of 5' transesterification (Schmidt er al., 1993),
whereas mutation of the single internal loop of the
short D6 of intron al5y to a thermodynamically very
stable helix at least reduces transesterification at the
5' splicing site (Chu et al., 1998).

G. The Cut at the 3' Splice Site

Similar to D6, the downstream located sequences
at the 3' splice site are also more likely to be aligned
in a passive way into the catalytic active site.
Therefore, it is not very surprising that D6 plays an

important role in this process. When the complete D6
of intron al5vyis deleted, leaving the distance between
the upstream and downstream located sequences un-
changed, the second splicing step is rate-limiting and
cryptic 3' cuts upstream and downstream of the cor-
rect splice site are activated (Jacquier and Jacquesson-
Breuleux, 1991; Koch et al., 1992). This observation
is also supported by mutation analyses of the D5/D6
joiner sequence (Boulanger et al., 1996). A longer or
shorter joiner affects not only transesterification at
the 5' splice site, but also precision of the 3' cut and
the activation of cryptic splice sites. In contrast to the
alignment of the 5" splice site in the catalytic core that
involves three strong classic base-pairings (EBSI1-
IBS1, EBS2-1BS2, e-¢', see Section VII.A), only some
weak tertiary interactions have been described, in-
volved in the efficiency and precision of the second
splicing step.

The y-y interaction is a contact between a nucle-
otide in the D2/D3 joiner region () and the terminal
intron nucleotide (y') (see Figure 2), which shows
phylogenetic co-variation with the most frequent com-
binations A(Y)-U(Y) or G(y)-C(y) (Michel and Jacquier,
1987; Michel et al., 1989). While disruption of y-y in
group IIB intron al5y reduces the reaction efficiency
of the second step of splicing, the interaction seems to
play a minor role in splice site recognition (Jacquier
and Michel, 1990). Similar observations were made
for the in vivo and in vitro splicing reaction of the
group IIB intron localized in the gene for the large
rRNA of the green alga Scenedesmus obliquus
(Holldnder and Kiick, 1999). Cryptic 3' splice sites
are activated by the additional deletion of D6 and are
located at positions that do not necessarily restore a
typical y-y' interaction. Single cryptic splice sites are
only used at higher frequencies, when a strong y-y
interaction at this position is restored by mutation
(Jacquier and Jacquesson-Breuleux, 1991). In con-
trast, group ITA introns seems to be more sensitive.
The substitution of the ¥ nucleotide in the G(y)-C(y)
interaction of the COXI 11 intron of P. anserina by A
or U leads to a reduced 3' cut and to the choice of
cryptic splice sites downstream in the 3' exon pre-
dominantly at positions where a wild-type y-y' inter-
action is restored. A possible explanation might be
that in vitro a fraction of the catalytic active intron
molecules is folded into a spatial structure that allows
a precise 3' cut only when a stable Y-y interaction is
present (Schmidt ez al., 1993). In a more recent study,
the two conserved unpaired nucleotides immediately
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downstream of the y nucleotide were also found to
play an important role in the efficiency of the second
step of splicing (Mikheeva et al., 2000). The same
nucleotides were shown to be important metal bind-
ing sites (Sigel et al., 2000) and to crosslink to resi-
dues in the bottom helix of D5 (Podar et al., 1998b),
indicating a positioning near the active site, at least
during the second splicing step. Whether the two
nucleotides interact directly with other residues near
the 3' splice site remains to be to seen.

The second known base-pairing is represented by
an interaction of the first nucleotide of the 3' exon
(8" in group ITA introns or IBS3 in group IIB introns)
and a nucleotide within domain 1 of the intron impor-
tant for guiding exon ligation. The &' nucleotide in
group ITA introns forms a well-conserved canonical
base-pair with a nucleotide immediately 5' of the
EBS1 sequence (), while analysis of group IIB in-
trons fail to reveal any statistical evidence for this
interaction (Michel er al., 1989; Costa et al., 2000).
The intron partner of IBS3 in this subgroup is located
within an internal loop in subdomain d (EBS3), while
the nucleotide downstream of the EBS1 site pairs to
anucleotide on the opposite site of the same loop (see
also Figure 2 and Section VIL.A). The disruption of
this guiding interaction in group IIB intron P1.LSU/2
from P. littoralis yield a strong impairment of exon
ligation (Costa et al., 2000). However, similar to the
Y-Y interaction, the guide does not appear to be
important for splice site selection. The cryptic splice
sites generated by disruption of the y-Y interaction of
the Podospora COXI 11 are all located at positions
where no strong guide interaction can be formed
(Schmidt et al., 1993).

In summary, all results point to the fact that the
correct positioning of the 3' splice site depends pre-
dominantly on D6 and its role in stabilizing the intron
structure and the catalytic center for the second splic-
ing step. Other elements like y-y' and 0-6' (EBS3-
IBS3) support the correct choice of the 3' splice site
only when this region is located in or near to the
active center of the intron.

VIil. PROTEIN DEPENDENT
REACTIONS OF GROUP Il INTRONS

As has already been outlined in Section VI, only
some group II introns are known to splice autocata-
lytically from their pre-RNAs in a well-defined in
vitro system. In general, this in vitro reaction depends
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on extreme unphysiological conditions (high salt, high
temperatures, etc.) and even when optimized turn-
over rates are slow. For instance, a 10-min reaction
time is required for 50% turnover of a pre-mRNA
containing group IIB intron al5y under optimized in
vitro conditions (Peebles et al., 1987; Jarrell et al.,
1988b; Daniels et al., 1996). Interestingly, before
autocatalysis of group II introns was discovered, ge-
netic analyses clearly indicated that proteins are in-
volved in the in vivo splicing process (for examples
see Carignani et al., 1983; Schmelzer et al., 1983;
Carignani et al., 1986). Thus, it is generally accepted
that proteins contribute to the folding and catalysis of
most, if not all group II introns. The splicing factors
known are either encoded by the introns themselves
(maturases) or proteins encoded by other genes of the
host organism.

Most of the protein-encoding group II introns are
not only catalytic active RNAs but also represent a
special class of mobile genetic elements. The suc-
cessful distribution as mobile elements is closely as-
sociated to their catalytic potential. The free intron-
lariat molecule is able to cleave both cellular RNA as
well as DNA site-specifically and to integrate into the
cleavage site by reversal of the splicing reaction. In
contrast to the RNA integration (see Section VI.B),
complete integration into DNA depends on protein
factors remaining complexed with the intron lariat in
ribonucleoprotein particles (RNPs) after excision from
the pre-RNA. The intron either integrates efficiently
into the intronless allele of the same gene, a process
called homing, or it transposes with low frequency
into ectopic (non-allelic) target sites. The mobility
process depends on a reverse transcriptase and on an
endonuclease activity, which in general are both as-
sociated with the intron-encoded protein (IEP) (Bonen
and Vogel, 2001; Belfort et al., 2002).

A. Group Il Intron-Encoded Proteins
(IEPs) and Their Multifunctionality

The typical open reading frame (ORF) of a mo-
bile group II introns is about 2 kb in size and is
invariably located within intron domain 4, outside the
catalytic core (see Figure 6) (Lambowitz et al., 1999;
Zimmerly et al., 2001). The long ORF sequences of
group II intron have been found in mitochondria,
chloroplasts, and bacteria (Lambowitz and Belfort,
1993; Michel and Ferat, 1995; Zimmerly et al., 2001;
Dai and Zimmerly, 2002). As a consequence of the
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growing number of bacterial genome projects, the
first group II introns including ORF-less and ORF-
containing members have also been identified re-
cently in archaebacteria (Galagan et al., 2002; Dai
and Zimmerly, 2003).

The intronic ORFs is either freely translated from
a start codon within the intron, like the ORF of the
Lactococcus lactis intron located in the ItrB gene, or
translated in frame with the upstream exon sequences
like the ORFs of the S. cerevisiae mitochondrial in-
trons all and al2 in the mitochondrial COX/ gene.
Freely translated ORFs are found in mitochondrial,
chloroplast, and bacterial introns, whereas the other
variant is found only among introns located in mito-
chondria (Zimmerly et al., 2001; Singh et al., 2002).
In the latter case, the primary translation product is a
large, chimeric fusion protein encoded by upstream
exon and intron sequences. Remarkably, however,
only smaller ORF products could be identified for the
yeast introns. For instance, a 96-kDa protein should
be translated from exon 1 and intron all, but the
protein identified is only 68 kDa in size (Carignani et
al., 1983; Moran et al., 1994). A similar result was
obtained for intron al2 of the same gene. Here the
estimated size of the protein encoded by exon 1, exon 2,
and the intronic ORF was 98 kDa, and the protein
found was 57 kDa (Bergantino and Carignani, 1990)
and 62 kDa in size, respectively (Moran et al., 1994;
Zimmerly et al., 1999). These data have led to the
conclusion that the smaller proteins are the result of
specific proteolytic cleavage of a pre-protein follow-
ing translation. In fact, the large proteins seem to be
processed by nuclear encoded mitochondrial local-
ized proteases (van Dyck et al., 1995; Arlt et al.,
1998).

In general, all group II intron ORFs are charac-
terized by up to three major conserved domains that
are related to different functions that show different
levels of phylogenetical and functional conservation
(Lambowitz et al., 1999; Zimmerly et al.,2001; Belfort
et al., 2002).

The N-terminal part of the ORF (about 250 to
300 amino acids) shows significant homologies to
reverse transcriptases (RTs) of retroviruses and other
known retroelements (Michel and Lang, 1985). Seven
blocks of short amino acid segments common to all
retroelements have been identified in this N-terminal
domain (no. 1 to 7 in Figure 6) (Xiong and Eickbush,
1990), which correspond to the palm and finger re-
gions in the crystal structure of the HIV-RT

(Kohlstaedt et al., 1992). Block 5 carries the highly
conserved YXDD motif (single letter code, X = every
amino acid) that is well known as a part of the active
center of the RT of the HIV-1 retrovirus (Steitz et al.,
1993). Phylogenetic analyses revealed that group 1I
introns are closely related to a class of abundant
eukaryotic retrotransposable elements missing long
terminal repeats at their ends; this is a characteristic
for a different class, including retroviruses. Typical
members of those non-long-terminal-repeats (non-
LTR) retrotransposable elements are, for instance,
the LINE (L1) elements frequently found in human or
the R2 elements of insects (Doolittle et al., 1989;
Xiong and Eickbush, 1990; McClure, 1991). In a
more recent comprehensive study of non-LTR ele-
ments, the number of conserved areas has been ex-
tended from seven to 11 and group II introns are also
supposed to contain sequences that can be considered
homologous to the four new identified regions (Malik
et al., 1999). One of the new predicted RT regions
termed region “0” localized upstream of the other
regions was previously known as domain “Z” (Figure
6) (Doolittle et al., 1989; McClure, 1991), however,
at that time not clearly considered as an RT-specific
element. The first biochemical evidence of a RT ac-
tivity associated with a group II IEP has been demon-
strated for the mitochondrial localized introns all and
al2 of S. cerevisiae (Kennell et al., 1993) and COX1
I1 of P. anserina (FaBbender et al., 1994). RT activity
was also subsequently demonstrated for ORFs of
bacterial group II introns, such as the intron in the
gene encoding a conjugative relaxase (/trB) of
Lactococcus lactis (Matsuura et al., 1997) and the
Rmintl found to be inserted in a group of IS elements
in Sinorhizobium meliloti (Martinez-Abarca et al.,
1999).

Domain X downstream of the RT domain com-
prises a poorly conserved region of about 100 amino
acids (Figure 6), which is supposed to be analogous
to the thumb motif of the HIV-RT and other poly-
merases. In contrast to the RT and the Zn domain (see
below), domain X is present in all known IEPs of
group Il introns, suggesting an essential function as a
putative RNA binding domain required for RNA splic-
ing (maturase function, see also Section VIII.C). This
assumption is supported by the observation that con-
served nucleotides of domain X of different MatK
proteins and the mat-r protein encoded in organellar
group Il introns of higher plants are restored by RNA
editing (Thompson et al., 1997; Vogel et al., 1997).
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FIGURE 6. General structure and localization of a typical open reading frame (ORF) of a group Il intron. The intron is
drawn as a solid line flanked by the 5' and 3' exon (light gray boxes). The roman numbers indicate the six intron domains.
The ORF (open box) is located within domain 4 and characterized by three different domains (dark gray boxes): a
reverse transcriptase (RT), a maturase (X), and an endonuclease (Zn) domain. The RT domain contains some blocks
(numbers 0 to 7) with high homology common to all retroelements.

Although it is well known that the IEP interacts di-
rectly with its corresponding intronic RNA (Saldanha
et al., 1999; Wank et al., 1999), it is still a matter of
speculation whether domain X is the primary RNA
binding site. Most domain X sequences show a strik-
ingly high number of basic amino acids characteristic
for nucleic acids binding proteins; however, homolo-
gies to typical RNA binding motifs are only barely
found (Mohr et al., 1993).

The C-terminal region of many group II IEPs is
characterized by a short domain of 50 to 80 amino
acids with two pairs of cysteine residues that fit the
consensus of a major class of zinc fingers (Figure 6,
Zn domain), a typical DNA binding motif (Klug and
Schwabe, 1995). The same region also includes a
conserved DNA endonuclease domain with signifi-
cant similarities to endonucleases of bacteria (bacte-
riocin DNases) and of a certain type of ORF-contain-
ing group I intron. Based on the most conserved
amino acids, this family of endonucleases was termed
EX,HH-HX H (Gorbalenya, 1994) or H-N-H (Shub
et al., 1994). Some of the group II IEPs were indeed
found to express a specific DNA endonuclease activ-
ity important for intron mobility that could be as-
signed to the Zn domain (Zimmerly et al., 1995b;
Guo et al., 1997; Singh and Lambowitz, 2001). More-
over, further detailed analyses revealed that the con-
served cysteine residue pairs seem to play a critical
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role in maintaining the structure of the DNA endonu-
clease region, while a short region upstream of the Zn
domain is critical for DNA-binding. The DNA-bind-
ing region contains two functionally important seg-
ments, a cluster of basic amino acids and an o-helix,
conserved in related group II IEPs (San Filippo and
Lambowitz, 2002).

B. The Mobility of Group Il Introns
1. The Homing Process

The first genetic evidence for the mobility of
ORF-containing group II introns were a result of
crossing different yeast strains of Saccharomyces
cerevisiae carrying or lacking group ITA intron all
and al2 in the mitochondrial COXI gene. Both introns
insert site-specifically into the intronless allele of the
gene with almost 100% frequency (Meunier et al.,
1990). A similar observation was made for intron all
of Kluyveromyces lactis, which sequence is 96% iden-
tical to the S. cerevisiae intron al2 (Skelly et al.,
1991). The process was called intron homing. In these
early studies Meunier et al. (1990) already recog-
nized that the homing process depends on the splicing
reaction of the intron as well as the intron-encoded
protein. Later on, ORF-containing prokaryotic group
II introns like the Lactoccocus lactis L1.LtrB (Mills
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et al., 1997) and the Sinorhizobium meliloti RmInt1
(Martinez-Abarca et al., 2000) were shown to insert
very efficiently into their homing sites.

In applying an elegant combination of genetic
and biochemical analyses, many details of the com-
plex homing process were elucidated for both the
S. cerevisiae introns as well as for the the bacterial
introns mentioned above. The central step for group
IT intron mobility is a mechanism known as target
DNA-primed reverse transcription (TPRT) (Zimmerly
et al., 1995b; Zimmerly et al., 1995a; for reviews see
Curcio and Belfort, 1996; Yang et al., 1996; Eskes et
al., 1997; Lambowitz et al., 1999; Martinez-Abarca
and Toro, 2000a; Belfort et al., 2002). The TPRT
mechanism resembles retrotransposition of the nuclear
non-LTR transposons and the mechanism described
for telomer formation of eukaryotic chromosomes
(Zimmerly et al., 1995a; overview in Grivell, 1996;
Eickbush, 1997; Eickbush, 1999).

Actual data define multiple pathways for group II
intron homing, all of which have been shown to exist
for yeast intron al2 (see Figure 7, Eskes et al., 2000).
The process depends on specific cleavage of the re-
cipient target DNA by an endonuclease. The endo-
nucleolytic activity is associated with RNP particles,
in which the spliced intron lariat is complexed with
the IEP. The complex of intron RNA and protein is
very stable, and no additional protein components are
needed for endonucleolytic and TPRT activity
(Saldanha et al., 1999; Zimmerly et al., 1999). Re-
markably, both the RNA and the protein components
of the RNP complex contribute to the precise recog-
nition of the DNA target site. Actual kinetic data
suggest that the RNP particle binds the DNA duplex
nonspecifically at any accessible site and then searches
the bound DNA before undergoing a conformational
change that is associated with the identification of its
specific binding site (Aizawa et al., 2003). The
lactococcal endonuclease RNP particle was shown to
protect a relatively long sequence stretch on the DNA
target extending from position —25 in the 5' exon to
position +19 in the 3' exon on the sense (top) strand
and position —28 to +16 on the antisense (bottom)
strand (Singh and Lambowitz, 2001). The target sites
required for efficient homing were found to comprise
31 bp from pos. —21 to +10 for yeast introns al2 (Guo
et al., 1997), 35 bp from pos. —26 to +9 for the
L. lactis L1.LtrB intron (Mohr et al., 2000), and 25 bp
from pos. =20 to +5 for the S. meliloti RmlIntl
(Jiménez-Zurdo et al., 2003).

The putative C-terminal DNA-binding region of
the protein first recognizes a small number of nucle-
otides in the distal 5' exon region of the target site in
the DNA duplex (San Filippo and Lambowitz, 2002),
which is somehow opened, allowing the intron lariat
to base pair to the sense strand of the DNA target
(pos. —12 to +1 for intron al2, pos. —12 to +3 for the
LLLtrB intron and pos. —13 to +1 for the Rmlntl)
(Eskes et al., 2000; Singh and Lambowitz, 2001;
Jiménez-Zurdo et al., 2003). The same three interac-
tions that are important for the splicing reaction and
the reverse splicing into RNA substrates (EBS1-1IBS1,
EBS2-IBS2 and 8-8' or EBS3-IBS3) are also essential
for binding of the intron to the DNA (Zimmerly et al.,
1995b; Eskes et al., 1997; Guo et al., 1997; Jiménez-
Zurdo et al., 2003).

After binding, the intron lariat cleaves the sense
strand of the DNA duplex precisely at the exon target
(5'/3'exon junction) and inserts into DNA by a full or
a partial reverse splicing reaction (Figure 7). Mean-
while, the intron-encoded protein that interacts with
the 3' exon region cleaves the antisense strand down-
stream of the insertion site in the 3' exon at pos. +10
in the yeast introns (Zimmerly et al., 1995a) and pos.
+9 in the Lactococcus intron (Matsuura et al., 1997).
The antisense-strand cleavage by the protein was
shown to occur independent of the sense-strand cleav-
age by the RNA. Moreover, the first integration step
of the intron lariat is highly reversible, and the trap-
ping of the reversed-spliced product might be pro-
moted by reactions that occur on the antisense strand
of the DNA target site (Aizawa et al., 2003).

The 3' end of the cleaved antisense strand serves
as a DNA primer for reverse transcription (TPRT) of
the partially or fully integrated intron RNA by the
IEP (Figure 7, pathway a, b, and c). Strikingly, the
two yeast introns all and al2 show an efficient unidi-
rectional coconversion of upstream exon sequences
independent of the chosen template (partially or fully
integrated RNA, Figure 7 pathway b and c), that is, in
wild-type crosses the recipient integrates the intron
and flanking sequences of the 5' exon (Lazowska et
al., 1994; Moran et al., 1995; Eskes et al., 1997).
However, coconversion of flanking exon sequences
is not compatible with an event, in which, after syn-
thesis of a full-length antisense cDNA of the inserted
intron RNA, the homing process is completed by a
simple DNA repair mechanism. An attractive hy-
pothesis to explain coconversion is that after initiat-
ing first strand cDNA synthesis, the retrohoming pro-
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FIGURE 7. Different homing pathways described for the yeast mitochondrial group Il intron al2. In the top line a donor
and a recipient allele is shown. The sense and antisense strand as well as the strand polarity (half arrowheads at the
3' ends) are indicated. The exon strands (E2, E3) are shown in black (donor) or white (recipient) and the intron strands
of the donor are drawn in thick grey lines. The RNP particles generated by the donor strain contain the excised intron
lariat (dashed line) and the intron-encoded protein (RT). Homing is initiated by full or partial reverse splicing of the intron
lariat into the sense strand of the recipient DNA target site. Following cleavage of the antisense strand by the
endonuclease a cDNA is synthesized from the fully or partially integrated intron RNA. In pathway (b) and (c) the homing
process is completed by a double-strand brake repair recombination leading to unidirectional coconversion of upstream
exon sequences. In pathway (a) the homing process occurs via full-length cDNA synthesis and a repair mechanism
without coconversion of flanking exon sequences. In pathway (d) the intron is inserted by gapping and strand invasion
of the donor mtDNA in a RT-independent process that gives rise to coconversion of 5' and 3' exon sequences. (Figure
reprinted from Eskes, R., Liu, L., Ma, H., Chao, M.Y., Dickson, L., Lambowitz, A.M., and Periman, P.S. 2000. Multiple
homing pathways used by yeast mitochondrial group Il introns. Mol. Cell. Biol. 20: 8432-8446. Copyright (2000), with
permission from the American Society for Microbiology.)
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cess is completed by a double-strand break repair
(DSBR) recombination with the donor allele, a re-
combination system that is known to be highly active
in yeast mitochondria. Alternatively, a template switch
of cDNA synthesis from the reversed spliced intron
RNA of the recipient to the pre-mRNA of the donor
followed by DSBR might be responsible for the trans-
fer of upstream exon sequences (Moran et al., 1995;
Eskes et al., 1997). In contrast to the yeast introns, the
major retrohoming pathway of the Lactococcus in-
tron proceeds without coconversion of flanking exon
sequences, suggesting that the pathway depends on
synthesis of full-length cDNAs. Since efficient hom-
ing takes place in the absence of the host specific
recA recombination system, the cDNAs seem to inte-
grate by a RecA-independent repair mechanism (Mills
etal., 1997; Cousineau et al., 1998). Efficient homing
in the absence of a functional homologous recombi-
nation system has also been observed for the Rmlint!
intron of Sinorhizobium meliloti. However, it remains
to be seen whether the Rm/int/ also uses the same
homing pathway. In contrast to the Lactococcus and
the yeast mobile introns, the protein encoded by
Rmintl lacks the conserved part of the Zn domain
essential for the endonuclease activity (Martinez-
Abarca et al., 2000).

Surprisingly, when using a recipient strain with a
mutated target site a retrohoming pathway could be
strongly activated for intron al2 (about 43% of all
retrohoming events) in which insertion of the intron
occurs without coconversion resembling the pathway
of the Lactococcus intron (Figure 7, pathway a). The
mutant has been shown to increase both the extent of
reverse splicing and the proportion of full reverse
splicing in vitro (Eskes et al., 2000).

Apart from RT-dependent homing pathways, a
further homing pathway has been described for both
yeast introns (Figure 7, pathway d). When using
mutant donor strains lacking the intron-encoded RT
activity but still having the endonuclease activity,
intron mobility is only partially inhibited clearly indi-
cating the existence of an efficient RT-independent
homing (Moran et al., 1995). The pathway depends
on the intron-encoded endonuclease activity that re-
mains active in the RT-deficient mutants (Zimmerly
et al., 1995b). Following cleavage of the target site,
a copy of the intron is inserted by strand invasion of
the donor DNA using the mitochondrial DSBR re-
combination system. RT-independent homing gives
rise to bidirectional coconversion of upstream and

downstream flanking sequences, a pattern character-
istic for conventional DSBR recombination. The RT-
independent pathway is one of the two main path-
ways for yeast intron mobility in standard crosses
with wild-type donor strains showing ~ 20% (for all)
and ~40% (for al2) bidirectional coconversion among
the recombinant progeny (Moran et al., 1995; Eskes
et al., 1997; Eskes et al., 2000).

Taken together, the data presented show that
mobile group II introns were able to use different
homing pathways, indicating that homing of group II
introns is a remarkably flexible process. Both the
choice and the relative levels of the different path-
ways are strongly influenced by mutations of the
intron-encoded protein and the nucleotides found at
the DNA target site (Eskes et al., 2000).

The potential to use different homing pathways
might also be a reason for the successful spreading of
group II introns during evolution. The alternative use
of different recombination systems or recombination-
independent repair systems for integration facilitates
adaptation to different host systems (like bacteria,
fungi, algae, and plants). Moreover, the use of a
pathway avoiding coconversion enables the transpo-
sition of the introns into critical ectopic sites such as
functional genes of the same (see below) or other
genomes.

2. The Transposition Process

Mobile group II introns are not only able to inte-
grate efficiently into an intronless allele of the same
gene, they are also able to transpose with low fre-
quency to nonallelic (ectopic) sites of the host DNA,
which resembles the normal homing sites. The evolu-
tionary and molecular biologically important search
for the corresponding mechanism was initiated by
some phylogenetic data and, in particular by the fol-
lowing two observations:

1. The intron lariat was shown to completely or
partially integrate into a foreign RNA- and DNA-
substrate downstream of a short IBS1-like se-
quence in vitro (see also Section VI.C) (Morl
and Schmelzer, 1990b; Morl et al., 1992).

2. Some deletion events in mitochondrial genomes
of the yeasts S. cerevisiae and S. pombe, as well
as in the filamentous fungus P. anserina exactly
encompass the region from the 3' splice site of
a mobile group II intron to a site showing typi-
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cal IBS1- and IBS2-like sequences on the wild-
type mtDNA (Ahne et al., 1988; Belcour et al.,
1991; Mueller et al., 1993b). An attractive hy-
pothesis to explain these deletions was to pro-
pose ectopic integration of a group II intron
downstream of an IBS-like sequence followed
by homologous recombination between the two
identical intron copies. Recombination leads to
formation of DNA subcircles and loss of parts
of the mtDNA. Loss of mtDNA in the faculta-
tive anaerobic yeasts is accompanied by a res-
piratory-deficient phenotype (Mueller et al.,
1993b; Schmidt et al., 1994), whereas for the
strictly aerobic filamentous fungus the so-called
premature death syndrome can be observed
(Belcour et al., 1991).

Experiments with three different mitochondrial
group IIA introns provided the first direct proof of the
existence of ectopic transposition sites. Applying PCR-
based analyses, six transposition sites were found for
the COX1 intron all of S. cerevisiae and seven for the
COB intron bl of S. pombe, with all sites localized
in the corresponding original gene (Mueller et al.,
1993b; Schmidt et al., 1994), while for COX1 intron
all of P. anserina a single transposition site at a
different location outside of the COX/ gene was de-
tected (Sellem et al., 1993). Some of the transposition
sites correspond exactly to the mtDNA deletion sites
described above. It was also subsequently shown that
the bacterial group II intron LL.LtrB of Lactococcus
lactis and RmlIntl of Sinorhizobium meliloti invade
different ectopic sites of the chromosome and natural
occurring host plasmids, respectively (Cousineau et
al., 2000; Martinez-Abarca and Toro, 2000b; Munoz
et al.,2001; Ichiyanagi et al., 2002). Like the homing
process, transposition also depends on an efficient
splicing reaction and integration of the intron takes
place at sites resembling the intron binding stretch for
homing (IBS1, IBS2, 8'/IBS3). The frequency of con-
served nucleotides is relatively high in the short stretch
of IBS1- and &'-like sequences at the integration site,
while IBS2 and the 5' and 3' flanks recognized by the
IEP show only a weak conservation (Yang et al.,
1998; Cousineau et al., 2000; Ichiyanagi et al., 2002).

Now, when looking at the different pathways of
intron homing (see above), what is the general path-
way in which transposition occurs?

Initially, when the first ectopic integration events
of introns were characterized in fungal mtDNA, an

280

insertion of the complete reverse spliced intron into
RNA was favored (Mueller et al., 1993b). The tran-
script containing the intron is reverse transcribed and
the new produced chimeric cDNA is integrated into
mtDNA by homologous recombination. This idea was
supported by the finding that all identified transposi-
tion sites show no coconversion of flanking exon
sequences. At that time, coconversion was diagnostic
for all known retrohoming pathways of yeast introns
and for DNA as a target. In addition, it was well
known that autocatalytic group II introns are able to
reverse-splice into RNA in vitro (Augustin et al.,
1990; Morl and Schmelzer, 1990b).

However, using an in vitro system with purified
intron-specific RNP particles Yang et al. (1998) could
show that yeast intron all is able to integrate directly
with low frequency in some of the ectopic insertion
sites described by Mueller et al. (1993b), indicating a
retrotransposition pathway initiated by reverse splic-
ing of the intron RNA directly into DNA target sites.

In vivo analysis of the same intron clearly re-
vealed that transposition to ectopic sites depends on
the RT activity of the IEP. Moreover, mutations of
the endonuclease domain, which is required for target
DNA-primed reverse transcription (TPRT), strongly
inhibits retrotransposition. Notably, the use of DNA
as a target for retrotransposition was supported by the
finding that ectopic insertion is not restricted to the
sense strand orientation, as expected for targeting of
an expressed RNA (Dickson et al., 2001).

The DNA targeting pathway was also proposed
for the two analyzed mobile bacterial group II introns
(Martinez-Abarca and Toro, 2000b; Ichiyanagi et al.,
2002), although a frequent use of RNA as a target in
a first study of the Lactococcus intron was suggested.
This interpretation was largely caused by an experi-
mental system that selects for ectopic insertion events
arguing in favor of integration into RNA (Cousineau
et al., 2000). As it is indicative for the use of a DNA
target, mutations of the recA recombinase, which
disrupt homologous DNA recombination, does not
significantly reduce the frequency of retrotransposition
(Martinez-Abarca and Toro, 2000b; Ichiyanagi et al.,
2002).

In contrast to yeast intron al 1, the mutation of the
endonuclease activity of the Lactococcus intron has
little effect on retrotransposition, suggesting bottom
strand cleavage of the double-stranded DNA sub-
strate by other nonspecific host endonucleases. A
different very attractive hypothesis might be that a
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substantial portion of retrotransposition events is ini-
tiated by reverse splicing of the intron into single-
stranded DNA during DNA replication using the 3'
ends of the newly synthesized Okazaki fragments of
the lagging strand as primers or a de novo system for
reverse transcription (Dickson et al., 2001; Ichiyanagi
et al., 2002). Strikingly, the Lactococcus intron in-
serts more efficiently into single-stranded DNA than
double-stranded DNA substrates in vitro. In addition,
when looking at the orientation of the in vivo inserted
intron relative to the replication forks insertion occurs
preferentially on the lagging strand template
(Ichiyanagi et al., 2002).

Taken together, all available in vivo data indicate
that retrotransposition into DNA is the most promi-
nent pathway used for transposition of mobile group
IT introns in fungal mitochondria and bacteria
(Martinez-Abarca and Toro, 2000b; Dickson et al.,
2001; Ichiyanagi et al., 2002).

Since the presence of IBS-like sequences imme-
diately upstream of a potential insertion site is, in
principal, sufficient for ectopic transposition of func-
tional mobile group II introns, the introns should also
be able to integrate into the canonical 5' exon/intron
junction on the genome with the original IBS1-IBS2
sequences at the 3' end of the exon. Strikingly, both
mobile group II introns of S. cerevisiae were shown
to integrate efficiently at their corresponding exon/
intron junction in vitro (Zimmerly et al., 1995b; Yang
et al., 1998). Integration at the canonical site leads to
in tandem organized or even to multimeric intron
molecules. The application of specific PCR-based
strategies revealed the existence of at least duplicated
group II intron molecules on the mtDNA of different
fungi in vivo (Sigebarth et al., 1994; Sainsard-Chanet
et al., 1994; Schmidt et al., 1994). Consequently, as
described for ectopic transposition (see above), du-
plication or multimerization of introns should lead to
homologous recombination between identical intron
copies and to the formation of circular extra-genomic
intron molecules. Circular extra copies with a mono-
, di-, or multimeric structure for the mobile group II
intron al1 of the filamentous fungus P. anserina have
been well known for a long time. In this unique case,
the free circular intron molecules termed as plasmid-
like (pl) DNA or o senDNA accumulates during
growth in the mitochondria of P. anserina and is
found in high concentrations in senescent mycelia of
the fungus (Stahl ez a/., 1978; Cummings et al., 1979;
Stahl et al., 1980). The mechanism of amplification

of this intron is still questionable, although the most
plausible hypothesis might be replication via a RT-
based mechanism dependent on the IEP (Sellem et
al., 2000).

3. Loss of Introns at the DNA Level

The RT encoded by mobile group Il introns seems
to be involved in a further process that leads to a
precise loss of introns at the DNA level (overview in
Lambowitz and Belfort, 1993). The process, also
known as “DNA splicing”, was discovered during
genetic studies of intron mutants in the mitochondria
of different fungi impeding the splicing reaction.
Reversion by deletion of the corresponding intron
was observed at a suprisingly high frequency that
could not be explained by the random loss of intron
sequences (Gargouri et al., 1983; Hill et al., 1985;
Perea and Jacq, 1985; Merlos-Lange et al., 1987,
Séraphin et al., 1988; Sainsard-Chanet et al., 1993).
The deleted introns belong to group I and group II,
and the loss of mutated introns is frequently accom-
panied by the loss of adjacent functional wild-type
introns. Interestingly, deletion occurs regardless of
whether the splicing defect is caused by a disruption
of the intron structure itself or a mutation of either the
intron-encoded maturase (see below) or another in-
tron specific splicing factor. It was shown for the
COXI gene of S. cerevisiae that all deletions of group
I and group II introns are associated with the ORF-
containing group IIA introns all and al2. The dele-
tion of any other COXI intron is suppressed when
both introns are not present (Levra-Juillet et al., 1989).
Similar observations have been made by Schifer et
al. (1991) for introns localized on the mtDNA of S.
pombe. They could show that alterations of a maturase
OREF located in a group I intron were responsible for
the loss of mitochondrial introns.

Current data indicate that the group II intron-
encoded RTs are able to switch the RNA template
and to use noncognate RN A molecules (Sellem et al.,
2000; Morozova et al., 2002). Notably, as was shown
for yeast intron al2, the disruption of the intron struc-
ture by mutation leads to a loss of specificity of the
wild-type RT in mitochondrial RNP particles and
induces cDNA synthesis of noncognate templates
through an alternative priming mechanism. The same
events have been also observed at low levels for the
wild-type intron (Morozova et al., 2002). These find-
ings indicate that the intron-encoded RT might be
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able to use different partially or completely spliced
RNAs of the corresponding intron-containing gene as
a template. Subsequent cDNA synthesis and integra-
tion of the newly synthesized DNA via homologous
recombination should lead to loss of introns at the
DNA level (Levra-Juillet et al., 1989).

C. The Maturase Function of the Group Il
IEPs

The proteins encoded by the ORF-containing
group II introns play a role in both mobility and the
splicing process of the introns. Genetic analyses of
intron mutants of COXI intron all of S. cerevisiae
with a splicing defect that turned out to be trans-
recessive in complementation assays provided first
proof of a maturase function of the IEP. In crosses of
these intron mutants with tester strains that carry a
functional all intron but were respiratory deficient by
an exon mutation in the COXI gene, respiratory com-
petent zygotes were produced, although no mitochon-
drial recombination event occurs. The simple and
only explanation for the restoration of the respiratory
competent phenotype is that the all-encoded protein
of the tester enables splicing of the homologous in-
tron of the splice-deficient mutant in trans (Carignani
et al., 1983; Moran et al., 1994). The splicing defect
of the trans-recessive intron mutants is the result of a
nonsense mutation of the intronic ORF leading to
expression of a shortened protein, whereas the RNA
structure essential for splicing remains unaffected. A
similar complementation analysis revealed a maturase
function also for the second ORF-containing group II
intron in the COXI gene, intron al2 (Moran et al.,
1994). The dependence of the in vivo splicing reac-
tion from the intron-encoded LtrA protein for the
bacterial group II intron LLLtrB of Lactococcus was
initially demonstrated in the heterologous E. coli sys-
tem. The deletions of a large part of the LtrA ORF
within intron domain 4 or different missense muta-
tions that do not affect the catalytic activity of the
intron yield a complete block of the splicing reaction.
Moreover, maturase dependence of the splicing reac-
tion was biochemically demonstrated for the first
time using an in vitro system with highly purified
LtrA-containing RNP particles. The reaction supported
by the LtrA protein is independent of ATP, and the
maturase is sufficient to promote splicing under in
vitro conditions at near physiological Mg?* concen-
trations, where the intron cannot by itself fold into the
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catalytically active structure (Matsuura et al., 1997;
Saldanha et al., 1999). Moreover, it could be shown
that the maturase first binds to a partially folded
intron via a high-affinity binding site in a subdomain
of D4, an idiosyncratic structure near the beginning
of its own coding region, and then makes weaker
contacts to secondary binding sites in conserved re-
gions of the catalytic core. The binding of the maturase
induces an RNA conformational change, resulting in
the formation of key tertiary interactions required for
catalysis. Interestingly, introns deleted of the binding
site in D4 show a residual maturase-dependent splic-
ing in vitro and in vivo, indicating that the contacts to
other regions are sufficient to promote splicing even
in the absence of the primary binding site (Wank et
al., 1999; Matsuura et al., 2001).

A further important question is which of the con-
served regions of the protein are essential for splic-
ing? As mentioned earlier (see Section VIILA), it is
assumed that the splice function is very likely associ-
ated with domain X as the only conserved part of the
ORF found in all known protein-encoding group II
introns (Mohr et al., 1993). This assumption is im-
pressively supported by the genetic data mentioned
above:

1. The all nonsense mutation of the trans-reces-
sive mutant analyzed by Moran et al. (1994) is
located within domain X.

2. The size of all truncated all proteins analyzed
by Carignani et al. (1983) suggest a mutation of
the complete or at least a part of domain X.

3. The missense mutations of both the yeast al2
protein and the Lactococcus LtrA protein that
cause a splicing defect are all localized in do-
main X (Moran et al., 1994; Matsuura et al.,
1997).

In the case of al2, the substitution of an invariant
serine by leucine might be responsible for the loss of
function of the protein.

In contrast, the protein retains RNA splicing ac-
tivity when the conserved C-terminal DNA endonu-
clease domain required for intron mobility is deleted
(Zimmerly et al., 1995b; Matsuura et al., 1997). Fur-
ther truncation, which additionally deletes the vari-
able DNA binding region between domain X and the
endonuclease (Zn) domain, leaves the splicing activ-
ity unaffected (Zimmerly et al., 1995b). It remains to
be seen to what extent the RT domain, as the second
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potential RNA binding region, contributes to the for-
mation of the catalytic active intron structure and the
splicing process. For instance, a mutation of the highly
conserved YADD motif (to YAHH) in block V of the
RT domain eliminates RT activity but not the splicing
activity of the aI2 IEP (Moran et al., 1995). However,
a missense mutation in block IV reveals at least a
partial splicing defect and a decreased stability of the
spliced intron lariat (Moran et al., 1994).

Moreover, to date it is also difficult to obtain an
exact and complete picture regarding intron specific-
ity of the maturase function. In principle it is accepted
that most IEPs recognize predominantly their own
intron as a substrate. Even the proteins encoded by
the yeast introns all and al2, which are characterized
by a similar primary sequence show a high degree of
intron specificity. The all protein is able to splice the
closely related al2 intron with low efficiency only
when overexpressed. This observation has been made
for cis-dominant splicing deficient mutants of all that
accumulate an active all maturase (Carignani et al.,
1983). Since the al2 maturase is not synthesized due
to the blocked splicing reaction of intron all (see
Section VIII.A), the all maturase seems to be in-
volved in al2 splicing. However, using a similar cis-
dominant all mutant Moran et al. (1994) suggested
that due to barely detectable all splicing activity
trace amounts of the al2 protein are produced, suffi-
cient to weakly splice the al2 intron.

The analysis of two COX I deletion mutants in
which the 5' part of intron all is fused to the 3' part
of intron al2 revealed that the two yeast maturases
might have at least some cross-reactivity (Anziano et
al., 1990). The splicing defect hybrid introns express
a functional, chimeric protein with the N-terminal
part of the all protein and the C-terminal, part includ-
ing domain X of the al2 protein. The overexpression
of this hybrid protein weakly restores the splicing
defect of a trans-recessive point mutant of intron all
(Anziano and Butow, 1991).

The intron-specific role of the two yeast maturases
is also emphasized by the observation that the splicing
reaction of the two ORF-less group IIB introns (bI1
and al5y) on the yeast mitochondrial genome is not
supported by the IEPs. Northern analysis showed that
the released lariat RNA of intron al5vy also accumulates
in maturase-deficient mutants (Moran et al., 1994),
and both group IIB introns are known to splice effi-
ciently even when the mitochondrial protein biosyn-
thesis is completely blocked (Hensgens et al., 1983).

The lactococcal LirA maturase was also shown
to function specifically in splicing the L1ItrB intron
in vitro. When incubating the protein with transcripts
containing the Lactoccocus intron or other self-splic-
ing group Il introns (yeast introns al2 and al5vy, E. coli
IntB, and Calothrix X1) under reaction conditions
where the introns are incapable of self-splicing, only
splicing of the cognate intron LI.LtrB is promoted
(Saldanha et al., 1999).

In contrast to the yeast mitochondrial and the
Lactococcus system, it has been suggested that other
potential maturases in different plastid systems might
have evolved from an intron-specific splicing factor
to a general group II intron splicing factor. Potential
candidates are, for instance, the MatK protein in the
intron of the tnrK genes that represents the only known
putative maturase in chloroplasts of higher plants,
and the maturase-like proteins in the chloroplast in-
trons of Euglena gracilis. Sequence comparisons in-
dicate that the consensus of domain X of the plastid
ORFs differs widely from the mitochondrial ORFs
(Mohr et al., 1993; Zimmerly et al., 2001). A further
indication is the extremely high number of functional
group II introns compared with the small number of
maturase ORFs found on the Euglena chloroplast
genome (Zhang et al., 1995). Moreover, it is well
known that the splicing reaction of some ORF-less
group II introns localized on the plastid genomes of
barley and maize depends on an active protein bio-
synthesis of the chloroplasts (Hess et al., 1994;
Hiibschmann et al., 1996; Jenkins et al., 1997; Vogel
et al., 1999). Although other plastid localized pro-
teins are certainly involved in the splicing process of
those introns, the MatK maturase might play an es-
sential role as a trans-acting splicing factor. There are
similar considerations regarding the putative MatK
maturase of the parasitic flowering plant Epifagus
virginiana, which, in contrast to the other known
MatK proteins, is encoded by a freestanding ORF.
Thus, if the encoded protein is an active maturase, it
has to act in trans on the splicing reaction of one or
more of the six existing group II introns (Ems et al.,
1995). Recently, Mohr and Lambowitz (2003) made
the interesting observation that several ORFs related
to group II intron-encoded proteins are present in the
nuclear genomes of Arabidopsis thaliana and Oryza
sativa. The proteins appear to contain a conserved
maturase domain and may be transported into or-
ganelles to function in the splicing of group II introns.
The Lactococcus maturase was found to promote
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splicing by interactions with an idiosyncratic region
and with conserved domains of the intron (see above).
The binding to conserved intron domains might have
also facilitate evolution of maturases to general group
II intron splicing factors in some systems (Matsuura
et al., 2001).

IX. DEPENDENCE OF GROURP II
SPLICING ON OTHER HOST-
ENCODED FACTORS

Genetic analyses of eukaryotic model organisms
like the yeast Saccharomyces cerevisiae or the alga
Chlamydomonas reinhardtii have revealed a number of
nuclear genes that are required for the in vivo splicing
reaction of organellar group II introns (see also
Lambowitz and Perlman, 1990; Grivell, 1995;
Lambowitz et al., 1999; Barkan and Goldschmidt-
Clermont, 2000).

Many of the known nuclear-encoded factors have
been described for the yeast mitochondrial splicing
system. More than 15 years ago, Séraphin et al. (1987)
screened a collection of 300 nuclear pet mutations
belonging to about 180 different complementation
groups for their effects in strains with and without the
complete set of mitochondrial introns in order to
estimate the number of nuclear genes that support
splicing. They demonstrated that about 18 nuclear
genes seem to be essential for the splicing reaction of
mitochondrial introns. A similar number of yeast
mitochondrial splicing factors were calculated on the
basis of more than 340 nuclear genes from the Sac-
charomyces databases known to code for mitochon-
drial localized proteins (Grivell et al., 1999).

Mutations in nuclear genes of the facultative anaero-
bic yeast S. cerevisiae that yield to a respiratory
deficient phenotype and to smaller colonies when
grown on glucose containing media have been termed
pet (for nuclear petite mutations). Many PET gene
products are directly involved in the oxidative me-
tabolism of mitochondria, but some are also found
to be important for splicing and translation of mito-
chondrial genes (Tzagoloff and Dieckmann, 1990).

In the last couple of years some of the nuclear
genes that influence group II splicing in chloroplasts
have been identified. For instance, at least 14 nuclear
in Chlamydomonas are required for the splicing reac-
tion of two group II introns localized in the chloro-
plast psaA gene (Goldschmidt-Clermont et al., 1990),
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and a few of them have been cloned and initially
characterized.

Although most of the factors identified seem to
support splicing indirectly, some of them are sup-
posed to interacted directly with the intronic RNA. In
general, group II intron splicing factors represent
proteins with additional cellular functions, in which
the splicing function might be adapted from a pre-
existing protein during evolution (Lambowitz and
Perlman, 1999).

A. Yeast PET Gene Products and Group
Il Splicing

For some of the pet mutations that cause a splic-
ing defect of mitochondrial introns, the correspond-
ing genes could be isolated and characterized. It has
been shown that three of those genes influence the
splicing reaction of group II introns.

The nuclear MSS51 gene (MSS = mitochondrial
splicing system) is required for the maturation of the
intron containing pre-mRNA of the mitochondrial
COXI gene. The nonsense mutation of the isolated pet
mutant or the disruption of the gene led to a complete
block of the splicing reaction of group II intron all
and al2 and to a strong impairment of the excision of
group I intron al4 and group II intron al5y, while
group I intron al3 is still spliced efficiently (Simon
and Faye, 1984). When the same pet mutant carries
an intron-less COXI gene, a mature mRNA is pro-
duced. However, no CoxI protein can be detected,
and the strain remains respiratory deficient (Decoster
et al., 1990). Thus, it is presumed that the Mss51
protein act as a factor important for translation acti-
vation of the COXI mRNA, while its role in splicing
seems to be secondary. As a consequence of the loss
of function of COXI translation, the expression of the
all and al2 maturase, which essentially are for splic-
ing of the corresponding introns is also blocked (see
Section VIII.A). Nevertheless, a direct effect is still
possible because the excision of intron a5y that splices
independently of the mitochondrial protein biosyn-
thesis and the maturases is also markedly reduced in
the pet mutant.

Similar effects have been observed for a muta-
tion in the MRFI gene. The gene encodes a factor
with high homology to prokaryotic translation termi-
nators and was indeed shown to be required for the
specific termination of translation of single mito-
chondrial proteins (MRF = mitochondrial peptide
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chain release factor) (Pel et al., 1992b). MRF1 was
initially characterized as 1 out of 18 nuclear genes
essential for expression of the COXI gene. The muta-
tion of MRF1 results in a strong splicing defect of
COXI introns all and al2, while all other introns
splices to wild-type levels (Pel et al., 1992a). How-
ever, the expression of an intron-less COXI gene copy
was also strongly impaired as well as the expression
of the always intron-less COXII gene. The defects in
mRNA processing of the intron-containing COXI gene
have been also interpreted as a consequence of the
markedly reduced or missing maturase expression of
the first two introns (Pel et al., 1992b).

The most interesting PET isolate affecting splic-
ing of group Il introns is the MSS/16 gene. In contrast
to both the genes mentioned above, strains carrying a
mutant allele of the MSS716 gene are only respiratory
deficient when the mitochondrial DNA contains a
certain spectrum of group I and group Il introns in the
COXI and the COB gene (Séraphin et al., 1987). As
analyzed so far, the excision of introns all, alSo and/
or al5f of the COXI pre-mRNA, as well as the introns
bl1, bI2, and/or bI3 of the COB pre-mRNA depends
of an active Mss116 protein. The Mss116p contains
all typical sequence elements of a RNA helicase of
the DEAD box subfamily (Séraphin et al., 1989; for
a review see Liiking ef al., 1998; de la Cruz et al.,
1999). The exact function of the Mssl16p in the
mitochondria of S. cerevisiae with regard to the great
variety of biological functions of RNA helicases and
missing biochemical data is still a matter of specula-
tion. To make it more difficult, the disruption of the
MSS116 gene also influences mitochondrial func-
tions other than splicing. Thus, the protein might play
arole in efficient translation of the polycistronic COXI-
COXIII-ATP6 mRNA. Similar to Mss51 and Mrfl1,
the role of Mss116 in splicing could be restricted to
enable synthesis of some intron-encoded maturases.
However, even a direct function in splicing cannot be
ruled out, since the excision of group IIB intron bll,
which is supported by Mss116 takes place indepen-
dently of any mitochondrial-encoded protein (Séraphin
etal., 1989). This idea is supported by the findings of
Niemer et al. (1995), who showed that the
overexpression of the Mss116p stimulates b1 splic-
ing in mitochondrial lysates when ATP is present. In
accordance to the data of Séraphin et al. (1989), the
reaction of the second maturase independent group
IIB intron in the COXI gene, intron al5y, is not as-
sisted under the same reaction conditions.

Recently, a novel DEAD box helicase has been
localized in yeast mitochondria that might be in-
volved in group II splicing. The Mrh4 protein (Mrh =
mitochondrial RNA helicase) weakly suppresses cis-
acting mutants of intron al5y when additional copies
of the corresponding gene are present on a low-copy
number plasmid. However, the disruption of the MRH4
gene gives rise to a complete loss of mitochondrial
DNA, indicating an additional important function of
the encoded helicase not related to splicing (Schmidt
et al., 2002).

B. Multicopy Suppressors of Splicing-
Deficient Group Il Introns

Using a strategy different from screening pet
mutants that block splicing of mitochondrial introns,
a number of other nuclear genes involved in group II
splicing have been detected and characterized. The
strategy is based on the overexpression of genes on
multicopy plasmids to suppress splicing defects caused
by a point mutation in a mitochondrial intron.

1. The Proteins of the NAM Gene Series

Starting with a cis-dominant mit- mutation in
group I intron bI2 three multicopy suppressors, the
genes NAM1, NAM7, and NAM8 (NAM = nuclear
accommodation of mitochondria) could be isolated
from different yeast gene libraries. A first analysis of
the three genes made it obvious that the spectrum of
suppression is much broader and cis-dominant muta-
tions of other mitochondrial introns, for instance,
group ITA intron all, are also restored to some degree
(Ben Asher et al., 1989).

The disruption of the NAM I gene in a strain with
multiple introns in the mitochondrial genome led to a
respiratory-deficient phenotype. The phenotype is
accompanied by a drastic reduction of the COB
mRNA, while the mature mRNA of the COXI gene
and the transcripts of the genes ATP6-RF3/ENS2 that
are co-transcribed with COXI and ATPS can no longer
be detected (Groudinsky et al., 1993). In addition,
neither the pre-mRNAs of COB and COXI nor the
spliced IIA introns all and al2 are present, whereas
the spliced IIB introns al5y and bll accumulates in
the mitochondria, indicating that transcription and
splicing per se is not affected. Similar to the observa-
tion made for MSS/16 respiration in a delta naml
strain devoid of all mitochondrial introns is not re-
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stored. In this strain wild-type levels of COB and
COXI mRNAs are produced, but ATP6 mRNAs can,
once more, not be detected. Groudinsky et al. (1993)
concluded from these data that the Nam1p is required
for correct 5'/3' end processing or stability of the
intron-containing COB and COXI transcripts, as well
as the ATP6 transcript. For instance, the Nam1p might
specifically interact with certain RNA stem-loop struc-
tures to block nucleolytic degradation of intron-con-
taining pre-mRNAs, spliced introns, and the ATP6
transcript. Another argument in favor of a direct RNA/
protein interaction is provided by the localization of
the protein. Nam1p is a mitochondrial matrix protein
that might be involved in transportation of the mRNAs
for translation that occurs in close proximity to the
inner mitochondrial membrane (Wallis et al., 1994).

The role of the other two isolated multicopy sup-
pressors (NAM7 and NAMS) in the mitochondrial
splicing machinery is even less understood and very
difficult to define. The elimination of the NAM?7 func-
tion in a strain with or without mitochondrial introns
leads to partial impairment of the respiratory pheno-
type that depends on the nonfermentable carbon source
used for growth. The gene encodes a very large pro-
tein of 971 amino acids (=109 kDa) that was initially
found to contain two putative Zn fingers in the
N-terminal part indicative for DNA binding and some
helicase-like motifs in the central part of the protein.
Suprisingly, no typical targeting sequences for the
import of the Nam7p into mitochondria could be
detected (Altamura et al., 1992), and the protein was
indeed found to be associated with poly-ribosomes in
the cytosol (Atkin et al., 1995). NAM7 is identical to
UPFI (UPF = up frameshift), which gene product, in
a complex with other proteins, has been implicated in
the modulation of efficient translation termination
and in the turnover of mRNAs containing premature
stop codons, a phenomenon called nonsense-medi-
ated mRNA decay (Leeds et al., 1991; Leeds et al.,
1992). A detailed biochemical analysis of the Nam7/
Upfl protein revealed a nucleic-acid-dependent
ATPase and an ATP-dependent helicase activity with
the potential to use DNA or RNA as a substrate
(Czaplinski et al., 1995). Now, how can a protein
clearly localized in the cytoplasm work as a mito-
chondrial suppressor? A possible explanation might
be that the overexpressed protein is mislocated at low
concentrations into the organelles and splicing is re-
stored by direct binding and correct folding of the
RNA. Notably, the Nam7/Upfl protein is signifi-
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cantly similar to the yeast Senlp, a component of a
splicing complex involved in the endonucleolytic
cleavage of tRNA introns in the nucleus (DeMarini et
al., 1992). However, the cytosolic localization sug-
gests more likely an indirect function of the protein.
For instance, the Nam7/Upf1 protein might have some
modulatory effects on the expression of one or more
nuclear gene-encoding products that are involved in
the mitochondrial splicing machinery.

The mitochondrial function of the NAMS en-
coded protein is unclear as well, because its actual
site of function was also found outside the mitochon-
dria. Remarkably, the Nam8p has been found stably
associated with the Ul snRNA of the corresponding
small ribonucleoprotein particle (snRNP) (Gottschalk
et al., 1998), which is essential for recognition of the
5' splice site and the subsequent assembly of the
spliceosome in the nuclear splicing process (for a
review see Burge et al., 1999). In an independent
screen the protein was also identified as an important
factor for the splicing reaction of introns with nucle-
otides at the 5' splice site that differ from the standard
consensus sequence, like the intron in the pre-mRNA
of the meiosis-specific factor Mer2 (Ogawa et al.,
1995). Later on the Nam8p was demonstrated to be
generally necessary for the 5' splice site recognition
under conditions that compromise Ul snRNA re-
cruitment to the 5' splice site (weak 5' splice site, lack
of pre-mRNA cap etc.) (Puig et al., 1999). The pro-
tein is characterized by some putative RNP domains
(Ekwall et al., 1992; Gottschalk er al., 1998) that
represent classic RNA binding motifs (for details see
Varani and Nagai, 1998). Nevertheless, the mito-
chondrial function of the Nam8p remains obscure,
and both direct RNA binding and indirect effects
might be responsible for the multicopy suppression of
mitochondrial group I and group II splicing defects
(Ekwall et al., 1992).

2. The Proteins of the MRS Gene Series

A second group of yeast nuclear genes that were
found to suppress mitochondrial splicing defects of
group Il introns when delivered on a high-copy-num-
ber plasmid are the three genes MRS2, MRS3, and
MRS4 (MRS= mitochondrial RNA splicing). The
overexpression of these genes efficiently restored the
respiratory phenotype of a strain blocked in the splic-
ing reaction of the group IIB intron bll in the COB
gene (Koll et al., 1987). The intron carries a point
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mutation (-1 deletion in a sequence stretch of five
adenosine residues) in the phylogenetically conserved
proximal stem-loop of domain 3 (Schmelzer et al.,
1983) that probably interacts with the catalytically
important domain 5 (see Sections VII.C and VILE).
Cis-dominant point mutations in group I introns bl2,
bI3, and bl4 of the COB gene are only weakly sup-
pressed if at all (Koll et al., 1987).

When disrupting the MRS2 gene, the splicing
reaction of all four group II introns localized on the
yeast mitochondrial genome is completely blocked,
while the reaction of the group I introns present is
only barely affected. Therefore, MRS2 is the only
yeast nuclear gene described so far whose product is
specifically important for the splicing reaction of group
II introns. However, the disruption of the gene also
causes a petite phenotype in a strain devoid of all
mitochondrial introns. The intronless delta mrs2 strain
shows reduced levels of cytochrome complexes, indi-
cating an essential role of the encoded 54-kDa protein
in the biogenesis of mitochondria (Wiesenberger et
al., 1992).

Bui er al. (1999) could show that the Mg?* con-
centration in mitochondria of a delta mrs2 strain is
lowered by about 50% of the wild-type level, while in
strains overexpressing the MRS2 gene the concentra-
tion is increased by about 60%. Those findings indi-
cate that the protein plays an essential role in mito-
chondrial Mg?* homeostasis. Moreover, the observed
in vivo effects on group II splicing might be explained
by alterations of the level of Mg?* ions in mitochon-
dria, when looking at the prominent role of Mg?* ions
for both correct folding and catalysis of the introns in
vitro. In the same study, the Mrs2p was shown to be
an integral protein of the mitochondrial inner mem-
brane. The protein is anchored in the membrane by
two adjacent hydrophobic transmembrane domains
so that a long N-terminal part and a small C-terminal
part faces the matrix space. Similar features were
found for the LpelOp, a yeast homologue whose se-
quence is 32% identical to the Mrs2p. However, the
two proteins cannot functionally substitute each other
(Gregan et al., 2001b). Structure analysis of both
proteins revealed a weak but significant similarity to
Mg?* transporters of the bacterial CorA protein fam-
ily (Kehres et al., 1998). The characteristic features
are restricted to the predicted transmembrane do-
mains (near the C-terminus) and a short sequence
motif (F/Y)GMN at the end of the first domain. No-
tably, although the overexpressed CorA protein when

targeted to the mitochondria of a delta mrs2 or delta
Ipel0 strain compensates for the absence of both the
proteins by restoring wild-type levels of Mg?*, while
the respiratory-deficient phenotype is only partly sup-
pressed (Bui et al., 1999; Gregan et al.,2001b). When
searching the sequence databases some homologues
to Mrs2p and LpelOp could be identified in other
organisms such as Schizosaccharomyces pombe,
Arabidopsis thaliana, and human. Although the over-
all sequence identity among those proteins is rather
low, the plant and human protein are also able to
complement the defect of the delta mrs2 strain com-
parable to the bacterial CorA protein (Schock et al.,
2000; Zsurka et al., 2001). In two independent stud-
ies, several mutant alleles of the MRS2 gene changing
single amino acids have been selected that suppress
different splicing defect mit- mutations located in the
group IIB al5yand bI1 when delivered on a low copy
number plasmid (Schmidt et al., 1998; Gregan et al.,
2001a). Strikingly, all missense mutations were clus-
tered in a single region of the 450 amino acids protein
between amino acids 174 and 260 upstream of the
membrane spanning domains. This region is sup-
posed to form a helix-turn-helix structure that can
participate in homo- or hetero-dimer formation
(Schmidt et al., 1998). Thus, an attractive but by no
means exclusive explanation for the observation that
the Mrs2p and LpelOp cannot substitute for each
other might be the loss of a functional hetero-dimer
structure of the two proteins. Although the level of
the mutant proteins is slightly increased when com-
pared with the wild-type protein, the available data
clearly indicate that it is not the elevated protein
level, but rather a more active protein that is respon-
sible for the strong influence on splicing (Schmidt et
al., 1998; Gregan et al., 2001a). Remarkably, some of
the mutant proteins were shown to cause a 40% in-
crease of the intramitochondrial Mg?* concentration,
suggesting that Mg?* is also one of the key players in
group Il intron splicing in vivo (Gregan et al.,2001a).
However, a more direct role of the protein cannot be
excluded. The overexpressed wild-type allele restores
splicing much less efficiently than the mutant alleles,
although the Mg?* concentration is raised to the same
level (Gregan et al., 2001a). In addition, the func-
tional homologues described above give rise to nearly
wild-type levels of mitochondrial Mg?*, while splic-
ing of group II introns is only very weakly supported
(Bui et al., 1999; Schock et al., 2000; Zsurka et al.,
2001).

287

RIGHTS LI MN Kiy



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by Xi'an Jiaotong University on 12/13/14

For personal use only.

Two regions of the Mrs2p have been postulated
as candidates for a potential RNA binding: the rela-
tively hydrophilic “mutational hot spot” in the middle
part described above and a strong hydrophilic domain
with a central KRRRK motif in the C-terminal part of
the protein (Schmidt et al., 1998). Although no clas-
sic RNA binding motifs are present, actual data clearly
show that both parts of the protein specifically bind to
different domains of the al57y intron (K. Lehmann and
U. Schmidt, unpublished results).

In contrast to MRS2, it is known that the genes
MRS3 and MRS4 are unimportant for mitochondrial
biogenesis or other cellular functions as their single
or double disruption does not negatively effect the
phenotype of the cells (Schmidt et al., 1987a;
Wiesenberger et al., 1991). MRS3 and MRS4 are
homologues, the products of which have identical
characteristics identifying them as members of the
mitochondrial carrier protein family localized in the
inner membrane. Although it cannot be ruled out that
membrane transport and support of splicing are inde-
pendent functions of the Mrs3p and Mrs4p, localiza-
tion and structure indicate transport as the sole direct
function of both proteins. Moreover, most parts of the
proteins are enclosed by the inner-mitochondrial
membrane, leaving only short stretches exposed to
the matrix space where intron splicing takes place
(Wiesenberger et al., 1991). Remarkably, the
overexpression of Mrs3 and Mrs4 also complements
the respiratory deficient (pet”) phenotype caused by
the delta mrs2 mutation in strains with and without
mitochondrial introns (Waldherr et al., 1993), and the
mitochondrial Mg?* concentrations were shown to be
elevated to levels close to those found in the wild type
(Gregan et al., 2001a).

Using a yeast genomic library carrying a MRS2, 3,
and 4 triple disruption, Waldherr et al. (1993) could
isolate the suprisingly high number of 10 further
multicopy suppressors that compensate for the loss
of the respiratory competence caused by the elimi-
nation of the MRS2 gene copy. The 10 suppressors
fall into two different groups: five suppressors
(MRS5, MRS7, MRS11, MRS12, and MRSI3) are
able to restore the phenotype of the delta mrs2 strain
carrying the complete set of mitochondrial introns,
while five (MRS6, MRSI14, MRS15, MRS16, and
MRS17) only restore the phenotype of the intronless
strain. To date, three of the splicing suppressors,
MRS5S, MRS11, and MRS12, have been analyzed in
detail.
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The Mrs12p shows all structural characteristics
of a mitochondrial carrier protein. However, in con-
trast to MRS3 and MRS4, disruption of the MRSI2
gene interferes with cell growth and gives rise to a
complete loss of mitochondrial DNA. The gene was
independently isolated as RIM2 that suppresses a tem-
perature-sensitive growth defect caused by the ab-
sence of a DNA helicase. The helicase is described to
be involved in recombination, repair, and stability of
the mtDNA. Although it is very difficult to predict
the exact function of the Rim2/Mrs12 protein due to
its divers genetic effects, it is supposed that the car-
rier protein suppresses the defects caused by the delta
mrs2 allele in a way similar to Mrs3 and Mrs4 (van
Dyck et al., 1995).

It has been demonstrated that the gene products
encoded by MRS5S and MRS!1 are essential compo-
nents of the import machinery of mitochondrial car-
rier proteins. Both the proteins are localized in the
mitochondrial intermembrane space in a complex with
the inner membrane protein Tim22 (TIM = transport
inner membrane) (Koehler e al., 1998). Mrs5 and
Mrs11 are two small, related proteins of 12 kDa with
a sequence identity of about 35%, but they were not
able to complement each other (Jarosch et al., 1996;
Jarosch et al., 1997). In fact, it has been shown that
the transport functions of the two proteins are differ-
ent. The Mrs11p dissociates faster from its complex
and is involved in the transport of carrier preproteins
from the outer to the inner membrane, while the
Mrs5p binds stronger to the complex and mediates
the insertion of the carriers into the inner membrane.
According to the nomenclature introduced for protein
components involved in transport across the inner
membrane, the two proteins were renamed as Tim10
(Mrs11) and Tim12 (Mrs5) (Koehler et al., 1998).
The molecular events leading to high-copy-number
suppression of mitochondrial splicing defects are still
a matter of speculation, although the localization of
the proteins definitely argues against a direct func-
tion. Overexpression might change, for instance, the
membrane topology, thereby affecting the processing
of RNA molecules, which is suggested to take place
next to the inner mitochondrial membrane (for a re-
view see Fox, 1996). Alternatively, splicing and thus
respiratory defects might be overcome to some de-
gree by a more general enhancement of mitochon-
drial processes, such as transcription and RNA pro-
cessing caused by the overexpressed genes (Jarosch
et al., 1996; Jarosch et al., 1997).
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C. Other Nuclear-Encoded Splicing
Factors of Group Il Introns

In the last couple of years a number of nuclear-
encoded protein factors required for the in vivo splic-
ing reaction of group II introns localized on the chlo-
roplast genome of higher land plants and algae have
been identified by genetic screens, and a few of them
have also been characterized further by initial bio-
chemical studies.

Mutations in the crs/ gene (crs = chloroplast
RNA splicing) of maize specifically blocks the splic-
ing reaction of a single intron, the group IIA intron in
the plastid atpF gene that encodes a subunit of the
ATP synthase (Jenkins et al., 1997; Till et al., 2001).
The 80-kDa CRS1 protein is not related to any other
known group II intron splicing factor and harbors
three copies of a 10-kDa highly basic domain related
to a conserved freestanding ORF of unknown func-
tion found in prokaryotic genomes. The basic charac-
teristic of the protein as well as its localization in a
chloroplast ribonucleoprotein (RNP) complex that co-
fractionates with the afpF intron RNA suggest a di-
rect interaction of the protein with the intronic RNA.
However, similar to all known group II splicing fac-
tors, the protein seems to be at least bifunctional, with
additional functions in plastid translation or biogen-
esis of the translation machinery (Till et al., 2001).

In contrast to CRS1, it has been demonstrated
that the product of the crs2 gene is essential for the
splicing of many group II introns in different maize
chloroplast genes. Interestingly, the crs2 mutants
analyzed exclusively affect the splicing reaction of
group IIB introns (Jenkins et al., 1997). Cloning and
molecular characterization revealed that the CRS2
protein is localized in the stromal compartment of the
chloroplasts that very likely also contains its target
introns, suggesting a direct protein/RNA interaction.
The protein was shown to be closely related to bacte-
rial peptidyl-tRNA hydrolases (PTH) that are impor-
tant to prevent the accumulation of peptidyl-tRNAs
prematurely released from the ribosome. However,
the CRS2 protein has some nonconservative changes
of amino acid residues critical for the bacterial PTH
function. CRS2 failed to complement an E. coli pth
mutant, and therefore it is not clear whether the pro-
tein maintains PTH activity. Nevertheless, a possible
scenario might be that the protein has lost its ancestral
function during evolution, thereby acquiring a new
function by supporting the splicing of group IIB

introns. This hypothesis is supported by the following
observations: (1) A second type of PTH homologue
has been identified from the maize genomic sequence
that may function as a bona fide PTH in chloroplasts
and other cellular compartments. (2) Notably, the
CRS2 protein carries a C-terminal extension not
present in the bacterial PTH and the second maize
protein resembling the six amino acid motif RYRYKF
found as RNA binding site in the Cbp2 protein, a
factor that promotes splicing of yeast mitochondrial
group I introns (Jenkins and Barkan, 2001).

The psaA gene in the unicellular alga Chlamydomo-
nas reinhardtii that encodes one of two proteins of the
reaction center of photosystem I is composed of three
exons scattered around the chloroplast genome. The
exons are flanked by two group II introns that are re-
moved from the different pre-mRNAs in a trans-splic-
ing process in which the first intron is assembled from
three and the second intron from two separated parts
(see Section V for details). The splicing reaction of the
two introns was demonstrated to be affected by a variety
of different nuclear mutations that could be arranged in
14 different complementation groups (Goldschmidt-
Clermont et al., 1990). The 14 corresponding genes fall
into three classes: most of the genes function in the
splicing reaction of either intron 1 (class C) or intron 2
(class A), while a few are involved in splicing of both
the introns (class B). Two of the genes have been cloned
and analyzed in detail to date.

The Maa2 gene (Maa = maturation of psaA)
encodes a class A factor required for splicing of the
second PsaA intron. The protein has been detected in
the low-density chloroplast membrane fraction that
also contains RN A-binding proteins involved in trans-
lation, and it seems to be associated with a membrane
component by ionic interactions. Database searches
revealed significant similarities to conserved domains
of pseudouridine synthases that posttranscriptionally
converts uridine into pseudouridine in RNAs such as
tRNA, rRNA, and snRNA molecules. Interestingly,
mutations of conserved residues necessary for the
synthase function did not affect the splicing activity
of the protein. Thus, the two functions can be sepa-
rated, although neither pseudouridine synthase activ-
ity nor a direct binding of the intron RNA could be
demonstrated to date. The Maa2 protein might repre-
sent a further case of a RNA binding protein with
dual function, in which the binding activity of an
ancestral protein was recruited to assist group II in-
tron splicing (Perron et al., 1999).
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The second gene cloned is Raa3 (Raa = RNA
maturation of psaA), which codes for a class C factor
involved in splicing of the first PsaA intron. The
Raa3 gene was found to encode a large protein of 176
kDa with no significant similarity to any other known
protein, except for a small domain of about 50 amino
acids of unknown function that is present in pyridox-
amine 5'-phosphate oxidases. In contrast to Maa2, the
protein was localized in the soluble fraction of the
chloroplasts as part of a high-molecular-weight 1700-
kDa complex with other unknown proteins that con-
tains the zscA RNA, the middle part of the tripartic
intron, and the psaA exonl transcript. This chloro-
plast RNP particle is discussed as a kind of primitive
counterpart of the eukaryotic snRNPs involved in the
nuclear splicing machinery (Rivier ef al., 2001).

Alternatively to the genetic analyses described
above, Bunse ef al. (2001) chose a biochemical strat-
egy developed by Richard and Dujon (1997) to search
for group II splicing factors in chloroplasts of
C. reinhardtii. In this work intron-specific RNA bind-
ing proteins have been detected by comparison of the
sedimentation patterns of protein-free pre-RNAs,
splicing intermediates and released introns to the
pattern of the same molecules in native cellular ex-
tracts. The mitochondrial group II intron rIl of the
green alga Scenedesmus obliquus integrated into the
chloroplast zscA gene of C. reinhardtii was used as a
target to screen for general group II splicing factors.
It is well known that the mitochondrial Scenedesmus
intron splices efficiently from the Chlamydomonas
chloroplast gene. Applying this method a 31-kDa and
a 61-kDa protein could be identified that specifically
bind to a rI1 intron-transcript containing domain 4, 5,
and 6 (Bunse et al., 2001). More work still needs to
be done to further characterize these proteins.

X. SUMMARY AND FUTURE
PROSPECTS

This review gives an actual and comprehensive
survey of all aspects of the structure/function relation-
ships and the catalytic potential of group II introns.

The primary role of group II introns is to mediate
splicing of transcript from the genes in which they are
located. The splicing process is characterized by two
consecutive transesterification reactions, leading to
the precise excision of the intron in a typical lariat
form and the correct ligation of the upstream and
downstream exon.
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The free intron lariat can act as a true ribozyme
able to perform a variety of different chemical trans-
formation reactions on foreign RNA substrates in
vitro. Moreover, a “multiple turnover” ribozyme has
been engineered that cleaves both single-stranded
RNA and DNA substrates, a feature not known for
any other catalytic RNA.

The size and complexity of group II introns as
well as conformational changes during splicing makes
it very difficult to determine their overall catalytic
structure. Nevertheless, a lot of progress has been
made over the last few years that provides first in-
sights into the three-dimensional architecture of the
catalytic center of group II intron ribozymes.

Some group II introns that contain an open read-
ing frame (ORF) have been shown to act as mobile
genetic elements. The mobility process is initiated by
a ribonucleoprotein (RNP) complex consisting of the
multifunctional intron-encoded protein (endonuclease,
reverse transcriptase) and the excised lariat, leading
to integration into double-stranded DNA at the ho-
mologous sites (homing) or with lower frequency at
ectopic sites (transposition).

The finding that the DNA target site is recog-
nized primarily by base pairing of a short sequence
(14-16 nt) of the intron RNA gave rise to the idea that
mobile group Il introns can be retargeted to insert into
virtually any desired DNA. Thus, first targeted group
II introns (“targetrons”) have been developed demon-
strating their enormous potential in genetic engineer-
ing, functional genomics, and human gene therapy
(Guo et al., 2000; Karberg et al., 2001; Frazier et al.,
2003; Zhong et al., 2003). However, when thinking
about applications in gene therapy, it should be kept
in mind that even in well-tested systems with high
specificity of target DNA insertion, the risk for
mistargeting is always present and should not be
underestimated, as has been done before when apply-
ing retroviral gene therapy vectors.

The in vivo splicing reaction of many, if not of
all, group II introns depends on proteins either en-
coded by the introns themselves (maturases) or by
other host-encoded factors. While maturases are well
known to promote splicing directly by binding to the
intronic RNA, there are only preliminary data avail-
able on the specific binding of other proteins. Thus,
an important aspect of future work will be to eluci-
date how host-encoded proteins affect the catalysis of
group II introns. These data might be important for
the following two reasons:
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1. Almost all of the known splicing factors have or
had other primary cellular functions, and the
splice function appears to be adapted later on in
evolution. How has the function in catalysis
developed from the original one?

2. Ribozymes engineered from group II introns
are able to cleave or to integrate into foreign
RNA or DNA substrates. In the long run, data
on proteins that interact with group II introns
might lead to the development of protein-regu-
lated RNA catalytic systems.
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