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Abstract:RNA splicing, the removal of introns and ligation of exons, is a crucial process during mRNAmaturation.
Group II introns are large ribozymes that self-catalyze their splicing, as well as their transposition. They are living
fossils of spliceosomal introns and eukaryotic retroelements. The yeast mitochondrial Sc.ai5g is the first identi-
fied and best-studied self-splicing group II intron. A combination of biochemical, biophysical, and computational
tools enables its catalytic properties, structure, and dynamics to be studied, while also serving to develop new
therapeutic and biotechnological tools. We survey the history of group II intron studies paralleling the trends in
RNA methodology with Sc.ai5g in the spotlight.
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1. Introduction to Group II Intron Splicing
“Please write down the amino acid sequence of the protein

to be expressed from the gene given the following nucleotide se-
quence” is a classical biology exam question. The task is to tran-
scribe the DNA sequence into RNA, group into three-nucleotide
units (codons), identify the start codon (AUG), and finally match
each codon with the corresponding amino acid to decode the
protein of interest. In reality, nature is more complex. Genes are
often discontinuous and split. The “discovery of split genes” by
Richard Roberts and Phillip Sharp was awarded the Nobel Prize
in Physiology orMedicine in 1993. Protein-coding sequences (ex-
ons, expressed regions) are interrupted by non-coding sequences
(introns, intervening or intragenic regions), which is the rule and
not the exception. RNA splicing is the process that removes the
introns and strings together the exons during mRNA maturation
so that the correct protein is expressed.

The spliceosome, a multi-megadalton RNA-protein complex,
is in charge of intron splicing in eukaryotic nuclei. Most introns
in archaeal and eukaryotic tRNAs are spliced by protein enzymes.
At the other end of the spectrum are introns that undergo self-
splicing without protein support. These types of introns can be fur-
ther classified into three subtypes (group I, II, and III), differing

mainly in size, structure, and splicing mechanism. Among these,
group II introns stand out as the progenitor of the spliceosome.[1,2]
Spliceosomes and group II introns share the exact splicing mecha-
nism and key regulatory elements. Group II introns are exception-
ally long (400–1000 nt) RNAs and are abundant in housekeeping
genes that require tight regulation and efficient splicing. They are
found in archaea, bacteria, viruses, plants, and organelles of lower
eukaryotes,[2] and have been recently identified in annelids.[3]Their
absence in human cells makes them potential antimicrobial drug
targets.[4,5]

Back in 1980, using electron microscopy, Arnberg et al. re-
ported the excised circular introns in yeast mitochondria,[6] which
hitherto was an observation exclusive to the spliceosomal introns.
In 1986, van der Veen et al. and Peebles et al. both showed that
a Saccharomyces cerevisiae (S. cerevisiae, Sc.) mitochondrial
group II intron self-splices in vitro to form these so-called lariat
structures.[7,74] This first identified group II intron was Sc.ai5g (or
ai5c). Group II introns were later subclassified asA, B, C, D, E, F,
mitochondrial-like, and chloroplast-like,[1,2] with Sc.ai5g belong-
ing to the subclass of group IIB introns. Sc.ai5g is the seventh in-
tron of the cox1 (or oxi3) gene, encoding for cytochrome c oxidase
subunit 1 (COX1). COX1 is essential to cell survival as it plays a
key role in the mitochondrial respiratory chain by driving oxida-
tive phosphorylation.

Group II introns are versatile RNA that are the ancestor of
the spliceosome and eukaryotic retroelements. They are capable
of autocatalytic splicing and retromobility. Despite little primary
sequence conservation, secondary elements of group II intron ren-
der its characteristic architecture of six helical domains (D1-6).[2]
Before the intronic RNA becomes catalytically active, it must
fold into a specific three-dimensional (3D) structure. The forma-
tion of so-called tertiary contacts (intradomain, interdomain, and
intron-exon interactions) is crucial in this process. They fold in an
exceptionally distinct manner to form their highly structured mul-
tidomain scaffold. Once the RNA is correctly folded, the intron
self-splices by catalyzing the cleavage and ligation of the exonic
regions. This review surveys how advances in RNA methodolo-
gies, as well as changing perspectives and interests have shaped
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the 5'-exon and the first 7-nt of the intron. As such the 5'-splice
site is formed so that the 5'-exon cleavage can be followed.[24] The
5'-exon lengths, shortened in these substrates, are sufficient to
cover the intron-binding sites 1 and 2 (IBS1/2) that are comple-
mentary to their corresponding exon-binding sites (EBSs). The
tenacious grip between EBS-IBS ensures splice site recognition.
Another use of trans substrate was a short ligation product of
5'- and 3'-exons to follow the spliced exon reopening (SER) re-
action.[26]

Two rounds of transesterification define RNA splicing: first
5'-exon cleavage, then exon ligation. The minimal constructs that
lack D6 and the 3'-exon (that has the 1-nt long IBS3) can only go
through the first. D6 contains the bulged adenosine residue that
initiates the 5'-splice site attack and becomes the branch point. In
its absence, hydrolysis takes place instead of transesterification
(Fig. 1).

Historically, denaturing polyacrylamide gel electrophoresis
(PAGE) is the biochemical method of choice in studies of ribo-
zyme catalysis. For this, 32P-labeled phosphate is incorporated
into the phosphate backbone (either throughout the RNA by co-
transcriptional body-labeling or post-transcriptionally at the 5'-
or 3'-ends). The radioactively labeled intron is then subjected to
in vitro splicing conditions followed by size separation on a gel.
Nucleotide analog interference mapping (NAIM) using minimal
constructs[29] contributed to defining the structural features for
self-catalysis. NAIM drew attention to the interdomain interac-
tions, especially between D1 and D5, that are essential for cataly-
sis, moreover for folding. The efforts then focused on visualizing
the catalysis and the conformational changes involved,[30,31] as
detailed in the next section.

the way group II introns were studied. The Sc.ai5g group II intron
persisted at the heart of these studies.

2. Self-catalyzed Splicing
Protein enzymes might today dominate catalysis in biologi-

cal systems, yet in the early world, RNA served as the principal
biocatalyst.[8,9] RNA enzymology emerged as a new field with
the discoveries of group I introns (by Thomas Cech)[10,11] and
RNase P (by Sidney Altman).[12] The Nobel Prize in Chemistry
in 1989 honored their “discovery of catalytic properties of RNA”.
Ribozymes, RNA enzymes, are remnants of the “RNA world”.
At the time of coining the term “ribozyme”,[13] the Tetrahymena
thermophila self-splicing group I intron.[10,11] was a unique obser-
vation. Cech went for this general classification in the anticipation
that there must be other catalytic RNAs. Indeed, there were plenty
in all kingdoms of life, and in different sizes. Classified among
the 11 subclasses of small self-cleaving ribozymes (<200 nt) are
glucosamine-6-phosphate synthase (glmS), hammerhead, hairpin,
hepatitis delta virus (HDV), HDV-like, pistol, twister ribozymes,
and so forth.[14] Group I and II introns, spliceosome, and RNase P
constitute the class of large phosphoryl transfer ribozymes (>200
nt).[15] For example, the Sc.ai5g group II intron, excluding its ex-
ons, is 887-nt long (~290 kDa). The ribosome is a peptidyl trans-
fer ribozyme.[16]

Group II intron and spliceosomal intron splicing is mecha-
nistically related.[17] RNA splicing is fully RNA-catalyzed with
a two-metal ion center in both cases. In the first step of the so-
called group II intron branching splicing pathway (Fig. 1), the
2'-OH of an internal adenosine initiates the S

N
2 nucleophilic at-

tack on the 5'-splice site phosphate. In the second step, the cleaved
5'-exon attacks the 3'-splice site, ligating the exons. This two-step
transesterification mechanism releases the intron as a lariat; a
branched RNA with a 2'-5' phosphodiester bond. Instead of an
internal nucleotide, a water molecule or a hydroxide ion can act
as a nucleophile (Fig. 1). However, this hydrolytic splicing reac-
tion is not fully reversible and yields a linear intron. Whether the
hydrolytic splicing path is an artifact under in vitro conditions
or naturally exists is under debate.[18] Following the branching
pathway is essential for retromobility: The excised lariats of the
mobile group II introns can reinsert into DNA by retrohoming (in-
to a homologous site) or retrotransposition (into an ectopic site),
again fully catalyzed by RNA.[19,20] This is possible as both steps
of the branching pathway are reversible. Mobile group II introns
are reengineered as gene targeting vectors (targetrons) to insert
sequences into the genome,[21] thus serving as biotechnological
tools to edit genomes.

Piccirilli and coworkers investigated the two-metal ion ca-
talysis at the active site of group II introns (Fig 1).[22] To identify
the structural features that make group II introns self-catalytic,
Jarrell et al. divided the Sc.ai5g into two pieces.[23]Although not
covalently connected, the bipartite group II intron retained cata-
lytic activity, exhibiting modularity. Domain 5 acts enzymatical-
ly on eD123 (5'-exon and domains 1, 2, and 3) in trans, cleaving
its substrate, the 5'-exon (Fig. 2). Many others followed suit and
applied variations of this multipartite approach to Sc.ai5g,[24,25]
as well as to Pli.LSUI2, the mitochondrial rRNA group II in-
tron of brown alga Pylaiella littoralis (P. littoralis),[26] which
is currently the only crystallized group IIB intron.[27] Limiting
one of the components over the other enabled studying single-
and multiple-turnover kinetics,[24] demonstrating its enzymatic
power.

Domains 1 (the scaffold), 3 (the catalytic effector), and 5 (the
catalytic core) are sufficient to sustain the catalytic activity of
self-cleavage. D135 (Fig. 2),[28] a minimal construct composed
of these three domains, successfully cleaves its substrate in trans.
The definition of substrate differs among studies. Here, the sub-
strate refers to an RNA-oligomer, which contains the last 17-nt of
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Fig. 1. Group II intron self-splicing via branching and hydrolytic path-
ways (top panel). The bottom panel shows the two catalytic metal ions
(M1 and M2) during the transition state (left) and the nucleophilic attack
(right) of the first step of both pathways. RNA structure and intron-exon
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at pH 6.9–7.5) and elevated temperatures (42 °C).[37]During fold-
ing, metal ions stabilize the RNA structure by charge compensa-
tion.[38] In a simplified picture (Fig. 3), the secondary structure
forms in the presence of monovalent cations (such as K+), while
the tertiary contacts form in the presence of divalent cations (such
as Mg2+). Sc.ai5g splicing in the presence of K+ ions goes through
the hydrolytic pathway, while ammonium (NH

4
+, similar in size

to K+) enigmatically promotes the branching pathway. Daniels
et al. identified through kinetic analysis that these two reactions
compete with each other.[37] Two divalent metal ions (M1 and
M2) are directly involved in catalysis (Fig. 1). High Mg2+-ion
dependence of Sc.ai5g folding to the active state was investigated
by footprinting experiments upon the addition of the substrate
(17/7) in trans.[39] Solvent-accessible regions that get chemically
modified (or cleaved, depending on the reagent), and structured
regions involved in secondary and tertiary interactions that are
protected can be monitored. This way, local (but not global)
changes at the nucleotide level display the folding progress.
More detailed pictures of group II intron sections were obtained
by nuclear magnetic resonance (NMR), revealing structures of
individual domains,[40,41] 5'-splice site,[42] and three-way junc-
tion[43] with great detail. However, group II introns as a whole
are too large for structure determination by NMR. The high ionic
strength requirement of Sc.ai5g poses additional difficulties in
NMR.

The dynamics of group II introns do not make them first-
choice candidates for X-ray crystallography. With tremendous
efforts, Toor et al. reported the first crystal structure of a group
II intron, Oceanobacillus iheyensis bacterial group IIC intron
Oi.I1.[44] The authors have tested numerous different constructs to
achieve packing and crystallizability. Impressively, all these con-
structs were catalytically active owing to the previous knowledge
gained in group II intron catalysis. The structure was then solved
and refined by modeling the sequence information.[45] Echoing
this work, Marcia and Pyle extended the Oi.I1 crystal depository
to various stages of catalysis, showing the metal-ion selectivity at
the functional four-metal center.[30,31] However, the catalytic core
for the branched RNA was not visible. The electron density of D6
was missing[44] or the used constructs lacked D6[30] as its flex-
ibility substantially increased the dynamics, thus decreasing the
crystal stability. Robart et al. reported the crystal structure of the
Pli.LSUI2 group IIB intron, importantly as a lariat.[27] The techni-
cal aspects of crystallographic structure determination of group II
introns are discussed elsewhere.[46]

Despite numerous attempts, the crystallization of Sc.ai5g has
not been fruitful. Hence the intron has been considered uncrys-
tallizable. However, as the historically most intensively studied
model, its tertiary fold provokes great interest. Somarowthu et al.
used the previously obtained Oi.I1 crystal structure as a basis to
build a homology model of Sc.ai5g after the first step of splicing,
with the cleaved 5'-exon remaining bound (Fig. 3).[47] They add-
ed the Sc.ai5g structural motifs obtained via NMR, footprinting,
and experimentally validated the de novo model with hydroxyl
radical footprinting and selective 2'-hydroxyl acylation analyzed
by primer extension (SHAPE). For more detailed information,
the reader is referred to the applications of mutational profiling
(SHAPE-MaP) on group II intron.[48]

Compared to the in vitro splicing requirements, Sc.ai5g en-
counters different conditions in its natural environment, the yeast
mitochondria, with significantly lower ionic strength (100 mM
K+, 1 mM Mg2+ at pH 7.4), an optimal yeast growth temperature
of 30 °C, and cellular crowding. Fedorova et al. investigated the
folding under near-physiological conditions.[49] Dimethyl sulfate
(DMS) structural footprinting and native PAGE compared the
compaction of D1356 construct at different temperatures; 30 °C
versus 42 °C. Intriguingly, pre-folded Sc.ai5g (in the presence of
100 mMMg2+) cannot maintain its native fold upon dilution. The

3. Group II Intron Structure and Folding
Group II introns are highly complex molecules that can as-

sume different folding states following a hierarchical pathway.
The folding pathway contains unstable intermediates with fast
transitions,[32,33] which renders the RNA structure highly dynam-
ic and structure determination very challenging. DI, the largest
domain, folds first and serves as a scaffold to which the other
domains gradually dock.[34] The interaction of the intron with its
flanking exons is crucial and defines the splice sites, which en-
sures splicing fidelity.[35,36] Correct folding is therefore a prereq-
uisite for proper splicing and thus producing the correct protein.

Sc.ai5g is catalytically active under specific in vitro conditions,
i.e. high ionic strength (ideally 500 mM KCl and 100 mMMgCl
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4.1 Group II Intron Labeling
Group II intron fluorescent labeling, which we recently sum-

marized,[60] is not straightforward. Different RNAs (in terms of
size or catalytic activity) call for different labeling strategies (Fig.
4). The labeling positions of choice must fulfill the following cri-
teria: (i) being accessible for chemical or enzymatic reactions, (ii)
non-disturbing to preserve RNA function, and (iii) being informa-
tive to report on RNA dynamics. Steiner et al. initiated the single-
molecule group II intron folding studies. The only way, at that
time, to label such a large and complex RNA internally was the
hybridization technique.[33] The minimal ribozyme (D135) served
as a starting point in construct design. Loops on D1 (d2b hairpin)
and truncated D4 were incorporated to accommodate the dye-
carrying complementary DNA probes, constructing the so-called
D135-L14 derivative. Later, Schmitz et al. shortened these label-
ing platforms (D135-shL14) using peptide nucleic acid (PNA) in-
stead of DNA oligonucleotides as hybridizing agents.[61,62] RNA-
PNA heteroduplexes have a higher affinity than RNA-DNA. This
allows decreasing the 18-nt DNA to 10-nt PNA with even higher
melting temperatures (Tm), hence increasing stability and mini-
mizing the modifications on the RNA of interest. The following
year, Egloff et al. reported covalent labeling of L4 through reac-
tive group transfer.[63] However, the method suffered from low
efficiencies as the secondary structures obstruct internal labeling.
RNA termini can be targeted when internal positions are buried
and difficult to reach. Ahunbay et al. have recently developed a
method to efficiently dual-end label large ribozymes for ensemble
and single-molecule fluorescence and showed its utility on the
wild-type Sc.ai5g group II intron flanked between exons.[60] This
strategy targets the two chemically different features of virtually
any RNA molecule, the 5'-phosphate and the 3'-ribose. The RNA
ends are first activated and then bioconjugated with a FRET pair
of fluorescent dyes.

Other fluorescence studies of group II introns used labeled
smaller sections of the intron, substrates or splicing products that
circumvented to label the ribozyme. For example, in 2020, Steffen
et al. dissected the EBS1-IBS1 interaction with smFRET, labeling
a short intronic sequence with a donor and the cognate exonic se-
quence with an acceptor dye.[64] In this way, the stabilization effect
of Mg2+ on the intron-exon recognition of RNA-RNA and RNA-
DNAwas demonstrated. The same year, Smathers and Robart used
a dual-fluorescently labeled DNA target to study the intron-encod-
ed protein (IEP)-dependent splicing and retrohoming of bacterial
group IIC intron Ta.it.I1 from Thermoanerobacter italicus.[65]

authors hypothesize that chaperone proteins are required to stabi-
lize the RNA fold under cellular ionic strength.

The Sc.ai5g folding has been associated with Mss116 (or
Mss116p) DEAD-box protein that acts as a general RNA chaper-
one for yeast group I and II introns.[50] Pyle and colleagues have
monitored the protein-facilitated folding to reveal that Mss116
stimulates the compaction of D1 and accelerates folding to the
native state without directly stabilizing the native state.[51,52]

4. Folding Dynamics with Single-molecule Resolution
The folding of group II introns involves many well-ordered

conformational changes, which finally lead to the catalytically ac-
tive form. Their highly structured framework and dynamic nature
complicate their investigation. Traditional methods such as foot-
printing, NMR, and X-ray crystallography have laid the founda-
tion of group II intron structural studies. However, static structural
models lack information on transition states, transition kinetics
or the order into which individual states interconvert. Single-
molecule resolution is a game-changer. Two methods promise to
resolve the group II intron heterogeneity and dynamics; single-
particle cryogenic electron microscopy (cryo-EM) and single-
molecule Förster resonance energy transfer (smFRET). Cryo-EM,
in the hands of Nagai, Lührmann, Stark, Shi, and their cowork-
ers, has contributed tremendously to the structural elucidation of
the spliceosomal complexes.[53] The spliceosome might have the
upper hand here in terms of protein stabilization, as protein-free
ribozymes usually suffer from low resolution in cryo-EM (like
crystallography). Nonetheless, cryo-EM has already captured
snapshots of group I[54,55] and II introns.[56–58] Single-particle
analysis determines the structures of individual states and inter-
mediates, which can then be used to predict the transitions among
them. On the other hand, as the sample is frozen, the structures
obtained are static.

In contrast, FRET adds dynamic information. FRET is a non-
radiative energy transfer between two differently colored fluoro-
phores with spectral overlap. The energy transfer efficiency de-
pends on the distance between the fluorophores (sensitive in the
range of 2–10 nm). In other words, it reports the distance changes
between the fluorophores when tracked over time. At the single-
molecule level, dynamic information obtained includes kinetic
connectivity and exchange rates.[59]An important prerequisite for
FRET, as well as a limitation compared to the abovementioned
methods, is the site-specific labeling of the RNA of interest with
fluorophores that report on structural distances and their changes.
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Molecular beacons found an elegant use in probing group II
intron splicing of pathogen Histoplasma capsulatum.[66] In this
example, the molecular beacon, which is complementary to the
exon ligation product, forms a stem-loop bringing the attached
fluorophore near its quencher. Once the exons ligate, hybridiza-
tion opens the molecular beacon, which restores the fluorescence
of the quenched fluorophore.

4.2 One Group II Intron at a Time
One way to study RNA folding in single-molecule fluores-

cence is by total internal reflection fluorescence (TIRF) micros-
copy. TIRF generates an evanescent field that excites only the
molecules that are very close (<200 nm) to the surface. This way,
the background signal is drastically reduced, which allows ob-
serving single molecules over time. TIRF microscopy requires
surface immobilization of the molecule of interest (Fig. 4). A
standard procedure to surface-immobilize group II intron de-
rivatives is the attachment via the elongated 3'-end through the
hybridization of a biotinylated ssDNA, which in turn binds to

a streptavidin-coated surface.[33,67–69] Surface immobilization al-
ways bears the risk that the corresponding molecule is hindered
in its folding and function. Encapsulating group II introns in bio-
tinylated phospholipid vesicles (~200 nm diameter)[62] abolishes
the concern of impeding structural reorganization. The vesicle
provides a closed environment where the RNA freely diffuses
without restraints while keeping all splicing products within the
evanescent field.

In the first smFRET studies on the group II intron, Steiner et
al. showed, by dwell time analysis, that the transitions between
FRET states gained speed with increasing ionic strength at room
temperature.[33] The authors also observed a stabilization effect of
the 17/7 substrate added in trans on the native state. The nature of
divalent cations is decisive: Ca2+ (larger thanMg2+) inhibits activi-
ty.[70]A follow-up smFRET study showed the folding dynamics in
response to Ca2+, where two distinct subpopulations emerged.[71]
Furthermore, smFRET studies have also demonstrated that the
cofactor Mss116,[67] as well as crowding agents such as polyeth-
ylene glycol (10% PEG 8000, w/v),[69,72] stabilize the native fold
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of the group II intron. In turn, the metal ion concentration and
temperature can be lowered closer to physiological conditions.

5. Conclusion
After four decades of experiments, group II intron studies

withstand the test of time, and they certainly offer more to un-
ravel. This review revolves around the Sc.ai5g group IIB intron of
yeast mitochondria and the studies to uncover its structure–func-
tion relationship. The large size and high structure of the group II
introns have been the major obstacle, which compelled novel and
multidisciplinary approaches to tackle the RNA. Conventional
methods (chemical and enzymatic footprinting, NMR, and X-ray
crystallography) provided a structural understanding of catalysis
and folding. Dramatic structural rearrangements are best captured
with single-molecule methods, such as cryo-EM and smFRET.
The predictive power of molecular dynamics (MD) corroborates
with cryo-EM[73] and smFRET.[64] The future promises the visu-
alization of group II intron dynamics.
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